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FLASH beamlines and user Instruments 2010 

(including instruments provided by university groups and funded by  
the BMBF ‚Verbundforschung‘) 

 
 
 

BL1  

 

 

 

 

 

 

 

BL2 

 
 

Focused FEL beam, 100μm spot size                                             DESY 
Instrumentation for the preparation and electron and ion 
spectroscopy of mass-selected clusters 

U Rostock  

Magnetic X-ray diffraction imaging and holography 
DESY 
HZB (BESSY) 

Pump-probe setup for the study of transient response of 
melting/ablating solids 

U Duisburg-Essen 

Setup for resonant soft X-ray scattering 
CFEL 
U Oxford 

Experimental system for the spectroscopic study of molecular             
desorption from surfaces of solids 

U Münster 

Single-shot cross-correlator   U Hamburg 

Focused FEL beam,  20μm spot size                                              DESY 

Instrumentation for two-colour pump probe experiments of atoms and 
molecules 

DESY 
DCU Dublin 
LIXAM/CNRS Paris 

Reaction microscope for the study of multiple ionization processes of 
atoms and molecules 

MPI-K Heidelberg 

Velocity map imaging  spectrometer (electrons and ions) for   
atoms and molecules in strong fields 

AMOLF Amsterdam 

Setup for angle-resolved photoelectron spectroscopy (ARPES) of 
atoms and molecules 

FHI Berlin 

Station for spectroscopy of rare gas clusters and nanoparticles TU Berlin 

Single-shot single-particle (time-resolved) diffraction imaging of             
nanostructures and biological samples 

CFEL 
LLNL Livermore 
U Uppsala 

Setup for Thomson scattering spectroscopy to probe plasma                 
dynamics in a liquid hydrogen jet                                                       
 

DESY 
LLNL Livermore 
U Oxford 
U Rostock 

Instrumentation for measuring damage thresholds and optical 
properties of solid samples                                                                     
 

ASCR Prague 
DESY 
IFPAS Warsaw 
LLNL Livermore 

Setup for electron and ion spectroscopy to study multi-photon                
processes in gases 

DESY 
PTB Berlin 
U Hamburg 

XUV beam splitter with variable delay for photon diagnostics and 
time-resolved experiments                       (permanent installation) 

DESY 
HZB (BESSY) 
U Münster 

-3-



BL3  

 

PG1  
 

PG2  

 

 

Unfocused FEL beam                                                                      DESY 
Magneto-optical trap & reaction microscope to study ultra-cold               
plasmas 

MPI-K Heidelberg 

Setup with multilayer optics for sub-micron focusing to create            
and study plasmas and warm dense matter      
 

U Belfast 
CFEL 
DESY 
U Oxford 

System for angle-resolved photoelectron spectroscopy (ARPES)           
and ion spectroscopy of metal vapors 

DESY 
U Hamburg 

Microfocus setup for spectrometry of multi-photon processes in             
rare gases at extreme power densities 

DESY 
PTB Berlin 

Split multilayer-mirror & reaction microscope for time-resolved               
spectroscopy of small molecules 

MPI-K Heidelberg 

Microfocus setup for time-resolved imaging of rare gas clusters TU Berlin 
Experimental station for pump-probe experiments combining  
µJ-level, few-cycle THz and XUV FEL pulses 

DESY 
U Hamburg 

 
THz pump X-ray photo-emission probe (Mott-Detector) setup  
for magnetic measurements 

CFEL 
DESY 
U Hamburg 
HZB 

Plane grating monochromator, microfocus (5μm spot size)            DESY, U Hamburg 
High-resolution two-stage spectrometer for inelastic (Raman)              
scattering                                            (permanent installation) 

DESY 
U Hamburg 

Plane grating monochromator   (50μm focus)                                  DESY, U Hamburg 
Setup for resonant inelastic X-ray scattering (RIXS) and 
photoelectron spectroscopy of solids 

U Hamburg 

Electron beam ion trap (EBIT) for high-resolution spectroscopy of 
highly charged ions 

MPI-K Heidelberg 

Ion source and trap for spectroscopic studies of the photo-
fragmentation of molecular ions and radicals (permanent installation) 

U Aarhus 
MPI-K Heidelberg 

System for angle-resolved photoelectron spectroscopy (ARPES)  
of solids and surfaces  

U Kiel 

Setup for the study of fs-dynamics of magnetic materials 
U Hamburg 
HZB (BESSY) 

XUV beam splitter with variable delay for photon diagnostics and 
time-resolved experiments                       (permanent installation) 

U Hamburg 

Soft X-ray diffraction imaging system for magnetic materials and         
nanostructures                                                                                          

DESY 
U Hamburg 
U Heidelberg 
HZB (BESSY) 
FH Koblenz 

Spin-polarized photoemission (Mott-Detector) chamber for the 
investigation of  laser induced ultrafast demagnetization processes 

ETH Zürich 
HZB 
DESY 
U Hamburg 
SLAC 
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PETRA III beamlines and instruments under construction 
(including instrumentation provided by university groups and funded by the BMBF

„Verbundforschung“) 

P01 Inelastic and Nuclear Resonant Scattering

P02 Hard X-Ray Diffraction

P03 Micro- and Nanobeam Wide and Small Angle X-ray Scattering (MINAXS)

P04 Variable Polarization Soft X-rays

P05 Imaging beamline 

P06 Hard X-ray Micro/Nano-Probe
2 m undulator (U32), low-ß
Hutch1  Instrument for imaging at (sub-)micrometer spatial
             resolution applying X-ray fluorescence, 
             X-ray absorption and X-ray diffraction techniques

2.4 - 100 keV DESY

Hutch2  Instrument for imaging by coherent X-ray diffraction
             and X-ray fluorescence with nanoscopic resolution 5 – 50 keV

DESY
KIT Karlsruhe
TU Dresden

2 m undulator (U29), low-ß
Hutch1  Micro tomography setup for absorption, phase
             enhanced and phase contrast tomography

5 – 50 keV HZG

Hutch2  Nano tomography instrument combining hard X-ray
             microscopy and tomography

5 – 50 keV HZG

5 m APPLE undulator (UE65), high-ß                                                       DESY
UHV-diffractometer for elastic and inelastic resonant 
XUV  scattering

0.2 - 3.0 keV U Köln

Ultra-high resolution XUV photoelectron spectrometer for in-
situ real-time investigation of dynamic processes in nano
structures

0.2 - 3.0 keV
U Kiel
U Würzburg

PIPE: instrument for flexible two-beam experiments to
investigate mass selected ions (atoms to nano particles)
with photons

0.2 - 3.0 keV

U Giessen
U Hamburg
FU Berlin
U Frankfurt

Soft X-ray absorption spectrometer with variable polarization
at 30 mK

0.2 - 3.0 keV
U Hamburg
U München

Nano focus apparatus for spatial and time resolving
spectroscopy

0.2 - 3.0 keV
U Hamburg
FH Koblenz

2 m undulator (U29), high-ß
Hutch1 General Purpose µSAXS/WAXS station
             Setup for in-situ deposition experiments, AFM 
            μGISAXS option with ellipsometer

8 – 23 keV
DESY

TU München
Hutch2 Setup for nanobeam Scanning-Experiments
            (SAXS/WAXS, GISAXS)
            Nanofocus endstation including in-situ deformation
            experiments 

8 – 23 keV

DESY

U Kiel

2 m undulator (U23), high-ß
Hutch1 Powder diffraction side station
            High-resolution powder diffractometer

 60 keV

DESY
TU Dresden
U Erlangen-
Nürnberg

Hutch2 Station for diffraction experiments 
            under extreme conditions (high p, high T)
            Laser heating for the extreme conditions station

8 – 100 keV
DESY

U Frankfurt

10 m undulator (U32), high-ß
Hutch1 Nuclear resonant scattering setup 
            Nuclear lighthouse effect spectrometer

6 – 40 keV DESY

Hutch2 Spectrometer for inelastic scattering with nanobeam 6 – 40 keV DESY

Hutch3 Nuclear resonant scattering with special sample
            environments: Extreme conditions and UHV 6 – 40 keV

DESY
TU Dortmund
TU Kaisersl.
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PETRA III beamlines and instruments under construction 
(including instrumentation provided by university groups and funded by the BMBF

„Verbundforschung“) 

P07 High Energy Materials Science (HEMS)

P08 High-resolution diffraction

P09 Resonant scattering / diffraction

P10 Coherence applications

P11 Biological imaging / diffraction

P12 Biological small-angle X-ray scattering

P13 Macro molecular crystallography I

P14 Macro molecular crystallography II

4 m in-vacuum undulator (U19), high-ß

Hutch1 Test facility
53 / 87 keV
(fixed)

HZG

Hutch2 Multi purpose diffractometer for bulk and interfaces 50 – 250 keV DESY
Hutch3 Heavy-load (1t ) diffractometer 50 – 250 keV HZG
Hutch4 3D-XRD strain and stress mapper
             Instrument for microtomography
             Software for high-resolution strain analysis

50 – 250 keV
HZG
HZG
TU Berlin

2 m undulator (U29), high-ß
Hutch1 High-resolution diffractometer
            X-ray diffractometer for liquid interfaces studies
            Extension for external sample environments and
            coherent scattering

5.4  – 30 keV

DESY
U Kiel

2 m undulator (U32), high-ß
Hutch1 High precision diffractometer for resonant scattering
             and diffraction

2.4 – 50 keV DESY

Hutch2 Heavy load diffractometer for resonant scattering
             and diffraction, high magnetic fields

2.4 – 50 keV
DESY
U Siegen

Hutch3 High-resolution hard X-ray photoelectron
             spectroscopy instrument

2.4 – 15 keV
DESY
U Mainz
U Würzburg

5 m undulator (U29), low-ß
Hutch1 Instrument for X-ray photon correlation spectroscopy
            and coherent diffraction imaging in SAXS geometry,
            rheology setup

4 – 25 keV DESY

Hutch2 Instrument for X-ray photon correlation spectroscopy
            and coherent diffraction imaging at large angles
            X-ray waveguide setup
            Apparatus for lensless microscopy of biological cells
            Setup for XPCS with reference beams

4 – 25 keV DESY

U Göttingen

2 m undulator (U32), high-ß
Single-axis diffractometer for macromolecular
crystallography
Setup for imaging of biological systems

6 – 33 keV

3 – 12 keV

HZI/DESY
MPG

2 m undulator (U29), high-ß
Instrument for biological SAXS on protein solutions and time
resolved experiments, biomembrane related and soft matter
research, tunable sample-detector distance

4 – 20 keV
EMBL
HZG
U Freiburg

2 m undulator (U29), high-ß
Instrument for highly collimated beams and variable focus
size, in crystallo spectroscopies

4 – 17 keV EMBL

2 m undulator (U29), high-ß
Protein micro-crystallography instrument 7 – 35 keV EMBL
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 DORIS III beamlines and instruments 

A1 X-ray absorption spectroscopy

A2 Small-angle X-ray scattering

B1 Anomalous small-angle X-ray scattering

B2 X-ray powder diffraction

BW1 X-ray diffraction / scattering

BW2 X-ray spectroscopy / diffraction / tomography

BW3 Soft X-ray spectroscopy

BW4 Ultra small-angle X-ray scattering

BW5 High-energy X-ray diffraction

BW6 Macromolecular crystallography

Bending magnet (Ec = 16 keV)
Multi setup instrument for (simultaneous) small and wide
angle scattering from soft matter samples

8 keV DESY

Bending magnet (Ec = 16 keV)
Heavy duty diffractometer including special setups for in-situ
studies 

5 – 44 keV DESY

4 m X-ray undulator
Horizontal diffractometer for liquid surface scattering 9.5 keV DESY
UHV instrument for surface diffraction / standing waves
including MBE sample preparation

2.4 – 12 keV
DESY 
U Bremen

Multi purpose heavy load 8-circle diffractometer 5 – 18 keV DESY
Rheometer 9.9 keV DESY

4 m X-ray wiggler (Ec = 15.4 keV)
UHV instrument for hard X-ray photoelectron spectroscopy 2.4 – 10 keV DESY
X-ray micro-tomography setup 6 – 24 keV GKSS
Heavy load vertical diffractometer with CCD detector arm for
grazing incidence diffraction

5 – 11 keV DESY

4 m XUV (double) undulator                                                
High-resolution SX-700 plane grating monochromator,
beam port for user supplied instruments

50 – 1500 eV DESY

2.7 m X-ray wiggler (Ec = 15.4 keV)
Flexible instrument for (ultra) small angle (grazing
incidence) scattering experiments

6 – 14 keV DESY

4 m X-ray wiggler (Ec = 26 keV)
Triple axis diffractometer in horizontal Laue scattering
geometry including high magnetic field (10 T) sample
environment

60 – 250 keV DESY

4 m X-ray wiggler (Ec = 15.4 keV)
End-station for protein crystallography, 
optimized for MAD or SAD

4 – 20 keV MPG

Bending magnet (Ec = 16 keV)
Instrument for in-situ XAFS including fast energy scanning 2.4 – 8 keV DESY

Bending magnet (Ec = 16 keV)
Instrument for anomalous scattering (ASAXS) 5 – 35 keV DESY
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BW7A  Macromolecular crystallography

BW7B  Macromolecular crystallography

C  X-ray absorption spectroscopy / diffraction

D1  (X33) Small-angle X-ray scattering

D3  Chemical crystallography

D4  Grazing incidence X-ray scattering

E1  (Flipper2) Soft X-ray spectroscopy

E2  X-ray reflectometry / grazing incidence diffraction

F1  Chemical crystallography

F2  X-ray diffraction / VUV spectroscopy

F3  Energy dispersive scattering

4 m X-ray wiggler (Ec = 15.4 keV)
Crystallographic end-station with CCD detector, double
multilayer optics, optimized for high-flux fast data collection

12.8 keV EMBL

4 m X-ray wiggler (Ec = 15.4 keV)
Crystallographic end-station with CCD detector, new high-
precision Phi spindle, EMBL Hamburg robotic sample
changer (MARVIN)

14.7 keV EMBL

Bending magnet (Ec = 16 keV)
Setup for high-energy XAFS in-situ studies including fast
energy scanning

5 – 44 keV DESY

Vertical diffractometer for grazing incidence X-ray diffraction 5 – 44 keV DESY

Bending magnet (Ec = 16 keV)
Instrument optimized for automated solution scattering 
studies of biological macromolecules

8 keV EMBL

Bending magnet (Ec = 16 keV)
4-circle diffractometer 8 – 50 keV DESY

Bending magnet (Ec = 16 keV)
2-circle diffractometer, horizontal scattering plane 5 – 20 keV DESY

Bending magnet (Ec = 16 keV)
UHV instrument for soft X-ray photoelectron spectroscopy 10 – 150 eV U Hamburg

Bending magnet (Ec = 16 keV)
6-circle diffractometer for reflectometry & high-resolution
diffraction

4 – 35 keV
DESY /
RWTH Aachen

Bending magnet (Ec = 16 keV)
Kappa-diffractometer for low/high-temperature / high-
pressure single-crystal diffraction

5 – 41 keV
white beam

U Hamburg

Bending magnet (Ec = 16 keV)
Hutch1 MAX80 Multi-Anvil-X-ray apparatus for high
            pressure X-ray diffraction

5 – 80 keV
white beam

GFZ

Hutch2 UHV instrument for angle-resolved UV
photoelectron
             spectroscopy

5 – 41 eV U Hamburg

Bending magnet (Ec = 16 keV)

Horizontal diffractometer with heavy load sample stage white beam
DESY
U Kiel
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F4 X-ray test beam

G3 Diffraction X-ray imaging

I  Superlumi) UV luminescence spectroscopy

K1.1 (X11) Macromolecular crystallography

K1.2 (X12) Macromolecular crystallography

K1.3 (X13) Macromolecular crystallography

L X-ray micro probe

W1 X-ray spectoscopy / diffraction

W2 (HARWI II) High-energy X-ray engineering materials science

X1 X-ray absorption spectroscopy

Bending magnet (Ec = 16 keV)
Used for detector characterization DESY

Bending magnet (Ec = 16 keV)
4-circle diffractometer for position resolved diffraction 5.4 – 26 keV DESY

Bending magnet (Ec = 16 keV)
Superlumi setup for luminescence analysis 3 – 40 eV DESY

Bending magnet (Ec = 16 keV)
Crystallographic end-station with large surface area flat
panel detector, cryoshutter, single horizontal axis of rotation

15.3 keV EMBL

Bending magnet (Ec = 16 keV)
Crystallographic end-station with CCD and fluorescence
detector, single axis of rotation, opt. for MAD and SAD

6 – 18 keV EMBL

Bending magnet (Ec = 16 keV)
Crystallographic end-station with CCD detector, cryoshutter,
micro-spectrophotometer, single horizontal axis of rotation,
optimised for automated expert data collection

15.3 keV EMBL

Bending magnet (Ec = 16 keV)
X-ray microprobe combining fluorescence analysis,
absorption spectroscopy and diffraction

5 – 80 keV
white beam

DESY

2 m X-ray wiggler (Ec = 8 keV)
High-resolution fluorescence in vacuo spectrometer 4 – 11.5 keV DESY
Heavy load diffractometer for grazing incidence diffraction in
vertical or horizontal scattering geometry

4 – 11.5 keV DESY

4 m X-ray wiggler (Ec = 26 keV)
Hutch1  Materials Science Diffractometer 
             (heavy load up to 600 kg)
             Micro-tomography setup 
             (attenuation and phase contrast)
             Diffraction-tomography “DITO” instrument

60 – 250 keV
 
20 – 250 keV

20 – 150 keV

GKSS

GKSS

TU Dresden
TU Berlin

Hutch2 MAX200x Multi-Anvil X-ray apparatus for high
             pressure and temperature conditions

white beam GFZ

Bending magnet (Ec = 16 keV)
Setup for high-energy fast-scanning XAFS for in-situ studies
including chemistry lab   

7 – 100 keV DESY
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4600 h

382 h
532 h

192 h

User beamtime Machine studies/test runs
Maintenance Set‐up/commissioning
FEL tuning

1422 h

1781 h

114 h

2472 h

379 h

FLASH

2024 h

769 h

128 h PETRA III

4600 h

382 h
532 h

192 h DORIS III

95,3% availability

91,5% availability

84,1% availability

Operation periods 2010
FLASH 1/ 2010: 07.04. ‐19.12.

PETRA III 2/2010: 16.08. ‐ 22.12.
DORIS III 1/2010: 18.02. ‐ 26.07.

2/2010: 12.08. ‐ 06.12.
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Photon Science Committee PSC 
Colin Norris (Chair) Diamond, CCLRC, UK 
Simone Techert (Vice Chair) Max-Planck-Institut Göttingen, D 
Michael Fröba Universität Hamburg, D 
Roland Horisberger PSI Villigen, CH 
Koen Janssens University of Antwerp, B 
Franz Pfeiffer TU München, D. 
Harald Reichert ESRF Grenoble, F 
Jean-Pierre Samama Synchrotron Soleil, F 
Peter Siddons NSLS Brookhaven, USA 
Edgar Weckert DESY Hamburg, D 
Philip J. Withers University of Manchester, UK 
Don Bilderback  
Janos Hajdu 
Vladimir V. Kvardakov 
Jörg Zegenhagen 
Wiebke Laasch (PSC Secretary) 

Cornell University, USA  (until October 2010) 
Univ. of Uppsala, S  (until October 2010) 
Kurchatov Moskow, RUS  (until October 2010) 
ESRF Grenoble, F  (until October 2010) 
DESY Hamburg, D 

 

Project Review Panel PRP1: VUV- and Soft X-Ray - Spectroscopy
Wolfgang Drube (PRP Secretary) DESY Hamburg, D 
Lutz Kipp University of Kiel, D 
Marco Kirm University of Tartu, EE 
Andries Meijerink Debye Institute, NL 
Joseph Woicik NIST, USA 
Project Review Panel PRP2: X-Ray - Hard Condensed Matter - Spectroscopy
Wolfgang Drube (PRP Secretary) DESY Hamburg, D 
Johannes Hendrik Bitter Utrecht University, NL 
Melissa Denecke FZ Karlsruhe, D 
Thorsten Ressler TU Berlin, D 
Christina Streli TU Wien, A 
Project Review Panel PRP3: X-Ray - Hard Condensed Matter / Diffraction and Imaging 
Hermann Franz (PRP Secretary) DESY Hamburg, D 
Hans Boysen Universität München, D 
Raphael Hermann FZ Jülich, D 
Christan Kumpf FZ Jülich, D 
Bert Müller University Basel, CH 
Martin Müller HZG Geestacht, D 
Project Review Panel PRP4: Soft X-Ray - FEL Experiments (FLASH)
Josef Feldhaus (PRP Secretary) DESY Hamburg, D 
Massimo Altarelli DESY/XFEL Hamburg, D 
Robert Donovan University of Edinburgh, UK 
Roger W. Falcone Lawrence Berkely Lab., USA 
Maya Kiskinova Sincrotrone Trieste, I 
Jon Marangos Imperial College London, UK 
Jan Michael Rost Max-Planck-Institut Dresden, D 
Christian Schroer TU Dresden, D 
Bernd Sonntag Universität Hamburg, D 
Urs Staub PSI Villigen, CH 
Svante Svensson Uppsala University, S 
Edgar Weckert DESY Hamburg, D 
Gwyn P. Williams Jefferson Lab., USA 
Project Review Panel PRP5: X-Ray - Soft Condensed Matter / Scattering
Rainer Gehrke (PRP Secretary) DESY Hamburg, D 
Tiberio Ezquerra CSIC Madrid, E 
Jochen S. Gutmann Universität Mainz, D 
Beate Klösgen Univ. of Southern Denmark, DK 
Oskar Paris Max-Planck-Institut Potsdam, D 
Project Review Panel PRP6: Methods and Instrumentation
Horst Schulte-Schrepping  (PRP Secretary) DESY Hamburg, D 
Kawal Sawhney Diamond Light Source, UK 
Frank Siewert HZB Berlin, D 
 

HASYLAB User Committee HUC 
Peter Müller-Buschbaum (Chair) TU München, D 
Jens Falta Universität Bremen, D 
Andreas Meyer Universität Hamburg, D 
Alexander Marx MPG-ASMB Hamburg, D 
Thomas Möller TU Berlin, D 
 

Committees 2010
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In Situ Investigation of Lead-free Solder Alloys 
Microstructure 

J. Ďurišin
1
, J. Bednarčík

2
 and T. Bell

2
 

1Department of Technologies in Electronics, Faculty of Electrical Engineering and Informatics, Technical University of 

Košice, Park Komenského 2, 043 89 Košice, Slovak Republic  
2Deutsches Elektronen-Synchrotron (DESY), HASYLAB, Notkestrasse 85, D-22603 Hamburg, Germany 

In situ X-ray diffraction experiments, using the B2 bending magnet beamline of DORIS III, were 
employed to analyze microstructure evolution of the 95.5Sn3.8Ag0.7Cu (wt. %), 99Sn1Cu (wt. %) 
and 96Sn4Ag (wt. %) lead-free solder alloys. The special emphasis was placed on the study of 
melting and solidification processes, explaining formation, distribution and the order of 
crystallization of the crystal phases (β-Sn, intermetallic compounds) in the solder alloys.  

The solder alloys were investigated in Debye–Scherrer geometry by angular dispersive X-ray 
diffraction (XRD) using the powder diffractometer and a STOE furnace. The wavelength was set to 
λ = 0.5384 Å. Diffracted X-rays were detected on a position sensitive image plate detector OBI 
(2θmax = 110º). The samples of the alloys in the form of flaky swarf were put into glass capillaries 
(inner diameter of 0.28 mm). To eliminate the texture effect and to ensure correct intensities of the 
Bragg peaks, the single capillaries were rotating with a frequency of 2 Hz. A temperature step of 
10ºC was used during the heating (30-210ºC) and cooling (190-30ºC), whereas the 2ºC step was 
applied for more detailed inspection of the melting and the solidification processes occurring in the 
temperature ranges (210-250ºC) and (250-190ºC), respectively. 

X-ray diffraction patterns of the fresh samples taken at 30ºC reveal the presence of the sharp and 
intense Bragg peaks stemming from β-Sn phase (PDF Nr. 4-673). Furthermore, slight traces of 
Ag3Sn crystal phase (PDF Nr. 44-1300) are clearly visible for 95.5Sn3.8Ag0.7Cu and 96Sn4Ag 
alloys and also slight traces of Cu6Sn5 crystal phase (PDF Nr. 45-1488) for 95.5Sn3.8Ag0.7Cu and 
99Sn1Cu alloys [1]. Because our measurements were mainly aimed at evaluation of the phase 
changes, next diffraction patterns depict behaviour of the analyzed solder alloys only during the 
melting process (temperature increase) and at selected temperatures during the temperature 
decrease, where crystallization of the crystal phases takes its course. 

Heating the alloys from 30ºC up to melting temperatures of single alloys reveals no phase changes 
(phases formations). After reaching the temperature of 228ºC (95.5Sn3.8Ag0.7Cu), 238ºC 
(99Sn1Cu) and 232ºC (96Sn4Ag) diffraction peaks belonging to major constituent phase β-Sn 
rapidly diminish, what is a sign of reaching the temperature near to melting point of the solders.  
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Figure 1: Diffraction patterns of the 95.5Sn3.8Ag0.7Cu alloy at selected temperatures. 

X-ray diffraction patterns obtained at 232°C (95.Sn3.Ag0.Cu), 244°C (99Sn1Cu) and 236°C 
(96Sn4Ag) exhibit no Bragg peaks at all and thus confirm completely molten state of the alloys 
(Fig. 1a, Fig. 2a, Fig. 3a). It should be noted here that according to values published in binary 
diagrams [2], the liquidus temperatures of the alloys were measured within the tolerance of +(8-
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12)°C. These differences are probably consequence of temperature gradient inside the furnace 
combined with the temperature step (2°C). 
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Figure 2: Diffraction patterns of the 99Sn1Cu alloy at selected temperatures. 
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Figure 3: Diffraction patterns of the 96Sn4Ag alloy at selected temperatures. 

In the next part we focused on the solidification process of the alloys (cooling process). XRD 
patterns reveal diffuse character specific for amorphous materials till temperature of 228ºC 
(95.5Sn3.8Ag0.7Cu), 218ºC (99Sn1Cu) and 218ºC (96Sn4Ag) - Fig. 1b, Fig. 2b, Fig. 3b, when the 
first Bragg peaks corresponding to the major β-Sn phase (and also to intermetallic compounds) 
appear. Similar diffraction patterns (if only β-Sn reflections taken into consideration) were recorded 
during the melting process at the temperature of 230ºC (95.5Sn3.8Ag0.7Cu), 240ºC (99Sn1Cu) and 
234ºC (96Sn4Ag). One may conclude here that the temperature difference between the melting 
liquidus and the solidification liquidus of the single alloys indicates kind of thermal hysteresis. Next 
table (Tab. 1) summarizes data gained from the measurements. 

Table 1: Temperatures of liquidus and crystallization of the crystal phases. 

 Heating  Cooling 
 liquidus liquidus β-Sn Ag3Sn Cu6Sn5 

95.5Sn3.8Ag0.7Cu 232ºC 228ºC 228ºC 228ºC 228ºC 
99Sn1Cu 244ºC 218ºC 218ºC - 206ºC 
96Sn4Ag 236ºC 218ºC 218ºC 218ºC - 
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Structural studies of ScFe and PdSi nanoglasses using 
SAXS and XRD 

U. Vainio, J. Bednarcik, J. Fang1, V. Kolesar2, and H. Gleiter1 

FS-DO at DESY, Notkestr. 85, 22607 Hamburg, Germany 
1Karlsruhe Institute of Technology (KIT), Institute for Nanotechnology, Karlsruhe 76021, German 

2P.J. Safarik University in Kosice, Institute of Physics, Park Angelinum 9, 041 54 Kosice, Slovakia 

Nanoglasses are produced from amorphous nanoparticles of an alloy by inert gas condensation.[1] 
We studied the effect of thermal annealing to ScFe and PdSi nanoglasses at beamlines B1, C and 
BW5. Small-angle X-ray scattering (SAXS) gave information about the nm-scale structure of the 
interface areas between the nanoparticles in the nanoglasses. High-energy X-ray diffraction (XRD) 
gave information on the coordination of the atoms inside the nanoglasses. 

In the experiments made at B1, we found that, unlike predicted by Monte Carlo simulations, heat 
treatment of ScFe nanoglass does not easily lead to fully homogeneous structure of the alloy. By 
fitting Debye–Bueche random phase model to the SAXS data, we could follow the development of 
a characteristic correlation length, which tells us about the size of interface areas between 
nanoparticles in the nanoglass. In addition, the mean square fluctuation in electron density can be 
determined and thus one can observe if and when the density difference between the interfaces and 
the nanoparticles vanishes and the alloy becomes fully homogeneous. It was found that such fully 
homogeneous nanoglass was experimentally not achieved for several ScFe nanoglass samples, 
possibly because of nanophase separation of Sc. [2] Figure 1 shows the results for one such 
annealing of a ScFe nanoglass. Although the electron density difference between the nanoparticles 
and the interfaces decreases, it does not reach zero. Meanwhile, the correlation length increases 
during annealing, indicating growth of the interface regions. Similar measurements were made for 
PdSi nanoglasses. 

 

a) b)

Figure 1: a) Change in the mean square fluctuation in electron density as a function of time in one ScFe 
nanoglass alloys during annealing at 200 C. b) Change in the correlation length as a function of time for the 

same sample. 

In XRD, the structure factor (not shown here) exhibit broad and diffuse maximum appearing at 
q=2.55 Å-1 with slightly varying oscillations which tend to vanish with increasing wave vector q. In 
order to observe very fine structural changes occurring in the sample during constant rate (5 
°C/min) annealing up to 230 °C, the difference plot was produced from calculated structure factors 
S(q). Figure 2a shows evolution of the difference structure factor, ΔS(q)T = S(q)T – S(q)T0. One can 
clearly observe that around 140 °C positive and relatively sharp peaks appear and thus indicate 
early stages of the ongoing crystallization. It should be noted here that these peaks are rather small 
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compared with the maximum intensity observed in diffraction patterns. However, using highly 
intense photon beam in combination with two-dimensional detector results in excellent signal-to-
noise ratio and thus allowing an observation of very fine structural features, which would be 
otherwise buried in the noise. All structure factors S(q) were Fourier transformed in order to get 
corresponding real space pair distribution functions, G(r). Mean atomic density ρ0 and coordination 
number CN for the first coordination shell obtained form pair distribution functions are shown in 
Fig.2b. One can observe that mean atomic density initially decreases with increasing the 
temperature whereas coordination number remains within experimental uncertainty constant. After 
reaching 120 °C both parameters increase with increasing temperature. Such an increase could be 
correlated with structural modifications associated with the early stages of the crystallization. 

a) b)

 

Figure 2: a) Temperature evolution of the difference structure factor ΔS(q)T = S(q)T – S(q)T0. b) Mean atomic 
density 0 (red open squares) and coordination number CN (blue solid circles) as a function of temperature. 

Full lines (Bezier splines) are guides for eyes. 
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The microscopic understanding of the structure of matter is of fundamental importance for 
materials design. Complexity in the structure is often associated with a sophisticated functionality 
of materials. Thus, study of the structural properties of complex matter is a challenging task for 
materials science on the way to development of high performance materials. Significant progress in 
theoretical studies of magnetic, electronic and other properties of the crystalline matter has been 
achieved due to a powerful and relatively simple description of a crystalline structure. Opposite to 
crystals, the concepts used for description of microscopic structural properties of disordered 
materials such as liquids and glasses did not go far beyond the pair distribution function [1-3]. This 
is an unfortunate gap considering that disordered matter may exhibit novel complex functional 
properties.  

Availability of the state-of-the-art X-ray sources enable fascinating possibilities to access the 
microscopic structure of disordered matter. One of the potential approaches for the analysis of 
diffraction data from disordered materials is based on the application of the x-ray cross-correlation 
functions (CCFs) [4, 5], that in the simplest form can be defined as [4]  

           (1) 

 
Here 

ϕK  is the angular average of the scattered intensity ),( ϕqI  at different values of the 

momentum transfer qq 21 ==q  [see Fig.1(a)]. It was demonstrated in the experimental study [4], 
that CCFs (1) can provide information on the local arrangements of polymethylmethacrylate 
(PMMA) spheres in a colloidal glass. 
 
In our recent paper [5] we provide a theoretical basis for a more general class of CCFs defined at 
two different magnitudes of the momentum transfer vectors q1≠q2. We also propose to analyse the 
Fourier components Cq

n of the CCF 

           (2) 

as a convenient way to determine the contribution to the CCFs defined by the local structure of a 
disordered system. According to our analysis, for a dilute disordered system only the Fourier 
components with specific n values, which are related to the local structure of the system, have 
nonzero contribution. As an illustration [6], in Fig. 2 the results of the cross-correlation analysis of 
a diffraction pattern modelled for a 2D disordered sample [see Fig. 1(b)], composed of 11 randomly 
positioned and oriented pentagonal PMMA clusters, is presented. Fourier spectra in Fig.2(b) 
indicate the dominating Fourier components Cq

n , with n=10, 20. These values of n can be defined 
as n=5*(2*l), where l is an integer number, the coefficient 5 is defined by the 5-fold rotational 
symmetry of a pentagonal cluster, and factor 2 appears due to the fact that the diffraction pattern is 
centrosymmetric in this 2D case. Therefore, calculated CCFs provide an access to the local 
symmetry in the disordered system. 

In our study [5], we also perform a detailed analysis of CCFs dependence on the number of 
particles (molecules, clusters) in a disordered system, density and the type of statistics of their 
orientational distribution.  
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                 (a)             (b) 

Figure 1: (a) The CCF )(ΔCq defined on the intensity ring of a radius qq 21 ==q . (b) 2D disordered 

sample composed of 11 pentagonal clusters in random positions and orientations. 

 

 

 

 

 

 

 

 

 

 

 

      (a)              (b) 

Figure 2: (a) CCFs (1) calculated at different values of the momentum transfer q, (b) The corresponding 
Fourier spectra (2). 
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FINEMET (Fe73.5Cu1Nb3Si13.5BB9) is nanocrystalline alloy which has been extensively studied due to 
excellent magnetic properties and low cost [1], [2] and [3]. Manufacturing of this alloy consists of two basic 
steps i.e. amorphous alloy preparation by melt-spinning method and one hour annealing at the temperature 
550 °C. Annealing is energetically difficult process and production of nanocrystalline alloy directly by melt-
spinning technique would be much advantageous. In this way, Lee et al. [4] developed so called TAGMET 
(Fe75.4Si15.5B7B Ta2Ag0.1) nanocrystalline alloy with the saturation magnetization 1.45 T and coercivity 8 Am-1. 
(Fe73.5-x Znx) Cu1 Nb3 Si13.5 B9 (x=1, 3, 5) samples were prepared by melt spinning technique. Structure of as-
quenched samples was investigated by X-ray powder diffraction method in Hasylab (DESY) at the BW5 
beamline. The x=1 sample was in amorphous state and small crystalline fraction was found in x=3 sample. 
The presence of nanocrystalls with the grain size about 25 nm was confirmed in the x=5 sample. It means, 
there is possibility to reach nanocrystalline state of as-quenched alloy only by Zn addition without further 
annealing on the other hand the value of coercivity was surprisingly the highest for nanocrystalline sample 
(Hc(x=5)=12.5 A.m-1) and the smallest for amorphous sample (Hc(x=1)=4.7 A.m-1) [5]. For better description of 
structure evolution and thermal properties of prepared samples in-situ diffraction experiments were realized 
during heating of x=1 sample up to the temperature 500 °C (Fig. 1 a) and during isothermal annealing at this 
temperature (Fig. 1 b). Increasing Bragg peaks appeared during isothermal annealing belongs to Fe3Si 
structure. The same measurements were realized during the same temperature program but the x=1 sample 
was heated only up to 470 °C and at this temperature was annealed. In this case was confirmed 
crystallization of Fe3Si phase as well, but the increase of Bragg peaks is not so strong. In-situ diffraction 
measurements of x=3 and x=5 crystalline samples were realized from room temperature up to 600 °C at the 
same heating rate. From the data will be determined the grain size, lattice parameter and lattice strain 
evolution during heating and the results will be soon published. 
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Figure 1: a) Diffraction patterns of (Fe73.5-x Znx) Cu1 Nb3 Si13.5 B9 (x=1) sample heated from room 
temperature up to 500 °C with the heating rate 10 °C.min-1, b) Diffraction patterns of the same sample 

during annealing at the temperature 500 °C with the miller indexing of Fe3Si phase. 
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Introduction 

It has been recently shown and confirmed that the high energy X-ray diffraction (XRD) can be 
successfully used for determining of strain distributions not only in crystalline but as well in 
disordered materials such as metallic glasses [1-3]. The aim of the work was to observe the 
transition from elastic to plastic deformation during tensile experiments at elevated temperatures in 
the case of a Fe72.5Cu1Nb2Mo2Si15.6B7 glassy alloy using high-energy XRD. 

Experiment 

Amorphous ribbons with nominal composition Fe72.5Cu1Nb2Mo2Si15.5B7  and having thickness and 
witdh of 30 µm and 9 mm, respectively, were prepared by a single-roller melt spinning technique. 
The measurements were carried out with a multipurpose diffraction instrument at the beamline 
BW5 at HASYLAB/DESY. Specimens were strained under tension using a test rig from Kammrath 
und Weiss GmbH equipped with a resistance ceramics heater covering temperatures from 20°C up 
to 700°C. The continuous increase of load was performed in an elongation control mode during 
isothermal sample heating. The x-ray diffraction experiment was realized in a transmission 
geometry as it is shown in figure 1. Diffracted photons were acquired using an area detector Perkin 
Elmer 1621 carefully aligned orthogonally to the incoming X-ray beam. 

 

Figure 1: Sketch of an in situ tensile experiment in which (η, s) represent coordinates of the polar 
coordination system in respect to the plane of a 2D diffraction pattern. 

Results 

The measured 2D diffraction pattern was equally divided into 36 segments with respect to the polar 
coordinate η and obtained particular cakes were then radial integrated using the software package 
FIT2D [4]. The procedure was repeated for all diffraction patters collected at different loads. In this 
manner, one obtains intensity distributions I(Q, η, σ) where σ refers to a corresponding stress. Fig. 2 
shows the evolution of a main peak position with the increase of the applied tensile stress for 
transversal (η = 90°) and longitudinal (η = 0°) directions. The increase in the peak position with 
increasing tensile stress reflects the fact that atoms move closely to one another along the direction 
(η = 90°)) perpendicular to the direction of the applied tensile stress. An opposite trend is observed 
in the longitudinal direction. Following a relative change in the position of the first peak upon 
applying an external stress the strain distribution ε(η, σ) for corresponding σ can be calculated [1]. 
Fitting the strain angular distribution using a formula 
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resulted in determining of the strain tensor components, namely longitudinal ε11, transversal ε22 and 
in-plane shear component γ12. Finally we have obtained the stress-strain diagram plotted in fig. 3 for 
strain tensor components at different temperatures of isothermal heating. It is seen that in the case 
of the tensile experiments performed at the temperature 420°C the small region of a plastic 
deformation is undoubtedly observable. Both samples fractured at stresses below 1500 MPa which 
correspond to lower values than the values that have been reported in situation of room temperature 
experiments [5].  

  

Figure 2: Change in the first peak position with 
applied tensile stress. 

Figure 3: Stress-strain curves for different strain 
tensor components obtained at temperatures 400°C 
and 420°C. 
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The rare earth iron borates RFe3(BO3)4 (with R=rare earth and Y) are found to exhibit 
spontaneous polarization in the magnetically ordered phase [1, 2]. Due to the coupling 
between these two order parameters they also exhibit large magnetoelectric effects [1, 2]. 
HoFe3(BO3)4 shows a structural transition from R32 to P3121 (TS ~ 427 K) and exhibits 
spontaneous polarization and magnetoelectric effect below TN (~ 38 K). As a consequence of 
a competition between magnetic anisotropies of the Ho and Fe moments, it undergoes a spin 
re-orientation process at low temperature (TSR ~ 5 K) [1, 2]. In previous x-ray scattering 
measurements [3, 4], no azimuth dependence was observed probably due to spin spirals along 
the scattering vector [5]. In order to study this case we have performed resonant x-ray 
scattering with full polarization analysis to investigate the Ho moment. In addition high 
energy non-resonant magnetic x-ray scattering has enabled us to directly study the Fe 
moments and eventually the spin-reorientation phenomenon in zero and non-zero magnetic 
fields.  
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Figure 1: The plot in the upper panel 
shows the measured and calculated 

Poincaré-Stokes parameter P1 for the 
magnetic (0 0 4.5) reflection as function of 
the incident polarization. The lower panel 

shows the measured Poincaré-Stokes 
parameter for the (0 0 3) charge reflection. 
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Figure 2: The plot shows the temperature 
dependence of integrated intensity for the 
magnetic (0 0 1.5) reflection measured at 

an energy of 100 keV. The inset shows the 
low temperature part measured with 
attenuated beam, showing the spin 
reorientation temperature of 4.5 K. 
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The resonant x-ray scattering measurements at the Ho L edge were carried out at beamline 
P09 at PETRA III. The non resonant x-ray scattering measurements with magnetic fields in H 
|| c configuration were carried out at beamline BW5 at DORIS III with a photon energy of 100 
keV using a 10 T Cryogenics cryomagnet with horizontal field.  
Below TN (~38 K), magnetic reflections are found at (h k l) ± (0 0 3/2) positions in the P3121 
structure. The Poincaré-Stokes parameter P1 is measured for the magnetic (0 0 4.5) reflection 
as well as the (0 0 3) charge reflection (Fig. 1). For the (0 0 3) charge reflection the P1 
dependence directly reflects the polarization state of the incident x-ray beam, since for charge 
scattering the polarization is not rotated. The polarization of the magnetically scattered signal 
is rotated. The fit of the P1 dependence allows the determination of the Ho moment direction.  
In figure 1, two fits are superimposed on the data. The solid red curve shows the fit resulting 
in a Ho moment direction 2.3 º away from the c axis. The dashed blue line shows the line 
shape expected if the Ho moments are oriented exactly along the c axis.  
Figure 2 shows the integrated intensity vs. temperature for the magnetic (0 0 1.5) reflection 
measured using 100 keV x-rays. As a matter of fact, at such high energies the magnetic 
scattering cross section only contains the signal from moments which are perpendicular to the 
scattering plane. Since the Ho moments are oriented along the c axis we here directly probe 
the Fe moments. The onset of the magnetic ordering at ~38 K and the low temperature spin 
re-orientation where the Fe moments flip from the ab plane into the direction c can be directly 
observed from the plot. TSR shown in the main plot (Fig. 2) is lower than previously reported 
values ~ 5 K [1, 2], which is due to the beam heating. However, the attenuation of the incident 
beam allowed us to obtain the correct TSR ~ 4.5 K, depicted in the inset of Fig. 2.  
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Introduction 

Metallic glasses have a unique combination of properties that often makes them superior to their 
crystalline counterparts, such as high strength, high corrosion resistance and good soft magnetic 
properties [1]. Fe- and Co-based amorphous alloys have been the subject of considerable research 
interest and activities for the last two decades due to the applications related to their outstanding 
soft magnetic properties [2]. The Fe-based BMGs typically exhibit a wide supercooled liquid region 
of over 40 K between the glass transition and the onset of crystallization, and good soft magnetic 
properties, such as 1.2 T for saturation magnetization and less than 2 A/m coercivity [3]. In the 
present work, the changes induced by partially substitution of Fe with Co are studied. As working 
alloy was chosen [(Fe1-xCox)71.2B24Y4.8]96Nb4 for x = 0, 0.1, 0.3 and 0.5 atomic fraction. 

Experiment 

The series of bulk metallic glasses with nominal composition of [(Fe1-xCox)71.2B24Y4.8]96Nb4 for x = 
0, 0.1, 0.3 and 0.5 atomic fraction was prepared by copper mould casting. In our work, in order to 
keep the repeatability and to have samples suitable for other measurements, we cast 2 mm diameter 
rods with a length of 60-70 mm. The structure of the as-cast rods was examined by x-ray diffraction 
in transmission geometry at HASYLAB, DESY (Hamburg, Germany), on the wiggler beamline 
BW5 at the DORIS III positron storage ring using monochromatic high energy high intensity 
synchrotron radiation of 100 keV (λ = 0.0124 nm). The samples measured were exposed for 10 s by 
a well collimated incident beam having a cross section of 1 x 1 mm2. Two-dimensional XRD 
patterns were collected using a MAR345 image plate detector (2300 x 2300 pixels, 150 x 150 µm2 
pixel size) carefully mounted orthogonal to the X-ray beam. For magnetic measurements, M-H 
hysteresis loops were measured with a vibrating sample magnetometer (VSM) at ambient 
temperature. Additionally, the density of the amorphous samples was evaluated by Archimedes’s 
law, using a computer controlled microbalance and glycol as working liquid. In order to minimize 
the errors and reject the bad data, the final values were obtained by averaging 50 experimental 
values.  

Results 

 

Figure 1: Structure factor S(q) for  as-
quenched samples. The inset shows the 
first coordination shell of the reduced pair 
distribution function G(r) together with 
interatomic bond lengths (based on the 
sum of atomic radii) and x-ray weight 
factors calculated for Q=0 Å-1. 
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X-ray diffraction confirmed fully amorphous state of all bulk metallic samples. Figure 1 shows 
structure factors S(q) obtained from diffracted intensities. All curves look rather similar and exhibit 
broad maximum located around 3 Å-1. The inset in Fig.1 shows the first coordination shell of 
reduced pair distribution function G(r). It is seen that the Fe-Fe atomic pairs mostly determine the 
peak maximum whereas the Fe-Y atomic pairs contribute to its right shoulder. Small pre-peak 
located at 2.1Å is due to Fe-B interatomic correlations. Partially substituting Fe by Co does not 
change the shape of the first coordination shell as seen by G(r). That is mostly due to similarities 
between the two atoms in terms of their similar atomic radii and X-ray atomic scattering factors. 

The coercivity values, which are almost around 1 A/m, are typical for soft magnetic amorphous 
alloys. From Fig. 2 one can see that the loops are characteristic to very soft magnetic materials. The 
saturation increases when x = 0.1, following a descendent trend, perfectly linear, for increasing Co 
concentration. Fig. 3 shows in detail the saturation polarization, together with the density values, as 
a function of Co content. It is interesting that the maximum magnetic saturation value corresponds 
to a minimum in density. However, at first glance the density variation is striking, because the 
density of Co (i.e. 8.92 g/cm3) is higher than that of Fe (i.e. 7.86 g/cm3). More, the radii of the two 
atoms are very close (1.25 Å for Co and 1.26 Å for Fe) and one would expect a monotonous 
increase of the density as Fe is replaced by Co. This could be true in the case of crystalline 
materials, but it does not necessarily apply to amorphous structures.   

 

Figure 2: DC hysteresis loops for as-cast [(Fe1-

xCox)71.2B24Y4.8]96Nb4, x = 0, 0.1, 0.3 and 0.5 glassy 
samples. 

Figure 3: Variation of the density and magnetic 
saturation for [(Fe1-xCox)71.2B24Y4.8]96Nb4 as-cast 
amorphous samples as a function of the atomic 
fraction x. 
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Introduction 

Packing high-quality steel belong to the progressive types of steel. From other commonly 
manufactured steel products differ not only by their low thickness, the characteristic mechanical 
properties, types of plating, but also by their specific industry and market requirements such as high 
production speed requirements for the design and so on. Modern packing sheets can be used by 
manufacturers for the purpose of low-carbon aluminum-killed steel, effervescent. In a case of the 
packing sheet it is desirable to achieve the texture in which the normal of the (111) planes coincides 
with the normal of the sheet. Such texture ensures ideal conditions for further processing, especially 
pressing or deep drawing. On the other hand when the texture (100) is formed the plastic properties 
are very wrong. The preferred orientation that is produced by sheet rolling is called a deformation 
texture. Cold rolling should be usually followed by recrystallization annealing which yields specific 
microstructure ensured desired properties. 

Experiment 

Samples used in this study were from slabs hot rolled at the temperature (Tfin = 870 ° C) and coiled 
at (Tcoiling= 720 ° C). Definitely we can say that the high temperature causes the precipitation of 
AlN during the coiling process. Hot rolling was followed by pickling the sheets. Pickled hot bands 
were cold rolled on the five-stand tandem with the overall reduction of more than 90% due to final 
thickness 0.2 mm. The chemical composition of experimental low carbon Al-killed steel is given in 
Table 1. 

Tab. 1: Chemical composition [wt %] 
C Mn Si S P Al N 

0.02 0.253 0.008 0.0069 0.008 0.043 0.0034 
 

Experimental samples were taken in the rolling direction with the dimensions 40 x 20 x 0.2 mm. 
Recrystallization annealing was carried out under laboratory conditions in a resistive crucible 
furnace brand ESA Prague type K59 in non-toxic salt mixture-type NETOX SZ 600. working in the 
form of melt in the temperature range 540 to 800 °C. The course of the recrystallization process has 
been studied in isothermal conditions (600°C, 700°C, 800°C) and different annealing time intervals. 
The texture measurement experiments were carried on six sheets which were annealed at different 
temperatures and times. As a reference cold rolled sheet was used. Synchrotron radiation at the 
BW5 station with beam energy 80 keV equals to the wavelength λ = 0.155 Å was used.  During 
measurement the samples to detector distance was fixed to 747 mm. In order to determine the 
texture of rolled sheets X-ray diffraction patterns were collected upon rotation of the sample around 
vertical axis which denotes its rolling direction. The ω was scanned in the range between -80° and 
+80° with the step of 2°. The ω = 0° refers to the situation when beam hits the sheet 
perpendicularly. Since we used two-dimensional detector there is no need to rotate the sample 
around the beam as denoted by angle φ.  
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Results 

 

Figure 1: Pole figures for selected Bragg reflections of bcc-Fe in case of rolled 
sheet prior annealing. 

 

X-ray diffraction using high-energy photons was used to study the texture of rolled and annealed 
sheets. All samples reveal relatively large extent of texture. Pole figures were calculated using a 
MAUD software package [1]. But, on the basis of pole figures analyses can be found substantial 
differences in the texture of samples after cold deformation and recrystallization annealing. After 
cold deformation typical deformation texture appears, which consists mainly of rolling texture 
component {200}. Samples after recrystallization annealing, depending on the annealing time, show 
increasing deviation from the main orientation (200). The recrystallisation texture orientation is 
formed from {111} component, whose intensity increases with annealing time. After complete 
recrystallization annealing process, we observe a strong texture with orientation {111}. However, it 
can be note that the orientation {200} is in the recrystallisation texture, too. This question obviously 
relates to the kinetics of recrystallization process and its relationship with precipitating 
characteristics and is a subject of further research. 
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Cerium oxide is a promising candidate for a wide range of applications, e.g., as gate material for MOSFET applications 
because of its almost perfect lattice match to Si, its high stability, even at elevated temperatures, and because of a band 
gap of 2.4 eV in case of Ce2O3 and 6 eV for CeO2 [1-2]. It is well known that when grown on Si(111), Ce2O3 is the 
dominant phase in the nanometer regime.  
In this work we investigated the phase transition from Ce2O3 to CeO2 during stepwise cerium oxide growth on Si(111) 
after prior Cl passivation. The purpose of Cl passivation is to block Si dangling bonds and suppress silicon oxide 
growth [3]. The oxide chemistry was monitored after each preparation step by core level photoemission using high 
energy X-rays. In addition to Ce 3d photoelectron spectra which usually are being used as a fingerprint for the 
oxidation state, we measured the first Ce 2p spectra for Ce2O3 and CeO2 /Ce2O3 . These data may be expected to yield 
insight into the Ce2p-5d and related couplings [4]. 
Following Cl passivation of the Si(111) surface, cerium was evaporated at an oxygen partial pressure of 5x10-7 mbar 
onto the surface at 500°C in steps of 5 min up to a total of 15 min. The mean evaporation rate, measured using a quartz 
crystal oscillator, was 1nm/min. Fig. 1 shows Ce 3d core level spectra excited at 4500 eV for different cerium oxide 
thicknesses. After 5 min of evaporation, a pure Ce2O3 phase was identified according to its clear signature in the Ce 3d 
spectra. After 10 min of evaporation, peak u´´´ which is characteristic of the |4f0> state of CeO2 appears at 917eV [4-5]. 
This peak becomes significantly larger at grazing exit angles, i.e. for surface sensitive conditions (not shown). Its 
intensity increases upon further growth of cerium oxide and also other CeO2 related peaks appear in the spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Ce 3d core level spectra (electron take-off 
angle 25° relative to the surface) showing a pure 
Ce2O3 phase (top curve) for 5 min deposition of 
cerium oxide. After 10 min. deposition peak u´´´ 
appears [3], characteristic for CeO2 . This peak 
increases for further oxide growth and other CeO2 
components apprear.  

 
 
 
 
 
 

Fig. 2: Left) Evolution of the O1s peak at three different electron emission angles. By moving from 90° (normal emission) to 45°, 
the SiO2 (1) and the silicate (2) component decrease while the Ce2O3 (3) and CeO2 (4) peak are nearly constant in intensity. At 15° 
the CeO2 (4) component increases while peaks (1) and (2) are almost vanished. Right) Integrated intensities of the O1s 
components for different electron exit angles. The intensity of each component is normalized to the O1s intensity and to the 
DORIS ring current. The top axis shows the relative information depth sin (Θ). 
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Fig. 2a shows the O1s peak for different electron exit angles of the sample grown for 30 min. The best fit is obtained 
for a convolution of a Gaussian with a width of 0.8 eV corresponding to the experimental resolution and a Lorentzian 
with a width of 0.5 eV. Depth profiling data obtained in steps of 15° from normal to grazing emission are shown in fig. 
2b where the normalized intensity of each component is plotted vs. exit angle. As the surface sensitivity increases, the 
intensity of the Ce2O3 component decreases while the intensity of CeO2 increases. Hence, when a critical Ce2O3 
thickness is reached, the oxide continues to grow in the CeO2 phase. A simplified structure model consistent with these 
data is shown in fig. 3 where SiO2 is the first and a Ce-Si-O silicate is a second layer, followed by Ce2O3 grown for 
~10min and CeO2 grown for ~20min. The thicknesses of Ce-Si-O and SiO2 depend hardly on annealing time and -
temperature and oxygen partial pressure and follow a dynamic process during cerium oxide growth. 
Fig. 4 shows hard X-ray excited (hν=8000 eV) Ce 2 p3/2 core level spectra of Ce2O3 and CeO2 which - to our knowledge 
- have not been reported so far. The Ce 2p1/2 peak is measured at 6163 eV ± 0.1 eV binding energy, Ce 2p3/2 at 5722.5 
eV ± 0.1 eV. For Ce2O3 the Ce 2p3/2  peak consists of a double main peak structure and a broad satellite at higher 
binding energy. After reaching the critical Ce2O3 thickness, two additional peaks start growing, one well separated from 
the main line by about 14 eV (1) and the second one as a shoulder 7 eV away from the main line (2). The intensity ratio 
of lines (3) and (4) changes during the transition from Ce2O3 to CeO2, indicating that for CeO2 additional states appear 
in this energy region.  
 

 
Fig. 3: Simplified model of the 
sample consistent with the core level 
spectra obtained after every 
evaporation step. The first three 
evaporation steps (5 min each) yield 
purely Ce2O3. The final 15 min step 
leads to CeO2 formation. 
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Fig. 4:  Ce 2p3/2 spectra for A) Ce2O3 and B) CeO2 /Ce2O3 (hν = 8000eV, normal emission). The insets show the 
corresponding Ce 3d spectra (hν = 4500eV, normal emission).  
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The dip-coating technique is one of the commonly applied methods for the preparation of thin films 
or the patterning of templates from polymer solutions and particle suspensions [1]. The coating 
principle is based on the withdrawal of a solid substrate out of a liquid solution. The withdrawal 
and supposed deposition of a specific material are mainly governed by the withdrawal speed and the 
physical as well as chemical sample surface properties [1]. Hence these parameters determine 
whether the deposition yields the desired patterning result. In this regard, Ghosh et al. prepared 
stripe-like pattern and demonstrated the dependence of the deposition as a function of particle 
diameter, withdrawal speed and entrained film thickness to come up with different deposition 
modes [2]. In general, the pattern formation takes place at the triple phase contact line (TPCL) of 
air, solution and substrate. Roth et al. investigated recently the air-water-substrate boundary of a 
drying droplet of colloidal solution obtaining a quantitative view of the nanostructuring during 
solution casting [3, 4]. However, in contrast to the dip-coating process, the structuring process in 
solution casting is mainly evaporation driven. 

 

Figure 1: Schematic representation of the experimental GISAXS geometry. In contrast to conventional 
GISAXS experiments, the sample surface is positioned vertically in order to perform the dipping of the 

sample into the solution-containing trough. The X-ray beam impinges on the sample surface with a fixed 
angle of incidence αi adjusted by a rotatable rod on which the sample is mounted.  The scattered beam is 

described by the exit angle αf and the vertical scattering angle Ψ. The area detector shows the qy 
dependence along the vertical axis and the qz dependence along the horizontal axis. The detected two-

dimensional scattering pattern shows the diffuse scattering with a broad Yoneda peak and the specular peak 
(shielded by a beam stop). During the in-situ dip-coating study the trough moves vertically, whereas the 

sample exhibits a stationary position. 

We present the first results of an in-situ investigation of the dip-coating process of colloidal 
suspensions and nanoparticles by the advanced scattering technique grazing incidence small angle 
X-ray scattering (GISAXS) as shown in the scheme in Figure 1. The selected GISAXS method is 
predestined for this in-situ investigation, because it is a non-destructive structural probe and 
requires no special sample preparation [5]. The features of GISAXS as an advanced scattering 
method are the surface sensitivity, the selectivity to materials and the yield of excellent sampling 
statistics because it averages over macroscopic regions to provide information on the nanometre 
scale. After the in-situ GISAXS experiments, the as-prepared samples are analyzed by optical 
microscopy (OM) for an overall homogeneity check of the dip-coated thin film. Finally, the surface 
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structures are investigated by atomic force microscopy (AFM), yielding topographic images and 
thus real space information about the structure heights and widths. 

The focus is on the real-time monitoring of the vertical dip-coating process to deliver an insight of 
the structural changes during pattern formation. With the selected measurement configuration, a 
fixed spot on the sample surface is probed and the structural information at the time the contact line 
passes through the beam-illuminated area is obtained, hence revealing the structure at the vicinity of 
the flowing meniscus. 

First experiments have been performed at beamline BW4 of the DORIS III storage ring of 
HASYLAB using a moderately micro-focused beam (λ = 0.1381nm) with a size of 23 µm x 36 µm 
(VxH) enabling the required lateral resolution. The distance between the sample and the fast Pilatus 
300k-detector was set to 2015 mm. Figure 2 presents the results of the simultaneous GISAXS 
measurements of the dip-coating process of pure silica nanoparticles (2R = 30 nm) with a drawing 
speed of 200 µm/min [6]. 

 

Figure 2: (left) 2D scattering pattern of the dip-coated thin film of silica nanoparticles as the last frame 
recorded during the in-situ measurement. (right) Intensity map representing the change in the Yoneda-region 
(blue box) as a function of time during the dip-coating process. For colour coding: blue/dark = low intensity 

and purple/white = high intensity. 

In continuation of the previous successful experiments, a more detailed investigation of the process 
key parameters, e.g. withdrawal speed, concentration, substrate surface modifications etc., will be 
performed with purely colloidal suspensions as well as the successive patterning of these prepared 
colloidal templates with different species of nanoparticles. Furthermore, the possibilities are 
discussed of obtaining 1D, 2D, and 3D structures used for different photonic and magnetic 
applications. 
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When growing single crystal nanoparticles from solution, the coarsening process called “Ostwald 
ripening” has been the main explanation for nanoparticle growth into bigger particles. The bigger 
particles grow at the expense of the smaller ones due to surface energy reduction. However, in 
recent years, “oriented attachment” of nanoparticles into bigger particles has been presented as an 
alternative route to build up single crystals of desired shape. In oriented attachment, nanoparticles 
attach to each other and merge to form one single crystal. [1] Mesocrystal formation via oriented 
attachment has been the topic of intense studies the last few years, but the underlying growth 
mechanism during the mesocrystal transformation is still unclear. [2] 

Formation of zinc oxide crystals on Zn surfaces was studied by small-angle and wide-angle X-ray 
scattering (SAXS/WAXS) at beamline B1 at DORIS III synchrotron. A Zn foil was placed inside a 
capillary. Subsequently, the capillary was filled with 0.25 M KCl solution, directly sealed with glue 
and placed into the measurement chamber. SAXS and WAXS measurements were made as a 
function of time in transmission geometry through the foil. Figure 1 shows results of three repetitions 
of such an experiment. Guinier approximation was used to fit the beginning of the scattering curve 
after subtracting background from the data. Due to poor statistics, it was not possible to resolve any 
characteristic scattering maxima of ZnO in the WAXS patterns. 

 

Figure 1: Results from three repetitions of SAXS measurements of Zn foil immersed in 0.25 M KCl. (Left) 
Largest radius of gyration as a function of time as obtained by fitting the Guinier approximation to the data. 

(Right) Integrated intensity of the scattering curve as a function of time. 

The results show that the ZnO nanoparticles with radius of gyration in the range 10 – 20 nm form 
rapidly after immersing the Zn foil in the KCl solvent and the size of the particles remains nearly 
constant over several hours. Meanwhile, the SAXS intensity increases, and this increase seems to 
be related to the growth in the amount of nanoparticles rather than in their size. 
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Colloidal systems, which consist of a dispersed phase (the colloids) and a continuous phase, have
been thoroughly studied during the last years. While the direct and indirect particle interactions in
the case of a hard-sphere system are well explained by theory, this is not the case for the indirect,
hydrodynamic interactions between charge-stabilized colloidal particles. These charge-stabilized
colloidal systems interact via a screened Coulomb potential, which strength depends on the ef-
fective charge of the colloids, the permittivity of the solvent, the volume fraction of the colloidal
nano-particles and the concentration of additionally added electrolyte. Changing the direct interac-
tion strength is thus easily possible by either varying the concentration of electrolyte or by changing
the particle volume fraction φ.
The indirect particle interactions of colloidal systems can be described by the hydrodynamic func-
tions H(Q), which can be obtained from experimental data via the relation H(Q) = S(Q)/
(D0/D(Q)). S(Q) is the static structure factor which can be accessed in a static small angle X-ray
scattering experiment, and D0/D(Q) is the dynamic structure factor which can be measured in a
X-ray photon correlation spectroscopy experiment, where the fluctuations of the scattered intensity
of a partially coherent X-ray beam are observed.
In this study we investigated the direct and indirect particle interactions of a novel synthesized
charge-stabilized system, a copolymer of a fluoro- and a silyl-acrylate at different volume frac-
tions and different electrolyte concentrations. The sample system investigated consisted of charge-
stabilized colloids having a mean particle diameter of 112 nm. The volume fractions investigated
ranged from φ = 0.08 to φ = 0.36, while the added electrolyte concentration was varied between
0 µM and 10000 µM potassium chloride. For all of these samples static and dynamic scattering
experiments were performed. The extracted static structure factors for two samples (A: φ = 0.36,
200 µM KCl, B: φ = 0.19, 10 µM KCl) are shown in fig. 1 (A and B).
The static structure factors show a pronounced maximum which can be related to the mean inter-
particle distance and they can be quantitatively described by the rescaled mean spherical approx-
imation [1, 2]. The dynamic structure factor (also shown in fig. 1, A and B) follow the shape of
the static structure factors. They show a maximum at approximately the same position as the peak
of the static structure factor, indicating a slowing down of the system at the corresponding length
scales.
In fig. 1 (C and D) the hydrodynamic functions of both samples are displayed, which have been
extracted from the measured static and dynamic behavior of the samples without referring to a
theoretical model.
The hydrodynamic functions H(Q) of both samples show a pronounced peak at Q-values around
the mean interparticle spacing, similar to the static and dynamic behavior. The values of H(Q) are
below unity at all momentum transfers, indicating a slowing down of the sample dynamics on all
investigated length scales due to the hydrodynamic interactions.
A theoretical model for the hydrodynamic interactions is given by the fluctuation- or δγ-expansion,
developed originally by Beenakker and Mazur for hard-sphere suspensions, which takes into ac-
count many-body interactions between the colloidal particles [3, 4]. The resulting hydrodynamic
functions depend on the radius of the colloidal particles, the volume fraction φ and the static struc-
ture factor S(Q) of the samples. The calculated hydrodynamic functions using as input parameters
the measured values of the sample systems are shown in fig. 1 (C and D, black lines).
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Figure 1: A and B: Static structure factors S(Q) and dynamic structure factors D0/D(Q) of sample A (A)
and sample B (B). C and D: Hydrodynamic functions H(Q) and calculated δγ-expansion of sample A (C)
and sample B (D).

For sample A at a volume fraction φ = 0.36 the calculated hydrodynamic function coincides with
the extracted hydrodynamic function of the sample. The position and the magnitude of the peak of
the hydrodynamic function H(Qmax) as well as the overall shape is captured by the δγ-expansion.
This is not the case for sample B at a volume fractions φ = 0.19, where the calculated δγ-expansion
H(Q) underestimates the measured hydrodynamic function, while shape and position of the peak
of the hydrodynamic function are in reasonable agreement with the extracted experimental values.
The X-ray scattering experiments have been performed at ID10A at the European Synchrotron
Radiation Facility (ESRF), Grenoble.
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We have performed Coherent X-ray Diffraction Imaging (CXDI) experiments [1] to study the structure of 
colloidal  crystals  on a nanometer scale.  The main interest  lays  in the application of CXDI to colloidal 
crystals to visualize and characterize their defects.

Self-organized colloidal crystals can be used as the basis for novel functional materials such as photonic 
crystals, which may find applications in future solar cells, LEDs, lasers or even as the basis for circuits in 
optical computing and communication. For these applications crystal quality is crucial and monitoring the 
defect structure of real colloidal crystals is essential [2].

CXDI is based on the idea that if a finite object is illuminated with coherent radiation and its corresponding 
far-field  diffraction  pattern  is  measured  and  sampled  sufficiently,  then  this  diffraction  pattern  can  be 
inverted uniquely using iterative phase retrieval methods [3]. After its first experimental demonstration [4] 
CXDI was applied to the imaging of different samples and materials (see for review [5]). This method was 
also successfully implemented for imaging crystalline materials [6] by a local fine scan of the reciprocal 
space in the vicinity of a chosen Bragg peak from the sample. However,  local  measurements around a 
selected  Bragg  peak  can  reveal  only  a  continuous  distribution  of electron  density  and  strain  inside  a 
crystalline sample [7]. We demonstrate here that if several Bragg peaks of a coherently illuminated finite 
crystalline  sample  are  measured  and  inverted  simultaneously,  the  resulting  image  will  contain  a  rich 
amount of information about the position of the local scatterers, including possible defects.

Figure 1: Schematic view of the CXDI experiment showing the pinhole, the sample and the detector.

The  experiment  was  performed  at  the  micro-optics  test  bench  at  the  ID06  beamline  of  the  European 
Synchrotron Radiation Facility (ESRF) with an incident x-ray  energy of 14 keV. The geometry of our 
experiment (see  Fig. 1) allows  for rotation of the sample  around the vertical  axis  perpendicular  to the 
incident x-ray direction. A 6.9 μm pinhole  was positioned in front of the colloidal  crystal.  The pinhole 
selects a highly coherent part of the beam and produces a finite illumination area.

The diffraction data were recorded using a Photonic Science 12 bit charge-coupled device (CCD) detector 
with 4005x2671 pixels each 9x9 µm2 in size. The detector was placed at the distance L2 = 3.96 m behind 
the sample with a corresponding resolution of Δq =0.16 µm-1 per pixel.

The sample was positioned just after the aperture, this configuration yields a set of fringes centered at q = 0 
(Fig. 2(a)). In addition, due to the long range order in the colloidal crystal, several orders of Bragg peaks  
are easily visible in the diffraction patterns. The strongest are the hexagonal set of 220 Bragg peaks typical 
for scattering from a fcc structure. Each of these Bragg peaks contains a few orders of diffraction fringes 
similar to those at q =0, due to the finite aperture in front of the sample. 
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Figure 2. (a) and (b), measured diffraction patterns from the pinhole and the sample at different azimuthal 
angle orientations (a) φ = 0, (b) φ = 35°. Streaks originating at Bragg peaks in (b) are indications of a 

stacking fault defect present in the colloidal sample. The marked regions correspond to the area used for 
the reconstruction. The diffraction patterns are shown on a logarithmic scale. (c) and (d) Reconstruction of 

the colloidal sample from the diffraction patterns (c) φ = 0 °, (d) φ =35°. The arrows in (d) point to the 
defect in the crystal. 

The measured diffraction data were inverted by applying the guided hybrid input-output GHIO algorithm 
[8]. We performed a reconstruction and obtained a real space image of a colloidal sample presented in Fig. 
3(c) . This image represents a projection of the “atomic” structure of the colloidal crystal along the [111] 
direction. The hexagonal structure  is  clear  across  the whole illuminated region. The diffraction patterns 
measured at an angle of φ =35° (see Figs. 2(b)) were especially intriguing. They show strong streaks. We 
reconstructed such a diffraction pattern as well and the result of this reconstruction is presented in Fig. 2(d). 
The “atomicity” of the colloidal crystal sample is again present in the reconstruction. In addition, a stacking 
fault indicated by arrows in Fig. 2(d) appears as a break in the “correct” ABC ordering [9].

In  summary,  we  have  demonstrated  that  the  simple  and  nondestructive  mechanism  of  coherent  x-ray 
diffractive imaging opens a unique route to determine defects in mesoscopic materials  such as colloidal 
crystals.  We  would  like  to  extend  our  results  towards  tomographic  methods  such  as  coherent  x-ray 
tomography, which has the potential to visualize the atomic structure of the defect core in 3D.
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onto polystyrene colloidal crystals  
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V. Koerstgens1, P. Müller-Buschbaum1, R. Röhlsberger, S.V. Roth, and R. Gehrke  

HASYLAB at DESY, Hamburg, Germany 

1TU München, Physik-Department Lehrstuhl E13, Garching, Germany 

Vacuum sputter deposition on polymer templates plays an important role for efficient production 
of nanocomposite materials in industrial processes [1]. Nanocomposites themselves are crucial 
materials for a large variety of current applications like solar cells of hybrid and colloidal 
multilayers [2], sensors, bioanalytical assays, waveguides in optical circuits and antibacterial 
coatings [1]. In order to understand the growth of the nanocomposite materials and its inherent 
polymer and metal layers, it is mandatory to know, how the polymer templates influences the 
metal film morphology and the growth kinetics during sputter deposition. In addition, installing 
regular arrays on mesoscopic length scales is essential in the field of applied nanotechnology 
[1,2,3].  

In this work, commercially available monodispersed carboxylated polystyrene spheres (cPS; 
diameter = 96 nm) were employed to deposit opal crystals as templates on silicon wafer by using 
temperature controlled drop-casting method. Strong capillary forces operating in the latest stage 
of drying are producing closed packed colloidal arrangements with a short-range hexagonal 
ordered surface [see Fig. 1(a)]. The growth of gold clusters onto these nanostructured polymer 
templates was subsequently investigated in a stop/sputter-experiment at BW4 beamline at the 
storage ring DORIS III [3]. There, we combined a transportable sputter deposition chamber with 
X-ray permeable beryllium windows [4] to a grazing incidence small angle scattering (GISAXS) 
setup. We used a wavelength λ = 0.138 nm, a sample-to-detector distances DSD = 2017 mm and 
incident angles αi of 0.4° and 0.7° in order to tune the surface sensitivity of the method. The 
beam size was reduced to 30 µm x 60 µm (vertical x horizontal) by using an assembly of 
parabolic beryllium compound refractive lenses.  

  
 

Figure 1: (a) AFM topography image of polystyrene colloidal crystal surface measured with NTEGRA 
probe Nano-Laboratory in semi-contact mode, (b) 2D-GISAXS images of polystyrene crystallites at 

incident angle of 0.4° before gold sputter deposition. The reflected beam is shielded by a specular beam 
stop (SBS) to extend exposure time, (c) corresponding IsGISAXS simulation of hexagonally packed 

polystyrene full-sphere monolayer (radius = 48 nm) on silicon substrate 
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The polymeric crystals show a characteristic ring-like signal around the specular beam belonging 
to polymer spheres in GISAXS measurements before sputter deposition [see Fig 1b]. Due to the 
fact, that X-rays can easily penetrate the polymer crystal, a strong interference from spheres 
below the surface causes a powder-like intensity distribution. Therefore the out of plane cuts at 
the Yoneda peak position of polystyrene are smeared out and show no characteristic peaks of 
ordered cPS spheres [Fig. 2 (c)]. In general, the scattering of the multilayered sample is 
dominated by the bulk, but is still in good agreement with the corresponding IsGISAXS 
simulation [5], which only addresses a hexagonally packed polystyrene full-sphere monolayer on 
silicon [see Fig 1(c)]. 

During gold sputter deposition with a constant sputter rate of 0.053 nm/s, the intensity belonging 
to bulk particles becomes gradually shielded, since the X-ray attenuation depth at incident angle 
below the critical angle of gold is limited to maximal 2 nm. Similarly, the lateral form factor 
develops with increasing film thickness and it is pinned to the diameter of the polystyrene 
colloids. The final shielding of the underlying bulk structure is reached after 100 s, which 
corresponds to a theoretical layer thickness of 5.3 nm. We reached an excellent agreement 
between data and simulation for the completed layer by simulating a hexagonally arrangement of 
gold hemi-spheres [see Fig. 2(a,b)] The GISAXS results reveal a delayed growth of a gold skin 
layer by evolution of the sphere form factors in the out-of-plane cuts [see Fig. 2c]. This study 
hints that sputtered gold atoms can diffuse into the brush-like anionic surface of the cPS spheres 
before growing vertical on top. It also shows the opportunity to fabricate gold decorated spheres 
as a nanocomposite model system for studies of metal contact formation on polymeric crystals.   

 
Figure 2: (a) 2D-GISAXS images at incident angle of 0.4° after 400 s of gold sputter deposition or 
respectively 21.2 nm effective gold layer thickness, (b) corresponding IsGISAXS simulation of a 

hexagonally arrangement of gold hemi-spheres (radius = 48 nm), (c) plotted normalized out-of-plane cuts 
at Yoneda position of cPS reveals the evolution of the lateral form factor with increasing film thicknesses 
 
* e-mail: Matthias.Schwartzkopf@desy.de 
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Colloidal droplet drying kinetics - a combined imaging
ellipsometry and microbeam GISAXS study

S.V. Roth,G. Herzog1, V. Körstgens2, A.Buffet, M. Schwartzkopf, J. Perlich, M.M. Abul Kashem, R.
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Modern urface sensitive sensors rely on polymer-metal nanocomposites. Typical devices and appli-
cations include surface enhanced raman scattering (SERS) [1], colorimetric detection of biopoly-
mers [2] and sensors [3]. Typical, these devices are nanostructured multilayers where different
coating procedures are applied. Among these coating methods, solution casting is a very efficient
coating process to install designed colloidal and biopolymeric thin films [4, 5]. It is therefore of
crucial importance to understand the wetting and flow behaviour of colloidal solutions on top of
nanostructured substrates.
Our approach uses a bimodal colloidal system. The template consists of a nanostructured colloidal
polystyrene (PS) layer with hexagonal ordering. The PS colloidal layer (colloid diameter: 100 nm)
was installed by spin-coating and toluene treatment. An aqueous solution of gold (Au) nanopar-
ticles was casted on top of this template to investigate in-situ its drying and structure formation
kinetics. In fig. 1b) we present the atomic force microscopy images of the pristine colloidal PS
layer and the nanocomposite, which clearly shows a domain structure. To observe the solution
casting of the Au nanoparticles (20 nm diameter) aqueous solution, we used a combination of
two methods, namely microbeam grazing incidence small-angle x-ray scattering (µGISAXS) and
imaging ellipsometry. An imaging ellipsometer (surface probe ellipsometric microscope (SPEM)
of Nanofilm Technologie GmbH) was installed at the micro- and nanofocus x-ray scattering beam-
line (MiNaXS) P03 at the high-brilliance synchrotron radiation source PETRA III of DESY [7],
Hamburg, Germany. Here, we used a micro-focussed beam with a size of 35 x 22 µm2 (HxV) at the
sample position at an x-ray beam energy of E=12.78 keV and a two-dimensional position sensitive
detector (PILATUS 300k, Dectris, Switzerland).
In fig. 1a) we show the out-of-plane (oop) cuts of the µGISAXS data before solution casting (t=0s)
and after drying of the droplet solution (t=696s) including a simulation of the nanocomposite struc-
tures. Clearly, the pristine PS layer prior to casting shows very good hexagonal ordering (fig. 1b),
right image). After solution casting, an Au layer has been installed, visible as agglomerations of
Au nanoparticles around qy ≈ 0.4 nm−1, see also fig. 1b), middle image. Moreover, the perfect
ordering of the PS layer has been lost. Instead, a roughness increase if observed, the PS colloids
cluster into larger domains, as seen in the left image of fig. 1b). In the oop cuts, the rearrangement
of the PS layer is clearly seen as a loss of long-range hexagonal order around qy ≈ 0.06 nm−1. The
comparison between µGISAXS and imaging ellipsometry allows for combining structural and el-
lipsometric parameters. In detail, we observed the temporal evolution of the Yoneda peak intensity
of PS and Au as well as the temporal evolution of the ellipsometric parameters ∆ and Ψ. Their
temporal behaviour coincides and different regimes of diffusional rearrangement, precipitation and
compaction can be observed.
This work has been financially supported by the BMBF (grant number 05KS7WO1).

-46-



c)

Au

b)

Domain PS

1µm

a)

b)

t=0st=696s

28

n
m

23

n
m

166 143 83

28

n
m

Figure 1: a) microbeam grazing incidence small-angle x-ray scattering (µGISAXS) data taken before droplet
deposition (t=0s) and after drying (t=696s). Shown is a simulation of the data using IsGISAXS [6] and
the different contributions from the Au layer and PS layer. The arrows indicate the Bragg peaks from the
hexagonal PS layer (red) and from the domains in the rearranged layer (green) as well as from the Au
agglomerations (blue). b) Atomic force microscopy images of the domains in the rearranged layer (left), the
Au agglomerations (middle), and the pristine hexagonal PS layer (right).
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Disordered materials, such as glasses and liquids, do not exhibit translational symmetry and are thus able to 
accommodate different local symmetries in one and the same system. Among those symmetries is the 
icosahedral order which can not fill space periodically and is held responsible for the undercooling of liquids 
and the glassy state [1-3]. The local symmetries are not accessible in conventional X-ray diffraction 
experiments as the time and ensemble averaging process yields an average structure factor <S(Q)> which 
carries no information about local bond order. This limitation can be overcome by performing coherent X-
ray scattering experiment. This is illustrated by a study of slow supercooled liquids and glasses. A coherent 
X-ray beam scattered from a quasistatic disordered sample produces a speckle pattern which reflects the 
exact spatial arrangement of the particles. That is the speckle pattern contains information about the local 
structure of the sample and appropriate correlation functions have to be defined to extract this information. 

We measured coherent SAXS patterns of hard spheres colloidal glasses out of PMMA dispersed in decalin 
with radii varying between 70 to 130 nm, different polydispersities and volume fractions. The samples were 
prepared as described in [4]. The resulting structure factor and CCD image of a hard sphere system with a 
radius of about 127 nm, polydispersity of about 6.6 %  and volume fraction φ=0.52 are shown in figure 1. At 
φ=0.52 the particles are partially crystallized, which is visible via Bragg peaks appearing in the CCD image 
and in the structure factor.  

 

 
 
 

 
 
 

Figure 1: a) Structure factor S(q) (left) and CCD (right) of the hard sphere colloidal particles. 

In contrast to incoherent diffraction the scattering of coherent X-rays gives access of the instantaneous 
positions of all the atoms/particles in a particular sample in reciprocal space. In this case the resulting 
speckle pattern reflects the exact spatial arrangement of all particles in the beam and one can thus attempt to 
extract information on the local order [5]. To uncover the hidden local bond order in disordered matter from 
the speckle pattern a higher order correlation functions have been defined: 
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The Fourier component of the common building block can be extracted from a set of speckle patterns by 
calculating the variance, i.e. the fluctuations of the relevant symmetries expressed by 
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which represents the fluctuations of the Fourier component l of the cross correlation function.  As an 
example we show here the variance of the hard sphere colloidal system (Figure 2).  

 

2 4 6 8 10 12 14 16 18 20
0.0

0.2

0.4

0.6

Fourier component l

Ψ L(q
m

ax
,l)

  
Figure 2:  (left) Variance ΨL(q,l) for the volume fraction φ=0.52 of the hard sphere colloidal system. (right) 
Autocorrelation function of the fluctuation of the symmetry for the Fourier components l=2, 6, 10 and 12. 

It can be clearly seen, that the variances for the different Fourier components differ and especially the 
Fourier components l=6 and l=14 are more pronounced (figure 2 left) than the others. It is also possible to 
monitor the fluctuations as a function of time yielding insight in the relaxation of the different Fourier 
components as shown in Figure 2 (right). 

In our experiment performed at the PETRA P10 beamline we investigated seven different hard 
sphere systems at high volume fractions. The XCCA method allows to study the bond order and 
thus the local structure of colloidal glasses. In particular, the shape of the structure factor already 
indicates local bond order. By comparing the experimental data for the different hard spheres 
system with results of MD simulations we want to learn more about the details of the local bond 
order of hard sphere systems. 
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The investigation of confined liquids is a great challenge and requires an adequate choice of the 
liquid, the substrates, the experimental environment and the probe [1],[2],[3],[4],[5]. It has turned 
out in the past that the major challenge is to create an appropriate design of the confining apparatus. 
It must be able to tune the confining gap on a nanometer scale and also to orient the two surfaces 
exactly parallel such that they form a perfect wave guide. A liquid inside the wave guide can then 
be investigated by means of x-ray diffraction methods: X-ray reflectivity is perfectly suited to 
investigate molecular layering along the surface normal as it is sensitive to the averaged electron 
density profile. For reflectivity the spatial accuracy is usually better than 0.1nm and the sensitivity 
to the contrast (density changes in the profile) is in the range of a few percent [6]. However, it 
cannot monitor in-plane ordering of molecules. For this reason grazing incidence diffraction (GID) 
nd/or small angle scattering (SAXS) is mandatory to extract the in-plane information.  

For experiment at confined liquids a specially designed apparatus which is based on a diamond 
anvil cell setup was constructed. The diamond tips have a surface of diameter 0.2mm which is 
sufficiently large for the experiment. The confined liquid would be located between the both 
diamonds with exact parallel surfaces. During this beamtime the parallelism and the minimum gap 
size have been determined using x-rays scattering methods. For this the gap was kept empty with 
no liquid in it. In this case a nanometer gap with perfectly flat and parallel surfaces should form a 
waveguide with characteristic scattering features in a Two-Theta scan. Reflectivity data would also 
show the fingerprint of a small gap as oscillations of the intensity. 

The reflectivity data of the single 200µm sized diamond surfaces show all expected characteristics 
such as critical angle and a very thin ‘depletion/roughness’ layer on the diamond [see Fig. 1 left]. 
After closing the gap the reflectivity shows all characteristics of an air layer confined between two 
substrates: no critical angle is visible, the thin additional ‘depletion/roughness’ layer has doubled 
the thickness (layer from top and bottom diamond together) and a dip at very small angle may be a 
hint of a wave guide mode [see Fig. 1 left]. It can also be a hint to an oscillation of a large air gap 
with a gap size of larger 100nm. 

 

Figure 1 Left: Reflectivity of the bottom diamond and of the closed gap system. The kink at approx 0.6 deg 
is due to lacking accuracy in the absorber correction. The kink at approx 0.1 in the top curve may be a hint 

to a wave guide mode. Right: Two-Theta Scan which shows the width of the waveguide as a Gaussian 
profile in the center. 
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Detector scans at the closed gap show strong signature of a wave guiding mode (see Fig 1 right). At 
the center position a typical peak appears with gap depending full width half maximum. From the 
FWHM the gap size can be deduced which approximately yields a value of 150nm. This value is 
just above the resolution limit of the beamline at the used settings.  

Microscopic pictures after the experiment have shown small impurities on the diamond surfaces 
which were the reason that the gap could not be closed further. During the beamtime we had no 
possibilities to clean the diamonds.  

 

Figure 2:  Microscopic picture of one of the diamond surface during the experiment. Small impurities can be 
seen on the surface. The impurities at the corners are not much affecting the ability to go to small gap sizes. 

Better cleaning procedures have been developed in the meantime. Also, the cell allows now to be 
sealed in the PETRAIII cleanroom. In the future it is expected to be able to reach gaps of a few 
nanometers and also to fill liquids into this gap.  

In future, we expect to determine the details of molecular ordering in confined liquids, depending 
on the confinement, the temperature and the potentially the lateral shear. These experiments will 
give direct insight into the structure of confined liquids on molecular basis.  
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The MAXIM setup at HASYLAB beamline G3 [1] has been upgraded by a Ge(111) monocrystal
in front of the beamtube to deflect the incident beam down by bragg reflection. This allows to probe
samples that cannot be tilted, e.g. liquids, liquid crystals or colloidal systems. The new geometry
also permits in situ studies of solid to liquid phase transitions. The sample temperature is controlled
by a 2 stage peltier element. Measurements on water and gallium have been performed and phase
transitions have been observed in the diffraction patterns.

Figure 1: setup of the upgrade with new monocrystal in front of the beamtube

The ice sample was prepared by rapidly cooling down water in abrass pot on the peltier stage cov-
ered with a capton housing to prevent desublimation from airhumidity during the measurement.
The solid specimen then was slowly heated from−10

◦C up to the melting point while diffrac-
tograms of a single reflex were taken. In fig. 2 the evolution ofthe 112 peak is shown during
the heating process. As expected the intensity decreases with heating and vanishes at the melting
temperature of0◦C.
Gallium is a silvery white metal with a melting point of29.78

◦C. In fig. 3 the diffraction images of
Ga-112 reflection are shown. As the material was solidified from the liquid phase it was strongly
textured. Only a few grains were in the correct orientation to contribute to the diffraction signal.
This grains can be observed as bright spots in fig. 3 and remainstable over the heating process but
disappear close to the melting temperature.
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Figure 2: surface plot of ice 112 reflection intensity vs temperature while melting

Figure 3: Diffraction imaging of Ga grains during solid-liquid phase transition. At30◦C the specimen is
completely liquid.
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Influence of beam and sample homogeneity on the 
quality of EXAFS spectra

E. Welter
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It is commonly known that the quality of EXAFS spectra is strongly influenced by the homogeneity of 
the samples used. Inhomogeneous samples or samples with pinholes result in a damping of the EXAFS 
oscillations.  If  the incoming beam is  moving or  showing moving inhomogeneities  in  the intensity 
distribution the degradation that can be expected is even stronger. Effects like this were for instance 
made responsible for the glitches called artifacts which are often observable in absorption spectra [1]. 

One reason for an inhomogeneous intensity distribution in the incoming beam could be the emission 
properties of insertion devices. The spatial distribution of the radiation is a function of the energy. 
Simulations using the SRW [2] and the Spectra [3] computer codes suggest that interference effects 
could also be of importance in case of wiggler sources, especially for softer wigglers with K < 10. The 
problem seems to become more and more important with decreasing emittance of the electron beam. 
Although one can suspect that the simulation codes overestimate the effects, because they work with 
“perfect” devices, it is worth checking the influence of the interaction of the simulated beam intensity 
patterns with more or less homogeneous samples. 

For this purpose a script was written in Igor Pro® which calculates the number of transmitted photons 
at each of the “pixels” of the “sample” at each energy point of an EXAFS scan using the following  
equation. 

I = I0*e(-σ*ρ*L)              (1)

With I and I0 being the intensity before and after the sample, σ the cross section (units of cm²) , ρ the 
density of the absorbing atoms and L the thickness of the sample

The “samples” consist of statistically distributed thinner and thicker areas (variation of L in equation 1). 
Figure 1 shows 3 “samples” with pixel sizes about equal to the size of the structures in the spatial  
distribution of the incoming beam and 1/10 and 1/100 of that size. 

Figure 1: “Samples” 1 -3 with decreasing size of inhomogeneities

Patterns of the intensity distribution at two different energies (9000 and 9010 eV) are shown in figure 
2. They were calculated using SRW to calculate the properties of an insertion  device with K = 6, a 
period length of 80 mm and total length of 1 m installed in a storage ring with 1 nmrad horizontal 
electron beam emittance. These values are in conformance with possible values of a future Petra III 
insertion device for EXAFS spectroscopy.
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Figure 2: Intensity distribution of a wiggler with K=6, period length 80 mm, total length 1 m installed at a 
machine with 1 nmrad horizontal Emittance, left at 9000 eV, right at 9010 eV 

The influence of the moving intensity pattern on an EXAFS scan was calculated for a Cu-foil spectrum 
using the 3 more or less inhomogeneous “samples” shown in figure 1. The results are presented in 
figure 3 which shows the 3 resulting EXAFS spectra together with the undistorted spectrum as it would 
be measured using a homogeneous sample and a beam that shows no spatial  intensity fluctuations 
during the EXAFS scan.

Figure 3: EXAFS spectra in red spectrum of a homogeneous sample in a homogeneous beam, spectra from 
“samples” 1, 2 and 3 are shown in black, blue, green respectively

It is clearly visible that a sample with inhomogeneities on a length-scale comparable to the beam's 
inhomogeneities  show  the  most  pronounced  artifacts  while  the  spectrum  of  “sample”  3  with 
inhomogeneities  100  times  smaller  than  the  features  in  the  beam  pattern  shows  practically  no 
distortion.  Thus a careful  sample preparation resulting in homogeneous sample is  helpful  to  avoid 
distortions of EXAFS spectra measured at sources which are emitting a beam with energy dependent 
intensity patterns, a problem that according to  the theoretical calculations affects all insertion devices 
installed at modern low emittance machines. 
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Coherence properties of the beam delayed by the hard
X-ray delay line
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The hard X-ray delay delay line [1, 2] is a unique tool, which allows performing Split-Pulse XPCS
experiments [3, 4]. The main requirement for the Split-Pulse XPCS technique is that the inves-
tigated sample must be illuminated coherently. It is well known that optical components inserted
into a beam path might affect (degrade) the coherence properties of the radiation, meaning that they
might reduce the visibility of any diffraction or interference experiment. The hard X-ray delay line
utilizes up to eight optical components. In order to performthe split-pulse XPCS experiments at
future XFEL sources the influence of the delay unit optics on the coherence of undulator radiation
was investigated at beamline P10 at Petra III.
Figure 1(right) shows the static speckle patter from Si02 powder recorded with the incident beam
passing through the two branches of the delay line. Data analysis performed at a singleq value (i.e.
q = 3×10

−3A−1) gives a contrast [5] value of 52%, which is only 4% lower thanthe contrast value
obtained with the direct beam (i.e., when the delay line was removed from the beam path).
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Figure 1: Speckle pattern recorded with the direct illumination CCD camera. Data were collected with the
X-ray beam passing through the two branches of the delay line.
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Transverse coherence properties of hard x-ray
synchrotron sources and free electron lasers
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We performed a theoretical analysis of the transverse coherence properties of the x-ray synchrotron
sources and x-ray free-electron lasers (XFEL) in the frame of statistical optics. In particular, the
transverse coherence properties of the 3rd generation synchrotron source PETRA III at DESY,
which started its user operation recently, were analyzed using the so called Gaussian Schell-model
[1]. A comparison with a more careful approach [2] was performed and showed good agreement
for photon energies in the hard x-ray range. Figure 1 shows the beam size,Σ(z), and the transverse
coherence length,Ξ(z), as a function of the propagation distance from the source.
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Figure 1: The dashed (red) line is the beam sizeΣx,y(z) and the solid (black) line is the transverse coherence
lengthΞx,y(z). Open circles correspond to calculations performed by the ESRF simulation code SRW, open
triangles are the beam size and squares are the transverse coherence length obtained from the analytical
results of [2]. The vertical dashed line in (c) and (d) correspond to an effective distancezeff , at which the
beamsize is

√
2 larger than the source. Figure adapted from [1].

We also analyzed the coherence properties of the SASE1 undulator at the European XFEL. In the
frame of the same Gaussian Shell-model we estimated that thebeam from the SASE1 undulator at
a photon energy of 12 keV is highly coherent, however, not fully coherent. In this case the total
radiation field was decomposed into a sum of mutually incoherent modes, which can be propagated
independently. It was demonstrated that only a few modes contribute significantly to the total radi-
ation field of that source [1]. Figure 2 shows the spectral degree of coherence,|µ(∆x)|, calculated
500 m downstream from the undulator source with a different number of contributing modes at
separation distances of up to 1 mm, which corresponds to the width (6 σ) of the beam intensity
distribution,S(x). It is readily seen from this figure that only in the case of a single mode contri-
bution an XFEL beam will be fully coherent (Figure 2 (a)). As soon as the first transverse mode
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Figure 2: Contribution of the higher transverse modes to theabsolute value of the spectral degree of coher-
ence|µ(∆x)|. The same for the intensityS(x) is shown in the insets. (a) Fundamental mode contribution,
(b) fundamental plus first mode contribution, (c) fundamental plus two modes contribution, (d) fundamental
plus three modes contribution. In all figures the dashed linecorresponds to an actual number of modes con-
tributing to |µ(∆x)| andS(x). In all figures solid line corresponds to a full calculation of |µ(∆x)| andS(x)
with five modes. Figure adapted from [1].

contributes to the fundamental, the absolute value of the spectral degree of coherence,|µ(∆x)|,
drops quickly and reaches zero at a separation distance of∆x ≈ 700 µm (Figure 2 (b)). It again
increases up for higher separation distances and reaches the value of|µ(∆x)| = 0.3 at∆x ≈ 1 mm.
This increase in the correlation function is due to the fact that at these distances the contribution
of the lowest mode (fundamental in this particular case) is negligible and the correlation properties
are determined again by a single mode (the first in this case).As it is well seen in Figure 2 in this
particular case the spectral density can be described by three modes.
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We measured total x-ray fluorescence and Fe XANES of untreated natural marine sediment from
the Sea of Okhotsk and leached subsamples. The experiments were performed at beamline W1 at
DORIS. Finely ground sediment powder was leached by adding oxalic acid/ascorbic acid, dithion-
ide or HCl at different concentrations. After washing and drying, the samples were packed in
PMMA sample holders and sealed with Kapton tape. Aim of the leaching procedure was to re-
move surface bound iron compounds from the sediment grains since a very low iron content is a
prerequisite for further investigations with Nuclear Magnetic Resonance (NMR) methods. X-ray
experiments were employed to investigate the iron loss.
The samples were excited with monochromatic x-rays with an energy of 10.5keV. The fluorescence
was measured at a scattering angle of 90o in horizontal geometry in order to reduce elastic scatter-
ing; however, we could always observe the elastic scattering peak. The detector was a 7-cell DESY
Silicon-drift detector[1], which was not cooled for this experiment. The energy resolution was of
the order of 300eV, which is sufficient to separate the Kα fluorescence lines of the 3d metals. We
calibrated the energy-scale of the detector with pure 3d-metal compounds. Each detector-element
was calibrated individually, before the intensities were summed up for the XANES-measurements.
We did not perform an intensity-calibration for quantitative analysis; however, we could use the
intensity of the fluorescence line to observe relative changes in Fe content.
In all samples, Fe was by far the most abundant species among the 3d transition elements, even
after leaching. The most successful leaching approach was the use of 6N HCl which could reduce
the iron content by about 50% (see figure 1). We also measured the fluorescence of pure quartz
sand, which contained only traces of iron. Some fluorescence signal of Cu and Zn can be attributed
to a brass-tube in the beamline, which was not well shielded from the detector.
XANES measurements clearly show that Fe in these sediments occurs mostly in the form of oxides
and hydroxides. For comparison, we show the Fe-XANES spectra of the original sediment and of
two oxides, which were readily available at the beamline (see figure 2). The presence of other Fe
compounds like FeS cannot be excluded, but the concentration is rather low. The line-shape did not
differ for the natural and leached sediments, which shows that the leaching process did not alter the
chemical state of Fe in the sediments.
As a conclusion, the tested leaching protocols were not sufficient to remove a significantly large
amount of iron and need to be further improved. This was also confirmed by NMR spectroscopy
experiments. The x-ray fluorescence data provided additional semi-quantitative information on the
relative iron loss for the different leaching methods, on the effect of the leaching procedure on the
relative sediment composition in the range of the 3d transition elements and on the oxidation state
of the iron before and after leaching.
We would like to thank Edmund Welter for the loan of the DESY 7-element SDD and for his ex-
cellent support to install it for measurements at W1, and Ulf Brügmann for his quick help repairing
the monochromator.
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Figure 1: Fe K-edge XANES of the natural and leached sediments.

Figure 2: Fe K-edge XANES of the natural sediment and some iron oxides and iron sulfide. Based on these
data, we can conclude that Fe is mostly bound in the form of oxides and hydroxides.
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Bromine detection in Fe-rich geological samples using
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Bromine is an element that becomes transported from the continental crust into the stratosphere
during volcanic activity. It has a major input on compositional changes in the stratosphere and as
it has a destructive behavior for ozone, also on climate change. In order to evaluate the amounts of
bromine input in the geologic past and to get better data for climate modeling, the input of bromine
to the stratosphere related to volcanic eruptions is part of a major study (see also [1]). The input
Br content into the stratosphere can be estimated from Br contents in melts which formed during
several stages of the volcanic eruption cycle and the amounts of erupted melts. Fragments of the
melts are preserved either as glass or as inclusions in volcanic minerals. Bromine concentrations
in the melts can thus be measured by analyzing the melts and inclusions. Bromine concentration
in such materials is generally below 10 ppm and often below the lower limit of detection. The
detection of bromine is affected as Fe is often a major constituent of the volcanic glasses (around
10 % wt ), the inclusion hosts and the inclusions. During the course of this study, we aimed at
improving the lower limits of detection in Fe-rich volcanic material.

Figure 1: Fluorescence spectra of reference material MPI-DING ML3B-G with different excitation and
detection conditions: polychromatic excitation (left) and monochromatic excitation at an energy slightly
above the binding energy for Br (right). The concentration of Br in the glass is 3 ppm. The introduction of a
0.18 mm thick Al absorber between sample and absorber (red curve) turned out to be crucial for the detection
of Br in the Fe-rich sample.

Measurements were performed at the microfluorescence beamline L at DORIS III. During the first
part of the study, polychromatic excitation conditions were chosen also with the objective to mea-
sure in parallel rare earth elements (REE), iodine and bromine via K-shell excitation. Copper
absorbers of thicknesses between 0.1 and 0.5 mm were introduced in the primary beam in order
to optimise the sensitivity of bromine. The beam was collimated to a diameter of 10 µm using
a glass capillary. Fluorescence was detected at 90◦ from the incoming beam. Both, a Ge and a
Si(Li) detector were tested to achieve optimum sensitivity. However, with the chosen set-up, iodine
was never detected and in most cases, bromine was found to be below the lower limit of detection.
Therefore, in a next approach, excitation conditions of 15 keV were set with the double multilayer
monochromator, in order to enhance the sensitivity of bromine and reduce the Compton scatter
(Figure 1). The beam was focussed to a spot size of 15 µm using an XOS polycapillary half-lens
and the fluorescence signal was recorded at the same geometry with a Vortex silicon drift detector.
Peak to background ratios could be improved significantly, but the high Fe contents in the samples
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turned out to be problematic as Fe pile-up peaks formed. In order to suppress Fe fluorescence, a
180 µm thick Al absorber was introduced between sample and detector (Figure 1). This resulted
in an improvement of the sensitivity for Br by a factor of 2. With the optimised conditions, mea-
surements on standard reference materials displayed lower limits of detection of 0.18 ppm in an
Fe-poor glass (MPI-DING ATHO-G) and 0.3 in an Fe-rich sample (MPI-DING ML3-G). Quantifi-
cation was achieved with external calibration with a standard set of 6 different standard reference
materials (Br contents between 1.2 and 18 ppm). With the optimised set-up the most important
samples were re-measured and Br could now be detected and quantified in most samples. Ele-
mental maps have been performed in addition in order to check the Br distribution between host
material and inclusion. As displayed in Figure 2 Br is only present in the inclusion. This behaviour
is generally related to an enrichment of Fe and Rb. With the improved lower limits of detection, an
extensive data set could be established. Those results can now be used for reconstruction of the Br
input related to volcanic eruptions into the stratosphere ([2]).

Figure 2: Normalised peak areas of Fe, Br and Rb (normalised to 100 mA). Length scales in µm.
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A wealth of geoscientific information on rock formation can be derived from trace elements such
as rare earth elements (REE) or U, Th, Pb in accessory minerals (see also [1]). While REE pat-
terns are widely used to study conditions present during continental crust formation, U, Th and Pb
concentrations are used for age dating of metamorphic and igneous processes. So far, age dating
and trace element detection have been performed with different methods. In this study, we apply
for the first time, combined elemental imaging with chemical age dating at sub-micrometer reso-
lution using XRF mapping. The study was performed on the accessory minerals monazite (LREE,
Ca,Th,U)PO4 and zircon (ZrSiO4) which incorporate U and Th during formation, are stable over
a wide P-T (pressure-temperature) range up to ultra-high temperature conditions (T >900◦C) and
widespread in different bulk rock compositions.
Measurements were performed at the nanoimaging beamline ID22NI at ESRF, Grenoble. The ex-
citation energy was set to 17.6 keV in order to allow the simultaneous detection of REE and Pb,
Th and U via L-shell excitation and elements with Z between 14 and 39 via K-shell excitation,
but exclude the excitation of the Zr K-edge. A 1.5 mm Al absorber was introduced to reduce the
background in the low energy region. The incoming beam was focused with the KB-mirror system
to spot size of 190 nm horizontally and 164 nm vertically. This configuration resulted in a photon
flux on the sample of 5 x 109 ph/sec. Fluorescence signals were recorded with an energy-dispersive
SDD detector in confocal geometry using a polycapillary half-lens on the detection side (Figure
1). The confocal geometry resulted in a detector acceptance of less than 15µm in the energy range
with the emission lines of interest for chemical age dating (Pb-Lα, Th-L3M1 and U-L3M1; Figure
2). Six known age reference samples for monazite were measured in order to establish a method
for chemical age dating of monazite. No method exists so far for zircon and is objective of this
study. 2D elemental maps were always performed in the layer of the sample yielding maximum
fluorescence signal. Sample times varied between 0.4 and 50 sec and maximum step sizes were
0.25 µm. Peak areas were fitted using PyMCA [2].

Figure 1: Confocal geometry at ID22NI.

Figure 2: Characterisation of the con-
focal set-up: the results are based on
measurements of foils.
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Chemical age dating at the nano-scale:[3] showed that chemical ages using confocal micro-fluorescence
can be calculated from fluorescence intensities of Pb, Th and U using the Ranchin formula:

Ageref =
kPb · IPb

kU · IU + 0.36 · kTh · ITh

The parameters kx can be retrieved iteratively by measurements of a reference sample. In this study,
we used six reference monazite samples with an age range between 101 Ma and 1821 Ma (Figure
3). With this method, an precision of 10 % could be found, however, measured ages still differ by
up to 7 % to the reference ages. In the next step it will be tested, whether accuracy can be improved
by calculation of the ages using concentrations of Pb, Th and U instead of peak areas.

Figure 3: Determined ages for age reference samples vs. reference ages in Ma.

Elemental nanoimaging reveals different effects: while the example displayed in Figure 4a shows
that the boundary between the inherited core in zircon and the overgrowth was sharp on 250 nm
scale, indicating this to be a true overgrowth with minimal or no recrystallisation and scavenging
of the core, the examples on the right (Figure 4b) document polymetamorphic growth with diffuse
boundaries (top) and later changes due to hydrothermal activity (bottom) in monazite (Figure 4c).

Figure 4: U (red)-Pb(green)-Th(blue) tri color maps of monazite and zircon from three crustal environments.
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Low temperature synchrotron X-ray powder diffraction 
study of Cs2ZnSi5O12 leucite. 
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Introduction: We have recently used 29Si MAS NMR [1] and high-resolution synchrotron X-ray 
powder diffraction (station 9.1, Daresbury SRS, [2]) to determine the room temperature crystal 
structure of the Cs2ZnSi5O12 leucite analogue [3]. Unlike all other Pbca orthorhombic leucite 
crystal structures, this has some partial cation disorder over the 6 tetrahedrally coordinated 
framework sites (T-sites). Rietveld [4] refinement showed 85% of Zn on 1 T-site and 15% of Zn on 
another T-site. There are 6 different crystallographic Si sites in this structure, NMR shows 6 
different Si environments. However, a 223K Cs2ZnSi5O12 NMR spectrum [1] only showed 5 
different Si environments, suggesting the usual fully ordered Pbca leucite crystal structure, with 5 
fully occupied Si and 1 fully occupied Zn T-sites, at this temperature. Therefore, low-temperature 
Cs2ZnSi5O12 synchrotron X-ray powder diffraction data have been collected in an attempt to study 
any structural changes due to changes in cation ordering. The closed-cycle helium cryostat 
attachment, on the DORIS-III B2 beamline, was used for low-temperature data collection. A 
wavelength of λ = 0.688233Å was used and data were collected using the OBI image-plate detector. 
Initial data were collected at 295K, the sample was then cooled to 10K and more data collected as 
the sample was warmed up to 310K. 

Room temperature data analysis: FULLPROF [5] Rietveld refinement was done on the 295K data 
using the partially ordered Pbca structure [3] as a starting model. However, refinement showed that 
the occupancies of the two partially ordered T-sites went to 100% Zn on 1 site and 100% Si on the 
other; a fully ordered structure. The partially ordered structure had been refined with 9.1 data 
collected in step-scan mode using a scintillation counter detector. The lower resolution of these B2 
data compared to 9.1 may be the reason for the differences in the refined T-site occupancies. Figure 
1 shows a VESTA [6] plot of the crystal structure and Figure 2 shows a Rietveld difference plot. 
 
Low temperature data analysis: Figure 3 shows a 3-D plot of the powder diffraction data collected 
in 10K increments in the range 10-310K. The fully ordered 295K Pbca Cs2ZnSi5O12 structure was 
used as a starting model for refinement of these low temperature data. No evidence was observed 
for any T-site cation disorder. There were no significant differences between the refined structures 
over this temperature range apart from changes in lattice parameters. 
Figures 4 and 5 show how the lattice parameters vary over the temperature range 10-310K. Note 
that a, b and c are very close at low temperature (but still orthorhombic) and that these lattice 
parameters diverge slightly with increasing temperature. The unit cell volume shows an unexpected 
dip on heating between 30-40K, the volume then increases on heating up to 310K. 
 
Conclusions and future work: The room temperature crystal structure of Cs2ZnSi5O12 has been 
refined with the Pbca crystal structure with no T-site cation disorder. After cooling to 10K and then 
warming up to 310K this ordered Pbca structure is retained, there are no significant structural 
changes between 10-310K apart from changes in lattice parameter with heating. 
More powder diffraction data are to be collected using higher resolution detectors. These data are to 
be used to look for any changes in structure due to cation ordering and to study the temperature 
region where the unit cell volume contracts on heating. 
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Figure 1 (above). 295K crystal structure plot for 
Cs2ZnSi5O12. Blue-green spheres represent Cs+ 
cations, red spheres represent O2- anions, blue 
tetrahedra represent SiO4 units and grey 
tetrahedra represent ZnO4 units.  

Figure 2 (above). 295K Rietveld difference plot for 
Cs2ZnSi5O12. Blue diamonds represent observed intensity, 
red line represents calculated intensity and green line 
represents the difference. Black triangles represent 
positions of Bragg reflections. 

 
 

Figure 3 (above). 3-D powder diffraction plot for 
Cs2ZnSi5O12 in the range 10-310K. 
Figures 4 (above right) and 5 (right). Variation of 
lattice parameters and unit cell volume for 
Cs2ZnSi5O12 10-310K. 
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Eu3+/Eu2+ ratios in silicate melts - a possible f (O2)
indicator?
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Rare earth element (REE) patterns of magmatic rocks provide useful information on the conditions
and processes during formation. One prominent feature is the Eu anomaly caused by formation
of Eu2+ in reducing environment which fractionates Eu from other trivalent REEs due to incor-
poration of divalent Eu in feldspar. The scope of this project is to validate if the Eu3+/Eu2+ ratio
in silicate melts in equilibrium with plagioclase is directly correlated to oxygen fugacity (f (O2))
as it was previously shown for pure melts [1] and in minerals [2]. Therefore, XANES measure-
ments at the Eu–L3 edge are performed on series of Eu–doped silicate glasses in the ternary system
CaAl2Si2O8–NaAlSi3O8–SiO2. These samples are used before to determine the Eu partition co-
efficient between plagioclase and melt at different oxidizing conditions [3, 4]. The calculated Eu
partition coefficient shows a distinct dependence on oxygen fugacity and increases with decreasing
f (O2).
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Figure 1: Figures 1(a) – 1(f) show the measured spectra (red), overall fitted
spectra (black), and parts of the fits corresponding to Eu2+ and Eu3+ peaks
(black dashed lines) and the background (black doted lines) of all samples.
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Experiments are performed at beamline L at HASYLAB at Deutsches Elektronensynchrotron Ham-
burg (Germany). XANES measurements on polished thin sections are performed in fluorescence
mode using a perfect crystal monochromator (Si111) and a focused beam of ∼15 µm. For good
statistics, up to 30 measurements are collected for each glass composition due to the low Eu con-
centration. Eu3+/Eu2+ ratio in the glass can be determined from the ratio of the white line maxima
for Eu3+ and Eu2+ (Eu3+ peak at 6983.6 eV, Eu2+ peak at 6975.5 eV). Without calibration, taking
the ratio of the two white lines provides a parameter proportional to the true Eu3+/Eu2+, which we
call (Eu3+/Eu2+)?. We fitted the glass spectra using a Gauss function, a combination of Gauss and
Lorentz function (white lines) and two arctan functions (background). Measured and fitted spectra
are shown in figures 1(a) to 1(f). All spectra are dominated by Eu3+ and show only a very small
contribution of Eu2+. The fitted data show almost constant values for Eu3+ and no clear trend with
oxygen fugacity for Eu2+. Therefore, the calculated (Eu3+/Eu2+)? ratio is not obviously correlated
to oxygen fugacity (Fig. 2). The data clearly show that one cannot simply use the Eu3+/Eu2+
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Figure 2: Calculated (Eu3+/Eu2+)? ratio vs. oxygen fugacity.

ratio of these melts to get information on the redox conditions, which strongly contrasts to work
performed on crystal-free melts [1]. This result may imply that the relationship of Eu3+/Eu2+ to
oxygen fugacity determined above the liquidus cannot be extrapolated to subliquidus conditions.
It appears that in our experiments the presence of Eu-bearing crystals somehow buffer this ratio in
co-existing silicate melts.
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Hydrates of natural gases are in the focus of research since they hold huge amounts of hydrocarbon
energy, while also giving rise to concern if elevated temperatures release enclathrated greenhouse
gas to the atmosphere. Converted to carbon-dioxide hydrates, they can be used to store away
large amounts of this highly abundant, fossil fuel-derived climate gas. On a laboratory level, the
formation of hydrates is not well understood, and various characterization methods like Raman
spectroscopy, NMR spectroscopy, X-ray diffraction or neutron diffraction are used to investigate
these problems. Several of these characterization methods depend on uniform, homogeneous pow-
ders. Therefore, we decided to use powder-diffraction to characterize different ways of preparing
powdered samples of CO2 hydrate.
The samples were produced in a pressurized reactor that was originally designed at the University
of Göttingen [1]. Harvested hydrates were handled in a cold-room lab and ground in a mortar at
liquid nitrogen temperature. The powders were filled in different types of capillaries, which were
then stored in liquid nitrogen. This way, condensation of ice could be significantly reduced.
The measurements were performed at beamline D3 at HASYLAB. Monochromatic X-rays with an
energy of 22.2keV and a MAR-CCD were used. The capillaries were mounted in liquid nitrogen
into the magnetic sample-holder, which was then quickly transferred to the diffractometer. A cold-
stream, operating at a temperature of 100K, was used to keep the mounted sample stable at ambient
pressure.
The diffraction patterns clearly indicate structure I gas hydrate and hardly any presence of ice in
the samples, demonstrating the viability of this comparatively simple experimental procedure. The
outcome of these experiments will allow us to refine sample preparation and handling procedure
as well as to evaluate the potential of X-ray diffraction experiments for investigating in-situ gas
hydrate formation.
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Development of a
Highly Efficient Electron-Ion-Coincidence-Spectrometer
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Detailed investigations of the photoionization properties of dilute species such as atoms, molecules or 
clusters at third generation synchrotrons or FELs is usually hampered by a limited amount of beamtime. This 
increases the need for efficient  experiments especially for coincidence measurements. Another way for the 
efficient use of synchrotron/FEL-radiation is a stationary experiment that  makes use of diluted gas targets 
and absorbs only a negligible amount  of photons. Such a device can run parallel to any other user experiment 
and gives the chance to investigate even rare but nevertheless interesting photoionization processes. With 
this background in mind an electron-ion-coincidence-spectrometer for Time-of-Flight  (TOF) measurement 
was developed.

The ion TOF spectrometer is segmented into three zones with different electric field strengths to increase the 
resolution as it  is described by Wiley and McLaren [1]. The design and optimization of the ion TOF 
spectrometer was done with the Simion simulation software. The special need of a very short  flight range 
arises from the conflict between the frequency of synchrotron radiation pulses (e.g. about  5 MHz at Doris/ 
5 bunch mode or PETRA III/40 bunch mode) and the typical ion TOF for this type of spectrometer which is 
rather a few microseconds. To reduce the overlap of spectra a very short ion TOF spectrometer was built 
with a distance of about  20 mm between the ion source and the detector. The detector was tested during a 
beamtime in August  2010 at the DORIS beamline BW3. The resolution was tested with the different  isotopes 
of Xenon. In addition its efficiency was checked by determining the photon energy dependency of the 
Helium photo double ionization.

Ion Time-of-Flight spectrum of Xenon at h! = 99 eV

Figure 1 Mass spectrum of the different ionic states of Xenon measured at a photon energy of 99 eV 
(measurement left, simulation right). Different Xenon isotopes can be resolved. Single and 
multiple charged Xenon ions were generated at this photon energy by different synchrotron 
pulses (separated by 192 ns) which results in overlapping spectra and therefore this can change 
the sequence of the charge states.
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Schematic View of the experiment:

The electron TOF spectrometer is based on the 
inhomogeneous magnetic field of a 1.4 T  ring-shaped FeNbB 
magnet that is superimposed by the homogeneous magnetic 
field of a coil. With the proper relative settings of field 
strength it is possible to guide all photoelectrons that are 
generated between the maximum of the flux density of the 
inhomogeneous field and the coil along the magnetic field 
lines into the MCP detector [2] that is placed at the opposite 
side of the coil. The simulation and optimization of the 
magnetic field was done with the Radia addon for 
Mathematica and the magnetic field was then imported into 
the Simion ion TOF simulation.

Selected samples of the magnet  and its pole caps have been 
characterized in the HASYLAB undulator lab with the help of 
the FS-US group. We gratefully acknowledge their support  in 
particular by Uwe Englisch, Tankred Müller, and Markus 
Tischer.

The combination of both spectrometers is currently being 
tested for coincidence measurements at the BW3 beamline. 

Time-resolved studies of atoms, molecules and clusters at  the 
P04 beamline at PETRA III are in preparation. 

Figure 2 The gas target becomes ionized by pulsed synchrotron radiation in the interaction zone. Ions are 
accelerated to the Ion MCP-detector that is placed inside the ring magnet. Electrons are 
accelerated to the Electron MCP-detector and are guided by the magnetic field lines. The coil 
producing the homogeneous magnetic field is not shown. It is placed outside the vacuum tube 
around the E-Drift Tube. Measures and shapes were designed with Simion and the Radia addon 
for Mathematica. 
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Beam diagnosis and photoionization dynamics in the hard x-ray regime 
Angular distribution measurements of X-ray excited photoelectrons at P09 
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Our angle resolving photoelectron spectrometer for the determination of several synchrotron and FEL 
beam properties was recently upgraded to the final status of 16 independently working electron time-
of-flight spectrometers. After several successful beamtimes at the BW3 Beamline at DORIS III the 
tool has proven to be reliable in the soft x-ray range in terms of polarization analysis, beam positioning 
and the determination of the actual photon energy. The outstanding advantage of the method is that 
due to a very dilute gas target (pchamber≈1*10-5 hPa) even a soft x-ray beam remains essentially 
unaffected. Therefore the users can benefit from an online parameter feedback within seconds in 
parallel to their data acquisition. For this purpose, the spectrometer is optimized for very efficient data 
acquisition of photoionization parameters of atomic and molecular gas targets and will also be 
implemented permanently in the P09 beamline. For the calibration of the device a precise database of 
photoionization parameters has to be established. First steps in this direction have been made and 
angle resolved data of Xenon 2p electrons from their thresholds up to 5 keV photon energy are 
presented here. 

The current experimental setup consists of 16 independently working MCP based electron time-of-
flight detectors allowing highly efficient angle resolving photoelectron measurements of atomic and 
molecular targets in the gas phase. For higher kinetic energies of the photoelectrons, we use a flight 
tube with four retarding potentials decelerating the electrons and thus improving the energy resolution. 
During the beamtimes, PETRA III was running in few-bunch timing mode. In 2010 a bunch marker 
signal from the machine could be employed for the first time, improving the time resolution with 
respect to the self-triggering APD-based setup which had to be used in 2009. 

The aim of the beamtime was to increase the accessible energy range in terms of polarization 
diagnosis and at the same time to calibrate the phase retarder, recently installed at the P09 beamline at 
PETRA III. Another aim was to obtain new hard x-ray angle resolved photoelectron data for a 
database which is essential for accurate polarization diagnosis and furthermore to gain new insights 
into photoionization dynamics of atomic inner shell electrons. 

The results of the beamtime at the P09 beamline are therefore divided in these two fields of interest: 
The polarization diagnosis and the scientific relevant investigations of dynamics of the Argon 1s, the 
Xenon 2p as well as the Xenon 2s electrons. Achieving promising results in both aspects in a very 
limited amount of beamtime was only possible due to a very stable machine operation and the high 
brilliance of PETRA III. 

The double phase retarder of the P09 beamline was used to either rotate the polarization plane of the 
incident linearly polarized x-rays in defined steps of 10 degrees or to produce circularly polarized 
light. At 8070 eV, two 400 μm thick diamond quarter-wave plates are used to produce the different 
states of polarization. Our device recorded the changes of the angular distribution in the photoelectron 
lines in parallel. Using a sine-fit for the intensity values of all 16 spectrometers one could calculate the 
changes of the polarization plane with an estimated accuracy of +/- 2 degree. This accuracy will be 
increased with more sophisticated algorithms in the near future. Our data can now be compared to the 
polarization analysis recorded with the polarization analyzer mounted on the diffractometer at P09, 
which is used for destructive polarization analysis. The comparison of these data sets is shown in 
figure 1 underlining the high accuracy of the applied method even for this preliminary proof-of 
principle experiment. 
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Figure 1 Polarization analysis with spectrometer data in comparison to the data taken with the 

PG001 polarization analyzer on the diffractometer of the P09 beamline. The solid lines are 
the sine fit of our data (crosses), the dots are the polarization analyzer data in nice 
accordance with our spectrometer data. 

As mentioned before the second task was an initial measurement of the angular anisotropy parameter 
β of Argon 1s, Krypton 1s, Xenon 2p and Xenon 2s electrons. The result of a preliminary analysis 
shows first β-parameters for the Xe 2p electrons in figure 2 (right). Further analysis including ab-initio 
calculations which are to be performed by collaborators are in progress. Besides the scientific interest, 
the data will be part of the mentioned β-parameter database for standardized polarization analysis 
during normal beam operation. Xenon 2p3/2 electron distributions were analyzed from the threshold 
region up to 5 keV photon energy. The taken data allow a further analysis up to 6 keV. Using the 
isotropic angular distribution of the LMM-Auger electrons shown in figure 2 (left), normalization of 
the spectrometer efficiencies and in turn an analysis of the photoelectrons was possible. 

 
Figure 2  Left part: photoelectron time-of-flight spectra of Xe ionized at a photon energy of 4850 

eV for detectors at 0° (top) and 90° (bottom) with respect to the plane of light polarization. 
Right part: preliminary analysis of the anisotropy parameter β for Xe 2p3/2 electrons 
showing a clear trend towards more pronounced angular anisotropy for higher energies. 

Further investigations of atomic and molecular dynamics in the hard x-ray regime are highly desirable. 
Creating dense β-parameter datasets for polarization analysis as well as studying various details of 
other photoionization parameters (e.g. non-dipole effects) will be part of following beamtimes. 
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Angle resolving photoelectron time-of-flight spectroscopy is a well established method for the determination 
of photoionization parameters of atoms and molecules. In our system we employ 16-independant 
spectrometers orientated perpendicular to the plane of light polarization. Due to its designated use as an 
online diagnosis tool for soft x-rays and XUV radiation at the P04 beamline at PETRA III we designed the 
system for a comparably high acceptance angle of 3 per mille per spectrometer (5% total) to ensure a highly 
efficient data acquisition. The target is a dilute atomic or molecular gas which enables us to obtain the 
diagnostic data online during an ongoing user experiment further down the beam. In 2010 the major 
achievements were both in the improvement of diagnostic possibilities as well as in taking new datasets of 
scientific interest. In detail we acquired more accurate data for calibration properties as well as information 
on the interference effects in homo-nuclear diatomic molecules.  

The results of our beamtimes at BW3 are now presented for the two different fields “diagnosis” and 
“science”: A diagnostic achievement of the latest beamtimes was further tests of the capabilities to determine 
accurately the beam position. We moved our chamber in steps of 5μm analyzing the center of gravity of a 
photoelectron line in the time-of-flight spectra. The accuracy of the obtained data sets supports our claim to 
finally realize a feedback for beam positioning down to 1μm level acting within seconds. In terms of 
ongoing developments of the described diagnostic tool, the final detector quantity was reached with high 
efficiency due to the 16 working spectrometers and as an important step for future applications we could 
prove that coincident data acquisition is now possible (Fig 1). 

This is the basis for an analysis of circularly polarized light by getting insight in dichroism measurements. 
On the other hand scientifically these coincident measurements unravel dynamics in double ionization 
properties which could not necessarily be seen in normal non-coincident measurements. The first data taken 
covers double ionization data for Helium and Neon as well as for small molecules such as Nitrogen. The 
datasets can be compared to former investigations for He and Ne [1,2] and they prove the quality and 
reliability of our spectrometer. The data analysis is in progress and for Nitrogen particular attention is paid to 
interference effects due to two-center emittance as a prototype system for homo-nuclear diatomic molecules. 

    

 Helium at hν = 160 eV  Neon at hν = 120 eV Nitrogen at hν = 80 eV 

Figure 1 Electron-electron coincidence maps in “raw data status”. The curved intensity represents the 
coincidence distributions of two electrons ejected in the same synchrotron pulse having a fixed 
sum of kinetic energies. Vertical and horizontal stripes are due to random coincidences. 
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Together with the Fritz-Haber-Institute in Berlin we have shown for the first time that these interference 
effects are observable in non-coincidence angle resolved valence electron emission [3,4] .Also these studies 
are now extended from Nitrogen HOMO analysis to all valences of Nitrogen and Oxygen (Fig 2). These 
experimentally observed fluctuations in the anisotropy parameter β show real Cohen-Fano Oscillations [3] 
for the first time rising also theoretical interest in ongoing analysis as well as an expansion to multi-center 
interference investigations on highly symmetric polyatomic molecules like CH4. 

Photon energy (eV)

A
ni

so
tr

op
y 

pa
ra

m
et

er
 β

1πg

Our Data 
Grey data points are from
various other authors

O2

20 100 400

0

-0.5

0.5

1.5

1

 

Figure 2  The anisotropy parameter β in an energy range up to 400 eV showing the first minimum of two-
center interference for Oxygen HOMO as an example of ongoing analysis. Theoretical data will 
be available soon. 

For a future collaboration with theoreticians of the University of Trieste and the University of Madrid we 
recorded and analyzed angle resolved data for Methane. Methane is a highly symmetric tetrahedral 
polyatomic molecule which is of great interest for theoreticians due to the symmetry and therefore its 
applicability to theoretical models resulting in precise ab-initio calculations. 

In further beamtimes we will extend our investigations to a higher energy range which should give an 
experimental insight in molecular multi center interferences for the very first time. The expected weakness 
of this effect again underlines the importance of a very accurate spectrometer calibration and the need for a 
system which can very efficiently record data. 
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In the last few years, new applications for polymer-metal nanocomposites have emerged in the field
of organic optics and electronics [1], or in the field of hybrid sensors [2]. Therefore, much effort
has been put to better understand the growth kinetics of nanocomposites [3, 4].

We investigated in situ the growth of a sputter-deposited gold film (sputtering rateR = 3.2 nm/min)
on top of a pre-structured colloidal polymer template usinggrazing incidence small-angle X-ray
scattering (GISAXS [5]). The underlying colloidal polymertemplate was deposited by using the
novel technique of airbrush-spray coating, allowing for the installation of stripe-like trapezoidal
pattern consisting of 3D hexagonally close-packed polystyrene (PS) colloids [6].

The GISAXS experiments were performed at the beamline BW4 [7] of the DORIS III storage
ring at HASYLAB (DESY, Hamburg). The beam size was reduced to20 µm x 60µm (vertical x
horizontal) by using an assembly of parabolic beryllium compound refractive lenses. We used a
wavelengthλ = 0.138 nm and a sample-to-detector distanceDSD = 2.017 m. The GISAXS mea-
surements were performed at two different incident anglesαi = 0.4o and 0.7o (Fig. 1), respectively
below/above the critical angle of Goldαc = 0.5o.
The side peaks clearly visible at t = 0 s (as indicated by the red stars in Fig. 1) reveal a typical
lateral length scale of (96±4) nm which corresponds to the nominal diameter of the PS colloids.
Analysis of the GISAXS data shows a two-phase growth processwith first (0 s≤ t ≤ 120 s) the
nucleation and lateral growth of gold nanoclusters followed by the formation and vertical growth
of a gold layer (120 s≤ t ≤ 600 s).

This original combination of deposition techniques (airbrush-spray coating / sputter deposition)
opens a promising route to generate polymer-metal nanocomposites for applications such as plas-
mon waveguides and photonic crystals. Quantitative analysis of the 2D GISAXS pattern using
IsGISAXS [8] is still underway.
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Figure 1: GISAXS data (λ = 0.138 nm,DSD = 2.017 m) obtained forαi = 0.4o (top) andαi = 0.7o (bottom).
t indicates the sputter deposition time. The horizontal red arrows highlight thediffuse scattering halo due to
the nucleation and growth of the gold nanoclusters, the vertical white arrows point out the resonant diffuse
scattering caracteristic of the layer-by-layer growth.
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Long-range order in self-assembled mono- and multi-layer of colloidal metal nanoparticles is in the focus of 
the modern nanoscience. The physical and chemical interactions among the metal nanoparticles, ligands, 
dispersion media, substrate, layer preparation techniques and the drying conditions strongly influence the 
final nano- and micro-structures. When a droplet of colloidal dispersion of metal nanoparticles is placed on 
top of a solid substrate several physical phenomena including drying of solvent, convection of nanoparticles 
towards the triple-phase contact line (TPCL) among the substrate, the solvent and ambient atmosphere and 
migrational flow of the nanoparticles toward the center of the droplet, play important roles in formation of 
the final dried nano- and micro-structures [1]. Therefore, the structure formation kinetics and process on a 
heterogeneous surface are different compared to those on a homogeneous surface. In our present 
investigation, we investigated the formation of structures on top of a heterogeneous surface of a film of 
block copolymers during evaporation of the solvent of a dispersion of gold nanoparticles coated with PEG 
ligands. The copolymer film contained upright cylindrical domains of poly(methyl methacrylate) (PMMA) 
in the matrix of polystyrene (PS) [2]. Presence of ligands can, on the one hand, enhance the selectivity of 
adsorption and on the other hand, can slow down the migrational flow of the nanoparticles. As a result, 
several phenomena including selective adsorption, evaporation induced multiscale nanostructures formation 
and mesoscopic crystallization can be observed [3, 4]. These open questions are investigated with in situ 
micro-beam grazing incidence small angle X-ray scattering (in situ µGISAXS) in combination with in-situ 
ellipsometry [5, 6] and ex-situ atomic force microscopy (AFM).  

The block copolymer film was prepared by spin coating a blend of symmetric and asymmetric block 
copolymer of polystyrene-block-poly (methyl methacrylate) in toluene on top of HF acid-cleaned silicon 
followed by annealing at 165°C in a vacuum oven for 144 hours. The final film contains upright cylindrical 
domains of PMMA in PS matrix. We used gold nanoparticles having PEG ligands dispersed in water.The 
microbeam grazing incidence small-angle X-ray scattering (µGISAXS) experiments were performed at the 
beamline micro- and nanofocus x-ray scattering beamline (MiNaXS/P03) [7] at the third generation 
synchrotron source PETRA III of Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The 
selected photon energy was 12.78 kev.. The micro-focused beam with a size of (HxV) 35×22 µm2 was 
produced by using a set of N=12 Beryllium compound refractive lenses (BeCRLs). The scattered intensities 
were recorded by using a PILATUS 300k detector. The sample-to-detector distance DSD was 2.470 m. The 
incident angle was 0.45°. The direct as well as the specularly reflcted beam were both shaded by two point 
like beam stops to avoid saturation of the detector. An imaging ellipsometer Surface Probe Ellipsometric 
Microscope (SPEM, Nanofilm Technologie GmbH) was installed in the beamline to observe simultaneously 
the structural change during in situ µGISAXS. The imaging ellipsometer is mounted on a heavy-load Huber 
goniometer stage, allowing for full angular and translational control of the imaging ellipsometer in the 
microfocused x-ray beam. The beam paths of the optical laser and the x-ray were perpendicular to each 
other. The colloidal droplet was dispensed on the copolymer film surface using a motorized, remotely 
controlled micropipetting system. The basic principle of combined imaging ellipsometry with µGISAXS is 
described elsewhere [6].  

The block copolymer film used as a heterogeneous surface is shown in Figure 1(a). The film has perforated 
lamellae-like structures offering two chemically different domains (PS and PMMA) on the surface, which 
bring the chemical heterogeneity on the surface. A 15 µl droplet of 10 nm gold nanoparticles coated with 
PEG in water is dispensed at room temperature. Right before the dispense the acquisition of the µGISAXS 
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patterns are started. The acquisition time was 5 s After complete drying of the droplet the acquisition is 
stopped. The final dried droplet displays a variety of nano- and micro-structures of gold nanoparticles 
depending on the distance from the center of the dried droplet. Figure 1(b) shows the flower-like micro-
structures of gold nanoparticles formed due to dewetting [1, 8] in the center region. The structural changes in 
both lateral and vertical direction can be extracted from the out-of-plane cuts, detector cuts and off-detector 
cuts of the scattering patterns [5, 7]. Figure 1(c)&(d) show the out-of-plane cuts made at the critical angle of 
PS αf =αi+αc(PS=0.096°) and detector cuts at qy=0, respectively. After 8 minutes of drying the first lateral 
structure appears as a very weak peak. This means that the self-organization of nanoparticles along lateral 
direction on the surface starts at this point. On the contrary, in the intermediate stages of drying, the detector 
cuts show modulation of intensities after 3 minutes. This might be due to the correlated roughness evolving 
during formation of a layer of nanoparticles and solvent on top of the surface [9]. At the late stage of drying, 
we see no modulation in the detector cuts but in the out-of-plane cuts, as the layer formed in the intermediate 
stage of drying is decreasing and lateral ordering starts. Thus, this in situ investigation using µGISAXS at 
MiNaXS of PETRA III gives us access to the mechanism of the nano- and micro-pattern formation during 
drying of colloidal droplet on a heterogeneous surface.  

 

Figure 1: (a) AFM Phase image of the block copolymer film surface before deposition of the colloidal gold 
particles. The dark spots stem from PMMA. The bright inter-penetrating network-like structures are from 
PS. (b) AFM Topography image of the flower-like structures formed in the center part of the dried droplet 
after complete drying.  (c) Out-of-plane cuts and (d) detector cuts from the µGISAXS patterns during the 
drying of the colloidal droplet, respectively. The curves are shifted along y- axis against each other for clear 
visualization.  
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In the kinematical approximation the scattered amplitude is given by 
 

rrq rq deA i ⋅−∫= )()( ρ ,                                                        (1) 
 
where ρ(r) is an electron density, q is the momentum transfer vector. This approximation is 
widely used in coherent X-ray diffraction imaging (CXDI) experiments [1], in particular, for 
mapping of a deformation field inside three-dimensional (3D) nanocrystals [2]. Here we 
present results of our simulations of X-ray dynamical diffraction on finite crystals with 
different sizes. The main purpose of this research is to compare results of dynamical 
diffraction calculations with the results of kinematical approach and to understand how 
dynamical effects could influence the results of coherent X-ray imaging.  

For the simulation of propagation of the X-ray electric field inside the crystal we 
exploit the two-wave approximation 
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where k0, kh are the wave vectors of the incident and diffracted field. The amplitudes E0(r) 
and Eh(r) can be found by solving Takagi-Taupin equations [3] 
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Here s0, sh are the unit vectors along k0, kh, ψ± = exp[±ih·u(r)-W(r)], h is the reciprocal 
lattice vector, u(r) is the deformation field, W(r) is the static Debye-Waller factor, and 
α = (kh

2-k0
2)/k0

2 is the parameter of the angular deviation. For practical reasons this system 
was transformed to recurrence matrix form [4] and calculations were performed inside the 
finite volume that involves the whole crystal.  

For the simulations we considered (004) reflection of a gold crystalline particle with 
the cubic shape and the size varying from 100 nm to one micron. We have assumed also 
symmetric scattering conditions and no deformations inside the crystal. The incident radiation 
was taken in the form of a plane wave with the sigma-polarization. For the 8 keV incident 
energy the Bragg angle is equal to 49.47° and the extinction length is Λ = 0.71 μm. Results of 
our simulations for 100 nm and one micron crystal sizes in exact Bragg angular position are 
presented in Figs. 1, 2, 3. According to equation (1) the exit-wave amplitude in this case can 
be considered as a projection of the electron density on the plane perpendicular to kh vector. 
As we can see in Fig.1, for the one micron size crystal the dynamical effects lead to a 
considerable difference for this exit wave amplitudes. This could also influence the whole 3D 
image reconstruction. Substantial difference in the intensity and position of the fringes in the 
far field can be also observed in Fig. 2. 
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(a) (b) 

 
Fig.1. The amplitudes of the exit wave obtained in the frame of kinematical theory (black lines) and the 
amplitudes (red lines) and phases (blue lines) calculated using Takagi-Taupin equations. Size of the crystal is 
100 nm (a) and one micron (b). 
 

                         

(b)(a) 

 
Fig.2. The intensities in the far-field at distance z = 10 m from the sample, obtained in the frame of kinematical 
theory (red lines) and using Takagi-Taupin equations (black). Size of the crystal is 100 nm (a), one micron (b).  
 

 (a) (b)
 
 
 
 
 
 
 
 
 
 

Fig.3. Simulated 2D-difrraction patterns from a cubic crystal 100 nm (a) and one micron (b) size at exact Bragg 
angular position. Diffraction patterns are shown in logarithmic scale. 
 

In a summary we have developed an approach based on numerical solution of the 
Takagi-Taupin equations in a finite 3D crystal with different shapes and sizes. Our results 
show a considerable difference between calculations using dynamical and kinematical 
approaches for a crystal about the extinction length. In our further analysis we are planning to 
investigate how results of 3D reconstruction could be affected by this dynamical diffraction 
effects. 
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The Borrmann effect describes a dramatic increase in transmission at certain Laue reflections for
X-rays [1]. This is caused by the standing wave field in the crystal. The electric field amplitude
is close to zero at the atomic sites, which leads to a vastly decreased dipole absorption [2]. At the
same time the electric field gradient is maximized, which causes a strong relative enhancement of
quadrupole absorption [3, 4].
We used this effect to study the pre-edge structure of SrTiO3 doped with 0.13 wt % iron at the
Ti-K edge. The sample had a dimension of 10 x 10 x 0.5 mm3. The experiment was performed at
P09 at PETRA III, HASYLAB. The integrated intensities of the (002) and (011) reflections were
measured for different energies around the Ti-K edge by detecting the Laue-diffracted beam, and
the fluorescence yield measured under the same conditions, using a Vortex silicon drift detector.
The purpose of the measurements was look for an increase in any of the pre-edge peaks due to the
enhanced quadrupole sensitivity in the Borrmann effect, and to determine the temperature depen-
dence of the dipole and quadrupole features. The latter was achieved using a closed cycle Displex
cryostat.
A huge enhancement of the first pre-edge peaks is very clearly evident, even in the raw data, which
confirms it’s origin as predominantly quadrupole, in agreement with DFT calculations [5]. Figure
1 shows the Ti-K edge fluorescence absorption spectrum and the (002) Borrmann spectrum of Fe-
doped SrTiO3. Both spectra are background subtracted and normalized to the edge-jump.
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Figure 1: Absorption of Fe-doped SrTiO3 at the Ti-K edge determined from fluorescence yield (blue line)
and from the intensity of the (002) Laue reflection (red line).

Figure 2 shows the (002) Borrmann spectra of Fe-doped SrTiO3 for 6 K and 310 K. The intensity of
the first pre-edge peak does not change with temperature while the rest of the spectrum increases,
which is in qualitative agreement with the first peak being a Borrmann-enhanced quadrupole peak.
A detailed analysis is in progress.
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Figure 2: Comparison of the Ti-K edge Borrmann spectra of Fe-doped SrTiO3 for 6 K and 310 K.
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The method of kinematical X-ray standing waves (KXSW) is a tool especially designed for the
structure analysis of nonperfect mosaic crystals [1]. Likeconventional XSW method, it is based
on interference effects of X-rays, forming a standing wave field inside the crystalline lattice. The
secondary emission from the atoms incorporated in the lattice allows to directly determine the
position of these atoms relative to the lattice plane. We have applied this method to investigate the
position of La atoms in a LaSrMnO4 crystal. LaSrMnO4 is an antiferromagnetic insulator and is
often used as a model system for studies on the properties of transition metal compounds, due to its
relatively simple layered structure. The material crystallizes in a tetragonal body centered structure,
see figure 1, built up by an alternating stacking sequence of MnO6-octahedra and (La/Sr)O planes
[2].

d

[001]

[010]

[100]

La,Sr

Mn

O(1)

O(2)

c = 13, 1624Å

a = 3, 7873Å

Figure 1: LaSrMnO4 unit cell. The Mn atoms (grey) are surrounded by O atom (red) octahedra. Sr and La
(purple) build intermediate layers at the distance of 0.356c lattice parameter from the (001) base plane.

The La and Sr atoms occupy crystallographically equivalentsites with 50% probability. By standard
crystallographic methods, it is possible to find the averageposition of both metals. It is however not
completely clear, whether the two elements have a minor deviation from that position. From X-ray
diffraction experiments on powder and single crystalline samples [2, 3] a slight tilt of the oxygen
octahedra around the [100]- or the [110]-axis was suggested.
The LaSrMnO4 sample we used for our experiment has a (001) surface orientation and a half-
width of the (004) reflection of 0.029◦ at 7 keV, which is an order of magnitude higher than that of
an ideal crystal. Therefore, conventional XSW could not be applied. The KXSW measurements
were carried out at the beamline E2 at the DORIS storage ring,with a double-crystal Si(111)
monochromator and Vortex SDD detector for secondary signalregistration. The (004) reflection at
a beam energy of 7keV allowed to choose a sample orientation free of strong multiple-diffraction
effects. The experimental secondary yield curves for La Lα and Mn Kα fluorescence lines are
shown in figure 2.
The middle part of the curve with a reflectivity higher than 2%was excluded from the evaluation.
The results of the evaluation are presented in Table 1. Obviously, the structure model with oxygen
atoms tilted around [110] can be immediately excluded as it leads to unphysical values of the order
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Figure 2: Manganese Kα and Lanthanum Lα fluorescence yield curves for the (004) Bragg reflection at
7 keV. The top curve shows the elastic Bragg reflection maximum, the two other the normalized fluorescence
yield curves for Mn Kα- and La Lα emission lines. Only the data at the tails of the reflection curve (green
symbols) was taken for data evaluation.

parametergLa. Best results can be obtained for the structure with an oxygen octaheron tilt of 4.5◦

around the [100] axis, which confirms crystallographic data. The La atom position is deviating by
0.08± 0.01Å from the ideal theoretical position in the direction away from the nearest Mn atomic
layer.

Rotation dz gMn gLa

0◦ um [100] 0.079±0.016Å 0.82±0.01 0.94±0.01
4.5◦ um [110] 0.075±0.001Å 0.77±0.01 1.06±0.01
4.5◦ um [100] 0.08±0.01Å 0.81±0.01 0.93±0.01

Table 1: Results for LaSrMn04 for different models of the crystal:dz is the deviation of the La atoms from
the theoretical position, gMn the disorder parameter of the Mn atoms und gLa the disorder parameters of the
La atoms.
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Iron oxide films offer a broad range of possible applications. Due to the half metallic character
of Fe3O4 (magnetite) and its theoretically predicted full spin polarization at the Fermi level it is a
possible candidate for manufacturing room temperature spintronic devices. However, the magnetic
properties of magnetite thin films grown on MgO(001) observed in experiments so far are much
weaker than predicted by theory. The reason for this behavior is the formation of antiphase bound-
aries (APB) at the MgO/magnetite interface. These APBs resultfrom the fact that the MgO(001)
lattice constant is half the size of the magnetite lattice constant [1]. To overcome this kind of
problems a deeper understanding of the growth and preparation process of such films is essential.
In this work we studied the reduction ofγ-Fe2O3 (maghemite) ultra-thin films. Iron oxide thin
films were grown on MgO(001) by reactive molecular beam epitaxy (MBE) in a UHV system. To
confirm crystal quality and film stoichiometry we performed LEED and XPS measurements of the
as prepared films. Afterwards, the films were exposed to ambient conditions and transported to
DESY for x-ray diffraction studies. After detailed study ofthe as-prepared film by x-ray diffraction
(XRD) and x-ray reflectivity (XRR) the sample was transfered to ahigh vacuum heating cell for
in-situ XRD study of the post-deposition annealing (PDA) process. Details on the experimental
setup can be found elsewhere [2].
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Figure 1: Evolution of the vertical layer distance as function of temperature. Blue circles represent theγ-
Fe2O3 phase, green diamonds represent the Fe3O4 phase and red squares represent the FeO phase. Filled
symbols mark the dominating oxide phase while open symbols mark a minority phase.The insets show
exemplary CTR scans nearL = 1 at (a) 22◦C, (b) 360◦C and (c) 410◦C. Doted lines represent experimental
data and solid lines calculated intensity [1].
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LEED patterns show cubic structure of the iron oxide film withlattice constant doubled compared
to the MgO(001) substrate but without any superstructure. The photoelectron spectrum of the Fe2p
region shows characteristic Fe2O3 peak structure. Both results agree very well with results reported
for γ-Fe2O3 films in literature.
XRR shows a smooth film (rms roughnessσ = 0.2 nm) of 8.3 nm thickness. XRD shows a
homogeneous single crystalline film with a layer distance almost matching the value of bulkγ-
Fe2O3 (c.f. Fig. 1a).
To monitor the effects of the PDA on the structure of the iron oxide film we preformed CTR scans
at different temperature steps aroundL = 1. For indexing we use the MgO(001) surface unit cell,
which is half size in vertical direction and rotated by 45◦ in lateral direction. Fig. 1 shows the
evolution of the vertical layer distance as function of temperature. Starting at about 320◦C the iron
oxide Bragg peak is shifting to lowerL values, i.e. the layer distance is increasing. To determinethe
layer distance of the iron oxide film we performed calculations using kinematic diffraction theory.
At 360◦C a first plateau is reached with a layer distance close to the Fe3O4 bulk value (c.f. Fig.
1b). At higher temperatures the layer distance is strongly increasing and reaching a second plateau
close to the FeO bulk value at about 410◦C (c.f. Fig. 1c).
Additional to the shift of the Bragg peak we can also observe a dampening of the fringes with
increasing temperature. However, at specific temperaturesthe intensity of the fringes is recovering.
The first local maximum of fringe intensity is observed at 360◦C and the second at 410◦C. These
temperatures agree very well with the temperatures where the layer distance reached the bulk values
of Fe3O4 and FeO.
From this results we conclude that the phase transition fromγ-Fe2O3 to Fe3O4 is completed at
360◦C and the the phase transition from Fe3O4 to FeO is completed at 410◦C. The oxygen partial
pressure can be estimated to be roughly10

−6 mbar. Comparing our findings with the bulk phase
diagram calculated by Kettler et al. [3] we see that the phasetransitions for the bulk oxide can be
found at temperatures several 100◦C higher than the phase transition in our film. We attribute this
difference to the small film thickness.
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Introduction 

Amorphous and nanocrystalline ferromagnetic microwires covered by a glass coating are very 
promising material for applications, mainly as sensing elements in various sensors (i.e. magnetic 
field, coding, etc.), due to their outstanding magnetic characteristics, small dimensions and 
reliability on electrical, mechanical and corrosive external effects (as a result of Pyrex coating) [1]. 
These microwires, prepared by quenching and drawing technique, consist of a magnetic nucleus 
(with diameter from 1-30 µm) coated by a Pyrex-like glass (thickness of 2-20 µm). Due to their 
amorphous nature, the magnetoelastic anisotropy together with the magnetostatic one governs their 
magnetic properties. As a result of above-mentioned anisotropies, the domain structure of 
microwires with positive magnetostriction consists of single axial domain and their magnetization 
process is characteristic by the bistable behaviour.[1,2]. 

Experiment 

The study has been performed on PYREXTM glass-coated amorphous microwire with nominal 
composition Fe73Nb3Si11B13 (at.%) prepared by the Taylor-Ulitovsky method. The diameter of the 
metal core was 8 µm and the total diameter 16 µm. The structure of the as-cast microwire was 
examined by x-ray diffraction in transmission geometry at HASYLAB, DESY (Hamburg, 
Germany), on the undulator beamline P07 (Physics hutch) at the PETRA III positron storage ring 
using monochromatic high-energy high-intensity synchrotron radiation of 60 keV (λ = 0.0207 nm). 
The individual microwire positioned horizontally was exposed for 100 s by a well focused incident 
beam having a cross section of 10 x 100 µm2. The focusing of the incident beam was realized using 
aluminium compound refractive lenses (CRL) bought from RWTH Aachen. In total 31 lenses with 
radii of 50 µm were used. Two-dimensional XRD patterns were collected using a Perkin Elmer 
PE1621 image plate detector (2048 x 2048 pixels, 200 x 200 µm2 pixel size) carefully mounted 
orthogonal to the X-ray beam.  

Results 

Figure 1 shows typical morphology of the glass-coated microwire. Figure 2 shows diffracted 
intensity I(q). X-ray diffraction confirmed fully amorphous state of Fe73Nb3Si11B13 microwire. 
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Figure 1: SEM image showing the PYREX glass 
coating and inner glass metallic core. 

Figure 2: X-ray diffraction pattern of amorphous 
Fe73Nb3Si11B13 (at.%)  microwire. 

 

It should be noted here that due to rather small scattering volume of the sample the intensity 
associated with the air scattering becomes serious issue. In order to get proper intensity one should 
perform background measurement with identical conditions as for investigated sample. Figure 2 
shows diffracted intensity, which is background subtracted. Furthermore the usage of the two-
dimensional detector shows advantage since it allows acquisition of diffracted photons in rather 
large solid angle and thus implies better signal-to-noise ratio of integrated data. These preliminary 
experiments show that aluminium compound refractive lenses can be successfully used to focus 
high-energy monochromatic beam and perform diffraction experiments on single objects having 
dimensions in µm-range. 
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One of the most exciting proposal for ultrabright X-ray Free Electron Laser (XFEL) is to determine 
the 3D structure of single biological molecules to sub-nanometer resolution [1], which is beyond 
the conventional damage limit. This idea is based on imaging many copies of reproducible 
biological samples, which are injected into the femto-seconds pulses of the FEL beam in a random 
orientation [2] (see Fig.1,a). For short (less then 50 fs) and very intense (1012 photons) x-ray pulses 
diffraction pattern can be measured before the sample is destroyed. By determining the orientation 
of each 2D diffraction pattern, a single three-dimensional (3D) diffraction pattern may be 
composed and reconstructed to give electron density inside the sample. 

 

Figure 1: The experiment schematics (a) in real space and (b) in reciprocal. Inset in (a) – the sample used. 

We used two samples in our simulations. The first one was human adenovirus 2C6S [3] 
(icosahedral symmetry, 27 nm in diameter, about 200 000 non-hydrogen atoms) – see inset in 
Fig.1a. And the second one was an asymmetrical structure made artificially from 2BTV and 8RUC 
macromolecular structures [3] (size 13x19x28 nm3, about 124 000 non-hydrogen atoms) – Fig.3,e. 
The maximum scattering angle 2θ=45° and 3Å wavelength give the resolution of about 4Å. 
Sampling rate for both structures was in the range 2–3.5. The incoming flux was focused into the 
100x100 nm2 spot. Diffraction patterns were simulated using the program MOLTRANS and 
Poisson noise was added to all patterns. For the first structure we calculated 12 000 randomly 
oriented patterns and for the second - 23 328 patterns with 10° step for each of three Euler angles.  

Each measurement with XFEL (Fig.1,a) represents a cut by the Ewald sphere in reciprocal space 
(Fig.1,b). As soon as samples are identical all measurements correspond to the same reciprocal 
space. Each measurement represents a cut of the reciprocal space at different angle – Fig.2,a. These 
cuts usually intersect each other along some common arcs (yellow in Fig.2,a), so intensities along 
an arc on two patterns are equal. If the maximum scattering angle is big, 2θ >10°, this arc uniquely 
fixes positions of both patterns with respect to each other (Fig.2,b). [4] 

For a single FEL pulse the first sample scatters about 0.15 photons per pixel at the edge of the 
detector and the second one – about 0.05 photons (Fig.3,a). After arranging all diffraction patterns 
in 3D, a section of the reciprocal space was extracted (Fig.3,b). In Fig.3,c such section for infinite 
number of photons is shown. The orientation determination was performed with 5° and 3° angular 
step. The angular dispersion from the ideal orientation is presented in Fig.3,d. 
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Figure 2: (a) Intersection of many measurements in the reciprocal space, (b) common arc and its projection 
to the detector. 

Using XFEL radiation 3D imaging of single reproducible particle can be obtained [5]. Resolution 
of 4Å at 3Å incident radiation and more than 10000 measured diffraction patterns can be achieved. 
The task of orienting individual patterns in 3D can be solved by analysis of correlation along 
common arcs simultaneously for many patterns. Contrary to other techniques [6,7], proposed 
approach can be applied to a big number of resolution elements (computational time scales linearly) 
and doesn't require preliminary classification of the measured patterns. It also allows to use parallel 
computations to increase the speed of calculations. 

 

Figure 3: (a) A diffraction pattern, (b,c) the section through the reciprocal space constructed of patterns with 
(b) found and (c) ideal orientations. (d) Angular deviation of the orientations. (e) Reconstructed sample. 
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The first metal objects can be dated into the fourth millennium BC in the North. During the third 
millennium the craftsmen started experimenting with different alloys and tools. The first and almost 
only analysis of early tools for metal working was made in the Netherlands during the sixties. In 
2005 several new tools were found in the Archaeological State Museum Gottorf Castle and together 
with Barbara Armbruster from the CNRS Toulouse a research project “Stone tools for metal 
working” has been started. The focus of the analysis was laid on the function of the tools and the 
process of metal working [1, 2]. The process of casting is quite well known, what we are still 
lacking are some details of the casting process and the knowledge about the treatment of the 
surfaces, of hardening of the edges and how the stone tools were used in this process.  
 
 

Figure 1: (a+b) The 4000 year old Axe of Ahneby at Beamline G3. (c) The surface bragg reflex pictures of a 
cast untreated replica. (d) The pictures of bragg reflexes of a replica forged 3 times. (e) The bragg reflex 
picture of the original 4000 year old axe. 
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With a set of reproduced tools we made some replicas of the axe from the late Neolithic axe from 
Ahneby using the same alloy but used different techniques to find out how the surfaces of the 
objects could be smoothed after casting. At one axe the casting flaws and the surface were 
smoothed out by hammering at another one they were polished out with flint blades and a 
whetstone. 
 
One of the big archaeological questions still is if, how and when the ancient smiths used stone tools 
to further treat the cast bronze objects. In a first step we compared the differently surface treated 
modern replicas with the ancient object. At the G3 Beamline at DORIS we used the installed CCD 
camera with a micro channel plate collimator, to take position sensitive pictures of the bragg 
reflections of the surface of the bronze objects. The incoming beam had an energy of 5.9 keV, the 
investigated surface spot was 1 cm2, while the spatial resolution of the detector was about 12 µm, 
thus we measured the grain structure of several objects surface sensitively. 
These first test experiments at G3 have shown, that the surface of our replicated axes if forged with 
stone tools and heated several times the replicas show a similar pattern as displayed by the historic 
axe of Ahneby. At this time it is not clear whether the heating or the stone tool treatment have the 
desired effect or if the combination is necessary. Further investigations of the surface structures of 
historic bronze axes may surely be helpful in the future to answer the question of the use of stone 
tools in the production process, after some other differences between the original axe and the 
replicas could be reduced, which turned up at measurements at W2 and P07.  
 
References 
 

[1] M. Freudenberg, Cushion Stones and other Stone Tools for early Metalworking in Schleswig-
Holstein. Some new Aspects on local Bronze Age Society., in: F.B. L. Astruc, V. Lea, P.-Y. Milcent, 
S. Philibert (Ed.), Normes techniques et pratiques sociales: de la simplicité des outillages pré- et 
protohistoriques, Antibes (2006) 313-320. 

[2] M. Freudenberg, Steingeräte zur Metallbearbeitung - Einige neue Aspekte zum spätneolithischen 
und frühbronzezeitlichen Metallhandwerk vor dem Hintergrund des schleswig-holsteinischen 
Fundmaterials, Archäologisches Korrespondenzblatt 39 (2009) 341-359. 

 

-93-



Diffraction and Fluorescence experiments on ancient 
bronze artifacts  

L. Glasera, A.Kingd, N.Schellc and M. Freudenbergb 

a HASYLAB / DESY, Notkestr. 85, D-22607 Hamburg, Germany 
b Stiftung Schleswig-Holsteinische Landesmuseen, Schloß Gottorf, D-24837 Schleswig, Germany 

c Helmholtz-Zentrum Geesthacht, Max-Planck-Straße 1, D-21502 Geesthacht, Germany 
d ESRF, BP220, 38043 Grenoble Cedex, France  

 
Earliest evidence of metallurgy in northern Europe is dated back to the fourth millennium BC. The 
craftsmen started experimenting with different alloys and tools from that point onward. In 
analysing their tools and the tool marks of the objects we try to get an idea how the skills of our 
ancestors developed and how the transfer of knowledge worked. Objects from this early period in 
Northern Europe are rare. In using the collections of the Archaeological State Museum Gottorf 
Castle in Schleswig we have access to a wide range of objects dating 3500 to 1200 BC, the most 
important period for the development of metal working. In the following of the finding of several 
new stone tools in 2005 in the Archaeological State Museum a research project “Stone tools for 
metal working” has been started. The focus of the analysis was laid on the function of the tools and 
the process of metal working [1, 2]. Previous successful experiments [3, 4] have shown the general 
feasibility of using SR XRD to non destructively investigate bronze artefacts in order to understand 
their manufacturing and place of origin. 

 

Figure 1: (a) 
The experi-
mental setup. 
(b) The 
experiment in 
the P07 
hutch. (c) 
The Axe of 
Blunk (1600 
BC) (d) 
Fluorescence 
spectrum of 
the Axe of 
Blunk. (e) 
Diffraction 
pattern at the 
tip of the 
blade. (f) 
Diffraction 
pattern in the 
centre of the 
axe. 
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First test measurements at G3 and W2 at DORIS highlighted differences between original objects 
and our self made replicas (see this annual report) and we decided that data of several more historic 
objects would be needed to get an overview on the historic bronze first. At P07 we had the chance 
to measure a series of 19 historic objects from 3500 BC to 1200 BC and 4 reference objects 
between 0 and 1900 AD (all objects from the Archaeological State Museum Gottorf Castle). 
 
The experiments were done (figure 1a) using a 91 keV photon beam with a variable  spot size of 
10x10 m2 to 600x600m2, a Photonic Science X-RAY VHR detector with a pixel size of 
30x30m2 behind the object and an energy dispersive VORTEX EM Fluorescence detector under 
45° in front of the object. This way each XRD measurement could be accompanied by a XRF 
measurement, to analyze bulk structure and surface chemistry simultaneously. All objects were 
mounted on a 2D stage.  
 
The XRF spectra taken (figure 1 d) during our measurements (and a previous one day test at Beam 
L at DORIS) show a rather inhomogeneous copper and tin distribution on the surfaces of historic 
bronze axes. Unexpected was a on average very high amount of tin in the XRF spectra of several 
bronze axes, much too high to be that way in the bulk axe material. It is the first time this high 
concentration of tin was observed on historic objects on a larger scale and should be further 
investigated. 
 
The diffraction results were most promising showing well distinguishable regions of purely cast 
material (figure 1 f) and additionally treated areas (figure 1e) mainly at the blades of the historic 
axes. For these results the possibility of focussing the beam at P07 with refractive lenses down to 
10x10 m2 was most valuable.  
 
The experiments have shown that the experimental techniques used are capable of answering the 
questions of the archaeologists, while additional questions arose. Further investigations of the 
ancient bronze axes are planned for 2011. 
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Palimpsest SR X-Ray Fluorescence Element Mapping 
Experiments 

L. Glasera, K. Appela , C. Mackertc, and D. Deckersb 

a HASYLAB / DESY, Notkestr. 85, D-22607 Hamburg, Germany 
bUni-Hamburg, Institut für Griechische und Lateinische Philologie, Von-Melle-Park 6, D-20146 Hamburg, Germany 

cUniversitätsbibliothek Leipzig, Beethovenstr. 6, D-04107 Leipzig, Germany 

The sometimes limited availability of precious parchment in medieval times led to a common prac-
tise of reusing old books by erasing the writing and preparing the parchment to be written upon 
again. In these cases of parchment reuse, the previously written text was erased either mechanically 
by scraping it off or chemically by means of bleach or other reagants. Obviously only thorough me-
chanical scraping completely removes the original information from the parchment. This procedure 
of reusing parchment produced so called palimpsests (from Ancient Greek palin "again" and psao 
"I scrape"). Since Late Antiquity, scribes used iron gall ink when writing on parchment since such 
ink was fairly easy to produce and produced durable writing on this material. 

In many cases, the removed writing was, is or could be of great interest to modern textual scholar-
ship. In the 19th century, chemicals were often used in an attempt to make the erased writing vi-
sible again. This worked fairly well when the text had been removed by bleaching. However, expo-
sing manuscripts to chemical treatment to recover previous layers of writing has been considered 
too invasive a method to allow it on this kind of cultural heritage for many decades now, especially 
considering the damage done by these early attempts at recovery. 

Acceptable standard modern techniques rather include photographic imaging, in particular with ul-
traviolet  light. On the Archimedes Palimpsest [1], the technique of hard x-ray fluorescence was 
first used to make the iron of the hidden iron gall ink script visible. In this successful recovery of a 
hidden script, it was shown that scanning with high flux x-ray light to measure the local x-ray fluor-
escence minimizes possible damage or wear on the parchment to acceptable levels [2]. 

The iron used for iron gall ink contained several impurities of other metals depending on the origin 
of the iron. Additionally copper and zink vitriol was often added to the iron vitriol in the process of 
the iron gall ink production. When trying to recover script in iron gall ink hidden beneath other wri-
ting in iron gall ink, these impurities have proven to sometimes be of greater value than the domi-
nant iron distribution [3]. In order to evaluate the x-ray fluorescence investigation technique for the 
recovery of erased writings, a cooperation of the University of Hamburg, the University of Leipzig 
and the HASYLAB experimented with x-ray fluorescence element mapping on palimpsests. 

The experiments were performed at DORIS beamline L with photon energies of 7.2, 16.5, 18 and 
25.6 keV, using a mar345 detector to detect the x-ray fluorescence. Scanning in continuous mode, 
the resolution was 70 m vertically and 100 m horizontally, while the data acquisition rate was 7 
Hz. The experimental hutch was conditioned to 20 degrees centigrade at a humidity of 50%. 

Several previously investigated palimpsests were reinvestigated in order to estimate the possibili-
ties of increasing the readability of the different element maps when tuning the excitation energy 
towards certain absorption thresholds. Obviously the absorption cross section for light of a specific 
element is higher when exciting directly at an ionization threshold than far above it, but it was un-
clear whether this would lead to a noticeable increase in readability of the contrast maps in the ca-
ses at hand. Especially when considering use of mobile sources with only slightly tuneable x-ray 
excitation energies, it is most relevant which excitation energy produces the most element maps 
with good readability. 

The upper text of one investigated palimpsest (shown in figure 1) is a 12th century Menologion (an 
orthodox monthly service text). The iron gall ink used there and that of the underlying writing were 
quite different in their trace element distributions and had been shown to deliver decent element 
maps even for some of the dilute metal impurities in our previous measurements. 
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Figure 1:.(a) Experimental setup: 
The palimpsest is mounted on a 2d 
stage 45° to the incoming x-ray 
beam, while the fluorescence de-
tector is mounted at 90° to the in-
coming beam. By moving the 2d 
stage the parchment can be scan-
ned, and at every 100 m one spec-
trum is taken. 
(b) Photograph of front and back 
side of a small fragment of one in-
vestigated palimpsest. 
(c) The corresponding element 
maps of the part of the parchment 
depicted in (b) at 3 of the used ex-
citation energies. Of the 6 elements 
shown, Mn is the most dilute in the 
samples and shows best redability 
at the lower excitation energy, a 
finding even more pronounced for 
Ca. With 7.2 keV excitation energy 
the Cu and Zn fluorescence only 
falls within the soft x-ray regime 
and is not detectable in air. 

The measurements have shown 
that in the case investigated, a 
better contrast for the light ele-
ments such as Ca, K and Mn 
can be achieved by tuning the 
beamline to lower excitation 
energies. If one had to choose 
one fixed excitation energy for 
such an element mapping expe-

riment, our best results turned out to be at 16.5 keV excitation energy. 

Further investigation is planned to make full use of the potential of the x-ray fluorescence element 
mapping technique for visualizing erased writing, and to assess the feasibility of and requirements 
for creating a mobile measuring system and some calibration standards for quantitative ink analy-
sis. 
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Diffraction measurements of the Axe of Ahneby  
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First evidence of metal using in northern Europe can be dated back to the fourth millennium BC. In 
the following millennium the craftsmen started experimenting with different alloys and tools. In 
analysing their tools and the tool marks of the objects we will be getting an idea how the skills of 
the craftsmen developed and how the transfer of knowledge worked. Objects from this early period 
in Northern Europe are rare. In using the supplies of the Archaeological State Museum Gottorf 
Castle in Schleswig we have access to a wide range of objects dating 3500 to 1200 BC, the most 
important period for the development of metallurgy.  
In 2005 several new stone tools were found in the Archaeological State Museum and together with 
Barbara Armbruster from the CNRS Toulouse a research project “Stone tools for metal working” 
was started. The focus of the analysis was laid on the function of the tools and the process of metal 

working [1, 2]. 
Previous 
experiments [3, 4] 
have shown the 
general feasibility 
of using SR XRD 
to phase analyse 
bronze artefacts in 
order to 
understand their 
manufacturing 
and place of 
origin.  
 
 

Figure 1: (a+b) The 
axe in the 
diffractometer at 
HARWI. (c) The 
replica and the 
diffraction pattern of 
the replicated axe 
that was heated 
and forged after the 
casting process. (d) 
The Axe of Ahneby 
(4000 years old) 
and the 
corresponding 
diffraction pattern.  
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With a set of reproduced tools we made some replicas of the axe from the late Neolithic axe from 
Ahneby using the same alloy but used different techniques to find out how the surfaces of the 
objects could be smoothed after casting. At one axe the casting flaws and the surface were 
smoothed out by hammering at another one they were polished out with flint blades and a 
whetstone.  
 
To compare the bulk structure of the ancient objects with our replicated samples, we performed 
some test diffraction measurements for phase analysis at the W2 Beamline HARWI at DORIS. The 
measurements were done using a 101 keV photon beam of 1 mm2 spot size and a Mar CCD 555 
detector (pixel size 139x139 m2) positioned 1.5 m behind the objects. 
 
These diffraction measurements have shown strong differences between the ancient bronze objects 
and all of our modern replicas. Obviously the grain structure of the historic objects is much finer 
and smoother, while the modern replicas show many strong diffraction spots belonging to large 
grains. New replicas will be cast with slightly modified bronze in May and September 2011 and 
treated with heat and stone tools in various ways during and after the casting process. 

Further investigations are planned in order to understand and reproduce the historic way of the 
crafting of bronze artefacts. 
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4 European Synchrotron Radiation Facility ESRF, F-38043 Grenoble Cedex, France

5 Argonne National Laboratory, Advanced Photon Source, Argonne, Illinois 60439, USA

During ESRF experiment HE3329 at the beamline ID-22N we carried out nuclear inelastic scatter-
ing (NIS) studies on125Te bearing thermoelectric materials at 35.493 keV. The studies were carried
out using a sapphire Bragg backscattering monochromator [1] using the(9 1 10 68) reflection in
Al 2O3. The energy resolution in this experiments has been drastically improved from 6.6 meV ob-
tained in the first experiment[1] to currently 1.2 meV [2]. After configuring the spectrometer using
a sample of elemental125Te, we collected the Te element specific phonon spectra of Bi125

2
Te3 bulk

material and of Bi125
x

Tey nanowires by NIS. The polycristalline nanowire sample was prepared by
electrochemistry and grown in an alumina matrix, with approximately 50 nm wire diameter and 2
µm; the stoichiometry was however not exactly controlled; the overgrow, see Fig. 1, was removed
mechanically prior to the measurements. The use of the alumina template assured strict orientation
of the wires. The phonon spectra of the nanowires were acquired in two different orientations:
parallel and perpendicular to the impinging x-ray beam respectively, as indicated in Fig. 1. The
spectra of the nuclear forward scattered (NFS) and the nuclear inelastic scattered intensity of the
Bi2Te3 nanowires oriented parallel and perpendicular to the incoming beam respectively are shown
in Fig. 2. From the NIS spectra we extracted the vibrational density of states (see Fig.3) and the
speed of sound projected for the phonons with the polarization parallel and perpendicular to the
nanowires. The speed of the sound for the phonons polarized parallel to the nanowires is found to
be 8% smaller than for the perpendicular polarization. Further measurements are currently carried
out in order to characterize the crystallinity and composition of the sample in order to compare the
data with the data obtained on bulk Bi125

2
Te3 (not shown).

Figure 1: SEM view of the nanowire template (courtesy W. Töllner, U Hamburg
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Figure 2: NIS spectra Bi2Te3 nanowires oriented parallel and perpendicular to the incoming beam respec-
tively, and the intrumental resolution function from the NFS signal. The sample temperature is∼25 K.
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Structure determination of inorganic-organic hybrid 
compounds by Soller and capillary based detection 

schemes for powder diffraction 
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Beside the conventional Debye-Scherrer set-up, aberration free detection schemes like analyzer crystals [1] 

as well as Soller collimators [2] are widely used. The former allow achieving high intrinsic resolution while 
the latter provide higher intensities. The difficulty in manufacturing of Soller slits is a major drawback 
especially if angular resolutions below 10-3 deg are desired. Recently long polycapillaries became available 
which may be regarded as two-dimensional Soller slits. Such a bundle of parallel capillaries (30 cm long, 
diameter of the individual capillaries 30 µm, see Fig. 1) has been applied for powder diffraction at 
HASYLAB beamline G3 [3] in addition to standard measurements with Soller slits. The experiment 
performed illustrates the potential of the beamline standard Soller set-up (NaJ detector with Soller, 
acceptance ~0.15°) for structure determination of inorganic-organic hybrid compounds as well as allows for 
evaluation of the application of a capillary-based detection scheme. Powder patterns of different specimen 
sealed in capillaries as well as of a LaB6 standard have been taken with a photon energy of ca. 8 keV. 
Typically, a 2θ scan was made ranging from about 5° to 105° with a 0.01° stepping. For selected specimen, 
larger scan ranges were used. 

a) Comparison of Soller and capillary based detection schemes  

The new compound [Al13(OH)25Cl8(O2C-C6H3NH2-CO2)3] was measured at beamline G3 with both schemes, 
selected regions of the obtained powder patterns are shown in Figure 2.. The unit cell was refined by using 
Pawley fits for both setups. Using the Soller slit system a large zero point error (see table 1) was found when 
applying a 2θ / wavelength calibration by LaB6 based on Braggs law averaging over the entire scanning 
range. Hence, a dedicated 2θ calibration by a polynomial of 3rd degree was made from LaB6 to achieve better 
accuracy. The comparison of Soller and capillary setup shows significantly lower count statistics (a decrease 
by a factor of ~12) for the measurements made with capillaries because it is limiting detector acceptance in 
two dimensions and due to absorption by the walls of the single capillaries. For that reason, a structure 
determination with the capillary setup is hardly possible within measuring durations less than 36h per 
pattern. In addition, the full width at half maximum is higher for the capillary setup. However, the 
asymmetry of the Bragg peaks at low 2θ was well reduced by using a capillary setup. 

Table 1: Results of the Pawley fits for Al (OH) Cl (O C-C H NH -CO )  .13 25 8 2 6 3 2 2 3

  Rwp a / Å c / Å zero error / °2Θ 
Soller 4.54 19.2292(4) 14.0767(6) 0.220(4) 
Soller (resampled) 4.53 19.2061(5) 14.066(5) 0.051(1) 
Capillary 7.47 19.244(2) 14.049(1) 0.030(2) 

 

b) Preliminary results of structure determination from powder diffraction data 

Preliminary EDXRD studies at beamline F3 on the formation of Cu2[(O3P-C2H4-SO3)(H2O)2(OH)]·3 H2O 
have shown that a crystalline intermediate phase (Cu2[(O3P-C2H4-SO3)(H2O)2(OH)]·4 H2O) was formed 
during the first 5 minutes of the reaction.[4]. The intermediate phase was isolated and characterized in the 
laboratory in Kiel. The intermediate is neither stable in solution nor in air. Thus no suitable single crystals 
were obtained. Powder diffraction at beamline G3 with Soller setup allowed us to solve and refine the crystal 
structure. The final Rietveld refinement plot is shown in Figure 3. Crystallographic results are given in Table 
2. The refinement leads to satisfying results which makes the beamline suitable for structure determination 
and refinement of a copper phosphonatosulfonate. Structure determination and refinements of further 
inorganic-organic hybrid compounds are recently under investigation. 
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Table 2: Result for crystallographic parameters (preliminary). 

Formula sum Cu2[(O3P-C2H4-SO3)(H2O)2(OH)]·4 H2O
Space-group P21/n (14) 
Cell parameters A = 13.722(3) Å,  b = 7.085(1) Å,  c = 13.460(3) Å,  β = 104.70(3)°
Rwp 9.42 %
Rbragg 3.88 %
GOF 5.08 %

 

 

 
Figure 1: Capillary scheme set-up (sketch). 

 

 
Figure 2. Powder patterns obtained with different 

setups and calibration schemes. 
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Figure 3: Final Rietvelt Plot of (Cu2[(O3P-C2H4-SO3)(H2O)2(OH)]·4 H2O). The measured XRPD pattern 

is shown in black the calculated XRPD is shown in red. The high resolution powder data revealed minor 
impurities which were omitted in the refinement. 
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Status of sFLASH, the seeding experiment at FLASH
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Due to its stochastic nature, the Self Amplified SpontaneousEmission (SASE) of a Free Electron
Laser (FEL) is characterized by spikes in the temporal/spectral pulse profiles. To improve the
pulse properties for user experiments, in particular the synchronization to an external laser source
for time-resolved studies, several different configurations have been suggested in the past and are
currently tested in many laboratories worldwide. One possibility is to seed the electron beam with
an external laser that transfers its coherence properties to the electrons. The external seed can
be provided either by an optical laser or by a High-Harmonic Generation (HHG) source[1]. In
both cases it is possible to reach even shorter wavelength with a cascade configuration if the initial
energy is high enough.
During the shutdown in 2009-2010 the Free-electron LASer inHamburg (FLASH)[2] has been up-
graded with several new installations in order to achieve shorter wavelength and to control the elec-
tron beam phase-space[3]. The new RF module allows longer electron bunch duration (≈200 fs)
with a peak current of few kA. The seeding experiment at FLASH(sFLASH) relies on the relaxed
timing condition in order to overlap the electron bunch withHHG pulses of≈40 fs duration, that
are generated by focusing Ti:Sa drive laser pulses into a noble gas target. By means of multilayer
mirrors the seed is transported into the tunnel and injectedinto the electron beam pipe. A 40 m long
section of FLASH (see Fig. 1) has been completely redesignedto accommodate the 10 m variable-
gap undulators for the sFLASH experiment, consisting of three 2 m-long undulators (PETRA III
type, 31.4 mm period) and one 4 m-long undulator (period 33 mm) previously used at the PETRA
II synchrotron light source. The radiation produced by these undulators is extracted with carbon-
coated mirrors at grazing incidence that can be inserted into a magnetic chicane where the electron
beam is vertically displaced. A photon beamline with dedicated diagnostics in order to characterize
spectral properties and photon flux is located inside the accelerator tunnel. The photon beamline is
extended toward the outside of the FLASH tunnel for temporaland timing characterization of the
seeded radiation [5]. The diagnostics (MCP-based monitor and XUV spectrometer) are designed
to span several orders of magnitude in flux, i.e. from the spontaneous emission up to the seeded
FEL radiation at Gigawatt power level. These diagnostics exhibit single shot capabilities [4]. The
aim of the sFLASH project is to demonstrate direct seeding at38 and 13 nm and synchronization
to the optical drive laser pulses on the fs level.

315 m

Laser

RF Gun

Collimator
FEL 

Experiments

sFLASH

3rd  
harmonic
cavity

Figure 1: Layout of the FLASH facility after the shutdown.
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In order to seed the electron beam one needs to control the transverse, longitudinal and frequency
overlap. For the first purpose beam position monitors for electrons and XUV photons are installed
between the undulators. A straight trajectory through the undulators is defined by the seed laser.
By means of a slow orbit feedback the electron beam is forced tofollow the same path along the
undulators. The drive laser of the HHG source is locked to theelectron beam using an optical
cross correlator [6] with a relative timing jitter of less than 50 fs rms. The coarse (≈1 ps) temporal
overlap is monitored by sending the infrared drive laser andthe synchrotron light generated in a
short undulator located in front of the sFLASH section to to astreak camera [7]. For matching the
amplification bandwidth, the HHG spectrum is measured online and used as a reference while the
undulator gaps are adjusted accordingly (see Fig. 2).
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Figure 2: Left: sFLASH SASE spot on a YAG screen installed in the photon beamline. Right: integrated
HHG seed and single shot sFLASH SASE spectrum.

The commissioning of sFLASH started last summer with dedicated machine shifts after successful
testing of all the components. Meanwhile, we could establish SASE operation using the sFLASH
undulators in a standard procedure (see Fig. 2). However, there is not yet strong evidence of seed-
ing. It is expected that current efforts to enhance the seed power and to improve the spatial overlap
of the seed with the electron bunch will allow us to reach the next milestone that is demonstration
of seeding at FLASH.
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Preliminary study on texture characterization of the
Ce0.9La0.1O2 /Gd2Zr2O7 buffer layer stack on NiW alloy

substrates by synchrotron radiation

Y. Zhao, A.B. Abrahamsen, J.-C. Grivel, J. Bednarčík1, and M. von Zimmermann1

Risø DTU, Technical University of Denmark, Frederiksborgvej 399, 4000 Roskilde, Denmark
1HASYLAB at DESY, Notkestrasse 85, 22603 Hamburg, Germany

Owing of the weak-link behaviour of the Y1Ba2Cu3O7-x (YBCO), high temperature superconductor,
the achievement of high critical current in long conductors requires a so-called “coated conductor”
architecture based on the sequential epitaxial growth of oxide layers on textured substrates[1, 2, 3].
From the practical application point of view, producing biaxially textured flexible templates is one
of the key issues in the development of long length coated conductor tapes. In our previous work,
an optimized buffer layer architecture, Ce0.9La0.1O2/Gd2Zr2O7, for rolling-assisted biaxially textured
substrate route was proposed and developed by the metal organic deposition method, where a
Ce0.9La0.1O2 layer with prefect lattice match with the YBCO layer is chosen as cap layer, while a
Gd2Zr2O7 film acts as barrier layer. However, there are still several crucial problems that need to be
solved, such as the deterioration of the texture quality from the underlying layer to the top layer,
and the nucleation and growth processes of the oxide film on the metallic substrate.

In the view of future in-situ phase and texture evolution studies, the characterization of double side
Ce0.9La0.1O2 (top layer)/Gd2Zr2O7 (barrier layer) prepared by chemical solution method via dip
coating technique on biaxial textured Ni-5at.%W alloy substrate was carried out at room
temperature on fully processed samples as the first study. The experiment was performed at the
beamline BW5 with a 80keV incident beam. The sample rolling plane (surface) was perpendicular
to the beam, allowing the observation of the in-plane reflections of both the buffer layer and of the
metallic substrate. A lead pin-hole screen was also employed to weaken the strong diffraction from
the substrate. Considered the poor Signal/Noise ratio for the thin buffer layers on the thick metal
substrate, the sample was kept static during the exposure, preventing a too high background
intensity resulting from the rotation.

The visible diffraction spots of both the substrate and the thin films are exhibited in Figure 1,
revealing the 45o rotation epitaxial growth relationship between them. To quantify the in plane
texture of the substrate and the films, the full width at half maximum of 4.1o and 4.4o respectively,
was calculated by Gaussian fitting. The deterioration of in plane texture from the substrate to films
is only 0.3o as determined by this study, which is smaller compared to that derived from the phi
scan by standard CuKα based XRD (as large as 1o). One essential reason is that, the “real” in plane
crystallographic alignment can be characterized by synchrotron diffraction measurement. For
example, the in plane texture of the substrate is evaluated using the (200) reflection of nickel in this
study, instead of using its (111) reflection in standard XRD phi scan.

This result shows that it is possible to investigate the epitaxial growth relationship among all
sequentially deposited films and the substrate in coated conductors. Moreover, the phase and
texture formation processes of oxide film, in principle, can be described by investigated by means
of in-situ synchrotron measurement by optimizing the combination of the substrate and film
thickness.
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a) b)

Figure 1: Diffraction pattern of the Ce0.9La0.1O2 /Gd2Zr2O7/Ni-5at.W/ Gd2Zr2O7/ Ce0.9La0.1O2 sample,
a) overview, b) the enlarged image of the diffraction spot from the thin films.
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Ni-Ti shape memory alloys are materials of particular interest for biomedical applications due to 
their unique properties, like shape memory effect and superelasticity. However, the wide spectrum 
of applications in implantology imposes special requirements on the biocompatibility of Ni-Ti. The 
biological response to implant materials is a property directly related to their surface conditions and 
an optimum surface layer is thus desired. The use of coatings in order to modify the surface 
characteristics of a material is a widely used approach. However, in the case of medical devices 
whose shape or size is modified during the procedure of insertion or due to the working conditions, 
metallic or metal oxide coatings may crack. In the frame of the project AIM-074, supported by the 
EU-“Research Infrastructures Transnational Access” program AIM “Center for Application of Ion 
Beams in Materials Research”, plasma-immersion ion implantation (PIII) has been employed in 
order to overcome these limitations. This technique was used to modify and improve the superficial 
region of a superelastic (at body temperature) Ni-Ti alloy (≈ 50.2 to 50.4 at.% Ni). A Ti-rich oxide 
layer was created by ion implantation of oxygen and the formation of titanium oxynitride (TiNxOy) 
was achieved by ion implantation of nitrogen. Hence, the parameters to obtain a Ni-depleted 
surface, which serves as a barrier to out-diffusion of Ni ions from the bulk material, have been 
successfully established. Furthermore, the PIII technique leads to a graded interface between the 
modified surface and the bulk Ni-Ti alloy, which is a plus for improving adhesion.  
 

 

  
 

Figure 1: Ni-Ti sample implanted with nitrogen 
mounted on the setup of the HEMS side station. The 
inset shows Ni-Ti samples implanted with oxygen. 

 

Figure 2: Data recorded for the central zone of the 
Ni-Ti sample implanted with nitrogen. 

 
A detailed structural characterization of the modified surface layer and the bulk material is required. 
The High Energy Materials Science beamline HEMS at PETRA III offers excellent research 
possibilities to investigate fine structural details (high flux in parallel beam to increase resolution 
and enough signal in the small gauge volumes). The Ni-Ti bulk samples studied at HEMS are 
cylinders of 8 mm diameter and 4 mm height.  
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X-ray diffraction data was acquired in transmission mode (image plate MAR345) using a beam spot 
of 0.3 mm in horizontal and 0.1 mm in vertical with 87 keV energy. Figure 1 shows a Ni-Ti sample 
that has been implanted with nitrogen mounted on the setup of the HEMS side station. The inset in 
Figure 1 shows two Ni-Ti samples that have been implanted with oxygen. The modified surface 
layer and the bulk material of the samples have been measured using acquisition times of 10 s. The 
image plate detector allowed us to record the respective Debye-Scherrer rings. Figure 2 presents a 
typical result obtained on the bulk zone of a Ni-Ti sample implanted with nitrogen. The R-phase 
was found to be the primary phase present in the volume studied at room temperature (≈ 20°C). 
This result is similar to the one obtained for the Ni-Ti reference sample, i.e., for a sample which has 
not been implanted. The data was evaluated and the intensity of the diffracted beam represented as a 
function of the angle of diffraction (scaled to Cu radiation: λ = 1.5406 Å).   
 

X-ray diffraction patterns obtained for samples implanted with nitrogen and oxygen are presented in 
Figure 3, top and bottom, respectively. The measurements were performed 2 mm below the topmost 
altered layer (implanted area). For each case the data recorded for the Ni-Ti reference sample is also 
plotted. The results show that in both cases only the diffraction peaks associated with the R-phase 
are visible. Furthermore, the intensity of the peaks is quite similar to the intensity obtained for the 
reference sample. The precipitation of Ni-rich phases has not occurred. Thus, the present data 
shows that the PIII technique only changes the structure of the Ni-Ti alloy top layer preserving 
superelastic behavior at body temperature (PIII experiments carried out without intentional heating 
of the substrate holder). 
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Figure 3: X-ray diffraction patterns obtained for Ni-Ti samples implanted with nitrogen (top) and 
oxygen (bottom) together with the data recorded for the Ni-Ti reference sample. The 
measurements were carried out 2 mm below the topmost altered layer (implanted area).  

 
Like PIII, thermal oxidation and nitriding could also lead to an improved corrosion resistance and 
Ni-depleted Ni-Ti surface. However, the high temperature necessary for the experimental procedure 
would lead to modification of the phase transformation characteristics and loss of specific 
mechanical properties of the alloy. The samples heat-treated at temperatures above 350ºC exhibit 
Ni-rich precipitates along their thickness, which led to a shift of the phase transformation 
temperatures. Moreover, the R-phase is then the main phase present at body temperature, which is 
not the case for Ni-Ti samples modified by the PIII technique. 
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 Studying the microporosity of the champagne cork with synchrotron 

 Shi.Wenhan  

 URCA – Université de Reims Champagne-Ardenne 

  The cork is a natural material consisting of dead cells. So its state is not static and evolves 

over time after plugging. When a cork is compressed to introduce itself in the neck, 

compression deforms it and the internal structure changes a lot, like the volume of the pore. 

So we could study the microporosity with synchrotron. 

  We experiment with two corks to study the microporosity and the displacement. One cork is 

squeezed in a bottle, another one is a cork which had been pulled out. We scanned the 

samples with the source DORIS III W2. For the first sample, the energy E=45 keV; 

µ=8.974µm; A=2.528mA. And we measured 33.75mm from the bottom of the cork. For the 

second sample, it’s a cork without glass. So it needs to change the energy, E=20keV; 

A=1.774mA; µ=11.715µm. We measured two parts of the cork, one part is 31.4mm from the 

bottom; another is from h=31.4mm to h=40.1mm.  

 

                                            Figure 1 the microporosity of a cork in the glass 

 

                                Figure 2   the microporosity of a cork without glass 
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From the two figures, we could know: The porosity of the cork in glass is less than that out of 

the glass. This is the reason of pressure.  

In another side, we could get the destruction of the cork directly. 

 

                        Figure 3 the front view of a cork in the glass 

 

                                      Figure 4 the front view of the cork without glass 

In the figure 4, the white shows the area where the structure has been destroyed. 
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Hexagonal boron nitride (hBN) is an anisotropic wide band gap semiconductor, constituted of 
graphite like sheets with a hexagonal structure. It is one of the most promising materials for 
developing far UV light emitting devices. Its electronic and optical properties have been a subject 
of many studies last decade. According to the most recent theoretical calculations, hBN is supposed 
to be an indirect band gap material, in which the electronic structure near the band edge is governed 
by large Frenkel type excitonic effects. We report on detailed analysis of near band gap electronic 
properties of a high purity hBN single crystal by means of time and energy resolved 
photoluminescence spectroscopy.  
The photoluminescence (PL) experiments were carried out, at cryogenic temperatures with VUV 
synchrotron-radiation (SR), on a high-purity transparent hBN single crystal [1]. Since simple 
deformation of a crystal forms stacking faults and affects the luminescence properties [2,3], the 
used crystal was carefully handled before to be fixed on a cryostat. The measurements were 
performed at the SUPERLUMI station of HASYLAB at synchrotron DESY. Samples were cooled 
down to 11K and irradiated by monochromatized SR (∆λ=3.3 Ǻ) under high vacuum (~10-9 mbar). 
The measurements of PL spectra were carried out using visible 0.275-m triple-grating ARC 
monochromator equipped with a CCD detector and a photomultiplier operating in the photon-
counting mode. The pulse structure of SR (130 ps, 5 MHz repetition rate) enables time-resolved 
luminescence analysis at time-scale of 200 ns with sub-nanosecond temporal resolution. Spectra 
can be recorded within a time gate τ∆  delayed with respect to the SR excitation pulse. The 
recorded spectra were corrected for the primary monochromator reflectivity and SR current. 
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Figure 1: Time integrated PL spectra of hBN single crystal with excitation at 11.27 eV. Insert: PL spectrum 
of hBN single crystal integrated on the time window ∆τ=0-2 ns with respect to SR pulse. 

The PL spectra of hBN single crystal excited with photon of energy 11.27 eV is shown in figure 1. 
At room temperature a broad unstructured band is observed around 5.4 eV. This band shows a 
complicated fine structure at low temperature of 11K. Three lines labelled D4, D2 and D1 are 
observed at respectively 5.48 eV, 5.57 eV and 5.64 eV. A fourth line at 5.5 eV, labelled D3, can 
also be distinguished as a shoulder on the high energy side of line D4. These four emissions have 
been already reported and assigned to bound-exciton luminescence caused by disorders such as 
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stacking faults or shearing of the lattice planes 2. Moreover, a broader emission, centred at 5.32 eV 
and previously assigned to quasi donor-acceptor transitions (qDAP) [4] is also observed. 
The PL spectrum integrated on a time gate ∆τ=0-2 ns with respect to the SR pulse and recorded 
with an excitation energy of 11.27 eV is shown in the insert of figure 1. The lines observed at 5.778 
eV and 5.804 eV corresponds to the exciton emissions S4 and S3 reported in ref. [5] (we use the 
same labelling in figure 1). Two other exciton emissions S2 and S1 were not detected in our 
experiments. From reflectance spectroscopy measurements S3 and S4 emissions are supposed to 
result from the excitation of exciton states at 6.019 eV and 6.044 eV and have been previously 
assigned to the self trapped exciton (STE) luminescence [5].  
PLE spectroscopy can bring important and new information about mechanisms leading to the 
luminescence and allow testing contradictory assignments. The PLE spectrum of the S4 emission is 
displayed in figure 2. The sharp peak observed at 6.02 eV is followed by a plateau and grows up in 
intensity from 6.4 eV. We assign the peak at 6.02 eV to the direct excitation of the free exciton. 
Moreover the plateau observed in the energy range between 6.2 and 6.3 eV could be related to low-
strength excitonic transitions converging to the dissociation limit. The large Stokes shift 242 meV 
of the S4 emission results from large exciton-phonon interaction and supports the assignment of the 
S4 emission to STE. Theoretical calculations of the band structure and optical absorption spectra of 
hBN, taking into account electron-hole interaction, have underlined the importance of excitonic 
effects in this material. However as compared to the peak observed at 6.02 eV, the strongest 
oscillator strength for excitonic absorption is calculated at somewhat smaller energy from 5.75 eV 
to 5.85 eV. 
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Figure 2: PLE spectra of the S4 emission (5.778 eV) in hBN single crystal at low temperature. 

Interestingly, the PLE spectrum represented in figure 2 shows a monotonic increase for photons 
energies above 6.4 eV. We assign this feature to the direct formation of exciton from a free 
electron-hole pair following the interband excitation excitonhBN →+→+ +− hehν exc . In this case, 
the inflexion of the PLE spectrum observed at 6.3 eV could indicate the direct band transition 
energy of hBN.  
The financial support of the project II-20080156 EC within the EU contract ELISA-226716 is 
kindly acknowledged. 
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The development of the new fourth generation sources of short wave radiation focussed the interest 
in the problem of the interaction of the beam generated by these devices with solid matter. This 
interest is caused by two original features of the beam. These features are extremely high intensity 
and extremely short, femtosecond, duration range. It is expected, that the irradiation with very 
intense femtosecond pulses can create states of very strong electronic excitation with a highly 
reduced influence of optical nonlinearities at the frequencies in the range between the plasma 
frequencies and the frequency in the inner shall absorption edge [1,2].  

The experiment included generation of the damages by the beam coming from the Free-electron 
LASer in Hamburg (FLASH) operating in the range 6-100 nm and focussed by an ellipsoidal mirror 
onto the surface of crystalline crystalline silicon and gallium arsenide. The analogous damages were 
previously studied with the micro-beam diffraction method together with AFM and Nomarski 
contrast microscopy [3-5].  

The irradiation of the presently investigated crystalline samples was performed analogously as in 
[3-5] at the beam line BL2 of the FLASH facility. The beam from the last undulator of the free 
electron laser with the size of 4 mm and angular divergence 260 milirad was focused at the surface 
of the samples using a grazing-incidence carbon-coated ellipsoidal mirror, external to the chamber. 
by single pulses at wavelength of λ= 32.5±0.5 nm with pulse duration of =25±0.5 fs. The pulse 
energy was up to10 mJ. 

The samples were studied in back-reflection geometry by means of white beam projection 
topography at the F1 experimental station of DORIS III in HASYLAB. A relatively small glancing 
angle of 4

o
, was used. The Bragg-case section topographs and were exposed in the silicon samples 

using a 5 precise µm narrow slit. The topographs were taken for the azimuths differing through 90
o
, 

and in the case of section topographs also for slightly altered positions of the incident beam.  

The representative white beam projection topograph is shown in fig.1 and section topographs in 
Fig. 2. It may be seen that the projection images reproduces the dots as black spots, providing in 
some cases some details, particularly some indentation  in the direction perpendicular to the plane 
of incidence. The character of the image remains the same in case of the toporaphs recorded for 
another azimuths, that means that it is not connected with the crystal but with the geometry of 
reflection.  

 

Figure 1: Representative white beam reflection projection topograph of silicon with spots irradiated by 
FLASH-pulses. 
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It was possible to obtain a reasonable similarity of  the section images of some spots to the 
numerically simulated images of the rod-like defects using recently developed numerical procedure 
described in [5]. The contrasts in the flat samples were of extinction type in the form of two 
asymmetrically broken parts of the ring, coming from the region where the incident beam intersects 
the inclusion. It was also relatively easy to obtain the additional interference fringes in the simulated 
images for the elastically bent wafers, as it is illustrated in Fig.3 b. 

 a          b 

 
Figure 2: Representative white beam Bragg-case section topographs of spots in silicon, a. – when the 

curvature of the sample is negligible, b. - when the curvature of the sample causes characteristic interference 
fringes. 

 

 

 

   a             b 

 

Figure 3: The simulated images in the flat (a) and curved (b) crystal of rod-like inclusions analogous to 
some images shown in fig. 2 a and b. 
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Based on the related analysis of spherical particles in solvent [1], we have performed additional 
measurements of a reference system with core-shell geometry. Therefore we expand the computer 
program, which we developed in our group to fit free size distribution functions, to scattering 
curves of particles with core-shell geometry. The long-term objective behind both studies is to fit 
scattering curves from nanocomposites to determine size distribution functions and the dispersion of 
silicate layers in a polymer matrix after implementing appropriate form and structure factors. With 
regard to this aim the analysis of a reference system gives us important information. First, we could 
prove the successful integration of the core-shell model into the existing program. Second, we could 
verify the performance of this method on a nanoscopic scale. Consequently, we were able to 
observe a surface layer with a few nanometers thickness relevant for chemical applications, and 
determine its size. 

As model system for the present study we used polymer colloids in solution, which consist of 
polystyrene core particles with grafted -hydroxy poly(ethylene glycol)methacrylate (PEG) layers 
on the surface. In previous work it could be shown that PS-PEG colloids exhibit a complex 
morphology with thin shell layers consisting of surface-grafted PEG chains [2]. Ultra small-angle x-
ray scattering (USAXS) experiments with a sample-to-detector distance of 13570 mm were 
performed at beamline BW4. The photon energy was set at 8.980 keV, corresponding to a 
wavelength of 1.381 Å.  

To obtain reliable information about the size and the structure of the surface layers we expand our 
computer program [3], which performs a least-square fit with a core-shell model, in the following 
way: For core-shell particles with electron densities nS of the shell, nC of the core and nM of the 
surrounding solvent, the form factor can be expressed as [4] 
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with 2/)cos(sin)( xxxxxj  . Compared to the form factor of a sphere, the scattering of core-shell 
particles depends on five parameters: the inner core radius rC, the outer shell radius RS  and the 
electron densities. For the core radius and the shell radius we define free size distributions )( Crf  
and )( SRf , respectively, which are optimised in parallel by a least-square algorithm. As starting 
values we use flat distributions. In the end the algorithm delivers the final size distributions )( Crf  
and )( SRf , which describe the number of particles with a defined core radius and a defined shell 
thickness.  

The results of the least-square fits and the scattering curves of the PS-PEG polymer colloids are 
displayed in Fig. 1. It shows a fit for free core- and shell-distribution functions in the range of 1300 
– 2200 Å for the core and 1 – 100 Å for the shell. The fit to the experimental data is very good and 
yields the size distribution of the core radius (Fig. 2) with a maximum at about 1699 Å. In addition, 
in the scattering volume exist also populations of particles with a core radii centered at 1410 Å, 
1880 Å and 2020 Å. The integral of the core distribution gives us the information that 2/3 of all 
particles in the scattering volume have a core radius of )161699( Cr  Å. The PEG surface layers 
enclosing the PS particles turn out to have a thickness of 70SR  Å. 45 % of the chains have a 
length between 1 Å and 12 Å,  and 37 % of them are between 12 Å and 26 Å.  

The results from the SAXS analysis are consistent with the results of microscopy and especially 
light scattering characterizations (Fig. 3); however, the SAXS data allow a much more precise 
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resolution of the detailed particle structures. It should be pointed out that the broad distribution 
obtained from light scattering is resolved into several separated peaks using core-shell fits to the x-
ray data. 

In future experiments we will apply the method of fitting free distribution functions to nanohybrids 
that vary their diameter as a function of temperature. The inclusion of further particle geometries is 
in preparation. 

 

 
Figure 1: Fit to the experimental 

scattering curve. 

Figure 2: Size distribution of the core radius (left) and the shell 

thickness (right). The range of integration is displayed in grey.

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Size distribution from light scattering (left) and electron microscopy image of PS-PEG particles 

(right) [2]. 
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SrRuO3 has a nearly cubic perovskite structure. The combination of good chemical stability, 
metallic conductivity and easy epitaxial growth on various perovskite substrates makes it 
attractive for multilayer device application. The integrability of SrRuO3 into the device 
fabrication process requires surface stability with respect to reduction, contamination, or loss 
of volatile ruthenium oxides.The electronic structure of epitaxial SrRuO3 thin films annealed 
at 300 ºC in ultra high vacuum was studied by resonant photoemission spectroscopy using 
synchrotron radiation. Thin SrRuO3 epitaxial films were deposited using a reactive d.c. 
magnetron sputtering onto monocrystalline (100)-plane oriented SrTiO3 substrates. The 
epitaxy of the films has been confirmed by XRD and high energy electron difraction 
(RHEED) studies. Synchrotron radiation obtained from the storage ring DORIS III was 
monochromatized with the FLIPPER II plane grating vacuum monochromator designed for 
the photon energy range of 15–200 eV. The spectrometer was equipped with a CMA electron 
energy analyzer. The total energy resolution was kept at 0.1 eV.  
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Figure 1. A set of electron energy distribution curves (EDCs) of the epitaxial SrRuO3 thin film 
annealed in super-high vacuum at 300 °C at exciting photon energies h� between 46 and 100 eV. All 
the spectra are normalized to the maximum peak intensity. Labelled, dashed lines show the features in 
valence band spectra and correspond to the second derivative minima. 
A set of energy distribution curves (EDC) of the SrRuO3 film for the photon energy range 
covering the energy of the Ru 4p � 4d transition are shown in Fig. 1. The second derivative 
technique was used to reveal the hidden features of the spectrum (Fig. 1).  
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Figure 2. A method to obtain a Ru 4d partial spectral weight of SrRuO3. The exciting photon 

energy h� = 46, 58 and 70 eV for OFF(-), ON and OFF(+) resonance conditions, respectively. The 
spectra are normalized to the contamination peak F (~10.2 eV) intensity (Fig. 1). 
 
Fig. 2 presents the EDCs of a SrRuO3 film measured at the maximum of Fano profile (ON-
resonance: h� = 58 eV) and two equidistant from the resonance exciting photon energies 
(OFF(-)- and OFF(+)-resonance: h� = 46 and 70 eV, respectively). Strong resonant behaviour 
occurs at BE < 2 eV in agreement with the Ru 4d character of DOS at these energies. Five 
distinct structures (� – �) can be easily seen in the Ru 4d density of states image. Note that all 
these features were predicted by the band structure calculations [1,2] and their energetic 
positions and their relative strengths are found to be in very good agreement with theoretical 
predictions. At the same time, an appreciable discrepancy between the (ON - OFF(-)) and (ON 
- OFF(+)) difference spectra at BE > 2 (i.e. in the region where O 2p states dominate in VB) 
clearly shows that they cannot be used directly for Ru partial spectral weight (PSW) 
estimation. The origin of this disagreement is clear: the incomplete compensation of O 2p 
cross-section (CS) variation by means of calibration to the CO-peak intensity. The stronger 
peak F energy dependence than that for C–E peaks at h� < 70 eV (Fig. 2) leads to the 
overestimation of the O 2p PWSs at OFF(-) and underestimation at OFF(+) points, relatively to 
the ON-resonance condition. 

It was shown that EDCs calibration by means of the contamination peak is insufficient to 
eliminate O 2p CS h�-dependence. A method was proposed to extract Ru 4d PSW without 
any additional assumptions about the Ru 4d and O 2p cross-section CSs ratio at Cooper 
minimum (CM) and their energy dependence.  
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Life time of oxygen gas cylinders [1] and its prediction is related to materials property changes 
during application. In Ukraine the expected life time of about 40 years was almost overtaken with 
risk of an accident [2]. Therefore, one is interested to define a method for a life time extension. 
Connection of microstructure including crystallographic texture with coercive force could be a 
suitable option.  Previous projects were concentrated on mechanical and texture characteristics of 
steel sheets (0.3 % C – 1 % Cr – 1 % Mn – 1 % Si) used for gas cylinder production. The steel 
sheet texture for gas cylinder production is of great importance as well as changing of texture and 
stress distribution during application. 
 
In the present study an oxygen gas cylinder was destroyed by controlled explosion. Figure 1 shows 
the failure of an oxygen gas cylinder. As marked, four samples were taken at different parts of the 
failure. Wall thickness was 22mm. In this first test we were interested in the texture variation over 
the wall thickness and in the texture variation between the four samples. For each of the four 
positions the crystallographic texture was measured at the outer surface of the gas cylinder, at the 
inner surface of the cylinder and in the centre part. Beam cross section was about 300µm x 500µm. 
Energy at the HEMs side station was 88 keV, calibrated by a standard sample, which needs a data 
correction for constant gage volume and anisotropic absorption during pole figure calculation.  
 
    

he pole figure measurement consists of 37 single measurements using a Mar345 image plate 

igure 1: Destroyed oxygen gas cylinder with a huge failure and four positions for taking samples 
 
 F
 
 
T
detector and continuous data collection over 5° in sample rotation. Data extraction was done by 
STECA (StressTextureCalculator [3] followed by a calculation of the orientation distribution 
function (ODF) using the harmoning method after Bunge [4]. The ODF section φ2=45° of sample 
1 at central position is shown in figure 2. To explain the existing texture an ODF section with 
some ideal texture components and two orientation fibres is also presented in figure 2. 
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Sample 1 central position ODF-section φ2=45° 

 
 

 

ne can see that the texture is dominated by the ideal orientation {001}<110>, the α-fibre and the 

 
 
 
O
γ-fibre. As one example the α-fibre distribution can be used to describe the texture variations, we 
are intersted in. Figure 3 shows on one hand the texture variation over the wall thickness for 
sample 2 and on the other hand the texture variation at the inner surface. In both cases one can see 
clearly an existing texture variation, sometimes only in texture sharpness but in some cases also in 
the importance of texture components.    
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Figure 2: Local texture of sample 1 at central position (left);  

Figure 3: Texture variation over the wall thickness of 22mm at sample position 2 (left);  

                some ideal texture components of bcc metals (right) 

                 texture variation inside the gas cylinder at different sample positions (right)  

[4] H.J. Bunge: Texture Analysis in Materials Science-Mathematical Me
Göttingen 1993.  
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LaFe1-xNixO3-δ perovskites are of interest to a wide variety of applications including an electrodes 
and current collectors in Solid Oxide Fuel Cells (SOFCs) operative at intermediate temperatures. In 
present report we describe results of high temperature structural investigation of LaFe1-xNixO3-δ 
with x=0, 0.1, 0.2, 0.3 0.4, 0.5, 0.6. In situ powder diffraction experiments were performed in the 
temperature range of 298–1173 K at the synchrotron facility HASYLAB@DESY (beamline B2 
[1]). Diffraction data were collected in the Debye-Scherrer capillary geometry using the on-site 
readable image plate detector [2]. 

Dependencies of cell parameters of LaFe1-xNixO3-δ vs. composition x is shown in figure 1: cell 
dimensions of orthorhombic and rhombohedral polymorphs are normalized as ap=a/20.5, bp=b/20.5, 
cp=c/2, Vp=V/4 and ap=a/20.5, cp=c/120.5, Vp=V/6, respectively. The Pbmn–R-3c phase boundary lies 
at x around 0.5, which is in general agreement with previous literature investigations.  
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Figure 1: LEFT: Dependency of normalized cell parameters of LaFe1-xNixO3-δ vs. composition x. Squares – 
ap, circles – bp, triangles – cp and diamonds – Vp. Empty smaller symbols – our data, filled smaller black 
symbols – reference [3], filled grey symbols –references [4,5], larger black filled symbols –reference [6], 
larger empty symbols – reference [7]. RIGHT: Temperature dependency of the parts of diffraction patterns 
of LaFe0.4Ni0.6O3-δ demonstrating existence of rhombohedral distortion of lattice up to 1173 K 
(λ=0.65125 Å). 

No transitions in the temperature range of 298-1173 K were detected for orthorhombic GdFeO3-
structured LaFeO3-δ, LaFe0.9Ni0.1O3-δ and rhombohedral NdAlO3–structured LaFe0.4Ni0.6O3-δ, 
whereas samples with x = 0.2, 0.3, 0.4 and 0.5 undergo Pbnm↔R-3c transformation (see figure 2). 
One additional check-diffraction pattern was taken at room temperature after the heat treatment of 
the samples: the samples return always to their initial state, which is the proof for transition 
reversibility and stability of the samples in the range of 298 –1173 K. All observed transitions are 
abrupt with a large volume changes and occur through two phase Pbnm–R-3c regions, which is an 
evidence for a 1st order transitions.  

We have also to mention several contradictions with a literature results on investigation of 
LaFe1-xNixO3-δ system. By the contrast to the Konysheva’s data [6], we do not detected a transition 
from rhombohedral R-3c to cubic Pm-3m phase in LaFe0.4Ni0.6O3–δ (see right part of figure 1 and 
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figures 2 and 8 in [6]). Furthermore, our results yield that upper boundary of Pbmn+R-3c region in 
the sample with x=0.5 lies somewhat higher than inferred from results of reference [7] (481 K vs. 
375 K).  

Finally, complementary to recently investigated electrochemical properties of LaFe1-xNixO3 series 
[8, 9], our structural investigation revealed thermal stability of the samples in the air up to 1173K 
and large volume changes through the phase transitions, which have to be accounted at design of 
LaFe1-xNixO3–based electrodes for SOFC’s. 
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Figure 2: Temperature dependencies of lattice parameters in LaFe1-xNixO3-δ. 
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The widespread use of inorganic scintillators for applications in science and society is the driving force 
behind the search for new high performance compounds. The most important requirement imposed on new 
scintillators is a high energy resolution for gamma ray detection. There are two key factors that determine 
the energy resolution, i.e., Poisson statistics in the number of detected photons and the nonproportionality of 
the light yield of scintillators with gamma-ray energy. Nonproportionality means that the total light output of 
a scintillator is not precisely proportional to the energy of the absorbed gamma-ray photon. This has a 
deteriorating effect on energy resolution. For example, based on Poisson statistics alone LaBr3:Ce, should 
display an energy resolution of 2.1% when 662 keV gamma-ray photons are detected with a standard type 
PMT. However in reality it is about 2.8%. Because the light yield and the PMT performance is already close 
to optimal we need to reduce nonproportionality in order to improve the energy resolution. 

Nonproportionality is due to electron-hole recombination losses during the scintillation process. It is 
currently believed that those losses occur inside parts of the ionization track where the ionization density is 
high. That density increases when the gamma-ray energy decreases. The scintillation yield per energy unit in 
LaBr3:Ce scintillator at 10 keV energy is for example 15% smaller than at 662 keV (Fig.1) [1]. The origin of 
this decrease in efficiency, i.e., the true cause of electron-hole recombination losses, and the related 
deterioration in energy resolution is not known. It is a mystery to the scintillation community why some 
scintillators reveal poor proportionality while others appear reasonably good [2]. To elucidate the true origin 
of nonproportionality, we have continued our study of nonproportionality of inorganic scintillators. The 
nonproportional photon response of more than 20 different scintillators was measured using highly 
monochromatic synchrotron irradiation. 

 

Figure 1: Photon nonproportional response of LaBr3:Ce as a function of deposited energy. Black solid 
circles, photopeak-nPR; blue open squares, Kα escape-nPR; red open circles, Kβ escape-nPR .The solid curve 

shows the calculated X-ray attenuation length for LaBr3. 

To estimate the photon response, pulse height spectra at many finely spaced energy values between 9 keV 
and 100 keV were measured. The experiment was carried out at the X-1 beamline at the Hamburger 
Synhrotronstrahlungslabor (HASYLAB) synchrotron radiation facility in Hamburg, Germany. Special 
attention was paid to the X-ray fluorescence escape peaks [1-3] as they provide us with additional 
information about photon response in the range 1.0 – 10.0 keV. A rapid variation of the photon response 
curve is observed near the K- electron binding energy for all scintillators. A dense sampling of data is 
performed around this energy and this is used to apply a method, which we call K-dip spectroscopy [2]. This 
method allows us to derive the electron response curves down to energies as low as 0.1 keV. 
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Figure 2: Black solid circles, electron nonproportional response of LaBr3:Ce as a function of K-
photoelectron energy obtained from K-dip spectroscopy. Red open squares, electron-nPR obtained with 

Compton Coincidence Technique. 

In principle, scintillation light yield nonproportionality can be characterized as a function of either photon or 
electron energy. The scintillation response as a function of X-ray and gamma photon energy, is in general 
easy to measure and is an indication of scintillator quality (Fig.1). However, the scintillation nonproportional 
response as function of electron energy, is more fundamental (Fig.2). For a better understanding of the true 
cause of nPR, measurements of both the photon and the electron response of the scintillator in question are 
needed. The most dramatic changes in the nPR occur in the 0.1 keV-10 keV energy range, where the 
ionization density along the track is higher than at energies of say 100 keV to 1 MeV. To study the 
nonproportional response in the 0.1 keV – 10 keV range we applied escape peak analysis and K-dip 
spectroscopy [1-3]. 

The K-dip spectroscopy method can be briefly described as follows. An X-ray that photoelectrically 
interacts with the lanthanum K-shell leads to the creation of a K-shell photoelectron plus several Auger 
electrons. The response of a scintillator is then equivalent to the sum of two main interaction products: 1) the 
K-shell photo electron response plus 2) the response from the electrons emitted due to the sequence of 
processes following relaxation of the hole in the K-shell, the so-called K-cascade response. Our strategy is to 
employ X-ray energies just above EK. The K-cascade response is assumed independent from the original X-
ray energy. This response is found by tuning the X-ray energy to just above EK. By subtracting the K-
cascade response from the total X-ray response we are left with the response in photoelectrons from the K-
shell photoelectron alone with energy EX - EK. The K-electron-nPR curve is then obtained from the number 
of photoelectrons/MeV at the energy of the K-photoelectron divided by the number photoelectrons/MeV 
measured at 662 keV. 
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The hexagonal α-phase in Ti with c/a ratio of 1.587 can be deformed by slipping and twinning. 
Slip has been observed on all three sets of slip planes commonly observed in hexagonal metals, i.e. 
basal planes {00.1}, prismatic planes {10.0} and pyramidal planes {10.1}. {10.2}, {11.1} and 
{11.3} twins are activated during deformation in tension resulting in an extension along the c-axis. 
In contrast, under compression loading parallel to the c-axis, {11.2}, {11.4} and {10.1} twins are 
activated but {10.1} twins were observed only at relatively high deformation temperatures above 
400°C [1]. In Ti-2.5Cu, {11.2} twins are suppressed by adding the alloying element Cu. This is 
due to the finely dispersed second phase (Ti2Cu) [2].  However, the role of Cu to change the 
activation mode in Ti-2.5Cu during tension is still less understood.  The present study aimed for 
the investigation on texture variation during uniaxial tension at ambient temperature by using 
synchrotron radiation.  
 
A universal testing machine (UTM) [3], by which specimen can be loaded up to 20 kN, was 
installed at Hasylabat DESY. The loading axis was parallel to the rolling direction. The beam line 
with the UTM set-up is schematically shown in Fig. 1. Monochromatic incident beam has a size of 
1 x 1 mm2 and a wavelength of 0.123 Å. The diffracted beam, Debye–Scherrer cone, was 
registered on the area detector that was located perpendicular to the beam. The distance between 
the specimen and the area detector was 1150 mm. The stress–strain curve from the in situ 
measurement is illustrated in Fig. 2. The Debye–Scherrer images (47 images) were collected 
during in situ tensile loading.  
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Figure 1: Schematic view of the beam line set-
up with universal testing machine (UTM) 

Figure 2: Engineering stress–strain curve of Ti-
2.5Cu (SHT). 

The shaded circles in Fig. 2 indicate some examples of the cake taken parallel and perpendicular to 
the loading direction. The intensity distributions of six reflections of hexagonal alpha-Ti were 
determind during in situ tensile loading at different elastic and plastic strains as illustrated in Fig. 
3. It is clearly shown that the scattered intensities are more pronounced in the elastic zone rather 
than in the plastic zone. This could be explained by the coarse grains influence. The cake taken 
parllel to the loading direction (Fig. 3a) indicate that the intensity of (10.1) plane is the strongest, 
while the weakest intensities of the planes (10.3) and (10.2) was observed. Furthermore, the    
intensity of basal plane decreses with increasing the plastic strain, while the intensity of prismatic 
(10.0) and pyramidal (10.1) planes increases up to strain of 11% (point 14).  
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 (a) Parallel to loading direction              (b) Perpenicular to loading direction 
 

Figure 3: Intensity distributions of six reflections of hexagonal alpha-Ti when the cake 
taken parallel (a) and perpendicular (b) to the loading direction. 

 
 
In the case of the cake taken perpendicular to the loading direction, it was ovserved that the 
intensity of the basal plane is the strongest, while the intensities of prismatic and (11.0) planes are 
the weakest. The increase of plastic strain results in a slight increase of the intensity of prismatic 
plane as well as a slight decrease of the intensities of pyramidal planes (10.1) & (10.2). 
 
The orientation distribution function (ODF) on the initial (point 1 in Fig. 2) and the broken (point 
15 in Fig. 2) tensile specimens are illustrated in Fig 4a and Fig. 4b, respectively. Obviously, the 
initial texture was changed from {00.1} <11.0> component  to stronger {00.1} <10.0> component 
(indicated by shaded squares in Fig 4). Furthermore, it was observed that relatively weaker 
  
 
 
 
 
 
 
 
 
 
 
 
 

2

5

2

55

φ2 = 0° φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

φ1

Φ

2

5

2

55

2

5

2

55

φ2 = 0° φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

φ1

Φ

φ1

2

2

5

5

φ2 = 0°

2

2

5

2

2

5

2

5
5

2 2

5
5 2

2

5

5

φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

Φ

φ1

2

2

5

5

φ2 = 0°

2

2

5

2

2

5

2

5
5

2 2

5
5 2

2

5

5

φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

Φ
2

2

5

5

φ2 = 0°

2

2

5

2

2

5

2

5
5

2 2

5
5 2

2

5

5

φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

2

2

5

5

φ2 = 0°

2

2

5

2

2

5

2

5
5

2 2

5
5 2

2

5

5

φ2 = 10° φ2 = 20°

φ2 = 30° φ2 = 50° φ2 = 60°

Φ
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{11.0} <10.0> component was activated (indicated by opened circles Fig 4b). The activation of 
{11.0} <10.0> component is caused by little increase of {11.2} twins due to a greater reduction 
(46 %) along the c-axis. Therefore, suppression of {11.2} twins by the second phase Ti2Cu was 
overcome by higher reduction. 

Figure 4: ODF sections on the initial (a) and broken (b) tensile specimen measured by X-
ray synchrotron radiation. 
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Introduction 

Compared to normal low temperature PEM and DMFC fuel cells with a working temperature 

of 90°C, it is predicted that high temperature PEM fuel cells (HT-PEMFCs) offer some 

benefits. At a working temperature of about 180°C the kinetics of electrochemical processes 

are enhanced, water management and cooling is simplified and lower quality reformed 

hydrogen may be used as the fuel. Apart from these advantages of high temperature operation 

there are still some challenges of operating HT-PEMFCs. For example, at higher temperatures 

also the degradation of the engineering materials and the gas diffusion electrode is increased 

[1]. Especially for the behaviour of carbon supported platinum nanoparticles, which were 

used in fuel cell electrodes, XAS is one of the few methods which can be used during 

operation. By analysing the EXAFS spectra, important information about the particle 

geometry and oxidation level can be obtained.  

Another difference between low and high temperature PEMFCs is the used membrane. At 

temperatures above 100°C the established Nafion
®

 membrane does not work and instead 

phosphoric acid (H3PO4) imbibed polymer electrolyte membranes ensure the proton 

conductivity. But not only the harsher conditions of the acid environment are problematic for 

the fuel cell materials, it is also discussed if the phosphoric acid and its derivatives effectively 

adsorb at the platinum surface and thus hinder the electrocatalytic reaction. To prove this, the 

delta µ XANES technique is chosen. By this technique, the difference between a reference 

without adsorbate coverage and the actual spectrum is taken. It has been shown previously 

that the signature is characteristic for adsorbates such as CO, OH, O, and H [2]. And it is 

assumed that H3PO4 also has such a characteristic signal. 

Experimental 

Before testing high temperature membrane electrode assemblies (MEAs) at a XAS beamline, 

a new cell, which resists the higher temperature and the presence of phosphoric acid, was 

designed. For the flow fields, which are in immediate contact with the MEA, chemically 

stable graphite was used. These were mechanically stabilised by alumina plates holding the 

heating elements. The endplates, which were also used to fix the whole cell to the Teflon
®

 

base, were made of a high temperature resisting composite material. For measuring XAS in 

transmission mode, stepped slits (smallest 13 x 3mm) were drilled in all parts of the fuel cell 

and covered with Kapton
®
 foil. To ensure gas leak tightness at 180°C, high temperature 

resisting silicon was used as glue to fix the foil. An drawing of the cell is shown in Fig. 1. 

The first measurements with the HT-PEM assembly took place at the beamline X1. X-ray 

absorption spectra of the Pt L3 edge were recorded ex-situ and in-situ on the anode side during 
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fuel cell operation. The cell was operated at different temperatures up to 180°C with hydrogen 

on the anode and synthetic air on the cathode side. To distinguish the information from the 

two electrodes with their different environments, each sample has in the beam window region 

only the catalyst at one side of the membrane. Simultaneously with the sample a Pt metal foil 

was measured and later used as reference for energy calibration and data alignment. The data 

were analysed using Athena and Artemis [3]. 

Results 

Preliminary measurements were carried out to see, if transmission spectra without any 

artefacts from the higher temperature, the silicon glue and the different environment were 

feasible. In Fig. 2 the XANES region of the first results is shown and no unusual behaviour 

could be observed. 

 

 

 
Figure 1: HT-PEM fuel cell (yellow: MEA, 

black: graphite flow field, gold: alumina 

plates, green: composite material, white: 

Teflon
®

) 

 Figure 2: XANES region of the Pt L3 edge at 

different temperatures and working 

conditions. 

 

Analysing the EXAFS (Tab. 1) for the Pt L3 edge shows, that with increasing sample 

temperature the Debye-Waller factor is also increasing. Due to the fact that the observed 

catalyst was used on the anode side of the fuel cell, the increase in the number of nearest Pt 

neighbours can be attributed to the reduction of the Pt nanoparticles, when hydrogen is 

present. A particle growth dependent change in N could be excluded because of the small 

time scale between the measurements.  

Table 1: EXAFS results of HT-PEMFC anode catalyst at different temperatures. 

 N Pt-Pt R Pt-Pt [Å] E0 σ
2
 

70°C Ex-situ 7,2 2,74 7,8 0,0050 

120°C OCV 7,7 2,75 7,2 0,0058 

180°C OCV 8,3 2,76 7,9 0,0061 
 

Acknowledgment 

The kind support of A. Webb and M. Herrmann at X1 is gratefully acknowledged. 

References 

[1] J. Zhang, Z. Xie, J. Zhang, Y. Tang, C. Song, T. Navessin, Z. Shi, D. Song, H. Wang, D. 

Wilkinson. Z. Liu, S. Holdcroft, J. Power Sources 160 (2006), 872. 

[2] M. Teliska, W. E. O'Grady, D. E. Ramaker, J. Phys. Chem. B 108 (2004), 2333. 

[3] B. Ravel, M. Newville, J. Synchrotron Rad. 12:4 (2005), 537. 

-130-



Cyclic fibre texture in a hot extruded Ni-Mn-Ga 
alloy  

R. Chulist 1, W. Skrotzki 1, C.-G. Oertel 1, A. Böhm 2 and T. Lippmann 3  
1 Institut für Strukturphysik, Technische Universität Dresden, D-01062 Dresden, Germany 

2 Fraunhofer-Institut für Werkzeugmaschinen und Umformtechnik, D-01157 Dresden, 
Germany 

3 Institut für Werkstoffforschung, GKSS Forschungszentrum Geesthacht, D-21502 
Geesthacht, Germany 

 
The texture of polycrystalline Ni-Mn-Ga alloys has been studied during the last years because 
some of these alloys exhibit a large magnetic field induced strain (MFIS) [1,2]. The shape 
change during MFIS is caused by structure reorientation via twin boundary motion. Until 
now, MFIS has been mostly reported for Ni-Mn-Ga single crystals the growth of which is 
comparatively expensive and time consuming. Therefore, to also achieve pronounced MFIS in 
polycrystals, fabrication processes are needed to produce specific strong textures. So far, 
Chulist et al. [3,4] have reported the texture of Ni-Mn-Ga alloys subjected to directional 
solidification, hot rolling and high pressure torsion. Another sophisticated process to achieve 
crystallographic preferred orientations in polycrystalline aggregates reported here is hot 
extrusion (HE). More details about HE are given in [5]. 

A master alloy ingot of composition Ni50Mn29Ga21 was produced by induction melting in 
Ar atmosphere followed by casting into a cold copper mould. To decrease friction during 
extrusion, the cylindrical ingot (100 mm length, 50 mm diameter) was canned in stainless 
steel. Direct extrusion was done at 1273K with an extrusion ratio of 4/1. From the extruded 
rod at half length five samples as shown in Fig. 1 were cut for texture analyses. The texture 
measurements were done with high energy synchrotron radiation (HESR; 100 keV) [6] at 
DESY beam line W2 in Hamburg, Germany. The high penetration depth of HESR opens the 
possibility to investigate representative large sample volumes (3 mm × 3 mm × 0.5 mm). The 
orientation distribution function (ODF) was calculated from the measured pole figures 
({400}, {220} and {224}) using LABOTEX software [7]. Subsequently, {111} pole figures 
were recalculated. 

 
Figure 1: Areas in the cross-section of the hot extruded sample measured with HESR 
(dimensions are given in mm, RD = radial direction, ED = extrusion direction) 
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Typically, the deformation texture of B2 intermetallics extruded through a round die is 
axisymmetric and consists of a fibre texture [8]. However, large BSE images of the 
microstructure taken in the centre of the rod in the plane perpendicular to the extrusion 
direction (ED) as well as along ED show preferred alignment of the twin boundaries with 
their trace either parallel or perpendicular to the radial direction (RD) and parallel ED, 
respectively, indicating that there exists a cyclic component. Therefore, as demonstrated in 
Fig. 1, five different samples were cut for local HESR. These measurements reveal that the 
texture of the hot extruded sample is quite complex. It is composed of components related to 
RD rotating around ED. The {111} pole figures from positions 1 and 2 are almost identical. 
Moreover, they resemble those from positions 4 and 5 rotated by 90° around ED (Fig. 2) 
showing the cyclic nature of the texture. This clearly demonstrates that the texture of the hot 
extruded Ni50Mn29Ga21 is composed of cyclic components related to RD rotated about ED 
which as a whole creates a fibre texture. Thus, the off-central regions do not have rotational 
symmetry typical for fibre textures. Only the central part of the extruded rod (position 3) is 
characterized by a more or less incomplete fibre texture. 

 
Figure 2: {111} pole figures of the tetragonal 5M phase in the hot extruded sample taken in 
the five positions marked in Fig. 1 
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Using in situ high-pressure x-ray diffraction (XRD), we observed a pressure-induced polyamorphic 

transition from the low-density amorphous (LDA) state to the high-density amorphous (HDA) state 

in Ce75Al23Si2 metallic glass at about 2 GPa and 300 K. The thermal stabilities of both LDA and 

HDA metallic glasses were further investigated using in situ high-temperature and high-pressure 

XRD, which revealed different pressure dependences of the onset crystallization temperature (Tx) 

between them with a turning point at about 2 GPa. Compared with Ce75Al25 metallic glass, minor Si 

doping shifts the onset polyamorphic transition pressure from 1.5 to 2 GPa and obviously stabilizes 

both LDA and HDA metallic glasses with higher Tx and changes their slopes dTx /dP. The results 

obtained in this work reveal another polyamorphous metallic glass system by minor alloying (e.g. 

Si), which could modify the transition pressure and also properties of LDA and HDA metallic 

glasses. The minor alloying effect reported here is valuable for the development of more 

polyamorphous metallic glasses, even multicomponent bulk metallic glasses with modified 

properties, which will trigger more investigations in this field and improve our understanding of 

polyamorphism and metallic glasses. 
 

References 
 

[1] Q.S. Zeng, Y.Z. Fang, H.B. Lou, Y. Gong, X.D. Wang, K. Yang, A.G. Li, S. Yan, C. Lathe, F.M. 

Wu, X.H. Yu, J.Z. Jiang, J. Phys.: Condens. Matter. 22 (2010) 375404. 

-133-



Structures at Glassy, Supercooled Liquid, and Liquid 

States in La-Based Bulk Metallic Glasses 

Q.K. JIANG, Z.Y. CHANG, X.D. WANG, and J.Z. JIANG 

International Center for New-Structured Materials (ICNSM) and Laboratory of New-Structured Materials, Department of 

Materials Science and Engineering, Zhejiang University, Hangzhou 310027, P.R. China 

 

Local atomic structures at glassy, supercooled liquid, and liquid states for La-based bulk metallic 

glasses (BMGs) have been investigated by in-situ high-temperature X-ray diffraction. It is found 

that the coordination number of about 15.1 ± 0.1 for the La62Al14Cu11.7Ag2.3Ni5Co5 alloy does not 

depend on temperature up to liquid temperature, while it decreases slightly with temperature for the 

La62Al14Cu24 and La62Al14Cu20Ag4 alloys. The S(q) data recorded at the supercooled liquid region 

can be well described by the Debye theory. For the three alloys, the volume expansion coefficient 

and the slopes of radii variation for the first to third nearest neighboring coordination shells show 

differences at glassy-to-supercooled liquid transition, while no obvious changes were detected at 

supercooled liquid-to-liquid transition for them. The linear expansion coefficient value (β = 1.6 ± 

0.1 × 10
–5

 K
–1

) below the glass transition temperature deduced from S(q) data is consistent with that 

detected by the dilatometer(β= 1.25 × 10
–5

 K
–1

) for the La62Al14Cu11.7Ag2.3Ni5Co5 BMG. 
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The paper presents the results of a study of the electronic excitation dynamics, fast luminescence
and energy transport in the undoped K2Al2B2O7 (KABO) single crystals. Recent developments in
medical, lithographic, spectroscopic, and optical storage applications require all-solid-state laser
sources in the ultraviolet (UV) spectrum, especially at the wavelength of 266 and 193 nm. The
KABO, a newly developed nonlinear optical borate crystal, is considered to be one of the best
candidates for this purpose due to its wide range of optical transparency down to 180 nm and very
suitable structural characteristics for UV harmonic generation [1, 2].
The present study was carried out by the means of the low-temperature luminescence VUV spec-
troscopy with the time-resolution. Time-resolved and steady-state photoluminescence (PL) spectra
in the energy range from 1.2 eV to 6.2 eV, PL excitation spectra and reflectivity in the broad energy
range from 3.7 eV to 21 eV, and the decay kinetics of PL were measured at 8 K for these crys-
tals at the SUPERLUMI experimental station of HASYLAB using synchrotron radiation (SR). The
time-resolved spectra were recorded within a time window (length Δt) correlated with the arrival
of SR pulses (delayed δt). In the present experiments the delay and length were δt1 = 0.5 ns,
Δt1 = 2.3 ns for the first window (fast component), and δt2 = 14 ns, Δt2 = 58 ns for the second
window (slow components). The 0.3 m ARC Spectra Pro-300i monochromator and either R6358P
(Hamamatsu) photomultiplier, or CCD camera were used as a registration system. The PL excita-
tion spectra were corrected. All the examined single crystals were grown at the Institute of Geology
and Mineralogy of SB RAS (Novosibirsk, Russia).

Figure 1: The PL emission spectra of KABO at 8 K under selective photoexcitation at Eex

Figure 1 shows the luminescence spectra of KABO at 8 K under selective photoexcitation with
Eex=6.78 and 4.28 eV. The PL emission spectra consists of three elementary Gauss-shape bands
at 2.15 (I), 2.50 (II) and 2.75 eV (III). The band II can be excited only in the fundamental optical
absorption band of KABO, and tentatively it can be assigned to the intrinsic emission of KABO.
In contrast to that the bands I and III can be excited at the photon energies from the optical trans-
parency band of KABO, and they should be assigned to photoluminescence of defects. There was
revealed an additional PL band at 1.46 eV, which is more pronounced on recording with CCD
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Figure 2: The PL emission spectra recorded with CCD camera for KABO at 8 K (left). The 2.3 eV PL decay
kinetics of KABO at 8 K and Eex=6.8 (1) and 4.1 eV (2) (right)

Figure 3: The PL excitation (1,2) and reflection (3) spectra of KABO at 8 K measured for the time-integrated
(1) and fast (2) components

camera, Fig. 2. Figure 2 shows also a time-response of the 2.3 eV PL under selective photoex-
citation at two different energies. In doing so, the slow PL decay kinetics with a time-constant
from the micro- and millisecond time-range, represented at our measurements as a pedestal, oc-
curs under photoexcitation at 6.8 eV. In contrary to that, an excitation at 4.1 eV leads to the fast
two-exponential decay kinetics with the time-constants of 1.8 and 6.5 ns and the ratio of their in-
tensities of 100:30. This luminescence can be excited in the whole range of the investigated host
absorption (Fig. 3), starting from the edge at 6.6 eV where the exiting radiation penetrates as deep
as 0.5 mm into the crystal. Similar broad-band intrinsic emissions in other alkali metal borates
LiB3O5, Li2B4O7 at 3.6–3.8 eV have been attributed to the radiative annihilation of self-trapped
exciton, which arose from the self-trapping of molecular exciton in these crystals. Analogously,
we assign tentatively the 2.5 eV emission in the KABO to the radiative annihilation of self-trapped
exciton resulting from the self-trapping of molecular type exciton created by 6.88 eV photons. An
origin of the 2.15 and 2.75 eV emission band is not yet understood, but it was revealed also in the
KABO phosphorescence spectrum at 8 K, indicating that it is due to the electron recombination.
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The first experiment at the side station of the HEMS beamline (P07B) operated by the HZG started 
on 9th May 2010. The monochromator delivered an X-ray energy of 53.6 keV. A beam cross-
section of 1 mm × 1 mm was used, giving good grain statistics. The sample was mounted on a 
combination of linear tables for shifting it in two directions. A Mar345 image plate was used for 
recording complete diffraction rings.  

The sample was a laser beam welded overlap joint made of DC04 steel used in the automotive 
industry, kindly supplied by S. Daneshpour from the Institute of Materials Research of HZG. The 
overlap joint was produced with a pretzel-like weld line, hiding the weld endpoints in the interior of 
the weld region (Fig. 1) [1]. This weld shape can improve the fatigue properties of such laser beam 
welded joints. The welding process had been simulated using a finite element model and the 
predictions of the simulation should be compared with the measured stress field. In this experiment, 
a map with 310 points was measured, covering an area of 30 mm × 40 mm, which is most of the 
overlap region. The total sample thickness in the overlap region was 4 mm and an exposure time of 
1 s was sufficient to collect enough intensity.  

Four sectors of the diffraction rings were extracted using the program FIT2D [2]. Transverse strains 
were obtained as a mean value from sectors along 0° and 180°, longitudinal strains from sectors 
along 90° and 270°. The width of the sectors was 20°. The α-Fe (211) peak was fitted with a 
Gaussian peak function. The stress-free lattice parameter was determined by calibration of the 
stresses with earlier neutron diffraction results. An elastic modulus of 225 GPa and a Poisson 
number of 0.28 were used for calculating stresses from strains. The resulting stress map shows 
tensile stresses in the weld, balanced by compressive stresses near the sample edges (Fig. 2).  
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Figure 1: Photograph of the laser beam welded 

overlap joint of 2 mm thick steel sheets. 
Figure 2: Residual stresses in longitudinal direction 

within the overlap region shown in Fig. 1. There are 31 
points in z and 10 points in y.  
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Rare earth oxides (REO) have been studied intensively in the past decades and are of continued
interest for industrial applications and scientific research. Besides their interesting electro optical
[1] and microelectronic properties [2], REOs are candidatesin several fields of catalysis e.g. in ox-
idative dehydrogenation [3], oxidative coupling [4], methane conversion [5] and three way catalysis
[6]. The catalytic activity is manly influenced by the high oxygen mobility and storage capability
of REOs.
In this work thin CeO2(111) films deposited on hex-Pr2O3(0001)/Si(111) via molecular beam epi-
taxy (MBE) were investigated to support future model catalysis studies. Based on the valence
states Pr3+/Pr4+ praseodymium oxides have the highest oxygen mobility and storage capability.
The Pr3+ state is in many reactions the preferred state. The neighboring rare earth element cerium,
however, behaves complementary and prefers the Cr4+ valence state in the oxide form. By combin-
ing praseodymium and cerium oxides it is possible to create catalysts with tailored reactivity and
selectivity.
4′′ boron-doped Si(111) substrate wafers (ρ = 5-15Ω /cm) were cleaned using a standard wet etch-
ing process with hydrofluoric acid (HF) and an ammonia fluoride (NH4) buffer, as explained in
detail in [7]. After the cleaning procedure, the substrateswere loaded into a UHV chamber with
base pressure of3 · 10−10 mbar. Annealing the substrate at 750◦C for 5 min leads to a (7 x 7)-Si
surface reconstruction. The hex-Pr2O3(0001) and the CeO2(111) films were grown via MBE using
an electron beam evaporator and 625◦C substrate temperature. The pressure in the UHV chamber
raised up to1 · 10−6 mbar during deposition.
After sample preparation ex situ gracing incidence x-ray diffraction (GIXRD) and x-ray reflectiv-
ity (XRR) measurements were performed at beamline W1 at HASYLAB.The structural properties
were investigated by high resolution GIXRD and XRR measurements using synchrotron radiation
(E=10.5 keV). We performed crystal truncation rod (CTR) scansalong the [10L]s (fig. 1) and the
[01L]s (fig. 2) direction regarding Si(111) surface coordinates.
The main result is that twin free CeO2(111) films with exclusive type-B orientation (111)-planes
rotated by 180◦ are grown on hex-Pr2O3(0001)/Si(111) support systems. Type-A orientation is
defined by the BACBAC-staking of the (111)-planes of Si. Due to the ACACAC-staking of the
hex-Pr2O3(0001) film the staking information of the substrate should get lost, but as a surprising
result the CeO2 film is exclusive type-B oriented. In the [01L]s -CTR no peak appears at the posi-
tion expected for type-A oriented CeO2. The explanation for this behavior is discussed in [8], where
further experimental methods are used (e.g. TEM, RHEED) and ab initio calculations were per-
formed, wich showed that the stacking information is imprinted by the formation of PrO2 interface
layer.
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Figure 1: [10L]s -CTR of CeO2(111)/hex-Pr2O3(0001)/Si(111).
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The atomic structure of Zr70Ni30-xPdx (x = 0–30) amorphous alloys (AAs) was systematically 

investigated via synchrotron radiation-based experiments and simulations. A relatively short Zr–Pd 

bond was detected in Zr70Pd30, which is attributed to the strong interaction between Zr and Pd 

“soft” atoms. This phenomenon was further explained by performing electronic interaction 

calculations upon some Voronoi clusters in the ZrPd sample and clusters extracted from the 

corresponding crystal phases. We suggest that soft atoms may have a significant impact on the 

internal structure in some metal–metal AAs. 
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Heusler alloys are intermetallic compounds, which are ferromagnetic although each element can
be non-ferromagnetic. In1903 Friedrich Heusler studied the first material of this class: Cu2MnAl
[1]. These materials are interesting candidates for spintronic applications, since some of them like
Co2MnSi are predicted to have 100% spin polarization at the Fermi level [2]. Thus, the total mag-
netic moment is relatively large, e.g. the total magnetic moment of completely ordered Co2MnSi
(L21 structure) amounts to5 µB [3, 4]. The disorder of the compounds, however, has a strong influ-
ence on the magnetic properties, since in a more disordered material this moment is reduced [5, 6].
So, information about struture and order is needed, when these materials are investigated.

We studied the structure of a thin Co2MnSi film using X-Ray Reflection (XRR) and X-Ray Diffrac-
tion (XRD) at HASYLAB beamline W1 with a photon energies of10500 eV and a mythen line
detector. The film was prepared by plasma-assisted magnetron sputtering under UHV conditions
and post deposition annealed at a temperature of500◦C. Before the Co2MnSi film preparation a
Cr buffer layer was placed on the MgO(001) substrate. An Al2O3 capping layer was assembled
afterwards to avoid oxidation of the Heusler film under ambient conditions. This structure is part
of a sample set annealed at different temperatures (350 − 500◦C). The influence of the annealing
temperature on the atomic order and therefore on the magnetic properties for this Heusler set was
studied by Gaier et al. [7].

In Fig. 1 the intensity of the reflected X-ray beam is plotted against the magnitude of the re-
ciprocal scattering vector|~q| = q = 4π

λ
sin(ϑ) varying the angle of incidenceϑ with respect

to the surface of the sample. The data is fitted using the Parratt algorithm [8] and modeled by
Al 2O3(1 nm)/Co2MnSi(26 nm)/Cr(37 nm)/MgO(001) as pictured in the inset of Fig. 1. On the one
hand the roughness of both Cr buffer layer interfaces amountsto 5 Å. On the other hand for the
Al 2O3 capping layer interfaces the roughness is1 Å and2 Å, respectively.

The (00L)-scan of the XRD data (Fig. 2) contains the Bragg reflections of the crystalline materials
(Co2MnSi, Cr, MgO). Since Al2O3 grows amorphous, no Al2O3 Bragg reflection can be detected.
The vertical layer distance of the Heusler film can be calculated from the Bragg reflection position
to c = 2.82 Å. The FWHM of the Co2MnSi(004) reflection∆L = (8.9 ± 0.1) · 10−3 was used to
estimate the size of vertical crystallitesD = (24 ± 3) nm using the Scherrer formula. This value is
comparable to the Heusler film thickness of26 nm obtained by XRR.

Furthermore, anomalous XRD was used to calculate the order parameters without the assumptions
made in Ref. [7]. In that article the order parameters were determined by the Bragg reflections
of pole figures assuming that some intermixing types of elements can be excluded. In our work
measurements of specular and non-specular Bragg reflectionswith a photon energy50 eV below
and above the absorption edge of Co (7710 eV) and Mn (6540 eV) were performed. The intensity
of the Bragg reflections in the 3-dimensional reciprocal space is different for the elements of each
edge, if the element occupies the positions of the measured Bragg plane. For the two other elements
nothing changes due to constant intensity in that energy range. This information will be used to
obtain the order parameters. The processing of the data is still in progress.
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Figure 1: XRR measurement (red) of the investigated Co2MnSi film using a photon energy of10500 eV. The
fitted curve (blue) is shifted for clarity. The inset shows the model used for the simulation.
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Figure 2: (00L)-scan of the XRD measurements using a photon energy of10500 eV. (a) Intensity integrated
over the region of interest (ROI) of the mythen line detector. (b) Mapping of the mythen line detector
channels for the same scan as in (a).

-142-



The memory effect induced by oxygen vacancies in 

HfO
2
 based MOS stacks 

Y.A. Matveyev, A.V. Zenkevich, Y.Y. Lebedinskii, S. Thiess
1
 and W. Drube

1
 

NRNU Moscow Engineering Physics Institute, 31, Kashirskoe chausse, 115409 Moscow, Russia 

1Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany  

The dominating technology of present non-volatile memories is based on floating gate devices.  
However, to meet the requirements for lower power consumption the development of new concepts 
is needed. In this work, the new concept of non-volatile memory based on the charge distribution 
in high-k dielectrics is proposed. The mechanism utilizes changes of the flatband voltage in a 
metal-oxide-semiconductor (MOS) stack resulting from the spatial redistribution of electrical 
charges in a dielectric upon an applied bias voltage to write/erase information. The use of a high 
work function metal electrode in contact with a transition metal oxide based high-k dielectric 
(particularly, HfO2) is shown to facilitate the formation of positively charged oxygen vacancies by 
transferring electric charge across the interface (Fig.1, a). The built up electric dipole layer drives 
the metal Fermi level up, thus decreasing its effective work function and setting the flatband 
condition. When a positive bias voltage is applied to the MOS stack, especially at elevated 
temperatures, the electric field drives charged oxygen vacancies from the upper interface to the 
bulk of the dielectric and the redistribution of electric charges ultimately determines the value of 
the flatband voltage [1] (Fig.1,b). Thereby, a memory effect is obtained when the bias voltage is 
applied to the moderately heated MOS stack containing charged oxygen vacancies at the 
metal/dielectric interface. The proposed mechanism is different from non-polar resistive switching 
effects in a dielectric which is observed upon biasing of metal-insulator-metal structures [2] since 
the latter suggests the formation of paths for the electric current which is carefully avoided in our 
experiments.   

To test the proposed memory mechanism, ALD grown HfO2(10 nm) based MOS structures were 
prepared. Al and Au, having different work functions, were used as gate electrodes to investigate 
the effect of initial band alignment (electric dipole) on the memory effect discussed above.  

To enable heating up to T=300ºC under a voltage bias, special adjustments were made to the C-V 
setup. The memory effect was monitored by shifts of the C-V curves. No effect was observed for 
Al-gated stacks as expected for a low WF metal which does not facilitate the formation of charged 
vacancies. However, the same treatment applied to Au/HfO2/p-Si structures (U= ± 2 V, T=300ºC) 
clearly results in cyclic shifts of ΔVFB ≈ 0.5 eV.  

To prove that the observed shifts in the flatband voltage are related to the redistribution of electric 
charge initially formed at the metal/dielectric interface, high resolution X-ray photoelectron 
spectroscopy was used [3]. Au(6 nm)/HfO2(10 nm)/p-Si samples with a round Au gate electrode of 
3 mm diameter, electrically split into two separated parts, were prepared (Fig.2), and only one part 
of the Au electrode was subjected to a (positive) bias during the heat treatment. The electronic 
conditions at the interfaces were analyzed utilizing the hard X-ray photoelectron spectroscopy 
(HAXPES) instrument at the DORIS III storage ring which enables to probe deep (10-20 nm) 
layers and thus provides an opportunity to directly observe changes in the charge distribution 
across the MOS stack with a continuous metal layer. The observed splitting of the Au 4f doublet 
with a separation as large as ΔE=1 eV originates from the two parts of the Au electrode (biased vs. 
unbiased) being simultaneously illuminated by the X-ray beam (Fig.2). This result unambiguously 
indicates a charge redistribution from the upper interface to the bulk of the dielectric upon biasing 
of the Au/HfO2/p-Si stack at elevated temperatures. 
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Figure 1: a) Formation of charged oxygen vacancies Vo at the Me/dielectric interface; b) schematic of 
flatband voltage changes due to charge redistribution upon biasing U at elevated temperatures T. 

 

 

Figure 2: HAXPES at E=4.5 keV probing the  bi-electrode Au/HfO2/Si stack: the observed split of Au 4f 
doublet illustrates the redistribution of electric charge in HfO2 from the upper to the lower interface upon ex 

situ biasing in combination with moderate heating. 
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The new copper and zinc complexes with benzofuran derivatives Fig. 1(a – e) were synthesized by 
an electrochemical method. The organic ligands which coordinate the metal cation through the O 
atoms (involved in different chemical groups) show a variety of pharmacological activity. The 
benzofuran derivatives with the biphenylsulfonoamidocarboxylic acid lead to potent and selective 
matrix metalloproteinase-13 inhibitors. Agents that block this enzyme offer a potential therapy that 
could alter the progression of osteoarthritis. The study of the metal binding geometry of our 
complexes could provide some additional information necessary to understand the mechanism of 
the inhibition process which is essential for design of agents containing benzofuran moiety. 
Development of efficient new inhibitors of MMP-13 is expected to prevent the progression of 
osteoarthritis, which affects about 10 million people in Europe. 

The X-ray crystal structure analysis and theoretical conformational studies have been performed for 
parent ligands. Due to the fact that obtained crystal of the complexes were not ideal, X-ray 
diffraction method could not provide full information about their structure. 

Figure 1(a – e) shows the example of five new copper complexes of benzofuran derivatives used as 
organic ligands. One of the zinc complex with benzofuran derivative is shown in Figure 1a.  
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Figure 1: The molecular structure of the benzofuran derivatives. 

Extended X-ray absorption fine structure (EXAFS), as the element specific local probe, provides 
unique information about the local neighborhood around specific element, therefore, it is the perfect 
tool for getting required information. Advantage of this technique is the possibility to study 
disordered materials. The aim of the performed experiment was to study local atomic order around 
the Cu and Zn ions in their new complexes with benzofuran derivatives in order to determine the 
distance, type and number of atoms in the first and, if possible, next coordination spheres. Cu and 
Zn K-edge spectra were measured at the Cemo station. 

From X-ray absorption near edge structure (XANES) spectra it was possible to determine chemical 
state of both metals. It was found to be 2+ for Cu as well as for Zn ions.   
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EXAFS spectra analysis allowed to obtain information about average coordination number and type 
of near neighbor atoms. In the case of complexes with Cu, four O atoms coordinate to metal cation 
in a square geometry. Example of the FT EXAFS oscillations together with the fit is presented in 
Figure 2.  

 

 

Figure 2: FT EXAFS oscillations and fitting result for Cu with ligands 1a. 

For complexes with Zn ions the coordination number was found to be 5. Figure 3 shows the 
experimental data in comparison to the fit. In both cases near neighborhood consist of oxygen 
atoms and the tetragonal-pyramidal ZnO5 environment is composed.  

 

 
 

Figure 3: FT EXAFS oscillations and fitting result for Zn with ligands 1a. 

EXAFS study provided detailed information about metal position in the novel Cu and Zn 
complexes of benzofuran derivatives. That information allowed further study on mechanism of 
metal binding in these materials [1].  
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The residual stresses are one of the most important characteristics of microstructure, especially in 
materials with functionally graded structure generated by technology or/and due to exploitation of 
defined structural elements. Each of the microstructure heterogeneity (e.g. inter-phases, “foreign” 
phase, soldering/welding areas, and cracks) can become a potential region of stress accumulation, 
which determines – to a large extent – degradation processes of the material. The degradation is 
possible especially in presence of mechanical loading and chemical active exploitation conditions. 
Progress of the degradation depends on the nature of destructive factors and on the resistance of 
material. From viewpoint of the efficiency of construction as well as the safety of its exploitation, 
the possibility of controlling the profile of decay zone spreading in material represents a base 
question. Based on developed X-ray diffraction techniques and advanced methods of stress and 
texture analysis [1, 2] and a high-energy photon beam of synchrotron facility, a new type of 
experiment on identification of space arrangement of stress-texture characteristics in advanced 
materials (ISA_ST) has been proposed.  
The first stage of the investigations, identification of a 3-D distribution of residual stresses in area 
of the laser remelting path produced on the structural steel 45H slab [3] was performed. 
Experimental set up was based on a high-energy photon beam of 88 keV at the High Energy 
Materials Science (HEMS) beamline of GKSS situated in PETRA III source. Scheme of the 
experiment (given in Fig. 1) enabled to examined relatively large sample area consist of the 
remelted (and hardened) volume of the sample, heat affected zone (HAZ) and a non-treated bulk, 
surrounded the laser-treated material. Diffraction signals in the form of Debye rings 200, 112 and 
220 for the ferritic phase generated by the photon beam (300 μm x 500 μm in vertical and 
horizontal dimension, respectively) for examined volume of the sample were registered. 

Figure 1: Scheme of experimental set up with marked examined  
area of the sample and microstructure of its cross-section 

Figure 2. Exemplar view of 
registered diffraction signals 
(Debye rings) for the ferritic phase 

 
Experimental data processed by the MAUD procedure [4] (regarding the assumed tensor of X-ray 
elastic constants c11 = 231.4 GPa, c12 = 134.7 GPa, c44 = 116.4 GPa) revealed the changes of 
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residual stresses in the welding area given in Fig. 3. Regarding the geometry relations of the 
experiment (see Fig. 1), a spatial configuration of the residual stresses field was identified as 
presented in Fig. 3.  

 
Figure 3: cross-section of the stress field identified in examined area of the sample and related 
microstructure zones  
 
Final remarks  
The obtained results of the first stage of the project have a preliminary character. Due to the applied 
experimental solution, registered diffraction profiles allow to indentify an averaged (over sample 
thickness) projection of the stress field only. The first results allow modifying the experimental set 
up in the next stage of the project.  
The presented stress picture (Fig. 3) reveals a complex nature of the strong (compressive) stress 
field in surrounding the laser-remelted area of the examined steel. Maximal values of the stresses 
(ca. -2.3 GPa) were identified at the bottom zone of the remelted area. The same it indicate 
localization of the most probable area of destruction during, e.g. mechanical loading. Moreover, 
distribution of the local maxima reflects the localization of the HAZ and its influence on 
configuration of the post-processing stress field remains in the laser-modified steel.  
More detail reporting the results discussed above will be given in publications and conference 
presentations planned by the authors. The stress mapping applied in the ISA_ST project can be use 
in prediction of exploitation behaviour of the laser- modified (and welded) structural elements of 
steel. 
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In the present decade, ZnO has been widely studied in sight of optoelectronic applications. However 
the main barrier to overcome in order to industrialize ZnO optoelectronic compounds is to engineer 
the doping properties and especially the p-doping one. In this context, the possibility for some 
features of the low-temperature excitonic luminescence to be the optical signature of the p doping is 
a major issue.  

In order to study the origin of excitonic bands in ZnO we have made a systematic study of three 
kinds of ZnO samples which are structured at different scales: a single crystal (macroscale - MC), a 
microcrystalline powder (mesoscale - Pd), and an assembly of ZnO nanoparticles (nanoscale - Nps) 
which are controlled in stoichiometry, and crystallinity and deposited in ultrahigh vacuum (UHV). 
The nanoparticles being made from the microcrystalline powder by a hyperquenching process[1], 
we expect to find embedded in them the same impurities as in the microcrystalline powder if they 
are present in the latter. This enables us to discriminate the influence of impurities from pure size 
effects, and among the latter the role of the surface states. The emission of these samples is 
compared to the one of a ZnO single crystal, which is characterized by its long-range crystalline 
order. The temperature dependence of the time-resolved luminescence of these samples was studied 
under UV-VUV excitation at SUPERLUMI (beamline I, DORIS) and was compared with data 
measured under multiphoton 800 nm) and VUV (20-50eV) excitation of 1 KHz Ti-Sapphire laser. 
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Figure 1: Left panel shows emission spectra at 10 K of (from bottom to top) a ZnO single crystal (a- green 
line), an assembly of 18 nm nanoparticles (b- black line), an assembly of nanoparticles protected by a thin 
MgO film(c- blue line), microcrystalline powder used for NPs preparation (d – red line).  Black dashed 
line shows the Gaussian contribution to the A-band. The excitation wavelength was 300 nm. The 
absence of the band at 3.31 eV in the nanoparticle sample indicates that its origin is not intrinsically linked 
to the ZnO surface.. Middle panel shows emission spectra of the same samples at 80 K. The 3.31 eV band 
becomes observable in all samples. Right panel shows emission spectra at 80 K and 100K of a ZnO single 
crystal (solid black line) in the region of the 3.31 eV band and its 1LO replica. The two features are 
modeled as the 1LO and 2LO phonon replicas of the FX contribution by a Permogorov law (cross blue 
curve) and a modified Permogorov law taking into account the broadening due to acoustic phonons (red 
circles).  
 
In this report, we present the results related to 3.31 eV emission band [2]. This band has been seen 
in a lot of intentionally p doped ZnO samples and it has been tempting to attribute it to the optical 
signature of p doping. Since the energy of the 3.31 eV band (A-band , fig.1) is close to the one 
expected for the optical phonon replica of the free exciton (FX, fig.1), this band has been first 
interpreted in this way. On the other hand, the 3.31 eV band can be related to the presence of 
acceptor impurities (hence the name “A band” for acceptor band) through different radiative 
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mechanisms like a donor acceptor pair, a free to bound transition or an exciton bound to a defect. 
The appearance of this band in various kinds of nanostructured samples as dots [3,4] or nanorods 
[5] has conducted some authors to interpret this feature as a surface defects contribution.  

At low temperature (10K), the DX-band (donor bound exciton) dominates the emission spectra of 
NPs and MC (fig.1), the 3.31 eV band is only present in the microcrystal spectra, in the form a 
symmetric Gaussian contribution (simulation by dashed black line, fig.1, panels left and middle) 
and absent in the single crystal and nanoparticles spectra. This shows that increasing the 
surface/volume ratio does not imply a monotonic increase in the 3.31 eV emission yield. It 
demonstrates that small ZnO nanoparticles free of this emission can be synthesized, even though 
two distinct reasons for can be argued (absence of radiative surface defects or quenching of these by 
non radiative defects). For these two samples, an asymmetric band appears at 80K and grows bigger 
as the temperature increases, revealing the presence of the 1LO-FX replica. 

In order to confirm this statement, we have modelled the line shapes of both the 3.31 eV band and 
its 1LO replica [2] by the modified Permogorov model based on an exciton gas at thermodynamic 
equilibrium that includes the homogeneous broadening due to acoustic phonons [6-8]. Figure 1 
(right panel) demonstrates the improved accuracy in the 3.30 eV region when the Permogorov law 
is modified by taking into account the interaction of the free exciton with the acoustic phonon. The 
modelling, which can easily be extended to other semiconductors, reproduces very accurately the 
experimental spectra, confirming the assignment of the 3.31 eV band to a phonon replica in these 
samples. On the other hand, for the microcrystalline sample, the presence of the 3.31 eV band at 
low temperature points out to an alternate origin, namely a defect state. Since the nanoparticles are 
made from the ablation of the pellet via a hyper-quenching, the possibility of an impurity to be the 
origin of the 3.31 eV emission is unlikely in our experiment. Instead, following previous works 
from the literature, we propose that the corresponding defect could rather be of crystalline origin. 
The temperature variation of its transition energy suggests a free to bound transition emission and 
gives an activation energy of 122 meV.  

In summary, we emphasize that both the defect hypothesis and the 1LO-FX replica that have been 
controversially evoked in the literature to explain the origin of the 3.31 eV band in ZnO are 
concomitantly valid. The growth process, leading to the creation of extended staking faults is also to 
be stressed. Eventually, the use of the 3.31 eV band in order to assess p-doping in ZnO must be 
invoked with great caution. 
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The investigation of the long-term influence of nuclear radiation on crystalline material is 

very important in relation to nuclear waste disposal. For this reason, it makes sense to study 

natural metamict minerals which are exposed to nuclear radiation over geological timescales.  

 

This study is focused on titanite. Titanite is an accessory mineral occurring in igneous and 

metamorphic rocks. The structure of the pure mineral titanite with chemical composition 

CaTiSiO5 consists of corner linked TiO6-octahedra, SiO4-tetrahedra and sevenfold 

coordinated Ca positions. A well studied phase transition from A2/a – P21/a occurs near 500 

K. In nature titanite often incorporates various impurities like the radiogenic elements U and 

Th. Through the resulting structural damage induced by α-decay the titanite becomes 

metamict. This means over geological timescales recoil processes due to alpha radiation 

change the originally periodically structured material into a quasi-amorphous state with 

persisting short-range order but destroyed long-range order. [1, 2]  

 

Progressive annealing studies on metamict titanite samples from the Cardiff uranium mine 

(Ontario, Canada) were carried out at beamline F1 (Hasylab/DESY) using a Kappa-

diffractometer equipped with a CCD-detector (MarCCD165). The wavelength was 0.56 Å and 

the sample-to-detector distance 80 mm. Annealing for 15 minutes at each temperature step 

were done with a N2 gas-stream heating device. Several samples with diameters of < 0.1 mm 

were prepared in quartz-glass capillaries and fixed with quartz-glass wool. Scans with a step 

width of 0.3° in different phi-positions were done for each temperature step and an exposure 

time of 15 s per frame.  

 

Thermal annealing of metamict titanite leads via various steps to the recovery of the long-

range order and to other phenomena such as dehydration and volume decrease [1,2]. We 

undertook this study to better understand the mechanism of recrystallization and structural 

recovery of metamict titanite on annealing. 

 

The progressive annealing experiments with annealing temperatures from RT up to 950 K 

show an increasing of the correlation length in the sample with increasing annealing 

temperature, hence the metamict material recrystallizes. The integrated intensities of the (-13 -

1) Bragg-reflection of the Cardiff titanite sample are shown in Figure 1 as functions of the 

rotation angle φ measured at RT before and after annealing at three expressive temperatures. 

There are only small changes visible between the integrated intensities measured at RT and 

600 K. Annealing at 850 and 950 K show stronger influences on the degree of order of the 

highly metamict sample (Figure 1). The increasing degree of order in the system can be seen 

from the much better Lorentzian fits to the experimental data sets. The reduction of the 

FWHM (Figure 2) also shows the stronger recovery of the periodicity in the partially 

unordered titanite structure with higher annealing temperatures. Within the uncertainties, the 

FWHM of the (-1 3 -1) Bragg reflection measured after annealing at 600 K is the same as that 

for thermally non-treated Cardiff titanite, whereas the FWHMs for 850 K and 950 K are 

approximately smaller by a factor 2. [1] 
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Figure 1: Development of the integrated intensities around the (-1 3 -1) Bragg reflection in metamict 

titanite from Cardiff at 293 K and after annealing for 15 min at 600 K, 650 K, and 950 K. [1] 

 

 
 

         
 
 
Figure 2: Reduction of the FWHM of the (-1 3 -1) Bragg reflection in metamict Cardiff 

titanite during annealing at 293 K, 600 K, 850 K and 950 K. [1] 
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Texture analysis of dental materials 

C. Hartmann1, L. Raue1, and H. Klein1

1GZG, Abt. Kristallographie, Georg-August-Universität Göttingen, Goldschmidtstrasse 1, 37077 Göttingen, 
Germany 

Every day dentists restore teeth routinely. According to the kind of the restoration, they use 
different dental materials like amalgam, composites, glass ionomers, gold and ceramics. Thereby 
the material choice depends mainly on size and location of the cavity. Before dental materials are 
available on market, they are examined for their toxicity, applicability and physical properties like 
hardness, fracture toughness and thermal expansion. Unfortunately, it is often not considered that 
the physical properties of the tooth itself and the dental materials vary depending on the orientation 
of crystals. For example, dental enamel consists mainly of hexagonal hydroxylapatite crystals 
(HAP; Ca5(PO4)3(OH)) which clearly show a preferred orientation [1]. The physical properties of 
HAP like elastic modulus, hardness and thermal expansion are anisotropic and so are the properties 
of dental enamel. Therefore, it would be better to have dental materials, which are adapted to the 
anisotropic properties of teeth. In this study, two different dental materials are presented (fig. 1):  a 
pre-sintered zirconia toughened alumina ceramic (ZTA; 63.5 wt.% Al2O3, 32.6 wt.% tetragonal Ce-
ZrO2, 3.9 wt.% monoclinic Ce-ZrO2) and a titanium implant. Corundum has a trigonal crystal 
structure (R -3c, a = 4.759 Å, c = 12.992 Å) and the zirconia is stabilised by cerium in its tetragonal 
crystal structure (P 42/nmc, a = 3.636 Å, c = 5.226 Å) which can transform under stress into a 
monocline crystal structure (P 21/c, a = 5.207 Å, b = 5.225 Å, c = 5.382 Å). The titanium implant 
consists of pure hexagonal titanium (P 63/mmm, a = 2.951 Å, c = 4.684 Å). 

From the top of the pre-sintered zirconia 
toughened corundum ceramic a thin slice was cut 
off. This slice and the titanium implant were 
examined by taking synchrotron transmission step 
measurements (at the beamline BW5 at 
HASYLAB / DESY) with two different settings: λ 
~ 0.1613 Å and imperfect Si (311) 
monochromator for the titanium implant and λ ~ 
0.1248 Å and SiGe (111) gradient crystal 
monochromator. The sample-detector distance 
was chosen to be 1316 and 1370 mm, 
respectively, and the beam cross-
section was 1x1 mm2. To obtain 
the full texture information, the 
samples were rotated from -
80°≤ω≤+80° in 4° steps during the 
measure-ments. 

For texture analysis the combined 
Rietveld texture program MAUD 
[2] was applied which is able to 
handle overlapping reflections of 
the relevant phase itself and other 
phases (fig. 2). In the pre-sintered 
ZTA ceramic, no preferred 
orientation was found for the 
tetragonal Ce-ZrO2-phase, but a 
fibre close to a (001)[uvw] texture 
for the corundum phase (fig. 3). In 
contrast to that, the titanium 
implant has a strong fibre texture 
(fig. 4). Out of the texture data 
and the single-crystal elastic 

Fig. 2: Integrated 2θ-scan from the transmission image at ω=-32° refined 
with the combined Rietveld-texture analysis program MAUD [2] (tick 
marks depict the different phases: tetragonal Ce-ZrO2 (blue), Al2O3 (red) 
and monoclinic Ce-ZrO2 (green)). 

Fig. 1: Photographs of titanium implants (left) and ZTA 
ceramic (right). 
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constants, anisotropic properties for the titanium implant 
have been calculated using the program package Beartex 
[3]. Fig. 4 shows the resulting anisotropic properties of 
the elastic modulus and the thermal expansion for the 
titanium implant. The c-axes of the titanium crystals are 
mainly oriented parallel to the long axis of the titanium 
implant. Since the elastic modulus is highest along the a-
axis, it is lowest parallel to the long side of the sample 
(fig. 4). The opposite trend can be seen for the thermal 
expansion (fig. 4). 

These results show that dental materials possess textures 
and that this preferred orientation influences their 
physical properties respectively their direction 
dependence (as shown here for the elastic modulus and 
the thermal expansion of the titanium implant – cf. fig. 4). 
Since the ZTA ceramic is only pre-sintered and will be infiltrated with hot Li-silica melt (around 
1140°C) in the next preparation step, it would be very interesting if and how the texture changes 
during that process. 

Fig. 3: (001)-pole figure of the with Ce-TZP
zirconia strengthened corundum ceramic. 

Furthermore conventional texture analysis (in-house x-ray source: Co-Kα) will be done on the ZTA 
ceramic and later on compared with the here presented results clarifying if there is a difference in 
the texture of the ceramic surface and its inner part. Additionally to the x-ray and synchrotron 
measurements, micro-indentation measurements will be done. Subsequently also other materials 
like gold, amalgam and composites will be examined in detail. 

Fig. 4: Titanium implant: stereographic projections of (100)-pole figure (left), elastic modulus (middle, scale in 102

GPa) and thermal expansion (right, scale in 10-6 / °C). 
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In situ investigation of precipitation in friction stir 
welded AA7449 
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Conceived in the early 90’s [1], friction stir welding (FSW) has found a multitude of applications 
for high-tech applications of transportation and energy industries within the past 20 years. Friction 
stir welding of engineering materials yields non-equilibrium microstructures in the joint region. 
These non-equilibrium phases potentially reduce strength and toughness of the material and are 
normally compensated by increasing the dimensions or design complexity of integral structures 
with negative effects on material consumption, performance, and productivity of these structures. 
To exceed the present state of knowledge on such non-equilibrium metallurgical reactions, the 
intermediate stages of precipitation or phase transformations in the weld zone during welding have 
to be investigated. For this reason, in situ experiments are indispensable. Therefore, the 
transportable FSW system 'FlexiStir' for in situ measurements in the X-ray beam during welding 
was developed and patented by HZG [2]. Quantitative results of precipitation phenomena had 
already been achieved by in situ monitoring of welds in a later (TAF) precipitation state of the 
aluminium alloy AA7449. Here, we report investigations of sheets welded in an early (O) 
precipitation stage. Especially small-angle X-ray scattering (SAXS) at high photon energies was 
used to obtain results on volume fractions and sizes of precipitates at different locations in the weld 
zone during the welding process. 

 

Fig. 1: FlexiStir at HARWI II beamline 

The photon energy chosen was 70 keV. The first slit pair 
defined the beamsize of 0.35 × 0.35 mm². Sloped pure 
tungsten blades were used to avoid parasitic scattering 
from the slits. A second slit pair of tungsten carbide was 
used for the cleaning up the beam. A lead beamstop with 
a diameter of 2 mm was used. The detector, a MAR345 
online image plate scanner, was positioned at a distance 
of 7050 mm behind the sample. The beam incident angle 
with respect to the 3.2 mm thick Al sheets to be welded 
was 57.5º. The aluminium alloy AA7449-O was used for 
the study. In the present experiments, the rotating speed 
of the tool was 900 rpm, the feed rate was 5 mm/s and 
the exposure time was 7 s. The distance between beam 
and tool was fixed during the exposure. In the vicinity 
of the tool the increasing temperature leads to coarsen-
ing of nano-precipitates in the unwelded material. Fig. 2 
shows the map of the data acquisition points. The coars-
ening of the particles occurs already 4.5 mm ahead of 
the tool (Fig. 3). The results confirm and extend former 
studies on AA7449-TAF and will be input for a process 
model describing the thermo-mechanical phenomena in 
the FSW process. 
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Fig. 2: Map of the data acquisition points 
near the tool. The integrated scattering 
signals of the black marked points are 

shown in Fig. 3  
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Fig. 3: Coarsening of precipitates in the heat affected zone of the AA7449-O friction stir 

weld, scattering curves 

Additionally, post mortem SAXS scans of an AA2195 friction stir weld were performed. Fig. 4 
shows exemplary detector images of the different zones in the weld. In the heat affected zone, a 
directed growth of particles could be observed (Fig. 5), caused by a textured base material. 

Fig. 5: Scattering curves calculated within the cor-
responding sectors marked in Fig. 4 

 

 
Fig. 4: SAXS detector images at three differ-
ent positions in a cross section of an AA2195 
friction stir weld: base material (a), heat af-
fected zone (b) and stir zone (c). The evalu-

ated sector is marked with dashed lines 
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The control the dimension and orientation of nanopatterns is important for the construction of 
functional nanodevices. It is possible to control the arrangement of nanoparticles with nanoimprint soft 
lithography[1]. We use the nanoimprint procedure to prepare linear arrangements of nanoparticles. To 
obtain the linear pattern, we apply masters of DVD-R and BD-R structures[2]. We are using pre-
structured silicon stamps of poly(dimethylsilane) (PDMS), which are manufactured by molding the 
master structure and covering whose pattern. Furthermore, it is possible to embed nanoparticles inside 
prestructured glass surfaces, which were obtained by the same imprint technique. One obtain highly 
ordered linear arrays. The rotational GISAXS experiment is used for investigation of the linear, higly 
ordered arrays of nanoparticles on the surface.  

      (a) (b)  

Figure 1: SEM images of FeOx-nanoparticles (15 nm) embedded in a prestructured glass-
surface with distances of 320 nm (a) and 740 nm (b) 

After uncovering the optical rewriteable media (DVD-R and BD-R), the exposed structures were used 
to form a negative replica in silicone stamps. These stamps were pressed into the particle solution and 
afterwards the solvent evaporates. The remains on the substrate are highly ordered, free standing, 
linear arrays of the nanoparticles. Another routine applies the same nanoimprint technology to form a 
structured glass substrate using tetramethyl orthosilicate (TMOS) as precursor. In a second step, 
nanoparticles were embedded into the superstructure by using coating techniques. The results are 
presented in Figure 1a/b. 

We investigated the structured FeOx-nanoparticle patterns with synchrotron radiation in GISAXS 
experiments at experimental station BW4 (HASYLAB). The sample was rotated around its normal 
axis. Figure 2 shows the vertical reflections (qz) of a 1D-lattice (superstructure, 740 nm, DVD-R) and 
horizontal reflections (qy) of embedded nanoparticles. The vertical distance of the qz-reflections 
depend on the repeating units of the superstructure and on the used incident angle. The distances 
between the reflections change by rotation (Figure 2). At 90° the vertical projection of the linear 
superstructures becomes small, which leads to larger distances in the reflection in reciprocal space, 
explained in the tilted 3D-AFM-micrographs. 
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Figure 2: GISAXS images of the rotational experiment of embedded nanoparticle arrays into linear 
superstructure and 3D-AFM micrographs[3]. 

Out of plane cuts along qy at the critical angle of substrate give information about the type of 
arrangement and interparticle distance of the linear arrangements. At 0° (beam parallel to the linear 
structures) the GISAXS image shows a nonpointed beam reflection. Although there are reflections in 
qy of the nanoparticles. 
 

(a)   (b)  
 

Figure 3: (a) the possibilities of the incoming beam passes the nanoparticle arrays and (b) intensity 
profiles of the qy-reflections 

 
Figure 3a shows the situations how the primary beam passes the structure. This explains the different 
distances between the reflections (qy) at 30° and 60°, demonstrated in the intensity profile in figure 3b. 
The scattering position of the first and second qy-reflections change due to the rotation of the 2D-
hexagonal array. The scattering patterns of embedded nanoparticle arrays are presented in figure 4.  

 
Figure 4: Scattering patterns of embedded FeOx-nanoparticle arrays into linear superstructures[3] 

 
These measurements demonstrate that we are able generate single crystalline, linear particle 
superstructures. 
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In-situ high-energy X-ray diffraction study of deformation
mechanisms in ultrafine-grained pure Cu and Fe
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Ultrafine-grained pure Cu (99.99%) and Armco-Fe was processed by severe plastic deformation
(SPD) [1]. Discs of 30 mm in diameter and 6 mm thickness were deformed by high pressure tor-
sion [2] at a hydrostatic pressure of 4 GPa to maximum shear strain of γ ≈ 50. From each of these
disks two dumbbell shaped tensile specimen were machined with a gauge diameter of about 4 mm
and a gauge length of about 6 mm Fig.1(a).
In-situ high-energy X-ray diffraction studies were performed at the HZG Engineering Materials
Science Beamline HARWI-II [3] at DESY. The synchrotron radiation was monochromatised to a
nominal photon energy of 80 keV and the cross section of the beam was defined by aperture slits
to 0.5 mm × 0.5 mm at the sample position. For the in-situ study of the microstructural evolution,
a tensile testing machine Instron 8800 was mounted on the sample tower of the diffractometer at
the experimental station of the synchrotron beamline. The X-ray diffraction experiments were per-
formed in transmission geometry. The in-situ tensile tests were performed at ambient conditions up
to the fracture of the specimens. A two-dimensional detector (mar555) was positioned at a sample-
to-detector distance of 1200 mm to detect the scattered photons.
Fig.1(b) shows the deformation curve of Cu in values of applied load and cross-head movement.
The drops of the load indicate the deformation breaks in order to perform diffraction measurements
with defined and unvarying sample state. The initial sample state before the tensile deformation

Figure 1: Dumbbell shaped Fe tensile specimen (a), and the deformation curve of Cu

is represented by the diffraction pattern in Fig.2 (full line). The widths of the diffraction peaks
indicate the highly distorted crystal lattice and the small crystallite size. With additional tensile de-
formation the distortion increases as seen by the dashed pattern in Fig.2. Analysing the diffraction
patterns in terms of X-ray line profile analysis [4] the dislocation density as well as the crystallite
size (coherently scattering domains) can be determined in order to characterise the microstructural
state of the material. In Fig.3 the evolution of the dislocation density and crystallite size of the ma-
terials with additional tensile deformation is shown. While Cu was ductile until ∼100% true strain
(determined by video analysis), the Fe sample broke after 10% deformation. The evolution of the
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Figure 2: Diffraction pattern before and after tensile testing

crystallite size and the dislocation density is opposite; while the crystallite size first increases some-
what and then drops down to values corresponding to former investigations, the dislocation density
drops after small tensile strain and re-increases again to the initial values with higher strains. In Fe
a similar but less pronounced behaviour is observable; while the dislocation density only increases
with the latest deformation steps, the crystallite size first increases and then drops again a little bit.
Such a deformation behaviour has been observed previously [5] and may be ascribed to the change
of the deformation path and the consequential, different saturation state of the microstructure.

Figure 3: Evolution of the crystallite size and dislocation density for Cu and Fe
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B–P system at high pressures and high temperatures:
in situ studies

V.L. Solozhenko, O.O. Kurakevych

LSPM–CNRS, Université Paris Nord, 99 av. J.-B. Clément, 93430 Villetaneuse, France

Chemical interaction and phase relations in the B–P system as well as melting of BP have been investigated
in situ at pressures up to 20 GPa and temperatures up to 2800 K using energy-dispersive X-ray diffraction
with synchrotron radiation and multianvil high-pressure apparatuses MAX80 (beamline F2.1) and
MAX200x (beamline W2). Crystal structure of the recovered samples has been studied by powder X-ray
diffraction with synchrotron radiation (beamlines B2 and BW5). No chemical interaction is observed at
temperatures below phosphorus melting. BP is the only thermodynamically stable boron phosphide at high
pressures, while B12P2 forms occasionally as a metastable phase at the first stage of the chemical interaction.
At high pressures BP melts congruently in contrast to ambient pressure. The melting curve has negative
pressure slope and is located much lower than the theoretically predicted one [1]. The thermoelastic
equation of state of BP has been established up to 7 GPa and 2500 K (Figure). The 300-K bulk modulus was
found to be 171 GPa.

Finally, the thermodynamic aspect of the phase formation in the В–P system at high pressures and high
temperatures has been clarified. The data obtained are expected to help to optimize conditions of high-
pressure growth of BP single crystals and develop the principles of producing new advanced B–P materials.
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Figure 1: Raw thermal expansion data for BP (position of the 111
reflection vs temperature) at various pressures.
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Defects in Si nanocrystals/SiO2 structures: optical and luminescence 
investigations

Osinniy, V. Pankratov, A. Kotlov1, and A Nylandsted Larsen
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The structures consisting of Si-rich SiOx layer capped by a SiO2 layer were deposited on high-
purity quartz  substrates  using Si  and  SiO2 sputtering  targets.  Subsequently,  the  structures  were 
annealed at 1100 °C for 1 h in a nitrogen ambiance. The content of Si in the Si-rich SiOx layers of 
the investigated structures varies between 4 at. % and 16 at. %. The transmission and luminescence 
properties of Si NC in the UV-VUV spectral range were studied at the Superlumi experimental 
station of HASYLAB with pulsed synchrotron radiation from the DORIS III storage ring of the 
DESY. The excitation spectra were recorded in the 330 - 60 nm (3.7 - 20 eV) spectral range with a 
spectral  resolution of 0.3 nm. Emission spectra were corrected for the spectral  response of the 
detection systems. 

PL spectra at T=8 K in the structures of randomly distributed Si NCs embedded in a SiO2 
matrix are shown in Figure 1. At least two peaks can be clearly distinguished on each curve: the 
narrow low-energy peak (LE) in the energy range between 1.3 and 1.9 eV and the broad high-
energy peak (HE) between 2 and 3.2 eV. The position of the LE peak shifts significantly stronger 
with the decreasing Si NCs size than that of HE peak. It is observed the blue-shift tendency for the 
peak position with the decreasing Si NCs size.  It is generally accepted that such emission arises 
from radiative recombination of quantum-confined excitons. The estimated Si NCs sizes based on 

PL  measurements  are  in  very  good  agreement  with 
those  obtained  from  the  TEM  investigations.  In 
contrary to the behavior of the LE peak, the HE peak 
does not show any pronounced dependence on the Si 
NCs  size  although  the  position  of  its  maximum 
insignificantly  changes.  It  inventively  indicates  the 
different natures of the PL centers corresponding to the 
HE and LE peaks shown in Figure 1. The shape of PL 
spectra depends on the excitation energy (Eexc). In the 
insert to Figure 1 is shown an example of such a spectra 
for one of the investigated samples using the excitation 
energies of 4.1 eV and 7.8 eV at T = 8 K. All curves 
were  normalized  to  the  intensity  of  the  LE  peak 
maximum. The PL intensities of both peaks, ILE and IHE, 
rise with the increasing excitation energy, however, the 
ILE increases stronger  as compared to  IHE.  It  indicates 
the different response of the PL centers corresponding 
to the HE and LE peaks on the variation of  Eexc. The 
position of the LE peak shifts to the low-energy side 
with increasing of Eexc: from 1.72 eV under 4.1 eV light 
excitation to 1.65 eV under 7.8 eV. At the same time, 
the position of the HE peak weakly depends on  Eexc: 

The change for 4.1 eV and 7.8 eV is located within the measurement inaccuracy. On the PL curve 
for  Eexc = 4.1 eV a badly resolved shoulder at 2.1 eV reveals.  All PL spectra were successfully 
decomposed into three or four separate Gaussian bands: 1.38 - 1.67 eV (one or two LE peaks), 1.92 
- 2.08 eV (ME) and 2.5 – 2.6 eV (HE).An example of the PL excitation curves of the HE and LE 
peaks at T = 8 K in the broad energy range are shown in Fig. 2 for one of the investigated samples. 

The PL excitation curve of the LE peak monotonically rises from 3.8 eV to 6.5 eV. In the 
energy range between 6 eV and 7 eV the PL intensity saturates creating a plateau and, further, 
monotonically decreases. The PL intensity sharply drops and becomes very small for Eexc ≥ 8.5 eV. 
Several peaks at 6.3 eV and 8.0 eV may be distinguished on this curve (see arrows in Figure 2). The 
PL excitation curve of the HE peak is characterized by the presence of several strong peaks at 4.6 
eV, 5.1 eV, 5.5 eV, and 6.6 eV, and a broad peak at 8.2 eV. In contrary to the decay of the LE peak 
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Figure 1.  PL spectra of Si Ncs embedded 
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and the example of the decomposition of 
PL spectrum using three Gaussian fitting.

-162-



the PL intensity of the HE peak drastically increases for Eexc ≥ 8.5 eV. The different behavior of the 
excitation curves corresponding to the LE and HE peaks approves the different natures of their PL 
centers, too.

Figure  3  shows  the  threshold 
energy, at which the absorbance starts to 
strongly increase, depends on the Si NCs 
size.  The  structure  with  the  biggest  Si 
NCs  stronger  absorbs  low-energy 
photons  than  that  with  the  smallest  Si 
NCs.  In structures  with the different  Si 
NCs size no shifts of the peak positions 
in the energy range between 3.2 eV and 
8.2  eV were  observed.  It  indicates  the 
NCs  size-independent  behaviour  of  the 
absorption centers corresponding to these 
peaks. 

The origin of the HE peak can be 
found  based  on  the  PL excitation  and 
high-energy  absorption  measurements. 
PL  excitation  spectra  of  the  HE  peak 
have maxima at energies coinciding with 

absorption  maxima  energies.  The  PL in-
tensity significantly rises when the excita-

tion energy becomes higher than the band-to-band transition energy in SiO2. This indicates the ener-
gy transfer from a SiO2 matrix to PL centers.  The peaks in the high-energy absorption are evidently 
related to the defects, because their positions are NCs size-independent. Based on these facts we 
concluded that the HE PL centers are defect-related centers in a SiO2 matrix and on the Si NCs/SiO2 
interface. Due to the weak dependence of the ME peak position on the Si NCs size we suggested its 
defect-related nature. We have identified two types of defects which are present in the investigated 
structures:  oxygen excess-related  de-
fects,  such  as  non-bridging  oxygen 
hole  center  (NBOHC), interstitial  O3 
and  S=O  double  bond  (silanone 
group), and oxygen deficiency-related 
defects,  such  as  different  E’-centers, 
Si-Si bond and oxygen vacancies: Si 
ODC(I) and Si ODC(II). The experi-
mentally determined positions of ab-
sorption maxima shift to lower ener-
gies  as  compared  to  literature  data, 
whereas the experimental PL maxima 
have  higher  energies.  These  discrep-
ancies can be explained by the pres-
ence  of  Si  NCs  in  the  SiO2 matrix 
which  can  directly  interact  with  de-
fects in SiO2 or can cause strains in a 
SiO2 matrix. In both cases the energy 
levels of defects in the SiO2 band gap 
may shift.  However, in the first case 
we should observe the energy transfer 
between defects in SiO2 and Si NCs due to an overlapping of their electron wave functions. Since 
the PL excitation spectra corresponding to the LE (Si NCs) and HE (defects) peaks are considerably 
different, we concluded that no transfer energy between defects and Si NCs reveals in the investi-
gated structures, and thus, the first scenario of the modification of defect levels is low-probable. 

Acknowledgment: The research leading to these results has received funding from the Euro-
pean Community's  Seventh  Framework Programme (FP7/2007-2013)  under  grant  agreement  n° 
226716.
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The viscosity of silicate melts is of vital importance for the transport of mass and energy inside the 
Earth. Using short- and long-period precursors of seismic PKP phases ultra-low velocity zones 
(ULVZ) even at the core-mantle boundary beneath the Western Pacific (Wen and 
Helmberger, 1998) and central Africa (Ni and Helmberger, 2001) were observed. The elastic 
properties of these zones correspond to partial molten state. 

Multi-anvil apparaus MA), also known as large volume presses (LVP) have been proved to be 
highly succesful tools for measuring the physical properties of Earth materials under experimentally 
simulated mantle conditions. First falling sphere viscosimetry was performed in quench experiments. 
The installation of large volume presses at synchrotron X-ray facilities represented a huge progress for 
in-situ viscosity measurements, because now the falling sphere could be observed and monitored in 
real time. This eliminated the problems of accurately determining time-distance-relationships of the 
quench experiments. Additionally by placing a pressure standard close to the sample inside the set-up 
the pressure could be determoned much more precilely by X-ray diffraction (Kanzaki et al., 1987; 
Dobson et al., 1996, 2000; Rutter et al., 2002; Secco et al., 2002; Suzuki et al., 2002; Tinker et al, 
2004; Hui et al., 2009). 

 
 

Figure 1: High pressure set-up development based on synchrotron X-ray attenuaion contrast 

               tomography                             

a) original set-up design, b) tomographic analysis, c) interpretation 

 

Multi-anvil high pressure viscosimetry experiments are challenging. The 
encapsulating technique developed for elastic wave velocity measurements cannot be used 
because the metal capsule requires an expostion time much too long for the reqired framerate 
for the falling sphere technique. At moderate high pressures a growing number of blow-outs 
could be observed. Contrary to the usual case these blowouts were much less destructive and 
violent. No anvils were demolished. No cube material were sprayed out. For the analysis of 
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this malfunction a series of post-experimental tomographic measurements were carried out. 
Figure 1 shows the scheme of the high pressure falling sphere viscosity measurement set-up, 
the tomographic analysis after the experiment, and its interpretation. Because of the energy 
level of the used synchrotron radiation and the high X-ray density contrast of the different 
materials of the high pressure set-up the tomographic image is concentrated on the 2 metal 
rings. The graphite heater, the rock sample and the boron epoxy cube are not displayed. Both 
metal rings have a strong conical deformation as the result of the gasket formation by cube 
deformation. In addition to that the top ring deformed dramatically at on side. Looking in 
detail to the tomographic image makes clear; this is not a brittle deformation, because all 
edges and corners have a smooth.shape. That means the deformation was dominantly ductile. 
Figure 1c shows the interpretaion. The top lead ring was softened because of the higher 
temperatures at the upper regions of the high pressure cell. When the rock powder started to 
melt water was released because the pressure was still not high enough for trapping it in the 
melt. The volatile flow additionally increased the temperature at the top lead ring resulting in 
its failure. The degree of destruction of et-up and anvils was limited, because only water was 
released from the high pressure cell and the total pressure was limited. Only based on this 
tomographic analysis the set-up design could be improved by introduction of a non-metallic 
capsule and modification of shape and material of the metallic lead parts. 
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Beam limiting masks for in depth residual stress 
analyses using the X-ray camera MAXIM 
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Residual stresses often play an important role for the mechanical properties and the lifetime of 
technical components since they have to be superimposed to load stresses [1]. Their assessment, 
which is often done by means of diffraction methods, is important for many engineering 
applications. Conventional diffraction methods however yield weighted averages of the present 
lattice strains within the X-ray penetration depth τ. In case of small variations of the residual 
stresses over τ, the discrepancies between real space stresses σ(z) and the measured ones in Laplace 
space σ(τ) are negligible. This assumption usually does not hold when determining in depth stress 
distributions of e.g. surface treated alumina samples where steep stress gradients can often be 
observed. Hence the stress profiles σ(τ) have to be treated by inversion methods like inverse 
Laplace transform yielding often erroneous results σ(z) in particular for scattering experimental 
data. 

The application of highly absorbing beam limiting masks can be a suitable way to overcome these 
problems as long as in the irradiated volume, defined by the mask design, no significant change of 
the residual stress state occurs. The idea for such masks was theoretically described by Predecki [2] 
in 1993. The practical implementation [3,4], mainly accomplished at DESY during the last years, 
could demonstrate that the procedure is able to detect X-ray interferences lines from small gauge 
volumes beneath the sample surface with a spatial resolution down to 6-8 micron and motivates 
further improvements of the measurement technique. 
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Figure 1: Typical MAXIM image showing diffraction intensities from the gauge volumes (left). Depth 
dependent integral intensities from MAXIM diffraction pattern compared to simulated distributions for 
different spatial resolutions (right). 

Therefore an accurate sample adjustment could be realised by a 5-axes positioning stage featuring 
precise micrometer screws and a linear oscillation unit to enhance mainly the number of reflecting 
crystallites yielding a sufficient grain statistic. For the experiments a deep ground alumina ceramic 
was used which is well characterised concerning its residual stress state. The measurements were 
carried out at the HASYLAB beamline G3 using monochromatic synchrotron radiation equivalent 
to CoKα1. The beamline is equipped with the position sensitive CCD camera MAXIM which 
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applies a multichannel-plate (MCP) for two-dimensional collimation of the diffracted beam [5]. 
The CCD-MCP-system provides a spatial resolution down 13 micron/pixel which is necessary due 
to the narrow slits in the masks. The MAXIM images clearly show the slit structure by crystallites 
which fulfil the Bragg condition (see figure 1, left). The analysis of these images for each 2θ-theta 
angle and different depth yields among others the integral intensity from the interference profiles. 
In the diagram of figure 1 (right), the experimental results for the {116} reflection are compared to 
simulations, where the decrease of intensity clearly correlates with the X-ray attenuation with 
increasing measurement depth. These results reveal that the method is able to achieve information 
from defined depths in a sample material. 
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Figure 2: Possible reasons for the discrepancies between residual stress values from Laplace and mask 
experiments: a) The height of the gauge volumes is to large in contrast to the steep stress gradient. b) Tilt 
angle errors between mask and sample surface yield different measurement depths of the gauge volumes. 

Beside the integral intensities the depth dependent peak positions and thus the strain gradients in 
the alumina were analysed. The stress results shown in figure 2 were afterwards determined under 
consideration of the strain free lattice parameter and are compared with the expected real space 
profiles from inverse Laplace transform. It comes out that the stress is only a weak function of 
depth since it remains almost constant. This is probably caused by the large height of the used 
gauge volumes compared to the steepness of the present stress gradient or small tilt angle errors 
between mask an sample surface [3]. Improvements of the mask alignment and the design of new 
masks providing higher spatial resolutions and better absorption properties are therefore intended. 
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and AlN
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The wurtzite aluminum gallium nitride (AlGaN) material system is a group of semiconductors with
high bandgap (between3.4 eV for GaN and6.1 eV for AlN) which is applicable for ultraviolet light
emitting devices. Despite many studies in the literature and its technical importance, fundamental
questions about the band structure are still to be answered.
Open questions include the valence band ordering in the ternary AlGaN alloy dependent on the
composition of aluminum and gallium. In pure GaN and AlN the symmetry of the three highest
valence bands is well established asΓ9, Γ7, Γ7 andΓ7, Γ9, Γ7 in descending order, respectively [1].
Therefore, a band crossing must occur for a certain AlGaN composition. Photoluminescence exci-
tation spectroscopy (PLE) is a versatile technique to investigate absorption processes in luminescent
semiconductors. These absorption processes are governed by valence band energy, selection rules,
and oscillator strengths. In wurtzite AlN layers, the highest valence band is not allowed inE ⊥ c

configuration, which is the dominant one for(0001) (or c) oriented layers, even in our case of
oblique incidence (45◦) due to the high refractive index of the materials.
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Figure 1: Normalized PLE spectra (black) of AlGaN samples with different Al concentration in comparison
with normalized photoluminescence spectra (red) at low temperature.

We utilize the PLE setup (Superlumi station) at beamline I allowing for incident photon energies in
the range from3.8 eV up to about40 eV. Thus, the spectral range includes the complete dielectric
function of Al(Ga)N for Al concentrations of20% or more. Our samples are(0001) oriented thin
film AlGaN layers grown heteroepitaxially onAl2O3. Al concentrations span over the whole com-
position range. The PLE signal is monitored around the intensity maximum of the defect related
luminescence. Low temperature results are shown in Fig. 1 incomparison with photoluminescence
spectra from the same samples excited by an excimer laser with λ = 193 nm.
The spectra clearly show, that contributions from luminescence and absorption are separated en-
ergetically. For higher aluminum content the Stokes-shiftincreases up to some100 meV. This
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finding raises new questions concerning the nature of the luminescence bands, as shallow donor
bound excitons can now be excluded. While our74% and81% aluminum content samples are
apparently of too low quality to allow for discrimination ofdifferent contributions in PLE, the
spectrum of the91% sample shows two distinguishable absorption onsets, a weakone at around
5.88 eV and a strong one at6.04 eV. This is in agreement with a valence band order ofΓ7, Γ9,
Γ7. Therefore, the crystal field energy can be evaluated to be∆cf ≈ −165 meV (using a spin-orbit
energy of∆so = 15 meV [1]) for Al0.91Ga0.09N.
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Figure 2: Normalized PLE spectra (blue/red) of AlN on 6H-SiC. The energy monitor (Eem.

) is indicated by
arrows pointing to the luminescence spectrum (black).

AlN layers on foreign substrates and on AlN bulk crystals [2]show similar defect related lumi-
nescence bands when excited optically. The PLE signal of these bands can be used to check, if
the defect related transitions arise in the epilayer or in the substrate. While monitoring the defect
related bands, different PLE characteristics are found around the band gap of the AlN layers. Fig. 2
shows exemplarily the luminescence of a AlN layer grown on 6H-SiC. Dependent on the emission
energy, a sharp increase or decrease is detected when sweeping the excitation energy over the band
gap energy. In our case, the broad luminescence band between2.5 and3.5 eV can be decomposed
into two bands. A low energy contribution from the SiC substrate and a high energy contribution
from the AlN epilayer. This is an important fact, when recalling that luminescence spectra are often
excited by accelerated electrons penetrating deep into thesamples easily reaching the substrate.
Finally, new and important conclusions on luminescence spectra of Al(Ga)N samples could be
drawn using synchrotron PLE. Further experiments on high quality samples are scheduled to elu-
cidate the valence band order of AlGaN for lower Al content and to investigate the origin of lumi-
nescence bands in high band gap wurtzite semiconductors in more detail.
We thank A. Kotlov (Hasylab, DESY, Hamburg) for expert assistance at the beamline.
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1. Introduction 

Illumination of solid surfaces by intense laser pulses may induce the appearance of spontaneous 
periodic surface structures with periodicities closely related to the wavelength of the irradiating 
laser[1]. Formation of Laser Induced Periodic Surface Structures (LIPSS) has been observed on the 
surface of metals, semiconductors and dielectrics with lasers of different pulse duration from 
nanosecond (ns) to femtosecond (fs), and different wavelengths from UV to IR[2]. In the case of 
polymers, several studies have shown that irradiation by a polarized laser beam induces self-
organized ripple structure formation within a narrow fluence range well below the ablation 
threshold[3]. The period of the ripples L depends on the laser wavelength and on the angle of 
incidence of the radiation. 

2. Experimental 

Different  polymers including poly (ethylene terephthalate) (PET), poly (trimethylene 
terephthalate) (PTT), polycarbonate bisphenol A (PC) and poly (vinylidene fluoride) (PVDF) have 
been investigated in two different beamtime allocations. Polymer thin films were prepared by spin 
coating on silicon wafers (100), polished on both surfaces. Laser irradiation was carried out in 
ambient air, at normal incidence, with the linearly polarized laser beam of a Q-switched Nd:YAG 
laser (Quantel Brilliant B, pulse duration  = 6 ns full width half maximum) at a repetition rate of 
10 Hz. Fourth and fifth harmonics at 266  and 213 nm respectively, were used for the experiments. 
Irradiated areas were analysed by GISAXS using the facilities of the BW4 beamline at HASYLAB 
(DESY, Hamburg). An X-ray wavelength = 0.13808 nm, with a beam size of 20x40 m2 was 
used in our experiments. Scattered intensity was recorded by a Mar CCD detector of 2048x2048 
pixels with a resolution of 79.1 m per pixel, and a distance sample-to-detector of 2.211 m and 
2.256 m . An incidence angle i= 0.4º). was chosen, which is larger than that for polymer materials 
and then full penetration in the sample is ensured. Samples were positioned in such a way that the 
beam was parallel to the direction of the LIPSS and acquisition times between 40 and 600 s were 
used. The treatment of the GISAXS images was performed using the software Fit2D. 

3. Results and Discussion 

Figure 1 shows characteristic GISAXS patterns for three aromatic polymers investigated in the 
range of laser parameters for LIPSS formation. In the figure we have presented the AFM height 
images of the samples, the corresponding GISAXS patterns and cuts of the scattered intensity as a 
function of  extracted from the GISAXS patterns at = 0.2º. For the sake of comparison, results 
for a sample of PC below the LIPSS formation threshold (N = 6000 pulses, F = 3 mJ/cm2) are also 
shown (Figure 1d). Scattering maxima out of the meridian (≠0) are clearly visible in the range of 
LIPSS formation. This is illustrated in the figure (right column) by the corresponding intensity 
profile across the horizontal direction (at a fixed = 0.2º). In a first approach, the period L of the 
nanostructures can be determined from these patterns. A good qualitative correlation between AFM 
and GISAXS results is observed although the values obtained by GISAXS are systematically lower 
than those obtained by AFM.  

Our experiments indicate that LIPSS with periods similar to the laser wavelength, and parallel to the 
laser polarization direction, are observed in amorphous spin-coated films of strongly absorbing 
model amorphous polymers like PET, PTT and PC in a narrow range of fluences. No LIPSS are 
formed in the investigated spin-coated semicrystalline films of PVDF and semicrystalline films of 
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PTT. Grazing incidence X-Ray Scattering techniques (GISAXS and GIWAXS) are introduced for 
the study of LIPSS to mainly assess morphology order over large sample areas. These results 
validate GISAXS as an appropriate technique for the analysis of this kind of nanostructures and 
pave the way for further studies involving the on-line monitoring of LIPSS by X-ray synchrotron 
techniques. 
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Figure 1: AFM AFM images 5x5 m2 (left), GISAXS patterns (center) and corresponding cuts at  =0.2 o of: 
(a) PET irradiated with 1500 pulses at 6 mJ/cm2, (b) PTT irradiated with 300 pulses at 7 mJ/cm2, and PC 

irradiated with 6000 pulses at (c) 7 mJ/cm2 and (d) 3 mJ/cm2. 
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Introduction and the aim of experiment 
 
Seamless precision tubes are produced by extrusion and brought to final dimension by successive 
drawing through a die. The precision of drawn tubes strongly depends on their process conditions, 
besides on geometry of the tools used especially on the quality of the pre-tubes. In our preview 
studies we investigated the relationship between the tube geometry (eccentricity), texture and 
residual stresses (RS) [1-2].  

The aim of this experiment was to find out whether crystallographic texture can contribute to 
describe and understand inhomogeneities of three tubes produced under industrial (tubes 35, 24) as 
well as  laboratory (tube 22.1) conditions (see Table 1). One needs on one hand a method with high 
penetration power for some mm thick Cu tubes and on the other hand a local resolution good 
enough to describe a texture gradient aver the wall thickness [3]. Previous investigations on Copper 
tube (2009573, Texture gradient in a Cu-tube) have shown the great potential of hard X-rays for 
texture gradient measurements. 

Experiment 
 
The present experiment was carried out at High Energy Materials Science Beamline (HEMS) EH 
side station at Petra III with a fitted wavelength of 0.1409 Å (88 keV) and a sample to detector 
distance of 1170 mm. From a Cu tube a ring of 4 mm length was cut. Due to the variation of the 
wall thickness three small cubes were prepared with about 4×4 mm2, one at maximum thickness, 
one at minimum thickness and one on the middle part (Fig. 1a). 

 

Figure 1: (a) Sample positions over the circumference of a Cu-ring, (b) Sample arrangement for continuous 
texture analysis of fifteen individual measurements; (c) Sketch of the sample presenting the inhomogeneity 

of the Cu-ring. 
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Figure 1b shows the sample preparation of all three samples, which were glued to one arrangement. 
Five levels (from L1 to L5, see Figure 1c) were measured for each sample using a beam size of 0.3 
× 0.5 mm2. The total beam time for one complete texture analysis (one position at one sample) 
takes about 108 minutes using the Mar345 image plate detector. The texture measurements were 
carried out continuously by ω rotation about the longitudinal axis and averaged over 5° for in total 
180°. 

Tube 
(N°) 

Plug Ø 
(mm) 

Deform. 
φd+φt 

Die (N°) Outer Ø (mm)
dA0      dA1 

Ave. thick. (mm)
tave0 tave1 

Δ thick. 
(mm) Δt 

Ovality 
O (%) 

Eccentricity 
E (%) 

    Before After Before After Before After  Before After
Industrial produced 

35 35.34 0.4 26 50.0 41.70 4.0 3.20 0.16 0.15 < 0.05 2.0 1.9 
24 38.00 0.2 35 50.0 45.24 4.0 3.62 0.4 0.33 < 0.05 5.0 4.5 

Laboratory produced 
22.1 ---  9 50.0 37.89 3.9 4.15 0.2 0.11 < 0.05 2.5 1.3 

 
Table 1: Forming parameters used for drawn SF-Cu tubes 

Results 
 
In total 36 image plate pictures were needed for complete pole figures. Intensity extraction was carried out 
by the program package STECA (StressTExtureCalculator). All data were corrected for absorption and 
constant gauge volume. The quantitative texture (Orientation Distribution Function ODF)) was calculated 
using three Cu-reflections (111), (200) and (220) by the iterative series expansion method.  

As an example ODF section φ1 0° 360°; Φ 0°  90°; φ2=45° are shown in figure 2a, describing the main 
texture components of the samples. In figure 2b the average texture, given as maximum orientation density 
Fmax, over the wall thickness expresses differences between the tubes.  

 

Figure 2: ODF section φ2=45° with main texture components for three samples  (left); Maximum orientation 
density Fmax calculated from bulk texture over the wall thickness (right) 
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On the search for materials with novel and/or improved performances, synthetic control of 
structural diversity plays an important role. Tuning atomic structures of different phases allows 
optimization of a variety of materials properties. There exist, e.g., solids with crystalline high-
pressure or high-temperature phases of specific characteristics such as excellent conductivity or 
extreme hardness. The best-known example is diamond, the high-pressure polymorph of carbon, 
known as the hardest material on Earth. Among various techniques, one of the traditional 
approaches to search for new materials involves the application of pressure. However, in many 
cases the high-pressure phase cannot be stabilized and explored at ambient condition, because the 
material transforms back to the original phase when the pressure is released. In this report, we 
demonstrate that the combination of two extreme conditions, namely pressure and the irradiation 
with swift heavy ions, allows the stabilisation of a high-pressure phase to ambient condition.[1]  

The experiments are performed by placing a miniaturized specimen in a small sample chamber (~ 
150 µm in diameter) between two opposing diamonds. By mechanical force, the diamonds squeeze 
the sample creating pressures of several GPa. A liquid pressure medium ensures hydrostatic 
conditions up to ~ 10 GPa inside the diamond anvil cell.[2] The pressurized sample is then exposed 
to relativistic heavy ions, preferably Au, Pb, or U ions, at the heavy-ion synchrotron SIS at GSI. 
Because the ions have to pass through the first diamond, these experiments require beam energies 
of about 200 MeV/u [3]. Because heavy ions deposit most of their energy at the end of their path, 
the maximum energy transfer takes place directly inside the sample. 

As material, we investigated HfO2 (also called hafnia), a well-known ceramic with high 
toughness, hardness, and excellent chemical and radiation resistance. Its complex phase diagram 
with several different crystalline phases (see Fig. 1) makes it an interesting candidate. Under 
pressure, the monoclinic phase transforms to the orthorhombic I phase at 4 GPa. The stability field 
of this first high pressure phase extends up to 14.5 GPa. The transition is fully reversible, thus the 
orthorhombic-I polymorph is not accessible at room pressure.[4]  

 
 

 
          Figure 1: Phase diagram of HfO2.[4] 

 
We therefore pressurized an HfO2 powder sample (purchased from Alfa Aesar) up to 10 GPa 

using a mixture of methanol, ethanol, and water as pressure medium and exposed it to an uranium 
beam. The summed fluence in the sample was about of 2×1012 ions/cm2. The structure of the HfO2 
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sample before and after irradiation was monitored at different pressures, inside the high-pressure 
cell, by synchrotron X-ray diffraction (λ = 0.495 nm) at the new P08 beamline of PETRA III at 
DESY, Hamburg (see Fig. 2). 

 

                       Figure 2: X-ray analysis of pressurized HfO2 without (left) and with (right)     
            simultaneous irradiation to U ions (2×1012 cm-2). 

 
 
The top image of Fig. 2 shows virgin HfO2 at ambient conditions. The left and the right branch 

display the pressure behaviour of virgin and irradiated material, respectively. At 10 GPa, the 
orthorhombic I phase is the predominant structure, with the strongest peak at 9.7°. While the virgin 
material still shows some residues of the monoclinic structure at 10 GPa (reflex at 9.1° and 10.1°), 
the irradiated sample seems completely transformed. After quickly releasing the pressure, the 
unirradiated material transforms, as expected, back to the monoclinic phase while the irradiated 
material remains in its high-pressure phase. Obviously, the combination of high-pressure and heavy 
ion irradiation seems to be a powerful tool to stabilize usually unstable high-pressure phases and 
opens the possibility for material science to access them at ambient conditions. 
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Structural and luminescence characteristics of 

SnO2:Eu and SnO2:Eu,Sb nanophosphors upon 

annealing at high temperatures 
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The aim of our study at HASYLAB beamline I in 2010 was investigating Eu and Sb co-doped stannia 
(SnO2) thinfilms. Europium-doped stannia obtained by a sol-gel route requires thermal treatment 
temperatures exceeding 1400°C in order to optimize host-sensitized emission intensity of the rare earth 
activator (see figure 1). In particular, thermal treatment at 1400°C finally leads to the disappearance of Eu3+ 
centers in disordered surrounding. While Sb co-dopant immensely improves crystallization at 1400°C, the 
process also stimulates segregation Eu dopants and corresponding quenching of Eu3+ emission (see figure 2). 
Host-sensitized Eu emission has considerable intensity at ~200 K (~50% QE) being partially quenched at 
room temperature (down to ~5% QE). The effect may be due to the presence of quenching centers in 
nanocrystalline material. 

 
Figure 1. PL spectra of SnO2:Eu annealed at 
different temperatures under 266 nm excitation. The 
inset depicts the integrated PL intensity (in log-
scale) on annealing temperature. 

 
Figure 2. Excitation spectrum of SnO2:Eu3+ annealed 
at 1400°C. 
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Persistent luminescence materials continue emitting light for up to 24+ hours after ceasing the irradiation [1]. 
The materials showing this phenomenon have received special attention lately due to their significant 
applications in emergency signalization, micro defect sensing, optoelectronics for image storage, detectors of 
high energy radiation and thermal sensors. The persistent luminescence phosphors most studied contain Eu2+ 
as the emitting center [1,2]. In some systems, persistent luminescence originates from trivalent rare earths 
(R3+), instead. The trivalent rare earth (R3+) doped CdSiO3 materials show tunable persistent luminescence 
depending on the dopant: most R3+ produce broad band emission at ca. 400 nm [3]. With Tb3+ and Pr3+ 
doping, green and red emission, respectively, is seen whilst Eu3+ doping serendipitously results in no 
persistent luminescence [4]. Though the mechanism of the Eu2+ persistent luminescence is relatively well 
established, not much is known about the mechanism(s) involving other dopants, e.g. Tb3+. 

In this work, the valence and structural environment of Tb3+ in the CdSiO3 persistent luminescence phosphor 
were studied by XANES and EXAFS measurements using the beamlines A1 and C at HASYLAB (DESY, 
Hamburg, Germany). The measurements were carried out at 10 and 300 K in the fluorescence mode using 
the SDD-MI 7 channel silicon drift and PIPS detectors. The extraction of interatomic distances from the 
EXAFS data was performed by the EXAFSPAK program package [5]. 

The XANES results show only trivalent Tb at 10 and 300 K (Fig.). Since CdSiO3 has no trivalent sites, the 
charge mismatch must be compensated by the creation of Cd vacancies according to the following scheme 
(using the Kröger-Vink notation): 3 ×

CdCd  → 2 •
CdTb + CdV ′′ . The vacancies may act as hole traps in these 

materials, while intrinsic oxygen vacancies ( ••
OV ) characteristic of silicates [6] can trap electrons thus 

creating the energy storage reservoirs required for persistent luminescence. Another possibility for the 
charge compensation is the creation of interstitial oxide ions: 3 ×

CdCd  → 2 •
CdTb + iO ′′ . 

At 10 K, there is no persistent luminescence (decharging) as there is not enough thermal energy present to 
bleach the traps. Thus, only trap filling (charging) takes place. At 300 K, on the other hand, both charging 
and decharging are present. As a result, the number of species in their temporary valence state should 
increase at 10 K and facilitate their observation. However, no change in Tb3+ valence (Tb3+→TbIV) was 
observed. The XANES results thus support the creation of a Tb3+-h+ pair instead of the TbIV species during 
persistent luminescence. This is in agreement with observations made for Eu2+ doped materials earlier [6,7]. 

The distance distribution calculated from EXAFS data correspond well with the distances calculated for the 
monoclinic parawollastonite type CdSiO3 structure [8] (Fig.). This confirms that Tb3+ occupies the regular 
Cd2+ sites in the structure. The possibility for a cubic Tb2O3 [9] impurity phase was excluded by the total 
absence of a distance maximum at ca. 3.6 Å as well as the presence of the strong maximum at ca. 3.4 Å 
(Fig.), which is not characteristic of Tb2O3. 

Although the distance distributions at 10 and 300 K are rather similar, there are differences, as well. The Tb-
O distances show a wider double maximum at 300 whereas a narrower single maximum is observed at 10 K. 
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This difference could be due to an increase of symmetry in the structure upon cooling to 10 K. However, it 
could also be due to persistent luminescence: at 300 K, there are both Tb3+ and Tb3+-h+ species present 
resulting in two different Tb-O distances, or at least a wider distribution, while at 10 K the material is fully 
charged with only Tb3+-h+ in the Cd sites. With the material practically completely charged (10 K), the 
surroundings of Tb will be of higher local symmetry than with partial charging (300 K). Furthermore, the 
Tb-Si/Cd/Tb distances are longer at 10 (3.30 Å) than 300 K (3.25 Å) (Fig.). This contradiction against the 
expected compaction upon cooling may be due to the high content of Tb3+-h+ rather than Tb3+ in the Cd sites 
at 10 K, as well.  

The results obtained in this work were used to complement the data available for the CdSiO3:Tb3+ to 
construct an unparalleled mechanism for the Tb3+ persistent luminescence (in CdSiO3). This is to be 
published promptly elsewhere [4]. 

 

 

 

 

 

 

 

Figure: Tb(LIII) edge XANES spectra (left) and distance distribution around Tb (right) in CdSiO3:Tb3+ 
(xTb: 0.05) at 10 and 300 K. 
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Compounds possessing rigid three-dimensional frame with tetrahedral units (PO4, MoO4, WO4 etc.) 
have been attracted much attention because of their high chemical and thermal stability, large band 
gap and ability to incorporate the rare earth ions [1]. The bismuth-containing oxides take a special 
place among them, since ionic radius of the Bi ion is quite close to the radius of lanthanides and, in 
addition the Bi ions can cause luminescence themselves [2]. It was demonstrated recently that 
K2Bi(PO4)(MoO4):Eu

3+
 is a perspective phosphor for white LEDs [3].    

The Bi-containing phosphate and molybdate compounds BiPO4 (abbreviated here as Bi-PO), 
K3Bi5(PO4)6 (K-Bi-PO), and K2Bi(PO4)(MoO4) (K-Bi-PO-MO) have been prepared from the K2O-
P2O5-Bi2O3-MoO3 molten system. Photoluminescence (PL) and PL excitation spectra of the 
samples were obtained in 4.2 - 300 K temperature region. The VUV-excited PL properties were 
studied on SUPERLUMI station at HASYLAB (DESY), Hamburg, Germany in 4 – 25 eV region of 
excitation energies. The electronic structures of perfect Bi-PO and K-Bi-PO-MO crystals were 
calculated using WIEN2k program package [4]. 

Calculated partial densities of states (PDOS) of Bi-PO crystal are presented in Figure 1a. The origin 
of the energy scale is chosen at the Fermi level. The O 2p, Bi 6s, P 3s and P 3p states form the 
valence band (VB) (ranges from -7.6 to 0 eV), whereas Bi 6p dominate in the lower sub-band (4.1 – 
6.3 eV) of the conduction band (CB) of the Bi-PO crystal. 
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Figure 1: PDOS calculated for Bi-PO (a) and K-Bi-PO-MO crystals (b, c).  
Parts (b) and (c) contain PDOS of the oxygen atoms  

that belong to phosphate PO4 and molybdate MoO4 groups respectively.  
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Existence of gap with zero density between 6.3 and 9.0 eV is the main peculiarity of the CB of Bi-
PO crystal. The Bi 6s, Mo 4d and O 2p states form the VB of K-Bi-PO-MO crystal (ranges from -
7.3 to 0 eV). The region of relatively high density of states (3.6 - 8.0 eV) in the CB of K-Bi-PO-
MoO formed mainly by the cationic Bi 6p and Mo 4d states is followed by the region of lower 
PDOS levels (above 8.0 eV). A separate presentation of PDOSes for atoms of the phosphate (Fig. 
1b) and the molybdate groups (Fig. 1c) of K-Bi-PO-MO clearly demonstrate that the lowest-energy 
electronic transitions in MoO4 groups should start at ~1.5 eV lower energies than corresponding 
transitions in PO4 groups. Obtained results on the energy gaps Eg (4.1 and 3.6 eV for the Bi-PO and 
K-Bi-PO-MO respectively) are most likely underestimated due to well-known drawback of the DFT 
approach, and should be corrected in further studies.  

The emission spectrum of Bi-PO phosphate in 500 - 800 nm region consists of several significantly 
overlapping components (Fig. 2, curve 1). Emission spectrum of K-Bi-PO-MO (Fig. 2, curve 2) is 
almost similar to the Bi-PO case in high-wavelength region, however emission intensity is 
appreciably higher at the short-wavelength side of the main component. More substantial changes in 
spectra are observed for K-Bi-PO crystal (Fig. 2, curve 3). 
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Figure 2: Emission spectra of Bi-PO (1), K-Bi-PO-MO (2) and K-Bi-PO (3), λexc=334 nm;  
T = 300 K. Inset: excitation spectra for K-Bi-PO-MO (4) and K-Bi-PO (5,6),  

λreg =  560 (4), 600 (5) and 500 nm (6); T = 10K (4-6). 

The PL excitation spectra of K-Bi-PO measured on SUPERLUMI reveal a clear band with peak near 
235 nm and a “shoulder” in its short-wavelength side in 160 - 210 nm region if λreg = 600 nm (Fig. 
2, inset). The excitation spectrum for λreg = 500 nm has the same shape, but different contributions 
from the band and the “shoulder”. Raise of intensity is observed in the long-wavelength part of 
excitation spectrum (λexc > 275 nm) that, however can not be identified as a separate band since the 
excitation spectra measurements at SUPERLUMI are limited by λexc = 334 nm. The band in 
excitation spectrum of K-Bi-PO-MO above 300 nm is most likely related to transitions in the MoO4 
groups, since is known that luminescence of the set of molybdate crystals is excited in 320 - 360 nm 
region [5]. 
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The origin of the 2DEG at the interface of the LaAlO3/SrTiO3 oxide heterostructure (LAO/STO) is
a heavily discussed topic in both theory and experiment [1, 2, 3, 4]. Apart from possible influences
of oxygen defects recent experimental and theoretical works suggest an electronic reconstruction
as the driving mechanism for the high conductivity of the interface. In this simplified ionic picture
half an electron is transferred from the surface to the interface due to an electric potential gradient
across the polar LAO overlayers. Such a gradient is also consistently found by DFT calculations
[5].
By hard x-ray photoelectron spectroscopy (HAXPES) the potential gradient should be observable
as a significant broadening of the Al 1s core level. Moreover, due to the electron transfer the
valence band of the topmost LAO layer should cross the chemical potential.
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Figure 1: Comparison between expected spectra predicted from theory (grey shaded) and the experimental
data: (a) The measured valence band show a large gap between chemical potential and the VBM. (b) The Al
1s core level exhibits no potential gradient as predicted from theory. (c) A simplified sketch show the band
behavior of both the valence band and the core levels. The valence band can be modeled by an superposition
of the valence bands measured on bulk components.

We performed HAXPES measurements at beamline P09 of PETRA III on several samples with
different overlayer thicknesses. The samples were grown by pulsed laser deposition as described in
Ref. [3]. As references we used Nb doped STO (0.05%wt.) and a 50nm thick LAO film grown on
Nb doped STO by PLD. To compare our measured data with theory, we introduced a model: One
generates the sum of each layer including the shift and multiplied with the damping factor e−z/λ to
include the depth sensitivity of photoelectron spectroscopy, where z is depth from where the photo-
electrons are emitted and λ the inelastic mean free path of the photo-electrons. The underlying
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spectra for one layer is a spectrum measured on the reference sample. However, in our data none
of the predicted signatures are observed, which indicates a flat band behavior in the LAO overlayer
(see Fig.1). This result is consistent with other XPS studies [6].

4 uc 5 uc 6 uc mean value
VB offset (eV) -0.41 -0.33 -0.37 -0.36

Table 1: Values for valence band offsets determined from valence band analysis. Because no dependency on
the LAO overlayer thickness can be observed, a mean value can be quoted.

Furthermore, the DFT calculations give an estimation for the band offset between both band insula-
tors LAO and STO, where the valence band maximum (VBM) of STO is above the VBM of LAO.
We determined the band offsets of LAO and STO at the interface using a valence band analysis.
For that, we measured the valence band of both bulk components for reference. These spectra were
then shifted and weighted in such an adequate way, that the superposition of both spectra fits the
measured data. Fig. 2 show a valence band analysis for a 4uc and 6uc sample. It can be clearly
seen, that the VBM of LAO is above the VBM of STO. The resulting value for the band offset
is summarized in Tab. 1. From our data the valence band offset is independent from the LAO
overlayer thickness.
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Figure 2: Valence band analysis of a (a) 4uc and (b) 6uc LAO/STO sample.
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The aim of our project was to study growth and the structural properties of Fe-Cu alloy thin 

films prepared by using one of the plasma surface engineering method: Pulsed Magnetron 

Sputtering (PMS). We planned to compare the crystalline structures of the Fe-Cu films and 

understand underlaying processes. Using XRD and XAFS, we expected to find details 

showing the dependence between the structures of layers and the growth mechanism. We 

proceeded with studies of the phase form in the earliest stage of growth process i.e. in the 

interface region. 

The Cu-Fe layers were deposited onto sapphire substrates (001) as a function of deposition 

time and number of the elemental sublayers. Structural characterization of the samples was 

performed using synchrotron radiation at the W1.1 and C beamlines of Doris III storage ring. 

The monochromatic X-ray beam of wavelength λ = 1.54056 Å was applied. The 

measurements were recorded with 2θ scan in the glancing incidence geometry and 

symmetrical ω -2θ scans, exploiting the fact that the layers were deposited on monocrystalline 

sapphire (001) substrates. Fe and Cu K-edge XAFS spectra for the films of various 

thicknesses were measured in fluorescence mode. 

Typical diffraction patterns obtained for the samples with different thickness of Fe and Cu 

sublayers: “thick” - FeCu 8x180sec and “thin” FeCu 8x30sec are shown in Fig. 1 and Fig.2, 

respectively. The results of X-ray diffraction measurements revealed polycrystalline structure 

of the layer’s materials. The peaks for polycrystalline copper and iron phases are registered.  
 
 

 

 

Fig. 1.  ω/2θ diffraction 

patterns (004 reflection) and 

coplanar 2θscan in grazing 

incidence geometry measured 

for the “thick” Fe- Cu films. 

 

 

 

 

Because of the fact that in the case of copper the more efficient sputtering of the materials was 

observed, therefore the Cu sublayers were the thicker than the Fe sublayers obtained in the 

same process parameters. In the registered diffraction pattern for the “thick” films, the peaks 

of both copper and  iron phases are clearly visible but for the “thin” films the peaks of Fe 

phase are probably too small and they overlap with copper. Nevertheless the electron 

diffraction patterns (Fig .2) show that the material of the “thin” films was composed of  fcc-

Cu and bcc-Fe phases. 
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Fig. 2.  ω/2θ diffraction patterns (004 reflection) and coplanar 2θ scan in grazing incidence geometry 

measured for the “thin” Fe-Cu films (left). Transmission Electron Microscopy (TEM) micrographs 

with corresponding electron patterns of the “thin” Fe-Cu films (right). 

 

 

We expected the interface existence caused by intermixing between iron and copper atoms. 

Surprisingly, in the samples regardless of thickness, there is not clear evidence of the interface 

between the Fe and the Cu sublayers can be confirmed, as could be expected according to 

results obtained with Fe-Cu alloy layers obtained by IPD method [1].  
Obtained results of measured fine 

structures χ(k) for the Fe layers with 

different thickness (FeCu 8x180s and 

FeCu 8x30s samples) are shown in 

Fig. 3. There is no any differences in 

amplitude and shape of the fine 

structure oscillation. Therefore 

performed XAFS analysis confirmed 

that any mixing and any interface 

phase exist.  Further studies are 

necessary for interpretation of the 

results presented in this report. 

 

 

Fig. 3. Measured and calculated fine structures χ(k)  

for the Fe layers with different thickness (“thick” FeCu 8x180s 

and “thin” FeCu 8x30s). 
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EXAFS Investigation of Ge embedded in silicon and 
silica matrices 

D. Macovei, N.G. Gheorghe, M.L. Ciurea, C.M. Teodorescu 

National Institute of Materials Physics, Atomistilor 105b, 077125 Magurele-Ilfov, Romania 

Germanium embedded in amorphous silica attracted a considerable interest due to the electric and 
optical properties of the resulting materials, with a large variety of possible applications in 
electronics, optoelectronics and photovoltaics [1]. The samples from the present study are prepared 
by either by magnetron sputtering or by the sol-gel method. Details regarding sample preparation 
may be found in Ref. [2]. Two series of samples were investigated by X-ray absorption (XANES 
and EXAFS): (i) GeSi thin films (Ge embedded in Si), annealed in nitrogen atmosphere at 700, 800 
and 900°C; (ii) GeSiO thin films (Ge embedded in SiO2), annealed in nitrogen atmosphere at 800, 
900 and 1000°C. 

The Ge K-edge absorption spectra of the samples were carried out in fluorescence mode at beamline C 
of the HASYLAB synchrotron-radiation facility (Hamburg, Germany), with the incident radiation 
analyzed by a Si(111) double-crystal monochromator. The EXAFS function χ(k) (k = photoelectron 
wavevector) was calculated from the oscillations of the spectra normalized to the smooth post-edge 
background. The knχ(k) (n = 2 or 3) spectra were Fourier inverted over the k range 2.6-13.0 Å–1 (∼25-
650 eV), resulting in radial functions with maxima corresponding, up to systematic shifts, to the 
neighbouring shells of the Ge atoms. The first radial maximum, with a dominant contribution to the 
Fourier transforms (FT), was isolated by Hanning windows, backtransformed into k space, and non-
linearly fitted with structural models, by a least-square method. The electron backscattering amplitudes 
and phase shifts were calculated by the FEFF6 code [3]. The fit provided the smallest interatomic 
distance in the Ge environment, as well as the number of the nearest neighbours.  

The results of the EXAFS analysis are plotted in Fig. 2 for GeSi samples and in Fig. 3 for GeSiO 
samples. The first coordination shell of Ge for all GeSi samples correspond to 4 ± 1 Ge neighbors at a 
distance of 2.40 ± 0.01 Å, similar to crystalline Ge where the Ge-Ge distance is 2.45 Å [4]. Taking 
into account the Si-Si distance in silicon of 2.35 Å, this implies that Ge nanodots are slighly (~ 2 %) 
compressed owing to the smaller interatomic distance in silicon. For GeSiO samples, one obtains 5 ± 1 
oxygen neighbors for Ge at a distance of 1.73 ± 0.01 Å, which is a similar distance as in hexagonal 
GeO2: 1.74 Å [5]. Therefore, tetragonal GeO2 (SnO2 structure), as reported in Ref. [2] mainly from 
transmission electron microscopy considerations is precluded by the present study, since it would 
imply for the first coordination shell only four oxygens at 1.88 Å [6]. However, the present result is in 
line with high energy monochromatized X-ray photoelectron spectroscopy (Fig. 3, reproduced from 
Ref. [2]), which has shown unambigously the formation of GeO2, no matter what is the preparation 
method (sol-gel or sputtering). 

The authors gratefully acknowledge the assistance of Edmund Welter and Dariusz Zajac (HASYLAB) during 
the EXAFS experiments. 
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 2 

 

Figure 1. k2-weighted Ge-K EXAFS spectra of the GeSi thin films and magnitude of the corresponding 
Fourier transforms. 

 

Figure 2. k3-weighted Ge-K EXAFS spectra of the GeSiO thin films and magnitude of the corresponding 
Fourier transforms. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Ge 2p3/2 XPS spectra obtained with a monochromatized Ag Lα source on two GeSiO samples 
prepared by sol–gel and magnetron sputtering, compared with spectra of unsputtered and sputtered Ge 
crystal. 
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Intermetallic γ-TiAl based alloys are a class of novel, light-weight structural materials with 
attractive mechanical properties for advanced high-temperature applications. Conventional 
titanium aluminides are two-phase alloys consisting of tetragonal γ-TiAl (L10 structure; 
P 4/m m m) and small amounts of hexagonal α2-Ti3Al (D019 structure; P 63/m m c). Due to their 
low density (4 g/cm3), their high yield and creep strength up to 800 °C and their good oxidation 
resistance they have the potential to replace the heavier Ni based superalloys (8 g/cm3) in 
industrial and in aviation gas turbines as well as in automobile engines [1]. However, their low 
formability impedes their broad industrial application up to now. 

Recently, intermetallic γ-TiAl based alloys with additional ternary body-centred cubic (bcc) 
β-Ti(Al) phase (A2 structure; I m -3 m) attracted increasing attention due to their improved 
workability at elevated temperatures [2,3]. Depending on alloy composition and heat treatment 
the ductile high-temperature β phase can transform to several ordered phases at lower 
temperatures [2,4]. A few of them are assumed to be detrimental to ductility. But actually 
available phase diagrams of these multiphase alloys are quite uncertain and the precipitation 
kinetics of some metastable phases is far from understood. 

Various transformations of the third phase were observed during in-situ high-energy X-ray 
diffraction experiments, performed at the HZG beamline HARWI II at DESY [4]. The 
experiments were done in transmission geometry with a photon energy of 100 keV (λ = 0.124 Å) 
and a beam size of 1·1 mm2. The resulting diffraction rings were recorded every 120 s on a 
Mar555 flat panel detector with an exposure time of 20 s. A commercial dilatometer DIL 805A/D 
(Bähr-Thermoanalyse GmbH) with modifications for working in the synchrotron beam was used 
for heating and quenching of samples with a diameter of 4 mm [5]. 

 

Figure 1: Temperature ramp and development of the diffraction pattern with time. The pattern intensity is 
coded in greyscale; |q| = 2π/d = 2π·(2sinθ/λ). Gain and contrast of the weak super-structure reflections are 

increased. The illustration starts in the first cooling cycle at t = 120 min. 
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First results are presented in figure 1. A Ti-45Al-10Nb (at.%) specimen was subject to a 
temperature ramp of repeated heating cycles (700 °C - 1100 °C) with subsequent quenching at 
different rates (10, 1000 and 100 K·min–1, respectively). Depending on the quenching rate 
reversible transformations of the cubic B2-ordered βo phase (P m -3 m) to different ω related 
phases are observed. At low quenching rates the hexagonal B82-ordered ωo phase (P 63/m m c) is 
formed while at high quenching rates the metastable intermediate trigonal ω’’ phase (P -3 m 1) 
can be preserved (Fig. 2). The results indicate that the complete transformation βo → ωo consists 
of two steps, βo → ω’’ and ω’’ → ωo, which are both diffusion controlled. The transformation 
step βo → ω’’ only needs atomic rearrangements over relative short distances which can occur 
significantly faster than the diffusion processes necessary for the ω’’ → ωo transformation [4]. 

 

Figure 2: Crystallographic structures and relationship of (a) βo, (b) ω’’, and (c) ωo. The unit cell of βo 
phase is displayed in cubic as well as in trigonal configuration. The Wyckoff positions of the individual 

atom sites and their ideal occupancies are given below the structures. 

The complete transformation of βo to ωo requires both formation steps to be finished. In the case 
of slow cooling there is enough time available to finalize both steps. Thus ω’’ actually is a 
metastable phase. However during fast quenching the second formation step is inhibited and the 
metastable ω’’ will be conserved. The transformation ω’’→ ωo at re-heating after fast quenching 
and the reversibility of the βo ↔ ωo transformation indicates on the other side that ωo is an 
equilibrium phase in this alloy at lower temperatures. 

Further experiments are in preparation in different and higher temperature ranges as well as with 
other alloy compositions. 
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Apatites found in nature represent the class of materials with very wide functionality. Chemical 
formula of any apatite can be written generally as M4

I
M6

II
(TO4)6X2, where M denotes metal ions 

(e.g. alkali earth or rare earth) occupying two non-equivalent positions (I and II) in crystal lattice, 
TO4 refers to oxyanions with tetrahedron structure (e.g. PO4, SiO4, GeO4, VO4, etc) and X anions 
(OH

-
, F

-
, O

-
, Cl

-
). Consequently, chemical composition of apatites is highly variable, which opens 

extraordinary possibilities for the synthesis of novel functional materials. Apatites have hexagonal 
crystal structure [1] where tetrahedrons (TO4) and metals (M) form positively charged framework 
with open channels along the hexagonal axis. Electroneutrality of crystal structure is provided by 
anions (X), which have relatively high mobility in these channels. The latter one makes apatites 
family analogous to nanoporous compound of 12CaO·7Al2O3, investigated by us earlier [2], where 
charge compensating negative species (e.g. O

2-
 situated in pores) possess similar properties. Both 

compounds are also similar in another aspect because there are multiple sites available for anions 
and cations (e.g. 4 sites for O and 2 sites for Ca ions in HAP, respectively) in the host lattice. Pure 
hydroxyapatite (HAP) Ca10(PO4)6(OH)2 and its fluorine-substituted modification (FAP; X=F) are 
obviously the most well-known apatites, being the main inorganic constituent of all mammalian 
bones and teeth, which generates strong interest to use this material in all kind of applications 
requiring biocompatibility. Fluorinated apatites have attracted much attention due to higher 
chemical and thermal stability (very useful e.g. in dental applications). Despite of very high 
potential for various applications (e.g. apatites are effective host lattices for light emitting and laser 
materials), some basic optical properties of these apatites remain still to be investigated. To the best 
of our knowledge, even energy gap width of HAP is not reliably determined yet. The main obstacle 
is the absence of high-purity single crystals for optical studies of HAP. Trace elements and defects 
present in such complicated host can mask fundamental optical properties. One of a few estimations 
of HAP band-gap (>6 eV) based on studies of diffuse reflectance was reported recently [3].  

In this work we applied luminescence spectroscopy methods to study electronic properties of HAP 
and FAP including determination of the band-gap energy by photostimulated luminescence (PSL) 
method described in [4]. Measurements were performed at the SUPERLUMI station of HASYLAB 
at DESY (Hamburg, Germany) and using the FINEST branch-line of I3 at the MAX-III storage ring 
(Lund, Sweden). Samples of HAP were prepared using commercial powder (Sigma-Aldrich, 
99.999% grade), which was pressed (12 t/cm

2
) into pellets (7 mm, 1 mm thickness) and treated 

in ambient atmosphere at 1100 C for 2 h resulting in dense ceramics. Some of the pellets were 
treated in oxygen atmosphere (denoted as HAPox). The FAP ceramics were synthesized using solid 
state reaction of β-tricalciumphosphate (Ca3(PO4)2) and CaF2 at 1300 C for 5 h in Ar. Micro-
Raman studies performed showed that both HAP and FAP samples showed identical vibrational 
spectra with ones reported in [1], confirming the phase purity of studied samples prepared by us. 

Emission and photoluminescence excitation spectra of HAP, HAPox and FAP together with 
afterglow creation spectrum were measured at 10 K (see Figure 1). The intrinsic emissions of these 
compounds are located in UV, being due to radiative decay of Frenkel excitons localized on the PO4 
oxyanions. The well-pronounced excitation bands at 7.2 eV and 7.5 eV in HAPox and FAP, 
respectively were interpreted as transitions within PO4 oxyanion complexes in agreement with 
earlier studies (e.g. see [5] and references therein). Theoretical study [6] showed also that the 
density of PO4 states is responsible for lowest energy transitions in HAP. The valence band of HAP 
is formed of P(2p,3p,3d) and O(2s,2p) states and transitions to the Ca 3d states near conduction 
band bottom can determine energy gap width. Excitation onsets of photoluminescence and 
afterglow spectra enabled us to determine tentatively the band-gap energy for pure HAP as Eg7.7 
eV, which is in good correspondence with the energy gap value 8 eV of the -Ca3(PO4)2 [7]. 
Comparison of excitation spectra allows to allocate the energy gap of FAP at least 0.5 eV higher 
than that of HAP, whereas the DFT calculations predict difference of 0.9 eV [6]. Since F

-
 ion is 
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smaller than OH
-
 group, the transition from HAP to FAP causes contraction in the a-axes 

dimensions [1] and, consequently, considerable changes of the electronic structure (including the 
increase of value of energy gap) manifest themselves in intrinsic emission and its excitation spectra. 

 

 

 

 

 

 

 

Figure 1: a – normalised emission spectra of HAP, HAPox and FAP at 10 K under excitation by Eexc>Eg 
photons; b – excitation spectra (for 3.8 eV band of HAP – magenta circles, for 3.4 eV band of HAPox – 
green circles and for 3.0 eV band of FAP – blue circles) and afterglow creation spectrum of HAP at 10 K. 
Spectra have different intensity scales for better qualitative visualization of results. 

The introduction of O
-
 ions as anions by thermochemical processing of HAP in oxygen atmosphere 

causes significant changes in the spectra of HAPox. Under excitation above Eg its emission 
spectrum has a maximum at 3.4 eV, whereas the maxima FAP and HAP emission lie at lower (3.2 
eV) and higher energies (3.8 eV), respectively. Even more notable changes are visible in the low 
energy part of excitation spectra of HAPox and HAP. The excitation onset is at 6.4 eV for both 
materials. In comparison with a dominating feature at 8.6 eV the first weak band covering range of 
6.4-7.6 eV has a doublet structure in HAP being much less pronounced than that in HAPox. The 
band structure calculations [6] have shown that near the top of valence band hydroxyl group causes 
appearance of additional states, which are due to the O

-
 ion of OH

-
 group. Even though there are no 

theoretical data on the apatite compound, where O
-
 acts as an anion, one can assume by analogy that 

a contribution of such states can be even stronger. Thus it is in agreement with the experimental 
data on HAPox, where the intensity of first excitation band at 7.15 eV is about 80 % of the major 
one at 8.6 eV. Also the role of oxygen states is rather significant on formation of Frenkel type self-
trapped excitons, where its hole component is localized on oxygen ions of PO4 tetrahedra. 
Additional contribution of electronic states due to O

-
 ions located in the channel near PO4 group can 

facilitate the formation of self-trapped excitons and improve energy transfer through electron-hole 
processes. In HAPox the intrinsic luminescence (see Fig. 1b) continues to be efficiently excited at 
higher energies (< 9.2 eV), while in HAP and FAP such energy transfer mechanism is suppressed. 
We tentatively assign the origin of this process to the increased hole mobility due to channel O

-
 

ions. 
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Lead and niobium are superconducting metals which are promising for accelerator 
technology. Niobium thin film coated copper resonant cavities are being developed an 
alternative for those made of bulk Nb. Lead which exhibits the highest quantum efficiency 
between superconducting metals is investigated as a robust material for superconducting 
electron injector photocathodes [1]. This year we continued structural studies of thin Pb/Nb, 
Nb/Cu and Nb/sapphire films samples. 

Degradation of Pb/Nb films The aim of those measurement was to identify the compounds 
formed on deposited Pb cathode film as a result of air exposure. Two Pb/Nb samples were 
investigated. One of them was put into Ar environment immediately after a deposition and 
kept 14 days, the other was treated in similar way but in N2. The measurements were done 
immediately after the storage and showed a presence of a compound, which occurs in the 
sample stored in N2 only. The measurement done for both samples 10 h later showed different 
phases formed as a result of interaction with air. Also the products of interaction with water 
were different: the layer kept in Ar dissolved completely, while another unidentified remained 
on the sample kept in N2. 

 
Fig. 1 XRD patterns measured for Pb/Nb films treated in various conditions (see the text). 
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Fig. 2 Reflectivity patterns 

measured for Nb/sapphire 

samples.: 

1 – 10 s , 8.3 nm 

2 – 6 s, 7.3 nm 

3– 3 s, 5,6 nm 

4 –  2s 3.5 nm 

5 – 1s 

6 – shorter than 1 s 

 

X-ray refelctivity studies of Nb/sapphire(001). Measurement were done at W1 beamline for 

a number of samples differing in deposition time. Rough analysis allowed to determine film 

thicknesses. Observed complex shape of interference pattern indicated the presence of a 

number of constituent layers.  

 

XAFS studies of Nb/Cu(001). Measurement were done at X beamline for a number of 

samples differing in thickness. Fine structure oscillations observed for 3,5 nm were found in 

the limited k range only. In this 

range, they differ from the 

oscillations measured for 

15 nm sample.  

Results obtained from both 

XRR and XAFS measurements 

will be  interpreted in terms of 

identification of amorphised 

Nb phase in the interface 

region. 
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Fig. 3 EXAFS measured for 15 nm (black) and 3.5 nm 

(grey) Nb/Cu(001) films. 
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Sr2RuO4 is a spin-triplet superconductor [1] and its electronic structure displays strong nesting 
effects. The Ru-ions are in a 4d

4
 state, and the four electrons occupy the 4d xy, xz and yz orbitals. 

The latter two overlap in  the RuO2 plane in one direction and form bands of one-dimensional 
character. The xy orbital forms a band with two-dimensional dispersion. The Fermi-surface consists 
of three sheets, and the one-dimensional (so-called α and β) sheets exhibit a strong nesting effect at 
the vector (0.3, 0.3, 0) [2]. Sr2RuO4 remains paramagnetic down to lowest temperatures. The 
nesting is, however, seen in inelastic neutron scattering experiments as strong incommensurate 
magnetic fluctuations [3], proving that Sr2RuO4 is very close to the corresponding SDW ordering.  
Upon Ti-doping on the Ru site, the role of this nesting becomes enhanced. At a concentration of 
about 2.5% a quantum-critical point is passed and static SDW magnetic order emerges. The 
propagation vector is (0.307,0.307,1) and the ordered moment is ~0.3µB [4,5].  
More recently, we found that a very similar SDW ordering also develops in Sr3(Ru1-xTix)2O7 [6,7] 
which is  the double layer analogue of Sr2RuO4. The band-structure of the double-layer material is 
more complex than that in Sr2RuO4 and much less characterized, nevertheless one may assume a 
very similar Fermi-surface nesting to be responsible for the SDW order in the Sr3(Ru1-xTix)2O7. For 
the Titan-concentration of x=0.1 Steffens et al found a SDW ordering below 25K with the 
propagation vector (±0.24, ±0.24,0) [7]. An incommensurate magnetic superstructure (spin-density 
wave, SDW) of a certain wavelength and propagation vector can always be coupled with a 
structural modulation with a period of exactly half the magnetic wavelength. So we proposed to 
search for the superstructure reflections associated with a structural modulation coupled SDW 
ordering in Sr2Ru0.91Ti0.09O4 and in Sr3(Ru0.9Ti0.1)2O7. 
Small samples have been cut from large crystals grown in a mirror furnace. The large crystals have 
been extensively studied before and possess good mosaic spread. The orientation of both small 
single crystals was complicated because of a poorer quality of the samples eventually arising from 
the cutting procedure. We searched for superstructure reflexions in Sr2Ru0.91Ti0.09O4 and in 
Sr3(Ru0.9Ti0.1)2O7 at every possible propagation vector related with the known magnetic structure. 
We found no superstructure reflections in both materials at any position. An example of the scans 
performed is given in the figure. We have to conclude that the structural modulation accompanying 
the magnetic SDW ordering must be extremely small in the layered ruthenates, which could 
corroborate the general interpretation for these materials, that magnetism is itinerant quite far away 
from localisation. 

 

.  

Figure 1: (hh0)-scan in Sr2Ru0.91Ti0.09O4.   Figure 2: (hh0)-scan Sr3(Ru0.9Ti0.1)2O7. 
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Taking into account that modern technique has general tendency to combination of more and more 
functions in the same gadget devices, the material science should develop compounds with 
increasing number of various special properties those can be applied as working bodies for different 
purposes. With this aim now, the well-known crystals are widely doped with various activators to 
achieve additional characteristics. The strontium titanate (SrTiO3) crystals are also among the 
crystals those widely used in electronics as varistors, high temperature superconducts, tunable 
microwave devices, high-k gate dielectric material, optical windows, etc. Another modern tendency 
is miniaturisation of sizes of devises and application of nanosize effects. Thus, research attention 
previously paid to growth and investigation of bulk single crystals shifts on study of nanoscale 
materials and ultradisperse powders.  

In this paper we report results of investigation of spectral-luminescent properties of the SrTiO3 ultradisperse 
powders doped with various rare-earth in order to find compounds with intensive emission that can be 
excited from UV region and to broad in such a way possible regions of application of the strontium titanate 
compounds. Investigated micro dispersed powders were obtained at Research Institute of Physicochemical 
Problems of Belarusian State University. The polycrystalline RE-doped titanate nanosystems were prepared 
from inorganic precursors by soft-chemistry technique. Some of the samples were additionally doped with 
Al2O3 oxide [1].   

The Ce
3+

, Dy
3+

 and Pr
3+

 ions were used as luminescent activators of the SrTiO3 and SrTiO3/Al2O3 
ultradisperse powders.  We have investigated luminescent properties of the synthesized compounds in the 
region of excitations from 50 to 334 nm at various temperatures. As a result, we have to note that only 
powders doped with the Pr

3+
 ions have shown comparably intensive emission at the applied excitation 

conditions. Luminescence spectra of the SrTiO3 - Pr
3+

 and SrTiO3/Al2O3 - Pr
3+

 powders obtained at 8 K are 
presented on Fig.1 and Fig. 2, respectively. They contain three narrow bands in the 480 – 500, 580 – 630 
and 630 – 670 nm spectral regions. The last two bands are complex and consist of several components. 
Comparison of position of these bands with literature data on spectra of the Pr

3+
 ions reveals that observed 

peaks belong to 
3
P0 → 

3
H4, 

3
P0 → 

3
H6 and

 3
P0 → 

3
F2 transitions in the inner f

2
 shell of the Pr

3+
 ions. The 

obtained excitation spectra consist of three bands in the 60 – 140, 150 – 230 and 270 – 340 nm spectral 
regions (Figs. 3, 4). All these bands belong to the SrTiO3 band to band transitions [2]. Spectra obtained with 
registration on different transitions at 490 and 618 nm are similar (Fig. 3) 

Comparing luminescence spectra of the SrTiO3 - Pr
3+

 and SrTiO3/Al2O3 - Pr
3+

 powders we can find 
differences only in intensities of the luminescence: the Al2O3 doped samples can give emission of higher 
intensity. Excitation spectra of the SrTiO3/Al2O3 - Pr

3+
 samples differ from the SrTiO3 - Pr

3+
 ones by 

strongly increased intensity of the 270 – 340 nm excitation band. This band lays at the edge of fundamental 
absorption of the SrTiO3 matrix, and charge transfer excitation band of the Pr

3+
 ions is also observed in this 

spectral diapason. Therefore, doping of the SrTiO3 polycrystalline nanosystems with the Al2O3 enhance 
excitation energy transfer in the matrix and as a result allows obtain essential raise of luminescence 
intensity, especially at the excitation from near UV region.  
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Figure 1: Luminescence spectra of the SrTiO3-Pr
3+

 

powders at λex = 75 (1), 90 (2), 110 (3) and175(4) 

nm; T = 8 К. 
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Figure 2: Luminescence spectra of the SrTiO3/Al2O3 

-Pr
3+

 powders at λex = 90 (1), 175 (2) and 310(3) nm; 

T = 8 К. 
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Figure 3: Excitation spectra of the SrTiO3-Pr
3+

 

powders at λreg = 618 (1) and 490 (2) nm; T = 8 К. 
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Figure 4: Excitation spectra of the SrTiO3/Al2O3 -

Pr
3+

 powders at λreg 490 nm; T = 8 К. 
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Cobalt based nanoparticles have attracted during few past decades a research interest as a subject of 
both fundamental understanding and application. They have been used as a ferrofluids or electronic 
components, solar energy transformers, as anodes for batteries, and in chemical catalysis.  Co based 
nano-systems are top materials for preparation of high-density magnetic recording media, where 
the particles of small size, with narrow size distribution are required [1-3]. In this work the 
magnetic cobalt based nanoparticles with CoO core and Pt shell, CoO@Pt, were studied by X-ray 
diffraction, X-ray absorption near-edge structure (XANES). 

Nanoparticles were synthesized using the reverse micelle concept [4]. This method is a very useful 
for preparation of particles with metal core and different coating shell.  Magnetic measurements 
were performed on a commercial SQUID-based magnetometer (Quantum Design MPMS 5XL) 
over a wide range of temperatures (2-300 K) and applied dc fields (up to 50 kOe). 

The XANES measurements were done at B1 Hasylab beamline (DESY Hamburg). The sample 
powder was spread between two Kapton tapes. The transmission of the sample was measured by 
measuring the X-ray intensity with an ionization chamber before of the sample and a photodiode 
after it. The energy scale was calibrated using the first inflection points of Fe, Ni, and Se foils. 
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Figure 1: (a) Normalized XANES spectra of CoO@Pt magnetic nanoparticles (a) at Pt L3 edge, (b) at Co 
K edge. 

The normalized XANES spectra of prepared nanoparticles measured at Pt L3 edge and Co K edge 
are in the Figure 1. In the case of Pt L3 edge (Figure 1a) it is seen that the XANES signal coming 
from nanoparticles is practically identical to the signal from Pt reference foil. This behaviour 
indicates that the platinum atoms in nanoparticles have comparable electronic configuration and the 
same oxidation state (exactly the same position and the shape of the absorption edge) as platinum 
atoms in the reference foil. The Figure 1b shows the XANES spectra of the sample at Co K edge. 
For comparison, the reference spectra of Co, CoO and Co3O4 are displayed. The results suggest the 
core of the sample is formed by CoO nanoparticles. However, small upshift of the XANES 
spectrum of the studied sample, with respect to CoO reference, was observed. This may indicate 
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that some of the cobalt atoms have different electron density and higher oxidation state (III) or, it is 
a consequence of existing Co/Pt interface.   

   
The study of magnetic properties of prepared nanoparticles confirms the existence of 
superparamagnetic behaviour, see Figure 2 (a), since the synthesis of NPs was below critical size at 
which particles becomes a single magnetic domains. From superparamagnetic curve measured at 
room temperature, see Figure 2 (a) inset, we have estimated the value of magnetic moment of 
particles mp = 158 µB using Langevin formalism [5, 6].  At low temperature the magnetic moments 
of particles are blocked on the external field direction and display coercivity. From the temperature 
dependence of magnetic susceptibility the antiferromagnetic ordering was confirmed using curie-
Weiss law, what also suggests on the existence of antiferromagnetic cobalt oxide formed as a core 
of particles. 
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One of the directions for a new scintillation material creation is connected with using of unique 
physical properties of nanoparticles embedded in crystal, polymeric or glass matrix [1]. Besides the 
technological problems of the transparent nanocomposite fabrication there is also the problem of 
elucidation of luminescence intensity dependence of nanoparticles on their size and energy of 
exciting quanta. The reducing of nanoparticle size can lead to resonance effects causing the 
enhancement of nanparticle luminescence [2, 3]. On the other hand the situation can appear when 
the length of free path of electron excitation exceeds the particle size. This circumstance results in 
decreasing of nanoparticle luminescence intensity. The first experimental evaluation of 
luminescence intensity dependence on nanoparticle size has been done for Lu2O3:Eu3+ and 
Lu2O3:Tb [4], where the authors interpreted the observed changes in luminescence parameters in 
terms of the multiplication of electronic excitation dependence on particle size and the relation 
between free path of electron excitation and particle size, too. 

In present work with the aim to study the confinement effect influence the luminescence of LuPO4-
Eu and LuPO4-Pr nanoparticles upon high energy excitation was studied. The presence of electron 
and hole recombination mechanisms of luminescence upon band to band transitions in these 
systems caused the choice of them for investigation. For hole recombination mechanism in LuPO4-
Eu the Eu3+ ion captures first the free electron created the Eu2+ center and after that the photohole 
recombines with Eu2+ center producing the luminescence. The inverse situation is realized in a case 
of electron recombination luminescence in LuPO4-Pr.  

LuPO4-Eu and LuPO4-Pr nanoparticles have been synthesized by the template micelle method using 
the surfactant species. The nanoparticle size was changed in process of high temperature annealing. 
The nanoparticle size is determined by the X-ray diffraction and TEM. The luminescence 
measurements were performed at the SUPERLUMI station of HASYLAB at DESY [5]. The 
luminescence spectra of LuPO4-Eu nanopartiles reveal the structure inherent for Eu3+ ion 
luminescence in LuPO4 tetragonal host (Fig. 1, a). The emission spectrum of Eu3+ in LuPO4-Eu 
nanoparticles with 16 and 35 nm of size is slightly broadened in comparison with luminescence 
spectra of Eu in samples with greater size.  
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Figure  1. (a) luminescence spectra and (b) luminescence excitation spectra of LuPO4-Eu nanoparticles. 

-201-



In the excitation spectra of Eu3+ in LuPO4-Eu (Fig. 1, b) it is possible to select the band of 
excitation connected with charge transfer from O2- to Eu3+ at ~5,8 eV, the band of 4f-5d transitions 
in Eu3+ ion at ~8,1eV, the range of optically creation of self-trapped exciton (E<Eg.~8,8 eV), the 
range of band to band transitions and range of luminescence intensity growth at quanta energy of 
E>14 eV. Taking into account the local character of electronic excitation in the ranges of charge 
transfer and 4f-5d transitions in Eu3+ ions the changes in luminescence excitation spectra ions are 
not so dramatic as in range of quanta energy E>Eg. 

As the nanoparticle size decreases the luminescence intensity falls for quanta with energy E>Eg. It 
can be explained by the exceeding of photoelectron free path of nanoparticle size. Some increasing 
of luminescence intensity upon excitation in range of E>14eV (E<2Eg) near onset of multiplication 
of electronic excitation can be connected with peculiarity of hole recombination luminescence in 
LuPO4-Eu. The increasing of the luminescence intensity at quanta energy below of E~2Eg is 
observed in Gd2O3-Eu [4]. Hole character of recombination luminescence facilitates luminescence 
increasing upon high energy excitation (E>14eV). In nanoparticles the impurity centers are mainly 
localized in near surface layer. Hence the photoelectrons have high probability to localize on Eu3+ 
ions and not on the near surface defects only. It creates the favorable conditions for further 
recombination of Eu2+ centers with less mobile holes.  

Slightly other dependence of luminescence parameters is observed in a case of electron 
recombination luminescence for LuPO4-Pr. Here, the 5d-4f luminescence (Fig. 2, a) is preferably 
excited in the range of 4f-5d transitions in Pr3+ ions (Fig. 2, b).  
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Figure 2. (a) luminescence spectra and (b) luminescence excitation spectra of LuPO4-Pr nanoparticles. 

As nanoparticle size is decreased the luminescence intensity of Pr3+ falls for quanta with E>Eg, and 
the range of luminescence excitation corresponding to multiplication of electronic excitation is not 
observed. These peculiarities can be explained in a such way: i) the free photoelectron path can 
exceed the nanoparticle size; ii) in a case of electron recombination luminescence the 
photoelectrons due to greater their mobility recombines with near surface defects and consequently 
the Pr4+ ions created in result of photohole capture don’t meet the photoelectrons for completion of 
recombination process by way of emission. 
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We have used X-ray reciprocal space mapping for investigation of porous indium phosphate 
structures, grown by electrochemical etching  method. The porous InP is intensively studied as a 
basic material for a very wide wide range of applications. Ite can be used to accommodate large 
lattice mismatch in epitaxial film growth. Its unique  optical and electrical properties influenced by 
quantum confinement effects make porous InP to a promising material for terahertz emitters [1] and 
solar cells [2]. In combination with absorbed  organic molecules, it can serve as a highly effective 
biochemical sensor [3].  

The measurements were carried out at the E2 beamline with double crystal Si(111) monochromator 
set to the energy of 10 keV.  A MYTHEN linear position sensitive detector was used to register the 
Bragg diffracted radiation for (002), (004) and (006) reflections. The reciprocal space maps were 
recorded at different azimuthal orientations. In the case of single layered samples, the directions 
along and across the pores was chosen. For multi-layered samples with multiple pore directions, 
two azimuthal positions normal to each other and coinciding with that of one of the porous layers 
were taken.  

Figure 1 shows the reciprocal space maps for a single- and a multi-layered sample. The clearly  
structured scattering patterns in the vicinity of the Bragg angles are related to the single crystal  
network of the core InP material and demonstrates a strained structure with a high degree if  lattice 
perfection. The observed diffuse scattering is typical for stochastic pore structures.    

The results will be analyzed with the help statistical dynamic theory developed by us in [4] on the 
basis of previous results obtained at HASYLAB.  
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Figure 1: Reciprocal space maps for porous InP layers on InP substrates. Top: single layer, figures A and B  

correspond to directions along and across the pores. Bottom: multi-layered structure, figures C and D 
correspond to directions along and across the pores in the top layer. 
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A series of WAXD experiments involving novel ethylene/4-methyl-1-pentene (E/Y) copolymers 
was performed. Though these copolymers are obtained from a non-living, single step 
polymerization, owing to combined effect of the catalytic system employed (single site 
stereospecific metallocenes) and of the bulky Y comonomer, they exhibit a “blocky” 
microstructure, i.e. they contain E and Y homosequences which might be long enough to be 
capable of crystallizing [1].  
The samples were placed  in a temperature controlled oven and structural changes during heating 
were recorded by acquiring temperature resolved patterns at 10 °C/min from -5 to 150 °C. Prior to 
the analysis at the beamline A2 of Hasylab, samples were submitted to a Successive Self-nucleation 
and Annealing (SSA) thermal fractionation [2], a procedure capable of enhancing the crystallinity 
of polymeric materials. Four samples, prepared with two different catalysts and with composition 
ranging from 45 to 69 mol% E, were analyzed. WAXD patterns collected for a sample containing 
45.5 mol% Y obtained with EBTHI catalyst are reported as an example in Figure 1. Reflections 
ascribable to Form IV of poly(4-methyl-1-pentene) are visible at about 8, 9, 12, 16 and 21° 2θ.  
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Figure 1: WAXD traces recorded during heating a E/Y copolymer containing 45.4 mol% of Y. 

 
Despite the almost equimolar comonomer content, normally suggesting a completely amorphous 
behaviour, it is worth noting the presence of polyY crystals. On the other hand, due to the very low 
crystallinity of the sample, reflections from polyethylene crystals were not detected, Moreover, the 
adopted experimental approach is probably not fully adequate to provide undisputable evidence for 
the presence of polyE crystallites, since short E sequences might exhibit sub-ambient melting 
temperatures, which necessitates a more appropriate temperature controlled environment. 
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Three terpolymers made from propylene, 1-pentene and 1-hexene were also available for 
experimental investigations. Such samples were synthesized with a MAO activated metallocene 
catalyst and have molar composition around 75/25 – C3/(C5+C6) with C5/C6 molar ratios of about 
1:1, 3:1 and 1:3. The C5/C6 ratio is used to name the samples. 
Time resolved isothermal crystallization at 0 and 20 °C were conducted directly under the x-ray 
beam, by heating the sample to 220 °C and then cooling it down to sub-ambient temperatures. 
During these on-line WAXD measurements data were acquired, in general, every 2 min in the first 
part of the crystallization curve; when necessary, for longer crystallization times, the samples were 
kept in thermal baths maintained at 0 or 20 °C, acquiring a WAXD pattern every hour. 
Crystallinity was evaluated for each pattern according to standard procedures. Figure 2 depicts the 
results obtained for the isothermal crystallization at 0 °C of the C3/C5/C6 terpolymers. 
Consistently with the results previously obtained for C3/C5 and C3/C6 copolymers [3], the larger is 
the amount of hexene in the terpolymer, the slower is the crystallization of the trigonal δ-form. The 
same trend was also observed in the experiments performed at 20 °C (not shown), but shorter 
crystallization times were necessary to attain the limiting value of crystallinity. 
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Figure 2: Crystallization kinetics for random C3/C5/C6 terpolymers at 0°C. 
 
During our beamtime we also carried out a few experiments on copolyesters of poly(ethylene 
terephthalate), PET, with its homologues poly(trimethylene terephthalate), PTT, and poly(butylene 
terephthalate), PBT. Interestingly, the three 50/50 copolymers, PET/PTT, PET/PBT, PTT/PBT, 
obtained by entropically-driven ring-opening polymerization, despite the fact that were random 
with a sequence length of only 2, exhibited a certain crystallinity. Room temperature 2D WAXD 
patterns were collected on samples that were isothermally crystallized at a proper temperature in 
order to develop as much as possible the crystalline phase. These findings, which obviously deserve 
further investigations, may suggest a unit cell containing two different repeating units [4]. 
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Lanthanum phosphate (LaPO4), also known as monazite, has been widely used as a phosphor and 
proton conductor as well as in sensors, lasers, ceramic materials, catalysts and heat-resistant 
materials. This is due to its interesting properties such as very low solubility in water, high thermal 
stability, high index of refraction, and so on [1, 2]. Trivalent cerium (Ce3+) and terbium (Tb3+) co-
activated LaPO4 (LaPO4:Ce,Tb) bulk powder is known as most efficient because of the high-
efficiency energy transfer between Ce3+ and Tb3+ [1, 3].  

In the present study LaPO4:Ce,Tb (45 mol% of Ce3+, 15 mol% of Tb3+) nanopowder was produced 
via a microwave-accelerated synthesis in ionic liquids. Luminescence properties of 
LaPO4:Ce3+,Tb3+ in the UV–VUV spectral range were studied with pulsed synchrotron radiation 
from the DORIS III storage ring at DESY.  

Luminescence spectra of Tb3+ emission for both bulk and nanosized samples are pictured in Fig. 1. 
In both samples the characteristic Tb3+ lines resulting from 5D4 → 7FJ transitions occur. However, a 
significant discrepancy between emission spectra is observed if the fine structures of the Tb3+ 
emission lines are considered in details. The comparison of the fine structures of the most intensive 
line (5D4 → 7F5) is shown as an inset in Fig. 1. In contrast to the commercial bulk material the fine 
structure of the Tb3+ lines is significantly smoothened in the case of the nanopowder.  

 

 
Fig. 1. Emission spectra of Tb3+ ions in the 
macroscopic and nanosized LaPO4:Ce,Tb under 
excitation in Ce3+ absorption band (250 nm).  
 

 
Fig. 2. Emission spectra of Ce3+ ions in the 
macroscopic and nanosized LaPO4:Ce,Tb under 
excitation in Ce3+ absorption band (250 nm). 

On fig. 2 could see a significant discrepancy between commercial and nanosized LaPO4:Ce,Tb in 
the emission spectra of Ce3+. Firstly, a characteristic duplet structure of the Ce3+ emission band in 
the 300–360 nm range caused by splitting 4f ground level is well resolved in the bulk sample, 
whereas this duplet structure is almost absent in the spectrum of the nanopowder. Secondly, the 
Ce3+ emission band is slightly shifted to the low energy side. 
 
Excitation spectra of Ce3+ and Tb3+ are depicted in (Fig. 3) and (Fig. 4) for the bulk and the 
nanosized samples, respectively. The excitation spectrum of the Ce3+ emission in the 4.0–6.5 eV 
range of the bulk sample (Fig. 3) shows 4f–5d transition of Ce3+ ion in the LaPO4 matrix. This 
spectrum is composed of five bands peaking at 4.46, 4.76, 5.2, 5.8 and 6.05 eV, which are due to 
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the transition from the ground state 2F5/2 (4f1) to the five crystal-field split levels of 2D (5d1) excited 
state in LaPO4 lattice. 
 

 
Fig. 3. Excitation spectra of Ce3+ (340 nm) and 
Tb3+ (542 nm) emissions in the macroscopic 
LaPO4:Ce,Tb at 7 K. 

 
Fig. 4. Excitation spectra of Ce3+ (340 nm) and 
Tb3+ (542 nm) emissions in the nanosized 
LaPO4:Ce,Tb at 7 K. 
 

The excitation spectrum of Tb3+ emission for the bulk sample could be visually divided in two 
ranges: 4.0–5.6 eV and 5.6–7.7 eV. The excitation spectrum of Tb3+ emission at energies higher 
than 5.6 eV represents f–d transitions of the Tb3+ ion. The abundant structure of this part of the Tb3+ 
excitation spectrum is explained by the spin-allowed and the spin-forbidden f–d transition from the 
ground 7F (4f8) state to the lowest 7D (4f75d) and to the lowest 9D (4f75d) terms. 

The excitation spectrum for Ce3+ emission in the nanosized sample has intensive bands in the 3.5–
6.5 eV spectral range (Fig. 4) which are qualitatively similar to the corresponding excitation bands 
obtained for the bulk material in Fig. 3. However, the fine structure due to the crystal-field splitting 
is poorly resolved for the nanomaterial. The intensive excitation band peaking at 4.0 eV (300 nm) 
is observed for the nanomaterial and which is absent in the excitation spectrum of bulk 
LaPO4:Ce,Tb. We can speculate that this excitation band arises due to perturbation of the 5d levels 
on Ce3+ in nanosized LaPO4:Ce,Tb. As a result, 5d excited state are slightly shifted and, thus, Ce3+ 
excitation and emission spectra of the nanomaterial are shifted to the low energy side as compared 
to the corresponding spectra of the bulk sample.  

The structure of the excitation spectrum of the Tb3+ emission coincides qualitatively with the shape 
of the excitation spectrum related to Ce3+ in nanosized LaPO4:Ce,Tb (Fig. 4). The intensive 
excitation of Tb3+ in 3.5–5.6 eV range is due to energy transfer from Ce3+. On the other hand, the 
part of the excitation spectrum due to f–d transitions on Tb3+ (5.6 eV and higher) is significantly 
suppressed in the nanomaterial, it means that Tb3+ practically cannot be directly excited in 
nanosized LaPO4:Ce,Tb, but could be excited after energy transfer from Ce3+ only. We suggest that 
due to the small nanoparticle size and a high impurity concentration, Tb3+ and Ce3+ ions are closely 
distributed. Since the cerium concentration is in three times higher than for terbium, Ce3+ ions 
“shield” Tb3+ ions and Ce3+ excitation is much more probable. 
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Europium doped yttrium vanadate is one of the most important phosphor materials which currently 
find a variety of applications in cathode ray tubes [1], fluorescent lamps [2] and scintillator in image 
detectors [3]. Also YVO4:Eu is promising material for high definition TVs based on plasma display 
panels [4]. YVO4:Eu is characterized by its high energy-conversion efficiency, brightness, color 
purity, and high thermal stability. YVO4:Eu the advantage over the currently used sulfide phosphors 
in stability in vacuum and absence of corrosive gas emission under electron bombardment. As a 
nanomaterial,YVO4:Eu is relevant for these issues as well [5]. Additional interest is related to 
labeling, signaling, and biomedical purpose.  

In present work comparative analysis of the luminescent properties of nanocrystalline YVO4:Eu 
luminescent materials with macro crystalline analogues, commercially produced by Philips, has 
been performed. Nanocrystalline YVO4:Eu (particle size is 12-15 nm, Eu3+ ions concentration is 15 
mol%) was produced by means of a microwave-induced synthesis in ionic liquids, which allows the 
efficient particle size, quality and impurity level control [6]. In order to avoid luminescence 
degradation due to surface loses YVO4:Eu nanocrystals has been covered by YF3 layer with 
thickness 1-2 nm (YVO4:Eu@YF3).  The luminescence emission and excitation measurements were 
carried out under pulsed synchrotron radiation emitted from DORIS III storage ring on the 
SUPERLUMI station at HASYLAB.  

Luminescence spectra at 8 K for all samples are shown on the figure 1. Spectra is normalized at 
617.5 nm. Spectra consist of characteristic Eu3+ line and wide VO4

3- molecular complex intrinsic 
emission band. Is clearly seen that this intrinsic emission is absent in YVO4:Eu nanocrystals 
covered by YF3 layer.  

Well-resolved characteristics Eu3+ emission lines due to 5D0-
7FJ transitions have been observed in 

all samples studied (figure 2). The energy transfer mechanism of VO4
3−
→Eu3+ is well-known to 

occur after a thermally activated energy migration through the vanadate sublattice. The emission of 
YVO4:Eu nanoparticles usually occurs after energy transfer from the excited vanadate to the 

Fig. 2. Comparision of fine structure of Eu3+ 
emission in YVO4:Eu under 300 nm excitation. 
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europium ions [7]. It is shown, that Eu3+ luminescence intensity is drastically decreased in 
nanocrystals comparing with the bulk sample. However, this emission could be partially restored in 
nanocrystals with passivated surface (YVO4:Eu@YF3). Obviously surface related loses are 
suppressed in covered nanocrystals. 

Excitation spectra of europium emission in YVO4:Eu is shown on figure 3. Spectra contain 
abundant structure at low energies and several broad overlapped intensive excitation bands at high 
energies. The short-wavelength excitation at around 260 nm is due to charge-transfer processes 
involving the Y–O components [8]. Comparing the nano and macrocrystalline samples is clearly 

seen, that Eu3+ emission is poorly excited in nanocrystalline samples at energies, when the spatial 
separation of electron-hole pairs is comparable with sizes of nanoparticles.  We suggest that energy-
transfer processes form YVO4 matrix to Eu3+ ions are suppressed in nanocrystals, due to some 
competing relaxation channels, which are absent in bulk material.  

On the other hand, excitation spectra of VO4
3- complex emission in YVO4:Eu (figure 4) doesn’t 

differ so much for macro and nano crystals. It seems, the particle size doesn’t influence significantly 
the intrinsic emission centers in YVO4:Eu.  
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At room temperature LaAlO3 has the rhombohedral crystal structure (space group (S.G.) R3c), 
which transforms into ideal perovskite cubic structure (S.G. Pm3 m) at 820 K. TbAlO3 posecess 
orthorhombic symmetry (S.G. Pbnm) in a wide temperature range of 12–1173 K [1]. 

In order to study the phase and structural behaviour in the LaAlO3–TbAlO3 pseudo-binary system a 
series of La1–xTbxAlO3 samples with x in the range of 0.1–0.9 were prepared from the oxides La2O3, 
Tb4O7 and Al2O3 by a combination of solid state reaction and arc melting in Ar atmosphere. The 
crystal structures of the solid solutions La1–xTbxAlO3 and their thermal behaviour in a wide 
temperature range of 12–1173K have been investigated by using high-resolution powder diffraction 
applying synchrotron radiation (beamline B2, HASYLAB at DESY) and differential thermal 
analysis (DTA) methods. All crystallographic calculations (refinements of the lattice parameters as 
well as full profile structure refinements) were performed by means of the Windows version of the 
Crystal Structure Determination program package WinCSD [2]. 

From the results of the XRD phase and crystal structural analysis it was established that two kinds 
of solid solutions La1–xTbxAlO3 one with rhombohedral (x ≤ 0.18) and one with orthorhombic (x ≥ 
0.42) crystal structure exist at ambient temperature. A wide immiscibility gap exists between these 
two perovskite-type phases. All lattice parameters decrease monotonically with increasing Tb 
content in La1–xTbxAlO3 and a strong anisotropy in the lattice contraction is observed for the 
rhombohedral and orthorhombic phase. However, the normalized volume decreases almost linear 
with increasing Tb content. 
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Figure 1. Concentration dependences of normalized 
lattice parameters and cell volumes of La1–xTbxAlO3 
solid solutions. Lattice parameters and cell volumes 
of the rhombohedral and orthorhombic cells are 
normalized to the perovskite ones as follows: 
ap=ar/√2, cp=cr/√12, Vp=Vr/6; ap=ao/√2, bp=bo/√2, 
cp=co/2, Vp=Vo/4. 

At elevated temperatures, continuous phase transitions from rhombohedral to cubic structures were 
observed in the La1–xTbxAlO3 samples with x < 0.4. In the sample with the composition 
La0.9Tb0.1AlO3, this transformation was detected at 1175 K (Fig. 2, a). Onset of another type of 
phase transition was detected in the La0.4Tb0.6AlO3 and La0.5Tb0.5AlO3. This phase transition was 
defined as a first-order transformation from the orthorhombic to a rhombohedral structure, similar 
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to other pseudo-binary systems based on LaAlO3 [3]. The limitation of the equipment used did not 
allow us to detect the completion of orthorhombic-to-rhombohedral phase transition (Fig. 2, b). 
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Figure 2. Temperature dependencies of normalised lattice parameters and cell volumes of La0.9Tb0.1AlO3 (a) 
and La0.5Tb0.5AlO3 (b) solid solutions. 

Based on the results of in situ synchrotron powder diffraction examinations and DTA 
measurements as well as available literature data, the phase diagram of the pseudo-binary system 
LaAlO3–TbAlO3 has been constructed (Fig. 3).  
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Figure 3: Phase diagram of the pseudo-binary 
system LaAlO3–TbAlO3. The letters L, C, Rh and 
O designate liquid, cubic, rhombohedral and 
orthorhombic phase fields, respectively. The 
dashed bars indicate the experimentally observed 
concentration and temperature ranges of co-
existence of two perovskite-like phases at 
different temperatures. 
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The persistent luminescence materials form a particular class of energy storage materials, which store energy 
from visible light or UV radiation to be released later gradually by thermal energy. They have several 
applications e.g. in luminescent paints, traffic signs, emergency signage, food packaging and high energy 
radiation detectors. The performance of materials as SrAl2O4, Sr2MgSi2O7 and Sr4Al14O25, all doped with the 
same Eu2+,Dy3+ combination, exceeds 24 h [1-4]. The problem with the present phosphors is not the duration 
of the emission but rather the restriction to the blue and green emission. There is thus a need for further 
studies, especially a quest for red emitting persistent luminescence materials. Another important viewpoint 
in the research of persistent luminescence is the mechanism. Though it is relatively well established for Eu2+, 
not much is known about the mechanism(s) involving the other dopants, e.g. Tb3+. 

The trivalent rare earth (R3+) doped CdSiO3 materials show tunable persistent luminescence depending on 
the dopant [5]. In this work, the emission and excitation spectra of the R3+ doped CdSiO3 materials (R: none, 
Pr, Eu and Tb) were measured with synchrotron radiation using the beamline I (SUPERLUMI) at 
HASYLAB (DESY, Hamburg, Germany) at 10 and 300 K. The excitation spectra were measured using 2 m 
McPherson type primary monochromator (3.7-40 eV). In the emission measurements a Spectra Pro 300i 
monochromator was used together with a CCD detector from Princeton Instruments (200-1050 nm). The 
excitation spectra were corrected for the sensitivity of the experimental setup. 

In addition to the emission characteristic for each R3+ ion, a band at ca. 390 nm is observed from all 
CdSiO3:R3+ materials at 10 K (Fig. 1). This band is characteristic for the CdSiO3 host because it is also 
observed in the non-doped material, and it might be due to the Cd2+ ion. However, the emission of the d10 
ions (Cu+, Zn2+ and Cd2+) is still quite open a question: the d9s1↔d10, LMCT and oxide ion (2p6↔2p53s1) 
transitions have been suggested [6] – in addition to the defect related emission. The last one may be a 
tempting choice in CdSiO3:R3+ due to the charge compensation defects resulting from substitution of Cd2+ 
with R3+. At 300 K, the band emission disappears and only the appropriate red (Pr3+ and Eu3+ doping) or 
green (Tb3+) emission can be observed. The persistent luminescence has not been observed with Eu3+ 
doping [7]. Also, the broad band luminescence of Eu2+ cannot be observed regardless of the 
preparation conditions. 

In the synchrotron radiation excitation spectra, the fundamental edge of the non-doped and Tb3+ doped 
matrix was observed at ca. 235 nm (Fig. 2). This is the excitation from the top of the valence band (VB) to 
the bottom of the conduction band (CB) corresponding to a band gap energy (Eg) of 5.3 eV. In the Eu3+ 
doped material, only an excitation band at 250 nm is observed. It is due to the charge transfer (CT) transition 
O2-(2p)→Eu3+. Thus, the e-(Eu3+)-h+(CdSiO3 VB) pair prevents the formation of the e-(CdSiO3 CB)- 
h+(CdSiO3 VB) pair and the host absorption is not observed. 
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Figure 1: Emission spectra of CdSiO3:R3+ (R: none, Pr, Eu, Tb) at 10 and 300 K. 

 

 

 

 

 

 

Figure 2: VUV-UV excitation spectra of CdSiO3:R3+ (R: none, Eu, Tb) at 10 K. 

The knowledge of host band gap and the Eu3+ charge transfer energies can be used to study the persistent 
luminescence mechanism of the CdSiO3:R3+ materials. The charge transfer band gives the Eu2+ gound level 
position of 4f7(8S7/2). The Eu2+ ground level gives the Eu3+ energy levels and, then, all the R3+ 4fn ground 
level positions can be determined [8]. Combining the results obtained in this work with other data available, 
the persistent luminescence mechanism can be determined. This is to be published promptly elsewhere [7]. 
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The lead tungstate PbWO4 (PWO) crystals were intensively investigated in connection with their 
application as scintillators for Large Hardron Collider [1]. Improvement of scintillation 
characteristics of the PWO crystals was achieved by various ways such as special implantation of 
the crystals with impurity ions, especially with rare earth (RE) ions, and annealing of the crystals in 
various atmospheres, e.g. oxygen, argon, air. Recently, we have reported about effects of RE-doping 
on properties of the own emission of the PWO crystals [2] and about formation of two different 
types of emission centers on basis impurity RE

3+
 ions in the PWO matrix [3-5]. In order to ascribe 

the observed effects of the RE ions on the own PWO emission with various  types of defects in the 
crystal lattice, luminescent properties of the RE-doped PWO crystals annealed at various 
temperatures were investigated.  

The investigated sheelite-type lead tungstate crystals were grown by the Czochralski method at 
Physics Faculty, Lviv National Ivan Franko University, Ukraine in the laboratory headed by Prof. 
M. Pashkovskyi. The crystals were annealed in air at 350, 650, and 950 C temperatures 
consequently during 2.5 hours with heating rate 100 C per hour and slow cooling during 24 hours 
after each cycle of annealing. Recently, spectral properties of the Eu

3+
 emission were investigated 

for the thermally untreated crystals and for the crystals after each cycle of annealing and no 
redistribution between two types of emission centers formed by the Eu

3+
 ions was observed [5].  

Luminescence spectra of investigated in this paper Eu-doped PWO crystal obtained at 8 K consist 
of the band in 350 – 700 spectral region with maxima at 460 nm for 296 nm excitation (Fig. 1). 
Weak component with maximum at about 570 nm forms long wavelength tail of these spectra. 
Annealing of the samples does not cause any essential redistribution in the spectral shape at 
excitation with 296 and 270 nm. The spectra obtained at 320 nm excitation show that long 
wavelength part of emission spectra consists of several components. The main components with 
maximums at about 520 and 600 nm have the same intensities for the samples before annealing. 
Annealing of the samples causes redistribution between these two components: for the samples 
after annealing intensity of the band with maximum at 520 nm distinctively higher than intensity of 
the band with maximum at 600 nm (Fig. 2).  

Excitation spectra obtained at 420 nm registration have sharp long wavelength edge with sharp peak 
at 296 nm, peak at 285 nm, asymmetric band with maximum at 272 nm and weak long wavelength 
band with maximum at 180 nm (Fig. 3). The spectra obtained at 500 nm registration have additional 
band in the range of 310 – 340 nm. The spectra at 600 nm registration consist of the main band with 
maximum near 313 nm, peak at 296 nm and weak bands with maximum at 267 and 180 nm (Fig.4). 
Annealing of the samples in the both cases causes increasing of relative contribution of the band 
with maximum position at 180 nm. Also for the spectra obtained at 600 nm registration we have 
observed essential change in the shape of the long wavelength band in the 310 – 340 nm region. Its 
maximum position shifts from 313 on 320 nm. From the common view of the spectra we can 
assume that this band is complex and consists of two components with maximums at about 310 and 
325 nm (Fig.4). Annealing leads to increasing of relative contribution of the latter component that 
correlates with increasing of contribution in the luminescence spectra of component with maximum 
at 520 nm (Fig. 2).   

Taking into account that lead tungstate crystals grown by the Czochralski method are inclined to 
formation of lead vacancies and a number of oxygen vacancies caused by comparable low 
temperature of evaporation of PbO component of the blend charge, annealing of these crystals in the 
air should cause filling of the oxygen vacancies in the lattice. Then, filling of oxygen vacancies at 
thermal annealing have to change concentration of different centers and as a result redistribution 
between intensities of the different spectral components has to be observed in the spectra. Since 
obtained in our work spectra of untreated and annealed samples are the same for the main band with 
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maximum at 460 nm, we have to assume that various oxygen vacancies do not take part in the 
origin of this emission. Enhancement of contribution of the band in 150 – 220 nm region with 
maximum at 180 nm those belongs to matrix absorption region can be a result of complex 
improvement of the defect crystal structure after annealing.  
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Figure 1: Luminescence spectra of the PWO-Eu
3+

 

crystals before (1) and after (2) annealing at T = 8 К; 

λex = 296 nm. 
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Figure 2: Luminescence spectra of the PWO-Eu

3+
 

crystals before (1) and after (2) annealing at T = 8 К;  

λex = 320 nm. 
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Figure 3: Excitation spectra of the PWO-Eu
3+

 

crystals before (1) and after (2) annealing at T = 8 К;  

λreg = 420 nm. 
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Figure 4: Excitation spectra of the PWO-Eu

3+
 

crystals before (1) and after (2) annealing at T = 8 К;  

λreg = 600 nm. 

Experiments were carried out at SUPERLUMI station at HASYLAB, DESY, Hamburg, Project Nr. 
II-20080221. 
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Throughout the last years extensive efforts have been made to create nanoscale materials with
unique electronic and chemical properties, facilitating the intentional design of, e.g., novel cata-
lysts exhibiting superior efficiency and selectivity. Among the multitude of of nanoparticles, metal-
lic systems have superior properties of applications ranging from catalysis to magnetic storage
devices. Monodisperse bimetallic nanoparticles can be synthesized from colloidal solutions [1],
achieving a precise size and shape control. An alternative method for fabrication of nanoparticles
is flame spray pyrolysis (FSP) as a novel technique also with far-reaching options to control the
structure and composition even in cases where complex composites need to be prepared [2]. From
scientific as well as technological point of view it is important to precisely study the internal atomic
structure as well as crystal quality of these nanoparticles. These questions can be addressed by ex-
tended X-ray absorption fine structure (EXAFS) measurements.
Series of different Pt-containing synthetically fabricated colloidal bimetallic nanoparticle solutions
as well as Pt-doped iron oxide nanoparticles in powder form fabricated by FSP have been investi-
gated at beamline C. The powder samples were mixed with cellulose and pressed into pallets prior
to measurements. All samples were fixed onto the sample holder with an incidence angle of about
45 ◦. All XAFS measurements on bimetallic structures (NiPt, FePt, CoPt) were carried out at the
Pt L-3-edge (11564 eV) and Ni K-edge (8333 eV), Fe K-edge (7112 eV) and Co K-edge (7709
eV), respectively. In case of FSP samples, the measurements were performed at Fe K-edge and Pt
K-edge. The beamline C is with a Si(111) double crystal monochromator enabling accessible en-
ergy range between 2.3 and 22.3 keV and a seven-pixel HPGe detector for fluorescence detection.
Beside fluorescence, the transmission signal was also detected. The analysis of the EXAFS data is
being performed using Athena program [3] and Artemis program based on FEFF6 code [4].
For this report, we exemplary present the analysis for NiPt nanoparticle system. This was per-
formed in k-range (4− 11) Å−1 for Pt L-3-edge and (3− 10.5) Å−1 for Ni K-edge using a Kaiser-
Bessel window and weighting the EXAFS oscillation with k2 (cf. Figure 1). The first coordination
shells for Pt and Ni edges, R between (1.6 − 3.3) Å and (1.8 − 3.1) Å, respectively, have been
analysed.
The coordination numbers obtained from analysis of the EXAFS data reveal that the internal struc-
ture of NiPt nanoparticles is not a homogeneous alloy. Furthermore, Ni seems to be oxidized which
could be an indication for core-shell-like nanoparticle structures with Ni in shell. The analysis of
the other above-mentioned systems is still in progress.

References
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Am. Chem. Soc. 125, 9090 (2003).
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Figure 1: Top: Fourier transform of the first coordination shell fit of Pt atoms of an ordered fct structure.
Bottom: Fourier transform of the first coordination shell fit of Ni atoms in the case as a Ni-O scattering path
is added.
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The opportunity of using first beam at the the side station of the HEMS beamline (P07b) [1] at 
PETRA III was taken to perform some commissioning experiments. Si/Ge gradient crystals [2], 
which are used as monochromators at the Engineering Materials Science Beamline HARWI-II at 
DORIS [3] were characterized by measuring both the size of the rocking curves (FWHM) and the 
reflectivity. Rocking curves were taken on a grid of 1 mm by 1 mm distances, 36 mm width and 
25 mm height, spread out on the flat surface of the crystal and using a beam of 0.3 mm width by 
0.3 mm height at 87 keV.

Figure 1: Reflectivity (left) and Full width at Half Maximum (right) of the gradient crystal SiGe-344.

Figs.  1  show  2D-plots  of  the  FWHM  and  the  reflectivity,  respectively.  Both  figures  show 
homogeneous regions, where the crystal can be used as monochromator, as well as regions, where 
stacking  faults  or other defects  cause  large local differences  and  thus  prohibt the use at  these 
locations. Since these regions are mainly concentrated in the vicinity of the edges of the crystal, 
however, it should be possible to avoid them in practical use.

A further  test  was  performed  on NiMnGa  [4] with the intention  of investigating,  if  a  texture 
measurement  on such a coarse grained material is feasible using the high-brilliant beam of the 
new beamline. Fig. 2 compares an image taken with a MAR345 image plate scanner at 87 keV at 
P07b  to  an  image  of  the  same  sample  taken  at  HARWI-II  using  100  keV  radiation.  The 
differences are clearly visible: The high brilliance of the Petra beam not only allows to visualize 
the splitting of the rings, as can be seen in the magnification in the upper left corner. Moreover, 
single grains can be seen in the rings showing the potential for single grain analyses. On the other 
hand, the quantitative determination of texture seems to be rather difficult or even impossible.

The image taken at Harwi-II is completely different, though taken from the same sample.  The 
overview shows that texture determination of coarse-grained material is no problem here, whereas 
a split of the inner rings into several partial rings or a even finer resolution is neither seen in this 
image nor in the magnification.
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Figure 1: NiMnGa sample SA003. Images taken at beamline P07b (left) and Harwi-II (right)

We thank R. Kirchhof, H. Burmester and N. Schell for help with the experiment, and T. Fischer 
for help with the analysis.
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The cubic-shaped nanocrystals of indium hydroxide with {100} morphology of about ~ 50-100 nm 
in size were synthesized by sol-gel and hydrothermal method applying the following procedure: (i) 
dissolution of indium nitrate hydrate (Sigma-Aldrich) in anhydrous ethanol (Rotipuran, 99.8% p.a., 
CarlRoth); precipitation of In(OH)3 by 32-wt.%-NH3-solution in water; (iii) washing of the 
precipitate with water to remove residual solvents and side ions (Na+, NH4

+, NO3
-), (iv) drying at 

115°C for 10 h in the air, (v) treatment at 200°C and ~ 50 kbar (5 MPa) for 10 h in a Teflon-lined 
autoclave. In situ time-resolved Energy-Dispersive X-ray diffraction (EDXRD) experiments were 
performed using a diamond anvil cell (DAC) with anvils having flat culets of 400 µm in diameter. 
The sample powder and a piece of the platinum foil (served as pressure standard) were loaded in a 
hole in the preindented rhenium gasket without any pressure medium. The pressure was determined 
from the equation of state of platinum. The specific volumes of platinum and of the sample material 
at high pressures were derived from the energy dispersive X-ray diffraction patterns measured 
using a polychromatic synchrotron radiation on the beam line F3 at the HASYLAB (DESY, 
Hamburg). The diffraction patterns were collected at the diffraction angle 2θ=8.3° in the energy 
range from 13 to 62 keV using a Ge-detector (IGP-25, Princeton Gamma-Tech). Optical 
microscopy images have been taken in reflection and transmission modes in DACs using a common 
digital camera and a microscope. The lattice parameter of c-In(OH)3 decreased on compression 
from 7.977(2) Ǻ to about 7.45 Ǻ at 33 GPa which indicates the decrease in specific volume by 
about 18 %. By fitting the second order Birch-Murnaghan equation of state [1]  to the obtained 
compression data [V(P)], the bulk modulus of c-In(OH)3 is estimated to be  99±3 GPa.  

 

Figure 1. (A) Coordination of indium atoms (small 
circles, grey) by oxygen (large circles, red) and 
interconnection (sharing) of [InO6] octahedra in the c-
In(OH)3 structure under ambient pressure conditions. 
The {220} planes composed of In atoms are also 
shown. (B) {011} planes in tetragonal indium. 
 

During further compression slightly 
above 33 GPa, one of the diamond anvils 
has cracked, which resulted in rapid 
decompression of the c-In(OH)3 sample 
to ambient pressure. The decompressed 
sample was found to have reddish colour 
in contrast to the white transparent 
starting material. Subsequent XRD 
analysis revealed the presence of new, 
less intense, reflections corresponding to 
the d-values of 2.72, 2.46, and 1.68 Ǻ. 
These reflections can be attributed to the 
(011), (002), and (112) reflections of 
metallic indium (space group I4/mmm, 
No. 139, a=3.292 Å c=4.87 Å, Z = 2, 
Figure 1). The fraction of metallic indium 
is about 1.5 % [2]. 
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Conventional drug delivery systems in cancer therapeutics lack of several limitations such as non-
specific biodistribution and targeting, lack of water solubility, poor oral bioavailability, and low
therapeutic indices [1]. To overcome these restrictions, nanotechnology plays a major role in re-
cent developments [2, 3]. We present structural investigations, monitoring the synthesis of polymer
nanocapsules, optionally filled with iron oxide cores. Hollow nanocapsules can be used as delivery
carriers for therapeutic drugs or imaging agents. The possibility of producing an iron oxide core
of controlled size inside the capsule offers the opportunity of influencing the nanocapsules by an
applied radio frequency field, after they were released into the human blood system. By this, a local
very precise delivery of the loaded drug might be possible.

Si Si

Si

O
OO

OOO
Si

Cl
ClCl

OTS polyorganosiloxane 
network

The capsules presented in this work are formed by hy-
drolysis and polycondensation of octadecyltrichlorosi-
lane (OTS) to a siloxane network around iron oxide
nanoparticles, leading to a very stable polymer shell [4].
The hydrolysis of the OTS releases HCl, which leads to
the dissolution of the iron oxide core. By variation of the
added amount of OTS (0 - 30 mM), the degree of dis-
solution and therefore the final size of the cores can be
influenced. In contrast to optical methods, like for exam-
ple dynamic light scattering, small angle X-ray scattering
(SAXS) offers the opportunity to monitor the iron oxide
nanoparticle inside the nanocapsule and investigate their
dissolution as a function of synthesis parameters.

The SAXS experiments were performed at beamline BW4, HASYLAB, at a wavelength of 1.381
Å. The measured data were background corrected and azimuthally averaged to obtain the scattering
intensity. The scattering curves are shown in figure 1(a) together with the refinements to the data.
For the analysis of the data, the polydispersity of the nanoparticles had to be considered. Here, a
log-normal radius distribution was used together with the form factor of a homogeneous sphere.
This ansatz however did not fit the scattering data well. The best fit to the scattering data was
obtained by the model of homogeneous spheres with a bimodal radius distribution. Therefore, the
refinement results as the sum of two scattering curves for unimodal distributed solid spheres, which
are also shown in the figure.
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Figure 1: (a) Scattering intensities of the nanocapsules with increasing OTS-concentration in the so called
Porod-Plot, i.e. I(q)·q4 vs. q, together with the refinement to the data. The fit to the data (black) is calculated
as the sum of two scattering intensities of unimodal distributions (respective color). (b) Resulting bimodal
volume distribution functions.

The corresponding distribution functions are depicted in figure 1 (b). The particles show a decrease
of size with increasing OTS concentration. In addition, a tightening of the distribution can be ob-
served. These findings underline the expected dissolution of the core.
In summary, SAXS is the ideal tool for the investigation of colloidal systems. By monitoring
the dissolution of the iron oxide cores inside the polymer nanocapsules, knowledge about the op-
timal synthesis parameters of hollow nanocapsules were obtained. With this, the production of
nanocapsules with tailored structural properties is possible, giving the opportunity of assembling
new nanocontainers for drug delivery purposes.
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Lanthanide metals and their alloys have attracted much attention as suitable magnetic materials for 
a wide range of technological and biomedical applications [1-3]. For example, Gd and its 
compounds are of current interest as magnetic resonance contrast media, therapeutic agents in 
tumor treatment and drug delivery [1]. In addition, gadolinium and its compounds exhibit the large 
magnetocaloric effect and therefore gadolinium compounds are promising magnetic materials for 
cooling technology applications [2, 3].  

In this context, we have studied magnetic properties (magnetocaloric effect) of Gd2O3@SiO2 
composite prepared by nanocasting of Gd2O3 in periodic nanoporous SBA-15 silica matrix. The 
prepared materials were characterized by Small angle X-ray scattering (SAXS), nitrogen 
adsorption/desorption at 77 K, by the measurements of the X-ray absorption near edge structure (XANES). 
Magnetic measurements were performed on a commercial superconducting quantum interference device 
(SQUID) magnetometer (Quantum Design MPMS XL5). Small angle X-ray scattering (SAXS) experiments 
were carried out at B1 Hasylab beamline (DESY Hamburg) with the beam energy 12 keV (λ=1.03 Å) using 
PILATUS detector. The XANES (X-ray Absorption Near Edge Spectra) measurements were done at B1 
Hasylab beamline (DESY Hamburg). The sample powder was spread on and sealed between two Kapton 
tapes. The transmission of the sample was measured by measuring the X-ray intensity with an ionization 
chamber before of the sample and a photodiode after it. 

Fig. 1a shows the normalised SAXS patterns for SBA15 mesoporous silica (solid line) and the sample 
Gd2O3@SBA-15. For the materials a well-resolved diffraction peaks indexed as (10), (11), and (20) in the 
hexagonal p6mm symmetry can be recognized in the patterns. The respective d-spacing, derived from the q 
values were 95, 55 and 47 Å. The unit cell parameter, calculated from the (10) diffraction peak using the 
equation 3/2 10da ⋅= , was 110 Å. From SAXS patterns of the gadolinium modified sample it followed, 
that the mesoporous matrix retained its long-range periodicity. The (10) diffraction peak of the modified 
sample is at same q values as for the SBA15 sample. The diffraction peaks (11) and (20) in the samples 
Gd2O3@SBA-15 diminished gradually (see Fig. 1a inset), which indicates the filling of the pores of the 
silica matrix by Gd2O3 particles. Textural characterization of the samples was made by N2 adsorption. 
Figure 1b shows the adsorption/desorption isotherms of SBA-15 silica and the sample Gd2O3@SBA-15. 
The amount of the adsorbed nitrogen decreased after SBA-15 modification. The surface area of SBA-15 
(947 m2/g) decreased to 437 m2/g after growing the Gd2O3 nanoparticles in the porous matrix. 
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Figure 1: (a) SAXS patterns of the samples SBA-15 and  Gd2O3@SBA-15. b.) Nitrogen 
adsorption/desorption isotherms of the samples SBA-15 and  Gd2O3@SBA-15. 
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The information about the phase composition was brought by the measurements of the X-ray 
absorption near edge structure (XANES). Figure 2 contains the XANES results of Gd2O3@SBA-15 
sample and the Gd2O3 reference. The small differences in the XANES of Gd2O3@ SBA-15 and 
reference may be explained by surface effects, which should be larger in the Gd2O3@ SBA-15  
sample in which nanoparticles are embedded in the porous silica matrix.  

 

 

 

 

 

 

 

 

For the investigation of magnetocaloric effect the field dependences of magnetization were 
measured at various temperatures, see Figure 3a. From these curves, using Maxwell equation, the 
entropy change was estimated, see Figure 3b.  The significant increase of the entropy was observed 
at the low temperature with the maxima peak position around the temperature of 4 K. For 
investigation of magnetocaloric effect of this material more in detail the very low temperature of 
magnetic properties will be investigated in the near future. 
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Figure 2: Gd L-III XANES spectra of Gd2O3 and Gd2O3 in silica. 

  

Figure 3: (a) Family of M-H curves at various temperature from which the entropy change was extracted 
using Maxwell equations, (b) Magnetic entropy change for prepared Gd nanoparticles. 
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Grazing Incidence X-Ray Fluorescence (GIXRF) analysis is a surface sensitive technique able to 
provide information about the elemental composition, concentration profile / thickness of near 
surface layers [1-7]. The technique is typically used for the characterisation of impurities or thin 
film structures in/on semiconductor surfaces. While elemental identification and qualitative 
evaluation of concentration is relatively straight forward a quantitative approach is only possible 
with a pre-knowledge about the sample structure. In fact quantitative analysis is typically carried 
out by fitting experimental data based on the simulation of the fluorescence intensity dependence 
on the incidence angle of the primary radiation.  

The physics behind the modelling of the fluorescence involves the calculation of the 
electric/magnetic field intensity along the depth of the sample and the calculation of the induced 
fluorescence. This model inherently includes the calculation of the reflected beam as well. Aim of 
the experiment was thus the simultaneous acquisition of the fluorescence signal and the reflected x-
ray beam which is a measure of the X-Ray Reflectivity (XRR) of the surface. The advantage of this 
combined approach lies in the complementary information provided by these two techniques. GI-
XRF is clearly very sensitive to elemental gradients in the surface vicinity, whereas x-ray 
reflectivity samples the electronic density gradient, and having a much better signal to noise ratio 
can provide more precise information about film thickness.  

For the collection of XRR data a Mythen microstrip detector[8] was added to the GI-XRF setup 
already present at HASYLAB beamline L. This detector was developed for X-ray powder 
diffraction experiments and consists of 1280 strips each having a width of 50µm. Thus the reflected 
and diffracted beam can be recorded simultaneously over a large angular range without moving the 
detector.  

To test the setup and check the quality of the data obtained, a W/C Multilayer was used. Figure 1 
shows a visual representation of X-ray intensities recorded by the Mythen detector. Each horizontal 
line contains a full readout of the 1280 channels, representing different diffraction angles, and the 
angle of incidence was varied for each line. 

 

Figure 1: Diffraction pattern of a multilayer, horizontal: diffraction angle, vertical: incident angle. 

The data show very low detector noise in the region where the primary beam was blocked by the 
sample and the high dynamic range of the system, ranging over more than 5 orders of magnitude. 

To create an evaluable representation equivalent to a conventional XRR spectrum, pixel along a 
virtual line corresponding to the theta-2theta condition were summed. The result of this 
computation is shown in Figure 2. 
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Figure 2: Extracted XRR spectrum and calculated data 

Measurements with the new setup show promising results and the Mythen detector seems to work 
very well. The data evaluation routine needs further work. 
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The interaction of polarized light with magnetic matter shows a rather pronounced dependence of 
resulted effect on the orientation of polarization or the helicity vector of electromagnetic wave 
relative to the direction of sample magnetization. The features of magnetic dichroism phenomena 
are revealed in particular for the processes of x-ray absorption [1, 2] and in the photoelectron 
emission [3, 4]. The cross section of x-ray absorption involving core level electrons shows the 
dependence on core electron spin and relative orientation of photon polarization (helicity) to the 
sample magnetization. Present studies are devoted to the magnetic circular dichroism in 
photoelectron emission, where the dichroism effect is revealed due to i) a preferential interaction of 
circularly polarized x-ray quanta with the electrons of particular spin defined by helicity vector 
orientation and ii) splitting of excited state level upon exchange interaction of the core hole with the 
valence electrons. 

The experiment  was performed using the facility of a HArd X-ray Photoelectron Emission 
Spectroscopy (HAXPES) endstation at Beamline P09 (PETRA III, DESY Hamburg). The 
distribution of photoelectrons according to their kinetic energy was analyzed with a 
“Phoibos 225 HV” hemispherical electron analyzer from SPECS GmbH (Berlin). The energy of excitation 
x-ray quanta was fixed at 6 keV. With 50 eV pass energy and 3x30 mm accepting slit of the 
electron analyzer, the total resolution of 350 meV was estimated from the profile of the Au Fermi 
edge. Beamline P09 is equipped with a phase retarder, which provides a possibility to change the 
polarization of x-ray quanta within a broad (3-8 keV) energy range. To vary the polarization of 
synchrotron radiation at 6 keV, one diamond [111] crystal of the phase retarder was employed. The 
studies were performed on a series of off-plane magnetized Mn3-xGa thin films grown using the 
dual magnetron co-sputtering technique to adjust the Mn/Ga ratio of the film composition. The 
experiment geometry with 45 deg. between the x-ray beam and the analyzer axis provided a 45 deg. 
angle of x-ray incidence at the sample surface with 90±7 deg. take-off angle (TOA) for the analyzed 
photoelectrons. In this way, the angle of 45 deg.  was provided between the sample magnetization 
and the x-ray helicity vectors. 

The Mn3-xGa alloys were reported to exhibit the tetragonal 
structure of I4/mmm symmetry (space group 139) for x 
varying from 0 to 1 [5]. The structure of this type provides  a 
ferrimagnetic order in Mn3-xGa caused by two different sites 
for Mn atoms (Mn I and Mn II, see Figure 1). The electronic 
structure calculation for Mn3Ga gives the magnetic moments 
of -2.896 B (Mn I) and 2.355 B (Mn II) resulting in a total 
magnetic moment of 1.77 B per unit cell due to the partial 
compensation of magnetic moments from Mn atoms of 
different sites [6]. The experimental results show the total 
magnetic moment of tetragonal Mn3-xGa to be tunable  by 
varying x [6]. The tunable magnetic moment, high (up to 
88%) a spin polarization at the Fermi energy and the high 
Curie temperature (about 760 K) revealed for Mn3Ga make 
this material  a promising candidate for spin torque transfer 
applications, where the density of switching current has to 
be reduced significantly. 

 
Figure 1: Crystal structure of Mn3Ga in 

tetragonal phase of I4/mmm symmetry. 
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Figure 2 presents a photoelectron emission peak reproducing the Mn 2p3/2 core states for the Mn3Ga 
sample. Besides the main maximum at a kinetic energy of 5363.4 eV, the Mn 2p3/2 core shows a 
well pronounced satellite maximum around 5362.6 eV. The profile of the Mn 2p3/2 core peak  was 
measured upon the excitation of the Mn3Ga sample with circularly polarized x-ray quanta of 
opposite helicity. The asymmetry of about 2.5% is revealed due to the effect of magnetic circular 
dichroism (MCD) at the rise-up stage of the main Mn 2p3/2 photoelectron emission peak (5363.5-
5364.2 eV) where the electron state with a well defined spin provides a major contribution. The 
asymmetry signal is not well pronounced in the range where the main maximum overlaps with the 
satellite. Thus, the satellite origin may not be attributed to the exchange splitting of Mn 2p3/2 core 
only but should also be considered taking into account a symmetry modification for Mn 2p orbitals 

of Mn atoms at different sites. 

The chemical shift of up to 0.1 eV was revealed in 
the Mn 2p core peak upon decrease of the Mn 
content in studied Mn3-xGa samples. The 
contributions and positions were estimated for 
main and satellite Mn 2p3/2 peaks after spectrum 
decomposition and background substraction using 
the UniFit software. Besides the chemical shift, 
changes in the relative intensity were observed for 
the main and satellite Mn 2p3/2 peaks. The decrease 
of relative intensity in the main Mn 2p3/2 peak (as 
compared  to the satellite peak) was observed upon 
reduction of the Mn content. Such behavior of the 
relative intensities is caused by a preferential Mn II 
site for Mn atom occupation in Mn3-xGa upon a 
reduction of the Mn content. The symmetry of 
Mn 2p orbitals may deviate between the Mn atoms 
occupying different crystallographic sites. The 
contribution of photoelectrons from the 2p3/2 core 
of the Mn atoms at different sites results in a 
smearing of the asymmetry signal and a reduction 
of the magnetic dichroism effect in the satellite 
Mn 2p3/2 peak. Thus, the MCD in photoelectron 
emission is an element specific technique and 
probes the local magnetic properties on an atomic 
scale showing the local symmetry and 
hybridization to influence the multiplet splitting 
and satellite structure in core level peaks. 
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Figure 2: Magnetic circular dichroism in Mn 2p3/2 
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XAS Investigation of Controllable core@shell Structure 
in Multicomponent Nanoparticles 
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Our goal is to develop a versatile synthesis for the elaboration of metallic multifunctional 
nanosystems. To control the chemical order inside the intermetallic objects, the proposed approach 
is to take advantage of the different kinetics of decomposition of the metal precursors. The FeRh 
witness system was previously studied by EXAFS and XANES. The synthesis using H2 as the 
reducing agent induced a core-shell distribution of metals with a well-ordered Rh core surrounded 
by disordered Fe [1]. On the contrary, adequate precursors reduced by a highly active amine-borane 
complex induced a much different structure, as evidenced by studies at Fe and Rh edge [2]. 

The next step is to develop the generality of the synthesis method and cover a magnetic iron core 
with different protective layers, e.g. gold or bismuth. The obtained materials are difficult to study 
using conventional methods: large, aggregated objects including the highly absorbing element Bi 
cannot be accurately studied by TEM. It is also challenging for single-wavelength XRD, or even its 
WAXS variant better adapted to nanomaterials, to evidence the exact structure involving both 
elements. EXAFS studies at the Fe K edge and Bi LIII are thus essential to access both structure and 
chemical environment of the two species. 

 

 

 

 

 

 

Figure 1: Two different preparations of BiFe nanoparticules at Fe K-edge and Bi LIII-edge with reference 
foils (divided by two for comparison at Fe K-edge). 

Systematic investigation of many samples evidenced several important points: only a limited size or 
disorder effect could be observed at the Bi edge (left figure), indicating that Bi environment is 
mostly unchanged for all samples so far. Quite differently, drastic differences could be observed at 
the Fe edge, most samples falling in one of only two different patterns: a strong EXAFS signal very 
close to the one produced by bulk iron (right figure, red curve) and a much weaker signal leading to 
distances displaced to smaller values  (green curve), consistent with a different atomic organization. 
Chemical disorder involving light elements should also be considered for these samples, however 
free from any oxidation. This unexpected result brings new insights to the chemical route, and new 
measurements are planned for confirmation. 
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Improved crystallization of roquesite (CuInS2) films 

by reactive magnetron sputtering under copper-rich 

conditions, revealed by an in situ-EDXRD analysis 
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The chalcopyrite compound CuInS2, which crystallizes as roquesite, is of interest as an 
efficient absorber material for solar cells. It has a band gap of 1.5 eV and a high absorption 
coefficient (>105 cm-1), which make it very suitable for thin film solar cells [1]. Up to now the 
preferred methods for the deposition of CuInS2 are coevaporation from three sources [1] and 
sulfurization of Cu/In films [2].  
Since reactive magnetron sputtering is a well established method for the deposition of thin 
films on large areas this technique should be prospectively used to deposit thin CuInS2 films. 
We could show recently, that also reactive magnetron sputtering from a Cu and an In target in 
an Ar/H2S atmosphere can be used to prepare efficient solar cells [3]. In the present paper we 
investigate the roquesite crystallization process by time-resolved and in situ energy-dispersive 
X-ray diffraction (EDXRD).  
The CuInS2 layers were deposited by reactive magnetron sputtering from a Cu and an In 
target in an Ar-H2S atmosphere with 75% H2S. The total sputtering pressure was adjusted to 2 
Pa. The magnetron plasma of the In target is excited by DC at a power of 50 W, while the 
sputtering power of the Cu target was varied stepwise from 30 to 70 W. The crystal growth 
process is monitored by in situ-EDXRD at the beam line F3 at Hasylab (DESY). The 
deposition and EDXRD setup was described elsewhere [4]. 
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Figure 1: Time dependence of the CuKα (a) and the InKα (b) fluorescence lines as well as the 
CuInS2 (112) diffraction line (c) during the reactive magnetron sputtering from a copper and 
an indium target in Ar/H2S at two different temperatures of 400 °C () and 450 °C (). The 
energy values above the graphs give the X-ray photon energies of the different lines 
measured. Deposition parameters: PDC(In)=50 W, PDC(Cu)=30-70 W, ptotal=2 Pa. 
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With the Ge detector of the EDXRD setup one measures simultaneously the X-ray 
fluorescence lines of the metals deposited and of the diffraction lines from the formed phases 
during the reactive magnetron sputtering process. Fig.1 shows the time dependence of the Cu 
and In fluorescence intensities together with the intensity of the (112) diffraction peak of 
roquesite (CuInS2) for two different deposition temperatures. During these depositions the In 
sputtering power was kept constant, while the Cu sputtering power was increased stepwise 
from 30 to 70 W (also depicted in Fig.1). It can be seen that the CuKα intensity increases 
continuously with time; the saturation of the intensity is due to self-absorption in the 
deposited film. For both depositions, the Cu intensities are nearly the same, as expected. The 
InKα intensity, on the other hand, shows a quite different behaviour in dependence of the 
substrate temperature. At a substrate temperature of 400 °C the indium intensity increases 
continuously and its rate even increases after about 500 seconds, though the sputtering power 
and hence the deposition rate were constant (50 W). A possible explanation is a phase 
separation of the Cu-rich and the In-rich sulfidic phases, with a preferential growth of the In-
rich sulfidic phases at the film surface. This would also explain the lower Cu intensity at 
Tsub=400 °C (due to self-absorption in the In-rich top film) and the observed saturation of the 
CuKα fluorescence signals. At a substrate temperature of 450 °C, in the first 950 seconds (up 
to a Cu sputtering power of 60 W), almost no In fluorescence signal is visible, i.e., the 
sputtered In atoms from the target do not stick on the film surface, but desorb, most probably 
as InSx species. Only at a sufficiently high Cu rate (Cu sputtering power PDC=60 W), the 
arriving In atoms are bounded on the growing film as roquesite (CuInS2), which can be 
inferred by the simultaneous increase of the (112) CuInS2 diffraction signal (Fig.1c). 
This in situ and time-resolved EDXRD analysis confirms former investigations on the 
positive role of Cu-rich deposition conditions on the grain growth of roquesite (CuInS2) [1, 
5]. For instance, for the sequential process (sulfurization of Cu/In films) the necessary Cu-
surplus is up to 50 to 80 % in order to obtain electronically good CuInS2 films. 
In conclusion, we have shown by in situ EDXRD, that the crystallization of CuInS2 
(roquesite) films is improved under Cu-rich deposition conditions and that indium adheres on 
the substrate surface only for a sufficiently high Cu flux to the substrate. If the Cu flux is too 
low, the formed InSx desorbes at substrate temperatures above 400 °C from the film surface. 
This desorption is probably due to the ion-assistance during reactive magnetron sputtering 
growth. 
 
References 
 
[1] R. Scheer, T. Walter, H.W. Schock, M.L. Fearheiley, H.J. Lewerenz, Appl. Phys. Lett. 

63(1993) 3294. 
[2] R. Klenk, U. Blieske, V. Dieterle, K. Ellmer, S. Fiechter, I. Hengel, A. Jäger-Waldau, T.  

Kampschulte, C. Kaufmann, M. Saad, J. Klaer, M.C. Lux-Steiner, D. Braunger, D. Hariskos, 
M. Ruckh, H.W. Schock, Solar Energy Mat. Solar Cells 49 (1997) 349. 

[3] S. Seeger, K. Ellmer, Thin Solid Films 517 (2009) 3143. 
[4] K. Ellmer, R. Mientus, V. Weiß, H. Rossner, Meas. Sci. Techn. 14 (2003) 336. 
[5] J. Klaer, J. Bruns, R. Klenk, R. Henninger, K. Ellmer, D. Bräunig, in: J. Schmid, H.A. Ossenbrink,  

P. Helm, H. Ehmann, E.D. Dunlop (Eds.), 2nd World Conf. and Exhib. on Photovoltaic Solar  
Energy Conv., 6-10 July, EU Joint Res. Center, Vienna, Austria, 1998, p. 537. 

 

-232-



Structure study of new molybdate glasses from the  
MoO3-Bi2O3-WO3 system by neutron- and X-ray diffraction 
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Although MoO3, WO3 and Bi2O3 oxides are known as non-conventional network formers, a glassy series of 
MoO3-Bi2O3-WO3 compositions have been synthesised by melt quench technique [1]. In addition to their 
fundamental scientific importance, glasses containing above mentioned oxides posses a variety of specific 
features that make them suitable for practical applications as thermal and mechanical sensors, amorphous 
materials for waste storage, etc [2–4]. In contrast to the most molybdates with relatively well-characterised 
crystalline and magnetic structures [5-6], the structural information on amorphous molybdate systems is not 
ample. 
In this report we present an atomic scale structure study on three glassy samples: 75MoO3-25Bi2O3, 
35MoO3-25Bi2O3-40WO3 and 75WO3-25Bi2O3 (mol%) (the following abbreviations will be used 
Mo75Bi25, Mo35Bi25W40 and W75Bi25). Both neutron and high energy X-ray diffraction have been 
applied. The scattering amplitudes are rather different for the two types of radiation for the constituent 
elements, therefore complimentary information may be expected. X-ray scattering intensities are dominated 
by contributions from heavier elements (W, Bi), while neutron diffraction is dominated mainly by the light 
element, oxygen. 

The high energy X-ray diffraction (XRD) measurements were carried out at the BW5 experimental station 
[7] at HASYLAB/DESY using energy of the radiation 100.05 keV (λ0=0.103 Å). Neutron diffraction (ND) 
measurements were performed at the 10 MW Budapest research reactor using the PSD diffractometer 
(λ0=1.068 Å) [8]. Experimental data were appropriately corrected and normalized to calculate the structure 
factor, S(Q).  
The experimental S(Q) data have been simulated by the reverse Monte Carlo (RMC) method [9], which is a 
widely used technique to generate three-dimensional atomic models which reproduce quantitatively the 
experimental data. For the RMC starting model a disordered atomic configuration was built up with a 
simulation box containing 10000 atoms with density data 0.057, 0.059 and 0.060 atoms·Å-3 and, half-box 
edge r= 27.92 Å, 27.64 Å and 27.48 Å for Mo75Bi25, Mo35Bi25W40 and W75Bi25, respectively.  
The convergence of the RMC calculation was good, except for the high Q-values of the Mo75Bi25 X-ray 
S(Q); they have been excluded from data analyses, and further control of the data is needed. Figure 1 
displays the X-ray and neutron experimental and the calculated S(Q)'s. The difference between the S(Q) 
curves for the two radiations may be obviously seen, which is caused by the different scattering amplitudes 
of the contributing elements, leading to different weighting factors of the partial structure factors.  
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Figure 1: Experimental structure factors (square) and RMC simulation (line) for Mo-Bi-W-oxide 
glasses: a) X-ray and b) neutron diffraction (the curves are shifted vertically).  
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The partial pair correlation functions obtained from RMC modelling are illustrated in Fig. 2. The main 
conclusion is that the characteristic features of the corresponding Mo-O, Bi-O, W-O and O-O partials do not 
depend on the actual composition of the glass. The first neighbour Mo-O distance appears at 1.7 Å (see Fig. 

2a), and the peak intensity slightly decreases 
with decrease of Mo-content of the glass. 
Similarly, the first neighbour distance for W-O 
appears at 1.7 Å (see Fig. 2c), and the peak 
intensity decreases with decrease of W-content. 
This means that the Mo-O and W-O first 
neighbour distances overlap, and it is difficult to 
separate them, however, the actual gij(r) 
functions are formed in a stable and reproducible 
manner in all RMC runs. The Bi-O first 
neighbour distance was revealed at a 
significantly higher distance, at 2.0 Å (see Fig. 
2b), the drastic drop of the intensity for the  
3-component glass needs father analysis. For  
O-O bond length 2.6 Å was revealed for the 
glass series (see Fig. 2d); a stable symmetric 
distribution for the W75B25 sample, while two 
subpeaks appear for the two other samples, 
however, they are supposed to be artificial ones, 
and further analyses are needed. 
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Figure 2. Partial atomic pair correlation functions for 
Mo-Bi-W-oxide glasses obtained by RMC modelling: 
a) Mo-O; b) Bi-O; c) W-O and d) O-O; where the 
Mo75Bi25 (black square), Mo35Bi25W40 (red circle) 
and W75Bi25 (green triangle). 

 

The possible atomic connectivity has been 
calculated from RMC modelling. Interesting 
results have been revealed for the Mo-O and  
W-O coordination, as it is illustrated in Fig. 3. 
The results suggest that the glassy network is 
build up by 3-coordinated MoO3 and WO3 
trigonal units in the Mo75Bi25 and 
Mo35Bi25W40 oxide glasses, while mixed WO3 
trigonal and WO4 tetrahedral units are in the 
W75Bi25-oxide glass.  
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Figure 3. Coordination number, CN distributions from 
the RMC modelling: Mo75Bi25 (black), Mo35Bi25W40 
(red) and W75Bi25 (green)

The work is in progress. 
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Rafting  in single  crystal  (SX)  Ni-based  superalloys  describes  the  directional 
coarsening of  the  gamma prime precipitates  when the  alloy  is  subjected to  high 
temperature  creep  deformation.  Different  studies  showed that  rafting  takes  place 
during  the  annealing  at  high  temperature  of  samples  that  have  been  previously 
plastically pre-deformed [1]. This phenomenon is thus called plastic strain-induced 
rafting. It was also shown that the lattice parameter misfit between the matrix and the 
precipitates present in SX Ni-based superalloys plays a major role in the rafting of the 
precipitates and acts as a driving force for rafting to occur. 
Rafting was observed at very localised areas in a fully heat-treated turbine blade. 
Neutron diffraction performed on a similar blade but cooled from the solution heat  
treatment showed the presence of residual strains in the areas where rafting was 
observed  in  the  fully  heat-treated  blade.  One  explanation  for  the  microstructural 
change  observed  in  the  fully  heat-treated  blade  is  the  relaxation  of  the  residual 
strains  measured  in  the  solution  heat-treated  blade  during  subsequent  heat 
treatments.

The two objectives of this experiment were:
• Characterise  the  influence  of  plastic  strain  on  the lattice  parameter  misfit 

evolution during high temperature annealing. Samples (2x2mm2 cross section 
and  7mm length) from the  two  different  alloys  (Re-free  and Re-containing 
superalloys) with different levels of plastic deformation (0.2, 0.4, 0.6, 0.8 and 
1%) have been prepared. The lattice parameter misfit evolution was measured 
in-situ during annealing at 1050°C.

• Characterise  the  lattice parameter  misfit  in  thin  section  (1mm  thick)  of  a 
turbine blade similar to the one measured with neutron diffraction in order to 
characterise  the  influence  of  the  residual  strain  measured  on  the  lattice 
parameter misfit. This could then be related to the rafting observed in the fully 
heat-treated blade by measuring the misfit in a cut of a blade in the fully heat-
treated condition.

The  BW5  beamline  is  particularly  suitable  for  the  characterisation  of  the  lattice 
parameter  misfit  in  SX  Ni-based  superalloys  since  a  triple  axis  set  up  can  be 
mounted,  which  gives  a  d-spacing  resolution  better  than  10 -4 whereas  the  misfit 
between both phases in for the most of the case close to 10 -3. Furthemore, the ILL 
furnace available is used to anneal the samples at 1050°C for long periods of time.

The first part of the experiment on the solution heat-treated cut of a turbine blade 
revealed a significant mosaicity of the single crystal. As it is illustrated in figure 1, 
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several high intensity peaks can be observed at different rotation angles, indicating a 
large  degree  of  mosaicity  in  the  sample.  Hence  calculation  of  misfit  becomes 
complicated.  Nevertheless,  the  mosaicity  seems to  be  larger  in  the  areas where 
residual strains were characterised using neutron diffraction and where rafting was 
observed in the fully heat-treated blade. Residual strain seems thus to increase the 
mosaicity of the sample in the solution heat-treated condition. The same areas were 
then measured on the cut in the fully heat-treated condition and they showed a lower 
mosaicity  than in  the solution heat-treated blade,  which could be explained by a 
relaxation of the residual strains during subsequent heat treatments. However, the 
mosaicity remains significant and did not allow us to calculate the lattice parameter 
misfit from the collected data.

During the second part of the experiment and due to time restriction, only the 0.2% 
pre-deformed samples were annealed for approximately 10 hours. The beam energy 
was set to 120 keV to insure X-ray beam penetration through the thickness of the 
samples. During the annealing period, the (200) fundamental reflection was recorded 
continuously (see figure 2), with an acquisition time of 2 minutes. During the rafting of  
the precipitates, the (200) fundamental reflection usually splits. Hence the calculation 
of  the  lattice  parameter  misfit  becomes  easier  since  both  peaks  can  be  fitted 
separately.  Unfortunately,  the  (200)  reflection  did  not  split  during  the  annealing 
period,  indicating  that  no  rafting  occurred.  This  was  confirmed  by  microscopy 
analyses  performed  on  the  samples  measured  during  the  beamtime.  One 
explanation could  be that  the  annealing period  of  10 hours was not  sufficient  to 
induce the rafting of the precipitates at a such low level of plastic deformation. A new 
experiment is scheduled this year (16th to 20th May) during which only 0.6 and 1% 
pre-deformed  samples  will  be  annealed  in  order  to  induce  the  rafting  of  the 
precipitates and calculate the lattice parameter misfit in both alloys.

[1] N. Ratel et al., Scripta Materialia 59 (2008) pp. 1167-1170

Figure 1. Omega scan of the SHT cut  
at a position where residual strains 
have  been  observed  with  neutron 
diffraction.  The  different  peaks  of  
similar  intensity  within  3  degrees 
shows  the  large  mosaicity  of  the 

γ’

γ

Figure  2. (200)  fundamental 
reflection  of  the  Re-free  material  
in the undeformed condition in 2θ 
scale. The main peak corresponds  
to  the  precipitates  phase  γ’  
whereas the tail  on the left hand 
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Carbon in Nb-rich γ-TiAl based alloys 
Andreas Stark, Michael Oehring, Florian Pyczak, Norbert Schell 
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Intermetallic γ-TiAl based alloys are light-weight high-temperature structural materials of great 
technological interest. They have the potential to partly replace the heavier Ni based super alloys 
for applications as compressor and turbine blades in gas turbines and aero engines [1]. 
TiAl alloys are two-phase alloys consisting of tetragonal γ-TiAl and small amounts of hexagonal 
α2-Ti3Al. In order to extend their service range to higher temperatures research activities have 
been focused on high Nb bearing TiAl alloys. These so-called third generation or TNB alloys 
exhibit a significant increase in strength combined with improved creep properties and oxidation 
resistance [2]. 

Microalloying with carbon leads to additional improvements in both, strength and creep 
resistance. This can be due to either solid-solution hardening or age-hardening by carbide 
precipitates, depending on the carbon content and processing conditions. In conventional binary 
TiAl alloys precipitation hardening treatments using carbon additions result in the formation of 
either cubic perovskite-type Ti3AlC (P-phase) or hexagonal Ti2AlC (H-phase) precipitates [3]. A 
special heat treatment with subsequent ageing of the binary Ti-48.5Al (at.%) alloys with carbon 
additions leads to the formation of P-phase precipitates [4]. The addition of 0.4 at.% C improves 
the strength by almost 50 % [4]. 

Recently, attempts were made to apply the same hardening effect by carbon additions to modern 
TNB alloys. The mechanical properties of Ti-45Al-5Nb alloys were clearly improved by the 
addition of 0.5 at.% C [5,6], but the increase in strength of about 20 % [5] is low compared to 
conventional TiAl alloys. However, investigations of the microstructure by transmission electron 
microscopy (TEM), X-ray diffraction (XRD) and small angle neutron scattering (SANS), did not 
give any evidence for the presence of C-containing precipitates [6]. Additionally, three-
dimensional atom probe tomography (3DAP) studies of these alloys indicate that Nb might 
increase the solubility of carbon in the γ-TiAl phase [7]. Thus it can be speculated that the carbon 
content in TNB alloys must be increased, to form carbide precipitates. 

In order to study systematically the solubility of carbon and the formation of carbides in Nb-rich 
γ-TiAl alloys a series of 4 TNB alloys with a basic composition of Ti-45Al-5Nb-xC and carbon 
contents of 0, 0.5, 0.75 and 1 at.% was produced from alloy powders through hot-isostatically 
pressing. These powder compacts show a fine grained microstructure and are chemically 
homogenous.  

High-energy X-ray diffraction (HEXRD) experiments were performed at the side station (EH1) 
of the HZG beamline HEMS at DESY. Samples with a diameter of 4 mm were measured in 
transmission geometry with a photon energy of 87 keV (λ = 0.1425 Å) and a beam size of 0.5·0.5 
mm2. The resulting diffraction rings were recorded on a Mar345 image plate detector with an 
exposure time of 4 seconds. 

Figures 1a,b present the diffraction pattern of the 4 alloys. All alloys show γ-TiAl and α2-Ti3Al 
reflections. However, in the alloy with 1 at.% C additional reflections can be observed. They can 
be indexed unambiguously as Ti2AlC H-phase reflections. Additionally, a significant influence of 
carbon on the lattice parameters of γ-TiAl and α2-Ti3Al can be noticed in figure 1b. Between 0 
and 0.75 at.% C the lattice parameters of γ and α2 expand about 0.5 % with increasing carbon 
content. According to this, the peaks of γ and α2 reflections move to smaller scattering vectors q 
(Fig. 1b). Between 0.75 and 1 at.% this expansion stops or even slightly decreases. This indicates 
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that the solubility of carbon in Ti-45Al-5Nb is reached at about 0.75 at.% C and further carbon 
additions result in the formation of carbides. 

 

Figure 1: Diffraction pattern of Ti-45Al-5Nb-xC alloys (x = 0 to 1 at.%). |q| = 2π/d = 2π·(2sinθ/λ). (a) The 
additional reflections of Ti2AlC H-phase are marked by arrows. (b) Section of the diffraction pattern 

indicating the peak shift due to the lattice expansion with increasing carbon contents. 

Further experiments with various heating cycles are planned to study the thermal stability and 
possible phase transformations of the carbides. Additionally, the precipitation kinetics during 
aging after solution heat treatment will be studied. 
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The aim of our experiment at beamline P09 on Petra3 was to verify if there is any anisotropic 
contribution in the polarization dependent scattering from charge order super structure reflections in 
LuFe2O4 single crystals. This anisotropy could indicate an order or glass like order (as reported in 
[1]) from the Fe orbitals. For this, we had some indications from previous soft x-ray experiment. 
We also performed a similar experiment at the ESRF on beamline ID20 at a temperature of 200K, 
where we found no indication for anisotropy connected to orbital order. In this experiment, we now 
want to test whether there is an anisotropic signal, and if so is it is truly an orbital order 
contribution, or merely a manifestation of an anisotropic structural distortion. For this reason, we 
now measured the full polarization analysis below the 170K structural transition [2] at the Fe K 
edge. Our idea is, that this transition is may connected to the onset orbital order in LuFe2O4.  

After performing an energy scan on the (τ τ 13.5) reflection around the Fe-K edge (see Fig.1 a) at 
85K, we decided to perform the first full polarization analysis on the feature appearing on the Fe-K 
edge at 7111.1eV. This energy scan including its feature looks similar to previous results we 
achieved on this type of reflection on ID20 at the ESRF by using the same sample. We also 
performed polarization analysis on the (τ τ 7.5) reflection leading to similar results and are thus not 
shown.  

The result of the full polarization analysis (Fig.1 b) shows no clear indication for an anisotropic 
contribution to the polarization dependent scattering. The difference between the direct beam in 
grey (measured before) and the (τ τ 13.5) reflection is explained by the higher 2θ value for this 
observation. This effect is reduced for the (τ τ 7.5) reflection due to its smaller 2θ value. In 
conclusion, we have found no clear indication for anisotropic behaviour on charge order super 
structure reflections indication orbital order in the low temperature phase of LuFe2O4. It may is 
possible that there is any weak orbital contribution below our signal, as there is a large isotropic 
scattering term present.   

 

Figure 1: (a) Energy scan along the (τ τ 13.5)-reflection taken at an temperature of 85K  (b) Full linear 
polarization analysis on the (τ τ 13.5) superstructure reflection, measured at an energy of 7111.1eV and an 

temperature of 85K.  
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DPDAK has been developed in a joint collaboration as a tool for for preliminary online analysis of 
large data sets resulting from high throughput scattering experiments using large area detectors at 
synchrotron radiation sources [1]. An important aim of the project is to build an easy to extend, 
multi-platform and open source environment for different kind of scattering experiments. Therefore 
DPDAK is developed as plugin framework which is easily extendable by plugins for analysis and 
visualization of data. 

The current version includes plugins for SAXS and GISAXS analysis, e.g. integration of 2D 
detector images (azimuthal, radial, line cuts), fitting of peaks and curve approximation. Furthermore 
it includes a fast viewer for 2D images and various plotting function. All data can be stored in the 

Figure 1: Real-time generated transmission map (bottom) shows motor positions of region of 
interest (top), obtained by an optical microscope at the MiNaXS beamline P03 of PETRA III 

-242-



internal dpdak format as well as in a HDF5 file and pure ASCII text. DPDAK reads all TIFF based 
detector images (Pilatus, MCCD), cbf files (compressed Pilatus images) and text formats like 
IsGisaxs ima files. There are also readers for HASYLAB online-log files and SPEC files to obtain 
data like motor positions or diode values. 

Due to DPDAK's open plugin framework it has been used in different studies, one example is the 
online visualization of data for developing experimental strategies. Figure 1 shows a map of a 
transmission scan generated by DPDAK in real time during a micro-fluidic experiment realized by 
M. Trebbin el al. at MINAXS beamline [2,3]. The transmission scan and its visualization were used 
to determine the alignment of the microfluidic chip and to find the exact motor positions of regions 
of interest (ROI). The fast mapping of ROIs and motor position reduces time for alignment. 

In some cases data evaluation is difficult due to the amount of data. Fast Detectors (e.g. Pilatus) 
allow measurements in the sub second regime. For fast in-situ experiments, often several thousands 
of scattering pattern are acquired.. Here, DPDAK is very useful to obtain so-called maps of desired 
cuts for a first overview over the data and later for a detailed analysis, including fitting of the data 
using model functions.    

References 
 

[1] DPDAK project website: http://www.desy.de/~beneckeg/dpdak 
[2] M .Trebbin et al., Photon Science Annual Report, 2011 
[3] MiNaXS website: 

http://hasylab.desy.de/facilities/petra_iii/beamlines/p03_minaxs/index_eng.html 
 

-243-



Hard X-ray Photoelectron Spectroscopy on
LaNiO3/LaAlO3 Oxide Superlattices
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The oxides of the transition metals show a rich variety of physical properties due to the interplay
of cooperating and competing microscopic degrees of freedom (e.g. charge, orbital, spin, lattice).
Heterostructures made from these materials exhibit new physical properties and novel functionali-
ties. Here, the family of oxide perovskites plays a crucial role, since perovkites have only a small
lattice mismatch. Thus, this small mismatch allows growing of epitaxial ultra-thin films with a
thickness of only a few unit cells (uc).

Figure 1: Sketch of the LNO-LAO superlattice with (4uc/4uc) layer stacks (taken from [1]).

One interesting system in this material group is LaNiO3: Recent density functional theory has
predicted for the novel (1uc/1uc) heterostructure, that by ”stretching” the heterostructure, one of the
two hybridizing Ni-O pdσ eg conductions bands can be pushed up such that it is almost completely
depleted [2]. Experimentally, ”stretching” (”compressing”) can be realized by the epitaxial growth
on suitable substrates like, e.g., SrTiO3 (STO, ”stretching”) or LaSrAlO4 (LSAO, ”compressing”).
In the ”stretching” scenario inclusion of electron-electron interactions within dynamical mean-field
theory shifts this band further up above the Fermi level, and the electron is left in only one of
the eg bands. This x2-y2-like band gives rise to a Fermi surface sheet which resembles that of
the high-Tc superconducting cuprates. While experimentally it is not yet possible to fabricate the
1/1 heterostructure with the required submonolayer precision, we expect important results from
studying [LaAlO3(x u.c.)/LaNiO3(x u.c.)]n superlattices with various layer thicknesses (4uc//4uc
to 2uc//2uc) and on different substrates to get information, whether or not one is on the right route
towards an artificially designed cuprate-like Fermi surface with the prospect of superconductivity
at high transition temperature.
We have performed Hard X-ray photoemission spectroscopy (HAXPES) at beamline P09 on several
[LaNiO3 (x u.c.)/LaAlO3(x u.c.)]n superlattices grown by pulsed laser deposition at MPI Stuttgart
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(AK Habermeier) on STO and LSAO substrates, respectively. The growth conditions are described
in Ref. [1]. The LNO/LAO-bilayers thicknesses were varied between (2uc/2uc) and (4uc/4uc). A
sketch of this superlattice is given in Fig. 1. HAXPES is a powerful tool to investigate the electronic
structure of the buried interfaces of these superlattices, since the information depth of the emitted
photoelectrons is much higher (>5nm) in this energy regime.
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Figure 2: Al 1s core level spectra of several LNO-LAO-multilattices grown on STO (left panel) and LSAO
(middle panel), respectively. A clear asymmetry indicated by the arrow can be observed. This asymmetry
decreases significantly, if the (2uc/2uc) samples are cooled down to low temperatures (right panel).

Fig. 2 shows the measured Al 1s core level spectra of several samples grown on STO (left panel)
and LSAO (middle panel). A clear asymmetry at higher binding energies can be observed at all
samples in respect to the reference spectrum measured on a LaAlO3/SrTiO3, where no asymmetry
appears. Furthermore, the asymmetry is increasing with the decrease of the LNO/LAO-layer thick-
ness (4uc/4uc to 2uc/2uc). This might be due to charge leaking from the nickelate to the aluminate
layers. Our results show that this charge leaking seems to be independent or only less influenced of
the ”stretching” (”compressing”) mechanism induced by the different substrates.
Optical conductivity measurements in the group of our collaborators at the Max Planck Institute
for Solid State Research (Stuttgart, AK Habermeier) hint to a metal-insulator transition around
125K in superlattices with 2 unit cells, possibly due to in-plane charge ordering, stabilized by an
intrinsic charge-density wave instability when approaching the 2D limit. The installed endstation
at beamline P09 is equipped with a LHe-cryostat, which enables cooling of the samples down to
20K and performing HAXPES investigations at low temperatures. In Fig. 2 (right panel) first
measurements well below the predicted metal-insulator transition (MIT) are shown. Indeed, the
asymmetry at the (2uc/2uc) sample decreases significantly. In comparison, the (4uc/4uc) sample
shows only a slight change in the line shape due to temperature broadening. This behavior supports
the existence of a MIT at low temperatures, since charge leaking should decrease below the critical
temperature.
Further investigations on these very exciting oxide superlattices contain measurements of the va-
lence band of samples with different layer thicknesses using the high-resolution post-monochromator,
which will be installed soon at beamline P09.
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Hydrogen storage in light metal hydrides is considered as a safe and efficient solution for 
future stationary and mobile applications. Reactive Hydride Composites (RHC) are a 
promising new class of materials which show reduced total reaction enthalpies at high storage 
capacities [1-6]. Especially the system of 2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2 has 
promising features like a theoretical storage capacity of 11.4 wt% hydrogen and an 
equilibrium pressure of 1bar H2 at 170°C. However, temperatures very much above the 
thermodynamic equilibrium have to be used due to the slow reaction kinetics. The kinetics 
can be improved by an order of magnitude by using high-energy ball milling and suitable 
additives [4-5]. At present, the highest reaction rates and best reversibility in RHCs are 
obtained by addition of NbF5. In previous measurements the chemical state and distribution of 
NbF5 in RHC was determined [6]. It was shown that NbF5 reacts during the high-energy ball 
milling process with the RHC matrix resulting in a corresponding reduction of the total 
hydrogen storage capacity. The chemical state of NbF5 changes into NbB2 and remains stable 
during further hydrogen cycling. 

In order to optimise the RHC system and to understand possible structural rate limiting 
processes, NbB2 was used as additive instead of NbF5. By means of ASAXS measurements at 
beamline B1 at the Nb-K-edge, size and distribution of the Nb-phase were determined in the 
initial state. LiH4-MgH2 composites with 10 mol% NbB2 additive were prepared by high-
energy ball milling. To study the milling time effect samples with 3h and 5h of milling time 
were prepared. For ASAXS measurements at B1, the nanocrystalline powder was enclosed 
within Kapton tape in the sample holder to avoid oxidation of the samples. In order to 
separate the energy dependent scattering of the Nb-phase ASAXS measurements at five 
different energies close to the Niobium K-absorption edge were performed. Additionally X-
ray absorption spectroscopy (XAS) measurements were carried out to determine the so-called 
anomalous dispersions correction factors f’, f”. 

In figure 1 (a), experimental results of ASAXS measurements at five different energies at the 
Nb K-edge are presented. The anomalous dispersion correction factors f’ and f” were 
calculated from XAS measurements by using the program CHOOCH [7]. The results are 
shown in figure 1 (b). 
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Fig. 1: (a) ASAXS curves of RHC/NbB2 at five different energies at the Nb K-edge. 
 (b) Anomalous dispersion correction factors f’ and f” calculated from XAS curves 
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Separation of the resonant scattering of Nb-structures was achieved by applying the 
separation method of G. Goerik [8]. In figure 2 (a) the resonant scattering curves are shown 
for 3h and 5h milled samples, respectively. The corresponding distance distribution functions 
of the Nb-phase shown in figure 2 (b) were obtained by using the program Gnom [9] on the 
resonant scattering data. The corresponding fits are the solid lines in figure 2 (a). 
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Fig. 2: (a) Resonant scattering curves of RHC/NbB2 samples with different milling times. 
 (b) Corresponding distance distribution functions. 

 
 

The two distance distributions for 3h and 5h milling time show no significant changes in the 
sizes of the Nb-structures which demonstrates that there is no milling time effect: Most 
frequent sizes in the range of 15-20 nm and maximum sizes of about 40 nm are obtained. In 
comparison to previous ASAXS results of RHC/NbF5 samples (most frequent sizes: 10-
15 nm, maximum sizes: 30-35 nm), larger structures are formed using NbB2 because no 
chemical reaction takes place. Further measurements are planned to characterize the influence of 
fluorine containing additives in Ca(BH4)2-MgH2-RHC-systems.  
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Currently, considerable attention is paid to porphyrins and their analogues in the light of their use 

in medicine as sensitizers for photodynamic therapy (PDT) of cancer based on the ability of 

porphyrins to accumulate mainly in tumor cells and the generation of cytotoxicity of singlet 

oxygen. An urgent task is to study the mechanisms of interaction of photosensitizer with 

biological and synthetic polymers with the need to develop new effective therapeutic drugs.  

Photoditazin is one of the most effective domestic drugs in PDT. It was developed on a basis of 

N-methylglucaminic salt of chlorine e6 and has application as a photopolymerizing sensitizer for 

the treatment of cancer diseases [1]. 

 

Nanocomposites based on zinc selenides (ZnSe/polymer) were synthesised during redox reactions 

in water solutions precursors and polymers of the various nature used as stabilizers. Polymer 

stabilizers in this work were synthesized polymers containing hydrophobic fragments in the 

macromolecules:  

1. Polycation - a biocompatible polymer synthesised for studying of influence of the nature of a 

charge and hydrophobic groups on structural-morphological characteristics of the formed 

nanosystems, ionogenic polymer causing electrosteric stabilization of nanoparticles poly-N,N,N,N-  

trimethyl(methacryloyloxyethyl)ammonium methyl sulphate (PTMAEM); 

2. Weak polyacids - polymethacrylic acid (PMAA).  

The resulting nanocomposites also were investigated in a mixture with 1 wt. % of photosensitizer 

– Photoditazin (PD). For this work, all samples were synthesized in Institution of IMC RAS: 

ZnSe/PMAA, ZnSe/ PTMAEM, ZnSe/PMAA/PD, and ZnSe/PTMAEM/PD. The powdered 

samples were prepared in pellets of 4 mm in diameter for scattering measurements. Thickness of 

samples for the study was from 0.21cm to 0.31cm.  

 

The resonant small-angle X-ray scattering (ASAXS) and X-ray absorption measurements were 

carried out at the experimental station B1 HASYLAB, DESY Hamburg. The position of the 

absorption edge of each sample was determined by X-ray absorption near edge structure 

measurements. The ASAXS was measured at different energies below the Se K-absorption edge: 

12415 eV, 12567 eV, 12622 eV, 12642 eV, and below the Zn K-absorption edge: 9653 eV, 9645 

eV, 9626 eV, and 9575 eV.  

Total scattering data for the samples at different energies below the Se K-absorption edge is 

shown in the Figure 1. The inset shows decreasing scattering intensity with decreasing energy,          

                      
                                              a                                                               b 
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Figure 1: Total scattering intensities for ZnSe/PMAA (a), ZnSe/PTMAEM (b), ZnSe/PMAA/PD 

(c), and ZnSe/PTMAEM/PD (d) at different energies below the Se K-absorption edge. Insets 

show a zoom of the scattering curves. 

 

due to the variation in the scattering factor f1. A refinement of the ZnSe nanoparticle size with size 

distribution has not been achieved yet, because by TEM analysis of studied samples was showed 

that hybrid nanosystems have large particles polydispersity in size and shape.  Further treatment 

of the data is ongoing. 
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Nanocrystals of various inorganic compounds in form of nanopowders and nanoceramics have been 
successfully synthesized during the last decade all over the world thanks to rapidly developed 
nanotechnologies. Nanosized cerium doped Y3Al 5O12 (YAG:Ce) is one of the most popular 
materials among others because of its efficient yellow-green luminescence. However, to date the 
luminescence and scintillating properties of nanocrystalline YAG:Ce still remain poorly understood 
in contrast to luminescence properties of YAG:Ce single crystal which is a well-known phosphor 
and scintillator material for more than 30 years.  

In the present study time-resolved luminescence properties in visible-vacuum ultraviolet spectral 
range of cerium doped Y3Al 5O12 nanocrystals have been studied. The cerium doped YAG 
nanopowders with different cerium ions concentration and average a grain size 20 nm were 

obtained Pechini method [1].  

The measurements were carried out under 
pulsed synchrotron radiation (3.6 – 22 eV) 
emitted from DORIS III storage ring on the 
SUPERLUMI station at HASYLAB.  

Well-known yellow-green Ce3+ emission 
peaked at ~2.3 eV, which arises due to 5d-

4f transition, has been observed in all samples 
investigated. The position as well as the shape of 
this emission band coincides with corresponding 
parameters for cerium doped YAG single 
crystals. Besides this yellow-green Ce3+ 
emission, intensive UV emission band near ~3.0 
eV has been detected in all nanocrystalline samples. Yellow-green cerium emission band could be 

Fig. 2. Comparison of excitation spectra of 
green (2.3 eV) and blue (3.0 eV) emission 
for one of YAG nanopowder at 300 K.  
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excited under direct cerium ions excitation and, as well under band-to-band matrix excitation, 
whereas, the UV emission band could be excited under special circumstances.   

Comparison of excitation spectra for yellow-green and new emission band in nanocrystals is 
demonstrated at the figure 2. The green emission has several peaks with maximums at 5.6 eV (220 
nm) and 4.59 eV (270 nm) than can be explained with YAG lattice structure defects, as this peaks 
also were observed for undoped YAG [2]. The peak with maximum at 7.6 eV is due to excitation of 
band gap (YAG band gap is 7.9 eV).  The blue emission band also has intensive well-resolved 
excitation bands in 3.6 – 7 eV spectral range and, in contrast to green Ce3+ emission, practically is 
not excited at higher energies (see figure 2). Moreover, such excitation as well as emission spectra 
was not observed previously for any known intrinsic defect and/or impurities in Y3Al 5O12 [3, 4].  

On figure 3 it is shown comparison of decay kinetics for both emission bands. It is clearly seen, that 
decay kinetics of green Ce3+ emission are strongly dependent on Ce3+ content. Their non-
exponential decay was explained by non-radiative quenching of emission centers near 
nanoparticle’s surface [3, 5]. On the other hand the blue-UV emission band has much faster decay 
time which is practically independent on Ce3+ concentration and excitation energy. 

Taking in account all experimental date obtained we can suggest, that nanocrystalline cerium doped 
YAG has additional luminescence centers, which are absent in bulk material. These additional 
emission centers have distinct luminescence properties. Origin understanding of UV emission band 
in nanocrystalline YAG:Ce  is under progress.  
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Fig. 3. Comparison of the emission decay kinetics of Ce3+ green emission (on the 
left) and blue-UV emission (at 3.0 eV) (on the right) under 220 nm excitation for 
YAG:Ce nanopowders with different cerium concentrations. 
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Fe K-edge EXAFS and XANES of amorphous iron 
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Amorphous iron phosphates are an interesting materials from several points of view: (i) lithium iron 
phosphate is an important battery material, and it has been reported that battery charging is 
improved if an amorphous layer is present [1]; (ii) iron phosphate glasses Fe2O3-P2O5 are suitable 
for nuclear waste immobilisation due to their high durability upon inclusion of sodium, i.e. Na2O- 
Fe2O3-P2O5 [2], and (iii) some yeast cells use a biomineralisation pathway involving amorphous 
iron phosphate [3].  The iron environment in several amorphous iron phosphate materials has been 
studied using Fe K-edge EXAFS and XANES on beamline A1 at HASYLAB.  The measurements 
were carried out in transmission mode, with samples prepared as pellets diluted with polymer.  
Figures 1 and 2 show EXAFS and XANES results for Na2O-Fe2O3-P2O5 glasses with different 
sodium content.  The results show that the coordination number of Fe is less than 6, and it decreases 
as the sodium content decreases.  These EXAFS and XANES results are especially useful because 
precise information on the iron environment has been difficult to obtain from diffraction and 

57
Fe 

Mossbauer spectroscopy.  Further work is under way to develop accurate molecular dynamics 
models, e.g. see Figure 3.  Such detailed structural information is ultimately required to properly 
understand and hence predict the useful properties of amorphous iron phosphate materials.   

 

 

 

 

 

 

 

 

Figure 1 and 2: Fe K-edge EXAFS and XANES of (40-x)Na2O-xFe2O3-60P2O5 glasses.  

           

 

 

 

 

 

Figure 3: molecular dynamics model of 20Na2O-20Fe2O3-60P2O5 glass (PO4 are pink, FeOn 
polyhedrons are grey and Na ions are blue).            
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Amorphous As–S chalcogenides with additions of Ag are of considerable interest due to their ionic 
conductivity, photo-induced Ag diffusion, polarity dependent switching and memory effect. As–S–
Ag alloys show a very good glass forming ability over a wide concentration region. In this work, 
atomic structure of ternary chalcogenide glasses along the AsS2–Ag line has been studied.  

(As0.33S0.67)100-xAgx bulk glasses were prepared from high purity (99.999%) Ag, As and S. Proper 
quantities of constituent elements were put in silica ampoules, which were then evacuated to a 
residual pressure ≈ 10-4 Pa and sealed. The alloys were molten in a rocking furnace, kept for 24 
hours at a high temperature and quenched in air. 

X-ray diffraction (XRD) has been performed at the BW5 experimental station at HASYLAB 
(DESY, Hamburg). The measurements of glass pieces of about 2 mm thickness were performed in 
transmission geometry. The energy of the incident beam was 100 keV and the beam size was 1×2 
mm2. The scattered intensity was recorded by a Ge solid-state detector. The Ag and As K-
absorption edge EXAFS measurements were carried out at the X1 experimental station at 
HASYLAB in transmission mode. The samples were finely ground, mixed with cellulose and 
pressed into tablets. The sample quantity in the tablets was adjusted to the composition of the 
sample and to the selected edge to achieve an approximate transmission of 1/e. EXAFS spectra 
were obtained with steps of 0.03 Å-1 above the absorption edge. The measuring time was k-
weighted during the collection of the signal. Besides, the AsS2-Ag glasses were studied with the 
neutron diffraction (ND) at the 7C2 diffractometer at the Léon Brillouin Laboratory (CEA-Saclay, 
France). 

The experimental structure factors S(Q) and back Fourier-transformed χ(k) As-edge EXAFS 
spectra of the (As0.33S0.67)100-xAgx bulk glasses with x = 0, 8, 16, and 25 at.% are plotted in Figs. 1 
and 2. Significant changes are observed in the structure factors with increasing Ag concentration in 
the glasses. There is an intensive first sharp diffraction peak (FSDP) at about 1.26 Å-1 whose 
intensity decreases rapidly with Ag content (Fig. 1). The height of the next two peaks on the S(Q) 
(at Q = 2.16 Å and Q = 3.86 Å in glassy As33S67) changes in opposite way by addition of Ag. The 
intensity of oscillations for the Q-values larger than ~10 Å  goes down fast and becomes negligibly 
small at 25 at.% Ag. Also the FSDP almost disappears for this composition. Similar changes have 
been observed on the ND structure factors. In opposite, EXAFS spectra both at As and Ag 
absorption edges exhibit rather weak composition dependence. These findings suggest small 
changes of the local atomic arrangement around As and Ag atoms over the whole concentration 
range studied, while the changes on the medium range scale seem to be remarkable. 

We have modelled the structure of AsAgS2 ternary glass with the reverse Monte-Carlo simulation 
technique and extracted the partial pair distribution functions and coordination numbers from the 
final atomic configuration. Analysis of the data obtained revealed that AsS3 pyramids remain the 
main structural units similar to the AsAgS2 crystalline modifications smithite and trechmannite as 
well as to the binary As-S glasses. On the other hand, environment of Ag atoms in the glass differs 
from that in the crystalline state. In average, each Ag atom has four nearest neighbors, three of 
them being S and one being Ag. 
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Figure 1: XRD total structure factors S(Q) and pair distribution functions g(r) for (As0.33S0.67)100-xAgx glasses. 

 

Figure 2: BFT As-edge EXAFS spectra for (As0.33S0.67)100-xAgx glasses. 
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Molybdate single crystals are considered as a material for cryogenic detectors due to the relatively 
high light yield at low temperatures and presence of 100Mo - one of the most promising isotopes for 
double beta decay search [1]. The modification of the energy transfer efficiency to the 
luminescence centers with decreasing of the temperature is worth of investigation because this type 
of detectors operates at low temperature. Here we present the results of our investigation of the 
calcium and strontium molybdate single crystals with the scheelite crystal structure. A thermal 
quenching of luminescence was observed in both compounds and a competitive channel of non-
radiative energy relaxation was found at low temperatures in CaMoO4.  

Luminescence emission and luminescence 
excitation spectra as well as thermo-
stimulated luminescence (TSL) of the 
investigated crystals were measured at the 
SUPERLUMI station (DESY, Hamburg). 
Measurements were carried out in the energy 
range of 3.7-40 eV at temperatures from 10 
to 300 K. The luminescence spectra were 
corrected on the sensitivity of registration 
route. Crystals were grown in the A.M. 
Prokhorov General Physics Institute of RAS 
(Moscow). The freshly cleaved surfaces of 
the samples were used in the experiments. 

Luminescence spectra of SrMoO4 and 
CaMoO4 measured at T = 300 K are 
presented in fig. 1. Experimental spectra are 
perfectly fitted by single Gaussian - 
Emax=2.27 eV with FWHM=0.80 eV for 
CaMoO4 and Emax=2.32 eV with 
FWHM=0.82 eV for SrMoO4 at T = 300 K. 
The observed luminescence in these 
compounds has been previously attributed to 
the self-trapped exciton (STE) at MoO4 
complex [2]. 

Luminescence excitation spectra of CaMoO4 at λem = 520 nm measured at different temperatures 
are presented in fig. 2. In the inset the temperature dependence of the luminescence intensity (in 
black) and TSL spectrum (in red) are shown. At low temperatures (T < 120 K) traps which are 
responsible for the non-elementary TSL peak with maximum at 150 K act as a competitive 
relaxation channel. Intensity of luminescence excitation spectrum decreases considerably when 
excitation energy exceeds Eg. In this case separated electrons and holes can be captured on the 
traps. At 180 K the alternative to STE emission relaxation channel is partially destroyed, the 
intensity of excitation spectrum in region of direct exciton creation is the same. However in the 
region of separated e-h pairs creation intensity increases in comparison to spectrum measured at 60 
K. At 300K alternative relaxation channel related to traps is destroyed, the features of the excitation 
spectrum are determined by peculiarities of band structure and surface losses. Intensity of the 
excitation spectrum decreases due to intracenter thermal quenching. 

Figure 1. Luminescence spectra of CaMoO4 (curve1) 
and SrMoO4 (curve 2) measured at T = 300 K, 
Eex=4.1 eV 
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Luminescence excitation spectra of SrMoO4 at λem = 520 nm measured at three temperatures are 
presented in fig. 3. In the inset the temperature dependence of the luminescence intensity (in black) 
and TSL spectrum (in red) are shown. Luminescence intensity substantially increases with cooling 
of the sample down to the low temperature limit of the experimental set-up. Shallow traps are 
responsible for the narrow weak TSL peak at ≈30 K. Presence of the traps slightly modify the 
exponential growth of luminescence intensity. It can be observed as a bend on the luminescence 
intensity curve in the region of TSL peak. Presented luminescence excitation spectra are normalized 
to the intensity of the first excitation peak. The spectra are very similar. A slight difference in the 
spectra appears in the energy region 9 – 16 eV as a result of gradual relative decrease of the 
intensity with the heating of the sample. This effect can be explained as follows. Increase of the 
temperature leads to decrease of the effective radius of the recombination (Onsager) sphere. 
Moreover the charge-carrier mobility is generally temperature-dependent. With a heating of the 
sample, the free path length in a crystal increases. Due to these two factors, probability of radiative 
recombination of an electron–hole pair excited at a given energy decreases with the heating of the 
sample. 

In this report the processes which affect on energy transfer to the luminescence centers and 
determine some features of the luminescence excitation spectra were analyzed. The role of the 
intracenter thermal quenching and the competition of non-radiative energy relaxation with STE 
emission in the formation of luminescence excitation spectra is discussed. Effective STE creation 
from the separated electrons and holes is possible at temperatures exceeding the position of TSL 
peak in CaMoO4 at T = 150 K when the competitive non-radiative channel is destroyed. Shallow 
traps have been found in SrMoO4 which only slightly affect on the formation of excitation spectra 
of this molybdate. 

The support of grants DFG 436 RUS 113/437 and BMBF RUS 10/037 is gratefully acknowledged. 
We are grateful to Prof. G. Zimmerer for providing the opportunity to perform measurements at the 
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Figure 2. Luminescence excitation spectra of CaMoO4 
at λlum = 520 nm measured at different temperatures. 
In the inset: temperature dependence of the 
luminescence intensity at Eex = 4.2 eV (in black) and 
TSL curve (in red). 

Figure 3. Luminescence excitation spectra of SrMoO4 
at λlum = 520 nm measured at different temperatures. 
In the inset: temperature dependence of the 
luminescence intensity (in black) at Eex = 4.3 eV and 
TSL curve (in red). 
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Monocrystalline character of ZnMgTe shell  
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      In the case of narrow nanowires (NWs) the surface-to-volume ratio is extremely large and surface 

states significantly reduce the carrier lifetime and degrade the optoelectronic device performance. 
Therefore, a surface passivation is of a great importance, especially for ZnTe NWs which oxidize 
easily. Such passivation can be achieved by forming a shell of a large band gap material around the 
NW so that the surface states are moved away from the charge carriers confined in the core. 

In this report we present the results of structural characterization of the core-shell  
ZnTe/Zn1-xMgxTe NWs grown by MBE technique on the GaAs(111) substrate. The Zn1-xMgxTe 
shells were produced immediately after the growth of the ZnTe cores. In order to produce such 
shells the substrate temperature was reduced to the value which stops the axial growth of NWs and 
forces the radial growth of Zn1-xMgxTe shell.   

The X-ray measurements were performed using synchrotron radiation at the W1 beamline at 
DESY-HASYLAB. The monochromatic X-ray beam of wavelength λ = 1.54056 Å was used. Two 
modes of measurement were applied: symmetrical 2θ-ω scan and coplanar 2θ scan in the glancing 
incidence geometry [1]. Four samples were investigated – the technological parameters for each 
sample are listed in the Table 1.  

Table 1. The growth and annealing parameters of the core-shell ZnTe/Zn1-xMgxTe  nanowires 
 

        
Sample 

      Taxial  

  ZnTe core 
   (relative)  

      Tradial  

Zn1-xMgxTe  shell 
     (relative) 

   Time 
of the shell 
  growth 

      Post growth annealing 
 
Temperature              Time              

090110A   470 ºC    380 ºC   10 min     450 ºC                    30 min 
090110B   470 ºC    380 ºC   15 min     450 ºC                    30 min 
092910A   470 ºC    380 ºC   10 min     450 ºC                    30 min 
092910B   470 ºC    380 ºC   10 min      none                       none 
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Figure 1: The diffraction patterns of the 090110A sample: (a) symmetrical 2θ/ω scan, (b) 2θ scan in 

glancing incidence geometry 
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The diffraction patterns performed for the sample 090110A in the symmetrical geometry (2θ-ω scan) 
and in the glancing incidence mode (2θ scan) are shown in Fig. 1a,b. They are typical for all studied 
samples. It was confirmed that the crystallographic orientation of the substrate forces the orientation 
of NWs – three orders of reflections from (111) lattice planes from GaAs substrate and from NWs 
are visible in the pattern presented in Fig. 1a. The measurement in the glancing incidence geometry 
(Fig. 1b) shows the relatively thin polycrystalline layer grown on the substrate between NWs. A 
zoom of the symmetrical pattern in the vicinity of 333 NW peak allows to notice its splitting (see 
Fig. 2). This splitting indicates on the monocrystalline character of the Zn1-xMgxTe shell with the 
same crystallographic orientation as that of the ZnTe core. Similar behaviour is observed also for 
090110A and 090110B samples.  
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Figure 2: The part of the 2θ-ω diffraction pattern in the vicinity of the 333 NW peaks of the sample 092910B. 
            

The peak situated under smaller angle originates from Zn1-xMgxTe shell while the peak under higher 
angle comes from ZnTe core. The samples 090110A and 090110B differed only by the time of 
radial growth which was longer for the sample 090110 B – it caused an increase of intensity of  
Zn1-xMgxTe peak component. The second pair of samples (092910A and 092910B) shows an 
influence of the post-growth annealing on the NWs structure. In the unannealed sample, 092910B, 
the splitting of the 333 NW peak is clearly visible (Fig.2), while in annealed sample, 092910A, only 
small asymmetry on the left side of the peak can be noticed which indicates on the diffusion of Mg 
to the core during annealing procedure. From the lattice parameters calculated for both components 
of the NWs (core and shell) the chemical composition x of each can be estimated. For the samples 
090110A and 090110B the x1 ≅ 0.04 in the core and x2 ≅ 0.11 in the shell were estimated. In the 
case of second pair of samples x1 ≅ 0.04 in the core and x2 ≅ 0.12 were determined for sample 
092910B and xaverage  ≅ 0.075 for sample 092910A. 
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Nanostructure of gel-derived calcium silicate, calcium 
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The main aim of this study is to synthesize calcium silicate ceramics that exhibit suitable properties in 
order to be used for biomedical applications. In the present work, attention was paid to the 
understanding of processing - structure relationships [1, 2, 7, 8]. The calcium silicate systems were 
prepared via sol-gel route, varying the chemical compositions; the catalysts concentration; the 
temperature and time of aging and heat treatment. The processes and the phases evolved during the 
sol-gel procedure were determined. The aggregate structures were investigated by SEM, SAXS, 
WAXS, and XRD measurements [1, 2, 7, 8]. 

The scattering data present in the samples synthesized under basic conditions are built up from 
aggregates. The aggregate structure is defined here as a random packing of colloidal particles. The 
SAXS curves follow the Porod`s law: the slope of the curves in a log-log plot is close to -4, which 
indicates large aggregated structures. The surface of the aggregates obtained by drying at 80 ºC is 
possibly slightly rougher with an increasing amount of NH3 catalyst considering the slightly lower 
value for the slope in the log-log plot. However, in the size range above 50 nm, only aggregates with 
smooth surfaces can be confirmed by SAXS. If the systems are heat treated at 700 ºC, the 
elementary units are 3-D compact particles of 20-23 nm size, independent from the catalyst. The 
heating leads to a slightly rougher surface visible by the slope differing from -4 in the log-log curve. 
At lower molar ratios of NH3, this seems to be more efficient. The SEM images give information on 
the size of these calcium silicate aggregates and the density of bulk systems. The size of aggregates 
varies from 100 to 300 nm at 1.0 molar ratio of NH3 / Ca; from 140 to 160 nm at 5.0 molar ratio, and 
from 100 to 130 nm at 10.0 molar ratio of NH3 / Ca, respectively. The size of particles is reducing in 
the function of increasing NH3 molar ratio and the materials seem to become denser (Figure 1).  

 

 

 

  

                  

 

 

 

 
                  

Figure 1: SEM images of calcium silicate samples prepared with different NH3 ratios (1, 5, 10) and heated at 
700˚C (10000x top, 50000x bottom). 

The structural evolution of the systems during the preparation process were investigated with in-situ 
small-angle and wide-angle X-ray scattering and XRD (Figure 2). The first two new crystalline 
phases appear simultaneously at 160 °C; silicon dioxide (α-quartz) and calcium carbonate (calcite). 
These phases disappear together at around 500 ºC indicating a reaction between crystalline silica and 
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calcite above 400 ºC. The FTIR spectroscopy detects carbonate groups in the range of 300 – 500 
°C. The system is amorphous between 500 and 700 °C. The broad diffraction lines between 500 ºC 
and 700 ºC denote a temporary amorphous calcium silicate phase, which turns into crystalline β-
dicalcium silicate at 700 °C. Above 800 ºC, β-dicalcium silicate transforms into a new crystalline 
phase, mono-calcium silicate, which can be characterized by a well or poorly defined crystalline 
wollastonite lattice (Figure 2).  
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Figure 2: WAXS curves for calcium silicate samples (1.0 mol NH3 / Ca) heat treated at various temperatures. 
 

XRD data depict a much higher crystallinity in the sample prepared by acetic acid catalyst comparing 
to the structures obtained by base catalysis. The XRD patterns verify therefore the reduction of 
crystallinity degree with rising volume of NH3 catalyst. No crystalline phase of calcium silicate was 
revealed in the samples of 5 – 10 mole NH3 / Si until 800 °C (Figure 9). The higher Ca content 
promotes the presence of carbonate ions, but the higher NH3 content inhibits that. The full amount 
of SiO2 does not react during the heat treatment in the acid-catalyzed samples (Tab. 4), a part of that 
remains up to 1000 °C. 
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Y3Al 5O12 (YAG) ceramic is a well known laser material, its excellent optical characteristics make it 
also attractive as a scintillator. Some 10 years ago, ceramic samples demonstrated spectroscopic 
properties different from those of single crystals [1]. Today however new nanopowder fabrication 
methods of ceramics allow making samples with spectroscopic properties very similar to those of 
single crystals [2]. 

Undoped YAG ceramic studied at the SUPERLUMI station was fabricated by Konoshima Chemical 
Co., Ltd. using vacuum sintering and nanocrystalline technology (also known as VSN method) [3]. 
Time-resolved excitation and emission spectra were measured at temperatures 8 and 295 K.  

Studying the intrinsic luminescence of yttrium-aluminium garnet can help to understand the 
spectroscopic behavior of YAG doped with different rare-earth ions. Figure 1 presents 
luminescence and excitation spectra measured at 8 K. Luminescence spectrum of undoped ceramic 
YAG depends on the excitation energy: For the excitation energies 7 eV and above it consists of a 
band peaking at 260 nm, which is similar to that of single crystals [4]. This emission band can be 
attributed to self-trapped exciton. A wide emission band peaking at 450 nm has the only excitation 
peak at 6.4 eV in the spectral range 4–18 eV, which is below the fundamental absorption edge. It 
can be attributed to F-center type intrinsic defects [5]. 
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Figure 1: Emission (left panel) and excitation (right panel) spectra of ceramic YAG taken at 8K. 

At RT luminescence spectrum is more complex (see figure 2). Excitation spectrum of luminescence 
band peaking at 336 nm is similar to that of single crystal [2]. In single crystals this band is 
associated with an exciton localized on the antisite defect Y3+(Al) [4]. In our ceramic sample the 
maximum of this band has a red shift of about 25 nm relative to the single crystal. 
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Figure 2: Emission (left) and excitation (right) spectra of ceramic YAG sample taken at RT. 

As can be seen from the inset in the figure 2 UV–emission band has a complex structure. The band 
peaking at 450 nm is present at RT as well as at LHeT but its intensity is much lower. The profile of 
the excitation spectrum of this band at the energies hν > 6.9 eV is similar to that of the high energy 
band, which most probably due to the overlap of the luminescence bands (see the right panel of 
figure 2). Wide band peaking at 600 nm also appears in the excitation region of UV-band. This 
emission can be attributed to inadvertent impurity. Its intensity is comparable to the emission of F-
centers and is much lower than that of the UV band. 

Further investigation of spectroscopic behavior of YAG ceramics and its comparison to the 
properties of single crystals is envisaged. 
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Compounds based on BO3 complex attract attention due to its potential application in scintillating 
detectors, luminescent lamps and plasma display panels. LuBO3:Ce is a perspective scintillating 
material that benefits in the increasing of material density and radiation damage resistance due to 
the presence of lutetium cation. However growth of single crystals of lutetium borate is a 
complicated task due to the phase transformations at the cooling stage of crystal growth. 
Nevertheless it was shown that scintillation detectors with RE doped LuBO3 can be used in form of 
submicron powders incorporated into the compositional films [1], in form of the crystallized thin 
films [2] or in form of sprayed coating on a transparent substrate [3]. Further enhancement of the 
light yield of borates can be expected for scintillators based on the solid solutions of borates. 
Enhancement of luminescence intensity under X-ray excitation has been already detected for solid 
solutions in lutetium scandium borates doped with cerium ions [4]. Here the luminescence 
properties of the set of borates solid solutions LuxY1-xBO3 doped with Ce3+ ions were investigated. 

Spectroscopic studies of the samples were carried out using synchrotron radiation in the energy 
region 3.7-22 eV at the SUPERLUMI station, DESY [5] and at higher energies (130 eV) using set-
up for luminescence measurements at the BW3 channel. Compounds were synthesized by sol-gel 
method. Concentration of Ce3+ was 1 mol%. According to the data of grain-size analysis of the 
synthesized powders on the laser diffraction particle size analyzer Shimadzu SALD-2201 the 

dominating size of the particles of all 
compositions is around 500 nm. Surface 
morphology of the solid solutions crystalline 
particles is virtually similar for the whole interval 
of compositions from YBO3 to LuBO3. 

Luminescence spectra of LuxY1-xBO3:Ce3+ at 
11 eV excitation are represented with two 
pronounced bands at 388 and 420 nm that are due 
to 5d – 7F5/2,7/2 transitions in Ce3+ (fig.1 a). When 
the samples are cooled down to 10 K additional 
intrinsic luminescence band at 270 nm is also 
observed in spectra, however its intensity is of two 
orders of magnitude lower than Ce3+ 
luminescence. At the excitation with higher 
energies photons - 130 eV two additional bands 
arise at 315 and 344 nm. The difference between 
its maxima agrees with that for the main doublet. 
We suppose that the bands are also due to 
emission of Ce3+. Presence of the bands only at 
high-energy excitation may be caused by the 
creation of the radiation defects in borates. 
Actually in the undoped samples of LuxY1-xBO3 
the intensity of the intrinsic luminescence 
decreases down to 60% of its initial level after 10 
minutes of irradiation with photons of 130 eV and 
proves the defects creation in the borate solid 
solutions. Thus the appearance of the additional 
doublet may be due to the different symmetry of 
the surrounding of Ce ions located near the 

Fig. 1 Luminescence spectra of 
LuxY1-xBO3:Ce at Eex = 11 eV (a) and 130 eV 
(b) measured at T = 300 K. Curve 1 
corresponds to x = 0, curve 2 – to x = 0.5, 
curve 3 – to x = 1. 
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radiation defects.  

The decay curves of the cerium luminescence are 
presented in fig.2. Noticeable discrepancy is observed 
in the Ce3+ emission decay curves measured at 
380 nm and 320 nm at the initial stage of decay. 
Simultaneous quenching of the luminescence at 
320 nm with the buildup of the luminescence at 380 
nm implies possibility of the energy transfer from the 
high-energy doublet to the low-energy one. In 10 ns 
after the pulse both curves demonstrate exponential 
decay with characteristic decay time of 30 ns for the 
solid solution with x = 0.5 (fig.2 a) with the presence 
of considerable level of afterglow. With the further 
increase of x value afterglow level decreases while 
the decay time is still around 30 ns (fig 2.b). 

Luminescence excitation spectra of LuxY1-

xBO3:Ce3+ are presented in fig. 3. Five 
excitation peaks at 3.4, 3.7, 5.1, 5.6 and 6.1 eV are 
due to the intracenter excitation of Ce3+ ion via 
4f - 5d transitions. Further rise of the intensity is observed in the region of fundamental absorption 
edge with a peak at 7.6 eV. Time-resolved measurements of excitation spectra allow to ascribe the 
peak to the creation of exciton. Gradual substitution of yttrium cation to lutetium leads to changes 
in the intensity of excitation spectrum all the structure excepting first peak at 3.4 eV is considerably 
suppressed. Creation of the competitive relaxation channel of the excitation energy with the 
incorporation of lutetium cation may be the reason for the observed effect. Presence of the 
additional calcite phase in the solid solutions with x > 0.5 correlates with the intensity suppression 
for the first excitation peak at 3.4 eV. 
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Fig. 2 The luminescence decay curves solid 
solutions for LuxY1-xBO3:Ce3+. Panel a: 
decay curves measured at λem= 380 nm 
(curve 1) and at λem= 320 nm (curve 2) for 
solid solution with x = 0.5. Panel b: decay 
curves measured at λem= 380 nm for solid 
solutions with x = 0 (curve 1), 0.5 (curve 
2), 0.75 (curve 3) and 1 (curve 4). 

Fig. 3 The luminescence excitation spectra for 
LuxY1-xBO3:Ce3 with x = 0 (curve 1), 0.25 
(curve 2), 0.5 (curve 3), 0.75 (curve 4) and 1 
(curve 5).  
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The preparation of intermetallic phases via redox-reactions at low temperatures has attracted 
particular interest, when the metastable germanium allotrope Ge(cF136) with a guest-free 
clathrate-II crystal structure was obtained by oxidation of Na12Ge17 [1]. In subsequent works, the 
preparation process has been substantially optimized [2, 3], so that pure Ge(cF136) is available as 
starting material for advanced studies. In general, elemental germanium is considered as promising 
for anode material in Li ion batteries, which is mainly due to its high theoretical specific capacity 
[4] as well as good transport kinetics for Li ions enabling high current densities [5]. In the new 
allotrope Ge(cF136), the transport of Li ions might even be enhanced compared to α-Ge, if the 
polyhedral cavities of the clathrate-II crystal structure can be reversibly filled by Li. However, 
intermetallic clathrates have only been known with heavier electropositive metals [6], while a 
clathrate phase containing Li has not been reported yet. Here, we report on the electrochemical 
insertion of Li into Ge(cF136), which was monitored in situ by synchrotron X-ray powder 
diffraction. 

The starting Ge(cF136) material was prepared by gas-solid reaction of Na12Ge17 with 
DTAC/MgCl2 (280 °C, 300 h) under argon atmosphere and subsequent washing with acetone and 
water in air [2, 3]. Prior to further use, the dark-grey powder was dried in dynamic vacuum (p < 
5×10-3 mbar) and stored under argon. For the measurement, the material was ground in an agate 
mortar, and mixed with carbon black (Super PLi, Timcal) and polyvinylidene difluoride (SOLEF 
1013, Solvey) as conductive additive and filler (ratio 33:13:4). The electrode was prepared by 
pressing a pellet (d = 10 mm, m = 29.8 mg) applying a pressure of 900 MPa. The pellet was 
mounted as cathode in an in-situ battery test cell (Swagelok-type) [7]. Elemental Li (Chemetall, 
99.9 %) served as anode, and a 1 M solution of LiPF6 in ethylene carbonate/dimethylcarbonate 
(1:1) was used as electrolyte (LP30, NOVOLYTE Technologies). The whole electrode preparation 
was done under Ar atmosphere. During the electrochemical reaction at a constant current of 
I = 440 µA and room temperature the cell potential was continuously recorded. Furthermore, the 
cell was investigated in situ by means of synchrotron X-ray powder diffraction (λ = 0.688584 Å 
calibrated with LaB6 standard in advance, OBI detector system) at Beamline B2. X-ray diffraction 
patterns were recorded every 30-50 min with exposure times of 14-28 min. 

The monitoring of the Li insertion to the Ge(cF136) clathrate phase is challenging: Li atoms have a 
negligible X-ray scattering power compared to Ge and can hardly be detected by structure 
refinement. Moreover, due to the small atomic volume, changes in the lattice parameter, being the 
most accurate indicator for the insertion of atoms into the cavities of a clathrate phase, are small. 
However, in contrast to ex-situ experiments the in-situ investigation allows for a reliable 
comparison of even small changes due to constant experimental conditions. 

Fig. 1 shows the evolution of the powder diffraction pattern recorded of the battery test cell in 
dependence of time and the amount of inserted Li. Despite the patterns are dominated by the 
intense reflections of the cell material (fcc- and bcc-steel), clathrate-II reflections (space group 
Fd-3m) could undoubtedly be indexed and the lattice parameter was refined. Fig. 2 depicts the 
evolution of the lattice parameter and the cell potential against elemental Li vs. time. The lattice 
parameter was calculated from reflection positions determined by single profile fit [8]. For every 
single value, the same 14 reflections in the range of 12.5° ≤ 2 Θ ≤ 33° were used. Due to the 
relatively low intensity of the clathrate-II reflections a reliable refinement of atomic positions by 
means of the Rietveld method was not possible. By trend, the lattice parameter of the clathrate 
phase increased over the whole measuring time (Fig. 2). This indicates that Li indeed is 
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incorporated into the clathrate-II crystal structure of Ge(cF136) and a germanium clathrate-II phase 
containing Li exists. Conclusions on stability fields of this phase from the potential curve are not 
possible due to the pronounced smearing at room temperature. However, as the clathrate-II crystal 
structure of Ge(cF136) provides 24 polyhedral cavities per unit cell a maximum content of x = 
0.1765 Li (calculated as LixGe) is expected, considering that each cavity can be filled by only one 
atom. Compared to that, the amount of Li x ≈ 0.8 (Fig. 2) apparently inserted to the phase over the 
hole measuring time seems to be too high. In fact, using the reflections of the fcc-steel phase as 
intensity standard, the fraction of the clathrate-II phase detected by XRPD decreased for long 
measuring times (Fig. 1). As no other crystalline phases appeared in the diffraction patterns, we 
conclude that the clathrate phase was transformed to an X-ray amorphous product. The beginning 
formation of this product might be indicated by the small hump in the potential curve at x ≈ 0.18 or 
t ≈ 4.5 h, respectively (Fig. 2). This interpretation would match with a maximum “filling” of the 
clathrate-II cavities with 24 Li atoms per unit cell. On the other hand, the lattice parameter of the 
clathrate phase seems to increase also beyond this feature in the potential curve, which indicates an 
overlay of incorporation of Li into the clathrate-II phase and its transformation to other Li-richer 
phases.  
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Figure 1:  X-ray powder patterns of the test cell at 
different times. For comparison, calcu-
lated patterns are given. The asterisk 
marks the (110) reflection of elemental 
Li. 

Figure 2: Dependence of the lattice parameter a
of the clathrate-II phase and the 
measured cell potential U against Li
from time t or the amount of inserted Li
x (calculated for LixGe). Error bars 
indicate 1 e.s.d. of the calculated 
values.
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Phosphate compounds with langbeinite-type frame like K(Zr,Ti)2(PO4)3 are perspective as host 
matrixes for immobilization of radioactive isotopes in nuclear power industry [1, 2]. In our studies 
we examine the possibility of luminescent monitoring of undoped KZr2(PO4)3 and ZrP2O7 
zirconium phosphates as potential waste confinement materials. Besides this, the nature of the 
luminescence centers in phosphate crystals is also a topical problem.  

Synthesis of the KZr2(PO4)3 was achieved by two-step reaction. On the first stage the mixture of a 
composition 1.2K2O-P2O5 was melted at 1273 K. Secondly, 10 mol. % of ZrF4 was added to the 
phosphate melt. The scheme of KZr2(PO4)3 synthesis can be represented as: 3K4P2O7 + 2ZrF4 = 
KZr2(PO4)3 + 8KF + 3KPO3. Synthesis of ZrP2O7 was made by crystallization of LiPO3 melt that 
contained 10% mol. of ZrO2. The formation of the compound may be schematically represented as 
follows: 4LiPO3 + ZrO2 = ZrP2O7 + Li4P2O7. Experiments with VUV  radiation were carried out on 
SUPERLUMI station at HASYLAB (DESY) synchrotron laboratory, Hamburg, Germany. The 
VUV-excited luminescence spectra were studied in 3.5–20 eV region of excitations energies at 8 
and 300 K temperatures.  

Three regions can be obviously marked out in the luminescence emission spectra of KZr2(PO4)3 
crystals under VUV excitation (λex = 75 – 185 nm) at liquid helium temperature  
(Figure 1, a): the UV emission in 230 – 400 nm region with peak position λmax at 302 nm; green-
yellow emission in 450 – 700 nm region with  λmax at ~590 nm and near-IR emission in 700 – 1000 
nm region with λmax at ~780 nm.  
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Figure 1: Emission spectra of KZr2(PO4)3 (a) and ZrP2O7 (b) crystals.  
a) λexc = 185 (1, 2) and 200 nm (3, 4), T = 8 (1, 4) and 300 K (2, 3); 

b) λexc = 90 (5) 115 (6), 182 (7) and 197 nm (8), T = 8 (6, 7) and 300 K (5, 8). 
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Integral intensity of luminescence in the whole 200 – 1000 nm spectral region (total intensity) 
increases with sequential increase of λex from 90 to 185 nm, whereas spectral shapes and peak 
positions λmax of bands in each of the intervals weakly depend on the excitation wavelength.  

Emission spectra of ZrP2O7 crystals reveal bands inherent to KZr2(PO4)3 only under short-
wavelength excitations (λex ≤ 115 nm) at 8 K (Figure 1, b). However, the relative intensities of the 
bands substantially differ from the KZr2(PO4)3 case. When the temperature increases to 300 K, the 
peak position of the UV emission band shifts from 302 to 320 nm in case of KZr2(PO4)3 and from 
307 to 311 nm in case of ZrP2O7. Spectral shapes of other emission bands do not reveal significant 
changes with raise of temperature for both crystals. However, the total intensities are strongly 
temperature-dependent. The total intensity of KZr2(PO4)3 decreases with increase of temperature 
from 8 to 300 K.   

The luminescence excitation spectra of KZr2(PO4)3 and ZrP2O7 crystals are similar in main features 
(Figure 2).  
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Figure 2: Excitation spectra of KZr2(PO4)3 (a) and ZrP2O7 crystals (b);  
λreg = 300 (1, 5), 330 (4), 410 (2, 6) and 500 nm (3); T = 8 (1-3) and 300 K (4-6).  

 

The UV emission band of both crystals is excited between 75 and 200 nm where three excitation 
bands in 75 – 115, 115 – 160 and 160 – 200 nm regions are observed (Figure 2, curves 1, 6). Each 
of the excitation bands comprise at least two or three components which have strong spectral 
overlap. We attribute observed UV emission and related excitation bands to intrinsic properties of 
zirconium phosphates studied here. The excitation bands at 145 and 185 nm have been also 
reported for several zirconium phosphates and pyrophosphates [3, 4]. Our results are in good 
agreement with corresponding data from the mentioned references. The bands are attributed 
respectively to absorption of phosphate molecular groups and charge-transfer transitions from the 
O

2-
 states to the empty states of Zr

4+
.  
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Lanthanides exhibit a wide variety of physical properties that can be tuned by inducing small 
changes in their electronic structure. Among the studied lanthanides, Sm is of particular interest 
owing to its potential application in photonics, in microelectronic industry and in catalysis. From a 
fundamental point view, the interest arises in the two different isoenergetic states that may coexist: 
due to the gain in cohesive energy, the divalent 4f6(sd)2 free atomic Sm, is in a trivalent 4f5(sd)3 
state in the bulk of Sm metal. However, the less coordinated Sm atoms at the surface – their 
cohesive energy is smaller – are divalent. Previous studies of Samarium overlayers on various 
substrates have concluded that Sm may be divalent, trivalent, or homogeneously mixed valent at 
interfaces. The nature of the mixed valence, i.e., if it is heterogeneous (different valence at different 
sites) or homogeneous (non-integer valence at a given site), may be determined by analysing the 
photoelectron peak generated by the photoelectrons emitted from atoms at the surface. 

In the present study of the Sm-CNT interaction, pristine and 
oxygen-plasma, treated MWCNTs with different amounts of Sm 
evaporated onto their surface were analyzed. The morphology of 
the “overlayer” is observed by transmission electron microscopy; 
its electronic structure and its interaction with the CNT surface is 
investigated by photoelectron spectroscopy (PES) performed at the 
BW2 beamline.  
Figure 1 shows that upon thermal evaporation of Sm onto pristine 
MWCNTs a non-homogeneous covering, composed of small flat 
crystalline Sm islands, is formed at the MWCNT surface. Similar 
results was observed when the evaporation was onto oxygen 
functionalized MWCNT.  
The interaction 

between the Sm and the CNT surface was 
studied by HEXPS. If there is a chemical 
reaction at the interface than the new chemical 
environment of the atoms at the interface will 
show in the XPS spectra by the appearance of 
new features. Figure 2, shows the comparison of 
the 3d Sm peaks recorded after successive 
evaporations of Sm onto pristine and oxygen-
plasma treated CNTs. The 3d peaks at 1082 and 
1108 eV are associated with trivalent species. 
Although the line profile of our Sm 3d peaks is 
similar to the expected for the photoemission 
from trivalent species, their binding energies are 
shifted to higher energy by 2 eV. Nevertheless, it 
can be seen that in both set of measurements no 

Figure 2: Sm 3d peaks recorded for increasing amounts 
of Sm evaporation a) pristine b) oxygen functionalized  

a) b) 
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new structures appear indicating the absence of chemical reaction at the Sm/CNT interface. 
 
The evolution of the C 1s spectra with 
increasing Sm coverage is shown in figure 3. 
For increasing Sm coverage a shoulder 
appears near 286 eV. This shoulder can be 
associated to charge transfer from increasing 
Sm amounts to the nanotube. Since the 
evaporation on functionalized and pristine 
CNTs was simultaneous, the small intensity 
for the shoulder at high binding energy can 
be associated to a less effective charge 
transfer from the Sm atoms to the C atoms 
due to the presence of oxygen atoms grafted 
at the surface. 
 Bennich et al. [1] showed that due to the 
weak interaction between the graphene layers 
in graphite, the charge transfer from K to 
graphite occurs just to the surface and second 

layer. In order to verify if similar transfer occurs from Sm to graphite we performed a set of 
preliminary measurements that suggest similar behaviour in the Sm/graphite system.  
Thus considering that the C1s peaks in figure 3, have contribution from non-interacting graphene 
layers, to better analyze the data, the background corresponding to the non-interacting layers has to 
be subtracted from the total C 1s signal. Before subtraction, the peaks are normalized on the shake-

up peak at 290.5 eV. 
Figure 4 shows that after the subtraction, the C1s peak 
shifts towards high binding energy and the asymmetry of 
the C1s increases for increasing amount of Sm 
evaporated. Taking in consideration the absence of new 
structures the shift can be described by a rigid band shift: 
peak displacement to higher energies corresponds to 
increased charge transfer from Sm to the carbon. The 
asymmetry is associated to electron-hole pair excitations; 
the potential created between the photohole and the 
remaining electrons after the photoemission induces the 
promotion of electron near the Fermi level to empty states 
just above it. 
In summary, it is demonstrated the charge transfer from 
Sm atoms to the first layers of MWCNTs. This charge 
transfer induces a rigid band shift of all electronic states 
and an increase in the asymmetry of the C1s peak, i.e., in 
the metallic character of the CNT. The presence of the 
oxygen at the interface hampers the charge transfer. The 
Sm are in the trivalent state. 
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Figure 3: Evolution of the C1s core level for increasing 
coverage of Sm on a) pristine and b) plasma oxidized CNT 

a) b) 

Figure 4: C1s spectra of pristine (black) and 
plasma treated (red) MWCNTs covered with 
2 Å of Sm. Background corresponding to 
non-interacting layers has been subtracted. 
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Over a fifty years, the wolframite-type crystals of zinc tungstate ZnWO4 were investigated as 
perspective scintillation and luminescent materials and also attracted much attention as the objects for 
theoretical studies and development of the physical models [1-4]. The optical and luminescence 
properties of ZnWO4 were intensively studied by various experimental methods including 
spectroscopy with use of synchrotron radiation. Luminescence of the Cr-doped ZnWO4 crystals was 
studied in detail in the UV and visible spectral regions [5]. It was found that Cr dopants in zinc 
tungstate form the centers of additional absorption and that the increase of Cr concentration lowers 
the intensity of intrinsic emission of the crystal. Now we expand the studies of ZnWO4:Cr 
luminescence to the VUV region of excitation energies.  

The zinc tungstates crystals were grown by Chohralsky method in platinum crucibles. Refined zinc 
ZnO and tungsten WO3 oxides were used for growth of undoped ZnWO4 samples. The Cr-doped 
samples were grown by addition of Cr2O3 into the batch. Four samples of ZnWO4 are considered in 
this report: undoped (ZWO) and Cr-doped samples grown with addition of 0.01 mas. % (ZWO-
Cr0.01), 0.05 mas. % (ZWO-Cr0.05) and 0.1 mas. % of Cr2O3 (ZWO-Cr0.1). Photoluminescence 
(PL)  emission and excitation spectra in 4 – 20 eV energy region at temperatures T = 8 – 300 K 
were obtained at SUPERLUMI station, HASYLAB (DESY) synchrotron laboratory, Hamburg, 
Germany.   

PL emission spectra of ZWO sample reveal broad non-elementary band with peak at 500 nm 
accompanied by a distinctive “shoulder” near 560 nm (Fig. 1, curve 1) that are typical features of 
intrinsic emission of undoped zinc tungstate crystals under VUV synchrotron excitation. Doping 
with chromium ions at concentration CCr = 0.01 mas.% (ZWO-Cr0.01 sample) leads to ~20 % 
decrease of intensity of the main emission band, increase of spectral contribution from the 
“shoulder” and appearance of additional emission band in 900 – 1000 nm region (Fig. 1, curve 2). 
With further increase of Cr concentration (ZWO-Cr0.05 and ZWO-Cr0.1 samples), intensity of the 
main band decreases approximately by an order (with respect to undoped samples) and additional 
IR emission band vanishes (Fig. 1, curves 3, 4). 
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Figure 1: Emission spectra of undoped (1) and Cr-doped (3-4) ZnWO4 crystals with various Cr 
concentrations; λex = 280 nm, T = 8 K. 
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It was found earlier that additional absorption band in ZnWO4:Cr crystals (typical for absorption of 
Cr

3+
 ions in oxide hosts) appears at 500 nm [5]. So, intensity of the main emission band of ZWO-

Cr0.01 sample at 500 nm decreases with respect to undoped samples. For this reason, the relative 
(with respect to the main band) intensity of the “shoulder” is greater for ZWO-Cr0.01 sample. 
Additional emission band that appears at CCr = 0.01 mas.% should be ascribed to the Cr-related 
emission centers in ZnWO4 (probably Cr

3+
, [6]). With further increase CCr (in ZWO-Cr0.05 and 

ZWO-Cr0.1 samples), this band most likely undergoes concentration quenching.  

The PL excitation spectra of ZWO sample (Fig. 2, curve 1) are typical for undoped zinc tungstate 
crystals [7]. A sharp edge of intensity in 310-300 region is followed by its gradual decrease and then 
starting from ~200 nm, intensity increases again with shortening of excitation wavelength. 
Excitation spectra of ZWO-Cr0.01 sample differ substantially from the ZWO ones. They reveal a 
broad band in 150-250 nm region  that comprise at least three components with weakly expressed 
peaks near 175, 200 and 230 nm (Fig. 2, curve 2). With further increase of CCr (Fig. 2, curves 3, 4), 
this band vanishes and the sharp edge of excitation spectrum is shifted by ~15 nm to shorter 
wavelengths. Besides this, the gradual decrease of intensity ends at shorter excitation wavelengths 
(125 nm) for ZWO-Cr0.05 and ZWO-Cr0.1 samples with respect to undoped samples.  
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Figure 2: Excitation spectra of undoped (1) and Cr-doped (3-4) ZnWO4 crystals with various Cr 
concentrations; λreg = 470 nm, T = 8 K. 

So, presented data show that Cr impurities strongly affect the processes of PL excitation of zinc 
tungstate crystals in 150-250 nm region of excitation wavelengths (5 – 8 eV region of excitation 
energies).  However, additional studies are required to achieve an adequate physical explanation for 
the effect of Cr doping on the excitation spectra of ZnWO4 crystals.  
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Mixed ceramic cutting tools for finishing of hardened steels are widely-used due to high wear and 
temperature resistance. Recent developments have shown that surface modification or coating of 
mixed ceramic inserts by physical vapor deposition (PVD) leads to an enhanced cutting perfor-
mance [1,2,3]. In order to improve coating adhesion and wear resistance, characterization of coating 
properties is inevitable in terms of ‘residual-stress-engineering’ [4]. At the Hamburg University of 
Technology mixed ceramic cutting tools of Al2O3-Ti(O,C)-ZrO2 are fabricated via aluminothermic 
reaction sintering followed by an annealing process to form an in-situ TiC-layer on the surface [5]. 
This TiC-layer serves as an adhesion promoter for an additional TiAlN-coating applied through 
magnetron sputtering. Thicknesses of the TiC-interlayer and the TiAlN-coating are about 1 - 
2 microns each. In order to characterize these coating layers by x-ray diffraction, first experiments 
were carried out at PETRA III. Results showed that it was possible to separate the diffraction 
spectra of the coating layers from the spectra of the bulk ceramic material. 

Diffraction experiments were performed at the HEMS beamline P07 of PETRA III at HASYLAB 
using monochromatic synchrotron radiation with an energy of 91 keV, corresponding to a wave-
length of 0.1363 A. Diffraction patterns were recorded using a 11 megapixel VHR CCD camera 
(Photonic Science Ltd., UK) with an input pixel size of 31.18 x 31.18 µm and a sample-to-detector 
distance of 173 mm. Additionally, a VORTEX-EM® fluorescence detector (Seico Instruments Inc., 
USA) was installed to collect backscattering fluorescence spectra of the sample.  
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 Figure 1: Schematic display of the experimental set-up. 

The beam size of the synchrotron radiation was defined to 10 x 10 µm2 using an optical lens 
system. The sample used in the experiments was a mixed ceramic cutting tool with an edge length 
of ~ 12 mm and height of ~ 7 mm according to standard geometry (SNGN 120708 T010020). For 
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alignment in the incident beam the sample was mounted on a stage which could be moved in x-, y-, 
and z-axis (see Fig. 1). The beam passed the sample at a distance of ~ 2 mm in direction of the x-
axis relative to the sample edge. The sample was then shifted in z-direction until the top coating 
layer of the sample was solely exposed to the beam. It was possible to distinguish the coating from 
the bulk because of vanishing zirconium peaks from the bulk ceramic and increasing titanium peaks 
from the TiAlN- and TiC-coating in the fluorescence spectra (see Fig. 2a). In Figure 2b diffraction 
spectra also show that in the surface layer of the material no zirconia and only small amounts of 
alumina were detected in comparison to the bulk material, thus indicating the exposition of only the 
surface layers to the beam.  
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Figure 2: Fluorescence spectra (a) and diffraction patterns (b) of the bulk and the coating of a mixed 
ceramic cutting tool material.  

These results show that with the experimental set-up described above even coatings with only a few 
microns in thickness can be characterized separately from the bulk material. For further 
characterization of the coating layers, properties like lattice matching to the substrate and internal 
stress distribution will be investigated. 
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GISAXS Analysis of Metal-Oxide Composite Films with 
Asymmetric Structure and Presenting Optical 
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This	  works aims at getting information about the metal particle size and distribution in M-SiO2 (M: 
Ag, Au) thin films prepared by incorporation of metal nanoparticles either on the surface or in the 
bulk of columnar oxide thin films acting as a host or a template for the metal growth. These films 
present optical dichroism [1] and are based in the use of porours and columnar thin films of SiO2 
obtained by glancing angle deposition (GLAD). Figure 1 shows a series of cross section scanning 
electron microscopy images of a pure SiO2 thin film and two nanocomposite thin films where gold 
and silver nanoparticles are incorporated in the bulk and on the surface of the SiO2 porous layer. 
The image of the host film reveals a structure formed by tilted nanocolumns extending from the 
substrate up to the surface of the films. The formation of gold particles inside the films or aligned 
silver particles onto their surface is clearly appreciable in the figure. In	   the	   present	   work	   we	  
report	  on	   the	  GISAXS	  patterns	  of	   these	  porous	  SiO2	  thin	   films	  prepared	  by	  GLAD	  and	  of	   the	  composite	  materials	  formed	  by	  these	  layers	  with	  Au	  and	  Ag	  metal	  nanoparticles.	  	  

 

Figure 1: Cross section and normal view SEM micrographs of SiO2 
deposited by GLAD (a), gold nanoparticles grown inside the previous 

thin film (b) and silver “nanowires” deposited onto the SiO2 film. 

GISAXS experiments were performed at the BW4 beamline (HASYLAB, Hamburg) using a 
wavelength of λ=0.138 nm and a sample-to-detector distance of 2.175 m. A moderate microbeam 
focusing was achieved using beryllium refractive lenses (beam size 42x22 µm

2
). The scattering 

signal was recorded with a 2D detector (MAR CCD camera with 79x79 µm
2 
pixel size).  

Three different GISAXS patterns taken as example are reported in Figure 2. The pattern of the host 
film is characterized by a characteristic asymmetry with respect to the incidence plane that has been 
associated with the tilted geometry of the SiO2 

columns present in these films (Figure 2a) [2].  
When gold nanoparticles are grown inside the porous layer (cf. Figure 1b), a new asymmetric 
pattern develops while the contribution of the host layer weakens (Figure 2b). A third type of 
behaviour is found when the metal is not grown inside the host film but it is deposited on the 
surface of the host layer (cf. Figure 1c). In this case the SiO2 signal is completely neglected and the 
resulting pattern stems exclusively for the metal “nanowires” [1] existing on the surface, showing a 
form typical of a centro-symmetric structure (Figure 2c). 
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These preliminary results show that the metal-SiO2 nanocomposite thin films prepared by using 
host layers obtained by GLAD and incorporating metal particles yield GISAXS patterns where the 
metal prints can be clearly detected and the contribution of the host layer becomes attenuated or 
even neglected depending on the actual thin film microstructure. 

 

Figure 2: GISAXS patterns for a 300 nm thin film of SiO2 deposited 
by GLAD (a), gold nanoparticles grown inside the previous thin film 
(b) and silver “nanowires” deposited onto the SiO2 film. 
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Nanoporous materials for sorption of carbon dioxide  
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Separation of CO2 is a complex technological process consisting of three steps: capture of gas, 
transport and storage of captured gas. The costs for the capture and separation are the main limiting 
factor for the large-scale capture of carbon dioxide produced by industry. Therefore, there is a high 
demand for development of cheap and easy regenerable sorbents usable for reduction of CO2 
emissions. The development of new adsorbents for selective separation of CO2 from gas mixtures is 
required also for purification of technologically important gases, such as natural gas or hydrogen. 
The purification of hydrogen is of special interest because the hydrogen technologies are 
considered to play a key role in the near future. Since carbon dioxide is a by-product in the 
technological production of hydrogen, e.g. by steam reforming of natural gas or in Syngas, the 
effective and selective separation of CO2 from H2 is needed. 

In our previous works we have shown that amine modified nanoporous silica materials have high 
affinity to carbon dioxide and they can be used for separation of carbon dioxide especially at low 
partial pressures of CO2

1-4. As a follow up work we wanted to compare sorption properties of amine 
modified silicas, with the properties of nanoporous silica modified by different oxides. The gas 
adsorption can be affected by pore shape and by the nature of gas–solid interaction. The strength of 
intermolecular forces in gas-solid interface depends on the polarizability of gaseous molecules and 
the charge density of active sites on the solid surface. Since the charge densities of the metal ions 
are determined by their ionic radius and the charge, we were interested in, how the modification of 
the silica by the different metal ions influences sorption properties of the materials. For this purpose 
we have modified the SBA-15 silica by Al3+, Ti4+ and Zr4+ ions.  

Fig. 1a shows the SAXS patterns of SBA-15 modified with incorporated Al3+, Ti4+ and Zr4+ ions. 
The small angle X-ray scattering (SAXS) experiments were carried out at B1 Hasylab/Desy 
beamline with the beam energy 12 keV (λ=1.03 Å) using PILATUS detector.  For the materials a 
diffraction peaks indexed as (10), (11), and (20) in the hexagonal p6mm symmetry can be observed. 
It is obvious that (10) diffraction peak shifts to lower q values after modification of SBA-15 silica. 
The unit cell parameter, calculated from the (10) diffraction peak using the equation 3/2 10da ⋅= , 
was 110 Å for pure SBA-15 silica sample, 114 Å for sample Al-SBA-15, 117 Å for the sample Ti-
SBA-15 and 121 Å for the sample Zr-SBA-15. The change in the unit cell parameter reflects the 
size of the heteroatom atom incorporated to SBA-15. Fig. 1b shows change of unit cell parameter 
with change of ionic radius of the metal ion. 
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Figure 1: (a) SAXS patterns of the samples SBA-15, Al-SBA-15, Ti-SBA-15 and Zr-SBA-15.b.) Change 
of an unit cell parameter of the materials with the ionic radius of the metal ion incorporated into SBA-15. 
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The change of the unit cell parameter with the heteroatom incorporation was further confirmed by 
measurement of nitrogen adsorption/desorption isotherms. The measured isotherms of the 
heteroatom-containing mesoporous silicas, together with the isotherm of the purely siliceous 
sample SBA-15, are shown in Fig. 2a. It is obvious from the Fig. 2a, that in the modified samples 
the mesoporous adsorption step is shifted to higher relative pressures, which indicates the 
increasing pore size in the material. The textural parameters of the materials are summarized in 
Table 1. 
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Fig. 1 a) Nitrogen adsorption/desorption isotherms of SBA-15 (black), Al-SBA-15 (blue),  Ti-SBA-15 
(green) and Zr-SBA-15 (magneta); b) Carbon dioxide adsorption up to 20 bar. Al-SBA-15 (blue),  Ti-SBA-
15 (green) and Zr-SBA-15 (magneta), amine modified SBA-15 sample (orange). 

 
Table 1: Textural properties of the materials 

  
The adsorption of carbon dioxide up to 20 bar on the studied samples is presented in Fig. 2b. Figure 
shows adsorption of CO2 on the prepared metal-modified samples, as well as on sample modified 
by amine groups. It is obvious, that while amine modified sample is suitable for carbon dioxide 
adsorption at low pressures of CO2, metal-modified samples have higher adsorption at high 
pressures of CO2. 
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Sample Surface area m2/g Pore size / Å Pore volume / cm3/g 
SBA-15 947 76 1,002 
Al-SBA-15 732 92 0,839 
Ti-SBA-15 807 93 1.068 
Zr-SBA-15 657 111 1,015 
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In-situ monitoring of quenching and partitioning in 
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Recent innovations in sheet steels aim to establish the third generation of advanced high-strength 
steel (AHSS). The simultaneous increase in strength and ductility is an important objective in the 
automotive industry. The complex microstructures of AHSS consist of multiple phases. Possible 
constituents are martensite, polygonal or bainitic ferrite, bainite and retained austenite. The phase 
properties, e.g the volume fractions, are controlled by sophisticated heat treatments. Retained 
austenite is of special interest as it can transform to martensite on plastic deformation (TRIP effect). 
A distinct increase of the local strain hardening coefficient accompanies the martensite formation. 
As a result, the uniform elongation is enhanced at elevated strength levels [1]. 

Introduced in 2003, the so-called quenching and partitioning (Q&P) process has gained much 
attention since. The heat treatment begins with intercritical or full austenizing and interrupted 
quenching to the quench temperature QT between the martensite start temperature Ms and the 
martensite finish temperature Mf (Fig. 1). Subsequently, carbon diffusion from supersaturated 
martensite into austenite takes place either at QT (1-step Q&P) or it is even fostered at an elevated 
partitioning temperature PT. According to its carbon enrichment, the Ms and Mf temperatures of the 
austenite decrease. Finally, the remaining austenite is chemically stabilized on the concluding 
quench to room temperature and turns out to be beneficial for the TRIP-assisted improvement of 
the ductility [2]. 

 

Figure 1: Q&P-heat treatment and microstructure. 

The microstructural composition of AHSS is traditionally determined by metallographic 
preparation procedures involving grinding, polishing and etching techniques. The results are 
documented by various types of optical and electron microscopy. Additional information is 
obtained by X-ray diffractometry using laboratory tubes, resulting in penetration depths in the 
micron range. Though established in the industrial and scientific practice, the well-known 
characterization methods suffer from the relatively small investigated sample region. Furthermore, 
the preparation procedure implies a mechanical influence which itself may affect metastable 
microstructure elements, especially retained austenite. Q&P microstructures are extremely difficult 
to characterize by traditional metallography as its constituents are on the submicron scale and 
respond all in a similar way to etching [7].  

To avoid artefacts and to overcome the described restrictions, Q&P processing was effectuated in-
situ with high energy X-ray diffraction experiments at the HARWI-2 beamline operated by 
Helmholtz Center Geesthacht at HASYLAB at DESY. Very hard synchrotron radiation with an 
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energy of 100 keV (corresponding to a wavelength of 0.124 Å) was used in transmission       
geometry with a sample to detector distance of 1388 mm and a beam size of 0.75 mm x 0.75 mm.                
The diffraction patterns were recorded with a mar555 flatpanel TFT detector. Steel specimens of            
7 mm x 4 mm x 1.3 mm were heat-treated in a commercial state-of-the-art dilatometer of type Bähr 
DIL 805AD.  

 

 

Figure 2: Exemplary diffraction pattern (left) and diffractogram obtained by azimuthal integration (right). 

First results are presented in Fig. 2 obtained during Q&P processing (austenization: 950°C / 300 s; 
quenching: 280°C / 5 s; partitioning 450°C / 70 s). The diffraction patterns clearly show Debye-
Scherrer rings (Fig. 2 left). In the diagram (Fig. 2 right), the z-axis corresponds to time, which can 
be converted to temperature by means of the specific temperature profile used for each sample (cf. 
Fig. 1). The first pattern was measured at 950°C, all further patterns were recorded subsequently in 
intervals of 7 s. The radii, widths and textures of the Debye-Scherrer rings vary strongly during the 
Q&P process, as well as the Bragg peak intensities, providing access to the in-situ monitoring of 
the microstructural evolution.  

These first results illustrate the potential of the employed method. In a next step of the evaluation, 
Rietveld refinement shall be used for quantitative evaluation, so the phase composition can be 
directly quantified also in transient stages of the heat treatment process. Hence the transformation 
and the carbon partitioning kinetics can be evaluated by time-temperature resolved recordings.  

The authors acknowledge support and funding of the ERS agency at RWTH Aachen University 
under project number OPPa110. 
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In-situ investigations of SiC nanopowder infiltration 
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In-situ observations of high-pressure, high-temperature infiltration processes in SiC-metal systems 

were performed using MAX80 cubic anvil press at the station. SiC-Zn and SiC-Al nanocomposites 

were synthesized using SiC powder composed of monocrystalline-nanoparticles (Fig.1). The 

characteristics of SiC nanopowder is presented in Tab. 1 The processes proceeded as follow: (1) 

material setup was pressed at room temperature, (2) heated up to desired temperature, (3) cooled 

down to the room temperature, and finally (4) unloaded. 

 

 

 

 

 

 

Fig. 1. TEM picture of SiC nanopowder used in the experiments 

During synthesis processes X-Ray diffraction patterns were collected in different temperatures. The 

time duration of the diffraction data collection for each temperature was 1 min. We examined the 

effect of temperature on microstrains by tracing changes of FWHM of SiC Bragg reflections of 

(111) for SiC-aluminiu and (220) for SiC-zinc systems. The values of FWHM, relative to initial 

state FWHMo (p=0, RT) as a function of temperature are presented in Fig.2.  

 

 

 

 

 

 

 

Fig. 2. The effect of temperature on FWHM of SiC peaks relative to initial state: (220) for SiC-Al system 
and (111) for SiC-Al system 

Tab.1. Powder characterization 

Crystal size [nm] 18 

Specific Surface Area [m
2
/g] 107 
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FWHM analysis 

a. At the first stage of the processes, a rigid ceramic matrix of SiC is formed under pressure at 
room temperature. In the consequence strong microstrains are generated between SiC 
nanoparticles, what is demonstrated by a significant peak broadening and FWHM increase 
(see initial state – point 1).  

b. The significant decrease of the FWHM is observed in SiC-Zn system (see points 1-12). In Si-
Al system only slight decrease is observed (see point 1- 18).  

c. After processes FWHM values are the same under pressure (points 12 and 18) and after 
unloading (see points material after process). 

Results  

1. In result of the infiltration we obtained SiC-Zn composite with the grains of both phases in 
the nano-scale (Fig. 3).  

 

 

 

 

 

 

 

Fig. 3. SiC-Zn nanocomposite obtained using infiltration process 

 

2. In SiC-Al system the infiltration was not successful. We obtained one phase SiC ceramic 
with small amount of aluminium carbide (Fig. 4). 

 

 

 

 

 

 

 

Fig. 4. Diffraction pattern of the SiC-Al sample after process 

 

This work was supported by DESY-HASYLAB, Project II-20060233 EC, Contract RII3-CT-2004-
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The epidote group mineral allanite becomes metamict on the geological time scale through the 

incorporation of radiogenic elements in nature and the resulting alpha-decay. Metamict means 

that the periodically ordered crystalline structure becomes partially destroyed and locally 

disordered. We undertook this study on the highly metamict allanite samples R1 originating 

from Savushka (Ural, Russia) to investigate the recrystallization behavior on annealing. 

  

The ideal chemical composition of the sorosilicate-type mineral allanite may be described by 

(Ca, Ce, REE)2(Fe
2+

, Fe
3+

)2O[Si2O7][SiO4](OH). Allanite belongs to space group P21/m with 

lattice constants of a = 8.9 - 9.0 Å, b = 5.7 - 5.8 Å, c = 114.8° - 116.0°, depending on the 

chemical composition. The complex structure consists of continuous chains of MO6 and 

MO4(OH)2 octahedra parallel to the b-axis which are bridged by single [SiO4] and double 

[Si2O7] tetrahedral groups. The framework structure is completed by further off-chain 

octahedra and irregular 8-fold coordinated cation sites, the latter being the preferred site to 

substitute for rare-earth elements. [1, 2, 3]  

 

The synchrotron measurements were done at beamline F1 (HASYLAB/DESY) using a 

Kappa-diffractometer equipped with a MarCCD165-detector. The sample-to-detector distance 

was 60 mm. Progressive annealing experiments with a wavelength of 0.56 Å and 15 min 

heating at each temperature step and isothermal annealing experiments with a wavelength of 

0.5 Å and heating at 823 K for 9500 s were done with a N2 gas-stream heating device. For 

calibrating the heating device a NiCr/Ni-thermocouple was used, giving a thermal stability of 

±3 K. For each temperature step scans with a step width of 0.3° in different phi-positions were 

done with an exposure time of 15 s per frame.  

 

In Figure 1 the integrated intensity of the Bragg-reflection (35-3) versus the rotation angle φ 

of the allanite sample R1 stepwise annealed for 15 min at 798 K, 998 K and 1073 K is 

displayed. At 1073 K the sample was further annealed isothermally for two hours and the (35-

3) reflection was measured every 60 min. These results are confirmed by a similar behavior of 

the Bragg-reflections (007) and (1-55). In Figure 2 the variations of the intensities of the (2-

22) Bragg-reflection are shown during isothermal annealing at 823 K versus the rotation angle 

φ of the allanite sample R1 for an annealing period of 9500 s. The increasing intensities and 

the decreasing FWHM of the observed Bragg-reflections confirm the increasing of the 

correlation length in the crystal and therefore a recrystallization of the metamict system 

during annealing. 
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Figure 1: Integrated intensity of the Bragg-reflection (35-3) versus the rotation angle φ for allanite R1 

stepwise annealed for 15 min at 798 K, 998 K and 1073 K (solid lines). At 1073 K the sample was 

annealed for two hours and measured every 60 min (dashed lines). 

 

 

Figure 2: Intensities of the (2-22) Bragg-reflection during isothermal annealing at 823 K versus the 

rotation angle φ of the allanite sample for an annealing period of 9500 s.  
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In situ XANES and EXAFS Study of Li2.1Fe0.9Si0.9P0.1O4 
cathode material for Li-ion batteries  
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We recently synthesized new nanocrystaline Li2.1Fe0.9Si0.9P0.1O4 materials with partial exchange of P 
on Si site in P21/n space group. Prepared material is potentially interesting as cathode material for 
high energy density Li-ion batteries. The in-situ XAS measurements were used for detailed 
monitoring of structural changes and changes of Fe oxidation state in the electrode material during 
in the process of charging and discharging of battery (lithium extraction and insertion).  

Fe K-edge absorption spectra of the Li2.1Fe0.9Si0.9P0.1O4 cathode material sample were measured at 
room temperature in transmission detection mode at beamline C of HASYLAB, using a Si(111) 
double-crystal monochromator with about 1 eV resolution at  7 keV. Higher-order harmonics were 
effectively eliminated by a flat Ni coated mirror and by detuning the monochromator crystals to 
60% of the rocking curve maximum, using the beam-stabilization feedback control. The beam size 
on the sample was 5 mm x 1 mm. The intensity of the x-ray beam was measured by three 
consecutive 10 cm long ionization detectors, the first filled with N2 at the preasure of 900 mbar,  
the second filled with  210 mbar of Kr and the third 310 mbar of Kr.  The absorption spectra were 
measured within the interval [-250 eV to 1000 eV] relative to the Fe K-edge. In the XANES region, 
equidistant energy steps of 0.3 eV were used, while for the EXAFS region, equidistant k-steps (∆k 
≈ 0.03 Å-1) were adopted, with an integration time of 1s/step. In all experiments the exact energy 
calibration was established with simultaneous absorption measurement on 5-micron thick Fe metal 
foil (Fe K-edge 71123.0 eV) placed between the second and the third ionization chamber. Absolute 
energy reproducibility of the measured spectra was ±0.05 eV. 

The sample was prepared in the form of half-battery using  EC:DEC 0.4M LiTDI electrolyte. The 
battery was sealed in a coffee bag. The total absorption thickness (µd) of the sample was about 2.6 
above the investigated Fe K-edge, with Fe K-edge jump of about 2. The half battery was mounted 
on a sample holder in vacuum between the first and the second ionization detector. The XAS 
spectra were measured initially on as-prepared sample, then in continuous repetitions during the 
first cycle of charging (621 minutes) and discharging (693 minutes) of the battery with a current 
density corresponding to C/20 and voltage range of voltage range 4.2V to 1.2V. The measuring 
time for each spectrum was 30 minutes, so that 50 XANES and EXAFS spectra were collected.  

Fe K-edge XANES spectra from the series obtained during first charge/discharge cycle are shown 
in Fig. 1. As prepared sample was partly oxidized, containing 19.1% of Fe3+, as determined with 
Moesbauer spectroscopy. A gradual shift of the edge to higher energies is clearly visible during 
battery charging (Fig. 1 left). In the process of battery discharging (Fig. 1 right) a gradual shift of 
the edge back towards the initial state, but not reaching it. The results therefore indicate that the 
changes of Fe valence state and symmetry are not completely reversible after the first cycle. 

In XANES analysis the ratio of Fe3+/Fe2+ is precisely determined using the linear-combination-fit 
method, as reported in our previous XANES analyses of similar cathode materials [1 - 4]. 
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Figure 1: Normalized Fe K-edge XANES spectra of Li2.1FeP0.1Si0.9O4 sample during the process of charging 
(oxidation) (left) and discharging (reduction) (right). The spectrum of as prepared sample is plotted for 

comparison. 

The Fe-K edge EXAFS spectra from the series obtained during the first charge/discharge cycle 
reveal the contributions of individual shells of atoms around Fe. The spectra show significant 
structural changes only in the nearest oxygen coordination shell around Fe cations during 
oxidation. During the first cycle of reduction the structural changes are not completely reversible. 
The cathode material does not return to the structure of the as-prepared sample. 
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Although MoO3, WO3 and Bi2O3 oxides are known as non-conventional network formers, a glassy series of 
MoO3-Bi2O3-WO3 compositions have been synthesised by melt quench technique [1]. In addition to their 
fundamental scientific importance, glasses containing above mentioned oxides posses a variety of specific 
features that make them suitable for practical applications as thermal and mechanical sensors, amorphous 
materials for waste storage, etc [2–4]. In contrast to the most molybdates with relatively well-characterised 
crystalline and magnetic structures [5-6], the structural information on amorphous molybdate systems is not 
ample. 
In this report we present an atomic scale structure study on three glassy samples: 75MoO3-25Bi2O3, 
35MoO3-25Bi2O3-40WO3 and 75WO3-25Bi2O3 (mol%) (the following abbreviations will be used 
Mo75Bi25, Mo35Bi25W40 and W75Bi25). Both neutron and high energy X-ray diffraction have been 
applied. The scattering amplitudes are rather different for the two types of radiation for the constituent 
elements, therefore complimentary information may be expected. X-ray scattering intensities are dominated 
by contributions from heavier elements (W, Bi), while neutron diffraction is dominated mainly by the light 
element, oxygen. 

The high energy X-ray diffraction (XRD) measurements were carried out at the BW5 experimental station 
[7] at HASYLAB/DESY using energy of the radiation 100.05 keV (λ0=0.103 Å). Neutron diffraction (ND) 
measurements were performed at the 10 MW Budapest research reactor using the PSD diffractometer 
(λ0=1.068 Å) [8]. Experimental data were appropriately corrected and normalized to calculate the structure 
factor, S(Q).  
The experimental S(Q) data have been simulated by the reverse Monte Carlo (RMC) method [9], which is a 
widely used technique to generate three-dimensional atomic models which reproduce quantitatively the 
experimental data. For the RMC starting model a disordered atomic configuration was built up with a 
simulation box containing 10000 atoms with density data 0.057, 0.059 and 0.060 atoms·Å-3 and, half-box 
edge r= 27.92 Å, 27.64 Å and 27.48 Å for Mo75Bi25, Mo35Bi25W40 and W75Bi25, respectively.  
The convergence of the RMC calculation was good, except for the high Q-values of the Mo75Bi25 X-ray 
S(Q); they have been excluded from data analyses, and further control of the data is needed. Figure 1 
displays the X-ray and neutron experimental and the calculated S(Q)'s. The difference between the S(Q) 
curves for the two radiations may be obviously seen, which is caused by the different scattering amplitudes 
of the contributing elements, leading to different weighting factors of the partial structure factors.  
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Figure 1: Experimental structure factors (square) and RMC simulation (line) for Mo-Bi-W-oxide 
glasses: a) X-ray and b) neutron diffraction (the curves are shifted vertically).  
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The partial pair correlation functions obtained from RMC modelling are illustrated in Fig. 2. The main 
conclusion is that the characteristic features of the corresponding Mo-O, Bi-O, W-O and O-O partials do not 
depend on the actual composition of the glass. The first neighbour Mo-O distance appears at 1.7 Å (see Fig. 

2a), and the peak intensity slightly decreases 
with decrease of Mo-content of the glass. 
Similarly, the first neighbour distance for W-O 
appears at 1.7 Å (see Fig. 2c), and the peak 
intensity decreases with decrease of W-content. 
This means that the Mo-O and W-O first 
neighbour distances overlap, and it is difficult to 
separate them, however, the actual gij(r) 
functions are formed in a stable and reproducible 
manner in all RMC runs. The Bi-O first 
neighbour distance was revealed at a 
significantly higher distance, at 2.0 Å (see Fig. 
2b), the drastic drop of the intensity for the  
3-component glass needs father analysis. For  
O-O bond length 2.6 Å was revealed for the 
glass series (see Fig. 2d); a stable symmetric 
distribution for the W75B25 sample, while two 
subpeaks appear for the two other samples, 
however, they are supposed to be artificial ones, 
and further analyses are needed. 
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Figure 2. Partial atomic pair correlation functions for 
Mo-Bi-W-oxide glasses obtained by RMC modelling: 
a) Mo-O; b) Bi-O; c) W-O and d) O-O; where the 
Mo75Bi25 (black square), Mo35Bi25W40 (red circle) 
and W75Bi25 (green triangle). 

 

The possible atomic connectivity has been 
calculated from RMC modelling. Interesting 
results have been revealed for the Mo-O and  
W-O coordination, as it is illustrated in Fig. 3. 
The results suggest that the glassy network is 
build up by 3-coordinated MoO3 and WO3 
trigonal units in the Mo75Bi25 and 
Mo35Bi25W40 oxide glasses, while mixed WO3 
trigonal and WO4 tetrahedral units are in the 
W75Bi25-oxide glass.  
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Figure 3. Coordination number, CN distributions from 
the RMC modelling: Mo75Bi25 (black), Mo35Bi25W40 
(red) and W75Bi25 (green)

The work is in progress. 
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It is well known, that rare earth cobaltites RCoO3 exhibit temperature induced insulator-metal (I-M) 
transitions and different types of magnetic ordering, which are strongly dependent on the spin state 
of Co3+ cations. The latter undergo a thermally driven transition from a low-spin (LS) state to 
intermediate-spin (IS) and high-spin (HS) states. Stabilisation and tuning of the different spin states 
of Co3+ can be achieved by a mutual substitution of R-cations in R1-xR'xCoO3 series and they can be 
controlled by probing of thermal expansion, which is very sensitive to spin-state transitions and 
crystal-field excitations as well as their coupling to the lattice [1, 2].  

The results of in situ high-temperature powder diffraction examinations (beamline B2) of two 
rhombohedral and six orthorhombic phases of series R1-xR`xCoO3 are described in the previous 
report. They revealed no changes of crystal symmetry in the experimental temperature range of 
298–1173 K, with an exception of rhombohedral La0.2Pr0.8CoO3 phase, which shows an onset of the 
structural phase transition at 500–600 K. However, strong anomalies in the lattice expansion were 
detected at 500–800 K for all samples investigated (Fig. 1). Similar to the “pure” rare-earth 
cobaltites RCoO3, such deviation of the lattice parameters from a “normal” trends in R1−xR`xCoO3 
solid solutions can be unambiguously related to changes in the spin state of Co3+. 
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Figure 1: Temperature dependencies of normalized lattice parameters and cell volumes (upper row) and 
thermal expansion coefficients (TEC) obtained by differentiate of the cell dimensions (lower row) of 
rhombohedral La0.8Pr0.2CoO3 and orthorhombic Nd0.3Sm0.7CoO3. 
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The increase of the cell volumes of rare earth 
cobaltites with perovskite structure can be 
evaluated by the comparison of the cell volumes 
of corresponding aluminates with the same 
stochiometry. In the case of La0.8Pr0.2CoO3 
(Fig. 2) this increment is about 0.2 Å3. In linear 
scale this corresponds to the increase of the Co3+ 
ionic radii at about 0.02 Å, which favour the LS-
IS scenario of the spin transition (rLS=0.545 Å, 
rIS=0.560 Å). The observed changes are too small 
to be compared with the radius of Co3+ ions in the 
HS state (rHS=0.610 Å). Similar conclusion 
concerning HT spin transitions in “pure” LaCoO3, 
PrCoO3, NdCoO3 and SmCoO3 was made in Ref. 
[2]. 

Commonly the onset of transition temperature from LS state to higher spin states as well as the 
temperature of the insulator-metal transitions increase with decreasing ionic radii of rare earth in 
RCoO3. Clear correlation between the temperatures of I-M transitions and R-cation radii has been 
recently found for Pr1-xTbxCoO3 [3]. In Fig. 3 we compare the characteristic temperatures of 
thermal expansion coefficients (TECmax), obtained by us for eight R1-xR`xCoO3 series, with the 
phase transition temperatures for “pure” RCoO3 [2] and Pr1-xTbxCoO3 solid solution [3]. Besides, 
the existence ranges of orthorhombic (Or) and rhombohedral (Rh) phases, estimated in previous 
report, two-phase perovskite regions are shown on this graph. The critical temperatures of the 
thermal expansion coefficients (TECmax) reflect very well the temperatures of I-M transitions, 
proving that the analysis of thermal expansion is very useful tool for the study of such kind of 
transitions in rare earth cobaltites. 

1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.20 1.22

0

100

200

300

400

500

600

700

800

900 Pr1-xTbxCoO3 [3] Pr0.2Sm0.8

Nd0.3Sm0.7

Nd0.9Sm0.1

Pr0.8Sm0.2

Pr0.5Nd0.5

*La0.2Pr0.8

Or+
Rh

Or Rh
 TECmax (this work)
 TLS-IS [2]
 Tmag  [2]
 TI-M   [2, 3]Te

m
pe

ra
tu

re
 (K

)

Average radii of R3+cation for CN9 (Å)

Y Dy       Gd        Sm          Nd     Pr               La

La0.8Pr0.2

La0.9Nd0.1

 
Figure 3: Tentative phase diagram of RCoO3 
perovskites. Solid red circles indicate the 
characteristic temperatures of thermal 
expansion coefficients (TECmax) for eight 
R1-xR`xCoO3 compositions studied. *In this 
composition the onset of structural transition 
was detected at elevated temperatures  
The temperatures of spin-spin, magnetic and 
insulator-metal transitions (TIS-LS, Tmag, TI-M) 
for RCoO3 compounds were derived in Ref. [2] 
by decomposition of total TEC-T curves on 
three contributions.  
The temperatures of I-M transition in 
Pr1-xTbxCoO3 were obtained in Ref. [3] from 
conductivity and specific head data.  
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Among the recently discovered Fe-based superconductors, α-FeSe has the simplest crystal structure
(PbO-type), consisting of a stack of FeSe4 tetrahedra layers [1]. Owing to the possibility of
processing this material at relatively low temperatures and the lower toxicity of the starting reagents
in comparison with FeAs-based superconducting compounds, α-FeSe could be interesting in view
of high critical current density (jc) wires for power applications in spite of its low critical
temperature (8K – 12K, up to 15K with Te doping [2]). Mizuguchi et al. [3] recently reported on
preliminary attempts to manufacture a Fe(Se,Te) wire using a diffusion technology in which a Se-
Te precursor powder was loaded into a Fe tube that acted as a Fe source for the formation of a
Fe(Se,Te) diffusion layer. With this technology, extended voids were formed both in the Fe(Se,Te)
core and at the superconductor/Fe interface. The jc values (10 – 100 A/cm2 at 4.2K) are certainly
limited by microstructural defects. In order to improve the performance of Fe(Se,Te) wires, it will
be helpful to understand the details of the formation mechanism of this superconductor. We started
by studying the simplest system, i.e. a mixture of Fe and Se in an atomic ratio of Fe:Se = 1.0:0.9 as
the α-FeSe phase was reported to be Se deficient in a recent review on the Fe-Se phase diagramme
[4]. Owing to the low melting point (221C) and high vapour pressure of Se it is difficult to conduct
in-situ phase formation studies on unsealed samples. We therefore took advantage of the strong
penetrating power of high-energy x-ray radiation to perform in-situ studies on a sample packed into
a composite Cu/Nb protective metal sheath.

The present experiment was performed at beamline BW5 with a 80keV incident beam. The samples
(in the form of 3cm long wires) were placed in a furnace with a flow of high purity Ar gas. A
heating rate of 2C/min was used from room temperature up to 584C.

As illustrated in Fig.1, the starting mixture of Fe and Se begins to react in the solid state with the
formation of a tiny amount of FeSe2, which probably forms at the surface of the Fe particles. This
reaction appears to proceed very slowly but accelerates suddenly after the melting of Se (221C). At
this point, the amount of FeSe2 phase increases faster along with the formation of Fe3Se4. The α-
FeSe phase appears from 315C. Above 390C, the FeSe2 and Fe3Se4 phases have disappeared,
leaving a mixture of α-FeSe and un-reacted Fe. At about 465C, the α-FeSe phase transforms into a
high temperature form: β-FeSe (NiAs structure type). The latter transforms back to α-FeSe upon
cooling. The amount of un-reacted Fe remains constant from approximately 400C to the maximum
temperature of 584C. Its presence might result either from the loss of some Se that is likely to
escape from the open ends of the wire at high temperature or from the Se deficient starting
composition. In fact, according to an older study of the phase equilibria of the Fe-Se system [5], the
FeSe0.9 composition lies in a two-phase region with equilibrium between Fe and FeSe0.96 that
represents the most Se-deficient boundary of the α-FeSe single phase field at 410C. This feature
appears to be corroborated by recent reports focusing on the relationship between the stoichiometry
of FeSe1-x and its superconducting properties [6,7] as well as by the present results.
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The ferromagnetic properties of thin Fe films caused by a spin-separated band structure are of great
importance for spintronic applications. The magnetic properties of films with a thickness of a few
nanometers differ from the bulk properties and are not fullyunderstood up to now. Therefore thin
Fe films have been prepared for this study using Molecular BeamEpitaxy (MBE) under UHV con-
ditions at different substrate temperatures. MgO(001) wasused as a substrate because of the small
lattice mismatch of 3.5% compared to Fe(001). The unit cell of the bcc Fe lattice is 45◦ rotated
with respect to the bulk unit cell of MgO(001) [1].

The Fe films are characterized in situ by Scanning Tunneling Microscopy (STM), X-ray Photoelec-
tron Spectroscopy (XPS) and Low Energy Electron Diffraction (LEED). STM images show island
growth of the Fe as known from literature [2] and the XPS spectra show only a negligible oxygen
contamination. The Fe/MgO(001) samples were then capped byamorphous Si films prior to trans-
fer to HASYLAB (DESY) for investigations of the crystallinequality and thickness of the films
using X-Ray Reflectometry (XRR) and X-Ray Diffraction (XRD) at beamline W1 (photon energy
of 10.5 keV).

The XRR results for an exemplary sample are presented in Figure 1. The experimental data has
been fitted using the Parratt algorithm [3]. This procedure gives values for thickness and roughness
of the films. The samples investigated here exhibit thicknesses between 20̊A and 400Å, which
corresponds well to the expected values given by depositionrates and times. The obtained interface
roughnesses lie between 10Å and 20Å, which is also comparable to the lateral diameter of the Fe
clusters measured with STM.

The vertical lattice constants of the films can be obtained from the (00L)-scans of the XRD data.
This has been done by fitting the (00L)-scans to Lorentzian functions for the Bragg peaks of the
MgO substrate and the Fe film. Figure 2 shows exemplarily the first Bragg peak of an Fe film. The
L-values are normalized to the literature valuecMgO = 4.2117 Å of the substrate. From the position
and the Full Width of Half Maximum (FWHM) of the peak the vertical lattice constant and the ver-
tical crystallite size are calculated to2.848 Å and75 Å, respectively, for the sample studied here.
Other samples show similar results. The lattice constants of our Fe films are only slightly reduced
compared to the bulk value ofcFe = 2.8665 Å. The vertical crystallite size is much smaller than
the thickness of the whole film as observed by XRR, indicating a vertically stacked grain structure
of our films. This is supported by the fact that only a few samples show fringes at the Fe peaks
either in XRD or in Grazing Incidence XRD (GIXRD), since fringesare expected for films of ho-
mogeneous crystalline thickness.

At the moment no clear correlation between preparation conditions (deposition temperature and
rate) and crystalline quality can be found. This will be analysed in details in the future.
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Figure 1: XRR data (red dots) and calculation (blue line) of a Si capped Fefilm grown on MgO at 470 K.
The curves are shifted for clarity. The Fe film thickness of36 Å is obtained from the calculation.

Figure 2: XRD data (red dots) and calculation (blue line) of a Si capped Fefilm grown on MgO at RT. The
vertical lattice constant of2.848 Å is obtained from the peak position while the vertical crystallite size of
75 Å is deduced from the FWHM.
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Tensile strained Silicon channels are an important object of interest for the design of field effect
transistors with enhanced electron mobility[1]. We showed that in Si channels grown on top of
SiGe islands tensile strain values of about 0.8% [2] can be realized. To gain more insight on the
strain properties within the channel, x-ray diffraction (XRD) experiments were performed on a
series of Silicon-Germanium (SiGe) islands with different Si coverages and a set of fully processed
field effect transistors to investigate the influence of device processing on the Si layer which acts as
conducting channel in those devices.
SiGe islands were grown on Si (001) wafers with 2D pit-patterned fields (800 nm period) sized
400×400 µm. After the growth of a 36 nm Si buffer layer at 450 - 550◦C, 6 monolayers of Ge
were deposited at 720◦C leading to the formation of dome-shaped islands with {1 0 5},{1 1 3}
and {15 3 23} facets present (average base-width/height: 220 nm/45 nm). The Si-capping of the
islands was performed at 360◦C. Coverages of 5, 10, 20 and 30 nm were used for investigations as
well as an uncapped reference sample. XRD experiments were performed at Beamline P08, Petra

Figure 1: Section a) depicts line plots of the in-plane strain along a vertical line through the center of the
respective FEM models (see inset) for capped and uncapped islands; note the tensile-strained Si-cap sections
marked by a circle. In section b) the according measurements (colourplot) are shown superimposed by XRD
simulations based on FEM models (contours).

III at an energy of 8.048 keV. Reciprocal space maps (RSM) around the symmetric (004) and the
asymmetric (224) Bragg peak were recorded in coplanar geometry. The incident x-ray beam was
confined to a size of 0.2×0.2 mm to eliminate contributions from islands on flat areas surrounding
the patterned fields. We combine XRD techniques with Finite Element Method (FEM) simulations
based on the Comsol Multiphysics Package [3]. To verify the model, the calculated displacement
fields are used to simulate RSMs for comparison with the measurement. The diffuse SiGe signal
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narrows towards the crystal truncation rod (CTR) with increasing capping layer thickness indicating
a decrease of relaxation within the SiGe island, at the same time reducing the tensile strain in the
Si cap layer. Due to the lattice mismatch of 4.2% between Si and Ge, the relaxation states of those
two components act counter-productively - a more relaxed SiGe island induces higher tensile strain
in a Si capping layer, whereas the thicker the capping layer gets, this layer is able to relax more and
thereby applies more compressive strain to the buried island. Thus it seems like a thin Si capping
layer would be desirable, as it has the highest tensile strain.
However, fabrication processes such as etching steps, annealing or ion implantation performed
after the epitaxial growth have a significant influence on the Si channel which has to be taken into
account. Therefore a set of dotFET devices[4] based on SiGe islands covered by nominally 30 nm
Si was investigated. During processing, the Si layer is partially implanted with As ions to form the
conducting source and drain areas. To melt and recrystallize the volume damaged by this process,
excimer-laser annealing (ELA) was applied at different doses [5]
Those XRD measurements were carried out at Doris Beamline D4 at an energy of 8.945 keV. RSMs

Figure 2: RSMs around the Si (115) Bragg Peak including the Si bulk peak (’Si’), the diffuse SiGe signal
(’SiGe’) and the crystal truncation rod (dashed line labelled ’CTR’) for a transistor sample without ELA (a)
and samples which were treated with doses ranging from 850 - 1100 mJ/cm2 (b-g).

around the asymmetric (115) Si Bragg Peak were recorded, including the SiGe signal and the CTR.
From the period and intensity of the oscillations along the CTR we derive that of the initial 30 nm
of Si cap layer, only 23-25 nm are left. Differences in it’s crystal quality are obvious comparing
the not-annealed sample (Fig.2a) with the annealed ones (Fig.2b-g) where the CTR is much more
pronounced. However, to distinguish the effects of the different doses during laser annealing, a
higher dynamic range would be needed to discern more features in reciprocal space.
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Magnetic nanoparticles exhibit unique properties in comparison with their corresponding bulk 
analogues, originating from the size and surface effects of the nanostructured materials. At present, 
the core-shell magnetic nanoparticles are used in a variety of applications e.g. in the fields of 
medicine (drug delivery systems, in vivo imaging) or data storage (magnetic recording media). The 
chemically synthesized FePt nanoparticles are of special interest for future applications in ultrahigh 
density magnetic storage systems [1-3]. In the presented work we deal with the diffraction study of 
FePt core-shell nanoparticles prepared by chemical procedure.  

The particles were synthesized by a reverse micelle method based on the process of the self–
assembly of surfactant molecules (CTAB) in octane/water solution. The method allowed us to 
control the shape of the particles as well as their size by tuning the molar ratio of octane: water. To 
prepare the nanoparticles with the core@shell structure the several-step chemical process was used. 
First, Fe nanoparticles were prepared by a reverse micelle method and consequently these particles 
were coated with a layer of Pt. The synthesis was carried out in an Ar atmosphere to prevent 
oxidation of Fe particles during preparation. This procedure was reported as a useful for 
preparation of nanoparticles with magnetic core and non-magnetic shell [4]. Magnetic 
measurements were performed on a commercial SQUID-based magnetometer (Quantum Design 
MPMS 5XL) over a wide range of temperatures (2-300 K) and applied dc fields (up to 50 kOe). 

X-ray diffraction (XRD) experiments were performed at the high-resolution powder diffractometer 
at the B2 bending magnet beamline. The powder samples were mounted in quartz capillary having 
an outer diameter of 0.3 mm. X-ray diffraction patterns were collected in Debye-Scherrer geometry 
upon constant-rate heating up to 700 °C. The synchrotron radiation wavelength was set to λ = 
0.49589 Å. The X-ray scattering was measured at BW5 Hasylab beamline (DESY Hamburg), at the 
wavelength λ = 0.123984 Å.  
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Figure 1: (a) In situ XRD patterns of FePt nanoparticles, (b) magnetization curve of as-prepared FePt 
nanoparticels at room temperature 

 
The in situ X-ray diffraction patterns taken from as-prepared sample of FePt nanoparticles, shown 
in Figure 1 (a), confirm the nanocrystalline nature of investigated materials. The analysis of phase 
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composition in as-prepared FePt nanoparticles system is difficult because of a very small particle 
size, which is represented by ratio between full width and the half-maximum of the Lorentzian 
peak. Even though were showed from diffraction data at room temperature, the presence of major 
phases of Pt, Fe and FePt3, what corresponds with the synthetic process of the sample, (black line in 
Figure 1 (a)). This also corresponds with magnetic measurements, which confirm the existence of 
superparamagnetic relaxation of magnetic moments of Fe nanoparticles coated by Pt shell at room 
temperature, see Figure 1 (b). Superparamagnetic behavior was confirmed also by detailed 
magnetic study of this system [5], where the value of magnetic moment of particles mp = 250 µB 
and “magnetic” particle size of d ~ 5 ± 1 nm was estimated using Langevin formalism [6]. The in 
situ X-ray diffraction measurements up to 700°C predict that by heating in oxygen atmosphere the 
oxidation process of iron particles could take place. Therefore, we have prepared thermal treatment 
of the sample in the oxygen-free atmosphere. 

After thermal treatment of the sample at 600°C/1h in Ar atmosphere was confirmed the presence of 
Fe3Pt phase using diffraction study, see Figure 2 (a). The diffraction maxima of other Fe oxides 
were not present in the sample. The existence of Fe3Pt phase is accompanied with drastically 
increasing of coercivity from the value of HC = 0 Oe in as-prepared nanoparticles, see Figure 2 (a) 
on the value HC = 23 300 Oe after thermal treatment, see Figure 2 (b).   

Our results confirm that due to the formation of Fe3Pt phase after thermal treatment of FePt core-
shell nanoparticles the excellent magnetic material for high-density recording media with high 
value of coercivity can be prepared. 
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Figure 2: (a) Diffraction pattern of FePt nanoparticles after thermal treatment in oxygen-free 
atmosphere at 600°C, (b) Responsible magnetization curve after thermal treatment.  
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Solid phases with features intermediate between those of the crystalline and amorphous states are 
often encountered in polymers. These structures are usually referred to as “mesomorphic”, from the 
greek mesos-morphe which means “middle form”. Because of its industrial relevance, the 
mesophase of isotactic polypropylene (i-PP), which is easily obtained by rapidly cooling the molten 
polymer, is one of the most extensively investigated.[1-3] Its structure is consistent both with the 
presence of  small bundles of parallel chains in 3/1 helical conformation, with short range lateral 
order,[1] and with a conformationally disordered glass, characterized by defects in the handedness 
of the

 
helices.[2] The macroscopic properties of i-PP mesomorphic structure, e.g. density, and 

elastic modulus, lay between those of the amorphous state and of  the  monoclinic structure 
(commonly obtained by crystallizing the polymer at low-moderate cooling rates). Associated with 
the development of the different structures, profound changes in the nano-scale morphology have 
been reported. The typical cross-hatched lamellae of the monoclinic phase (-form) are replaced in 
the semi-mesomorphic samples by small nodular morphologies with typical sizes of the order of 5 
to 20 nm.  

Due to its low density and high degree of disorder, i-PP mesomorphic form is metastable and, on 
heating between 40 and 80°C, it undergoes an irreversible transformation into the 
thermodynamically stable crystalline α-form. [4-6] By means of DSC [4] and temperature resolved 
WAXD [5] it was suggested that this transition involves different phenomena, such as re-
crystallization of the mesophase, its partial melting and simultaneous crystallization of α form from 
the undercooled melt. On the other hand, on line AFM during heating of semi-mesomorphic 
samples demonstrated that the nodular morphology is retained even after the complete 
transformation into the monoclinic structure, thus suggesting an intra-molecular mechanism based 
on rearrangement of helical conformations.[6] So far, little is known on the kinetics of the meso-to-
 phase transformation as a function of temperature, because most of the investigations were 
performed under continuous heating conditions. Moreover, no information is presently available on 
the role of purposely added constitutional defects (co-units) on the kinetic of this solid-state 
transition. Besides its scientific intriguing aspect, the relevance of this proposal is also connected to 
the possibility of forecasting post-processing behaviour of polypropylene goods.

 

In the following, preliminary results concerning the evolution of this metastable phase upon 
isothermal annealing for long times are reported.  Figure 1 summarizes the most relevant features of 
the phenomenon. 

 

 

 

 

 

 

 

 

Figure 1: WAXD patterns of i-PP homo and copolymers, quenched and annealed according to the reported 
conditions. 
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Wide Angle X-Ray Diffraction allows to easily follow the structural evolution, since the two 
polymorphs present largely different patterns. In particular, with the progress of the transformation, 
the two broad halos which characterize the mesomorphic phase  are progressively replaced by the 
five sharper diffraction peaks distinctive of the -form. The typical time evolution of the phase 
transition can be deduced from Figure 1a. As expected, since it occurs in a solid system at relatively 
low temperatures, the process is very slow. In agreement with the observed structural changes, an 
increase of the density of the sample, which follows a logarithmic law with time, has been assessed 
ex-situ. Figure 1b provides information on the effect of annealing temperature. It clearly appears 
that meso-to-transition is a thermally activated process, being faster the higher is the 
temperature. This trend clearly rules out any possible involvement of a nucleation process as a rate 
determining step. On the contrary, it points towards a mechanism controlled by diffusion/mobility 
in the mesomorphic state, which can be greatly enhanced by increasing temperature. At a given 
temperature, the extent of transformation is larger in copolymers respect to homopolymers, as 
shown in Figure 1c. This observation can be justified by a  larger segmental mobility in the 
mesophase of propene/ethylene random copolymers. This can possibly be due to a decrease in the 
“stiffness” of the polypropylene -helix resulting from the inclusion in the mesophase of a certain 
amount of defects able to break its symmetry. In parallel with the structural transition, also the 
morphology  in the nanometer length scale evolves. Changes in the nodular crystal habit can be 
conveniently probed by means of Small Angle X-Ray Scattering, as shown in Figure 2a. The 
intensity profiles clearly show the presence of a periodicity in the electron density fluctuation, 
which, for semi-mesomorphic samples, has been commonly attributed to the average nodules 
diameter. From Figure 2b, a clear growth of the domain size can be deduced. Again, this 
phenomenon, which occurs simultaneously with the meso-to- transformation, appears to be 
extremely sensitive to temperature and can be described by a logarithmic law, similarly to 
analogous data on the thickening of polymer lamellar crystallites. 

 

 

 

 

 

 

 

Figure 2:  a) SAXS  intensity profiles of i-PP samples quenched and annealed at 70°C for different times.    
b) Time evolution of nodules size at different annealing temperatures. 

Given the promising results so far obtained, further research is being carried on in order to correlate 
WAXD/SAXS data with the observed density evolution and to elucidate the mechanism of this 
irreversible transition. Many details have still to be understood, particular attention must be paid to 
the role of co-units in accelerating  the phase transformation. Indeed this unexpected finding can 
shed a light on the issue of comonomer inclusion in the metastable polymorph and, more generally, 
on the structuring of the mesophase itself. 
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Nanowire (NW) growth is typically realized using a vapor-liquid-solid (VLS) growth-mode in 

MOVPE or MBE onto [111] planes of a zinc-blende or diamond type semiconductor by solution 

from a molten eutectic alloy formed by metallic seed. It was found that nearly any AIIIBV 

semiconductor material can be grown as NWs onto another AIIIBV or group IV [111] substrate 

independent from lattice mismatch [1]. 

In reported experiment we investigated GaAs NW’s grown on Si(111) substrates by MBE  at 

different stages during the growth process. Fig. 1 shows scanning electron microscopy pictures of 

the inspected samples, where the NW growth was stopped after 5 seconds, 60 seconds and 

1800seconds. After 5s one can observe only several islands, but no wires. The first wires appear 

after 60 seconds. After 1800s, NWs occupy the whole surface and islands at the basement of 

nanowires can be observed. 

Grazing incident diffraction measurements have been performed in order to probe the in-plane 

relaxation in the transition region between substrate and NWs.  

We examined the lattice mismatch between the ZB (2-20) reflections of Si and GaAs. Scans 

performed at incident angle i=0.15 – smaller then critical angle of substrate C=0.2 with used 

energy 8.94keV. Incident angle scans demonstrate different critical angles for different samples. For 

5 seconds it is corresponding to silicon (substrate), transition between silicon and GaAs for 60s, for 

1800s critical angle shows up at GaAs position (Fig. 2). The measured intensity distributions are 

shown in Fig 3. The bulk Si peak at q||=32.722nm-1 was used as reference. For 5 seconds sample the 

GaAs peak appears as a broad peak centred at q||=31.71nm-1 corresponding to an average in-plane 

lattice parameter of a||=5.60Å. The measured peak width (FWHM) Δq|| = 0.6nm-1 measures a lateral 

size of coherently scattering units of about 10nm only.  

With increasing growth time (60s sample), the peak becomes sharper and shifts towards smaller q- 

values (arrow in Fig3), corresponding to an increase in mean lateral size and relaxation towards the 

bulk lattice parameter at the top part of islands. For 1800s sample, the peak is centred at 

q||=31.43nm-1, corresponding to the position of fully relaxed GaAs with a||=5.653Å.  
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Considering the probing depth the in-plane lattice parameter shows a discontinuous strain release of 

about 3% in the early phase of growth. This jump can be realized by misfit dislocations at the islands 

/ substrate interface.  A high number of  dislocations may explain the small crystal size measured for 

5s sample. The remaining 1% of strain release takes place gradually as seen comparing the shift of 

peak position between samples 5s to 1800s [2].    

 

 
 

Figure 1. SEM images of investigated samples            Figure 3. In-plane 2-20 scans taken at i=0.15°.  
Figure 2. Incident angle scans (by dashed line marked postions of critical angels) 
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The Metal/Insulator/Metal (MIM) based Resistive Random Access Memory (ReRAM) is a very 
promising and worldwide studied candidate for embedded non-volatile memories. Based on the IHP 
Microelectronics (in Frankfurt/Oder) Si CMOS technology, a ReRAM with an HfO2 dielectric layer 
and TiN bottom and Ti/TiN top electrodes was recently presented [1]. To understand the electrically 
induced resistive switching mechanism (which is a long-standing problem in the solid-state physics 
of dielectrics [2]), depth profiling by Hard X-ray Photoelectron Spectroscopy (HAXPES) was 
applied to characterize the HfO2/Ti interface in a non-destructive way with high sensitivity and 
energy resolution. The HfO2/Ti interface was identified to play a decisive role in the resistive 
switching behaviour of TiN/HfO2/Ti/TiN ReRAM cells [1]. 

A TiN/HfO2/Ti MIM stack with layer thicknesses of about 70/17/10 nm has been prepared on a 
(001)-oriented Si wafer in the IHP cleanroom facility. A polycrystalline TiN bottom electrode was 
sputtered by plasma assisted direct current magnetron sputtering of Ti metal in the presence of a 
N2/Ar gas mixture. An amorphous HfO2 film was grown by atomic vapour deposition (AVD) at 
320°C using Hf(NMeEt)4 precursor material and oxygen as the reactive gas, followed by 
evaporating a Ti top electrode. X-ray specular reflectivity measurements reveal the presence of 
interface layers 2-3 nm in thickness between both electrodes and the HfO2 film as well as a 
chemically modified sample surface. Five samples with the described stacking sequence were 
prepared for the HAXPES studies. One sample was measured “as-deposited”, the four others were 
electrically modified by applying a current flow across the stack: two samples were driven to 
positive or negative hard breakdown and the two others were set into the ON- and OFF-state of the 
ReRAM bipolar switching cycle [3]. HAXPES spectra were recorded for all samples at photon 
energies of 5.5 and 7 keV in normal emission geometry (with a Si (311) double crystal 
monochromator in use). In order to investigate the active interface between the Ti top electrode and 
the HfO2 film, four binding energy regions were studied: 80-0 eV (Hf 5s, Ti 3s, O 2s), 240-200 eV 
(Hf 4d), 480-380 eV (Ti 2p, Hf 4p, N 1s), and 600-520 eV (Ti 2s, O 1s, Hf 4s). 

Figure 1 shows survey scans of the 80-0 eV binding energy region at (a) 5.5 and (b) 7 keV photon 
energy. The signals from the individual chemical species of the elements contained in the samples 
were identified and marked in these figures. The as-deposited and electrically modified samples 
exhibit a marked difference in peak intensity. In particular, the signal arising from oxidized hafnium 
rises, while the intensity from metallic titanium decreases. Therefore, the electrical switching 
processes of the ReRAM devices seem to strongly affect the chemistry of the MIM structure. By 
comparing the behaviour for 5.5 and 7 keV photon energies, it can be concluded that the electrical 
manipulation results in an enhanced oxidation of the HfO2/Ti interface, namely the formation of a 
HfO2-x/TiOx/Ti stack by reduction of the HfO2 dielectric layer. Figure 2 shows the binding energy of 
the HfO2 4f7/2 signal for the different samples. The peak position for all electrically manipulated 
samples is shifted with respect to as-deposited sample towards higher binding energy. The sample 
that underwent a positive hard breakdown shows the smallest shift, while the sample with a 
negative hard breakdown has the largest shift. On- and Off- states are situated in between these 
limits. This result possibly indicates that the formation of the TiOx layer at the interface between 
HfO2 and Ti upon electrical modification is accompanied by the formation of an interface dipole. 
Work is still in progress and further studies (AES, ToF-SIMS) are under way to elucidate the 
chemical modifications of the MIM structure during the ReRAM device forming. 

 

-304-



80 60 40 20 0

0

1x10
3

2x10
3

3x10
3

4x10
3

5x10
3

6x10
3

7x10
3

8x10
3

9x10
3

 

 

In
te

ns
ity

 [c
/s

]

Binding energy [eV]

 as-deposited

 positive hard breakdown

 negative hard breakdown

 negative OFF-state

 positive ON-state

Ti/HfO
2

h = 5.5 keV

 = 45°

VB

HfO2 4f

O 2s

HfO2 5p

Ti 3p

Ti 3s

TiOx 3s
HfO2 5s

 a) 

80 60 40 20 0

0

1x10
3

2x10
3

3x10
3

4x10
3

5x10
3

6x10
3

 

 

In
te

ns
it

y 
[c

/s
]

Binding energy [eV]

 as-deposited

 positive hard breakdown

 negative hard breakdown

 negative OFF-state

 positive ON-state

Ti/HfO
2

h = 7 keV

 = 45°

VB

HfO2 4f

O 2s

HfO2 5p

Ti 3p
Ti 3s

TiOx 3sHfO2 5s

 b) 
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Figure 2: Binding energy of the HfO2 4f7/2 peak for the five different samples. 
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Nanowire (NW) growth is typically realized using a vapor-liquid-solid (VLS) growth-mode in 

MOVPE or MBE onto [111] planes of a zinc-blende or diamond type semiconductor by solution 

from a molten eutectic alloy formed by metallic seed. It was found that nearly any AIIIBV 

semiconductor material can be grown as NWs onto another AIIIBV or group IV [111] substrate 

independent from lattice mismatch [1]. 

In reported experiment we investigated GaAs NW’s grown on Si(111) substrates by MBE  at 

different stages during the growth process. Fig. 1 shows scanning electron microscopy pictures of 

the inspected samples. The NW growth was stopped after 5 seconds, 60 seconds and 1800seconds. 

After 5s one can observe only several islands, but no wires. The first wires appear after 60 seconds. 

After 1800s, NWs occupy the whole surface and islands at the basement of NWs can be observed. 

Grazing incident diffraction measurements have been performed in order to probe the in-plane 

relaxation in the transition region between substrate and NWs.  

We examined the lattice mismatch between the ZB (2-20) reflections of Si and GaAs. Scans 

performed at incident angle αi=0.15 – smaller than the critical angle of substrate αC=0.2 at the used 

energy of 8.94keV. The measured intensity distributions are shown in Fig. 1. The bulk Si peak at 

q||=32.722nm-1 was used as reference. For the 5s-sample the GaAs peak appears as a broad peak 

centred at q||=31.71nm-1 corresponding to an average in-plane lattice parameter of a||=5.60Å. The 

measured peak width (FWHM) ∆q|| = 0.6nm-1 measures a lateral size of coherently scattering units 

of about 10nm only.  

With increasing growth time (60s sample), the peak becomes sharper and shifts towards smaller q- 

values (arrow in Fig. 1), corresponding to an increase in mean lateral size and relaxation towards 

the bulk lattice parameter at the top part of islands. For 1800s sample, the peak is centred at 

q||=31.43nm-1, corresponding to the position of fully relaxed GaAs with a||=5.653Å.  Incident angle 

scans demonstrate different critical angles for different samples. For 5 seconds it is corresponding 

to silicon (substrate), shows a transition between silicon and GaAs for 60s, and for 1800s the 

critical angle shows up at the GaAs position (Fig. 3). 
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Considering the probing depth the in-plane lattice parameter shows a discontinuous strain release of 

about 3% in the early phase of growth. This jump can be realized by misfit dislocations at the 

islands / substrate interface.  A high number of  dislocations may explain the small crystal size 

measured for 5s sample. The remaining 1% of strain release takes place gradually as seen 

comparing the shift of peak position between samples 5s to 1800s [2].    

 

 
 

 

 

Figure 1 (top) SEM images of investigated 
samples (bottom)   In-plane 2-20 scans taken at 
αi=0.15°  

Figure 2. Incident angle scans (dashed line 
markes positions of critical angels) 
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Biodegradable magnesium based materials are corroding under physiological conditions and are 
therefore suitable as temporary biomaterials or scaffolds. Although this material class has a long-
standing history in biomedical applications reaching back to the late 19th century, research was 
discontinued after the Second World War [1]. Renewed interest was gained during the late 20th 
century, resulting in “trial and error” approaches. In recent years, the need for a more systematic 
approach was identified [2]. Most importantly, the discrepancy between results obtained in in vitro 
and in vivo approaches demands a better understanding of the underlying processes and 
mechanisms. Therefore the aim of this study was to explore, whether the corrosion of a net-shaped 
implant can be analysed non-destructively in physiologically relevant solutions. To test this, an 
interference screw was produced from a magnesium-yttrium alloy (Mg-4%Y) especially developed 
for biomedical applications [3] by high-pressure die-casting (figure 1). 

The feasibility study was performed at beamline W2 with a photon energy of 30 keV. Dulbecco’s 
modified eagle medium (DMEM) with 10 % foetal bovine serum (FBS) was used as corrosive 
medium. Corrosion of the screw was performed in a 50 mL Falcon-tube in this solution under cell 
culture conditions (37°C, 20 % O2, 5 % CO2, 95 % relative humidity) for 48 hours. Thereafter the 
screw was taken out of the corrosion solution and dried The magnesium implant was placed in an 
Eppendorf tube during the tomographic measurements. The obtained voxel edge length was 6.42 
µm. 

The feasibility of SR-µCT for the analysis of corrosion could be impressingly demonstrated (figure 
2). It was not only possible to show the corrosion products, but also the sites of corrosion. 
Moreover, the measurement revealed that the screws are not solid but show an inherent porosity. 
The contrast between the bulk material and the corrosion products allows a determination of the 
type of corrosion as well as a precise corrosion rate, as proposed earlier [4]. The additional benefit 
lies in the fact, that also the corrosion products can be quantified; moreover, a relation between 
possible faults in the material and the corrosion process can be analysed.  

As it is possible to determine these different parameters in one measurement, this may give rise to 
very exact, time-resolved corrosion studies in different environments and/or solutions. In further 
studies similar measurements will be performed in adjustable environments, which will be 
developed especially for corrosion measurements in solution. 

 

Figure 1: Mg4Y Interference Screw in the as-cast state. 
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Figure 2: Visualization of corrosion and corrosion products by SR-µCT. The depicted volume is 
1528*1528*2424 Voxel = 9.96*9.96*15.80 mm. Note that it is possible to determine the corrosion products, 

the inherent porosity of the screw as well as the sites of corrosion in one measurement. 
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Disorder in crystalline materials manifests itself in the form of diffuse scattering that can be 
measured in a diffraction experiment. Its origin may be dynamic or static, coming from phonons, 
displacive or substitutional disorder. High-energy X-rays are an ideal probe enabling the recording 
of an entire volume in reciprocal space. Here, we had the opportunity to use BW5 in combination 
with a new 16-bit XRD1621 area detector and 100keV X-rays. This detector allows summation of 
several exposures. Combined with a fast readout an entire reciprocal space volume can be measured 
in a matter of a few hours. One of the problems in measuring diffuse scattering is the limited 
dynamic range of present-day detectors, since the recording of the weak diffuse features often leads 
to overexposure of strong Bragg peaks resulting in flaring and streaking [1]. 

The information contained in these patterns needs to be extracted using Monte-Carlo modelling 
techniques [2, 3]. Preliminary results are shown in Figure 1 for LaPdSb. A relatively simple model 
of the thermal diffuse scattering reproduces the features in the data in great detail. Streaking and 
flaring is present in other layers and will be treated in a similar way as proposed in [1]. Our aim is 
to model the diffuse scattering in a complementary way using Monte-Carlo techniques and ab-initio 
calculations using the CASTEP code. 

 
Figure 1: Preliminary reconstructed (hk7) layer and simulation of LaPdSb at room temperature. 

Data were symmetrised using the Laue symmetry of the crystal. The upper half shows the data and 

the lower half the simulated pattern. The Bragg peaks are subtracted in the simulated pattern and 

only the diffuse scattering is shown. 
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The layered double hydroxides (LDHs), also known as hydrotalcite-like materials or as anionic 
(more properly speaking, anion exchanging) clays, are a large group of natural and synthetic materials 
readily produced when suitable mixtures of metal salts are exposed to base. These materials have the 
general formula [MII1-xMIIIx(OH)2] (An-)x/n mH2O. Metal cations are located in coplanar octahedra 
[M(OH)6] sharing edges and forming M(OH)2 layers with the brucite (cadmium iodide-like) structure. 
Partial substitution of the divalent cations by trivalent ones gives rise to a positive charge in the 
layers, balanced by anions (An-) located between the hydroxylated layers, where water molecules 
also exist. The anions and the water molecules are hosted together in the interlayer gallery. The 
nature of the cations in the brucite-like sheets (which is not restricted to +2/+3 combinations) and 
the interlayer anions together with the coefficient x value may be varied in a broad range, giving 
rise to a large class of isostructural materials [1-2]. Decomposition of LDHs at moderate 
temperatures leads to mixed oxides displaying high specific surface areas, good interdispersion of 
the metal cations, and reactivity, which are of interest because of their catalytic applications [3].  

In this study we used the co-precipitation method at constant pH for the synthesis of layered double 
hydroxides containing Cd2+, Al3+ and Fe3+ in the brucite-like layers with different starting Fe/Al molar 
ratios: (Cd/Al+Fe)=2 in all cases and Fe/Al=0, 0.5, 1.0, and with nitrate as counteranion. The samples have 
been characterized by elemental chemical analysis, powder X-ray diffraction, and FT-IR spectroscopy. 
Their thermal stability has been assessed by thermogravimetric and differential thermal analyses (TG-DTA) 
and high temperature synchrotron powder X-ray diffraction (PXRD). High-temperature synchrotron X-ray 
powder diffraction data were collected  using the STOE furnace attachment on the DORIS-III B2 beamline. 
A synchrotron X-ray wavelength of λ= 0.68806Å was used. Data were collected approximately every 20 
minutes, using the OBI image-plate detector, samples mounted into quartz capillaries of diameter 0.3 mm 
were heated and cooled at the temperature range from RT to 850°C.  

At a first sight, it can be clearly seen that the behavior of the samples depends on the presence of iron in the 
brucite-like layers. It can be observed that the presence of this cation introduces some instability in the 
layered structure, and decomposition takes place at lower temperature. The thermal behavior of CdAlFe 
LDHs intercalated with nitrate anions consists of a two step process leading to lost of interpaticle pore water 
at 60°C and intrinsic water at 170°C. After calcinations at 300°C the layered structure collapses for all 
samples and the diffraction lines correspond to CdO with aluminum incorporated, CdAlO, with a cubic 
structure. This in the only crystalline phase still detected after calcining the sample at 500°C. In all samples 
from about 400 to 600°C the formation of mixed Cd and Al oxides can be detected. Finally, the diffraction 
lines recorded after calcinations at 800°C correspond to Cd(Al)O and a spinel-type phase (spinel-type 
compound correspond to CdAl2O4 or Cd1-xFe2+xO4). Rietveld refinements of the decomposition phases 
showed that a axis of the spinel formed by decomposition of CdAlFe LDHs increased almost linearly from 
approximately 320°C to 850°C, mainly due to the thermal expansion.  
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Thermodynamic properties of thin film metal hydrogen systems strongly change with mechanical 
stress, evolving during hydrogen loading and phase transition. Stress can be released by plastic 
deformation, turning thin film thermodynamic properties towards bulk properties.[1] However, 
below a critical film thickness plastic deformation is energetically not favourable; the system stays 
coherent and stress remains. In this case, the thermodynamics of phase transition differs 
fundamentally from conventional thermodynamics.[2] In order to study this new kind of 
thermodynamics, model systems have to be found.  
During interstitial hydrogen absorption and hydride formation, the host lattice of bulk metals 
expands three-dimensionally and, for most cases, linearly with hydrogen concentration. In contrast, 
in thin films clamped on elastically hard substrates lateral film expansion is suppressed, resulting in 
a compressive biaxial stress state with in-plane stresses up to the GPa range.[3] This mechanical 
stress contribution related to the substrate superimposes to the mechanical stress contribution 
developing at interfaces inside of the film, at i.e. grain- and phase boundaries. When critical stress 
states are crossed, stress can be released by the formation of dislocations at the respective interfaces.  
 
We prepared Pd thin films with large domains and thickness between 20 nm and 200 nm on 
sapphire (0 0 0 1) substrates, sputtered at 400 °C substrate temperature in an UHV system. The 
samples were investigated at room temperature in standard Θ-2Θ geometry (λ = 0.68 Å) at beamline 
B2 at Hasylab (DESY) in-situ during hydrogen gas loading. The loading was performed in a 
specially designed loading cell with a capton window and automatic valves. The loading gas 
pressures were between 10-4 mbar and 900 mbar.  
 
In figure 1 the lattice parameter evolution of the α- (solid solution) and the β- (hydride) phases of a 
22.5 nm and a 34 nm Pd thin film are compared for the first hydrogen loading. The main differences 
and similarities are summarized as follows: For the thicker film, initially the α-phase lattice 
parameter aα increases slightly faster with increasing hydrogen pressure until the β-phase 
precipitates. From this point on, the lattice parameter values are systematically smaller for the 34 
nm film, revealing that the out-of-plane expansion is smaller for the thicker film. In the thinner film, 
aα splits up at the onset of hydride formation, while for larger pressures only the Bragg-peak 
according to the larger lattice parameter values remained. At 130 mbar hydrogen pressure, the β-
phase lattice parameters aβ of both films retard. Furthermore, between 400 and 600 mbar the aα-
increment of both films differs principally: aα of the thinner film keeps to increase monotonically 
until the film is completely converted to the hydride phase, while aα of the thicker films remains 
constant. 
 
The splitting of aα of the 22.5 nm Pd film at the onset of hydride formation is interpreted as a co-
existence of a certain volume fraction of the α-phase matrix coherently strained around β-phase 
precipitates, while the rest of the α-phase matrix far away from the precipitates remains relaxed. 
Furthermore, the α-phase remains coherently strained by the β-precipitates throughout the complete 
phase transition in the 22.5 nm film. In contrast, in the 34 nm Pd film the α-phase becomes semi-
coherent with the β-phase between 400 an d 600 mbar hydrogen pressure, causing out-of-plane 
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stress relaxation by the formation of misfit dislocation loops around the precipitates. On the other 
hand, the retarding of aβ for both films at 130 mbar hints on in-plane stress relaxation of the β-phase 
with respect to the substrate, caused by the formation of misfit dislocations close to the film-
substrate-interface. 
 
To conclude, the stress relaxation mechanisms in the 22.5 nm Pd film differ from those in the 34 nm 
film: While in the thicker film stress is relaxed at phase boundaries and at the interface with the 
substrate, in the thinner film a mixed state of coherency at the phase boundaries and semi-coherency 
between hydride phase and substrate emerges.[4] The critical film thickness for the conservation of 
coherency within the film during phase transition in PdHx on sapphire substrates therefore is 
determined to be between 22 and 34 nm. 
 
Consequently, for the 22.5 nm Pd film thickness fringes present in the initial film state around the 
Pd (1 1 1) peak, that disappear during sub-sequent hydrogen loading and phase transition, re-appear 
during unloading of the film, see figure 2. Therefore, due to the persistent coherency between α- 
and β-phase the 22.5 nm film keeps its very smooth surface conditions.  

Figure 2: Pd (1 1 1) diffraction pattern of 22.5 
nm Pd on sapphire (0 0 0 1) during hydrogen 
loading and subsequent unloading. 

Figure 1: Lattice parameters of 22.5 nm 
and 34.0 nm Pd films during first hydrogen 
loading. 
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Lead-based perovskite-type (ABO3) relaxor ferroelectrics possess exceptional piezoelectric, electro-elastic 
and electro-optic properties, in particular a remarkably high dielectric permittivity, which exhibits as a 
function of temperature a broad and frequency-dispersive maximum. Hence, relaxors play an important role 
in a number of technological applications and therefore have been challenging the scientific community over 
the past decades to better understand the atomistic origin of their unique properties. Although the theoretical 
approach is still controversial, it is experimentally established that their properties are related to the complex 
local structure, i.e. dynamic polar nanoregions (PNRs) which flip between different states of polarization in 
the microsecond regime. These dynamic PNRs nucleate at the Burns temperature TB by coupling of 
randomly off-centred cation shifts, which is several hundred kelvins above the frequency-dependent 
temperature of the dielectric permittivity maximum Tm. At T*, a recently established intermediate 
temperature in relaxors, they couple into larger polar clusters with slower dynamics. Below Tm, the PNRs 
become static at the freezing temperature Tf for canonical relaxors or they develop into normal ferroelectric 
domains exhibiting a very weak ferroic distortion of the unit cell. 

X-ray diffuse scattering (XDS) along 〈110〉∗ is typical of Pb-based perovskite-type relaxors and it arises 
from Pb- and B-site cation shifts in PNRs correlated in the cubic {110} planes. Hence, the temperature 
evolution of the XDS reflects the development of PNRs in terms of size and fraction. Recently, acoustic 
emission measurements on Pb0.78Ba0.22Sc0.5Ta0.5O3 (PBST) revealed that the transformation process near T* 
exhibits a temperature hysteresis of 15 K, with T* = 491 K on heating and 476 K on cooling [1]. In order to 
get deeper insight into the nature of the transformation processes occurring at T* we measured the XDS as a 
function of temperature for PBST. 

Synchrotron single-crystal X-ray diffraction experiments were conducted at the beamline F1 of HASYLAB/ 
DESY, using a radiation of wavelength  = 0.4000 Å and a MarCCD 165 detector. Data were collected at a 
sample-to-detector distance of 100 mm with a step width of 0.5° and an exposure time of 150 s per frame. 
The low-temperature experiments were performed using a liquid-N2 cryostat Oxford Cryosystems 600, 
whereas high-temperature measurements were performed on heating using a beam-line developed gas-
stream heating device. Reciprocal lattice sections were reconstructed using the beam-line developed 
software RASTM. Line profiles along the 〈110〉∗ directions were taken at three symmetry equivalent 
reflections of {240} (see solid red lines in Fig. 1). The background was determined by a second 
perpendicular line profile (dashed red line in Fig. 1) and subtracted. A subsequent profile fit was carried out 
using a Voigt profile for the Bragg reflection and a Gaussian profile for the XDS (see Fig. 2). 

Figure 3 shows the temperature evolution of the intensity ratio diff Bragg⁄  averaged over three 
equivalent {240} reflections. As can be seen, the diffuse scattering is strongly enhanced below 400 K. A fit 
to the data using the growth function max min 1 exp / min⁄  reveals that the 
diffuse scattering intensity starts to increase near 475 K, slightly below T*. This supports the idea that PNRs 
couple and grow into larger polar nanodomains at T*. 

In addition, we checked if the application of the Landau theory could reveal a first-order character of the 
transformation process near T* since the temperature hysteresis suggests such a behaviour. However,  
shows no discontinuity. Assuming  as the order parameter of the phase transformation we fitted the data 
with the function / , where 2 4. The best fit revealed a tricritical behaviour ( ~4) 
with TC near 400 K.  
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Fig. 1: Reciprocal space layer (hk0) reconstructed in 
 from synchrotron XRD data on PBST at 465 

K. Line profiles were taken along the solid red lines, 
which were subsequently baseline corrected using 
the average level of the background across the 
dashed lines. 

Fig. 2: Sample fit to the line profile along 〈 〉∗ of the 
 reflection of PBST at 465 K. The blue line represents a 

Voigt profile fitted to the Bragg peak, whereas the red line 
represents a Gaussian profile fitted to the X-ray diffuse 
scattering, both adding up to the dashed black line 
representing the fitted curve.

Fig. 3: Temperature dependence of the intensity ratio Idiff/IBragg averaged over the three 
equivalent {240} reflections. The solid line represents a fit using the growth function. 
diff Bragg⁄ max min 1 exp / min⁄  
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Tetragonal Fe1+xTe (space group P4/nmm) has a narrow homogeneity range of 46.1−48.7 at % Te 
(x = 0.169−0.053) and is regarded as an intermediate between PbO (B10) and Fe2As (C38) structure 
types [1−2]. Recent studies showed that Fe1+xTe exhibits first order structural transition which is 
accompanied by an antiferromagnetic ordering at low temperatures. Even the crystal structure of 
Fe1+xTe remains tetragonal at the ambient conditions, different structural distortions are observed at 
low temperatures, depending on the amount of Fe. While the phase with lower Fe content 
undergoes a monoclinic distortion around 75 K, an orthorhombic structure is observed for an iron 
rich composition below 65 K [3−6]. However, the information about the kind of the structural 
changes as function of the composition is inconsistent in different studies.  

Polycrystalline Fe1.11Te was prepared by a solid state reaction at ~ 900 oC for 24 h followed by 
annealing at 700 oC for 12 h. The sample was investigated by using x-ray diffraction and 
wavelength dispersive x-ray spectroscopy (WDXS). The low temperature x-ray synchrotron 
measurements were carried out at B2 Beamline (Hasylab) in the temperature range between 10 K 
and 300 K using a He closed-cycle cryostat. The wavelength of 0.538375Å was determined by 
using NIST LaB6 as standard. 

During the cooling process, starting from ~50 K, clear splitting of x-ray diffraction peaks typical 
for the monoclinic structural distortion was observed. Figure 1 represents a selected region of the 
diffraction patterns collected between 50 K and 40 K, where the splitting of the "tetragonal" (112) 
and (200) Bragg peaks occur. 
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Figure 1: Thermal evolution of the Bragg peaks (112) and (200) in the temperature 

region of phase transition P4/nmm → P21/m. 
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The temperature of the phase transition agrees very well with the change of the run of the resistance 
curve at 47 K. Nevertheless this value differs significantly from the temperature of the 
antiferromagnetic transition observed at ~64 K (Figure 2). The temperature difference between 
magnetic and structural transition is still not clear, further investigations are necessary. 

0 50 100 150 200

0.004

0.005

0.006

0.007

0.008

T (K)

χ m
ol

 (e
m

u/
m

ol
)

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

ρ (µΩ
 m

)

TN=64K

TS=47K

χ

ρ

Fe1.11Te

Figure 2: Molar susceptibility (blue) and resistivity (black) measurements of 
polycrystalline Fe1.11Te. 
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We are investigating the transition metal content at the titanium positions in sodium titanium
bronzes (Na2TMxTi8−xO16). One representative is Freudenbergite (Na2FexTi8−xO16), a mineral
first described by Frenzel et al. [1]. Similar to the parent phase of the composition NaxTi4O8 [2]
the iron containing bronze crystallizes in the monoclinic system, space group C 2/m (no. 12) with
a = 1226.95(4) pm, b = 381.58(2) pm, c = 648.82(3) pm and β = 107.29(1)◦. Its structure exhibits
corner- and edge-sharing TiO6 octahedra with sodium atoms 8-fold coordinated by a distorted cube
of oxygen atoms. Iron ions are statistically distributed at the two titanium atom positions.

Figure 1: Structure of the title bronze, Na2Fe2Ti6O16, Ti/Fe=black, Na=red, O=blue

The bronze was prepared by a low temperature synthesis route in aqueous solution by precipitating
metal halides with sodium hydroxide solution. The resulting precipitate was dried and thermally
treated at 800 ◦C in a slight oxygen stream for several hours.

We collected high-resolution powder data at room temperature in order to determine the exact Fe/Ti
ratio (beamline B2, λ = 0.6879 Å, Ge(111) double monochromator, Ge(111) analyser, NaI szintal-
lation counter, capillary).

The resulting phase was analyzed by Rietveld [3] refinement to determine the corresponding split
occupation of iron at the titanium positions. Figure 2 and Table 1 show the results of a Rietveld
refinement (TOPAS 4.2 [4]) based on the structure model for Na2Fe2Ti6O16 described by Ishiguro
et al. [5].
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Figure 2: Rietveld refinement of iron-containing bronze at 298K

s. g. C2/m Atom Wyckoff x/a y/b z/c occ.
a /pm 1226.95(4) Ti1 4i 0.2982(5) 0 0.7074(9) 0.81(7)
b /pm 381.58(2) Fe1 4i 0.2982(5) 0 0.7074(9) 0.19(7)
c /pm 648.82(3) Ti2 4i 0.3969(4) 0 0.3027(9) 0.70(7)
β 107.29(1)◦ Fe2 4i 0.3969(4) 0 0.3027(9) 0.70(7)

Rexp 13.39 Na 2a 0 0 0 0.89(3)
Rwp 18.38 O1 4i 0.372(2) 0 0.000(3) 0.99(3)
Rp 14.32 O2 4i 0.235(2) 0 0.342(3) 0.99(3)

GOF 1.37 O3 4i 0.135(2) 0 0.713(3) 0.98(4)
O4 4i 0.446(2) 0 0.648(3) 0.99(3)

Table 1: Results of the Rietveld refinement

Conclusion

It was possible to refine the split occupation of the both Ti-positions to reasonable results. These
match the used chemical composition and the described occupation in the structure model of Ishig-
uro et al. [5] based on single crystal data.
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Among the materials used for thin film solar cells, the Cu(In,Ga)(Se,S)2 system (CIGS) is a very 
promising candidate. It has already demonstrated record efficiencies close to 20 % on laboratory 
scale and offers much potential for optimization due to its tolerance for large deviations from 
stoichiometry and significant amounts of native defects [1]. However, many aspects of these 
complex multinary compounds are still not fully understood. 

Stoichiometric CIGS crystallizes in the chalcopyrite type crystal 
structure which can be derived from the zincblende type crystal 
structure by introducing a mixed cation sublattice (Cu and In/Ga). 
This leads to a doubling of the unit cell in c-direction as shown 
schematically in Fig. 1. Other non-cubic features of the structure are 
a tetragonal distortion =c/2a unequal to one, where a and c denote 
the lattice constants, and a displacement of the anions (Se,S) from 
their ideal lattice sites due to the different properties of the 
neighbouring cations. These subtle variations of the atomic-scale 
structure have been predicted to influence important material 
properties such as the energy band gap [2]. Furthermore, non-
stoichiometry is typical for these compounds leading to intrinsic 
point defects that directly correlate with the electrical and optical 
properties of the material. Extended x-ray absorption fine structure 
spectroscopy (EXAFS) has proven to be a powerful technique for 
studying the local structural environment around the various atomic 
species in compound materials thus complementing the information 
obtained by other techniques such as diffraction. 

EXAFS measurements of Cu(In,Ga)Se2 powder samples with different In/(In+Ga) = In/III ratios 
and varying Cu content were performed at the Cu, Ga and In K-edges (8.979, 10.367, and 27.940 
keV, respectively) at Beamline C. The spectra were recorded in transmission mode at a temperature 
of 17 K in order to minimize thermal vibrations. Figure 2 (a) shows the k2-weighted EXAFS 
spectrum measured at the In K-edge of CuInSe2 and CuIn0.5Ga0.5Se2 versus photoelectron wave 
number k. The corresponding Fourier transformations are plotted in Fig. 2 (b). The spectra were 
analysed using the IFEFFIT software package [3,4]. Scattering amplitudes and phase shifts were 
calculated with FEFF9 [5] while the mean value R and the standard deviation σ2 of the first nearest 
neighbour distance distribution were determined from least-square fits. The results for the In-Se 
bond are plotted in Fig. 3. A clear dependence of the In-Se bond length on the In/III ratio is 
observed (see Fig 3 (a)) in contrast to the results obtained by Antonioli et al. [6]. However, these 
authors determined the In-Se bond lengths from a measurement of the Se K-edge were the signals 
originating from Cu, Ga and In neighbours overlap. A determination of RIn-Se from spectra taken at 
the In K-edge is expected to be much more precise since in this case the signal constitutes only 
scattering from first nearest neighbour Se atoms. Interestingly, the slope with which RIn-Se changes 
with In/III ratio varies for Ga-rich and In-rich compounds although the lattice constants were 
shown to change linearly over the whole compositional range [7]. The standard deviation σ2

In-Se 
depends on the Cu content of the material (see Fig. 3 (b)) while no correlation was observed for RIn-

Se with Cu/III or for σ2
In-Se with In/III (not shown). Analysis of the spectra taken at the Cu and Ga 

K-edges are currently under way. 

Figure 1: Schematic showing 
the chalcopyrite type crystal 
structure of Cu(In,Ga)(Se,S)2.
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Figure 2: (a) k2-weighted EXAFS versus the photoelectron wave number k measured at the In K-edge of 
CuInSe2 (solid line) and CuIn0.5Ga0.5Se2 (dashed line) and (b) magnitude of the corresponding Fourier trans-
formations versus radial distance R. 
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Figure 3: (a) In-Se bond length RIn-Se versus In/III ratio and (b) standard deviation σ2

In-Se of the In-Se 
distance distribution versus Cu/III ratio for Cu(In,Ga)Se2 as determined from EXAFS measurements at the In 
K-edge. The lines are a guide to the eye. 
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Light weight metal hydrides are favoured materials for hydrogen storage in mobile application. Due 
to the high requirements on the materials concerning storage capacity, reaction thermodynamics and 
kinetics novel functional materials need to be developed. One promising new class of materials are 
the Reactive Hydride Composites (RHC) [1, 2]. These systems show reduced total reaction 
enthalpies at high storage capacities. The most prominent system is the reaction between 2LiBH4 + 
MgH2 to form hydrogen, LiH and MgB2 during the desorption reaction due to its high storage 
capacity of 11.4wt%. During the endothermic desorption reaction the exothermic formation of 
MgB2 proceeds and is thereby lowering the total reaction enthalpy. Despite the reduced reaction 
enthalpy, the theoretical hydrogen desorption temperature in equilibrium of 1 bar hydrogen is still 
above 150C. However, the concept is applicable to many more systems, e.g. the reaction between 
Ca(BH4)2 and MgH2 to form CaH2 and MgB2 with a lower reaction enthalpy. Experimentally, this 
system shows a variety of reaction pathways and intermediate phases [3, 4], many of them are 
anticipated to be in the amorphous state. This makes characterization with conventional XRD 
challenging but the local structure and chemical state can be probed using X-ray Absorption 
Spectroscopy (XAS).  

In the present work, initial CaH2-MgB2 or Ca(BH4)2-MgH2 composites were obtained by high-
energy ball milling. The cycled states were prepared in a Sieverts type apparatus. For XAFS 
measurements, the powders were mixed with dried BN and pressed into pellets of 13 mm in 
diameter. To avoid oxidation the pellets were enclosed with Kapton tape. The presented curves 
were measured in fluorescence mode with a PIPS diode at the Ca-k edge of 4038.5eV. Figure 1 
shows selected XANES spectra of several hydrogenation and dehydrogenation states as well as 
reverence spectra to allow fingerprinting. 
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Fig. 1:XANES of Ca-composite RHC samples after initial preparation and after cycling in comparison to the 
initial compounds. 

Clearly large changes in the oxidation state between the hydrogenated and dehydrogenated state can be 
observed. Furthermore, the influence of the high energy ball milling on the long range order of the crystals 
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is clearly visible from the dampening of the post edge features. Cycling does not seem to lead completely to 
the expected endmembers of the reaction. Further analysis of the EXAFS spectra are ongoing. 
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In further studies of diluted oxygen vacancies in rutile TiO2 single crystals we performed polariza-
tion resolved Diffraction Anomalous Fine Structure (DAFS) measurements on its “forbidden” 001
reflection. A photon energy range near the Ti-K absorption edge was selected in order to obtain
short range order information of the titanium atoms. Additionally the DAFS measurements were
carried out for different azimuthal angles ψ, which describes the sample rotation around the mo-
mentum transfer vector q. This so-called anisotropy of anomalous scattering (AAS) was employed
to confirm the local site symmetry of Ti. Near an absorption edge, the atomic scattering factor
becomes [1]

f(q, E) = ε · ε′f0(q) + f ′(E,k,k′, ε, ε′) + if ′′(E,k,k′, ε, ε′), (1)

where E is the photon energy, k and k′ are the incident and scattered wave vectors and ε and ε′ the
polarization vectors of the incident and scattered X-rays, respectively. The dispersion correction
f ′ + if ′′ can be written as a multipole expansion resulting in a series of tensors with increasing
rank [2]. In our case we chose the “forbidden” 001 reflection, where the scalar Thomson scattering
part f0 does not contribute to the structure factor. Furthermore the third rank tensor is zero due to
the local site symmetry of titanium. Therefore we only considered the second rank tensor which
corresponds to the dipole-dipole approximation and does not operate on the wave vectors. In this
scope the structure factor F001 only depends on one off-diagonal element (fTi

12 ) of the dipole-dipole
scattering tensor of titanium and is given by1

F001 = 2fTi
12

0 1 0
1 0 0
0 0 0

 . (2)

This results in X-ray optical activity and in a high sensitivity of the measured intensity to the near
edge structure. For the different polarization states it is calculated by Iεε′ ∝

∣∣ε′TFε∣∣2. This yields

Iσσ′ ∝
∣∣fTi

12 sin(2ψ)
∣∣2 , (3)

Iππ′ ∝
∣∣fTi

12 sin(2ψ) sin
2(θ)

∣∣2 , (4)

Iσπ′ = Iπσ′ ∝
∣∣fTi

12 cos(2ψ) sin(θ)
∣∣2 , (5)

where σ and π refer to the polarization states normal and parallel to the scattering plane. Thus, in
this model, all of the measured spectra should feature almost the same energy dependence, which
is dominated by fTi

12 .
The data were collected at beam line W1 of HASYLAB at DESY. The investigated samples were
two rutile single crystals acquired from Crystec GmbH Berlin. One was left untreated and the other
was heat treated in order to introduce a high concentration of oxygen vacancies, later referred to as
samples a and d, respectively (see [4] for details). A polarization analyzer based on a graphite crys-
tal was used to separate the polarization states of the scattered rays and also to suppress fluorescent

1expressed in terms of the reciprocal basis (see [3] for nomenclature).
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radiation. The degree of σ polarization of the incident X-rays was about 80 % and was monitored
by two scintillation detectors. Thus, an admixture Iσ′ = Iσσ′ + ηIπσ′ and Iπ′ = Iσπ′ + ηIππ′

(0 ≤ η ≤ 1) has to be considered. As Bragg peak intensities, integrated rocking curves have been
taken into account.
The small maps in figure 1 give an overview over all measured DAFS/AAS curves. There, only
a slight difference between samples a and d can be seen in the measurement of the σ polarized
scattered radiation (left), where the maxima at ψ = 0 ◦ and ψ = 90 ◦ are located at different photon
energies. For a better comparability, the DAFS curves are also depicted in 2D-plots. They reflect

Figure 1: Compilation of all measured DAFS curves and overview maps for sample a (top) and d (bottom).
Scattered intensities were separated into σ (left half) and π (right half) polarized X-rays.

the expected separability of the energy and angle dependencies obtained in equations (3,4,5) very
well. However, the mentioned DAFS curves at ψ = 0 ◦ and ψ = 90 ◦ for σ polarized scattered X-
rays show a different behavior. New maxima appear, which are possibly due to Umweganregungen
like simulations with the software UMWEG[5] have shown. Furthermore, when comparing top
and bottom graphs, one can see, that the oxygen vacancies in the present concentration have little
influence on the DAFS spectra. Only a small change is visible at 4.974 keV for π polarization
(right). At 4.97 keV different profiles appear comparing the σ polarized (left) and the π polarized
scattered intensities (right) which contradicts with the applied model and approximations.
In our ongoing research we are working on first principles modeling of the fine structure of oxygen
deficient rutile. Future experiments will be aimed at polarization resolved measurement of DAFS
on the allowed reflection 111, where more complex structures have been observed [4].
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The interest in the rare earth perovskite chromites RCrO3 and their solid solutions is stimulated by 
their unique properties, such as high electrical conductivity, significant electrochemical and 
catalytic activity. Recently it was reported that La0.5Pr0.5CrO3 shows a canted antiferromagnetic 
transition at 261 K, whereas polycrystalline YCrO3 displays experimental evidence of bi-ferroicity 
[1, 2]. The present work is devoted to the study of the high-temperature behaviour of new 
La1-xRxCrO3 solid solutions as a part of our systematic investigations of rare-earth perovskites. 
Series of La1-xRxCrO3 chromites (R = Pr, Nd, Sm and Eu) with compositions showed in Figs. 1 and 
2 have been prepared from stoichiometric amounts of rare earth oxides and Cr2O3 by solid-state 
reaction technique. The mixtures of the starting powders were pressed into pellets and heated in air 
at 1200ºC for 48 h with intermediate re-grinding and compacting of the powders. After powder X-
ray diffraction (XRD) and spot-check simultaneous differential thermal analysis – 
thermogravimetyr (DTA-TG) examinations, the products were additionally sintered at 1400ºC for 
15 h, after that the final synthesis was performed at 1450ºC for 15 h in air and O2 atmosphere 
separately. Thermal behaviour of the crystal structure of as-prepared chromites has been studied in 
situ in the temperature range of 298–1173 K at the powder diffractometer at beamline B2, equipped 
with STOE capillary furnace and on-site readable image plate detector OBI. 

The XRD analyses at 298 K showed that almost all samples synthesized were single-phase and 
possessed a perovskite-like GdFeO3 type of structure. Only for La0.4Eu0.6CrO3 traces of chromium 
oxide Cr2O3 (of 1-2 % w/w) were detected. No obvious difference between the samples finally 
sintered in air and O2 atmospheres was revealed. Structure refinement of the La1-xRxCrO3 solid 
solutions was performed in space group Pbnm. A good agreement was observed between obtained 
structural parameters and the literature data for RCrO3 compounds and some known solid solution 
compositions (examples are shown in Fig. 1).  
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Figure 1: Concentration dependencies of normalized lattice parameters of La1-xRxCoO3 solid solutions.  

From the data obtained it is evident, that continuous solid solutions are formed in the systems 
investigated. Earlier, the formation of La1-xNdxCrO3 solid solution was reported [3]. The peculiarity 
of the La1-xRxCrO3 solid solutions is the lattice parameter cross-over (outlined in Fig. 1), resulting 
in the appearance of metrically tetragonal or cubic lattices at certain compositions. The reason for 
this phenomenon, which is also observed in the related rare earth aluminates and gallates [4], is that 
the end members of the corresponding systems display different cell parameters ratio for the same 
structure type GdFeO3. 
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In situ high-temperature powder diffraction examinations of the La-rich specimens revealed first-
order phase transitions from orthorhombic GdFeO3-type to rhombohedral NdAlO3 type of structure 
with rather broad ranges of co-existence of LT- and HT-phases (Fig. 2, a-d). No changes of crystal 
symmetry were observed in the La-poor samples in the experimental temperature range of 298–
1173 K (Fig. 2, e,f). The lattice parameter cross-over in La0.2Pr0.2CrO3 may indicate a possible 
forthcoming phase transition above 1200 K. 
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Figure 2: Temperature dependencies of normalized lattice parameters of La1-xRxCrO3 solid solutions. Lattice 
parameters and cell volumes of the orthorhombic and rhombohedral cells are normalized to the perovskite 

ones as follows: ap=ao/√2, bp=bo/√2, cp=co/2, Vp=Vo/4; ap=ar/√2, cp=cr/√12, Vp=Vr/6. 
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Due to its many applications in optoelectronics, GaN is a material that has attracted a lot of atten-
tion. Heteroepitaxial GaN films are strained and suffer from a large amount of dislocations, which
are mainly caused by the mismatch of lattice constants and thermal expansion coefficients between
GaN and the common substrates, such as sapphire [1]. Several techniques for reduction of dislo-
cation density, including growth on patterned substrates and epitaxial layer overgrowth have been
proposed [2, 3]. In this report homoepitaxial GaN grown by metal organic vapour phase epitaxy
(MOVPE) on ammonothermal GaN substrate [4] is examined by synchrotron radiation x-ray topog-
raphy (SR-XRT). The thicknesses of the substrate and the epilayer are 545 µm and 3.7 µm, respec-
tively. The microstructure of a crystalline material is conveniently and non-destructively examined
by synchrotron radiation X-ray topography. In SR-XRT, a beam with a continuous wavelength
spectrum satisfies the Bragg condition of diffraction for several diffraction planes simultaneously.
Each reflection or topograph, provides an image of the microstructure. Defects introduce a local
variation in the distance between lattice planes. This microstrain shows as contrast in a topograph
[5]. SR-XRT is a technique that is highly sensitive to microstrain and is thus very useful for imag-
ing defects. For a more detailed review on SR-XRT of electronic materials, see reference [6].

Figure 1 shows a 002 back reflection topograph. The image was recorded with the sample tilted
8◦ about the vertical axis perpendicular to the beam and a sample to film distance of 60 mm. In
back reflection SR-XRT, information is collected from the topmost layers and the image in figure
1a therefore corresponds to the epitaxial layer. Individual dislocations are seen as dark lines in 1a,
since distorted lattice regions around dislocations diffract more strongly. The crystal quality of the
sample is very good, with nearly perfect regions visible between dislocations. Figure 1b shows a
500×500 µm2 square, from which a dislocation density of 1.2 × 104/cm2 has been deduced. This
is an exceptionally small number for GaN if it is compared with GaN grown on sapphire substrates,
having a typical dislocation density of 108/cm2.
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(b)

Figure 1: (a) 002 back reflection topograph of GaN sample (b) 500×500 µm2 square used for evaluation of
dislocation density
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Sample of nanocrystalline ZnO was obtained from crystalline organo-zinc compound of chemic-
al formula C34 H62 N2 O12 Zn3 crystalizing in monoclinic crystal structure in P1 21/c 1 group and lat-
tice parameters a=15.652Å, b=13.973Å, c=21.833Å and angle β=114.031o. The cell view is presen-
ted below with Zn atoms coloured magenta, O in red, C in grey, N in light blue and part of H atoms  

in green. The crystals were grinded in nitrogen atmosphere what led to 
decomposition of crystal structure and formation of ZnO wurtzite nano-
crystals of size estimated via Scherrer formula as ~2.5nm. ZnO nano-
crystals in literature were observed in the form of nanorods, nanowires, 
nanoribbons and ~50nm size hollow nanospheres [1,2].

 The sample (codenamed KS553) was studied by powder X-ray Dif-
fraction and EXAFS  techniques (beamline C of  DORIS ring of HASY-
LAB). The results do not fit with regular ZnO crystallite model of certa-
in shape but rather point to models with reduced number of neighbour 
atoms for small value of neighbour distance (see model 1 and 2 and fi-
gure 1 and figure 2 for coordination numbers) as for hollow crystallites. 

Figure 1. XRD pattern of the nanocrystalline ZnO sample compared to diffractograms of models
The sample was studied by powder XRD and EXAFS  techniques (beamline C of  DORIS ring 

of HASYLAB). The XRD results do not fit with regular ZnO crystallite model of certain shape but 
point to models with reduced number of neighbour atoms for small value of neighbour distance  as 
for hollow crystallites. 

The EXAFS analysis proved to be capable to distinguish between two models by correct estima-
tion of coordination number (figure 2) falling down for the model 2 (hollow) to 50-60% of that of 
the regular crystallite.The models considered in analysis comprised stack of  hexagonal wurtzite 
structure (spacegroup P63mc) grown in [001] direction of about 2.5nm size (model 1) and the same 
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size crystallite hollowed out (with empty interior) (model 2). The models for illustrative purpose cut 
by half are presented below.

Half of the model 1 Half of the model 2  Figure 2. Ratio of Radial Distribution Function
 (RDF) of model 2 to that of model 1.

The number of neighbours at a distance comparable to the crystallite size is equal for both models. 
At smaller distances the number of neighbour atoms is for model 2 significantly reduced in compa-
rison to model 1.

Figure 3: Fourier Transform of EXAFS function (left) and 2-nd coordination shell filtered EXAFS 
for the studied nanocrystalline (codenamed KS553) and standard ZnO.

The EXAFS analysis gives indeed the coordination number for r=2.9Å (real distance 3.2Å) being 
about 60% of that for the standard ZnO decreased by a suitable size factor.
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Improving material properties of polymers by incorporating filler particles is an issue of great 
interest. At least one dimension of the filler particles has to be on the order of a few nanometers to 
call the composite material a nanocomposite. The improvement of the material properties highly 
depends on the degree of dispersion of the filler particles [1, 2, 3, 4]. Most nano fillers tend to 
establish agglomerates with sizes up to a few microns. Consequently, nanocomposites without 
agglomerates are rarely achieved [5]. 

Owing to the different electron density of the polymer and the incorporated filler these samples 
possess a scattering contrast for x-rays. This contrast provides an opportunity to determine the size 
of the agglomerates with SAXS or USAXS. One possibility to obtain information on the size of the 
agglomerates is fitting a calculated scattering curve to the measured scattering curve by assuming a 
given distribution (e.g. Gaussian distribution). However, this approach is not very realistic here due 
to the fact the size of agglomerates will spread over a large interval. Therefore the given 
distribution is replaced by a free object size distribution function. The determination of a free object 
size distribution function for spherical particles in highly diluted dispersions from small angle x-ray 
scattering data is the main task of this work. It is the first step for the determination of the size 
distribution function of agglomerates in polymers. The samples measured for this work are 
commercially available gold nano particles. The advantage of these samples lies in the size 
specifications given by the producer. This provides the possibility to check the results of the 
estimated size distribution function, particularly when different batches are mixed. A program 
which provides the possibility to access free size distribution functions of spherical particles from 
SAXS and USAXS scattering curves was developed within a diploma thesis [6]. The calculation of 
the distribution functions is done by fitting a simulated scattering curve to the measured scattering 
curve. The intensity of the calculated scattering curve as a function of the modulus of the scattering 
vector is given by 

0
( ) ( ) ( )dI q r S qr r



   

where ( )r  is the size distribution function and S(qr) is the particle form factor. For spherical 
particles the particle form factor yields [7] 
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Owing to the numerical generation of the scattering curve, it is necessary to examine the size 
distribution function at discrete nodes. The fit is performed by varying the value of the size 
distribution function at these nodes. The deviation of the measured scattering curve from the 
calculated scattering curve is evaluated by a least-square-method. 

Three different sizes of gold nano particles were analysed. Two of these obey a monomodal size 
distribution function with a mean particle radius of 200 Ǻ and 1000 Ǻ, respectively. The third 
sample consists of a mixture of both types of particles, resulting in a bimodal distribution. All three 
samples are measured in glas capillary tubes with a diameter of 1.5 mm at BW4 at HASYLAB, 
DESY with a sample-to-detector-distance of 13570 mm and a photon energy of 8.980 keV, 
corresponding to a wavelength of 1.381 Ǻ. To obtain scattering curves from the 2D scattering 
patterns, all three patterns are radially integrated. These scattering curves are used for fitting. Fig. 1 
to Fig. 3 show the scattering patterns as well as the scattering curves with the corresponding best 
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fits for all three samples. The result of the fitting processes are the size distribution functions ( )r , 
which are also presented in Fig. 1 to Fig. 3. 

 

Fig. 1: Scattering pattern and scattering curve with 
best fit and corresponding size distribution function 

for gold nano particles with a mean radius of 
nominally 200 Ǻ. 

 

Fig. 2: Scattering pattern and scattering curve with 
best fit and corresponding size distribution function 

for gold nano particles with a mean radius of 
nominally 1000 Ǻ. 

 

Fig. 3: Scattering pattern and scattering curve with best fit and corresponding size distribution function for a 
mixture of the types of gold nano particles. 

 

Fig. 1 to Fig. 3 demonstrate that excellent fits to the experimental data for all three samples can be 
reached by the employed algorithm. The estimated size distribution for the gold nano particles with 
a radius of 200 Ǻ (Fig. 1) shows to two peaks at (204±2) Ǻ and (266±1) Ǻ. In particular the peak at 
(204±2) Ǻ matches quite well the producer specification of (212±17) Ǻ. The size distribution 
function of the gold nano particles with a radius of 1000 Ǻ has one significant peak at 
(1079±131) Ǻ, matching the producer specification of (996±54) Ǻ. The mixed sample shows three 
peaks at (219±38) Ǻ, (667±41) Ǻ and (1063±160) Ǻ. Spurious peaks exist in all three size 
distribution functions. The reasons for these peaks are the limitations of the q intervals for which 
the fits are performed. For example, the peak at (667±41) Ǻ does not exist in the size distribution 
function for both monomodal samples. However, the spurious peaks carry little weight and can 
therefore readily be distinguished from true peaks in this case. 
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In plastic materials technology, considerable effort is spent on improving the mechanical properties 
of polymers by the incorporation of filler particles with at least one dimension on the order of a few 
nanometers [1, 2]. In investigations of this new class of materials called nanocomposites, the 
naturally available layered silicate montmorillonite is frequently used for industrial and scientific 
applications. The silicate layers have a thickness of approximately 1 nm and a typical lateral 
dimension in the range from a few hundred nanometers up to several microns [3], but they show a 
strong tendency to agglomerate in form of stacks built by a few single layers with nearly 
homogeneous basal spacing. The requested improvements depend not only on the dispersion on the 
nanometer scale, but also on the orientation of the anisotropic particles. 

The influence of mechanical stretching on the orientation of the layered silicate in a polyethylene 
(PE) matrix is of particular interest for applications. The orientation of the particles was analysed 
with a spatial resolution of 0.3 nm by small angle x-ray scattering (SAXS) at beamline B1 at 
HASYLAB, DESY with two different sample-to-detector distances of 935 mm and 3635 mm, a 
photon energy of 11 keV, corresponding to a wavelength of 1.127 Å, and a beamsize of 
0.3 x 0.3 mm². Injection moulded standard tensile bars (DIN EN ISO 527) consisting of a high-
density polyethylene matrix, 3 wt.-% of layered silicate and 3 wt.-% of a compatibilisator were 
chosen as samples (Fig. 1). After a plastic deformation (deformation process DIN EN ISO 527-1), 
the centre positions were investigated. For comparison, an unstretched tensile bar as well as two 
tensile bars without filler particles (stretched and unstretched) were analysed in the same way.  

 

Fig. 1: Geometry of the tensile bar and position of the cut out specimen. 

 

Figure 2: Scattering patterns of the unstretched (a) and the stretched (b) tensile bars with (PEKompSS) and 
without layered silicate (PEKomp). 
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PEKompSS PEKomp 

935 mm 

border centre border centre 

(a) PEKompSS PEKomp 

border centre border centre 

(b) 

-334-



In Fig. 2, exemplarily two scattering patterns of the spatially resolved measurements of the border 
and the centre of the tensile bar are shown. For the unstretched as well as for the stretched 
specimens, the patterns exhibit clear differences between the samples with and without layered 
silicate. Due to the known orientation of the silicate layers parallel to the nearest surface [4], a 
section integration for every scattering pattern from ± 20° around the vertical axis of the scattering 
patterns were performed. The integrated scattering curves are shown in Fig. 3. Previous diffraction 
measurements showed that the incorporated layered silicate has basal spacing of 3.35 nm, 
corresponding to q ≈ 0.19 Å

-1
. While the scattering curves of the unstretched sample with layered 

silicate in the border region show a shoulder at a q-value of approximately 0.2 Å
-1

 (Fig. 3a), for the 
sample without filler particles a monotonically decreasing intensity can be observed in this region 
of the scattering curve (Fig. 3b). For both samples, shoulders caused by the crystallinity of the 
polymer matrix exist for smaller q-values. Surprisingly, the scattering curves of the stretched 
sample with layered silicate also exhibit no distinct shoulder in the region of the layered silicate 
peaks as well as for smaller q-values (Fig. 3c). Only the stretched sample without layered silicate 
show a small shoulder in the region of 0.1 Å

-1
, which can be assigned to the crystallinity of the 

matrix (Fig. 3d). 

 

Figure 3: Section-integrated scattering curves of the unstretched tensile bars with (a) and without layered 
silicate (b) and of the stretched tensile bars with (c) and without layered silicate (d). 

While the scattering curves of the unstretched sample with layered silicate show variations as a function of 
the measurement position, for the stretched one all scattering curves show the same decrease of the intensity. 
As expected, for both unfilled samples no influence of the measurement position can be observed which 
means that without filler particles the crystallinity of the polymer in this irradiation direction does not 
depend on the location.  

Further evaluations of measurements in different direction relative to the stretch direction are in process.  
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Mesostructured silica-based materials with structural units on the nanometre scale are attracting a 
great deal of attention, both because of potential technical applications and the fundamental interest 
in their special properties. Since the introduction of these materials about one and a half decade 
ago, much progress has been made in design and synthesis of novel porous materials. Nevertheless, 
conventional silica-based mesoporous materials are limited in their range of functional surface 
properties. Silica-based organic-inorganic hybrid materials, so-called modified periodically ordered 
mesoporous organosilicas (PMOs) containing both organic moieties and Si-OR groups are 
representing the next step in development. Recently, a novel group of PMOs was reported, which 
offers the possibility of pore surface modifications by nearly any desirable functional groups [1,2]. 
In particular, the attraction towards separation is enhanced by the chance of having a material 
possessing a chemically selective surface, being able to allocate a special chemical compound. 
Small-angle X-ray scattering (SAXS) is a powerful experimental technique for obtaining data for 
the characterization of shape, size, arrangement, and volume fraction of PMOs. The combination of 
in-situ gas adsorption with SAXS is an elegant tool for understanding pore architectures and 
adsorption mechanisms in mesoporous materials [3]. 
For the present study, PMOs were synthesised according to the prescription given in references 
[1,2].  The pore surfaces obtained various chemical modifications: (a) PMO-COOH, (b) PMO-
COOH-NH2 contains half-and-half COOH and NH2 groups, (c) PMO-COO

–
 containing a COO

–
 

group, and (d) PMO-V=O
2+

-COOH-NH2 with additional V=O
2+

 ions. 
SAXS experiments were performed at beamline BW4 (HASYLAB/DESY). A custom-made gas 
adsorption apparatus was applied for in-situ studying physisorption by SAXS. The sample cell was 
temperature-controlled and connected via a capillary and a gas dosing apparatus to the liquid 
adsorbent dibromomethane (CH2Br2) in an external reservoir. For physisorption experiments, the 
sample cell was thermostated to be the coldest point in the system, and the reservoir stayed at 
ambient temperature. CH2Br2 vapour was supplied to the sample in the adsorption cell, where the 
vapour pressure was measured continuously. The X-ray beam was monochromatised to a nominal 
wavelength of 0.1381 nm and focused horizontally and vertically using a fixed cylindrical mirror 
and a plane mirror with a mirror bender, respectively. The quadratic cross section of the beam was 
defined by pairs of aperture slits to 0.5 mm × 0.5 mm at the sample position. A vacuum flight tube 
was inserted between the sample and the detector in order to avoid air scattering. The scattered 
photons were detected by a CCD detector with a resolution of 2048 × 2048 pixels (pixel size: 79.1 
× 79.1 μm

2
). SAXS patterns covered a total range in length of scattering vector of 0.03 nm

–1
 < s < 

0.58 nm
–1

. The length of the scattering vector s is given by  sin2 1 ss , with λ being the X-
ray wavelength and 2θ the scattering angle. The transmission of the samples at each physisorption 
state was determined in-situ by using an ionisation chamber to monitor the primary flux and a 
photodiode positioned at the beamstop to detect the transmitted intensity. SAXS patterns were 
taken continuously during adsorption scans of CH2Br2. The scattering patterns were corrected for 
parasitic background scattering, detector efficiency, solid angle, primary flux, and sample 
transmission. All samples showed isotropic scattering patterns, which were azimuthally averaged 
for equal radial distances from the central beam. 
Figures 1 shows a series of SAXS patterns for physisorption of CH2Br2 in PMO-COOH. In the 
evacuated state, the sample shows a characteristic peak of intensity at s ≈ 0.12 nm

–1
, which 

significantly changes during adsorption and desorption of CH2Br2. In the early stages of adsorption 
up to relative pressures of about 0.20, the peak rises in intensity and its position continuously shifts 
towards smaller values of s (Figure 1a). In the case of contrast matching, only void pores contribute 
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to the SAXS signal. Therefore, the shift apparently corresponds to an increase of the average pore-
to-pore distance between empty mesopores, assuming that the pore size does not correlate with the 
pore position in the material. Besides the changes of the characteristic peak, an increase in SAXS 
intensity at small scattering vectors is observed, which might be due to the rather broad size 
distribution of the mesopores. In pressure range starting from p/p0 ≈ 0.20, the height of the peak 
decreases, the peak position still shifts towards smaller s values, however, the intensity at small s 
increases continuously (Figure 1b). These variations of the SAXS patterns can be qualitatively 
interpreted as continuous filling of the remaining mesopores. After exceeding the pore 
condensation point, a strong decrease of scattering intensity is observed (Figure 1c). The SAXS 
signal almost vanishes and only a small hump can be recognised at s ≈ 0.12 nm

–1
. This effect might 

be interpreted as an imperfect contrast matching condition between the average electron density of 
the PMO material and CH2Br2.  

 

Figure 1: In-situ SAXS patterns for adsorption (a-c) and desorption (d-f) of CH2Br2 in PMO-
COOH. The values given in the figure legends refer to relative gas pressures p/p0. 

 
The scattering curves for desorption are shown in Figures 1d-f, where it can be seen that the effects 
are completely reversible, i.e. after desorption the initial state is reached again. Minor changes in 
the SAXS patterns are observed down to relative pressures of about 0.30, where only the scattering 
intensity increases at small values of s (Figure 1d). At p/p0 < 0.30, which corresponds to the region 
of pore emptying, the scattering intensity of the characteristic increases (Figure 1e). Figure 1f 
shows desorption at low pressures (p/p0 < 0.21), where the scattering peak further increases in 
intensity and shifts towards bigger scattering vectors. At very low pressures, the intensity at the 
small-angle minimum decrease, which can be interpreted in the reverse way as for adsorption. A 
more detailed method of interpretation is currently in progress. 
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In engineering components the presence of cracks is not unusual. The decisive point to handle 

the case of “un-perfect” engineering materials is the control of the crack growth rate, which 

has to be small enough that components with critical crack lengths can be repaired or replaced 

at the inspection intervals. Due to the importance of cracks in the technical environment, the 

field of crack studies is known as fracture mechanics [1] and also numerous experimental 

studies have been performed. Nevertheless “there is still no detailed consensus regarding 

either the fundamental parameters that drive cracks or the precise mechanisms of their growth 

in most materials. Thus virtually all crack life prediction models currently in engineering use 

are largely phenomenological rather than physically based”[2]. 

The aim of the experiment is the investigation of the interaction of crack propagation and the 

stress fields at the crack tip and its neighbourhood. The investigations allow the visualisation 

of the crack and its tip based on tomography. Parallel diffraction measurements using the 2 D-

capillary detector set up of the DiTo [3] experiment at HARWI enable the analysis of the 

strain-stress fields for a volume of 5 mm x 5 mm x 20 μm with a capillary resolution of 6 μm.  

These measurements has been repeated with increasing static load so that data about the crack 

geometry and its propagation direction can be combined with the data about the redistribution 

of stresses due to the applied load and due to the relaxation caused by the crack growth. 

Furthermore measurements are planned after unloading the specimen for studying the reversal 

of the stress fields due to crack closure.  

For the experiments a notched sample, as shown in Fig. 1, has been be used. As material, the 

Mg base alloy AZ 31 (3% Al, 1% Zn, Mg-balance) has been used since this material is of 

interest for light weight constructions and has been intensively investigated by the proposer in 

view of its microstructure and mechanical properties (stress-strain curves for compression and 

tension, cyclic fatigue) [e. g. 4, 5, 6]. Due to the hexagonal structure of AZ 31 the yield 

strengths under compression and tension are significantly different as a consequence of 

twinning under compression. This asymmetry of the compressive yield strength and tensile 

yield strength is of importance for the redistribution of the stress fields around the propagating 

crack tip, because the tensile stress fields under tension loading generate compression stress 

fields when unloading the sample. So this study is a step forward in comparison to crack tip 

studies on mechanically “conventional” materials [e.g. 2, 7]. 

The tomographic and diffraction measurements have been 

performed at 45 keV.  

For the µCT measurements the camera “PCO2000” has been 

used, thereby an optical magnification of 2.0 has been 

adjusted resulting in a spatial resolution of 20 µm.  

The Bragg-spots have been detected over a range of 

2θ=9,88°-10,08° with a step size of 0,01°. The exposure 

time was 30s/step. The 2θ-scans were performed at Ω= 90°, 

112.5° and 135°. 

The radiographs shown in Figure 2 demonstrate the notch in 

a) non-stressed and b) stressed state.  

200µm

4

d=0,8mm

200µm

4

d=0,8mm

 
Fig. 1 Geometry of the specimen 
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Bragg spots of the 110 reflection of Magnesium at 2θ=9.96° are shown in Fig.3 for the 

reference and the stressed sample. Comparing the reference and the stressed sample the 

intensities as well as the spot positions vary. Moreover some spots disappeared. It can be 

concluded that structural changes can be detected with DiTo. 

 

References 

[1] K. H. Schwalbe, Carl Hanser Verlag,(1980) 

[2] A. Steuwer, L. Edwards, S. Pratihar, S. Ganguly, M. Peel, M. E. Fitzpatrick, T. J. Marrow, 

P. J. Withers, I. Sinclair, K. D. Singh, N. Gao, T. Buslaps, J.-Y. Buffière, Nuclear Instruments 

and Methods in Physics Research B 246, (2006), pp.217-225 

[3] B. Hasse, H. Rahn, S. Odenbach, F. Beckmann, W. Reimers, Materials Science Forum 

Vols 571-572, (2008), pp. 201-206 

[4] S. Müller, K. Müller, W. Reimers, Key Engineering Materials Vol. 367, (2008), pp. 9-16 

[5] M. Huppmann, K. Brömmelhoff, W. Reimers, In: Magnesium, 8th International 

Conference on Magnesium Alloys and Applications, ed. by K.U. Kainer, (2009), pp. 739-744 

[6] M. Huppmann, W. Reimers, Materials Science Forum, Vols. 638-642, (2010), pp. 2411-

2416 

[7] K. U. Kainer, K. J. Bohlen, D. Letzig, S. Müller, K. Müller, W. Reimers, Proceedings of 

the 64th Annual World Magnesium Conference, International Magnesium Association, 

(2007) 

 
Fig. 2 A radiograph of the samples at 90° of rotation, the bright stripe illustrates the notch, where 

the crack is initiated a) non-stressed sample b) stressed sample 

 

 
Fig. 3 2D-diffraction pattern of the samples at Ω=90°,135° of rotation and 2θ ≈ 9.96°, which 

corresponds to the 110 reflection, left: non-stressed sample, right: stressed sample 

a) 

b) 
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Strontium titanate is an oxidic semiconductor and crystallizes in the perovskite-type of structure; 
however, several methods have been shown to induce distortions of this perfect cubic lattice. One 
of the key parameters is the oxygen stoichiometry that on the one hand acts as doping and has great 
influence on the electric conductivity but on the other hand also couples to the crystal structure. 
Since oxygen ions and vacancies are electrically charged, external electric fields make it possible to 
redistribute oxygen and to study accompanying structural modifications. Especially near the surface, 
deviations of the local structure have been found [1].  

A common way to tune the real structure of surfaces is the implantation of ions. Therefore, we 
tested several species and found a strong impact of nitrogen implantation on the Ti-K absorption 
edge fine structure of SrTiO3. Three single-crystals of 5×5×0.5 mm3 size were subjected to N+ ions 
of 40 keV kinetic energy with total fluences between 5×1016 and 2×1017 cm-2. X-ray absorption 
near-edge spectroscopy (XANES) was carried out at the DORIS beamlines C and A1 in grazing 
incidence geometry using 7-pixel Si(Li) and SDD fluorescence detectors. 

All three samples exhibit a slight shift of the Ti-K edge position and a strong increase of the second 
pre-edge peak (typically labelled “peak B”) compared to pure SrTiO3. As both of these observations 
depend on the angle of incidence ω (see Fig. 1), clear evidence of a distorted surface layer is given. 
The measured spectra represent a linear combination of the absorption spectrum of this layer 
modified by nitrogen implantation and the spectrum of the undistorted bulk material depending on 
the probed sample volume. The size of peak B reaches its maximum for small ω. The contribution 
of the reference spectrum increases with ω and therefore enlarged penetration depth. 

Based on these data, a fitting procedure was implemented that provides the fraction of the distorted 
phase in every spectrum and at the same time reconstructs the pure spectrum of the distorted layer. 
The minimization problem was implemented in Python on the basis of a least-squares refinement 
and used about 30 data sets simultaneously. For the calculation, a reference spectrum of the bulk 
phase was provided as well. As an example, the fit of one measured spectrum is given in Fig. 2. 

  
Figure 1: Comparison of Ti-K XANES spectra of 
one N+ implanted SrTiO3 sample for different 
angles of incidence ω. 

Figure 2: Example of the Ti-K near-edge region 
with simultaneous fitting of distorted spectrum and 
fraction of the distorted phase. 
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It is obvious that the reconstructed spectrum of the distorted layer in Fig. 2 resembles the measured 
spectrum at ω = 0.5° in Fig. 1 since the X-ray penetration depth at this angle is only 15 nm. The 
shift of the Ti-K absorption edge between SrTiO3 reference sample and the layer phase was 
determined by taking the difference between the maxima of the first derivatives. This results in an 
energy shift of 0.58 ± 0.14 eV towards the Ti3+ valence state for the distorted phase. 

According to literature, the area under peak B can be used to determine the distortion of the Ti-O 
octahedra in the perovskite structure of SrTiO3 [2]. Namely, the static displacement ds of the Ti ion 
from the center of the O octahedron can be calculated by 

ds d
A

d −=
γ

3
 

with the peak area A, a constant γ = 12.4 eV/Å2 and a dynamic contribution dd = 0.103 Å. Fitting of 
the pre-edge features by Lorentz functions results in A = 0.826 eV for peak B of the distorted phase 
which is equivalent to a static displacement of ds = 0.344 Å. This rather big shift of the Ti atom 
proves the impact of nitrogen implantation on the real structure of the surface layer.  

Plotting the determined fractions of the layer phase for all samples over ω (see Fig. 3) reveals no 
dependence on the implanted nitrogen fluence (within the used range). Thus, already the sample 
implanted with 5×1016 N+/cm2 exhibits a fully converted surface layer. Because the same N+ energy 
was used for implantation of all samples, also the same depth profile is expected for all samples. 
Several profiles were tested (see Fig. 4) but all provide comparable results, as plotted in Fig. 3. 
Hence, the appropriate profile function cannot be determined unambiguously but the total layer 
thickness should be in the range 150...400 nm. 

Concluding, the implantation of nitrogen ions in SrTiO3 resulted in a strongly distorted surface 
layer that is characterized by a shift of the Ti-K edge from the Ti4+ state of SrTiO3 towards Ti3+ in 
the layer phase. The strong increase of the second pre-edge feature in the distorted phase is related 
to a remarkable static displacement of the Ti atom relative to the surrounding oxygen octahedron. 
Maybe, such modified surfaces can be used in the field of resistance switching memories [3]. 

  
Figure 3: Comparison of the evaluated fractions of 
the layer phase for all samples with optimized 
models of different profile functions. 

Figure 4: Comparison of the different optimized 
profile functions used for the modelling of the data 
in Fig. 3. 
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Surfactant and polymer templating is a powerful tool that has been widely used to produce 
inorganic powder materials with periodicities in the sub-30 nm size range. The corresponding thin 
films can be achieved by the same coassembly methods but using an evaporation-induced self-
assembly (EISA) process [1]. This process was introduced by Ogawa and Brinker in the late 1990´s 

and is still the method of choice in the preparation of inorganic thin films with nanoscale 
periodicity. In recent years, it has been shown that classical sol-gel techniques can be used to 
produce a wide variety of redox active materials that lend themselves for high rate rechargeable 
lithium batteries. However, the use of EISA to synthesize such materials in thin film format with 
both a well-defined mesoporous morphology and nanocrystalline framework has not yet been 
reported. Part of the reason for this is the fact that the majority of the polymers used to template 
materials do not allow the inorganic walls to be crystallized while retaining nanoscale order (due to 
the mismatch between critical nucleation size and pore wall thickness). In this work, we incorporate 
novel diblock copolymers, such as poly(ethylene-co-butylene)-block-poly(ethylene oxide) and 
polyisobutylene-block-poly(ethylene oxide), as structure-directing agents. These porogens have 
been shown to be highly suitable for the direct synthesis of oxide thin films with cubic networks of 
pores averaging 15-25 nm in diameter. The large distances involved accommodate walls 
sufficiently thick to allow for uniform nucleation and growth of the crystalline phase with retention 
of the periodicity. Thus, by adjusting different processing parameters, such as the relative humidity 
and polymer-to-precursor ratio, it is possible to get access to a broad range of inorganic 
architectures with open mesopore cavities.  

In this work, we aim at exploiting redox active materials with ordered large-pore mesoporous 
structures for energy storage applications. Through these experiments, the relationships among 
nanoscale structure, charge storage and mechanical flexibility are examined and compared to non-
templated samples [2]. By correlating mechanical changes with redox activity, we are able to 
identify some of the unique advantages of using nanoporous architectures for electrochemical 
materials. We note that most of the redox active oxides are quite rigid in the bulk crystalline form 
and thus there is the prospect of tuning the mechanical response by the formation of an architecture 
with periodic nanoscale porosity. 

Unlike many traditional battery materials, oxides like AMoO4 (A = Ca, Co, Mg, Ni), á-Fe2O3, and 
NiFe2O4 do not have a layered or tunnel structure. As a result, electrochemical redox reaction rates 
in the bulk material are quite slow, which limits their usefulness for electrochemical charge storage 
devices. Our preliminary results, however, show that nanoporous versions of these materials exhibit 
reasonable levels of pseudocapacitive charge storage and much higher capacities than samples 
prepared without any polymer template [3,4]. We assume that part of the increased capacity stems 
from the fact that these thin film electrodes are able to expand normal to the substrate upon 
lithiation by flexing of the nanoscale pores. This flexing may relieve stress from volume expansion 
that normally inhibits charge storage, as shown recently [2,5].   
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To probe the mesoporous architectures both grazing incidence small-angle X-ray scattering 
(GISAXS) and in-situ SAXS in transmission mode were used. The GISAXS patterns shown in 
Figure 1 were collected at an angle of incidence â = 0.2° on beamline BW4. GISAXS, in general, 
provides insight into the in- and out-of-plane periodicity of self-assembled thin films and thus 
allows for a thorough characterization of the pore network, which, in turn, makes this technique 
invaluable to the nanomaterial community. During the synchrotron runs in 2010, we systematically 
studied the nanoscale periodicity as a function of annealing temperature and examined the impact 
of both the polymer-to-precursor ratio and relative humidity on pore ordering and symmetry. We 
found that (1) the relative humidity plays a decisive role in the self-assembly process of the above 
mentioned materials, (2) the pore sizes can be readily tuned from some 10 nm to ~30 nm, and that 
(3) the initially amorphous framework structures can be fully crystallized while retaining nanoscale 
porosity (see SEM images in Figure 1). Overall, these experiments establish that all of these 
materials can effectively withstand the stress that develops over the course of thermal treatment, in 
particular those associated with the crystallization. Moreover, in-situ SAXS revealed that the 
coassembly process is typically completed after ~60 seconds and leads to distorted f-c-c pore 
networks with (111) orientation relative to the plane of the substrate.   

Future GISAXS experiments at BW4 will be dedicated to address the following question: �what is 
the correlation between the out-of-plane film deformation and changes in the in-plane stress�. 
While changes in pore structure are usually rather difficult to measure, a well-defined pore network 
provides an opportunity to follow small changes in the periodic system [2].  

 

Figure 1: (a,b) GISAXS patterns obtained on a mesoporous NiFe2O4 spinel thin film showing the evolution 
of the distorted f-c-c pore network with (111) orientation upon thermal treatment. Scattering vector, s, 

components are given in 1/nm. (c-f) Morphology of polymer-templated NiFe2O4 (c,d) and á-Fe2O3 (e,f) thin 
films before and after lithiation. 
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The nanostructure CdTe/PbTe/CdTe/GaAs was grown by MBE deposition method in the Institute 
of Physics, Polish Academy of Sciences in Warsaw. The layer PbTe (6nm thick) was evaporated 
on CdTe layer (45nm) and  was covered  by CdTe layer  (3 nm). The substrate GaAs surface 
plane (100) oriented was used. The sample plane was of size 15 x 6mm. The experiment was 
performed using the Tunable High Energy X-ray Photoemission Spectrometer (THE-XPS) at 
wiggler beam line station BW2 of the HASYLAB, DESY, Hamburg, Doris III storage Ring. The 
energy hν= 3510eV was found as an optimal for measurements. Double crystal monochromator 
(Si(111) covering an energy range from 2,4 to 10keV with a monochromatic photon flux of about 
5x1012 photons/s and with total energy resolution power of 0,5 eV for radiation energy around  
3000eV was used. The set of spectra containing: valence band, Cd3d and 4d, Pb 4f and 5d, Te 3d 
and 4d was measured for different angles of incident of hν radiation.  
When the angle of light  incidence approaches the region of the value located close to the critical 
angle the increase of the signal of photoemited electrons from buried layer appears. The 
interference of incidence and reflected part of X-ray beam leads to the creation of standing waves 
in the surface region of the crystal. The current of photoemited electrons is related to the structure 
of created electric field in the region of electrons photoemission. 
E-filed distribution in function of grazing angle of incidence and sample depth has been 
calculated with IMD 4.1.1, an extension to XOP software written by David Windt [1, 2]. The 
resulting matrix of E-field values, of dimensions 100 x 1200 (depth from 0 to 10 nm × angle from 
0 to 4 degrees) is shown in Fig. 1. The E-field values were applied as input data to calculate the 
angular dependence of integrated photoelectron intensity, PE, according to a number of simple 
models of photoelectron emission. The overall formula for the intensity of elastic photoelectrons 
due to transition, s, excited in atom species, A, distributed in a multilayer structure, Ф, with an in-
depth density distribution function, ρA(z), was assumed to be: 

)z(R)z(Y),z(E)e/zexp(dz),A()(IP A
s
Afd

s
AE ⋅⋅⋅⋅−+≅= ∫

Φ

ρθθΩθ  

Here:  ed – escape depth of the electrons, Y – photoelectron yield. Integration extends over the 
sample thickness up to the depth, from where photoelectron signal is negligible. Terms Ω and R 
stand for effects not included in the models presented here. To obtain information about general 
properties of the photoelecton current  intensity in function of angle, we set  Ω = 0, R and Y = 1. 
We assumed the escape depth to be independent of layer density and composition as well.   
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Fig. 1. An examle of calculated angular 
dependence of the in-depth E-field angular 
distribution. The assumed sample structure was 
Air/CdTe 3nm/PbTe 6nm/ PbTe 4000 
nm/GaAs (substrate). λ=3.53 Å. Roughness of 
all interfaces was set to zero.  
 

 

 

Fig. 2. (Solid line): Angular dependence of 
photoelectron current,  calculated for the Te 
distribution in the layered sample defined in 
caption of Fig. 1. Integration was performed in 
the domain of z∈<0,90> nm.  
(Scattered points): Experimental intensity of 
PE current, taken from measuremnts of sample 
147-10CdTe-PbTe_QW recoreded at BW2. 
The last one experimnetal point (shown here at 
angle of c.a. 3.6°) is actually measured at 45° 
and shifted for a comparison.  

 
The experimental (scattered points) and calculated (solid line) photoelectron intensity,PE, shows a 
noticeable agreement, as compared in Fig. 2. This preliminary result indicates that in case of 
layered structures  the angular characteristics of PE emission can provide important information 
about the sample structure including its homogeneity. It can also help to determine experimental 
conditions suitable to enhance the photocurrent intensity. To approach this goal, further work on 
refining the mathematical model based on a detailed comparison with experimental results is 
planned. The PE calculations were performed in Matlab with a program written by us. 
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Light weight metal hydrides are favoured materials for hydrogen storage in mobile application. Due 
to the high requirements on the materials concerning storage capacity, reaction thermodynamics and 
kinetics novel functional materials need to be developed. Knowledge and understanding of ongoing 
reactions, reaction pathways and the respective pressure and temperature dependences is the key to 
tailor novel metal hydrides to application. One promising new class of materials are the Reactive 
Hydride Composites (RHC)[1][2]. These systems show reduced total reaction enthalpies at high 
storage capacities. The most prominent system is the reaction between 2LiBH4 + MgH2 to form 
hydrogen, LiH and MgB2 during the desorption reaction due to its high storage capacity of 
11.4wt%. During the endothermic desorption reaction the exothermic formation of MgB2 proceeds 
and is thereby lowering the total reaction enthalpy. However, these systems show a number of first 
order phase transitions, nucleation and growth processes of new intermediate and final phases while the 
reaction pathway and therefore the reaction products strongly depend on the applied pressures and 
temperatures.  For the LiBH4-MgH2 system in-situ XRD has made a significant contribution to 
understanding of the reaction [3].  

Ideal means to characterize these dependencies and the ongoing reactions is in-situ X-ray powder diffraction 
using high intensity synchrotron radiation. A newly designed sample cell and its experimental setup has 
been implemented at beamline D3, HASYLAB, DESY. The sketch for the principle design and the 
implementation at the beamline is shown in figure 1[4].  

 

Fig. 1: a) Schematic drawing of the in-situ sample cell and b) its implementation at Beamline D3, 
HASYLAB, DESY. The insert magnifies the sample within the capillary and the heater placed beneath. 

The present setup allows the control and measurement of the present temperature in the sample cell using a 
thermocouple inserted in the cell in a combination with a PID controller, Fa. JUMO GmbH, Fulda. 
Furthermore the applied pressure was monitored using a pressure gauge from Fa. WIKA (Alexander 
Wiegand GmbH) and the corresponding EasyCom software. The sample was mounted in a single chrystal 
sapphire capillary and the cell can be assembled under inert conditions in a glovevox. The setup is designed 
to withstand pressures up to 160bar hydrogen and temperatures up to 550°C. Diffraction data was collected 
using a marCCD 165 2-dimensional detector (Marresearch GmbH). 
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To illustrate the power of this method and the sample cell, measurements with magnesium hydride, 
catalyzed with 5mol% Nb2O5 were measured under approximately 5, 10 and 15 bar hydrogen; the exact 
values are noted with the experiments in figure 2(a-c) [4]. 

 

Fig.2:In-situ XRD of MgH2 under different hydrogen pressures a) p=5bar H2, b) 10bar H2 and c) 15bar H2. 
Below the diffracted patterns quantitative analysis of the diffracted intensities of the MgH2 (110) peak and 
the Mg (102) are plotted. Furthermore, the absolute pressure as well as the sample cell is plotted. All data 

are correlated to each other by measurement time. 

The correlation between the change in pressure and the sorption reaction is striking. As the temperature 
reaches the equilibrium temperature for the chosen pressure, e.g. 345°C for the experiment performed under 
5bar hydrogen pressure, immediate desorption of MgH2 into metallic Mg can be observed. This is correlated 
to a slight but distinct rise in pressure, by about 0.15bar only. This is recorded by the manometer. 
Quantitative analysis clearly correlates the desorption reaction to a fast decrease in the intensities of the 
MgH2 reflections and to a formation and increase in intensity of metallic Mg reflections. During the cooling, 
the opposite effect is observed. As the pressure decreases again, at a slightly lower temperature than the 
previous desorption reaction, the intensities of the Mg reflections decrease and vanish while the uprise of 
the MgH2 reflections can be observed. Similar observations can be made for the much more complex RHC 
systems. 

In-situ XRD is an extremely powerful tool to investigate gas-solid reactions, e.g. hydrogen sorption 
reactions of metal hydrides. The ongoing reactions and phase transformations can be characterized as a 
function of pressure and temperature. Recording of pressure and temperature throughout the whole 
experiment allows for powerful conclusions on the reaction pathway and even thermodynamic properties, 
especially in combination with quantitative analysis. 
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Recently there has been a considerable interest in the fluorides with a special emphasis on the 
NaYF4 compound as part of the effort to design new upconversion and downconversion 
nanocrystalline systems. Both of this processes are of the great importance for the presently 
developed applications, like the upconversion process in nanocrystals, finding its destination in 
biomedicine as biolabels and in biological assays, nanostructures for point-of-care diagnostics and targeted 
drug delivery. The downconversion process can be applied in the improvement of the solar cells 
efficiency. 

In our work we present an approach to synthesize small (around 40 nm) nanocrystals of NaYF4:Pr 
displaying the quantum- cutting phenomena. Based on the excitation time-resolved spectra and 
emission spectra of the nanocrystalline phosphor measured at low (10 K) and room temperatures 
we have shown a mechanism of energy transfer from the host to the optically active rare earth 
activator. 

The quantum cutting (QC) effect on the photoluminescent (PL) spectra of colloidal NaYF4 
nanocrystals (NC) doped with 1% Pr3+ ions is clearly evident under 187 nm excitation. In the 
Figure 1A nine PL bands are clearly resolved; having maxima at 249, 269, 334, 396, assigned to 
1S0→

3H6, 3F4, 1D2, 1I6 transitions and at 482, 530, 600, 636 nm which correspond to 3P0→
3H4, 

3H5, 3H6, 3F2, 3F3,4 transitions of the Pr3+ ions respectively. When electrons are excited into the 4f 
5d configuration, firstly relaxation from the lowest 4f 5d level to the 1S0 level takes place. It is 
followed by a photon cascade emission, i.e. the emissions of 1S0→

1I6 and followed by the emission 
of 3P0→

3HJ,
3FJ. The main channel of luminescence is around 396 nm which originates from the 

1S0→
1I6 transition being responsible for the feeding of the photon cascade.  

 

Figure 1: Emission spectra of NaYF4 Pr (1%) 
excited by: (A) 187 nm corresponding to 3H4 to 4f 
15d1 transition and (B) 110 nm which is above the 
band to band transition. Spectra were measured at 
300 K (red) and 10 K (blue). 

 

Figure 2: High-resolution excitation spectra of 4f 2 
- 4f 2 Pr3+ emissions monitoring (A) 395 nm 
1S0→

1I6 at 300K and (B) 482 nm 1P0→
3H4 at 300 

K. (C) Excitation spectrum monitoring 361 nm 
self-trapped excitons at 10 K. All the spectra were 
recorded for nanocrystals of NaYF4:1%Pr. 

In the low temperature emission spectrum, Figure 1A, it can be seen that during the decrease of the 
temperature the luminescence intensities of 1S0→

1I6 and 3P0→
3H4 transitions differ. This fact can 

be explained by the change of the amount of available phonons in the NC with temperature 
decrease. The phonons play the major role in the nonradiative relaxations as well as energy 
transfers. Both processes have higher influence on the 3P0→

3H4 transition compared to 1S0→
1I6 

transition. This is because the distance between the 3P0 level and the next lying level of lower 
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energy is around 3 000 cm-1, while the value for the 1S0→
1I6 is equal to 25 000 cm-1. The many 

cross-relaxation processes which can be involved in the transitions from the 3P0 level are another 
reason for this behaviour. Therefore it appears that the probability of multiphonon relaxations and 
phonon-assisted energy transfers processes, which are competitive to the radiative processes, 
decrease with temperature and as a result the luminescence from the 3P0 level, presented in the 
Figure 1A, increases at lower temperature. Figure 2A presents the room temperature excitation spectrum 
monitoring the 396 nm 1S0→

1I6 transition of Pr3+ in NaYF4 matrix. 

 

Figure 3: A schematic illustration of the different 
excitation, emission and energy transfer processes 

in NaYF4 : Pr3+ nanocrystals. 

 It is clearly seen that the intensity of the 396 nm 
luminescence begins to grow for incident photons 
with energy corresponding to around a 210 nm 
wavelength. In this region the onset of 
interconfiguration 4f 2 →4f 5d transitions begins. 
The 1S0→

1I6 luminescence increased with 
changing the wavelengths of excitation up to a 
maximum at 180 nm. It seem that the QC process 
is fed only by the transitions within the 4f 5d 
configuration. There is no evidencet of any 
transfer of energy from region above the 4f 5d 
configuration. For comparison the excitation 
spectrum monitoring the 1P0→

3H4 transition of 
Pr3+ at 482 nm Figure 2B proves that the 
1 3P0→ H4 

 transition is efficiently excited by transitions from the band connected with 4f 5d levels with a maximum at 
180 nm. It is also efficiently populated by the energy absorbed by the host, with energy edge beginning 
around 125 nm, as well as the energy connected with recombination of the self-trapped exitons and defect 
levels whose bands are revealed above 170 nm indicated as 1, 2 and 3 in the graph in Figure 2B. In the 
emission spectrum Figure 1B the bands connected with self-trapped excitons extend from about 300 to 480 
nm. Figure 3. presents schematic illustration of the different excitation, emission, and energy transfer 
processes in NaYF4 : Pr3+ nanocrystals. Under vacuum ultraviolet excitation in the 4f 15d1 bands 
nanocrystals exhibit the photon cascade emission process resulting in a number of different emissions from 
1S0, 3P0 levels. When the material is excited with photons having an energy higher than the band gap in nano 
NaYF4 the quantum cutting process disappears. There is no direct multiphonon transfer of energy from the 
matrix to the 4f 15d1 levels of Pr but the energy is converted into a resonant process between STE 
luminescence and luminescence originating from the 3P0 level. During the excitation process by high energy 
photons the self-trapped excitons are created and subsequently during the recombination process with the 
holes the energy is released during radiative process. Some of theseis transitions are high enough to populate 
3PJ (J = 0, 1, 2) and 1I6 levels. At low temperatures the energy of STE increases and part of the energy 
emitted from the STE which is high enough to populate also the 1S0 level.  
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Zinc oxide is a wide-band gap A2B6 semiconductor. At ambient conditions ZnO has wurtzite structure
(P63mc, w-ZnO). At pressures above 6 GPa it transforms into rocksalt phase (Fm3m) that can not be
quenched down to ambient pressure. Recently a number of metastable Me1-xZnxO solid solutions (MeII =
Ni2+, Fe2+, Co2+, Mn2+) with rocksalt structure have been synthesized from binary oxides by quenching from
7.7 GPa and 1450-1650 K [1]; in particular, rocksalt Mn1-xZnxO solid solutions of various stoichiometries
(0 < x ≤ 0.4) have been obtained. Earlier, the use of X-ray diffraction with synchrotron radiation allowed us
to study in situ the chemical reactions and phase transitions in the MgO–ZnO system [2]. In the present
work we have performed the first in situ investigation of the binary MnO-ZnO system at high pressures and
high temperatures.

Experiments with mixtures of wurtzite ZnO and rocksalt MnO (30, 50 and 70 mol% ZnO) have been
performed using MAX80 multianvil apparatus at beamline F2.1, DORIS III. Energy-dispersive X-ray
diffraction patterns (Bragg angle 2Θ = 9.073(1)º) were collected in situ at 4.8 GPa in the ‘autosequence’
mode at a linear heating rate of 10 K/min. The time of data collection for each pattern was 60 s.

At 4.8 GPa and temperatures below 730 K, only reflections of pristine oxides (w-ZnO, rs-MnO) are
observed in the diffraction patterns. At higher temperatures, intensities of w-ZnO and rs-MnO reflections
start to decrease (Figure 1) indicating the chemical reaction in the system. Appearance of new reflections
corresponding to the rs-Mn1-xZnxO solid solutions has been observed at temperatures starting from 735 K
(see Table). Regardless of the stoichiometry, the lattice parameters of forming cubic solid solutions are very
different from the lattice parameters of pristine rs-MnO, contrary the FeO–ZnO system [3]. The as-forming
rs-Mn1-xZnxO solid solution coexists with w-ZnO and rs-MnO in a rather wide temperature range. The
temperature of complete disappearance of w-ZnO (Td) depends on the initial stoichiometry as shown in the
Table and increases with ZnO content from 943(5) K for x = 0.3 to 1243(5) K for x = 0.7.  At higher
temperature (> Td) only reflections of rs-Mn1-xZnxO (main phase) and rs-MnO (as impurity) are observed in
the diffraction patterns. The temperature of complete disappearance of rs-MnO (Tcd) varies from 1100 to
1350 K depending of the stoichiometry (see Table), and finally only reflections of rs-Mn1-xZnxO phase
remain in the diffraction pattern. The compositions of the formed cubic solid solutions thus attain the
compositions of the initial mixtures.

Table 1. Characteristic temperatures of chemical interaction in the MnO–ZnO system at 4.8 GPa

ZnO/(MnO+ZnO) molar ratio
Temperature (K) *

0.3 0.5 0.7

Ts 733 743 803

Td 943 1043 1243

Tcd 1093 1243 1343

 * Ts is onset temperature of rs-Mn1-xZnxO formation;  Td is temperature of complete disappearance of
w-ZnO, and Tcd is temperature of complete disappearance of rs-MnO;  in all case the error is ±5 K
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Figure 1: Diffraction patterns of the MnO–ZnO mixture (50 mol% ZnO) taken
at 4.8 GPa in the course of linear heating at a rate of 10 K/min.

Lattice parameters of the rs-Mn1-xZnxO solid solutions have been in situ determined in the Td –1500 K range at
4.8 GPa. The temperature dependencies of the unit cell volume are presented in Figure 2.

Figure 2: Unit cell volumes of rs-Mn1-xZnxO solid solutions vs temperature at 4.8 GPa
(squares – x = 0; circles – x = 0.3; triangles – x = 0.5; hexagons – x = 0.7).
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The tensile behavior of a Ti–11%Zr–14%Nb–10%Sn alloy with pure orthorhombic α” phase was 

studied by in situ X-ray diffraction using synchrotron radiation. It is found that no phase 

transformation happens during the whole tensile process. The “double-yielding” platforms of this 

alloy are indeed due to a low stress yielding (~400MPa) followed with a significant work-hardening 

before necking and fracture. In this process, the [0 2 2] orientation of grains more approaches the 

tensile direction and the [2 0 0] moves to the transverse, causing the lattice parameter a to be shrunk, 

and b and c elongated, and the formation of texture. The similar texture can also be produced upon 

cold rolling by which the yield strength of the α” phase is largely improved to be over 900 MPa. 
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About 50% of the Germans which are younger then 12 years and 
more then 99% of the German grown ups have caries [1]. More 
then 10 million teeth are extracted every year because they can not 
be repaired any more [1]. In the same time about 90 million teeth 
are built up again with gold, ceramics, amalgam or plastic material 
in Germany [1]. Approximately 1 million dental implants are made. 
Looking at these high numbers, one should think that filling or 
replacing a tooth is very secure standard procedure in which no 
other dangers occur. But unfortunately it is not. The “lethal” danger 
of caries for a tooth is repelled when a filling is made, but in fact 
after filling there can occur other dangers. The mechanical 
properties of the materials used to fill cavities can differ strongly 
from the ones of the dental enamel itself [2]. In the worst case, the 
filling of a tooth can damage the enamel of the opposite tooth, 
hence by chewing the interaction of enamel and filling is not 
equivalent, so that the harder filling can abrase the softer enamel of 
the healthy tooth at the opposite side. But there are not only 
problems with the hardness, fillings can also shrink or expand since 
the coefficient of thermal expansion is also differing (varying in 
shape when drinking hot tea or eating ice-cream). And last but not least all of these effects have also 
a direction dependent behaviour, meaning e.g. that the shrinking or expanding is not isotropic, so 
that there can occur stresses in certain directions which could break up the tooth in the worst case. 
All this could be avoided if the anisotropic mechanical properties of dental enamel and filling 
materials would be known in detail, hence then fillings could be classified and the best filling 
material could be searched for each specific case, since fillings in an incisor tooth need other 
mechanical tasks to fulfil than fillings in a molar. To find such materials, one has to characterize 
dental enamel and its properties first in detail. This could be done by texture analysis, hence a 
general strong relationship exists between crystallographic and morphological textures and the 
resulting mechanical and functional anisotropy of crystalline materials [3]. 

Dental enamel is the most highly mineralised and hardest biological tissue in the human body. It is 
made of hydroxylapatite (HAP) - Ca5(PO4)3(OH), which is hexagonal (6/m). The lattice  parameters 
are a = 9.418 Å and c = 6.875 Å. So far, the accurate arrangement of the HAP-crystals in the dental 
enamel is unknown and described by other groups as "highly complex" [4,5,6]. To close this lack of 
knowledge own experiments have been done. A slices of a molar tooth (FDI notation 17 - 
Fédération Dentaire Internationale) has been locally analysed by a synchrotron transmission step 
measurement at the beamline BW5 at HASYLAB / DESY (SiGe (111) gradient crystal 
monochromator; λ=0.1255 Å; sample-detector distance: 1440 mm; beam cross section: 0.5x0.5 
mm) to get the texture information (see Fig. 1). For the evaluation of the date, the program MAUD 
[7] (a combined Rietveld-Texture Analysis) has been used, allowing to deal with overlappings of 
different (hkl). The found texture has been already described by our group [8]. The texture is a 
special fibre texture, which is created by a rotation around the tilted normal of the (001) lattice 
plane. Hence this texture type can sufficiently be described by the (001) pole figure. 

For the examined local position (cf. Fig. 1), the corresponding (001) pole figure can be seen in Fig. 
2. The calculation of anisotropic properties from texture data was performed using the program 
package Beartex [9]. Hereby one can directly use texture data received with MAUD. The Beartex 
routines “tens” and “velo” were used especially to calculate fourth and second rank tensor 

measured point 

 
Figure 1: Cross section of the 
measured molar tooth 17 (FDI 

notation). The sample coordinate 
system is shown by normal direction 

(ND - out of picture plane), 
longitudinal direction (LD) and 

transversal direction (TD). 

TD 

LD 
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macroscopic properties like elastic modulus and thermal expansion since these values play an 
important role in dentistry. The results can be also seen in Fig. 2. 

 

 

 

 

Figure 2: Comparison of the (001) pole figure [left] with the anisotropy of the elastic modulus [middle] and the thermal 
expansion [right]. The presentation is done by using the stereographic projection. The sample coordinate system is 

shown by normal direction (ND), longitudinal direction (LD) and transversal direction (TD).  

Looking at the pole density distribution for the (001) lattice plane in figure 2 (left) in comparison to 
the maxima of anisotropy of the elastic modulus (middle) and the thermal expansion (right), one 
can see the same distribution respectively position of the maximum values. This is not astonishing 
since the property results are calculated from the texture data and since there is also a strong 
relationship between them. The anisotropies of both examined properties (Fig. 2 middle and right) 
are quite high. In case of the elastic modulus, values in the maximum direction are about 14.5% 
higher then the ones in the minimum direction. For the thermal expansion, this difference is even 
higher: 24.9%. These big variations in the anisotropy of physical properties of human dental enamel 
should be taken into account when filling a tooth. So not only the overall properties of a filling 
should match with the ones of dental enamel. It is important to consider also the anisotropy of 
enamel since values differ with ~25% (in case of the thermal expansion) quite high. Another aspect 
is the position dependence of the preferred orientation. It has been also shown before, that the 
texture varies with measured location within the examined tooth [8]. Hence the local anisotropy has 
to be taken into account, since the anisotropy also varies with location. Combining this new 
information, one will be able to find better adapted filling materials which will cause less danger by 
abrasion to healthy opposing teeth or to make the change in shape during thermal treatment better 
absorbable for enamel since it will change in the same way and rate. At least one can now make 
detailed specifications, which anisotropic properties a filling should posses for a given location so 
that the properties match best with the ones of enamel itself.  
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Low dimensional TiOX- based nanostructures, such as nanowires, nanotubes, and nanorods bring to 
reality the possibility to fine tune chemical reactivity as the system structure and the occupation of 
the outermost energy levels can be tuned by changing preparation parameters. Several structures 
have been proposed for these materials, including scrolling of anatase sheets, trititanate H2Ti3O7 
exfoliated sheets, (Na,H)2Ti2O4(OH)2 based layers and lepidocrocite titanate-like sheets. Based on 
X-ray diffraction and transmission electron microscopy experiments, it is currently believed that 
the structure is closely related to the family of layered titanate H2TinO2n+1 materials, where n = 3,4,5 
or even ∞ for the end-member composed of flat layers of of Ti––O6 octahedra. The exact structure 
is still a matter of debate. 

In this work, electronic properties of NaTiOx-pristine 
nanoribbons (NRs) prepared by hydrothermal treatment 
of anatase TiO2 micro-particles were studied using 
NEXAFS at the beamline BW2. Anatase and rutile 
samples are used as references for the interpretation of 
the spectroscopic signatures of the nanoribbon. 
NEXAFS is ideally suited to study TiO2-based materials 
because the well-known Ti K-edge features are very 
sensitive to the local bonding environment, providing 
diagnostic information about the crystal structures and 
oxidation states of various forms of titanium oxides and 
sub-oxides. Figure 1 shows a typical image recorded 
using transmission electron microscopy (TEM) clearly 
manifesting the layered structure of the NaTiOx 
ribbons. The interlayer distance is 1.02 nm. 
Figure 2 shows Ti K-edge spectra for the NRs, anatase-
type TiO2 and rutile-type TiO2. The edge region in the 
absorption spectra provides clear information on the 
environment geometry and the electronic structure of 

the absorption atom. The edge energy of the NEXAFS spectrum of the NRs is shifted about 0.8 eV 
towards lower energy compared to the corresponding data from rutile and anatase samples 
(evaluated from the first derivative of the NEXAFS spectrum). However, no shift was observed for 
the characteristic pre-edge peaks (4960-4970 eV). These peaks are generally assigned to forbidden 
transitions from the core 1s level to unoccupied 3d states in Ti(IV). Thus it is straightforward to 
assume that the Ti ions in the NRs are mainly in the Ti(IV) environment.  
 
Figure 3 shows the pre-edge region of Ti K-edge. Three major features characterize the spectra in 
this region (peaks A, C, and D). Peak A is believed to be associated with Ti 3d-4p hybridized states 

Figure 1: TEM image of a NaTiOx 
Nanoribbon. The inset shows the layered 
structure. Exposure to the electron beam 
leads to the collapse of the initial structure 
after a few minutes.  

1.02 nm 
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while C and D are attributed to 1s → 
t2g and eg electronic transitions, 
respectively. The peak at 4961 eV (B) 
was assigned to allowed 1s→t2g 
transition for tetrahedral symmetry. 
Peak B dominates the pre-edge region 
for titanate materials containing five-
coordinate Ti. In the pre-edge of the 
NRs spectrum, the relative intensities 
of B and C are higher than for anatase 
or rutile and similar to the reported 
intensities for layered titanate material 
containing five-coordinated Ti. Thus, 
we can suggest the presence of five-
coordinate Ti in the NRs. Nevertheless, 
peak C is also present for the NRs 
which is not consistent with five-
coordinated layered titanates. Since the 
peak C is also observed in the pre-edge 
for anatase but not for rutile, it may be 
due to the presence of Ti atoms in from 
anatase-like in the NRs. We will 

perform a detailed XRD investigation to clarify the presence or absence of anatase in the NRs. This 
will allow assign peak C in the pre-edge of NEXAFS spectrum to anatase in the NRs or to the 
layered structure of the NRs. 

 
In summary, TiO2-derived NRs 
synthesized by hydrothermal treatment of 
anatase in 10M NaOH aqueous solution 
were studied. From TEM and NEXAFS 
study, we show that NRs are mainly 
composed of layered titanate. Ti K-edge 
data suggest that anatase-like structures 
maybe present in the local structure of the 
NRs. The study of different titanate 
nanostructures, supported by XRD 
measurements will allow to establish the 
origin of the anatase-like structure: is it 
associated to the starting material or to the 
nanostructure?  
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Figure 2:  Ti K-edge spectrum for the NRs, anatase 
and  rutile. 

anatase 

rutile 

Titanate NRs 
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and the NRs. 
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Complex cobalt oxides with perovskite-like structures are promising materials for high-temperature 
electrochemical devices such as solid-oxide fuel cells, direct borohydride fuel cell and dense 
membranes to separate oxygen from gas mixtures. Complementary to the practical applications of 
rare earth cobaltites RCoO3, they possess fascinating fundamental physical properties, such as 
temperature induced metal-insulator transitions and different types of magnetic ordering, which are 
strongly dependent on the spin state of Co3+ cation. Stabilisation and purposeful tuning of different 
spin states of Co3+ catiions can be achieved by a mutual substitution of rare earth cations. The better 
understanding of the properties of mixed rare earth cobaltites R1-xR'xCoO3 requires an accurate 
structural investigations.  

Series of mixed RxR'1-xCoO3 cobaltites (R, R' = La, Pr, Nd, Sm) with nominal compositions 
represented in Fig. 1 have been prepared from stoichiometric amounts of rare earth oxides and 
Co2O3 by solid-state reaction technique. The powdered mixtures of starting components were 
pressed in the pellets and sintered in air at 1150-1200ºC for 24 h, with subsequent re-grinding and 
firing at the same temperatures for the next 36 h. Phase identification and structural characterisation 
at ambient conditions was performed on the basis of laboratory X-ray powder diffraction data 
(Huber image plate Guinier camera G670, Cu Kα1 radiation and DRON-3M diffractometer, Co Kα 
radiation). The study of the thermal behaviour of the selected compositions was performed by using 
a high-resolved X-ray synchrotron data collected in situ at beamline B2 (HASYLAB/DESY, STOE 
capillary furnace, Debye-Scherrer geometry, on-site readable image plate detector OBI, 
temperature range 298–1173 K).  

The XRD analyses has indicated that almost of the samples synthesized were single-phase and 
possessed a perovskite-like structure. Only separate samples, e.g. La0.8Pr0.2CoO3, La0.9Nd0.1CoO3, 
Pr0.2Sm0.8CoO3, Nd0.9Sm0.1CoO3 and Nd0.3Sm0.7CoO3, contained the traces of cobalt oxide CoO in 
the amount less than 1 % w/w. Close examination of the reflections splitting and weak 
superstructure reflections at the XRD pattern revealed that the structures of the samples belong to 
two most widespread types of deformed perovskite structure, namely GdFeO3 (space group Pbnm) 
and NdAlO3 (space group R-3c). The structural parameters obtained for the investigated 
R1-xR'xCoO3 samples are in a good agreement with the literature data for the “pure” LaCoO3, 
PrCoO3, NdCoO3 and SmCoO3 (Fig. 1).  

Two types of solid solutions La1-xRxCoO3 with different kinds of distorted perovskite structure – 
orthorhombic and rhombohedral ones – are formed in the LaCoO3-PrCoO3 and LaCoO3-NdCoO3 
pseudo-binary systems (Fig. 1 a,b), which confirms the literature data [1, 2]. In contrast, a 
continuous solid solution with orthorhombic perovskite structure exists in the PrCoO3-NdCoO3 
system. The cell dimensions of Pr1-xNdxCoO3 decrease almost linearly with increasing of Nd 
content (Fig. 1c). Continuous solid solutions RxSm1-xCoO3 have been also found in the PrCoO3-
SmCoO3 and NdCoO3-SmCoO3 systems (Fig. 1, c,d). However the lattice cross-over occurs in both 
Sm-based systems, resulting in the appearance of metrically tetragonal or cubic lattices at certain 
compositions (Fig. 1 d,e). The reason for this phenomenon, which is also observed in the related 
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systems based on some rare earth aluminates and gallates [3], is that the isotypic (GdFeO3 structure 
type) end members of the corresponding systems display different cell parameters ratio. 
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Figure 1: Concentration dependencies of normalized 
lattice parameters and cell volumes of R1-xR’xCoO3 
solid solutions. Lattice parameters of orthorhombic 

(O) and rhombohedral (Rh) cells are normalized to the 
perovskite ones as follows: 

ap=ao/√2, bp=bo/√2, cp=cr/2, Vp=Vr/4; 
ap=ar/√2, cp=cr/√12, Vp=Vr/6. 
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Synchrotron x-ray topography (SXRT) is a non-destructive method that is ideal for studying 
high-quality crystalline materials. It is able to image misfit dislocations and other defects with 
selectable surface profile depths. Using a white beam for SXRT brings several benefits, 
including: (1) Exact sample orientational positioning is not necessary, (2) Numerous reflections 
are recorded simultaneously with one exposure, (3) All crystalline layers may be simultaneously 
visible, (4) One achieves a large diffracted intensity, and (5) Good geometrical resolution is 
possible.  

In this study samples were fabricated for investigation by SXRT in a reactor chamber using 
metal-organic vapour phase epitaxy (MOVPE). The growth process used a number of steps: (1) 
Ge substrate heating at 350oC, (2) Ge annealing at 700oC, (3) Pre-deposition of As, (4) Low 
temperature (500oC) GaAs nucleation, and (5) High temperature (640oC) GaAs nucleation. This 
allowed the formation of GaAs overlayers upon an underlying Ge substrate. By varying the As 
pre-deposition and GaAs nucleation times a range of samples were prepared. Each had a different 
GaAs layer thickness. Samples were cleaved in to 1cm x 1cm pieces in order that SXRT 
topographs could be taken. 

The topographs were taken at DORIS Beamline F-1, using the continuous radiation spectrum 
emitted by the bending magnet source in the storage ring. The positron ring has a particle 
momentum of ~4.44 GeV/c and a beam current of ~100mA was used. The topographs were 
recorded on a high-resolution Slavich holographic film (grain size ∼ 0.04µm) set 85mm from the 
sample in back-reflection (BR) geometry. A square beam, incident perpendicular to the sample 
surface and with spot size of 2mm x 2mm, was employed for large area (LA) measurements. 
Subsequently, LauePT software is used to index the individual topographs. These were 
magnified using an optical microscope allowing the features to be observed and analyzed. 

An example of the recorded topographs are presented in Figure 1. Four topographs are shown 
which highlight the dynamic number of misfit dislocations generated in the GaAs layers as a 
function of layer thickness (highlighted in blue on each topograph.) In each case the diffraction 
vector is indicated by the black arrow. Key conclusions from observations of the topographs are 
listed as follows: 

(1) 50nm GaAs – No appearance of extended linear defects (some dirt and dust are visible on the 
film but these should not to be mistaken for legitimate features.)  

(2) 300nm GaAs – Some misfit dislocation networks become visible. This also suggests the epi-
overlayer is somewhat relaxed. 

(3) 500nm GaAs – Misfit dislocation networks become more prevalent. 

(4) 700nm GaAs – Misfit dislocations are more prevalent still.  
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Figure 1: High resolution large area back-reflection (HR-LABR) topographs for GaAs/Ge samples of 
various GaAs thickness (indicated in blue). The scale bar and diffraction vector are shown in black in each 

topograph. Misfit dislocations are identified by red arrows. 

In each case the topographs are used to count the number of misfit dislocations generated by the 
growth process as a function of layer thickness. This is done as illustrated schematically in 
Figure 2 alongside calculated misfit dislocation densities. 

 

 
  
 
 

 

 

 

 

 
Figure 2: (Left) Schematic showing how dislocation densities are calculated and (Right) Calculated density 

as a function of GaAs layer thickness. 

In Figure 2 the number of misfit dislocations was found to be <106 cm-2 in all cases. This satisfies 
the defect threshold requirements of this growth step (max. 106 cm-2), meaning this procedure can 
adequately act as a precursor growth step for subsequent stages of GaAs growth.  
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islands
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SiGe islands resulting from the deposition of a high number of Ge monolayers (ML) display a com-
plex behavior concerning the Ge distribution within the island as well as the island shape (’shape
oscillations’) to avoid plastic relaxation.[1] Such islands are of high interest for strain engineering,
both tensile[2] and compressive strains[3] can be introduced in Si sections depending on their spa-
cial relation to the stressor. Several approaches have been applied to reveal the internal structure
of such islands, including chemical wet-etching methods in combination with atomic force micro-
scope (AFM) investigations[4], as well as X-ray diffraction (XRD) experiments.
While etching sequences give good 3D composition profiles, they are very tedious and time con-
suming, especially if large sample series need top be investigated. For the XRD measurements it
turns out that experiments at laboratory sources are of use to check the sample quality and reveal
basic reciprocal space features, but provide a low amount of information compared to a measure-
ment performed at a highly advanced synchrotron source such as Petra III (see Fig.1a).

Figure 1: RSMs around the (004) Bragg peak on barn-shaped islands (30 ML Ge, see inset) - comparison of
a measurement done at the High Resolution Beamline P08, Petra III (20 seconds integration time/step) and
a map measured at a Seifert XRD 3003 Laboratory machine (60s/step). These islands were grown from by
depositing 30 Ml Ge, see AFM image in the inset. The size of the image corresponds to the lateral pattern
period of 500 nm. The well defined and intense signal in the upper region of the maps represents the Si (004)
bulk signal, the delicately structured signal situated below originates from the SiGe-islands.

SiGe islands were grown on Si (001) wafers with 8×8 mm 2D pit-patterned fields with pit periods
ranging from 270 nm to 500 nm. After growth of a 36-55 nm thick Si buffer at 450 - 550◦C, up to
38 ML of Ge were deposited at 720◦C, leading to the formation of dome- and barn-shaped islands.
XRD experiments were performed at Beamline P08, Petra III at an energy of 8.048 keV (beam
size 0.2×0.1 mm). For data collection, a 1D Mythen position sensitive detector was used. Recip-
rocal space maps (RSM) around the symmetric (004) and the asymmetric (224) Bragg peak were
recorded in coplanar geometry. As etching experiments revealed a core-shell Ge distribution, we
performed Finite Element Method (FEM)[5] based XRD simulations using kinematical scattering
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theory, to see how sensitive complex features seen in the experimental RSMs depend on the model
parameters. It turns out that introducing certain structures to the FEM model like a Ge-rich shell,
the Si-richer middle section and the inner core, gives rise to certain features in the calculated RSM,
which react sensitively on changes of the geometrical properties.

Figure 2: In this Figure preliminary results for a barn-shaped island (a-c) and a dome (d-f) are presented.
AFM images of the respective islands are displayed in the insets of the Ge-distribution plots (a,d), an area of
500×500 nm is shown. The complex shape and internal structure causes a unique pattern in the measured
RSMs as seen in the colourplots in sections b/c (barn) and e/f (dome) that can be reproduced by simulated
RSMs (contours in b/c and e/f).

As observed by Zhang et al.[1], the shape of SiGe islands has an oscillating behavior if the number
of monolayers of Ge is increased further and further. After the change from pyramids to domes to
barns, the shape changes back to domes, then again to barns. This cycle can be repeated several
times depending on the growth conditions. The according island shapes were therefore denoted as
P1, D1, B1 (pyramid, dome and barn of the first cycle), D2, B2 (second cycle) and likewise. RSMs
measured on a B2 (19 Ml Ge) and a D3-sample (26 Ml Ge) are shown in Figure 2. Both islands
appear to have approximately the same average Ge content of about 30%, but due to significant
differences in geometry and Ge-distribution, their patterns in reciprocal space have a unique ap-
pearance which is reproducible by simulations. This renders ’simple’ coplanar x-ray diffraction to
be a technique that is very sensitive to the internal composition of nanostructures.
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Crystals doped with trivalent Cerium like Ce
3+

:YAG (Yttrium-Aluminium-Garnet) emit broad band 
5d  4f emission and are principally very interesting for the generation of tunable laser radiation in 
the visible and UV spectral region. However, excited state absorption processes to higher lying 
levels as charge transfer or conduction band energy levels can be detrimental for laser oscillation. 
Such a situation is well known for Ce

3+
:YAG, which exhibits bright yellow fluorescence, but no gain 

at all [1]. 

The purpose of this work is a fundamental spectroscopic investigation of a new Ce
3+

 doped crystal in 
order to find potential routes for avoiding excited state absorption and for allowing broad band gain 
in the visible spectral region. 

Cerium doped tristrontium silicate Sr3SiO5 is one of the very few materials except of garnet structure 
hosts, which exhibit a maximum fluorescence in the green-yellow part of the spectrum originating 
from the 5d  4f transition of the Ce

3+
 ion [2]. At the SuperLumi station at Hasylab temperature 

dependent lifetime and excitation measurements have been performed to investigate spectroscopic 
characteristics of Ce

3+
 in the tetragonal structured Sr3SiO5 [3]. 

A sintering sample of Ce
3+

(0.3at%),Li
+
(0.3at%):Sr3SiO5 was fabricated by heating up the raw 

materials SrCO3, SiO2, CeO2, and LiCO3 in an Iridium crucible up to about 2100°C in a reducing 
atmosphere of 5% H2 and 95% N2. About 0.3% of the Sr sites are expected to be occupied by Ce. 
The same amount Li was used to compensate the imbalance of charges resulting from the 
substitution of a Ce

3+
 ion for a Sr

2+
 ion.  

The normalized emission and excitation spectrum of Cerium doped Sr3SiO5 in the visible spectral 
region can be seen in Fig. 1. The transition of the lowest 5d level to the two 4f states the emission 
shows a maximum of the fluorescence at 555 nm. The most efficient wavelength exciting the Ce

3+
 is 

around 410 nm, which matches perfectly with commercial available GaN diodes. Due to the Stoke-
shift the overlap between the emission and absorption band is quite small. Therefore reabsorption is 
limited to very short wavelengths of the emission band. 
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Figure 1: Excitation and emission spectrum of Ce
3+,Li

+
:Sr3SiO5 in the visible spectral range at room 

temperature. 
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On the left hand side of Fig. 2 the temperature dependent fluorescence decay curves at 555 nm are 
shown, which were obtained by an excitation wavelength of 330 nm. The denoted lifetimes were 
analyzed in the linear part of the decay curve. Jang et al. [4] report on a room temperature lifetime of 
60 ns, which only slightly differs from our experimental result. Additionally, we observed a decrease 
of the lifetime from 85 ns at 10 K to 65 ns at 300 K.  

Unpolarized excitation spectra in the UV at different temperatures for the Ce
3+

 fluorescence at 
555 nm are presented on the right hand side of Fig. 2. The peaks occurring between 150 nm and 
270 nm in the low temperature measurements belong to the energetically high lying 5d states of the 
Ce

3+
 ion. The coupling between these states and the lowest 5d level is considerably worse in case of 

room temperature. Instead of relaxing within the Ce
3+

 ion the excitation energy probably goes into 
the conduction band. 

 

 

Figure 2: Temperature dependent lifetime measurement in a logarithmic scale (left) and excitation spectra in 
the ultraviolet (UV) spectral region (right) of Ce

3+,Li
+
:Sr3SiO5.  

 

We plan further polarized ground and excited state absorption experiments with oriented single 

crystals in order to get a more detailed insight of the Ce
3+

 spectroscopic properties in this host and to 

evaluate the laser potential of this material. 
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Local Structure in Ag doped CdSe Nanoparticles
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The behavior of modern electronic devices depends, in large part, on the ability to add free carriers
to bulk semiconductors via impurity doping. Doping of nanocrystals is difficult. At only a few
thousand atoms per particle the lowest dopant level is of the order of 0.1% and the number of
dopant atoms per particle has to be controlled within about 10 atoms per particle. This doping level
corresponds to the case of extremely heavy doping in case of bulk semiconductors. Depending on
the particle formation mechanism and the combination of dopant and host material, different
principles govern the incorporation of dopant atoms: statistics, thermodynamics or kinetics leading
to ‘self purification’ or ‘trapping’ of the dopant atoms [1]. Additionally, the location of the dopant
atom in the crystal lattice is important, substitutional replacement of lattice atoms may lead to
functional electronic doping whereas dopant atoms on interstitial sites generate charge carrier traps.

Because standard diffraction techniques average the structural information over distances large
compared to the lattice constant, information is obtained within the so-called virtual crystal
approximation. This assumes that all atoms occupy the average lattice positions. EXAFS contains
element specific information of the local structure through the photoelectron generated by X-ray
absorption at the characteristic absorption edge of the element and the amplitude and phase
modulation of the signal by the backscattering atoms. The analysis of EXAFS spectra using
Reverse Monte Carlo (RMC) simulations [2] makes it possible to refine spectra of different
absorbing atoms with one model (a configuration of atoms). The final structural results are the
partial pair distribution functions which can itself be analyzed to obtain information about mean
coordination numbers, bond distances, root mean square displacements, and higher moments of the
distribution. This procedure eliminates ambiguities of the standard EXAFS analysis since it does
not rely on a certain shape of the distribution function. RMC uses the complete structural
information available in the EXAFS data based on a physical, structural model, here the
replacement of atoms by dopants in a host lattice.

The data analysis of a sample consisting of 4 nm CdSe nanoparticles nominally doped with 5% Ag
show very good agreement between data and RMC simulations for the Cd and Se-K-edge spectra
(Fig. 1 and 2) but not for the Ag-K-edge spectrum (Fig. 3). The Ag-spectrum is also suffering from
a number of large monochromator glitches which were removed prior to the data analysis. The
simulation was performed with an atom configuration consisting of Cd and Se on their wurtzite
sites and 5% of the Cd replaced by Ag atoms. The resulting partial pair distribution functions (Fig.
4) are typical for the wurtzite structure of CdSe. The Ag-partial pair distribution functions are not
reliable since the fit is not good. The larger deviations between data and RMC fit for the Cd- and
Se-spectra in comparison to the standard samples described above are due to an insufficient model
with Ag replacing Cd.

In order to find the origin of the problem analyzing the EXAFS spectra of the Ag:CdSe sample a
comparison of the XANES spectra was performed (not shown). According to this comparison, it is
possible that small Ag clusters are formed instead of a solid solution. Another possible scenario is
the formation of Ag2Se. This gives a much better fit of the EXAFS data. Additionally, XRD data
show reflections which are consistent with Ag2Se. With EDX we find an approximate sample
composition of Ag:Cd:Se = 1/3:1/3:1/3 indicating a large Ag excess compared to the nominal
content. Therefore, it can not be excluded that some Ag is incorporated into CdSe or Ag metal is
formed.
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Figure 1: RMC fit of Cd-K-edge spectrum (raw
data)

Figure 2: RMC fit of Ag-K-edge spectrum (raw
data)

Figure 3: Figure caption goes here. Figure 4: Partial pair distribution functions

Ag-doped CdSe materials are a good system to investigate doping by EXAFS spectroscopy and
data analysis using RMC because spectra for all elements are relatively easy to obtain and RMC
makes use of a single structural model. The CdSe nanoparticles which were nominally doped with
5% Ag probably contain more Ag than intended. Mostly Ag is not forming a solid solution with
CdSe with Ag substituting Cd but silver is either segregated or forming a separate phase, for
example very small metallic silver (as indicated by XANES) or (as shown by RMC analysis of the
Ag-EXAFS spectra) Ag2Se nanoparticles.
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Nickel-base superalloys are normally used in high-temperature applications whenever steels (due to 
drop in mechanical properties at elevated temperature) or titanium alloys (due to insufficient 
oxidation resistance above 550°C) cannot be applied anymore. In aerospace engine applications or 
in stationary gas turbines, excellent mechanical properties are needed at temperatures above 600°C 
in combination with corrosion and oxidation resistance [1].  

Due to its excellent corrosion resistance, the class of Ni-Cr-Mo alloys like Alloy 625 (chemical 
composition in wt% Ni: bal, Cr: 20 – 23%; Fe: <5%; Si: <0,5%; Mn <0.5%; Mo 8 – 10%; Ti 
<0.4%; Co <1%; Nb + Ta: 3.15 – 4.15%; Al <0.4%) is, therefore, not only applied in stationary gas 
turbines as sealing material or for exhaust systems, but is also used in low-temperature applications 
in the oil or gas industry wherever the corrosion resistance of steels in liquid media is not sufficient 
anymore.  

 During the component manufacturing of related Alloy 625 products in any application, up to 
50% of forged semi-finished parts have to be removed by different machining operations. If the 
finished parts were assembled from prefabricated components, welding or brazing would be 
involved, which might cause microstructural transformations leading to increased notch-sensitivity 
or to the formation of δ-phase. Therefore, machining from a single workpiece is preferred. Due to 
the high strength and toughness of Alloy 625 only low cutting speeds can be applied during metal 
cutting operations as otherwise poor surface quality and enhanced tool wear is observed. In 
addition, the cutting process has to be interrupted as often as it is necessary to remove the long 
chips from the process zone. Automation especially of turning or drilling operations is, therefore, 
impossible. The following suggestions are given for machining of Alloy 625: turning operations, 
cutting speed < 80 m/min, drilling operations, cutting speed between 3 m/min and 5 m/min. 

In order to improve the machinability of Alloy 625, 0.5 wt% (named Alloy 625 FM-05), 1 wt% 
(named Alloy 625 FM-1) and 2wt% (named Alloy 625 FM-2) of silver (Ag) have been added. As 
starting materials for the alloy production, the commercially available material Alloy 625 [2] and 
pure Ag (purity 99.99%) have been used. The standard Alloy 625 has been investigated as a 
reference material. All alloys (including the reference alloy Alloy 625) were fabricated by plasma 
arc melting in a laboratory PB-CHM (plasma beam cold hearth melting) furnace of a capacity of 
about 500 g. After melting, turning and two times remelting (to ensure sufficient homogeneity of 
the alloys) the material has been poured into a water cooled copper crucible (fast cooling). The 
resulting bars of diameter 13 mm and length about 90 mm have been investigated either directly in 
the as-cast state or have been subjected to two different heat treatments, namely (1) 800°C / 4 h / 
air cool, the “stress relief anneal” and (2) 1038°C / 1 h / water quench, the “low temperature 
solution anneal”. 

According to the Ni-Ag binary phase diagram, the solvability of Ag in Ni is negligible at room 
temperature, whereas complete solvability exists in the liquid state. During the solidification of the 
Ag-containing alloys, the nickel matrix crystallises first and the remaining liquid phase is enriched 
in Ag. Finally, Ag-rich particles should form in the interdendritic areas and on the grain 
boundaries. The microstructure of the silver containing alloys consists of a nickel matrix containing 
γ’, γ’’ or δ-phase (depending on the heat treatment performed) and additional particles having a 
globular shape, see Fig. 1, left. The particle size lies between 1 µm and 10 µm, see Fig. 1, right. 
The particles are homogenously distributed in the alloy.   
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Figure 1: Typical microstructure of Alloy 625 containing 2 wt% Ag subjected to the stress relief heat 
treatment. Left: Optical microscopic image; besides the nickel matrix (bright), δ-phase is observed (grey); in 
addition, Ag-rich particles (black spots) are visible. Right: SEM-image of Alloy 625 FM-2, the Ag particles 

are homogeneously distributed in the matrix material. 
 
As the nature of the particles is of crucial importance for improved machinability they have been 

investigated in hard X-ray experiments at BW5, HASYLAB, DESY, as the volume fraction is too 
low for standard X-ray investigations and information from the bulk material is needed. The 
particles in all Ag-containing alloys consist of elementary silver; the related lattice parameter of the 
fcc Ag cell has been measured to a ≈ 0.4085 nm (three peaks). Intermetallic compounds have 
neither been found in the as-cast state nor after the several heat treatments performed [3].  

The machinability of the Ag-containing alloys has been investigated in straight turning 
experiments. The cutting speed has been varied between 20 m/min (continuous chip formation in 
the standard material) and 80 m/min (segmented chip formation in the standard material). Two 
cutting depths of 0.5 mm and 1 mm were used and the feed rate has been fixed to 0.1 mm/rd. The 
rake angle has been varied from 0° (as used in the orthogonal cutting experiments) to 25° (standard 
in metal cutting of Alloy 625 in industry). During turning of the standard alloy Alloy 625, long 
chips (length of more than 1000 mm) have been produced independent of the cutting conditions 
applied. The Ag-containing alloys, on the other hand, formed short-breaking or fragmented chips if 
a minimum cutting speed of 60 m/min (in case of 0.5 wt% Ag) or 40 m/min (in case of 1 wt% Ag 
or 2 wt% Ag) has been used [4]. All chips could be manually fragmented. The shortest chips were 
produced while machining Alloy 625 FM-2. In any case, the cutting speed needed for the formation 
of short breaking chips was lower than the cutting speed used in industrial machining. Therefore, 
the beneficial effects of the modified alloys (i.e. automation of cutting operations) could be 
exploited during industrial component manufacturing. In addition, it can be expected that tool wear 
decreases due to the shorter contact length between rake face of the tool and chip leading to lower 
temperatures at the tool tip. 
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A reduction in size of nanoparticles is generally followed by the atomic structure relaxation, leading
to compression or expansion of nanoparticles volume. The former effect is common for metal
nanoparticles, whereas the latter one is observed in most metal-oxide nanocrystals [1]. The lattice
expansion has been found recently by x-ray diffraction in NiO nanocrystals on the size reduction
below 50 nm, followed by an abnormal magnetic crossover [2]. To clarify the mehanism of structure
relaxation, we have performed temperature dependent Ni K-edge x-ray absorption spectroscopy
study from 6 K to 300 K of the local dynamics and atomic structure around Ni ions in bulk c-NiO
and nanocrystalline nano-NiO powders (Fig. 1).
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Figure 1: Example of the experimental EXAFS χ(k)k2 spectra and their Fourier transforms (FT) in c-NiO
and nano-NiO at 300 K.
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relative MSRD ∆σ2 = σ2(T) − σ2(0 K) for Ni–O1 and Ni–Ni2 atom pairs in c-NiO (open symbols) and
nano-NiO (solid symbols). The Debye model (θD) approximation is shown by solid and dashed lines.

The first two coordination shells around nickel were isolated by the Fourier filtering procedure
and analysed using conventional multi-shell single-scattering approach [3]. The obtained results
allowed us to withdraw several conclusions. First, the average first shell Ni–O1 distance in nano-
NiO contracts by about 0.5% compared with c-NiO (Fig. 2a). Second, the average second shell Ni–
Ni2 distance expands in nano-NiO compared with c-NiO (Fig. 2a), in agreement with overall unit
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cell volume expansion observed by diffraction. Note that similar two effects have been previously
observed in nanocrystalline NiO thin films [4]. Third, the thermal contribution into the mean-square
relative displacement (MSRD) σ2 for the Ni–O1 and Ni–Ni2 bonds is close in both c-NiO and nano-
NiO and can be described by the Debye models with the characteristic temperatures θD=660 K and
425 K, respectively (Fig. 2b). Finally, the static disorder is present in nano-NiO in both Ni–O1 and
Ni–Ni2 shells due to the nanoparticles structure relaxation (Fig. 2b).
The total EXAFS χ(k)k2 signals (Fig. 3), generated within the first six coordination shells (up
to 6.5 Å), were successfully interpreted using classical molecular dynamics (MD) and ab initio
multiple-scattering EXAFS theory [5, 6]. We found that simple rigid-ion force-field model [5, 6],
accounting for Ni–O and O–O interactions, is able to describe the structure relaxation and dynamics
in both c-NiO and nano-NiO. Such approach requires less parameters than conventional EXAFS
analysis and allows accounting explicitly for thermal effects and many-atom distribution functions.
Moreover, the agreement between the experimental and calculated EXAFS signals can be used as
a criterion to optimize the parameters of the force-field models, thus opening a new possibility for
accurate potential model development.
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Figure 3: Left panel: comparison of experimental and calculated EXAFS χ(k)k2 spectra in c-NiO and
nano-NiO at 300 K. Right panel: radial distribution functions (RDFs) obtained from the MD simulations.
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The atomic structure of Zr48Cu45Al7 bulk metallic glass is investigated by Monte Carlo simulation 

upon synchrotron radiation data. Strong bonding and dense cluster packing caused by the minor 

addition of Al are two key local structural features that may retard the rearrangement of atoms and 

clusters during quench, facilitating glass formation. Based on this work, we present a strategy to 

reveal the relationship between local structure and glass-forming ability by focusing on the 

structural features caused by doping atoms from the atomic and cluster scales. 
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GaSb Crystals Implanted with Mn Ions - Mn K-edge 
study 
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Our previous work [1] showed that forming the MnSb inclusions in the GaSb substrates during Mn 
ion implantation encounters many obstacles. Implantation tends to remove Sb atoms from the Mn 
atoms' neighborhood and the Mn atoms prefer to bond to Ga or O atoms. Therefore, several 
processes with more steps were investigated in order to look for the proper procedures.  

The samples were prepared by co-implantation of the Ne+, He+, Mn+ and Sb+ ions into the 
GaSb(100) crystals. The He+ and Ne+ ions were used to make the matrix disordered in order to 
prevent the penetration of oxygen and the escaping of Sb atoms. The energy and doses of Mn and 
Sb ions were chosen according to the depth profile ion distribution simulated by code SRIM2008 
[2] in order to locate the Mn and Sb ions at the distance from 50 to 150 nm from the surface i.e. 
within amorphous region. In some of samples additional Sb+ ions were introduced to increase 
amount of Sb and to prevent Mn bonding with oxygen or gallium. The substrates' temperature 
during the implantation processes was kept at 80K. The implantation of noble gases was not 
supposed to influence the GaSb matrix density. Four series of implantation were performed: 

1. NeMn where the substrate was implanted with Ne+ ions (250 keV, dose 5x1016 cm-2) first and 
then with Mn+ ions (150 keV, dose 9x1014 cm-2). 

2. NeMnSb where after the procedure described above the Sb+ ions (250 keV, dose 9x1014 cm-2) 
were added. 

3. HeMn where the substrate was implanted with He+ ions (80 keV, dose 5x1013 cm-2) first and then 
with Mn+ ions (150 keV, dose 9x1014 cm-2). 

4. HeMnSb where after the procedure described above the Sb+ ions (250 keV, dose 9x1014 cm-2) 
were added. 
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Figure 1: XANES of the samples annealed at 
350°C compared with MnSb standard spectrum. 
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Each of the implanted samples was subsequently divided into three parts. One part was left as such, 
the second part was subject to rapid thermal annealing for 5 min. in the Ar atmosphere at the 
temperature 350°C and the third one at 400°C. 

X-ray Absorption Fine Structure (XAFS) measurements at the K edge of Mn were performed at A1 
station at liquid nitrogen temperature in a fluorescence mode using a silicon drift detector (SDD).  

Figure 1 presents the XANES spectra of the samples annealed at 350°C compared with the MnSb 
standard spectrum. The shapes of the spectra of the investigated samples are quite similar to each 
other. However, the possibility of MnSb formation has to be excluded since they are significantly 
different from the MnSb spectrum. The same can be concluded for the as-implanted and annealed at 
400°C samples. 
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Figure 2: Magnitude of Fourier Transform of the EXAFS 
spectra of the samples annealed at 350°C compared with 

the MnO standard. 
 

More specific information about the local neighborhood of the Mn atoms can be obtained from the 
EXAFS analysis. As can be seen in Figure 2, the Mn neighborhood is rather amorphous, only the 
first shell consisting of oxygen atoms is formed. The MnO standard spectrum is shown for 
comparison. It reveals that performed procedures did not prevent Mn atoms to be bonded with 
oxygen. The reason of that can be low temperature during the implantation process. 

This work was partially supported by national grant of Ministry of Science and High Education 
N202-052-32/1189. The research leading to these results has received funding from the European 
Community's Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 226716. 
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Structural Studies of Mn+-Implanted GaSb Crystals 
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Synthesis of ferromagnetic nanoclusters embedded in a semiconductor matrix is of particular 
interest for applications in spintronics. The granular GaSb:MnSb can be produced directly during 
high-temperature (~700 K) MBE growth of the GaMnSb films. Formation of Mn-containing 
nanoclusters by ion implantation and subsequent annealing is a relatively simple technique and 
were applied for preparation granular ferromagnetic GaAs:MnAs [1]. The goal of the present work 
was to check whether MnSb inclusions (analogous to MnAs in GaAs) can be formed at suitable 
implantation and annealing conditions. The Mn-ion implanted GaSb single crystals annealed at 
different conditions have been studied (see Table1). The detailed description of all annealed 
samples is given in Table 1. 

Table 1. The conditions of sample preparation. 

Implantation conditions Annealing conditions 

Sample 
Surface 

orientation Energy, E 
[keV] 

Dose, D 
[ions/cm2] 

Temp., Ti 

[K] 
Temp., Ta 

[K] 
Time, t 

[h] 
Atmosphere 

S1 (100) 150 9×1014 345 625 0.5 in situ 

S2 (100) 150 9×1014 475 625 0.5 in situ 

S3 (100) 150 1.7×1017 300 675 48 vacuum** 

S4 (100) 150 1.7×1017 300 875 2 vacuum** 

S5 (100) 350 1.3×1017 300 775 0.3 vacuum 

S6* (100) 350 1.3×1017 300 775 0.3 vacuum 

S7 (111) 350 1.3×1017 300 775 0.3 vacuum 

S8* (111) 350 1.3×1017 300 775 0.3 vacuum 
 

  * This sample was covered by thin Si3N4 capping layer. 
** This sample was annealed in vacuum with Sb vapors. 

The studied samples (see Table 1) can be divided into three sets in dependence on the implantation 
conditions: S1 and S2 samples belong to the first set, the S3 and S4 samples to the second set and 
the S5, S6, S7, S8 samples to the third one. 

Structural investigation of the implanted crystals was carried out using monochromatic synchrotron 
radiation (λ = 1.54056 Å) at the W1 beamline at DESY-HASYLAB. Two modes of measurement 
were applied: symmetrical 2θ/ω scan and coplanar 2θ scan in the glancing incidence geometry. 
Synchrotron diffraction measurements were performed for all samples; the obtained results were 
practically the same for a given set. Therefore we present only a single result for each set of the 
samples. Diffraction patterns for the all sets of samples are presented in Figs 1, 2 and 3. For all 
samples, a polycrystalline GaSb phase was detected. Trace quantity of manganese oxide, MnO2, 
was detected only in the samples belong to the second set. For both, S1 and S2 samples, in spite of 
different implantation temperatures, the results are the same. 
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For the samples implanted with energy 300 keV but at lower dose, 1.3×1017 ions/cm2 (the S5-S8 
samples), two polycrystalline phases, GaSb and Sb, were recognized. The presence of Si3N4 capping 
layer on S6 and S8 samples does not influence the phase composition of the layer. The diffraction 
patterns for the S7 sample are shown in Fig. 3. However, some structural differences between the 
annealed (111)-oriented and (001)-oriented GaSb samples were found The Sb phase with (001) 
preferred orientation for 111–oriented GaSb samples was detected: in the 2θ/ω scan (Fig. 3b) the 
003, 006 and 009 peaks from Sb on the left side of the 111, 222, and 333 reflections related to the 
bulk GaSb are visible. Explanation of such behavior is connected with the fact that these samples 
are (111)-oriented which means that the nearest distance between atoms in the (111) lattice plane of 
GaSb is equal to 4.309 Å. Sb has rhombohedral structure (JCPDS, 35-0732) with the lattice 
parameter a = 4.307 Å (in hexagonal axes), therefore excellent conditions exist for pseudomorphic 
growth of the single crystalline antimony on (111) planes of GaSb substrate. 

Additional peaks are visible on the left side of 004, and 006 peaks (Fig. 1) of bulk GaSb indicate on 
the presence of strain introduced by the buried layer located close to the maximum of ion 
distribution. For the second and third sets, detailed analysis of the reflections originating from the 
GaSb substrate revealed their apparent asymmetry (see inset in Fig. 3) indicates on contribution of a 
component with the lattice parameter slightly larger than that for GaSb. The increase of lattice 
parameter is probably caused by location of the Mn-ions at the interstitial positions of the GaSb 
matrix. Due to location of Mn ions at interstitial positions of GaSb matrix the absence of reflections 
coming from the Mn-containing compounds at the some diffraction pattern can be explained. 
However, we cannot exclude that also some amount of Mn-containing amorphous phase is present 
in the investigated sample, as observed by Wolska et al. [2]. 

Our investigation of Mn implanted GaSb indicated that the main obstacle in the formation of MnSb 
was related to removal of the Sb atoms from the neighbourhood of the Mn atom. The main problem 
of further investigation would be to find a way to overcome this problem.  

                                (1)                                                              (2)                                                               (3) 

 

Figs 1, 2 and 3. X-ray diffraction patterns for sample S1 (1), S3 (2) and S7 (3): 2θ scan in glancing incidence 
geometry (a); symmetrical 2θ/ω scan (b). Presence of GaSb single crystal is evidenced by three reflections of 
high intensity (b); polycrystalline GaSb phase is also detected (compare a and b). For sample S1 additional 
peaks (marked as #) are visible on left side of 004 and 006 GaSb peaks. 
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Investigation of BaTiX on thin-coating 

A. Groth, E. Wild, W. Reimers 
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The experimental aim of this study is the analysis of a barium titanate (BaTiO3) coating on a 

titanium substrate. BaTiO3 has dielectric, ferroelectric and piezoelectric properties, which are used 

for example in capacitors, sensors and actuators.  

Due to the thin (approximately 200 nm) coating of BaTiO3, it is difficult to verify its exact 

composition and to indentify the crystal structure with conventional X-ray diffraction. The problem 

of the superposition of peaks exists also when analyzing with white X-radiation and detection. 

There titanium and barium cannot separated.X-ray diffraction with synchrotron radiation allows 

near surface phase analysis for separating phases with nearly the same lattice parameters like of 

BaTiO3 und Ti. Figure 1 show a schematic of the BaTiO3 coating on the titanium substrate, the 

incident monochromatic beam and the targeted analytical volume which should mainly consist of 

the coating. Consequently, the experimental requirement for X-ray diffraction is a minimum 

penetration depth, which is possible by using a monochromatic beam as offered by the Beamline 

G3, MAXIM, HASYLAB at DESY in Hamburg. [1-3] 

  

 

Figure 1: Schema of the BaTiO3-layer in cross section 

 

The used synchrotron X-ray radiation wavelength was λ = 0.18505 nm at a constant angle psi 

ψ = 63 ° with tΔ2θ = 5 – 6 s.  

The chosen angle of incidence ψ = 63 ° enabled X-ray diffraction analysis at the surface with 

sufficient statistical data. Diffraction data were measured for angles of 2 = 60 ° to 80 ° with 

2 = 0,015 °. These data allowed the identification of all relevant crystallographic information for 

the BaTiO3 system. Figures 2 and 3 show the diffraction patterns of two specimens with different 

heat treatments. Figure 2 represents a substrate with a tetragonal BaTiO3-coating, while Figure 3 

shows a sintered specimen with hexagonal structure.  
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Figure 2: Diffraction pattern of tetragonal BaTiO3- layer  
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Figure 3: Diffraction pattern of hexagonal BaTiO3- layer  

 

It was possible to verify the coating of barium titanate and to investigate the crystallographic 

changes due to the heat treatment. The peaks of titanium and barium titanate are separated. The 

examples show tetragonal and hexagonal BaTiO3.  

The authors would like to thank Dr. J. Donges, Dr. A. Rothkirch and Dr. T. Wroblewski, 

HASYLAB at DESY, Hamburg, for the experimental support.  

 

References 

[1] T. Wroblewski, E. Wild, T. Poeste, A. Pyzalla, Mat. Sci. Letters 19 (2000), 975 - 978 

[2] E. Wild, L. Wang, B. Hasse, T. Wroblewski, G. Goerigk, A. Pyzalla, Wear 254 (2003) 876–

883 

[3] E. Wild, W. Reimers, Materials Science Forum, 524-525 (2006), 911-916 

-377-



Pressure-induced phase transitions in relaxors 
PbSc0.5Ta0.5O3 and PbSc0.5Nb0.5O3 up to 30 GPa 

B.J. Maier, N. Waeselmann, B. Mihailova, R.J. Angel1, C. Paulmann, 

M. Gospodinov2, and U. Bismayer 

Mineralogisch-Petrographisches Institut, Universität Hamburg, Grindelallee 48, 20146 Hamburg, Germany 
1Virginia Tech Crystallography Laboratory, Department of Geosciences, Virginia Tech, Blacksburg, VA 24060, USA 

2Institute of Solid State Physics, Bulgarian Academy of Sciences, Blvd. Tzarigradsko Chausse 72, 1784 Sofia, Bulgaria 

Lead scandium tantalate (PST) and lead scandium niobate (PSN) belong to the class of relaxor-ferroelectric 
materials with the perovskite-type ABO3 structure. Relaxors are of great interest to the scientific community 
due to their outstanding dielectric, electroelastic, and electrooptic properties, which are related to their 
complex local structure comprising dynamic polar nanoregions. Their superior performance is of great 
technological importance, e.g. for non-volatile memory devices, yet their structure-property relationships are 
still a matter of debate. High-pressure experiments are of particular importance for the better understanding 
of the atomistic origin of the unique relaxor properties, as pressure may enhance structural species present at 
ambient conditions which are not favoured by a temperature decrease. Our previous high-pressure studies on 
PSN and PST [1] showed that both compounds undergo a pressure-induced continuous cubic-to-
rhombohedral phase transition associated with the development of anti-phase octahedral tilts. The critical 
pressure pc1 = 1.9 GPa for PST and pc1 = 4.1 GPa for PSN is preceded by an intermediate pressure p* at 
which the dynamic coupling between Pb and B-site cations is suppressed, long-range ordered BO6 tilts 
become detectable by neutron diffraction, and the Pb atomic displacements parameters become anisotropic. 
For PST the displacement ellipsoids are elongated along the cubic body diagonal, whereas for PSN they are 
shaped like flattened disks parallel to the cubic {111} plane. The later indicates that the degree of local order 
of Pb off-centre displacements is higher in PST than in PSN. High-pressure synchrotron single-crystal X-ray 
diffraction (XRD) experiments were conducted at the beamline F1 of HASYLAB/DESY, using a radiation of 
wavelength  = 0.5000 Å and a MarCCD 165 detector. Data were collected at a sample-to-detector distance 
of 100 mm with a step width of 0.5° and an exposure times per frame of 120 s for PST and 360 s for PSN. 
Pressure was generated using diamond-anvil cells of the Boehler-Almax design. The ruby-line luminescence 
method was used to determine the actual pressure values. Helium was used as a pressure-transmitting 
medium, ensuring hydrostaticity in the entire pressure range of measurements up to 30 GPa. Measurements 
on decompression verified the reversibility of the observed structural changes. Figure 1 shows reciprocal 
lattice sections reconstructed in 3  for PST at different pressures. At 5.0 GPa sharp reflections with 
h,k,l, all odd (ooo) (indexed in 3 ) arising from antiphase BO6 tilts are superimposed on broad ooo 
reflections originating from nanodomains with 1:1  chemical ordering of the B cations on the octahedral 
sites. At 7.7 GPa new classes of superstructure reflections are observed, revealing a second pressure-induced 
phase transition at pc2 between 5.0 and 7.7 GPa. The first class has Miller indices of type h,k,l with two odd 
and one even (ooe), which is associated with the M-point of the primitive cubic structure ( 3 ). The 
second class has Miller indices of type h,k,l with one odd and two even (oee), which are associated with the 
X-point of the primitive cubic structure. The simultaneous appearance of M-point and X-point reflections 
may be explained by three types of structural transformations: (i) development of in-phase octahedral tilting 
(M-point mode), which along with the pre-existing anti-phase tilting (corresponding to an R-point mode in 
the primitive cubic cell) further lowers the symmetry and allows additional distortion that would give rise to 
weak X-point reflections; (ii) development of a pattern of anti-polar A-cation shifts consistent with an X-point 
mode (e.g. X1+ or X5+ in Miller-Love notation), which along with the pre-existing anti-phase tilts further 
lowers the symmetry and allows additional distortions that would produce weak M-point reflections; (iii) 
simultaneous development of both in-phase tilts and an X-point pattern of A-cation shifts which are 
consistent with each other. The intensities of the (oee) reflections are much stronger than the intensities of 
the (ooe) reflections. This unambiguously indicates the presence of long-range anti-polar order of the A-site 
Pb atoms in PST at 7.7 GPa and above. Off-beam Raman spectroscopy performed on the same specimen also 
indicates that the most pronounced structural change is a rearrangement of the Pb system. The existence of 
in-phase BO6 tilts could only be confirmed or ruled out by structure refinements but we cannot refine the 
current dataset because of the oversaturation of the strongest Bragg peaks under experimental conditions 
needed for the detection of the new peaks. New classes of pressure-induced Bragg peaks were not detected 
for PSN over the entire pressure range studied (Fig. 2). Therefore, neither long-range order of A-cation 
antipolar shifts corresponding to X-point modes nor in-phase octahedral tilts are developed up to 28.9 GPa. 
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All reflections split above 10.1 GPa, which however could result solely from the increasing rhombohedral 
distortion of the unit cell and the development of the multidomain rhombohedral structure. On the other 
hand, off-beam Raman spectra of PSN suggest that above 10 GPa the magnitude of the anti-phase tilts along 
the cubic [100], [010], and [001] become unequal. If the symmetry of the average structure is lowered, 
reflections of type e00 (e.g. 0 10 0, in Fig. 2) would split along the d-spacing (the direction to the coordinate 
origin). Such a splitting of the 0 10 0 reflection may be present at 20.3 GPa (see Fig.2) but due to the 
insufficient experimental resolution, one cannot definitely state that the symmetry of the average structure is 
lowered from rhombohedral with a tilt system a-a-a- (Glazer notation) to monoclinic or triclinic, consistent 
with a tilt system a-b-b- or a-b-c-. The difference between the structural states of PST and PSN at very high 
pressures is most probably related to the degree of local Pb-atom displacive order developed at p*.  

Fig. 1: Reciprocal space layer sections 
reconstructed in 3  from synchrotron 
XRD data on PST at different pressures. 

Fig. 2: Reciprocal space layer sections 
reconstructed in 3  from synchrotron 
XRD data on PSN at different pressures. 
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Due to their high specific surface area microporous carbons are widely used as electrolyte filled 
electrodes in electrochemical double-layer capacitors. Hereby the accessible surface area is 
providing sites for the formation of a Helmholtz double layer in the presence of an external electric 
field. This process requires the electrolyte to wet the carbon in order to allow the ions to diffuse to 
the carbon surface.  

 

Investigations of binder electrodes based on microporous, sol-gel derived carbon particles and a 
highly electrically conductive additive revealed a hydrophobic behaviour when immersed in 1 M 
KCl (Figure 1). The effect was the same when vacuum infiltration was applied.  

When the electrode was cycled, i.e. charged and discharged, the data revealed a continuous 
increase in capacitance (see Figure 2). In addition the cycled electrode did not show the buoyancy 
effects of the uncycled samples. 

To elucidate this behaviour we investigated the binder electrode before and after electrochemical 
cycling in 1M KCl (Figure 2). The microporous carbon particles within the electrode had an 
average diameter of about 600 nm; the mean width of the micropores was determined by nitrogen 
sorption and Dubinin-Radushkevich-analysis to be 0.59 nm. SAXS measurements were performed 
at the beamline B1 of HASYLAB at an energy of the incident beam of 12 keV. The scattering data 
(Figure 3) are given normalized to the thickness of the electrode. The comparison of scattering 
curves for the dry and the immersed electrodes show the drop in scattering intensity as a result of 
the decrease in contrast as soon as the electrodes are immersed in the electrolyte. In addition, the 
shape of the scattering curves changes resulting in a fading of the micropore shoulder at high q 
values indicating either an incomplete filling of the macropores or filling of micro- and macropores 
with a liquid phase with different electron density. This effect is very similar for the two samples  
immersed in the electrolyte. Yet the scattering for the wet electrodes are slightly different. The 
cycled sample shows a more pronounced shoulder and a lower scattering intensity at low q values. 
This trend can also be observed for other electrodes investigated that differ by the size of the 
microporous carbon particles only. Further experiments are planned to extract more detailed 

Figure 1: Photo of a binder 
electrode (indicated by arrow) after 

being immersed in 1 M KCl 
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information on the observed effect. In future experiments monolithic porous carbons rather than 
binder systems will be used to avoid potential artefacts due to sample inhomogeneities. In 
addition, the time that the sample is immersed in the liquid has to be better defined as the 
buoyancy effects observed without cycling might fade with time. 
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Figure 3: Scattering of the dry binder electrode 
as well as the electrode immersed in 1M KCl 

before and after electrochemical cycling  

Figure 2: Capacitance of the carbon binder 
electrode in 1 M KCl upon cycling. The 

capacitance increases continuously with 
the number of charging and discharging 

cycles applied (red to blue: 1 to 200 cycles) 

dry electrode 

immersed, 

not cycled 

cycled 
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Inserting a tunnel barrier has been a key to achieving spin injection from ferromagnetic (FM) metals 
into GaAs. However, spin injection into Si has remained elusive because Schottky barrier formation 
leads to a huge conductivity mismatch of the FM tunnel contact and Si, which cannot be solved by 
the well-known method of adjusting the tunnel barrier thickness. A radically different approach for 
spin-tunnelling resistance control is the insertion of low-work-function ferromagnets at the 
FM/tunnel barrier interface [1]. Among those ferromagnets are rear-earth metals, particularly Gd. It 
has been shown [1] that in this way the resistance–area (RA) product of FM/Al2O3/Si contacts can 
be tuned over eight orders of magnitude, while simultaneously maintaining a reasonable tunnel spin 
polarization. However, the exact effective work function of the “marker” ferromagnets in contact 
with the tunnel isolator has not been measured so far. In this work, we systematically investigate the 
effect of the Gd marker interlayer thickness on the EWF of Fe in contact with the tunnel isolator 
(Al2O3).  

Fe(6 nm)/Gd(0.2-2 nm)/Al2O3(10 nm)/Si structures with a Gd marker layer of variable thickness 
were prepared by the combination of atomic layer deposition and pulsed laser deposition 
techniques.  HAXPES analysis at 4.5 keV provides the depth sensitivity to probe the entire stack 
down to the Si substrate. The band alignment at the Gd/Al2O3 interface is cleary visible in the Al 2s 
peak shift and depends on the Gd thickness (see  inset). 

 

Figure 1: HAXPES data measured on Fe/Gd/Al2O3/Si heterostructures at BW2: the band alignment at the 
Fe/Al2O3 interface is clearly affected by the thickness of Gd marker layer. 
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Worldwide photovoltaic research is continuing in order to produce a low cost and high-

efficiency device for solar energy conversion. Chalcopyrite family materials as CuIn(S, Se)2  
(CIS)  compounds are attractive candidates as absorbers layers in next generation photovoltaic 
modules [1]. The main features of these devices are the gradual reduction of the band gaps, 
and the variation of electrical conduction type from n to p from the front to the back of the 
solar cell. We have presented resonant photoelectron spectroscopy results of CIS surface and 
its electronic structure. 

The aim of this work is to we studied the surface electronic structure of CIS surface layer 
with different grown and annealing conditions. The experimental method used in this study 
was resonant photoemission spectroscopy at Cu 3p-3d excitation energies region using 
tunable synchrotron radiation. The resonant photoemission experiments were performed in the 
synchrotron radiation laboratory HASYLAB, Hamburg (Germany).  
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Figure 1. Valence band and In 4d region spectra of CIS recorded at photon energies around 
the Cu 3p-3d excitation energies. The spectra were normalized to the CO contamination peak at 
10.9 eV binding energy. 
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Synchrotron radiation obtained from the storage ring DORIS III was monochromatized with 
the FLIPPER II plane grating vacuum monochromator designed for the photon energy range 
of 15–200 eV. The spectrometer was equipped with a CMA electron energy analyzer. The 
total energy resolution was kept at 0.1 eV. The origin of the energy axis was set at the Fermi 
energy as measured for a reference metallic sample. 

Valence band and In 4d region spectra measured at photon energies around the Cu 3p-3d 
excitation energies are shown in Fig.1. As can be seen from Fig.1 the most of the resonant 
enhancement occurs at binding energies around 18 eV. These states are thus predominantly 
3d8 4(sp) [2, 3]. 

0 5 10 15 20

 

 

C
u 

P
ar

tia
l D

en
si

ty
 o

f S
ta

te
s

Binding energy, eV

 
Figure 2. Cu partial density of states obtained from the EDC spectra measured at Cu 3p-3d resonant-
on and resonant-off  excitation energies.  
 
 As can be seen from Fig.1 and Fig.2, Cu 3d states overlaps with In 4d states, while in 
valence band region the copper states are invisible within the experimental error, in the 
agreement with theoretical band calculations [4].  
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Volume inclusions are common defects observed in many crystals, especially in oxide crystals, 
grown from the melt mixture of oxides. The inclusion can contain another crystallographic phase, 
but very often they can contain the same material crystallizing at a different moment than the 
surrounding crystal. Very common inclusions are solute trails forming regular long rods. These 
defects are an important reason of decreasing the crystal quality and the possibility of their 
recognition is of great importance in improving of the growth technology.  

The recognition of inclusion is often possible by means of X-ray diffraction topography. A major 
difficulty in the analysis of the  images of rod-like inclusions is caused by a difficulty in theoretical 
description of the strain, which is a complicated problem in the theory of elasticity.  

In the present paper, we revealed a method of approximate evaluation of the strain field of rod like 
inclusions, consisting in summing the contributions from a very large number of point like 
inclusions filling the assumed volume of inclusion. The elaborated procedure used the initial 
formulae given by Sen [1] and allowed taking into account the relaxation of strains on the free 
surface, and the calculation of strains for differently inclined rods.  

The representative results of the simulation for the monochromatic beam topography at the flanks 
and the maximum of the rocking curve are shown in Fig. 1. These simulations reveal a reasonable 
similarity to the experimental images of some inclusions reported in Fig. 2, which were previously 
described in [2].  

The correspondence between the experimental and theoretical images was also obtained in case of 
white beam Bragg-case projection topography. It is illustrated for the images of  Ca0,5Sr0,5NdAlO4 
crystals shown in Fig. 3. The present simulations of white beam back reflection projection 
topographs were obtained by adding many shifted spherical images, filing the area irradiated by the 
beam, analogously as by Epelboin and Soyer [3]. 

The application of the model enabled obtaining realistic simulation of the monochromatic beam 
topographic images of some solute trails in garnets and the Bragg-case section images of some 
defects resembling rod-like inclusions described in [4].  

 

  a.     b.      c. 

Figure 1: Simulated monochromatic beam images of rod-like inclusion (causing the shrinkage of the lattice) 
of 150 µm diameter for angular settings at low angle flank (a), maximum ( b) and high angle (c) flank of the 

rocking curve. 
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 a.                    b. 

Figure 2: Synchrotron monochromatic beam topographs of the volume  inclusions in SLG crystals for the 
low angle (a) and high angle (b) flank of the rocking curve respectively exhibiting similar features as the 

simulations shown in fig. 1 a and 1 c.  

 

 a.               b. 

Figure 3: (a) - simulated projection topogrph of the rod-like inclusion, compared with enlarged fragment of 
the white beam projection topograph of Ca0,5Sr0,5NdAlO4 – (b)  with the volume defects which may be 

attributed to rod-like defects  
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Introduction 

Direct methanol fuel cells (DMFCs) are often associated with uneven distribution of fuel and 

current, which results in non uniform degradation patterns. In our present work, spatially 

resolved XAS measurements were carried out in operando conditions and a correlation between 

the adsorbate species at both anode and cathode was made. 

Experimental  

The in-situ fuel cell design for spatially-resolved studies, which was tested successfully in 

previous measurements, was used to record XAS spectra. MEA were prepared by screen printing 

PtRu\C (60 wt.%, Pt-Ru 2:1 JM) and Pt\C (60 wt.% JM) catalyst onto two different gas diffusion 

layer (GDLs) acting as anode and cathode respectively. These GDLs were then hot pressed on 

each side of a Nafion®115 membrane. Pt L3 edge was measured in QEXAFS mode with 

fluorescence geometry by using a PIPS diode facing the anode side of the cell. The cell was 

cycled to different potentials in normal fuel cell operation, and XAS spectra were recorded at 

relevant potentials. Both cathode and anode side data was acquired by rotating the cell. The XAS 

data analysis was carried out using the software Athena and Artemis [2]. The information about 

the adsorbates was extracted by the ∆µ technique [3].  

Results 

 

Figure1 ∆µ signature obtained for anode inlet (left). Magnitude of various signatures for anode 

inlet and cathode outlet. 
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The details of the ∆µ analysis are reported elsewhere [3]. The data from both anode and cathode 

are aligned with the reference foil for any possible beam drift, and subsequently normalized in 

the range of 25-150 eV after the edge. Normalized spectra were then subtracted from reference 

spectra to get the differential spectra or the ∆µ signature. The reference spectra should not be 

confused with a reference foil data, but it is the one where the catalyst surface is relatively free of 

adsorbates. The ex situ data after fuel cell operation was selected as reference spectrum for the 

anode side. A slightly different approach was used to select reference spectra for the cathode 

side. (The data with same shape profile as that of the simulated reference data was chosen which  

correspond to 150mV, 440mV, 650mV, for cathode outlet, middle and inlet respectively.) The 

different ∆µ signatures obtained for the anode inlet are shown in figure 1. It is interesting to note 

that CO adsorption predominantly takes place only at the anode inlet, and little or no adsorption 

was found at middle and outlet (figure 2). This finding may be correlated with the methanol 

concentration from inlet to outlet. Moreover, it is interesting to note the presence of peroxide at 

the cathode outlet and middle, which might be correlated to H
+
 migration. It has is to be said that 

in DMFC the fuel and oxidant distribution is in a counter flow manner. Thus methanol inlet and 

cathode outlet lie opposite of each other. It is expected that higher methanol concentration at the 

inlet lead to higher generation of H
+
,
 
which migrate to the cathode outlet and form peroxide 

preferentially at these regions. 

Figure2 ∆µ magnitude of various signatures for anode middle and cathode middle (left) and 
anode outlet and cathode inlet (right). 
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Perovskite-type (ABO3) relaxor ferroelectrics and related materials are multifunctional materials 
due to their remarkably large dielectric permittivity as well as extremely strong piezoelectric, 
pyroelectric and electro-optic responses near room temperature. The unique properties of relaxors 
are related to the nanoscale structural inhomogenities associated in most cases with the presence of 
substitutional disorder. At ambient conditions, the average structure of relaxors is pseudocubic but 
rich in dynamical ferroic nanoregions flipping between the possible orientational states. The small 
size and relatively short live time of these ferroic nanoregions makes it difficult to study the relaxor 
structure by conventional diffraction analysis. However, synchrotron X-ray diffraction (XRD), in-
situ at varying temperatures and pressures, can help to resolve the structural complexity of relaxors, 
since the variation of these two thermodynamic parameters can reveal the energetically preferred 
structural nanoclusters existing at ambient conditions. In this regard, high-pressure experiments are 
vital for understanding the nanoscale structure of relaxors.  

The objective of this study was to analyse the effect of a third type of B-cation on the pressure-
induced structural changes in relaxors by in-situ synchrotron X-ray diffraction applied to heavily 
Nb- and Sn-doped PbSc0.5Ta0.5O3 (PST). The incorporation of Nb into the PST matrix represents 
the case of isovalent substitution of the ferroelectrically active B-site cation (Nb5+ for Ta5+). The 
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  remains the same (t = 0.977) because in 6-fold coordination 

r(Nb5+) = r(Ta5+) = 0.64 Å and only the effective B5+-cation mass and B5+-O interactions are 
changed. The incorporation of Sn4+ into the PST matrix represents the case of aliovalent B-site 
substitution, as the Sn4+ cations are expected to replace pairs of Sc3+ and Ta5+ to preserve the 
overall charge balance. Again, there is no change in tolerance factor because the ionic radius of 
Sn4+ (0.69 Å) is the average of those of Sc3+ (0.745 Å) and Ta5+ (0.64 Å). 

Single crystals of PST heavily doped with Nb and Sn were synthesized by the high temperature 
solution growth method. Electron microprobe analysis (Cameca microbeam SX100 SEM system) 
carried out over 100 spatial points yielded chemical compositions of PbSc0.5Ta0.36Nb0.14O3 and 
PbSc0.39Ta0.39Sn0.22O3. The high level of doping allowed us to consider the studied compounds as 
solid solution members 0.72PbSc0.5Ta0.5O3-0.28PbSc0.5Nb0.5O3 (PSTN) and 0.78PbSc0.5Ta0.5O3-
0.22PbSnO3 (PSTS), respectively. Synchrotron single-crystal XRD experiments were conducted at 
the DESY/HASYLAB F1 beamline, using a MarCCD 165 detector,  = 0.5000 Å, a sample-to-
detector distance of 100 mm, a step width of 0.5 per frame and an exposure time of 120 s. The in-
situ high-pressure experiments were carried out with Boehler-Almax diamond anvil cells in a 4:1 
methanol-ethanol mixture that ensures hydrostatic conditions up to 9.8 GPa. The ruby 
photoluminescence line was used to measure the pressure. According to precise p-V data sets 
previously measured in the laboratory with a Huber four-circle single-crystal diffractometer using 
by the method of eight-position diffraction beam centring [1], PSTN undergoes a continuous 
pressure-induced phase transition at pc = 2.5 GPa (0.6 GPa higher than pc for pure PST), whereas 
for PSTS the phase transition occurs at 1.3 GPa (0.6 GPa lower than pc for pure PST). Combined 
neutron and X-ray diffraction studies on pure PST revealed that the phase transition is associated 
with a suppression of the intermediate polar order (revealed by the disappearance of X-ray diffuse 
scattering along *110 ) and a development of a long-range order of antiphase octahedral tilts, 
lowering the symmetry of the average structure from cubic to rhombohedral [2], as revealed by the 
appearance of sharp odd-odd-odd Bragg peaks (indexed in mFm3 ). The synchrotron XRD data 
(Fig.1.) show that for PSTN the same structural changes occur exactly at pc, where the cubic metric 
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is broken. However, the incorporation of Sn4+ into the structure of PST shifts the pressure at which 
long-range octahedral tilt order is detected by XRD to 4.3 GPa, i.e. approximately 3 GPa higher 
than pc as determined from the change in the volume compressibility. This is due to the disturbance 
of the local structure by the incorporation of an aliovalent B-cation [1]. In addition, the XRD 
patterns of PSTS show that the pressure-induced *100 -XDS (detected also in other B-site 
chemically disordered relaxors [3]) appears before the odd-odd-odd Bragg peaks and at higher 
pressures the *100 -XDS weakens while the Bragg reflections become stronger. This result 
indicates that the pressure-induced *100 -XDS arises from medium-range order of octahedral 
tilts. 

 

Figure 1: f-F plots [1] and reciprocal-space layers for PSTN and PSTS; for PSTN the pressure dependence of 
the FWHM of a representative Bragg peak determined by fitting the line profiles with pseudo-Voigt 

functions is also shown to better demonstrate the development of octahedral tilt order; the broad odd-odd-
odd peaks in PSTN below pc are due to partial 1:1 B-site chemical order, while above pc they overlap with 

the sharp peaks arising from the pressure-induced antiphase octahedral tilts  
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Luminescence Study of SrHfO3-based phosphors 

M.Nikl, P. Bohacek, B. Trunda, V. Jary, V. Studnicka, R.Kucerkova, A. Beitlerova  

Institute of Physics AS CR, Cukrovarnicka 10, 16253 Prague, Czech Republic 

The Ce-doped SrHfO3 (SHO) and the undoped non-stoichiometric SHO sample sets were prepared 
by solid state reaction in powder form and their photoluminescence excitation (PLE) and emission 
(PL) spectra and decay kinetics were measured. Concentration quenching effects and thermally 
induced ionization of the Ce3+ excited states were followed and discussed in the former sample set 
[1]. In the latter one new emission band at about 334 nm was found in Sr-deficient samples and 
temperature dependences of its emission intensity and decay times were studied in the detail [2]. 
PLE spectra and fast decays were measured at Superlumi station and the other ones at custom made 
Horiba Jobin Yvon spectrofluorometer in the home laboratory in Prague, see [1] for the details. 

The excitation spectra at 300 K and emission spectrum at 77 K related to Ce3+ are displayed in Fig 
1. The 4f-5d1 transition of Ce3+ is peaking at 307 nm and the SHO host band edge at 200-210 nm is 
well visible. Interestingly, the efficiency of excitation in the 4f-5d1 transition and SHO band edge is 
comparable and almost no slow components are visible in the latter which points to fast and 
efficient energy transfer from the host to the Ce3+ center at RT. In the emission spectrum the sub-
bands at about 380 nm and 415 nm are well resolved. They are due to the ground state doublet of 
Ce3+ and their separation of about 2300 cm-1 well matches the usual value of the 2F5/2 and 2F7/2 level 
splitting. It is also worth noting unusually large Stokes shift of 0.75-0.8 eV that can be estimated 
from the separation of peaks in the excitation and emission spectra.. 

To study possible influence of SHO stoichiometry, the set of several samples of varying 
stoichiometry, SriHf2-iO4-i, 0.9  i  1.1 was prepared and characterized. PLE and RL spectra are in 
Fig. 2 measured at room temperature (RT). The Sr-rich sample shows the 420 nm band which has 
been already reported in the stoichiometric SHO sample prepared by sol-gel method [3]. Its PLE 
spectrum shows the maximum around 210 nm just below the band-edge which is consistent with 
the trapped exciton and/or defect origin proposed in Ref. 3. Very low excitation efficiency is noted 
above the gap within approx. 90-170 nm. Below 90 nm the onset of electronic multiplication is 
evident. In the opposite nonstoichiometric limit, the Sr-deficient sample shows strikingly different 
luminescence spectrum dominated by the 334 nm band which was not reported in [3]. This 
emission is very efficiently excited in the band edge and above it as well, which points to efficient 
energy transfer to this center from SHO host. Another two excitation bands at about 221 nm and 
270 nm, i.e. below the band-gap, point to the defect-origin of the 334 nm band. 
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Figure 1: PLE (em=400 nm, T=295 K) and PL 
(exc=310 nm, T=77 K) spectra of 5%Ce:SHO 
sample. PLE is measured in the integral, fast 
component  and slow component regimes. 
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Figure 2: PLE and RL (excitation by X-ray, 40 kV) 
spectra of undoped SHO powders with varying 
stoichiometry measured at RT. 
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PL decays of the 334 nm emission were measured under the excitation at 270 nm and decay times 
evaluated in the 10-500 K temperature interval, Fig. 3. Excellent single exponential decays were 
obtained through 2-3 orders of magnitude up to 400 K at least. Low temperature limit of PL decay 
time is 286 s (T=10 K) with the knee on the TD at about 50 K. Single slope of TD of decay times 
extends then up to 400 K followed by the steeper decrease of decay time values, see inset of Fig. 3. 
To get information about the speed of energy transfer from the host the decay of 334 nm band was 
measured in DESY under 270 nm and 110 nm excitations, Fig. 4. In the latter case only small 
build-up and slowing –down of the decay was obtained (decay time increased from 176 ns to 189 
ns) and the relative signal level before the rising edge of the decay respect to decay amplitude is 
comparable for both excitations which means that under 110 nm excitation there is no considerably 
slower decay component underlying the measured decay curve in the 200 ns time window. 
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Figure 3: PL decay time temperature dependence 
related to the 334 nm band under excitation in the 
lowest absorption/excitation band at 270 nm. Solid 
line is just to guide the eye. 
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Figure 2: PL decay of the 334 nm emission band at 
RT in Sr0.91Hf1.09O3.09, under excitation at 270 nm 
and 110 nm, measured at Superlumi station, DESY. 
Decays are horizontally and vertically shifted for 
clarity. 

PLE spectra of the Ce3+ emission in SHO host point to efficient and fast energy transfer from the 
host and its band edge at 200 nm is clearly observed. Stoichiometry of SrHfO3 appears to have a 
crucial impact on its luminescence properties. The Sr-rich sample shows the dominant emission at 
420 nm, the RT excitation of which is most efficient just below the band edge at about 210 nm and 
efficiency of excitation above the gap within 90-170 nm is very low. The Sr-deficient SrHfO3 
shows new emission band at 334 nm, which is excited both below the gap at 270 and 220 nm and 
very efficiently also in the band edge and above the gap. An efficient and fast energy transfer from 
the host to the center of the 334 nm emission is confirmed. Temperature dependences of decay 
times of the 334 nm band can be explained by the two-excited-state level arrangement similar to 
that of the exciton luminescence in tungstates and molybdates. The onset of thermal quenching is 
found at about 400 K.. 
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Texture change after cyclic loading of Mg AZ80Texture change after cyclic loading of Mg AZ80Texture change after cyclic loading of Mg AZ80Texture change after cyclic loading of Mg AZ80    
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In situ experiments with a 20kN loading device [1, 2] were carried out at the high energy beam 

line Harwi-II at Hasylab/Desy-Hamburg/Germany. Main goals of this experiments were firstly to 

investigate the lattice dependant strain development in the elastic as well as in the plastic region 

and secondly to perform cyclic loading for strain and texture development. Due to the high energy 

of about 100keV the synchrotron beam has a high penetration power. Moreover, measurements 

were comparably fast. The test sample was rectangular extruded Mg AZ80. Tensile samples were 

cut with loading direction parallel to transfers direction. The sample diameter of round tensile 

samples was 4mm. Stress strain curves were carried out ex situ to get an overview of the materials 

behaviour and in situ to get strain dependent lattice values for at least ten Mg reflections. Data 

analysis of the lattice strain investigations is still in progress and will be reported later. The present 

report deals with the influence of cyclic loading under the yield point on the crystallographic 

texture,  

 

Due to the bar extrusion process, which was chosen for sample deformation, the Mg AZ80 sample 

has developed typical Mg texture components. Two ideal fibre components, <10-10> parallel RD 

and <0001> parallel ND dominate the orientation distribution. In addition to these strong texture 

components an ideal texture component {0001}<10-10> with less volume fraction exists. In figure 

2 experimental pole figures of (00-2) and (10.0) are shown. Data extraction was carried out by 

STECA – StressTExtureCAlculator [1]. Output are sets of pole figure data in equal angular format 

so that many pole figure plot programs and software package for quantitative texture analysis 

(orientation distribution function ODF) can be used. The Mar345 image plate detector with a 

sample to detector distance of 1000mm and an energy of 100keV allow data extraction of up to 12 

pole figures.  

    

           (00.2) pole figure 
 

 
                Pmax= 7.8 mrd 

            (10-0) pole figure 
 

 
Pmax= 4.1 mrd 

 
 

 

 

 

 

Cyclic loading was carried out with a maximum load of about 80% of the yield stress, see figure 2, 

so that the sample was always in the elastic region. Strain data were collected after different 

cycles, while pole figures were measured only before cyclic loading and after 3800 cycles.  

Figure 1: Measured pole figures Mg AZ80 (000.2) and (10.0) 

                 (contour lines (00.2) = 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0; 

                  contour lines (10.0) = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 
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Nevertheless, after 3800 cycles a texture change of the quantitative texture was obtained. In order 

to follow the texture development the standard projection plane of the pole figures (ED-TD), see 

figure 1, has to be rotated so that the the transfers direction and the loading axis are parallel (ED-

ND). In figure 3 the (00.2) pole figure before and after cyclic loading is shown as well as the 

(10.0) pole figure after 3800 cycles. 

 

    (00.2) before cyclic loading 

 

 
                Pmax= 7.8 mrd 

         (00.2) after 3800 cycles 

 

 
Pmax= 7.8 mrd 

         (10.0) after 3800 cycles 

 

 
 

Pmax= 4.9 mrd 

 

 

 

 

 

 

Existing texture components are stable but the volume fractions of the three texture components 

change. The orientation density after cyclic loading is more or less similar for two main maxima in 

(00.2) pole figure. Additionally one can see clearly that a new texture component is growing. This 

rather new result has to be varified by addional measurements with different frequencies. 
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Figure 2: Stress - strain curve of Mg AZ80 

tensile axis parallel to transfers direction 

Figure 3: Pole figures before and after cyclic loading 

                 (contour lines (00.2) = 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0; 

                  contour lines (10.0) = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 

-394-



Properties of polyamorphous Ce
75

Al
25

 metallic glasses 

Q.S. Zeng (曾桥石) 
1,2,3

, V.V. Struzhkin
4
, Y.Z. Fang

5,6
, C.X. Gao

7
, H. B. Luo

1,2
, X. D. Wang

1,2
, C. 

Lathe
8
, Wendy L. Mao

1,2,9,10,11
, F. M. Wu

5
, H.-K. Mao

1,2,3,4
, and J. Z. Jiang

1,2
 

1 International Center for New-Structured Materials (ICNSM), Zhejiang University, Hangzhou 310027, China 
2 Laboratory of New-Structured Materials, Department of Materials Science and Engineering, Zhejiang University, 

Hangzhou 310027, China 
3 HPSynC, Geophysical Laboratory, Carnegie Institution of Washington, Argonne, Illinois 60439, USA 

4 Geophysical Laboratory, Carnegie Institution of Washington, Washington, DC 20015, USA 
5 College of Mathematics, Physics and Information Engineering, Zhejiang Normal University, Jinhua 321004, China 
6 School of Material Science and Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China 

7 State Key Lab for Superhard Materials, Jilin University, Changchun 130012, China 
8 HASYLAB am DESY, Notkestrasse 85, D-22603 Hamburg, Germany 

9 Geological & Environmental Sciences, Stanford University, Stanford, California 94305, USA 
10 Photon Science SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA 

11 Stanford Institute for Materials and Energy Science, SLAC National Accelerator Laboratory, Menlo Park, California 

94025, USA 

 

The thermal stability and electronic transport properties of polyamorphous Ce75Al25 metallic glass 

(MG)�have been investigated using in situ high-pressure, high-temperature, energy-dispersive 

synchrotron x-ray diffraction and in situ high-pressure and low-temperature, four-probe resistance 

measurements. The results are compared with the properties of La75Al25 MG. The pressure 

dependence of the crystallization temperature and resistance of the Ce75Al25 MG exhibited turning 

points at the polyamorphic transition pressure, 1.5 GPa, and they clearly presented different 

behaviors below and above 1.5 GPa. In contrast, no turning points were observed in the La75Al25 

MG (La has no 4f electron). Additionally, the pressure-tuned temperature coefficient of resistance 

of the Ce75Al25 MG was observed. These results revealed switchable properties in the 

polyamorphous Ce75Al25 MG that are linked with 4f electron delocalization. 
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Conical slits for depth-resolved residual stress 
analysis with high-energy X-rays 
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Different diffraction techniques are being used for the analysis of residual stresses in the bulk. The 
advantage of X-rays from a synchrotron source is the high intensity enabling high spatial resolution 
or fast measurements. The possibility of fast measurements can be used either for producing large 
two and three-dimensional strain maps or for in situ analyses of fast processes. In the year 2000 
conical slits (CS) were proposed for depth-resolved diffraction measurements [1]. CS have several 
concentric slits that are focussed on a spot within the sample by their conical shape (Fig. 1). With 
CS complete diffraction rings can be measured, except for small regions where material is required 
for the mechanical stability of the slits. Thus, CS enable depth-resolved residual stress analysis 
using a monochromatic X-ray beam with a high photon energy. CS for cubic as well as hexagonal 
crystal structures were obtained from Institut für Mikrotechnik Mainz (IMM) and were tested at the 
HZG beamline HEMS (High-Energy Materials Science) at PETRA III.  

The adjustment of a CS is relatively simple with a hexapod. In the first step, a diode is placed 
behind the centre hole of the CS and the CS is scanned horizontally and vertically through the beam 
to place the focal spot in the beam. In the second step, the rotation of the CS is optimized. This is 
easily done with a hexapod, because virtual axes of rotation (defined by the Pivot point) can be 
placed at the focus point, so that by rotating the CS the focus point will not be moved out of the X-
ray beam. The width of the conical slits was 20 µm. The energy spread of the beam as defined by 
the bent Si (111) monochromator was 0.78% at an energy of 63.4 keV. Thus, the depth resolution 
only depends on the cross-section of the beam. The depth resolution was determined by scanning a 
0.5 mm thick Fe foil parallel to the beam across the focus point of the conical slit and recording the 
diffraction pattern on a Mar345 image plate. The program FIT2D was used for data reduction [2]. 
The Fe (110) peak, transmitted by the first ring of the conical slit, was fitted with a Gaussian 
profile. The full width at half maximum (fwhm) of the peak area was used as a measure for the 
depth resolution. Fig. 2 shows the results for different beam cross-sections.  

The results show that a depth resolution of about 0.8 mm was achieved with the set-up (Fig. 2). It is 
limited by the energy spread of the beam. The results also show that such measurements can be 
done with a beam size of 25 µm × 25 µm with reasonable exposure times. However, increasing the 
beam cross-section to 50 µm × 50 µm does not decrease the depth resolution, but increases the 

 

Figure 1: Sketch of a conical slit with several 
concentric rings focussed on a spot. 

Figure 2: Intensity as a function of position of a thin Fe 
sheet for different beam cross-sections, showing the 

depth resolution.  
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intensity by a factor of four.  

After the adjustment and determination of depth resolution, the set-up was used for the 
determination of the distribution of residual stresses in a laser beam welded overlap joint of steel 
sheets (Fig. 3) [3]. A beam cross section of 50 µm × 50 µm yielding a depth resolution of 0.8 mm 
was used for the measurement. Residual stresses can have a detrimental influence on the fatigue 
performance of welded material, thus their knowledge is important for assessing materials 
properties and performance.  

The results show that the high spatial resolution of the X-ray measurement in principal can reveal 
more details of the residual stress distribution when large stress gradients are present (Fig. 4). 
However, the residual stress results are quite noisy, which is due to an insufficient grain statistics. 
The solid line is a spline interpolation drawn as a guide for the eye. The statistical error due to the 
uncertainty of peak position determination is only about 25 MPa. The sample was already shifted 
by 2 mm in y-direction during every exposure for improving the grain statistics. Despite this, only a 
relatively small number of diffracting grains are in the gauge volume, although the steel is 
relatively fine-grained. The reason is the small beam cross-section and the low divergence of the 
beam.  

This situation can only be further improved when a different strategy for enhancing the grain 
statistics can be applied, like e.g., sample rotations. Such sample rotations have to be done 
precisely around an axis through the gauge volume, otherwise the spatial resolution would be 
diminished. Thus, another hexapod would be needed for sample positioning, because only a 
hexapod gives the required flexibility for rotation axes.  
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Figure 3: Sketch of the laser beam welded 
overlap joint of 2 mm thick steel sheets in which 

residual stresses were determined.  

Figure 4: Residual stresses in x and y-direction along the 
scan line, which was in the middle between the two 

sheets.  

-397-



Impact of foam matrizes on the structure of the 
infiltrated silica gel phase 
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97074 Würzburg, Germany 

Nanoporous composites are interesting materials for different fields of applications such as filters 
or thermal insulations, combining small well accessible pores and high surface areas with good 
handling properties both during synthesis as well as in the applications itself. Composites can be 
derived using open porous matrices that are then infiltrated with a sol that represents the precursor 
for a nonporous gel. Ideally, the synthesis of the gel should not be affected by the matrix to provide 
full and independent control of the gel structure via the composition of the sol. 

In the present study we investigated organic (PU) foams, that were infiltrated with a 
tetraethoxysilane (TEOS) based silica sol. To investigate the impact of the matrix on the sol-gel 
transition of the silica gel SAXS was applied as one of the few tools that allow analysis of the 
structure in a liquid filled gel rather than having to dry the composite first (dried composite, see 
Figure 1). The samples investigated were measured at the beamline B1 of HASYLAB in two 
detector–sample distances at an energy of the incident beam of 12 keV. 

Figure 2 shows the scattering from the empty PU-foam matrix and the silica gel filled foam. The 
data reveal the macroscopic scale of the pores in the foam and the nanoscopic structure added by 
the infiltration of the silica component. In the composite the scattering curve is only expected to be 
affected by the scattering from the foam matrix at very low q-values. The comparison scattering of 
the pure silica gel reference and the composite reveals that the matrix has indeed an impact on 
the structure of the silica gel phase; the shift of crossover of the scattering curves to a plateau in 
the low q-regime indicates an increase of the entities forming the backbone of the nanoporous 
silica phase when infiltrated in the foam compared to the reference by roughly a factor of 1.5. 

 

 

 

Figure 1: Photo (left) and SEM image of dried silica PU-foam composite. 
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Figure 2: Left: Scattering curves from the blank PU-foam matrix and silica gel infiltrated PU-matrix; 
right: comparison of the pure silica wet gel and the silica hydrogel infiltrated PU-foam. 
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R. Lorenzi, F. Meinardi, and A. Paleari 

Department of Materials Science – University of Milano-Bicocca, via Cozzi 53, I-20125 Milano, Italy 
 

We have investigated in a variety of amorphous silica structures - from different synthesis methods, 
either pure or modified by different types of Si-substituting ions - the relations among 
photoluminescence excited in the band-to-band region from 12 to 20 eV, within the band-edge 
exciton absorption at about 10 eV, and below the band gap via localized states. Measurements have 
been performed at different temperatures from 10 to 300 K, studying the competitive radiative 
decay paths of the excitation. In Fig. 1, we report a representative set of photoluminescence spectra 
excited at 90 nm, in the band-to-band transition region, showing for the first time that non-bridging 
oxygen (NBO) sites emitting at about 650 nm indeed constitute the precursor site for the thermally 
activated configuration change towards the site emitting at higher energy and commonly identified 
as the self-trapped-exciton [1]. From the comparison among samples with different intensity and 
typology of sub-band gap defect-related luminescence, we also find that the NBO radiative decay 
step of band-to-band excitations is ubiquitous in silica materials and it does not necessarily arise 
from trapping at native defects. Instead, it appears intrinsic and related to decay paths at regular 
network sites, its intensity being lowered in samples with intense luminescent activity from sub-
band gap native defects. Considering the ubiquitous nature of this process in the variety of 
investigated silica materials, this fact suggests that band-to-band excitations in silica, and the 
exciton itself, have a high probability of self-trapping. These results apparently support the 
presence of a strong exciton-lattice coupling in the silica network, already remarked by theoretical 
studies. They also suggest to devote further efforts to understand the meaning and the theoretical 
consequences of important recent results, based on reflectivity data, which would surprisingly 
suggest a mobile character of excitons in the amorphous silica structure [1]. 

 

Figure 1: Photoluminescence spectra at different temperature from 10 to 300 K in Sn-doped silica excited by 
synchrotron radiation at 90 nm. 
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Band alignment at Me/BaTiO
3
 (Me=Fe, Pt) interfaces 

A. Zenkevich, M. Minnekaev, Yu. Matveyev, Yu. Lebedinskii, S. Thiess1 and W. Drube1 

NRNU “Moscow Engineering Physics Institute”, 31, Kashirskoe chaussee, 115409, Moscow, Russia 

1Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany 

The non-volatile memory concept of ferroelectric tunnel junctions (FTJ) consisting of metal-

insulator-metal (MIM) structures takes advantage of an ultrathin ferroelectric (FE) layer as the 

barrier material between two metal electrodes, where the resistance switching is realized via an 

electronic mechanism involving FE polarization reversal [1]. The tunneling electroresistance is 

controlled by flipping the polarization of the FE barrier and hence the electronic potential profile 

across the FTJ [2,3]. In order to clarify the electronic properties of metal/FE interfaces and to verify 

the theoretical models predicting the functional properties of MIM structures with FE barriers, the 

experimental determination of the band alignment at the the metal/FE interface is of major 

importance. In this work, the electronic band alignment at Fe/BTO and Pt/BTO interfaces has been 

experimentally determined using REELS and HAXPES analyses. In addition, the chemical state of 

the metal (Fe, Pt) in contact with the FE has been investigated.  

The Me/BTO bilayered structures were grown by PLD on a MgO(100) substrate. Epitaxial ~10 nm 

thick Fe (Pt) layers were grown at T=250°C (450°C).  The BTO layer (2-7 nm) was grown from the 

stoichiometric BTO target at T=450°C and further annealed at T=600°C either in residual vacuum 

(~5∙10
-8

 mbar, indexed V) or in O2 atmosphere (PO2=10
-4

 mbar, indexed O). Both Me/BTO and 

BTO/Me types of interfaces were formed. The band gap of BTO depending on the growth 

conditions was measured using REELS. The Me/BTO band alignment experiments using standard 

Kraut methodology [4] were performed utilizing the HAXPES instruments at the DORIS III and 

PETRA III storage rings at E=6 keV, both enabling to probe deep (10-20 nm) layers and thus 

providing an opportunity to directly establish the electronic conditions at the metal/FE interfaces, 

including a continuous capping metal layer. Photoemission spectra at variable glancing take-off 

angles were used to analyze the chemical state of the metal underlayer in contact with BTO.  

  The band gaps derived from REELS spectra (not shown) taken from BTO layers grown in vacuum 

and in O2 are Eg = 4.1 eV and 4.3 eV, respectively. The Fe (10 nm) underlayer in contact with a 3 

nm thick BTOV grown on top in the same vacuum cycle was found unoxidized up to a monolayer 

scale judging from the photoemission spectra taken both at normal (0º) and glancing (70º) take-off 

angles (spectra not shown). The same conclusion is made for an Pt underlayer in contact with BTO 

on top. The core level and valence band photoemission spectra for individual BTO, metal (Fe, Pt) 

and Me/BTO bilayers with the opposite types of interfaces were taken to determine the respective 

Me/BTO electronic band alignment. Selected valence band spectra of Feunder/BTOV and Pttop/BTOV 

with respect to that of the individual BTOV layer are presented in Fig. 1. The band alignment 

diagrams for both types of Fe/BTOV interfaces and for the Pt/BTOV interface are summarized in 

Fig. 2.  
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Figure 1: Valence band offsets (VBO) derived from HAXPES spectra for Pt/BTO and Fe/BTO bilayers 

are VBO(Ptunder/BTOV)=3.15 eV (a)  and VBO(Feunder/BTOV)=3.3 eV (b), respectively. 

 

 

                  
 
 
 
 
 
 
 
 
 
 

         a)             b)    
Figure 2: Electronic band alignment diagrams reconstructured from REELS and HAXPES data for both types 

of Fe/BTOV interfaces (a) and Pt/BTOV interface (b).          
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Self-Organized Nanocrystal-Based Porous Films - From 
Order and Orientation Control to Mechanical 

Properties 

C. Weidmann, C. Suchomski, K. Brezesinski, J. Haetge, B. Smarsly, and T. Brezesinski
 

Institute of Physical Chemistry, Justus-Liebig-University Gießen, Heinrich-Buff-Ring 58,35392 Gießen, Germany   

Metal oxides thin films with both a well-defined mesoporous morphology and nanocrystalline 
framework structure are very attractive for a wide variety of applications, including energy 
conversion and storage, gas sensing, and so forth. In recent years, it has been shown that such 
materials can be readily formed by solution phase co-assembly of molecular precursors with 
structure-directing agents to produce long-range periodicities reminiscent of lyotropic liquid crystal 
phases. Despite the fact that a broad range of ordered mesoporous metal oxides can be made in thin 
film format, the majority of these polymer-templated materials do not allow the inorganic walls to 
be crystallized while retaining nanoscale order; this failure makes them unsuitable for many 
applications. The difficulty to control the crystallization process, i.e., the nucleation-to-growth rate 
and the associated stress that builds into the material, is known to be the major weakness of this 
approach.  

Polymer-directed assembly of preformed building blocks is an alternative route to circumvent loss 
of periodicity/porosity upon crystallization. However, the synthesis of building blocks with both 
high purity and well-defined size and shape is complicated and still a grand challenge in material 
science. Since reaction rates involved in traditional sol-gel methods are often too fast so that they 
cannot be controlled properly we developed a non-aqueous synthesis route that enables us to 
produce different metal oxide nanoparticles. These particles show a good dispersability in common 
organic solvents and thus are highly suited for the fabrication of ordered mesoporous thin films 
with nanocrystalline domain structures.  

To probe the architectures grazing incidence small-angle X-ray scattering (GISAXS) was used. The 
GISAXS patterns shown in Figure 1 were collected at an angle of incidence â = 0.2° on beamline 

BW4. During the synchrotron runs in 2010, we systematically studied the pore symmetry and 
orientation and found that the pore size can be readily tuned from ~5 to 35 nm by using novel 
polyisobutylene-block-poly(ethylene oxide) diblock copolymers. This remarkable control over pore 
size and wall thickness now enables us to examine the mechanical properties of such materials (i.e., 
thermal expansion coefficient, Poisson�s ratio, stress gradient throughout the film, etc.) by 
following small changes in the periodic system.  

 

Figure 1: Left: GISAXS patterns obtained on templated ZrO2 thin films (heated to 700 °C) made from 
preformed nanocrystalline building blocks showing the evolution of the f-c-c pore networks with (111) 

orientation. For the synthesis, two diblock copolymers with different block lengths were used. Scattering 
vector, s, components are given in 1/nm. Right: Top view SEM image of the same material shown on the 

very left. It can be clearly seen that the 15 nm diameter pores at the solid-air interface are open.  
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Near surface X-ray diffraction for investigating phase 

and residual stress distributions of TNB-V5 (-TiAl) at 

high temperature 

 
E. Wild, J. Donges1, W. Reimers 

TU Berlin, Institute for Material Science, Metallic Materials, Germany 
1DESY, Hamburg, Germany 

The aim of this study addresses the investigation of the growing of a protective oxide layer on -

TiAl base alloy substrate. -TiAl base alloy is used for high temperature applications (more than 

750 °C), such as gas turbines rotating in a gas flow. During the high temperature activation oxide 

layers of TiO2 and -Al2O3 are growing on the surface. TiO2 will be eroded and blasted away. To 

build a protective oxide layer during high temperature activation Al has been ion implanted in the 

-TiAl base alloy using the halogen effect. This way an -Al2O3 protective oxide layer shall be 

formed at an early stage with the possibility of self repairing. The information about the phase and 

residual stress changes during the high temperature activation in the first few hours are mostly 

unknown. The information is important for the live time abilities and also for further applications, 

e.g. structuring of the surface. 

  
a)                                                                                b) 

Figure 1: a) Diffractometer MAXIM (Beamline G3, Doris) and b) DHS 1100 heating unit, Anton-Paar, with 

-TiAl specimen with oxide particles on the surface after the high temperature activation experiment  

 

The analyses were performed at the Beamline G3, MAXIM (fig. 1), HASYLAB at DESY in 

Hamburg [1-3] equipped with the “DHS 1100 heating unit”, Anton-Paar. The used wavelength 

allows near surface  diffraction experiment within the first few micrometers. The scintillation 

detector at MAXIM was used.  

For the first in-situ investigation at high temperature (T = 900 °C, t = 1000 min) polished TNB-V5 

containing TiAl and TiAl3 phases without ion implantation was measured (fig. 2). The chemical 

composition is presented in table 1. 

Tab. 1: Chemical composition of the specimen 

Material Ti Al Nb C B 

at% Bal. 45 5 0,2 0,2 

The residual stress level of several other polished samples of TNB-V5 (-TiAl-alloy) substrate with 

different concentrations of implanted F
-
-ions, up to 2x 10

17
 F

-
/cm², were investigated. The residual 

stresses were measured up to psi = 80° and calculated up with the sin²psi methods [4]. The samples 

were prepared by our cooperation partner DECHEMA [5]. 
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a)     b)    c) 

Figure 2: phases before a), during as contourplot b) and after b) the  

high temperature activation on the surface of the -TiAl specimen. 

In order to start the high temperature activation the sample was heated up to 900 °C and then the 

temperature was kept constant for 1000 minutes. The heating and the cooling rate was 15 °C/min at 

ambient air.  

Before starting the heat treatment, only -TiAl-, Ti3Al-, NbO2-phases are present on the surface 

(fig. 2a). During the heating the oxides of Al2O3 and TiO2 grow (fig. 2b). During the first hours, the 

TiO2 phase grows, at then the -Al2O3 phase is formed. The intensities of the bragg reflections 

according to the lattice planes of the -TiAl- and Ti3Al-phase decreases over several hours. The 

intensitiy of the reflections (lattice planes) of NbB2 disapear during the first additionally hour. So 

the intensity at the surface zone built by different phases depends on the time (fig. 2b), since the 

thickness of the layer increases with time. After the high temperature activation, the phases -TiAl, 

Ti3Al, -Al2O3 and TiO2 were detected (fig. 2c) and their reflection intensities were used to 

evaluate the thickness of the oxide layers. 

The residual stress investigation of the ion implanted samples shows that the residual stresses are a 

combination of grinding, polishing and implantation of F
-
-ions. The ion implantation increases the 

residual stress level in -TiAl and TiAl3 phases marginally compared to the effects due to the 

surface preparation. 

For the evaluation of these measurements we apply a recently newly developed method for in-situ 

space resolved 2D X-ray phase distribution analyses (MAXIM) during the high temperature 

activation. 

The next step will be the in-situ phase analysis for ion-implanted samples with different F
-
-ion 

concentrations. Furthermore, decreasing the temperature below critical temperature for oxide 

growing allows space resolved 2D diffraction experiments for analyzing the different phases at 

defined intervall of high temperature activation. 

The authors would like to thank DFG for the financial support within the framework of SPP1299 

„Adaptive surface for high temperature application‟ [5]. Furthermore the authors would like to 

thank Prof. Ch. Genzel, Helmholtz-Zentrum Berlin, for providing the special heating unit and A. 

Rothkirch and Th. Wroblewski, HASYLAB at DESY, Hamburg, for the experimental support. 
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The effect of Si on phase fractions and transition 
temperatures of a TiAl-Mo alloy 

T. Schmoelzer1, S. Mayer1, E. Schwaighofer1, T. Lippmann2, P. Staron2, A. Stark2, and 
H. Clemens1 

1Department of Physical Metallurgy and Materials Testing, Montanuniversität Leoben, 8700 Leoben, Austria 
2Institute of Materials Research, Helmholtz-Zentrum Geesthacht, 21502 Geesthacht, Germany 

Intermetallic TiAl alloys were developed to replace Ni based alloys as a material for low-pressure 
turbine blades in jet engines. To expand the field of application, a new alloy concept for low-cost 
parts was conceived, which is based on a high content of β-stabilizing alloying elements. These 
alloys are expected to exhibit supreme deformability at elevated temperatures due to their high β-
phase content.[1][2] Data on the effect of different alloying additions in these alloys, however, are 
scarce and to the knowledge of the authors, the effect of Si in highly β-stabilized alloys has not 
been investigated so far. 

Two alloys with a nominal composition of Ti-45 Al-3 Mo (alloy A) and Ti-45 Al-3 Mo-0.5 Si 
(alloy B) were provided by GfE Metalle und Materialien GmbH, Nuremberg, Germany. In-situ 
diffraction experiments were performed at the HARWI II beamline of the HZG.[3] The specimens 
were heated in a dilatometer (DIL 805 by Bähr) while temperature control was achieved by means 
of a type S thermocouple. A monochromatic X-ray beam with a mean energy of 104.7 keV and a 
cross section of 0.5×0.5 mm2 at the sample position illuminated the specimen. For recording the 
diffracted intensity, a mar 555 detector was employed. Specimens were rapidly heated to 1000°C 
held at this temperature for two minutes and subsequently heated to 1400 °C at a rate of 2 K/min. 
Recorded patterns were azimuthally integrated by means of the fit2D software package.[4] Fractions 
of the individual phases were determined by the intensity ratio method where the weighting factors 
were derived from Rietveld analysis with the commercial software package TOPAS (Bruker AXS).  

In Figure 1, the development of phase fractions with temperature is presented for both alloys. Three 
main phases are shown to occur which are the α2/α phase (D019/A3), the βo/β phase (B2/A2), and 
the γ-phase (L10). Both, α2 and βo-phase disorder at high temperatures while the γ-phase remains 
ordered up to its dissolution temperature. Comparison of the two graphs reveals that the course of 
phase fractions is similar for both alloys. One major difference, however, is that at temperatures 
between 1000 °C and 1200 °C, no α2/α-phase could be detected in alloy B while alloy A exhibits 
α2/α-phase contents in the range of 10 %. Consequently, the phase fractions of βo/β and γ-phase are 
shifted, which is slightly more noticeable for the γ-phase. Furthermore, the γ dissolution 
temperature has increased by the addition of Si.  

 

Figure 1: Evolution of phase fractions with temperature for a Ti-45 Al-3 Mo (a) and Ti-45 Al-3 Mo-0.5 Si 
(b). The graphs were obtained by continuously recording diffraction patterns while heating at a rate of 

2 K/min.  
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Frequently, the non-zero heating rate used in experiments that aim at determining phase fractions 
and transition temperatures in equilibrium conditions raises concerns. However, in this experiment 
the effect of the heating rate on transition temperatures is negligible, since the same heating rate 
was used for both alloys. For the case that Si affects the transformation kinetics, the results of these 
investigations yield valuable data for the processing of these alloys nonetheless, since equilibrium 
conditions cannot be obtained in a commercial production process. The microscopic investigation 
of heat-treated and quenched specimens, however, provided data, which suggest, that the transition 
temperatures found at a heating rate of 2 K/min correspond to thermodynamic equilibrium 
conditions. Furthermore, differential scanning calorimetric experiments have shown that the 
dependence of transformation temperatures on heating rate is limited. 

These in-situ experiments with the newly commissioned dilatometer at HARWI II highlight the 
influence of Si additions on phase fractions and transition temperatures of a TiAl-Mo alloy. The 
pieces of information obtained are crucial if an industrial production process for low-cost TiAl 
parts is to be designed and, therefore, will promote the understanding of the Ti-Al-Mo alloy system. 
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The multiple treatment cycles with high pressure up to 2 or 2.5 GPa and duration of 15 minutes  
were applied to a number of silicon samples undergone to some different initial treatment leading to 
the generation of various forms of  large oxygen inclusions also connected  with different changes 
of the final oxygen concentration. The initial treatment included in particular: (i) annealing for 40 
hours at 450

o
 C at atmospheric pressure, (ii)  annealing for 40 hours at 450

o
 C, and for 20 hours at 

650
o
 C at atmospheric pressure, (iii) annealing for 20 hours at 650

o
 C, and for 20 hours at 1150

o
 C 

at atmospheric pressure, (iv) annealing for 40 hours at 650
o
 C, and for 20 hours at 1050

o
 C at 

atmospheric pressure.  At the final stage all samples were annealed for 5 minutes at 1127
 o

 C under 
the atmospheric pressure. The samples were placed in the nitrogen atmosphere during all annealing 
and high pressure processes. 

The sample were studied by means of the Bragg-case projection and section diffraction topography 
at the white beam station F1 at Hasylab. A relatively low glancing angle of 4

o
 was applied in all the 

topographic experiments. Both the reference pre-treated samples and the samples treated with short 
2 GPa or 3 GPa cycles were examined with the topographic methods. 

The reflection topographs revealed the presence of well resolved oxygen precipitates in all pre-
treated samples, and it was also possible to follow their depth distribution using the Bragg-case 
section topographs. The appearance of these inclusion was, however, significantly different in the 
differently treated samples. 

The representative topographs of the pre-treated samples are shown in Figures 1 and 2. It may be 
noticed that in case of the sample pre-treated with the regime (i), the sample contains a relatively 
low concentration of uniformly distributed defects producing distinct characteristic images. 
Contrary to that, the sample pre-treated with the regime (iii) contains a much larger, but still 
resolvable concentration of inclusions, and the section topographs reveal the top layer with 
significantly lower concentration of inclusions. The last observation is also confirmed by the 
projection topographs revealing a relatively low number of inclusions. 

It was indicated that the performed cycles of additional short time high pressure treatment leads to a 
volume decrease of inclusions or even disappearance. That can be observed in case of the 
topographs of the samples shown in Fig. 3. The Bragg-case section topograph 3a presents the 
sample shown in Fig. 1 after 3 pressure cycles and one can notice a lack of contrast connected with 
the inclusion. Instead, the topographs reveal some interference fringes, characteristic for the 
crystals of good structural perfection. The effect of similar treatment for the second sample – 
corresponding to those in Fig. 2 is less distinct – one can notice the decrease of contrast connected 
with the inclusions and the occurrence of some inhomogeneities of their lateral distributions. 
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 a.  b. 

Figure 1: White beam projection (a) and section topograph (b) of the silicon sample annealed for 40 hours at 
450

o
 C and for 5 minutes at 1127

 o
 C under the atmospheric pressure see (i) in the text . 

 

 a.  b. 

Figure 2: White beam projection (a) and section topograph (b) of the silicon sample annealed for 40 hours at 
450

o
 C, for 20 hours at 650

o
 C and for 5 minutes at 1127

 o
 C under the atmospheric pressure see (iii) in the 

text . 

 

 a  b. 

Figure 3: (a) The white beam Bragg-case section topograph  of the sample shown in fig. 1 after three cycles 
of short 3 GPa treatment, and (b) the white beam Bragg-case section topograph  of the sample shown in fig. 

2 after three cycles of short 2 GPa treatment 
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cillatem no desab seguag niarts ytivitisnes hgiH   selcitraponan erew   detartsnomed yltnecer [1  , 2]  .
ssa elcitraponan eht gniniartS bme mem troppus elbixelf no seil  .ytivitsiser mlif eht segnahc senarb

 lacirtcele eht sA lennut gni   deliated a gnicaps elcitrapretni eht no sdneped ylgnorts ytilibaborp
curts uts eW .deriuqer si yduts larut fles deid -  selcitraponan edixo nori fo reyalonom delbmessa

(  retemaid elcitrap 1 no )mn 7.0±2.6   deifidom a yb detisoped enarbmem ralym niht m riumgnaL -
refeahcS   noitisoped [3]  . .giF ehT  llams eht swohs 1 - X elgna -  latnemirepxe )SXAS( gnirettacs yar

putes  ni rof desu - .sliof niht detaroced elcitraponan no stnemerusaem elisnet utis  

 

.desu putes latnemirepxe fo hcteks ehT :1 erugiF  

ponan deniartsnu fo gnicaps elcitrapretni egareva ehT 7.6 saw reyalonom elcitra   denimreted sa mn
 yb SXAS  . ,yllareneG   nI .elbaruovaf era niarts deilppa eht ot noitcaer elcitraponan fo soiranecs owt

 elcitraponan otni kcarc/tnemges lliw yarra elcitraponan eht ,niarts deilppa eht rednu esac tsrif eht
amod  gnitroppus eht no ecrof deilppa gnisaercni eht htiw rehtruf etarapes dluow taht sdnalsi/sni

 dnoces eht nI .enarbmem ,esac   esaercni dluow yarra elcitraponan eht ni ecnatsid elcitrapretni eht
yllanoitroporp   .enarbmem gnitroppus eht no niarts deilppa eht htiw erts A pus eht fo gnihct  gnitrop

 a swohs enarbmem laudarg   ni gnicaps elcitrapretni fo esaercni  fo noitcerid eht a  lacinahcem deilpp
2 .giF( niarts  ralucidneprep eht nI .)b ,noitcerid  itrapretni eht ni egnahc on  devresbo saw gnicaps elc

2 .giF(  .)a .giF ehT   a swohs a3  fo ecnedneped raenil  niarts deilppa eht no gnicaps elcitrapretni fo  
 .enarbmem gnitroppus .giF ehT   htgnel noitalerroc tnatsnoc ylraen eht swohs b3  ot gnidnopserroc

ezis niamod elcitraponan naem eht   ni fles - yarra delbmessa . 
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htiw noitarapes laudarg rieht dna noitamrof sdnalsi  niarts deilppa gniworg  [4]. 

 

 

3 erugiF  :  ni niarts fo noitcnuf a sa htgnel noitalerroc naem )b( dna noitarapes elcitraponan naem )a( ehT
ecrof deilppa eht ot lellarap dna ralucidneprep noitcerid . 

noitubirtnoc sihT   weN rof ecnellecxE fo ertneC :noitatnemelpmi tcejorp eht fo tluser eht si
 & hcraeseR eht yb detroppus ,91002104262 edoc SMTI ,gnireenignE lacirtcelE ni seigolonhceT

.FDRE eht yb dednuf emmargorP lanoitarepO tnempoleveD  

 

secnerefeR  
 

]1[  J nnamrreH .  .la te  tteL syhP lppA , 19 .)7002( 501381 ,  
]2[  reyemssoV .T  .la te  retaM tcnuF vdA , 81 .)8002( 1161 ,  
]3[  utihC .L  .la te  veR icS saeM , 01 .)0102( 261 ,  
]4[  civolaffiS .P  .la te  ygolonhcetonaN , 12 .)0102( 5 ,  

-411-



The high pressure studies of crystal structure of the 

ErCo
1.95

 and HoCo
1.95

 compounds. 

S.E. Kichanov, D.P. Kozlenko, E. Burzo
1
, B.N. Savenko, C. Lathe

2
 

Frank Laboratory of Neutron Physics, JINR, 141980 Dubna Moscow Reg., Russia 

1Faculty of Physics, Babes-Bolyai University, RO-3400 Cluj-Napoca, Romania 

2 Helmholtz Centre Potsdam, Telegrafenberg , 14473 Potsdam, Germany 

The cubic RCo2 compounds have attracted much attention due to some peculiar phenomena related 

to the metamagnetism of the Co sublattice [1]. When R is nonmagnetic (R=Y, Lu and Sc) the 

compound is an exchange-enhanced paramagnet exhibiting metamagnetic behavior in externally 

applied magnetic field. In those RCo2 compounds, where R bears a permanent magnetic moment, 

induced cobalt moments are observed in the ordered state. The changes in the lattice constant 

drastically change the mechanism of the Co-moment formation at the ordering temperature between 

the heavy and light rare-earth containing compounds. As a hypothesis it was assumed that changing 

the ionic radius R tunes the molecular field acting on the Co sublattice. The tuning of lattice 

constant as well unit cell volume could be perform by application of high pressure. In order to 

clarify the crystal changes at high pressure as well equation of state obtaining we had prepare X-

rays diffraction experiments at high pressure up to 4.3 GPa with ErCo1.95 and HoCo1.95 compounds.   

In situ X-rays diffraction high-pressure experiments were carried out using the multianvil X-ray 

system MAX80. Diffraction patterns were recorded in an energy dispersive mode using white 

synchrotron X-rays from the storage ring DORIS III. The ring operated at 4.5 GeV and a positron 

current of 80-150 mA. The incident X-ray beam was collimated to 100 × 100 μm with a divergence 

smaller than 0.3 mrad. The Bragg angle 2 was fixed at 9.093°, counting times for each diffraction 

pattern was 360 seconds. 
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Figure 1: The pressure dependencies of unit cell parameters of the ErCo1.95 and HoCo1.95. The solid lines are 
linear fits of experimental data. 

At ambient condition, the ErCo1.95 and HoCo1.95 compounds has an cubic structure with space 

group Fd3m [2] and unit cell parameter a = 7.1616(2)  and 7.1770(2) Å, respectively. The pressure 
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dependences of lattice parameters and unit cell volume of ErCo1.95 and HoCo1.95 were shown at 

fig.1 and 2. The linear  compressibility k = − (1/a0) (da/dP)T  of unit cell parameter are k = 0.021(2) 

for ErCo1.95 and k = 0.031(3) for HoCo1.95. 
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Figure 2: Pressure dependencies of the unit-cell volume of the ErCo1.95 and HoCo1.95 at room temperature 
fitted on the basis of the Birch-Murnaghan equation of state. 

The volume compressibility data were fitted by the third-order Birch–Murnaghan equation of state 

[3]: 

P = 3/2B0(x
−7/3

 − x
−5/3

)[1 + 3/4(B’ − 4)(x
−2/3

 − 1)], 

where x = V/V0 is the relative volume change, V0 is the unit cell volume at P = 0; B0 and B’ are the 

bulk modulus B0 = −V (dP/dV)T and its pressure derivative B’ = (dB0/dP)T. The calculated values for 

cubic phase of the ErCo1.95 and HoCo1.95 are B0 = 99.6(8) and 154(2) GPa, respectively. 
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Pb1-xCdxTe crystals photoemission study 
 

B.A. Orlowski1, M.A. Pietrzyk1, A. Szczerbakow1, B.J. Kowalski1, A. Reszka, 
K. Gas1, M. W. Szuszkiewicz1, V. Domukhovski1, S. Mickevicius2, R.L. 

Johnson3, S. Thiess3, W. Drube3 

 
1Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02-668 Warsaw,Poland 

2 Semiconductor Physics Institute, A. Gostauto 11, 2600 Vilnius, Lithuania 
3Hamburger Synchrotronstrahlungslabor HASYLAB am  DESY, Notkestr. 85, D-22603 Hamburg, Germany 

 
The both crystals PbTe and CdTe are of different crystalline structure and their relative 
solubility is remarkably low. The PbTe belongs to the group o IV-VI narrow gap (0.23eV) 
semiconductor compounds and crystallizes in the six fold coordinated lattice of rock salt type 
structure, while the CdTe belongs to the group of II – VI middle gap (1.45eV) semiconductor 
compounds and crystallizes in four fold coordinated zinc blend type structyre. Highly 
promising case  of the crystals application is represented by the quantum dots (QD) of PbTe 
crated in CdTe matrix for certain electronic or optoelectronic devices [2,3]. The other 
example of PbTe-CdTe system for potential application is Pb1-xCdxTe bulk crystal with a high 
Cd content which can be used for the thermoelectric applications.  
The Pb1-xCdxTe rock salt crystals were grown in the Institute of Physics, Polish Academy of 
Sciences and were obtained by Self-Selecting Vapor Growth (SSVG) method [2]. This 
method provides most favorable growth conditions, as the growing crystal contacts 
exclusively with its own source material of the same composition. Moreover, the almost 
isothermal, closed growth system tends to an increase of entropy with the result in excellent 
compositional uniformity. This system allows to grow the metastable Pb1-xCdxTe crystals in 
the temperature range of stability with rapid cooling to freeze the high-temperature phase 
existing between the solidus line and bottom temperature of stability known from the 
published phase diagram [3]. The study of X-ray diffraction of Pb1-xCdxTe ternary crystal 
performed in room temperature confirm a single-phase rock-salt solution. 
     a)                                                            b) 
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Fig.1.  a - Valence band spectra measured for different crystals composition. b – High energy  
spectrum of Te(4d), Pb(5d), Cd(4d) and valence band electrons. Used radiation hv =3510eV. 
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The electronic structure of Pb1-xCdxTe crystals valence band and core level regions were 
measured with application of Tunable High Energy X-ray Photoemission Spectroscopy (THE-
XPS) and Ultraviolet Photoemission Spectroscopes (UPS). The photoemission studies were 
performed at room temperature with application of the synchrotron radiation in the 
HASYLAB, DESY, Hamburg, Doris III storage ring. The clean crystal surface was obtained 
by Argon ions sputtering and annealing under UHV conditions. The Tunable High Energy X-
ray Photoemission Spectroscopy (THE-XPS) experiment was performed at wiggler beam line 
station BW2. The Ultraviolet Photoemission spectroscopy experiments were performed at 
beam line station FLIPPER II (E1). Synchrotron radiation obtained from the storage ring 
DORIS III was monochromatized with the plane grating vacuum monochromator designed for 
the photon energy range of 15–200 eV. The spectrometer was equipped with a CMA electron 
energy analyzer and the energy resolution was kept at 0.2eV for UPS spectra. 
 
 

a)                                                      b)                                                                                                 

                                                                                   
 
Fig.2. a – Spectrum of Pb4d and Cd3d. b – spectrum of Te3d. Used radiation hv =3510eV. 
 
 
The experiments show that a solid solution has been created with strongly modified density of 
states distribution in the valence band. Obtained results of the valence band are planed to be  
compared with the calculated band structure [3].  The compositions of Te3d peaks expected 
for Cd –Te and Pb – Te interaction was not found for the spectrum. 
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Precipitations in micro-alloyed steel 

H. Klein, H. Sowa, L. Raue and I. Janssen 

Univ. Göttingen, GZG, dept. of Crystallography 

 

Niobium micro-alloyed high strength low alloy (HSLA) steels are widely used in civil construction, auto-

mobile and line pipe applications. These steels rely on thermo-mechanical rolling, a technique that simulta-

neously provides high strength and toughness by grain refinement. Since these steels typically contain low 

carbon contents, they also have excellent welding and cold forming properties. 

The most important role of niobium as a micro-alloying element in thermo-mechanically rolled steel is the 

retardation of austenite recrystallization, which provides more nuclei for the γ/α transformation and thus a 

finer grain size. Besides niobium’s role in solid solution by delaying all diffusion controlled processes, its 

tendency to form carbides provides the dominant effect [3, 4].  

HSLA-Steels contain either the elements niobium, vanadium and titanium or a combination of them. Pre-

mature precipitation of Nb(C, N) in the secondary cooling section of the continuous caster may trigger hot 

embrittlement and transverse cracking. Furthermore Niobium has to remain in solid solution in order to 

make optimum use of its metallurgical potential during thermo-mechanical hot rolling. This is of particular 

importance in a coupled casting and direct hot rolling process.   

Depending on the hot rolling parameters, such as deformation amount and rate, temperature and interpass 

time, niobium carbide precipitation is generally incomplete with regard to the thermodynamic equilibrium 

state. As a result, a part of the niobium stays in solid solution after finish rolling in the austenite phase and 

is effective in retarding the transformation or allowing a strength increase by precipitation hardening in the 

ferrite phase [4]. 

The niobium in solid solution at the finish-rolling temperature is available for the formation of fine niobium 

carbo-nitride precipitates in ferrite. These are of the appropriate size for providing a strength increase via 

precipitation hardening. In accelerated cooled and tempered steel specimens some investigations did not 

reveal any evidence that additional precipitation in the ferrite occurred. Precipitation in ferrite was only 

found after subsequent cold deforming and tempering of the considered samples [3, 4]. 

Hence, the occurrence of precipitation depends strongly of the deformation, the cooling conditions and the 

chemical composition of the steel. It is the main intention of these investigations to identify the possible 

formation process of niobium carbides or other precipitations. It can be assumed that the orientation distri-

bution of the niobium carbide precipitates is not random, because of the strong texture of the Fe-matrix. 

This could be a reason for anisotropic mechanical behavior. 

 

Samples of different chemical composition were investigated at the high-energy beam line BW5 using an 

energy of ~100 keV. High-energy synchrotron radiation is needed to get a large diffractive sample volume.  

As an example the results of a hot rolled micro-alloyed steel (0.11 wt% C, 0.29 wt% Si, 1.66 wt% Mn, 

0.144 wt% Nb+Ti+V) are presented here. The diffraction images were taken in the range – 50°≤ ≤50° with 

=4°. Fig.1 shows a complete 2-dimansional diffraction image of the investigated HSLA-steel. The strong 

reflexions of the Fe-matrix suppress the weaker reflexions of the precipitates. 

We use a Rietveld algorithm (MAUD) to determine the volume fraction of the phases and – later on- to 

evaluate the texture [5]. The Rietveld evaluation points out the difficulties to find the right phase-composi-

tion, because the solution-precipitation process depends extremely on the thermo-dynamical conditions 

during hot rolling and heat treatment. Another problem was the relatively small amount of precipitates. In 

order to get a sufficient count statistics relatively long exposure time is needed that leads on the area detec-

tor to an overflow of the strong α-Fe-reflexions. To avoid this we used the secondary slit system available at 

the BW5 beam line [1, 2]. By means of this slit system the α-Fe-lines were shielded and diffraction rings of 

the precipitations are now visible. In fig. 2 such a partial 2-dimensional diffraction image (3.90°≤2 ≤4.72°) 

is shown.  

The first and a very difficult step in phase evaluation was to assign the possible phases of precipitations. In 

the considered sample the best Rietveld fit was received using seven possible precipitations: 

Ti2N, TiN, Ti0.89V0.11, FeTi, MnV, Fe0.3Mn0.7 and Nb0.026Ti0.974 

-416-



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 shows a MAUD-Rietveld-fit based on the integrated diffraction image in fig.2 with the above men-

tioned phases. The NbC-Phase, often described in literature was not found in this sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This can only be explained with deviating conditions during heat and plastic deformation treatment. This 

result shows the necessity to understand the forming process of the precipitations thermodynamically.  A 

next step will be the investigation of samples with different contents of carbon, titanium, niobium and nitro-

gen treated under different temperature conditions. 
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Fig. 1 Complete 2-D Diffraction image 

of a micro-alloyed Steel. 

Fig. 2 Partial 2-D diffraction image with Debye-

rings from different precipitations, without 

reflexions of the Fe-matrix. 

Fig. 3 Rietveld-fit of an example of an integrated diffraction diagram (fig.2) in 

the range 3.90°≤2 ≤4.72°. Possible phases are shown. 
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The wide-band gap materials (bulk crystals, quantum structures and nanocrystals) doped with 
Rare Earth (RE) and Transition Metals (TM) ions have a lot of applications, for example: 
phosphors, luminescent markers, etc. Among them yttria-stabilized zirconia (YSZ) is one of 
the most studied [1-3]. It is a chemically inert and relatively hard material. Zirconia has 
several polymorphs which are known (monoclinic, tetragonal, cubic and rhombohedral). 
Among them, those of the highest symmetry are of most interest due to their attractive 
properties. For preparation of cubic or tetragonal phases, thermal treatment and doping with 
yttrium or other dopants are typically used. 

It has been shown that the ZrO2 (0.5mol.% Pr3+) fine nanocrystals stabilized by Y2O3 
(7mol.%), annealed at 1200°C, exhibit far more intense red emission than the non stabilized 
samples of ZrO2:Pr [4]. The photoluminescence can depend on dopants position, its 
distribution and amount in nanocrystal grains at each step of annealing procedure. In order to 
understand this effect, analysis of the phase content, especially establishing the Pr2O3 content 
is required.  

X-ray absorption fine structure (XAFS) at Pr L3-edge spectra for YSZ annealed at 
temperatures: 90°C, 450°C, 800°C, 1080°C and 1200°C were measured at A1 station. 

EXAFS analysis on the sample annealed at 1200°C indicated that Pr is no longer present in 
the form of praseodymium oxide but is built into the structure of ZrO2 nanocrystals (see 
Figure 1). 
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Figure 1: FFT EXAFS oscillations and fitting results for sample annealed at 1200 ºC.  

Taking advantage of the fact that in the sample annealed at 1200°C Pr2O3 does not exist,  
XANES spectrum of this sample was used as one of the references in the principal component 
analysis (PCA). The second reference was Pr2O3. PCA was performed using XANDA 
software [5]. Figure 1(a-d) shows XANES spectra for YSZ compared with the fitting result.   
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Figure 2: Results of the PCA analysis for YSZ annealed at different temperatures. 

Thanks to the PCA analysis it was found out that Pr2O3 content linearly decreases with 
increasing annealing temperature.  
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Phase stability and thermal expansion of rocksalt
LiFeO2–ZnO solid solutions at ambient pressure

V.L. Solozhenko 1, P.S. Sokolov 1, V.A. Tafeenko 2 and A.N. Baranov 2
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Zinc oxide belongs to the family of wide-band-gap semiconductors and possesses high excition binding
energy (60 meV). At ambient conditions ZnO has hexagonal wurtzite (w) structure (space group P63mc)
which transforms into cubic rocksalt (rs) one (space group Fm3m) at pressures above 6 GPa and reverts
back to wurtzite phase upon pressure release. Recently a number of metastable MeO–ZnO solid solutions
(Me = Ni2+, Fe2+, Co2+, Mn2+) with rocksalt structure have been synthesized by quenching from 7.7 GPa and
1450-1650 K [1]. Here we report the synthesis and properties of the rocksalt LiFeO2–ZnO solid solutions
with ultrahigh ZnO content.

Metastable rs-LiFeO2–ZnO solid solutions have been synthesized by solid state reaction of w-ZnO with
rs-LiFeO2 at 7.7 GPa and 1350-1450 K and subsequent rapid quenching. Phase composition and crystal
structure of the recovered samples has been studied by X-ray diffraction with synchrotron radiation at
beamline BW5, DORIS III.  In situ high-temperature X-ray diffraction measurements up to 1100 K have
been performed at beamline B2, DORIS III.

At 7.7 GPa the upper solubility limit of ZnO in rs-LiFeO2 was found to be 0.8 molar fraction. At higher
(x > 0.8) ZnO content, all recovered samples were two-phase mixtures of solid solutions with wurtzite and
rocksalt structures. Figure 1 shows a characteristic powder X-ray diffraction pattern of the
rs-(LiFeO2)0.3(ZnO)0.7 solid solution. Le Bail analysis has shown that the recovered sample is single phase,
and all observed reflections can be indexed in NaCl-type crystal structure (Fm3m, a = 4.2430(5) Å,
Rp = 0.03) with cations randomly distributed over the cationic sublattice. Lattice parameters of rocksalt
solid solutions in the LiFeO2–ZnO system perfectly follow the linear concentration dependence (Vegard’s
law) from ars-ZnO = 4.28 Å down to the lattice parameter of pristine rs-LiFeO2 (Figure 1, inset) which points
to the formation of ideal substitution solid solutions.

Figure 2 shows diffraction patterns of the rs-(LiFeO2)0.4(ZnO)0.6 solid solution taken at different
temperatures. Below 770 K only reflections of the initial rocksalt solid solution are observed. At higher
temperatures, intensity of diffraction lines of rocksalt phase drastically decrease, while reflections of new
wurtzite phase appear, which is indicative of the decomposition of the initial solid solution into mixture of
w-ZnO-base and rs-LiFeO2-based solid solutions. The onset temperature of decomposition (Td) of all
rs-LiFeO2–ZnO solid solutions decreases with increase in ZnO content (for instance, from 770(5) K for
x = 0.6 down to 670(5) K for x = 0.8). Lattice parameters of rs-LiFeO2–ZnO solid solutions have been
determined at different temperatures. For all stoichiometries, between 298 K and Td unit cell volume
changes nonlinearly with temperature and can be fitted to the V(T) = V0[1+α1·(T-298)+α2·(T-298)2]
equation. Coefficients α1 and α2 are summarized in the Table. It can be seen that α1 monotonically increases
with ZnO molar fraction (x), while α2 decreases.

Table. Parameters of the V(T) = V0[1+α1·(T-298)+α2·(T-298)2] equation used for fitting the thermal
expansion data of rs-LiFeO2–ZnO solid solutions

Composition V0 (Å3) α1×105 (K-1) α2×108 (K-2)

(LiFeO2)0.2(ZnO)0.8 77.232(7) 4.3(6) 0.5(3)

(LiFeO2)0.3(ZnO)0.7 76.402(8) 3.5(1) 2.5(4)

(LiFeO2)0.4(ZnO)0.6 75.74(1) 3.3(1) 3.2(4)
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Figure 1: Experimental (crosses), calculated (solid line) and difference (lower) X-ray diffraction
patterns (λ = 0.14757 Å) of the rs-(LiFeO2)0.3(ZnO)0.7 solid solution quenched from
7.7 GPa and 1450 K.  Inset: Lattice parameters of rs-(LiFeO2)1-x(ZnO)x solid solutions
vs ZnO molar fraction (x) at ambient conditions.

Figure 2: X-ray diffraction patterns (λ = 0.65147 Å) of the rs-(LiFeO2)0.4(ZnO)0.6 solid solution
taken at different temperatures in the course of stepwise heating at ambient pressure.

References

[1] A.N. Baranov, P.S. Sokolov, O.O. Kurakevych, V.A. Tafeenko, D. Trots, V.L. Solozhenko,
High Pressure Res. 28, 515 (2008).

13 14 15 16 17 18

820 K

770 K

670 K

570 K

470 K

ww

rs

2 Θ (degree)

rs

370 K

w

-421-



Residual Stress on SSiC- and  

Si
3
N

4
-Ceramics after Surface-Grinding 

E. Wild, W. Reimers 

C. Sammler1, E. Uhlmann1 

TU Berlin, Institute for Material Science, Metallic Materials, Germany 
1TU Berlin, Institute for Machine Tools and Factory Management, Germany 

Due to their outstanding properties such as hardness and thermal resistance, ceramic materials can 

offer significant advantages compared to metallic materials particularly in applications with high 

tribological loads and thermal stresses. Generally only grinding technologies can be applied for 

high precision machining and reaching the high demands on accuracy and boundary layer integrity. 

The boundary layer properties of ceramics determine the mechanical resistance, durability and 

performance characteristics of the components. As a result of cutting technologies, positive or 

negative residual stresses can be induced in the boundary layer [1]. For profile and surface 

grinding, creep feed grinding or pendulum grinding processes can be applied. As a variation of 

pendulum grinding, the machining with speed-stroke-kinematics offers an innovative variation with 

significantly increased workpiece velocities and equally decreased infeeds even in comparison to 

creep feed grinding. As a result of this kinematics, changes in chip formation through modified chip 

thicknesses can take place and it has been noticed that these changes can have effects on the 

residual stress level of the machined boundary layer. In this work, the influence of the machining 

strategy of surface grinding with creep feed and speed stroke kinematics on residual stresses of the 

ceramic materials silicon nitride Si3N4 and silicon carbide SiC was investigated. Si3N4 has 

industrial relevance in applications such as valve seating’s and coatings of cylinder walls, SiC can 

be applied in chemical installations, mills and as nozzles. As shown in the SEM-images in figure 1, 

the machined workpieces feature significantly different surface characteristics. 

  

 

 

 

 

 

 

 

 

Figure 1: SEM of the surface and picture of the samples of SiSiC and Si3N4 after machining  

The residual stresses were analyzed using the beamline G3, MAXIM, HASYLAB at DESY in 

Hamburg [2-5]. The sin²psi-method [6] was used for the evaluation of the experimental data 

obtained under different conditions. Different lattice planes and wavelengths were selected for 

achieving the diffraction information depth. The penetration depth was defined by 63, where 63% 

of the diffraction intensity is collected [7]. With this method residual stress gradient profiles over 

the depth are accessible. 

 

SiC Creep Feed Ground 

Speed Stroke Ground 
Si3N4 

SiC 

Si3N4 
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Tab.1 Used wavelength and lattice planes for achieving residual stress gradient profiles over the 

depth 

Phase Wavelength Lattice plane 

SiC 0,17889 nm, 0,208 nm SiC 203, SiC 208 

 0,234 nm SiC 101, SiC 103, SiC 104, SiC 110, SiC 203 

Si3N4 0,17889 nm, 0,208 nm Si3N4 330, Si3N4 122, Si3N4 151 

 0,234 nm Si3N4 201, Si3N4 301, Si3N4 230, Si3N4 231 
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a)                                                                        b) 

Figure 2: Depth resolved residual stress gradient in longitudinal and transversal direction of a) SiC 

and b) Si3N4 after machining  

SiC as well as Si3N4 show only compressive residual stresses over the penetration depth of  ~4 to 

~18 µm. The compressive residual stress level in the longitudinal direction is higher than in 

transversal direction, even at siliconnitride. The machining with creep feed kinematics lead to 

higher compressive stresses in longitudinal and transversal direction compared to speed stroke 

kinematics.  

The results give comparative information about the process immanent impact of creep feed and 

speed stroke grinding on residual stress level and thus support the transformation of the innovative 

speed stroke kinematics for surface and profile grinding from laboratory knowledge to industrial 

application. Improved material removal rates, as applicable with speed stroke kinematics, can have 

positive or negative effects on properties of the boundary layer. Based on the present and future 

results, changes in terms of integrity of the boundary layer in dependency of process parameters 

will be investigated. 

The authors would like to thank the DFG for the financial support. Furthermore the authors would 

like to thank Dr. J. Donges, Dr. A. Rothkirch and Dr. Th. Wroblewski HASYLAB at DESY, 
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Due to beneficial properties like low density and high specific strengths there is a great interest in using Mg- 

and Al-alloys in a wide variety of structural applications especially in the automotive and aerospace 

industries, where among other aspects lightweight metals are needed to minimize weight and therefore to 

reduce fuel consumption and CO2 emissions [1]. In comparison to steel (ρ=7,8 g/cm³) and even aluminum 

(ρ=2,7 g/cm³), magnesium with a density of about 1,8 g/cm³ is the lightest construction metal. Nevertheless 

based on the insufficient corrosion resistance an unrestricted application of Mg-alloys is not guaranteed. 

Hence there has been a growing interest in coating magnesium alloys. Since aluminum is known for its good 

resistance to corrosion effects and its good workability it is attractive as a possible coating material.  

Besides a mechanical bonding the development of a diffusion zone at the interface of two joined materials is 

important in order to achieve a sufficient bond. However, joining two dissimilar metals is often difficult 

because of the formation of massive brittle intermetallic phases which reduce the bonding strength [2]. Thus, 

on the one hand a chemical bonding is required but on the other hand the final amount of intermetallic 

phases should be moderate.  

According to different XRD analyses in the interface zone of Mg-alloys and Al-alloys joined by different 

techniques of welding, mainly the Mg rich phase Al12Mg17 (γ) and the Al rich phase Al3Mg2 (β) will be 

formed within the diffusion zone [2, 3].  

 

Figure 1: SEM micrograph of the diffusion zone of coextruded AZ31/AA6060  

SEM analysis also have shown that the diffusion zone can be divided into three sections. These zones, 

illustrated in figure 1, may be divided in an Al rich zone (mainly β is formed), a transition zone and a Mg 

rich zone (mainly γ is formed) [4, 5]  

The aim of the conducted experiments was to analyze the phases and especially to verify the existence of 

Al3Mg2 and Al12Mg17 in the interfacial zone of the Mg-alloy AZ31 and the Al-alloy AA6060 joined by co-

extrusion in order to optimize the production process. 

The analyzed samples were extracted from the center and the end of a co-extruded rod parallel to the 

extrusion direction. The billet (diameter: 121mm, length: 170mm) was indirectly extruded on the 8 MN 

horizontal rod- and tube-extrusion press of the Extrusion Research and Development Center at the TU 

Berlin. An AA6060 tube and an AZ31 core were separately heated (TAl=380°C, TMg=280°C) and combined 

for the hybrid billet before coextrusion. The ram speed was set to 0.6mm/s while the extrusion ratio was 41. 
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The phase analysis were carried out at the beamline G3, MAXIM, HASYLAB at DESY in Hamburg. The 

analysis of the interface were performed by using synchrotron X-ray radiation with a wavelength of  = 

0.185 nm. 2 was varied within an interval from 12° to 110°, 2 = 0.025°, while psi and phi angles were 

kept constant at 0°. The time for measuring was 3-4s respectively. The primary slit system was adjusted to 

1.5mm in the equatorial and to 4mm in the lateral direction. 

The interfacial zones of three samples were analyzed. However the results of only one sample will be shown 

exemplarily. The XRD results for the sample mentioned showing the apparent phases within the diffusion 

zone are illustrated in figure 2.  

 

Figure 2: Angle dispersive diffractogram presenting the peaks of the individual phases, cut-off at 300 cts/s in 

order to show the peaks of lower intensity 

As shown in figure 1, the diffusion zones of the analyzed samples are characterized by a thickness of 

approximately 10µm only. Actually, since the primary slit system was adjusted to 1.5mm in the equatorial 

and to 4mm in the lateral direction, the area investigated was larger than the spatial dimensions of the 

interfacial zone. Therefore the detected reflections of Al and Mg are distinct while the peaks of the new 

formed secondary phases are small. That is why the diffractogram shown in figure 2 was cut-off at 300 cts/s 

in order to show the peaks of lower intensity. 

According to the XRD results, amounts of β- and γ-phase can be observed in the AZ31-AA6060 interfacial 

area. They were formed by the diffusion of Mg- and Al-atoms during the extrusion process. 

Based on the present results, the aim of future XRD phase analysis should be to investigate the influence of 

certain process parameters on the development of a diffusion bonding zone between AZ31 and AA6060. 

Here parameters of special interest are for example the extrusion ratio or the feeding angle of the die 

respectively. Moreover the use of Zn-interlayers could improve the strength of the interfacial bonding. 

The authors would like to thank Dr. J. Donges, A. Rothkirch and Th. Worblewski, HASYLAB at DESY, 

Hamburg, for the experimental support. 
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The short range order around Pd atoms in nanometer-size grains embedded in a carbonaceous 
films deposited with two-step process: physical vapor deposition (PVD) followed with 
chemical vapour deposition (CVD) was studied. The Pd K-edge X-ray Absorption Fine 
Structure Spectroscopy was applied to study the short range order around Pd atoms occurring 
in after the first step of process and finally. This work is a continuation of similar studies 
performed for nickel nanograins [1].   

The films studied in the presented work have been deposited onto SiO2 substrate. Next to a 
deposition, they were mechanically removed, powdered and smeared onto the mylar foil. A 
number of the such leafs were stacked together in order to increase a thickness to the value 
which yields Pd Kα fluorescence radiation intensity applicable for the absorption fine structure 
measurements. The density thickness of each probed film was in the range of several 
milligrams per cm2. Measurements were performed at the C beamline at Doris III 
synchrotron. Samples were cooled down to the temperature of liquid nitrogen. For each 
sample, at least three measurements were done in the photon energy range from 200 eV below 

χ

10864

k [Å
-1
]

Pd metal, 1st path

Pd ref.

 1

 

 2

 3

 4

 5

PdO, 1st path

PdO ref.

 

Fig. 1. EXAFS oscillation function 
extracted from absorption spectra 
measured for PVD treated samples 1-5 
described in the Tab. 1 Two dotted curves 
calculated for reference materials with 
FEFF are added 
. 
 

 
 
Tab. 1 Sample preparation description: Pd 
concentration and process duration 

Sample 
Pd atomic 

fraction 

Duration of the 

PVD processes 

5 0.013 9 min 

4 0.043 9 min 

3 0.003 15 min 

2 0.013 9 min 

1 0.057 9 min 
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up to 1000 eV above the Pd K absorption edge in order to verify the reproducibility and 
evaluate an error. For all measured samples the signal to noise ratios probed for the summed 
spectra at the energy about 70 eV over the absorption edge were larger than 20, same ratio 
probed at 700 eV was in all cases larger than 5. Relatively high noise level comes from the 
low fluorescence yield provided by the small amounts of probed material. Standard deviation 
of normalised partial spectra was found less than 0.08 while the values at least hundred times 
larger were obtained when the same evaluation was done for spectra measured for two 
consecutive samples in the series. Measured spectra were found reproducible. Each of them 
was found specific for one particular sample constituent the series.  
A shape evolution observed in near-edge energy range (Fig. 1) depend on the gradual rise of 
the white line (WL) accompanied with a decay of the maximum observed at k = 5.4 Å-1 eV in 
the metal reference spectrum. The sample no. 1 shows the NEXAFS similar to the Pd 
reference. That resemblance, although blurred, can be find for the sample no 2 as well. 
Spectra of the next samples approach PdO-like shape rather than Pd one. None of them, 
however, shows the WL profile featured like it is observed for PdO reference. Edge positions 
for samples 3, 4 and 5 are shifted towards lower photon energies by 1 eV, 2 eV and 2 eV, 
respectively. The structure of grains seeded during the PVD developed in the subsequent 
CVD process. XAFS results obtained for such processed samples were found similar each to 
other. Detailed studies of the modified structure is presented for two samples 3-bis and 4 bis 
which were obtained from samples 3 and 4, respectively. Those two samples were chosen 
because of significant difference in Pd concentration, 0,3 at % and 4,3 at %, respectively. 
Fig. 2 presents absorption spectra µ(hv), for the samples no 3-bis and 4-bis and extracted fine 
structure oscillations χ(k).Presented curves are by far different than those obtained for the 
samples undergone the PVD only. They show a close resemblance to the corresponding 
curves obtained for metallic reference instead. 

µ

244502440024350

hν [eV]
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155 k [Å
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a
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3
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Fig. 2. Normalised absorption spectra measured for 
samples 3 and 4 before (numbers 3 and 4 in the 
plot) and after (3-bis and 4-bis respectively) CVD 
process. The inset shows extracted χ(k) fine 
structure functions.  

The dominant influence of annealing, namely the time of it’s duration and temperature, on the 
grain structure was clearly illustrated with the results obtained for samples treated with CVD 
in 600 ºC. That process does not change the amount of Pd in the matrix but provides 
conditions for further growth and structure refinement of nanocrystallites seeded with PVD 
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Biodegradable magnesium alloys represent a novel class of temporary implant materials that 
corrode in vivo [1-8]. As temporary implant materials, magnesium alloys have shown extraordinary 
mechanical properties [3,4,5,7], very good cytocompatibility [2,3,4,5,7,8] and they have a direct 
effect on adjacent tissues, improving the biocompatibility and adjacent bone remodeling [3,7]. 
Locally enhanced concentration of magnesium ions is able to improve cartilage regeneration [8]. 
However, it is crucial to understand and control the degradation process in vivo in order to assess 
potential opportunities and health risks. 

In general, differences in the corrosion rates from experiments in vitro and in vivo have been 
oberseved probably due to presence of organic components such as proteins and lipids in the in vivo 
environment [6]. Therefore, the challenge is to develop magnesium alloys that provide the required 
mechanical characteristics, mainly high strength and high ductility, and controlled in vivo corrosion 
rates that are even across the implant. The magnesium technologies that have been developed at 
Technion include casting and rapid solidification (RS) of ribbons in Kg quantities, as well as 
processes and tools that prepare RS ribbons for extrusion, and various extrusion techniques that 
result in a variety of desired and controlled alloy properties. The Technion magnesium alloys are 
characterized by very fine equiaxed grains, 1-2 microns in diameter, and a uniform distribution of 
nano-sized precipitates of two types. The first type of precipitates is forming on grain boundaries 
and mainly at grain boundary triple points, while the second type forms inside the grains. The grain 
boundary phase prevents grain growth during processing and the nano-sized particles inside the 
grains provide strength by impeding dislocation motion. As an example, one of our alloys - RS66, 
can reach strength of almost 600 MPa, while at 300 MPa the same alloy has 27 % ductility at RT. 
This alloy is superplastic at elevated temperatures and can be deformed to several hundred percents 
at 250 C°. 

Nano-structured magnesium alloys are very promising biodegradable metals due to their unique 
metallurgy and they have never been investigated as biomaterials before. There has been no 3D 
approach before to image the structure and structural changes within and in the vicinity of such as 
corroding magnesium alloys in vivo. Thus, we expect to elucidate the mechanism of biodegradation 
of these novel biomaterials and hope to obtain a real breakthrough in the application of 
biodegradable metals in biomedical applications. 

Attenuation microtomography and element-specific microtomography will be used to explore the 
in vivo corrosion behaviour of nano-structured magnesium alloys in their application as 
biodegradable materials at beamlines HARWI-II and BW2. 

A stack of plastic embedded rabbit bones including the corroding nano-structured magnesium 
implant representing various implantation periods has been created for automated scanning using 
attenuation microtomography at beamline HARWI-II (Fig. 1 a). The single embedded bone-implant 
samples were analysed for continuous corrosion especially at the bone-implant interface. The 
reconstructed data are showing continuous corrosion of nanostructured magnesium implants after 
1 (Fig. 1 b,c), 2 (Fig.1 d), 3 (Fig. 1 e), 4 (Fig. 1 f) and 8 (Fig. 1 g) weeks of implantation with an 
continuous replacement of the implant by cancellous bone. Further data analysis is in process. 
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Figure 1: A stack of plastic embedded rabbit bones including the corroding magnesium implant representing 
various implantation periods has been generated for automated scanning of the whole stack (a). The single 

embedded bone-implant samples were analysed for continuous corrosion especially at the bone-implant 
interface. The reconstructed data are showing continuous corrosion of nanostructured magnesium implants 

after 1 (b,c), 2 (d), 3 (e), 4 (f) and 8 (g) weeks of implantation with an continuous replacement of the implant 
by cancellous bone. 
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Wide-gap II-VI semiconductors with transition metals (TM), commonly referred to as diluted magnetic 
semiconductors (DMS) are of scientific interest because of their wide range of optical, magnetic and electronic 
transport properties. The possibilities for the band gap engineering made these materials extremely 
technologically important, e.g. in production of quantum wells, multilayer structures, heterostructures used in 
devices like light emitting diodes and blue lasers. Quaternary systems AII

1-xBxC1-y
VIDy in regard to ternary 

systems AII
1-xBxCVI, possess an extra ion component which allows additional degree of freedom in controlling 

material parameters and in varying its properties. The ion substitution exhibits the nearest-neighbour and site 
occupation preferences (SOPs) in both cation and the anion sublattices. In the presence of two different types 
of anions the nearest neigbourhood of TM ion local symmetry is changed and as a consequence its electronic 
states are modified.  

We have utilised EXAFS (Extended X-ray Absorption Fine Structure) technique to resolve local electronic 
and structural features of Fe ions incorporated in a variety of II-VI wide-gap semiconductors with two anions 
Zn1-xFexTe1-ySey, Cd1-xFexTe1-ySey and Cd1-xFexTe1-ySy, all of which share the same tetrahedrally coordinated 
zinc-blende structure of the host binary ZnTe and CdTe. EXAFS measurements were performed in 
fluorescence mode at 77 K at beamline C1 of HASYLAB at Deutsches Elektronen-Synchrotron DESY. Data 
processing and analysis were performed using ATHENA and ARTEMIS packages [1]. Results of the 
preliminary EXAFS analysis [2] revealed bimodal distribution of distances around Fe and preferences for 
certain ions paring. In particular, the preference for Fe distribution around Te in Cd1-xFexTe1-ySey (x=0.02, 
y=0.03), around S in Cd1-xFexTe1-ySy (x=0.01, y=0.03, 0.09) and around Se in Zn1-xFexTe1-ySey (x=0.02, 
y=0.09) was found. Furthermore, while in ZnTe-based systems Zn-Te distance (rZn-Te) is found to slightly 
exceed the value in pure ZnTe, Fe-Te distance exactly matches rZn-Te, and Fe-Se is close to rZn-Se in pure ZnSe 
(see Table 1), in CdTe-based systems the distances around Fe were found to considerably exceed the values 
expected in pure CdTe (see Table 1). The origin of these peculiar results is yet to be determined. To that end 
measurements at different temperatures and on other elemental edges along with extensive electronic structure 
calculations by means of WIEN2k code [3] are intended. 

Zn0.98Fe0.02Te0.91Se0.09 Cd0.98Fe0.02Te0.97Se0.03 
Fe K-edge Zn K-edge Fe K-edge Se K-edge 

 

Fe-Te Fe-Se Zn-Te Fe-Te Fe-Cd Se-CdI Se-Te Se-CdII 
r [Å] 2.643(4) 2.42(2) 

2.454ZnSe 
2.650(3) 
2.643ZnTe 

2.945(3) 
2.807CdTe 

4.65(2) 
4.583CdTe 

2.964(5) 
2.620CdSe 

4.66(2) 5.45(2) 

σ2 [Å2] 0.0013(6) 0.015(5) 0.0027(4) 0.0011(5) 0.014(2) 0.0019(6) 0.010(2) 0.013(4) 
n 3.5(1) 0.5(1) 4 4 12 4 12 12 

Cd0.99Fe0.01Te0.97S0.03 Cd0.99Fe0.01Te0.91S0.09 
Fe K-edge Fe K-edge  

 

Fe-Te Fe-S Fe-Cd Fe-Te Fe-S Fe-CdI Fe-CdII 
r [Å] 2.944(8) 

2.807CdTe 
2.68(2) 
2.525CdS 

4.61(5) 
4.583CdTe 

2.938(9) 2.67(2) 
 

4.80(7) 4.26(5) 
4.124CdS 

σ2 [Å2] 0.0010(7) 0.001 0.014(4) 0.0031(8) 0.0031 0.014(3) 0.014 
n 3.3(2) 0.7 12 3.0(2) 1 8(1) 4 

 
Table 1: Interatomic distances (r), Debye-Waller factors (σ2) and coordination numbers (n) as determined 
from EXAFS data analysis. Experimental uncertainties of the parameters evaluated in the fits are given in 

parenthesis. Nearest and next nearest neighbour distances in corresponding binary systems are given in italic. 
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In recent years among scintillation materials much research efforts have focused on cerium doped 
crystals of UCl3 structure due to their outstanding scintillation properties such as light yield, energy 
resolution etc. Eu2+ doped single crystals also show very high values of light yield (above 100,000 
photons per MeV for SrCl2 and SrI2 hosts) [1].  

We report on the low-temperature (10 K) luminescent properties of LaCl3 microcrystals activated 
by divalent europium ions embedded in NaCl host, which were studied using the facility of 
SUPERLUMI station at HASYLAB. 

Single crystal of NaCl–LaCl3(1 mol.%)–EuCl3(0.1 mol.%) composition was grown and annealed 
by means of technique described in [2]. In that work the feasibility of the formation of LaCl3 
microcrystals doped by cerium ions embedded into a NaCl host has also been shown on NaCl–
LaCl3–CeCl3 system. 

In the case of NaCl–LaCl3(1 mol.%)–EuCl3(0.1 mol.%) composition, the luminescent spectrum 
reveals intensive band peaked at 410 nm (Fig. 1, curve 1) typical to 5d→4f emission of Eu2+ 
centers in LaCl3 host [3]. At the same time, the absence of the 428 nm photoluminescence band 
(Fig. 1, curve 2), which is typical to Eu2+ centers in the NaCl-Eu system, indicates that the majority 
of europium ions enter into the LaCl3 microcrystals. In the case of NaCl–EuCl3(0.01 mol.%) crystal 
in addition to the 428 nm luminescence band, the 413 nm emission band attributed to the emission 
of three dimensional (3D) precipitates of EuCl2 type in NaCl matrix [4] is also observed at 10 K 
(Fig. 1, curve 2).  

 

Figure 1: Luminescence spectra of: NaCl–LaCl3(1 mol.%)–EuCl3(0.1 mol.%) crystal at the 301 nm 
excitation (curve 1) and NaCl-Eu2+ crystal at the 275 nm excitation (curve 2). Т=10 K. 

Additional evidence of the luminescence of the Eu2+ ions in LaCl3 microcrystals can be obtained 
from the comparison of the luminescence excitation spectra of NaCl–LaCl3–Eu and NaCl-Eu 
crystals (Fig. 2, curves 1, 2). 
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The Eu2+ luminescence excitation spectra of NaCl–LaCl3–Eu system in the transparency region of 
NaCl and LaCl3 crystals contain two bands peaked at 3.6 and 4.1 eV (Fig. 2, curve 1) corresponding 
to 4f→5d absorption transitions in Eu2+ ions in the LaCl3 crystal. The position of these bands 
differs from one typical to the Eu2+ centres in NaCl crystal (3.7 and 5.2 eV, respectively).  

In the NaCl fundamental absorption region (E > 7.5 eV), the Eu2+ ion emission in the LaCl3 as well 
as in the NaCl crystal is excited due to the reabsorption of self-trapped exciton (STE) luminescence 
from NaCl matrix [5].  

 

Figure 2: Luminescence excitation spectra of impurity Eu2+ centres: NaCl–LaCl3(1 mol.%)–
EuCl3(0.1 mol.%) crystal (λem=405 nm) (curve 1) and NaCl-Eu2+ crystal (λem=428 nm) (curve 2). Т=10 K. 

Since europium ions enter NaCl crystal strictly as divalent impurity, we suppose that during the 
grows of the NaCl–LaCl3(1 mol.%)–EuCl3(0.1 mol.%) crystalline system, europium ions enter into 
LaCl3 microcrystals also as Eu2+. 
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Ion conducting glasses  are widely used in many current applications such as solid state batteries, non-volatile 
memories and sensitive electrochemical electrodes. These glasses often consist of several components, which 
property makes a systematic structural study difficult or even impossible. Among the relatively simple ternary 
alloys, Ge-S-Ag glasses can be vitrified over a wide composition range; therefore, they can serve as an 
optimum test system for understanding the connection between structure and conductivity. To achieve this 
goal by experimental means one should usually combine different techniques. In the present case, we intend to 
study the structure of these glasses by X-ray and neutron diffraction and EXAFS measurements. Due to the 
different sensitivity of these techniques, it can be possible to separate the 6 partial pair correlation functions 
describing short range order in a ternary glass. 

As a first step, we carried out high energy X-ray diffraction measurements at the BW5 experimental station. 
The energy of incident photons was 100 keV (λ = 0.124 Ǻ). Powder samples were placed into thin walled (20 
µm) quartz capillaries with outer diameter of 2 mm. The cross section of the incident beam was 2×1 mm2. 
Scattered intensities were measured by a Ge solid state detector. Raw intensity was corrected for background, 
polarization and changes of detector solid angle. X-ray diffraction structure factors are shown in Figure 1. 

 

 

Figure 1: X-ray diffraction structure factors of GeS3-Ag glasses. 
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The X-ray total pair correlation functions are displayed in Figure 2. Pure binary GeS3 exhibits one 
pronounced peak at ~2.20 Å corresponding to Ge-S and S-S distances. The gradually increasing peak at 2.5-
2.6 Å is due to S-Ag correlations. Finally, there is a more diffuse peak at around 3 Å which may be assigned 
either to Ag-Ag or to Ge-Ag bonding. 

Our further investigations aim at the following questions: 
i) are there Ag-Ag pairs in these glasses?  
ii) the initial configuration is S-rich with S-S bonds. Do these bonds survive the addition of Ag? 
iii) are there ‘wrong’ Ge-Ag bonds in this system?   

 
It will be possible to clarify this point after combining XRD results with Ge and Ag EXAFS and neutron 
diffraction. 
 

 

Figure 2: X-ray total pair correlation curves of GeS3-Ag glasses. 
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Today, dynamic random access memories (DRAM) and Flash represent the dominant solid-state 
memory technologies. Although DRAMs are fast and show almost unlimited cycle times for read 
and write operations, their main drawback is that they are volatile memory devices. Moreover, they 
have limitations in scalability because they are charge-based and the cell capacitors cannot be 
reduced below a certain intrinsic value. On the contrary, Flash memories are non-volatile and show 
a better scaling behaviour than DRAMs. However, their writing speed is quite low and the number 
of writing cycles is limited. Promising candidates to overcome these limitations are resistively 
switching memory devices that are based on a valence change effect [1]. The bipolar resistance 
switching effect has been observed in many transition metal oxides like manganates, zirconates or 
titanates [2-5]. These materials consist of transition metals that can form different stable oxides 
because of different valence states. The valence state can be changed by introducing oxygen 
vacancies into the crystal that act as charged shallow donors. Typically, a forming step is needed to 
enable resistance switching within this class of materials, which is typically performed by applying 
an external voltage on a two-terminal cell. This leads to the field-induced migration of oxygen 
vacancies along extended defects resulting in a change of the valence state of the cation sublattice 
and a decreasing resistance at the electrode interface [1, 6]. Because of the defect migration along 
extended defects, the forming process results in the formation of conducting filaments with a lateral 
size of up to some hundred nm [7]. 

In this work, memory cells were prepared by depositing Fe-doped SrTiO3 thin films with a Fe 
concentration of 1 at.-% on Nb-doped SrTiO3 substrates with a Nb concentration of 1 wt.-%. Pulsed 
laser deposition was employed to grow epitaxial thin films with thicknesses of 20 nm and 50 nm. 
To complete the cell structure with a top electrode, a Pt layer of 20 nm thickness was evaporated 
onto the sample and structured lithographically using a positive process. The mask was designed to 
provide several rows of electrodes with different sizes, allowing for an electroforming step on a 
specific row whilst others could be kept in the as-grown state. This ensured that the electroforming 
impact on the scattered signal could be investigated simply by illuminating different rows of 
electrodes. GISAXS experiments were carried out at beamline BW4 with 9 keV photon energy and  

 

Fig. 1: GISAXS patterns from 50 nm (a) and 20 nm (b) thin SrTiO3 films. 
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Fig. 2: Out-of-plane cuts from a 50 nm (a) and a 20 nm sample (b); in-plane cuts from a 20 nm sample (c). 

a sample-detector distance of 2 m. The angle of incidence was fixed at 0.7º to guarantee that the 
material beneath the Pt top electrodes was illuminated. Fig. 1 shows the characteristic scattering 
patterns of two different samples investigated in these experiments. However, the characteristic 
difference of the scattered intensity along the qy-direction is only due to different morphologies of 
the Pt top electrode, related to a difference in grain size. 

Fig. 2 shows different cuts that allow identifying differences in the scattered intensity from the 
formed and the as-grown state. In Fig. 2(a), an out-of-plane cut extracted at a fixed exit angle 
corresponding to the critical angle of  SrTiO3  is shown for a sample with an active oxide layer of 
50 nm thickness. Obviously, the scattered intensity along the qy-direction of the formed state shows 
a maximum located at qy = 0.11 nm-1, corresponding to a characteristic length of approximately 60 
nm. On the contrary, the intensity profile of the unformed state shows a slight maximum located at 
a q-value of 0.07 nm-1, which corresponds to a characteristic length of 90 nm. Fig. 2(b) and (c) 
represent characteristic cuts along the qy- and the qz-direction, respectively, for a layer of 20 nm 
thickness. The out-of-plane intensity profile of the formed state shows small oscillations located at 
q-values of 0.05 nm-1, corresponding to a characteristic length of 130 nm. These oscillations do not 
occur in the as-grown state. Additionally, a qz-cut (“detector scan”, cf. Fig. 2(c)) shows a difference 
in the shape of the Yoneda peak. The unformed state exhibits a slight shoulder at smaller q-values 
that is missing in the formed state.  

Summarizing these results, it can be stated that the electroforming process has an impact on the 
lateral electron density profile and leads to a decreased characteristic length. The difference in the 
in-plane intensity between the two states investigated can be interpreted in terms of field-induced 
oxygen migration towards the top electrode, leading to an increased electron density at the 
electrode interface and therefore resulting in a shift of the shape of the Yoneda peak. In conclusion, 
the GISAXS technique allows detecting filaments in resistive switching memory cells. 
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Objectives 
 
For high temperature applications in gas turbine materials like single crystal Ni-base superalloys 
based on the  /  system having high temperature strength, are widely used. Typically, the 
microstructure contains a high volume fraction (50 to 70%) of the cuboidal precipitates of Ni3Al ( 
– ordered L12 structure) phase in a Ni solid solution matrix ( – fcc structure). The precipitates are 
relatively large and they are regularly arranged along the {100} directions in a 3D array, with 
narrow  channels in between. The  precipitates form at high temperatures and they nucleate rather 
fast. Even a very rapid quenching from the single  phase (solutioning temperature) can not 
suppress the nucleation of the Ni3Al precipitates during cooling. A unimodal and perfectly aligned 
precipitate structure is desirable for improved mechanical properties of the superalloys, particularly 
the high-temperature creep, as such a structure is expected to be thermodynamically more stable. 
In-situ measurements with small-angle neutron scattering (SANS) and small-angle X-ray scattering 
(SAXS) as a probe makes a complete observation of the nucleation and growth of precipitates at 
high temperatures possible. Various publications has shown how in-situ SANS measurement is 
succesful in determining size distribution, volume fraction, morphology, dissolution or rafting of  
precipitates under the influence of temperature [5-10]. In this study, in-situ SAXS measurements 
were performed to gain knowledge on the nucleation of  precipitation in the very early stages at 
temperatures up to 1260°C. The high photon flux allows studying the precipitation reaction with 
good time resolution, which is essential at the high temperatures where diffusion is very fast. In-situ 
measurement at the high temperature is valuable as cooling from the high temperature can produce 
undesirable secondary precipitation, which in-adversely broaden the particle size distribution. 
Therefore, in our study one of the goals was to study the cooling effect on the precipitate size 
distribution also. Once the volume fraction of the precipitate phase is effectively saturated at high 
temperature and a relatively slow cooling procedure is adopted, a unimodal distribution of particles 
can be produced.  
 
Experiment 
 
Sample designated W3SXST (W3SX alloy with nominal composition of Ni–11.6 Al–2.4 Ta–3.5 W 
–6.0 Cr–1.3 Mo in at. %) was used for the in-situ measurements. The measurements were 
performed at the GKSS Engineering Materials Science Beamline HARWI-II [11]. For the 
experiment, a new custom-made high temperature in-situ furnace was used. A single crystal sample 
of cylindrical shape (5 mm radius) was installed in the furnace. The beam passed thin capton 
windows in front and behind the sample. The sample was orientated along [001] direction parallel 
to the incoming beam. SAXS pattern were taken during heating up to 1260°C with a heating rate of 
1000 K min-1 and cooling down to 1000°C, 900°C, 800°C, 700°C and RT with a cooling rate of 750 
K min-1. The beam size was 0.6 × 0.7 mm2 and the wavelength used was 0.08856Å. Diffraction 
patterns were recorded on an image plate detector (MAR 555, with a resolution of 3072 x 2560 
pixels) at a sample to detector distance of 8875 mm. An exposure time of 3 sec was chosen for each 

 1
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measurement. The scattering intensity I(q) versus scattering vector were extracted by azimuthally 
averaging circle sectors and then integrating by using the software package FIT2D. 
 
Achievements and Main Results 
 
Figure 1 shows the cooling process from the solution temperature 1260°C to RT. The formation of 
the precipitates already occurs during cooling from T = 1260°C to 700°C within a time period of 
approximately 45 sec. Holding the temperature at 700°C (Figure 2) shows the nucleation process 
with increase of size distribution and increase of the number of precipitates with holding time. In 
the time range 1 min ≤ t ≤ 5.5 min the growing maximum shifts from 0.5 nm-1 to 0.4 nm-1. For the 
very small q-range influenced by the beam stop and primary beam a considerable increase of the 
scattering intensity for q < 0.3 nm-1 is already observed in the first minute, whereas the intensity  
decreases after further holding time. Data reduction and the calculations of the size distributions are 
currently under progress. 
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Fig.1: Scattering intensity of the W3SXST alloy           Fig.2: Scattering intensity of the W3SXST        
          during cooling from 1260°C to 700C°.                              alloy during holding at 700C°. 
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Cavitation and superstructure evolution of polymers during stretching play crucial 
roles to influence the mechanical properties of materials. The in-situ small angle 
X-ray scattering (SAXS) measurement coupled with mechanical testing is one of the 
most powerful tools to investigate the variation of structures. Our previous studies 
have already indicated that the deformation and fracture mechanism of polyethylene 
(PE) and polypropylene (PP) by in-situ X-ray scattering [1-2]. In this work, 
biopolymer Poly(L-lactide) (PLLA) has been researched with growing importance in 
biomedical and packaging applications[3]. Some studies showed that PLLA can 
crystallize in  different crystal forms. Under reasonable temperature and stress, 
structure transition may occur[4-5]. To our best knowledge, there are few studies to 
investigate the hierarchical structures evolution (e.g., fibrils formation, cavitation and 
lamellae-structure development) of PLLA under stretching and the deformation 
mechanism of PLLA at different stretching conditions remains unclear. Therefore, the 
aim of this work is to investigate the deformation mechanism of PLLA, and explore 
their dependence on stretching temperatures by in situ SAXS analysis. 

The stress-strain curves of PLLA under different stretching temperatures can be 
divided into two zones (Figure 1), elastic region at low stress up to the yield (O–Y) and 
plastic-deformation region including the development of necking (Y–S) and 
strain-hardening up to fracture (S–F). The stress of deformed PLLA at the equivalent 
strain and the yield point show strong dependence on stretching temperature.  
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Figure1: True stress- true strain curves of PLLA stretched at different temperatures.  

An isotropic scattering ring is consistent with the scattering from randomly oriented 
lamellar stacks (see the arrow in Figure 2, strain: 0). In O-Y elastic zone (strain 
<20%), the scattering intensity in the low q range (q<0.3nm-1) increases quickly at the 
strain of 0.13 when the stretching temperature is 70oC, which is due to the formation 
of cavities. Furthermore, the intensity scattered from the cavities is not uniform, 
which is elongated in the meridional direction (see the arrow in Figure 2, strain: 0.13). 
With the increase of stretching temperature, there is no obvious variation in scattering 
intensity from cavities in elastic zone. In Y-S necking zone (strain <100%), the 
elongation of scattering shapes at low q range varies form meridional to equatorial 
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direction, which is attributed to the orientation variation of cavities from 
perpendicular to parallel to stretching direction [6]. When the stretching temperature 
approaches 80oC and 90oC, the scattering intensity at low q range is still weak, and 
there is no the initiation of cavitation during necking regions. The four-bar pattern 
(see the arrows in Figure 2, strain: 0.87) suggests that the crystalline lamellae are 
sheared and tilted to a preferential orientation. In S-F strain-hardening zone (strain 
>100%), the orientated cavities along stretching direction appear at the local strain 
higher than 150% for PLLA stretched at 80oC and the scattering from the lamellar 
structure disappears. The two-bar scattering pattern shows the persistence of a highly 
oriented lamellar structure at high local strain (see the arrow in Figure 2, strain: 1.65).  

 

Figure 2: Selected small-angle X-ray scattering patterns of uniaxially stretching PLLA. 

Deformation direction was vertical. The numbers on the graph indicate the true stain.  

From the above results, it is suggested that the lower stretching temperature promotes 
the initiation of caviation before the crystal yielding and favors to destroy the ordered 
lamellar structure with the increase of stretching strain, while high stretching 
temperature benefits to stimulate the crystal yielding without cavitation and to form 
well-oriented lamellar structure. The mechanism of deformation-mediated 
superstructure and cavitation of PLLA under different stretching temperature brings 
new knowledge to control the mechanical behavior of semicrystalline-based polymer 
materials. A manuscript covering these results was submitted to Macromolecules, and 
is currently under review [7]. 
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Stoichiometric oxide compounds based on lanthanides are considered as promising luminescent 
materials for different applications. For such type of compounds a relatively long distance between 
lanthanides ions is typical. This fact facilitates the decreasing of concentration luminescence 
intensity quenching and helps in achieving the high emission intensities. The chemical stability of 
oxide compounds and relative simplicity of synthesis in powder form attracts attention towards 
these materials. The Gd-containing phosphors are interesting due to possible achievement of high 
light yields if doped with Ce3+ ions [1]. This is due to an effective energy transfer from the Gd-
sublattice to the emission centre, when the Ce3+ ions absorption band coincides with the energy of 
the 6P7/2 →8S7/2 radiative transition (λ=312 nm) in Gd3+. Sometimes the main drawback of Gd-based 
compounds is a slow decay component in the scintillation pulse. In some cases the substantial 
shortening of the duration of this slow component or even complete absence, as in the case of 
Gd2(SiO4)O:Ce3+ [2] has been achieved.  

Powdered samples of LiGd0.9Ce0.1P4O12 and LiY0.9Се0.1P4O12 polyphosphates were prepared using 
melt solution technique and characterized by the X-ray powder diffraction. The luminescence 
characteristics of LiGd0.9Ce0.1P4O12 were studied upon the excitation with synchrotron radiation 
from DORIS III storage ring using the facility of SUPERLUMI station at HASYLAB (DESY, 
Hamburg). 
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Figure 1:Excitation (2, 4, 6, 8) and emission (1, 3, 5,7) spectra of LiGd0.9Ce0.1P4O12 at different temperature. 
a – integral, b,d- slow and c- fast mode of registration 

The excitation and time resolved luminescence spectra of LiGd0.9Ce0.1P4O12 are displayed in 
figure 1. The luminescence spectrum of LiGd0.9Ce0.1P4O12 shows UV emission bands peaked at 310 
and 330 nm that is typical for the 5d-4f emission of Ce3+ ions, Fig. 1(a), curve 1. The excitation 
spectrum of Ce3+ luminescence for λem=327 nm reveals the presence of a structure (bands at 294, 
241, 229, 219 and 187nm) typical for Ce3+ ion 5d energy levels in a low-symmetry crystal field of a 
dodecahedral coordination around Ce3+, Fig. 1(a), curve 2. The energy level structure of Gd3+ ion is 
revealed in the excitation spectra of the Gd3+ 6P7/2→8S7/2 luminescence transition recorded in the 
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slow time window with 150-200 ns time-gate, Fig. 1(b). The broad excitation band with maximum 
at 145 nm in Fig. 1(b), curve 4, is attributed to excitation of the phosphate groups with subsequent 
energy transfer to the Gd-sublattice in LiGd0.9Ce0.1P4O12. The excitation and emission spectra of 
cerium luminescence in LiGd0.9Ce0.1P4O12 (λem=327 nm) in the fast time window at high 
temperatures (T=300 K) reveal bands typical for Ce3+ or recombinational processes involving Ce3+. 
The main difference with the low temperature data is the broadening of the excitation and emission 
bands at room temperature, Fig. 1(c). Another situation is realized in the case of luminescence 
registration in the slow time window, Fig. 1(d). The excitation spectrum of Ce3+ luminescence now 
shows the f-f transitions of Gd3+ ion in addition to the bands typical for cerium observed in the fast 
time-window. In particular, the bands peaking at 205 nm related to 8S7/2 →6Gj and at 273 nm 8S7/2 
→6Ij transitions are observed. The appearance of these bands evidences energy transfer from Gd3+ 
to Ce3+ ions (Gd→Ce transfer). Such the transfer is possible due to the overlapping of Gd3+ 
emissions with the excitation band of Ce3+ luminescence. A contribution of Gd3+ ion emission with 
maximum at λ=311nm also appears in the luminescence spectrum in the slow time-window (Fig. 
1(d), curve 7) upon excitation in Ce3+- absorption bands. 
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Figure 2: Luminescence decay curves of LiY0.9Ce0.1P4O12 (curve 1 at 10 K) and LiGd0.9Ce0.1P4O12 (curve 2 
at 10 K, curve 3 at 300 K) under UV excitation (λexc=290 nm, λem=327 nm). 

The decay curve of the 327 nm luminescence band reveals a single exponentially decaying curve 
with decay constant of τ=18.0 ns (Fig. 2, curve 2) for LiY0.9Се0.1P4O12 and τ=9.5 ns 
LiGd0.9Ce0.1P4O12. The decay time constant of 18 ns is regarded as the genuine lifetime of the Ce3+ 
5d state. Decay time of 9.5 ns being relatively short is a non-typical value for decay time constant 
for cerium emission. Such short decay time is attributed to energy transfer from Ce3+-ions to Gd3+-
ions, possible because of the Ce3+-emission overlaps the 8S7/2→6P7/2 transition in Gd3+-ions. Upon 
excitation in the cerium absorption band (λexc=290 nm), the decay kinetics at 300 K contains a fast 
component with decay constant of τ=11.5 ns and a slow component with τ≥9 µs and such 
lengthening of decay constant could be caused by the Gd→Ce back transfer. 

The temperature dependent features in the excitation spectra and decay time kinetics of Ce3+ 
luminescence point out the different mechanisms of energy transfer between Ce3+ and Gd3+ in 
LiGd0.9Ce0.1P4O12. In particular, the energy transfer from Ce3+ to Gd3+ is present at 10K. This 
interaction is accompanied by the shortening of decay time kinetics of Ce3+ luminescence. The 
energy transfer from Gd3+ to Ce3+ ions involving energy levels of 6PJ is possible at T=300 K due to 
temperature shift of absorption edge of 5d-4f transitions of Ce3+ ions. The energy migration through 
Gd-sublattice to Се3+ ion (Gd-Gd-….-Gd)n -Ce ensures the high convertion efficiency of high 
energy excitations in cerium emission. 
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Different structures on the way to a stable periodic 
mesoporous organosilica material 
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The introduction of the periodic mesoporous organosilicas in 1999 was the beginning of the 
exploitation of a wide field of highly ordered organically modified materials [1-4]. The application 
of different organosilica precursors of the formula 3(RO)Si-R’-Si(OR)3 with R’ being any organic 
unit (R = methoxy, ethoxy) gives the opportunity to form materials with chemically or biologically 
reactive sites uniformly incorporated into the pore wall matrix without blocking the pores. These 
materials have a high potential of being used for catalysis, separation and adsorption. 

Due to the liquid crystal templating mechanism the size of the pores is limited to a narrow range 
between 2 and 10 nm. Larger pores could also be obtained but with increasing pore diameter the 
pore size distribution becomes broader, which reduces the selectivity of possible reactions inside 
the channels. In order to influence the size of the channels different structure directing agents, 
which form the liquid crystal in solution, has to be tested. In many cases, there is an evolution of 
the structure passing one or even more different structural states before reaching the final ordering 
[5, 6]. 

For our recent experiments we used the well established triblock copolymer Pluronic P123 and 1,4-
bis(triethoxysilyl)benzene as organosilica precursor. The formation was followed with in situ small 
angle X-ray diffraction (SAXD) measurements at the soft condensed matter beamline A2 at DORIS 
III@DESY in order to obtain information about the behaviour if the liquid crystal formation and 
reformation during the synthesis. The same reaction was performed at different temperatures (40 
°C, 50 °C, 60 °C, 70 °C and 80 °C) because the formation process of these materials is highly 
temperature dependent. The evolution of the SAXD patterns of the samples measured at 40 °C, 70 
°C and 80 °C are shown in Figure 1.  

 

Figure 1: Evolution of the SAXD patterns at different temperatures (from top: 40 °C, 70 °C, 80 °C). 
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The usual evolution of the structure is similar at temperatures between 40 and 70 °C. First, we can 
observe the evolution of a broad signal, starting with the addition of the organosilica precursor to 
the solution. This signal is increasing until several diffraction peaks are evolving from this signal. 
With increasing intensity of the sharp diffraction peaks the broad scattering signal disappears. In all 
cases we first observe the evolution of a cubic structure with the space group Pn3m. With ongoing 
reaction, that means, with ongoing condensation of the silica the structure changes from cubic to 
2D hexagonal (space group: p6mm). At 40 °C the hexagonal structure is the final structure while 
temperatures above 50 °C induce a further phase transition to a lamellar phase. An interesting 
aspect of this experiment series is the instability of the lamellar structure after finishing the 
reaction. In all cases, the resulting solid was filtered off, washed with distilled water and dried in 
air over night. Only the sample measured at 80 °C showed a lamellar ordering in the powder X-ray 
diffraction pattern. All other samples seem to undergo a reorganisation back to the 2D hexagonal 
structure, which is the most common mesostructure for samples synthesised with the applied 
triblock copolymer. A lamellar ordered powder synthesised with P123 as structure directing agent 
is rather unusual regarding the phase diagram of this polymer that was published in 1994 by Wanka 
et al. [7]. We attribute this phase behaviour to the structure of the organosilica precursor and to the 
high reaction temperatures.    
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The influence of deformation and temperature on the 
recrystallization texture in Al-alloys AA6005 

C.E. ,Tommaseo 
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The experiments were performed at the high energy beam line BW5 allowing extremely 
high angular resolving power, which provide to get information about the bulk but also 
about the local texture, because of the high energy penetration depths in centimetre range 
and the parallelism of the high-energy synchrotron radiation. 
 
From the planned in situ heating experiments, which unfortunately could not be performed 
due to technical problems, only a very little part of the results can be presented here. Goal 
of the measurements was to study the orientations of the newly formed (recrystallized) 
grains and their time-dependent growth during in-situ heating. The expected results 
obtained from these high resolved analyses will help to study i.e. the influence of the 
deformation degree on the developing recrystallization and annealing texture components 
in the Al-alloy AA6005. 
 
In fact, the ability to distinguish the deformation and recrystallization texture components 
in partially recrystallized samples is of great importance in the study of recrystallization 
kinetics of deformed metals or alloys. Due to the high angular resolving power, all grain 
orientations in reflection can be detected in the chosen volume range getting also 
information about the orientation of the next nearest grain neighbours. Therefore, it will be 
also possible to observe during the in situ heating experiments, in which region of the 
deformed state recrystallization will preferentially take place. The detection of grain 
orientations during heating make it possible to elucidate the important mechanisms giving 
rise to certain texture components strengthening and preferred formation of specific grain 
orientations in the analyzed material. 
 
Three different deformed Al-alloys AA6005 samples (zero deformation, 5% deformation, 
25% deformation) were first measured at room temperature. The different microstructure 
(different degrees of partial recrystallization) for each sample, and the inhomogeneous 
microstructure observed from the middle until the margin of each of the different samples 
were studied by focussing the beam (1 x 1 mm size) in three steps including the three 
different recrystallized areas. The scanned area of 3 x 3 mm for each sample at room 
temperature was planned then to be rescanned twice at an appropriate temperature, at 
which specific phenomena are expected depending on the deformation, to study the 
changing crystal orientations and therefore to get information about the recrystallization 
process taking place.  
 
As mentioned before a region of the sample with an inhomogeneous microstructure, 
including a coarse-grained (volume element 1) and an adjacent fine-grained area (volume 
element 3) was scanned. In both the fine grained and the coarse grained areas of the 
unheated sample a trend is observed with a maximum at around [100], shifting over the 
maximum at around [110] to the maximum at around [111] with increasing deformation 
degree. This shift to the [111] texture is probably due to a decrease in the Schmid factor, 
which causes a lower activity of slip planes leading to “hard” grains. In fact, in f.c.c. 
materials a stability of the <111> fiber texture during deformation was observed [1], 
suggesting a lower Schmid factor. Here the fine-grained area shows an exact maximum at 
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[111], which speak for strengthening by grain-size reduction. As known from literature [2] 
the strengthening mechanism is based on the abrupt change of the crystallographic 
orientation in passing from one grain to the next across grain boundaries, characterized as 
low-angle or high-angle boundaries, depending on misorientation angle, where 
dislocations are stopped and piled up. The lower the grain size the higher the pile up of 
dislocations are stopped and piled up. The lower the grain size the higher the pile up of 
dislocations, which leads to an increase in yield strength of the material (Hall-Petch 
relation). By comparing the sample with 5% deformation degree in dependence of the 
temperature, one can observe a maximum at [100] during heating at 350°C, which shifts 
after heating towards the middle of the triangle (Figure 1). 
 
 

 

Figure 1: Inverse pole figures of 5% hot extruded AA6005 sample before heating, in-situ heated at 350°C 
and after heating showing the alignment of the grains with the crystallographic directions [001], [110],  

[111] in the extrusion direction. 
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Fig. 1. Photoemission spectra of 

Fe50Rh50 above and below critical 

temperatures and below critical 

temperature (a) Fe 2p3/2 region, 

(b) valence-band region. 

Electronic structure of spintronics materials studied 

by hard X-Ray Photoemission 
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X-Ray Photoemission Spectroscopy is a powerful tool for the investigation of chemical states and 
the electronic structure of various materials [1]. The probing depth, however, is limited by the 
inelastic mean free path of the excited photoelectrons limiting the sensitivity of soft X-ray studies 
to the top few nanometers of the samples [2]. Using hard x-rays in the energy range of a few keV 
the inelastic mean free path is drastically increased to 5-15 nm, permitting more bulk-sensitive 
studies [3]. We have used the newly commissioned HAXPES (Hard X-Ray Photoelectron 
Spectroscopy) facility at beamline P09 of PETRA-III to study the bulk electronic structure of two 
systems relevant for future spintronics devices. 

FeRh – temperature-depencence 
 
Stoichiometric 50:50 FeRh consists of alternating monolayers of 
Fe and Rh atoms and has long been known to exhibit a transition 
from antiferromagnetic to ferromagnetic order (AFM-FM) that 
occurs on very short time scales which makes the system 
interesting for applications in magnetic storage systems [4]. We 
have carried out temperature-dependent measurements of core 
levels and the valence band to investigate the origin of this 
transition. 
 
The bulk-sensitive core-level spectra of Fe 2p3/2 peaks (Fig. 1(a)) 
reveal changes in the intensity of the core-hole screening satellite 
(EKin ≈ 5245.0 eV) relative to the main well-screened peak  
(EKin ≈ 5244.5 eV) with the AFM-FM transition (at ~350 K). 
Atomic multiplet theory calculations by collaborator P. Krueger 
explain the observed phenomenon as the evidence of change in 
the Fe d-orbital occupation with the transition. Analysis of the 
valence-band spectra (Fig. 1(b)) which also undergo changes with 
the AFM-FM transition (work in progress) is being carried out to 
further understand the electronic mechanism behind the 
transition. 
 
Growth conditions of EuO tunnel barriers 

 

Europium Oxide (EuO) belongs to the rare group of materials that simultaneously exhibits 

insulating and magnetic properties [5]. Establishing high-quality EuO tunnel barriers for spin 

injection onto the technologically most relevant semiconductor, silicon, is the aim of our project. 

An important objective for obtaining single crystalline and stoichiometric EuO thin films is the 

careful control of growth parameters on the basis of molecular beam epitaxy (MBE): Too high 

oxygen pressure can result in the incorporation of stable, but nonmagnetic oxides, while too low 

oxygen pressure gives rise to oxygen vacancies limiting crystalline quality and degrading magnetic 

properties. In order to quantify the precise stoichiometry of EuO thin films, we performed 

HAXPES experiments on Al-capped EuO/Si(001) heterostructures with different EuO 

stoichiometeries, i.e. (i) single-phase EuO and (ii) O-rich Eu1-xOx. The most direct information 

regarding the initial valency of insulating Eu compounds can be obtained from the 4f core-level 
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Fig. 2: HAXPES measurements of the 4f 

spectral region of  EuO/Si samples (a) 

grown with optimum oxygen content and (b) 

over-oxidized. 

Fig. 3. Rocking curves of core-level 

photoemission intensities obtained by 

scanning over a Bragg reflection of the 

LSAT substrate, obtained with an x-ray 

energy of 4200 eV. 

photoemission. Due to the strongly localized character 

of the 4f states, hybridization with ligand states is 

weak and photoemission from oxygen valence bands 

becomes well distinguishable. Fig.2 (a) and (b) show 

the 4f photoemission spectra of both EuO compounds 

(i) and (ii). From the integrated areal intensities A of 

the Eu
2+

 and Eu
3+

 components, we derived the Eu 

valence ratio,r=A(Eu
3+

)/( A(Eu
2+

)+A(Eu
3+

)). For the 

stoichiometric EuO (i), a nearly integral divalent state 

of Eu cations was determined, whereas the O-rich Eu 

compound (ii) is of mixed divalent and trivalent 

initial-state. By changing the photoelectron emission 

angle from normal to grazing, information on the 

interface chemical state of EuO can be extracted  from 

the photoemission data. Clearly, an interface chemical 

shift is observable in the lower panels of Fig.2 (a),(b), 

that is explained by the modifications in chemical 

bonding and atomic structure at the Eu/Al boundary.  

In summary, our HAXPES experiments on 

Al/EuO/Si(001) heterostructures yielded quantitative 

information on the initial-state valency of Eu cations, 

that permits determining the bulk EuO stoichiometry 

of different compounds, and further optimization of 

EuO growth on Si. 

 
 
 
 
 
 
Standing-wave excited photoemission 
from multilayers 
 
We have also obtained a first set of standing-wave 
excited core-level photoemission results from an 
epitaxial multilayer of LaNiO3 and SrTiO3 grown by the 
Stemmer Group in Santa Barbara.  These show 
anisotropy in multilayer rocking curve scans, as well as 
strong Bragg reflection peaks from the LSAT substrate 
crystal structure, as shown in Fig. 3, with both of these 
demonstrating the potential for future depth-resolved 
studies of the composition, electronic structure, and 
magnetic structure of such systems, at both the nm and 
sub-nm unit-cell scales.  These studies will be continued 
in the future. 
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Al-Cu-Fe quasicrystalline alloys were recently developed as bulk amorphous advanced materials 
with high potential for applications like high-temperature thermal barriers, low-friction and wear-
resistant coatings [1-3], composite biomaterials [4] or catalysts [5]. Fast cooling or quenching is 
essential to the preservation of the quasicrystalline structure. It is therefore important to find the 
most suitable technique to combine favourable heating conditions and necessary ultra-fast cooling 
that could be also used on an industrial scale. Field activated sintering (FAST) also known as spark 
plasma sintering (SPS) or pulsed electric current sintering (PECS) is a novel technique, which combines 
the high heating rates and ultra-fast cooling. Thanks to the repeated application of an ON-OFF DC 
pulse voltage and current between powder materials, the spark discharge point and the Joule heating 
point (local high temperature-state) are transferred and dispersed to the overall specimen, leading to 
a homogeneous distribution of the properties inside the final material [6]. 

In this work Al-Cu-Fe bulk samples were prepared by field activated sintering technique. High 
energy X-ray diffraction was further used to investigate the sintered pellets. XRD measurements 
were performed at the BW5/Hasylab using a monochromatic synchrotron radiation (λ=0.123984Å). 
The samples measured at a room temperature in the transmission mode were illuminated for 180 s 
by a well collimated incident beam of 1 mm2 cross section. XRD patterns have been collected with 
a using of MAR345 image-plate detector and diffraction measurements were performed in Debye-
Scherrer geometry. The obtained XRD data were integrated by using the FIT2D program. 

The achievement of a single icosahedral phase in all sintered pellets was confirmed by X-ray 
diffraction measurements. XRD pattern shown in fig. 1 was collected from the outer surface of the 
pellet. The diffraction patterns taken from the center and specimen edge are identical. The 
icosahedral ψ-phase was indexed using Cahn (N, M) indices. 
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Figure 1: XRD pattern of a FAST sintered pellet. 
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Introduction - The natural lattice misfit between first two-dimensional 2D atomic monolayers and second intercalated 

spacer layers forming a three-dimensional (3D) superlattice, such as in intercalated graphite, called the superlattice 

misfit strain (SMS) is known to be a key physical variable to describe the physics of these heterostructures at atomic 

limit. The SMS is of wide use in the study of multilayer semiconductor heterostructures and of a variety of 3D (2D) 

bulk systems containing (2D) one-dimensional interfaces. For a given SMS the response of the system depends on the 

difference between the elastic constant of the first and the second layers, their respective temperature dependence, and 

the thickness of spacer layers. All-known high-temperature superconductors (HTS), cuprates, diborides, and pnictides, 

are heterostructures at atomic limit made of first atomic superconducting monolayers intercalated by second layers with 

variable thickness playing the role of spacers. The SMS is a key physical variable controlling the superconducting 

critical temperature, Tc , at constant doping in cuprates, diborides, and pnictides. Recently the complex heterogeneity in 

high Tc superconducting cuprates, has been related to the SMS that plays a key role in these functional complex 

systems. In pnictides the Tc at constant doping shows very large variation as a function of the SMS that induces the 

deformation of the FeAs lattice, usually measured by the variation of the distance of As ion from the Fe plane. This 

deformation is due to the variable SMS induced by the variable spacer material since the FeAs layer remains 

unchanged. The proximity to structural tetragonal orthorhombic phase transition (SPT) in the undoped pnictides has 

been identified as a key feature for HTS. The SPT precedes magnetic ordering in the parent RFeAsO (1111 compounds) 

whereas both transitions occur simultaneously in the AFe2As2 (122 compounds). For the investigation of lattice effects 

in HTS, it is of high interest to understand the variation in the lattice response as function of the elastic constant and 

thickness of the spacer layers in the proximity of the SPT. The SMS is expected to induce a microstrain in the active 

layers that develops a complex lattice structure. The initial studies on the 122 systems indicated the dynamic crystal 

symmetry breaking to be a second order phenomena, however, later studies tend to support a picture of a weakly first-

order transition and this topic is an object of active investigation. Here, using high-quality single crystals together with 

corresponding polycrystalline powder samples, we have measured the SPT in the 1111 systems using high-resolution 

synchrotron x-ray diffraction study of the diffraction intensities and the line-shape broadening. 
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Figure 1: Upper panel: intensity variation of the 220 peak as a function of temperature for the single crystal and polycrystalline 

powder samples of LaFeAsO (marked as La 1111) and SmFeAsO (marked as Sm 1111) systems together with the intensity variation 

in a similar peak observed in the BaFe2As2 system (marked as Ba 122 polycrystalline powder). Lower panel: the 220 peak in the 

tetragonal phase and 400 peak in the orthorhombic phase as a function of T/Ts for the Sm-1111 and La-1111 single crystals (left 

panel) and polycrystalline powders (right panel). Size of dots shows the dimension of error bar. 

 

Results [1] - The tetragonal-to-orthorhombic structural phase transition (SPT) in LaFeAsO (La-1111) and SmFeAsO 

(Sm-1111) single crystals measured by high-resolution x-ray diffraction is found to be sharp while the RFeAsO (RSm) 

Pr, Nd, =La, polycrystalline samples show a broad continuous SPT. Comparing the polycrystalline and the single-

crystal 1111 samples, the critical exponents of the SPT are found to be the same while the correlation length critical 

exponents are found to be very different. These results imply that the lattice fluctuations in 1111 systems change in 

samples with different surface to volume ratio that is assigned to the relieve of the temperature-dependent superlattice 

misfit strain between active iron layers and the spacer layers in 1111 systems. This phenomenon that is missing in 

the AFe2As2(ABa) Sr, =Ca, “122” systems, with the same electronic structure but different for the thickness and the 

elastic constant of the spacer layers, is related with the different maximum superconducting transition temperature in the 

1111 (55 K) versus 122 (35 K) systems and implies the surface reconstruction in 1111 single crystals. 
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In the previous study is was observed that synchrotron X-ray topography provides excellent means 
to predict the leakage current rate of epitaxial GaAs structures. It was also shown that good and bad 
areas on wafers can be distinguished clearly. In this study the reproducibility of the process and the 
quality of the wafers is evaluated. 

Synchrotron x-ray topographs were made at the HASYLAB-DESY F1 topography station in back-
reflection geometry on high-resolution VRP-M films from Slavic with sample-to-film distances of 
60 mm. The wafers were tilted 6 degrees about the horizontal [110]-axis in order to record also the 
004 reflection. The x-ray topographs were magnified with an optical microscope equipped with a 
digital camera.  

 

Figure 1. Back-reflection topographs of wafers D136-139. The first image from left has been taken 

8mm from the flat of the wafer and the following images are taken with equal spacing over the 

50mm wafer following the direction of gas flow in the HVPE-reactor. 

Figure 1 shows back reflection topographs of four epitaxial wafers. In wafer D136 the defect 

structure varies clearly over the wafer but in all others the defect structure has less variation. 

Diffraction vector is pointing directly upwards in the topographs of figure 1. Wafer D137 was 

clearly the best one having the lowest dislocation density. 

-454-



 

Figure 2. Transmission topograph of the wafer D137. 

Figure 2 is showing a topograph of wafer D137 taken in transmission geometry. All the other 
wafers had a too high density of dislocations and no individual dislocation images could be seen in 
the transmission topographs. Wafer D137 is showing the least number of dislocations that has been 
observed during this study of any HVPE sample. 
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We have investigated possible lattice distortions in the frustrated fcc antiferromagnet HoB12. The 
experiment was carried out using the BW5 diffractometer equipped with a 10 T magnet. To achieve 
high resolution perfect Si (311) monochromator and analyser crystals were used. Two samples of 
dimensions ~1*1*1 mm3 with (110) and (100) orientation perpendicular to the scattering plane 
were investigated.  
On both samples a line width of ~8-12’’ has been observed, the profile was independent of 
temperature and magnetic field up to 50K / 10Tesla. In conclusion, a magneto – elastic coupling 
appears to be absent or too weak to be detected in this experiment.  
With temperature and field changing, we observe the profile shifting with respect to a ω – rotation 
of the cryostat. This could be attributed to a change of the lattice constant, in that case the change 
would be quite large given a metallic system that is known to be very rigid. More likely small 
instabilities in the cryogenic system are the reason for shifts of the profile.  
We like to add that meanwhile complementary data are available from the MAGS beamline at 
Bessy (R. Feyerherm, E. Dudzik, BESSY, priv. comm.). They provide evidence that the line profile 
changes between 300K and 6 K which is a strong indication for a crystallographic phase transition 
with tetragonal distortion. The profiles measured at BW5 are consistent with such a picture, the 
lattice distortion derived from these data amounts to Δd/d~5*10-5. As the distortion is independent 
on the magneto-elastic coupling and a cooperative Jahn-Teller effect would not be expected for the 
Ho3+, it might be driven by an instability of the Boron matrix.  
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Fig. 1: Typical line profile of HoB12 at low temperature. The Lorentzian lines are a fit to the data.  
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We report on the formation of organic-organic thin-film heterostructures of rod-like conjugated 
molecules (COMs) by co-sublimation, which exhibit either mixing on the molecular scale or phase 
separation into ordered domains on the micrometer scale. The mixed structures might be suitable 
for the use as active layers in organic field-effect transistors, while the phase-separated structures 
might be applicable in organic bulk hetero-junction solar cells. Pairs of the following five COMs 
were vacuum co-deposited onto silicon oxide substrates: pentacene (PEN), α-quaterthiophene (4T), 
α-sexithiophene (6T), p-sexiphenyl (6P), and alkyl-chain substituted α,ω-dihexylsexithiophene 
(DH6T) (see Fig. 1a), i.e., molecule pairs differing in the length of the molecular conjugated core 
(CC) and/or the overall molecular length were investigated. As main result we found that material 
pairs with similarly sized CC, such as 4T/PEN (Fig. 1b) and 6T/6P (Fig. 1c), showed the formation 
of ordered layered structures with intimated mixing on a molecular level. On the other hand, 
pronounced phase separation was observed for material pairs of dissimilar CC lengths, e.g., 4T/6T 
and PEN/DH6T (Fig. 1d). We propose that this can be generalized as design rule for the formation 
of either mixed or phase-separated co-deposited molecular films [1, 2].  

 

 

 

 

 

 

 

 

 

Figure 1: Chemical structures of the rod-like molecules used in this study (a). Specular x-ray diffraction data 
obtained at Hasylab beamline W1 for co-deposited films of 4T/PEN (b), 6T/6P (c) and PEN/DH6T (d). 

Our results suggest the general rule that co-deposition of COMs with CC of similar van der Waals 
length (vdWL) leads to films that exhibit intimate mixing of both materials on a molecular scale. 
While a change of the total molecular vdWL by the attachment of alkyl end-chains does not lead to 
phase separation (e.g., DH6T/6P [1], DH6T/6T [2]), phase separated films are obtained by co-
deposition of materials with differently sized CC [1] therefore demonstrating the possibility to choose 
between phase separation and mixing by combining functional rod-like molecules with appropriate CC sizes. 
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Chromium-doped titanium oxide thin films were investigated in the as-deposited state and after 
thermal treatment (723 K for 3 hours in air). X- ray diffraction data (Fig. 1) revealed an 
improvement in film crystallinity induced by the thermal treatment. The 67 % enhancement of the 
amplitude of the Cr 1s X-ray absorption fine structure pre-edge peak after thermal treatment, which 
is a sign of "dipole-forbidden" 1s → 3d transitions (Fig. 2), suggests strong alteration in the number 
of Cr 3d vacancies, in spite of similar Cr local environment in the two kinds of investigated 
samples. We discuss here the Cr

+
 → Cr

4+
 and Cr

2+
 → Cr

6+
 changes induced by thermal treatment, 

and/or the evolution in local structures without inversion center. Extended X-ray absorption fine 
structure data (Figs. 3 and 4) revealed similar atomic neighboring around Cr atoms in both as-
deposited and annealed samples. A lattice contraction of ~ 2 % is observed in the annealed samples. 

 

 

 

 

 

 

 

 

 

Figure 1. X-ray diffraction patterns corresponding to a Cr-doped TiO2 sample as-deposited, and after the 
thermal treatment. In the inset, the background-subtracted X-ray diffraction of the heat-treated sample is 
presented. 

 

 

 

 

 

 

 

Figure 2. X-ray absorption near-edge structure (XANES) at the Cr K-edge for the studied samples, 

compared with the XANES spectrum of a Cr thin foil. 
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Figure 3. Extended X-ray absorption fine structure (EXAFS) spectra of the as-deposited and heat-treated 

samples at the Cr K-edge, a spectrum obtained at the K-edge for a Cr metal foil, and a spectrum acquired at 

the Ti Kedge of both samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fourier transforms of the EXAFS functions of the spectra represented in Fig. 3. 

 

Other studies performed on this system included refractive index dispersion spectra in the visible 

wavelength domain, which allowed us to compute the values of the dispersion energy, the single-

oscillator energy and the coordination number of Ti atoms in both as-deposited and annealed 

samples. The obtained data are in good agreement with the EXAFS data. 
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Zr50Cu40Al10 metallic alloys are known to be relatively stable against crystallization. Crystallization 
of such melts whose crystallization front extending from the bottom of the Cu crucible, eventually 
stops before the whole melt is crystallized, and the rest is frozen as glass[1]. If such spontaneous 
slowing down of crystallization is not explained by a simple segregation mechanism, the 
microstructure near the crystallization front may have some specific structural feature that stabilize 
glass against crystallization  In the present experiments, a button-shape Zr50Cu40Al10 ingot arc-melt 
in vacuum and cooled on a Cu plate was cut into slices for scanning SWAXS experiment. Fig.1 (a) 
is an optical micrograph of the cross-section of the ingot, showing two clear crystalline layers from 
the bottom. The interface between crystal/glass lies about 2mm from the top, and rather hard to 
recognize by the optical image.  Anomalous Small- and Wide-Angle Scattering measurements were 
made at BW4.  To examine spatial heterogeneity near the crystallization front, the beam size was 
limited to 40 μm in diameter in the present experiment, which is the same order of magnitude as the 
sample thickness sliced from the ingot.   The photon energies used in the present measurements 
were 8.656, 8.862, 8.962 and 8.975 keV. Simultaneous use of SAXS and WAXD is useful to 
examine whether the origin of SAXS is related to crystallization, with SAXS by MAR ccd and 
WAXD by Pilatus 100k as shown in Fig. 1(b).  The path between sample to the detector was fully 
evacuated to avoid air and window scattering. The position of crystal front was confirmed rather by 
disappearance of halo than appearance of Bragg peaks, because crystallization during casting gives 
coarse crystals, resulting that the Bragg peak and Bragg conditions are accidentally not satisfied for 
the solid angle of present measurement.  Figure 1(c) shows a series of scattering intensities 
obtained in the present experiment. The position x=0 mm corresponds to the location of 
crystal/glass interface. It is clearly seen that the SAXS intensity shows a hump corresponding to 
irregular crystal shape in the crystallized region. On the other hand, the SAXS intensity almost 
agrees in the glass region.  Slight differences observed around q~1nm-1 were poor in statistics for 
detailed discussion compared to the case of quaternary alloys with large beam[2]. We are now 
working on this part with a help of ASAXS data at Zr absorption edge by intensity ratio analysis, 
and also of a scanning high energy diffraction for the bulk (thick) sample shown in Fig. 1(a) with 
the same beam size as the present measurement, to examine strain contribution to the glass 
stabilization. Detailed analysis to overcome statistics problem 
is now under way.   

 

 

 

 

Figure 1(a)  Sample appearance and (b) SWAXS set-up at BW4, and (c) SAXS profiles across the 
glass/crystallite interface.  
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Ferromagnetic Heusler alloys combined with semiconductor heterostructures are promising hybrid 
structures for the fabrication of novel spintronic devices [1]. The Heusler alloy Ni2MnIn is expected 
to be an ideal spin injector material because of its predicited half-metallicity at the interface to InAs 
[2]. We investigate molecular beam epitaxy (MBE) grown Ni2MnIn films on (001)InAs substrates 
as well as on InAs quantum-well (QW) heterostructures [3].  

Our previous investigations [4] revealed strong interfacial intermixing, which reduces the quality of 
the Ni2MnIn/(001)InAs interface. In the present study [5], we apply a thin MgO interlayer as a 
diffusion barrier between the substrate and the Heusler film. The MgO interlayers are fabricated via 
atomic layer deposition (ALD). The functionality of the MgO diffusion barrier is studied in 
dependence of the layer thickness, which varies from 0 nm (barrier-free sample) to 3 nm. The 
nominal Heusler film thickness of 115 nm was kept constant for all samples.  

We performed X-ray reflectivity (XRR) to study the interfacial quality of the hybrid structures. The 
synchrotron measurements were done at the E2 beamline of HASYLAB, DESY, with a photon 
energy of E= 11.5 keV and an angular resolution of 0.002°.  

In order to determine layer thicknesses and interface roughnesses within the multilayer stack the 
experimental data were fitted with a four-layer structure model. The model contains the InAs 
substrate, a native oxide layer, the MgO layer, the Heusler layer and a native oxide layer on top. As 
an example, Fig. 1 shows the XRR spectrum (black curve) of a sample consisting of an InAs 
substrate, the MgO interlayer of 3 nm thickness and the Heusler film of 115 nm thickness (both 
thicknesses were estimated from the fit). We determined the interface roughness at both sides of the 
MgO film to be less than 1 nm.  

A second XRR scan was recorded after the sample was annealed at 350 °C for 15 hours. The XRR 
spectrum of the annealed sample did not show any significant structural changes compared to the 
as-grown structure. In addition, SQUID magnetometry measurements were performed before and 
after the annealing step to study the magnetic properties of the sample. We observe that the 
annealing step leads to an increase of the Curie temperature from Tc ≈ 170 K up to Tc ≈ 300 K. This 
can be explained by a B2 to L21 phase-transition of the Ni2MnIn Heusler film during annealing. 
Furthermore, our XRR studies on samples with MgO barriers smaller than 3 nm revealed a 
morphologic degradation of the interfacial region (strong roughness increase) after post-growth 
annealing. Here, the SQUID measurements show a strong decrease of the magnetization. We 
attribute this degradation to intermixing between the Heusler material and the InAs substrate 
through not-completely closed MgO films.  

Our results demonstrate, that MgO layers with thicknesses of at least 3 nm are effective diffusion 
barriers. Furthermore, MgO barriers allow in conjunction with a post-growth annealing step 
significant improvement of the structural and magnetic properties of Ni2MnIn Heusler films on 
(001)InAs substrates. It now remains to be shown by transport experiments that spin injection 
through the MgO barrier is efficient. 
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Figure 1: Experimental X-ray reflectivity spectrum (black curve) of the sample with InAs substrate, MgO 
interlayer (3 nm) and the Heusler film (115 nm). Interface roughness at both sides of the MgO film is 

smaller than 1 nm. All values are extracted from the numerical fit (red curve). 
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Within the microelectronics industry, the requirement for reducing device dimensions for 
increased circuit performance and lower manufacturing costs has led to many avenues of 
research in advanced materials and fabrication processes. Our research is focused on the 
investigation of barrier materials for copper interconnect technology. For future sub-32 nm 
node technology, these films/interfaces need to be made ultra-thin (2-4 nm) and be 
conformal, which cannot be delivered by conventional deposition techniques. In addition, 
present day barrier materials may not be suitable when they become ultra-thin. Self-
forming diffusion barriers (SFBs), consisting of a Cu-Mn alloy, have recently attracted 
great interest because they seem to demonstrate good barrier qualities and be compatible 
with future technology nodes [1-4]. We have previously fabricated and determined the 
chemical composition of Cu-Mn SFBs on SiO2 and low-k dielectrics using x-ray 
fluorescence spectroscopy[4]. At Beamline L at DORIS III, we have previously used 
grazing incidence XANES spectroscopy to determine the formation and composition of 
SFBs through a thin (1-10nm) Cu interlayer. We confirmed that these SFBs can be 
formed at anneal temperatures of only 250oC (1 hour anneals), which is important 
because an interlaying Cu film is a necessary prerequisite if this technology is to be used 
in future microelectronics fabrication processes. Following on from these measurements, 
we have made further investigations on Cu-Mn barrier layers subjected to various 
deposition and treatment processes to assess their future potential, and data analysis is 
currently under way. 
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The A-site ordered perovskites ACu3B4O12 (A = alkali, alkaline earth or rare earth, B = Ru, Ti) 
possess a rich variety of interesting physical properties [1,2,3]. For example, the titanates 
Ln0.67Cu3Ti4O12 (Ln = La, Pr, Nd) exhibit very high dielectric constants up to ε’ ≈ 1000 (at 1 MHz 
and 300 K), while the corresponding ruthenates LnCu3Ru4O12 are heavy fermion systems. 
Furthermore, the members of the LnCu3RuxTi4-xO12 substitution series show a spin-glass behaviour 
for x ≤ 2 and an insulator to metal transition is observed between x = 2.5 and x = 3.5. Assuming 
fixed charges of +3 for Ln, +4 for Ti and –2 for O, the successive substitution of Ru by Ti should 
result in a decreasing oxidation state of Ru or Cu. 

The Ru-valencies in LnCu3RuxTi4-xO12  had been the object of preceding investigations and were 
determined by XANES [4]. Results obtained from the Ru-LIII- and Ru-K-absorption edge both 
indicated an almost constant Ru oxidation state of +4. Therefore it has to be assumed that the Cu 
ions change their valence states depending on the Ru substitution level x in order to preserve the 
charge neutrality.  

The powder samples were prepared by solid state reaction starting from the binary oxides. The 
crystal structure is shown in figure 1 (SG: Im-3, cell parameter a between 7.39 and 7.48 Ǻ). For x ≥ 
0.33 a full occupation of the La site is achieved. Below x = 0.33, the Ln-occupation factor 
decreases linearly to Ln0.67Cu3Ti4O12 for x = 0. For the complete range of x the same crystal 
structure is observed [1]. 

 

Figure 1: Crystal structure of LnCu3RuxTi4-xO12. Ln ions are drawn in turquoise, Cu in blue, O in red and 
Ru/Ti ions are located in the center of the green octahedra. 

To obtain the valence states of the Cu ions, XANES studies at the Cu-K absortion edges were 
performed at beamline X in transmission mode. All spectra were energy calibrated against Cu 
metal, background corrected and normalised. The reference oxides Cu2O (Cu1+), CuO (Cu2+) and 
La2Cu0.5Li0.5O4 (Cu3+) were measured for comparison and a linear fit of the edge energies was 
applied to compare the oxidation states of LnCu3RuxTi4-xO12 qualitatively. 

The determination of the Cu-valence was done by taking the first maxima of the 1st derivatives of 
the spectra as energy values. The results for the different Ru substitution levels x are depicted in 
figure 2. A linear decrease from x = 0 to x = 4 is observed with a ΔE ≈ 1.4 eV, which is equal to a 
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reduction of the oxidation number of +2 at x = 0 to roughly +1.6 at x = 4. The value corresponds to 
a statistical replacement of one third of Cu2+ in LnCu3Ru4O12 by Cu1+. This observed reduction of 
the Cu oxidation state with increasing x is in accordance with the found constant Ru oxidation state 
of +4.  

In figure 3 the absorption edge spectra of selected LaCu3RuxTi4-xO12 compounds are shown. Sharp 
edge structures are observed up to a substitution level of x = 2. For higher ruthenium levels the 
shape of the absorption spectra progressively soften. This finding can be explained by the 
increasing delocalisation of the Cu-valence electrons, which was found from the metallic 
conductivity, magnetic susceptibility data and band structure calculations. A similar effect was also 
observed for the Ru-LIII edge spectra, again pointing to an itinerant character of the electrons. 
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Figure 2: Edge energies determined from the Cu-K absorption edge of LnCu3RuxTi4-xO12. The dashed line 

indicates the linear decrease of the Cu oxidation state with increasing x.  
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Figure 3: Absorption spectra of selected samples of LaCu3RuxTi4-xO12. 

 
[1] S. G. Ebbinghaus, S. Riegg, T. Götzfried, A. Reller, Eur. Phys. J. ST 180, 91 (2009) 
[2] N. Büttgen, H.-A. Krug von Nidda, W. Kraetschmer, A. Günther, S. Widmann, S. Riegg, A. Loidl, 

A. Krimmel, J. of Low Temp. Phys. 161, 148 (2010) 
[3] A. Dittl, S. Krohns, J. Sebald, F. Schrettle, M. Hemmida, H.-A. Krug von Nidda, S. Riegg, A. Reller, 

S. G. Ebbinghaus, A. Loidl, Eur. Phys. J. B 79, 391 (2011) 
[4] S. G. Ebbinghaus, S. Riegg, M. Zenkner, C. Ehrhardt, HASYLAB Annual Report, 2009 

3 µm 

3 µm 

-465-
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A sounder understanding of the structural and electronic properties of (Zn,TM)O under n-type 
doping conditions is required in order to achieve a global picture including all the physical 
processes involved in the origin of ferromagnetism in these materials. Several experimental studies 
reported Curie temperatures higher than 300 K for n-type doped (Zn,Mn)O and (Zn,Co)O.[1-4] In 
the case of the (Zn,Mn)O system, Mn(II) was found to substitute Zn(II) in the wurtzite ZnO lattice 

with only a paramagnetic dichroic component from Mn and no magnetic component from either O 
or Zn.[5] Recently, we demonstrated that dilution of Mn in ZnO can be achieved by annealing a 
thin Mn film grown on a ZnO single crystal [6]. According to this preliminary work we know that 
diffusion proceeds while Mn is in a 2+ oxidation state. 

The present project aims at identifying the crystal field around Mn atoms and confirming their 
valence state after each step of the thermal formation of (Zn,Mn)O using hard X-ray photoelectron 
spectroscopy (hν = 3500 eV, HAXPES) and X-ray absorption near-edge spectroscopy (XANES) at 
the DORIS III wiggler BW2. 

It is observed that annealing can tune the valence state of Mn incorporated in ZnO and bring out 
different phases depending on the annealing temperature. Experimental data are shown in the 
figures below. Figure 1 shows the K-edge absorption spectra recorded on a 1 nm thick Mn film 
grown on ZnO (000-1) and annealed at various temperatures. Spectra from oxides formed on 
Mn/ZnO respectively at 565, 660 and 760 K are compared to those from conventional powders of 
manganese oxides, mainly MnO2, Mn2O3 and Mn3O4. 

 

Figure 1: Mn K-edge absorption from (a) manganese oxide powders (data for Mn3O4 taken from [5]), a 
MnO polycrystalline film, and Mn/ZnO annealed at various temperatures. (b) and (c) Closer comparison 

between spectra from (b) polycrystalline MnO and Mn/ZnO annealed at 565 K and (c) Mn3O4 powder and 
Mn/ZnO annealed at 660 and 760 K. 
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The Mn K-edge XANES spectra of Mn2+ in MnO and (Zn,Mn)O obtained after the lowest 
temperature annealing are comparable. Nonetheless, a slight difference can be observed in the 
intensity of the pre-edge feature (Figure 1(b)) which can be related to the symmetry of the crystal 
field around Mn ions. Indeed, the pre-edge feature is, in principle, much more intense in the 
tetrahedral than in the octahedral coordination. Manganese ions in (rocksalt) MnO are octahedrally 
coordinated while Mn substituting Zn atoms in ZnO are tetrahedrally coordinated. This would 
imply that Mn is thermally incorporated into the ZnO wurtzite lattice where it substitutes Zn atoms.  

Interestingly, as seen in Figure 1(a), it appears that at annealing temperatures above 660 K, the 
K-edge is shifted towards higher photon energy which indicates that the manganese valence 
increases. According to Figure 1(c) it seems that a segregated Mn3O4 phase is formed. This 
conclusion is confirmed by the comparison of Mn 2p photoelectron spectra (Figure 2) from the 
Mn/ZnO system with those from stoichiometric oxides powders. 

Actually, our recent conclusions indicate that this Mn3O4 alloy consists in an intermediate phase 
between a binary wurtzite MnO epilayer formed after mild temperature annealing and the expected 
diluted (Zn,Mn)O semiconductor alloy where Mn substitutes Zn in the wurtzite ZnO lattice 

 

Figure 2: Bulk sensitive Mn 2p spectra (3500 eV): (a) Mn/ZnO annealed at 575, 660 and 760 K; (b) 
Mn/ZnO annealed at 660 and 760 K compared to MnO2; (c) Mn/ZnO annealed at 660 and 760 K compared 

to Mn2O3; (d) Mn/ZnO annealed at 660 and 760 K compared to Mn3O4. 
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As previously reported nanoparticles of iron monoboride were synthesized in a precipitation 
reaction at low temperatures compared to solid state reaction temperatures. X-ray amorphous 
precipitate was thermally treated at different temperatures from 300 to 1050 °C. The local structure 
was analyzed by XAFS and corresponds to β-FeB.[1] Sharp Bragg reflections do not occur until an 
annealing temperature of around 1000 °C. X-ray powder diffraction shows thermal treatment led to 
the crystalline so called α-form of FeB. Diffraction pattern contains next to sharp broadened peaks 
which makes it difficult to fit it to a fully ordered structure model. α-FeB was first described as a 
defect structure of β-FeB.[2] The latter crystallizes in orthorhombic system, spacegroup Pnma (a = 
5.4954(3) Å, b = 2.9408(2) Å, c = 4.0477(2) Å)[3] with monocapped triangular prisms of iron atoms 
and a boron atom placed nearly in the center of a prism. A B-atom is coordinated by two boron 
atoms developing a zig-zag chain which is running through the rectangular faces of a prism. In α-
FeB, however, the proposed random exchange of a pair of boron atoms with an iron atom would lead to Fe-
Fe distances smaller than in elemental iron and break up the chains of boron atoms.[4] Such alterations 
would be expected to strongly affect Tc, yet the Curie temperatures do not change significantly between α- 
and β-FeB.[4] Another model explains the diffraction pattern by a random stacking of CrB- and FeB-
structure type.[5] The most recently structure model is published with the CrB-structure for α-
FeB.[6] In this work, the local structure of the α-form has been investigated by measuring X-ray 
absorption fine structure at the Fe K-edge. Qualitatively, after data reduction the EXAFS signal of 
β- and of α-form closely resemble each other. Crystalline β-FeB was synthesized in a high 
frequency induction furnace from the elements and applied as reference material. For refinement in 
R-space structure model of β-FeB[3] was used as starting model. After generating an input file by 
ATOMS[7] theoretical phases and amplitudes were calculated by FEFF[8] and fitted with 
WinXAS[9] to the experimental data. Fit result is displayed in figure 1. Refined distances between 
absorber and scatter atoms are consistent with distances in reference β-FeB. Therefore in α-FeB the 
atoms within a few angstroms around an absorber atom are ordered as in crystalline β-FeB. A 
structural disorder could not be ascertained. The reconciling of the long and the short range order in 
α-FeB e.g. by introducing stacking faults in X-ray powder diffraction simulation is under current 
investigation.     

.  

 

 

 

 

 

 

 

Figure 1: Magnitude of  Fourier transform of EXAFS fit (dotted line) to experimental data of α-FeB. 
Schematic drawing shows coordination spheres with scattering paths used for refinement. 
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CsBr:Eu2+ is a storage phosphor used in image plates for the spatial resolved x-ray detection. The 
functional principle of this storage phosphor is as follows: Electrons and holes are generated by the 
absorption of high energetic radiation. The electrons are trapped in anion vacancies forming F-
centers whereas the holes are assumed to be trapped at Eu2+. An F-center electron is liberated by 
thermally supported red light excitation and recombines with a hole nearby an Eu2+ leading to the 
photostimulated luminescence (PSL). CsBr:Eu2+ is a storage phosphor of high sensitivity and the 
potential for high spatial resolution, which is achieved by a needle structure obtained by means of 
evaporation synthesis technique [1]. Even higher resolution is expect in transparent materials. For 
this reason two transparent CsBr samples were made from a melt. One was doped with Eu2+ and the 
other one was co-doped with Eu2+ and Li+ similar to the needle structured image plates in the 
investigation of Zimmermann et al. [2] were the Eu-Li-codoped sample was shown to be more 
resistant to radiation damaging. With the Superlumi spectrometer the luminescent behaviour was 
investigated in terms of exciton-, Eu2+ and O2- emission and their excitation beyond the band gap. 

For the emission of Eu2+ and the emission of O2- the excitation spectra are shown on the left side of 
fig. 1. In the spectra of the Li co-doped sample the characteristic 4f7 – 4f65d transition of Eu2+ in the 
CsBr matrix with one maximum at 250 nm and the main peak at 340 nm is observed. The Li free 
sample shows a different behaviour. The relation of the two maxima changes and a third peak 
appears between them at around 290 nm. The excitation spectrum of O2- was recorded for an 
emission wavelength of 520 nm for a better separation from the Eu2+ emission maximum. Here, the 
290 nm peak is dominant overlapped by the Eu2+ excitation. The emission spectrum of the Li-free 
sample excited at this maximum (here excited at 300nm) shows at least two emission peaks which 
were identified to be due to oxygen (470 – 480 nm) and oxygen related (extrinsic) excitons (395 
nm) by Appleby et al [3] (right side of fig. 1).  

 

 

 

 

 

 

 

 

 

 

Figure 1: Excitation of transparent CsBr:Eu and CsBr:Eu,Li for the emission of Eu2+ and O2- (left) and their 
emission spectra for different excitation wavelengths (right).  
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Between 170 nm and 220 nm the absorption of different excitons are observed almost similar for 
both CsBr:Eu and CsBr:Eu,Li. However, the low energy exciton band of CsBr:Eu differs from that 
of CsBr:Eu,Li. It is broadened and slightly shifted to higher wavelength. The maxima were found to 
be 200 nm for the Li-doped and 202 nm for the Li-free CsBr:Eu. In both cases the excitation at 200 
nm lead to an emission with the Eu2+ emission as the main peak. However, the spectrum of the Li-
free sample shows a much stronger extrinsic exciton emission. Obviously, the Eu ions are strongly 
correlated to the oxygen ions in the Li-free sample. The shift and broadening of the main exciton 
peak and the additional peak at 290 nm together with the strong extrinsic exciton and the oxygen 
emission indicate that the excitons were generated close to oxygen and or Eu2+ in the Li-free 
sample, whereas in the Li doped sample the excitation of oxygen and the extrinsic excitons seems 
to be hindered. It is assumed, that the Li+ is correlated to Eu2+. It is able to trap electrons and holes, 
thus leading to their recombination adjacent to Eu2+. The recombination energy subsequently 
excides the Eu2+    

At wavelength below 200 nm also in the Li-doped sample much more of the oxygen ions and the 
oxygen related excitons are excited as can be seen by the emission spectrum on the right side 
recorded under an excitation of 190 nm. 
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It is well known that the scintillating properties of CsI crystal considerably depend on the number 
and structure of defects. Activating of CsI crystal by the Ме2+-ions (Ca, Sr, Ba), it is possible to 
create the additional defects modifying its luminescence properties. Considering this the behaviour 
of Ме2+-ions in CsI crystal is of interest. At high concentration of impurity Ме2+-ions (~ 1 mol.%) 
the aggregation with the formation of stable precipitates and microcrystals is possible. For 
identification of such precipitates or microcrystals it is convenient to use the additional impurity 
europium ions as a luminescent probe, because the impurity europium ions will preferably enter 
into crystalline phases containing the divalent anions. The crystalline systems CsI-SrCl2(1 mol. %)-
EuCl3(0.02 mol. %) and CsI-SrI2(1 mol. %)-EuCl3(0.02 mol. %) have been studied in this work.  

The CsI-SrCl2(1 mol.%)-EuСl3(0.02 mol.%) and CsI-SrI2(1 mol.%)-EuCl3(0.02 mol.%) crystals 
were grown in evacuated quartz ampoules using the Bridgman–Stockbarger technique. As-grown 
crystals were annealed at 200 ºС during 100 h for activation of aggregation processes. Time-
resolved luminescent spectroscopy studies were performed at T=9-300 K using the facility of 
SUPERLUMI station at HASYLAB. 

The emission spectra of Eu2+ centers in CsI 
crystals doped with SrCl2 and SrI2 are different 
(Fig. 1 a). In the emission spectrum of CsI-
SrCl2-Eu crystal upon the excitation in the 
range of inracenter absorption of Eu2+ ions, the 
bands with maxima at 407 and 448 nm 
(curve 1) are observed. The emission band 
peaked at 407 nm spectrally coincides with the 
position of the Eu2+ centers emission band in 
SrCl2-Eu single crystal (Fig. 1 b, curve 3). This 
fact allows to identify this band as the emission 
of Eu2+ ions in the SrCl2 microcrystals 
embedded in CsI matrix. The emission band of 
CsI-SrCl2-Eu crystal peaked at 448 nm 
corresponds to the emission of single europium 
centers in the CsI matrix [1]. The presence of 
SrCl2 microcrystals in CsI-SrCl2-EuСl3 
crystalline system is confirmed by the scanning 
electron microscopy imaging. Embedded 
microcrystals of 1 – 10 µm size have been 
revealed on the microphotos. The electron 
beam analysis has shown the microcrystalline 
inclusions that contain Sr and Cl elements in 
mass ratio corresponding SrCl2 compound.  

In the case of CsI-SrI2-Eu crystal, the emission 
bands peaked at 446 and 463 nm are observed in the luminescence spectrum upon the excitation in 
the range of intracenter absorption of Eu2+-ions. (Fig. 1 a, curve 2). The band with maximum at 
446 nm corresponds to the emission of single Eu2+ centers in CsI matrix. The second emission band 

 
Figure 1: (a) emission spectra of the CsI-SrCl2-Eu 
(curve 1) and CsI-SrI2-Eu (curve 2) upon the 
280 nm excitation; (b) emission spectra of the SrCl2-
Eu(0.05 mol.%) – curve 3, SrI2-Eu(0.05 mol.%) – 
curve 4 and CsI-Eu(0.02 mol.%) – curve 5 upon the 
336 nm excitation. T=8 K.  
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(λmax=463 nm) does not coincide spectrally with position of europium centers emission band in 
SrI2-Eu (λmax=435 nm, Fig. 1 b, curve 4). One can assume that this emission band is caused by 
europium centers in complex Sr-containing microphase. By means of the electron beam analysis, 
the areas with chemical composition close to CsSrI3 have been revealed on the cleavage surface of 
CsI-SrI2-Eu crystal. However, it was not possible to definitely determinate the chemical 
composition of impurity phase by the 
electron beam analysis. 

The structure of the luminescence excitation 
spectrum of CsI-SrCl2-Eu crystal for the 
407 nm emission band in the range of 3–5 eV 
(Fig. 2 a, curve 1) is in good agreement with 
that for SrCl2-Eu single crystals. This fact 
confirms that the 407 nm emission band 
corresponds to the emission of Eu2+ centers 
in SrCl2 microcrystals. 

In the range of fundamental absorption of CsI 
matrix (Eexc>5.81 eV), the structure of 
luminescence excitation spectra for both CsI-
SrCl2-Eu and CsI-SrI2-Eu crystals (Fig. 2, 
curves 1 and 3) coincides with that for the 
emission of self-trapped exciton in CsI 
matrix. It is caused by the reabsorption 
mechanism of energy transfer from CsI 
matrix to Eu2+ centers located in impurity 
phases. The electron-vibrational structure is 
observed for the luminescence excitation 
bands of the Eu2+ centers emission in the 
range of intracenter absorption for both 
investigated crystals (Fig. 2 a, b, curves 1, 3). 

Based on the obtained results one can 
conclude that the SrCl2-Eu2+ microcrystals 
have been formed in CsI host doped by 
strontium impurity as SrCl2 salt. However, a 
significant part of the europium ions leaves 
in the matrix. Similar situation concerning 
the formation of BaCl2 microcrystals was 
also observed for CsI-BaCl2-Eu system [2]. 
In the case of SrI2 impurity doping, the 
formation of complex CsSrI3-type phases is 
feasible. However, such an aggregation is 
low effective in comparison with the 
formation of SrCl2 microcrystals. 
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Figure 2: (а) excitation spectra of the 407 nm 
luminescence band of CsI-SrCl2-Eu crystal – 
curve 1, SrCl2-Eu (0.05 mol.%) crystal – curve 2; 
(b) excitation spectrum of the 463 nm luminescence 
band of CsI-SrCl2-Eu; (c) excitation spectra of the 
448 nm luminescence band of CsI-SrCl2-Eu – curve  
4, CsI-Eu(0.02 mol.%) – curve  5. The E1

R excitonic 
peak of the CsI reflection is shown as an arrow and 
dashed line. T=8 K.   
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The size effects for free excitons which are revealed in the form of quantum confinement, 
interference of coherent excitons, etc. are well studied for the quantum dots in semiconductors. The 
conditions for quantum confinement effect manifestation for self-trapped excitons with radius 
commensurable with cell parameters (~10 Å) in wide bandgap particles of nanoscale size (5-10 nm) 
are not satisfied. In a case of wide bandgap insulator particles the size effects connected with 
relationship between the free path of band charge carriers and nanoparticles size can considerably 
influence on self-trapped excitons, which are responsible for fundamental absorption edge and 
intrinsic luminescence of materials [1].  

In our work we present low-temperature 
(10 K) of self-trapped exciton (STE) 
luminescent properties of pure LaPO4 nano-
particles with different size (8-50 nm) studied 
under vacuum ultraviolet and ultraviolet 
synchrotron radiation (3.6 – 20 eV) emitted 
from DORIS III storage ring at SUPERLUMI 
station, HASYLAB (DESY, Hamburg).  

Emission spectrum of the LaPO4 
nanoparticles annealed at 800 oC with size of 
50 nm possesses the main emission band in 
the range of 265 nm (Fig. 1). This band is 
assigned to emission of self-trapped exciton 
[2]. Besides STE emission in luminescence 
spectra the bands peaked at 320 and 340 nm 
were observed. Latter luminescence bands 
correspond to emission of Ce3+ ions, which 
are present in nanoparticles as uncontrolled 
impurity. The same structure of emission 
spectra observed also for LaPO4 
nanoparticles with grain size of 35 and 40 
nm. As it was obtained from X-ray 
diffraction measurements the LaPO4 
nanoparticles of 35-50 nm size possess the 
monoclinic symmetry of crystal lattice. The 
nanoparticles of smaller sizes (8-16 nm) 
possess the hexagonal symmetry of crystal 
lattice. The structure of emission spectra for 
nanoparticles with size of 8-16 nm noticeably 
differs from that for nanoparticles with grain 
size of 35-50 nm. For these particles there are two luminescence bands peaked at 260 and 335 nm 
that one can assign to emission of STE. Besides STE emission the broad emission band in the range 
of 425 nm appears for LaPO4 nanoparticles of 8-16 nm grain size. 

In the luminescence excitation spectra of STE emission for LaPO4 nanoparticles of 35-50 nm size 
the excitonic absorption band was observed at 8.17 eV (Fig. 2, a-c). Spectral position of this band 
practically does not depend on the nanoparticles size in the range of (35-50 nm). For nanoparticles 
with smaller size (16 and 8 nm) possessing the hexagonal structure of crystal lattice the exciton 
absorption band is observed at lower energies ~ 7.6 eV (Fig. 2, d, e). The luminescence band 

 
Figure 1: Emission spectra of LaPO4 nanoparticles 

with different sizes at 8 K. 
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peaked at 425 nm appearing in nanoparticles of 8 and 16 nm is excited in the transparence range of 
LaPO4 host (Fig. 2, e). The nature of this emission is not clear. Because this luminescence band 
appears in nanoparticles of very small size, one can assume that the emission is caused by surface 
defects. 

The significant dependence of intrinsic luminescence intensity of LaPO4 nanoparticles on their size 
and on the energy of exciting quanta is observed. Upon the excitation in the range of optical 
creation of self-trapped excitons the luminescence intensity decreases at the decrease of the 
nanoparticle size, however this decrease is not so sharp as upon the excitation in the range of 
recombinational creation of excitons. Practically, the luminescence of self-trapped excitons is not 
excited by quanta with energies Eg<E <2Eg for nanoparticles of 8-16 nm size; in the same time the 
self-trapped exciton emission of low intensity upon the excitation in the range of multiplication of 
electronic excitation onset (E >2Eg) is remained yet. The absence of STE emission for small 
nanoparticles (8-16 nm) at excitation by quanta with energy Eg<E <2Eg can be explained by 
commensurateness of band charge carriers free path and nanoparticles size. Under this condition 
the charge carriers (electrons and holes) can achieve the nanoparticle surface and to be trapped by 
the surface defects. In this case the STE will not be created. 
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Figure 2: Luminescence excitation spectra of LaPO4 nanoparticles with different sizes at 8 K. 
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A J. A. Heuver, O. Nesterov, S. Farokhipoor and B. Noheda 

Zernike Institute for  Advanced Materials, University of Groningen, Nijenborgh 4, 9747AG- Groningen, The Netherlands 

 

Our goal was to check the possibilities of the HighResDiff -P08 beamline for thin film diffraction 
studies on ultra-thin films of perovskite oxides, in particular ferroelectric thin films of PbTiO3 and 
BiFeO3. We set to compare PetraIII-P08 with DORIS-W1, a beamline that we have often used and 
that we know very well. The reasons why we applied for beamtime at P08 are the following:  

1)Even though some of these experiments can be performed at W1, due to the smaller thickness of 
these films, the large flux of P08 would be largely beneficial; 2) Moreover, at W1 we were not able 
to resolve the two-in plane lattice parameters of the single-crystal substrate ( a= 3.947 Å and b= 
3.952 Å), when working in grazing incidence geometry, and thus we were not able to resolve the 
expected orthorhombicity of the films. We hope that the high resolution of P08 will make that 
possible. A combination of both regular diffraction and GID is desirable to fully characterize the 
ferroelectric state and the thin film symmetry; 3) The smaller beam achievable at P08 would be of 
great use in the in-situ E-field experiments. 4) The better coherence of P08 in comparison with W1 
will also be useful in order to characterize the registry of the periodic domain structures.  

During this beamtime we wanted to address points 1) and 2). However, we struggled with computer 
problems that, together with our lack of experience in this beamline, hampered our productivity and 
flexibility to change energy or beamsize along the process.  

 

Figure 1: Comparison of X-ray reflectivity experiments at the Doris-W1 (red) and Petra III-P08 (black). The 
current at Petra was 74 mA (3-10-2010). 

In figure 1 two reflectivity curves of a 10 nm ferroelectric BiFeO3 thin film grown on a (001)-SrTiO3 
substrate by pulsed laser deposition are shown. The reflectivity data were gathered on the same sample both 
at the Doris-W1 and Petra III-P08 beamlines, with x-ray energies of 10.5 keV and 9.5 keV, respectively. The 
anomalous scattering factors of Bi at these energies are, respectively, f’= -6.007; f’’= 5.858 and f’= -5.359; 
f’’= 6.919. The measurements at P08 were performed with a Petra current of 74 mA (a 25% smaller than the 
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expected standard running currents) and with a small beam of 0.35mmx0.8mm; while the beamsize at W1 
was of  2mmx0.2mm  It can be seen that the measured reflected intensities are comparable, despite the 
smaller beam size at P08, and that the signal-to-noise is improved significantly at P08.  

Figure 2. Sketch of the P08 beamline including the names of the relevant motors. 

 

Accessibility of the reciprocal space. 

Due to the smaller size of our substrates (5mmx5mm) we needed to modify the standard wide sample holder 
available at the beamline. A small rod-like holder that fits in the goniometer of the beam alignment pin was 
used.  

At the P08 beamline the out-of-plane off-specular reflections are inaccessible with the standard geometry: At 
the used energies, a material with a typical unit cell lattice constant of 3,95 Å gives a (101) reflection at tt= 
27˚ and om=58.5˚. This reflection is blocked by the omega circle (see beamline sketch in Figure 2). The 
omega circle blocks the beam for omega angles above ~45˚. Two higher order off-specular reflections, 102 
and 103, have angles in omega of 48˚ and 49˚ respectively and are, thus, also out of reach.   

In order to overcome this problem, we will make a new holder to have the sample surface vertical 
(perpendicular to the omega rotation axis). The out-of-plane scattering planes can then be sampled using the 
omega-horizontal and tt-horizontal circles. In this geometry the disadvantage is the lack of phi-rotation 
(azimuth) but both the 113 and 103 reflections are accessible. The tt-horizontal motor has less freedom than 
the vertical tt: The 101 and 103 Bragg peaks (with tt of 27˚ and 31˚, respectively, for the used energy) are 
reachable, but are on the limit. The 102 reflection with a tt of 43˚ is blocked. In-plane accessibility needs to 
be investigated next beamtime. 

 

We are grateful to Oliver Seeck and Florian Bertram for their help at the beamline.  
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Synchrotron XRD studies on BiFeO3/LaFeO3 superlattices 
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Superlattices of ferroelectric and paraelectric materials can be utilized to artificially tune the 
functional properties of ferroelectrics[1]. Moreover, they are suitable systems for the study of 
interface effects[2]. Here we report preliminatry structural characterization of superlattices of BiFeO3 
and LaFeO3, where antiferromagnetic order is added to the ferroelectric order.  
 
BiFeO3/ LaFeO3 were grown using off-axis RF sputtering. This technique, while it can produce films of 
very high crystalline quality, lacks in situ control such as RHEED. We have used X-ray diffraction both 
in reflection and grazing incidence geometries (at W1-HASYLAB) to characterize our superlattices.  

 
Figure 1 shows an out-of-plane scan around the (001)pc of DyScO3 together with a simulation of a 
(BiFeO3)10/( LaFeO3)4 superlattice, with 20 repeating units. The observed superlattice peaks show 
good agreement with the simulation in the observed position. There is a discrepancy in intensity due 
to the fact that the simulation does not include roughness. The inset in figure 1 shows the area very 
close to (001)pc, This shows that there is also a very good agreement between the measured and 
calculated finite thickness fringes. These results show that despite the lack of in-situ control, off-axis 
RF sputtering allows for growth of superlattices of the desired period and thickness. 
 
Figure 2 shows grazing incidence results. The fact that only one peak is observed in each of the maps 
indicates that the superlattice is fully coherent with the substrate. The origin of the diffuse scattering 
around the Bragg points is not fully understood yet. It may be indicative of the presence of defects, 
or stress fields, but may also be caused by the presence of ferroelectric and/or ferroelastic domains.  
 

Figure 1: Out-of-plane scan along the (00L)pc rod of of a (BiFeO3)10/( LaFeO3)4 superlattice on DyScO3 and a simulation of 
the data. The inset shows a zoom around the main superlattice peak. 
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To conclude, we have conducted X-ray diffraction measurements on BiFeO3/LaFeO3 superlattices 
grown by off-axis RF sputtering. The results so far show that the crystalline quality of the 
superlattices is high and the samples are fully strained. This shows this superlattice system is suitable 
for further study of the functional properties and structure.  The GID maps show diffuse scattering, of 
which the origin is not known yet and for which further high resolution studies would be beneficial.  
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There is a great interest in multiferroic materials (with both magnetic and ferroelectric order) since 
they can show large magnetoelectric coupling that can eventually allow to control the electrical 
properties with magnetic fields and the magnetic properties with electric fields. This opens the way 
to a whole spectrum of novel applications. Unfortunately, multiferroics are rare and the only room 
temperature (single phase) multiferroic is BiFeO3. Needles to say, thin films are preferred for 
applications and epitaxial strain is a very efficient way to control and modify both the ferroelectric 
and the magnetic structure of the films, as a means to eventually improve the magnetoelectric 
coupling. In this particular experiment our goals was to characterize the domain structure of 
BiFeO3 films grown by pulsed laser deposition under compressive strain on (001)-SrTiO3 
substrates, as a function of the laser frequency during growth 

When the rhombohedral perovskite BiFeO3 is grown on a substrate having a square in-plane lattice, 
such as SrTiO3, under compressive strain, its symmetry is lowered to monoclinic. This seems to be 
a consistent with results reported by various groups[1-6]. What seems not to be so clear is how the 
structure evolves during strain relaxation, since different reports show different evolution of lattice 
parameters upon increasing film thickness. If the strain is fully relaxed (either for thick enough 
films or for high-frequency PLD growth (where the epitaxy is not optimized), the films are 
supposed to be bulk-like rombohedral.  

In our previous beamtime, we investigated the evolution of the structure of the films with thickness 
for films thinner than 90nm and we were able to establish a twin formation model[7]. According to 
this model, the BiFeO3 films grown slowly (low laser frequency) have the strong clamping with 
SrTiO3 substrate, which gives rise to in plane twinning, different from the out-of-plane twinning 
often reported in the literature[8]. We show here that growing under higher laser frequencies, the 
twin variants rotate out-of the plane to release the epitaxial stress, though the films are not fully 
relaxed (see Fig 1).The out-of plane twinning allows the films to relax faster towards the 
rhombohedral state than the in-plane twinning, which was shown to maintain the monoclinic out-
of-plane lattice spacing constant for thickness up to 90nm[7]. 

 

Figure 1: In-plane reciprocal space maps 
obtained by grazing incidence diffraction 

(GID) around the 110 (top) and 220 (bottom) 
pseudo-cubic reflections of three different 

BiFeO3 films: a 20nm thick film grown with 
a laser frequency of 50Hz (left); a 20nm 

thick films grown at 0.5 Hz (middle); and a 
500nm thick film grown at 50Hz (right). The 
differences in the relaxation state are clearly 
visible. Directions kpar and kperp represent the 

[100] and [010] in-plane directions, 
respectively. The axes are in units of 2ko, 

where ko=2π/λ. 

 

 

 

20nm,50Hz 500nm,50Hz20nm, 0.5Hz 

k p
a

r/2
K

0

k
perp

/2K
0

0.26 0.28 0.3 0.32

0.28

0.29

0.3

0.31

0.32

p _ _

k p
a

r/2
K

0

0.13 0.14 0.15 0.16 0.17
0.13

0.135

0.14

0.145

0.15

0.155

0.16

0.165

k pa
r/2

k 0

k
perp

/2k
0

0.14 0.15 0.16 0.17

0.14

0.145

0.15

0.155

0.16

0.165

k p
a

r/2
k 0

k
perp

/2k
0

0.28 0.29 0.3 0.31 0.32

0.29

0.295

0.3

0.305

0.31

0.315

-480-



As result of the out-of plane rotation of the twinning blocks in the more relaxed films, an elongation of the 
polarization direction takes place (see Fig 2) and both the polarization along the polar [111] direction and the 
projection onto the most favourable measurement direction ([001]) will increase, leading to a higher 
remanent polarization. These differences are also crucial to control the leakage currents through the thin 
films since they are mostly determined by the interface between the BiFeO3 and the buffer SrRuO3 layer, 
which is grown between the film and the substrate in order to perform electrical measurements. Controlling 
the nature of this interface, where the strain is largely settled, helps to greatly reduce the leakage current 
density[8,9]. 

 

Figure  2. Schematic diagram of the two possible twin structures of the 
BiFeO3 thin films deposited on SrTiO3 substrate with an SrRuO3 
bottom electrode, without (a) and with (b) out-of-plane rotation of twin 
blocks. The arrows show the polarization direction in BiFeO3[8]. 

 

 

We gratefully acknowledge Wolfgang Caliebe for useful discussions and his invaluable help at the 
W1 beamline.  
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La2Ru1-xMnxO5 powder samples with 0 ≤ x ≤ 0.25 were obtained from a soft chemistry reaction. 
The  unsubstituted La2RuO5 (x = 0) shows a combined phase transition at roughly 170 K including 
changes in structural, magnetic and electronic properties [1,2]. In previous reports we already 
described EXAFS and XANES studies of compounds with a substitution of La by other rare earth 
elements resulting in La2-xLnxRuO5 (Ln = Pr, Nd, Sm, Gd, Dy). One of the aims was the 
localisation of the rare earth ions on the two different crystallographic La sites present in the 
structure [3,4].  

The crystal structure of La2RuO5 is shown in Figure 1. It can be described as an alternating 
stacking of perovskite related LaRuO4 and buckled LaO layers along the a-axis. This layering is 
indicated in Figure 1 by dashed lines perpendicular to the a-axis. At room temperature La2Ru1-
xMnxO5 is isostructural to La2RuO5 (space group P21/c). Only minor changes of the cell parameter 
values were observed by powder XRD, however these changes were clearly different compared to 
the rare earth substituted compounds. Low temperature neutron diffraction down to 1.5 K exhibited 
a magnetic ordering, but the structure is not yet solved. 

 

Figure 1: Crystal structure of La2RuO5 (2x2x2 unit cells) viewed along the c-axis. La ions are coloured 
turquoise, oxygen ions red and the (Ru/Mn)O6 octahedra are drawn in green. 

In contrast to the rare earth substitution, the replacement of Ru by Mn leads to a dramatic change in 
magnetic properties. The observed spin-Peierls like transition in La2RuO5, which is indicated by the 
antiferromagnetic ordering of the Ru S=1 spins, becomes a spin-glass type transition in 
La2Ru0.75Mn0.25O5. A possible reason for this change might be the Mn/Ru valences, which may 
consist of the combination Mn3+/(Ru5+ + Ru4+) or Mn4+/Ru4+. Therefore XANES studies of the Mn–
K and the Ru–LIII absortion edges were performed at the beamline A1 in transmission mode. 

All spectra were background corrected and normalised. To determine the Mn valence, the reference 
oxides MnO, Mn2O3 and MnO2 were measured for comparison. The spectra are shown in the left 
side of Figure 2. To improve the signal to noise ratio the measurements of La2Ru1-xMnxO5 were 
repeated four times and averaged. The first maximum of the 1st derivative was taken as the edge 
energy position of the compounds. A valence of +4 for Mn was found for all compounds as 
depicted in the right side of Fig. 2.  
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For the determination of the Ru-valence the first derivatives of the Ru–LIII spectra were fitted by 
two Pseudo-Voigt- (PV) and one arctan-function to obtain the absorption edge energies [5]. As 
reference materials RuO2 and unsubstituted La2RuO5 were used  since the Ru valence is +4 in these 
compounds. The normalized spectra are shown in the left side of Figure 3. The comparison showed 
that the valence of ruthenium in La2Ru1-xMnxO5 is +4 (Fig. 3 right).  

From these results we conclude that the valence combination in La2Ru1-xMnxO5 is Mn4+/Ru4+. This 
result is also in excellent accordance with the observed magnetic properties. 
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Figure 2: Left: Absorption spectra of the standard manganese oxides and La2Ru1-xMnxO5. The dashed lines 

mark the edge energies of the references. Right: Mn valence determined from the first derivative of the    
Mn-K XANES. 
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Figure 3: Absorption spectra of the reference oxides and La2Ru1-xMnxO5. The dashed lines mark the PV 

positions of the references. Right: Ru valence determined from the first derivative of the Ru-LIII XANES. 
The horizontal line corresponds to the average position of the first PV function of the references. 
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Forest-like structures of carbon nanotubes can be obtained by chemical vapour deposition (CVD). 
They found great potential for several applications such as: electrodes for direct methanol fuel-cells 
[1], polyelectrolyte nanocomposite membranes [2], actuators [3] to name a few[4]. The advantage 
of this production process is their high aspect ratio, structural regularity (absence of entanglements, 
well-aligned arrays with defined diameter and length) and purity and therefore they satisfy the 
requirements of a high purity material with a reasonable growth rate, compared to arc-discharge 
and laser ablation methods[5] 

In the present report, we dispersed two different kinds of multiwall carbon nanotubes 
(commercially available mulriwall carbon nanotubes C150P, Bayer Materials Science (Figure 1(a)), 
and CNTs produced at the TUHH by the CVD process, alig-CNTs, Figure 1(b)) in epoxy resin 
based on bisphenol A diglycidyl ether (DGEBA). These CNT/resins mixtures were cured by 
reacting with aliphatic amine hardeners.  

 

Figure 1: Scanning electron microscopy images of Multiwall Carbon Nanotubes utilized in the present work: 
(a) commercially available C150P nanotubes, (b) aligned carpet-like structures and (c) detailed view of 

aligned carpet-like structzres,. 

The dispersion of CNT in the resin was evaluated by Small Angle X-Ray Scattering (see Figure 2). 
The commercially available CNTs are not as straight as the in-house produced ones; therefore they 
tend to build up agglomerates. Expectedly, the SAXS curve for the nanocomposite containing 
C150P nanotubes exhibits cut-offs typical of the hierarchical structures observed for the CNTs [6]. 
At q-values higher than 0.5 Å-1 the features associated to the epoxy resin can be identified as halos 
at q = 0.46; 1.33 and 3.10 Å-1. These diffuse halos reflect the amorphous structure of the epoxy 
resin itself. For the nanocomposites with self-produced CNTs, the SAXS curve are dominated by a 
linear interval ranging from q= 0.007 to 0.20 Å-1. As shown in Figure 2, the slope of this interval is 
very close to -4. Therefore, the scattering originates mostly from an well-defined smooth CNT-
epoxy interface (Porod-like behaviour[6,7]). Due to its well organized structure, these tubes are 

(a) (b) (c) 
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expected to be very straight, even after processing steps like stirring or caladering (3-roll milling). 
Since these tubes are at least 500 μm long, the scattering produced by the interface should also be 
observed at very small scattering vector (q) values. The scattering produced by a perfect rod-like 
structure with monodisperse distribution of radius and length is also shown in Figure 2. The 
intensity should be proportional to q-2 [6]. The experimental scattering curves differ significantly 
from the prediction by this model. This fact is also expected since the CNTs tend to agglomerate 
into complex structures, especially irregular shaped ones commercially available (e.g. C150P).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: SAXS curves of the samples investigated in the present work, along with some predictions from 
theoretical models. The arrow indicates the presence of shoulder in the SAXS patterns.  
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In plant cell walls cellulose forms partially crystalline microfibrils with a width of around 3 nm. The 
crystallization of polymer chains to cellulose I structure occurs during the biosynthesis of cellulose. When 
one regenerates cellulose, e.g. from a solution, the man-made cellulose II form arises. It is difficult to 
increase the thickness of the cellulose crystallites: the crystallite width in regenerated cellulose is typically 
only about two times as large as in native cellulose microfibrils. Here ultrathin cellulose films were made 
by regenerating trimethylsilyl cellulose (TMSC) which was spin coated on silicon substrates. The 
structure of cellulose films was characterized with grazing incidence x-ray diffraction (GIXD) and x-ray 
reflectivity experiments. 
 
Trimethylsilyl cellulose (TMSC) was synthesized from spruce cellulose powder (Fluka). The films were 
prepared on silicon substrates of the size of 1.5×1.5 cm2 (Okmetic, Finland).  Toluene solutions of TMSC 
(10 g dm-3) were spin coated at 4000 rpm (acceleration of 2200 rpm/s) onto cleaned substrates. The 
deposition of the solution was performed on a static substrate and the spinning was retained for 30 
seconds. In order to converse TMSC into cellulose [1] the spin coated TMSC films were subsequently 
exposed to vapor of 2M HCl for 1 min. The thickness of the studied films varied between 2 and 20 
nm. 
 
The grazing incidence x-ray diffraction (GIXRD) measurements were carried out at the beamline W1.1 
(ROEWI) at HASYLAB. The reflectivity curves were measured with the NaI(Tl)-detector available at the 
beamline. For GIXD, a transportable image plate (Molecular Dynamics) was used to collect the 
diffraction patterns. The energy of the x-ray beam was 10.5 keV (1.18 Å) and the incident angle of the 
beam was 0.165°. The scattering due to air between the sample and the detector was reduced by having 
the sample in helium atmosphere. The exposure time for the image plate was 20-30 min for each sample. 
A correction due to measurement geometry was done for the data and a sector of 40° of the two-
dimensional diffraction patterns was used in the analysis. The length of the scattering vector (q) was 
defined as q=(4 / )sin , where  is half of the scattering angle. 
 
X-ray reflectivity curves showed clear oscillations indicating low surface roughness of the films. GIXD 
experiments showed that the regenerated cellulose films are weakly ordered. There were no well-resolved 
diffraction peaks from which the possible crystal structure could be identified. However, on the basis of 
the diffraction patterns, the films may contain some very tiny cellulose II or III crystallites. Because of the 
preparation process, the short range order of cellulose chains may differ from that of amorphous cellulose 
in the native cellulose I microfibrils. On the basis of GIXD results the cellulose structures were the same 
regardless of the thickness of the film. Exposure to concentrated HCl gas changed the morphology of the 
film surface, as was revealed by atomic force microscopy studies. On the cellulose chain level, the films 
were weakly ordered. 
 
Amorphous cellulose is accessible to water and its chemical reactivity differs from that of crystalline 
cellulose. Thus amorphous cellulose surfaces are of interest from the point of view of applications and 
biology allowing e.g. studies on the binding of cellulose to other natural polymers of the plant cell wall. 
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Figure 1: Grazing incidence x-ray diffraction pattern for untreated, as-prepared cellulose film, regenerated 
from TMSC (black) compared with x-ray diffraction measured from ball-milled microcrystalline cellulose in 

reflection geometry (red).  
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Poly(N-isopropylacrylamide) (PNIPAM) is a thermoresponsive polymer that exhibits a transition 
from a hydrophilic state in which water molecules can be adsorbed at the polymer, causing it to 
swell, to a hydrophobic state, in which the water molecules get repelled. This happens at a lower 
critical solution temperature (LCST) of about 32 °C. Above the LCST the polymer precipitates 
from water unlike common expectation, e.g. when compared with salt solutions. Because of its 
LCST that is close to the temperature of the human body, PNIPAM is one of the most studied 
systems in the field of stimuli responsive hydrogels. The polymer used was synthesized by 
reversible addition-fragmentation chain transfer (RAFT) polymerization and the chains were close 
by so-called “click chemistry” in order to achieve cyclic PNIPAM chains with a low polydispersity 
[1]. 

In our investigation we focus on thin films of cyclic PNIPAM prepared by spin coating on 
precleaned silicon substrates with different concentrations to obtain samples of different 
thicknesses. In such thin films the surface of the polymer can replicate the roughness of the 
substrate to a certain lateral scale like snow on a hilly lawn – the hills are replicated by the snow, 
but the form of a blade of grass is not. This roughness correlation is characterized by a lower 
critical size of the roughness (Rc) that is replicated by the polymer film. It depends on the total film 
thickness (ltot) as shown in fig. 1. The thin films of cyclic PNIPAM were investigated in real space 
with optical microscopy and in reciprocal space with X-ray reflectivity (XRR) and grazing 
incidence small-angle X-ray scattering (GISAXS). Information about film thickness and 
enrichment layers was obtained by XRR, the interface correlation was probed by GISAXS. 

 

Figure 1: Schematic drawing of a thin polymer film (orange) with thickness ltot on top of a rough substrate 
(gray). Roughness on a large scale is replicated by the polymer film while roughness on a small scale is not. 

For clarity reasons the aspect ratio is strongly increased. 

The GISAXS measurement was performed at the new PETRA III beamline P03. The wavelength of 
the synchrotron radiation was 0.0969 nm, the size of the beam 20×40 μm2 (vertical×horizontal) and 
the incident angle was chosen to be 0.43°. The scattered signal was measured with the Pilatus 300k 
detector, a two dimensional detector with a pixel size of 172×172 μm2, an active area of 
83.8×106.5 mm2 and a fast and noise-free readout. The distance between sample and detector was 
set to 2.5 m. 

substrate

thin polymer film

ltot 

Rc
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Figure 2: 2D GISAXS images of thin films of cyclic PNIPAM with different film thicknesses (as indicated on 
top). In qz-direction a modulation in the intensity, corresponding to the interface correlation, can be seen. 

The specular peak is blocked with a circular beamstop. 

The two-dimensional (2D) GISAXS images are shown in figure 2. From these images cuts along 
the qz-axis at different qy-values are done. These cuts are compared in pairs from lower to higher 
qy-values in order to determine whether the two cuts still show the same modulation in the intensity 
due to roughness correlation. When these modulations are no longer visible, the value of the critical 
lateral length of the roughness that is not replicated is reached and Rc is calculated from the 
corresponding qy-value. 

 

Figure 3: Double logarithmic plot of Rc against ltot. The red line is a guide to the eye with a slope of 0.5. 

Figure 3 shows the determined Rc values plotted against the total film thickness ltot. From the graph 
a slope of 0.5 can be determined for the films with thicknesses in a range from 74 nm to 298 nm. 
This slope can be theoretically explained by a frozen-in liquid as shown for polystyrene 
homopolymer films [2]. However, the film with the lowest thickness seems to be in a regime which 
does no longer follow the simple behavior of a frozen-in liquid. Due to the reduced thickness the 
interaction with the underlying substrate might change the roughness spectrum and cause the 
deviation from the behavior of a simple liquid which is described with a bending rigidity. 
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The semiconductor titania, in its anatase polymorph, has considerably contributed to the fast 
growth in the field of dye-sensitized solar-cells (DSSCs) which combine a dye-sensitized titania 
structure with a hole-conducting electrolyte [1]. The structure of the titania has to be controlled on 
several length scales for this application. A large surface-to-volume ratio is necessary as the charge 
separation only takes place at the interface between titania and the dye. Larger structures are 
necessary to trap as much light within the active layer of the cell as possible. Out of the many ways 
to structure titania thin films, sol-gel synthesis with a structure-directing microphase separation of a 
diblock copolymer can be further improved by controlling the fast reaction kinetics in a micro-
fluidic cell [2]. 

Sol-gel templating of titania thin films with the amphiphilic diblock copolymer poly(dimethyl 
siloxane) – block – methyl methacrylate poly(ethylene oxide) PDMS-b-MA(PEO) is combined 
with the usage of a micro-fluidic cell to control the structure formation. Due to the laminar flow 
conditions in the micro-fluidic cell a better control of the local composition of the reactive fluid is 
achieved. The structure-directing diblock copolymer is dissolved in tetrahydrofuran (THF) and 2-
propanol and the titania precursor titanium tetraisopropoxide (TTIP) as well as hydrochloric acid 
(HCl) are added to the polymer solution and stirred for 60 min for the usual sol-gel templating 
without the usage of the micro-fluidic cell [3]. For a better control of the reaction kinetics the 
polymer solution with HCl is mixed with the titania precursor TTIP and the same solvents in a 
micro-fluidic cell with well-defined flow rates from 0.5 ml/min up to 5 ml/min [2]. The resulting 
sol-gel is spin-coated on pre-cleaned silicon substrates and calcined at 650 °C in air for 24 h to 
remove the polymer. 

Figure 1 shows SEM graphs of titania structures prepared with sol-gels without and with the usage 
of the micro-fluidic cell. The titania films exhibit mesopores and macropores, where the mesopores 
in the film structures templated without the micro-fluidic cell appear to have a larger distribution of 
pore sizes which are less ordered than in the case of the structures templated with the sol-gel mixed 
in the micro-fluidic cell. 

 

Figure 1: SEM image of the calcined titania structure templated with the sol-gel  
without micro-fluidic cell (a), and with micro-fluidic cell (b). 
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Information on the morphology in the volume of the film is gained from grazing incidence small 
angle X-ray scattering (GISAXS) at the HASYLAB beamline BW4. Synchrotron radiation with a 
wavelength of 0.138 nm and an incident angle of 0.36° on the surface of the films is used for the 
measurements. The sample-to-detector distance is set to 2 m. The scattered signal is detected with a 
two-dimensional MarCCD detector with 2048×2048 pixels of a pixel size of 79.1×79.1 µm2 and an 
active area of 165 mm in diameter. Figure 2 shows representative 2d GISAXS scattering patterns of 
a titania structure templated with a sol-gel without the usage of the micro-fluidic cell and of a 
titania structure templated with a sol-gel mixed with a flow speed of 0.5 ml/min in the micro-fluidic 
cell as well as line cuts in horizontal direction. For the structures templated with the sol-gel without 
the usage of the micro-fluidic cell structure factor peaks corresponding to sizes of 36 nm and 21 nm 
can be observed without higher order peaks. For all the structures templated with the sol-gel mixed 
in the micro-fluidic cell a constant structure factor peak position with higher orders corresponding 
to a disordered hexagonal arrangement of the mesopores is observed. This structure factor 
corresponds to a distance of about 25 nm. Structure information on larger pores is hidden in the 
resolution of the setup (shown with the dashed line in figure 2c). 

 

Figure 2: GISAXS scattering pattern of the calcined titania film templated with the sol-gel without micro-
fluidic cell (a) and with micro-fluidic cell (b), as well as out-of-plane cuts at the qz-value of titania (c). The 

cut of the structure templated without the usage of the micro-fluidic cell is labelled ‘normal sol-gel’, the flow 
rate used in the micro-fluidic cell for the other cuts increases from 0.5 ml/min to 5 ml/min from bottom to 

top. The cuts are shifted along the intensity axis for illustrative purposes. 

The porosity of the titania film can be determined to 0.72 up to 0.79 from the scattering length 
density of the material, gained from the GISAXS signal. Optical measurements reveal an increased 
light scattering for the samples templated with the sol-gel mixed in the micro-fluidic cell by 25 % 
as compared to the structures templated with the sol-gel mixed without the usage of the micro-
fluidic cell. These properties make the ordered structures promising for applications in DSSCs. 

To conclude, we have demonstrated an easy one-step route to prepare titania structures by a 
combination of micro-fluidics and block-copolymer based sol-gel templating. GISAXS 
measurements at BW4 reveal structures in the volume of the films with higher order. 
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Drying of particulate suspension for the film formation is of importance in various applications 
to produce secondary battery, display, solar cells and so on. Because dispersion stability is a crucial 
issue in the coating and printing process of ink and paste, many attempts have been carried out to 
analyze the suspension microstructure and film microstructure respectively, and try to understand 
the structural change during drying. Even if the solid understanding of drying behavior is important 
in the colloidal science and many application fields, there are only a few studies on the drying of 
particulate suspensions. Moreover, the methodologies developed so far were only help us to 
speculate the structural change and not satisfactory in obtaining the in-situ information about 
structural development during drying.  

X-ray scattering is a useful technique to observe the suspension microstructure more directly 
than any other techniques[1-2]. In order to employ the x-ray scattering to the drying behavior of 
suspensions, the angle of beamline need to be vertical to ground, unlikely to the conventional 
SAXS experiment. In 2010, we attempted to observe the structural change during drying of silica 
suspension using the BW1 in HASYLAB (the schematics for the experiment is described in Figure 
1) and successfully obtained the scattering image during drying. To the best of the knowledge of 
the authors, SAXS study on drying film so called ‘Drying-SAXS’ is conducted for the first time.  
 
 

 

 
 
Figure 1. Schematics for Drying-SAXS experiment in BW1, HASYLAB. Suspensions for drying are 

simply loaded on the fixture installed in rheometer. Drying condition is controlled by the chamber which is 
already installed in the rheometer in BW1.  
 
 

We conducted the Drying-SAXS experiment in BW1 from July 5 to July 7, 2010. The model 
system in this study is an aqueous dispersion of colloidal silica with initially 30wt% solids, (Ludox 
HS-30, Aldrich). Particle diameter of silica is 12 nm and it is small enough to measure the 
scattering image from X-ray [3]. The dispersion stability was controlled by addition of the various 
amount of NaCl. From the measurement of zeta potential and particle size measurement, the 
electrostatically stabilized silica suspension loses its stability as the amount of salt increases. Figure 
2 is the result of Drying-SAXS experiment of silica suspension by changing the dispersion stability. 
In all measurement, scattering intensity decreases due to increasing salt concentration during drying. 
However, shape of SAXS spectra sensitively depends on salt concentration. Especially, at 0.2 M 
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salt concentration (Figure 2d), the sudden decrease of the intensity is observed, probably which is 
ascribed by the sudden aggregation during drying. Currently, we interpret the result for the clear 
and meaningful investigation. As we found that the Drying-SAXS in BW1 is very promising 
method to understand the drying behavior of particulate suspensions, we propose further study 
about the drying of particulate suspension with systematic parameter 

 

 

 
 

 Figure 2. SAXS spectra from 30 wt% silica suspension (d=12nm) with various salt concentrations during 
drying. Salt concentration is (a) 0 M, (b) 0.05M, (c) 0.1M, and (d) 0.2M. The unit of legend is min. 
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The dispersion of carbon nanotubes (CNTs) has been a challenge for the development of polymer 
nanocomposites. Due to their high specific surface area CNTs tend to form agglomerates, which 
can be partially dissolved by several processing methods [1]. Wet-chemical functionalisation of 
CNTs proved to be useful to improve the dispersability of CNTs in polymer matrices, due to 
increased interfacial adhesion. In fact, the properties of thermosets can be greatly improved by 
dispersion of functionalised carbon nanotubes [1]. Shafer and co-workers [2] demonstrated that the 
wet-chemical oxidation of CNTs causes the formation of debrils, which contain oxidized carbon 
species. Therefore, functionalisation might not always be the most appropriate way to achieve good 
dispersion and adhesion of CNTs in polymeric matrices [3]. Alternatively, the CNT dispersability 
can be greatly improved by using perylene derivatives [4]. Perylene and other aromatic compounds 
can stack at the surface of CNTs due to π-π interaction between the graphene layers of CNTs and 
the electrons of the aromatic compounds. In many cases, improvement of mechanical properties can 
be achieved [5,6]. 

In the present paper, we report the effect of perylenetetracarboxylic dianhydride (PTCDA) on the 
dispersion of multiwall carbon nanotubes (MWCNT) in epoxy resins. Previous studies 
demonstrated that PTCDA have a positive effect on the dispersability of MWCNT in epoxy resins. 
As a result, the electrical conductivity of these nanocomposites are one order of magnitude lower 
than for the epoxy/MWCNT nanocomposites without PTCDA. In order to get information about the 
CNT distribution small angle X-ray experiments have been carried out at B1 beamline at 
HASYLAB/DESY Figure 1(a) depicts selected SAXS curves of epoxy/MWCNTs nanocomposites 
(pristine MWCNTs, C150P, have been kindly supplied by Bayer Materials Science). As the filler 
loading increases, a shoulder between q = 0.05 and 0.20 Å-1 becomes more evident. These features 
reflect the complex hierarchical structures of the MWCNT agglomerates and aggregates [7]. One 
can see that little change in the pattern occurred at filler loadings higher than 0.50 wt-%, therefore it 
can be assumed that the dispersion state of MWCNT does not change above a certain filler 
concentration. Figure 1(b) contains the SAXS curves of epoxy/CNT nanocomposites with pristine 
MWCNTs, melamine-functionalised MWCNTs and the MWCNTs dispersed in PTCDA-modified 
epoxy resin. No significant change in the SAXS patterns could be observed for the nanocomposites 
containing pristine MWCNTs, regardless the resin modification. On the other hand, the non-
covalent functionalisation of MWCNT with melamine (MWCNT-Melamine) improved 
significantly the dispersability of these nanoparticles in the resin. Even tough the filler loading is 
the same for the three samples; the scattering intensity is much lower for the sample containing 
MWCNT-Melamine. 
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Figure 1: (a) SAXS curves of cured epoxy/MWCNTs nanocomposites at different filler loadings; 
(b) SAXS curves of cured epoxy/MWCNT showing the different effects of noncovalent 
functionalisation of MWCNTs with melamine on the dispersion of the functionalised tubes in the 
resin. 

Further insight of the effect of PTCDA on the dispersion quality of carbon nanotubes in epoxy resins were 
provided by optical microscopy images of the cured resins. The filler loading here was kept constant at 0.20 
wt-%. The pristine CNTs agglomerates in the resins exhibit continuous structures with very pronounced 
lacunarity when no PTCDA was added to the resin Figure 2(a). On the other hand, the CNT agglomerates 
became discontinous and denser in the resin modified with PTCDA. A pronounced decrease of lacunarity of 
the structures was also observed for the PTCDA-modified resin. Therefore, it is possible to affirm that the 
modification of epoxy resin with PTCDA  lead to the formation of smaller and more compact CNT 
agglomerate structures than those build up in neat epoxy resin. Scanning electron microscopy results on 
epoxy/MWCNT-Melamine also indicated a better dispersion of these noncovalent functionalised MWCNT 
in epoxy resins [5] 

 

 

 

 

 

 

Figure 2: Transmission optical microscopy photographs of cured epoxy/CNT nanocomposites. (a) 
without PTCDA and (b) in the presence PTCDA.  
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The crystallization of polymers in physically confined environments is a topic of increasing interest 
because of the required basic understanding of polymer crystallization in nanotechnological 
applications [1]. Preceding small and wide angle X-ray scattering (SAXS and WAXS) studies have 
reported the influence of confinement below the μm scale on the crystallization of PET in PET/PC 
multilayers [2, 3] and on the structure of polypropylene crystallized in confined PP/PS and PP/PA 
nanolayers [4, 5]. Both systems were prepared by continuous layer-multiplying coextrusion. 

This work focuses on the confinement effects and their thermal stability in nanolayered films 
produced by the above method. To this goal an experimental program involving WAXS and .SAXS 
experiments was designed aiming at the orientation, arrangement and structure of the lamellar 
crystals as a function of the composition, the film thickness and the layer thickness. Selected 
samples with PP/PA volume ratios of 70/30, 50/50 and 10/90 and with layer-thicknesses of the PP 
layers ranging from 40 nm to 1670 nm and the PA layers ranging from 120 nm to 1190 nm, were 
investigated. 

Wide- (WAXS) and small-angle (SAXS) experiments were performed separately in the Soft 
Condensed Matter Beam Line A2 at HASYLAB (DESY, Hamburg) using a two-dimensional MAR 
CCD detector. Polymer films were placed with their surfaces parallel and also perpendicular to the 
X-ray beam. Samples of the control materials (isotactic PP, PA6) were also investigated for 
comparison. 

   
a) b) c) 

Figure 1: WAXS patterns of PP/PA 70/30 nanolayered films a) PA layer thickness 120 nm b), 
PA layer thickness 355 nm, c) PA layer thickness 710 nm 

For the samples placed with their surfaces perpendicular to the X-ray beam, isotropic rings are 
found in the WAXS pattern. However, if observed parallel to the X-ray beam, a very strong 
orientation of the lamellar crystals is found. The small thickness of the investigated films requires 
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to stack several films in order to increase the scattering volume. It would be of particular interest 
that the respective orientations of the two constituent crystallisable polymers could well be 
identified. 

In Fig. 1 WAXS diffraction patterns of samples with PP/PA concentrations of 70/30 recorded in 
parallel to the beam and the coextrusion direction are shown. It can be seen that with  reduction of 
the layer thickness the crystalline reflections become sharper pointing at important effects of the 
confinement on the lamellar orientation. 

For very thin layers of PP as found in samples with concentration ratio 10/90 for instance (Fig. 2a), 
where the PP layer thickness is in the order of 40 nm, no complete suppression of crystallization is 
observed. Annealing experiments from RT up to 194ºC and back to RT were performed in selected 
multilayered PP/PA samples. Surprisingly the effect of confinement on the orientation, shown on a 
1-D pattern, is preserved after recrystallisation indicating that the layer structure is relatively stable 
upon melting and recrystallization of the polypropylene layers (Fig. 2b). 

 
 

a) b) 

Figure 2: (a) WAXS patterns of PP/PA 10/90 nanolayered films with 25.4 µm film-thickness and 
40 nm PP layer-thickness. (b) integrated intensity before, during (194°C) and after heat treatment
and recrystallization.. 
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The possibilities of the surface sensitive scattering method grazing incidence small angle x-ray 
scattering (GISAXS) were expanded by the integration of in-situ imaging ellipsometry recently [1]. 
In autumn 2010 we were able to install for the first time the combined instrument at the micro- and 
nanofocus x-ray scattering beamline (MiNaXS/P03) at the synchrotron source PETRA III.  

 

Figure 1: Ellipsometer installation at beamline MiNaXS a: Sketch of imaging ellipsometer mounted on 
positioning system b: sample environment with 1: entrance window of flight tube towards detector, 2: 

beamstops for direct beam, 3: laser arm of ellipsometer, 4: sample stage of ellipsometer, 5: AFM, 6: guard 
slits; the arrows show the direction of the x-ray beam from the source. 

The imaging ellipsometer SPEM, a single wavelength (532 nm) instrument, of Nanofilm 
Technologie GmbH, was installed at the beamline MiNaXS as shown in figure 1. The concept of 
the combined instrument is that the sample is placed horizontally (xy plane) on the alignment stage 
of the ellipsometer. After ellipsometric alignment and measurement with a lateral resolution of 1 
µm the desired incidence angle for the x-ray beam is set by tilting the whole ellipsometer set-up. 
The whole stack of positioning stages including 2-circle segment is mounted on a base, which can 
be moved in the experimental hutch by air pads. It is depicted in figure 1a. A singular calibration of 
the instrument is necessary to ensure that the laser beam and the x-ray beam cross each other at one 
known point on the sample surface. In figure 2 an in-situ measurement of a thin films of polymer 
material especially sensitive to x-ray radiation damage, as used for calibration, is shown. The field 
of view of the imaging ellipsometer depends on the angle of incidence of the laser beam and the 
objective chosen. For an angle of 55° and an objective with 20x magnification a field of view of 
201 µm x 263 µm develops. With three different assigned regions of interest (ROIs)(figure 2a) the 
course of Δ and Ψ averaged over every pixel of the according ROI can be followed as the x-ray 
beam illuminates the surface. Due to the sensitive sample an instantaneous change in ∆ and Ψ for 
the central ROI with switching on the x-ray beam is shown in figure 2c with open circles. If x-ray 
illumination is stopped Δ and Ψ immediately show constant values. The width of the foot print 
visible live in the field of view during x-ray illumination, shown in figure 2b, corresponds to the 
beamsize of 35 µm x 22 µm used in this experiment. An alternative to the acquisition of ∆ and Ψ in 
chosen ROIs is the recording of 2d images in the full field of view (Δ and Ψ -maps) [1].  
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Figure 2: Measurement of calibration sample a: field of view of imaging ellipsometer with three chosen 
regions of interests (ROIs, green line) b: visible foot print of x-ray beam due to x-ray illumination c course 
of ellipsometric values Δ and Ψ in ROIs during illumination with x-ray beam; open symbols: central ROI. 

The combination of µGISAXS and imaging ellipsometry is particularly suited for the investigation 
of kinetic processes. As an example given in figure 3, the drying of a droplet of gold nanorods in 
aqueous dispersion along a gradient of polydimethylsiloxane (PDMS) on silicon substrate is 
followed. The values of Δ and Ψ are recorded in three different ROIs (figure 3a) analogue to the 
measurement of the calibration sample described above. The corresponding 2d GISAXS scattering 
patterns counted for 2 s are shown in figure 3b (time since start of data acquisition is indicated). 
After 6 s the scattering pattern corresponds to the sample surface before droplet deposition. With 
droplet deposition there is an immediate change in Δ and Ψ (figure 3a). The corresponding 
scattering intensity (figure 3b: 100 s) is very low in comparison to the substrate before droplet 
deposition. Only weak intensity is displayed on the detector because the large droplet volume 
absorbs strongly the transmitting x-ray beam. 

 

Figure 3: In situ experiment of a drying droplet of gold nanorod dispersion a: course of ellipsometric values 
Δ and Ψ in different ROIs b: detail of 2D GISAXS pattern with time; 1: specular beamstop; 2: frame 

bordering modules of Pilatus detector. 

The arrangement of nanorods on the surface is evident not before 810 s, when the scattering pattern 
with much higher intensity evolves (figure 3b: 810 s). Notably, for the duration of the drying 
experiment the Δ and  Ψ values shown in figure 3a at any given time are similar for all three chosen 
ROIs. In case of severe damage of the sample due to the high brillance x-ray beam Δ and Ψ values 
would differ over time for the ROIs in- and outside the footprint of the x-ray beam as shown in 
figure 2c. 

This work has been financially supported by the BMBF (grant number 05KS7WO1). 
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Relatively high performance polymer bulk heterojunction (BHJ) solar cells, based on a self-
assembly phase separation of an electron-donating conjugated polymer P3HT (region-regular 
poly(3-hexythiophene)) and an electron-accepting fullerene PCBM (phenyl-C61-butyric acid methyl 
ester), have become of great interests over the past decade. They offer a realization of low-cost, 
flexible, light renewable energy source. Although the efficiency of this kind of solar cells has been 
improving continuously and reached up to 7.7% [1], the in-depth knowledge about the inner 
morphology of these solar cells is still missing. Therefore we investigate the inner structural 
changes with GISAXS (grazing incidence small angle x-ray scattering) as a function of a multilayer 
stack build-up. 

 

Figure 1: a) 2d GISAXS images as a function of each preparation step of a BHJ solar cell (S1: ITO substrate 
after chemical etching of the side area; S2: additional ultra-thin PEDOT:PSS layer spin-coated from 

solution; S3: annealed PEDOT:PSS layer; S4: P3HT:PCBM spin-coated from 1,2-dichlorobenzene based 
solution; S5: aluminium layer via thermal evaporation; S6: post-treated solar cell annealed at  inert 

atmosphere). b) detector cuts of the 2d intensity as a function of the detector angle αi + αf., the curves are 
shifted along the intensity axis for clarity. 

From the GISAXS measurement, molecular resolution of the buried interfaces of thin films or 
multilayer systems are obtained, without damaging the sample. As seen from the two-dimensional 
GISAXS images shown in Figure 1a, strong intensity oscillations are observed for all the probed 
samples. These intensity oscillations are caused by the rather rough ITO substrate surface, which 
roughness spectrum is replicated by the following thin films. To have a better understanding of the 
roughness correlation, as well as the lateral structure information, the analysis of detector cuts and 
out-of-plane cuts is required.  

In the detector cuts shown in figure 1b, the specular reflected x-ray beam is shielded by a beamstop 
to protect the detector (at αi + αf. = 1.02º). The peaks on the left side of the beam stop area are the 
Yoneda peaks, which are material dependent features and originate from dynamical effects. Strong 
oscillations are observed on the right side of the beam stop area for all probed samples due to 
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roughness correlation originated from the ITO substrate. In addition, the beats in the diffusely 
scattered intensity for the samples S2 and S3 indicate a similar thickness between ITO and 
PEDOT:PSS layer, which is around 85 nm given by x-ray reflectivity measurement. 

                    

 

 

 

 

 

 

 

 

 

Figure 2: Out-of-plane cuts taken at the critical angles of a) ITO (S1 to S6 from bottom to top) and b) P3HT 
(only S4, S5 and S6 as indicated). The data are shown with symbols and the fits based on the effective surface 

approximation with (red) solid lines. For clarity, the curves are shifted along the intensity axis. 

Lateral structural information is gained from the out-of-plane cuts (see figure 2). Fitting of the data 
is performed within the model of the effective surface approximation. As a result, the lateral 
structure size of ITO stays constant (105 nm) during the additional layers built-up on top. However, 
the size of P3HT domains increase slightly from 70 nm (S4, S5) to 75 nm (S6) as seen in Figure 2b 
due to thermal treatment in the inert gas, which leads to the more optimized phase separation. 
Therefore, much higher efficiency is achieved as shown in Table 1. 

 Isc (mA/cm2) Uoc (V) FF (%) η(%) A (mm2) 

as-spun 5.60 -0.56 48.51 1.52 0.14 

annealed 7.81 -0.60 54.59 2.54 0.14 

Table 1. I-V parameters of the solar cells: the short circuit current Isc, the open circuit voltage Uoc, fill factor 
FF, power conversion efficiency η, and effective area A. 

In summary, the efficiency of BHJ 1,2-dichlorobenzene based-P3HT:PCBM solar cells is improved 
by the applied treatment [2]. The roughness correlation and the inner structure information are 
revealed via the serial GISAXS study, showing that the roughness of the ITO substrate has a strong 
influence on the morphology of the following layers, which directly determines the final power 
conversion efficiency of the solar cell. Further investigations about this system are still ongoing. 
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Misfolding and aggregation of proteins have severe implications in diseases like Alzheimer’s and 
Parkinson’s disease, or in affecting peripheral tissues as in the case of type-II diabetes mellitus.

1
 

Several studies have shown that lipid-peptide interactions can play a crucial role in the fibril 
formation of human islet amyloid polypeptide (IAPP). 

2-4
 For example, the interaction of IAPP 

especially with anionic (DOPC/DOPG) 
2,3

 or raft membranes (DOPC/DPPC/cholesterol) 
3,4

 foster 
fibrillation. Exploiting cross-amyloid interactions, it has been shown that a non-amyloidogenic 
mimic of IAPP is able to block also Aß cytotoxic self-assembly, hinting at a molecular link between 
Alzheimers’ disease and type-II diabetes mellitus. 

5
 Therefore, cross interactions between IAPP and 

Aß might affect the fibrillation pathways of both proteins. 
6
 

Here, we focus on the interaction of IAPP and insulin with a complex lipid raft membrane system 
comprising DOPC, DOPG, DPPC, DPPG, and cholesterol as well as a natural glycolipid membrane 
composed of lipopolysaccharides. Applying X-ray reflectometry (XRR), grazing incidence X-ray 
diffraction (GIXD), and surface tensiometry, a complete molecular-scale picture of the membrane-
mediated peptide oligomerization and fibril formation as well as of cross-amyloid interactions in 
the presence of the different membrane systems is obtained.  

The experiments were performed with the liquid surface scattering set-up of beamline BW1 at 
HASYLAB. Lipid films were spread at the air-water interface in a Langmuir trough, which was 
previously filled with aqueous buffer or peptide solution. Then, the lipid raft film was compressed 
to an initial surface pressure of 30 mN m

-1
, mimicking the outer leaflet of biological membranes; 

the lateral area available for the lipid film was kept constant, and measurements were started. 
During the measurements, the time-dependent development of the lateral film pressure was 
monitored and structural changes of the lipid film were investigated by subsequent XRR and GIXD 
scans, as exemplarily shown in Figure 1 and 2. The data obtained yield a significant contribution to 
elucidating the mechanism of amyloid-cross interactions in the presence of aggregation-fostering 
lipid membranes and will thus also help understanding amyloidogenesis in vivo. A manuscript has 
been submitted.  

 

 

 

 

 

 

 

 

Figure 1: Left: Electron density profiles (EDPs) of the pure lipid system as a function of lateral film 
pressure. Inset: XRR curves (symbols) and fits (solid lines), from which the EDPs are retrieved. 
Right: Exemplary GIXD data of the lipid film, as measured with the Mythen detector. 

7
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Figure 2: Left: Exemplary XRR data (open symbols) with fits (solid lines) based on a two-layer 
model of the glycolipid monolayer in the presence of IAPP. The XRR curves are shifted along the 
y-axis with increasing time. Right: Time evolution of the electron density profiles of the XRR 
curves. Temporal changes of the lipid tails are indicated by a black arrow. The legend indicates the 
time after starting the experiment. Inset: Time evolution of the surface pressure of the lipid film. 
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Grazing incidence small angle X-ray scattering (GISAXS) is a powerful tool to investigate 
structures of molecular up to mesoscopic scales in thin film geometries [1].  

GISAXS measurements have been performed at the HASYLAB beamlines BW4 at the DORIS III 
storage ring and at P03 at the PETRA III storage ring. At the beamline BW4 synchrotron radiation 
with a wavelength of 0.1381 nm, a beam size of 23×36 µm2 (vertical × horizontal direction) and an 
incident angle of 0.35° on the surface of the films was used for the measurements. The sample-to-
detector distance was set to 2 m. The scattered signal was detected with a two-dimensional 
MarCCD detector with 2048×2048 pixels of a pixel size of 79.1×79.1 µm2 and an active area of 
165 mm in diameter with a read-out noise of 10 counts/pixel. At the beamline P03 synchrotron 
radiation with a wavelength of 0.0969 nm, a beam size of 20×40 µm2 (vertical × horizontal 
direction) and an incident angle of 0.28° on the surface of the films was used for the measurements. 
The incident angle was adjusted so as to detect the specular reflection approximately at the same 
qz-value for both measurements. The sample-to-detector distance at P03 was set to 2.5 m. The 
scattered signal was detected with a two-dimensional Pilatus 300k detector with 487×619 pixels of 
a pixel size of 172×172 µm2 and an active area of 83.8×106.5 mm2 with no read-out noise. 

 

Figure 1: Two-dimensional GISAXS scattering patterns of a titania sponge structure as measured at the 
DORIS III beamline BW4 (left) and at the PETRA III beamline P03 (right). 
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The investigated sample consists of a titania sponge structure which was nanostructured with a 
combination of block copolymer based sol-gel templating and micro-fluidics [2]. The titania thin 
film has a thickness of about 215 nm on top of a glass substrate. 

Figure 1 shows a GISAXS scattering pattern of the titania sponge structure measured at BW4 for 
300 s in multiread mode, featuring a beamstop to block the high intensity of the specular reflection, 
and a GISAXS scattering pattern of the same titania structure measured at P03 for 0.3 s. The 
asymmetric setup of the Pilatus 300k detector in the measurements at P03 was chosen to probe 
approximately the same q-range as in the measurements at BW4 with the MarCCD detector. 
Horizontal and vertical cuts of the GISAXS data are shown in figure 2. In the horizontal cuts the 
same structure information can be obtained, where the difference in noise of the two detectors is 
visible in the different slopes for large q-values. Both cuts reveal the same structure factor peak 
with the same higher orders. The position of the specular reflection in the vertical cuts reveals a 
slight mismatch of the qz values between both set-ups. 

 

Figure 2: Horizontal cuts at the same qz-position for both sets of GISAXS data (left) and vertical cuts of the 
same GISAXS data for qy=0 (right). The structure factor peak, indicated by the arrow in the horizontal cuts, 

corresponds to a size of about 38 nm. The cuts are not shifted along the intensity axes, the difference in 
intensity is due to the higher flux at P03 and the different pixel sizes of the detectors. 

The most interesting detail in the comparison of the GISAXS data obtained at the two different 
beamlines is the huge difference in intensity. The intensity, as detected at the Yoneda peak position, 
is higher in the P03 data by a factor of approximately 6.9. Normalized by the different pixel area 
this leads to a factor of 1.5 in the intensity. The different measurement time of 300 s in multiread 
mode, which is effectively a measurement time of 150s, at BW4 and a measurement time of 0.3 s at 
P03 leads to an additional factor of 500. In total the gain of intensity per time and per detector area 
for the titania sample amounts to a factor of about 750, neglecting the small differences caused by 
the small deviation in qz. In conclusion GISAXS measurements at the two different beamlines BW4 
and P03 yield the same structural information, with a significantly higher intensity per detector area 
and time at the new beamline P03 at the third generation storage ring PETRA III.  
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Using the nano-phase separation of block copolymers to transfer nanostructures into inorganic 
materials has become largely popular over the last years. However, a limitation of templating using 
block copolymers is the preference of structures with only one characteristic length in the order of 
several nanometers. However, in many applications hierarchically structured materials with a 
superstructure on a larger size scale are favorable. 

We use the concept of combining sol-gel templating with an iterative layer-by-layer spin-coating 
[1] approach to combine a foam-like structure (sample I) with granulas (sample II) multiple times 
(sample III) with proving the preservation of the respective morphologies throughout the various 
preparation steps. For our studies the diblock copolymer poly(styrene-block-ethylene oxide) (PS-b-
PEO) was chosen as a structure directing agent for the use in the sol-gel process. The respective 
molecular weights of the polystyrene and polyethylene oxide blocks were PS:~16000~g/mol, 
PEO:~5000~g/mol and the polydispersity index was P~=~1.04. 1,4-dioxan was used as good 
solvent for both polymer blocks and 37% HCl was used as bad solvent for the PS block. Titanium 
tetraisopropoxide (TTIP) was used as the sol-gel precursor. By adjusting the weight fractions of the 
sol-gel components the two different morphologies were selected [2]. After the iterative spin-
coatings the polymer matrix was combusted and the titania film was transferred to its anatase phase 
by a calcination step in ambient air.  

A complete understanding of the films’ morphology is a crucial part of the investigation. Scanning 
electron microscopy (SEM) was employed as real space imaging technique to obtain first 
information about the morphologies which are present at the sample surfaces. Figure 1a to 1c show 
top views of the three different samples. The foam-like morphology of sample I with an average 
pore size of roughly 40-50 nm is clearly visible. Three different characteristic particle sizes are 
observable for sample II with all having a granula like morphology. The largest one has a size of 
roughly 600 nm. Indicated by its darker inner part, this large granula resembles more a biconcave 
disc shape instead of a simpler flat disc or sphere like shape. The second characteristic size is 
corresponding to the mid-sized granulas which have a round shape with a diameter around 20 nm. 
Their size and shape also match the lacerated outer edge of the biconcave discs, indicating that 
many of these mid-sized granulas aggregate together to form the big biconcave discs. Finally, the 
smallest granula is faintly seen in between the granulas with a size of about 10~nm. In sample III 
these both morphologies are combined together. A top view of sample III is displayed in figure 1c. 
The foam-like morphology as well as large granulas with the characteristic frayed edges from 
sample I and II are present, respectively. However, the size of the granulas is different to sample II. 
Firstly, the larger granulas are now only about 200-250 nm large and secondly, the mid-sized 
granulas seem to have agglomerated to bigger objects, similar to the larger ones with an average 
size of approximately 80-110 nm. It can be noted that the very small granulas are not observable 
anymore. This change in morphology results from the fact, that for sample II the sol-gel was spin-
coated on the silicon substrate, whereas for sample III the sol-gel for the granulas was directly spin-
coated on the polymer/titania composite, hence, on a different surface. Although it was clearly 
visible that the hierarchic sample inherited both morphologies from sample I and II respectively, 
the SEM only provides limited information. First of all, the investigation is limited to the surfaces 
could be probed while the almost no information is given about the film volume. Additionally, only 
very small sections of the samples could be investigated.  

Hence, to obtain a better understanding of the films’ morphologies, grazing incidence small angle 
X-ray scattering (GISAXS) was chosen as a complimentary method, due to its outstanding ability 
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of probing a macroscopic area of the sample whilst providing a resolution on the nanoscale. The 
measurements were performed at the HASYLAB beamline BW4 (wavelength 0.138 nm, sample–
detector distance of 2.237 m and incidence angle αi = 0.345°). A moderate micro-focused X-ray 
beam with a size of 23 × 36 μm2 (v × h) was used, resulting in a beam footprint on the sample 
surface of 3.8 mm in beam direction. The scattered signal was recorded with a MarCCD camera 
(2048 × 2048 pixels, pixel size 79.1 × 79.1 μm2).  

Figure 1: SEM top views on the surfaces of sample I, II and III are shown, (a) to (c). Additionally, 2D 
GISAXS images of sample I, II and III, (d) to (f) together with their horizontal line cuts (g) taken at the 

critical angle of TiO2. 

Figure 1d to 1f show the 2D GISAXS images of the three samples I, II and III. Figure 1g shows the 
respective horizontal line cuts, which were taken at the critical angle of TiO2 (0.250°). The dashed 
vertical line shows the resolution limit. For the foam-like structure of sample I a characteristic size 
was found to be 45 nm. In good agreement with the SEM data, we attribute this to the size of the 
holes in the foam-like structure. A second lateral length can be seen at 270 nm which we attribute 
to long-distance domains within the foam-like structure. The horizontal line cut of sample II shows 
three distinctive structure sizes. The smallest one is found at 15 nm, which probably is related to 
the very small granulas, which were observable at the SEM data. This is followed by 105 nm, 
coinciding with the mid-sized granulas. Finally, a structure size of 560 nm can be found which we 
assign to the diameter of the large biconcave discs. The horizontal line cut of sample III also shows 
three structure sizes. The smallest one is 45 nm which was also observed at sample I and hence can 
be attributed to the hole size of the foam-like structure, indicate by the arrow, labeled 'a'. The next 
lateral length at 105~nm which was also found in sample II as indicated by the arrow labeled 'b'. As 
a third characteristic length 250 nm was found. Since the characteristic hole size of the foam-like 
structure was observed, it is not surprising to also find the long-distance domains which were 
already observed for the foam-like structure of sample I. This is also indicated by the arrow labeled 
'c'. As a consequence, the GISAXS investigation verifies that the morphologies of sample I and II, 
respectively, remain preserved in the hierarchical nano-structured titania film on a large sample 
area, as it was already suggested locally from the SEM analysis. The investigation of this highly 
interesting hierarchic structure is still ongoing with respect to practical use in dye sensitized solar 
cells, photo catalysis or gas sensing. 
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About 90% of the lipid components in the plasma membrane of the thermoacidophilic archaeon 
S. Acidocaldarius are dibiphytanyldiglycerol tetraether lipids [1], among which the polar lipid 
fraction E (PLFE) is one of the main constituents [2]. PLFE contains a mixture of bipolar tetraether 
lipids with either a glycerol dialkylcalditol tetraether (GDNT or calditoglycerocaldarchaeol; ~90% 
of total PLFE) or a glycerol dialkylglycerol tetraether (GDGT, or caldarchaeol; ~10% of total 
PLFE) skeleton [2-3]. Both GDGT and GDNT are bisubstituted in the polar headgroup regions, 
thus designated as bipolar tetraether lipids. The nonpolar regions of these lipids consist of a pair of 
40-carbon biphytanyl chains, each of which contains up to four cyclopentane rings. Since PLFE is 
the major polar lipid component in the plasma membrane of S. Acidocaldarius, PLFE liposomes 
have been used as a model system for studying thermoacidophilic archaeal membranes. 

In this study, we investigated the vertical structure (electron density profile) of a single layer of 
bipolar tetraether lipid membranes derived from the thermoacidophilic archaeon Sulfolobus 
Acidocaldarius (grown at different temperatures) and the phase behaviour of the system at the air-
water interface as a function of lateral pressure and subphase temperature by using X-ray 
reflectivity (XRR) and grazing incidence X-ray diffraction (GIXD) measurements. The experiments 
were performed with the liquid surface scattering set-up of beamline BW1 at HASYLAB, as 
recently used to study glycolipid films [4]. Lipid films were spread at the air-water interface in a 
Langmuir trough, which was previously filled with aqueous buffer solutions at pH 2.5 or pH 6.5, 
mimicking the conditions outside and inside thermoacidophilic archaeon cells, respectively. Then, 
the lipid film was compressed to an initial surface pressure of 10 mN m

-1
, and X-ray scattering 

measurements were started. Exemplary XRR results are shown in Figure 1. Full analysis of the data 
is underway. 

Figure 1: Left: Exemplary XRR data (open symbols) with fits (solid lines) based on a two-layer 
model of the archael lipid monolayer at pH 6.5 and different film pressures (green and blue). The 
reflectivity curve of a pure air-water interface (red) is shown as a reference. For viewing purposes, 
the XRR curves are shifted along the y-axis. Right: Electron density profiles of the XRR curves. 
The legend indicates the corresponding lateral film pressure, Π, at which the EDPs are measured. 
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The structural properties and phase behaviour of the lipids of the thermoacidophilic cell membranes 
are largely unexplored. Owing to their high temperature stability, they are also widely discussed for 
pharmacological applications. The analysis of the data obtained in this study will help to reveal the 
structural properties of archaeal lipid membranes from different growth temperatures at different 
surface pressures and pH values in detail. These results will also lead to a better understanding of 
the thermal stability and the packing properties of the lipids, and will generally lead to a better 
understanding of the cell membranes of extremophiles in vivo. In addition, the knowledge gained 
will help in designing archaeal bipolar tetraether (e.g., from PLFE) lipid membranes for 
technological applications such as crystallization of membrane-bound proteins, immunoassays, 
vaccines or drug delivery. 
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Our work aims at the understanding of the phase behaviour and self-organized structure formation 
of polyfluorene polymers [1]. At Hasylab, we have studied this topic from several points of view 
including structure of polymer films, polymer blends, polymer solutions as well as polymer gels. 

In one example, we report on the segregation and microstructure formation of poly[9,9-bis(2-
ethylhexyl)-fluorene-2,7-diyl] (PF2/6) blended in polyethylene (PE) and aligned by tensile drawing 
at elevated temperature [2]. Our work shows the influence of polymer fraction on the degree of 
alignment and crystallite size. We have studied these effects using X-ray diffraction and grazing-
incidence X-ray diffraction (GIXRD) and rationalized them by compatibility and entanglement 
arguments. This work requires an intense beam and dedicated instrumentation that allows us to 
work with small polymer fractions. The good control of background scattering is critical. Figure 1 
shows a micrograph of a studied sample. Figure 2 plots examples of obtained data. 

In another example we have studied the solvent-driven assembly of a polyelectrolytic polyfluorene-
polythiophene diblock copolymer ― poly(9,9-bis(2-ethylhexyl)fluorene)-b-poly(3-(6-trimethyl 
ammoniumhexyl) thiophene (PF2/6-b-P3TMAHT) ― in tetrahydrofuran, water and their 1:1 
mixture and in subsequently prepared thin films [3]. This example shows rich structural variations 
followed by distinctive solvatochromic changes in the photophysical properties. In this work we 
have used small-angle X-ray scattering (SAXS) combined with grazing-incidence small-angle X-
ray scattering (GISAXS). 

More recently, we have worked with the structure formation of poly(9,9-di-n-alkylfluorene)s in ~1 
vol-% methylcyclohexane gels and investigated the gelation as a function of side chain length. In 
this work we have used solution SAXS combined with simultaneous wide-angle X-ray scattering 
(WAXS) [4]. 

 

 

 

 

 

 

 

 

Figure 1: A top-view micrograph of an aligned PF2/6 – PE sample. The arrows illustrate the measurement 
geometry. 
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Figure 2: XRD images of aligned PF2/6 – PE blend (a) (xy0) plane and (b) (x0z) plane. (c) A fluorescence 
micrograph of the studied sample. 
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Different Annealing Temperatures by SAXS
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Experiment and Motivation. Static 2D SAXS measurements are conducted at HASYLAB beam-
line A2. The wavelength of the X-ray beam is 0.15 nm, and the sample-detector distance is 2556
mm. Scattering patterns are collected by a 2D detector (marccd 165, mar research, Norderstedt,
Germany) operated in 1024 × 1024 pixel mode. The polypropylene samples are annealed at dif-
ferent temperatures and for different annealing times. The objective of this study is to investigate
how annealing can affect the microstructure of polypropylene. This is a part of our NANOTOUGH
project in the frame of FP7 European Union projects. The aim of this project is to improve me-
chanical properties of polypropylene for automotive industry applications.

Summary of Results. The SAXS patterns show that all samples are isotropic. In order to visu-
alize the structure in physical space, chord distribution function (CDF) is calculated. The mathe-
matical definition of CDF and its interpretation is documented in a textbook [1]. Figures 1-3 show
SAXS and CDF patterns for selected samples. The long period (first negative peak) and domain size
(first positive peak) are extracted from the first negative peak and the first positive peak of the CDF,
respectively, Table 1. The obtained values agree very well with the values obtained by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) measurements. Both the
domain size and the long period increase with annealing at higher temperatures. Annealing for
times longer than 6 hr does not cause any further change in the microstructure.

Table 1: Nanostructural parameters extracted from CDFs

sample code Anneal. Temp. [°C] Anneal. Time [hr] long period [nm] domain size [nm]
PP_130_10 130 10 20.5 10.4
PP_130_24 130 24 20.7 10.4
PP_130_6 130 6 20.2 10.2

PP_160_24 160 24 24.4 12.8
PP_160_6 160 6 24.4 12.8

PP_unannealed —- —- 16.6 7.8

Figure 1: SAXS pattern (left) and the corresponding CDF (right) of PP_unannealed sample
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Figure 2: SAXS pattern (left) and the corresponding CDF (right) of PP_130_24 sample

Figure 3: SAXS pattern (left) and the corresponding CDF (right) of PP_160_24 sample
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Thermoplastic elastomers gained importance due to its unique combination of properties such as 
processability and low density (typical of thermoplastic polymers) along with the outstanding 
deformation properties of elastomers. .  

The mechanical, thermal and electrical properties of polymers can be significantly improved by the 
addition of carbon nanotubes, due to the outstanding mechanical and thermal stabilities of these 
nanoparticles and their high electrical conductivity. The electrical conductivity of carbon nanotube 
reinforced polymers can be (roughly) described using the percolation-based theories [1]. In fact, 
these properties are strongly affected by the dispersion state of the carbon nanotubes in the polymer 
matrix and CNT geometry as well (nanotube diameter, length, and length/diameter ratio, 
entaglements, presence of ropes, and so on) [1,2]. 

Small angle X-ray scattering (SAXS) is particularly interesting for the analysis of the spatial 
distribution of carbon nanotubes in polymers and liquids, on account of the hierarchical nature of 
the CNT dispersions. CNTs having diameters from 10-30 nm can assembly themselves into 
agglomerates and aggregates of few micrometers. By varying the scaling vector q-range, one can 
access the information about the size and shape of these structures from 10 nm up to few 
micrometers in a single experiment [3].  

In the present report, we analyzed the SAXS (Figure 1a) and WAXS patterns (Figure 1b) of 
poly(ethylene-co-vinyl acetate) (EVA) reinforced with 15 wt-% of multiwall carbon nanotubes 
(C150P, Bayer Materials Science, Leverkusen, Germany) obtained at B1 beamline at HASYLAB. 
The CNTs were dispersed in molten EVA and processed using 3-roll mill. As shown in Figure 1a, 
the SAXS pattern of the nanocomposites during the different stages of compounding process are 
identical. The curves have cut-offs typical of hierarchical structures[4]. Since EVA is a semi-
crystalline polymer a peak would be expected, due to the alternating stacking of crystalline lamellae 
and amorphous phase [4]. This feature was overcome by the scattering produced by the carbon 
nanotubes. WAXS patterns demonstrate the presence of crystalline phase of EVA in the EVA/CNT 
composites (Figure 1b). This fact was further confirmed by differential scanning calorimetry 
experiments (not shown). No changes in the intensity of shape of the reflections were observed for 
the samples in the different stages of compounding. The peak associated to the distance of 3.50 Å, 
or q = 1.8 Å-1 (indicated by the arrows) is associated to the interplanar distance of multiwall carbon 
nanotubes [5]. The higher order of this Bragg reflection can be seen at q= 3.6 Å-1.  

Due to the complexity of this system and the lack of information at lower q-values (associated with 
higher hierarchical levels of the CNT aggregation) USAXS measurements need to be carried out in 
order to provide a complete scenario for the modelling of CNT agglomerate and aggregate 
microstructures in EVA/CNT nanocomposites.  
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Figure 1: (a) SAXS curves of EVA/C150P nanocomposites obtained at the beginning and at the end of the 
compounding process, (b) WAXS curves illustrating the presence of crystalline domains of EVA (the arrows 

indicate the reflections associated with CNTs).  
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a Partially Oriented Thermoplastic Polyurethane

Elastomer During Mechanical Deformation
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Experiment and Motivation. Time-resolved 2D SAXS/WAXS measurements are conducted at
HASYLAB beamline A2 during stretching of a commercial grade thermoplastic polyurethane elas-
tomer (TPU) sample using HASYLAB tensile tester. With the actual set-up at A2 it is not possible
to record SAXS and WAXS simultaneously. The cross-head velocity is 1 mm/min or 2 mm/min for
the monitoring of SAXS or WAXS, respectively. The wavelength of the X-ray beam is 0.15 nm,
and the sample-detector distance is 125 mm for WAXS and 2488 mm for SAXS measurements.
Scattering patterns are collected by a 2D detector (marccd 165, mar research, Norderstedt, Ger-
many) operated in 1024 × 1024 pixel mode. During deformation experiments, SAXS patterns are
recorded every 60 s (exposure of 50 s) while WAXS patterns are collected every 30 s (exposure 20
s). A TV-camera monitors the sample during the test to follow the deformation. A new method for
calculating the macroscopic strain close to the beam position has been devised and recently pub-
lished [1]. The same kind of experiments have been previously done on other types of multi-phase
polymeric materials [2]. The TPU samples are injection molded at different melt temperatures
(200-250 °C). The main objective of this study is to establish relationships between processing
parameters, microstructure development and performance of TPUs under mechanical load.

Summary of Results. Static wide-angle X-ray scattering (WAXS) patterns exhibit only little
chain orientation. One of the samples is monitored by WAXS during the mechanical test. There
is no crystallization and only the amorphous halo is observed. The fiber patterns are mapped into
reciprocal space. The uniaxial orientation parameter for of the amorphous halo is computed. In
d for/dε (ε denotes strain) two intervals of accelerated orientation are detected. The second interval
is related to the onset of sample necking. All samples are monitored by small-angle X-ray scattering
(SAXS). The dominating scattering entities are “sandwiches”, i.e. 2 hard domains coupled by a soft
layer. The chord distribution function (CDF) analysis shows that the distribution of long periods
does not expand affinely, i.e. thick sandwiches are deformed much more than thin ones. For such
materials simple scattering-peak position monitoring yields values of the interdomain spacing that
are easily misinterpreted.
If the melt is cool (200°C), the injection-molded test bar contains almost only thin soft layers
between hard domains (“thin-layer sandwich”). The material breaks early. Injection molding from a
melt of higher temperature generates a bimodal nanostructure with many thin-layer sandwiches and
some sandwiches with thick soft-phase layers. The thick-layer sandwiches are easily extensible,
and the materials reach the stress limit (110 MPa) of the tensile tester. SAXS data show that thin-
layer sandwiches are converted into thick-layer sandwiches. For medium melt temperature (205°C,
215°C) most of the hard domains are very tough. Figure 1 shows the variations of SAXS pattern for
the sample injection molded at 215°C. In this case the stress limit is reached at ε=1.6. The sample
injection molded from a melt of 235°C contains many weak hard domains that disintegrate for
ε>0.75. This material is much softer than the materials prepared from melts of lower temperature,
and the test stops at ε=3.1. Figure 2 presents schematically the general deformation mechanism of
TPUs.
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Figure 1: TPU 215. Measured SAXS intensity during the tensile test. The pseudo-color fiber patterns
I (s12,s3) show the region −0.2nm−1 ≤ s12,s3 ≤ 0.2nm−1. Pattern intensities on a logarithmic scale. Cross-
head speed is 1 mm/s
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Figure 2: Principal straining mechanism of the TPU material. There are many sandwiches with thin soft
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thin layers there is a stretching limit. Broken double-arrows indicate the distances between phase boundaries
that are collected in the long period-peak of the CDF for materials with extreme short-range correlation
among domains.
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Multilamellar lipid vesicles (MLV) of phosphocholines are widely used in research and applications and 
generally considered well behaved in which concerns bilayer stacking and homogeneity in lipid and aqueous 
phase distribution. Researchers that work in the field, especially those that use X-ray scattering in their 
work, know that this simple scenario is only partially corroborated by experiment. The piling up of the 
MLV bilayers is not always regular showing multimodal peaks in SAXS that can only originate from bilayer 
populations that have different stacking distances.  

It is known that when the hydration step leading to the formation of the multilamellar assemblies is done 
with an aqueous media having a non-negligible concentration of univalent ions, an uneven interlayer salt 
concentration may result and affect the interbilayer distance [1]. However, a non-zero ionic strength is by no 
means necessary to observe irregularity of sacking. MLV in water that are uniform at room temperature 
develop multiple reflections in SAXS above ca. 40 ºC denouncing irregularity of lamellae staking. We 
attribute the deviations from the equilibrium interbilayer distance to the geometric constrains created by the 
thermal expansion of the lipid and of water, as exemplified in Figure 1. Our interpretation is supported by 
dynamic light scattering measurements. 

 

Figure 1: The consequence of an increase of 50 ºC on the geometry of DOPC vesicles taking into account 
the thermal expansion coefficients of the water and the lipid, panel a. In b we propose a schematic model 

for the change of the membrane stacking of a MLV with the increase of temperature. 
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Cross-sectional area increase at phase transition on 
compression: A new unexpected phenomenon 

observed in an amide monolayer 
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The characteristic features of Langmuir monolayers are sensitively determined by the chemical 
structure of the amphiphiles. In recent years, interesting information has been obtained on the effect 
of small changes in the molecular structure of the amphiphile on the main characteristics of the 
monolayer, in particular the surface pressure –area per molecule (π - A) isotherms, the shape and 
texture of the condensed phase domains, and the two-dimensional lattice structure [1]. Monolayer 
studies of model amphiphiles containing amide and amine groups attracted attention because these 
groups are integral part of the general structure of sphingolipids, which seem to play an important 
role in those membrane parts that allow the transport into the cells, and of naturally occurring N-
acylethanolamines and their precursors, N-acylphosphatidylethanolamines with respect to their 
metabolism and their interaction with other membrane lipids and proteins. 

Studies of 3-hydroxy-N-tridecyl propanoic acid amide (C13H27-NH-CO-C2H4OH, HTPA) 
monolayers have shown a phase transition between two condensed phases which is accompanied by 
an abrupt change of important 2D lattice parameters, such as molecular tilt angle and unit cell area 
Axy, obtained by grazing incidence X-ray diffraction (GIXD). Despite the drastic changes in the 
lattice parameters both condensed phases had an oblique lattice. These unusual properties were the 
reason to perform further careful studies of the phase behavior and lattice structure of HTPA 
monolayers. Thorough GIXD studies have revealed a new phenomenon, to the best of our 
knowledge never observed before. The cross sectional area (A0) of the alkyl chain of HTPA jumps 
from a smaller value in the phase at lower surface pressure to a larger value in the phase existing at 
higher pressure [2]. The opposite behavior should be expected and is usually noted in the lattice 
structures of Langmuir monolayers. The present work focuses on this new interesting phenomenon.  

Figure 1,left, shows two π-A isotherms of the HTPA monolayers as characteristic example for the 
low temperature range at 3 °C and for the high temperature range at 15 °C.  Both isotherms show a 
sharp inflection point followed by an inclined plateau indicating the first-order fluid/condensed 
phase transition. The lateral pressure of this main transition increases linearly with increasing 
temperature with a slope of 1.405 mN/m·K-1. It is interesting to note that, at low temperatures, the 
π-A isotherms reveal a striking second weak inflection point at A<Ac, indicating the existence of a 
second phase transition between two condensed phases. The area change after the second inflection 
point is very small compared with the main phase transition. The transition pressure of this second 
phase transition is nearly independent of temperature and amounts to ~17.5 mN/m.  Therefore, the 
transition cannot be seen anymore at ≥10°C because then the main transition pressure is already 
higher than the expected pressure of this second phase transition. The formation of the condensed 
phase within the fluid/condensed phase transition region has been visualized by BAM experiments 
(Figure 1,right).  At the beginning of the inclined plateau of the isotherms, domains with six 
straight main axes grow from a small round centre in a regular distance of about 60 degrees from 
each other independent of the temperature.  

The crystalline domains in the monolayer at the air/water interface were investigated using grazing 
incidence X-ray diffraction measurements at the BW1 beamline, HASYLAB (DESY, Hamburg, 
Germany). Figure 2,left, shows selected contour plots of the corrected X-ray diffraction intensities 
as a function of the in-plane scattering vector component Qxy and the out-of-plane scattering vector 
component Qz obtained at different lateral pressures and temperatures. The three Bragg peaks 
observed at all pressures and the two temperatures (3 and 15°C) investigated show that the structure 
of the monolayer remains oblique up to high lateral pressures.  The alkyl chains are strongly tilted 
in a non-symmetry direction.  At 3°C, the observed structure at lateral pressures below the 
transition between the two condensed phases is quite similar to that of a rectangular unit cell with 
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NN-tilted alkyl chains.  At the transition pressures of ~17.5 mN/m, the structure changes to a more 
oblique lattice.  As seen in Figure 3, similar contour plots, but with different peak and rod 
positions, have been found at higher temperature (15°C).  This means that the phase observed 
above the fluid/condensed (LE/LC) transition at higher temperature has a similar structure as that 
observed at high pressure and low temperatures.  

Figure 1: Left) π-A isotherms of HTPA monolayers spread on water at 3°C and 15°C. Right) Domains 
within the fluid/condensed transition region of the isotherms of HTPA. 

 

The cross sectional area (A0) of the alkyl chain of HTPA jumps from a smaller value in the phase at 
the lower surface pressure to a larger value in the phase existing at higher pressure (Figure 2, right).  
The opposite behavior should be expected and is usually observed in the lattice structures of other 
amphiphilic monolayers. Above the phase transition, typical values for a rotator phase indicating 
free rotation of the alkyl chains are found. Below the phase transition, the small cross-sectional area 
indicates a drastically reduced rotation of the alkyl chains The tilt angle t decreases remarkably at 
the transition. In the high pressure phase, t decreases only marginally with increasing pressure: 
0.18° per mN/m at 3 °C and 0.23° per mN/m at 15 °C.  In the low pressure phase, the tilt angle 
decreases more strongly with increasing pressure (0.47° per·mN·m-1).  

 

Figure 2: Left) GIXD contour plots of the corrected diffraction intensities as a function of the in-plane Qxy 
and out-of-plane Qz components of the scattering vectors for HTPA monolayers at different temperatures 

and lateral pressures: top row: 15 °C, 28 and 35 mN/m (from left to right); bottom row: 3 °C, 12, 18, 24 and 
30 mN/m (from left to right). Right) Cross-section area of alkyl chain A0 in dependence on the lateral 

pressure π at 3 °C (•) and at 15 °C (▲).. 
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Isotactic polypropylene, iPP, exhibits a remarkable polymorphism, depending on microstructural 
features, crystallization conditions and other factors like the use of specific nucleants. Thus, three 
different polymorphic modifications, α, β and γ, all sharing a three-fold conformation, have been 
reported. Moreover, a fast quenching of iPP leads to a phase of intermediate or mesomorphic order. 
In addition to those four modifications, a new trigonal form has been recently described in the case 
of copolymers of iPP with high contents of 1-hexene or 1-pentene as comonomers. The use of 
metallocene catalysts makes possible the synthesis of such copolymers with a homogeneous 
distribution of comonomer. It has been described for iPP-1-hexene copolymers that the new 
trigonal modification is the only one obtained for comonomer contents above around 14 mol%, 
while variable proportions of it with the α modification were found in the comonomer range from 
around 8 to 13 mol% 1-hexene. However, a further study reported in the literature has established 
that the monoclinic α crystallites are not the only competitors of the new trigonal phase that these 
propylene-1-hexene copolymers develop, but the mesomorphic form [1] is also playing a primary 
role in this composition range.  

On the other hand, the irradiation of polymers can induce different alterations on the molecular 
structure of these polymeric materials, such as chain scission, chain branching and crosslinking. 
Usually all these processes coexist. The predominant effect is dependent on several factors, such as 
chemical structure and morphology of the polymer as well as the irradiation conditions and the type 
of post-irradiation treatment. Therefore, the aim of this investigation is to learn preliminarily how 
irradiation affects the polymorphic behavior of an isotactic copolymer based on propylene and 1-
hexene at an intermediate 9.2 mol % content, CiPH9.2. Gamma irradiation at room temperature 
was carried out at the Ezeiza Atomic Center (Argentina) on CiPH9.2 films using a 60Co source under 
vacuum. The dose analyzed was 100 kGy and a dose rate of 10 kGy/h was applied. It has been described 
in the literature that irradiation has two main effects on the molecular structure of polypropylene: 
changes on the molar mass and formation of chain branching. Table 1 shows the characteristics 
found in the metallocene CiPH9.2 copolymer before and after gamma irradiation. It can be seen an 
increase in either Mw molecular weight or polydispersity, PD. In addition, macromolecular 
crosslinking has occurred probably because of the presence of the comonomeric lateral chains. 

Table 1. Characteristics found in the metallocene CiPH9.2 copolymer before and after gamma irradiation. 

specimen Mn (kg mol-1) Mw (kg mol-1) PD Gel content (%) 
CiPH 52.8 110.8 2.10 - 

CiPH-100kGy 47.4 132.6 2.80 19.1 
 

The left plot in Figure 1 shows the effect of treatment on the polymorphic behavior exhibited by this 
CiPH9.2 copolymer. The thin film (around 150 μm) obtained from the original powder by compression 
molding applying a slow cooling (approximately 1.5 ºC/min) from the molten state, CiPH9.2-S specimen, 
primarily displays the α polymorph although a small amount of δ trigonal crystallites with a characteristic 
diffraction at 10º is also observed. A very different behavior is achieved if a fast cooling (about 65 ºC/min) 
is imposed during film preparation also using the powder attained during synthesis as initial material, 
CiPH9.2-Q sample. The coexistence of three types of crystallites can be deduced. The majority 
mesomorphic form and the other two minority polymorphs: the trigonal  one and the monoclinic α 
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modification. The irradiated film was thicker than those aforementioned ones (around 1mm thick) and it was 
prepared also by compression molding for 2 minutes at 180 ºC. Once 2 minutes elapsed, the plates were 
placed out of the press allowing them coming down to room temperature by themselves. Then, this thick 
film was irradiated with a dose of 100 kGy. As observed, no evidence of the  polymorph is seen, as 
deduced from the CiPH9.2-100kGy profile. The absence of this modification, on the contrary of that 
observed for the other two thermal treatments, could be associated with the fact that temperature within 
sample slightly increases –reaching around 60 to 70 ºC- during irradiation. This moderate raise is high 
enough to melt the trigonal crystallites, their melting temperature being reported around 50-60 ºC [1]. Its 
further development after irradiation seems to be hindered since it is not detected.  

The irradiated CiPH9.2-100kGy specimen was molten and further crystallized at very different rates (1.5 
ºC/min and 64 ºC/min) in order to simulate the effect of two thermal S and Q treatments applied to the 
original synthetic powder. In this way, the effect on the crystalline structure of those crosslinked chains 
developed because of gamma irradiation could be analyzed. Therefore, the CiPH9.2-100kGy_c1.5 only 
shows at room temperature the monoclinic polymorph. The increase of temperature does not change the 
crystalline structure, which melt at around 90 ºC. A lower crystallinity is obtained in this CiPH9.2-
100kGy_c1.5 than in its homologous non-irradiated CiPH9.2-S sample. The same feature, i.e., a lower 
ordering, is also reached after imposing to the irradiated molten state a fast cooling, CiPH9.2-100kGy_c64 
sample. This specimen is amorphous at room temperature, instead of presenting majority mesomorphic 
entities. By increasing temperature, very defective and small monoclinic α crystallites seem to be formed as 
depicted in the right plot of Figure 1.  

Summing up, the irradiation of an isotactic propylene-1-hexene copolymer with intermediate 1-hexene 
content has a deep effect on the crystalline structure, probably because of the formation of crosslinkings. 
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Figure 1: Left plot: WAXS profiles at room temperature for CiPH9.2 slowly cooled, quenched and irradiated 
with 100 kGy; middle plot: melting process for an irradiated specimen crystallized at 1.5 ºC/min from the 

melt; and right plot: melting process for an irradiated specimen cooled at 64 ºC/min from the melt. 
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It is generally known that there is a strong interrelation of structure/morphology and mechanical 
properties, which again depend on key parameters like nucleation, shear or cooling rate during 
processing of semi-crystalline polymers. Complementary to the recently reported structural changes 
during deformation [Schneider] we did now first tests to investigate the structure formation by 
crystallisation in isotactic Polypropylene by WAXS measurements during a certain cooling/shear 
history of the samples in a rheometer. The investigations were done on isotactic polypropylene (iPP), 
grade HD 120 MO from Borealis. The applied load of a first series is summarised in figure 1. The 
equilibrating time trelax in the melt was 10 minutes. In a second series the shearing temperature was 
changed between 120 °C and 160 °C in steps of 10 °C. 

 

Figure 1:  General loading procedure of the iPP-samples for the investigation of shear induced 
structure formation: After cooling from the melt the samples are sheared for 10 s. Afterwards under 

isothermal and/or cooling the structure formation is followed. 

During the first exploratory experiments, the following behaviour was found:  

The melt doesn’t crystallize at 140 °C without shear during annealing for at least up to 1 hour. The 
crystallisation starts during further cooling, thereby mainly pure -phase crystallinity is observed.  

The isothermal crystallisation at 140 °C after some shear load is delayed by about 5 min. It 
continues over a whole hour. With increasing shear stress, the amount of -phase increases.  

The shear initiated isothermal crystallisation changes from mainly in -phase at high 
temperatures to an increasing amount of -phase with decreasing crystallisation temperature. 

The investigations show that it is possible to investigate the strong influence of the details of 
shearing and cooling on the final morphology online by rheo-WAXS. In following experiments, the 
temperature control will be improved and the structure formation will be investigated also 
quantitatively. 

The authors are grateful to the HASYLAB for the provision of beamtime under the project I-
20100010 and BW1 staff for the support during the measurements.  
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Crystalline titania is a widely investigated inorganic semiconductor, which is of interest for 
example in photocatalysis and photovoltaics. Among its many advantages are low cost and easy 
producibility. The disadvantage of a necessary high temperature step can be circumvented by the 
usage of a novel titania precursor. One possible precursor for titania which does not require a high-
temperature step to obtain crystallinity was previously used to create crystalline particles with the 
inverse microemulsion technique for usage in catalysis [1]. 

Nanostructuring of titania thin films is of great interest because for many applications a large 
surface area is crucial. One way to structure titania is the combination of the so called ‘good-poor’ 
solvent induced microphase separation of an amphiphilic block copolymer with sol-gel chemistry 
[2]. An amphiphilic block copolymer like poly(styrene-block-ethylene oxide) P(S-b-EO) is 
dissolved in a ‘good’ solvent that dissolves both blocks. By the addition of the titania precursor and 
hydrochloric acid, which is a ‘poor’ solvent for the PS-block, a microphase separation sets in, 
where the titania particles chemically coordinate to the PEO-block of the block copolymer. Sol-gel 
templating with a block copolymer has been shown to be successfully combined with micro-
fluidics to produce more ordered titania structures because of the controlled reaction kinetics in the 
sol-gel [3]. The evolution of the structures in the sol-gel with the novel precursor was investigated 
in-situ with grazing incidence small angle X-ray scattering (GISAXS) at the beamline P03 at the 
storage ring PETRA III. A micro-fluidic cell made from TOPAS was put on a pre-cleaned glass 
substrate [4]. The evolution of structures on the glass substrate in the channel was probed. 
Synchrotron radiation with a wavelength of 0.0969 nm, a beam size of 20×40 µm2 (vertical × 
horizontal direction) and an incident angle of 0.43° on the surface of the films was used for the 
measurements. The sample-to-detector distance at P03 was set to 2.5 m. The scattered signal was 
detected with a two-dimensional Pilatus 300k detector with 487×619 pixels of a pixel size of 
172×172 µm2 and an active area of 83.8×106.5 mm2 with no read-out noise. 

 

Figure 1: Selected GISAXS scattering patterns at a fixed position in the micro-fluidic cell: from left to right 
frame 1, 750 and 2700 are shown. 
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Figure 1 shows three selected 2d GISAXS scattering patterns at a fixed position in the channel of 
the micro-fluidic cell. For this experiment a solution of the block copolymer P(S-b-EO) was 
injected at one inlet of a y-shaped channel, the dissolved titania precursor was injected on the other 
inlet. The measurement time for each frame was 0.5 s. Frame 1 shows the scattering pattern of the 
cell on the glass substrate before injection. Frame 750 is representative for scattering patterns after 
infusion of the sol-gel components into the channel and frame 2700 shows a scattering pattern in 
equilibrium after the sol-gel particles have settled on the surface of the glass substrate. At frame 
2700 the flow in the channel was stopped and the sol-gel was allowed to sediment. 

 

Figure 2: Evolution of intensity along qy at a fixed qz-value over time. The black line indicates the stop of 
flow through the micro-fluidic cell at frame 2700. 

For an illustration of the evolution of structures on the glass substrate during mixing of the sol-gel 
in the micro-fluidic channel the intensity along qy at a fixed qz-value is shown over time in figure 2. 
Until about frame 100 no fluid is present in the channel, the scattering originates solely from the 
glass substrate and the micro-fluidic channel. Larger structures, indicated by an arrow in figure 2, 
show up shortly after infusion, but disappear again quickly. The intensity scattered in qy-direction 
decreases when the fluid enters the cell. After some time, approximately at frame 1500, particles in 
the sol-gel begin to form and sediment on the glass substrate. The equilibrium is already reached at 
around frame 2200, which corresponds to 1100 s after the start of the injection and just 350 s after 
the start of the sedimentation. 

In conclusion, the very promising combination of micro-fluidics and block copolymer templated 
sol-gel chemistry was successfully demonstrated in-situ with GISAXS at the PETRA III beamline 
P03. The kinetics of structures formation in the sol-gel process is investigated with a high time 
resolution.  
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The morphology of various filled rubbers subjected to different mechanical loadings and loading 
histories was studied using WAXS, SAXS and USAXS at BW4. Strain was applied on-line using a 
small tensile testing machine. Strain-induced crystallization (SIC) of natural rubber (NR) was 
studied in WAXS, whereas information about the structure of the filler network and void formation 
was obtained from SAXS and USAXS. 
In real-life applications, the most widely found loading scenario of elastomer products is cyclic 
fatigue loading at relatively low strains. Even though the strain is much lower than the strain at 
break obtained from a classical quasi-static tensile test, the material fails due to fatigue damage. The 
mechanism behind this on the level of the filler network, however, is still subject to research. Thus, 
some mechanically aged samples were prepared and compared to virgin samples. 

Materials and Setup 
Sulfur-cured carbon black filled and unfilled industrial grade NR was used. Filled rubbers contained 
20 phr (parts per hundred rubber) filler (carbon black N234, N339 or graphitized N339). For 
vulcanization 1.7 phr sulfur, 3phr zinc oxide and 1phr stearic acid were added. Unfilled peroxide-
cured pale crepe rubber (NR-PO) served as reference. NR-PO contained 2 phr dicumylperoxide 
instead of the sulfur curing system. Materials were kindly supplied by DIK (Deutsches Institut für 
Kautschukforschung) in the framework of the DFG research unit FOR597. 
Mechanical aging was performed on a dynamic tensile machine for roughly 104 cycles at a 
sinusoidal cyclic strain between 0% and approx. 100 % strain at a frequency of 1 Hz. 
Uniaxial testing was done using miniature test bars. Pure shear specimens were used to check the 
effect of the 3D strain and stress field on SIC. In pure shear specimens lateral contraction is 
restricted and thus lateral stresses are induced as the sample is stretched. 

Results and Discussion 
The relation between SIC and filler content is well established in the literature [1,2,3]. A linear 
dependence of the degree of crystallinity (DOC) on strain has been found. Our measurements on the 
tensile samples under uniaxial load were in agreement with these findings (s. fig. 1). For the 
calculation of the DOC the complete azimuthal information from the 2D WAXS detector was used. 
A frequently applied simplified approach, where the DOC is obtained from an equatorial slice is not 
justified here, since the sample is neither isotropic nor can be assumed that crystal orientation is 
constant. We could also find a significant portion of oriented amorphous NR, which increased 
during stretching (s. fig. 1). The initial orientation can be attributed to sample processing. The 
degrees of amorphous orientation as well as crystalline orientation were found to be independent of 
filler content. 
From the positions of the crystalline peaks we found that the crystallite unit cells undergo 
isochorous deformation with a maximum increase in their c-axis dimension by roughly 2% and a 
corresponding decrease in a and b direction [4,1]. However, because crystalline strain cannot be 
assumed to be homogeneous, these values should only give a qualitative picture. Due to this crystal 
deformation, a reliable determination of the crystallite dimensions following the Scherrer equation 
was rendered impossible and puts previous results into question [5,6,2]. Compared to the shift of 
the peak in 2θ-direction, its width can be considered constant. 
Comparison between pure shear and simple tensile samples showed no significant differences in 
terms of SIC and orientation.  
Mechanical aging did not have any effect on the morphology. It is well known that SIC and 
orientation are reversible, if deformation takes place at low speed for a few cycles [7]. To our 
knowledge, this is the first time that reversibility is shown for samples under fatigue loading. 
For the evaluation of the small angle data, USAXS, SAXS and the inner portion of the WAXS 
detector signals were merged to a large composite 2D matrix using self-written automated 
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procedures in PV-Wave (s. fig. 2). Due to the polydispersity of the crystallites and the low 
difference in electron density between the crystalline and amorphous phase, SIC could not be 
detected in SAXS [4,6]. Furthermore, no significant increase in scattering intensity could be 
observed, excluding the presence of cavitation [9].  
The carbon black filler network is typically modeled by a fractal approach, where the slope in the 
log-log plot of a slice taken from the 2D signal relates to the fractal dimension (s. fig. 2). Following 
this approach, no systematic change in slope neither with deformation nor after mechanical aging 
could be observed. Three possible conclusions could be drawn: 

a) The filler network is invariant under strain. 
b) The superposition of scattering signals from zinc oxide and filler prevents the detection of 

subtle changes in the filler network structure. 
c) Determination of fractal dimensions in this context is questionable since the filler is highly 

polydisperse and thus correlation between slope and fractal dimension is violated [10]. 
 
Further studies will show which conclusion holds true. 

Figure 1: left: Degree of crystallinity vs. strain; right: Amorphous orientation vs. strain (left legend applies) 

 

 

 
 
 
 
 
 
 
 
 
Figure 2: left: Representative quadrant from combined WAXS/SAXS/USAXS with scattering vector 
ranging from 0.003 to 0.6 1/nm, intensity axis (z-axis) is logarithmic; right: Slice of combined patterns (in 
tensile direction) 
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Polymeric latex dispersions are normally soft polymeric particles of around 100 nm in diameter 
dispersed in water, and widely used in applications such as paint, adhesives and so on. It was found 
out that a face centred cubic (fcc) colloidal crystalline structure is formed after evaporation of water 
during film formation. A directional drying of a styrene butyl acrylate copolymer latex dispersion 
yield a uniaxially oriented colloidal crystalline structure [1]. The polymer dispersion (with a 
particle size of 118 nm) from which the fibers were formed by directed drying contained emulsifier 
and salt. A cellular structure formed upon drying in which the percolating phase (the “membrane 
phase”) is composed from these components; this membrane phase gives rise to the scattering 
contrast. The structural evolution of such a colloidal crystal fiber during heating and annealing was 
followed by in situ synchrotron small-angle X-ray scattering (SAXS) at BW4, HASYLAB within 
the framework of a long-term project II-20080190. SAXS patterns collected during heating and 
annealing is shown in figure 1. Detailed analysis of scattering date in figure 1 yields changes of the 
lattice constant of the colloidal crystallites and the intensity evolution of the scattering from the 
crystalline and the amorphous phases during heating and annealing which indicate characteristic 
temperatures where the system exhibits pronounced structural changes. For this specific system, the 
first characteristic temperature was identified as 125 oC above which residue water in the 
membrane material was evaporated leading to shrinkage of the colloidal crystalline lattice. At a 
temperature above about 140 oC the membrane material was expelled out of the crystalline domains. 
This effect is accompanied by the progressive interdiffusion of polymer chains between adjacent 
latex particles and leads to further thermal shrinkage of the colloidal crystals. The second 
characteristic temperature is defined by a rapid increase in isotropic scattering. This effect is 
attributed to the formation of increasingly large domains of the membrane material and the 
concomitant disappearance of the membrane phase from the former crystal domains. A schematic 
illustration of such structural transitions is given in figure 2 [2]. 

 

80 °C 180 °C 200 °C 

200 °C, 17 min 200 °C, 30 min 50 °C after annealing
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Figure 1: Selected 2D SAXS patterns obtained during heating and annealing of the latex film..  

 

Figure 2: Schematic representation of the structural features of the colloidal crystalline latex film during 
heating and annealing. 
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The combined Rheology-SAXS setup at the DORIS beamline BW1 was utilized to study the effect 
of shear flow on the morphology of immiscible blends decorated with carbon-nanotubes (CNT). 
The incorporation of phase-selective or interfacially confined carbon-based conductive loads, into 
phase separated polymer blends has long been regarded as an effective method for the 
development of conductive composites with very low filler concentrations.  
 
Recently, Baudouin et al.1,2 have demonstrated the confinement of a large proportion of unpurified 
and unfunctionalized CNTs at the interface of immiscible blends of polyamide and ethylene-
acrylate copolymer (Fig. 1). A significant fraction of the CNT is observed to accumulate at the 
PA12/EA interface by using a special extrusion technique1-4. There is a high interest to investigate 
the shear-induced morphology changes by CNTs along the interface of polymer blends. 

 

a)   b)  

Figure 1. Images of PA12/EA with 1.8wt% CNT, obtained by premixing CNT with EA next blending 
with PA12: a) from SEM (the PA12 droplet is embedded in the EA matrix), b) from TEM (the 
dispersed PA12 phase appears darker). 
 
The droplets were found to resist strong flow fields in the compounder and did not seem to break 
under shear flow³. That means, the flow conditions necessary for modifying the droplet structure 
are not reached. 
 
The molten material was sheared in a 40 mm plate-plate disc geometry using a ThermoHaake 
MARS rheometer with different shear stresses while simultaneously 2-D scattering patterns were 
recorded by SAXS perpendicular to flow direction. Figure 2 shows the first combined Rheo-SAXS 
results for the PA12/EA blend with 1.8wt% CNT before shear and in comparison to when different 
shear stresses of 1 kPa or 3 kPa are applied.  
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Figure 2. SAXS spectrum of CNT jammed at the interface of EA/PA12 blends before and during 
shear flow at 200°C (inset: TEM images of multiwalled carbon-nanotubes). 
 

In the scattering data a peak is observed at around q = 1.5 nm-1 indicating a structure of about 

4.2 nm in size. This presumably stems from the wall thickness of the multiwalled CNT which are 

depicted in the inset of Fig. 2. The width of the peak between q = 1.3 -1.9 nm-1 is not affected by 

the shear flow. Furthermore, the intensity dependence on the scattering angle is approaching I~q-³ 
towards the low q-range while towards higher scattering angles the dependence is I~q-1. The slope 
of the intensity curve I(q) has possibly changed after applying the shear flow at the high q-range 
above the peak. These results show the effect of shear flow on the CNT at the interface of 
immiscible polymer blends, and a more detailed analysis with quantitative evaluation using recent 
scattering models is currently in progress. 
 
Further work is planned to study by in-situ Rheo-SAXS scattering with high spatial and temporal 
resolution the shear-flow influence and time-dependence during start-up of flow and subsequent 
relaxation on the CNT orientation, as well as conditions for breaking the droplet structure. Thus, it 
is possible to get some insights into the dynamics of the filler and dispersed phase due to shear 
flow. 
 

Related own publications on this subject are listed below in references 1-4. Financial support by 
the 7th Framework Program research project “HARCANA” and Marie-Curie IEF fellowship as well 
as technical support with the beamline BW-1 by Dr. Bernd Struth (DESY) are gratefully 
acknowledged.  
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Time resolved experiments combining steady and 

oscillatory shear measurements with X-ray scattering 

methods at P10, Petra III 
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DESY, Notkestr. 85, 22607 Hamburg, Germany 
1FZ Jülich, 52425 Jülich, Germany 

 

 

In order to obtain simultaneously information about the viscoelastic properties and the structural 

organisation of complex materials on nanoscales, we have designed and commissioned a 

completely new setup allowing a synchrotron X-ray beam passing vertically through a plate / plate 

geometry of a rheometer probing the perpendicular direction. A first beamtime was scheduled at 

beamline P10, Petra III, december 2010.  

q  

intensit
y 

a) b) 

 

Figure 1 a) Time evolution of the integrated intensity from 0 to 0.15 seconds, 1 Hz oscillatory shear 

applied. b) The Lissajou plot cleary indicates the non-linear response of the sample.  

A first attempt after transferring the setup from Doris III (1) to Petra III to carry out time resolved 

SAXS measurements was successful. For the first time, the ordering process of a liquid crystalline 
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sample could be investigated online while applying an oscillation frequency of 1 Hz to the sample. 

Frames were taken with a rate of 100 Hz (Fig. 1).  

(1) B.Struth etal, Langmuir, 2011, in press, DOI: 10.1021/la103786w 

Report on dynamic shear measurements at P10, PETRA III, P. Lettinga, FZ Jülich 

 

Dispersions of colloidal platelets are of practical interest because of their non-linear flow behaviour 

as well as the multitude of phase transitions that can be found with increasing concentration. Our 

goal was to study the influence of shear flow on the structure of dispersions of colloidal platelets in 

the nematic phase, where the normal of the platelets have an average orientation, in order to 

understand the stress response of this system. One controlled way to study the response of any 

visco-elastic system is by applying large amplitude oscillatory shear flow. In our experiments we 

combine the new dedicated rheometer of Thermo Fisher Scientific with the high brilliance x-ray 

source of PETRA III. Our system is a dispersion of colloidal Gibbsite platelets with 240 nm 

diameter and 10 nm thickness dispersed in water in the nematic phase. We subject this dispersion to 

oscillations with frequencies between 0.1 and 0.8 Hz and strain amplitudes between 0.1 and 7.2. 

From earlier experiments at the DORIS beamline BW1 we knew that the system can align. The 

high flux at PETRA III, P10 now enables us, however, to have access to the time-resolved response 

of the structure. 

Figure 2 Scatter functions oscillate between isotropic (upper left) and highly anisotropic, with 

structure peaks located at the flow axis (upper right). The graphs show the response to the applied 

strain (dashed) of the stress (black),  amplitude A and ordering parameter �  for two different 

maximum strain amplitudes. 

 

The response of the system is clearly non-linear, judging from the time-dependent stress. Very 

surprisingly the response of the structure is of the same frequency as the applied field at low strains, 

where the double frequency is expected. At higher strains this double frequency is observed. 

Clearly the behaviour is very rich and calls for more extended studies, e.g. concentration 

dependence. 
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Among aromatic heterocyclic polymers, those containing 1,3,4-oxadiazole (POD) and 1,2,4-triazole 
(PT) rings are of special interest for the production of high-performance materials due to their high 
thermal stability and certain specific properties which are determined by the nature of the polymer 
backbone containing the heterocyclic units. Aliphatic poly-1,2,4-triazoles combine a high thermal 
resistance, simple synthesis procedure, easy processability, structural diversity and flexibility, light 
weight, and cost effectiveness. Therefore they are attractive as advanced materials, like polyamides, 
for many industrial and commercial applications, especially in surface-mount technology and 
automobile industries. In order to elucidate the relation between the length of the aliphatic segment 
of the repeating units in the backbone and the structure, processing, and orientation effects during 
tensile tests and thermal treatment, SAXS and WAXS studies have being done at B1.  

 

 

 

 

 

 

 

Figure 1: SAXS (a) and WAXS (b) patterns of aliphatic poly-1,2,4-triazoles recorded at room temperature. 
Films obtained by hot press moulding at 180 °C (n= 4, 10, 12) and 250 °C (n=6) 

The effect of the length (n) of the aliphatic segment on the polymer structure is manifested by a 
strong upturn at low q values with slight shift of this peak to higher q values when the length of the 
aliphatic segment increases from n=4 to 12 (Fig. 1). The observed peaks in SAXS and WAXS 
patterns could be assigned to the length of the polymer repeating unit and to the side-by side 
packing of the chains. When analyzing the films with the optical microscope (Fig. 2c), spherulites 
with a 40µm average diameter were observed for polymer film (n=12) cast from solution before 
tensile test while elongation of the initial spherulites was observed for the same film after tensile 
test (average thickness: 22 µm; average length: 100 µm); the orientation effect during tensile test 
was also observed in the SAXS patterns (Fig. 2, a and b). When hot press moulded films of 
polymers with n=4 and 12 were heated up to 250 °C and subsequently cooled to room temperature, 
the WAXS pattern show that crystallinity is lost around 70°C (for both polymers) and that only the 
polymer with n=12 recovers almost the initial crystallinity when cooled down to room temperature 
(Fig. 4); this was also observed by DSC (Fig. 3). Figures 4 evidenced the polymers with n=4, 10 
and 12, the presence of a crystalline phase causes an increase in strength and decrease in strain at 
break when the aliphatic segment length became shorter. The film processing has only strong 
influence for n=6; a film cast from solution at 120°C is stronger and stiffer than a film prepared by 
hot press moulding at 250°C.  For films prepared from the polymer with n=12, there was no strong 
influence of the processing onto their mechanical properties; this polymer has the highest strain at 
break. 

   (a)     (b)  
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Figure 2: SAXS patterns of hot press moulded films (a) and films cast from solution (b) at 130°C (n= 12), 
before and after tensile test (Middle and Bottom) recorded at room temperature. Optical Microscopy of films 
films cast from solution (c) at 130°C (n= 12), before and after tensile test recorded at room temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Evolution of WAXS patterns with the temperature for n=4 (Top, a) and n=12 (Bottom, a) and DSC 
traces for films obtained by hot press moulding (Top and Bottom, b) and from solution (Top and Bottom, c) 

 

 

 

 

 

Figure 4: Processing effect on the structure and mechanical properties of aliphatic polytriazoles 
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Phase behavior of AB/BC diblock copolymer blends  
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The phase behavior of block copolymers is of great importance for most of their applications. By 
controlling the volume fraction of one block, f, different kinds of micro-phase separation can be 
achieved. However, the micro-phase separation of diblock copolymers is normally limited to 
spheres, hexagonally packed cylinders or the lamellar morphology. Binary blends of AB/BC 
diblock copolymers can give rise to very complex and rich morphologies, because they may 
undergo both micro- and macrophase separations. The micro- and macrophase separations in binary 
AB/BC blend systems are mainly controlled by the relative magnitudes of the Flory-Huggins 
interaction parameters χAB, χBC and χAC [1]. If χAC > χAB, χBC, macrophase separation tends to occur 
[2,3]. In contrast, the contact of A and C blocks is less energetically unfavorable, and microphase 
separation can occur. 

In our previous work, we have investigated blends of polystyrene-b-polyisoprene (PS-PI) and 
polyisoprene-b-poly(ethylene oxide) (PI-PEO) [2, 3]. In this system, the magnitude of χPS-PEO is 
between χPS-PI and χPI-PEO, and only macrophase separation is observed. 

In this study, blends of compositionally symmetric (f = 0.5) PI-PEO (Mw = 4 k) and deuterated PS-
PEO (Mw = 14 k) were chosen. Blends with weight fractions of PI-PEO between 0 and 100% were 
prepared in steps of 10%. For this system, χPS-PI < χPS-PEO and χPI-PEO, thus micro-phase separation is 
expected.  

To study the phase behavior, we carried out temperature-resolved SAXS measurements at beamline 
A2 at HASYLAB/DESY. The wavelength used was 1.5 Å and the sample-detector-distance 2.36 m. 
The scattered X-rays were recorded by a 2D MarCCD detector with 1024 × 1024 pixels and a pixel 
size of 158 × 158 µm2. During the measurement, the sample was enclosed within a thin aluminum 
foil. It was first heated in vacuum from 25 °C to 180 °C with a heating rate of 10 °C/min and then 
cooled down to 25 °C with the same rate. SAXS images were recorded continuously with a period 
of 12 seconds. The isotropic images were azimuthally averaged. 

 

Figure 1. Temperature-dependent SAXS curves of pure PS-PEO (a) and PI-PEO/PS-PEO blends with 
weight fractions of PI-PEO φ = 0.2 (b), φ = 0.4 (c), φ = 0.6 (d), φ = 0.8 (e) and pure PI-PEO (f). The lower 
and the upper rows show the heating run from 25 °C to 180 °C and subsequent cooling run from 180 °C to 

25 °C, respectively. A logarithmic intensity scale is used. The intensity range for the heating and the cooling 
run is 8-2100 and 8-300, respectively. 
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Fig. 1 shows the SAXS curves of the heating (lower row) and the cooling (upper row) run. For pure 
PI-PEO, below the crystallization temperature CT ~ 50 °C, the peak at q ~ 0.036 Å-1 indicates a 
lamellar structure with a lamellar thickness Dlam ~ 170 Å (Fig. 1f). When heated above 50 °C, the 
peak moves abruptly to corresponding to the peak at q ~ 0.063 Å-1, i.e. the PEO chains relax and 
shrink to Dlam ~ 100 Å (Fig. 1f). Above 108 °C, the peak intensity drops drastically which indicates 
the order-to-disorder transition (ODT) of PI-PEO. Similar behavior is observed for pure PS-PEO 
(Fig. 1a), but with Dlam ~ 150 Å above the CT. No sudden intensity drop is observed for PS-PEO, 
because the ODT is too close to the CT.  

 

Figure 2. Peak positions (Fig. 1). The black squares and the red circles correspond to the first and second 
peaks above the CT, respectively. The blue triangles correspond to the mixed peaks above the ODT. 

When blending PI-PEO with PS-PEO, two peaks appear above the CT (Fig. 1b-e). The first peak is 
at q ~ 0.0425 Å-1 and the second peak is around 0.058 to 0.062 Å-1. Both peak positions increase 
with PI-PEO content and are plotted in Fig. 2. The mixed peak above the ODT is due to the mixed 
disordered state of the blend. Its position is plotted in Fig. 2 as well. The ratio of the two q-values 
(black squares and red circles in Fig. 2) is roughly 2 , which may indicate a common cubic 
structure. In contrast, the composition-dependent q-value may indicate independent, macro-phase 
separated domains. Furthermore, from Fig. 1b and c, it is seen that the two peaks disappear at the 
same temperature (~90 °C), i.e. the two domains have the same ODT. This indicates that the blends 
micro-phase separate at least at φ = 0.2 and φ = 0.4. Alignment of the sample in a rheological 
experiment may lead to higher order Bragg reflections which are needed to distinguish macro- and 
micro-phase separation safely. 

We gratefully acknowledge S.S. Funari from HASYLAB/DESY, D. Magerl, S. Jaksch, and G. De 
Paoli from TU München for the help during the beamtime. 
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Langmuir monolayers of amphiphilic molecules spread at the surface of aqueous salt 
solutions of divalent metal cations provide well-adapted systems for studying the nucleation 
mechanisms of an inorganic mineral phase driven by an organic matrix.  

With a fatty acid monolayer as organic template, grazing incidence X-ray diffraction 
(GIXD) experiments performed with dilute chloride solutions of different divalent cations, at 
zero surface pressure, have evidenced three categories of ions [1]. Four cations (Mn, Mg, Cd, 
Pb) form a crystalline phase commensurate to the organic lattice (superlattice). This 
superstructure presents a high rigidity [2]. In the case of Mn and Mg, the number and the 
position of the ions in the supercell were recently determined using crystallographic tools [3]. 
The others divalent cations only induce a change in the organic phase, with the formation of 
either a new organic phase called X (Ca, Cu, Zn), or the high pressure fatty acid S phase (Co, 
Ba, Ni). Until now, it was not possible to determine which ion property is responsible for the 
formation of a specific organic-inorganic structure.  

In the case of behenic acid monolayers spread over CdCl2 and MgCl2 solutions, 
grazing incidence X-ray diffraction measurements associated to Brewster angle microscopy 
observations and surface pressure - area isotherms allowed to evidence a kinetic process of 
superstructure formation [4-6]. In particular, an organic intermediate weakly ordered phase, 
called I, not observed in the pure water phase diagram, was detected during the adsorption 
process. Recently, the adsorption kinetics of Cu ions which induce the organic X phase was 
studied [7]. The initial behenic acid L2 phase evolves towards the X phase through a direct 
transition which is first order at pH 7.5 and second order at pH 5.5. 

Until now, only chloride was used as counter-ion in the case of dilute salt solutions. 
We studied the role of different counter-ions, bromide, acetate and sulphate, on the adsorption 
kinetics of Zn ions. We used the liquid surface diffractometer at the undulator beamline BW1 
at HASYLAB, DESY. For each of the counter-ions, we evidenced the same organic X phase 
as in the presence of chloride (Figure). We then followed the structure as a function of time 
from the initial L2 phase. Independently of the counter-ion, the adsorption involves two first-
order phase transitions, with an intermediate phase which displays the same structure as the I 
phase evidenced during the adsorption of Cd or Mg inducing superstructures. These 
observations are in good agreement with BAM experiments, showing the same phase texture 
independently of the counter-ion. It means that the counter-ion doesn’t play a significant role 
in the sequence of phase transitions occurring during ion adsorption. In addition, we 
evidenced that the new I phase is not specific to the ions which lead to superstructure 
formation. 
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Figure : X-ray diffraction data in the horizontal plane, integrated over Qz (left) and contours of equal intensity vs 
the in-plane and out-plane scattering vector components Qxy and Qz (right) for a behenic acid monolayer over a 
ZnI2 solution at Π = 0mN/m, pH 7.5 : (a) 1 Zn2+ ions/BA molecule, t = 114 min, L2- I phase coexistence;  (a) 1 
Zn2+ ions/BA molecule, t = 213 min, I phase; (b) 10 Zn2+ ions/BA molecule, t = 41 min, I - X phase coexistence; 
(c) 10 Zn2+ ions/BA molecule, t = 141 min,  X phase. 
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SAXS study of unilamellar vesicles and their 

PEGylated forms 

A. Bóta, Z. Varga, A. Wacha, U. Vainio
1
, K. Kolev

2 

Hungarian Academy of Sciences, Chemical Research Centre, Pusztaszeri út 59-67, H-1025 Budapest, Hungary  

1Hamburger Synchrotronstrahlungslabor, Deutsches Elektronen-Synchrotron, Notkestrasse 85., D-22607 Hamburg, 

Germany 

2Institute of Medical Biochemistry, Semmelweis University, Tűzoltó utca 37-47, H-1094 Budapest, Hungary 

Vesicle systems have already been used for accelerated thrombolysis [1]. Sterical stabilization of 
these vesicles by PEGylated lipids is required to limit their size and prolong their circulation 
lifetime [1]. The optimal lipid/PEG-lipid ratio assures the stabilization of vesicles and also the 
proper release of the encapsulated active agent. We have shown that the local structure of poly-
(ethylene-glycol)-chains in unilamellar vesicles can be studied by synchrotron radiation [2]. We 
plan a thorough investigation to obtain the optimal ratios of all components of these vesicles. 

Sterically stabilized (PL-PEG) and non-stabilized (PL) vesicle systems were prepared from 
synthetic lipids, purchased from Avanti Polar Lipids, Inc. The non-stabilized system consisted of 
115 mg DPPC (dipalmitoyl-phosphatidyl-choline), while the stabilized contained 30 mg PEGylated 
DPPE (dipalmitoyl-phosphatidyl-ethanolamine, with a 2kDa PEG chain attached) but only 100 mg 
of DPPC. Furthermore, 25 mg cholesterol and 5 mg cholesterol sulfate were added to each sample. 
All chemicals were used without any further purification. The components were solved in the 
mixture of chloroform and methanol (95:5 vol/vol %). After evaporation of the apolar solvent, 
water was added to set the lipid:water ratio to 5 w%. To obtain homogeneous mixing of the 
components, the following procedure was carried out: (i) freezing/melting in aceton/CO2 bath, then 
incubating at 45°C, repeated 10 times, (ii) sonication (0.5 min, 20 kHz, 50 W in ice bath), with 1 
min resting on ice, repeated 3 times, (iii) incubation for 10 minutes at 45°C and (iv) extrusion in a 
Liposofast mini-extruder (filter pore size: 100 nm) 19 times. 

Small-angle X-ray scattering measurements were performed at beamline B1 of the storage ring 
DORIS III. The photon energy of the X-ray beam was 9668.06 eV. Scattering patterns were 
recorded by a Pilatus 1M detector. All images were corrected for background, absorption effects 
and camera distortions, then normalized into absolute intensity. Finally, the scattering images were 
integrated to get the scattered intensity as a function of the length of the momentum transfer (q). 

The SAXS patterns of the vesicle systems are presented in Fig.1. The scattering curve of the non-
stabilized vesicles (sample PL, blue curve in Fig.1.) starts with a strong scattering signal at q < 0.05 
Å

-1
, as a consequence of the large size of the vesicles. After that, a complex hump follows at 0.05 < 

q < 0.2 Å
-1

. Moreover, a less broadened Bragg reflection in this region (at q = 0.087 Å
-1

, 
corresponding to a periodicity of 72.3 Å) indicates the existence of multilamellar formations with a 
reduced number of lamellae besides the unilamellar creations. 

The scattering of the sample containing PEGylated lipids is rather different (Fig.1, green curve). No 
Bragg reflections appear, only the broad hump in the above mentioned q-range, which is typical for 
unilamellar vesicles. It has two characteristic properties: (i) it is not symmetric (ii) the local 
minimum (at 0.04 Å

-1
) does not drop to zero. These features allow a detailed description of the lipid 

bilayer containing PEG-lipids. Addition of further active agents causes changes in the scattering 
profile, making their localization inside the lipid layer possible. Unilamellar vesicles were observed 
in the non-stabilized system even after several weeks. 

The formation of the ULVs was directly visualized by using the combination of freeze-fracture 
procedure and transmission electron microscopy (insets of Fig.1). 

We present a simple “hard-shell” model for the lipid bilayers (Fig.2). Calculated intensities were 
averaged over a population of 2×10

5
 vesicles. The inner radius of these varied around 300 Å +/- 

30%. The radial electron density of the bilayers was approximated by a step-profile, applying a 10% 
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fluctuation to the real thicknesses of the head and hydrocarbon chain regions. In the case of 
unilamellar formations (one bilayer), we have obtained the form factor of a single bilayer (blue 
curve in Fig.2.). Using different electron density values for the inner and outer head groups resulted 
in a significant change of the form factor (green curve in Fig.2), which resembled the measured data 
(PL-PEG in Fig. 1) more closely. This indicated that the additives arrange inhomogeneously on the 
inner and outer leaflets of the bilayer. Adding MLVs allows for a better approach to the measured 
data. Presumably, the extrusion (pore diameter: 100 nm) makes the formation of MLVs with a 
limited number of correlated layers possible. A stack of 4 bilayers was assumed, the number of 
correlated layers varied between 2 and 4 (red curve in Fig.2). Finally, the contribution of this latter 
model was added to the scattering of ULVs in a rather small proportion (2.5 number%, top curve in 
Fig.2) to yield a scattering curve similar to that obtained from the non-stabilized system. 

 

Figure 1: Scattering curves of the vesicle systems. Blue curve: non stabilized system (PL). Green curve: 
sterically stabilized system (PL-PEG). Inset: freeze-fracture images of the systems: a) PL-PEG b) PL. 

 

Figure 2: Simulated scattering curves of lipid-membrane systems. 
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Characterization methods using X-ray or synchrotron radiation enable high-resolution imaging of 
the structure and dynamics of polymers and soft matter on the nanoscale [1,2]. However, the 
majority of samples degrade when exposed to high-energy radiation, preventing a detailed 
characterization. Moreover, precious samples are often only available in small amounts. The 
combination of state-of-the-art X-ray analysis techniques with microfluidics is a promising 
approach to overcome these limitations. Microfluidics provides an environment, where fluid 
volumes down to the femtoliter range can be handled and manipulated with a high degree of control 
at short residence times [3]. 

Here we present the first application of the micro- and nanofocus X-ray scattering beam line 
(MiNaXS) P03 at PETRA III for investigating the alignment of poly(isoprene-b-ethylene oxide)  
(PI-b-PEO) copolymer cylinder micelles in micro flow fields. We use X-ray transmittant 
microfluidic devices that are fabricated using soft lithography in PDMS [4]. The local orientation 
distribution of the micelles in curved and tapered microchannels is determined by small angle X-ray 
scattering (SAXS) and simulated using Scatter [5]. 

An aqueous solution of PI-b-PEO cylindrical micelles (20% w/w) is pumped into a microfluidic 
device at a constant flow rate of 9 nL s-1 using high-precision syringe pumps. The channels are 
100 µm in height and 150 down to 50 µm in width. In contrast to conventional device fabrication 
techniques using glass slides to seal the microchannel network, we cover the PDMS replica with 
Kapton(R) tape enabling the application of X-ray radiation for characterization of the fluid flow 
therein. A synchrotron beam with a size of 20 x 40 µm2 (vertical x horizontal direction) operating at 
a wavelength of 0.0969 nm is used to scan through single microchannels and study the alignment of 
our cylinder micelles. The scattering signal is detected in a distance of 3.08 m by a Pilatus 300 K 
detector. Its 487 x 619 pixels have a size of 172 x 172 µm2 and are distributed on a total area of 
83.8 x 106.5 mm2. The experimental setup and the microfluidic device are shown in Figure 1. 

 

Figure 1: left: Experimental setup of microfluidic SAXS at the beamline MiNaXS/P03 at PETRA III  
right: Kapton(R)-based microfluidic device. 
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A first example of the scattering patterns of cylindrical micelles in a tapered microchannel is shown 
below. The cylinder micelles are highly orientated along the laminar flowing fluid stream as they 
enter the tapering, as illustrated in Figure 2. 

  

Figure 2: illustration of the X-ray scattering of cylinder micelles in a microchannel. 

The X-ray data analysis with Scatter yields structural information about the material [5], as shown 
in Figure 3. We determine the size of the unit cell (a) to be 44 nm and the length of the cylindrical 
micelles (L) to be 40 nm. The diameter of the micelles (d) is 11.5 nm. 

 

Figure 3: left: scattering pattern of shear oriented cylindrical micelles middle: simulated scattering pattern 
right: hybrid image for comparison. 

The microfluidic platform presented herein enables high-resolution studies of the structural 
dynamics of polymers, colloids and proteins using synchrotron radiation. The knowledge of the 
internal material structure under shear in flow fields is of high relevance for industrial processing 
techniques, such as injection molding or extrusion, where it can be used to optimize single 
processing steps and help to understand the underlying principles of structural dynamics on the 
nano- and micron-scale. 
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We have intensively characterized the hydrogels rheologically and by SAXS at the Hasylab and the 
RWTH Aachen (Fig. 1). From this data and other investigations [1-3], the molecular structure was 
concluded to be made up of surfactant micelles crosslinked in a NIPAM-network (Fig. 2). 

By measuring non-linear rheological data, an insight into the molecular network and its strength 
can be gathered. For the hydrogels, there are strong indicators that the network is oriented up to a 
certain shear deformation (0≈120%-170%) and then breaks apart (Fig. 3).  

 

First measurements on such hydrogels at Hasylab’s BW1 have shown that the scattering contrast 
for the hydrogels is sufficient to obtain a good contrast. Fig. 4 shows 2D and 1D-scattering data of a 
hydrogel with 10% NIPAM and 1% of a PEO-compound which forms micelles and, thus, provides 
the contrast without shear. The size of about 1 nm indicated by the kink in the 1D-profile 
corresponds to the approximate size of the micelles. Shrinking or expanding the hydrogel by 

 
Fig. 3: start up flow of hydrogels of 

different composition. Black squares: 10% 
NIPAM, red circles: 10% NIPAM&2.5% 

PEO  

 
 
 
 
 
 
 
 

Fig. 2: molecular structure of the hydrogels with PEO (b) and only NIPAM (a) 

 

 

 

 

 

 

 

Fig. 1: SAXS-data of the hydrogels with 
PEO [3] 
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addition or subtraction of water leads to a change in the micelle-to-micelle distance, which is at the 
upper size limit of the detection range. Orientation of the sample by a shear deformation leads to an 
anisotropic scattering pattern.  

Elongational measurements on these systems show a perfect rubber-like behavior (Fig. 5). The 
elongational viscosity as a function of time for different strain rates (e

+
(t, ) shows an identical 

shape, although at different times (which is the consequence of the different time required to stretch 
the molecules for different strain rates  ). The sample is clearly strain hardening and breaks at a 
Hencky strain εH of about 1.2 (a strain of 230%). 

 

Publications related to this project 

A chemical characterization was published first [1, 2]. First rheological results are also already 
published [3]. Three additional publications on the different chemical compositions are currently 
submitted. Three in-depth publications on the question how the rheological and scattering 
techniques were performed are currently in preparation. 

Financial support by the SANHAK-fund of CBNU as well as technical support with the beamline 
BW-1 by Dr. Bernd Struth (HASYLAB, DESY) are gratefully acknowledged. 
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Fig. 4: Example of a scattering picture of a 
hydrogel with 10% NIPAM and 1% PEO. 

 
Fig. 5: Elongation viscosity vs. time for different 
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Hyaluronan and its derivatives are natural bio-macromolecules applied in medical therapeutics 
worldwide in the treatment of arthritis, as well as in dermatology, urology and otolaryngology [1,2]. 
Hyaluronan (HA) in dilute solution behaves as a stiffened random coil, while at higher 
concentrations it shows entanglement and forms a viscoelastic solution, which is not a gel. A great 
number of experimental methods is available to understand the diverse rheological properties of HA 
and their connection to the structural features. Scattering methods are powerful, but less prevalent 
approaches to reveal the solution structure of HA. Although many questions arise concerning HA, 
we focused on the following two: (i) how is HA influenced by gamma radiation, (ii) what is the 
effect of zinc ions on its structure. 

Small-angle X-ray scattering was measured at beamline B1 of the storage ring DORIS III at photon 
energies near the K absorption edge of Zn (9659 eV). All scattering images were corrected for 
background, absorption effects and camera distortions and then normalized into absolute intensity. 
Finally, the images were azimuthally averaged to get the scattered intensity as a function of the 
length of the momentum transfer vector (q). 

SAXS curves of a raw batch of HA (obtained from Matrix Biology Institute, trade name: 
HylaSponge) and its gamma-irradiated form are shown in Fig.1. In the q-region of the measurement 
the individual HA chains and their interactions can be observed. Segments of the polymer chain of 
the raw HA can be approximated as infinite rods, producing a power-law scattering, with a -1 
exponent, displayed in the figure. The irradiated form deviates from this behaviour. Its scattering 
can be interpreted as the sum of a broad correlation peak around 0.1 Å

-1
 and the q

-1
 decay, 

indicating a tighter packing of the HA chains, which is in agreement with our previous results 
obtained by very small-angle neutron scattering. 

The SAXS curve of the Zn-HA (HA sample with Zn
2+

 counterions) shown in Fig.1 does not 
produce the q

-1
 behaviour, which has several possible reasons. So far, we have found that the so-

called generalized Gaussian coil model describes the measured scattering curves the most 
accurately. In this model, the interactions between the monomers are taken into account by the 
excluded volume parameter (ν) from the Flory mean field theory of polymer solutions. In the limit 
of ν=1, this model gives back the scattering of a thin rod, while the ideal self-avoiding random walk 
corresponds to ν=3/5. A least-square fit of this model to the measured scattering curves was 
performed, the result of which can also be found in Fig.1. The parameters corresponding to the best 
fits are summarized in Table 1. 

Parameter Raw HylaSponge Zn – HA 

I(0) [cm
-1

] 0.152 ± 0.003 0.101 ± 0.0004 

RG [Å] 31.76 ± 0.66 20.90 ± 0.1 

ν 0.82 ± 0.003 0.628 ± 0.001 

Table 1: Geralized Gaussian random coil fit parameters for HA samples. 

The Guinier-radius (or radius of gyration) values describes the average size of pores within the 
structure. For the raw HylaSponge, the value of 31.76 ± 0.66 Å was obtained. The excluded volume 
parameter of the raw material is 0.82 ± 0.003, which indicates that the structure is stiffer than an 
ideal swollen polymer (ν = 0.6) but more flexible than a rigid rod (ν = 1). In contrast to this, the 
Guinier-radius of the Zn-HA sample is 20.90 ± 0.1 Å, while ν has a value of 0.628 ± 0.001, which 

-546-



might be due to the screening of the negative charge of the HA chain, which results in an enhanced 
flexibility. 

We have also performed ASAXS experiments on the Zn-HA sample. The scattering curves 
measured at different X-ray energies near to the K absorption edge of Zn (9659 eV) are shown in 
Fig. 2. Approaching the edge with the photon energy, a decrease of the scattering curves can be 
observed for small values of q. The same tendency was found for Sr-HA samples [3]. This might be 
due to the inhomogeneous distribution of Zn in the sample. The detailed interpretation of these 
results is under way. 
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Figure 1: SAXS curves of various HA products. 
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Figure 2: ASAXS curves of the Zn-HA sample measured at different photon energies. The arrow indicates 
the anomalous effect. 
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Thin conducting photoactive polymer films have become of great interest over the last decade. This 
is mainly due to their various possibilities of application in electronic devices such as organic solar 
cells (OSCs), organic light emitting devices (OLEDs) or organic field effect transistors (OFETs). 
They combine mechanical flexibility, optical adjustability and many more device design 
possibilities with production advantages such as solution processability and cheap manufacturing 
cost. 

One very promising material is poly(3-hexylthiophen-2,5-diyl) (P3HT), which has especially 
proven its suitability for the fabrication of organic solar cells. In combination with n-type F8TBT 
high efficient all-polymeric solar cells have been already successfully manufactured by McNeill et 
al. [1]. Interestingly the efficiency of P3HT:F8TBT solar cells could be increased by almost a 
magnitude due to post production annealing of the device. This is contributed to the strong 
tendency of P3HT to crystallize, which is also favored by heat treatment above the glass transition 
temperature (Tg = 130°C). Such thermally induced highly crystalline P3HT thin films have also 
shown electrical conductivities magnitudes higher than untreated thin films. 

 

Figure 1: (a) Experimental set-up for in-situ combination of ellipsometry and GIWAXS measurements 
including additional heating stage; (b) characteristic GIWAXS spectrum showing the possible molecular 

ordering of the polymer chains.  

Grazing incidence wide angle X-ray scattering (GIWAXS) can be used to probe the molecular 
order of polymer chains in photoactive thin films [2]. In combination with optical ellipsometry, 
which additionally reveals the film thickness and offers information about the refractive index n 
and the absorption coefficient k, a full study of the thin film properties can be achieved. Figure 1(a) 
shows the in-situ set-up which was installed at the BW4, HASYLAB (Hamburg). The ellipsometer 
and the micro-focused X-ray beam (40 x 20 μm²) are oriented to each other in such a way that the 
same sample area was addressed by both methods. The sample-detector-distance was chosen to be 
97.1 mm and the wavelength was set to 1.38 Å. A characteristic GIWAXS signal of a pure P3HT 
film spin-coated on a solid silicon support is shown in figure 1(b). The scattering along the αf -
direction indicates the ordering parallel to the support, whereas the maxima along θ are given by 
the orientation of the polymer chains vertical to the support (illustrated also by the insets). 
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For the heat treatment five different temperature steps are chosen: 25 °C, 90 °C, 120 °C, 150 °C, 
and 180 °C. Also the transition back to 25 °C was monitored. The temperatures were chosen to be 
well below and above the glass transition temperature of the polymer. For all different steps the 
temperatures were kept constant during the GIWAXS and the ellipsometric measurements. 

 
Figure 2: (a) Out-of-plane cuts taken along exit angles αf and (b) corresponding ellipsometric data probed 

at different annealing temperatures.  

Figure 2(a) shows integrated cuts along the αf -direction for all probed temperatures. For all stages 
prominent maxima at the (100), (200), and (300) Bragg peaks are visible. In addition, at higher 
temperatures the positions are shifted to smaller q-values indicating increasing lattice constants. 
Interestingly, the (010)-peak visible at larger angles is in comparison to the (100)-peak and its 
corresponding higher orders only slightly shifted. Also a strong tendency of the polymer chains to 
orient in a perfect lattice can be seen from the increasing acuity of the observed peaks. Whereas the 
untreated sample shows broad peaks indicating a wide orientation distribution, the annealed 
samples reveal a much better molecular ordering. After cooling down the lattice constants relax to 
the as-prepared values, but the ordering perfection remains constant as for the heated samples. This 
saved embedded ordering of the polymer chains finally leads to an increased electrical conductivity 
along the carbon backbone. 

The simultaneous obtained ellipsometric measurements, shown in figure 2(b), exhibit a strong 
variation in the characteristic Δ- and Ψ-values. The Δ-values correspond to the relative amplitude 
ratio, whereas the Ψ-values give information about the relative phase shift. Both values can be 
fitted with an optical model which finally depends on the film thickness, the refractive index, and 
the extincton coefficient. In the data the minimum position of the Ψ-value is shifted to smaller 
angles of incidence with increasing annealing temperature and the shape of the Δ-curves is flipped 
around at the glass transition temperature of the polymer. These characteristics already indicate a 
similar morphological change as observed with GIWAXS leading to altered absorption coefficients. 
In order to extract the full information the data analysis of the ellipsometric measurements is still 
ongoing. 
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Diblock copolymers with low polydispersity form nanostructured materials owing to 
micro/nanophase separation in bulk which can also generated in thin films and at surfaces. The 
structure in thin films is only understandable if basic information about the bulk morphology is 
available. In thin films, additionally, preferential forces (for instance surface forces) have to be 
taken into account altering the morphology in confined dimensions often drastically. As 
consequence, the orientation of the morphology depends on the thickness of the thin film. Cylinder 
or lamellae structures may be formed which are aligned parallel (lying) or perpendicularly 
(standing) relative to the film surface. We found in former investigations of cylindrical 
PPMA/PMMA block copolymers that the molar mass determined the bulk d-spacing (periodicity) 
dbulk. If the film thickness in thin films was well below dbulk, standing cylinder morphologies were 
observed, while film thicknesses around and larger dbulk resulted in parallel-arranged lying cylinders. 
The results for lamellar PPMA/PMMA were more complex and often did not indicate defined and 
reproducible morphologies. Thus, we continued here with cylindrical block copolymers and aimed 
on two topics: 1) will vapour annealing allow altering/improving the morphology, and 2) would 
incorporation of nanoparticles (silica, gold, silver) change the morphology of this special all-
methacrylic block copolymer system significantly. 

We continued our former investigations [1-3] of PPMA/PMMA diblock copolymers with known 
morphology [4], in particular focused on PPMA/PMMA with molar composition of 70/30 mol/mol 
generating cylindrical structures (hexagonally close-packed PMMA cylinders in the PPMA matrix, 
as proven by T-SAXS experiments on powdered samples at A2 beamline). The block copolymers 
were synthesized by living anionic polymerization in THF at -78 °C using sec-butyl lithium / 
diphenyl ethylene as initiator.  

These block copolymers were filled with different types and amounts of nanoparticles (SiOx, 
metallic nanoparticles) mainly by dissolving the samples in THF, adding either the precursor or the 
nanoparticles followed by the standard dip-coating procedure as used for the pure BCP films. 

The morphology in thin films was imaged AFM in height and phase contrast to have a first 
impression and support in interpretation the GISAXS results. 

GISAXS experiments were performed at constant (and optimized) incident angle (below the critical 
angle αc of the film material). By using of a special vapour cell (from the TUM’s group “Physics of 
soft matter” 2) series of measurements under constant scattering conditions were done in dependence 
of a constant solvent vapour flow (“vapour annealing”, first) and a nitrogen flow (“drying”, second). 
Different solvents (THF, chloroform) were tested.  

For a first chosen sample set (film thicknesses below the bulk dimensions of morphology), standing 
cylinders or a mix of standing and lying structures was detected in all samples. In the case of the 
pure diblock copolymer film, the same morphology as in solid state was generated. In 
nanocomposites, the type of the morphology remains the same, but the dimensions were changed 
depending on the type and amount of incorporated nanoparticles. As a common result, it was found 
that SiOx clusters enlarge the lateral distance of the cylinders, whereas metallic nanoparticles often 
rather reduce this parameter. The effect of “vapour annealing” is weak under the conditions chosen 
so far. In general, the quality of the morphology was slightly improved and the lateral distances kept 
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constant or were reduced a little. The expected significant switching of morphology orientation 
upon vapour annealing could not be detected yet (further experiments necessary). Thus, next 
experiments will be directed to investigation of defined thicker films and/or applying of other 
solvents.  

For illustration of results, see Figure 1a-d. 

  
a) #28 PM70     b) #56 fn97_a2 
 

  
c) #83 fn100     d) #65 fn98 
 
Figure 1: 2D-GISAXS pattern of ~35 nm films consisting of standing PMMA cylinders (hcp in extended 
areas) in a PPMA matrix (normal to the surface) with nanoparticles; a) pure basic block copolymer PM70 
(PPMA/PMMA 70/30), b) PM70 with 3.3 wt-% SiOx, c) PM70 with 0.3 wt-% Ag, d) PM70 with 0.7 wt-% 
Au. Scattering patterns are overlapped by a (not neglectable) amount of lying structures (PMMA cylinders). 
Inserts: corresponding 1×1 µm2 phase contrast AFM images.  
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Membranes with high pore density and regularity were manufactured, by combining the self-assembly of 
block copolymers in solution, directed by polymer-metal complexation and conventional methods of phase 
inversion and solvent-non-solvent exchange.   Solutions of copper (II) ion-polystyrene-b-poly(4-
vinylpyridine) complexes in a mixture of dimethyl formamide (DMF) and tetrahydrofurane (THF) were cast 
on glass plates and immersed in water.  The copolymer organizes in micelles with styrene cores in this 
selective solvent mixture.  The micelles assemble, following partial THF evaporation and solvent- water 
exchange and a regular nanoporous structure is formed. The mechanism of pore formation was investigated 
by atomic force microscopy, cryo-transmission electron microscopy and tomography, cryo-field emission 
scanning electron microscopy, focused ion beam1. 

Further experiments were made at beamline B1 of DORIS III using a SAXS/WAXS setup. The polymer-
metal complex formation was confirmed by WAXS (Figure 1a). The copolymer was compared with P4VP 
homopolymer, both complexed with copper ions. The measured interchain distances were 0.870 ± 0.004 nm 
for the copolymer and 0.790 ± 0.002 nm for the homopolymer. The distance between (styrene and/or 
pyridine) pendant groups was 0.457 ± 0.001 nm for the complexed copolymer and 0.446 ± 0.001 nm for the 
homopolymer.  The lower interchain distance for the P4VP homopolymer can be easily understood since the 
amount of complexing pedant groups is much larger.  The copolymer contains only 23 wt % of complexing 
(P4VP) units and it therefore has a lower density of cross-links with the copper salt.  

Figure 1 compares the SAXS analysis of the dry membrane and that of membranes immersed in different pH 
solutions. The two-dimensional (2D) hexagonal morphology can be seen by SAXS analysis of dry 
membranes.  A maximum in the scattering intensity is observed, followed by peaks of higher order, which 
fits a 2D hexagonal model. The distance between pore centers was estimated as 70  1 nm. 

(a) (b) 

 

Figure 1: (a) WAXS of (red, solid) PS-b-P4VP copolymer and (blue, dot dashed) P4VP homopolymer 
copper (II) complexes; (b) SAXS of PS-b-P4VP dry membranes and that of membranes immersed in 

different pH solutions. 

When immersed in solutions of pH 9 and 2, only one broad peak can be observed. At high pH, the peak 
width was found to be about 6-fold larger than that of the dry membrane, indicating structure distortion in 
the wetted membrane. The position of the first reflection, which for the dry membrane occurs at q = 0.102 
nm-1, is slightly shifted to 0.111 nm-1, giving a lattice constant of 64  2 nm for the membrane in high pH, 
slightly lower than for the dry state.  When the membrane is immersed in a solution of low pH, the scattering 
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intensity decreased substantially and a broad peak can only be recognized above q = 1 nm-1.  The results 
demonstrate the pores ability to work as chemical gates, responding to pH changes. 
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Thermo-responsive hydrogels exhibit interesting properties which attract more and more attention 
due to a large variety of applications, as drug delivery system [1], valves to control liquid transfer [2]. 
Recently a novel thermo-responsive homopolymer poly(monomethoxy diethyleneglycol acrylate) 
(PMDEGA) was synthesized, which exhibits a higher lower critical solution temperature (LCST) 
when compared to the frequently investigated thermo-responsive polymer poly(N-
isopropylacrylamide) (PNIPAM). For this reason, PMDEGA can be an interesting alternative to 
PNIPAM in tropical countries where the mean temperature has already above the LCST of 
PNIPAM. In order to create an internal ordering in the hydrogel film, polystyrene end-blocks are 
introduced to PMDEGA, resulting in the triblock copolymer, denoted P(S-b-MDEGA-b-S). 
Because the triblock copolymer consists of hydrophobic parts (PS) and hydrophilic parts 
(PMDEGA), by choosing PS selective or PMDEGA selective solvents, the type structure present in 
the solutions can be modified. Additionally it will also influence the LCST. 

 

Figure 1: 2D SAXS patterns of a P(S-b-MDEGA-b-S) film prepared out of benzene with the temperature 
increasing from 30oC to 50oC as indicated. 

In order to probe the influence of solvent to the triblock copolymer structures, thick P(S-b-
MDEGA-b-S) films were prepared by solution casting using nine different solvents (THF, ethanol, 
1,4-dioxane, toluene, water, benzene, chloroform, methanol and 2-propanol). The films were 
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prepared onto Kapton foil. Due to the large film thickness it was possible to measure these samples 
in transmission geometry at the A2 beamline at HASYLAB (DESY) with SAXS. in the SAXS 
experiments the wavelength was set to 0.15 nm and the sample-detector distance was 3 m. The 
films were placed in a small sample cell, oriented vertical to the direction of the X-ray beam. To 
probe the swelling behavior, 0.25 mL D2O was injected into the sample cell. To measure the LCST 
behavior, the cell was heated from 30oC to 50oC with 2oC steps. At each temperature, a waiting 
time of 10 minutes was chosen for the temperature become stable. In the following 10 minutes the 
SAXS measurement was performed.  

As an example, figure 1 shows the 2D SAXS patterns of a P(S-b-MDEGA-b-S) film prepared out 
of benzene with the temperature increasing from 30oC to 50oC. Looking to these images, it is clear 
that when the temperature increases from 40 oC to 42 oC, the 2D SAXS patterns undergo a well 
visible change. As a consequence, the PMDEGA part of the triblock copolymer chains collapsed 
during the temperature increase above LCST. 
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Figure 2: Radially averaged SAXS patterns of a thick film prepared out of methanol (left) and benzene 
(right) probed atdifferent temperature from 30oC to 50oC. 

Figure 2 shows the radially averaged 2D SAXS patterns of triblock copolymer films prepared out 
of methanol (left) and benzene (right). Comparing these curves, it is obvious that the transition 
region slight differs in films prepared out of different solvents. The transition region for the sample 
prepared out of methanol ranges from 40 oC to 48 oC, while for the film prepared out of benzene it 
is from 38 oC to 46 oC. Because methanol is a good solvent for PMDEGA, but a poor one for PS, 
the insoluble PS chains will form the core of the micelles in methanol solution, while PMDEGA 
chains will form the shell of the micelles. When the thick film is prepared by solution casting out of 
methanol solution, the structure of the micelles may be frozen-in inside the film. In contrast, 
benzene is a good solvent for both of PS and PMDEGA chains, and the micelles structure formed 
in benzene will not identical to the one formed in methanol.  

In the radially averaged 2D SAXS patterns the correlation peaks below LCST shifts to larger values 
of the scattering vector q when the temperature increases above the LCST, due to the micelles 
collapse when the temperature increases above the LCST. Due to the aggregation of micelles, 
strong forward scattering is observed in both samples prepared out of methanol and benzene. 

In conclusion, P(S-b-MDEGA-b-S) films were successfully prepared out of nine different solvents 
by solution casting. The LCST of the tri-block polymer films was obtained as a function of solvent 
used in the film preparation by SAXS. It shows that the block-selective solvents will influence 
LCST of the film by forming different micellare structures. 
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Semifluorinated building blocks with the general structure -(CH2)n-(CF2)m- are known to induce 
strong microphase separation in polymers with different architecture and independent of the nature 
of the backbone. The driving force is the large Flory Huggins interaction parameter. If attached as 
substituents to polymer main chains, self-organization of the semifluorinated (sf) side chains 
induces structure formation and generates periodic nanostructures. Usually, the sf side chains are 
arranged here in layers with defined d-spacing. We could already demonstrate this structure 
behaviour for aromatic polyester, aromatic-aliphatic polyester as well as polysulfone backbones [1].  

Here, we continued former investigations [2, 3] of aromatic-aliphatic polyesters with varied number 
of alkylene groups in the polyester backbone chain and sf -(CH2)10-(CF2)10- (H10F10) substituents 
and expanded the investigations to 1) random semifluorinated copoly(methacrylate)s with the same 
H10F10 substituents and 2) to diblock copolymers having one poly(methyl methacrylate) block 
(PMMA) linked to a semifluorinated poly(methacrylate) block with -(CH2)2-(CF2)8- (H2F8) side 
chains in order to induce both, phase separation between the main chains and the sf side chains, as 
well as phase separation between the two blocks as in PPMA / PMMA diblock copolymers [4, 5] 
which is supposed to enhance the phase separation of the sf substituents. 

One important aim was to describe the influence of the length and concentration of sf side chains on 
the bulk morphology. Thus, temperature-dependent SAXS/WAXS experiments (heating / cooling 
cycles up to 200 °C) were performed. Combined T-SAXS/T-WAXS measurements are ideal to 
investigate both, phase separation of the block copolymers and simultaneously phase separation 
between main chains and sf side chains. The measurements indeed proved the occurrence of 
different types of phase separation. We found block copolymer phase separation with d-spacings 
between 11 – 17 nm (assigned to lamellae and hcp cylinders depending on the block ratio) for 
intermediate molar masses (see, e.g., Fig. 1). Besides, the formation of sf layers with d-spacings of 
3.1 nm was observed. Both morphologies did not change significantly with temperature [5]. On the 
other hand, random PMMA/PsfMA copolymers with stepwise increased molar concentration of 
H10F10-sfMA units were examined. In this case, all samples show only one type of phase 
separation originated by self-organization of the side chains generating the typical layer-like 
structure. The structure of the sf layers is characterized by d-spacings of 4.6 - 4.7 nm (depending on 
sf-content) in their crystalline state. These d-spacings show a very distinct thermal alteration above 
Tm with a negative coefficient of linear expansion (see, e.g., Fig. 2). 

The findings obtained so far will serve as a base model to describe morphologies formed in thin 
films in confined dimension, which are prepared from solutions. 
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Figure 1: Temperature-dependent SAXS curves (contour plot) of a 71/29 mol/mol as-synthesized sample 
(block copolymer PMMA-PH2F8MA, M w = 9.500 g/mol) - first heating/cooling run with 3 K/min. Phase 
separation starts at exceeding of Tg of the semifluorinated block. (log I scale). 

 

 

 

 

 

 

 

 

 

 

Figure 2: Temperature-dependent SAXS (contour plot) curves of a 51/49 mol/mol as-synthesized sample 
(random copolymer PMMA/PH10F10MA, M w = 19.800 g/mol) - first heating/cooling run with 3 K/min. Phase 
separation starts at exceeding of Tg with creation of a layered structure with negative expansion coefficient 
oft the layer distance. (log I scale). 
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Aggregates formed in aqueous solution by the interaction of anionic dyestuffs with silver ions 
were investigated using anomalous small angle X-ray scattering. Scattering experiments have 
been performed close to the K-absorption edge of Ag ions (E = 25.5 keV), aiming at the 
possibility to extract the pure resonant scattering contribution, which is related to the spatial 
distribution of the Ag ions. From the resonant invariant (RI) [1], also the content of Ag ions in 
the observed aggregates can be estimated.  

Aqueous solutions with a dyestuff concentration of 0.66 g/l and Ag concentrations between 
1.63 mM and 26 mM have been investigated, where the latter case corresponds to an 8-fold 
excess of Ag ions compared to the negative charges of the dyestuff molecules. The ASAXS 
experiments were performed at the B1 beam line (former JUSIFA) at HASYLAB, DESY, 
Hamburg, using a Pilatus 1M detector. 
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Figure 1: The pure resonant scattering contribution (blue triangles) compared to the overall 
scattering (black, red and green, corresponding to three X-ray energies in the vicinity of the 

Ag absorption edge). 
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Figure 2: Kratky plot of the pure resonant scattering contribution. 

 
Figures 1 and 2 show results of the sample with the highest metal-to-dyestuff ratio (23 mM 
Ag). Pure aqueous silver solutions contained aggregates and thus could not provide 
appropriate solvent scattering. Hence the solvent scattering has been estimated by the mean 
value of the scattering intensity at q > 3 nm-1 which is just a provisional solution and makes it 
difficult to discuss the resonant scattering in a quantitative manner. However, figure 1 shows 
that the resonant contribution of the scattering curve is significant below q = 2 nm-1 and 
proves a correlation between the Ag ions and the dyestuff molecules. Both the overall 
scattering and the resonant contribution show a crossover from a q-1 to a more pronounced 
decrease in the considered q regime. At high q, even a significant Porod regime is recovered 
by the overall scattering. The results may be interpreted as a local cylindrical structure where 
the cylinder cross section covers the order of a few nanometers. Indeed, former investigations 
on the dyestuffs under consideration already suggested worm-like structures [2]. Figure 2 
illustrates that the data quality is too low to deduce the high q termination of the resonant 
invariant. This aspect might be revealed by the correction of the scattering intensity with 
respect to a properly measured solvent scattering. 
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Stimuli-responsive behavior and conformational changes of copolymers are topics of high 
scientific interest for both theoretical and practical reasons. Stimuli-responsive polymers 
containing oligo or poly(ethylene glycol) are especially interesting for biomedical applications 
due to their resistance to protein adsorption. Consequently, nanoparticles (NPs) coated with 
ethylene glycol polymers can improve the biocompatibility of the NPs and prolong their in vivo 
circulation time for different biological applications. The present work belongs to a series of 
studies dedicated to the interfacial behaviour of Fe3O4 NPs capped with a biocompatible and 
stimuli-responsive copolymer containing ethylene glycol units. Fe3O4@MEO2MA90-co-
OEGMA10 NPs are able to form Langmuir and Gibbs layers which are energetically and 
kinetically long-time stable up to the critical surface pressure of the film [1, 2]. The current 
study presents new experimental evidence to the antagonistic interfacial behavior of the 
Fe3O4@MEO2MA NPs at the air/water interface below and above the lower critical solution 
temperature (LCST).  

The X-ray reflectivity data for the Fe3O4@MEO2MA NP layers formed on a liquid subphase 
and compressed to different pressures, below and above the critical pressure of the monolayer, 
were obtained at the liquid-surface beamline BW1 of HASYLAB. Figure 1A shows the X-ray 
reflectivity curves normalized by the Fresnel reflectivity. The contrast is obviously not good 
enough to observe pronounced maxima and minima. One reason is the low particle density in 
the monolayer and the smooth decay of the electron density of spherical particles immersed into 
the subphase, and the other reason is that the electron density of strongly hydrated and in water 
dispersed polymer chains is close to that of water. Therefore, mainly the less hydrated polymer 
chains adsorbed at the air/water interface contribute to the reflectivity signal. 

 The derived electron density profile (Figure 1B) shows a clear maximum at the interface. The 
electron density achieves values which are close to the ones found for the crystalline phase of 
poly(ethylene oxide) (PEO) (0.403 e-/Å3) [3]. The adsorption layer is with ~12 Å rather thin. 

  
Figure 1: A) Measured reflectivity (symbols) and fits (lines) of the Fe3O4@MEO2MA NP layers on a 

water subphase at 20 °C (15 mN/m – black curve (shifted for clarity), 29 mN/m – red curve) and B) the 
respective electron density profile (top) and the excess electron density profile (bottom) of the NP 

layers. 
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The adsorbed polymer chains are stretched and tightly packed in a pancake-like conformation. 
The main contribution for the second layer underneath this polymer layer comes from the NPs 
which have a low number density. The layer thickness of only 50 Å is 20% smaller than the 
particle diameter. The hydrated and dispersed polymer chains are completely invisible.  

Above the critical pressure (29 mN/m), the observed layer thickness is only slightly larger than 
that at lower pressure. The maximum of the electron density profile is lower, which could be an 
indication of losing the stretched and well-packed conformation of the polymer chains at the 
surface by compression of the film. The excess electron density profile shows a higher electron 
density over the whole thickness because of the higher number density of NPs in the 
compressed state. The results are in perfect agreement with the IRRAS experiments showing 
that the adsorption layer thickness is constant on the plateau region. 

The X-ray reflectivity data obtained for the Fe3O4@MEO2MA NP layers formed on the 1M 
NaCl subphase are shown in Figure 2. Adding 1M NaCl to the subphase changes the electron 
density of the subphase from 0.334 e-/Å3 (water) to 0.345 e-/Å3 (1M NaCl). The derived 
electron density profile (Figure 2B) shows that the adsorbed polymer chains are similarly 
stretched and packed as on the water surface, suggesting a pancake-like conformation. This is in 
good agreement with the IRRAS data showing very similar spectra at lateral pressures below 
the critical one on water as well as on the salt solution. Above the critical surface pressures, 
the monolayer is intact and no multilayers are formed at high salt concentrations. The increased 
electron density in the part underneath the polymer adsorption layer shows that the contrast 
between the subphase and the particle layer is enhanced, indicating that the collapsed polymer 
chains are strictly localized between the particles (mushroom-like structure of the copolymer).  

The different behaviour of the Fe3O4@MEO2MA NPs below and above the LCST is due to 
conformational changes of the copolymer chains, which occur upon variation of the temperature 
or the ionic strength of the aqueous subphase and only as a consequence of lateral compression 
of the film to surface pressures above the characteristic critical surface pressure.  

References 
 

[1] C. Stefaniu, M. Chanana, D. Wang, D. V. Novikov, G. Brezesinski and H. Möhwald, 
ChemPhysChem 11, 3585 (2010). 

[2] C. Stefaniu, M. Chanana, D. Wang, D. V. Novikov, G. Brezesinski and H. Möhwald, Langmuir 27, 
1192 (2011). 

[3] X. Zou and S. W. Barton, Langmuir 10, 2866 (1994).  

 
Figure 2: A) Measured reflectivity (symbols) and fits (lines) of the Fe3O4@MEO2MA NP layers on 
the 1M NaCl subphase at 20 °C (15 mN/m – black curve (shifted for clarity), 31 mN/m – red curve) 
and B) the respective electron density profile (top) and the excess electron density profile (bottom) 

of the NP layers. 
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Nanocomposites are emerging materials that promise improved properties. However, their 
applicability is presently limited by the cost of manufacture and product reproducibility. These 
technical barriers encountered when producing high performance polymer nanocomposites on the 
industrial scale are due to a lack of understanding of some fundamental questions related to 
polymer nanocomposite technology, despite recent progress in this field. The proposed work at 
DESY at DORIS III on beamline BW1 equipped with a rheometer coupled to a synchrotron line [1] 
aims at better understanding the nanocomposite microstructe under shear and during relaxation. 
First experiments conducted on compatibilized polypropylene/organoclay nanocomposites are 
reported here. 

Three different types of experiments were performed: 

Effect of initial nanoclay platelet orientation relatively to the X-ray beam direction on the X-
ray scattering signal: 

If the clay platelets are oriented perpendicular to the beam direction (case of sheared samples or of 
solid samples obtained by compression molding), no X-ray scattering is detected. On the contrary, 
clay platelets oriented parallel to the X-ray beam direction (solid samples tilted with a 90° angle) 
show a typical X-ray scattering pattern of the clay (figure 1.a), with Bragg spots characteristics of 
the interlamellar distance between platelets and of the orientation of clay. However, having the X-
ray beam parallel to the shear plane is not compatible with the use of the rheometer. 

a.  b.  

Figure 1 : X-ray scattering pattern of the nanocomposite: a. sample tilted at 90°, b. sample tilted at 75°. 

Trials were performed in order to evaluate if a scattering pattern could be detected by shining the 
X-ray beam at a different angle (Laue law). Angles between 45 and 75° were investigated. Figure 
1.b shows an example of SAXS pattern for a sample tilted at 75°. 

These first tests showed that having an X-ray beam direction tilted with a certain angle relatively to 
the shear plane should allow us to probe the nanocomposite microstructure by X-ray scattering 
during shear and after cessation of shear. 

Effect of melting and compression of the sample on the X-ray scattering signal: 

The effect of melting and compression on the platelet orientation was investigated by setting a solid 
sample in the rheometer (platelets oriented at 90° relatively to the X-ray beam) and recording the 
evolution of the scattering pattern during the melting and compression steps. The evolution of the 
SAXS pattern is shown in figure 2. 
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Figure 2: Effect of melting and compression of the nanocomposite sample on the X-ray scattering pattern. 

This shows that the melting of the sample allows a disorientation of clay tactoids and that the 
compression step results in the immediate disappearance of the SAXS pattern due to the sudden 
orientation of clay tactoids by the polymer flow. 

Nanocomposite structuration after cessation of shear: 

We recently showed that the nanocomposite microstructure is not stable. The microstructure 
continuously changes with time due to the disorientation of the clay platelets and the build-up of a 
3D filler network [2]. The nanocomposite structuration can be probed by oscillatory rheometry 
(successive frequency sweeps within the linear viscoelastic domain) showing a continuous increase 
of low frequency storage modulus plateau with time. Our purpose was to probe the platelet 
disorientation timescale via the appearance of a X-ray scattering pattern relatively to the timescale 
of the network formation via successive frequency sweeps using the rheometer-SAXS device. 

However probing the formation of the filler network was impossible since the frequency sweep 
tests (although asked in the linear regime) were perturbated by the fact that the strain imposed by 
the rheometer sometimes exceeded the linear viscoelastic domain. This issue was not detected prior 
to our trials. The Mars II rheometer is designed to work in the controlled stress mode (mode which 
was checked to work properly) but also in the controlled strain mode. Our experiments were the 
first ones using this mode. The modification of the rheometer in order to be able to work in the 
controlled strain mode was already planned at the end of our experiments. 

 

Conclusion : 

This first set of experiments showed that X-ray scattering measurements on nanocomposites based 
on organoclays are possible in-situ during shear if the X-ray beam is tilted with a certain angle 
relatively to the shear direction. This modification of the transparent shear cell in order to have an 
X-ray beam direction tilted to a certain angle relatively to the shear plane is already planned for the 
new rheometer to be fixed on PETRA III synchrotron line during 2011. A future proposal will be 
made when this will be fixed in order to probe the nanoclay structuration using this unique device 
coupling a rheometer and X-ray scattering. 
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In the fast developing field of organic electronics, thin metal films play a huge role as they are 
commonly applied as electrode materials. A well-defined organic/metal interface is crucial for a 
good overall device performance. For a deeper understanding of this interface, information about 
the morphology and the incorporation of the electrode material into the organic film is essential. 
However, so far only little fundamental knowledge on this topic is available [1]. We investigated 
the gold growth on spiro-OMeTAD, which is a hole conducting material that is used in most state-
of-the-art solid-state dye sensitized solar cells (ssDSSC) as p-type conductor [2]. For simplicity, not 
a full ssDSSC was used. After dissolving spiro-OMeTAD in chlorobenzene, homogeneous thin 
spiro-OMeTAD films were obtained on silicon substrates with spin-coating. Inside the sputtering 
chamber, such thin film sample was placed on a cylindrical holder with the gold target being placed 
above the sample. During the in-situ sputter experiment, the whole chamber was evacuated and a 
previously determined sputtering rate was operated.  

Figure 1: (left) 2D GISAXS images measured after different gold-sputtering steps resulting in a nominal 
gold thickness as indicated. (right) Respective horizontal line cuts of the 2D GISAXS data are shown, 

starting with the bare sample at the bottom. For clarity, the curves are vertically shifted. 

Grazing incidence small angle X-ray scattering (GISAXS) was used to investigate the evolution of 
the gold-sputter-deposition due to its extraordinary ability of probing a macroscopic area of the 
sample whilst providing a resolution on the nanoscale. The measurements were performed at the 
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HASYLAB beamline BW4 (wavelength 0.138 nm, sample–detector distance of 2.017 m and 
incidence angle αi = 0.416°). A moderate micro-focused X-ray beam with a size of 23 × 34 μm2 
(v × h) was used, resulting in a beam footprint on the sample surface of 3.2 mm in beam direction. 
The scattered signal was recorded with two different detectors: a MarCCD camera (2048 × 2048 
pixels with a pixel size of  79.1 × 79.1 μm2) and a Pilatus 300K (487 × 619 pixels with a pixel size 
of 172 × 172 μm2). Both detectors were mounted simultaneously and could be automatically moved 
in and out of the beam. 

The investigation was divided into two parts. Firstly, a start-stop-sputtering investigation was 
performed. For this measurement type, short time intervals of a few seconds were chosen for gold-
sputter-deposition. After each of the intervals a 2D GISAXS image was recorded using the 
MarCCD detector with exposure times long enough to obtain good statistics of the feature present 
on the samples. This way, GISAXS images with very high spatial resolutions were obtained. 
Additionally, the Pilatus 300K was used due to its outstanding property of noise free measuring. 
Hence, very short counting times are possible. This advantage allowed for a continuous monitoring 
of the morphology changes during the ongoing gold-sputter-deposition. Along this route, a large 
series of GISAXS images was obtained, which was processed e.g. to a video to better show the 
time evolution of the morphology during sputtering.  

Figure 1 shows the result of a gold-sputter-deposition. On the left, selected 2D GISAXS images are 
shown which were taken after the respective amounts of gold being sputtered on the sample. The 
nominal thicknesses given are estimations assuming a constant sputter rate as calibrated. Before 
sputtering no side maxima in the GISAXS pattern are visible for the pure spiro-OMeTAD film. 
This is not surprising, because spiro-OMeTAD is not known to exhibit any kind of crystallization 
or agglomeration, which would result in deviations from the mean electron density. After only 2 nm 
of gold being sputtered on the spiro-OMeTAD film side peaks in the GISAXS pattern appear, 
indicating a formation of small gold clusters with well defined lateral scale. During ongoing sputter 
deposition of gold these side peaks in the GISAXS patterns move towards larger qy-values, due to 
clusters growth in lateral direction. Finally, the peaks in the GISAXS pattern move more and more 
to the centre and from there on in the GISAXS patterns only a change in intensity in the qz-
direction is observable. The changed growth mode is due to the vertical growth of the whole gold 
layer. On the right side of figure 1 the respective horizontal line cuts from the 2D GISAXS data are 
shown. As indicated by the two arrows, it is notable that the lateral growth is rather quick in the 
beginning and slows down at a certain stage, when the film begins to grow in vertical direction. 

Figure 2: SEM top view of the sample surfaces after 50 seconds of gold-sputter-deposition.  

Figure 2 shows a scanning electron microscopy (SEM) image of a sample being sputtered with gold 
for 50 seconds. This roughly corresponds to a gold layer of about 2.5 nm. As clearly visible, the 
gold forms small islands all over the samples and then starts to agglomerate to bigger clusters, as 
was already visible during the GISAXS investigation. For a further understanding a more detailed 
analysis of the in-situ GISAXS experiment is still ongoing. We expect to extract growthlaws for 
different regimes of the growth process [1]. 
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Treatments
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Experiment and Motivation. Time-resolved 2D SAXS measurements are conducted at HASY-
LAB beamline A2 during thermal treatment of a commercial grade thermoplastic polyurethane
elastomer (TPU). A vacuum oven is installed on the x-ray bench. The temperature is controlled by
a precision of ±0.5°C. The sample is mounted on the sample holder and is covered by Aluminum
foil to improve heat transfer. Care is taken that the main axis of the sample (injection molding
direction) is perpendicular to the incident beam path. At first, a temperature scan up to 250°C is
conducted in order to find transition temperatures. The samples are then heated in different thermal
cycles. In cycle A the sample is heated up to maximum temperature of 215°C and then kept at this
temperature for 2 minutes and then rapidly cooled down to 150°C and kept at this temperature for
10 minutes and finally quenched to room temperature. In cycles B and C the maximum temperature
is raised to 235°C and 250°C, respectively and the rest of the the program is the same as in cycle A.
The physical and mechanical properties of TPUs strongly depend on their hierarchical microstruc-
ture [1,2]. Thermal treatment is an easy way to obtain the desired morphology. Thus, the present
work is primarily concerned with investigation of structural transitions of a partially oriented TPU
sample during thermal heating. Future work is in progress to elucidate how different morphologies
affect long term mechanical performance of TPUs.

Summary of Results. Automated computer programs written in PV-WAVE® environment are
applied to accelerate data analysis. Primary static small angle x-ray scattering (SAXS) patterns
show two meridional peaks and a weak isotropic ring. This indicates that the phase separated do-
mains are partially oriented along the injection molding axis. In order to visualize the structure
of the material in physical space, the chord distribution function (CDF) is calculated. The mathe-
matical definition of CDF is documented in a textbook [3]. The variations of long period and the
average domain size during heating can be monitored by tracking the peak positions on the negative
side and positive side of CDF, respectively. Figure 1 shows the variations of SAXS pattern and the
corresponding CDF during heating the sample up to 250°C. The peak intensity of SAXS patterns
increases with increasing temperature until ca. 215°C. This is attributed to the enhancement of elec-
tron density contrast between the soft segment matrix and hard segment domains. At about 215°C
the two meridional peaks disappear and a broad strong meridional streak appears. This pattern is
attributed to dispersed laminar structures. This structure exists until 245°C and above this temper-
ature a typical pattern of an amorphous melt is observed. Based on these initial observations, three
different thermal treatment cycles are designed in order to follow transient structures during heating
and cooling. In the first cycle the sample is heated up to 215°C and then quenched to 150°C where
it is annealed for 10 minutes and then quenched to 30°C. During the annealing a highly oriented
structure develops and it is stable during quenching to 30°C. In other two cycles, the upper temper-
ature is changed to 235°C and 250°C, whereas the cooling cycle is the same. Cooling the sample
from 235°C results in the same observation as the first cycle. However, cooling the sample from
250°C (where the laminar structures have disappeared) results in a completely isotropic structure.
The importance of these observations is that it shows how to obtain a highly ordered material from
a partially oriented material by a simple heat treatment.
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Figure 1: Variations of SAXS patterns (1st and 3rdrows) and the corresponding CDFs (2nd and 4th rows)
during heating the sample up to 250°C
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Molecular self-assembly plays a crucial role in the field of molecular liquid crystals (LCs). Their 
mesophases show anisotropic optical properties and can therefore be used as functional materials in 
recent technologies, such as displays or information storage devices [1] and in electronic or 
optoelectronic technologies [2,3]. The present work focuses on the characterization of novel low-
molecular-weight bi- and tetramesogens with linear disiloxane and cyclic tetrasiloxane linkers in 
combination with long-chain mono and trialkoxy mesogens. The length of the alkyl chains was 
chosen at C12 and C16. Layer distances and domain dimensions of the smectic mesophases are 
determined with small-angle X-ray scattering (SAXS). 

SAXS experiments were carried out at beamline A2 at HASYLAB. An X-ray beam with a 
wavelength λ = 1.50 Å was used. A MarCCD camera with a pixel size of 158 µm × 158 µm was 
mounted in 1.04 m or 1.32 m distance from the sample as a detector. The samples were mounted in 
glass capillaries of diameter 2 mm. Measuring times were between 20 and 600 s. Measurements 
were carried out at room temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 2D scattering images of the linear bimesogens with C16 (‘18c’, a) and C12 (‘18b’, b) and 
the cyclic tetramesogen with C16 (‘28c’, c) and C12 (‘28b’, d). Corresponding 1D intensity profiles 
(e,f) of the same compounds (inset in (f) is the magnified area between 2Θ = 3.0 and 2Θ = 4.5). 

-568-



Fig. 1 shows 2D SAXS images and the corresponding 1D profiles which enable us to determine the 
spacings of layers formed by the linear and cyclic bi- and tetramesogens. The ratios between the 
first and the second Bragg peaks are 1:2, i.e. lamellar structures are formed, which is typical for a 
smectic-type arrangement of the mesogens. The corresponding layer spacings of the linear 
compounds correspond very well with the theoretically calculated values for completely stretched 
molecules. Thus, we propose densely packed and stacked domain structures of fully stretched 
bimesogens (Fig. 2a). For the cyclic tetramesogens, the layer thicknesses are significantly smaller, 
and their packing is different from the one of the linear bimesogens (Fig. 2b). One possible reason 
for lower spacing values than in the case of the linear compounds with the same substitution is the 
angulated core of the tetramesogens. Another reason may be the stacked arrangement, which leads 
to a tilting of the mesogens in the stacks and thus to a lower spacing compared to the non-tilted 
arrangement. In contrast, the trialkyl-substituted bimesogen has as significantly lower layer spacing 
than the mono-substituted systems. This indicates a similar packing structure but - due to an 
increased amount of alkyl substituents - with a higher degree of overlapping or interlocking 
between the individual stacks (Fig. 2c). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, different mesogenic systems, containing mesogens made from long-chain substituted 
gallic acid derivatives and linear and cyclic oligo(siloxane) linkers have been synthesized and 
characterized. In SAXS measurements, the self-assembled structures in the bulk have been 
investigated, smectic layered assemblies were found and layer spacings were determined. 
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Fig. 2. Schematic drawing of 
the mesogen packing in the 
linear bimesogen (a, c) and 
cyclic tetramesogen (b) 
structures. 
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Molecular self-assembly plays a crucial role in the field of molecular liquid crystals (LCs). Their 
mesophases show anisotropic optical properties and can therefore be used as functional materials in 
recent technologies, such as displays or information storage devices [1] and in electronic or 
optoelectronic technologies [2,3]. The present work focuses on the thin film characterization of 
novel low-molecular-weight bi- and tetramesogens with linear disiloxane and cyclic tetrasiloxane 
linkers in combination with long-chain monoalkoxy mesogens (C12). The layer distances, the size 
of the domains along the film normal as well as the lateral correlation length of the smectic 
mesophases were determined with grazing incidence small-angle X-ray scattering (GISAXS). 

 

 

 

 

 

Thin films were prepared by spin casting of the compounds onto Si wafer substrates, drying in 
vacuum and annealing for 10 min above their melting temperatures. GISAXS experiments were 
carried out at beamline BW4 at HASYLAB/DESY. The wavelength λ was 1.381 Å. The beam was 
~20 µm high and 40 µm wide. A MarCCD camera was used as a detector with a sample-detector 
distance of 1.9 m. A tantalum rod (diameter 1 mm) was placed vertically in front of the CCD 
camera to screen it from the reflected beam as well as the intense diffuse scattering at small qy. The 
specularly reflected beam was additionally masked by a round beamstop. The domain size along the 
film normal, Ddomain, was estimated from the peak width using the Scherrer formula. The lateral cut-
off length of correlations of the layer interfaces, Λ, was estimated from the lateral width of the 
diffuse Bragg sheets.  

Fig. 2 shows 2D GISAXS images. Even though prepared from the same concentration and under 
the same conditions, the film from the linear bimesogen was thicker (822 Å) than the one from the 
cyclic tetramesogen (328 Å), indicating different solution viscosities. A large number of layers are 
stacked in the film (~18 and ~8 for the linear bimesogen and the cyclic tetramesogen). The 2D 
GISAXS images from the film of the linear bimesogen (Fig. 2, left) show two diffuse Bragg sheets 
(DBS), i.e. first-order reflections of the layer structure. Upon variation of the incident angle, the 
lower DBS stays at the same qz position and thus corresponds to the scattering of the direct beam 
(M1). In contrast, the upper one moves upwards and becomes weaker as the incident angle is 
increased; it is thus due to scattering from the specularly reflected beam (P1). A layer thickness D = 
48 Å is found. For this film, the DBSs are relatively broad in qz direction. The reason may be that 
the film consists of domains consisting of a few layers only. We deduce Ddomain ~300 Å, i.e. each 
domain consists of ~ 6 layers. The stacking of the layers is thus not perfect; rather, domains are 
present within the film. In contrast, the DBSs do not extend far along qy. The cut-off length of 
lateral correlations between different interfaces is thus relatively high, i.e. the layer thickness 
remains correlated over a large distance, Λ. The cut-off length of lateral correlations is Λ = 1085 Å, 
the correlations between different layers thus extend very far in the film plane. The GISAXS images 

Fig. 1. Schematic drawings of 
the mesogen packing in the 
linear bimesogen (a) and cyclic 
tetramesogen (b) structures. 

-570-



from the cyclic tetramesogen (Fig. 2, right) also display DBSs, which, however, are located at 
higher qz positions than for the linear bimesogen. Moreover, they are much wider along qy and 
much narrower along qz than the ones of the linear bimesogen. The film thus has a layer structure as 
well, however, with thinner layers (D = 43 Å), larger domains along the film normal (Ddomain ≅ 400 
Å) and a less extended lateral correlation (Λ = 270 Å) than in the linear compound. This is 
consistent with a model for the packing of the different mesogens, which shows more dense 
packing structures for cyclic tetramesogens compared with the linear bimesogens. GISAXS thus 
gave detailed information on the arrangement of the smectic layers inside the films. Both for linear 
and cyclic siloxane linkers, layers parallel to the substrate surface are formed.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 2D GISAXS images. Left: Linear compoundRight: Cyclic compound. The incident angles 
are indicated in the images. The logarithmic intensity scale runs from 9 cts (blue) to 50 cts (red).  
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Dipalmitoyl-phosphatidyl choline (DPPC) is a zwitterionic lipid which is a major constituent of cell 
membranes.  Its monolayers at the air-water interface have been used as membrane-mimetic 
systems, and have been studied extensively with a large array of methods.  X-ray reflectivity and 
GIXD have been extensively applied to these monolayers since the pioneering work of Helm et al. 
in 1987 [1,2]. A few years ago we found that sodium salts of Hofmeister anions in the monolayer 
subphase caused the monolayers to expand.  GIXD experiments performed in HASYLAB proved 
that the electrolytes did not greatly affect the liquid-condensed phase of the monolayer, even 
though they did have a strong impact on the overall isotherm of DPPC [3]. In recent experimental 
isotherm work with DPPC monolayers at temperatures below ambient we have seen that salts affect 
the isotherms in more significant ways. We therefore decided to use GIXD to investigate what is 
happening to the crystalline DPPC phases in the presence of salts at low temperatures. 

Our original proposal asked for five days of beam time to examine a range of temperatures and 
sodium salts. Since the final beam time allocated was three days, we decided to carry out the 
investigation only at 12 °C.  The conditions of the experiments are summarized below: 

Table 1: Summary of experimental conditions. 

H2O    

NaNO3 solutions 0.25 M 0.75 M 1.5 M 

NaSCN solutions 0.1 M 0.25 M 0.75 M 

NaClO4 solutions 0.1 M 0.25 M 0.75 M 

NaPF6 solutions 0.1 M 0.25 M  

NaBφ4 solutions 5×10-6 M 5×10-5 M 5×10-4 M 

 

NaNO3 is a mildly chaotropic salt, which provides a small perturbation with respect to pure water 
as a subphase. The other four salts are strong chaotropes, in fact hexafluorophosphate and 
tetraphenylborate are very large anions. The latter has been shown to perturb the lipid monolayers 
in a very strong way at all temperatures, even at very low concentrations.  The preliminary analysis 
of the diffraction results has provided quite interesting insights about ionic effects on these 
monolayers. 

The usual tilted condensed phase, observed for DPPC at room temperature, is also found at 12 °C. 
In Table 2 we compare several characteristics of this phase at the two temperatures for DPPC 
monolayers over pure water. The comparison is made at a surface pressure of 30 mN/m, but the 
results are similar at all other pressures. It can be seen that the tilt angle, and the lattice parameters 
are smaller at the lower temperature, as can be expected from a natural contraction of the lattice. 
The presence of electrolytes creates a slight lattice expansion and increases the tilt of the lipid 
molecules. Figure 1 shows the inverse of the cosine of the tilt angle as a function of surface 
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pressure for a variety of subphases. The plots are linear, as expected from the theory, the lines of 
the salt solutions are slightly higher than the pure water line, and extrapolation to zero tilt angle 
shows that all these systems would retain the tilted lattice up to the point of the monolayer collapse. 
In addition the plot of the lattice distortion with respect to the square of the sine of the tilt angle is 

also linear, as expected from theory (results not shown). 

Table 2: Comparison of lattice parameters for the DPPC/H2O monolayers at two temperatures. 

 Tilt angle / ° Lattice constant a / Å Orthorombic lattice 
angle γ / ° 

H2O, 22 °C 32.3 5.60 123.2 

H2O, 12 °C 28.7 5.39 122.3 
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Figure 1: Plot of the inverse cosine of the tilt angle as a function of surface pressure for various subphase 
conditions. 

Sodium hexafluorophosphate is an exception in the above plot. The slope for this salt is much 
higher, implying that at a higher (but still attainable) surface pressure the monolayer might revert to 
an untilted solid phase. Although this was not observed in the present experiments, the transition 
was indeed observed with the even more chaotropic tetraphenylborate anion. At concentrations as 
low as 5×10-5 M in the subphase and at all surface pressures above 20 mN/m an untilted solid 
monolayer phase was observed. The fwhm of the Bragg rods decreases in this case with decreasing 
pressure, indicating that the part contributing to the scattering becomes shorter and shorter. This 
means that at low pressures only a small part of the chain orders. The rest should be disordered. As 
far as we can tell, such a phase has not been observed for DPPC before, because of the difference of 
the cross sections of the lipid headgroup and the two aliphatic chains. It is clear that this large 
“hydrophobic” ion adsorbs at the monolayer very strongly and affects the packing of the chains 
hence it must also affect the headgroup conformation in a significant way. The current findings 
provide a very nice view of the subtle specific ion effects on lipid monolayers, and suggest that the 
more chaotropic anions should be investigated in the future in much more depth in this and related 
systems. The complete GIXD results coupled to information from other measurements (pressure-
area isotherms, Brewster-angle microscopy and Infrared-reflection absorption spectroscopy) will 
form the basis for an extensive publication later this year.  
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The deposition of metallic nano-particles onto solid surfaces is of interest in a wide range of topics 
from nanoelectronics and nanosensors to nanocatalysts. One way of to achieve patterns of ordered 
nanoparticles is to apply a continuous flow over the substrate via a micro-fluidic channel [1, 2].  
X-rays are a useful probe for the investigation of flow and processes in micro-fluidic systems. In 
transmission geometry (SAXS, small angle x-ray scattering) growth processes or the orientation of 
nanoparticles can be followed. With the application of a reflection geometry in GISAXS (grazing 
incidence small angle x-ray scattering) and a special designed fluidic cell also surface sensitive 
investigations are possible [1]. With this method the selective immobilization of gold nanoparticles 
on one block of a micro-phase separated block-copolymer surface was investigated in-situ leading 
to the growth of gold nanowires [2]. 

 

Figure 1: Set-up of micro-fluidic cell   a: installation at MiNaXS beamline; arrow indicates the incoming  
x-ray beam   b: top part cell design with Luer connectors for one inlet and two outlets.  

In figure 1a the set-up of the micro-fluidic cell at the micro- and nanofocus x-ray scattering 
beamline (MiNaXS/P03) at the synchrotron source PETRA III is shown. The x-ray beam was 
focused to a size of 35 µm x 22 µm by beryllium compound refractive lenses. The arrow in figure 
1a depicts the x-ray beam from the position of guard slits to the position hitting the micro-fluidic 
cell. The fluidic cell for GISAXS investigations comprises a top part made of a copolymer based on 
cyclic olefines shown in figure 1b. The material is transparent to visible light and has a relative low 
absorption in the x-ray range used in the experiments. The top part is connected to the surface to be 
investigated (e. g. a thin polymer film on a glass slide with a metallic clamp as shown in figure 1a). 
The channel geometry (1 mm wide and 1.3 mm deep) enables the study of the solid-liquid interface 
during the continuous flow stream of a solution with a broad range of flow rates. There are two 
inlets allowing for mixing experiments and chemical reactions. 
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In this study the attachment of high aspect ratio gold nanorods to surfaces of calcium-alginate is 
investigated. Spin-coating of thin films of sodium-alginate and subsequent cross-linking with 
divalent calcium ions leads to water insoluble films. The high aspect ratio gold nanorods with a size 
of 25 nm x 256 nm are stabilized with cetyltrimethylammoniumbromide (CTAB). The polyanion 
alginate serves as a counterpart to the nanoparticles with net-positive charge. Only one of the inlets 
of the micro-fluidic cell is used to pump the aqueous nanoparticle dispersion with 0.05 ml/min. A 
scan of the micro-fluidic channel (along y-direction in figure 1b) is carried out, collecting scattering 
data for 0.5 s at 70 positions in 250 µm distance from each other. The duration of one scan is 180 s. 
The flow experiment is run for 1 h with 20 subsequent scans along the channel. This procedure 
offers a time as well as a position resolved investigation of the nanoparticles attachment at the same 
time.  

Figure 2: 2d detector patterns for flow experiment with gold nanorods on alginate surface; arrows indicate 
Bragg reflection spots. 

In figure 2 the 2d GISAXS detector patterns are shown for one of the positions on the channel. The 
2d patterns are marked with the number of the scan. The first scan shows the GISAXS pattern of 
the dry alginate film. The characteristic features arising with flow of the nanoparticle dispersion are 
Bragg reflections indicated with arrows in the 4th scan of figure 2. The Bragg reflections are 
accompanied by a ring shaped intensity centered by the direct beam. With following scans (6th and 
20th run are shown in figure 2) the Bragg reflections as well as the ring shaped intensity are more 
pronounced and observed at smaller q-values. The scattering patterns with Bragg reflections 
indicate domains of 2d cylindrical hexagonal structures oriented parallel to the surface. 

 

 

 

Figure 3: Contour plots of vertical cut of 
2d detector pattern for 70 positions on 
the micro-fluidic channel. 

In figure 3 the GISAXS data dependent on the position of the micro-fluidic channel are illustrated 
with a contour plot of a vertical (detector) cut for the 70 positions on the channel investigated. The 
contour plots are shown for the 4th and the 20th run. Whereas in the 4th run one Bragg reflection is 
clearly observable, in the 20th run this reflection is shifted to smaller qz to the area which is not 
accessible by the detector because of the frame bordering two modules (see also 20th run in 
figure 2). Further data evaluation and the additional use of real space imaging techniques for the 
nanoparticle covered alginate surface after the flow experiment will allow for the description of the 
attachment of gold nanorods dependent on time and position on the fluidic channel. 

This work has been financially supported by the BMBF (grant number 05K10WOA).  
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Lithium-containing polyethylene oxides have been extensively studied as solid ion-conductive 
electrolytes for solid-state Li batteries [1, 2]. The ion-conducting solid polymer electrolyte should 
have the ability to accommodate a high fraction of free ions, as they contribute to the net charge 
transport, while maintaining outstanding mechanical/thermal stability. Mostly, solvent-free 
composites have been made via a dry mixture of the semicrystalline polyethylene oxide (PEO) 
polymer, lithium salt, and other filling components, such as ceramic fillers, inorganic plasticizers, 
nanoparticles, or ionic crystals. However, a major drawback of the solvent-free composites is that 
the polymer electrolyte solid matrix does not attain a homogeneous mixing level with the lithium 
salt, thus, only limited improvement in the conductivity performance is gained. 

 
The complex forming capability of PEO with lithium ions appears to be best achieved by mixing a 
solution of both PEO and lithium salt. Thus, wet chemical routes can offer an interesting 
alternative to the common solvent-free preparation. Here, we investigate the morphology of block 
copolymer electrolyte thin films based on the diblock copolymer (DBC) polystyrene-block-
polyethylene oxide, denoted P(S-b-EO), and the alkali salt of lithium (bis) 
trifluoromethanesulfonimide; Li[N(CF3SO2)2]. To achieve very thin films, the solid-state 
electrolyte films have been prepared via spin coating from a solution containing both components 
(DBC and Li salt). The thin hybrid films are investigated using optical microscopy (OM), atomic 
force microscopy (AFM) and grazing incidence small angle scattering (GISAXS). The GISAXS 
measurements were carried out at beamline BW4 [3] of the DORIS III storage ring at HASYLAB 
DESY, Hamburg. In GISAXS, the incoming X-ray beam impinged onto the sample surface at a 
small incidence angle αi, and the scattered signal was collected using a 2D detector. The selected 
wavelength was λ = 0.138 nm. The pathway of the X-ray beam was evacuated, and the beam was 
focused to the size of 30 × 60 µm2 using an assembly of compound refractive lenses. The X-ray 
beam divergence in and out of the plane of reflection was set by high-quality entrance cross-slits. 
A 2D detector (MARCCD; 2048 × 2048 pixels) was placed at a distance of DSD = 1.971 m from 
the sample. For the experiments presented here, a point-like movable beam stop was placed in 
front of the detector in order to block the specular reflection of the sample surface. The sample was 
placed horizontally (xy plane) and at an incidence angle αi =0.49° to the incidence X-ray beam. 

 
 

Figure 1: Topography (left) and phase (right) AFM images of 
lithium-containing P(S-b-EO) diblock copolymer thin film with 
different Li/PEO ratios. At a critical Li/PEO ratio, a 
nanostructured film with cylindrical PS domains in PEO matrix is 
formed (c&d). At ratios larger than cLi/PEO, no more Li salt can be 
injected into the polymer thin film. The Li salt significantly 
aggregates at the surface of the polymer film, creating large-size 
particles (e&f).  
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The incidence angle was chosen well above the critical angle of both the polymer film and the 
substrate (αc(PS)= 0.154, αc(PEO) = 0.161°, αc(Si) = 0.22°). 

 
Figure 2: (a) Horizontal cut in qy-direction and (b) vertical cut in qz-direction of the 2d GISAXS data of 

lithium-containing P(S-b-EO) diblock copolymer thin films with different Li/PEO ratios. The Li/PEO ratios 
increases from bottom to top. The second qy profile from the bottom represents a nanostructured film with a 

critical cLi/PEO ratio. 

The DBC is used to obtain a microphase separation structure. The block ratio between PEO and PS 
is chosen to have a major PEO component as a potentially high ion conducting phase, while the PS 
block is a minor component that forms glassy nanodomains. The hard, glassy PS domains, within 
the soft PEO matrix, can allow for better mechanical stability of the resulting solid-state electrolyte 
thin films. The results (Figure 1) have shown that the PEO is subject to crystallization, due to a 
strong tendency for PEO chain folding. The addition of lithium salt up to a very small critical 
concentration cLi/PEO prohibits PEO chain aggregation and, hence, hinders crystallization. Instead, a 
micro-phase separation process is dominant, and nano-sized cylinders of PS domains in a PEO 
matrix are formed. Upon further increase of the lithium salt concentration, the PEO chains lack the 
ability to solvate more lithium ions. Lithium salt aggregates on the surface are observed (Figure 1). 
The solvation ability of the PEO to lithium ions is mainly limited by the excessive strain effect to 
wrap around the lithium ions in case interfaces are present in thin film geometry. Large-size salt 
particles on the sample surface of high lithium-content films ruin the initially established 
morphology of the DBC film (Figure 1). The qy profile of the film with a cLi/PEO ratio (second from 
bottom in Figure 2) shows a significantly strong structural peak at qy= 0.11 nm-1. For the 
cylindrical composition DBC thin film, the perpendicular orientation of the cylinders (PS domains 
within the PEO matrix) can only be formed as long as the crystallization of the PEO is suppressed. 
The observed peak in the GISAXS data appears due to cylindrical domains with a radius, R, of 18 
nm and height, H, of 51 nm (perfectly matching the 50 nm thickness film) and are separated by an 
average interparticle distance, D, of 57 nm in a liquid-like ordered structure. 
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Thermo-responsive polymers have attracted more and more attention due to the wide field of 
applications, such as valves in micro-fluidics [1], optical switches, and the release of drugs in the 
body [2]. With an external temperature stimulus, these polymers will switch between a collapsed 
and an extended chain conformation. Poly(N-isopropylacrylamide) (PNIPAM) is a frequently 
investigated thermo-responsive polymer. It has a lower critical solution temperature (LCST) (at 
32oC) closed to room temperature, which will limit its use in some tropical countries. In order to 
overcome this disadvantage, recently a very promising new thermo-responsive homopolymer, 
poly(monomethoxy diethyleneglycol acrylate) (PMDEGA), was successfully synthesized, 
exhibiting a higher LCST value. As PMDEGA has a higher LCST (at 40oC) than PNIPAM, it could 
be an interesting alternative to the use of PNIPAM. 

 

Figure 1: GISAXS data of a 40 nm thick PMDEGA film: two dimensional GISAXS patterns of the a) initially 
prepared film and b) of the film after exposure to water vapour. 

In order to probe the change of the internal structure of a PMDEGA film before and after exposure 
to a water vapor atmosphere, grazing incidence small angle X-ray scattering (GISAXS) was carried 
out at the beamline BW4 of the DORIS III storage ring at HASYLAB (DESY, Hamburg). The 
samples were prepared by spin-coating on pre-cleaned silicon wafers, resulting in a PMDEGA film 
thickness of 40 nm. At BW4 the selected wavelength was λ = 0.138 nm. The sample was placed 
horizontally on a goniometer. A beam stop was used to block the direct beam in front of the 
detector (MARCCD; 2048 x 2048 pixels). A second, point-like moveable beam stop was also used 
to block the specular peak on the detector. The incident angle was set to αi= 0.35° for the initially 
prepared PMDEGA film, and αi= 0.365° for the PMDEGA film after exposed to water vapor, 
which is well above the critical angles of PMDEGA (0.149°) and of Si (0.20°). At the chosen 
sample-detector distance of 2.22 m (for the initially prepared PMDEGA film) and 1.99 m (for the 
PMDEGA film after exposed to water vapor), the Yoneda and the specular peak were well 
separated on the detector. 

Figure 1 presents the two dimensional GISAXS patterns of the initially prepared film (left) and 
after exposure to water vapor atmosphere. By making vertical cuts from these two dimensional data 
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at qy=0, Figure 2 is obtained, in which Yoneda and specular peak are indicated with arrows. 
Obviously, the vertical cuts exhibits no modulations in the intensity and only the Yoneda and 
specular peak are present, even though the resolution of the setup is well sufficient to resolve 
possible modulations in the intensity caused by correlated roughness. The reason for the absence of 
such roughness correlation can be attributed to the low glass transition temperature of PMDEGA 
(at -50oC), meaning that the initially prepared PMDEGA film has sufficient mobility to cure the 
long ranged correlation. Because of that, no correlated roughness is found for PMDEGA films. 

 

Figure 2: Vertical cuts from these two dimensional data at qy=0 with Yoneda and specular peak indicated 
(initially prepared at bottom and water vapor exposed top curve). 

The film surface structure was measured with atomic force microscopy (AFM). Figure 3 shows the 
smooth sample surface as probed with AFM. No heterogeneities are found in freshly prepared films 
and the rms-surface roughness is less than 1 nm. When the films are exposed to water vapor the 
rms-surface roughness increases to 1 nm, because the water will increase the mobility of polymer 
chains. However, the films are still homogenous and flat. 

 

Figure 3: AFM micrographs of a) initially prepared PMDEGA (40 nm thickness), b) after exposure in water 
vapor. 

In conclusion, by spin-coating, flat and homogenous PMDEGA films are obtained. The low glass 
transition temperature and high mobility of PMDEGA polymer chains cures roughness correlation 
in the PMDEGA films right after preparation.  
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         Tensile drawing of semicrystalline polymers is often accompanied by formation of 
cavities, which manifests itself by strong whitening of the material. The research conducted 
during recent years allowed to understand better many aspects connected with formation of 
discontinuities  in  the  material  and to  demonstrate  that  cavitation  is  actually  an  important 
phenomenon, which nevertheless frequently masks true mechanisms of deformation [1, 2]. 
Even though a number of factors influencing the intensity of cavitation are known, such as 
thickness and orientation of crystals, molecular weight of a polymer,  deformation rate and 
temperature or thickness of interlamellar regions, the nature of nuclei initiating cavitation in 
polymer materials during their deformation as well as the influence of the physical parameters 
of amorphous phase on the phenomenon are still not known.
         Recent studies carried out by us at HASYLAB concerned the impact of the purification 
process of polypropylene on cavitation accompanying stretching of such material [3]. It is 
known that in the case of low-molecular liquids and during crystallization of a polymer from a 
melt solid impurities act as heterogeneous nuclei favouring cavitation. Therefore, it is possible 
that stabilizers and low molecular weight fractions present in the material play a similar role 
during  uniaxial  tension  of  crystalline  polymers.  In  situ  recorded  SAXS patterns  (Fig.  1) 
allowed us to trace the growth and reorganization of the shape of cavitation pores in the 
reference  (RS)  and  purified  sample  (PS)  (purification  using  extraction  with  a  nonsolvent 
mixture (hexane/chloroform/ethanol 4/1/1, v/v/v)).  
         In the case of the reference sample (RS), signals indicating formation of cavities in the 
material,  on  SAXS  patterns,  are  already  observed  at  the  local  strain  equal  to  0.13.  The 
obtained scattering pattern indicates that cavities at this stage of deformation are of ellipsoidal 
shape and are oriented with their long axis perpendicularly to the direction of deformation 
(signal in the meridional region on a scattering pattern). The specific arrangement and shape 
of cavities is forced by the lamellar structure of the material. On further deformation stages, 
an increase in intensity of the registered signal is observed in the aforementioned region of a 
scattering  pattern,  up  to  the  strain  of  0.8.  At  this  stage  of  deformation,  a  signal  in  the 
equatorial region of a scattering pattern is also registered, which indicates the presence of the 
second population of cavities oriented parallel to the direction of the applied force. Signal 
appearing in this region of the scattering pattern at the cost of intensity in the meridional 
region demonstrates that subsequent plastic deformation mechanisms of the material (lamellar 
fragmentation) activated at this stage of deformation also force reorganization of the shape of 
cavities. Further stages of deformation (>0.8) are accompanied by a substantial decrease in 
size  of  cavitation  pores  perpendicularly  to  the  direction  of  deformation  and  their  strong 
orientation toward the direction of deformation. For a local strain equal to 4.5, one observes a 
decrease in the intensity of signal coming from the cavities. The reason for this effect is that 
cavities  enlarge with deformation,  and finally  most  of  them scatter  X-rays  outside of the 
SAXS detection limit. 
         Deformation of the purified samples is also accompanied by cavitation. It proceeds 
almost  identically  as  in  the  case  of  reference  material;  however,  a  significant  difference 
concerns the intensity of scattering signals coming from cavities at subsequent stages of
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Figure 1. Small-angle X-ray scattering patterns of a series of polypropylene samples: (a) RS and (b) 
PS.  Patterns correspond to the local  strain of  samples.  Deformation rate,  6.7×10-4 s-1;  direction of 
deformation, vertical [3].
        
deformation. Analysis of the presented scattering patterns indicates that the intensity of the 
cavitation process increases in the purified material. The extraction process, which resulted in 
the removal of substances capable of nucleating cavitation, surprisingly did not decrease the 
intensity of cavitation but produced a reverse effect: an increase in the number of cavitation 
pores formed during deformation of the material. It is evidence of fact that the fluctuations of 
free volume play crucial role in nucleation of voids. That conclusion was confirmed by the 
studies of positron anihilation spectroscopy.
      The number of experiments done at Doris beamline A2 during last year of the project 
(2010) was limited by breakdown of the synchrotron in time assigned for our measurements.
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Glycopolymers as synthetic macromolecules featuring pendant carbohydrate moieties have 
received much attention because of their promising biological and biomedical applications [1,2]. 
This kind of polymers can play a decisive role in molecular recognition processes since they reveal 
strong interactions with lectins through the saccharide moieties in the so-named glyco-cluster effect 
[3].  Therefore, the development of suitable and simple synthetic methods to incorporate key sugar 
units to polymers is nowadays of great importance. The better scenario is to obtain glycopolymers 
that exhibit the excellent properties inherent to their polymeric nature as well as these commented 
molecular recognition characteristics. The synthesis of saccharide-containing polymers with well-
defined structure is usually performed by two methods: a) the polymerization or copolymerization 
of sugar bearing monomers by conventional or controlled polymerization techniques [4,5] and b) 
the chemical modification of an appropriate macromolecular carrier with a saccharide-containing 
reagent [6].  

This work deals with the evaluation of the phase morphology exhibited in the solid state of triblock 
copolymers, synthesized by ATRP, that are precursors of glycopolymers by their further chemical 
modification. These amphyphilic triblock copolymers are based on poly-n-butylacrylate, PBA, as 
difunctional macroinitiator -i.e., as inner block- and of poly(2-hydroxylethyl methacrylate), 
PHEMA as outer blocks, at two different compositions. Then, these triblock copolymers were 
labeled with the degree of polymerization of each block (See in Table and Figure). On the other 
hand, the studies of their aggregation characteristics in water solution by dynamic light scattering 
have pointed out their ability to form micelles. 

The linear dependence of ln [M]0/[M] with reaction time in addition to the linear increase of 
molecular weight with conversion and the low polydispersity exhibited by these glycopolymer 
precursors indicates that polymerization occurs in a controlled manner. The thermograms obtained 
by DSC of the PHEMA-b-PBA-b-PHEMA triblock copolymers have shown the presence of two 
glass transition temperatures, which are located at temperature relatively close to those observed in 
their homologous homopolymers. The existence of these two glass indicates that phase separation 
takes place. The triblock PHEMA196-b-PBA91-b-PHEMA196 copolymer undergoes the glass 
transition of its PHEMA block at temperatures slightly lower than PHEMA, fact that seems to point 
out that separation is not as perfect as that occurring in the PHEMA31-b-PBA91-b-PHEMA31 
copolymer  

Tabla 1. Glass transition temperatures for the triblock coplymers and their corresponding 
homopolymers (difunctional PBA macroiniciator and PHEMA) synthesized all by ATRP.  

Specimen Tg1 (ºC) Tg2 (ºC) 

Br-PBA91-Br -49.9 - 

PHEMA31-b-PBA91-b-PHEMA31 -45.9 61.5 

PHEMA196-b-PBA91-b-PHEMA196 -51.0 53.1 

PHEMA140-Cl - 58.9 
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The different chemical character of the two blocks comprising these well-defined PHEMA-b-PBA- 
b-PHEMA triblock copolymers facilitate the existence of their phase separation. The microdomains 
existing in a block copolymer when phase separation occurs can be randomly distributed or, in 
other cases, may form a regular arrangement giving rise to a periodic structure that usually 
generates profiles in the SAXS region. Therefore, the analysis of these profiles will allow, if 
electron density contrast is high enough, identifying the morphology developed. Figure 1 shows the 
SAXS profiles and their temperature dependence for a heating process of these two triblock 

copolymers. 
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Figure 1: SAXS profiles at different temperatures obtained  in a heating process for the two 
glycopolymers precursors analyzed. 

Profiles obtained directly from the 2D pattern after its integration show a first order q* peak for the 
different PHEMA-b-PBA- b-PHEMA amphyphilic glycocopolymer precursors whose position depend 
on copolymer composition. Then,  the peak appears in the PHEMA31-b-PBA91- b-PHEMA31 copolymer 
at 24.9 nm while in the PHEMA196-b-PBA91- b-PHEMA196 is observed at  40.8 nm. Moreover, high-order 
reflections are seen in both triblock copolymers, whose relative position with respect to the first 
order q* peak is 1: √3: √7: √9, fact that preliminarily seems to indicate the development of 
hexagonally packed microdomains with long-range spatial arrangements.  
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Nanostructured block copolymer thin films find a number of applications, especially as templates 
for inorganic materials, which may be used as optical elements or data storage devices [1]. Spin-
coating is often used to prepare films because it is a fast and easy technique and results in 
homogeneous thin films, but the fast self-assembly introduces defects and multi-domain structures. 
Therefore, thermal annealing has frequently been applied to remove defects and thus to improve the 
orientation and the long-range order [2]. Annealing temperature is a key parameter because it 
influences both, the interfacial tension between the two blocks and the polymer mobility. The latter 
is of particular importance in the case that one of the blocks is in the glassy state at room 
temperature, such as the frequently used polystyrene (PS). Only above its glass transition 
temperature, Tg, the block is expected to be sufficiently mobile to enable long-range diffusion of the 
block copolymer. 

We have studied thin films of lamellar (P(S-b-B)) diblock copolymers having a molar mass of 216 
kg/mol to elucidate the mechanisms of structural changes induced by thermal treatment [3]. 
Initially, the lamellae have the perpendicular orientation [4]. In-situ grazing-incidence small-angle 
X-ray scattering (GISAXS) at beamline BW4, HASYLAB at DESY, as well as ex-situ atomic force 
microscopy (AFM) and X-ray reflectometry (XRR) were used. The annealing temperature was 
varied in a wide range (60 – 130°C), i.e. below and above the Tg of the PS block (~100°C) (Tg  of 
polybutadiene block is ~ -80°C). The samples were heated to the target temperature within ~35 min. 
After a GISAXS image was taken, the samples were cooled down to room temperaturewithin ~40 
min, and another image was taken. At BW4, the wavelength was λ = 1.38 Å with a bandwidth of 
10-4 (Si(111) monochromator), and the beam was focused by Beryllium compound refractive lenses 
to a size of ~40 µm × 20 µm (horizontal × vertical) at the sample position, which limits the 
footprint to ~6 mm at an incident angle of 0.2°. A tantalum rod with a diameter of 1.5 mm served as 
a beam stop for the intense reflected beam and the strong diffuse scattering in the incident plane. 
Parasitic scattering around the intense specularly reflected beam was in some cases blocked with an 
additional, disk-like beamstop. A MarCCD area detector was used for the detection of the scattered 
intensity. The pixel size was 79.1 µm x 79.1 µm. The sample-detector distance was 1.915 m. 

At room temperature, the 2D GISAXS image displays straight and elongated Bragg rods (BRs) 
which indicates the perpendicular lamellar orientation (Figure 1a). Oscillations between the Yoneda 
peaks of the polymer and of the substrate are clearly visible, indicative of a well-defined and 
smooth film surface, in consistency with AFM. From their lateral positions, a lamellar thickness of 
854 ± 5 Å is determined using Bragg’s law. The AFM height image shows randomly oriented, small 
lamellar domains with many defects (Figure 1b). The lamellae themselves are not continuous but 
consist of small grains. The 2D Fourier transform (Figure 1b, inset) displays a distinct ring, which 
corresponds to a repeat distance of 940 ± 30 Å.  

 

 

Figure 1. 2D GISAXS image (a), AFM height image, 
size 3 µm × 3 µm (b) and 2D Fourier transform (b, 
inset), all at room temperature. The circle in (b) marks 
a lamellar domain where the lamellae are composed of 
grains. 
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To investigate the structural changes during thermal treatment of the films, we have carried out in-
situ GISAXS measurements at the target temperature and after subsequent cooling down to room 
temperature. At temperatures between 60°C and 100°C, the BRs bend inwards (Figure 2, left). We 
attribute this bending to tilting of the lamellae away from the purely perpendicular orientation. 
Upon subsequent cooling down to room temperature (RT) (Figure 2, middle), the straight and 
elongated BRs reappear, i.e. the perpendicular orientation is recovered. In contrast, upon thermal 
treatment at 105°C and 120°C, the BRs not only bend inwards, but their scattering intensity 
becomes very weak. Moreover, the BRs do not quite recover after cooling down to RT. After 
annealing at 130°C, the DBRs do not reappear upon cooling down to RT, i.e. the structural changes 
are irreversible. AFM images of the surface taken ex-situ after cooling to room temperature (Figure 
2, right) show that after annealing between 60 and 100°C, the local order at the surface improves 
slightly. In contrast, after annealing at 105-120°C, the surface order is lost. In summary, the 
perpendicular orientation is unchanged by thermal treatment up to 100°C, destabilized between 
100°C and 120°C, but partially reversible. The lamellar structure is completely deteriorated at 
130°C. Migration of polybutadiene (PB) to the surface occurs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have thus found that the processes during thermal annealing strongly depend on the treatment 
temperature. In particular, the highest glass transition temperature of the two blocks plays an 
important role: after annealing below the glass transition temperature of the PS block, Tg(PS), the 
perpendicular orientation is unchanged after cooling down to RT, whereas a more random lamellar 
orientation is observed after treatment above Tg(PS) and subsequent cooling. We conclude that 
thermal treatment and subsequent cooling result in complex changes of the lamellar structure, 
which occur both, when heating the sample to the treatment temperature and when cooling down. 
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Figure 2. In-situ results at the target temperature 
and after cooling down. For each annealing 
temperature, we show 3 images: GISAXS at the 
target temperature (left) and after cooling down to 
room temperature (middle) and ex-situ AFM image 
(right). The target temperatures are given in each 
row. The blue horizontal lines show the regions 
used to construct the intensity profiles. The AFM 
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We investigate a ABA-triblock copolymer where the B-block consists of poly(N-
isopropylacrylamide) (PNIPAM) and the A-blocks consist of poly(3,5-dibromobenzyl acrylate) 
(PDBA). The polymer was polymerized using RAFT-polymerization [1]. The combination of a 
hydrophilic center part (PNIPAM) in the triblock copolymer and a hydrophobic end part (PDBA) 
causes formation of star-like micelles in aqueous solution. From such solutions thin films were 
produced with spin-coating (2000 rpm, 60 s) on silicon substrates pre-cleaned with an aqueous 
solution of ammonia (NH3) and hydrogen peroxide (H2O2) which leads to a very smooth 
hydrophilic surface. The basic idea is to build a similar structure as in the solution on the substrate, 
where cylindrical domains should be formed due to the ratio between PNIPAM block and the 
PDBA blocks. On top of this structured thin triblock copolymer film we have sputtered gold and 
investigated the resulting structures in-situ with grazing incidence small-angle X-ray scattering 
(GISAXS). 

 

Figure 1: Left: 2D-GISAXS images recorded with start-stop sputtering. The calculated thickness of the gold 
film is given in the pictures, the color bar on the right. For images with strong scattering a rod-like 

beamstop was used to shield the central part of the detector. Right: Horizontal cuts at the critical angle of 
the polymer, the curves are shifted from bottom (0 nm) to top (14 nm) for clarity. The black points show the 

data, the red lines are fits as explained in the text. 
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The measurement was performed at the beamline BW4 at HASYLAB, Hamburg, with a 
wavelength of 1.38 Å and a beamsize of 23×36 μm2 (vertical×horizontal). The distance between the 
sample and the detectors was chosen to be 2017 mm. The sample was placed in a sealed sample 
stage that was evacuated for the sputtering. Two different detectors were used, a Pilatus 300k 
detector with a resolution of 619×487 pixels and a pixel size of 172×172 μm2 and a MarCCD 
detector with 2048×2048 pixels resolution and 71.9×71.9 μm2 pixel size. The two detectors were 
mounted on a moveable stage so switching between the two detectors was possible by remote 
control from the computer outside of the experimental hutch. 

The Pilatus detector with its fast and noise free measurement was used to record scattering images 
with an accumulation time of 1 second to observe the changes in the scattering pattern in-situ while 
sputtering. In order to get higher spatial resolution and better statistics we repeated the 
measurement with a start-stop sputtering mode. In this mode sputtering is done for a given time, 
then the sputtering was stopped, and a GISAXS measurement with the MarCCD detector was 
conducted. Accumulation time was increased to 20-30 minutes (depending on the intensity of the 
scattered signal) for better statistics and when necessary the scattering at qy=0 was shielded by a 
rod-like beamstop. A comparison between images of both detectors with the same amount of gold 
deposited on the polymer film shows qualitatively very similar pictures. Therefore the 2D-images 
shown in figure 1 were all obtained with the higher spatial resolution and better statistics using the 
start-stop sputtering mode. 

The first 2D-image (0 nm in fig. 1) was taken before the start of the gold sputtering and shows a 
structure in the triblock copolymer film with a lateral size of roughly 35 nm, which is clearly seen 
in the out-of-plane cut shown on the right side of fig. 1 (bottom curve). All of the out-of-plane cuts 
of the 2D GISAXS data have been fitted with an effective surface model to retrieve information 
about the position of the structure peaks. Already after deposition of nominally 2 nm of gold, the 
strong scattering of the gold dominates the scattering-image and the small peak visible before the 
beginning of the sputtering has vanished. A new peak is seen for high qy-values that corresponds to 
the average distance of gold clusters formed on the surface. For longer sputtering times it can be 
clearly seen that this peak moves towards lower qy-values, indicated by the red arrow in the graph, 
which denotes an increase in lateral structure size. The peak positions of the pure polymer film and 
the gold sputtered on top are at different values, so the formation of the gold clusters is not 
preferably at one block of the triblock copolymer and the polymer structure has no direct influence 
on the formation of the gold clusters in terms of defining a matrix with different sticking 
coefficients for gold. In the 2D-images also a peak along the qz-axis is visible that, for longer 
sputtering times, moves to lower qz-values, which corresponds to an increase in thickness of the 
deposited gold. In the image with nominally 14 nm deposited gold the second order peak is visible 
along the qz-axis. 

It has been previously reported that the gold deposition on polymer thin films follows a four step 
route [2]. The first step is nucleation of small gold particles on the surface that grow laterally in the 
second step. In the third step coarsening of the gold clusters takes place. By this coarsening, the 
cluster size as well as the average distance of the clusters increases. This increase in distance is 
what the out-of-plane cuts in figure 1 show. So the first two steps are too short to see them on the 
obtained GISAXS images. The fourth step is the vertical growth, which can be seen in the peaks in 
qz direction as mentioned before. In summary we have shown that the deposition of gold on a 
P(DBA-b-NIPAM-b-DBA) triblock copolymer is very similar to the deposition on a homopolymer 
film. The GISAXS-measurements clearly show that the polymer film is structured but the structure 
does not influence the growth of the gold film, which was investigated in-situ. 
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Supramolecular chemistry is aimed at the design and construction of well-defined molecular 
assemblies, by exploiting intermolecular non-covalent interactions [1,2]. In this sense, the air-water 
interface is an ideal platform for this purpose: a supramolecular structure in a pure state is easy to 
be prepared, and the surface coverage can be smoothly adjusted by using the Langmuir trough 
technique [3]. Moreover, Langmuir monolayers are interesting not only for a fundamental 
perspective, but also as a procedure to build an ordered system on mesoscopic length scales [4]. 
The physicochemical properties of molecularly organized nanometric systems are defined as a 
function of chemical composition and structure, as well as intermolecular interactions. Langmuir 
monolayers can be composed from an extensive array of molecules. Molecules with photophysical 
interest are preferred for forming the films in the research presented herein. Organic dyes are 
versatile, as well as attractive compounds, because of their tunable photophysical properties as a 
function of their aggregation state.  

For the case of self-aggregating molecules, the spontaneous aggregation is usually the driving force 
for micrometric structure formation [5,6]. The aggregates of the dye molecules lead to significant 
changes in their photophysical properties. The absorption features are monitored in situ, at the 
air/water interface, by UV-vis reflection spectroscopy [5]. As the formation of aggregates is 
favored by the confinement of the molecules at the air/water interface, a detailed study on 
aggregate formation and properties is required for understanding and controlling the 
supramolecular assemblies. 

In this project, we have studied mixed films containing an amphiphilic derivative (SP) and stearic 
acid (SA) in a molar ratio 1:1. Each SA molecule provides only an alkyl chain to the set, so the 
minimum perpendicular section of the 1:1 mixture would be around 0.4 nm2 per SP molecule. The 
SA molecule can offset the positive charge of SP as it is negatively charged at neutral pH. The 
alkyl chain of SA is also shorter than that of SP. Therefore the hemicyanine aggregation would not 
be shielded by the dye molecular tilt.  

Our study attempts to obtain information on the possible changes in the packing of the alkyl chains. 
Thus, the molecular organization and the domain morphology of SP:SA = 1:1 mixed films have 
been studied by using Grazing Incidence X-ray Diffraction (GIXD), Brewster angle microscopy 
(BAM) and reflection spectroscopy at the air-water interface, as well as transmission spectroscopy 
of the monolayers transferred onto quartz. 

The crystalline phases of stearic acid have been described along monolayer compression as L2-Ov-
LS. The transition surface pressure into the non-tilted LS phase is 24.6 mN/m. Figure 1 shows the 
corrected X-ray intensities as a function of the scattering vector components Qxy and Qz for the 
mixed SA:SP monolayer in a molar ratio 1:1 at T = 21°C. The X-ray diffraction patterns have been 
recorded at three different surface pressures: 3, 10 and 25 mN/m. In the investigated interval of 
surface pressures, there are two clear and well-defined Bragg peaks. The observed nearest neighbor 
(NN) tilt direction coupled with a next-nearest neighbor (NNN) unit-cell distortion direction is 
described as a L2h. Therefore, the mixed monolayer SP:SA adopts a L2h phase at low values of 
surface pressure. Above the phase transition surface pressure of ca. 5 mN/m, the mixed monolayer 
SP:SA exhibits a non-tilted condensed phase with an orthorhombic unit-cell. The packing mode is 
pseudo-herringbone. In conclusion, the molecular arrangement of the mixed Langmuir monolayer 
has been quantitatively described. At ~5 mN/m, the chains adopted an untilted conformation with 
NNN unit-cell distortion. This distortion might be ascribed to the effect of the bulky SP head group. 
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Figure 1: Contour plots of the corrected X-ray intensities as a function of the in-plane and out-of 
plane scattering vector Qxy and Qz components for the mixed SA:SP monolayer in a molar ratio 1:1 
at T = 21°C. The GIXD measurements have been performed at different values of surface pressure. 

From bottom to top: 3, 10 and 25 mN/m. 
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Poly(aryl ether ketone)s (PAEKs) such as PEEK are an important class of high performance 
engineering thermoplastics displaying a unique combination of thermal stability, chemical and 
solvent resistance, excellent mechanical properties over a wide temperature range and good fire 
resistance [1]. Recently, our group reported the synthesis and characterization of single-walled 
carbon nanotube (SWCNT)-reinforced PEEK nanocomposites [2,3]. We have developed strategies 
to efficiently incorporate the SWCNTs in the PEEK matrix such as the use of compatibililizing 
agents, polymers structurally similar to and miscible with the matrix that possess groups capable of 
interaction with each composite component. Uniform CNT dispersion and improved nanotube-
matrix interfacial adhesion are critical issues in the processing of these composites in order to 
achieve efficient load transfer across the interface. In this study, an amorphous thermoplastic, 
polysufone, was chosen as compatibilizer for PEEK/SWCNT composites. The sp

2
 hexagonal 

networks of the SWCNTs would to undergo Л interactions with the aromatic moieties of the 
polysulfones. Likewise, the phenyl and bisphenol-A moieties of the compatibilizers would interact 
with the polymer matrix through Л-Л stacking. Therefore, the dual affinity of the polysulfones with 
the filler and matrix is expected to rule the wrapping process and the compatibilization effect. 

In this work, different concentrations of raw laser-grown (LG) SWCNTs (0.1, 0.5 and 1.0 wt.%) 
wrapped in polysulfone (PSF) were incorporated in PEEK matrix by melt-mixing using a Haake 
Rheocord 90 extruder operating at 380 ºC, with a rotor speed of 150 rpm during 20 min. The 
composites were pressed into thin films at 380 ºC under 130 bar and refrigerated between metal 
plates at 15 ºC.  

The crystallization and melting behaviour of PEEK/SWCNT nanocomposites was investigated by 

DSC and time-resolved synchrotron X-ray diffraction. Figure 1 shows the effect of SWCNT content 

on the melting temperature Tm of PEEK. As it can be observed, the addition of very small amounts of 

SWCNTs wrapped in PSF leads to a slight increase in Tm, whereas it slightly decreases at higher 

concentrations. Moreover, the apparent melting enthalpy ∆Hm and the degree of crystallinity derived 

from the heating curves Xm also display analogous behaviour, showing an increase at low filler 

contents and a slight decrease at 1.0 wt% CNT loading. The inactive nucleating role of the wrapped 

nanofillers, the confinement of the matrix chains within the CNT network and the presence of an 

amorphous compatibilizer might have caused the decrease in the Tm and the slight reduction in the 

crystallinity of composites including 1.0 wt% SWCNTs.  

 

Figure 1 also displays the development of the long period L as a function of temperature for pure 

PEEK and composites including different laser-grown SWCNT contents wrapped in PSF. The peak 

maximum of SAXS diffractograms recorded during heating from room temperature to the melt was 

used to calculate L (L=1/smax) [4], which represents the sum of the average thickness of the crystal 

lamellae and the interlamellar amorphous regions. All the samples tested exhibit a remarkable 

increase in the long spacing from ~270 ºC up to the approach of the melting point. This evolution 

of L suggests the existence of rearrangement processes and improvement (i.e. perfection and 

thickening) of the matrix crystals during the heating cycles subsequent to the crystallization process 

[5,6]. With regard to the L data for the different samples, it can be observed that composites 

including 0.1 wt% wrapped SWCNTs exhibit larger values than PEEK, whilst those containing 

higher concentrations display smaller L. This should be related with the melting behaviour of the 
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composites; the decrease in Tm is reflected in the formation of smaller and less perfect crystals that 

exhibit lower L. On the other hand, differences between L values of the composites and the matrix 

decrease with increasing temperature, and become negligible (<3%) in the vicinity of the melting 

point. This behaviour indicates that the effect of reorganization and perfection of the PEEK crystals 

is favored in the samples with smaller crystal size.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: DSC melting thermograms and long period L values as a function of temperature for 
PEEK/SWCNT composites compatibilized with polysulfone (PSF).  
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Pressure, one of the fundamental thermodynamic variables, allows to change in a controlled and re-
versible way the intermolecular interactions of proteins in solution without the major perturbations
produced by changes in temperature and/or chemical composition. For example, pressure allows
to study unfolding of proteins at ambient temperatures and leads to a more compact structure than
heat denaturation [1, 2]. In addition, recent studies on high pressure small angle x-ray scattering
(SAXS) in combination with spectroscopic techniques on diluted protein solutions allowed yielded
a deeper insight into the molecular details that control protein folding reactions [2, 3, 4].

Hydrostatic pressures are also relevant for understanding the existence of life under extreme con-
ditions, as for instance in exobiological or deep sea environments, where organisms have to cope
with pressures up to 1 kbar (100 MPa). Owing to the high protein concentrations encountered in
biological cells, studies of protein-protein interactions as a function of pressure are needed in order
to understand the high stability of dense protein solutions as they are observed in biosystems living
under high hydrostatic pressure conditions.

Figure 1: SAXS curves of lysozyme solution (c = 100 mg/ml) as a function of pressure at 25 ◦C. Solid lines
are the refinement using the liquid-state theory. Herein, q = 4π/λ sin(Θ/2) denotes the wave vector transfer
which is a function of wavelength λ and scattering angle Θ.

Following our previous studies on diluted solutions, we studied the influence of pressure on con-
centrated solutions of the protein lysozyme, which is still stable at such conditions. We investigated

-592-



the influence of pressure on the protein-protein interaction potential of dense protein solutions and
analyzed the SAXS data using a liquid state theoretical approach to extract the interaction po-
tential. The SAXS measurements were performed using a custom-built high pressure cell [5] at
BW4, HASYLAB. A pressure range up to 4 kbar has been covered. For modeling the interaction,
the Derjaguin-Landau-Verwey-Overbeek (DLVO) potential in the mean spherical approximation
(MSA) was used, yielding potential parameters as a function of protein concentration, temperature
and pressure [6]. A non-linear pressure dependence of the attractive part of the interaction potential
V (r) is observed.

Figure 1 displays the scattering curves of a concentrated lysozyme solution (concentration c = 100
mg/ml) as a function of hydrostatic pressure at 25 ◦C together with the refinement. Up to a pressure
of about 2 kbar, the correlation peak shifts to higher wave vector transfer q. Upon further pressure
increase, this shift is reversed. In terms of the depth of the interaction potential, J , this non-linear
pressure dependence results in a minimum of J at 2 kbar. Variation of temperature and protein
concentration leads of a change of the attraction strength, however, the pressure dependence persists
[7]. Recently we also studied the influence of biological relevant cosolvents, like trimethylamine-
N-oxide (TMAO) and urea, on the pressure dependence and how these modulate the interaction.
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by SAXS
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Experiment and Motivation. Time-resolved 2D SAXS measurements are conducted at HASY-
LAB beamline A2 during load cycling of polymer (polypropylene/multi-walled carbon nanotubes)
test bars with a strain rate close to ±2.7 × 10−3 s−1 using HASYLAB tensile tester. The wave-
length of the X-ray beam is 0.15 nm, and the sample-detector distance is 2556 mm. Scattering
patterns are collected by a 2D detector (marccd 165, mar research, Norderstedt, Germany) oper-
ated in 1024 × 1024 pixel mode. During deformation experiments, scattering patterns are recorded
every 60 s with an exposure of 50 s. A TV-camera monitors the sample during the test to follow the
deformation. A new method for calculating the macroscopic strain close to the beam position has
been devised and recently published [1]. The same kind of experiments have been previously done
on other types of multi-phase polymeric materials [2]. The main objective of such experiments is to
establish relationships between microstructural variations and behavior of polymers under dynamic
loads. This will improve our understanding of fatigue mechanisms in polymeric materials. At the
moment the lowest possible exposure time is still too long for running real fatigue tests. But, it
might become possible with PETRA III.

Summary of Results. Automated computer programs written in PV-WAVE® environment are
applied to accelerate data analysis. Both the pure material and the nanocomposite sample exhibit
2-point meridional SAXS patterns which are characteristic of oriented polymers. During deforma-
tion the intensity decreases and the peaks move toward the center. However, the variations of the
SAXS patterns are subtle, and it is not possible to draw any conclusions merely based on the them.
Therefore, chord distribution function (CDF) is calculated from the SAXS patterns in order to vi-
sualize the microstructure in physical space. To obtain more information about the microstructural
variations, the nanoscopic strain, εnano, is calculated based on the variation of the number-average
long period, as determined from the CDFs.
Strain, nanoscopic strain, and stress during load cycling are presented in Figs. 1 and 2 for the pure
and nanocomposite samples, respectively. Both samples show little macroscopic fatigue which is
inferred from the mild decrease in the stress level from cycle to cycle. The nanoscopic strain is
smaller than the macroscopic strain in both cases. This effect has been observed in other materials
as well and has been attributed to the resistance of the amorphous phase between lamellae against
large deformations due to the taut tie molecules or to a heterogeneous stress distribution [2]. The
nanoscopic fatigue is readily assessed from the decrement of successive maxima in εnano(t). Obvi-
ously, the blending with CNT effectively decreases the nanoscopic fatigue of the material. In order
to explain this finding we speculate that the stress is effectively transferred from the polypropy-
lene matrix to the nanotubes, and a reinforced semicrystalline layer system experiences a lower
stress in comparison with the semicrystalline system of the pure polypropylene. Hence, the car-
bon nanotubes stabilize the nanostructure of polypropylene and improve fatigue properties of this
material.
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Figure 1: Variations of stress (σ ), macroscopic strain (ε) and nanoscopic strain (εnano) of the polypropylene
sample during load cycling
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Figure 2: Variations of stress (σ ), macroscopic strain (ε) and nanoscopic strain (εnano) of the polypropy-
lene/MWCNT sample during load cycling
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Polymer-based solar cells (PSC) have attracted tremendous interests due to low production cost, 
mechanical flexibility, light-weight properties, and similar theoretical power conversion efficiency 
(PCE) as compared with silicon-based solar cells (around 16%) [1]. However, despite these 
promising features, a detailed understanding is still limited. It is clear that the film morphology is 
very important for the device performance. Several factors influence the morphology of a polymer 
in a thin film geometry (active layer). Most important are the used polymer and solvent 
combination, the chosen concentration of the polymer solution, as well as some the post production 
treatments, such as thermal annealing. All these parameters together determine the final efficiency 
of the PSC.  

In our research, the influence of different solvents on the morphology of the active layers and the 
PCE are investigated. The active layers are spin-coated from a mixture of poly(3-hexythiophene) 
(P3HT) and phenyl-C61-butyricacid methylester (PCBM). Four different solvents, namely 
trichloromethane, toluene, chlorobenzene and xylene are used to prepare the solutions for spin-
coating. By applying grazing incidence small angle x-ray scattering (GISAXS), the inner 
morphology of the active layers is revealed. In combination with the surface structure information 
obtained from atomic force microscope (AFM), the whole morphology of the active layer is 
accessible. 

 

Figure 1: (a) Absorption curves of P3HT:PCBM films made from different solvents: trichloromethane 
(black), toluene (red), chlorobenzene (green) and xylene (blue). Two-dimensional GISAXS images of 

annealed samples made from (b) trichloromethane, (c) toluene, (d) chlorobenzene and (e) xylene. 

To allow for comparison, samples with similar film thickness are examined by UV/Vis 
spectroscopy, and the absorption curves are shown in figure 1a. These curves are obtained from 
different active layers of the samples spin-coated from polymer solution of 7 mg/mL in 
trichloromethane, 18 mg/mL in toluene, 24 mg/mL in chlorobenzene, and 24 mg/mL in xylene. As 
seen from figure 1, the absorption spectra of the blend films follow a linear superposition of the 
spectrum of the individual materials, indicating that significant ground-state charge transfer does 
not occur in these blends [2]. The absorption range is mainly between 260 and 400 nm for PCBM 
and 400 to 600nm for P3HT. 
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The images in figure 1b to 1e show two-dimensional GISAXS images of the four annealed samples 
prepared from different solvents. GISAXS provides molecular resolution of the buried interfaces of 
the thin films or multilayer systems [3]. Different morphology information is revealed by different 
shapes of 2d GISAXS intensity distribution. As seen in these 2d GSIAXS data, a broad specular 
peak for the annealed sample made from trichloromethane results from an ill defined structure 
inside this film. Therefore, the efficiency of a corresponding solar cell is merely 0.34%. However, 
for the samples made from toluene, chlorobenzene and xylene, well defined structure are revealed 
by the 2d GISAXS data, which is in good agreement with the high efficiency of the solar cells, that 
is, 1.77%, 1.74%, and 1.89%, respectively (for non optimized solar cells). In addition, a broad 
Yoneda peak appears both in the annealed samples made from toluene and xylene. Such broad 
Yoneda peak typically originates from a large roughness such as a well developed internal blend 
morphology, which may be correlated with the fact of higher efficiency. 

 

 

 

 

 

 

Figure 2: AFM topography images obtained from annealed P3HT:PCBM films with scan size of 2*2 μm2. 
The used solvents in the four images are b) trichloromethane, c) toluene, d) chlorobenzene and e) xylene, 

respectively. 

To probe the surface morphology atomic force microscopy (AFM) measurement were performed. 
In the AFM topography images, shown in Figure 2b to 2e, a phase separation structure is observed. 
Correspondingly, nano-structured surface pattern with a roughness of about 1 nm are revealed for 
all the samples made of different solvents. Fourier transformation analysis shows surface structures 
size are mainly around several hundreds nm, whereas the inner structure sizes are between 35 and 
85 nm as determined with GISAXS. Thus, the surface structures of the blend films are bigger as 
compared to the inner film structures for all the annealed samples [4]. 

In summary, a strong influence of different solvents on the morphology of the active layers is 
observed by different experimental techniques. In addition, a good phase separation of the polymer 
active layer is formed due to thermal annealing, breeding higher efficiency. The annealed xylene-
based solar cell has the optimized phase separation due to the influence of the solvent properties 
and the applied annealing process in correspondence with the highest probed efficiency. 
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Magnetic nanoparticles in an insulating matrix, such as a polymer matrix, have recently attracted 
tremendous interest due to the unique physical and chemical properties of the nano-sized 
metal/polymer composites. A good control over the size, shape and spacing between nanostructured 
metal dispersed in a 3D polymer film matrix afford an opportunity to tune and optimize the 
magnetic response of the surface in a magnetic field. Many routes are used to fabricate metal 
polymer nanocomposites [1-4].  

The symmetric P(S-b-MMA) diblock copolymer thin film with lamella structure is prepared. After 
spin coating of the P(S-b-MMA) solution onto the pre-cleaned silicon substrates, the polymer films 
are annealed at 120°C for 3 days. A nano-porous polymer film is achieved via a chemical etching 
process. The chemical etching process based on UV light exposure (5min) and the chemical acetic 
acid (70% v/v) treatment were used to partially remove the PMMA domains without ruining the 
originally established polymer film structure. 

 

Figure 1: Two dimensional GISAXS patterns of P(S-b-MMA) diblock copolymer thin film before (a) and 
after (b) etching step. The  qy (c) and αi + αf (d) GISAXS line cuts of P(S-b-MMA) diblock copolymer thin 

film before and after chemical etching step from bottom to top.  

The GISAXS measurements were carried out at beamline BW4 of the DORIS III storage ring at 
HASYLAB DESY, Hamburg. In GISAXS, the incoming X-ray beam impinged onto the sample 
surface at a small incidence angle αi, and the scattered intensity was collected using a 2D detector. 
The selected wavelength of the X-rays was λ = 0.138 nm. The pathway of the X-ray beam was 
evacuated, and the beam was focused to the size of 30 × 60 µm2 using an assembly of compound 
refractive lenses. The X-ray beam divergence in and out of the plane of reflection was set by high-
quality entrance cross-slits. A 2D detector (MARCCD; 2048 × 2048 pixels) was placed at a 
distance of DSD = 2.015 m from the sample. For the experiments presented here, a point-like 
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movable beam stop was put in front of the detector in order to block the specular reflection of the 
sample surface. The sample was placed horizontally (xy-plane) and at an incidence angle αi =0.49° 
to the incidence X-ray beam. Structural information can be obtained from horizontal (qy-direction) 
and vertical cuts (qz-direction) of the 2D intensity distribution (Δq = 1.79 ×10-3 nm-1). The qy cut is 
parallel to the sample surface (at qz position of maximum intensity), and the qz cut perpendicular to 
the surface at qy = 0.  

The PS domains in the lamella structure with a periodic distance of around 40.5 nm is prepared as 
indicated from both AFM (data is not shown) and GISAXS data (Figure 1). The difference in the 
scattering length densities of both PS and PMMA blocks is 1.03x10-4 nm-2, however between PS 
and air (0.79 N2 + 0.21 O2) is 9.6x10-4 nm-2. This means that the x-ray contrast between the PS and 
air block is almost 9 times higher than between PS and PMMA blocks. The improvement in the 
contrast and the appearance of a highly pronounced scattering peak for the etched polymer film 
(Figure 1) is a strong proof of an effective chemical etching process. In a further experiment, 
polymer grafted PtCo nanoparticles were deposited onto both etched and non-etched diblock 
copolymer thin films via a dip coating method.  

 
Figure 2: qy (a) and αi + αf (b) GISAXS profiles of etched P(S-b-MMA) diblock copolymer thin films. From 
bottom to top: particles free, PSS grafted PtCo nanoparticles, PVP grafted PtCo nanoparticles of different 

particle sizes 

From the GISAXS measurements, the particle size is an important parameter. The diameter of the 
PtCo should be around the half periodic distance of the lamella structure of the polymer film, so 
that the particle can deposit in registry with one domain or the other of the nanostructured block 
copolymer thin film and hence a metal nano-pattern can finally be achieved. Figure 2 shows the 
scattering profiles of particle-free, PtCo nanoparticles deposited diblock copolymer thin films. On 
the etched polymer film, PVP grafted PtCo nanoparicles tend to aggregate into large assemblies 
due to low affinity towards the PS domains. 
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The unidirectional growth of materials to form nanowires or nanotubes has attracted enormous 
interest in recent years. Due to their many interesting properties (i.e. small dimensions, high 
anisotropy, and intriguing tube-like structures) carbon nanotubes (CNT) were found to be promising 
additives to polymeric materials leading to the enhancement of various properties of the resulting 
composites [1]. However, the fabrication of high quality composites often requires very pure 
starting material, good particle dispersion and strong interaction and adhesion between 
nanoparticles and polymer matrix. These requirements still pose great difficulties for CNT 
composites. For these reasons synthesis of alternative filler particle types, in particular inorganic 
nanotubes, becomes increasingly important. 

The formation of nanotubes is not unique to carbon-it is a genuine property of two-dimensional 
(layered) compounds. Inorganic layered compounds are abundant, in particular among the transition 
metal chalcogenides. The first synthesis of inorganic nanotubes (i.e. tungsten disulfide (WS2) and 
molybdenum disulfide (MoS2)) were reported by Tenne in 1992 and 1993, respectively [2,3]. Since 
then, the number of articles on successful growth of inorganic nanotubes (INTs) from inorganic 
compounds has increased rapidly, emphasizing the importance of this field for nanotechnology, 
with potential applications, in catalysis, rechargeable batteries, drug delivery, solar cells and 
electronics [4,5]. More recently, we have successfully developed a new family of nanocomposites 
that integrated promising INT-MoS2 in isotactic polypropylene (iPP) by means of the most simple, 
cost-effective and ecologically friendly processing way (i.e. melt-processing route). The successful 
dispersion of INT-MoS2 has been found exceptionally effective in improving the thermal and 
mechanical properties of iPP, without using modifiers or surfactants [6]. The present work is 
particularly focused on the analysis of the dynamic crystallization behaviour of iPP/INT-MoS2 
nanocomposites using DSC and X-ray diffraction techniques  

The isotactic polypropylene (iPP) used as matrix was provided by REPSOL (Spain) and the INT-
MoS2 inorganic nanotubes were kindly supplied by NANOTUL (Slovenia). Several concentrations 
of INT-MoS2 (0.1, 0.5 and 1 wt. %) were introduced in the iPP matrix by melt-mixing using a 
micro-extruder (Thermo-Haake Minilab system) operated at 210 ºC and a rotor speed of 150 rpm 
for 15 min. 

The crystallization behaviour of the iPP/INT-MoS2 nanocomposites was investigated by DSC using 
a Perkin Elmer DSC7/Pyris differential scanning calorimeter. Prior to the cooling, the samples were 
held at 210 ºC for 5 min to erase the thermal history of iPP. Different crystallization experiments 
were performed by varying the cooling rates (i.e 1-20 ºC.min

-1
). As example, Figure 1.a shows the 

dynamic crystallization exotherms of iPP/INT-MoS2 nanocomposites obtained during cooling from 
the melt state, where it can be observed that the crystallization temperature peak (Tc) is affected by 
the presence of the INTs. This effect was clearly a function of composition, showing an increase of 
around 4ºC in this parameter with 0.1wt.% INT-MoS2. At higher INT-MoS2 concentrations, the 
value of Tc for iPP continues to rise and tends to stabilize for the highest concentrations of 0.5 and 
1%, with increments of around 10ºC. In the same way, the crystallinity increases up to 14 % with 
the INT-MoS2 content, from a value of 50 % for iPP, to values of 54, 57 and 56 % for the 
nanocomposites with 0.1 wt.%, 0.5 wt.% and 1 wt.%, respectively. 

To gain insight into the crystallization behaviour of the nanocomposites, the crystal morphology and 
structure of melt-crystallized iPP/INT-MoS2 were investigated by simultaneous SAXS/WAXS 
measurements using synchrotron radiation at the A2 beamline of the HASYLAB synchrotron facility 
(DESY, Hamburg). As an example, Figure 1.b shows the in-situ WAXS experiments of an iPP 
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nanocomposite containing 1 wt.% of INT-MoS2. Five strong peaks at 2θ of 14º, 16.7º, 18.5º and 
21.7º corresponding to (110), (040), (130) and (111) planes can be seen in the integrated WAXS 
intensity, indicating the existence of typical α-form PP crystals. No other crystalline forms of iPP 
were detected during cooling of the nanocomposites. On the other hand, the dependence of the 
lamellar structure of iPP on composition can also be obtained from the SAXS experiments of the 
nanocomposites during the crystallization from the melt at 10 ºC/min. As an example, the results 
obtained at room temperature indicated that the addition of INT-MoS2 caused no appreciable 
change in the long period (L) of iPP (i.e. ~ 15 nm). From the results of the L data, the possible role 
of the INT-MoS2 on the variation of thickness of the crystal lamellae of iPP can be elucidated. As 
an approximation, L can be considered as the sum of the average thickness of the crystal lamellae 
and of the interlamellar amorphous regions. In addition, the parameter L and the crystallinity can 
also be used as a simple approach to estimate the average thickness of the crystal lamellae of iPP. 
Therefore, the increase in crystallinity of the iPP/INT-MoS2 nanocomposites, observed previously 
from the DSC data, could be connected to the increase of the size of the crystallites of iPP in the 
iPP/INT-MoS2 nanocomposites. 

 

Figure 1: Crystallization behaviour of iPP/INT-MoS2. 

Acknowledgements: M.N. thanks the CSIC for a postdoctoral contract and the European 
Commission for the X-ray synchrotron experiments performed at the Soft Condensed Matter A2 
beamline at HASYLAB (DESY-Hamburg, I-20100101 EC). Thanks and Appreciation go to Prof. 
Maja Remskar (Jozef Stefan Institute/Centre of Excellence PoliMat, Slovenia) for the synthesis of 
inorganic nanotubes (INT-MoS2). 

References 

 

[1] M. Moniruzzaman, and K.I. Winey, Macromolecules 39, 5194 (2006). 

[2] R.Tenne, L. Margulis, M. Genut, and G. Hodes, Nature 360, 444 (1992). 

[3] L. Margulis, G. Salitra, R. Tenne, and M.Talianker, Nature 365, 113 (1993). 

[4] M. Remškar, Adv. Mater. 16, 1497 (2004). 

[5] R. Tenne, Nat. Nanotechnol. 1, 103 (2006). 

[6] M. Naffakh, M. Remškar, C. Marco, M.A. Gómez-Fatou and I. Jiménez. J. Mater. Chem. in press 

(2011). 

 

-100

-80

-60

-40

-20

0

20

70 80 90 100 110 120 130 140 150

Temperature (ºC)

d
Q
/d
T
 (
a
.u
.)
  
  
E
n
d
o
. 
> iPP

0.1 wt.% INT-MoS2
0.5 wt.% INT-MoS2
   1 wt.% INT-MoS2

0.5wt.%

T
e
m
p
e
r
a
tu
r
e
 (
ºC

)

2θθθθ (º)
8      12     16     20     24     28

I 
(a
.u
.)

(110)
αααα

(040)
αααα

(130)
αααα
(111)

αααα

30

50

70

90

110

130

150

170

190

210

T
e
m
p
e
r
a
tu
r
e
 (
ºC

)

2θθθθ (º)
8      12     16     20     24     28

I 
(a
.u
.)

(110)
αααα

(040)
αααα

(130)
αααα
(111)

αααα

30

50

70

90

110

130

150

170

190

210

1wt.%

10ºC/min

(a) (b)
DSC

WAXS

-100

-80

-60

-40

-20

0

20

70 80 90 100 110 120 130 140 150

Temperature (ºC)

d
Q
/d
T
 (
a
.u
.)
  
  
E
n
d
o
. 
> iPP

0.1 wt.% INT-MoS2
0.5 wt.% INT-MoS2
   1 wt.% INT-MoS2

0.5wt.%

T
e
m
p
e
r
a
tu
r
e
 (
ºC

)

2θθθθ (º)
8      12     16     20     24     28

I 
(a
.u
.)

(110)
αααα

(040)
αααα

(130)
αααα
(111)

αααα

30

50

70

90

110

130

150

170

190

210

T
e
m
p
e
r
a
tu
r
e
 (
ºC

)

2θθθθ (º)
8      12     16     20     24     28

I 
(a
.u
.)

(110)
αααα

(040)
αααα

(130)
αααα
(111)

αααα

30

50

70

90

110

130

150

170

190

210

1wt.%

10ºC/min

(a) (b)
DSC

WAXS

-601-



Dynamic susceptibility measurements of colloidal 
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Understanding the glass transition of supercooled liquids is a long-standing problem in condensed 
matter and statistical physics. In recent years, the research efforts have focused on the role of 
dynamic heterogeneity as the underlying reason for the increase in the viscosity of glass-forming 
liquids approaching the glass transition temperature TG. Numerical simulations [1] showed that near 
TG the dynamics becomes increasingly correlated in space. One of the basic problems is to find an 
observable that allows to measure and quantify such a correlation length. A candidate for that is the 
dynamic four-point susceptibility χ4 based on the four-point density correlator G4 

 

 

Theory predicts a rich time structure of         t,r4G
  with notable differences between common 

glass formation models in the time sectors of α- and β-relaxations [4].  χ4 can be measured in X-ray 
photon correlation spectroscopy (XPCS) experiments [2, 3] using colloidal particles in highly 
viscous solvents [5-7]. Typical features are a peak structure of χ4 and the typical hallmarks of 
heterogeneous dynamics as e.g. ballistic motion. 

We have investigated systematically the χ4 of supercooled colloidal suspensions with respect to 
colloidal particle sizes and colloidal concentrations. In this first experiment, we measured a 
concentration series (0.5–5% volume fraction) of stabilized SiO2 colloidal particles (radius ≈ 48nm 
and 81 nm) suspended in the molecular glass former dibutyl-phtalate (DBP) (TG = 186 K). We 
recorded time-series of coherent small angle x-ray scattering (SAXS) patterns with a Princeton 
CCD area detector at different temperatures around the molecular glass transition of the solvent. 
Measurements have been performed at different temperatures covering T = 187–298 K. We applied 
time-dependent higher order correlation functions to the data [8] and extracted the temporal-
resolved information by the instantaneous degree of intensity correlation between pairs of speckle 
images, CI, as a function of absolute time t and delay τ between images given by  

 

 

                                     

where Ip(t) is the scattered intensity at pixel p and time t. The brackets denote the average over 
circular regions of pixels corresponding to a mean value of equivalent q. χ4 is then extracted by 
calculating the variance of CI. 

A first analysis of the data (Figure 1) shows that the particle size seems to affect the shape of χ4 

more strongly than the colloid concentration. In comparison to other measurements, multiple 
relaxation times (τ) become visible in χ4 only at the smallest colloid-particle size (radius 48nm). It 
is tempting to interpret such an observation as fingerprint of the size of cooperative rearranging 
regions. Such a finding may give direct access to temperature dependent size limits of the 
cooperative rearranging regions, which would advance the understanding of glass physics 
considerable. 
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Figure 1: Experimental results of SiO2 (48nm [c-d] and 81nm [e-f]) colloidal particles coated with 3-
(trimethoxysilyl) propyl methacrylate and solved in DBP at T = 185 K. (Two-times-correlation-functions 
(CI) [a] indicated by the red dots in [b] were calculated by analyzing time-series of CCD pictures. The multi-
peak structure of χ4 for the 48nm-sample indicates the appearance of dynamic heterogeneity during the glass 
transition of DBP at T = 185 K.) 
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Hydrogels consisting of block copolymers have attracted much attention in the field of biomedical applications 
mostly because of their biocompatibility and good capabilities as drug-delivery systems [1]. In particular, 
triblock BAB copolymers made of hydrophobic B end-blocks and a hydrophilic thermo-responsive A block are 
of large interest since their gelation capability can be finely tuned by adjusting the balance between the 
hydrophobic and the hydrophilic blocks [2]. Polyethylene oxide (PEO) [3], poly(ethylene glycol) (PEG) [4] and 
poly(N-isopropylacrylamide) (PNIPAM) [5] have been extensively investigated as thermo-responsive 
hydrophilic moiety in combination with several hydrophobic blocks. However, hydrogels of poly(monomethoxy 
diethylenglycol methacrylate) (PMDEGA) and of PMDEGA-based copolymers have not been explored in-depth, 
despite their biocompatibility and thermo-responsive properties.  

We study triblock BAB copolymers which have two short 
hydrophobic polystyrene end-blocks and a long hydrophilic 
PMDEGA middle block. In aqueous solution, they form flower-
like core-shell micelles or, above the critical gel concentration 
(CGC), micellar hydrogels. When they are heated above their 
lower critical solution temperature (LCST), the PMDEGA 
block becomes hydrophobic and releases water from the 
micellar shell, which consequently collapses and ultimately 
leads to a phase separation. Interestingly, the ratio between hydrophilic and thermo-responsive blocks 
remarkably affects both the CGC and the LCST. As model compound for this new class of triblock 
copolymers, we chose P(S8-b-PMDEGA345-b-S8) since the rheology data point at the formation of a 
viscous liquid, a soft gel and hard gel when such copolymer is dissolved in water at 5, 10 and 20 wt.%, 
respectively. Also, rheology indicates 26-27 °C as the gel point for the two latter cases. 

In order to determine the self-assembling motifs of P(S8-b-PMDEGA345-b-S8) at these three 
concentrations as a function of temperature, we use small-angle X-ray scattering (SAXS). 
Temperature-resolved SAXS experiments were performed at beamline A2, HASYLAB, at a 
wavelength λ = 0.15 nm and a sample-to-detector distance of 3.24 m. A MarCCD detector was used. A 
custom-made sample holder allowed heating from 17 to 44 °C, the temperature interval in which we 
expect to observe both the gel point and the phase separation due to the crossing of the LCST. The 
three samples were measured for 600 s after they were left to equilibrate at the set temperature for 10 
min. Increments of 3 °C were adopted to span the above-mentioned temperature interval. 

Figure 2 and 3 (left) show the scattering curves obtained at different temperatures for the samples of 5, 
10 and 20 wt.%. For all data sets, the forward scattering at low q values slightly increases with 
temperature until the LCST is reached. At the same time we observe a broadening of the peak which is 
due to the structure factor describing the correlation between the micelles. As expected, this feature is 
more pronounced and distinct for the case of 10 and 20 wt.%, suggesting that the micelles are more 
correlated to each other as the concentration is increased.  
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Figure 2: SAXS curves at different temperatures for P(S8-b-MDEGA345-b-S8) in water at 5 wt.% (left graph) and 

10 wt.% (right graph). The patterned areas indicate the LCST. 

Fitting of these curves using a model including spherical core-shell micelles points at a radius of the PS 
core of 4.3 nm and a shell thickness which depends on the concentration of the sample. The hard 
sphere radius is about 13 nm for the 5 wt.% sample, 12 nm for the 10 wt.% one and 10 nm when the 
concentration is raised to 20 wt.%. The contraction of the micellar distance is also accompanied by an 
increase of the volume fraction of hard spheres upon going from 5 to 20 wt.%. In agreement with 
rheology, these findings corroborate the concept of micellar hydrogels, whose stiffness is directly 
proportional to the polymer concentration. 
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Figure 3: Left, temperature-dependent SAXS curves for P(S8-b-MDEGA345-b-S8) in water at 20 wt.%. Right, 

hard sphere radius calculated from the fitted data as a function of temperature. The patterned areas indicate the 
LCST. 

Differently from the previously studied P(S-b-PNIPAM-b-S) block copolymers [5], the value of the 
overall micellar radius does not abruptly decrease once the LCST is crossed. On the other hand, the 
hard sphere radius continuously diminishes along the all temperature interval (Figure 3, right) 
reflecting the thermo-responsive nature of this triblock copolymers. 

We conclude that P(S8-b-PMDEGA345-b-S8) forms micellar hydrogels in H2O. Synchrotron SAXS 
allows us to monitor the structural changes of self-assembled core-shell micelles as a function of 
temperature and concentration. The data show that a stiff and hard hydrogel is formed when the 
micellar distance decreases to 10 nm, i.e. at a concentration of 20 wt.%. Interestingly, P(S8-b-
PMDEGA345-b-S8) exhibits a different thermo-responsive behavior compared to the extensively studied 
PNIPAM-based triblock copolymers. 
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It has long been suggested to carry out high-resolution imaging of non-periodic objects at 3rd and 
4th generation light sources by the method of single-particle diffractive imaging. In that method, 
diffraction  patterns  of  particles  are  acquired  one  at  a  time  in  various  orientations.[1]  Recent 
theoretical work by Saldin et al. has proposed a method by which the diffraction from multiple, 
randomly oriented identical  objects  can be deconvolved and the  scattered intensity  of  a  single 
object  can be reconstructed utilizing angular  spatial  correlations  (Figure 1).[2]  Once the  single 
particle  scattering  intensity  is  recovered,  traditional  phase  retrieval  algorithms  can  be  used  to 
reconstruct the real space electron density. The ability to reconstruct numerous identical particles 
are important for the ease of sample delivery, scattered intensity and damage thresholds of radiation 
sensitive materials, especially biological samples. Previous experimental work has imaged identical 
stationary particles on membranes as a proof of principle experiment and the angular correlations 
were  determined.[2]  These  particles  lie  in  a  common scattering  plane,  and  are  only  randomly 
distributed about  a single rotational axis.  The most  direct application is  for membrane proteins 
embedded in their native membrane where there is inherent alignment along one axis.[3]  For wider 
applicability, however, this algorithm must be shown to work on flowing or injected samples, where  
many biological samples can be imaged in their native environment.  The challenge is to image the 
particles with enough scattered intensity at a short enough timescales that rotational diffusion will 
not strongly affect the scattered intensities.  Flowing or injected particles will also not be imaged in  
the  same scattering  plane and  the  algorithms must  be  sufficiently  robust  to  work  for  particles 
randomly oriented about multiple rotational axis.  

Figure 1: (a) Simulated diffraction pattern of 10 randomly oriented rods and (b) the real space 
charge density of a single rod whose single particle diffraction intensity is reconstructed from 100 

simulated patterns such as (a)

An unfocused, coherent 8keV beam at the Coherence Applications Beamline, P10, at Petra III, was 
used to obtain the Small Angle Scattering (SAXS) of identical gold microrods of size 200x1000nm. 
The rods were suspended in a surfactant and water environment at a concentration of approximately 
1x108 particles/ml, corresponding to an average of 10 particles in the illumination volume of the 
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beam.   The  particles  were  imaged  in  a  stationary  state  with  only  rotational  and  translational  
diffusion,  and  also  flowing.   SAXS  images  of  multiple  microcrystals  were  taken  at  various 
acquisition times.  The acquisition time determines the scattering strength of the sample and will 
affect the imaging resolution as rotational and translational diffusion will blur out the scattering 
from single particles. SAXS patterns at acquisition times of 0.5 sec, 0.3 sec and 0.1 sec are shown 
in figure 2.  The strength of the scattering signal decreases at shorter acquisition times but at longer 
times, SAXS signal from individual stationary microrods are no longer distinguishable.

Figure 2: SAXS patterns of 200nm x 1000nm gold rods in aqueous solution taken at various 
acquisition times.  

This represents the first experimental work in obtaining SAXS diffraction of identical objects in 
random rotations about 2 axis for the purpose of angular correlation reconstruction.  The parameters  
needed for successful reconstruction, namely the particle concentration and the acquisition time 
will be determined from the analysis of the acquired patterns.  Future work will involve flowing 
high aspect ratio samples to maximize alignment along one axis to  aid the angular correlation 
algorithm reconstruction of a single particle diffraction pattern from multiple particle diffraction. 
Ongoing theoretical work and analysis of the reconstructability of multiple particle diffraction of 
particles randomly oriented not only in the scattering plane but also along orthogonal axis will 
widen the applicability of this technique to objects which are not inherently aligned.
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Polyamide 6/Clay Nanocomposites Prepared by In- situ 

Anionic Polymerization  

N. Dencheva, Z. Denchev, M. Motovilin  

I3N  - Institute for Polymers and Composites, University of Minho, campus Azurém, 4800-058 Guimarães, Portugal  

Nanostructured materials containing small amounts of layered silicate clays dispersed in a 

thermoplastic polymer matrix have attracted much interest from both academia and industry. The 

reason is that if the clay dispersion is homogeneous and within the nanometer length scale (i.e., 

exfoliated), very small concentrations can lead to significant enhancements of important 

mechanical and physical properties of the matrix polymer. One of the most relevant methods for 

industrial preparation of polymer clay nanocomposites in which the desired nanostructure is readily 

achieved is the polymerization of the respective monomer in the presence of montmorillonite 

(MMT). In the case of polyamide 6 (PA6) matrices, best properties were obtained by in-situ 

hydrolytic polymerization of ε-caprolactam. It has been repeatedly recognized
1
, that the activated 

anionic lactam polymerization, although much faster and leading to higher crystallinity and 

molecular weight of the neat polyamides, cannot be an option for the preparation of clay-reinforced 

polymer composite because of initiator deactivation and/or impossibility to achieve exfoliated 

morphologies. 

In this work, in order to overcome the drawbacks of the anionic polymerization in  the 

preparation of PA6/MMT nanocomposites, a new initiator (DL) was applied in combination with 

various mono- (SL1), bi-(SL2, TBL) and trifunctional (SL3) Si containing activators, thus varying 

the architecture of the growing polyamide molecule (Figure 1, a).  

 
 

 

 

 

 

 

 

Figure 1: a – Chemical structures of the activators applied; b – example of a WAXS pattern treatment of a 

selected nanocomposites sample 

 

The polymerization was carried out below the melting point of PA6 in the presence of two types of 
organically treated MMT clays (Cloisite 15A and Cloisite 20A). Thus, PA6-MMT nanocomposites 
were prepared and subjected to characterization of the nanostructure by synchrotron WAXS and 
SAXS using a MARCCD two dimensional detector at the A2 beamline of HASYLAB. The data 
obtained being now under processing will hopefully allow the correlation between the 
polymerization rate and conversion, as well as the degree of exfoliation in the PA6 nanocomposites 
with the initiator/activator type and concentration, used in the anionic polymerization. The tensile 
properties of selected composite samples were studied as a function of their nanostructure in 
simultaneous SAXS/straining experiments.  

      

 

 

 

PA6 (SL1-DL) with 2 wt. % Cloisite 20A 

a b 
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Figure 1, b is an example of the treatment of the 2D WAXS patterns. The isotropic WAXS 
scattering will be integrated along the radius and the resulting curves will be peak-fitted: with 
narrow Gaussian curves for the crystalline reflections of the α and γ-PA6 crystalline phases and 
with a broad Gaussian for the amorphous diffuse halo. The total crystallinity index and the fraction 
of the two polymorphs will be calculated in such a way for all samples. The data processing and 
evaluation for the SAXS patterns obtained under static and cyclic load will be similar to those described 
in [2].   

 
Acknowledgements: This work was supported by the FP6, RII3-CT-2004-506008 (IA-SFS) in the 
frames of project DESY-D-II-07-011. 

 

 

References 

 

[1] A. Okada A, A. Usuki, Macromol. Mater. Eng. 291, 1449 (2006). 

[2] Z. Denchev, N. Dencheva, S. S. Funari, M. Motovilin, T. Schubert, N. Stribeck, J. Polym. Sci B 48, 

237 (2010). 

  

-609-



Bulk sensitive photoemission studies on novel 

designed charge-transfer salts 

K. Medjanik
2
, A. Gloskovskii

1
, C. Felser

1
 and G. Schönhense

2 

1 Institute of Inorganic and Analytical  Chemistry, Johannes Gutenberg - University, Mainz,  Staudingerweg 9, 55128, 

Germany 

2 Institute of Physics, Johannes Gutenberg - University, Mainz, Staudingerweg 7, 55128, Germany 

Organic charge-transfer (CT) compounds are a class of materials that exhibit a variety of 

competing interactions between the charge, spin and lattice degrees of freedom, leading to a wide 

range of interesting physical properties. Organic molecules with -conjugated ring structures offer 

a huge potential for the design of novel charge-transfer compounds [1]. New organic CT-materials 

became more and more interesting, because they can behave as both semiconductors and insulators 

due to their covalent bonds. Research in this field is not only fuelled by potential applications in 

organic electronics but also by fundamental questions regarding the nature of the new electronic 

states formed in the CT complex. 

We studied UHV- deposited thin films and microcrystals of tetra- and hexamethoxypyrene as 

donors with the strong acceptor tetracyanoquinodimethane (TMPx/HMPx - TCNQy), which were 

grown from solution via vapour diffusion in different stoichiometries x:y = 1:1, 1:2 and 2:1 [2,3]. 

 

 

Figure 1.1 Nitrogen 1s (left panel) and oxygen 1s (right panel) HAXPES spectra for solution-grown 

microcrystals of the CT complexes HMPx-TCNQy and for pure TCNQ and HMP films. Spectra were taken 

at h = 6001.9 eV at PETRA III, Hamburg (energy resolution 440 meV). 
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Figure 1.2 Same as Fig. 1.1 but for UHV-deposited thin films of the CT complexes HMP - TCNQ and TMP 

- TCNQ. Spectra taken at h = 6001.9 eV at PETRA III, Hamburg (energy resolution 440 meV). 

Typical N 1s and O 1s spectra are shown in Fig. 1.1 for fractions of solution-grown 3D crystallites 

and in Fig. 1.2 for UHV-deposited films, respectively. In all cases the spectra of the compounds are 

compared with spectra of the pure donors and acceptors taken under exactly the same conditions. 

Sizeable chemical shifts (referenced to the pure donors and acceptors) and peak splittings are 

evident that also give important information on the degree of charge transfer in different 

compounds. Nitrogen is only contained in the cyano-group of the acceptor. The N 1s spectrum of 

TCNQ shows two peaks (A and B). In the spectra for the microcrystals (Fig. 1.1), the signals (C and 

D) show a shift up to 6 eV to higher binding energies, i.e. lower kinetic energies. This is in 

qualitative agreement with literature data for other TCNQ- containing compounds [4]. Likewise, 

oxygen is only contained in the methoxy groups of the donors and shows a splitting into two peaks 

(F, G) and a shift up to 2.5 eV in opposite direction, with respect to pure HMP. For the HMP – 

TCNQ film we observed only a small shift of signals A and B towards higher binding energies. For 

the TMP-TCNQ film, however, an intense new peak (C) appears, shifted by 2.2 eV to lower 

binding energy. In pure HMP the O 1s signal appears as a pronounced line at the highest binding 

energy (signal E (D in Fig. 1.2)), whereas in the compounds different signals with lower binding 

energies occur. The chemical shift is in opposite direction as for N 1s. The spectra of the HMPx-

TCNQy microcrystals (Fig. 1.1) reveal two bonding states of oxygen, one of which stays fixed 

(shifted by 2.2eV) but varies strongly in intensity (G) and the other one (F) is broadened and 

changes its energy position for the 2:1 compound (spectrum e). 
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National University, Seoul 151-744, Korea

3Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz,

Germany

In recent years, supermolecular helical structures generated from self-assembling discotic liquid
crystals, especially discotic compounds, have received considerable scientific interest owing to their
unique self-assembly structures and potential applications in devices, such as photovoltaic solar
cells, electroluminescent displays and field effect transistors [1-3]. It is well known that this class of
materials tends to form molecular stacks, that to good approximation can be considered as 1D
molecular wires [1-3]. Industry imposes significant driving force for further development of
synthesis routes, processing and characterization of high performance functional fibres.

  

Figure 1. Chemical structure of the molecule studied [4,5].

Here we outline an X-ray diffraction study of discotic liquid crystalline compounds (see figure 1).
The synthesis and processing of these fibres are reported in references 4 and 5. To investigate the
internal structure of these fibres, we have performed a series of Wide-Angle X-ray Scattering
(WAXS) measurements. Representative results of the measurements are shown in figure 2.

Parts of this study have been carried out using our X-ray laboratory at the NTNU Physics
department, comprising a rotating anode, a Xenocs mirror and a 1M Pilatus detector (a 2D area
detector operating in single-photon counting mode). Additional higher resolution experiments were
done using the 6-circle diffractometer at the W1 beamline, using a monochromatic high flux beam
of wavelength 1.18 .� The samples were mounted vertically in air, and measured at room
temperature. The scattered signal was detected by a Mythen detector, a 1D Si-strip detector.
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It is immediately evident from the experimental images that the compounds have a highly
crystalline fibre structure with a significant degree of preferred orientation and, for some of the
samples, a helical organization along the main fibre axis. The dimensions of the unit cell of the
compounds have been obtained and the intercolumnar arrangement deduced from the positions of
the equatorial reflections. We have also calculated the length of the helical pitch and the number of
residues per pitch in the helix, which for the sample shown here is found to be 21 Å. The large
number of higher order reflections in the WAXS patterns indicates a pronounced long-range
supermolecular order. The data analysis is in progress, and we intend to do detailed fitting on two-
dimensional scattering pattern obtained from these fibres using inhouse software [6]. In summary,
we have measured a set of discotic fibres. From the scattering patterns we have found that these
fibres are highly crystalline, with a highly developed fibre texture. 

Figure 2. a) WAXS patterns of discotic fibres, transformed to reciprocal space coordinate system, b) high
resolution equatorial scan of the same material, and c) details near the scattering equator.
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Aim 

Rifabutin and a newly synthesised antibiotic analog of rifabutin (RifaJC2) (Figure 1), that have 
proved to be successful at in vivo studies [1], were studied within this project. Membrane mimetic 
models (3D model systems) were used to understand how the newly synthesized drugs penetrate 
into the membrane, where they preferentially locate and what are the membrane biophysical 
consequences of the drugs (namely how is the packing and tilt angle of the lipids affected) which 
ultimately can be related with drug bioavailability and membrane induced toxicity. 

 

  

 

 

 

 

 

Figure 1: Chemical structures of Rifabutin (left) and analog (JC2). 

Achievements 

The structural modifications of multilamellar vesicles of dimiristoylphosphatidylcholine (DMPC) induced 
by increasing concentration of drugs were studied by small-angle (SAXS) and wide-angle x-ray (WAXS) 
scattering. The main results are presented in Figures 2 and 3. 

The results from SAXS and WAXS experiments of DMPC in fully hydrated DMPC at physiological pH are 
in good agreement with those in the literature. The lamellar lattice constant deduced from the SAXS patterns 
for DMPC, changes from 6.77 ± 0.05 nm in the Lβ’ phase, to 6.25 ± 0.05 nm in the fluid Lα phase where the 
bilayers present highly disordered chains. Deconvolution of the WAXS patterns gives the two parameters of 
the pseudo-hexagonal lattice of the chain packing, i.e., 4.09 ± 0.05 Å and 4.20 ± 0.05 Å, which are also in 
good agreement with the literature. Moreover, the diffraction peaks present a high correlation length (ξ) 
which indicates a good correlation between the bilayers.  

The experiments were made considering the hypothesis that the interaction of the drugs with DMPC 
depended on at least two factors: the drugs’ concentration and the initial organization of the lipids. 
Generally, at the Lα phase, rifabutin (data not shown) and rifabutin analog (Figure 2) increased the long 
range d values, which can be an indicator of enhancement of the water layer. The cooperativity was also 
affected, being reduced with increasing concentrations of drugs. 

 

 

-614-



 

 

 

 

 

 

 

 

 

 

Figure 2: SAXS patterns of DMPC; DMPC+JC2 (5 and 10%) in Lα phase. Solid lines give the best fit of the 
Lorentzian’s analysis model to the scattered intensities. 

At the Lβ' phase, rifabutin (data not shown) and rifabutin analog (Figure 3) influence the chain packing. Only 
one Bragg peak at 4.05 nm is observed, indicating a change from the orthorhombic unit cell of tilted chains 
to a hexagonal packing of nontilted chains, which correlates well with the change in the headgroup 
orientation to a more upright position leading to the decrease of the chain tilt and also correlated with the 
increase long range distance. The loss tilt angle must be motivated by the penetration of drugs between the 
membrane phospholipids. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: WAXS patterns of DMPC; DMPC+JC2 (10 and 40%) in Lβ' phase. Solid lines give the best fit of 

the Lorentzian’s analysis model to the scattered intensities.  

References 
 

[1] Figueiredo, R., Moiteiro, C. et al., Bioorg Med Chem 17, 503- 511 (2009). 
 

 

0,1 0,2 0,3 0,4

DMPC

s (nm-1)

JC2 0.05

JC2 0.1

N
or

m
al

iz
ed

 in
te

ns
ity

-615-



Flow and flow instabilities of soft glasses 

V. Chikkadi1, B. Fischer2, B. Struth2 and P. Schall1 

1 Insitute of Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands 

2 Hasylab, DESY, Hamburg, Germany 

Soft materials such as suspensions and pastes, foams and emulsions show remarkable mechanical 
properties: they can be rigid when confined at high density, but can also flow easily when small 
stresses are applied. This transition from rigidity to flow is central to phenomena in geology and 
biological systems, and for many consumer products in food and cosmetic industry. However, its 
origin is not clear and controversially discussed. We used the recently established combination of 
rheology and x-ray scattering at the beamline BW1 at DORIS to obtain direct insight into structural 
changes at the rigidity-to-flow transition. This new combination allows simultaneous mechanical 
measurement and determination of the structure, thereby offering new opportunities to link 
mechanical properties to the structure of soft matter. 

We used a simple colloidal model system to obtain insight into the flow-structure 
relationship: hard-sphere colloidal suspensions that have recently provided much insight into the 
glass transition and flow of amorphous materials [1-4]. We chose silica particles that exhibit strong 
x-ray contrast, suspended at high density in an aqueous solvent. Rheological measurements of these 
suspensions show hallmarks of amorphous solids (Fig. 1): In the linear regime at small strain, the 
storage modulus G´ is much larger than the loss modulus G´´, indicating the strong elastic 
component of the glass. The characteristic drop of G´, and the peak of G´´ at higher strain, 
however, indicate structural changes. We investigated these structural changes using x-ray 
scattering to determine the structure factor in the plane that contains both the shear direction as well 
as the direction perpendicular to the shear. Small but distinct structural changes are observed. The 
two-dimensional scattering pattern shows that the nearest neighbour ring sharpens slightly in the 
shear direction (Fig.2a), indicating that positional ordering occurs in this direction. This is most 
obvious when we focus on angular bins around the shear and perpendicular directions, and plot the 
intensity as a function of wave vector (Fig. 2b and c). While the peak remains at almost constant 
position indicating the robust average particle separation, it sharpens significantly in the direction 
of shear, demonstrating the increased positional order.  

A hallmark of amorphous materials is their sudden transition to localized flow. This shear 
banding instability [5] can have fatal consequences when it occurs in geological systems as 
landslides, or in hard amorphous materials as material failure. Our simultaneous rheological and x-
ray scattering measurements allow us to uncover the microscopic origin behind it: Since the 
ordering that we observe facilitates flow, this enhances the local shear rate, which again feeds back 
to the structure, thereby supporting the shear localization. We investigated this mechanism 
systematically by measurement of the shear stress and the structure factor as a function of applied 
shear rate. The data is currently analysed.  
 

 

Figure 1 Storage (closed symbols) and loss moduli (open 
symbols) of the colloidal glass as a function of strain 
amplitude. The moduli were determined by oscillatory 
measurements at frequencies of ω = 0.1 (gray), 0.2 
(green), 1 (blue) and 10 rad s-1 (red) 
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Figure 2 Small angle x-ray scattering of a sheared colloidal glass 
a. Two-dimensional diffraction pattern showing both the shear direction (arrow), and the direction 
perpendicular to the applied shear. b. and c. Scattered intensity as a function of wave vector parallel 
(||) and perpendicular (⊥) to the shear direction. The curves have been shifted along the intensity axis 
for clarity. Silica particles with a diameter of 50nm (b) and 25nm (c) were used.  
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One-dimensional gold nanowires are of growing interests for potential applications in photonics, sensors or 
nanoelectronics. Several simple and reproducible methods for the synthesis of gold nanowires have been 
published in the past. However, the mechanism of particle formation remains unclear. An interesting 
example is the formation of gold nanowires according to a procedure suggested by Feng et al.1. The 
present experiment was designed in order to get a first insight into the early stages of this gold nanowire 
formation. 

We used the simple one-step preparation to synthesize crystalline ultrathin gold nanowires at room 
temperature within a few hours [1]. In preliminary time resolved light scattering measurements we revealed a 
strong increasing scattering intensity while the radius of gyration stayed constant and close to 250 nm. The 
system hence was also analysed time resolved by SAXS experiments at the B1 beam line (former 
JUSIFA) at HASYLAB, DESY Hamburg using a Pilatus 1M detector. 

 

Figure 1: The left graph shows an exemplary set of scattering curves recorded with progressing time. The 
right Figure presents the radius of gyration from Guinier analysis of the regime 0.02 Å-1 ≤ q ≤ 0.2 Å-1 of all 
recorded scattering curves. This radius of gyration, considered as the cross section of growing wires, 
remains constant while the intensity is increasing. 

 

Due to the limited q-range, the Guinier regime at low q-values and the Porod regime at large q-values was 
not available. Nevertheless, we applied a Guinier analysis to the regime 0.02 Å-1 ≤ q ≤ 0.2 Å-1 in order to 
establish the dimensions attributed to the intermediate plateau at 0.06 Å

-1 leading to a radius of gyration of 
an intermediate structural feature considered to be the cross section of growing wires. The results give a 
constant radius of gyration around 1.2 nm and a scattering intensity increasing from 0.09 – 1.10 cm-1 if 
recorded at the lowest q-value accessible. Obviously, the size (e.g. length of wires) of the particles grows 
while keeping the particular size feature of about 1.2nm (e.g. cross-section of wires) constant. 
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 Segmented poly(ether-ester) copolymers of poly(trimethylene terephthalate) PTT and poly 

(tetramethylene oxide) PTMO belong to the family of thermoplastic elastomers [1-2]. The 

nanometric structure of segregated rigid and flexible segments is mainly responsible for mechanical 

properties of these polymers. By varying the ratio of rigid to soft/flexible segments, materials ranging 

from soft elastomers to relatively hard plastic can be obtained. Our earlier study of elastic 

deformability and reversibility of the these materials in tension have shown that elastic properties are 

strongly dependent on the length of PTMO segments [2]. Copolymers investigated during cyclic 

stress-strain tests at room temperature has shown that the length of polyether PTMO segments have 

influence on permanent set of these copolymers. The increasing of permanent set with decrease of 

flexible (elastic) segment content in copolymer was observed. However, the comparison of the 

values of permanent set for copolymers with shorter (Mw=1000 g/mol) and longer (Mw=2000 g/mol) 

flexible segments has shown that for materials with 30 and 40 wt% of flexible segments, permanent 

set is lower for materials with longer flexible segment chains [2].  

In the present report, the structural change occurring during stretching of the sample at room 

temperature were has been investigated by carrying measurements of small-angle X-ray scattering 

(2D SAXS) and wide-angle X-ray scattering (WAXS). The sample to SAXS detector distance was 

set 2239 mm. Characteristic properties of the samples used in these studies are presented in Table 1. 

SAXS and WAXS experiments were preformed at beamline A2 of HASYLAB/DESY. The strain at 

time t was calculated as 100 x (l-l0) /l0, where l was the length of the sample at time t and l0 length 

original sample. Samples were stressed until strain 200% and then left to relaxed state.  

Table 1 Characteristic properties of the PTT-PTMO copolymers  used in this study 

Sample x ws ; wt% Mw ; g/mol Mn ; g/mol H ; Sh D xc (WAXS) ; % 

PEE-1 5.48 50 1000 42 200 48 21.7 

PEE-2 10.34 50 2000 44 300 43 19.0 

ws - weight fraction of PTMO segments; x - degree of polymerization of rigid segment with reference of 1 mol of PTMO unit; Mw - molecular weight of 

PTMG; Mn - average molecular weight of copolymer; H - hardness; xc – degree of crystalinity. 

 

The meridian (Lm) and equatorial (Le) long spacing were determined from equation: L=1/sm, where sm is 

maximum of the intensity profiles extracted from the 2D SAXS pattern for the copolymers. As 

representative for sample PEE-1 in Fig. 1 , the meridian and equatorial intensity profiles are 

presented as a function of scattering vector s at different deformation. Figure 1a-b shows the stress-

strain curves and the changes of the meridian and equatorial long spacing for the PTT-b-PTMO 

copolymers (a - PEE-1, b - PEE-2) obtained during stretching at room temperature.  
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Figure 1: Meridian (A) and equatorial (B) of the scattered intensity extracted from the 2D SAXS patterns                
for sample PEE-1 determined at indicated strain. 
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Figure 1: Meridian (Lm) and equatorial (Le) long spacing as a function of applied strain calculated for samples 

PEE-1 and PEE-2. 

Analysis of the changes of the meridian and equatorial long spacing with strain indicate the different 

“mechanism” of structure evolution during deformation. In order to evaluate these mechanism the 

work will be continued. 

The measurements were done using the beamtime of the Proposal II-20080143EC. 
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We study experimentally the adsorption of polyelectrolytes onto an oppositely charged surface. 
Theoretical calculations predict molecular thin adsorption layers for the case of stiff chains (which 
includes chain stiffening due to electrostatic monomer-monomer repulsion) [1]. The polymers 
essentially lie flat on the surface and can be considered as a two-dimensional layer.  

An insoluble monolayer at the air/water interface is used as a charged surface, since in this case the 
surface charge and the lipid phase (fluid or ordered) can be controlled by adjusting the molecular 
area. In this work we use monolayers of the saturated double-chain amphiphiles DODA 
(dioctadecyldimethylammonium bromide) interacting with the strong polyelectrolyte PSS 
(Polystyrene-sulfonate). The electron density profile along the surface normal and the lateral 
structures are studied with X-ray reflectometry and GID (Grazing Incidence Diffraction) 
experiments at BW1, in the liquid surfaces set-up, cf. Fig. 1. 

 

 

 

 

 

 

 

 

 

Figure 1: Wide and small angle GID study of a DODA monolayer on a subphase containing 10-5 mol/L PSS 
(with respect to the monomer concentration. Mw = 77.4 kDa). The measurements are taken at the DODA 
molecular areas indicated in the isotherm. The peaks measure the separation of the aligned PSS chains. 

Measurements (a) and (b) are taken in the fluid phase (no ordered alkyl tails), (d) and (e) are taken in the 
phase with ordered alkyl tails. (c) is observed in the coexistence region: two different low angle peaks are 

observed, one attributed to the aligned PSS chains beneath the fluid lipids, the other (with a second 
maximum at high Qz) beneath the ordered lipids. 

The alkyl tails of DODA in the condensed phase form an oblique lattice with large tilts and 
intermediate azimuth angle. Bragg peaks caused by flatly adsorbed, aligned PSS chains are 
observed, when DODA is in the fluid and also when it is in the condensed phase (cf. Fig. 1).  

During monolayer compression, the PSS coverage can be varied by a factor of two (cf. Fig. 2). The 
pronounced changes occur, when DODA is in the fluid phase. There is no effect of the PSS contour 
length, if it exceeds 400 Å. For shorter PSS chains, the lattice separations are smaller, but the effect 
is to small for quantification. The observation, that for long PSS chains (contour length exceeding 
400 Å) the chain length has no influence is consistent with the thermodynamic data (isotherms), the 
transition pressure marking the DODA fluid->ordered phase transition is constant. 
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Figure 2, centre: PSSd , the separation of the PSS chains, deduced from grazing incidence diffraction as 

function of the DODA molecular area A . In the DODA fluid phase, A  is taken from the isotherms. Left: in 
the DODA ordered phase, A  is taken from the diffraction measurements at large xyQ . The respective 

contour length KL  of the PSS molecules used is indicated. On monolayer compression, PSSd  decreases. The 
phase transition from the DODA fluid to the ordered phase is marked by the coexistence of two different 

values of PSSd . The dashed lines are linear fits; PSSd  is independent of the contour length for 00Å4KL > . 
Right: The correlation lengths Korrd  of the two-dimensional lamellar phase deduced from the PSS 

diffraction peaks. The lines are fits. For DODA in the fluid phase, and short PSS ( Å, Å5 1 5 8KL ≈ ) no 
measurements are shown, because no GID peak is observed. All measurements are taken at 20°C. 

 
Concluding, the picture shown in Fig. 3 emerges. From the isotherms, we learn that with increasing 
polymer weight the lipid phase transition pressure decreases, and so does the latent heat. Very short 
polyelectrolytes adsorb to the fluid phase in a disordered state, then the latent heat shows a different 
polymer length dependence because of changes in polymer rotational entropy. Intriguing is the 
observation for the polyelectrolytes with chain lengths exceeding 80 Å (when the PSS is ordered, 
independent of the DODA phase) that the entropy difference between the fluid and the ordered lipid 
state decreases until the contour length is about 400 Å, then it is constant and about half the value 
known for phospholipids or DODA [3]. 

Figure 3. Top view of PSS alignment in dependence of contour length. Top row: DODA in the fluid phase; 
bottom row: DODA in the ordered phase. 
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Analysis of the mesophase–monoclinic crystal transition of 
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Rapid cooling of the equilibrium liquid of isotactic polypropylenes (iPP) to ambient 
temperature results in formation of a semi-mesomorphic superstructure in which amorphous 
phase and mesophase coexist in a metastable arrested equilibrium. The mesophase 
irreversibly transforms on heating into monoclinic structure, which frequently has been 
analyzed for the iPP homopolymer by temperature-resolved X-ray techniques. We extended 
the previous work about the solid–solid phase transition of the homopolymer to random 
copolymers of propylene with 1-hexene and 1-octene. 
 
Figure 1 shows a typical temperature-resolved WAXS experiment on an iPP-1-hexene 
copolymer, with the front curve measured at 298 K, indicating presence of mesophase. 
Heating at 2 K/min allows recrystallization at about 345 K which is indicated by the 
appearance of crystalline reflections. Most important, however, is the observation of a 
reduction of the mesophase – crystal phase transformation temperature, as is illustrated in 
Figure 2, confirming an effect of constitutional chain defects on the stability of the 
mesophase. The research performed contributes to further understanding of the process of 
structure formation and properties of the important class of polyolefin materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Temperature-resolved WAXS of iPP with 3 mol-% 1-hexene. The sample was initially 
quenched to obtain mesophase which then, on subsequent heating, converts into crystalline structure. 
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Figure 2: Intensity of crystalline reflections of the iPP homopolymer and random copolymers of iPP 
with 1-hexene or 1-octene as a function of temperature. Insertion of comonomers into the iPP chain is 
connected with a decrease of the mesophase – crystal phase transition temperature. 
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Liquid surfaces and in particular liquid-liquid interfaces play a major role in emulsions, colloids, 
micelles, and biological membranes. However, in depth understanding of these interfaces is still 
hampered by the lack of detailed data on the nano-scale structure and dynamics of these systems. 
Surface X-ray scattering methods belong to the very few experimental approaches that allow direct 
access to such in situ information with up to atomic-scale resolution. The liquid interface scattering 
apparatus (LISA, figure 1a) is a diffractometer dedicated to liquid surface and deeply buried liquid-
liquid interface studies. Successful commissioning and alignment of the instrument at several 
energies in the range from 8 keV to 22 keV is complete and the diffractometer is now fully 
operational at the high resolution X-ray diffraction beam line P08 at the PETRA III synchrotron 
radiation source [1]. Following the commissioning phase in June 2010, first successful experiments 
were carried out in December 2010. With 40 mA ring current we were able to collect data over 
eight orders of magnitude even in the liquid-liquid phase of our samples (Figure 2b). 

The LISA diffractometer is different from many other standard liquid diffractometers in that the 
beam is deflected by a double crystal beam tilter (DCBT) consisting of a Si(111) and a Si (220) 
crystal similar to a Laue set up at the ESRF [2]. Using Bragg-reflection geometry in the LISA 
design has the advantage of providing energies in the range of 6.4 keV to 30 keV. The different 
lattice spacing enables the beam to travel from crystal to crystal (Figure 1b) which remain stationary 
on a rotator air bearing and finally to impinge onto the sample under a certain angle of incidence 
defined by the given X-ray energy. To vary the angle of incidence it is only necessary to rotate the 
beam tilter about the incoming X-ray beam axis. This allows the sample to remain stationary during 
the reflectivity scans. We have verified this by changing the angle of incidence and measuring the 
intensity at a certain reflectivity position with no time delay in between (Figure 2a). 

a) b) 

 

 

Figure 1: a) The LISA diffractometer consisting of three modules. From left: Detector stage, Sample stage, 
DCBT. b) The diffractometer geometry: The beam is bend up by a Si(111) crystal, then bend down by a 

Si(220) crystal. The beam path lies in the beam plane. By rotation of the DCBT the beam plane is rotated 
which changes the incidence angle. For every angle of the beam plane, the beam hits the sample in the 

center of rotation. 
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Due to the lack of sample movement during reflectivity measurements, no waiting time is required. 
On standard liquid diffractometers 15-30 seconds are required between reflectivity steps [3], 
therefore, enormous amounts of dead time during measurements are saved. With this beam tilter 
configuration, LISA can access a qz momentum of 2.5 Å

-1
 over the entire energy range. The LISA 

diffractometer is equipped with a Dectris Mythen 1-D detector. The detector is capable of collecting 
data on the reflectivity and diffuse scattered intensity of a sample in one shot. For maintaining high 
precision in position and in intensity, a position sensitive detector as well as an ionization chamber 
are located behind the second crystal. Thus, the position and the intensity of the beam on the sample 
can be measured.  

a) b) 

 
 

Figure 2: a) Time scan of the reflected intensity after changing the angle of incidence. No intensity change 
due to vibrations was monitored. b) X-ray reflectivity scan of a Hg-electrolyte (0.01 M NaF + 0.01 M NaBr 

+ 0.1 mM PbBr) interface. 

Using the control software spec with support for the TANGO beam line control system it is easily 
possible to implement peripheral equipment. The spec control software runs in the so called “surf 
mode”, which is specialized for and used on many other liquid surface diffractometers. This allows 
navigation in reciprocal coordinates as well as in coordinates of incidence angle (alpha) and exiting 
angle (beta). The whole setup is not only suited for reflectivity measurements on liquid surfaces and 
liquid-liquid interfaces, but also for out of plane measurements. An air bearing for high precision 
positioning supports the detector. 

First experiments with external friendly users have taken place and further experiments are planned 
for the coming period. 

The project was funded by BMBF-05 K10FK2 and BMBF-05 KS7FK3. 
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Coherent diffractive imaging with ultrashort pulses has the potential to break many limits inherent 
in imaging and structural analysis, especially for biological objects [1,2].  One limitation to imaging 
is set by the wavelength, with shorter wavelengths resolving finer structures.  However, in X-ray 
microscopy using conventional sources, damage due to this ionizing radiation sets a maximum dose 
which limits the signal, and hence the resolution that can be achieved, to about 30 nm [3].  We are 
applying the concept of “diffraction before destruction,” using pulses shorter than the damage 
timescales.  Coherent diffractive imaging is lensless.  By avoiding the use of a lens, the 
technological limitation of lens-based X-ray microscopy is also avoided.  Yet another limitation to 
conventional imaging is the requirement to mount the sample on a substrate, and possibly 
cryogenically cool it to extend radiation tolerance.  We inject particles into the beam at speeds up to 
~100 ms-1 [4].  Hydrated samples are in a vacuum environment for less than about 100 µs before 
interaction with the pulse, and no further sample preparation or cooling is required.  Three-
dimensional information can be assembled from diffraction patterns of reproducible particles [5].  
We furthermore utilize the ultrashort pulse structure to obtain time-resolved images of photo-
induced processes [6].  

We have extended our capabilities with new instrumentation.  We have commissioned a new 
experimental chamber that allows the use of large-area CCD detectors with improved access for 
sample and injector setup.   The chamber can be used either with the focused beam from the 
FLASH beamline optics (about 20 micron spot size) or using a multilayer coated, near-normal-
incidence off-axis parabola to focus the beam to sub-micron dimensions [7].  Depending on the 
wavelength, this system gives over 500 times higher intensity than the beamline optics, which 
should extend the observable resolution of diffraction patterns to better than 10 nm.  We have 
recently coated optics that operate below 7 nm wavelength, to deliver the most intense pulses 
available at FLASH today.  We have also dramatically improved the efficiency of the injection of 
particles into the path of the FEL pulses.  Using a newly-designed aerodynamic lens from Uppsala 
University, coupled with a new high-throughput aerosol generator developed at CFEL, we have 
drastically increased the hit-rate of particles for the collection of datasets for three-dimensional 
reconstruction of virus particles and two-dimensional imaging of cells.  The instrumentation was 
tested by recording single-shot patterns of microfabricated 2D quasi-crystalline objects.  An 
example is shown in Fig. 1, used for precise alignment of the CCD panels. 

Some examples of diffractive imaging of injected mimivirus particles are shown in Fig. 2.  At a 
diameter of about 500 nm, these viruses are amongst the largest known.  We obtained several 
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hundred individual diffraction patterns and efforts are ongoing to merge these into a three-
dimensional dataset to reconstruct the 3D virus image, as well as combining and comparing with 
data collected at shorter wavelength [8].    

Our collaboration is also developing methods to increase the achievable single-shot resolution by 
engineering of samples [9].  We have carried out proof-of-principle measurements on samples fixed 
to substrates, on which we attach gold particles that not only act as reference particles for 
holographic reconstructions, but also boost the recorded signal at high resolutions.  We have 
extended this by selectively binding colloidal gold particles to the surfaces of cells and viruses 
injected across the FLASH beam.    

We carried out measurements of high-resolution ultrafast coherent diffraction of ablating metal 
foils, using the FLASH facility short-pulse laser to pump the system prior to probing by coherent 
X-ray diffraction.  The samples were featureless, and we expected to observe and study light-
induced periodic surface structures that we had observed on patterned structures [6] over timescales 
> 20 ps.  However, these periodic features did not appear, but instead more detailed structures 
developed.  Laboratory-based experiments are underway to examine this phenomenon further. 

Our research program continues to extend the limits of imaging by further instrumentation, sample 
preparation, and computational improvements to utilise the unique properties of FLASH.   

References 
 

[1] R. Neutze et al. Nature 406, 753–757 (2000). 
[2] H.N. Chapman, Nature Materials 8, 299–301 (2009).  
[3] M.R. Howells et al., Journal of Electron Spectroscopy and Related Phenomena, 170, 4–12 (2009). 
[4] M.J. Bogan et al. Aerosol Science and Technology 44, 1–6 (2010). 
[5] N.D. Loh et al. Phys. Rev. Lett. 104, 225501 (2010). 
[6] A. Barty et al. Nature Photonics 2, 415–419 (2008). 
[7] S. Bajt et al., SPIE Proc. 7361, 18 (2009). 
[8] M. Seibert et al. Nature 470, 78–81 (2011). 
[9] S. Boutet et al., J. Electron. Spect. Rel. Phenom. 166-167, 65-73 (2008). 

   

Fig. 1: Diffraction pattern of a quasi-crystal pattern designed by 
Thomas White.  This object has no translational symmetry, yet 
produces diffraction peaks.  The pattern is used in characterising 
the detector response and alignment of the detector panels, as 
well as for exploring the influence of sampling on phase 
retrieval.   

    
 
Fig. 2: Diffraction patterns and reconstructions of mimiviruses intersected by individual FLASH pulses of 
5.7 nm wavelength.  The diameter of the virus is about 450 nm.   Reconstructions carried out by Max Hantke, 
Uppsala University. 
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The future XAS Beamlines at the PETRA III Extension will benefit from its insertion device high 
X-ray flux, rendering time resolved XAS measurements possible. At current 3rd generation 
synchrotrons complete EXAFS spectras covering several hundreds eV are already recordable 
within a few milliseconds

[1]
. As it turns out one of the obstacles to further increase the acquisition 

frequency of high quality EXAFS measurements is the limited bandwidth of the ionization 
chambers used in transmission mode QEXAFS

[1,2]
. In order to exploit the entire potential of current 

and future QEXAFS experiments fast specialized ionization chambers are therefore indispensable. 

 

Time resolution 

We have developed an ionization chamber, which allow the modification of the arrangement of the 
internal electrodes. Furthermore it is possible to add grid electrodes

[3]
 and due to large windows it is 

possible to adjust the beam-electrode-distance
[2]

. The step response function of different 
configurations of the ionization chamber has been investigated by means of a fast self-made 
rotating disk chopper (figure 2). The chopper, consisting of a hard disk drive motor and electronics, 
is capable of producing X-ray pulses with rise times of less than 3µs and length of about 2.7ms

[2,4]
. 

Figure 1 shows the step response of a parallel plate and gridded ionization chamber dependent on 
the beam-electrode-distance. The advantages of gridded ionization chambers are clearly visible. 
Besides the significantly decreased rise time, gridded ionization chambers exhibit a fixed rise time 
independent of the beam position relative to the electrodes.  

 

 

Fig. 1: Step response function of parallel plate and gridded ionization chamber  for 

different beam- electrode-distances. The increased noise of the lower plot is mainly 

due to the reduced gain which was used to yield a better rise time of the current 

amplifier, Keithley 428. 

Fig. 2: Fast X-ray chopper. The 

motor, 5400rpm, was extracted 

from a common hard-disk drive. 
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Noise 

Since the output currents of ionization chambers are typically sampled at several hundreds of kHz 
these detectors are in particular susceptible to electric and microphonic noise. Whereas classical 
microphony is caused by vibrations of the inner electrodes and their capacitive coupling we 
observed another source of noise of similar characteristics originating from the Kapton windows. 
Present surface charges on non conductive Kapton windows can induce charges on the current 
sensitive electrode, which, if mechanical vibrations of the window are excited, will lead to a noise 
current

[2]
. Therfore electric conductive Kapton RS windows were chosen to prevent surface charges 

and by that this noise component. Furthermore the electric shielding of the electrodes is 
considerably improved, which additionally reduces the overall noise. This is shown in Figure 3. 
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Fig. 3: Background noise of ionization chambers applied with different Kapton windows. The 

electrical conductive Kapton RS windows significantly reduces the noise current. There is no 

beam and the HV supply is not connected. 
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Background 
High soft-tissue contrast in three dimensions in biomedical specimens in fluid environment 
is hardly attainable with x-ray imaging methods based on the attenuation. All the excellent 
results reported so far on biological specimens were achieved after certain sample 
preparation (e.g. drying, embedding in resin, using contrast agents) and after choosing an 
x-ray energy below 20 keV to enhance the attenuation contrast [1,2]. In many cases, these 
kinds of sample preparation would destroy the specimen morphology, which is of special 
interest in non-destructive tomographic analysis.  

The recently installed x-ray interferometer, consisting of optical gratings at the HZG 
beamline W2 at DORIS III can help to overcome the problem of low contrast for 
biomedical soft tissue in wet environment. This phase-contrast modality is demonstrated 
to enhance significantly the soft-tissue contrast and at the same time to allow quantitative 
determination of the complex refractive index of the object [3,4]. Here, we present the 
quantitative results of a tomographic reconstruction of a mouse heart in absorption and 
phase contrast measured in formalin using the grating-based setup at the beamline W2.  

Methodology 
The grating interferometer at the beamline W2 consists of three optical gratings: an 
absorbing source grating G0 (period: 22.3 µm, fabricated by PSI), a phase grating G1 
(period: 4.33 µm, fabricated by PSI), and an absorbing analyzer grating G2 (period: 2.4 
µm, fabricated by KIT). The measurement was carried out at 7th fractional Talbot order 
and 22 keV. 

The specimen was embedded in a formalin solution (4 % formalin as used in medicine) in 
a polyethylene Eppendorf tube of 12 mm outer diameter. The formalin solution was 
degassed for two days under a low-pressure cap to avoid gas bubble formation produced 
by radiation damage during the scan. The Eppendorf tube with the specimen was glued to 
a sample holder and mounted on the CT-rotation axis hanging from above into a 25 mm 
thick water container filled with demineralized water. The water serves as background for 
the measurement to match the complex refractive index of the specimen to that of the 
background to avoid ’phase-wrapping’ at the edges of the sample container in the phase-
contrast signal. 

For the tomography scan 451 projections over 360 degrees were recorded with 8 phase 
steps over two periods of the analyzer grating G2 for each projection. The exposure time 
was in the range of 5 seconds per image, changing during the scan to correct for the 
decreasing ring current of DORIS. The images were taken with a binning factor of two. 
After every projection a reference projection was recorded by moving the sample vertically 
out of the water tank. The reference projections were used to correct for beam instabilities. 
The effective pixel size was determined by an automated focusing procedure to be 6.3 
µm, the spatial resolution is estimated to 15-20 µm (limited by the source size and the 
sample-to-detector distance). The reconstruction was performed using the filtered back 
projection. The reconstructed slices were stored as floating point data and windowed to 
the given gray values before image export. To obtain absolute values of measured data, 
the reconstructed values had to be corrected for the reduced sensitivity of the grating 
interferometer. Thus, the recorded phase projections were renormalized by multiplication 
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with the factor (distance (G0-sample)/distance (G0-G1)) - 1 = [(3.0 m - 0.055 m)/(3.0 m)] - 
1 = 1.01868 prior to reconstruction. 

Results and discussion 
In Figure 1 the tomographic reconstructions of the mouse heart are shown. The part (a) 
shows the attenuation coefficient µ, and (b) the real part of the complex refractive index 
decrement δ measured relatively to water. Whereas the attenuation (a) shows almost no 
structures, the phase-contrast provides detailed information about the inner structure of 
the sample. In the heart tissue even different structures can be distinguished. 

Especially the results of the phase-contrast tomography demonstrate high contrast for 
weakly absorbing soft tissue in fluid environment, while no information of this specimen 
could be gained from the absorption contrast. 

Using the grating-based imaging method at the beamline W2 centimeter-sized soft tissue 
specimens can be measured without complicated and time-consuming sample preparation 
procedures. Even imaging of unique and very valuable samples can be done by this 
method without destroying or changing its structure. In future tasks, soft tissue can be 
analyzed in sodium-chloride solution (NaCl) to avoid changes through the formalin or 
alcohol in the tissue. 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. Tomographic reconstructions of a mouse heart in 4% formalin solution scanned in 
small Eppendorf container. (a) Attenuation coefficient, (b) real part of the complex 
refractive index decrement δ, measured in water bath at 7th fractional Talbot order and 22 
keV, binning factor 2, spatial resolution 15-20 µm. 
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Figure 1: a) Schematic layout of the MINAXS beamline showing the 
position of the nanofocus endstation  b) Recent photograph of the 
finalized experimental setup at the nanofocus endstation. 

Figure 2: a) Schematic layout of the waveguide based setup used in 
the commissioning   b) The waveguide can be moved and tilted. 

Commissioning of the Nanofocus Endstation at 
MINAXS Beamline (P03) of PETRA III 
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PETRA III is now in regular operation and proved to be the world’s most brilliant synchrotron 
radiation source. The nanofocus endstation of the MINAXS-beamline (MIcro- and NAnofocus X-
ray Scattering) has been successfully commissioned during its very first in-beam shifts in October 
and December 2010. The beamline is operated at an energy range of 8-23 keV and the nanofocus 
endstation is designed to routinely provide an X-ray beam with a diameter of ~100nm with a high 
coherence option for diffraction experiments (SAXS and WAXS). The optical elements to generate 
the nanobeam are 2D waveguides and will be extended with a KB-mirror-optics later in 2011. Fig. 
1 shows an overview of the beamline and of the currently installed setup at its nanofocus 
endstation, designed and constructed by the University of Kiel within the framework of a BMBF 
project. A detailed description of the setup can be found in [1]. This contribution presents the 

highlights of the commission-
ing results and the waveguide 
based setup used in the 
commissioning.  

The beamline is equipped with 
automatically exchangeable 
compound refractive lenses 
(CRL) used for prefocusing in 
the nanofocus setup. The size 
of the CRL-focused beam at 
the nanofocus endstation was 
determined to be 120 µm × 80 
µm (h×v, FWHM) and the 
total flux in this focal spot was 

measured with a PIPS-diode to be 3×1011 /sec/100mA. As shown in Fig.2 a) the so focused beam is 
then coupled into a channel of a 2D-waveguide and the exiting, finely collimated waveguided beam 
can be used for experiments. The employed waveguide (as in [2]) was manufactured and provided 
by the group of Prof. Tim Salditt, University of Göttingen. It is basically a short Si-wafer with a 
series of 11 differently sized, hollow channels, all of which have a height of 50 nm and widths 
ranging from 2 µm to 50 µm. Their common length of 5.6 mm was chosen to best suit the photon 
energy in the commissioning experiment, being 12.8 keV. The waveguide was mounted onto a 
hexapod allowing both, the translation of the waveguide (e.g. to select a specific channel) and 
rotation of the waveguide around a freely definable pivot point (e.g. for in-beam alignment). This 
also is shown schematically in 
Fig. 2 b). After the positional 
and rotational alignment of the 
waveguide with respect to the 
incoming beam a lateral scan of 
all channels was recorded (Fig.3 
a) and absolute fluxes of the 
waveguided beams were 
measured to determine each 
channel’s transmission. These 
are shown in Fig. 3 b) along 
with the calculated values. 
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Figure 3: a) Horizontal scan over the entire waveguide showing the 
beam guided through each of its differently sized channels 
b) Calculated and measured absolute transmissions for the channels.

Figure 4: a) Derivatives of knife-edge scans recorded at increasing 
distances from the exit of a 50 nm × 50 µm channel (y × x)
b) Half-widths (FWHM) of the derivatives and a linear fit to the data 

 

Figure 5: The waveguide beam at a 
distance of 2.4 m. When the waveguide 
is aligned parallel to the incoming beam 
its beam is symmetric - when it’s tilted 
(see Fig.2 b) a split beam occurs. 
Recorded with a Pilatus300k detector, 
pixel size ~ 178 µm 

Figure 6: Diffraction patterns from aluminium recorded in a 
stir-friction-weld (top) and in material not affected by the 
welding process (bottom), using a waveguide beam (50nm×50 
µm). The reflections correspond to the (111) and (200) lattice 
planes. Stir weld schematic picture taken from [3].

The beam profile at the exit of a 
waveguide channel (near field) as 
well as at a large distance from 
the waveguide  (far field) were 
also measured. A series of knife-
edge scans were recorded at 
distances of 60 to 700 µm (near 
field) while 2D images of the 
beam profile were recorded with 
a Pilatus300k detector at a 
distance of 2.4 m. From the 
derivatives of the knife edge 
scans the vertical beam width 
was calculated, as shown in 
Fig’s. 4 a) & b). The divergence 
is ~1.4 mrad which is an expected 
value, while the extrapolated 
beam size at zero distance (at 
waveguide exit) is ~300 nm, 
hence 6 times larger than the 
waveguide dimension. This might 
be due to smearing caused by 
vibrations and the roughness of 
the knife-edge. The far field, as 
shown in Fig.5 was recorded for both, the waveguide aligned parallel to the beam and with a slight 
tilt of max 0.05°. In the tilted case a distinct beam splitting occurred where the split angle was 
directly correlated with the tilt angle. 

The first performed experiment was a proof-of-principle to demonstrate that a 2D-waveguide beam 
can be used for diffraction experiments and was performed on a friction-stir-welded aluminium 
sample. Friction stir welding is a novel welding method based on friction heat caused by a high 
speed rotating tool and subsequent stirring the plastic metal. We scanned the waveguide beam  (50 
nm × 50 µm) across the weld with a step size of 1µm. 
When entering the weld, the isolated spots in the WAXS 
spectra turn into almost continuous, powder-diffraction-like 
rings, indicating that the crystal grain size dramatically 
drops in the weld. Further data analysis is in progress. 

References 
[1] C. Krywka et al.,  SRI 2009, AIP Conference Proceedings, 1234 (2010) 879-882 
[2] K. Giewekemeyer et al.,  New Journal of Physics, 12 (2010) 035008 
[3] Image from www.esabna.com, “Friction stir welding” 

-634-



X-Ray Imaging Setup at Beamline BW2 for Testing of 
X-Ray Lenses and Kinematic Mounting Mechanics 

M. Ogurreck1, V. Nazmov2, F. Beckmann1, and A. Haibel1

1Helmholtz-Zentrum Geesthacht, Institute of Materials Research, Max-Planck-Strasse 1, 21502 Geesthacht 
 2Karlsruhe Institute of Technology, Institute of Microstructure Technology, Kaiserstrasse 12, 76131 Karlsruhe 

The new Imaging Beamline (IBL) at the new PETRA III storage ring is built and operated by the 
Helmholtz-Zentrum Geesthacht. It is dedicated to micro- and nano tomography, featuring two 
dedicated experiments for these applications [1,2]. 

To allow high magnifications, as required for the nano tomography, X-ray optical elements like 
lenses are needed. These optics have high requirements on the mechanical alignment to use their 
full potential. We designed a test setup using similar mechanics and similar polymer X-ray lenses 
as planned for the new IBL beamline. While the mechanics is designed to be flexible enough to 
accommodate different optical components (e.g. lenses, zone plates, waveguides), we will start 
with polymer X-ray lenses fabricated by the Institute for Microstructure Technology (IMT) [3-6]. 

The experimental 
setup is shown in 
Figure 1. The 
experiment has 
been performed 
using a mono-
chromatic beam of 
E = 19keV. The 
source size has 
been limited by 
front end slits to 
0.5 x 1 mm² (h x 
v). In front of the 
sample, a second 
slit system has 
been used to 
match the beam 
size to the lens 
aperture of approx. 100 x 100 µm². The focal length of 
the lens was f = 74mm, with a total distance d = 925mm 
between lens and scintillator, this yields a X-ray 
magnification of M = 11.5. In addition, the optics 
between scintillator and CCD yield an additional 
magnification factor M = 6.0, giving an overall 
magnification of Mtotal = 69. This corresponds to 
theoretical pixel sizes of 130.4 nm.  

Figure 1: Experimental setup at the Beamline BW2. The source is to the right, 
shown is only the setup in the experimental hutch: A slit system for adjusting the 
beam size to the lens aperture, the sample on a xyz-piezo stage, the lens mounted 
on a tripod kinematics and the tomography apparatus from which the scintillator, 
optics and CCD have been used. 

As sample, an Xradia test pattern with structure sizes 
down to 500nm has been used. The structures consist of 
electroplated gold with h = 3µm. Figure 2 shows a 
radiography of the test pattern, taken without X-ray 
magnifications. Due to the large distance between sample 
and scintillator and the high beam divergence, the image 
seems blurred. Figure 2: Radiographic image of the 

Xradia test pattern. The region of the 
line test structures is marked.  
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Figure 3: Radiographies of the test line structures. The 
structure sizes are given below each image. 

 

 

 

 

 

 

 

 

The X-ray microscopy images of the test line structures are shown in Figure 3. Even the smallest 
structures with a line width of 500nm could be clearly resolved. Figure 4 shows transmission plots 
for the smallest structures. Assuming the structure widths are exact, the signal period results in a 
pixel size of 128.1nm, in very good agreement with the theoretical values. The larger horizontal 
divergence shows in a visibility drop for the horizontal structures as compared to the vertical 
structures. The values are Vh = 0.046, and Vv = 0.141 for the horizontal and vertical visibility, 
respectively. While this is smaller than the expected contrast of Vtheo = 0.4 for 3µm gold and 
19keV, it is still a very good value as the influence of the detector point spread function and source 
sizes are not corrected for in these calculations. 

 

 

 

 

 

 

 

 

Figure 4: Transmission plots for the horizontal and vertical 500nm lines. The diamond markers correspond 
to the data points, the light blue line is a sine fit. 
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The polarization properties of a linearly polarized undulator X-ray beam can be varied using a 
transmission phase retarder. The use of variable incident polarization is very attractive also for 
polarization dependent photoelectron spectroscopy at hard X-ray energies. The device consists of a 
thin diamond crystal scattering close to a Bragg reflection with the scattering plane rotated by 45 
degrees to the ring plane. A phase shift of π/2 rotates the direction of the polarization vector from 
linear horizontal to linear vertical while a phase shift of π/4 yields a circularly polarized transmitted 
beam. The phase retardation mainly depends on crystal thickness, the angular deviation from the 
Bragg angle and the X-ray wave length. The thickness of the phase plate is typically chosen as 1 to 
1.5 times the X-ray attenuation length of the material, which is about 280 μm for diamond at 6 keV 
photon energy. For the present experiment a 400 μm thick (100) diamond plate was used with the 
(111) scattering plane set at 45 deg. to the storage ring plane. The overall transmission is about 
20% 
 
Polarization-dependent hard X-ray photoelectron spectroscopy (HAXPES) experiments were 
carried out at beamline P09 of PETRA III. The energetic photoelectrons were analyzed using a 
SPECS Phoibos 225 HV electron spectrometer equipped with a delay-line detector. For this 
experiment, the excitation energy was set to 5.3 keV, the overall energy resolution (photons + 
electrons) was about 400 meV as determined from Au Fermi edge data. The analyzer axis was 45 
degrees relative to the incident beam. The sample was a high-purity Au metal foil and 
photoelectrons were collected at normal emission, i.e. the light incidence angle was 45 degrees 
relative to the sample. 
 
As a simple test case, the photoemission from the M-shell of polycrystalline Au was measured. The 
3s, 3p and 3d core-level spectra are shown in Figure 1 (upper panel). As expected, the signal is 
strongest for in-plane polarization because of the analyzer geometry. For vertical polarization, the 
signal is considerably reduced. On closer inspection of the spectra it is noticed that the shape of the 
inelastic background contribution below the elastic peak also changes with polarization. 
 
For comparison, photoelectron spectra were simulated using the NIST SESSA database [1] in 
version 1.2 which has the new capability to perform simulations with polarized photons. The results 
are shown in the lower panel. It is found both from the experiment and the simulation that the 
photoelectron intensity ratio Ivert/Ihor and Icirc/Ihor is more reduced for the 3s and 3p lines than for the 
3d lines. However, the ratio Ivert/Ihor for the 3s levels is overestimated in the simulated spectrum.  

-637-



2400 2600 2800 3000 3200 3700 3800

In
te

ns
ity

 (a
.u

)

3d5/2

3d3/2

3p3/2

3p1/2

 

 

Kinetic Energy (eV)

 Horisontal polarisation
 Unpolarised
 Vertical polarisation

3s

Au simulated spectra

Au measured spectra

 
 Horisontal polarisation
 Circular polarisation
 Vertical polarisation

3s 3p1/2

3p3/2

3d3/2

3d5/2

 
 
Figure 1 Au spectra excited by 5.3 keV photons. Experimental data (upper panel) and simulations 
(lower panel) using the SESSA 1.2 database. This software is capable of performing simulations 
with linearly polarized X-rays. Circularly polarized light couples to non-magnetic Au as 
unpolarized light.  
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Polarisation, that is, the build-up of localised charge within a crystal, can be a major source of 
operational degradation in the performance of X-ray detectors fabricated from semiconducting 
materials, such as, TlBr, CZT and HgI2 [1-3]. The characteristics of such a detector, which may 
initially be excellent, can deteriorate drastically during extended exposure to radiation, and even 
result in a total collapse of detector response. Recently, Bale and Szeles [4] have developed a 
detailed dynamical model of polarisation of a semiconductor by intense X-radiation. They proposed 
that polarisation occurs because of carrier trapping by deep levels, resulting in a dense space charge 
region, which changes the internal field profile. However, many details of the effect are still not 
understood, particularly those relating to the polarisation process itself - the extent of the polarised 
region, the energy dependence of the process and information on the trapping processes 
responsible.  

In the present work, carried out at the HASYLAB synchrotron research facility, our objective has 
been to study the polarisation process in greater experimental detail using focussed X-ray beams to 
obtain high spatial resolution (50 micron), in contrast to the uniform illumination used in previous 
investigations. The sample detectors were 552 mm3 cut from a single TlBr crystal with gold 
contacts covering most of the square faces. Fig. 1 shows a typical set of data illustrating the 
degradation of detector response to a beam of a 60 keV X-rays at a rate of 1 kHz. Over a period of 
1 hour the peak channel position (and hence charge collection efficiency) declined by 10%, whilst 
the FWHM resolution deteriorated from 2.0 to 4.5 keV, and overall the response curve became 
badly asymmetric. Using an original model extending the theoretical work of Bale and Szeles, we 
were able to reproduce the form of the curves using a credible set of parameters [5].  

 

Fig. 1: Evolution of the 60 keV photopeak lineshape as a function of exposure time. 

In order to study the spatial extent and state of the polarised region as a function of time and energy 
we used a pump-and-probe technique. First, a spot region immediately below the anode surface was 
irradiated at a high flux of fixed photon energy for several minutes. Then the response of the 
detector was observed using a much lower flux of photons of the same energy scanned through the 
spot, along a direction normal to the beam. Hence, we were able to observe the lateral, spatial 
extent of the polarised region in which the detector performance was degraded (see Fig. 2). It is 
clear that the polarised region in which the detector performance is degraded significantly exceeds 
the size of the exposed spot. By changing the photon energy of the probe, we were able to study the 
polarised region in depth and hence obtain a 3D image of the phenomenon.  
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Fig.2: Normalised peak counts as a function of the position of the centre of the probe relative to the centre of 
the polarised area.  

With this set-up we were also able to study the effects of varying temperature and detector bias 
voltage. We illustrate the latter in Fig.3. First a polarised spot was created by an intense pulse of 60 
keV photons (~5 Gray) at a bias of 840V. Then the first probe scan of Fig. 3 was taken at the same 
bias immediately after the pump, confirming strong polarisation. The second scan taken with the 
bias reduced to 740V showed a similar effect. However, the third scan with the bias restored to 
840V seemed to indicate that polarisation was no longer present. Investigation has shown that this 
is not directly due to the modulation of the bias supply, but rather to a relaxation of the space 
charge by the release of trapped electrons precipitated by the reduction in bias.  

 

Fig.3: Results of sequential 60 keV scans across the damaged region through a sequence of bias settings (a) 
bias 840V, (b) bias 740V, (c) bias 840V, all at a temperature of -25oC.  

In summary, our results illustrate the power and future potential of the high resolution scanning 
technique for elucidating details of polarisation effects in semiconductor X-ray detectors.  
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In addition to the running double crystal monochromator a double multilayer monochromator will 

be developed for the Imaging Beamline (IBL) at PETRA III [1,2]. The multilayers act as Bragg 

reflectors and will deliver an about 100 times wider energy bandwidth compared to the perfect 

crystals of the double crystal monochromator. The trade-off for the lower energy resolution of 

multilayer structures is the by a factor of 100 higher flux which is often a clear benefit because for 

the most tomography applications an energy resolution of E/E=10
-2

 is completely 

sufficient. Therefore, to avoid an excessive loss of flux, in the most tomographic applications 

multilayer monochromators are used.   

The optical and geometrical requirements at the beamline leads to a monochromator equipped with 

different flat and bent substrates. Depending on the required X-ray energy either two [W/Si] 

multilayers or two [Mo/B4C] multilayers, both with a d-spacing of about 2.81 nm coated on long 

super-polished Si substrates will be used. The fabrication of the monochromator will be done by the 

company Bruker ACS, the multilayer coating will be done in house by Michael Störmer at the HZG 

Laboratory using a sputtering technique [3-5].  

 

For a first test of the sputtered multilayers we prepared several [W/Si] multilayer structures coated 

on Si wafers. The coatings had specifications similar to the multilayer structures planned for the 

new IBL beamline (see Tab. 1).  

The experiment was performed using white beam. The 

source size has been limited by closing the primary slits 

to 0.1 mm  0.1 mm. The complete setup was encased 

by lead sandwich plates to minimize the emission of 

scattered radiation. We tested single multilayer 

structures as well as combinations of the multilayer 

structures, i.e. double multilayer structures. As detector 

we used a Canberra germanium detector measuring the 

energy spectrum of the reflected X-ray beam. All 

measured spectrums were fitted and base line corrected. 

The incident angle was chosen at θ=0.65° which corresponds with about E=20 keV for the first 

harmonic reflection. Figure 1 shows the measured specular reflectivity of the single multilayers 

with Γ=0.5 and Γ=0.33. As expected for Γ=0.5 the second harmonic reflection is widely suppressed 

whereas the third harmonic reflection is clearly to see. For Γ=0.33 the second harmonic reflection 

appears, the third harmonic reflection is widely suppressed and the fourth harmonic reflection 

appears again like predicted from theory. (The absolute intensity of the peaks could not be 

evaluated quantitatively because the intensity depends strongly on the energy spectrum of the white 

beam which has a maximum at about E= 35 keV and decreases strongly below 25 keV. Further 

beam oscillations have influenced the absolute intensity strongly during the measurements.) For the 

material [W/Si] 

dimension 60x20x0.625 mm 

number of layers 100 

sample 1 d=2,815 nm 

Γ=0.4973 

sample 2 d=2.845 nm 

Γ=0.4930 

sample 3 und 4  d=2.805 nm  

Γ=0.3369 

Table 1: Specification of the tested multilayer 
structures.  
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double multilayer test measurements we combined two multilayers with Γ=0.5, two multilayers 

with Γ=0.33, and two multilayers with both, Γ=0.5 and Γ=0.33. Fig.1 (right) shows the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The intensity of the higher harmonic reflections for the double multilayers is reduced compared 

with the single multilayer spectrums. As expected, the combination Γ=0.33/0.33 shows a higher 

intensity for the second harmonic reflection whereas for both other combinations the second 

harmonic reflection is strongly attenuated. Higher harmonics could not be detected within the 

resolution of the detector due to the limited energy range of the white beam also for higher energies 

and the stronger attenuation of this harmonics compared to the single multilayers.   
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Figure 1: Nomalized measured specular reflectivity versus energy for two single [W/Si] multilayers with 

Γ=0.5 and Γ=0.33 (left) and for double multilayers combined of these single multilayers (right).  
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To implement lensless hard x-ray propagation imaging (or holographic imaging) with nanoscale resolution, contrast
formation by free space propagation has to be combined with geometric projection. To this end, we have commissioned
a dedicated endstation at beamline P10/PETRA III, based on a high flux Kirkpatrick-Baez (KB) mirror optics in
combination with x-ray waveguides (Salditt et al., 2008, Giewekemeyer et al. 2010, Krüger et al. 2010), to provide
nanoscale beam with tailored cross section and coherence properties. The instrument is devoted to propagation imaging
and tomography of biological cells and tissues, and is compatible with cryogenically immobilized samples as well
as with microfluidic systems. The instrument and its optical components are described in (Kalbfleisch et al., 2010).
During commissioning the focus was characterized, both in view of intensity distribution and the coherence properties.
First test of propagation imaging were performed on lithographic patterns and on biological specimen.

After careful alignment and commissioning of the KB, the waveguide module, detectors and optical in-situ micro-
scopes, the near-field and far-field intensity distributions were measured. Fig.1 (a,b) shows the results of the x-ray
waveguide (diagnostic) scans through the focal plane of the KB to characterize the near-field intensity distribution, see
the schematic in (c). The lateral and vertical focal intensity distribution were measured to determine the spot sizes and
the field of depth. In (a,b), the beam cross section (FWHM) are plotted as a function of z after batch fitting of scans
along the x (vertical) and y (horizontal) directions for each z to a Gaussian peak profile. Along with the experimental
results (circles), the values determined from simulations of beam propagation (solid black line) and an empirical fit to
a Gaussian beam profile (solid red line) are shown. Beam propagation taking into account the geometrical parameters
(undulator source size, distances) and measured height profiles of the mirrors, has been simulated, as shown in Fig.1(e),
for the case of the vertical direction, and can be compared to the experimentally measured 2D intensity distribution,
as shown in (f), obtained from a series of waveguide scans. An isotropic spot size of about 200nm was measured,
with exact values depending on alignment state and lineshape used in fitting. For example, in (d) a vertical focus scan
along with a Lorentzian fit is shown, yielding a (best case) FWHM of 186nm. The measured flux in the focal spot
was 2.13 · 1011cps (PIN diode), at a storage ring current of 60 mA and a photon energy of E = 7.9 keV. Comparable
flux densities, have to our knowledge only been achieved in pink beam mode before, but not at the low bandpass of a
Si(111) double cystal monochromator. Next, the spatial coherence properties of the KB and waveguide beams, as well
as coherence filtering effects, were characterized by Talbot interferometry. Propagation imaging with KB only as well
as with the additional waveguide module was tested, first on lithographic test patterns, clearly resolving the available
200nm and 50nm lines and spaces, respectively. Holographic images as well a first tomographic data set on freeze-dried
cells was recorded, as well as propagation images of black lipid membranes freely suspended in solution, generalizing
the work of (Beerlink et al. 2009) to divergent beams, with correspondingly higher resolution. Fig.1(g,h) show first
preliminary results on imaging of Deinococcus Radiodurans (D.radiodurans) (Deutsche Sammlung für Mikororganis-
men und Zellkulturen GmbH), pipetted on a Si3N4-membrane, and cryogenically fixed by plunge freezing in liquid
ethane, and subsequently freeze dried. The cells were illuminated by a crossed Ge/Mo/C/Mo/Ge waveguide (Krüger
et al. 2010), however at very small integrated flux. Fig.1(h) represents a first single-step holographic reconstruction.
Analysis based on more powerful, iterative algorithms (Giewekemeyer et al. 2011) is presently in progress.

1 Email: tsaldit@gwdg.de
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FIGURE 1. Beam width (FWHM) along the (a) horizontal (y) and (b) vertical (x) direction, as a function of z along the optical
axis, as measured by scanning the waveguide through the focus, along with the Fresnel-Kirchhoff simulations (solid black line)
and a fit to a Gaussian beam profile (solid red line), convolved with a residual width (see text). (c) Schematic of the waveguide
scan. (d) Focus intensity profile along the vertical direction in the focal plane after iterative alignment, along with a Lorentzian fit
(solid red line). Side minima and maxima are observed around the central focus. Two-dimensional (e) simulated and (f) experimental
intensity profile in the focal region (vertical plane), after logarithmic color encoding (see colorbar). (g) The hologram of freeze dried
D.radiodurans bacteria, as measured with waveguide illumination, after division by the empty beam, along with (h) a (preliminary)
holographic reconstruction.
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Polarization properties of elastic scattering processes in the hard x–ray regime
investigated at the synchrotron facility DORIS III
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The elastic (Rayleigh) scattering of polarized energetic
photons by atoms has attracted continuous theoretical and
experimental interest [1, 2]. Observations under large scat-
tering angles are of particular importance as they are well
resolved from Compton scattering contributions and, in
case of high-Z targets, are most sensitive to relativistic ef-
fects on the K-shell electrons. In addition, the theoreti-
cal description of Compton to Rayleigh differential cross
section is of particular challenge. The recent development
of efficient and precise Compton polarimeters for the en-
ergy region between 70 keV and a few hundred keV [3]
together with the availability of intense beams of polarized
hard x–rays at synchrotron facilities enables for differen-
tial cross section measurements of Rayleigh scattered pho-
tons. Furthermore, for best of our knowledge, no experi-
mental data for the degree of linear polarization of elastic
(Rayleigh) scattered photons are available, up to now.

Figure 1: A linearly polarized photon beam with an energy
of 147 keV, is backscattered from an Au-target. The spec-
trum was measured with a standard Germanium detector
under a scattering angle of 156 ◦.

Therefore, we performed a first test experiment at
Helmholtz Centre DESY in Hamburg. The synchrotron
DORIS III provides us with both, a high intensity as well
as a 92 % linearly polarized photon beam. Despite a high
detector efficiency, a low count rate was expected because
of low cross section under large scattering angles Θ. With
three days of test–beamtime, the goal was to explore count
rate, background radiation and the property of DORIS III
for x–ray spectroscopy and polarimetry at the energy range
of 100 keV.

In our experimental setup we investigated backscattered
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Figure 2: Expected degree of linear polarization of Comp-
ton scattered photons.

Compton and Rayleigh photons from a primary beam with
an energy of 147 keV. A typical spectrum is given by
figure 1, which shows the Compton– and Rayleigh–Peak
at a scattering angle of Θ = 156 ◦ as well as the Kα2,1

and
Kβ1,2 radiation of a thin Au target. Points of interest are the
Compton and Rayleigh cross sections at high energies and
large scattering angles Θ. A preliminary analysis yields in
Compton to Rayleigh count rate of 22± 5 (Au–target) and
230 ± 20 (Ni–target).

After the installation at the beamline, we started a proof–
of–principle measurement with a 2D Si(Li) Compton–
Polarimeter [4] to figure out, if a polarization study with
low count rate of scattered photons and a high intensity
of background radiation was feasible in general. Figure 2
shows the theoretical polarization of Compton scattered
photons, calculated for a 92 % linearly polarized primary
beam [5]. Polarization analysis leads us to a 77.1 ± 6.6 %
linear polarization of the Compton scattering peak, which
fits to theory.

In this first pilot experiment, counting statistics of Au–
Compton and Au–Rayleigh is low. But based on existing
data we are now applying for an extended run. This fu-
ture experiment, planned for 2011, will make use of an im-
proved target chamber. This intends to reduce background
radiation, which enables polarization studies of Rayleigh
scattering.
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The observation technique of internal structure in structural components is necessary to elucidate 
the cause of the failure accident or incident. Aluminium alloys tend to initiate preferentially at 
special sites, such as heterogeneous inclusions which exist in the subsurface region. By 
conventional techniques, such as laboratory X-ray and ultrasonic imaging, the size and shape of 
subsurface non-metallic inclusions and cracks, those smaller then 100 μm, cannot be detected. The 
x-ray computed micro-tomography provides information on the internal structural features of a 
material by the measurements of the attenuation of an x-ray passing through the sample at different 
incidence angles. It has many applications in a variety of fields, such as for the identification of 
internal material inhomogeneities, assessment of internal defects and damage, and investigation of 
the microstructure-property relationships in various materials [1]. The x-ray micro-tomography is 
also expected to have a good perspective in fracture studies; however, a particularly high spatial 
resolution well suited for the investigation of crack and crack/microstructure interaction is always 
required. Fortunately, the current synchrotron radiation facility at DESY in Hamburg enables x-ray 
computed tomography with a high spatial resolution down to less then 1 μm. 

Engineering components and structures may be subjected to loading conditions, which can force the 
material to undergo cyclic plastic flow. Such plastic deformations and their respective accumulation 
with cycles are a major cause of damage that, eventually, will lead to material failure. Damage is 
related to the irreversible processes at the materials microstructure. From a physical point of view, 
damage, defined as the appearance of new surfaces in a material, can be decomposed into three 
stages: initiation, growth and then coalescence. Different initiation mechanisms have been 
observed: inclusion rupture [2], inclusion /matrix decohesion [3] or matrix cracking around the 
inclusions in the case of fatigue of metals. In the low cycle fatigue (LCF) regime, due to 
considerable plasticity, accumulative microstructural changes take places, in the form of persistent 
slip bands, rearrangement of dislocation systems and void nucleation and growth [4]. The latter 
mechanism corresponds to high strain amplitudes, for which very short lifetimes are usually 
expected. As a consequence, the early estimation of cracks is essential for the prevention of failure. 

Al2024-T351 is an aluminium alloy renowned for its good mechanical properties, therefore it has 
been used for decades in aircraft applications. The material under investigation was supplied in 
form of a 100 mm rolled sheet in a T351 temper. It can be seen that the monotonic and cyclic 
fracture of the specimen extracted from the thickness (S direction) consists of sharp bright planes, 
characteristics of a brittle fracture [5], whereas L-direction reveals a dimple structure associated to 
ductile deformation. The reason for such a fracture mechanism is the formation of particle clusters 
aligned in the rolling direction, forming internal networks separating the structure into flat disks of 
Al-matrix domains surrounded by particle free bands (PFB). The interesting fracture behaviour in 
the S (thickness) direction led to detailed study using SRμCT. 

Within our investigations focus is on monotonic loading and low cyclic fatigue (LCF) of the 
aluminium alloy Al2024. Round notched bars with different radii taken from 100 mm thick sheet 
are being examined. The specimens have been extracted from short-transverse direction. For the 
modelling of LCF it is essential to understand/describe the damage mechanisms correctly. Some of 
the tested specimens are later investigated by computer tomography at DESY Hamburg Synchrotron 
Radiation Laboratory HASYLAB in order to visualise crack initiation and evolution. Figure 1 
depicts the specimens geometry. The minimal cross-section of the specimens was reduced up to 2 
mm to achieve better resolution. The geometry was modified to localise damage and keeping a 
homogeneous stress state along the minimum cross section (hour-glass specimen). The variation of 
the stress state (tri-axiality) has been achieved by introducing notches. All tomographical scans 
were performed at beamline W2 (HARWI II) using the photon energy of 28 keV. 
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a) 

 

 

b) 

 

Figure 1: a) Particle clusters (white) in the investigated material in XTM analysis and matrix domain. 
b) The notched specimens geometry [6, 7]. 

a) 

 

b) 

 
Figure 2: a) Cracks originating from the surface of the specimen and propagation towards the center 

(LCF). b) Micropores originating from the particle/matrix interface(uniaxial loading) [6, 7]. 
 

In the present study, the applicability of SRμCT to the 3D measurement of the subsurface inclusions 
and fatigue crack in the aforementioned is examined. The investigations have made it evident that 
micro-mechanics based models porous plasticity damage models are not suitable for this particular 
alloy due to a high number of dense particles, arranged in continuous layers. Damage initiating from 
monotonic loading originates from the centre of the specimen whereas in cyclic loading at the notch 
root. The production process of a particular alloy influences its mechanical properties to a large 
extent, in this case the process of rolling caused heavy particles to participate at the centre of the 
plate (Figure 2). Overall, the feasibility of this technique shows the potential of its application in the 
field of micromechanics based fracture, which enables not only to well understand the micro 
mechanisms of fatigue fracture phenomena and provide 3D micro-structural information as an 
important insight aiding the modelling activities. Please refer to [6, 7] for a detailed study. 
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Many organisms react to the Earth magnetic field with modifications of their behaviour or different 
physiological categories, but only in few cases the underlying sensory mechanisms, the ontogeny, 
receptor physiological features and biophysical principles of candidate receptor systems are known 
[1, 2]. Momentarily, best investigated concerning the involved magnetic materials are iron 
containing dendrites in the upper beak of various birds [2] and magnetotactic bacteria [3]. We 
investigated specimen of both organisms and different abiotic reference minerals using 
(microscopic) X-ray absorption near edge structures (XANES) in order to collect evidence for 
putative common characteristics. 

Methods: After fixation in 4% formaldehyde a suspension of Magnetospirillum gryphiswaldense was centrifugated, 

which yielded 10
9
 cells/ml. The bacteria contain about 20 magnetite crystals/cell, each with a diameter of about 40nm. 

Several samples of maximal concentrated cells on Ultralene foil were analysed. The detailed processing for the x-ray 

analysis of avian tissue and abiotic minerals are described in [2]. 

The XANES-spectra of M. gryphiswaldense are convincingly clear and almost identical to the 
spectra of magnetite powder reference material (see Fig. 1). During ontogeny or after cell division, 
iron-II-oxide enters the cell and is converted into iron-II/III-oxide inside the magnetosomes. 
Obviously this process has been completed in the studied cell suspension.  

The bacterial XANES spectrum is clearly distinct from the avian dendrite spectrum. This result 
strongly supports our hypothesis that the subcellular iron particles inside avian sensory dendrites do 
not originate from incorporated or endosymbiotic bacterial magnetosomes.  

 

Figure 1: XANES and XAFS spectra of a pellet of isolated magnetosomes magnetotactic bacteria (green), of 
crystalline magnetite powder (red), and avian magnetosensory dendrites (black) measured in flat beam 

fluorescence mode, flat beam transmission mode and microfocussed beam fluorescence mode, respectively, 
but otherwise identical beamline conditions at HASYLAB beamline L. 
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Background 
 
The aim of the project was to produce virtual and real 3D-models of important animal species as 
teaching aids for zoological university lectures and practical courses. As the “Visible Human 
Project” has shown for education in medical sciences [1, 2, 3], the three dimensional visualization 
of complex structures of human anatomy significantly advances the learning success. The insights 
and experiences from this medical project can be transferred directly to teaching and learning in 
zoology. The models (plastic or wood) presently available for such courses only represent a few 
“standard” species and are extensively simplified, rendering them nearly useless for advanced 
courses. 

The first step of our project is to produce highly detailed virtual three dimensional models for some 
evolutionary and biologically important species possessing especially complex structures that are 
very difficult to communicate with two dimensional images.  

 

Material, and specimen preparation and preliminary results 
 
During our session at BW2 in November 2010 we were able to acquire tomography data for the 
following species: 

Anopheles stephensi (Diptera) - this mosquito is an important vector for the Malaria agent 
(Plasmodium spec.). Our intention was to demonstrate the morphology of the mosquito as well as 
the tissues in its body where the development of stages such as the sporocysts and sporozites of the 
Malaria agent takes place. This is an especially difficult task since single Plasmodium specimens 
are extremely small. We are not yet sure whether we succeeded in producing sufficiently well 
resolved data to display them within the mosquito. 

Ixodes ricinus (Acari) - this tick is an important ectoparasite on vertebrates including humans with 
specially adapted mouthparts enabling it to dig into the skin of its host. Ticks are vectors for some 
important human diseases, among them Lyme disease (borreliosis) and tick-borne 
meningoencephalitis). The Ixodes dataset shows the morphology of the mouthparts, tracheal 
openings, legs and genital openings in great detail. We are looking forward to producing rapid-
prototyping models of this specimen for use in advanced zoology courses and parasitology courses 
for students of human medicine. 

Hirudo medicinalis (Annelida: Hirudinea) - this leech is an ectoparasite also on humans with three 
characteristic cutting jaws to cut through the skin of its host in order to gain access to the blood. It 
is often used for medical purposes in treating hematomas, etc. Hirudo specimens are regularly used 
in zoology courses to demonstrate the anatomy of advanced Annelida. The data we acquired are of 
very good quality, thanks to the special characteristics of the radiation at BW2. 

Cynomya spec. (Diptera); this blowfly usually feeds on dead organic material, often on corpses and 
is very important in the context of forensic investigations. We produced a dataset of a full-grown 
larva that will be used in advanced courses on forensic entomology demonstrating very well the 
characters that are important for species determination. 
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Currently we are working on the datasets to produce virtual models that can be used in student 
courses. Due to the extremely detailed data this work will take a couple of months until the first 
working model can be presented. In parallel the Ixodes-data are prepared for production of a real 
three dimensional model via rapid prototyping. 

Eventually, the models will be used to demonstrate the function and morphology of all important 
parts of these animals. The real models are crucial for communicating the proportions and 
interactions of mouthparts, attachment devices, etc., thus facilitating a thorough understanding of 
their function.  

 

Figure 1: A. Ixodes ricinus, ventral view. B, C. Hirudo medicinalis. B. Longitudinal section 
showing jaws (k), pharynx with muscles (ph), intestine (i), genital duct (gd), nervous system (ns), 
etc. C. 3D-rendering with cross section in posterior area, showing musculature, intestine (i) with 

diverticles (di), genital duct (gd), etc. 
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Viral vectors as gene carriers exhibit a high transfection efficiency but show often an immune 
response, are size limited, and difficult to produce. Therefore, non–viral gene transfer is a 
promising task for the future. If a new lipid with promising transfection activity and low toxicity is 
identified, the next step is to explain the whys and wherefores with respect to its structure. The 
investigation of the physical–chemical properties turned out to be one domain that is able to 
correlate structural characteristics with transfection results [1]. In the present work, we present 
structural data of two novel cationic lipids designed for gene transfection (Figure 1) [2]. While lipid 
7 shows poor transfection rates in complexes with DNA, lipid 8 with one unsaturated chain is 
excellent for high transfection efficacies.  

SAXS/WAXS measurements were performed at the soft matter beamline A2 of HASYLAB. 
Similar phases for lipids 7 and 8 (Figure 2) have been found.  
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Figure 1: Chemical structures of lipids 7 and 8. 
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Figure 2: Selected Synchrotron SAXS and WAXS patterns of lipids 7 and 8 at different temperatures 
(indicated). The boxes mark a Bragg peak arising from hydrogen bonds with d = 0.47 nm. The arrows 

indicate the existence of an additional Bragg peak at s = 2.84 nm-1 most probably because of head group 
ordering.

-651-



The equidistant spacing of the s001 and s002 peaks is typical for lamellar ordering. It is retained up to 
high temperatures for both lipids. At 20 °C, the two Bragg peaks in the WAXS region of lipid 8 are 
an indication for tilted chains packed in an orthorhombic lattice in the lamellar gel phase (Lß´). At 
around 60 °C, a single Bragg peak reveals the transformation of the orthorhombic into a hexagonal 
chain lattice of non–tilted chains. Above 65 °C, a halo in the WAXS region is the evidence for 
molten chains and therefore a liquid crystalline phase (Lα). An additional peak with low intensity at 
d = 0.47 nm can be observed (box in Figure 2). The vanishing of this peak in the temperature range 
between 50 °C and 55 °C can be interpreted as the breaking of hydrogen bonds and might be 
responsible for the broad phase transition of lipid 8. At 20 °C, four Bragg peaks of lipid 7 are 
obtained in the accessible range of the detector. The unit cell perpendicular to the chain axis is with 
4.9x7.6 Å2 very close to the well-known herringbone arrangement (5.0x7.5 Å2) of hydrocarbon 
chains in organic crystals. Interestingly, another peak appears at s = 2.84 nm-1 (arrows in Figure 2). 
This peak is very likely based on an independently formed lattice of the lipid head groups. The 
observed phase can be assigned best to be a sub–gel like phase (Lc). 

Mixtures of lipids 7 and 8 with cholesterol in an equimolar ratio show similar lamellar phases (L7C 
and L8C) as the pure lipids (Figure 3). At 20°C, L7C exhibits a strong first order Bragg peak and a 
peak which is related to cholesterol monohydrate (LC phase). The cholesterol peak has a shoulder 
(indicated by the arrow in Figure 3), which represents the second order peak of the lamellar phase. 

L8C shows the same peak positions, but s002 can be better distinguished from the much weaker LC 
peak. Phase separation between cholesterol-rich and cholesterol-poor phases can be seen. 
Interestingly, the amount of crystalline cholesterol in both lipid mixtures is different. If the SAXS 
intensities of the cholesterol peaks relative to the first order peaks of L7C and L8C are compared, it 
becomes obvious that the amount of phase separated cholesterol monohydrate is significantly 
higher in the case of lipid 7. This effect can be explained on the basis of the presented experimental 
data. The two saturated chains of lipid 7 permit a herring bone arrangement (very dense packing). 
Additionally, strong head group interactions (especially hydrogen bonds have been observed. Thus, 
the lipids show a strong self–association and only very small amounts of cholesterol can be 
incorporated into the bilayer. In contrast, the defect in form of a cis double bond in lipid 8 leads to a 
smaller packing density. Less hydrogen bonds in the head group region make the incorporation of 
cholesterol much easier and the maximum solubility raises. 

References 
 

[1] S. Chesnoy and L. Huang, Annu. Rev. Biophys. Biomol. Struct. 29, 27 (2000). 
[2] M. Heinze, G. Brezesinski, B. Dobner, and A. Langner, Bioconjugate Chem. 21, 696 (2010). 

0.1 0.2 0.3 0.4

In
te

ns
ity

 / 
a.

u.

s / nm-1
2.0 2.2 2.4 2.6 2.8

s / nm-1

L8C/C

LC

L8C

0.1 0.2 0.3 0.4

In
te

ns
ity

 / 
a.

u.

L8C

2.0 2.2 2.4 2.6 2.8

L7C
L7C/C

LC

L7C/C

L7C

L7C

L7C

LC

L8C

L8C

lipid 7 + cholesterol

lipid 8 + cholesterol

 
Figure 3: Synchrotron SAXS and WAXS patterns of lipids 7 and 8 in equimolar mixtures with 

cholesterol at 20 °C. The mixed phases of lipid 7 and lipid 8 are labeled with L7C and L8C, respectively. 
Bragg peaks of cholesterol monohydrate are labeled with LC. 

-652-



Imaging the Rat Mandible to assess Distraction 

Osteogenesis 

S. Hieber, C. Jaquiery
1
, C. Kunz

1
, B. Ilgenstein, F. Beckmann

2
, and B. Müller 

Biomaterials Science Center, University of Basel, c/o University Hospital, 4031 Basel, Switzerland 

1Department of Surgery, University Hospital, 4031 Basel, Switzerland 

2Helmholtz-Zentrum Geesthacht (HZG), DESY, 22607 Hamburg, Germany  

Distraction osteogenesis has proved to be a powerful tool to correct craniofacial deformities. The 
current challenges are the increase of the distraction rate and the acceleration of osseous 
consolidation while preserving the quality of the bone formed. The success of distraction 
osteogenesis depends on the vascularization and the number of potentially osteogenic mesenchymal 
stem cells (MSC) within the distraction gap [1,2]. 

The effect of MSC applied at the beginning of the distraction protocol has been studied on nude 
rats. After a latency period of five days, linear distraction was performed at a rate of 0.5 mm/day up 
to a distraction distance as large as 6 mm.  

The amount of bone formed, its degree of mineralization and its morphology were analyzed post 
mortem by means of 3D imaging techniques and sophisticated computer-based data analysis. 

First, a conventional microCT system (nanotom
®

, GE, Wunstorf, Germany) served for the rat 
mandibles with a maximal length of 16 mm. The data acquisition took place with an acceleration 
voltage of 100 kVp and a beam current of 100 μA. The 2000 projections equally distributed over 
360° were recorded with an exposure time of 0.5 s per frame resulting in an acquisition time of 
approximately 100 minutes per specimen. The magnification was set to a value that the entire 
specimen fitted into the field-of-view leading to a pixel size 6.9 µm. The 3D reconstruction was 
generated by the manufacturer’s software, based on a modified Feldkamp algorithm, with a 
correction to reduce ring artefacts and beam hardening. 

After de-calcification, some of the rat mandibles were scanned at the beamline BW2 at HASYLAB, 
where the HZG operates the tomography system. Synchrotron radiation-based microCT (SRµCT) 
measurements in absorption contrast mode were performed using an asymmetric rotation axis [3] 
and a photon energy of 14 keV. The magnification was set to 1.76, which led to a pixel size of 
2.5 μm and a spatial resolution of 9.4 µm derived from the 10% value of the modulated transfer 
function from a highly X-ray absorbing metal edge. The 1440 projections recorded at equidistant 
angular positions between -180° and 180° were reconstructed using filtered back projection 
algorithm with a binning factor of two. 

Fig. 1 shows 3D representations of the rat mandible obtained by the conventional microCT. These 
data are very supportive to identify the distraction region. They do not allow for a detailed 
evaluation, as the bone formed exhibit much lower X-ray absorption because of the lower 
calcification. Here, the much better density resolution of SRµCT especially after de-calcification 
permits the detailed analysis of the tissue formed in the distraction region.  

Finally, the SRµCT data are used to identify and localize the most interesting regions for the 
histological cuts. The histology data should provide additional information on the precise 3D 
location of the MSC. Please note that even after decalcification, the incisor is the dominating 
feature. Its characteristic morphology even after cutting is very supportive for navigation within the 
huge datasets. 
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Figure 1: Three-dimensional representations of entire rat jaws with a length of 16 mm based on a nanotom® 
measurement (top) and cross-sections of the distraction region based on SRμCT (bottom). The 3D 

reconstructions can be used to assess the quality of newly formed bone and the impact of the human stem 
cells.  
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Liposomes have been widely used in the pharmaceutical field. Liposomes are an alternative system 
for reducing the toxicity associated with drugs [1-3]. The aim of this research work was to study the 
new formulation based on liposomes with different drugs which can be used a drug carrier system. 
The liposomes were prepared by the lipid film hydration technique. In order to determine some 
properties of the liposomes, e.g. shape, diameter and repeat distance (long spacing and water layer) 
the X-ray and light scattering as well as a light microscopy were applied. The X-ray scattering 
based on synchrotron radiation allows a high resolution structure analysis. Therefore the Small and 
Wide Angle X-ray Scattering (SAXS/WAXS) at the beamline B1 at HASYLAB, DESY, Hamburg 
was applied for the structure determination.  

Experimental methods 

1. Preparation of liposomes 

The liposomes were prepared by the lipid film hydration technique (Figure 1). The lipid films of 
different phospholipids i.e. Phospholipon 85G®, 90G® and 90NG® were prepared in a vial by 
dissolving the lipid in a 100 µl of the mixture of chloroform and methanol (2:1, v/v) followed by 
removal of the organic solvent by a vacuum drying cabinet at 40°C for 24 h. Prior to the 
measurements by different techniques, the lipid films were hydrated with one of the drug solutions 
in sterile pure water. Various drugs were studied i.e. lidocaine base (LB), lidocaine hydrochloride 
LB(HCL), hydrous theophylline T(H2O), anhydrous theophylline (T), acetylsalicylic acid (ASA), 
and paracetamol (P). The molar ratios of drug to phospholipid were varied. Phospholipon  85G® 
contained phosphatidylcholine and lysophosphatidylcholine; Phospholipon 90G® and 90NG® 
contained the same substances i.e. phosphatidylcholine, lysophosphatidylcholine and tocopherol but 
at different percentages [4].   

2. Characterisation of liposomes 

The liposome samples were filled in glass capillaries, which were sealed with epoxide glue, and 
SAXS/WAXS measurements were made in room temperature. In order to determine the form and 
diameter of the drop size the light microscope operating with the software Motic Images Plus (BA 
300, Motic Deutschland GmbH, Germany) and static light scattering (Mastersizer-S, Malvern 
Instruments GmbH, Herrenberg, Germany) were applied.  

Results and Discussion  

 
 

Figure 1: a) Phospholipon 85G-film (left) and liposomes after hydration of the film in the drug solution 
(right), b) light microscopic image of liposomes. 
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Figure 2: SAXS/WAXS of liposome : Phospholipon 85G and various drugs (1:1, molar ratio at 2 x 10-5 mol). 

Figure 1 shows optical characteristics of the samples and Figure 2 shows measured SAXS/WAXS 
curves. The results show that the prepared liposomes were multilayer with the diameter of some 
nanometers to micrometers. The repeat distance of the lipid-layer was about 6 nm. After the 
incorporation of different drugs, the structure of the liposomes changed depending on the drug type. 
Some drugs caused disordered structure of the liposomes and some promoted the highly ordered 
structure. This can be clearly observed by SAXS and WAXS techniques. The liposomes studied in 
this project can be used as drug carrier systems and the active substance with different properties 
e.g. water solubility, pKa, polymorphism can be incorporated. However, it should be considered 
that the nanostructure of the liposomes may change depending on the types of the substances.    
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Proteins adsorb spontaneously at virtually any interface between the aqueous solution they are diluted in and a gas,
solid, or liquid phase. This self-assembly is utilized in the food and health-care industry e.g for the stabilization of
foam-bubbles or emulsion-drops. Protein stabilized bubbles or drops can be treated as capsules surrounded by a soft
shell [1]. Consequently, the possibility for the formation of tailored containers for the encapsulation and release of
active substances emerges. Much research has been done in this regard with commercial model-proteins (e.g. caseins,
β-lactoglobulin, serum albumin and lysozyme). Nevertheless, a prediction of the properties (thickness, viscoelasticity,
surface load etc.) of the protein adsorption layer and the impact of adsorption on protein structure depending on its
attributes, remains elusive. In this study, interfacial rheology and small angle X-ray scattering experiments (SAXS) are
applied to investigate the mechanical and morphological properties of the interfacial adsorption layer formed by a spe-
cific designed ankyrin repeat protein (DARPin, Figure 1) [2]. DARPins were originally developed for pharmaceutical
purposes [3, 4] but, moreover, their modular construction makes them fundamentally different from globular proteins
[5]. Furthermore, since repeat proteins are the only class of proteins that can be extended in size while still constituting
a contiguous domain, unique questions about how adsorption behavior and layer morphology change with the number
of repeats can be asked.

C-cap Internal repeats N-cap

Figure 1: Ribbon model representation (VMD [7]) of a DARPin (E3 5 [8]) with three internal repeats (helix-loop-helix domains).
The proteins are termed NIxC where I represents the full-consensus repeat, the subscript x represents the number of identical
full-consensus repeat modules, and N and C correspond to the N- and C-terminal capping repeats respectively [5].

Interfacial rheology measurements were performed at the ETH Zurich using an MCR 501 rheometer equipped with
a biconical tool (Anton Paar, Physica, Germany). X-ray reflectivity measurements were performed at the surface
diffractometer of beamline BW1 at HASYLAB, which is equipped with a temperature-controlled Langmuir trough
placed in a sealed container. Proteins were allowed to adsorb to the air/water interface from the bulk solution for
several hours at constant temperature (20 ± 0.5 ◦C). Samples were examined with a beam of wavelength λ = 1.3 Å,
corresponding to photons with energy E = 9.5 keV. The time point at which the sample was poured into the trough
was taken as starting point of the experiment (t = 0). Interfacial rheology was applied to investigate the properties of a
NI1C protein adsorption film at the air/water interface. NI1C stability is calculated to be about -4 kcal mol−1 and the
rate of its unfolding reaction is 3.4 s−1 [5]. Slow adsorption and fast unfolding of the protein at the interface leads to
the formation of a stable viscoelastic network. Network stability upon shearing can be measured with the interfacial
rheometer. Strain amplitude sweep experiments revealed a linear viscoelastic region up to strain amplitudes of 1%,
verifying the formation of a viscoelastic interfacial film with pronounced elastic response (G′i >> G′′i , Figure 2a) [13].
The frequency sweep experiment results for a 0.005 mg/ml NI1C solution are depicted in Figure 2b. Frequency sweeps
were performed at a strain amplitude of 0.2%, that is, within the linear viscoelastic region assessed by the strain sweep
experiments. G′i and G′′i showed an almost parallel and frequency-independent course, indicating the formation of a
gel-like network at the interface [12]. Reflectivity of a NI1C solution at the air/water interface was measured in order to
gain insight into the morphology of the protein adsorption layer. The protein covered interface showed higher electron
density than the pure water surface. Even though, no distinct fringes as would be expected for a layered substrate were
visible in the reflectivity curves (Figure 2c). Fitting of the reflectivity curves was done using the Parratt algorithm [9], a
recursion formula to calculate the reflected intensity from a system of stacked homogenous layers with given thickness
and refractive index [10]. A roughness factor accounts for the interface smearing and thermal fluctuations [11]. The
reflectivity patterns of the protein adsorption layers showed no distinct fringes at the measured angles (Figure 2c). The
lack of fringes can have many reasons (e.g. too little contrast, layer thickness outside the measured angle-range) but
most probably it is the high roughness between the layers weakening the reflected beam intensity. A model with tree
layers occupied by proteins with different conformations depending on the distance from the interface gave the best fit
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(three box model). The model for the fit features a denser layer at the boundary to the air which becomes less dense
when moving towards the bulk solution. This is manifested by the decreasing electron densities in direction towards
the bulk. High roughness between adjacent layers represents the graded nature of the interface.

C-cap Internal repeats N-cap
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%layer thickness, from substrate to air
d(1,1)=10.8;
d(1,2)=10.9;
d(1,3)=10.1;
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%%%%% to be changed%%%%%
%%% electron density from substrate to air
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sld(1,4) = 1.14*9.2e-6;
sld(1,5) = 1*9.2e-9;
%sld(1,6) = 0*9.2e-6;

%%%%% to be changed%%%%%
%absorption first sustrate then air!
absorp (1,1) =0;
absorp (1,2) =0;
absorp (1,3) =0;
absorp (1,4) =0;
absorp (1,5) =0;
%absorp (1,6) =0;

%roughnes from sustrate to air!
rough (1,1) =3.0;
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Figure 2: (a, b) Strain amplitude sweep (angular frequency ω = 1 rad/s) and frequency sweep experiments (strain amplitude γ =
0.2%), respectively, for a 0.005 mg/ml aqueous solution of NI1C. Proteins were allowed to adsorb to the air/water interface from
the bulk (T = 20 ◦C) for at least 3 h. G′i = interfacial storage modulus, closed symbols and G′′i = interfacial loss modulus, open
symbols. (c) Reflectivity curve of a 0.005 mg/ml NI1C bulk solution after 6h of adsorption to the air/water interface. The dashed
line is the fitted curve as calculated by the Parratt algorithm with the parameters listed in the table (d). The solid line is the Fresnel
reflectivity curve for an ideal air/water interface. (d) Parameters resulting from the reflectivity measurement fit of a 0.005 mg/ml
NI1C solution upon adsorption to the air/water interface. dlayer = thickness of each of the three layers. δl/w = ratio of the electron
densities of each layer over that of water. (e) Schematic interpretation of the interfacial rheology experiments from (a) and (b) and of
the fit parameters retrieved from (c) and (d) showing the inhomogeneous layers occupied by proteins with different conformations.

An interpretation of this fit together with the surface rheological data (Figure 2 a and b), thus, leads to the conclusion
that a graded and very inhomogeneous layer is formed upon protein adsorption to the air/water interface (Figure 2e).
This layer is occupied by protein-species with different conformations ranging from unfolded at the interface to native
in the bulk and subphase. Nonetheless, additional research with complementary methods in order to gain knowledge
on the conformation of the molecules at the interface will be indispensable for the final interpretation of the SAXS
data. The development of a generic model describing the behavior of proteins upon exposition to an interface and
the mechanics of the resulting adsorption layer is of significance for the production of stable tailored emulsions (soft
capsules). Novel molecules designed according to the findings of this ongoing study can become the building blocks
of such capsules.
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Adrenergic receptors (AR) are integral membrane proteins involved in cellular signalling that 
belong to the G protein-coupled receptors (GPCR). Our understanding of the molecular 
mechanisms whereby membrane lipids alter the activity and can modulate the spatial location of AR 
is largely unknown. We attempt to study the role of PE lipids, the main phospholipid class found in 
the inner leaflet of the plasma membrane, in cell signalling. In order to assess protein-lipid 
interactions that might be relevant to receptor location in PE domains, we have studied the 
interaction of several peptides copy of the natural spanning segments of the human 2α-adrenergic 
receptor [1]. Now, we are interested in the human β2-adrenergic receptor (B2-AR). We have 
analysed the interaction of three peptides copy of specific regions of B2-AR with model 
membranes. For X-ray diffraction experiments, multilamellar lipid vesicles of 1,2-dielaidoyl-sn-
glycero-3-phosphatidylethanolamine (DEPE) and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 
(DPPC) 15% (w/w) in presence and absence of peptides were prepared in 10 mM Hepes, 100 mM 
NaCl, 1 mM EDTA, pH 7.4. Measurements were performed at the beamline A2 at DESY-
HASYLAB. The experimental data indicate that one peptide copy of the C-terminal segment of B2-
AR protein could modulate the membrane structure by interacting with nonlamellar prone 
membranes. Further investigations are in progress. 
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Background 

Sea urchins (Echinodermata: Echinoidea) constitute a major part of the marine benthic fauna and 
can be found from the tropics to the polar regions in shallow waters as well as the deep sea. They 
have traditionally served as model organisms for a variety of developmental, physiological, and 
evolutionary studies. The excellent fossil record of this group permits to calibrate molecular clock 
hypotheses as well as to improve statistical models used in phylogenetic inferences. In order to 
elucidate the evolutionary interrelationships of the various sea urchin taxa, a number of independent 
datasets have recently been gathered and analyzed: hard part anatomy, molecular data, 
pedicellariae, larvae, and soft part anatomy. The aim of the current project was (i) to gather 
comparative datasets of selected sea urchin species using µCT and SRµCT, (ii) to determine to 
what extent wet museum material could be incorporated into such studies, and (iii) to assess if 
large-scale scanning of hard parts could yield novel information on sea urchin systematics. 

 

Figure 1: Initial results of micro-computed tomography scanning using the common sea urchin species 
Psammechinus miliaris (Gmelin, 1778). µCT-based 3D renderings of the calcite endoskeleton: aboral view 
(A) and virtually dissected lateral view revealing the internal masticatory apparatus in situ (B). Comparison 

of reconstructed image data derived from µCT (C) and SRµCT (D). 

Results and Discussion 

For the preliminary comparison of results derived from SRµCT and µCT, the common sea urchin 
species Psammechinus miliaris (Gmelin, 1778) (Echinoidea: Parechinidae) was chosen. Initial 
µCT-based 3D renderings revealed that scanning on the cone beam apparatus would be sufficient to 
reveal the gross morphology of the calcite endoskeleton (Fig. 1A) as well as that of the internal 
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masticatory apparatus (Fig. 1B) - two structures of prime interest for sea urchin hard part 
systematics. However, the data derived from µCT (Fig. 1C) did not match those acquired using 
SRµCT (Fig. 1D), in particular with regard to density information, brilliance, and voxel dimension. 
While the higher resolution obtainable using SRµCT is not essential for basic morphological 
comparisons, fine structural differences can only be resolved using SRµCT. A good example for 
this are sea urchin teeth (Fig. 1D): fine structural differences such as density variation within the 
tooth could be used to complement existing character matrices. 

However, as SRµCT beam time constitutes a precious resource and the specimens under study 
ranged from about 1 - 10 cm in diameter, the decision was made to use the cone beam µCT setup 
for all subsequent scans. The preliminary data on Psammechinus miliaris furthermore revealed that 
because of the relatively high X-ray attenuation of sea urchin hard parts, all specimens could be 
scanned in ethanol - thus permitting the inclusion of wet museum material with its internal hard part 
morphology in situ. 

 

Figure 2: Large-scale µCT scanning using the cone beam setup of sea urchins reveals distinct shapes and 
forms of their endoskeleton in 3D. (A) Phyllacanthus imperialis (Lamarck, 1816), Cidaroida; (B) Salenia 
goesiana Lovén, 1874, Salenioida; (C) Arbacia dufresnii (Blainville, 1825), Arbacioida; (D) Echinometra 

mathaei (Blainville, 1825), Echinoida; (E) Rotula deciesdigitata (Leske, 1778), Clypeasteroida; (F) 
Nacospatangus alta (Agassiz, 1863), Spatangoida. 

Clearly, the combination of µCT and SRµCT allows for a more extensive study of museum 
specimens. Using the cone beam source, a representative selection of sea urchin species (162 taxa 
in total) was scanned, allowing primarily their gross morphological comparison. The more detailed 
SRµCT datasets of selected species will yield additional fine structural data with higher quality. 
Our morphological studies reveal that a number of hard part features have so far not been 
recognized in sea urchin systematics and work is currently in progress to describe these novel 
characters [2]. 
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X-Ray Absorption Near Edge Structure (XANES) analysis in combination with Synchrotron Radiation 
induced Total reflection X-Ray Fluorescence (SR-TXRF) acquisition was used to determine the 
oxidation state of Fe in iron-overloaded human cancer cells. The Fe K-Edge XANES measurements in 
fluorescence mode and grazing incidence geometry were carried out using the TXRF vacuum chamber 
setup at the beamline L at the Hamburger Synchrotronstrahlungslabor (HASYLAB) at DESY[1-3]. 
The feasibility of the SR-TXRF XANES analysis is shown in detail in our previous study [4]. 
The excitation energy was tuned from 7015 eV to 7500 eV in varying steps (10 eV to 0.5 eV) across 
the iron K-edge at 7112 eV. To get reasonable peak to background ratios the acquisition time for each 
spectrum was set between 5 and 15 seconds depending on the Fe florescence intensity of each sample. 
For each specimen at least two repetitive scans were performed to increase the signal to noise ratio. 
During all XANES measurements the absorption of an iron foil was recorded in transmission mode 
simultaneously.  
Human colon cancer cell lines (colorectal adenocarcinoma) as well as human breast cancer 
(adenocarcinoma) and human fibrosarcoma cell lines in were prepared at the Laboratory of 
Environmental Chemistry and Bioanalytics in Budapest, Hungary. The samples have been prepared 
without treatments or with treatments with different iron forms. The cellular uptake of iron was 
investigated recently with different analytical techniques [5].  
During the sample preparation the cells were treated with Fe2+ or Fe3+ salts (i.e. FeSO4, FeCl3, 
Fe3+citric) and transferrin. After washing, a cell suspension was produced and sealed avoiding air 
contamination. A major challenge in elemental speciation is to avoid chemical transformation during 
analyses. Therefore the samples were transported in argon environment. Main aim was to gain 
information about the iron component inside the cells after these treatments.  
23 samples with different iron treatments were analyzed and the data quality, which could be 
improved significantly based on the results of the feasibility study [4], allowed further data processing 
for 20 samples.  
We observed that independently of the chemical treatment all samples clearly showed a mixture of 
Fe2(SO4)3 and Ferritin. As an example fig.1 shows a comparison of  the  spectrum  recorded  for  the 
FeSO4 standard (red), the standard Fe2(SO4)3 (blue) and the FeSO4 treated sample. The data quality 
allowed linear combination (LC) fitting; fig 1 shows the result of the LC fit of the standard spectra for 
Fe2(SO4)3 and Ferritin to the spectrum recorded for a sample treated with FeSO4 (quality of fit 
parameter: R-factor = 0.000234). 
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Fig 1. Comparison of FeSO4 treated sample with the standards FeSO4 (red) and Fe2(SO4)3 ( blue) 

 

 
Fig.2 LC Fit  of  Ferritin  and  Fe2(SO4)3  to  FeSO4  treated  samples,  revealed  100%  Fe2(SO4)3  and  0% 

Ferritin 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Introduction: In the maxillofacial surgery metals like titanium are used to combine a good 
mechanical stability with biocompatibility. Under normal bone conditions titanium with the help of 
structural surface modifications leads to good osseointegration. For osteoporotic bone, additional 
influencing factors are an imbalance in bone metabolism and in treated cases the (hormone) therapy 
applied to counteract it. Components of the tissue specific extracellular matrix linked or adsorbed to 
biomaterial surfaces show a high potential to control cell response and bone healing around 
implants and increase overall implant stability. 

Bone formation inside titanium screws covered with coatings from collagen type I containing (a) 
chondroitin sulphate (CS) or (b) a hyaluronic acid derivative modified with sulfate groups 
(sHya6.1) was investigated in an ovariectomised (OVX) rat model with synchrotron 
microcomputed tomography (SRµCT). 

Materials and Methods: Titanium screws with a diameter of 1.6 mm and an eroded cylindrical 
cavity of 1 mm perpendicular to the screws length axis were coated either with collagen/chondroitin 
sulphate (CS) or collagen/sulfated hyaluronic acid derivative sHya6.1. Uncoated titanium (cp-Ti) 
screws were used as reference implants. 

To investigate bone formation around the implants, mature ovariectomised (OVX) and sham wistar 
rats were used as the animal model. Four weeks after ovariectomy/sham the screws were placed in 
drilled cylindrical defects with a diameter of about 2 mm near the tibia condyle. During the healing 
time of 4 weeks the rats were separated in groups with phytoestrogen-reduced food for the 
sham/OVX rats and phytoestrogen-rich food for OVX rats. After the animal experiment the tibiae 
with the titanium screws were extracted and fixed in formalin. At the synchrotron beamline 
W2/DORIS operated by the HZG the samples were evaluated with SRµCT using a photon energy 
of 55 keV. For the three-dimensional image evaluation Volume Graphics VGStudio MAX 1.2 and 
SCANCO Medical analysis and visualisation software were used. 

Results and Discussion: At least 3 implants with surrounding bone per implant surface and healing 
condition were investigated with high resolution SRµCT. The reconstructions of the SRµCT 
radiographs show an excellent spatial visualisation of mineralised bone in the screw threads as well 
as inside the cylindrical cavity (Fig. 1A). Between sham and OVX groups different amounts of 
newly formed bone inside the screw gaps and the eroded cavity were visible. Areas of three-
dimensional bone contact to the implant surface could be visualised using IPL© scripting modules 
of the SCANCO analysis software (Fig. 1B). The healing behaviour of different surface modified 
implants were quantified for the cases (i) healthy, (ii) osteoporotic, and (iii) osteoporotic plus 
phytooestrogen treatment. To investigate the osseointegration potential of the used implant 
functionalisations the mineralised bone inside the eroded cavity of the titanium screws was 
investigated. Therefore the relation between newly formed bone volume (BV) to the total cavity 
volume (TV) was quantified for all SRµCT-data. The results in Figure 2 show different amounts of 
bone formation in relation to the implant modifications and healing conditions. For all samples the 
mean amount of bone inside the cavity was between 10% - 20% with an increased variety for the 
SHAM animals compared to the osteoporotic groups. 

-664-



Conclusions / Summary:  

In the pytooestrogene-rich OVX group the implant modification seems to play a more dominant 
role to the bone growth, whereas in the untreated OVX group the relation of the implant 
functionalisation and the inter-animal variation to the bone formation appear to be similar. The 
results are still under investigation and will be faced to a three-dimensional quantification of bone 
growth inside the screw threats and to a histological analysis. 

Figure 1: 3D visualisation of titanium screw osseointegration from SRμCT-data using Volume Graphics 
VGStudio MAX 1.2 software (A). Separation of spatial information for mineralised bone contact (red) to the 

screw surface using SCANCO Medical μCT-evaluation software (B). 

 

Figure 2: Image analysis of bone volume (BV) inside the eroded cavity in relation to the total cavity volume 
(TV) for different implant surface modifications (A-C) and healing conditions (Ref: SHAM, Phyto-: OVX / 

phytooestrogen-reduced food, Phyto+: OVX / phytooestrogen-rich food) using SCANCO Medical 
evaluation software. 
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Introduction

Cell cultured skin constructs are developed as an alternative to native skin for in vitro evaluations. In
addition to robustness of the model, adequate barrier properties of the stratum corneum (SC) are of
uppermost importance. For an epidermal cell culture model based on rat epidermal keratinocytes (REK
organotypic culture, ROC), competent barrier properties of the SC could be shown in addition to the overall
comparably simple cell culture conditions and high reproducibility of the model [1]. In our previous study,
the lipid organization of ROC SC was investigated by synchrotron SAXS and thermal analysis of the
separated SC in comparison to native and rat SC and results clearly indicate a high structural order of the SC
lipids in the cell culture model with high similarity to human SC. However, in our previous experimental
setup [2,3,4], changes of the hydration level of the SC sheets (e.g. drying out during heating) could not be
excluded. In the present study, SC sheets with defined hydration level are tightly sealed in glass capillaries
to overcome this problem and samples are studied over a wider s-range.

Materials and Methods

SC separation: ROC [2,3,4] and human epidermis (abdominal female skin obtained from plastic surgery,
heat separation of the epidermis) was incubated with 0.1 % trypsin solution for at 4 °C for 24 h and at 37 °C
for 1 h. Rat SC was obtained by trypsination (0.1 % trypsin solution) of excised, shaved abdominal rat skin
(Wistar rats) for 3 days at 37 °C. The SC sheets were dried over silica gel under nitrogen atmosphere and
light protection. Prior to use, SC sheets were stored over sodium bromide solution (27 % w/w) to ensure a
hydration level of the SC of about 20 %. Differential scanning calorimetry (DSC): SC samples (hydration
level 20 %) were accurately weighted into standard aluminum pans and measured in a DSC 1 calorimeter
(Mettler Toledo). Samples were heated from 10 to 120 °C, cooled to 0 °C and heated again to 120 °C with a
scan rate of 10 °C/min. Temperature was held constant for 60 s at 120 °C and for 500 s at 0 °C. Small angle
X-ray scattering (SAXS): Measurements with synchrotron radiation (wavelength 0.15 nm) were done at the
A2 beamline at HASYLAB/DESY. SAXS was recorded with a MarCCD165 2D detector (sample – detector
distance was 1.684 m) in the s-range between 0.015 and 0.35 nm-1 (s = 1/d is the scattering vector and d the
spacing). Hydrated SC samples (hydration level 20 %) were filled into capillaries (outside ø 1.5 mm, wall
thickness 0.01 mm, Hilgenberg GmbH) and equilibrated for at least 24 h over sodium bromide solution
(27 % w/w) before sealing the capillaries. Samples were measured in a temperature range between 25 °C and
120 °C. Data was analyzed the A2tool software version 0.23a.

Results and Discussion

Overall, results of the present study are in reasonable agreement with the previous ones for the thermally
untreated SC samples but reflections were more intense when measured in sealed capillaries (figure 1). The
most predominant spacings were 63.2 ± 0.8 (n = 5), 61.5 ± 0.3 (n = 5) and 55.0 ± 0.5 (n = 6) Å for human,
ROC and rat SC at 25 °C. For human and ROC SC, a very weak reflection was detected at smaller s-values
which may indicate the presence of the so-called long periodicity phase (LPP) with a repeat distance
(calculated by the second order reflection) of about 127 Å for human SC in good agreement with literature
data [5].
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Changes in the SAXS patterns upon heating human SC (Figure 1 A) could clearly be related to the different
thermal phase transitions detected by DSC [2]. The alteration of the reflection at 0.0235 Å between 25 and
40 °C, for example, to the T1 (transition related to lipids on the skin surface and/or to a rearrangement from
an orthorhombic to a hexagonal chain packing) and that at 0.0158 Å between 70 and 80 °C to the T2 (main
transition of the intercellular lipids) thermal transition. Interestingly, a weak and broad reflection could be
detected up to 100 °C. This reflection was not reversible after heating to 120 °C (e.g. not detectable in the
repeated heating run) where the protein is denatured. This indicates that this reflection may be related to
lipids covalently bound to the protein. The changes in the scattering patterns of ROC SC in dependence on
temperature (Figure 1 B) were rather similar to those observed with human SC. Although no distinct thermal
transitions corresponding to the T1 and T3 (transition related to lipids covalently bound to protein) could be
detected for ROC SC in DSC, alterations in the SAXS patterns in these temperature ranges (e.g. between 25
and 40 °C and between 80 and 100 °C) were observed. Worth to note is also the appearance of a rather
distinct reflection between 60 and 70 °C upon heating ROC SC (Figure 1 B), e.g. in the temperature range of
the thermal transition of the intercellular lipids in ROC (at about 64 °C). A similar but more diffuse
reflection could also be observed in human SC but at slightly lower s-values.

Summary and Conclusion

SAXS measurements of SC samples with defined hydration level in tightly sealed glass capillaries appears
more suitable as changes in the SAXS patterns due to an alteration of the hydration level [5] can be avoided.
The SAXS patterns of ROC stratum corneum was more close to that of human than that of rat SC.
Alterations in the SAXS patterns in dependence on temperature may indicate similar lipid organization as in
human SC albeit T1 and T3 thermal transitions could not clearly be detected for ROC SC in DSC so far.
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Figure 1: SAXS patterns of human (A) and ROC (B) SC at different temperatures upon heating. The scattering curves are shifted
along the intensity axis for clarity.
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Aqueous colloidal dispersions of solid lipid nanoparticles (SLN), for example, triglycerides, are 
under intensive investigations as potential drug delivery systems with the aim of combining the 
advantages of colloidal lipid emulsions with those of solid matrix particles. Lipid nano-suspensions 
with small particles and narrow particle size distributions are preferably obtained by emulsification 
of the molten matrix lipid in a hot aqueous phase with adequate stabilizers and subsequent 
crystallization of the dispersed lipid matrix [1]. 

Bunjes, et al. [2] have studied the influence of different pharmaceutical surfactants (sodium 
glycocholate, sodium oleate, tyloxapol, SolutolHS15, Cremophor EL) and their combinations with 
soybean phospholipid (Lipoid S100) to establish the influence of the emulsifiers on the 
crystallization temperature and polymorphism of tripalmitin nanoparticles in colloidal dispersions 
prepared by melt-homogenization. They have found that there were no major effects on the 
crystallization temperature but remarkable differences in the time-course of polymorphic transitions 
after crystallization of the triglyceride particles indicating interaction between the surfactant layer 
and the triglyceride matrix. 

However, the effect of other normally used surfactants e.g. TWEEN 80 (Polysorbat 80 or 
Polyoxyethylenesorbitan monooleate), SPAN 80 (Sorbitan monooleate), Lutensol T020 and sodium 
dodecyl sulfate (SDS) were not yet studied. Therefore this present project was focused on these 
substances as they can be used in many industries e.g. animal and human food, washing substances, 
cosmetic, etc. The type of emulsifier used in the formulations may affect the physical stability of the 
dispersion and the interfacial tension during emulsion formation. In bulk triglycerides, admixture of 
different types of surfactants can have pronounced effects on the kinetics of polymorphic transitions 
after crystallization [3]. An influence of the emulsifier composition on the polymorphism of 
triglycerides has also been observed for colloidal triglyceride dispersions [2]. In dispersions, the 
type of surfactant may influence the crystallization temperature of the dispersed phase as observed 
for dispersions of super cooled metals or emulsified lipid systems. Crystallization temperature and 
polymorphic transitions are important parameters for preparation of triglyceride nanoparticles. 

Against this background, the effect of different emulsifiers, with special regard to those considered 
for use in a basic research, on the properties of triglyceride lipid particles were investigated. Major 
points of interest were the influence on the crystallization temperature and the time course of 
polymorphic transitions of the dispersed triglyceride. The X-ray scattering based on synchrotron 
radiation allows a high resolution structure analysis [3, 4]. Therefore the Small and Wide Angle X-
ray Scattering (SAXS/WAXS) from the synchrotron source at the beamline B1 at HASYLAB, 
DESY, Hamburg was applied.   

Experimental methods 

The lipid particles were simply prepared by mixing the different substances (lipophilic drug, lipid, 
surfactants) together by using Ultra-Turrax®. The samples were filled in glass capillaries, which 
were sealed with epoxide glue, and SAXS/WAXS measurements at the beamline B1 were made 
from room temperature (25 °C) up to about 85 °C.  
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Results and Discussion  

10-1 100

10-1

In
te

ns
ity

 (1
/c

m
)

Sample ResTW80Ru1KS

 

 

FSN 741 4.12.2010 08:09, T = 24.1 oC

FSN 744 4.12.2010 08:28, T = 31.7 oC

FSN 747 4.12.2010 08:49, T = 42.5 oC

FSN 750 4.12.2010 09:09, T = 53.2 oC

FSN 753 4.12.2010 09:29, T = 63.9 oC

FSN 756 4.12.2010 09:50, T = 74.5 oC

FSN 759 4.12.2010 10:10, T = 85.2 oC

FSN 762 4.12.2010 10:29, T = 25.1 oC

 
      q (nm-1)  

 
Figure 1: SAXS/WAXS of lipid particle containing the mixture of 10% Dynasan114, 4% TWEEN 80 and 

86% water. The molar ratio of Dynasan114 to lipophilic drug was 1:1. 

Figure 1 shows the measured SAXS/WAXS curves and the significant effect of the temperature to 
the structure of the lipid particles. If the temperature gets higher the peak at about 0.1 nm-1 shifts to 
the left (smaller q). The peak at about 0.2 nm-1 disappears after heating up to 60°C. The structure 
did not rearrange to the original one after cooling the sample to the room temperature (25°C) 
(different q-values).    
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Familial Hypertrophic Cardiomyopathy (FHC) is the most common genetic heart disease and the 
most frequent cause of sudden death in young people. FHC affects 1 in 500 individuals at all ages 
and is also an important cause of heart failure (1). To date about 500 different mutations in more 
than 18 different genes of mostly sarcomeric proteins involved in muscle contraction, are known (2, 
3). Clinical manifestation of FHC is quite variable even among mutations affecting one specific 
protein. Molecular mechanisms of how mutations trigger the expression of the FHC phenotype are 
still poorly understood (4).  

We study functional effects of FHC-related missense mutations in the heavy chain of β-cardiac 
myosin (β-MyHC) (i) to gain insight into the properties of structural subdomains of the myosin 
head at the molecular level and (ii) to identify disease inducing mechanisms (5, 6). For these studies 
we use muscle fibers from FHC patients with β-MyHC-mutations. One important question is 
whether myosin mutations affect the structural organization and order of the muscle thick filament 
(the myosin filament), which in turn also would influence force generating capabilities of the 
sarcomeres. It is currently unclear whether mutations in the head domain might affect filament 
assembly, as it has been suggested for mutations in the myosin rod (7). The best method to address 
this point is to record 2D-X-ray diffraction patterns of muscle fibers with these mutations. In the 
present study we examined whether FHC missense mutations Arg723Gly and Gly741Arg in the 
head domain of β-MyHC affect myosin based reflections like the meridional 14.3nm reflection 
(M3), off-meridional myosin layer lines (MLL) under relaxing conditions at different temperatures 
and the spacing of the innermost equatorial reflections (d1,0). M3 corresponds to the repeat distance 
between the crowns of myosin heads along the myosin filaments and thus reflects the helical order 
of the thick filaments. The myosin layer line intensities depend on the helical order and the 
conformation of the myosin heads (closed conformation induces strong MLL’s;(8)). d1,0 is the 
distance of the 1,0 plane of the equatorial (cross-sectional) lattice. It is calculated from the 
innermost equatorial reflections, and indicates the distance between the thick filaments.  

Since in humans the β-MyHC is also expressed in slow skeletal muscle fibers, we used fibers 
isolated from M. soleus biopsies of FHC-patients with mutations Arg723Gly and Gly741Arg, 
respectively, for our studies. Arrays of some 30 single, chemically permeabilized fibers (9, 10) were 
prepared. 2D-X-ray diffraction patterns were recorded without nucleotide (rigor) at 2°C (Fig.1), and 
under relaxing conditions at different temperatures between 2°C and 30°C.  

The resulting diffraction patterns showed no indication for structural changes. Fig. 1 shows 
diffraction patterns recorded in rigor. The M3-spacing is identical for mutant and control fibers, 
indicating the mutation R723G does not affect the packing and thus the helical order of the myosin 
filaments. The same was found for mutation G741R. Analysis of the equatorial reflection spacing 
revealed also no difference between both mutants and control fibers. This shows that also the 
filament lattice is not affected by the mutations. This reveals that the observed increase in active 
force generated per cross-sectional unit of muscle fibers is neither the result of different packing of 
myosin molecules within the myosin filaments nor of closer packing of myosin filaments within the 
contractile apparatus. Instead, the 2D-X-ray patterns imply that the increased force generation is 
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most likely due to increased force contribution of the individual myosin head domain. Analysis of 
MLL intensities at different temperatures is currently in progress, for statistical analysis additional 
experiments are necessary which will be performed in our next beamtime at A2. 

        

Fig.1: 2D-X-ray diffraction patterns of muscle fibers from human M. soleus in the absence of 
nucleotide at 2°C. Left, fibers from healthy control individual. Right, fibers from patient with FHC 
mutation Arg723Gly. Patterns recorded at beamline A2, HASYLAB, exposure time 120sec, 
respectively. Note, that spacings of meridional myosin reflections M3 are the same for mutant and 
control. 
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Atherosclerosis is a chronic degenerative and inflammatory disease affecting large and medium-
sized arteries. Pathologic processes involve vascular cells, immune system and several internal 
organs. Vascular endothelial cells, migrating leukocytes (mostly macrophages and T cells) and 
smooth muscle cells have been shown to play a pivotal role in atherosclerotic inflammation. 
However, recent evidence supports a direct influence of other pro-inflammatory factors including 
renin-angiotensin hormonal system. Angiotensin II was proved to promote atherogenesis. On the 
other hand, angiotensin-(1-7) acting on receptors different than those for angiotensin II, was 
reported to counterbalance the activity of the “classical” renin-angiotensin system. Therefore, 
angiotensin-(1-7) receptor agonists may ameliorate progression of atherosclerosis and they are 
potential candidates for its treatment.  

The aim of the present study was to show changes in the distribution of selected pro- and anti-
inflammatory elements in atherosclerotic plaques of apoE-knockout mice fed chow diet 
supplemented or not with AVE 0991 – angiotensin-(1-7) receptor agonist. We have combined 
synchrotron radiation micro-XRF with histological stainings to determine distribution and 
concentration of the elements in histologically defined areas of atherosclerotic lesions. 

Ten female apoE-KO mice were used for the study. Up to the age of 2 months the mice were fed a 
commercial, cholesterol-free pelleted diet and then they were randomly assigned to one of two 
groups fed for the following 4 months: i. chow diet (Ssniff, Soest, Germany; n=5; CTRL), ii. chow 
diet supplemented with AVE 0991 (Sanofi-Aventis, Frankfurt/Main, Germany) at a dose 0,58 µmol 
per kg of body weight per day (n=5; AVE). Six-month-old animals were sacrificed; hearts with 
ascending aorta were dissected out and snap-frozen. Serial 10-µm-thick crossections of the aortic 
root were cut on cryostat and mounted either on poly-L-lysine coated slides (histology) or on 3 µm-
thick Mylar foil (microprobe). Consecutive slides were stained with oil red O (ORO; red) for the 
demonstration of lipids and stained zymographically with fluorescein-gelatin to demonstrate non-
specific activity of metalloproteinases (green fluorescence, mostly MMP-2 and MMP-9). 

All micro-XRF measurements were carried out at beamline L of the storage ring DORIS III. The 
primary photon energy was set to 17.5 keV by a multilayer double monochromator. A polycapillary 
half-lens was used for beam focusing, hence the final beam size on the sample was approximately 
15 µm in diameter. Emitted elemental spectra were recorded with Vortex SDD detector. Two-
dimensional maps were acquired from lesional areas of the aortic root with surrounding cardiac 
muscle (resolution 15 µm, time of acquisition 5 s from each point). From morphologically defined 
areas, precise point spectra were recorded (resolution 15 um,  time of acquisition 300 s). The results 
were normalized to beam current, thickness of sample and time, then expressed in arbitrary units. 

Based on histological stainings, more advanced atherosclerosis expressed by total area occupied by 
lipids [1], higher enzymatic activity and larger area occupied by metalloproteinases was observed in 
animals with no AVE 0991 supplementation (CTRL). In animals treated with AVE 0991 (AVE), 
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higher concentrations of  P, S, Ca, Cu, Zn, Se and lower concentrations of Cl, K, Fe in atheromas 
were seen but statistically significant results were obtained for P, Cl, K, Cu and Zn (p<0.05, U-test).  

 
Figure 1:  Relative concentrations of selected elements in atheromas of experimental (AVE) and control 
group (CTRL). Significance of p<0.05 indicated with asterisks. 

 
Figure 2:  Histological stainings (ORO; zymography) of consecutive sections of aortic roots of mice from 
groups AVE and CTRL. Distributions of P, S, Cl, Ca, Fe, Cu, Zn, Br in corresponding area (marked with 
square on ORO-stained panel) in atherosclerotic lesion of apoE-knockout mouse treated with AVE 0991. 
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To solve the structure of a membrane protein to atomic resolution is still a challenging task. Apart 
from conventional crystallization techniques the use of lipidic cubic phase (LCP) is of growing 
interest [1]. The LCP three-dimensional networks consist of a continous bilayer defined by two 
distinct water channels, referred to as bicontinous networks (Figure 1)[2]. Most commonly MO is 

used, forming cubic phases at temperatures suitable for crystallization [3].  
Nevertheless the network gets easily destabilized upon variation of water content, changes in 
temperature and addition of chemicals [4]. The phase behaviour of MO is effected by the addition 
of detergents, known to facilitate the crystallisation of membrane proteins [5]. Detergents used 
during the experiments, were choosen, according to a ranking from the Membrane Protein Data 
Bank. Among the twenty most successfully detergents are apart from alkyl glycosides and 
maltosides a number of ethers with different chain lengths.  
 
To study the influence of different detergents on the phase behaviour of MO the lipid was mixed 
with varying concentrations of the individual detergents. The dispersion was transferred to glas 
capillaries and measured at the beamline A2, determining the scattering pattern in the small angle 

Figure 1: Cartoon pictures of three bicontinuous LCPs with different space groups. Two networks of non-
intersecting water channels are shown in different colors. 
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regime under variation of the temperature. The collected data was averaged and integrated and the 
scattering patterns were compared, analysing the changes in the network structure (Figure 2). 
In depth data analysis is in progress. With the derived information a more detailed understanding of 
the phase transitions in this complex mixtures can be achieved, helping to rationalize the design of 
suitable conditions for protein crystallisation.  
 

 

Figure 2: Example for temperature-dependent data derived for the detergent laurylmaltoside (LM) in mixture 
with MO. Samples containing 0.05 % LM still exhibit the cubic phase, whereas the samples with 8% LM 

exhibit a lamellar phase 
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Aortic valve degeneration is an age-related process leading to valvular sclerosis and 

stenosis. In course of the disease, dystrophic calcification is a common phenomenon.  
Recent years brought strong evidence supporting the concept of active mechanisms 
participating in the pathophysiology of valvular calcification. [1]. It is postulated  that 
chondroblastic and/or osteoblastic transformation of cells localized in valvular stroma can 
lead to calcification and heterotopic bone formation [2,3]. Among degenerating aortic valves, 
congenitally bicuspid valves constitute a separate group. This malformation prone to severe 
pathological features, including early massive valve calcification, frequent perforation and 
ulceration. Synchrotron radiation microprobe technique  have been successively applied by us 
to characterize elemental composition of atheromas in animal model [4]. 

The aim of the current project is to determine concentration of selected elements (Ca, 
Cl, Cu, Fe, K, P, S, Se, Sr, Zn) in surgically excised human stenotic aortic valves (tricuspid 
and congenitally bicuspid), insufficient aortic valves as well as normal aortic valves. The 
elemental distributions are comparing with images of consecutive sections stained 
histologically and immunohistochemically, allowing precise localization of the elements in 
morphologically defined areas.  

Five aortic valves were included in the preliminary study. One normal valve (male, 46 
years old), two insufficient valves without signs of calcification (females, age: 64 and 66), and 
two calcified stenotic valves (males, age: 66 and 68) from which one was tricuspid (TAV) and 
one bicuspid (BAV). Tissue serial sections (10 µm-thick) were cut frozen on cryostat, 
mounted on 3 µm-thick Mylar foil and subjected to measurements applying synchrotron 
radiation. Additional sections were processed to histological (HE) and immunohistochemical 
stainings: CD68 for macrophages, alpha smooth muscle actin (SMA) for myofibroblastic cells 
and tenascin C (TnC) a matrix glycoprotein expressed during tissue regeneration and 
remodeling. Double immunostaining was also done employing in situ zymography, a 
technique that enables localization of matrix-degrading metalloproteinases (MMPs) activity in 
histological sections (Fig. 1).  

All micro-XRF measurements were carried out at beamline L of the storage ring 
DORIS III. The primary photon energy was set to 17.5 keV by a multilayer double 
monochromator. A polycapillary half-lens was used for beam focusing, hence the final beam 
size on the sample was approximately 15 µm in diameter. Emitted elemental spectra was 
recorded with Vortex SDD detector. Two-dimensional maps were acquired from 
microsopically selected areas of valves (resolution 15 µm, time of acquisition 3 s from each 
point). Precise point spectra were recorded from morphologically defined areas (resolution 15 
µm,  time of acquisition 300 s). The results were normalized to beam current, thickness of 
sample and time, and expressed in arbitrary units (mean ± SD). 

The distributions of such elements like potassium, chloride corresponded well with 
histological structure of the section and they were found in cellular components of the lesion. 

Active remodeling areas rich in fibroblasts, myofibroblasts and macrophages 
expressing TnC and showing MMPs activity was found in both stenotic valves (tricuspid and 
bicuspid). In these areas higher (then in not affected part of valves) level of calcium, 
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phosphorus, sulfur, iron and strontium were found. Extremely higher concentration of 
calcium, however, were observed in mineral deposits. Similar distribution was also 
characteristic for phosphorus, although its concentration in calcifications was not as high as it 
was in the case of calcium. Differences in content of iron between tricuspid and bicuspid 
aortic valves were found, with much higher level in TAV.  
Differences in elemental composition of  not affected part of valves were also found. The 
highest calcium concentration was observed in BAV, while its concentration in stenotic TAV 
was only slightly higher than in normal non-stenotic valve and lover than in insufficient 
valves, which show macroscopically slight fibrotic changes without calcification. Observed 
differences between TAV and BAV in calcium and iron content and distribution can reflect 
differences in their etiopathology.   

The report summarizes first data obtained during realization of Hasylab/DESY project 
II-20100089EC supported by Contract RII3-CT-2004-506008 (IA-SFS) of EC.    

 

 
Figure 1:  Consecutive sections of aortic active remodelling area of stenotic aortic valve (TAV) 
stained with HE (a), and double immunostained for smooth muscle actin (b) or CD68 (c)  and MMPs. 
Cell nuclei stained with DAPI (blue). Distributions of selected elements in adjacent section (d-i). Scale 
bar = 100 µm 
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The reaction of L-α-1,2-dipalmitoylphosphatidylcholine (DPPC) with hydroxyl ( •HO  ) radicals (Fenton 
solutions) was investigated using monolayer techniques: isotherms, infrared absorption reflection 
spectroscopy (IRRAS), gracing incidence X-ray diffraction, X-ray reflection and fluorescence 
microscopy.[1] The DPPC monolayer is attacked with different •HO  concentrations produced by the 
Fenton reaction ( 2+ - • 3+

2 2H O  + Fe  OH  + OH  + Fe→ ).[2] The decrease of the lateral pressure was 
used as a measure of the efficiency of the •HO  attack. With increasing •HO  concentration, the plateau 
region in the isotherm was shifted to a lower surface pressure; eventually it disappeared. Fluorescence 
microscopy during the •HO  attack showed that new domains in the condensed phase nucleate immediately. 
With isotherms and X-ray diffraction we found that the monolayer can be compressed to smaller molecular 

areas (cf. Fig. 1).  

Figure 1: Grazing incidence X-ray diffraction measurements of a DPPC monolayer on a 2 mM Fenton 
solution, before and after the •HO  attack (details see text). Left: The fresh DPPC monolayer was 

characterized by two diffraction peaks (top to bottom) the peak positions shifted to larger Qxy-values 
indicating smaller lattice spacing. Simultaneously, the peak at large Qz-positions moved to smaller values, a 

sign of a decreased tilt angle. Furthermore, the peaks distorted and showed a banana-like shape which is 
attributed to a distribution of the tilt azimuth [3]. Right: Monolayer compression after the •HO  attack: 

Already at almost zero lateral pressure (top), the out-of-plane peak occurred at larger Qxy- and lower Qz-
positons. The lines are fits, the intensity is colour coded (note the almost logarithmic colour coding). For 

each measurement, the lateral pressure and the molecular area as   deduced from the isotherm are indicated. 
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The reduced tilt angle and increased translational order (cf. Fig. 2) showed decreased inter- and 
intramolecular repulsion. IRRAS experiments indicated a decomposition of the head group. We conclude 
that a reduced head group size improves the ordering of the alkyl tails.  

Figure 2: Parameters deduced from the analysis of the X-ray diffraction peaks as function of the molecular 
area A from the isotherm. Before the •HO  attack, the freshly prepared monolayer was characterized (red, 
peaks shown in Fig. 3, left). Two series of experiments were performed, one DPPC monolayer was subject 

to a weak •HO  attack (open symbols), the other to a strong attack (full symbols). In the first case, the lattice 
parameters were changed only little (green), in the second case more (blue, peaks shown in Fig. 3, right) 
Top: tilt angle t with respect to the surface normal. After the strong •HO  attack, smaller molecular areas 
are obtained in the isotherm are accompanied by smaller tilt angles. Dashed line: tilt angle calculated with 

2cos 40.4 / Åt A= . Centre: Tilt azimuth distribution. On monolayer compression, the distribution 
increased. After the •HO  attack, the azimuth angle distribution was small and stayed so. Bottom: 

Correlation length determined from the peak at low Qxy. For the freshly prepared layer, the correlation 
length was constant (ca. 110 Å), after the •HO  attack it increased to 150 Å. Dotted lines are guide to the 

eye. 

We attribute the solidification we observe to a preferential radical attack in the hydrophilic region of the 
monolayer. Summarizing, the subtle interplay of inter- and intramolecular interactions lead to the following 
effects: (i) immediate formation of liquid-condensed phase on •HO  attack, (ii) improved crystalline order 
in the liquid condensed phase, (iii) lower molecular areas feasible, and (iv) a decreased intermolecular 
repulsion which reduces the phase transition pressure from the fluid to the liquid condensed phase. The 
implications of the observed solidification of the monolayer for biological systems and membranes will 
addressed in future collaborative research with scientists from biology and medicine. 

References 
 

[1] A. Gröning, H. Ahrens, T. Ortmann, F. Lawrenz, G. Brezesinski, F. Scholz, C.A. Helm, 2011, subm. 
[2] G. vanGinkel, A. Sevanian, in Oxygen Radicals in Biological Systems, Pt. C, Vol. 233 (Ed.: L. 

Packer), Academic Press, San Diego, 1994, pp. 273. 
[3] J.-U. Günther, H. Ahrens, S. Förster, C.A. Helm, Langmuir 25, 1500 (2009).. 

-679-



Antimicrobial Peptide NKCS and its Interaction  
with a Model Bacterial Membrane 

 
A. Rzeszutek1, M. Golub1, S.S. Funari2, B. Kloesgen3 and R. Willumeit1 

1Helmholtz-Zentrum Geesthacht, Max - Planck - Str. 1, 21502 Geesthacht, Germany 

2 HASYLAB, Notkestrasse 85, 22603 Hamburg, Germany 

3MEMPHYS - Center for Biomembrane Physics, University of Southern Denmark, Campusvej 55, 5230 Odense, 

Denmark 

 

 

The antimicrobial peptide NKCS is very active against Gram-positive and Gram-negative bacteria 
and does not show a toxic activity against human red blood cells [1, 2]. NKCS is a membrane active 
peptide and the phospholipids of the bacterial cytoplasmic membrane constitute the primary target. 
The antibacterial in vitro tests performed with the Gram-negative bacterium Escherichia coli 
revealed however that the peptide looses the activity in the presence of divalent cations (10 mM 
MgCl2). The influence of the peptide on the structure and the phase behavior of the membrane in 
the absence and presence of magnesium ions was investigated with SAXS technique. 

The liposomes composed of POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) were 
used to mimic the cytoplasmic membrane of E. coli. The multilamellar vesicles with the final lipid 
concentration of 25 mg/mL were prepared by the hydration of POPE films with the sodium 
phosphate buffer (10 mM, pH 7.0) at 30°C. The peptides were added to obtain the final 
lipid:peptide molar ratio 300:1. The influence of peptides on the POPE liposomes in the presence of 
divalent cations was studied using the POPE lipid films hydrated at 30°C with the sodium 
phosphate buffer (10 mM, pH 7.0) containing 10 mM MgCl2. These samples were prepared with a 
lipid:peptide molar ratio 100:1. The measurements were performed at the Soft Condensed Matter 
Beamline A2. The samples were heated up at the rate of 1°C/min from 20°C to 85°C.  

The pure POPE liposomes in the absence of magnesium ions were characterized by two phase 
transitions. At 25°C the melting of acyl chains was observed. The repeat distance in POPE 
multilayers existing in a liquid crystalline phase was calculated as 55.0 Å at 37°C. The second 
transition was observed at 67°C and the new structure was identified as an inverse hexagonal phase. 
The addition of NKCS did not change the temperature of acyl chain melting, however significantly 
affected the inverse hexagonal phase transition. NKCS shifted the temperature of this transition by 
10°C toward higher values. The peptide stabilized the bilayer and inhibited the formation of non-
lamellar structures [3]. 

Different situation was observed after the addition of NKCS to POPE liposomes hydrated in the 
presence of MgCl2. The experiment performed with the pure POPE vesicles showed that the lipids 
behaved in the same manner as when they were hydrated in the absence of magnesium ions. The 
liquid crystalline phase transition occurred at 25°C and the inverse hexagonal structure appeared at 
66°C. The repeat distance was calculated as 53.8 Å at 37°C. The addition of the peptide did not 
have any influence on the structure or phase behavior of POPE. The liquid crystalline and inverse 
hexagonal phase transitions were found at 25°C and 66°C, respectively. The repeat distance was 
determined as 53.8 Å at 37°C.  

The results indicate that the presence of magnesium cations at a high concentration of 10 mM does 
not influence the structure of POPE bilayer. The surface of POPE membrane is slightly anionic due 
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to the fact that the negative charge of phosphate group is partially exposed on the surface [4]. The 
positively charged ions probably form a shield on the surface of POPE lipid bilayer, interacting with 
the negatively charged phosphate group. In result NKCS cannot interact with the bilayer. 

 

 

Figure 1. (A) The diffraction pattern of POPE:NKCS at the lipid:peptide molar ratio 300:1 in the absence of 
MgCl2. (B) The diffraction pattern of POPE:NKCS at the lipid:peptide molar ratio 100:1 in the presence of  
10 mM MgCl2. The temperature of inverse hexagonal phase transition is marked in red. 
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The mechanical stability of non-cemented orthopaedic implants is for a large part determined by 
the bone ingrowth onto the implant’s surface and the strength of the resulting bone-implant 
interface. In order to accelerate this biological process the influence of numerous additives, varying 
from bone grafts to artificial bone (coral) and minerals (bisphosphonates), is studied on a broad 
international front. For this particular study, we had access to 36 2 to 3 mm thick cylindrical 
embedded bone sections (∅ 27 mm), which had been obtained from an animal study in which 
osteogenesis in an initial gap between bone and implant had been studied in the proximal humerus 
and distal femur of beagle dogs [1]. The original implants (a 10 mm long Ti-6Al-4V core cylinder 
with a diameter of 4.4 mm plus a 1.3 mm thick layer of Ti-alloy coating) had previously been 
removed in mechanical push-out tests prior to embedding of the bone samples. Half of the bone 
sections contained beta-tricalcium phosphate (β-TCP) granules in the initial 2.5 mm wide gap 
between implant and bone, while the other half had bone allograft. Prior to the experiment at DESY 
the individual sections were sorted in four cylindrical stacks of nine sections each, which were 
taped together.     

The micro-tomography experiment  was performed using the high-energy materials-science 
beamline HARWI-II operated by HZG at the storage ring DORIS III at DESY. The photon energy 
for this experiment was set at 45 keV. Normally, tomographical scans are performed with this 
device by acquiring 720 X-ray attenuation projections equally stepped between 0 and π. However, 
as the width of the sample was larger than the field of view of the detector, a special scanning 
technique had to be used. The detector was set to a field of view of 14.7 mm x 9.8 mm (width x 
height) and pixel size 19.0 µm. The rotation axis was set near the border of the detector and the 
scan was performed obtaining radiograms between 0 and 2π. Before reconstruction the projections 
of 0 .. π and π .. 2π were combined to build one tomographical scan from 0 .. π for the entire 
scanned height. This procedure had to be repeated at 8 to 10 slightly overlapping heights to cover 
the full length of the samples. Finally, a back-filtered projection algorithm was used to obtain the 
3D data of the X-ray attenuation for the entire sample. This way all four cylindrical stacks were 
scanned (Fig. 1). 

In the initial gaps of all sections new bone formation could be observed (Fig. 2). With a higher 
attenuation value than bone, the β-TCP granules are also prominently visible in those sections, which 
contain them. With an observation time of 4 weeks to study early implant fixation in the original animal 
study, the contours of the initial gap are still visible in the bone sections as the newly formed bone displays 
thinner trabeculae and lower density than the original bone around the gap. 
At present the amount and architecture of the new bone formation in the gaps of all sections are 
being quantified and the results of this will be statistically evaluated. Previously only 
stereohistomorphology performed on 2-D histological sections was available to analyse the 3-D 
architecture of the newly formed bone and this was always subject to a number of stereological 
biases (central section, offset and section thickness). The unbiased 3-D analysis will therefore 
provide new insights on how osteogenesis and bone (re)modelling around orthopaedic implants 
occurs and combined with the results from the mechanical push-out tests a better understanding of 
implant stability will be obtained.   
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Figure 1: 3-D reconstruction of an entire cylindrical sample (∅ 27 mm) containing the nine single bone 
sections (left), the same cut through the middle (middle) and segmented so that only bone and β-
TCP granules are visible (right). Note the holes in the single sections where the implant had been. 

 

 

Figure 2: Top view and cross-section of 3-D reconstructions of a section containing β-TCP granules in the 
initial gap (left) and a section with allografts (right). Note the still visible contour of the diameter 
of the gap (∅ 10.7 mm). 

Acknowledgments: This work has been financially supported by the European Commission (IHP-
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Background 
Sponges (Porifera) are an evolutionary ancient group of animals which are sessile organisms living 
on dissolved and particulate organic matter like suspended detritus, bacteria and plankton. Sponges 
acquire their food source by filtration of enormous amounts of water. Filtration is achieved by a 
efficient filtration system in the form of a highly structured 3-dimensional network of canals which 
are supposed to be hierarchically organized [1]. 

This so called aquiferous system of the Porifera represents the interface between the sponge and its 
environment. It is involved in ingestion, excretion, gas exchange, etc. Our present knowledge 
includes general aspects of canal architecture, cellular anatomy and limited models on the flow 
generated by choanocytes [2]. Some studies indicate complex topologies and flow regimes, but we 
lack complete 3D reconstructions. Our study aimed at analyzing the canal system anatomy of 
Tethya wilhelma (Demonspongiae, Hadromerida) and at reconstructing the 3D topology, in order to 
deepen preliminary studies [3]. 

Methodology 
We investigated the topology of the canal system using synchrotron radiation based x-ray microtomography 
scans (SR-µCT) of T. wilhelma canal system corrosion casts (cyanoacrylate-based resin casts taken from 
living sponges, followed by fixation and tissue maceration) and virtual casts (created by extracting the canal 
system in silico from microtomography scans of complete fixed sponges) [4, 5]. Microtomography was 
operated by HZG using the beamline BW2 of the storage ring DORIS III at DESY. Entire canal systems 
were generated from high resolution 3D reconstructions using ImageJ and VG StudioMax [5]. Hierarchical 
classification of canals and additional morphometric parameters were calculated using CoralSoft software 
[5]. 

Results and discussion 
Based on microtomography image stacks, we visualized the 3D canal system morphology of 
complete specimens of T. wilhelma, including partitioning of functional units and parts of the canal 
system for quantitative analysis (Fig. 1). The subsequent 3D topology analysis, for the first time, 
resulted in quantitative, statistical information on canal diameter, length, branching angle and 
spacing between branches in correlation to a hierarchical classification of canals. The presence of 
larger bypass elements which directly interconnect the incurrent and excurrent system [6] was 
confirmed. Since these bypass elements result in ring-like structures in the canals system, 
hierarchical classification of canals were applied only to a subsets of the data.  

Between different hierarchical levels the canal diameter scaled by varying factors between 1.1 – 
1.5. Canals included in the analysis ranged from 12 µm to 95 µm in diameter with the latter ones 
being less frequent. Additional results on the microanatomy of the canal system (by additional 
scanning electron microscopy studies), especially the new type of apopylar cell raises questions on 
the regulation of flow within T. wilhelma [7, 8]. We assume that localized flow modifications by 
the sponge occur. This is congruent with our 3D-analysis, which demonstrated alternative flow-
pathways on a more global scale.  
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Our high resolution 3D models of partial and entire canal systems (excluding choanocyte chambers 
so far) are an important step towards flow modeling of canal systems. Ongoing studies on 
additional sponge species, like Spongilla lacustris (Fig. 2), aim at a deeper investigation of building 
principles of demosponge canal systems and will allow for resolving choanocyte chambers and thus 
provide, for the first time, realistic fully resolved 3D representations of entire canal systems on 
which the first computational fluid dynamics models will base, which will create a deeper 
knowledge on the functional morphological basis of sponge behavior and ecology. 

Fig. 1. 3D-reconstruction of T. wilhelma canal system morphology. A. Identification and 
partitioning of functional units and parts of the canal system. B. Combined rendering of a canal 
system surface representation model and a centerline (backbone) representation used for 
quantitative analysis to determine canal diameters.  

A               B 

Fig. 2. High resolution microtomography of a juvenile freshwater demosponge Spongilla lacustris. A. 
virtual mid section showing canal system elements: incurrent subdermal spaces (inSDS), choanocyte 
chambers (arrows), excurrent chanals (exC), the outflow opening (oscule, Osc). B. Extracted 3D structures 
from the same dataset: empty gemmule (orange); excurrent canal system (blue). 

A              B

inSDS 

exC 
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Although many studies have pointed out the promising role of antimicrobial peptides (AMPs) 
as therapeutical agents, their translation into clinical research is being slow due to the limitations 
intrinsic to their peptide nature. A number of structural modifications to overcome this problem 
have been proposed, leading to enhanced AMP biological lifetimes and therapeutic index. In this 
work, the interaction between liposomes of different lipidic composition and a set of peptides 
derived from Cecropin A-melittin was studied. As template we used the hybrid peptide CA(1–
7)M(2–9) [H-KWKLFKKIGAVLKVL-amide], that was previously studied by some of us [1,2], 
and proved to be a very active peptide. From this template, a series of trimethylated peptides were 
synthesized and their antimicrobial activity assessed [3]. 

In the present study we characterized the structure adopted by the parental peptide, CA(1–
7)M(2–9), with POPE liposomes, as this lipid is the main component of the bacterial membrane. 
For that, we prepared mixtures of the peptide and model membrane at different L:P ratios, founded 
to be critical according to previous studies [1,2]. The mixtures were prepared in HEPES (10 mM, 
100 mM NaCl, pH 7.4) or in PBS buffer. The POPE liposomes formed in these conditions have a 
multilamellar structure. 

Small angle X-Ray diffraction (SAXD) experiments were performed at beamline A2 in 
HASYLAB at DESY. The sample was equilibrated at each selected temperature for 5 min before 
exposure to radiation. Temperature scan was performed at a scan rate 1oC/min and the 
diffractograms were recorded for 10 s every minute.  

 
Fully hydrated POPE in the temperature range 20-90 °C goes through the following phases: gel 
→liquid crystalline →hexagonal phase. On cooling from 90 to 20 oC we found the lattice 
parameters: a=72.2 Å for the hexagonal phase (at 71°C), d=50.6 Å for the lamellar liquid 
crystalline phase (at 65 °C), and  d=62.2 Å in the lamellar gel phase (at 20 oC). When the peptide is 
added at a P:L ratio of 1:10, in addition to the structural changes typical for the lipid itself, 
diffractograms obtained in the temperature scan (Fig.1) show the presence the other structures. Fig. 
2 shows a diffractogram extracted from this scan at the temperature of 65 oC. The peaks observed at 
low s (Å-1) range fit well with reflections related to a superposition of two cubic phases of different 
symmetry and lattice parameters: a cubic phase of Pn3m space group with the lattice parameter 
a=148.5 Å, and the second of Im3m space group with the lattice parameter 190.7 Å. The ratio of 
the obtained unit cell parameters aIm3m/aPn3m=1.284 is close to the ideal Bonnet relation of 1.279 
[5], supporting the chosen indexing. 
The observation of superimposition of these two cubic phases was already observed for the 
antimicrobial peptide melittin, when in mixture with POPE [4]. The lattice parameter of the 
observed hexagonal phase (a=75.6 Å) and the periodicity of the lamellar phase (d=51.8 Å) (Fig. 2) 
are somewhat different from the corresponding parameters for pure POPE (a=72.2 Å and d=50.6 Å) 
at the P:L molar ratio used (1:10). These results indicate that part of lipid is forming the observed 
cubic phases with the peptide, and the remaining lipid (probably with same peptide) still forms a 
hexagonal phase with somewhat affected parameters. Next experiments will be performed at 
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different L:P molar ratio, so as to give a more detailed undersatnding of the interaction mechanism.  
The observed behaviour confirms recent observations on the importance of cubic phases in the 
mechanism of action of antimicrobial peptides. 
 

    
 

Figure 1: Left: Difractograms for the cooling scan of POPE + CA(1-7)M(2-9) at 1oC/min. 
Right: POPE + CA(1-7)M(2-9) at a ratio L:P of 8:1 (mol/mol) at 65 oC.  

Insert - s(Å-1) = f(h2+k2+l2)1/2 

 

This peptide was also studied in mixtures with POPE/POPG (3:1), and in this system it 
presents a completely different behavior (results to be presented). In our previous studies by SAXD 
on a peptide of the Lactoferramopin family, LFampin 265-284 with DMPC/DMPG (3:1), we 
observed a micellar cubic phase of Pm3n type. We can thus conclude that the structure depends 
critically both on peptide and on lipid system. We have under way studies of two new peptides 
derived from this one as a template, where they are trimethylated at 2 different lysines, namely 6 
and 7 [3].  
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Our investigations at DESY were performed to obtain detailed three-dimensional images of 
holometabolous insects in copula, allowing for an exact reconstruction of the interactions of 
male and female copulatory organs. In the framework of an ongoing research project on the 
evolution of holometabolan genitalia, the relevance of the “lock and key” – hypothesis as a 
driving force for diversification will be tested for selected subgroups. The data strongly 
increase the understanding of the interactions of male and female structures involved in 
copulation, and are a valuable source for the reconstruction of the phylogeny. 
 
Specimens and specimen preparation 
We examined five insect copulae (Tipulidae, Scatopsidae [Diptera], Cantharidae 
[Coleoptera]). The specimens were collected in the field while copulating, fixed in 70% 
ethanol and dried at the critical point. From the large specimens of Tipulidae and Cantharidae 
the heads and thoraces were carefully removed before drying without affecting the firm 
connection of the male and female postabdomens. Specimen sizes were within a range of 5 – 
10 mm in length and 2 – 6 mm in diameter. Prominent structures such as legs were cut of in 
order to minimize the field of view for a maximum scan resolution. The scans were performed 
with an energy of 8 KeV over 180° (0.25° steps). 
 
Results 
The SRµCT scans obtained were of high quality (Fig. 1) and perfectly suitable for precise 3-
dimensional reconstructions of the interacting genital structures of males and females in 
copula. The maximum resolution obtained in the small specimens of Scatopse was 3.03 µm. 
With the use of a stable SR-beam at beamline BW2 we obtained highly detailed images with a 
differential display of all types of tissue present in the abdomen. 
 
Discussion 
Insect copulae can be examined in great detail using SRµCT, given that the connection 
between male and female is firm enough to avoid separation while undergoing the preparation 
procedure (e.g. by the presence of clasping organs or by a firm anchorage of eversible 
structures of the penis in the genital organs of the female). In our experiment we used 
absorption contrast instead of phase contrast. Absorption contrast yields distinctly better 
results if the focus is on differentiation of different types of tissue, such as sclerites, 
membranes, muscles and other softparts [1]. 
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Figure 1: Tipula sp. (Diptera: Tipulidae); male (blue) and female (red) postabdomen in copula, 
virtually cut along the median line. Reconstruction based on SRµCT data (2x binned) using my VGI. 
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The transition of α-helical or unfolded peptides and proteins to β-sheets and subsequent amyloid
formation are characteristic for neurodegenerative diseases like Alzheimer’s or Parkinson’s disease.
The interactions of amyloidogenic peptides with surfaces such as biological membranes are con-
sidered to play an important role regarding the onset of secondary structure changes. We focused
on interactions of the peptide with the hydrophobic air-water interface. Additionally, the metal
binding properties of the model peptides have been investigated.
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Figure 1: Scattered intensity I , normalized to the incoming intensity I0 versus the in-plane component of
the scattering vector Qxy. The Bragg peak in the upper left is corresponding to the H-bond distance in the
β-sheet layer observed by GIXD of a J22 surface layer. The Bragg peak in the lower left is corresponding to
the longitudinal repeat distance in the β-sheet J22 surface layer. On the left hand side, the two corresponding
Bragg rods are shown. (0.3 µM J22, 0.6 µM Cu2+ in bulk, 20 ◦C, 10 mM PBS, pH 7.4, 150 mM NaCl,
compressed to π = 30 mN/m)

The amyloidogenic model peptide used in this study was designed with regard to neurodegenerative
diseases. It comprises different stable conformations depending on environmental conditions as
well as metal binding sites, comparable to those of the natural occurring amyloid β-peptide causing
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Alzheimer’s disease. Therefore we are able to focus on the very early stages of amyloid formation
recently discussed as the crucial steps in neurotoxicity.
The structure of the adsorption layer of the peptide alone or complexed to Cu2+-ions at the air-
water interface have been studied by grazing incidence X-ray diffraction using the liquid surface
diffractometer at BW1. Combining X-ray diffraction with a total reflection setup leads to a highly
surface sensitive scattering technique. A synchrotron X-ray beam grazes the air-water surface on
a Langmuir trough fulfilling total reflection conditions. The intensity of the diffracted beam as
a function of the vertical and horizontal scattering angles is accessed and transformed into the
vertical and horizontal scattering vector components. Grazing incidence X-ray diffraction was
used to characterize the J22 surface layer.
J22 is designed to mimic Aβ concerning its metal ion coordination properties, especially the three
His-residues. J22 comprises two of them in a relative position of i and i+7 and aims at understand-
ing the contributions of this individual His residue arrangement. In Figure 1 the observed reflexes
of a Cu2+ complexed J22 layer are shown. As Cu2+-ions induce a regular surface layer with a
high β-sheet content, the Bragg peak at Qxy ≈ 1.3 Å−1 can be easily attributed to the H-bond dis-
tance of β-sheets at the interface. Using d = 2π/Qxy the β-sheet repeat distance was calculated to
d ≈ 4.73 Å.
Additionally, a Bragg peak at Qxy ≈ 0.175 Å−1 was detected. It corresponds to a repeat distance
of d ≈ 36 Å in the plane of the air-water interface. We assign it to the repeat distance in the
longitudinal direction. The elongated peptide would be l ≈ 95 Å long, so that a bending of the
peptide at the interface is assumed.
The correlation lengths calculated using the Scherrer equation dos not differ a lot according to
the direction. For the H-bond distance perpendicular to the peptide strands it is 130 Å. The H-
bond network therefore contains 28 parallel strands. The longitudinal correlation is similar. It is
168 Å, corresponding to 4.7 times the repeat distance. The high number of repeats in the lateral
direction as compared to longitudinal is a result of the stabilization by H-bonds. In the longitudinal
direction, stabilization could only be hypothesized by bridging Cu2+-ions that link the ends of
adjacent peptides together.
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The three amphibian groups, frogs, salamanders, and caecilians, contain in total 6798 different 
species [1]. Amphibians show an astonishing diversity  in almost all aspects of their biology, e.g. in 
the habitats they  occupy, their life histories, or their modes of reproduction [2]. Much of this 
diversity between amphibian species is reflected by differences in their anatomy. However, broad-
scale anatomical comparisons to explore the evolutionary patterns behind amphibian diversity  have 
often been limited by the unavailability of reliable three dimensional visualizations of interactions 
between different structures (e.g. bones, muscles) in the animals. 

Here we applied synchrotron based x-ray µCT imaging (SRµCT) to gather detailed information on 
amphibian head anatomy. SRµCT imaging was performed for twelve caecilian, thirteen salamander, 
and three frog species at the beamlines W2 and BW2 of the DORIS III ring at  the German Electron 
Synchrotron in Hamburg. Energies for CT imaging ranged from 9 to 19 keV (BW2), respectively 
20 to 30 keV (W2). The resulting three dimensional datasets were used for (1) exploration of the 
differences in the anatomy between species and different stages of development, (2) development 
of mechanical models to predict bite forces and skeletal movements during feeding, and (3) finite 
element analysis (FEA) to explore functional constraints in amphibian head evolution.

Figure 1: 3D reconstruction of the head movements during feeding in a larva of the salamander 
Dicamptodon ensatus. The 3D model is based on SRµCT imaging performed at DORIS III beamline W2. 

Based on the gathered SRµCT data, we were able to relate differences in the development of head 
muscles in caecilians to modifications in their mode of reproduction [3]. Based on measurements of 
muscle leverages and muscle fibre orientations in the SRµCT data, we demonstrated that 
differences in the head musculature between caecilian species alter the function of the skull during 
feeding [4]. In an ongoing research project, we reconstruct the evolution of head muscles in the 
three amphibian groups and conclude on the movements of the different skull elements (i.e. the 
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jaws and the hyobranchial apparatus) during feeding (Figure 1). We further calculated van Misses 
stresses and strains in the skulls of caecilians during digging by creating finite element models from 
the SRµCT datasets (Figure 2) – this study sheds light on the evolution of the opened skull roof in 
some caecilians, an issue that is of high importance for our understanding of the relationships 
between terrestrial vertebrates [5].

Figure 2: 3D visualizations of the skull in the caecilian Ichthyophis cf. kohtaoensis. A: surface rendering of 
the SRµCT dataset. B: finite element analysis of the skull during digging. The colors show the total strain on 

the skull with cold colors indicating no strain and hot colors indicating areas of highest strain.
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Introduction: 

Breast cancer accounts for the majority of new cancer cases and the second most common cause of 

cancer death in women. However, breast cancer survival rates have been improving for thirty years, 

with survival rates being better the earlier the cancer is diagnosed. This work is a continuation of our 

investigation into trace element involvement with cancer and part of our long term award at the 

Hasylab, beamline L. Micro SRXRF has been used for further evaluation of cellular localization of 

these metals in breast tumour and normal surrounding tissue and the findings were correlated with the 

histological information given for these samples (Farquharson et al 2008, 2009). This work has lead to 

two specific cancer related projects in collaboration with Prof. Adrian Harris, Director of the Cancer 

Research UK Medical Oncology Unit at the Institute of Molecular Medicine in Oxford. The first 

project with our clinical collaborators was to identify which cell types contain copper at the highest 

level which will be helpful in future development of copper chelation therapy. The second project 

focused on analysis of Zn and oestrogen receptor expression as a predictor of tamoxifen failure in a 

series of tamoxifen treated breast carcinomas. In tamoxifen resistant tumours there is upregulation of 

alternative non-estrogen receptor growth pathways such as HERII. HERII is an important negative 

prognostic indicator in breast cancer and is part of the EGFR receptor family. The aim of this 

experiment is to map the distribution of Zn, Fe, Cu, S, P and Ca in breast cancer tissue and to compare 

their levels with surrounding normal tissue in a HERII positive clinical breast cancer samples. 

 
 Method: 

The data was collected at Hasylab, beamline L (Hamburg, Germany).  At the energy of 10.5 keV used 

in this study an on sample spot size of approximately 15m x 15m was obtained. A stepwise scan 

was used with 5-seconds measurement time at each point.  The fluorescence signal is recorded using 

two Peltier cooled energy dispersive Silicon drift detectors (Radiant, Vortex). The samples are 

formalin fixed paraffin embedded tissue of human primary invasive breast cancer. The samples were 

in the form of tissue micro arrays consisting of 1.0 mm diameter sections of tissue. Two slices were 

cut from the paraffin block, one being 10µm thick the other being 5µm thick and cut adjacent to the 

10µm slice. The 10µm thick slice was mounted on a 4µm ultralene XRF film. The 5µm thick slice 

was mounted on a standard glass slide and then stained using Hematoxylin and Eosin (H & E) stain. 

This slide was then optically imaged to produce high resolution images which clearly identify tumour 

regions in the samples and can be used as a reference slide for the elemental distribution maps 

produced from the experimental slide. 

 
Results 

Approximately 22 samples were scanned, each region being around 800 x 800 microns with 15 

micron steps. The results investigated the Zn, Fe, Cu, S, P and Ca,  levels in human primary tumour 

tissue compared to surrounding normal tissue in samples of both oestrogen receptor positive (ER+ve)  

and ER−ve in a HERII  positive breast cancer samples. The results have shown that this type of 

samples, HERII +ve invasive ductal carcinoma of breast, seem to have increased levels of metal 

content with almost three times higher levels of Cu compared to the our previous results. We are 

currently still working on this data and planning further studies of this work. . Figure (1) below shows 

a reference slide and elemental map of Zn, Fe, Cu, P, S and Ca distributions in an HERII +ve sample. 

The dark areas are the tumour cell nuclei and in this example the clusters of cancer cells are well 

defined. The pink areas are normal tissue. An overview of the statistical analysis and the percentage 
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difference of elemental mean and medians levels in the tumour breast tissue compared to the normal 

tissues are listed in table (1).   

 
Figure 1: A stained reference image of breast sample.  The dark areas are the cancer cell regions. The 

corresponding S, P, Zn, Fe, Cu and Ca distribution maps in the tumour and the normal regions. 

 

 
Table 1: Overview of statistical analysis and percentage difference between the mean/medians levels 

of elements. 

 

Conclusion: 

This work will help us to correlate the distribution of Fe, Cu, Zn, P, S and Ca levels with other 

markers particularly the HERII status of the patient. The results obtained will enable us to further 

understand the correlation between the metal distribution and the biological markers. Additionally, the 

results obtained would be helpful for other research groups who are interested in developing 

therapeutic strategies for breast cancer. 
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mean SD mean SD mean SD mean SD mean SD mean SD

Tumour-Roi 1 0.06195 0.01241 0.12529 0.02341 2.38621 0.45663 0.0754 0.01952 0.16753 0.02787 0.21996 0.04397

Tumour-Roi 2 0.05858 0.00781 0.12672 0.01284 2.32481 0.29188 0.06847 0.01896 0.19293 0.04759 0.20629 0.03148

Tumour-Roi 3 0.07095 0.01297 0.1406 0.0168 2.88433 0.39217 0.06989 0.00784 0.22748 0.02513 0.24 0.04135

mean: 0.06383 0.13087 2.53178 0.07125 0.19598 0.22208

median: 0.06195 0.12672 2.38621 0.06989 0.19293 0.21996

Normal-Roi 1 0.0168 0.00379 0.04891 0.00928 0.82183 0.14037 0.04796 0.02251 0.13193 0.02876 0.0753 0.04825

Normal-Roi 2 0.02177 0.00373 0.0585 0.00939 0.95878 0.13108 0.04276 0.01043 0.13168 0.02059 0.06243 0.01048

Normal-Roi 3 0.01618 0.00484 0.05322 0.01369 0.9041 0.30135 0.09414 0.0417 0.21124 0.06233 0.05358 0.01287

mean: 0.01825 0.05354 0.8949 0.06162 0.15828 0.06377

median: 0.0168 0.05322 0.9041 0.04796 0.13193 0.06243

Background 0.00074 0.00092 0.00287 0.00206 0.0289 0.03166 0.00508 0.00773 0.02514 0.00966 0.00223 0.00292

% diff of the means 249.712 144.438 182.912 15.6371 23.8155 248.254

% diff of the medians 268.67 138.121 163.932 45.7295 46.2318 252.349

P S Ca Fe Cu Zn
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In order to understand the evolutionary biology of complex and novel structures within 
organisms a comparative approach is needed. The use of synchrotron based high resolution X-
ray computed microtomography (µCT) in the field of comparative evolutionary biology are 
virtually infinite (for examples see [1], [2], [3]). Synchrotron imaging of a variety of both 
invertebrates and vertebrates recently gave novel insights into complex structure and function 
[4]. We employ µCT imaging to elucidate the role genital morphology in the evolution of 
reproductive modes in a particular group of amphibians; the caecilians or Gymnophiona (but 
see also previous DESY-projects on caecilian head and genital morphology [4], [5]).  

Caecilian amphibians are limbless, fossorial vertebrates inhabiting a diverse array of tropical 
habitats. Although caecilians only comprise of around 190 species, they show an 
extraordinary diversity of reproductive modes and parental care strategies (e.g. skin feeding 
[6]) including oviparity (aka egglaying) and viviparity (aka life-bearing). In comparison to 
most frogs and salamanders male caecilians possess an evertible copulatory organ, the 
phallodeum, to ensure internal fertilisation. 

The current project is strongly focussed on the morphology of genital structures (see Fig. 1A-
B) in various caecilian amphibians representing diverse reproductive modes. Our main 
objective is to describe complex structures and to reveal any correlations between specific 
morphologies and reproductive modes in an evolutionary framework. 

We aim to include various caecilian species representing all currently recognised reproductive 
modes in our study (e.g. oviparity with aquatic larva, direct development and viviparity). So 
far we have gathered µCT imaging-data on the cloacal morphology of both sexes of oviparous 
Ichthyophis cf. kohtaoensis, and everted male phalli of viviparous Geotryptes seraphini and 
Typhlonectes natans (Fig. 1A-B). The data has been yielded at beamline BW2 in a 48 hrs 
timeframe.  

The resulting datasets of genitalia show highest possible detailing in soft tissues. The 
resolution of the µCT data (voxel-sizes) ranges from 2 to 9 µm, depending on sample 
dimensions. Single muscle fibers, nerves, and connective tissues can be easily identified in the 
images. Such richness in detail of vertebrate genital structures, especially within soft tissues, 
has never been seen before produced for any vertebrate (see µCT scans of skeletons and 
references in [7]).  
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Figure 1: SRµCT data on the reproductive morphology of caecilian amphibians. A: Typhlonectes 
natans (Typhlonectidae), everted male cloaca illustrating layers, B: Geotrypetes seraphini 
(Caeciliidae), everted male cloaca. 3D modelling based on data gathered via non-invasive SRµCT 
scanning. Scale bar 2 mm. 
 
Another surplus of SRµCT imaging is that the proportions of the complex-build male cloaca 
are revealed in full detail (Fig.1 A-B) and specific tissues could be easily visualised separately 
using colour coding. For interspecific comparisons and better understanding of the 
evolutionary diversity of amphibian genitalia µCT data on further caecilian species and the 
intromittent organ of the anuran Ascaphus truei will be explored in future experiments at 
beamline BW2.   

Results based on µCT imaging produced at DESY were recently presented orally at 
international scientific meetings such as the International Congress of Vertebrate Morphology 
(ICVM-9) in Uruguay 2010, the Biosystematics meeting in Berlin 2011 and future 
presentations are planned for the biannual meeting of the European Society for Evolutionary 
Biology. In addition further contributions were made at national meetings such as the Annual 
meeting of the German Zoological Society. First results on the genital morphology of 
caecilian amphibians featuring SRµCT have been published [6, 9]. 
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N-Alkyl-N,N-dimethylamine-N-oxides (CnNO, n is the number of carbon atoms in the alkyl 
substituent) with a strong polar N-O bond are zwitterionic surfactants at physiological values of pH 
[1]. They are widely used in pharmaceutical and cosmetic formulations and as detergents in 
household dishwashing liquids and surface cleaners. CnNO surfactants are also used for the 
isolation, purification, reconstitution and crystallisation of the membrane proteins [2]. CnNOs 
display microbicidal [3], phytotoxic [4], immunomodulatory [5] activities and they inhibit activity 
of the transmembrane Ca2+-transporting sarcoplasmatic reticulum ATPase (SERCA) [6]. A strong 
polar N-O bond and a high electron density on oxygen allow protonization of CnNO in acidic 
solution, and surfactant becomes cationic CnN+OH. The cationic form of CnN+OH, same as other 
cationic surfactants, interacts with DNA polyanion due to electrostatic attraction [7]. A 
multilamellar structure was reported for DNA+C12NO+DOPE [7], and we have observed a 
condensed lamellar phase in aggregates DNA+C14NO+DMPC (dimyristoylphosphatidylcholine) 
[8]. Aggregates prepared from a mixture of cationic surfactants and neutral or cationic lipids 
(lipoplexes) are studied as a potential non-viral transfer vectors for gene therapy.   

In this study we follow herring testes DNA interaction with hydrated mixture of 1,2-
dioleoylphosphatidylethanolamine (DOPE) and C12NO as a function of pH. Molar ratio 
DOPE:C12NO was 1 mol/mol. The aggregates were prepared at isoelectric point, C12NO:DNA = 1 
mol/base in 0.15 M NaCl solution. Small-angle X-ray diffraction experiments were performed at 
the A2 beamline at HASYLAB, DESY.  
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Figure 1A: SAX diffractograms of (a) DOPE+ 
C12NO (b-i) DOPE+C12NO+DNA at 20 °C in 0.15 
M NaCl (Intensity in logarithmic scale). 

1B: The repeat distances d of DOPE+C12NO+ 
DNA (●) DOPE+C12NO (■) and dDNA (♦) at 20 
°C as a function of pH.
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Fully hydrated DOPE forms at 20 °C a columnar inverted hexagonal phase (HII) with the lattice 
parameter  a=7.54±0.01 nm (not shown). The addition of C12NO molecules stabilized a lamellar 
phase in the mixture.  At molar ratio DOPE:C12NO=1, 20 °C and pH 7.45 we found the 
LDOPE+C12NO phase periodicity d=5.47±0.01 nm (Fig. 1A (a)). Aggregates DNA+DOPE+C12NO 
form a condensed lamellar Lα

c phase with DNA strands regularly packed between DOPE+C12NO 
bilayers. Figure 1A (b-i) shows DNA+DOPE+C12NO diffractograms as a function of pH. In the pH 
range 6.87-6.08, we observe the coexistence of two lamellar phases: the condensed lamellar phase 
Lα

c (reflections La(1) and La(2)), and the phase LDOPE+C12NO (L) showing the periodicity similar to 
that observed in DOPE+C12NO mixture without DNA. At pH<6, diffractograms show the presence 
only Lα

c phase. The broad reflection (marked by arrow) confirms the regular packing of DNA 
strands between DOPE+C12NO bilayers. At pH 6.87 we do not observe any reflection indicating 
the DNA-DNA regular packing. The repeat distance d of Lα

c
 phase decreases from 7.33±0.01 nm at 

pH 6.87 to d=6.43±0.01 nm at pH 3.88 to (Fig. 1B). The DNA-DNA distance, dDNA, also decreases 
with increasing acidity of the solution. We found dDNA=4.87±0.01 nm at pH 6.58, and 3.03±0.01 
nm at acidic pH 3.88 (Fig. 1B). The fraction of protonized C12N+OH molecules increases with pH 
decreasing. However, the observed increase in the periodicity of LDOPE+C12NO phase (Fig. 1B, 
squares) results from the charge of C12N+OH molecules, not screened with DNA polyanion in this 
phase. Our experiments show a strong pH dependence of structural parameters of the Lα

c phase. 
The significative decrease in the observed structural parameters, particularly in dDNA, indicates a 
tightly packed structure. At acidic condition, the aggregates have shown excellent temperature 
stability up to 80 oC (not shown). In comparison, the aggregates with phosphatidylcholine, 
DNA+C14NO+DMPC, have shown the dDNA decrease from ~ 6.1 to 3.8 nm in the range pH 8 – 4 in 
the gel phase (15 oC), however the regular DNA packing (dDNA ~ 5.3 nm) in the liquid-crystalline 
phase was preserved only at pH 5.6 – 5.8 [8].  

Our experiment confirmed that zwitterionic surfactant CnNO at acidic condition behaves as a very 
efficient DNA-condensing agent. An understanding of pH induced changes of the supramolecular 
structures of lipoplexes could help for further improvement of non-viral methods. Actually, the 
pathway of the gene-vector complex is accompanied with the drop in pH from physiological (pH 
7.4) to the acidic in lysosome (pH 4.5).  
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The mission of the United States Transuranium & Uranium Registries (USTUR) is to (1) evaluate 
health outcomes, causes of death and life expectancy of former nuclear workers (volunteer 
registrants) who had documented accidental intakes of (trans)uranium elements (2) obtain, 
preserve, and make available for future research, samples of tissues at autopsy (3) conduct 
radiochemical analyses, as necessary, to validate and develop new state-of-the-art methods for 
quantifying tissue doses and their associated uncertainties (4) apply USTUR case study data to 
refine dose assessment methods for these internal emitters as the bases for reliable epidemiological 
studies, risk projection, and credible standards for radiological protection (5) assess adequacy of 
historical and current U.S. regulatory controls and practices in limiting tissue doses to workers 
having the greatest health risk from intakes of uranium and the transuranium elements [1]. 

This study examines the application of synchrotron radiation based micro-XRF (SR micro-XRF)  to 

quantifying and visualizing the elemental distribution of uranium and plutonium isotopes from 

occupational exposure in human respiratory and lymph tissues. Sections of lymphatic and lung 

tissues were taken from deceased former nuclear workers with a known history of occupational 

exposure to specific actinide elements (uranium, plutonium, or americium). The first examined 

tissue sample (lymph node tissue) originates from USTUR registrant 1060, who worked at Hanford 

for 40 years. Urine data (1948-1950) indicates chronic exposure to uranium (U3O8), while working 

at the Melt Plant, a spike (317 µg/day) in urine data (1948) even indicates an acute uranium uptake 

in addition to chronic exposure. The second examined tissue (lung tissue) is from USTUR 

registrant 0407 who worked at Rocky Flats Plant for 17 years. In 1965 the registrant was involved 

in an extensive Pu fire, studies of the fire aerosol showed a highly refractory material which retains 

in the lungs, which was not responsive to intravenous chelation treatment with Ca-DTPA. A study 

of the surface contamination indicated Pu particles of 0.12 µm count median diameter [2]. 

 

The samples, which were originally frozen at -30 °C (the standard protocol for long-term storage of 

NHRTR tissues), were defrosted and fixed in 10% buffered formalin for preservation during 

shipment. After dehydration in graded water/acetone series and embedding in paraffin, thin section 

of 16 µm were obtained by a microtome, which were finally mounted free-standing on a dedicated 

sample holder for micro-XRF analysis. A multilayer monochromator delivered a high-flux 

monochromatic beam of ~19.5 keV optimally exciting the U-L3 and Pu-L3 edges. A slightly 

defocused polycapillary optic (XOS) was used to focus the incoming X-ray beam to a microbeam 

with moderate resolution (~80 µm FWHM) for obtaining overview scans of the tissues. When 

optimally aligned, elemental distributions of regions of interest could be obtained with the 

conventional microbeam (~17.5 µm FWHM). A dual detector configuration using two silicon drift 

detectors (SiII, Vortex) was used to collect fluorescence with a larger solid angle [3]. 
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Figure 1: (a) microscope image and elemental distributions of U, Zr  and Zn obtained with 80 µm FWHM 
beam in USTUR case 1060 (b) region of interest element maps obtained with 17.5 µm FWHM beam (c) 

XRF spectra from point measurements on ‘hot spots’ in region of interest element maps. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) microscope image and elemental distributions of Pu, U and Zr obtained with 17.5 µm FWHM 
beam in USTUR case 0407 (b) region of interest element maps with 17.5 µm FWHM beam (c) XRF spectra 

from point measurements on ‘hot spots’ in region of interest element maps. 

Fig. 1 shows the elemental distributions obtained from USTUR case 1060 using the 80 µm beam (a) and 
17.5 µm beam (b). On both resolution scales, U and Zr ‘hot spots’ were found which are not coinciding. 
Collection of point measurements on the U hot spots and spectral fitting with the AXIL software package 
revealed clear presence of U-L fluorescence peaks. Fig. 2 shows the presence of Pu and U non-coinciding 
‘hot spots’ present in USTUR case 0407 (a). After rescanning the hot spots in smaller maps (b), XRF point 
measurements were performed clearly showing the presence of U-L and Pu-L fluorescence peaks. 

From these measurements it can be concluded that synchrotron radiation based X-ray fluorescence is a 
powerful tool for trace level imaging and potential quantification of (trans)uranium elements within 
biological tissues. The results could contribute to a further refinement of dose assessment methods for 
these internal emitters as the bases for reliable epidemiological studies, risk projection, and credible 
standards for radiological protection. 
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Tuberculosis (TB) is a common and often deadly infectious disease caused by various strains of 
mycobacteria, usually Mycobacterium tuberculosis in humans. Because of population growth, the 
absolute number of new cases is still increasing. Multi-drug-resistant tuberculosis (MDR-TB) is 
defined as resistance to the two most effective first-line TB drugs and is a public health issue in 
many developing countries, as treatment is longer and requires more expensive drugs. Recently, a 
new experimental diarylquinoline anti-tuberculosis drug was discovered at Janssen Pharmaceutica, 
referred to as TMC207 and shown in Fig. 1. Before TMC207 can be made commercially available, 
one of the necessary investigations is a thorough pharmacokinetic study to investigate its 
absorption, distribution, metabolism and excretion (ADME) [1]. 

In order to investigate the distribution of TMC207, the 14C labelled compound TMC207 was 
administered to rat samples which were then killed by inhalation of anaesthetic after 1/4/8h 
respectively. Animals were immediately frozen (hexane/CO2; -78°C) and embedded in 
carboxymethyl cellulose (CMC). Subsequently, thin sections at a position of interest are obtained 
by microtomy which are freeze-dried afterwards. Finally, the thin sections are exposed to phosphor-
imaging plates (IP’s), after which the tissue concentrations are analyzed as shown in Fig. 2 and 
quantified. 

Figure 1: TMC207.  Figure 2: Radioluminography (RLG) of rat thin section. 

Interestingly, TMC207 contains a single Br atom (Fig. 1), potentially allowing its trace level 
imaging by means of synchrotron radiation micro X-ray Fluorescence (SR micro-XRF) without 
using radiolabelled compounds. Therefore, the previously described rat thin sections were subjected 
to micro-XRF analysis at the hard X-ray microprobe Beamline L. A multilayer monochromator was 
used to obtain an excitation energy of 15 keV, optimally exciting the Br-K edge. The thin sections 
were mounted on a cardboard frame which was then attached to a high-speed motor stage with a 
large travel range as shown in Fig. 3. A polycapillary (PC) half lens (XOS, USA) at non-optimal 
working distance delivered a beam size of 90 µm (V) x 300 µm (H) FWHM possessing a higher 
flux density compared to a collimated beam of these dimensions, improving the scanning time for 
the same detection limit considerably. The rat thin sections were scanned in a vertical continuous 
scanning mode (500 µm step size, LT=1.5s/point), compensating for the smaller beam size in the 
vertical dimension. A Silicon Drift Detector (SDD, VORTEX) with 80 mm² active area was used 
for collecting the XRF point spectra which were subsequently processed with the AXIL software. 
An estimation of the detection limits was performed using NIST SRM 1577B (Bovine Liver). 
Elemental distributions for Cl, K, Fe and Zn respectively within an entire rat thin section are shown 
in Fig. 4. Corresponding detection limits for these elements (LT=1.5s) were estimated to be 130, 
25, 0.9 and 0.4 ppm respectively. 
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Figure 3: SR micro-XRF scanning set-up.   Figure 4: 2D micro-XRF results on rat thin sections.  

Due to 1) the low concentration of Br in the sample (~0.3 ppm) 2) the high concentration of Br in 
the CMC support and 3) the higher detection limit (~1 ppm) corresponding to the scanning time of 
1.5s/point, an elemental distribution of high quality of this element could unfortunately not be 
obtained. However, several line scans (10 points, LT=50s, range=2mm) were performed upon 
tissues of interest (lung, liver, exposed/upper stomach, adrenal glad). This resulted in XRF 
sumspectra of the different tissues as shown in Fig. 5. Moreover, a better detection limit for Br was 
obtained (MDL ~ 55 ppb), which resulted in a clearly distinguishable Br content between the 
different tissues. Principal component analysis was performed on the normalised sum spectra of 
which the results are shown in Fig. 6. A clear decreasing trend of the Br concentration can be 
observed from the stomach (point 3/5/6) towards the lung tissue (point 1) and the liver tissue 
/adrenal gland (point 2/4) respectively. These results are perfectly matching with results obtained 
from 14C labelling followed by radioluminography (Fig. 2) and laser ablation inductively coupled 
plasma mass spectrometry (LA-ICPMS), indicating the interesting alternative of the SR based 
micro-XRF technique for spatially resolved pharmacokinetic studies of heteroatom containing 
drugs in an essentially non-destructive manner. 

Figure 5: Sum spectra of XRF line scans.  Figure 6: PCA analysis of XRF sum spectra. 
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IFs are one of the three major types of fibrous proteins in eukaryotic cells and contribute greatly to 
cell mechanics. In cells, IFs form distinct bundles and network-structures but the precise assembly 
mechanisms are not yet fully understood. The rod-like IF monomers self-assemble in a hierarchical 
manner [1,2] to form fibers with a diameter of about 10 nm and, subsequently, bundles and net-
works. The assembly from monomers into filaments can be initiated in vitro by the addition of 
monovalent salt (such as NaCl or KCl). 
The aim of this project was the systematic study of the influence of multivalent ions on the for-
mation of networks and bundles from IFs. We performed our experiments using vimentin IFs but 
expect that the underlying biophysical principles are valid also for other IF proteins. Rheology ex-
periments have shown that the addition of multivalent ions at low concentration (~ 2 mM) leads to 
cross-linking of the networks similar to what has been previously observed for actin networks 
cross-linked by actin-binding proteins (ABPs) [3]. At the same time, many biopolymers are known 
to form bundles when counter ions are added at higher concentrations (~ 80 mM) [4]. By systemat-
ically varying the salt concentration, type and valence of ions, we investigated IF assembly, bundle 
and network formation. 
 

a) Protein concentration dependence of the scattering signal 

 

Our typical vimentin samples were prepared at a concentration of 2 – 4 mg/mL. At these moderate 

concentrations there is no intermolecular scattering signal detectable (see figure 1). We varied the 

vimentin protein concentration systematically between 0.5 and 5 mg/mL. The SAXS signal is nor-

malized by the concentration and all curves collapse on one master curve. Thus, the observed 

SAXS curves are directly proportional to the protein concentration over one order of magnitude. 

This implies that at the studied concentrations, no intermolecular  scattering affects the SAXS sig-

nal. More generally, this finding indicates, that the structure of the filaments does not depend on the 

total protein concentration.  
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Figure 1: We detect no protein concentration dependence in the range of 0.5 mg/mL to 5 mg/mL. This indi-

cates that the SAXS signal does not include an intermolecular scattering signal [5].  
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b) Cross-linking of vimentin filaments by divalent ions  

 

Rheology experiments show, that the addition of MgCl2 to vimentin filaments leads to cross-linked 

networks [3]. In order to investigate the influence of the concentration of divalent ions on the struc-

ture of vimentin assemblies we prepared samples at constant KCl concentration (monovalent ions 

to initiate the assembly of subunits into filaments) and varied the MgCl2 concentration (figure 2).  

We find that the scattering signal at small q-values remains nearly constant. However, between 0.5 

nm
-1

 and 2  nm
-1

 we observe the formation of peaks, which become more pronounced as the MgCl2 

concentration is increased. In the absence of KCl (figure 3), the changes in the curves between dif-

ferent MgCl2 concentrations are more pronounced.   
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Figure 2: Black symbols: vimentin tetramer solution with no added salt (for comparison). Red symbols: the 
addition of KCl (monovalent ions) initiates vimentin assembly into filaments. Green and blue symbols: the 

addition of MgCl2 leads to the formation of scattering peaks [5].  
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Figure 3: Black symbols: vimentin tetramer solution with no added salt (for comparison). Green and blue 

symbols: the addition of MgCl2 leads to the formation of scattering peaks; this effect is more pronounced at 
the absence of monovalent ions [5].  
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The samples designed to micro-imaging of Zn oxidation states were taken intraoperatively 
from brain gliomas of different types and various grades of malignancy. The investigation 
included also tissue apparently without malignant infiltration as a control. XANES analysis 
was performed in thin freeze-dried cryosections. 

The Zn XANES measurements were performed at the bending magnet beamline L at 
HASYLAB. Synchrotron radiation from the storage ring was monochromated with a Si(111) 
double crystal monochromator. To reduce the beam size the polycapillary half-lenses for 
monochromatic applications was used. The beam was focused to a size of 15 μm in diameter. 
The data were measured in fluorescence mode for the biological specimens and the reference 
samples. The measurements were carried out in air. The characteristic X-ray lines were 
measured by the Vortex SDD detector from SII Nano Technology USA Inc. The full XANES 
spectra were collected in selected points for samples of brain gliomas as well as for the 
reference materials (Zn foil, ZnO and ZnS as powders). The absorption spectra near Zn K-
edge were measured for the energy range from 9.55 to 10.0 keV. The measurement time for 
each analyzed energy point was 1 s for reference materials and 5 s for tissue samples. Micro-
imaging of Zn oxidation states involved two-dimensional scanning of the tissue samples with 
the step size equal to 20 μm both horizontally and vertically. Typically the areas of tissue 
slices selected for scanning were few hundred micrometers by few hundred micrometers. 
Mapping of reduced form of Zn was performed at the energy equal to 9.653 keV. The energy 
of 9.659 keV was applied to detect Zn 2+. The time of acquisition was equal to 30 s per one 
measurement point for tissue samples. To perform mapping of chemical forms of Zn, the 
position of the samples, was changed with respect to the incident beam. The full XANES 
spectra at the Zn K edge were collected in selected points of neoplastic and control samples. 
For the analysis the “homogeneous” areas of cancerous (G) or control tissue (C1) were 
selected. Moreover the calcification (G_Ca) or other Zn-rich structures (C2) were 
investigated. The fluorescence intensities of Zn K lines were normalized (point by point) to 
the incident photon flux and to the mean number of counts from the energy range 9.80–10.0 
keV.  

The Zn XANES profiles for tissue samples as well as the reference materials were presented 

in Figure 1. Additionally the edge regions of the spectra were focused. The location of the 

points analyzed was shown in Figure 2. It was found that position of the edge in XANES 

spectra collected for all the tissue structures is the same as for the reference materials in which 

zinc is present on +2 oxidation state. The results of Zn chemical state imaging obtained for 

neoplastic tissue (anaplastic oligodendroglioma classified as III grade of malignancy) and 

control sample were illustrated in Figure 2. The presence of metallic Zn was not found. 

Distribution of oxidized form of Zn in tissue structures was determined. It was noticed that 

the areas of calcification reveal high level of Zn 2+.  
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Figure 1. The Zn XANES profiles for brain glioma (G – tissue, G_Ca – calcification) and 

control (C1, C2) tissue samples in comparison with reference materials of Zn0 and Zn2+. 

   

 
 

Figure 2. Scanning x-ray microprobe determination of zinc oxidation states in 

oligodendroglioma anaplasticum (A) and control sample (B). The energy of excitation was 

shown in upper, left corner of each map. G – homogeneous neoplastic tissue, G_Ca 

calcification, C1 – homogeneous control tissue, C2 – Zn-rich area. Data presented in arbitrary 

units.  
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The basal branching patterns of pterygote insects - Odonata, Ephemeroptera and neopterans - are 

one of the major unsolved problems of insect systematics (Klass 2007). All three possibilities are 

subject of the discussion and are favoured by studies (Haas and Kukalová-Peck 2001; Hennig 1969; 

Kristensen 1981; Kristensen 1991; Kukalová-Peck 1991; Staniczek 2000; Staniczek 2001). One major 

setback of morphologic analyses in the past were incomplete studies and an insufficient taxon 

sampling. Especially the odonatan head was rarely studied (Mathur and Mathur 1961; Short 1955). In 

contrast, the head has proven to be a highly informative character system (Beutel et al. 2010), 

especially addressing the pterygote base (Wipfler et al. 2011). Since the odonatan thorax with its 

direct flight musculature highly diverges from all other pterygote insects, it is of limited use in our 

context. The present study will address the basal pterygote relationships by providing a 

comprehensive morphological data set: 200 cephalic characters for a total of 26 species of all major 

pterygote insect lineages and two outgroups (Archaeognatha and Zygentoma) are studied. 

Evolutionary scenarios for all three possible clades (Metapterygota, Palaeoptera, Chiastomyaria) will 

be presented.  

Prior to scanning samples were critical point dried (CPD) (Model E4850, BioRad) and mounted on 

sample holders. Except for Siphlonurus and Lepisma all specimens were scanned using the beamline 

BW2 of the storage ring DORIS III at DESY (operated by HZG) with a stable energy of 8 keV and a 

high density resolution (Beckmann et al. 2008). For scanning electron microscopy (SEM) species were 

transferred to 100% ethanol, CP-dried (Model E4850, BioRad) and subsequently sputter coated 

(Model Anatech Hummer VII). Microscopy was performed on a Hitachi S-2460N using a special 

sample holder (Pohl 2010). 

Some of the results obtained by SR-microCT scanning at BW2 are shown below (Fig 1, B). We 

received detailed images of the inner anatomy of our taxon set. The muscle equipment and our results 

from the external analysis (Fig 1, A) will be incorporated into a data matrix for phylogenetic analysis 

and subsequently analysed with TNT and Winclada.   

With the help of SR-microCT at DESY we plan to conduct studies on the functional anatomy of 

pterygote heads. The 3D models generated from the CT-data will be the basis for developing 

physically realistic simulations of mouthpart movement. This will aid us in reconstructing a scenario for 

the mouthpart evolution which is robust and testable against conflicting hypotheses. 
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Figure 1 The head of L. virens in frontal view. A  SEM picture show relevant head structures and general organisation. 

B 3D-reconstruction from SR-microCT data showing head muscles, brain and ocellar ganglia. acl anteclypeus, anm 

antennal muscles, e eye, fl flagellum, la labium, lb labrum, lbm labral muscles, md mandible, mdm mandibular muscles, 

mxm maxillar muscles, oc ocellus, ocg ocellar ganglion, ol optical lobe, pcl postclypeus, pe pedicellus, sc scapus, v 

vertex 
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Background 
Sponges (Porifera) are a group of animals which evolved early and display a relatively character 
poor – often called simple – body plan. Traditionally, the taxonomy of sponges bases on various 
characters of the skeleton. Especially size, form and location of spicules are used for the 
discrimination of sponge species. The knowledge on the systematics of all living organisms is a 
very important aspect of evolutionary research in order to set the right framework for evolutionary 
studies. However, in recent years many cosmopolitan species have turned out to be ‘sponge 
taxonomist traps’, in fact representing complexes of cryptic species that are genetically distinct but 
which display low variability in most of their morphological characters. In recent years, molecular 
biology techniques played a decisive role in the discovery of these cryptic or sibling species 
because they are difficult to identify on the basis of phenotypic characters alone [1]. Now, that it 
became possible to find and distinguish animal species by their genetic signatures (‘barcodes’) of 
certain genes, it became necessary to find discriminating morphological characters a posteriori. The 
sponge skeletons and their building blocks, the siliceous and calcareous spicules are still the most 
informative characters. Classically, the 3D context of skeleton structures has to be destroyed in 
order to analyze the single spicules. Methods to analyze spicules are light microscopy and scanning 
electron microscopy. However, the 3D configuration of the skeleton also bears information. In 
order to address this, µCT is the method of choice. Since silica spicules display high x-ray 
absorption, no additional contrasting methods are needed and skeletons can be imaged at average 
energies (between 11 and 25 keV in our preliminary experiments). The overall aim of our study is 
to revise Tethya samples from underrepresented geographic regions with a holistic approach to 
characterize the species with molecular genetics and morphological techniques. In a first step we 
described the new species Tethya leysae, applying for the first time our in silico taxonomic tools 
[2]. 

Methodology 
We sequenced a part of the cytochrome oxidase subunit I (COI; Folmer fragment) which is located 
on the mitochondrial genome. Morphological species discrimination was performed on spicule and 
skeleton preparations, imaged by SEM and light microscopy. In addition, we established 
synchrotron radiation based x-ray microtomography (SR-µCT) and 3D reconstruction as a tool to 
visualize and analyze skeletal architecture and virtual spicule preparations and measurements in 
silico [2, 3]. The experiment was operated by HZG using the beamline BW2 of the storage ring 
DORIS III at DESY. 

Results and discussion 
With the formal taxonomic description of Tethya leysae Heim & Nickel 2010, we used virtual 
spicule isolation for the first time in the context of sponge taxonomy [2]. Using synchrotron 
radiation-based x-ray micro computed tomography, we imaged skeletal structures of T. leysae and 
used the information for our description of the species (Fig. 1). In addition, we used the dataset as a 
test case for the more general use of microtomography in sponge taxonomy. Figures 1 A – B 
demonstrate the virtual in silico isolation of two main megascleres, two auxiliary megascleres and 
12 megasters from the cortex of T. leysae. The same spicules are virtually isolated and arranged to 
scale for comparison in Figures 1 C – D. Although the surface of the spicules appears rough as an 
effect of the resolution used, it is possible to measure them, count rays, and even calculate R/C 
values for the megasters. Details of microscleres could not be reconstructed due to resolution 
limitations. However, their 3D distribution can be partly addressed, since they are visible as small 
dots in virtual 3D renderings (Fig 1A) [2]. 
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From the present study, we conclude that imaging isolated spicules embedded into a suitable matrix 
(paraffin, histological resins) would permit higher magnification/resolution and provide more 
detailed data on spicules.  

At present, µCT data from around ten additional species are in the process of evaluation and under 
morphometric analysis, which will be used in integrated studies to re-describe or newly describe 
these species under the rules of Zoological Nomenclature. 

Though our study showed excellent results, there is an upcoming issue with restricted access to 
synchrotron source beam lines makes it difficult to carry out new experiments in a timely manner 
following the evaluation of a study like the present one. There seems to be a general tendency at 
DESY to upgrade synchrotron sources in a way, which makes it difficult to impossible to perform 
absorption contrast microtomography on samples in the diameter range of up to 1 cm. For our 
project the access to absorption-contrast SRµCT is of severe importance. The high density 
resolution together with the high spatial resolution achieved in the tomograms obtained at the 
DORIS beamlines BW2 and HARWI for centimeter sized samples could not be achieved at 
conventional laboratory µCT systems. Therefore, it would be preferable if adequate synchrotron 
based absorption contrast µCT techniques for centimeter sized samples will become available at 
PETRA directly after the shutdown of DORIS. 

Fig. 1. Virtual 3D isosurface rendering using VGStudio MAX of selected spicules within their skeletal 
context (A, B) and isolated from it (C, D), 3D-reconstructed from synchrotron radiation-based x-ray micro 
computed tomography images of the holotype. Virtual isolation (B) and comparative side-to side renderings 
of megasters (C) and megascleres (D). Micrasters are visualized as small dots, e.g. in the peripheral region in 
A. Figure reprinted from [2]. 
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The three-dimensional (3D) anatomy of the human urethra is only partially known. Available 
histological data do not show for example the closing and opening, which are characteristic for the 
sphincter function. Developments on artificial urinary sphincters for the treatment of severe 
incontinence [1] require morphological information on the 3D microstructure of the urethral tissues, 
which we uncovered using synchrotron radiation-based micro computed tomography (SRµCT) in 
absorption and phase contrast modes [2-4]. The experiments were performed at beamlines W2 
(grating-based phase contrast) and BW2 (absorption contrast mode) both setups operated by the 
HZG. 

The phase contrast SRµCT was acquired at a photon energy of 24 keV at the Talbot distance of 
32.3 cm (6th Talbot order) and a pixel size of 10 µm. 1101 projections of the urethra were acquired 
over 360° using an asymmetric rotation axis position. The source grating g0 had the periodicity of 
p0 = 22.3 µm, the beam-splitter grating g1 the periodicity of p1 = 4.33 µm and the analyzer grating 
g2 the periodicity of p2 = 2.14 µm. The spatial resolution of the experimental setup was determined 
by the 10% value of the modulation transfer function (MTF) of a processed projection of a silicon 
wedge and corresponded to 37 µm. Tomographic reconstruction was performed using a modified 
filter kernel in combination with standard filtered back-projection algorithm [3]. 

The absorption contrast experiment was performed at a photon energy of 18 keV and a pixel size of 
4.2 µm. 2880 projections were acquired over 360° using an asymmetric rotation axis. The spatial 
resolution determined by means of the 10% value of the MTF of a solid gold edge corresponded to 
6.6 µm. For the reconstruction of the absorption-contrast projections, a standard filtered back-
projection reconstruction algorithm was used. 

Figure 1 compares selected slices of a male human urethra in phase and absorption contrast. The 
virtual slices show the much higher contrast of the phase contrast data and the embedding artefacts 
for the absorption contrast imaging. It is therefore simple to state that grating-based phase contrast 
is the method of choice to visualize the microstructure of soft tissues post mortem without applying 
any staining or embedding procedure. 

The data obtained serve for the 3D characterization of the anatomical features. The anatomy was 
compared with the anatomical features of sheep and porcine urethras to identify which of the 
animal urethral tissues resemble best the human male urethra [2]. This is very important to 
determine, which animal can be applied for in vitro and in vivo tests of artificial urinary sphincters 
[1]. 

The urethras investigated were also histologically characterized to relate morphology and function 
down to the level of individual cells [2]. 

It is planned to use grating interferometry measurements in the different states (close/open) to 
understand the mechanism in detail. Here, we want to non-rigidly register the two datasets and 
extract the related 3D strain fields. 

The broader impact lies in the treatment of incontinence, which is one of the largest markets under-
developed available to medical device companies. The demographic shift to a higher percentage of 
elderly residents will even further increase the demand on a reliable solution. Current commercially 
available implants for patients suffering from persistent urinary incontinence, have serious 
restrictions, which often result in atrophy and erosion a few years after the implantation. 
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Figure 1: The reconstructed slices illustrate the phase contrast (left) and the absorption contrast results. In 
order to improve the density resolution of the datasets, the phase contrast projections were binned twofold, 
whereas the absorption contrast projections were binned fourfold. The procedure resulted in a pixel size of 

20.0 µm in the phase contrast and 16.8 µm in the absorption contrast data sets. 
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Background 

The leg base structure of basal Hexapods (Protura, Collembola, Diplura, Archaeognatha, Zygentoma) 

and its phylogenetic interpretation has been subject to discussion recently (Bäcker et al. 2008). While 

the outer morphology is easily accessible, just a few detailed investigations on the thorax anatomy of 

basal hexapods were done (Barlet 1953; Barlet 1967; François 1996). However, the muscle 

organisation in this body region plays a key role in the evolution of locomotion (Grimaldi 2010; Manton 

1977).   

Therefore representative specimens of all basal hexapods were examined with the goal to study 

thoracic muscle equipment in detail. Three outgroup taxa were scanned to polarize character systems 

and hypothesize more robust theories. 

 

Material and specimen preparation 

Adults of Collembola (Tomocerus flavescens), Archaeognatha (Machilis germanica), Zygentoma 

(Lepisma saccharina), one larva of Plecoptera (Perla marginata) and individuals of the outgroup taxa 

Remipedia (Speleonectes tulumensis), Diplopoda (Polydesmus angustatus) and Chilopoda (Scutigera 

coleoptrata) were collected into Bouin’s solution (Dubosq-Brasil), fixed in 70% and 100% EthOH for a 

few days and critical point dried. Protruding structures like antennae and leg tips were cut off to obtain 

a minimal field of view thus maximising scan resolution. Prepared specimens were mounted on metal 

holders with superglue and acclimatised in the scan chamber. 

 

Results 

The resulting SRµCT-data allowed us a highly efficient three dimensional reconstruction of the 

thoracic muscle equipment of basal hexapods and the examined outgroup taxa. We were able to 

distinguish between tissue types like cuticle and musculature, so that it was possible to compare the 

different pleural regions as well as single muscles (Fig 1). Our aim is to infer an evolutionary scenario 

from the reconstructed data by taxon comparison. Hopefully, this will give us the chance to reconstruct 

a robust tree based on this character set. 

 

 

 

 

-714-



Outlook 

The acquired data shows that SR-microCT delivers raw data which can be used very efficiently. Our 

next projects will deal with even smaller specimens to test effects of miniaturisation on thoracic muscle 

equipment. The new tomography beamline at PETRA III will give us the chance to focus on such 

specimen sizes allowing us to scan high specimen quantities with good quality.  
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Figure 1  Outline of the thoracic muscle equipment of Tomocerus flavescens (A, B), Lepisma saccharina (C, D) and 

a larva of Perla marginata (E, F). Abbreviations: first letter T=Tomocerus, L=Lepisma, P=Perla; dvm: dorsoventral 

muscles; tcm: tergocoxal muscles; pcm: pleurocoxal mucles; tpm: tergopleural muscles; ttm: tergotrochanteral 

muscles. 
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The insertion of dental implants is an established procedure performed in many dental offices. In an 
increasing number of cases, the direct implantation is impossible because of the lack of bone. 
Larger local bone defects frequently result from tooth extraction, pathological resorption, trauma, 
and cancer surgery. In these cases, which become more and more frequent in our aging society, 
bone augmentation is required before or combined with inserting implants depending of the 
quantity of the present bone. Bone substitutes are still an active field for biomedical research. The 
reconstruction with autologous bone, which is still the gold standard, is often difficult for surgeon 
and patient, as the bone has to be taken from intra- or extra-oral donor sites. Thus, artificial bone 
substitutes are playing an increasing role in augmentation surgery. 

Biopsies can be easily taken using a hollow drill for preparing the cavity of the implant [1,2]. These 
biopsies contain – besides the remains from the substitutes – bony tissues, which can be analysed 
concerning amount, degree of calcification, and morphology. Synchrotron radiation-based micro 
computed tomography (SRµCT) is a suitable method (complementary to conventional histology) to 
evaluate these biopsies extracted from the human mandible [1, 3]. We compare a set of specimens 
from patients, who obtained comparable treatments with different materials. In total, 18 biopsies 
containing different materials for bone augmentation, i.e. Bio-Oss® (Geistlich Pharma AG, Baden-
Baden, Germany), FRIOS Algipore (Friadent GmbH, Mannheim, Germany) and easy-graft™ 
(Degradable Solutions AG, Schlieren, Switzerland), were extracted after six months prior to 
implant placement.  

The setups for SRµCT for absorption contrast at beamlines W2 and BW2 operated by the HZG 
served for the data acquisition. 

At the beamline BW2, 720 projections of the biopsies were acquired along 180° using a photon 
energy of 20 keV. The spatial resolution determined by means of the 10% value of the modulation 
transfer function (MTF) of a solid gold edge corresponded to 5.27 µm, while the isotropic voxel 
size of the data was 3.05 µm. 

The parameters chosen at the beamline W2 are photon energies of 20 and 25 keV, respectively, a 
pixel size of 2.17 µm and a spatial resolution of 5.54 µm. 

The data were reconstructed using the standard back-projection algorithm available at 
HASYLAB/DESY. For the visualization, the software VG Studio Max 2.1 (Volume Graphics, 
Heidelberg, Germany) was used. 

In all inspected specimens, one can clearly discriminate between bone and augmentation materials 
due to their different local X-ray absorption values. Strong inter-patient differences were observed 
regarding bone formation, which implies patient-specific characteristics. Some biopsies display the 
augmentation material encapsulated by connective tissue. This observation is contrary to our 
expectations. Consequently, a considerable number of biopsies from a variety of patient classes has 
to be harvested to obtain statistically significant results for comparing the commercially available 
bone augmentation materials. 
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Figure 1: Two orthogonal virtual cuts and a 3D-rendering of a bone biopsy containing the augmentation 
material inceram. Towards the bottom of the specimen, autologous bone can be seen. The newly formed 

bone between the bright augmentation material particles shows thinner trabecular microstructures and higher 
density. On the right, the histogram of the dataset is displayed. The length bar given in the virtual cuts 

corresponds to 1 mm. 
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Nepheline is a feldspathoid and an important rock forming mineral. Its average structure is 
characterized by a framework of corner connected (Al,Si)O4 tetrahedra. Two different types of 
channels form within the structure: the larger one has a nearly regular hexagonal shape when 
viewed along [001], while the smaller one is pseudo-orthorhombic and assumes an oval shape (Fig. 
1). The smaller, oval channel is fully occupied by Na+, while the larger, pseudohexagonal channel 
is occupied by the larger K+ and additional Na+ or Ca2+. However, the K+ content in nephelines is 
usually limited to approximately 60% of the ideal occupation and no more than 20-25% of 
additional Na+ or Ca2+ are incorporated so that about 1/5 of the atomic sites in this channel are 
vacancies. Nepheline has been known to form a modulated structure since satellite reflections were 
first observed in a sample from Finland [1]. Up to now no full determination of its modulated 
structure has been carried out.  

                  
Figure 1: View of the average 
structure of nepheline along [001]. 
(Al,Si)O4 tetrahedra are indicated 
in yellow and orange, Na-ions as 
blue and K-ions as red disks. The 
large unit cell, which forms the 
basis of the superspace refinement 
is indicated. The small cell 
indicated in grey corresponds to the 
unit cell usually given in the 
literature. 

 

e program EVAL15 [3] and 

 operation described by the matrix (100; 010; 

 

We therefore decided to perform a full structure analysis using the superspace approach and taking 
into account not only the main reflections, but also the extremely weak satellite reflections. The 
crystal studied by us originated from Malawi; its exact composition was determined earlier as 
K0.54Na3.24Ca0.03Al3.84Si4.16O16 [2]. Diffraction intensities of a single crystal were measured at the 
beamline D3 of the HASYLAB at a wavelength of 0.4 Å using a Huber 4-circle diffractometer in 
combination with a MarCCD165 detector. Data were integrated with th
structure refinements were carried out with the program Jana2006 [4].  

The structure was refined in (3+1)-dimensional space [5]. A threefold supercell (a=17.2889(8) and 
c=8.3622(10) Å) of the unit cell usually given in the literature was chosen to avoid rational 
components of the q-vector. The resulting superspace group is X3(00γ)0 with X=(0,0,0,0), 
(1/3,2/3,0,2/3), (2/3,1/3,0,1/3) and a modulation wavevector of q=(0,0,0.2048). The distribution of 
diffraction intensities indicated that an additional twin
00-1) had to be taken into account in the refinement.  

The successful refinement of the modulated structure shows that all atoms in the structure are 
affected by displacive modulation with amplitudes not larger than 0.1 Å [5]. The large 
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pseudohexagonal channels are occupied by K+, Na+ and vacancies in a strongly disordered manner, 
although an occupational modulation with a small amplitude has to be taken into account for these 
positions. A large part of the oxygen atoms of the framework were approximated by split atom 
positions, which are additionally affected by occupational modulation resulting in a high degree of 
disorder in the anionic part of the modulated structure (see Fig. 2 for an example of the electron 
density around one oxygen position). Occupational probabilities of the split atom positions are 
complementary. Occupational modulations of the cationic positions in the large channel and the 
framework anions are coupled. In addition, a clear correlation between occupational and displacive 
modulations can be observed. 

 
 

e of the electron density of one oxygen position. The refined displacive modulation 
function is indicated.  

eferences 

). 
 

k, A. Schönleber, S. Van Smaalen, W. Morgenroth,  
             Acta Crystallogr. B67, 18 (2011). 

Figure 2: Fourier map around one of the oxygen positions. Cuts are at different values of the internal 
coordinate t. The three oxygen split atom positions are indicated. The figure in the lower right corner 
represents the x2-t plan

R
 

[1]   T. G. Sahama, Am. Mineral. 43, 165 (1958). 
[2]   J. D. C. McConnell, Mineral. Mag. 33, 114 (1962). 

       [3]  A. M. M. Schreurs, X. Xian, L. M. J. Kroon-Batenburg, J. Appl. Crystallogr. 43, 70 (2010
      [4]  V. Petricek, M. Dusek, L. Palatinus,  Institute of Physics, Praha, Czech Republic (2006).
      [5]  K. Friese, A. Grzechnik, V. Petrice

-719-



Seasonal speciation changes of arsenic and iron in an arsenic-enriched peatland 

P. Langner, C. Mikutta, and R. Kretzschmar 

Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, CHN, Universitätstrasse 16, 8092 Zurich, 

Switzerland 

 

Background. Arsenic (As) is a naturally occurring, potentially toxic trace element which is widely 
distributed in the environment. The concentrations of As in water resources is mainly controlled by its 
interactions with mineral and organic solid phases in rocks, sediments, or soils. Depending on the redox 
conditions, As is typically associated with metal-(hydr)oxides, silicates or sulfides1. However, remarkably 
high concentrations of As in environments rich in natural organic matter (NOM) recently raised the question 
whether NOM can also be considered an important sorbent for As2-5. Our previous work on As (ESRF, 
France) and iron (Fe) speciation (Hasylab, Germany) in peat samples collected in an As-enriched 
minerotrophic peatland (Gola di Lago, Ticino, Switzerland) in early spring 2009 revealed that As is not 
predominantly associated with Fe mineral phases6. Instead, realgar (α-As4S4) was the dominant As species 
close to the peat surface. In the lower part of the peat profiles, As was mainly present as As-NOM 
complexes in which As(III) is coordinated to sulfur (S) atoms of NOM. These results unequivocally revealed 
that sorption of As to particulate NOM is an important sequestration mechanism that was hitherto neglected. 
Our next goal was to understand how seasonal changes in microbial activity, water table fluctuations, and 
hence redox potential changes affect both As and Fe speciation in the peat. Therefore, additional samples 
were retrieved in late summer 2009 less than 25 cm away from the initial sampling positions. The sample 
treatment protocol was identical to that of the ‘early spring’ sampling campaign7. Arsenic K-edge X-ray 
absorption spectroscopy (XAS) revealed speciation changes only in the top 30 cm of the peat, where 
changes in microbial activity, production of below-ground plant biomass, and hence redox gradients are 
most pronounced8. These changes included an increase in the fraction of As bound to NOM and a decrease 
in the fraction of As associated with Fe(III)-(hydr)oxides. Additional re-oxidation experiments of the spring 
samples revealed for the uppermost parts of the peat profiles a decrease in the fraction of As(III) associated 
with Fe(III)-(hydr)oxides mainly at the expense of As(V) sorbed to Fe(III)-(hydr)oxides. The re-oxidation 
results for the spring samples originating from the deep peat layers showed a shift from As-NOM complexes 
towards As(V) associated with Fe(III)-(hydr)oxides.  

In order to understand the role of Fe for the dynamics of As in the field system, peat samples collected in 
‘late summer’ were analyzed for the speciation of Fe and compared with samples collected in ‘early spring’. 
In addition, we tested how controlled re-oxidation of anoxic peat samples affects the speciation of Fe. To 
this end, anoxic peat samples collected in early spring, which had been analyzed by bulk As and Fe K-edge 
XAS, were oxidized at 35°C and 99% humidity in a desiccator for five months.   
 
Experimental. Twelve ‘late summer’ and ten re-oxidized peat samples were analyzed by Fe K-edge XAS at 
beamline C (CEMO) of the Hamburger Synchrotronstrahlungslabor (Hasylab) at Deutsches Elektronen-
Synchrotron (DESY). The samples were prepared as freeze-dried powders in aluminum sample holders 
sealed with Kapton® tape. Iron K-edge (7,112 eV) X-ray absorption near edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectra were recorded in fluorescence mode at about 80 
K using a 7-cell Si-drift-detector (SDD) and a cryostat. For the quantitative Fe speciation analysis of the 
peat samples by means of linear combination fitting (LCF), we resorted to reference spectra previously 
collected at beamline C under identical conditions7.  

 

Results. Basic characteristics of two representative peat samples collected in early spring and late summer 
at the same sampling positions are summarized in Table 1. Apparently, redox potentials did not vary 
significantly in deep peat layers at approximately ~2 m depth. Close to the peat surface, however, 
pronounced changes in the redox potential from spring to summer were observed. In addition, significant 
differences in As, Fe and S concentrations between the spring and summer samples were noticed, suggesting 
a heterogeneous distribution of the elements within the peat layers on a decimeter scale. The high spatial 
variability of these elements poses a significant challenge in unraveling annual speciation changes of As and 
Fe in the peatland.  

Linear combination fit results of two representative peat samples collected at different depths (B1: 1.9-
2.0 m and B3: 0.0-0.1 m) during spring (I) and summer (II) as well as of the re-oxidized samples are 
displayed in Figure 1. We only detected Fe speciation changes in the uppermost peat layers. Here, the 
fraction of Fe(III)-NOM complexes increased from 20 to 50%, whereas the fraction of Fe(III)-(hydr)oxides 
decreased concomitantly.  
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Table 1. Laboratory results of selected peat samples collected at different depths in spring and summer 2009.  

ID Sampling season Laboratory results 

  Eh Asa Sa Fea  Cb  

  [mV] [mg/kg] __________ [g/kg] __________ 

B1Ic 

B1IIc 

spring 
summer 

130 
98 

426 
323 

21 
17 

7 
4 

463 
463 

B3Id  
B3IId  

spring 
summer 

-108 
77 

1416 
355 

8 
7 

29 
10 

326 
345 

atotal concentration measured by X-ray fluorescence spectrometry (dry weight basis); bdetermined with a Leco CHNS-analyzer; csampling depth: 1.9-
2.0 m; dsampling depth: 0.0-0.1 m. 

 

Re-oxidation of peat samples collected from these shallow depths did not reveal any significant changes in 
the local Fe coordination, which is exemplarily shown in Fig. 1b for B3 samples (spring vs. re-oxidized). In 
samples originating from deep peat layers, Fe(III)-NOM complexes, pyrite, and chlorite were identified as 
main Fe phases. Upon re-oxidation, we noticed a distinct shift in the Fe speciation towards Fe(III)-
(hydr)oxides, implying the decomposition of pyrite.  
 

 
Figure 1. Results from the LCF analysis of six selected peat samples (B1 and B3) deriving from different field sessions 
(spring vs. summer) and the re-oxidation experiment. (a) Fe K-edge EXAFS spectra of peat and reference samples (solid 
lines). Linear combination fits are indicated as dotted lines. (b) Normalized LCF fractions of pyrite, chlorite, Fe(III)-
(hydr)oxides (ferrihydrite and lepidocrocite) and Fe(III)-NOM complexes (Fe(III)-citrate and Fe(III)-oxalate).  
 

Conclusions. Our results indicate that seasonal changes in microbial activity, production of below-ground 
plant biomass, and hence redox gradients can have significant effects on the As and Fe speciation in the 
studied peatland. Especially in the top ~30 cm of the peat layer, dissimilatory Fe(III)-(hydr)oxide reduction 
may result in a release of As and its subsequent precipitation as As sulfide. In contrast, hardly any speciation 
changes of Fe and As in deep peat layers (1.9-2.0 m) imply stable geochemical conditions at these depths 
within the time-frame of our field study. Consequently, the release of As from As(III)-NOM complexes 
dominating the As speciation in deep peat layers can be considered an unlikely scenario. Our spectroscopy 
results also suggest that re-oxidation of pyrite-containing peat layers leads to the formation of Fe(III)-
(hydr)oxides that may eventually sequester As released from coevally degrading As-NOM complexes8 under 
oxic conditions.  
 
References. (1) P.L. Smedley, and D.G. Kinniburgh, Appl. Geochem. 17, 517 (2002). (2) Z. I. Gonzalez A., et al. 
Environ. Sci. Technol. 40, 6568 (2006). (3) M. Bauer, et al. Sci. Total Environ. 401, 109 (2008). (4) C. Blodau, et al. 
Geochim. Cosmochim. Acta 72, 3991 (2008). (5) J. J. Rothwell, et al. Sci. Total Environ. 407, 1405 (2009).                
(6) P. Langner, et al. Geochim. Cosmochim. Acta 74, A559 (2010). (7) P. Langner, et al. HASYLAB, DESY (2009). (8) 
P. Langner, et al. ESRF EC-574 (2009).  
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High-field-strength elements (HFSE), like Zr and Hf, are important trace elements that provide 
important information about magmatic processes and mass transfer in the Earth’s interior. The 
formation of silicate melts in the Earth’s crust and the upper mantle and their interaction with the 
surrounding host rocks are important processes for the evolution of the lithosphere. The 
geochemical distribution of trace elements between minerals, silicate melts and aqueous solution is 
controlled by their structural incorporation in the phases at equilibrium. While the effect of the 
structure and composition of crystalline phases on the chemical partitioning is understood quite 
well, the effect of the melt composition and structure is far less well known. Here, we investigated 
the effect of silicate melt composition on the local environment of Hf. XAFS measurements at the 
L3-edge of Hf in quenched melts of compositions that differ strongly in composition, and structure. 
In addition, a couple of Hf- bearing minerals with known crystal structure were measured in order 
to test the simulation of XANES spectra by FEFF9.0 [1]. 

The EXAFS spectra were collected at beamline C using a Si (311) double-crystal monochromator. 
Spectra were recorded in fluorescence mode.  

Glass compositions reported on here are NS3 (Na2Si3O7), and albite (NaAlSi3O8). Glasses were 
doped with 8000 ppm and 2 wt% of Hf. K3-weighted EXAFS spectra and their Fourier transforms 
are plotted in figure 1 for the two glasses. The spectra indicate already differences for the local 
structural environment between the studied compositions. The amplitude of the EXAFS and 
consequently, the first maximum of the Fourier transform (FT) is much higher for NS3 (partially 
depolymerised glass). Fitting of the EXAFS using the harmonic approximation yields a Hf-O 
distance of 2.046 ± 0.006 Å and 6 neighbors for the NS3 glass and only 1.999 ± 0.007 Å and 4 
neighbors for albite. For NS3, significant contribution by multiple scattering indicates a regular 
octahedral coordination. For albite, the unrealistic low number of neighbors and short Hf-O indicate 
significant anharmonic effects due to a high degree of static disorder for Hf. First attempts to fit 
asymmetric pair-distribution functions show considerable improvement for the structural 
parameters. The observed difference between the two samples is consistent with their difference in 
structural properties. Large cations such as Hf prefer bonding to non-bridging oxygens, which are 
(almost) not present in the fully polymerized albite glass [2, 3]. 

XANES spectra of model compounds are shown in figure 2. Compounds shown are armstrongite 
CaZrSi6O15*3(H2O), eudialyte Na4Ca15Ce0.5Fe0.6Mn0.3Y0.1ZrSi3O22(OH)Cl0.5 and wadeite 
K2ZrSi3O9 that contain Hf as a minor component. Hf replaces Zr in these minerals and is 6 fold 
coordinated. Spectra of all three compounds show a very strong white line with split peak at the 
maximum. At higher energies, the spectra of the minerals differ slightly probably owing to the 
difference in composition and structure. Spectra simulated based on structural data from the 
literature using FEFF9 describe the spectral features reasonably well, especially for wadeite. 
Discrepancies may be related to the simplifications implicit to FEFF or due to the fact that the 
structural data taken from the literature do not match the measured sample. 
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Figure 1: k3-weighted EXAFS and Fourier Transform of Hf in NS3 and albite line glass taken at the L3-edge. 

 

Figure 2: XANES of armstrongite (CaZrSi6O15*3(H2O)), eudialyte 
Na4Ca15Ce0.5Fe0.6Mn0.3Y0.1ZrSi3O22(OH)Cl0.5 and wadeite (K2ZrSi3O9). Dashed lines indicate spectra 

simulated using FEFF9. 
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Daphnia is a freshwater crustacean (0.2-5 mm height) used for investigating the toxic effects of 
toxins (e.g. metals) on an ecosystem. Synchrotron radiation based micro X-ray fluorescence (SR 
micro-XRF) allows the investigation of the trace level metal distribution within these organisms in 
an essentially non-destructive manner. Several two-dimensional (2D), computed tomography (CT) 
and confocal micro-XRF experiments under conventional and cryogenic environments have been 
performed on Daphnia magna previously [1-4]. However, due to its larger size (3 mm height) full 
three-dimensional (3D) imaging of the metal distributions is not practically feasible. In this 
contribution, we therefore report on the full 3D elemental imaging on Ceriodaphnia which is a 
smaller variant (1 mm height) by means of 3D confocal micro-XRF. 

Figure 1: Experimental setup.    Figure 2: Minimum detection limit. 

A W/Ni multilayer monochromator delivered high intensity monochromatic excitation (15 keV) with 
moderate energy resolution. A polycapillary optic (XOS) was used to focus the monochromatic radiation 
(30% transmission, 15 µm focus size at 17 keV, 3000 x gain, 4.8 mm working distance). A second 
polycapillary optic at the detector side was aligned in a confocal geometry as shown in Fig. 1. A depth scan 
through a thin Au foil delivered an acceptance for the confocal volume of approximately 18 µm FWHM at 
Au-L fluorescence energy. A point measurement in confocal mode was performed just below the surface of 
a pressed pellet of NIST SRM1577B (Bovine liver) resulting in relative detection limits at the ppm level for 
the most sensitive elements (LT=1s) as shown in Fig. 2. 

Due to the tight geometry of the confocal set-up, analysis under cryogenic conditions was not feasible. 
Therefore, an adult Ceriodaphnia (1 mm height) from control culture was rinsed in deionised water, taken 
through a water/aceton series for dehydration and fixed in hexamethyldisilazane (HMDS) and dried 
overnight in a dessicator. The Ceriodaphnia sample was then glued to a glass fibre and subsequently 
characterised by means of a laboratory absorption micro-CT instrument, providing the tissue structure below 
the µm level as shown in Fig. 3. For the confocal micro-XRF analysis, a dynamic scanning routine was used 
to analyse 29 dorsoventral planes through the Ceriodaphnia (30 µm distance). A single plane consisted of 35 
by 34 pixels with 20 µm step size and a measuring time of 2s per point, resulting in a total analysis time of 
approximately 24 hours. The 34510 XRF point spectra were fitted with the AXIL software and processed 
with the IDL XVOLUME routine to generate Mn, Fe and Zn elemental isosurfaces and the Compton 
scattering isosurface as shown in Fig. 4. The coinciding presence of different elements is visualised by 
means of combing the elemental isosurfaces in RGB mode as shown in Fig. 5. 
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Figure 3: Micro-CT Side view (surface/inside) and Front view (surface/inside) of Ceriodaphnia. 

Figure 4: Mn, Fe and Zn elemental isosurfaces and Compton scattering isosurface of Ceriodaphnia. 

Figure 5: R/G/B combined elemental isosurfaces of Compton/Br/Mn (image 1), Ca/Br/Fe (image 2), 
Ca/Mn/Zn (image3) and combination of the latter with absorption micro-CT dataset (image 4). 

 

The isosurface based upon the Mn elemental distribution could clearly isolate the region of hepatopancreas, 
gut and eggs, whereas that of Fe and Zn also included the osmoregulatory tissue. The isosurface generated 
from the Compton scattering clearly isolated all inner tissues and the glass support capillary. From these 
results can be concluded that synchrotron radiation based confocal micro-XRF is ideally suited for 
visualising the three-dimensional trace level elemental distributions within these millimetre sized model 
organisms and that the results can be fully merged with absorption micro-CT datasets for more thorough 
interpretation. 
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Carbon sequestration in soil repositories has become a major topic in climate change debates. It is suggested 
that soil physical infrastructure plays a key role in storing and remobilizing organic carbon within soils. 
Especially aggregation is known to have a positive effect on carbon stabilization [1]. Stabilization is most 
effective in small (millimetre scale) naturally formed soil aggregates. For instance, it was found that 
particulate organic matter (POM) is physically occluded in pores with diameters of 2-5 µm suggesting an 
interaction between the physical function of micro-aggregate infrastructures and long term carbon 
stabilization in mineral and organic matter associations [2]. Apart from a physical lockup of POM fractions, 
biogeochemical sorption of soluble organic carbon compounds is also strongly controlled by transport 
processes within intra-aggregate pore networks. Moreover, not only the diffusion of dissolved C but also 
nutrients, oxygen, water and heat to soil microbes residing in microsites determine the fate of soil carbon and 
its long-term sequestration in soils [3].  
 
Current model predictions of carbon dynamics in soil are often contradictory. A major drawback is that the 
physical structure of soils is not implemented in most carbon models which usually work on a number of 
functional pools [4] widely ignoring actual pore space geometries. Recently developed geometry-based 
models allow the simulation of the spatial distributions of microorganisms and organic matter in the 3D soil 
pore space [5]. However, so far spatial distribution of organic matter within pore spaces as an input 
parameter is not based on measurements but achieved by some simplifying assumptions. The reason for this 
is that soil organic matter (SOM) is difficult to be observed in situ. Although very fine scale spatial 
distribution of organic matter  has recently been explored using TEM-EDS methods [6] a gap in this method 
is that the spatial distribution of organic carbon in 3D is still not known and that only an incomplete section 
of the soil aggregate can be investigated neglecting the influence of all not sampled pore regions. X-ray 
tomography would be a potential tool but on the other hand is limited for the detection of the normally low 
concentrations of SOM in mineral soils (1-5 wt.-%) due to the low attenuation contrasts of SOM compared 
to the other compounds and its close association with clay mineral surfaces.  
 
To overcome this limitation we developed an approach to locate SOM in natural soil aggregates in situ with 
SR-μCT using a staining method applied in electron microscopy [6]. We selected osmium as a staining agent 
which reacts with unsaturated C-bonds of organic compounds including finely disseminated organic matter 
often absorbed onto clay mineral surfaces and not visible as discrete particles (POM) [6]. The benefit of 
using osmium is that it is an element with a high atomic number (Z=76) having an absorption edge at a 
photon energy of ~74 keV. By making advantage of the monochromatized X-ray beam we were able to 
locate SOM non-invasively in the stained samples with X-ray microtomography (SR-μCT) by scanning at 
various photon energies: 1) above the absorption edge at 78 keV, 2) below the absorption edged at 70 keV, 
and 3) at 30 keV where attenuation contrast is optimal for distinguishing other soil constituents in order to 
resolve soil structure. Differences in X-ray attenuation between the scans above and below the absorption 
edge are related to osmium bound to organic matter in the sample. In this study we used two air dry soil 
aggregate samples with an estimated (based on other samples from the same treatment) content of SOM of 
>2 wt.-% (A1) and <1 wt.-% (A0), respectively. The aggregates were exposed to an OsO4 solution for 48h at 
ambient temperature (~20 °C) in a closed vial under a hood. Osmium vapor passed through the pore space of 
the soil aggregates where osmium was fixed irreversible to organic matter compounds. SR-μCT scanning 
was done at beamline W2 (HARWI II) at a voxel resolution of 9.77 μm.  
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The different contents of SOM of the two soil aggregates were clearly visible by a higher fraction of bright 
areas in the sample with more organic matter (A1) due to a higher X-ray attenuation of the osmium stain 
(Fig. 1). Note that although the stain appeared to be distributed over the whole sample (Fig. 1a) some other 
mineral parts remained completely unstained (darker grey scale values) indicating a heterogeneous 
distribution of the stain. However, not all bright grey scale values are necessarily be attributed to stained 
organic matter since other soil minerals may also be associated with high density elements (e.g. Fe-
containing minerals) thus likewise resulting in a higher attenuation of the X-ray beam. An objective 
localization of SOM can only be obtained by comparing the images scanned at photon energies below (70 
keV) and above (78 keV) the absorption edge of osmium which indicates the distribution of osmium in the 
sample which only binds to organic carbon (Fig. 1).  
 
 

 
 
 
Figure 1: Reconstructed images of two osmium stained soil aggregates with a) more and b) less organic 
matter. The left part shows optimal attenuation contrast where both the bright osmium stained areas, other 
mineral constituents and the pore space is very well resolved. The middle and the right part indicate the 
change in contrast of the image at the absorption edge of osmium reflecting the spatial distribution of stained 
organic matter in the sample.  
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One of the main aspects in evaluating the safety of a potential radioactive waste repository in a 
deep geological formation is to understand the geochemical and physical processes that influence 
the mobility of the radionuclides in the geochemical environment imposed by the host rock and to 
quantify these processes. This information is needed to make reliable predictions of the long-term 
safety. Once radionuclides are released from the waste packages and the surrounding engineered 
barriers, they can migrate by diffusion through the argillaceous host rock towards the biosphere. 
This transport occurs in the pore solution of the host rock and is function of the quantity of the 
dissolved radionuclides in the solution phase (= the mobile part). When radionuclides come in 
contact with a solid matrix (for instance the clay host rock), they will redistribute between the solid 
and the aqueous phases. The equilibrium distribution is determined essentially by sorption [1]. 

Argillaceous rocks are being viewed with continuing interest in many waste management 
programmes as suitable host formations for the deep geological disposal of radioactive waste: 
Opalinus clay, Switzerland; Boom and Ypresian clays, Belgium, Callovo-Oxfordian and Toarcian 
clays, France; Boda Siltstone Formation, Hungary. Clay minerals such as illite, smectite, 
illite/smectite mixed layers and kaolinite are important components in such rock types and can 
often make up 50 or more wt.% of the total mass. One of the most important characteristics of 
many clay minerals is their generally strong radionuclide retention properties.  

The rocks investigated were prepared from geochemically characterized cores from drillings in 
Boda Siltstone Formation, Hungary. Polished thin sections were prepared on 1-mm thick high-
purity quartz glass holders. The average thicknesses of the sections are 30-60 µm. Two areas of 
interest were pre-selected from each sample. The samples are albitic clay stones that represent the 
most significant constituent of Boda Siltstone Formation. Thin sections were placed for 72 hours 
into a synthetic ground water solution representative for Boda Siltstone Formation with 0.1 mM 
Ni2+ or 1 mM Ni2+ added. After the treating period the samples were dried up by high pressure Ar 
gas. 

The micro-distribution and the local environment of nickel in the argillaceous rock samples were 
investigated using micro-XRF and micro-EXAFS at the micro-fluorescence Beamline L of 
HASYLAB (Hamburg, Germany). The white beam of a bending magnet was monochromatized by 
a Si(111) double monochromator. A polycapillary half-lens (X-ray Optical Systems) was employed 
for focusing a beam of 3×1.5 mm2 down to a spot size of 15 µm diameter. The absorption spectra 
were recorded in fluorescent mode, tuning the excitation energy near the K absorption edge of Ni 
by stepping the Si(111) monochromator, while recording the Ni-Kα fluorescent yield using an 
energy-dispersive Radiant silicon drift detector. The energy step and the measurement time for each 
energy point was varied using the “EXAFS” scan utility, taking into account the necessary statistics 
for the EXAFS oscillations. A series of micro-EXAFS measurements were performed on the thin 
sections, at points of interest (POI) with different Ni content. Energy scans in the 8150–8800 eV 
range could be collected using MOSTAB without any problems, indicating the feasibility of micro-
EXAFS at Beamline L. Up to 16 scans were averaged in order to get a sufficient signal to noise 
ratio. Standard EXAFS data treatment was performed using the ATHENA software package [2].  
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Figure 1: Microscopic image of sample Ib-4/590b treated by solution containing 0.1 mM Ni2+. Elemental 

maps of K, Ca, Fe and Ni correspond to the area marked by a rectangle in the microscopic image. Selected 
positions of micro-EXAFS measurement are marked with ellipses. 

 
Figure 2.  k3-weighted Ni K-edge micro-EXAFS spectra of various POI, and the corresponding RSF’s, 

obtained by Fourier Transforming the micro-EXAFS spectra in the range from 2 to 10 Å-1. 

Micro-XRF elemental maps collected at an excitation energy of 17500 eV revealed that mostly K-
rich phases – clay minerals – are responsible for the Ni uptake of the rock. The precise 
identification of the particular clay minerals responsible for the sorption would need additional 
micro-XRD investigations. 

The strong second peak in the radial structure functions (RSF) at R+∆R = 2.7 Å indicates the 
formation of a precipitate from the Ni-containing synthetic ground water solution on the rock 
surface, and can mainly be attributed to Ni-Ni backscattering pairs (Fig. 2). The micro-EXAFS 
spectra of the POI Exafsiba4, however, can be fitted without any Ni-Ni backscattering pair, 
indicating the formation of a surface complex. The obtained fitted structural parameter (5.3 Ni-O at 
2.05 Å, 1 Ni-Al at 3.03 Å, and 2.1 Ni-Si 3.3 Å) are consistent with Ni-uptake on “weak sites” of 
clay minerals. 

The research leading to these results has received funding from the Swiss-Hungarian Cooperation 
Programme through Project n° SH/7/2/11 and from the European Community's Seventh Framework 
Programme (FP7/2007-2013) under grant agreement n° 226716.  
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Introduction 

Due to the depth and the extreme physical conditions (temperature, high pressure) direct studies of 
the deep Earth are in practice impossible. Indirect methods based on high-pressure techniques and 
seismic waves are therefore mostly applied to study the conditions at the deep Earth. Natural 
diamonds, however, provide a more direct way. During the growth of a natural diamond, fluids, 
minerals or rock fragments can be trapped inside it. These inclusions are then shielded from the 
environment during the transport of the diamond towards the Earth surface preserving their original 
capture composition. In this way, these inclusions provide the most direct way possible to derive the 
composition of the deep Earth [1-2]. 

The majority of natural diamonds are formed in the lithospheric upper mantle (< 200km depth). 
Only a few sources, e.g. Juina (Brazil) and Kankan (Guinea) provide diamonds from superdeep sub-
lithospheric mantle regions of the deep Earth which originate at depths of several hundreds of km.  

Identification of the main mineral phases present in the inclusion can be obtained with micro-
XANES of the lower atomic number minor/major elements of the inclusions. Due to the high 
scattering power of the diamond host, fluorescence µXANES in a confocal detection scheme is 
required in order to improve signal-to-scatter background ratios.  

In the example below, a diamond from Soa Luiz (Brazil) was studied with confocal µXANES at the 
Fe K edge in fluorescence detection mode. 

 

Experimental 

The Fe K confocal µ-XANES spectra were recorded at beamline L of the DORIS III storage ring in 
fluorescence mode using a Si(111) monochromator. The fluorescence radiation was recorded with a 
Vortex-EX SDD detector (SII, 50 mm

2
, 350 µm crystal thickness, measured energy resolution 

177 eV at Fe Kα). The monochromatic beam was focused by a polycapillary lens (XOS inc., NY, 
USA) resulting in a beam size of about 25 µm (FWHM) at the Fe K edge. The confocal detection 
was achieved with a second polycapillary half-lens (XOS inc.) placed in front of the energy 
dispersive detector. The µXRF spectra were recorded with an excitation energy of 7200 eV. The 
measured FWHM acceptance was about 22 µm for Fe Kα radiation. The vertical FWHM of the 
confocal ellipsoidal detection volume was 16 µm. 

In order to access the inclusions within the diamond with the confocal set-up and to reduce matrix 
absorption, a window was polished in the diamond very close to the inclusion location (in the order 
100 µm or less). The diamond was then mounted with the polished surface oriented vertically and 
placed under an angle of 45° with respect to the incoming µ-beam and the detector axis.  
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Results 

The elemental maps of a horizontal confocal µXRF plane through one of the inclusions in this 
diamond is given in Figure 1, together with the µXRRF sum spectrum of the 2D scan. The main 
element is Fe, the heaviest element detectable with the used setup. The confocal µXANES spectra 
recorded at two positions separated by 45 µm in height in this inclusion are also shown in Figure 1. 
These spectra show very good agreement with enstatite, a pyroxene mineral.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 
Confocal Fe K µ-XANES allows the in-situ identification of Fe containing mineral inclusions 
within diamonds of ultra-deep origin. 

 

Acknowledgements 

This work was supported by HASYLAB within the initiative ‘ELISA: EU Support of Access to 

Synchrotrons/FELs in Europe’. GS is supported by a Post-doctoral fellowships from the Research 

Foundation-Flanders (FWO-Vlaanderen, Belgium). This research was performed as part of the 

Interuniversity Attraction Poles (IAP6) programme financed by the Belgian Government. ). FB and 

SS are grateful for funding from the German Science Foundation (DFG). 

 

References 

[1] F.E. Brenker, L. Vincze, B. Vekemans, L. Nasdala, T. Stachel, C. Vollmer, M. Kersten, A. Somogyi, F. 

Adams, W. Joswig and J.W. Harris, Earth and Planetary Science Letters, 2005, 236, 579-587. 

[2] R. Wirth, C. Vollmer, F.E. Brenker, S. Matsyuk and F. Kaminsky, Earth and Planetary Science Letters, 

2007, 259, 384–399. 

 
Figure 1: Confocal µXRF elemental distributions for Ti, Cr, Mn, Fe and the scatter peak from a 

horizontal cross-section through the inclusion. Map dimensions: 21×10 µm × 21×10 µm, 2 s RT, 
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This study focuses on the structural properties of Eu doped borosilicate glass relevant for 
investigations of incorporation behaviour of radioactive nuclides in highly radioactive vitrified 
waste (HLW). Borosilicate glasses containing different amounts of Eu(III) were investigated by 
two complementary spectroscopy techniques time-resolved laser fluorescence spectroscopy 
(TRLFS) and high resolution X-ray absorption spectroscopy (partial fluorescence yield X-ray 
absorption near edge structure, PFY-XANES). Eu has excellent photoluminescence properties and 
therefore we chose it for these structural studies as a representative of trivalent lanthanides and a 
nonradioactive analogue of trivalent actinides. The combination of XAS and TRLFS allows 
characterization of the electronic and local geometric structure of the Eu(III) species embedded into 
the glass matrix. The obtained knowledge will be transferred to other Ln(III) and An(III) 
borosilicate glass systems [1]. PFY-XANES results presented here demonstrate a greater sensitivity 
and more resolved spectral information compared to the standard XAS technique (total 
fluorescence yield-XANES, TFY-XANES) [2].

The Eu L2 edge PFY-XANES experiments were performed at the HASYLAB wiggler beamline 
W1. The incident X-rays were tuned to energies from 7590 eV to 7605 eV in 5 eV steps, from 7606
eV to 7628 eV in 0.5 eV steps, from 7630 eV to 7650 eV in 2 eV steps and from 7652 eV to 7675
eV in 5 eV steps by means of a Si(111) double crystal monochromator. The X-rays emitted from 
the sample were energy analyzed by a Johann spectrometer in dispersive geometry [3]. A 
spherically bent Si(333) crystal with a 1 m radius of curvature was employed as analyzer and the 
measurements were performed at Bragg angle B = 66.73° (Eu L 1 emission line). PFY-XANES
spectra were measured for several Eu compounds (EuS (Eu2+), Eu2O3 (Eu3+)), differing in local 
coordination symmetry and in Eu oxidation state, and for Eu doped borosilicate glasses with 
varying Eu contents (4 wt% Eu2O3 in borosilicate glass, “EuNBS”; 3 wt% Eu2O3 in borosilicate 
glass, “EuNBS-2”).

The PFY-XANES and TFY-XANES spectra of the EuNBS glass sample, as well as the Eu2O3 and 
EuS PFY-XANES spectra are plotted in Figure 1. The energy positions of the EuNBS PFY-
XANES, Eu2O3 PFY-XANES and EuNBS TFY-XANES white line (the most intense resonance, 
WL) maxima coincide, indicating dominant Eu3+ contribution in the 4 wt% Eu2O3 borosilicate glass 
sample. The spectral features of the EuNBS PFY-XANES spectrum are better energy resolved 
compared to the EuNBS TFY-XANES spectrum. As a result, the EuNBS PFY-XANES spectrum 
exhibits a pre-edge feature at about 7615 eV, which is not visible in the EuNBS TFY-XANES. This 
feature is not observed in  the Eu2O3 PFY-XANES spectrum. The energy position of this feature 
and the EuS PFY-XANES WL maximum match well. Therefore we assume that Eu3+ is partially 
reduced to Eu2+ upon photon beam irradiation as previously described elsewhere [4,5]. An 
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alternative explanation for the origin of this feature in the EuNBS PFY-XANES spectrum might be 
a relative reduced electronic population of the lowest laying Eu 4f valence states and/or larger 
energy difference between the Eu 4f and 5d unoccupied states in the Eu borosilicate glass sample, 
compared to Eu3+ in Eu2O3. Such changes in electronic structure might arise by the presence of Eu 
with differing local symmetries. We will perform further investigations to rule out one of these 
hypotheses.
The Eu L2 edge PFY-XANES spectra of two borosilicate glasses containing 3 and 4 wt% of Eu2O3

are shown in Figure 2. The spectra exhibit no significant differences with variation of  Eu 
concentration in the glass composition.

Figure 1: Eu L2 edge PFY-XANES spectrum in comparison to the TFY-XANES spectrum of the EuNBS 
glass sample, as well as the PFY-XANES spectra of Eu2O3 and EuS as reference compounds.

Figure 2: Eu L2 edge PFY-XANES spectra of two borosilicate glasses containing different (4 wt% and 
3 wt%) amounts of Eu2O3.
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Studying Fe3+ bearing minerals are the easiest way to gain information about the oxidation state of 
the Earth mantle. Among these minerals, spinel is generally present in the mantle, but amphiboles 
are present only in special cases as a product of metasomatism (interaction of fluid-rich melt and 
mantle rock). Among the mantle xenoliths of the Carpathian-Pannonian region, those originating 
from the Persani Mt. (E-Transylvanian Basin) are indeed special rocks because the fluid-rich melt 
forming amphiboles [1] are related to such tectonic events as subduction [2]. Ferric iron rich 
amphiboles from mantle rocks of Persani Mt. were equilibrated with Fe2+ rich mantle at different 
conditions. Mössbauer spectroscopy has generally been used for oxidation state determination of 
iron in different materials, including rocks. However, Mössbauer method is not suitable for analysis 
of small (ca. 60 µm) individual grains. Since the amphibole grains are from different rocks and 
from different distribution of these rocks (i.e. in the middle or at the wall of the vein), the accurate 
analyses of individual grains at microscopic scale is essential. Therefore, microbeam X-ray 
absorption near-edge structure (micro-XANES) was selected which can deliver information on the 
oxidation state of Fe at microscopic scale [3]. Twenty one amphibole grains from 7 xenolith 
samples were selected for the analyses. 

The experiments were performed at the micro-fluorescence beamline L of HASYLAB. The white 
beam of the bending magnet was monochromatized by a Si(111) double monochromator. A 
polycapillary half-lens (X-ray Optical Systems) was employed for focusing a beam of 3×1.5 mm2 
down to a spot size of 15 µm. The absorption spectra were recorded in fluorescent mode, tuning the 
excitation energy near the K absorption edge of Fe (7112 eV) by stepping the Si(111) 
monochromator. The X-ray fluorescence photons were detected by a silicon drift detector with 50 
mm2 active area (Radiant Vortex). The used step size varied between 0.5 (edge region) to 2 eV 
(more than 50 eV above edge). The measuring time for each energy point was set to 5 s. Powdered 
standards of known Fe oxidation state were prepared from pro analysis grade chemicals of FeCO3, 
Fe2O4 and Fe3O4. Similar size microscopic grains of the standards as well as of the unknown 
amphiboles were selected for the measurements, in order to minimize the difference of self-
absorption between the standards and the samples. Background removal and normalization of the 
micro-XANES spectra was performed using the ATHENA software package [4]. The oxidation 
state of Fe in the microscopic amphibole grains was determined based on the calibration of the 
chemical shift of the absorption edge using standards.  

The applied micro-XANES method clearly revealed that the mantle wall rock has low ferric iron 
content indicating its reductive environment, whereas the amphibole-bearing veins, occurring in the 
mantle, show at least twice higher Fe3+ content (Fig. 1). This oxidative environment corresponds to 
source of the fluid causing metasomatic alteration, namely formation of amphibole, in the mantle. 
Such circumstances are characteristic for, among others, subduction related geodynamic 
environment. 
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Figure 1: Fe-K edge micro-XANES spectra of microscopic grains of standards and amphibole grains. 

The research leading to these results has received funding from the European Community's Seventh 
Framework Programme (FP7/2007-2013) under grant agreement n° 226716. 

References 
 

[1] O. Vaselli, H. Downes, M. F. Thirlwall, G. Dobosi, N. Coradossi, I. Seghedi, A. Szakács, and R. 
Vanucci, J. Petrol., 36, 23-55 (1995). 

[2] Cs. Szabó, Gy. Falus, Z. Zajac, I. Kovács, and E. Bali, Tectonophysics, 393, 119-137 (2004). 
[3] M.D. Dyar, M.E. Gunter, J.S. Delaney, A. Lanzarotti and S.R. Sutton, Can. Min. 40, 1375-1393 

(2002) 
[4] B. Ravel and M. Newville, J. Synchrotron Rad., 12, 537-541 (2005). 

-735-



Mineralogy of reactive iron as driving force for 
microbial activity in marine sediments 

 
P. Meister, A. Picard, L. Wehrmann, A. Lichtschlag, and L. Wagenknecht 

 
Max Planck Institute for Marine Microbiology, Celsiusstrasse 1, 28359 Bremen, Germany 

 

Goals of the session 
We report on the second experimental session of a new experiment focussed on the mineralogy and 
redox state of reactive and reduced iron in marine sediments. During the previous experimental 
session in December 2009, we measured XANES spectra at the Fe K-edge of 19 Fe-containing 
minerals and 30 marine sediment samples from several environmental settings and with different 
iron content. The purpose of the second session was focussed on (1) increasing our library of 
standard mineral spectra, (2) producing standard spectra of amorphous and dissolved iron 
compounds, (3) complete measurements of marine sediment samples and compare spectra to the 
additional standard spectra, and (4) experimentally test effects of iron leaching from silicates and 
the effect of free sulphide on a range of different iron (hydr)oxides and iron-rich silicates. 
 
Beamline and settings 
We used the A1 beamline at the DORIS III facility. XANES spectra at the Fe K-edge were 
measured at the A1 beamline in fluorescence mode with a PIPS detector. The beam size on the 
samples was 5 mm horizontal x 0.8 mm vertical. The beam was appropriate for producing 
characteristic Fe XANES spectra of the studied sediment samples and standard materials. 
 
Sample preparation 
Samples and standards were prepared using several different methods. In order to evaluate effects of 
the preparation method, selected samples were prepared using several of the described methods 
simultaneously. 

Standard minerals were measured as entire fragments when available or as pellets. The pellets 
were manufactured by compressing cellulose powder containing approximately 100 mg of finely 
ground sample material. Also, most sediment samples were air-dried and prepared as pellets. Some 
of the anoxic samples were anaerobically dried, ground and formed into a pellet using the press that 
is located in the anaerobic chamber. 

Wet sediment samples were filled in a sample holder and covered with kapton foil. Wet 
standards, such as solutions of Fe-salts or suspensions were filled headspace-free into a cryo-vial 
with screw cap. 

Anoxically-stored wet sediments were sub-sampled, loaded on a sample holder and sealed with 
kapton foil in an anaerobic chamber. Samples were stored in the anaerobic chamber until the 
beamline was ready for measurement, then immediately transferred to vacuum chamber of the 
beamline. 
 
Completed measurements 
During our beamtime, we recorded XANES spectra of about 30 different Fe-containing minerals 
(standards) including liquid standards of 1M Fe(II)Cl2 and 100 mM Fe(III)citrate. 

In addition to the bare standards we experimentally tested 12 different standard minerals for 
interaction with free sulphide and the formation of Fe-sulphide coatings. For this purpose, the 
minerals were incubated in anoxic solutions of 100 �M NaS2 in 10 mM carbonate buffer. After 
shaking the experiments for 3 weeks, the sulphate was nearly consumed in some of the samples 
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indicating the formation of Fe-sulphides. Also a possible leaching effect during submarine basalt 
weathering was simulated with basalt and two mafic silicate minerals, enstatite and hypersthen. 
 
The following sediment samples from the several locations were analysed: 
- Black Sea (3 samples, anoxic) 
- Eastern Equatorial Pacific (4 samples, air dried)  
- Bering Sea (10 samples, anoxic) 
- Arctic sea, Svalbard (7 samples, anoxic) 
- CO2 storage site, Ketzin (14 samples, air dried as pellets) 
- North Pond, North Atlantic (MSM 11/1 expedition) (3 samples, wet sediment) 
- Miocene Monterey Formation, California (5 samples, pellets) 
 
Results 
Standard Minerals 
Most XANES spectra at the Fe K-edge were clearly distinct from the blank sample holder, thus are 
over the detection limit. From the liquid samples, however, only the most concentrated solutions 
produced good-quality XANES spectra. The diverse standard minerals show clearly distinct spectra, 
as described in the literature [1], [2]. 
 
Fe in marine sediments 
The spectra from these sediments from Bering Sea, Black Sea, and Peru Margin measured during 
the previous session in 2009, have been evaluated to show that the dominant form of iron is clay 
minerals, either chlorite or smectite group minerals, dependent on the location. Only the black sea 
samples revealed the presence of sulphides. 

Sediments at the base of a 420 m thick sedimentary sequence at Ocean Drilling Program (ODP) 
Site 1226, in the Eastern Equatorial Pacific, show the presence of Fe-oxyhydroxides. These 
precipitates likely formed as a secondary phase during reoxidation of Fe due to inflow of oxic 
seawater along the basalt/sediment interface. This finding demonstrates that Fe-oxidation is an 
ongoing process that is probably driven by microbial activity within deeply buried sediments. 

Several XANES spectra were produced from Fe-rich sandstone of the Triassic Schilfsandstein 
Formation. This porous sandstone is currently used as reservoir for subsurface CO2 storage near the 
city of Ketzin (Germany). The high Fe content may play an important role for chemical interaction 
of the (acidic) CO2 with the rock and may have a significant effect on the long-term behaviour and 
stability of the reservoir. The XANES spectra show that the dominating Fe phase is a Fe 
(hydr)oxide. This mineral fraction is below detection limit in the X-ray diffraction, such that we 
previously assumed most Fe is in the form of less reactive sheet silicates. Based on the XANES 
data we know now that the Fe is in a reactive form that can be easily leached by the CO2. 

Further evaluation of the large dataset, including the additional sites and re-evaluating some of 
the previous sample runs using the new selection of standard minerals is currently in process. 
 
Publications in progress 

Meister, P., Picard, A., et al.: Reactive iron and its relevance for sulphur cycling in iron-rich sediments 
from the Eastern Equatorial Pacific, ODP Leg 201.  

Meister, P., Picard, A., et al.: Hematite in Triassic Schilfsandstein and its relevant for CO2 storage. 
Wehrmann, L., März, C., Meister, P., Picard, A., et al.: Occurrence and mineralogy of reactive iron in 

highly productive, sub-arctic sediments from Bering Sea, IODP Leg 323. 
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The local coordination environment of titanium in a series of layered hydrous nanocrystalline 
titanates doped with cerium, europium, chromium, and tin has been investigated by means of X-ray 
absorption fine structure (XAFS). The results are compared with previously published data related 
to titanium oxide based compounds [1]. 

X-ray absorption spectra at the titanium K edge were recorded at the ambient temperature in 
transmission mode at DORIS A1 experimental station. The samples were prepared by diluting the 
powders of titanates with boron nitride, following by pressing the samples under hydraulic press.  
XAFS spectra were recorded using a Si (111) double-crystal channel-cut monochromator detuned 
to 60 % to eliminate high-order harmonics. Energy calibration was performed using a titanium 
metal foil as reference standard. 

XANES spectra of as-synthesized layered titanates and products of their heating to low 
temperatures (below 400 °C) demonstrate specific features of TiK pre-edge region [1], namely 
occurrence of well defined pre-edge peaks at 4970 eV and 4972 eV. The former can be attributed to 
five-coordinate titanium [1] while the latter evidences on octahedrally coordinated Ti. Further 
thermal treatment of studied titanates results in disappearance of pre-edge peak at 4970 eV that 
argues for structural (and possible surface) modification of local coordination environment of 
titanium.  

The first results obtained in experiments performed to date require additional investigations 
involving XANES and EXAFS, as well as FTIR and XRD studies. The final report followed by 
publications will be presented by the end of this year. 

 

 

 

 

References 
 

[1] F. Farges, G. E. Brown, and J. J. Rehr, Phys. Rev. B 56, 1809 (1997). 

-738-



Trace elements in ambient aerosols analyzed and 
quantified with synchrotron radiation induced XRF 

M. Furger1, A. Richard1, N. Bukowiecki1, P. Lienemann2, K. Appel3, U. Flechsig4, A.S.H. Prevot1, U. 

Baltensperger1 

1Laboratory of Atmospheric Chemistry, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland 
2School of Life Sciences and Facility Management, Einsiedlerstrasse 31, 8820 Wädenswil, Switzerland 

3Hamburger Synchrotronstrahlungslabor at Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22603 Hamburg, 

Germany 
4Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland 

Aerosol samples were collected with rotating drum impactors (RDI) in two field campaigns in 2010. The 
first campaign took place in Paris, France, in January/February 2010 at a site near the city center and at a 
more rural site in a suburb. The goal of this campaign was to characterize urban particulate matter (PM) 
composition and time development in winter, and the composition and behaviour of the city’s pollution 
plume. The other field campaign took place in Pasadena, California, USA, in May/June 2010, within the 
framework of the CalNex-LA campaign. This campaign pursued the goal to better understand the aerosol 
impact on climate change in California, and – more relevant to the trace element samples – to identify 
sources of Mercury in the area. Although trace elements do not contribute substantially to the total mass of 
aerosols, they can contribute significantly to source identification [1].  

Measurements of a broad range of heavier elements (Mn, Fe, Ni, Cu, Zn, Se, Sr, Zr, Cd, Sn, Sb, Ba) were 
done at HASYLAB with a polychromatic beam with an energy range from 5 keV to 80 keV. The beam spot 
size was set to 100x200 μm, providing sufficient photon flux to detect as small concentrations as a few μg 
per total sample area. Aluminium absorbers of different thicknesses were employed to shape the continuous 
spectrum. For the measurement of heavier elements up to the Ba Kα line at 32 keV, a Si(Li) detector with a 
large active volume (crystal area 80 mm2, crystal depth 4 mm) and a 12.5 µm thick beryllium window was 
chosen (nitrogen cooled Sirius 80, Gresham). Lighter elements (Al, Si, P, S, Cl, K, Ca, Ti, V, Cr) of the same 
samples were measured at the Swiss Light Source (SLS) of the Paul Scherrer Institute, Switzerland. 
Preliminary results are shown in Figure 1. 

 

Figure 1: Time series of Ni in three size fractions (PM10-PM2.5, PM2.5-PM1, PM1-PM0.1) collected in 
downtown Paris, France, 12 January to 13 February 2010. Most of the Ni mass is found in the smallest size 

fraction. 
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While the method applied for the sample analyses has basically reached a state of maturity with the previous 
beamtimes, some effort was still necessary to improve the calibration procedure for the accurate quantitative 
determination of aerosol masses. The inkjet method proposed in [2] had been modified and adjusted to the 
setup used here [3]. Several tests with different carrier substrates and coatings have been performed with the 
result that a 25 m polypropylene (PP) film proved to be best suited for the calibration method used here 
(Figure 2). 

 

Figure 2: Comparison of SR-XRF spectra of two different calibration films. Count rates were normalized to 
photon flux and detector dead time (from [3]). 

A quick look at individual spectra showed interesting differences between the different sampling sites. For 
example, the CalNex-LA spectra from Pasadena, California, revealed a remarkable contribution of Br, an 
element more or less absent in Swiss cities. Br correlates well with Cl and thus hints to sea salt as the source. 
Similar and more sophisticated source apportionment is the ultimate goal of these synchrotron-radiation-
induced XRF analyses. 
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In the present work we have characterized nm-sized uranium particles that were synthesized 

by us according to Wang et al. [1] for experimental biotest purposes. Particles were produced 

according to two different synthesis routes that was reported to yield 1) spherical UO2 

particles (average diameter 100 nm with subunits ~15 nm) and 2) U3O8 rods (500-1500 nm in 

length with subunits ~80-100 nm). The key objective of the work was therefore to 

characterize these particles with respect to crystalline structure and oxidation state of U. The 

particles produced by us were characterized by transmission electron microscopy (TEM), 

environmental scanning electron microscopy (ESEM) at the Norwegian University of Life 

Sciences, while micro-x-ray diffraction (XRD) and micro-X-absorption near-edge structure 

(XANES) were performed at HASYLAB. 

 

The XRD measurements were performed with a focussed 31 keV monochromatic x-ray 

microbeam (40x23µm
2
). This beam was obtained by employing a 200 period Mo/Si 

multilayer monochromator with mean layer thickness of 2.98 nm for energy band selection 

(ΔE/E=1%) and a single-bounce elliptical capillary for beam focusing. A MarCCD camera 

(2K×2K, 80µm pixel size) at approx. 20 cm behind the sample, was used for collecting 

diffraction patterns in transmission mode, along with 2 XRF detectors (Vortex; silicon drift 

detectors), positioned at 90 degrees relative to the primary X-ray beam, for simultaneous 

detection of the XRF signal. 

 

During the XANES measurements a focussed monochromatic x-ray beam was used, where 

the beam was obtained using a Si111 monochromator and the same capillary and comparable 

divergence as during µ-XRF/XRD measurements. The step-size of the monochromator was 

5eV in the 17006eV-17136eV range and 0.5 in the 17136 eV-17386eV range, with a sampling 

time of 1s for each step. 
 

 

Figure 1. Diffractograms of the powder produced according to synthesis route 1 (left) and route 2 
(right). Synthesis route 1 unambiguously yielded UO2, while the peak resolution of the diffractograms 
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for the particles with higher average oxidation state (route 2) did not allow us to determine whether the 

phase was U3O8 or UO3. 

The agglomerates of spherical U particles produced through synthesis route 1 were 

unambiguously determined to be UO2 (µ-XRD). It was more difficult to determine the 

speciation of the synthesis route 2 particles. The diffractograms from several spots on the 

sample coincided with those of both U3O8 and UO3, thus further analysis is needed to 

determine the exact U speciation. Processing of XANES data is ongoing. 

 

To conclude, nm-sized uranium particles have successfully been synthesized and 

characterised using a combination of TEM, ESEM and synchrotron based μ-

XRF/XRD/XANES. Aliquots of the particles characterised in the present work have 

subsequently been used in exposure experiments involving earth worms and fish eggs. 
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The aim of this study was to analyse and describe the actual speciation and bonding of copper (Cu) 
in uncontaminated and contaminated soil samples. The distribution of Cu in soil has tremendous 
economical importance and the fate of Cu in soil has attracted considerable attention in 
international environmental risk assessments. The Danish field site, Hygum has been extensively 
used for laboratory and field studies (also within the EU risk assessments), and hence a variety of 
chemical extraction techniques and biological tests has been used in order to study the fate and 
effects [1], but no detailed information is available on the Cu speciation. Previous extraction based 
studies suggest that Cu is strongly bound to soil constituents, especially to organic matter. 
However, the nature of the bonding and the processes by which the copper is available, taken up by, 
and handled by soil organisms remain unclear on the atomic level – illustrated by the empirical 
approach used so far in risk assessment 

We analysed a number soil samples, both contaminated and uncontaminated, from the Hygum site 
using the beamline X1 at Hasylab, DESY, for XANES and EXAFS spectra collection, obviously 
using appropriate reference compounds. Data were subsequently analysed using the SixPACK 
software package [2]. We expected to find differences in the speciation and bonding of copper in 
accordance to different exposure treatments (e.g. 24 hour old Cu spiking versus 70 year-old Cu 
contamination). Nevertheless, the first preliminary spectra acquired revealed minor differences 
according to these variables. The copper is generally in oxidation state two and coordinated to 
oxygen in a distance of around 1.9 Å, taking the phase shift into account (Fig. 1). Two scans was 
acquired for each sample as a first approach, but unfortunately, this was not enough to detect 
second shell coordination. Analysis of Cu in the earthworms exposed to contaminated soil 
(preliminary data) revealed that the earthworm contained copper in different oxidation state from 
that of the soil which was the source of Cu. These results will soon be refined and published in 
connection to various biological tests on the same matrix. 

 

Figure 1: Copper environment in soil for three different samples with different combinations of 
concentration, contamination age and source. 

References 

[1] Scott-Fordsmand et al 2000. Importance of Contamination History for Understanding Toxicity of 

Copper to Earthworm Eisenia fetica (Oligochaeta: Annelida), using Neutral-Red Retention Assay. 

Environmental Toxicology and Chemistry, 19: 1774-1780. 

[2] SixPACK (Sam’s interface for XAS analysis package. Powered by IFEFFIT by Matt Neville, 

University of Chicago. 

 

-743-



Structure behaviour of anhydrous wadsleyite in the 
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Bayerisches Geoinstitut, Universität Bayreuth, D-95440 Bayreuth, Germany

Wadsleyite, or β–Mg2SiO4, is a major mineral of the transition zone of the Earth’s mantle which is 
capable  of  containing  up  to  3.3  wt.%  of  H2O  (see  [1]  and  references  therein).  The  precise 
information of the physical properties and stability fields of hydrous and anhydrous wadsleyite at  
non-ambient conditions is of primary of importance for geophysics. Several authors have already 
measured the thermal expansion of wadsleyite; however,  the considerable differences in thermal 
expansion coefficients still exist in the literature (see [2] and references therein). Therefore, in this 
contribution, we present preliminary results on high temperature structural behaviour and thermal 
expansion inferred from synchrotron powder diffraction on anhydrous wadsleyite.

Samples were synthesized at high-presure high-temperature conditions at the BGI–multianvil facility 
(see for instance [3], sample numbers z626, z627). In situ structural studies were performed at the 
synchrotron  facility HASYLAB/DESY (Hamburg,  Germany)  with  the  powder  diffractometer  at 
beam-line B2 [4]. The samples were ground in an agate mortar and sieved through a mesh. The 0.3 
mm quartz  capillaries  were  filled under  air  atmosphere  with  powdered  wadsleyite  and  sealed. 
Subsequently the  capillary was  mounted  inside  a  STOE  furnace  in  Debye–Scherrer  geometry, 
equipped with a Eurotherm temperature controller and a capillary spinner. The furnace temperature 
was measured by TYPE–N thermocouple and calibrated using the thermal expansion of NaCl. All 
diffraction patterns, 19 patterns for z626 and 20 for z627, were collected at fixed temperatures (2 
minutes for temperature stabilization) during the heating cycles using an image-plate detector  [5] 
(2θ  range 5–70O).  One additional check-pattern was taken at  ambient temperature after the heat 
treatment.  A  wavelength  of  0.68807  Å was  selected  using  a  Si(111)  double  flat-crystal 
monochromator  from the direct  white synchrotron beam. The x-ray wavelength was determined 
from eight reflection positions of LaB6 reference material (NIST SRM 660a). All diffraction patterns 
were analyzed by full-profile Rietveld refinements using the software WinPLOTR [6].
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Figure 1: Results of Rietveld refinements of wadsleyite (orthorhombic, space group Imma) samples. 
Experimental data (grey circles) and the calculated profile (solid line through the circles) are presented 

together with the calculated Bragg positions (vertical ticks) and the difference curve (solid line below). Upper, 
middle and lower rows of vertical ticks in right figure correspond to calculated Bragg positions of wadsleyite, 
forsterite and periclase, respectively. z626 is pure sample, whereas traces of forsterite (orthorhombic, space 

group Pbnm, black arrows in the right figure) and periclase (cubic, space group 
Fm-3m, grey arrow in the right figure) appeared in the diffraction pattern of z627. 

Because of very tiny amounts  of  impurities in the  sample z627 (see  figure 1),  the  presence of 
periclase was neglected in further analysis. The sample z627 was heated up to 1163 K. Continuous 
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increase in the proportion of forsterite within the sample was observed from a temperature of 1110 
K upwards. A two-phase assemblage of wadsleyite (≈ 44%) + forsterite(≈ 56%) was observed at the 
highest  temperature  achieved  in  our  experiment.  After  cooling  down  the  furnace  to  room 
temperature for approximately 26 minutes, the mixture wadsleyite (≈ 11%) + forsterite (≈ 89%) was 
detected in the sample, indicating non-reversibility of wadsleyite → forsterite phase transition. The 
changes  of  the  microstructure  in the  z627  throughout  the  phase  transition  were  observed:  the 
diffraction  lines  were  significantly  broadened.  This  broadening  was  presented  in  the  pattern 
measured  after  the  completion  of  temperature  treatment.  In  order  to  avoid  decomposition  of 
wadsleyite to  forsterite,  the upper temperature was limited to  1084 K for the second experiment 
with sample z626. No sign of decomposition of z626 was observed in the recovered sample pattern 
measured after the high-temperature cycle. The previously studied sample of wadsleyite from [7] 
was also not free of very tiny amounts of impurities, which, however, were not identified in the last 
reference. From the comparison of d–values in figure 1 of [7], it seems that first non-indentified peak 
corresponds to forsterite and the second one to periclase; this is similar as in the case of z627.

Temperature dependency of unit cell volume and relative expansion of z626 and z627 samples is 
presented  in  figure  2.  Relative  expansion  of  orthorhombic  wadsleyite  is  determined  as  
δx(T) = 100% × (x(T) − x(298K))/x(298K), where x is unit cell parameters a, b and c. Volume of 
the z626 sample is slightly lower in comparison to  the volume of z627, whereas no considerable 
differences in relative expansion exist. The relative expansions of a and b axes of wadsleyite at the 
highest temperature (1084 K) of existence of pure wadsleyite phase are very similar yielding the 
values of ≈ 0.67% and ≈0.63 %, respectively. The respective value for  c–axis equal 1.06, so that 
pronounced anisotropy of thermal expansion in wadsleyite with δc/δa=1.58 and dc/db=1.68 is clear. 
Further analysis of thermal expansion and high-temperature structural behaviour of z626 and z627 
samples is still in progress.
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Figure 2: Temperature dependency of volume and relative expansion of wadsleyite. The empty symbols in the 
right figure belongs to z626, whereas filled symbols are data for z627. Dashed line indicates boundary 

between wadsleyite and wadsleyite+forsterite regions.
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Figure 1: Experimental set-up used for the confocal micro-XRF 
measurements on cucumber hypocotyls. 

Confocal X-Ray fluorescence imaging on cucumber 
hypocotyls 

I. Szalóki1, V. Czech2, B. De Samber3, A. Gerényi1 and L. Vincze3 

1Institute of Nuclear Techniques, Budapest University of Technology and Economics, Műegyetem rkp. 9, 1111 
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2Department of Plant Physiology and Molecular Plant Biology, Eötvös Loránd University, 1117 Budapest, Hungary 
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Plant phytotoxicity caused by environmental pollutants such as heavy metals (lead, nickel etc.) is of 
increasing interest in various environmental studies. Different tissues in plants sometimes strongly 
accumulate certain heavy metals and store these in inactive chemical forms. The roots take up 
organic and inorganic compounds from the soil and the xylem, phloem sap transports them towards 
the other parts of the plant body. These compounds may influence essential metabolic processes, 
however, some plants developed biochemical tolerance mechanisms against phytotoxicity. This 
may in turn constitute a risk factor for human health when the accumulated toxic elements enter the 
food chain. A specific motivation related to this general toxicology problem is that the groundwater 
of Eastern Hungary has a high level of As contamination of local geological origin. This 
groundwater is generally used in the agriculture for irrigation, although As concentration levels in 
some cases exceed the level recommended by the European Union for drinking water (10 µg/dm3) 
by three to five times. The uptake of arsenic by different plants can be used as indicators on the 
bioavailability of arsenic in the soil. The determined concentration levels and the distributions of 
toxic elements within the internal structure of biological samples having micrometer to mm sizes 
will contribute to the better understanding on how different plants and biomonitoring species take 
up and accumulate toxic chemicals.  

In order to study this type of bio-accumulation effects the (quantitative) distributions of elements 
within cucumber roots and hypocotyls were determined by confocal micro-XRF imaging at 
HASYLAB Beamline L. The hypocotyls of cucumber samples were lyophilized before the 
measurements, which procedure provided a stable form of the samples throughout the entire 
measurement.  

In-vivo measurements of the 
samples resulted in a serious 
degradation of the irradiated 
tissues, indicating the need to 
use cryogenic conditions. In 
order to provide a suitable 
positioning of the sample the 
hypocotyls were mounted on a 
glass capillary that was fixed on 
a 5-axis goniometer head (see 
Figure 1.). 

The applied confocal micro-
XRF imaging technique is 
based on the use of two 
polycapillary lenses for (1) 
focusing the incoming X-ray 
beam and (2) for collecting the 
emerging X-ray fluorescence 
radiation and guiding this to the 
detector [1,2]. The confocal 
micro-XRF provides an elegant 
possibility of determining the 

elemental distributions of interest in-situ in given virtual cross-sections. Other advantage of the 
technique is that the measurement does not require sample rotation.  
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The measurements were performed in continuous scanning mode, reducing considerably the total 
measuring time required. The size of the X-ray microbeam was determined to be approximately 20 
µm,  having an energy of 23.5 keV.  

A typical result for As analysis is shown in Figure 2., showing the optical image (a) and illustrating 
the As distribution in a given cross section in hypocotyls (b). The figure illustrates that most of the 
arsenic is concentrated in the phloem and xylem channels and along the outer skin of the sample 
with a notable similarity between optical and confocal XRF images.      
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Figure 2:  Comparison of optical image (a) and As X-ray fluorescence distribution (b) from a 
given cross section of cucumber hypocotyls. 
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The concentrations of high-field-strength elements (Ti, Zr, Hf, Nb, Ta) in natural magmatic rocks 
are important petrogenetic indicators in studies of the evolution of the Earth’s crust and upper 
mantle. Zirconium and hafnium are predominantly hosted by the accessory mineral zircon 
(Zr,Hf)SiO4, the solubility of which in aqueous fluids and melts therefore strongly controls the 
mobility of Zr and Hf in geological processes (e.g., [1]). However, very little is known on the 
solubility of zircon in aqueous solutions at high pressures and temperatures [2-4]. In this we focus 
on the influence of dissolved silicate components, which to enhance Zr concentrations in the fluid 
by orders of magnitude in comparison to that in pure water ([5]). Here, we present results of 
experiments on the simultaneous dissolution of zircon and hafnon (Hf end-member of zircon) in 
order to asses the chemical fractionation of these two elements. 

The experiments were conducted using modified hydrothermal diamond-anvil cells (HDACs) as 
described in detail in refs. [4] and [6]. A zircon and a hafnon crystal were loaded into the sample 
chamber of the HDAC together with a piece of Na2Si3O7 glass and water. The weight fraction of 
glass relative to water was calculated from sample chamber volume, water density, and size and 
density of the pre-prepared glass chip. The concentration of dissolved Zr and Hf in the fluid was 
then analyzed at various P-T conditions in the one-phase fluid field using time-resolved SR-XRF 
analyses until the system had equilibrated. The XRF spectra were acquired at beamline L at 
HASYLAB using a high bandwidth multilayer (Ni/C) monochromator, an excitation energy of 21 
keV for Zr and 11 keV for Hf. A single-bounce capillary to focus the beam to a spot in the fluid of 
about 11 microns in diameter [4]. In addition, a glass polycapillary was placed in front of the 
energy dispersive Vortex© Si drift-chamber solid-state detector. This permitted confocal 
measurements, which substantially improves the fluorescence to background ratio ([7]). 

Figure 1 shows the determined hafnium and zirconium concentrations in the fluid upon 
equilibration of hafnon or hafnon & zircon with H2O+Na2Si3O7 mixtures as a function of pressure 
and temperatures. The data were acquired approximately along isochores. The highest Hf 
concentrations were achieved for the run with only hafnon and a fluid with 31 wt% Na2Si3O7 (300-
350 ppm). This is consistent with earlier results on the enhancement of zircon solubility in fluids 
containing sodium-silicate component [5]. Hf concentrations are substantially lower (ca. factor 2) in 
the run equilibrated with both hafnon and zircon although the difference in Na2Si3O7 content is not 
significant. Zr concentrations in the same run are only between 30-40 ppm. The molar Hf/Zr ratio 
for this run is shown in Fig. 2 and lies between 2.6 and 2.7 for the conditions investigated. This 
implies that equilibration of natural zircon-hafnon solid solutions with alkaline silicate-bearing 
fluids will lead to substantial fractionation of these two elements. 

A single measurement of the Zr concentration measured in a fluid containing 6 wt% of NaAlSi3O8 
(Albite) glass yielded about 1 ppm. This date highlights the strong effect of the Na-Al ratio of the 
fluid on the zircon solubility, which was observed similarly for rutile [8]. 
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Figure 1: Zr and Hf concentrations in aqueous fluids containing silicate components euilibrated with zircon, 
zircon+hafnon or hafnon as indicated.  

 

Figure 2: Molar Hf/Zr ratio in aqueous fluids equilibrated with both zircon and hafnon shown in Fig. 1  
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The advent of the Free Electron Laser delivering few-femtosecond pulses of unprecedented 
brilliance has prospected promising studies for ultra-fast science in physics and chemistry. Using a 
novel split-mirror setup attached to a Reaction Microscope (REMI) at the Free electron LASer in 
Hamburg (FLASH), we performed a series of XUV pump-probe experiments by tracing the nuclear 
wave-packet motion in the D2

+(1sσg) and hydrogen migration in acetylene cations. It paves the way 
to visualize, control and manipulate molecular dynamics in the XUV regime in real time. Details of 
the experimental setup including the split-mirror stage can be found in Ref. [1].  

Nuclear Wave Packet Motion in D2
+

Using this approach we performed for the very first time an XUV pump-probe experiment by 
mapping the nuclear wave packet motion in D2

+ [2]. Measuring the kinetic energy release (KER) of 
coincident D++D+ fragments we image the D2

+(1sσg) bound-state vibrational wave-packet, launched 
by ionization in the pump-pulse via its reflection on the Coulomb potential, and trace its motion 
with <10 fs time resolution. In Fig. 1, comparison with sophisticated model calculations (blue 
dashed line) yields good overall agreement with the experimental delay-time dependent KER 
spectrum (red line), with a vibrational period of 22±4 fs. At the same time the pulse profiles in the 
time domain were analyzed by autocorrelation measurements [1] and theoretical simulations [3]. 
The present time-resolved studies pave the way to control sequential and non-sequential two-photon 
double ionization contributions in D2 [2, 4] in the future. The realization of such a femtosecond 
XUV pump-probe scheme will open a new chapter for studying ultra-fast molecular and chemical 
reactions, e.g. isomerization as shown below.  

 

 

 

 

 

 

 

 

Figure 1: Delay-time dependence of ion yields and illustration of pump-probe in D2 [2]. The dashed 
line represents the theoretical result. 
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Hydrogen Migration in Acetylene Cations 

Following the migration of nuclei within a molecule upon photo-excitation is at the heart of 
exploring chemical reaction dynamics often involving a sequence of transient species which, as 
intermediate states, control the details of the reactant-to-product process. The acetylene cation 
([HC=CH]+) has been serving as prototype system for molecular rearrangement due to its unstable 
configuration, in particularly for the low-lying excited A2Σg

+ state known to decay unexpectedly 
fast via non-radiative mechanisms. Using the C++CH2

+ fragmentation channel and plotting the yield 
as function of the pump-probe delay time (Fig. 2) we observed a mean isomerisation time of 52±15 
fs for certain kinetic energy releases, confirming experimentally that isomerisation is responsible for 
the ultra-fast non-radiative A2Σg

+ relaxation dynamics. Here, CH2
+ is an indicator for the transfer of 

an H from one end of the molecule to the other end. Sketches in Fig. 2 indicate the expected 
isomerisation-dissociation processes and the corresponding changes of the molecular geometry. For 
details, see Ref. [5].  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Time-dependent population of CH2

++C+ coincident fragments [5]. Dashed line: an 
exponential fit. 
 
Due to the perturbative nature of the XUV-pump XUV-probe scheme essentially not imposing any 
modifications of the potential surfaces, a wealth of chemical reactions as well as molecular 
dynamics can be explored on the few-femtosecond time scale under unprecedentedly clean 
conditions in the future. 
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The advent of FEL sources such as FLASH now enable us to explore, for the first time, non-linear processes 
in the VUV-regime that are of paramount scientific as well as practical importance for many experiments at 
FELs. The underlying basic non-linear few-photon – few-electron quantum dynamics can be explored in its 
most fundamental form for simple atomic targets for which cutting-edge theoretical approaches have just 
become feasible. At FLASH pioneering differential experiments on two-photon two-electron ejection in 
helium and neon were performed in which the direct and the sequential removal of the electrons could be 
distinguished  [1, 2, 3].  

The present project aims to investigate the next step in complexity: How do two or three photons interact 
with three electrons in different shells. For these studies a cold and dense lithium gas target was provided by 
a sophisticated apparatus (MOT-REMI) [4, 5] that combines many-particle momentum spectroscopy 
techniques (reaction microscopes: REMI) with a magneto-optical trap (MOT). Recoil-ion momentum spectra 
were recorded revealing the number of ejected electrons (ion charge state) and their sum momentum. A 
serious experimental problem arose from too low FLASH intensities during this run leading to a low rate of 
non-linear K-shell ionization reactions compared to linear valence ionization. Fortunately, for Li both 
reactions can be discriminated by appropriate detector biasing resulting in the complete suppression of the 
signal due to Li+(1s2). 

 

Figure 1: Reaction schemes ((a), (b), (e), (f)) as well as ion momentum spectra ((c), (d), (g), (h)) for FLASH 
photon energies of 50 eV (top row) and 59 eV (bottom row). 

For a VUV-photon energy of 50 eV (λ = 25 nm) the following reactions (see Fig. 1) were observed: K-shell 
single ionization by absorption of two photons (a). The resulting angular emission pattern in (c) shows clear 
signatures of a d-angular momentum wave. Via electron correlation or photon sharing the 2s valence 
electron can also be ejected and doubly charged Li2+(1s) ions within the kinematical boundary of the inner 
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circle in (d) are observed. Finally, double ionization can be induced by two-photon absorption in the K-shell 
followed by single-photon absorption of the 2s-electron (b). Altogether three photons are absorbed and two 
electrons are emitted resulting in doubly charged ions with a maximum momentum indicated by the outer 
circle in (d). For the cross section maxima observed at pz ≈ 3.2 a.u. both electrons were emitted in the same 
direction along the FEL polarization axis.  

In a second experiment a photon energy of 59 eV (λ = 21 nm) was chosen such that the K-shell electron is 
ionized by sequential two-photon absorption. After the resonant 1s → 2p excitation, the absorption of further 
photons by both outer shell electrons gives rise to single and double ionization. The angular emission pattern 
for single ionization after 2p-ejection (scheme (e)) is displayed in (g). It exhibits a strongly modified angular 
momentum behaviour compared to non-resonant two-photon ionization (c). The momentum spectrum 
obtained for double ionization, e.g. emission of both valence electrons, is shown in (h). Again two-photon 
(inside the inner circle in (h)) and three-photon reactions (within the outer circle in (h)) can be identified. 
Here, the two-photon process manifests in a dipole like momentum pattern for the recoil ions. Thus, the 
ionized electrons are preferentially emitted in the same direction, in contrast to the non-resonant case (c) 
where the angular momentum distribution is isotropic. Thus, both reactions result in interesting, structured 
momentum patterns of the recoiling ions.  

In summary, a number of resonant and non-resonant, basic two- and three-photon, single and double 
ionization reactions have been investigated for the first time in a three-electron atom, an atomic lithium 
target, at two different photon energies. It is demonstrated that even the recoil-ion momentum spectra alone 
provide detailed insight into energy sharing and emission characteristics of the ionized electrons. While data 
analysis is proceeding theoretical calculations have been initiated in order to obtain a quantitative 
understanding of the underlying few-photon few-electron dynamics. Future higher FLASH intensities will 
facilitate studies on non-linear reactions involving all three electrons in lithium.  
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One of the most prominent advantages that free-electron lasers (FEL) offer compared to traditional 
XUV sources is the ultra-high brilliance of the emitted radiation. Due to the high field densities 
reached, multiphoton processes that could safely be ignored previously in this photon energy 
region, suddenly become relevant. One example for such a reaction is two-photon double ionization 
(TPDI) which attracted tremendous theoretical interest during the last few years (see e.g. [1] and 
references herein). Usually, two reaction mechanisms are distinguished in TPDI. In the sequential 
case, the photons are absorbed sequentially in time with each photon leading to the emission of one 
electron, first off the neutral and subsequently from the ionic target. In contrast to that both photons 
are absorbed simultaneously in the non-sequential mechanism, with both electrons being transferred 
via a virtual intermediate state directly into the doubly ionized continuum.  

Here we report on two benchmark experiments on TPDI of He and D2 performed at the free-
electron laser in Hamburg (FLASH). Because the chosen photon energy of 52 eV lies well below 
the He+ ionization potential of 54.4 eV, the sequential TPDI is energetically not allowed enabling 
the undisturbed characterization of the non-sequential channel in He. Using a dedicated reaction 
microscope the momentum distribution of the He2+-ions was measured, which reflects the 
distribution of the momentum sum of the two emitted electrons. As depicted in Fig. 1 two separated 
maxima along the polarization direction were observed. The exhibited behaviour clearly differs 
from that in a previous measurement at a photon energy of 44 eV, where a distribution centred at 
the origin was obtained [3]. This indicates in agreement with recent theoretical calculations that the 
energy sharing between the electrons becomes increasingly asymmetric with growing excess energy 
[2]. While our results qualitatively agree with recent calculations, quantitatively significant 
deviations exist whose origins will be subject of further investigations. 

 

 

 

 

 

 

 

 

 

Figure 1: Experimental and theoretical He2+ momentum distributions along polarization axis for 
small momenta in the transverse plane (|p┴, 1/2| < 0.3 a.u.). For details see [2]. 
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In the second experiment we investigated the simplest molecular two-electron system H2/D2. The 
left side of Fig. 2 depicts the potential curves of D2, D2

+ and D2
2+ as a function of the inter-nuclear 

distance. On the right side of Fig. 2 the distribution of the kinetic energy release (KER), i.e. the sum 
of the kinetic energies of both coincidently detected D+-fragments is plotted. The observed two-
peak structure can be understood in terms of the underlying dynamics of the different ionization 
mechanisms. The non-sequential process is occurring only at small inter-nuclear distances since 
both photons are absorbed simultaneously starting from the ground state of the neutral D2 molecule. 
For the sequential channel the situation is more elaborated. After ionization a superposition of states 
is formed and a nuclear wave packet oscillates along the inter-nuclear axis with a period on the 
order of the FLASH pulse length (~ 30 fs). The peak at small KERs in the obtained distribution in 
Fig. 2 can therefore be interpreted as sequential ionization events which occurred close to the outer 
turning point while the peak at large KERs originates from sequential ionization at the inner turning 
point in addition to non-sequential ionization. Hence, the KER spectrum encodes the time in 
between the absorption of the two photons through the internal nuclear dynamics and enables a 
distinction between sequential and non-sequential mechanism. By comparing our experimental 
KER-distribution with recent calculations we were able to quantify the relative contribution of the 
two double ionization channels [4]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Left side: potential energy surfaces of D2. Right side: experimental and theoretical KER 
spectrum for the D+ + D+ channel [4]. 
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In the past decade, the photon energy dependence of the dipole (E1) and non-dipole (E2, M1) 
contributions to the angular distribution of photoelectrons has been investigated both theoretically 
and experimentally [1-5]. This dependence reflects the many-electron properties of atoms and the 
importance of channel interactions. 

In the present work, the angular distribution of Kr 4p photoelectrons was measured employing a 
linearly polarized photon beam with energies ranging from 205 eV to 230 eV. In this energy range, the 
Kr 3p→ns/md (n,m=4,5,6,...) resonances can be excited. The experimental anisotropy parameters 
(dipole β and non-dipole γ and δ) were determined for the Kr 4p shell and its fine structure 
components.  

The measurement was carried out at beamline BW3 of the DORIS III synchrotron light source at 
HASYLAB (Hamburg, Germany). The ESA-22D electrostatic electron spectrometer was used to 
analyze the emitted electrons. The spectrometer consists of a spherical and a cylindrical mirror 
analyzer. The spherical mirror focuses the electrons from the scattering plane to the entrance slit of 
the cylindrical analyzer which performs the energy analysis of the electrons. (For a detailed 
description of an ESA-22-type electron spectrometer see Ref. [6].) The photoelectrons were 
simultaneously detected by channeltrons at 22 different angles in the angular range 0°–360° (except 
90° and 180°) relative to the photon polarization vector in the polarization plane. The relative 
efficiencies of the detectors were determined by measuring the angular distribution of Ne 2s 
photoelectrons at 250 eV photon energy. Due to the high energy resolution of the electron 
spectrometer and the narrow bandwidth of the photon beam the spin-orbit components of krypton 
4p photoelectron lines were well separated. 

The measured dipole anisotropy parameters β of Kr 4p, 4p3/2 and 4p1/2 photoelectrons are shown in 
Fig. 1 as a function of photon energy. The experimental data of the fine structure components are 
compared with the relativistic independent particle model (RIPM) [1]. In Fig. 1.b and c the 
theoretical values (dashed blue lines) are multiplied by 1.1 to present the experimental and 
calculated data in the same figure. Resonance-like structure can be seen in the photon energy 
dependence of the experimental dipole parameters for both the Kr 4p shell (solid circle in Fig. 1.a) 
and its spin-orbit components (solid circles in Fig. 1.b and c) whereas the RIPM calculation 
increases without any structure with increasing photon energy. (In Fig. 1 the solid green lines are 
smoothed curves for the measured data to guide the eye.) These resonances show that channel 
interactions between the 3p resonant excitation participator autoionization and 4p direct 
photoionization processes are important in krypton photoionization. The experimental energy 
positions of the resonances differ by 2.6 eV from the calculated values obtained within the present 
investigation. To eliminate these differences in Fig. 1 the energy of the resonances (red and blue 
vertical lines at the bottom) are shifted by 2.6 eV to lower photon energies with respect to the 
calculated ones. The heights of the vertical bars are proportional to the oscillator strengths of the 
excitations. The theoretical dipole parameters do not agree with the experimental values. This 
disagreement indicates the importance of the multielectron correlation effects among 3p, 4s and 4p 
shells in krypton photoionization. The natural line width of the 3p photoelectron peaks was 
determined from the measured spectra. It is about 0.8 eV, while the experimental width of the 
resonance near 220 eV photon energy (3p1/2→5s resonant excitation) in Fig. 1.a is approximately        
2 eV. This broadening can be explained with the strong interference between the ionization and 
excitation channels. We note that in the present case the participator Coster-Kronig transitions are also 
enabled. This is in contrast to our previous studies where only the participator Auger-decays occured 
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[4, 5]. The experimental dipole parameters β of Kr 4p3/2 (Fig. 1.b) and 4p1/2 (Fig. 1.c) photoelectrons 
behave differently as a function of photon energy. In case of 4p3/2 subshell (Fig. 1.b) two clear valleys 
appear at 212 eV and 220 eV. For the 4p1/2 subshell (Fig. 1.c) a distinct minimum can be seen at     
220 eV photon energy. Futhermore, a weak oscillation can be observed at around 212 eV due to the 
strong interaction between the 3p3/2→ns/md resonant excitation participator autoionization channel 
and the direct photoionization of the 4p1/2 shell. The discrepancy between the dipole parameters of the 
two fine structure components clearly demonstrates the existence of relativistic effects in krypton 
photoionization.  
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Figure 1: Photon energy dependence of the experimental (solid circles) and theoretical (blue dashed lines) 
dipole parameters of Kr 4p (a), 4p3/2 (b) and 4p1/2 (c) photoelectrons. The solid green lines are smoothed 
curves serving to guide the eye. The theoretical values calculated by the RIPM model [1] are multiplied by 
1.1. The vertical bars at the bottom (red bars: ns excitations, blue bars: md excitations) denote the energy 
positions of the resonances shifted by 2.6 eV to lower energies with respect to calculated values. The 
heights of the vertical bars are proportional to the oscillator strengths of the excitations.  
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Experiments on the photofragmentation dynamics of halogen molecules after excitation with in-
tense laser and soft X-ray pulses delivered by the FLASH facility are reported. Complex and
linked nuclear and electronic dynamics are revealed analyzing the interaction results by applying
momentum resolved ion-spectroscopy. Thus, the molecular dissociation with a characteristic time-
constant of (55± 10) fs could be followed directly in the time-domain.
The experimental results obtained were improved by applying a jitter-compensating technique
based on a cross-correlation of NIR-laser and XUV-FEL-pulses measuring the arrival time jitter
at the experimental end-station [1, 2, 3].
The technique of ion spectrometry not only allows for analyzing created charge states but also
enables to determine additional momentum gained by individual ions after excitation. In this study,
we observed the kinetic energy release (KER) of fragments resulting from the recoil of the Coulomb
explosion of a multiply charged molecular ion. Figure 1 (taken from Ref. [4]) shows obtained ion
momentum spectra for iodine charge states 2+ and 3+ in dependence of the temporal delay of
laser and FEL-pulses together with the unperturbed spectra for excitation with the FEL-pulse only.
The nomenclature is chosen such that the photofragmentation channels governed by the Coulomb

Figure 1: (left) Momentum resolved transient I2+ and I3+ ion yields as a function of the time delay between
XUV and NIR pulses. The data were sorted according to the XUV arrival time measured simultaneously.
Each ion trace was averaged over about 200 single traces. On the right hand side an axis indicating the
fragment kinetic energy (half of KER) for ions with the initial momentum on the spectrometers axis as
well as the ion yield solely induced by the XUV pulse are shown. (right) The temporal evolution of the
internuclear distance R normalized to Re, as deduced from the center-of-mass shift of the transient feature
of the 1∗→2,1 channel indicated in the left plot. The two data sets represent I2+ fragments with the initial
momentum directed towards (filled circles) and away (open circles) from the detector. The solid line is
a calculation based on the two-point-charge model, the inset shows a simplified scheme for probing the
evolution of the (1∗→2,1) channel.
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explosion Ip+q
2 → I+p + I+q are referred to as (p, q), with the first number p corresponding to the

charge of the detected ion. To avoid strong field ionization of the molecular ground state such as
multielectron dissociative ionization (MEDI), the applied laser intensities were kept well below
1013 W/cm2 in this study.
As an exemplary result, Figure 1 (right plot) shows the extracted temporal evolution of the in-
ternuclear distance of the molecular iodine atoms (”dissociation”) that can be extracted from the
distinct decay channel labeled (1∗→2,1) in Figure 1. It originates from the excited doubly charged
iodine molecule I2+∗

2 which undergoes subsequent Coulomb explosion. The measured gained KER
depends on the timing of the probing NIR pulse and thus directly represents a marker for the inter-
nuclear distance. The measured temporal evolution is in good agreement with the simple picture
of a repulsive Coulomb potential leading to the dissociation (see inset). Further analysis of the
I3+-signal yields an effective dissociation time of τdiss = (55± 10) fs.

Figure 2: Transient features in the Cl+ ion signal originating from molecular ICl. The data show the ion
signal for exciation with laser only (circles), FEL only (squares) and pump-probe results for delay times
before and after the temporal overlap (solid lines).

In a subsequent beamtime the studies were extended to hetero-nuclear molecules such as iodine
chloride where molecular dynamics are expected to differ significantly from the homo-nuclear case,
in particular due to the much higher electronegativity of the Cl atom as binding partner. The data
analysis is ongoing, the preliminary evaluation shows features in the spectra with a transient be-
haviour significantly different from the iodine case (see Figure 2).
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The high brilliance of the VUV-FEL FLASH enables core-level photoelectron spectroscopy of free 

mass-selected metal clusters [1]. In previous beam times, the experiments were performed by 

detecting the electron kinetic energy via time-of-flight analysis. With the development of FLASH, 

in particular the last update, increased photon energies and thus deeper core-levels became 

accessible. However, now additional decay channels open, i.e. Auger, shake-up and other 

secondary electron processes. To get hand at details of the dynamics, higher electron energy 

resolution is essential, which cannot be achieved by the time of flight setup. Thus, in the reporting 

period we implemented a hemispherical electron analyzer with fast detection [2], see Fig 1. 

 
 

 

Compared to the standard design, our hemispherical analyzer is equipped with a two-dimensional 

delay-line detector which enables to simultaneously record photoemission from several clusters 

with selected size. The new spectrometer offers advantages for the measurements at FLASH: 

 

 The energy resolution is substantially improved when compared to a time-of-flight system. 

We can demonstrate that the loss in the angular acceptance is compensated by the increase 

in sensitivity and reduced background signal. 

 With each of the up to 200 micro-pulses per macro-pulse separate photoelectron spectra can 

be recorded. Therefore it becomes possible to sample the mass peaks in the spectrum with 

higher rate, see Fig 2.  

We succeed in recording photoelectron spectra from mass-selected clusters. Fig. 3 displays as 

example selected traces in the Pb 4f range. Besides the appearance of the core level signatures, we 

find evidence for a cluster size dependence of secondary electron emission. In particular the low-

energy shoulder evolves with size.  

Fig. 1: Negatively charged mass-

selected metal clusters generated in a 

vaporization source are exposed to 

the light of FLASH in the interaction 

region of a hemispherical spectro-

meter.  

cluster beam  ion detector 
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This finding may open a discussion concerning many-particle effects in electron emission from 

metal clusters. Similar size dependent secondary effects have also been seen with gold cluster [3].  
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Fig. 3: Selected lead 4f photo-

electron spectra from PbN
-
 in the 

size range from N=40 to 70 

atoms. The data set shows 

contributions from secondary 

processes in electron emission 

which depend on the cluster size. 

Such many-particle effects will 

be subject to future investi-

gations. 

Fig. 2: Micro-pulses of FLASH (violet) 

overlap bunches of clusters with selected 

size (black). At 10 µs micro-pulse 

separation, only few peaks are scored 

(left). The new setup allows 1 µs 

separation which leads to a significantly 

enhanced sampling of the cluster size 

distribution (right). 

mass selected cluster beam 

FLASH micro-pulses 
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The photodissociation of the H2O+ ion after irradiation at 35 nm was studied in a crossed-beams
experiment at the ion beam apparatus TIFF (Trapped Ion Fragmentation at an FEL) installed in
the PG2 beamline at FLASH. A set of two time-resolving imaging detectors was used to iden-
tify dissociation channels and to determine energy releases and fragmentation geometries through
event-by-event coincidence measurements.
Fragmentation processes of molecular ions after XUV excitation or ionization play an important
role in the chemistry of interstellar clouds and planetary atmospheres. Moreover, organic com-
pounds and in particular water-based structures are crucial for the understanding of radiation in-
duced processes in living organisms. The species studied here, H2O+, has attracted additional
interest due to its role as a transition state in the double ionization of neutral water [1].
The TIFF setup is a dedicated instrument designed for the study of interactions between molecular
ions and high-energy photons as provided by a free electron laser. The use of a fast (keV) ion beam
allows for an efficient detection of both charged and neutral photofragments [2, 3]. The common
problem of low target density in gas-phase ion experiments is here overcome by the use of short,
collimated ion bunches synchronized with intense photon pulses. Both the large pulse energy and
the high repetition rate of FLASH are exploited, making particular use of the strongly upgraded
performance available after the 2009 upgrade of this machine [4].
In the present case, ions were created in a plasma discharge ion source operated with pure water
vapor, accelerated to 4.2 keV kinetic energy and mass selected in a magnetic field, resulting in a
22 nA beam of H2O+. Ion pulses of 1µs width were guided to the interaction point and overlapped
with the FLASH pulses (wavelength 35 nm, pulse energy 40µJ, repetition rate 500 Hz).
The emerging photofragments are registered on a set of two imaging detectors (see Fig. 1). The
first one, DET1, is mounted close to the interaction point and thus sensitive to small fragments
with large transversal velocities (here: protons). Heavier fragments and undissociated parent ions
pass through a hole in this detector. Charged particles are then directed to a beam dump using
an electrostatic deflector, while neutral fragments (here: oxygen atoms) are recorded on a second

Figure 1: Schematic illustra-
tion of the ion-photon interac-
tion point and the fragment de-
tection system at TIFF.
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Figure 2: Proton velocities measured after the XUV photodissociation of H2O+. Left: single protons without
accompanying neutral particles, right: events where two protons and one neutral oxygen atom were detected
in coincidence. The plots show the velocity components transversal and parallel to the direction of the parent
ion beam, which had a velocity of 213 mm/µs.

imaging detector, DET2. By means of a coincidence analysis, two fragmentation channels could
be identified in the recorded data:

H2O
+ + γ →

{
OH+ +H+ + e−

O+ 2H+ + e−

Figure 2 shows the proton velocity distributions recorded for the two channels. For events where a
single proton and no neutral fragment was recorded, the data show a rather sharp ring structure, a
signature of a two-body breakup with well-defined kinetic energy release. Events composed of two
protons and one neutral fragment in coincidence show a rather broad distribution of single-proton
energies, as expected for a multi-fragment breakup.
To identify the fragments recorded on DET1 as protons, rather than neutral hydrogen atoms, H+

2 or
heavier fragments, the effect of an accelerating voltage applied to electrodes around the interaction
point on the fragment velocities was studied in a separate measurement.
The three-body channel involving a neutral O product was newly discovered for this system. It
was found with a considerable branching ratio and a set of fully detected triple-coincidence events
has been measured. The complete reconstruction of each recorded dissociation event in terms of
kinetic energy release, spatial orientation and breakup geometry is currently in progress.
In future experiments it is foreseen to record and characterize also the photoelectrons emerging
from the initial ionization process in coincidence with the atomic and molecular fragments using a
newly designed electron spectrometer. To facilitate the detection of photoelectrons, an upgrade of
the infrastructure at the PG2 beamline is under way, aiming at improved collimation and suppres-
sion of stray light in the photon beam path.
Support by the Max-Planck Advanced Study Group at the Centre for Free Electron Laser Physics
(CFEL) is gratefully acknowledged.
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Clustering of water molecules around protons is found frequently both in gas-phase and liquid-
phase media [1]. Small protonated water clusters H+(H2O)

n
with n = 1. . .4 are prototype species

forming the basis for describing such systems. XUV photoionization of H+(H2O)
n

clusters pro-
duces valence-hole configurations in water orbitals whose decays determine, among others, the
radical production by ionizing radiation in aqueous media and therefore are studied intensely both
experimentally and theoretically [2, 3], including for example detailed fragmentation calculations
for multiply charged water clusters by time-dependent density-functional theory [3].

Fast-beam experiments open the way to photofragmentation studies of size-selected water cluster
ions, where the breakup channels can be studied by coincidence fragment momentum imaging.
The ion-beam facility TIFF has been developed for this type of studies and applied to fast-beam
photofragmentation [4] since the startup of FLASH. Full coincidence measurements were imple-
mented for the XUV photodissociation of vibrationally coldHeH+ ions [5] and recently extended
to H2O

+ [6]. The recent upgrades of the FLASH pulse energy and repetition rate, together with
further developments of the TIFF setup for exploiting the long pulse trains, have strongly improved
the available event rates. After the 2009 upgrade of FLASH [7], rates of up to∼0.2 events per
photon pulse were realized at TIFF.

At FLASH, we have recently found [8] for the photofragmentation of H+(H2O)2 at 90 eV a strong
binary fragmentation channel H3O

+ + H2O
+. With about similar branching ratio, the product H+

together with a heavy neutral fragment (pointing to channels such as H+ + OH + H3O
+ or others with

similar distributions of H atoms over the heavy fragments) was observed. Moreover, with the higher
event rates available after the upgrade, we have in a single four-day beam time at FLASH extended
these fragmentation studies to all clusters H+(H2O)

n
with n up to 4. For this series, a photon energy

of 35 eV was chosen in order to produce only outer valence vacancies, with the additional influence
of the inner valence states to be identified using the resultsof separate runs at shorter wavelength.
The measurements used the double detector arrangement of TIFF [6], where a large-area imaging
detector (DET1) close to the photon-ion beam-crossing detects charged and neutral fragments of
high transverse relative velocity, while neutral fragments of small transverse velocity reach a more
distant imaging detector (DET2) through an opening in DET1.Measurements with a bias potential
(V

c
) at the beam crossing allow to identify the fragments by their charge-to-mass ratios.

Figure 1 shows first results of the fragmentation measurements on the four cluster species for outer-
valence ionization with 35 eV photons. Ionic fragments H

m
O+, likely representing H3O

+ or H2O
+

as identified in the earlier measurement of Ref. 8, are found on DET1 with increasing yield for
the heavier clusters. Heavy neutral fragments (on DET2) occur with a much higher yield for the
heavier clusters, and unlike for H+(H2O)2 they are mostlynot accompanied by proton emission.The
time-of-flight analysis represented in Fig. 1 will be complemented by the conicidence analysis and
that of the transverse imaging data, which are ongoing and expected to reveal additional informa-
tion about the nature of the heavy neutral products, in particular regarding the presence of radical
fragments. The present analysis clearly reveals the tendency for the emission of light fragments
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(protons and hydrogen atoms) following outer-valence ionization to be strongly suppressed for the
heavier clusters (n ≥ 3). Efforts are underway to implement a third detector for the observation of
heavy ionic fragments.

A further goal of the experiments on protonated water cluster ions is the detection of photoemitted
electrons from the fast moving parent ions. The advantage ofsuch measurements, allowing both
angular distributions and fragmentation energies to be recorded utilizing the well-defined Doppler
shift in the electron emission, has been demonstrated at TIFF [9] in photodetachment measurements
using optical lasers. In recent experiments at TIFF a strongbackground hampered a similar mea-
surement with FLASH. This background was identified as originating from stray XUV light, inde-
pendent of the residual gas density in the interaction region maintained at ultrahigh vacuum. With
ongoing improvements of the photon beam collimation at PG2,this much improves the prospects
for extending the scope of the present measurements also to electron signals.

Support by the Max-Planck Advanced Study Group at the Centrefor Free Electron Laser Physics
(CFEL) is gratefully acknowledged.
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Free electron lasers (FELs) providing intense ultrashort light-pulses in the XUV or X-ray regime 
offer unprecedented possibilities e.g. for time-resolved imaging of fundamental molecular or 
chemical reactions on time-scales of a few femtoseconds or even below. In order to quantify the 
actual resolution and to ensure a meaningful interpretation of experimental results the knowledge or 
at least a reasonable estimate of the pulse parameters is needed. The situation is hampered by the 
fact that all existing FELs, the Free-electron LASer at Hamburg (FLASH), the SPring-8 Compact 
SASE Source (SCSS), and the Linac Coherent Light Source (LCLS), are operated in the so-called 
self-amplified-spontaneous-emission (SASE) mode that inherently leads to significant pulse-to-
pulse variations with respect to intensity, temporal and spectral shape as well as coherence 
properties [1]. Thus, the direct measurement of essential FEL pulse parameters represents a non-
trivial task. 

Here we report on XUV-XUV pump-probe experiments where the yield of non-linear (multi-
photon) ionization of N2 (at FLASH) and He (at SCSS) was measured as a function of the pulse-to-
pulse delay-time. This quantity represents an nth order autocorrelation trace (where n is the number 
of absorbed photons) that enables a determination of the pulse duration. In the experiment we used 
a reaction microscope (REMI) equipped with a back-reflection focusing mirror (Mo/Si multilayer) 
which is cut into two identical half-mirrors for pulse-pair creation [2, 4]. The time delay between 
both pulses is adjustable with a resolution of better than 1 fs by moving one half-mirror with respect 
to the other along the FEL beam axis by means of a high-precision piezostage. The intensity of the 
incoming FEL beam (10 mm diameter) was equally distributed over both half-mirrors, and the foci 
were merged inside a supersonic beam of cold N2 or He, respectively, in the centre of the REMI.  

In Fig. 1(a) the yield of N2+ fragments emerging from four-fold ionization of N2 with 45 eV photons 
at FLASH is shown as a function of the XUV-XUV delay-time [2]. The estimated single pulse 
intensity is I=1013 W/cm2. From the measured I4 -slope for the intensity dependence of the 
corresponding Coulomb-explosion channel (N2+ + N2+) of N2 we infer that n=4 photons are 
absorbed in this case. (According to lowest order perturbation theory the ion yield increases with 
In). Thus, the time trace can be viewed as a 4th order autocorrelation (Fig. 1(a), see also [2]) that is 
well described by a sum of two Gaussians with 40 fs and 4 fs FWHM, respectively. The 40 fs 
contribution can be attributed to the temporal width of the pulse-envelope averaged over many 
statistically fluctuating FEL pulses. It is known from simulation calculations and measurements in 
the spectral domain that each individual pulse comprises several sub-pulses (or modes) with 
strongly fluctuating intensity and temporal structure. Each sub-pulse is intrinsically coherent giving 
rise to a sharp spike in the autocorrelation spectrum at zero delay, whose width (4 fs FWHM) is a 
measure of the sub-pulse duration or the coherence time.    
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Figure 1: (a) Autocorrelation trace for N2+ fragments measured with 45 eV photons at FLASH. Solid cyan 
line: sum of two Gaussians with FWHM of 40 and 4 fs, respectively. (b) Same as (a) for two-photon single 
ionization of He at 20 eV measured at SCSS. Solid line: sum of Gaussians with FWHM of 45 and 10 fs, 
respectively. 

In a very similar experiment at the Japanese FEL (SCSS) we measured two-photon induced single 
ionization of He at 20 eV in the 1013 W/cm2 range (2nd order autocorrelation). The result is shown in 
Fig. 1(b), where again the distribution is reasonably well fitted by a sum of two Gaussians. In this 
case we extract a coherence time of 10 fs and an average pulse duration of 45 fs, much shorter than 
the expected 150 fs FWHM based on SCSS electron bunch-length measurements.   

In order to interpret our results and to obtain further information about the FEL pulse structure we 
developed a numerical model [3] to generate sets of pulse-shapes that fulfill the statistical properties 
required by FEL theory [1]. The model, which requests only the known spectral distribution and the 
average pulse duration as input parameters, enables simulations of non-linear FEL-matter 
interactions taking into account the statistical variations of pulse shapes. Based on pulse shapes 
simulated this way we calculated autocorrelation traces corresponding to the above discussed results 
and achieved very good agreement.  

In conclusion, our results suggest that by using spiky SASE FEL pulses for pump-probe 
experiments a time resolution close to the coherence time, that is usually much shorter than the 
pulse-envelope duration, can be achieved (see also [4]). In view of the existing and upcoming X-
FELs this opens exciting possibilities for split-mirror pump-probe experiments with time resolutions 
better than a few femtoseconds potentially reaching the attosecond regime in the near future.  
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The Max Planck Advanced Study Group (ASG) at the Center for Free Electron Laser Science 
(CFEL) at DESY is operating a multi-purpose experimental chamber (CFEL-ASG Multi-Purpose 
instrument - CAMP) [1] especially designed for experiments at the Free Electron Lasers FLASH, 
LCLS and SCSS (and potentially XFEL in the future). A copy of this instrument (without the 
pnCCD detectors) has now been set up at the ASG lab at DESY for experiments and tests using a 
femtosecond Ti:Sa laser as well as synchrotron radiation from the DORIS storage ring. The 
chamber is equipped with various charged-particle spectrometers based on the reaction microscope 
[2] or a modified velocity map imaging technique [3]. Electrons and ions produced by the 
interaction of intense laser light or synchrotron radiation with atoms or molecules introduced into 
the vacuum through either an effusive or a supersonic atomic or molecular jet are detected on two 
80mm Roentdek delay-line MCP detectors. The MCP and delay-line signals are recorded via an 
Acqiris digitizer and further processed by software that reconstructs the time of flight and hit 
position of each detected particle.  

During our beamtime at beamline BW3 at DORIS in November 2010, two new spectrometers and a 
new sample delivery system for liquid samples (e.g. methanol, ethanol, methylselenol) were tested 
which were then used during two beamtimes at LCLS in January 2011. In addition, we performed 
electron-ion coincidence experiments on dibromobenzene molecules in order to determine the 
molecular-frame photoelectron angular distribution of the bromine 3p electrons (see e.g. [4] for 
further details regarding the determination of molecular-frame electron angular distribution of 
“fixed-in-space” molecules via electron-ion coincidences). This measurement complements an 
experiment performed at LCLS in May 2010, where the molecular-frame photoelectron angular 
distribution of the bromine 2p electrons was measured for laser-aligned molecules. It also prepares 
a time-resolved photoelectron diffraction experiment on laser-aligned molecules at FLASH 
scheduled for August 2011. 

For the BW3 experiment, dibromobenzene molecules were introduced into the CAMP chamber 
through a doubly-skimmed supersonic jet operated with helium as carrier gas at a backing pressure 
of 2 bar, which passed through a resistively heated reservoir containing the dibromobenzene 
powder before the supersonic expansion through a 30 micron orifice. The jet crossed the 
monochromatized synchrotron radiation in the center of the double-sided VMI spectrometer and the 
bromine 3p electrons and all fragment ions were detected in coincidence. A typical ion time-of-
flight spectrum and the 2D-momentum image (raw VMI image) of the Br+ fragments are shown in 
Fig. 1. Further data analysis and in particular the determination of the molecular-frame angular 
distributions of the Br(3p)-photoelectrons is under way. These molecular-frame photoelectron 
angular distributions not only represent important reference data for the time-resolved FEL 
experiments on dibromobenzene but also contain rich information on the molecular photoionization 
process such as the localization of charges [5] and core holes [6], double-slit interference [7], and 
photoelectron diffraction [8,9]. 
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Figure 1: Preliminary data from our BW3 beamtime in November 2010. Top left: Ion time-of-flight 
spectrum of dibromobenzene after Br(3p)-ionization. Top right: Corresponding Br+ fragment ion momentum 
distribution (raw VMI image). Bottom left: Ion time-of-flight spectrum of methylselenol after Se(3p)-
ionization. Bottom right: Photoelectron angular distribution (raw VMI image) of N2(1s) electrons recorded at 
430eV for calibration purposes. Further data analysis (e.g. of the molecular-frame photoelectron angular 
distributions of the Br(3p)-electrons) is under way. 
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Lipid monolayers and bilayers at liquid-liquid interfaces are important model systems for 
biological membranes. The structure of liquid-liquid interfaces on an atomic scale is 
important for our understanding of many chemical and biological processes. X-ray reflectivity 
measurements give information on the electron density and thereby the molecular structure 
of these layers perpendicular to the interface.  
 
A lipid monolayer can be formed at a water-oil interface such as the one between water and 
perfluorohexane. To reveal structural information of this interface we applied X-ray 
reflectivity. The experiment was carried out at the LISA diffractometer at beamline P08 at 
Petra III at a photon energy of 25 keV [1]. By X-ray reflectivity the water-perfluorohexane 
interface roughness induced by capillary waves can be determined to 5.23 ± 0.2 Å (see 
Figure 1). 
 
 

 
 

Figure 1: Reflectivity of the pure water–perfluorohexane interface. The red line represents 
the Fresnel reflectivity with an added roughness of σ = 5.23 ± 0.2 Å which is suitably 
describing the roughness of the water-perfluorohexane system. The dashed blue line shows 
the Fresnel reflectivity of an ideal interface. The PETRA III ring current was 40 mA. 
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The formation of a lipid monolayer at the water-perfluorohexane interface can be arranged by 
desolving the lipid in the perfluorohexane and adding water on the perfluorohexane surface. 
The lipid monolayer will then self assemble at the interface due to the hydrophilic and 
hydrophobic properties of the chain and head group of the lipid. In this experiment the lipid 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was used with a concentration of 
0.05mg/ml in pure perfluorohexane. Again X-ray reflectivity was applied to reveal structural 
information of the self-assembled lipid monolayer of POPC at the water-perfluorohexane 
interface. The experiment was carried out at a photon energy of 22 keV. The reflectivity 
curve clearly exhibits an oscillation giving evidence on the formation of the lipid monolayer at 
the interface. 
  
 

 
 

Figure 2:  Water-perfluorohexane/POPC (0.05mg/ml) reflectivity (red circles) compared to a 
two slab model (red line) and the pure water-perfluorohexane reflectivity (black). The PETRA 
III ring current was 48 mA. 
 
Information about the lipid monolayer structure perpendicular to the interface was obtained 
by considering a two slab model to describe the head and tail of the lipid [2]. The fit revealed 
a thickness of the head group of a 8 ± 2 Å and of 12 ± 3 Å for the tail. These values agree 
with the literature [3] [4]. 
 
By X-ray reflectivity our group could determine the interfacial roughness of the water-
perfluorohexane interface and was able to characterize an adsorbed POPC monolayer at the 
water-perfluorohexane interface. 
 
The project was funded by the BMBF projects 05 KS7FK3 and 05 K10FK2. 
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The interface between the liquid mercury electrode and an electrolyte solution has been extensively 
studied with electrochemical methods. It has been central for the verification of traditional and 
modern theories of the electrochemical double layer [1]. Although the contribution of the metal 
interface structure to the double layer capacity is known [2], a verification of this structure is very 
challenging as most experimental techniques can not be applied to liquid interfaces.  

In a first atomic resolution X-ray reflectivity study of liquid mercury electrodes in a simple 
electrolyte solution (0.1M NaF), our group had clarified the interfacial layering of the Hg atoms [3]. 
By reproducing these Experiments at our recently developed dedicated Liquid Surface 
Diffractometer LISA [4] at the PETRA III beam line P08 we have demonstrated the ability to 
record high quality X-ray reflectivity curves at a liquid-liquid interface with LISA (Figure 1). 
Additionally due to the novel setup of the diffractometer, which avoids the movement of the sample 
during the reflectivity, we were able to reduce the measurement time by 20%. 

 

a)          b) 

 

 

Figure 1: a) X-ray reflectivity of the Hg-0.01M NaF interface (red) and Fresnel reflectivity with 
added roughness of 1.2 Å (black). This experiment was carried out at LISA at the beamline P08 at 
PETRA III at a photon energy of 22 keV; b) Corresponding electron density profile in the direction 
normal to the interface. 

By using a more complex electrolyte solution the adsorption of molecules at the liquid mercury 
electrode can be studied. Electrochemical methods can give quantitative information about the 
adsorbed molecules but not directly on the structure of the adsorbed layer whereas X-ray 
reflectivity can provide structural information up to the atomic scale. For this experiment the 
electrolyte was changed to a mixture of 0.01M NaF, 0.01M NaBr and 0.1mM PbBr2. X-ray 
reflectivity measurements have been carried out to reveal structural information perpendicular to 
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the interface on an atomic scale. During the X-ray reflectivity measurements the interface was held 
under electrochemical control to create a defined electrochemically adsorbed layer on the mercury 
electrode and to be able to investigate a possible effect of the applied potential on the adsorbed 
layer. Our measurements show that we can reversibly adsorb PbBr2 at the Hg-electrolyte interface. 

 

a)             b) 

  

 

Figure 2: Structural investigation of the Hg-0.01 M NaF + 0.01 M NaBr + 0.1 mM PbBr2 interface: 
a) X-Ray reflectivity curves of the mercury-electrolyte interface at different applied potentials: -
0.75 V (green), -0.28 V (red) and -0.589 V (black). Inset: Cyclic voltammogram of the investigated 
system, potentials of X-ray reflectivities are marked. All potentials are given relative to the 
Hg/Hg2SO4 electrode; b) Diffuse scattering at different qz values at a potential of -0.75 V. This 
experiment was carried out at LISA at the beamline P08 at PETRA III at a photon energy of 25 keV 

At potentials negative of the adsorption peak at -0.7 V (relative to the Hg/Hg2SO4 reference 
electrode) in the cyclic voltammogram (figure 2, inset) the reflectivity reveals no significant 
differences compared to the Hg-0.01M NaF interface. Whereas at potentials positive of -0.7 V 
oscillations are found in the reflectivity, indicating the formation of an adsorbate layer with a 
thickness of 7-8 Å. In addition the structure of the adsorbate layer has been found to be influenced 
by the applied potential as can be seen by the black and red curve in figure 2a). 

By use of X-ray reflectivity we were able to investigate the interfacial structure of the mercury-
electrolyte interface and the thickness of a layer adsorbed at the interface. We plan to use Grazing 
Incidence Diffraction to study the in-plane structure of the 2 dimensional adsorbate layer in the next 
phase of this investigation. 

The project was funded by the BMBF projects 05 KS7FK3 and 05 K10FK2. 
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Investigation of the nucleation of iron oxide at Langmuir
monolayers

D.C.F. Wieland1, P. Degen2, M.A. Schroer1, M. Paulus1, B. Struth3, H. Rehage2, and M. Tolan1
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2 Technische Universität Dortmund, Physikalische Chemie, Otto Hahn Strasse 6, 44227
Dortmund, Germany

3 Hasylab, Notkestrasse 85, 22607 Hambrug, Germany

In living organisms composite materials are formed showing high stability and complexity. Nature
thereby needs a high control over the growth process in order to form materials. For example bones
are a weight saving constructions which are under steady reconstruction accounting for changing
stress. Structures like the avian magnetometer of birds and the magnetosomes of bacteria are made
of iron oxides. The formation of single phase iron oxides in a liquid environment is difficult due to
the large number of oxides and hydroxides which can be generated.[1-8]

Figure 1: Normalized reflectivities of a DPPC Lang-
muir layer.

Figure 2: Electron density profiles obtained by re-
finement of the data shown in figure 1.

Figure 3: Normalized reflectivities of a DPPA Lang-
muir layer.

Figure 4: Electron density profiles obtained by re-
finement of the data shown in figure 3.

In order to study the first steps of the biomieralization and to determine influencing factors of
the nucleation process we have investigated the nucleation of iron oxide at differently charged
Langmuir layers by x-ray reflectivity measurements. The measurements were performed at the
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beamline BW1, Hasylab, using the liquid surface diffractometer. Aqueous solutions of iron(III)
chloride with a concentration of 1mmol/l were used as subphases. On top of these subphases
Langmuir layers of 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) (negatively charged) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (zwitterionic) were placed. In a second step the
nucleation of iron oxide was induced by the addition of ammonia to the gas phase. The ammonia
diffuses from the gas phase into the intermediate region of the interface changing the pH value
and thus triggering the nucleation. The Langmuir layer thereby acts as diffusion barrier for the
ammonia and influences the nucleation of the iron oxide.
The zwitterionic phospholipid DPPC shows no adsorption of iron ions in the interface region. In-
stead a distortion of the Langmuir layer structure can be observed (see figure 2). In order to in-
vestigate the influence of ammonia on DPPC, control experiments on a bare water subphase in
the presence of ammonia were conducted (data not shown). These data reveal that the observed
changes can be attributed to ammonia destabilizing the monolayer.
Using the negatively charged DPPA as surfactant strong changes in the reflectivities can be ob-
served (see figure 3). The electron density profiles obtained by fitting the reflectivity data show the
formation of a layer in the monolayer headgroup region (see figure 4). Further analysis of the data
is in progress.
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High resolution x-ray diffraction at highly perfect 
SiGe/Si(001) multilayer nano-whiskers produced by 

metal-assisted etching

M. Dubslaff, M. Hanke, N. Geyer1

Paul-Drude-Institut für Festkörperelektronik, Hausvogteiplatz 5-7, 10117 Berlin
1Max-Planck-Institut für Mikrostrukturphysik, Weinberg, 06120 Halle (Saale)

A promising approach to create rod-like SiGe/Si nano-whiskers that have been developed recently 
at Max-Planck-Institute for Microstructure Physics in Halle [1]. Semiconductor heterostructures in 
nanowires like core-shells  [2] or the proposed axial  heterostructures are of great  interest,  since 
quantum  size  effects  can  be  influenced  by  this  technique.  This  makes  nanoelectronic  and 
nanophotonic applications thinkable. The system we propose is not based on a growth process only 
but on metal-assisted etching of a semiconductor crystal. The crystal itself is a MBE grown Si-Ge 
superlattice with perfectly flat layers (alternating Si and Ge layers). Prior to the etching a mask is  
created by patterning the semiconductor surface by a hexagonal array of pores. These pores can be 
varied in diameter from several µm down to a few nm and, at the end, containing an etch-stop. Only 
areas of the resulting mask that are not covered with the etch-stop are etched down to a certain 
depth, depending on etching duration. Finally an array of rod-like wires is released. Further details 
about the whole process at [1].
Because of the heteroepitaxy MBE layer growth the Si-Ge multilayers supposed to be strained. By 
using  finite  element  method  (FEM)  the  internal  strain,  deformation  and  strain  energy  can  be 
obtained. For first calculations see Fig. 1.

Fig. 1: Finite element calculations at Si-Ge multilayer nano-whiskers. Left: Model consisting 
of alternating Si and Ge layers (30 each) in the Si nano-whisker structure. Right: Calculated 
total strain energy within the material showing minima towards the whisker's outer rim and the 
Si  material.  (The horizontal  line which can be seen at  the centre of multilayers is  just  an  
artefact of the graphical output.)

Furthermore FEM calculations reveal a partial lateral strain relaxation especially towards the sides 
of the nano-whiskers. The x component of the elastical Tensor within Si layers reaches 1%, which 
means the Si unit cells are strained by 1%. For Ge layers the unit cells are compressed by 3.5% 
(usually the relative lattice mismatch of Si and Ge amounts to 4.2%). Vertically the Ge layers can  
partially relax as well whereas Si layers are vertically compressed at the center of the whisker.

-776-



High resolution x-ray diffraction (HRXRD) can reveal information, e.g.,  about shape, positional 
ordering, strain and thus chemical composition of the nano structures.

We  measured  symmetric  Si(004)  and 
asymmetric Si(224) reflections with HRXRD 
using a 10 µm x-ray spot. The low-sized spot 
enabled measurements at different regions at 
the samples (etched and unprocessed areas).
Fig. 2 shows an example of diffuse scattered 
intensities in vicinity of the Si(004) reflection 
at a nano-whisker sample. The relative lattice 
parameter  difference  aSL/aSi for  the  super 
lattice  peak  (SL)  amounts  to  2.5%  at  this 
sample. We also measured super lattice peaks 
at  much  lower  q[001] and  even  above  the 
Si(004) substrate reflection wich is related to 
the compressed Si within the nano-whiskers. 
Oscillation L1 in Fig. 2 refers to the average 
distance  of  the  (highly ordered)  whiskers  in 
[110] direction. The vertical oscillation L2 can 
be  attributed  to  the  size  of  the  Si-Ge 
multilayer in [001] direction.
RSMs taken from the pure substrates (Si with 
included Si-Ge multilayers) also showed super 
lattice  peaks  but  shifted  to  lower  q[001] at 
symmetric  reflections  and  higher  q[110] at 
asymmetric reflections.
Further  data  analyzis  and  FEM  calculations 
will be made and finally combined with x-ray 
diffraction  simulations  (based  on  the  FEM 
output).

Fig. 2: Reciprocal space map (RSM) near Si(004) 
substrate reflection (one example). Marker L1 and 
L2 highlight  vertical  and lateral  oscillations  that 
correspond  to  the  distances  between  the  nano-
whiskers  along [110]  and thickness  of  the  SiGe 
multilayer.  A super  lattice  peak  (SL)  appears  at 
lower q[001] due to the higher lattice parameter of 
Ge.
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X-ray absorption structure of ferromagnetic Sm 
silicide layers grown on Si(001) 

N.G. Gheorghe, D. Macovei, C.M. Teodorescu 

National Institute of Materials Physics, Atomistilor 105b, 077125 Magurele-Ilfov, Romania 

Samarium is deposited on Si(001) at various temperatures (20 to 400 °C) and the surface structure, 
interface reactivity, electron configuration and magnetic properties are investigated by low-energy 
electron diffraction (LEED - Fig. 1), X-ray photoelectron spectroscopy (XPS - Fig. 2), X-ray 
absorption spectroscopy (XAS - Fig. 3) and magneto-optical Kerr effect (MOKE - Fig. 4), 
respectively. It is found that metal Sm

0
 is present on samples prepared at room temperature, with an 

interface layer containing mostly Sm
2+

 and a lower amount of Sm
3+

. When samples are prepared at 
high temperature, much fewer Sm

0
 is found, with increasing amount of Sm

2+
.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Low energy electron diffraction 
(LEED) results. (a, b): clean Si(001) c(1x2)-
(2x1) at different electron energies; (c) 5 nm 
Sm/Si(001) deposited at 100 °C; (d) 5 nm 
Sm/Si(001) deposited at 300 °C; (e) LEED spot 
profile analysis (SPA) from (a) along the line 
(1). Raw data are represented by the red curve, 
a fit with a Voigt line is represented by the 
black curve. The insert represents SPA along 
the line (2). (f): LEED-SPA for Sm/Si(001), (d). 
The red curve represents the average taken 
along all the four directions represented in (d). 
The black curve is a fit using a Lorentz profile. 
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Figure 2. XPS data analysis of (a) Si 2p and (b) Sm 3d 
levels. The spectra were fitted with Voigt profiles and 
Voigt integrals for the inelastic background. 
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Freshly prepared Sm
0
 and Sm2Si layers react strongly with oxygen from the residual gas, promoting 

formation of Sm2O3 on the expenses of both metal Sm and Sm2Si. Room temperature ferromagne-
tism is observed for all prepared layers, with a decrease of the saturation magnetisation when 
samples are prepared at high temperature. Taking into account also the XAS data, hypothesis are 
formulated about the electronic configuration of the interface compound Sm2Si. In addition to these 
findings, this work proposes a new assignment of the Sm 3d chemically shifted components. Also, a 
noticeable variation of the XPS Sm 3d spin-orbit splitting is found as function on the Sm ionization 
state and a very simple model is proposed to assess this variation. The XPS data analysis brought 
repeated confirmations of the usefulness of individual inelastic background coefficients for XPS 
lines in order to discriminate between surface and bulk components [1]. 

 

 

 

 

 

 

 

 

 

↑ Figure 3. X-ray absorption near-edge structure 
(XANES) at the Sm LIII-edge for Sm/Si(001) deposited 
at different temperatures. Insert (i) represents the 
derivatives of the XANES spectra, used to derive the 
inflection points, represented in insert (ii) as function 
on the deposition temperature. Insert (iii) represents the 
dependence of the white line intensity on the deposition 
temperature. The black lines in inserts (ii) and (iii) are 
just eyeguides. 

 

 

Figure 4. (a,b) Magneto-optical Kerr effect         → 
(MOKE) magnetization curves of samples synthesized 
at low temperatures (20 and 100 °C) and high 
temperatures (300 and 400 °C), respectively. (c) 
Dependence of the saturation magnetization, remanent 
magnetization and coercitive field on the deposition 
temperature. 
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Elasticity of ApoB peptide assemblies at air/water 
interface 

S. Zarzhitsky, L. Wang1, V. Vaiser, D. M. Small1, and H. Rapaport 

Department of Biotechnology Engineering, Ben-Gurion University of the Negev, Beer-Sheva, 84105 Israel 

1Department of Physiology and Biophysics, Boston University School of Medicine, Boston, MA 02118 

Peptides composed of alternating hydrophobic and hydrophilic residues may preferably reside at 
interfaces between hydrophobic and hydrophilic phases. Structural studies on amphiphilic β-sheet 
peptides have been conducted both with respect to synthetically designed systems and to natural 
proteins [1][2]. Apolipoprotein B (apoB) recruits phospholipids and triacylglycerols (TAG) into 
TAG-rich lipoprotein particles during lipid metabolism in plasma. A large region in apoB, rich in 
amphipathic b strand content[3] has been proposed to anchor the whole apoB protein to the 
lipoprotein particles. A consensus sequence acetyl-LSLSLNADLRLK-amide (P12) has been 
derived based on the sequence of 24 strands of 11–15 amino acids in apoB[2]. P12 when added into 
the aqueous phase surrounding a suspended oil drop (dodecane or triolein), decreased the interfacial 
tension in a concentration dependent manner. Surface tension measurements in oil drop system and 
surface pressure area isotherm of P12 indicated it forms a purely elastic layer at these interfaces. 
This property is assumed to help in assembling nascent TAG-rich lipoproteins and in anchoring 
apoB to lipoproteins. 

Here we utilized grazing incidence X-ray diffraction (GIXD) at air-water interface along Langmuir 
isotherm to elucidate structure of P12 assemblies. In order to induce 2D formation of crystalline 
structure, Pro residues were added on both sides of the peptide and the modified peptide that 
included N-acetyl and C-amide termini was denoted PP12P. Based on molecular modeling and 
previous studies of β-sheet peptides at interfaces[1], the projected area per molecule of PP12P in 
the β-pleated structure should be 16.4 x 14 = 229.6 Å2. In Langmuir isotherm (Figure 1) the 
limiting area per molecule of the peptide was found to be smaller (~100 Å2) suggesting partial 
dissolution of the peptide in the subphase. In addition peptide probably undergoes irreversible 
aggregation on film collapse as indicated by reduced limiting area per molecule on the second 
compression applied on the same monolayer (Figure 1). According to GIXD measurements, PP12P 
monolayer exhibited domains ordered in two dimensions, along the peptide long axis (0,h) and 
along the interstrand hydrogen bond directions, (k,0). The long axis spacing, d(0,1) = 70.6 Å, 
observed at low surface pressure (Table 1) is longer than the estimated length of the peptide in the 
β-pleated conformation (~3.45 x 14 + ~3 = 51.3 Å; where 3.45 Å is the distance between amino 
acids and the acetyl and amine termini extend additional ~3 Å). Hence, indicating that the 
crystalline unit cell constitutes at least two peptides along the b axis (scheme 1). The (0,1) spacing 
became as small as ~48 Å with the increase in surface pressure (Table 1). Based on Bragg peak 
d(0,1) spacings and the corresponding surface pressures the crystalline compressibility was 
calculated CC = 6.6 m/N. Previously crystalline compressibilities of β-sheet peptides, 13 amino acid 
residues in length, were found to be in the range between ~6 and ~8 m/N [4]. 

In summary, GIXD measurements indicate that PP12P unit cell exhibits molecular elasticity that 
manifests in unit cell deformation resulting of film compression. The model shown in scheme 1 was 
previously proposed to describe the compressibility of the amphiphilic β-sheet peptides PE(FE)5P. 
In this peptide the hydrophobic groups phenylalanine (F) is larger than the hydrophilic side chains 
of glutamic acid (E) hence it was suggested that the strand backbone bend out of the water 
interface. In PP12P described here with the hydrophobic side chains leucine and alanine (L and A) 
comparable in size to the hydrophilic amino acid side chains, other types of deformations, including 
bending of the backbone into the water interface or within the interface, appear to also be possible. 
Further molecular modelling studies, coupled with diffraction analysis are required to elucidate the 
various deformation forms which may lead to the observed decrease in lattice (0,1) spacing. 
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P-L-S-L-S-L-N-A-D-L-R-L-K-P 

P-K-L-R-L-D-A-N-L-S-L-S-L-P 

P-L-S-L-S-L-N-A-D-L-R-L-K-P 

P-K-L-R-L-D-A-N-L-S-L-S-L-P 

 π 
mN/m 

area 
Å2/mol 

qxy 
Å-1 

d (0,1) 
Å 

a 0.44 201 0.0890 70.6 
c 0.02 167 0.0966 65.1 
d 0.1 150 0.0961 65.4 
e 0.37 132 0.0981 64.1 
f 2.17 116 0.1027 61.2 
g 15.2 98 0.1145 54.9 
i 34.9 65 0.1283 49.0 
j 18.1 82 0.1187 52.9 
k 0.86 118 0.0940 66.9 
l 0.31 153 0.0947 66.3 
m 0.13 114 0.0938 67.0 
n 6.04 98 0.1071 58.7 
o 33.3 66 0.1302 48.3 

 

Figure 1: Langmuir isotherm of PP12P on water. GIXD data collected at various points (denoted by letters) 
along the isotherm: (a-i) compression, (i-l) expansion and (l-o) recompression. 

Table 1: Summary of Bragg peak qxy positions (peak centre determined by Gaussian fit) and the 
corresponding d(0,1) spacing. 

 
 
 
 
 

 

 

 

 

Scheme 1: (a) Proposed schematic unit cell with PP12P peptides offset by one amino acid along the (0,1) 
direction. (b) A model previously proposed to describe the compressibility of PE(FE)5P peptide [1], showing 

backbone bending out of the (h,k) plane that may lead to decrease in the (0,1) spacing. For PP12P other 
deformations, including bending of the backbone in opposite direction, seem also to be reasonable.  
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Effective Attenuation Length of electrons from AR-HAXPES 

L. Kövér1, I. Cserny1, A. Csík1, W. Drube2, and S. Thiess2  

1Institute of Nuclear Research of the Hungarian Academy of Sciences, 18/c Bem tér, H-4026 Debrecen, Hungary  

2DESY, Notkestraße 85, D-22603 Hamburg, Germany   

In  quantitative applications of XPS for ultrathin film analysis the effective attenuation length 

of electrons (EAL) in the film is a useful practical parameter that accounts for both inelastic 

and elastic scattering of electrons, although it depends on the experimental geometry, film 

thickness and angular distribution of the photoelectrons [1]. However, this dependence can be 

assumed to be weak in a wide range of electron emission angles or film thickness. For 

electron energies > 2 keV, i. e. for typical applications of HArd X-ray PhotoElectron 

Spectroscopy (HAXPES) only very few EAL values are available. The “practical” EAL can 

be determined experimentally using its definition [1] : 

 , 

where d is the overlayer thickness, I0  and Id the signal intensities from the uncovered and the 

covered substrate and θ the emission angle of photoelectrons relative to the surface normal of 

the sample. A disadvantage of this method is the use of two different samples with different 

surface conditions (e. g. roughness, etc.).  The quantity I0 can be eliminated if we derive the 

EAL from the relative angular distribution  of photoelectrons.    

 

Here angular resolved (AR-)HAXPES was used for the experimental determination of the 

practical EAL [1] in  Ni. The EAL value was compared to estimated values derived from the 

formula  [2] where λin denotes the mean free path for inelastic 

scattering of the electrons in the film  and ω is defined as : ω = λin / (λin + λtr), where λtr is the 

transport mean free path of the electrons [1]. 

 

A polycrystalline thin film Ni of (7.0±0.7) nm thickness was deposited by DC magnetron 

sputtering onto a thick Pd layer (~150 nm) grown in-situ on a Si wafer substrate. The 

thickness of the Ni overlayer was estimated using the sputtering rate calibrated by stylus 

profilometer measurements. High-energy angular resolved photoelectron spectra were 

measured with the Tunable High Energy XPS (THE XPS) instrument [3] at the BW2 

beamline (the instrument is equipped with a Scienta SES-200 hemispherical analyzer) of 

DORIS III using a spectrometer energy resolution of 0.2 eV. The exciting photon beam of 

5000 eV energy was monochromatized by a Si (111) monochromator and focused onto the 

sample. The emission angle θ varied between 0°–75° by rotating the sample.  

 

Fig 1. (a) shows the angular dependence of the measured intensities of the Ni 2p and Pd 3d 

photoelectron peaks (the corresponding spectra are given in Fig. 2) as a function of θ (θ=0 

corresponds to normal emission) and (b) the linearization of the Pd 3d curve. The 

experimental intensity values were corrected for the variation of the irradiated sample area 

, where d is the diameter of the photon beam, and φ=θ+45°  is the angle between 

the direction of the photon beam and the sample surface. The obtained value of EAL = 

(3.9±0.4) nm agrees quite well with the estimated values based on the λtr value derived from 

the NIST Electron Elastic-Scattering Cross-Section Database [4] and λin values derived from 

[5] and [6] (EAL = 4.5 nm and 4.2 nm, respectively). Apparently, the effect of a possible 

hydrocarbon contamination overlayer on top is small. Further studies are needed to account 

for this effect as well. 
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Figure 1. Relative angular resolved photoelectron intensities from the Ni overlayer and the Pd substrate as a 

function of the electron emission angle (a) and the linearized form of the Pd 3d angular distribution (b).   

 

 
 
Figure 2. AR-HAXPES spectra obtained from the Ni overlayer and the Pd substrate as a function of the electron 

emission angle θ (measured relative to the surface normal). 
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The effect of calcium ions on compressibility of 
amphiphilic peptides at air water interface  

N. Amosi and H. Rapaport 
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Sheva, 84105 Israel 

 

Peptides composed of alternating hydrophobic and hydrophilic residues may preferably reside at 
interfaces between hydrophobic and hydrophilic phases. Structural studies on amphiphilic β-sheet 
peptides have been conducted both with synthetically designed systems and in context of natural 
proteins.[1-2] The peptide Pro-Asp-(Phe-Asp)5-Pro denoted PFD-5, has been previously shown to 
form two-dimensional β-sheet assemblies at air-water interface.[3] Monolayers of the peptide were 
used as a template to mineralization of calcium salts including hydroxyapatite (Ca10(PO4)6(OH)2) 
that is the major inorganic component of bone and teeth.[4] PFD-5 was also shown to form 
hydrogels with calcium ions as efficient cross linkers between the peptides’ strands.[5] Both at 
interfaces and in hydrogels the peptides assume the β-sheet structure therefore. Hence grazing 
incidence X-ray diffraction (GIXD) studies applied to peptide monolayers at interfaces can provide 
insight on the effect calcium ions may have on the peptide self-assembly properties.  

Here we utilized GIXD along Langmuir isotherms to characterize the monolayer of PFD-5 in the 
presence of 0.2M CaCl2 in Tris buffer solution (pH~7.3). Bragg peaks were utilized to evaluate the 
compressibility of the crystalline monolayer that manifests in contraction of the smallest detected 
spacing, assumed the d(0,1) spacing. The crystalline compressibility, CC= )/ln( 1,0 π∂∂− d  was 
evaluated both for peptide film on water and compared with compressibility of the peptide on 
calcium chloride solution.  

The surface pressure vs. the mean molecular area isotherm of the peptide on water (Fig. 1a) exhibits 
a limiting area per molecule of ~210Å2 which matches the peptide strand dimensions (~45 x ~4.7Å, 
strand length and hydrogen bond spacing, respectively). The limiting area per molecule of the 
peptide on the buffered calcium solution was found to be smaller (~100Å2) indicating partial 
dissolution of the peptide in the more basic subphase of the buffer. According to GIXD 
measurements, the long axis spacing d(0,1), of the PFD-5 monolayer on water was measured to be 
~46Å, matching the length of the peptide and in agreement with previously reported GIXD 
measurements of the same peptide.[6] The peptide also exhibits 10.9 m/N crystalline 
compressibility, slightly larger than the 8.7 m/N, previously reported for the peptide.[6] Crystalline 
compressibility that manifests in d(0,1) contraction along the macroscopic compression of the film, 
has been previously attributed to peptide backbone bending out of the water surface.  

PFD-5 monolayer on the calcium solution behave quite differently with an initial d(0,1) spacing of 
~57Å that is significantly larger than the length of the peptide, hence pointing to a unit cell which is 
composed of two peptide strands along the (0,1) direction. Spacing of ~60 Å was previously 
reported for PFD-5 monolayer but on a film that underwent compression and expansion. 
Nevertheless, it is possible that the ~60 Å represents a preferred mode of a close packing that on 
calcium maybe achieved due to the screening effect of more specific interactions with the ions. This 
spacing implies a unit cell composed of two peptides along the long backbone axes that may extend 
to ~ 45 x 2 = 90 Å in length. Various factors and combinations thereof may account for the large 
difference between the observed spacing and this theoretically estimated length. The assembly 
could be significantly distorted compared to the unit cell of the peptide on water (~ 45 x 4.7 Å 
dimensions in a rectangular unit cell). The unit cell could be with an angle < 90° (between a and b 
axes) that would result in a spacing shorter than the estimated length of two peptides. In addition, 
the β-sheet backbones may also be slightly bent out- or within- the plane of the air-water solution 
interface, because of interactions with the calcium ions (Fig. 2). The lattice formed over calcium 
solution, appeared to be much more sensitive to compression based on the compressibility values 
CC = 61.1m/N at low surface pressure and 21.1m/N, calculated for the curves of π versus ln d(0,1) 

-784-



80 160 240 32080 160 240 320

0

5

10

15

20

25

A(A
2
/molec.)

o 
3.60 3.72 3.84 3.96 4.08

0

5

10

15

20

25

3.60 3.72 3.84 3.96 4.08

0

5

10

15

20

25

3.60 3.72 3.84 3.96 4.08

0

5

10

15

20

25

3.60 3.72 3.84 3.96 4.08

0

5

10

15

20

25

ln(d
0,1

)

19.4m/N 

10.9m/N 

61.1m/N 

21.1m/N 

(Fig. 1b). In summary based on Langmuir isotherms and GIXD measurements PFD-5 interacts with 
calcium ions in a manner that changes its crystalline packing and compressibility.   

(a)                             (b) 

 

 

 

 

 

 

 

 

 

Figure 1: a) Langmuir surface pressure-area isotherm curves of PFD-5 on water (●) and on calcium solution 
(▲). GIXD measurements were acquired at the marked points along the isotherm; b) ln d(0,1) versus surface 
pressure of PFD-5 on water (■) and on calcium solution (*). Crystalline compressibility values were assigned 
for each linear part of the curve. 

             Compression 

 

 

 

 

Figure 2: Schematic representation of β-sheet backbone in buffered solution of calcium ions under 
compression. The dashed line represents the unit cell d(0,1) spacing. 
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Layer Order in Epitaxial Films of (LaLu)O3 Digital Alloy 
on Si(111) 
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Further scaling of Si complementary metal oxide semiconductor (CMOS) devices requires a thinner 
gate dielectric, which leads to an exponential increase in leakage current, since traditional SiO2 
with a subnanometer thickness no longer possesses reliable insulating properties. Therefore, an 
alternative material with a high dielectric constant is required to allow an increased physical 
thickness of the dielectric and thereby suppress tunneling currents. Rare earth metal sesquioxides, 
including La2O3 and Lu2O3, are promising alternative high-k gate dielectrics for future CMOS 
technology. Among them, (La1−xLux)2O3 is very interesting due to its large conduction band offset 
to Si and a high reported k value of around 32. Compared to the (001) orientation, the growth of 
rare earth oxide layers on Si(111) substrates leads to better interfaces and a single domain 
orientation. 

The epitaxial oxide films were grown for the present study by the molecular beam epitaxy with 
alternating La2O3 and Lu2O3 deposition [1,2]. Such digital alloy films are a periodic sequence of an 
integer number (from 1 to 5) Lu2O3 monolayers (ML) followed by the same number of La2O3 
monolayers. Figure 1(a) illustrates the film structure for a 4+4 ML sequence. We have studied the 
samples containing from 2 to 5 ML of each oxide in the period of the structure, grown at the 
substrate temperatures from 200°C to 700°C. The aim of the x-ray diffraction experiment was to 
systematically study structural changes with the period of the structure and the growth temperature. 

The measurements were carried out on a double-axis spectrometer at the bending magnet beamline 
E2 at HASYLAB. The incident beam energy was set to 12keV. The scattered X-rays were 
registered by a MYTHEN linear position sensitive detector.  

Figure 1(b) shows a fragment of the reciprocal space map calculated from the linear detector scans. 
The coherent scattering intensity can be effectively extracted. Figure 1(c)  shows an example of the 
extended reflectivity curve obtained from the measurements. The satellite reflections due to the 
superstructure period are marked by arrows. 
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Figure 1: (a) The bixbyite structure of the epitaxial film with alternating La2O3 and Lu2O3 layers, 
(b) the reciprocal space map obtained from the linear detector measurements and (c) the extended 
reflectivity curve for the sample with 6×(4 ML La2O3+4 ML Lu2O3) layer sequence. The satellite 

reflections are shown by arrows. 
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The use of polymer brushes to fabricate functional coatings has attracted more and more interest 
over the recent years. The challenging aspect of these systems originates from the fact that a 
nanoscopic thin layer at the surface can change the surface appearance and properties significantly 
while bulk properties keep virtually constant. This layer is only some nanometres thick and can be 
attached tightly to most materials by the choice of suitable chemistry. In addition, it is possible to 
provide switching or adaptive properties to the surface by the use of mixed brush layers, which 
offers further unique possibilities, and to introduce multifunctionality including sensing and 
catalytic properties at the surface by attaching nanoparticles and chemical functional groups [1-5].  
 
Poly(2-vinylpyridine) can be used to fabricate pH-sensitive polymer brushes due to its nature as 
weak polyelectrolyte. At pH values below the IEP (at pH 6.7) the pyridine groups along the 
polymer chains get protonated. Because of the repulsion between the now positively charged 
polymer segments, a swelling from about 7 nm in collapsed state to about 30 nm has been observed 
by ellipsometry. Above the IEP, P2VP brushes were found to deswell to the dry thickness. 
Additionally, the interaction of the pyridine group with various metal ions can be used to form 
nanoparticles inside the brush. Therefore, at first metal ions (e.g. Pd2+, PtCl6

2-) have to be adsorbed 
to the polymer and reduced in the second step (e.g. by NaBH4). 
 
To learn more about the switching behaviour of brushes with immobilized nanoparticles we 
investigated the change in lateral and perpendicular distribution of nanoparticles by GISAXS at 
beamline BW4, HASYLAB upon changes in the pH of the surrounding solution. P2VP brushes 
have been prepared on glass substrates and Pd or Pt NP have been immobilized by in situ synthesis. 
For measurements, the sample was exposed to solutions of different pH for 0.5 h within a micro-
fluidic channel [6], then the liquid was removed to increase the intensity of scattering. Figure 1 
shows a scheme of the proposed switching behaviour of P2VP brushes with immobilized Pd or Pt 
nanoparticles and the observed change in scattering. To study the changes in detail, cuts in qy and 
qz-direction have been performed (fig. 2). The out of plane cuts at the critical angle of P2VP, show 
for both Pd and Pt the appearance and the displacement of a distinct shoulder upon swelling, 
corresponding to a change in lateral ordering in the film of polymer brushes. The detector cuts 
show for Pd an increase of an existing shoulder whereas with Pt NP a shoulder at the same place 
disappears during swelling of the brushes. This corresponds to a change in the perpendicular 
distribution in the layer.  
 
For further analysis and modelling these results will be compared to cryo-TEM and spectroscopic 
ellipsometry experiments. We acknowledge funding by DFG and BMBF for this topic. 
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Figure 1: Scheme of switching behaviour of P2VP brushes with immobilized nanoparticles (lower 
part) and observed scattering at different pH (upper part). 

 

 

 

 

 

 

 

Figure 2: qy (left) and qz cuts (right) of the scattering at different pH values. 
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Ge islands grown on Ga terminated Si(112) investigated
by grazing-incidence x-ray diffraction and scattering

Th. Schmidt, M. Speckmann, I. Heidmann, S. Kuhr, and J. Falta

Institute of Solid State Physics, Univ. of Bremen, Otto-Hahn-Allee 1, 28359 Bremen, Germany

The morphology and size distribution, as well as the density and spatial correlation of nanoscale
Ge islands on silicon can be influenced by adsorption of foreign elements like Ga prior to Ge
growth. On Si(111), for instance, Ga pre-adsorption can be used for selective growth of Ge islands
at substrate step edges [1]. On Si(113), Ga adsorption leads to a decomposition of the surface into
nanoscale facets, which results in a high density of well aligned islands upon Ge growth [2, 3].
Also on Si(112), Ga has a strong impact on the Ge island morphology. Whereas rather isotrop
Ge islands evolve on bare Si(112), a wire-like shape is observed for Ge growth on Ga terminated
Si(112) [4], especially at higher Ge growth tempratures TG (cf. fig. 1).
With respect to device applications, not only the size and shape, but also the degree of Ge/Si inter-
mixing and the defect structure within the Ge islands is crucial. Hence, it is important to analyze
both their chemical composition and strain state. For this purpose, grazing-incidence x-ray diffrac-
tion (GIXRD) was performed at the undulator beamline BW1, using a z-axis diffractrometer setup
and a focused monochromatic beam at 10.0 keV and an incident angle 1.0◦. Together with a one-
dimensionally position sensitive detector, this setup can also be used to record grazing-incidence
small-angle x-ray scattering (GISAXS) patterns, as shown in fig. 2, where the 〈11̄0〉 direction (i.e.
the h direction in surface coordinates) of the sample has been aligned almost parallel to the incom-
ing x-ray beam. Apart from the strong intensity at Q‖ = 0, an additional streak occurs that is tilted
towards the [111̄] direction. As discussed elsewhere [5], such a streak can be assigned to a crystal
truncation rod of one type of side facets of the Ge islands. As obvious from the dashed line in fig. 2,
one the islands side facets is unambiguoulsy identified to be of (111) orientation.
Reciprocal space maps (RSMs) of the (1̄1̄5) reflection [i.e., the (07̄4

3
) reflection in surface coordi-

nates] are shown in Fig. 3. The RSMs shown here are almost parallel to the k-l-plane. Next to the
tail of the Si Bragg spot, the Ge reflection appears at lower |k| and l values. With increasing TG, the
Ge spot approaches the Si reflection, pointing to enhanced Ge/Si intermixing. For both growth tem-
peratures investigated here, the Ge spot is significantly broadened, indicative of a wide distribution
of strain and Ge content within the Ge islands. Similar results are obtained for reflections in the h-
l-plane, as can be seen from fig. 4 for the (4̄62) spot, i.e. the (5̄01) reflection in surface coordinates.
Again, the Q‖ position of the maximum Ge intensity moves away from the Si spot position with
increasing Q⊥. Assuming Vergard’s law both for the lattice parameter and for the elastic proporties
of a GexSi1−x alloy, the average Ge content x as well as the average strain parameters γh and γk can
be calculated from the hkl position of the maximum Ge intensity. Taking into account data taken at
five reflections for each sample, we obtain Ge contents of x≈52 % for TG=610◦ C and x≈38 % for
TG=660◦ C. The residual strain seems to be rather isotropic (γh≈γk≈0.17) for TG=660◦ C, whereas
for TG=610◦ C a stronger relaxation is observed along the 〈11̄0〉 direction (γh≈0.30) as compared
to the 〈111̄〉 direction (γk≈0.48).
In contrast to previous GIXRD investigations of Ge grown on Ag-terminated Si(111) [6], no ev-
idence for stacking faults and/or (periodically arranged) misfit dislocations could be obtained in
the present study. Hence, complementay methods like transmission electron microscopy will be
needed to analyze the defect structure of Ge/Ga:Si(112) islands.
In order to address the increasing intermixing with increasing growth temperature in more detail,
diffraction anomalous fine structure (DAFS) experiments were performed at beamline D3. Accord-
ing spectra are shown in Fig. 5. The analysis of these data is in progress.
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Figure 1: Low-energy electron micrographs of
Ge islands grown on Ga terminated Si(112) at
TG=575◦ C (left) and TG=610◦ C (right) [4].
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Figure 4: RSMs (TG=610◦ C) parallel to the h-k-
plane for l=0.95 (left) and l=0.98 (right).
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X-ray absorption in metallic Cd in L-edge region  
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X-ray absorption in metals has been thoroughly studied since perfectly homogenous high quality 
absorption specimens with optimum thickness of the order of 10 μm can be routinely prepared. The 
K edges of metals are often used as intermediary standards for the calibration of energy scale of x-
ray monochromators, allowing the accuracy of ∼ 0.1 eV or better [1,2]. The softer x-ray region of L 
edges has received considerably less attention. The optimum thickness of a foil with L edges in the 
region of 3 – 5 keV is in the 1-μm range, which may be readily available only for extremely ductile 
metals such as silver [3]. 

In connection with a study of atomic absorption in the Cd L edge region we tried to prepare a 
homogeneous Cd metal absorber with optimum thickness [4]. Generally, thinner absorbers can still 
be used since the accuracy of the measured cross section decreases in proportion to the thickness; 
too thick absorbers, on the other side, become useless since the intensity of the transmitted beam 
decreases exponentially with thickness. Besides, the higher harmonics prevail in the transmitted 
beam, leading to significant systematic errors – as in inhomogeneous samples [5]. 

The ductility of cadmium is poor, the thinnest foil on stock at Goodfellow is 15 μm, and the success 
of additional rolling unlikely. Sputtering Cd is also not feasible. Among several approaches two 
provided good results: 

Vacuum evaporation. Cd layers were deposited on 3 μm Al substrate by vacuum evaporation in a 
vacuum chamber with base pressure of 1x10-6 Torr. A resistively heated Ta boat was used to heat a 
piece of solid Cd, and the thickness of the layers was monitored in situ by a quartz thickness 
monitor. Typical growth rate employed was 10 nm/min. Prior to evaporation the material was 
thoroughly degassed. During deposition the substrate was at room temperature.   

Boron nitride pellet. The micronised boron nitride powder is rubbed on the surface of Cd ingot until 
a uniform dark grey color is obtained. The powder is pressed into a pellet with surface density of 25 
mg/cm2 in a standard press with 5 bar pressure. A similar approach has been used previously for 
potassium metal [3]. 

Cd L-edge spectra of the two Cd metal samples were measured at the C station of HASYLAB in the 
transmission detection mode. In the beam from Si(111) double-crystal monochromator with 0.8 eV 
resolution at 3.5 keV, higher-order harmonics were eliminated by detuning the crystals to 50 % of 
the rocking curve maximum, using beam-stabilization feedback control. The gas fillings of the 
three ionization detectors optimized for the energy range of 3400 eV to 4500 eV were 235 mbar in 
the first and 1000 mbar of N2  in the second and the third one. In the XANES region energy steps of 
0.5 eV were used for precise determination of the edge profile, while for the EXAFS region 
equidistant k-steps (0.03 Å-1) were adopted with total integration time of 1s/step. The exact energy 
calibration was established with a simultaneous absorption measurement on 1 μm thick Ag metal 
foil (Ag L1-edge: 3805 eV) between the second and the third ionization chamber. 
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The absorption scans over the entire L edge region are shown in Fig. 1. The results on the two 
samples agree perfectly, mutually guaranteeing that both are truly Cd metal, without chemical or 
structural changes from the preparation. Although the resolution is low due to the short L3 interval, 
truncated at k ∼ 6.8 Å-1, a useful structural signal χ(k) can be extracted (Fig. 2), yielding the 
transform |χ(R)| with the same contributions of consecutive shells of neighbors, as in the K-edge 
EXAFS of 15 μm thick Cd foil [6].  
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Figure 1: L-edge region X-ray absorption in vacuum-deposited Cd on Al and Cd metal in BN pellet. 
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Figure 2: The k2 weighted Cd L3-edge EXAFS spectra of Cd on Al and Cd in BN (left), and Fourier 
transform magnitude of Cd on Al at L3 edge, and of Cd foil at K edge, from the k range 3.0 – 6.5 Å-1 (right). 
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Different oxidation states of vanadium in oxides are correlated with its coordination polyhedra at 
ambient conditions: the tetrahedral coordination is typical for V5+, the regular octahedral 
coordination is generally observed for V3+, while the trigonal bipyramids, square pyramids, or 
distorted octahedra are formed around V5+ and V4+ [1]. This interplay between the valence state and 
coordination is fundamental, for instance, for the use of vanadates in electrochemical applications. 
In general, the variation of temperature does not substantially influence the oxidation state of 
vanadium and, as a consequence, the type of the coordination polyhedra. Pressure, on the other 
hand, is a parameter that could induce drastic changes in the coordination spheres of vanadium [2]. 

In this work, we have been interested in the stability of (NH4)2V3O8 fresnoite at high pressures 
studied with single-crystal x-ray diffraction in diamond anvil cells. Our study was especially 
focused on the possibility of pressure-induced coordination changes around V4+ and V5+. 

At room temperature and ambient pressure, (NH4)2V3O8 has an acentric structure (P4bm, Z = 2) 
built of layers of corner-sharing V5+O4 tetrahedra and V4+O5 square pyramids. The NH4

1+ cations 
are incorporated between the layers. 

The experiments were carried out using a HUBER four-circle diffractometer equipped with a 
marCCD165 detector at the D3 beamline (λ = 0.4000 Å). The intensities were integrated and 
corrected with the program XDS [3]. All the synchrotron diffraction data were analyzed and refined 
using the program JANA2006 [4].  

 

 

Figure 1 Details of the crystal structures at 1.95 GPa (left) and 6.90 GPa (right). Selected V-O distances are 
in Å. 
 

At about 3 GPa, there occurs a reversible first-order phase transition to a three-dimensional 
structure (P4/mbm, Z = 2) built of corner-sharing V5+O5 trigonal bipyramids and V4+O6 octahedra 
(Figure 1). The NH4

1+ cations fill up the interstitial sites in the tunnels formed by the vanadate 
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framework. Up to the phase transition, the a lattice parameter of the low-pressure polymorph does 
not change while the contraction perpendicular to the stacking of the V3O8 slabs accounts entirely 
for the bulk compressibility (Figure 2). Above the phase transition, the a lattice parameter slightly 
expands. 

 
Figure 2  Pressure dependence of lattice parameters, a/c axial ratios, and unit-cell volumes for the P4bm and 
P4/mbm structures (full and open symbols, respectively). The lines are the fits of the Birch-Murnaghan 
equations of state to the compressibility data. The symbols are larger than the estimated standard deviations 
of the experimental data. 
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Yttrium and all the lanthanides except Eu and Pm form isostructural metallic tetraborides with a 
tetragonal unit cell (space group P4/mbm, #127). These compounds have unusual magnetic 
properties as a result of the competition between higher-order interactions and the geometrically 
frustrated lattice of the rare-earth ions. In particular, HoB4 orders ferromagnetically with two 
successive Néel temperatures, TN1=7.1 K and TN2=5.7 K [1]. In the present work we have studied 
thermoelastic properties of HoB4: the bulk modulus at room temperature, the crystal structure at 
room temperature, and the thermal expansion coefficient as a function of temperature. The 
investigated pressure range is 0–23 GPa, and the temperature range is 100–300 K. 
  
HoB4 single crystals were prepared in a multistage process: synthesis of single-phase powder, 
compacting into rods, and single-crystal growth by inductive zone melting. X-ray diffraction was 
utilized at HASYLAB in Hamburg, Germany, using synchrotron radiation. High-pressure studies 
were performed using a diamond anvil cell and the white-beam energy-dispersive method. Low-
temperature studies were performed using monochromatic radiation and a four-axes single-crystal 
diffractometer.  
 
Our experimental results have been supported by calculations using density functional theory 
(DFT). The heavy rare-earth boride HoB4 is a strongly correlated f-electron system, which needs 
special theoretical treatment. We have therefore also carried out calculations using the correlated 
band theory LSDA+U method. 
 
A fit of the Birch-Murnaghan equation of state to the experimental pressure-volume data points in 
the pressure range 0–12 GPa gives a zero-pressure bulk modulus B0=195±5 GPa, assuming the 
pressure derivative B0’=4.00. The experimental bulk modulus compares well with our calculated 
values B0=188.4–198.2 GPa for LSDA and LSDA+U, respectively. To our best knowledge, there 
are no published values of the bulk modulus, with which to compare the present result. 
 
L.G. and J.S.O. gratefully acknowledge financial support from the Danish Natural Sciences Research 
Council through DANSCATT.  
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Structure of multi-component phosphate glasses by 
X-ray diffraction with high-energy photons 
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The investigation of the atomic structure of multi-component glasses is a challenging task whereby 
a combination of different experimental methods is helpful. The use of compositional series to 
resolve the different pair distances is advantageous. The good resolving power of X-ray diffraction 
using high-energy photons (BW5) is an excellent tool in this field. We measured four small series 
of glasses (Nb2O5-NaPO3, SnO-P2O5, Ga2O3-Sn2P2O7, Na2O-GeO2-P2O5) and another single Na2O-
SiO2-P2O5 sample during our last period of diffraction experiments on BW5 (March 2010). The 
scattering intensities were obtained with a photon energy of 114.5 keV in a range of scattering 
angles of 0.5° < 2θ < 26°. The intensities were measured in two parts with a narrow detector slit for 
small scattering angles and a greater slit width for greater scattering angles. A part of the corrected 
and normalized scattering data is shown in figure 1. The normalization of the intensities of those 
glasses which contain Sn makes still problems. The atomic form factor of Sn needs improvement.  
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Figure 1: X-ray structure factors of part of the glasses measured in our March 2010 period on BW5.  

The upper three samples indicated in figure 1 are part of a continuation of earlier investigations of 
K2O-GeO2-P2O5 glasses [1]. The corresponding structure factors show first sharp diffraction peaks 
(FSDP) at 8 nm

-1
. This FSDP corresponds to great medium-range distances of 1 nm. Unusually 

great mean Ge-O coordination numbers of ~5 were obtained [1]. Similar behaviour is expected for 
the glasses of the present study. The new samples extend the compositional range under investiga-
tion.  
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The Nb2O5-NaPO3 samples were already measured by 
31

P, 
17

O and 
93

Nb NMR, O1s X-ray photo-
electron spectroscopy and Raman spectroscopy [2,3]. Additional neutron and X-ray diffraction 
experiments will improve the knowledge of the environments of the Nb atoms. Figure 2 shows the 
corresponding pair correlation functions from X-ray diffraction (BW5). Details of the Nb-O, Nb-P 
and Nb-Nb distances change clearly with increasing Nb2O5 content x, especially beyond x = 0.20.  
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Figure 2:  Real-space correlation functions of  Nb2O5-NaPO3 glasses [2,3].  The Nb-O first-neighbour peaks 
are composed of three components ranging from 0.16 to 2.3 nm. Considerable numbers of Nb-O-Nb bridges 

appear only for samples with x > 0.20.  

The Sn-containing glasses are developed as optical materials of low melting temperatures and high 
refractive indices [4]. A special reason for development of such glasses is the replacement of lead-
containing materials in everyday used things. The Sn-O environments of binary SnO-P2O5 glasses 
change with the SnO content [5]. Therefore, the first series of samples are the binary glasses. Third 
components such as Ga2O3 are improving the durability and the optical properties of the materials. 
Earlier, we detected preferences of the PO4 tetrahedra for special neighbours in some other ternary 
phosphate glasses [1]. That behaviour has consequences for the appearance of special structural 
units of the third component. Therefore, compositional changes of the Ga-O environments should 
exist. On the other hand, the Sn

2+
 ions possess lone pairs of non-binding electrons. Thus, the Sn

2+
 

can act as ions of different field strength in different directions of their environment. Such ions can 
compensate for conflicts between the other groups present in the glass structure.  
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The PrxLa1-xAlO3 single crystals, where x=1, 0.75, 0.55, 0.4 and 0 were grown by means of the 
Czochralski method [1]. High purity Pr6O11, Al2O3 and La2O3 oxides (99,995%) were used as raw 
materials. All components were mixed in stoichiometric ratios. The pulling and rotation rates were in 
the range of 1-1,7mm/h and 6-8rpm. The crystals have been grown in pure nitrogen atmosphere. The 
samples were cut out perpendicular to the <100> pseudo-cubic axis closest to the actual growth 
direction and were characterised by a number of methods including conventional and synchrotron 
X-ray diffraction topography, and polariscopic micrographs. The samples surfaces were also 
investigated with a high resolution profilometer. 

The presently applied orientation allowed a precise recognition of domain systems and the 
determination of the orientation of the lattice connected with the domains. It has been confirmed 
that the domains are of twin character by loosing the centre of symmetry along <100> and <110> 
pseudo-cubic axes during the phase transition from the high-temperature cubic phase to the low-
temperature rhombohedral phase as described by Dudley and Yao [2] for LaAlO3 and LaGaO3 . The 
observed domain systems are located perpendicular to the <100> and <110> pseudo-cubic 
directions and correspond to two possible lattice orientations connected with the rhombohedral 
distortion of the lattice. The evaluated changes of the orientation are dependent on the chemical 
composition of the crystals. The representative topographs are shown in Fig.1. The important 
advantage of the white beam transmission section topography was the possibility of proving the 
domain systems to be perpendicular to the sample surface (Fig. 2).  

The details of the domain structure are clearly visible in polariscopic migrographs. It was also 

possible to reveal them by means of the profilometer. The observed surface relief is most 

probably caused by different mechanical or chemical polishing of differently oriented materials 

inside the domains. It was found that the addition of magnesium impurity increased the density of 

domains and the mutual  lattice inclination between neighboring  domains which exceeded 1.5º. 

 
 
 

 a.        b. 

 

Figure 1: The representative projection back-reflection topograph of the LaAlO3 – a and  LaAlO3 + 
4.2%Pr+2.1%Mg- b, revealing the domain structures along two perpendicular planes.  
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a. 

 

 

 

b. 

 

Figure 2: The transmission white beam section topograph of the PrLaAlO3. The vertical location of the 

domains proves their perpendicularity to the surface of the sample (a), some horizontally located lines (b) 

correspond to the domain system along the (001) planes parallel to the surface.   
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Like other RTC2 compounds (R = Rare earth metal and T = Transition metal, e.g. Co, Fe, Mn or
Ni) SmNiC2 crystallizes at room temperature in the CeNiC2 structure type with the orthorhombic
space group Amm2 [1]. Most of the compounds of this series develop antiferromagnetic order
upon lowering the temperature. Exceptions are LaNiC2 and SmNiC2, which are a superconductor
below TC = 2.7K or become ferromagnetic (FM) ordered below TC = 17.7K, respectively. Of
particular interest is SmNiC2 because of the existence of an incommensurate charge-density wave
(CDW) state below TCDW = 148K. The CDW is reflected by satellite reflections at incommen-
surate positions in x-ray diffraction. These satellites vanish at TC , where the state of FM order
develops [2].
We performed single-crystal x-ray experiments on the Huber-4-circle diffractometer at beamline
D3 of Hasylab with a closed-cycle helium cryostat. A point detector was used, because its large
dynamic range allowed us to measure both weak satellite reflections and strong main reflections of
the modulated structure. Furthermore, a point detector makes it possible to resolve Bragg reflec-
tions with nearly-equal scattering vectors.
At temperatures of T = 60K and T = 9K we have measured ω-2θ maps centered on the reflec-
tions ( 0 2 2̄ ), ( 0 2 2̄ ) and ( 0 2 2̄ ). We performed ω scans of 101 steps for a series of 81 2θ values
(step sizes were 0.003◦ and 0.002◦, respectively) for each reflection with a small acceptance angle
of 0.0031◦ in the 2θ direction, achieved by detector slits of 6× 0.02 mm2. The result is illustrated
in Fig. 1. Neither at 60 K nor at 9 K a splitting of these reflections is visible, which indicates the
absence of a lattice distortion. (Compare to the small lattice distortion and small peak splittings for
CrOCl [3].) Therefore, our experiments indicate that the lattice remains orthorhombic both in the
CDW and in the FM states [4].
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Figure 1: Diffracted intensity as a function of the crystal orientation (Δω) and the scattering angle (Δ2θ).
Reproduced from [4].

In a second experiment a data collection at T = 60K was implemented, to be able to establish
a model describing the incommensurate modulated structure in the CDW phase and to clarify the
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mechanism of the CDW formation. Orthorhombic lattice parameters of the basic structure have
been obtained as a = 3.6965(5), b = 4.5293(7) and c = 6.0955(8) Å at T = 60K. The modula-
tion vector was determined as qCDW = (0.5, 0.516, 0), in agreement with [2]. Integrated intensities
have been measured of 437 main reflections (m = 0) and 471 first-order satellites (|m| = 1) up
to a sin (θ) /λ = 0.74 Å−1. At 155 positions of second-order satellites (|m| = 2) ω scans showed
that these reflections are to weak to be measured.

(b)

a

b

Ni

Sm

Sm

Ni

C

c

ab

(a)

Figure 2: (a) Basic crystal structure of SmNiC2. (b) One layer of Sm and Ni atoms with atomic displacements
indicated by arrows. Reproduced from [4].

The modulated structure of SmNiC2 at T = 60K has been refined within the of superspace ap-
proach with the superspace group Amm2

(
1
2
σ2 0

)
000. The basic structure is built of layers of Ni

and Sm atoms stacked along the c axis, the C atoms are located as C2 groups between these lay-
ers [Fig. 2 (a)]. In the CDW state Ni atoms form dimerized chains along the a axis and show the
largest modulation amplitude [Fig. 2 (b)], as well as the the largest variation in bonding distances
between neighbouring atoms. For that reason, the Ni atoms carry the valence band responsible
for the CDW. This observation is affirmed by the electrical resistivity, which is lowest along the
a axis. Within one layer, neighbouring Ni chains have an approximate anti-phase relation. For a
single layer, the optimal modulation wave vector would be commensurate (0.5, 0.5, 0). The relation
between chains in neighbouring layers is given by the A center. In the case of this commensurate
modulation wave vector, atoms modulated in one layer would, therefore, have zero modulation in
the next layers. Due to the identical environments, this is implausible. Instead of this, the A center
provides a frustration between the modulations of the chains in neighbouring layers, which leads to
an incommensurate coupling between the layers. In consequence, the modulation wave vector for
the whole structure is incommensurate, qCDW = (0.5, 0.516, 0) [4].
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Over the last years, intermetallic compounds from the system Ce–Rh–Sn have attracted a 
considerable attention owing to a rich variety of strongly correlated electron phenomena they exhibit. 
CeRhSn2, Ce5Rh4Sn10, Ce2Rh3Sn5 and Ce3Rh4Sn13 are magnetically ordered heavy fermion systems 
[1-5].  Interestingly, for Ce3+xRh4Sn13-x (0.2<x<0.6) no sign of Kondo effect and long range magnetic 
order was found down to the temperature of 0.4 K [5]. In turn, CeRhSn shows non-Fermi liquid-type 
thermodynamic and transport properties at low temperatures [6-7] accompanied by an intermediate 
valence state of the Ce ions. Further, for CeRhSn, CeRhSn2 and CeRh2Sn4 spin fluctuations due to 
the Rh 4d electrons were also suggested [1,7-8].  The possible coexistence of magnetic phenomena 
originating from Ce and Rh makes the unequivocal interpretation of experimental data for these 
compounds very difficult. Consequently, a detailed understanding of the very complex physical 
properties/behavior requires the use of a broad spectrum of experimental methods, including 
extended thermodynamic and transport measurements as well as careful investigations of electronic 
structure. For these systems the full characterization of Ce 4f states in regard to their occupancy, 
localization in a conduction band and hybridization with the other valence band states is crucial for 
an unambiguous determination of ground state properties and the low energy excitations. Thus,      
X-ray absorption spectroscopy (XAS) is here of great use as a bulk probe which is highly sensitive 
on chemical states of elements. Furthermore, absorption measurements at the Ce LIII  edge results in 
spectra with minimized lifetime broadening, largely unaffected by complicated many-electron final 
state effects. These spectra can be used to estimate the numbers for the fractional valence of Ce 
which originates from the strong hybridization between the Ce 4f and the other valence band states 
related to the valence fluctuation phenomena and/or to the formation of covalent bonds. 
 

The Ce LIII  XAS spectra were recorded in a transmission arrangement at the EXAFS beamlines A1 
and C of the HASYLAB at DESY. The wavelength selection was realized using the Si (111) double 
crystal monochromator which yielded an experimental resolution of approximately 1.5 eV (FWHM)  
at the Ce LIII  threshold of 5723 eV (C), or using the two-crystal mode (A1). The powdered materials 
were mixed with small amounts of B4C and mounted on a 1cm2 window sample holder using the 
paraffin wax. Measurements were performed at ambient temperature and at low temperatures down 
to 5 K using a He-gas flow cryostat. Experimental data were recorded using CePO4 or CeO2 as 
external reference compounds with Ce ions in a trivalent or in a tetravalent state, respectively.  
 

The Ce LIII  XAS spectra for the compounds Ce3Rh4Sn13, Ce3.2Rh4Sn12.8, Ce3.5Rh4Sn12.5, CeRh2Sn4, 

Ce1.2Rh2Sn3.8 and Ce2.1Rh3.1Sn4.8 (Fig. 1) show only a single ‘white line’ at the energy of ∼5722 eV. 
These maxima correspond to 4f1(5d6s)3 configuration of the Ce3+. There is no evidence for additional 
peaks in the measured spectra, distributed analogously to the maxima observed in the spectrum for 
the CeO2 standard. Thus one can conclude that Ce ions in the investigated systems are exclusively in 
a trivalent state. Furthermore, there is basically no difference between the spectra measured at 
ambient conditions and at low temperatures. This indicates that the trivalent electronic configuration 
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of Ce in these compounds is stable over the 
examined temperature range. In case of  
Ce2Rh3Sn5, however, there is also a weak 
additional peak in the Ce LIII  XAS spectra at 
the energy of nearly +9 eV above the ‘white 
line’, which can be ascribed to 4f0(5d6s)4 
configuration of the Ce4+. This minor 
contribution diminishes with increasing 
temperature, as often observed for Ce-based 
intermediate valence systems [9]. Further,   
the presence of this additional maximum in 
the measured Ce LIII  XAS spectra was found 
to  be very sensitive on chemical composition. 
For Ce2.1Rh3.1Sn4.8 a stable trivalent state of 
Ce ions has been observed within the whole 
investigated temperature range (Fig. 1). 
 

Quantitative evaluation of the Ce LIII  XAS 
spectra for Ce2Rh3Sn5 was performed using 
the Athena program package [10]. 
Deconvolution of the normalized spectra  
was carried out considering two Gaussian 
functions representing the defined transitions 
and an arctan step function to account for the 
transitions of photoelectrons ejected from 
2p3/2 states to the continuum. Analysis of the 
relative decrease of the 4f0(5d6s)4 peak with 
increasing temperature leads to the rough 
estimate of the mean valence of Ce ions in 
Ce2Rh3Sn5 changing from +3.10 at 6 K to 
+3.05 at ambient temperature.              Figure 1: The normalized Ce LIII  XAS spectra. 
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We have continued our investigations about the surface morphology and strain state of lattice-
matched (In,Ga)P layers grown on GaAs (001 substrates by gas source molecular beam epitaxy 
[1,2,3]. In this material system growth parameters can be found where extended and well ordered 
surface undulations are formed which are aligned along the [-110] direction. The microscopic 
mechanisms mediating the formation of the surface undulations are – however - not understood yet 
in detail. Three mechanisms may play a fundamental role:  

 
(i) Spontaneous long-range atomic ordering (LRO) of CuPtB-type in the (In,Ga)P layer 
(ii) (Periodic) lateral composition modulation in the (In,Ga)P layer which can be coupled to a 
(iii) Morphological instability. 

 
The surface undulations are most pronounced for comparatively large layer thicknesses of several 
hundreds of nanometers. For the sample shown in Fig,1a (250 nm thickness) we found – despite the 
fact that the In0.48Ga0.52P layer is lattice matched to the GaAs substrate – a large mean horizontal 
lattice strain in the near surface region of about ε|| = 7.6 ⋅10-4 [3]. This is a strong indication that the 
surface morphology is accompanied by an increased indium concentration or even a lateral 
(periodic) surface compositional modulation in the very near surface region.  

200 nm200 nm

[110]

[110]

[ 10]1

[110]

[110]

[ 10]1
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Figure 1: Atomic force micrographs images of a (a) 250 nm and (b) 30 nm In0.48Ga0.52P layer on GaAs (001) 

A much thinner In0.48Ga0.52P layer (Fig1b, 30 nm) exhibits rather weak surface undulations, however, the 
remarkable anisotropy along [110] and [-110] can be still clearly observed. X-ray diffuse scattering 
experiments have been performed at BW2 beam line. Reciprocal space maps have been performed 
in the vicinity of several out of plane (CWAXS) and in-plane (GIXD) reciprocal lattice points.  

Around -113 only weak diffuse scattering is observed which is probably caused by defects in the 
GaAs substrate (Fig.2b). By contrast, the diffuse scattering around 113 has an additional strong 
component caused by the surface undulations on the In0.48Ga0.52P layer (Fig.2a). However, although 
the diffuse scattering shows an intensity modulation it is symmetric with respect to the crystal 
truncation rod (CTR). This is a strong indication that the scattering arises from the morphology of 
the stripes while the surface undulations themselves are not strained. 

This observation is confirmed by the mappings measured around the GaAs 220 and -220 in-plane 
reciprocal lattice points (Fig.3). Again, distinct differences can be observed, which are caused by 
the morphology of the surface undulations. However, the center of mass of the diffuse scattering is 
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again centered with respect to the substrate reflection P, indicating that the surface undulations are 
free of strain.  
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Figure 2: X-Ray diffuse scattering (CWAXS) around the (a) 113 and (b) -113 out-of-plane Bragg 
reflections of GaAs (denoted as P). The black arrows in the inset indicate the orientation of the 
in-plane component of the scattering vector with respect to the sample. 

 
The 220-mapping shows two maxima separated by about ∆q110 = 0.04 Å−1

. This would correspond 
to a distance in real space of L = 30 nm which compares well to the atomic force micrograph shown 
in Fig.1b, where a mean distance between the surface undulations is about 25 mm.  
 

-0.04 0 0.04
3

3.05

3.1

3.15

3.2

3.25
220

-0.04 0 0.04
3

3.05

3.1

3.15

3.2

3.25
-220

2

3

4

5

6

7

log(I)

q
(

)
11

0 
 

 
Å

-1

q ( )110   Å-1

q
(

)
-1

1
0 

 
 

Å
-1

q ( )-110   Å-1

P P

InGaP
“Waste”

InGaP
“Waste”

diffuse
scattering

diffuse
scattering

(a) (b)

 
Figure 3: In-plane grazing incidence x-ray diffuse scattering (GIXD) around the (a) 220 and (b) -220 

reciprocal lattice point of In0.48Ga0.52P. The pink arrows in the inset indicate the orientation of the 
scattering vector with respect to the sample. 

 
We are grateful to D. Novikow and H. Schulz-Ritter for valuable assistance with the experimental 
setup. 
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The main aim of our experiments was investigation of high-temperature behaviour of novel high-
pressure nitrides of hafnium, and tantalum as well as of the related ambient pressure counterparts 
employing in-situ high temperature X-ray powder diffraction (XRD). The cubic Zr3N4 and Hf3N4 
having Th3P4-type structure (S.G. I-43d, No. 220) were first obtained via chemical reactions of Zr 
and Hf metals or their mononitrides with molecular nitrogen at high pressures (>15 GPa) and high 
temperatures (>2500 K) in a laser heated diamond anvil cell (LH-DAC) [1]. Preliminary 
compressibility measurements have indicated high bulk moduli, B0, of about 250 GPa (with B0’=4) 
for both compounds thus suggesting their high hardness. Subsequent theoretical studies of these 
transition metal nitrides supported their low compressibility and suggested high hardness of about 
20 GPa [2, 3]. Further interest in these materials was excited by the finding that thin films of c-
Zr3N4 are significantly harder than those of zirconium mononitride (δ-ZrN) and dramatically 
outperform traditional δ-TiN in wear resistance during machining of low-carbon steels [4]. These 
results demonstrated a great potential of c-M3N4 (M=Zr or Hf) for industrial application as hard 
wear-resistant coatings. The novel η-Ta2N3 having orthorhombic U2S3-type structure was obtained 
at high pressures and temperatures (11-20 GPa and 1500 K, respectively) via decomposition of 
Ta3N5, a metastable nitrogen reach form accessible via ammonolysis of Ta2O5 [5]. The hard η-
Ta2N3 is the candidate for application as a structural material because its crystals exhibit a needle-
like habitus with a high aspect ratio.  

In our experiments at HASYLAB (beam-line B2) we investigated the thermal expansion and 
thermal stability of c-Hf3N4 as well as of two nitrides of tantalum, Ta3N5 and the recently 
discovered high-pressure η-Ta2N3. Measurements were performed from room temperature (RT) up 
to 1200 K using the capillary furnace and a curved image plate detector. For c-Hf3N4 its lattice 
parameter was found to linearly increase with temperature in the whole temperature range (Fig. 1). 
The average linear thermal expansion coefficient of c-Hf3N4 in the investigated temperature range 
was estimated to be αL=9.6⋅10-6 K-1 which is slightly lower than that of the oxygen-bearing c-Zr3N4 
(11.5⋅10-6 K-1) reported earlier [6]. The onset of oxidation of c-Hf3N4 was found to take place at 
temperatures above 900 K. 

 

Figure 1: Relative elongation of the lattice parameter of cubic Hf3N4 measured at high temperatures in 
comparison with that of the oxygen-bearing c-Zr3N4 [6]. 
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Our experiments on Ta3N5 have shown that this compound oxidizes at temperatures exceeding 
1000 K (Fig. 2). From the XRD patterns measured below this temperature we could recognise that 
Ta3N5 exhibits a low thermal expansion coefficient. Two examples of the patterns collected at 323 
and 973 K are shown in Figure 2. From the preliminary analysis of the collected data the thermal 
expansion coefficient of Ta3N5 was estimated to be αV=1.6⋅10-5 K-1. Analogous measurements on 
η-Ta2N3 have shown a thermal expansion coefficient of a similar order of magnitude. 

Figure 2: XRD patterns of Ta3N5 measured at high temperatures. 
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Recently we have synthesized a series of double perovskites La2-xSrxCoIrO6.00 for the first time and 

investigated temperature and composition (x) dependence of their crystal and magnetic structures [1]. 

In this work [2] we have prepared the end member Sr2CoIrO6-δ (x=2) with different oxygen 

stoichiometries and have analysed the structural behaviour and the magnetic properties in dependence 

on temperature and oxygen content. 

The crystal structure of Sr2CoIrO6-δ in dependence on temperature was analysed by synchrotron 

powder diffraction at the beamline B2 at HASYLAB/DESY (Hamburg, Germany) and in dependence 

on both, temperature and gas atmosphere (air or Ar), by neutron powder diffraction on SPODI at the 

FRM II in Garching by Munich (Germany).  

The investigations with synchrotron radiation in the temperature range of 10-1173 K were performed 

for δ = 0 in a quartz capillary in air in Debye-Scherrer mode using the on-site readable image-plate 

detector OBI and a He closed-cycle cryostat or a STOE furnace equipped with a EUROTHERM 

temperature controller. Measurements were performed with a temperature step of 25 K.  

All diffraction patterns have been analysed by full-profile Rietveld refinements, using the software 

package WinPLOTR. In order to reduce the degree of correlation between B-site disorder and thermal 

displacement parameters, the structure model was refined with an isotropic approximation for the 

thermal parameters of all atoms, which were constrained into three groups: one value for all oxygen 

atoms, one for Sr and one common for Co- and Ir-atoms.  

The structural symmetry of the solid solution Sr2CoIrO6-δ is strongly dependent on temperature and 

oxygen stoichiometry. Temperature and stoichiometry induced symmetry changes with preserved 

stoichiometry are caused by tiltings of CoO6- and IrO6-octahedra. The crystal structure of Sr2CoIrO6-δ 

without oxygen deficiency (δ = 0) is monoclinic (I2/m) at room temperature, while Sr2CoIrO5.80 is 

tetragonal (I4/m). Synchrotron measurements of Sr2CoIrO6.00 in air showed a sequence of phase 

transitions at elevated temperatures: with increasing temperature it becomes tetragonal (I4/m) and 

cubic (Fm-3m): I2/m  →← K620  I4/m  →← K700  Fm-3m. There is no significant change of oxygen 

content in air at these temperatures according to thermogravimetric measurements. The measurements 

have shown that Sr2CoIrO6-δ is stable in Ar-atmosphere (p(O2) ≤ 10-5 bar) up to 1323 K, which 

corresponds to a δ of about 0.35, and decomposes with elimination of metallic Ir at higher 

-809-



 2 

temperatures. The decomposition process is reversible and depends strongly on the oxygen partial 

pressure: after annealing of the decomposition products at 1423 K in air (p(O2) = 0.21 bar) only 

Sr2CoIrO6-δ was formed again.  

The low-temperature structural behaviour of Sr2CoIrO6.00 and Sr2CoIrO5.80 is different: synchrotron 

and neutron experiments revealed a structural phase transition I2/m → P21/n of stoichiometric 

Sr2CoIrO6.00 with a coexistence of both modifications below 220 K (Fig. 1), whereas oxygen deficient 

Sr2CoIrO5.80 does not demonstrate any change in lattice symmetry, but only a decrease of the average 

interatomic Co-O and Ir-O distances at lower temperature. The relative amount of the I2/m 

modification in Sr2CoIrO6.00 decreases with decreasing temperature as expected for a metastable phase, 

which is still coexisting after a first order phase transition.  
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Figure 1. A section of synchrotron powder diffraction patterns (λ = 0.50206 Å) of Sr2CoIrO6.00, recorded 
for increasing temperatures between 100 and 300 K in steps of 20 K (from top to bottom), revealing the 
existence of a two-phase region with I2/m and P21/n structures below 220 K. 
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Introduction 

The PLD method (Pulsed Laser Deposition) is a powerful tool for preparing thin films of oxidic 

materials. The process parameters control the properties of the deposited films. For example, the 

stoichiometry of the deposited films can be affected by reactive or inert gas atmospheres, while the 

substrate temperature can affect the crystallinity of the films. Thin films with an amorphous 

structure and a high oxygen-deficiency are a promising starting point to crystalline non-equilibrium 

phases. These phases are investigated in the DFG Priority Program SPP 1415 “Crystalline non-

equilibrium phases” [1]. 

We have prepared cerium oxide, hafnium oxide and zirconium oxide compounds by means of PLD 

from polycrystalline CeO2, HfO2 and ZrO2 targets, respectively. All samples were deposited on 

amorphous SiO2-substrates at room temperature. For all systems, samples were made in oxygen and 

in an argon atmosphere. Films deposited at room temperature and in an argon atmosphere should 

lead to interesting amorphous films with a high oxygen deficiency, while the films deposited in 

oxygen should be stoichiometric. Here we report on the chemical and structural properties of these 

films investigated by electron probe micro analysis and X-ray absorption spectroscopy. 

The cerium oxide films are slightly yellow colored. Due to high surface roughness, a determination 

of the chemical composition by means of electron probe micro analysis was not possible. 

The hafnium oxide films deposited in oxygen are colorless and have a stoichiometry of HfO2.0, 

while the films deposited in argon are black and have a stoichiometry of HfO1.8, as obtained by 

electron probe micro analysis. 

The zirconium oxide films deposited in oxygen are colorless and stoichiometric. The zirconium 

oxide films deposited in argon are black and also stoichiometric. 

 

EXAFS Analysis 

The Ce and Zr K absorption edges, as well as the Hf LIII absorption edge were measured at 

beamline C at synchrotron DORIS III. 

The EXAFS-RDFs (Fig. 1) of cerium oxide films show that both films show for the first 

coordination shell about the same intensity as the crystalline reference, made of crystalline CeO2 

powder. In contrast, the intensities of the second coordination shell are smaller than in the 

crystalline reference. This indicates that the films exhibit a defined short range order and possibly 

some crystallinity. 

In the case of hafnium oxide, one can see that the intensities of the first coordination shell of the 

deposited films is nearly identical to the first shell of the crystalline reference, while the intensity of 

the second shell almost diminishes for both films. We interpret this experimental result as disturbed 
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long-range order, which we expect in amorphous materials, and conclude that the hafnium oxide 

films are fully amorphous. 

For zirconium oxide, the films deposited in oxygen have a very similar intensity for the first 

coordination shell as the crystalline reference, while the intensity of the second coordination shell is 

almost non-existing for the deposited films, which can be concluded to be amorphous. The films 

deposited in argon on the other hand show some intensity in the second shell, which is still less than 

for the crystalline reference. Therefore, it can be concluded that the films deposited in argon 

contain some crystallinity, but also some structural disorder. 

 

Figure 1: Radial EXAFS distribution functions of 
different cerium oxide samples extracted from Ce K 

edge spectra. 

 

Figure 2: Radial EXAFS distribution functions of 
different hafnium oxide samples extracted from Hf 

LIII edge spectra. 

 

Figure 3: Radial EXAFS distribution functions of 
different zirconium oxide samples extracted from Zr 

K edge spectra. 

 

The main goal of these experiments is to find a structure model which is able to represent the 

amorphous structures according to the measured data and to correlate physical and chemical 

properties of the films with the structure. Reverse Monte Carlo calculation will be carried out to fit 

the model to the data. 
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The experiments were performed at a photon energy of 70 keV. The beam cross-section for the 
different measurements was between 1 mm × 1 mm and 2 mm × 2 mm. A Mar555 area detector 
was used to record several complete diffraction rings. The performed experiments give a 
contribution to the two following research activities. 

1. Effect of overloads on laser welded Aluminium joints 

   

                                 (a)                                                                   (b) 

Figure 1:  (a) Specimen mounted in stress rig at HARWI II beamline and               
(b) Welded C(T)100 specimens with a map of the measured residual strain differences ∆ε 

Aluminium aircraft structures operate under cyclic spectrum loading. This can lead to a history 
dependency of the fatigue crack propagation on the applied load cycles. Overloads (high-low load 
sequence) can cause a localised plastic deformation limited to the crack tip, leading to the formation 
of residual stress in the cracked specimen. Interactions between the residual stress fields caused by 
the overload and those caused due to welding result in a complicated scenario for fatigue crack 
growth and crack retardation [1]. Figure 1 (a) shows the experimental set-up with a aluminium 
C(T)100 specimen mounted in the hydraulic stress rig at the HARWI II beamline. The goal of the 
experiment is to help gaining a deeper understanding of the underlying retardation mechanisms, in 
order to improve life prediction methods, a central issue of the damage tolerance concept. Strain 
fields in cracked welded and non-welded C(T)100 specimens of the aircraft aluminium alloy 
AA2139 were measured in the crack tip area with and without applied external load. Figure 1 (b) 
gives an example of the measured residual strain differences for a welded AA2139 specimen after 
the application of an overload and without external loading during the measurement (∆ε is the 
difference between strains parallel and perpendicular to the weld line). The map consists of the data 
of approximately 900 single measurements at the positions indicated by the small black dots. As 
seen, due to the local plastic deformation during the overload high residual elastic strain differences 
were generated at the crack tip. These results can be used for the prediction of fatigue life of the 
specimens. 
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2. Effect of residual stresses on the fatigue crack propagation 

Residual stresses can have a significant impact on the fatigue crack propagation in welded 
aluminium aircraft structures [2]. During the last years, a couple of interesting approaches were 
developed to modify the welding-induced residual stresses. Mechanical tensioning is one of these 
approaches [3]. Here the sheets are elastically pre-stretched during welding. 

 

     

                                 (a)                                                                          (b) 

Figure 2:  (a) Mechanically tensioned aluminium butt joints mounted at HARWI II beamline and                  
(b) Measured residual strain differences for two specimens with different pre-stresses  

Figure 2 (a) shows a part of the manufactured specimens mounted at the beamline HARWI II. 
Residual stress measurements on eight specimens with the same welding parameters, but different 
pre-stretching stresses were performed. The goal was to obtain validation data for residual stress 
predictions from numerical welding simulations. In these simulations, predictions are obtained by 
performing a sequentially coupled thermal and mechanical transient finite element analysis. 
Figure 2 (b) shows the measured residual strain differences as a function of the distance from the 
weld line for two specimens with different mechanical tensioning pre-stress during welding. As 
seen, the pre-stressing leads to a significant change of the residual strain differences after welding. 
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Te-rich ternary Ge20SexTe80-x alloys possess a good glass forming ability and a broad supercooled liquid
region (112 K for x = 5). Alloys with 40 < x < 60 demix in the liquid state and it is not possible to obtain
homogeneous glasses by classical melt quenching. Glass forming ability becomes excellent on the Se-rich
side of the tie line. Due to the complexity of this system, little is known about the structural background of
glass formation and demixing. The aim of our study is to determine short range order parameters
(coordination numbers, bond lengths) of glassy Ge20SexTe80-x alloys. For this purpose we carried out X-ray
and neutron diffraction and Ge and Se K-edge EXAFS measurements. Experimental datasets were fitted
simultaneously by the reverse Monte Carlo simulation technique and partial pair correlation functions,
coordination numbers and nearest neighbour distances were obtained from the resulting atomic
configurations.

Ge20SexTe80-x glasses (with x = 5, 10, 15 and 20) were prepared by putting the high purity (5N) elements in
the appropriate stoichiometry into a silica tube, which was then sealed under vacuum. The ampoules with
alloys were placed into a rocking furnace at 750 °C for 10 h. Then, the batch was homogenized at about 450
°C during 4 h before quenching in water, annealed at 150 °C (3 h) and, finally, cooled down slowly to the
room temperature.

High-energy X-ray diffraction (XRD) measurements were performed at the BW5 experimental station. The
energy of incident photons was 100 keV (λ = 0.124 Ǻ). Powder samples were placed into thin walled (20
μm) quartz capillaries with outer diameter of 2 mm. The cross section of the incident beam was 1×1 mm2.
Scattered intensities were measured by a MAR345 imaging plate detector. Twenty measurements (20 s
each) were carried out on each sample. The sample-to-detector distance and tilt of the imaging plate relative
to the beam path were determined by a LaB6 standard measurement. Raw 2D intensity was corrected for
background, and the result was integrated to Q-space using the software package FIT2D. The Q-space
intensity data were corrected for polarization, sample absorption, fluorescence, and Compton scattering
using standard procedures.

Ge and Se K-edge EXAFS experiments were carried out at the beamline X. Spectra were measured in
transmission mode using fixed exit double-crystals Si(111) and Si(311). The intensities before and after the
sample as well as after the reference samples were recorded by three ionization chambers filled with a
mixture of Ar/Kr (~10% absorption), Ar (~50% absorption) and  Kr (~100% absorption), respectively. The
X-ray absorption cross sections μ(E) were converted to χ(k) by using the program VIPER. Neutron
diffraction experiments were carried out at the 7C2 diffractometer (LLB, Saclay). Experimental datasets are
shown in Figure 1.
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Coordination numbers obtained by the simultaneous simulation of diffraction and EXAFS measurements
are summarized in Table 1. In alloys with lower Se concentration the structure can be described as
essentially built up of GeTe4 tetrahedra connected to each other by Te-Te dimers. Se preferentially binds to
Ge for all compositions investigated. For x≤15, the fits of experimental data are not improved by allowing
Se-Se bonds. On the other hand, at x=20 Se-Se bonds had to be considered to give a good account for the
experiments. Simultaneously, experimental data can be fitted without Se-Te bonding and the Te-Te
coordination starts to increase. These observations may be regarded as the first step towards demixing and
show that Se and Te try to avoid each other in the presence of Ge which leads to nanoscale phase
separation.

Figure 1: Neutron and XRD total structure factors and Ge and Se K-edge k3χ(k) curves of Ge020Sex.Te80-x
glasses.

NGeSe NGeTe NSeGe NSeSe NSeTe NTeGe NTeSe NTeTe NGe NSe NTe

Ge20Se5Te75 0.50 3.55 2.00 0.00 0.00 0.95 0.00 1.18 4.05 2.00 2.13

Ge20Se10Te70 0.68 3.30 1.35 0.00 0.65 0.94 0.09 1.05 3.98 2.00 2.08

Ge20Se15Te65 1.10 2.89 1.46 0.00 0.53 0.89 0.12 1.02 3.99 1.99 2.03

Ge20Se20Te60 1.55 2.33 1.55 0.50 0.00 0.78 0.00 1.24 3.88 2.05 2.02

Table 1. Coordination numbers Nij in Ge20SexTe80-x glasses.
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Anisotropy of unoccupied electron states and core hole relaxation in non-isotropic materials was 
investigated by means of core level spectroscopies. Angular-dependent X-ray Absorption Spectra 
(XAS) and Resonant Inelastic X-ray Scattering (RIXS) spectra were measured on the set  
of group-IV transition metal dichalcogenide compounds (TM=Ti, Zr, Hf), and on titanium dioxide 
(rutile). Our focus was on exploring systematic trends and tendencies of various spectra features 
with the composition of the materials and/or with the absorption edge. In the evaluation process, 
XAS spectra will be calculated, either by means of multiple-scattering real-space (RS-MS) 
formalism [1] or by means of charge transfer multiplet method [2].  

The angular-dependent absorption experiments were carried out at beamline C1 (XAS spectra of 
ZrS2 and ZrSe2 at Zr K-edge, TiSe2 and ZrSe2 at Se K-edge and HfS2 at Hf LI-edge) and at beamline 
A1 (XAS spectra of TiSe2, TiS2 and TiO2(rutile) at Ti K-edge). Transition-metal dichalcogenides 
are characterized by their layered structure and for this reason the spectra were measured in 
particular in out-of-plane and in-plane orientations. In-plane orientation represents the case  
of normal incidence when the electric field of x-ray beam probes intralayer bonds in sandwiches.  
In the case of out-of plane orientation, e.g. grazing incidence, weaker interlayer bonds between 
sandwiches are probed. Although the samples of dichalcogenides were prepared in the form of thin 
foils, all absorption spectra were recorded in total fluorescence yield using PIPS detector and  
7 pixel Si(Li), respectively, because the effective thickness of the samples at out-of-plane 
measurements was too large. The reliable signal in transmission mode was obtained only during  
in-plane measurements and was used solely as comparative data. The self-absorption effect in all 
measurements was corrected by means of FLUO code [3].  

Figure 1 displays the absorption measurements in out-of-plane an in-plane arrangements of TiS2  
and ZrS2 at Ti and at Zr K-edges, respectively. In both pairs of spectra, the individual 
characteristics like pre-peak, white line and oscillations above the edge are due to different nature 
of intralayer and interlayer bonds more intense and/or distinct in the case of in-plane measurements 
than in the latter. While strong intralayer bonds in metal-metal or chalcogen-chalcogen sandwiches 
are dominantly covalent, interlayer bonds between sandwiches are weak van der Waals forces.  

 
Figure 1: Angular-dependent XAS measurements of TiS2 at Ti K-edge (on the left) and ZrS2 at Zr K-
edge (on the right). The deviation of the beam and normal line to surface of layered samples was 10º at 
normal incidence (in-plane orientation) and 80º at grazing incidence (out-of-plane orientation). 
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Further, there is also an apparent similarity in the general shape of the corresponding polarizations 
in TiS2 and ZrS2, which can be explained due to their similar structure. In both compounds,  
the metal site is always octahedral coordinated and their lattice parameters are also nearly the same. 
The only apparent difference is in the number of core electron shells of the metal atom and 
therefore the observed spectra must definitely correlate with each other. The differences between 
spectra will be presumably caused by different ways of relaxation of the core hole.  

Angular dependent 1s2p RIXS spectra of dichalcogenide compounds and rutile had been carried 
out on in-vaccuo Johann spectrometer at beamline W1. Since the working range of W1 
monochromator is 4 -11.5 keV, the measurements were performed only at Ti K-edge. As an 
analyzer was used spherically curved Si(331) crystal, the corresponding Bragg angle for  
Kα fluorescence was θ=57.06º. During the experiment, the excitation energy was gradually 
increased, generally in steps of 1 eV, through titanium edge and angular resolved Kα fluorescence 
was recorded by means of CCD camera. Concurrently measured intensity of the incident beam 
facilitated to normalize Kα fluorescence to the same intensity of the primary beam.  
The measurements of thin dichalcogenide foils were performed again each time both in  
out-of-plane and in-plane arrangements. Polarized spectra of bulk single crystal of rutile were 
measured perpendicular and parallel in respect to the c-axis.  

In Figure2, contour plots of 1s2p RIXS spectra of TiO2 (rutile) are presented. The sample of rutile 
was 1mm thick slice of bulk single crystal that was cut perpendicular to [001] direction. In the 
parallel arrangement, the incident x-ray beam was slightly deviated from c-axis (about 10º)  
in the [011] direction. In the perpendicular one, the beam was deviated about 10º from [011] 
direction. The presented plots exhibit wide contrast in two mutually perpendicular orientations that 
occurs due to slightly distorted octahedral arrangement in the rutile lattice. Changes can be 
observed particularly in the edge region. In comparison with the parallel arrangement, there is 
pronounced shoulder B in the perpendicular one and peak C is split in two distinct features. The 
more detailed information’s are expected to be obtained in the oncoming 1s3p RIXS experiments. 

The research leading to these results has received funding from the European Community's Seventh 
Framework Programme (FP7/2007-2013) under grant agreement n° 226716. 
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Figure 2: Contour plots of 1s2p RIXS spectra of TiO2 (rutile). The deviation of the polarization vector in 
respect to the c-axis was 80º in perpendicular arrangement (on the left) and 10º in parallel arrangement 
(on the right). 
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After the discovery of superconductivity in the LaFeAsO1−xFx, with Tc = 26 K [1], an increase of
the superconducting transition temperature to above 50 K has been achieved by replacing La with
rare-earth (R) elements [2, 3, 4, 5]. The highest transition temperature is observed in SmFeAsO1−xFx

(Tc ∼ 55K). In addition, several studies on powder samples indicate that Sm magnetic order coexist
with superconductivity over a range of fluorine doping [6, 7, 8]. Muon-spin relaxation measure-
ments onRFeAsO (R = La, Ce, Pr, and Sm) compounds found considerable interaction between the
rare-earth and Fe magnetism below the ordering of Fe moments (T∼ 140K) only in CeFeAsO [9].
This leads to the conclusion that the R-Fe interaction may not be crucial for the observed enhanced
superconductivity in RFeAsO1−xFx. Recent neutron scattering measurements on NdFeAsO also
found interaction between the two magnetic sublattices, however, much below the ordering of Fe
(T∼ 15K) [10]. In the case of EuFe2As2, [11, 12] the only known rare-earth containing mem-
ber of the AFe2As2 (A= Alkaline earth, rare-earth) family, no interaction has been found so far.
Therefore, elucidating the interaction between the two sublattices and determining it’s nature is an
important endeavor in understanding magnetism and superconductivity in the RFeAsO family.
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Figure 1: (a) Temperature dependence of the (1 0 6.5) reflection measured at both resonant (Fe K-edge) and
non-resonant (100 eV below the Fe K-edge) conditions. (b) Energy scans of the absorption coefficient and
of the (1 0 6.5) reflection below (T = 55 K, filled circles) and above (T = 112 K, open squares) TN and the
measured background at T = 55 K away from the magnetic Bragg peak (open circles). Dashed line depict the
Fe K-edge, determined from the second inflection point of the absorption coefficient of a Fe foil.

As a first step, we focused on the magnetism of Fe sublattice using element specific x-ray resonant
magnetic scattering (XRMS) and non-resonant x-ray magnetic scattering (NRXMS) studies at the
Fe K-edge.
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Single crystals of SmFeAsO were grown using NaAs flux as described earlier [13]. For the scatter-
ing measurements, an as-grown plate like single crystal of approximate dimensions 2×2×0.1mm3

with a surface perpendicular to the c axis was selected. The XRMS and NRXMS experiments were
performed at the Fe K-edge at beamline P09 at the PETRA III synchrotron at HASYLAB. The inci-
dent radiation was linearly polarized perpendicular (σ-polarization) to the vertical scattering plane.
The spatial cross section of the beam was 0.2 (horizontal)×0.2 (vertical) mm2. Copper Cu (2 2 0)
was used at Fe K absorption edges as a polarization and energy analyzer to suppress the charge and
fluorescence background relative to the magnetic scattering signal. The sample was mounted at
the end of the cold finger of a displex refrigerator with the a-c plane coincident with the scattering
plane. Measurements at P09 were performed at temperatures between 5 and 150 K .
Below TN = 110 K, a magnetic signal was observed at the reciprocal lattice points characterized
by the propagation vector (1 0 1

2
) when x-ray energy was tuned through the Fe K-edges, indicat-

ing the onset of Fe magnetic order. Figure 1 (a) shows very similar temperature evolution of the
non-resonant and the resonant signal at the Fe K-edge for the (1 0 6.5) reflection, confirming the
magnetic origin of the later.
To confirm the resonant magnetic behavior of the peaks, we performed energy scans at the Fe K
absorption edges as shown in Fig. 1 (b). Several features are observable in the energy spectrum,
(a) approximately 12 eV below the edge an energy independent non-resonant magnetic signal is
present which is factor of 2.5 smaller than the, (b) resonant features at and above E = 7.106 keV.
In conclusion, we have observed resonant enhancement at the Fe K-edge. The temperature de-
pendence of both the resonant and non-resonant signal was measured. In future, we plan to study
co-existence between superconductivity and magnetism for the Fluorine doped SmFeAsO.
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Modern day life relies on high density information storage and retrieval. Dramatic improvements in 
information density have been obtained by utilising magnetic domain reversal in thin film media 
[1]. Spintronic memory devices such as in an ipod rely on the writing and reading of small 
magnetic domains. Research is now being conducted into using not the orientation of magnetic 
domains but of the orbital occupancy and direction [2]. The advantages of such a device would be 
much higher densities and potentially much faster read/write times. However controlling the orbital 
occupancy and direction is not easy. Previous attempts have relied on the application of epitaxial 
stress on thin films. Recently it was demonstrated that in a half-doped bilayer manganite 
Pr(Sr0.1Ca0.9)2Mn2O7 (PSCMO) a spontaneous reorientation of orbital stripes by 90° could be 
induced by temperature, with a phase transition close to room temperature [3]. The phase diagram 
of Pr(Sr1-yCay)2Mn2O7 as a function of temperature vs. composition (0.0 < y < 1.0) is shown in 
Figure 1. This phase diagram was determined principally by resistivity and magnetization 
measurements [4] and the orbital stripe directions of the CO2 and CO1 phases (see Figure 2 taken 
from [5]) determined by electron diffraction and x-ray oscillation photographs. We have used the 
high-resolution diffraction capabilities of BW5 to study the phase diagram for a number of different 
compositions (y = 0.0, 0.4, 0.8, 0.9 and 1.0) to provide a clear structural basis for the phase 
diagram. Our results broadly agree with the phase diagram of Tokanuga et al., [4] but are very 
different, and far more complex, for y = 0.8 (see related P09 report). 

 

Figure 1: Electronic phase diagram of Pr(Sr1-yCay)2Mn2O7 (y = 0 – 1.0). TCO1 and TCO2 with thermal 
hysteresis and TN of A-AFM (TN(A)) and CE-AF (TN(CE)) were determined from resistivity and magnetisation 
measurements. Ts represents the structural transition from tetragonal to orthorhombic [diagram taken from 

ref. [4]] 

The differentiation between the CO1 and CO2 phases is the relative orientation of orbital stripes as 
shown in Figure 2. Of course high energy x-rays are not directly sensitive to such effects but are 
sensitive to charge disproportionation and subtle lattice distortions. The results for both y = 0.0 and 
y = 1.0 samples (the end members of the phase diagram shown above) were entirely consistent with 
the proposed phase diagram. In the y = 0 sample only integer Bragg peaks were observed at all 
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temperatures and no effects were seen of the magnetic transition at TN. For the y = 1.0 sample 
splitting of the Bragg peaks was observed at all temperatures indicative of the presence of 
orthorhombic twins. Again no changes were apparent at TN but the CO2 to CO1 transition was 
observed by a first-order transition at 340 K and a change of the lattice parameters. In addition 
superlattice peaks at (h±1/2, k, l) were observed at all temperatures. These are probably caused by 
Jahn-Teller distortions causing a doubling of the Amam orthorhombic unit cell. These did not 
disappear until 380 K suggesting that the transition from the orthorhombic CO1 orbitally ordered 
phase to the tetragonal paramagnetic insulating phase occurs at this temperature. 

 

For the y = 0.4 sample which according to the published phase diagram is on the boundary between 
the tetragonal and orthorhombic phases we found only Bragg peaks corresponding to a single 
tetragonal phase. Scans along h- and k-directions (see Figure 3) displayed half integer superlattice 
reflections caused by Jahn-Teller distortions. Such peaks are indicative of charge ordering within a 
tetragonal phase. These reduced in intensity with increasing temperature and disappeared at ~180 
K, presumably at a tetragonal CE-AFI to PMI transition. 

Our results suggest the existence of a new groundstate of PSCMO around y = 0.4 - 0.5 consisting of 
a 2 x 2 supercell tetragonal charge ordered (probably CE type) phase which contains Mn3+O6 Jahn-
Teller distorted polyhedra. Such a phase is reminiscent of that found in La2-2xSr1+2xMn2O7 (x = 0.5) 
[6] and forms a natural link with other bilayer manganite phases. 
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Figure 2 Schematic of the orbital stripes 
running along the a-axis in the CO1 
phase and along the b-axis in the CO2 
phase. Notice that the formation of the 
orbital stripes causes a doubling of the 
chemical Amam unit cell and hence 
superlattice reflections at half-integer 
positions [5]. 

 

 

 
 
Figure 3.   Recprocal lattice scans in the 
[100] direction at 10 K and 200 K.   The 
Jahn-Teller  reflections at (0.5,0,0) and 
(1.5,0,0) disappear completely, whereas a 
small reflection at (010) remains due to a 
very weak allowed Bragg reflection. 
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The stripe order in cuprates high-temperature superconductors and related materials has attracted 
enormous interest, since it might possess some relevance for the superconducting pairing  
mechanism. However, such  a  conclusion  is  still  matter  of  debate. The stripe ordering consists 
of a segregation of the doped charges into stripes concomitant with antiferromagnetic order in 
between these stripes [1]. Evidence for stripe order has been found in Nd-codoped La2-xSrxCuO4  by 
Tranquada et al. [1]. Without Nd, Ba or RE co-doping La2-xSrxCuO4  does not exhibit static stripe 
order but the incommensurability seen in the magnetic excitations suggests that these  samples  are  
still  close  to  such  an  instability  although  being  metallic  and superconducting  [1].  It is  well  
established  that  the  spin-glass (SG) phase is characterized by an incommensurate magnetic 
ordering; magnetic satellites of finite width appear at (½±δ ½±δ 0). In analogy with the 
incommensurate ordering at higher doping, the ordering in the SG-phase was attributed to a stripe 
pattern with an orientation of the stripes rotated by 45° away from the usual one (diagonal stripes). 
Elastic ordering in the Nd-codoped samples [1], weak elastic ordering in La2-xSrxCuO4  for 
0.06<x<0.13 as well as the magnetic fluctuations [1,2] for x>0.06 all point along [100], in contrast 
to the [110] direction of the incommensurability in the SG-phase. It is worth emphasizing that the 
transition from the non-metallic to metallic and superconducting properties coincides with the 
transition in the ordering schemes. So  far,  only  evidence  for  magnetic  ordering  has  been  found  
in  the  SG-phase and  the associated  structural  super-structure  peaks  could  not  be  observed.  
Therefore,  the stripe  like  origin  of  the  ordering  in  the  spin-glass  phase  is  not  ascertained. 
An alternative chiral explanation for the incommensurate ordering in the SG-phase has been  
proposed  [3],  though  the  continuality  of  the  stripe  spacing  which  follows  the doping  
concentration,  see  Fig.  2,  as  well  as  transport  and  infra-red  data  strongly support the stripe 
picture [4].   

Here, we report the observation of novel, hitherto unknown superstructure reflections in  
La2-xSrxCuO4  for 0.03 ≤ x ≤ 0.08 and also in La1.96Ba0.04CuO4. In Fig. 1 the scattered intensity in 
the orthorhombic HK-plane is shown for a fixed (odd) value of L. As can be seen, all measured 
samples with x ≤ 0.08 exhibit superstructure-reflection intensities at equidistant positions.  
These superstructure reflection intensities appear symmetrically on both sides of the Bragg peak 
which is shown for the sample with x=0.03 in Fig. 2 (left). HH-scans across the novel satellites for 
all measured La2-xSrxCuO4 samples with x= 0.03, 0.05, 0.08, 0.10, 0.12 and for a La1.96Ba0.04CuO4 
sample are shown in Fig. 2 (right). 

These novel superstructure reflections disappear deep in the metallic regime at x=0.10. 
Furthermore, these satellites disappear on heating around the LTO to HTT phase transition (not 
shown here). Thus, a connection with the orthorhombic structure can be assumed. However, the 
samples with x>0.08 are also orthorhombic at low temperatures but no satellites can be observed 
down to lowest temperatures in these samples, see Fig. 2 (right). The explanation of these novel 
satellites remains unclear. A modulation of the octahedral tilts associated with the LTT scheme 
appears possible, but other explanations cannot be ruled out now. However, a connection with 
charge stripes seems very unlikely since the superstructure reflection intensities appear at 
transversal positions in reciprocal space and not in longitudinal direction; thus the structural 
modulation is not parallel to the magnetic one. 
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Figure 1: Superstructure reflections in La2-xSrxCuO4 for 0.03 ≤ x ≤ 0.08. The plots show the measured 
intensity in the (orthorhombic) HK plane for a fixed value of L=2n+1 (here: n=0, L=1). 

 

Figure 2: HH-scans across the superstructure reflections in La2-xAxCuO4. 
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Titania-zirconia composite materials are known as hopeful candidates especially for catalytic 

applications [1]. The size of the titanium dioxide (TiO2) nanoparticles is stabilized by an amorphous 

zirconium dioxide matrix (ZrO2), which has already been found by Elder et al. [2] and was 

confirmed by us with laboratory X-ray diffraction measurements (XRD) [3]. Next to the particle 

size, other materials characteristics are important if titania should be used as a catalyst. These are 

the degree of crystallinity, the surface area, the crystalline phase and the lattice defect concentration. 

X-ray absorption measurements (XAS) are used in our work to determine the concentration of the 

catalytically most active crystalline anatase TiO2 phase with respect to the amorphous concentration 

and the relative amount of lattice defects. The first one is achieved by linear combination X-ray 

absorption near edge structure (LC-XANES) fits and the second one by extended X-ray absorption 

fine structure (EXAFS).  

TiO2-ZrO2 powders are prepared by sol-gel process via hydrolysis of a mixture of titanium 

isopropoxide (Ti[OC3H7]4) and zirconium n-propoxide (Zr[OC3H7]4) [3]. To avoid unwanted effects 

due to a change of the water to alkoxide ratio, which is known to influence the structural 

characteristics of the sol-gel process products, the total amount of alkoxide is set to 40 mmol, while 

the amount of added deionized water is 160 mmol for all samples. After addition of water to the 

alkoxide mixture during stirring with a magnetic stirrer, precipitation of a white powder can be 

observed. These precipitates are found to be amorphous due to XRD and LC-XANES directly after 

preparation [3]. Powders are dried and annealed at temperatures between 350 and 500°C for four 

hours. Four samples have been made with TiO2 to ZrO2 ratios of 1:2, 1:1, 2:1 and 10:1. In addition, 

pure titania and zirconia samples have been prepared for comparison. Transmission mode XAS 

measurements of the titanium and zirconium K-edges have been performed at beamline C at 

Hasylab. Some representative spectra are shown in Fig. 1 and the results of the linear combination 

fits are shown in Fig. 2. It can be seen that the amorphous amount is constant at about 80% or more 

for the samples with TiO2:ZrO2 ratios of 1:2, 1:1 and 2:1. Only the two samples with 

TiO2:ZrO2=10:1 and the pure titania sample show a lower amorphous concentration at the lowest 

annealing temperature of 350°C and a significant decrease of the amorphous phase with increasing 

annealing temperature. These results are in good agreement with laboratory XRD measurements 

which do not show any reflection peaks of significant strength for the three samples with 

TiO2:ZrO2=1:2, 1:1 and 2:1 [3]. In contrast, the TiO2:ZrO2=10:1 and the pure TiO2 sample show 

narrow diffraction peaks of significant intensity which can all be assigned to the TiO2 anatase phase.  

The XANES measurements of the ZrO2 contributions show that the structure of the zirconia is not 

significantly changed during the annealing, and that the near edge structure is not changed with 

increasing calcination temperature. This result is in agreement with the literature [2] and our XRD 

measurements [3]. The latter show that pure ZrO2 prepared in the same manner as the composite 

samples crystallizes in a mixture of the cubic and tetragonal ZrO2 phases and shows small amounts 

of the monoclinic ZrO2 at higher annealing temperatures of 450°C and 500°C.  

The EXAFS measurements could not be fully evaluated yet, but a first look on the data show that 

the Fourier-transformed spectra of the Ti K-edges of the pure and the composite sample with 

TiO2:ZrO2=10:1 have peaks with higher amplitudes than the other composites after calcination at 

500°C. The amplitudes of the Fourier-transformed EXAFS spectra are correlated to the 

coordination number. For anatase TiO2, the theoretical coordination number is six, in amorphous 

phases it is smaller and often found to be between five and six. So the higher amplitude of the two 

named samples is an indication of a higher degree of anatase crystalline phase, while the other 

samples are amorphous.  

In the future, investigations should show which is the smallest possible ratio of TiO2:ZrO2 which 
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stabilizes the particle size and decreases the amorphous phase after calcination to values closer to 

the ones of pure TiO2.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: a) Zr K-edge of the TiO2:ZrO2=1:2 sample after annealing at different temperatures. There 

are no distinct structural changes observable. b) Ti K-edges of the TiO2:ZrO2=10:1 sample. 

Structural changes due to the amorphous-anatase phase transition are observable with increasing 

annealing temperature. 

Fig. 2: Decrease of the amorphous concentration with increasing annealing temperature. Only the 

pure TiO2 and the composite sample with TiO2:ZrO2=10:1 show a significant decrease in the 

concentration of the amorphous phase.  
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The perovskite titanates RTiO3 with a trivalent rare earth ion R (= La, Nd, Sm, Gd, Y) show a great 

variety in the magnetic and electronic properties [1-4]. All compounds exhibit an orthorhombic 

distorted pseudo-cubic structure of the GdFeO3-type with tilted TiO6-octahedra surrounding the R 

ion [3]. Changing the size of RE, one induces a transition from a G-type antiferromagnetic state in 

LaTiO3 with an unusual small moment to a saturated ferromagnetic state in YTiO3. The mechanism 

behind the change in the nature of magnetic order lies actually in a Jahn-Teller like TiO6-distortion 

in LaTiO3 that had been overseen in older studies partially due to a lower sample quality. The 

octahedra in LaTiO3 are not perfect but elongated along one of the edges of the octahedral basal 

plane; this can be considered as a ferro-orbital order, which may naturally explain the 

antiferromagnetic order [7,1]. On the other side YTiO3 exhibits an antiferro-orbital ordering which 

easily explains the ferromagnetic ordering. It is thus most important to characterize in detail the 

orbital order in the RTiO3 series.  

We had already performed an electron density measurement of YTiO3 on an Apex single-crystal 

diffractometer (of Bruker) using Mo-K  radiation and find residual electron densities which are in 

good accordance with the antiferroorbital ordering measured with polarized neutrons [8]. It seemed 

very tempting to enhance the precision of this measurement by a synchrotron-radiation study at low 

temperature where the orbital is enhanced as indicated by our thermal expansion measurements. 

Therefore we proposed to perform an accurate single-crystal structure determination on the D3 

single-crystal diffractometer at 10K. 

Strong efforts were made to prepare the sample for this experiment. From the large crystal grown in 

the mirror furnace a small part was cut and grinded into spherical shape in an air-pressure driven 

mill. The used crystal possesses almost spherical shape with a radius of 75 2μm (ACK090). The 

sample was glued on a carbon fiber in order to minimize the background scattering. 7134 

reflections were measured twice and could be used for the refinements. 

The measurements at low temperature showed however rather large peaks with a multiple peak 

structure which rendered the analysis of the data quite difficult. It was tested whether the crystal 

was destroyed during the cooling, but re-heating to 77K led to a perfect peak shape. After 

discussion with the local contact an experimental error was discarded and the interpretation of a 

temperature induced phase transition causing a multi-domain structure was favored. Such a 

structural phase transition could be related with an additional orbital ordering setting in at low 

temperatures. The low-temperature phase, thus, seemed to be very interesting to be studied in detail. 

Y. Drees however found later on that the entire instrument vibrated quite strongly and could 

identify a pump in direct mechanical connection with the diffractometer to be the source of the 

vibration. At low temperatures the vacuum conditions change thereby altering the mechanical 
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resonance and inducing the stronger vibrations. This effect was carefully studied. When switching 

the pump off, the peak shapes immediately become sharp even at low temperature, see figure. The 

bad positioning of the pump thus caused the broadening of the peaks. The 7134 reflections were 

used to refine the crystal structure, however, with totally unsatisfactory results. The reliability 

values stay at 5% and the GOF amounts to 5. With this data quality a refinement of electron 

residual density is hopeless, as one is interested in the detailed description of the single electron in 

the 3d orbital shell. So we could not reach the aim of the proposal but only confirm the low-

temperature crystal structure obtained by powder-neutron diffraction [1]. 

 

 

 

 

 

 

Figure 1: Figure caption goes here. 

 

Figures: (Left) microscope photo of YTiO3 crystals grinded into spherical shape; (right) peak-

profiles of the (420) reflection with the pump switched on and off at different temperatures. 
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PbTe crystallizes in the cubic structure of rock salt (RS) type, CdTe in the cubic structure of zinc 
blende (ZB) type. Due to extremely low relative solubility of PbTe and CdTe resulting from the 
differences in their crystal structure the Pb1-xCdxTe solid solution is an attractive system for several 
selected applications and was intensively investigated within the last few years (see, e.g., [1-6]). In 
particular, this system for small x values may be a composite (PbTe-based matrix containing a lot of 
CdTe precipitates) perfectly matching principal properties required for future thermoelectric 
applications. In order to optimize the relevant technology a detailed knowledge about the Pb1-xCdxTe 
solid solution phase diagram is clearly required. The CdTe solubility limit in PbTe in the 
composition range close to pure PbTe have been estimated long time ago [7-9] but due to the lack of 
perfect samples in the past some details of the commonly accepted picture could not be very precise. 
The recent successful growth of single, bulk, RS type Pb1-xCdxTe crystals (with x ≤ 0.11) by self-
selecting vapour growth (SSVG) opened new research opportunities [3]. The results of preliminary 
measurements, related to the physical properties of these ‘frozen’ RS crystals can be found in [3-6].  
 
This work is devoted to the X-ray powder diffraction studies performed on a set of Pb1-xCdxTe solid 
solutions (where 0 ≤ x ≤ 0.116). All data were taken at the B2 beamline at Hasylab (DESY) using  
synchrotron radiation monochromatized at the photon wavelength  λ = 0.5276 Å. The samples were 
prepared as a mixture of powdered Pb1-xCdxTe and fine diamond powder. For sample mounting a 
thin-wall quartz capillary (rotating inside a graphite heating element during the measurements) was 
applied (293K ≤ T ≤ 1113K). Before each data collection run the sample temperature was allowed to 
stabilize for 10 to 15 minutes. 
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Fig. 1.  Rietveld refinement of the structure for the sample containing Pb0.904Cd0.096Te. The 
experimental data are indicated by dots and the calculated ones by the solid line. The upper and 
the lower sets of short vertical lines mark the positions of Bragg reflections corresponding to the 
RS Pb0.904Cd0.096Te crystal and to the diamond powder, respectively. The lowest curve shows 
the difference between the observed and calculated powder diffraction patterns. 
__________ 
* Present address: Bayerisches Geoinstitut, Universität Bayreuth, Universitätsstraße 30, D-95447 
   Bayreuth, Germany. 
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An example of Rietveld refinement for one investigated sample is shown in Fig. 1. Fig. 2 presents 
the temperature modification of the lattice parameter value for selected Pb1-xCdxTe solid solutions. It 
demonstrates different evolution of the crystal composition when increasing and decreasing 
temperature, resulting from the metastable character of crystal at room temperature (prior to the 
heating procedure). Moreover, a uniform, ‘frozen’ RS solid solution with the same composition x as 
that corresponding to the highest temperature can be obtained at RT by a rapid cooling of 
investigated sample [4, 5]. The present results, corresponding to relatively slow cooling rate 
demonstrate an important decrease of the solid solution composition with temperature. Similar data 
were obtained for other investigated samples. The solubility limit calculated on the basis of present 
results does not agree with the previous data given in [7-9] and confirms the necessity of correction 
of the relevant phase diagram. 
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Figure 2: The lattice parameter versus temperature for selected Pb1-xCdxTe solid solutions.  
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The aim of this proposal is a detailed study of the local structure of structures that were described in 1983 as 
anti glasses, materials that seem to show good long range order but no short range order at all. The analysis  
of the pair distribution function (PDF) shall be used to clarify this apparently contradictory behavior.

The  diffraction  pattern  of  these materials  show sharp  Bragg reflections  whose  intensity  decreases  very 
rapidly as function of scattering angle [1,2]. The first compound described in this class, SrTe 5O11, shows a 
diffraction pattern that can be indexed by a cubic face centered lattice. Fig. 1 shows the diffraction pattern  

collected at  BW5 with high energy X-rays at  a wave length of 
0.0123nm at room temperature. The intensities of the reflections 
show  the  expected  rapid  decrease  and  no  reflections  can  be 
recognized beyond 8°,  which corresponds to the position of the 
422 reflections. The sample is not perfectly phase pure since it is 
obtained from the melt by a rapid quench.  The full width of the 
first  reflection  is  0.4°.  This  value  corresponds  to  the  value 
expected for perfectly crystalline substances with the instrumental 
resolution used for this experiment. Thus the reflection width does 
not  indicate  a  reduced  crystal  size  or  more  strictly  speaking  a 
reduced  size  of  the  structurally  coherent  domains.  The  rapid 
decrease in intensity corresponds to an unrealistically high atomic 
displacement parameter of 18Å2.

Fig. 2 shows the PDF calculated from the experimental data. In 
contrast  to  the  extremely  high  atomic displacement  parameters, 
the FWHM of the first interatomic maximum is just 0.15Å, well 
within  the  normal  range  for  crystalline  substances.  This  first 
distance  corresponds  to  the  Metal-oxygen  bond  length.  This 
observation proves that the local disorder in SrTe5O11 is not due to 
thermal motion but of static nature. As commonly observed, the 
bond length distribution of first neighbor atoms is sharp, even if 
the structure is disordered. The bond length 1.87Å, does not match 
the dimensions of the coordination  sphere, calculated from the 
second neighbor distances, thus indicating an off-center position 
of the metal within the oxygen framework. All further maxima are 

of approximately the constant width 0.9Å and are observable up to the instrumental resolution limit, which 
proves long range periodicity of the structure, consistent with an average fluorite structure type. Thus the 
PDF confirms the surprising structural feature that the structure shows long range periodicity, yet a very  
disordered local structure. In the local structure the metal atom occupies a slightly different “split” position  
within each adjacent cube shaped O8 polyhedron.
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The realization of epitaxial rare-earth oxide films on silicon surfaces opens numerous avenues for
promising applications as, e. g., superior high-k gate oxides in field effect transistors, as ultra-thin
insulators in superconductors, and as active materials in chemical gas sensing. However, if rare-
earth elements are deposited in an oxygen ambient, the reactivity of the metal ions and the bare
silicon surface promotes amorphous silicide or silicate formation [1], which in turn results in sig-
nificantly decreased film quality and thus prevents epitaxial growth. A promising way out of this
dilemma is the use of an additional material that may act as growth modifier inhibiting these un-
wanted chemical reactions. In our contribution from last year, we introduced our novel approach
of passivating the silicon surface by chlorine, which saturates the dangling bonds of the substrate.
This time, we are going one step further and optimize the growth conditions to improve the crys-
talline quality of the film. We also show how the film order can qualitatively be assessed using
X-ray standing waves (XSW) in combination with X-ray fluorescence spectroscopy (XRF).

The experiments were performed at the insertion device beamlines BW1 (XSW, XRF, XPS) and
BW2 (XRD). The silicon single crystal surfaces were initially cleaned by RCA etching resulting in
a very thin silicon oxide layer. Sequentially, this protective layer was removed by thermal annealing
at 880◦C under ultrahigh-vacuum (UHV) conditions as evidenced by asharp (7×7) low-energy
electron diffraction pattern. Subsequently, Cl2 gas was dosed from an electrochemical source at a
substrate temperature of 600◦C, inducing a (1×1) surface reconstruction [2].
Cerium metal was evaporated in an oxygen background using a home-built electron beam evapo-
rator. The oxygen partial pressure for different samples was varyied between1 × 10−7 mbar and
5×10−7 mbar while keeping the substrate at a temperature of 500◦C. These recipes always resulted
in the formation of ceria films exhibiting Ce2O3 stoichiometry as confirmed by XPS data for the
Ce3d core level (not shown).

The crystallinity of ultra-thin ceria films (1–2 nm film thickness) depending on oxygen partial pres-
sure and substrate passivation was assessedin situ by XSW using Ce Lα fluorescence as secondary
signal in (111) reflection geometry. The data along with the fits for a non-passivated sample and
for a Cl-passivated sample are shown in Fig. 1 (a) and Fig. 1 (b), respectively. The epitaxial film
quality was analyzed for sequential ceria deposition at1 × 10−7 mbar and5 × 10−7 mbar oxygen
partial pressure (shorthand notation ”(1)” and ”(5)”, respectively) in both cases, yielding Fourier
coefficientsfhkl

c
exp(2πiΦhkl

c
) of f 111

(1) = 0.49, Φ111

(1) = 1.00 andf 111

(5) = 0.53, Φ111

(5) = 1.11 for the
non-passivated sample. Here, the coherent fraction remains almost the same, while the coherent
position shifts with oxygen partial pressure by0.11. Looking at the Fourier coefficients of the Cl-
passivated sample we notice the same coherent positions as for the non-passivated sample, but a
tremendous change in the coherent fraction, pointing towards a substantial increase in ceria film
crystallinity. The shift of the coherent position with oxygen partial pressure in both cases suggests
a collective outward movement by 0.3Å of all Ce atoms away from the underlaying bulk. From our
quantitative XSW simulation we infer that Cl-passivation of the Si(111) surface, together with an
oxygen partial pressure of5 × 10−7 mbar during ceria growth, results in a considerably improved
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epitaxial quality of the ceria film, yielding good agreementwith the theoretical prediction for a
tetragonally strained bixbyite film [3].
For ceria films grown at1 × 10−7 mbar oxygen backfilling with a film thickness in the order of a
couple of nanometers XRD data are shown in Fig. 2. Despite thevery good crystallinity deduced
from the thickness oscillations the quantitative calculation of the (00L) crystal truncation rod in the
vicinity of the (001) reflection for a non-passivated sample(Fig. 2 (a)) and a Cl-passivated sample
(Fig. 2 (b)) yields amorphous interface layers with thicknesses of 1.4 nm and 1.2 nm, respectively.
The similarity of these values is in good agreement with the XSW results for samples(1) and(1-Cl)
grown at1× 10−7 mbar oxygen backfilling. In our next beamtime, we will analyze the influence of
elevated oxygen partial pressure on interface thickness.

(a) (b)

Figure 1: XSW data (dots) and theoretical fit (solid lines) using Ce Lα fluorescence as secondary signal
recorded in (111) Bragg reflection for the investigation of ultra-thin ceria films (1–2 nm) grown on (a) non-
passivated Si(111) and (b) Cl-passivated Si(111) for different growth recipes (see text).

(a) (b)

Figure 2: XRD data obtained after ceria deposition at1 × 10
−7 mbar O2 partial pressure and a substrate

temperature of 500◦C on (a) non-passivated Si(111) and (b) Cl-passivated Si(111).
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Introduction Thin film solar cells based on 
chalcopyrite-type absorber materials such as 
Cu(In,Ga)Se2 can reach conversion efficiencies 
above 20% and are increasingly commercialized 
[1,2]. However, the scarcity and increasing prices of 
indium eventually could limit the production growth 
for this type of solar cells. The related kesterite 
(Cu2SnZnS4, CZTS) semiconductor material is a 
promising alternative for absorber layers in thin film 
solar cells [3,4]. It consists of nearly non-toxic and 
relatively abundant materials such as copper, tin, 
zinc and sulfur. Conversion efficiencies of up to 
9.6% have been reported recently for solar cells 
based on CZTSe [4]. However, the crystal structure 
of CZTS is not known without ambiguity. Mainly 
two structural models (kesterite and stannite) are in discussion, see figure 1. The stannite and 
kesterite type structures are closely related and differ only by the cation distribution of copper and 
zinc among the crystallographic positions in the tetragonal structure deduced from zinc-blende. The 
anions are placed in one-half of the tetrahedral gaps of the cubic face centred unit cell [5]. 

Experimental In order to get insight into the structure of CZTS in near range order, high precision 
measurements of the K-edges of all containing elements (Cu, Zn, Sn, S) were performed at 
HASYLAB beamlines C, X and A1 at room temperature and 5K respectively. The powder samples 
were prepared by a solid-state reaction of the pure elements copper, zinc, tin and sulphur [6]. As an 
example, the measured absorption coefficient of CZTS at 5K at the Zn K-edge and the extracted 
EXAFS oscillations are displayed in figure 2. Due to low measurement noise, the data can easily be 
evaluated until up to 22 Å -1. 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Perspective view of unit cells of CZTS 
in kesterite structure (left) and stannite 
structure (right). 

Fig. 2: Normalized absorption coefficient 
of CZTS at the Zn K-absorption edge.  
The displayed data were measured at 
HASYLAB beamline C at a temperature 
of about 5K in transmission mode. The 
inset shows the extracted and k3 
weighted EXAFS oscillations which are 
nearly free of noise up to 22 Å -1. 
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Results and Discussion The Fourier transformed and phase corrected data are shown in figure 3. 
Due to their very similar crystal structures, stannite and kesterite can only be distinguished for high 
scattering path lengths (r > 5 Å). Copper and zinc have similar backscattering amplitudes and 
phases and thus cannot be differentiated as backscattering atoms. The backscattering phase of 
scattering paths reversed at tin atoms are shifted nearly by π in comparison to that reversed at 
copper and zinc. Therefore, the EXAFS oscillations of two scattering paths of the same 
coordination sphere interfere destructively if one is reversed at a tin site and one at copper or zinc 
respectively. Significant differences in EXAFS oscillations of stannite and kesterite appear at 
scattering paths lengths of about 7.6 Å and 9.4 Å respectively. The main contributions at this path 
length are from linear multiple scattering paths, which are reversed by copper and zinc in stannite 
type structure and by copper and tin in kesterite type structure. Thus, their EXAFS oscillations 
interfere constructively in the case of the stannite model and destructively in the case of the 
kesterite model. With other XAFS measurements at other K-edges we are able to distinguish 
clearly between the kesterite type and the stannite type structure. Furthermore, we could obtain the 
cation-anion bond length of all cation-anion-pairs in CZTS with high accuracy of less than 0,004 Å. 
In combination with neutron and X-ray diffraction experiments [6,8], we are now able to create a 
detailed structural model of CZTS as an experimental input to calculations of electronic and optical 
properties. Detailed publications are in preparation [9]. 
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Fig. 3: Phase corrected (by first shell) 
Fourier transforms of the k3-weighted 
EXAFS oscillations of the CZTS sample 
at the Zn K-edge together with ab-initio 
calculated of CZTS in kesterite and 
stannite structure respectively. The 
calculation was done with the help of 
FEFF6 [7]. 
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A number of anomalous physical properties have been observed in high-purity Niobium.[1] These
anomalies occur at high temperature (150 K < T < 300 K), and include anisotropic thermal
expansion,[2] as determined by a fused-silica capacitive dilatometer.[3] The thermal expansion
results strongly suggest a potential lowering of symmetry, although the lower symmetry structure
and the fraction of the material that transforms cannot be determined from thermal expansion alone.
An X-ray study was thus necessary to explore the nature of the apparent phase transition.
Informing the experimental approach were numerous reports of similar physical properties in the
A15 supercondutors, V3Si and Nb3Sn. These materials are known to undergo a Martensitic phase
transition at low temperature (just above the superconducting transition temperature), becoming
tetragonal, while the high temperature parent phase is cubic.[4] In addition, some of the A15’s are
known to not transform if they are not pure. This is also the case for Nb, as samples that have been
heat-treated for strain relief no longer show any evidence of the transition. The residual resistivity
ratio of these samples is considerably lower than for the virgin samples, indicating the uptake of
impurities. An X-ray study on a non-transforming sample of single crystal Nb was previously
reported.[2]
X-ray diffraction on a transforming sample was carried out at BW5 high energy beamline equipped
with a triple crystal diffractometer at 110 keV, at which energy the attenuation length for Nb is
1.43 mm. The high-resolution set-up was used to look for peak-splitting of the (200), (020), and
(002) Bragg reflections, as observed in the A15’s.[4] The sample was mounted in a displex cryostat
to allow experiments to be performed between 60 K and 300 K, a range that includes the entire
range of the observed anisotropy in thermal expansion. Fitting was more robust with two peaks at
the lower temperatures studied (see Fig. 1). However, the splitting is an order of magnitude too
small to explain the observed anisotropy in thermal expansion and the derived lattice parameters
from the three orthogonal directions were the same to within the experimental error for any given
temperature. However, as can be seen in Fig. 2, there was significant, and anisotropic, broadening
of the Bragg peaks at lower temperatures in the transforming sample. The width of the Bragg peaks
in the non-transforming sample are also plotted. They show no temperature dependent broadening
or anisotropy and are resolution limited.
In Fig. 2, an hk mesh is plotted for Nb at 60 K. The data shown are a fraction of the data collected
(h was scanned from 1.97 to 2.03 and k was scanned from -0.03 to 0.03). No satellite peaks were
discovered. However, as it was assumed that peak-splitting would be observed, only a small fraction
of reciprocal space was explored.
In the A15 compounds, forbidden Bragg peaks occur at temperatures well above the martensitic
phase transition temperature.[4] Broadening of the Bragg peaks has also been observed with X-ray
diffraction in the A15’s. Time constraints did not allow for the exploration of forbidden Bragg
peaks in Nb at BW5 in this experimental run. However, despite the absence of peak splitting at
low temperature in Nb, there remain significant similarities between elemental Nb and the A15
superconductors, and it is probable that forbidden peaks will be discovered in transforming Nb.-836-
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Figure 1: Left: Half-width half maximum of the <200> Bragg peaks as a function of temperature for
transforming (as received) and non-transforming (heat-treated) Nb samples. The jump at low temperature is
due to the data being better fit with two peaks. Right: Broadening and reduction of intensity with decreasing
temperature of the (200) Bragg peak.
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Figure 2: An hk mesh in the vicinity of the (200) Bragg peak at 60 K in Nb. No satellite peaks were observed.

Thus, in the next run, a low resolution survey of hkl space will be desirable to search for forbidden
Bragg peaks, and put to the test the proposition that the proposed martensitic phase transition in
pure Nb is similar to that reported for the A15 superconductors. Preliminary work at Montana State
University will be done to attempt to narrow the focus of the search.

References
[1] R. K. Bollinger, et. al., to be published.
[2] R. K. Bollinger, Y. Suzuki, B. White, B. Scott, et. al., Low-Temperature X-ray Diffraction

Measurements of Single Crystal Nb, DESY User report (2009).
[3] J. J. Neumeier, R. K. Bollinger, G. E. Timmins, and C. R. Lane, Rev. Sci. Intrum. 79,

033903 (2008).
[4] J. B. Hastings, G. Shirane, and S. J. Williamson, Phys. Rev. Lett. 43, 1249(1979).-837-



Luminescence of La3+ isoelectronic impurity in garnets  

Y. Zorenko, T. Zorenko, T. Voznyak 

Electronic Department Ivan Franko National University of Lviv, 107 Gen. Tarnawsky str., 70017 Lviv, Ukraine 

Isoelectronic impurities (II) with respect to core 
cation (for example, La3+ and Y3+) can effective 
localize low energy excitation (electrons and holes or 
excitons) at the expense of the non-Coulomb 
potential arising at substitution of core cation by II 
[1]. For this reason II are being widely used for 
creation of luminescence materials based on oxides 
of different structural types with radiation in the UV 
range (250-350 nm) [1, 2]. In this work, we study in 
detail the nature of the luminescence centers formed 
by La3+ II in Y3Al5O12 (YAG) single crystal (SC). 
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      Fig.1. Luminescence spectra (normalized) of 
LuAG:La SC at 10 K under excitation by SR in the 
exciton range at 7.60 (1), 7.28 (2) and 6.45 eV (3) and 
in the range of F-center absorption (4.9 eV) (4b).  

YAG:La SC were grown by the Czochralski method 
from charge of 4N purity containing La2O3 impurity in 
concentration of 3 mol.%. Large (1.165 Å) La3+ ions in 
YAG host are localized exclusively in the dodeca-
hedral sites of Y3+ cations (1.01 Å) forming LaY centers 
[3]. Y3+ cations besides the dodecahedral sites garnet 
lattice can also substitute the octahedral sites of Al3+ 

cations (0.53 Å) forming YAl AD (0.90 Å) [3]. This 
process is stimulating by entering La3+ large ions in the 
sites of Y3+ cations what results in the so-called effect 
of “displacement” Y3+ cations in the octahedral sites of 
Al3+ cations with smaller dimensions [3]. 

The luminescence YAG:La SCF were investigated at 
10 and 300 K at the Superlumi station at HASYLAB 
under excitation by synchrotron radiation (SR) with 
energy of 3.7-25 eV. The emission and excitation 
spectra were measure both in the integral regime and 
in the time gates of 1.2-6 ns and 150-200 ns (fast and 
slow components, respectively) in the limits of SR 
pulse with a repetition time of 200 ns and duration 
of 0.127 ns. The decay kinetics of luminescence 
was measure in the time range 0-200 ns. 

The La3+ dopant causes in YAG SC the intensive 
UV luminescence in the complex band peaked at 
4.28 eV at 300 K. The components of complex UV 
emission of YAG:La SC can be spectrally resolved 
only at 10 K. The luminescence spectra of YAG:La 
SC at 10 K under excitation by SR in the YAG 
exciton range (7.6-6.45 eV) contain superposition 
of two intensive UV bands with Емах=4.65 and 4.29 
eV (Fig.1), which can be related to the emission of 
the excitons localized near LaY ions (LE(La) 

ers) and the recombination luminescence of Lacent Y 
centers, respectively. The low-intensity band with 
Емах=3.86 eV can be related to luminescence of YAl 
AD [1, 2]. In the longer wavelength range in the 
spectra of YAG:La SC it is also observed emission 
bands with Емах=3.1 and 2.69 eV (Fig.1a) caused by 
the luminescence of F+ and F-centers [4]. 
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   Fig.2. Excitation spectra (normalized) of LE(La) 
(1a), LaY (2a), YAl (3a), F+ (1b) and F-centers (2b) 
luminescence in LuAG:La SC at 10 K, monitored at 
5.16 (1a), 4.125 (2a) 3.81 (3a), 3.1 (1b) and 2.69 eV 
(2b), respectively. The maxima of emission bands of 
LE(La) and LaY centers are indicated by arrows.    
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The excitation spectra of different UV emitting centers in 
YAG:La SC in the exciton range are complex superposition 
of excitation bands of the luminescence of LE(La), LaY and 
YAl centers (Fig.2). We could spectrally extract at 10 K two 
excitation bands of the luminescence of LE(La) and LaY 
centers with Емах=6.95 and 7.64 eV and 6.645 and 7.33 eV 
(curves 1 and 2, respectively). These bands can correspond 
to singlet and triplet excited states of excitons bound with 
the corresponding emission centers. Due to small intensity 
of the YAl AD emission at 10 К, the low-energy excitation 
band of the luminescence of these centers with Емах=6.83 
eV was correct detected only in the excitation spectrum of 
the LuAG:La SC luminescence at 3.81 eV at 300 К.  

The excitation spectrum of the F+- and F-center emission 
(Fig.2, curve 1 and 2) in the YAG transparency range 
contains couples separated bands at Емах=4.165 and 4.9 eV 
and 4.9 and 5.37 eV, which correspond to the 1B→1A and 
3P-1S radiative transition in these centers, respectively [4]. 
But In the exciton range we noted large overlapping of 
excitation spectra of the F+ and F-centers luminescence 
(Fig.2b). Specifically, the spectra of both centers consist 
the same two intensive bands with Емах=6.57 and 6.93 eV. 
That can be an evidence of the mutual F+↔F center photo-
conversion in YAG SC. In the exciton range, the excitation 
spectrum of the F-center also contains the dominant band 
with Емах=7.3 eV, corresponding to the energy of 
formation of exciton bound with F-center. The excitation 
bands of F+ and F-center luminescence in YAG:La SC 
significantly overlap in the 4-5 eV range with the emission 
bands of LE(La) and LaY centers (Fig.2a). That results in 
excitation of the F+ and F-center luminescence by the 

emission of the centers formed by La3+ II. This fact is supported by the closeness of maxima of excitation bands 
of the F+, F-centers and LE(La), LaY centers emission in the 6.5-7.0 eV range (Fig.2a, 2b).  

0 50 100 150
e3

e4

e5

e6

e7

5
4

3

2

τ=560 ns

YAl

LaY

T = 10 K

T = 300 KLaY

LE(La)

1 - Eex = 6.995 eV; Eem = 5.16 eV, 10 K
2 - Eex = 6.69 eV; Eem = 4.27 eV, 10 K
3 - Eex = 6.69 eV; Eem = 3.80 eV; 10 K
4 - Eex = 7.28 eV; Eem = 4.76 eV, 300 K
5 - Eex = 6.52 eV; Eem = 4.27 eV; 300 K

LE(La)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

1

0 50 100 150

e3

e4

e5

e6

1

1 - Eex = 4.89 eV; Eem= 2.69 eV;
2 - Eex = 3.72 eV; Eem = 3.095 eV;

F center

In
te

ns
ity

 (a
rb

. u
ni

ts
) 

Time (ns)

F+ center

2

τ=2.35 ns

 

Fig.3. Decay kinetics of luminescence of LE(La) 
(1a, 4a), LaY (2a, 5a), YAl AD(3a), F+ (1b) and 
F-centers (2b) in LuAG:La crystal at 10 K (1a-
3a, 1a, 2b) and 300 K (4a, 5a) under excitation 
by SR with different wavelengths in the 
characteristic points of excitation spectra in Fig.2.  
 

 

The decay kinetics of different components of the UV emission of YAG:La SC is shown in Fig.3a. 
Generally, the all decay curves in Fig.3a can be presented as a superposition of three components caused by 
the transition from the excited states of the LЕ(La) centers, and excitons bound with the LaY ions and YAl 
AD. Using the appropriate energies of excitation / registration of emission at the maxima of excitation / 
emission bands for different centers at 10 K, we separate the dominant emission decay of LE(La), LaY and 
YAl centers (Fig.3a). The complex decay kinetics of all components of the UV luminescence of YAG:La SC 
with the decay times of components respectively in the ns, tens ns and hundred ns ranges suggests the 
radiative relaxation of different types of the triplet excitons related to the mentioned centers. At the RT range 
the decay kinetics of LE(La), LaY and YAl centers are strongly accelerated (Fig.3a) and at 300 K the main 
slow component of the LaY center luminescence decays with a time of 560 ns (Fig.3a, curve 4).  

The decay kinetics of F+- and F-centers emission under excitation in the ranges of their intrinsic transitions, are 
shown in Fig.3b. Due to allowed character of 1B-1A singlet-singlet transition in F+-centers [4], the main 
component of the F+-centers luminescence decays with a time of 2.35 ns (Fig.3b, curve 1). Due to forbidden 
character of the 3P-1S triplet-singlet transition in F-centers [16], the main component of the luminescence of this 
centers decays in the ms range (Fig.3b, curve 2). Meanwhile, due to short time interval for the luminescence 
decay measurements, we cannot evaluate the decay time of this component in our experiment. 
Acknowledgement. The work was performed in the framework of HASYLAB II-20090087 project. 

References 
[1] Y. Zorenko, Physica Status Solidi C 2, 375 (2005). 
[2] Yu. V. Zorenko, Optics and Spectroscopy 100, 572 (2006). 
[3] Ashurov M., Voronko Yu., Osiko V., Solol A., Phys. Stat. Sol. (a) 42, 101(1977). 
[4] Yu. Zorenko, A. Voloshinovskii, I. Konstankevych, Optics and Spectroscopy 96, 532 (2004). 

-839-



Disorder in BaThF6 -  anharmonic displacement 
parameters from high-pressure single-crystal x-ray 

diffraction data 

K. Friese, W. Morgenroth1, J. M. Posse, and A. Grzechnik 

Física Materia Condensada, Universidad del País Vasco, Apdo. 644, 48080 Bilbao, Spain  
1Institut für Geowissenschaften, FE Mineralogie, Abt. Kristallographie, Universität Frankfurt, Germany 

 
Me(II)Me(IV)F6 ternary fluorides have a large potential for technological applications. In 
particular, BaThF6 is a promising scintillator material when doped with Ce [1]. In view of the 
limited knowledge about the crystal structure and stability of the compound, we decided to carry 
out a detailed structural study as a function of both temperature and pressure [2]. At ambient 
conditions, the compound crystallizes in the tysonite structure, space group P63/mmc (a=4.296(1) Å 
and c=7.571(1) Å). Reflections leading to a three times larger unit cell with trigonal symmetry, as 
observed for many rare earth trifluorides, were not detected in BaThF6.  

The measurement of diffraction intensities as a function of temperature (290, 250, 200, 150 K) 
were carried out at Beamline D3 of DORIS III (Hamburg) using a 4-circle Huber diffractometer in 
combination with a MarCCD165 detector (λ=0.4769 Å). A second crystal was loaded into an 
Ahsbahs-type diamond anvil cell [3]. High-pressure data were collected on the same beamline at 
2.12 and 4.09 GPa at ambient temperature (λ=0.4000 Å). All diffraction data were integrated with 
the program package XDS [4].  

Structure refinements, carried out with the program Jana2006 [5], show that the compound is stable 
at least down to 150 K and up to 4 GPa and characterized by a high degree of disorder, both on the 
cationic and anionic positions. Despite the different valence states and sizes of Ba2+ and Th4+, both 
cations occupy the same crystallographic site in the idealized tysonite structure. One of the 
possibilities to model this disorder is to use anharmonic displacement parameters. For this 
approach, both cations Ba2+/Th4+ were maintained on the Wyckoff position 2d with the site 
symmetry -6m2 corresponding to the cationic site in the idealized tysonite structure. However, their 
displacement parameters were described using a tensor of third order. Refinement showed that only 
the parameter C111 was significantly different from zero (see top of figure for the resulting 
electron density around the cationic position). For the ambient condition data, the introduction of 
this one additional parameter leads to a decrease of approximately 5% in the overall agreement 
factors when compared to the ideal model.  

The large anharmonic effect reflected in the ambient pressure data suggested to test whether the 
anharmonic refinement could also be performed using the high pressure data. To our knowledge, 
this is the first time that such an attempt has been made. This is easily understandable taking into 
account, that the higher sinθ/λ region, where the anharmonic effects are most visible, cannot be 
reached in a high pressure experiment due to the limited opening angle of the diamond anvil cell 
(unless short wavelengths are chosen). In addition, anharmonic effects are usually small and 
corresponding signals get easily lost in high pressure data as the accuracy of the measured 
intensities is affected by additional scattering effects originating from the diamond anvil cell 
components.  

However, in the case of BaThF6 the circumstances for an anharmonic refinement from high 
pressure data are very favourable (e.g. high symmetry, heavy atoms, strong effect). We were thus 
able to refine the anharmonic displacement parameters reliably and could approximate the observed 
electron density around the cationic positions in a satisfactory manner using this approach (see 
figure). Furthermore, we could show that the anharmonic effect is decreasing with increasing 
pressure [2].  

Investigations on the validity of this approach for high pressure in situ studies involving more 
complicated cases are planned for the future.       
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Figure: Difference Fourier maps, corresponding to the idealized tysonite structure are shown on the 
left side of the figure. Fourier maps around the cationic positions for the anharmonic model are 
shown on the right.  The top part of the figure was calculated with the ambient condition data, the 
middle part was calculated with a subset of reflections from the ambient condition data, 
corresponding exactly to the reflections measured at 4.09 GPa and the bottom part of the figure 
shows the map for the measurement at 4.09 GPa.   
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Manganites of perovskite type Ln1-xAxMnO3 (Ln – lanthanum or rare earth, A - alkali earth 

elements) exhibit rich magnetic and electronic phase diagrams depending on the kind of Ln, A 

elements and their ratio [1]. These systems show for particular compositions an extreme sensitivity 

of magnetic, structural, electronic, transport properties to external fields, and have attracted 

considerable interest with respect to the recently discovered colossal magnetoresistance (CMR) 

effect. Recently it was found that the application of high pressure also leads to various 

modifications of magnetic structure of Pr1-xSrxMnO3 manganites, x ~ 0.5 [2]. In Pr0.52Sr0.48MnO3 a 

suppression of the initial FM state and appearance of the A-type AFM ground state was observed. 

While previous studies of Pr1-xSrxMnO3 were mainly focused at x ~ 0.5 region [3], high pressure 

behavior of compounds with larger x values in the vicinity of the boundary between C-type and G-

type AFM states  of the magnetic phase diagram still remains unclear. In the present study, we have 

investigated the crystal structure of Pr0.15Sr0.85MnO3 manganite by X-ray diffraction at high 

pressures 4 GPa. In order to study pressure evolution of the cubic-tetragonal transition temperature 

energy-dispersive X-ray diffraction experiments at pressures up to 4 GPa in the temperatures range 

290 - 400 K were carried out at the beamline F2.1 (HASYLAB-DESY, Hamburg) using the 

multianvil X-ray system MAX80. Diffraction spectra were recorded in an energy dispersive mode 

using white synchrotron X-rays from the storage ring DORIS III. Spectra were recorded by a Ge 

solid-state detector with a resolution of of 155 eV at 5.9 keV and 500 eV at 122 keV resulting in a 

resolution of diffraction patterns of Δd/d ≈ 1%. The Bragg angle 2 was fixed at 9.089°, counting 

times for each diffraction pattern were about 5 min. 

At ambient conditions, the cubic phase with space group Pm3m was evidenced. At pressures above 

2 GPa a splitting of diffraction peaks was observed, indicating a structural transition to a phase with 

tetragonal symmetry. The structural phase transition point was clearly indicated by appearance of 

splitting between (220) and (004) diffraction peaks (figure 1). 

The obtained pressure dependence of Tct demonstrates a linear increase with rather large coefficient 

dTct/dP = 28(2) K×GPa
-1

. The thermal expansion coefficients  for Pr0.15Sr0.85MnO3 was calculated 

to be 1.23(8) × 10
-5

 K
-1

 for cubic phase at ambient pressure and 1.4(5) × 10
-5

 K
-1

 for tetragonal 

phase at P=3.7 GPa. 

The results of our study show that Pr0.15Sr0.85MnO3 undergoes a structural phase transition from 

cubic to tetragonal modification upon compression, with large and positive pressure coefficient of 

the transition temperature. The pressure coefficient of Neel temperature is also positive but much 

smaller in comparison with that for the structural transition temperature [4]. Subsequently, while at 

ambient pressure the onset of the antiferromagnetic long range order is accompanied by a structural 

cubic-tetragonal phase transformation at high pressure structural and magnetic phase transitions 

become decoupled. 
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Figure 1: The pressure dependence of cubic-tetragonal phase transition temperature. Solid line represents a 
linear fit to the experimental data. In inset: The parts of X-ray diffraction patterns at pressure P=1.6 GPa, 

T= 290 and 390 K. 
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ZnO doped with 3d impurities attract great attention as materials for which ferromagnetic ordering 
with a Curie temperature above the room one was theoretically predicted. It is very important 
optical investigation of NixZn1-xO solid solutions for obtaining new information on energy states 
of those very complicated materials. 

The present study was carried out by the means of the time-resolved luminescence VUV and 
XUV spectroscopy. The measurements of PL spectra were made on a SUPERLUMI station using 
an ARC Spectra Pro-308i monochromator and  R6358P Hamamatsu photomultiplier. The PL was 
recorded in two time windows − fast: delay δt1 = 0.6 ns, span of windows Δt1 = 2.3 ns; – slow: δt2 
= 58 ns, Δt2 = 14 ns. The time-resolved PL spectra, the PL excitation spectra  as well as the PL 
decay kinetics has been measured on a BW3 beamline. The PL spectra were measured by a VUV 
monochromator equipped with microchannel plate-photomultiplier (MCP 1645, Hamamatsu). The 
parameters of time windows − fast: δt1 = 0.1 ns, Δt1 = 5.7 ns; – slow: δt2 =16 ns, Δt2 = 21 ns. The 
temporal resolution of the whole detection system was 250 ps. The temporary interval between SR 
excitation pulses is equal 96 ns. ZnO doped with Ni and Co are hydrothermal samples with 
impurity concentration x = 0.002 and 0.007 respectively. The method of rock-salt NixZn1-xO solid 
solutions synthesis is described in Ref. [1].  

Photoluminescence (PL) of ZnO:Ni and ZnO:Co oxides due to radiating charge transfer 
transitions has been observed in this paper. Short wavelength edges of PL bands are defined by 
donor or acceptor levels of 3d impurities.  In fact they are positions of antibonding states, which 
appear due to hybridization of 3d-states with nearest ions p-states. Observation of bands in PL 
excitation (PLE) spectra at ħω > Eg appearing due to transitions through antibonding states allows 
us to detect the bonding states which have not earlier investigated. Such situation was observed 
for ZnO:Mn [2-4]. PL spectra for NixZn1-xO oxides at excitation energies ħω > Eg has not been 
earlier observed as well. From Figure 1 we can see two peaks in the ZnO:Ni PL spectrum and one 
peak for ZnO:Co. Short wavelength edges of these bands at the energies 2.70 and 3.40 eV which 
are near to the energies of charge transfer bands in absorption spectra for  ZnO:Ni and ZnO:Co. 
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Figure 1: PL spectra (left) and PLE spectra (right) of NixZn1-xO (x=0.3) (1), NixZn1-xO (x=0.5) (2), ZnO:Ni 
(3) and  ZnO:Co (4), T=8 K. 
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Figure 2: Time-resolved PL spectra (left) and time-resolved PLE spectra (right) of NiO. 
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Figure 3: PL decay kinetics (VUV - excitation) and time-resolved PL spectra  (XUV - excitation) of  NiO. 
 
Luminescence bands are observed under the VUV excitation at the closely-spaced energies. PL 
bands have decay time in the microseconds range. PL bands with similar forms are observed for 
NixZn1-xO solid solutions, PL excitation spectra of which have maxima at the energy of  6 eV.   
NiO luminescence spectra have complicated form depending on registration time (Figure 2).  For 
the fast window we can see three peaks in the PL spectrum, one of them with the energy 2.3 eV 
has maximum in energy region of 6 eV in PLE spectra. It is  significant that the PL peaks decay 
with the time in  ns-region which is substantially faster than the decay-time of the ZnO:Ni PL 
peaks. The nature of states, through which luminescence takes place in solid solutions with x=0.3, 
0.5 and 1.0, is yet unclear but peaks observed in PLE spectra may be considered as a results of d-p 
hybridization.  Luminescence spectra of Zn0.7Ni0.3O solid solutions under XUV-excitation are 
presented at Figure 3. Two narrow lines are revealed with the short decay-time. Similar X-ray 
luminescence bands were observed for NiO as well. We believe that the very short narrow lines 
are due to exciton-like states below the charge transfer band edge. The revealing of narrow PL 
lines having a very fast decay-time for different   Zn1-xNixO  solid solution compositions opens 
new possibilities for further investigations of these very interesting oxides.  
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Crystals doped by Pr3+ ions are considered as perspective materials for scintillator or quantum 
cutting applications [1]. The mechanism of energy transfer from a host to Pr ions still remains 
unknown. The spectroscopic investigation in the vacuum ultraviolet region is one of the most 
powerful methods for studying the mechanisms of energy transfer.  

Excitation spectra of BaF2-Pr in vacuum ultraviolet region were investigated earlier [2]. The 
authors discussed the possibility of core excitation in the process of energy transfer to 
praseodymium in barium fluoride. The crossluminescence (or core-valence transitions) occurs from 
the valence band to the outmost core band where a hole was created due to the absorption of a 
vacuum ultraviolet photon. The crossluminescence of undoped BaF2 consists of the main band at 
220 nm, overlapping strongly with the Pr3+ 4f-5d absorption, and a lower-intensity band at 193 nm 
[3]. No core-valence transitions were observed in SrF2 or CaF2 [3]. The present paper aims to 
clarify Pr3+ emission and excitation mechanisms by a comparative spectroscopic study in the 
vacuum ultraviolet region of the three homologous hosts CaF2, SrF2, BaF2 with different 
concentrations of the PrF3 dopant. 

Crystals were grown in vacuum in a graphite crucible by the Stockbarger method. Emission and 
excitation spectra as well as the emission decay kinetics of CaF2, SrF2 and BaF2 doped by 0.15 
mol.% of PrF3 were studied in the region of 2-24 eV at 11 K. The measurements were conducted at 
the SUPERLUMI station of HASYLAB at DESY (Hamburg, Germany) [4]. Additionally, some 
emission spectra were measured at the Institute of Geochemistry using Kr (120 nm) or Xe (147 nm) 
discharge lamps as excitation sources and a solar-blind photomultiplier FEU142 attached to a 
vacuum grating monochromator VM4. 

Excitation spectra for the 5d-4f (for the line 5d - 3H4 ), 4f-4f (for the line 3P0 - 3H4 ) and exciton 
emissions are shown in Figure 1. The excitation curves of the 5d-4f and 4f-4f emission are different 
in the region of direct 5d-4f excitation 5.5-9 eV. Prominent excitation bands were observed below 
the exciton peaks only. Both spectra are of low intensity and are very smooth above the exciton 
peaks in the range of interband transitions (Fig. 1). 

4f-4f excitation The excitation spectra of the 3P0 - 3H4 emission line show a peak near 7 eV (not 
shown on Fig. 1). This band is the most intense in CaF2, less pronounced in SrF2 and the weakest in 
BaF2 crystals. It belongs to the aggregate Pr centres, which possess photon cascade emission [5]. 
All three crystals show intensive excitation bands right below the exciton peak. Similarly situated 
wide peaks were observed earlier for the 4f-4f emission of several rare- earth ions in LaF3 [6]. 

5d-4f excitation The excitation spectra of the 5d-4f emissions show a sharp decrease at the exciton 
edge energies in CaF2 and SrF2 (Fig. 1). The decrease is less evident in BaF2. The spectra are of 
low intensity and almost structureless in the region of the interband transitions. The prominent 
excitation peak near 19.5 eV was observed for BaF2, while it was absent in CaF2 and SrF2 crystals. 
The excitation efficiency at 19.5 eV is only twice as low as that in the region of a direct 4f-5d 
excitation (Fig. 1). 

To verify the possibility of energy transfer from the host to a praseodymium ion due to the 
absorption of a crossluminescence photon by 5d-4f states, we have compared the 
radioluminescence emission spectra of undoped and Pr-doped BaF2 with the absorption spectrum of 
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Pr3+ ion in BaF2. The absorption is the 
strongest at 200-220 nm where it largely 
overlaps with the 220 nm 
crossluminescence band. The intensity 
of the Pr emission lines grows with the 
increasing of Pr concentration, while the 
intensity at 210 nm gradually decreases 
partially due to the enhancement of Pr 
absorption. The changes in 
crossluminescence intensity can be 
better monitored at 193 nm, where the Pr 
absorption is relatively weak. The 
intensity of the 193 nm band also 
decreases with the rise of Pr 
concentration. At the level of 0.3 mol.% 
of PrF3 the crossluminescence is almost 
completely suppressed. Considering the 
uniform Pr distribution across the BaF2 
lattice one can estimate the radius of the 
resonant transfer from a 
crossluminescent centre to a Pr ion, as 
half the distance between Pr ions. The 
half Pr-Pr distance at the level of 0.3 
molar % is near 21.5 Å. Using the 
Förster’s approach [7], one can also 
estimate this radius from the overlapping 
of crossluminescence emission and 
praseodymium absorption spectra. From 
the above-described data we evaluate the 
Förster's radius Rc as 18.3 Å. Thus, both 
values obtained for the distance of 
energy transfer from the host to the Pr3+ 
ion via the crossluminescence are in 
good agreement. 
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Figure  1:  Excitation  spectra  of   Pr  5d-4f  and   4f-4f 
emission bands as well as exciton emission of CaF2, SrF2
and BaF2 crystals doped by 0.15 mol.% of PrF3. T=10 K.

The above-described experimental 
results prove that the Pr3+ 5d-4f emission 
is efficiently excited via the resonant 
energy transfer from crossluminescence 
centres in BaF2. The excitation 
mechanism in CaF2 and SrF2 should be 
investigated additionally. 

 

The research leading to these results has received funding from the European Community's Seventh 
Framework Programme (FP7/2007-2013) under grant agreement n° 226716 and the Estonian 
Science Foundation (Grant No. 7825). 

References 
 

[1] C.L. Melcher, Nucl. Instrum. Meth. A 537 2005 6 (2005). 
[2]  P.A. Rodnyi, G.B. Stryganyuk , C.W.E. van Eijk et.al., Phys. Rev. B 72 19511 (2005). 
[3] P.A. Rodnyi, Sov. Phys. Solid State 34 1053 (1992). 
[4] M. Kirm, A. Lushchik, Ch. Lushchik et al., Rad. Measurements 33 515 (2001). 
[5] E. Radzhabov, J. Lumin. 129 1581 (2009). 
[6] K.H. Yang, J.A. DeLuca, Phys. Rev. B, 17 4246 (1978).  
[7] T. Förster, Ann. Phys. 437 , 55 (1948). 

-847-



Structural changes of FePt films upon rapid thermal 
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Rapid thermal annealing (RTA) of Fe/Pt multilayers has recently been introduced as a novel 
approach to fabricate L10 ordered FePt films with (001) texture on amorphous substrates [1]. The 
mechanisms involved in the (001) texture formation upon annealing were discussed by Kim et al. 
and it is suggested that tensile in-plane strains during the order/disorder transformation favor the 
growth of (001) textured grains [2, 3].

In this study, 5 nm thick Fe52Pt48 films deposited via magnetron-sputtering at room-temperature 
onto thermally oxidized Si substrates were processed by RTA and the influence of the annealing 
time on the structural properties was investigated with respect to chemical ordering and (001) 
texture formation. X-ray diffraction patterns obtained in θ- 2θ geometry show both fundamental and 
superstructure peaks related to (001) textured FePt films for all annealing times. Even after a short 
annealing time of 5 s, the (001) superstructure and (002) fundamental peaks are dominant compared 
to the (111) reflection and indicate a pronounced (001) texture. After an annealing time of 30 s, the 
integral intensity of the peaks reaches its maximum corresponding to the best (001) texture quality 
achieved for the investigated sample series. For annealing times larger than 150 s, additional 
diffraction peaks appear which can most likely be attributed to silicide formation during the RTA 
process. The full width at half maximum (FWHM) of the (001) peak was used to extract the 
perpendicular coherence length, Lperp. A value of Lperp up to 30 nm which is about 6 times larger than 
the initial film thickness was found for the longest annealing times and was correlated to a change 
in the film morphology from continuous to island-like. The intensity ratio of the superstructure and 
fundamental peak was used to extract the long range chemical order parameter S. 

Figure 1: Dependence of (a) the a and c lattice parameter and (b) the c/a ratio on the annealing time. The 
values of bulk FePt are indicated.
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A constant ordering parameter of S = 0.88 ± 0.1 could be determined for all annealing times. No 
variation of S with annealing time was observed. By extracting the c and a lattice parameter from 
the (001) textured grains the tetragonal distortion induced by the RTA process could be determined. 
After an annealing time of 5 s, the c-axis is substantially contracted while the a-axis is expanded 
compared to the bulk values of FePt (Fig. 1 (a, b)). Longer annealing times lead to a relaxation of 
the lattice parameters towards its bulk values and after an annealing time of 150 s no further change 
of the lattice parameters is observed. Concerning relevant mechanisms for the formation of the (001
)  texture,  the  strong  tetragonal  distortion  is  an  indication  of  in-plane  strain  leading  to  the 
energetically favorable  growth  of  (001)  oriented  grains,  with  the  longer  axis  of  the  tetragonal 
distorted fct lattice pointing in direction of the strain. This finding is in agreement with the proposed 
effective volume shrinkage occurring during the rapid recrystallization process with the annihilation 
of defects and grain boundaries [4].

References

[1] M. L. Yan, N. Powers, and D. J. Sellmyer, J. Appl. Phys. 93, 8292 (2003).
[2] J. - S. Kim, Y. - M. Koo, B. - J. Lee, and S. - R. Lee, J. Appl. Phys. 99, 053906 (2006).
[3] J. - S. Kim, Y. – M. Koo, and N. Shin, J. Appl. Phys. 100, 093909 (2006).
[4] W. Zeiger, W. Brückner, J. Schumann, W. Pitschke, and H. Worch, Thin Solid Films 370, 315 

(2000).

-849-



EXAFS Studies at the Rare Earth K-Edges in               
La2-xLnxRuO5 (Ln = Pr, Nd)   

S. Riegg 1, M. Zenkner 2, C. Ehrhardt 2, S. G. Ebbinghaus 2 

1 Institut für Physik, Universität Augsburg, Universitätsstraße 1, 86159 Augsburg, Germany 
 2 Institut für Chemie, Martin-Luther Universität Halle-Wittenberg, Kurt-Mothes-Str. 2, 06099 Halle/Saale, Germany 

 

La2RuO5 shows a structural phase transition at roughly 170 K, which is accompanied by distinct 
changes in the magnetic and electric behavior [1]. A partial replacement of La by other rare earth 
cations strongly affects the transition. Since the structure comprises two different La-sites, the 
question arises on which position the substituting rare earths are located. This question has already 
been studied to some extend by EXAFS measurements at the LIII absorption edges [2]. Only 
investigations on compounds containing Sm, Gd and Dy were possible regarding the difference in 
energy to the La-LIII edge to avoid an overlapping of Ln and La spectra.  

Here we report on investigations of Pr and Nd substituted samples at the Ln-K edges. The samples 
were prepared by a soft chemistry citrate based route. EXAFS measurements were performed in 
transmission mode at beamline X. For each sample four measurements were averaged to increase 
the signal to noise ratio. 

 

Figure 1: Crystal structure of La2RuO5 viewed along the c axis. La is represented by blue spheres, oxygen by 
red spheres. Green octahedra represent RuO6 units.  

The La2RuO5 structure is shown in Fig. 1 and is described in detail in [3]. The obtained EXAFS 
spectra result from overlapping contributions of the two crystallographic sites marked 1 and 2 in 
Fig. 1. With FEFF8 [4] the backscattering information for both sites was calculated. Fits of the Ru 
and La coordination spheres were performed using the program WinXAS. The results for 
unsubstituted La2RuO5 are shown in Fig. 2. From the La–O coordination, the two crystallographic 
positions cannot be distinguished. In contrast, the Ru- and La-environments are quite different for 
La(1) and La(2). Four backscattering paths were found to be necessary for the description of both 
the Ru and La coordination. The relative contributions of these different backscattering paths 
correlate with the occupations of the La(1) and La(2) sites. The fit shown in Fig. 2 leads to bond 
lengths comparable to x-ray diffraction results. 
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Figure 2: Fit of the Ru and La shell at the La-K absorption edge of La2RuO5.  

For comparison, the Fourier transformed spectra of all three samples are shown in Fig 3. As can be 
seen the peak intensities for the Ru and La-shell are decreasing upon substitution. Data evaluation 
gave strong indications for Pr and Nd preferable occupying the La(2) site in the LaO layer. A more 
detailed description of the EXAFS studies will be published elsewhere. 
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Figure 3: Fourier transformed χ(k).k3 spectra of the Ln-K absorption edges of La2-xLnxRuO5.  
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Rare-earth intermetallic compounds of the R2Fe17 type (where R is a rare-earth element) possess 
large magnetic moments and relatively low Curie temperatures TC. The Curie temperatures TC 
increase upon insignificant partial replacement of iron by aluminum, silicon, gallium, and other 
elements [1, 2] or upon incorporation of hydrogen, nitrogen, and carbon atoms [3]. The R2Fe17 
compounds modified in such a way can be used for high-power and relatively low-cost permanent 
magnets manufacturing. In present work the influence of Mn substitution for Fe on the local 
crystalline structure of Ce2Fe17-xMnx compounds was studied. 

The starting Ce2Fe17 compound with rhombohedral Th2Zn17-type crystal structure occupies an 
unique position in the family of R2Fe17. The volume of the Ce2Fe17 lattice cell is about 4% smaller 
than the regular cell volume of other R2Fe17 compounds. The substitution of Fe by Mn leads to 
significant changes in the magnetic properties but just the slight changes of lattice parameters. The 
phase diagram of Ce2Fe17–xMnx is rather complicated: the basic magnetic state is ferromagnetic, but 
in the Mn concentration range x=0.5-1 it is helical antiferromagnetic [4]. One reason for the non-
monotonous dependence of the magnetic parameters can be an instability of the Ce atom valence 
state [5]: the Ce 4f electronic state throughout its hybridization with 3d-electrons of Fe and Mn can 
influence the magnetic state of the whole compound. However, the influence of crystal structure 
peculiarities on the magnetic properties is more probable. 

The compounds Ce2Fe17-xMnx were prepared by high-frequency melting under an argon atmosphere 
in an AlO crucible. The as-cast ingots were annealed in vacuum at 1173 K for 3 days, then 
quenched in water. X-ray absorption spectra were collected at C beamline of the DORIS III storage 
ring (DESY, Hamburg, Germany) at the K edge of Ce (40443 eV). Energy resolution of the double-
crystal Si (311) monochromator (detuned to reject 50% of the incident signal in order to minimize 
harmonic contamination) with a 1.0 mm slit at high energies was about 1.26×10

-4
. Low-temperature 

measurements were carried out using a liquid-helium flow cryostat with the temperature instability 
not exceeding ±1 K at 300 K and ±0.1 K at 4 K. 
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Figure 1: The Fourier transforms of the K-Ce EXAFS functions at 8 K 
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In Fig. 1 the modules of K-Ce EXAFS-functions χ(k) Fourier transforms for Ce2Fe17–xMnx (x = 0, 1, 
2) compounds at 8 K are shown and the changes of line shape with the Mn concentration increase 
are clearly seen. After the analysis of spectra with VIPER [6] software pack the data on the first 
three coordination shells around Ce atom (7 Fe(Mn), 12 Fe(Mn) and 1 Ce atom) were obtained. The 
radii of coordination shells, which could be associated with the interatomic distances, change 
insignificantly. The Ce-Ce distance monotonously decreases from 3.92-3.88 Å to 3.86-3.84 Å in 
different compounds with the temperature increase. On the contrary, although we were unable to 
distinguish between the Fe and Mn atoms in the Ce local environment, the analysis was precise 
enough to conclude that the changes of Ce-Fe(Mn) distances are non-monotonous (see Fig. 2, 3). 
Moreover, there is a minimum of Ce-Fe(Mn) distance in the 100-200 K temperature region, just 
where all the compounds demonstrate helical antiferromagnetic behaviour. On the other hand, 
Ce2Fe16Mn1 demonstrates the smallest Ce-Fe(Mn) distance change among all, and that’s 
corresponding to the absence of ferromagnetic state in this compound at low temperatures < 100 K. 
Thus, the replacement of iron atoms with manganese atoms leads to the changes in local structure of 
Ce2Fe17–xMnx compounds, and a sort of correlation between Ce-Fe(Mn) distances and magnetic 
state of compounds could be stated. 
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Figure 2: The temperature dependences of the first 

Ce coordination shell (7 Fe(Mn) atoms) radius in 

different compounds. 

Figure 3: The temperature dependences of the 

second Ce coordination shell (12 Fe(Mn) atoms) 

radius in different compounds. 

In R2Fe17–xMnx compounds three types of the exchange interaction exist such as 3d - 3d, 4f - 3d and 
4f - 4f. They have similar dependences vs. the interatomic distances, but different critical values of 
the interaction sign change. So, this is a possible way how the peculiarities of local crystalline 
structure, similar to explored in our work, could influence the magnetic structure and lead to a 
number of specific features in compound’s properties. 
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Heterostructures, built of perovskite oxides, can exhibit unexpected and new physical phenomena
at their interface. An outstanding example is the formation of a two dimensional electron gas at the
interface of the two band insulators LaAlO3 (LAO) and SrTiO3 (STO) if the LAO film thickness
exceeds 3 unit cells (uc) [1]. The origin of this conducting behavior is not clear up to now, however,
several explanations like an electronic reconstruction due to the polar character of the LAO or oxy-
gen vacancies are discussed [2, 3]. Furthermore, the macroscopic properties strongly depend on the
growth parameters, in particular the total background and oxygen partial pressure, but also on the
after-growth treatment. We have used Hard X-ray Photoemission Spectroscopy (HAXPES) to study
the electronic structure of these heterostructures. Previously, we focused on the dependence of the
oxygen partial pressure [4]. Here we present results that extend the former analysis to disentangle
the influence of total growth pressure, oxygen partial pressure and post-growth oxidation.
All samples were grown by pulsed laser deposition using a single crystal LAO target. The sam-
ple thickness was 6 uc, which was verified by reflection high energy electron diffraction (RHEED).
Samples were grown in a mixed Ar/O2 atmosphere. Thereby, the total pressure was set to 10−1 mbar
(Argon), whereas the oxygen partial pressure was varied between 10−3 mbar (MIX MP) and 10−5 mbar
(MIX LP). For comparison we show also results of samples grown in pure oxygen atmosphere at
10−1 mbar (HP), 10−3 mbar (MP) and 10−5 mbar (LP). Some samples were post-growth oxidized
at 400 mbar in pure oxygen at 680◦C for 1 h (O).
The HAXPES measurements were performed at the beamline BW2 equipped with a Scienta-200
analyzer. Photoemission is a powerful tool as it is not only sensitive to the elements, but also to their
valence. For our samples, conducting behavior implies a transition from Ti4+, the formal valence
state in STO, to Ti3+ as Ti is the only multi-valent element in this heterostructure. To overcome
the surface sensitive character of photoemission and get access to the interface region, we used
photons in the hard x-ray regime. One can enhance the information depth up to 20 nm if photons
with an energy >3 keV are used. All our measurements were done with a photon energy of 3.5 keV
resulting in an energy resolution of ∆E = (0.5±0.1) eV as determined from the Au 4f core-levels.
Figure 1 shows the Ti 2p3/2 core-level spectra of differently prepared LAO/STO samples. The main
peak corresponds to the Ti4+ valence state at a binding energy of E = 459.8 eV which is commonly
found in STO. On the lower binding energy side of the main line, a smaller peak with an chemical
shift of 2.2 eV can be identified as Ti3+ which is caused by additional electrons in the Ti 3d shell.
The left panel shows a comparison of samples grown in pure O2 and mixed atmosphere. Two
observations are most important: (i) The lower the oxygen partial pressure, the higher is the Ti3+

content. (ii) The total growth pressure does not influence the Ti3+ content, which only depends
on the oxygen partial pressure. The right panel shows spectra of post-oxidized samples. Here the
trend is quite clear. Independent of the preparation, all samples show nearly the same Ti3+ content
after post-oxidation. For comparison also a sample without post-oxidation (MP) is shown, which
exhibits a bit more Ti3+.
We compare these findings to conductivity measurements, which show that all samples that are
grown at a total pressure of 10−1 mbar are insulating, except for the LP MIX samples. This latter
sample can be assumed to exhibit oxygen vacancy dominated conductivity which is also the case for
samples grown in pure oxygen at 10−5 mbar. The other macroscopically insulating samples show
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Ti3+ states which indicates carriers at the interface. This could hint to a somewhat increased in-film
roughness, which is caused by the higher growth pressure. This could suppress the macroscopic
conductivity. Post-oxidation is in line with findings of other groups that show that sample properties
are identical after post-growth treatment [5].

Figure 1: Ti 2p3/2 core-level spectra. Left panel: Comparison of samples grown in pure oxygen and in mixed
atmosphere. Right panel: Samples that were post-oxidized in pure oxygen.
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Excitonic and Electron-Hole Excitation Mechanisms of 
Impurity Centres in MgO:Cr3+ and MgO:Ca2+ Crystals  

A. Lushchik, A. Maaroos, V. Nagirny, and E. Shablonin, 

Institute of Physics, University of Tartu, Riia 142, 51014 Tartu, Estonia 

Close-packed fcc MgO crystals have found various applications. In the bulk of highly pure MgO 
crystals with a wide energy gap and valence band (Eg = 7.783 eV, Ev = 7−8 eV), electrons (e), holes 
(h) and excitons (e0) posses high mobility and do not undergo transformation into the self-trapped 
state. However, even MgO crystals, grown by the arc-fusion method (~3100 K) from 5N purity salt, 
contain some amount of impurities (0.02−2 ppm), which can be detected by sensitive luminescent 
methods. Thus Cr3+ serve as impurity luminescence centres, while Ca2+ manifest themselves in 
radiative and non-radiative decay of near-impurity-localized electronic excitations.  

The excitation spectra of Cr3+-emission in the region of direct excitation of impurity centres were 
studied long ago [1]. Figure 1 shows a well-known spectrum of the imaginary part of dielectric 
constant ε2 [2]. The formation of hydrogen-like excitons with n =1, 2, 3 occurs in the energy region 
below Eg. The edge emission of free excitons revealed in the cathodoluminescence spectrum by 
Feldbach and Kuusmann is shown as well. According to EPR measurements, the concentration of 
Cr3+ ions in our MgO samples does not exceed 5 ppm. The emission spectra of Cr3+ centres have 
been measured by a nitrogen cooled CCD detector at the excitation of MgO by synchrotron 
radiation (the SUPERLUMI station of HASYLAB) selectively forming e0 in different states (some 
of these spectra are shown in Fig. 2). The shape of all spectra practically coincides with that 
measured at the excitation by photons of hν = 7.69 eV, which form the lowest singlet excitonic 
state. At 9 K, excitons migrate over a vast distance, meet with Cr3+ centres in cubic and tetragonal 
configurations and transfer the energy to these centres. The luminescence of Cr3+ is also detected at 
the formation of separated e and h by photons of 8 eV (Fig. 2), 10.5 and 16.7 eV. A part of highly 
mobile holes reaches the surface and becomes localized there. 
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Figure 1: The spectrum of ε2 at 25 K (blue curve)
[1] and the edge emission of free excitons at 9 K
for a MgO single crystal. 

Figure 2: Emission spectra of Cr3+ centres at the 
excitation by synchrotron radiation of several 
energies in MgO:Cr3+ at 9 K. 

The low-temperature irradiation of the MgO single crystals containing purposely introduced 
impurity hole traps with photons of hν > Eg, X-rays or an electron beam causes the formation of e-h 
pairs. Highly mobile valence holes undergo rapid localization near dominant hole trapping centres, 
while conduction electrons lose their energy excess down to the bottom of the band via fast vibronic 
relaxation. Thereupon totally relaxed e mainly recombined with the trapped holes. Using the EPR 
method it was shown that Be2+ impurity ions substitute for Mg2+ cations and serve as efficient hole 
traps in MgO:Be2+ [3]. After hole trapping, the [hBe]+ centre with an effective positive charge is 
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formed. These [hBe]+ centres are stable up to 195 K [4]. At low temperature, the luminescence at 
~6.2 eV arises at the recombination of free e with [hBe]+ trapped-hole centres (see, e.g., [4]). 

The broadband emission with the maximum at ~6.9 eV was detected long ago in nominally pure 
MgO crystals and assigned presumably by several authors to the luminescence of self-trapped 
excitons. However, it was shown later that the intensity of this emission sharply increases in 
MgO:Ca2+ crystals parallel to the rise of Ca2+ concentration up to 200 ppm [5]. In addition, a 
quasiline emission at ~7.65 eV was revealed, while the emission of free excitons (7.68−7.70 eV) 
was suppressed. So, it was suggested that the ~6.9 V emission is caused by the recombination of 
conduction electrons with the holes, localized nearby Ca2+ impurity ions substituted for Mg2+ 
([hCa]+ trapped-hole centres). The thermal stability of [hCa]+ remained unclear. Figure 3 shows the 
temperature dependences of the luminescence intensity measured for the quasiline emission at 7.65 
eV and broadband emission at ~6.8 eV (bandwidth of ~0.8 eV, measurement was performed at 7.1 
eV) at the steady excitation of MgO:Ca2+ by 25 eV photons, which selectively forms separated e 
and h. The thermal quenching of the emissions starts above ~40 K and the intensities are decreased 
by half at about 50 K. The thermal release of the holes from [hCa]+ centres leads to the appearance 
of mobile h, their partial retrapping by deeper traps or the recombination with the electrons still 
localized at some traps (tentatively at bivacancies). The latter process leads to a broadband 
recombination luminescence with the maximum at ~2.9 eV, which was also detected at the 
delocalization of h from [hBe]+ trapped-hole centres in MgO:Be2+ (see, e.g., [4]). The 48 K peak of 
thermally stimulated luminescence (TSL) is dominant just for 2.9 eV emission in MgO:Ca2+ 

+ +

irradiated by X-rays at 6 K (see Fig. 3). 

It is worth noting that [hBe]  and [hCa]  centres possess a dipole momentum and a Coulomb charge 
and can efficiently participate at non-radiative recombination with either totally relaxed or hot 
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conduction electrons. "Hot" recombinations are especially important under the irradiation forming 
extremely high density of e-h pairs. The energy released via this hot recombination is sufficient for 
the creation of Frenkel defects in the vicinity of impurity hole centres.  

The research leading to these results has received funding from the Euro

Science Foundation (Grant No. 7825). 
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Charge density of SnO2

T. Lippmann

Institute of Materials Research, HZG Centre for Materials and Coastal Research,
Max–Planck–Str. 1, 21502 Geesthacht, Germany.

A charge density investigation of Cassiterite, stannic oxide,SnO2 has been performed at the Engi-
neering Materials Science beamline Harwi–II using 100 keV radiation.SnO2 is interesting, because
it crystallizes in the rutile structure, where a lot of reference data is available, e.g. [1], but investi-
gations of Sn compounds are rare so far [2, 3]. The high energyphotons are useful for compounds
including heavy elements in order to minimize absorption and extinction effects [4]. A sample of
about 200µm size and irregular shape was prepared from a crystal of natural origin.
Data has been taken with a MAR555 flat panel detector at a distance of 400 mm to the sample.
30 frames, which cover∆φ = 2◦ each, were recorded with illumination times of 10 sec per frame.
Using the data reduction package Automar [5] 5040 reflectionintensities up tosin Θ/λ = 2.1 were
determined and averaged to 820 unique structure factors. Anabsorption correction was not carried
out.
Since the valence charge density, which describes the bonding, relies on precise determinations
of the low–order structure factors, these were redetermined using a Ge solid state detector. 1000
reflections were measured up tosin Θ/λ = 0.75 and averaged to 85 unique. The data were properly
scaled to the flat panel data by an overlap of several reflections.
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Figure 1: Relative deviations of observed and calculated structure factors after multipole refinements. Fig.
1a: Ge– (black) and Mar555–data (red) plotted vs.sin Θ/λ, and b) all data plotted vs.1/Fcalc.

Independent Atom Model (IAM) refinements were carried out todetermine the start parameters
for the multipole refinements. In the following, multipoleswere applied up to the order l = 4.
Refinements were done in alternating cycles and yielded agreement factors of R(F) = 0.018 and
RW(F) = 0.029. Figs. 1 show relative deviations between observed and calculated structure factors,
plotted either againstsin Θ/λ (a) or against1/Fcalc (b). Systematic errors are not detected in the
curves. The outliers can be ascribed to very weak intensities.
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Figs. 2 show the static deformation density, a) with monopoles included and b) monopoles omitted.
Qualitatively, the results agree with the calculations presented by Mimaki et al. Moreover, the
presence of density between Sn and O gives hints for – at leastpartially – covalent bonding, but for
a quantitative evaluation a detailed topological analysishas to be carried out.

Figure 2: Static deformation density in a Sn–O–plane. Sn in the centre, O on the left and on the right.
Contour lines: positive (solid), negative (dashed), zero contour (dotted).

Fig. 3 shows the residual density in the same plane as Figs. 2.The residual density is not flat,
but various features amount to several electrons perÅ3. One reason for these findings could be an
imperfect model, i.e. model extensions by higher cumulantsor higher multipoles are necessary to
improve the results. Another source of such errors can be searched and found in the data quality of
the high–order reflections. This quality, however, can onlybe improved by better counting statis-
tics, i.e. recording more images. Thus, before performing the topological analyses the deviations
between observed and calculated structure factors should be minimized or ruled out first.

Figure 3: Residual density in the same plane as in figs. 2. Sn inthe centre, O on the left and on the right.
Contour lines: positive (solid), negative (dashed), zero contour (dotted).
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Dislocation propagation during Czochralski
growth of heavily As-doped Si crystal neck

A. Lankinen, P. Kostamo, S. Sintonen, T.O. Tuomi, P.J. McNally2, and C. Paulmann3

Department of Micro and Nanosciences, Aalto University, Tietotie 3, 02150 Espoo, Finland
2Nanomaterials Processing Laboratory, RINCE, Dublin City University, Dublin 9, Ireland

3HASYLAB-DESY, Notkestraße 85, D-22603 Hamburg, Germany

In this work, we have used synchrotron radiation X-ray topography (SR-XRT) [1, 2] for studying
necks of heavily As-doped Si crystals pulled by Czochralskimethod in the [100] direction. The
neck of a Czochralski-grown crystal is the thin part grown from the seed crystal in the beginning of
the process, and the purpose of the neck is to get rid of dislocations produced by thermal shock when
the seed crystal is dipped into the melt. A neck of a (100) crystal from a successful Czochralski run
was sliced to 5 mm thick circular wafers, which were subsequently grinded and polished to about
1.5 mm thick samples. Finally, the dislocation structure ofthe (100) neck wafers was studied by
SR-XRT. The topographs were recorded on Geola VRP-M high-resolution films using transmission
and back-reflection geometries at F1 topography station of HASYLAB-DESY.

The thermal shock caused by the seed crystal dipping introduces a great number of dislocations
into the neck, but during the neck growth the dislocation density rapidly decreases when the ther-
mal environment stabilises, and the neck is made thinner. Figure 1 shows large-area transmission
topographs of the small (100) wafers sliced from the same neck, at positions 0 mm, 5 mm, 10 mm,
15 mm and 75 mm. In topographs of Figs. 1 a) – d) the outermost regions of the necks are not
visible, because the neck diameter is larger than the topograph width (about 6 mm), but in Fig. 1 e)
the neck diameter is only about 5 mm and the edges of the neck are visible on the left and right
sides of the topograph.

The topographs of Fig. 1 demonstrate the rapid decrease of the density of the dislocations that were
produced into the neck during the seed crystal dipping. Figure 1 a) shows numerous dislocations
throughout the neck wafer surface, but after only 5 mm of growth the central region of the neck
is almost devoid of the dislocations, according to the topograph of Fig. 1 b). However, a few
straight dislocations still remain in the center of the neck, even though most of the dislocations have
propagated towards the edges. In the topograph of Fig. 1 c) there are five distinct stacking faults in
the center region, and the dislocation density is slightly smaller than observed in the previous wafer
sample (Fig. 1 b). According to Fig. 1 d) the dislocation density continues to decrease, but few of
the remaining dislocations in the center appear to be quite resilient. In the topograph of the last
sample in Fig. 1 e) there are some straight dislocations in the sample, even though the sample was
sliced as far as 75 mm downwards from the topmost sample. However, because the neck samples
were from a successful Czochralski run, it isa priori known that all the dislocations eventually
vanished, and a dislocation-free Si crystal was grown.
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d) ~g
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1000 µm

Figure 1: Large-area transmission topographs of an As-doped Si neck wafers, in growth order. The approxi-
mate distances from the position at the growth axis where thedislocation density begins to decrease sharply
area) 0 mm,b) 5 mm,c) 10 mm,d) 15 mm, ande) 75 mm. Diffraction vector projections~g are indicated in
the topographs.

References

[1] T. Tuomi, K. Naukkarinen and P. Rabe,phys. stat. sol. (a) 25 (1974) 93–106.
[2] T. Tuomi,J. Synchrotron Radiation 9 (2002) 174–178.

-861-



Investigation of the orientation relations between the 
zinc-blende and the NaCl-type phase of InAs  

H. Sowa and H. Klein 

GZG, Dept. of Crystallography, University of Göttingen, Goldschmidtstr.1, D-37077 Göttingen, Germany 

 

InAs belongs to the more ionic III-V semiconductors [1]. At ambient pressure, it crystallizes with a zinc-
blende type structure. Applying of pressure yields a sequence of several high-pressure phases [2]. The first 
phase transition at about 7 GPa is of first order. The obtained high-pressure phase shows a metallic 
character [3] and a crystal structure of the NaCl type. The transition is accompanied by a volume change of 
about 18% [3]. The NaCl-type phase is stable up to about at least 9 GPa. At higher pressure, InAs undergoes 
a displacive transition to the Cmcm-type phase. In a recent publication [4] a transition mechanism was 
derived for the NaCl to Cmcm type transition, but the transition mechanism leading from the zinc-blende to 
the NaCl type in InAs is still unknown.  

Since a number of compounds undergo such type of phase transition, many attempts have been made in 
order to get information on the microscopic mechanisms of the zinc-blende to NaCl type transitions and 
different models for diffusionless transitions involving cooperative motions of the atoms have been 
discussed. Although the symmetries of both phases do not show group - subgroup relations, possible 
transition pathways may be derived if a common subgroup of the space groups of the phases before and 
after the phase transition is found, which allows a deformation of one structure type into the other [5-7]. 
From an energetic point of view, a pathway is favourable that does not involve the breaking of bonds. 
According to Hatch et al. [6], the most favourable pathway for the zinc-blende to NaCl-type transition 
proceeds via an intermediate structure with the symmetry P31 (P32) because such a mechanism produces 
zero shear strain.  

Investigations of the orientation relations between the unit cells of the phases before and after the phase 
transition may give information on the transition mechanism that actually takes place in a compound. So far, 
such studies have been performed only qualitatively using X-ray-film methods and only for two compounds 
showing a pressure-induced zinc-blende- to NaCl-type transition – CdTe [8] and AgI [9]. However, 
differently from InAs, both compounds do not transform directly but via intermediate phases with a 
cinnabar-type or a tetragonal structure, respectively. The observed orientation relations reveal two different 
mechanisms in both compounds. Preliminary studies on InAs using a diamond–anvil cell with an opening 
angle of only 60° gave a rough impression of the orientation relations [10]. Since InAs, CdTe and AgI show 
different orientation relations between the low- and high-pressure phases, it can be concluded that the 
underlying transition mechanism is different for all three compounds. 

In order to obtain a larger portion of the reciprocal space (Fig. 1), in the present study, a diamond-anvil cell 
with a large opening angle of 90° that does not contain beryllium was used [11]. A single crystal of InAs 
with a size of approximately 190*110*50 µm

3
 was fixed with a (110) cleavage plate parallel to the culet. 

The gasket made of stainless steel had a sample hole with a diameter of 300 µm and a thickness of 80 µm. A 
4:1 mixture of ethanol : methanol was used as the pressure transmitting medium, and a pressure of 6.5 GPa 
was employed in the home laboratory. All synchrotron experiments were performed at the beam-line BW5 
with a beam-energy of 100 keV and the diffraction data were registered using a mar345 area detector. 
Owing to time considerations, the orientation of the single crystal was determined by means of a few runs in 
a range of only 20° of the orientation angle ω in steps of 1° with a measuring time of 20 s per step. 
Subsequently, the pressure was increased slightly above the phase transition where the low- and high-
pressure phases exist together and the whole available reciprocal space (–42° ≤ ω ≤ 42° ) was measured in 
steps of ω=1° with 60 s per step. In the home laboratory the pressure was increased until solely the high-
pressure phase was present. In the following measuring period, this phase was measured with the same 
orientation of the pressure cell as before. A further measurement was performed after release of pressure. 
Surprisingly, the present experiment does not reveal the same orientation relations as in the previous 
investigation [10] (Fig. 1). This indicates that different transformation conditions possibly may cause 
different transition pathways. The pathway favoured by Hatch et al. [6] can be excluded. 
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    a)          b) 

Figure1: 2-dimensional diffraction images of InAs slightly above the transition pressure, a) slow transition 

(marmode 1) b) fast transition (marmode 2) [10] (yellow: indices of the low-pressure phase, red: indices of 

the high-pressure phase). The materials of the diamond-anvil cell cause the powder rings. Different gasket 

materials were used in both experiments.  

 

Attemps were made to evaluate the data with the help of the program Maud [12]. However, owing to the 

strong powder lines caused by the gasket material (α- and γ-Fe) and diamond reflections - some of them 

lead to secondary diffraction effects - it is extremely difficult to analyse the weak reflections of InAs. So far, 

determining of the texture of the high-pressure phase was not successful. Therefore, another program [13] 

will be applied in order to get pole figures of the low- and high-pressure phases. 
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Exciton-mediated lattice distortions in InAs/GaAs
quantum dots

S. Tiemeyer1, M. Bombeck2, M. Paulus1, C. Sternemann1, S. Holz1, O. H. Seeck3, M. Bayer2, and
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1Fakultät Physik / DELTA, TU Dortmund, Otto-Hahn-Str. 4, D-44221 Dortmund, Germany
2Experimentelle Physik II, TU Dortmund, Otto-Hahn-Str. 4, D-44221 Dortmund, Germany

3HASYLAB, DESY, Notkestr. 85, D-22607 Hamburg, Germany

The confinement of charge carriers to length scales comparable to the de Broglie wavelength in
semiconductor heterostructures such as quantum wells and quantum dots leads to a considerable
modification of the density of states (DOS). In particular quantum dots represent zero-dimensional
structures possessing a DOS similar to that of atoms.
Indium Arsenide (InAs) and Gallium Arsenide (GaAs) exhibit a lattice mismatch of 7% giving
rise to strain fields in quantum dot heterostructures. The strain affects significantly the electronic
properties of quantum dots e.g. the band structure and band gap [1].
Previous x-ray studies have determined the strain distribution in quantum dots and the surrounding
crystalline structure [2, 3]. However, subject to these studies have been passive quantum structures.
In the case of excited quantum dots, the injected charge carriers induce lattice distortions altering
the electronic properties. Up to now, the lattice distortions by optically-excited carriers have been
monitored only indirectly by high resolution continuous wave or non-linear time-resolved optical
spectroscopy [4-8].
In this study, we have investigated the laser-induced lattice distortions in a multilayer structure com-
prised of 5 layers InAs quantum dots grown on and embbedded in GaAs by means of anomalous
x-ray diffraction at the beamline P08 of PETRA III. In order to overcome the large scattering signal
from the GaAs matrix, we performed ω− 2θ scans at the (002) superstructure reflection truncation
rod suppressing the scattering strength of GaAs by a factor of 500 compared to InAs.
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Figure 1: ω−2θ scan of the excited sample (Ie, left)
and of the non-excited sample (Ine, right). Intensi-
ties are scaled logarithmically.
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Figure 2: Along qz integrated differences Ine-Ie (red
line) and Ine-Ine (black line) normalized to the max-
imum intensity, respectively.

Since the suppression of the non-radiative recombination of the excitons was essential to guarantee
the excitation of every quantum dot, we cooled down our sample to 10 K using a liquid helium flow
cryostat.
A laser shutter system employing a Nd:YAG continuous wave laser (λ = 532 nm, P = 1 W)
enabled us to collect diffractograms of both the excited and non-excited sample with a single ω−2θ
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scan. This technique removed systematical errors from our data due to e.g. uncertainties in the
sample alignment.
Figure 1 depicts such a ω−2θ scan of the excited sample (Ie, left) and of the non-excited sample (Ine,
right). Intensities are scaled logarithmically. For data processing, the ω − 2θ scans were integrated
along qz and subtracted from each other. To estimate the systematical error of our measurements,
we have conducted ω − 2θ scans with switched-off laser, in the following denoted as Ine-Ine.
Figure 2 shows the integrated differences Ine-Ie (red line) and Ine-Ine (black line) normalized to Ine,
respectively. Whereas a change in intensity is observed at the position of the GaAs (002) bragg
peak, the inset exhibits that all other features in the Ine-Ie difference are of the magnitude of the
systematical error. Following synchrotron experiments are in preparation to elucidate the origin of
the intensity change of the GaAs (002) bragg peak and a detailed data analysis is in progress.
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The  increasing  demand  of  storage  capacity  has  triggered  a  substantial  research  interest  in  L10 

ordered FePt and CoPt alloys showing a high uniaxial magnetic anisotropy of up to ~108 ergs/cm3 

required for the long term stability of future high density magnetic data storage devices [1]. Since 
room temperature deposition is generally leading to the chemically disordered A1 phase, a post-
annealing process or the deposition at elevated temperatures is required to fabricate L10 ordered 
films [2, 3]. Reducing the required annealing time when post-annealing disordered FePt films is a 
key issue to minimize the thermal damage of the substrate, prevent interdiffusion and shorten the 
production times.

A series of FexPt100-x films (42 ≤ x ≤ 60) with thicknesses of 20 nm has been deposited at room 
temperature  by magnetron  sputtering  from  individual  Fe  and  Pt  targets  on  temperature  stable 
OHARA TS-10SX glass-ceramic substrates.  They have been processed by flash-lamp annealing 
with annealing times of 3 ms, 20 ms and 80 ms. The energy density of the incident light pulse was 
controlled via the capacitor charge and the evolution of the structural properties was investigated 
with respect to the chemical composition and the annealing temperature. In the as-grown state, all 
FexPt100-x films reveal only one diffraction peak corresponding to the (111) reflection. The position 
of this peak was used to determine the lattice parameter  a of the chemically disordered A1 phase 
and a linear dependence of the lattice parameter with the Fe content was observed which is in good 
agreement with Vegard`s law. For a chemical composition of Fe52Pt48,  θ -2  θ diffraction patterns 
reveal no further diffraction peaks after 20 ms flash lamp annealing with a capacitor voltage (VC) of 
up  to  VC =  2.4  kV  (Fig.  1(a)).  Increasing  VC to  3.0  kV,  however,  leads  to  the  formation  of 
pronounced (100) and (110) superstructure peaks, as well as to a separation of the (200) and (002) 
reflections typical for polycrystalline FePt films with L10 chemical order (Fig. 1 (b) – (d)). The 
superstructure peaks are only visible for chemcial compositions 50 ≤ x ≤ 60 indicating a faster A1 
to L10 ordering transformation for Fe rich FexPt100-x films which is in agreement with recent models 
of time-temperature-transformation diagrams [4].

Figure 1: θ – 2θ diffraction pattern of Fe52Pt48 films with a thickness of 20 nm after flash-annealing using a 
capacitor voltage of (a) 2.4 kV, (b) 2.6 kV, (c) 2.8 kV and (d) 3.0 kV. The positions of the (001), (110),  
(111) and (200)/(002) diffraction peaks of FePt in the L10 phase are indicated.
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Transparent micro- (MC) and nano-ceramics (NC) on the basis of Y3Al5O12 (YAG) is now being 
considered as an alternative to single crystals (SC) of this garnet for laser media and scintillator 
applications [1]. Recently in work [2] we compare the luminescent properties YAG:Ce SC, MC and 
single crystalline films (SCF) under excitation by synchrotron radiation (SR) [2]. In this work, we 
continue the research of luminescent properties of the different crystalline forms of YAG. We shall to 
compare the intrinsic luminescence of YAG NC and SC under excitation by SR in the exciton range 
of YAG host. The SC was grown from the melt at 1970oC by the Czochralski method. Transparent 
YAG NC was produced by low-temperature (350-450°C) high-pressure (6-7.7 GPa) sintering method.  

The luminescence spectra of YAG NC (a) and SC (b) at 8 K under excitation by SR with different 
energies in the YAG exciton range are shown in Fig.1. The normalized emission spectra of YAG NC 
(Fig.1a, curves 1-3) consist of the set of broad bands in the UV and blue ranges peaked at 260, 298, 
334, 395 and 490 nm. By analogy with the well-known structure of the intrinsic luminescence of YAG 
SC (Fig.1b) [3, 4], the mentioned emission bands of YAG NC are caused by the radiation decay of a 
self-trapped excitons (STE) and excitons, localized around YAl AD (LE(AD) centers; the recombination 
emission of YAl AD; the luminescence of F+ centers, localized around YAl AD and the emission of F 
centers, respectively. The luminescence of YAG NC in the orange-red range is caused by Eu3+ trace 
impurity (Fig.1a). The intensity of the luminescence of STE and YAl AD related centers is at least by 
one order of magnitude lower in YAG NC (Fig.1a) than that in SC (Fig.1a). At 8 K, the STE 
luminescence in the 254 nm band is dominating in the spectra of YAG SC (Fig.1a) whereas for YAG 
NC the intensity of STE emission is comparable with the intensity of AD-related bands and F+ centers 
(Fig.1b). This result shows that YAl AD and charged oxygen vacancies strongly contribute to the total 
output of the intrinsic luminescence of YAG NC. The concentration of these intrinsic defects is high 
on the boundaries of NP grains and strongly decreases in the main volume of YAG NC [2, 6]. 

The excitation spectra of the different emission centers in YAG NC (a) and SC (b) at 10 K are shown in 
Fig.1. Apart from the generally the same structure of excitation bands, we find some important 
differences in the excitation spectrum of YAG NC with respect to the excitation spectra of the similar 
centers in YAG SC. Namely, positions of the excitation bands of STE emission in YAG NP at 7.06 and 
7.5 eV differ from the positions of the same bands at 6.9 and 7.8 eV in the excitation spectrum of SC 
counterpart. Such a significant low-energy shift (~0.16 eV) of the main excitation band of the STE 
emission in YAG SC reflects the dominant contribution of YAl AD to their luminescent properties. As 
oppose to YAG SC, position of the main STE band in YAG NC (with lower, then in SC, concentration 
of AD in the main volume [5]) is closer to position of the STE band in YAG SCF where the AD is 
completely absent [3]. The main band in the excitation spectrum of the YAl AD luminescence at 334 nm 
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Fig.1 Luminescence spectra of YAG NC (a) and SC (b) at 10 K under excitation by SR with energies 

indicated in legend of figures, in the exciton range of YAG host. 
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Fig.2. Excitation spectra of the different emission centers in YAG NC (a) and SC (b) at 10 K. 
 

in YAG NC (Fig.2a, curve 3) is significantly broader and widely low-energy shifted to 6.6 eV with 
respect to  position of the narrow peak at 6.75 eV for AD emission in YAG SC (Fig.2b, curve 2). This 
result reflects strong involving other defect centers, namely, the oxygen vacancies, in the formation of 
energy structure of YAl centers in YAG NC. Last conclusion is also supported by very close structure 
of the excitation spectra of the  emission of YAl AD and F+(AD) center in YAG NC in exciton range 
(Fig.2a, curves 3 and 4, respectively). The excitation spectrum of the F+ (AD) center luminescence in 
YAG NC is also notably broader in the exciton range and is shifted to 6.5 eV in comparison with the 
excitation spectrum of the F-center luminescence in YAG SC (Fig.2b, curve 3) with main maximum 
at 6.65 eV and bumps at 6.11 and 5.27 eV. Therefore, the strong coupling of the AD and oxygen 
vacancies related centers is expected in YAG NC, mainly on the boundaries of grain [2, 5]. 

Decay kinetics of the luminescence of STE and different defects centers in YAG NC and SC is shown 
in Fig.3. All of the decay curves present the typical superposition of fast (in range of few ns) and slow 
(in the range of hundred ns-µs) components, most probably corresponding to the singlet-singlet and 
triplet-singlet transitions. Such type of decay kinetics is characteristic for radiation decay of STE or 
excitons localized around all intrinsic defects as well as excitons bound with the mentioned defects of 
YAG host [3, 4]. From comparison of the corresponding decay curves in Fig.3a and 3b, we find that 
the decay kinetics of same centers is faster in YAG NC (Fig.3a) than in YAG SC (Fig.3b). Such 
differences in the shape of decay curves for the same centers reflect the difference in the relative 
concentrations of YAl AD, F+, F centers and their aggregates in the samples under study.  

Thus, the analysis of the luminescent properties of YAG:Ce NC in comparison with SC analogues 
allows us to conclude that the behavior of NC is situated between the properties of SC with large 
content of YAl AD and the properties of SCF of this garnet [3] where YAl AD are completely absent.  
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Fig.3. Decay kinetics of different emission centers in YAG NC (a) and SC (b) at 10 K under 
excitation by SR with energies, indicated in figures. 
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Most rare earth (RE) based stoichiometric compounds show luminescence due to radiative 5d-4f 
and/or 4f-4f transitions in the respective RE ion. In contrast to RE doped phosphors, such emission 
of stoichiometric RE compounds can be treated as a special type of intrinsic luminescence 
(sometimes called “cation exciton” luminescence). On the other hand, RE stoichiometric materials 
can also show another type of intrinsic emission, namely luminescence of anion self-trapped 
excitons (STE), i.e. luminescence of relaxed states of excitons as bound states of (anionic) valence 
band holes and conduction band electrons. One of the examples of such RE phosphors is LuF3, 
which possesses VUV luminescence at ~10 eV due to 4f135d-4f14 transitions in the Lu3+ ion [1,2]. 
This material also shows intrinsic broadband emission in the UV region, which can be ascribed to 
luminescence of STEs. However, temporal properties of this emission were not investigated so far. 

The Lu3+ ion has completely filled 4f14 shell and accordingly luminescence properties of Lu3+ are 
only due to interconfigurational 5d-4f transitions. The Hf4+ ion is the iso-electronic counterpart of 
Lu3+, and one could expect that similar luminescence properties exist for these two ions. In the 
present work, low-temperature (T ~ 10 K) intrinsic luminescence of the two stoichiometric 
compounds LuF3 and HfF4 with iso-electronic electron configurations of Lu3+ and Hf4+ ions has 
been studied and compared, using pulsed VUV synchrotron radiation for excitation at the 
SUPERLUMI station of HASYLAB at DESY. LuF3 and HfF4 powder samples were high-purity 
chemicals. Both compounds possess high Z-values and densities, making them potentially 
attractive for scintillator applications. 

Several types of intrinsic luminescence were identified from the LuF3 crystal at low temperature, 
namely (Fig.1): the complex emission band in the UV region (peaked at ~5.5 eV), which is due to 
STE luminescence, and VUV emission at ~10 eV which is due to spin-forbidden 5d-4f transitions 
in Lu3+. An increase of temperature above 80 K causes appearance of an additional higher-energy 
emission band at ~10.1 eV which is due to spin-allowed 5d-4f transitions from the higher-lying and 
thermally populated crystal-field 5d level of Lu3+ [3]. Lu3+ 5d-4f luminescence is thermally 
quenched at temperatures T>100 K with an activation energy εa = 0.04 eV. The Lu3+ ion has no 
excited 4f levels and accordingly thermal quenching of Lu3+ 5d-4f luminescence can be only due to 
thermally activated ionization of 5d electrons to the conduction band. The UV luminescence of 
LuF3 possesses both a fast (τ ~ 3 ns) and a slow (τ > 1 μs) components, which were ascribed to the 
luminescence of singlet and triplet STEs, respectively. The excitation onset of both kinds of STE 
luminescence is situated at ~11.1 eV but luminescence of singlet STEs is excited more efficiently at 
photon energies exceeding the onset by ~0.4 eV. 

In HfF4 an intense UV luminescence (peaked at ~4.3 eV) as well as a rather weak emission band in 
VUV (peaked at ~7.8 eV) were detected both showing a slow decay (Fig.2). Excitation onsets of 
these emissions almost coincide and are situated at ~7.6/7.8 eV. The UV band can be attributed to 
luminescence of triplet STEs. The VUV band was tentatively ascribed to Hf4+ spin-forbidden 5d-4f 
luminescence although this band is much broader than is expected for such kind of luminescence 
(compare with LuF3). The weak intensity of this luminescence can be due to thermal quenching 
observed even at low temperature because of small energy gap between the emitting Hf4+ 5d level 
and the bottom of the conduction band.  

The scheme of energy bands and radiative transitions has been constructed for LuF3 and HfF4 
basing on the obtained spectral data. The band-gap, the exciton energy and the energy of 4f14-4f135d 
transitions in the cation are considerably larger in LuF3 than in HfF4. The estimated values of these 
energy parameters are (respectively): 11.9, 11.4 and 10.2 eV for LuF3; 9.9, 8.4 and 7.8 eV for HfF4.  
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Figure 1: Time-resolved emission spectra (under excitation at 11.6 eV) and excitation spectra of emission at 
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The Ce-doped lithium lanthanide borates present a class of new scintillation materials for low-
energy neutron detection. The primary investigation of the luminescent properties of LGBO:Ce 
materials in form of fibers were presented in [1]. LYBO:Ce is more suitable for the thermal neutron 
detection because of the absence of (n,γ) neutron-capture reactions on 

155
Gd and 

157
Gd isotopes. As 

it is known the difference of kinetic decay after excitation with α-particles and γ-photons underlies 
of the separation of registered signals from neutron flux and accompanying γ-background.  

LGBO:Ce and LYBO:Ce fibers with 1% Ce concentration were produced using micro pulling down 
method at Université Lyon 1 (France) at argon atmosphere.  X-ray luminescence spectra (LS) (2.5 – 
5 eV), luminescence excitation spectra (LES) (45-250 eV) and luminescence kinetics at T=10 K and 
300 K were measured on BW3 channel of DORIS synchrotron (HASYLAB, DESY, Hamburg). The 
luminescence was excited using Zeiss SX700 monochromator (average spectral resolution is 0.04 
eV for energy range of 45-250 eV). The LES were corrected for the equal number of the exciting 
photons. LS at 2.5-5 eV was registered by means of 0.4 m vacuum Seya-Namioka monochromator 
coupled to MCP 1645 (Hamamatsu). Absolute light yield (ALY) after excitation with 

239
Pu (α-

particles source) or 
137

Cs (γ-photons source) radionuclides was measured using standard method 
based on one-electron photomultiplier PMT-130,  spectrometric amplifier and multichannel 
spectrometer. 

After primary estimation of scintillation efficiency we concluded that absolute light yield of LYBO-
Се fibers after both α – and γ – excitation is higher than the ones of LGBO-Ce fibers: ALYLYBO:Ce, α-

excitation – 4.9 photon/kev, ALYLGBO:Ce, α-excitation – 4.2 photon/kev, ALYLYBO:Ce, y-excitation – 19.0 
photon/kev ALYLGBO:Ce, α-excitation – 13.6 photon/kev.   

In LES of both fibers we observed the manifestations of gadolinium. The typical structure at N-edge 
of absorption of gadolinium ions (energy range of 140-175 eV) is well-outlined in both spectra in 
Fig.1. This fact testifies that amount of gadolinium is enough to provide substitution of matrix 
yttrium atoms of LYBO:Ce fibers by gadolinium ones. Simultaneously, the manifestations of Gd-
luminescence one could see in LS of  LYBO:Ce in the region near 3.9 eV (Fig.3). In earlier work 
[1] we concluded that absence (or small intensity) of gadolinium emission can be related to optimal 
structure of fiber provided efficient energy transfer on Gd-Ce channel. The LES and LS confirm 
that in the case of LYBO:Ce investigated samples are not pure LYBO fibers, but L(Y,Gd)BO ones. 
The decay time of cerium emission for L(Y,Gd)BO is shorter in compare with LGBO samples 
(Figs.3 and 4). In decay kinetics of both fibers we also do not observed rising stage which is 
character for compositions with gadolinium. 

Usually the excitation near the core levels of crystalline lattice elements leads to shortening of 
decay times due to increasing of excitation density and decreasing of fiber layer where interaction 
with ionizing radiation occurs. Moreover, the processes of energy transfer take place in surface 
layer with great defect’s concentrations. Usually, obtained decay kinetics demonstrates more short 
components in such situation. But, for L(Y,Gd)BO-fibers we observed the opposite dynamics of 
“decay time – excitation energy”: the decay kinetics increases under excitation near gadolinium and 
boron absorption edges (Fig.3), in contrary to typical picture in LGBO fibers (Fig.4).  
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Figure 1: . Luminescence excitation spectra of 
LGBO:Ce (1) and L(Y,Gd)BO:Ce (2) at 
Еem=3.2 eV. T=300K 

Figure 2: X-ray luminescence spectra of LGBO:Ce 
(1) and L(Y,Gd)BO:Ce (2)  at Еex=130 eV. 
T = 300 K. 

  

Figure 3: Decay times of L(Y,Gd)BO:Ce at 
Еem=3.2 eV at different Eex. T=300K 

Figure 4: Decay times of LGBO:Ce at Еem=3.2 eV at 
different Eex. T=300K. 

 

So, we can conclude that paths of energy transfer and the mutual allocation of the capture and 
emitting centres differ in researched fibers. Taking into account both the measured values of 
absolute light yield and profiles of kinetic decay it should be accepted that L(Y,Gd)BO fibers is 
really more suitable for scintillation technique. 
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O.V. Solovyev4, and S.L. Korableva4 

P.N. Lebedev Physical Institute, Russian Academy of Sciences, Leninskij Prospect 53, 119991 Moscow, Russia 
1Institute of Physics, University of Tartu, Riia 142, 51014 Tartu, Estonia 

2Institut für Experimentalphysik, University of Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany 
3HASYLAB at DESY, Notkestraße 85, 22607 Hamburg, Germany 

4Kazan Federal University, Kremlevskaya Str. 18, 420008 Kazan, Russia 

Our recent studies [1-3] have shown that 5d-4f luminescence in vacuum ultraviolet (VUV) region is 
observed not only from Nd3+, Er3+, and Tm3+, extensively studied before, but also from Gd3+ and 
Lu3+ ions if these ions are incorporated into some fluoride host with sufficiently wide band-gap, 
such as LiYF4, YF3, CaF2. One could expect that these ions will also show VUV 5d-4f 
luminescence if they are doped into the LiCaAlF6 (LiCAF) crystals, which have one of the largest 
values of band-gap energy (12.65 eV) among fluoride compounds [4]. In the present work the first 
observation and detailed characterization of VUV luminescence due to 5d-4f transitions in Gd3+ 
and Lu3+ ions doped into LiCAF crystals are reported. For comparison purposes, luminescence of 
Ce3+ in LiCAF has been also included into this study. Experimental spectra for LiCAF doped with 
Ce3+ and Lu3+ are compared with results of theoretical simulations. 

The experimental studies were performed at the SUPERLUMI station of HASYLAB at DESY 
using synchrotron radiation for excitation. The emission and excitation spectra as well as decay 
kinetics of UV/VUV luminescence from the LiCAF:Ce3+, LiCAF:Gd3+ and LiCAF:Lu3+ crystals 
with nominal concentration of the doping ions ~1.0 at.% have been analyzed with remarkably high 
spectral (~0.5 Å) and time (~0.1 ns) resolution. 

At low temperature the VUV luminescence at hν ~10 eV has been detected from the LiCAF:Gd3+ 
and LiCAF:Lu3+ crystals under the excitation in the spectral region of 4f-5d transitions in Gd3+ or 
Lu3+, respectively. Decay time of VUV luminescence from LiCAF:Gd3+ was 18.2 ns at 9 K. The 
VUV luminescence from the LiCAF:Lu3+ crystals shows slow decay. The results clearly show that 
the VUV luminescence observed from the LiCAF:Gd3+ and LiCAF:Lu3+ crystals is due to 4f65d - 
4f7 spin-allowed transitions in Gd3+ and 4f135d - 4f14 spin-forbidden transitions in Lu3+, 
respectively. In the LiCAF:Lu3+ crystal, in addition to the slow luminescence a much weaker and 
fast (τ ~1.5 ns) luminescence has been also detected at higher photon energies ~10.3 eV. Excitation 
spectra of both emissions coincide and the excitation spectra onset well correlates with the position 
of the fast emission band, which was ascribed to spin-allowed 4f135d - 4f14 transitions in Lu3+. 

The rich fine structure originating from electronic origins of transitions and their phonon replica 
has been well resolved in emission and excitation spectra of all crystals, allowing for an analysis of 
electron-phonon coupling (see Figs. 1,2). Modeling of spectra for LiCAF doped with Ce3+ and Lu3+ 
has been performed in the framework of the semi-phenomenological models of the crystal field and 
the crystal lattice dynamics using the approach derived in [5]. The doping ions were supposed to 
replace the Ca2+ ions with remote charge compensation. Simulations of spectra were restricted to 
the Ce3+ and Lu3+ ions with their simple 4f05d and 4f135d electronic configurations. Concerning the 
more complicated case of Gd3+ with its 4f65d electronic configuration, its spectra were analyzed in 
an indirect way based on the experimental observation that fine vibronic structure in the Gd3+ d-f 
luminescence spectrum is very similar to that in d-f emission spectrum and in the lowest-energy 
band of f-d excitation spectrum for Ce3+. 

The details of vibrational structure were not reproduced well enough by calculations (see Fig.2 as 
an example). The reason of this may be that in contrast to the LiYF4 crystal host and similar to the 
CaF2 matrix [3], the rare earth ions occupy in LiCAF the defect sites with some kind of neighboring 
charge compensation. As a result, these sites have different local symmetry compared to regular 
lattice and mainly local vibrations are involved into electron-lattice coupling. 
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Figure 1: Emission (under excitation at 84745 cm-1, left) and excitation (monitoring emission at 

79555 cm-1, right) spectra in the VUV spectral range of the LiCAF:Gd3+ crystal at 9 K. 
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Figure 2: Measured (1, excitation at 89605 cm-1, T=9 K) and simulated (2) emission spectra of LiCAF:Lu3+. 
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Crystals under VUV and XUV Excitations 

I.A. Gofman, V.A. Pustovarov and S.O.Cholakh 

Ural Federal University, 620002, Mira str.  21, Yekaterinburg, Russia 
 
Luminescent properties of molybdates have recently been a subject of intensive research using 
synchrotron radiation. By now, crystals with scheelite structure were studied [1], also specific 
investigations were held on molybdate crystals with light cations [2], magnesium [3] and zinc 
molybdates [4]. Some of the materials were shown to be prospective for use as cryogenic 
scintillating bolometers in the search of neutrinoless double beta decay [5]. Molybdates also attract 
researchers’ attention because the nature of the luminescent centers is still not clear to the end. 

The object of the present study was a rare-earth molybdate β`-Gd2(MoO4)3 (GMO) with tetragonal 
structure (Pba2 space group). We studied two groups of crystals – nominally pure single crystals cut 
perpendicular to c-axis, and single crystals with radiation induced defects (irradiated under fast 
electrons,  E=10 MeV, fluence F=2·1016 electrons/cm2). 

PL spectra in the energy range 1.3 - 6.2 eV, PL excitation spectra and reflection spectra (17°) in the 
energy range 3.7 - 21 eV were measured at T=7.5 K at the SUPERLUMI station (Beam-line I). The 
0.3 m ARC SpectraPro-308i monochromator equipped either with the R6358P (Hamamatsu) 
photomultiplier or cooled CCD camera was used to analyse luminescence. The PL excitation 
spectra were corrected for the equal number of the exciting photons using sodium salicylate, 
whereas the PL spectra are presented without any corrections. In the XUV region PL spectra (2.5 - 
7.0 eV), PL excitation spectra (60 - 450 eV) as well as PL decay kinetics were measured  at T=8.5K 
using SR from the BW3 beam-line. Undulator radiation was further monochromatized by a Zeiss 
SX700 monochromator. The PL spectra were measured by an 0.4 m vacuum monochromator (Seya-
Namioka scheme) equipped with an microchannel plate-photomultiplier (MCP 1645, Hamamatsu). 
The PL excitation spectra were corrected for incident flux using photodiode AVUX-100. 

PL spectra of both crystals are shown in the Figure 1. PL spectrum of the pure GMO crystal is a 
broad band in the green region, typical with molybdates. It consists of two explicit subbands 
Eem=2.21 eV and Eem=2.45 eV with relative intensity dependent on the excitation energy. This type 
of behaviour was not observed for any of other molybdates, pointing to the responsibility of 
crystallographic peculiarities for this phenomenon. In particular, GMO structure shows several non 
equivalent crystallographic positions for MoO4

2-
 tetrahedra. PL spectrum of defective crystal is 

shifted to the red side (Eem=1.92 eV), together with its excitation peak at Eexc=3.92 eV. These 
parameters are characteristic of the molybdate additional emission peak previously observed in 
scheelite compounds [6]. This is an important result because we thus show that this type of defects 
can be obtained both by synthesis and radiation modification. The nature of the defect center is still 
under discussion. 

The reflection spectra and PL excitation spectra of the pure and defective crystals are shown in the 
Figures 2 and 3, respectively. The absorption edge tails in both cases lie lower than 4.0 eV and 
therefore are inaccessible for available equipment. From laboratory measurements we know that 
radiation induced slight yellow coloration of the crystals and shifted the absorption edge to lower 
energy. PL excitation spectra of the pure crystal show two peaks which can be attributed to the 
allowed transitions in the MoO4

2- tetrahedra. Relative intensity of the higher energy peak is also 
dependent on the emission wavelength monitored. Sharp lines of Gd3+ absorption are well resolved 
at the PL excitation spectra. This result indicates that energy transfer exists from cationic to anionic 
sublattice.  

Luminescence excitation spectra in the XUV region showed sharp structures in the region of the 
core levels of the atoms present in the crystal, e.g. near 1s(O) level (peak at 542 eV) and 4d5/2(Gd) 
level (see Figure 4). Presence of the minima in the spectra point to the high mobility of the 
electronic excitations created by XUV photons. The main peculiarity of the luminescence spectra 
under XUV-excitation was that Gd3+

 
6PJ→8S7/2 lines appeared (see Figure 3, inset). Together with 
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the presence of gadolinium lines in the excitation spectra this means that 4f levels of Gd3+ mix 
significantly with 2p orbitals of O2- contributing to the top of the valence band in GMO. 
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Figure 1: The PL spectra of pure GMO crystals, 
Eexc=6.2 eV (1), Eexc=4.4 eV (2) and defective GMO 
samples, Eexc=3.9 eV. Т=7.5 K, detector - CCD-
camera. 
 

4 6 8 10 12 14
0,0

0,2

0,4

0,6

0,8

1,0

3

4,0 4,1 4,2
0,0

0,2

0,4

0,6

0,8

1,0

In
te

ns
ity

, a
.u

.

Energy, eV

8S7/2-6PJ

In
te

ns
ity

, a
.u

.

Photon energy, eV

1

2

Figure 2: The reflection spectrum (1) and PL excitation 
spectra Eem=2.58 eV (2) and 2.02 eV (3) of the pure 
GMO crystal. Inset: fragment of the PL excitation 
spectrum near Gd3+

 excitation lines, T=7.5 K. 
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 Figure 3: The PL excitation spectrum Eem=1.9 eV of 
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Figure 4: Luminescence excitation spectrum of pure 
GMO sample in the region of 4d(Gd) edge at T=8.5 K. 
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Semiconducting nanoparticles embedded in insulating matrices have been the object of 
continuously increasing interest due to their peculiar physical properties such as strong size-
dependent widening of the optical band gaps. One of the main problems for industry is to design a 
source of light based on these materials. Ion implantation is an effective method of materials 
properties management for microelectronics, photonics and optoelectronic engineering. Particularly, 
the implantation of group IV elements in SiO2 layers followed by heat treatments at high 
temperatures leads to the formation of specific nanostructures exhibiting photoluminescence (PL). 
The reported intense visible and ultra-violet (UV) PL from Sn-implanted silicon oxides at room 
temperatures was traditionally associated to oxygen deficiency centers (ODCs) created during the 
implantation and annealing [1, 2].  The present study is concerned with low-temperature relaxation 
processes involving photosensitive defects in SiO2-film samples implanted with Sn+-ions.  

Time-resolved photoluminescence (PL) spectra in the region of 1.5-6.0 eV, time-resolved PL 
excitation spectra (3.7-12 eV), and the PL decay kinetics were measured using the selective VUV-
excitation at SUPERLUMI station. The primary monochromator with Al-grating had a spectral 
resolution of 3.2 Ǻ. The PL spectra was measured using a 0.3-m monochromator model ARC 
Spectra Pro-308i and an R6358P photomultiplier (Hamamatsu) in two time spans Δt1 = 11.8 ns (the 
fast component) and Δt2 = 92 ns (the slow component), which were delayed relative to the 
beginning of the SR-excitation pulse for δt1 = 2.7 ns and δt2 = 60 ns respectively. The excitation 
spectra were normalized to the same number of SR-exciting photons using sodium salicylate. The 
PL spectra were not corrected on spectral sensitivity of optical tract. In order to analyze two fast 
components of the PL decay kinetics, the convolution method was used. The studied sample was 
SiO2-film (500 nm) on a silicon substrate irradiated by Sn+ ions (E = 100 keV, F = 5·1016 ions/cm2) 
and annealed at T=900°C during 1 hour. 

The PL spectra of the unirradiated films include several ODC bands in regions 2.5-3.5 and 4.3-4.5 
eV, usually observed for SiO2 glass and films [3]. After implantation of Sn+ ions and subsequent 
annealing, the luminescence properties of the samples under study change considerably. The most 
intensive bands appear at 3.25 eV and 2.5 eV (Figure 1). A couple of lower peaks are located near 
1.7  and 4.0 eV. Besides, there is an evidence of additional maximum at 2.1 eV. 
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Figure 2: PL excitation spectra of different PL bands 
for implanted  film. 
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Figure 1: Time-resolved PL spectra for implanted         
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The PL excitation spectra (Figure 2) for 
all emission energies have a complex shape 
with most noticeable peaks at 5.0-5.5, 10 and 
12 eV. These spectra can be divided into 
three parts, corresponding to low-energy 
intracenter transitions, excitons and electron-
hole pairs formation. Such behavior is 
similar to silicon-implanted silica films 
though interference effects [4] are not 
observed clearly in the present case for Sn+ 
implanted samples. An interesting feature is 
that the 11 eV photons excite the whole set 
of emission bands thus resembling the laser 
or electron beam excitation effects in photo- 
and cathodoluminescence, respectively. 

The time-resolved luminescence 
measurements reveal different kinetics of the 
bands (Figure 1). The luminescence at 4.1 

and 2.1 eV decays much faster than the luminescence at 2.1 and 2.6 eV. According to Figure 3, 
decay curves for both bands are described fairly well by single exponentials placed on the top of 
constant level of microsecond kinetics. The lifetimes are τ = 4.5 ns for hνem = 4.0 eV and τ = 24 ns 
for hνem = 2.1 eV. The former value is close to that for 4.2 eV singlet PL band observed for SnODC 
in tin doped silica [5]. 

Generally, tin implantation may have several effects on silica matrix, including Sn-nanoparticles 
formation, silicon substitution and lattice distortions. Subsequent annealing favors the growth of tin 
nano-sized inclusions and also may yield a portion of SnO2 nanoclusters. Besides, ion implantation 
could create an excess of silicon which may further appear as Si quantum dots. All the features 
described may contribute to photoluminescence. In such a complex case the time-resolved 
techniques may help to reveal the nature of the bands observed. Particularly the luminescence of 
silicon nanoparticles is often characterized by long micro- or even millisecond decay kinetics, while 
the intracenter transitions of point defects may have nanosecond order lifetimes. The 3.2  and 4.1 
eV  bands in PL spectra can be ascribed by their positions and lifetimes to the triplet-singlet and 
singlet-singlet transitions of Sn-related variant of the oxygen deficient centers [2, 5]. The 1.7 eV 
peak coincides with well-known emission band of silicon quantum dots. So the most intriguing 
contributions there are 2.1 eV and 2.5 eV maxima. Further investigations are required to identify 
their actual nature. 

Thus the main feature of luminescence for samples under study is the appearance of new 
luminescence centers with complex multiband excitation spectra. The nature of such light emission 
may be connected both with the nanoclusters and point defects. 

Acknowledgement. The work was partially supported by RFBR (grant No. 11-02-00939). 
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The studies of electronic excitations (EE), exciton states and defects of crystalline structure in thin 
oxide films are very actual due to their potential applications in microelectronic, dosimeters and 
other techniques, see for example [1-3]. The relaxation processes essentially depend on a phase of 
crystalline structure as well as depend on volume and surface point defects, they considerably differ 
from such processes in single macro crystals.  

The present study was carried out by the means of the low-temperature luminescence VUV and 
XUV spectroscopy with the time-resolution. The time-integrated and time-resolved 
photoluminescence (PL) spectra, the PL decay kinetics were measured under selective excitation by 
SR on a SUPERLUMI station. The measurements of PL spectra were made using an ARC Spectra 
Pro-308i monochromator and  R6358P Hamamatsu photomultiplier. The PL was recorded in two 
time windows − fast: delay δt1 = 0.6 ns, span of windows Δt1 = 2.3 ns; – slow: δt2 = 58 ns, Δt2 = 14 
ns. The time-resolved PL spectra (in region of 2.5–9.5 eV), the PL excitation spectra (in regions of 
2L - edge of Al and 1S - edge of O) as well as the PL decay kinetics has been measured at T=7.2 K 
using SR on a BW3 beamline. SR from the undulator was further monochromatized by a Zeiss 
SX700 monochromator. The PL spectra were measured by a VUV monochromator equipped with 
microchannel plate-photomultiplier (MCP 1645, Hamamatsu). The parameters of time windows − 
fast: δt1 = 0.1 ns, Δt1 = 5.7 ns; – slow: δt2 =16 ns, Δt2 = 21 ns. The temporal resolution of the whole 
detection system was 250 ps. The temporary interval between SR excitation pulses is equal 96 ns. 

The objects of studies were the concentration series of HfO2-Al2O3 films ((0, 10, 20, 40, 100% of 
Al). The films were grown in a flow-type CVD reactor with argon as a carrier gas. According to 
electron diffraction data, the films were amorphous. Their thickness determined by ellipsometry 
methods was about 100-120 nm. After 2 h annealing in vacuum, the initially amorphous films 
underwent partial crystallization: the intensity of light scattering by single crystals in the film 
volume increased, and diffraction lines appeared in X-ray diffraction patterns. 
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Figure 1: Time-integrated (left) and time-resolved (right) PL spectra of HfO2-Al2O3 films and Al2O3 single 
crystal under  Eexc=130 eV at T=7.2 K. 
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The analysis of presented results permit to make following resume-conclusion. The 4.4 and 7.6 eV 
PL bands in pure HfO2 and pure Al2O3 films correspond to emission of self trapped excitons (STE) 
accordingly [3.4].  The STE states in α-Al2O3 film are modified. It is possible there is influence of 
defects or surface. In HfO2-Al2O3 (10% Al) film  a maximum of PL spectrum shifted in 4,25 eV, in 
decay time occur a short ns-components, the 7.6 eV STE emission band decreased completely. 
These changes can be interpreted as a manifestation of excitons bounded on impurity centers or 
defects. Further at 40% Al concentration in HfO2-Al2O3 film the yield of 4.25 eV emission band 
decreased completely also, the PL spectrum contains a PL bands of defects in region of 3.1 eV only. 

Thus, the results show a transformation of emission relaxation processes depending on a degree of 
film imperfection. The results of the VUV - and XUV - spectroscopy are well correlated. However, 
the probability of radiation relaxation of EE with participation of defects or through STE states 
depends on energy of exciting photons. The difference in the kinetic energy of electron-hole pairs 
results in different channels of radiation relaxation. As a whole the time-resolved spectroscopy was 
demonstrated to be a sensitive method to detect point defects and exciton states in oxide films. 
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Figure 2: Time-resolved PL spectra of HfO2 - Al2O3 (10%)  film  under  Eexc= 5.96 eV at T = 8.0 K. 
Figure 3: Time-resolved PL excitation spectra of HfO2 and HfO2 - Al2O3 (10%) films: Eemis=4.3 eV, T=8.0 K. 
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Figure 4: PL decay kinetics of HfO2 - Al2O3 (10%) film  under  Eexc= 5.96 eV at T = 8.0 K. 
Figure 5: PL decay kinetics of single crystal α-Al2O3 and Al2O3 film: Eexc=130 eV, Eemis = 7.6 eV, T = 7.2 K.  
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The mixed valence RMn2O5 compounds (R = Bi and rare earths) are one of the most studied 
families of multiferroic materials. They order antiferromagnetically at low temperatures (TN ≈ 40 K) 
and on further cooling undergo a sequence of (in)commensurate magnetic phase transitions. 
Slightly above the Néel temperature TN, they become ferroelectric. Noda et al. [1] indicated that the 
effects of the magnetic field and hydrostatic pressure are strongly dependent on the R atom in the 
RMn2O5 systems. Compressing these materials is supposedly analogous to applying magnetic field 
[2].  

In this work, we were interested in examining the effect of hydrostatic pressure on the crystal 
structures of BiMn2O5 and HoMn2O5 at room temperature with single-crystal x-ray diffraction in 
diamond anvil cells. Although structurally similar, these materials slightly differ in their fine 
structural details and low-temperature features due to the electron lone (E) pair on the Bi3+ cation. 
Thus, our aim was to study their high-pressure behaviours and see whether the presence of the E 
pair in BiMn2O5 leads to significant differences when compared to HoMn2O5.    

The experiments were carried out using a HUBER four-circle diffractometer equipped with a 
marCCD165 detector at the D3 beamline (λ ≈ 0.4 Å). The intensities were integrated and corrected 
with the program XDS [3]. All the synchrotron diffraction data were analyzed and refined using the 
program JANA2006 [4].  

The two compounds are isomorphous and are built of infinite chains of Mn1O6 octahedra linked 
through Mn2O5 tetragonal pyramids and Bi(Ho)O8 polyhedra [5]. The slight difference between 
BiMn2O5 and HoMn2O5 is apparent when the coordination spheres around the Bi and Ho atoms are 
considered. Both could be described as distorted bicapped trigonal prisms. However, the degree of 
distortion in the BiO8 polyhedron is larger than in the HoO8 polyhedron as two of the Bi-O 
distances in the prism are substantially longer than the rest. This effect could be assigned to the 
presence of the E pairs on the Bi3+ cation. An inspection of the electron density around the Ho and 
Bi positions reveals another difference: while the electron density around Bi has a shape which can 
easily be approximated taking into account a second-order tensor for its displacement parameters, 
the shape around Ho suggests the presence of anharmonic effects. The modelling of the Ho position 
using a tensor of 4th order leads to a decrease of the overall agreement factors.  This observation 
allows two possible interpretations: (1) either the Ho site does not occupy only one single position 
within the HoO8 polyhedra but rather it represents an average of several positions or (2) the thermal 
movement of Ho is truly anharmonic.   

The crystal structures of BiMn2O5 and HoMn2O5 are stable upon compression to at least 7.00 GPa 
and 5.91 GPa, respectively, at room temperature. The pressure dependence of the normalized lattice 
parameters and unit-cell volumes is presented in Figure 1. Both materials are very similar: (1) they 
are the most compressible along the a axis, (2) the lattice contractions along the b and c directions 
are nearly the same. Their P-V data could be fitted by a second-order Birch-Murnaghan equations 
of state (B’ = 4.0) with the zero-pressure bulk modulus B0 = 138(2) GPa and the unit-cell volume at 
ambient pressure V0 = 370.7(2) Å3 for BiMn2O5 and B0 = 173(3) GPa and V0 = 350.7(1) Å3 for 
HoMn2O5. The difference in the bulk moduli results from BiMn2O5 being relatively more 
compressible than HoMn2O5 along the a axis. 

The crystal structures of the two manganites behave different at high pressures as reflected in the 
bond valence sums (bvs) around the Mn-positions. At ambient pressure, the bvs for the Mn1 
position are very close to the ideal value of 4 in both compounds (Bi: 3.920(10) v.u., Ho: 4.066(12) 
v.u.), while for the Mn2 position they are nearly 3 (Bi: 3.077(10), Ho: 3.170(11) v.u.).  At higher 
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pressures, the bvs for Mn1 in the Bi-compound increase drastically, while the bvs for Mn2 does not 
change significantly with pressure. In the Ho-compound, on the other hand, the bvs around Mn1 is 
hardly influenced by pressure and the bvs for Mn2 increases only slightly. This might be an 
indication of pressure-induced charge transfer between the two Mn sites, which has strongly 
different character in both compounds. A similar effect was already postulated in [6] to explain the 
phase transitions at low temperatures. 
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Figure 1: Pressure dependence of normalized lattice parameters and unit-cell volumes in BiMn2O5 (open 
symbols) and HoMn2O5 (solid symbols). The a, b, and c lattice parameters are drawn as stars, circles, and 
squares, respectively. The unit-cell volumes are drawn as diamonds. The lines represent the second-order 
Birch-Murnaghan equations of state (B’ = 4.0). 
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Epitaxy of cubic Pr2O3 on boron passivated Si(111)
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Rare earth oxide (REO) films are interesting to improve the performance and functionality of future
semiconductor devices by integrating alternative semiconductor materials into the present Si tech-
nology [1, 2]. In this regard, crystalline praseodymia filmsare under discussion as highly functional
insulating buffer material to form so-called integrated germanium-on-insulator (GeOI) systems.
One of the main goals is to use these multilayer systems to boost the sub-45 nm complementary
metal oxide semiconductor (CMOS) technologies and further to achieve the cost-effective mono-
lithic integration of III-V optoelectronic materials (GaAs) on the Si wafer platform. However, post
deposition annealing under oxygen atmosphere is necessaryto transform the praseodymia films,
with initial hexagonal (hex), to the favored cubic (cub) structure [3]. This process is always accom-
panied with the undesired formation of an amorphous interface layer between film and substrate. In
this work, direct growth of ultra thin cub-Pr2O3 films on boron passivated Si(111) surfaces is inves-
tigated using spot profile analysis low energy electron diffraction (SPA-LEED), x-ray diffraction
(XRD) and x-ray reflectometry (XRR).
Clean, boron doped Si(111) substrates were passivated by evaporation of 1/3 monolayer of B atoms
from a HBO3 source at 750◦C substrate temperature [4]. Afterwards, praseodymia filmswere
grown on these substrates at 500◦C by MBE (evaporation rate about 0.2 nm/min). In situ SPA-
LEED measurements were performed directly after film growthbefore the samples were capped
with a layer of amorphous silicon and transported to the beamline W1 at HASYLAB. Here, ex situ
XRD and XRR measurements were performed at a photon energy of 10.5 keV.
Figure 1(a) shows the electron diffraction pattern obtained after praseodymia film growth. Main
diffraction spots with (1x1)-structure and three-fold symmetry can be observed pointing to a cubic
structure of the crystalline oxide film. However, only weak intensity streaks occur between the main
diffraction spots instead of a clear (4x4) diffraction pattern which is expected for cub-Pr2O3 [5].
This is probably due to a strong surface roughness which can be assumed because the diffraction
spots are also significantly broadened.
The XRD measurement of the specular crystal truncation rod (CTR) close to the Bragg condition
L=1 (L in Si(111) surface coordinates) is shown in Fig 1(b). A sharpBragg peak due to the Si
substrate can be seen as well as an additional broad Bragg peakcaused by the crystalline oxide
film. Comparing the position of the broad peak to the bulk values of hex-Pr2O3, PrO2 and cub-
Pr2O3 shows that the vertical layer distance is even lower than thebulk value of cub-Pr2O3 which is
an obvious clue that the crystalline film exhibits a tetragonally distorted bixbyite structure [6]. This
is also supported by the intensity distribution of the non-specular [01L]-CTR (cf. Fig 1(c)) where
broad Bragg peaks occur at positions corresponding to the cub-Pr2O3 structure with exclusive B-
type orientation in relation to the layer stacking sequenceof Si(111) [3].
Finally, the analysis of the XRR measurements (cf. Fig 1(d)) using the Parrat algorithm shows
that an oxide film with 4 nm thickness was grown on the Si substrate which is in agreement with
the crystalline oxide layer thickness obtained from the XRD measurements (3.9 nm). Furthermore,
the XRR analysis indicates that no silicate interface was formed between oxide and Si during film
growth.
In summary, we have shown that direct growth ofcubic Pr2O3 films on Si(111) without silicate in-
terface formation can be achieved by using boron passivatedSi surfaces. It is, however, still unclear
if the boron atoms stay at the silicon-praseodymia interface during film growth or if they segregate
to the film surface as it was shown for praseodymia films on chlorine passivated Si surfaces [6].
Here, future investigations are necessary to determine thechemical properties of the oxide film
surface.
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Figure 1: (a) SPA-LEED pattern of the as grown praseodymia film (Eel=95.4 eV). (b) Specular CTR of the
sample atL ≈ 1. Expected positions for bulk hex-Pr2O3, bulk PrO2 and bulk cub-Pr2O3 are indicated. (c)
[01L] CTR: Expected positions for A-type and B-type oriented cub-Pr2O3 are indicated. (d) XRR measure-
ment (solid line) and calculated intensity distribution (dashed line).
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CoFe is widely used as material for magneto-electronic devices. Tunneling magneto resistive 

(TMR) devices with CoFe electrodes exhibit high TMR ratios of up to of 217% at room 

temperature and 753% at 2K [1]. One of the major problems in the quality of the tunneling 

junctions may be caused by undetected structural defects that drastically reduce the spin 

polarisation. CoFe is known to crystallize either in a cubic W-type structure with random site 

occupation (B2) or in a ordered structure where Co and Fe occupy the sites of a CsCl-type lattice 

(A2). The detection of the correct structure by regular X-ray diffraction (XRD) is difficult because 

the scattering factors of Co and Fe are very similar for excitation by standard laboratory sources. 

The situation changes if one approaches the photon energy close to the absorption edges of the 

constituents, because then the anomalous scattering factors play an important role. 

 

The anomalous XRD experiments on thin CoFe thin films annealed at different temperatures were 

performed at the BW2 beamline. Figure 1(a, b), displays the calculated anomalous scattering factors 

of Co and Fe and calculated anomalous scattering intensities for CoFe. The calculated intensity 

ratio of (100) and (200) reflexions is shown on Figure 1(c). It turns to zero close to the Cu Kα 

excitation. Experimental XRD patterns of as-grown CoFe thin films as well as of thin films 

annealed at temperatures below 700K did not show a presence of (100) reflexions in whole 6–9 keV 

energy range. Figure 1(d) shows measured intensity ratio of (100) and (200) reflections for CoFe 

annealed at 700K. The enhancement of the (100) reflexion indicating the B2 structure is clearly 

visible at energies close to the Fe and Co K- edges. 
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Figure 1: Comparison between theory and the experiment 

(a) shows the anomalous scattering factors of Co, Fe. (b) 

and (c) show the calculated anomalous XRD intensities 

for CoFe. The energies for excitation by typical 

laboratory sources are assigned by vertical lines in (c). 

(d) shows measured XRD peak ratio for CoFe thin film 

annealed at 700K. 
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The quaternary nickel borocarbides ReNi2B2C (Re = Y and rare earth) have attracted much attention because
they show an interesting interplay between superconductivity and magnetism and their layered structure
resembles that of the high temperature superconductors. Many of the magnetic structures show a spin
density wave (SDW) with propagation vector Q 0.55a*, which is consistent with electronic band structure
calculations in the normal state of LuNi2B2C revealing a peak in the electronic susceptibility at q  0.6 a*.
This indicates that a strong Fermi surface nesting feature controls the magnetic interactions between the Re
ions via an indirect RKKY interaction. TmNi2B2C orders in zero field below 1.5 K in a special magnetic
structure with spins along the c-axis and ordering vector QF = (0.094, 0.094, 0). In magnetic fields above
about 1 tesla applied along the a-axis it transforms into a structure with ordering vector QA = (0.483, 0, 0).
This phase exists to increasingly higher temperatures as higher fields are applied. Comparison between
experimental data and model calculations show that this high field phase is stabilized by quadrupolar
ordering mediated by magneto-elastic distortions associated with the transverse optical 4-mode (polarized
along the c-axis) [1]. In non-magnetic compounds with Re = Y and Lu, and magnetic Re = Er and Ho
compounds soft mode behaviour has been observed in this 4-mode which accordingly is suggested to play
an important role in formation of the BCS type superconducting state. Superconductivity co-exists with
magnetic order even in the presence of weak ferromagnetism, as observed in ErNi2B2C, and the
superconducting transition temperatures scale approximately according to the de Gennes factor, (gJ-
1)2J(J+1).

TbNi2B2C is interesting because Tb3+ has the same J=6 ground state as Tm3+ but a significantly larger spin
contribution: Tb3+ has L=S=3 while Tm3+ has L=5 and S =1. By comparison with TmNi2B2C, which is
superconducting below Tc = 11 K de Gennes scaling predicts that TbNi2B2C should be superconducting
below 1.2 K but this has not been observed. One explanation could be that the lattice properties are different.
Thus, although low-energy 4-modes have been observed in TbNi2B2C they do not display soft mode
behaviour. Furthermore, the long wavelength spin-density-wave magnetic structure with ordering vector QF

is not found in TbNi2B2C. In contrast, neutron diffraction studies show that in zero field the ordering below
TN = 15 K is a spin-density-wave with ordering vectors close to QSDW = (0.55, 0, 0). Below 8 K weak
ferromagnetism with ordering vector close to QWF = (0.545, 0, 0) appears [2]. Both modulation vectors move
with temperature but lock in at the given values at low temperature, the QSDW structure with a small
displacement along b*. Furthermore, in contrast to the expectation from the anisotropy induced by the
classical dipolar interaction, which favours transverse polarization, longitudinal polarization is observed in
the Tb-compound. The origin of this cannot be explained by models based on standard isotropic exchange
and crystal fields. In order to elucidate the role of magneto-elastic effects in TbNi2B2C we have studied the
distortion field associated with the magnetic ordering as function of temperature and magnetic field by
synchrotron x-ray diffraction, using the 10 tesla horizonthal magnet at the high-energy beam line BW5 and a
single crystal of dimension 1×1×4 mm3. Surprisingly but consistent with the magnetic order we observe a
longitudinally polarized distortion field that follows the magnetic ordering vectors QSDW and QWF. The
distortion field has been studied around several Bragg peaks and has significantly higher intensities at
second than first harmonics. Application of magentic field increases the distortions significantly until the
magnetic order is destroyed. Similar model studies as performed for TmNi2B2C have been initiated but finite
conclusions about the role of quadrupolar ordering and magneto-elastic effects have not yet been obtained.
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Graphene has gathered a lot of attention recently, after theNobel prize in physics was awarded
to Andre Geim and Konstantin Novoselov “for groundbreakingexperiments regarding the two-
dimensional material graphene” in 2010. Graphene has been found to have interesting structural,
electronic and spin transport properties [1]. Most of the properties of graphene apply to graphene
by itself; whenever it is sitting on top of another layer, thegraphene properties are not the same as
they are supposed to be for free-standing graphene. It is therefore interesting to know how graphene
interacts structurally and electronically with supporting thin film structures.

Since X-rays interact significantly weaker with the graphene than with the inorganic intermediate
layer and the silicon carbide substrate, X-rays are suitable for investigating the structure of these
underlying layers, which are hidden when using e.g. AFM and electron-based techniques. The
technique employed here is X-ray reflectivity (XRR), which is a suitable technique for finding the
thickness and density of films, surface- and interface roughnesses, and for studying buried layers,
such as the layer underneath graphene. The measurements were performed at the wiggler beamline
W1 at Hasylab, using an X-ray energy of 10.5 keV, and a measured reflectivity curve is shown in
Figure 1.
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Figure 1: X-ray reflectivity measurement on a sample consisting of a silicon carbide (SiC) substrate, an
inorganic interlayer and a capping layer of graphene. The critical angle of total external reflection is seen
to be close to 0.3◦. The thickness of the film can be found from the period of the fringes observed between
0.3◦ and 1.2◦, and is found to be approx. 26 nm. The peak at about 2.2◦ is the SiC 0001 Bragg reflection.
The arrows indicate the specular positions of the curves in Figure 2.

The sudden drop of intensity around incident angle of 0.3◦ is because the angle of incidence,Ω,
exceeds the critical angleαc of total external reflection.αc depends on the electron density of the
material, which means that the material density can be obtained. The fringes observed whenΩ is
between 0.3◦ and 1.2◦ are Kiessig fringes, and they are due to interference of the reflected waves
from the film surface and the film-substrate interface. The film thickness was calculated from the
width of these fringes to be approximately 26 nm. The substrate, 6H-SiC, has a lattice parameter
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c of close to 15Å [2], and the peak observed at incident angle of≈ 2.2
◦ is therefore the Bragg re-

flection from the 0001-plane of the SiC substrate. The reflectivity curve also provides information
about the roughnesses of the film interfaces. In this case, quite strong dampening of the fringes
is observed, and the top surface and interface is therefore rather rough. Quantitative values of the
roughnesses can be found by modelling which is currently in progress.
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Figure 2: Rocking scans of the same sample: the detector angle (2θ) was fixed (at 1.06◦, 1.26◦ and 1.4◦),
whilst the sample was rotated fromΩ = 0◦ (sample surface parallel with the incoming beam) toΩ = 2θ

(sample surface parallel with the outgoing beam). The maximum at the centre originates from the specularly
reflected beam (Ω = θ), and the peaks indicated by the arrows are observed when theincident angle or the
exit angle is equal to the critical angle of total external reflection. The curves are vertically offset for clarity.

Figure 2 shows rocking scans of the same sample when the detector angle2θ was fixed to 1.06◦,
1.26◦ and 1.4◦ (see arrows in Figure 1). The pronounced peaks “shoulders”)correspond toαc,
found also from Figure 1. Note that forΩ 6= θ, the scan is non-specular, i.e., there is a small com-
ponent Qxy of the scattering vectorQ which is parallel to the sample plane. This is thus a grazing
incidence SAXS (GISAXS) technique, which by modelling can give access also to lateral corre-
lations. There is also some structure in the signal between the “Yoneda” peaks from the critical
angle and the one from the specular reflection. These are due to dynamical scattering effects, and
from data modelling, a fuller description of the sample can be obtained. We are currently working
on such a model. In summary, X-ray reflectivity is a suitable technique for finding the thickness
of films, surface- and interface roughness, and for studyingburied layers. For this sample, a film
thickness of approximately 26 nm was found, and the criticalangle of total external reflection was
found to be near 0.3◦.

We thank the HASYLAB staff for technical assistance. The Research Council of Norway
(SYNKROTRON programme) and ELISA (EU support of access to synchrotrons/FELs in Europe),
are gratefully acknowledged for financial support.
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Spin forbidden 4f8 - 4f75d(t) transitions in BaF2:Tb  

A.J. Wojtowicz, M.E. Witkowski 

Instytut Fizyki Uniwersytet M. Kopernika, ul. Grudziadzka 5, 87-100 Torun, Poland 

The UV/VUV spectroscopic studies of Tb
3+
 activated BaF2 have been conducted at Superlumi 

station of Hasylab at DESY  We have measured UV/VUV excitation spectra of the dominant blue 
Tb

3+
 luminescence line in order to identify and study various bands corresponding to the excited 

states of the 4f
8
 and 4f

7
5d configurations.  Since in BaF2 the 10Dq split 5d one-electron energies are 

widely separated there was a possibility of observing VUV emission corresponding to a spin and 
parity allowed transition from the higher energy 4f

7
4d(t) levels.  While no fast and efficient d-f 

emission was found during these experiments we have identified some weak bands in the excitation 
spectra of f-f emission that have been never, to the best of our knowledge, reported before.  The full 
account of this work has been submitted for publication in Optical Materials.  

In Fig. 1 we present emission spectrum measured under 159 nm excitation at 10 K. The blue and 
green arrows show the calculated positions of blue and green emission lines originating in 

5
D3 and 

5
D4, respectively [1]. There is a good match between calculated and measured positions of lines, as 
expected.  No emission was detected at UV and VUV wavelengths. 
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Figure 1: BaF2:Tb emission spectrum measured under 159 nm excitation at 10 K.  Excitation resolution was 
0.35 nm, emission 2.7 nm.  Insert shows the blow-up of green emission weak lines above 540 nm. 

In Fig. 2 we show time-resolved excitation spectra of  of the dominant 381 nm blue emission line.  
Since the two spectra, fast (40 ns window, 2 ns delay) and slow (40 ns window, 150 ns delay) are 
almost identical we conclude that the decay time of the blue emission is long, as expected.  The 
same is true of the green emission (not shown).   

The excitation spectra show five broad bands, A, B, C, D and E.  We note that two of these bands, 
B and D, resemble d(e) and d(t) bands of Ce in BaF2.  The same is true of the A band which is 
positioned at almost exactly the same wavelengths [2]. We conclude therefore, that B and D bands 
are due to parity and spin allowed transitions in which one of the 4f electrons of Tb

3+
 is moved to a 

d-orbital like in Ce
3+
.  The A band, which in BaF2:Ce provides a fast direct excitation of Ce

3+
 is 

generated by the unrelaxed Tb-bound exciton.  The energy from the bound exciton is transferred 
directly, or via d-levels, to the 4f

8
 levels of the Tb

3+
 ion.  The E band, peaking at about 260 nm is 

most likely due to the second order image of A-band generated by a grating of the Superlumi 
primary monochromator.  Nevertheless there are some weak features that are absent in the first 
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order A-band and which, we conclude, are due to HS image of the spin-allowed LS band labelled D 
and peaking at about 210 nm.  Similar observations and conclusions have been made by Wegh and 
Meijerink [3] in LiYF4:Tb.   
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Figure 2: Time resolved excitation spectra of the blue Tb emission line at 381 nm.  Temperature 10 K 

Finally, in Fig. 3, we plot energies of B subbands vs. C bands.  The straight line fit, with the slope 
coefficient nearly equal to one, strongly suggests that C band is in fact an exchange split image 
band of the B band.  The 8053 cm

-1
 shift suggests that the exchange energy is close to 8000 cm

-1
.  
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Figure 3: Energies of LS levels vs HS levels for d(t) bands (B and C) of Fig. 2, experiment and fit. 
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Luminescence, excitation and reflectance spectra as well as decay kinetics of Ca1-xSrxF2 crystal (x = 
0.14, 0.25, 0.42, 0.6 and 0.75) with fluorite-type structure, doped with trivalent ions of cerium, 
under VUV excitation were measured at the SUPERLUMI station (HASYLAB, Hamburg, 
Germany) [1]. This two-component crystals were taken as subject of investigation because of 
interest in study physical processes in mixed cation solutions, interest to crystals like optic materials 
for laser physics, its possible application as scintillator materials. Crystals were grown by the 
vertical Bridgman method [2]. 

The luminescence, excitation and reflectance spectra of Ca1-xSrxF2:Ce3+ (0.05 mol. %) carried out at 
room temperature (RT) are shown in Fig. 1. There are two types of luminescence bands in these 
spectra. Doublet-shape band is attributed to 5d–4f transitions in Ce3+ ions. Short-wavelength band 
probably originated in intrinsic luminescence, self-trapped exciton (STE) luminescence or defects 
glow. One can see the shift of the bands to longwavelength region with calcium cation 
concentration increasing. Reflectance spectra show that position of the fist peak in fundamental 
absorption region varies to high-energy range with calcium concentration increasing. This positions 
stand between ones for SrF2 and CaF2. In luminescence excitation spectra one can see that 
recombination process of energy transfer occurs. Peaks in the reflectance spectra in the transparent 
region can be interpreted by defect existence, which nature required further discussion. One can say 
that the antibate behavior of excitation spectra results from reduction of radiation depth penetration 
in crystal, that lead to decreasing of Ce3+ ions amount that take part in luminescence process. 

 

Figure 1: Luminescence spectra (a), excitation and reflectance spectra (b) of Ca1-xSrxF2:Ce3+ (0.05 mol. %) 
crystal carried out at RT. 

Figure 2 depict luminescence decay kinetic of Ca0.86Sr0.14F2:Ce3+ (0.05 mol. %) for 335 nm 
luminescence band under excitation with photon energy up to and into the fundamental absorption 
region as well as in exciton absorption band. It is seen that in the case of photon energy is equally 
9.8 eV (126 nm) and 13.3 eV (93 nm) fast luminescence occurs (with decay times about 50 ns), that 
indicates the direct excitation of Ce3+ ions without defects participation. Fast luminescence decay 
times can be attractive property for scintillation technique. Luminescence kinetic is slow down in 
the excitonic absorption band and one can assume the triplet STE existence.  
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Figure 2: Luminescence decay kinetic of Ca0.86Sr0.14F2:Ce3+ (0.05 mol. %) for 335 nm luminescence band. 
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The phenomenon of charge ordering or the formation of charge stripes in transition metal oxides is 
central in correlated electron systems such as layered cuprates and nickelates [1]. In the manganites 
charge and spin ordering is often encountered and nanoscale phase separation can lead to colossal 
magnetoresistance. The manganites offer a particularly complex system due to charge and spin 
ordering as well as Jahn-Teller distortions and orbital ordering. The electronic and/or magnetic 
control of such complex oxides offers an attractive route for very fast next generation high density 
information storage. The recent discovery of a temperature-induced phase transition between 
charge ordered orbital stripe phases is a significant milestone in this field. The layered bilayer 
manganites such as LaxSr2-xMn2O7 have long been known to exhibit a large number of different low 
temperature magnetic phases as a function of doping [2]. However, recently a spontaneous rotation 
of the orbital stripes in the doped bilayer manganite Pr(Sr1-yCay)2Mn2O7 with y = 0.9 has been 
observed with a transition temperature close to room temperature [3].  As shown in Figure 1 [4], 
there exist two phases both of which exhibit charge and orbital ordering with the low temperature 
CO1 phase transforming into the high temperature CO2 phase at ~310 K with a concomitant orbital 
stripe rotation of 90 degrees. This is an attractive system for understanding orbital ordering and the 
effects of orbital rotations. We have previously conducted x-ray scattering studies on a single 
crystal of this x = 0.9 system and confirmed the orbital reorientation [5]. In this report we have 
studied a sample with x = 0.8 which was believed to display similar behaviour. However we found 
that the x = 0.8 sample displays a highly complex behaviour very different to that described above.  

 

Figure 1: (a) The crystal structure of Pr(Sr1-yCay)2Mn2O7 (y = 0.9). (b) and (c) schematics of the charge and 
orbitally ordered CO1 and CO2 phases. [diagram taken from [4]] 

Resonant scattering at the manganese K edge is sensitive to the charge variation underpinned by the ordering 
of the Mn3-δ and Mn3+δ manganese ions.   In addition, scattering at this absorption edge is indirectly 
sensitive to the orbital occupation of the nominally Mn3+ ions.     Such additional superlattice reflections 
have the effect of doubling and quadrupling the unit cell respectively, such that reflections are seen at the 
(1,0,0) and (1/2,0,0) positions.    Surprisingly, we observed that these reflections were very slightly 
incommensurate for the y = 0.8 sample (Fig. 2) in contrast to the commensurate y =0.9 sample.   This is 
unexpected as nominally the crystal is half-doped, with and average manganese valency of +3.5.   In 
addition, it has previously been seen in the tetragonal manganese bilayers such as LaSr2Mn2O7, that doping 
samples near to half-doping “lock in” the superlattice reflections, such that they appear at (0.5,0,0). 
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Full linear polarisation analysis using in-vacuo 
diamond phase plates of the (0.495,0,0) 
superlattice reflection confirmed that it is 
anisotropic in nature, and displays the 
symmetry expected from an orbital or Jahn-
Teller type reflection.    By contrast, the 
reflections either side of the (100) reflection 
show a symmetry identical to the Bragg 
reflections, as expected for a charge order 
reflection. 

The incommensurate nature of the orbital 
reflection, leads us to believe that rather than 
the system forming a traditional charge/orbital 
order system, as observed in La0.5Sr1.5MnO4 [6], 
the system has attributes similar to that of a 
charge-order density wave.   The system is 
clearly not ‘locked-in’ to the crystal lattice, 
despite the periodicity of the charge and orbital 
order being very close to that of the lattice.   
This suggests that the electron probability 
density forming these order parameters is still 
delocalised and only very weakly coupled to the 
lattice. 
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Fig. 2.    Scan along [100] in single-crystal 

Pr(Sr0.2Ca0.8)2Mn2O7 showing incommensurate 
reflections around the (0.5,0,0), (1,0,0) and (1.5,0,0) 

positions.   A weak (nominally disallowed) 
commensurate (1,0,0) Bragg reflection can also be 

observed. 

 
Fig. 3  Full linear polarisation analysis of the 
(0.495, 0, 0) incommensurate orbital order 

reflection and the fit expected from an orbital or 
Jahn-Teller type reflection. 
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In most of the newly discovered multiferroic compounds [1-5], the multiferroic or magnetoelectric 

coupling arises from the asymmetric part of the magnetic interaction. In the same manner, as a low-

symmetry crystal structure causes a canting of magnetic moments, the non-collinear magnetic order 

induces a structural distortion which may sum up into a ferroelectric polarization under the correct 

symmetry [6]. Following references [7, 8, 9] the induced electric polarization of a single pair of 

spins Si; Sj separated by a distance vector rij is given by: PFE = rij  (Si  Sj). However although the 

symmetry of the microscopic mechanism has been perfectly ascertained, the character of the 

ferroelectric polarization remains unclear: either it is purely electronic in nature or – like in most 

proper ferroelectric materials – it arises from ionic displacements. It was the aim of this experiment 

to elucidate this character by very detailed measurements of the crystal structure of TbMnO3 in its 

paraelectric and ferroelectric phases. 

Due to the ambitious goal of the experiment, the sample was very carefully prepared.  Before the 

beam time on D3, we spent weeks in preparing spherical samples. The best of them had a diameter 

of 90±10μm with nearly spherical shape. Since TbMnO3 is rather brittle, grinding the crystals was 

quite difficult. We then tested the samples on the single crystal diffractometer X8 APEX in our 

home institute. The refinement was performed with FullProf indicating good statistics and data 

quality: Number of reflections read: 10430; Number of valid independent   reflections: 1208; 

Number of obs. with equival.  reflections: 9584; R-internal for equivalent reflections (%): 1.66; R-

weighted for equivalent reflections (%): 1.71. Output of the structure refinement: RF
2
-factor:  4.05; 

RF
2
w-factor: 5.67; RF-factor: 2.83; Chi2(Intens): 1.98. The structural analysis with this crystal was 

thus very satisfying.  

From the experiment at DESY we expected results that are even more accurate. Unfortunately, the 

prepared sample was lost during the transportation to DESY. New samples had to be prepared from 

the grinded crystals. These samples were, however, not measured beforehand at our home institute. 

Some of the samples turned out not to be perfect single crystals and hence they could not be used 

for the challenging experiment. The procedure of orienting and testing the new samples took more 

time than expected. One of the good samples was lost during the cooling process. One day of beam 

time was lost because the synchrotron beam was not available. The fourth sample was finally 

oriented and cooled to the designated temperature. When the measuring routine finally started, the 

positioning algorithm failed. From the 1762 reflexes, that were to be measured 1412 were 

calculated not accessible. In the end, only a tiny data set was collected, that is by far too small for a 

meaningful structure refinement.  

 

Figure 1: Sample and scan 
for orienting the sample.  
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X-Ray diffraction studies
on 3D magnetic nanoparticle assemblies
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Forschungszentrum Jülich GmbH, Jülich Centre for Neutron Science JCNS und Peter Grünberg
Institut PGI, Leo-Brandt-Strasse, 52425 Jülich, Germany

Fundamental research on magnetic nanostructures is an important part of today’s scientific effort
in information technology [1].In particular, self-assembled structures of magnetic nanoparticles
are candidates for a new generation of improved magnetic storage media [2]. For optimizing the
performance and reliability of such devices it is importantto understand and control structure and
shape of individual nanoparticles as well as of 2D and 3D self-assembled particles inside ordered
superstructures. The latter is particularly important forapplications as self assembling processes are
applicable for low-cost mass production of very small structures. Therefore it is of great interest to
study the superstructure of nanoparticles in a single, higher dimensional arrangement. The samples
that were investigated contain spherical iron oxide nanoparticles with narrow size distribution (ca.
10 nm diameter). The nanoparticles have been deposited on Sisubstrates by a drop casting method
in a magnetic field to achieve a highly ordered arrangement. These 3D ordered arrangements of
nanoparticles are called mesocrystals, in anaology to crystals formed by atoms. The mesocrystals
grow as pillars on a flat silicon substrate (Fig. 1). The samples under investigation were single
mesocrystals separated using a focused ion beam (Fig. 2a).

Fig. 1 SEM measurement from the top of a mesocrystal
and overview of the arrangement of mesocrystals on a sub-
strate with AFM

Fig. 2 Single mesocrystal extracted from a structure as in
Fig. 1. The size is 2000 nm in diameter and 500 nm in
height. The zoom (c) shows a perfect mesocrystalline or-
der.

The mesocrystals were about 2000 nm in diameter and 500 nm in height. They were deposited on
silicon substrates and have Pt-cover layers. The super structure of the nanoparticles was prechar-
acterized using SEM (Fig. 2c). The purpose of this study was to use a completely new approach:
Performing a diffraction experiment on a single isolated mesocrystal with a microfocused x-ray
beam. This should make it possible to measure the mesocrystal peaks without powder average and
without background from disordered regions, as was the casein previous experiments.
A diffraction study under small diffraction angles was performed at the P08 instrument in order to
get information on the structure of a single highly ordered Mesocrystal. A special setup was built to
fix the single Mesocrystals on the sample holder (Fig. 3) and using goniometers would be adjusted
such that the (001) direction of the Mesocrystal is parallelto the axis of the phi circle (vertical to
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the beam), in order to rotate around the z-axis to reach different hk-directions in the plane while
keeping the l-component fixed. The detector position was fixed at 1 m distance from the sample
and the energy to 22,118 keV to have sufficient q-range, to reach many reflexes at a time and to
avoid beam damage to the sample. Optic’s elements in the optic hutch (far away from the sample
position) generate a vertical microfucus of 20µm with a focus far away from the sample position.
On the first day the experimental setup was built, the beamline was aligned and a test of the newly
installed ccd detector (a replacement) was performed. The sample was subsequently installed in the
first night. For the rough positioning of the sample position, we used a NaJ point detector measuring
the beam attenuation due to the Cu sample holder (attenuationdue to the small mesocrystal or
silicon substrate was too weak to be detected). The next stepwas to carry out a precise adjustment
with the Si (400) reflection to define the exact out of plane direction. To locate the small silicon
substrate (5x10x10µm3) and it’s Si(400) reflection, the ccd detector was used. However, there were
several technical problems with the newly installed ccd detector resulting in extremely frequent
crashes of the ccd server software necessitated hardware resets inside the hutch. Above-average
beam drops at Petra III and suboptimal beam stability further complicated the search for the (400)
reflection and resulted in a large loss of time. Despite of these difficulties, we eventually found the
Si(400) reflection Fig. 4. In the next step after the adjustment we lost the reflex and by going back
to same position, which was tuned before, no reflection was present before adjusting for a beam
movement. Even after readjusting the Si reflection further improvement of the sample alignment
was not possible as the positioning was not reproducible because of the low beam instability (The
sample is less 2µm in diameter). On this account it was not possible to measurereflections from
the mesocrystal itself, although we were close to finding themesocrystal when the time ran out.
Besides all obstacles the test experiment could show, that itis possible to align such small sam-
ples in the x-ray beam and that the intensities are quite reasonable (The (5x10x10µm3) Si crystal
reflection saturated the ccd detector). With an improved beam stability and the use of lower x-ray
energies, to make it possible to use the microfocussing optics, this stability could be achieved which
would make this interesting and challenging experiment suitable.

Fig. 3 sample holder and alignment of the sample Fig. 4 (400) Silicon Peak of the substrate
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XAFS characterization of dogs breast tumors. 
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XAFS spectroscopy is a powerful technique for the study of materials lacking periodicity including 
biomolecules and tissues.[1,2] XAFS, both conventional and micro, has been successfully applied for the 
study of the bonding of metals in the human nails, which is a modified type of epidermis that consists 
mainly of keratin.[3,4] Both the soft and the hard (e.g. nails, hair) tissues contain metallic elements in small 
amounts. Their bonding environment is affected by diseases as it is observed in the case of Fe in neuron 
tissues.[5,6] Here, we present preliminary XAFS results on the study of the bonding geometry of Fe and Zn 
in cancerous and healthy breast tissues from dogs. Zn and Fe are significant metallic elements in biological 
systems due to their catalytic and structural role in proteins.[7,8]  

The studied samples (Z78 and Z87) are breast tissues obtained during surgery from dogs suffering from 
mammary cancer. Non-affected adjacent tissues have been also studied for comparison. The Z78 and Z87 
tissues belong to malignant tumors categorized as type I and II (more aggressive), respectively, according to 
assessment based on morphological criteria.[9] The tissues were conserved in formalin until their 
measurement. The Fe and Zn K edge XAFS spectra were conducted at the beamline C at room temperature 
and atmospheric pressure. The spectra were acquired in the fluorescence yield mode using a 7–pixel Si(Li) 
fluorescence detector cooled at 77 K and positioned on the horizontal plane, at right angle to the beam. The 
angle of incidence was 45o. The use of an energy dispersive detector allows the discrimination of the Kα 
fluorescence photons and thus minimizes the background in the XAFS spectra due to the absorption of 
preceding edges.  
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Figure 1: Fe K edge (a) pre-edge peak, (b) XANES and (c) Fourier transform of the EXAFS spectra of the 
studied samples. Representative spectrum from a human nail and spectra of divalent Fe reference 

compounds are also shown for comparison 
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Figure 2: Zn K edge 
XANES spectra of (a) 
breast tissues and two 
human nails and (b) 
reference compounds 
(Sigma-Aldrich).   

 

The Fe K edge XAFS spectra of the studied samples are shown in Fig. 1. The XANES spectra are compared 
with reference compounds of divalent Fe and a spectrum of a human nail in Fig. 1(b). From the position of 
the absorption edge it is deduced that Fe present in the tissues is mainly trivalent. However, there are not 
significant differences between the XANES spectra of cancerous and healthy tissues. Compared to the 
spectrum of the human nail which contains higher amount of S, the spectra of the tissues are characterized 
by lower intensity in the energy region about 10eV above the absorption edge. The characteristic pre-edge 
peak that is shown in Fig. 1(a) can be fitted using two or three Lorentzian functions at 7.1114, 7.1135 and 
7.1169 keV. The 1st and the 2nd correspond to octahedrally coordinated FeIII while the third is characteristic 
of Fe-Fe interactions of adjacent octahedra. The valence of Fe is also verified from the Fourier transforms 
of the EXAFS spectra shown in Fig. 1(c), where smaller distance of Fe with its 1st neighbor is observed 
compared to the FeII reference compound. Finally, significant differences are observed in the Fourier 
transform of the healthy sample from the donor suffering from aggressive mammary cancer.  The Zn K edge 
XANES spectra of the studied samples are shown in Fig. 2(a) along with two representative spectra of 
human nails. The spectra of reference compounds where Zn is bonded with O, S and N are shown in Fig. 
2(b). Slight variations are observed in the spectra of the different tissue samples. The spectra are very 
similar to the spectrum of “nail1” where Zn in tetrahedrally coordinated with almost 4 N atoms contrary to 
the “nail2” sample where Zn is tetrahedrally coordinated with 3 N and 1 S atom.[10]   

In conclusion, Fe and Zn K edge XAFS spectra of breast tissues have been successfully recorded. Fe is 
found trivalent and octahedrally coordinated while Zn is found tetrahedrally coordinated mainly with N 
atoms. Fitting and simulation of the XAFS spectra is in progress in order to identify the amino acids, which 
are bonded to Fe and Zn and in order to detect disease-induced alterations in their bonding environment. 
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Casein micelles consist of four different types of caseins (S1-, S2-, - and -casein) and colloidal 
calcium phosphate. Under native conditions, the sizes of casein micelles are broadly distributed 
between 50 nm and 500 nm. The major whey protein in cow milk is ß-lactoglobulin. Changes in the 
site of casein micelles in the presence of ß-lactoglobulin have been reported in temperature-
dependent experiments [1]. It was found that those changes were highly correlated with the level of 
denaturated ß-lactoglobulin associated with the casein micelles. 

We investigated milk protein deposits on smooth and porous surfaces using grazing incidence small 
angle X-ray scattering (GISAXS) at the beamline BW4. GISAXS allows estimating the size of 
casein micelles in films as well as studying their internal substructure [1,2]. Experiments were 
performed in a project aiming to explore the structure and formation of deposits on membranes 
during the micro-filtration of milk. In general, micro-filtration is used to separate the small whey 
proteins (ß-lactoglobulin) from the large casein micelles forming the deposit on the membrane. As 
a first approach, we deposited mixtures of both proteins on Si-wavers. Beside size-fractionated 
casein micelles only, the samples contained high and low contents of ß-lactoglobulin. In order to 
obtain homogeneous films we used the spin-coating technique. As a result, we obtained three casein 
films with different ß-lactoglobulin content. We performed GISAXS experiments of the dried films 
at different sample positions. After normalization to the incoming X-ray intensity, we averaged the 
GISAXS patterns of the same sample. For a detailed analysis, we took out-of-plane scans of the 
GISAXS patterns at the critical angle of the protein.  

 

Figure 1: Out-of-plane scan of a two-dimensional GISAXS-pattern of casein films, with high (a), medium 
(b) content of ß-lactoglobulin and without (c) ß-lactoglobulin. The multi-level structure of casein micelles 

and the experimental resolution is indicated. 
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Figure 1 depicts the scattered intensity as a function of the QY-vector for the three films. The 
scattering functions contain structural information about the overall size (at QY = 0.01 nm

-1
) and the 

inner structure (at QY = 0.1 nm
-1

) of the casein micelles. The dashed line denotes the resolution of 
the experiments.  

The presence of ß-lactoglobulin led to an increase in the scattering intensity at low QY-values, 
which could be a result of an increased scattering contrast between casein micelles and film matrix 
consisting of ß-lactoglobulin. Moreover, in comparison to the sample with medium ß-lactoglobulin 
content, the scattering function of the sample with high ß-lactoglobulin content shifted towards 
higher QY-values. This could be due to a size decrease of the casein micelles when the 
concentration of ß-lactoglobulin molecules in the matrix increases.  

Another aspect of the experiments concerned the shape of deposited casein micelles and their 
arrangements on surfaces. In general, the form and structure factor is difficult to access 
experimentally due to the large polydispersity of the casein micelles. We used size fractionated 
casein micelles to induce ordered film structures. Scanning experiments allowed finding film areas, 
which resulted in structured GISAXS-patterns. From such a pattern, an out-of-plane scan at an exit 
angle near the critical angle of the protein was taken and being depicted in Figure 2. Two 
symmetrically arranged side maxima were resolved by GISAXS. At present, we perform 
simulations to find out a suitable form and structure factor model which would best fit the GISAXS 
data.  

 

 

 

 

 

 

 

 

 

Figure 2: Out-of-plane scan of a two-dimensional GISAXS-pattern of a highly ordered casein films. Up to 
three symmetrically arranged side-maxima are clearly resolved by the experiment. The cut was taken near 
the critical angle of the protein.  

With future experiments we will start to focus towards in-situ experiments.  
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Guanosine-rich single stranded sequences of DNA, as found in telomeres and in other parts of
the genome [1], can adopt various tertiary structures, including G-quadruplexes. G-quadruplexes
are four-stranded helical structures, made by the stacking of planar quartets (also indicated as
tetramers), arising from Hoogsten hydrogen-bonding between four guanines (G) (see Figure 1).
The biological role of such sequences and the structural properties of G-quadruplexes have been
extensively discussed [1], and several reviews, focusing mainly on their topology [2] or on telom-
erase activity [3], have been published. However, the understanding of basic physical properties
is still rather limited, even for short sequences comprising only 3 or 4 quartets. In particular, the
mechanisms and the principles that govern quadruplex formation and stability in terms of counter-
ion effects, as expressed by thermodynamic and kinetic parameters, are still unknown.

Figure 1: d(pG) aggregates in water (the sugar-phosphate residues and the cations are represented as yellow
and green spheres, respectively). The cation is located between two stacked quartets.

Recently, a series of in-solution Small Angle X-ray Scattering experiments on d(pG) have been
performed in the presence of different counter-ions at room temperature [4] and as a function of
temperature in absence of excess salt, at a concentration just above the critical one at which self-
assembling occurs [5]. The obtained results give thermodynamical justification for the observed
phase-behavior, indicating that in pure water octamer formation is essential for quadruplex elonga-
tion.
The analysis has been extended in 2010, investigating by SAXS at Desy (A2 beamline) the alka-
lyne cation effects on d(pG) quadruplex elongation and thermal stability. Experiments have been
performed as a function of d(pG) concentration using different d(pG) salts and different excess
counter-ions. A few results are reported in Figure 2 and clearly indicate that the structural proper-
ties of the d(pG) aggregates in solution strongly depend on the experimental conditions. A global
fitting approach has been used to derive the composition and size distribution of the scattering par-
ticles as a function of composition and temperature. The size and the equilibrium concentration
of the different aggregate forms present in solution shows that not only elongation is differently
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Figure 2: SAXS profile exempla. Column from the left: d(pG) K salt in KCl, d(pG) ammonium salt in
NH4Cl, d(pG) Na salt in KCl, d(pG) sodium salt in NH4Cl. Salt molarity and temperatures are indicated in
the figure.

driven by the different cations (excess potassium is the more efficient, while excess sodium is un-
able to force quadruplex formation), but also the unfolding temperature strongly depends on the
counter-ion concentration and quality. The thermodynamics of the self-assembling process was
then analyzed in the framework of a nucleation-elongation model. The unfavorable nucleation step
has been clearly identified again with the formation of G-octamers and a hierarchical pathway for
the self-assembly of guanosine into helical structures upon cooling proposed. In this framework,
the effect of the different counter-ions appears expressed in term of octamer formation equilibrium
constant as well as in term of the elongation constants.
Once complete the analysis, we expect to derive a complete description of the d(pG) self-assembling
process, that will be used to further clarify the complex mechanism for helix formation, which is
critically related to the biological relevance of G-quadruplexes and to the possibility to prepare
stable G-based molecular nanowires for nanotechnology applications.
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The aim of the project is to study iron local states in compounds that reveal slightly different 
environment. The crucial compound in performed analysis was protoporphyrin IX, its monomer and 
dimerised form substituted with iron. As has been already underlined, there are probably more 
published Fe-porphyrin related XANES spectra of various forms of both heamoglobin and 
myglobin samples than model compounds [1-3]. Iron substituted PPIX (protoporphyrin IX) is a 
“real part” of the heam, while mostly heam-model investigations are based on TPP 
(tetraphenylporphyrin) that in fact differs from an actual heam-builing compound (differences in 
ligands).  The EXAFS and XANES analysis of the PPIX-based compounds have been already 
reported [4-6]. Last XANES investigations showed that three important differences could be 
pointed out [6]. However, due to the complex structure of a studied dimerised form of Fe-PPX (it is 
a synthesized compound, that contains partially monomer admixture) it was important to compare 
obtained results with a pure monomer and dimerised compounds. As the standard compounds were 
selected TPP derivatives. Nevertheless, this work provides information on Fe-PPIX-Cl and its 
dimerised derivatives, which are the most adequate model compound for the heamoglobin.  

XANES data were collected at the beamlines A1 and E4 and details of the measurements have been 
described in details. Selected data presented in this report were collected at 80K, as in the previous 
report [6]. Fe-PPIX-Cl, Fe-TPP-Cl and Fe-TPP-µ-oxo-dimer were purchased in Alfa Aesar, while 
oxo-dimerised form of Fe-PPIX-Cl compound was synthesized according to procedure mentioned 
in the previous report [4]. Data were analyzed with the use of ATHENA software [7]. 

XANES comparison of local structures among dimers and Fe-PPIX-Cl reveals rather similar 
features although some important differences can be pointed out. It was shown, that dimerisation 
shifts the absorption edge in the XANES spectra, what is related to changes in the local electronic 
states of iron (Fig. 1). Also in TPP compounds, a clear shift of ~1 eV exists among dimers and the 
reference Fe-TPP-Cl compound, confirming a different charge-transfer character in dimerised 
systems.  
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Figure 1: The first derivative of the edge region of the XANES spectra. 
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The dimerisation reduces the s-electron density at the Fe nuclei and shifts the absorption edge as 
measured by the XANES spectra. Also, a different rising edge respect to dimerised compound, 
suggesting a different and larger charge transfer of the samples containing Fe-O-Fe bridges, has 
been shown. 
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Figure 2: The pre-peak region of the XANES spectra  

 
It has been suggested that a small but relevant differences occur in the pre-edge region. Also in the 
evaluated case, the increase of the pre-edge in the oxo-form proves that forbidden 1s -> 3d 
transitions are stronger, due to the due to the increase of the 3d-4p mixing of a non-centrosymmetric 
structure (Fig.2.) 
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The science of paleontology endeavors to reconstruct life on Earth as exposed by fossil remains. 
Each fossil represents vestiges of long-extinct organisms, supplying clues about past biotas that can 
be reconstructed only by carefully examining their fragmentary paleontological remains. Portugal is 
a showcase for dinosaur resources. The Lourinhã Formation exposed in the area around Lourinhã, 
central west Portugal, is the site of the most impressive fossil discoveries and its small museum, 
established in 1980, contains the most varied and best preserved paleontological collection in the 
country. One of the most relevant specimens of the Museum of Lourinhã is the nest with embryos 
of Lourinhanosaurus antunesi found in Paimogo, in 1993, by I. Mateus [1]. In this nest more than 
100 eggs or eggshell concentrations were detected. The embryonic remains were found as tin 
isolated skeletal elements within eggs or in close association with them (the term “embryos” is thus 
used in a wide sense to describe fossil skeletal found in ovo according to paleontological practice). 

The discovery of exquisitely preserved dinosaur embryos allows a solid taxonomical identification 
helping also to understand the ontogeny, evolution and reproductive strategy. The Paimogo 
discovery is an event of unprecedented interest for several reasons. The material found in this site is 
from the Upper Jurassic age, which extends the temporal range of “dinosaurian embryology”. 
Furthermore, it belongs to the Theropoda clade widely regarded as closely related to the ancestry of 
birds. Fossils of adult Theropods, also Lourinhanosaurus antunesi, have been as well recovered 
from localities neighboring the Paimogo eggs’ site. Therefore, it is a rare opportunity to correlate 
morphological details in the embryos and adults. 

The potential of the material collected in the Lourinhã Formation has not yet been fully realized. 
The Museum of Lourinhã is starting a new project based on tomography. This “virtual 
paleontology” approach is a powerful tool to share information of precious well-preserved fossils 
within the scientific community, which augment the ability of researchers to extract maximal data 
from our most rich resources. Furthermore, combining all the benefits of non-invasive imaging 
techniques will ensure that the precious fossils of the collections remain preserved to await new 
technological advances, and for future generations to enjoy. 

The synchrotron radiation based micro-computed tomography (SRµCT) studies have been 
performed at the BW2 beam line at the storage ring DORIS III located at DESY in Hamburg, 
Germany. The technical parameters of the beam line were described by Drube et al. [2] and data is 
available online [3]. The tomography set-up consists of a high precision rotation stage and an X-ray 
detector. In the detector a fluorescent screen converts the X-rays into visible light that is magnified 
by a lens and detected by a CCD camera. The specimens were imaged by microtomography in 
absorption mode with photon energy of 24 keV. For acquiring the X-ray attenuation projections the 
sample was rotated between 0 and 180° in equidistant steps of 0.25°. For the evaluation of the data, 
slices perpendicular to the rotation axis were reconstructed from the single projections by a 
tomographic reconstruction algorithm using “filtered backprojection.” The slices were then 
collected in an image stack that can be visualized, edited and exported into different file formats 

-907-



using a three-dimensional rendering software. In this work, the visualization of the morphology of 
the samples has been carried out by means of the software VG Studio Max (Volume Graphics, 
Heidelberg, Germany). 

A photograph showing two vertebrae of Lourinhanosaurus antunesi found in the nest at Paimogo 
site is presented in Figure 1(a). Data obtained at the BW2 beam line is shown in Figure 1 (b)-(f). 
The effective pixel size corresponds to 3.5 µm. The exquisite anatomical and histological 
preservation of the embryonic bones will allow observations of unprecedented precision and detail 
for Theropods. One of the most remarkable aspects of the Theropod embryos of the Upper Jurassic 
of the Lourinhã Formation is the accuracy of the bone-specific anatomical details and their early 
differentiation. Microtomographic slices close to the surface facing the next vertebra (see Figure 
1(d) and 1(e)) have shown calcified cartilage crossed by short transphyseal canals, some of them 
being already involved into the early deposition of endochondral bone. The slices of the cross-
section close to the centre of the vertebra show a wide chordal canal surrounded by an inner 
endochondral cortex and an outer periosteal cortex (Figure 1(c) and 1(f)). A detailed description of 
this precious material, based on the SRµCT high quality data, will be published elsewhere. 

 

Figure 1. Embryonic remains found in the nest recovered from Paimogo site (Lourinhã Formation): 
(a) photograph of two vertebrae of Lourinhanosaurus antunesi. Results obtained at BW2 for the vertebra 
shown on the right side are presented in the following figures; (b) three-dimensional rendering of the 
vertebra; (c) a microtomographic slice through the vertebra; (c) a three-dimensional image showing one of 
the surfaces facing the next vertebra; (d) sectioning of the three-dimensional image presented in the previous 
figure close to the surface; (e) general view of a centrum cross-section close to the centre of the vertebra. 
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The Lourinhã Formation exposed in the area around Lourinhã, central west Portugal, is very rich in 
fossils of dinosaurs of the Late Jurassic. The collections of the Museum of Lourinhã provide new 
information for the evolutionary history of development. However, the potential of this material has 
not been fully realized because of reliance on traditional, non-destructive methods that allow 
analysis of exposed surfaces only, and destructive methods that preserve only a single two-
dimensional view of the interior of the specimen. 

The study of fossilized eggshells can provide precious information about the organisms that laid the 
eggs and the depositional environment in which eggshell has been preserved. Although the 
eggshells fragments are subject to alteration, associated with some processes of transport and 
destruction due to its physical and chemical composition, unique features can be preserved. Their 
internal structure is often still marked, despite mineralogical alteration. The histostructure of the 
eggshell provides information with biological and paleoenvironmental implications. For example, 
the eggshell pore pattern is associated with gas exchange ratios between nest environment and 
embryo. Moreover, the study of the porosity of the shell can provide valuable information about the 
level of humidity of the area where the egg was laid. Therefore, it is very important to gain insight 
into the pore structure of the fossilized eggshells through non-destructive techniques. 

The eggshell fragments analysed in this work have been collected in three different sites of the 
Lourinhã Formation, namely: Peralta, Paimogo and Porto de Barcas. The eggshell type detected in 
Paimogo, of thickness of about 0.92 mm [1], is ascribed to the theropod Lourinhanosaurus 
antunesi. This specimen belongs to the nest found in Paimogo, which contains embryos. The 
external morphology and the size of the eggshells of Paimogo and Peralta sites are comparable. The 
Peralta site is less than 800 m from the type locality of Lourinhanosaurus and within the same 
stratigraphic range. They can be from the same species or a closely related taxon. However, more 
details are required to draw final conclusions. The eggshell fragment from Porto de Barcas site has 
been detached from the clutch of approximately 65 cm diameter that was found south of Porto de 
Barcas presenting bones and teeth of a saurischian dinosaur. The eggshell fragments collected in 
this site exhibit a thickness of about 1.23 mm and a different type of morphology. 

The synchrotron radiation based micro-computed tomography (SRµCT) studies have been 
performed at the beamline HARWI II at the storage ring DORIS III located at DESY in Hamburg, 
Germany. The technical details of the beamline have been published by Beckmann et al. [2,3] and 
in the book by Reimers, Pyzalla, Schreyer, and Clemens [4]. Recent information can be found in 
J. Herzen Ph.D. thesis work [5]. The tomography set-up consists of a high precision rotation stage, 
which allows us to mount the sample hanging from above, and an X-ray detector. In the detector a 
fluorescent screen converts the X-rays into visible light that is magnified by a lens and detected by a 
CCD camera. The specimens were imaged by microtomography in absorption mode with photon 
energy of 37 keV. For acquiring the X-ray attenuation projections the sample was rotated between 0 
and 180° in equidistant steps of 0.25°.  
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The first data recorded for eggshells collected in the Lourinhã Formation, Porto de Barcas site, is 
shown in Figure 1. The effective pixel size corresponds to 6.4 µm, which allows a direct, non-
destructive visualization of the morphology of the pores and their connectivity in the eggshell 
fragments, providing information that is either exceedingly difficult or impossible to obtain by 
traditional methods based on section cutting. 
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Figure 1. Eggshell fragments collected in three different localities of the Lourinhã Formation (Peralta, Paimogo 

and Porto de Barcas): (a) photograph of the eggshell pieces mounted on the sample holder used for SRµCT; (b) a 

microtomographic slice through the eggshell type of the locality of Porto de Barcas; (c) a three-dimensional image 

of the complete sample of the locality of Porto de Barcas; (d) sectioning of the three-dimensional image of the 

sample of figure 1c providing information about pore connectivity in the eggshells; (e) pore canals run through the 

shell which permit gas exchange between the embryo and atmosphere. 

 

Summary 
 

The high quality data show that SRµCT is an extremely useful technique for non-destructive 
imaging of the morphology of dinosaur eggshells. It proved to be very effective for the acquisition 
of three-dimensional images with high spatial resolution, revealing otherwise inaccessible details 
such as the three-dimensional internal morphology of pore. The visualization of the connectivity of 
the pores is also a plus for a complete and accurate characterization of this precious material found 
in the Lourinhã Formation, in Portugal. The data collected at the beam line HARWI II is now in 
evaluation and a detailed description of the eggshells and a comparison between the results obtained 
for the eggshells of the different localities will be published elsewhere.  
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The Kröller-Müller Museum is one of the most important musea of the Netherlands, famous for its 
sculpture garden and its collection of paintings by Vincent van Gogh (1853-1890). Two paintings 
of the museum’s collection, Vincent van Gogh’s “Birds’ nests” (KM109.945, F 108/JH 940) and 
“Still life with flowers” (KM 100.067, anon. Germany/France, formerly attributed to Vincent Van 
Gogh (until 2003)) were brought to DESY for investigation.  

From X-ray radiographs of both paintings, it is known that under their surface, hidden paint layers, 
constituting different, hidden paintings, are present. While in case of the “Still life with flowers” the 
hidden painting’s motive could be identified as two wrestlers, the motive of the painting under the 
“Birds’ nests” remained unclear. 

Radiographs generally only give a very rough impression of a hidden painting’s motive, as they are 
basically density distribution images. To reveal further details of the hidden motives, that possibly 
might allow an identification of the painting under “Birds’ nests”, it was decided to investigate 
them by scanning macro-XRF at Beamline L of HASYLAB.  

At Beamline L the paintings were mounted on a motor stage and moved through a primary beam of 
38.5 keV. The primary beam was obtained from the white beam emitted from a bending magnet of 
the DORIS III synchrotron storage ring by means of a Ni/C monochromator and collimated to a 
beam size of 1 mm. The fluorescence radiation emitted by the painting was collected by four 
energy dispersive Silicon-Drift-Detectors (SDDs) that were positioned around the painting in 
different angles and so allowed to collect radiation emitted from front- and backside 
simultaneously.  

The better part of both paintings’ surface was scanned with a dwell time between 0.25 and 0.5 s per 
pixel and a step size of 1 mm. These investigations provided elemental distribution images of both 
paintings that give detailed insight in the hidden paintings and, albeit the art historical interpretation 
of the results is yet not finished, allowed for a tentative identification of the hidden painting under 
“Birds’ nests”. 

As was confirmed in a close inspection of the paintings after the measurement, no damage was 
done to them. 

In Figure 1 an exemplary excerpt of the results obtained on “Still life with flowers” is shown. While 
the X-ray radiograph in Figure 1b allows to vaguely sense the arms of the wrestlers on the hidden 
painting, no details can be seen, as the radiography is dominated by the strong absorbing lead white 
used in the flowers of the surface painting. In contrast to this, the hand, gripping the other wrestler’s 
arm is clearly visible in the Barium distribution image, shown in Figure 1c, that was obtained by 
means of synchrotron based scanning macro-XRF. The presence of Barium indicates the use of 
Barium sulfate as an extender for other, possibly organic, pigments. 
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Figure 1: a) “Still life with flowers” as photograph. The exemplary area is indicated by the red square. b) 
X-ray radiograph of the exemplary area. c) Ba-Kα intensity distribution image. The images b) and c) were 

rotated by 90 degrees clockwise.  
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Portugal is ranked within the 10 countries with the most dinosaur taxa. The Lourinhã Formation 
contains a rich vertebrate fauna comprising fish, amphibians, turtles, mammals, pterosaurs, 
crocodiles, sauropods, theropods, ornithopods and thyreophorans as well as dinosaur nests, eggs 
and embryos. The study of fossilized eggshells is a very important topic for the Museum of 
Lourinhã. This type of fossil can provide precious information about the organisms that laid the 
eggs and the depositional environment in which eggshell has been preserved.  

X-ray powder diffraction has proven itself to be a valuable tool in geochemistry and mineralogy. 
However, although this technique can be useful to determine if eggshells had undergone diagenetic 
alteration, a detailed study of their structure from the outside to the inside of the shell is required in 
order to “map” mineralogical alterations. The eggshell fragments selected for the experiments at the 
High Energy Materials Science beamline HEMS side station at PETRA III have been collected in 
two different sites of the Lourinhã Formation, namely: Paimogo and Peralta. The eggshell type 
detected in Paimogo, of thickness of about 0.92 mm, is ascribed to the theropod Lourinhanosaurus 
antunesi. This specimen belongs to the nest found in Paimogo, which contains embryos. The 
external morphology and the size of the eggshells of Paimogo and Peralta sites are comparable. The 
Peralta site is less than 800 m from the type locality of Lourinhanosaurus and within the same 
stratigraphic range. They can be from the same species or a closely related taxon. However, more 
details are required to draw final conclusions. X-ray diffraction data was acquired in transmission 
mode (image plate MAR345) using a beam spot of 0.3 mm in horizontal and 0.1 mm in vertical 
with 87 keV energy. The samples were measured from top to bottom, i.e. from the outside surface 
to the inside surface of the shell, every 0.1 mm with an acquisition time of 1s. 

X-ray diffraction patterns obtained for the samples from Paimogo and Peralta are presented in 
Figure 1 (scaled to Cu radiation: λ = 1.5406 Å). The data recorded for the measurement carried out 
at the topmost zone of the eggshell (Figure 1a) allow us to conclude that although the main mineral 
content of the samples was found to be calcite (CaCO3) there is also quartz in the sample from 
Paimogo. This explains the topmost lighter layer observed by Synchrotron-Radiation Based Micro-
Computed Tomography (SRµCT). The presence of very weak diffraction peaks associated with 
quartz is still noticeable in the data obtained at the central zone of the eggshell fragment collect at 
Paimogo site (data not shown here). On the other hand, the intensities of the diffraction peaks 
related to calcite are quite similar for both samples. It is suggested that in either case, the original 
shell material was composed of calcite. The presence of quartz can be due to: i) replacement of the 
original calcite from the exterior using the pores as an access to the crystals; ii) sandstone that was 
cemented to the shell exterior and filled pore spaces within the shell. The analysis of the present 
data together with data obtained by SRµCT and optical microscopy will give valuable information 
concerning the diagenesis processes. It is also very interesting to observe the results obtained at the 
bottom zone of the eggshell samples (internal surface of the shell) in Figure 1b. The sample from 
Peralta shows as well the presence of quartz and apparently a higher content of this phase is 
available in this sample zone when compared to the sample from Paimogo. Furthermore, the 
presence of fluorapatite was identified. The work performed on late Holocene Adélie penguin 
(Pygoscelis adeliae) eggshell fragments by Cavallerano [1] demonstrated that clear diagenetic 
alterations occur in the eggshell and also mentioned the presence of fluorapatite. 
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Figure 1: X-ray diffraction patterns obtained for the samples from Paimogo and Peralta (scaled to 
λ = 1.5406 Å): (a) measurement performed at the top zone of the eggshell (external 
surface of the shell); (b) data recorded at the bottom zone. 

 
The access to the HEMS beamline allowed us to obtain detailed structural information which allows 
us to determine if the eggshell fragments recovered in the Lourinhã Formation had undergone 
diagenetic alteration. Furthermore, it provides information that helps us to create models about the 
diagenetic processes. It will then be more accurate the comparison between eggshell fragments 
collected at different sites which is done aiming the identification of species. 
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Egyptian faience was produced over a period of approximately 5000 years, with the first examples 
dating to ca 4000 BC. Faience is a glazed, quartz-based material that was commonly used to make 
objects such as beads, pendants, rings, tiles, bowls, jars, gaming pieces and specialist funerary 
equipment (e.g., [1, 2]). The most common colours are light and dark blue, probably developed to 
imitate valuable stones, such as turquoise and lapis lazuli, but the colours red, yellow, white, purple 
and black also occur, albeit less frequently. Although faience is relatively common on archaeological 
sites dating from ca 1550 BC onwards, the chemical makeup and manufacturing techniques used to 
produce faience remain somewhat enigmatic. 

For the study reported on here, 38 faience objects from the 
site of Amarna were used. Amarna is located in middle 
Egypt and was the seat of reigning God-King Akhenaten 
and Queen Nofretete. It was occupied only for a very short 
period of time (1350-1325 BC), and thus faience objects 
from Amarna are well suited to study the faince industry in 
ancient Egypt. The objects for this study were provided by 
the Aegyptisches Museum, Berlin. Figure 1 shows a 
selection of faiences investigated, displaying distinct blue 
and green colours. 

The objects were analysed using XAS. The experiments 
were carried out at DORIS Beamline C in fluorescence 
mode using a 7-element Si(Li) detector. Corresponding 
XANES data of selected faience objects are displayed in 
Figure 2. Given the similarity of the spectra, the atomic 
near-range structure of Cu is close to identical for these 
objects. In fact, all spectra acquired on the faiences were 
very similar, regardless of colour or Cu concentration. 
Furthermore, faiences made using a standard furnace in the 
laboratory showed also the same Cu structure independent 
of the Cu source material used. For these experiments, 
faience was synthesised using a base mix of 80 wt-% SiO2, 
14 wt-% NaHCO3 and 3 wt-% CaCO3. Before firing at 
900°C, Cu colourant was added to the equivalent of 3 wt-% 
Cu. Copper sources included bronze, corroded bronze, 
various natural minerals (malachite, azurite, turquoise, 
dioptase, chrysocolla, atacamite, etc), and laboratory 
chemicals (CuO, Cu2O, CuCO3, CuSO4, etc). In all cases 
the XAS spectral response was the same as for the faience 
objects (see Fig. 2; spectra labelled “bronze”, “corroded 
bronze”), i.e., the structural signatures was removed from 
the Cu source material upon firing of the faience glaze. 

Further analyses of faience beads from a collection at the 
Archaeology Institute of Australia (AIA) showed similar 
results, although some of the beads showed slightly 
different XANES structures with a peak present at ca 9015 

Figure 1: Selected faience objects from 
Amarna. 
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eV [3]. Closer inspection using EXAFS 
data of two beads, “F18” and “F23”, 
show that in the case of F18, Cu is 
embedded in a distorted Cu-O 
octahedron with some Si present in a 
fairly weak second coordination sphere. 
The spectrum of F18 is very similar to 
that of the Amarna objects and of the 
synthesized faiences, thus indicating 
that the respective copper structures 
are very similar. The local 
neighbourhood around Cu, as 
determined by EXAFS modelling, is 
consistent with that in glasses or related 
materials [4, 5]. 

Interestingly, the EXAFS analyses of 
bead F23 show the presence of a Cu-
Cu scattering path at rCu-Cu = 2.98 Å 
radial distance. This contribution is 
related to the second coordination 
sphere which was found to be more 
pronounced than in the case of F18. 
The Cu-Cu distance was found to be 
quite consistent with CuO (rCu-Cu(CuO) 
= 3.08 Å) and with chrysocolla (rCu-

Cu(Chrys.) = 2.99 Å; value for chrysocolla from fitting of EXAFS data). It is thus suggested that 
upon firing the copper in faience bead F23 was not completely transformed into a glassy state but 
that some CuO character remained. This might have been due to the firing temperature of the 
faience, whereby the temperature may not have been high enough to result in an amorphous Cu 
phase such as in the case of F18, the synthesized faiences and the objects from Amarna. In this case 
it may be suggested that bead F23 would have been manufactured at a temperature below 900°C. 
Such results may open avenues to use XAS to assess firing temperatures of ancient Egyptian 
faiences and to provide context on levels of control in ancient faience making. Further work is 
required to test the suggested link between XAS response and faience firing temperature. 

We are grateful to HASYLAB for provision of beamtime at Beamline C, and we thank Dr Edmund 
Welter and Dr Roman Chernikov (HASYLAB) for invaluable beamtime support. We are indebted to 
the Aegyptisches Museum and its staff for giving permission to access the Amarna collection and 
undertake analyses on the faience objects; we particularly thankful to Dr Frederike Seyfried, Klaus 
Finneiser, Nina Loschwitz, Iris Hertel, and Olivia Zorn. Chris Davey from the Australian Institute of 
Archaeology (AIA) is gratefully acknowledged for provision of faience beads. We are also grateful 
to Dermot Henry (Museum Victoria, Melbourne) for provision of copper minerals. We also 
acknowledge partial travel funding provided by the International Synchrotron Access Program 
(ISAP) managed by the Australian Synchrotron. The ISAP is an initiative of the Australian 
Government being conducted as part of the National Collaborative Research Infrastructure Strategy. 
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Figure 2: XANES spectra of selected faience objects from 
Amarna (“AM”) and of synthesised faience (“F”) 
using different source materials.  
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For heterogeneous systems below the ordered disordered transition temperature (TODT) self assembly on a 
nano scale may occur within soft mater, e.g. liquid crystals, amphiphiles or block copolymers, due to 
competing interaction based on enthalpy effects. The self assembly usually leads to a polydomain structure 
with locally anisotropic ordered domains (grains), which randomly orientate in the howl sample, resulting in 
macroscopically isotropic materials1. For many practical applications, such as functional membranes, 
anisotropic charge and photon conductivity, etc., the hierarchically structured materials are required to 
become macroscopically anisotropic. By applying an external stimulus such as electric, magnetic, or 
mechanic fields, the favorable macroscopic anisotropic structure can be obtained. Furthermore controlling 
the kinetic pathway for the macroscopic alignment by varying the mechanic shear fields enables the 
exploitation of non-equilibrium or transient morphologies, as first shown in recent works2 on low molecular 
weight liquid crystals. 

For the macroscopic orientation of symmetric block copolymers, large amplitude oscillatory shear (LAOS) 
showed to be the method of choice, giving access to different orientations of the unit normal of the 
lamellae3. In most studies, the morphological investigations of shear-oriented block copolymers were 
performed ex-situ, providing the majority of the structural information on flow-induced alignment post-
processing. To correlate the induced structural changes to the mechanical response and following the kinetic 
pathway of the macroscopic orientation process under precise experimental conditions, the need of in-situ 
measurement with an adequate time resolution is obvious. To evaluate the mechanisms and kinetics of the 
orientation process on a length scale corresponding to the molecular dimension and revealing an average 
over a representative sample volume, SAXS experiments showed to be the methods of choice. For our 
research on the kinetic pathway of diblock copolymer melts under large amplitude oscillatory shear, we 
utilized an unique and newly developed Rheo-SAXS combination2 located at the beam line BW1 at HasyLab 
This setup enables precise rheological measurements of polymer melts, using convenient sample volumes 
and simultaneous probing mechanical induced structural changes on a time scale of 10s. 

By varying the strain amplitude the kinetic pathways of the macroscopic orientation of the diblock 
copolymer lamellae with the unit normal parallel to shear flow (OY axis, see Fig.1 a) was studied. For the 
first time we could show, that for high strain amplitudes (γ0 = 3) an optimal degree of macroscopic 
orientation is achieved for short mechanical excitation times, while proceeding the LAOS experiment after 
reaching a primary minimum of σ, leads into a less ordered overall orientation indicated by a broadening of 
the azimuthally averaged scattered peak (see Fig.1 b). By comparing the structural changes with the 
mechanical responses we found, that the de-orientation process is also visible in the time evolution of the 
mechanical loss modulus G’’ and the non-linear parameter I3/1 calculated by FT-Rheology4. The time 
progression of the mechanical response for G’’ and I3/1 show similar stretched exponential decay in the 
beginning of the mechanical excitation as well as an increase of G’’ and I3/1 from the reached minimum 
value (see Fig.1 c). This increase in the mechanical properties indicates a de-ordering of the unit normal of 
the lamellae in the block copolymer melt. Therefore we assume that a higher degree of disorder in the 
sample, causes a higher non-linear response as measured by FT-Rheology, due to interfacial tensions 
between the phase separated microdomain grains. Furthermore the time evolution of the orientation process 
measured by 2D-SAXS revealed that the overall orientation of the lamellae is a function of the applied 
mechanical strain amplitude γ0, with the orientation time τ having a power law dependence of approximately 
γ0 ~ -2 (see Fig.1 d). By comparing the in-situ time data calculated from the 2D-SAXS patterns with the in-
situ measured mechanical response quantified by the mechanical loss G’’ and the non-linear parameter I3/1, 
the same power law dependence for the orientation time was approved (see Fig. 1d).  
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Our first results demonstrated the connectivity between structural dynamics in the polymer melts and the 
mechanical response of the sample under large amplitude oscillatory shear. Based on the success of this first 
experimental approach, we intent to proceed with more detailed investigations, by varying temperature and 
frequency, to construct a map of for example optimal processing conditions and also giving new insights into 
the underlying molecular dynamics which govern the shear induced orientation processes. 

 

 

Figure 1: a) Schematic representation of the Rheo-SAXS setup used in this work. b) Time dependence of the 
standard derivation σSAXS calculated by fitting the azimuthally averaged scattered reflexes centered around 
90° of the 2D-SAXS images with a Gaussian function. c) Time evolution of the mechanical loss modulus 
G’’ and I3/1 (inset); red dotted lines represent the stretched exponential fit function. c) Double logarithmic 
plot of the orientation time  against the strain amplitude γ0. The solid lines represent a linear regression 

revealing a slope of approximately -2. 
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The ad- and desorption of gas molecules on the surface of a porous solid is always connected to a 
macroscopic deformation of the solid. For the majority of porous solids the change of relative 
volume in the process of adsorption is below 1% and therefore mostly neglected both in practical 
applications as well as in theoretical considerations. Nevertheless, sorption-induced deformation 
can provide valuable additional information about the sample under study when measured with 
sufficient accuracy. 

Figure 1 shows the results of dilatometric measurements performed in the course of nitrogen 
adsorption at 77 K for three porous synthetic carbons [1]. All samples were synthesized via a sol-
gel process applying different synthesis parameters to provide pure carbons with different pore size 
distributions accessible to nitrogen: one sample exhibiting micropores (pore size below 2 nm) only, 
one sample exhibiting mesopores (pore size between 2 and 50 nm) only and one sample exhibiting 
both types of pores. The different stages of ad- and desorption visible within the sorption isotherms 
in Figure 1 are connected to different deformation characteristics. Each of these stages provides 
information about the material on a different length scale: micropore filling and deformation for 
relative pressures below 0.01, capillary condensation within the mesopores for high relative 
pressures (above 0.7 in case of the carbons investigated) and adsorption on the external surface in 
between.  

For quantitative analysis of the length change 
isotherms a comprehensive knowledge of the 
sample material is necessary. Regarding density 
information SAXS-measurements provide more 
reliable results than sorption measurement since 
sorption measurements are limited to accessible 
porosity with pore sizes below about 100 nm and 
therefore may not be able to detect the complete 
pore volume. Therefore all samples were 
measured at the beamline B1 of HASYLAB in 
two detector–sample distances at an energy of the 
incident beam of 12 keV. The scattering curves 
are shown in Figure 2. They are given by the 
superposition of  the scattering due to the 
microporous carbon sceleton and the scattering 
from the micropores within the backbone 
(shoulder at large q-values). From these  data 
either the invariant Qsb of the microporous 
backbone (red and blue curve) or the invariant 
Qpp of a single primary particle (in case of the 
black curve) was calculated using the two-phase-
model [2]. With the invariant the density ρS of the 
backbone was determined either by assuming a 
density of the nonporous carbon phase ρC of 
2,2 g/cm

3
 or by using the macroscopic density of 

the porous carbon monilith ρm: 
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Figure 1: Nitrogen sorption isotherms taken at 
77 K (a) for synthetic carbons with different 
pore size distributions and corresponding 
length change isotherms (b). 
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With the density of the solid backbone ρS and 
the experimentally detected deformation the 
Young’s modulus of the solid backbone ES 
can be determined using the theoretical 
models of Bangham [3] and Scherer [4]. 
Table 1 shows the density ρS and the Young’s 
modulus ES of the solid backbone together 
with the macroscopic density and Young’s 
modulus Em of the respective sample 
calculated from sound velocity measurements. 

The results in Table 1 reveal that the 
mechanical properties on the macroscopic and 
microscopic scale are not directly connected. 
While the microporous samples largely differ 
in macroscopic Young’s moduli their solid 
backbones are very similar concerning 
mechanical properties. This was expected 
since the structure of the solid backbone is 

identical for both samples, while the porosity on length scale larger than the micropores is 
significantly different. The sample “without micropores” on the other hand yields an about twice as 
large value for ES compared to the two “microporous” carbons although the density of the solid 
backbone is identical within the error bars for all samples. A more detailed analysis of the sorption 
and scattering data reveals that the sample “without micropores” actually contains micropores that 
are, however, not accessible to the probing gas upon sorption analysis. This explains the almost 
identical backbone density (Table 1). We assume that the high value of the backbone’s Young’s 
modulus for the “non microporous” sample is a consequence of the high temperature treatment the 
sample was subjected to. The treatment is known to result in a growth of the microcrystallites that 
form the microporous carbon backbone [5]. 

Table 1: Density ρS of the solid backbone (determined from SAXS), Young’s modulus ES of the 
solid backbone (from dilatometry and SAXS) as well as macroscopic density ρm and Young’s 
modulus Em (from sound velocity measurements) for all samples investigated. 

sample ρS ES ρm Em 

 [g/cm³] [GPa] [g/cm³] [GPa] 

      microporous and mesoporous 1.34 14.8 0,729 6.70 

    microporous but not mesoporous 1.28 13.6 0,288 0.084 

    mesoporous but not microporous 1.31 28.3 0,757 7.24 
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Materials from the family of rare-earth orthovanadates (RVO4) exhibit physical properties leading 
to various possible application such as materials for lasers, optical devices, catalysis, gas sensors, 
phosphors, polarizers etc. [1–6]. At ambient pressure, these orthovanadates crystallize in zircon 
structure, except for LaVO4 exhibiting polymorphism depending on preparation conditions. At high 
pressures of the order of 5 – 10 GPa, an irreversible phase transition to scheelite-type structure is 
observed [7,8]. 

The aim of the present investigation was to determine the elastic properties for zircon structure of 
dysprosium orthovanadate, and a verification whether the zircon–scheelite phase transition occurs 
in the available pressure range. Energy dispersive data in high-pressure were obtained using white 
synchrotron radiation at the F2.1 beamline Hasylab/DESY (Hamburg, Germany). The in-situ 
powder-diffraction experiments were carried out using the MAX80 X-ray diffraction press (Nippon 
Research and Development). The data were collected using a germanium solid-state detector of 155 
eV resolution. The measurements were performed from ambient pressure up to 8.45 GPa with a 
step of ~ 0.7 GPa. The diffraction angle was fixed at θ = 3.793°. The unit cells were refined using 
the Le Bail method. Bulk modulus and its pressure derivative were obtained from fitting of the 
second order Birch–Murnaghan equation of state. 

The studied single crystal was grown by slow cooling of the molten PbO/PbF2 flux. For powder 
diffraction experiments, the crystal was finely ground in an agate mortar. The powder was mixed 
with vaseline (volume ratio 1:1) in order to reduce the strains. The mixture was enclosed in a 
hexagonal boron-nitride (hBN) cylinder mounted within an amorphous boron-epoxy cube (edge 
length of 6 mm) ensuring the transmission of the white X-ray beam. 002 diffraction-peak position 
of NaCl powder was used for calibration of the applied pressure. 

 

Figure 1: Energy-dispersive X-ray diffraction spectra of zircon-type DyVO4 at selected pressures. 
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The phase transition to scheelite structure is not observed within the pressure range studied. The X-ray 
spectra at ambient pressure, at 3.88 GPa and at 5.92 GPa are shown in Fig. 1. These spectra include 
diffraction lines of DyVO4, accompanied by diffraction lines from hBN container and Dy fluorescence 
lines. At ambient conditions, the measured lattice parameters of zircon-type DyVO4 are a = 7.151(2) Å, c = 
6.301(1) Å, cell volume V = 322.17(16) Å3, and the axial ratio c/a = 0.8811(4), being in good agreement 
with the high-quality literature data (7.1434(4) Å, 6.313(1) Å, V = 322.14(8) Å3

 c/a =0.8838(3) [9]). The 
observed lattice parameters smoothly decrease with pressure, except the highest pressures (above 6 GPa) 
where the strain is enhanced, as manifested by diffraction-peak broadening. Zero-pressure bulk modulus B0 
determined from fitting the second order Birch–Murnaghan equation of state (discarding the experimental 
points exceeding 6 GPa, see Fig. 2), is 121(2) GPa. This value is by about 25% lower than the only previous 
one (160 GPa) calculated from the Raman-spectroscopy data [10]. 

 

Figure 2: The unit-cell volume as function of pressure. The line  
corresponds to the fitted Birch–Murnaghan equation of state. 
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Mordenite is a natural zeolite found in vugs of volcanic and intrusive igneous rocks or as a 
diagenetic product of volcanic tuff, with ideal composition: (Na2,K2,Ca)4[Al8Si40O96]·28H2O 
[1,2,3]. The microporous nature of this material and the presence of Brønsted-Lewis acid sites (due 
to a variable Si/Al-ratio), makes mordenite one of most important zeolites for several industrial 
applications, including use as molecular/cations sieves and as a catalyst in the petrochemical 
industry for the acid-catalyzed isomerisation of alkanes and aromatics. The manufacture of 
mordenite catalysts is currently a $0.4 billion per year business worldwide. The high-temperature 
(HT) behaviour of natural and synthetic mordenites has been investigated by several authors by 
means of thermogravimetric analysis, in-situ and ex-situ HT single crystal X-ray diffraction and in-
situ time-resolved HT-synchrotron X-ray powder diffraction [in 1,4,5,6]. Only one experiment has 
been performed on the high-pressure behavior of this zeolite (Gatta and Lee [5]) by in-situ high-
pressure (HP) synchrotron X-ray powder diffraction with a diamond anvil cell, within a modest P-
range. The experiment allowed the volume compressibility of mordenite to be determined, and also 
showed that it is elastically very anisotropic. Due to the low-quality of the HP powder diffraction 
patterns and to the large number of independent parameters of the crystal structure of mordenite, all 
attempts to refine the structure by the Rietveld method were unsuccessful. We have made further 
attempts to determine the HP-structural evolution of mordenite by single-crystal diffraction with 
laboratory X-ray sources, but even with the latest generation of CCD-diffractometers these were 
unsuccessful due to the small dimensions of the available crystals of mordenite (whether synthetic 
or natural). The lack of structural data at high-pressure prevent the main deformation mechanisms 
of this important zeolite to be determined. The elastic anisotropy that we have identified [5] is 
expected to drive a significant change in the configuration of the cavities in mordenite structure 
and, as a result, of the framework/extra-framework content interactions (e.g. changes in hydrogen 
bonding schemes, modification of the Brønsted acid sites and the catalytic functionality, etc…). 
This would lead to potentially new functionalities of this material, as shown by recent studies on 
the behavior of hyper-confined water molecules in open-framework compounds [6,7,8].  

We have obtained synthetic non-acicular crystals (approximately 20 x 20 x 5 μm) of mordenite 
with composition Na6Al6.02Si42.02O96•19H2O that are suitable for in-situ HP synchrotron X-ray 
single-crystal diffraction experiments with a DAC. Since the experiments with conventional X-ray 
single-crystal diffractometers and synchrotron powder diffraction have proven to be insufficient to 
provide high-pressure structural data, synchrotron single-crystal diffraction represent the only 
experimental technique that will allow the open questions about the HP-crystal chemistry of this 
material to be answered.  

Diffraction data were first collected at room-P at the D3 beam line, equipped with a MAR-CCD 
and with λ=0.5Å. The diffraction pattern was successfully indexed with a orthorhombic lattice. The 
structural refinement was conducted in the space group Cmcm. At the end of the refinement, no 
residual peak larger than +0.87/-0.67 e-/Å3 was present in the final difference-Fourier synthesis, 
with R1(F)= 0.108, based on 339 “observed” reflections and 80 refined parameters. Further 
intensity data sets have been collected at 0.44(5), 1.35(5), 2.56(5), 3.75(5), 4.98(5), 7.42, and 
9.40(5) GPa with the crystal in a diamond anvil cell and using a mix of methanol:ethanol = 4:1 a P-
medium. Unfortunately, the quality of the HP-structure refinements was poor, mainly because of 
the low number of “observed” reflections. However, on the basis of the experimental findings, 
some general considerations on the HP-behavior of mordenite can be done:  

1) Despite its microporous nature, mordenite is crystalline up to about 10 GPa, as shown by the 
diffraction pattern collected at 9.40(5) GPa. This is an unexpected result.  

2) No phase transition was observed within the P-range investigated. P-V data fitted with a second-
order (in energy) Birch-Murnaghan Equation of State give an isothermal bulk modulus (KT0 = -
V0(∂P/∂V)P=0 = 1/β0, where β0 is the volume compressibility coefficient] of 40(2) GPa. 
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Figure 1: Idealised framework of mordenite viewed along [001]. 
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Nitridoborates of the first and second main group elements have been widely studied because of 
their catalytic potential in reducing pressure and temperature of the transformation of hexagonal 
boron nitride (hBN) into the superhard cubic modification (cBN). Mg3N2-BN, Li3N-BN and Ca3N2-
BN are the main systems for industrial production of cBN, with Mg3(BN2)N, Li3BN2 and Ca3(BN2)2 
being  the  catalytical  active  compounds.  The  existence  of  the  Ca3(BN2)2-analog  compound 
Mg3(BN2)2 is questioned by [1].  

Up to now, no attempt was made to study the high pressure phase relations  and the cBN formation 
region  in  the  ternary system  Ca3N2-Mg3N2-BN.   Only one  nitridoborate  with  the  composition 
Mg2Ca7(BN2)2 has  been  prepared  at  normal  pressure,  additional  Magnesium  could  not  be 
incorporated into the structure [2].  

We studied the pressure-temperature behaviour of two different mixtures of Mg3N2 + Ca3N2 + BN 
at the beam line F2.1 at HASYLAB, Desy in a large volume high pressure device (MAX 80) [1].  
Sample preparation was carried out in an Argon filled glove box to avoid contamination  of the 
highly reactive   nitrides  with  oxygen/water.  Every change in  pressure  and/or  temperature  was 
monitored by energy dispersive x-ray spectra, taken at a constant angle of  Θ = 4.5 °.  Quenched 
samples were analysed on a Siemens D5000 powder diffractiometer.

Figure 1: Energy-dispersive x-ray spectra of Mixture A:  Mg3N2 + Ca3N2 + BN = 1/3 : 2/3 : 2; 
black line: starting mixture; red line: quenched sample (pmax = 4.3 GPa, Tmax = 1230 °C), showing the 

formation  of Ca2Mg(BN2)2
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Figure 1 shows energy dispersive spectra of a starting mixture with the composition 2/3 Ca3N2 + 1/3 
Mg3N2 + 2 BN at ambient conditions. At 4.3 GPa, a sluggish reaction started at a temperature of 
700 °C, while at 1230 °C all reflections of the starting material are vanished and  a new compound 
with a proposed composition Ca2Mg(BN2)2 was formed. 

A Magnesium-rich mixture with composition 2/3 Mg3N2 + 1/3 Ca3N2  + 2 BN showed similar 
behaviour, but slightly higher temperatures (1300 °C) were necessary for a complete reaction at a 
pressure of 4.1 GPa. Figure 2 shows spectra of both Ca2Mg(BN2)2 and CaMg2(BN2)2  samples after 
quenching, at ambient conditions. Lattice constant calculations based on powder diffraction data 
taken from a quenched sample of CaMg2(BN2)2  lead to a cubic lattice constant a0 = 700.1(7) pm , 
which is in good agreement compared to the Ca-rich compound Mg2Ca7(BN2)2 with a0 = 715.2 pm 
[2].  

Figure 2: Energy-dispersive spectra of quenched MgCa2(BN2)2 (red) and Mg2Ca(BN2)2 (green) at ambient 
conditions; reflection at 23.7 keV belongs to hBN (002) .

Further work is in progress in order to solve the crystal structures for both new nitridoborates and to 
investigate the pressure-temperature regime of the cBN formation in the ternary system  Ca3N2 – 
Mg3N2 – BN.

[1] H. Hiraguchi, H. Hashizume, S. Sasaki, Acta Cryst. 1993, B49, 478-483.
[2] M. Häberlen, J. Glaser, H.-J. Meyer, Z. Anorg. Allg. Chem. 2002, 628, 2169.
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Iron-rich orthopyroxene (Opx, nominal composition (Mg,Fe)SiO3) plays a particularly 

important role in current models of the thermal and magmatic evolution of the Moon. Its 
crystallization during the solidification of a global lunar magma ocean resulted in a gravitationally 
unstable mineral stratification in the lunar mantle, eventually prompting a large-scale mantle 
overturn [1]. The thermal effects associated with this overturn are thought to have led to the 
formation and eruption of the lunar mare basalts that cover a significant part of the lunar near-side 
surface. Thermo-chemical models of the Moon’s interior evolution thus require accurate knowledge 
of the volume (V) of Opx as a function of pressure (P), temperature (T) and composition. 

Although many studies have focused on the behaviour of enstatite (MgSiO3) at high 
pressure, surprisingly, the P-V-T equations of state of end-member ferrosillite (FeSiO3) have not 
been determined to date. The topology of the ferrosillite phase diagram equals that of enstatite 
(MgSiO3), with ortho-ferrosillite stable at high temperature, high-clinoferrosillite stable at high 
pressure, and low-clinoferrosillite stable near ambient conditions (Fig 1). Physical property 
determinations of these three polymorphs are very scarce. As a result, both density calculations for 
Fe-rich orthopyroxene in the lunar interior, and thermodynamic assessments of orthopyroxene 
phase stability in Earth’s upper mantle are at present poorly constrained.  

 We have started using synchrotron X-ray diffraction measurements to determine the thermal 
equation of state of synthetic end member ferrosillite as a function of P and T in the MAX80 multi-
anvil press at station F2.1, covering in great detail the P-T range under which orthopyroxene is 
present in the Moon and a significant portion of the conditions relevant to Earth’s mantle. In our 
first session we successfully collected spectra of both synthetic orthoferrosillite FeSiO3 (pre-
synthesised at 2 GPa and 1273 K at VU University Amsterdam) and of natural Fe-rich 
orthopyroxene, at pressures from ~0.6 to ~4.3 GPa and temperatures from 298 K up to the melting 
temperature of FeSiO3 (approximately 1623 K at ~4 GPa). Data processing is currently underway, 
as is detailed sample characterisation to assess the extent of sample alteration (e.g., Fe2+ to Fe3+ 
conversion) during the measurements.  

 

Figure 1: FeSiO3 phase diagram, after [2]. 
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A great attention has been given to multiferroic effects, observed in BiFeO3 and BiMnO3 

compounds. In these materials ferroelectricity coexists with long range magnetically ordered ground 

state of incommensurate or commensurate nature. This leads to quite interesting novel physics, such 

as possibility of switching of electric polarization by magnetic field, very prospective for electronic 

devices, possible composite excitation of electromagnon, and promising many more surprises 

awaiting to be unearthed. 

Bismuth ferrite BiFeO3 is commonly considered to be a model system  for multiferroics, especially 

for perovskites. The BiFeO3 has an antiferromagnetic Néel temperature TN of ~380 °C and a 

ferroelectric Curie temperature TC of ~830 °C [1]. In particular the high-temperature phases have 

been well studied; however they are still not fully understood. In the early work, as many as eight 

anomalies in physical properties as a function of temperature, based on electrical and magnetic 

measurements, have been reported [2]. However, the structural details of high temperature phases 

of BiFeO3, important for further elucidation of the nature of its multiferroic properties, remain 

unexplored.  

In the present study, we have investigated the crystal structure bismuth ferrite by X-ray diffraction 

at high temperature up to 1100 
o
C. X-ray diffraction experiments were carried out at the beamline 

F2.1 (HASYLAB-DESY, Hamburg) using the multianvil X-ray system MAX80. Diffraction spectra 

were recorded in an energy dispersive mode using white synchrotron X-rays from the storage ring 

DORIS III. Spectra were recorded by a Ge solid-state detector with a resolution of of 155 eV at 5.9 

keV and 500 eV at 122 keV resulting in a resolution of diffraction patterns of Δd/d ≈ 1%. The 

Bragg angle 2 was fixed at 9.089°, counting times for each diffraction pattern were about 5 min. 
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Figure 1: The energy dispersive X-ray patterns of the BiFeO3 measured at temperature T= 30, 800 and 
950

o
C and processed by the profile matching method. Experimental points, calculated profiles, difference 

curve and positions of Bragg peaks are shown. 
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The characteristic X-rays diffraction patterns of BiFeO3 measured at selected temperature are 

shown in fig. 1. At ambient conditions the rhombohedral structure of R3c symmetry was detected 

[3]. At temperature T=740 
o
C, noticeable changes in diffraction data were observed, evidencing the 

structural phase transition. From the data analysis it was found that the structure of this phase of 

BiFeO3 can be also described as orthorhombic one with Pbnm symmetry. The calculated lattice 

parameters for this phase are a= 7.981(3) Å b= 5.077(3) Å and c= 5.650(2) Å. At temperature 

T>870 
o
C the new orthorhombic phase with space group Pbam existed. In the first approximation 

the calculated parameters for high temperature phase are a= 7.905(3) Å b= 8.429(3) Å and c= 

6.019(2) Å.    

References 

 

[1] W. Kaczmarek, Z. Pajak, Solid St. Commun., 17, 807 (1975). 

[2] M. Polomska, W. Kaczmarek, Z. Pajak, Phys. Stat. Solidi, A23,567 (1974). 

[3] A. Palewicz, R. Przeniosło, I. Sosnowska, A.W. Hewat, Acta Cryst. B, 63, 537 (2007). 

 

-929-



(NH4)2WTe2O8 at 5.09 GPa: a single-crystal study using 
synchrotron radiation 

A. Grzechnik and K. Friese 

Condensed Matter Physics, University of the Basque Country, 48080 Bilbao, Spain 
 

At atmospheric pressure, the coordination number (CN) in TeOn polyhedra in inorganic oxide 
materials containing Te4+ cations ranges from 3 to 7 [1]. The low CNs are associated with a 
pronounced stereoactivity of a lone electron (E) pair, with typically a few short bonds lying to one 
side of the cation and with very long bonds on the other side. The increase of the CN indicates a 
contraction of the E pair and, thus, the increase in the uniformity of the coordination sphere around 
the Te4+ cations. 

The polar structure of (NH4)2WTe2O8  (P21, Z = 2) at ambient conditions is built of distorted WO6  
octahedra and TeO4  polyhedra, which form layers perpendicular to the crystallographic a axis  [2]. 
The layers are separated by intercalated NH4

+ groups. There are two non-equivalent  Te atoms in 
the structure. The W-O and Te-O distances vary from 1.733(9) Å to 2.151(8) Å and from 1.832(8) 
Å to 2.349(9) Å, respectively. The low CN and asymmetric coordination environment of the Te4+ 

cations are due to the stereo-active E pairs. 

In this work, we investigated the high-pressure behaviour of  (NH4)2WTe2O8  with single-crystal x-
ray diffraction in a diamond anvil cell using a HUBER four-circle diffractometer equipped with a 
marCCD165 detector at the D3 beamline (λ = 0.3978 Å). Our interest was focused on the stability 
of the layered structure and on the pressure-induced changes in the coordination sphere of the Te4+ 

cations.  

The intensities were integrated with the program XDS [3]. Attempts to use the coordinates from the 
ambient pressure phase as a starting model were unsuccessful. The structure of the high-pressure 
phase was therefore solved using the program Sir97 [4]. The solution yielded the positions of the 
heavy atoms. The positions of the oxygen and nitrogen atoms were obtained via difference Fourier 
synthesis. The data were refined with the program Jana2006 [5]. 

(NH4)2WTe2O8  was slowly compressed to 7.16 GPa at room temperature [6]. Analysis of the data 
showed no indication of  a structural phase transition up to this pressure. The compressibility of the 
material is highly  anisotropic with the lattice contraction being the largest along the a  axis, i.e., 
along the direction of layer stacking. The b, c, and β lattice parameters hardly change with pressure. 

On the basis of the data set collected at 5.09 GPa a full structure determination was carried out 
(Figure 1). A comparison with the structural data at ambient pressure shows that the layers of 
interconnected WO6 octahedra and TeOn polyhedra are basically retained and that the two non-
equivalent Te4+ cations are still in asymmetric coordination environments  attributable to their  E 
pairs. However, the spread of the Te-O distances, which now lie in the range from 1.85(12) Å to 
2.02(14) Å, becomes smaller on compression. This observation might suggest that the 
coordinations around the Te atoms tend to become more uniform thus indicating the suppression of 
the  stereoactivity of the electron lone pairs. However, the coordination number of the Te1 atom 
decreases from four to three, in a clear contradiction to all the observations in other materials 
containing lone-pair electrons so far. This unusual coordination change results from the fact that the 
relatively long Te-O distance of 2.349(9) Å at ambient conditions increases to 2.65(9) Å upon 
compression to 5.09 GPa. Such an unexpected coordination number lowering could be explained 
when the structure as a whole is considered. Despite its enormous pressure-induced volume 
contraction of 11% at 5.09 GPa, the structure does not lose its two-dimensional character. The 
collapse of the layers is prevented by the NH4

+ cations. To adapt to the presence of the ammonia 
ions, the layers become distorted and slightly corrugated, eventually resulting in the 4-to-3 
coordination change of one of the Te4+ cations. It is important to note that the bond valence sums 
(BVS) of the two Te atoms vary relatively little upon compression, regardless of the changes in the 
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atomic coordination spheres and of the massive unit-cell contraction. The BVS values of atoms Te1 
and Te2 increase only slightly, viz. from 4.16 (5) to 4.3 (6) v.u. and from 4.05 (5) to 4.3 (6) v.u., 
respectively, between ambient pressure and 5.09 GPa. 

 

 

Figure 1: Crystal structure of (NH4)2WTe2O8 at 5.09 GPa. 
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Metal tungstates are very interesting materials fundamentally due to their technological 
applications as scintillator detectors, laser-host crystals and optical fibers [1,2]. CdWO4 is one of 
the most remarkable members of the family due to its high scintillating efficiency being even 
commercially available [2]. At ambient conditions it crystallizes in a monoclinic wolframite-like 
structure in which both cations are octahedrally coordinated by oxygen atoms. The octahedra share 
edges and hence form a close-packed structure consisting of alternating zigzag chains [3]. It is well 
known by means of Raman spectroscopic studies [4] that CdWO4 undergoes two phase transitions 
with pressure, i.e. at 20 and 35 GPa. Based on ab initio calculations [4] and the number of Raman 
modes that appear at the second phase transition it has been proposed that the high-pressure 
structure is tetragonal of scheelite-type and coexists with a triclinic CuWO4-type structure. There is 
a great controversy about the structure of this second high-pressure phase. Hence, we decided to 
carry out a single-crystal x-ray diffraction experiment in order to solve the crystal structure of the 
high-pressure phase of this compound. 

 

Figure 1. Loaded sample in the diamond anvil cell at 22.0 GPa. The crystal size is about 26.7 x 43.4 x 8 m3 

Single-crystal intensity data were collected from a sample loaded together with neon as pressure 
medium in a diamond-anvil cell (DAC) (Fig. 1) above the phase transition at 22.0 GPa on a 
HUBER four-circle diffractometer at beamline D3. The fixed-phi mode was used and the intensity 
profiles were measured by means of a point detector performing omega scans and employing a 
wavelength of 0.45 Å. These measured reflections were integrated and corrected for Lorentz and 
polarization effects, intensity beam variations as wells as sample and diamonds absorption [5-7]. 
The unit-cell volume of the high-pressure phase is doubled if compared to the CdWO4 at ambient 
pressure. By means of systematic extinctions we were able to establish that the most probable space 
group would be orthorhombic Pccm. As the crystal quality decreased after the phase transition and 
the reflections broadened, data collection and evaluation was difficult and did not allow to solve the 
structure by now. Further efforts to completely solve and refine the crystal structure are in progress. 
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J. Ruiz-Fuertes, A. Friedrich1, W. Morgenroth1, E. Haussühl1, D. Errandonea 

MALTA-Consolider Team. Dpto. Física Aplicada, Universidad de Valencia, Dr. Moliner 50, E-46100 Burjassot, Valencia, 

Spain 
1Institut für Geowissenschaften / Abt. Kristallographie, Goethe-Universität Frankfurt, Altenhöferallee 1,  

D-60438 Frankfurt am Main, Germany 

Cuproscheelite (CuWO4) belongs to the family of 3d-transition metal tungstates which are 
interesting due to their technological applications [1,2]. In addition, cuproscheelite has attracted 
attention as a multiferroic material with an intriguing magnetic phase diagram [3]. In fact, the Jahn-
Teller (JT) effect around the Cu2+ ions is responsible for the antiferromagnetic phase of this 
compound below TN = 23 K. Due to the JT distortion of the CuO6 octahedra the symmetry of 
cuproscheelite is lowered from the monoclinic wolframite structure (SG. P2/c) to a triclinic (SG. P-
1) distorted structure [4]. From earlier powder XRD [5], Raman spectroscopy [5] and optical 
absorption studies [6] at high pressure (HP) we found that CuWO4 undergoes a phase transition at 
10 GPa from the triclinic structure to a HP phase postulated to have a wolframite-type structure. 
This hypothesis is also supported by ab initio calculations [5]. They also predict that the phase 
transformation involves an antiferromagnetic to ferromagnetic transition and a quenching of the JT 
distortion. In order to get more insight into the mechanism of the phase transition and to solve the 
HP structure of CuWO4 we performed single crystal XRD studies on CuWO4 at pressures below 
and above the transition pressure. The results should also shed light on the influence of pressure on 
the JT distortion. 

 

 

 

 

 

Fig. 1. Loaded samples in the DAC at 7.0 GPa (left) and 13.4 GPa (right). Crystal sizes are 110 x 93 x 30 
m3 and 87 x 67 x 20 m3, respectively. 

Single-crystal intensity data were collected from samples loaded in diamond-anvil cells (DACs) 
(Fig. 1) below the phase transition at 7 GPa and above at 13.4 GPa on a HUBER four-circle 
diffractometer at beamline D3. An alcohol mixture and neon were used as pressure media at low 
and high pressure, respectively. The fixed-phi mode was used and the intensity profiles were 
measured with a point detector performing omega scans and employing a wavelength of 0.45 Å. 
The measured reflections were integrated and corrected for Lorentz and polarization effects, 
intensity beam variations and sample and diamonds absorption [7-9]. The low-pressure phase was 
refined with 26 parameters and 470 independent reflections. The HP phase was solved to belong to 
the P2/c space group and refined with 16 parameters and 196 independent reflections using 
SHELX-97 [10]. The residual values of both structure refinements were below 0.04 for R1 and 
below 0.10 for wR2. Crystal structures are shown in Fig. 2.  

-934-



 

Fig. 2. Projections of the crystal structure of CuWO4 at 7 (left) and 13.4 GPa (right) along the a axis. The 
continuous lines represent the CuO Jahn-Teller elongated bonds. 

We observe that the JT effect plays an important role during the phase transition. However, in 
contrast to the theoretical predictions, pressure reduces but not suppresses the JT effect.  
Apparently, in the triclinic phase the reduction of the distortion reaches a point at which it becomes 
unstable. At this point an octahedral tilting is induced leading to the observed phase transition. A 
more detailed analysis of the structural changes and the understanding of the transition mechanism 
are in progress. 
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synthesis of compositionally homogeneous 
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A principal target of our work is to prepare novel alloys and ceramics using extreme pressures and 
temperatures [1-4]. The material domains are semiconducting alloys and nitrides with properties 
ranging from direct band-gaps, advanced transport and high mechanical strength. In our work on 
preparation of new materials of particular importance for optoelectronic applications, group IV 
semiconductors (Si-Ge-Sn) figure prominently. Indeed we have already recovered a novel bulk 
Ge0.9Sn0.1 phase from high pressures, which cannot be produced at ambient conditions. In parallel 
with the essential mapping of the detailed phase relations and stability regime of this system, we are 
also focusing on the Si-Ge system, which can be alloyed at ambient pressure, and is used 
particularly in heterojunction bipolar devices. A major impediment for a wider range of applications 
for the Si-Ge system, as well as for all other ambient prepared group IV elements and compounds is 
that it exhibits an indirect band-gap. Hence requirements in much sought after optoelectronic 
applications including photovoltaics are not fulfilled. A further important feature for such 
applications is tunability of band-gap which can be achieved by varying the composition. While the 
Si-Ge system’s phase diagram reveals a complete solid solution between the two, in practice 
homogeneous alloys are extremely difficult to prepare, particularly on the Ge-rich side because of 
the large gap between the liquidus and solidus curves leading to pronounced segregation. It is one 
of our objectives to employ homogeneous SiGe precursors which can then be transformed at high 
densities to new modifications, recoverable to ambient pressure which do exhibit direct band-gaps. 
In order to do so we examine intermediate pressure and temperature regimes where ambient 
pressure attributes conducive to segregation, such as atomic mobility are decreased. With 
pronounced segregation tendencies markedly decreased, sought after homogeneous alloys 
particularly on the Ge-rich side may be prepared. Fundamentally, and longer term this work will 
allow us to investigate and understand how altered atomistic and electronic processes imposed by 
particular synthetic conditions promote homogeneity.  
 
Investigation of extreme conditions phase relations requires assessment of structural and chemical 
evolution of the mixtures including an evaluation of the melting behaviour. For this, particular 
attention needs to be devoted to construction and optimization of the assembly configuration to 
ensure stability of the assembly, facility in measuring the temperature and pressure and obtaining 
high signal to noise ratios, especially at high temperatures, as well as avoidance of contamination of 
the sample mixtures by other components of the high pressure assembly. Figure 1 is a schematic of 
the employed assembly. One of the key salient features is precise micromachining of 1 mm long 
boron nitride crucibles with 0.2 mm lids at Edinburgh, for both the GeSi sample mixtures and the 
MgO pressure marker. Boron nitride is compressible, chemically unreactive and has a low X-ray 
scattering cross-section and does not markedly interfere with sample signals. Effectiveness of this 
assembly can be seen by figure 2 at 4 GPa and up to 1300 K showing evolution of diffraction and 
melting of Ge. In our initial series of experiments so far we have succeeded in producing Ge-rich 
crystalline compositions as seen in figure 3. These however are only of limited size and do not 
extend throughout the capsule, as revealed by in-situ line scans. A detailed program including 
variation of pressure, temperature, time and composition is planned both to enhance homogeneity 
and to correlate these variables with the underlying changes in Ge and Si upon compression.  
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 Figure 1: Reaction assembly for high pressure and temperature measurements  

 

 

 

 
 
  
 
 
 
 
Figure 2: Detection of melting in Ge at high pressures and temperatures using X-ray diffraction.  
 
 
 
 
 
 
 
      
 
 
 
 
 
Figure 3. Initial mixture (a) and recovered Ge0.85 Si0.15 alloy diffraction pattern (b) from 4 GPa and 1450 K. 
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Figure 2: Fourier-transforms of oxidic (upper line) and sulfided WMoNi (bottom line) at the Mo K-edge (1a, 

1b), Ni K-edge (1b, 2b) and the W LIII-edge (1c, 2c). 

The structural parameters of the samples determined by fitting the oscillations in k space are 
summarized in Table 1.  
 
The distance of first Mo-S shell is equivalent to MoS2 

[6,7,8], but the coordination number was lower. 
Consequently, Mo in WMoNi is less sulfided than in bulk MoS2. The Mo atoms were surrounded 
by W and Mo at almost the same distance and by Ni but all these neighbours appear with low 
coordination numbers. 
 

Table 1: Structural parameters resulting from Mo K-edge k2 weighted FT EXAFS function of sulfided 
WMoNi; (a) Debye-Waller factor, (b) Inner-potential correction. 

Substance Shell R, Ǻ CN Δσ2, 10-2 Ǻ2 (a) ΔE0, eV (b) Fit parameter 
WMoNi Mo-S 2.41 4.71 0.37 8.13 6 Mo-S at 2.35 Ǻ 

 Mo-W 3.15 1.83 0.28 -0.09 2 Mo-W at 3.16 Ǻ 
 Mo-Mo 3.17 1.38 0.23 7.81 4 Mo-Mo at 3.16 Ǻ
 Mo-Ni 3.85 0.6 0.41 6.06 2 Mo-Ni at 3.16 Ǻ 
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FeBEA samples can be applied as highly active catalysts in the selective catalytic 
reduction of NOx with NH3 (NH3-SCR) [1]. 

4 NH3 + 4 NO + O2 → 4 N2 + 6 H2O 

FeBEA catalysts synthesized by wet-ion exchange of zeolite BEA were steam treated 
under NH3-SCR conditions, consisting of 1000 ppm NO, 1000 ppm NH3, 5% O2 and 
5% H2O at temperatures between 450°C and 600°C and characterized by XANES and 
EXAFS analysis. Although the Fe content of the samples was only 1 wt% Fe, a 
sufficient quality of the spectra was reached by measuring in transmission geometry.  

 

The analysis of the EXAFS region showed that an unsteamed reference sample is 
coordinated by 6 oxygen atoms with a Fe-O distance of 2.05 Å. This refers to an 
isolated extraframework Fe ion saturated with 
water. The analysis of the EXAFS for the steam 
treated samples reveals a coordination number of 
four with a shorter Fe-O distance of 1.86 Å. The 
shorter distance and lower coordination number 
gives evidence that during the steaming treatment 
under NH3-conditions extraframework Fe species 
can be incorporated into framework positions of 
zeolite BEA. 

The XANES of the respective samples also 
support these observations as the steamed samples 
all show an intense pre-edge peak. This peak is 
due to the 1s to 3d transition which is 
spin-forbidden in octahedral coordination and can 
be only observed if the metal is tetrahedrally 
coordinated [2]. The unsteamed sample does not 
show this transition and hence, the Fe in this 
sample is octahedrally coordinated. 
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Figure 2: XANES of FeBEA catalysts.
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-2,3-dihydro-pyrrolo[3,4-c]pyridine-1-one 

L. Chęcińska, M. Małecka, A. Rybarczyk-Pirek, S. Grabowsky1, C. Paulmann2 and P. Luger1 

Dept. of Structural Chemistry and Crystallography, University of Łódź, Tamka 12, 91 403 Łódź, Poland 

1Institut für Chemie und Biochemie/Anorg. Chemie, Freie Universität Berlin, Fabeckstr. 36a, 14 195 Berlin, Germany 

2Mineralogisch-Petrographisches Institut, Universität Hamburg, Grindelallee 48, 20 146 Hamburg, Germany 

Crystal data and data collection Multipole refinement [1] 

C19H14N2O2 Refinement on F
2
 

Orthorhombic, P212121 (No. 19), Z=4 11025 data in refinement 

a=7.875(2), b=9.892(2), c=18.843(4) Å 0.0177/0.0391  R(F)/R(F
2
) 

=0.6000(2) Å (synchrotron), beamline F1 535 parameters 

144632/11539 refl. measured/unique Nref/Nv = 20.6 

sinmax/=1.219Å
-1

 eÅ
-3
max/min 

 

(a) (b) (c)  

Fig. 1. (a) Molecular structure of the title compound with atom numbering scheme. ADPs are drawn at a 

50% probability; ADPs for H-atoms are obtained from the SHADE server [2]; (b) Part of the crystal 

structure showing the formation of an infinite chain motif with O2H2
…

O1
i
 (i: -½+x, ½-y, , 1-z) 

intermolecular interaction; (c) MoleCoolQt [3] representation of the Hirshfeld surface of the title compound 

calculated from experimental charge density [1]. Crystal electron density mapped on it, scale in eÅ
-3

. 

The molecules are linked by an intermolecular O2−H2∙∙∙O1
i
(i: -½+x, ½-y, , 1-z) hydrogen bond, 

which is responsible for the formation of an infinite chain running parallel to the [1 0 0] direction 

(Fig. 1b). This interaction can be clearly identified on the Hirshfeld surface (Fig. 1c), the electron 

density value of 0.26 eÅ
-3

 can be read off the scale. The relative strength of this interaction was 

estimated based on geometrical and topological parameters [4] and the calculated values of energy 

are about -46 kJ mol
-1

. Moreover, in the crystal lattice weak CH
...
 interactions are found. 
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2,5-diacethylhydroquinon high resolution X-ray study  
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The aim of our project was to determine experimentally the charge density of the title compound. 

The research are focused on intramolecular hydrogen bonds, classified as resonance assisted 

hydrogen bond [1]. The use of topological analysis of ρ(r) based on Bader’s AIM theory [2] can 

give a quantitative description of bonds, thus the topology of ρ(r) and its derivatives in the region of 

the intramolecular resonance assisted hydrogen bonds is under special consideration.  

The high resolution X-ray data were measured at beamline 

F1 at Hasylab. Reflections were measured up to the 

resolution sinθ/λ = 1.16 Å
-1

, with synchrotron radiation of 

the wavelength =0.6Å, giving 5714 unique reflections. 

For the data reduction the XDS [3] program package was 

used. The title compound crystallizes in monoclinic 

system, space group P21/c with Z= 2 (special position of 

the molecule around the inversion centre). The obtained 

SHELXL [4] spherical model of molecule was used as the 

input for aspherical atom multipole formalism using the 

XD [5] package program. All non-hydrogen atoms were refined on hexadecapolar level with kappa 

parameters. Hydrogen atoms were refined up to dipoles with the use of SHADE server [6] to 

estimate their anisotropic displacement parameters. The final multipole refinement gave 

R(F)=0.0219, R(F
2
)=0.0409 with ρmax=0.198 and ρmin=-0.169 e/Å

-3
 on last difference Fourier map.  

The calculation of electron density topology based on 

aspherical molecular model indicated the bond critical 

point of intramolecular hydrogen O-H…O bond with 

topological parameters: ρ(r)BCP = 0.268(8) eÅ
-3

 and 


2
ρ(r)BCP = 4.089(7) eÅ

-5
 

Figures present: molecular structure of the title compound 

molecule with atomic displacement ellipsoids at 50% 

probability level (up); static deformation density maps in the 

plane of O(3)-H(3)…O(1) intramolecular hydrogen bond 

(down). Positive, negative and zero contours are represented by 

blue solid, red solid and black dotted lines, respectively. 

Contour intervals are drawn at 0.1 eÅ
-3

  

Acknowledgements: 

The research leading to these results has received funding from the European Community’s Seventh Framework 

Programme (FP7/2007-2013) under grant agreement No 226716. 

References: 

[1] P. Gilli, V. Bertolasi, V. Ferretti, G. Gilli, J. Am. Chem. Soc. 116, 909 (1994) 

[2] R.F.W. Bader, Atoms in Molecules. A Quantum Theory, Oxford University Press, New York, 1990. 

[3] W. Kabsch, J. Appl. Crystallogr. 26, 795 (1993). 

[4] G.M. Sheldrick, SHELXS97 and SHELXL97, University of Göttingen, Germany (1997). 

[5] T. Koritsanszky, R. P. Mallison, A. Volkov, P. Macchi, C. Gatti, T. Richter, L. J. Farrugia, XD2006 - A Computer 

Program Package for Multipole Refinement, Topological Analysis of Charge Densities and Evaluation of 

Intermolecular Energies from Experimental or Theoretical Structure Factors (2006). 

[6] A. Ø. Madsen. J. Appl. Cryst. 39, 757 (2006). 

-942-



The crystal structure of 5-(4-Hydroxyphenyl)-3-

methyl-1-phenyl-1H-pyrazole-4carboxylic acid 

methyl ester 

M. Małecka1, L. Chęcińska1, A. Rybarczyk-Pirek1, and C. Paulmann2 

1Dept. of Structural Chemistry and Crystallography, University of Lodz, Tamka 12, 91403 Lodz, Poland 

2Mineralogisch-Petrographisches Institut, Universität Hamburg, Grindelallee 48, 20 146 Hamburg, Germany 

The X-ray data set for the title compound, (I), 

was measured with synchrotron radiation 

(=0.6Å) at beamline F1 (Hasylab/DESY). 

The data collection set of 11832 reflections 

were measured at 170K. For the data reduction 

the program package XDS [1] was used. The 

final spherical refinement using SHELXL97 

[2] gave R = 4.50% for 1367 equivalent 

reflections with Fo>4(Fo). The title 

compound crystallizes in orthorhombic 

system, space group Pnma with Z=4. The 

molecule is located on the mirror plane (i: x, -y 

z). The crystal structure of title compound is 

stabilized by C-H…O hydrogen bond forming 

chain along c axis.  

 
Crystal data (I):  

Orthorhombic,  

Pnma,  

a=20.288(4)Å, 

b=7.035(2)Å, 

c=9.567(2)Å, 

V=1365.5(6)Å
3
,  

Z=4,  

block,  

colourless, 

R(int)=2.85%  
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electrolyte membrane fuel cells 
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Introduction 

Climate change and limited fossil fuel resources strongly push the development of more efficient 
energy conversion technologies like e.g. the fuel cell technology, in which chemical energy is 
directly converted to electricity. Besides the high-temperature fuel cells, which are used for small 
and mid range stationary combined heat and power plants, the low-temperature polymer 
electrolyte membrane fuel cell (PEMFC) shows promising features for both mobile and portable 
applications. However, so far its high cost and poor durability hinder its area-wide market 
introduction. That is why in recent years many researchers focused on the development of not 
only more efficient, but also more stable materials. 

Among the main problems in fuel cell technology is the Pt-catalyzed carbon corrosion at the 
cathode side, leading to a severe degradation of the fuel cell performance after several hundred 
hours operation time. Consequently, innovative support concepts are more than welcome. In 
recent years, a lot of research has focused on carbon modification and the use of graphitized 
carbons. However, often these graphitized supports exhibit less surface area and their decoration 
with platinum nanoparticles proves to be more complicated. Another recent approach favoured 
carbon nanotubes (CNT) as novel support materials for fuel cells. But these suffer from the same 
drawbacks.  

Another more recent strategy is to completely replace the carbon support either by electron 
conducting oxides or polymers. In the literature, new catalysts, e.g. (doped) TiO2-supported Pt 
and polyaniline(PANI)-supported Pt, were discussed for their application in fuel cells [1]. The 
main requirements to be fulfilled in this case are high stability, high electron conductivity and 
low cost. One drawback of TiO2 seems to be its comparatively low conductivity. That is why Yin 
et al. [2] proposed TiB2 as an interesting alternative in 2010. However, the material’s resistance 
against acids is vividly discussed. While Kugai et al. [3] observed the dissolution of TiB2 in 
H2SO4, Markovskii et al. contradicted this result [4]. The sensitivity seems to be strongly 
dependent on the starting material and may thus hinder successful implementation as well as 
exclude certain synthesis procedures altogether.  

Experimental 

Platinum nanoparticles were deposited onto this novel support material by wet chemical 
impregnation using various synthesis routes. The suitability of the chosen synthesis procedure 
was tested using X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray 
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absorption spectroscopy. At beamline A1, X-ray absorption spectra of the Ti K edge (4.966 eV) 
were recorded using Ti metal foil as a reference and scanning the energy between 4700 eV and 
5966 eV. The samples were prepared by grinding the Pt/TiB2 catalyst with polyethylene and 
pressing the powders into pellets. Data analysis was performed using the IFEFFIT package.    

Results  

According to Yin et al. [2], TiB2 does not form surface oxides at 1.2 V vs RHE. In addition, the 
electrochemically active surface area decreases 4-times less than observed for the standard 
Vulcan carbon during cycling between 0 V and 1.2 V in 0.5 M H2SO4. However, fuel cell tests 
have not been conducted so far. Figure 1 shows a SEM picture of the catalyst synthesized with 
the ethylene glycol method. The corresponding EXAFS measurement and data fit is shown on 
the right side. During this beam time, several catalysts prepared by various synthesis strategies 
were measured and analyzed. The aim was to determine, which method is the least destructive 
and leads to an optimum result in Pt nanoparticle size and dispersion on the novel support. It is 
found that TiB2 is not very stable in acidic environment especially in the presence of Nafion 
(figure 1). Consequently, the chosen synthesis should be carried out under mild conditions.   

 

 

 

 

 

 

 

Fig. 1. SEM picture of Pt/TiB2 synthesized with the ethylene glycol method (left) and XANES 
spectra of various TiB2 supports under different conditions (note that spectra of TiO2 and 
TiB2 in Nafion are almost identical) 
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The Aurivillius phase Bi2MO6 (M=W, Mo) is an important visible-light-driven photocatalyst and several synthetic 

methods have recently been reported to obtain hierarchically constructed Bi2WO6 microspheres consisting of 

individual nanoparticles [1,2]. However, it is extremely difficult to synthesize hierarchical Bi2MoO6 

nanostructures, although they have the iso-structure. Contrarily, Bi2MoO6 nanoplates are well-known and easily 

accessed [3,4]. As these materials exhibit such fundamental morphological differences, it is highly interesting to 

compare the hydrothermal growth kinetics of Bi2W1-xMoxO6 (x = 0, 0.25, 1) materials to understand the 

fundamental difference for the crystal growth process. The formation of Bi2MoO6 nanoplates exhibits very fast 

kinetics and the induction time tind and half-life times t0.5 are only 2 and 4 min., respectively. Surprisingly, 

whereas tind of Bi2W0.75Mo0.25O6 is shorter, t0.5 is longer compared to the formation of Bi2WO6 (cf. Figure 1 left). 

The fast formation kinetics of Bi2MoO6 may restrain the self-assembly of nanoplates into hierarchical 

nanostructures. Obviously, the substitution of W with Mo speeds up the kinetics of these hydrothermal systems. 

This may be due to the fact that molybdates can reach equilibrium in solution much faster than tungstates [5]. 

Moreover, a single reaction mechanism for the growth of Bi2WO6 and Bi2W0.75Mo0.25O6 was observed (cf. Figure 

1 right), but the velocity of the formation of Bi2MoO6 is too fast to acquire sufficient data for further kinetic 

evaluations. The Avrami exponent for the formation of Bi2W0.75Mo0.25O6 is increased from ~0.5 for Bi2WO6 to 

about 0.65 [6]. Nevertheless, the overall diffusion controlled reaction mechanism remains basically unaltered 

which favors the formation of hierarchical Bi2W0.75Mo0.25O6 nanostructures. 

     

Figure 1: Extent of reaction α vs. time for the growth of Bi2MoO6, Bi2WO6 and Bi2W0.75Mo0.25O6 at 160 °C 
(left); Sharp-Hancock plots derived from the kinetic data of Bi2WO6 and Bi2W0.75Mo0.25O6 recorded at 160 
°C over a data range of 0.2 < α < 0.85.  
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In-situ EDXRD investigations of the formation of a new 
polyoxovanadate with composition 
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Polyoxovanadates (POVs) modified by heteroatoms (As, Sb or Ge) in the cluster shell are of special 
interest because such clusters expand and modify the charge density and the coordination ability of 
the surface. In contrast to As, POVs with Sb or Ge are less explored [1-6]. More or less nothing is 
known about the crystallization mechanisms of such cluster compounds and hence the successful 
preparation of a new POV is almost the result of trial-and-error chemistry. In-situ energy dispersive 
X-ray diffraction (EDXRD) investigations may provide important information about the 
crystallization processes occurring under solvothermal conditions. Recently we investigated for the 
first time the formation of Ge and Sb modified POVs with compositions {C6H15N3-H3}[V14Ge8O50] 
and {Ni(C5N3H15)2}2[V15Sb6O42(H2O)Ni(C5N3H15)2] at beamline F3/HASYLAB/DESY in 
Hamburg [7, 8]. In further in-situ EDXRD experiments the crystallization of an Sb POV with 
composition [V14Sb8(C6H15N3)4O42(H2O)]·4H2O (C6H15N3=1-(2-aminoethyl)piperazine) (I) [9] was 
investigated. The special structural feature of I are four Sb-N bonds to 1-(2-aminoethyl)piperazine 
groups completing the charge-neutral [V14Sb8(C6H15N3)4O42(H2O)] clusters. Such linking of 
organic molecules to the POV clusters was never observed until now (Fig 1). 

 

Fig. 1: Spherical cluster of I with amine molecules. 

For the synthesis of I 0.34 mmol Sb2O3 and 0.85 mmol NH4VO3 were dispersed in 2 mL of a 75 % 

aqueous solution of 1-(2-aminoethyl)piperazine and heated to 160 – 180 °C in an autoclave with a 

glass-liner as reaction vessel. The reactions were carried out under stirring conditions. All 

experiments were performed at F3/HASYLAB/DESY/Hamburg. X-ray diffraction patterns were 

recorded with acquisition times of 300 s. For the evaluation of the resulting data the program 

“calf3” was used, which was developed by A. Rothkirch (HASYLAB, DESY). The crystallization 

kinetics of the formation of I were studied as a function of the reaction temperature (Fig. 2; left). 
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Figure 2: Extent of reaction α for T = 160 – 180 °C of the (001) reflection (right); Sharp-Hancock-Plot for 

the data obtained at 180 °C. The Avrami exponent is obtained from the slope (left). 
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The kinetic analysis was performed using Sharp-Hancock plots (Fig. 2; left) and established kinetic 
models (Fig. 3) were used to get hints of the processes occurring in the reaction slurry [10]. The 
data match well with a diffusion-controlled process at T = 170°C and with the first order reaction at 
180°C. For temperatures 170 °C and 180°C a good agreement with the models D3, D4 (170°C) and 
F1 (180°C) is obtained. For T = 160°C no reasonable fit of the experimental data to the model 
kinetics could be found. 
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Fig. 3 Comparison of the experimental data with different crystallization mechanisms for T = 180 °C. 

In-situ EDXRD experiments demonstrate that the formation of I occurs without crystalline 
intermediates and/or precursors, i.e., the compound crystallizes in a one-step reaction. The analysis 
of the crystallization kinetics suggests that different mechanisms dominate at different 
temperatures, and the values of the Avrami exponents indicate superimposing and/or consecutive 
mechanisms.  
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Introduction  
 
Elucidating structure-reactivity correlations of vanadium oxide catalysts on different supports is a 
controversial issue during the past decades. Here, we present VxOy-SBA-15 (nanostructured SiO2) 
[1, 2] model systems exhibiting high structural flexibility depending on reaction conditions. 
Previous X-ray absorption spectroscopy (XAS) and UV-Vis diffuse reflectance spectroscopy 
(UV-Vis-DRS) measurements showed that the local structure of the vanadium oxide species under 
propene oxidizing reaction conditions is comparable to the dehydrated state (ordered arrangement 
of “V2O7” dimers). Moreover, this structure is present independent of thermal pretreatment and the 
presence of water in the reaction atmosphere. However, only few reports discuss the effect of 
vanadium oxide supported on SiO2 and its corresponding structure on the catalytic performance in 
selective oxidation of propene to acrolein [3]. Here, in situ spectroscopic investigations of 
vanadium oxides supported on SBA-15 combined with reaction tests in the in situ cells and a 
laboratory fixed bed reactor were used to deduce reliable structure-reactivity correlations under 
propene oxidizing and reducing reaction conditions. 
 
Experimental  
 
Different V loadings (7.7, 4.1, 1.4 wt-% V) on SBA-15 were prepared via a grafting anion 
exchange method reported by Hess et al. [2]. XAS at the V K edge (5.465 keV) was performed at 
beamlines C and A at HASYLAB (Hamburg, Germany) and at XAS beamline at ANKA 
(Karlsruhe, Germany). UV-Vis-DRS measurements were conducted using a JASCO V-670 
spectrometer equipped with an in situ cell (Harrick). VxOy-SBA-15 catalysts were dehydrated 
between 25 °C and 350 °C - 570 °C in 20% O2, 80% He. Catalytic tests were performed between 
25 °C and 490 °C (5 K/min) in 5% propene, 5% O2 in He atmosphere. Quantitative measurements 
were performed using a Varian GC system connected to the in situ spectroscopic cells or laboratory 
reactor. 
 
Results and discussion 
 
In situ XAS and UV-Vis-DRS experiments showed that the dehydrated structure (Fig 1 right) 
persisted under propene oxidation conditions independent of pretreatment and the presence of water 
in the gas phase. Consistently, for all these treatments the same selectivities towards oxygenates 
(mainly acrolein and acetaldehyde) were obtained after 8-10 h in 5% propene and 5% oxygen at 
400 °C. Changing the partial pressures of oxygen and propene resulted in no distinct differences in 
the UV-Vis-DR spectra obtained after reaction of dehydrated samples at 380 °C as long as oxygen 
is present in the reaction atmosphere (Fig 1 left). In 5% propene a reduced V state was formed, 
indicated by a decreasing V K edge pre edge peak in the XAS spectra (Fig 1 right). During pulsed 
changes from reducing to propene oxidizing reaction conditions (400 °C) the oxidizing step was 
appreciably faster than the reduction step (Fig. 2). Thus, a fast reoxidation kinetic towards the 
dehydrated (“oxidized V+5”) state of VxOy-SBA-15 under propene oxidizing conditions is inferred. 
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Figure 1: left: UV-Vis-DR spectra at 25 °C after treatment in different propene oxygen atmospheres 
(40 ml/min in He, ~ 400 °C) right: V K edge XANES of hydrated (as prepared), dehydrated (20 % O2/He, 
350 °C) and reduced state (5 % propene/He, 450 °C) of 7.7 wt-% V VxOy/SBA-15. 
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Figure 2: left: V K edge pre edge peak height during oxidation in propene oxygen atmospheres (Gas A; 
30 ml/min in He, ~ 400 °C) right: V K edge pre edge peak height during reduction in propene atmospheres 
(Gas B; 30 ml/min in He, ~ 400 °C) of reduced 7.7 wt-% V VxOy/SBA-15. 
 
Conclusions 
 
The tetrahedral structure of the dehydrated state (ordered arrangement of “V2O7” dimers) persisted 
under reaction conditions and may correspond to the catalytically active phase of VxOy-SBA-15 in 
selective oxidation reactions.  
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“Liquid crystals”  (LCs) are materials which have structural properties between the perfectly three-
dimensionally ordered periodic structure of crystalline solids and the completely disordered 
structure of isotropic liquids. Such an intermediate state of matter is called a “mesomorphic state”  
or “ liquid crystalline state” . Ionic liquid crystals (ILCs) represent a class of compounds that are 
constituted by cations and anions and are able to adopt such a mesomorphic state. Thus, they 
combine the properties of LCs and ionic liquids. Ionic liquids (ILs) are salts with a melting point 
below 100 °C. Over the past decade ILs have received substantial attention as “designer”  solvents. 
Mesophasic behaviour can be also introduced into such an ionic material via either one of the ions, 
however, most commonly via the cation. 1-Alkyl-3-methylimidazolium ions are by far the most 
popular cations for ILCs. Imidazolium cations with long alkyl chains (generally with twelve or 
more carbon atoms in the side chain) are able to adopt mesophases and the mesophase stability 
rapidly increases with increase in the alkyl chain length. Weak hydrophobic interactions of alkyl 

groups, dipole–dipole, cation–π interactions as well as π –π stacking of aromatic groups and ionic 
interactions influence the formation of mesophases. Understanding how these fundamental 
interactions at the ionic level affect the material is a prerequisite for a rational ILC design in the 
future. By investigating ILCs we believe it is also possible to obtain some valuable information on 
the ordering of ILs.  

In the framework of the DFG projects MU 1856/4-1&2&3 we have now synthesized several ILCs, 
in which two imidazolium head groups are linked via four different types of spacers. In type A a 
saturated aliphatic spacer of 6 carbon atoms (-C6H12-), in type B an ether bridge, -
CH2CH2OCH2CH2-, in type C a phenyl-based spacer (-CH2-Ph-CH2-) and in type D a butyne spacer 
(-CH2-CC-CH2-) was chosen. These bridges differ both in structural rigidity and in the way that 
they are able to interact with other structrual 
components. Different terminal alkyl-chain 
lengths (Cn = 4, 8, 10, 12) were also 
investigated. As the counter anion Br- was 
chosen. The thermal and structural properties 
were investigated via differential scanning 
calorimetry (DSC), thermogravimetry (TG) 
and polarizing optical microscopy (POM).  

Type A compounds with alkyl chains n = 10 and 12 show the formation of a liquid crystalline 
smectic phase (Fig. 1). Type A-C8 is an ionic liquid and A-C4 a high melting solid. B-C4 and B-C8 
both qualify as ionic liquids. Those with n = 10, 12 show the formation of two mesophases. At 
higher temperatures a smectic mesophase is obtained. The mesophase found to exist at lower 
temperatures is higher ordered and might be a rotator phase. Overall, an improved LC behavior 
compared to similar type A compounds with alkyl spacers of the same chain length can be 

N N N NR
H2n+1Cn CnH2n+1

C4: n = 4
C8: n = 8
C10: n = 10
C12: n= 12

A: R= -(CH2)6-
B: R= -(CH2)2-O-(CH2)2-
C: R= -(CH2)-Ph-(CH2)-
D: R= -(CH2)-ethyne-(CH2)-
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observed. Compared to type A the liquid crystalline stage is reached at much lower temperature and 
extends over a broader range. Type C compounds with a benzene spacer turn out to be high melting 
organic salts. [C-C12]Br shows a complex phase behavior: A solid-solid phase transition followed 
by the formation of two mesophases before finally melting with decomposition occurs at about ~ 
250°C. The mesophase range is not only found at the highest temperature but also the liquid 
crystalline window is very small. Type D with n = 10 and 12 show also formation of mesophase at 
50 °C. Both compounds decomposed around 140 °C.  
 

 

 

 

Figure 1. Representative POM photos of the bicationic ILCs: a) A-C10 at 55 °C, b) A-C12 at 
140 °C, c) B-C10 at 83 °C, e) B-C10 at 85 °C, f) B-C12 at 98, g) C-C12 at 208 °C, h) C-C12 at 237, 
j) D-C12 at 80 °C, k) D-C10 at 112 °C.   

Temperature dependent SAXS data obtained at beamline A2 allowed for the unambiguous 
determination of the mesophase structure. All compounds form lamellar structure. The primary d-
spacing peak (d100) represents the average layer distance in the lamellar structure. The observed 
layer distances were found to be in a range of 28 ~ 31 Å. These values agree well with modeled 
data. 

 

 

 

 

 

 

         

          SmC                         after heating 

Figure 2. Structural model for bicationic ILCs mesophase structures (left) on the basis of SAXS-
data from measurements at beamline A2 (right) for [B-C12]Br. 
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Design and synthesis of functional materials of metal-organic frameworks (MOF) type has become 
a fascinating area of interest in last years. The polymeric complexes consisting of transition metal 
ions and organic ligands have attracted considerable attention because of their promising 
applications various fields like gas storage or catalysis.1 Our effort is to design novel porous metal-
organic frameworks, which could be potentially tested for gas adsorption, notably carbon dioxide. 
In our recent work we have been studying Zn(II) coordination polymers containing 1,4-
benzenedicarboxylate (BDC) or 1,3,5-benzenetricarboxylate (BTC) anions and trans-4,4'-
azobis(pyridine) (AZPY) as a neutral spacer. We have characterized by X-ray diffraction several 
novel compounds, of which the layer-pillared metal-organic framework, 
{[Zn2(OH)(AZPY)(BDC)1.5]·H2O}n was tested for adsorption of carbon dioxide.2 

Currently we are interested in synthesis and characterization of MOF containing lanthanide cations. 
Here we report the structure and thermal stability of novel ceria metal-organic framework, 
{[Ce(BTC)(H2O)]·DMF}n (BTC = 1,3,5-benzenetricarboxylate, DMF = dimethylformamide). 
Searching of the Cambridge Structural Database gave no record for this compound and according 
to our best knowledge it is the first solved structure containing Ce cation and BTC anion. 

The single crystal X-ray diffraction experiments were performed with a Nonius KappaCCD 
diffractometer equipped with a Cryostream Cooler (Oxford Cryosystems) using graphite 
monochromatised MoKα radiation (λ = 0.71073 Å). The structure was solved by direct methods 
(SIR97) and refined by SHELXL97. In-situ PXRD experiments were carried out at B2 Hasylab 
beamline in DESY (Hamburg, Germany) with a synchrotron X-ray wavelength λ = 0.689867 Å. 
Data were collected using OBI image plate detector. Crystal data for {[Ce(BTC)(H2O)]·DMF}n,  
Tetragonal space group P43 with a = 10.4629(5) Å, c = 14.1275(5) Å, V = 1546.57(12) Å3, Z = 4. 

 

 

 
a b 

Fig. 1: a) View of the structure of {[Ce(BTC)(H2O)]·DMF}n b) Coordination polyhedron around 
cerium(III) cation. 

Structure of the compound is shown in Fig. 1a. The all carboxylate oxygen atoms of BTC ligand 
are coordinated to Ce(III) cations. Moreover the coordination sphere each of Ce is completed by the 
molecule of coordinated water (atom O7 in Fig. 1a). The bond length Ce-O of seven coordinated 
oxygen atoms is in the range 2.38-2.53 Å. Moreover, one oxygen atom is semicoordinated with Ce-
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O bond length being 2.872(1) Å.  Considering this semicoordination and chromophore CeO8, the 
coordination polyhedron around Ce can be described as bi-capped trigonal prism (see Fig. 1b). 

The crystal structure of the complex can be characterized as three-dimensional framework. The 
view of the crystal packing along c axis is shown in Fig. 2a. It is obvious, that the structural 
channels, propagating in [001] crystallographic direction, are present in the compound. The 
coordinated water molecules are pointing into these channels. Moreover, the structure contains 
solvated molecule of DMF. This molecule was disordered in the lattice and its presence was 
determined by the results of elemental analysis, thermogravimetry and infrared spectroscopy. It was 
of interest to study the possibility to remove the coordinated water molecules by the thermal 
treatment and this way to increase the opened porosity in the sample. From the results of thermal 
analysis it was determined, that water departure takes place at about 96 oC. However, after water 
removal the structure transformation could take place. Therefore to study the thermal stability of 
{[Ce(BTC)(H2O)]·DMF}n, in-situ powder XRD experiments were carried out at B2 Hasylab 
beamline. The results are shown in Fig. 2b. 

 

 
a b 

Fig. 2: a) View of the structure along c crystallographic axis. b.) Powder XRD experiments 
measured in-situ during heating. 

 
Fig. 2b shows XRD diffraction patterns of {[Ce(BTC)(H2O)]·DMF}n at room temperature and after 
heating to 100, 200 and 300 oC. The measured patterns demonstrate, that the framework is stable 
after heating to 100 oC. After heating to 200 oC, the line broadening and decrease of intensity of the 
diffraction peaks was observed, but the sample was still crystalline. Further heating to 300 oC led to 
collapse of the framework. These results will be used in the near future to study the conditions of 
activation of the compound and adsorption of different gases. 
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The title compound crystallizes in monoclinic 

P21/c space group, Z=4. 118849 reflections 

were measured with synchrotron radiation 

(λ=0.6Å) at a temperature 100K at beamline F1 

(Hasylab/DESY). The XDS software was 

applied for integration of the MAR CCD 

detector data [1]. The structure was solved and 

refined with SHELXL [2] and the obtained 

model was used as the input for aspherical 

atom multipole formalism according to the 

method of Hansen and Coppens [3] using the XD2006 package program [4]. The preliminary 

calculations on hexadecapolar level of multipole refinement gave R(F) = 2.64%.  

 symmetry 
D-H 

[Å] 

H...A 

[Å] 

D...A 

[Å] 

<D-H…A 

[º] 

ρexp 

[e/Å
3
] 


2
ρexp 

[e/Å
5
] 

N(1)-H(1)…O(4)  1.01 2.07 2.755(2) 123(2) 0.146 2.215 

N(1)-H(1)…N(3) -1+x, y, z 1.01 2.22 3.043(2) 137(2) 0.089 1.513 

C(33)-H(33A)…O(1) -x, -y, -z 1.09 2.45 3.442(2) 150(2) 0.054 0.993 

C(35)-H(35)…O(4) 1+x, y, z 1.08 2.49 3.152(2) 118(2) 0.055 0.829 

C(36)-H(36)…O(2) -x, ½+y, -1/2-z 1.08 2.43 3.087(2) 118(2) 0.068 0.991 

 

Special focus in this study was directed to the detailed insight of the hydrogen bonds (see 

table above) and in particular the formation of the intramolecular resonance assisted hydrogen 

bond (RAHB) system [5]. The geometrical and topological analysis shows that the 

intramolecular N1-H1…O4 hydrogen bonds are of medium strength while other hydrogen 

bonds are rather weak.  
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Introduction 
 
Molybdenum and vanadium oxides are active in the heterogeneously catalyzed selective oxidation of 
light alkenes and alkanes. Nanostructured oxide materials constitute suitable supports for model 
oxide catalysts. The structure of the Mo or V oxides on the surface of the support is governed by 
treatment and reaction conditions. Here, we present the formation of different structures of 
supported Mo or V oxide catalysts caused by varying calcination conditions and catalyst loadings. 
The catalytic activity of the various molybdenum and vanadium oxides is determined for the selective 
oxidation of propene. 

Experimental 
 
Nanostructured mesoporous magnesium oxide was prepared by nanocasting [1]. The molybdenum 
and vanadium oxide based catalysts were formed by incipient wetness of the MgO support. Catalyst 
loadings were chosen between 1-10 wt.% Mo, and V, respectively. In situ transmission XAS-MS 
experiments were performed at the Mo K edge and V K edge at the Hamburg Synchrotron 
Radiation Laboratory, HASYLAB. Additionally, combined in situ DR-UV-Vis-MS measurements 
were conducted. Mo K edge EXAFS calculations were refined to the Fourier transformed k3-
weighted (k). Coordination numbers CN and amplitude reducing factor S0

2 were kept invariant, 
while disorder parameters 2 and distances R of single scattering paths were allowed to vary.  

Results 
 
The mesoporous magnesium oxide consists of hexagonally arranged mesopores with a high specific 
surface area (between 100 and 250 m2·g-1). Structural formation of the supported catalysts was 
strongly correlated to calcination conditions. Preliminary investigation on Mo catalysts supported on 
commercially purchased MgO (ABCR) showed an increasing distortion of the tetrahedral structure 
of Mo catalyst with increasing calcination temperature Tcal. The increasing disorder parameter 2 
resulting from EXAFS refinements is displayed in Fig. 1. A correlation between calcination 
temperature and Mo catalyst structure was confirmed by DR-UV-Vis measurements. The influence 
of water in the calcination atmosphere played an important role. The acid-base characteristics of the 
support material MgO strongly depends on binding of water molecules, forming hydroxyl groups on 
the MgO surface. As a result the catalyst structure changed with varying acid-base character. The 
observed catalyst structure can be correlated to the pH depended molybdate and vanadate formation 
in aqueous solution. For the supported Mo oxides the structure is largely independent of Mo 
loading. Conversely, the supported V oxides underwent structural changes at higher loadings. The 
amplitude of the pronounced peak in the pseudo radial distribution function FT( (k)*k3) decreased 
with increasing V loading, indicating a structural distortion (Fig. 2). Furthermore, DR-UV-Vis 
spectra revealed a significant shift of the edge energy  
to lower values for higher V loading. Therefore, a larger number of V-O-V bonds at higher loadings 
can be assumed [2]. Under reaction conditions (RT  450 °C, 5% propene, 5% O2 in  helium),  a  
change  in  the  XANES  spectra  due  to  reduction  of  the  catalyst  was  observed  (Fig.  3  and  4).  The  
reduced pre-edge peak in the XANES of the Mo species may indicate a deformation of the 
tetrahedral coordination (Fig. 3). 

 

-956-



 

 

Acknowledgements 
 
HASYLAB, Hamburg, is acknowledged for providing beamtime for this work. We are grateful to 
the Deutsche Forschungsgemeinschaft (DFG) for financial support. 

References 
 

[1] J. Roggenbuck, G. Koch, M. Tiemann, Chemistry of Materials 18, 4151 (2006). 
[2] X. Gao, I. E. Wachs, Journal of Physical Chemistry B 104, 1261-1268 (2000). 

Fig. 3: Mo K edge XANES spectra of 
MoOx/MgO (Tcal = 450 °C) before and after 

treatment under reaction conditions.  

Fig. 4: V K edge XANES spectra of VOx/MgO 
(Tcal = 450 °C) before and after treatment under 

reaction conditions. 
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Fig. 1: Distortion parameter 2 resulting from 
EXAFS refinements on MoOx/MgO depending 

on calcination temperature Tcal. 

Fig. 2: Pseudo radial distribution function  
FT ( (k)*k3) extracted from VOx/MgO  

EXAFS spectra.  
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Arsenic biogeochemistry has received public and scientific attention due to environmental and 
public health disasters around the world.1,2 The main objective of the present study is to determine 
if the Superparamagnetic Iron Oxide Nanoparticles (SPION) maintains its structure, and does not 
undergo degradation in the adsorption process by studying iron speciation. The adsorption process 
distinguish between the different arsenic species (arsenate & arsenite), which have different 
toxicity. This study aims to study the arsenic adsorption process and obtain information to optimize 
the loading capacity of a cellulose sponge loaded with SPION in order to get an adsorbent system 
with high loading capacity, which proves the SPION potential application to water treatment 
purification and to verify the SPION maintain its structure during adsorption-desorption processes 
by studying iron speciation.  

Sample preparation. To study the arsenic loading capacity of the system, arsenic solutions were 
mixed with SPION loaded sponge in batch experiments at three different pHs (2.0; 3.6 and 5.6) 
during 1 hour. The solutions were prepared from NaAsO2, Na2HAsO4.7H2O to obtain solutions 
with As(III), As(V) or equimolar mixture. The SPION loaded sponge have three different amounts 
of load: 5.6mg SPION/g sponge (low), 19.2mg/g (intermediate) and 23.6 mg/g (high).  Then, the 
SPION loaded sponge after the adsorption process were washed with water, dried, homogenised in 
a mortar and converted into pellets by hydraulic pressure to be analysed at the experimental station 
of the synchrotron facility. The reference compounds were prepared in the same way of the samples. 

XANES analyses were performed at synchrotron facility A1 (HASYLAB, Hamburg). The photon 
absorption of Fe was recorded at the edge energy for its K line at 7112eV. Fluorescent line 
intensities were measured in fluorescence mode (7pixels Si(Li) detectors). The selection of the 
detection mode depends upon the sample concentration and the matrix background.3 Therefore, 
pure reference compounds were analysed in transmittance mode, while fluorescence detection 
mode was used for the analysis of unknown samples due to their low total arsenic concentration. 
The total As and Fe concentration was determined by ICP-OES. 

Speciation data was obtained by comparing the spectra from pure compounds, FeCl2.4H2O, 
FeCl3.6H2O, SPION reference, SPION-As(III) and SPION-As(V) with the spectra obtained in the 
sponge pellets.  

 

Results. 

Results obtained for the analysis of the reference iron and SPION compound diluted in 
polyethylene are presented in Figure 1. 

The direct comparison of XANES spectra for  iron, SPION standards and samples (Figure 2) show 
that the SPION keep the structure in the adsorption process in all cases,  independently of the 
adsorbed species, As(III), As(V) or mixture adsorption. 
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Figure 1. Fe k-edge XANES spectra for reference compounds. 

  

   

Figure 2. Fe k-edge XANES spectra for SPION loaded Sponge samples for each arsenic adsorption process. 
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The synthesis of new compounds in the field of solid-state chemistry is often the result of intensive 
explorative work by varying the large number of different reaction parameters in a systematic way. 
This trial-and-error approach is still the common way to prepare new materials following the 
solvothermal route. Despite of the large number of reports dealing with the solvothermal synthesis 
of new compounds the number of studies of the crystallization mechanisms occurring under 
solvothermal conditions is still low and the solvothermal method a kind of black-box chemistry. In 
the last decade, the number of publications presenting results of solvothermal synthesis studies 
using in-situ energy dispersive X-ray diffraction (EDXRD) has grown rapidly.  

The great advantages of in-situ EDXRD experiments have now been well established, nevertheless 
a ”white beam” of X-rays from the synchrotron is crucial to perform the investigations. 
Unfortunately, due to the limited resource of the white beam suppliers and high demand from 
researchers, the number of reports is still restricted. The energy of such white beams allows the 
application on thick samples or even the penetration of incident beams into different reaction 
vessels/materials to monitor chemical syntheses under real reaction conditions. During the last few 
years we studied several reactions under solvothermal conditions with in-situ EDXRD [1-9] at the 
beamline F3, Hasylab, Desy.  

As the beamline F3 will stop functioning in 2012, we began to search for alternatives. The 
accessible energies range from 60 to 150 keV provide at the high-energy X-ray scattering 
diffractometer on beamline BW5 satisfies our experimental requirements mentioned above. 

In 2010, we had the opportunity to carry out some test experiments at BW5. Initially, reactant 
chemicals and product samples were measured in glass capillaries to estimate the angle range and 
time resolution. Afterwards the different reaction vessels of our in-situ cell (e.g. aluminium 
autoclaves with Teflon liners and glass tubes) were irradiated to see their influence/effect in the 
diffraction pattern and to run stability tests. Finally, a few reference suspensions were measured in 
the sample environment described in Figure 1 caption.  

20
2

00
6

01
5

11
0

10
4

01
2

00
3in

te
ns

ity

2 theta  

Figure 1: Diffraction pattern of a Sb suspension with labelled Bragg peaks, measured in our in-situ cell 
(aluminium autoclave with glass vessel) at BW5 (E = 100.3211 keV). 

The high-energy X-ray scattering diffractometer at BW5 could be used for in-situ studies of 
solvothermal reaction, if we find a suitable way for the further evaluation of the data. 
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Hybrid inorganic-organic coordination polymers or metal-organic framework (MOF) materials represent an 
extensive group of materials where inorganic building units are interconnected through rigid organic 
molecules (typically polycarboxylates) forming crystalline structure [1,2]. Currently they are attracting a 
tremendous amount of interest because of their unique chemical and structural characteristics, which enable 
a variety of applications [3] such as heterogeneous catalysis, ion exchange, gas separation and storage, heat 
storage and drug delivery.  

We have studied hydrothermal and thermal stability of the two iron benzene-1,3,5-tricarboxylates (Fe)-MIL-
45 [4] and (Fe)-MIL-100 [5]. XANES and EXAFS analysis was used to study the structural changes in the 
samples upon hydrothermal and thermal treatment. Fe K-edge XANES and EXAFS spectra of (Fe)-MIL-45 
and (Fe)-MIL-100 samples were measured at the A1 and C stations of HASYLAB in the transmission 
detection mode. In both cases a Si(111) double-crystal monochromator was used with 1.5 eV resolution at 7 
keV. Harmonics were effectively eliminated by detuning the monochromator crystal using a stabilization 
feedback control. The intensity of the monochromatic X-ray beam was measured by three consecutive 
ionization chambers. The first was filled with 900 mbar N2, the second with 380 mbar Ar and the third with 
700 mbar Ar at the A1 station and 960 mbar N2, the second with 315 mbar Ar and the third with 700 mbar 
Ar at beamline C. The absorption spectra were measured within the interval from -250 eV to 1000 eV 
relative to the Fe K-edge. In the XANES region equidistant energy steps of 0.3 eV were used for a precise 
determination of the edge shape and position, while for the EXAFS region equidistant k-steps (k 0.03Å

-1
) 

were adopted with total integration time of 1 s/step. The exact energy calibration was established with 
simultaneous absorption measurements on the Fe metal foil placed between the second and the third 
ionization chamber. The spectra were analyzed with the IFEFFIT code ATHENA 6.  

 

Figure 1: Fe K-edge XANES spectra of  (Fe)-MIL-45, (Fe)-MIL-45 HTS boiled in water, (Fe)-MIL-100 in 
the left image; (Fe)-MIL-100 RT as-synthesised, (Fe)-MIL-100 at 240 °C, thermally treated (Fe)-MIL-100 
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TS measured at room temperature and (Fe)-MIL-100 at 420 °C in the right hand side image along with the 
Fe reference compounds: Fe2O3, FePO4·2H2O, α-FeOOH, Fe2(SO4)3·5H2O, FeSO4·7H2O, LiFePO4 and Fe 

metal. Energy scale is relative to Fe K-edge in Fe metal (7112.0 eV) 

XANES study of as-synthesized samples revealed, that iron was in trivalent form in (Fe)-MIL-100 and in 
divalent in (Fe)-MIL-45, which confirmed the reduction of Fe

3+
 to Fe

2+
 during the synthesis of (Fe)-MIL-45, 

since Fe
3+

 was used as the starting iron source in the synthesis of both materials (Fig. 1 left).  

Hydrothermal stability was studied by boiling the samples in water. (Fe)-MIL-100 retained its structure in 
boiling water for at least 16 hours, whereas (Fe)-MIL-45, which is thermally stable up to 400 °C, is 
converted to (Fe)-MIL-100 already after 10 minutes of boiling (Fig. 1 left, Fig. 2 left). The irreversible 
transformation was also confirmed by XRD. 

Thermal stability of (Fe)-MIL-100 was studied by heating the sample in situ in the oven positioned between 
the first and the second ionisation cell. The sample was heated to a predetermined temperature and when the 
temperature stabilized, XAS spectra were measured. After heating the sample to 240 °C no significant 
difference to the as-synthesised (Fe)-MIL-100 can be seen in the XANES spectra (Fig. 1 right). This clearly 
demonstrates that no significant difference in the valence state occurs after heating the sample to 240 °C. 
EXAFS spectra, however, indicate some structural changes (Fig. 2 right) which can be partially contributed 
to larger Debye-Waller factors of the sample heated to 240 °C. Whereas, some appear to originate from 
structural differences since after cooling the sample to room temperature ((Fe)-MIL-100 TS) the differences 
to the as-synthesised are still evident. However, after heating (Fe)-MIL-100 sample to 420 °C, Fe-O bonds 
between iron and carboxylic oxygens split and individual atoms of iron remain. The transformation is 
evident from the XANES spectrum of the sample (Fig. 1 right). Fe K-edge position is shifted to lower 
energies, close to the edge position of Fe metal. The assumption of individual atoms of iron in the 
carboxylate matrix is supported by the absence of any notable EXAFS signal. Detailed quantitative analysis 
based on the FEFF model is expected to confirm or disprove any strictural changes upon thermal treatment.  

 
Figure 2: The k

3
 weighted Fourier transform spectra of (Fe)-MIL-100, (Fe)-MIL-45 boiled in water and 

(Fe)-MIL-100 in the left image; (Fe)-MIL-100, (Fe)-MIL-100 at 200 °C and thermally treated (Fe)-MIL-100 
measured at room temperature in the right hand side image, all calculated in the k range of 3 ... 13 Ǻ

-1
.  
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Metal-organic frameworks consist of a central metal ion that is coordinated to a multidentate ligand, 
which serves as linker between the metal centers. In this work the well known Cu-BTC (BTC = 
benzene-1,3,5-tricarboxylate) metal-organic framework was chosen as model compound.1 Cu-BTC is 
constructed from a dimeric copper unit that is bridged by four carboxylate moieties of four BTC 
molecules (see scheme 1). The paddle wheel motif is typical for copper carboxylates.  

 

Scheme 1: Illustration of replacing BTC by PyDC. 

In a second step of this work the BTC ligand of the Cu-BTC metal-organic framework has been 
replaced by PyDC (PyDC = pyridine-3,5-dicarboxylate). By the stepwise substitution of BTC by 
PyDC a desired amount of defect sites can be introduced into the structure (see Scheme 1). At the 
same time the local coordination as well as the electronic properties of the Cu-centers was changed, 
leading to differences in the catalytic activity. We applied powder XRD to elucidate eventual changes 
of the crystal structure upon substitution as well as X-ray absorption spectroscopy to follow the local 
geometric alteration and electronic changes of the Cu ions. 
Powder XRD investigations revealed that up to 50 % of BTC can be replaced by PyDC without 
changing the metal framework structure (see figure 1). By exchanging one BTC molecule by PyDC 
one carboxylate group (out of three) of one linker molecule is replaced by one nitrogen atom in the 
aromatic ring. Thus the paddle-wheel structure should become distorted and a gap should occur 
between the copper dimer and the linker molecule. Therefore only half of the original BTC linker 
molecules can be substituted. Higher substitution degrees lead to a new crystal structure as indicated 
by the red spectra in figure 1. 
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Figure 1: Powder X-ray diffraction pattern of pure Cu-BTC and the Cu-BTC-PyDC materials; the percentage of 
BTC linkers that was replaced by PyDC is marked on the curves. 

 
By the introduction of PyDC into the framework structure some copper ions are coordinated by 
nitrogen instead of oxygen. Thus a change of the electronic properties could be observed. The white 
line is red shifted by about 0.9 eV and the pre edge feature found for Cu-BTC at 8985 eV is not 
visible for the substituted MOF. Thus the change in the coordination surrounding leads to an increase 
of the electron density at the copper atoms.2 

 

Figure 2: A) Comparison of the XANES region of Cu-BTC and selected Cu-BTC-PyDC materials. The inset 
magnifies the pre edge feature attributed to a 1s → 4p dipole shakedown transition, B) Fourier transformed 

EXAFS spectra (k3 weighted) of Cu-BTC and substituted Cu-BTCxPyDC1-x samples. 

 

At the same time the local geometry is changed with increasing substitution degree in a manner that 
the copper-copper distance becomes shorter and the distance between copper and carbon is getting a 
bit longer, which is indicated by the changes at around 2.5 Å in the Fourier transformed EXAFS 
spectra shown in figure 2B. Thus the substitution leads to strain in the framework. The X-ray 
absorption experiments clearly indicate a change of geometric and electronic properties of the Cu-
BTC upon substitution with PyDC while the crystal structure was retained up to a substitution degree 
of 50%.  

We thank HASYLAB at DESY for beamtime, Adam Webb and Mathias Herrmann for their 
assistance, and the European Community for financial support (Contract I-2009 0282 EC). 
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Science 1999, 283, 1148. 

 (2) Vitillo, J. G.; Regli, L.; Chavan, S.; Ricchiardi, G.; Spoto, G.; Dietzel, P. D. C.; 
Bordiga, S.; Zecchina, A. J. Am. Chem. Soc. 2008, 130, 8386. 
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The slow kinetics of the oxygen reduction reaction and the cost of the cathode catalyst remain major 
obstacles in the development of low temperature (< 100 °C) proton exchange membrane fuel cells 
(PEMFCs) [1]. Research has moved away from Pt-only electrocatalysts to Pt-alloys and core-shell 
materials, with improvements in activity and stability being reported [2]. These improvements have 
been attributed to a variety of influences including electronic effects, contraction of the Pt-Pt bond 
distance within the particle, and modification of the adsorption of oxygen species at either Pt or 
alloy element sites [3], however, further in situ characterisation is required to fully understand the 
behaviour of these electrocatalysts under fuel cell operating conditions.   

A series of carbon supported Pd-core, Pt-shell (referred to henceforth as PtxML/Pd/C, where x = 0.5, 
1, 2 and 4 monolayers) have been prepared to investigate the role of shell thickness on the 
electrocatalytic activity for the oxygen reduction reaction and the stability of such materials in the 
electrochemical environment. The presence of a core-shell structure has been confirmed using high 
resolution TEM, supported by ex situ EXAFS data collected of the as-prepared materials.  

With a view to conducting in situ ASAXS measurements in the future, ex situ ASAXS data was 
collected on fresh and electrochemically aged core-shell catalyst electrodes at the Pt L3 and Pd K 
edges. Pt/C and Pd/C samples were also studied to confirm that anomalous scattering was being 
observed. Data was collected over a large q-range, enabling the simultaneous collection of AWAXS 
data, at three energies for each edge (Pd K edge: E1 = 24123 eV, E2 = 24258 eV, E3 = 24305 eV; Pt 
L3 edge: E1 = 11368 eV, E2 = 11480 eV, E3 = 11514 eV). The three energies were chosen based on 
the anomalous scattering factor f’. Figure 1 shows the data obtained for the Pt1ML/Pd/C sample at 
the three Pd K edge energies. On this scale it is not possible to see the anomalous scattering due to 
the high intensity of the background scattering compared to the relatively low scattering of the Pd 
(due to the nature of the samples a low concentration of Pd and Pt were used), however subtraction 
of E3 from E1 gives a clear scattering profile. To check the anomalous scattering, (E1 – E2) and (E2 – 
E3) were plotted and overlaying curves were observed.  

Figure 1: Scattering profile of Pt1ML/Pd/C recorded at the Pd K edge energies 
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Figure 2 shows the ASAXS profiles at the Pt L3 and Pd K edge energies. It can be seen that at both 
edges the profile resulting from the alloy is different to those obtained from the core-shell 
electrocatalysts. Differences are also seen between the Pt ASAXS and Pd ASAXS profiles of each 
sample. Electrodes subjected to various electrochemical aging regimes were also studied, with clear 
changes in the ASAXS curves observed. 

 

Figure 2: ASAXS curves of a series of PtxML/Pd/C and a Pt/Pd/C alloy at the Pt L3 edge (left) and Pd K edge 
(right).  

Quantitative analysis of the data is in progress with promising initial results. In situ ASAXS data 
will be recorded to determine the changes in the environment of the Pt and Pd when a potential is 
applied. These results will be combined with the EXAFS data obtained on Beamline X to give a 
greater understanding of the electrochemical behaviour of these materials.  
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Electrochemical cells, for example solid oxide fuel cells and cells for flue gas purification, usually 
contain oxididic structures of one or more transition metals such as perovskites or spinels. During 
the operation, oxidation/reduction processes take place and the oxidation states of the transition 
metals and/or oxygen vacancies change accordingly. Valuable information can be obtained by X-
ray absorption spectroscopy (XAS). Operating conditions for electrochemical cells are usually in 
the temperature range between 500 and 900 oC and in presence of gasses like hydrogen, oxygen or 
NO. Under these conditions, the states of the transition metals are different from room temperature 
and vacuum. In order to identify the relevant active sites and the processes occurring in the real 
cells, the characterization has to be done under the relevant operating conditions. The results of a 
previous study using a in situ XAS-cell at elevated temperature and in presence of NO [1] showed 
clearly that it would be beneficial to extent the in-situ conditions for the XAS investigations to 
measurements under polarization (current), in order to come closer to the real operating conditions 
for the electrochemical cell. Development of an in situ XAS cell for this kind of measurements has 
been in progress and the first tests were accomplished at beamline A1 in November 2010. 

The features of the in situ XAS cell can be described as follows (see picture in Fig. 1): 

- Not only materials (pellets), but also electrochemical cells containing a number of active 
layers that are not transparent for the used synchrotron beam can be studied, because a 
fluorescence detector is used 

- The in situ XAS cell can be heated to temperatures up to ~1000 oC, while the temperature of 
the surrounding remains below 100 oC. The temperature is measured directly on the spot 
where the synchrotron beam is hitting the sample by measuring the conductivity at this 
place (which is correlated with temperature by known equaitions) 

- Relevant gasses can be sent through the in situ XAS cell and the out-coming gasses can be 
analyzed, in our tests we measured the partial pressure of oxygen 

- The samples can be polarized and the impedance spectra measured. From impedance data 
one can deduce the polarization resistance of the relevant electrode. This feature, in 
particular, is rather unique, only very few reports have been published in this field. 
Polarization is, on the other hand, a crucial parameter when studying properties of 
electrochemical cells 

The first series of samples were symmetric cells containing LSM/CGO (lanthanum strontium 
manganite, gadolinium doped ceria) electrodes on a CGO electrolyte. Such systems are studied for 
the electrochemical reduction of NOx in oxygen containing atmosphere. Aim with in situ XANES 
tests was to observe changes of the oxidation state of manganese when heated to the relevant 
temperatures (400 oC) and under polarization (i.e. a current is applied). The expected reaction under 
polarization is: 

2NO + 4e-  ->  N2 + 2O2- 

XANES spectra were recorded under heating from room temperature to 500 oC. A rough evaluation 
of the results reveal that manganese ions are reduced during heating, as the absorption edge shifted 
towards lower energies (see Fig. 2a). Changes due to polarization of the symmetric cell were not 
observed, presumably due to problems with contacting and/or thickness of the LSM/CGO layers. 
The absorption data collected by the fluorescence detector can only give information about the 
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manganese ions in the outermost layers of the LSM/CGO electrode, while the main changes 
presumably occur close to the CGO electrolyte. The solution would be the use of thinner 
LSM/CGO electrodes. 

The second series of samples were symmetric cells with LSCF thin film electrodes (lanthanum 
strontium cobaltite ferrite). LSCF is used as cathode-material in solid oxide fuel cells. The presence 
of two transition metals makes XANES very attractive, because cobalt and iron can be observed 
independently. The temperature was 500 oC and impedance spectra were recorded before and after 
polarization periods. In Fig. 2b, a selection of impedance spectra is shown. They are of high quality 
and comparable to those recorded under normal testing conditions in dedicated setups for 
electrochemical testing. Here, an increase in the electrode resistance after polarization is observed. 
Preliminary data analysis of the XANES spectra did not reveal significant changes of the oxidation 
states of cobalt or iron in the LSCF electrode. 

In conclusion, the very first tests on the new in situ XAS cell were promising, heating, use of 
relevant gasses and polarization worked without problems. High quality impedance spectra were 
measured simultaneously with XANES spectra. The sample configuration (probably contacting, 
thickness of electrodes) needs to be optimized to be able to observe the expected effects of 
polarisation on the oxidation states. 

 

Figure 1: Picture of the working in situ XAS cell.  

  

Figure 2: a) left: Change of the Mn absorption edge due to heating of the LSM/CGO containing symmetric 
cell to 400 oC, b) right: Selected impedance spectra recorded simultaneously with XANES on LSCF 
containing symmetric cells before and after polarization at 500 oC 
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Figure 1 k
2
 normalized EXAFS functions measyred on Ni (top) 

and Zn (bottom) K edges of potentiostatically pulse plated Ni Zn 

alloys prepared at different potentials from bath containing 10 % 

Zn. The insets shows the amplitude of the firstcoordination shell 

scattering as a function of deposition potential. Green symbol 

represents that of the galvanosyatically deposited alloy. 
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 Ni-Zn materials are of particular interest due to the envisaged application in corrosion 

protection[2] as well as due to unusual electrocatalytic behavior[3]. While the improvement of the 

corrosion protection can be attributed to 

incorporation of more noble metal the 

catalytic improvement connected with 

incorporation of catalytically inactive Zn is 

difficult to rationalize without structural 

information.  The local structure of the 

alloys  reflects the plating conditions, 

namely the applied current density and  or 

potential, deposition pulse time and bathing 

electrolyte composition. In principal one 

grows different local structure of the alloy 

in potentiostatic and galvanostat ic regimes. 

While the galvanostatie pulse deposition is 

strongly dependent on the composition of 

the plating bath, the potentiostatic 

deposition seems to be less sensitive to this 

factor. The galvanostatically grown alloys 

show multiphase behavior with disorder 

either in Ni or Zn local environment 

(depending on the concentration of the Zn 

in the plating bath) the potentiostatically 

grown alloys seem to be more 

homogeneous (see Figs. 1).    This 

fundamental difference can be attributed to 

the regime controlling the actual alloy 

formation which is transport controlled in 

galvanostatic deposition and kinetics 

controlled in the potentiostatic deposition. 

Regardless of single or multi-phase 

character the incorporation of the Zn into 

Ni environment results in slight elongation 

of the average bonding distance in the first 

coordination shell of the catalytically 

active Ni by ea. 0,05A. Resulting strain enhances the catalytic activity of the alloy namely in 

hydrogen evolution process. 
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The active species of iron-cross coupling reactions by 

EXAFS 
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The increasing importance of iron in catalysis in comparison to established noble metals is related 

to its property of combining the benefits of abundant availability and biological compatibility.
1
 

Numerous reaction types like additions,
2
 substitutions,

3
 etc.

4
 are catalyzed by iron compounds, but 

one of the most important are presumably cross-coupling reactions,
5
 since they are a routine tool for 

the preparation of fine chemicals and pharmaceutically active compounds on a laboratory and 

industrial scale.
6
 But despite their great potential, since the days of their first applications, the 

mechanism of iron-catalyzed cross-couplings remains obscure.
7
 Only empirical evidence for the 

proposed mechanisms exists, since the spectroscopic investigation is hampered by many factors, 

most important the paramagnetic character of the involved species.
8
 X-ray absorption spectroscopy 

offers a solution to this problem, as it provides an element specific probe of the local structure and 

oxidation state by means of EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-

ray Absorption Near Edge Structure). According to literature, four equivalents Grignard compound 

are required to form the final active compound. Therefore, the reaction products of iron(III)-

acetylacetonate Fe(acac)3 with one to four equivalents phenyl magnesium chloride PhMgCl in 

THF/NMP were studied by X-ray absorption spectroscopy. While by qualitative analysis of the 

XANES spectra first insights into the average oxidation states of the iron centers in dependence of 

the added equivalents PhMgCl can be provided, evaluation of the EXAFS spectra gives a 

quantitative picture of the local structure, coordination numbers and bond distances around the iron 

centers. Both the XANES and EXAFS spectra measured at beamline X1 of Hasylab are shown in 

figure 1. 

 

Figure 1: XANES (left) and fourier transformed EXAFS (right) spectra recorded in course of the activation 
of Fe(acac)3 by PhMgCl. 

Two regions of the XANES spectra are of importance, the pre-edge signal (prepeak) in the range of 

7.10 – 7.11 keV, and the structure of the absorption edge in the range of 7.11 – 7.12 keV. In the 

starting compound Fe(acac)3, the prepeak is located at 7.1056 keV, and already changes to 7.1044 
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keV with the addition of one equivalent PhMgCl, where it remains up to four added equivalents 

PhMgCl. Since the position of the prepeak is a measure of the oxidation state, comparison with the 

prepeak of bulk iron at 7.1051 keV reveals that the oxidation state of the reduced iron species is less 

than Fe(0). However, the morphology of the edge changes from one to three equivalents PhMgCl, 

which indicates continuous changes in the local structure of the iron centers. With the addition of a 

fourth equivalent PhMgCl no further XANES changes are visible. The same trend is observed in the 

EXAFS spectra.  

Although a significant reduction of iron is observed in the XANES spectra after the addition of one 

equivalent PhMgCl, an intense Fe-O contribution of the Fe-acac group at around 2 Å can be found 

in the resulting dimeric complexes, which is deduced from a Fe-Fe coordination number of 0.73. 

The Fe-Fe-distance of 2.55 Å is in agreement with Fe
0
. A second light atom contribution at 2.2 Å is 

found, which can be attributed to coordinating THF molecules. An increase in the aggregation 

degree is found when two equivalents PhMgCl are added. The found Fe-Fe coordination number of 

5.7 is characteristic of a Fe13 cluster. On average, 1.6 magnesium atoms of Mg-Cl moieties, together 

with 0.5 THF molecules per iron atom stabilize these clusters. The Fe-Mg distance of 2.73 Å with 

two equivalent PhMgCl changes to 2.61 Å when a third equivalent is added, indicating a strong 

covalent character in the formed complex. This increase goes hand in hand with a reduction of the 

cluster size to three iron atoms, which are only coordinated by approximately one magnesium atom, 

but 2-3 THF ligands. The addition of a forth equivalent PhMgCl does not cause any further change, 

it can thus be concluded that only three PhMgCl per iron are necessary to form the catalytically 

active species, which was already found by XANES analysis.  

In order to gain further insights into the electronic structure of the catalyst after activation, X-ray 

emission experiments were carried out at beamline W1 of Hasylab. The results show clear 

differences in dependence of the added amount of Grignard compound. A detailed analysis is 

currently under progress and will be shown in a forthcoming report. 
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Methanol synthesis from synthesis gas over Cu/ZnO/Al2O3 is one of the most important processes 
in chemical industry.1 However, despite its great importance, many questions about the reaction 
mechanism remain unanswered so far. Homogeneous model systems can help to address those 
issues. It was found that homogeneous solutions of copper nanoparticles formed by reduction of a 
Cu(II) precursor with alkyl aluminium and zinc reagents are highly active in methanol synthesis.2 
However, the mechanism of formation for these nanoparticles is so far unknown, especially with 
respect to occurring intermediate Cu(I). Since such species are very instable, they can only be 
observed at low temperature. We therefore developed a measurement cell, which allows EXAFS 
measurement at temperatures as low as -30°C under inert gas conditions. It is sketched in figure 1. 
A cooling liquid is pumped through the cell, which is equipped by tubes flushed with helium to 
avoid condensation of water at the windows.   

 

Figure 1: Sketch of the low-temperature measurement cell for solutions under inert conditions (design by A. 
Pacher). 

With this cell, the reduction process of a copper salt by tributyl- and trioctyl-aluminium was studied 
in dependence of the temperature. The Quick-EXAFS spectra recorded at beamline X1 (Hasylab, 
Hamburg) are shown in figure 2. It is obvious that the final prepeak intensity, which corresponds to 
Cu(0), is reached at different temperatures, which depends on the length of the alkyl chain of the 
reducing reagent (2-3°C for butyl, 10-15°C for octyl). It might be suspected that the alkyl residue 
has a protecting influence on the formed particles. Since no prepeak intensity higher than for Cu(0) 
can be observed, the contribution of a Cu(I) species, which usually exhibits higher prepeak 
intensities, is unlikely. Currently, a more detailed analysis of the collected data by LC-XANES fit 
and principal component analysis (PCA) is carried out, which will reveal the minimal number of 
constituting species of the spectra set. Other reducing reagents than alkyl aluminium compounds 
were also subject to similar studies, which are not presented here. The developed low-temperature 
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cell was also succesfully used to study highly sensitive clusters of other elements, like Germanium, 
during another beamtime.3 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Temperature-dependent prepeak-intensities (top) and QEXAFS spectra (bottom) in course of the 
reduction of Cu(II) by tributyl-aluminium (left) and trioctyl-aluminium (right). 

 
 
 
References 
 
[1]   B. Cornils, W.A. Herrmann, R. Schlögl, C.-H. Wong, Catalysis from A to Z, Wiley VCH, Weinheim 

2003. 
[2] S. Vukojevic, O. Trapp, J.-D. Grunwaldt, Chr. Kiener, F. Schüth, Angew. Chem. Int. Ed. 2005, 44, 

7978. 
[3]   M. Bauer, unpublished results. 

-974-



Structural and chemical properties of Ru/Zeolite 
catalysts for the Selective Methanation of CO during 
reaction and their influence on the catalyst activity 

and selectivity 

S. Eckle, J. Bansmann, and R.J. Behm 

Institute of Surface Chemistry and Catalysis, Ulm University, Albert Einstein Allee 47, 89069 Ulm, Germany 

 

Introduction: The selective methanation of CO in presence of excess CO2 represents one very 
promising technique for the fine purification of H2 rich feed gases for Polymer Electrolyte 
Membrane (PEM) Fuel Cell systems. In contrast to the commonly used CO oxidation, expensive 
O2 dosing and monitoring units are not necessitated, as the H2 present in the feed gas is used to 
react with CO to CH4, which makes the Methanation reaction attractive for cost sensitive small 
scale applications. For an efficient reaction, the catalyst needs to be highly selective, as CO2 present 
in the gas phase (~15%) can be methanated as well. In a former contribution [1], we could show, 
that this catalyst is highly CO selective (no methanation of CO2) even at low CO concentrations 
(100 ppm CO, 15.5% CO2, balance H2), whereas ‘standard’ Ru/Al2O3 catalysts showed a low 
selectivity at low CO partial pressures. We proposed that very small particles, as expected for a 
zeolite catalyst, must be responsible for this behaviour. This catalyst showed a lower COad 
coverage (in-situ DRIFTS experiments; 6% compared to saturation coverage) compared to the 
Ru/Al2O3 catalyst, which exhibits a saturation coverage in low CO semi-realistic feed gases (100 
ppm CO, 15.5% CO2, balance H2). The behaviour of the two catalysts can be explained with the 
Brønstedt Evans Polanyi (BEP) relation, where the CO adsorption energy is lowered, when going 
from large (2 nm) to smaller particles (> 1nm) [2]. In turn, the CO2 dissociation barrier increases 
for small nanoparticles. For Ru/zeolite supported catalyst, it was not possible to derive the Ru 
particle size by standard techniques (TEM and XRD) [3], the mean Ru particles size of the 
Ru/Al2O3 catalysts correspond to about 3 nm (TEM). This was the background of the experiments 
conducted at the station X1, where we performed in situ XAS experiments on differently loaded 
Ru/zeolite catalysts, to derive the Ru/particle size. 

Experimental: Different Ru/zeolite catalysts (2.2wt.% - 5.6wt.%) were investigated in-situ by XAS. 
The reaction was performed in idealized gas atmospheres (0.6 kPa CO, 3 kPa N2, balance H2; 41.6 
Nml/min) at 190°C until the coordination parameters did not change anymore (at 500 min TOS). 
The effluent gases were analyzed by a GC, equipped with TCD detectors for conversion evaluation. 
The presented XAS data were evaluated using the program XDAP, the reference data were 
calculated by FEFF 8.1 and subsequently calibrated against measured references. Fitting was 
performed in r space after reduction of the spectra (k weighting of 3). 

Results: The k3 weighted χ functions obtained on the 2.2, 3.6, and 5.6 wt.% Ru/zeolite catalysts are 
plotted in the k-range from 3.2 – 13.0 A-1 in the left panels in Fig. 1. The right panels show the 
resulting Fourier transforms in r-space in the range of the first shell (Ru-Ru scattering, r-range:1.0 – 
3.0). It is clear that with higher loading and larger particles, respectively, the signal intensities in 
both k and r-space increase. The prominent signal (Ru-Ru scattering) at ~2.7 Å in r-space indicates 
that the particles are essentially metallic under steady-state conditions. The result of metallic Ru 
NPs is compatible with previous findings (in situ DRIFTS), yielding vibrational frequencies for 
adsorbed CO similar to those on metallic Ru [1,3]. They are reduced within 2 min after exposure to 
the reaction atmosphere, which from experimental reasons was not accessible in time-resolved 
measurements. The Ru-Ru coordination number, which was obtained by fitting the first shell (Ru-
Ru: ~2.7 Å) to the Ru foil reference (see Fig. 1), can be directly correlated to the mean particle size 
of the Ru NPs by using a relation determined by Karim et al. [4]. Tab. 1 summarizes the structural 
parameters resulting from the fitting procedure. The ‘goodness of the fit’ was always between 1 and 
2, indicative of a good fit. In addition, the coordination numbers did not change significantly when 
applying different k weightings, underlining the quality of the fits. The spectra taken at reaction 
temperature (190°C) show a slightly smaller Ru-Ru bond length of ~2.67 Å compared to 2.70 Å in 
bulk Ru for all catalysts investigated, indicative of a contraction of the Ru lattice in the very small 
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Ru NPs. During the reaction the Ru particle size of the 2.2 wt.% Ru/zeolite catalyst increased from 
0.6 nm to 0.9 nm indicating agglomeration of particles during reaction under reducing conditions. 
Moreover, the Ru coordination number increases with increasing catalyst loading from 6.7 to 8.6, 
indicative of an increasing mean Ru particle size (from 0.9 nm at 2.2 wt.% to 1.9 nm at 5.6 wt). The 
very small Ru particle size obtained from EXAFS for the 2.2 wt.% Ru/zeolite catalyst supports our 
earlier proposal that most of the Ru NPs of the 2.2 wt.% Ru/zeolite catalyst are located in the pores 
of the zeolite [1]. In addition to these very small (0.8 – 0.9 nm) Ru NPs, also few larger Ru NPs 
may be present on the outer surface, their number, however, must be rather small. For catalysts with 
higher Ru loadings (3.6 and 5.6 wt.% Ru), we tentatively suggest that the larger mean particle sizes 
obtained in this study (1.6 and 1.9 nm) result from a higher fraction of larger particles, in addition to 
the very small Ru NPs in the pores. The results of these measurements allowed correlation of the 
CO methanation selectivity to the differently sized Ru nanoparticles by combination of kinetic and 
in-situ spectroscopic (DRIFTS) experiments, where we could show, that the CO selectivity 
decreases on the catalysts comprising particles larger 0.9 nm (Submitted to Catal. Today for 
publication).  

Tab. 1: Structural parameters of different Ru/zeolites catalysts measured under steady-state conditions in 
idealized reformate (0.6 % CO, balance H2) based on EXAFS fit procedure.  

Catalyst 
Coordination 

number 
Debye Waller 
factor /10-3 Å2 Distance / Å 

E0 

/eV 

Mean Ru 
particle size 

/ nm 

2.2wt.% 6.71± 0.21 6.6± 0.41 2.7± 0.007 6.1± 0.22 0.9 

3.6wt.% 8.31± 0.24 7.7± 0.42 2.67± 0.007 7.1± 0.21 1.62 

5.6wt.% 8.60± 0.23 6.8± 0.36 2.67± 0.003 8.0± 0.16 1.9 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Left figure: Left: k3 weighted chi function, right: corresponding Fourier transform (k3-weighted, 3.2 
< k < 13.0 A-1) of (a), (d): 2.2 wt.% Ru/zeolite, (b), (e) 3.6 wt.% Ru/zeolite, (c), (f) 5.6 wt.% Ru/zeolite. 

Right figure: Ru particle size vs. time on stream. 
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The interest in bimatellic and trimetallic octacyanido-bridged coordination networks has been 
taken due to their structural diversity and potential application as molecular magnets and 
dynamic multifunctional materials [1]. A crucial point in this research is magneto-structural 
correlation, which allows for optimization of the synthesis condition towards desired topology 
and properties. Recently it was shown that M’-NC-M” linkages in high dimensional cyanide-
bridged networks can be reasonably illustrated by EXAFS signal [2,3], which makes XAS 
studies to be a potential tool in structural characterisation of poorly crystallising coordination 
solids. Within this report we show the correlation of number of CN-bridges per [W(CN)8] 
units and number of pyrazol (Hpz) ligands per Cu centres in selected CuII-[WV(CN)8] or CuII-
(Hpz)-[W(CN)8] networks 1-6 (Table 1) with intensity of the respective peaks in the R space 
(Fig. 1). 
  
  Table 1.    

XAS spectra were measured at 
the beamline CEMO, at DORIS 
III storage ring, in transmission 
mode, Hasylab, DESY, at 77K. 
Signals were collected 
simultaneously from 3 ionisation 
chambers (filled with proper 
gasses to obtain 10%, 50% and 
100% of absorption, for each 
measured edge) simultaneously, 
thus samples were measured 
together with reference sample. 

 
Compound 

Number of 
CN-bridges 

per [W(CN)8]
3- 

Number of 
Hpz per Cu 

centre 

 
Ref. 

 

1 7,8 0.66 [4]  
2 5 - [5]  
3 5 0 [5]  
4 4 - [4]  
5 1,2 - [6]  
6 4a 2a [4]  
7b - 4 [7]  

aunknown structure; values estimated basing on the results of magnetic 
measurements, IR spectroscopy, the elemental analyses and TGA 
coupled with QMS and IR. bData for mononuclear [CuCl2(Hpz)4].    

 

  

EXAFS functions χ(k) are calculated from the experimental spectra by subtraction the atomic 
absorption background, approximated by a spline function with the Rbkg parameter of 1.0 Å 
for Cu K-edge and W L3-edge. The k2·χ(k) functions are Fourier-transformed using the 
Hanning window in range of k = 3 - 10 Å-1 for Cu and k = 3 - 13 Å-1 for W with taking into 
account phase shift. EXAFS functions χ(R) obtained from the W:L3 edge spectra of 1-6 are 
presented in Fig. 1a. Two intensive peaks located near 2.0 and 3.1 Å correspond to carbon and 
nitrogen atoms, respectively. This peaks are of nearly identical intensity for all of the 
measured compounds. The third peak close to 5.1 Å is attributed to the presence of Cu ions. 
Intensity of the third peak is strongly correlated to the number of W-CN-Cu linkages. The 
molecular structures of 1, 2, 3, 4 and 5 display 7-8, 5, 5, 4 and 1.5 bridging CN- ligands per 
[WV(CN)8]

3- ion (Table 1), respectively, which is directly reproduced by intensity of the peaks 
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2 
 

at 5.1 Å. On the basis of this analysis the suggested average number of bridging cyanido 
ligands should be between 4 and 5 in the case of 6. 

EXAFS functions χ(R) of compound 6 together with the selected reference compounds 1, 3 
and 7 obtained from the Cu K-edge exhibit several dominant peaks at about 1.9, 2.9 and 3.9 Å 
(Fig. 1b). The peaks in this region may be assigned to the atoms of ligands coordinated to 
Cu(II) centres. Intensity of peaks at 1.9 and 2.9 Å cannot be interpreted unequivocally due to 
relatively complex coordination sphere of Cu(II). The relatively low intensity for 6 at 2.9 Å 
may be indicative for the presence of different Cu(II) centres, with low amount of Hpz or/and 
CN- ligands in the first coordination sphere. A reasonable observation is that intensity of 
peaks at 3.9 Å conforms the decreasing amount of coordinated pyrazole per one Cu centres in 
7 (4), 6 (2), 1 (0.66) and 3 (0). The peak at 5.1 Å assignable to W atoms appears 
unequivocally only for 1 and thus is not diagnostic for our structure-EXAFS correlation. The 
estimated number CN− bridges (4) per one [W(CN)8] moiety and number of Hpz ligands (2) 
per one Cu centre together with the results of other techniques should allow for reasonable 
selection of structural model for 6. 

 
Figure 1. (left) Fourier transform of the W:L3 edge (EXAFS spectra) for 1 (black), 2 (gray), 3 
(orange), 4 (violet) and 5 (pink) and 6 (red). (right) Fourier transform of the Cu:K edge 
(EXAFS spectra) for 1 (black), 3 (orange), 6 (red) and 7 (green). 

 

References:  

[1] B. Sieklucka, R. Podgajny, T. Korzeniak, B. Nowicka, D. Pinkowicz, M. Koziel, Eur. J. 
Inorg. Chem. 305 (2011).  

[2] S. Ohkoshi, H. Tokoro, T. Hozumi, Y. Zhang, K. Hashimoto, C. Mathoniere, I. Bord, 
G. Rombaut, M. Verelst, C. Cartier dit Moulin, F. Villain, J. Am. Chem. Soc. 128, 270 
(2006).  

[3] D. Pinkowicz, R. Podgajny, R. Pełka, W. Nitek, M. Bałanda, M. Makarewicz, M. 
Czapla, J. Zukrowski, C. Kapusta, D. Zajac, B. Sieklucka, Dalton Trans. 7771 (2009).   

[4] R. Podgajny et al. manuscript submitted.  
[5] T. Korzeniak, R. Podgajny, N. W. Alcock, K. Lewinski, M. Balanda, T. Wasiutynski,  

B. Sieklucka, Polyhedron, 22, 2183 (2003).  
[6] T. Korzeniak, C. Desplanches, R. Podgajny, C. Gimenez-Saiz, K. Stadnicka, M. Rams, 

B. Sieklucka, Inorg. Chem., 48 2865 (2009).  
[7] Y-H. Xing, J. Han, B-L. Zhang, X-J. Zhang, Y-H. Zhang and G-H. Zhou, Acta Cryst., 

E62, m3354, (2006).
 

-978-



XAS Study of Mayenite Lattice Formation 

Stefan Witkowski, Monika Ruszak, Dariusz Zając1, Jakub Kościelniak, Zbigniew Sojka 

Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-065 Krakow, Poland 

1 Institute of Nuclear Physics, Radzikowskiego 152, 31-342 Kraków, Poland 

 
Mayenite, often labeled as C12A7 is a nanoporous calcium aluminate 

(12CaO·7Al2O3) with extra-framework anions. The framework of mayenite is composed 
of densely packed, interconnected cages. Guest anions balance the positive charge of 
C12A7 lattice which is eqiuvalent to 4 e per one crystallographic unit, or 1/3 e per each 
of the 12 cages present in the unit. Due to space confinement, guest species are limited to 
mono or diatomics, such as O

2-
, O

-
, O2

-,
 O2

2-
, OH

-
. Above 700K intense mobility of guest 

species is observed. This leads to numerous atypical and significant properties of 
mayenite, for instance in catalysis, out of which we chose to study the activity of C12A7 
in high themperature N2O decomposition [1].  

There is a formal similarity between the structure of mayenite and zeolite-like 
networks (interconnected charged cages plus charge balancing extra-lattice ions). The 
basic difference is the opposite electric charge of the network. Mayenite is the only 
currently known zeolite-like structure with exchangeable anions. Similar materials could 
attract scientific and practical interest. However, it is hard to assess if mayenite is the 
only feasible “anti-zeolite” without prior description of its formation. Literature data on 
this subject is little and insufficient. Understanding of how mayenite is formed is 
important not only for the above issue, but first of all for controlling and tailoring 
mayenite applications in catalysis. 

 

 
 

Figure 1: 3d structure of mayenite (Ca12Al14O33) and layer structure of Ca5Al6O14 

 
Our aim was to identify the relations between phases that are usually present during 
mayenite formation (CaAl2O4, Ca3Al2O6 and Ca5Al6O14). Experiments comprised 
measurements of the mentioned phases and the mayenite precursor at various degrees of 
formation i.e. calcined by one hour in the chosen temperatures from the range of 900 to 
1600 K deg C. All measurements were performed at calcium K edge on A1 line in total 
fluorescence mode (using PIPS diode) under LN2 cooling conditions. Signals obtained 
from XAFS region were fitted to the chosen structural models by means of Artemis 
software [2,3]. Structural model of Ca5Al6O14 was fitted to the experimental data 
obtained from this phase and next fitted to the early stages of mayenite formation. 
Between 1100 and 1400 K the local environment of Ca in the emergent mayenite is 
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similar to the structure of Ca5Al6O14. With the increasing temperature, the positions of 
oxygen atoms surrounding Ca(3) (in the third structural location of the transient phase) 
shift significantly. This may be interpreted as Ca(3)-O bond scission and the beginning of 
Ca(3) ions migration perpendicularly to layers.  

 

 
Figure 2: Experimental data for mayenite precursor fired at 1300 K (solid) and fitted 

curve with use of Ca5Al6O14 structural model (dashed). First shell scatterings on 
neighbouring oxygens were used to build the model. Inset shows the fit in k-space within 
the range of 0 to8. The right part of the figure presents a fragment of Ca5Al6O14 structure 

with marked polyhedra of Ca(3). 

 
The measurements confirmed the hypothesis that Ca5Al6O14 plays the role of the transient 
state in mayenite formation and pointed at locations where the transformation starts. The 
work on mayenite formation mechanism will be continued. 
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Introduction

Cu/ZnO/Al2O3 catalysts are frequently used for H2 production by methanol steam

reforming (MSR). For subsequent fuel cell application CO formation by methanol

decomposition and reversed water gas shift reaction [1] needs to be avoided. Hence,

developing improved catalysts requires a good understanding of the correlations between

structure and catalytic performance. Therefore, suitable model systems are developed.

Investigating Cu/ZnO and Cu/ZnO/Al2O3 catalysts revealed a relationship between

increasing catalyst activity and microstrain in Cu particles of the active catalysts.[2, 3]

Because in these model systems chemical and structural complexity are varied

simultaneously, Cu particles supported on nanostructured silica (SBA-15) was chosen as

additional model system. Different sizes of disordered well-dispersed Cu particles have

been deposited on the silica support. Investigations of the Cu particles focus on

correlations between evolution of catalytic activity and microstructure during varying

reaction conditions.

Experimental

Silica SBA-15 was impregnated via incipient wetness with an ammonia Cu citrate solution.

Subsequent decomposition of the precursor resulted in CuO particles supported on

SBA-15, which were reduced to Cu particles under H2 atmosphere at 250 °C. In situ

studies were conducted by XRD and QEXAFS at the Cu K edge at HASYLAB, Hamburg.

Furthermore, in situ measurements were carried out under MSR conditions (2 % MeOH

and 2 % H2O balanced by He at 250 °C). Stability of particles was tested up to 360 °C

under MSR conditions. Moreover, 5 % O2 were added temporally to the MSR feed and

oxidation and re-reduction were followed by in situ XAS at the Cu K edge.

Results

After reduction of the copper oxide precursor in hydrogen, Cu particles of various sizes

depending on the Cu loading were observed. Time-resolved QEXAFS showed the
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formation of intermediate Cu2O during reduction of CuO to Cu metal (Figure 1). Under

MSR conditions the dispersed Cu particles supported on silica SBA-15 exhibited good

catalytic activity and high thermal stability up to 360 °C within 21 h. Only slight sintering

effects were observed by XRD. Methanol decomposition contributed significantly at

temperatures above 330 °C. Furthermore, in situ XRD/MS and QEXAFS/MS

measurements indicated higher catalytic activity after temporary addition of O2 under

methanol reforming conditions. Adding O2 to MSR feed yielded rapid formation of

CuO/Cu2O, which was subsequently re-reduced to Cu under MSR conditions. Apparently,

the effect of oxidation on the Cu particle size was more pronounced than the effect of

thermal treatment. In spite of the increasing Cu particle size after this “redox” cycle, the

corresponding microstructure appeared to be more active than that of the original copper

phase.

Figure 1: Temperature resolved QEXAFS during reduction (left) and fourier transformed χ(k)*k3 of

the reduced Cu particles at room temperatur (right) of 1 wt% Cu supported on silica SBA-15.

HASYLAB at DESY is acknowledged for providing beamtime and for financial support.
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We have been using Beamline F3 and the EDXRD method to follow the crystallisation and reactivity
of metal-organic framework materials (MOFs). These materials are a fast growing family of open-
framework solids with properties that have potential to compete with the well-studied zeolites in areas
such as gas storage, separation and shape-selective catalysis [1,2]. Their structures are constructed
from metal polyhedra linked by polydentate organic ligands to yield three-dimensional networks with
porosity from the microporous to the mesoporous. One attraction in studying these materials lies in
the possibility of design in synthesis: by selecting metals with preferred coordination number and
choosing ligands of certain size and shape, it is conceivable that an extended network may be
constructed with desired connectivity, porosity and chemical functionality. A second remarkable
feature of interest is their structural flexibility: many MOFs show a massive volume change upon
uptake of guest molecules with crystallinity maintained [3,4].

The advantage of the EXDXRD method lies in the use of high intensity, white incident X-rays that are
able to penetrate a reacting mixture of solid and liquid and with a fixed-angle detector, data can be
accumulated rapid to obtain information about the evolution of crystallinity and hence kinetic data.
Our first results concerning crystallisation concerned two well-known materials HKUST-1 and MIL-
53, carboxylates of copper and iron, respectively where we saw two distinct pathways of reaction:
classical nucleation-growth and crystallisation via a transient intermediate [5]. We have now extended
this work to other systems. For the material MOF-14, which is also a copper carboxylate, like
HKUST-1, but has a more complex structure, we observe that upon prolonged heating after
crystallisation, the material collapses to yield only Cu2O as the product. This shows how MOFs may
be metastable phases for which reaction conditions must be carefully chosen to optimise yield, and
indeed to isolate at all. We analysed the kinetics of the growth step by adapting a model proposed for
hydrothermal zeolite crystal growth by Gualtieri, and showed how this mathematical model is more
sophisticated that those usually used to model hydrothermal crystallisations since nucleation as well as
crystal growth can be simulated [6]. In comparison with HKUST-1, the crystallisation of MOF-14 has
a higher activation energy but is still nucleation controlled.
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Figure 1: In situ EDXRD measured from the crystallisation of the Cu carboxylate MOF-14 at two temperatures along
with fits to the crystallisation data at various temperatures using the Gualtieri model, combined with a dissolution model
at the higher temperatures (the grey line is simulated nucleation).

The crystallisation of the manganese-based analogue of the MIL-100 series was investigated using
microwave assisted heating. This was perfomed using a specially adapted microwave reactor. [Mn-
3(µ3-O)(OH)2H2O((C6H3(CO2)3)]·xMeOH crystallises within a few hours in a temperature range
between 125 °C and 145 °C. Due to the high degree of crystallinity, the measurements could be
performed with a temporal resolution of 30 s. The data were evaluated applying two different kinetical
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models, the model proposed by Gualtieri and the method developed by Avrami. We assumed a
stepwise dominated reaction for the Avrami-method, due to the shape of the Sharp-Hancock-plot. We
obtained comparable values for the kinetic constants as well as for the activation energies using each
approach. These results show that both methods are applicable for the analysis of EDXRD-derived
crystallisation data, and result in similar values for the derived kinetic constants, although the models
are based on different theories. The first reaction stage must be considered as a separate reaction step
which is dominated by nucleation.

Figure 2: (a) 3D-plot for the MIL-100(Mn) crystallisation at 135 °C. (b) Gualtieri-fit of the normalized intensities of the
113 reflection (c) Sharp-Hancock plot of the same data.

Finally, the crystallisation of the highly porous zirconium terephthalate UiO-66 [7] has been studied. At high
temperature (140°C), two low intensity reflections appear after only 5 minutes at around 18 and 22 keV, which
correspond to the formation of a badly crystallized UiO-66 solid (Figure 3). Three peaks (111, 200 and 220
Miller indices (hkl)) can be indexed on the final product and correspond to the expected Fm-3m cubic unit.
This in situ crystallisation study was repeated at lower temperatures (70, 100 and 120°C) in order to study the
influence of the temperature on the reaction kinetic and to determine relevant features, such as energy of
activation. Extent of crystallisation as a function of time was analysed using the Sharp and Hancock method
[8] based on Avrami-Erofe’ev nucleation-growth crystallisation model [9], leading to an activation energy
(Arrhenius plot) of about 41 kJ.mol-1 (Figure 3). The influence of the zirconium source of reactant (ZrCl4 vs.
ZrOCl2) and temperature has also been investigated in other UiO-66 phases based on organic linker bearing
different functional groups (Br, NH2, NO2…).

Figure 3. (On the left) Time-resolved in situ EDXRD data of the UiO-66 solid at 140°C; (On the right) Arrhenius plot of
two Bragg peaks (on the top: 220 and on the bottom: 111).
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Figure 1. Lineal combination analysis of 
the XANES spectra during H2 reduction 
from RT to 525 ºC. Reference spectra of 
a Ru metal foil and a pure Ru acetate 
compound were used in the analysis in 
order to determine the amount of Ru 
metal present at each stage of the 
reduction process. 

In situ characterization of a Ru/MgAl2O4 Catalyst 
under Reduction Conditions 

F. Morales-Cano, A. Puig-Molina, T. V. W. Janssens and A. M. Molenbroek   

 Haldor Topsøe A/S, Nymøllevej 55, DK-2800 Lyngby Kgs., Denmark 
 

 
 

Supported Ni catalysts are widely used in the steam-reforming process (equations I to II) for 
industrial scale production of hydrogen and synthesis gas [1]. Synthesis gas, a mixture of H2, CO 
and CO2 is a key intermediate in the chemical industry, and can be used in a number of highly 
selective syntheses of a wide range of chemicals (e.g., ammonia and methanol) and fuels [2]. The 
synthesis gas composition can be adjusted by the water-gas shift reaction (III). Recently, the steam-
reforming process has been largely applied for the “gas to liquids” (GTL) technology, in which the 
synthesis gas is transformed into high molecular weight hydrocarbons by the Fischer-Tropsch 
reaction (IV). This waxy product is finally transformed by catalytic hydrocracking into sulphur-free 
diesel fuels. 

(I) Steam reforming of methane: CH4 + H2O ↔ CO + 3H2 
(II)  Steam reforming of hydrocarbons: CnHm + nH2O → nCO + (n+1/2m)H2 
(III)  Water-gas shift reaction: CO + H2O  ↔ H2 + CO2 
(IV)  Fischer-Tropsch synthesis: CO + 2H2 → -(-CH2-)- + H2O 

 
A typical problem ocuring during steam-reforming reaction when using a Ni-based catalyst is the 
formation and deposition of different forms of carbon, leading to catalyst deactivation and/or 
increased pressure drop over the catalytic reactor [3]. In this respect, ruthenium as active catalytic 
metal is particulary interesting, as it allows to conduct carbon-free operation at high temperatures 
and low steam-to-carbon ratios [4]. In this work we have used in situ XAFS to study a 2wt% 
Ru/MgAl2O4 catalyst during reduction from RT to 525ºC under 25% H2/He atmosphere. The aim of 
the work is to study the reduction behaviour of the Ru precursor and also to measure the particle 
size distribution in the active catalyst under relevant conditions. The catalyst was prepared by 
impregnation of 2wt% Ru (as Ru acetate solution) into a MgAl2O4 sieved carrier (0.5 mm particles). 
The XAFS experiments were performed at the X1 beamline at Hasylab at the Ru K-edge in 
transmission geometry. In addition, ETEM experiments were performed on a pre-
reduced/passivated catalyst under conditions of 2.5 mbar H2 and 550 ºC. 
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Fig. 1 shows a lineal combination analysis of the XANES spectra obtained during the temperature-
programmed reduction under H2 atmosphere. As observed, the Ru acetate precursor readily 
decomposes at temperatures below 300ºC, leading to formation of Ru metal particles. The size of 
the metal particles was estimated using the Ru–Ru coordination number obtained by EXAFS (see 
Table 1), by assuming an HCP hemispherical particle shape [5], giving a mean particle diameter of 
1.9 nm. These findings were further confirmed by the ETEM studies, which reveal that the active 
catalyst contains very small Ru particles (0.6 – 2.2 nm range), uniformly dispersed over the 
MgAl 2O4 carrier, as can be seen in Fig. 2.  
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Catalyst/reference 
Ru–Ru  

bond distance 
1st shell 

coord. number 
EXAFS particle diameter 

(nm) 
TEM size 

(nm) 

2 wt%Ru/MgAl2O4 2.65 Å 8.7 1.9 nm 0.6 – 2.2 nm 

Ru metal foil 2.68 Å 12.0 Bulk - 

 

 
Table 1. EXAFS results for the Ru/MgAl2O4 catalyst after reduction in H2/He at 525ºC, along with the 
particle size calculations by in situ TEM. 

Figure 2. ETEM image of the Ru/MgAl2O4 steam-reforming catalyst acquired at 550ºC and 2.5 mbar H2. 
The image shows the presence of very small Ru particles uniformly dispersed over the MgAl2O4 support.  
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Figure 1: FT of Ni K-edge EXAFS of Ni-
LiBH4 nanoconfined in carbon after 
preparation (melt infiltration), 
dehydrogenation and rehydrogenation 

Figure 2: magnitude and imaginary part of 
the phase-uncorrected Fourier transformed 
k3χ(k) for Mg1.5NiTi0.5 films in the as-
deposited (solid line) and hydrogenated 
states (dashed line). 

On the role of XAFS for understanding hydrogen 
storage materials 

P. Ngenea, Q. Zhenga, b, J. Kragtena, B. Damb, P. E. de Jongha, J. H. Bittera 

 
aInorganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University,   

Sorbonnelaan 16, 3584 CA Utrecht, The Netherlands.  
bDelft Chem Tech, Delft University of Technology, Julianalaan 136, 2600 GA Delft, The Netherlands 

 
Increasing energy demands and decreasing fossil fuel reserves spurred both fundamental and 
applied research on future energy schemes. One promising option is to use hydrogen as energy 
carrier. However the reversible storage of hydrogen, especially for mobile applications, remains a 
challenge. 
In our approach we study both model thin films and supported nanoparticles of light weight storage 
materials (complex hydrides) in order to establish structure-performance relationships for these 
materials. This approach will be highlighted here by two cases i.e. nanoconfined LiBH4 particles 
combined with a Ni catalyst and Mg2NiH4 thin films doped with Ti. 
 
Nanoconfined Ni-LiBH4

 [1] 
Nanoconfinement and the use of catalysts are promising strategies to enhance the reversibility of 
hydrogen storage in light metal hydrides. We combined nanoconfinement of LiBH4 in nanoporous 
carbon with the addition of Ni. Samples were prepared by deposition of 5-6 nm Ni nanoparticles 
inside the porous carbon, followed by melt infiltration with LiBH4. The Ni addition has only a 
slight influence on the LiBH4 hydrogen desorption, but significantly enhances the subsequent 
uptake of hydrogen under mild conditions. Reversible, but limited, intercalation of Li is observed 
during hydrogen cycling. X-ray diffraction shows that the initial crystalline 5-6 nm Ni nanoparticles 
are not present anymore after melt infiltration with LiBH4. However, transmission electron 
microscopy showed Ni-containing nanoparticles in the samples. Extended X-ray absorption fine 
structure spectroscopy proved the presence of NixB phases with the Ni-B coordination numbers 
changing reversibly with dehydrogenation and rehydrogenation of the sample (figure 1). NixB can 
act as a hydrogenation catalyst, but solid state 11B NMR proved that the presence of Ni also 

enhanced the reversibility of the system by influencing the stability of the microstructure of the 
nanoconfinedLiBH4 upon cycling.  
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Ti-doped Mg2NiH4 thin films 
Ti doping destabilizes the Mg2NiH4 system, reducing the hydrogenation enthalpy from – 64 kJ/(mol 
H2) to around - 40kJ/(mol H2). However, the equilibrium pressure is hardly affected, as also the 
entropy of reaction changes. To understand this thermodynamic behavior it is essential to 
understand the structure of the phases present in the Ti doped Mg2Ni system in metallic and 
hydrogenated state. We used Extended X-ray Absorption Fine Structure (EXAFS) to investigate the 
local coordination of Ni and Ti atoms in Mg-Ni-Ti thin films both in the as-prepared as-well as in 
the hydrogenated state. In the as-prepared state two phases, Mg2Ni and TiNi or TiNi3, are formed, 
which transform in a single Ti-doped Mg2NiH4 phase in the hydrogenated state. These results are 
consistent with previous DFT calculations for this system [2].  
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Introduction  
The work presented in this paper contributes to a research project in which electrode surfaces are 
modified with redox enzymes using improved immobilization techniques, such as their 
incorporation into a biocompatible matrix. Such systems have their importance, amongst other 
fields, in the development of bioelectrochemical devices (e.g. biosensors). The embedding matrix, 
currently under investigation at this moment, is gelatin, an example of a physically cross-linked 
hydrogel.  
The enzyme containing bio layers, which are deposited onto the electrode surfaces, are studied by 
performing scanning micro-XRF experiments at beamline L of the Doris III storage ring. These 
measurements are based on the excitation of the metal ion present in the enzyme. By constructing 
elemental maps based on the scanning micro-XRF measurements, emphasis is placed on the 
investigation of the uniformity or homogeneity of the deposited film on a 20 µm scale. In addition, a 
comparison with a pure standard foil of the element under study provides quantitative information 
of the surface coverage. The obtained results were normalized with the ionisation chamber readiout 
in order to construct the elemental maps and to perform the calculations with the fundamental 
parameter method. 
 
Experimental procedure 
Gold electrodes (BASi, UK) of 1.6 mm diameter were modified according to the following 
procedure. In a first step, the gold surface was modified with a self-assembled monolayer (SAM) of 
6-mercapto-hexanol by immersing the electrode in a water solution containing 1 mmol.L-1 6-
mercaptohexanol (MH) for ca. 18 h at room temperature. After rinsing these modified electrodes 
(MH|Au) with water, the immobilization of the enzyme under investigation was performed by 
means of the drop drying technique. In this technique, a mixed solution (7 µL), containing gelatin 
and an enzyme solution (in a 5:2 ratio), is deposited on the MH|Au surface. Different concentrations 
of the enzyme were studied, while the used gelatin solution was always 5 w/v%. The modified 
electrodes (enzyme|Gel|MH|Au) are exposed to air and stored at 4 °C prior to starting the micro-
XRF experiment. 
 
Immobilization of horse heart cytochrome c into a gelatin matrix  
In a first series of micro-XRF experiments, we focussed on the distribution of the iron (Fe) 
containing protein horse heart cytochrome c (HHC) in a layer of gelatin.  The electrochemical 
behaviour of this system has been published in [1]. The studied HHC concentrations were 0.143, 
0.100 and 0.050 mmol.L-1. This work is a continuation of earlier work in which a different 
immobilisation method was examined for HHC [1]. Thorough processing of the measured data 
revealed an experimental difficulty concerning unexpectedly strong elastic scattering intensities, 
resulting in a high total detected count rate (and high dead time) by the silicon drift detector used in 
the experimental set-up. The problem was revealed by studying the individual XRF spectra across 
the map (20 µm x 20 µm), which clearly showed too high detector dead time values, reaching in 
some cases up to 70 %. The unexpected extra elastic peak intensity most likely originates from 
diffraction effects from the gold surface at specific excitation energies for Fe under conventional 
45-45º excitation/detection geometry. Due to the observed high count rates/dead times at specific 
beam positions, standard dead time correction algorithms can not be applied during these data 
processing and internal normalization techniques will be necessary.  
 
Immobilization of alcohol dehydrogenase into a gelatin matrix 
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During a second experiment, the immobilization of the zinc (Zn) containing enzyme alcohol 
dehydrogenase (ADH) in gelatin was investigated. The ADH concentrations under study were 0.500 
and 0.125 mmol.L-1. 
In order to avoid the above-mentioned dead time problem, a new measuring strategy was applied 
according to the following procedure. Prior to each scanning experiment, a fast scan was made to 
check two important factors: the maximum detector dead time and the maximum total count rate 
during the fast scan. In case of observing too high count rates during the pre-scanning step 
(resulting in dead times > 30 %), the incoming beam intensity was reduced until the appropriate 
conditions (dead time < 30 %, total maximum count rate < 35000 counts/s) were attained. The data 
processing indicated that this extra optimization strategy was a suitable solution to the 
aforementioned problem. The results of the samples with the highest ADH concentration are shown 
below. 

 
Figure 1: Zn-Kα histogram and micro-XRF map (both  

normalized with ionisation chamber) of the  
ADH(0.5 mM)|Gel|MH|Au sample (a) 

 
Figure 1 represents a typical Zn-Kα intensity histogram and the corresponding map (both 
normalized with ionisation chamber) of a ADH|Gel|MH|Au samples with 0.5 mmol.L-1 being the 
concentration of the ADH solution. The results of the ADH(0.5 mM)|Gel|MH|Au samples, based on 
the total Zn intensity and the mean of the obtained histogram, are shown in Table 1. Blanc 
correction with a Gel|MH|Au (no enzyme present) was not necessary since the Zn intensity of this 
sample is ~ 0 counts.s-1. There is not only a good agreement between the three samples, suggesting 
a reproducible modification method, but also between both methods, which indicates a rather high 
homogeneity of the measured samples.  
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 Total Zn intensity Mean of histogram 

Sample Normalized 
Zn-Kα  

intensity 

Surface 
concen- 
tration 
(nmol 

Zn.cm-2) 

Normalized 
Zn-Kα  

intensity 

Surface 
concen- 
tration 
(nmol 

Zn.cm-2) 

(a) 0.00761 49.6 0.00751 50.2 

(b) 0.00775 50.6 0.00744 49.8 

(c) 0.00783 51.1 0.00775 51.8 

Table 1: Normalized Zn-Kα intensity and surface concentration 
values, based on the total Zn intensity and the mean of the 

histogram of the ADH(0.5 mM)|Gel|MH|Au samples 
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Introduction 

Keggin type heteropolyoxometallates (HPOM) are able to catalyze many reactions as homogenous 
or heterogeneous catalysts. Examples for typical reactions are the oxidation of light alkenes and 
alkanes which represent important reactions in heterogeneous catalysis. Molybdenum based catalysts 
selectively oxidize light alkenes and alkanes with gas phase oxygen. An advantage of molybdenum 
based Keggin type HPOM are the compositional flexibility and a consistent structure. Here, the 
structure and the catalytic performance of molybdenum oxide species supported on nanostructured 
silica SBA-15 using various HPOM precursors were investigated. 

 

Experimental 

Supported HPOM were investigated with respect to catalytic activity in selective oxidation (gas 
phase oxygen) of propene. HPOM with different compositions (H3[PMo12O40],  H4[PVMo11O40], 
H5[PV2Mo10O40]) were prepared. The HPOM were deposited via incipient wetness on the support 
material SBA-15 with different loadings (1, 5, 10 wt.% Mo). The supported HPOM were 
characterized with XRD, EXAFS-, IR¸ RAMAN-, UV-Vis-DR- and 31P-NMR-spectroscopy. 
Furthermore, the catalytic activity of the supported HPOM was examined by gas chromatography 
measurements of the gaseous reaction products.  

 

Results and discussion 

The Mo K edge EXAFS spectra in Figure 2 shows the retained local Mo structure of the supported 
HPOM with different loadings. UV-Vis-DRS and XRD measurements indicated a high dispersion of 
the Keggins on the nanostructured support material silica SBA-15. The influence of the vanadium 
substitution and the loadings on the catalytic activity was investigated (Figure 1). Activated HPOM 
with a higher V substitution level increased the propene conversion and showed elevated formation 
of CO. Propene conversion decreased with lower loading of HPOM on the support material. 
Reduced formation of total oxidation products and increased selectivity for propionaldehyde were 
observed. Short-range order of the molybdenum site in activated HPOM was found to be similar to 
activated MoO3-SBA-15 [1]. A comparison of the catalytic activity with the activated reference 
MoO3-SBA-15 showed higher propene conversion for the activated supported HPOM and 
comparable selectivity. 
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Figure 1: selectivity of the resulting products 
and propene conversion at 760 K (5% O2, 5% 
propene in He) on silica SBA-15 
H3[PMo12O40], H4[PVMo11O40], 
H5[PV2Mo10O40] supported with different 
loadings. 

 
 
 
 
 
 
 

 

 

 

 

 

Figure 2: ex situ Mo K edge FT[ (k)k3]   (range 
3.4-13.3 -1)  at 298 K on silica SBA-15 
H3[PMo12O40], H4[PVMo11O40], 
H5[PV2Mo10O40] supported with different 
loadings. 
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Introduction

Molybdenum trioxide represents a suitable model system for selective oxidation catalysts.

According to the well-known redox mechanism the catalytic cycle starts with partial reduction of

the oxide catalyst, removal of lattice oxygen, and formation of the oxidation product. Subsequently,

the oxide catalyst is re-oxidized by gas-phase oxygen [1]. Hence, oxygen mobility may play a

distinct role for the catalytic performance of these catalysts. In this work we aim at modifying

oxygen mobility by incorporation of nitrogen in the MoO3 structure. The thus obtained model

system shall permit elucidating correlations between reducibility, electrical properties, and catalytic

selectivity and activity.

Experimental

Molybdenum oxide nitrides (Mo(O,N)3) were prepared by ammonolysis of molybdenum trioxide

MoO3 (275 °C, 10 h, 10 l/h NH3) [2]. An N/O-analysis resulted in a nitrogen content of 0.41 wt%.

Characterization in comparison to reference MoO3 was conducted by ex situ and in situ XRD, XAS,

DR-UV-VIS, REM and impedance spectroscopy.

Characterization of MoO3 and Mo(O,N)3

Incorporation of nitrogen resulted in a distinct color change from light grey of MoO3 to dark-blue of

Mo(O,N)3. A reduced XAFS amplitude indicated an increased formation of defects in the

maintained crystal structure of Mo(O,N)3 (Fig. 1). The peak broadening of XRD measurements

verified this result.

Impedance spectroscopy studies revealed a significant increase in the conductivity of

Mo(O,N)3 by a factor of 500 at 300 K due to the incorporation of nitrogen. The activation energies

of different conduction processes were determined from the temperature dependence of the

conductivity. MoO3 showed an intrinsic conduction process above 773 K and two different extrinsic

conduction processes at lower temperatures. The latter are correlated to the existence of defects and

the on-set of oxygen mobility. From 300 K to 450 K the evolution of conductivity of Mo(O,N)3

exhibited two different activation energies. The removal of nitrogen was observed above 530 K and

resulted in decrease of conductivity and, eventually, a similar conductivity like the reference MoO3.

The evolution of the Mo-K-edge shift showed an improved reducibility of Mo(O,N)3. This

result was verified by TPR and in situ XRD experiments (Fig. 2). On-line GC-MS analysis of the

propene oxidation products revealed little differences in the selectivity and propene conversion of

both samples.
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Figure 1: Fourier transformed (k) of -MoO3 and Mo(O,N)3 (before and after catalysis).

Figure 2: Evolution of Mo K edge and MS ion currents of oxidation products acrolein and water during

temperature-programmed reduction of Mo(O,N)3 in propene.

Conclusions

Molybdenum oxide nitrides represent suitable model systems for studying correlations of

conductivity, oxygen mobility, and catalytic performance. In spite of the significantly improved

conductivity and reducibility, only minor differences in catalytic performance were observed. This

indicates a surprisingly small effect of reducibility and conductivity on the catalytic properties of

the model systems used.
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Institut für Chemie, TU Berlin, Straße des 17. Juni 135, 10623 Berlin, Germany

Motivation

Transition metal oxide nitrides exhibit a large number of interesting physical properties. These

properties depend on crystal structure, electronic band structure, and concentration of defects in the

crystal lattice. In this project the main interest focuses on potential catalytic properties of metastable

transition metal oxide nitrides. Vanadium oxides and mixed vanadium molybdenum oxides are

well-known heterogeneous catalysts for selective oxidation of alkenes and alkanes. Reliable

structure activity correlations, however, are difficult to reveal from studies on real catalysts

exhibiting a large chemical complexity. Hence, cubic vanadium oxide nitride (V2O3.02N0.05) is

employed as model system for selective oxidation catalysts.

Experimental

VF3 was reacted to cubic vanadium oxide nitride at 480 °C in a tube furnace under ammonia

atmosphere. The resulting material was characterized by in situ X-ray diffraction and in situ X-ray

absorption spectroscopy combined with mass spectrometry. Measurements were conducted under

catalytic condition in 5 vol-% propene, 5 vol-% oxygen and 90 vol-% helium.

Results

In situ XRD (Figure 1) and in situ XAS (Figure 2) measurements under catalytic conditions were

performed in a temperature range from 25 °C to 500 °C. In the corresponding XRD diagrams and

XAFS spectra, no structural changes were observed at temperatures below 350 °C. Above 350 °C

significant changes in the XRD patterns and XAFS spectra were detectable. Apparently, at this

temperature under catalytic reaction conditions the bixbyite modification of the vanadium oxide

nitrides changed to tetragonal VO2(R). Gas phase analysis showed an onset of formation of acrolein

at about 300 °C (Figure 2). Corresponding structure activity correlations will be elucidated and

compared to regular V2O3 in future investigations.

-995-



Figure 1: In situ XRD patterns of vanadium oxide nitrides measured under catalytic conditions.

Figure 2: (left) V K edge XANES spectra of vanadium oxide nitride under propene oxidation conditions and

(right) simultaneously measured MS ion currents of acrolein, acetic acid and acrylic acid.
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Institute of Inorganic Chemistry, University of Kiel, Max-Eyth-Straße 2, 24118 Kiel, Germany 

The interesting properties and potential applications of thiometallates as e.g. photoconductors, 
catalysts, ion exchangers etc. attract an increasing number of scientists in the fields of chemistry, 
material sciences and catalysis. Many interesting compounds are obtained by trial-and-error 
procedures because the fundamental reaction mechanisms are not well understood. Analyzing the 
recipes given in the literature there is no obvious relation between the reaction conditions and 
product formation. This observation is not surprising taking into account the complex nature of the 
heterogeneous reactions occurring under solvo-/hydrothermal conditions. In-situ energy dispersive 
X-ray diffraction (EDXRD) is an appropriate method to investigate such reactions under real 
conditions. The main goal is to acquire information about the crystallization kinetics and reaction 
mechanisms. Here we present the results of in-situ EDXRD experiments on the formation of the 
thioantimonate [Fe(tren)]Sb4S7 (I) and it’s transformation into [Fe(tren)]FeSbS4 (II) being a mixed-
valent Fe

II
/Fe

III
 compound with an protein-analogous [2Fe

III
-2S]

2+
 cluster [1, 2]. 

The in-situ EDXRD investigations were conducted with 0.3 mmol FeCl3, 0.3 mmol Sb and 0.9 
mmol S in 2 mL of 50 – 100% tren (tren = tris-(2-aminoethyl)amine). To monitor the influence of 
the temperature, experiments were done between 140 and 180 °C. All experiments were performed 
at beamline F3/HASYLAB/DESY in Hamburg. More details about the setup of the experimental 
station F3 can be found in reference [3]. 

The two different Fe containing thioantimonates [Fe(tren)]Sb4S7 and [Fe(tren)]FeSbS4 (Fig. 1) can 
be obtained adjusting the tren concentration. I crystallizes with amine concentrations between 50 
and 90 % and II between 70 and 100 %. In the intermediate concentration range (70 – 90 %) both 
compounds coexist. 

 

Figure 1: Structures of [Fe(tren)]FeSbS4 (left) and [Fe(tren)]Sb4S7 (right). 

The temperature strongly influences the crystal growth of I. Both the induction time and reaction 
rate increase with temperature (Fig. 2 left). At 140 and 160 °C evaluation of the data indicates that 
diffusion plays the key role whereas at 180 °C nucleation seems to dominate. 
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Figure 2: Evolution of the normalized area of the (002) reflection of I depending on T (left) and evolution of 
the normalized areas of the (002) reflections of I and II (concentration of tren = 80 %, T = 160 °C) (right). 

An increase of the amine concentration lowers the induction time and the reaction rates of I and II. 
Applying 80 % tren (Fig. 2 right) II starts to grow after about 140 minutes, while I is decomposed 
until the growth of II is finished. Above about 220 min. the compounds coexist. A phase pure 
material I with 80 % tren solution can only be obtained stopping the reaction after about 130 min. 

A change of the reaction mechanism depending on the amine concentrations is also observed. For 
concentrations where only I is crystallizes, the growth seems to follow a first order mechanism. In 
the regime where both compounds coexist the growth of I is mainly diffusion and that of II 
nucleation controlled. At higher concentrations, where only II appears, phase-boundary control 
seems to dominate. 

The present example shows one of the problems of solvothermal syntheses: phase purity of the 
products can only be achieved by variation of several reaction parameters. In addition, the results 
obtained for 80 % tren solution suggest that thioantimonate compounds may be used as sources for 
the synthesis of new compounds, i.e., one compound can be transformed to another one like I into 
II in the present system. 
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The development of new light converting materials for energy saving applications is an important 
topic in inorganic materials science. For most application, nanosize material is required because of 
the reduced light scattering of such particles. In addition, luminescent nanomaterials can show 
different physical and chemical properties in comparison to the bulk analogues, e.g. an influence on 
decay times, concentration quenching and quantum efficiencies[1] which makes studies of such 
materials also interesting for basic science. However, in contrast to upconversion, downconversion 
processes in nanomaterials are scarcely studied. We started to study downconversion in the 
nanoscale with the most prominent Gd-Eu quantum cutting couple in order to develop and improve 
a synthesis method allowing to access pure, quenching-species free materials with excellent 
photophysical properties. Our new approach is to employ ionic liquids as the synthesis medium, 
nanoparticle-stabilizer and  reaction partner. Ionic liquids as salts with a melting point below 100°C 
(many of them are liquid at room temperature and below) are currently receiving rising interest for 
application in nanomaterial synthesis. Employing ionic liquids with complex fluoride anions we 
succeeded in preparation of pure, oxygen-free GdF3:Eu [2]. To improve the physico-optical 
properties of the luminescent material we applied different ionic liquids and different preparation 
mechanism to check for the material with the highest performance (Table 1).  

Table 1: Sample identifier, synthesis conditions, particle size, as well as quantum cutting efficiency for 
various GdF3:Eu 5 % materials. 

 Ionic Liquid used / other details Particle size / nm Quantum cutting efficiency 
   QE/ 100% 
LCM1 [C4mim][BF4] /microwave 5.8±1.6 145 
LCM2 [C4mim][PF6] /microwave 5.6±1.3 178 
LCM3 [C4py][BF4] /microwave 5.5±1.1 132 
LCM4 [P66614][BF4] /microwave 6.0±1.6 181 
LCM5 [choline][BF4] /microwave 5.3±1.0 194 
LCM6 [C4mim][BF4] / ionothermal 4.4±0.8 161 

 

Powder X-ray diffraction shows that hexagonal and orthorhombic GdF3 material was obtained 
depending on the used ionic liquid. Transmission electron microscopy reveals the minute size of the 
obtained particles and the different morphologies obtained when applying different ionic liquids 
(Fig. 2). Thus the materials’  properties can be tuned by varying the reaction conditions.  

 

Figure 1: Representative TEM micrographs of various GdF3:Eu 5 % materials. 
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The quantum cutting abilities were examined depending on the concentration of the Eu3+ ion and the 
reaction conditions. We found that the best Eu3+ concentration inGdF3:Eu is 5 %. For this material a 
quantum efficiency of 145 % was determined according to the formula proposed by Meijering et al. [3]. 
Taking this concentration and changing the ionic liquid in the synthesis route allowed enhancing the 
quantum efficiency significantly and values ranging from 130 to 190 % were obtained [4]. Thus, we were 
for the first time able to obtain a quantum cutting efficiency close to the theoretical limit with particles of an 
average size of 6 nm. 
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Figure 2: Emission spectra of GdF3:Eu 5 % nanocrystals upon excitation into the 6PJ (305 nm) and 6GJ Gd3+ 
(202 nm) levels recorded at RT.  The spectra are scaled on the 5D1�

7FJ emission intensity. 

In conclusion, the ionic liquid-based synthesis route turns out to be a very efficient method to obtain 
pure, oxygen and quenching-species free nanosize fluoride materials [5,6]. We were able to obtain 
different phases, morphologies and quantum cutting efficiencies close to the theoretically limit 
tuned by the used ionic liquid.  
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Fischer-Tropsch synthesis is the most important way to synthesize clean, high quality oil fraction 
without sulphur from coal or natural gas. Today, this process is boomed by energy crisis and 
environment protection. Fischer-Tropsch synthesis is a process for transforming CO and H2 into 
long chain hydrocarbons: 

(2n+1) H2 + n CO → CnH(2n+2) + n H2O 

Supported cobalt catalysts are the system of choice for the Fischer-Tropsch synthesis due to its high 
activity and high stability. However cobalt-based catalysts are relatively expensive (compared to 
iron) and need to have a high metal dispersion and long life to offer a good balance between cost 
and performance. Hence, the development of economically attractive cobalt-based Fischer-Tropsch 
synthesis catalysts with a high stability requires detailed fundamental understanding of the 
activation and deactivation mechanisms at play for supported nano-sized cobalt crystallites. 

The catalytic performance of cobalt-based systems in Fischer-Tropsch synthesis depends directly 
on the number and availability of active sites. Active sites for Fischer-Tropsch synthesis over 
cobalt-based catalysts are reduced cobalt metal surface sites. Before reduction, the cobalt is present 
as a Co3O4 spinel phase. By comparison with reference spectra, we clearly observed by XANES a 
two-step reduction of Co3O4 to CoO and then Co0.  

Figure 1: XANES spectra of a Fischer-Tropsch catalyst during reduction treatment under H2 at 
500 °C. 

 
In the same study, we noticed the reduction rate depends on the support. To quantify this reduction 
rate, we used linear combination of measured and calculated (using the FDMNES code [2]) 
references XANES spectra. Depending on the composition of the reducing atmosphere and the 
activation temperature, different cobalt phases (pure cfc, pure hcp or mixture of both) can be 
obtained what affects directly the material catalytic properties [3]. 
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zeolites in methane activation 
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Introduction 
The activation and functionalization of methane is one of the great challenges in catalysis. In 
particular, the direct conversion of natural gas into methanol is considered to be attractive because 
of its use as liquid feedstock. However, the stability of methane and the high reactivity of the 
intermediates towards oxidation have limited the success. The intraporous formation of methanol 
from methane on copper exchanged zeolites has been already successfully proven in laboratory 
scale [1]. To obtain methanol the catalyst is activated in oxygen and afterwards treated with 
methane and finally with water. However, the amount of methanol converted corresponds only to a 
minority of the total copper amount present in the samples, which indicates that only a specific 
copper oxide species plays an active role in the catalysis. To stabilize and increase the amount of 
the active species also copper histamine complexes were exchanged into the zeolites framework. 
The question, however, arises to what extent copper histamine complexes influence the structure 
and properties of the exchanged zeolites. To reach a complete understanding of the catalyst 
morphology the investigation of the structural transformation from the copper oxide species, which 
is formed during activation in oxygen, into a assumed methoxy species after methane loading is 
essential.  

Experimental 
H-ZSM-5 samples were prepared by exchanging a commercial Na-ZSM-5 sample (Si/Al = 12.5, 
Süd-Chemie) 3 times with a NH4NO3 solution and a subsequent treatment in synthetic air at 500 °C 
(10 °C min-1) for 5 h. Cu was incorporated by ion exchange with Cu(II)acetate in aqueous solution. 
To prepare catalysts with different concentrations of Cu, this procedure was repeated different times 
(1, 3, 7).The copper histamine exchanged zeolites were prepared by liquid phase ion exchange. A 
commercial NaY (Zeolyst Int. CBV100, SiO2/Al 2O3 = 5/1) was equilibrated at pH 7 at room 
temperature for 3 h and afterwards different concentrations of copper histamine were added. The 
solutions were stirred for 48 h at room temperature and subsequently dried for 48 h at 60 °C.  

XAFS experiments were performed at beamline C. The catalysts were pressed into self supporting 
wafers (ca. 50 mg) and placed into an in-situ XAS cell that can be cooled to liquid nitrogen 
temperature using a recycle dewar and heated to 450 °C using a sealed heating wire. The X-ray 
absorption spectra were collected at the Cu K edge (8979 eV). The XANES data were collected 
during activation in oxygen at 200 °C - 400 °C and after flushing with Helium during exposure of 
the catalysts to methane at 200 °C. To analyze the XANES spectra XANES dactyloscope software 
was used [2]. All recorded XANES spectra were normalized to unity.  

Results 
The analysis on the XANES data of the copper exchanged zeolites shows that the spectra before and 
after activation of differently exchanged materials are virtually identical (Fig. 1). That means that 
there is essentially only one species formed, because a major fraction of additional extra framework 
Cu species at higher Cu loadings would change the spectra and can hence be excluded. All spectra 
(before and after activation in oxygen) show only peaks for Cu2+. Heating the samples in oxygen 
leads to a change in geometry for all samples, but no change of the oxidation state is visible. The 
catalytic site is subsequent not formed during the ion exchange, but only upon heat-treatment in O2. 

The XANES spectra of O2-treated Cu-ZSM-5 (Fig. 1b) show a reasonably good match with 
Cu(OH)2 [3]. Thus, we suggest for the O2-treated Cu-ZSM-5 catalysts a four oxygen coordinated 
planar symmetry as in Cu(OH)2. This geometry remains also present after reaction with methane. 
However, after methane loading an additional sharp peak at 8981 eV is formed providing evidence 
that some Cu2+ is reduced to Cu+. This Cu+ fraction decreases with increasing quantity of Cu 
exchanged, but the catalytic activity increases progressively. This indicates that the minority Cu+ 
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site at low Cu loading is irrelevant for the productive catalytic reaction and that Cu is not reduced 
by the reaction from methane to methanol. 

In contrary to these results, 
we observe a completely 
different behavior of the 
copper histamine exchanged 
zeolites (Fig. 2). Before 
activation of the samples in 
oxygen Cu2+ species are 
present leading to 
characteristic peaks at 8977 
eV and 8986 eV. 
Furthermore the spectra 
show a good agreement with 
those of 4-coordinated 
copper(II) complexes with 
four nitrogen ligands as 
reported in literature [4]. 
After activation these two 
peaks disappear, (see insert 
of Fig. 2b) and a new peak at 
8982 eV appears, which 
indicates a change in the 
copper oxidation state from 
Cu2+ to Cu+. During methane 
loading the intensity is 
increasing and a slight shift 
was observed, which refers 
to a coordination change. 
The spectra after methane 
loading conforms a 3-
coordinated T-shaped 
copper(I) complex with 
nitrogen and oxygen/carbon 
atoms [4]. These results 

suggest, that in the case of copper histamine exchanged zeolites the formation of Cu+  is required for 
the methane activation.  

 
Conclusions 
The results for the Cu-ZSM-5 indicate that Cu2+ is not reduced to Cu+ during the activation of 
methane. In the active site Cu remains as Cu2+ in the oxidized (oxygen loaded) and the reduced 
(methane loaded) state. In contrary, the results for the copper histamine exchanged zeolites indicate 
that Cu+ is necessary for methane activation. In the activation step the Cu2+ is reduced to Cu+ and 
during methane loading a T-shaped 3-coordinated species seems to be generated. To indentify the 
overall structure of the copper further measurements are necessary.  
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The Metals and metal alloys represent catalysts of key importance in various catalytic and 

electrocatalytic processes such as hydrogen evolution,[1] oxygen reduction,[2]
, 
or oxidation of small 

organic molecules (e.g. alcohols, etc.).The traditional approach in electrocatalysis on alloys builds 

on the assumpti’on that the local structure of the catalyst (i.e. coordination numbers and chemical 

nature of bonding partners in the 1
st
 and 2

nd
 coordination shells) does not change during the 

electrocatalytic reaction. It inherently anticipates that the structural arrangements of the 

characteristic reaction centers are stable and present on the catalyst’s surface at all times. This 

concept of rigid systems has been challenged by both 

theoretical[3] but never proven conclusively in 

experiments. 

 In our experiments we have shown that the 

adsorption and subsequent evolution of hydrogen 

triggers  Pd segregation to surface. The coordination 

numbers resulting from EXAFS refinement of Pd 

decreases from    ca. 11 at -0,15 V to ca. 6 at -0, 25 

V. The observed decrease of the coordination 

number is consistent with a local structure when the 

Pd is distributed both hetman bulk and surface. The 

lowest CN then reflects the situation when the Pd is 

confined not only in the surface, but also in the low 

coordination sites of the surface like steps or edges.  

The adsorbed hydrogen also causes significant 

disorder, which manifests by anisotropy of the 

metal−metal bonds with respect to the relaxed fcc 

structure of Pd and Au. The actual bonding distances 

as well as Pd and Au coordination numbers are 

compared with structures predicted by density 

functional theorem (DFT) calculations. 
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Dry reforming of methane (CO2 + CH4    2 H2 + 2 CO) is an endothermic reaction, which 

has to be carried out at high temperature (typically 850 °C and above) to overcome the 

otherwise thermodynamic limited conversion. Hexaaluminate materials have been proven to 

provide good temperature stability and performance in the reaction of CO2 with CH4
[1]

. In the 

process two characteristics of the catalyst play a major role: The metal-support interface for 

the catalytic performance and the deactivation of the system by growing carbon-nano-tubes 

over nickel particles larger than 20 nm. Both factors are directly influenced by the size of the 

nickel particles on the surface. The hexaaluminate materials investigated are known for their 

ability to stabilize nickel in their structure thus acting as a support for Ni particles maintaining 

small cluster sizes even at high reaction temperatures.  

 

For the synthesis La-, Al-, and Ni-nitrates were mixed in stoichiometric composition, diluted 

in water and recrystallized. The mixture was dried over night and subsequently calcined 

twice. First at 650°C to transform the nitrates into oxides and subsequently at 1200°C to form 

a magnetoblumbite-like phase, which is typical for hexaaluminates 
[2][3]

. The samples were 

analyzed by EXAFS at liquid nitrogen temperature on the Ni K-edge in order to investigate 

the formation of the hexaaluminate phase as a function of the nickel content (1 to 20 wt%).  

 

The Fourier transformed EXAFS of materials with low Ni content, LaNi0.13Al11O19 (1 wt%) and 

LaNi0.66Al11O19 (5 wt%), are shown in Figure 1, the results of the EXAFS analysis
[4]

 are 

summarized in Table 1.  

The analysis of the EXAFS revealed for both materials a magnetoplumbite-like structure, 

indicating that the incorporation of Ni into the hexaaluminate phase is independent of the 

metal concentration at low Ni loadings.  
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Figure 1: Fourier transformed EXAFS and the fit of the hexaaluminate phase for 

LaNi0.13Al11O19 (a) and LaNi0.66Al11O19 (b) 
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With increasing Ni loading the formation of an additional Ni oxide phase was observed. The 

Fourier transformed EXAFS of LaNi2.22Al11O19 (20 wt%) is shown in Figure 2.  

 

 
 

 

 

 

 

The results of the EXAFS analysis (shown in Table 1) show the formation of an Ni oxide 

phase, which indicates that at high metal loadings it is impossible to incorporate all Ni atoms 

into the hexaaluminate phase. The remaining fraction forms a nickel oxide phase during 

calcination, which is potentially reduced under the conditions of the dry reforming reaction 

leading to large Ni agglomerates on the catalyst surface that enhance the catalyst deactivation 

due to extensive coke formation.  

 

 

 

 
Substance  Shell R, Å CN Δσ

2
, 10

-2
 Ǻ

2
  ΔE0, eV 

LaNi0.13Al11O19 Ni-O 1.97 4.29  0.010 -4.80 

 Ni-O 3.00 5.32  0.012  5.76 

 Ni-O 3.12 4.94  0.015  4.96 

 Ni-Al 3.93 3.36  0.008  7.60 

LaNi0.66Al11O19 Ni-O 2.01 4.92  0.008 -5.38 

 Ni-O 2.07 9.24  0.012  6.66 

 Ni-O 3.09 9.80  0.012 -4.83 

 Ni-Al 3.92 7.30  0.010  4.95 

LaNi2.22Al11O19 Ni-O 2.02 4.23  0.005  0.63 

 Ni-Ni 3.01 12.72  0.020  2.94 

 Ni-O-O 3.91 32.27  0.019  10.79 
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The Catalytic Epoxidation of Olefins Studied 
X

M.J. Beier, W. Kleist

Technical University of Denmark

1Karlsruhe Institute of Technology

The selective oxidation of olefins to epoxides is an important reaction in industry leading to highly 
reactive intermediates [1]. We found that a Co
high catalytic activity in the epoxid
as a solvent. MOFs are a promising alternative to “classical” catalysts 
and defined structure but especially when used in oxidation reactions 
significant deactivation. When reused in the catalytic reaction the MOF showed 
activity. We investigated the Co-
X-ray diffraction (not shown) and by
structure was found to be the virtually the same underlining the high stability of the used MOF. The 
bond distances and coordination number
obtained from Rietveld refinement. 

The catalytic reaction exhibits in general 
with DMF as a solvent while using water or toluene as solvents prevented the formation of any 
epoxidation products. It is speculated that the role of DMF might be to coordinate to the Co catalyst 
or to act as a sacrificial reductant. 
catalytic process. In order to investigate structural changes occurring during 
followed the structure of the metal organic framework under 
1b). DMF changed the MOF structure slightly
coordination of DMF to the Co. This coordination
ligand likely induced a lower symmetry around the Co atoms as suggested by the decreased white
line intensity and the increased pre
rapidly upon addition of DMF to the MOF. Studying the reaction over 8 h 
did not induce further structural changes observable by XAS underlining the high stability of the 
investigated MOF catalyst unde
reversible; the MOF exhibited the same structure after removal and drying in air (

 

Figure 1: XAS investigations of as
Co K-edge XAS data of the fresh (dashed line) and used catalyst (solid line); (b) 
XAS spectra of STA-12(Co) before and during the epoxidation in DMF; inset: pre

 

 

The Catalytic Epoxidation of Olefins Studied 
X-ray Spectroscopy 
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The selective oxidation of olefins to epoxides is an important reaction in industry leading to highly 
. We found that a Co-based metal organic framework (MOF) featured 

high catalytic activity in the epoxidation of aromatic olefins using N,N-dimethyl formamide (DMF) 
promising alternative to “classical” catalysts due to their high surface area 

but especially when used in oxidation reactions (e.g. [2])
. When reused in the catalytic reaction the MOF showed 

-based MOF catalyst ex situ before and after the reaction. 
(not shown) and by X-ray absorption spectroscopy (XAS, Figure 1a), the catalyst 

structure was found to be the virtually the same underlining the high stability of the used MOF. The 
bond distances and coordination numbers obtained from XAS fitting agreed well with the result
obtained from Rietveld refinement.  

exhibits in general a strong solvent effect. Good performance 
while using water or toluene as solvents prevented the formation of any 
s speculated that the role of DMF might be to coordinate to the Co catalyst 

or to act as a sacrificial reductant. Indeed, we could find significant solvent oxidati
In order to investigate structural changes occurring during 

followed the structure of the metal organic framework under in situ conditions with XAS (Figure 
the MOF structure slightly upon its addition at room temerpature

. This coordination of the – with respect to water 
a lower symmetry around the Co atoms as suggested by the decreased white

line intensity and the increased pre-edge absorption (Figure 1b, inset). This structural change occurs 
rapidly upon addition of DMF to the MOF. Studying the reaction over 8 h under reaction conditions 
did not induce further structural changes observable by XAS underlining the high stability of the 
investigated MOF catalyst under these conditions. The DMF-induced structural change was 
reversible; the MOF exhibited the same structure after removal and drying in air (

Figure 1: XAS investigations of as-prepared and in use/used STA-12(Co). (a) Fourier transformed 
edge XAS data of the fresh (dashed line) and used catalyst (solid line); (b) 

12(Co) before and during the epoxidation in DMF; inset: pre

The Catalytic Epoxidation of Olefins Studied in situ by 

Denmark 

Germany 

The selective oxidation of olefins to epoxides is an important reaction in industry leading to highly 
based metal organic framework (MOF) featured 

dimethyl formamide (DMF) 
due to their high surface area 
(e.g. [2]), MOFs often exhibit 

. When reused in the catalytic reaction the MOF showed only a small loss in 
before and after the reaction. Both by 

Figure 1a), the catalyst 
structure was found to be the virtually the same underlining the high stability of the used MOF. The 

agreed well with the results 

ood performance was obtained 
while using water or toluene as solvents prevented the formation of any 
s speculated that the role of DMF might be to coordinate to the Co catalyst 

we could find significant solvent oxidation during the 
In order to investigate structural changes occurring during the reaction, we 

conditions with XAS (Figure 
upon its addition at room temerpature probably via 

to water – bulky DMF 
a lower symmetry around the Co atoms as suggested by the decreased white-

This structural change occurs 
under reaction conditions 

did not induce further structural changes observable by XAS underlining the high stability of the 
induced structural change was 

reversible; the MOF exhibited the same structure after removal and drying in air (cf. Figure 1a). 

 

12(Co). (a) Fourier transformed 
edge XAS data of the fresh (dashed line) and used catalyst (solid line); (b) in situ Co K-edge 

12(Co) before and during the epoxidation in DMF; inset: pre-edge region. 

-1007-



The XAS experiments were conducted at the X1 beamline at the Hamburger 
Synchrotronstrahlungslabor (HASYLAB) at the Deutsche Elektronen-Synchrotron (DESY, 
Hamburg, Germany). XAS spectra were recorded in transmission mode at the Co K-edge around 
7.7 keV with a Si(111) double monochromator in step scanning mode in a specially designed 
spectroscopic liquid phase cell applicable up to 200 bar [4,5]. The beam intensity was measured 
with ion chambers before and after the sample. Co foil for calibrating the energy was measured in 
an extra scan. Prior to the experiment a thin catalyst pellet (30 mg) was pressed and adjusted to the 
X-ray path. DMF (3 mL) and (E)-stilbene (20 mg) were added, the cell was closed, pressurized 
with oxygen (2 bar) and heated to 100 °C. XANES spectra were processed by energy calibration, 
deglitching where necessary, background subtraction, and normalization using the WinXAS 3.1 
software [6]. EXAFS spectra were extracted from the XAS spectra after analogous data treatment 
and Fourier-transformation and fitted in R-space. Phase and amplitude functions were calculated 
with the FEFF 7.0 code [7]. 

In summary, a Co-based MOF catalyst active for the epoxidation of olefins with molecular oxygen 
was investigated by XAS. Both ex situ and in situ measurements showed that the MOF is stable 
under reaction conditions. The MOF structure changes immediately upon addition of DMF but does 
not change further during heat-up and consequently reaction conditions.  
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The slow kinetics of the oxygen reduction reaction and the cost of the cathode catalyst remain major 
obstacles in the development of low temperature (< 100 °C) proton exchange membrane fuel cells 
(PEMFCs) [1]. Research has moved away from Pt-only electrocatalysts to Pt-alloys and core-shell 
materials, with improvements in activity and stability being reported [2]. These improvements have 
been attributed to a variety of influences including electronic effects, contraction of the Pt-Pt bond 
distance within the particle, and modification of the adsorption of oxygen species at either Pt or 
alloy element sites [3], however, further in situ characterisation is required to fully understand the 
behaviour of these electrocatalysts under fuel cell operating conditions.   

A series of carbon supported Pd-core, Pt-shell (referred to henceforth as PtxML/Pd/C, where x = 0.5, 
1, 2 and 4 monolayers) have been prepared to investigate the role of shell thickness on the 
electrocatalytic activity for the oxygen reduction reaction and the stability of such materials in the 
electrochemical environment. The presence of a core-shell structure has been confirmed using high 
resolution TEM, supported by ex situ EXAFS data collected of the as-prepared materials.  

To determine the structural response of these electrocatalysts to an applied electrode potential, in 
situ EXAFS data was collected in a newly developed electrochemical cell (shown in Figure 1). The 
cell comprised of the electrocatalyst working electrode, a platinum gauze counter electrode and a 
MMS reference electrode, and was filled with deoxygenated 0.5M H2SO4 to enable operation as a 
half-cell, thus solely studying the cathode reaction. EXAFS fluorescence data was collected at both 
the Pd K and Pt L3 edges whilst holding the catalyst at potentials in the double layer, hydride region 
and oxide region. Electrocatalysts with several shell thicknesses were studied, as well as a Pt/Pd/C 
alloy for comparison.    

Figure 1: Electrochemical half-cell employed for in situ EXAFS measurements 

Figure 2 compares the Pd K edge data of a PtxML/Pd/C electrocatalyst with that of a Pt/Pd/C alloy of 
the same wt% Pt and Pd. In the data recorded at 0.5 V vs. RHE, the double layer region where the 
catalysts are in the reduced state but no current is being drawn, clear differences between the 
structures of the two electrocatalysts can be seen. When the potential was shifted to 1.0 V vs. RHE, 
evidence of oxide growth could be seen in the EXAFS data of both catalysts. At 0.0 V, a phase shift 
was seen in the data for the core-shell electrocatalyst, corresponding to lattice expansion due to 
hydride absorption. This shift was not obvious for the analogous alloy.  
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Figure 2: In situ Pd K edge data collected of a core-shell (left) and analogous alloy (right) Pt/Pd/C 
electrocatalyst in 0.5 M H2SO4 at 0.0 V (red), 0.5 V (green) and 1.0 V (blue) vs. RHE. 

The Pt L3 edge data also showed differences in the structure of the electrocatalysts, both as a 
function of the applied potential and the shell thickness. The data obtained here enables a greater 
understanding of the activity of these materials, especially when combined with data obtained using 
different techniques such as the ex situ ASAXS studies conducted on Beamline B1. The next step 
of this investigation is to study electrochemically aged samples to determine whether the core-shell 
structure of these materials is retained following extensive cycling synonymous with the conditions 
encountered in a working fuel cell.      
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Supported Ru nanoparticles are active and selective catalysts for liquid-phase alcohol oxidation. 
Using noble metals, the optimization of the particle dispersion is very important to avoid extra cost 
with too big particles and possible side reactions with too small particles. In the present project, Ru 
(5 wt-%) was deposited on different siliceous and zeolite supports, and chemical state and disper-
sion after calcination and reduction of the catalysts was related to the catalytic activity in the 
oxidation of piperonyl alcohol to piperonal: 
 
 

Ru was introduced into H-Beta (Si/Al = 11, surface area (s.a.) – 560 m2/g), H-Y (Si/Al = 12, s.a. – 
620 m2/g), H-(Al)MCM-41  (Si/Al = 20, s.a. – 1150 m2/g), and SiO2 (s.a. – 350 m2/g) by an evapo-
ration impregnation technique from an aqueous RuCl3 solution. The catalysts were dried at 373 K 
and calcined in air at 573 K. Individual batches were reduced in hydrogen at 523 K. The alcohol 
oxidation was performed in aqueous NaOH (pH = 11) in a  batch reactor in the presence of the 
catalyst and Pb(OAc)2 as an activator, bubbling air through the mixture at 353 K. Samples were 
taken after 1 h and analyzed by gas chromatography (for details of catalytic study see [1]). XAS 
measurements at the Ru K edge were made at station C (Tmeas = 77 K), the data were treated with 
VIPER for Windows [2] using scattering amplitudes and phase shifts calculated by FEFF 8.10 [3]. 

 
O 

O 

CH2OH O

O

CHO
Catalyst  

air

The alcohol conversions were almost identical over reduced and oxidized catalysts, the only 
significant deviation was observed with Ru-MCM-41 where the activity was by 25 % lower in the 
oxidized state. The rates obtained at identical Ru content varied between 20 and 40 mmole/gRu h 
(cf. Fig. 2), the selectivity was 100 % in all cases. 
The Ru K XANES spectra were similar to that of RuO2 in the oxidized state, and close to that of Ru 
metal in the reduced state. Figure 1 shows the EXAFS spectra of the samples. In the oxidized state, 
the spectra indicate the presence of RuO2 in all cases, with a different degree of amplitude decay,  
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Figure 1. Ru K EXAFS spectra of supported Ru(5%) catalysts – after calcination at 573 K (a) and 
reduction at 523 K. panel a - 1 – RuCl3, 2 –  RuO2, 3 – Ru/H-Beta, 4 – Ru/MCM-41, 5 – Ru/SiO2, 6 
– Ru/H-Y, panel b - 1 – Ru-foil,  2 – Ru/H-Beta, 3 – Ru/MCM-41, 4 – Ru/SiO2, 5 – Ru/H-Y. 
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but without any indication of Ru-Cl bonds. After reduction, there are likewise Ru metal 
nanoparticles of different dispersion. 
The first shells of all spectra were fitted, and the results for the reduced catalysts are compiled in 
Table 1.  The first scattering signal arises of two nearby Ru shells, both with coordination numbers  

Table 1 – Fit results for the first shell (Ru-Ru) in reduced supported Ru catalysts. 

Support Treatment Path r , Å CN σ2 x10-3 , Å2 ΔE, eV DRu, Å 
Ru-Ru 2.633 ± 0.001 5.4 ± 0.1 2 ± 1 8 ± 1 H-Beta H2, 523 K 
Ru-Ru 2.719 ± 0.001 5.6 ± 0.1 2 ± 1 9 ± 1 

48 ± 14 

Ru-Ru 2.631 ± 0.002 4.3 ± 0.2 3 ± 1 7 ± 1 MCM-
41 

H2, 523 K 
Ru-Ru 2.718 ± 0.002 5.1 ± 0.2 2 ± 1 8 ± 1 

19 ± 3 

Ru-Ru 2.629 ± 0.002 3.4 ± 0.2 3 ± 1 7 ± 1 SiO2 H2, 523 K 
Ru-Ru 2.717 ± 0.002 4.3 ± 0.2 3 ± 1 8 ± 1 

11 ± 2 

Ru-Ru 2.625 ± 0.002 3.8 ± 0.2 2 ± 1 8 ± 1 H-Y H2, 523 K 
Ru-Ru 2.717 ± 0.002 4.8 ± 0.2 3 ± 2 9 ± 1 

14 ± 2 

Ru-Ru 2.639 ± 0.002 5.7 ± 0.1 3 ± 1 7 ± 1 Ru foil  
Ru-Ru 2.701 ± 0.002 6.3 ± 0.1 2 ± 1 8 ± 1 

 

of ≈6 in the bulk metal. In the supported catalysts, these coordination numbers are short of 6, 
except for Ru-Beta. From the coordination numbers obtained, particle sizes were derived using a 
correlation by Borovski [4]. They are in the range of 1-2 nm, in Ru-Beta the particle size was near 

5 nm. Fits of the spectra measured with the calcined 
catalysts provided similar trends of the Ru-O 
coordination numbers among the samples. 
A comparison between the particle sizes and the reac-
tion rates shows that there is no simple correlation; in-
stead the rate goes through a maximum with the particle 
radius (Figure 2). This can be explained on the basis of 
a concept that takes into account the chemical potential 
as a function of the crystal size [5]. The parameters 
given in Fig. 2 arise from an expression for the rate V 

ding on the radius r via  depen
                                                       [6] 
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where p1 and p2 are combinations of kinetic constants, 
the Polyani parameter α has been set to 0.5 and p3 

accounts for the changes in the chemical po-tential with size (intrinsic or induced by adsorption). 
The successful fit encourages the use of this concept for other catalytic systems.   
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In this work, we have reconstructed the time dependent evolution of near solid density Al foils when
irradiated with micro-focused XUV pulses of FLASH. We have highlighted the important Auger
electron heating contribution via the detailed analysis ofhigh resolution XUV-emission spectra of
Al samples for the first time.
The experiment was carried out at Beam Line 3 where we focused the FLASH beam down to a
focal spot size of∼ 2.3 µm using an off-axis parabola [1]. With a pulse duration of about 20 fs
and 30µJ energy, we reached an intensity on target in excess of1016 W.cm−2. We moved the 10
µm thick Al foils to match the 10 Hz repetition rate of the beam in order to hit a fresh sample
area. The subsequent emissions have been dispersed using a variable line spacing flat-field grating
covering the 10-30 nm spectral range with 1200 lines/mm coupled to a CCD. The black curve in
Fig. 1 corresponds to the time integrated XUV emission of theAl foils at best intensity.
Comparison with detailed Hartree-Fock calculations [2] allows us to distinguish three different
types of transitions in the Al IV ionization degree. First, we observed the line emissions correspond-
ing to the strong resonant transitions [Be]2p53s→ [Be]2p6 arround 16 nm, and also the [Be]2p53d
→ [Be]2p6 arround 13 nm. Second, we also resolved the corresponding satellite transitions be-
longing to screened resonant transitions K2L7MX

→ K2L8MX−1 + hν, with X equal to 2 or 3.
Finally, the spectra show intra-shell transitions arround26 nm that correspond to 1s22s12p6MX

→

1s22s22p5MX + hν2s−2p. The emission originating from these 3 different configurations can be re-
lated to different phases in the solid-to-plasma transition. Theoreticaly we decomposed the spectra
in three different levels of screening, noted by CI, CII and CIIIfor one, two and three electrons in
the M shell, as shown in Fig. 1. These three configurations arethen mixed together in a genetic
algorithm to fit the experimental data. The result corresponds to the red curve in Fig. 1.
The overall good agreement allows extracting a scheme for the XUV laser-matter interaction evo-
lution. The 91.8 eV (λ = 13.5 nm) photons photo-ionize a single electron in the 2p shell ofalmost
every Al atom (experimentally verified due to saturated absorption [3]). After the pulse, this exotic
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state of matter stabilizes by Auger decay. As no macroscopicmotion takes place on few 10 fs,
the matter consists in Al atoms which are still located on their lattice nodes and Auger electrons
with about 70 eV of kinetic energy in the conduction band. Theequilibration of these electrons
then heats the material and leads within few ps to the destruction of the crystalline structure. At
this point, the band structure becomes atomic like. In this high density plasma state, dielectronic
recombination and collisionnal ionization can occur producing also the screened configurations
CII and CIII. The analysis, by means of the genetic algorithm, delivers the respective populations
densities of the hole state configurations, which gives the temperature and density (assuming lo-
cal thermodynamic equilibrium being justified as collisions are larger than relevant Autoionizing
rates) of Te = 25 eV and ne ≈ 5 × 1022 cm−3. The recombination regime then evolves for several
ns thereby producing resonant line transitions (as those observed in the CI configuration) at Te = 8
eV and ne ≈ 3× 1021 cm−3, respectively [4].
To conclude, we have performed detailed high resolution spectroscopic analysis of the self-emission
of an Al foil irradiated at high intensities by the XUV FLASH beam. The Auger effect has been
identified to be the principal heating mechanism. The inverse Auger process allowed us to follow
the transition between the solid to the WDM and then to the plasma state even using time integrated
spectrocopy. Consequently, the use of hollow ion emission asintrinsic X-ray switches, already pro-
posed in [5], might then be of great importance since no X-raystreak cameras on a 10 fs time scale
is available yet. The successful experiments and analysis at FLASH encourage the use of the newly
emerging hard X-ray free electron laser facilities like theLCLS and the XFEL to probe the exotic
matterin situ via the hollow ion emission.
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Figure 1: Emission spectra (black line) taken at best focus. The arrowsindicate the discrepancy between
the data and simulation of the Al IV emission (CI). The red curve is the best fitobtained including also the
emission from the L-hole states (CII and CIII).
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