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Machine parameters DORIS III  (Present values) 
 Positron energy 4.45 GeV 

Circumference of the storage ring 289.2 m 
Number of buckets 482 

Number of bunches 1 (for tests), 2, and 5 
Bunch separation (minimum) 964 ns (for tests), 480 ns, and 192 ns 

Positron beam current 140 mA (5 bunches) 
Horizontal positron beam emittance 410 nmrad (rms) 

Coupling factor 3% 
Vertical positron beam emittance 12 nmrad (rms) 

Positron beam energy spread 0.11% (rms) 
Curvature radius of bending magnets 12.18 m 

Magnetic field of bending magnets 1.218 T 
Critical photon energy from bending magnets 16.0 keV 

 
Machine parameters PETRA III (Design values) 

Positron energy 6.0 GeV 
Circumference of the storage ring 2304 m 

Number of buckets 3840 
Number of bunches 960 and 40 

Bunch separation 8 ns and 192 ns 
Positron beam current 100 mA (top-up mode possible) 

Horizontal positron beam emittance 1 nmrad (rms) 
Coupling factor 1% 

Vertical positron beam emittance 0.01 nmrad (rms) 
Positron beam energy spread 0.1% (rms) 

Curvature radius of bending magnets 22.92 m (new part of the ring) 
Magnetic field of bending magnets 0.873 T (new part of the ring) 

Critical photon energy from bending magnets 20.9 keV (new part of the ring) 
 
  
Machine parameters FLASH (as achieved in 2008) 

Electron energy (max.) 1.0 GeV 
Length of the facility 315 m 

Normalized emittance 2 mm mrad (rms) 
Emittance 1 nm rad (rms) 

Bunch charge 1 nC 
Peak current 2 kA 

Bunches per second (typ. and max.) 150 and 4000 
Lasing parameters 

Photon energy (max.) 180 eV (fundamental) 
Wavelength (min.) 6.9 nm (fundamental) 

Pulse duration (FWHM) 10 - 50 fs 
Peak power 1 - 5 GW 

Bunch energy (average) 10 -100 µJ  
Photons per bunch 1012 - 1013

Average brilliance 1017-1019 photons/sec/mm2/mrad2/0.1% 
Peak brilliance 1029

 - 1030 photons/sec/mm2/mrad2/0.1% 

Update 12. Jan. 2009 
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DESY Photon Science Committees 2008

Photon Science Committee PSC 
Peter Fratzl (Chair) Max-Planck-Institute Potsdam, D 
Anke Pyzalla (Vice Chair) Max-Planck-Institute Düsseldorf, D (until Oct. 2008) 
Don Bilderback Cornell University, USA 
Christian Bressler EPFL Lausanne, CH 
Rolf-Dieter Heuer DESY Hamburg, D 
Roland Horisberger PSI Villigen, CH 
Koen Janssens University of Antwerp, B 
Colin Norris Diamond, CCLRC, UK 
Vladimir V. Kvardakov Kurchatov Institute Moscow, RUS 
Paul Mourin Synchrotron Soleil, F (until May 2008) 
Jean-Pierre Samama Synchrotron Soleil, F (since Oct. 2008) 
Peter Siddons NSLS Brookhaven, USA 
Simone Techert Max-Planck-Institute Göttingen, D 
Joachim Ullrich Max-Planck-Institute Heidelberg, D 
Edgar Weckert DESY Hamburg, D 
Wilfried Wurth University Hamburg, D 
Jörg Zegenhagen ESRF Grenoble, F 
 
 
Project Review Panel PRP1: VUV- and Soft X-Ray - Spectroscopy 
Wolfgang Drube (Secretary) DESY Hamburg, D 
Marco Kirm University of Tartu, EE 
Thomas Möller TU Berlin, D 
Project Review Panel PRP2: X-Ray - Hard Condensed Matter - Spectroscopy 
Wolfgang Drube (Secretary) DESY Hamburg, D 
Johannes Hendrik Bitter Utrecht University, NL 
Michael Fröba University Gießen, D 
Wolfgang Grünert University Bochum, D 
Laszlo Vince Ghent University, B 
Project Review Panel PRP3: X-Ray - Hard Condensed Matter / Diffraction and Imaging 
Hermann Franz (Secretary) DESY Hamburg, D 
Hans Boysen University München, D 
Bo Brummerstedt Iversen Aarhus University, DK 
Christan Kumpf FZ Jülich, D 
Bert Müller University Basel, CH 
Andreas Schreyer GKSS Geesthacht, D 
Project Review Panel PRP4: Soft X-Ray - FEL Experiments (FLASH) 
Josef Feldhaus (Secretary) DESY Hamburg, D 
Massimo Altarelli DESY/XFEL Hamburg, D 
Marie-Emmanuelle Couprie Synchrotron Soleil, F 
Robert Donovan University of Edinburgh, UK 
Roger W. Falcone LBL, USA 
Gerard Meijer FHI Berlin, D 
Jan Michael Rost Max-Planck-Institute Dresden, D 
Christian Schroer TU Dresden, D 
Svante Svensson Uppsala University, S 
Dietrich von der Linde University Duisburg-Essen, D 
Edgar Weckert DESY Hamburg, D 
Wilfried Wurth University Hamburg, D 
Project Review Panel PRP5: X-Ray - Soft Condensed Matter / Scattering 
Rainer Gehrke (Secretary) DESY Hamburg, D 
Tiberio Ezquerra CSIC Madrid, E 
Jochen S. Gutmann University Mainz, D 
Beate Klösgen Univ. of Southern Denmark, DK 
Oskar Paris Max-Planck-Institute Potsdam, D 
 
HUC – HASYLAB User Committee 
Peter Müller-Buschbaum (Chair) TU München, D 
Jens Falta University Bremen, D 
Alexander Marx MPG-ASMB Hamburg, D 
Thomas Möller TU Berlin, D 
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Local atomic structure from Fe K-edge and Eu L2-edge 
EXAFS in (Fe,Eu):TiO2 photocatalytic nanoparticles 

D.Macovei1, L.Diamandescu1, D.Tarabasanu1, R.Nicula2, E.Burkel2, F.Vasiliu1, C.M.Teodorescu1 

1 National Institute of Materials Physics, Atomistilor 105b, P.O.Box MG7, RO-077125 Magurele-Ilfov, Romania 
2 University of Rostock, Institute of Physics, August-Bebel-Str. 55, D-18055 Rostock, Germany 

Iron and europium doped (≤ 1 at %) TiO2
 
(titania) nanoparticles powders have been synthesised by a 

hydrothermal route at 200 °C, starting with TiCl4, FeCl3.6H2O and EuCl3.6H2O (Aldrich p.a.) as precursors. 
Local structure around the dopant atoms was investigated by EXAFS spectroscopy at beamlines A1 and E4. 
EXAFS was measured in transmission mode, at the Fe K and Eu L2 edges for the doped photocatalysts, and 
for α-Fe2O3 and Eu2O3 standards. A TiO2 (anatase) standard was also measured at the Ti K edge.  
 Normalized EXAFS function χ(k) (k = photoelectron wave number) was calculated after subtraction 
of pre-edge and post-edge smooth backgrounds, by fitting with Victoreen formula and cubic splines, 
respectively. kn-weighted χ(k) (n = 2,3) was Fourier transformed over the k-range 2.8-11.2 Å-1 (Fe K) or 1.3-
10.2 Å-1 (Eu L2), to acquire preliminary information on the dopant environment. Radial ranges of interest in 
the transforms were further isolated by Hanning-function windows, backtransformed into k-space, and non-
linearly fitted by a least-square method. The fit provided the interatomic distances and coordination numbers 
in the close neighbouring shells of the absorbing atoms (Fe, Eu). The backscattering amplitudes and phases 
of the photoelectrons, used in the fit, were calculated by the FEFF6 code [1]. The k3-weighted Fe K-edge 
EXAFS spectra of the doped samples (TF: 1 at% Fe; TFE: 1 at% Fe, 0.5 at% Eu) and α-Fe2O3 (hematite) are 
shown in Fig.1, together with the Ti K-edge EXAFS of the anatase standard. Their Fourier transforms (FT), 
also shown in Fig.1, are radial functions with maxima corresponding, until a specific shift, to the 
neighbouring shells of the absorbing species (Fe, Ti). For α-Fe2O3, the first maximum of FT corresponds to 
the nearest oxygen neighbours, at a mean distance of 2.03 Å (Table 1). The second split maximum, much 
larger and broader, is due to the superposed contributions of closely related shells, at the mean distances 2.95 
Å (4 Fe), 3.38 Å (3 Fe, 3 O) and 3.69 Å (6 Fe, 6 O). The FT looks differently for anatase, with a less 
compact Ti surrounding. The first maximum, contributed by six oxygen neighbours in a distorted octahedral 
configuration, is dominant, while the second maximum, corresponding to the next-nearest neighbours (4 Ti) 
at 3.04 Å, has the amplitude about two times smaller.  
 The amplitude ratio between the first two maxima in the transforms of the catalysts rules out the iron 
segregation to an oxidized Fe2O3 phase. The catalyst FTs closely resemble that of TiO2, suggesting similar 
surroundings of Fe in the doped samples and of Ti in anatase. To verify this, the filtered EXAFS of the 
catalysts corresponding to the first two radial maxima (r = 0.9-3.1 Å) was fitted with two neighbouring 
shells. The best fit was obtained for oxygen and titanium neighbours of Fe, in the same configuration (see 
Table 1) as that around Ti in anatase structure. This clearly indicates the iron incorporation into the anatase 
lattice, on Ti sites. Ti4+ substitution by the larger Fe3+ ions (Ti4+ : 0.605 Å; Fe3+ : 0.645 Å [2]) expands the 
metal-oxygen distances by ∼0.1 Å, up to values close to the Fe-O bond length in α-Fe2O3, while the metal-
metal distances remain unchanged (sample TF) or shorten (TFE) with respect to these distances in anatase 
structure. A similar effect was recently reported by Zhu et al. [3] in Fe-doped anatase samples, being 
explained by changes of the Ti-O-Ti bond angles after the Ti substitution by Fe.  
 Eu environment in the sample TFE was investigated by EXAFS at the Eu L2 edge (7617 eV). The Eu 
L3-edge EXAFS has stronger oscillations, but it could not be analyzed, due to the superposition of the Fe K 
edge (7112 eV) at 135 eV above Eu L3 (6977 eV). The k2-weighted EXAFS of the sample is shown in Fig. 2, 
together with the spectra of Eu2O3 (cubic) and anatase, measured at the Eu-L2 and Ti-K edges, respectively. 
The corresponding Fourier transforms were also illustrated. 
 In the cubic structure of Eu2O3, the Eu atoms are surrounded by six nearest oxygen neighbours at 
distances ranging between 2.30 Å and 2.38 Å, with an average Eu-O distance of 2.34 Å (see Table 1). Their 
contribution to EXAFS is described by the main maximum of FT, at 1.82 Å. The further maxima correspond 
to more distant Eu shells at 3.60 Å and 4.11 Å, with six atoms on each shell. Although the FT of the sample 
TFE manifests a certain similarity with that of Eu2O3, its maximum at 2.83 Å seems closer related to that 
describing the Ti-Ti pairs in the TiO2 structure. Fitting of the filtered EXAFS in the range 1.4-3.2 Å resulted 
in ∼6 O and 2 Ti atoms around Eu, at distances of 2.33 Å and 3.37 Å, respectively (see Table 1). The 
presence of titanium in the Eu vicinity emphasizes the Eu accommodation on Ti sites in the TiO2 lattice, 
similarly with the Fe behaviour. The voluminous Eu3+ ions (0.947 Å) locally dilate the host structure, with 
elongations of the metal-oxygen and metal-metal distances approximately equal with the difference between 
the ionic radii of Eu3+ and Ti4+ (0.34 Å). 
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 A peculiar effect of the Eu incorporation into the TiO2 lattice is the change of the local symmetry 
around Eu, from anatase to rutile structure. This is indicated by the lowering of the number of the next-
nearest Ti neighbours from four, specific to anatase structure, to two, as in rutile. This effect was also found 
for anatase nanoparticles doped by Nd [4], suggesting that it could be specific to the rare-earth ions 
embodied in the TiO2 lattice.  
 In conclusion, it is evidenced that both Fe3+ and Eu3+ ions enter the TiO2 lattice, by substituting the 
Ti4 ions. Ti4+ replacement by the larger Fe3+ and Eu3+ ions causes local distortions of the host structure 
around the dopant ions [5,6]. In the case of Fe doping, the metal-oxygen distances elongate, while the metal-
metal distances slightly shorten or remain constant, evidencing changes mainly of the metal-oxygen-metal 
bond angles after the Ti substitution. Eu inclusion in the TiO2 lattice has stronger effects. The local 
symmetry around Eu changes from anatase towards rutile structure, which could be a specific effect of the 
rare-earth dopants. The lattice is locally expanding, by the lengthening of both metal-oxygen and metal-
metal distances. The elongation is fairly close to the difference between the ionic radii of Eu3+ and Ti4+. 
 We gratefully acknowledge the assistance of Dr. Edmund Welter (A1) and Dr. Dariusz Zajac (E4). 
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Figure 1: k3-weighted Fe K-edge EXAFS spectra and 
their Fourier transforms for the doped photocatalysts 
(TF, TFE) and α-Fe2O3 (hematite). Ti K-edge 
EXAFS of TiO2 (anatase) and the corresponding FT 
are also shown, for a comparison. 

Figure 2: k2-weighted Eu L2-edge EXAFS and 
corresponding Fourier transforms for the sample 
TFE and Eu2O3 (cubic). It is also illustrated the Ti 
K-edge EXAFS of anatase and its FT. 

Table 1.  Fe and Eu local 
environments (interatomic 
distances R, coordination numbers 
N) in the doped samples (TF, 
TFE), as inferred by the fit of 
EXAFS, compared with data 
obtained for α-Fe2O3, Eu2O3 
(cubic) and TiO2 (anatase, rutile), 
from crystallographic data 

Sample  Reference 
atom                 R (Å) / N 

α-Fe2O3 Fe 2.03 / 6 O 2.95 / 4 Fe 
3.38 / 3 Fe, 3O 
3.69 / 6 Fe, 6 O 

Eu2O3 
(cubic) 

Eu 2.34 / 6 O  

TiO2 
(anatase) 

Ti 1.95 / 6 O 3.04 / 4 Ti 

TiO2 
(rutile) 

Ti 1.96 / 6 O 2.96 / 2 Ti 

TF Fe 2.06 / 6.2 O 3.03 / 4.3 Ti 
TFE Fe 2.03 / 5.9 O 2.98 / 4.0 Ti 

References: 
[1] S.I. Zabinsky, J.J. Rehr, A. Ankudinov, R.C. Albers, M.J. Eller, Phys. Rev. B 52, 2995 (1995). 
[2] R.D. Shannon, Acta Crystallogr. 32, 751 (1976). 
[3] S. Zhu, T. Shi, W. Liu, S. Wei, Y. Xie, C. Fan, Y. Li, Physica B 396, 177 (2007). 
[4] W. Li, A.I. Frenkel, J.C. Woicik, C. Ni, S. Ismat Shah, Phys. Rev. B 72, 155315 (2005). 
[5] L. Diamandescu, F. Vasiliu, D. Tarabasanu-Mihaila, M. Feder, A. M. Vlaicu, C.M. Teodorescu, D. 

Macovei, I. Enculescu, V. Parvulescu, E. Vasile, Mater. Chem. Phys. 112, p. 146-153 (2008). 
[6] F. Vasiliu, L. Diamandescu, D. Macovei, C.M. Teodorescu, R. Nicula, J. Mater. Sci.: Mater. 

Electron. 20S1, p. S211-S215 (2009). 
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In-situ XAS analysis of SnOx:Ag nanoparticle ethanol
sensors in operando conditions

I. Aruna, F.E. Kruis, A. Kompch1, and M. Winterer1

Institute of Nanostructures and Technology, Faculty of Engineering and Centre for Nanointegration Duisburg-Essen

(CeNIDE), University of Duisburg-Essen, Bismarkstr. 81, 47057 Duisburg, Germany
1Nanoparticle Process Technology, Faculty of Engineering and Centre for Nanointegration Duisburg-Essen (CeNIDE),

University of Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany

Tin oxide nanoparticles have become the archetypal semiconductor oxide nanoparticles for gas
sensors since Ogawa et al. demonstrated the advantages of the modified properties of tin oxide at
nanodimensions [1]. Enhancement in the sensitivity and selectivity by using metal additives has
also been widely explored [2-7]. However, the role of metal additives in modifying the sensing
characteristics is not clearly understood. It is still an open question as to whether the metallic or the
oxidized state of the particle plays the key role in enhanced sensing (Langmuir-Hinshelwood versus
Mars-van Krevelen mechanism).

Trace level detection of ethanol is very important especially in breath analysers, alcoholmeters and
control of spoilage of foodstuffs. SnOx:Ag nanoparticle layers, deposited from homogeneously
mixed separately synthesized monodispersed SnOx and Ag nanoparticle aerosols of well defined
shape and size, were observed to exhibit significantly enhanced ethanol sensing [6, 7]. The present
study aimed to elucidate the role of Ag nanoparticles in the enhanced ethanol sensing using in-situ
x-ray absorption spectroscopy (XAS) at the Sn and Ag K-edges (29.2 and 25.5 keV, florescence
mode at beamline X1, HASYLAB).

For carrying out XAS measurements in operando conditions of gas sensors, a special in-situ cell
has been designed and constructed. The schematic diagram of the measurement cell and the
substrate holder are shown in Fig. 1(a) and (b) respectively. The cell is a water-cooled aluminum
enclosure with three Kapton (25 µm thick) windows for the incident x-ray beam, transmitted beam
and the fluorescence signal. The sample holder with embedded heater arrangement allows working
at temperatures up to 400 °C. The sample holder is placed such that the sample is within the beam
with its surface at 45° to the incident x-rays. The fluorescence signal has been measured normal to
the incident beam using a seven-element Ge detector (Canberra).

XANES and EXAFS spectra show little if any changes at the Ag but significant changes at the Sn
egde (Fig. 2 and 3). Ag nanoparticles seem not to change their oxidation state during the
consecutive cycles of synthetic air and ethanol (1000 ppm) at sensor working temperatures -
revealing the ‘Langmuir-Hinshelwood’ as the key mechanism in interacting with ethanol.

Figure 1: The in-situ cell at the HASYLAB X1 beam line.
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Figure 2: Comparison of XANES spectra of 20 nm SnOx mixed with 10 nm Ag particles (30%) at the Ag
(left) and Sn K-edge (right) before (air) and after exposure to 1000 ppm ethanol.

       

Figure 3: Comparison of partial pair distribution functions obtained by RMC analysis of EXAFS spectra of
20 nm SnOx mixed with 10 nm Ag particles (30%) at the Ag (left) and Sn K-edge (right) before (air) and

after exposure to 1000 ppm ethanol.

References
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[2] M. Yamazoe, Sens. Actuators B, 5, 7 (1991).
[3] L. Mädler, A. Roessler, S. E. Pratsinis, T. Sham, A. Gurla, N. Barsan, and U. Weimar, Sens.

Actuators B 114 , 283 (2006).
[4] A. N. Shatokhin, F. N. Putilin, O. V. Safonova, M. N. Rumyantseva, and A. M. Gaskov, Inorg.

Mater. 38, 374 (2002).
[5] O. Wurzinger and G. Reinhardt, Sens. Actuators B 103, 104 (2004).
[6] R. K. Joshi, F. E. Kruis, and O. Dmitrieva, J. Nanopart. Res. 8, 797(2006).
[7] R. K. Joshi and F. E. Kruis, Appl. Phys. Lett. 89, 153116 (2006).
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Microdiffraction Measurements of Biomineral 

Textures and Structures 

C. Merkel1, I. Karetnikov1, A. Götz1, W.W. Schmahl1, E. Griesshaber1, C. Paulmann2  

1Department of Earth and Environmental Sciences, Materials Research, LMU Munich, Theresienstrasse 41, 
80333 Munich, Germany  

2HASYLAB am DESY, Notkestraße 85, 22607 Hamburg 

Carbonate-based shells of marine invertebrates are of interest both as prototypes for 

hierarchically structured hyrid composit materials and as geochemical recording material for 

isotopic information on environmental conditions. Brachiopods are an independent phylum of 

marine organisms forming shells of calcite. The shells consist of a 100 micrometer thick outer 

nano- to microcrystalline “primary” layer of calcite and an inner 500 micrometer thick 

“secondary” layer of fibrous calcite. The texture of the secondary layer was measured by 

electron backscatter diffraction (EBSD), showing that the fibers are single crystals with 

curved outer shape and dimensions in the order of 150 x 5 x 15 micrometers, where the calcite 

c-axis (triad axis) is (i) perpendicular to the morphological fibre axis and (ii) parallel to the 

radius of the shell curvature [1, 2]. The nanoscale grains of the primary layer, however, do not 

permit a quantitative texture measurement by EBSD. Accordingly, we did microdiffraction 

experiments on beamline F1 to find out about the texture of the nanocrystalline primary layer. 

A 50 x 50 micrometer collimation was used at a wavelength of 71 pm. Polycristalline 

diffraction images were recorded on a MAR CCD in transmission geometry through thin 

sections of the shells (Fig. 1). 

  
 

 
 

Figure 1. Two dimensional diffraction images of the Brachiopod Magasella sanguinea, 

recorded using the MAR CCD on beamline F1. (a) Debye rings show variances of intensity 

indicating presence of texture. (b) Each diffraction image is cut into a set of 5° sectors for 

Rietveld refinement with MAUD. 

 

 

The recorded diffractograms were divided into 5° azimut “pizza slices” and treated by full-

profile analysis as a set of powder diffractograms using the program MAUD [3]. The texture 

was evaluated in this process by different models, and we found the WIMV algorithm in 

MAUD as the most reliable. The investigation showed that the texture in the nanocrystalline 
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primary layer is cylindrical just like in the secondary layer, and the calcite c-axis are also 

almost perpendicular to the surface of the shell, like in the fibrous layer.  

 

Figure 2. Experimental (bottom) and recalculated (top) pole figures for (001), (110) and (001) 

obtained from single diffraction images in different points in the primary layer of the shell of 

Mergerlia truncata. 

 

Schwertmannite is a biogenic formed mineral that is of interest for its present in acid mine 

drainage systems (AMD) and for its sorption capabilities of arsenate and other heavy metals 

(e.g.[4]). There are only propositions for possible structures, but it was not solved yet. 

Therefore a powder diffractogram (Fig. 3) with a short wavelength (0.0113 nm) was measured 

the pair distribution function was calculated (Fig. 3) using getpdfX2 [5]. The refinement with 

PDFgui [6] is just in work.  

 

 
Figure 3. left: Diffractogram of Schwertmannite, wavelength 0.0113 nm, right: the calculated 

pair distribution funtion, refinement ist just in progress. 
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Internal stresses in a single crystal superalloy during 

high temperature mechanical testing: 

an in situ study by Three Crystals Diffractometry 

A. Jacques, T. Schenk, L. Dirand, J.P. Château, and P. Bastie
1
 

Institut Jean Lamour, Dept. SI2M, Ecole des Mines, parc de Saurupt, f54042 Nancy, France 

 1 Labo. Spectrométrie Physique, Université Joseph-Fourier, f38402 Saint-Martin-d'Hères, France 

Ni base single crystal superalloys are used to manufacture aircraft engine turbine blades since they 
exhibit good mechanical properties at high temperature. During the major part of their high 
temperature creep life, the microstructure of such a single crystal superalloy is lamellar, with 
alternating layers, perpendicular to the [001] tensile axis, of a disordered f.c.c. γ matrix (γ corridors) 
and of an ordered L12 γ' phase (γ’ rafts). Dislocations usually glide within the softer γ corridors, 
leaving dislocation segments at the γ/γ’ interfaces. The details of the mechanisms of plasticity 
within the γ’ rafts are not fully understood, but are expected to involve dislocation climb. As a 
result, very few attempts to model the high temperature (1000°C – 1100°C) mechanical behaviour 
of these materials by taking its composite microstructure into account have been successful. 

More, it may be difficult to link the high temperature mechanical behaviour to the material 
microstructure (phase distribution, dislocation densities), as the volume fraction of both phases 
changes during cooling. This is especially true of the transient behaviour, such as the response to 
changes in either the load or the temperature.  

By use of three crystals diffractometry (two theta scans), it is possible to scan the distribution of 
lattice parameters within a bulk superalloy specimen. The raw data (Figure 1) can be analysed as the 
sum of two main peaks corresponding to the γ corridors and γ’ rafts. During a high temperature 
mechanical test, the position and width of these peaks change, as both the average elastic strain and 
the distribution of strains within each phase vary. These data can be used to evaluate the stress 
within both phases of the alloy, and the plastic strain of these phases. As a scan can be recorded in 
300 seconds, it is possible to follow the evolution of the material continuously. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Analysis of the (002) two theta scan recorded by three crystals diffractometry on the rafted AM1 
superalloy, during a high temperature mechanical test. 
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The investigated specimens were pre-strained in Nancy at 1100°C under a 120 MPa tensile stress, 
in order to get a rafted microstructure. At Hasylab, they were strained several hours in the same 
conditions in a high temperature mechanical testing device compatible with the BW3 
diffractometer, until the peak positions and shapes were stable (i.e. a stable rafted microstructure 
was obtained).  

The specimens were then submitted to large load steps (from 120 MPa to 250 MPa and back), in 
order to study their mechanical response.  The duration of the high stress steps was kept constant, 
but the relaxation times at 120 MPa were varied, in order to obtain a more or less relaxed 
microstructure. Our ultimate aim is to relate the degree of microstructure relaxation to variations in 
the initial strain rate after a load increase.  

 

 

 

 

 

 

 

 

 

Figure 2: variation of the load and of the disorder parameter W with time (1080°C), and correlation between 

both W parameters. 
 

A preliminary analysis of the results (Figure 2) shows that: 

- even after a long relaxation (20000 seconds) following a high stress step, the initial microstructure 
of the specimen is not recovered. 

- the variations of the peak widths are correlated, but the slope of the line is higher than expected if 
the rafts were free of dislocations. After TEM analysis of the deformed specimens, we hope to 
relate our peak width data and the dislocation densities at the γ/γ’ interfaces and within the rafts.  

- as expected, the peak width increases with the time spent under high load.  

The strain rate of the specimens increases as well with the time spent under high stress, and from a 
high load step to the next. The variations of peak width might thus be related to variations in mobile 
dislocation densities within the rafts, and thus to the strain rate.  
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Atomic structure and glass forming ability of 
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By using a combination of state-of-the-art experimental and computational methods, the high glass forming 
ability (GFA) of Cu46Zr46Al8 alloy is studied from the view of its atomic packing. Three-dimensional 
atomic configuration is well established. It is found that Al atoms almost homogeneously distribute around 
Cu and Zr atoms without segregation, causing the local environment around Cu and Zr atoms in 
Cu46Zr46Al8 bulk metallic glass different from that of the major competing phase of Cu10Zr7. Furthermore, 
the addition of Al not only increases the amount of icosahedronlike clusters but also makes them more 
homogeneous distribution, which can enhance the GFA by increasing the structural incompatibility with the 
competing crystalline phases. 
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Plastic deformation of crystals is still one of the major unsolved problems of materials science [1]. 
Development of a general theory describing their work hardening is extreme difficult and there is 
stringent need in evaluating the statistical properties of deformation induced dislocation structures. 
Based on transmission electron microscopy (TEM) the dislocation structures are well characterized 
on the micrometer scale [2, 3], however, due to the lack of adequate investigation methods less 
information is available about their properties on the mesoscopic scale, which makes the link 
between micro and macro scales. Developments in electron backscatter diffraction (EBSD) 
performed in the scanning electron microscope allow today the analysis of mesoscale orientation 
properties of deformed structures and reveal that their orientation correlation-length is almost one 
order of magnitude larger than the usual dislocation cell size [4]. This means that simple averaging 
of physical properties over volumes equal to the dislocation cell size is inadequate because such 
volumes are not representative. Unfortunately, EBSD carries information only from a very thin 
subsurface layer of about 10 nm in thickness. This is still adequate for the characterization of the 
true local orientation since the dislocation walls responsible for local orientation changes lay well 
below the irradiated surface [5], but relaxation effects may be expected if one wants to describe the 
local strains. Local changes in the lattice parameter can be more adequately measured only by X-
rays, which have much larger resolution depths than EBSD electrons. 

Aim of the present project was to study local strain variations in plastically deformed copper single 
crystals by the MAXIM method developed at HASYLAB [6]. Reciprocal space scanning was 
performed on two crystals having deformations of �  = 0.10 and �  = 0.15. � -2

�
 diffraction peaks 

corresponding to a small area on the sample (circular region with a diameter of about 20 µm) could 
be obtained with good statistics, the number of counts at peaks maximum being of about 5,000-
10,000. The peak shape was approximated by Gaussian functions, which assured an accurate 
evaluation of peak position and full width at half maximum (FWHM). The relative displacement of 
the peak positions from the average of the image give access to the local elastic strains (stresses), 
while the widths of peaks describe the heterogeneity of deformation, which in a first approximation 
can be interpreted in terms of dislocation density. Regions with broader peaks have larger 
dislocation densities. 

Figure 1a and 1b show the distribution of peak position and FWHM in the sample with strain �  = 
0.10. One can easily observe that the correlation between regions with larger dislocation density 
(larger peak widths marked by B) and larger strain (smaller 2

�
 angle, marked also by B in fig. 1a). 

The same correlation is observed for regions with less dislocations, which have larger 2
�

 positions 
and consequently a negative local strain (regions marked by A). The same remark is valid for the 
sample with strain of �  = 0.15, as shown in figures 2a and 2b. The results are in good agreement 
with the composite model of Mughrabi, which says that in a tensile deformed copper single crystal 
the hard regions containing more dislocations will show after unloading tensile residual stresses 
(positive strains) along the loading direction (near 110 crystallographic direction in our case). For 
soft regions with less dislocations (identified as dislocation cell interiors in the TEM) the composite 
model predicts compressive stresses (negative strains in the direction of loading) as shown by 
present results, too.  

Present results also show that the dislocation structure is heterogeneous on a much larger scale than 
the common “dislocation cell”  size. The amplitude of internal stresses is, however, smaller. 
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Evaluation of the exact value of the stress is under study and requires an adequate calibration of the 
MPC system of MAXIM. Calibration measurements are foreseen during the second beamtime 
related to the project in May 2009. 

Figure 1: Distribution of 2�  peak positions a) and the width of the peaks b) in sample with �  = 0.10 

Figure 2: Distribution of 2�  peak positions a) and the width of the peaks b) in sample with �  = 0.15 
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In the present report we present the results of investigation of luminescence properties for 
nanosized LaPO4:Ce,Tb (LPO) which nowadays is one of the most promising highly luminescent 
phosphors and one of the best candidates for biomedical applications such as  fluorescence 
resonance energy transfer assays, biolabelling, optical imaging, or phototherapy. For bulk LPO it is 
well known [1] that intensive Tb

3+
 luminescence arises under UV excitation of Ce

3+
 ion 

(4f1→4f
0
5d

1
 transition). After energy transfer from Ce

3+
 to Tb

3+
 a green Tb

3+
 emission resulting 

from 
5
D4→

7
FJ relaxation takes place. The energy transfer  mechanism between Ce

3+
 and Tb

3+
 ions 

is not clear so far, however many authors believe that a resonant energy transfer from Ce
3+

 to Tb
3+

 
occurs. On the other hand, in many cases for successful realization of a resonant energy transfer it is 
necessary that the spectrum of the excitability of Tb

3+
 should overlap strongly with a Ce

3+
 decay. 

According to literature data [2, 3] Ce
3+

 emission band does not overlap with 4f
8
→4f

8
 absorption of 

Tb
3+

 in LPO and, therefore, resonant energy transfer processes seem improbable. To our knowledge 
there are not reliable data about energy transfer processes in nanosized LPO. Therefore, the detailed 
investigation of luminescence properties in nanosized LPO was performed in the current study 
using luminescence spectroscopy technique in visible-VUV spectral range. 

Luminescence measurements were carried out using pulsed synchrotron radiation at the 
SUPERLUMI station [4, 5] at HASYLAB (DESY, Hamburg). In the present study LaPO4:Ce,Tb 
(45 mol.%, 15 mol. %) nanopowder (particle size 10-15 nm) was produced by a microwave-induced 
synthesis in ionic liquids. This method is described in detail in [6, 7]. The commercial (micro sized) 
bulk LaPO4:Ce,Tb phosphor (from Philips) was also studied in the present work for comparison.  

Figure 1: Emission spectra of commercial and nanosized LaPO4:Ce,Tb under excitation in Ce3+ absorption 
band (250 nm) (in the center). The spectra consists on two main well-distinguished parts: broad 4f

1
→4f

0
5d

1
 

Ce
3+

 emission band peaking at ~340 nm and sharp Tb
3+

 lines in the green to red spectral range. The spectra 
Ce

3+
 emission are depicted in detail on the left picture, whereas one of the Tb

3+
 line is shown on the right 

picture for both sample in order to demonstrate the lines fine structure.  

Luminescence spectra as well as luminescence excitation spectra are depicted on the Fig. 1-3 for 
both nanosized and bulk LPO samples. The main results obtained can be summarized as follows: 

• The position and shape of the Ce
3+

 emission band are different for bulk and nanosized LPO 
samples (Fig. 1). On the other hand, fine structures of Tb

3+
 lines, which are well resolved in the 

bulk sample, are smoothed significantly in the nanosized sample.  
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• The low energy part of the excitation spectra for both Ce
3+

 and Tb
3+

 emissions (Fig. 2-3 left) are 
different for bulk and nanosized LPO. It means that energy transfer processes could be different 
for bulk and nanosized LPO. 

• In contrast to bulk material where multiplications of electronic excitations were observed, in 
nanosized LPO sample the Ce

3+
 as well as Tb

3+
 emission practically are not excited if the 

excitation energy is higher than 10 eV (Fig. 2-3 right).  

Figure 2: Excitation spectra of Tb
3+

 emission (542 nm) for commercial bulk and nanosized LaPO4:Ce,Tb at 
low temperature. The spectra in wide spectral range are depicted on the right picture, whereas the low 
energy part is shown in detail on the left one. 

Figure 3: Excitation spectra of Ce3+ emission (340 nm) for commercial bulk and nanosized LaPO4:Ce,Tb at 
low temperature. The spectra in wide spectral range are depicted on the right picture, whereas the low 
energy part is shown in detail on the left one. 
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The cerium ions are widely used as activator for development of high efficient scintillator 
materials. In particular, the record values of the scintillation light yield and energy resolution 
among inorganic compounds are achieved for LaBr3-Ce crystal. The stoichiometric compounds 
based on the cerium ions (e.g. CeX3, X=F, Cl, Br ,I) are also attractive objects of detail study with 
aim to elucidate the scintillation mechanisms and to create new effective scintillators. The high 
scintillation light yield was observed for CeBr3 (68.000 ph/MeV [1]) and K2CeBr5 (50.000 
ph/MeV [2]) crystals. Not in all cases of such crystals the values of measured light yield coincide 
with theoretical ones. The possible reasons of this can be the defectiveness of crystals, their 
chemical instability to atmosphere influence, etc. To avoid these disadvatages the study of such 
compounds in the form of microcrystals encapsulated in nonhygroscopic dielectric matrixes can be 
promising. The advantage of such approach for luminescence properties studying was demonstrated 
in KLaCl5-Ce, KLaCl5-Pr microcrystals embedded in KCl matrix [3,4]. 

In this paper we will report on our results of luminescence properties of CeCl3 microcrystals 
embedded in NaCl. The CeCl3 microcrystals embedded in NaCl matrix were obtained during the 
temperature annealing at 600 K along 48 hours in NaCl-Ce(1 mol.%) and NaCl-Ce(0.02 mol.%). 
Time-resolved luminescent spectroscopy studies were performed at T=8-300 K using the facility of 
SUPERLUMI station at HASYLAB. 
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Figure 1: Emission spectra of NaCl-Ce(1 mol.%) and NaCl-Ce(0.02 mol.%) crystals at 8 (a) and 298 K (b) 
upon the excitation in the range of cerium intracenter absorption. 

The inherent for Ce
3+

 ion emission bands peaked at 346 and 373 nm caused by 5d-4f electronic 
transitions are observed in luminescence spectra (Fig. 1). The decay kinetics of cerium emission 
upon the intracenter excitation possesses the single exponential character with decay time constants 
of 15.4 and 17.0 ns for NaCl-Ce(0.02 mol.%) and NaCl-Ce(1 mol.%) crystals, respectively (Fig. 2). 

The peculiarities of cerium luminescence excitation spectra are some evidence of CeCl3 microphase creation 
in NaCl matrix. The emission of CeCl3 microphases is not excited in the range of band-to-band transitions of 
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NaCl matrix at ambient temperature. The similar behavior of luminescence excitation spectra is also 
observed for the cases of other micro- and nanocrystals embedded in dielectric matrixes [4]. As opposed to it 
the cerium emission at low temperatures is effectively excited in the range of band-to-band transitions due to 
reabsorption of σ-exciton emission of NaCl host. The bands inherent for 4f-5d absorption transitions in Ce

3+
 

ions are observed in the transparence range of matrix. Presumably, the luminescence excitation band at 
6.1 eV can be ascribed to 4f-6s absorption transitions in cerium ions. 
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Figure 2: Luminescence decay kinetics for cerium emission upon the excitation in the range of intracenter 
absorption for NaCl-Ce(1 mol.%) and NaCl-Ce(0.01 mol.%) crystals at 8 K. 

The absence of cerium emission upon the excitation in the range of band-to-band transition in NaCl enables 
us to assume that the formation of CeCl3 microphases takes place for both studied samples (NaCl-
Ce(0.02 mol.%) and NaCl-Ce(1 mol.%)). The fact that this pecularity is observed for significantly 
different cerium concentrations (1 mol.% and 0.02 mol.%) indicates the considerable ability of cerium ions 
to aggregation in NaCl matrix. 
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Figure 3: Cerium luminescence excitation spectra for NaCl-Ce(1 mol.%) and NaCl-Ce(0.02 mol.%) crystals. 
Curves: 1 – integral luminescence; 2 – fast component of luminescence. 
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Equal channel angular pressing (ECAP) has been proved to be a promising sever plastic deformation 

technique which can effectively produce ultra-fined or nano-grained various bulk materials [1]. 

Microstructural homogeneity of the ECAPed materials is more attractive when considering the 

practical applications of this technique. Texture evolution in 50 %-ECAPed pure Mg has been done 

under former proposal whose results can be found from the HASYLAB report 2007 [2].  In brief, the 

research results indicated a gradient texture evolution from the input to deformation and output regions. 

A combination of shear and rotation texture components described the texture evolution. However, 

textures at the outer curvature angle region have not still been fully investigated since this angle value 

greatly affects the effective imposed strain [1, 3]. Purpose of the present continued research on the 

textures at outer curvature angle region in 50 %-ECAPed pure Mg is to investigate the deformation 

mode in this region.   

 

In current research, preparation of the ECAPed pure Mg has been in detailed described in former report 

[2]. Samples for measurement were cut from the 50 %-ECAPed pure Mg, as shown in Fig. 1, the billet 

had a outer curvature angle ψ = 36° which covered region AOB. Hard x-rays at HARWI-II-W2 were 

used because of its high local resolution. Three positions were measured along a total length of 5 mm 

in OB direction. The texture measurements were carried out in steps of 5° in ω rotation from -90° to 

90° for complete pole figure without any sample symmetry using the MAR345 detector. Integral 

intensities were calculated to obtain a set of five pole figures (10.0), (00.2), (10.1), (10.2) and (11.0).   

 

The (00.2) and (10.0) pole figures of three positions which marked by a shaded rectangle are shown in 

Fig. 1, respectively.  A mixture component in position 1 is developed, one strong on is the (10.0) fiber 

with its fiber axis near parallel to the ED; and other weak (00.2) girdle can also be observed. In position 

2 one strong orientation in (00.2) with its axis 40 º to the ED and a weak orientation of about 10 º to the 

ND are observed. Surprisingly a girdle in (10.0) is missing which indicates a different deformation 

mode at this middle position. Texture in position 3 shows a more ideal orientation of the grains related 

to the shear direction. Three components are available in (00.2): a strong point maximum 45 º to close 

to the ED; a weak point maximum close to the TD; and a weak girdle at 45 º with a fiber axis in (10.0). 

Surprise is also the missing girdle in the (10.0) pole figure.  

 

It has been widely reported that a theoretical 45º to the extrusion direction shear is exerted on the 

specimen. Current texture result indicates that this ECAP processing is more complicated than a 45 º 

shear. It can be found that the gradient texture evolution indicates that the maximum effective shear 

occurs at the bottom region. Including the outer curvature angle, the friction condition and material’s 

property should all be responsible for the complex deformation mode during ECAP. Due to the 

limitation of page in current report, a submitted paper of the former and current research results has 

given a detailed explanation.    
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Fig. 1 Schematic illustration of the 50 %-ECAPed billet in which the outer curvature angle region AOB 

was investigated in current research (left); the (00.2) and (10.0) pole figures of the region from top AO 

to the bottom (contour levers=1.0 ×, 1.5 ×, …).  
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BaTiO3 (BTO) has been the subject of an enormous number of publications due to its outstanding 
physical properties. At roughly 120°C BTO undergoes a phase transition from the paraelectric 
cubic to a ferroelectric tetragonal phase. At the transition temperature very high ε values are 
observed making BaTiO3 a commercially used dielectric material e.g. in capacitors. Partial 
substitution of Ti4+ by Sn4+ leads to a broadening of the phase transition and to a shift to lower 
temperatures. Furthermore, the values of dielectric maxima increase for the Ba(Ti1-xSnx)O3 
ceramics with higher tin content [1, 2]. For technical applications, dense sintered ceramics are 
required. The dielectric properties are known to strongly depend on the sintering behaviour and 
grain growth during this densification step. 

Samples of Sn-doped BaTiO3 with nominal tin contents of 10 mol% were prepared by a sol-gel 
(SG) and for comparison by the mixed-oxide (MO) method [3]. Figure 1 shows that the phase 
transition and dielectric properties of BaTi0.9Sn0.1O3 ceramic prepared by SG method are distinctly 
different, in comparison to the corresponding MO ceramic. The reason for this behaviour might be 
an inhomogeneous distribution of tin ions in the SG ceramic. 
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Figure 1: Paraelectric to ferroelectric phase transition of BaTi 0.9Sn 0.1O3 ceramics obtained by different 
synthesis methods. 

Although the pronounced effect of tin on the sintering behaviour, phase transition and dielectric 
properties of BTO is evident it is not yet settled that Sn is actually homogenously incorporated in 
the perovskite framework. Since X-ray absorption spectroscopy is highly element specific and 
provides a sensitive probe for the local environments, XAS measurements can help to clarify this 
question. 

XANES spectra at the Sn−LIII absorption edge (3.929 keV) were recorded at the beamline E4 at 
room temperature. Energy calibration was performed against a Sn metal foil. Figure 2 gives the 
spectra of the two Sn-substituted powder samples in comparison to SnO2, BaSnO3 and Ba2SnO4. It 
is evident that the LIII XANES of both studied samples very closely resemble the ones of the pure 
tin-based perovskites, indicating that Sn is incorporated in the perovskite-type lattice. Nevertheless, 
a number of questions remain. First, it is not possible to distinguish between the (pseudo-) cubic 
ABO3 perovskite and the layered A2BO4 Ruddlesden-Popper phase since their absorption spectra are 
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nearly identical. Second, from the XANES it is not possible to decide if the Sn-ions are distributed 
homogenously in BTO or if a segregation in a Sn- and a Ti-rich phase occurs. 
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Figure 2: Sn-LIII XANES spectra of two different tin-substituted BTO powder samples in comparison to 
reference compounds. 

First results of SEM investigations suggest that the grains of the SG ceramic have an 
inhomogeneous distribution of tin concentration as seen from the different brightness in Figure 3.  

 
3 µm

Figure 3: SEM image (Back-scattered electron imaging mode) of Ba(Ti1-xSnx)O3 ceramic (SG). 

 

We plan to address the question of Sn distribution and phase identification in the near future by 
additional EXAFS measurements. Due to the close vicinity of the LIII and LII edges the 
corresponding measurements need to be performed at the Sn-K absorption edge.  In contrast to 
XANES, the extended X-ray absorption structure of cubic perovskites and the layered Ruddlesden-
Popper analogues show clear differences. Furthermore, by data fitting it should be possible to 
distinguish between Ti and Sn in the direct surrounding of tin and therefore distinguish between a 
homogenous substitution and phase segregation.  
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Synchrotron radiation X-ray topography (SR-XRT) is a characterization technique based on the use 
of a high intensity X-ray beam having a continuous spectrum of wavelengths. By using high 
intensity synchrotron radiation, it is possible to characterize structural defects and strain fields in the 
semiconductors. In this work, the transmission topographs of GaN grown on patterned sapphire 
substrates are shown. 

C-plane sapphire substrates used in this study were patterned by using an acid mixture of 
H2SO4:H3PO4 at 300°C. Two different patterns were investigated. The first pattern contained etched 
holes on the sapphire (HS). The second pattern was an inverted version of the first pattern having 
pillars on the sapphire (PS). The GaN films studied in this work were grown in a vertical 3"x2" 
close-coupled showerhead (CCS) MOVPE reactor. Ammonia and trimethylgallium (TMGa) were 
used as precursors for nitrogen and gallium, respectively. The samples including the reference GaN 
film on conventional sapphire (CS), HS and PS were grown in the same run by using the standard 
two step growth method. A low-temperature nucleation layer was followed by 4 um-thick undoped 
GaN grown at a standard GaN growth temperature. The growth was performed in hydrogen 
atmosphere. 

The X-ray beam size was 3 x 2 mm
2 

was in the large-area transmission geometry. The 
measurements were made at beamline F1 of HASYLAB-DESY. The positron ring DORIS had a 
particle momentum of 4.445 GeV/c and a beam current of 80 to 130 mA. The topography images 
were recorded on the high-resolution films, which were digitized afterwards. The sample was set 
tilted 16

o
 from the perpendicular position relative to the X-ray beam. The high-resolution film was 

placed 60 mm behind the sample.   

Fig. 1. shows the large-area transmission topographs of  three samples grown in the same run on the 
different kind of patterned sapphire substrates. The Fig.1 a) taken from the reference sample grown 
on the standard C-plane shows an irregular cellular network having a cell size of roughly 30-40 µm in 
diameter, which is a typical value for GaN films grown on the C-plane sapphire [1]. The Fig.1.b) shows 
similar image of the GaN film grown on the HS substrate. It can be noted that the defect network has 
approximately a similar cell size but significantly more signs of strain than Fig. 1 a). The Fig. 1 c) taken 
from the sample grown on PS substrate shows lighter changes compared to reference sample than HS 
sample. The threading dislocation (TD) densities were calculated from AFM images taken from the samples 
after the selective wet etching of dislocations [2]. It was found that the TD density is reduced from the level 
of 10

9
 cm

−2
 to the level of 2-4 x 10

8
 cm

−2
 by using the HS and PS substrates. However, it was noted from the 

X-ray diffraction and X-ray topography measurements that the choice of the substrate changes the strain of 
the epitaxial structure. 

-31-



 

Figure 1: Large area transmission topograps of the GaN samples grown on the, a) conventional C-plane 
sapphire, b) HS substrate and c) PS substrate. 
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The main goal of this project is the investigation of the chemical order inside bimetallic 3d/4d 
nanoparticules of magnetic interest in relation with the thermodynamics of the systems. The 
particles are elaborated in solution from organometallic precursors and kinetic control of the release 
and aggregation of the metal atoms in nanoparticules is one of several key parameters for the final 
magnetic properties. 

This study is actually a follow up of the previous project dealing with the study of the influence of 
the presence of various surfactants on the chemical order in the nanoparticules kinetic factors being 
stable for the different systems [1-5]. The protocol followed is much the same than previously: 
structural investigations by Wide Angle X-ray Scattering (WAXS) and HRTEM provide 
information on size and average structure, then EXAFS and XANES at both low and high energy 
provide essential access to oxidation state and chemical order. In this previous case, all the different 
studies clearly pointed to a strongly segregated, with Rh at the core and Co as the shell: even for 
relatively small amounts of Rh, WAXS indicated distances much closer to the Rh network than to 
the Co one. Also, Rh-edge EXAFS was very close to the one of bulk metal and Co-edge EXAFS 
pointed to a very disordered environment for Co, dominated by distances with light non-oxidizing 
atoms, actually light atoms from the surfactants (Figure 1) 

 

 

 

 

 

 

 

 

 

 

Figure 1: Uncorrected exafs Fourier transforms modulus of PVPCo1Rh3 at the Co and Rh edges, compared 
with a Rh foil or simulations. 

. 

The last measurements performed on new FeRh samples, on beamline C at Rh-edge and beamline 
E4 at Fe-edge for different Fe/Rh ratios, are quite different (Figure 2). 
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Figure 2: EXAFS function at the Fe and Rh edges for two Fe/Rh ratios. 
 
Measurements are still under analysis, but obviously local environment for both species is quite 
“metallic”, discrepancies being mostly observed for low k values. More over, this environment is 
much less dependant on the composition. These elements strongly point on a much more 
homogeneous dispersion of the elements inside the particles induced by the different (much faster) 
kinetic of decomposition used for these syntheses. 
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Magnetically actuated shape memory alloys such as NiMnGa have recently attracted special 
attention due to large strains achieved by the reorientation of martensitic twin variants. The 
movement of twin boundaries under a magnetic field resulting from the high 
magnetocrystalline anisotropy leads to a magnetic field induced strain (MFIS)1,2. During 
cooling from high temperatures NiMnGa alloys experience different phase transitions, from 
B2 (cubic) via L21 (cubic, austenite) to martensitic structures. Depending on the chemical 
composition and heat treatment at least three martensitic structures can be distinguished in the 
NiMnGa system (7M modulated, orthorhombic, space group Fmmm; 5M modulated and non-
modulated, both tetragonal, space group I4mmm)3-5. However, MFIS only exists in the 5M 
and 7M modulated structures. 
 
Until now, MFIS has been mainly reported for NiMnGa single crystals. Since for large-scale 
production, growth of single crystals is economically unfavourable, it is necessary to 
investigate polycrystalline samples on their suitability for MFIS. Therefore, to also obtain this 
effect in polycrystals, fabrication processes to produce strong textures are needed. One 
practical way to achieve a preferred crystallographic orientation in polycrystalline aggregates 
is hot extrusion. 
 
A polycrystalline ingot of composition Ni50Mn29Ga21 (5M) was produced by casting into an 
iron mould. To decrease friction during extrusion, the cylindrical ingot (100 mm length, 50 
mm diameter) was canned in steel. Extrusion was done at 1000°C with an extrusion ratio of 
4/1. Three cylindrical samples with height and diameter of 10 mm were cut from the extruded 
rod at the front, middle and end. 
 
The textures were measured by diffraction of high-energy synchrotron radiation (100 keV) 
using the GKSS materials science beam line HARWI-II at DESY in Hamburg, Germany. Due 
to the high penetration depth of synchrotron radiation, texture measurements in transmission 
allow to collect orientation data from a relatively large sample volume, i.e. with a good grain 
statistics. The orientation distribution function (ODF) was calculated from the measured pole 
figures ({400}, {224}) using LABOTEX software. The ODF was used to calculate the inverse 
pole figures of the extrusion direction. 
 
During extrusion the material mainly experiences axisymmetric tension. This deformation 
mode applied to NiMnGa alloys in the B2 phase field produces a <100>/<110> double fibre 
texture (Fig. 1). It is typical for hot extruded B2 intermetallics6,7 having experienced 
continuous dynamic recrystallization. During cooling the NiMnGa alloy transforms to the L21 
cubic structure and finally to the 5M tetragonal structure. The latter transformation is such 
that the tetragonal (001) plane and [110] direction are parallel to the cubic (001) plane and 
[100] direction, respectively. Thus, three orientation variants of the tetragonal unit cell are 
possible. Figure 1 shows that a variant selection takes place with [110] preferentially aligned 
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along the extrusion axis. The reason may be stresses developed during cooling. The textures 
of the front and end samples are comparable to that of the middle sample, however, their 
variant fractions are different. 
 
 

 
 
Fig. 1: Inverse pole figure of the extrusion direction of the tetragonal 5M structure measured 
in the middle region of the extruded rod (intensities are given in multiples of a random 
distribution, mrd). 
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Introduction 

The use of liquid alcohols as anode fuel is anticipated to make fuel cells competitive with batteries 
in applications with long run-time and low power requirements. Direct ethanol fuel cells (DEFC), 
however, suffer from the complex oxidation reaction and insufficient long-term stability. For the 
design of better catalysts, a deeper insight into reaction mechanisms and their correlation with 
structure is required. The extended X-ray absorption spectrum was used to evaluate the structural 
changes, while the new ∆µ-XANES method was applied to get insights into number and kind of 
adsorbates on the catalyst surface, which again helps to further elucidate reaction mechanisms. 

 

Experimental 

The electrochemical characterization was carried out in a fuel cell during half cell tests. Therefore 
the former cathode side was fed with hydrogen instead of oxygen and thus working as a dynamic 
hydrogen electrode (DHE). After a measurement of the blank catalyst in its dry state the 
investigated electrode was reduced with hydrogen and a CV measured. Then, either water or the 
alcohol solution was introduced into the cell and several potentials applied. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Normalized spectra taken in transmission mode on the Pt L3 edge at different potentials and 
atmospheres on a carbon supported Pt catalyst. 
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Results  

 
The ∆µ is shown in Figure 2 for the carbon supported Pt catalyst. It can be seen that the catalyst is 
oxidized in its dry state (Exsitu) and is reduced in ethanol solution. The signatures obtained during 
open circuit potential (OCV), 100 mV and 450 mV show that C-species, mainly CO and CHx are 
adsorbed. At 950 mV, the signature is shifted towards lower energies due to O(H) groups formed on 
the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: ∆µ signatures for the Pt/C catalyst in its dry state (Exsitu) and during operation with 1M aqueous 
ethanol solution (EtOH). The spectrum with water at 450mV was subtracted. 

The EXAFS results are shown in Table 1. For the platinum catalyst a significant change in structure is only 
seen, when the catalyst becomes reduced. From the coordination number a dispersion D of 0.7 is 
estimated.[1] This information again can be used to calculate adsorbate coverages from the ∆µ(E), as 
described elsewhere.[2]  The maximum coverage is achieved at 450 mV with 0.4 ML/active surface area by 
assuming that 10% of the catalyst surface is active. 

Table 1: EXAFS parameters obtained by R-space fit for the CCM with Pt electrode. (∆k = 2-14.5Å-1
, ∆R = 

1.5-3.2 Å) 

Condition NPt-Pt  (NPt-O) RPt-Pt  (RPt-O) / Å σ
2 

/ Å2
 E0 / eV 

Exsitu 8.0 (0.6) 2.76 (1.98) 0.0054 8.4 

EtOH OCV 8.7 2.76 0.0054 8.7 

EtOH 100mV 8.8 2.76 0.0054 8.3 

EtOH 450mV 8.6 2.76 0.0054 9.2 
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CsBr:Eu2+ is an x-ray storage phosphor with high sensitivity and the potential for high spatial 
resolution due to its needle like structure occurring by evaporation synthesis technique. By the 
absorption of ionizing radiation the material forms electron and hole centers. The electrons can be 
trapped in anion vacancies forming F-centers whereas the holes are supposed to be trapped at Eu2+. 
By the stimulation of an F-center the trapped electron is released and recombines with a hole 
nearby an Eu2+ leading to the photostimulated luminescence (PSL).  

It was found that the PSL emission spectra differ from the photoluminescence (PL) spectra [1]. The 
PSL emission maximum shifts to higher wavelength and the band gets broader. We suggest that 
this difference is due to different kind of luminescent centers. Eu2+ is charge compensated either by 
a neighbouring Cs vacancy (VCs) or by a divalent oxygen ion, whereby the resulting Eu2+-O2- 
dipole is stronger than the Eu2+-VCs dipole [2]. The Eu2+-O2- dipole is therefore the more efficient 
trap for holes and therewith the most probable PSL emission center.  

In the PSL process a recombination of an electron and a hole trapped at Eu2+ provide the energy for 
the Eu2+ luminescence. The recombination of excitons at Eu could lead to the same result and 
therefore we expected to observe also a broadened and shifted Eu2+ emission by stimulating 
excitons compared to a spectrum excited in the T2g and Eg absorption bands of Eu2+ 4f65d level. 

 

 

 

 

 

 

Figure 1: Excitation of CsBr:Eu for the emission at 440 nm (left), and emission for different excitation 
wavelength (right). Both measured at room temperature.  

Fig. 1 shows the excitation spectra of CsBr:Eu2+ for the emission at 440 nm (left). The maxima 
above 220 nm are due to the absorption of Eu2+. Excitation in this regime (245 and 335 nm) lead to 
the to the emission band with a maximum at 448 nm, whereas the excitation at lower wavelength 
(194, 178, and 168 nm) is due to the 460 nm emission. The emission bands at around 400, 520, and 
560 nm (not discussed here; last two just seen as shoulders on the high wavelength side) only vary 
in intensity. The maximum of the Eu2+ emission changes from 448 nm to 460 nm when varying the 
excitation wavelength from direct excitation of Eu2+ above 220 nm to the generation of excitons 
below 220 nm. This suggests that excitons and photostimulation of F-centers both lead to a 
recombination near the same kind of luminescent center, most probably the Eu2+-O2- dipole.                               

A. Popov and V. Pankratov are gratefully acknowledged for invitation and scientific support. 
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The current motivation for the synthesis of heterometallic inorganic-organic hybrid 

materials incorporating paramagnetic [M(CN)8]
n-

 (M = Nb
IV

,  Mo
V
 , W

V
) ions is the 

merging of multi-functionality into these systems. Engineering of these materials by 

selecting appropriate paramagnetic octacyanometalate building block, 3d-metal ion, 

and organic ligands is key to understanding of possible synergies between magnetic 

coupling, magnetic ordering Tc and physicochemical properties associated with their 

often porous natures.  

Studies of coordination networks with reversible tunable functional features very 

often include powder or amorphous samples. Incorporation of XAS and related 

techniques into this area of research may be extremely important in illustrating the 

character of the transient and final states of studied materials. In this report we 

present a preliminary XANES/EXAFS characterisation of the selected W
V
Cu

II
 

octacyanometalate-3d metal ions-based cyano-bridged coordination networks. The 

biggest challenge for using synchrotron radiation is the strong photo- and thermal-

sensitivity of cyano-bridged coordination networks.  

XAS experiments have been performed at the beamline C at Doris storage ring in 

absorption mode at 77K simultaneously with metallic W (or Cu) foils, at W:L3 and 

Cu:K edges. Three samples have been measured: (dienH3)[Cu
II
W

V
(CN)8]3 4H2O 

(sample 1, [1]), Cu
II

2.97{Cu
II

4[W
V
(CN)8]2.06[W

IV
(CN)8]1.94} 4H2O (sample 2, [1]), 

and K4W
IV

(CN)8 2H2O (sample 3). Powder samples has been mixed with different 

binding materials, such as cellulose, boron nitride or polyethylene, and pressed into 

pellets. There was no clear influence of the used filler or radiation damage visible in 

the XANES spectra, during scans of 10s.  

XANES spectra at Cu K edge, for samples 1 and 2, show the same edge energy of 

8984.5(2) eV, thus the valence state of copper is unchanged and can be assigned to 

Cu
II
. XANES spectra at W L3 edge show the same edge energy of 10210.5(3) eV and  

increased area under white line. The area under white line for L edges can be 

attributed to the valence state of investigated elements thus the smaller area for 

sample 3 and larger for sample 1 can be assigned to W valence state of 4+ and 5+, 

respectively. The area under the white line for sample 2, is between samples 1 and 3, 

thus the valence state of W in this sample is between 4+ and 5+. These results are in 

agreement with results presented in [1]. 

EXAFS spectra at W L3 edge show identical first two peaks amplitudes and positions 

for all three samples, which corresponds to C and N nearest neighbour shells, 
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respectively. The EXAFS peak at 5.1(2) Å corresponds to the Cu nearest neighbour 

shell. The higher amplitude of this peak for sample 2 than for 1 can be explained as 

the formation of additional W-Cu cyano bridges and changing from 2D to 3D 

coordination networks. 

The lack of this peak for sample 3 is also in agreement with crystallographic 

structure data. 

Initial XAFS experiments on 3d ion cyano-bridged coordination networks shows 

that this technique can be used successfully. The photo-sensitivity of these samples 

can be greatly reduced by decreasing the temperature and the exposure time. 
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Figure 1: EXAFS spectra of samples 1, 2 and 3 (see text above) at W:L3 edge, with XANES spectra (upper 
inset) and χ(k)*k

3
 spectra (bottom inset). 
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High energy synchrotron diffraction and thermal neutrons are attractive due to the high penetration 
power [1]. Particular for texture gradients in compact samples a kind of local measurements favours 
high intense synchrotron radiation. In these cases absorption and extinction plays an important role on 
the quality of quantitative texture results [2]. Mass absorption coefficient, scattering behaviour and 
photon beam path in the sample have to be taken into account. The present investigation deals with the 
influence of the sample shape of rolled Al-samples on the pole figure quality. The test sample an 
Al7020 alloys has a well developed strong rolling texture. The as-rolled Al7020 sheet was machined 
into four specimens with different shape of Ø 11 mm round, 11×11 mm2 quadratic, 11 × 22 mm2 and 
11 × 33 mm2 rectangular, as shown in Fig. 1, these four specimens were clipped in the new sample 
changer at HARWI-II. The texture measurements were carried out in steps of 5° in ω rotation from -90° 
to 90° for complete pole figures using the MAR345 detector at a wavelength of 0.01523 nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Set of investigated Al7020 samples mounted on the new sample changer at Harwi-II  
 
One sample takes about 90min with a high counting statistics, so that the whole set of samples was 
measured in about 6h. A typical area detector image and its sum diffraction pattern are shown in Fig. 2, 
respectively. Integral intensities were calculated using the software package STRESS-TEX-Calculator 
to obtain data of three pole figures (111), (200) and (220). For comparison, (111) and (200) pole figures 
were plotted only with background correction, see Fig. 3. Al, as light materials, is known for its low 
absorption compared to steel, tungsten or lead. The influence of the shape is seen by the decreasing 
texture sharpness from ideal round sample (26.3 mrd) to rectangular samples (23.0 mrd). It has to 
noticed, that two effects working opposed. For rectangular sample different ω-positions lead to 
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variation of the gage volume. On one hand an increasing gage volume gives higher intensities and on 
the other hand an increasing beam path in the sample results in higher absorption which reduces the 
scattered intensity. Consequently, corrections for absorption and constant volume are necessary.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Mar345 image of rolled Al7020 (left) and its sum diffraction pattern (right).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: (111) and (200) pole figures of Al7020 with different sample shape 
            (RD is to the top, contour levels= 1.0, 3.0, 5.0, . . .).  
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The problem of impurity and defect states in IV-VI narrow-gap semiconductors is of crucial 
importance from the point of view of their practical application in IR optoelectronics. As far as lead 
telluride based semiconductors are concerned, employment of X-ray Absorption Fine Structure 
(XAFS) techniques have already enabled us to address some of the key issues regarding impurities’ 
exact positions, their valent states, as well as the local structural changes of the host lattice in their 
immediate surrounding [1]-[4]. Depending on the properties of the particular impurity atom, various 
qualitatively new properties can be induced in the host material upon doping [5]-[8]. Whereas 3d 
metals (Cr, Co, Ni) induce interesting electronic (free carriers concentration and Fermi level 
pinning) and optical (strong plasmon-phonon coupling, activation of local optical modes) 
properties, magnetic impurities such as Yb can lead, for example, to appearance of giant 
magnetoresistance. In case of large difference between ionic radii and polarizability of the 
interchanging ions off-centering effect can occur, when impurity atoms are displaced from the 
regular lattice positions creating that way electric dipoles whose ordering is responsible ferroelectric 
phase transition (FPT) at low-temperatures.  
 
As an extension to our previous 
investigations, XAFS measurements 
in the fluorescence mode were 
performed on the uniformly doped 
PbTe:A (A=Ni, Yb, Cr) crystals in 
the temperature range 20-293 K at 
the X1 (Te K-edge and Yb LIII-edge) 
and at the A1 beamline (Pb LIII-, Ni 
and Yb K-edge ) of HASYLAB at 
DESY. According to preliminary 
analyses results, local structure 
around Ni atoms in PbTe:Ni 
strongly deviates from the expected 
for the host structure (fcc/ NaCl-
structure type/ Fm3m space group). 
At this stage and using ATHENA 
and ARTEMIS codes [9] we were 
able to extract from the EXAFS 
region (Figure 1. upper part), only 
the parameters of the first 
coordination shell around Ni. This 
shell consists of six Te atoms in 
octahedral symmetry, placed at the 
distance 2.580(6) Å, which is close 
to the one present in NiTe2 
compound. 

 
Figure 1: Fourier transform of the Ni K-, Yb and Pb LIII-edge 
EXAFS spectra taken at 20 K (black line-experimental data, red 
line-fit). 
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Full multiple scattering theoretical 
simulations of the XANES region 
(performed with FEFF 8.2 [10]) 
supported the assumption of the 
distorted local structure around Ni 
atoms. From the comparison of the Ni 
K-edge experimental XANES spectra 
with different models presented in 
Figure 2. it can be seen that the 
structure around Ni atoms is indeed 
more NiTe2-alike (hcp/ CdI2-structure 
type/ P-3m1 space group). In case of  
PbTe:Yb sample we were able to 
analyze Yb LIII-edge EXAFS data up 
to the third coordination shell (see 
Figure 1. middle part). The analyses 
revealed an ordered structure with all 
the atoms at their almost ideal 
positions: Te atoms in the first shell at 
3.285(5) Å, Pb atoms in the second 
shell at 4.61(1) Å and Te atoms in the 
third shell at 5.60(1) Å. These only 
slightly differ from the distances 
obtained for the first three 
coordination shells around Pb in the 
same sample and temperature: 
3.250(4) Å, 4.574(7) Å and 5.62(2) Å 
(see Figure 1. lower part). After 

completing the analyses of all elemental absorption edges data, we expect to be able to resolve fine 
details of the XAFS spectra and to establish relations between the local structural changes around 
Ni, Yb and Cr in PbTe systems and observed electronic, optical and magnetic phenomena. 
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Figure 2: Ni K-edge XANES simulations for different types of 
Ni local environment. Top to bottom: Ni atom in an ideal 
octahedral position in PbTe; Ni atom off-centered along [111] 
direction; Ni atom in an ideal octahedral position in NiTe2; Ni 
atom surrounding composed of combined PbTe and NiTe2 
structures in the ratio 4:2; Te atoms octahedron around Ni 
rotated from NiTe2 in PbTe position. On the very bottom 
experimental Ni K-edge XANES spectra of the sample 
PbTe:Ni taken at 20 K is given. 
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In-situ investigation of materials under loading conditions enables new insights into the kinetics of 
governing physical processes. Nondestructive investigation techniques using hard synchrotron 
radiation enable for example to study the deformation behavior of single grains embedded in the 
bulk of the sample. The three dimensional X-ray diffraction (3DXRD) method developed at the 
European Synchrotron Radiation Facility (ESRF) [1] was successfully applied to study texture 
evolution during deformation [2], the response of single grains to external stresses [3], or phase 
transformations [4]. From the point of view of structural materials consisting mainly of polycrystals 
the micro and meso-scales are of significant importance, since only investigations at this level give 
the unbiased information necessary to understand grain interactions. Determination of local strains 
and stresses in single grains during loading represents one of the major challenges that is expected 
to be solved by the 3DXRD technique [5]. A new evaluation procedure is presented to characterize 
the orientation and position of single grains within the bulk of a polycrystalline sample. Considering 
the symmetry properties of Friedel-pairs the contributions to reflection spot positions arising from 
grain orientation and position could be clearly separated. The proposed method avoids simultaneous 
fitting of all grain parameters with the goal of a higher accuracy [6].  

Diffraction experiments using monochromatic synchrotron radiation at HASYLAB have been 
carried out. The experimental station HARWI II was used which is equipped with a Mar345 Image-
Plate Scanner with a pixel size of 100µm. For investigations radiation energy of 70 keV was 
selected and a sample-to-detector distance of 900mm. The beam size was about 1 mm x 0.1 mm 
which assured the illumination of the sample over its whole diameter. For the ‘ in-situ’  experiment 
the copper sample was mounted on a small-tensile machine (Fig.1), which was placed on a x-y stage 
allowing a good alignment in the diffractometer. The stage (with the test machine) was rotated 
about an axis (� ) perpendicular to the x-y plane in steps of 

� �  = 0.75°. The grains fulfilling the 
Bragg condition during the rotation step gave rise to diffracted beams, which were collected by the 
detector aligned perpendicular to the direct incoming beam. To obtain the most information from 
the illuminated grains the sample was rotated in an interval of 240°. During each exposure, the 
sample was oscillated by ±

� � /2. 

Figure 1: Miniaturized tensile testing device with copper sample 

Figure 2 shows the measured intensity distribution of 311 diffraction peaks corresponding to single 
grains as a function of azimuthal angles (� , � ). It is visible the broadening and change in shape of 
the intensity distribution as a result of plastic deformation. Applying the new evaluation procedure 
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based on the position of centre of mass (CM) of the intensity spots the orientation of single grains 
and its change during tensile straining of the sample could be evaluated. 

Figure2: Azimuthal intensity distribution (� , � ) of 311 peaks corresponding to single grains at zero- 
and 4% deformation 

The orientation results are shown in figure 3a, the red and blue dots indicating the initial and final 
orientations (at �  = 4%), respectively. The numbers are indicating the corresponding disorientations. 
The accuracy of the indexing method is exemplified by figure 3b, which shows the CM position of 
the grains in the sample. It indicates that the sample moved laterally during straining. These results 
show that in the method developed the parameters describing the grain coordinates can be well 
separated from the parameters describing crystallographic orientation of the grain, leading to higher 
accuracy. Based on evaluation of simulated data the indexing method developed has an error of about 
0.1° for grain orientation and of about 1/3 of detector pixel size for the CM position of the grains. 

Figure 3: Orientation change of single grains during uniaxial tensile straining of the polycrystalline sample 
up to 4% deformation a) and movement of crystallites CM position during deformation b) 
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Mixed valence vanadates AV6O11 (A=Na, K, Sr, Pb, or Ba) crystallize in structures closely 
related to magnetoplumbite at ambient conditions [1-5]. They have arisen much interest due 
to their magnetic and electrical properties (see references in [5]). Their structure is 
characterized by V(1)O6 octahedra which share common edges and form a Kagomé net 
normal to [001] (see Figure, top). These layers are connected in the direction of c via dimers 
of face sharing V(2)O6 octahedra and trigonal V(3)O5 bipyramids. The A atoms are 
incorporated into cavities of the vanadium oxide framework. The maximum symmetry for 
all members of the family is P63/mmc (Z=2).  

We are especially interested in temperature and pressure induced structural changes and 
charge ordering within the individual representatives of this family of compounds. In 
NaV6O11 the observed changes seem to be entirely explainable based on volume effects, 
which is not the case for other compounds e.g. BaV6O11 [6]. This difference could be 
related to a more flexible valence distribution in BaV6O11, when compared to NaV6O11.  

In the highest symmetrical phase, NaV6O11 is a Curie-Weiss paramagnetic metal [7]. At 243 
K, it undergoes a second order phase transition, in which the symmetry reduces from 
P63/mmc to P63mc [8]. In the acentric phase, the V(1)O6  octahedra form trimers with a 
regular triangular shape (see Figure, middle). A 51V-NMR study revealed that the V(1) atom 
shows a spin gap character with a spin-singlet ground state, while the V(2) and V(3) atoms 
maintain their local magnetic moment [4,9]. We could demonstrate that the transition 
P63/mmc to P63mc can be induced also by the application of hydrostatic pressure [10].  

NaV6O11 is the only representative of the family, which undergoes a second structural 
transition: at 80 K a first order phase transition P63mc (Z=2) to Cmc21 (Z=4) takes place. 
Up to now, this transition has only been characterized based on powder diffraction data.   In 
the lowest symmetry phase the V(1)O6 trimers distort into isosceles triangles [8,11,12]. In 
addition, below Tc=64.2 K, NaV6O11 exhibits a uniaxial magnetic anisotropy with the easy 
axis of magnetization parallel to [001] [7]. Up to now, the magnetic structure has not been 
determined experimentally.  

The detailed knowledge of the orthorhombic structure of NaV6O11 could provide important 
clues for the understanding of the charge ordering and phase transitions, observed in this 
family of mixed valence compounds. We therefore decided to study the low temperature 
phase in more detail using synchrotron single-crystal diffraction. We measured the 
diffraction intensities of NaV6O11 at beamline D3 of the Hasylab using a He-cryostat 
(Helijet, Oxford Diffraction) at a wavelength of 0.45 Å with a point detector. The symmetry 
reduction from P63mc to Cmc21 suggests the formation of three twin individuals and we 
could indeed see a splitting of our reflections into three partly overlapping peaks. Naturally,  
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the pseudomerohedral twinning affects the data quality, yet we could refine the low 
temperature structure with very high precision using a twin model in which the three 
individuals are related via a 3-fold axis in the c-direction. A detailed analysis of the low 
temperature phase is currently under way.    
                                                               

 

      290 K                                               100 K    

 

                                                                    30 K 
Figure: The Kagomé net perpendicular to [001] at 290, 100 and 30 K. The V(1)-V(1) distances are indicated. 
The V(1), V(2) and V(3) atoms are shown as white, yellow, and black spheres, respectively.  
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Fig. 1: Comparison of O 1s XPS  spectra 
recorded from oxygen-plasma treated CNTs (f-
CNTs) and after deposition of 5 Å of Rh. 
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As the conventional CMOS technology reaches its scaling limits, alternatives such as carbon 
nanotube (CNT)-based electronics have been extensively explored. The reduction of dimensionality 
of interconnects in these new systems leads to electrical contacts with the contact formation 
chemistry dominating the electrical performance. Various metals have been investigated as possible 
candidates for contacting CNTs, experimental results and calculations seem to agree that Ti and Pd 
are the best candidates superior to conventional metals previously used in electronics, such as Au, 
Al, and Pt, which have high resistance Schottky barriers. Recently, Rhodium (Rh) has been shown 
as a metal capable of forming high quality electrical contacts.  
 

Understanding the interaction between Rh and the CNT surface is a key issue in designing and 
optimizing actual applications. In the present study of the Rh-CNT interaction, pristine and oxygen-
plasma, treated CNTs with different amounts of Rh deposited onto their surface were analyzed. The 
Rh was deposited at room temperature by e-beam evaporation. The morphology of the Rh 
coverages was observed by transmission electron microscopy (TEM); their electronic structures and 
their interaction with the CNT surface were investigated by photoelectron spectroscopy (PES) at a 
photon energy of 3.5 keV. The experiments were carried out at beamline BW2 at Hasylab.   
TEM images (not shown) of small amounts of Rh evaporated onto pristine and oxygen plasma 
treated CNT surface show that Rh clusters nucleating on 
plasma-treated CNTs are smaller and more uniformly 
dispersed than those nucleating on pristine CNTs.  
 

The interaction between the Rh clusters and the CNT 
surface is studied by XPS. Comparison of O 1s spectra 
recorded before and after Rh deposition (Fig. 1) reveals a 
chemically shifted component at the low-binding-energy 
side of the peak, which occurs upon the Rh deposition. 
The chemically shifted component is indicative of 
rhodium clusters that nucleates in the proximity of 
oxygenated defects, which are created by the plasma 
treatment. Therefore, the improved Rh cluster dispersion 
observed for the plasma treated MWCNTs can be 
associated with the presence of dispersed oxidized 
vacancies at the CNT surface, which are created during 
plasma treatment.  
 

Figure 2 compares line shapes of the C 1s XPS spectrum 
recorded before and after evaporating a coverage of 5 Å 
of Rh onto pristine (Fig. 2a) and plasma functionalized 
CNTs (Fig. 2b). The spectrum for the Rh/CNTs was 
shifted by 0.3 eV in order to align peak positions. Chemical modification of the CNT surface 
caused by the plasma treatment results in a chemically shifted component around 286 eV binding 
energy (Fig. 2b). This structure was reported to arise from carbon atoms in hydroxyl, carbonyl and 
carboxyl (or ester) groups that were bonded to the CNT surface by the oxygen plasma treatment.1 
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Fig 3: Rh 3d core level XPS spectra for Rh 
coverages of (a) 1 Å, (b) 2 Å, (c) 5Å 
nominal thickness deposited on pristine 
CNTs, and of (d) 1 Å, (e) 2 Å and 5 Å 
nominal thickness deposited on oxygen-
plasma-treated CNTs. 

The pronounced asymmetry of the C 1s peak recorded on 
graphite -like materials reflects the high density of states (DOS) 
near the Fermi energy level (EF).

2
 Hence, the increased C 1s 

peak asymmetry observed upon Rh deposition suggests changes 
in the DOS near EF, leading to a more metallic character in 
comparison to graphene sheet. Moreover, the C 1s peak 
component chemically shifted (~ 0.3 eV) upon Rh deposition 
can be associated to charge transfer across the Rh-CNT 
interface. A less pronounced C 1s peak asymmetry for 
functionalized CNTs (figure 2b) after Rh evaporation can be 
associated to the formation of C-O-Rh bonds (Fig. 2b). These 
bonds can act as an electrical barrier reducing the interaction of 
Rh atoms with the CNT-surface. 
Two effects can contribute to the reduction of the relative 
intensity of the structure centered at 286 eV after deposition of 

5 Å of Rh: First, the formation of C-O-Rh bonds will change the 
screening of the C-O bonds, thereby changing the binding energy 
of their C 1s levels. A second effect to be considered is that C 1s 

photoelectrons experience inelastic losses when passing through Rh clusters, no longer contributing 
to the C 1s main peak. As suggested before, if Rh nucleation occurs mainly in the proximity of 
oxygenated defects, a pronounced reduction in the contribution of photoelectrons emitted from C 
atoms belonging to oxygen groups that are localized mainly under the Rh clusters will show in the 
C 1s XPS spectrum.  
 

The Rh 3d core-level spectrum recorded after deposition of 5 Å of Rh on CNTs (Figs. 3f and 3c) 
exhibits a metallic bulk-like line-shape, whilst the spectra 
recorded for lower amounts exhibit a line shape characteristic of 
metal clusters formation: For a Rh coverage of 1 Å, the width of 
the Rh 3d peak recorded on the plasma functionalized samples 
is larger than for the one recorded on the pristine CNTs (Fig. 3d 
and 3a). This increase can be caused by the formation of Rh-O 
bonds. However, we cannot rule out a broader distribution of 
cluster sizes. Initial-state effects can result from changes in the 
electronic configuration due to different chemical states (e.g. 
formation of Rh-O bonds) and quantum-size effects due to 
limited cluster dimensions.  
 

Acknowledgements 
This work was supported by the Belgian Program on 
Interuniversity Attraction Pole (PAI 6/1 and PAI 6/27), by 
DESY-HASYLAB and the EC under contract RII3-CT 2004-
506008 (IASFS). JG is research associate of NFSR (Belgium).  
 

References 
1 A. Felten, J. Ghijsen, J.J. Pireaux, R.L. Johnson, D. Liang, G. Van Tendeloo, and C. Bittencourt 
J. Physics D: App. Phys. 40 (2007) 7379-7382 

 

2 S. Hüfner, Photoelectron Spectroscopy, third ed., Springer-Verlag, Berlin (2003) p. 173. 

282 285 288 291 294

 

 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Binding Energy (eV)

 
 

 
 

f - 
Rh/f 

 
Rh/

Figure 2 : Comparison of C 1s XPS spectra 
recorded from (a) pristine and Rh coated 
CNTs and (b) f-CNTs and Rh coated f-CNTs. 
Nominal amount of Rh is 5Å.  

 

f-CNT 

f-CNT/Rh 

CNT 

CNT/Rh 

b) 

a) 

-51-
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Nobel metal nanoparticles are interesting due to their strong surface plasmon effect. The spectral 
position of the resonance and thus the colour of the particles depend strongly on the size of the 
particles. [1] We studied prism-shaped silver nanoparticles, which grow photochemically under 
laser irradiation. From optical absorption it was concluded that the irradiated solution contains two 
types of nanoparticles. One type are nanoparticles that are present also in the initial yellow solution 
before irradiation and the other is their aggregates of certain size. After 90 minutes of irradiation, 
the solution contains only aggregates that give the solution a blue colour. 

Three dilute solutions were selected for measurements. These were initial (yellow), 45 min 
irradiated (green), and 150 min laser-irradiated (blue) nanoparticle solutions. Scattering intensities 
from the solutions were measured at the B1 beamline at HASYLAB. The solutions were in glass 
mark tubes of 4 mm in diameter. The energy of photons was 12 keV and the sample-to-detector 
distance was 3635 mm. 

Figure 1 shows one of the measured scattering intensities. Volumes of the particles in the yellow 
and blue solutions were obtained by calculating the invariant Q. The volume of a yellow particle 
was estimated to be about 210 nm3 and the volume of a blue particle about 4600 nm3. From this one can 
calculate that one blue particle consists of about 22 initially yellow particles (error estimation 20 %). The 
scattering intensity of the green sample was fitted with the intensities of yellow and blue samples. It 
was concluded that the scattering from the green solution can be fitted by assuming a mixture of 
yellow and blue solutions in about 1:1 volume ratio. According to this simplified mixed model 
about every 23rd particle in the green solution is about 45 nm in diameter (blue) and the rest are 
about 10 nm in diameter (yellow). 
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Figure 1: SAXS data of triangle shaped nanoprisms as measured at the B1 beamline at HASYLAB (dotted 
black line). Ccorresponding data measured at I711 beamline at MAX-lab is shown for comparison (solid 

line). Here q = 4πsin(θ)/λ. Inset shows a cryo-TEM image of a nanoprism particle.  

Acknowledgements: This study was funded through the contract RII3-CT-2004-506008 (IA-SFS) of the 
European Commission. 

References 
 

[1] D. Aherne, D. M. Ledwith, M. Gara, and J. M. Kelly, Adv. Func. Mater. 18, 2005 (2008) 

-52-



Structural characterisation of ion-implanted 

strained silicon 
 

K. Horan1, A. Lankinen2, L. O’Reilly1, N.S. Bennett3, P.J. McNally1,  
B.J. Sealy4, N.E.B. Cowern3, T.O. Tuomi2  

 
1 Nanomaterials Processing Laboratory, Research Institute for Networks and Communications Engineering 

(RINCE), 
School of Electronic Engineering, Dublin City University, Dublin 9, Ireland 

2 Micro and Nanosciences, Micronova, Helsinki University of Technology, P.O. Box3500, FIN-02015TKK, 
Finland 

3 School of Electronic, Electrical and Computer Engineering, University of Newcastle, Newcastle upon Tyne 
NE17RU, UK 

4 Advanced Technology Institute, University of Surrey, GuildfordGU27XH, UK 
 
 

The production of low resistance ultra-shallow junctions for e.g. source/drain extensions 
using low energy ion-implantation will be required for future CMOS devices. This 
architecture will require implants which demonstrate high electrical activation and nm range 
depth profiles. We investigate the properties of Sb implants in tensile strained silicon due to 
their potential to satisfy these criteria and the mobility enhancements associated with tensile 
strained silicon. Low energy (in this case 2keV) implants coupled with Sb’s large atomic 
radius are capable of providing 10 nm implant depths. In addition to this, Sb demonstrates 
higher electrical activation in the presence of tensile strain, when compared with the more 
traditional n-type dopant, As. Graded Si1−xGex virtual substrates (VS) with 0.1≤x≤0.3 were 
used as template substrates upon which tensile Si  layers were grown.  

 
Prior to implantation the quality of the strained layer and SiGe buffer is assessed using 

synchrotron X-ray topography (SXRT) and high-resolution X-ray diffraction (HR-XRD). By 
way of example Fig. 1 shows a 1

!

17  large area back reflection topograph of the strained 
silicon sample grown on the Si0.77Ge0.23 substrate. The entire SiGe buffer layer (~3 µm) is 
imaged here as the X-ray penetration depth (tp) for this 1

!

17  reflection is 15.8 µm. Two 
major features of note are observed in the topograph. Firstly, the cross-hatched pattern 
running along two perpendicular 110 directions. This is an image of the array of misfit 
dislocations (MD) common in strained silicon samples [1]. These MDs provide strain 
relaxation in the VS, necessary for stable strained silicon epilayer growth. This strain 
relaxation is further confirmed by HR-XRD reciprocal space map (RSM) data (not shown). 
These misfit dislocations are observed in all samples. The second feature in the topograph is 
the presence of a lighter intensity, overlapping diffraction image, labelled “S” in Fig. 1. This 
displaced image indicates that a region of the SiGe buffer is tilted with respect to the 
substrate, this tilting results in a different Bragg angle for this region and therefore a slight 
displacement on the recording film. This tilt is also confirmed by HR-XRD RSM data. 
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Fig. 2 shows a large area transmission topograph of the strained silicon sample grown on a 

30% Ge virtual substrate. The large “box-like” structures bounded by misfit dislocations are 
indicative of stacking faults (SF) [2]. The clarity of these X-ray topographic SF images 
suggests that the crossing stacking faults are not interfering with each other. We speculate 
that this may be a result of the graded nature of the SiGe buffer, which can confine MD 
arrays and SFs to individually grown terraces and this can allow SFs to pass under and over 
each other. The white “boxes” which can be seen in Fig. 2 may be a result of an even 
number of SFs with symmetrically opposite Burgers vectors passing through the imaged 
region. In this case the two diffracted X-ray wave-fronts could undergo phase-shifts in 
opposite directions resulting in no net change. For example, four stacking faults on top of 
each other, bordered by 60o misfit dislocations having the same Burgers vectors, may 
produce a white contrast similar to that imaged in Fig. 2. 
 

In conclusion, SXRT topographs reveal the presence of misfit dislocations in all samples 
confirming the presence of a relaxed VS for all Ge concentrations. The emergence of lattice 
tilts at VS Ge contents above ~23% have been detected in both SXRT and HR-XRD 
measurements, and this may be of technological concern as this tilt continues into the 
strained silicon layer (based on HR-XRD evidence). At a VS Ge content of ~30%, stacking 
faults have been imaged using SXRT. These appear to be confined by the misfit dislocations 
in the SiGe VS. However, if these were to reach the strained silicon layer they could cause 
major problems for any device structure built on this material and future studies will focus 
on their thermal stability. 
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Figure 1. Large area back reflection 
topograph of 23% Ge substrate sample. 
Cross-hatched pattern is evidence of strain 
relaxing misfit dislocations in the SiGe 
buffer. The displaced secondary image 
suggests a region of the SiGe buffer is 
tilted with respect to the substrate. 
 

Figure 2. Large area transmission of 
30% Ge  substrate sample. “Block-like” 
structures are indicative of stacking faults 
bounded by misfit dislocations. 
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Currently, nanostructured inorganics in the form of films are being widely investigated. In recent 
years, it has been shown that ordered mesoporous materials can be formed readily by co-assembly 
of inorganic oligomers with organic templates using an evaporation-induced self-assembly process 
[1,2]. However, the majority of templated inorganics prepared in this manner do not lead to 
materials with crystalline grain structures and mesoscale order because of the lack of control over 
crystallization (loss of periodicity is often faster than the rate of crystallization). Polymer-directed 
assembly of preformed nanocrystals into 3-dimensional architectures is an alternative route to 
circumvent loss of periodicity/porosity upon crystallization (see Figure 1). The synthesis of 
nanocrystalline building blocks with well-defined size and shape, low polydispersity as well as 
good redispersability is complicated, though. For that reason, only a few well-defined materials 
with nanoscale periodicity made from preformed nanocrystals have been reported so far [3,4]. We 
have, however, developed a synthetic route, which allows us to produce a broad range of oxidic 
particles, such as α-Fe2O3, η-Al2O3, Mn2O3, PbZr0.52Ti0.48O3, V2O5, etc., which can be readily 
redispersed in various volatile solvents.   

  
Figure 1: Scanning electron microscope images of a mesoporous η-Al2O3 film made from preformed 
nanoparticles after calcination at 700 °C in air. Left: cross-section of cut film held at a tilt of 45°. Right: top-
surface. 

 
In contrast to mesostructured silica and other sol-gel derived materials, the self-assembly of 
preformed nanoparticles into ordered solids has not been studied so far, nor have the attendant 
structure-property relationships. 

The GISAXS experiments were conducted on the thin films described above in December last year 
at beamline BW4, utilizing a wavelength λ of 0.138 nm and a sample-to-detector distance of 1895 
mm. We systematically studied the pore order and orientation at angels of incidence β = 0.2, 0.4 
and 0.6° (slightly below/above the critical angle of the respective metal oxides). The results 
obtained were quite remarkable. Figure 2 presents a typical pattern for a polymer templated 
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nanocrystal-based oxide film with 100 % crystalline pore walls (shown for η-Al2O3) taken at β = 
0.2°, which reveals the near-perfect order of these materials. 

 
Figure 2: GISAXS pattern for a nanoparticle-based porous η-Al2O3 film after thermal treatment at 500 °C. 
Scattering vector s components are given in units of 1/nm; s = 2/λ sinθ. 
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The reactor pressure vessel (RPV) is one of the most important barriers between the core and the 
environment of a nuclear reactor; its integrity must be guaranteed at all times. The degradation of 
the RPV is an important issue as it can lead to plant lifetime limitations. The key embrittlement 
mechanisms is related to the formation of a high number density (>1023 m-3) of ultra-fine 
precipitates resulting from the irradiation and diffusion processes in the damaged matrix lattice. 

Cu and Ni impurities in nuclear reactor pressure vessel (RPV) steel can form nano-clusters, which 
have a strong impact on the ductile-brittle transition temperature of the material. In previous 
experiments real RPV steels, provided by IAEA and Gösgen Power plant, have been analyzed by 
EXAFS. It has been show that: 

1. all the samples, submitted to an annealing treatment after being irradiated in the reactor, 
show large cluster[1]; 

2. if the samples irradiated in the reactor, are not submitted to any other treatment, Cu is the 
most active in clustering, Ni less [2]. 

3. vacancies are uniformly distributed around Cu and Ni atoms [3]. 

Two main treatments can modify the mechanical proprieties of the steel: neutron irradiation and 
annealing treatments. The samples analyzed in this experiment have a composition very similar to 
the RPV composition. The samples composition is reported in Tab. 1 and two series of samples 
have been analyzed, the first as delivered, the second was submitted to a long annealing treatment 
(500°C, 312h). The aim of this experiment concerns the possibility to investigate the clusters 
formations in function of the Cu, Ni, Mn concentration. By the analysis of the Cu and Ni K edges, 
considering the variation of Ni and Mn it would be possible to understand which element are more 
affected by annealing treatment and if Mn helps the clusters formation. 

Table 1: composition of the samples 

Elem (at%) Fe  Mn Ni Cu 

Sample 1  99.3  - 0.5  0.2  

Sample 2 98.8  - 1 0.2  

Sample 3 98.8  1 - 0.2  

Sample 4 98.3  1.5  - 0.2  

Sample 5 97.8  1.5  0.5  0.2  

Sample 6 97.8  1 1 0.2  

Moreover the experiment was not easy, because the small contribution of Ni and Cu (in the 
emission spectra) was heavily covered by the contribution of Fe emission photons. So many spectra 
needed to be collected per sample. Some spectra collected at the Cu K edge are shown in Fig 1 and 
2.  
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Figure 1: XANES spectra of sample 3. The 
red spectrum is from the annealed sample. 

 
Figure 2: Fourier Transform of sample 3 
EXAFS spectra. 

The blue spectra were produced by the ‘as delivered’ sample, while the red were previously annealed for 
312h. In a previous experiment, some binary alloys (Fe 1.3at%Cu annealed for 2.5, 8, 115, 312h at 500°C) 
showed that clusters change their phase from bcc to fcc if the annealing time is long enough [4]. In general 
this change is not abrupt; it is possible to detect it analyzing the FT of the EXAFS signal. The first 
detectable difference between the reference sample (annealed 2.5h) and the annealed sample (8h) is a 
amplitude decrease of the peak between 4 and 5Å, followed by a decrease of all the peaks (sample annealed 
115h), and the rise of the fcc structure (sample annealed 312h). With this background it is clear that the 
behavior of the two samples shown in Figs 1 and 2 is not expected. The FT of the annealed sample (Fig 2, 
red curve) shows that the sample is pure bcc (and this is ok), while the blue FT shows a very different 
structure. Basically the blue spectrum shows that the sample has a high degree of crystallographic disorder. 
This is clear because very small peaks occur over the first peak, above all the peak between 4 and 5 Å, due 
to the contribution of the forth and fifth shell and of the multiple collinear scattering, is too small. All the 
non-annealed samples show such characteristics: this is a consequence due to a wrong samples preparation 
method. The alloys were prepared by levitation crucible and then quenched from about 1700°C to room 
temperature in a few minutes (made by Matek Company). Although this experiment was not successful, all 
the spectra of annealed samples are rather good quality and they will be used. A new proposal was accepted 
(I-20080185) so that these samples could be irradiated with ions and then compared with the real RPV.     
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The ternary Ni-Nb-Y system exhibits an extended miscibility gap in the liquid [1]. By means of rapid 
quenching (melt spinning) the decomposed melt can be frozen into a phase separated metallic glasses [2]. 
Figure 1 shows the X-ray diffraction pattern (CoKα-radiation) of a Ni70Nb15Y15 metallic glass characterized 
by diffuse maxima only. For such glassy Ni-Nb-Y alloys with Ni > 60 at% early stages of phase separation 
are obtained having fluctuation in nm dimensions with no visible contrast in TEM images (Fig. 1). In this 
case Small Angle X-ray Scattering (SAXS) enables to extract quantitative parameters of the heterogeneous 
microstructure [3]. The frozen in glassy structure is in a metastable state and changes upon heating. The aim 
of this work was to investigate the decomposition behaviour of a Ni70Nb15Y15 metallic glass at elevated 
temperature in the supercooled liquid state well below the crystallization temperature. 

In order to analyze the decomposition, in-situ SAXS measurement were performed at the B1 beam-line  at 
the DORIS storage ring at HASYLAB/DESY Hamburg. A heating stage under vacuum was used for the in-
situ measurements at elevated temperatures. The in situ measurements were performed at an energy of 8269 
eV in the vicinity of the K-absorption edge of Ni. The used sample-detector distance of 3635 mm covered a 
q-range (q=4πsinθ/λ) between 0.5 and 6.0 nm-1. In total for the sample and the background measurements a 
beam time of 30 min was accumulated per pattern. The scattering curves were calibrated into macroscopic 
scattering cross sections via the reference measurements in units of cross section per unit volume 
[cm²/cm³]=[cm-1].  

The SAXS patterns recorded during isothermal annealing at T=748 K are shown in Figure 3 as a function of 
time. For comparison the room temperature data of the sample before heating are also given (circles). The 
SAXS patterns show a maximum at qmax = 1.2 nm-1. The occurrence of the maximum in the SAXS curves is 
an indication of the presence of high density of electron density fluctuations with a dominant correlation 
length in the Ni70Nb15Y15 metallic glass. Using the relationship  ζ = 2π/qmax between correlation length ζ and 
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Figure 1: XRD patterns of as-quenched and heat 
treated Ni70Nb15Y15 glasses 

 

Figure 2: TEM image and electron diffraction 
pattern of Ni70Nb15Y15 glass (as-quenched) 
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Figure 3: In situ SAXS after 
different times at T=723 K. 
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Figure 5: Integral intensity of 
SAXS maximum vs. time. 

 

peak maximum one obtains ζ= 5 nm for Ni70Nb15Y15 glass. With increasing time, the height or integral 
intensity of the maximum qmax = 1.2 nm-1 becomes more pronounced. A similar behaviour of the SAXS 
intensities is observed for an other sample measured at T=723 K. Figure 5 shows the integral intensities of 
the SAXS curves as a function of time. The intensity increases exponentially for the early stage as can be 
seen from the semi-logarithmic plot. Later the growth diminishes and converges to a stationary stage. Both 
SAXS curves can be transformed into each other by a scaling factor describing the same thermally activated 
process of decomposition. As expected, a higher decomposition rate was measured for the in-situ 
measurement performed at the higher temperature. The retention of the amorphous state of the samples 
during heat treatment was proven by subsequent XRD measurements of the heat-treated SAXS samples 
(Fig.1). 

The structure formation by spinodal decomposition is usually described by the Cahn-Hillard theory 
[4].  The decomposition is initiated via the spontaneous formation and subsequent growth of 
coherent composition fluctuations. An exponential time law is derived for the scattered intensity 
from the linear Cahn-Hillard theory which is in agreement with the observed dependence of I(q) 
during early stages. At later stages, the stationary state of the concentration amplitude is reached 
and the composition profile may change into a square-like shape which gives reason for the 
deviation from the exponential growth of the SAXS intensity. It is worth to notice that the position 
of the maximum of I(q) does not change with annealing time (Fig. 3,4). This means, that the 
fluctuation length remains constant during the decomposition, which points to the spinodal 
decomposition as mechanism in Ni-Nb-Y glasses. 
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By measuring the 3D strain tensor fields in deformed materials one can gain understanding about
micro deformation and damaging processes. This knowledge helps to predict locus and type of
macroscopical failure and gives the right direction of microstructural design of a composite. In the
past, strain fields were only accessible at the specimen’s surface. For this purpose, SEM images of
a polished surface were taken at different stages of deformation or load respectively. Afterwards
corresponding subimages showing the same microstructuralareas in different states were matched
by an iterative procedure in which an affine and a radiometrictransform were optimised [1]. As grey
value gradients are exploited during this matching the specimen’s surface was artificially structured
by a grid of gold dots in order to increase the number of sites with a high gradient. Since the
mechanical behaviour at the surface differs from that in thebulk due to the increased number of
degrees of freedom in 3D, the above sketched algorithm for 2Dwas extended to 3D:

3D microstructure of particle reinforced metal matrix composites is mappednon-destructively by
X-ray tomographic microscopy (XTM) in different deformation states. By digital image correlation
the continuous strain tensor and displacement vector fieldsare sampled at a discrete grid thereafter:
For a set of corresponding tomogram subvolumes, the affine and radiometric transform between a
less deformed and a more deformed state are iteratively optimized.

1 mm

F

F

drilled hole

B4C particle

Al matrix

z

x

Figure 1: 2D-image (left) extracted from a 3D tomogram revealing microstructure from the bulk of a drilled
tensile specimen (right) consisting of the Al/B4C-composite; hole wasdrilled by spark cutting in the gauge
length to provoke aninhomogeneous deformation field there.

The Lagrangian strain tensorγ is derived from the final affine transform of each subvolume pair.
The scalar equivalent strainεequ as well as the principal strains can be gained by relating thetensor
elements to each other. In order to guarantee a sufficient number of sites with a high grey value
gradient for the digital image correlation algorithm the size of the subvolumes has to be adapted
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to the characteristic microstructural length which is given by the mean distance between vicinal
microstructural objects. A detailed description of this approach can be found in [2].
The particle-reinforced metal matrix composite Al/B4C which was investigated in the scope of the
experiments was produced by plasma spark sintering. In the ductile matrix which consists of high-
purity (99.99% Al) aluminium brittle B4C-particles are dispersed with a volume fraction of 5% (=
4.68 % mass fraction). The mean particle diameter amounts to44.5µm.
Experiments were performed at beamline BW2. Monochromaticphotons ofE = 22 keV were
selected by a double-crystal monochromator in Bragg-reflection arrangement. After each defor-
mation step the gauge length (cross-sectional areaA = 2x1 mm2) of the tiny dog-bone shaped
specimen was imaged by XTM in the unloaded state.

In order to provoke aninhomogeneous micro deformation field a hole with a diameter of roughly
500 µm wasdrilled in the gauge length by spark cutting. From the left 2D-image (xz-slice) in
fig. 1 extracted from the 3D-tomogram the microstructure of the composite and the position and
size of the borehole can be gathered. In fig. 2 the distributions of equivalent strainεequ (left) and
Lagrangian strainγ (right) in one xz-plane beneath the surface after the first deformation are shown.
The distribution of the discretely sampled scalar field of equivalent strain was tesselated in order
to achieve a smooth representation of this quantity. The Lagrangian strain tensors are depicted by
bricks which are oriented and scaled according to the eigenvalues and eigenvectors. Moreover,
these bricks are colour-coded according to the scalar equivalent strain. In view of fig. 2 it can be
concluded that bands of elevated strain originate in the vicinity of the borehole and are tilted against
the direction of global load about approx. 45◦. The effect of microstructure on the initiation and
intensification of these shear bands has not been studied up to now but will be analysed in future
work.
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Figure 2: Distributions of scalar equivalent strainεequ and Lagrangian strain tensorγ in one xz-plane under-
neath the surface taken from the 3D fields; 3D representationof the Lagrangian strain tensors with oriented
bricks; bricks are colour-coded according to the scalar equivalent strain; bands of elevated strain originate in
the vicinity of the borehole and are tilted against the direction of global load about approx. 45◦.
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Processing of polymeric materials always involves a cooling stage, with cooling rates spanning from a few 
to hundreds degree per second. In semi-crystalline polymers, crystallizzation behavior and, in turn, final 
product properties, are largely affected by the cooling history. A paradigmatic case, both for its industrial 
relevance and its intriguing scientific aspects, is represented by isotactic polypropylene. It is well 
documented in the literature [1-3] that fast cooled polypropylene solidifies in a structure with intermediate 
degree of order, between that of the α-phase (monoclinic) and of the amorphous state, usually referred to as 
mesophase or smectic phase. So far, little is known about the role played by molecular features on the 
development of the smectic phase upon quenching. In this work, the effect of comonomer content on the 
crystallization behavior of propene/ethylene random copolymers during fast cooling has been studied by 
means of a simple experimental approach based on the acquisition of  the actual temperature history 
experienced by thin polymer films. The investigated materials  were a series of propene/ethylene (P/E) 
random copolymers (supplied by Borealis), with identical molecular features but different ethylene 
concentration, spanning from 0 (PP homopolymer) to around 8 mol%.  

Fast cooling is imposed through the heat transfer from a thin layer of polymer (around 300 µm thick) 
wrapped in a 20 µm thick Al foil to a cooling fluid  (either a large volume of a liquid at uniform temperature 
or room temperature air, blown towards the sample’s surface at controlled flow rates). The temperature is 
measured by a Chromel-Alumel micro-thermocouple, placed in the mid-plane of the sample and connected 
to a fast acquisition datalogger . The resulting cooling curves, T(t), are interpreted in terms of Continuous-
Cooling-Transformation (CCT) diagrams, widely used for steels, [4] but almost forgotten in non-isothermal 
crystallization of polymers.[5] These plots are commonly employed to highlight when and at what 
temperature the phase transition (i.e. melt crystallization) is expected to take place under a given cooling 
history. To construct the CCT diagrams for the polymeric system under investigation it is sufficient to plot 
the crystallization onset time and temperature, extracted from a large series of cooling curves corresponding 
to different environmental conditions. The onset of phase transition can be identified as the first point of the 
T(t) curve which deviates from the “natural” (exponential) decrease of sample temperature. 
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Figure 1. CCT diagrams for P/E random copolymers. Lines are drawn to guide  eyes. Two cooling curves 
and WAXD patterns of the obtained structure are also reported as examples. 

-63-



The CCT diagrams of C3/C2 random copolymers are shown in Figure 1. The presence of two distinct zones 
is evident. The one at higher temperatures can be associated to the crystallization  of the stable α-
modification, while the other one is related to development of the mesophase.[6] The results show that the 
presence of randomly distributed ethylene co-units along the chain strongly depresses the kinetics of non-
isothermal crystallization of the α-phase, resulting in a lower crystallization temperature under any cooling 
condition. On the other hand, differences in copolymers’ microstructure barely affect the rate of 
development of the smectic modification at low temperatures. As a result of the hindrance to the 
development of the α-phase, one forecasts that, on increasing the concentration of chain defects, the 
minimum cooling rate at which no α-crystallinity is formed in the solidified material progressively 
decreases. In other words, while under given cooling conditions the homopolymer and the copolymers with 
low content ethylene co-units crystallize exclusively in the α-form, under identical cooling conditions the 
copolymers with relatively high concentration of constitutional defects  only exhibit the mesomorphic 
modification. The validity of these conclusions, drawn from our simple approach, is fully supported by 
WAXD patterns on the solidified samples,  acquired at Beamline A2 of Hasylab, DESY. The quantitative 
determination of phase contents was carried on using a previously validated [7] deconvolution procedure of 
the patterns. Figure 2  shows the typical trend of phase contents as a function of average cooling rate. The 
transition between α-phase and mesophase crystallization takes place quite abruptly at a certain critical value 
of cooling rate, in the transition region a mixed structure is observed. It can be appreciated that to obtain a 
predominantly smectic sample, for the copolymer with around 8 mol% of ethylene, the average cooling rate 
needed is about three times lower than that required for the homopolymer. 
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Figure 2. Phase content as a function of average cooling rate for different P/E random copolymers. Lines are 
drawn to guide the eyes. Critical cooling rate for structural crossover is indicated by an arrow. 

In this study we have achieved new insights in the development of  mesophase during fast cooling of P/E 
random copolymers by combining on-line thermal analysis and off-line structural characterization within an 
original CCT diagrams approach. The attention was focused on the role of co-units in affecting PP 
polymorphism in strongly non-isothermal conditions.  Our results show that a key role in favouring smectic 
phase formation is played by the hindrance to the development of the α-phase. This concept can be rather 
safely generalized: anything that negatively affects the crystallization kinetic of α-phase (including regio- 
and stereo-defects) will “indirectly” promote the formation of the mesophase.  
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The effect of flow on the formation of semi-crystalline polymer morphology is well documented.[1-4] This 
notwithstanding, the level of understanding of the key mechanisms leading to formation of oriented 
structures and to large enhancement of crystallization kinetics has not attained a satisfactory level to model 
solidification of crystallisable polymers under typical  processing conditions with which Ktons of polymers 
are processed every day. From a microscopic point of view, in-situ and ex-situ experiments have shown that 
shear flow promotes local chain alignment and generates nanodomains with a certain degree of order, 
usually referred to as crystal nucleation precursors. It is  now ascertained that if flow-induced structures are 
held in quiescent condition at temperatures above the melting point of the polymer, they will dissolve again 
in the melt, with a strongly temperature dependent kinetics which, in certain conditions, is associated to 
characteristic times much longer than the rheological ones.[5,6] The stability of these precursor must thus be 
related to their morphological features (e.g. length, the thickness…) and internal structure. Direct evidences 
of their structural organization are still lacking; we aim to extract some   information on these flow-indced 
entities and on their variability with flow conditions by measuring flow memory effects in properly designed 
experiments.  
This investigation has been carried on using well characterized i-PP samples (T30G Basell). The adopted 
thermo-mechanical history is depicted in Figure 1. The polymer is firstly held to relax at a suitable annealing 
temperature (220°C) for 5 min. Then it is cooled to the chosen shearing temperature (170°C). A step shear is 
then applied, followed by the relaxation step. Different relaxation times, as well as temperatures, have been 
explored. The extent of relaxation has been assessed by its effect on last stage of the experiment, i.e. on the 
isothermal crystallization kinetic at a constant temperature (e.g. 135°C). The goal is to quantify  relaxation 
kinetic (together with its temperature dependence) for precursors that have been originated in different flow 
conditions, possibly leading to differences in their stability. 

 
 

Figure 1.Scheme of thermo-mechanical history for flow effect relaxation experiments 

Time-resolved 2-D Small Angle X-Ray Scattering patterns have been acquired on-line during the 
crystallization process at   beamline A2 of Hasylab. The mechanical deformation was applied to the polymer 
melt by means of a Linkam CSS450 shear cell. In order to allow the transmission of the X-rays, many 
research groups have replaced the original quartz plates of the shear cell with drilled metal plates, in which 
the holes were covered by a kapton film. [1,3,6] This modification has obviously caused alterations to the 
thermal exchange in the system. In particular,  as a result of the much greater thermal conduction coefficient, 
the actual sample temperature can even be 15 °C lower than the set value. Surprisingly, this problem, which 
should have been met by other researchers, has always been disregarded. Our setup round on the difficulty 
by employing the original quartz plates, in which holes were drilled and on which a thin kapton foil glued. 
Isothermal crystallization kinetic after the thermo-mechanical history above described was monitored by 
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following the increase of the relative invariant, proportional to the degree of space filling. In Figure 2 
examples of crystallization curves are reported for quiescent, sheared and partially relaxed conditions.  

 

 

 

 

  

 
 
                                          

Figure 2. Disappearance of flow effect on crystallization kinetic with increasing relaxation time.  

The effect of flow is maximum when cooling to the crystallization temperature was imposed immediately 
after cessation of shear;    the effect of shear eventually disappears when a sufficiently long time is 
interposed between the shear step and the cooling to Tc. Considering the half crystallization time, the kinetic 
of flow memory erosion can be quantitatively assessed by introducing a parameter proportional to the 
residual shear-enhancement of crystallization kinetic. This parameter corresponds to the   relative shear 
efficiency and has values between  1  (maximum shear efficiency, no relaxation) and 0 (minimum shear 
efficiency, fully relaxed system: quiescent crystallization time). An example of the obtained results is shown 
in Figure 3, in which the relative shear efficiency of precursors formed at the same shearing temperature and 
using the same shearing time is plotted as a function of the time of relaxation at different temperatures. 

 
 
 
 
 
 
 
 
 
                                  
                                              

Figure 3.Relative shear efficiency as a function of time of relaxation for different series of experiments. 

It can be appreciated that the time scale for flow memory relaxation is much higher than rheological 
characteristic times, pointing out that the mechanism of flow-induced structure dissolution involves much 
more than simple re-coiling of oriented chains. The higher the relaxation temperature, the faster is the 
erasure of flow memory. Moreover, at a given relaxation temperature, life-time of shear induced precursors 
is longer if they have been created under a stronger flow field, thus suggesting an influence of shear 
conditions in the morphological features of flow-induced precursors. 
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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 synthesis by ATRP of a set of glycopolymers that are molecularly AB 
diblock copolymers as well as the synchrotron study on how molecular weight affects the self-
assembly capability of these polymeric materials. Polymerizations of 2-(D-glucopyranosyl) 
aminocarbonyloxyethyl methacrylate, HEMAg, were carried out using ethyl 2-bromoisobutirate as 
a initiator in dimethylformamide solution (80% p/p) at 40 ºC and standard Schlenk technique under 
an atmosphere of nitrogen. The [Monomer]/[Initiator]/[CuBr]/[Ligand] ratio was 100/1/1/1. These 
polymerizations were stopped at a desired reaction time, isolated by dilution in DMF and passed 
through over alumina to remove the catalyst, and then precipitate in ethanol. Finally the polymer 
was dried under vacuum until reaching constant weight (Mn= 15300 and Mw/Mn= 1.08). 
Afterwards, the amphiphilic diblock glycopolymers were performed by adding butyl acrylate as 
second monomer, BA, in DMF solution (80% p/p) at 90 ºC using CuCl and PMDETA as catalyst 
system in a ratio of 1/1. The [Monomer]/[Macroinitiator] relationship was 100/1. Samples were 
taken periodically from the mixture at suitable time periods and conversion was measured 
gravimetrically. The reaction mixtures were subsequently diluted with DMF prior to purification by 
passing through an alumina column. After concentration of the solution was precipitated in ethanol 
and dried in vacuum.  

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 glycopolymers 
indicates that polymerization occurs in a controlled manner. The diblock glycopolymers were 
labeled with the degree of polymerization of each block (See Table 1). 

Sample Conversion (%) BA Mn,
SEC

 (g/mol) Mw/Mn 
PHEMAg46-b-PBA5 
PHEMAg46-b-PBA51 
PHEMAg46-b-PBA72 
PHEMAg46-b-PBA117 

10.0 
52.7 
72.9 
89.5 

600 
6600 
9200 

15000 

1.25 
1.33 
1.34 
1.31 

 
Table 1. Characteristics of PHEMAg-b-PBA amphiphilic diblock glycopolymers synthesized by 
ATRP 
 

The thermal characterization performed by differential scanning calorimetry has pointed out the 
amorphous nature of these PHEMAg-b-PBA amphiphilic diblock glycopolymers. Therefore, the 
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WAXS profiles that they exhibit consist on a single amorphous halo with absence of other 
diffraction peaks.  

The different chemical character of the two blocks comprising these well-defined PHEMAg-b-PBA 
glycopolymers will favor 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 at room 
temperature obtained directly from the 2D pattern after its integration for the different PHEMAg-b-
PBA diblock glycocopolymers. A single symmetrical peak is seen in the PHEMAg46-b-PBA5 
copolymer indicating that block segregation takes place within the copolymer in spite of the BA 
block molecular weight is very little. The other PHEMAg-b-PBA amphiphilic diblock glycopolymers 
display similar patterns that consist in multiple-order scattering maxima at peak positions of 1: √3: 
√4: √9 related to that of the first-order q* peak. These high-order reflections then seems to indicate 
the development of microdomains with hexagonally packed PtHEMAg cylinders, HEXPtHEMAg, 
with long-range spatial arrangements. 
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Figure 1: SAXS profiles at room temperature for the different PHEMAg-b-PBA amphiphilic diblock 
glycopolymers. 
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Structuring of titanium dioxide (TiO2) thin films on nanometer scale has attracted considerable 
attention in the past few years, since nanostructured TiO2 films show outstanding properties and 
have a widespread application potential e.g. in photovoltaics, photocatalysis and gas sensing. In 
many applications a hierarchical structure in the films with more than one structural level is 
favorable, e.g. in a dye-sensitized solar cell to reduce light reflection by a large-scale structure and 
simultaneously to generate electric power by a porous network on nanometer scale [1]. A promising 
route to structure a film on several length scales in one preparation step is the application of a sol-
gel process with a diblock copolymer as template in combination with colloidal particles [2]. 

In this work poly(dimethyl siloxane)-block-methyl methacrylate poly(ethylene oxide) [PDMS-b-
MA(PEO)] [3] was used to prepare TiO2 films with a porous nanostructure and added poly(methyl 
methacrylate) (PMMA) microspheres with a diameter of 1 µm to the sol-gel solution, which create 
holes with a well-defined size and shape in the films at their removal. To remove the polymer 
templates from the films extraction with acetic acid and calcination for 4 h at 450 °C were applied. 
Additionally the concentration of PMMA particles in the sol-gel-solution was varied to study the 
influence of the PMMA on the film morphology. The resulting structures were analyzed with 
grazing incidence small angle scattering (GISAXS) at the HASYLAB beamline BW4. An ultra-
small angle setup with a sample-to-detector distance of 13.96 m and a wavelength of 0.138 nm was 
used, the incidence angle was fixed to 0.413° and the scattering signal recorded on a MarCCD 2D 
detector. To analyze the data quantitatively cuts were taken along qy direction at the position of the 
pronounced side maximum and fitted with a model function. 

 

Figure 1: a) Scattering images (left) and corresponding horizontal cuts, taken at the position of the 
side maximum (right), for an as-prepared film (p), an acetic acid treated film (s), an acetic acid 
treated and calcined film (s + c) and an only calcined film (c); b) Scattering images (left) and 

corresponding cuts (right) of films prepared with 0%, 3 % and 30 % PMMA particles added to the 
sol-gel solution. Two preferred lateral lengths Λ1 and Λ2 are present in the films. 
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Figure 1 shows the 2D scattering images together with the corresponding cuts of the films with 
different polymer removal methods applied and the films prepared with different amount of PMMA 
microspheres. With exception of the as-prepared film, in the 2D images a pronounced side 
maximum is visible. This maximum is related to the pore structure, the corresponding preferred 
lateral length is attributed to the mean pore size. The cuts show a second lateral feature, a broad 
shoulder at higher qy values. The corresponding lateral structures are depressions in the surface of 
the sample, which originate from a phase separation occurring during spin coating [4]. The mean 
size of the surface depressions is in the range of several hundred nanometer, thus they form a third 
structural level in the films, in addition to the pore structure and the hole microstructure. A third 
preferred structural length, originating from the micrometer-scale holes, is not found in the cuts, 
because of their small number and agglomeration to small groups the scattering contribution is too 
weak to be detectable. 

Figure 2 summarizes the preferred lateral lengths extracted from the fits. In dependence on the 
polymer removal method the appearance of the pore structure is varied, direct calcination after spin 
coating results in larger pores than treatment with acetic acid, whereas calcination after acetic acid 
treatment has no significant influence on the pore structure. A similar behaviour is observed for the 
size of the surface depressions, their size is increased when the films are calcined instead of treated 
with acetic acid. When PMMA particles are added to the sol-gel solution, not only a large-scale 
structure is created, but also the pore structure modified. With increasing PMMA addition the pore 
size decreases from 40 nm without PMMA addition to 37 nm at 30 % PMMA addition. This shows, 
that with addition of a secondary template not only a further structure is created, but within the 
complex interplay of all components involved in the sol-gel process also an influence on the 
primary structure has to be taken into account [5]. 

 

Figure 2: Preferred lateral lengths Λ1 (●) and Λ2 (■) in the films with different polymer removal 
methods applied (a) and prepared with varied PMMA particle addition (b). Different film 

treatments, as well as PMMA addition, result in a modification of the pore structure. 

 
References 
 

[1] Y. Zhao, J. Zhai, S. Tan, L. Wang, L. Jiang, and D. Zhu, Nanotechnology 17, 2090 (2006). 
[2] P. Yang, T. Deng, D. Zhao, P. Feng, D. Pine, B. F. Chmelka, G. M. Whitesides, and G. D. Stucky, 

Science 282, 2244 (1998). 
[3] M. Memesa, S. Weber, S. Lenz, J. Perlich, R. Berger, P. Müller-Buschbaum, and J. S. Gutmann, 

Energy Environ. Sci. 2009, DOI: 10.1039/b902754h. 
[4] J. S. Gutmann, P. Müller-Buschbaum, and M. Stamm, Faraday Discuss. 112, 285 (1999). 
[5] G. Kaune, M. Memesa, R. Meier, M. A. Ruderer, A. Diethert, J. S. Gutmann, and P. Müller-

Buschbaum, to be published. 

-70-



GISAXS of Magnetic Dot Arrays produced by Argon Ion 
Milling and filled Diblock Copolymer Micelles 

N. Franz
1
, H.P. Oepen

1
, A. Timmann

2
 and A. Frömsdorf 

Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, Germany 

1 Institute of Applied Physics, University of Hamburg, Jungiusstr. 11, 20355 Hamburg, Germany 

2HASYLAB / DESY, Notkestr. 86, 22603 Hamburg, Germany 

Controlling the structure of matter at the nanometer scale and assemble nanoparticles into arrays and 
networks in a controlled manner is the key to new technologies. The application of magnetic nanostructure 
arrays as storage medium is a big issue for years . The fabrication of nanoparticle arrays, however, with 
nanoscale precision remains a formidable task. 
Magnetic nanostructure arrays are created using diblock copolymer micelles with metal oxide (vanadium 
oxide, titanium oxide, iron oxide and silica) loaded cores. The number of preparation steps is kept as low as 
possible to simplify the formation of the nanostructure array, presented elsewhere [1]. The metal oxide 
filled micelles are deposited on a Co/Pt-multilayer film. After removal of the organic shell by oxygen 
etching, the structure of the cores is transferred to the film via ion milling under normal incidence. The 
generated dots were made of (Co/Pt)2-multilayers. They show different magnetic behaviour, depending on 
their size, interparticle distance and milling time (Figure 1). Therefore, high resolution GISAXS 
investigations were perfomed at BW4, to get the precise height and length scales of the nanostructures. The 
magnetic properties were investigated by means of MOKE (magnetooptical Kerr effect). Kerr loops were 
taken in polar and longitudinal geometry, i.e. with perpendicular and in-plane magnetic field. After ion 
bombardment, the remains of the Co/Pt multilayer stay ferromagnetic on sputtering. 

 

 Figure 1: MOKE investigations of a nanopatterned (Co/Pt)n-multilayer film at different ion milling times 
and scheme of milling process 

 

The SEM micrograph shows the sample morphology after bombardment with Ar
+
 ions (Figure 2). The 

etching mask was transformed into dots of Co/Pt. The magnetic behaviour changes during the milling 

process. Further investigations are in progress to understand the mechanism. The GISAXS patterns change 

drastically after ion milling, shown in Figure 3. The strong oscillations along qz disappeared, indicating that 

the complete Co/Pt multilayer was eroded between the metal oxide particles while along qy the interference 

increased due to the formation of the Co/Pt dot array. 

-71-



   

Figure 2: SEM  micrograph of a remaining magnetic dot array after Ar
+
 sputtering.  

 

 

Figure 3: GISAXS pattern of SiO2 particles on Co/Pt multilayer before sputtering (left) and of the fabricated 
magnetic dot array by Ar

+
-ion milling (right). 

References 

 

[1] A. Frömsdorf, A. Kornowski, S. Pütter, H. Stillrich, L.-T. Lee, Small (2007), 3, 880. 

[2] H. Stillrich, S. Pütter, A. Frömsdorf, S. Förster, H.P. Oepen, Adv. Funct. Mater. (2008), 18, 76. 

-72-



Rotational GISAXS experiment of Linear Nanoparticle 
Arrangements 

M.-I. Mattern, A. Timmann
1 
and A. Frömsdorf 

Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, Germany 

1HASYLAB / DESY, Notkestr. 86, 22603 Hamburg, Germany 

The soft-lithography is an important technologie to produce nanometer scaled patterns. We apply a micro-
molding practice to preparate linear arrangements of silica filled diblock-copolymer micelles [1].   

 

 Figure 1:SEM images of linear nanoparticle arrangements and schematic µ-molding production 

 

To accomplish the µ-molding process, we produce PDMS (poly-dimethylsilan) stamps by using Sylgard
®
 

148 (Dow Chemicals)[2]. The stamps are manufactured by molding the master and covering whose pattern. 

Figure 1 presents the schematic process of µ-molding. First, the micellar solution is superimposed on a solid 

surface, accordingly the PDMS stamp is molding, in which the particle solution is displaced into the spaces. 

The solvent evaporates and after releasing the stamp, we obtain a linear arrangement of the nanoparticles. 

Figure 1 also shows the SEM images of the obtained pattern. It demonstrates that we are able to print 

selected structures across a large areas.  

We investigate these nanostructured patterns by using synchrotron radition in a GISAXS experiment at 

BW4 [3]. The sample was rotated around its normal axis under incident angles of the synchrotron beam of 

0.6° onto the surface. Figure 2 illustrates the top view of the scattering experiment and the orientation of the 

linear arrangement in respect to the incoming beam. The observed GISAXS patterns show strong vertical 

(qz) reflexions of the 1-dimensional lattice and weak horizontal (qy) reflections of the particles. 

 

-73-



 

 

 

 

Figure 2: GISAXS patterns and out of plane scattering curves along qy of the linear nanoparticle 
arrangement 

The distances between the reflections change by the rotation. The vertical distance of the reflections depend 
on the repeating units of the linear pattern along the beam axis. At perpendicular position of the lattice 
(90°), the repeat unit of the structure is smallest. This leads to a larger distance of the reflections. Out of 
plane cuts along qy at the critical angle of the substrate give information about the interparticle distance and 
domain size inside the linear arrangements. It can be shown that the first order reflection is strongest for a 
rotational angle of 90°. The domain size is larger along the lines and order of the particles is slightly 
increased. Further calculations and more detailed measurements are in progress to fully understand the self 
assembly process of such kind of molded nanoparticle arrangements. 
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Extremely intense and ultra-short x-ray pulses from free-electron lasers (FELs) open up the 
possibility for high-resolution structural studies on atomic clusters, macromolecular complexes, or 
larger structures without the need of crystallization [1].  Femtosecond pump-probe experiments also 
enable the exploration of dynamics processes, including chemical reactions.  Such experiments 
require high photon fluences (~1012 photons/molecule) and ultra-short X-ray pulse lengths.  
Predictions suggest these requirements can be significantly relaxed, if the sample is surrounded by 
a sacrificial tamper layer [2, 3] to dampen the Coulomb explosion by providing a bath of photo-
induced free electrons, and arresting the hydrodynamic expansion of the sample through inertial 
confinement.  

Figure 1:  Scattering geometry of the one-color pump-probe experiments. (a) The FEL beam irradiates the 
sample, initiating the reaction, and reflects from a normal-incidence multilayer mirror back onto the sample 

[5].  (b) The FEL beam once again illuminates the sample with a time delay of Δt=2 Δz / c, probing the 
reaction.  (c) The prompt diffraction signal is blocked using a small window sample.  In this way only 

diffracted light from the time-delayed sample is detected using a charge-coupled device (CCD) on the left. 

Here we describe results from ultra-fast time-resolved diffraction experiments with coherent 0.1 
keV X-rays from the FLASH soft x-ray FEL [4], showing that the sample lifetime can be extended 
to several picoseconds under these conditions.  Figure 1 shows the experimental arrangement used 
here.  By reflecting the FEL beam back onto itself the same beam can be used both to trigger the 
sample explosion and then to probe the exploding sample with a well-defined time delay. In the 
variation used here, we placed samples on very small sample windows, which prevent the primary 
diffracted light from reaching the detector after it is reflected back from the mirror.  

The samples for measuring the hydrodynamic explosion rate consisted of cylindrical aluminum 
pillars deposited on 100 nm-thick silicon-nitride membranes, spanning 7.5 µm square windows 
etched into a silicon wafer (see inset in Figure 2c). Far-field diffraction patterns measured with and 
without a tamper for time delays of 25 fs and 13.5 ps are shown in Figures 2 (a) and (b). A circular 
pillar gives rise to a diffraction pattern similar to Airy’s rings with the angular positions of intensity 
minima inversely proportional to the pillar radius.  In our experiment this single-pillar pattern is 
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modulated by speckles that encode the arrangement of the identical pillars.  The expansion of the 
pillars causes a change in the Airy-like envelope of the diffraction pattern. The diffraction patterns 
before the explosion are averages over multiple low-fluence exposures during which the sample did 
not change significantly (the “unperturbed” sample) .We use these patterns as a basis for 
comparison. The diffraction patterns with 13.5 ps time delay were obtained from single-pulse high-
fluence exposures.  The difference between tampered and untampered sample is immediately 
apparent.  With a tamper layer present, the diffraction patterns of the low- and high-fluence 
exposures are similar and the diffraction Airy-like minima are at similar positions.  Without a 
tamper layer, the diffraction minima have shifted to significantly smaller angles, indicating that the 
aluminum pillars have expanded.  Reconstruction of the diffraction patterns using iterative phase 
retrieval enables us to directly image the particle expansion.  Figures 3 (c) shows the difference of 
reconstructed images before and during the explosion, both with a tamper of the aluminum pillars 
and without, giving even more detailed information about the expansion process.  Note that our 
results also indicate that tampering could produce atomic resolution in "diffraction before 
destruction" experiments at hard x-ray FELs, which will enable groundbreaking new capabilities in 
various disciplines, including structural biology, cluster physics, and nanoscale chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Measured far-field diffraction patterns and reconstructed structures. (a) Diffraction from the naked, 
untampered sample (with an SEM picture on the left of the sample before exposure), and (b) from the 

tampered sample. Arcs highlight Airy-like diffraction minima in the measured data. Contraction of the arcs 
indicates sample expansion. This is significant in (a) and small in (b). (c) Difference images of reconstructed 

structures.  Light colors indicate significant density changes.  The untampered sample (left) shows large 
expansion, whereas the tampered sample (right) shows minimal structural changes. The wavelength was 

13.5 nm, the pulse length 25 fs, and the fluence 31 J/cm2. 
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The selection of materials deployed for microsystems technologies (MST) is still mostly limited to 
functional materials such as Si, Si3N4, SiC, SiO2, Al, Cu, Ge and polymers (especially PMMA). These 
materials serve as platforms on which a variety of electronic properties are exhibited. In recent times, 
there have been practical attempts to introduce more functionality to microsystems especially in the 
area of motion and relative movement of parts. This of course requires that structural materials with 
good load-bearing properties be fabricated into parts that are geometrically suitable for microsystems. 
Knowledge existing on the influence of processing conditions on the properties of structural materials 
destined for MST, are still insufficient. Thus it is required that research in this area broadens to exploit 
new materials and processing possibilities.   
In the present study, investigations are carried out on disc-like (Ø 10 mm and thickness 1 mm) parts 
made from precipitation hardening martensitic stainless steel 17-4PH (ASTM A693). These parts were 
produced using a novel combination of powder metallurgy and micro-injection moulding techniques. 
The aim of the study is to determine the influence of the micro-powder injection moulding (µPIM) 
processing on the material properties, especially microstructure and residual stress state. The 
processing steps first required that green compacts are produced via µPIM from an organic binder-
blended 17-4PH powder. The green compacts were then sintered at different conditions; ~1260°C and 
~1310°C for 15 min or 45 min. A selected amount of the fabricated parts were surface treated by shot-
peening and then investigated accordingly. Peening was carried out at a pressure of 7 bar using 
zirconia-based ceramic beads with a hardness of 700 HV 1 and two different shot sizes: B60 (bead 125 
– 250 µm) and B120 (bead 63 – 125 µm). The goal of the shot peening treatment is to induce 
compressive residual stress states in the specimens which are known to improve the fatigue properties 
in polycrystalline materials. Further details about the processed material are presented in Table 1. 
The studied material properties were determined by X-ray diffraction methods at the G3 beamline of 
HASYLAB – DESY. For the purpose of the present study a beam energy of 6.941 keV (~1.7862 Ǻ) 
was selected which ensures that the information depth in the material is within 8 µm from the 
specimen surface. The size of the incident beam on the specimen surface was controlled by an aperture 
size of 2 mm × 2 mm while the diffracted beam from the sample was recorded by a scintillation 
counter. θ-2θ scans were performed to characterise the phase content and also determine the 
crystallographic defect density in the specimens.  
 
Table 1: List of samples and sintering conditions  

Sinter condition Peening bead grade Sample 
identity Time (min) Temperature (°C) B60 B120 

V10 45 1257 Yes No 
V11 45 1258 Yes (V11b)Yes 

V12b 15 1260 No No 
V13 15 1260 No Yes 
V14 45 1307 Yes No 
V15 45 1309 Yes No 

 
These scans were performed over a 2θ range of 49° to 127°, at ∆2θ; 0.04°. Lattice strain 
measurements were performed on the specimens based on the sin2ψ technique using changes in the δ-
Fe (211) oriented crystal lattice spacing as a strain gauge. Tilt angle ψ values covered during the strain 
measurements were 0°, ±15°, ±30°, ±45°, ±55°, ±65°, ±70°, ±75°, ±80° and ±85°. The residual 
stresses in the specimens were evaluated from the measured strains using an approach described by 
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Erbacher et al [1] which considers the non-linearity between strain and sin2ψ. X-ray elastic constants 
E(211) = 220 GPa and ν(211) = 0.28 were used for computing the residual stresses from the strain data.  
Representative intensity versus 2θ plots are presented in Figure 1 where it can be seen that the 
specimens predominantly consist of bcc Fe phase. Metallographic studies revealed this phase to be δ-
Fe. Two important features observable from the plots are: (i) the diffraction peaks obtained from the 
shot peened specimens are significantly broader than that of the as-sintered specimens and (ii) the peak 
positions obtained from the shot peened specimens are shifted to lower values on the 2θ scale. These 
results indicate, for the former case, that microstresses were induced in the shot peened specimens 
possibly due to work hardening of the material at the surface together with the creation of a fine 
grained layer within the probed volume of the material. The shift of the peak position indicates that 
there are residual stresses of Type I in the material.  
Diffraction line profile analysis (LPA) conducted on the Fe(200) and Fe(211) Bragg’s peaks using the 
Single-line Voigt method [2] revealed that microstrain in the shot peened specimens are generally 10% 
higher than in the as-sintered specimens. Also the dislocation density in the shot peened specimens 
were at least three orders of a magnitude higher than in the as-sintered specimens. The dislocation 
density in the as-sintered specimen V15 was an order of a magnitude higher than for the other as-
sintered specimens.  
A typical sin2ψ plot is presented in Figure 2 for specimen V10 and V11b. It can instantly be seen from 
the plot that the residual stress state in the specimens are markedly different. For the as-sintered 
specimen, tensile stresses dominate the material. However the near surface region is characterized by a 
stress gradient; evidenced by the non-linear sin2ψ behaviour occurring at sin2ψ- values greater than 
0.8. Also the principal stress components σ11 and σ22 have different values at this sin2ψ region. In the 
case of the shot peened specimens (V10 and V11b), compressive stresses dominate the material. In 
both specimens the stresses are equi-biaxial in nature exhibiting some gradient at the surface near 
region of the specimens. The point of interception of the data from the as-sintered and shot peened 
specimens indicate the strain-free lattice spacing d0; here occurring at (sin2ψ,2θ) = (0.5,99.1564°); 
d=1.17498 Ǻ.   
This study demonstrates that the microstructural defects created in 17-4PH stainless steel parts 
processed by µPIM can be controlled using temperature as a process control parameter. It also shows 
the viability of improving the mechanical properties of such small parts using a treatment technique 
(shot peening) traditionally used for large parts. Shot size had no influence on the residual stress state 
at the surface. The study provides data useful for modelling of properties in processed micro-scale 
components.  

 
Figure 2. sin2ψ plots for specimens in the as-
sintered and shot peened conditions. 
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Figure 1. Plot of θ-2θ scans obtained for as-sintered 
and shot peened precipitation hardening martensitic 
stainless steel 17-4PH.  
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Persistent luminescence is emission observed even after the removal of the excitation source. The best 
materials, i.e. SrAl2O4:Eu2+,Dy3+ and Sr2MgSi2O7:Eu2+,Dy3+, can emit for more than 24 h. These materials 
are conventionally used in luminous paints. Applications in radiation detection, structural damage and 
temperature sensing as well as medical diagnostics have been presented, too. The Eu2+ ion is the luminescent 
center in these materials, but the role of the co-doping rare earth (R3+) ions as well as that of other lattice 
defects is uncertain. The R3+ ions have been suggested to trap holes [1] or electrons [2] or just to create 
lattice defects [3] due to charge compensation. To clarify the mechanism of persistent luminescence, the 
existence of the different R2+/R3+/RIV ions as well as the modifications in the structural environment around 
the dopant and co-dopants need to be studied. 

In this work, the valence and environment of selected rare earth (co-)dopants (Eu2+; Ce3+, Nd3+, Sm3+, and 
Yb3+) in the CaAl2O4:Eu2+,R3+ persistent luminescence materials were studied by XANES and EXAFS 
measurements using the beamline E4 at HASYLAB in Hamburg, Germany. The measurements were carried 
out at 10 K and room temperature in the fluorescence mode using the Canberra 7 pixel HPGe detector. 

As most of the persistent luminescence mechanisms presented so far have suggested, there may be a change 
in the valence state of Eu2+ during the complex charging process. Indeed, the XANES results at 10 K 
indicated the co-existence of both the divalent and trivalent europium in all co-doped materials (Fig. 1). 
However, only divalent europium was detected in CaAl2O4:Eu2+. At low temperatures as 10 K, the persistent 
luminescence should not occur because the thermal energy available is too low and only the storage of the 
energy takes place. As a result, the number of species in their temporary valence state should increase and 
facilitate the observation. It seems, however, that both at 10 K and at room temperature, the 
divalent/trivalent europium ratio is the same for all CaAl2O4:Eu2+,R3+ materials. Thus, one can assume the 
formation of a Eu2+-h+ pair similar to the Tb3+-h+ pair in the Tb3+ doped Lu2O3 persistent luminescence 
material [4] instead of the outright formation of the Eu3+ species in the mechanism of persistent 
luminescence. This pair should distort the lattice and could possibly be seen in the EXAFS calculations to be 
carried out in the near future. 

 

 

 

 

 

 

 

 

Figure 1: Eu(LIII) XANES spectra for CaAl2O4:Eu2+,R3+ (R3+: none, Ce3+, Nd3+, Sm3+, Yb3+) at 10 K and 
room temperature. 
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The co-doping of the basic Eu2+ doped CaAl2O4 material with the R3+ ions will in most cases change 
dramatically the persistent luminescence properties of the material although the effect is not always a 
positive one. In addition to Nd3+, which drastically improves the persistent luminescence shown by 
CaAl2O4:Eu2+, also the Ce3+ co-doping has a positive effect, though to a lesser extent [3]. The co-doping 
with R3+ changes the XANES spectrum by introducing the signal corresponding to the Eu3+ species at both 
temperatures (Fig. 1). Similarly to the Sr2MgSi2O7:Eu2+,R3+ (R3+: Ce3+, Dy3+, and Yb3+) materials [5], there 
are only the signals for the R3+ co-dopants visible (Fig. 2). 

Cerium was originally added in the tetravalent rather than in the trivalent form. As a result, the Eu2+ ion 
formed from the Eu3+ originally employed was oxidized back to Eu3+ and CeIV reduced to Ce3+. Evidently 
also the reducing N2+H2 gas sphere used in the materials’ preparation helps. Neodymium, samarium and 
ytterbium were added in the trivalent form, but the XANES data shows no divalent co-dopant species that 
would indicate internal redox couples Eu2+/R3+ and Eu3+/R2+ explaining the Eu3+ observed for these 
materials. The redox behaviour of the dopant and the co-dopants seems to be rather complicated, and thus 
the present XANES results are so far inconclusive and more work is needed to clarify the details. 

 

 

 

 

 

 

 

 

Figure 2: Co-dopant R(LIII) XANES spectra for CaAl2O4:Eu2+,R3+ (R3+: Ce3+, Nd3+, Sm3+, Yb3+) at 10 K. 
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The properties related to the amorphous structure of silica, and its consequences on the electronic 
states at energies close to the optical gap energy and on the processes of point defect generation, 
are crucial in the development of several technological areas, among which the VUV 
photolithography for the patterning process of ultra integrated devices in microelectronics [1]. In 
this field, promising systems are fluorine-modified silica-based materials. However the factors 
determining the F-induced enhancement of VUV transparency, as well as the details of the 
structural peculiarities of these materials are not completely clear [2-4].  

Fluorine modified silica from sol gel synthesis is particularly interesting because fluorine plays two 
roles in this material; it works as a drying agent during the synthesis, so as to reduce OH groups 
[5], and as a network modifier ion that shifts the Urbach absorption tail at higher energy [2]. In fact, 
different factors determine the absorption edge. The Urbach energy, which describes the spectral 
width of the absorption edge, arises from two contributions [3-5] - a thermal one from dynamic 
disorder and a static one from structural disorder, with comparable weight at room temperature. 
The study of the temperature dependence of the absorption edge allows to discriminate these 
contributions [5]. 

 

Figure 1: T-dependence of VUV absorption in dried F-free sol gel silica (continuous line) and in fluorinated 
sol gel silica samples. Inset: Temperature induced shift of the absorption edge of fluorinated sol gel silica. 

New data (Fig. 1), comparing the temperature dependence of the VUV transmission properties in dried F-
free sol gel silica and in fluorinated silica, now allow us to clarify that the lowering of the characteristic 
phonon energy, determining the dynamical contribution to the Urbach energy, is a peculiarity of the silica 
network produced via sol gel, reflecting the softening of the structure, while fluorine reduces the static 
disorder and shifts the energy gap. 
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Co-based amorphous alloys were intensively studied in the past because of their potential 
applications. Recently, Inoue et al. [1] have developed a new multi-component Co43Fe20Ta5B31.5 
amorphous alloy, which exhibits excellent mechanical properties and good soft magnetic properties.  

In this work Co43Fe20Ta5B31.5 alloy in the form of thin ribbons was prepared by single-roller melt 
spinning technique. X-ray absorption spectroscopy (XAFS) measurements were perfomed at the 
beamline C. A Si (111) double-crystal monochromator was used. The Fe K absorption edge and Co 
K absorption edge were recorded at a room temperature in a fluorescence mode where the X-ray 
absorption is monitored by detection of the core hole decay products, namely fluorescence photons. 
This technique was employed due to a relatively high thickness of a sample. The sample was placed 
behind the first ionization chamber measuring the intensity of an incoming photon beam and was 
tilted with respect to the beam by 45 degrees. Fluorescence photons were detected using a 7 pixel 
HP-Ge detector. The standard Fe or Co metal foils were placed between the second and third 
chamber, and its absorption spectrum could be measured simultaneously with the sample 
absorption. For improving the statistics, XAFS measurements were repeated 15 times for both Fe 
and Co K edge. 

XAFS data extracted from the absorption spectra were corrected for self-absorption by an algorithm 
implemented in the software Artemis [2]. Then we treated the data in a standard way and converted 
them to a photoelectron momentum (k) space. XAFS data were analyzed using the program FEFF 6 
[3] and VIPER [4]. 

Figure 1a) shows together XAFS signals of the sample converted to the k-space for both, Fe and Co 
K edge. Signals are only in the limited range of k from 3 to 10.5 1/Å due to the large Debye-Waller 
factor for the amorphous alloys. Already a simple visual inspection of the EXAFS signals reveals 
very similar oscillations (comparable positions of maxima and minima) suggesting a similar local 
atomic order around Fe and Co. The XAFS signals were Fourier transformed and results of 
transformations are shown in fig. 1b). In both cases modules of Fourier transform is characterized 
by one dominant peak around ~ 1.95 Å followed by small wiggles. The peak asymmetry suggests 
that the peak consists at least of two subshells.  

Figure 1: a) Experimental k2
χ(k) signals of the as-prepared Co43Fe20Ta5B31.5 alloy measured above 

the Fe and Co edge; b) corresponding Fourier transform modules. 
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The deformation-induced phase transformation of metastable austenite in steels is of great scientific 
and technological interest. This so-called effect of transformation-induced plasticity (TRIP effect) 
shows additional work-hardening and enhanced ductility arising from martensitic shear and plastic 
deformation processes around martensitic plates [1,2]. 
Maraging steels (martensitic precipitation hardening steels) belong to the group of high strength 
steels possessing superior mechanical properties. Maraging steels have a martensitic matrix, which 
is strengthened by nanometre-sized intermetallic precipitates and tend to form reverted austenite 
with increasing time of aging [2]. As far as ascertained not much is reported about the TRIP effect 
in maraging steels. The goal of the present study is a systematic investigation of the martensitic 
phase transformation behaviour of austenite in a maraging steel of the type PH 13-8 Mo under 
external loading. 
The material used for the present study was a commercial maraging steel, which was provided by 
Böhler Edelstahl GmbH & Co KG, Kapfenberg, Austria. The nominal chemical composition is 
given by: base Fe, 0.03 wt.% C, 12.70 wt.% Cr, 2.20 wt.% Mo, 8.10 wt.% Ni, and 1.10 wt.% Al. 
The material was solution annealed at a temperature of 1173 K for 1.5 h and then air-cooled to 
room temperature. Subsequently the specimens were isothermally aged at 848 K for 3, 5, 10, 15, 
and 100 h, respectively. The differently heat-treated samples were machined to tensile testi 
specimens with a diameter of 4 mm and a gauge length of 20 mm. 
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Figure 1: (a) Schematic sketch of the experimental setup for in-situ tensile testing. (b) The 
engineering stress-strain curves of the maraging steel PH 13-8 Mo in the solution treated state and 

aged at 848 K for different times (see figure).  
 
The high-energy X-ray diffraction studies of the phase transformations were performed at the 
GKSS Engineering Materials Science Beamline HARWI-II [3] at HASYLAB/DESY. The 
synchrotron radiation was monochromatised to a nominal photon energy of 100 keV and the cross 
section of the beam was defined by aperture slits to 0.5 × 0.5 mm2 at the sample position. Figure 1a 
shows a schematic sketch of the experimental setup. For in-situ studying the phase transformation, 
a tensile testing machine was mounted on the sample tower of the diffractometer at the 
experimental station of the synchrotron beamline [3]. The X-ray diffraction experiments were 
performed in transmission geometry. The in-situ tensile tests were performed at ambient conditions 
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up to the fracture of the specimens. A two-dimensional image plate detector (mar345) was 
positioned at a sample-to-detector distance of 950 mm to detect the scattered photons. 
Figure 1b illustrates the engineering stress-strain plots, showing the significant influence of the 
aging treatment on the mechanical properties. The diffraction pattern of the solution treated 
maraging steel contains only diffraction peaks from the martensitic α' phase. However, all aged 
samples show Debye-Scherrer rings from the martensitic α' phase and the austenitic γ phase. Figure 
2a displays a series of azimuthally averaged X-ray diffraction patterns in various states of the in-
situ tensile testing experiment. The intensities of the γ phase diffraction peaks strongly decrease 
with increasing strain ε, whereas the diffraction peaks of the α' remain mostly unaffected. With 
increasing ε, the width of the diffraction peaks of both phases increase and slight shifting of the 
peak positions is observed. These results are qualitatively found in all aged samples. 
The volume fractions of austenite Vγ was calculated by the method of direct comparing of the 
integrated intensities of the individual diffraction peaks [4]. Figure 2b shows the results of Vγ as a 
function of engineering strain. In the unloaded state, Vγ strongly increases from 7 vol.% at 3 h to 30 
vol.% at 100 h. It can be clearly seen that Vγ continuously decreases with increasing strain. The 
transformation takes place in the elastic as well as in the plastic region, whereas the decrease in the 
plastic regime is much more pronounced. It seems that not all curves reach the zero line, which is, 
however, due to the inability of determining the Vγ at the onset of fracture. The retaining austenite 
is transformed between the strain value of the last measurement and the elongation of fracture. 
Longitudinal scanning of the fractured samples verified this finding. These results indicate that the 
TRIP effect can be used for controlling the mechanical properties of maraging steels. For further 
details of experimental procedures, methods of data evaluation, and interpretation and discussion of 
the results see reference [5]. 
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Figure 2: (a) A typical series of X-ray diffraction patterns during in-situ tensile testing of the 
maraging steel PH 13-8 Mo aged at 848 K for 15 h. The values given in the figure refer to the 

applied engineering strain ε. (b) The volume fraction of austenite Vγ for various aging treatments at 
848 K (see figure legend) as a function of engineering strain. 
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Melting and Crystallization of Differently Oriented Sets of
Crystallites in Polypropylene
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Experimental Setup. Wide-angle X-ray scattering is performed in the synchrotron beamline A2
at HASYLAB, Hamburg, Germany. The wavelength of the X-ray beam is 0.15 nm, and the sample-
detector distance is 79 mm. Scattering patterns are collected by a two-dimensional position sensi-
tive marccd 165 detector (mar research, Norderstedt, Germany) in binned 1024× 1024 pixel mode
(158.3 µm quadratic pixel size). During the experiments series of scattering patterns are recorded.
The cycle-time is 8 s (4 s exposure).

Summary of Scientific Results. Uniaxially oriented polypropylene (PP) is molten and crystal-
lized isothermally from the oriented, quiescent melt. Nucleation and growth of differently oriented
sets of crystallites (c-set anda∗-set) appear decoupled. After shallow quench crystallization is
preceded by (spinodal) decomposition. Evolution is monitored by wide-angle X-ray scattering
(WAXS) and compared to results of a SAXS study. Peak integrals (crystallinity) and minimum
crystallite size are tracked. In the commercial starting material a∗-set crystallites melt at 158°C.
The c-set melts at 170°C furnace temperature. After recrystallization both sets melt at 170°C.
Isothermal crystallization is divided in two distinct phases. During nucleation the crystallinity
stays low. The second phase is dominated by crystallinity growth. At 150°C thec-set is seeded
first. At 145°C and 140°Ca∗-oriented crystallites are the first. The first-seeded set starts to grow
first. c-set crystallinity is always growing faster thana∗-set crystallinity. The evolution of the SAXS
cross-diagram in the growth phase can both be explained by lamellae growing at right angles, and
by block merging [1].

New Method: Direct Mapping of Fiber Patterns into Reciprocal Space. The abovementioned
scientific results have required the development of an automated data evaluation method for fiber
patterns that is suitable for studies in the materials science of soft condensed matter [2]. The
development has started from the unexpected finding that therelation [3] used in crystallography to
estimate the fiber tilt angle is wrong. The correct equation is readily established [4] after resorting
to the geometrical design of fiber diffraction devised by Polanyi [5] (cf. Fig. ). Crystallography
survives because it refines the mapping parameters manually. With the correct equation we can
now construct an automated fiber mapping procedure that is sufficiently accurate for the materials
scientist [2]. The automated method tracks the fiber tilt angle during thermal treatment of the fiber
(Fig. 2) and maps the recorded pattern into reciprocal space. Now the interesting reflections are
always found at the same position where they are readily isolated and automatically evaluated in
3D reciprocal space.

Conclusion. This method permits to automatically evaluate extended series of fiber patterns that
are recorded, e.g., in melting and crystallization studiesof soft matter. We expect that it will
become very useful for the management of extensive data series that will be recorded with high
time resolution at PETRA III beamlines.
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Since the discovery of glassy systems, based on multi-component alloys, in the early 1990s, bulk 
metallic glasses (BMGs, with thickness or diameter larger than 1 mm) have been extensively 
studied [1]. However, the understanding of the atomic structure of BMGs far lags behind [2], which 
is mainly caused by the complexity of multi-component BMGs. BMGs produced usually contain 
three or more elements. However, simpler systems should be of great interest, fundamentally as 
well as technologically, since they would facilitate the determination of atomic structure for a given 
BMG, which has been a long-standing problem [2]. Recently, binary Cu-Zr BMGs have been 
synthesized. It was found that the glass forming ability in the system strongly depends on 
compositions, even narrow down to 1 at.%. Thus, to determine the atomic structure of binary Cu-Zr 
BMG becomes very important. In this letter, atomic structures of Cu64.5Zr35.5 BMG, together with 
eutectic composition Cu61.8Zr38.2 MG ribbon for a comparison, have been investigated by a 
combination of state-of-the-art experimental techniques (synchrotron radiation-based x-ray 
diffraction (XRD) and extended x-ray absorption fine structure (EXAFS)) with computational 
methods (reverse Monte Carlo (RMC) and ab initio molecular dynamics (VASP) simulation). 
Three-dimensional (3D) atomic configuration of the binary Cu64.5Zr35.5 BMG is established. The 
atomic arrangements from short to medium range order are envisaged and compared between both 
glasses. 
The high energy x-ray diffraction was measured on the BW5 station by using synchrotron 

radiation with voltage of 120 keV at HASYLAB/DESY, Hamburg. EXAFS spectra at Cu K-edge 
(8979 eV) and Zr K-edge (17998 eV) were collected in transmission mode at the beam line X1 of 
HASYLAB. Standard data analysis was carried out by Viper program [3], and FEFF-8 code [4] 
being used to calculate the scattering amplitudes and phase shifts.  
 
 (a) 

(b) 

(c) 

(d) 

Cu61.8Zr38.2 Cu64.5Zr35.5

 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1 (a) demonstrates the pair distribution functions G(r) of Cu64.5Zr35.5 and Cu61.8Zr38.2 MGs together 

with the difference in G(r), i.e., = G(r) (for Cu)(rGΔ 64.5Zr35.5)-G(r) (for Cu61.8Zr38.2). It is clear that the shell 
numbers of these two MGs are almost the same. In order to get more reliable atomic structural configuration, 
we performed RMC simulation simultaneously by using three experimental data (one S(Q) and two EXAFS 
Zr and Cu K-edge (χ(k)) spectra). (b) and (c) display the comparison in S(q) and EAXFS spectra (Cu K-edge 
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and Zr K-edge) of experimental data (solid line) with RMC simulated ones (dotted line) for Cu64.5Zr35.5 MG, 
respectively, showing good agreements between them. Similar fitting results were also obtained for 
Cu61.8Zr38.2 MG (not shown here). The agreement of results obtained from RMC and VASP simulations with 
experimental ones makes it possible to reveal 3D atomic structures for both metallic glasses. (d) shows the 
atomic configuration of Cu64.5Zr35.5 and Cu61.8Zr38.2 MGs.  

To further deduce local structure of clusters, Voronoi method by setting a cut-off distance of 3.4 
Å was employed where CN is just over 12 and shows relatively slow increase if enlarging the cut-
off a little more. It shows that icosahedron-like clusters with CN=12 are dominant in both MGs. 
Most of them with CN=12 are icosahedron-like or distorted icosahedra with index of <0, 2, 8, 2> 
and <0, 3, 6, 3>. The amount of the ideal icosahedron of <0, 0, 12, 0> is rather low. In addition, 
Cu61.8Zr38.2 contains slightly more polyhadra with CN = 10 and 11 but less in CN = 13 and 14 than 
Cu64.5Zr35.5 MG. The occurrence of the <0, 2, 8, 1> polyhedron (standard Z11 Kasper polyhedron) 
with CN=11 is 10.7 % in Cu61.8Zr38.2 and 9.5 % in Cu64.5Zr35.5 while the polyhedron <0, 3, 6, 4> 
with CN=13 is of about 7.8 % in Cu61.8Zr38.2 and about 8.2 % in Cu64.5Zr35.5. From atomic 
configurations obtained from RMC, the ‘quasi-equivalent’ clusters are deduced and packed to fill 
the 3D space in these two MGs by face-, edge- and vertex-sharing. It is found that the medium 
range order changes from atom to atom. However, the medium range atomic packing, i.e., 
icosahedra companying with polyhedra in relative high coordinates, like Cu9Zr5, etc. is often found 
in Cu64.5Zr35.5 BMG while in Cu61.8Zr38.2 MG the atomic packing, icosahedra companying with 
relative low coordinated clusters like Cu6Zr6, etc. is detected with high probability, as illustrated in 
Figs. 2 (a) and 2 (b).  
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FIG 2. The packing of quasi-equivalent clusters, showing the medium-range order in (a) Cu64.5Zr35.5 BMG 
and (b) Cu61.8Zr38.2 MG. 

 
The authors would like to thank the HASYLAB staff at DESY, Germany, for the assistance 

during the measurements at BW5. Financial support from the National Natural Science Foundation 
of China (Grant Nos. 50341032, 50425102 and 50601021), the Ministry of Science and 
Technology of China (Grant Nos. 2004/249/37-14 and 2004/250/31-01A), the Ministry of 
Education of China (Grant Nos. 2.005E+10 and 2005-55), Zhejiang University-Helmholtz 
cooperation fund, and Zhejiang University is gratefully acknowledged. 

References 
 
[1] A. Inoue, Bulk Amorphous Alloys 1 and 2 (Trans Tech Publications, Switzerland, 1998). 
[2] H. W. Sheng, W. K. Luo, F. M. Alamgir, J. M. Bai, and E. Ma, Nature (London) 439, 419 (2006). 
[3] K. V. Klementev, J. Phys. D: Appl. Phys. 34, 209 (2001).  
[4] A. L. Ankudinov, B. Ravel, J. J. Rehr, and S. D. Conradson, Phys. Rev. B 58, 7565 (1998). 

-89-



Observation of nano-indent induced strain fields and 
dislocation generation in Silicon wafers using micro-

Raman Spectroscopy and White Beam X-Ray 
Topography. 

D. Allen1), P.J. McNally1), J. Wittge2), A. Zlotos2), E. Gorostegui–Colinas3), A.N. Danilewsky2) 

and M. R. Elizalde3) 

 
(1) Research Institute for Networks and Communications Engineering, Dublin City University, Dublin 9, Ireland. 

(2) Kristallographie, Gewowiss. Institut, University Freiburg, Freiburg, Germany. 
(3) Centro de Estudios e Investigaciones Tecnicas de Gipuzkoa, CEIT, San Sebastian, Spain. 

  
 
In the semiconductor manufacturing industry, wafer handling introduces micro-cracks at the wafer 
edge due to the brittle nature of silicon. During heat treatment, when the temperature goes above the 
brittle-ductile transition point [1] these can produce larger, long-range cracks in the wafer which 
can cause wafer breakage during manufacture. This study used two complimentary techniques, 
micro-Raman spectroscopy (uRS) and synchrotron X-ray diffraction topography, to study both the 
micro-cracks and the associated strain fields produced by nano-indentations. Defined defects, i.e. 
nano-indents, were introduced into silicon (100) samples by the use of a nano-indenter equipped 
with a Berkovich tip. Numerous samples were produced, including samples with a 5x5 array. Figure 
1 shows a 02-2 large area transmission (LAT) topograph, showing the strain fields associated with 
the indents. The array was produced using horizontal applied forces of 500mN, 400mN, 300mN, 
200mN and 100mN, respectively, the indents being 100µm apart. Other samples were produced 
with a single line of 15 indents each 1mm apart. 

The samples were observed both before and after thermal treatment. During the thermal treatment 
the samples were heated to a temperature of 800oC ± 5oC and held constant for 20 minutes. 
Topographs were taken every 30 minutes. During thermal treatment the nano-indents produced slip 
bands in the <110> directions that are visible using X-ray topography [2]. These slip bands are most 
noticeable at the 500mN indents (Fig. 2). 

Micro-Raman spectroscopy confirmed the presence of numerous phases of silicon; both Si-XII and 
Si-III are produced by the indentation process [3] and both compressive and tensile strain in the 
indents, prior to rapid thermal anneal treatment and the absence of these phases, other than cubic 
silicon Si-I, after the thermal treatment.  

As previously mentioned, uRS of the indents showed both compressive strain at the edges of the 
indents and tensile strain at the centre of the indents. Fig. 4 shows the mapped strain fields for a 
typical 500mN indent. 

A 6-20 back reflection topograph of the indents, X-ray penetration depths ~ 10-50µm, shows the 
long range strain field to be relatively isotropic in nature around the indents, fig. 4, and this is in 
close qualitative correlation with finite element strain simulations, fig. 5.  At present the simulation 
results do not show the shift from compressive to tensile strain that was observed by uRS. This is 
due to known limitations in the simulation systems that are being addressed. 
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Fig. 2: 0-22 LAT topograph of an array of 
indents. 

 

Fig. 3 Strain observed at the 500mN indent using uRS. Vertical red lines indicate the edges of the 
indent. Compressive strain is denoted by the blue arrow, tensile strain is denoted by the red arrow. 
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Fig. 5 Strain simulation results for the 200mN indent 

16 μm 

 

Fig. 4  6-20 back reflection topograph 
of nanoindents in Si 

 

Fig. 1 02-2 LAT topograph of indents. 
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The experimental aim of this study concerns local phase composition of structured protective layers for high 

temperature applications (more than 750°C), such as gas turbines rotating in a gas flow. In particular, the 

layers will be structured [1] to reduce the friction drag on the components and hence increase the efficiency 

of the gas turbines. The surface of γ-TiAl based alloys can be structured during the oxidation by using the so 

called halogen effect. This effect causes a change in the oxidation mechanism of these materials from the 

formation of a fast growing thick mixed oxide scale (Al- and Ti-oxide) to a slowly growing protective 

alumina layer. A selective halogenation of a γ-TiAl surface lead after the oxidation process to a change in 

the topography: valleys covered by alumina on the halogenated domains alternate with hills covered by 

mixed oxide on the non-halogenated domains [2 - 4]. 

The investigated sample has been selective halogenated by masked beamline implantation of F-ions (dosis of 

5x10
16

 F-ions/cm², energies of 30 keV, maximum range ca. 500 nm, fluorinated width of 600 µm and non-

fluorinated width of 200 µm). After the oxidation at 900°C for 24 hr in dry air the sample has been 

investigated by light microscopy, SEM/EDX and space-resolved 2D X-ray diffraction for phase analysis. 

An optical image of the sample with the region of interest (ROI) is given in figure 1. The chemical 

composition of the substrate layer is given in table 1.  

 

  

Figure 1: Sample after oxidation a) optical image, b) and c) SEM micrographs. EDX analysis showed  

Al-oxide on fluorinated domains and mixed oxide on non-fluorinated domains. 

Table 1: Chemical composition of the investigated substrate  
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Figure 2: Diffraction pattern for overview at different wavelength: 

a) λ = CoKα, ψ = 0° and b) λ = 0.2 nm, ψ = 80° 

At the diffractometer MAXIM (beamline G3), HASYLAB @ DESY [5 - 7], 2D imaging of the surface area 

was performed using synchrotron X-ray radiation with wavelengths corresponding CoKα radiation and  
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λ = 0.2 nm. A bundle of polycapillaries was arranged in front of a CCD-camera to enable position sensitive 

data acquisition. The phase distribution of the surface was gained from the data by the means of Eigenimage 

analysis [5 - 9]. 

The examinations with a wavelength corresponding to CoKα (symmetric ω-θ-method, ψ = 0°) identified 

several phases from the substrate as well as the oxide layer (fig. 2a): Al2O3, TiO2, (Al2Nb2Ti6)O2, γ-TiAl, 

Ti3Al, β-NbO2. 

A diffraction pattern taken for a wavelength of λ = 0.2 nm and at ψ = 80° confirms the phases in the oxide 

layer (fig. 2b). In order to obtain space-resolved 2D information near the surface, measurements using the 

method of low incidence with a wavelength of about λ = 0.2 nm were performed. Under these condictions, 

the peaks identified could only be associated with TiO2, Al2O3, and mixed crytstal (Al2Nb2Ti6)O2. 

Figure 3 shows the local phase distribution for TiO2, Al2O3 and (Al2Nb2Ti6)O2 – reflections (Eigenimage, 

space-resolved information-reduced images and reflection pattern), examinated by the Eigenimage method. 
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Figure 3: Eigenimages (a, d, g), local phase distribution based on space-resolved information-reduced 

eigenimages (d, e, f) and diffraction pattern based on space-resolved information-reduced images 

(g, h, i) for the different phases of TiO2, Al2O3 and mixed oxide (Al2Nb2Ti6)O2 

The distribution of the (Al2Nb2Ti6)O2 varies over the sample (fig. 3a-c) corresponding to the light grey areas 

in the region of interest in the picture of the sample (fig. 1a). TiO2 is found mainly on the non-fluorinated 

domains of the substrate (fig. 3d-f). The Al2O3 reflection proofs coarse crystalline structure indicated by 

several strong reflection areas. Al2O3 was only found on the fluorinated domains (fig. 3g-i) as shown by the 

SEM/EDX analysis of the sample (fig. 1).  
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Solar cells based on chalcopyrites such as Cu(In,Ga)Se2 have achieved remarkable efficiencies and 
established their position as a leader in the thin film photovoltaics. However, due to low abundance 
and high cost of constituent elements (In, Ga) the search continues for low cost materials. 
Especially kesterite - Cu2ZnSnS4 attracted much attention as a prospective absorber for solar cells 
due to a suitable band gap 1,49eV [1] and favourable optoelectronic properties (the kesterite solar 
cell efficiency 5,74% was reported [2]). Also other related to kesterite multinary chalcogenides like 
Cu2FeSnS4 (stannite) and kuramite (Cu3SnS4) and their solid solutions are of interest. There are 
interesting structural aspects concerning these materials that need to be clarified. This report is 
focused on local order and charge state of iron in kuramite – stannite and kesterite –stannite solid 
solutions. The X-ray absorption fine structure at Fe K edge in both, near edge (XANES) and 
EXAFS range was employed. 

Polycrystalline powders were prepared from elements using standard dry synthesis method. XAFS 
measurements at Fe and Cu K edges have been carried out at the A1 and E4 beamlines using both 
fluorescence and transmission modes. Samples were kept at 80 K to minimize thermal broadening.  

Fig. 1 presents XANES for the Cu3-xFexSnS4 series. The shift of the absorption edge corresponds to 
a change in the oxidation of Fe. The edge position E0 taken as an inflection point for both series is 
shown in the Fig.2. For kuramite – stannite series we observe a practically linear change of the ratio 
of the Fe

3+
 to Fe

2+
 ions while going from kuramite to stannite. 
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Fig.1. XANES at the K edge of Fe in the       

Cu3-xFexSnS4 series The inset shows shift of the 

edge with the composition. 
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Fig.2 Absorption edge energies E0 versus Fe content x in 
the Cu3-xFexSnS4 and Cu2FexZn1-xSnS4 series. 

 

 

For the kesterite – stannite series the dominant charge state of iron is Fe
2+

 throughout the whole 
composition range, however position of the edges indicate a residual contribution of Fe

3+
 ions.  

The EXAFS portion of the measured spectra was analyzed using Artemis program We performed 
four-shell fittings using the photoelectron amplitudes and phases calculated for the stannite 
structure by the FEFF8 program. The amplitude reduction factor for all fits was set to S0

2 
= 0.75.  
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Fig.3 Fourier-transformed k2-weighted EXAFS with 

the four-shell fit in the Cu2,34Fe0,60Sn1,07S3,98  sample 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig,4. Iron – sulphur bond length vs. Fe content x 

in the Cu3-xFexSnS4 series. 

 
 
The fittings for all samples of the two series indicate tetrahedrally coordinated iron with four 
sulphur atoms in the nearest-neighbor shell. An example of a four-shell fit for a “tetrahedral” model 
is shown in figure 3. Figure 4 shows the dependence of Fe-S bond length of the Fe content x in the 
kuramite – stannite series. It is noticeable that the bond length increases slightly with increasing  
iron concentration. The result is correlated with the data presented in figure 2. Increasing 
contribution of Fe

2+
 ions corresponds to a longer average bond length. For the kesterite – stannite 

series there is almost no bond length dependence on the Fe concentration observed. The average 
bond length obtained from EXAFS fittings is (2.33 ± 0.02) Ǻ.  

For the kuramite – stannite (Cu3-xFexSnS4) series it was suggested in [3] that up to x = 0.5 all iron 
atoms are in Fe

3+
 charge state, octahedrally coordinated with sulphur atoms. For higher Fe 

concentrations an increasing contribution from Fe
2+ 

is expected. An alternative scheme of the 
charge balance has been proposed in [4] in which both Fe

3+
 ions and Fe

2+
 ions co-exist and reside in 

sites of tetrahedral symmetry. Our XANES results show that even at relatively low x values there is 
some content of Fe

2+
 which increases linearly with x. The EXAFS data can be fitted only using a 

model with tetrahedral arrangement of S atoms in the Fe nearest-neighbor shell. It was virtually 
impossible to fit the data using the model with octahedrally coordinated iron.  

We thus conclude that iron is tetrahedrally coordinated in both Cu3-xFexSnS4 and Cu3-xFexSnS4 
alloys. 
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The extensive studies are performed to generate the material utilizing the electron spin. One way to 
yield such materials is producing inclusions in semiconductor matrix. Among the compounds, 
which can be used in spintronic applications, these created by introducing ferromagnetic inclusions 
in semiconductors matrix seem to be very promising. In order to obtain materials with desired 
magnetic properties, it is reasonable to start with inclusions with Curie temperature, TC, above room 
temperature. One of the candidate materials is MnSb. It was showed that bulk MnSb has TC of 587 
K and the Mn1-xSbx layers grown on GaAs reach TC of 620 [1,2]. This indicates that MnSb can be 
good compound to form ferromagnetic nano inclusions above room temperature. Before 
establishing the best growth conditions for the new multiphase material, the characterization of thin 
layer is needed. 

We present the results of characterization of the MnSb layers grown on the GaAs (100) or GaAs 
(111) substrates by MBE method. The substrate temperature was about 520 K. Layers thickness was 
about 200 nm. 

Structural characterization of the MnSb layers with use of synchrotron radiation was performed at 
the W1 beamline at DESY-Hasylab. The monochromatic X-ray beam of λ = 1.5406 Å wavelength 
was used. Two modes of measurement were applied: symmetrical 2θ-ω scan and coplanar 2θ scan 
in the glancing incidence geometry. To determine the crystallographic orientation of the layers, the 
2θ-ω scans were made. Using coplanar 2θ scan the polycrystalline phases were detected. The X-ray 
diffraction pattern of 2θ-ω scan for MnSb grown on GaAs(111) substrate is shown in Fig. 1. Two 
different domains of hexagonal MnSb can be distinguished on the base of this pattern: (00.1) and 
(10.2) (two strong diffraction peaks 00.2 and 00.4 and much weaker 10.2). The reflexes marked 
111, 222 and 333 are situated at the angular positions close to that of GaSb phase, but they are 
shifted towards the larger angles. The lattice parameter calculated from these reflexes is equal  
a = 0.6068 nm (a = 0.6096 nm for GaSb). In our opinion, such lowering of this lattice parameter 
indicates that the observed domain is Ga1-xMnxSb zinc-blende solid solution phase. Moreover, two 
small peaks belonging to the tetragonal Mn2Sb phase are also visible in this pattern. The 2θ-ω scan 
performed for MnSb grown on GaAs(100) substrate is presented in Fig. 2. In this case two 
differently oriented domains, (10.1) and (11.0), of hexagonal MnSb exist. The peaks belonging to 
these domains are marked in the figure. It should be noticed that the interplanar distances calculated 
from the positions of these lines are slightly smaller than that for pure MnSb phase - it is probably 
due to by Ga atoms built into MnSb lattice. Besides, several of weaker intensity peaks visible in the 
pattern indicate on an existence of some precipitations of other phases. To check character of these 
precipitation 2θ scan diffraction pattern in glancing incidence geometry was measured (Fig. 3). As a 
result, a set of peaks was registered but in different angular positions than that observed in 2θ-ω 
scan presented in Fig. 2. All diffraction lines observed in the glancing incidence geometry can be 
attributed to the polycrystalline phases: hexagonal MnSb and tetragonal Mn2Sb. In such situation 
the unidentified peaks from 2θ-ω  pattern should be treated as generated by some single crystal 
precipitates.  

In the layer grown on GaAs(111) no diffraction peaks originating from polycrystalline inclusions 
were found. 
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Fig. 1. 2θ-ω X-ray diffraction pattern of MnSb grown on GaAs(111) substrate. 

 
Fig. 2. 2θ-ω X-ray diffraction pattern of MnSb grown on GaAs(100) substrate. 

 
Fig. 3: 2θ X-ray diffraction pattern of MnSb grown on GaAs(100) substrate. 
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Poulsen et al. have demonstrated that the strain tensor of bulk metallic glasses (BMGs) can quantitatively 
estimated by using high-energy X-ray synchrotron diffraction [1]. Further in situ diffraction measurements 
were reported recently [2-6]. In this work, we investigated in situ the structural evolution of a binary 
Cu50Zr50 metallic glass under tension. The aim of this work was to determine the elastic moduli in tension 
and to analyze whether changes in the short-range order occur under applied stress below the elastic limit.  

Figure 1 shows the layout of the diffraction experiments at the BW5 beam-line. XRD patterns were collected 
in symmetric transmission geometry using a MAR 345 two-dimensional (2D) image plate detector. The 
wave-length λ=0.01265  nm facilitates to acquire intensities up to large values (≈160 nm-1) of the scattering 
vector q (q=4πsinθ/λ). The diffraction patterns were characterized with respect to the polar coordinates I 
(q,χ). The position of the first maximum of the scattering curves q1 at about 27 nm-1 changes with applied 
stress σ. The angular dependent strain ε is given by: 

( ) ( ) ( )
( )χσ

χσχχσε
,

,,0,
1

11

q
qq −

= .      (1)  

Figure 2 shows the calculated strain values of the Cu50Zr50 glass as a function of direction χ  at different 
loads.  The values vary from tensile strain for χ= 0° to compressive strain for χ=90°. From the measured 
angular variation of the strain the components of the strain tensor εij were calculated by a least square fit of: 

χεχχεχεχσε 2
2212

2
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Figure 1: Experimental setup of the in-situ X-
ray diffraction under applied load.  
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Figure 3: Strain versus stress curve of Cu50Zr50 
glass measured by XRD and mechanical testing 
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Figure 4: Direction dependence of atomic pair 
distributions of Cu50Zr50 glass under load 

Figure 4 shows the variation of axial (ε11), tangential (ε22) and in-plane shear (ε12) component with stress. A 
linear behaviour is observed up to the highest value before fracture. The Young’s modulus E=63 GPa and 
the Poison’ ratio   ν= 0.31 can be directly obtained from the slopes of ε11 and ε22 versus stress. From the 
scattering intensities I(q) the atomic pair correlation functions (PDF)ρ (r) were calculated. Figures 4 shows 
the nearest neighborhood of the Cu50Zr50 glass under applied stress (L=150N) in tensile (χ=0°) and 
perpendicular   direction (χ=90°). The visible two components of the PDF can be attributed to the partial 
zirconium-copper ( 1

ZrCur =0.27nm) and zirconium-zirconium ( 1
ZrZrr =0.32 nm) pair correlations. Differences 

in position and height of the two components are visible. Such change confirms that atomic rearrangements 
take place upon load. The positions of the two sub-maxima increase along the tensile direction and decrease 
in the perpendicular direction, however, the relative shift of the nearest neighbour positions is much lower 
than the values obtained by q1 in reciprocal space (as well as by the maxima at larger inter-atomic distances). 
Beside the changes of the nearest neighbour distances also the intensities of the components are found to be 
different for the two directions. From the analysis of the first maximum follows that the number of Zr-Zr 
neighbors increases in tensile direction, and the number of Cu-Zr decreases respectively. The 
transformations may occur only in certain clusters with corresponding local structure, stress state, and 
orientation to the stress direction. So locally bond reorientations happen in a limited number of clusters and 
such events spread to the overall structure with increasing stress. 
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Self-assembled nanostructures have attracted much interest in the last time because of promising 
properties for possible device applications. Beside CVD and MBE liquid phase epitaxy (LPE) 
established as an advantageous growth technique due to the vicinity to the thermodynamic 
equilibrium which affords very regular structures. Beside the ex-situ analysis [e.g. 1, 2] the in-situ 
investigations are essential to get a more precise understanding of the growth process.  

In this project, we have performed in-situ measurements of the crystal growth of SiGe nanoscale 
islands from a liquid solution. Therefore, we constructed a dedicated in-situ growth chamber in 
which pre-processed samples can be analyzed with x-ray diffraction techniques. In a conventional 
liquid phase growth experiment a metallic melt overlies the growing structure. So the x-ray 
diffraction measurements in our case have to be realized from through the backside of a sufficiently 
thin silicon substrate, which floats on the melt. Therefore, the samples were pre-processed in a 
conventional LPE chamber under H2-atmosphere. They consist of a graphite platen that carries the 
prepared melt (silicon-saturated bismuth). A thin silicon substrate (20-25µm), on which the crystal 
growth will take place, is positioned on the melt. The x-ray beam can therefore penetrate the 
substrate from the backside and the diffusely scattered intensity is recorded as a function of the 
current growth state. The pre-processing of the in-situ sample allows the experiment under N2-
atmosphere instead of H2. The sample is placed in a growth chamber between two heating 
elements. The top heating element has a gap for the incoming and outgoing x-ray beam. Our setup 
is encapsulated in a ceramic and mounted in a stainless steel tube with flanges for supply and 
measurement connections. A detailed description of the growth chamber and the preparation of the 
in-situ samples can be found in [3]. 

Because of the liquid melt, we cannot tilt our sample to change the angle of incidence. So the x-ray 
beam has to be deflected to the required Bragg angle. A first setup was realized by a deflection with 
two crystals as described in [4, 5] and previous HASYLAB reports. To avoid the intensity loss by 
two deflections a setup with just one deflection crystal has been applied. Therefore, the BW1 
diffractometer was lowered by 10 cm. Then a ZnO (0001) crystal deflects the x-ray beam with 
nearly the required incident angle (Silicon (004) reflection) into the growth chamber (fig. 1). The 
beam energy of E=10.972 keV was optimal for the ZnO (0002) reflection which means the required 
growth chamber tilt was less than 0.3°.  

 

Figure 1: Setup at beamline BW1 HASYLAB 
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The in-situ experiments were performed in the vicinity of the symmetrical Si(004) reflection in the 
[110]-zone (islands are irradiated along the island base). After evacuation, the chamber is flushed 
with N2. Then the Si-Ge-Bi material is melted on (500..600°C) and the thin substrate floats 
horizontally on the melt. Thereafter the CCD detector and diffractometer will be adjusted to a 
position (based on the substrate position) where the signal of the evolving structure will appear. 
The growth is initiated by a cooling with a rate of 0.1 K/min. The CCD-frames (Bruker Apex CCD) 
were recorded simultaneously in steps of 20s. Because the intensity distribution is recorded with 
fixed adjustments in dependence of the growth temperature only a defined section of reciprocal 
space is recorded which is not directly comparable to the ex situ maps [1] parallel to qz but enclose 
an angle with the qz axis. Fig. 2 shows three CCD frames of a typical in-situ experiment. The 
intensity signal caused by the silicon substrate (qz ≈4.63Ǻ-1) is suppressed by a Pb-absorber. A first 
signal related to a Si0.35Ge0.65 island structure appears at a temperature of 495°C. By further 
cooling, the signal becomes more distinct and moves slightly to smaller qz (Si0.3Ge0.7). The 
development from germanium poor region at the island base to germanium richer regions at the 
island top confirms in-situ the concentration profile that is known from ex-situ investigations [1]. A 
subsequent heating up and a second cooling shows nearly the revised process [4]. To estimate the 
shape, size and strain the frames have to be compared with simulations based on the finite element 
method.  

 

Figure 2: In-situ experiment: CCD-frames in dependence of the growth temperature. 
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Chalcogenide glasses are widely used in phase change optical recording and optoelectronics due 
to their unique physical and chemical properties and induced phenomena. In the search of new 
materials with improved properties great attention is paid to the doping of chalcogenide glasses 
by metal atoms, which change their electrical properties drastically. With dependence on the 
doping element, amorphous chalcogenides become ionic conductors (e.g. As-S-Ag glasses [1]) or 
their electrical conduction changes (e.g. from p- to n-type in Ge-Se-Bi glasses [2]). The latter 
opens possibilities for application of Bi-modified chalcogenide glasses as working elements for 
environmental sensors. However, the incorporation mechanism of Bi into the chalcogenide glass 
matrix is not studied enough yet. Also, it is not known how the atomic structure is modified upon 
ionizing γ-irradiation. As the effects of γ-irradiation are rather small, sensitive experimental 
methods like the x-ray absorption spectroscopy have to be applied [3]. 

In this work, we investigate As2Se3 binary and Bi-modified As2Se3:Bix glasses in the non-
irradiated and high-energy ionizing γ-irradiated states. Bulk glassy samples were prepared by a 
standard melt quenching procedure. Radiation treatment of the samples with accumulated dose of 
0.76 MGy was performed under normal conditions using a stationary radiation field, created in a 
closed cylindrical cavity by a number of concentrically established 60Co radioisotope capsules. 

The extended x-ray absorption fine structure (EXAFS) measurements at As and Se K-edges were 
carried out at the synchrotron beam line X1 (HASYLAB) in transmission mode using a Si (111) 
double-crystal monochromator. The sample pieces were finely ground, mixed with cellulose and 
pressed into tablets. The EXAFS intensities were measured by ionization chambers filled with a 
mixture of Ar/N2 (before sample), Ar (after sample) and Kr (after standard). The EXAFS spectra 
were obtained with 0.5 eV steps in the vicinity of absorption edge. The measuring time was k-
weighted during collection of the signal, and the open-source program ATHENA was used for 
the data processing.  

Figure 1 shows, as an example, k3-weighted EXAFS spectra and their Fourier transforms for pure 
As2Se3 and Bi-modified As2Se3:Bi0.208 glasses. The differences between EXAFS signals for the 
two glasses in the non-irradiated and γ-irradiated states are obvious. It is noteworthy that the 
changes at As and Se K-edges are in opposite directions for pure As2Se3, while the changes go in 
the same direction for the Bi-modified alloy. The same behaviour is observed for other As2Se3:Bi 
glasses (not shown here). 

It has been suggested that doping of chalcogenide glasses by Bi atoms leads to the appearance of 
high concentration of native coordination defects, which results in the change of charge carrier 
type [3]. Also, effects of γ-irradiation has been explained by formation of coordination 
topological defects [4,5]. Taking into account that the impact of γ-irradiation is remarkably 
different in As2Se3 binary and As2Se3:Bi glasses, it is clear that Bi significantly modifies the glass 
structure. These findings should be further analysed and interpreted. 
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Figure 1: The k3-weighted EXAFS spectra χ(k) and their Fourier transforms FT 
(without phase shift correction) for As2Se3 and As2Se3:Bi0.208 glasses in the 
non-irradiated (solid cycles) and γ-irradiated (open cycles) states. 
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Among the compounds susceptible to be used in spintronic applications, these created by 
introducing ferromagnetic inclusions in a semiconductor matrix seem to be very promising. In 
order to obtain materials with desired magnetic properties, it is reasonable to start with inclusions 
exhibiting a Curie temperature (TC), above room temperature. One of the candidate materials is 
MnSb. It was showed that bulk MnSb has a TC of 587 K [1] and the Mn1-xSbx layers grown on 
GaAs substrate can reach a TC of 620 K [2]. This indicates that MnSb can be a good compound to 
use, to form ferromagnetic nanoinclusions above room temperature. 

In order to find a recipe for forming the MnSb inclusions inside the GaSb semiconductor, several 
MBE processes were tested, changing kinds of substrate and growth temperatures. In this report we 
focus on the differences found for three types of substrate. As the example we show the analysis of 
the GaMnSbAs on GaAs(100), GaMnSb on GaAs(111) and GaMnSb on GaSb(100) layers where 
the MBE process was being optimized to obtain the inclusions. The EXAFS technique was used to 
monitor the location of Mn atoms in these layers. 

The EXAFS spectra at the Mn K-edge were measured at the Cemo and E4 stations using a seven 
element silicon fluorescence detector. The samples were cooled to liquid nitrogen temperature in 
order to minimize thermal disorder. Additional spectra of powdered MnSb standard sample were 
measured in transmission mode. 

The Artemis and Athena programs [3], using IFEFFIT data analysis package, were applied to the 
analysis of the EXAFS data. Figure 1 shows the comparison of Fourier Transformed EXAFS 
oscillations for the standard MnSb sample and the layers described above. As can be noticed only 
the spectrum of the layer on the GaAs(100) substrate substantially differs from the standard one. 
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Figure 1: Fourier transformed EXAFS 
oscillations for the investigated samples and the 
reference MnSb powder. 

Figure 2: Fitting results (full line) for the 
GaMnAsSb layer on the GaAs(100) substrate 
with using GaAs:Mn model. 
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Figure 3: Fitting results (full line) for the 
GaMnSb layer on the GaAs(111) substrate 
with using mix of two models: MnSb and 
MnSb in GaSb. 

Figure 4: Fitting results (full line) for the 
GaMnSb layer on the GaSb(100) substrate 
with using MnSb model. 

 
In figure 2 the result of fitting the spectrum of the GaMnSbAs layer on GaAs(100) is presented. 
The best result was obtained after using the GaAs:Mn model where Mn atoms substitute Ga atoms. 
The fit reproduce the spectrum up to 4.5 Å what means that the layer is well organized. In this 
sample the GaMnAs buffer layer with nominal 6% of Mn was formed on the GaAs substrate and 
then the Mn and Sb were deposited. Our finding indicates that Mn atoms form chemical bonds with 
As easier than with Sb. 

Figure 3 shows the result of fitting the spectrum of the GaMnSb layer on GaAs(111). It was not 
possible to obtain a good fit using only the MnSb model. After considering several possibilities, the 
model where Mn atoms substitute Sb atoms in the GaSb matrix had to be added. It was found that 
around 50% of Mn atoms is located in the MnSb inclusions and 50% in the GaSb matrix. 

The result of fitting the spectrum of the GaMnSb layer on GaSb(100) is shown in Figure 4. In this 
case, only MnSb model was applied giving the good result what confirms the presence of the MnSb 
inclusions. 

In summary, depending on the used substrates and the growth procedures Mn atoms were found 
differently located in the GaAs and GaSb lattice. The MnSb inclusions were formed on two types 
of substrates: GaAs(111) and GaSb(100). However, in the first case the Mn atoms were also 
located in the GaSb matrix. In the case of the layer grown on the GaSb(110) substrate, the Mn 
atoms formed the MnSb inclusions only. 

This work was supported by national grant of Ministry of Science and High Education N202-052-
32/1189 as well as by DESY/HASYLAB and the European Community under Contract RII3-CT-
2004-506008 (IA-SFS).  
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Porous semiconducting metal oxides with pore sizes in the nanometer range are frequently used as 
gas sensors (so-called chemiresistors), e.g. for the detection of toxic or explosive gases such as 
carbon monoxide (CO) or methane (CH4) [1]. Finely dispersed noble metal clusters catalyze the 
surface reactions between the semiconductor and the gas molecules, leading to improved sensor 
performance. However, the true role of the noble metals and their interaction with the 
semiconductor are not entirely understood [2,3]. Our project aims to investigate especially the 
oxidation state of Pd and Pt clusters finely dispersed in a nanoporous SnO2 matrix after different 
gas treatments simulating the sensors' operating conditions.  
Ordered nanoporous SnO2 was prepared by using a surfactant (CTABr) as a structure director; 
details of the synthesis procedure are given elsewhere [4]. Samples were stabilized by a post-
synthetic treatment with phosphoric acid (50 ml, 0.1 mol). Alternatively, non-ordered porous SnO2 
was synthesized by precipitation from a solution of 5 g SnCl4·5H2O in 50 ml water after addition of 
20 ml of aqueous ammonia solution (12.5 %), followed by 24 hours of stirring, filtration and drying 
at 50 °C. 2 g of each porous sample was impregnated with a solution of 100 mg Pd(NO3)2 in 3 mL 
of water, stirred for two hours, and then dried at 70 °C in convection oven. The samples were heat 
treated at 600 °C in synthetic air for 13,5 hours to decompose the nitrate following a 25 hours 
treatment at 600 °C in a reducing atmosphere of 500 ppm CO in N2; this reduces Pd(II) to Pd(0).  
It is known that a long-term usage of a sensor at elevated temperature (here: 500 °C or lower) may 
induce substantial aging effects to the material. If the sensor is operated in pure air a substantial 
decrease in sensor response is observed. An extensive treatment with methane in air (e.g. 5000 ppm 
for 4 h) was shown to reverse the ageing effects. The assumption was that the ageing effect is due 
to a change in the oxidation state of the Pd catalyst. In order to investigate the catalyst under 
conditions that are typical for real sensors, we exposed the samples to synthetic air (250 ml/min) at 
600 °C for as long as six days. As we have already shown this leads to the formation of PdO [5].  
The aim of this measurement period was to investigate the possibility of a sensor material recovery 
(partial conversion of Pd(II) back to Pd(0)) by exposure to reducing atmosphere in terms of 
different treatments with target gas. Since treatments with concentrations of 5000 ppm CH4 in 
synthetic air at 600 °C do not lead to a substantial reduction of the PdO, pure CH4 was chosen to 
show if CH4 is in principle able to reduce the PdO under such conditions. The exposure times to the 
CH4 were varied from 10 minutes up to 15 hours. The XANES at the Pd LIII edge was used as a tool 
for the investigation of the oxidation state of Pd. (The measurements were carried out at the E4 
beamline in fluorescence mode using a Si diode.) The oxidation state of Pd is correlated with the 
intensity of the "white line", i.e. the absorption peak originating from the transition from the 2p3/2 
core level into unfilled 4d states [6,7], as well as with the fingerprint XANES region of the spectra.  
Figure 1 shows the spectra for the different treatments. The uppermost spectrum shows the sample 
after the ageing procedure. The following spectra show the sample after successive treatment in 
CH4 atmosphere up to 15 hours. The XANES structure of these 5 samples is very similar to that of 
the before treatment. This indicates that even a prolonged exposure to pure CH4 does not result in 
substantial reduction of Pd(II). The XANES structure of the CO gas-treated sample (500 ppm in 
N2) is clearly different from the aged sample and the CH4 treated samples and is very similar to the 
Pd-reference spectrum. This shows that the CO gas treatment results in the reduction of Pd(II) back 
to Pd(0). 
The labeling of the spectra also includes the white-line intensities (in % relative to the Pd reference 
sample) calculated by numerical integration in the range between 3170 and 3180 eV. These values 
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represent a relative measure for the oxidation state [6,7]. The variations between the oxidized 
sample and the CH4-treated samples lie within the accuracy of the measurement and data analysis, 
respectively. This leads to the conclusion that no reduction of Pd(II) takes place, which is in 
accordance with the XANES structure. It is also apparent that treatment with CO gas does not 
entirely reduce the average oxidation state back to that in the Pd-reference, since the white-line 
intensity is still slightly higher. 
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Figure 1: Pd LIII edge XANES spectra of non-ordered porous SnO2 initially 
containing ca. 5 % wt Pd(0) clusters. The uppermost spectrum shows the results 
from the aged sample (six days at 600°C in synth. air), followed by 5 spectra after 
successive methane treatment. No change of the XANES structure are observed 
confirming that no reduction of Pd(II) to Pd(0) takes place. Exposure to 500 ppm 
CO gas in N2 leads to an oxidation state close to the Pd-reference. The white-line 
intensities (denoted in % of intensity compared to the Pd-reference in the spectrum 
label) are correlated with the oxidation state of Pd [6,7]. (Spectra are shifted for 
clarity.) 

In summary, Pd LIII XANES in fluorescence mode is suitable for the investigation of the oxidation 
state Pd clusters in nanoporous SnO2 matrices even at low quantities (ca. 5 % wt) as already shown 
in the previous measurement cycles. Under real conditions the Pd(0) clusters are quantitatively 
oxidized to form PdO. Since technical relevant concentrations of methane (‰) do not reduce Pd(II) 
back to Pd(0), treatments using pure methane were carried out to provide a proof of principle. Even 
then the methane was not able to reduce the Pd(II) clusters to their zero-valent state to any 
significant extent at the given temperature of 600 °C. Contrary to that CO in N2 is capable of 
restoring the original oxidation state to a substantial degree. 
We thank Dariusz Zajac and Edmund Welter at HASYLAB for their expertise and support at the 
beamline. 
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Nanowires (NWs) made of II-VI semiconductors, particularly ZnTe-based, have numerous 
applications [1]. In the cited paper, one can find a detailed description of growth process of 
these NWs, as well. 

The methods commonly used for structure characterization of NWs are field emission 
scanning electron microscopy (FE-SEM) and high resolution transmission electron 
microscopy (HRTEM). The first method gives a general view of an assembly of NWs, 
especially their spatial configuration with respect to each other and to the substrate. The 
HRTEM methods give the possibility of very precise visualisation of a single NW and of its 
arbitrarily chosen fragments, whereas, the X-ray diffraction (XRD) measurements give the 
averaged results from large number of single NWs. We have undertaken a detailed studies of 
selected sets of NWs by X-ray diffraction with the use of monochromatic synchrotron 
radiation (λ = 1.54056 Å) at the W1.1 beamline at DESY-Hasylab. The aim of our studies 
was to answer the question what new can we say about NWs with help of X-rays and how we 
should understand the obtained results. 
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Figure 1. Symmetrical ω-2θ scans performed for ZnTe NWs grown on differently oriented GaAs 
substrates in the vicinity of: (a) – 600 , (b) – 440, (c) – 333 reflections, respectively. 
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The previous studies concerning the sets of ZnTe NWs grown on GaAs substrates of three 
different orientations: (100), (110), and (111)B have shown that the crystallographic 
orientation of the substrate forces the orientation of ZnTe NWs [1,2]. The results referred in 
this report are a continuation of those earlier studies.  

We noticed that the lattice parameter of ZnTe NWs calculated from symmetrical 006, 440, 
and 333 reflections measured in ω-2θ mode (Fig. 1) is different for different substrate 
orientations and equals to a = 0.6112 nm for (001) substrate, a = 0.6109 nm for (110) 
substrate, and a = 0.6110 nm for (111) substrate (all values are obtained with the accuracy of 
± 0.0001 nm). These values, being larger than that of bulk ZnTe crystal (a = 0.6103 nm) 
suggest that the zinc-blende (ZB) unit cell of the NWs is distorted. Our model assumes that 
the distortion takes place along the <111> direction which is the growth direction of NW. The 
source of such deformation is the specific defect structure inside NWs visible in the HRTEM 
images: the majority of NWs contain a high number of stacking faults (disturbed layer 
arrangements) created along the growth direction of NWs [1]. Such defects lead to creation of 
thin layers sequences in ZB and wurtzite (WZ) structures, successively, like in a “non-
periodic” superlattice. In consequence, we observe diffraction peaks originating from 
averaged values of interplanar spacing proper for (111) in ZB and (0001) in wurtzite ZnTe 
what leads to rhombohedral distortion of the unit cell. This averaging process takes place in 
two steps: within each NW and on the set of these NWs. Therefore we proposed the term 
“virtual unit cell” for description the averaged crystal structure of a set of NWs.  

The rhombohedral unit cell has two lattice parameters: a and α, therefore the knowledge of at 
least two different interplanar spacing dhkl is necessary for description of it. Unfortunately, for 
technical reasons we could not measure asymmetric reflections for each studied sample. But, 
taking into account that all three samples were grown simultaneously at the same growth 
conditions, as well as the results of HRTEM studies [1], we assume that the defect structure 
has the same character in all these NWs, so the unit cell distortion should also be the same. 
Therefore, we took the interplanar spacing d600 and d440 calculated from X-ray ω–2θ scans 
obtained for (100)- and (110)-oriented samples of ZnTe NWs changing properly their cubic 
hkl indices to the rhombohedral ones as follows: from 600 to 330 and from 440 to 422, 
respectively. Next, these reflections have been used to create a proper set of equations on the 
base of which we calculated the lattice parameters: a = 0.43196 ± 0.00005 nm and α = 60.06 
± 0.01° of rhombohedral virtual unit cell for the ZnTe NWs. Similar calculations performed 
for Zn1-xMgxTe NWs (x ≈ 0.17) grown on the (100)- and (110)-oriented GaAs substrates  gave  
the virtual  rhombohedral  unit  cell  with  parameters: a = 0.43528 ± 0.00005 nm and  
α = 60.04 ± 0.01°. 

According to our studies, the crystal structure of ZnTe based NWs differs from that in the 
bulk material: due to the defect structure created during growth of NWs the zinc-blende unit 
cell observed in X-rays is distorted to the rhombohedral one. The shape of such virtual unit 
cell is the same for ZnTe and ZnMgTe NWs (the angle α is practically the same in both 
cases), while the a parameter of ZnMgTe NWs is larger due to bigger size of Mg atoms 
partially occupying Zn sites. 
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SiC-Al nanocomposites were synthesized using high-pressure (4 GPa), high-temperature (1200oC) 
infiltration process. The scheme of the material’s setup used in the experiments is presented in 
Fig.1. Investigations were carried out for SiC powder composed of monocrystalline-nanoparticles, 
with 1% excess of carbon (stoichiometric content of carbon is 30 mass %). The characteristics of 
SiC nanopowder used in the experiments are presented in Fig.2 and in Tab. 1. 

 

 

 

 

 

Figure 1: Starting sample setup used for the infiltration experiments 

 

Table.1: SiC-nanopowder characteristics 

Nanopowder Carbon 
content 

Average 
crystal 
size  

Specific Surface 
Area  

SiC 306 (256) 31.0 mass% 11 nm 76 m2/g 

 

 

Fig.2: SiC nanopowder used in the experiments. 

In-situ observations of infiltration processes were performed using MAX80 cubic anvil press at the 
station F2.1. The experiments were carried out with use of SiC nanopowders as synthesized and 
after surface modification. The surface treatments were performed in three different gas mediums 
(i) vacuum, (ii) argon, (iii) air, at temperature of 600oC for 1 hour.  

The infiltration processes proceeded as follow: (1) the sample was pressed at room temperature up 
to 4 GPa, (2) heated gradually up to 1200oC, (3) cooled down to the room temperature, and finally 
(4) unloaded. 

During synthesis processes X-Ray diffraction patterns were collected. The time duration of 
diffraction data collection for each temperature was 1 min. We examined the effect of temperature 
on FWHM of Bragg reflections of SiC (111) peak, as a measure of microstrains. The values of 
FWHM, relative to initial state FWHMo (p=0, RT) as a function of temperature are presented in 
Fig.3.  
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Fig. 3. The effect of temperature on FWHM of SiC (111) peaks (relative to initial state: p=0, RT)  

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.  

b. The decrease of the FWHM is observed from about 700oC for raw nanopowder, and from 
about 900oC for the samples annealed in vacuum and in argon.  

c. In the air treated nanopowder, decrease of the FWHM begins from about 800oC. However, 
penetration of aluminium in ceramic matrice is faster and the process is completed within a 
narrow temperature interval, about 50oC.   

Results  

In result of the infiltration we obtained SiC-Al composites with the grains of both phases in the 
nano-scale. Negligible decrease of FWHM of SiC phase, compared to starting nanopowders, results 
from a grains growth. 

In SiC-Al system the relaxation of initial microstrains in SiC matrix results from reduction of stress 
gradients in the inter-particle’s regions due to their penetration by liquid metal. After crystallization, 
aluminium cements SiC nanoparticles.  

The surface treatment of SiC nanopowder changes the infiltration process. The most significant 
modification, comparing to raw material, is observed after air heating. Obviously in this case the 
chemical composition of nanoparticles surface changes due to the oxidation, and instead of SiC 
and/or carbon phase, there is SiO2 shall covering SiC particle. We deduce that SiO2 promotes 
penetration of liquid metal into nanoporosity, between ceramic particles.  
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(IA-SFS), Ministry of Science and Higher Education of Poland, Grant 3/T08A/066/28 and POLONIUM 
Project NR. 6531/R06/R07. 
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Recently interest to the BaX2 and SrX2 (Cl, Br, I) single crystals doped with Eu
2+

 ions as 
scintillation materials is renewed. It is known that BaCl2, BaBr2, BaI2 single crystals doped with 
rare-earth Eu

2+
 and Ce

3+
 ions possess the high light yield upon the excitation by γ-quanta. The light 

yield for barium halides activated with europium is in the range of 16000–32000 ph/MeV [1, 2]. 
Therefore the barium halides can be the promising matrices for effective scintillation materials. 
However, mentioned crystals possess a high hygroscopicity. Last circumstance is a hindrance to its 
detailed study and applications. The synthesis of BaCl2-Eu microcrystals embedded in NaCl 
crystalline matrix and characterization of its luminescence properties especially in the range of 
band-to-band transitions was the aim of this work. Such approach considerably simplifies the 
samples preparation procedure and allows to avoid the hygroscopicity.  

In this work the results of spectral-luminescent and luminescent-kinetic studies of NaCl-Eu and 
NaCl-BaCl2-Eu crystals at room temperature are reported. The NaCl-BaCl2(1 mol.%)-
EuCl3(0.02 mol.%) and NaCl-EuCl3(0.02 mol.%) crystalline systems were grown in sealed quartz 
ampoules using Stockbarger growth technique. The obtained NaCl-BaCl2-Eu crystals underwent 
the annealing at 150-200 

o
C during 100 hours with the purpose to facilitate the thermal-activated 

migration of ions resulted in the formation of BaCl2 microcrystals embedded in NaCl host. 

The emission spectra of NaCl-Eu and NaCl-BaCl2-Eu crystals upon optical and X-ray excitation 
are presented in Fig. 1. In the emission spectrum of NaCl-Eu crystals the luminescence band 
peaked at 430 nm is observed (Fig. 1 a, curve 1). The spectral position of this band is characteristic 
for the emission of impurity europium ions in NaCl crystal. In the emission spectrum of NaCl-
BaCl2-Eu crystal the band with maximum at 400 nm (Fig. 1 a, curve 2) dominates. The spectral 
position of this band coincides with that for the emission band of impurity Eu

2+
-centers of BaCl2-

Eu crystal [2]. From this fact we can conclude that the temperature annealing of NaCl-
BaCl2(1 mol.%)-EuCl3(0.02 mol.%) crystalline system resulted in the creation of BaCl2-Eu 
microcrystals embedded in the NaCl matrix. In the emission spectrum of NaCl-BaCl2-Eu crystal the 
band peaked at 430 nm which are characteristic for NaCl-Eu crystal appears as the long-wave 
shoulder. It means that the significant quantity of europium ions enters into the BaCl2 
microcrystals. In the same time the part of europium ions are present as the single luminescence 
centers in the NaCl matrix. The similarity of luminescence excitation spectra for the emission band 
with λmax=430 nm for NaCl-BaCl2-Eu and NaCl-Eu crystals (Fig. 2 a, curve 1 and Fig. 2 b, 
respectively) also confirms this conclusion. The dips in the excitation spectra of NaCl-BaCl2-Eu 
and NaCl-Eu crystals at 7.8 еV correspond to the excitonic reflection peak of NaCl crystal. The 
considerable increase of the excitation efficiency of mentioned emission bands at the energies 
Eexc > 16 eV most probably is caused by photon multiplication processes. It is necessary to note that 
the emission of BaCl2 microphase is effectively excited in the region of the band-to-band transition 
of NaCl matrix. 

The structure of X-ray excited emission spectra of NaCl-BaCl2-Eu crystal (Fig. 1 b, curve 2) is the 
same as upon the light excitation, but in this case the 430 nm emission band of europium centers in 
NaCl crystals (Fig. 1 b, curve 1) has considerably greater intensity. 
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The obtained results of spectral-luminescence measurements of NaCl-BaCl2-Eu and NaCl-Eu 
crystals allow us to conclude that the activated BaCl2-Eu microcrystals are formed in NaCl matrix 
as a result of the annealing. 
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Figure 1: Emission spectra of NaCl-Eu (curves 1) and NaCl-BaCl2-Eu crystals (curves 2) upon the light 
excitation with λexc=172 nm (a) and X-ray excitation (b) at T=295 K. 
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Figure 2: Luminescence excitation spectra of NaCl-BaCl2-Eu (frame (a), cuves: 1 - λem=430 nm, 2 - 
λem=400 nm) and NaCl-Eu (frame (b), λem=430 nm) crystals at 295 K. 
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GIXRD and XRR studies of phase transformations of thin
PrO2 films on Si(111)

S. Gevers, F. Bertram, T. Weisemoeller, C.Deiter and J. Wollschläger

Fachbereich Physik, Universität Osnabrück, Barbarastrasse 7, 49076 Osnabrück, Germany

Praseodymia films are of intertest in the recent scientific research because they offer applications
within the field of micro- and nanoelectronics. Here, the germanium on insulator (GeOI) technol-
ogy can be used as a cost-effective integration of III-V optoelectronic materials like GaAs on the
dominating Si material platform, since the lattice mismatch between GaAs and Ge is only 0.08%
[1]. In this case it has been demonstrated that high quality praseodymia films serve well as insulat-
ing buffer films, because these dielectric heterostructures can be achieved with low defect levels on
Si(111) [2].
The present work seeks to verify the structural stability of praseodymia films during annealing in
UHV in temperature and also to establish appearing phase transitions which may occur due to oxy-
gen loss. These information is necessary to achieve the best possible buffer film quality within the
GeOI process.
Boron doped Si(111) substrates were cleaned by a standard procedure. Afterwards 10 nm epitaxial
hexagonal Pr2O3 films were grown on the substrates with a flux of 0.1 nm/s at 600 ◦C by MBE.
These samples were annealed for 30 minutes at 500 ◦C in 1 atm oxygen in order to oxidize the
film and to obtain PrO2 (fluorite structure). Post deposition annealing in UHV was performed at
temperatures of room temp. (RT) up to 600 ◦C to investigate further structural modifications due
to oxygen loss processes. XRD as well as GIXRD measurements were made at beamline W1 and
BW2 at HASYLAB using the ONLINE software. Here the experimental setup contains a six circle
diffractometer with horizontal alignment and a 10.5 keV X-Ray beam.
Figure 1 (a) shows XRD measurements of the (00)-rods (cf Figure 1 (c)). The blue line indicates
a non annealed sample. Here, the sharp peaks at the Bragg conditions L=1, L=2 and L=3 (L in
Si(111) surface coordinates) are due to the Si(111) substrate and the additional broad Bragg peaks
close to the Si(111) peaks are caused by the praseodymia film. As it is shown in [3] these posi-
tions are typical for praseodymia films annealed in O2 with two different oxide species (PrO2 and
PrO2−∆) within the film. After annealing the sample at 100 ◦C in UHV no significant differences
can be seen in the XRD measurement (orange line). A shift of the prasedymia Bragg peaks to lower
L values first occurs after annealing at 200 ◦C (black line). This is due to the phase transition from
PrO2 and PrO2−∆ to cub-Pr2O3 (bixbyite structure) which is descriped in detail in [4].
Figure 1 (b) shows inplane GiXRD measurements in [10 0.05] direction (cf 1 (c)). Whereas the blue
line indicates a non annealed sample, the green and red lines show measurements after annealing at
300 ◦C and 600 ◦C in UHV. The sharp Bragg peak at H=3 is caused by the Si(111) substrate and the
additional broad Bragg peaks are due to the praseodymia films. The position of the praseodymia
Bragg peak of the non annealed sample matches exactly the position of bulk h-Pr2O3. An additional
Bragg peak at higher L value appears with further annealing at 300 ◦C and finally, the peak close to
the bulk h-Pr2O3 position shifts to higher L value after annealing at 600 ◦C.
Thus the praseodymia film seems to be pinned laterally to the lattice constant of h-Pr2O3 after
preparation although the film is transformed to PrO2. During the annealing process the pinned ox-
ide film breaks partially into two lateral oxide species with different lateral lattice constants. After
annealing at 600 ◦C the pinning is abrogated completly.
In summary we have shown that the phase transition PrO2 from to cub-Pr2O3 takes place at lower
annealing temperatures as it has been expected before. Furthermore, a lateral pinning of the
praseodymia film could be verified. Further investigations are necessary to study the behaviour
of the interface between film and substrate at the lower annealing temperatures and to resolve the
relation between the further investigated vertical distortion of the film and the lateral pinning.
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Figure 1: (a) Fundamental reciprocal space scheme where the theoretical bulk positions of Si, PrO2, c-Pr2O3

and h-Pr2O3 reflexes are shown . Yellow bars indicate the measured regions. (b) In-plane [H00] scans close
to the Si Bragg peak at H = 3. (c) (00) rods of the annealed PrO2 films on Si(111). Vertical lines in (b) and
(c) illustrate the bulk Bragg positions for cub-PrO2 and c-Pr2O3 and h-Pr2O3.

References
[1] H. Tanoto, S. F. Yoon, W. K. Loke, E. A. Fitzgerald, C. Dohrman, B. Narayanan, M. T.

Doan, C. H. Tung, J. Vac. Sci. Technol. B 24, 152 (2006)
[2] A. Giussani, O. Seifarth, P. Rodenbach, H.-J. Muessig, P. Zaumseil, T. Weisemoeller, C.
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VUV and UV emissions from Er3+ in (Ba,La)F2  
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The recent surge of interest in the VUV and UV luminescence and spectroscopy of inorganic solid state 
materials activated with rare earth ions has been motivated by applications such as scintillators, solid state 
lasers and mercury free phosphors.  Also availability of excellent synchrotron facilities devoted to VUV 
(Superlumi and HIGITI stations, Hasylab, DESY, Hamburg) and support for experimental groups from the 
EC, provide an additional incentive for researchers to collect some missing experimental data that have 
been, in the past, difficult to obtain and scarce.  Likewise in 2007 we have continued studies of wide 
bandgap materials at Superlumi and, in particular, we have performed new experiments on Er-activated 
BaF2 [1,2].   

These experiments have shown that all the VUV and UV emissions in BaF2:Er are parity- and/or spin-
forbidden and slow, as reported earlier for other fluorides (see e.g. [3]).  The conclusion was that the parity-
allowed 4f

10
5d → 4f

11
 emission originates mostly in the lowest energy high-spin (HS) level of the 4f

10
5d 

configuration (2S+1=6), as proposed earlier by A. Meijerink and coworkers [3].  Since this transition 
terminates at the low-spin (LS) 

4
I15/2 ground state level of the 4f

11
 configuration (2S+1=4), it is spin-

forbidden and, consequently, the corresponding VUV emission at 163.5 nm must be slow. 

In 2008 we have conducted similar studies of the mixed (Ba,La)F2:Er crystals.  Unexpectedly, we have 
discovered that the dominant VUV emission peaking at about 162.5 nm, shown in Figure 1, is relatively fast 
and unquenched (45 ns at 10 K and 35 ns at room temperature).  

Figure 1. Time resolved VUV emission spectra of 
(Ba,La)F2:Er under the 157 nm excitation into the lowest 
LS state of the 4f

10
5d configuration.  The emission 

transition terminates at 
4
I15/2 (162.5 nm band) and higher 

consecutive states of the 4f
11
 configuration (bands at 

181.9, 194.2, 202,8, 216.1, 233.5 and 281.5 nm).  Black 
trace presents fast emission (40 ns gate, 1 ns delay) while 
red trace slow emission (40 ns gate, 150 ns delay).  The 
resolution was 1.1 nm.  Arrows indicate the calculated 
positions of the emission lines (see text).  Note the slowly 
decaying band at 170 nm, most likely due to the spin-
forbidden transition starting at the lowest HS level of the 
4f

10
5d configuration.   

 

Note the large difference between fast and slow emissions for all bands (except the 170 nm) suggesting 
short decay times, as corroborated by a direct time profile measurement shown in Figure 2.    

 

Figure 2.  Time profile of the 162.5 nm emission under 
pulsed synchrotron excitation of 157.4 nm wavelength.  
Black dots indicate experimental points, red line presents a 
fit.  The fast component decay time, from the fit, is 45.8 ns 
at 10 K.  At room temperature the decay time is shorter at 
about 35 ns.  A relatively large background is due to pulse 
pile-up, typical of synchrotron time profile measurements 
(consecutive pulses are separated only by about 190 ns) 

 

It is interesting to note that at room temperature the 
excitation into any of the three identified LS bands 
corresponding to higher excited states of the 4f

10
5d 

configuration generates fast emissions (with 35 ns decay time) while at 10 K fast emissions (with 45 ns 
decay time) require the excitation into the lowest LS band at 157 nm.  The excitation into any other of the 
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shorter wavelengths LS bands is followed by emission characterized by a completely different spectrum, 
consisting of slowly decaying sharp lines.  The positions of these lines, as shown in Figure 3, fit nicely the 
calculated energies of transitions originating at the 

2
G7/2 state at 66,122 cm

-1
 (the best fit position of the 

2
G7/2 

level).  The emission from the 
2
G7/2 state has been never, to the best of our knowledge, reported before.   

The Er
3+
 level energies used to calculate arrow positions in Figure 1 and 2, have been obtained in the free 

ion approximation by D. Piątkowski who used the M.F Reid’s f-shell empirical programs to evaluate the 
parameters necessary for diagonalization of the relevant energy matrix [4].  Since only the low energy levels 
(up to 35,000 cm

-1
) have been included in the calculations, it is interesting to compare the calculated value 

(which is 66,022 cm
-1
) with the best fit value of 66,122 cm

-1
).  We note that the difference is reasonable (the 

root mean square deviation between the calculated and experimental line positions was 90 cm
-1
).   

 

Figure 3. Time resolved VUV emission spectrum of 
(Ba,La)F2:Er under the 148 nm excitation into the LS state of 
the 4f

10
5d configuration.  The emissions originate at the 

lowest level of the 
2
G7/2 state and terminate at 

4
I15/2 and 

higher consecutive states of the 4f
11
 configuration.  The delay 

was 150 ns and the gate was 40 ns.  The resolution was 
1.1 nm.  Arrows indicate the calculated positions of emission 
lines (see text).  

 

We explain all these results by noting that positions of the d-
levels shift toward lower energies in (Ba,La)F2 (165, 157, 
148 and 138 nm corresponding to 60,610, 63,700, 67,570, 
and 72,460 cm

-1
), as compared to BaF2 (162, 153, 143 and 

134 nm, corresponding to 61,730, 65,360, 69,930, and74,630 cm
-1
).  Consequently the two 4f

11
 states, 

2
F5/2 

and 
2
G7/2, energies of which are 63,300 and 66,120 cm

-1
 irrespective of the material, play a very different 

role in BaF2 and (Ba,La)F2 [4].  In BaF2 the 
2
F5/2 4f

11
 level is positioned roughly halfway between the two 

LS and HS 4f
10
5d levels promoting efficient nonradiative relaxation to the lower, HS level.  In (Ba,La)F2 

there is no 
2
F5/2 4f

11
 level between the HS and the lowest LS level of the 4f

10
5d configuration and the 

relaxation must be slow supporting an unquenched spin-allowed emission from the LS level.   

The 
2
G7/2 level in BaF2 must be effectively, although unexpectedly, involved in the nonradiative relaxation 

between the two LS 4f
10
5d levels (despite no difference in the spin quantum number, see discussion in [3]).  

Note that these two levels involve the d-electron in the same orbital; the difference in energy between these 
levels being mostly due to difference in energy between the 

5
I8 and 

5
I7 states of the 4f

10
 configuration [5].  

The expected relatively small change in the configuration coordinate may therefore explain the slow 
nonradiative relaxation in the absence of the 

2
G7/2 4f

11
 level, at least for low temperatures.  Note, however, 

that the position of the 
2
G7/2 level, at 66,120 cm

-1
, is actually somewhat below the 4f

10
5d level, at 

67,570 cm
-1
.  As a simple configuration coordinate model shows this is enough to promote, at low enough 

temperature, some occupation of the 
2
G7/2 level and emission, as observed [4].  At higher temperatures a 

direct nonradiative relaxation between the 4f
10
5d levels is faster and spin-allowed emission from the lower 

LS level dominates the spectrum.   

This work was supported by DESY and the European Community under Contract RII3-CT-2004-506008 
(IA-SFS).  The support and hospitality of Prof. G. Zimmerer and Dr Aleksei Kotlov of Hasylab are also 
gratefully acknowledged.   
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Scanning Microbeam X-ray Scattering of Fibers Analyzed
by One-dimensional Tomography
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1Inst. TMC, Dept. of Chemistry, University of Hamburg, 20146 Hamburg, Germany
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Experimental Setup. Scanning-microbeam SAXS experiments are carried out at HASYLAB,
Hamburg, beamline BW4. The incident primary beam (wavelength λ=0.13 nm) is focused by
means of a stack of Be-lenses [1, 2] yielding a beam cross-section at the sample of 40µm integral
width and 39µm height as measured by a knife edge. The strands are linearlyscanned through
the beam with a step size of 50µm. The distance between sample and detector is 1910 mm. Each
scattering pattern is exposed for 40 s using a 2D marccd 165 detector (mar research, Norderstedt,
Germany). A low-noise machine background pattern is exposed for 3 min. The absorption of the
primary beam is measured by monitoring the beam intensity before and after the sample. A simple
check for fiber symmetry has been carried out by performing a second scan after rotating the fiber
by 90o about its axis and comparing the results.

Summary of Scientific Results. The investigation of structure gradients in polymer fibers or
pipes by the X-ray microbeam scanning technique is put on itstheoretical fundament. The inverse
Abel transform desmears measured data in X-Ray scattering fiber computer-tomography (XSF-
CT). [3] Fast, low noise algorithms from one-dimensional tomography are available. They are
applicable to scan data in which the X-ray absorption, the small-angle X-ray scattering (SAXS) or
the wide-angle X-ray diffraction (WAXD) is measured. The method is demonstrated by application
to SAXS scan data from polymer fibers [4]. The resulting sequence of image-space SAXS patterns
is reflecting the nanostructure variation along the fiber radius. We notice restricted visibility of scat-
tering features within the series of patterns. The reason isviolation of local fiber symmetry (LFS) in
the irradiated volume elements (voxels). For its theoretical treatment a set of elementary topologies
(tangential grain, radial grain) is introduced. Systematic aberrations (ultra-reconstruction, infra-
reconstruction) generated by tomographic reconstructionof affected series are described. A concept
for handling and utilization of these aberrations for nanostructure analysis is devised. Precursors of
polymer microfibrillar-reinforced composites (MFC) containing poly(ether)-block-amide (PEBA)
and poly(ethylene terephthalate) (PET) with varying cold-draw ratio are studied. We compare re-
sults from a direct analysis of the smeared measured patterns to results obtained after tomographic
reconstruction and fathom the power of reconstruction methods. Ideas for advanced practical ap-
plications of the XSF-CT method are discussed.

Example. Figure 1 shows selected measured SAXS patterns from the microbeam scan (left) and
the tomographically reconstructed patterns (right) – all patterns close to the center of the fiber. The
reconstructed patterns show that the isotropic ring feature of the PEBA block copolymer phase is
not present in the center of the fiber, whereas the horizontalstreak is only changing its shape. The
latter is related to the reinforcing PET microfibrils in the composite. The reconstructed pattern from
the center collects all the structure with tangential grain[4] of the voxels along its path.

Conclusion. The method of fiber tomography permits to reconstruct the structure gradient along
the radius of fibers, strands and pipes from one microbeam scan. It is by a factor of 100 faster
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Figure 1: Cold-drawn (λd ≈ 3) MFC in a scanning microbeam experiment. Measured scattering intensity
{I}(s12,s3,ρ f ) (left column) and reconstructed scatteringI (s12,s3,ρ f ) (right) for short distancesρ f from
the fiber axis. The patterns display the range -0.1 nm−1≤ s12,s3 ≤0.1 nm−1 in uniform logarithmic scale

than the general tomography [5] – both what the beamtime and the reconstruction effort is con-
cerned. We expect that it will become very useful for the study of industrial filaments, as soon as a
microbeam with 1µm diameter will be available at PETRA III.
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Experimental Setup. Time-resolved 2D SAXS measurements are performed at HASYLAB beam-
line A2 during mechanical testing of polymer fibers with a cycle time of 30 s and a cross-bar speed
of 0.4 mm/min of the HASYLAB tensile tester. A marccd 165 detector is used in 1024× 1024
pixel mode. A manuscript that reports the results has been submitted [1].

Summary of Scientific Results. We study oriented polymer blends based on high-density poly-
ethylene (HDPE) and strain them until failure. SAXS patterns monitor the nanostructure evolution.
Data evaluation methods for high-precision determinationof macroscopic mechanical and nano-
scopic structure parameters are developed. The hardest materials exhibit a very inhomogeneous
nanodomain structure. During straining their domains appear to be wedged together. This inhibits
transverse contraction on the nanometer scale.

Further components are polyamides (PA6, PA12) (20–30%) andas compatibilizer YparexR© 8102
(YP) (0–10%). Some HDPE/PA6 blends are additionally loadedwith nanoclays (NanomerR© or
CloisiteR©). Blending of HDPE with PA12 causes no synergistic effect. In the absence of nanoclay,
PA6 and HDPE form a heterogeneous nanostructure with high Young’s modulus. After addition of
YP a more homogeneous scaffold structure is observed in which some of the PA6 microfibrils and
HDPE crystallites appear to be rigidly connected, but the modulus has decreased. Both kinds of
nanoclay induce a transition from a structure without transverse correlation among the microfibrils
into a macrolattice with 3D correlations among HDPE domainsfrom neighboring microfibrils. For
extensions between 0.7% and 3.5% the scattering entities with 3D correlation exhibit transverse
elongation instead of transverse contraction. The processis interpreted as overcoming a correlation
barrier executed by the crystallites in an evasion-upon-approaching mechanism. During continued
straining the 3D correlation is reduced or removed.

Methods for High-Precision Determination of Elongation. Whenever materials are studied
that break at elongations in the order of 10%, monitoring requires high-precision determination
of macroscopical and nanoscopical deformation of the sample. Corresponding methods have been
developed [1]. Figure 1 demonstrates the method for the determination of the macroscopical elon-
gation. Photos (Fig. 1a) are recorded with twice the cycle-time of the SAXS detector. Marks have
been applied on the sample by means of a rubber stamp [2]. The user defines a rectangular region
of interest (ROI) in the photo that contains the grid marks. The SAXS autocorrelation function of
this part of the photo is computed and the “long period peak” is fitted by a polynomial of 2nd de-
gree. The accuracy of the correlation method is demonstrated in a load-cycling experiment (Fig. 2).
In a similar manner subtle variations of the microfibrillar nanostructure of the samples are deter-
mined. For this purpose the SAXS patterns are transformed into the real-space representation of the
CDF [3]. Here the caps of the observed narrow domain peaks arefitted by bivariate polynomials
of 2nd degree [4]. The influence of peak overlap is minimized by feeding the regression algorithm
with a cap that contains only the top 5% of the peaks. From the coefficient matrix position and
shape of the peaks is computed with high accuracy.
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Figure 1: Elongation from recorded video frames. Inseta: In the first video frame a region of interest (ROI)
with fiducial marks is defined. Insetb: From the ROI the 2D correlation functionγ2(x,y) is computed.
Main drawing: The center of the long-period peak inγ1 (x) = γ2 (x,0) is fitted by a parabola (dashed line) to
compute the distance between the fiducial marks
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Figure 2: Accuracy of the correlation method is demonstrated by the smooth variation of the macroscopic
elongationε (t) determined in a load-cycling experiment of one of the fibers

Conclusion. The new methods permit to automatically evaluate extended series of fiber patterns
that are recorded mechanical studies of soft matter. We expect that it will become very useful for the
management of extensive data series that will be recorded with high time resolution at PETRA III
beamlines.
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CaCu3Ti4O12 was discovered to possess one of the largest values of effective dielectric permittivity ever 
reported for a ceramic in an extended frequency and temperature range. With its high permittivity the 
material could be used in a thin-film form as capacitor in microelectronic devices. Although physical 
deposition techniques have been used to prepare films with permittivities of a few 1000, solution processing 
of thin films is still a challenge both in relation to processing and dielectric properties.  

The CaCu3Ti4O12 solution precursors (0.4 M) were synthesized using calcium- and copper nitrate, and 
titanium n-butoxide in 2-methoxyethanol. Films with thickness about 250 nm on platinized silicon substrate 
were deposited either directly or with a nucleation layer (NL), prepared from the diluted CaCu3Ti4O12 
solution, and annealed at 750 °C.  

The CaCu3Ti4O12 films (CCTO) with NL  crystallize in predominantly (222) oriented perovskite phase with 
a trace amount of rutile phase while the films without NL crystallize in randomly oriented perovskite phase. 
The permittivity of the films with NL is about 70 in a wide frequency range from temperatures  of 100 K to 
RT, while the permittivity of the films without NL is between 600 and 1000 at RT in the kHz-MHz range. In 
order to gain further insight into the structure of CCTO  thin films, a Cu K-edge XANES and EXAFS study 
has been performed.        
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Figure 1: Cu K-edge XANES spectra of  CCTO films with (bottom blue line) and without  the nucleation 
layer (bottom red line), compared  to some standard Cu compounds (Cu2O, CuO, CuSO4,Cu acetate and 

metallic Cu) with known Cu valence state and local structure. Energy scale is relative to Cu K-edge in Cu 
metal (8979.0 eV) 
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Cu K-edge XANES and EXAFS spectra of two CCTO films on platinized silicon substrates, with and 
without NL, were measured at C station of HASYLAB in fluorescence detection mode exploiting a seven 
pixel Ge-fluorescence detector. A Si(111) double-crystal monochromator was used with 1.5 eV resolution at 
9 keV. Harmonics were effectively eliminated by detuning the monochromator crystal using a stabilization 
feedback control. The absorption spectra were obtained as the ratio of the fluorescence detector signal and 
the signal of the incident photon beam from the ionization chamber filled with 110 mbar Ar. The absorption 
spectra were measured within the interval from -250 eV to 1000 eV relative to the Cu 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 (Δk ≈0.03 Å-1) were adopted with total 
integration time of 8s/step. The exact energy calibration was established with the absorption measurement on 
the Cu metal foil in transmission detection mode before and after the fluorescence experiment. 

The spectra were analyzed with the IFEFFIT code ATHENA [1]. There is no significant difference between 
the XANES spectra of the two CCTO films (Fig. 1) which clearly demonstrates that the valence state of Cu 
and local Cu structure and symmetry are the same in both films. Judging from the energy shift of the Cu K-
edge all Cu in both films is in divalent state. 
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Figure 2: The k1 weighted Fourier transform spectra of. CCTO films with (solid blue line) and without  the 

nucleation layer (dashed red line), calculated in the k range of 3 .. 14 Ǻ-1.  

EXAFS spectra indicate some significant structural difference in the local Cu neighborhood 
between CCTO film with and without nucleation layer, most prominently in the second coordination 
shell around Cu atoms in the R range  between 2 Ǻ and 2.5 Ǻ (Fig. 2). Detailed quantitative analysis 
based on the FEFF model constructed from crystallographic data is expected to provide definitive reason for 
the high permittivity values of the films without nucleation layer.  
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Timo Kuschel, Frederic Timmer, Oliver Höfert, Bernd Zimmermann, Carsten Deiter1,

Martin Suendorf, Sebastian Gevers, Florian Bertram and Joachim Wollschläger
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The behaviour of thin magnetic films concerning the magnetization is important for spintronic ap-
plications. Therefore three ultra thin Fe films of different thicknesses are assembled by Molecular
Beam Epitaxy (MBE) under UHV conditions. The films grown on MgO(001) substrates are capped
by amorphous silicon to avoid oxidation after leaving the UHV chamber. Correlations between the
magnetic and the atomic structure are studied. Fe grows in the bcc structure and is 45◦ rotated
in-plane to the rock salt structure of the MgO(001) substrate, so Fe(100) ‖ MgO(110) and Fe(001)
‖ MgO(001) [1].

The magnetic behaviour of the Fe films is investigated by magneto-optical Kerr effect (MOKE)
and shows a fourfold magnetic anisotropy which points to the cubic Fe system [2]. Furthermore
magneto-optical Kerr effects of the second order are detected [3]. The structure of the Fe films is
determined by X-Ray Reflectometry (XRR) and X-Ray Diffraction (XRD) at HASYLAB beamline
W1 with an energy of 10 keV.

The film thicknesses are determined by simulating the experimental XRR data and results in 45 Å to
123 Å. The XRR measurement and the simulation of the thickest film is shown in figure 1. Further
conclusions offer that the roughness of the Fe film is comparable to the roughness of the substrate.

The vertical lattice constants are taken from the (00L)-scans of the XRD data. The XRD mea-
surement of the thickest film and the simulated data using Lorentzians is presented in figure 2. As
one can see the positions of the MgO Bragg peaks fit to the L-values, which are normalized to the
vertical lattice constants of MgO cMgO = 4.2117 Å taken from the literature. The vertical lattice
constants of the Fe film are reduced, compared to the bulk value of cFe = 2.8665 Å, which is shown
in figure 3.

Also lateral scans in the H-K-plane of the reciprocal space crossing the Bragg peaks on the (00)
rod are made. The size of crystallites can be extracted from the full width at half maximum of the
peaks. This value differs between 63 Å and 100 Å for the Fe films.

For the comparison of magnetic and atomic structure the lateral lattice constants will be obtained.
Therefore in-plane scans will be made in the future.
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Figure 1: XRR measurement data and simulation of a Si capped Fe film grown on MgO. The simulated data
indicates a Fe film thickness of 123 Å.

Figure 2: XRD data of the thickest Fe film: L-scan of the (00) rod and simulation of the Bragg peaks with
Lorentzians. The positions of the MgO peaks fit to the literature value.

Figure 3: Comparison of the vertical lattice constants of the Fe films to the bulk value.
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Lead-based perovskite-type (ABO3) relaxor ferroelectrics are fascinating materials with 
outstanding dielectric, electroelastic and electrooptic properties related to their complex nanoscale 
structure. Relaxors and solid solutions of normal and relaxor ferroelectrics are of great 
technological importance, including for memory devices. The structure of relaxors is characterised 
by polar nanoregions which nucleate well above the temperature of the dielectric permittivity 
maximum Tm and persist well below Tm, without transforming into normal ferroelectric domains. 
The origin of these structural peculiarities has been assumed to be mainly related to charge 
imbalance caused by the existence chemically ordered/disordered regions, although the existence of 
local strains in the vicinity of substitutional defects is also considered as possible explanation. To 
gain further insight into the atomistic mechanism of formation of relaxor state we analysed in detail 
the temperature-driven transformation processes in single crystals of stoichiometric PbSc0.5Nb0.5O3 
(PSN) as well as A-site doped PSN, with A" = Ba, Bi. The choice of doping elements allowed us to 
compare the effect of incorporation of two-valence cations with isotropic electron structure (Ba2+) 
and three-valence cations with stereochemically active lone pairs (Bi3+) on the structure of Pb-
based perovskite-type relaxor ferroelectrics.  

We analysed single crystals of PSN, Pb0.93Ba0.07Sc0.5Nb0.5O3 (PSN-Ba), and 
Pb0.98Bi0.02Sc0.51Nb0.49O3 (PSN-Bi) by polarized Raman spectroscopy, in-house high-resolution 
powder x-ray diffraction (XRD) and synchrotron single-crystal XRD [1]. The application of single-
crystal XRD with high-energy synchrotron radiation is essential for the verification of 
existence/absence of long-rage ferroelectric order as well as of long-range 1:1 chemical order of the 
B-site cations. Additionally, the X-ray diffuse scattering is informative about the presence of polar 
nanoregions and the preferred direction of correlated atomic shifts from their cubic positions.  

Synchrotron single-crystal XRD experiments were conducted at the F1 beamline of 
HASYLAB/DESY, using a radiation of wavelength λ = 0.4000 Å and a MarCCD 165 detector. 
Data were collected at a sample-to-detector distance of 100 mm with a stepwidth of 0.5° per frame 
and exposure times of 180 s. The experiments were performed at three different temperatures using 
an in-house developed heating device and a liquid-N2 cryostat (Oxford Cryosystems, Series 600). 
Reciprocal lattice sections were reconstructed using the in-house developed diffuse scattering 
software RASTM [2].  

Figure 1 shows reciprocal space layers of PSN, PSN-Ba and PSN-Bi, respectively. The existence of 
odd-odd-odd Bragg reflections is indicative of compositional 1:1 B-site long-range ordering. As 
can be seen from the (hk1) layers presented in Fig. 1, only PSN exhibits chemically B-site ordered 
regions. It is worth noting that according to in-house XRD experiments all three compounds are 
completely B-site disordered. The temperature decrease from 700 to 300 K leads to the 
development of strong diffuse scattering streaks along 〈110〉, which points out the formation of 
polar nanoregions. The direction of diffuse scattering shows that the atomic ferroic shifts correlate 
within {110} planes of the real space. In the case of PSN, on further cooling to 150 K, the diffuse 
scattering vanishes and additional even-even-odd and even-odd-odd Bragg reflections appear in the 
(hk0) layer. These changes reveal the establishment of long-range ferroelectric order in PSN, which 
has not been observed by in-house XRD experiments. The Raman spectroscopic data, however, 
indicate that a substantial material remains in a paraelectric state. Therefore, the structure of 
stoichiometric PSN consists of coexistence of long-range ordered ferroelectric domains and 
paraelectric regions. In the case of PSN-Ba, no additional Bragg reflections are resolved at 150 K, 
while the X-ray diffuse scattering becomes stronger. This shows that doping with Ba suppresses the 
development of long-range ferroelectric order and enhances the relaxor non-ergodic state, 
consisting of polar nanoregions inside a paraelectric matrix. Similar effect of Ba-doping was 
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observed for PbSc0.5Ta0.5O3 relaxor ferroelectric [3]. An intermediate structural state is 
characteristic of PSN-Bi. For this compound, at low temperature both X-ray diffuse scattering and 
additional Bragg reflections are observed. On the other hand, complementary Raman scattering 
experiments show the abundance of crystalline ferroelectric domains. Taking into account the 
different length-scale sensitivity of XRD and Raman scattering, the combined diffraction and 
spectroscopic analysis reveals that doping with Bi reduces the mean size of ferroelectric domains 
but considerably enlarges the ferroelectric fraction. 

 

 

Figure 1: Representative reciprocal space layers reconstructed from synchrotron data on PSN, PSN-Ba, and 
PSN-Bi. The Miller indices are given in a cubic double-perovskite mFm3 unit cell. The powder rings are 

artificial contributions from a quartz capillary used for some of the measurements. 
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F. Bertram, O. Hoefert, M. Suendorf, B. Zimmermann, C. Deiter1, S. Gevers, T. Weisemoeller, and
J. Wollschläger
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Because of the full spin polarization at the Fermi level EF , magnetite (Fe3O4) is a promising candi-
date for room temperature spintronic applications [1]. It is also a good candidate for model catalyst
studies [2].
Magnetite is a semi-metallic iron oxide with an inverse spinel-structure (space group Fd3m) and a
bulk lattice constant of 8.3963 Å [3]. 32 oxygen O2− anions form a face centered cubic (fcc) lattice,
8 Fe3+ cations are set at the tetrahedral sites and further 8 Fe3+ and 8 Fe2+ occupy the octahedrally
coordinated sites randomly.
Although magnetite thin films promise a wide range of applications the growth of crystalline mag-
netite films is not well understood. A good choice as a substrate to study the growth of such films
is MgO(001) with a bulk lattice constant of 4.21 Å due to the small lattice mismatch (0.31%).
Our samples were grown under UHV conditions at room temperature by reactive molecular beam
epitaxy (MBE). Pure iron was evaporated in an oxygen atmosphere of 10−6 mbar. In situ XPS and
LEED measurements indicate crystalline Fe3O4 films including

(√
2 ×√

2
)
R45◦ superstructure

[4]. To avoid oxydation of the films in air, we capped our films with amorphous silicon layers.
Magnetite films grown at room temperature of different film thicknesses were studied ex situ
with six-circle diffractometers at beamlines W1/HASYLAB and BW2/HASYLAB by GIXRD and
XRD. A photon energy of 10 keV was used. For the GIXRD measurements we used a fixed inci-
dent angle of 0.3◦. On the (00)-rod MgO and Fe3O4 are expected at the same positions, while on
the (01)-rod on the one hand we have Bragg peaks for both MgO and Fe3O4 and, on the other hand,
Bragg peaks that only correspond to the Fe3O4 film.
Scans of the (00)-rod show clear Laue oscillations indicating a well ordered crystalline film (see
figure 1). Simulations based on kinematic diffraction theory yield a vertical lattice constant of
8.37 Å and a thickness of 10.5 nm for the crystalline Fe3O4 film. On the (01)-rod we observe
Laue oscillations only at L = 1

2
, which corresponds to MgO and Fe3O4, while at L = 1, which

corresponds only to Fe3O4, there is only one broadened peak without Laue oscillations (see figure
2). This indicates a low ordering in the iron sublattice. Some of the tetrahedral Fe3+ cations may
switch to octahedral vacancies and a rock salt like structure is formed. Such a structure has only
Bragg peaks at the same position as the MgO(001) substrate. Therefore we only analyzed the region
close to L = 1

2
by CTR simulations, which give us a vertical lattice constant of 8.38 Å.

Lateral scans indicate different lattice constants in H- and K-direction (see figure 3). In H-direction
we get an inplane lattice constant of 8.41 Å and of 8.45 Å in K-direction. Until now, the reason for
this behavior is unclear, but further investigations are in progress.
In the future work we want to improve our sample preparation to get a well ordered iron sublattice
and a sharp (011

2
) peak by using different growth temperatures and oxygen pressures. Also, we

want to study the effect of post deposition annealing of our films in oxygen atmosphere depending
on oxygen pressure and annealing temperature.
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Figure 1: 00L (θ − 2θ) scan of one Fe3O4 film on MgO(001). Laue oscillations at L = 1 and L = 2 (not
shown here) indicate a well ordered crystalline layer with a crystalline thickness of 10.5 nm. The red line
shows a CTR simulation using kinematic diffraction theory and the blue line shows the experimental data.
Our simulation yields to a vertical lattice constant of 8.37 Å for the Fe3O4 film.
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Figure 2: 01L scan of one Fe3O4 film on MgO(001). The blue line shows the experimental data and the
red line shows a CTR simulation using kinematic diffraction theory. Laue oscillations can be clearly seen at
L = 1

2 , while at L = 1 only one broad peak appears, wich indicates low ordering of the iron sublattice. Due
to this problem, the simulation was only performed in the region close to L = 1

2 . From our simulation we
get a vertical lattice constant for the Fe3O4 film of 8.38 Å.
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Figure 3: Radial scan at the (111)S peak in H- and K-direction. The data was fitted using gaußian functions
and indicate a Fe3O4 inplane lattice constant of 8.41 Å in H-direction and 8.45 Å in K-direction.
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Introduction 

Proton exchange membrane fuel cells are believed to play an important role in a future energy 
economy, as they convert hydrogen and oxygen into water and electricity with virtually no 
harmful emissions. Recent research has helped immensely to reduce the fuel cell component 
costs (amount of catalyst, flow fields etc), which were the deadlock in the initial stages of this 
technology. In order to reduce cost, one possible solution is the development of new, preferably 
platinum-free catalysts. Another important area, which is getting a lot of attention recently, is the 
water management of the fuel cell. The ionic conductivity of the ionomer greatly depends on the 
presence of water. Complete dehydration of the membrane prevents any proton transport across 
the electrode and thus seriously affects the cell performance. Excess water in the fuel cell, 
however, will lead to blockage of the active sites of the catalyst and prevent mass transport 
thereby affecting the performance of the fuel cell. The water distribution depends strongly on the 
working conditions and the cell region and may also play an important role in the degradation of 
the catalyst. Since carbon-supported platinum nanoparticles are the most commonly used catalyst 
system, degradation of the catalyst is correlated with the particles growth, morphology change, 
dissolution, and corrosion from the support.  

In the present project, structural changes of a Pt/C or Pt/Ru/C anode catalyst at different 
positions in an MEA (Membrane electrode assembly) will be investigated. The result will help to 
unravel site-dependent degradation phenomena (fuel inlet, outlet etc). 

Experimental 

The aim of our beamtime in october 2008 was to optimize the newly designed in-situ fuel cell for 
site-dependent EXAFS measurements. The end plates as well as graphite flow fields were drilled 
at three different positions to let the X-ray beam pass unhindered, and sealed by Kapton foil. 
XAS measurements were done on specific areas like e.g. the fuel inlet, outlet, and middle region 
of a polymer-electrolyte fuel cell (PEMFC) operated with hydrogen and oxygen. For the present 
measurement, the anode side of the MEA was selected. The MEA was prepared by spraying 
PtRu\C (20 wt.%, Pt-Ru 1:1 from JM) catalyst onto a Nafion®115 membrane acting as anode. 
The other side of the membrane was sprayed with Pt\C (40 wt.%) as cathode catalyst. The MEA 
was hot pressed with carbon cloth. Since both sides of the MEA contain platinum, in-situ XAS 
measurements were carried out in fluorescence geometry at the Pt L3-edge to make sure that the 
information comes only from the anode side. However, in-situ Ru K-edge measurements were all 
performed in transmission geometry. For the qualitative comparison and analysis of the spectra 
the software codes EXAFSPAK and Athena [2] were applied.   
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Results  

The FT magnitude gives a direct correlation between particle sizes [1]; a higher FT magnitude 
for the aged anode catalyst thus implies significant particle growth with operation, which is also 
supported by other analytical techniques like X-ray diffraction (XRD) and transmission electron 
microscopy (TEM). Furthermore, significant dissolution of the less noble ruthenium from the 
anode side is expected as well as reduction of oxides present in the catalyst upon contact with 
methanol. 

 

 

 

 

 

 

 
 
Figure 1:  left: FT Pt L3-edge fresh and aged catalyst anode 
 right: FT Pt L3-edge anode catalyst from different regions 
 

The preliminary site-dependent XAS studies show no significant difference in particle size and 
structure with different areas. In order to get detailed insight into the site-dependent degradation, 
XAS measurements have to be carried out on differently aged MEAs (operated in different, also 
extreme stack conditions) and also with different flow fields. 
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Techniques like spincoating and dipcoating allow obtaining thin films on wafers [1, 2]. 

Nanoparticles may form hexagonal 2D lattices which can be investigated with GISAXS. We 

succeeded to vary the distance between CdSe or FexOy nanoparticles. Through a ligand exchange 

we surrounded the nanoparticles with polystyrene which is bonded to a diethylentriamine anchor 

group. The distance between the nanoparticles can be enlarged by using polystyrene of a higher 

molecular weight. For the measurements we have used the GISAXS setup of the beamline BW4 

and a 2-dimensional CCD detector at a distance of 2 m behind the sample.  

 

With reference to previous experiments performed at the HASYLAB [3] we succeeded to 

characterise various CdSe and FexOy nanocomposite monolayers under defined conditions. 

 

Table 1 gives an overview of the used functionalised polystyrenes obtained by living anionic 

polymerisation. Pattner 1 shows an example for an obtained GISAX pattern. 

 

 

 

 

 

 

 

Table 1: Molecular weight and number of   Pattern 1: Example of an obtained GISAX pattern. 

monomers for the used polystyrenes. 

 

The obtained horizontal cut can be used to determine the hexagonal 2D lattice constant. The 

horizontal cuts are made from patterns resulting from spincoated wafers with nanoparticles (CdSe 

D = 4 nm, figure 1; FexOy D = 5.7 nm, figure 2) surrounded with functionalised polystyrene of 

different molecular weight. For the characterization the Scatter software was used [4].  

 

 

 

 

 

 

 

 

Figure 1: Up to down: Horizontal cuts from the 

GISAXS patterns of nanocomposite of CdSe 

surrounded with PS-1, PS-2 and PS-3 spincoated 

on silicium wafers.  
 

 M(PS) [g/mol] n (styrene) 

PS-1 3300 31 

PS-2 7600 72 

PS-3 16100 153 
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Figure 2: Up to down: Horizontal cuts from 

the GISAXS pattern of nanocomposite of 

FexOy surrounded with PS-1, PS-2 and PS-3 

spincoated on silicium wafers. 

 

 

 

 

The obtained horizontal cuts can be used to determine the hexagonal 2D lattice constant. For the 

characterization the Scatter software was used and the results are shown in table 2.  

 Lattice constant (nm) 

CdSe PS-1 10.6 

CdSe PS-2 13.2 

CdSe PS-3 16.3 

FexOy PS-1 11.5 

FexOy PS-2 13.7 

FexOy PS-3 14.3 

Table 2: Lattice constants for the curves calculated with the scatter software. 

 

All monolayers are characterised with AFM. The FexOy nanocomposite monolayers are partly 

investigated with SEM (figure 3 ). Furthermore TEM images confirmed the distance enlargement on 

a TEM grid. 

 
 
 
 
 
 
 
 

Figure 3: Surfaces covered with FexOy PS-2; SEM (left); TEM image of the nanocomposite and the 

nanoparticle without the polymer ligand (right). 

 

These promising results show the possibility to enlarge the hexagonal 2D lattice constant with 

greater functionalized polystyrenes. It can be also seen that the ordering becomes poorer, the higher 

the molecular weight of the polymer is.  
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The formation of oriented lattices such as face centred cubic (fcc) is well known from block 
copolymer gels [1]. We succeeded to create a similar system with FexOy nanoparticles surrounded 
by polystyrene with a diethylentriamine anchor group. This nanocomposite is forming gels in a 
certain concentration range in toluene. Furthermore we investigated a gel prepared of PI-PEO, 
methanol and a TMOS precursor which were orientated in a plate plate geometry at a shear rate of 
700 s

-1
. After curing the solid hybrid material was taken out of the rheometer and investigated.  

The characterisation of the samples has been done by small-angle x-ray scattering (SAXS). For the 
measurements we used the SAXS setup of the beamlines A2 and BW4 and a 2-dimensional CCD-
detector at a distance of about 2 m behind the sample. For the investigations of the nanocomposite 
gel a volume of some hundred µL sample was placed in a linkam shear cell CSS450. The 
orientation was achieved with large amplitude oscillatory strain (LAOS) for the nanocomposite. 
The gel for the hybrid material was orientated with a shear rate of 700 s

-1
 in a rheometer 

The patterns showed a great effect depending on the beam size and sample position. Figure 1 shows 
a scheme of the linkam shear cell and the used samples from the hybrid material. 

 

 

 

 
 

 
Figure 1 Left: Linkam shear cell to orientate the nanocomposite gel; Right: schema of the PI-PEO hybrid 
material after curing in the rheometer.  

Figure 2 shows how the beam and sample position effects the pattern. At BW4 a centre symmetric 

pattern could be obtained with the µ-focus beam. At A2 a 2.5 mm wide and about 0.3 mm high 

beam was used. Depending on the positioning of the sample a great effect on the pattern can be 

observed. This effect can be explained by the curvature that the sample is forced on in a plate plate 

geometry. The hybrid material can be easily rotated about 90°. Is the beam orientated like in figure 

2 (right pattern), the curvature effects the pattern much more than if the beam and the curvature are 

horizontal. The pattern in the middle shows the situation when the curvature is vertically orientated 

in a horizontal widened beam. This pattern is almost symmetric. 
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Figure 2 PI-PEO hybrid material; Left: sample measured at BW4 with µ-focus, Right half is a simulated pattern; 

Middle: sample horizontal to the beam at A2; Right: vertical to the beam at A2. 

 

Figure 3 shows the 

anisotropic patterns for a 

FexOy@PS nanocomposite 

gel at A2. The effect can be 

observed as well with a 

different system. The shear 

cell was rotated 90°.  
 

 

 

    

Figure 3 Nanocomposite gel (A2); Left: centre symmetric pattern; Right: distorted patterns. 

  

Figure 4 shows a model of the distortion. If 

the sample is not forced on a curve for a 

flat beam only flattened reflexes are 

expected. If the sample is forced on a 

curve the sample on the left side of the 

beam is in this example slightly rotated 

clockwise and on the right side the 

opposite way. In the model it is shown 

how a hexagonal pattern will be distorted 

by this effect. Comparison of the model 

(figure 4, right side) and the inner hexagon 

for the pattern of the nanocomposite gel   Figure 4: Model for distorted patterns. 

(figure 3, right side) show good agreement. 
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Rapid Crystallization of (001)-Textured Tungsten
Disulphide (WS2) Thin Films on Metallic Back Contacts:

An in situ Real-Time Diffraction Study
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We have shown recently by time-resolved, in situ energy-dispersive X-ray diffraction (EDXRD)
analysis, that photoactive tungsten disulfide (WS2) films can be crystallized from X-ray amorphous
sulfur-rich WS3+x films [1,2]. Such films exhibit a high structural as well as electronic quality,
which allows to apply these highly absorbing semiconducting films as absorbers in thin film solar
cells [3]. For obtaining highly (001)-textured WS2 films at crystallization temperatures below about
700 °C, the addition of a thin metal film (nickel, cobalt or palladium) is essential, since, as we could
show, the WS2 crystallization occurs via a solid-liquid-solid (SLS) process, which is similar to the
well known formation of whiskers or nanorods by the vapour-liquid-solid (VLS) process,
discovered already in the 1960ies by Wagner and Ellis [4]. These investigations have been
performed with insulating substrates, for instance oxidized silicon or quartz. However, in order to
use the WS2 films as absorbers in thin film solar cells, a metallic back contact is needed to extract
the photocurrent. Up to now, high quality WS2 films could not be prepared on metallic layers or
metal sheets, at least not at low temperatures below about 800 °C [5].

In the following we show, that WS2 films can be crystallized or prepared by sulfidation of tungsten
films also on metals. In a first experiment titanium nitride (TiN), which is a heat-resistant metallic
compound, was used as the back contact. The first crystallizations were not successful since the
nickel film, used as crystallization promoter, diffused into the TiN, when the layer stack was heated
up to temperatures of 800 °C. Therefore, the essential NiSx-eutectic liquid could not form and the
resulting WS2 films were nanocrystalline without a pronounced texture and hence of poor electronic
quality. By using TiN:O or TiN:Ni films, where the grain boundaries were stuffed by oxygen or
nickel, the diffusion of the nickel into the TiN was prevented, and the SLS process could take place,
leading to the required highly (001)-textured WS2 films on a metallic underlayer.
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Figure 1: Time-dependence of the EDXRD spectra measured during the rapid sulfidation of a tungsten layer
on oxidized silicon. The curve on the right-hand side shows the temperature characteristics. The X-ray

intensity increases from red, yellow, green to blue. Parameters: Sulfidation of 100 nm tungsten with 30 nm
nickel on top in a 10 Pa H2S atmosphere.

-136-



Another possibility, to prepare metal/ WS2 layer stacks is the sulfidation of polycrystalline tungsten
films, which is explained in the following. The tungsten films (100 nm) were deposited onto
oxidized silicon by magnetron sputtering at an argon sputtering pressure, where the W films exhibit
almost no intrinsic stress. A 30 nm thick nickel film was evaporated on top of the W film and this
stack was annealed in a hydrogen sulfide atmosphere (10 Pa). The time-dependences of the
different diffraction and fluorescence peaks are shown in Fig.1 (coulor-coded). It can be seen, that
the tungsten film is completely transformed into tungsten disulfide, when a temperature of more
than 600 °C is reached. It has to be mentioned, that this sulfidation does not occur without the
nickel film, pointing to the decisive role of the NiSx eutectics, which has a formation temperature of
637 °C. Fig. 2 shows the time evolution of the characteristic parameters of the diffraction peaks
together with the optical reflectance at a wavelength of 680 nm and the substrate temperature. It can
be seen, that the required (001)-texture (c-axis perpendicular to the surface) of the WS2 film occurs
only after an intermediate formation of a thin (100)-oriented (c-axis perpendicular to the surface)
layer (c-axis parallel to the surface). The halfwidth (FWHM) of the (002)- WS2 diffraction peak is a
measure of the grain size dg perpendicular to the surface. It is clearly visible, that the grain size (dg
~ 1/FWHM) increases significantly after the onset of the growth of the (001)-textured WS2 film.
The reflectance decreases suddenly when the surface of the tungsten film is sulfidized, which is due
to the rough (100)-textured WS2 layer on top of the tungsten and afterwards the complete
transformation of the metallic film (high R) to a semiconducting film (low R).
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Figure 2: Time evolution of the characteristic parameters during the crystallization experiment, displayed in
Fig.1. The diffraction peak intensities of W (110), WS2 (100) and WS2 (002) are shown together with the

WS2 (002) peak position and half width. Also, the specular reflectance of the W/WSx film at a wavelength of
680 nm (R) and the substrate temperature are depicted.
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Ex-situ study of the structural evolution on FeCoZrB 
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The main motivation of a recent interest in the nanocrystalline system Co-Fe-Zr-B, called 
HITPERM [1], is the demand of technology for the soft magnetic materials, which offer a large 
magnetic induction and are capable of the operation at high temperatures. HITPERM alloys exhibit 
significantly improved high temperature magnetic properties than well-known systems such as 
FINEMET [2] and NANOPERM [3].  

Co44.5Fe44.5Zr7B9 ribbons were isothermally annealed in an argon atmosphere at temperatures from 
300°C to 650°C every 50°C for one hour. X-ray diffraction (XRD) measurements on series of pre-
annealed specimens were carried out at the beamline BW5. The samples were illuminated for 30 
second by a well collimated 1x1 mm2 photon beam with the wavelength λ = 0.1776 Å. XRD 
patterns were collected in a transmission mode by a 2D mar345 image plate detector positioned 
symmetrically with respect to the beam. The obtained XRD data were integrated by using the 
FIT2D program [4]. The precise radiation energy (wavelength) was determined on the basis of 
measurements of a standard LaB6 at two different sample-detector distances with known offset. 
Sample to detector distance and detector orthogonality were determined by fitting the LaB6 
standard reference. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: XRD patterns of Co44.5Fe44.5Zr7B9 ribbon samples annealed at different temperatures. 

XRD patterns in figure 1 proved the formation of nanocrystalline phase α´-FeCo at different stages 
of annealing. The amount of the nanocrystalline phase increases with the higher temperature. The 
temperature ensuring the optimal nanocrystallization is selected on the basis of crystalline size 
analysis. Well-known Scherrer formula, θβλ cos/KD

V
=  was used to relate a crystallite size DV 

to a peak broadening β (in radians). K is a  Scherrer constant, somewhat arbitrary value that falls in 
the range 0.87 – 1. We assumed K = 1. The integral breadth β of selected peaks was evaluated by 
fitting those peaks with Pseudo-Voigt profile function and followed by instrumental broadening 
correction. The obtained results are listed in table 1. 
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Table 1: Size dependence of α´-FeCo crystallites on the annealing temperature.  
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Temperature 
[°C] 

Crystallite size 
DV  [nm] 

500 12 ± 1.6 

550 14 ± 1.4 

650 32 ± 9.0 
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The thermal stability of La65Al14(Cu,Ag)11(Ni,Co)5 bulk metallic glass prepared by copper mould 
casting was investigated in-situ by high-energy (100 keV, λ=0.012398 nm ) x-ray diffraction using 
infrared lamp oven [1]. Diffraction patterns were acquired using an image plate detector MAR345. 
A 1 mm thick and 6 mm long rod-shaped sample was placed inside a quartz tube, which was 
instantaneously evacuated down to 10

-4
 mbar. The temperature was monitored using a K-type 

thermocouple placed inside the quartz tube in the sample vicinity. A Lakeshore 340 was used to 
control the temperature during heat treatment. Figure 1 shows the infrared lamp furnace which was 
used for the in-situ experiment. Actual heat treatment comprises of the three ramps: i) first heating 
from 320 up to 430  K, ii) cooling from 430 down to 320 K and iii) second heating from 320 up to 
500 K. The temperature was increased/decreased in the step of 5 K. After short stabilization at the 
given temperature, the corresponding diffraction pattern was acquired. Taking into account 
temperature stabilization (60 s), exposure (30 s), write-to-disc (120 s) time we had an average 
heating/cooling rate of 1.5 K/min. 

Figure 2 shows series of normalized diffraction patterns acquired during the first heating up to 430 
K. At first glance, the patterns look the same however, careful analysis reveals slight differences. It 
was recently reported by Yavari et al. [2] that slight alterations of the amorphous structure 
occurring during heat treatment can be related to the volume changes associated with relaxation 
effects. They also showed that tracing the position of the principal diffraction peak with the 
temperature may be used for quantitative analysis of the volume changes. Further analysis of 
diffraction data in reciprocal as well as in real space is in progress and will be part of a new 
publication [3]. 

  

Figure 1: Detailed view showing infrared lamp 
furnace. Black tube sitting between two lamps 
supports capillary with the sample and serves as a 
heat condenser. 

Figure 2: Series of normalized diffraction patterns 
acquired during heating from 320 up to 430 K 
(below crystallization point). 
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Magnetite and silicate glasses were studied by 1s3p and 1s2p Resonant Inelastic X-ray Scattering (RIXS) 
experiments. Iron is one of the most abundant elements on Earth and its heterovalent nature affects many 
natural systems and processes. E.g. the oxidation state of Fe significantly affects the rheological properties 
of silicate melts or magmas. 

Magnetite is the oldest known magnetic material. At room temperature, magnetite shows metal-like 
electrical conductivity, which discontinuously drops by two orders of magnitude below ca. 120 K (TV, [1]). 
This is due to a first-order phase transition, where the cubic structure is distorted to monoclinic symmetry 
(Cc s.g.). In magnetite (cubic inverse spinel structure, Fd-3m s.g. at RT), Fe3+ occupies the tetrahedral 
position on the A-sublattice, while both Fe2+ and Fe3+ share the octahedral position on the B-sublattice. 
Proposed models for this metal-insulator transition (MIT) are: charge ordering on the B-sublattice at the 
transition; a conductivity mechanism involving electron-phonon coupled states, which are not present below 
TV (e.g. [2], [3], [4]). Lately, a combination of weak charge order and orbital order of the t2g states invoked 
by local electron interactions, that affect the electron-phonon interactions were used to explain the MIT [5], 
[6]. We have performed 1s3p as well 1s2p RIXS measurements well below and above TV on a sample of 
synthetic magnetite powder to probe any difference present in the electronic states. 

In silicate glasses ferrous and ferric iron evidence a clear difference in their structural role, i.e. Fe3+ is 
considered as network-forming and Fe2+ as network-modifying (e.g. [7]). However, there is still debate on 
the exact topology of the local structural environment of each iron species and the relationship to the 
composition of the melt/glass. Here we present 1s3p RIXS spectra of a completely oxidized, a completely 
reduced and an intermediate basaltic glass to test whether one may gain further insight to the local structural 
environment from the fine structure observed in pre-edge region of the Fe K-edge. 

The experiments have been performed at beamline W1 using a Si(111) double-crystal monochromator 
(resolution of ca. 2 eV at 7 keV). The emission spectra were recorded using an in-vacuum crystal 
spectrometer in Rowland-circle geometry [8]. Spherically bent Si(440) and Si(531) were used as analyzer. 
Scattered photons were detected by a CCD camera, which was used as a position sensitive detector. Non-
resonant Kβ1,3 spectroscopy is sensitive to the metal spin state and reflects the effective number of unpaired 
metal 3d electrons. In RIXS experiments, fluorescence spectra are measured with high resolution while 
scanning the excitation energy through the absorption edge of the element studied. This provides more 
detailed information about unoccupied states, particularly allowing to separate weak quadrupolar and strong 
dipolar transitions. Absorption spectra acquired by partial-fluorescence yield of the Kβ1,3-line provide the 
possibility to acquire XAFS spectra “free” of core-hole lifetime broadening as the intrinsic spectral 
resolution in this way is governed by the lifetime of the final state [9],[10]. 

In Fig.1 1s3p RIXS spectra of magnetite measured above and below the Verwey transition are  shown. The 
data do not reveal any differences between the two states. This observation is confirmed by a detailed 
comparison of emission spectra across the pre-edge (also at the 1s2p RIXS). Our data indicate that the local 
geometry of Fe and thus, the unoccupied states mapped by this method are not affected by the transition. 
This is consistent with earlier EXAFS data [3] as well as models proposed by [5],[6].  
In Fig. 2 1s3p RIXS spectra of three basaltic glasses with varying iron oxidation state are shown. The spectra 
show clearly the shift of the pre-edge as well as the main edge to higher excitation energies with increasing 
ferric iron content. In addition, the pre-edge structure shifts towards higher energy transfer values.  The site 
geometry of Fe in these glasses changes from a centrosymmetric (reduced) to a non-centrosymmetric 
geometry (oxidised). Therefore,  the pre-edge intensity of the oxidised glass is significantly enhanced. The 
energy resolution of the monochromator does not allow to record any additional fine structure that might be 
present in the pre-edge. 
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Figure 1: Contour maps of  1s3p RIXS spectra of magnetite  (left) at room temperature (right) at 17 K. 
Intensity is mapped from red to blue and is normalized to the absorption edge. 
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Figure 2: Contour plot of the 1s3p RIXS of basaltic glasses with varying Fe3+/Fetot: 0 (left), 0.34 (middle), 1 
(right). Intensity is mapped from red to blue and is only normalized to the incoming beam.  
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Material and Experimental Setup. Hard-elastic polypropylene (HEPP) is highly drawable, uni-
axially oriented and exhibits a long-range correlated nanostructure. In order to record the complete
discrete scattering, both SAXS and USAXS must be recorded. The respective patterns must be
combined [1] before analysis. SAXS is performed at the synchrotron beamline A2 at HASYLAB.
The wavelength of the X-ray beam is 0.15 nm, and the sample-detector distance is 3045 mm. Scat-
tering patterns are collected by a two-dimensional position sensitive marccd 165 detector (mar re-
search, Norderstedt, Germany) operated in 2048× 2048 pixel mode (pixel size: 79× 79µm2).
USAXS is performed at the synchrotron beamline BW4 at HASYLAB. The wavelength of the X-
ray beam is 0.13 nm, and the sample-detector distance is 8906mm. Detection and registration of
the scattering patterns is the same as in the SAXS environment. Mechanical tests (simple strain-
ing and load cycling) have been performed using the HASYLAB tensile tester built by one of us
(T.S.). During tensile testing between elongtationsε = 0 andε = 0.6 the true strain rate,̇ε, has
been found to increase monotonously from 0.8×10−3s−1 to 1.1×10−3s−1. Elongatio is defined
ε (t) = ℓ(t)/ℓ(0)−1 with ℓ(t) being the distance between fiducial marks close to the irradiated
volume of the sample.

Summary of Scientific Results. In the published [2] study we monitor slow mechanical tests
of highly oriented, hard-elastic polypropylene by in situ X-ray scattering. Direction of strain is
the normal to the crystalline lamellae of the polymer. The scattering patterns are transformed
into a representation of nanostructure in real space. This is the multidimensional cord distribution
function (CDF) [3]. From the CDF topological parameters of the semicrystalline nanostructure are
extracted and discussed in conjunction to the mechanical data. In a continuous-strain experiment
we observe fracture of an ensemble of weak lamellae into blocks already at an elongation of 2%.
These blocks are completely dissolved during further stretching up to 10% (yield point). At higher
elongations we observe continuous transformation from crystalline lamellae into an ensemble of
rigid needles with 8 nm thickness. The material breaks, as all the lamellae are consumed. In a
fatigue test a load-reversal experiment is carried out between elongations of 10% and 35%. At the
beginning of every straining branch strain-induced crystallization generates extended lamellae until
a stress of 20 MPa is reached. Thereafter breakup of the lamellae sets in. In the further course of the
straining branch superposition of various mechanisms is observed (e.g. the melting of weak blocks
as well as the strain crystallization of new and strong blocks). In the relaxation branch of each load
cycle we first observe fast relaxation-induced melting, which is continuously slowing down.

Figure 1 shows the stress-strain diagram of a load-cycling experiment together with scattering pat-
terns recorded dynamically [4] during the experiment. The results of the nanostructure analysis are
presented together with the macroscopical mechanical datain Fig. 2. For further details see the
paper [2].

Conclusion. By monitoring nanostructure evolution during mechanical tests we have identified
mechanisms that are responsible for failure or fatigue, resp. In particular the finding that stress
below 20 MPa increases crystallinity by strain-induced crystallization, whereas higher stress causes
crystallite breakup appears to be important for materials science. We plan further experiments in
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Figure 2: Dynamic load-reversal mechanical test of hard-elastic PP film at a strain rate ofε̇ ≈ 10−3s−1. As
a function of the elapsed timet the macroscopic parameters elongation,ε (top graph), and tensile stress,
σ (bottom graph) are displayed together with topological nanostructure parameters (middle). In the middle
diagram the solid line shows the long period,L. The broken line displays the lateral extension,ecac, of a sand-
wich made from two crystalline lamellae. The line with circular dots exhibits the variation of the strength,S,
of the CDF. Vertical bars indicate zones of strain-induced crystallization (dark green) and relaxation-induced
melting (light gray), respectively

order to elucidate failure and fatigue in engineered polymer blends that are prepared in order to
replace metal by light-weight polymer parts.Ongoing work is supported by the 7th framework program
of the European Union (Project NANOTOUGH FP7-NMP-2007-LARGE).
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Research on metalloid nanoparticles dispersed within a polymeric matrix is of interest, because 
these materials offer unique options for combining properties of both the inorganic components 
and the polymers. The nanoparticles exhibit properties which differ from their bulk materials, 
owing to the size effects and the large number of unsaturated surface atoms. The polymeric 
matrix provides additional qualities, such as the solubility and the processability of the system. 
Since the polymer is present during colloid preparation, it can directly influence particle 
nucleation and growth, and thus the resulting properties of the particle: the size, size distribution, 
shape and morphology [1-3]. In the present work selenium (Se) nanoparticles stabilized by 
different polymers were prepared and investigated by Anomalous Small-Angle X-Ray Scattering 
(ASAXS). Hybrid materials under study are especially interesting for a wide variety of fields 
ranging from medicine, biotechnology to catalysis and electronics. 
 
The hybrid materials containing 10 weight % of Se nanoparticles were formed as a result of 
reduction of ionic selenium. Five samples were studied: 
  
1. Selenit-ascorbate redox system in aqueous solution of oxyethylcellulose; 
2. Selenit-ascorbate redox system in aqueous solution of poly-2-acrylamide-2-methylpropane 
    sulphonic acid;                                                                                                                   
3. Selenit-mercaptoethanol redox system in aqueous solution of poly-2-acrylamide-2-methyl-   
    propane  sulphonic acid;                                                                                                                  
4. Selenit-borane redox system in aqueous solution of poly-2-acrylamide-2-methylpropane  
    sulphonic acid;  
5. Selenit-ascorbate redox system in aqueous solution of the ionized polymeric stabilizer – weed  
    –  N, N, N, N – triethylmetacryloiloxyethilammonium methylsulfate.  
 
For the scattering experiments powder samples were pressed into pellets. ASAXS was measured 
at beamline B1 at HASYLAB. The position of the absorption edge of each sample was 
determined by x-ray absorption near edge structure (XANES) measurements at the same 
beamline. ASAXS was measured at five energies 12415, 12566, 12621, 12641, and 12649 eV, 
denoted E1 to E5 further on. Here the length of the scattering vector is defined q = 4sin()/, 
where  is half of the scattering angle and  is the wavelength of the radiation. 
 
According to XANES the chemical state of selenium in samples 1, 2 and 5 was similar to that of 
pure selenium foil, the absorption edge of which was found at 12653 eV. Sample 3 was also 
similar but the white line was broader than in the other samples and in the foil. In case of sample 
4 the XANES showed a different chemical or structural state of selenium compared to the other 
samples. The shift in the edge position was +4 eV. 
 
Figure 1 presents the scattering intensities and the corresponding difference curves for the 
samples. For some samples some structure is seen at the large q-values in the scattering intensity. 
In case of samples 1, 3, and 5 this structure does not contain selenium, because it is not seen in 
the difference curve. Instead, for samples 2 and 4 the structure remains in the difference curve. 
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Figure 1: Scattering intensities and differences of intensities measured at two different energies 

       for samples 1 to 5. Here the energy dependent background has been subtracted. 
 
This could mean that selenium is incorporated into the polymer matrix in samples 2 and 4 while 
in case of samples 1, 3 and 5 selenium remains in separate nanoparticles. The nanometer-scale 
structure at low q on the other hand is completely caused by selenium in case of all samples 
except sample 4, because the difference curve in that part is very similar to the total scattering. 
This means that in all samples very large particles or particle aggregates of selenium are present. 
The exact relationship between the polymeric matrix nature and the morphology of obtained 
nanomaterials is currently being analysed. 
 
References 
 
       [1]   T. Sukhanova, J. Santurian, A.Volkov et al., European Polymer Congress 2007, Portoroz,   
               Slovenia. Book of abstracts, 139 (2007). 
       [2]   S.Valueva, T. Sukhanova, G. Matveeva, M. Vylegzhanina, L. Borovikova, and A. Kipper,   
               GITC Nano-2007, St.-Petersburg, Russia. Book of abstracts, 73 (2007). 
      [3]   A. Khripunov, A. Tkachenko, Yu. Baklagina et al., Rus J. Appl. Chem. 80, 9, 1516 (2007). 

-146-



Tensile behavior of bulk metallic glasses by in-situ 
high energy X-ray diffraction 

X.D. Wang1, J. Bednarcik2, K. Saksl2, H. Franz2, Q.P. Cao1 and J.Z. Jiang1  

1 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 

2 HASYLAB am DESY, Notkestrasse 85, D-22603 Hamburg, Germany 
 

With increase of the critical size of bulk metallic glasses (BMGs), current research work has 
focused on their mechanical properties. Although some BMGs exhibit pronounced plasticity under 
uniaxial compression, or bending conditions, they are generally destroyed with catastrophic failure 
upon tension at room temperature with slow strain rate. It has been proven that high energy x-ray 
diffraction can be used to measure the elastic strain under compression [1] and to detect the change 
in excess free volume upon heating [2] or homogeneous plastic deformationof BMGs [3]. Here we 
present the difference in tensile behaviors of two BMGs, Zr-based BMG with high fracture strength 
and La-based BMG with low fracture strength, by using in situ x-ray diffraction.  

The sheet-shaped sample with gauge dimensions (12×2×1 mm3) with a 4 mm diameter reamed 
hole at each side was fixed in a tensile/compression module by Kammrath & Weiss GmbH 
(maximum loading 5kN). The in-situ structural measurement was conducted by using synchrotron 
x-ray diffraction at the BW5 station of HASYLAB, Hamburg. The beam size was 1×1 mm2 and the 
wavelength used was 0.12398 Å. Diffraction patterns were recorded on an image plate (MAR 345, 
with 150×150μ m2 pixel size). The scattering intensity I(q) versus scattering vector of the loading 
and the transverse directions were extracted by azimuthally caking 5 degree fractions centered on 
each direction from the ring pattern and then integrating within these areas by using the software 
package FIT2D. 
Fig. 1(a) displays in-situ I(q) curves of the tensile direction for Zr62Al8Ni13Cu17 BMG with 

increasing tensile stress. Inset is the local magnification of the top part of the first peaks, showing 
that the peak positions change with stress in the tensile and transverse directions. The same curves 
for La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG were not shown. From the shift of the first peak positions, 
the elastic strains of these two BMGs can be evaluated by following equation (1): qqq /)( 0 −=ε , 
where ε  is the elastic strain;  and  denote the first peak position in I(q) under zero stress and 
stress 

0q q
σ . Fig. 1 (b) shows the relationship between the tensile stress and corresponding calculated 

strain. By linearly fitting the points and calculating the ratio of strains between the transverse and 
tensile direction for each alloy, the tensile elastic modulus and Poisson’ ratio can be obtained, to be 
about 83 GPa and 0.37 for Zr62Al8Ni13Cu17 BMG, and 34 GPa and 0.36 for 
La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG, respectively. The tensile stress-strain curves of these two 
BMGs at room temperature with a strain rate of 1×10-4 s-1 are also illustrated in Fig. 1(b). The 
elastic modulus, tensile fracture strength, and elastic limit are 81 GPa, 1460 MPa and 1.9 % for 
Zr62Al8Ni13Cu17 BMG, and 38 GPa, 540 MPa and 1.5 % for La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG, in 
agreement with the data obtained from XRD measurements. In addition, the data of Young’s 
modulus and Poisson’s ratio were also measured by using a MATEC 6600 model ultrasonic system 
with the sensitivity of 0.5 ns, to be 80 GPa and 0.38 for Zr62Al8Ni13Cu17 BMG, and 35 GPa and 
0.36 for La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG. All this confirms that the XRD technique is suitable to 
study tension behavior of bulk metallic glasses.  

The pair distribution functions G(r) of each sample upon the stress adjacent to fracture strength 
were obtained by Fourier transformation of the S(q) data. From the shift of peak position in G(r), 
the strain on the atomic level can be estimated. To get rid of the uncertainty of peak position in G(r) 
as shown in Fig. 1(c) that sometimes shows peak splitting or asymmetry, the points with G(r) = 0 
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were measured to determine the strain change in the tensile/transverse directions for each alloy. As 
shown in Fig. 1 (d), a larger strain fluctuation in the range of 5~12 Å along tensile direction is 
detected for La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG whereas the stain variation becomes rather small 
for Zr62Al8Ni13Cu17 BMG. The local strains are even beyond the elastic limit of 
La62Al14(Cu5/6Ag1/6)14Co5Ni5 BMG at the place where r = 11 Å though it is still under the elastic 
deformation. In contrast, the strain changes along the transverse direction for both BMGs are quite 
similar and no drastic variation is detected. It seems that the larger variation in local strain could 
cause La-based BMG to be catastrophic failure easily with relatively low elastic limit. Different 
distribution in local stains was also observed in Zr57Ti5Cu20Ni8Al10 with high fracture strength [1], 
and rather tremendous in Mg-Cu-Y BMG with low fracture strength [4]. At the moment, the origin 
for this inhomogeneous variation in local strain is not clear yet and more studies are needed. 
 
                     

(d) (c)

(a) (b) 

 

 

 

 

 

 

 

 

 Figure 1 (a) The peak position shift in I(q) curves along tensile and transverse directions for 
Zr62Al8Ni13Cu17 BMG. (b) Stress-strain curves for two BMGs got from diffraction data and from 
tension machine. (c) Peak shift in G(r) for two BMGs and (d) the local strain on atomic level got 
from G(r) for two BMGs in tensile and transverse directions.  
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In the last decade, there is ongoing interest in hybrids of ferromagnetic metal films and 

semiconductor heterostructures motivated by the prospect of application in novel spintronic devices 

[1]. An extensive search for the optimal ferromagnetic material with high spin-polarization includes 

the group of Heusler compounds revealing rather promising half-metallic properties.  

Both, the Heusler film and interface between the film and underlying semiconductor have to be of 

high structural and morphological quality to provide a sufficient spin diffusion length for spin-

injection application. It is, however, well known that chemical reactions between Mn and elements 

of group V can affect the interface between Mn-based Heusler film and semiconductor of III-V 

groups [2]. A corresponding interfacial reaction for the NiMnSb/GaAs hybrid system has already 

been reported [3]. 

Here, we report our recent studies of X-ray and optical reflectance from Ni2MnIn Heusler films 

grown on InAs(001) substrates. The experiment has been performed with the purpose to elucidate 

the influence of growth conditions on the morphology of studied structures. 

Ni2MnIn/InAs(001) hybrid structures with nominal 20 nm film thickness were prepared using 

molecular beam epitaxy (MBE). A series of Ni2MnIn films was grown on InAs(001) substrates kept 

at temperatures of 360, 340, 320, 300, 250 and 80 °C. In this way the temperature dependence of 

interfacial reactions between the Ni2MnIn Heusler film and the InAs substrate material was studied. 

X-ray reflectivity (XRR) measurements were performed at the bending magnet beam-line E2 using 

11.5 keV synchrotron radiation from the DORIS III storage ring at HASYLAB (DESY, Hamburg). 

The instrumental angular resolution was better then 0.005°. The experimental XRR spectra were 

numerically fitted using the recursive Parrat algorithm implemented in a program developed by 

Andreas Stierle [4]. The model parameters were optimized with an embedded χ2
-minimization 

algorithm. 

The measured and calculated XRR spectra are shown in Figure 1(a) for all samples as black and red 

curves, respectively. The XRR data obtained at substrate temperatures between 80 and 300 °C can 

only be reasonably fitted, if an additional interfacial layer between Heusler film and the InAs 

substrate is assumed. Our results indicate that this interfacial layer stems from an intermixing of 

material between metal film and substrate. As a quantitative measure, for Ni2MnIn/InAs(001) 

structures grown within the 80-300 °C range the thickness of the intermixed layer increases from 

2 nm up to 18 nm concomitant with a corresponding decrease in the remaining Heusler film 

thickness. 

For the substrate temperatures of 320 °C and 340 °C, a one-layer model yields the best agreement 

with our XRR data. It points out the enhanced interfacial intermixing process in which the Heusler 

film is fully consumed by the intermixing process. The XRR spectrum of the sample grown with 

360 °C substrate temperature shows a final phase of the intermixing process. It does not reveal any 

single intensity maximum and can be fitted by a simple model which involves only roughness of the 

sample surface. The temperature-dependent increase of the intermixed layer thickness at substrate 
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temperatures between 80 and 320 °C yields a diffusion activation energy of 0.7±0.3 eV. This value 

is typical for diffusion of atoms through interstitial positions. 

The degradation of Heusler films grown at substrate temperatures between 320 and 360 °C was also 

proven by optical reflection spectroscopy. Corresponding optical reflectance measurements were 

done in the 4-12 eV range using the facility of the Superlumi experiment (Beamline I) [5] at 

HASYLAB (DESY, Hamburg). Figure 1(b) shows the optical reflectance measured on 

Ni2MnIn/InAs(001) structures grown at substrate temperatures between 80 and 360 °C. The 

reflectance of a pure InAs(001) wafer is shown as well. 

One can see that all structures grown with substrate temperature up to 320 °C reveal qualitatively 

similar reflectance spectra containing a number of characteristic maxima and minima. These 

features are not visible in the reflectance spectra of the samples grown at 340 and 360 °C, where 

rather strong profile deviations are observed. In particular, the spectrum of the 340 °C- sample 

exhibits much broader maxima as compared with samples grown at lower substrate temperatures. 

The spectrum of the sample grown at 360 °C reveals a complex broad reflectance band without any 

pronounced feature and shows rather low reflectance. This tendency indicates clearly the 

morphological degradation of the whole film/substrate interface for Ni2MnIn/InAs(001) samples 

grown with the substrate temperature above 320 °C. 

  

Figure 1: (a) X-Ray Reflectivity spectra (black curves) of Ni2MnIn Heusler films with a nominal thickness 

of 20 nm grown at different InAs substrate temperatures and calculated best fits (red curves) to the 

experimental data. The fit for the 360 °C sample is based on the semi-infinite substrate model without 

additional layers. (b) Optical reflectance spectra for same sample series. The reflectance of a single-

crystalline InAs(001) wafer is also shown. 

The comprehensive study on phase transformations and interfacial reactions in Ni2MnIn/InAs(001) 

system is reported in Journal of Crystal Growth 2009 [6]. The authors thankfully acknowledge the 

financial support provided by the BMBF through Project No. 01BM467 and the DFG via GrK 1286 

"Functional metal-semiconductor hybrid systems” as well as SFB 508 “Quantum Materials”. Partial 

support within JST-DFG project (FE 633/6-1) is acknowledged as well. 
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Recently the high values of ionic conductivity (σ>1Ω-1cm-1) and ionic thermoelectromotive force renovate 
the practical interest for the silver- and copper-based superionic (SI) chalcogenides. 

Our detailed synchrotron and neutron powder diffraction studies revealed a sequences of temperature-
induced phase transitions and a common model for the time averaged distribution of the mobile cations in SI 
fcc Cu2−δSe (δ = 0, 0.15, 0.25), AgCuSe, AgCuS and Ag3CuS2 within a ”defect” antifluorite structure [1-4]. 
Note that measurements on single crystals are practically impossible even if single crystals are available, 
since the 1st order SI phase transition will fracture single crystals. Pronounced diffuse scattering was clearly 
observed in diffraction patterns of all SI phases. Indeed, the analysis of average structure without 
considering of significant diffuse scattering had not revealed all structural details that may be a great of 
importance for further understanding of underlying conduction mechanism in β-Cu1.75Se and AgCuS.  

In order to analyse both diffuse and Bragg scattering from β-Cu1.75Se and AgCuS, we performed total 
scattering measurements at high-energy beamline BW5 [5] at HASYLAB@DESY. The first sample was 
measured only at 298 K, whereas temperature dependent measurements were performed for AgCuS up to 
773 K (the temperature steps of 10 K and 50 K were selected for the ranges of 298–473 K and 473–773 K, 
respectively). The wavelength of 0.12398 Å was selected by a monochromator and a collimated incident 
beam with the cross-section of ~1×1 mm2 at the sample position was cut by slit system. Quartz capillaries of 
2 mm in diameter were filled with powdered samples and diffraction measurements were performed in 
Debye-Scherrer geometry. All patterns have been collected with a using of MAR345 image-plate detector. A 
LaB6 reference material was used to calibrate the sample-to-detector distance and the tilt of the imaging plate 
relative to the beam path. Diffraction data for AgCuS were collected in symmetric mode. In order to extend 
Q-range up to 20 Å-1, β-Cu1.75Se was measured in asymmetric mode, i.e. image-plate was shifted laterally 
about 8 cm relative to the incident beam. The background correction was applied to the 2D diffraction 
patterns and the result was integrated to the Q-space using the software package FIT2D [6]. The integrated 
data were corrected for polarization, sample absorption, fluorescence contribution and inelastic scattering, 
thereafter pair distribution function (PDF) was derived from high-energy diffraction data (all these was done 
using the PDFgetX2 software [7]). The model for disordered structure of β-Cu1.75Se was fitted to atomic pair 
distribution function data by PDFgui software [8].  

 1  3  5  7  9  11  13  15  17  19  21
 -3000

 -1000

 1000

 3000

 5000

 7000

 9000

 11000

 2 Theta (degrees)

 cu175se_BW5.prf:
 Yobs
 Ycalc
 Yobs-Ycalc
 Bragg_position

 

Figure 1: Results of Rietveld refinement on β-Cu1.75Se at ambient conditions. 
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Figure 2: Results of modelling of PDF for β-Cu1.75Se. Starting model was taken from the averaged structure 
and the parameters fitted in the refinement were scale factor, dynamic correlation factor, and lattice 

constants. 
 

For β-Cu1.75Se we applied Rietveld refinement (see figure 1) based on the structural model from reference 
[3] (Fm3m symmetry). This model demonstrates a considerable degree of cation disorder in <111> 
directions, which can be modelled by a random occupation of the tetrahedral 8(c) site at (¼, ¼, ¼) and the 
octahedral 32(f) site at (x, x, x) with ⅓<x<½. The following diffusion mechanism was predicted on the basis 
of this structural model [3]: cations jump in skewed <100> directions between nearest-neighbour tetrahedral 
sites via the peripheries of the octahedral cavities. The same structural model was used during analysis of 
PDF and an excellent fit was obtained even with structural parameters obtained from analysis of averaged 
structure (figure 2) that confirms results previously published in [3]. In addition, first peak in PDF is 
obviously narrower and suitable fit was only obtained refining dynamic correlation factor, which takes into 
the account correlated motion between atom pairs. 

We used structural model based on Cmc21 structure (see [2] and references therein) for modelling of pair 
distribution function from orthorhombic AgCuS. However, this model was inappropriate to describe 
experimental PDF in the range of 1.8 Å< r <4.8 Å. On the other side, just refinements in the r-range from 4.8 
Å lead to the suitable quality of fits. This experimental finding might imply a “real” effect in the local 
structure of AgCuS revealed by total scattering, however, we do not exclude an existence of an experimental 
factors affecting a low-r range of PDF. The total scattering measurements in higher Q-range using 
“asymmetric setup” are therefore required. 

Finally, we acknowledge HASYLAB for allocation of the beam time. 
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Zn ferrite ZnFe2O4 crystallizes in bulk spinel form only in a narrow interval of atomic ratios of the 
metals. In nanoparticles the spinel structure has been found to adapt to considerably larger 
stoichiometric deviations [1]. In the present study, EXAFS is used as a probe at the atomic level, to 
follow the adaptation to stoichiometry and the effect of the grain size. The most interesting feature 
of the study is the dynamics of the occupation probabilities. In normal spinel, Zn occupies mostly A 
sites at the centers of oxygen tetrahedra, and Fe B sites at the centers of oxygen octahedra, yet some 
site swapping is often found. With the pressure of nonnominal composition or particle size, the 
occupation probabilities are bound to change.  

Zn-ferrite nanoparticles with narrow size distribution around 9 nm and at the nominal value Zn/Fe 
= 0.5, as well as the values 0.7 and 0.2 were synthesized using co-precipitation in water-in-oil 
microemulsions [1]. Another series of samples with nominal composition were prepared in sizes of 
3.3, 9, 14, and 23 nm, the latter two by annealing at elevated temperatures. 

 

         

Figure 1: The k3 weighted Fourier-transform spectra of Zn-ferrite nanoparticles with Zn/Fe ratio of 0.2,  0.5, 
and 0.7 . 

For XAS analysis the ground samples were mixed with boron nitride and pressed into thin homogeneous 
pellets. The absorption thickness of a pellet was about 1.5 above the Fe and Zn K-edge absorption edge. Zn 
and Fe K-edge EXAFS spectra were measured in a standard transmission mode at C station of 
HASYLAB. A Si(111) double-crystal monochromator was used with 1 eV resolution at 7 keV. Harmonics 
were effectively eliminated by detuning the monochromator crystal using a stabilization feedback control. 
The three ionisation detectors were filled with 1000 mbar N2, 360 mbar Ar, and 490 mbar Ar for Fe EXAFS, 
and with 170 mbar Ar, 800 mbar Ar and 950 mbar Ar for Zn EXAFS. Sample pellets were placed between 
the first two detectors. The exact energy calibration with was established with a simultaneous absorption 
measurement on the corresponding (Zn or Fe) metal foil placed between the second and the third ionization 
detector. 

The absorption spectra were measured within the interval from -250 eV to 1000 eV relative to the K-edge of 
the investigated metal. In the XANES region equidistant energy steps of 0.3 eV were used for a precise 
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determination of the edge shape and position, while for the EXAFS region equidistant k-steps (Δk ≈0.03 Å-1) 
were adopted with an integration time of 2s/step.  

The spectra were examined with the IFEFFIT code ATHENA [2].  

 

   
 

Figure 2: The k3 weighted Fourier transform spectra of Zn-ferrite nanoparticles with Zn/Fe ratio of  0.5, 
and sizes of 3.3, 9, 14, and 23 nm. 

 

Comparison of FT EXAFS spectra along the stoichiometric sequence (Fig. 1) the Fe signal steadily 
decreases as more and more Fe moves over to the A sites (left) with fewer closest (O) neighbours 
and fewer second closest (metal) neighbours. In Zn, the opposite trend is observed. 

The changes induced by the particle size (Fig. 2) run in parallel in both metals, while the neighbourhood is 
getting properly organized in ever larger particles and the contribution of the neighbours to the scattering 
adds up more and more coherently.  
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Ultrathin magnetite films on MgO(001)
studied by XRR and XRD
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Magnetite has one of the highest Curie temperatures and is oneof the most ferrimagnetic minerals
at room temperature. The combination of epitaxial grown crystalline magnetite on an insulator is
of high interest for the upcoming next generation of logicalswitching microeletronics [2].
Here one of the most promising candidate is the magnetic tunnel junctions. The basis of this device
is an insulating material to which a magnetic layer with a anisotropic magnetization is pinned.
To study such systems we decided to evaporate iron with MBE from a rod and oxidize it in a pure
low pressure oxygen atmosphere in order to grow magnetite atUHV conditions. Due to its small lat-
tice mismatch with respect to magnetite and its high insulating characteristics we chose MgO(001)
as substrate. XPS and LEED verified the success of our technical efforts. LEED showed the
characteristic

√
2×

√
2−R45

◦ structure. Also the shifts and peak intensities of our XPS measure-
ments underlined this structural insight stoichiometrically [1]. For transportation to HASYLAB
we capped all of our samples with amorphous silicon, which weevaporated from a crucible with
MBE at UHV conditions in our laboratories. All our measurements were performed at HASYLAB
beamline W1 with an energy of 10 keV.
To us XRR is of high interest, although no crystallographic information can be gained from reflec-
tometry investigations. Roughness of the interfaces and theelectron density as a function of depth
can be gained as not just one, but also as a multi column model.Taking the possibility of two
different coexisting layer systems into account, the relation between the coverages can be achieved
by these considerations and their simulation.
Here we focus first on the thickness of our magnetite layers and then on the variation of the electron
density being proportional to our simulatedδ being the real part of the simulated refraction index.
Albeit it is not possible to distinguish the iron oxides by their complex refraction index, we can get
the variation of their electron densities as a function of the adsorbate layer depth. The sharpness of
the interfaces can be ascertained by that concerning their charge. One interesting result is that the
film surface is smoother than the interface between magnetite and substrate.
With XRD by fitting the (0 1 0.5) reflex, we got a vertical latticeconstant c of 8.38̊A, fitting
perfectly to the known unit cell parameters of magnetite. CTRanalysis and XRR are the optimal
combinations to get a structural insight in both the surfaceand interface parameters in case of XRR
and on the other hand the crystalline parameters in bulk in case of the XRD. The XRR simulated
thicknesses and the XRD simulated thicknesses fitted well with the film thickness determined by
the quartz balance in the MBE system. Centering on the homogeneity of our different oxides films,
we saw now variation of the refraction index but in the regimeof the interfaces. Donation or at-
traction of electrons and diffusion of chemical elements for the neighboring layers are the reason
of this effect. Sputter XPS or TEM can and shall be consulted to underline these effects.
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Figure 1: a) Simulation and XRR measurement done with 10 keV (λ = 1, 23 Å) at HASYLAB beamline W1
and the therefore used model b). Thickness of the magnetite layer is 9,8 nm. c) Dispersionδ as a function
of the sample depth. One can see not just a relatively homogeneous dispersion in our magnetite layer, but
also the attempt of the dispersion to mix with the dispersion of the neighboring layer. d) LEED patterns in
addition with XPS measurements (not shown) verify the success of our efforts to grow ultrathin magnetite
layers on MgO(001). This LEED pattern was measured at 158 eV after annealing our sample in a thin oxygen
atmosphere at 600K. It shows the characteristic

√
2 ×

√
2 − R45

◦ surface unit cell structure, this together
with XPS and there the missing Fe2p interstate [1] ensures us to have magnetite layers.
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Modern SiC electronic devices often include various epitaxial layers which are essential for 
fabrication of electrically active structures. The epitaxial layers are most frequently of 4H polytytype 
on 4H substrates, as the growth of 6H layers is technologically much more difficult. The stable 
growth of epitaxial layers is usually realized at highly disoriented substrates with the off-cut angle 
close to 8º while a smaller misorientation requires special modification of the growth process.    

 In the present case some epitaxial layers grown at special conditions including different substrate 
misorientation were studied with different synchrotron topographic methods. The layers were 
obtained with chemical transport method CVD in vertical hot wall reactor. The 4H substrate of 
relatively high crystallographic perfections were used. The topographic investigation included white 
beam back reflection section and projection topography, monochromatic beam topography in 0.1115 
nm radiation and recording of local rocking curves.  

The investigations confirmed significant problems with deposition of the epitaxial layers on the 
samples cut without disorientation along (00.1) plane. It is illustrated in fig. 1 showing different 
fragments of the layers corresponding to the different polytypes 15R and 3C together with part of 
4H layers. These different polytypes formed characteristic trapezoidal structure.  

Contrary to that a relatively homogeneous single 4H monopolytype epitaxial layer was obtained at 2º 
misorientation as it is illustrated in fig.2 a. Fig. 2 b. presents the homoepitaxial 4H SiC layer 
deposited on the substrate with 4o off cut from (00.1). The topograph reveals several dislocations 
piercing the layer and outcropping to its surface and some other objects providing strong oval 
contrasts. These objects seem most probably be the regions of disturbed growth of the layer.  

 a.                b. 

Figure 1: White beam synchrotron projection topographs of multipolytype SiC layer grown on 4H SiC 
substrate cut out exactly along (00.1): a – topograph obtained in the reflection of 4H polytype,                       

b – topograph in reflection of one of other polytypes revealing only fragments of the epitaxial layer. 

 a.                 b. 

Figure 2: White beam synchrotron projection topographs: a. - of homoepitaxial 4H SiC layer 
deposited on the substrate with 2o off cut from (00.1), b. - of homoepitaxial 4H SiC layer deposited 

on the substrate with42o off cut from (00.1). 
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The mechanical properties of plastics determine their possible application. Although the deformation 
of polymers was studied for many years some aspects are still poorly recognized and understood. An 
example is the plastic deformation of uniaxially stretched semicrystalline polymers. It is known that 
existing spherulitic structure is in this process reorganized into fibrillar structure. Often the beginning 
of crystal deformation is accompanied by the formation of numerous voids inside the polymer. The 
cavitation process is usually detected by small angle X-ray scattering technique (SAXS). The voids 
are formed inside the amorphous phase, between crystalline elements, so the shape and size of voids 
depends on the changes of the surrounding polymer. The changes in polymer may be determined by 
wide angle X-ray scattering and observed by electron microscopy. 

The studies of commercial polymers - polyethylene and polypropylene - showed that the process of 
cavitation does not occur if the crystalline elements are small and defected [1,2]. The strength of 
crystalline  phase  is  then  lower  than  the  strength  of  amorphous  matrix.  The  relation  between 
strengths may be changed by controlling of crystallization process. The aim of experiments done last 
year in HASYLAB was to observe in situ formation of voids in uniaxially deformed polyethylene 
samples. The samples for mechanical experiments were prepared by compression molding, followed 
by controlled cooling. Figure 1 presents the examples of a mechanical response of the polyethylene 
specimens, crystallized quickly or slowly. In the first case, the small angle X-ray scattering (SAXS) 
studies shows that voids are not formed, in the second case the cavities are generated. The formation 
of cavities at  the beginning of plastic deformation is seen on Fig. 1 as a rapid increase of X-ray 
scattering intensity. The change of pattern shape with deformation shows that the voids that were 
initially elongated perpendicularly to the deformation direction are at larger strains elongated in the 
deformation direction. 

Figure 1: The example of transition from non cavitational to cavitational behavior in uniaxially deformed 
polyethylene. Stress-strain dependences and related SAXS patterns are presented for polyethylene prepared by 

rapid cooling from melt (a) and for the same material after slow cooling in the air (b). The increases of 
scattering intensities in Fig. 1b are result of cavitation for strains larger than 15%.

The  occurrence  of  cavitation  depends also  on  the  deformation conditions,  among them on  the 
temperature.  Polypropylene  was  selected  as  polymer  suitable  for  studies  of  the  influence  of 
temperature  on  cavitation  process.  Once  again studies  were  done  on  A2 beamline,  where  the 

-158-



standard  SAXS  technique  was  combined  with  the  tensile  stretching.  Slowly  crystallized 
polypropylene usually cavitates  at  the  room temperature  and the  evolution  of  X-ray scattering 
patterns for this polymer is similar to that presented in Figure 1b. However, when the temperature is 
70 oC or more the X-ray scattering is observed only from periodic crystalline structure, which means 
that  voids  are  not  formed in this  material near  the  yield point.  The  morphological changes  in 
polypropylene  samples  deformed  at  selected  temperatures  were  observed  by scanning electron 
microscopy. Samples for these studies were prepared by a frozen fracture followed by permanganic 
etching. The etching procedure unravels the details of morphology. Morphologies of samples with 
different  strain levels are  presented  in Figure  2.  Initially,  for  small strains the  circular  lamellar 
aggregates  -  spherulites-  are clearly visible. At the strain of 0.3  some voids are visible in polar 
regions of spherulites if the temperature is 25 or 40  oC. The number of voids and elongation of 
spherulites increases with deformation. Some new voids are visible at the strain of 0.7. The highly 
transformed structure appears for the deformation of 1.2. Strongly elongated fibrillar structures are 
accompanied by a large number of micrometer size voids. In the samples deformed at 70 or 100 oC 
the morphological changes are different. The cavities are not visible even at large strains.

The two above examples shows that the cavitation process, which is one of the factor influencing 
mechanical  response  of  material,  depends  on  the  relation  between  strength  of  crystalline  and 
amorphous phase of polymers.

Figure 2: Evolution of internal structure of polypropylene samples deformed at different temperatures. 
Morphology at different strain is presented: initial, 0.3, 0.7, 1.2. Deformation direction is horizontal.
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To improve emission capability of zirconia- and hafnia based materials the series of spectroscopic 
experiments were berformed  at SUREPLUMI facilities in Hasylab beamline I during the last year. 
Investigations have been concentrated on investigating the photoluminescence properties of 
crystalline zirconia and hafnia matrices. In zirconia the main topic of interest was its phase content 
and the ability to detect it via photoluminescence of dopant (Sm) ion. The proposed idea was to 
exploit the CEES (combined emission-excitation spectroscopy) method and to determine via 
spectral features of PL emission of Sm3+ ion all the possible crystalline sites for the emitting 
ions[1]. The work was carried out by combining a large number of Sm PL spectra, detected by 
optical excitation within the wavelength range of 210-500 nm into one 3-dimensional dataset. PL 
spectra were registered with a two-stage OPO as the excitation source. To compensate for its output 
power fluctuations the spectra were normalized to a separately registered excitation spectra 
obtained by combining the use of SUPERLUMI beamline I and a deuterium discharge lamp. The 
resultant CEES sepctrum is presented on figure 1. 
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Figure 1: CEES spectrum of Sm-doped zirconia. Figure 2: Spectral differences of Sm3+ luminescence 
in different crystallographic sites of zirconia. 

The three crystalline environments for the Sm3+ ions concluded from the CEES spectrum are: 
tetragonal (excitation range ~260-500 nm), monoclinic (excitation range ~240-210 nm) and a 
mixed phase (excitation range ~260-240 nm). The characteristic spectra of the different phase 
zirconia is presented on figure2. 
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Figure 3: The PL spectrum of HfO2 and the corresponding excitation spectra for 2.4 eV and 4.0 eV emission 

bands. 

 

Second research objective was clarifying the origin of the most prominent photoluminescence 
features of a sol-gel prepared HfO2 nanopowder prepared. The PL spectrum of the hafnia samples 
(see Figure 3.) exhibits two emission bands located at 4.0 and 2.4 eV. The band at 4.0 eV is 
previously proposed to be the emission of self-trapped excitons in hafnium lattice [2]. The red 
emission, however, is more complex in nature. From the peculiarities of the luminescence decay 
kinetics it is deduced that the 4.2 eV excitation band is not due to an intra-center transition but is 
related to some delocalization of the charge carriers. Based on a comparison to a recent theoretical 
evaluation of oxygen vacancy species in monoclinic hafnia [3] it is proposed that the excitation 
band it due to optical transitions from valence band to singly-ionized vacancy (at 4.67 eV) or 
doubly-ionized vacancy (at 4.91 eV) leading to the 2.4 eV emission. The intense emission around 
2.4 eV might be useful for application in broadband amplifiers and tunable lasers in the blue 
spectral range, e.g. in the form of transparent nanoceramics [4]. 
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In order to develop a method to reconstruct the density of unoccupied electronic states in between 
Fermi energy and vacuum level, we performed combined anisotropic anomalous scattering and 
diffraction anomalous fine structure (AAS-DAFS) scans. For a model of the polarization 
dependence of resonant X-ray scattering (AAS) as well as dedicated nomenclature see e.g. [1]. 
Examining the energy dependence of the dipole-dipole transition near the Ti-K absorption edge in 
rutile TiO2 [2], special interest was given to the stability of the symmetry restrictions imposed by 
the Ti site symmetry m.mm on the dipole-dipole transition. Here we present new results, 
extending former findings from studying the sample orientation dependent, diffracted intensity on 
different allowed and forbidden reflections at the specific resonance photon energy of 
E = 4985 eV exclusively [3], in respect to the energy dependence.  

Experiments were performed at beamline C1 (CEMO) and E2 (RÖMO) using a Si (111) double 
crystal monochromator and σ-polarized X-rays. An energy range of 4900 eV to 5200 eV was 
chosen. As samples we used 10 x 10 x 1 mm3 rutile single crystal wafers provided by Crystec 
GmbH in (001) and (111) orientation. For a two dimensional intensity surface, in dependence of 
energy and Ψ-rotation about the scattering vector, we measured rocking curves at each grid point. 
The integrated intensities for the “forbidden” 001 and for the allowed 111 reflection are plotted in 
Fig. 1.  

 

 
Fig. 1: Surface maps of integrated reflection 
intensities of the “forbidden” 001 (top) and the 
allowed 111 reflection (bottom) plotted in 
dependence of incident photon energy and rotation 
about the scattering vector at the Ti-K absorption 
edge. Due to technical rotation constraints the 
Ψ angle intervals were limited to [0;120] ° and 
[0;195] °, respectively.  
The intensity modulation along Ψ remains its 
features while scanning the incident photon energy.  
 
 

 

The overall shape of the Ψ-dependent intensity modulation does not change along the energy axis 
except by an energy dependent factor accounting for the oscillating contributions to the Ti atomic 
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scattering factor f’os(E) and f’’ os(E) of isotropic DAFS. Thus, the deformation tensors D’(E)  and 
D’’(E)  of the atomic scattering factor tensor seem to change only slightly with varying energy.  

Considering the diffraction anomalous fine structure the statement of constant deformation 
tensors D(E) implies a scaling of the oscillating part of the normalized integrated reflection 
intensity with Ψ. For a detailed comparison we performed DAFS scans with an energy resolution 
of 1 eV along the principal directions [100] at Ψ  = 0° and [110] at Ψ  = 45° while 
simultaneously measuring the fluorescence X-ray absorption fine structure (XAFS) signal. The 
results, shown in Fig. 2, further support these findings.    
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Fig. 2: Fine structure of normalized integrated 111 reflection intensity (DAFS signal) and 
simultaneous fluorescence (XAFS signals) for a crystal orientation in the principal directions 
[100] at Ψ  = 0° and [110] at Ψ  = 45°. The oscillating features of the signals are scaled while 
rotating the sample about the scattering vector and thus changing its orientation in respect to the 
incident photon polarization. 

 
The results of our experiments give strong evidence of constant second rank deformation tensors 
D’(E) and D’’(E)  for the Ti atomic scattering factor tensor in rutile following the AAS model of 
[1]. The scaling of the diffraction anomalous fine structure induced by these tensors does not 
alter the general modulation over energy.  
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Since the discovery of the quasicrystalline phase by Schechtman et al. [1], intensive research has 
been devoted to synthesis of stable, high-quality samples [2,3]. Particular attention has been given 
to icosahedral Al-Cu-Fe system due to excellent properties, such as the low electrical and thermal 
conductivity, high hardness, low friction and wear, and good oxidation resistance [4]. The thermal 
stability of the single quasicrystalline structure is essential to their further use in technological 
applications [5]. It is therefore important to understand how their stability and crystallization 
behavior is influenced by various factors like chemical composition, temperature and pressure. 

A number of different Al-Cu-Fe alloy powders with the composition range of 64-68 at.% Al, 22-
24% at.% Cu and 10-12 at.% Fe were synthesized by mechanical alloying from high purity (99,9%) 
elemental powders. The kinetics of the phase transitions and the stability of the single icosahedral 
ψ-phase were studied by in situ X-ray diffraction using synchrotron radiation. The powder 
diffraction experiments were performed in energy dispersive mode at the MAX80 multiple-anvil 
high-pressure station installed at the F2.1 beamline of HASYLAB (Hamburg, Germany).  

The effect of static pressure on the crystallization temperature and the stability of the 
quasicrystalline symmetry against the pressure-induced volume change was also determined. 
Crystallization experiments were performed under different applied pressures up to 2 GPa. X-ray 
diffraction patterns were acquired during continuous specimen heating (up to 800°C) without and 
with applying an external pressure. 

Figure 1 shows series of XRD patterns of Al67Cu23Fe12 (mechanically alloyed for 10 hours) taken 
during constant rate heating of 10K/min up to 800°C. The initial powder mixture consists of fcc-Al 
and bcc-Cu, Fe. Selected diffraction patterns collected at different temperatures are also shown 
(figure 2) to illustrate more in detail the solid-state transformations during non-isothermal annealing 
at 0.17 GPa. At 300°C significant changes can be seen in the X-ray patterns: the sample is a mixture 
of cubic Al(Cu,Fe), tetragonal Al2Cu and tetragonal the ω-Al7Cu2Fe. At higher temperatures, the 
Al-rich ω-phase is the main precursor of the icosahedral quasicrystalline ψ-phase.  

Formula Nucleation temperature 
of the ψ-phase (°C) 

Stability region of the single 
ψ-phase (°C) 

Al65Cu23Fe12 620 740-790 

Al64Cu24Fe12 600 no single ψ-phase 

Al66Cu24Fe12 640 740-750 

Al67Cu23Fe10 570 670-750 

Al66Cu22Fe10 510 700-760 

Al68Cu22Fe10 600 745-795 

 

Table: Nucleation temperatures and stability ranges of the quasicrystalline ψ-phase for different Al-Cu-Fe 
compositions 
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Figure 1: In situ EDX spectra of Al67Cu23Fe12 alloy 
upon heating at 0.17 GPa. Ed = 95.026 keV Ǻ. 

 

The nucleation of the ψ-phase takes place at 
different temperatures between 510°C-600°C for the 
stoichiometric compositions containing 10 at.% Fe 
and develops into a single ψ-phase up from 670°C 
(table). For the alloys with 12 at.% Fe content, the 
nucleation temperature is above 600°C, which 
confirms the hypothesis that the Fe ratio plays a very 
important rule in the formation of the ψ-phase [4]. 

Pressure application up to about 2 GPa has a very 
small influence on the phase transition temperature. 
The nucleation temperature of the quasicrystalline 
phase tends to stabilize or even increase upon pressure.                                

Figure 2: In situ EDXRD patterns of 

Al67Cu23Fe12 alloy at various temperatures. 
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The valence band of GeMnTe surface alloy on GeTe monocrystal 
–a photoemission study 
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D-22761 Hamburg, Germany 
 
Incorporation of Mn into GeTe leads to the formation of a ferromagnetic semiconductor with 
the maximum Curie temperature (dependent on the Mn content) of about 140 K [1]. The 
ferromagnetic interaction between the magnetic ions is governed by the RKKY mechanism. 
Such properties of the material inspired its extensive investigations in view of future 
spintronic applications. 
The electronic structure of Ge1-xMnxTe was studied by photoemission for bulk polycrystals 
grown by the Bridgman method, MBE grown epitaxial layers and surface alloys formed on 
GeTe, Ge1-xMnxTe and Ge1-xEuxTe epilayers [2, 3]. In this report we present the results of the 
corresponding experiments carried out for the surface alloy prepared on the surface of a GeTe 
monocrystal. Studying such a system we avoid possible additional effects resulting from the 
presence of precipitates of foreign phases in polycrystals or strains and lattice distortions in 
epilayers.  
A clean sample surface was prepared in situ by Ar+ ion sputtering and annealing at 250oC. 

The Ge1-xMnxTe surface alloy was fabricated in 
situ by Mn deposition (at room temperature) and 
annealing under UHV conditions at 250oC. The 
amount of deposited manganese was measured 
using a quartz microbalance. This method was 
previously tested by formation of Ge1-xMnxTe on 
GeTe, Ge1-xMnxTe and Ge1-xEuxTe epilayers and 
it was proved that annealing of the system led to 
the substitution of the manganese atoms into the 
lattice of the crystal. 
The valence band electronic structure of the 
obtained Ge1-xMnxTe has been studied by 
photoemission spectroscopy. The photoemission 
spectra of Ge1-xMnxTe surface alloy were 
acquired for the photon energy ranges of 40-60 
eV (corresponding to the intraion excitation 
Mn 3p→3d). The resonance occurring under such 
conditions takes place as a results of interference 
between the direct excitation process of the Mn 
3d electrons (Mn 3p63d5 + hν → Mn 3p63d4 + e-) 
and the discrete Mn 3p-3d core-excitation process 
followed by a super-Coster-Kronig decay (Mn 
3p63d5 + hν → [Mn 3p53d6]* → Mn 3p63d4 + e-  
were e- represents the photoelectron and * - 
excited state). 
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Fig. 1. The valence band spectra of 
the Ge1-xMnxTe surface alloy 
measured for photon energies near 
the Mn 3p-3d excitation threshold. 
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The photoemission measurements were performed at the FLIPPER II system in HASYLAB. 
Fig. 1 shows a typical set of energy distribution curves taken at several photon energies near 
to the Mn 3p-3d resonance after deposition of 2 ML Mn and after annealing. A strong 

resonant enhancement of the emission from the 
valence band and appearance of the maximum at 3.8 
eV below the Fermi energy was observed at the 
photon energy of 51 eV. The antiresonance behaviour 
(suppression of the Mn 3d-related emission) was 
observed at hν=47 eV. 
The contribution of Mn 3d states to the valence band 
structure has been derived by subtraction of the anti-
resonance spectrum from the resonance one (fig.2). 
The Mn 3d states contribution occurs in the upper 
part of the valence band with a maximum at 3.8 eV.  
According Ueda at el. [4] overall shape of Mn 3d 
DOS consists of the main peak located between 3.5-
4.5 eV binding energy (in our case 3.8 eV) 
surrounded by satellite structure (about 6-10 eV) and 
valence band maximum (about 0-2 eV). 
Configuration interaction (CI) calculations have been 
compared for most of these compounds with the 
conclusion that the 3.8 eV peak and the structure 
between 0-2 eV are mainly due to d5L states and the   

structure between 6-10 eV is due to d4 configuration 
(L- ligand hole). 
In conclusion, the distribution of the electronic states 
in valence band of GeTe bulk monocrystal covered 
with 2 ML of Mn and annealed is similar to those 

revealed for Ge1-xMnxTe surface alloys formed on GeTe-based epilayers. The resonance of 
photoemission we observed in the same range of photon energy for both samples. The shapes 
of Mn 3d contribution to the valence band for both systems are also the same nad correspond 
to the shape expected for Mn ions substituted into the octahedrally coordinated sites. This 
proves that the photoemission spectra of these systems properly describe the electronic 
structure of Ge1-xMnxTe, in contrast to those recorded for bulk polycrystals [5], in which 
considerable additional contribution manifests itself.  
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Lead-based perovskite-type (ABO3) relaxors are advanced ferroelectric materials which have been 
attracting considerable attention due to their extraordinary high dielectric, electro-elastic and 
electro-optic response. The relaxor structural state is pseudo-cubic and consists of polar 
nanoregions distributed inside a paraelectric matrix. The relationship between the nanoscale 
structure and macroscopic properties of relaxors is still obscure. In particular, it is not clear what is 
the primary factor for the suppression of long-range ferroelectric order: the chemical disorder on 
the B-site and the associated charge imbalance or the substitutional disorder on the A-site and the 
consequent disturbance of the system of Pb2+ lone-pair electrons. Our recent study on temperature-
driven structural transformations in PbSc0.5Ta0.5O3 (PST) and Pb0.78Ba0.22Sc0.5Ta0.5O3 (PST-Ba) [1] 
has pointed out the importance of local strains occurring when two-valent cations with an isotropic 
electron outermost shell (Ba) substitute for two-valent cations with affinity to form lone pairs (Pb). 
To gain more insight into the energetically preferable atomic clustering we compared the pressure 
induced structural changes in PST [2] and PST-Ba by applying single-crystal x-ray diffraction 
(XRD) and Raman scattering analysis. In-house high-pressure XRD experiments reveal that the 
incorporation of Ba into the structure of PST spreads out the phase transition over a pressure range 
between 2 and 4 GPa. According to Raman spectroscopy, similar changes happen in the local 
structure upon pressure in PST and PST-Ba. However, while in PST the rearrangements in both Pb 
and B-cations systems occur at the same pressure ~ 2.0 GPa, for PST-Ba there are two distinctive 
pressures. Above 2 GPa a gradual suppression of the off-centred shifts of B-cations takes place, 
whereas ferroic ordering processes in the Pb system occur near 4 GPa.  

High-pressure synchrotron single-crystal XRD experiments were conducted at the F1 beamline of 
HASYLAB/DESY using a MarCCD 165 detector. Data on PST-Ba were collected with a radiation 
wavelength λ = 0.4500 Å, a sample-to-detector distance of 80 mm, a stepwidth of 0.5° per frame 
and exposure times of 120 s. The measurements were performed at 7 pressures up to 6 GPa and 
ambient temperature, using a diamond anvil cell of Boehler-Almax design. The ruby-line 
luminescence method was used to determine the actual pressure values. The pressure-induced ruby-
line shift was measured by a DeltaNu portable Raman spectrometer. A 4:1 methanol-ethanol 
mixture was used as a pressure transmitting medium, ensuring hydrostatic pressure in the 
considered range. Measurements on decompression verified the reversibility of the observed 
structural changes. The high-pressure experimental conditions for PST are described in [2].  

Figure 1 shows the pressure evolution of the diffuse scattering in PST and PTS-Ba, which arises 
from the existing cation off-centred shifts in polar nanoregions. The analysis of the high-pressure 
phase of PST [2] shows that the suppression of the diffuse scattering is due to the enhanced 
correlation length of ferroic Pb displacements as well as to the suppressed B-cation off-centred 
displacements. The similar trend for both compounds suggests that such atomic rearrangements 
occur under pressure also in PST-Ba. However, in the case of PST the intensities of Bragg 
reflections with h+k+l = 4n+2 systematically decrease with pressure, due to the formation of long-
range ordered antiparallel Pb shifts accompanied by anti-phase octahedral tilts, whereas for PST-Ba 
three different types of pressure dependence of those diffraction peaks are observed (see Fig. 2). 
These findings reveal that the chemically induced local electric fields in the vicinity of A-
positioned Ba cations hinder the establishment of long range order under external elastic stress. 
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This highlights the importance of potential barriers associated with local strains for the occurrence 
of relaxor structural state.  

 

Figure 1: Selected reciprocal space segments representing the pressure evolution of the diffuse X-ray 
scattering along 〉〈110 , which is related to off-centred cation shifts in polar nanoregions. 

 

Figure 2: (hk2) reciprocal layers for PST-Ba measured at different pressures as well as the pressure of the 
intensities of selected points representing three types of trends observed for hkl peaks with h+k+l = 4n+2: 
intensity decrease upon pressure (blue), intensity increase upon pressure (red), and change in the slope of 

I(p) near 4 GPa. The experimental errors are within the size of the symbols. 
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based alloys with V substitution 
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Nanocrystalline FINEMET alloys obtained by controlled annealing of an amorphous precursor and 
composed of fine grains embedded in the amorphous matrix are known as excellent soft magnetic 
materials [1,2].  

Amorphous and nanocrystalline FINEMET-type alloys with vanadium addition up to 5 at. % 
prepared by single-roller spinning technique were in this work investigated using hard x-ray 
diffraction.  

Fe(73,5-x)VxCu1Nb3Si13,5B9 (x = 0,1,3 and 5) ribbons were isothermally annealed in vacuum at 
temperatures 450°C, 500°C and 550°C for one hour. The influence of vanadium on the 
crystallization process in FINEMENT based alloys was investigated using a X-ray diffraction 
(XRD), performed at the wiggler beamline BW5. Preannealed  samples were illuminated for 120 
second by a well collimated 1x1 mm2 photon beam with the wavelength λ = 0.1776 Å. XRD 
patterns were collected in a transmission mode by a 2D mar345 image plate detector positioned 
symmetrically with respect to the beam. The obtained XRD data were integrated by using the 
FIT2D program [3]. The precise radiation energy (wavelength) was determined on the basis of 
measurements of a standard LaB6 at two different sample-detector distances with known offset. 
This yielded precise value of sample-detector distance and degree of detector orthogonality. 

 

 

 

 

 

 

 

 

 

Figure 1: XRD patterns of Fe(73,5-x)VxCu1Nb3Si13,5B9 (x = 0,1,3 and 5) ribbon samples annealed at 450°C. 

An amorphous state of all samples annealed at 450°C was confirmed by XRD measurements. All 
XRD patterns shown in fig. 1 have a typical diffuse character, which consists of one broad 
maximum positioned at 2θ ~ 5° followed by a few small wiggles. With the temperature increase of 
annealing up to 500°C, crystallization occurred only for the sample without vanadium and small 
peaks are detectable also for the sample with low concentration of vanadium (1 at. %). Samples 
with higher amount of vanadium remained amorphous. However all samples annealed at 550 °C 
already contain nanocrystalline phase FeSi. It could be concluded that the presence of vanadium 
shifts the first crystallization to the higher temperatures compared to the sample without any 
vanadium.   

-170-



 

 

Figure 2: XRD patterns of Fe(73,5-x)VxCu1Nb3Si13,5B9 (x = 0,1,3 and 5) ribbon samples annealed at a) 500°C 
and b) 550°C. 
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Searching for the new scintillating materials suitable for the ionizing radiation registration is still 
the actual problem. Recently it was shown that oxides doped with rare-earth elements can be 
considered for such applications [1]. High light yield and spatial resolution are important 
parameters for the detector. Application of the matrix scintillators composed with the crystals of 
submicron dimensions will allow to obtain the spatial resolution not worth than 10 µm. This 
background motivated us to perform the systematic experimental study of the set of scintillating 
oxide materials with submicron dimensions.  

The luminescence properties of the GdPO4, LuPO4, GdBO3 and LuBO3 doped with Ce3+ and Tb3+ 
ions were studied. The investigated materials were synthesized by sol-gel method and characterized 
by the X-ray diffraction and scanning electron microscopy. Predominant size of the obtained 
crystalline particles is in the range of 250-670 nm. Luminescence spectra in the wavelength region 
of 200 –900 nm at UV and VUV excitation as well as luminescence excitation spectra in the energy 
region 4 – 25 eV were measured using synchrotron radiation (SR) at the Superlumi station (DESY, 

Hamburg) [2]. 

Luminescence of LuBO3:Ce (0.5 mol %) 
as well as its decay spectra and 
luminescence excitation are presented in 
fig.1. This compound is known as 
scintillator with high light yield 26000 - 
27000 ph/MeV. Light yield of LuBO3:Ce 
crystallized in the vaterite phase exceeds 
those crystallized in calcite phase [1]. X-
ray phase analysis showed that the 
measured sample was crystallized in the 
vaterite phase with presence of the calcite 
phase (< 4 mass %). Two luminescence 
bands of Ce3+ were observed at 390 and 
420 nm. Decay curves were measured at 
different excitation energies. Fast decay 
with the decay time 55 ns was observed at 
Eex = 7.75 eV. Slow decay components 
appear at the lower (5.16 eV) and higher 
(10.8 eV) excitation energies. In the latter 
case luminescence rise-on is also observed. 
It may be due to the energy transfer from 
the matrix to the cerium dopant as the 10.8 
eV exceeds the bandgap value of LuBO3. 
Presence of the slow decay component at 
low-energy excitation Eex = 5.26 eV may 

be due to the overlapping of cerium intracenter excitation states with defect states. Luminescence 
excitation spectra are presented for the measurements in the fast (2.5 - 20 ns after the excitation 
pulse of the synchrotron radiation) and slow (90 - 150 ns) time windows. The intensity of the 
spectra is normalized. The main difference between the spectra measured in the fast and slow time 
windows is observed in the region of the peak at 7.8 eV. The energy position of the peak is too high 
to assign it to the intracenter transitions in Ce3+ ion. According to [1] the bandgap of LuBO3 is 7.0 
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Fig. 1 Luminescence excitation spectra of LuBO3:Ce 
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eV for the vaterite phase. We suppose that prevailing of the fast component in the excitation peak at 
7.8 eV is due to the resonance energy transition from the exciton formed on the edge of the 
fundamental absorption region to the Ce3+ luminescence center. Similar behavior was observed in 
the exciton energy region for LuAlO3:Ce in [3]. In this case the bandgap value can be estimated on 
the high-energy minimum of the peak were the relative contribution of slow component 
significantly increases as Eg ~ 8.4 eV. 

Luminescence of Tb3+ - doped 
compounds is presented for the 
gadolinium borates in fig.2. Samples 
were prepared by a mineral sol-gel 
method. Gel sedimentation was 
controlled by continuous measurement of 
pH. Gel samples were divided by pH 
value at 5.0 and 7.0. The obtained 
samples were characterized by Х-ray 
powder diffraction and scanning electron 
microscopy. It is found that in the рН 
interval from 5.0 to 7.0 the ratio of meta- 
and ortho- borate phases appropriately 
changes from 70%Gd(BO2)3: 
30%GdBO3 at pH=5.0 to 100%GdBO3 at 
pH=7.0. Luminescence spectra are 
represented with four non-elemetary 
luminescence bands in the wavelength 
regions 480 – 500, 535 – 560, 580 – 595 
and 615 – 635 nm that are due to the 
5D3 → 7FJ (J = 3-6) transitions in Tb3 +-
ions. Position and relative intensity of the 
luminescence peaks significantly depend 
on the sample. The discrepancy is due to 
the different symmetry of the oxygen 
ions surrounding of terbium ions in 

different phases of gadolinium borate. The integrated luminescence intensity of orthoborate phase 
(pH = 7.0) is slightly higher than that of the mixure of the meta- and ortho-borate phases (pH = 5.5) 
at band-to-band excitation. In the inset of the fig.2 integrated luminescence intensities of the 
investigated samples are presented. Luminescence intensity of all investigated borates and lutetium 
phospate exceeds that of the well-known scintillating crystal zinc tungstate. The highest 
luminescence intensity was detected for the LuBO3:Tb (5 mol%) that exceeds the luminescence of 
LuBO3:Ce (0.5 mol%) in 1.5 times and ZnWO4 in 6.4 times.  
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Figure 2: Luminescence spectra of GdBO3:Tb 
(5 mol%) at Eex = 10.8 eV measured for the samples 
prepared at  pH = 5.0 (black line) and 7.0 (blue 
squares). In the inset – integrated luminescence 
intensity of the investigated samples at Eex = 10.8 eV.  
Terbium concentration for all investigated samples is 
5 mol %. All data was measured at 300 K. 
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Intensity of the rare earth of luminescence can be significantly increased due to plasmon resonance at the 
surfaces of the noble metal nanoparticles. Properties of plasmon resonance were studied the most 
intensively for the silver nanoparticles and multiple rising of luminescence intensity was observed [1]. The 
same effect was expected for gold nanoparticles. We have reported recently about observation of the 
plasmon band in the light attenuation spectra for the 10-layered sol gel films of the 85GeO2−10Eu2O3−5Au 
composition annealed at Tann = 700°C [2]. However, increasing of luminescence intensity of the Eu

3+
 ions 

was not observed in this series of samples, as doping of the Eu-containing films with Au led to the 
formation of (Au

0
)n nanoparticles which are effective quenchers of luminescence of the Eu

3+
 ions at 

excitation in near UV and visible spectral regions [1].  

This paper reports about investigation of new series of the sol-gel film samples based on the GeO2 doped 
with europium and co-doped with gold annealed at others temperatures and doped with others 
concentrations of gold. The favourable conditions of thermal annealing of the films and concentrations of 
the gold those give multiple rise of intensity of the Eu

3+
 ions luminescence were founded.   

The films were obtained by means of centrifugation of film-forming solution prepared from a GeO2 sol (pH 
= 8.0, concentration 5 wt %) and aqueous solutions of HAuCl4 and a europium tartrate complex. Structure 
of the films surfaces were also studied using an atomic force microscope. This investigation reveals 
formation of fractal aggregates whose sizes depend on annealing temperature of the films. In particular, 
their typical sizes are from 20 to 80 nm for Tann = 800°C, while the sizes of the most of aggregates are small 
(≤ 30−50 nm). 

The investigated series consists of samples with undoped germanium oxide films, films doped only with 
gold, films doped only with europium, and films co-doped with gold and europium. Concentrations of 
activators were 3% and 10% for the gold and europium dopants, respectively. Figure 1 shows luminescence 
spectra of all the noted samples at 10 K and room temperature excited in one of the plasmon excitation 
bands of the UV region. Spectra of the undoped films (100GeO2) contain wide very weak bands in the 
region 400 – 800 nm. Spectra of the 97GeO2−3Au films at low temperature consist of two wide bands with 
maximums near 500 and 600 nm as well as the most intensive narrow complex band with maximum at 685 
nm and additional spectral features at its long wave length side. Only this band forms spectra at room 
temperature. Spectra of the 87GeO2−10Eu2O3−3Au films consist of the intensive narrow band emission in 
the spectral region from 550 to 750 nm. Intensity of this emission increases by 4 times with rising of 
temperature from 10 K to RT. Spectra of the 90GeO2−10Eu2O3 films contain wide very weak band with 
maximum at 611 nm intensity of which at room temperatures by about 50 times lower than intensity of the 
similar band for the 87GeO2−10Eu2O3−3Au films. 

The weak wide bands in the region 400 – 800 nm in the spectra of the 100GeO2 films could be attributed to 
the emission of quartz substrate. The broad emission bands with λmax = 500 and 600 nm in the spectra of the 
97GeO2−3Au films are similar neither to the luminescence spectra of oxygen deficiency centers 
(≡Ge−O−)2Ge:::: [1], nor to the substrate emission. The first band may be assigned to the d

9
s→d

10
 

luminescence transitions of the Au
+
 ions arising as a result of Au

0
 ionization or to the recombination 

luminescence in the GeO2 matrix. The latter one has to be assigned to luminescence of gold nanoparticles. 
Maximums of the main narrow bands in the spectra of the samples with 87GeO2−10Eu2O3−3Au films are at 
591, 611, 652 and 702 nm that allow us to attribute all of them to intrinsic f−f emission transitions in the 
Eu

3+
 ions. The weak luminescence band observed in the spectra of the samples with 90GeO2−10Eu2O3 films 

is also corresponded to the similar radiation transitions in the Eu
3+

 ions.  

-174-



400 500 600 700 800

0

20

40

60

80

100

a

2

1

In
t.
, 
a
.u
.

nm

 

400 500 600 700 800

0

1000

2000

3000 b

2

1

In
t.
, 
a
.u
.

nm

 

 

550 600 650 700 750

0

2000

4000

6000
c

2

1

In
t.
, 
a
.u
.

nm

 

550 600 650 700 750

0

50

100

d

2

1

In
t.
, 
a
.u
.

nm

 
 

Figure 1: Luminescence spectra of the samples with 100 GeO2 (a), 97GeO2−3Au (b), 
87GeO2−10Eu2O3−3Au (c), and 90GeO2−10Eu2O3 (d) films at λex = 185 nm Т = 10 (1) and 300 К (2). 

Therefore, it has been established that multiple increase of the Eu
3+

 luminescence intensity takes place for 
the 87GeO2−10Eu2O3−3Au sol-gel films compared to the 90GeO2−10Eu2O3 films annealed at Tann = 800°C. 
In our opinion, this effect is caused by photo-ionization of Au atoms on the surface of (Au

0
)n nanoparticles 

and follow transfer of excitations from formed Au
+
 ions to Eu

3+
 ions.  

Experiments with synchrotron radiation were carried out at SUPERLUMI station at HASYLAB, DESY, 
Hamburg, Project Nr. 20052013. 
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A La0.95Sr0.05Ga0.9Mg0.1O3-x (LSGM-05) crystal was grown from the melt in Ar atmosphere using 
the Czochralski technique. The advantage of this technology was their good crystallinity, 
homogeneity and phase purity. The obtained crystal showed a twinned structure that complicates 
interpretation of the diffuse scattering [1]. The Laue method was been used for the purpose to 
determine the sample orientation and to identify the twinning microstructure. White beam 
synchrotron experiments have been carried out using the Kappa-diffractometer at HASYLAB 
beamline F1 equipped with a MAR CCD system. The CCD dimensions are 165x165 mm2 and the 
2048x2048 pixels binning mode was used. Data sets were collected with 20o phi-rotation per frame 
at 7 different χ - settings covering 180o in phi at the CCD-sample distances 100.8 and 300.8 mm. 
The reflection positions in the patterns were determined by fitting their profiles with a 2D Pearson 
VII function. The Laue patterns were indexed using the OrientExpress V3.3 software. 

In the orthorhombic phase of LSGM-05, the number of ferroelastic domain states is six, 
corresponding to the group-subgroup index of the point group mmm in the point group m3 m of the 
high temperature parent phase. The spontaneous strains of the twin states D1 and Di (i=2...6) allow 
two possible orientations of the domain walls. The twin state D2 is connected with the state D1 by 
mirror reflection from (101) or (101). The twin orientation states Di (i=3...6) are related with D1 via 
mirror reflections from {121} or rotation of 180o around <111>. For these reflection twin- pairs, the 
interface boundaries between the domains are {101} and {121} sets of planes. Using the analytical 
geometry approach, relationships between the orthorhombic basis vectors were obtained for all 6 
possible domain pairs. The orthorhombic basis vectors ttt cba rrr ,, of the D2...D6 domains were 
expressed by means of the basis vectors 000 cba rrr ,, of the D1 domain using second rank tensors Tt 
(t=1…10) [2]. 

Fig. 1 shows a section of the Laue pattern obtained at 300 K from the LSGM-05 sample. Most 
intense reflections from 2 different domains, A and F, were indexed separately based on 
orthorhombic symmetry with lattice parameters a=5.49897Å, b=7.79427Å and c=5.53809Å. The 
orientation matrices Mi (i=A, F) were determined using 30 experimental reflections for each 
domain. Using the experimental orientation matrix MA for domain A and tensors Tt of the 
relationship for the twin pairs, we calculated the orientation matrices MAt (t=1…10) for the 10 
possible domain orientations and determined the coordinates of the Laue spots and their 
displacements relative to the Laue spots of domain A. Fig. 1 shows a comparison of the calculated 
and experimental spot shifts relative to the (721) reflection of domain A for allowed and observed 
domains. The shifts associated with domain F and C are consistent with W121 and W101 domain 
walls, respectively.  
Fig. 2 shows the corresponding results for domain F. The shifts associated with domain A and B are 
consistent with W121 and W101 domain walls, respectively. Similarly for domain B the shifts 
associated with domains F and C are consistent with W101 and W121 domain walls, respectively. 
In summary, we can conclude that the twin structure is formed by the intersection of domain walls 
(121)/(121)  and (101) (see Fig.3). It shows that the domain structure (Fig.4) is entirely composed 
of symmetry allowed twin walls, which permit stress-free intergrowth of four domain states [2]. 
Such domain structure was observed in orthorhombic phase of other samples of LSGM-05 too [3]. 
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Fig.1. A section of Laue pattern collected at a CCD-

sample distance of 300.8 mm and calculated spot 
positions for possible twin laws (only for mirror 

planes {101} and {121}) with respect to domain A. 

Fig.2. A section of Laue pattern collected at  a CCD-
sample distance of 300.8 mm and calculated spot 
positions for possible twin laws (only for mirror 

planes {101} and {121}) with respect to domain F. 

  
Fig.3. A section of Laue pattern collected at a CCD-sample 

distance of 300.8 mm and calculated spot positions for 
observed twin laws (with respect to reference domain A). 

Fig.4. Flat-bed schematic of the “chevron”-
like twin structure formed by the intersection 

of domain walls (121)/(121) and (101). 

We evaluated the Vj/Vsample ratio of twin volumes in 
the sample – a rough estimate only, because we 
used wide spectral range of white beam and some 
spots have contributions of higher orders. 
Intensities of three different reflections from B, C 
and F states were normalized to the corresponding 
intensities of the A domain using the calculated 
normalized intensity of the corresponding Bragg 
reflection (Table 1). Insignificant differences of the 
domain volumes can be explained by the 
approximation error of Bragg reflections as well.  
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Table 1. 
          № ref. 
 
 Domain 

1 2 3 Average 
 Vj/VA 

Average 
 Vj/Vsample,%

IA, a.u. 27573 25443 25017  
(hkl)A (7 2 1) (5 2 1) (9 2 1)  A 
VA/VA 1 1 1 1 

70.30 

IB 12016 10024 12406  
(hkl)B (3 6 5) (1 2 2) (2 4 3)  B 
VB/VA 0.24 0.31 0.22 0.26 

18.10 

IC 2762 2025 3261  
(hkl)C (-1 -2 -7) (-1 -2 -5) (-1 -2 -9)  C 
VC/VA 0.05 0.05 0.04 0.05 

3.25 

IF 4467 3064 6323  
(hkl)F (-5 -6 -3) (-2 -2 -1) (-3 -4 -2)  F 
VF/VA 0.12 0.10 0.13 0.12 

8.35 
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The LaBr3:Ce
3+

 single crystals are extensively studied in the last years due to their high scintillation 
light yield and energy resolution [1]. However, the hygroscopicity of LaBr3 crystal reduces their 
potential. The embedding of La-based microcrystals into halide matrices is one of the possible 
solutions for this problem. The possibility to obtain the LaCl3-Ce microcrystals dispersed in NaCl 
matrix was demonstrated earlier [2]. In this work the luminescence-kinetic properties of LaBr3:Ce

3+
 

microcrystals embedded in NaBr matrix prepared using same procedure are reported.  

The morphology of NaBr-LaBr3-Ce crystalline system was studied using the scanning electronic 
microscopy. Embedded microcrystals of 5 – 20 µm size were revealed on the microphotos. The 
electron beam analysis has shown the microcrystalline inclusions that contain La and Br elements 
in mass ratio corresponding LaBr3 compound. Time-resolved luminescent spectroscopy studies 
were performed at T=9-300 K using the facility of SUPERLUMI station at HASYLAB. 

Emission spectrum of NaBr-LaBr3(1 mol.%)-
CeBr3(0.05 mol.%) at 9 K upon the excitation 
in the range of cerium intracenter absorption 
consists of two bands peaked at 356 and 
386 nm (Fig. 1a) that arise from 5d-4f 
electronic transitions of Ce

3+
 ions. The 

spectral position of these bands coincides with 
that in the bulk LaBr3-Ce crystal [3]. This fact 
additionally denotes the creation of LaBr3-Ce 
microcrystals in NaBr matrix.  

Upon the excitation in the excitonic absorption 
range of LaBr3 microcrystals except the 
cerium emission bands the band ascribed to 
STE emission of LaBr3 matrix [3] is observed 
(Fig. 1b). The light quanta with energy 
E > 6.1 eV falling into fundamental absorption 
range of NaBr matrix effectively excites 
cerium emission of NaBr-LaBr3-Ce crystal 
(Fig. 1c) at 9 K. Also upon the excitation in 
this range the STE emission band of NaBr 
crystal is observed at 4.57 eV [4]. 

The luminescence excitation spectrum for 
cerium emission possesses the complex 
structure at the T = 9 K (Fig. 2b, curve 1). The 
4f-5d absorption band of Ce

3+
 ions is observed 

in the range of 3.7 – 5.0 eV. In this band one 
can separate the five component peaked at 
4.10, 4.24, 4.44, 4.67 and 4.82 eV. The 
structure of cerium 4f-5d absorption band in 
the bulk LaBr3-Ce crystal is similar [3].  
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Figure 1: Emission spectra of the NaBr-LaBr3(1 %)-
CeBr3(0.05 %) at the excitation by the quanta with 
3.75 (a, curve 1), 5.4 (b) and 10.5 eV (c) at the 9 K.  
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In the 5.0 – 6.1 energy range the luminescence excitation bands with maxima at 5.5 and 6.0 eV are 
observed at 9 K (Fig. 2b). Similar luminescence excitation bands were revealed for bulk LaBr3-Ce 
crystal at 5.4 and 5.9 eV. The 5.4 eV band is ascribed to exciton absorption and band at 5.9 eV 
corresponds to onset of band-to-band absorption of LaBr3 crystal [3]. Small difference in spectral 
positions of these bands in bulk LaBr3 crystal  and LaBr3 microcrystals can be caused by the 
pressure of NaBr matrix on microcrystals. 

The cerium emission is excited by high energy quanta (E > 6.1 eV) falling into fundamental 
absorption range of NaBr matrix only at low temperatures (Fig. 2b, curve 1). At ambient 
temperature the cerium emission is not excited in the range of fundamental absorption of NaBr 
matrix (Fig. 2b, curve 1). The structure of luminescence excitation spectrum for cerium emission is 
similar to that for emission band of STE in NaBr crystal (Fig. 2a). Such peculiarities of 
luminescence excitation spectra of cerium emission NaBr-LaBr3-Ce crystal can be explained under 
assumption that the excitations created in NaBr matrix don’t transfer the excitation energy to 
embedded LaBr3-Ce microcrystals. In this case the cerium emission at the excitation with light 
quanta with energy E>6.1 eV appears at low temperatures exceptionally due to the reabsorption of 
NaBr STE emission band (4.59 eV) that overlaps the intracenter absorption band of Ce

3+
 ions (3.7 – 

5.0 eV). 

The luminescence decay kinetic of cerium emission upon the intracenter excitation possesses a 
single exponential character. The decay time constant is estimated to be 14 ns and 15.6 ns at 9 and 
300 K, respectively. Similar decay time constants are found for bulk LaBr3-Ce crystal. 
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Figure 2: a) Luminescence excitation spectrum of the NaBr-LaBr3(1 %)-CeBr3(0.05 %) crystal for 270 nm 
emission (curve 1) at 9 K and reflection spectrum of NaBr (curve 2); b) luminescence excitation spectrum of 
cerium emission at 9 and 300 K (curves 1 and 2, respectively).  
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Reversibility of the characteristic chevron-like domain structures during transformation between 
ferroelastic phases of La0.95Sr0.05Ga0.9Mg0.1O3-x (LSGM05) crystal was observed in [1]. The 
discovered reversibility of domain structure in this perovskite crystal is caused by reproduction of 
the distribution of microstrains defined by space distribution of oxygen vacancies and dopant ions 
in the crystal. In another fluorite oxide electrolyte crystal – (ZrO2 doped with 10 mol % Sc2O3 ) no 
reversibility of domain structures during temperature cycling to the paraelastic cubic phase was 
observed [2]. The nonreversibility of the domain structure is probably caused by dominating strains 
resulting from a mismatch of the phases during the ferroelastic phase transformation. Taking into 
account the segregation of oxygen vacancies into domain walls, a hypothesis has been proposed that 
the high ionic conductivity of LSGM05 compounds is caused by the presence of two parallel 
processes of oxygen diffusion: through the bulk of the domains and along domain boundaries [3]. In 
doped ZrO2 the interaction of domain boundaries with oxygen vacancies is not dominant, so an 
additional diffusion mechanism of oxygen along domain walls gives a smaller contribution to the 
ionic conductivity of ZrO2:Sc2O3 solid oxide solutions. It can cause smaller ionic conductivity of 
these compounds as compared to solid solutions based on lanthanum gallate. 

For investigation of the interaction of oxygen vacancies and domain boundaries in other crystals of 
LaGaO3-based solution, namely La0.95Sr0.05Ga0.95Mn0.05O3-x (LM05) and La0.9Sr0.1Ga0.9Mg0.1O3-x 
(LS10), we measured the evolution of the domain structure at thermal cycling through the point of 
phase transition. Experiments were carried out at beamline F1 in the range from 300 to 380 K for 
LM05 and from 300 to 1023 K for LS10. Laue patterns collected after series of thermal treatments 
of samples above the point of ferroelastic phase transition have been analyzed.  

Since both crystals were heated above the ferroelastic phase transition temperature the twin 
structures of the low temperature orthorhombic phase ((Fig.1, a) are re-arranged into other twin 
structures, which are characteristic for the trigonal phase (Fig.2, a). Upon cooling to room 
temperature the twin walls rearrange again (Fig.1, b). Analysis of the intensities of the multiplets in 
the Laue diffraction patterns of LM05 and LS10 crystals showed that the twin configurations 
emerging during the temperature cycling between orthorhombic and trigonal ferroelastic phases can 
be described as follows: Z → X → Y → X → Y → …, where Z is the initial twin configuration in 
the orthorhombic phase prior to the first heating; X is the twin configuration formed in the trigonal 
phase after heating; Y is the twin configuration emerging in the orthorhombic phase (instead of the 
initial one) after cooling below the trigonal transition point. Thus, after the first thermal cycle the 
crystals “switch” between two phase-specific twin configurations (Fig. 1-2). Additionally, the 
volumes of each orientation state are practically fully reproduced in both ferroelastic phases (Table 
1, 2). Table 1 shows the ratio of intensities of reflections from each of the other three orientation 
states to the intensity of the D1 state in the LM05 crystal. After repeated temperature cycles the 
ratios of intensities are not completely identical. This maybe caused by incomplete relaxation of 
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strains, which have arisen during the process of sample preparation, because the LM05 crystal was 
heated only up to 380 K. For the LS10 crystal the ratios of intensities of reflections from each of the 
other three orientation states to the intensity of the D1 state are shown in Table 2. In contrast to 
LM05 there is a slight difference in values determined at different thermal cycles. This is mainly 
caused by the error of the approximation of Laue diffraction spots. 

 a  b c  

Figure 1: Three sections of Laue 
patterns collected at 300 K before 

first (a), after first (b) and second (c) 
heating of LM05 specimen above 
temperature of ferroelastic phase 

transition to trigonal phase 

a  b  

Figure 2: Two sections of Laue 
patterns collected at 380 K during 
first (a) and second (b) heating of 

LM05 specimen  

Only the twin structure observed in the orthorhombic phase prior to the first phase transition is an 
exception. In order to understand this it should be taken into account that the sample is prepared 
through mechanical fragmentation at room temperature, which causes additional strain in the 
crystal. The corresponding twin structure is a “non-equilibrium” state because both, the crystal 
shape and its size changed after the sample preparation. The “equilibrium” twin structure is then 
formed in the trigonal phase on heating above the transition point. 

Table 1. 
LM05 In orthorhombic phase, after 

1-st temperature cycling 
In orthorhombic phase, after 

2-nd temperature cycling 
In trigonal phase, during 1-st 

temperature cycling 
In trigonal phase, during 2-

nd temperature cycling 
ID2/ID1 0.99 0.96 0.28 0.19 

ID3/ID1 0.01 0.10 0.70 0.56 

ID4/ID1 0.01 0.03 0.39 0.26 

Table 2. 

LS10 
In orthorhombic 

phase, before 1-st 
temperature cycling 

In orthorhombic 
phase, after 1-st 

temperature cycling 

In orthorhombic 
phase, after 2-nd 

temperature cycling 

In trigonal phase, 
during 1-st 

temperature cycling 

In trigonal phase, 
during 2-nd 

temperature cycling 
ID2/ID1 0.47 0.32 0.29 0.59 0.64 

ID3/ID1 0.62 0.20 0.21 0.42 0.38 

ID4/ID1 0.61 0.22 0.20 – – 

Evidently, a domain wall location memory of domain structure in LM05 and LS10 is caused by 
dominating mechanical strains caused by the distribution of point defects in the crystals at phase 
transformation from trigonal paraelastic to orthorhombic ferroelastic phase, such as in LSGM05. 
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The aim of this research work is to develop ceramics in calcium silicate / silicate phosphate and 
aluminum oxide systems that exhibit suitable properties to be used for biomedical applications. In 
the calcium silicate systems the effect of various catalysts was investigated on the supramolecular 
structures [1, 2, and 5]. The acetic acid catalyst yields a very loose structure, the slope of the SAXS 
curves in log-log plot is close to -2 (Fig. 1). The SAXS investigations prove an open randomly 
branched structure for wet Ca silicate gel samples produced with acetic acid catalyst. The samples 
prepared in the presence of ammonia or in water without any catalyst exhibit a more compact 
structures, the slope of the curves varies from -3 to -3.5. Thus, the SAXS data indicates aggregate 
systems (Fig. 1). (The aggregate structure defines a random packing of colloidal particles.) In the 
dried Ca silicate materials, aggregate structures can also be identified even in the samples produced 
with acetic acid catalyst. The loose open randomly branched structure of samples catalyzed by 
acetic acid turns into a compact structure during the heat treatment. The Si-O-Si bonds of this loose 
structure are decomposed by heating (FTIR measurements); and the Ca ions are incorporated into 
the silicate network. The XRD measurements cannot reveal any well defined homogeneous 
crystalline phase in the calcium silicate samples. A small amount of crystalline calcium silicate 
phase (α’-Ca2SiO4) can be identified from 400°C in the sample of acetic acid catalyst. The sample 
prepared by ammonia proved to be amorphous until 800°C. Applying phosphoric acid catalysis, two 
appreciable calcium phosphate crystalline phases can be detected by XRD in the calcium silicate 
phosphate samples; γ-Ca2P2O7 and δ-Ca(PO3)2 with various rates depending on the amount of 
catalyst. Considerable changes can be observed in between 500 and 600 ºC regarding the XRD, IR, 
and SAXS measurements. 
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We have developed a new method to prepare aluminum oxo-hydroxide containing spinnable 
material and bulk gel systems. Based on the NMR measurements, the main part of the Al is 
octahedrally bonded in oligomers.  The connections between the Al atoms are maintained by shared 
OH and some carboxylate ions. The coordination of acetate ions plays an important role in the 
formation of bulk systems. The acetate ions can be coordinated as a monodentate as well as a 
bidentate bridging ligand connecting two Al atoms. Thus, by occupying coordination sites of the Al 
atom, they may hinder the formation of (pseudo-) crystalline aluminum-oxo-hydroxide, e.g. 
boehmite. At the same time, they can also promote the aggregation of small oligomers by forming 
hydrogen bonds. Following the gelation process by SAXS measurements (Fig. 3) it can be 
established, there is no well ordered structure directly after the reflux, the samples have very week 
scattering intensity. Removing the solvent from the hydrolyzed system by vacuum distillation leads 
to the formation of a characteristic order. The wide peaks do not indicate an uniform crystalline 
structure, the characteristic lengths associated to these peaks are 23-24 nm and 10-11 nm. By heat 
treatment at 80 ºC, a homogeneous, randomly packing aggregate structure evolves. The surface of 
aggregates can be featured by 2,5 ±0,05 surface fractal dimension  (Fig. 3).  The structure keeps the 
aggregate character during the heat treatment up to 1000°C (Fig. 4). The size of elementary units 
building up the aggregates increases from 3 nm to 4 nm by heating (180 °C – 800 °C). The size of 
particles is already 15.5 nm at 1000 °C.  
 
 

 
 
 
 
 
 
 
 
                                       
 
 
 
 
 
Fig. 3. SAXS measurements during the gelation                    Fig. 4. SAXS measurements versus temperature 
process                                                                                     of heat treatment 
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SrTiO3 (STO) single-crystalline material is very extensively investigated due to its interesting
physical properties offering a wide field of technical applications. Recently, it was found that the
exposure of the surface of single-crystalline STO samples (with surface normal oriented along
[111] or [211]) to a noble gas plasma results in the formation of a polycrystalline layer with a [321]
preferred orientation and a thickness of ~1 µm in the near-sample-surface region [1]. By electron
microscopy, quasi-ordered structures of nanometre-sized pyramids are found on the plasma-treated
surface.

Transparent and blue-colored nominally undoped SrTiO3 (STO) single crystal samples with (211)
or (111) orientation of large surfaces were grown by the Verneuil method. For XANES
investigations, a blue-colored sample (‘blue’ STO) was choosen. The sample's blue colour
indicates the presence of Ti atoms in valence state Ti3+ as a result of oxygen nonstoichiometry of
the as-prepared crystal. The crystal choosen had the shape of a parallelepiped with surface sizes of
~10 x 4 mm2 and a thickness of ~2 mm. One of the large sample-surfaces was treated by a
magnetoplasma accelerator with a He plasma-flow of an energy density (dose) of 20 J/cm2.

Dedicated fluorescence X-ray Absorption Near Edge Structure (XANES) investigations of the
‘blue’ STO sample were performed at beamline C (CEMO) of the Hamburger
Synchrotronstrahlungslabor (HASYLAB) at Deutsches Elektronen-Synchrotron (DESY). Both
sample sides (plasma-treated surface and untreated back-side) were investigated. For comparison,
XANES measurements were also carried out on a polished surface of a (001) STO single-crystal
plate with a size of 10 x 10 x 0.5 mm3 supplied by Crystec GmbH, Germany. The aim of this study
was the determination of the valence state of the Ti atoms based on the binding energy of the
resonantly excited 1s K-shell electrons.

The fluorescence XANES spectra were collected at room temperature in an energy range of the
exciting photons of E = 4970...4988 eV (Ti-K absorption edge) with an energy step width of
∆E = 0.5 eV. The beamline provides a fixed-exit Si (111) double crystal monochromator for X-ray
energy selection. The measurements were carried out in grazing incidence geometry with two
different angles of incidence of the exciting X-rays, ω = 0.15° and ω = 1.00°, corresponding to
attenuation depths of about 20 nm and 140 nm, respectively. To enhance the signal-to-noise ratio,
an energy resolving solid state detector (Kevex PSI) was arranged perpendicular to the plane of
scattering and the Ti-K  fluorescence yield IF was collected in the direction of the polarization
vector of the synchrotron radiation. Ti-K XANES spectra IF,norm were extracted by integration of the
fluorescence spectra over an energy range of interest (ROI) of 4201…4783 eV and normalized to
the recorded primary beam intensity. The energy scale was calibrated by experimental
determination of the K absorption edge energies of several metal foils. Due to the significant
absorption in air, the exciting photons were guided through an evacuated (p < 10-6 mbar) beam-
guide tube.

For every sample side, the XANES spectra for both angles of incidence, ω = 0.15° and ω = 1.00°,
are identical in the limits of the estimated standard deviation (e.s.d.) of the IF,norm values (Fig. 1)
evidencing the same valence state of the Ti ions at depths at least down to 140 nm beneath the
sample surfaces. As could be caught visually from Fig. 1, the Ti-K absorption edge of the as-
prepared ‘blue’ STO sample is shifted to lower energies in comparison to the reference STO as it is
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Figure 1: Ti-Kα XANES spectra of the samples
before (0 J/cm2) and after (dose 20 J/cm2) plasma-
treatment and of the reference STO. The incidence
angles ω of exciting X-ray photons are indicated.
E.s.d.’s of IF,norm values are shown by error bars.

Figure 2: First derivative dIF,norm(E)/dE of the
XANES spectra for the samples before (0 J/cm2)
and after (dose 20 J/cm2) plasma-treatment and
reference STO (incidence angle ω = 0.15°). The
positions of estimated maxima (E1, E2 and E2’; see
text for explanation) are indicated by vertical lines.

expected by the presence of Ti3+. After the plasma-treatment with an energy density of 20 J/cm2, a
pronounced shoulder appears in the XANES curve. More precisely, the Ti-K absorption edge
energies can be estimated by the maxima of the first derivative of IF,norm(E). As an example, Fig. 2
shows the first derivative dIF,norm(E)/dE of the XANES curves (incidence angle ω = 0.15°) for
reference STO and ‘blue’ STO before and after plasma-treatment. Whereas the dIF,norm(E)/dE  curve
obtained for the reference STO shows only one pronounced maximum, two maxima of
dIF,norm(E)/dE(E) are observed distinctly for ‘blue’ STO, both before and after plasma flow-
treatment. The positions of the maxima were estimated by fitting with Gaussian functions (one
function for reference STO and two functions for ‘blue’ STO) to the dIF,norm(E)/dE curves. One of
the values of the energy-position of the maxima is practically the same for all samples,
E1 = (4983.2 ± 0.3) eV (after averaging the individual data values for all samples) and can probably
be attributed to Ti4+ of the stoichiometric STO fraction within the samples. The lower values of the
energy-positions of second maxima of dIF,norm(E)/dE obtained for ‘blue’ STO, E2 = (4982.0 ± 0.2)
eV for the as-prepared sample and E2’ = (4980.3 ± 0.1) eV for the sample after plasma-flow
treatment probably stem from the nonstoichiometric STO fraction of the ‘blue’ STO sample due to
the presence of Ti3+. A shift to lower energies observed is probably attributed to increase of the
volume of the nonstoichiometric STO fraction after the plasma treatment. Theoretical calculations
of the XANES curves for confirmation of the model are in progress.

Additionally, the method of valence shift of characteristic X-ray fluorescence lines described in
detail in [1] was used for the study of the valence state of the Ti atoms using energy-dispersive X-
ray line spectroscopy (EDX) by a Camebax microanalizer. A characteristic valence shift of about
+0.6 eV for the Ti-Kα1 fluorescence line due to the additional oxygen nonstoichiometry after
plasma-treatment was detected, confirming the data of the XANES investigations.

Thus, due to the increase of oxygen nonstoichiometry in the near-surface sample region, the plasma
treatment causes a change of Ti valence from Ti3+ to Ti4+ in a small volume fraction down to a
depth of at least 140 nm beneath the sample surface.
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Considerable research is being carried out on wide band-gap semiconductor materials for 
light emission in the 300-400 nm spectral range. Current materials being used for such 
devices are based on II-VI and III-Nitride compounds and variants thereof. However, one of 
the major obstacles to the successful fabrication of III-N devices is lattice mismatch-
induced high dislocation densities for epitaxially grown layers on non-native substrates. 
 
γ−CuCl is a direct bandgap material and an ionic wide bandgap I-VII semiconductor with a 
room temperature free exciton binding energy of ~190 meV (compared to  ~25 meV and 
~60 meV for GaN and ZnO, respectively) and has a band gap of 3.4eV (λ ~ 366 nm). The 
lattice constant of γ−CuCl (0.541 nm) is closely matched to that of Si (0.543 nm). This 
could, in principle, lead to the development of optoelectronic systems based on CuCl grown 
on Si. Research towards this end has successfully yielded polycrystalline γ-CuCl on Si 
(100) and Si (111) using vacuum-based deposition techniques. We report on developments 
towards achieving single crystal growth of CuCl from solution via Liquid Phase Epitaxy 
(LPE) based techniques. Work is being carried out using Alkali Halide flux compounds to 
depress the liquidus temperature of the CuCl below its solid phase wurtzite-zincblende 
transition temperature (680 K) for solution based epitaxy on Si substrates.  
 
Our work at HASYLAB has involved the use of the X-Ray Excited Optical Luminescence 
(XEOL) technique, utilizing the continuous spectrum of synchrotron radiation from the 
DORIS storage ring. 
 
Recent experiments show that the resulting KCl flux-driven deposition of CuCl onto Si 
substrate has yielded superior XEOL behaviour relative to previously observed spectra for 
GaN or polycrystalline CuCl. Figure 1 shows an acquired spectrum for a KCl-CuCl on Si 
sample. A strong peak at λ ~402nm can be seen corresponding to the KCl-CuCl sample. 
The XEOL spectrum of a nominally undoped single crystal GaN (on Al2O3 substrate) is 
shown in the inset of the figure for comparison. Previous measurements of the GaN sample 
show a yellow band emission at λ ~550nm. The well-known Al2O3 peak at λ ~694nm is 
also clearly visible.  
 
It can be seen that the luminescence from the KCl-CuCl film is considerably (2-3 orders of 
magnitude) brighter than that of the GaN sample. It is also approximately an order of 
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magnitude brighter than previously observed vacuum deposited CuCl samples studied with 
XEOL. Figure 2 shows the KCl-CuCl sample luminescence under excitation during a 
XEOL measurement. 

 
Figure 1. XEOL spectrum of KCl-CuCl deposited on Si substrate. Inset is epitaxially 

grown GaN on Al2O3
 substrate on the same intensity scale. 

 
 
 

            
 
 

Figure 2. KCl-CuCl sample during XEOL acquisition. The image to the left shows the 
sample attached to the supporting back plate with the experimental hutch lights on. The 

image to the right shows the same sample with the light turned off. In both images one can 
clearly see the strong luminescence from the sample under x-ray excitation. 
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Alkali borosilicate glasses are of significant current interest as suitable materials for isolating host 
media for radioactive waste material storage (i.e. UO3 or PuO2). Structural characterization of these 
glasses is essential for understanding of glass durability. Here we investigate the structure of multi-
component sodium borosilicate glasses added with UO3, namely  
70wt%[(65-x)SiO2·xB2O3·25Na2O·5BaO·5ZrO2]+30wt%UO3, where x= 5, 10, 15, 20 mol% 
(denoted as UB5, UB10, UB15 and UB20). In these glasses SiO2 and B2O3 are strong network 
formers; Na2O serves as network modifier; while BaO serves both as network modifier, glass and 
hydrolytic stabilizers. In the course of our previous studies [1-3] we have established that addition 
of ZrO2 improves the glass and hydrolytic stability due to its strong charge compensating ability.  

The glassy samples were prepared by melt-quenching technique [3]. Boron was isotopically 
enriched in 11B (99.6%) in order to reduce the influence of the high neutron absorption of 10B 
present in natural boron. We have performed high energy x-ray diffraction experiments at the BW5 
station at DORIS III, in the momentum transfer range of Q= 0.5-25 Å-1 and, also neutron diffraction 
using the 'PSD' instrument at the 10 MW Budapest research reactor [4] in the Q=0.6-10 Å-1 
interval. X-ray diffraction data are dominated by contributions from heavier elements (Ba, Zr, U), 
while neutron diffraction gives information mainly on the light elements (B, O, Si). 

Simultaneous reverse Monte Carlo simulation of the two data sets was applied to generate reliable 
3-dimensional atomic configurations and, to calculate the partial atomic pair correlation functions, 
nearest neighbour distances and coordination number distributions. For the starting atomic 
configuration we have used those ones obtained for the corresponding multi-component glasses 
without uranium [3]. The experimental data and results of RMC simulation are shown in Fig. 1/a,b.  
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Figure 1: Total structure factors: a) neutron b) x-ray diffraction experimental data (crosses) and  
RMC simulation (solid line).  

 

Several partial structure factors and atomic pair correlation functions as obtained from RMC 
modelling are displayed in Fig. 2. The first neighbour Si-O distance is at 1.60 Å and the 
coordination number is 4. The B-O distance shifts from 1.5 Å to 1.38 Å with increasing boron 
content, and both 3- and 4-fold oxygen coordinated boron are present. The Na-O first neighbour 
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distance  is at 2.1 Å, while the O-O distribution shows also a slight concentration dependence 
centred at around  2.55 Å. The U-O distribution shows two well resolved peaks centered 1.8 Å and 
2.2 Å with an average coordination of 5-6 atoms. Further data treatment is in progress. 
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Figure 2: Partial structure factors (a) and partial atomic pair correlation functions (b)  
for 70wt%[(65-x)SiO2·xB2O3·25Na2O·5BaO·5ZrO2]+30wt%UO3 glasses (x=5 black, x=10 red, x=15 green, 

x=20 blue) obtained by simultaneous RMC simulation of the x-ray and neutron diffraction experimental data 
(the curves are shifted vertically for clarity) 
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Recent advances in mobile telecommunication and satellite broadcasting have created the need for 
new frequency channels. Lower frequency bands are heavily occupied and therefore a move to 
higher frequencies is necessary. This fact stimulates the progress in microwave integrated-circuit 
technology. We have focused our research to sillenites Bi12MO20 (M = Si, Ge, Ti, Pb, Mn, B1/2P1/2) 
for their potentially interesting microwave dielectric properties. They crystallize in I23 space group 
with body centered cubic cell. The framework of the structure is formed by Bi-O polyhedral, where 
Bi ions are coordinated with oxygen ions which together with the stereochemically active 6s2 lone 
electron pair of Bi3+ forms an octahedral arrangement. The Bi-O polyhedral network connects to 
the geometrically regular MO4 tetrahedra formed by four oxygen anions with the M cation 
occupying the tetrahedral interstice. For M = Si the sillenite Bi12SiO20 is stoichiometric with fully 
occupied oxygen sublattice. It exhibits piezoelectric, electro-optic, photo-refractive and optical 
activity which, together with its good dielectric properties, a low sintering temperature and 
chemical compatibility with Ag electrode and other functional ceramics, makes it a promising 
material in low temperature cofired ceramics technology. 

In this work, the structure of intermediates of sol-gel prepared Bi12SiO20 thin films is studied by 
EXAFS. The sols are prepared from Bi(NO3)3.5H2O and Si(OC2H5)4 as precursors, 2-
ethoxyethanol, acetic acid or ethanol as the solvent, and formamid as the drying additive. Structures 
resulting from three synthesis routes using different solvents are compared at two stages of heat 
treatment: as prepared xerogels and pyrolysed at 220 ºC for 2 min.  
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Figure 1: Fourier transforms of k2 weighing spectra (k = 4 – 13 Å-1), Hanning window, dk = 1 Å-1. 
  a) as prepared xerogels, b) pyrolysed at 220 ºC.  

Standard Bi L3 edge (13419 eV) EXAFS spectra are recorded at beamline C of Hasylab equipped 
with two-crystal Si 111 monochromator with energy resolution of 1.5 eV at 13 keV. Feedback 
control is used for slight detuning of the monochromator crystals to suppress higher beam 
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harmonics. Ionization cells are filled with 360 mbar Ar, 1000 mbar Kr, and 1000 mbar Kr. 
Absorption of a Bi foil between the second and the third ionization chamber is measured 
simultaneously for energy calibration.  

For the purpose, thin films with thickness of ~700 nm are prepared on aluminium foil to reduce 
absorption in the supporting material. A stack of 12 films yields an absorption jump of ~0.6 with 
good signal/noise ratio. The spectra are analysed with IFEFFIT program package [1,2].  

Two peaks are resolved in Fourier transforms (Fig. 1) of the measured data. They can be identified 
with two shells of neighbours, oxygen and Bi atoms. Among model EXAFS signals of numerous 
possible Bi-oxide structures, no exact match to the measured spectra has been found. An ad hoc 
model comprising only two scattering paths describes the two peaks rather well. It gives 2,16 Å as 
an average Bi-O distance and 3,66 Å as Bi-Bi distance for all samples. Small variations in the 
height of the first (oxygen) peak between the spectra can be attributed to variation in the Debye-
Waller factor. The second (bismuth) peak is very weak in comparison to the data of fully 
crystallized samples and its height is lower in pyrolysed films.  
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Figure 2: Example of model to data fit, with ethanol as solvent a) as prepared xerogel, b) pyrolysed at 220 

ºC. k = 4-13 Å-1, r = 1-4 Å, Hanning window, k weighing values 1, 2 and 3 used simultaneously in fit.  

From the basic EXAFS model, it can be concluded that the first shell of oxygen neighbours is built 
already in as prepared xerogels and it does not change appreciably with heat treatment. Beyond the 
first neighbourhood the films exhibit low degree of order which even decreases with heat treatment. 
The effect can be explained as a decomposition of the starting structure prior to the growth of the 
high temperature Bi12SiO20 phase. The degree of the decomposition depends on the type of the 
precursor: it is stronger in samples with 2-ethoxyethanol or ethanol as solvent. 
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The interest to As–S chalcogenide glasses doped with Ag exists due to their ionic conduction [1]. 
As–S–Ag alloys are currently investigated in relation to possible practical applications in different 
technological processes or devices like lithography, diffractive optical gratings, information storage 
devices, optical switches, and sensitive electrochemical electrodes. Proceed from the fact that the 
physical properties of glasses are tightly related to their structure, profound knowledge of the latter 
can help to understand these materials better, improve their physical properties, and exploit them 
more efficiently. In this work, we studied ternary chalcogenide glasses along the As2S3–Ag 
concentration line. 

(As0.4S0.6)100-xAgx bulk glasses were prepared from elements of 5N purity. Pure elements were 
weighted in proper molar ratio into the silica ampoules and sealed under residual pressure ~ 10-4 
Pa. The atomic As was purified by sublimation to avoid oxide formation just before weighing. The 
sealed ampoule was put into a rocking furnace and held at 750°C for 24 hours. Then the alloy was 
quenched in the air and annealed at 120 °C for three hours. The bulk samples were kept under inert 
atmosphere of N2 after breaking the synthesis silica ampoule. 

High-energy x-ray diffraction experiments were carried out at the BW5 experimental station at 
HASYLAB. The bulk samples of about 2 mm thickness were examined in transmission geometry. 
The energy of the incident beam was 99.8 keV and the beam size was 1×4 mm2. The scattered 
intensity was recorded by a Ge solid-state detector. The raw data were corrected for background, 
polarization, detector dead-time and variations in detector solid angle [2]. 

Structural changes in the (As0.4S0.6)100-xAgx glasses with increasing Ag content can be revealed 
already by analysis of the total x-ray diffraction structure factors and pair distribution functions 
(Fig. 1). The first maximum shifts to smaller values of the diffraction vector Q: from 2.41 Å-1 for 
x=0 to 2.19 Å-1 for x=12. The next maxima (from the second to fifth) shift to higher Q-values. The 
position of the prepeak or so-called first sharp diffraction peak (FSDP) on the experimental S(Q)’s 
is constant (~1.26 Å-1), while its intensity is remarkably decreasing. 

The position of the first peak on the g(r) functions (~2.26 Å), which corresponds to the As–S 
bonding, is not changed, but its intensity decreases continuously with increasing Ag concentration. 
At the same time, a shoulder on the g(r) at 2.5–2.6 Å appears for the alloys with 4 and 8% Ag, and 
it develops into a peak for x=12. This distance corresponds to the sum of covalent radii for Ag and 
S (2.50–2.58 Å [3]). Based on these observations, it can be concluded that the number of As–S 
pairs decreases and Ag–S bonds appear in the ternary glasses when Ag is alloyed with As2S3. It is 
however not possible to judge about As–As bonding (2.40–2.45 Å [3]) from the total structure 
factors or pair distribution functions because its contribution to the diffraction curve is covered by 
much intense As–S contribution. Also, formation of Ag–Ag bonds in the ternary (As0.4S0.6)100-xAgx 
glasses cannot be checked if only the total pair distribution functions are available. These questions 
can be answered by analysis of the partial atomic distributions and coordination numbers. 
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In order to obtain the partial pair distribution functions and structural parameters of the ternary 
(As0.4S0.6)100-xAgx chalcogenide glasses we perform supplementary experimental investigations by 
means of the extended x-ray absorption fine structure spectroscopy and neutron diffraction. Then, 
all experimental data for each composition will be modelled with the reverse Monte-Carlo 
simulation technique [4] as it has been done in our previous studies of multicomponent 
chalcogenide glasses, for example As–Te [5] or Ge–Sb–Te [6]. 

 

Figure 1: XRD total structure factors S(Q) and pair distribution functions g(r) for (As0.4S0.6)100-xAgx glasses. 
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Semiconductor devices using the spin of electrons have attracted much attention because of their 
expected application in spintronics. However, the key to the spintronic’s success is availability of 
suitable materials for device manufacturing. Diluted magnetic semiconductors (DMS) have been 
shown to be the best materials for such purpose. Among them, Mn+ implanted Si seems to be very 
promising. It has been shown that it is possible to achieve above room temperature ferromagnetism 
in such samples [1]. What's more, the potential new spintronic devices based on the Si matrix 
would be easy to integrate with the existing technologies.  

The investigated samples were prepared by Mn+ implantation into Cz-Si (grown by Czochralski 
method) and into Fz-Si (grown by floating zone method) wafers. The energy of Mn+ ions was of 
160 keV and a dose of 1x1016 cm-2. Temperature of the Si substrate was kept at 340 K in case of 
Cz-Si and at 610 K for Fz-Si. After the implantation, each wafer was divided into several pieces 
and annealed separately. Here, we present the results for the samples annealed at 275ºC for 4.5 
hours under the atmospheric pressure (Fz-275-1b, Cz-275-1b) as well as the samples annealed at 
450ºC for 10 hours under the atmospheric pressure (Fz-450-1b, Cz-450-1kb) and under the pressure 
of 11 kbar (Fz-450-11kb, Cz-450-11kb). 

The EXAFS spectra at the Mn K-edge were measured at the E4 station using a seven element 
silicon fluorescence detector. The samples were cooled to liquid nitrogen temperature in order to 
minimize thermal disorder. 

The Artemis and Athena programs [2], using IFEFFIT data analysis package, were applied in the 
analysis of the EXAFS data. Analysis of each spectrum was carried out in the same manner in order 
to enable the proper comparison between them. The passive electron reduction factor (S0

2) was 
fixed to the arbitrary chosen value equal to 0.9. This made possible to find the relative changes in 
the coordination number (N) for the investigated samples.  

Figure 1 shows the Fourier Transformed EXAFS oscillations for the considered samples. In each 
case, first shell was fitted using a single Si path and with introducing third cumulant in order to 
account for the asymmetry in the distribution of the neighboring atoms. In case of the Cz-Si samples 
annealed at 450ºC, where second shells are visible, one Mn path had to be added. The results are 
gathered in the table below. 

Fz Cz 
sample 

N R [Å] N R[Å] 

275ºC, 1b 5.5 ± 0.8 (Si) 2.44 ± 0.04 (Si) 6.4 ± 0.7 (Si) 2.46 ± 0.03 (Si) 

450ºC, 1b 
5.5 ± 0.9 (Si) 

 
2.49 ± 0.05 (Si) 

 
6.0 ± 0.9 (Si) 

2.3 ± 1.2 (Mn) 
2.37 ± 0.04 (Si) 

2.93 ± 0.03 (Mn) 

450ºC, 11kb 
6.3 ± 0.5 (Si) 

 
2.44 ± 0.02 (Si) 

 
6.3 ± 0.8 (Si) 

2.0 ± 0.9 (Mn) 
2.41 ± 0.03 (Si) 

2.96 ± 0.02 (Mn) 
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Figure 1: Fourier Transformed EXAFS oscillations for the investigated samples (open squares) and the 
fitting results (full red line). 

 

As can be seen, the number of the silicon atoms in the first shell is the same within the uncertainty 
limits. However, their distances differ from sample to sample. The same can be said about the 
number and the distances of the manganese atoms in the second shell for two Cz-450 samples.  

We can conclude that the formation of second shell in the samples annealed up to 450ºC depends 
on the method of the sample growth. The samples grown by Czochralski method start to form the 
MnxSiy inclusions at 450ºC. In case of the samples grown by Floating zone method this temperature 
seems to be too low. However, it is known from the previous studies that also in this kind of 
samples, the Mn atoms have tendency to gather together forming MnxSiy compounds [3]. 
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In view of low diffusion coefficients the important method used in the technological applications of 
SiC is the ion implantation. The ion implanted layers were produced in highly perfect (00.1) oriented 
6H SiC wafers. The implantations were performed with 2 MeV As+ ions to a number of fluencies in 
the range from 61012cm-2 to 21014cm-2. They samples were examined before and after 
implantation with a number of synchrotron X-ray diffraction methods included the investigation of 
local rocking curves recorded with a 5050 µm2 probe beam and white beam Bragg case section and 
projection topography. The investigations were performed for implantations in commercial wafers 
manufactured by CREE, which contained well resolved individual dislocations of a density smaller 
than 103cm-2. The white beam investigation included taking back-reflection projection and section 
topographs at the relatively small glancing angle of 5. In case of section topographs the beam was 
limited with 5 m wide slit.   The monochromatic beam investigation included recording the rocking 
curves using a very small probe beam limited to 50  50 m2 and taking topographs. A radiation of 
0.1115 nm wavelength selected by successive 333 and 511 reflections from silicon monochromator 
was used. 

The theoretical analysis of strain profile based on simulation of rocking curves by numerical 
integration of the Takagi-Taupin equations. A reasonable approximation was in particular provided 
by sticking two Gaussian functions. It was possible to obtain well fit rocking curves without taking 
into account the distributions of the static Debye-Waller factor, which in the present case does not 
change the position of interference maxima but mainly decreases their amplitudes (Fig. 1). 

 

 

 

Figure 1: Comparison of experimental (upper ones) and numerically simulated (lower ones) rocking 
curves for SiC implanted with various fluencies  of 2 Mev As+ ions. 
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The implanted layers provided distinct interference effects both in the rocking curves and Bragg-case 
section topographs (strain modulation fringes) as it is shown in Fig.2. The presence of distinct 
interference maxima was essential for evaluation of the strain profile by fitting the theoretical rocking 
curves. The best fit  strain profiles were similar to the distribution of point defects calculated with 
SRIM2008 code and also similar to the defect distribution determined from the channeling 
measurements (Fig. 3).  

 

 

Figure 2: Bragg-case section topographic image of the SiC sample implanted  to the fluence  8x1012 
cm-2 with 2 MeV As+ ions revealing strain modulation fringes caused by strain maximum. 

 

 

 

 

Figure 3: Comparison of the strain profile used for calculation of the best fit rocking curves (solid 
line) with the distribution of implantation induced point defect calculated with SRIM 2008. 

 

 

Acknowledgement:                                                                                                                      
The present work was supported by national grant of the Polish Ministry of Science and High 
Education (3 T10C 022 29). 
 

-197-



High-pressure synthesis of ZnO–NiO solid solutions
with rock-salt structure: in situ studies

V.L. Solozhenko,1 P.S. Sokolov,1,2 A.N. Baranov 3 and C. Lathe 4

1 LPMTM-CNRS, Université Paris Nord, 93430 Villetaneuse, France
2 Department of Materials Science, Moscow State University, 119991 Moscow, Russian Federation

3 Chemistry Department, Moscow State University, 119991 Moscow, Russian Federation
4 HASYLAB-DESY, 22607 Hamburg, Germany

Zinc oxide belongs to the family of wide-band-gape semiconductors. At ambient conditions it has
hexagonal wurtzite structure (P63mc) that transforms into rock-salt structure (Fm3m) at high
pressures, however, rock-salt ZnO cannot be quenched down to ambient pressure. Recently, a
number of metastable Me1-xZnxO solid solutions (Me = Ni2+, Co2+, Fe2+, Mn2+) with rock-salt
structure have been synthesized from the binary oxides by quenching from 7.7 GPa and
1450-1650 K [1]. The widest (0.3 ≤ x ≤ 0.8) composition range of the existence of individual rock-
salt solid solutions has been established for the NiO–ZnO system. In the present work the in situ
X-ray diffraction with synchrotron radiation has been used for the first time to study chemical
interaction and phase formation in the NiO - ZnO system at high pressures and temperatures.

Experiments have been performed using MAX80 multianvil apparatus and energy-dispersive X-ray
diffraction at beamline F2.1. Experimental details are described elsewhere [2].

At 4.9 GPa, heating of the ZnO–NiO mixtures (30, 50 and 70 mol.% ZnO) results in chemical
interaction and formation of rock-salt ZnO–NiO solid solutions that coexist with wurtzite ZnO in a
rather wide (~300 K) temperature range (Fig. 1). Further heating is accompanied by complete
disappearance of the lines of wurtzite ZnO and formation of single-phase rock-salt Ni1-xZnxO solid
solution that can be quenched down to ambient pressure. These features are observed for all studied
samples irrespective of the stoichiometry, though for reaction mixtures of lower NiO content they
are shifted to higher temperatures (see Fig. 1).

Temperature dependencies of the lattice parameters of rock-salt Ni1-xZnxO solid solutions at
4.9 GPa are shown in Fig. 2, and calculated values of the linear thermal expansion coefficients are
presented in the Table 1.

Table 1

Composition α××××105 (K-1)

Ni0.3Zn0.7O 7.02 ± 0.53

Ni0.5Zn0.5O 5.29 ± 0.40

Ni0.7Zn0.3O 3.29 ± 0.29
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Figure 1: Temperatures of the rock-salt phase formation vs. ZnO/(NiO+ZnO) molar ratio x at
4.9 GPa.  Open circles – temperatures of the rock-salt ZnO–NiO solid solution
appearance, solid circles – temperatures of the complete disappearance of wurtzite ZnO.

Figure 2: Lattice parameters of the rock-salt Ni1-xZnxO solid solutions vs. temperature at 4.9 GPa
(triangles – x = 0.7;  circles – x = 0.5;  squares – x = 0.3).
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The challenge to optimise the functionality of advanced materials via tuning the nanoscale atomic 
arrangements has provoked considerable scientific efforts into design and structural 
characterization of novel materials. Relaxors form a special class of ferroelectric materials which 
show extremely high dielectric permittivity electro-elastic and electro-optic coefficients. They are 
spotted as a plausible new generation of materials for information storage and processing. The 
unique relaxor properties are related to the strong deviation of the local structure from the global 
structure. Co-existence of cation-ordered and disordered spatial regions as well as polar 
nanoclusters of various size and shape distributed in a paraelectric matrix is typical of the relaxor 
structure. On cooling, canonical relaxors do not develop a normal ferroelectric state and, according 
to diffraction analysis, their structure remains cubic even at 4 K.  

Most of relaxors are Pb-based perovskite-type materials with the general formula ABO3. Chemical 
variations in the A- and/or B-position may enhance the relaxor behaviour. However, it is still not 
clear what is the primary factor for the suppression of long-range ferroelectric order and the 
preservation of polar nanoclusters responsible for the unique relaxor properties: the degree of 
chemical B-site 1:1 order or the presence of substitutional defects in the A-site. Several theoretical 
models are based on the assumption that the size of polar nanoregions strongly correlate with the 
size of chemically B-site ordered regions. On the other hands, the incorporation of A-site cations 
with isotropic electron structure enhances the relaxor behaviour, regardless of the existence of 
long-range chemical order on the B-site [1]. Lanthanum is a three-valence element and, contrarily 
to A-positioned Pb, has no affinity to form lone-pair electrons. Thus, the incorporation of La into 
the structure of Pb(B’, B”)O3-type materials leads to two simultaneous effects: the system of lone-
pair electrons related to off-centred Pb2+ is disturbed and local electric fields in the vicinity of La3+ 
are formed. To analyse the effect of replacing Pb2+ by three-valence cations with an isotropic 
electronic outermost shell we have studied Pb1-xLaxSc(1+x)/2Ta(1-x)/2O3, x = 0.08 (PST-La) and Pb1-
xLaxSc(1+x)/2Nb(1-x)/2O3, x = 0.23 (PSN-La) using synchrotron single-crystal x-ray diffraction. Single 
crystals of PST-La and PSN-La were synthesized under conditions facilitating the formation of 
chemically B-site ordered regions. Thus, the aim of the study was two-fold: (i) to check if La 
doping enhances the relaxor behaviour of stoichiometric PbSc0.5Ta0.5O3 (PST) and PbSc0.5Nb0.5O3 
(PSN), which might be of technological importance and (ii) to elucidate the effect of the size of 
chemically B-site ordered regions versus the dilution of the system of lone-pair electrons associated 
with A-positioned Pb2+ cations.  

Synchrotron single-crystal x-ray diffraction experiments were conducted on the F1 beamline of 
HASYLAB/DESY, using a radiation of wavelength λ = 0.4000 Å and a MarCCD 165 detector. 
Data were collected at a sample-to-detector distance of 100 mm with a stepwidth of 0.5° per frame 
and exposure times of 180 s. The experiments were performed at 300 and 150 K. The low-
temperature experiments were performed using a liquid-N2 cryostat Oxford Cryosystems 600. 
Reciprocal lattice sections were reconstructed using the in-house developed diffuse scattering 
software RASTM [2]. 

Reciprocal space sectors of PST-La and PSN-La are shown in Fig.1. The presence of sharp odd-
odd-odd Bragg reflections in the (hk1) layer reveals a well-established B-site 1:1 order. Intense x-
ray diffuse scattering along 〈110〉 indicates the presence of polar nanoregions composing of off-
centred cations whose ferroic shifts are predominantly correlated in {110} planes of the real space. 
The face-centred cubic structure generates hkl Bragg reflections with h,k,l, all even, and h,k,l, all 
odd. Thus, the absence of additional even-even-odd or even-odd-odd diffraction peaks shows that 
there is no long-range ordered ferroelectric domains. Single crystals of stoichiometric PST and PSN 
studied on the same beamline exhibit a lower degree of chemical B-site order and the occurrence of 
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a paraelectric-to-ferroelectric phase transition [1,3]. Both La-doped PST and PSN compounds 
possess a high degree of chemical B-site order but remain in a non-ergodic relaxor state at low 
temperature, without developing long-range ferroelectric ordering. This observation highlights the 
key role of correlated off-centred Pb2+ cations to govern the ferroelectric state of the system and 
indicates no/subtle direct relationship between the size of chemical B-site ordered and polar 
nanoregions.  

 

 

Figure 1: Reciprocal space layers of PST-La and PSN-La reconstructed from synchrotron x-ray diffraction 
data. The indexation is given in a cubic double-perovskite mFm3 unit cell. No additional odd-odd-even or 

odd-even-even Bragg reflections due to ferroelectric long-range order were detected; only diffuse x-ray 
scattering along 〈110〉 resulting from polar nanoregions is observed. The sharp, intense odd-odd-odd Bragg 

reflections show the existence of well established chemical B-site order. 
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A systematic investigation of random propylene copolymers, containing higher even and odd carbon-numbered 
1-olefins was recently performed. Within this project, we aim at clarifying the effect of type and amount of 
comonomer on structural and morphological features of the semicrystalline solid state characteristics of these 
new materials. It is well established that both crystallization and melting behaviour of random copolymers of 
propene with other olefins is affected by the nature and content of constitutional and configurational defects as 
well as by the details of chain microstructure.1 Concentration and type of co-units, together with the applied 
thermal history, dictate the resultant crystalline structure in copolymers (, , modifications) and affect the 
crystallizability of copolymers, with an obvious impact on morphological features and properties of the material. 
In particular, either if included or excluded from the crystal lattice, the presence of defective co-units always 
depress the melting temperature of polymers. Recent studies performed on  propene/-olefins copolymers 
demonstrated that ethylene and, to a greater extent, 1-hexene co-units tend to be excluded from the crystal lattice 
of the -form and tend to crystallize in the -form already at low comonomer content.2 On the other hand, 1-
butene can enter into the -type crystal lattice and the development of  form is less favoured.3 This 
notwithstanding, propene/1-hexene copolymers exhibit relatively high level of crystallinity even at comonomer 
contents above 25 mol.%. The bulky 1-hexene co-units (in the range between 9-30 mol%) destabilize the  form 
but favour the  development of a new trigonal structure, -form, which is isomorphous to the Form I of isotactic 
poly-1-butene. WAXD reflections characteristics for the low melting -form have also been observed in 
propene/1-pentene copolymers in a wide range of compositions and in one propene/1-butene with 7.5 mol% of 
butane. This suggests  that, besides the composition, other microstuctural details must play a role in the 
formation of -crystals. For this reason, in this study time resolved WAXD-SAXS experiments have been 
performed to investigate a well characterized series of propene/1-pentene copolymers containing up to around 50 
mol% of co-units and to ascertain in which range of composition the formation of the new trigonal modification 
is favoured.  

Room temperature as well as temperature- and time-resolved 1-D WAXD and SAXS patterns have been 
simultaneously collected at Beamline A2 of the Hasylab-DESY on samples that were quenched from the molten 
state and aged at room temperature during at least  one week. In particular, samples have been placed in a 
temperature controlled oven and heated at 10°C/min; diffraction data have been collected in the 2 range from 9 
to 23° in the wide angle region and in the 0.02-0.1 nm-1 range of the scattering vector in the small angle domain. 
In order to collect diffraction patterns every 2.5 °C, the sampling time has been fixed at 15 s. 

In Figure 1, examples of the patterns collected at room temperature on well aged samples at various content of 1-
pentene are shown. For1-pentene content up to 7.5 mol% the characteristics reflections of the  form at 
2=14.2, 16.9 and 18.6 are present. As expected, the level of crystallinity rapidly decreases on increasing the 
comonomer content. In the copolymers with 1-pentene content greater than 10 mol%, three strong reflections at 
2=10.2, 17.5 and 20.6, respectively, appear. These reflections are identical to those of the trigonal unit cell 
found in propene/1-hexene copolymers with a=b1.75 nm and c=0.65 nm, corresponding to Miller indices (110), 
(300) and (220)+(221), respectively. A closer examination of diffraction maxima in Figure 1 reveals a gradual 
shift of the reflections towards smaller angles on increasing the concentration 1-pentene co-units amount. 
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Figure 1 – Room temperature WAXD intensity profiles of propene/1-pentene copolymers aged at room temperature. 
 
As shown in Figure 2, the a=b lattice constant increases linearly on increasing the molar content of comonomer, 
thus indicating an expansion of the crystal  lattice in the plane normal to the molecular axis, imposed by the need 
of hosting an increasingly number of units bearing the bulkier side groups. In Figure 2, the horizontal line at 
a=b=1.77 nm corresponds to the unit cell parameter of it-Poly(1-butene) in Form I. The intersection of this line 
with experimental data corresponds to the maximum concentration of 1-pentene units that can be hosted by the 
trigonal cell (about 50 mol%).  
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Figure 2 - Cell parameters of the trigonal modification in C3/C5 random copolymers 
 
By coupling the information acquired by SAXS and WAXD, it emerges that the-form crystallites are 

wide lamellae around 5 nm thick which, notwithstanding the expected structural disorder associated to the 
randomness of co-units along the chains, exhibit very sharp WAXD reflections in the whole range of 
compositions.  

Temperature resolved WAXD analysis carried out in this study were essential to clearly identify the 
structure of the crystals undergoing melting in the whole temperature range and, in particular, between ca. 40 
and ca. 80 °C, in which DSC exhibits complex thermal behaviour with multiple endotherms  
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The luminescence of Pr
3+

 ions was studied mainly for the purpose to search for Pr
3+

 doped materials 
revealing the upconversion or downconversion processes. Recently, the efficient energy transfer 
from Pr

3+
 to Се

3+
 ions in PrF3:Се

3+
crystals has been shown [1]. A light yield of Се

3+
 luminescence 

excited via the energy transfer process is found to be higher than one from CeF3 crystal. The high 
efficiency of energy transfer for Pr-Се pair stimulates the search for similar processes in other 
compounds with a high concentration of Pr

3+
 ions. The APrP4O12 (Li, Na, K, Rb, Cs) 

polyphosphates with a high concentration of lanthanide ions are promising materials for this aim. 
For these systems the efficient energy transfer involving Gd-Се pair has been revealed. In the case 
of NaGdP4O12:10.0 at% Ce

3+
 powder sample a light yield of  21000 photon/MeV has been reported 

[2]. 

In the present work the spectral-luminescent characteristics of LiPr1-xCexP4O12 (x=0, 0.001, 0. 02; 
0, 1) compounds are studied considering the Pr-Се pair as a suitable candidate for the increasing of 
Ce

3+
 luminescence efficiency. 

Powdered samples of LiPr1-xCexP4O12 (x=0, 0.001, 0.02; 0,1) polyphosphates were prepared using 
melt solution technique and characterized by X-ray powder diffraction. The luminescence 
characteristics of LiPr1-xCexP4O12 were studied upon the excitation with synchrotron radiation from 
DORIS III storage ring using the facility of SUPERLUMI station [3] at HASYLAB (DESY, 
Hamburg). 
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Figure 1: Luminescence excitation (1, 3) and emission (2, 4) spectra measured for LiPr0.9Ce0.1P4O12 (frame a) 
and LiY0.9Pr0.1P4O12 (frame b) at T=300 K. 

The emission and excitation spectra of luminescence from LiPr0.9Ce0.1P4O12 at 300 K are shown in 
Fig. 1 (curves 1, 2). The luminescence spectrum of LiPr0.9Ce0.1P4O12 powdered samples consists of 
the Се

3+
 d-f emission bands upon the excitation at λexc=284 nm corresponding to the range of Се

3+
 

4f-5d absorption transition. The excitation spectrum of Pr
3+

 luminescence shows a typical band 
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structure of Pr
3+

 4f
2
–4f

1
5d absorption in 160-220 nm range. The energy transfer from Pr

3+
 to Се

3+
 

has been revealed as a result of a resonant interaction between Pr
3+

 and Се
3+

 ions. As an evidence 
for this process, the characteristic Pr

3+
 absorption bands were observed in the excitation spectrum of 

Се
3+

 emission in addition to Се
3+

 f-d absorption bands. The tentative comparison of luminescence 
excitation spectra for LiY0.9Pr0.1P4O12 (Fig. 1, curve 3) and LiPr0.9Ce0.1P4O12 (Fig. 1, curve 1) 
provides the possibility to distinguish clearly between the bands corresponding to Ce

3+
 4f-5d and 

Pr
3+

 4f
2
–4f

1
5d absorption transitions. 

Fig. 2 shows the decrease in the decay time constant of Pr
3+

 4f
1
5d-4f

2
 luminescence from 13 ns 

(curve 1, Fig. 2) in pure sample down to 0.5 ns (curve 4, Fig. 2) in LiPr0.9Ce0.1P4O12. Such 
intensification in decay of excited Pr

3+
 4f

1
5d states agrees with the supposition on the resonant 

energy transfer from Pr
3+

 4f
1
5d to Ce

3+
 5d states. The energy transfer to Се

3+
 ions involving Pr-

sublattice is also confirmed by the peculiar rise-up profile of Се
3+

 decay kinetics. The profiles of 
Ce

3+
 decay kinetics are identical for LiPr0.9Ce0.1P4O12 upon the excitation in the range of f-d 

absorption of Ce
3+

 and Pr
3+

. 
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Figure 2: Decay kinetic curves of Pr

3+
 4f

1
5d-4f

2
 

luminescence from LiPr1-xCexP4O12 (1-x=0; 2-
x=0.001; 3-x=0.02; 4-x=0.1) at T=300 K  

Figure 3: Decay kinetic curves of Ce
3+

 5d-4f 
luminescence from LiPr1-xCexP4O12   (1-x=0.001; 

2-x=0.1; 3-x=0.02). T=300 K

 

The decay kinetic curves of Ce
3+

 the 5d-4f luminescence from LiPr0.9Ce0.1P4O12 at room 
temperature are shown in Fig. 3. In LiPr1-xСеxP4O12 (x=0.001, x=0.02) the evolution of Ce

3+
 

luminescence response pulse exhibits a range of rise-up and the exponential decay upon the 
excitations at 150 nm. The delayed response of Ce

3+
 luminescence at build-up stage and shortening 

of decay time constant of Pr
3+ 

emission provide a clear evidence for the energy transfer from Pr
3+

 
4f5d to Ce

3+
 giving rise to the efficient excitation of Ce

3+
 into 5d state. 

Concluding our studies, we would like to mention the possible Pr
3+

 cascade emission from LiPr1-

xCexP4O12 (x=0.1) and stress on the importance of this system in the search for efficient scintillator 
materials revealing the energy transfer between Pr

3+
 and Ce

3+
 ions. 
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Local Stresses in modified Cobalt-Diamond 
Composites  
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In sintered cobalt-diamond composites residual stresses are initiated due to the mismatch of thermal 
expansion coefficients (TEC) between cobalt and diamond during the manufacturing process. 
Unfavourable residual stresses can influence the lifetime of those composites which are employed 
as cutting tools. In this work, the distribution of residual stresses in the cobalt matrix of vacuum 
sintered composite was studied near single diamonds, in order to contribute to improve the life time 
of those composites [1,2]. 
 
At beam line G3 of HASYLAB at DESY, Hamburg, Germany, the residual stresses in the cobalt 
matrix of composites were analysed by means of X-ray diffraction and the d/sin2

ψ-method [3]. The 
high brilliance of synchrotron radiation allows to reduce the size of measuring field for local 
residual stress values to areas of 0.25 mm2. The Fe-Kα radiation (E=6404 eV; λ= 0.19373 nm) 
which is appropriate to analyse the (222)-reflection of cobalt at a high 2θ angle (in this case 142.2°) 
was selected. Such (hhh)-reflections are less influenced by texture [3]. Because the X-ray elastic 
constants of sintered cobalt are unknown the approximated values were calculated by the Young´s 
modulus of 208 GPa and Poisson constant of 0.32 according to the Voigt method [4]. The error of 
the stress values is calculated by the standard deviation from the slope of the straight line. To 
understand the influence of diamond particles on the stress state of cobalt matrix, local residual 
stresses were analysed on composites samples, which were manufactured by cold pressing and 
pressureless vacuum sintering at 1000 °C. Thus, the manufacturing parameters of these samples 
differ from the samples chosen in previous studies, which were warm pressed at 100 °C and 
vacuum sintered at 1100 °C or 1200 °C [2]. The samples have a disc form with a diameter of 12-
15 mm. The particle size of cobalt powder variied between 1 and 40 µm whereas the size of 
diamonds particle ranged from 300 – 450 µm. Only six diamond particles were incorporated in this 
composite in order to find isolated diamonds for the local measurements. Pb masks with different 
quadratic aperture areas of 1 mm2 and 0.25 mm2 were used to define regions of different size and 
position for local measurements. In this study the 0.25 mm2 mask allows stress measurements 
closer to a diamond. The mask was fixed onto a special sample holder which allows to adjust the 
sample with an accuracy of 0.005 mm by means of a micrometer screw and to move the sample 
relative to the mask with a defined stepping. Thus, the radial and tangential stresses were analysed 
in small areas with different defined distances r to the centre of an isolated diamond. Here the 
stresses were measured in ψ-mode [5,6].  
 
In Fig. 1, the local stresses σxx (radial) and σyy (tangential), which were measured with two different 
mask sizes on a sample cold performing with a compaction pressure of 50 kN, are plotted against 
the distance from the diamond centre. 
Additionally, the global stress value measured without any mask on an area of about 4 x 4 mm2 is 
shown as a dashed line. In contrast to earlier studies tensile stress of +10 MPa instead of 
compressive stresses were found. But also here increased stress values were found in small local 
areas near a diamond. The σyy component measured near a diamond is higher than σxx. This is 
attributed to the effect of the mismatch of TEC on residual stress (Fig. 1a). With uprising distance 
to the centre of a diamond the stresses diminish. This analysis confirms the measurements made 
before [6,7]. The difference between stresses σxx and σyy measured with the 1 mm2 mask is nearly 
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constant over all distances to the diamond centre. The application of the 0.25 mm2 mask allows an 
analysis of a matrix area closer to the diamond. It shows the direct influence of the mismatch of 
TEC on the stress of cobalt matrix. The values of σyy in a distance < 0.5 mm to the diamond centre 
increases while the value of σxx decreases to global stress values (Fig. 1b).  
 

  
a) b) 
Fig. 1: Effect of distance of measuring area to diamond centre on residual stresses of cobalt matrix 
sintered at 1000 °C, a) mask aperture = 1x1 mm2, b) mask aperture = 0.5x0.5 mm2 . 
 
The differences between the stress values measured by means of various apertures is reduced to the 
inhomogeneous microstructure (grain size, porosity) of the cobalt matrix. Thus the values measured 
with a 1 mm2 mask the stress values are more averaged than with a 0.25 mm2 mask and have to be 
compared carefully. Corresponding to the calculated stresses in tangential direction tensile stress 
exists. But the measured radial stresses are tensile because of the global tensile stress, which 
overlaid the compressive stress in x direction leading to tensile stress. In contrast, the warm 
pressing leads to compressive radial residual stresses as reported in the past [6,7]. Therefore the 
change from compressive to tensile stress is ascribed to the replacing of warm pressing by cold 
pressing and a lower sintering temperature of 1000 °C which result in a modified inhomogeneous 
sintering. These global stresses are overlaid by the local stress leading to higher tensile stresses in 
y direction. In coincidence with the FE calculated stresses, the measured stress values decrease with 
increasing distance to the diamond centre which demonstrates the diminishing influence of the 
mismatch of TEC [6,7].   
 
This work was supported by the German Research Foundation (DFG) in the scope of the research 
project Cr 4/110 and the HASYLAB Project I-2008075 which is gratefully acknowledged. 
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SAXS investigations on shear orientated nanoparticle 
lattices 
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The formation of oriented lattices such as face centred cubic (fcc) is well known from block 
copolymer gels [1]. We succeeded to create a similar gel system with FexOy nanoparticles 
surrounded by polystyrene with a diethylentriamine anchor group. This nanocomposite is forming 
gels in a certain concentration range in toluene. Depending on the molecular weight of the 
polystyrene and the characteristics of the nanoparticle, fcc or body centred cubic (bcc) lattices are 
formed. Furthermore the distance of the nanoparticles can be varied by using polymers of different 
molecular weight.  

With reference to previous experiments performed at the HASYLAB [2] we succeeded to 
characterise various FexOy nanocomposite gels under application of defined shear with a Linkam 
shear cell CSS450 (figure 1). 

The characterisation of the gels has been done by small-angle x-ray scattering (SAXS). For the 
measurements we used the SAXS setup of the beamlines A2 and BW4 and a 2-dimensional CCD 
detector at a distance of 2 m behind the sample. A volume of some hundred µL sample was placed 
in the shear cell. The orientation was achieved with large amplitude oscillatory strain (LAOS) or 
shear. The Shear cell was controlled from outside the hutch and allowed in-situ measurements. Due 
to the µ-focus beam at the BW4 high resolution small-angle diffraction patterns could be 
determined.  

 

 

 
 

 
Figure 1 Left: Formation of a gel. Right: Application of shear stress with a Linkam shear cell on the 
sample. 

Table 1 gives an overview on the used functionalised polystyrenes obtained by living anionic 

polymerisation. 

 

 

 

 

 

 

 

Table 1: Molecular weight and number of monomers for the used polystyrenes. 

 

Figure 2 shows the anisotropic patterns for FexOy nanoparticles (D = 15.4 nm) surrounded with 

functionalised polystyrenes of different molecular weights.  

 M(PS) [g/mol] n (styrene) 

PS-1 3300 31 

PS-2 7600 72 

PS-3 16100 153 

toluene 
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Figure 2 Left to right: Patterns of nanocomposite gels of FexOy (15.4 nm) with PS-1, PS-2 and PS-3 after oscillation. 

For the first two patterns the right side shows model calculation. 

 

Figure 3 shows the anisotropic patterns for FexOy nanoparticles (D = 5.2 nm) surrounded with 

functionalised polystyrenes. For the left image no accurate hkl for the orientation could be 

determined. The isotropic sample indicates a bcc lattice. 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3: Left to right: Patterns of nanocomposite gels of FexOy (5.2 nm) with PS-1 (under shear), PS-2 (after 

oscillation) with a model calculation on the right side. 

 

The obtained anisotropic pattern can be used to determine the lattice type, lattice constant, and 

nearest neighbor distance (NND). For the characterization the Scatter software was used [2]. 

 Lattice type Lattice constant (nm) NND (nm) 

Fe3O4 PS-1 (15.4 nm) fcc 35 25 

Fe3O4 PS-2 (15.4 nm) fcc 44 31 

Fe3O4 PS-3 (15.4 nm) bcc 36 31 

Fe3O4 PS-1 (5.2 nm) bcc 14.1 12.2 

Fe3O4 PS-2 (5.2 nm) bcc 17.3 15.0 

These promising results show the possibility to enlarge the nearest neighbor distance with greater 

functionalized polystyrenes. Various anisotropic patterns could be obtained and determined. The 

nanocomposite FexOy (D = 15.4 nm) with PS-3 and FexOy (D = 5.2 nm) with PS-1 showed 

anisotropic patterns which needs further study. 
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The crystallisation of calcium carbonate has been studied extensively throughout the last decades, 
not least owing to its high abundance in nature and its importance for many industrial processes. 
Calcium carbonate can exist in three anhydrous crystalline forms, among which calcite is the 
thermodynamically stable polymorph, aragonite and vaterite being metastable. Amorphous phases 
of CaCO3 (ACC) are furthermore well-known, especially as precursor species in the course of 
crystallisation. Based on this rich polymorphism, CaCO3 crystallisation usually proceeds via a 
multi-step pathway, involving a series of increasingly stable intermediate stages that transform into 
one another through dissolution-renucleation processes. Under ambient conditions, the phase 
sequence ACC→Vaterite→Calcite has often been reported, though additional earlier transient 
species were also identified[1][2].     

The use of specific additives that will interact with one or more of the intermediates has proven to 
be a powerful tool to influence parameters like phase selection or stability of metastable phases, as 
well as to induce structuring beyond crystallographic restraints[3]. Prominent examples in this 
context are the so-called antiscalants, typically organic polyelectrolytes, which stabilise initially 
formed colloidal particles, thereby hindering macroscopic crystallisation and thus potentially 
preventing scale formation[1]. 

Whereas numerous studies have been devoted to organic additives of variable complexity, there are 
only few examples where simple inorganic compounds were shown to exert a distinct effect on 
CaCO3 crystallisation. Among these, the interplay of mineralising carbonate and dissolved silicate 
species deserves special attention, as highly complex polycrystalline architectures can self-
assemble spontaneously in this case[4][5].  

In the present work, CaCO3 crystallisation from aqueous solution was followed on-line using time-
resolved energy-dispersive X-ray diffraction (EDXRD). Experiments were conducted at high 
supersaturation, so as to ensure proper signal. The aim of this study was to investigate the influence 
of added silica on the evolution of crystallinity in CaCO3 suspensions. Results bear significance for 
the interpretation of the role of silica during both structured carbonate crystallisation and CaCO3 
scaling under practical conditions (given that industrial hard waters often also contain silica). 

Precipitation of CaCO3 was induced by mixing equal volumes of aqueous CaCl2 and Na2CO3 
solutions (each 500 mM), the latter containing varying amounts of sodium silicate. Samples were 
shaken vigorously after mixing, and subsequently stirred during the measurements. EDXRD 
experiments were performed at Beamline F3 of the storage ring DORIS III at the synchrotron 
radiation facility HASYLAB in Hamburg, Germany. Diffraction of the suspensions was monitored 
continuously using a solid-state Ge detector positioned at a horizontal angle of 6° to the samples, 
thus covering a 2Θ-range of approximately 10-60° (referred to Cu-Kα radiation). Typical 
acquisition times per pattern were 300 s. The collected raw data were normalised for the incoming 
intensity; background scattering was subtracted using 50-point baselines. Relative fractions of 
calcite and vaterite at a certain time were determined by integration of crystalline reflexes, and 
calculated as described previously[6].  

In Fig. 1, the temporal evolution of XRD patterns acquired from CaCO3 suspensions at ambient 
temperature with (1200 ppm) and without added silica is compared. Crystalline matter was detected 
in both cases already within the first 5 minutes, where reflexes of both calcite and vaterite could be 
identified. In the absence of silica, the system develops gradually in the following, with calcite 
peaks gaining intensity while vaterite signals shrink, until finally a pure calcite pattern is observed. 
Addition of silica changes the situation noticeably: conversion of initially formed metastable 
vaterite to stable calcite is slowed down significantly in the studied frame of time. 
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(A) (B) 

Fig. 2: Detected fractions of calcite and vaterite 
(full dots: vaterite, empty dots: calcite) 

 

Fig. 3: “Total crystallinity”  

 

Plots of the calculated relative fractions of calcite and 
vaterite in the samples as a function of time visualise this 
finding more clearly (cf. Fig. 2). While crystallisation 
appears to be complete in the absence of silica after about 
80 minutes, the fraction of vaterite has decreased from 
initially 80% to only 60% at the same time in the presence 
of silica. To estimate the amount of amorphous phases in 
the samples, calcite and vaterite integral intensities were 
summed up, so as to obtain a measure for the total 
crystallinity at different times (cf. Fig. 3). Obviously, 
samples with added silica are less crystalline than those 
without silica, and crystallinity does not increase notably 
with time in the case of the former. 
Taken together, data suggest that silica as an additive 
during CaCO3 crystallisation is capable of interfering with 
precursor phases and thus modifying interconversion 
kinetics. Both amorphous CaCO3 and intermediate vaterite 
seem to be stabilised by silica against recrystallisation 
towards more stable phases, likely via adsorption (and 
precipitation) of silicate species on growing carbonate 
surfaces.  
Numerous other crystallisation runs have already been 
performed at F3, varying concentrations and temperature, 
and using barium instead of calcium carbonate. Data 
evaluation is currently in progress.  

 Fig. 1: Temporal sequence of XRD patterns collected from CaCO3 suspensions (A) without and (B) with added silica.       
(Red dots: reflexes assigned to calcite, green dots: vaterite signals) 

 

-211-



Crack visualization within laser-welded aluminium-
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Using laser welding in fabrication of metallic airframes reduces the weight and hence fuel 
consumption. Currently, only a limited number of fuselage parts of civil aircrafts are welded due to 
stringent damage tolerance requirements. Laser beam welded aluminium-alloys may contain 
isolated small process pores and their role and interaction with growing crack need to be 
investigated. 

The synchrotron radiation based micro computed tomography (SRµCT) is an established imaging 
method in the field of materials science. It combines the advantages of a non-destructive 3D 
visualization with high spatial resolution and a high density resolution due to the intense, 
monochromatic X-ray beam that is used for testing. In this work we visualized the cracks within 
laser-welded aluminium-alloy T-joints by means of SRµCT.  

The T-joints were welded using the in-house Nd:YAG laser with a welding speed of 1200 mm/min 
and a welding angle of 25°. The clip material for all samples was AA6013 T6 with a thickness of 2 
mm thick. For the skin different materials were used to vary the amount of pores from very high 
(PA734T79) to very low (AA2139 T3). A 1.2 mm thick silicon wire (AA4047) was used as filler 
material. The travel speed of the wire was 4 m/min. After the welding process the T-joints were cut 
to size of 30 mm and a notch was introduced near the weld to initiate a crack. With a short 
vibration of 25 Hz, a traverse speed of 0.2 mm/min and 50 kN force of the testing machine the 
initiated cracks were propagated on a distance of about 2 millimeters. Then a tomography scan was 
performed to see the inner structure of the weld, the pore distribution, and the crack before putting 
higher static load on the sample. After the first tomographic scan the samples were loaded with the 
same parameters as described above. During this loading the crack was propagated on a distance of 
about 10 mm. Finally, a second tomographic scan was done to study the crack propagation. 

As the sample dimension (30 mm) exceeded the maximum field of view of the tomography 
detector, a “region-of-interest” (ROI) tomography was performed. For a complete tomographic 
scan 720 radiographic projections of the sample are taken in equidistant rotation steps of 0.25 
degree in the angular range from 0° to 180° for the ROI and 1440 projections for the outer region of 
the sample. Each 2 degrees the sample was moved out of the beam and an image is taken, which is 
used for flat field correction. To reconstruct the 3D structure from the projections the filtered back 
projection algorithm is used. The projections with the sample are normalized by the reference 
projections without the sample, so that the obtained projections represent the absorption of the 
sample at different angles. The reconstruction then provides then volumetric information about the 
absorption of the sample in 3D. The reconstructed data is stored as a floating point volume and 
processed by VGStudio Max® (Volume Graphics GmbH, Heidelberg, Germany) to a volume 
rendering dataset. 

All measurements were performed at the beamline HARWI-II [1], which is operated by the GKSS 
Research Center, Geesthacht, Germany at the storage ring DORIS III at the Deutsches Elektronen 
Synchrotron (DESY), Hamburg, Germany. This beamline is a high-energy beamline optimized for 
diffraction and imaging and equipped with two fixed-exit monochromators: a horizontal one for 
diffraction and a vertical one for imaging, which provides a field of view large enough for materials 
science applications. 

Figure 1 shows a tomogram of the T-joint with the skin material AA2139 T3 before cyclic loading 
of the sample to propagate the crack. The region-of-interest technique was performed for this 
sample. Some artifacts occur at the edges, where both scans were combined. The artifacts are 
partially caused by decrease of beam intensity at the edges of the field of view and partially by the 
linear interpolation of the data outside the region of interest. Nevertheless the ROI part of the 
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sample is very well reconstructed and shows an excellent density resolution (figure 1b). The skin 
material and the weld itself can clearly be distinguished although the density difference between the 
two used aluminum alloys is below 5 %. The initiated crack runs from the surface directly at the 
border between the skin material and the welded region before it enters the skin and goes through 
the whole T-joint. 

 

Figure 1: Tomogram of a T-joint after the crack initiation but before cyclic loading to propagate the crack. 
The aluminium alloys used in the weld are known for low porosity during laser welding. a) Complete sample 

as it was scanned using the region-of-interest technique at 70 keV X-ray energy. The different gray values 
represent the different absorptions of the materials. The crack, the aluminium alloy of the skin (bottom part 
of the sample) and the welded region can be clearly distinguished. b) Zoom into the region of interest that 

was scanned with a better spatial resolution. 

This result of the crack visualization demonstrates the high potential of the SRµCT as a non-
destructive imaging method. It allows visualizing even highly absorbing samples with a very high 
spatial and density resolution. It has to be emphasized that as the samples are not destroyed neither 
during the preparation nor during the tomography scan, further treatments can be performed. 
Through additional scans after the treatments the changes in several regions can be easily 
displayed. 

Based on the first results the study will be continued by analyzing the samples with middle and 
high amount of porosity. The crack propagation will be visualized in interaction with the different 
types of pores within the welded region and further analysis will be performed on the data. We 
believe that the SRµCT as an established imaging technique has a high potential to improve the 
understanding of the interaction between damage development and porosity in laser-welded 
aluminum alloy T-joints and other materials. 
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Nanostructured intrinsic and doped titanium oxide materials have been subject to both basic and applied 
research in photocatalytics, photovoltaics, or superhydrophilicity/hydrophobicity related systems [1-3]. 
Diluted magnetic semiconductors based on titania materials have also been extensively studied during last 
years in connection with promissing applications in spintronic devices. The results reported here are related 
to this latter class of applications, based on the Coey model of ferromagnetic coupling via the electrons 
trapped in oxygen vacancies in TiO2 materials [4]. The characterization of heavily Fe-doped RF-sputtered 
TiO2 thin films has been done here in terms of elemental composition, surface morphology, atomic ordering, 
structure, room-temperature 
magnetic and optical properties. 
 The samples have been prepared in an RF sputtering facility (13.56 MHz, 80 W)) according to the 
procedure described in more detail in ref. [3], using a ceramic TiO2 disk target and 1 to 3 Fe2O3 sintered 
pellets, placed on the high-rate sputtering area. The morphology, structure, elemental composition, and the 
band gap values have been derived from the AFM (NT-MDT Solver), XRD (Bruker D8), XPS (Phi-
UlvacVersaProbe 5000), and spectro-photometry (Perkin Elmer) data, respectively. The magnetic 
characteristics have been inferred from MOKE loops (AMACC Anderberg & Modéer Accelerator). X-ray 
absorption fine structure (XAFS) measurements were performed at the Hasylab storage ring facility in 
Hamburg, Germany, on the beamline E4 (EXAFS II). Monochromatic photons were used in all experiments, 
along with standards of powder materials and reference metals (Fe or Ti) for scale standards, in the 
transmission mode. The fluorescence spectra (Ti and Fe Kα) of the Ti1-xFexO2 films were recorded with a 
Si(Li) detector, while scanning the incident photon energy.  
 The evolution of the Fe signal in the XPS spectra, for different Fe content in the films (x = 0 to x = 
0.6) is shown in Fig. 1. An AFM surface view of Ti0.4Fe0.6O2 sample is shown in Fig. 2. Smooth surface film 
(mean roughness values ranged between 5 to 9 nm) were observed, within the above-mentioned Fe content 
values. The grazing angle XRD patterns (not shown here) showed the existence of nanometer-sized anatase 
ordered domains spread with an amorphous matrix. The effect of increasing the Fe content in the films was 
reflected in the shift of the absorption edge in the optical transmittance data from 394 nm to 515 nm (spectra 
not shown here, due to room limitation). 
 The evolution of the hysteresis loops with Fe content is shown in Fig. 3, while the X-ray absorption 
near-edge structure at the Ti and Fe K-edge are shown in Figs. 4 and 5. The oxygen-depletion in the 
magnetron plasma stabilizes titania suboxides in the films with oxygen deficit that finally result in n-doped 
films [3]. These results will be fully discussed in the final paper, taking into account the chemical reactivity 
and the alterations in the electronic structure of the materials. As demonstrated by MOKE and the EXAFS 
data (Figs. 3 and 6, respectively), there is a close correlation between the activation of the oxygen vacancy 
processes with the anataseordered domains and the ferromagnetic properties of the films. 
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Figure 1: The Fe signal evolution in the XPS 
spectra. 

 
 
Figure 2: An AFM image of the Ti0.4Fe0.6O2 sample 
surface. 
 

 
Figure 3: MOKE loops of the samples (the labels 
1/4 to 4/4 indicate the values of x = 0.15, 0.30, 
0.45, and 0.60, respectively). 

 
Figure 4: X-ray absorption near-edge structure at the 
titanium K-edge for various doping conditions. 

 
Figure 5: X-ray absorption near-edge structure at 
the titanium Fe K-edge for the same materials. 

 
Figure 6: Fourier transforms of the X-ray absorption 
near-edge structure (EXAFS) at the titanium K-edge. 
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Transition metal doped titania has been revealed as a promising diluted magnetic semiconductor material [1]. 
However, the magnetic properties are strongly dependent on the preparation method employed: 
electrochemistry, sol-gel, magnetron sputtering, pulsed laser deposition (PLD). The latter method has been 
revealed to be amongst the most appropriate for the synthesis of such materials, mainly because of 
reproducibility and the possibility of controlling several parameters during deposition: laser fluence and 
wavelength, atmosphere composition, substrate temperature. In this Contribution we report on the synthesis 
of TiO2:Fe and of mixed Ti and Fe oxides by PLD using a KrF excimer laser. The obtained layers were 
analyzed by X-ray photoelectron spectroscopy (XPS - Fig. 1), X-ray absorption fine structure (XAFS) at 
both Fe (Fig. 2) and Ti K-edge, and Kerr magnetometry (Fig. 3). The magnetometry was performed in dark 
and by irradiating the sample, in order to probe the possibility of light control of ferromagnetism [2]. Indeed, 
such control was obtained for some samples, but the saturation magnetisation shows a clear decrease when 
iradiating. The complete explanation of this phenomenon needs additional insight on the electronic structure, 
chemistry and local atomic order. XPS revealed the chemical composition near the surface [3], as evidenced 
in the Table below. XAFS evidenced the degree of amorphisation and the local atomic structure about the 
absorbing atom. For samples where conventional superparamagnetic (SP) behaviour was obtained (e.g. TF4) 
XAFS revealed the presence of metal Fe nanoparticles, whereas for samples where the light control of 
ferromagnetism occurs (e.g. TF3), a mixture of Fe-Ti oxides and Fe metal particles is inferred. 
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Table 1. Synthesis of the relevant properties of the investigated samples. 
 

Preparation conds. Atomic composition Sample 
series P[O2]  

(Pa) 
substrate 
T (°C) 

Fe:Ti O:Ti O:(Ti+
Fe) 

Approximate 
stoichiometry* 

Magnetism 

TF3 10-3 450 0.397 3.438 2.461 Fe7+
2Ti4+

5O2-
17 light-dependent SP 

TF4 10-3 600 0.483 3.624 2.444 Fe7+
2Ti4+

4O2-
15 light-independent SP 

TF5 0.1 450 0.054 2.051 1.946 FexTi1-xO2-δ, δ, x ≈ 0.05 paramagnetism 
TF6 10 450 0.080 2.110 1.954 ibid., δ ≈ 0.05, x ≈ 0.08  not measurable 

*in the 1-2 nm range from the sample surface, which is the depth probed by XPS 
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Figure 1. X-ray photoelectron spectroscopy on the 
following core levels: (a) Ti 2p; (b) O 1s; (c) Fe 2p. 
The codes for the sample are from Table 1. Constant 
backgrounds were subtracted from the spectra, to 
facilitate the graphical representation. In Fig. 1 (b), 
the dashed lines represent theoretical positions for 
several oxygen components, according to Ref. [3].  

 

←Figure 2. Fe K-edge X-ray absorption fine 
structure measurements. 

 
Figure 3. Magneto-optical Kerr effect 
measurements. 
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The integration of Ge nanstructures into Si-based devices has a great potential for future applica-
tions like high speed devices, due to advantages like enhanced carrier mobility and a smaller band
gap. Thus this field is attracting a large interest in today’sfundamental and applied research [1, 2].
One approach to grow ordered Ge nanostructures on Si substrates is the employment of surfactants
(surface active agents) like Ga. It has recently been shown that the selective growth of Ge nanos-
tructures after Ga step edge decoration is possible [3]. Forthe Ga/Si(113)-(2×2) structure the step
edge decoration has also been shown [4, 5].
The bare Si(113) surface is one of a very few stable high-index silicon surfaces. At room tempera-
ture it shows a(3×2) reconstruction [6, 7], that merges into a(2×2) structure due to Ga adsorption
for coverages of up to around 1 ML. For higher coverages the surface progressively decomposes
into (112) and (115) facets [8, 9, 10]. From core level spectroscopy (CLS) measurements [11] we
were able to determine the Ga coverage of the(2 × 2) structure to∼=1 ML, what is equivalent to
exactly 4 atoms per(2 × 2) unit cell, and the coverage of the faceted surface to around 1.7 ML.
In this work we analysed the Ga adsorption on the Si(113) surface for Ga coverages below 1 ML.
To determine the atomic positions of the adsorbate the x-raystanding waves (XSW) technique is
an ideally suited tool, because this method can provide structural data on a picometer scale [12].
Small amounts of Ga (a few ML) were deposited onto Si(113) samples at the ultra-high vacuum
(UHV) setup at the beamline BW1, Hasylab, using an e-beam evaporator with a quarz microbal-
ance. The deposition was stopped when a Ga/Si(113)-(2 × 2) reconstruction was observed with
LEED. XSW experiments were performed in Si(111), Si(113) and Si(022) Bragg reflection at BW1
under UHV conditions. A photon energy between 3350 and 4000 eV was selected using either a
Si(111) or a Si(113) double crystal monochromator system. Si-1s and In-2p3/2 photoemission were
chosen as secondary signals and monitored while the photon energy was tuned through the Bragg
condition.
Figure 1 shows XSW results for the Ga/Si(113)-(2×2) structure. Data evaluation [13] according to
the dynamical theory of x-ray diffraction [14] is consistent with the data. For Si a coherent position
of 0.97 ≤ Φc ≤ 1.02 is obtained, showing good agreement with the expected valueof Φc = 1.00.
All coherent fractionsfc for Si are close to the expected values, but there are slight deviations
(larger for higher-index reflections) that are attributed to crystal imperfections, e.g. wafer bending.
For Ga all coherent fractionsfc are< 0.6, giving evidence for a significant disorder or occupation
of multiple, nonequivalent sites of the 4 Ga atoms in the(2×2) unit cell. Complementary to density
functional theory (DFT), our XSW results will allow to determine the structure of the Ga/Si(113)-
(2 × 2) reconstruction by testing different model structures.
This work is still in progress.
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Figure 1: Reflectivity (◦) and photoemission yield for Si () and In (△). The curve on the upper left side
corresponds to the (111) Bragg reflection, the curve on the upper right side to the (113) Bragg reflection and
the curve in the bottom to the (022) Bragg reflection.
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NiTi alloys are the most promising candidates for shape memory applications. The shape memory 
effect is based on a martensitic phase transition from the cubic B2 austenite to the monoclinic B19’ 
martensite. The phase transition temperature and therefore the type of application depends on the 
composition. For typical compositions of 50.7 at-% Ni the transition is below room temperature. 
This material is “pseudoelastic”, i.e. upon mechanical loading it transforms to martensite, where 
twin variant selection in the stress field gives a large recoverable strain, and the transition is 
reversed regaining the original shape when the load is removed  [1, 2]. We expected that fracture 
mechanics mechanisms will involve the stress-induced phase transformation at the crack-tip, thus 
toughening the material considerably. On the other hand there were theoretical predictions that 
under plane strain conditions the phase transition would not occur. 

We examined crack extension under static loading in pseudoplastic and pseudoelastic binary NiTi 
shape memory alloys in compact tension (CT) specimens with hard x-ray diffraction on the 
beamline BW5 [3]. Using 100 keV photons in transmission geometry, a 0.1x0.2 mm2 aperture and 
the MAR image plate detector we recorded Debye-Scherrer rings (Fig. 1) we mapped out the 
process zone around the crack tip and we determined martensite phase fraction and texture (Fig. 2). 
The thickness of the specimen was 8 mm, other dimensions are given in Fig. 2d. A notch is cut to 
localize the crack which was nucleated by fatigue. We proved that martensite forms in front of the 
crack under plane strain conditions in the pseudoelastic CT specimen and that austenite is recovered 
after unloading. Apart from the zone ahead of the crack tip, martensite is also formed in the compressional 
region at the edge of the specimen opposite to the notch. 

 

Fig. 1 One-quarter of the diffraction patterns obtained in the central region of the pseudoelastic NiTi CT 
specimen ahead of the crack tip (a) austenite after  unloading and (b) stress-induced martensite at a load of 

2860 N. Only a few martensite Debye-Scherrer rings are indexed for clarity.  
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Fig. 2. (a) Optical image of the miniature tensile rig with miniature CT specimen, (b) schematic of the first 

experimental configuration (CT specimen perpendicular to the beam), (c) schematic of the second 
experimental configuration (CT specimen at a 45° angle to the beam) in order to detect martensitic phase 

fractions at high stress intensities in the plane strain condition. The black arrows indicate the central region 
just in front of the crack where stress-induced martensite forms upon loading.  (d) Phase fractions of the 

austenite B2 and martensite B19’ structures in the pseudoelastic NiTi SMA CT specimen obtained by the in 
situ high energy diffraction measurements at high stress intensity. Note that two transformation zones can be 

seen just ahead of the crack and at the back of the CT specimen. 

 

The experiments were essential for two PhD theses [4, 5]. 
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After the completion of the experimental flow-through setup at the soft condensed matter beamline 
A2 first reactions were investigated. The formation of a phenylene-bridged mesoporous 
organosilica material was followed on time with this setup. A mixture containing the surfactant 
hexaethylene glycol monohexadecylether (C16(EO)6 or hexaethylene glycol mono dodecylether 
(C12(EO)6) in slight acidic solution (pH = 1) was prepared and the reaction was started by the 
addition of the organosilica precursor 1,4-bis(triethoxysilyl)benzene (BTEB). The different steps of 
the reaction from the two-phase (organic/inorganic) system, the hydrolysis and condensation to a 
solid material were documented by SAXS patterns collected every three minutes with two minutes 
exposure time. The influence of the hydrocarbon chain lengths on the resulting structure can clearly 
be concluded from the experiments. Figure 1 shows selected frames from the SAXS measurement 
of the solution containing C16(EO)6 as structure-directing agent. 

 

 

Figure 1: Patterns of selected frames of the in situ SAXS measurement of the sample containing C16(EO)6 as 
structure-directing agent illustrating the time evolvement of the synthesis. 

The investigation of the solution shows at the beginning of the reaction the formation of a lamellar 
phase (frame 22). With on-going reaction, that means with on-going hydrolysis and condensation of 
the organosilica precursor molecules, the structure changes from lamellar to 2D hexagonal and the 
100, 110 and 200 reflections of the hexagonal phase can be indexed at the end of the experiment. 
We assume the structural changes during the reaction to be a result of the charge density matching 
process [1]. The number of charges on the protonated headgroups of the surfactant (EO chain) stays 
constant, but the number of charges at the organosilica surface first increases as a result of 
hydrolysis and than decreases again due to on-going condensation. The headgroup/organosilica 
interface has to adapt to this change of charges and thus, the curvature of the micelles changes 
during the process, inducing a phase transition. 

The experiment containing C12(EO)6 as structure-directing agent leads to similar results. Selected 
frames are shown in Figure 2. 
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Figure 2: Patterns of selected frames of the in situ SAXS measurement of the sample containing C12(EO)6 as 
structure-directing agent illustrating the time evolvement of the synthesis. 

The evolution of the structure is nearly the same. At the beginning the 001 reflection of the lamellar 
phase appears. The phase transition from lamellar to hexagonal can be observed as well. The 
difference to the results shown above is the lower quality of the structure confirmed by the missing 
higher ordering reflections (110, 200). The intensity of the reflections is also much lower. That 
leads to the assumption that the quality is decreasing with decreasing number of carbons on the 
hydrocarbon chain lengths of the surfactant. The results can be corroborated by results from 
previous works concerning the structure of organosilica materials synthesised with C18(EO)6 as 
structure-directing agent [2]. 

From the investigated samples we can conclude that the reaction containing Cn(EO)6 (with n = 12, 
16, 18) as structure-directing agent and BTEB as organosilica precursor lead to a mechanism where 
first a lamellar structure is formed and, with on-going condensation, a phase transition from 
lamellar to 2D hexagonal occurs because of charge density matching. Further experiments 
concerning the variation of the headgroup size are in progress. 
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 Micro- and macro-strains in nanocrystalline TiN powders with the average grain sizes of 5 
nm and 26 nm and in nanocrystalline AlN powders with the average grain sizes of 9 nm and 15 
nm were examined with the use of the MAX80 Cubic Anvil Press (F2.1 station).  The powders 
under study were synthesized from organic precursors [1,2].  The measurements were performed 
at pressure of 4 GPa. Our previous studies showed that the materials tend to recrystallize above 
the synthesis temperature.  In the present study the heating was stopped 100 şC below the 

synthesis temperature of specific materials. The diffraction data were collected in energy 
dispersive geometry.  Sodium chloride was used as a pressure marker and no pressure medium 
was used. 
 

 

Figure 1: Effect of heating of  AlN with average grain size of 9 nm (A) and with average grain size of 15 
nm (B) under pressure of 4GPa as reflected by positions of (100) Bragg reflection.  Solid line links 
positions calculated for peaks maxima, dotted line - for center of gravity;  broaken line corresponds to 
thermal lattice expansion of AlN under ambient pressure 
 
 Development of macrostrains may be examined by looking at the changes of interplanar 
distances. Under pressure diffraction peaks are usually asymmetric and one has a choice of 
looking on either the peak maxima or the centers of gravity.  Figures 1 and 2 were calculated 
using position of peak maxima. Fig.1 shows relative changes of (100) lattice spacing in two 
powders of hexagonal AlN, one with 9 nm and another with 15 nm average grain size [1].  The 
behavior of peak maxima is rather abnormal and cannot be interpreted as being due to the lattice 
expansion.  For smaller crystallites there is no lattice expansion observed, while for the larger 
onces even a sort of contraction under temperature is observed. Obviously, the positions of the 
intensity maxima (thus the plots) do not reflect the real lattice parameter values.  Following the 
positions of the centers of gravity (Fig 1B) 15 nm AlN powder shows even more pronounced 
abnormal behavior.    
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Figure 2: Effect of heating of TiN with average grain size of 5 nm (A) and with average grain size of 26 
nm (B) under pressure of 4 GPa. Broaken line corresponds to thermal lattice expansion of AlN under 
ambient pressure 
 Qualitatively similar effects can be observed for 5 nm and 26 nm cubic TiN [2], - Fig. 2, 
but the size dependence appears to be reversed.  For small crystallites the initial temperature 
increase results in an apparent lattice contraction - Fig.2A, while for larger crystallites expansion-
like behavior with a flat area between 300oC and 600oC is observed.  However the expansion, as 
calculated from the positions of the intensity maxima, is still much lower than expected for TiN.  
Changes which we observe for nanocrystalline AlN and TiN can be explained only if we treat 
these materials as two-phase systems with the two phases having different elastic and thermal 
properties.  This is in accordance with a core-shell model of nanoparticles [3].  In a simple core-
shell model the grain core is surrounded by a surface shell with its structure similar to that in the 
core but either compressed or expanded relative to the lattice of the grain core which might be 
considered to be free of any strain. To evaluate the observed effect it was considered that the 
intensity maxima measured for nanocrystalline materials are a combination of two Bragg 
reflections originating, respectively, from either cores or shells of individual nanocrystals.   
The evolution of micro-strains examined for the studied samples, which are reflected by changes 
of brodening of intensity maxima (FWHM), correlate with the abnormal behavior of the 
interplanar spacings in Figs.1 and 2.   
 Referring to our previous studies [3] we believe that the specific combination of lattice 
compressibility and the lattice expansion different for the cores and the shells will lead to 
qualitative and quantitative description of the effects observed in this study. Data analysis is still 
in progress and the model of the observed behavior is under development.  
 This work was supported by DESY-HASYLAB, Project I-20070111 EC, Contract RII3-
CT-2004-506008 (IA-SFS).  
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Texture changes due to phase transitions play a large role in natural and man made materials. 
As a consequence of a phase transition one can observe a change of the volume and the 
physical properties of the material. Well known is the important phase transition of - to -
iron which comes along with a change of volume, texture and physical properties. From 
orientation relationships between such two phases the crystallographic transformation 
mechanism can be explained [1, 2]. 

In the current study, the temperature-induced phase transition in the diatomic compound NiS 
is investigated. At ambient conditions, the stable phase is millerite -NiS. It crystallizes with 
the rhombohedral space group R3m with a = 9.6112(6) Å, c = 3.1508(5) Å [3]. Above 379 °C 
NiAs type -NiS [4] is stable. This hexagonal phase (space group P63/mmc, a = 3.4395(2) Å, 
c = 5.3514(7) Å [5]) can be quenched to room temperature. The - to -NiS transition is 
accompanied by an increase of the volume by about 2.8%. This transition often causes the 
shattering of toughened glass panes since NiS occurs as an impurity in the process of float 
glass formation [6]. 

In the present experiment, a single crystal of natural millerite (length:7 mm, diameter 350 µm) 
was brought into a vacuum oven at the beam-line BW5 [7]. First, the starting orientation of 
this crystal was determined at room temperature. It is known from previous investigations that 
the high-temperature -phase is polycrystalline [8]. In order to analyze the texture of this 
phase, the millerite crystal was annealed over the transition point (~379 °C). At this 
temperature, 2-dimensional diffraction images were taken with a beam energy of ~ 100 keV, 
using a mar345 area detector [9]. The measurement range was -90° ≤ ≤ 90° in steps of = 
1°. Unfortunately, the vacuum oven failed and the sample temperature decreased to room 
temperature after one half of the measurement. However, owing to the fast quenching, the 
high temperature -phase remained metastable and the measurement was finished at room 
temperature. Subsequently, the texture was calculated from these images using the program 
MAUD [10]. 

Figure 1 shows a 2-dimensional diffraction image of the -phase. It can be clearly seen, that 
the high-temperature phase has transformed from a single crystal to a polycrystalline 
microstructure with relatively sharp reflections. From the texture determination different pole 
figures were calculated (fig.2). They show a very strong one component texture (57* 
random), as can especially be seen in the (001)-pole figure (fig. 2a). The c-axes of the -
phase crystallites are oriented parallel to the c-axis of the millerite single crystal.  Owing to a 
tilt of this crystal in the oven before heating, all pole figures of the high temperature phase 
show exactly this tilt angle. 

The next step of our investigations will be the measurement of highly resolved pole figures of 
both phases in order to calculate the orientation relationships to explain the transition process.  
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Figure 1: Two-dimensional diffraction image of the -phase of NiS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a)                                                                  b)                                                   
Figure 2: Pole figures calculated from the orientation distribution function. a) 002-pole figure, b) 100-

pole figure. 
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This work explores the impact of surface termination on the electronic structure of organic semi-
conductor surfaces and on the energy level alignment at organic/(in)organic heterojunctions [1].
It was recently shown that an inhomogeneous charge-distribution within individual π-conjugated
molecules impacts the ionization energy (IE) of and the charge injection barriers into organic thin
films [2]. In the present study it is experimentally demonstrated that (i) IE tuning via the molec-
ular orientation (due to intramolecular polar bonds) and (ii) through appropriate mixing of two
molecular species can be achieved.
The prototypical organic semiconductors pentacene (PEN) and perfluoropentacene (PFP) were used
for this purpose. In thin films, both molecules exhibit an almost upright standing orientation on
SiOx substrates [5, 6]. In standing PFP films the surface is terminated by strongly polar bonds: the
strongly electronegative fluorine carries a negative partial charge [δ−] compared to the backbone
carbon atoms [δ+] leading to a surface dipole moment (~µ) pointing towards the molecular cores.

(a) (b)

(c)

Figure 1: (a) UPS spectra of pure and mixed films of standing PEN and PFP on SiOx. The vertical lines
indicate the photoemission onsets, i.e., the IE (values of lying PEN and PFP on Au(111) [4] are given for
comparison). (b) XRD data on films of pure and mixed (3:1, 1:1 and 1:3) PEN and PFP; qz denotes the
vertical momentum transfer; squares indicate peaks originating from standing molecules; the star marks a
second molecular orientation in the mixed films. (c) FT-IR spectra of the respective samples; D1 and D2
denote two Davydov-split peaks of PFP, the circles mark shifting C-H vibrations of PEN (not split).
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In PEN, a small positive partial charge [δ+] on the hydrogen atoms compared to the conjugated
backbone [δ−] exists therefore leading to a (small) surface dipole oppositely oriented compared
to PFP. The presence of a surface dipole layer affects the IE [2], since it causes a jump in the
electrostatic potential energy shifting the vacuum level (Evac) [3].
(i) The ultraviolet photoelectron spectroscopy (UPS) results (FLIPPER II, HASYLAB) for PEN
and PFP films of nominally 2 layers of standing molecules on SiOx substrates demonstrate the
effect of surface termination of organic solids by intramolecular polar bonds on their IE (Fig. 1a).
For PEN, the IE of the standing molecules (4.80 eV) is lower than that of lying molecules (5.35 eV)
[4], whereas the layer of standing PFP exhibits a higher IE value (6.65 eV) than that of lying
molecules (5.80 eV) [4]. The difference between the lying/standing IE for PEN layers is determined
to ∆IEPEN = -0.55 eV, whereas for PFP this difference is ∆IEPFP = +0.85 eV.
(ii) This remarkably high IE difference between standing PEN and PFP of 1.85 eV suggests that
mixing of the two species in different ratios may lead to a gradual shift of the thin film IE between
the values of the pure films. In order to demonstrate this effect, two requirements must be met:
(a) the molecules in mixed film must adopt a standing orientation, and (b) mixing of PEN and
PFP must occur on the molecular length-scale, since long-range phase separation would lead to
individual vacuum level alignment of the PEN and PFP patches with substrate and no common
electrostatic potential would be formed on the length scale of the molecule-substrate distance.
Crystalline mixed thin films were realized via vacuum co-deposition of PEN and PFP on SiOx. For
the investigated mixing ratios x-ray diffraction (XRD) results (Beamline W1, HASYLAB) show a
peak series corresponding to standing molecules with an increased lattice spacing compared to the
pure PEN and PFP thin film phases (Fig. 1b) [5, 6]. In addition, XRD shows the presence of an
almost lying 1:1 mixed phase (lattice spacing independent of the mixing ratio, marked with a star in
Fig. 1b). Additional atomic force microscopy (AFM) investigations (not shown) proved the surface
ratio of this phase to be below 10% therefore not significantly impacting the results of the UPS
investigations. Fourier-transform infrared spectroscopy (FT-IR) proves the intercalation of PEN
and PFP on the molecular scale, as Davydov-splitting found in pure PFP films (D1 and D2 in Fig.
1c) is removed in mixed films. This combination of XRD, FT-IR and AFM evidences the presence
of appropriately mixed films of PEN and PFP to experimentally verify (ii): a gradual change of the
IE depending on the mixing ratio was observed (Fig. 1a).
In conclusion, it was shown that the surface termination of ordered organic thin films with in-
tramolecular polar bonds can be used to tune their IE. The collective electrostatics of these oriented
bonds explains the pronounced orientation dependence of the IE. Furthermore, mixing of differ-
ently terminated molecules on a molecular length scale allows continuously tuning the IE of thin
organic films between the limiting values of the two pure materials.
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An intrinsic plastic Cu45Zr46Al7Ti2 bulk metallic glass (BMG) with high strength and superior 
compressive plastic strain of up to 32.5% was successfully fabricated by copper mold casting. The superior 
compressive plastic strain was attributed to a large amount of randomly distributed free volume induced by 
Ti minor alloying, which results in extensive shear band formation, branching, interaction and self-healing 
of minor cracks. The mechanism of plasticity presented here suggests that the creation of a large amount of 
free volume in BMGs by minor alloying or other methods might be a promising new way to enhance the 
plasticity of BMGs. 
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The dynamic phase transformation and structure of rapidly solidified Fe1−xCoxSi2 (0.02 x 0.06) 
thermoelectric materials were in situ investigated under high temperatures and high pressures by 
energy dispersive X-ray diffraction using synchrotron radiation. The FeSi2 alloys which solidified 
as α-Fe2Si5 and ε-FeSi eutectic structures, were transformed to the semiconducting β-FeSi2 phase 
upon heating by the main reaction α+ε→β and the subsidiary reaction α→β+Si. The low heating 
rates and Co contents were found to be beneficial for the β phase formation. The decomposition 
temperature of β→α+ε was weakly dependent on heating rate, but significantly suppressed by the 
high pressures. 
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Niobium films on the single crystal substrate have been studied. The films of thicknesses less 
than 5 nm, 5nm, 15 nm and 400 nm were deposited onto sapphire (001) surface by mean of 
the cathodic arc in UHV conditions [1-3]. Energy of incoming Nb3+ions in the range of tens 
electronovolts and substrate temperature about 200°C are distinctive characteristics of that 
deposition method. The aim of performed XRD studies was to recognize the structural forms 
of Nb film formed in the early stages of growth. The measurements were preformed at the 
wiggler  beamline W1 using the photon energy 8048 eV corresponding to the wavelength 
λ = 0.15406 nm (Cu Kα1 characteristic line).

Sharp maxima  observed in  diffraction  patterns  in Fig.  1  originate  from the single  crystal 
sapphire  substrate.  The  thinnest  film shows only  one  niobium originated  feature  in  ω-2θ 
pattern. This is a broad diffraction profile at 2θ ≈ 35.5°, what is very close to the position of 
110 diffraction line of the Nb. No diffraction lines corresponding to the Nb were observed for 
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Fig. 1. X-ray ω-2θ  patterns (1), and 2θ scans in grazing incidence geometry with incidence angles  1°(2) 
and 5° (3), respectively, for the samples of thickness less than 5 nm, 15 nm, and 400 nm.
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that film in the grazing incidence scan. It indicates that 
the Nb film is very thin and ordered so as the (110) 
lattice planes are parallel to the substrate surface. 

A shape of the feature observed in the angular position 
corresponding  to  Nb  110  maximum depends  on  the 
film thickness (Fig. 2). It results from the superposition 
of  Nb 110 reflections  originating  from two different 
forms of Nb. The broaden one described above, and a 
narrow one.  The  narrow peak  appears  for  the  films 
having a thickness larger than 15 nm. This is the Nb 
110  reflection  typical  for  a  bulk  niobium.  Although 
bulk–like  reflection  appears  in ω-2θ pattern,  it  is 
absent  in  grazing  incidence  one. That  indicates  the 
preferred orientation of large crystallites  the same as 
the orientation of early grown layer. This observation 
points to a thickness of 15 nm as that, where the large 
crystallites  start  to grow. In Fig. 2 the upper pattern 
shows that,  for a thick film,  phases containing small 
and large crystallites  exist together in oppose to two 
the thinnest films. 
For a 400 nm thick sample, large crystallites phase is 
clearly depicted in the diffraction patterns. The grazing 
incidence patterns for this sample show all reflections 
allowed for  Nb what  indicates  on the  appearance  of 
thin, polycrystalline Nb layer.

According to our studies, the growth of Nb layer is realized in three stages: the first one is the 
growth of very thin and preferably (110)-oriented  layer. In the next stage an increasing of the 
layer thickness lead to the almost single crystal layer with (110) lattice planes parallel to the 
substrate surface.  In the last stage, observed for the thickest  layer,  the appearance of thin 
polycrystalline Nb layer, probably on the surface, have been observed.
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 Double molybdates NaAl(MoO4)2 are promising laser host materials [1]. Doping of 
molybdate compounds with Cr ions allows to use them as luminescent probes for registration of 
nuclear chain reactions caused by radioactive impurities or for indication of the phase 
transformations of host matrixes.  

 Polycrystalline samples of NaAl(MoO4)2 compounds were synthesized using spontaneous 
crystallization method from NaAl(MoO4)2–Na2MoO4 system. Emission and excitation spectra in 4 
– 16 eV energy region were obtained on SUPERLUMI station at HASYLAB (DESY), Hamburg, 
Germany (Project II-20052013). The photoluminescence excitation spectra of the samples were 
obtained using radiation from xenon lamp DKsL-1000. Electronic structures of perfect and Cr-
doped NaAl(MoO4) crystals are calculated by the full-potential linear-augmented-plane-wave 
(FLAPW) method implemented in the WIEN2k program package [2].   

 The Cr-doped NaAl(MoO4)2 crystals reveal emission specific to Cr
3+

 ions in octahedral 
oxygen coordination. Two intensive sharp R-lines originating from 

2
E - 

4
A2 transitions in Cr

3+
 ions 

are observed at 691.1 and 692.3 nm under synchrotron excitation in 4 – 16 eV region. Positions of 
the R-lines are almost independent on the excitation energy, concentration of Cr ions and 
temperature [3]. Under excitations by laser radiation in visible region NaAl(MoO4)2:Cr crystals also 
revealed  emission of Cr

3+
 ions, however the spectra strongly depend on temperature. The R-lines 

were located near 692.6 and 694.0 nm at 300 K; near 741.9 and 743.3 nm at 4.2 K. Both pairs of R-
lines with inherent sidebands were observed at 77 K. Most probably, we observed two different 
types of Cr

3+
-related emitting centers in investigated samples.  

 As calculations show, the Cr ions introduces three one-electron bands into the band gap 
(BG)  of NaAl(MoO4)2. Corresponding peak of PDOS formed almost entirely by the Cr states is 
centered at ~2.5 eV (Fig. 1b). These one-electron bands have very low dispersion E(k), so we 
denote them as the “Cr states in the band gap”. The lowest from them has occupancy 2e, the 
medium – 1e, and the upper one is unoccupied. Therefore, according to our calculations, both types 
of the electronic transitions are possible: from the Cr states in the BG to the CB and from the VB to 
the Cr states in the BG. The Cr states also contribute to the VB filling up the “empty” region 
between 4.8 and 5.5 eV (Fig. 1a).   

The VUV excitation spectrum of the Cr
3+

 emission in NaAl(MoO4)2 has an expressive structure 
(Fig. 2, curve 7) with a sharp peak at 137 nm (see [3] for details). In order to study formation of this 
spectrum, we carried out a decomposition of the total interband absorption spectrum into 
contributions from band-to-band transitions for each combination of initial and final one-electron 
bands. Such individual band-to-band absorption spectra were then summed up forming five 
“partial” absorption spectra denoted as k1 (transitions from the highest in the VB one-electron band 
to all unoccupied bands), k2 (Cr states in the BG → all unoccupied bands), k3 (whole VB → Cr 
states in the BG), k4 (separated sub-band below the VB → all unoccupied bands), k5 (-4.6 – -4.2 eV 
region in the VB → 4.8–5.5 eV region in the CB).  
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Figure 1: Calculated partial densities of states for 
perfect (a) and Cr-doped NaAl(MoO4)2 (b). 

Figure 2: Calculated absorbance (1) and partial 
absorbance spectra k1,…, k5 (2 - 6), experimental 
excitation spectra (7 - 9) for pure (1) and Cr-doped 
NaAl(MoO4)2 crystals (2 - 9); CCr = 0.005 % mas. (7-9); 
λreg = 692 (7, 8) and 743 (9) nm; T = 4.2 (8, 9) and 10 K 
(7). 

 

 

It is clearly seen that transitions from the Cr states in the band gap to the CB (curve 3) form 
additional absorption bands above fundamental absorption edge (curve 1) in 300 – 400 and 600 -
700 nm regions. Transitions from the VB to the Cr states in the band gap (curve 4) contribute to 
additional absorption between 300 and 500 nm. Transitions from the top of the VB to the Cr states 
in the band gap cause only one additional absorption band with comparatively low intensity at ~460 
nm (curve 2). The main contribution of such transitions falls below the fundamental absorption 
edge. However, there is no such a correspondence between the calculated k1, k2, k3 spectra and 
experimental excitation spectra of both Cr

3+
 emitting centres (curves 8, 9) that should allow to 

ascribe the excitation bands to a certain type of transitions. Calculated k1, k2, k3 curves also have no 
such pequliarities in 100 – 200 nm region that could explain formation of the VUV excitation 
spectrum (curve 7). The k4 spectrum also can not provide such an explanation. The peak of k5 
(curve 6) lies quite closely to the experimental excitation peak. Keeping in mind the principles of 
construction of k5 spectrum (see above), we can assume that the VUV excitation spectrum is formed 
by electronic transitions from the initial states which are the admixtute of the ligand and Cr states to 
final states which have predominantly chromium character and lie within the CB of 
NaAl(MoO4)2:Cr crystal. 
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Oxid compounds with rare earth (RE) ions are attractive materials for multicolor luminofors which 
can be used in plasma and catodoluminescent displays and detectors of ionizing radiation as well 
[1,2]. There were undertaken some effort to design new phosphors on the base of doped with 
praseodymium ions Ca/Ba/SrTiO3 perovskites. Such type phosphors could be used in combined 
LEDs. PL intensity of these phosphors is very low and researchers aimed to enhance it have to 
introduce some additional impurities, Al or Ga ions, e.g., into mentioned matrix [3–7]. 

BaLa2Ti3O10 belongs to Dion-Jacobson family of layered perovskite-like titanates of common 
formulae [Lnn−1TinO3n+1] where Ln is RE element from La to Sm. The some part of the La atoms 
in BaLa2Ti3O10 can be easily replaced by another RE atoms [8, 9]. Surely, active in visible 
photoluminescence RE ions can be among them. We synthesized and investigated here the structure 
and PL properties of the BaLa2−xEuxTi3O10 compounds, where x = 0−2. 

Synthesis BaLa2–xEuxTi3O10 microcrystalline powders was made using termotreatment (  = 1520 K, 
t = 2 hours) of simultaneously precipitated barium, titanium, and rare earth hydroxycarbonates. 

Luminescence spectra were investigated using synchrotron radiation from the region 50–330 nm. 
Experiments with synchrotron radiation were carried on at SUPERLUMI station at HASYLAB 
(Hamburg, FRG). In some cases luminescence was excited by radiation from the N2 
( ex = 337.1 nm) lasers or powerful xenon lamp DKsL-1000 and MDR-2 or DFS-12 diffraction 
spectrometers which cover wide spectral region from 225 to 1200 nm were used. 

The BaLa2Ti3O10 compounds doped with europium manifest red “by eye” PL typical for emission 
of Eu3+ ions. The PL spectra of the samples consist of three well-distinct groups of lines. One group 
lies in 670–750 nm region and others lie in 550–725 nm region. The intensity of lines of the first 
group is rather low in comparison with the one of the lines in 550–725 nm region. The shape of the 
spectra does not depend considerably on excitation wave length either it lies in the region of 
absorption of lattice or it corresponds to inner transitions of Eu3+ ions (Fig.1 - 3). 

  
Figure 1: Excitation spectra of BaLa1.99Eu0.01Ti3O10 crystals. T = 300 (1) and 10 K (2); reg = 610 
(1) and 613 nm (nm). 
Figure 2: Luminescence spectra of the BaLa1.99Eu0.01Ti3O10 crystal at VUV, ex = 75 (1), 185 (2) nm 
and UV excitation, ex =291 nm (3); T = 10 K. 
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The diffusion of spectrum components 
shows that arising of content of Eu3+ ions 
(x = 0.5 – 2.0) follow with accumulation of 
Eu3+ ions, in positions which differ from La 
ions positions in BaLa2Ti3O10 compound 
that leads to destroying its layered crystal 
lattice and different crystal phases can be 
formed as result. It is possible also that 
crystal structure of high concentrated 
BaLa2-xEuxTi3O10 samples is closer to the 
structures of crystalline solid solutions. 

Obtained results correspond to data about 
structure of investigated compounds [8,9]. 
The BaLa2Ti3O10 crystal structure belongs to 
Cmcm space group (centre of inverse is 
element of this group) and formed by two-
dimensional perovskite-like blocks 
(deformed TiO6 octahedrons connected by 
vertices only) which interlaced by one 
layered blocks of Ba cations. This crystal 
arrangement determines existence of two 
types of La ions each on them is located in 
deformed cubic-octahedral coordination. 
This fact allows two ways of Eu3+ or Gd3+ 
substitution for La ions. Besides, there is a possibility to substitute for Ba ions. Some structural 
disordering of Ba2+ and La3+ between perovskite-like and Ba- blocks was found recently [9]. We 
have also established using X-ray scattering that BaLa2-xLnxTi3O10 (Ln = La–Sm) compositions 
form continuous sets of solid solutions if Ln = Pr–Sm and they form limited sets of solid solutions 
for Ln = Eu–Lu. For instance, the BaEu2Ti3O10 (� = 2) sample from BaLa2−xEuxTi3O10 set has to 
comprise of perovskite-type crystal structure (based on 3) and pyroclore structure (based on 
Eu2Ti2O7) while single phase samples of BaLa2–xEuxTi3O10 with layered structure are formed only 
for � ≤ 1.5 [9]. 

For the first time, the main luminescent characteristics of compounds BaLa2−xEuxTi3O10 (x varies 
from 0 to 2) were investigated. It was found that the luminescence of mentioned materials is caused 
by radiation transitions in luminescence centers formed by Eu3+ ions. The sets of lines observed in 
the regions 578−582, 580−604, 604−640, 640−675 and 675−725 were related with 5D0

7FJ 
(J=0,1,2,3 and 4) manifold transitions respectively. Two types of luminescence centers which differ 
by symmetry of neighborhood of Eu3+ ions are found in luminescent emission. Concentration 
quenching depending on Eu3+ ions content takes place and luminescence intensity is the most at 
x = 0.5. Luminescent characteristics of Eu3+ ions are in close relation with composition of 
BaLa2-xEuxTi3O10 compounds that can be caused by both changing their crystal structure and phase 
composition as well. 
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For Silicon (Si) it is known that it is possible to manufacture crystals and oxides of a very high
quality at rather low expenses. Germanium (Ge) has in comparison a much higher carrier mobility.
Thus, the combination of silicon based devices in semiconductor technology, with the growth of
germanium nanostructures can become a promising approach for the production of high speed
devices. Due to a lattice mismatch of4.2% between these two semiconductors the growth of Ge
leads to the formation of nanoislands on Si surfaces. However, these islands tend to have a large
number of defects. The application of so called surfactants(surface active agents) just like Ga, In,
Sb or Bi [1] can reduce the defect density strongly. Moreover aselective growth of the Ge islands
can be achieved [2, 3]. High index surfaces will in particular play a key role in future’s research as
they are candidates for the structuring of self-assemblingsystems.
Among these the Si(112) surface is very promising for futureapplications as its low symmetry
permits the growth of highly anisotropic structures like quantum wires [4]. Its rich morphological
features may lead to more advanced technological applications. The Si(112) surface is instable to
faceting and consists of (111)-like facets with(7 × 7) reconstruction and (337)-like facets with
(2 × 1) reconstruction [5]. Due to the lower surface energy at the step edges the growth of metals
results in quasi-1D metal quantum wires along the directionof the facet trenches [6, 7, 8]. The
adsorption of In leads to a smoothening of the surface [9] andthe formation of a reconstruction
with (3.5 × 1) periodicity.
In this work we analysed the In growth on the Si(112) surface.To determine the atomic positions
of the adsorbate the x-ray standing waves (XSW) technique is an ideally suited tool, because this
method can provide structural data on a picometer scale [10].
Small amounts of In (a few ML) were deposited onto Si(112) samples at the ultra-high vacuum
(UHV) setup at the beamline BW1, Hasylab, using an e-beam evaporator with a quarz microbal-
ance. The deposition was stopped when an In-(3.5 × 1) reconstruction was observed with LEED.
XSW experiments were performed in Si(111), Si(113) and Si(202) Bragg reflection at BW1 under
UHV conditions. A photon energy between 4000 and 4700 eV was selected using either a Si(111)
or a Si(113) double crystal monochromator system. Si-1s and In-2p3/2 photoemission or L fluores-
cence were chosen as secondary signals and monitored while the photon energy was tuned through
the Bragg condition.
Figure 1 shows XSW results for the In/Si(112)-(3.5×1) structure. Data evaluation [11] according to
the dynamical theory of x-ray diffraction [12] is consistent with the data. For Si a coherent position
of 0.99 ≤ Φc ≤ 1.06 is obtained, showing good agreement with the expected valueof Φc =
1.00. For In a relatively high coherent fractionfc in (202) reflection shows that the structure is not
incommensurate. Assuming two possible sites for the In atoms (”two position model”) in the{11n}
crystal plane of the In/Si(112)-(3.5× 1) reconstruction and neglecting incoherent contributionsour
results indicate that one substitutional/terrace site andone adatom/step edge site are occupied by
the adsorbed In atoms. These results contradict the model byGai et al. [9] (”Indium atoms do not
take the step-edge site”). It is in fact more likely that the In/Si(112)-(3.5 × 1) is very similar to
the Ga/Si(112)-(5.5× 1) reconstruction. The corresponding model for this structure was suggested
by Snijders et al. based on DFT and STM [6] and has been confirmed by XSW [13]. It should be
pointed out that the data shown here have enabled a three-dimensional experimental determination
of atomic positions within the In/Si(112)-(3.5 × 1) structure for the very first time.
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Figure 1: Reflectivity (◦) and photoemission/fluorescence yield for Si () and In (△). The curve on the
upper left side corresponds to the (111) Bragg reflection, the curve on the upper right side to the (113) Bragg
reflection and the curve in the bottom to the (202) Bragg reflection.
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Pyrophosphates are well known materials which are used in supramolecular chemistry, biology and 
industry. Zinc (Zn2P2O7) and manganese (Mn2P2O7) diphosphates belong to them. Their solid 
solutions possess new additional properties comparing with mentioned above individual 
phosphates. The Zn2-хMnхP2O7 (x = 0 ÷ 2) compounds can exists both in anhydrate and hydrate 
forms that offer some opportunity to vary their physical, e.g. optical, properties. Water molecules 
can be regarded as factors modifying their optical (luminescent) properties. That is why the 
luminescent properties both of no containing water, Zn2-хMnхP2O7, and their hydrates Zn2-хMnхP2O7 
•nH2O (x = 0 ÷ 2, n = 0 ÷ 5) have been investigated here. 
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Figure 1: Luminescence spectra of the Zn1,04Mn0,96P2O7•nH2O at VUV (1, 2; λex = 170 nm) and XR 

excitation (3); Т = 10 (1), 77 (3, n = 0) and 300 К (2). 

 
Luminescence spectra of the Zn2-хMnхP2O7 •nH2O (0 < x ≤ 2, n = 0) show the red luminescence 
band with peak position (λm) near 700 nm both at VUV synchrotron radiation and XR – excitation 
(Fig. 1). This complex band dominates in the spectrum in the whole temperature region 4.2 – 300 
K. Decomposition of the XR-luminescence band (Fig. 1a, curve 3) reveals two Gaussian 
components (νm = 14430 см

-1
, halfwidth δ = 1000 см

-1
) (band I) and 730 nm (νm = 13690 см

-1
, δ = 

1500 см
-1

) (band II). The band of the green luminescence is also registered near λm = 550 nm at 
some conditions. Water molecules in the crystal composition effect luminescence features. Thus, 
the λm is shifted to the long wavelength side (λm = 725 - 735 nm) when VUV and XR excitation is 
applied (Fig. 1a and 1b), but no significant changing is registered at UV excitation (Fig. 1a). 
Influence of the water molecules differs dependently on the type of luminescence centers (LC) that 
allows their selecting by spectral behavior. Excitation spectra show increasing effectiveness of the 
red band II excitation (the region of excitation is 225 nm < λex < 325 nm) when water molecules are 
added to the crystal composition (Fig. 2).  
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We assume that Mn
2+

 impur ions form three types of luminescence centers (LC). I) The Mn
2+

 ion 
that replace Zn

2+
 ion in regular oxygen octahedral environment (LC-I) and this one dominates in 

compounds no containing water. The LC-I is typical for individual manganese diphosphate. II) 
Mn

2+
 ion that replace Zn

2+
 ion in defected oxygen octahedral environment (LC-II). Oxygen 

vacancies are such defects in no containing water compounds while oxygen vacancies and ions of 
oxygen those belong to molecules of water. These centers are located in homogeny media 
combining Zn

2+
, Mn

2+
 and molecular diphosphate anions. II) Mn

2+
 ion that replace Zn

2+
 ion in 

oxygen tetrahedral environment (LC-III). We associate the red band λm = 700 nm with LC-I, red 
band at λm =730 nm with LC-II, and the green luminescence is associated with LC-III. 
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Figure 2: Excitation spectra of the red luminescence of the Zn1,04Mn0,96P2O7•nH2O; monitoring was made at 
λreg = 690 (1-3) (LC-I band) and 720 nm (4) (LC-II band); n = 0 (1), 1 (2), and 5 (3, 4); T = 10 K.  

 
When water molecules are added to the crystal composition the number of LC- I decrease because 
water oxygen atoms replace vacancies in manganese polyhedron. Thus, LC-I centers are 
transformed to the centers of the LC-II type.  The last ones dominant in pentahydrates compounds. 
Such type centers probably form also exciting in nominal uncontaining water samples as result of 
water traces. The centers which have characteristics close to LC-II obviously dominant in 
monohydrates too. There is some part of LC-I in monohydrates (n = 1) because insufficient quantity 
of water. So, an intermediate situation among cases with n = 0 and n = 5 realizes there.  

LC-I more effectively excite by direct transitions in intrinsic shells of Mn
2+

 ions, particularly by the 
light from near UV and visible region, while LC-II more effectively excite through lattice defects. It 
is should to indicate that XR and VUV synchrotron radiation act via different systems of defects. 
Several mechanisms of excitation energy transfer from lattice to the red LC can take place. There 
are such of them as manganese ions recharging under XR excitation, non-radiation energy transfer 
at UV and VUV excitation and reabsorption of own short wavelength (300 – 650 nm) 
luminescence. Mentioned above features together with nonhomogeny spectral wideness taking 
place because specific crystal structure of investigated phosphates compounds (heterogenic of the 
samples, variation the LC neighborhood, nonequivalence of water molecules) are the reasons of 
variation of luminescent characteristics dependently on composition, temperature, type of excitation 
and wavelength of excitation light. Enhancement of luminescence intensity in hydrates comparing 
with anhydrate compounds is explained in model proposed by us not only by increase of LC-II 
quantity, but first, arising probability of radiation transitions in Mn

2+
 ions because large 

deformation of their oxygen octahedral environment by molecules of water in centers of II type is a 
reason of enhancement of red luminescent effectiveness.  

This investigation was made in the frame of 20052013 Project and the authors are grateful both to 
HASYLAB administration and especially to Prof. G. Zimmerer for offered opportunity to work at 
SUPERLUMI station.  
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Room temperature ferromagnetism (RTFM) has been achieved in Diluted Magnetic 
Semiconductors (DMS) based on ZnO1,2, a wide-bandgap semiconductor and a good candidate for 
spintronic devices. While theoretical models on hole mediated ferromagnetism in narrow bandgap 
semiconductor nicely match experimental results, the origin of FM ordering in diluted magnetic 
oxides (DMO) is still a matter of debate i.e. whether carrier (electron in most cases) mediated 
exchanged and/or secondary phases are involved3,4. The wide diversity of magnetic properties 
reported in the literature in the case of (Zn,TM)O indeed indicates that the magnetization in such 
DMO depends on the growth and doping conditions to a point that the experimental parameters and 
associated physical properties can hardly be reproduced by different groups. Therefore, a sounder 
understanding of the structural and electronic properties of DMO is required in order to achieve a 
global picture including all the physical processes involved in the origin of ferromagnetism in these 
materials. 

The goal of this work is to gain insight into the electronic and structural properties of (Zn,Mn)O 
obtained by thermal diffusion of the transition metal into a ZnO single crystal. A thin (≈ 1nm) Mn 
film grown on ZnO polar faces is annealed in order to form (Zn,Mn)O. The sample is characterised 
in-situ after each step of the experiment by high-energy X-ray photoelectron spectroscopy (hν = 
3500 eV, HEXPS) at BW2 (Hasylab). 

670 660 650 640

850K, 0.4h

660K, 0.4h

1nm Mn

 

 
N

or
m

al
iz

ed
 I

nt
en

si
ty

 (a
rb

. u
ni

t)

 

0.25nm Mn

Binding Energy (eV)
8 6 4 2 0 -2

 850K, 0.4h
 660K, 0.4h
 +1nm Mn
 +0.25nm Mn
 ZnO

Mn2+

Mn0

 
 

N
or

m
al

iz
ed

 I
nt

en
si

ty
 (

ar
b.

 u
ni

t)

Binding energy (eV)        

Figure 1: Mn 2p (a) and valence band (b) photoelectron spectra at the different steps of the experiment. 
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Figure 1a and 1b show the evolution of the Mn 2p and the valence band photoelectron spectra of the 
Mn/ZnO(000-1) system respectively at the different stages of the experiment. As seen on figure 1, 
most of the Mn atoms constituting the 0.25 nm thick film are oxidised by the surface oxygen atoms. 
The complete overlayer becomes metallic in the multilayer regime and, as a result, Mn related states 
are observed up to the Fermi level. 

Upon annealing Mn/ZnO to 660 K, Mn is fully oxidised to the 2+ state due to the formation of a 
thin MnO layer whose valence band edge appears at a binding energy around 2 eV below the Fermi 
level. Further annealing to 850K restore the valence electronic structure of ZnO. The simultaneous 
change in the shape of the Mn2p spectrum is attributed to a better dilution of Mn into the ZnO 
lattice and to the formation of (Zn,Mn)O. These interpretations are supported by the evolution the 
intensity of the Mn 2p, Zn 3s, and O 1s lines (figure 2) revealing that upon annealing to 850 K the 
substitution of Zn by Mn and diffusion of Mn into ZnO take place. 

 

Figure 2: Evolution of the HEXPS intensity of the Mn 2p, Zn 3s, and O 1s lines. 
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The structure of blown films of blends of low-density polyethylene (PE-LD) and isotactic 
polybutene-1 (iPB-1) with different content of iPB-1 up to 20 m-% was investigated using wide-
angle and small-angle X-ray scattering (WAXS and SAXS), transmission electron microscopy 
(TEM), and polarizing optical microscopy (POM). TEM proves formation of a matrix – particle 
phase structure due to immiscibility of the blend components. The iPB-1 particles exhibit plate-like 
geometry with the longest dimension parallel to the machine direction (MD) and thickness 
dimension parallel to the film surface. Furthermore, in these particles needle-like crystals are 
observed, with the c-axis of the hexagonal form I crystal lattice and long axis of the needles 
oriented parallel or close-to parallel to MD. The PE-LD matrix shows two populations of crystals. 
WAXS data indicate that the majority of crystals is oriented with the c-axis of the orthorhombic 
crystal lattice perpendicular to MD, while SAXS data prove additional presence of stacks of 
lamellae, oriented parallel to MD (Fig. 1). Quantitative measurement of the birefringence shows 
that the majority of molecule segments in the specific blown tubular films of the present study is 
oriented in direction of the circumference of the film, confirming qualitatively the WAXS data. The 
crystal orientation of the blown films has direct impact on properties which is demonstrated by 
measurement of the anisotropy of the modulus of elasticity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: WAXS (top) and SAXS (bottom) images of PE-LD/iPB-1 85/15 m-% 
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Intensive research has been dedicated to magnetic nanostructures, both because of their possible applications, 
e.  g.  in  medical  imaging,  catalysis,  information  storage,  and  owing  to  the  interest  in  fundamental 
understanding of their magnetic properties. Magnetic nanoparticles, as compared to the bulk materials, show 
unique physical properties such as superparamagnetism or enhanced anisotropy constants. Scattering methods 
are best suited for investigating both intraparticle phenomena, such as the magnetization distribution or the 
spin structure of individual magnetic nanoparticles, and interparticle interactions of such nanoparticles in 
higher dimensional nanostructures. However, before addressing the problems of magnetization distributions or 
magnetic  interactions  between  magnetic  nanoparticles,  the  availability  and  the  precise  structural 
characterization  of  highly  monodisperse  nanoparticles  is  required.  We  have  performed  structural 
characterization of cobalt nanoparticles by anomalous small angle x-ray scattering ((A)SAXS) at the JUSIFA 
beamline (B1) at  DESY, Hamburg. This is a  necessary preliminary study for the subsequent study of the 
magnetic structure with polarized neutron scattering.

The cobalt  nanoaprticles under study have been prepared by a  new, entirely water-free, synthesis  route, 
originally  based  on  the  reduction  of  Co(AOT)2 in  water-in-oil  microemulsions  [1],  yielding  stable 
nanoparticles with particle diameters of ~2 nm and a narrow size distribution as indicated by magnetization 
measurements. The synthesis route involves formation of excess surfactant (NaAOT) micelles as byproducts 
that can not be removed from the nanoparticle dispersion easily due to the very small size of the particles. The 
small angle scattering of these byproduct micelles may be expected to interfere with the first minimum of the 
nanoparticle form factor, thus impeding a precise determination of the particle size distribution. In order to 
determine the purely resonant  scattering resulting from the cobalt  nanoparticles,  anomalous  small  angle 
scattering is the method of choice.

Figure 1: SAXS by cobalt nanoparticles and NaAOT in toluene.

Figure 1 shows the small-angle scattering by the as-synthesized cobalt nanoparticles (red) and a sample of 
pure solvent containing an amount of the byproduct NaAOT close to the expected production during synthesis 
(green).  The lines represent  refinements of  a  spherical  form factor  to  the data  with R  =  10.83  Å and 
σ = 23.3 % for the cobalt sample and R = 7.77 Å and σ = 17.3 %  for NaAOT. Thus, the byproduct micelles 
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are significantly smaller than the prepared cobalt nanoparticles, and it is clearly to be seen that the byproduct 
scattering is likely to superpose the first form factor minimum of the cobalt nanoparticles resulting in a lower 
apparent particle size and a wider apparent size distribution. The difference curve illustrates, where the first 
form factor minimum is to be expected. Because the amount of the NaAOT byproduct can only be estimated 
roughly, but is sensitive to the shape of the difference curve, this approach can not be used for a reliable 
determination of the cobalt particle size distribution. 

Figure 2: ASAXS by cobalt nanoparticles.

In  order  to  obtain the pure  cobalt  scattering,  we performed ASAXS  measurements  on the same cobalt 
nanoparticle dispersion. SAXS was measured at three different energies below the Co K edge, and the pure-
resonant scattering was separated according to [2]. The pure resonant scattering shows a form factor like 
behavior with a first minimum that may be estimated somewhere around Q = 0.3 Å-1 as expected from the 
SAXS data. However, due to the noise level of the pure resonant scattering and the large propagated error 
bars, a refinement of the cobalt particle size with size distribution has not been achieved yet. Further treatment 
of the data is ongiong.
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The challenge of making wires of high temperature superconducting (HTS) ceramic like REBa2Cu3O6+x

(RE = Y and rare-earth) has lead to the coated conductor technology, where a metallic substrate is
covered by ceramic buffer layers and finally coated with a layer of REBa2Cu3O6+x[1]. This tech-
nology is necessary because the grains of the HTS layer must be bi-axially aligned better than 5
degrees in order to have tunneling of the superconducting Cooper pairs across the grain boundaries.
The advantage of the coated conductors is the large critical current density in applied magnetic
fields exceeding several Tesla. However the large critical current density can not be maintained
in layers, which are thicker that a few µm and the total current running in the wire is therefore
limited. An understanding of the growth mechanism of the REBa2Cu3O6+x layer from a sol-gel of
RE, Ba and Cu dispersed in a polymer gel and deposited on a substrate would be helpful in further
developing the potential of the coated conductors. The present study has examined the feasibility
of using synchrotron x-ray diffraction for in-situ measurements of the growth of the buffer and
REBa2Cu3O6+x on both metal substrates and on single crystals substrates acting as model system
of the buffer layer.
Figure 1 shows the summed diffraction pattern of the ab-plane of a 200 nm thick CeO2 buffer
layer aligned with the surface of a bi-axially textured Ni substrate foil [2] studied at BW5. A
series of diffraction patterns were collected in transmission mode as the normal of the substrate
was rotated away from the incident beam with E = 77.5 keV and a Pb aperture of = 89 mm was
positioned between the sample and the MAR345 image plate detector to cut away the diffraction
pattern of the Ni substrate. The Ni texture was observed by removing the Pb aperture. Additional
tests on commercial coated conductors proves that the buffer and HTS layers on metal substrates
can be observed in transmission mode and full in-situ experiments are now planed. A 200 nm thick
YBa2Cu3O6+x thin film deposited by pulsed laser deposition on a SrTiO3 single crystal substrate
[3] was also studied in the transmission mode with the Pb aperture cutting all reflections from
the single crystal substrate. However the higher harmonics of the wiggler caused a large number of
extra diffraction peaks from the substrate. The use of a thermal gradient monochromator is believed
to suppress the higher harmonics and will be examined in future experiments.
Figure 2 shows the gracing incident diffraction of the (110) reflection of the top 5 nm of a YBa2Cu3O6+x

(YBCO) thin film grown by pulsed laser deposition on single crystal SrTiO3 (Turku) [3] and
(LaAlO3)0.3 (Sr2AlTaO6)0.35 (DTU) and examined at BW2 using E = 10 keV photons. The films
were rotated around the film normal, which is parallel with the c-axis of the orthogonal YBCO unit
cell, and the azimuthal intensity distribution should ideally show a four fold symmetry due to the
small difference between the a = 3.82 Å and b = 3.88 Å unit vectors. The Turku film shows a
small fraction of the surface is having a 45 degree mis-orientation, whereas the DTU film shows
systematically additional orientation with an angular splitting of 16 degrees. It is concluded that
the gracing incident diffraction technique can provide information about the surface structure and it
will be very interesting to relate this to the critical current of the coated conductors with increasing
layer thickness. However the construction of an in-situ furnace for scattering low energy photons
on coated conductors in an oxygen atmosphere is very demanding and room temperature studies of
pre-reacted samples is recommended.
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Figure 1: Summed diffraction patterns of a textured Ni substrates a) and a 200 nm bi-axially aligned CeO2

surface layer on top of the Ni substrate b).
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Figure 2: a) Angular intensity distribution of the (110) YBa2Cu3O6+x surface reflection of thin films grown
on SrTiO3 (Turku) and (LaAlO3)0.3(Sr2AlTaO6)0.35 (DTU) by pulsed laser deposition. b) The shoulders of
the Turku film are caused by twinning and indicate a well textured surface, whereas the shoulders separated
by 16 degree of the DTU sample indicate additional mis-orientation.
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Intrinsic luminescence of 12CaO•7Al2O3 with confined 
electrons 
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Multifunctional nanoporous compound of 12CaO⋅Al2O3 (C12A7) is transformable from a wide-gap 
insulator to an electronic conductor, where electrons are confined inside positively charged 
nanosize cages [1]. Materials, where electrons serve as the anions, are called electrides and 
received much attention since the discovery of an air-stable at room temperatures C12A7 based 
electride [2]. Concentration of encaged electrons in C12A7 can be varied in a wide range up to 
≈2.3×1021/cm3. Such high level “doping” has an analogy with heavily doped semiconductors and it 
should result in significant manifestations in luminescence properties of electron doped C12A7.  

Ceramic samples with various concentrations of confined electrons were synthesized at the Institute 
of Physics (University of Tartu) using melt solidification method in a carbon crucible [3]. Time-
resolved luminescence under VUV excitation in a wide temperature range (6-300 K) was 
investigated at SUPERLUMI station of HASYLAB (Strahl I).  

In all investigated samples with the confined electrons UV luminescence band peaked at ~5 eV was 
revealed. The spectral composition at longer wavelengths depends strongly on synthesis conditions 
as shown in [4] and it is not a subject of the present work. Typical luminescence and excitation 
spectra for 5 eV emission, which is assigned to the trapped exciton emission, are presented on Fig 
1. The typical decay curve of 5 eV emission is depicted on Fig. 2a. This decay is well described 
with the sum of two exponential having lifetimes τ1=3.7 ns and τ2=29 ns, respectively. The ratio of 
light sums for these two decay components is close ≈1:3 (the ratio of fast to slow, which 
corresponds to the ratio of non-equivalent oxygens in two positions available in the C12A7 lattice 
(see Fig 3). This indicates that the holes localized on the both kind of framework O2- ions, 
constituting the wall of the cage, are involved in the formation of electronic excitations. Our recent 
result, which showed that 5 eV luminescence has excitation onset at ~Eg [5], resulting in electron-
hole pair creation, also supports this hypothesis. Lifetime in nanosecond range is typical for 
allowed transitions and enables to assume that such decay belongs to singlet exciton. Our study of 
thermal quenching of ~5 eV luminescence band (see Fig. 2b) and its subsequent analysis resulted in 
the best fit with the sum of two Mott-Seitz type curves (red line on Fig. 2b) (activation energies 34 
and 70 meV), which is also in favor of our model. We consider large deformations of crystal lattice 
of filled cages (see Fig. 3) as the main reason for formation of efficient recombination centers in 
C12A7. Highly deformed cages with the confined electrons also induce the splitting of energy 
levels from the top of valence band, which can trap holes after band to band excitation by ≥7 eV 
photons (see whole sequence of processes on Fig. 4). Envitable lattice relaxation facilitates the 
formation of localised excitons, which finally recombine radiatively with emission of 5 eV quanta. 
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for a C12A7 sample with the confined 
electrons (in blue) and the excitation 
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Figure 3: Ball and stick model of a single 
cage highly deformed by encaged 
species. Two differently coordinated 
framework oxygens (blue and green) are 
indicated. Al3+ - red, Ca2+ - yellow. 
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Figure 4: Scheme of processes resulting in localised exciton formation and its radiative decay.
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The radiation time of the luminescence of ZnO excitons is faster than typical radiation lifetimes for 
the same wavelength for most emission centers and excitons in other crystals. Free exciton 
radiation lifetime is less than 1 ns at ambient temperature, and the radiation lifetime for bounded 
exciton is about 100 ps at 10K. The most common reasons of the decrease of the radiation time in 
wide-band-gap insulators under dense or VUV excitation are the dipole-dipole energy transfers to 
the surface states or to the closely spaced electronic excitations.  In ZnO the decrease of the 
bounded exciton radiation time with the decrease of temperature is accompanied with the increase 
of the luminescence intensity of this exciton. The phenomenon cannot be attributed only to 
quenching processes. Many authors refer to a model of the Giant Oscillator Strength [1].  

Luminescence decay curves were measured at SUPERLUMI beam station. The intrinsic time 
resolution of MCP detector was better than 50 ps. In our experiment the measured FWHM of bunch 
was about 180 ps. We chose a well-known decay function for luminescence intensity with account 
for the dipole-dipole energy transfer: I(t)~ exp(-t/τ – q(t/τ)0.5) as a model function for the fitting of 
experimental decay curves. In this function the first exponential term is the monoexponential decay 
with the radiation lifetime τ, the second term, containing the square root of time, is the “quenching” 
term and q is the parameter characterizing the degree of deviation from exponential law. The decay 
during the non-exponential initial stage can be also characterized by “instantaneous” decay time: 
τi(t) = -1/(dlnI(t)/dt) calculated based on the fitting curves. 
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Figure 1: Left panel: decay curves measured for monocrystal and nanoparticles at temperature 8K and 
excitation at 4eV (colors of points and lines: black – monocrystal, red – 100 nm nanoparticles , green – 25 

nm nanoparticles, cyan – 17 nm nanoparticles, blue –12 nm nanoparticles, open points - instrument response 
curve, bunch).  Middle panel: model decay curves calculated using the fitting procedure. Right panel: 

instantaneous decay time. 
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Figure 1 demonstrates the dependence of DX (i.e. exciton bounded at the donor) luminescence 
decay on the size of ZnO nanoparticles [2] and monocrystal excited by 4 eV photons. We can 
distinguish tree ranges of sample sizes. The first size range is formed by relatively big particles 
with diameter from 100 nm up to infinity (monocrystal). Samples from this range shows the decay 
time (τ) of about 250-300 ps and the quenching is small (q~0.2-0.4).  The second range includes the 
particles of intermediate size between 20 and 100 nm. ZnO particles from this range demonstrate 
very strange properties: high luminescence intensity without quenching (q~0.1-0.2), and show 
practically exponential decay with very fast characteristic decay time (about 150 ps). The third 
range corresponds to small nanoparticles with diameter less than 20 nm.  The experimental decay 
curves are very close to the bunch profile. Luminescence is strongly quenched for these particles 
(q~2-5), the typical luminescence decay kinetics demonstrates significant deviation from the single 
exponential low, the estimated radiative decay time is 250 ps.  At 4 eV excitation each photon 
creates in ZnO one electron-hole pair with energy close to the forbidden energy gap . Therefore, the 
probability of direct formation of DX exciton is high. Assuming that the intensity of synchrotron 
radiation at the sample surface is low, we suppose that the distance between excitons is much larger 
then the characteristic length of dipole-dipole interaction. Therefore the excitons cannot be 
quenched due to the exciton-exciton dipole-dipole interaction, and we suppose that the main reason 
of the quenching should be the energy transfer to surface states. 

The modification of decay kinetics can be expressed as variation of relative luminescence yield. 
This parameter characterizes the contribution of quenching process in luminescence decay. Figure 
2 shows the variation of relative yield with the increase of the excitation photon energy up to 30 
eV. 
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Figure 2: Variation of relative luminescence yield with excitation energy increase (yield at 4 eV excitation is 
1) for monocrystal (black line), 25 nm nanoparticles (green) and 12 nm nanoparticles (blue).  

The acceleration of the decay with excitation energy is observed in all samples. The effect must be 
similar to the luminescence quenching observed in many crystals when the excitation energy 
exceeds the first threshold of multiplication of electronic excitations (~ 2Eg). The creation of two 
and more electronic excitation on the distance of interaction is responsible for this quenching. For 
the first time we observe the amplification of this effect with the decrease of the particle size. This 
new phenomenon can be connected with the modification of the distribution of electronic excitation 
in nanoparticles at  thermalization stage.   
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The beta phase Mg17Al12 influences high temperature strength as well as corrosion properties of 
Mg-Al-Zn alloys. Mg17Al12 develops during casting and its morphology depends on heat treatments 
and processing. Normally the beta-phase, its morphology and distribution are determined by 
standard metallographic methods leading only to a two dimensional picture. Synchrotron-radiation 
based microtomography is able to give a 3D image of the microstructure and was used to 
characterize the distribution of Mg17Al12 and Al8Mn5 in as-cast Mg-Al-Zn alloys [1]. 

Synchrotron-radiation based microtomography (SRµCT) allows the 3D reconstruction of a 
specimen from a set of 2D projections using the backprojection of filtered projection algorithm [2]. 
The SRµCT was performed at Hamburger Synchrotronstrahlungslabor HASYLAB at Deutsches 
Elektronen Synchrotron DESY (Hamburg, Germany). The specimens were imaged by 
microtomography in absorption mode utilizing synchrotron radiation at beamline BW2 using 16 
keV photon energy. Exposed to the parallel synchrotron X-ray beam, the sample was precisely 
rotated 0.25° stepwise to 180°, and after every fourth step the reference image (projection) was 
recorded to eliminate intensity inhomogeneities and variations of the X-ray beam. The projections 
of the parallel beam were detected using a fluorescent screen made of a CdWO4 single crystal of 
200 µm thickness. The optical images were recorded by the use of a video-camera lens with a focal 
length of 25 mm in front of the CCD chip, 1536 x 1024 pixel each 9 x 9 µm2 (Kodak KAF 1600) 
with 14 bit digitization at a frequency of 1.25 MHz (KX2, Apogee Instruments). The 3D structure 
was finally reconstructed from 720 two-dimensional projections using the BKFIL-procedure of the 
DONNER-library [3]. The specimens were investigated in two different positions of the z-axis to 
scan the total volume at optimal spatial resolution. These two separately reconstructed datasets 
were finally stacked to an entire dataset. The voxel size of an unbinned dataset was 1.35 µm, the 
magnification was 6.673 and the spatial resolution was 2.59 µm. Histograms of reconstructed data 
were used to determine thresholds for the different compositions of the tomogram (Fig.1) [4]. 

Figure 1: The histogram shows the total amount of voxels in the reconstructed data set displayed as the 
frequency of voxels depending on their specific attenuation value. Gaussian fits of measured attenuation 
values of the material compositions was used to demonstrate the most predominant components of the 

recorded data set. (*) Al-Mn-phases showed a broad shoulder of just 10.000 voxels, probably due to partial 
volume effects of the minute amount of tiny Al-Mn-phases. 
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The microtomography using synchrotron-radiation revealed the 3D distribution of the beta-phases, 
micro pores and high density areas of Al-Mn particles (Fig. 2, a + b). The typical microstructure of 
Mg17Al12 precipitates in the form of secondary, lamellar structures could be observed in 3D 
reconstructions (Fig. 2). 

 

 

Figure 2: The diagram (a) shows 3D-segmented beta-phases (yellow), micropores (blue) and Al-Mn-phases 
(red) in an as cast AZ91D. The diagram (b) shows an magnification of (a), demonstrating the lamellar 

character of the beta-phases enclosing the Al-Mn-phases in a kind of network. 
Scale bar: (a) = 150 µm, (b) = 50 µm. 
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Miniaturization of optical components is one major task for the further development of integrated 
passive and active devices. Perfect single crystals or glasses can be structured with femtosecond 
laser pulses by producing a permanent change of the refractive index. Thus e.g. waveguides were 
inscribed and used as laser resonators [1-3]. In order to decrease the waveguide losses it is 
necessary to obtain detailed information about the local physical properties in the patterned area 
and its surroundings. While the bulk properties of a crystal are well known it is very difficult to 
obtain information about basic physical quantities like crystal structure, density and refractive 
index in the structured area. 

Waveguides were produced using a chirped pulse amplification femtosecond laser system 
providing laser pulses at a wavelength of 775 nm, a pulse duration of 140 fs, pulse energies up to 
1 mJ, and a repetition rate of 1 kHz. The pulses were focused 300 µm below the polished surface of 
an undoped YAG crystal using a 50x microscope objective with a numerical aperture (NA) of 0.70. 
During the writing process the crystal was moved transversally with a velocity of 10 µm/s by a 
motorized positioning system. Tracks with increasing pulse energies from 1 µJ to 10 µJ were 
inscribed. After the structuring process the end faces of the crystal were mechanically polished. 
Structural changes resulting in visible tracks were produced in the crystal as shown on the left side 
of Figure 1. Due to a stress induced local change of the refractive index, waveguiding was observed 
in multiple channels surrounding the written tracks. The refractive index of bulk YAG without any 
structures is n = 1.82. 

           

Figure 1: (Left) Microscope image of two written tracks inside a transparent YAG crystal. The visible right 
edge of the YAG crystal is smeared out due to the limited focal plane. (Centre) Diffraction peak of the bulk 

crystal. (Right) The same diffraction spot but measured at the location of the structured region 

YAG has a cubic lattice symmetry with a lattice constant of a = 1.2002 nm (spacegroup Ia3d 
(O 10/h)). The crystal orientation was determined with a Stoe Stadi 4 single crystal diffractometer. 
The surface with the waveguide is (1 0 1). The local crystal structure was investigated with 
monochromatic x-ray diffraction of 9 keV at the beamline BW2. The (4 1 5) Bragg peak with a 
2 theta of 43.757° was selected. For this reflex the primary synchrotron beam and the diffracted 
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beam enter the YAG crystal from the (1 0 1) surface. The synchrotron radiation spot size was 
minimized as much as possible. Thus we were able to obtain a beam size of about 5 µm. The Bragg 
peak was recorded with a Bruker Apex II CCD and an illumination time of 30 seconds. The pixel 
size of the images in Figure 1 is 0.003° square and the (4 1 5) Bragg peak has a FWHM of 0.02°. 

One would expect that the crystal partially melts in the focal plane when the Laser beam is 
absorbed. Thus Debye-Scherrer rings should occur at the centre of the waveguide. Additionally the 
crystal should be deformed due to the expanding YAG. This stress induced deformation has a 
shifted Bragg peak and due to the limited size its FWHM should be larger than the FWHM of the 
unstructured bulk crystal. 

Spatially resolved diffraction data was collected around the waveguide region. With a step size of 
about 1 µm many thousand images were recorded. The CCD image in the middle of Figure 1 shows 
the Bragg peak of the bulk region without any distortions. All images which are collected from the 
crystal without any structure look like this one. The bulk crystal is near-perfect and does not show 
any kind of inhomogeneity.  

The structured area can be identified by x-ray diffraction due to the appearance of a small side 
peak. A typical CCD image from the region with the waveguide is shown on the right side of 
Figure 1. For a detailed analysis a scan across the waveguide is selected. The position of the side 
peak is then determined as a function of the distance from the waveguide centre. The side peak 
does not shift, but the intensity decreases with increasing distance from the centre. 

We did not observe any broadening of the (4 1 5) Bragg peak in the vicinity of the waveguide. Nor 
do we have any hints to the existence of any Debye-Scherrer ring. It might be that there is any 
volume with a microcrystalline or glassy YAG structure, but then its volume is below the 
sensitivity of our measurements. The effect of lattice distortion is much more pronounced. Up to 
now we can not say which atoms cause the distortion, but we can determine the change of the 
lattice constant. The undistorted (4 1 5) lattice plane distance is 0.18516 nm. The lattice plane 
distance from the satellite peak is 0.18502 nm. Thus we observe a compression of the crystal next 
to the centre of the waveguide. 

The resolution is unfortunately not high enough to resolve all details which are visible in the light 
microscope. But with a decrease of 0.08% of the lattice constant the guidance of light in the YAG 
crystal can be explained.  
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Ferroelectrics are materials that show a spontaneous and reversible polarization. Ferroelectrics 
also display a very strong piezoelectric effect. Applications of ferroelectrics include memories and 
piezoelectric sensors and actuators. Perovskite ferroelectrics have a strong coupling between the 
polarization and the structure and are, therefore, ideal for engineering of the physical properties 
using epitaxial strain.  Due to this coupling, x-ray diffraction can be used to indirectly probe the 
ferroelectric properties. This is particularly important in the case of ultra-thin films, for which 
standard ferroelectric characterization is highly problematic. 

 Moreover, ferroelectric thin films can form highly periodic ferroelectric (180o) or 
ferroelastic (90o) domains that produce satellites in the x-ray diffuse scattering. The observation of 
these domains, its orientation and distribution in reciprocal space, provide unique information 
about the direction of the polarization and the symmetry of the materials. Given the difficulty to 
solve the structure in these very thin films, this information is highly valuable.  

 However, due to the lack of a wide range of suitable single crystal substrates, the tuning of 
the epitaxial strain is generally not possible. To overcome this issue, and in our search for novel 
phases with improved properties, we combine epitaxial stabilization with doping, in order to 
obtain the fine tuning of the strain state in our very thin ferroelectric films.  

 Here we show that mapping of the reciprocal space using standard Bragg-Brentano, as well 
as Grazing Incidence Diffraction (GID) in the W1.1 beamline at HASYLAB, has revealed new 
phases on Sr-doped PbTiO3 thin films deposited on DyScO3 substrates. Figure 1 shows the 
domain configuration in real space as revealed by our experiments at W1.  

 

  

 

 

 

 

 

 

 

Figure 1. In-plane components of the domain patterns of the Sr-doped PbTiO3 thin films on 
DyScO3 substrates in real space.  
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Figure 2. Measurement (left ) and simulation (right) of the reciprocal space area around the (110) 
in the HK0 plane. Axes are in units of 4π/λ. 

 

Figures 2 and 3 show two areas of the reciprocal space around the (110) and (100) reflections, 
respectively, measured in grazing incidence geometry. The observed satellites are due to the 
perfectly periodic ferroelectric/ferroelastic domains. The right-hand side of the figures show the 
simulations of the diffraction satellites produced by the domain arrangements of figure 1. There is 
a very good agreement between the simulations and the observations. The periodic patterns in-
plane are likely to also reflect the existence of and out-of-plane component of the polarization. 
This would imply that a new ferroelectric phase has been stabilised. 

 

  

 

 

 

 

 

 

 

Figure 3. Measurement (left ) and simulation (right) of the reciprocal space area around the (100) 
in the HK0 plane. Axes are in units of 4π/λ. 

 

Although work is still on progress to solve the phase diagram of Sr-doped PbTiO3 on DyScO3, 
these experiments already indicate the power of this approach to create new ferroelectric phases. 
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Diffuse scattering in La0.95Sr0.05Ga0.9Mg0.1O3-δ 
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Compounds of composition La1-xSrxGa1-2xMg2xO3-δ (abbreviated LSGM) are technically promising 
e.g. as electrolyte materials in solid oxygen fuel cells which operate at lower temperatures than 
currently used devices. Depending on the amount of doping as well as on temperature there occur 
various structural arrangements of different octahedral tilts derived from the parent cubic perovskite 
structure. Preliminary synchrotron experiments have revealed strong diffuse scattering in one 
particular structure of Imbm symmetry [1]. The aim of our experiments was to reveal the underlying 
structural disorder of cations and anions (including vacancies) as well as octahedral tilting and also 
with respect to twin wall and cluster formation. Studies of the real structure will provide 
information about the interaction between twin walls and clusters and oxygen vacancies. This 
knowledge is essential in order to design and to tailor ionic conductors for new fuel cell materials. 

Therefore, the diffuse intensities seen in the Laue patterns have been investigated in more detail 
using monochromatic radiation with λ = 0.56 Å. Two examples are shown in Fig. 1, which have 
been reconstructed, using the program package “rastm” by C. Paulmann (Hamburg), from 180 ° φ-
rotation of the sample and a sample–detector distance of 100 mm. The main features are strong, 
modulated diffuse streaks running along [100] (with the tilting scheme set to a0b-b- corresponding to 
space group Imbm) for lines with k+l=even. The corresponding disorder may be interpreted by 
additional in-phase and anti-phase rotations of the (Ga,Mg)O6-octahedra around the a-axis, with a 
statistical distribution along this axis, but correlated perpendicular to it. Hence, the average space 
group Imbm must be regarded as a superposition of layer-like local structures with tilting schemes 
a+b-b- and a-b-b- corresponding to space groups Pbnm and I21/b, respectively. Another striking 
feature is the absence of diffuse intensity exactly on the reciprocal lines ξkl. This is characteristic of 
the so called size effect and may be related to the ionic mismatch of La/Sr, Ga/Mg and/or 
O/vacancy. Quantitative calculations are underway and will be supported by similar diffuse 
phenomena recently observed with neutrons at instrument RESI at the FRM2-Garching. 

  

Fig. 1. Zeroth (left) and first (right) layers of [001]-zone. Non-integer Bragg spots are due to λ/3 and λ/4 
contamination of the monochromator and should be ignored. 
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As elaborated in [2] the crystal consisted of several twins as a result of the symmetry reduction 
from the cubic to the orthorhombic phase. In order to resolve the reflections from the different twins 
in the crystal additional high resolution measurements were performed by using a larger sample-
detector distance of 350 mm and 2θ-positions up to 100 °. An example is shown in Fig. 2. At least 
three individuals (the fourth domain is hardly observed due to small volume – appr. 3% of sample 
volume) may be discerned, one of which dominates (more than 70% of sample volume), in 
agreement with the results of the Laue investigations on the same crystal [2]. In principle, domains 
connected by a common interface may be identified through connecting diffuse intensity (which 
also should provide information about the interface structure). Unfortunately, such an analysis is 
hampered here by two facts: the rather small reflection splitting and the obviously low number of 
interfaces/domain walls (rather large domains) leading to only weak diffuse intensities, but work is 
still in progress in this respect. 

 

Fig. 2. High resolution section of first layer of [001]-zone. 
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Thin film growth of hexa-peri-hexabenzocoronene on
Ag(111): Monolayer to multilayer transition

H. Glowatzki1, G. N. Gavrila2, S. Seifert2, R. L. Johnson3, J. Räder4, K. Müllen4, D. R. T. Zahn2, J.
P. Rabe1, and N. Koch1
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3Universität Hamburg, Institut f. Experimentalphysik, D-22761 Hamburg
4Max Planck Institut für Polymerforschung, D-55021 Mainz

Interfaces between metal electrodes and organic materials are ubiquitous in electronic devices based
on conjugated organic molecules. Directed optimization of the electronic device function requires
a profound understanding of the organic/metal interface properties. In particular, the interplay
between structural and electronic properties is of huge interest. Here we discuss a prototypical
molecule in the context of organic electronics, which is hexa-peri-hexabenzocoronene (HBC; inset
of Figure 1b). Because of the disc-like structure and high-symmetry, HBC forms highly ordered
layers on many substrate materials, including, e.g., HOPG [1], Cu(111) [2], and Au(111) [3]. It
was found that in the bulk crystal, HBC packs in columns possessing a herringbone structure [4].
Because of the parallel stacking of the molecular π systems, large charge carrier mobilities along
the columns are expected [5].
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Figure 1: UPS spectra of HBC/Ag(111). (a) Spectra for increasing HBC coverage θ. The bottom spectrum
(AM1) is a simulated UPS spectrum of a single molecule. (b) UPS spectra of ‘clean’ monolayer (bottom
solid line) and ‘clean’ multilayer (top dashed line) HBC obtained by the subtraction procedure explained in
the text. The inset shows the chemical structure of HBC.

The transition from mono- to multilayer of HBC on Ag(111) was investigated in this work by
ultraviolet photoelectron spectroscopy (UPS) taken at the Flipper II endstation (beamline E1) at
HASYLAB. Further experimental details can be found in the respective publication [6].
Starting with 2 Å HBC nominal coverage (θ) the mass thickness was doubled after each step up to
a final mass thickness of 32 Å (Figure 1a). The valence region spectra for θ = 2 Å and 4 Å agree
well with the simulated spectrum (bottom) of a single HBC molecule in the gas phase, obtained
by the procedure described in [7]. With increasing θ, an additional peak appears at 2.8 eV binding
energy, whereas the intensity of the peak closest to the Fermi level (EF ) decreases, and the spec-
trum broadens overall. A close look at the intensity of the Ag Fermi edge reveals that it is still
nonzero at 32 Å HBC mass thickness, indicating an incomplete coverage of the Ag surface with
molecules [8]. Consequently, island growth for HBC/Ag(111) is postulated which was confirmed
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by SFM measurements [6]. The transition from a valence spectral shape resembling single HBC
molecules to a more complex shape occurs between 4 and 8 Å mass thickness. Due to the island
growth, HBC molecules in the multilayer contribute to the spectra for θ > 4 Å which give rise
to the complex shape of UPS spectra for HBC θ ≥ 8 Å. In order to verify that the photoemis-
sion spectra for high coverage are indeed a superposition of mono- and multilayer intrinsic HBC
spectra, the following procedure was applied. First, all spectra were normalized to the intensity at
the Fermi edge. Subsequently, the scaled pristine Ag(111) spectrum was subtracted from the 4 Å
HBC/Ag(111) spectrum in order to derive the photoemission signal from the organic monolayer
alone (displayed as bottom curve in Figure 1b). In order to remove metal substrate and HBC mono-
layer contributions from the 32 Å HBC/Ag(111) spectrum, the scaled 4 Å HBC/Ag(111) spectrum
was subtracted. For better comparison, this multilayer spectrum was shifted by 0.3 eV in order to
align the lowest BE features (top curve in Figure 1b). The comparison of ‘clean’ HBC mono- (solid
line) and multilayer (dashed line) spectra in Figure 1b evidence that the multilayer spectrum is very
similar to the monolayer spectrum, except for the 0.3 eV BE shift. The origin of this energy shift of
the multilayer compared to the monolayer can be explained by changes of the polarization energy,
i.e., weaker photohole screening due to a larger distance from the metal surface [9]. In addition, the
‘clean’ multilayer spectrum exhibits significant broadening of the feature derived from the HBC
highest occupied levels toward lower BE (Figure 1b). This may be due to the superposition of sev-
eral effective multilayer thicknesses (with different screening efficiencies), which cannot be taken
into account with our subtraction procedure. Also, the observed broadening of ca. 0.35 eV (Fig-
ure 1) may arise from 1-dimensional electron band formation in the multilayer along the columnar
stacking axis due to substantial intermolecular coupling [10] of neighboring HBC molecules in the
bulk crystal structure [11].
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Luminescence of Cu+ and Cu2+ ions in CsBr crystals  
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Cupper ions in the different charge states usually 
create the set of strongly localized states in the ionic 
compounds [1] that, in principle, may be used for 
development of the storage phosphors and materials 
for thermoluminescent (TL) dosimetry [2]. The 
luminescence of Cu+ and Cu2+ ions in CsBr crystals 
was studied in our previous papers [2, 4] by the 
traditional spectroscopic methods. In this work, we 
continue investigation of nature of the luminescent 
centers created by the cupper dopant in CsBr host 
using the synchrotron radiation (SR) excitation. 

The CsBr:Cu and CsBr:CuBr2 crystals with dominant 
valence state Cu+ and Cu2+, respectively [2, 4], were 
chosen for investigation. Crystals were grown by 
Bridgman-Stockbarger method from the CsBr salt 
of 5N purity and doped by adding the metallic Cu 
and CuBr2 bromide in concentration of 0.5 mole %, 
respectively. The luminescence of these crystals 
was investigated at 10 and 300 K at the Superlumi 
station (HASYLAB, DESY) under excitation by SR 
with an energy of 3.7-25 eV. The emission and 
excitation spectra were measured 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 emission spectrum of the CsBr:Cu crystal  under 
excitation at 5.29 eV in the range of low-energy 
absorption band related to partly-allowed 1A1g→1T2g 
transition of Cu+ ions presents the complex emission 
band in visible rage as a superposition of the two sub-
bands peaked at 2.62 and 2.235 eV (Fig.1a, curve 1). 
The dominant high-energy emission band corresponds 
to the T2g→A1g radiation transitions in the presence of 
the T1g metastable level of Cu+ ions [5]. In work [2] 

we noted that as opposed to the typical one-component character of Cu+ emission [6], the luminescence spectrum 
of Cu+ ions in CsBr:Cu crystal under 1A1g→1T2g band excitation consists also of second low-energy emission 
band peaked at 2.235 eV. The possible reasons for the existence of two band of Cu+ emission are as follows: (i) 
the on- and off-centre configurations of the relaxed excited state of Cu+ ions [7] with different prevailing 
mechanism of excitation; (ii) the formation of the dimer or other complex Cu+ centers.  
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    Fig.1. Emission spectra (normalized) of CsBr:Cu 
and CsBr:CuBr2 crystals at 300 K under excitation 
by SR in the range of Cu+ and Cu2+ ions absorption 
bands at 5.29 (1a) and 4.09 eV (1b), exciton range at 
6.04 (2a) and 5.98 eV (2b) and interband transition 
range at 6.88 (3a) and 6.765 eV (3b), respectively.

The excitation spectra of two emission bands of Cu+ ions in CsBr:Cu crystal are shown in Fig.2a. The 
excitation spectrum of high-energy band consists of two bands in the CsBr transparency range peaked at 
4.47 and 5.45 eV related to the 1A1g→1T2g transition of Cu+ ions. In the exciton range this spectrum contains 
the band peaked at 5.83 eV corresponding to the energy of formation of excitons bound with Cu+ ions. The 
shape of excitation spectrum of low-energy band of Cu+ luminescence significantly changes in comparison 
with the same spectra for the high-energy band (Fig.2a, curve 2). Specifically, the emission in this band 
weakly excited in the fundamental absorption range but effectively excited in the wide band peaked 
approximately at 4.47 eV which strongly overlapped with the low-energy absorption band of Cu+ ions. Most 
probably, this excitation band corresponds to the charge transfer transition (CTT) between the bottom of 
valence band formed by the Br- states and ground state of Cu+ or Cu2+ ions. 
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The emission spectrum of CsBr:Cu crystal under 
excitation at 6.04 and 6.88 eV (Fig.1a, curve 1 and 
2, respectively), presents the dominant band peaked 
at 3.01 eV corresponding to emission of excitons 
localized around Cu+ ions. This emission band is 
excited mainly in the exciton range (5.5-6.2 eV) 
(Fig.2, curve 3) what confirms their exciton origin. 
The maxima of excitation bands peaked at 6.0 and 
6.66 eV in the exciton and fundamental absorption 
ranges, respectively, correspond to the energies of 
creation of such excitons. 

The luminescence spectrum of CsBr:CuBr2 crystal 
under excitation with an energy of 4.09 eV in strong 
absorption band of this crystal consists of the 
dominant emission band of Cu2+ ions peaked at 2.49 
eV with low-intensity bump in the low-energy side 
(Fig.1b, curve 1). The excitation spectrum of the Cu2+ 
luminescence (Fig.2b, curve 1) in CsBr transparency 
range consists of the intensive band peaked at 4.09 
eV which coincides  with the above mentioned strong 
absorption band. Most probably, this band (Fig.2, 
curve 1) are related to the formation of Cu2+ state via 
CTT from the ground state of Cu+ ions to conductive 
band with following recombination luminescence of 
Cu2+ ions. The intensive bands at 6.65 and 6.9 eV in 
the fundamental absorption range are related to 

citation of Cuex 2+ emission via e/h recombination. 
The dominant bands peaked at 6.0 eV in the exciton 
range corresponds to energy of formation of excitons 
bound with the Cu2+ ions. Besides the emission band 
of Cu2+ ions, under excitation of the CsBr:CuBr2 
crystal in the exciton range at 5.98 eV we also 
observed two emission bands of Cu+ ions peaked at 
2.71 and 2.55 eV (Fig.1b, curve 2). The low intensive 

band at 4.66 and 5.76 eV, most probably, is related just to the excitation band of Cu+ ions (Fig.2b, curve 1).  
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Fig.2. Excitation spectra of CsBr:Cu and CsBr: 
CuBr2 crystals luminescence at 300 K in the range of 
Cu+ ions emission at 2.69 (1a) and 2.06 eV (2a), Cu2+ 
ions emission at 2.25  eV (1b) and localized exciton 
emission at 3.13 (3a) (at 10 K) and 3.26 eV (2b).

The luminescence spectrum of CsBr2 crystal under excitation at 6.765 eV in the fundamental absorption range 
presents the wide emission band peaked at 2.86 eV (Fig.1b, curve 3). Probably, this band is complex 
superposition of the emission of Cu+ and Cu2+ ions and the luminescence of excitons localized around Cu2+ and 
partly Cu+ ions. The excitation spectrum of the low-energy side of this complex band registered at 3.26 eV 
(Fig.2b, curve 2) besides the set of high-intensive band in the fundamental absorption range consist also the low-
intensive band peaked at 6.05 eV corresponding to the energy of creation of excitons localized around Cu2+ ions.  

The existence of the emission bands of different origin (intrinsic radiative transition of Cu+ ions in off- and 
on-centre configurations, recombination luminescence of Cu2+ ions as well luminescence excitons localized 
around Cu+ and Cu2+ ions) reflect the complicated character of formation of the luminescence centers in 
CsBr crystals due to copper doping which can participate in the storage or TL processes in such phosphors. 
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Crystallization of Zr41Ti14Cu12.5Ni10Be22.5 bulk metallic glass (BMG) prepared by shock-wave 
quenching under high-temperature and high-pressure has been examined by in situ synchrotron radiation x-
ray diffraction. The first precipitated phase is found to be the same at different pressures, but the subsequent 
phase precipitation sequences are different. The crystallization temperature of the BMG increases with 
pressure, but with a sudden drop at about 6.0 GPa. The different phase precipitation sequences and the 
sudden drop in the crystallization temperature can be explained by complex pressure effects on the atomic 
configuration of the BMG. 
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Considerable effort is spent on improving material properties of polymers by incorporating filler 
particles, such as glass or carbon fibres. If at least one dimension of the filler particles is on the 
order of a few nanometers, the composite materials are called nanocomposites. A homogeneous 
dispersion of nanoparticles in plastics can considerably improve the material properties. This 
improvement is highly dependent on the degree of dispersion of the filler particles [1,2,4,5]. 
Several groups in plastics engineering work on dispersing nanoparticles homogeneously in polymer 
matrices [1-3]. Organophilically modified nano-clays, particularly modified montmorillonite, play 
an important role in science and recently also in industry [1-4]. Due to the platelet shape of the 
silicate layers of the clay, the diffusion of gas through plastics can be reduced [5,6]. Furthermore, 
stiffness and strength of the plastics can be increased [3,6]. Traditionally, the characterisation of the 
dispersion of the silicate layers in the plastic is carried out by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM) [5,7,8]. 

In a test experiment, ultra small angle x-ray scattering (USAXS) measurements were performed for 
evaluating the potential of this method for nanocomposites produced by dispersing layered silicate 
in a polypropylene (PP) matrix. The main focus was on achieving information on the dispersion 
state of the silicate layers and the size of the agglomerates. The nanocomposite was prepared of PP 
and 8 wt.-% montmorillonite on a counter rotating laboratory scale kneader. The bulk material 
obtained was compression-moulded to disc shape plates with 3 mm thickness. Afterwards, 
3 x 4 x 25 mm³ samples were cut out of the disc for the USAXS measurements. A second sample 
without filler material (pristine PP) was also produced in the same way. The USAXS measurements 
were made at beamline BW4 at HASYLAB, DESY with a photon energy of 9 keV and a sample-to-
detector distance of 13305 mm. The samples were measured in transmission geometry from two 
sides (surface of the disc and a section surface), yielding sample thicknesses of 3 and 4 mm, 
respectively. For achieving very small q-values, also measurements with a slightly shifted 
beamstop were made.  

 

 

Fig. 1: Scattering patterns of (a) the nanocomposite and (b) the pristine PP. 

Fig. 1 shows the scattering patterns of both samples. In Fig. 1(a) the scattering patterns of the 
nanocomposite with central and displaced beamstop for both directions of the sample can be seen. 
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Depending on the direction of the measurement, both radial symmetric and anisotropic scattering 
patterns can be observed. Measurements through the section surface show anisotropy, independent 
of the beamstop position. This can be related either to an orientation of the silicate layers parallel to 
the surface of the disc or to platelet-shaped morphological structures belonging to the polymer 
matrix. Since the measurements of the pristine material exhibit radial symmetric scattering patterns, 
as shown in (b), the anisotropy in (a) must be induced by the nanoparticles. 

For further evaluation, the scattering patterns of the nanocomposite were integrated to 1D-
scattering curves, shown in Fig. 2. For the radial symmetric patterns, the azimuth angle blocked by 
the beamstop holder was excluded from the integration, thus leading to an integration angle of 
323°. For the anisotropic patterns, only a cake-shaped area with an azimuth angle of 115° was 
chosen, covering mainly the regions of high intensity. 

 

Fig. 2: Scattering curves of the nanocomposite with central and displaced beamstop. 

The q-values of the measurements with central beamstop cover the range from 3103  Å-1 to 
2102  Å-1. With displaced beamstop, the minimum q-value can be reduced to 3101  Å-1. All 

scattering curves show a similar pattern on the log-log-scale (Fig. 2) with power law behaviour 
above 3101  Å-1 for measurements with the displaced beamstop and 3103  Å-1 for the central 
beamstop position, respectively. The average exponent is 07.097.2  . However, for homogenously 
dispersed disc shaped particles, one would expect a slope of 2  [9]. This hints to the presence of 
filler particle agglomerates instead of a homogeneous dispersion of nanoparticles. In addition, the 
absence of SAXS oscillations points to a wide distribution of agglomerate sizes in the sample. 
These conclusions are confirmed by analyses of the dispersion state by transmission electron 
microscopy and light microscopy. 
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Nanocomposites of plastics and nano-scale fillers have thoroughly been researched in polymer 
engineering science. The naturally available montmorillonite clay is of most interest for industrial 
and scientific applications. It consists of clay platelets, which have a thickness of approximately 
1 nm and a typical lateral dimension of approximately 500 nm. Homogeneously dispersed in 
plastics, they can improve material properties due to their large aspect ratio and large specific 
surface. However, these platelets show a strong tendency towards agglomeration. They form stacks 
with homogeneous basal spacing, comparable to stacks of playing cards. Several groups in 
engineering work on techniques for homogeneously dispersing clay in plastics [1-3]. Transmission 
electron microscopy (TEM) is usually applied for analysis of the dispersion [4-7]. Also, x-ray 
diffraction (XRD) is commonly employed for detecting the equidistant basal spacings of clay 
agglomerates [8].  

In this work, nanocomposites were prepared on a counter rotating laboratory scale kneader. 
Afterwards, disc shape parts with a thickness of 3 mm were compression moulded. The materials 
used for preparation of the samples were polypropylene (PP) filled with 8 wt.-% of 
organophilically modified clay. Previous XRD-measurements showed that the modified clay has 
basal spacings of 3.35 nm. Reference samples without clay nano-filler were also produced. For 
small angle x-ray scattering (SAXS) analysis specimen of 3 x 4 x 25 mm3 were cut out of the disc. 
SAXS-measurements were made at beamline B1 at HASYLAB, DESY with a photon energy of 
8.6 keV. Two sample-to-detector distances were used, 935 mm and 3635 mm. The measurements 
were performed through the surface of the disc and through the section surface in two 
perpendicular directions, penetrating 3 mm respectively 4 mm of material. 

 

Fig. 1: Scattering patterns with short and long sample-to-detector distance of the nanocomposite and the 
pristine PP through (a) the surface of the disc and (b) a section surface. 

Fig. 1 shows the intensity distribution of the scattered x-rays on the 2D-detector for the 
nanocomposite and the pristine PP sample in both sample-to-detector distances. All measurements 
through the surface of the disc (Fig. 1(a)) show radial symmetry. However, measurements through 
the section surface exhibit different patterns (Fig. 1(b)). Particularly, the scattering pattern of the 
nanocomposite shows for the short geometry anisotropy, with two adjacent maxima. These maxima 
can be interpreted as Bragg peaks from the relatively wide basal spacing of the clay. Also the long 
geometry of the nanocomposite yields an anisotropic pattern. For a better interpretation, the 
scattering patterns were azimuthally integrated to 1D-scattering curves, shown in Fig. 2. These 
curves comprise measurements in both geometries. Thus, the total q range (  sin/4 q ) from 
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0.01 to 0.5 Å-1 is covered. The resulting SAXS curves were corrected with respect to detector 
sensitivity, empty beam, dark current and transmission.  

 

Fig. 2: Scattering curve through (a) the surface of the disc, (b) the section surface. 

The scattering curve for the pristine PP and the nanocomposite measured through the surface of the 
disc are shown in Fig. 2(a). For the pristine PP two shoulders occur, one at a q-value of 
approximately 0.035 Å-1 and a smaller one at 0.08 Å-1. These correspond to periodic structures of 
17.95 nm and 7.85 nm and can be interpreted as morphological structures of the polymer matrix. 
For the nanocomposite, two shoulders can be found at the q-values of approximately 0.055 Å-1 and 
0.20 Å-1. The first shoulder, which corresponds to a periodic structure of 11.42 nm, can also be 
associated with the morphological structure of the polymer. The q-value of the second shoulder 
corresponds to a periodic structure of 3.14 nm. This corresponds to the basal spacings of 
agglomerated clay. Fig. 2(b) shows the scattering curves measured through the section surface. The 
curve of the pristine PP shows the same characteristics as in Fig. 2(a). However, the nanocomposite 
only exhibits a comparably strong peak at a q-value of 0.2 Å-1. In conclusion, the scattered intensity 
of the nanocomposite depends on the orientation of the sample. This way, information about the 
orientation of the clay agglomerates in the plastic can be concluded. 
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Friction stir welding (FSW) is a solid-state joining process, i.e. bonding takes place at temperatures 
below the melting point. It is characterised by a high energy efficiency and an unmatched operator 
and environmental friendliness. Due to its nature, the FSW process is particularly suited for light 
alloys and materials considered difficult to weld or not weldable by conventional fusion welding 
processes. In a very short time, FSW has found a multitude of applications at the high-tech end of 
transportation and energy industries. Therefore, in the framework of the HGF virtual institute VI-
IPSUS a novel in-situ device for friction stir welding called ‘FlexiStir’ was built. The beamline 
HARWI II at DORIS III operated by GKSS with its outstanding experimental facilities offers the 
potential for investigation of modern processes in conjunction with advanced alloy systems. The 
FlexiStir unit was already commissioned in December 2007 during a two-day beam time at 
HARWI II. Precipitation, recrystallisation, and relaxation phenomena are responsible for a loss of 
strength in joints of Al alloys. These phenomena are triggered by the process-induced thermal cycle 
and the mechanical deformation and have significant consequences in the design and performance 
of engineering structures. Presently, the metallurgical reactions (i.e. solubilisation, re-precipitation, 
coarsening, nucleation, etc.) are extrapolated from post-mortem observations on welded samples. 
However, different alloy systems (and the respective thermo-mechanical processing in production) 
react differently to the joining process. The real kinetics of physical chemistry reactions is so far 
unknown and only estimated, i.e. from solubilisation curves and precipitation sequences derived 
mostly from isothermal analysis on unloaded base material samples.  

The photon energy chosen was 70 keV. The beamsize was confined by a first slit pair about 
3100 mm before the sample to a 
size of 0.5 × 0.5 mm2 (H × V). A 
second slit pair, 1130 mm before 
the sample, was used for the clean-
ing up of the beam. The lead 
beamstop itself had a diameter of 
2 mm. It was placed 3 m behind the 
sample. The detector, a MAR345 
online image plate scanner, was 
positioned at a distance of 
7030 mm behind the sample. The 
beam incident angle with respect to 
the 3,2 mm thick Al sheets to be 
welded was 56º. The common alu-
minium alloys AA7449 and 
AA2024 were used for the study. In 
the present experiment, the rotating 
tool advanced with a speed of 4 –
 8 mm/s, that allowed an exposure 
time of 4 s. The distance between Fig.1: FlexiStir at HARWI II beamline 

-270-



beam and tool was fixed, while the exposure. These welding conditions are close to real FSW con-
ditions. 

 
Fig. 2: Dissolution of nano-precipitates in the stir zone 

Figure 2 shows the results from six of the welded sheets in comparison with the parent material. 
The gauge volume increased from 0.3 mm to 2.8 mm distance from the tool shoulder in the heat stir 
zone of the weld. Responding to the growing distance, the investigated material gets older in the 
thermo-mechanical history. Wherefore, a re-precipitation effect can be seen. In the heat-affected 
zone in front of the tool, the increasing temperature leads to a dissolution of nano-precipitates in the 
unwelded basematerial (s. Fig.3). 

 
Fig. 3: Dissolution of nano-precipitates in the heat affected zone in front of the tool 
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Nanoparticles are of high interest due to the potential applications in the field of electronics, high-
density data storage media, catalysis and biotechnology. To control the size and geometric structure
of a nanoparticle wet chemical techniques offer the greatest flexibility. However, the stabilizing
agents/surfactants that are used in the wet chemical process do have a significant influence on
the properties. To determine the electronic and geometric structure of Cobalt nanoparticles as a
function of the different sites (core and surface) and to extract the influence of the surfactants, we
use the technique of resonant inelastic X-ray scattering (RIXS).
The RIXS experiments were performed at the wiggler beamlineW1 of the 4.45 GeV storage ring
DORIS III at HASYLAB. The beam size was about 1.6 mm× 4 mm and the photon flux about
1 × 1011 photons/s. The energy of the incident X-rays was tuned through the Cobalt absorption K-
edge (7709 eV) via a double-crystal Si(111) monochromator (with resolution∆E/E ≈ 2 × 10−4)
from 7690 eV to 7720 eV in 1 eV steps, from to 7800 in 2 eV, to 8040in 6 eV and to 8502 in
7 eV steps. Herewith we continued to pursue the goal of site-selective XAS measurements[2].
Therefore the 1s3p-RIXS maps of a Cobalt foil (Co-foil) and three Cobalt nanoparticles where
recorded (each of size∼ 10 nm). The first nanoparticle was just smoothly oxidized (Co-nano),
the second completely oxidized (Co-nano-ox) and the third was equal to the first except for an
additional AOT coating (Co-nano-aot). The fluorescent radiation was detected by a high-resolution
Johann spectrometer in dispersive geometry [1]. The spherically bent Si(620) analyzer crystal of
the spectrometer with radius of curvature of 1 m was set to a Bragg angle of 70.7◦. The width of
the CCD chip and the energy dispersion of the crystal allowedto detect an emission energy range
of 75 eV around the Kβ line of Cobalt.
The Kβ emission spectra of Co-foil, Co-nano, Co-nano-aot and Co-nano-ox are displayed in figure
1. The chemical shift between Co0 (Co-foil) and Co2+ (Co-nano-ox) is 0.7 eV which is too small
to extract XAS spectra at these positions. Therefore we extract the partial XANES spectra from the
flanks of the Kβ line. More detailed we integrated the intensity at the emission energies 7649±1

eV and 7651±1 eV respectively (±1 to improve the statistics). The resulting partially site-selective
spectra for the coated nanoparticle (Co-nano-aot) are shown in figure 2. Obviously the spectrum
Co-nano-aot (7649) reflects the Cobalt core region mainly since it resembles the Co-foil spectrum.
Co-nano-aot (7651) by contrast shows a lower pre-edge and stronger Whiteline which are charac-
teristic features for Co2+ (compare with Co-nano-ox). Consequentely we can see the surface region
of the nanoparticle mainly in the second Co-nano-aot spectrum.
To gain real site-selective spectra (core- and and surface-region) it is necessary to perform a nu-
merical procedure, because both Kβ detected XANES spectra (Co-nano-aot-7649 and -7651) show
an admixture of the two main Co sites of the nanoparticle. Assuming that each extracted XANES
spectrum (Si

extract) is a linear combination of the Co-core (Score) and Co-surface spectrum (Ssurf )
one can write:Si

extract = ci
core Score + ci

surf Ssurf . By determining the coefficientsci via linear
combination fitting of the total fluorescence signal or the corresponding transmission spectrum or
via information from additional techniques, it is possibleto get the spectra from the specific sites.
However, since it is a priori not known how much compounds contribute to the experimental RIXS
spectrum, it is even better to determine the coefficients by aleast-squares fit. The resulting mathe-
matical spectra finally have to be separated out with respectto their physicality [3].
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Figure 1: Kβ emission spectra of Cobalt foil and three Cobalt nanoparticles.
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Figure 2: Extracted partially site-selective XANES spectra. The fixed emission energy is shown in brackets.
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The synthesis of diluted magnetic semiconductors (DMS) was amongst the major achievements in materials 
physics over the last two decades [1,2]. A wide range of applications may be forseen by the development of 
these materials, such as light-induced ferromagnetism [1], new semiconductor spintronic devices [2],  
electric field control of ferromagnetism, current-induced domain-wall switching, molecular sensing [3]. A 
completely original way we intend to explore is the control of the occurence of ferromagnetism in such 
structures by using host matrices such as vanadium oxides, exhibiting Mott-Hubbard metal-insulator 
transition [4]. Indeed, interesting features such as uniaxial magnetic anisotropy or persistent orbital current 
loops have recently reported on such doped materials [5]. 
 The present study deals with cobalt-doped vanadium oxide thin layers prepared by pulsed laser 
ablation. Variation of the preparation parameters (target composition, laser fluence, or chemical composition 
of the atmosphere during deposition) allows one to synthesize films with a variety of properties. The 
chemical composition of the films was determined by X-ray photoelectron spectroscopy (XPS - see Fig. 1), 
the local atomic order by extended X-ray absorption fine structure (EXAFS) and by X-ray absorption near-
edge structure (XANES), the morphology of the films was investigated by atomic force microscopy (AFM), 
and magnetic properties were quantified by magneto-optical Kerr effect (MOKE). In most cases, the 
chemical composition of the host matrix was found to be the vanadium (5+) oxide V2O5, with Co ions either 
in high ionization state Co5+ (for samples synthesized in high vacuum condition, denoted by Class A), or 
with Co in lower ionization states Co4+ or Co3+ (for samples synthesized in a mixture of argon and oxygen 
atmosphere, denoted by Class B). Consistent information was obtained from chemical shifts from individual 
core level scans in XPS, compared with existent data in litterature [6], and the amplitude of the pre-edge 
peak in XANES, which is a sign of quadrupole 1s → 3d dipole-forbidden transition and whose amplitude is 
proportional to the number of 3d vacancies per atom (see Fig. 2). AFM revealed big particles with sizes > 
100 μm for Class A samples, whereas smaller nanoparticles with sizes ranging between 20 and 30 μm were 
observed for Class B samples (Fig. 3). Class A samples presented very high coercitive fields with a relatively 
low saturation magnetisation at room temperature, whereas Class B samples presented double-loop 
hysteresis curves, indicating the coexistence of exchange bias between two kinds of magnetic moieties with 
strong anisotropy [5,7]. Carbon contamination was also found to sensibly decrease for Class B samples. 
 The novelties of the present study may be summarized as follows: (i) a consistent correlation 
between chemical shifts in XPS and integrals of the pre-edge peak in XANES; (ii) interesting magnetic 
behaviour of Class B samples; (iii) the same samples presented also relevant nanostructuring; (iv) high 
ionization states obtained for Co, where highly depleted 3d density of states could also promote larger 
individual magnetic moments, according to Hund's rules. 
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Figure 1. Overview XPS scans of samples belonging to Class A (red curve) and Class B (blue curve) 
 

 

Figure 2. XANES spectra of samples from 
Class A (red) and B (blue) at (a) Co K-edge; 
(b) V K-edge. 

Figure 3. (3 x 3) μm2 AFM image of a film belonging to Class 
B samples. 
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Erbium doping of silicon-related materials has become one of the main issues in the 
telecommunication technology. The considerable interest for these materials is due to the Er3+(4f11) 
photoluminescence (PL) at 1.54 μm, in a range of minimum absorption of the silica-based optical 
fibers and glasses. This luminescence arises from electron transitions within the incomplete 4f shell 
of Er3+, electric-dipole forbidden (Δl = 0) in the free ion, but partially allowed in a solid host, which 
adds states of different angular moments to the f wavefunctions. While the PL wavelength is almost 
insensitive to the Er surrounding [1], its efficiency critically depends on the chemical ligands of Er 
and their structural arrangement. When introduced in crystalline silicon of high purity, Er is 
surrounded by Si atoms, in a highly symmetrical ErSi12 cage, and is optically inactive. Oxygen co-
doping of the Si host brings O neighbours around Er, in a similar configuration (distorted ErO6 
cages) with that in Er2O3, while the PL yield enhances by about two orders of magnitude [2, 3]. 
Same Er-O cages were found in Er-doped silica [4], which also evinces a high Er-related emission. 
Therefore, the Er environment decisively influences the PL efficiency and its detailed knowledge 
has a key role in achieving systems with optimized optical properties. One of the few tools able to 
provide such information is the extended x-ray absorption-edge fine structure (EXAFS) 
spectroscopy, with its specific advantages of short-range-order sensitivity and element selectivity.  

We report here an EXAFS study of Er environment in Er-doped silica glass. The samples were 
prepared by thermal deposition of Er thin films on glassy SiO2. Samples with Er-film thickness of 
100 nm (sample A) and 200 nm (sample B) were investigated in as-prepared state and after a 
thermal treatment at 750°C, for 1h (Att, Btt).  

The x-ray absorption spectra at the Er L3 edge were performed in the fluorescence-detection mode 
at beamline A1 of the storage ring DORIS III. The EXAFS function was calculated from the post-
edge oscillations of the spectra, normalized to the smooth atomic absorption. The Fourier 
transforms (FT) of the k3-weighted EXAFS (k = photoelectron wavevector) approximate the radial 
atomic distribution around Er, with maxima corresponding to its neighbouring shells (Fig.1), up to 
certain systematic shifts, characteristic of the absorbing-neighbour pairs.  

   

Figure 1: The Fourier transforms of the 
k3-weighted Er L3-edge EXAFS of the 
SiO2:Er samples, before (a) and after (b) 
the thermal treatment. 

Figure 2: The filtered k3-weighted EXAFS spectra (black line) 
corresponding to the nearest neighbours (a, b) and next-nearest 
neighbours (c, d), and their fit (red line) with O (a, b), Si (c) or 
Si+O (d) atoms. 
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For all the investigated samples, the first maximum of FT, at about 1.8 Å (see Fig.1), suggests a 
nearest surrounding of Er composed of oxygen atoms, as in Er2O3. To verify this assumption, the 
corresponding range of FT was back-transformed into the k-space, and the resulted filtered EXAFS 
was fitted with O neighbours (Fig.2a-b). The results of the fit point out that Er is surrounded by 5 
to 6 O atoms at 2.25-2.27 Å, in a close resemblance with the Er2O3 structure. 

Actually, this configuration is not yet very conclusive with regard to the Er state. The 6-fold 
oxygen coordination of Er could describe either an oxidized phase grown on the SiO2 surface, or 
ErO6 cages incorporated into the host lattice. In the former case, the second maximum of FT, in the 
range 2.5-3.4 Å, should correspond to six Er neighbours in the Er2O3 structure. However, the 
Fourier-filtered contribution to EXAFS from the next-nearest neighbours (Fig.2c-d) could not be 
fitted by Er atoms. For the as-prepared samples (A, B) the best fit (Fig.2c) was accomplished for 0.5 
Si neighbours at distances of 3.14-3.24 Å. This demonstrates the Er incorporation into the SiO2 
lattice as dispersed ErO6 cages, connected to the SiO4 tetrahedra of the host by bridging O atoms 
(Fig.3, O1). Such triangular Er-O-Si configuration was already reported for Er-doped silica glass 
[4]. The number of Si neighbours (0.5) indicates that about a half of the ErO6 cages join SiO4 units 
in a relatively ordered configuration, with well defined Er-O1-Si bond angles (~110°) and Er-Si 
distances (~3.2 Å). The more distant oxygen atoms of the SiO4 unit do not contribute to the FT of 
EXAFS. This indicates a high degree of disorder of the corresponding Er-O distances, arising from 
random rotations of the SiO4 tetrahedra around the Si-O1 bonds.  

 

Figure 3: ErO6-SiO4 linkage in the annealed SiO2:Er samples. 

The subsequent annealing brings about a split of the second maximum of FT (see Fig.1b), pointing 
out additional next-nearest neighbours. For the annealed samples, the fit of the filtered EXAFS 
(Fig.2d) found ~0.5 Si neighbours at distances in the range 3.07-3.17 Å, similarly with the structure 
of the as-prepared samples, and additional O neighbours at 3.41-3.46 Å. This configuration 
describes an ordering effect of the annealing, consisting of a preferential relative orientation of the 
ErO6-SiO4 couples, with two O atoms (O2 and O3 in Fig.3) symmetrically placed with respect to 
the Er-O1-Si plan. This makes visible their contribution to EXAFS, in contrast with the as-prepared 
samples.  

The above analysis shows that Er deposition on silica is able to induce the migration of an 
important fraction of Er into the host matrix even in the deposition stage, previously to the thermal 
treatment. Er is incorporated into the SiO2 lattice as ErO6 octahedra interconnected with SiO4 
tetrahedra by bridging oxygen atoms. The subsequent annealing at 750°C has an ordering effect on 
the ErO6-SiO4 linkage, favouring a symmetrical orientation of the SiO4 units with respect to the Er-
Si bonds. 

We gratefully acknowledge the valuable support of Edmund Welter and Dariusz Zajac (HASYLAB) during 
the EXAFS experiments. 
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High temperature materials, such as Iron Alumindes, commonly rely upon the formation of a 
thermally grown oxide scale that protects the underlying metal substrate from potentially hazardous 
atmospheres and the reactive metal substrate [1]. An important aspect of the oxidation resistance of 
these materials is the development of internal stresses in the oxide scale due to growth 
incompatibilities intrinsic to the oxidation process [1, 2]. However, the mechanisms of strain 
formation during oxide growth are manifold and not fully understood for a number of metal-oxide 
systems [1, 2]. The objective of this work was to improve the understanding of the origins of 
oxidation-induced stresses in Fe-Al alloys. To this end, in-situ oxidation experiments were carried 
out on cast Fe-15at.%Al samples at the G3 beamline of the HASYLAB at DESY. The samples 
were oxidized at 700°C in atmospheric air. Under these conditions oxide scale thinkness is of 
approximately 100nm [3]. The evolution of phase composition was obtained from Rietveld 
refinements using 2θ scans recorded past 2, 7 and 12 hours of oxidation under the grazing ω-angle 
of 1°. For the determination of the growth stresses, the modified sin2Ψ method [4] was applied with 
a grazing ω-angle of 1°. 

The evolution of the phase composition in the oxide scale is shown in Fig. 1(a) and Fig. 1(b), 
respectively. The volume fraction of each oxide phase as determined by Rietveld refinement is 
shown in Fig. 1(c) as a function of the oxidation time. The main phases present in the scale during 
the entire oxidation process are α-Al2O3 and α-Fe2O3. 
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Figure 1: XRD data collected in-situ during oxidation of Fe-15at.%Al at 700°C after (a) 2h and (b) 12h of 
oxidation. (c) Evolution of phase volume fraction 

The evolution of growth stresses is presented in Fig. 2. The (104) diffraction line was used for 
stress determination in α-Al2O3 and α-Fe2O3. Throughout the entire oxidation, compressive 
stresses were found to act in the α-Al2O3 grains whereas α-Fe2O3 undergoes tensile stresses. The 
occurrence of compression in α-Al2O3 associated with tension in α-Fe2O3 indicates that the 
mechanism causing internal stresses during the early stages of oxide growth is not the constraint 
usually imposed on oxide scales, as they typically attempt to expand laterally along their grain 
boundaries [1]. It has been suggested [2] that epitaxial growth might play a role on the stress level 
inside thin oxide scales of less than 1µm thickness. This is of particular relevance in the present 
study, since α-Al2O3 and α-Fe2O3 share the same trigonal lattice structure. In case of thin α-Fe2O3 
films growing on α-Al2O3 single crystals, the following epitaxial relationships have been reported 
[5, 6]: [-2110]α-Al2O3 // [2110]α-Fe2O3 and (0001)α-Al2O3 // (0001)α-Fe2O3. According to Wang [5] and 
Lee [6], the 5.7% difference in lattice parameters along the crystallographic a-direction is 
accommodated by misfit dislocations. This semi-coherent interface was shown to cause tensile 
strains in the direction of the a-axis of the α-Fe2O3 crystals (εa,Fe2O3 > 0) and compressive strains 
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along the c-direction (εc,Fe2O3 < 0) [5]. Because of compatibility of deformation at the interface the 
α-Al2O3 grains undergo opposite strains along their crystallographic a- and c-directions (εa,Al2O3 < 0 
and εc,Al2O3 > 0). These lattice mismatches produce, in case of the (104) lattice plane, the trends 
observed in the in-situ stress studies, i.e. tensile growth strains arising in the α-Fe2O3 grains 
(ε104,Fe2O3 > 0), whereas α-Al2O3 evolves compressive strains (ε104,Al2O3 < 0). 
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Figure 2: Growth stresses on the (104) lattice planes of α-Al2O3 and α-Fe2O3 at 700°C. 

The values identified in Fig. 2 by “RT” refer to the residual stresses observed after cooling to room 
temperature. The cooling strains lead to an increase of compressive stresses in α-Al2O3 and of 
tensile stresses in α-Fe2O3. It is known that the oxide scale growing on the Fe-15at.%Al alloy is a 
composite layer [3], where the α-Fe2O3 grains are embedded within a matrix of α-Al2O3. As in 
each composite material, the residual stresses experimentally determined in each oxide are thus a 
superposition of macro- and micro-stresses [7]. In the present case, homogeneous macro-stresses 
σI, which act simultaneously on both oxides and extend over several grains, can result from the 
thermal expansion mismatch between the entire oxide scale and the substrate. The phase (i) -
specific micro-stresses σII

i are also of thermal origin, arising from local thermal mismatches inside 
the oxide scale, i.e. between the grains of α-Fe2O3 and the matrix of α-Al2O3. Taking into account 
both types of stress and the equilibrium condition for the micro-stress components, the following 
system of equations can be formulated for the investigated gauge volume: (1) σT,exp

Fe2O3 = σI + 
σII

Fe2O3 , (2) σT,exp
Al2O3 = σI + σII

Al2O3 and (3) fFe2O3 σII
Fe2O3 + fAl2O3 σII

Al2O3 = 0. 

The macro-stresses σI and the micro-stresses in each oxide σII
i can thus be calculated from Eq. (1)-

(3) using the thermal contribution to the experimentally determined residual stresses σT,exp
i which 

can be deduced from the difference between the stress values obtained prior and after cooling as 
well as the volume fraction of each oxide fi determined from Rietveld refinements. The results 
show that the macro residual stresses imposed by the substrate onto all the constituents of the oxide 
scale are of compressive nature (-350MPa), whereas the micro residual stresses are tensile 
(540MPa) in the α-Fe2O3 grains and compressive (-60MPa) in the α-Al2O3 matrix. The residual 
stress values follow the trend given by the thermal expansion coefficients of the phase constituents 
involved: αFe > αFe2O3 > αAl2O3. 
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X-ray absorption measurements for the Fe-K-edge (7.112 keV) at beamline E4 were carried 
out in transmission mode of nanoscaled powders containing iron and boron. Nanoparticles 
were produced via low temperature synthesis in organic solution. Afterwards particles have 
been treated thermally. X-ray powder diffraction revealed only broad peaks preventing 
identification of phase(s). Therefore local structure of nanoparticles was investigated by X-ray 
absorption fine structure spectroscopy. 
Sample preparation for XAFS involved preparing 13 mm thin pellets of a mixture of the 
sample and polyethylene as binding agent. Reduction and analysis of the XAFS spectra were 
performed using the programs WinXAS [1], ATOMS [2] and FEFF7 [3] and by a standard 
procedure described in [4].  
Normalised absorption of particles has been compared with absorption fine structures of a 
series of reference materials e.g. high-temperature synthesized crystalline iron borides, 
borates and oxides. There is an agreement on absorption fine structure of monoiron 
monoboride (Fig.1), which crystallizes in orthorhombic system, space group Pnma. 

Figure 1: Normalised absorption of  Fe-B nanoparticles (red) matches with norm. absorption 
of high-temperature synthesized crystalline FeB (blue). 

 
Data analysis (fit simulation and refinement) was performed with k3-weighted fourier 
transform. Crystal structure data of orthorhombic monoiron boride was taken from 
Kapfenberger et al. [5] and converted by ATOMS to a FEFF input file. In fitting procedure 
structural parameters coordination number and scattering path distance were fixed. Debye-
Waller (DW) factors of single scattering shells were constrained and those of multiple 
scattering paths were calculated from DW factors of the constituent single scattering paths. 
Energy shifts of scattering paths were correlated to each other and overall amplitude reduction 
factor was free running.    
Figure 2 displays as an example a good fit refinement result of single crystal FeB (blue 
dashed line) and experimental data of nanoparticles (red line). Local structure of iron and 
boron containing nanoparticles is therefore consistent with structure of crystalline FeB up to 6 
Å around an iron absorber atom. Refinement parameters are listed in table 1.   
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Figure 2: EXAFS-fit data (blue dashed line) and magnitude of fourier transform (red line) of 

experimental data of Fe–B nanoparticles 
 
 
Table 1: EXAFS parameters for Fe-B nanoparticles 
K-range [Å-1] 2.5-15 
Window function Bessel, beta 4 
Fit range [Å] 0.9-6.7 
Free running parameters<independent 
parameters 

24<48 
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Ge1-xMnxTe surface alloy formation on GeTe epilayer – a resonant 
photoemission study 
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Ge1-xMnxTe belongs to IV-VI-based diluted magnetic semiconductors (DMS) in which the 
presence of magnetic ions and their exchange interaction with charge carriers result in 
unusually strong magneto-transport and magneto-optic phenomena. This system attracts a 
considerable interest due to ferromagnetic properties and relatively high Curie temperature of 
190 K, measured recently for Mn contents of 8% [1]. Some experimental results acquired for 
polycrystals indicate that co-doping with Mn and Eu may lead to an additional increase of the 
Curie temperature [2]. Unfortunately, the growth of monocrystalline, high quality samples of 
Ge1-x-yMnxEuyTe has not been reported yet. In this paper we describe a successful attempt to 
prepare Ge1-xMnxTe surface alloy. We expect that this method is suitable for in situ 
modification of Mn contents in GeTe-based samples and, in particular, for co-doping with Mn 
of monocrystalline epilayers of Ge1-xEuxTe. Thus, it enables us to study some properties of 
Ge1-x-yMnxEuyTe before a monocrystalline sample of this system is available. 
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Fig. 1. The valence band spectra of (a) GeTe with deposited 0.5 ML of Mn and (b) clean 
Ge0.9Mn0.1Te monocrystalline layer measured for photon energies near the Mn 3p-3d 
excitation threshold.  
In order to verify that the Mn ions deposited on GeTe occupied the proper positions in the 
surface region of the crystal we carried out a photoemission experiment revealing the 
distribution of electron states in the valence bands of Mn/GeTe and Ge0.9Mn0.1Te (an epilayer 
doped during the growth process). The layers were grown on BaF2 (111) substrates by an 
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MBE method with use of GeTe, Te2 and Mn solid sources. The substrate temperature was 
400-450 oC. The Mn overlayer was deposited in situ at room temperature. The amount of 
deposited manganese was measured using a quartz microbalance. The resonant photoemission 
experiments were performed at the beamline E1 (FLIPPER II). The overall energy resolution 
was kept at 250 meV. The origin of the energy axis was set at the Fermi energy as measured 
for a reference metallic sample.  

The spectra of Mn/GeTe and Ge0.9Mn0.1Te (Fig. 1) 
were obtained by means of resonant photoemission 
spectroscopy for the photon energy range of 45-
60 eV (corresponding to the Mn 3p→3d 
transition). A strong resonant enhancement of the 
emission from the valence band and appearance of 
a maximum at the binding energy of 3.8 eV were 
observed at the photon energy of 51 eV for both 
systems. The anti-resonance behaviour 
(suppression of the Mn 3d-related emission) was 
observed at hν=47 eV.  
The difference between the spectrum with 
maximum resonant enhancement and that obtained 
at the anti-resonance measures the contribution of 
Mn 3d states to the valence band (Fig. 2). The 
shape of such a curve is sensitive to the interaction 
of Mn 3d orbitals with orbitals of ligands as well as 
to the symmetry of the neighborhood of the Mn ion 
in the crystal. The close similarity between the 
difference curves obtained for the investigated 
systems proved that a considerable amount of Mn 
ions occupied the same sites in Mn/GeTe as in 
Ge0.9Mn0.1Te and the Ge1xMnxTe surface alloy 
was created on the GeTe sample, even at room 

temperature. The overall shape of the difference curves corresponds well to those of the 
systems with Mn2+ ions surrounded by six Te ions in the octahedral coordination [3]. A 
shoulder occurring just below the Fermi energy for Mn/GeTe showed that some Mn atoms 
still left on the sample surface as metallic islands.  
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31/0749 and DESY/68/2007 as well as by the European Community via the Research 
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Fig. 2. The differences between the 
spectra taken at hν=51 and 47 eV for 
Mn/GeTe and Ge0.9Mn0.1Te.  
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Ultraviolet photoelectron spectroscopy (UPS) experiments were performed on monocrystalline 
silver for increasing coverage of the acceptor molecule coronene hexaone in order to deepen our 
understanding of metal-organic interactions, using the Flipper II beamline. Depositions were 
performed in-situ under ultra high vacuum conditions using a pinhole evaporation cell. UPS spectra 
were recorded after each evaporation step in order to measure valence electronic structure from sub-
monolayer to multilayer coverage. Recording the secondary electron cut-off gave access to sample 
work function. Hole injection barriers (HIB) were also determined from valence electronic structure 
measurements. 

This work was part of ICONTROL EC project (EC-STREP-033197) focusing on interfaces 
modifications for organic light emitting diodes and organic photovoltaic devices. We acknowledge 
support by DESY-HASYLAB and the EC under contract RII3-CT 2004-506008 (IASFS). JG is a 
research associate of NFSR (Belgium). 
 

 
Schematic view of the coronene hexaone molecule. 
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Li and Na motions in a double-6-ring lithosilicate, 
sugilite (Na2(Fe,Mn,Al)2[Li3Si12O30]) 
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From the crystal-chemical point of view, within the structures of the milarite-family 
(A2B2CDT(II)3T(I)12O30) Li and various multivalent metal cations can reside on both T(II)-
tetrahedra and A-octahedra. The T(II)-tetrahedra and A-octahedra are connected via common edges 
to build two-dimensional networks. As shown in our previous work [1], Li can conduct within these 
T(II)-A-Networks at higher temperatures above 800 K. The ionic conductivity can be improved by 
additional charge transfer by Na cations which are included within 12-fold coordinated cages of this 
topology. To resolve Na dynamics by analysing atomic displacement parameters (ADP’s) at 
elevated temperatures we have collected synchrotron X-ray single crystal diffraction data with a 
sugilite (Na2(Fe,Mn,Al)2[Li 3Si12O30]) crystal (0.3 x 0.3 x 0.4 mm3), the Na-richest milarite-type 
lithosilicate. Data collection of a complete set between 300 and 1023 K was conducted on the 
instrument F1, DORIS, HASYLAB.  This data set with high redundancies was successfully 
corrected and reduced up to a high resolution of 0.4 Å, resulting in good Rint values (Table 1). The 
structure analysis using Direct method and Difference-Fourier calculations were performed. The 
evaluated F2 (F = structure factors) of the obtained structure models at every measuring 
temperatures show good agreements with those of experimental data (Rwobs in Table1). 

 
Temperature 
[K] 

Number of collected 
reflections 

Redundance Rint [%]  Number of 
unique reflections 

Rwobs [%] 

300 22055 37 2.40 644 2.98 
423 16894 30 4.75 613 4.38 
573 20787 37 4.11 620 4.19 
723 21734 37 2.97 623 3.64 
873 21678 38 2.58 621 3.75 
1023 21591 38 2.47 621 3.96 

Table 1 Summary of data collection, reduction, and structure analysis with a sugilite single 
crystal. 

As expected, with increasing temperature not only ADP’s of Li but also those of Na increase 
dominantly parallel to the a-b-plane, i.e. parallel to the T(II)-A-network (Figure 1). This tendency is 
more clearly demonstrated by principal mean square atomic displacements U1, U2, and U3 for Li 
and Na at each temperature, as shown in Figure 2. 

The high ADP’s of Na is consistent with higher bulk ionic conductivity in sugilite, compared with 
that in another milarite-type sogdianite (KNa0.3(Zr,Fe,Ti,Al)2[Li 3Si12O30]) with lower Na-content. 
With structure analysis with this data set with a high quality allowed us to confirm the important 
role of Na in this topology: as a charge compensating cation and charge carrier. 

Note that the mobility of Li cations rises fast at the high temperature range above 700 K, while that 
of Na retarded somewhat at the high temperature (Figure 2). Therefore, it can be concluded that the 
site exchange of Li between T(II)- and A-sites can be the main contribution to a bulk ionic 
conductivity value of 1.4 x 10-3 S·cm-1 at 1063 K in sugilite [2]. 

To explain details of diffusion paths of Li and Na the analysis of anharmonic ADP’s with this data 
set is in progress. The results will be published in a Form of an extended report elsewhere. 
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Figure 1 Thermal ellipsoids of the sugilite model obtained by structure analysis with single 
crystal diffraction data at 1023 K. 
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Figure 2 Principal mean square atomic displacements U’s [Å2] of Li(left) and Na (right) 
between 300 and 1023 K. 
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The samples studied are test structures especially made for an investigation of strain fields created 
by oxide at the oxide - silicon single crystal interfaces. In the four wafers investigated there are 
cavities etched in the substrate. The cavities have a width of 50, 200, 500 and 800 µm. The 
thickness of the thinned topmost silicon wafer bonded to the substrate is 4.1, 6.1, 10.0 and 19.9 µm, 
respectively. The silicon oxide in between has a thickness of 1 µm in each sample. 

Synchrotron x-ray topographs were made at the HASYLAB-DESY F1 topography station in 
transmission and back-reflection geometries on high-resolution VRP-M films from Slavic with 
sample-to-film distances of 60 mm. The test structures of the samples were on the film side. The 
wafer was tilted 16 degrees about the horizontal [110]-axis in order to record also the small-index 
220 reflection from the lattice planes perpendicular to the wafer (001) surface. The x-ray topographs 
were magnified with an optical microscope equipped with a digital camera.  

Figures 1, 2 and 3 show transmission topographs of a silicon-on-insulator sample. The rows of 
square and round cavities are the prominent features of the diffraction image. Two types of strain 
fields are observed. The less sharp rather broad lines are interpreted as a result of strain produced by 
oxide at the square and round cavity edges of the substrate. The contrast follows the diffraction 
vector.  

 

Figure 1. 220 transmission topograph of a silicon-on-insulator sample with cavities. 

The other strain field is observed as very narrow and sharp black strings overlapping the broad 
oxide edge images of the substrate. The string like images are symmetrical figures and their contrast 
follows the diffraction vector in the same way as the broad lines do. The strings are interpreted as 
images resulting from the strain between the oxide layer and the topmost thin silicon wafer attached 
to the substrate. The size of the string image seems to be related to the magnitude of the strain and 
the shape of the cavity.    
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Figure 2. 040 transmission topograph of a silicon-on-insulator sample with cavities. 

 

Figure 3: 400 transmission topograph of a silicon-on-insulator sample with cavities. 
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Thallium bromide is an attractive material for near room temperature hard X-ray and γ-ray detector 
applications due to its wide band gap and high photon stopping power. Material purity and crystal 
quality issues have mainly been reported to impede the performance of TlBr detectors [1-3]. 
Mechanically induced damage and dislocations on the detector crystal surface have also been 
observed to affect the spectroscopic performance of TlBr detectors significantly [3]. 

In this work crystal quality of radiation detector grade TlBr material, grown by the Bridgman-
Stockbarger process, was analyzed by synchrotron X-ray topography method (SR-XRT). The results 
obtained by topography were compared to results obtained with a laboratory X-ray diffractometer 
and with current-voltage characteristics of detector devices manufactured of the studied crystals. 

Firstly large-area back-refletion geometry with beam size of 1x2 mm
2
 was experimented. It was 

observed that the radiation power absorbed on the sample surface was too high causing significant 
crystallographic damage on the sample surface. During the exposure the sample surface turned from 
light yellow to metallic black and no diffraction pattern was obtained. Thus, the measurement setup 
was changed to back-reflection cross-section geometry. This measurement setup utilizes a 15 
micrometer slit in the incident beam and thus the radiation power on the sample was reduced 
significantly. In this geometry TlBr samples did not suffer visually observable damages and good 
quality diffraction pattern was obtained. 

The synchrotron X-ray topography of the TlBr samples resulted in a single Laue pattern, which 
confirms the single crystalline nature of the material. However, all samples have a large amount of 
small-angle grain boundaries and thus the material quality is too poor to enable analysis of 
individual dislocations from topographs. The 220 back-reflection section topographs of four TlBr 
samples are shown in Fig. 1. The beam width in this synchrotron topography measurement was 3 
mm. Due to small-angle grain boundaries, that are present in the sample, the topography image is 
spread over an large area in figures 4a and 4b. In all studied samples the image spreading makes it 
impossible to distinguish any individual dislocations. As shown in Fig. 2a, all the samples resulted 
a narrow peak in X-ray diffraction measurement and thus it is likely that the spreading seen in 
figures 4a-d is due to small angle boundaries between different domains in the samples rather than 
variation in lattice constants. The relatively wide orientation distribution of the grains would 
suggest that the grain boundaries have originated during the crystal growth process. However, TlBr 
is prone to mechanical damage due to its softness. Thus mechanical handling could also damage 
material resulting in granular structure.  

In conclusion X-ray diffraction studies showed presence of small-angle grain boundaries in the 
crystals. Clear differencies between the samples were observed by SR-XRT method. The crystal 
with the most pronounced small-angle boundaries showed the lowest resistivity and the poorest 
spectroscopic characteristics. 
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Figure 1: Back-reflection section synchrotron X-ray topograpsh of four TlBr samples. The crystallographic 
quality of samples a) and b) is very poor. Sample d) shows the least amount of small angle grain boudaries. 

 

 

Figure 2. a) 2theta XRD curve of three TlBr samples.  b) rocking curve measurement of the same TlBr 
samples as in a)  
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In this paper, we report the formation of a series Zr–(Cu,Ag)–Al bulk metallic glasses (BMGs) with 
diameters at least 20 mm and demonstrate the formation of about 25 g amorphous metallic ingots in a wide 
Zr–(Cu,Ag)–Al composition range using a conventional arc-melting machine. The origin of high glass-
forming ability (GFA) of the Zr–(Cu,Ag)–Al alloy system has been investigated from the structural, 
thermodynamic and kinetic points of view. The high GFA of the Zr–(Cu,Ag)–Al system is attributed to 
denser local atomic packing and the smaller difference in Gibbs free energy between amorphous and 
crystalline phases. The thermal, mechanical and corrosion properties, as well as elastic constants for the 
newly developed Zr–(Cu,Ag)–Al BMGs, are also presented. These newly developed Ni-free Zr–(Cu,Ag)–Al 
BMGs exhibit excellent combined properties: strong GFA, high strength, high compressive plasticity, cheap 
and non-toxic raw materials and biocompatible property, as compared with other BMGs, leading to their 
potential industrial applications. 
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Bacterial polyglutamic acid (PGGA) has been modified by ionic complexation with naturally-
occurring cationic surfactants to generate comb-like systems with a biphasic amphiphilic structure 
(nATMA·PGGA). X-ray diffractions revealed that all complexes were found to adopt stratified 
supramolecular structures made of alternating layers of polyacid and surfactant with a periodicity 
increasing from 3 up to 4 nm according to the length of the alkyl side chain. 
 
 
 
 
 
 
 
 

 
        Formula of nATMA-PGGA                       Layered biphasic structure of nATMA-PGGA 

 
 

To improve the physical properties of these comb-like polymers certain amounts of cloisite 30B 
was dispersed in nATMA·PGGA resulting in new nanocomposite systems nATMA-PGGA-MMT, 
A preliminary study reveals appreciable changes on their thermal properties indicating changes in 
the supramolecular structure of the new nanocomposites. X-ray diffraction technique with 
synchrotron radiation can contribute to the structural analysis of these nanocomposites. 
 
X-RAY DIFFRACTION STUDIES 

 
In previous time resolved X-ray experiments carried out at the A2 beamline of DORIS, DESY, the 
ionic complex showed reversible changes at both SAXS and WAXS scattering patterns 
corresponding to the melt of the paraffinic phase (WAXS) involving rearrangements at the 
supramolecular layered structure (Lo) (SAXS). 
 
In this communication we describe the results obtained in the simultaneous WAXS-SAXS analysis 
on isotropic samples of the nanocomposite complexes nATMA-PGGA-MMT (3%) carried out in 
real-time by synchrotron radiation under variable temperature in the 10-120 ºC range with 
heating/cooling rate of 10 ºC/min. the results were compared with those obtained with the pure 
ionic complexes nATMA·PGGA and heterogeneous mixtures of the complexes with 3% of the 
cloisite 30B. 
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Figure 1. SAXS patterns of 22ATMA·PGGA (a), 22ATMA·PMLA+30B (b), 22ATMA·PGGA-MMT 3% (c) 

as a function of temperature at heating (top) and subsequent cooling (bottom). 

 
Upon heating from 10 ºC, in all cases, an expansion of the lamellar structure associated to the 
melting of the side chain was observed in the SAXS patterns followed by a remarkable increase in 
the area of the peak after the melt (Figure 1). No changes were observed in the long period L0 
between the patterns of the pure ionic complexes (nATMA·PGGA) and the heterogeneous mixture 
of the complex and the nanoclay (nATMA·PGGA+30B), however a new weak and broad peak at 
around 4.5 nm was observed in the scattering patterns of the ionic complex nanocomposites 
nATMA·PGGA-MMT 3% which could correspond to the coexistence of lamellae attributed to the 
presence of nanoclay. All these changes were found to reversible upon cooling. No changes were 
observed in the WAXS scattering 
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The main goal of this study of Co1-xAlx  nanoparticles is  to determine the composition and 
oxidation conditions which will lead  to the formation of Co@Al2O3 nanoparticles, Such 
segregated nanoparticules should exhibit both strong magnetic moment (actually higher than bulk 
Cobalt) and good stability vs. exposure to air.  

Small (< 3 nm) particles have actually been synthesized and structurally and magnetically 
characterized by Wide Angle X-ray scattering  (WAXS) and SQuID (Figure 1) and indeed evidence 
the formation of well-defined alloys with the expected magnetic properties, especially the dramatic 
enhancement of the magnetic moment related to the partial oxidation of the alloy. 

Figure1: Left, WAXS pattern of βCo1Al1 nanoparticles and the radial distribution function (shown as inset) 
and right, SQuID measurement at 2K on βCo1Al1 particles (solid curve) and oxidized CoAl particles 

(dashed curve).The hysteretic behaviour of both samples is shown in the inset.. 

EXAFS and XANES measurements have been performed on the E4 beamline in transmission mode 
at room temperature on samples for different Co/Al ratios and different oxidation levels.  Because 
of the high sensitivity to oxidation of the alloys before complete passivation by  the Al2O3 layer, 
the protocol successfully developed for even more sensitive FeRh and CoRh nanoparticules was 
applied. However fewer than expected successful measurements could be obtained and are still 
under analysis.  

 

 

 
Figure 2: Normalized absorption of the Co1Al1 
nanoalloy at different levels of oxidation. 
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Fibrous polysaccharide such as cellulose and chitin are important mechanical component in 
biological system and in bio-based materials such as wood. Our project consists of analysing the 
lattice deformation of microcrystals in uni-axially oriented model sample with PVA matrix. In the 
previous experiment, a 5 N load cell with humidity control was used with humidity control. The 
stretching device allowed the inclination of the sample to bring a meridional diffraction in the 
Bragg condition to follow the strain in the chain direction under uni-axial stress along the chain 
direction. However, the 5 N load cell allowed measurement of only thin fibres that in turn resulted 
in limited signal-to-noise ratio. Thus in this experiment, a stretching device with higher capacity 
(2.5 KN) was used. The fibre axis was perpendicular to the beam direction.  

a b c d  

Figure 1: Diffraction pattern of a) cellulose Iα – PVA, and c) β chitin-PVA composite fiber at rest and c) d) 
difference diagram of diffraction with tensile stress applied and without. Arrow indicates the diffuse halo 

ring from PVA. The fiber axis and stretching direction is vertical. 

Figure 1 shows examples the diffraction pattern obtained from fiber samples of about 100 µm 
diameter. The air scattering was negligible and the lattice deformation is directly seen in the 
difference diagram b and d. The positive and negative peaks corresponding to the shift of the broad 
peak corresponding to the PVA could be seen in the difference diagram. This suggests that the PVA 
matrix deformation was much more important than the crystalline filler. As a consequence the 
stress transmitted to the crystal should be smaller than what is expected from a parallel model, and 
cannot be directly determined.  

 

Figure 2: Left: evolution of d-spacing of equatorial diffractions of β-chitin as a function of axial deformation 
and right: molecular model and the anisotropic strain behaviour of β-chitin calculated from the strain. The 

long axis of the oval indicates the largest deformation in plane vertical to the fibre direction. 
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On the other hand, the sharp and high-quality diffraction data allowed the precise measurement of 
the anisotropy of lattice deformation. Figure 2 shows the off-axial deformation of β-chitin 
associated with the uni-axial stretching along the chain direction. In this particular case, the crystal 
strain along the fibre direction approached close to 2% before the sample broke and off-axial 
deformation as a function of axial deformation was linear over the whole range. β-chitin has a sheet 
structure stabilized with NH…O=CO hydrogen bonding along the a-axis. In fact larger strain was 
observed perpendicular to this sheet indicating the contribution of hydrogen bonding to the 
mechanical properties. In the case of native cellulose, inter-chain hydrogen bonding is along the b-
axis, and the main axis of off-axial deformation is perpendicular to b-axis[1] as was confirmed in 
this study.  
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Thermo-sensitive polymeric hydrogels react strongly to temperature changes. When they are heated 
above the lower critical solution temperature (LCST), their volume decreases. Due to this thermo-
sensitive behavior, they may be used as drug delivery systems or in micromechanics [1]. The 
kinetics of the volume change is of great importance for applications. So far, chemically crosslinked 
gels [2], microgels [3] and core-shell-particles [4] with a thermo-sensitive shell have been 
investigated. Triblock copolymers, consisting of a hydrophilic middle block and two hydrophobic 
end blocks, offer another way to form polymeric hydrogels [5-9]. In aqueous solution, these 
copolymers form core-shell micelles. At higher concentration, the end blocks act as physical 
crosslinks with the middle blocks bridging two micellar cores. 

We investigated the kinetics of the structural changes following the collapse after a temperature 
jump across the LCST. Two symmetrical triblock copolymers were studied (Scheme 1): To gain 
insight into the structural changes of the micellar shell, we used a polymer with two PS end blocks 
and a poly(monomethoxy diethylenglycol acrylate) (PMDEGA) middle block (overall molar mass 
M = 46000 g/mol). For the investigation of the micellar cores and their correlations, we used 3,5-
dibromobenzyl acrylate end blocks (BrBA) and a poly(N-isopropyl acrylamide) PNIPAM middle 
block (M = 24000 g/mol). 

a)                                                                              b) 

 

 

 

                                          

 

Scheme 1: Structures of a) BrBA-b-PNIPAM-b-BrBA and b) PS-b-PMDEGA-b-PS.  

Static SAXS measurements for both copolymers were carried out at beamline BW4, HASYLAB at 
a wavelength λ = 0.14 nm and a sample-to-detector distance of 1.97 m. As the detector, a MarCCD 
was used. First results indicated that both polymers are suitable for time-resolved SAXS 
measurements as they offer sufficiently high scattering contrast. Time-resolved SAXS experiments 
were performed at beamline A2, HASYLAB at a wavelength λ = 0.15 nm and a sample-to-detector 
distance of 1.04 m. A MarCCD detector was used. A custom-made sample holder allowed heating 
from the fully swollen into the fully collapsed regime within approx. 25 s. Copolymer 
concentrations of 50 mg/ml, 200 mg/ml and 300 mg/ml in D2O were chosen, i.e. in the micellar 
solution and micellar hydrogel state. The SAXS curves for 300 mg/ml gels of the two triblock 
copolymers are shown in Fig. 1. Every 30 s, an image was taken. 
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Figure 1. a) SAXS curves of a 300 mg/ml BrBA-b-PNIPAM-b-BrBA solution in D2O measured after a 
temperature jump from 30 °C to 34 °C. b) SAXS curves of a 300 mg/ml PS-b-PMDEGA-b-PS solution in 

D2O measured after a temperature jump from 34 °C to 40 °C.  

For BrBA-b-PNIPAM-b-BrBA in D2O, the main contribution to the scattering results from the 
BrBA cores (Fig. 1a). As evidenced from the absence of changes in the form factor at 1-2 nm

-1
, the 

core size does not change during the heating process. An increase of the forward scattering at low q 
values is observed with time, which we attribute to the cluster formation of the collapsed micelles. 
For PS-b-PMDEGA-b-PS, the shell scattering is expected to dominate. The shift of the form factor 
at ~0.6-0.8 nm

-1
 towards higher q values points to a collapse of the shell. The collapse takes place 

already after 30 s and is finished after 90 s. During the first 90 s, the correlation peak moves from 
0.6 nm

-1
 to 0.9 nm

-1
, and the forward scattering increases. These findings indicate a closer packing 

structure of collapsed micelles as well as the formation of clusters. 

We conclude that both triblock copolymers form micellar hydrogels in D2O and show thermo-
sensitive behavior, which is in good agreement with our previous SANS experiments on PS-b-
PNIPAM-b-PS [9]. Time-resolved synchrotron SAXS allows us to follow the collapse kinetics on a 
large range of length scales. 

Financial support by the Deutsche Forschungsgemeinschaft within the priority program „Intelligent 
Hydrogels“ SPP 1259 is gratefully acknowledged. 
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Polymeric nanocomposite materials are outstanding materials for basic research and technological
applications such as coating, magnetic recording and solar cell technology. Comprehension of their
growth process is mandatory to improve the tailoring of the material final properties.

Stop-sputter [1] experiments (Cobalt (Co) onto a polystyrene (PS) nanoparticle spin coated Si sub-
strate) were carried out at the beamline BW4 of the DORIS III storage ring at HASYLAB (DESY,
Hamburg). The stop-sputter procedure composes in two steps: 1) Sputter deposition 2) GISAXS
measurement. For this experiment, a dedicated UHV sputter deposition chamber (described in
details in [2]) was mounted at the beamline. Twenty repetitions of 60s Co-sputter deposition (sput-
tering rate: 4Å/min) followed by a GISAXS measurement were performed on the same sample.
The GISAXS [3] experiments were performed using a wavelength λ = 0.138 nm and an incident
angle αi = 0.4o. The scattered intensity was collected using a 2D-detector (MARCCD, 2048 x
2048, pixel size = 0.079 mm) placed at a distance DSD = 2.21 m of the sample. Two beamstops
were used to shield the detector from the direct and specular beams. The data acquisition time
varied from 3600s for the uncoated polymer film (Fig. 1, left) to 120s for the final images with a
high Cobalt amount deposited (Fig. 1, right).
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Figure 1: GISAXS patterns recorded before (left) and after (right) Co-sputter deposition.
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Structural information is obtained from horizontal (qz = 2π
λ

(sinαi + sinαf ) = cste) and vertical
(qy = 2π

λ
sin2θ = cste) cuts of the 2D intensity distribution. Figure 2 shows the time evolution of

the detector cut (θ = 0o) and of the out-of-plane cut αf = 0.183o during Co-sputter deposition.
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Figure 2: Time evolution of the detector cut (left) and of the out-of-plane cut αf = 0.183o (right) during
Co-sputter deposition.

First of all, a strong increase in the scattered intensity is observed when the Co-sputter deposition
starts. This intensity increase is mainly related to the scattering coming from the Cobalt particles.
Considering the detector cuts, we observe a shift of the minima positions to smaller values of αf

with increasing amount of deposited Co. A simple model assuming the growth of Co cylinders
on the PS nanoparticles describe very well the shift of those minima. The out-of-plane cuts show
the emergence of a shoulder-like maximum at qy = 0.032 ± 0.001nm−1, which corresponds to a
typical distance between neighbour particles d = 196 ± 6nm.

A model fit of the data by using IsGISAXS software might interpret more details about the arrange-
ment of the Co particles deposited on the polymer template, which is under processing.
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Adsorbed PSS 

Jens-Uwe Günther, Heiko Ahrens, and Christiane A. Helm 

Institut für Physik, Ernst-Moritz-Arndt Universität, Felix-Hausdorff-Str. 6, D-17487 Greifswald, Germany 

We study experimentally the adsorption of polyelectrolytes onto an oppositely charged surface. As 
a model surface, we choose insoluble monolayers of the cationic lipid DODA 
(dioctadecyldimethylammonium bromide) at the air/water interface. In the aqueous subphase, the 
negatively charged polyelectrolyte PSS (Polystyrene-sulfonate, Mw=77kDa) is dissolved. The 
electron density profile along the surface normal and the lateral structures are studied with X-ray 
GID (Grazing Incidence Diffraction) experiments at BW1, in the liquid surfaces set-up. On 
increase of the bulk concentration, more and more PSS adsorbs onto the lipid surface. At 
intermediate concentrations (10-6 -10-3 mol/L, with respect to the monomer concentration) the two 
dimensional lamellar phase was found [1], which was predicted theoretically ten years ago [2]. We 
studied the properties of the two-dimensional lamellar phase and the parameters, which influence 
the chain separation. We found that the chain separation could be varied by a factor of three, by 
adjusting the lipid surface density and the polyelectrolyte bulk concentration [1]. 

Figure 1: (Top) X-ray diffraction data from the DODA alkyl tail lattice at 30-33 mN/m on clean water and 
on aqueous solutions containing different PSS bulk concentrations cPSS. The cross at (Qxy,Qz) = (1.35, 0.8) is 

given as guid to the eye, to better recognize changes in the diffraction pattern. (Bottom) Compression 
isotherms of DODA on pure water (bold, gray) and with various PSS concentrations. The inset shows the 

results from the GID measurements: Adiffr, the area per DODA, and t, the tilt angle. Additionally, the 
liquid/condensed phase transition pressure π1 as a function of cPSS is given. 
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From phospholipids it is known that the interplay of interactions within the monolayer and of the 
monolayer with adsorbed species causes a richness of lipid phases [3]. In comparison to phospho-
lipids, the head group of DODA is much smaller, and we assume that the ordered phase is deter-
mined mainly by alkyl tail interactions. On clean water and in the condensed phase the alkyl tails of 
DODA form an oblique lattice. The tilt angle t ≈ 35° is large; the azimuth angle Ψ ≈15° has a broad 
distribution ΔΨ  ≈ 20°. Actually, the distribution of azimuth angles causes the banana-like shape of 
the diffraction peak. If the order of the alkyl tail lattice (i.e. interplanar spacings, angles) is main-
tained in a local coordinate system perpendicular to the tail axis, changes in tilt and azimuth angles 
affect the peak positions. But the absolute value of the diffraction peak 

 

is constant and peak positions should lie on the circumference of a circle (cf. Fig. 2) [4].  
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Figure 2: (Left) Peak positions for DODA alkyl tail lattice on compression (left). According to Eq. (13), the 
radius of the respective circles is inversely proportional to the square of the measured interplanar distance in 

the local coordinate system. (Right) Sketch of the lattice in the laboratory coordinate system. On 
transformation from the laboratory to the local coordinate system, the height ha is least affected, since it is 
almost perpendicular to the tilt direction (indicated by a gray line). However, both hb and hc exhibit small 

angles relative to the tilt direction, therefore  (green) and  (red) are much shorter than hb and hc. Thus, 
 (blue) ends up as the largest interplanar distance in the local coordinate system (even though ha is not 

necessarily the largest height in the laboratory coordinate system). For the measurements shown on the left, 
the subphase is pure water (crosses), or PSS with different concentrations (in mol/L): 10-6 (up triangles), 10-5 

(down triangles), 10-4 (squares) and 10-3 (circles). The arrows indicate changes of the peak position on 
monolayer compression.  

Within 2%, all interplanar distances in the local coordinate system are constant (cf. Fig. 2). On 
monolayer compression, the tilt angle is reduced and the lateral alkyl tail density is a bit increased. 
At low PSS bulk concentrations (≤ 10-4 mol/L), the molecular area in the condensed phase as well 
as the surface pressure indicating the fluid/condensed phase transition are decreased (cf. Fig. 1), an 
effect that is attributed to PSS shielding the electrostatic repulsion of the DODA molecules. 
However, the alkyl tail lattice itself remains unchanged. 
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Bundle Formation in Poly(styrene) sulfonate Brushes 
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Linear polyions in solution repel each other and form strongly structured fluids. Thus, Bragg peaks 
are detected with scattering methods [1]. At high polyion concentrations cp, their nearest neighbor 
distance d scales with the square root of cp. To explain this relationship, de Gennes et al. [2] 
proposed a detailed model of flexible polyelectrolytes at low ionic strength and high polyion 
concentrations cp. Different chains overlap each other, and several arrangements were discussed: 
(a) a lattice of rigid rods and (b) an isotropic phase of entangled and thus partially flexible chains. 
The latter case is assumed the most probable structure. Each chain consists of connected, randomly 
oriented segments. Within one segment, electrostatic effects dominate and induce an elongated 
segmental conformation (i.e., an increased persistence length), whereas between different 
segments, the interactions are completely screened. For this model, the average distance as derived 
from the Bragg peaks is 1/ 22 p , where f depends on the lattice geometry (hexagonal, square, 
etc.) [3]. Therefore, an exponent of -1/2 does not necessarily indicate an ordered array of rigid rods, 
but may also originate from an isotropic network of entangled chains [1]. Experimentally, in the 
semidilute concentration regime, all experimental points obtained from various polyelectrolytes fall 
onto a common line, with the predicted power law dependence. However, the measured lattice 
distance in dilute solutions is larger than expected for aligned rods, a phenomenon yet unexplained. 

d fc−=

Bundle formation would explain those scattering data. Bundles form because of a short-ranged at-
traction between the polyelectrolyte molecules, their number is limited by the electrostatic 
repulsion between the aggregated chains. On salt addition, the amplitude and range of the electro-
static force decreases, and more chains are expected in a bundle. Bundle size and length is investi-
gated using the vertically aligned and oriented chains of polyelectrolyte brushes. The brush thick-
ness H is 30 - 50% of the contour length [4]. Polyelectrolyte brushes show two distinctly different 
regimes called ‘‘osmotic brush’’ and ‘‘salted brush,’’ respectively. In both phases, the ions 
compensating the polymer charges are incorporated into the brush [4-6]. 

Monolayers at the air/water interface are prepared from amphiphilic diblock copolymers, consisting 
of a fluid hydrophobic (PEE, poly ethylene) and a polyelectrolyte block (PSS, poly styrene sulfo-
nate) [4], PEE144PSS136. The hydrophilic block forms polyelectrolyte brushes [4]. To explore the 
lateral order, in-plane diffraction experiments were performed at BW1 in the liquid surfaces set-up. 
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Figure 1: Grazing incidence diffraction peaks of PEE144PSS136 monolayers at the molecular areas indicated 
in the isotherm. The aqueous solution contains 1 mM CsCl. 
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Diffraction peaks measured along the isotherm are shown in Fig. 1. On monolayer compression, a 
shift to larger Qxy-values occurs, indicating a decrease of lattice distances. The correlation length 
deduced from in-plane peak width is slightly less than twice the lattice constant, typical for a 
structured fluid. Always, the peak maximum occurs at Qz=0, suggesting a vertical alignment of the 
brushes. On compression, the out-of-plane peak width increases, indicating that the vertical length 
L of the ordered fraction of the chains within the brush decreases, even though the brush thickens 
[4]. 

The unit cell area Acell deduced from the distance measurements exceeds the molecular area AMol as 
determined from the isotherm, even assuming a close-packed two-dimensional lattice 
( 2(2 / 3)cellA d= ). With increasing salt concentration in the subphase, the deviation between Acell and 
AMol gets more pronounced, from a factor 2 (osmotically swollen brush with Na+ counterions) to a 
factor of about 15 (salted brush with 1 M CsCl subphase), cf. Fig. 2. Obviously, not the separation 
between single chains is measured but the distance between bundles consisting of at least 2 and up 
to 15 chains, depending on salt conditions.  

The bundle length L as deduced from the out-of-plane peak width is smaller than the brush thick-
ness H (cf. Fig. 2). The polymer chains experience electrostatic stiffening due to chain charges [1]. 
On increase of the salt concentration, the chains get more flexible and the persistence length 
shrinks, leading to shorter bundles with constant length L. In the osmotic brush phase (mM salt con-
centration), on monolayer compression the counterion concentration and the monomer density in-
crease (from 0.5 to 2.5 M). In this phase, compression causes a slight increase in brush thickness H 
while the brush length L shrinks simultaneously. In the salted brush phase (0.2 or 1 M salt concen-
tration), the increased salt concentration leads to the minimum bundle length, independent of AMol. 
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in the subphase are indicated. Right: Schematic of PSS bundles. 
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uni-axial deformation of polyamide-12 nanocomposites 
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Aliphatic polyamides belong to the engineering plastics, which bring together good processability, 
thermal stability, and availability in the market. An important drawback for the use of such 
polyamides is their hydrophilic character, provided by the amide linkage, which accounts for a 
pronounced water-uptake. This effect can be overcome by increasing the number of –CH2- units 
between the amide groups, giving rise to commercially available polymers, like polyamide-12, 
which can be easily produced by open-ring polymerization reactions involving lauryl-lactam.  

The mechanical properties of polyamide-12 can be improved by dispersing several additives 
(fillers, lubrificants), giving rise to polymer composites, which show enhanced tribological[1] and 
mechanical properties[2-4]. 

During the past years, a considerable amount of working focused on the development of 
polyamide-12 nanocomposites with carbon nanofibres [5,6], functionalised carbon nanofibres[7,8] 
and modified alumina [9] has been carried out at the TUHH. Oxidized carbon nanofibres improved 
the thermo-oxidative stability of polyamide-12, whereas the modified alumina particles improved 
yield stress, storage modulus and elongation at break. The dispersion of silane-treated oxidized 
carbon nanofibres in polyamide-12 could also improve the storage modulus of the polymer matrix. 
Most of these results cannot be explained using the classical theories for polymer composites. 
When dealing with polymer reinforced with nanoparticles, the percentage of atoms at the surface of 
these particles is huge, therefore the interfacial interactions, on account of the inter-molecular 
interactions (Van-der-Waals forces, hydrogen-bonding) between these surface atoms of the 
nanoparticles and polymer matrix leads to changes in the mechanical and thermal properties of the 
matrix. The high specific surface area of fillers, having at least one dimension smaller than 100 nm, 
produces a huge polymer-filler interface, at which these interactions take places. The contact area 
between filler and polymer is enormous and consequently a considerable fraction of polymer chains 
is influenced by these interactions. This fraction, often referred as interphase, can constitute a co-
continuous phase at higher filler loadings, which dominates the thermal and mechanical properties 
of such composites[10].  

Therefore, the investigation of the morphology/microstructure of such nanocomposites during uni-
axial loading could help to understand the reinforcement effect due to the nanoparticles. 

The polyamide-12 nanocomposites were compounded in a lab-twin screw. The composite strands 
were then re-pelletized and injection-molded by means of a hydraulic microinjector Babyplast 6/10 
machine operated at 230°C, to obtain tensile specimens according to ASTM D-680. The specimens 
were 80 mm long and 5 mm wide in the testing zone, with an average thickness of 2 mm.extruder 
Haake (Rheomex PTW16/25). Transmission Wide-Angle X-Ray Scattering (SAXS/WAXS) 
experiments were performed at the A2 beamline at HASYLAB/DESY. The WAXS data were 
calibrated using the reflections of a poly(ethylene terephthalate) film. 8 keV synchrotron radiation 
X-rays were used and detected using bi-dimensional position sensitive detectors. The samples were 
deformed up to failure using an Instron stretching device.  

In fact, the presence of alumina nanoparticles enabled the evaluation of orientation of both matrix 
and filler in the loading direction. In contrast to the polyamide-12 / carbon nanofibre 
nanocomposites, the orientation of polyamide-12 chains was observed at very high deformations, 
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which were beyond the yielding stress. Even at higher deformations, the distribution of alumina 
nanoparticles was isotropic, as evidenced by the reflections due to the phases of AlOOH (pseudo-
boehemite) present in the materials.  
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Subject of our research is the investigation of the gas pressure dependence of the heat transport in 
porous solids with pores smaller than 10 µm. For a reliable interpretation of our thermal 
conductivity data, samples with a well-characterized morphology are necessary; especially the mean 
pore size or pore size distribution is of high interest. Two resorcinol-formaldehyde-based aerogel 
samples with approximately the same density (300 kg/m³) and porosity (80 %) but different pore 
sizes were synthesized in a sol-gel process [1]. These aerogels consist of a three dimensional 
network of interconnected primary particles (see SEM images,  
Figure 1(a)). They were characterized via three different methods: nitrogen sorption, small-angle X-
ray scattering and mercury porosimetry. 

 

Figure 1: (a) SEM pictures of the RF-aerogels investigated; Sample RF 1 (top) has smaller particles and 

pores than RF 2 (bottom). (b) N2-sorption isotherm of the aerogel sample RF 1. 

The nitrogen sorption measurements were performed with a commercial sorption instrument 
(ASAP2000, Micromeritics) at 77 K. The adsorption isotherm obtained for sample RF 1 is shown in  
Figure 1(b). The external surface area (envelope of the primary particles) received from the t-plot 
method [2] is given in Table I. For sample RF 2, the evaluation of the isotherm did not provide 
reliable results, because of the large, micron sized particles and pores and the small specific surface 
area. Therefore, Hg-porosimetry, which is suitable for media with pores up to 360 µm, was applied 
to our samples at BAM using a porosimeter Autopore III (Micromeritics). From the cumulative 
intrusion volume as a function of the imposed mercury pressure (~ 1/pore diameter), illustrated in 
Figure 2 (left), the median pore diameter can be derived (Table I). Using the approach by Rootare 
and Prenzlow [3], the intrusion curve was converted into a cumulative pore area curve; the external 
surface area of the samples was determined from the plateau of this curve at high pressures (100 
MPa). The slanting increase up to 2.8 MPa of the mercury intrusion curve for RF 1 in Figure 2 (left) 
indicates a compression of the sample by about 20 % due to mercury that initially rather deforms 
the sample than entering the pores. This distorts the resulting pore size distribution.  
The problems along with both techniques, gas sorption and Hg-porosimetry, are the artefacts due to 
compressional effects for samples with small pore sizes and low densities, as well as their lack of 
sensitivity to closed pore volume. The interpretation of  two-dimensional SEM pictures, that 
include only a small detail of the samples, is also inadequate. Therefore, SAXS measurements were 
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consulted in addition, to guarantee a reliable and complete sample characterization. The 
measurements were performed at the beamline B1 (JUSIFA) of HASYLAB in two detector-sample 
distances (935 mm and 3635 mm, respectively) with a photon energy of 12 keV. The scattering 
curves were calibrated on an absolute scale (i.e. macroscopic scattering cross-sections in units of 
[cm

2
g

-1
srad

-1
]) using calibration standards (glassy carbon). In order to obtain the external surface 

area, the normalized scattering curves of Figure 2 (right) were evaluated by Porod’s law [4]. 

 

Figure 2: Mercury intrusion (left) and SAXS (right) curves of both RF-aerogels. 

The structural parameters of the two samples derived from the different characterization methods 
are compiled in Table I. The calculations are based on the simplified assumption of cylindrical 
pores and  spherical particles. All methods yield results in the same order of magnitude. Except for 
the sample RF 1 that shows a compression of about 20 % during Hg-porosimetry, the values for the 
external surface areas are generally the highest when determined via SAXS measurements. This 
might be due to a small portion of pore volume inaccessible for the probing fluids. Table I also 
reveals that the variance of the results from the structural characterization techniques for RF 1 is 
quite small compared to RF 2. However, even for RF1 the mean pore size derived from the gas 
pressure dependence of the gaseous thermal conductivity is round about a factor of ten larger [5] 
than the results provided by all the other methods compiled. Further investigations are currently 
under way to clarify this discrepancy. 

Table I: Comparison of the structural parameters derived from different characterization methods. The 

originally determined data are bold, whereas the other values were calculated from those by assuming 

spherical particles and cylindrical pores. Values deduced from thermal conductivity data are based on 

evaluating the gas pressure dependence with respect to the Knudsen effect [5]. 

RF 1 SEM N2-sorption Hg-porosimetry SAXS Thermal conductivity 

Mean particle size [nm] 250 243 180 228 2052 

External surface area [m²/g] 15.5 15.9 21.8 17.0 1.9 

Mean pore diameter [nm] 609 593 480  555 5000 

 

RF 2 SEM N2-sorption Hg-porosimetry SAXS Thermal conductivity 

Mean particle size [nm] 3000 - 4600 1000 31300 

External surface area [m²/g] 1.3 - 0.9 3.8 0.1 

Mean pore diameter [nm] 7657 - 12500
 

2600 80000 
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We have recently performed a series of GIXRD measurements of aligned PF2/6 polyfluorene at W1/Hasylab 
and combined these studies by NEXAFS measurements [1]. This combination gives us information both 
from the bulk film and from the film surface. We have moreover studied PF2/6 alignment in situ. The studies 
indicate that the structure and morphology of PF2/6 films depend on the molecular parameters such as 
molecular weight but also on the processing conditions. One interesting example concerns homeotropic tilt 
of the low molecular weight PF2/6. Polymer chains are relatively planar at both interfaces whereas a clear 
tilt occurs inside the film. This result is illustrated in Fig. 1. While the alignment kinetics is strongly 
dependent on the film thickness, the orientation of top layer is nearly thickness independent.  

  

Figure 1: Schematics of the PF2/6 film atop a rubbed polyimide substrate showing partially homogeneous 
uniaxial alignment and the homeotropic tilting of the polymer chains in the film interior [1]. 
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The microphase separation of bulk block copolymers into microdomains consisting of the different 
polymer segments has been widely studied in the last years. The established morphologies of 
triblock copolymers depend on the relative weights of the polymer segments [1],[2]. Polystyrene-
polybutadiene-polystyrene triblock copolymers are thermoplastic elastomers, which are materials 
that combine elastic properties with attributes of thermoplastics. Furthermore they are reversibly 
cross linked. The oriented PS-PB-PS films were prepared through roll-casting and they consisted of 
polystyrene cylinders assembled in a hexagonal lattice in a polybutadiene matrix. The following 
experiments of the polymer films are carried out to observe the changing of structure and 
orientation of the microdomains during the stretching process.  

The characterisation of obtained polymer films was done by small-angle x-ray scattering (SAXS). 
For the measurements we used the SAXS setup of the beamline A2 and the 2-dimensional CCD at a 
distance of 3.05 m (sample-detector). Besides, we used the stretching equipment of the beamline 
BW4. The polymer films were stretched with a velocity of 0.2-0.3 mm/min and every 1.5 minutes a 
SAXS picture was taken. The films were stretched in two directions (Figure 1), along the y-axis 
and the z-axis.   

 

 
 
 
 

Figure 1: The cylinder domains in the polymer films were stretched along the y-direction and z-direction. 

The following illustrations show the SAXS pictures of the SBS polymer films at several strain 
proportions λ (stretching lengths) during the stretching process along y-direction (Figure 2) and 
z-direction (Figure 3). Furthermore the stretching process is reversible what is shown in the SAXS 
pictures after going back to the initial state. All films were prepared from a 36.4 wt % polymer 
solution in toluene via roll-casting. In figure 4 the SAXS pictures corresponding to a head-on view 
of the cylinders are shown. One can see the hexagonal arrangement of the cylinders along z-
direction. The stress-strain curve according to this stretching process (z-direction) is shown in 
figure 5. 

Figure 2: SAXS pictures corresponding to several strain proportions λ. The elastic strain to the polymer film was 
carried out along  y-direction (left to right: λ = 1, 1.3, 1.7, 1; a = 30, 46, (34), 30 nm ). The last picture shows the 
sample after going back to the initial state. 
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Figure 3: SAXS pictures corresponding to several strain proportions λ. The elastic strain to the polymer film was 
carried out along z-direction (left to right: λ = 1, 1.3, 2.5, 1). The last picture shows the sample after going back to the 
initial state. 
 

Figure 4: SAXS pictures corresponding to several strain proportions λ. The elastic strain to the polymer film was 
carried out along z-direction (left to right: λ = 1, 1.5, 2.3, 1). The last picture shows the sample after going back to the 
initial state. 
 
 
Figure 5: The stress-strain curve  
(characteristic hysteresis curve) 
of the SBS film (30 wt % styrene) 
corresponding to the SAXS pictures 
in figure 4. The tensile force  
per area was applied against the 
strain proportion λ. The elastic 
strain to the polymer film was  
carried out along z-direction. 
 
 
 
 
Conclusion: We successfully observed the structural shift of the PS-cylinders in SBS films under 
stress by SAXS, as well as the reversibility of this process.  
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The structure of the lipid headgroup region is likely to be important in defining the structures of 
those parts of a membrane protein that are located in the lipid headgroup region. Differences in 
hydrogen bonding potential and hydration between the headgroups of phosphatidylcholines and 
phosphatidylethanolamines could be important factors in determining the effects of these lipids on 
protein activities, as well as any effects related to the tendency of the phosphatidylethanolamines to 
form a curved, hexagonal phase [1]. The spontaneous curvature R0 of lipid-water interface is altered 
by the presence of anaesthetics in physiologically relevant concentrations [2]. In this 
communication, we report the interaction of normal alcohols (abbreviation CnOH, n is the even 
number of alkyl carbons), which have also the ability to act as general anaesthetics, with 
dioleoylphosphatidylcholine (DOPC) + dioleylphosphatidylethanolamine (DOPE) liposomes.  

DOPC and DOPE were purchased from Avanti Polar Lipids (Alabaster, USA) and CnOHs from 
Sigma (St. Louis, USA). The organic solvents were obtained from Slavus (Bratislava, Slovak 
Republic). Stock solutions of DOPC, DOPE and CnOHs, respectively, were prepared in 
methanol + chloroform mixture. Samples were prepared at required DOPC : DOPE : CnOH molar 
ratios, the solvent was then evaporated under a stream of gaseous nitrogen and its traces removed 
by an oil vacuum pump. Redistilled water was added at the H2O : (DOPC+DOPE) = 50 : 1 molar 
ratio. Samples were homogenized by forth-and-back centrifugation and vigorous intermittent 
vortex mixing. SAXD experiments were performed at beamline A2 in HASYLAB at DESY using a 
monochromatic radiation of wavelength 0.15 nm. The detector was calibrated using rattail collagen 
[3]. The diffraction peaks were fitted with Lorentzian functions and positions of maxima and 
intensities were estimated with a non-linear least-squares program.  

For DOPC+DOPE mixtures at lowest temperatures, SAXD diffractograms showed two sharp 
lamellar reflection peaks. On heating, a superposition of lamellar Lα  and inverse hexagonal HII 
phases occurred. With further increase of temperature three reflexions characteristic for pure 
hexagonal phase were observed. By evaluating the intensities of observed diffraction peaks, the 
onset TBH(on) and offset TBH(off)  temperatures of the Lα → HII phase transition were estimated. With 
increasing fraction of DOPC an increase of TBH(off) was observed from ~40°C for 
DOPC:DOPE = 1:9 molar ratio up to ~79°C for 1:3 molar ratio. Similarly, transition temperatures 
were obtained from temperature dependences of lattice parameters – periodicity of lamellar phase 
d and spacing of water cores in hexagonal phase a  – as shown on Fig.1. The lattice parameter a 
was found to decrease monotonically with increasing temperature from 8.03 nm at 25°C to 7.60 nm 
at 50°C. Tate and Gruner [4,5] showed that almost all of the observed decrease in a is due to a 
decrease in the radius of the central water core RW and that both a and RW are sensitive functions of 
the thickness of the lipid monolayer dHII. dHII was seen to be smaller than the thickness of a lipid 
monolayer in the Lα phase [6]. 

The effect of homologous series of aliphatic n-alcohols (C8OH – C18OH) on the Lα → HII phase 
transition temperature and structural parameters of hexagonal phase of DOPC:DOPE = 1:9 mixture 
was also studied. Addition of small molecules into hydrated DOPC+DOPE aggregates is expected 
to perturb the system in a way that lessens the hydrocarbon packing energy. This would lessen the 
competition in favour of the HII phase and, consequently, the transition temperature TBH should 
drop [4]. In Fig.2, temperature dependences of lattice parameters d and a of DOPC+DOPE+CnOH 
mixtures at alcohol:lipid = 0.4:1 molar ratio are displayed. In presence of all n-alcohols studied, the 
TBH value was significantly decreased in comparison with pure DOPC+DOPE, as predicted by 
perturbation theory. For shorter CnOHs only the hexagonal phase was observed even at lowest 
temperatures, for C16OH and C18OH the offset of Lα → HII transition was detected. 
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Fig.1  Example of phase transition temperature 
determination from temperature dependence of 
lattice parameters of DOPC:DOPE=1:9 sample.  

Fig.2 Temperature dependence of lattice 
parameters for DOPC+DOPE+CnOH mixtures at 
CnOH:DOPC:DOPE = 0.4:0.1:0.9 molar ratios. 
□ - C8OH, ■ - C10OH, ● - C16OH, ○ - C18OH. 

It follows that the transition temperature TBH decreases with shortening of alcohol acyl chain 
length. In presence of CnOHs a temperature induced decrease of hexagonal lattice a was observed. 
In temperature range of 5 – 50°C, the average decrease for shorter n-alcohols was ~0.82 nm, while 
for longer n-alcohols ~1.55 nm. It suggests that there is a rapid drop in parameter a at the beginning 
of HII  phase formation, while with further increase of temperature the decrease of a is less sharp. 
Since higher temperatures correspond to smaller spontaneous radii of curvature, the HII phase 
cylinders shrink as the temperature rises by rejecting water into bulk aqueous phase [7]. Further 
decrease of lattice parameter was observed at higher alcohol concentrations. For 
DOPC+DOPE+C12OH at 50°C a decreased from 7.43 nm at 0.1:1 alcohol:lipid molar ratio to 
6.11 nm at 1:1 molar ratio. 
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In a recent paper [1], comparison of ultra-small-angle X-ray scattering (USAXS) and atomic force
microscopy (AFM) results offered new aspects about the nanolayered structure in polyethylene
terephthalate/polycarbonate (PET/PC) films prepared by the layer-multiplying co-extrusion tech-
nique [2]. Annealing of these multilayered films at different increasing temperatures above the
glass transition temperature of PET (75oC), induced the crystallization of the PET layers and, as a
consequence, the scattering power increased due to a larger electron density difference between the
alternating layers of PET and PC [1]. On the other hand, for all annealing temperatures up to 150oC,
the angular position of the observed USAXS peaks only showed minor changes. This means that,
on heating, the nanolayered architecture of the films was well preserved even at temperatures which
were slightly higher than the glass transition temperature of both constituent polymers. Forced as-
semblies of two immiscible glassy polymers with up to thousands of layers and layer thickness
reaching a lower limit of around 10 nm have also been obtained by the co-extrusion method [3]. As
shown in a preceding study [4], the experimental long spacings derived from the scattering max-
ima of a series of amorphous/amorphous polymethyl methacrylate/polystyrene (PMMA/PS) films
offered a linear relationship with their nominal values. However, a more detailed look revealed
that the thinner long spacings tended to be larger than their corresponding nominal values, while
the opposite behaviour was observed for the thickest layers. A result that accounted for a possible
tendency of thinner layers to merge and yield an average long spacing value larger than expected.
The aim of the present report is to discuss the changes observed in the USAXS patterns obtained
after thermal treatment of two different multilayered films of the mentioned PMMA/PS (50/50)
series. Samples were annealed, under a slight pressure, for 30 min at different temperatures up
to 150oC. USAXS experiments were performed at room temperature at the BW4 beam-line of
the DORIS III storage ring at HASYLAB/DESY (Hamburg). The X-ray wavelength was fixed to
0.138 nm and the sample to detector distance, determined using a mouse-tail standard, was 13.4
m. The scattered intensities were recorded using a two-dimensional CCD camera in 2048 x 2048
pixel arrays. Polymer films, 100–150 µm thick and 1.5 mm wide, were placed with their surfaces
forming an angle of about αi = 5o, with the incident X-ray beam [4].
Fig.1 illustrates the USAXS profiles scanned along the meridian for the nanolayered samples with
a nominal long spacing of a) 200 nm and b) 280 nm as a function of different annealing temper-
atures Ta. It can be observed that the as-received samples show a well-defined USAXS scattering
peak. This maximum becomes much weaker after a heat treatment at around 100oC, a temperature
which is close to the glass transition of both polymer components. The scattering peaks remain
poorly defined until 130–140oC where, unexpectedly a much stronger USAXS maximum is clearly
present. Finally, annealing at still higher temperatures (150oC) provokes the total disappearance of
all scattering peaks.
Provided that AFM images show that the nanolayered architecture is still preserved after heating
at 130–140oC, a tentative explanation for the initial reduction of the scattering peaks could be the
decrease in the scattering contrast between the two polymers related to changes of their respective
electron densities with the temperature treatment. An increased roughening of the interfaces be-
tween alternating layers due to polymer melting could also increase the diffuse scattering blurring,
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as a result, the presence of any weak scattering maxima. For Ta around 130oC the nanolayers be-
come increasingly unstable and an interfacially driven breakup of the layers is probably initiated.
First, and in certain domains, layers might break and merge but still keeping a stacked multilayered
architecture that yields a different long spacing than the initial one. After annealing at temperatures
above 140oC, AFM results reveal the presence of a distorted globular nanostructure which is not
capable of giving rise to any discrete scattering. A previous paper [5] shows that, on heating into
the molten state, a forced assembly of alternating high density polyethylene (HDPE) nanolayers
and thicker layers of PS also broke up into a dispersion of HDPE nanoparticles in a PS matrix.

Figure 1: USAXS profiles scanned along the meridian for the PMMA/PS nanolayered samples with a nomi-
nal long spacing of a) 200 nm and b) 280 nm as a function of different annealing temperatures Ta.
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The microphase separation of bulk block copolymers into microdomains consisting of the different 
polymer segments has been widely studied in the last years. The established morphologies of 
triblock copolymers depend on the relative weights of the polymer segments [1],[2]. Polystyrene-
polybutadiene-polystyrene triblock copolymers are thermoplastic elastomers, which are materials 
that combine elastic properties with attributes of thermoplastics. Furthermore they are reversibly 
cross linked. The oriented PS-PB-PS films were prepared through roll-casting and they consisted of 
polystyrene cylinders assembled in a hexagonal lattice in a polybutadiene matrix. In the following 
experiments were carried out the filling of the cylinders with nanocomposite. 

The characterisation of obtained polymer films was done by small-angle x-ray scattering (SAXS). 
For the measurements we used the SAXS setup of the beamline A2 and the 2-dimensional CCD at a 
distance of 3.05 m (sample-detector). Besides, we used the stretching equipment of the beamline 
BW4. 

 

 

 
 
 
 
 
 

 

 

Figure 1: The cylinder domains in the polymer films were stretched along the y-direction and z-direction. 

 

In figure 2 the SAXS pictures of the SBS polymer film at several strain proportions λ (stretching 
lengths) along y-direction are shown corresponding to the pictures in the parallel experiment [4]. 
The film was prepared from a 36.4 wt % polymer solution in toluene via roll-casting.  

In Figure 3 the SAXS picture of the SBS film blend with 9 wt % ironoxide nanocomposite is 
shown. The ironoxide particles (radius 2.8 nm) are functionalized with a PS-DETA ligand on the 
surface. Assumedly, the ironoxide particles are located within the PS-cylinders and we got a regular 
distance between the particles of about 6 nm (D1, wide reflexes left and right to the beamstop). The 
reflexes above and below to the beamstop are from the PS-cylinders (D2) as already seen in figure 
2. 
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Figure 2: SAXS pictures corresponding to several strain proportions λ. The elastic strain to the  SBS polymer film 
(30 wt % styrene) was carried out along  y-direction (left to right: λ = 1, 1.3, 1.7, 1; a = 30, 46, (34) nm ).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: SAXS picture of a polystyrene-polybutadiene-polystyrene triblock copolymer film (30 wt % styrene) blend 
with 9 wt % ironoxide nanocomposite (r = 2.8 nm). The particles were functionalized with PS-DETA ligands and 
located within the PS-cylinders (distance of the particles are about 6 nm, D1).   
 
 
 
Conclusion: We successfully locate ironoxide nanocomposite within the PS-cylinders with a 
regular distance of the particles. The extension of these SBS-nanocomposite films will be the next 
step.  
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We have recently performed a series of GIXRD studies of PF2/6 polyfluorene at W1/Hasylab [1]. 
These studies indicate that the structure and morphology of PF2/6 films depends on molecular 
factors such as molecular weight but also on the processing conditions. We have more recently 
extended this work to block copolymers [2] where microphase separation between blocks can 
occur. As the dimensions of these kinds of structures are larger, we have complemented GIXRD 
studies by GISAXS studies at BW4/Hasylab. The measurements have been successful. 
Unpublished data from November/2008 show significant differences at the low q depending on 
processing conditions. These data are being analysed and contrasted to AFM and fluorescence 
microscopy measurements. 
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Figure 1. Left: Schematics of one of the studied polymers (P3TMAHT-b-PF2/6). Right: Scattering data of 
P3TMAHT-b-PF2/6 as obtained using 3 different processing conditions. Solid lines are fits to appropriate 

models (unpublished). 
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Photoactive semi-conducting polymers have shown to be interesting candidates for photovoltaics 
due to their high absorption coefficient, easy processibility, mechanical flexibility and low costs. 
Due to the high exciton binding energy in organic photovoltaics a two component system is 
necessary to have efficient charge carrier separation. Furthermore, there are stringent constraints in 
device fabrication due to the short exciton diffusion length, i.e. the charge carrier separation has to 
occur in this length scale (on order of 10 nm). Therefore the structure of the polymer film is crucial. 
It was shown that the photophysical performance can be improved by increasing the interface area 
between electron acceptor and conjugated polymer as well as the lateral dimensions of the domains. 
In addition percolation paths to the electrodes for charge carrier transportation are fundamental. In 
blends of conjugated polymers the inner structure is directly connected to the ratio of the two 
polymers and a critical blending ratio with a minimal lateral dimension can be estimated by the 
well-known Flory-Huggins mean field theory [1]. 

To optimize the electronic performance of an organic photovoltaic device the system is typically 
treated at elevated temperatures [2]. The annealing influences the crystallinity of the conjugated 
polymers as well as the phase separation. The increased crystallinity improves the conductivity of 
the system and thereby the charge carrier transport to the electrodes. The influence of the annealing 
procedure on the phase separation and consequently on the lateral is not studied up to now.  

 

Figure 1: a) Out-of-plane scans of GIUSAXS measurements of P3HT:MEH-CN-PPV blend films 
with different blending ratios. The ratio of MEH-CN-PPV is increasing from bottom to top. The 
data (triangles) are fitted with a mathematical model (solid lines). b) The lateral dimensions Λ 

obtained from the fits plotted as a function of the MEH-CN-PPV ratio Φ. The arrow highlights the 
calculated critical blending ratio. The solid line is a guide for the eyes. 

We investigated the blend of the n-type polymer MEH-CN-PPV and the p-type polymer P3HT. A 
critical blending ratio of 66 % of MEH-CN-PPV was calculated from the molecular weight of the 
polymers using Flory-Huggins theory. Thin films with different blending ratios were prepared on 
pre-cleaned glass substrates via spin coating from trichloromethane with a thickness of 80 nm. No 
further treatment such as annealing was applied. Thus the polymer blend films are not in 
equilibrium but the inner film structure is frozen in. 
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The films were investigated with grazing incidence ultra small angle X-ray scattering (GIUSAXS) 
at the beamline BW4 [3]. In Figure 1a the out-of-plane cuts of films with different blending ratio 
are shown. The data are fitted with a mathematical model and the lateral dimensions Λ are 
obtained. The lateral structure as a function of the blending ratio ΦMEH-CN-PPV has a minimum at the 
calculated critical blending ratio (Figure 1b). Thus the estimation of the critical blending ratio [1] 
holds also for this investigated system. 

The influence of temperature annealing on P3HT:MEH-CN-PPV films with the critical blending 
ratio was investigated. In-situ GIUSAXS measurements were performed on the polymer films 
while the annealing procedure. Therefore, a heating stage was used as a sample holder and 
scattering pattern where recorded at 80 °C and 100 °C heating temperatures every 5 min. In Figure 
2 out-of-plane cuts are shown. The time is evolving from bottom to the top curve. For both 
temperatures, 80 °C (a) and 100 °C (b), a similar behaviour is found. The structure length at 500 
nm highlighted by the red arrows shifts to smaller length scales with annealing time which is 
preferable for photovoltaic applications as the exciton diffusion length is small and an increased 
interfacial area will improve charge carrier separation. Furthermore, a second structure emerges 
after about 30 min annealing at both annealing temperature (green arrow). The lateral dimension of 
this structure is in the range of 200 nm.  

As a consequence, annealing appears to be a good strategy to optimize the lateral structure of the 
photoactive polymer blend films. Whereas in many polymer blend systems annealing causes a 
coarsening of structures due to the phase separation mechanism, in case of P3HT:MEH-CN-PPV 
films structures decrease in size. 

 

Figure 2: Out-of-line cuts of in-situ annealing GIUSAXS measurements of P3HT:MEH-CN-PPV 
films with a blending ratio of 66 % of MEH-CN-PPV. The films were annealed at 80 °C (a) and 

100 °C (b) and scattering patterns taken with a resolution of 5 min. The time evolves from bottom 
to top. The arrows highlight structure changes at a lateral length scale of 500 nm (red) and 200 nm 

(green). 
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Block copolymers tend to self-organize in selective solvents, forming aggregates that are structurally analog 
to micelles of associated surfactant molecules. Using solutions of such spherical block copolymer micelles, 
it is possible to generate ordered layers of micelles on different substrates. After forming micelles in 
solution, inorganic precursors of the desired nanocrystals can be introduced into the micelle cores, like 
metal salts or by inducing a sol-gel process inside the micelle core. The solutions are cast onto flat 
substrates and the organic shell of the particles is removed by low pressure oxygen plasma treatment. With 
this method, we are able to synthezise SiO2, TiO2, MnO2, Fe2O3, Cu2O, MoO3, In2O3, Pt and Au 
nanoparticles (example in Figure 1). Using different diblock copolymers, we are able to control particle 
diameters and mean distances [1]. The produced arrays have a 2-dimensional hexagonal order and the 
grazing incidence small angle X-ray scattering (GISAXS at BW4 [2]) patterns show strong hexagonal 
diffraction peaks. Analyzing the scattered intensity along an out-of-plane cut at the critical angle of the 
substrate, we are able to determine the lateral scales of the structure. 

 

 Figure 1: AFM of molybdenum oxide particles made from block copolymer micellar solutions 

 

 

 

qy(nm
-1

) 

Figure 2: GISAXS pattern and out-of-plane cut / calculation of molybdenum oxide particles 
(diameter = 17 nm; 2D-hexagonal lattice = 53 nm) 
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We report structural and surface analysis of photoactive thin polymer films based on blends of novel
conducting materials. Since the discovery of the conducting properties of polymers, organic thin
films have become of great interest for versatile applications such as organic thin film transistors,
light emitting diodes or solar cells. In our study films basedon MEH-PPV (poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene]) and PVK (poly N-vinylcarbazole) are investigated. It has
been shown that, due its charge transfer properties, MEH-PPV is a very promising candidate for ap-
plications [1]. Especially for polymer light emitting diodes (PLEDs) an interpenetrated network of
conjugated polymer MEH-PPV and PVK can emit white light in combination with a an additional
polymer [2]. Therefore the phase separation of the different polymers is crucial.
For applications polymers have the advantage to be solutionprocessable. For MEH-PPV and PVK
the solvent of choice is toluene. The polymers are blended insolution at a constant volume ratio of
3 parts MEH-PPV to2 parts PVK. The blended solution is spincoated on acidic precleaned silicon
and glass substrates. In order to investigate the dependence of the typical structure size in thin
films on the polymer concentration a series of different concentrations is studied: (a)3 parts of1
g/l MEH-PPV in toluene :2 parts of3 g/l PVK in toluene ; (b)1.5 g/l MEH-PPV in toluene :4.5
g/l PVK in toluene ; (c)2 g/l MEH-PPV in toluene :6 g/l PVK in toluene ; (d)3 g/l MEH-PPV in
toluene :9 g/l PVK in toluene.

Figure 1: (1) UV-Vis absorption spectrum for the different concentrations and (2) AFM topography images
for sample (a) and (d) (σPV

(a) = 10 nm andσPV
(d) ≈ 30 nm)

The energy of the HOMO (highest occupied molecular orbital)of the hole conducting MEH-PPV
is −5.1 eV and of the LUMO (lowest unoccupied molecular orbital) is−2.8 eV. Respectively
for the PVK it is−6 eV and−2.3 eV. Therefore the band gap energies can be calculated to be
Eg,MEH−PPV = 2.3 eV andEg,PV K = 3.7 eV. The UV-Vis spectrum in Fig. 1 also shows the
good absorption abilities of MEH-PPV for red light and of PVKin the UV region. It can be seen
that the absorption strongly depends on the film thickness. These were determined using ellipsom-
etry. Therefore angle-of-incidence measurements were performed and the characteristic∆− and
Ψ−values were obtained. A single-layer-model for fixed refractive and exctinction coefficients was
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used to determine the thicknessd of the polymer films:d(a) = 16.1 ± 3.3 nm,d(b) = 25.1 ± 2.6
nm,d(c) = 35.6 ± 2.9 nm andd(d) = 60.8 ± 2.2 nm.
Atomic force microscopy was used to characterize the surface of the polymer films. In Fig. 1
two AFM topography images of films with the lowest and highestpolymer concentrations are
shown (samples (a) and (d)). The films show phase separation at the microscale, which is very
well tuneable via the polymer concentrations in their solution and hence the thickness of the films.
From the images a typical grain size for the different films can be determined by taking into account
multiple line cuts:Λ(a) = 0.8-1.0µm, Λ(b) = 1.0-1.3µm, Λ(c) = 1.6-2.2µm andΛ(d) ≈ 2.0-3.0
µm.
The inner film structure is analyzed by GIUSAXS measurements. These measurements were per-
formed at the BW4 at HASYLAB and are very well suited to detect the large structure features of
the MEH-PPV-PVK-films. Fig. 2 shows the two dimensional images of the MAR-CCD detector
(1) and the out of plane cuts taken at the position of the Yoneda peak with maximum intensity (3).

Figure 2: (1) 2d-detector images, (2) IsGISAXS simulations for samples (a) and (b) and (3) out-of-plane cuts
for samples (a) to (d)

The 2D-images show a splitting of the Yoneda peak for the samples (a) and (b). For the samples
with higher polymer concentration the typical structure size is enlarged and not so defined. Hence
instead of two separated Yoneda peaks a slight shoulder is detectable. The IsGISAXS software is
used to fit the 2D scattering images [3]. Fig. 2 also shows the simulated 2D images for the samples
(a) and (b). Therefore the model of choice are cylinders madeof MEH-PPV embedded in a matrix
of PVK. The corresponding structure factors from the simulations for sample (a) and (b) are in good
agreement with the surface images:Λ(a) = 0.80µm andΛ(b) = 1.10µm. For samples (c) and (d)
are more sophisticated model is necessary for a satisfying fit. This data analysis is still ongoing.

It is shown that the structure size of the thin films based on a polymer blend of MEH-PPV and
PVK can be tuned via the polymer concentration in solution. The polymer phase separate as up-
right cylinders of MEH-PPV in a homogeneous matrix consisting of PVK. The simulation software
IsGISAXS is very well suited for thin films of these polymer blends. Due to controllable phase
separation via the film thickness multi layer devices are interesting for diverse electronic applica-
tions.
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Over the last decade conducting polymers have been in focus of worldwide research. This trend
gathered momentum especially after also industry was attracted by the versatile possible applica-
tions of conducting polymers. This study is addressed to themetal growth on photoactive semicon-
duting polymers, which are e.g. used for organic solar cellsor light emitting diodes.

A crucial part of fabrication of such devices is the conducting contact on the thin polymeric films.
A suitable and commonly used way for providing a reliable contact is sputtering. Two commonly
used materials for contacting thin polymers film are aluminum and gold. It was recently shown
by Kaune et. al. that gold grows in different steps on a polymer film made of PVK (poly N-
vinylcarbazole) [1]. After nucleation the Au atoms first grow laterally before coarsening. Finally
only a growth in height can be detected.

In this study we focus on the growth of aluminum on a polymer blend template. The polymers of
choice were F8BT (poly(dioctylfluorene-co-benzothiadiazole)) and poly[(phenylenevinylene)-alt-
(methoxy(ethylhexyloxy)phenylenevinylene), a polymer very closely related to M3EH-PPV. The
metal growth was studied using gracing incident small anglescattering (GISAXS). Therefore the
beamline BW4 at HASYLAB was equipped with a UHV vacuum deposition system in order to
perform simultaneous in-situ experiments. The sputteringrate was chosen to be rather low (0.47
nm/min) in order to control the growth mechanism at a high resolution.

Figure 1: Stop-sputter experiment - 2D GISAXS scattering images of aluminumsputtered on polymer tem-
plate in 60s steps.

In a first approach small amounts of aluminum were sputtered step-wise on the polymer templates
(stop-sputter experiment). After each sputtering cycle a scattering image was recorded using a
MarCCD detector. For the first 120 s the sputtering time was 20 s and a 2D scattering image was
taken after every sputtering step. Afterwards the sputtering time for each cycle was increased to
60 s. Fig. 1 shows the scattering images in 5 min steps. Due to the absence of side peaks in the
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scattering image it can be stated that the aluminum layer only growths in vertical direction. This
can be also seen at the evolving higher order scattering maxima in vertical direction.

In comparison, aluminum was also sputtered continuously onthe polymer blend template and si-
multaneously recorded with a high resolution Pilatus detector. The sputtering rate of aluminum on
the polymeric film equals the one of the stop-sputter experiment described before. In this case a
prominent side peak can be detected which is shifting towards smaller scattering angles (Fig. 2).
The peak is due to a maximum in the interference function. Hence it describes the change in the
relative cluster position.

Figure 2: Continuous sputter experiment - 2D GISAXS scattering images of aluminum sputtered continu-
ously on polymer template.

In this study we compared two different growth mechanisms ofaluminum on a polymer blend
template. For the stepwise sputtering the aluminum grows only in vertical direction. This can
be compared with the 2D layer-by-layer growth (Frank-Van der Merwe growth). Allowing the
particles to rearrange themselves on the polymer template the adatom-surface forces are stronger
than the adatom-adatom forces. In this case the adatoms attach preferentially to the polymeric
surface resulting in a atomically smooth and fully formed layer. This leads to the observed layer-
by-layer growth. For the continuous sputter case the adatom-adatom interactions are stronger than
those of the adatoms to the polymer substrate. Hence three dimensional adatom clusters and islands
form and grow with sputtering time. This difference of the observed growth mechanisms is of great
interest for different electronic applications for which athin but homogeneous metal contact is
essential.
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The deposition of metals onto polymer thin films is of great interest for the preparation of new 
materials and integrated components. For different applications either discrete clusters of metal, 
continuous porous structures or a complete metallic layer deposited on a polymer film may be of 
advantage. Another possibility is the doping of a polymer film where metal atoms diffuse into the 
polymer film. The in situ GISAXS (grazing incidence small angle x-ray scattering) method with the 
implementation of a portable DC magnetron sputtering deposition system at the beamline BW4 [1] 
of HASYLAB allows to follow in situ the sputter deposition. Successful earlier investigations with 
a similar setup included the cluster growth of gold on conductive polymers [2] and the selective 
enrichment of gold into the polystyrene spheres of a microphase-separated block copolymer [3].   

This report is on the cobalt doping of a thin spin-coated film of polyaniline initially doped with 
camphorsulfonic acid. Polyaniline is a conductive polymer with properties strongly dependent on 
the oxidation state [4]. Although with addition of an acidic dopant like camphorsulfonic acid the 
conductivity of polyaniline is already increased, further improvement of the conductivity is to be 
expected by doping with cobalt. The sample was placed horizontally (xy plane) inside the 
sputtering chamber. An incidence angle of αi =0.4° was set by tilting the whole sputtering chamber 
using a goniometer. The sample-to-detector distance was set to 2.3 m and a wavelength of 0.138 
nm was used. The GISAXS 2D images with well separated specular and Yoneda peak were 
collected on a MarCCD detector. 

 

Figure 1: Scattering pattern with a specular and an additional rod beamstop resulting from a) the initial 
polyaniline film and with a deposited nominal cobalt amount corresponding to a layer of b) 0.2 nm c) 1.0 nm 

and d) 2.6 nm thickness. 

Cobalt was sputtered with a low sputter rate of 0.4 nm/min to prevent the formation of cobalt 
clusters during the flight path. Short sputter intervals of 6 s between every GISAXS measurement 
were chosen to investigate the early stages of cobalt sputter deposition inside and on the polymer 
film. The sputter interval of 6 s represents a deposited nominal cobalt layer thickness of 0.04 nm. In 
Figure 1 the change of the scattering pattern with increased amount of deposited cobalt is shown. 
Whereas there is only minor change in the scattering pattern up to a nominal cobalt layer thickness 
of 0.2 nm (figure 1b), the scattering patterns in figure 1c and 1d on the other hand indicate the 

a) c) b) d) 
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growth of clusters and of a cobalt layer. In the GISAXS experiment a specular and an additional 
rod beamstop are used to allow for higher counting times to detect signals in the out-of-plane 
region, which originate from the presence of small cobalt clusters. Shorter measurements with only 
a specular beamstop and without the rod beamstop were performed in addition and were used to 
take vertical cuts from the 2d scattering image. In such cuts the formation of layers is detected. In 
figure 2a) only every fifth cut of the nominal cobalt layer from 0 to 2.6 nm is shown. In the initial 
stage of sputter deposition there are only minor changes in shape of the scattering pattern (figure 
1a). Correspondingly in the horizontal cut (figure 2b; black dots) up to a nominal layer of 0.2 nm 
no indication of cluster growth can be found. For cluster growth the appearance of side maxima in 
die intensity and the movement of these maxima from the edge of the detector towards smaller qy-
values is expected. Red dots in figure 1b, representing a nominal cobalt layer of 1.0 nm, and blue dots, 
representing a value of 2.6 nm, show the appearance of a weak peak at large qy-values. 

 

Figure 2: a) Vertical (detector) cuts of the 2d scattering images. The bottom curve represents the initial 
polyaniline film, up to top cut with nominal 2.6 nm deposited layer of cobalt, stepsize 0.2 nm, region of 

specular beam is covered with grey bar for clarity, b) horizontal cuts of the 2d scattering image bottom to top 
with increasing nominal cobalt layer, black dot 0 to 0.2 nm, stepsize 0.04 nm; red dots representing a 

nominal cobalt layer of 1.0 nm, blue dots of 2.6 nm  

In conclusion the performed in situ sputter investigation allows to identify the regime, in which 
doping of the polyaniline film with cobalt atoms without any growth of cobalt clusters is possible. 
In later stages of the cobalt sputter deposition process a layer growth of cobalt and cobalt clusters 
on the polyaniline surface is detected. As a consequence, in the present investigation the sputter 
conditions for reaching a maximum load with cobalt dopant without introducing a continuous layer 
of cobalt or without deposition of cobalt clusters are detected. To what extend this is beneficial for 
the conductivity of the material is currently under investigation. 
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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 magnetic 
metal polymer composites. Physical sputtering of cobalt (Co) atoms and plasma polymerization of 
a hydrocarbon monomer has been previously used to fabricate a uniform dispersion of metallic Co 
in a hydrocarbon film [1] . 

In the present report we used the sputtering technique [2, 3] to investigate the deposition of Co 
metal onto the cylindrical morphology of a polystyrene-block-polyethyleneoxide P(S-b-EO) 
diblock copolymer thin film. Utilizing a portable DC magnetron sputtering deposition system 
mounted at the beamline, grazing incidence small-angle X-ray scattering (GISAXS) is employed to 
investigate the in-situ real-time formation and growth of Co nanostructures on the polymer film. 
The GISAXS measurements were carried out at beamline BW4 of DORIS III storage ring [4, 5] at 
HASYLAB (DESY, Hamburg). The sample inside the sputtering chamber was placed horizontally 
(xy plane) and at an incidence angle αi =0.5° by tilting the whole sputtering chamber with respect 
to the incidence X-ray beam using a goniometer. The incidence angle is 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°). Therefore, the Yoneda peaks of both materials and the specular peak are well separated on 
the 2D detector. The GISAXS 2D images were collect on a noise-free high resolution Pilatus-100k 
detector. The detector allows high time-resolution of 1 second. In 30 min we have collected 1800 
images of the metal/polymer composite while Co is deposited on the polymer film in a real-time 
mode. Due to limited dimension (487×195 pixels) of the Pilatus detector two identical 
measurements are performed to cover the full scattering image, in the first measurement the 
detector longer axis (195 pixel) is aligned parallel the sample surface (qy direction) and in the 
second measurement the detector is rotated by 90° to orient the long detector axis in the qz 
direction.  

The 2D GISAXS images (one second scans) are shown in Figure 1a-r. The 2D image (Figure 1a) of 
the Co-free thin P(S-b-EO) copolymer film shows two intensity maxima (white arrow), on both 
sides of the specular beam stop, that originate from the interference of the PS-domains intercalated 
between two cylindrical crystalline PEO domains. This interference effect arises because the PS 
domains are separated by a preferential nearest neighbors (center-to-center) distance, D of 31 nm. 
The 2D intensity images of the Co metal/polymer composites are shown in Figure 1b-r. As the 
amount of deposited Co increases (up to 200 s deposition time), the intensity of prominent rod 
scattering peak and an additional second order peak at 2q* appears in the scattering images (Figure 
1b-c). The latter rod scattering peaks gradually grow in intensity along the qz axis (Figure 1b-c). No 
additional characteristic scattering peaks are observed for the Co particles on the qy direction. 
These results prove an extreme selectivity of the Co atoms on the PS domains as indicated by the 
increase of the scattering intensity of the characteristic polymer structural peaks.  

With increasing the amount of Co at deposition time larger than 200 second, a broad diffuse 
scattering grows outwards (Figure 1d-r) at the plane of incidence (at qy=0). The continuous broad 
scattering in the 2d images indicates a non-specific deposition of the Co on the polymer film. A 
transition from selective to non-selective Co deposition starts at deposition time of about 200 s. Co 
atoms are non-specifically grows on the polymer template and due to high X-ray scattering cross 
section of the Co atom, an increase of a broad diffuse scattering that merge into the characteristic 
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rod peaks indicates the formation of a pseudo monolayer of Co metal on the polymer film. The 
same experiment is again repeated but the Pilatus detector was rotated by 90° so that a larger area 
of the detector is along the qz direction. From the second set of images (not shown) an initial 
modulation peak along qz appears after 500 s and indicates the formation of a continuous uniform 
Co layer. With increasing the deposition time, the number of modulation peaks along the qz 
increases while the spacing distance decreases with growing the Co uniform film thickness.  

 

Figure 1: Composite image 
showing 2D GISAXS 
scattering patterns of (a) 
microphase-separated P(S-b-
EO) copolymer thin film, (b-r) 
after 1800 repetitions of one-
second deposition at a rate of 
0.4 nm/min of Co onto the 
polymer film. An image every 
100 s Co deposition time is 
shown. A specular beamstop is 
used to shield the high 
intensity specular reflection 
peak. The white arrows 
indicate the rod scattering 
intensity maxima along the qy 
direction. Note that the sample 
is placed upside down due to 
the sputtering chamber 
geometry. 

The composite image (b-r) 
every 100 s deposition time 
shows the development of a 
second order rod scattering 
peak and an enhanced 
intensity of the rod scattering 
pattern. Unspecific broad 
diffuse scattering starts to 
develop outwards from the X-
ray plane of incidence at 
deposition time of 300s 
(image d) and indicates an 
initial possible continuous 
metal layer formation. 

As a conclusion, the in-situ real-time GISAXS investigation is critical for understanding how the 
arrangements of Co metal correlates with the structure of copolymer domains within the film and 
opens new possibilities for the investigation of metal-polymer interactions. Our results indicate that 
Co atoms are deposited in registry with the polymer morphology up to a critical concentration. 
Upon further increase of the Co concentration, the deposition is not any more specific to the PS 
domains and instead a continuous metal layer is formed.  

References 
 
[1] C. Laurent, D. Mauri, E. Kay et al., J Appl Phys 65, 2017 (1989) 
[2] E. Metwalli, S. Couet, K. Schlag, R. Röhlsberger, V. Körstgens, M. Ruderer, W. Wang, G. Kaune, S.V. 

Roth, P. Müller-Buschbaum, Langmuir 24, 4265 (2008) 
[3] S. Couet, T. Diederich, R. Röhlsberger. In Hasylab Annual Rep. 2006, pp 323. 
[4] S.V. Roth, R. Döhrmann, M. Dommach, M. Kuhlmann, I. Kröger, R. Gehrke, H. Walter, C. Schroer, B. 

Lengeler, P. Müller-Buschbaum, Rev. Sci. Instr. 77, 085106 (2006) 
[5] P. Müller-Buschbaum, Anal. Bioanal. Chem. 376, 3.(2003) 

-329-



Time-resolved Synchrotron X-Ray Study of the 
Crystalline Transformations in Nylon-6/Carbon 

Nanotube Nanocomposites  

M. Naffakh
1
, C. Marco

1
, M.A. Gómez

1
, G. Ellis

1
, W.K. Maser

2
, A. Benito

2
, M.T. Martínez

2
. 

1Instituto de Ciencia y Tecnología de Polímeros, CSIC, c/ Juan de la Cierva, 3, 28006, Madrid, Spain 

2Instituto de Carboquímica, CSIC, c/ Miguel Luesma Castán 4, 50018 Zaragoza, Spain 

Polyamides, known as nylons, are important engineering materials widely used in diverse industrial 
sectors, from medical through transportation to consumer goods, and novel strategies to improve 
some of their performance characteristics are the subject of many fundamental scientific studies. In 
recent years, polymer / carbon nanotube nanocomposites have received great interest from 
researchers because they frequently exhibit unexpected hybrid properties synergistically derived 
from the two components. The incorporation of CNTs into polymer matrix has remarkably 
improved the mechanical, electrical, and thermal properties of the resulting composites, compared 
to other reinforcing agents such as glass fibers, metal flakes, hollow microspheres, and carbon 
nanofibers, due to their high aspect ratio [1]. The incorporation of some fillers into nylon can have 
an important influence on the crystallization behaviour of the polymer matrix by acting as 
nucleating agents. Since the crystalline morphology will affect the mechanical properties of nylon, 
the investigation of crystallization and melting phenomena in this type of nanocomposite is of great 
importance. 

In most raw nylons, a polymorphic transition is observed on heating. This phenomenon was first 
found in nylon-66 by Brill in 1942 [2]. Upon heating, the room temperature triclinic crystalline 
structure (α) transforms into a modified triclinic structure (γ), at the denominated the Brill 
transition, which is clearly manifested in X-ray diffraction studies where the two strong α-phase 
reflections at around 20º (100) and 24º (010/110) merge into a single γ-phase reflection at the 
transition temperature. Besides variable-temperature WAXD, some other techniques have also been 
adopted to detect the Brill transition, such as real-time FTIR, SAXS, DSC and NMR. 

In this work, several concentrations of as-produced (0.1, 0.25, 0.5 and 1wt.% of CNTs) are 
introduced into a nylon-6 matrix by melt-mixing using a micro-extruder (Thermo-Haake Minilab 
system), operated at 240 ºC with a rotor speed of 150 rpm for 10 min. The nylon-6 used in this 
work was supplied by La Seda de Barcelona S.A and single-walled carbon nanotubes (SWNTs) and 
multi-walled carbon nanotubes (MWNTs) were synthesized by the arc-discharge method in the G-
CNN group (ICB-CSIC, Zaragoza, Spain).  

 

 

 
In order to obtain information on the differences in the crystalline transformations of both neat 
nylon-6 and nylon-6 in the nanocomposites, the dynamic crystallization of nylon-6/CNT 

Figure 3: WAXS diffractograms of nylon-6 

nanocomposites obtained at R.T. after rapid 

cooling from the melt state. 
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nanocomposites from the melt was investigated by DSC and time-resolved synchrotron X-ray 
diffraction. Figure 1 shows the effect of CNT content on the dynamic crystallization behaviour of 
nylon-6. The crystallization temperature (Tc), obtained from the minimum of the exothermic peak, 
is about 188 ºC for nylon-6. The addition of 0.1-1wt.% of CNT led to a shift of the crystallization 
peak mainly towards higher Tc (e.g. Tc,1wt.% SWNT or 1wt.% MWNT = 192ºC). The increase of Tc can be 
explained by the assumption that both the SWNTs and MWNTs act as nucleating agents for the 
crystallization of the nylon-6 matrix, and the crystallization rate increased compared to that of neat 
nylon-6. However, the crystallinity value obtained from the crystallization exotherm of nylon-6 
appears unchanged with addition of CNTs (i.e. SWNTs=35-37% and MWNTs=35-36%). 
Additionally, the data presented in Figure 2 using synchrotron radiation indicates that nylon-6 
crystallizes first into a pseudo-hexagonal phase from the molten state, and then converts to the 
monoclinic form during cooling. However, when nylon-6 nanocomposites experience a faster 
cooling process, alpha-form crystals are generated, which differs from the case for the neat nylon-6 
matrix (i.e. formation of the more-disorded phase) as shown by WAXS in Figure 3. This reversible 
crystal-to-crystal phase transition is a gradual and continuous process typically observed in nylons 
upon heating from the RT, known as the Brill transition [1]. As an example, Figure 4 presents the 
WAXS diffractograms for neat nylon-6 and its nanocomposites with 1wt.% of CNTs (SWNTs and 
MWNTs), and those recorded during a heating cycle at 5ºC/min after previously cooling at 
10ºC/min. The experimental data indicate that the nanocomposites contain more perfect crystals 
than the neat nylon-6, which results in higher crystalline transition temperatures. Since the α-phase 
is more stable than the γ-phase, the crystalline transformation in the nylon-6 nanocomposites 
requires more energy, available at higher temperature, to overcome this restriction. This appears to 
be independent of the type of nanotube used. However, given that the Brill transition was not found 
during the heating process in the case of nylon/MWNT nanocomposites prepared by in-situ 
polymerization [3], its appearance may also be influenced by the processing conditions. In the same 
way, the results obtained from DSC melting data (not shown) were consistent with those provided 
by WAXS. The reduction of the width of the double endothermic peaks of nylon-6 as well as the 
increase in crystallinity with the addition of CNTs (nylon-6 = 37% and nylon-6/SWNT (1wt.%) = 
42% [4]) were related to the improved stability of the more disordered γ-form crystals. This 
behaviour was also independent of the type of nanotube used. 
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Figure 4: WAXS diffractograms of (a) nylon-6, (b) nylon-6/SWNT and (c) 

nylon-6/MWNT nanocomposites containing 1wt.% of nanotubes. 
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Materials for photonic applications currently attract a broad interest. A major part of this interest is 
focused on the fabrication of photonic crystals - materials with a periodically varying dielectric con-
stant, which results in a so called photonic band gap, i.e. a region in the electromagnetic spectrum, 
where propagation of light is stopped [1,2]. A versatile approach towards the realization of three di-
mensional photonic crystals relies on the inversion of colloidal crystals [3,4]. Such crystals are 
ideally made up of highly monodisperse spherical colloids arranged in a perfect crystalline structure 
and are usually realized by self-assembly processes. Unluckily, numerous difficulties in the forma-
tion of large area ordered crystalline assemblies with uniform crystal orientation restrict a broad ap-
plication of colloidal crystals.  

 

Figure 1: Experimental data and corresponding fit for GISAXS from colloidal monolayer. The data 
were taken at an energy of 9 keV and an incident angle αI of 0.354°. 

 

At present, most characterizations of colloidal crystals are done by scanning electron microscopy 
(SEM) [4]. This allows to get information about the top layer of a colloidal assembly unless cleav-
ing the crystal. Recently, small angle x-ray scattering measurements have been performed on col-
loidal crystals, see e.g. [5] and references herein. This provides structural information about the 
bulk material, i.e. about the lattice type, domain size and the defect density. Here we want to 
explore the strength of grazing incidence small angle x-ray scattering (GISAXS) [6]. The technique 
is expected to be a valuable add-on to already established characterization techniques as it can 
provide depth dependent structural information. In the presented work we apply GISAXS on 
colloidal mono- and multilayer. The samples were prepared by either dip-coating [7] or directional 
deposition [8] and had a flat or topologically structured substrate. We also used different colloidal 
diameters to fabricate our samples. The aim of the study is to establish the potential of GISAXS for 
the characterization of colloidal assemblies. 
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In figure 1. we show the data and a corresponding simulation for a colloidal monolayer deposited 
on a waver. Dip-coating was used for the deposition of the particles on the waver. The colloidal 
dispersion was obtained from Duke Scientific. The data was taken at an energy of 9 keV and an 
incident angle αI of 0.354°. The software IsGISAXS [9] was used for fitting of the experimental 
data. Under the assumption of hexagonally ordered domains with random orientation in the plane 
horizontal to the substrate, the data can be well fitted. The obtained values for the sphere radius 110 
nm and the lattice spacing 222 nm agree well with the nominal value of the colloids of 200 nm. The 
additional scattering intensity appearing as circles around the reflected beam originated from small 
angel scattering.  
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Resolved Synchrotron X-Ray Diffraction 

H. J. Salavagione, G. Martínez, M. Naffakh and M.A. Gómez
 

Departamento de Física e Ingeniería de Polímeros, Instituto de Ciencia y Tecnología de Polímeros, CSIC.  

C/ Juan de la Cierva 3, 28006 Madrid, Spain 

The utilization of graphene, a two-dimensional monolayer of carbon atoms, the basic building block 
for naturally occurring graphite, as filler in polymer nanocomposites constitutes an emerging field 
with potential applications due especially to their unique structure and novel electronic properties 
[1,2]. One of the employed strategies to incorporate graphene into polar polymers is the reduction 
of graphite oxide in aqueous solution of the polymer [3].  

The most interesting properties of graphene are due to its high aspect ratio, which allows for an 
intimate contact with the polymer matrix and strong interfacial interactions. Therefore, it would be 
expected that some properties of the polymer be markedly altered after the incorporation of 
graphene. In this work we study the nanocomposites of reduced graphite oxide (RGO) and 
poly(vinyl alcohol) (PVA), named as GOR-PVA. Considering that PVA is a semi crystalline 
polymer, the melting behaviour and crystalline parameters of the polymer matrix in the composite 
were investigated because the macroscopic properties of the nanocomposites strongly depend on 
them. Therefore, we have play special attention to the melting behaviour of GOR-PVA by using 
differential scanning calorimetry (DSC) and X-ray diffraction using synchrotron radiation. All 
analyses reveal that the incorporation of RGO alters the crystallization properties of PVA 
decreasing significantly its crystallinity (Figure 1a).  

The parameters derived from the experimental DSC curves in Figure 1a are summarized in Table 1. 
Significant changes can be observed in the crystallization temperature (Tc), the melting temperature 
(Tm) and the glass transition temperature (Tg) of PVA in the nanocomposites depending on filler 
content. Regarding the heating scan, it can be observed that Tm and the melting enthalpy (∆Hm) are 
strongly influenced by the filler loading. As the RGO content increases, the melting endotherm of 
PVA in the nanocomposite broadens and the Tm decreases. In addition, the crystallinity of PVA in 
the nanocomposites decreases from ~ 51% (for PVA) to an almost amorphous material at 10 wt % 
of RGO (Table 1), supporting the existence of some interaction between the polymer and the filler 
in detriment of interactions among polymer chains [3].  

Table 1. DSC crystallization and melting parameters of PVA and PVA/RGO nanocomposites. 

Sample Tg Tm Tc ∆Hm Xc (%)* 

PVA 82 225 203 83 51 

PVA/RGO 

1 wt % 

84 214 196 60.9 37 

PVA/RGO 

2 wt % 

94 200 180 54.5 33 

PVA/RGO 

5 wt % 

94 189 169 33.2 19 

PVA/RGO 

10  wt % 

103 160  5.2 3 

*obtained from the melting endotherms. 

 

However, the melting behaviour of PVA/GO displays a broad melting peak (similar to the 
nanocomposites), but with Tm values close to that for PVA and PVA/graphite (not shown). It 
appears that the reduction step, which eliminate oxygenated groups, changes the interaction 
between the filler and the polymer. Therefore, additional effects to the hydrogen bonding are also 
involved (e.g. steric effects). In addittion, the Xc of PVA/GO lies between the values for PVA/RGO 
1 and 2 wt % suggesting that the rigidity of the nanocomposite is altered after the reduction step. 
These changes should affect the mobility of the chains, which lead to the increase of Tg of PVA as 
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the filler loading increases over 1 wt. % (Table 1). This effect can be ascribed to an effective 
attachment of the polymer to the layers of RGO that prevents the segmental motions of the polymer 
chains as occurs with different polymer matrices intercalated in laminar montmorillonite 
(MMT)[4]. 

Complementary information on the melting of PVA nanocomposites was collected using time-
resolved synchrotron X-ray diffraction (Figure 1.b). Two observations can be made from the 
variation of long period (L) during the heating, which may help to understand the melting behaviour 
of the nanocomposites. First, the L value of PVA obtained at room temperature increase with the 
addition of RGO. Taking into account the difference between the Tc of PVA and its 
nanocomposites (i.e. decrease of Tc of PVA with increasing the RGO content), it is possible to 
conclude that RGO is located between the PVA lamellar crystalline organization, which leads to the 
increase of L values of PVA. Second, in all cases the PVA nanocomposites experiment a 
reorganization and crystalline perfection during heating which leads to the increase of the long 
period (L) until melting. 

 

Figure 1: DSC (a) and long period (b) of PVA and PVA/RGO nanocomposites obtained during heating 
scans at 10 ºC.min

-1
. The inset in b shows the dependence of the long period with the GOR content at room 

temperature. 
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Strain Dependent SAXS Measurements of Smectic-A
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Smectic-A liquid single crystal elastomers (SA-LSCE) combine the rubber elasticity of a polymer
network with the anisotropic properties of liquid crystals. The smectic-A phase is formed by ori-
entationally ordered rod-like segments or side-chains, so-called mesogens which are arranged in
layers with one-dimensional positional order. Being one-dimensional solids, they are interesting
model compounds for fundamental physics and since the elastic properties directly couple to the
liquid crystalline phase structure, they display unique properties in the field of soft condensed mat-
ter.
If a SA-LSCE is stretched perpendicular to the layer normal, conventional rubber elasticity is found.
However, upon deformation along the layer normal typical enthalpy elastic behaviour of a solid
state material is observed. The stress-strain experiment shows a linear response with a modulus
two orders of magnitude larger than in direction perpendicular to the layer normal. After a charac-
teristic threshold strain of about two percent the modulus decreases significantly and resembles the
rubber elastic modulus.
While similar mechanical properties are found for SA-LSCE with different chemical constitu-
tion, different responses of the phase structure under strain along the layer normal have been
reported.[1, 2, 3, 4] So far the microscopic origin of these differences as well as the relation to
the chemical constitution remains unclear.

We have synthesised side-chain SA-LSCE of different chemical constitution and geometry (end-on
as well as side-on attached mesogenic units). Moreover we systematically studied the influence of
packing effects in coelastomers with different mesogenic groups.
In a high resolution study at BW4 we observed that the layer correlation length - a measure for the
positional ordering - is mainly determined by packing effects and not specifically by the chemical
constitution of the polymer network (for constant crosslinker concentration).
For elastomers with a large correlation length (ξ > 0.4 µm) qualitatively the same response is
observed to strain imposed along the layer normal, independent of the chemical constitution or at-
tachment geometry of the mesogenic side-chains. Figure 1a shows a stress-strain curve measured
at BW4 and Figure 1b the smectic layer spacing in dependence of the applied strain. One can
easily see that the linear regime in the stress-strain curve with the large elastic modulus directly
arises from a nearly affine expansion of the smectic layer spacing. At the threshold strain the affine
deformation becomes energetically too unfavourable and a layer roation sets in, characterised by
an increasing splitting of small-angle reflections (Figure 1b). Figure 2a and b show the small-angle
intensity and the layer correlation length in dependence of the applied strain, respectively. The in-
tensity remains constant in the inital regime of the stress-strain experiment and decreases strongly
at the threshold strain. This observation is theoretically well described as a polydomain formation
with a conical distribution of rotated layers around the stress axis.[5] The layer correlation length
also decreases at the threshold value. The positional ordering is weakend but still remains smectic.
For elastomers with a lower correlation length (ξ < 0.4 µm) we found no reorientation of the layer
structure under strain imposed along the layer normal. Here the question remains if a strain-induced
transition to the nematic or isotropic state occurs. This has to be clarified with future measurements.
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Figure 1: a) Stress-strain curve for uniaxial deformation along the layer normal. b) Layer spacing d and layer
rotation angle φ in dependence of the applied strain.
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Figure 2: a) Small-angle intensity and b) layer correlation length ξ in dependence of the applied strain.
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Due to the spinning process of many fibres, a nanoporous structure evolves inside the filaments. 
Investigations show a strong correlation between the properties of the nanoporous structure and the 
physical properties of the fibres. High-performance polymer fibres, such as aramid fibres 
(Twaron® and Kevlar®) show a similar nanoporous structure. Small-Angle X-ray Scattering 
(SAXS) has the power of characterizing this structure, the results of which are invaluable in making 
structure-property relationships. Using microfocus SAXS installations, such as the cSAXS 
beamline at the Swiss Light Source (SLS), which has a beam size of about 20 x 5 microns 
(horizontal by vertical), investigations of the local nanostructure have been performed on a 
selection of aramid filaments. From these experiments, a large amount of inhomogeneity was 
observed in the localisation of the nanostructure. In other words, the nanostructure is not 
homogeneously dispersed throughout the filament. Small-angle scattering from filaments subjected 
to compressive and tensile strain, indicates the presence of highly monodisperse scatterers within 
the material. Closer investigations revealed that the sizes of these structures are affected by the 
amount of stress on the sample. 

The effects of strain on the sample crystalline structure was studied by wide angle X-ray scattering 
at the BW2 beam line at the HASYLAB synchrotron in Hamburg, but revealed no significant 
effect. 

 

Figure 1: WAXS patterns obtained from BW2 (DESY), from 

a straight filament (left) and a loop, 1 mm in height, indicating 

no clear effect of the stress on the crystallite reflections. 
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Pressure sensitive adhesives (PSAs) are used for many different applications, such as for example 
adhesive foils or binding materials. A prominent class of PSA films is based on statistical 
copolymers. Typically two or three different monomers are combined into the statistical copolymer 
to balance the different requests of the PSA [1-4]. The adhesive properties of the PSA films are 
mainly determined by surface-near regions. However, detailed information about surface structures 
of such adhesive films is still missing. 

In the presented work we focus on PSA model systems of statistical copolymers consisting of two 
different types of monomers. In one series of samples the polymer chains are composed of 80% 
poly(butyl acrylate) (PBA) and 20% poly(methyl acrylate) (PMA) with different molecular 
weights. A second type of statistical copolymer, which is denoted with P(EHA-stat-MAA), uses 
90% poly(ethyl hexylacrylate) (PEHA) and 10% poly(maleic acid anhydride) (PMAA). It has a 
molecular weight of 187k and a sample age of seven days. 

The PSA films were prepared with solution casting on pre-cleaned glass substrates. From a naive 
point of view, one would have expected homogenous films, which are characterized by the average 
monomer composition. To investigate the surface structure, we probed the refractive index profile 
(which is equivalent to a composition profile) perpendicular to the PSA surface using x-ray 
reflectivity (XRR) for the molecular weight series. For P(EHA-stat-MAA) we performed grazing 
incidence small angle x-ray scattering (GISAXS) measurements to prove the existence of lateral 
structures. 

 

Figure 1: X-ray reflectivity data and fits of the statistical copolymer with 80% BA and 20% MA and a 
molecular weight of a) 60k, b) 200k and c) 600k and the resulting refractive index profiles. 

The figures 1a, b and c show reflectivity curves in a typical representation, which is beneficial for 
thin enrichment layers. The curves plotted in green color represent freshly prepared samples (see 
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sample age within the respective figures) and the curves plotted in blue color show data from 
samples which were stored for more than twenty days under room temperature conditions. The red 
solid lines are the fits to the data performed with Parratt32. The figures 1d, e and f show the 
corresponding refractive index profiles where z = 0 denotes the sample surface. The black solid 
lines are positioned at the values of the refractive indices of the corresponding homopolymers 
related to the involved copolymers. For higher molecular weights (figures 1e and f) freshly 
prepared samples show no or only a little surface enrichment of the PMA component. During aging 
the PMA content near the surface is increased in such a way that the surface is dominated by the 
PMA component. For the low molecular weight sample (figure 1d) the PMA component is enriched 
at the surface even for the freshly prepared sample. The reorganization process at low molecular 
weight is much faster than for high molecular weight samples. In any case this is a surface effect. 
For a depth z > 100 nm the average monomer composition is reached, which is 80:20 for the 
investigated system. 

The GISAXS measurements (wavelength of 1.38 Å and beamsize of 40 μm x 20 μm) were 
performed at the beamline BW4 at HASYLAB. The incident angle on the sample surface was 
selected to 0.506° and the distance between the sample and the detector was 2.004 m. A 2D-
MarCCD detector (2048 x 2048 pixels with a pixel size of 79 μm) was used to record the scattered 
x-rays from the film surface. The so called out-of-plane cut through the 2D-scattering pattern is 
selected in order to look for the evidence of lateral structures. It is oriented parallel to the sample 
surface and perpendicular to the beam direction (along y-axis, see red line in figure 2a). The out-of-
plane cut is made at the critical angle of PEHA. 

 

Figure 2: a) measured and b) simulated 2D GISAXS pattern of P(EHA-stat-MAA), c) out-of-plane cut at the 
position of the critical angle of PEHA (red circles) and corresponding fit (black solid line). 

The out-of-plane cut (figure 2c) clearly shows a shoulder which indicates the presence of a lateral 
structure. For analysis the data are simulated with the IsGISAXS software. A model which assumes 
cylinders of increased refractive index and thus a different monomer composition close to the 
sample surface turned out to be appropriate to fit the complete 2D scattering patterns (compare for 
example figures 2a and b). For the particular example shown in figure 2, the cylinders have a mean 
diameter of 18 nm and a mean distance of 83 nm. Due to the broad distribution of both 
characteristic lengths no Bragg-like peak is detected. 
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Organic gels as precursors for porous carbons are mostly basing on resorcinol-formaldehyde (RF). 
We completely changed the reactant system (applying different hydroxybenzols, aldehydes, 
catalysts and solvents), investigated the reaction kinetics of the sol-gel process of two different 
samples A and B by in-situ SAXS [1] and compared them to the classical resorcinol formaldehyde 
system. The scattering curves revealed a distinctly different behaviour in the early phase of the sol-
Gel process while both samples show systematically growing structures during the second phase of 
the reaction process [1].  

Besides the sol-gel process, the evaporative drying of the wet gels to produce xerogels is an 
important process step that may affect the structure of the resulting dry gels (=xerogel) significantly. 
To obtain information about the drying mechanisms as well as what happens to the generated 
structures observed from the gelation reaction about the drying process, we performed SAXS 
measurements on samples at different drying stages. Prior to drying the wet gels were ground with a 
laboratory impact mill. Before the milling, a slice of the wet gel was cut off and transferred into an 
airtight SAXS sample cell with Kapton foil windows. Afterwards, part of the ground powder was 
dried in an oven at 65°C and then also put in an airtight SAXS sample cell. The mass loss of the 
powdered samples was determined and connected to a residual humidity. For example, the wet gel 
features a residual humidity of 100 % (total pore liquid is still present), while the completely dried 
gel shows a residual humidity of 0 %. For each gel we tried to cover the range between 0 % and 
100 % with seven to eight samples at different stages of drying. 

The samples were measured at the beamline B1 of HASYLAB in two detector – sample distances 
(935 mm and 3635 mm, respectively) at 12 keV energy of the incident beam. Furthermore, the 
transmission of the sample in the two configurations was determined. For a consistent and 
straightforward interpretation, normalized scattering curves are indispensable. Therefore, the mass 
occupancy or the sample density in the volume illuminated by the incident X-rays is required. 
Because the packing of the powder bed is hard to determine and the density of the powder packing 
bed does not necessarily represent the density in the illuminated volume, the mass per sample cross 
section has to be determined by another procedure. Therefore, first the elemental composition of the 
phenolic resin was estimated to be C8H8O1.5 from the underlying chemical reactions. Using the 
NIST-database

1
 the total attenuation coefficient without incoherent scattering of the phenolic resin 

yields (µ/ρ)C8H8O1.5 = 1.74 cm
2
/g at 12 keV. In a second alternative approach, the total attenuation 

coefficient was determined from the experimental transmission data of 14 different dry phenolic 
resin samples with well-known density and thickness. It was determined to be 
(µ/ρ)phenolic resin = 1.79 ± 0.13 cm

2
/g. The overall consistence of the two values is excellent; the latter 

value was used for further evaluations. With the total attenuation coefficient of water 
[(µ/ρ)H2O = 3.13 cm

2
/g] and knowledge of the ratio of solid phase to water within the samples, we 

were able to determine the actual sample mass in the beam and thus to normalize all scattering 
curves on an absolute scale. 

Figure 1 shows the scattering curves of two samples (A and C) at different drying stages. The left 
one corresponds to the in-situ SAXS investigation of the gelation process of sample A in [1]. For 
the sample C on the right side the synthesis parameters were changed compared to A to increase the 
ratio of aldehyde to hydroxybenzol. For sample A the overall shape of the scattering curve changes 
during drying; furthermore the bend of the scattering curve towards low q-values shifts to larger 
scattering vectors q. The size of the structural entity that causes the bend was determined from a fit 
of the experimental data with the Guinier-approximation I(q) = I(0)·exp[-(q·Rg)

2
/3], with I(q) the 

                                            
1
 http://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html, (13.11.2008) 
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scattered intensity, I(0) the forward scattering (plateau) and Rg the radius of gyration. The slope of 
the scattering curve at q-values between 1 nm

-1
 and 8 nm

-1
 shows only minor changes with drying, 

except for the final drying step; in this case the scattering curve shifts to larger scattering intensities 
due to a significant change in contrast when the residual water is removed completely. Figure 2 
shows that the radius of gyration decreases continuously with progressing drying of sample A. For 
the completely dried powder, Rg is 2 times smaller than for the wet gel. In contrast, the scattering 
curves of sample C show only minor changes in the shape of the scattering curve, no bending is 
present within the q-range covered, but we observe a continuous increase of the scattering intensity 
during drying. 

Obviously, for both samples, the drying mechanisms largely differ. For sample C the increase in 
scattering intensity is a hint for an increasing contrast and therefore can be connected to an 
emptying of relatively large pores. This is in accordance with the only marginal shrinkage of the 
monolithic of piece taken from sample C; due to relatively large pores and less capillary pressure 
shrinkage is small and drying results in a highly porous organic xerogel. In contrast, sample A 
shows in addition a change of the size of the scattering entity, related to the shrinkage of nanometer 
sized structural entities, pores, solid particles or both as well due to Babinets principle. The small 
pores and therefore extreme capillary forces during drying may explain why the gel-network of 
sample A collapses resulting in a significant macroscopic shrinkage of the gel.  

 

Figure 1: Evolution of the scattering curve during evaporative drying. Sample C is produced with less 
aldehyde content than sample A. 
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Figure 2: Radius of gyration dependent on the residual humidity. 
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In the performed experimental studies the structure and mechanics in surface anchored two 
dimensional polystyrene (PS)/polyvinylmethylether (PVME) blend films. It is proposed that the 
chains ability to recover their conformational entropy can be tuned by employing anchor points to 
the surface. Compared to non anchored two dimensional films [1] we were able to raise the blends 
Lower Critical Solution Temperature (LCST) above room temperature (RT) by constraining the 
polymer chains conformational entropy.  

µ-beam-sized Grazing Incidence Small Angle X-ray Scattering (µ-GISAXS) studies were 
performed on homo polymer and blend films prepared on arrays of Nano-mechanical Cantilever 
Sensor (NCS) elements [2,3]. Thus, it was ensured that the chemical linker quality was equal for all 
four studied film systems. The scattering geometry is illustrated in Figure 1a. 

 

 

Figure 1: µ-GISAXS q|| detector scans of NCS systems at RT and 150°C. Black data points represent 
experimental data, red and brown lines represent the applied fit; a) illustration of scattering geometry b) 

linker coated NCS; c) PS coated NCS; d) PVME coated NCS; e) PS/PVME coated NCS 

 
Fitting of scattering data with a unified fitting model [4] from PS/PVME films show that domains 
with average lateral Rg = 20 nm and average centre to centre distances d  = 130 nm form during 
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annealing. These domains can be related to the polydispers domains observed in comparative AFM 
height images (Figure 2). This observation is a clear indication for a phase separation process at RT 
< TLCST < 150°C. In scattering graphs from PVME film systems (RT and annealed) small 
correlation peaks at q|| ~ 0.002 Å-1 can be observed (Figure 1d). From detailed analysis Rg

RT = 30 
nm with a dRT = 102 nm and Rg

150°C = 21 nm with a d150°C = 136 nm can be assigned. These results 
suggest that PVME domains deweted already at RT from the hydrophobic linker surface. Annealing 
enhances the dewetting process from the hydrophobic surface, resulting in a decrease of domain 
sizes. As one can see, fitting parameters for annealed PVME and PS/PVME films are equal. Thus, 
the dewetting process of the PVME could be shifted to higher temperatures by adding PS. The PS, 
which mixes without dewetting with the linker, solves the PVME in a second layer of lower 
density. From q|| scattering of the linker film (Figure 1b) it can be seen that small domains of Rg = 4 
nm and d = 12 nm loose their ordered arrangements during annealing.  

 

 

Figure 2: Series of AFM height image of PS/PVME films anchored to a linker prefunctionalized Si-surface 
at RT and during annealing 
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Nanostructured titania particles are very attractive for several applications such as photocatalysis, 
coating, gas sensing and photovoltaics [1-2]. The morphology of the titanium dioxide (TiO2) 
particles greatly influences the efficiencies in proposed applications. Preparation of TiO2 
nanoparticles with desired morphologies in a reproducible way by combining sol-gel chemistry 
with amphiphilic block copolymers was reported by our group [3-4]. This route was extended to 
incorporate insulating parts in between titania nanoparticles by using a poly (dimethylsiloxane) 
(PDMS) containing amphiphilic block copolymer [5]. Titania nanoparticles were prepared via sol 
gel chemistry using a poly (ethyleneoxide) methyl ether methacrylate-block-PDMS-block- poly 
(ethyleneoxide) methyl ether methacrylate triblock copolymer as the templating agent. The triblock 
copolymer was dissolved in tetrahydrofuran and isopropanol mixture, followed by addition of 
hydrochloric acid as good solvent for poly (ethyleneoxide) and poor solvent for PDMS parts and 
titanium tetraisopropoxide as titania precursor. After stirring the sol-gel components for 1 h, thin 
films were prepared via spin-coating on previously cleaned silicon wafers. The surface of titania 
nanoparticles were cleaned from polymer by argon plasma. Afterwards annealing was conducted 
under inert atmosphere to convert PDMS into a silicon oxy carbide type ceramic. The block 
copolymer concentration was varied from 1% to 2% by weight. Scanning force microscopy (SFM) 
and scanning electron microscopy (SEM) images of 1% and 2% block copolymer containing 
samples after plasma treatment and annealing at 1000°C are presented in Figure 1. The image scale 
is 1 µm in all images. From this large scale views the difference in film morphologies is seen. In the 
film preparation step, during spin coating liquid-liquid miscibility gap occurred which resulted in 
circular pits on the films [6]. In 1% block copolymer containing sample (a), these circular pits are 
more evident compared to 2% block copolymer containing sample (b) which also exhibits these pits 
but in a smaller scale. Moreover, the increase in block copolymer content results in different 
morphology as observed by microscopy techniques.  

 

Figure 1: SFM height (1), phase (2) and SEM (3) images of plasma treated and annealed at 1000° samples, 
1% block copolymer (a), 2% block copolymer (b). Height scales are 12 nm (a1) and 20 nm (b1) with phase 

scales 15° (b2) and 30°. The scale bars correspond to 1 µm. 

For the investigation of the morphologies of the nanocomposite films microbeam grazing incidence small 
angle x-ray scattering (µGISAXS) was performed at the beamline BW4 [7, 8]. The out-of-plane cuts from 
µGISAXS measurement of the samples were fitted by using the unified fit model developed by G. Beaucage 
[9]. This model describes the structure of the material in structural levels, from single particles to clusters. 
Each level contains a Guinier regime which describes the size and a power-law regime giving the integral 
properties of the structure. The Porod regime provides information about particle shape. Figure 2 shows the 
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out-of plane cuts for the plasma treated and annealed at 1000°C samples together with a fit of the data. The 
different shape of the curves allready indicates a difference in their structures. The values obtained from the 
fit model are listed in Table 1. The smallest particle size corresponding to Level 1 decreased from Rg of ~8 
nm to ~6.5 nm and these particles became more compactly packed; the packing factor P increased from 1.7 
to 3.9 as polymer concentration increased. Larger clusters corresponding to Level 2 became larger, from Rg 
of ~130 nm to ~170 nm. The decrease in the primary particle size and higher packing of the particles with 
increased block copolymer concentration in the sol-gel components show that the particle size can be tuned 
with changing the polymer concentration. This is a promising preparation route for different applications that 
require different particle sizes. 

 

Figure 2: Double-logarithmic plots of the out-of-plane cuts of the 2D intensity as a function of the qy 
component of the scattering vector. For clarity, the curves are shifted along the intensity axis. The dashed 
line indicates the resolution limit of the GISAXS experiment. Coloured lines are the fits, from Unified Fit 
Model for determining the prominent in-plane length scales, corresponding to the scattering data in black 

below them. Lower curve corresponds to 1% polymer and upper curve corresponsds to 2% polymer 
containing plasma treated and annealed at 1000°C samples. 

Sample P Rg (nm) 

Level 1 1.7±0.1 8±0.5 1% block 
copolymer 

Level 2 1.7±0.1 131±1.1 

Level 1 3.9±2.8 6.5±1.6 2% block 
copolymer 

Level 2 1.5±0.4 171±1.1 

Table 1: The values obtained from the Unified fit Model: P is the packing factor and Rg is the radius of 
gyration. 
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Cationic Noncovalent bonds are essential in self-assembling of supramolecular structures. They 
include hydrogen bonding, ion pairing, hydrophobic dipole-dipole, aryl – aryl and van-der-Waals 
interactions. Hydrogen bonds are especially important due to their variable strength and their 
structure defined alignment. The interaction between aromatic π-electron donors and acceptors 
plays an important role in folding, stabilization and in recognition processes of proteins. To 
simplify the analysis of these forces, we selected the air/water interface as a two-dimensional 
model system. Information on noncovalent interactions in amphiphilic assemblies at the air/water 
interface has been gained from the phase behavior of molecules with the Langmuir-film-balance,  
their combination with Brewster-angle-microscopy (BAM) and fluorescence microscopy. Near 
atomic resolution of the monolayer structure at the air-water interface has been gained by GIXD 
measurements combined with computer calculations. 

To provide information on the interaction of phenyl groups in monolayers and hydrogen bonding of 
phenols and aryl methyl ethers to the water surface we investigated the behavior of compounds 1 – 
7. 1-Phenyloctadecane (1a, scheme 1) and n-docosane (1b), which has approximately the same 
molecule length as 1a, are compared with methoxy and hydroxy substituted 1-phenyloctadecanes 2 
– 7. The methoxy group can act only as hydrogen bond acceptor, whereas the hydroxy group can be 
both a hydrogen bond donor and acceptor. The behavior of 1a, 2a and 5a is also compared with that 
of the corresponding alkanes with a similar molecule length but without a phenyl ring, namely the 
hydrocarbon 1b, the ether 2b and the alcohol 5b, to study the influence of the aryl group.   

The lateral structures in condensed monolayers at the air/water interface were investigated using 
grazing incidence X-ray diffraction measurements at the BW1 beamline, HASYLAB, DESY 
(Hamburg, Germany). The Langmuir film balance was thermostated (20 °C) and placed into a 
hermetically closed container filled with wetted helium. 

 

OH OH OH 7 

H OH OH 6 

H H OH 5a 
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H H H 1a 

R3R2 R1  

R3
R2

R1

17

   

 R1
17 2

OH 5b 

OCH3 2b 

H 1b 

R1 

     
 
Scheme 1 (left and middle): Structures of amphiphiles 1-7. Figure 1 (right): Contour plots of the corrected 
X-ray intensities as function of the in-plane and out-of-plane scattering vector components Qxy and Qz for 
5a (top) and 6 (bottom). For 5a the phase sequence from oblique to L2 can be seen. The transition occurs 

between 1 mN·m-1 and 10 mN·m-1. The monolayer of compound 6 forms the Ov phase in the whole 
pressure region investigated. 
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Figure 1 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 
of the phenols 5a and 6  obtained at 1, 20 and 40 mN·m-1. At low surface pressure, compound 5a 
exhibits three low-order diffraction peaks characteristic for an oblique chain lattice. Compression 
leads to a transition to a condensed phase with a centered rectangular lattice of chains. The 
degenerate Bragg peak above the horizon and the non-degenerate one at zero Qz are indicative of 
the L2-phase. The chains are tilted in the direction towards nearest neighbors (NN) along the short 
axis of the in-plane unit cell. The lattice is distorted from hexagonal packing in NN direction. The 
tilt angle of the chains decreases only marginally with increasing pressure. The introduction of a 
second OH-group (compound 6) leads to a strong increase of the chain tilt and to a different phase 
structure. This phase (Ov) is characterized by an intensity distribution with two diffraction peaks at 
non-zero Qz values. The chains are tilted in the direction of the next-nearest neighbors (NNN). As 
in the case of compound 5a, the tilt angle decreases only slightly upon compression. In both cases, 
the cross-sectional area of the chains is around 20 Å2 indicative for a rotator phase. However, 
plotting the lattice distortion as a function of sin2 of the tilt angle gives a hint that also the packing 
(in this case of the phenol rings which cannot rotate freely) has a certain influence on the chain 
lattice distortion [1]. 

Figure 2 shows a 3D surface plots together with the corresponding contour plot of a monolayer of 
compound 7 taken at 40 mN·m-1. The scattering intensity is distributed continuously over a certain 
Qxy and Qz range. Such intensity distribution has been explained by a monolayer structure with a 
defined chain tilt but an undefined tilt direction [2]. 

 

The phenol 5a and the corresponding aliphatic alcohol 5b behave differently at the air/water 
interface. The larger molecular area of 5a compared to 5b can be attributed to the larger size of the 
benzene ring. The second difference is the missing LC to SC transition in the isotherm of 5a 
compared to that of 5b. The non-tilted phase cannot be achieved due to the area requirement 
mismatch between the aryl ring and the aliphatic chain. With increasing numbers of OH-groups in 
the phenols 6 and 7 the molecular area in the LC-phase increases. Correspondingly, the tilt angle of 
the aliphatic chain of 6 is drastically increased. For 7, which has 3 OH-groups attached to the ring, 
a tilt angle around 50° would be expected. Obviously, such a strongly tilted structure is 
energetically not favorable. Therefore, the molecules arrange in a way that they do not exhibit a 
defined tilt direction therewith reducing the tilt angle. 
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Figure 2: 3D plot (left) and contour plot (right) of the corrected X-ray intensities as function of the in-

plane and out-of-plane scattering vector components Qxy and Qz for 7. Note that the diffracted intensity is 
distributed along a characteristic arc in reciprocal space. 
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Cell membrane  lipid bilayers  are  currently thought  to  consist  of  different  phases  and  different 
domains at  the  nanometer  scale.  These domains (also known to  some as  ‘lipid rafts’)  differ in 
composition,  structure,  stability,  and  consequently in  properties  and  function.  They selectively 
incorporate or exclude specific proteins, and thereby fulfill an important function in cell activity and 
signaling. Understanding the rules that govern membrane dynamics and structure is thus crucial to 
understanding cell biology.

Grazing incidence  X-ray diffraction  (GIXD)  has  been used  for  studying the  structure  of  two-
dimensional (2D) lipid monolayers at the air-water interface. Membranes are, however, composed of 
two  opposing  leaflets,  i.e.  of  two  juxtaposed  monolayers,  sandwiched  between  water.  It  is 
conceivable that  not  only lateral interactions within the layer,  but  also interactions between the 
hydrophobic tails of the two leaflets influence their packing, i.e. the two leaflets may correlate. It has 
been argued that order in one leaflet might, in some cases, impose order on the other. The structure 
of the bilayer may thus be different from that of the corresponding monolayer. In order to guarantee 
preservation  of  the  structural  integrity  of  a  membrane  bilayer  with  hydrophobic  interior  and 
hydrophilic external surfaces, wetting on both sides of the bilayer is most probably required. Failing 
to fulfill this requirement would inevitably raise doubts on the validity of the determined structures. 
However,  due to  the strong X-ray background scattering contribution of liquid water,  until now 
GIXD experiments have usually been reported on single (or odd number of) lipid films which are dry 
at  the  side  of  the  impinging X-ray beam,  or  stacks  of  many superimposed  bilayers.  We have 
developed a technique, which enables GIXD measurements on single hydrated bilayers, in a state 
more similar to that in cells. It does so by maintaining the sample under high humidity close to the 
dew point, which results in a thin condensed water layer on top of the bilayer. This method results in 
a strong diffraction signal, as can be seen in Fig 1.

Comparison between the ceramide (Cer) bilayer and the Cer monolayer shows small differences, 
mainly in the coherence length of the diffracting domain. However, comparison between bilayer and 
mono-layer of cholesterol:Cer (Ch:Cer) mixtures (Fig 2) show that domain sizes of the mixed phase 
differ greatly. In addition, the Ch:Cer monolayer withholds up to  two phases as can be expected 
from the  Gibbs phase role,  however  the  bilayer system has an additional phase.  Both  of  these 
differences are a direct result of the opposing leaflets correlation.
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Figure 1: Diffracted intensity signal from (a) Cer C16 hydrated bilayer deposited on a Si wafer and (b) Cer 
C16 monolayer at the water/He interface on a Langmuir trough. The images were produced unmodified from 
the raw data. In each image, black represents the highest intensity. (c) Bottom: Bragg peak from Cer bilayer 
deposited at pressure of 35 mN/m compared with the Bragg peaks from Cer monolayers at ~0 and 35 mN/m 
(top and middle, respectively). Bragg peaks were fitted with Voight functions (solid lines) (d) Bottom: Bragg 

rods from Cer bilayer compared with the Bragg rods from Cer monolayers at ~0 and 35 mN/m (top and 
middle, respectively).

Figure 2: Diffraction peaks of ceramide and cholesterol composite bilayers at varying ratios. The monolayer 
of Ch:Cer at ratio of 60:40 is at a homogenous mixed phase, and has a diffraction peak at qxy=1.28. For 

comparison, the diffraction signal of the Ch:Cer 60:40 monolayer is shown at the top.
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The creation of nanostructured titania thin films is of great interest for many applications, due to 
their electrical performance as a semiconductor. The performance depends strongly on the 
morphology of the nanocomposite films as well as the crystallinity. For the preparation of the titania 
thin films, we combine the amphiphilic triblock-copolymer 
poly(ethyleneglycolmethylethermethacrylate)-block-polydimethylsiloxane-block-poly(ethylenegly-
colmethylethermethacrylate) ((PEO)MA-b-PDMS-b-MA(PEO)), which acts as the templating 
agent, with an inorganic sol-gel chemistry [1, 2]. First, the triblock copolymer is fully dissolved in 
isopropanol and tetrahydrofuran, which is a good solvent for both blocks. Afterwards, hydrochloric 
acid (HCl) and titanium tetraisopropoxide (TTIP) are added to the polymer solution as the source 
for the sol-gel process. Because HCl and TTIP are poor solvents for the hydrophobic block, a so-
called good-poor-solvent pair induced phase separation leads to the formation of nanostructures by 
film preparation via spin-coating. The different morphologies are controlled by the solvent 
concentration. In order to obtain crystalline titania thin films in the final step, calcination is 
conducted at higher temperature in air. Preliminary investigations of the cristallinity with 
conventional X-ray diffraction have shown a significant dependence of the obtained crystalline 
phase (anatase, rutile or brookite) on the calcination temperature [1]. Because of the different lattice 
structures of the respective crystallographic phases, different electronic band structures are realized, 
and hence different band gaps result after calcination. Besides the absolute value of the calcination 
temperature, it is important whether the temperature is reached in a ramp-up or whether the sample 
is exposed to the maximum value at once. 

For the investigation of the cristallinity of the sol-gel templated titania thin films, we performed 
grazing-incidence wide-angle X-ray scattering (GIWAXS) at beamline BW2, HASYLAB [3, 4]. 
With the experimental geometry of the GIWAXS-setup a highly efficient probing of the thin film is 
realized, because the small incident angle of the beam enables a long effective path inside the film, 
and hence a maximization of scattering events. The plane of the thin film surface was oriented 
vertically, and the sample was mounted inside a He-purged cylinder with a transparent Kapton 
cover. The sample-to-detector distance was approximately 0.7 m. These measurements were 
performed at an X-ray wavelength of 1.24 Å. The incident angle of the beam was fixed to 0.25°. At 
a beam size of (5000 × 300) µm2 (hor. × vert.) at the sample position, this results in a footprint of 
the beam on the sample surface of approximately 115 mm. In-plane diffraction patterns were 
collected as a function of the scattering vector q||. 

In detail, we have investigated the influence of the temperature ramp-up used for the calcination of 
the spin-coated polymer-nanocomposite film. We started with identical polymer-nanocomposite 
films on glass substrates prepared from identical solutions, which resulted in a distinct titania 
morphology after calcination. Figure 1 shows the measured in-plane diffraction patterns of the 
titania thin films after calcination at a temperature of 450 °C for 4 h after ramping up slowly or 
rapidly. The black (lower) curve in the main diagram represents the titania thin film calcined with a 
ramp-up of 6.25 K/min, which is the standard condition employed for preparation [2]. The curve 
exhibits three distinct diffraction peaks, as shown in the magnification, comprising two single peaks 
at 2.223 Å-1 and 2.642 Å-1 as well as a double peak centred around 3.145 Å-1. Additionally, in the 
range of 1.0 Å-1 ≤ q|| ≤ 2.6 Å-1, a broad bump in intensity is observed, which indicates the presence 
of amorphous material in the sample system, namely the amorphous glass substrate. The red (upper) 
curve is from the sample with a ramp-up of 13.3 K/min. The curve does not reveal any significant 
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in-plane diffractions, only a strong amorphous bump, which results also from the glass substrate. 
We conclude that the titania thin film does not exhibit crystallinity after the calcination. For 
manufacturing, it would have been desirable to obtain crystalline titania even with a fast ramp-up 
because this would have reduced the overall time needed for preparation.  

 

Figure 1: In-plane GIWAXS intensity profile of the nanostructured titania films after calcination at 450 °C 
for 4 h after temperature ramp-ups at 6.25 K/min and 13.3 K/min, respectively. The high-resolution scans of 

the respective diffraction peaks are shown on the right side. 

In summary, the successful GIWAXS investigation of titania thin films reveals the crystallinity and 
illustrates exemplarily the influence of the selected calcination conditions onto the actual obtained 
crystallinity. A further and more detailed investigation of the calcination conditions is necessary to 
develop a complete picture of the behaviour as a function of the ramp-up conditions. In addition, it 
would be of huge interest to explore the influence of the calcination temperature itself onto the thin 
film crystallinity.  

This work was financially supported by the DFG in the priority program SPP 1181 “Nanomat” (MU 
1487/5 and GU 771/2). 
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Metal-polymer nanocomposites are fascinating materials for science and technology, e.g. data 
storage [1] or DNA sensoring [2]. In general, such functional nanocomposites show a strong 
hierarchical order [3]. As an example for magnetic data storage application, one needs to produce 
metal or magnetic domains of definite size. To do so, often blend or block-copolymer structures are 
used [4]. Another route to explore is to use colloidal thin films [5], which can be designed as large 
scale arrays when exploiting the ordering at the triple-phase boundary line [6,7]. The colloidal 
particles itself might already exhibit magnetic properties. However, to optimize the functionality of 
the nanocomposite, it might be useful to decouple nanostructuring and functional, thus exploiting 
the full properties of a hierarchical nanostructure [3]. 

In our investigations presented here, we focus on such a hierarchical approach. In a first stage, the 
colloidal nanoparticle layer is deposited on top of a base-cleaned silicon substrate using spin-
coating [8]. As nanoparticles, we used polystyrene nanosphere with a nominal diameter of 100nm, 
suspended in aqueous solution. In a second step, a cobalt layer using a standard procedure [4,9] is 
sputter-deposited on top of the colloidal thin film. Using a nominal growth rate of 0.4nm/min upto 
a final thickness of the Co layer of 12nm, we followed in-situ the growth of the Co layer as a 
function of time (data rate 1fps). As method of choice, we used microbeam grazing incidence 
small-angle x-ray scattering at the beamline BW4 of HASYLAB [10] in combination with a sputter 
deposition setup [4,9,11]. We focused on two cases concerning the colloidal substrate: layer growth 
on as-spincoated (SP) and layer growth on pre-annealed films, prior to sputter deposition (SPT). 

To evaluate the large amount of data, we used a reduction algorithm. The data are displayed as a 
contour plot ("map") as a function wavevector transfer and time. As an example, fig. 1a and b 
display the out-of-plane map [12], which indicates the temporal evolution of the nanostructure 
parallel to the sample surface. This enables us to identify the distinct growth kinetics of the Co-
layer. Upon pre-annealing, the colloidal thin film (SPT) looses its long-range order, indicated by a 
broad initial side band at constant qy, see fig. 1b). During Co sputter deposition, the Co layer grows 
from small nanoparticles, visible by the incoming side band at large qy. In contrast to this 
behaviour, the SP film shows strong ordering, indicated be a series of Bragg peaks qy, see fig. 1a). 
One can clearly see, that this structure does not change during sputter deposition, but is even 
enhanced, as higher order Bragg peaks become visible. 

In conclusion, we have shown that colloidal substrate order strongly influences the roughness 
correlation of the deposited Co layer. This feature might be used in future to design magnetic 
domains for data storage application. 
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Figure 1: a) Out-of-plane map of the temporal evolution on Co layer growth on top of the as-spincoated 
colloidal nanoparticle substrate. Clearly, the layer growth is correlated with the underlaying colloidal thin 

film preserving the colloidal thin Bragg peaks. The side maximum stems from the growth of small Co 
nanoparticles. The arrow indicates the incoming side maximum, stemming from the Co nanoparticles. b) 

Out-of-plane map of the temporal evolution on Co layer growth on top of the pre-annealed colloidal 
nanoparticle substrate. The broader maximum, indicated by the arrow and stemming from the loss of long-
range order in the colloidal thin film due to annealing, is suppressed by the growth of the Co nanoparticles. 
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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. Furthermore, in 
the case of a large electrostatic screening length, a two-dimensional lamellar phase is predicted, 
where the polymer chains run parallel and do not overlap [1]. Until now, for polyelectrolytes with a 
persistence length of a few nanometers, only the flat adsorption layer has been observed, not a two-
dimensional lamellar phase [2]. 

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, Mw=77kDa). 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. 
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Figure 1: Wide and small angle GID study of a DODA monolayer on a subphase containing 10-4 mol/L PSS 
(with respect to the monomer concentration). The measurements are taken at the DODA molecular areas 
indicated in the isotherm. The peaks at low Qxymeasure the separation of the aligned PSS chains, those at 
high Qxy the structure of the alkyl tails of the lipid monolayer. Measurement (a) is taken in the fluid phase 

(no ordered alkyl tails), (d) and (e) are taken in the phase with ordered alkyl tails. (b) and (c) are taken 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 [3]. 

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). The 
two-dimensional lamellar phase is only found at intermediate PSS monomer bulk concentrations 
(10-6 -10-3 mol/L). As predicted theoretically [1], charge compensation in the two-dimensional 
lamellar phase is never achieved, it is almost reached at 10-3 mol/L bulk concentration. 
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In this phase, the PSS coverage can be varied by a factor of three, depending on DODA molecular 
area and polyelectrolyte bulk concentration. To determine the average PSS surface coverage, the 
electron density profile perpendicular to the monolayer is investigated with X-ray reflectometry (cf. 
Fig. 2 at a selected surface pressure) while varying the PSS bulk concentration. On water the 
reflected intensity shows one strong and one weak maximum. On addition of PSS to the subphase, 
both maxima increase substantially, demonstrating PSS adsorption. Unexpected are two findings: 
(ι) While the two-dimensional lamellar order is not found at bulk concentrations exceeding 10-3 
mol/L [3], according to reflectometry the PSS coverage is almost constant at concentrations 
exceeding 10-4 mol/L. (ιι) In the two-dimensional lamellar phase, the charge of the aligned 
polyelectrolytes never compensates the one of the lipid monolayer. However, according to 
reflectometry, pronounced charge overcompensation occurs.  
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Figure 2, left: Normalized X-ray reflectivity curves of DODA monolayers at 30-33 mN/m on clean water 
and with the indicated PSS bulk monomer concentrations cPSS. For clarity, each curve is vertically shifted by 
0.4. Centre: The deduced electron density profiles. Right, top: The ratio between SS monomers and DODA 

molecules nSS/nDOD as function of PSS bulk concentration, at 30 – 33 mN/m. It is calculated (ι) from 
reflectivity (full symbols) and (ιι) from GID measurements (open symbols). Analysing reflectivity data, the 
PSS surface coverage is determined from the layer thickness and electron density – the DODA molecular 
area is calculated from the isotherm. Complementary, the GID data yield the chain separation dPSS and the 

area per alkyl tail Atail, leading to nSS/nDOD=2 × Atail/(2.56 Å × dPSS). Note that at bulk concentrations 
exceeding 10-3 mol/L, the two-dimensional lamellar phase is no longer observed, only a flatly adsorbed 

disordered phase remains. Right, bottom: Tentative scheme of PSS chains adsorbed to a DODA monolayer. 

Therefore, we conclude: at intermediate PSS bulk concentrations (10-6 -10-3 mol/L), the two-
dimensional lamellar phase, and the flatly adsorbed disordered phase coexist. The latter shows the 
larger coverage, possibly due to a short-ranged attraction between PSS chains [4]. On further 
increase of the concentration, PSS adsorbs flatly yet without chain alignment. Presumably, a 
necessary condition for a two-dimensional lamellar phase is a pronounced electrostatic force. This 
electrostatic force is shielded by the counterions of dissolved PSS at higher bulk monomer 
concentrations. 
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The project is a long-term project and aims at contributing data to the physics of skin.  

Skin tissue consists of a unique pattern of lipids, mostly ceramides that provide the peculiar combi-
nation of trans-tissue permeability with simultaneous stability at high elasticity. We intend to as-
semble physical properties on selected systems that might reveal some of the peculiarities that are 
induced into the lipid kingdom by ceramides.  

For the first experimental session at Hasylab, our primary goal for the investigation of the role of 
ceramides in (human) skin was to collect data on the modifications that small amounts of ceramides 
induce when incorporated into well-known host membranes. Membranes of pure POPC (1-palmi-
toyl-2-oleoyl--sn-glycero-3-phosphatidylcholine) were chosen as a reference system for this initial 
diffraction session at A2. This lipid fits, from the point of view of shear chain lengths, roughly to 
the first asymmetric ceramide selected for incorporation: Cer3 1 (ceramide3; C22:0 chain, amide 
linked to phytosphingosine + C15-chain ). Experiments were conducted on both the pure systems 
(POPC and Cer3), and as well on composite systems of equal total lipid amount but varying molar 
composition, namely 5%, 10%, and 15% (mol/mol) of admixed ceramide. The preparation was 
conducted such that full mixing of the two components used was achieved by co-solving them in 
the same solvent. Only after complete evaporation of the solvent, water was added in excess to the 
dried lipid mixture in order to obtain a lipid content of 20% (wt/wt) on average. This lipid/water 
content was fixed as precisely as possible for all samples, and the samples were homogenized as 
good as possible; still, the uniformity may have varied among them, especially as the amount of 
Cer3 is increased. Quantifiers of host membrane disturbances due to the presence of a ceramide can 
be the phase state as represented by a structural transition and its temperature dependency, the col-
laborativity of the transition, and the related structural details as the crystallographic system and the 
related distances. 

At first we tried to explore the effect of the ceramide admixture on the thermotropic lamellar phase 
state of the reference membrane. POPC has a melting transition (main phase transition) at ~270K. 
Unfortunately, the current thermosetting at A2 turned out not the reach this temperature: we ac-
quired data only in the range [270K, 353K] but could not stabilize the sample at a constant tem-
perature below 273K. Therefore this part of the experiment must be repeated later. Another choice 
of host lipid was considered, e.g. DMPC (1,2-di-myristoyl-sn-glycero-3-phosphatidylcholine) or 
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine). The first option was rejected because ex-
periments on the system Cer3/DMPC unavoidably would interfere with effects of chain mismatch 
and would thus shift the focus of the study. DPPC was not available in sufficient amounts. 

The results obtained from the diffraction studies are depicted in figure 1.  

The spacings and their courses vary among the samples: for pure Cer3 an almost linear increase of 
the spacing [4.19nm,4.41] is seen for the temperature interval [0°C,80°C]. Cer3 never crossed over 
its melting temperature (~103°C) into a liquid crystalline phase: most probably the diffraction pat-
tern could be indexed for a solid-like structure. However, the chosen angle range was insufficient 
for that.  
Pure POPC 2 exhibits the expected initial drop of the d-spacing on heating [6.56nm, 6.37nm] for the 
temperature interval [0°C,20°C]. Two coexisting lamellar phases were observed for the mixed 
                                            
 full temperature range could not be analyzed due to storage failure 

-357-



systems. The presence of Cer3 caused an increase of d-spacing of the host phase (e.g.: 
Cer3/POPC=15/85 [6.70nm,6.89nm] throughout the whole temperature interval [0°C,80°C] ). The 
temperature course was as well smoothened. The variation among the three mixtures was insignifi-
cant thus hinting towards a saturation of the host phase at low Cer3 contents.  

The system was further studied for its thermodynamics by scanning calorimetry and for the mor-
phology of giant vesicles by 2color- confocal microscopy. The results are essentially confirmed: 
POPC reacts sensitive to the presence of Cer3. Lateral phase separation results in the formation of 
domains 3 (see figure 2). A paper presenting the more detailed results is in preparation. 

Figure 1: Measured d-spacing as a function of temperature, shown 
for the fully hydrated pure samples of POPC (black)  and CER3 
(red), respectively. Mixed samples yield two sequences of (lamellar) 
reflections. The d-spacing of the POPC rich phase are shown above 
suggesting a saturation at low Cer3 uptake. 

Figure 2: 2color-confocal image of a giant vesicle prepared from a 
tentative mixture of Cer3:POPC=5:95 (mol/mol). The lipid is labeled 
by two dyes (Bodipy-PC and DiI-C18, supplied by Invitrogene) that 
distribute differently depending on their lipid surroundings, thus 
serving as domain labels. The facetted feature of the green domains 
suggests the presence of a solid phase. 
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We study the adsorption of polyelectrolytes onto an oppositely charged surface. As a model surface 
we use insoluble monolayers at the air/water interface, since the surface charge can be varied by at 
least a factor of two, it is very smooth (i.e. self-annealing) and it is easily accessible to X-ray 
methods since large areas can be probed. Up to now, we used the cationic lipid DODA 
(dioctadecyldimethylammonium bromide) [1], which has a very small head group. Therefore, the 
interaction of the alkyl tails dominates the phase behaviour of DODA. The ordered phase shows the 
least symmetry one can imagine (oblique with large tilt angle, a finite azimuth angle and a large 
azimuth distribution). Furthermore this alkyl tail lattice is not changed when the negatively charged 
PSS (polystyrene-sulfonate) is adsorbed. Depending on the PSS bulk concentration, the PSS adsorbs 
either in the two-dimensional lamellar phase or in a flat, disordered phase. However, the alkyl tail 
lattice is never changed. From phospholipids it is known that the interplay of interactions within the 
monolayer and of the monolayer with adsorbed species causes a richness of lipid phases [2]. For 
phospholipids, the area of the head group matches or slightly exceeds the one of the two alkyl chains 
[2]. Therefore, as a lipid we choose TAP-16 (1,2-Dipalmitoyl-3-Trimethylammoniumpropane) whose 
head group is much larger than the one of DODA, and is similar to the alkyl tails.  

Figure 1: Small angle GID study of PSS chain separation adsorbed onto a TAP-16 monolayer. The 
measurements are taken along the isotherm shown at the bottom right, the subphase contains 10-5 mol/L PSS 

(with respect to the monomer concentration). The alkyl tails are ordered, the wide angle GID measurement 
corresponding to Fig. 1. (a) is shown in Fig.2 (b). 

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. Fig. 1 shows small angle diffraction studies, demonstrating that the PSS is in the 
two-dimensional lamellar phase. The simultaneous wide angle GID measurements show that the 
alkyl tails are in an oblique lattice, tilted with a slight azimuth distribution (cf. Fig. 2). However, on 
clean water we find an orthorhombic tilted lattice. On adsorption of PSS, an oblique lattice with an 
increased tilt angle and an azimuth distribution is found (the azimuth distribution is evidenced by the 
banana-like shape of the peaks). On increase of the bulk PSS concentration, the chains in the two-
dimensional lamellar phase approach each other closer (cf. Fig. 3), even though they never 
compensate the surface charge. Eventually, at 10-3 mol/L bulk PSS, only the flatly disordered phase 
remains. The lipid molecular area is increased – suggesting that the PSS inserts itself between the 
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lipids and pushes them apart. If monovalent anions instead of polyelectrolytes are added to the 
solution, the orthorhombic lattice is back. Yet the molecular area and the tilt angle are largest.  

Figure 2: (Top) X-ray diffraction data from the TAP-16 alkyl tail lattice at ca. 10 mN/m on clean water (a) 
and on aqueous solutions containing 10-5 (b), 10-4 (c) and 10-3 (d) mol/L PSS bulk concentrations cPSS. For 10-

5 and 10-4 mol/L PSS in the subphase, the two-dimensional lamellar phase is observed. On further increase of 
the PSS bulk concentration, only the flatly adsorbed disordered PSS phase is found with X-ray reflectivity 

(bottom right, blue curve). For comparison, also the diffraction pattern obtained with 10-3 mol/L CsCl (e) in 
the subphase is given, together with the corresponding X-ray reflectivity measurement (bottom right, black 

curve). 

Figure 3: The ratio between SS monomers and 16-TAP molecules nSS/nLipid as function of molecular area as 
determined from the isotherm for different bulk PSS concentrations cPSS. 

Clearly, the changes in the alkyl tail lattice provide insight into the interplay of polyelectrolyte-lipid 
and polyelectrolyte-polyelectrolyte interactions. 
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Figure 1. a) Example of a SAXS image recorded from a vertically aligned bunch of dry silk fibres 

(~30 fibres with a diameter of ~10µm each) with the air scattering subtracted. b),c) The SAXS data 

were recorded consecutively at different stresses. In succession of the resulting strains, the 

azimuthally integrated sections (as marked red in a) display a variably pronounced broadening of the 

2D scattering pattern along and perpendicular to the fibre axis. 

 
 

Figure 2. SAXS images recorded from a bunch of silk 

fibres (~10 fibres) in high humidity at zero and high strain 

(left and right, resp.). The signal scattered from the dry 

sample at the corresponding strain was subtracted from 

each image. 

Micro- and nanostructure of silkworm silk as a 
function of tensile stress and humidity 

C. Krywka, I. Krasnov, and M. Müller
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Natural silks exhibit extraordinary mechanical properties, combining high tensile strength with a 
high elongation at failure. Due to their remarkable mechanical properties and potential medical 
applications the ability to synthesize silk has been longed for by many fields of industry up to date. 
However, the mesoscopic structure of silk is still a matter of debate and none of the efforts to 
synthesize silk so far have led to fibres with comparable mechanical properties as the bio-spun 
fibres. The toughest silk known is spun by spiders. However, it was recently shown that, chemically 
and rheologically closely related, silkworm silk (bombyx mori) could reach comparable parameters 
in an optimised spinning process [1].  Silkworm silk fibroin is a semicrystalline nanocomposite, 
with ordered regions (β-sheet protein nanocrystals) embedded in a softer, amorphous matrix of 
disordered material [2]. The mechanical models of silk available today do not directly connect 
structure and macroscopic properties. For example, the supposed high rigidity of the nanocrystals in 
Termonia’s cross-linked rubber model [3] has been questioned by X-ray diffraction results [4]. In 
the model of Vollrath and Porter [5,6] the deformation processes in the crystals and the disordered 
regions are neglected. Our aim is to establish a model for silk incorporating the macroscopic 
mechanical behaviour (in particular viscoelasticity) based on its semicrystalline morphology and 
have it to be consistent with 
previous SAXS/ WAXS 
data (Small/ Wide Angle 
Xray Scattering) and me-
chanical experiments. A 
major drawback is the 
incomplete knowledge of 
the silk fibre structure on a 
nm-sized length scale. 

We have performed SAXS 
and WAXS experiments on 
silkworm silk fibre bundles 
with in-situ-tensile tests (at 
beamlines BW4 and A2, 
resp.) and complemented these with high resolution stress-strain measurements of isolated, single 
fibres. With the method of WAXS we have succeeded to directly probe the deformation of the 
nanocrystals [7] while the data from SAXS experiments was intended to provide information about 

the nanoscale spatial organisation of the secondary 
structure elements of the fibroin protein that ultimately 
constitutes the actual silk fibre. As depicted in Fig. 1 
silkworm silk SAXS patterns exhibit the shape expected 
for fibroin nanocrystals (cuboids ~2x5x7 nm³) that are 
aligned around the fibre axis. However, a distinct 
smearing is apparent not only because of the 
imperfection of the crystallites’ alignment but as well 
due to the fact that fibre bunches had to be used rather 
than single fibres. Still, the scattering patterns are very 
sensible to the applied tensile stress and indicate a 
relaxation time of ca. 1-3h. 

In order to gain information about the spatial 
arrangement of the nanocrystals we have recorded 
SAXS data at different relative humidities, knowing that 
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Figure 4. Azimuthally integrated, vertical (a) and horizontal (b) slices of SAXS images 

recorded from a bunch of dry silk fibres after soaking in water for 10h. As in the non-soaked 

sample, the data displays a variably pronounced broadening of the 2D scattering pattern along 

and perpendicular to the fibre axis. However, in contrast to the non-soaked sample, a distinct q-

dependence of the broadening at different stresses occurs, as apparent in the blow-up plots. 

 
Figure 3. SAXS images from a bunch of dry silk 

fibres after soaking in water for 10h, recorded at 

different strains σ. The data were recorded 

consecutively at different stresses with repeated, 

time-shifted measurements to visualize relaxation 

processes. The difference images (right panel) with 

the relaxed silk data being subtracted from each of 

them, unveil the changes in the SAXS images due 

to the applied stress. 
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water from the surrounding gas phase is incorporated only 
into the amorphous phase and not into the nanocrystals [8,9], 
hence shifting the electron density contrast of the crystallites 
with respect to the amorphous phase. From the evaluation of 
differences between diffraction images recorded at high and 
low humidity information about the spatial correlation of the 
nanocrystals is accessible, as exemplarily shown in Fig.2. 
However, the processability of the collected data substantially 
suffered from the low count rates, which in turn is a 
consequence of the small fibre diameter. Whole bunches of 
fibres were used to compensate for this, this way, however, 
the recorded SAXS patterns average about whole ensembles 
of slightly misoriented fibres, leading to non-reproducible 
variations in the to-be-subtracted signals and making the 
results difficult to handle for a qualitative evaluation. A much 
smaller x-ray spot along with a higher flux density therefore 
appears to be essential for a more detailed evaluation of the 
spatial correlation of the crystallites.  

A different approach to the influence of water on the structure 
of silk was made by investigating the water driven 
regeneration of silk fibres. We have observed that stress-
strain curves of silk fibres which had been significantly 
stressed before, exhibit a higher stiffness compared to fibres 
that had not been stretched before. These previously stretched 
fibres do not fully recover their original mechanical properties even after weeks of relaxed storage 
at low humidity. However, after only a few hours of  soaking in water, these fibres mostly recover 
the orignal mechanical, “virgin” state. In fact, all of the previously investigated fibres (including 
those shown in Fig.1 and 2) had been stretched prior to the SAXS experiment. To further 
investigate the aforementioned regeneration process we have recorded SAXS data from previosly 
stretched silk fibres after soaking in distilled water for 10 hours. Integrated horizontal and vertical 
slices (as explained in Fig.1a) of these images are shown in Fig. 4 along with the original 2D 

images that are presented in 
Fig. 3. It is apparent that the 
fibres’ structural response to 
mechanical stress is 
distinctively different depen-
ding on whether the fibre is in 
its “virgin” state or not. While 
the stress dependence of the 
horizontally integrated slices is 
similar in both cases, the 
vertically integrated data of 
regenerated silk indicates 
distinct structural changes at 
different length scales (proven 
by the different stress-
dependence of the spectra at 
different q-regimes). Further 
evaluation of the SAXS-data is 
currently in progress. 
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Vapor treatment has recently emerged as a powerful alternative to thermal annealing of block copolymer 
(BCP) thin films to remove the defects inherent to self-organization [1]. Despite the extensive application of 
vapor treatment, the mechanisms of the structural changes observed and the underlying processes are still 
not well understood. We have carried out in-situ, real-time grazing-incidence small-angle x-ray scattering 
(GISAXS) measurements during vapor treatment. A time resolution of 30 sec could be achieved which 
allowed us to investigate the structural changes of lamellar diblock copolymer thin films with great detail.  

Symmetric poly(styrene-b-butadiene) (P(S-b-B)) having a molar mass of 28 kg/mol with a volume fraction 
of PB of 0.51 was used. A film having a thickness of 347 nm was prepared by spin-coating from a 60 mg/ml 
toluene solution onto an acid cleaned Si wafer. The sample was annealed at 60°C for 24 h. The GISAXS 
measurements were carried out at beamline BW4 at HASYLAB with a wave length of 0.138 nm and a 
sample-detector distance of ~2 m. For GISAXS measurements during vapor treatment, the sample was 
mounted in a custom-made closed cell (Fig. 1). GISAXS images were taken every 30 s. Simultaneously, the 
film thickness was monitored using a white light interferometer. Saturated vapor pressure was installed by 
means of a flow of N2 gas through a toluene reservoir. Toluene is a good and non-selective solvent for both 
blocks.  

 

 

 

 

 

 

 

Scheme 1. Sample cell used for in-situ GISAXS during vapor treatment. 

The GISAXS image of the as-prepared film shows three orders of diffuse Bragg sheets (DBSs) (Fig. 2, each 
order has two branches, Ref. 2). The lamellar interfaces are thus parallel to the substrate with a high degree 
of order. Vapor treatment with toluene resulted in drastic changes (Fig. 2): 10 min after the start of bubbling 
N2 gas through the toluene reservoir (the time required for the vapor to reach the cell, as evidenced from the 
constant film thickness during the first 10 min), the DBSs elongate along qy and bend downwards (12.9 
min). Moreover, a side maximum is present after 12.9 min, which indicates the formation of a regular lateral 
structure. The DBSs become more narrow again after 15 min and eventually weaken and broaden until no 
more scattering due to the lamellar structure is observed. 
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Fig. 2: GISAXS images taken during vapor treatment after the times given in the images. 

These observations are in accordance with our previous study on a similar P(S-b-B) film in saturated 
toluene vapor which was achieved by injecting liquid toluene directly into the sample cell [3]. The changes 
of the shape of the DBSs have been attributed to the increased spatial demand of the block copolymers 
which is due to a tendency to coiling when solvent is present [4]. This is accommodated first by undulations 
of the lamellar interfaces, and, at later stages, by the creation of new domains which fuse to form additional 
lamellae. At last, the film is disordered due to the high content of toluene which screens the interaction 
between the two blocks. 
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Objectives 

Non Steroidal Anti-inflammatory Drugs NSAIDs are one of the worlds most prescribed group of 
drugs for acute and chronic inflammatory conditions, and their continuous use is associated with 
several gastric toxicity. The development of novel NSAIDs showing less serious side effects will 
depend on the understanding of the processes initiating and promoting gastric injury. Despite the 
complexity of the acid resistance properties of the gastric inner surface, the extracellular lining of 
surfactant-like phospholipids on the surface within the mucus gel layer represents an initial line of 
defence of the stomach. NSAIDs may chemically associate with phospholipids and destabilize them 
from the mucus gel layer. The aim of the present study was therefore to investigate the ability of 
NSAIDs to bind to or to penetrate into layers of surface-active phospholipids. The results may 
explain the compromising effects on the integrity of the gastric mucosal barrier. 

 

Achievements 

Two different NSAIDs (nimesulide and piroxicam) were studied. Using the liquid surface 
spectrometer at BW1, the structure of the condensed phase at the air/water interface has been 
analysed by Grazing Incidence X-Ray Diffraction (GIXD) at several film pressures (20, 30 and 40 
mN/m) of the DPPC spread on a HEPES buffer (pH 7.4). Pure DPPC exhibits three diffraction 
peaks indicating an oblique lattice structure. The effect of the two drugs studied is very similar and 
at all the surface pressures, there are two Bragg peaks, one at zero Qz and the other at Qz>0 which 
are typical of alkyl chains organized in a distorted hexagonal (centered rectangular) lattice. As the 
film pressure increases, the second peak moves towards smaller Qz values: the distortion of the 
lattice and the tilt angle decrease. Consequently, NSAIDs are incorporated into DPPC lattice and 
induce a rearrangement of the chains to a more upright orientation with respect to the normal to the 
interface (Figure 1). 
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Figure 1: Diffraction peak positions of the monolayers of DPPC on aqueous buffered subphase or subphase 
containing the NSAIDs nimesulide and piroxicam at different surface pressures and at 20º C. The in-plane 

(Qxy) and out-of-plane (Qz) of the scattering vector Q are given by selected best-fit values . 
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Complex structural changes occur in semi-crystalline polymers during deformation. To identify 
specific processes taking place within these systems, simultaneous small- and wide-angle X-ray 
scattering (SAXS/WAXS) measurements were performed using synchrotron radiation during in situ 
deformation. While the study of WAXS patterns gives insight into the orientation and dimensions 
of the crystallites, SAXS provides information about the mutual arrangement of phases and the 
interfacial failure phenomena. 

The investigated isotactic PP (iPP) was purchased from Borealis, grade HD 120 MO. The 
specimens were prepared by injection moulding in the form of plates of 80×80 mm2 area and the 
thickness of 1 mm, from which tensile samples were produced by CNC-milling.  

In order to carry out structural modification during the X-ray scattering experiments, we collected 
patterns from samples mounted in a miniaturised tensile rig placed in the synchrotron X-ray beam. 
A general description of the equipment was given in detail by Davies et al.[1], see figure 1. By 
applying simultaneous displacements to both end grips, the middle of the specimen loaded in 
tension remained in stationary with respect to the beam position.  

Additinal to help maintain the beam at the same position in the gauge section of the sample 
throughout the measurement, a slightly waisted specimen shape was used, so that the stress state 
was maintained uniform and maximal within the middle segment of the sample, see also figure 1. 
The strain was determined optically by observing the deformation of a grid pattern applied to the 
specimen surface. 

 

Fig. 1. Arrangement of the miniature tensile test rig with the specimen within the synchrotron X-ray beam 
and specimen geometry. 

Tensile experiments were performed step-wise with tensile elongation rate of about 0.8 mm/min. A 
typical load-diplacement curve as well the respective stress-strain curve are shown in figure 2. As 
presented in the stress-strain-diagram several loading-unloading cycles had been realised to separate 
reversible and irreversible contributions of deformation. 

Scattering experiments were performed at HASYLAB/BW4. SAXS was measured using a 2-
dimensional MarCCD-detector with a sample-detector-distance of about 6000 mm. The WAXS 
patterns were monitored with a PILATUS 1k-detector with a vertical distance of about 260 mm and 
a tilting angle of 26º, it covers only the equatorial region of the scattering reflexes. A special routine 
was developed to determine the position of the tilted WAXS-detecor exactly using several 
calibration reflexes of unstretched and stretched iPP. During the measurement one pattern was 
collected approximately every 15 s (10 s exposure). 
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Fig. 2. Typical force-displacement and stress-strain curves of the iPP samples, measured using waisted 
specimens. 

The detailed evaluation of the monitored equatorial WAXS-peaks shows, that yet approaching the 
yielding point starting at approximately the half of the yielding stress the first crystallites dissolve, 
while only in the very first range a real reversible deformation of the crystallites can be observed. 
But the stiffness of the crystallites is much higher than that of the amorphous phase.  

In the post-yield regime radical changes are observed in both the long- and short-range structures. A 
reorientation of the crystallites can be observed with an enormeous simultaneous dissolving of 
crystallites. Also in this range a partial recovery of the elastic crystallite deformation can be 
observed during unloading. 

The 2D SAXS-patterns were evaluated according the standard techniques described by Stribeck [2] 
in order to extract three-dimensional chord distribution functions in the case of cylindrical 
symmetry of the specimen, as described in some detail in the last annual report [3]. 

The experiments presented here generally enable the monitoring of the continuously changing 
mechanisms of elastic and plastic deformation and energy dissipation (the transformation of 
amorphous and crystalline phases, and void formation). Due to the high number of parallel 
processes, the use of structure characterisation by X-ray scattering techniques should be 
complemented by further independent investigations, e.g. by electron microscopy. This combination 
of methods is likely to provide a well-founded basis for material development and optimisation. 

The authors are grateful to the HASYLAB and BW4 staff for the provision of beamtime under the 
project 20060086. Particular thanks to A. Timmann and St. Roth for the support during the 
experiments, and N. Stribeck (University of Hamburg) for the support in the course of data 
evaluation. 
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In recent years, various symmetrical and unsymmetrical bipolar amphiphiles (bolaamphiphiles) 
have been synthesized to study their quite unusual supramolecular self-assembling properties in 
aqueous media and at the air-water and liquid-solid interface. Bolaamphiphiles are composed of 
one or two long hydrophobic spacers, in many cases alkyl chains, and two polar headgroups 
attached to their ends. Basically, two possible orientations are described for bolaamphiphiles in 
monolayers at the air-water surface, where either one or both polar headgroups are immersed in the 
water. The case that only one headgroup is in contact with water was reported for bolaamphiphiles 
with a very short or an extremely rigid hydrophobic region, which is oriented perpendicular to the 
water surface. Many bolaamphiphiles adopt a reverse U-shaped or horse-shoe like conformation, 
where both hydrophilic chain ends are immersed in the water.  

The π-A isotherm of PC-C32-PC on pure water at 20°C is plotted in Figure 2A. Upon compression 
starting at a large molecular area of about 250 Å2 a surface pressure increase is observed up to a 

value of 20 mN/m where a surface pressure plateau is reached at a molecular area of 95 Å2 per 

 
 

Figure 1: Chemical structure of the bolaamphiphiles PC-C32-PC with R = CH3 and Me2PE-C32-Me2PE 
with R = H (at pH = 5) consisting of two bulky headgroups connected by a C32 alkyl chain. 
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Figure 2: (A) Surface pressure versus area isotherm of PC-C32-PC on water. Horizontal arrows (I-III) 

point to positions where the surface pressure was hold constant for X-ray reflectivity measurements. (B) 
IRRA spectra (a-e) of the PC-C32-PC film at the respective areas of the π-A isotherm in Fig. 2 A. All 

spectra have been recorded at an angle of incidence of 40° and with p-polarized. OH and CH2 stretching 
region of spectra taken at the beginning (c) and the end (e) of the surface pressure plateau. The dashed line 

represents a simulated IRRA spectrum of the experimental spectrum c. 
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molecule. By extrapolating the linear part of the surface pressure increase to zero, a limiting area of 
approximately 145 Å2 is obtained. This value corresponds to more than twice the space 
requirements for a phosphocholine headgroup and it indicates a possible reverse U-shaped 
conformation of the bolaamphiphile. The compression of the film was stopped at selected points of 
the isotherm and IRRA spectra were recorded. The IRRA spectra in Figure 2B monitor the OH 
stretching band at about 3560 cm-1, and the methylene stretching modes at about 2923 and 2850 
cm-1. 

From the intensity of the OH stretching vibrational band the absolute film thickness can be 
calculated in certain cases. For a quantitative interpretation the optical constants of the film have to 
be known. In Figure 2B the OH stretching region and the methylene stretching modes are presented 
at the beginning (trace c) and the end (trace e) of the surface pressure plateau. Supposing a 
monomolecular coverage of the water surface at 95 Å2 with bolaamphiphiles in the reverse U-
shaped conformation and densely packed headgroups, a band shape simulation was performed 
using the approach described by Flach et al. [1]. Our data treatment [2] leads to a thickness of 
approximately 10 Å for the hydrophobic part of the monolayer of the U-shaped alkyl chains. The 
simulated IRRA spectrum (dashed trace) is given in Figure 2B for the OH-stretching band.  

Figure 3A shows X-ray reflectivity data of PC-C32-PC at selected points (I-III) of the π-A 
isotherms in Figure 2A. They clearly demonstrate the formation of homogeneous films at the 
beginning of the surface pressure plateau for both bolaamphiphiles. The electron density profiles 
along the surface normal of the films at the air-water interface, as given in Figure 3B, were 
obtained by model-free inversion of the XR data. 

The profiles give an unambiguous evidence for a U-shaped conformation of PC-C32-PC at the air-
water interface, where both headgroups point into the subphase. Assuming a symmetrical chain 
region and constraining the number of electrons in the chains and the molecular area of a 
bolaamphiphile molecule obtained from the π-A isotherm, results in a unique electron density 
distribution. The value for the full width at half maximum (fwhm) of the chain electron density can 
be determined, which translates directly into the thickness of the alkyl chain part of the 
corresponding film (6.6 Å at 4 mN/m and 9.6 Å at 20 mN/m). This thickness of the hydrophobic 
part of the film increases on compression, which can be easily understood if we imagine an 
increased bending of the alkyl chain with increasing surface pressure and a more upright orientation 
in agreement with the IRRAS results.  
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Figure 3: (A) Specular X-ray reflectivity normalized by Fresnel reflectivity, R(qz)/Rf(qz), of a PC-C32-PC 
film at π = 4 mN/m (I), 12 mN/m (II, shifted for clarity with a factor of 0.005) and 20 mN/m (III, shifted 

for clarity with a factor of 0.001). (B) Electron density profiles along the surface normal z. In (B) the alkyl 
tail region (dashed line) at π = 20 mN/m has been calculated with the assumption of a symmetrical electron 

density distribution and accounting for the number of electrons in the chain and the area per chain. 
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In polymer nanocomposites, the nanometer size active fillers can change the material properties of 
polymer matrices significantly. Among others, carbon nanotubes (CNTs) are some of the most 
intriguing additives due to their mechanical, thermal, and electrical properties. However, until now 
the challenge of efficient incorporation and compatibilization of CNTs with the surrounding matrix, 
which is crucial for the anticipated improved properties of the composite, is still unsolved. 
Chemical modification of CNTs is an elegant way to tune their surface properties and thus to 
improve the dispersion ability. 

Recently, our group investigated an easy way to obtain stable, homogeneous and dense self-
assembled monolayers (SAMs) on ultrananocrystalline diamond thin films from the saturated 
solution of the aryl diazonium salt in acetonitrile by purely chemical grafting [1,2]. Herein, we 
report that we extend this approach to the covalent modification of CNTs, both single walled (SW) 
and multi walled (MW) (Fig. 1a). Another focus of the present work is the modification of CNTs 
with polymer grafts by direct UV irradiation of native CNTs dispersed in the monomer (styrene) 
(Fig. 1b). To characterize the modified samples, Raman spectroscopy, thermogravimetric analysis 
(TGA) and small-angle X-ray scattering (SAXS) were applied. 

Fig. 1: Modification of CNTs with (a) aryldiazonium salts and (b) polystyrene grafts. (c) Raman spectra of 

native CNTs (solid line) and CNTs modified with CF3-phenyl diazonium salt (dashed line). 

 

Using Raman spectroscopy (Fig. 1c), we found a comparatively high conversion of sp
2
-hybridized 

carbon into sp
3
 state, i.e. the introduction of covalently bound moieties to the CNT framework was 

successful [3]. Our approach thus proves to be more efficient than previously suggested protocols 
[4,5]. The TGA analysis of the CNTs modified with aryl moieties (Fig. 1a) reveals lower mass 
changes than those given in the literature [4,5], which may be attributed to the monolayer formation 
of the aniline derivatives on the CNT surface in contrast to the multilayer formation found for other 
methods of CNT modification [5,6]. 
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Figure 2: SAXS on dispersions of native (solid lines) and modified (dashed lines) CNTs: modification with 
(a) 4’-nitrophenyl diazonium salt, and (b) PS grafts (upper curves are for MWCNTs, lower are for 
SWCNTs). 

To investigate the dispersion ability and the structure of modified CNTs, we performed small-angle 
X-ray scattering (SAXS) experiments at beamlines BW4 and A2 at HASYLAB. CNTs modified 
with SAMs and polystyrene grafts (Fig. 1a,b) were dispersed in deionized water or toluene, 
respectively. The intensive scattering from agglomerates of native CNTs is significantly suppressed 
for the dispersions of CNTs modified with 4’-nitrophenyl groups (Fig. 2a), i.e. the solubility in 
water is enhanced due to introduction of polar groups. The slope of the scattering curves for the 
CNTs with grafted polystyrene is reduced compared to ones for the native CNTs (Fig. 2b). 
Moreover, additional scattering in the high Q-range is observed, presumably due to the presence of 
grafted polymers. 

We conclude that SAXS in combination with Raman spectroscopy and thermogravimetric analysis 
can give detailed information about the modification of carbon nanotubes and the resulting 
improved dispersibility. 

We thank the international Graduate School of Science and Engineering (IGSSE) of TUM as well 
as the Incentive Fund for Research Collaborations between TUM and DTU (Technical University of 

Denmark) for funding. 
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In our recent small angle X-ray scattering (SAXS) study carried out at beamline BW4, HASYLAB,
we studied in detail the different effects of high hydrostatic pressure on protein solutions.

Investigating the structure of proteins and their stability is of significant interest as it is known that
destabilization may lead to protein unfolding, misfolding and aggregation. Partial unfolding may
also lead to fibril formation of proteins. Formation of fibrillar deposits is also thought to be the
reason for the pathogenesis of several diseases such as the Alzheimer disease and prion diseases
[1]. To get a deeper insight into this process it is thus necessary to determine how the stability and
conformation are changed when the protein’s amino acid sequence is altered by point mutations.
SAXS has been proved as a valuable tool to investigate changes of the tertiary structure of proteins.
Using this technique biological molecules can be studied in their native, aqueous environment [2].
It is well known that high pressure can lead to protein unfolding [3]. However, under these condi-
tions the denatured protein is still more compact than a heat denatured one [4]. Furthermore, high
pressure avoids the formation of protein aggregates. Thus, using high pressure in combination with
SAXS allows one to monitor and investigate the unfolding behavior of these large and important
biomolecules.

SAXS measurements were performed on diluted protein solutions of a repeat protein, the ankyrin
domain of the protein Notch, and on different mutants of the globular protein Staphylococcal Nu-
clease (SNase). To achieve high pressure conditions a special sample cell was used [5]. Figures 1
and 2 exemplarily show the scattering intensities at different pressures of these two proteins.

Figure 1: Scattering intensity of the repeat protein at
different pressures.

Figure 2: Scattering of the SNase mutant ∆-
PHS+V66K at pH 4.5 at different pressures.

Our SAXS study shows that depending on the solutions properties like pH or the addition of dif-
ferent amounts of urea various folded protein forms occur. These are characterized by a different
stability. Furthermore, in the case of the SNase mutants we could demonstrate that depending on
the type of particular amino acid exchanged and its physicochemical properties, the stability of the
mutants is altered significantly.
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Supplementary to the studies on diluted protein solutions, we are also interested in the effects of
high pressures on highly concentrated solutions. Thus, first measurement were carried out on the
well studies globular protein lysozyme, which is known to be stable in the pressure range studied.
Figure 3 shows the scattering intensity of a lysozyme solution with a concentration of 100 mg/ml.
Obviously, there is a significant effect of high pressure on the protein-protein interaction as can be
seen by the shift of the so-called correlation peak.

Figure 3: Scattering intensity of a highly concentrated lysozyme solution (c = 100 mg/ml) at different pres-
sures.
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Originally, this beam time was dedicated to another experiment. However, due to complications 
during the set up of the microfocus grazing incident wide-angle scattering (GiWAXS) setup at 
BW4 we had to focus on a system with structures giving rise to scattering in the small-angle 
scattering range (GiSAXS). We want to point out that the technical problems were later on solved 
and that the GiWAXS experiments were recently successfully performed at BW4 in 2009. 

In this experiment we looked at the structure formation kinetics in evaporating droplets of diblock-
copolymers solutions. As model system a symmetric and a asymmetric diblock-copolymer system 
were chosen which are known to form in the bulk lamellar and hexagonal, cylinder phases, 
respectively. The aim of the experiment was to investigate which impact the substrate-polymer 
interaction but also hydrodynamic effects due to convection in the evaporating droplet have on the 
structure formation kinetics and the final structure in the dried droplet. Parameters varied were the 
vapor pressure of the solvent as well as the wettability of the substrate.  

Figure 1 presents the 2D GiSAXS pattern obtained for the dried droplets of the asymmetric 
diblock-copolymer deposited on a hydrophilic and a hydrophobic substrate, respectively. Figure 2 
shows the analogous results obtained for the symmetric diblock-copolymer. 

. 

 

 

 

 

Figure 1: 2D GiSAXS pattern of the asymmetric diblock-copolymer in dried droplet deposited on a 
hydrophilic (a) and hydrophobic surface (b), respectively. (c) Sketch of the orientation of the hexagonal, 

cylinder phase relative to the substrate. 

 

 

 

 

 

Figure 2: 2D GiSAXS pattern of the symmetric diblock-copolymer in dried droplet deposited on a 
hydrophilic (a) and hydrophobic (b) surface, respectively. (c) Enlargement of (b) with different intensity 

scale.  
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On the hydrophobic substrate the microdomains of the hexagonal, cylinder phase formed by the asymmetric 
diblock-copolymer exhibit only weak preferred orientation relative to the substrate (see Figure 1 a). Weak 
peaks indicate some preference for the densely packed planes being orientated parallel to the substrates. The 
microdomains of the lamellar phase formed by the symmetric diblock-copolymers deposited on a 
hydrophobic substrate are randomly orientated relative to the substrate (see Figure 2 a). For the symmetric 
as well as the asymmetric diblock-copolymer deposited on the hydrophobic substrate a peak appears 
(marked as 1) at high scattering vectors in the direction of the substrate normal. This peak is a signature of a 
structure orientated parallel to the substrate with significant reduced spacing compared to the characteristic 
length scale of the bulk phase. For the symmetric diblock-copolymer in addition stripes of intensity along 
the direction parallel to the substrate (marked as 2) indicate the appearance of a structure oriented 
perpendicular to the substrate. The dimension of this structure is significantly larger than the bulk lamellae 
spacing. A time series of 2D detector pattern (see Figure 3) taken during droplet evaporation of the 
symmetric diblock-copolymer shows that the large scale structure builds up during the early stage of the 
structure formation whereas the small scale structure develops during the very last stages just before 
complete drying of the droplet.  

Deposition on a hydrophilic substrate leads to significantly different results for the asymmetric and the 
symmetric diblock-copolymer. The sharp peaks observed for the asymmetric-diblock are proof for a well 
aligned cylinder phase with the densely packed planes oriented parallel to the substrate (see Figure 1 b and 
c). Deposition of the symmetric diblock-copolymer on the hydrophilic substrate leads to compared to the 
hydrophobic substrate less organized structures (see Figure 2 b and c). The first order correlation ring is 
barely visible. Very weak peak appearing at scattering vectors in the direction parallel to the substrate 
indicates some preferred even though very weak orientation perpendicular to the substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Time series of 2D GiSAXS pattern taken during droplet evaporation of the symmetric diblock-
copolymer deposited on a hydrophobic substrate. 
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The increasing resistance of pathogens to traditional antibiotics creates an urgent need to develop 
novel effective drugs. Naturally occurring antibiotic peptides and their synthetic derivatives are 
considered as a good alternative [1]. The rational design of new peptides with enhanced 
antimicrobial activity requires the deep understanding of their mechanism of action.  

In our laboratory we developed the synthetic peptide NKCS showing a very good activity against 
both Gram-negative and Gram-positive bacteria and very low toxicity to human erythrocytes. The 
peptide adopts the structure of two α-helices separated by a short flexible region. To investigate the 
importance of structural and physicochemical properties of NKCS for its membranolytic activity, 
two shorter versions representing the first (NKCS-K17) and the second α-helix (NKCS-15_27) 
were synthesized. The microsusceptibility assays revealed the different activity of these analogs 
against Gram-negative bacterium Escherichia coli, indicating that the second α-helix of the 
parental peptide was inactive.  

To study the molecular details of peptide-membrane interactions the SAXS method was used. We 
determined the influence of antibiotic peptides on the phase behavior of lipid bilayers mimicking 
the membrane of E. coli. The vesicles of phosphatidylethanolamine (PE) lipids (POPE, DiPOPE, 
DOPE-trans) were prepared in sodium phosphate buffer (NaP) pH 7.0 with the final lipid 
concentration of 25 mg/mL. The temperature dependent measurements were performed at the Soft 
Condensed Matter Beamline A2. 

The results revealed that the short derivatives of NKCS acted in the way similar to their parental 
peptide [2]: they all caused the stiffening of membrane and shifted the temperature of inverse 
hexagonal phase transition in the concentration dependent manner to higher values. The strength of 
temperature changes reflected the strength of antibacterial activity. For instance the peptide NKCS-
K17, representing the first α-helix, changed the phase transition temperature of DOPE-trans by 5°C 
whereas the peptide NKCS-15_27 representing the inactive fragment of NKCS increased the  
 

 
Figure 1: Diffraction pattern of pure DiPOPE and DiPOPE after addition of peptide NKCS- 

K17 at molar ratio 100:1.  
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temperature just by 1°C. The changes of hexagonal phase transition temperature depended on the 
acyl chain composition. The most significant increase was observed for peptide NKCS-K17 and 
lipid DiPOPE (Figure 1). The obtained results showed that just one fragment of peptide NKCS (the 
first α-helix) was essential for the effective interactions with the PE membranes and consequently 
for the antimicrobial activity.  
 
Abbreviations used: POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine DOPE-
trans: 1,2-dielaidoyl-sn-glycero-3-phosphatidylethanolamine; DiPOPE: 1,2-dipalmitoleoyl-sn-
glycero-3-phosphatidylethanolamine. 
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Establishing the effect of the external load on the structural entities at nanometer scale is considered 
a key for the explanation of the unique properties of polymer nanocomposites.  A possible way to 
do this is by performing mechanical tests while collecting the WAXS and/or SAXS patterns of the 
sample under investigation [1]. Synchrotron sources should be used especially if simultaneous 
deformation and X-ray experiments are desired. At this point simple X-ray diffraction experiments 
have been performed with nanocomposite polymer systems, mostly for characterization of the 
nanoclay distribution. Herein,  a new method is presented for studying the structure-mechanical 
properties relationship in polymer nanocomposites based on a more complete evaluation of the two 
dimensional X-ray scattering patterns obtained during sample straining while irradiating in a 
synchrotron beamline.  

PA6 masterbatches containing up to 20 wt. % of organically treated montmorillonite (MMT) were 
diluted with neat PA6 through twin-screw extrusion obtaining exfoliated composites with MMT 
content in the 1.0-7.5% range. These systems were then mixed with HDPE by melt extrusion to 
obtain blends with 20 wt. % of PA6 nanocomposite. A subsequent cold drawing resulted in highly 
oriented, fibrillated HDPE-PA6 blends, in which the MMT was located predominantly in the PA6 
fibrils. The oriented blends were compression molded at temperatures above the melting of HDPE 
and below that of the PA6, thus producing microfibrilar polymer composites with a HDPE isotropic 
matrix embedding oriented PA6 fibrils additionally reinforced by MMT. The WAXS and SAXS 
patterns under simultaneously applied static or cyclic load were obtained with a MARCCD two 
dimensional detector at the A2 beamline of HASYLAB at DESY, Hamburg, Germany.  
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Figure 1: Various stages of data treatment of SAXS patterns: a-c pattern pre-treatment; d-f CDF functions 

with the respective true strain/true stress data. 
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From the reconstructed SAXS patterns (Figure 1 a) the scattering of the isotropic HDPE matrix (b) 
was subtracted to obtain the oriented SAXS scattering (c). From the latter the chord-distribution 
function (CDF) was computed (image d) [2]. Based on the analysis of images a-d it was concluded 
that the reinforcing PA6 fibrils were covered by a shell of transcrystalline HDPE material whose 
orientation coincided with that of the PA6 core. Images e and f show the CDF of oriented HDPE-
PA6 blends without and with MMT nano-clay reinforcement, respectively. The nanostructure 
changes for all patterns were followed computing the true strain/true stress values for each frame. 
The presence of nanoclay caused clear changes in the CDF that were related to the blend 
compositions and stretching conditions. The results are still under evaluation and will be published 
separately. Nevertheless, these preliminary studies demonstrated clearly the information increase by 
transformation of SAXS patterns into CDFs. Small variations of macroscopic elongation and 
nanostructure parameters were clearly resolved, setting up relations between properties and 
nanostructure.  
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Understanding the process that drives an undercooled fluid to the crystal state is still a challenging 
issue for condensed matter physics. One promising approach to the problem is offered by the study 
of colloidal suspensions, which can be regarded as “macroatoms.” These offer, compared to true 
atomic systems, a number of advantages. On one side, the interaction potential in colloidal 
macroatoms can be finely controlled and tuned by the experimentalists, by engineering the 
properties of the particles, and/or changing the characteristics of the dispersing medium. On the 
other side, typical length and time scales of colloidal systems shifted by orders of magnitude as 
compared to atomic systems, allowing for direct, time dependent studies of the solidification 
process with easily manageable experimental techniques such as microscopy, light scattering or 
even X-ray scattering. 

The here employed colloidal suspension consists of silica particles with 77nm diameter (Si77) 
dissolved in water. The silica particles carry weakly acidic silanol groups (Si-OH). Different to 
particles with stronger acidic end groups the degree of dissociation of the silanol- end groups and 
therefore the surface charge may be increased by the addition of sodium hydroxide following the 
reaction: SiOH + NaOH → SiO - + Na+ + H2O, until all surface groups are dissociated, 
corresponding to a maximum effective interaction. Further addition of NaOH then leads to a 
screening effect, which subsequently reduces the interaction between the particles. For aqueous 
silica dispersions, the particle number density n and the NaOH concentration cNaOH are the control 
parameters for the screened Coulomb interaction. The samples are conditioned in a computer 
controlled closed Teflon®- tubing system for controlling the interactions in the colloidal particle 
systems. The tubing connects different components. These comprise a mixed bed ion exchange 
column, a reservoir to add solvent or NaOH- solution, the sample cell and a conductivity 
experiment to control the particle number density n for deionised suspensions and the NaOH- 
concentration cNaOH. The suspension is driven through the preparation circuit by a peristaltic pump 
under an inert argon atmosphere to avoid contamination with air-borne CO2 [1]. Both solvent and 
NaOH are added using a computer controlled dosimeter. Computer controlled electromagnetic 
valves stop the flow instantaneously. This mark the start of a crystallization experiment and assures 
that the relaxation into the equilibrium state occurs without any (external) forces.  

For detection, a PILATUS100K detector was chosen [2]. This detector has an active area of 
84x34mm2 with pixel sizes of 172x172µm2. PILATUS detectors feature several advantages 
compared to current state-of-the-art CCD and imaging plate detectors. The main features include: 
High frame rate up to 100Hz and short read out times of 5ms, no readout noise, superior signal-to-
noise ratio and high detective quantum efficiency. This assures a good picture quality even at short 
illumination periods of the silica system. Due to expected mean particle distances between 200nm 
and 400nm of the Si77 system a sample- detector distance of up to 13m is necessary to assure a 
sufficient resolution. A suitable sample cell was used to realize the measurements in which the 
colloidal dispersions can be controlled during the USAXS measurements. The cell has suitable 
connections for the used computer controlled preparation circuit. The detector time resolution was 
chosen to be 250ms with a readout time of 5ms. A measurement sequence at adjusted particle 
number density and NaOH- concentration of 80 pictures is taken within 20sec. 

To determine the crystallization kinetics using time resolved static scattering techniques we 
followed the data analysis proposed by Harland and van Megen [3]. The samples were shear-
molten pumping the suspension through the sample cell as described above. The first scattering 
pattern is recorded directly after stopping the pumping process. 
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Fig. 1: Time evolution of the crystalline structure 
factor Sxtal(q,t) of a crystallizing colloidal silica 
suspension (Si77) at a particle number density of 
n=210µm-3 (volume fraction Φ=5%) and a 
NaOH- concentration  of cNaOH=2mmol/l .With 
USAXS the first four Bragg-peaks of the bcc 
crystallizing colloidal suspensions can be detected 
with sufficient quality. The time for each scan is 
250ms and the read out time was chosen to be 
5ms. With increasing time, the integrated peak 
intensities become larger due to the increasing 
amount of crystalline material in the scattering 
volume. 

 

We set this as the time t = 0 when, we assume, the system is still in the metastable fluid state. The 
subsequent emerging of the crystal phase is monitored and characterized by the scattering intensity 
from the crystal:  

                                                            Ixtal(t)=I(q,t)-β(t)I(q,t=0)   .                                                   (1) 

An estimation of the fluid contribution is here obtained by scaling the first run I(q, t=0) with a 
factor β(t), calculated by matching the scattered intensity of measurements at t=0 in a small q-range 
preceding the (110)- Bragg reflection of the here appearing bcc- crystal. Example crystalline 
structure factor of a crystallizing suspension, calculated with Eq. (1), is shown in Fig. 1. With 
USAXS the time evolution can be detected in a large q- range covering the first four crystalline 
peaks with sufficient quality. The time evolution of single Bragg peaks is analyzed by performing a 
best fit with a Gauss function. From the fit parameters A(t) (integrated area of the peak), the 
crystallinity X(t) (the fraction of the sample which is crystalline) can be calculated: X(t)=cA(t), 
where c is a normalization factor based on the equilibrium phase diagram. Results for the Si77 
suspension at different NaOH- concentrations are shown in Fig. 2.  

 

Fig. 2: Crystallinity X(t) of the crystallising 
Si77 suspension for different degrees of 
interaction between the colloidal particles, 
adjusted via the NaOH- concentration.  The 
particle number density is at a constant level of 
n=210µm-3. The interaction between the 
colloidal particles is reduced with increasing 
amount of NaOH due to the screening of the 
particle surface charge. Subsequent reduction 
of the interaction enlarges the induction time, 
tind, as well as the time for the crystallization 
process (tcross-tind). 

An increase in the NaOH concentration reduces the particle interaction due to surface charge 
screening leading to enlarged induction and crystallization times. 
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The analysis of metals within biological systems using X-ray fluorescence imaging is a quickly 
developing field of research. An inherent difficulty of micro-XRF imaging on biological materials 
is associated with the need to observe the sample in its natural state as much as possible. Sample 
structure  should  be  preserved,  and  the  elemental  distributions  within  the  sample  should  not 
change during analysis. However, most of the biological samples are containing high amounts of 
water,  which  slowly  evaporates  and  changes  the  elemental  distributions.  Different  sample 
preparation methods are currently available to remove the water content from biological samples 
such as critical point drying, freeze drying and dehydration through graded solutions followed by 
chemical  fixation.  However,  removal  of  water  contents  can  also  cause  an  extra  source  of 
dislocation of elements and/or may introduce sample contamination with other metals.

An alternative method is to quickly freeze the sample (e.g. plungefreezing, high pressure freezing) 
so that  all water  is transformed to vitreous ice avoiding ice crystal  formation, followed by the 
analysis of the sample in its native state at a temperature below the glass transition temperature of 
water (136K) so that no recrystallization occurs. In this report, we discuss the implementation of a 
cryostream  cooler  in  the  experimental  set-up  and  make  a  comparison  between  the  elemental 
distributions  within  a  frozen,  hydrated   and  a  dehydrated,  fixed  Daphnia  magna organism. 
Daphnia magna  is a freshwater crustacean used in toxicological research as a model organism to 
evaluate the harmful effects of heavy metals on the ecosystem [1].

Fig. 1 shows a photograph of the experimental  set-up at  beamline L.  A 700 series cryostream 
cooler  from Oxford  Cryosystems  [2],  normally  used  for  synchrotron  cryocrystallography,  was 
installed  under an angle of 45° with respect  to  the polarisation plane and the detector  axis.  A 
laminar  gas  flow  of  5  L/min  insured  a  temperature  of  100  K  at  8  mm  distance  from  the 
cryostream nozzle. Icing can occur on objects  outside the path of the laminar flow, therefore a 
single bounce capillary  with  a  long working distance of 5 cm was  used and the detector  was 
shielded with a kapton foil to prevent damage to the Be window.

Figure 1: Experimental set-up at Beamline L
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Daphnia magna was collected from the culture medium, rinsed using deionised water and glued to 
a  sample support  fibre  and inserted  into the cryostream,  which induced a  fast  freezing of the 
sample.  Immediately  afterwards,  a  2D  micro-XRF “cryomapping”  was  started  with  a  20  μm 
stepsize and 1.5 s scanning time/point resulting in a scanning time of approximately 6h. During 
this time, no icing on the sample was observed and vibrations of the sample due to the cryostream 
were estimated to be below the μm level based on microscope observation.  A small bubble of 
frozen water could be observed outside the sample, probably due the transition of water into ice. 
At  the same time,  another sample was taken from the culture and underwent  a HMDS drying 
procedure used in previous work [3]. Also, a 2D micro-XRF mapping was applied on this sample 
under identical experimental conditions (except the presence of the cryostream cooling). 

Fig. 2 shows a comparison between elemental distributions of Zn, Cu and Br of a cryofrozen (left) 
and  a  chemically  fixed  (right)  Daphnia magna. A  colorbar  has  been  added  which  shows  the 
intensities in counts. It can immediately be observed that deformations of the tissue structure in 
the chemically fixed sample are present (e.g. more diffuse appearance of the tissue structures). 
However, the Zn concentration seems to be  similar between both samples, with exception from 
upper gut and exoskeleton borders. Cu seems to show a significant leaching from the gut (also Fe 
and Mn show significant changes). The Br distribution appears to be very comparable (also Rb, 
Se, Sr are comparable).  Another  interesting observation is the large Compton scattering in the 
frozen sample due to its water content. The Compton map shows a uniform distribution, whereas 
in the dried sample the dried tissue structures are distinguishable based on the 2D Compton maps.

Figure 2: comparison between the difference in Zn, Cu, Br and compton distribution 
between a chemically fixed and a cryofrozen Daphnia magna
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We propose and verify in an experiment a wavelet transform [1] approach for analysis of x-ray
absorption anisotropy patterns recorded using a broadband polychromatic x-ray beam. X-ray ab-
sorption anisotropy results from the interference between an incident plane wave with spherical
waves scattered on atoms inside the sample [2]. This interference modifies the total x-ray field am-
plitude at the sites of absorbing atoms and effectively changes the atoms absorption cross-section.
X-ray absorption anisotropy is monitored by measuring the secondary yield while the sample is
rotated relative to the incident beam direction. For a broadband polychromatic hard x-ray illumina-
tion, owing to the short coherence length, significant anisotropy in absorption is only found close
to directions of the incident radiation coinciding with inter-atomic directions [3].
In this work we show that, for a broadband illumination, the signals from all atoms have the same
universal shape and differ only in the scale and angular position. Combined with the directional
localization this allows us to construct a spherical wavelet family [4] matched to the shape of the
observed signal. Application of the wavelet transform to experimental x-ray absorption anisotropy
data, recorded at the beamline C1 at HASYLAB, provided high-resolution projections of the local
atomic structure in an InAs crystal up to the sixth coordination shell [see Fig. 1].

Figure 1: Local structure imaging by means of wavelet analysis of x-ray absorption anisotropy. (a) Experi-
mental data: x-ray absorption anisotropy recorded for an InAs(001) crystal using a broadband polychromatic
x-ray beam with a mean energy of E ≈ 45keV and a bandwidth of ∆E ≈ 20keV . (b) Projection of the
local atomic structure obtained from the data shown in (a) using a wavelet filter. The visible spots correspond
to atomic images. (c) Fish-eye view of a small InAs cluster (observation point is placed at an In atom site).
The sizes of the balls are proportional to the atomic number and inversely proportional to the distance from
the central atom. The oval shapes mark the strongest scatterers. The labels correspond to coordination shell
number.

While in previous works data evaluation was based upon the periodic structure of the objects and
delivered a three dimensional image of the unit cell obtained through a tomographic algorithm
[5], the wavelet approach provides projections of the local structure of absorber atoms and does
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not depend on the translational long range order. This opens a way for a quantitative analysis of
polychromatic beam x-ray absorption anisotropy for local structure imaging.
This work was financially supported by the Polish Ministry of Science and Higher Education (N202
012 32/0628). The access to the synchrotron was supported by DESY and the European Commu-
nity [RII3-CT-2004-506008 (IA-SFS)].
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Confocal micro-XRF is a relatively new local analysis method which allows to analyse the trace 
level metal contents within the confocal volume formed by the coinciding focii of the excitation 
and  detection  side  polycapillary  [1].  When  using  a  scanning  algorithm,  virtual  sections  of 
elemental distributions can be obtained without the need of rotating the sample. Combined with a 
dynamic scanning algorithm [2], a considerable reduction in measuring time can be achieved for 
measuring  a  single  virtual  slice  through  the  sample,  thus  allowing  to  measure  a  series  of 
subsequent slices. This makes it possible to deliver a three dimensional image of the trace level 
metal distributions inside the sample.

As a case study, a 3D confocal analysis was performed on a single egg (ca. 300 μm diameter) of 
Daphnia magna, a frequently used model organism to investigate the influence of heavy metals. 
In Fig. 1, 2D confocal micro-XRF scanning results show the elemental distributions of Ca, Fe, Zn 
and Compton scattering of a single plane through the sample. The dynamic scanning algorithm 
was adapted with a third motor, making it possible to measure a total amount of 16 planes (59 x 
67 pixels, 5 μm step size), each 10 μm away from each other. This resulted in a total amount of 
63248 single XRF spectra and a total measuring time of ~18h. Data processing was performed by 
the AXIL software using symmetric multiprocessing (SMP) on a quad core server system. In Fig. 
2 (left) 16 confocal element slices of Fe are shown which clearly reveal the depth dependent 
presence of different cavities. In Fig. 2 (right), an Fe isosurface was rendered under different 
viewing angles using the Xvolume applet within the IDL software. The isosurface clearly reveals 
the presence of 4 different cavities in a more clear manner, thus facilitating the interpretation of 
the measured dataset.

Figure 1: Ca, Fe and Zn element distributions through a single egg of D. magna
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In Fig 3a) to 3c), isosurfaces of the Fe, Zn elemental distributions and Compton scattering were 
rendered. In order to verify the coinciding presence of elements, a combined RGB image of the 
isosurfaces is shown in Fig. 3d). The yellow areas indicate internal spheres with a similar density 
as the bulk of the sample, but lacking the presence of Fe and Zn. The white areas show the 
interface between the bulk of the sample and the air. In a previous contribution, we showed that 
when a sample is also analysed using laboratory µ-CT it is possible to couple the 2D element 
information to the 3D internal structure/morphology of the sample [3]. With a 3D confocal 
dataset, it is possible to obtain a full element-to-tissue correlation in all scanning dimensions, 
providing more information on the sample of interest (Fig. 3d and 3e).

Figure 2: 16 subsequent depth distributions of Fe through an egg of Daphnia magna (left), Fe isosurface rendered 
under 4 different rotation angles (right)

Figure 3: a) to c) isosurfaces of Fe, Zn and Compton scattering of a single Daphnia magna egg. 
d) RGB combined isosurfaces e) laboratory micro absorption CT isosurface
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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 human cancer cells. The first measurements reported here 
were intended as a feasibility study which should i) show if the setup is sensitive enough to perform 
XANES measurements on the colon cell samples and ii) lead to an new and proper sample 
preparation method which will ensure the stability of the oxidation stage of Fe during sampling, 
sample treatment, storage, transport and analysis. 
As total reflection geometry offers very high sensitivities for elemental determination in X-ray 
fluorescence analysis [1], these characteristics can be used to apply this set up for the speciation of 
minute amounts of metals in X-ray absorption experiments in the fluorescence mode [2,3]. The big 
advantage of SR-TXRF-XANES is that the sample preparation can be reduced to a minimum: the 
cells available in a suspension can be directly pipetted in the Si reflectors, dried, inserted in the 
vacuum chamber and measured. 
The relation between the uptake of Fe with food and and the probability of development of colon 
cancer is well known. Epidemiological investigations showed a relation between development of 
colon cancer and Fe uptake by food as well as the oxidation state of the Fe disposal [4,5]. However, 
the carcinogenic impact of Fe is mostly unknown and therefore currently extensively investigated. 
The determination of the oxidation state of Fe seems to be an important question and the 
investigation of this topic should give more insight in the mechanism of cancer development. 
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 of the Hamburger 
Synchrotronstrahlungslabor (HASYLAB) at DESY [2]. Human colon cancer cell lines (colorectal 
adenocarcinoma) indicated as HT-29 in the following as well as human breast cancer 
(adenocarcinoma) and human fibrosarcoma cell lines in different phases of the cell growth were 
prepared at the Department of Clinical Research, National Institute of Oncology in Budapest, 
Hungary. The samples have been prepared with different iron compounds (Fe2+ or Fe3+ salts) 
added. 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. When the cell growth was in its log 
phase (phase of exponential growth), the cells were treated with either CoCl2, NiCl2 or metamizole 
sodium. Main aim was to gain information about the influence of these treatments on the cells 
relating to the Fe species. For comparison samples have also been taken during other characteristic 
phases of cell growth, namely the Lag phase (phase of no growth) and the stationary phase. 
The results of the XANES analysis of samples taken during different phases of cell growth are 
shown in figure 1. The XANES were found to be very similar for all phases of cell growth 
indicating that the chemical state of Fe remained unchanged during theses phases. In figure 2 the 
XANES of the sample taken during the stationary phase is compared with XANES recorded for cell 
samples treated with different chemical compounds during the log (exponential) phase. 
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Figure 1: XANES of cell samples taken during  Figure 2: XANES of cells treated with different  

different phases of cell growth.     chemicals during the log phase. 

 
The results of the measurements showed that SR-TXRF XANES analysis is feasible for the 
analysis of Fe in cancer cell lines. Variations in the chemical state of Iron in cell lines treated with 
different chemical compounds could be observed. However, further efforts have to be made to 
drastically increase the signal to noise ratio of the XANES spectra (e.g. by increasing the Fe 
concentration in the samples). At this stage a reliable evaluation of the Fe compound or oxidation 
state is not possible. For this evaluation an additional set of standard Fe-compounds which are 
expected to be present in the cells has to be analyzed. The exact knowledge about the ratio of 
Fe(III)/Fe(II) after administration of different type of Fe species will help to understand the 
mechanism of the biochemistry of Fe in the cancer cells. Moreover, the carcinogenesis of Fe in the 
normal cells will be better recognized. 
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Residual stresses may have beneficial or detrimental influences on the mechanical properties and 
lifetime of technical components since they have to be superimposed to load stresses [1]. Especially 
in surface near regions, complex residual stress fields can occur due to surface treatment processes 
like machining or shot peening. These procedures induce long-range gradients of macro and micro 
residual stresses. A transition from a biaxial surface stress state to a triaxial volume stress state can 
often be observed. Thus the knowledge of the surface near residual stress profile in Realspace is an 
important factor for engineering design. 

In the case of residual stress analysis by means of diffraction methods, one distinguishes between 
Laplace methods and Realspace methods. Laplace methods always determine mean values within 
the penetration depth τ. For the determination of the stress distributions in Realspace σij(z), being 
the stress distribution with practical relevance for engineering purposes, the inverse Laplace 
transform of the discrete data has to be accomplished. In particular for scattering experimental data 
this transformation is a highly complex problem in numerical mathematics. 

The aim of this project is the development of a measuring and evaluation strategy for residual stress 
gradients σij(z) in Realspace within different depths beneath the sample surface. In contrast to the 
strain scanning methods in Laplace space, the basic idea of the proposed procedure considers the 
use of fixed beam limiting apertures being inserted in the primary and the secondary beam path. The 
approach can be realized by means of beam limiting slit masks coupled to the sample surface which 
define gauge volumes in the material [2]. The mask designs are tailored with respect to the X-ray 
wavelength and the sample tilt relative to the beam path. The masks consist of thin layers of 
sufficiently X-ray dense material (Gold) and are designed by means of UV-lithography [3]. Figure 1 
illustrates the principal setup for the mask experiments. 

 

Figure 1: Schematic illustration of the measurement setup used for the experiments at beamline G3. 

The experiments were carried out at the HASYLAB beamline G3 using monochromatic synchro-
tron radiation. The beamline is equipped with the position sensitive CCD camera ‘MAXIM’ – 
featuring a resolution of 1 Megapixel – which applies a Multichannel-plate (MCP) for two-
dimensional collimation of the diffracted beam [4]. The CCD-MCP-system provides a spatial 
resolution down 13 micron/pixel which is necessary due to the narrow slits in the masks. Four 
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sample mask systems were analysed in ω-2θ-mode by moving the CCD camera around the {300} 
reflection of a ground alumina sample (2θ0 = 81.24°). According to their slit design, mask no. 04 
defines gauge volumes closest to the sample surface followed by the masks no. 08, 12 and 16. The 
chosen 2θ range covers the whole diffraction peak from 80.93° to 81.53° using increments of 0.05° 
so that 13 images per mask were captured. Due to the poor diffracted intensity and the single 
crystallite spots, however, sufficient information could not be extracted from the single images. 
Hence, all 13 images were merged together so that single crystallite spots could be reduced as well 
as the data noise caused by the dark current of the CCD camera. The resulting image of mask no. 08 
is shown on the left of figure 2. The lighted areas represent alumina crystallites which fulfil the 
Bragg condition and give an idea of the slit structure of the masks. 

Figure 2: Diffracted intensity of the {300} lattice planes of a ground alumina specimen covered by an 
X-ray absorbing mask with a defined slit geometry under investigation by the 2D camera MAXIM (left). 
Integrated intensity over y-axis of the MAXIM image where each peak represents one gauge volume (right). 

Integrating the image over each pixel column yields the diagram in figure 2 where each peak 
represents the diffracted intensity from one gauge volume GV, i. From this diagram two consistency 
checks were carried out both giving evidence for the principal function of the masks. A detailed 
description of the analyses and results will be published in [5]. 

a) The mean measured distance dGV, m between the gauge volumes shows a very good accordance to 
the expected distance, calculated from the slit layout for all for masks. 

b) From the accumulated intensities IGV, determined for each mask, a decreasing intensity was 
found with an increasing depth of the gauge volume. This behaviour could be assigned to the 
X-ray attenuation and is consistent with the assumption that the detected photons originate from 
different depths in the material. 

The results motivate further experiments using the described setup, implying improvements of the 
measurement technique. One important factor is the enhancement of the grain statistics which can 
be realized by e.g. oscillating the sample. Furthermore an improvement of the depth adjustment of 
the gauge volumes is essential to assign the measured strain to a specific material volume. 
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In general Total Reflection X-Ray Fluorescence Analysis (TXRF) is known to allow a linear 
calibration typically using an internal standard for quantification. For small sample amounts 
(low ng region) the thin film approximation is valid neglecting absorption effects of the 
exciting and the detected radiation [1]. For high total amounts of samples, deviations from the 
linear relation between fluorescence intensity and sample amount have been observed 
(saturation effect) [2]. These are not directly linked to a loss of validity of the calibration with 
internal standard, but are certainly an obstacle to absolute quantification or external standard 
quantification. 
The fluorescence intensity emitted by samples with different amounts of nickel (0.012-240 
ng) was measured using Synchrotron Radiation induced TXRF (SR-TXRF) to determine the 
upper limit of sample mass where the linear relation between fluorescence intensity and 
sample amount is no longer guaranteed. The element nickel was chosen for this investigation 
because it is usually used as reference standard for calibration of TXRF Wafer analyzers in 
the semiconductor industry. The samples were produced by an Hewlett Packard (HP) 
prototype Thermal Inkjet Picofluidic System (TIPS) [3] which applied a pattern of droplets 
(30 pl) directly on the surface of Si wafers. Picodroplets were used for this investigation 
because a lower saturation effect was expected. After drying each sample consisted of many 
small residues on the wafers’ surface with an almost constant distance between each other. 
Dependent on the concentration of the printed solution each residue contained sample 
amounts in the pg-range (0.015-300 pg). The printed patterns were investigated with an 
optical microscope (Fig. 1+2) to determine the average droplet diameter of each sample. 

  
Fig. 1 picodroplet sample 240 ng Ni Fig. 2 picodroplet sample 12 ng Ni  

 
amount [pg] diameter [µm] amount [pg] diameter [µm] 
0.0015 6.1 ± 2.1 15 16.0 ± 2.6 
0.15 9.5 ± 1.7 75 29.6 ± 6.7 
0.75 10.3 ± 1.4 150 36.6 ± 7.5 
1.5 10.6 ± 2.4 300 40.9 ± 6.1 

Table 1: Averaged diameter of the picodroplets 

The results of the measurements will be compared with the results of measurements 
performed using laboratory X-ray sources and with those of a simulation program. Therefore 
SR-TXRF was used because a well known geometry and an exact definable beamsize are 
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necessary parameters for the simulation program. Furthermore only with SR-TXRF this broad 
range of sample amounts (12 pg – 240 ng) is measurable. 
SR-TXRF measurements were accomplished at the bending magnet beamline L of 
HASYLAB using the TXRF vacuum chamber equipped with a sample changer [4]. The 
Si(111) double crystal monochromator was used to get a well defined energy (9keV) and a 
low divergence of the exciting radiation which are desirable parameters for the simulation 
program. The fluorescence spectra were recorded using a Silicon Drift Detector (SDD) with 
an active area of 50mm². 
It could be shown that in the case of picodroplet standard samples the relation between 
fluorescence intensity and sample amount is linear up to 10-12 ng Ni. At larger sample 
amounts deviations from the linearity occurred (Fig. 3). For single VPD microdroplets Hellin 
et al. [2] reported that the relation between fluorescence intensity and sample amount is only 
linear up to ~3 ng Ni. However, in this work much higher excitation energies were used 
emitted by laboratory X-ray sources (Mo and W tube) and monochromatized by a multilayer 
system. It can be assumed that saturation effects caused by self absorption of the incident 
radiation are larger for smaller energies as the absorption becomes stronger for exciting 
energies close to the absorption edge of the element of interest. The presented data shows that 
for picodroplet samples the range of linearity between fluorescence intensity and sample 
amount could be expanded even using lower excitation energy (9keV). This leads to the 
conclusion that picodroplet samples are very promising to be used as an external standard in 
future TXRF analyses. 

 

Fig. 3 Fluorescence intensities for different amounts of Ni (max.: 240 ng) in replicates of 2 
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Efficient characterization and testing of catalysts is important for the development of new catalysts. A new 
parallel reactor system as shown in Figure 1 (left) was set up to combine catalytic measurements with in situ 
X-ray absorption spectroscopy [1] as improvement of an earlier system [2]. The cell combined with an X-ray 
area detector for spectra collection facilitates the simultaneous analysis of six catalysts and contains separate, 
individually adjustable gas lines for each compartment. The product gas compositions can be measured by 
on-line mass spectrometry. 

The heterogeneously catalyzed partial oxidation of methane (CPO), i.e. an alternative to steam reforming for 
the production of synthesis gas (hydrogen and carbon monoxide) from methane, was chosen as a test 
reaction. Alumina-supported Rh and Au/Rh catalysts with different metal loadings (0.5–2.5 wt%) and 
prepared by different methods were applied to see whether a difference in their catalytic behavior can be 
detected with the novel setup. For the validation of the new parallel reactor, the same catalysts were 
investigated in a fixed-bed capillary reactor heated by a gas blower (also for XAS measurements) and in an 
eight-fold parallel gas phase reactor with gas chromatography analysis using similar reaction conditions (6% 
CH4-3% O2-He, 250–500 °C) to check for transferable results.  

 

Figure 1: Left side: View of the parallel XAS cell. Graphite seals were pressed on the compartments with 
covers that leave a window of 2 mm x 8 mm for the X-ray beam. Capillaries for gas in- and outlet are 

connected to each of the compartments (below). Right side: Absorption image taken with the X-ray camera 
of five compartments simultaneously (top) and Rh K-edge spectra at different temperatures und reaction 

conditions extracted from two different compartments. 
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The experiments were performed at beamline C (DORIS III) using a Si(111) double-crystal monochromator. 
For spectra acquisition an 8 mm x 1 mm (width x height) large beam was used. The transmitted radiation 
was detected by a CCD-area detector, in which a single crystal scintillator converts X-rays into visible light 
that is then subsequently imaged on the CCD chip via microscope optics, yielding a picture as shown in the 
upper left part of Figure 1. The incoming intensity I0(E, x, y) and the transmitted intensity I1(E, x, y) were 
measured by taking an image first without and then with the cell. XANES spectra were taken around the Rh 
K-edge (E = 23,220 eV). The exposure time for each frame was 30 s. Each image was dark-field corrected, 
i.e. an average dark image was subtracted to remove the CCD dark current and read-out noise. By 
integrating over the pixels in one compartment and applying Beer–Lambert’s law for all recorded energy 
steps, absorption spectra for each catalyst bed could be obtained. The raw data were energy-calibrated, 
background corrected, and normalized with the WINXAS 3.1 software [3]. It was shown earlier – with the 
previous cell – that the resulting spectra are comparable to those recorded with a conventional ionization 
chamber setup [2]. By taking spectra at different temperatures during heat-up starting at room temperature, 
differences in catalytic activity of the different catalysts could be investigated, namely their ignition 
temperature (by on-line MS) and their structural behavior below and above this point. The ignition 
temperature is defined as the temperature during heat-up at which the formation of carbon monoxide and 
hydrogen starts. Below only carbon dioxide and water were detected, i.e. total oxidation occurred. 

The lower right part of Figure 1 shows the results of two of the compartments. It can be seen that, while the 
upper catalyst (0.5wt%Au/2wt%Rh/Al2O3) shows a spectrum representing reduced Rh species at 400 °C, the 
lower one (2wt%Au/0.5wt%Rh/Al2O3) still is in the same oxidized state as at 353 °C and, in fact, as at room 
temperature (not shown). On-line mass spectrometry showed that the former does produce CO and H2 at 
400 °C, the latter does not. By analyzing two series of catalysts in this manner, conclusions concerning the 
mechanism of the partial oxidation of methane and the interaction of gold and rhodium could be drawn [1]. 
Experiments with the aforementioned two other reactor setups showed the same picture, despite of the very 
different reactor characteristics, and by that validated the novel parallel XAS cell as suitable for reproducible 
and valuable high-throughput in situ measurements. This shows also another important application of an X-
ray camera for recording spatially resolved X-ray absorption spectra (further applications, cf. ref. [4]). 

We thank Stefan Marx and Sven Reimann for help during the measurements and Jens Patommel and Bernd 
Reime for support for the X-ray camera. HASYLAB at DESY is thanked for beamtime and Edmund Welter, 
Bernd Reime, and Karen Rickers-Appel for their help during the beamtime. Financial support by the 
European Community (through the Integrated Infrastructure Initiative "Integrating Activity on Synchrotron 
and Free Electron Laser Science", Contract RII3-CT-2004-506008) is highly appreciated. 
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We present the results of an experimental study of a new type of hard X- and γ-ray detector - a ring-
drift detector - which has been specifically designed to overcome charge collection problems in 
compound semiconductor radiation detectors. The device consists of a double ring electrode 
structure surrounding a central point anode with a guard plane surrounding the outer anode ring. 
The detector can operate in two distinctively different modes of charge collection – a pseudo 
Hemispherical mode (HM) and a pseudo Drift mode (DM). We have studied the spatial variations 
in count rate, peak position and energy for both modes by raster scanning a 50×50 µm2 X-ray beam 
over the detector area, at energies ranging from 10 to 100 keV. The device displayed excellent 
energy resolution. Under pencil beam illumination the FWHM energy resolutions were 0.6 keV 
(DM) and 0.72 keV (HM) at 10 keV, and 1.0 keV (DM) and 1.5 keV (HM) at 100 keV. At 662 keV 
the resolution is 4.8 keV, which is a factor 2 better than achieved with CZT coplanar grid detectors.  

 

Figure 1. Left: schematic of the prototype ring detector. The crystal has dimensions 5×5×1 mm3. 
Right: figure illustrating the field potentials and charge collection patterns for both electrons and 
holes when operated in “drift” mode (DM). 

For conventional detector systems fabricated from compound semi-conductors, the wide disparity 
between the transport properties of the electron and holes, means that detector performances are 
limited by the carrier with the poorest mobility-lifetime product (µτ). Since mobility is a 
fundamental material property, the only practical way of improving µτ is to increase carrier 
lifetimes, which in turn means improving material quality and stoichiometry. Until this can be 
achieved, stacked geometries, single carrier pulse processing (e.g., rise time compensation) or 
sensing techniques (e.g., co-planar grids) offer the only practical means of obviating the problem 
and allowing detectors with relatively large active volumes to be constructed [1]. In silicon 
technology, which is far more advanced, a considerable reduction in noise can be achieved by 
shaping the electric field and channelling charge to a small central read-out anode whose 
capacitance is much smaller than the active surface area. In a drift device [2], this is achieved using 
a number of concentric ring electrodes whose voltage gradient induces a transversal electric field 
and forces the signal electrons towards the anode. We have applied a similar approach to compound 
semiconductors. However, the motivation in this case is not centered on achieving low readout 
noise, but to channel the electrons directly to the read-out node incurring minimum change-loss, 
whilst simultaneously allowing the holes to drift to a large planar cathode through a low-field and 
therefore, charge-loss inducing region. The net result is single carrier sensing but with minimum 
electron trapping. Fig. 1 (left) shows a schematic of the ring drift device [3]. It is fabricated on a 
single 5×5×1 mm3 “ring-drift” crystal of CZT and consists of an inner anode of diameter of 80µm 
and two concentric ring contacts R1 and R2, located 0.19 and 0.39 mm, respectively, from the 
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centre of the anode. By careful adjustment of the ring potentials, the detector can operate in two 
modes of charge collection – a pseudo HM or a DM. To interpret the experimental data, we have 
derived an analytical expression for the spatial distribution of the electric field inside the detector 
and identified carrier collection patterns for both modes of operation, talking into account carrier 
transport properties. The results of the calculation for the DM are presented in Fig. 1 (right) in 
which we show the (a) equipotential lines (b) electric field lines (c) electron collection pattern and 
examples of electron trajectories and (d) idem, but now with examples of hole trajectories starting 
from the same initial positions. In the electron collection pattern, the white band delineates those 
initial positions/trajectories for which the collecting anode will be reached, and the light grey area 
the initial positions from which the electrons will end on the cathode surface. The dark grey area 
indicates the ’dead zone’: initial positions from which the electrons will hit the top surface, but not 
the collecting anode. Thus, the prototype should be able to channel charge.  

Fig. 1. Contours of the count rate, spatially mapped in both Hemispherical and Drift modes. We 
have overlaid the mask pattern showing the position of the anode, ring electrodes and guard ring. 
The attenuation of photons in the bond wires can clearly be seen in both modes. 

Measurements have been carried out in both modes at the X-1 beamline using highly collimated X-
ray beams. It was found that in both cases, the spatial response of the device shows a peak in a 
circular area around the central anode. For the HM this extends to the radius of the outer contact 
ring, whereas in the DM the peak response extends only to the radius of the inner contact ring. 
However, at low energies, the DM also shows an additional enhanced response in a narrow “ring of 
events” physically located inside the guard ring at twice the radius of the outer contact ring. At the 
lowest energies, the gap between the inner and outer ring of events is devoid of events. This implies 
that charge is transported in a channel at some depth below the surface which low energy photons 
cannot reach. This is supported by the observation that at higher incident energies, this gap begins 
to fill-in, becoming comparable in amplitude at 100 keV. The present results are encouraging and 
illustrate the potential of the ring-drift concept and, in fact, have led to a new design. In contrast to 
other detection schemes (see ref [1]), the ring-drift detector simultaneously gives excellent energy 
resolution and a wide dynamic range, which makes it particularly attractive in XRF, electron 
microprobe analysis systems and nuclear medicine applications. The use of a small readout node 
ensures that electronic noise due to anode capacitance is low and independent of the active detector 
area, which implies bigger detection areas can be fabricated with little loss of performance.  

References 
 

[1] A. Owens & A.G. Kozorezov, Nucl. Instr. and Meth., A563, 31 (2006). 
[2] P. Lechner et al., Nucl. Instr. and Meth., A377, 346 (1996). 
[3] A. Owens et al., J. Appl. Phys., 102, 0545 (2007).  

-398-



Longitudinal Coherence Measurements using the XUV 
Split and Delay Line on PG2 at FLASH 

W.F. Schlotter, F. Sorgenfrei, T. Beeck, M. Beye, S. Gieschen, H. Meyer, A. Föhlisch, W. Wurth 

Institute for Experimental Physics and Center for Free Electron Laser Science, University of Hamburg, Germany 

Longitudinal coherence is essential for techniques such as holography, x-ray photon correlation 
spectroscopy and diffraction imaging.  Here we present measurements of longitudinal (or temporal) 
coherence of FLASH using the newly constructed XUV beam-split and delay line system on the PG 
beamline.[1]   Similar measurements been made on another beamline at FLASH by Mitzner et 
al.[2] While these measurements exploit the interferometric capabilities of the delay line system it 
can also be used to investigate dynamics with a XUV pump, XUV probe experiment.     

 The split and delay line system is permanently integrated to the PG2 branchline between the 
monochromator grating and the exit slit.  A schematic of the delay is illustrated in Figure 1.  All of 
the mirrors have a single crystal silicon substrate with a diamond like carbon film deposited on the 
surface.  By steering the center of the beam onto the edge of the second mirror the beam is split into 
two pulses using wavefront division.  A delay between pulses is induced by the difference in optical 
path length in each arm of the splitter, which is controlled simply by linear translation of the four 
delay mirrors.  Using the final mirrors the two beams can be recombined, in this case on a YAG 
screen, with a temporal delay of +/-6 ps.  The actual delay between the two beams is controlled via 
a linear displacement encoder with 100 as temporal resolution.  The field autocorrelation, g1(τ), is 
determined by measuring the visibility of the interference fringes that appear when the two beams 
are recombined on the YAG screen and the temporal delay between pulses in each beam is scanned. 

We have measured autocorrelation curves, g1(τ),  for FLASH operating at λ=32.nm for single, 2 
and 15 bunch(es) per train operation as shown in Figure 2.  The average pulse intensity at λ=32nm 
was 12 µJ indicating that the FEL was operating in saturation.  While these measurements were 
made on the PG2 branchline they were done in zeroth order and thus represent the entire FEL 

 

Figure 1: (Top) Illustration of the 
beam path through the split and 
delay line system. The angle of 
beam incidence on the mirrors is 
noted.  In a Mach-Zehnder 
arrangement, the delay mirrors 
within the central rectangle are 
linearly translated together to 
generate the beam delay.  
(Bottom) Characteristic images 
of the interference between the 
two beams are shown for single, 
2 and 15 bunches per train.  The 
tilt in the fringes remains 
unchanged during the delay 
scans and results from slight 
vertical misalignment between 
the beams as they converge.   
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spectrum. Interference images, delay times, monochomator and beamline parameters were all 
recorded at 5Hz using the FLASH Data Acquisition (DAQ) system.       

The visibility of each image was extracted using 2D Fourier transformation methods.  The data for 
each bunch configuration follow a Gaussian distribution as shown by the curve fits in Figure 2.  
This suggests that the average frequency spectrum also has Gaussian characteristics.  However, the 
linear offset for each curve is significantly different indicating the presence of a strong coherent 
background.  This is particularly true for the single bunch per train data.  Simply using the Gaussian 
curve fit alone to extract a longitudinal coherence length is insufficient.  Therefore, we appeal to the 
general definition of the longitudinal coherence time introduced by Mandel [3] 

€ 

τ c = g τ( )
−∞

∞

∫
2

dτ  

where τc is the temporal coherence length and g1(τ) is the normalized first order coherence function. 
Because the data recorded do not extend to infinite delay times the temporal coherence values 
reported in Figure 2 should be treated as a lower limit.   

We are thankful for the contributions of Mitsuru Nagasono to the design and construction of the 
split and delay and the support of the FLASH staff, in particular Rolf Treusch and Natalia 
Guerassimova.  We also appreciate the dedication and patience of the staff in the FLASH control 
room. This work is supported by the BMBF in the framework of the Forschungsschwerpunkt 301, 
"FLASH: Matter in the light of ultrafast and extremely intense x-ray pulses“   
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Figure 2: Fringe visibility 
delay scans are plotted for 
single, 2 and 15 bunches 
per train.  For 15 bunches 
per train three 
characteristic images show 
the fringe visibility at -12 
fs, -5fs and zero delay. 
Each data point represents 
the average visibility 
extracted from at least 100 
images.  The visibility 
does not reach unity 
because the spatial 
coherence and beam 
intensity balance was not 
optimized.  The temporal 
coherence values given in 
the legend were calculated 
using equation (1), and the 
visibility curves were 
normalized.  
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Quantitative phase and texture analysis using high energy synchrotron diffraction take many 

advantages over conventional x-ray diffraction [1]. One of these advantages is a short exposure time. 

An effective use of the beam time requires a high efficient sample holder system and precise 

adjustment equipment together with an automatisation. A multi-functional sampler holder was tested 

for continuous measurements of phase and texture of a set of samples.   

 

As shown in Fig. 1, an integrated sample holder with five motors each has a ω rotation from 0° to 360° 

separately. The beamline Harwi-II offers many freedoms in x, y and z movement. In combination with 

our sample changer up to five different but complex samples can be positioned in the beam. As an 

example Fig.1 shows four powder samples in glass tubes and the Al2O3 NIST-standard plate in the 

middle position. Calibration of the instrument using the standard (wavelength, sample to detector 

distance, detector adjustment) is possible directly in combination with powder measurements. The 

wavelength was determined to 0.01523 nm (81,47 keV) with a sample to detector distance of 1000 mm. 

One example for a zinc powder is shown in Fig.1 with a Mar345 image plate picture, exposure time 10 

sec., and its sum diffraction pattern fitted by Maud [2], respectively.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The newly developed sample holder system in which are 5 different powder samples (left); an 

image diffraction patter of Zn powder (middle) and its sum diffraction pattern (right). 

 

Among other applications, quantitative phase analysis (QPA) is necessary when correlating 

microstructure with the properties. An annealed LCB-Ti alloy was firstly solid solution heat treated at 

750 °C for 1 hour followed by water quenching; and then aged at 540 °C for 8 hours. QPA of a solid 

quadratic sample (5 × 20 × 20 mm
3
) is shown in Fig. 2. Two phases, α- and β-Ti, are detected. Volume 

fractions of 22% for α-Ti and 78% for β-Ti were obtained after fitting with Maud [2], 
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Fig. 2 Sum diffraction pattern fitted by Maud program of annealed a LCB-Ti alloy.  

 

A second example of QTA is given for accumulative roll bonded (ARB) Mg-Al at 350 °C after 3 cycles. 

Temperature treatment as well as the ARB process can influence the phase composition including 

formation of intermetallic compounds.  In order to minimize the influence of strong texture, the 

specimen with a dimension of 1 ×2 × 10 mm was measured by a 1×1 mm beam and 360°C continuous 

rotation during exposure. The result of the fitted sum diffraction pattern is shown in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Sum diffraction pattern fitted by Maud of 3 cycles ARB processed Mg-Al (38 % Mg -62 % Al).     

 

In summery, the current developed sample changer is qualified for phase, texture and strain analysis of 

various materials, especially for beam time saving and continuous measurement.  
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In order to understand the evolutionary biology of complex structures within organisms a 

comparative approach is needed. The application 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]). Synchrotron imaging of a variety of both 

invertebrates and vertebrates gave recent novel insights into complex structure and function 

[3]. We use µCT imaging to elucidate the role of elaborate 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 morphology [4]).  

 

Caecilian amphibians are limbless, fossorial vertebrates inhabiting a diverse array of tropical 

habitats. Although caecilians only comprise of around 180 species, they show an 

extraordinary diversity of reproductive modes and parental care strategies (e.g. skin feeding 

[5]) including oviparity (aka egglaying) and viviparity (aka lifebearing). In comparison to 

most frogs and salamanders male caecilians possess an evertible copulatory organ, the 

phallodeum, to ensure internal fertilisation (Fig. 1 A,B). The current project is strongly 

focussed on the morphology of genital structures 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. 

 

We aim to include at least five different 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 for one species, the oviparous 

Ichthyophis cf. kohtaoensis. The analysis included a male (AK 158, GKSS-IDs zim12) and 

female (H2, GKSS-IDs zim11) cloaca. The data has been collected within 48 h at beamline 

BW2. The cloacae have been removed and were freeze dried prior to the µCT imaging 

procedure. Because the lengths of the samples exceeded the area that could be penetrated by 

the X-ray beam at once, several scans were performed for each sub-region and the separate 

datasets were subsequently reassembled.  

 

The resulting datasets show highest detail in soft tissues. The resolution of the µCT data 

(voxel-sizes) ranges from 2 to 9 µm, depending on the size of the sample. 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 produced 

before for any vertebrate (see µCT scans of skeletons and references in [5]).  
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Figure 1: µCT data on caecilian reproductive morphology. A: Ichthyophis cf. kohtaoensis in copula, m 

= male, w = female; B = everted male phallodeum of Ichthyophis cf. kohtaoensis in vivo; C = everted 

male phallodeum of Ichthyophis cf. kohtaoensis (AK 158, GKSS-IDs zim12), full dorsal view; D = 

dorsal view, outer muscle tissue removed showing details of blind sac tissue and the ureaodeum; E = 

mid lateral view, saggital section. 

 

The imaging of the everted male cloaca = phallodeum reveals full details and proportions of 

the tissues involved (Fig.1 C-E). µCT data on further caecilian species will be gathered in 

future session at beamline BW2. This will allow interspecific comparisons and later give a 

better understanding of various structures of caecilian genitalia. 

 

Initial results based on µCT imaging produced at DESY have been embedded in a talk held in 

January 4
th

, 2009 at the Annual meeting of the Society for Integrative and Comparative 

Biology (SICB) in Boston, USA. 
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Amphibians comprise caecilians (174 species), salamanders (571 species), and frogs (5602 species; 
all  species  numbers  from  [1]).  Amphibians  are  highly  diverse  in  their  habitats  (e.g.  aquatic, 
subterrestrial,  terrestrial,  aboreal),  their  life-cycles  (biphasic  vs.  direct  development),  their 
reproductive modes (oviparity vs. viviparity), and their  feeding strategies (suction feeding, biting, 
tongue protraction, filter feeding) [2]. By comparing the anatomy of different amphibian species and 
by studying the constraints that functional  demands put on anatomy, it  is  possible  to reveal  the 
mechanisms that led to todays diversity.

Recently, µCT imaging has become an important technique for comparative studies on invertebrate 
[3] and vertebrate [4] anatomy. Synchrotron x-ray radiation based µCT (SRµCT) imaging has been 
shown to result in highest quality of the datasets [5], especially for the visualization of soft-tissues. 
Here, we present the results of SRµCT imaging of larval and adult amphibian skulls, which is part of 
our ongoing research on the development and biomechnics of amphibian head structures.

SRµCT imaging was performed at beamlines BW2 and W2 in 2007 and 2008. So far, the SRµCT 
datasets of 10 caecilian specimens (4 species), 3 salamanders (3 species), and 1 frog tadpole are 
available for analysis. Specimens that were CT scanned at BW2 are usually larvae and juveniles; 
radiation energy was in-between 9 keV and 19 keV. At W2 we scanned adult individuals at 20 keV to 
30 keV. Voxelsizes of the reconstructed volumes range from 1.9 µm to 9.2 µm.

All datasets show an outstanding detail  of hard and soft tissues (Fig. 1, 2). Single muscle fibres, 
nerves, and connective tissues can be identified in the SRµCT datasets. The high detail of the SRµCT 
data made it possible to develop a semi-automatic algorithm to extract muscle fibre angles from the 
volume datasets. For adult caecilians, those muscle fibre angles were used in a biomechanical model 
that contributed to our understanding of caecilian  jaw mechanics [6] and led to an animation of 
caecilian jaw movements (Fig. 1).

Figure 1: Animation of caecilian jaw movements (specimen ZMH A08981; GKSS ID: zim03). This 
animation is based on a biomechanical model that was developed from measurements within the SRµCT data.
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The µCT data was used for the comparison  of amphibian  anatomy in different species (Fig. 2). 
Although there is  a high diversity in  cranial  anatomy between the three amphibian  groups,  it  is 
possible to identify homologous structures, especially for the head musculature, in all amphibian 
species studied so far by SRµCT imaging. Thus, it will be possible for the first time to conclude on 
the set of cranial muscles that were present in the most recent common ancestor of amphibians. In a 
second step, it will be possible to trace the changes within cranial musculature from the ancestral 
amphibians  to  highly  derived  species  over  evolutionary  time  and  to  discuss  those  evolutionary 
transformations in a functional context.

Figure 2: µCT images of salamander heads in lateral views. Left hand side: hard tissues only. Right hand side: 
hard and soft tissues rendered. SRµCT at DORIS III beamlines BW2 and W2 results in highest detail of the 

CT datasets and thus is valuable for comparative anatomical studies. A: Larval specimen of Andrias japonicus 
(specimen KUHE 38459; GKSS-ID: zim13). B: Larval specimen of Onychodactylus japonicus (KUHE38445; 

zim14). C, D: Larval specimen of Dicamptodon ensatus (ZMH A10055; zim15).
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Bone is a dynamic tissue which is formed and destroyed continually under the control of hormonal 
and physical factors. An imbalance between these processes may result in loss of bone mass 
(osteopenia) along with micro-architectural deterioration of the skeleton, leading to bone fragility 
and an increased risk of fracture (osteoporosis). 

Osteoporosis is a disease that deteriorates the bone due to, among other things, a failure in the 
normal hormonal function and it is mainly associated to post-menopausal complications. This 
project studies the effects of different therapies based on hormonal supplementation applied to 
prevent or treat this disease. Four groups of bones (healthy, osteoporotic without treatment, and 
osteoporotic subject to two different treatments) have been analyzed with nuclear microscopy and 
the concentration and distribution of certain elements suggest a change in bone density. These 
bones are now being analyzed with DiTo at Hasylab [1] in order to image this loss of bone mass, 
with the aim of correlating the apparent changes in density to the changes in elemental distribution 
and concentration. The final scope is to establish the effects of these hormonal replacement 
therapies on bone remodelling in order to better weigh the benefits of steroids supplementation for 
osteoporosis treatment. 

Female Wistar rats weighing approximately 250 g each have been used in this study, which is being 
conducted following the principles for the care and use of laboratory animals according to the 
European Union guidelines. The animals were exposed to constant periods of light and darkness 
and to a standard diet (Sanders S.A., Madrid, Spain). A total of six animals constituted the control 
or basal group (C). The others were ovariectomized, in order to induce osteoporosis, and divided 
into three groups 15 days after ovariectomy. The first group of five animals received a placebo (O), 
another group of four animals was treated with 17-β oestradiol (E) and the other six animals were 
treated with micronized progesterone (P). After one month of treatment, all animals were sacrificed 
and their femoral bones were excised. For the study, 1 mm thick diagonal cross sections of the 
femoral bones were cut using a microtome. The orientation of the cut was chosen in order to obtain 
slices comprising the three different femur regions: epiphysis (EPI), femoral neck (NEC) and 
diaphysis (DIA). The sections were freeze-dried and examined by optical microscopy in order to 
evaluate any possible alterations due to the sample manipulation.  

 

Figure 1: Femoral bone diagonal cross-section where epiphysis, femoral neck and diaphysis are 
distinguished. Bone structures are indicated: c, cortical bone; T, trabecular bone; Ch, cartilaginous head. 
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Nuclear microscopy results showed significant elemental differences between control and 
osteoporotic samples basically related with Ca and P levels [2, 3]. The results seem to indicate that 
progesterone affects the contents of P, Ca and trace elements in bone after ovariectomy. 
Nevertheless, a complete recuperation of bone elemental contents to the levels observed in control 
rats could not be reached. Oestrogen supplementation did not improve the ovariectomy status 
although an increase in Ca/P ratio was observed in cortical and trabecular bone and especially in 
the EPI and NEC femoral regions. The associated variability of trace elements according to bone 
type and region together with the variations observed in P and Ca following hormonal 
supplementation suggest a recovery from bone loss, possibly a delay in bone resorption and/or an 
acceleration of new bone formation.  

With X-ray tomography, the volume percentages of cortical and trabecular bone in each of the three 
femoral areas (DIA, NEC and EPI) in the four types of samples analyzed can be obtained. A clear 
difference can be observed between healthy and osteoporotic samples, particularly in the trabecular 
bone. Both treatments show and improvement in comparison to the non-treated osteoporotic bone, 
although the healthy volume percentages are not always reached by either of the treatments, what is 
more evident in the DIA region.  

The tomography analyses performed so far have yielded qualitative results which agree with the 
conclusions achieved from the nuclear microscopy study. In particular, the deterioration of the bone 
after ovariectomy is evident. The estimation of the volume percentages of the trabecular and 
cortical bone show this deterioration of the osteoporotic bone, as well as the recuperation of the 
osteoporotic bone after treatment, although without reaching the healthy state. The higher 
proportion of trabecular bone in osteoporotic samples with oestrogen supplementation in 
comparison to the one with progesterone supplementation may be linked to the higher Ca to P 
ration observed in the first one with nuclear microscopy.  

 

Figure 2: Rendered images of the reconstructed data from the diaphysis region of an (a) osteoporotic bone 
without treatment and (b) osteoporotic bone treated with progesterone. 
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The fuel cell group at GKSS investigates sulfonated polyoxadiazoles (SPOD) and polytriazoles (SPT) which 
offer many sites for the proton conduction (basic nitrogen besides sulfonic group) and being therefore 
promising polymeric materials for fuel cells operation at 150-250°C in a low humidity environment. In order 
to improve stability in acid oxidative medium, we have focus on the synthesis of polymers containing the 
hexafluoroisopropylidene- (FPOD and FPOD-SFPT, respectively) in place of the ether-linkage in the 
bisphenol unit (Figure 1), specially attention has been given to FPOD-SFPT. ASAXS and DMTA have been 
select as convenient methods to investigate the microstructure of the polymers and evaluate its influence onto 
the proton transport [1, 2]. DMTA were performed using a TA instrument RSA 2 with a film tension mode 
at a frequency of 1 Hz and initial static force of 0.1 N and for a temperature range from 25 to 500 °C at a 
heating rate of 2 °C min–1 and at a constant strain of 0.05%, under dry air atmosphere. To detect the 
structural modification caused by the sulfonation of the polymers, ASAXS analysis were run at the B1 
beamline at DESY-HASYLAB in the energy range of the K-absorption edge of Rb at 15200 eV under 
vacuum and at room temperature. 

 

 

 

 

 

 
Figure 1: Molecular structures of SPT (a), FPOD-SFPT (b) and FPOD (c). 

The scattering curves of Rb-SPT membranes with same sulfonation level show the characteristic ionomer 
peak (q = 2 - 3 nm-1) (Fig. 2b). The effect of the doping procedure is manifested not only by a strong upturn 
at low q values but also by the slightly shift of the ionomer peak to high q values when Rb is already added 
during the membrane formation, and it is an indication that the larger Rb influences the cluster formation. 
From the scattering curves, although the influence of molecular weight is rather small, the polydispersity of 
the polymer surprisingly appears to be an important parameter. Polymers of a low polydispersity (2.3 for    
Mw = 60000 and 1.9 for Mw = 300000) are shown to present peaks at larger Bragg spacings than the more 
polydisperse systems (Fig. 2c). 

 

 

  

                              

Figure 2: Total scattering curves of FPOD-SFPT (a) and SPT (b) and Bragg distance of the ionomer peak in 
SPT (b). 
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It has been generally recognized that aryl-ether linkage reduced chain stiffness or Tg. However, the 
attachment of bulky lateral groups (phenyl and phenyl sulfonic groups) as well stronger interchain 
interactions (sulfonic gruops- basic nitrogens) can impart an increase in Tg by restricting the segmental 
mobility, as reflected in the corresponding Tg for the low and high molecular weight SPT (Fig. 3a und 3b, 
respectively). 

 

 

 

 

 

 

Figure 3: E’, E” and tan δ curves for SPT with low (a) and high Mw (b). 

For the flourinated polymers, only the total scattering curves of FPOD-SFPT membranes (Fig. 2a) show a 
small broad maximum for the ionomer peak (q = 3.0 nm-1) and a correlation length of 1,8 nm for could be 
estimated. Although SFPT has a low content of triazole units, up to 20%, and a low sulfonation degree        
(IEC < 1.2 meq g-1), the small amount of ionic phase has been sufficient to cause phase separation between 
rich and poor ionic amorphous regions (Fig. 4a) and give rise to a second Tan δ peak. For FPOD the Tg is 
only due to devitrification of the polymer backbone, the amorphous phase (Fig. 4b). Contrary to the 
expected, the Tg of FPOD and FPOD-SFPT membranes are almost 100°C lower than those for SPT and 
SPOD membranes, although the presence of the bulky hexafluoroisopropylidene moiety in place of the ether 
linkage in the bisphenol unit. Because of the absence of sulfonic groups bonded directly to the bisphenol 
unit, there is no strong contribution of interchain interactions to constraint the segmental mobility and 
therefore these polymers have a lower Tg. 

 

 

 

 

 

 

Figure 4: E’, E” and tan δ curves for FPOD-SFPT (a) and FPOD (b). 
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Within a DFG-funded coordinated project, two different cancer treatment methods are being 
investigated. Both methods, Magnetic Drug Targeting (MDT) and Magnetic Hyperthermia 
(MHT), coincide in the use of ferrofluids (magnetic nanoparticles in an appropriate carrier 
liquid), but they differ in their approach. They both make use of the strong influence of 
magnetic fields on the nanoparticles, with the aim of treating the cancer locally while 
reducing, or even eliminating, the side effects that usually occur during conventional cancer 
treatments. In case of MDT the magnetic nanoparticles are used as drug carriers directed by a 
strong magnetic field gradient, while for MHT they are used to induce local heat transfer 
within the respective tissue, forced by an alternating magnetic field. 
One of the important stages of MDT is the delivery of the ferrofluids carrying drugs into the 
tumor region after their injection through the supplying vessels. At present few groups study 
the behaviour of ferrofluids in a circuit flow. For our experiments bovine femoral arteries 
have been used which are streamed by a physiological medium. Ferrofluid is injected into the 
artery following the usual medical protocol for MDT and is retained in the central part of the 
artery by an electromagnet. The concentration and accumulation of magnetic nanoparticles 
within the arteries are analysed by magnetorelaxometry (MRX) and micro computed 
tomography (µCT) [1, 2]. After the flow experiment the artery was sampled into approximate 
equal segments, fixed with formalin and embedded in paraffin, to make the tissue stable for 
further analysis – MRX and µCT. The latter shall provide the 3-dimensional distribution of 
magnetic nanoparticles within the artery samples. 
 

 
Fig. 1: A bovine artery is rinsed with physiological medium. Ferrofluid is injected into the flow, 
while a strong magnetic field gradient (16 T/m) is influencing the ferrofluid flow.  
 
After the flow experiment the artery was sampled into approximate equal segments, fixed 
with formalin and embedded in paraffin, to make the tissue stable for further analysis – MRX 
and µCT. The latter shall provide the 3-dimensional distribution of magnetic nanoparticles 
within the artery samples. 
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MRX @ PTB Berlin and SRµCT @ HASYLAB 
MRX is a very sensitive technique to determine the iron content within a sample. The MRX 
measurements were performed with a single-channel superconducting quantum interference 
device (SQUID) gradiometer by the work group of Dr. Trahms at PTB Berlin. 
Tomographic examination of the biological samples was performed in cooperation with L. 
Gaab and F. Giese on the tomography equipment operated by the GKSS. The measurements 
were performed at BW2-beamline using the photon energy of 17 keV and an optical 
magnification of 2.5 resulting in a pixel size of 4.5 µm.  

 
Fig. 2: Schematic drawing of the bovine arteries samples measured with MRX. The numbers below 
each element give the iron content in arbitrary units.  
 
 
Results  
The combination of MRX and SRµCT provides important information for better 
understanding of directed ferrofluid delivery process during the MDT. The main points are 
listed beneath. 

• The different ways of pumping the flow could be identified.  
• Far away from the gradient, the nanoparticles accumulate at the inner walls of the 

artery. 
• Where the gradient is strongest, the nanoparticles accumulate at the inner walls of the 

artery but also block the vessel. 
 

 
Fig. 3: Cross-sections of bovine arteries 
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Our investigations at DESY were performed to obtain detailed three-dimensional images of 
external and internal structures of extant representatives of the enigmatic insect order Strepsiptera, 
and of a Baltic amber fossil also belonging to this order. The data greatly increase the knowledge of 
the morphology of the group, hitherto based on investigations with conventional techniques such as 
dissection, histology, and scanning electron microscopy. The data will be evaluated aiming at a 
clarification of the phylogenetic relationships within the group, and will also contribute to the 
assessment of the systematic position within holometabolous insects, and thus help to finally solve 
“the Strepsiptera problem”.  

Specimen and specimen preparation 
We examined a total of 13 adult extant strepsipterans (4 species of Mengenillidae, 4 species of 
Stylopdia) and as a stem group representative a 39–50 million year old fossil (†Mengea tertiaria) 
embedded in Baltic amber. Extant specimen sizes were within a range of 2–5 mm in length and 1–3 
mm in diameter. They were all were fixed in 70% ethanol and critically point dried. Protruding 
structures were cut off in order to minimise the field of view for a maximum scan resolution. The 
amber surrounding of the fossil specimen (†Mengea) was remodelled to a small cylinder (5 x 2 
mm). Extant specimens were scanned using the photon energy of 8 KeV over 180° (0.25° steps). 
The detailed amber scan was performed using 11.5 KeV. To increase the density resolution the 
tomographical scan was performed over 360° setting the rotation axis to the side of the detector. 

Results 
SRµCT applied to the extant specimens and to the Baltic amber fossil yielded results of high 
quality (Figs 1, 2). The maximum resolution obtained in the extant specimens was 4.03 µm and 
3.03 µm in the fossil specimen. With the use of a stable SR-beam at the beamline BW2 we obtained 
very detailed images of the exoskeleton of the fossil specimen. It was also possible, for the first 
time in the study of fossil insects to our knowledge, to visualize largely preserved internal soft 
tissues such as the brain, antennal nerves and musculature.  

Discussion 
More or less extensive areas of amber inclusions are often partially obscured by an opaque layer of 
white, cloudy material. This opaqueness complicates the observation of fossils with light 
microscopy. SRµCT is not affected by a reduced transparency of the amber [1, 2]. In contrast to 
other studies [e.g. 1, 2] phase-contrast was not applied. Phase-contrast seems to be better suited for 
producing more detailed images of skeletal elements of arthropods embedded in amber, whereas 
absorption contrast apparently yields better results if the focus is on different soft tissue types, both 
in amber fossils and extant specimens.  
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Figure 1: Head and thorax of a 39–50 million year old Baltic amber fossil strepsipteran †Mengea tertiaria 
(A, B) and the extant species Eoxenos laboulbenei (C, D). Reconstruction based on SRµCT data (2x binned) 
using myVGI. A, C: Frontal view; B, D: Frontal view, virtual cross section of the head. ant – antenna, br – 
brain, cpe – compound eye, cx1 – procoxa, fla – flabellum, fw – fore wing, hw – hind wing, le1 – foreleg, 
md – mandible, mdm – mandibular muscles, mxp – maxillary palp, nt1 – pronotum, nt2 – mesonotum, ol – 

optical lobes of the brain, ph – pharynx, phm – pharynx muscles.  

 

Figure 2: Internal anatomy of a Baltic amber fossil strepsipteran †Mengea tertiaria, virtual sagittal section. 
Reconstruction based on SRµCT data (2x binned) using Imaris. antn – antennal muscle, br – brain, cav – 
cavity, cx2 – mesocoxa, dlm – dorsal longitudinal muscle, lm – leg muscle, mxp – maxillary palp, nt1 – 

pronotum, nt2 – mesonotum, phm – pharynx muscle. 
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Introduction 

Metal implants for accurate restorations in dentistry have been widely accepted to treat patients, 

who need a tooth root replacement. Dental cone beam computed tomography (CBCT) is an 

effective tool for pre-operative planning and implant selection. The cross-sectional images allow the 

selection of the appropriate implant length and diameter as well as the appropriate implantation site. 

CBCT can not be utilized likewise for the post-operative imaging because huge artifacts appear as 

dark bands and streaks around the metal objects. In order to understand the related phenomena and 

finally to reduce the artifacts, dental CBCT scans of a porcine mandible with two commercial 

available titanium implants were performed varying the accelerating voltage, the beam current and 

the position of the mandible with respect to source and detection unit. In order to determine a 

baseline for comparison, micro computed tomography (µCT) and synchrotron radiation-based 

micro computed (SRµCT) data were generated, which did not contain these huge artifacts. 

The patient’s head between X-ray source and detection unit is oriented that the strongly absorbing 
teeth and implants are in a single plane. This is the worst case, since all highly X-ray absorbing 
components in line cause the strongest artifacts. We hypothesize that tilting the patient’s head will 
significantly reduce artifacts. The effect should be especially clear for patients with multiple 
implants, because the tilting can prevent the overlapping of the strongly X-ray absorbing materials. 

Sample Preparation and Tomography Imaging 

For the current study, two titanium-implants (Institut Straumann AG, Villeret, Switzerland) each 

4.1 mm in diameter and 10 mm in length were inserted into a porcine mandible. The dental CBCT 

3D Accuitomo 60 (Accuitomo, Morita, Japan) provided the volumetric data. For the µCT 

measurements with the Skyscan 1172 (Skyscan, Kontich, Belgium) a cylinder (30 mm in diameter) 

hosting the two implants was extracted from the mandible. 

         

Figure 1: Left: Set up for dental CBCT (Accuitomo 60). The region of interest is marked in red. Right: For 

comparison, all tomography data were pre-registered via the manual selection of 3 non-collinear anatomical 

landmarks. (Top: µCT Skyscan 1172; bottom: dental CBCT data). 
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SRµCT Measurements 

SRµCT measurements were performed at the beamline W 2 (HASYLAB at DESY, Hamburg, 

Germany) using the photon energy of 76 keV. The 30 mm sample was larger than the field of view 

of the X-ray detection unit. Therefore, scans for four lateral and two vertical sample positions were 

reassembled. The resulting reconstructed volume of (1199 × 1199 × 332) voxels corresponds to 

32.3 mm × 32.3 mm × 8.9 mm. 

        

Figure 2: Left: Volume renderings of the total volume with different sagittal cuts (step size: 1.5 mm). 

Right: 3D representation of the segmented implants and teeth. The position is shown by different horizontal 

cuts of the mandible. 

Conclusion 

The µCT data provide the baseline to be used for the quantification of artifacts in clinical CT [1]. 
Because of the improved image quality and the artifact-free visualization of additional features, 
SRµCT yields an even better defined standard for the optimization purposes. In both cases, the 
clinical CT data acquired at different accelerating voltages, beam currents and geometrical 
arrangements can be directly compared for the empirical optimization. As expected, the increase in 
the accelerating voltage from 70 to 80 kV in CBCT improves the image quality [1]. The dark bands 
at the bone-implant interfaces become weaker, the white streaking artifacts in the axial planes are 
significantly reduced. Preliminary results indicate that tilting the patient’s head permit a significant 
reduction of artifacts [2]. Further data evaluation is necessary to finally instruct the CBCT operator 
how to image the human mandible in position, which mainly supports the accurate post-operative 
evaluation. 
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Introduction: 
The aim of this experiment is to map the distribution of Zn, Fe, Cu and Ca in breast cancer tissue and 
to compare their levels with surrounding normal tissue. Identifying the relative differences of trace 
elements levels at the cellular level between the normal and the cancerous tissue may clarify how the 
distribution of elements is related to progress of the disease. Additionally, the results obtained would 
be helpful for other research groups who are interested in developing therapeutic strategies for breast 
cancer. Oestrogen is a primary female sex hormone that acts by binding and activating protein 
molecules known Oestrogen Receptors (ER).  Oestrogen is important for the normal growth and the 
development of the mammary gland . Breast cancer progression is influenced by oestrogen. The 
distributions of the Zn, Fe, Cu and Ca elements at the cellular resolution were correlated with the 
oestrogen receptor status . In this study, 16 positive oestrogen receptor (ER+) sample and 12 negative 
oestrogen receptor (ER-) samples were investigated . 
 Method: 
The data was collected at Hasylab, beamline L (Hamburg, Germany).  At the energy of 11 keV used 
in this study an on sample spot size of approximately 15µm x 15µm was obtained. A stepwise scan 
was used with 5-seconds  measurement time at each point.  The fluorescence signal is recorded using 
a Peltier cooled energy dispersive Si drift detector (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 
As an example, figure (1) below shows a reference slide, and elemental maps of Zn, Fe, Ca and Cu 
distribution in an ER (-) sample. The reference slide is stained with a haematoxylin dye which stains 
the nuclei structures with a purple-blue colour. The ROI is shown at a higher magnification to display 
the details of this region.  
 
Figure 1: A stained 
reference image of breast 
sample.  The dark areas 
are the cancer 
cell regions. The 
corresponding Zn, Fe, Cu 
and Ca distribution maps 
in the tumour and the 
normal regions. 
 
An overview of the 
statistical analysis and 
the percentage 
difference of elemental 
mean levels in the 
tumour breast tissue  
compared to the normal 
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tissues are listed in table (1). The higher elements concentrations for Zn, Cu and Ca are strongly 
correlated with areas of tumour regions with an increase of 69.24%, 14.87 % and 28.08% respectively 
compared to the normal areas within the sample. However,  the distribution of Fe does not follow the 
same pattern of the other elements in the tumour and the normal regions .   
 

 
Sample:   A3                                                        ER (-) 

             Zn  Cu 
 N1  N2  N3  Average

(N) T  N1  N2 N3 Average 
(N) T 

Mean 7.12 8.33 7.72 7.72 13.06 Mean 1.15 0.92 0.99 1.02 1.13 

Min 5.27 6.24 5.58 5.70 6.32 Min 0.51 0.38 0.47 0.46 0.21 

Max 8.39 10.42 10.96 9.92 19.45 Max 1.70 1.52 1.67 1.63 2.10 

SD 0.92 0.94 1.37 1.08 2.65 SD 0.35 0.31 0.37 0.34 0.39 

Percentage Difference: 69.24% Percentage Difference: 14.87% 
Ca  Fe  

 N1  N2  N3  Average
(N) T  N1  N2 N3 Average 

(N) T 

Mean 63.67 81.85 87.51 77.68 104.84 Mean 4.92 22.33 23.12 16.79 10.34 

Min 55.00 67.12 74.57 65.56 46.01 Min 2.51 8.02 13.37 7.96 3.51 

Max 73.02 99.34 113.45 95.27 166.66 Max 6.52 40 40 28.84 36.08 

SD 5.50 7.45 12.28 8.41  SD 1.10 10.18 9.39 6.89 5.16 

Percentage Difference: 28.08% Percentage Difference: - 53.67% 
Table 1: Overview of statistical analysis and percentage difference between the mean levels of elements. A 

negative value represents a decrease in the tumour and a positive value an increase. 
 
From the data analysed to date, we have found a significant difference in the  percentage increase of 
Zn, Cu and Ca mean levels in tumour breast tissue compared to normal tissues between ER(+) and 
ER(-) breast tissue cancers (p<0.05). Table (2) show an overview of the statistical analysis.  
 
 

 Sample ER+ 
%diff of the mean 

Ca Fe Cu Zn 

Average of %diff of  
the mean for ER (+)  75.65138 11.12232 40.74108 116.8979 

 Sample ER- 
%diff of the mean 

Ca Fe Cu Zn 
Average of %diff of  
the mean for ER (-) 40.21034 -8.58732 10.99068 60.5846 

P-Value  <0.05 0.201103 <0.05 <0.05 

Table  2: show an overview of the statistical analysis and   percentage difference of Zn, Cu, Ca and Fe mean 
levels in tumour breast tissue compared to normal tissues between ER(+) and ER(-) breast tissue cancers.  

 
Conclusion: 
This work will enable us to further un derstand the distribution of iron, copper and zinc in invasive 
ductal carcinoma of breast.  It will add to our existing data base and hence help us to correlate the Fe, 
Cu, Zn and Ca levels with other markers particularly the oestrogen receptor status of the patient.  We 
will also be looking at correlations with other markers. We need to collect more data in order to obtain 
equal amounts of ER (+) and ER (-) samples. 
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slices from patients with Wilson’s disease 
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Wilson’s disease (WD) is a genetically induced disease in which copper (Cu) metabolism is 
disturbed. While in normal subjects Cu metabolism is balanced, in WD Cu is mainly stored in 
hepatocytes and to a minor extent in portal tracts as we have previously demonstrated. Thus, 
excretion of liver Cu bound to Caeruloplasmin - a copper binding protein - into the gallbladder is 
reduced in WD. This should affect element concentration in the gallbladder (GB). Therefore we 
aimed to investigate to which extent differences in elements such as Cu, iron (Fe), zinc (Zn) and 
sulphur (S) can be two-dimensionally demonstrated, comparing both liver and gallbladder slice 
specimens from three patients. Measurements were performed at beamline L applying energy 
dispersive synchrotron X-ray fluorescence. 
Methods: As described previously,  the previous standard setup was modified (a) by the use of a 
detector collimator designed to reduce air scattering, (b) the replacement of the Si(Li) detector by a 
silicon drift detector (Silicon multi-cathode X-Ray Spectrometer VORTEX-EX (Radiant Detector 
Technologies)), and (c) by the implementation of a continuous scanning mode for the reduction of 
overhead time. Particularly the continuous scanning mode facilitates fast scans, therefore reducing 
overhead time emerging from motor movements, spectrum acquisition, read-out and data transfer, 
which was in the standard mode ~2 s per measurement point [1].  Additionally quantifications of 
the elements in question were carried out. X-ray spectra were peak-fitted using the AXIL program 
package, to extract the net intensities of fluorescence lines. The net peak intensities were 
normalized to the intensity of the incoming monochromatic beam intensity and 1 s sample time, 
and were corrected for detector system dead time. A germanium standard foil of homogeneous Ge 
area density of 2.6 × 10-8 g/cm3 was employed for external standardization. An array 9 × 5 points 
was measured for 10 s before and after each 2D scan. The standard deviation of the mean Ge K-α 
line intensity between individual scans was 1.7% after normalization, demonstrating the stability of 
the experimental conditions. 
We investigated coherent liver and GB slices taken from three patient who underwent liver and 
gallbladder excision due to WD associated liver cirrhosis. Samples received from the Pathological 
Department, Medizinische Universität Wien were about 10 cm2 in size and imbedded in paraffin. 
Specimen 10 µm of thickness were fixed on trace element free Ultralene ® foil of 4 μm thickness 
for investigation. Additionally two directly adjacent slices of 2µm of thickness were histolgically 
prepared.   

Results: Tab.1 shows mean concentrations of investigated elements in liver and GB. All three 
elements Cu, Fe, and Zn were found to be clearly reduced while S was in the normal range of liver 
tissue (not shown).  Fig.1a demonstrates the two-dimensional Cu distribution in a GB while Fig.1b 
shows the strong correlation between Cu and S, which was the case for Cu and Zn or Zn and S, 
respectively, but not in this extent between Fe and Cu. 
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[ppm]  Cu (SD) Fe (SD) Zn (SD)  S (SD)   
___________________________________________________________ 

 
GB  22.8 (8.4) 67.2 (29.3) 30.1 (10.8) 2350 (1097) 

 
Liver  262 (192) 466 (254) 63.5 (20.2) 1876 (885) 

 
 
 
Table 1. Mean concentrations and standard deviations (SD) in liver and gallbladder (GB) of investigated 
elements in three WD patients.  
 
 
 
 

       
Fig.1a       Fig.1b 
 
Figure1. (a): Two-dimensional Cu distribution in a gallbladder (GB) 1300x1300 µm2. The color bar 
indicates element concentration in [ppm]. Higher Cu concentrations are found in GB muscles (blue) and villi 
(red, green arrows). (b): Association between Cu and S in GB.  
 
Summary: We were able to demonstrate for the first time Cu, Fe, Zn and S concentrations in liver 
and associated gallbladder specimens gained from WD patients. Cu, Fe and Zn were clearly 
reduced in GB in comparison their concentrations in the liver. As demonstrated earlier [2], the tight 
link between Cu, Fe, Zn and S in WD liver tissue (hepatocytes, and portal tracts) could be 
demonstrated in GB, too. It can be speculated that besides the known reduced Cu excretion 
(metallothionein bound Cu) Fe and Zn excretion are also reduced and that these two elements are 
consequently also not reabsorbed into GB tissue.  
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Alkylthio-benzoquinones and -hydroquinones:  
interaction with lipidic model membranes at different 

pH values 
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Alkylthiobenzoquinones (ATQs) and the corresponding reduced alkylthiohydroquinones (ATHs) 
are synthetic molecules with similarities to ubiquinones (ubiquinones are involved in electron 
transport in mitochondria). They serve, in their reduced forms, as antioxidants and are present in all 
aerobic organisms, plants, animals and bacteria, but are absent from Gram-positive eubacteria and 
the archaebacteria. 

We want to investigate their influence on the structural behaviour of phospholipid model 
membranes, attempting to mimic their influence on real cell membranes. The synthesised 
ATQs/ATHs contain a long alkylthio chain covalently attached to the ring that characterises the 
quinone/hydroquinone structure (Figure 1), making them amphiphilic molecules. The alkylthio 
chain enhances considerably the hydrophobicity of such molecules, intuitively suggesting their 
insertion in the phospholipids bilayer matrix, and, as a result, modifying their surface curvature. 
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OH
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Figure 1. Example of ATHs used in this project. 

Previous results on those mixtures of such ATQs/ATHs and phospholipids, investigated by X-ray 
scattering, have shown a very complex set of data. The observed diffraction patterns gave evidence 
of separation of the components into crystals of ATQs/ATHs dispersed in a lipidic medium. 
Different molar ratios between lipid and ATQs/ATHs did not unequivocally elucidated the 
observed experimental patterns, leading to a non satisfactory structural model for such system. 

The formation of phospholipids basic mesostructures normally follows the hydration of dry lipid 
with the desired solvent/buffer. Pre-weighted amounts of lipid and ATQs/ATHs were dissolved in a 
defined volume of chloroform, leading to clear solutions. Pre-calculated volumes were taken and 
mixed into clearly homogeneous solutions. The solvent was removed and the dry homogeneous 
mixtures hydrated. 

The SAXS measurements were carried out at the beam line A2, λ = 0.15 nm. The samples were 
prepared at least 24 h before measurements and left to rest at the measurement temperature for at 
least 5 min prior to the data acquisition. 

We measured samples covering a range of interactions. Similar lipids, differing in the net charge of 
the polar head, POPE and POPC, were mixed with 2,6-BATH (Figure 1), a compound with two 
similar alkythio chains. Moreover, samples containing 2,5-ATH (with a single alkylthio chain) 
mixed with POPE were also investigated in order to verify the effect of the hydrophobicity of this 
additive on the phospholipidic bilayer. 

The system investigated in more detail was POPE/2,6-BATH. It showed other structures in addition 
to the lamellar and hexagonal phases. The system based on POPE and 2,5-ATH, did not show more 
complex phases, clearly illustrating the different ability of 2,6-BATH as compared to 2,5-ATH in 
modifying the bilayer curvature of POPE lipids. Moreover, the analogous system based on 
POPC/2,6-BATH also does not show such phase. 

-421-



Structure of zebrafish larval muscle 

A. Arner 

Department of Physiology and Pharmacology, Division Genetic physiology,  

Karolinska Institutet, v Eulers v 8, SE 171 77, Stockholm, Sweden 

 

The zebrafish, Danio rerio, has during the last decade been introduced as an important 

vertebrate model system. The zebrafish reproduce easily and the early larvae stages 

develop rapidly and are transparent. Specific mutated zebrafish strains are available 

and  genetic tools such as morpholino oligonucleotide injection can be applied to the 

zebrafish model and enable gene expression to be blocked during early stages of 

development. Effects on organ function can thus be examined in the larvae 5-7 days 

after morpholino oligonucleotide knock-down enabling high throughput analysis of gene 

function. We are focusing on muscle structure/function and have initiated a study of 

zebrafish larval muscle using small angle x-ray diffraction at beamline A2, HASY-lab, 

Hamburg. Techniques for mounting and recording diffraction patterns in the larval 

preparations have been developed and a first study has been published [1], which also 

received an editorial comment [2]. The picture below illustrates the zebrafish larval 

preparation, the muscle fibre structure and the corresponding small angle diffraction 

patterns.  X-ray diffraction revealed clear equatorial 1.1/1.0 reflections, showing that 

myofilaments are predominantly arranged along the preparation long axis. In contrast, 

reflections from adult (2 months) zebrafish showed two main filament orientations at an 

approximately 25
o
 angle. Electrical stimulation of larvae muscles increased the 1.1/1.0-

intensity ratio, reflecting mass transfer to thin filaments during contraction. 
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Figure 1: Top-left panel shows a vertically mounted zebrafish larval preparation. Below (lower-left 
panel) shows an actin filament staining of the muscle fibres between the angled myosepta. The right 
panel shows equatorial small angle x-ray patterns from the larva (2D CCD-camera picture below and 
scan of the equator above). The two peaks 1.1 and 1.0 originate in the filament distances. 

  

In conclusion, Zebrafish larvae muscles can be examined in vitro using mechanical and 

x-ray methods. The muscles and myofilaments are mainly orientated in parallel with the 

larvae long axis and exhibit a significant fast contractile component. Ongoing and future 

work is focused on structural effects of specific cytoskeletal proteins and effects of 

mutation identified in human muscle disease.  
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be used as model membrane for medical applications   
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In the last annual report we have shown that the techniques GISAXS and SAXS can be successfully 
applied for studying the structure of model membranes from shed snake skins as well as polymers 
used as biosensor. In this present report we will show the results concerning the skin-structure of 
other animals e.g. pig skin, which is also typical for being used as a model membrane in the 
pharmaceutical and medical fields. The comparison between different types of animal and human 
skins shows that some skins of animals have similar scattering pattern (significant peak) as the 
human skin whilst some have not. The scattering pattern of human stratum corneum from 
HASYLAB shows a significant peak at Q = 1.105 nm-1, which corresponds to the repeat distance 
(d) = 5.686 nm. It can be deduced from this scattering pattern that the structure of human skin is 
well ordered which is shown by the significant peak as demonstrated by an arrow in Fig. 1. Some 
other types of animals have also a significant peak (arrow) but in the other Q-region. However, this 
may be the indication that the orientation of the inner structure (lipid and protein) is similar but not 
the same. These results are a good basis for the selection of the suitable model skin for the medical 
application.               

 

     
Figure 1: SAXS-scattering patterns of different skins from various types of animals in comparison with 

human skin. 

The authors would like to thank Dr. A. Timmann for the experimental help.  

References 
[1] M. Kumpugdee-Vollrath, et al., HASYLAB Annual Report (2007), 1535-36.   
[2] G. Tumcharern, et al., HASYLAB Annual Report (2007), 1337-38.     

-424-



The investigation of Fe chemical state in epileptic 

and control rat brain. 

D.A. Zając
1,2

, J. Chwiej
3
, A. Rothkirch

1
, Z. Setkowicz

4
, K. Janeczko

4
, J. Dulinska

3
, S. Wojcik

3
, 

1Hamburger Synchrotronstrahlungslabor at Deutsches Elektronen-Synchrotron, Notkestr 85, 22607 Hamburg, Germany 
3Institute of Nuclear Physics PAN, ul. Radzikowskiego 152, 31-342 Krakow, Poland 

3AGH-University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland 
4Jagiellonian University, Institute of Zoology, Department of Neuroanatomy, Krakow, Poland 

 

Epilepsy is the third most common neurological disorder. Although the mechanisms of epileptic seizures 
have been a subject of intensive investigations for many years in many cases, the etiology of the disease is 
not well known [1]. 

Metallic elements through the participation in the processes like: oxidative stress, excitotoxicity, 
mitochondrial dysfunction or protein aggregation, may lead to the atrophy and death of neurons in case of 
neurodegenerative disorders such as Parkinson's disease, Alzheimer's disease or amyotrophic lateral 
sclerosis [2-4]. Because epileptic seizures induce neurodegeneration in selected areas of a brain, it is 
suspected that metals might be involved in the pathogenesis and progress of epilepsy as well [5]. 

This project is the extension of the project I-20070053 EC realized at beamline L at HASYLAB at DESY, 
in frame of which we compare the distributions of selected elements in the brain tissue of rats with 
pilocarpine-induced epilepsy and of naive-control animals. The results obtained at beamline L allow us to 
confirm that epileptic seizures significantly change distribution of trace elements in the nervous tissue [6]. 

The chemical state of Fe in epileptic (PS) and control (CS) rat brain was compared. The XANES and 
EXAFS methods were used for the analysis of the oxidation state of Fe and the nearest neighbours 
surrounding the absorbing atoms. The experiment was performed at the beamline E4 at HASYLAB using 
the standard ex-situ set-up. Samples were measured in the vacuum at liquid nitrogen temperature. The XAS 
spectra where recorded in fluorescence mode in the EXAFS energy range of Fe K edge (around 7112 eV). 

Additionally, as feasibility study, 2D fluorescence spectra around Fe K edge were taken at the beamline G3 
at HASYLAB. The sample was kept cold (temperature about -40°C) and in air. The specimen, tilted by 15° 
with respect to the DORIS ring plane, was exposed by a beam of 0.5mm in height and about 16mm in width. 
Spatially resolved image data was taken with the MAXIM camera at 2θ~96 degree, gathering images at 
different energies. In addition, the sample position in height was varied to cope a large area of the specimen. 
Hence, the image sequences taken at different sample height positions have been merged. 

The epileptic rats at 60 days of age received a single dose of pilocarpine in order to evoke epileptic seizures. 
They were observed during 6 hours in order to rate their epileptic behaviour and afterwards were perfused 
with physiological salt solution. The removed brains were immediately frozen in liquid nitrogen and 
afterwards kept in low temperature (between  -70°C and -80°C), also during experiments. 

The preliminary XANES results suggest that iron in the measured samples occurs mainly as Fe(III) and in 
oxygen environment. Additionally, it is necessary to mention that we did not observe the differences in 
chemical environment between epileptic and control rat brains. This indicates that averaged ionic state of Fe 
in samples with and without epilepsy is unchanged. EXAFS analysis of Fe spectra exhibit clearly 3 visible 
peaks: at ~1.9 Å, 2.6 Å and 3.6 Å, see inset in figure 1. The first peak can be related to the O nearest 
neighbours and there is no visible difference between epilepsy and control samples. Small changes in the R 
spectrum for 2

nd
 and 3

rd
 peak for epilepsy sample can be recognized. However, this result needs further 

analysis and experiments, to account for a possible ambiguity of biological samples. 

Fluorescence 2D spectra, see figure 2, show the topography of the animal brain as well as topology 
of Fe ions in the superficial part of tissue. It has to be noticed that beam with energy of around 
7100 eV does not penetrate whole frozen sample. Visible, high intensity, peaks and stripes are due 
to Bragg diffraction. Currently it is unclear whether the diffraction peaks are due to diffraction from 
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iron (Fe-α211) or due to ice crystals arising from frozen air humidity on the surface of sample, 
because of similar spacing in lattice planes with respect to given accuracy. However, in case of ice 
crystals due to humidity one might expect an isotropic distribution over the image, whereas figure 2 
suggests a potential non-isotropic distribution.  
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Figure 1: XANES and EXAFS (inset) spectra at Fe:K edge for rat brains’ samples with (PS, straight lines) 
and without (CS, dotted lines) epilepsy. 

 
Figure 2: 2D difference image of CS at Fe K edge. The left image represents the Fe concentration in sample 
(with visible slides due to 0.5 mm beam height and varying sample position height). The right image shows 
the maximum intensity found at a given position. The high intensity spots come from Bragg peaks, see text. 
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Introduction:  
Copper takes part in many biological functions such as electron transfer and catalysis. Cu is the main 
component of redox active metalloenzymes, such as Zn-Cu SOD. The antioxidant function of SOD 
requires a cyclic reduction and reoxidation of Cu (II) and Cu (I), respectively for each SOD molecule. 
SOD enzyme is encoded by SOD1 gene which is coordinated with one Zn and one Cu. Thus any 
changes Cu or Zn binding may result in alteration of the antioxidant function of SOD or mutation of 
SOD1 gene. However Cu is potentially toxic to biological systems as it is related to the induction of 
oxidative stress. The Fe (III)/Fe(II) and Cu(II)/Cu(I) redox are the main components of Fenton reaction 
(Toyokuni 1996), in which Reactive Oxygen Species (ROS) are produced. Generation of (ROS) is a 
main contributor to DNA damage and the subsequent carcinogenesis process. Moreover, Cu is required 
for the formation of new blood vessels (angiogenesis) which is a critical step of tumour progression. 
Excessive accumulation of Cu in breast cancer has been reported (Geraki et al 2004). The aim of this 
study is to identify the oxidation state of Cu in normal and tumour breast samples in order to correlate 
the oxidation sate of this element to the carcinogenesis process (Farquharson et al 2008). The result 
obtained from this study may help in establishing the basis for selecting appropriate anticancer agents 
for the patients. Antitum or approach based on the administration of Cu chelator to prevent angiogenesis 
has been developed. 
 
Method:  
The data was collected at Hasylab, beamline L (Hamburg, Germany).  The bending magnet source 
produces a beam monochromated by a Si (111) double crystal. The bandwidth of the incoming beam is 
? E/E ~10- 4, therefore the typical count rate of Cu signal is reduced by a factor of 30.The beam size on 
the sample was approximately 15µm diameter. A 45 ° geometry was used between the incident 
radiation beam and the sample, and a 90°  geometry between the incident beam and the detector. 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 1.0mm diameter sect ions 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 4µm ultralene XRF film. The 5µm 
thick slice was mounted on a standard glass slide and then stained using H & E dyes . Micro-mapping 
analysis Cu distribution in breast samples was performed prior to the XANES analysis to identify 
tumour and normal ROIs. XANES measurements were taken over the selected points in the breast 
samples at the Cu k-edge 8979eV regions, with variable energy steps. The oxidation states of these 
elements were determined by comparing the XANES spectra from each element with standard 
chemical compounds. The standards include a Cu foil, CuI and Cu2SO4 compounds for Cu, Cu (I) and 
Cu (II) oxidation state respectively. The data were measured in fluorescence mode for the biological 
samples. The intensity of the incident beam (Io) was measured using an ionization chamber and the 
intensity of fluorescent x-rays, If, was recorded using an energy dispersive Si drift detector .The 
experimental absorption coefficient (µ), for a given element, was obtained by taking the ratio (If /Io). 
XANES Dactloscope software was used for data analysis. For all  spectra, a pre-edge background was 
subtracted to set a zero level. The spectra  were normalized by the edge jump height, which represents 
the difference between the lowest and highest points in each spectrum. The absorption edge is located 
at the half height of the jump. 
 
Result: 
Different features of XANES spectra as well as the first derivative of XANES spectra can be used to 
determine and characterise the oxidation state of Cu. Cu (I) spectrum is characterised by a single well 
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defined peak at 8983–8984 eV, which is due to the 1s -4p electronic transitions and a  lower intensity 
white line at 8990eV. While the main characteristic features of Cu(II) are  a weak absorption at about 
8976–8979 eV, due to the dipole-forbidden, quadrupole allowed 1s-3d electronic transition (Deutsch et 
al. 2004) a shoulder at 8987–8989 eV can be attributed to 1s-4p transitions, and an intense white line at 
8994eV. However, the peak at 8976-8979eV was not used for the qualitative analysis.  
 

Figure 1 below shows averaged spectra of all normal, tumour and the reference materials. 
XANES features of normal and tumour lie within the Cu (II) region. An intense white line is observed 
at 8995eV. XANES features of the spectra suggest the possibility of containing mixtures of copper ions 
in different oxidation states. Compared to Cu (I), a strong decrease in 1s-4p peak intensity is observed, 
together with an energy shift (8983? 8984) eV, while the position of the edge and the white beam in 
the XANES spectrum is still toward Cu (II) spectra. The shift of the edge in the tumour spectrum 
towards Cu (I) spectra may indicate that a fraction of the Cu (II) ions have been reduced to Cu (I).  

 

 
Figure 1: Comparison of the Cu K-edge XANES spectra obtained for average normal, average tumour 

and for the reference materials 
 
Conclusion: 
The main problem encountered in this experiment was the low signal to noise ratio which may result 
from the low concentration of Cu. The XANES spectra suggest that both tumour and normal samples 
contain a mixture of Cu (I) and Cu (II). Zn/Cu SOD is a predominant Cu (II) binding protein while 
mitochondria and transport proteins are Cu (I) binding protein. Zn/Cu SOD enzyme was suggested as a 
major target for chelation therapy. However, in order to estimate the best target for therapy we will 
need to collect more data in order to provide more about the relative ration of Cu (II) /Cu (I) and their 
distribution at subcellular level.  
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Mixed nitrogen-sulfur-copper centers play an important role in several metalloproteins, including 
Cytochrome C-oxidase (COX) and N2O-reductase. In COX the copper ions varies their oxidation 
state from +1 to +1.5 [1]. Surprisingly, this alteration so far could not be mimicked in any synthetic 
analogue. Moreover, factors controlling the metal oxidation state are poorly understood in these 
systems, although electron transfer by CuA-centers plays a central role in human metabolism.  

Here, we analyze the electronic structure of eight new synthetic analogues with Cu(I), Cu(II) and 
non-integer oxidation state by X-ray absorption spectroscopy. Data we collected at beamlines E4 
and C1 in transmission mode at cryogenic temperatures using a Si(111) monochromator.  

 

 

Figure 1: Absorption edge profiles for the eight new Copper-Sulfur systems mimicking biological CuA 
centers 
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Zinc is involved in many biochemical mechanisms those control prostate cells [1]. Its relatively high 
concentration in cells in conjunction with possibility of getting information from homogenous samples were 
the reasons for investigation of SR-XRF and Zn K-edge XANES experiment on cultured prostate cancer cell 
lines (PC-3, DU-145 and LNCaP) and prostate epithelial cells. 

The measurements were carried out at the E4 beam line at HASYLAB, DESY in Hamburg, Germany, at 
room temperature, in an air environment. The absorption coefficient was set up 0,04 in first ionisation 
chamber and 0,20 in the second. The cells samples were grown according to the procedure described 
elsewhere [2]. Samples of cells incubated in different Zn2+ concentration (0,09 ppm, 0,25 ppm, 0,49 ppm) in 
medium (RPMI-1640; Sigma-Aldrich) were prepared. The solutions were tested due to cytotoxity before the 
XANES experiment. As a reference also samples of cells incubated in standard medium (RPMI-1640 
supplemented with 10% fetal bovine serum (SIGMA-Aldrich), 100 µl/ml penicillin-streptomycin solution 
(SIGMA-Aldrich), 10 mM HEPES (SIGMA-Aldrich), 1 mM sodium pyruvate (SIGMA-Aldrich) and 4,5 g/l 
glucose) and RPMI were prepared. For precise energy calibration of spectra, inorganic (Zn, ZnO, ZnS, 
ZnSO4) and organic (Zn-citrate, Zn(COO)2) compounds were investigated in the same experimental 
conditions. 

The beam was 8 mm wide by 0,7 mm high. Each spectrum covered the energy range from 9550 eV to 9800 
eV and  was divided into five sections with energy steps and acquisition time ensuring reasonable signal-to-
noise ratio.  Obtained spectra are presented in Figs.1-4. 

 
 

In order to check if K-edge position is dependent on cells type or incubation medium a procedure of arctan 
fitting of spectra was applied. Results are presented in Tab.1. 

 

Fig.1. Zn K-edge XANES spectra of PC-3 cells. Fig.2. Zn K-edge XANES spectra epithelial cells. 
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Tab.1. Zn K-edge position in cells XANES spectra  

Sample Medium type 
Time of 

incubation 
Edge position [eV] 

Shift of 
edge position[eV] 

full medium 9662,11 — 
0,09 ppm Zn2+ in RPMI 9663,09 0,98 
0,25 ppm Zn2+ in RPMI 9663,22 1,11 

epithelial 
cells 

0,49 ppm Zn2+ in RPMI 

48h 

9662,2 0,09 
full medium 72h 9662,24 — 

24h 9661,43 -0,81 
48h 9662,53 0,29 

PC-3 cells 
0,25 ppm Zn2+ in RPMI 

72h 9661,88 -0,36 
full medium 9662,02 — 

RPMI 9662,11 0,09 
0,09 ppm Zn2+ in RPMI 9661,99 -0,03 
0,25 ppm Zn2+ in RPMI 9662,32 0,3 

LNCaP 
cells 

0,49 ppm Zn2+ in RPMI 

48h 

9662,56 0,54 

full medium 9662,24 — 
RPMI 9662,22 -0,02 

0,09 ppm Zn2+ in RPMI 9662,16 -0,08 
Du-145 cells 

0,49 ppm Zn2+ in RPMI 

48h 

9662,18 -0,06 

 

No statistically significant difference between Zn K-edge position for different cell types was observed. 
Slight shifts of K-edge position as a result of medium type is visible in case of epithelial cells and PC-3 
cells, but results are not repeatable. Difference between XANES spectra (presence of peaks with energy of 
9667,3 eV and 9680,3 eV ; see Fig.4) for full medium and RPMI is evident for LNCaP cell line suggesting 
modification of  Zn neighbourhood. Effect of incubation of cells in Zn2+ enriched medium is observed in 
case of epithelial cells (Fig.2.), but interpretation of this fact needs further study. 
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Fig.3. Zn K-edge XANES spectra of Du-145 cells. Fig.4. Zn K-edge XANES spectra of LNCaP cells. 
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Background 
Sponges (Porifera) are sessile, filter feeding animals, which display a number of sexual and asexual 
reproductive modes. Asexual reproduction by budding is widespread among sponges and also 
among other metazoans, e.g. the cnidarians like Hydra vulgaris. In the later, budding is a highly 
morphologically and genetically patterned process. In contrast, budding in sponges is generally 
characterized as a less specific morphogenetic process, since the general morphology of sponges 
can be assumed as less highly organized. However, some sponges display characteristic highly 
structured morphologies. Among them is our model sponge Tethya wilhelma [1], which we 
previously characterized by SR-µCT [2, 3]. In example, the three major spicule types of the 
siliceous skeleton are arranged into a typical star-shaped pattern of three skeletal superstructures of 
the adult sponge [3]. The aquiferous (canal) system also forms typical radial structures within the 
globular sponge body [2]. Using beamline BW2 we applied SR µCT to a series of developing buds 
of T. wilhelma, in order to follow the morphogenesis of the tissue, skeleton superstructures and the 
aquiferous system. 
 
Methodology 
Buds of T. wilhelma were collected from adult specimens kept in a tropical aquarium in our lab and 
subsequently frozen in liquid nitrogen. The buds were fixed via freeze-substitution in Methanol 
containing 1% OsO4, 2.5% Glutaraldehyde and 2.5 % H2O [4]. Alternatively, buds were directly 
fixed in 1% OsO4 and 2.5% Glutaraldehyde in seawater. Samples were subsequently washed, 
dehydrated and finally critical point dried. SR-µCT scans were performed at beamline BW2 at 11 
keV, yielding final resolutions of between 2.84 µm and 3.01 µm respectively. 
 
Preliminary results and discussion 
Using the standard setup for microtomography at beamline BW2, we were able to distinguish 
choanocyte chambers which represent multicellular units within the sponge tissue, imaged at a 
voxel size of (1.42 μm3). Developing choanocytes in the core region of the sponge clearly stand out 
against the collagenous matrix (figure 1A). Due to osmium staining, it was even possible to 
distinguish the cells from the chamber lumen. Single cells can be recognized as single spots. 
However, choanocytes are around 4-5 μm in diameter and thus close to the spatial resolution. 
Although the spatial resolution of SR-μCT is lower than in light microscopy (figure 1B), it is high 
enough to reveal the tissue anatomy of the two main sponge functional units, the inner choanoderm 
core and the peripheral cortex with lacunar cavities. In the same images, the silica scleres are also 
clearly visualized, despite of their much higher x-ray absorption. Both, enhancing absorption of soft 
tissue structures using osmium tetroxide staining and minimizing the attenuation of the x-ray beam 
before it reaches the sample, led to a higher density resolution potential. The characteristic 
absorption of the structures allowed segmentation of 3D image data sets and volumetrics.  
We measured the volume proportions of each structure of the image volumes. We plotted all 
measurements corresponding to the three image stack axes. The graphs revealed characteristic 
spatiotemporal changes for the volume proportions and the quantitative distribution of canals, 
tissue and skeleton within the buds, which are schematically represented in Figure 2. The overall 
graph shape for each structure changes during bud morphogenesis and displays characteristic 
features for each stage. Newly formed buds show a homogenous distribution of tissue and 
aquiferous system. Step by step, it organizes into the adult phenotype, which is characterized by 
high shares of tissue in the choanosomal centre and of peripheral aquiferous system lacunae 
dominated cortex. In late buds/early functional juveniles, the three structures are represented by 
distinct peaks or plateaus  (Fig. 2). But also the early developing cortex and choanoderm leave 
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imprint in the graphs (Fig. 2). All investigated buds fall into four categories which we defined by 
combining volumetrics, graph characteristics and qualitative characters from volume renderings. 
The resulting spatiotemporal morphological pattern sequence is typical for bud formation and 
maturation. Our results show that morphogenesis in sponge budding is a spatiotemporally highly 
patterned process [5].  

Fig. 1. Comparison of a SR-
μCT slice image at effective 
pixel size of (1.42 μm2) (A) 
and DIC light microscopy 
image of a histological semi-
thin section (B) of two similar 
juvenile specimens (bud) of 
T. wilhelma. The collagen rich 
cortex (co) and cell rich 
developing choanoderm (dcd) 
are clearly distinguishable 
tissue types. Mineral scleres 

are visible as bright structures in the μCT image: macrosclere bundles (msb), megasters (ma) and 
microscleres (tylasters, ta). The lacunar system cavities (lsc) stand out against the surrounding tissue. The 
choanocytes chambers (cc) display clear cellular staining with a darker central cavity inside (compare cc in 
B). Figure taken from [4]. 

Fig. 2. Scheme of bud development in T. wilhelma. Four bud stages are characteristic, with the first three 
connected to the mother sponge by a stalk: Skeletal elements in red (megasclere bundles and aster spheres); 
megasclere bundles partly simplified as cylinders; Tissue in grey, separated into cortex (light grey) and 
choanoderm (dark grey). A rotational symmetry along the initial connecting stalk (st) is indicated in stages 
one to three. Stage 4 buds display an adult like body morphology with point symmetry to the skeleton centre 
(sc). Choanoderm development starts in stage 2, accompanied by the development of the megaster spheres in 
stage 3. The differentiation into a cortex (co) and choanoderm (cd) is characterized by the development of 
the aquiferous system (larger canals in stage 2; lacunae in stage 3). Body extensions (ext) (filaments) are 
exemplified in stage 4 buds. Figure modified from [5].  
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The recent development of synchrotron radiation based microprobe beamlines has enabled spatially 
resolved XRF (X-ray fluorescence) and XANES (X-ray absorption near edge structure 
spectroscopy) at cellular and subcellular level. Synchrotron radiation XRF (SR-XRF) microprobe 
analysis as a multielemental analytical method was applied to simultaneous imaging of chemical 
elements in human brain tumors. Micro-XANES technique which provides information primarily 
about geometry and oxidation state was used to determine the chemical state of Fe in brain gliomas. 

The SR-XRF and XANES measurements were performed at the bending magnet beamline L at 
HASYLAB. In case of SR-XRF the primary photon energy was set to 17 keV. To reduce the beam 
size the high flux capillary was used. The beam was focused to a size of 15 µm in diameter. Two-
dimensional maps of selected element distribution were determined. The step sizes applied for 
mapping were equal to 15 µm both horizontally and vertically. The time of acquisition was equal to 
10 s per pixel. 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 measurements of 
either NIST standard reference materials (SRM 1833 and SRM 1832) or thin film XRF calibration 
standards were performed for the determination of masses per unit area of elements. 

In the XANES measurements the Si-111 monochromator was applied. The measurements were 
carried out in the air. For the selected points the full XANES profiles were collected. In this case 
the absorption spectra near Fe K-edge were measured for the energy range from 7.05 to 7.50 keV. 
The energy step increments were equal to: 5; 1; 0.3 and 10 eV for the following energy ranges 
(respectively): 7.05¸7.08 keV; 7.08¸7.105 keV; 7.105¸7.14 keV and 7.14¸7.50 keV. The 
measurement time was 10 s for all analyzed energy points. Besides the tissue samples, the micro-
XANES spectra were measured also for reference materials (thin sections of natural minerals pyrite 
and andradite, bought at Micro-Analysis Consultants Ltd. as wel as powder form of FeSO4*7H2O, 
Fe2(SO4)3*nH2O). The characteristic X-ray lines of Fe were measured with the use of HPGe 
detector. Additionally oxidation states imaging involved scanning a sample in two dimensions with 
spatial resolution equal to 15 µm on each direction. The monochromator was set to the appropriate 
energy for the edge of Fe oxidation states. Mapping of the different forms of iron was performed at 
energies of 7.127 keV (Fe2+), 7.136 keV (Fe3+) and 7.500 keV (total Fe). 

The research allowed detection of P, S, Cl, K, Ca, Fe, Cu, Zn, Br and Rb in human brain tumors. 

 

 

 

 

 

 

Figure 1: Distribution of selected elements in glioblastoma multiforme in comparison with 
microscopic view of hematoxylin-eosin stained tissue section (A). 
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The topographic analysis enabled to determine two-dimensional distribution of elements in 
characteristic tissue structures in case of cancerous tissues. The selected results were shown in Fig. 
1. 

The comparison of Fe XANES spectra measured in cancerous tissue and reference materials were 
presented in Fig. 2a. All the XANES spectra obtained for the tissue samples are situated between 
the spectra measured for reference materials containing Fe in the second and third oxidation state. 
For more precise determination the energies of the pre-edge peak maximum and the first inflection 
point of the main edge were calculated. It allowed to found that most of the Fe XANES spectra of 
glioma tissue are located closer to the spectrum obtained for Fe2(SO4)3*nH2O. This indicates that 
trivalent ferric Fe is more abundant form of iron in the points examined in brain glioma samples. 
However, taking into account inhomogeneity of the tissue structure the knowledge based on the 
results from random points seems to be insufficient. Therefore, the micro-imaging of iron oxidation 
states were performed. The mapping of different chemical form of iron allowed to found areas were 
bivalent or trivalent iron compounds were dominant. The maps of distribution (see Fig. 2b) of iron 
oxidation states were not correlated with location of cancer cells. 

 

 

Figure 2: Fe XANES analysis of brain glioma tissue. a) The Fe XANES spectra acquired in 
selected points of different cases of glioma tissues (g1-g4) and reference materials. b) Scanning X-

ray mocroprobe determination of iron oxidation state distribution in brain  glioma tissue. Data 
presented  in arbitrary units. 
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transmembrane peptides-lipid interactions 

J. Prades, M. Oliver and F. Barceló 
Department “Biología Fundamental”. University of Balearic Islands, Palma-122, Spain     

 

G-proteins and G protein-coupled receptors (GPCRs) are membrane proteins involved in signalling 
across biological membranes. The biological interest of our project is based on the widely accepted 
hypothesis that protein-lipid interactions and membrane structure participate in the cellular signal 
transduction process. The aim of our study is to analyze the interaction of peptides which are copies 
of the natural spanning segments of the human alpha 2A-adrenergic receptor subtype C10 (Alpha-
2AAR; P08913) and the C-terminal of the bovine G protein γ subunit (P16874) with model 
membranes. For this purpose, peptides were synthetised with defined sequences corresponding to 
the transmembrane helix in the model structure of the receptor. 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. SAXS 
measurements were performed at the A2 beamline in Hasylab at DESY. Experimental data indicate 
that P7 peptide interacts with PE lipids inducing a nonlamellar HII phase, in contrast to P6 peptide 
that stabilizs the Lα phase (Fig. 1). Our results point to the importance of membrane lipid 
polymorphism in membrane structure regulating membrane-protein function in signal transduction 
[1].  

 

Figure 1: Linear plots of DEPE:peptide mixtures (20:1, molar ratio). The sequence of the patterns was 
acquired after equilibrating the sample during 15 min at each temperature. 
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Introduction: The skin presents a classic and an attractive administration route for (trans)dermal drug 
delivery of various active ingredients. The outer barrier of the skin is the stratum corneum (SC). It protects 
the body against our environment. Beyond chemical, physical and microbiological protection, the skin has a 
major role for water hemostasis. And the latter aspect is mainly related to the very thin SC structure. The SC 
is composed of flattened dead cells (corneocytes) embedded in a highly ordered lipid matrix forming the so-
called brick-and-mortar structure [1,2]. Although human skin is considered as the most appropriate model, 
inter-lot variability’s as well as the quality of human skin may vary considerably. As a consequence 
interpretation of permeation studies are challenging. Another aspect is the limited availability of human skin. 
As an alternative, organotypic cell culture models of the skin were developed. Such reconstructed skin 
models are of particular interest, because there are fewer ethical concerns, they are easy to prepare and 
provide more reproducible results. A prerequisite for such a model system is the presence of a competent 
lipid barrier similar to that of human skin. This is currently the main challenge of many reconstructed skin 
models. For an organotypic epidermal cell culture model based on rat epidermal keratinocytes (REK) a 
comparable permeability of a large number of tested compounds could be established and it was introduced 
as an alternative to human excised epidermis for in vitro investigations [3-5]. The proposed contribution 
represents a feasibility SAXS (small angle X-ray scattering) study with regard to the lipid organization of the 
SC of the REK organotypic cell culture model in comparison to native human and rat SC. Additionally, 
WAXS (wide angel X-ray scattering) data were obtained simultaneously to the SAXS.  

Materials and Methods: The culture and preparation of the skin samples has been described recently [3-5]. 
Synchrotron X-ray diffraction investigations were performed on beam line A2 (HASYLAB, DESY in 
Hamburg) as described previously [6,7].  Stratum corneum (SC) samples obtained from native human and 
rat skin as well as from the REK organotypic cell culture were investigated at room temperature 25 °C 
without thermal treatment and after heating in defined steps to 120 °C and subsequent cooling to room 
temperature to determine the lipid structure. Prior to measurements, SC samples were wetted with water to 
assure complete hydration. 
Results and Discussion: Based on the obtained SAXS and WAXS patterns, structure of SC samples 
obtained from the different sources were compared whereas the results of human SC were in reasonable 
agreement with literature data [8]. Figure 1 summarizes the results for the thermally untreated samples. 
Different SAXS patterns were obtained for the SC from different sources. A so-called short periodicity 
phase (SPP) is found in the range of 5-7 nm. The SPP is quite similar for human and REK SC samples with 
values of 6.6 nm and 6.1 nm, respectively, whereas a shorter SPP was measured for rat SC (5.5 nm). At 
lower s-values a broad additional reflection was observed for human and rat SC and can be attributed to the 
long periodicity phase (LPP) described for human SC [8].  

The WAXS analysis indicates the presence of ordered hydrocarbon chains, with the peak maxima located at 
about 0.42 nm. However, based on the intensity of the WAXS reflections, the hydrocarbon chains of the 
human SC seems to be more ordered compared to the other two systems that may also have an impact on the 
permeability barrier of the different SC systems. However, WAXS signals were weak in all cases and needs 
to be analyzed in further detail. 
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Thermal treatment of the SC induced the 
appearance of additional peaks in SAXS. For 
example, after heating human SC above 120 °C, 
an additional peak located at 4.6 nm was detected, 
indicating that this treatment induces a 
rearrangement and an increase of the super-
molecular structure. However, differences were 
found for the three investigated SC systems 
during reheating indicating differences in their SC 
structure.  

Conclusions: The presented feasibility study 
shows the value of synchrotron scattering 
technique for the analysis of cell culture tissue 
samples. In upcoming investigations, SC structure 
shall be studied in more detail and the influence 

of the culture conditions used for the preparation of the organotypic cell culture model on the formation of 
the SC lipid barrier has to be investigated in a more systematic way. The obtained data are used in order to 
understand and compare the organization of native human skin and the REK organotypic culture, which is a 
main parameter for the physiological function (e.g. permeation property) of the skin. 
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Figure 1: Comparative analysis of SAXS and WAXS 
pattern at 25 °C of thermally untreated samples. 
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Figure 2: Comparative SAXS analysis of human SC samples: heating the thermally untreated (left) and 
thermally treated SC (middle) and comparison of untreated and treated human SC (right, data taken at 
25 °C). 
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Zinc plays a fundamental role in several critical cellular functions such as protein metabolism, gene 
expression, structural and functional integrity of biomembranes, and in metabolic processes [1]. 
Concentration of zinc in animals systems range from <10-9 M in cytoplasm to >10-3 M in some membrane 
vesicles [2]. Like all metal cations, zinc interacts electrostatically with anionic groups. In contrast to other 
divalent metal cations with similar ionic radius such as Mg2+, zinc ions possess a higher affinity to 
electronegative groups and obviously binds more tightly. It forms a stable complex with the zwitterionic 
phospholipid headgroup. Zinc cations are among the strong inducers of DNA conformational changes. They 
influence denaturation and renaturation of DNA by stabilizing its double helix structure [3]. Generally, in a 
system DNA, dipalmitoylphosphatidylcholine (DPPC) and ZnCl2 one must consider the following binding 
events (schematic): 
 

DNA + DPPC + Zn2+

DPPC + Zn2+

DNA + Zn2+

DNA+DPPC+Zn2+ 

 
 

In this study we follow DNA (~1000 bp) interaction with DPPC bilayer as a function of ZnCl2 concentration 
at different ionic strength. Ionic strength of selected samples was modulated with NaCl. Small- and wide-
angle X-ray diffraction (SAX, WAX) experiments were performed at beamline A2 in HASYLAB at DESY. 
The WAXD region of all diffractograms (not shown) exhibit patterns typical of either a gel (at 20 oC, Fig. 1a-
e) or a liquid-crystalline phase (60 oC, Fig. 1f) in accord with the effect of Zn2+ on the DPPC phase transition 
[4]. 
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The SAXD pattern of fully hydrated DPPC at 20 oC forms a lamellar 
phase with the periodicity dPC=6.36±0.01 nm (Fig. 1a). Divalent cations 
mediate DNA binding to the DPPC forming aggregates [5]. Fig. 1b 
shows a condensed lamellar phase LDNA+PC of the aggregate prepared at 
low Zn2+ concentration. In addition to the two peaks related to the lipid 
bilayers stacking, a low intensity broad peak, at q ≈ 1.06 nm-1, is 
identified as evidencing DNA-DNA organization with 
dDNA = 5.92±0.07 nm at 20 oC. The obtained data correlate well with 
structural parameters of a gel condensed lamellar phase of 
DNA+DPPC+Ca2+ aggregates in our previous experiments [5]. Fig. 1c-e 
show the diffractograms of DNA+DPPC mixtures in 20 mM ZnCl2 at 
different ionic strength. Diffractograms indicate a superposition of two 
lamellar phases, LDNA+PC and LPC. A small asymmetry in the shape of the 
second order reflections LPC(2) (Fig. 1c, d) could result from a 
superposition of the DNA-DNA packing related peak (marked by an 
arrow). Further increase of the ionic strength does not support regular 
DNA packing (Fig. 1e). The obtained periodicities dDNA+PC and dPC are 
given in the Fig. 2 as a function of the ionic strength of the solution  

22/1 i
i

is zcI ∑=  where ci is the concentration and zi is the charge number 

of i-th ion in the solution. 

Fig.1. SAX diffractgrams of (a) DPPC vesicles (b) DPPC+DNA aggregates prepared in 2.5 mM ZnCl2, 
(c-e) in 20 mM ZnCl2, with ionic strength modulated by NaCl at 20 oC, f) at 60 oC.  
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Fig. 2 Dependence of the repeat distances d on 
the ZnCl2 and ionic strength of solutions 
(20 oC) for LPC (A) and LDNA+PC (B) phases. Full 
circles – DNA+DPPC in 20 mM ZnCl2, and 
ionic strength modulated by NaCl. 

With increasing IS we observe two opposite effects 
(Fig. 2): the repeat distance dDNA+PC of the 
DNA+DPPC+Zn2+ condensed lamellar phase increases 
showing the total change ∆dDNA+PC ~ 0.3 nm, and the 
repeat distance dPC decreases non-linearly from 
~ 18 nm to ~ 6.9 nm at IS=330 mM reaching almost the 
periodicity of pure DPPC (dPC ~ 6.4 nm). Neither the 
repeat distance nor the lipid bilayer thickness of neutral 
phospholipid change in 1-500 mM NaCl [6]. The 
driving force for mutual condensation of DNA by 
cationic vesicles to form an ordered, composite phase is 
the gain in electrostatic free energy. The electrostatic 
free energy depends on the surface charge densities of 
the separated macroions, the structure and composition 
of the condensed phases, and the salt concentration in 
solution [7]. If salt is added to the system, the mobile 
salt ions screen electrostatic interactions between fixed 
charges along DNA and the P- – N+ dipole of 
phospholipid headgroups. The observed changes in the 
repeat distances result from the electrostatic screening 
of Zn2+ charge due to ions accumulation and formation 
of a diffuse double layer. Fig. 1e shows no regular 
organization when DNA+DPPC aggregate prepared

 
in 20 mM ZnCl2 (and 5 mM NaCl) is heated into liquid-crystalline phase. Small-angle neutron scattering 
curves have revealed dissolution of the aggregate into DPPC+Zn2+ unilamellar vesicles and DNA [4]. The 
formed diffusion double layer is responsible for the observed dissolution. Due to excess of ions in the 
system, negative charges of DNA phosphate fragments are neutralized. Kejnovsky and Kypr [8] have 
found that milimolar concentrations of zinc cause DNA sedimentation.  

As documented above, zinc plays an important role in many biological processes. It is evident that an 
adequate supply of Zn2+ is critically important for cellular functions. However, zinc as well as others heavy 
metals, is toxic whenever excessive amounts are ingested. The toxicity of metals results from the formation 
of complexes with organic compounds. The knowledge of the structure and phase behaviour of the formed 
aggregates can contribute to the understanding of their toxicity. 
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Introduction 

Bone metabolism and bone regeneration are severely disturbed in diabetes mellitus, causing de-
layed healing of bone fractures and prolonged hospitalization periods for affected patients. The pre-
cise basic mechanisms underlying these alterations are poorly understood. The aim of this study is 
to characterize bone defect healing in a diabetic rat model and to analyze the fundamental differ-
ences between diabetic and non-diabetic bone regeneration at the molecular and cellular level. 

For that purpose, we used the Zucker Diabetic Fatty (ZDF) rat model, an established rat model of 
type 2 diabetes mellitus. The ZDF rats develop their diabetic phenotype by overeating due to im-
paired satiety sensing after 8 weeks. By week 1, they display various macroscopic and microscopic 
diabetic complications, including vascular, renal, and neurologic complications.  

There is evidence that impairment of bone formation and/or turnover is associated with the meta-
bolic abnormalities characteristic of type 2 diabetes mellitus. However, bone regeneration/repair in 
type-2 diabetes has not been evaluated. We established a type 2 diabetic defect model to evaluate 
the differences in bone regeneration and defect healing. Using the ZDF rat model, a defect of 3 mm 
in the left femur was created after stabilizing the femur by a 4-hole-plate. This surgical procedure 
was per-formed under sterile conditions, and all animals received antibiotics for 48 h after surgery.  

 

Materials & Methodes 

To document the defect and the appropriate and stable position of the plate, a plain X-ray was per-
formed immediately after surgery. All animals were mobile on the first day after surgery and 
moved normally. X-rays were performed every two weeks to assure the correct position of the plate 
and to monitor semi-quantitatively the bone regeneration. In addition, we will harvest osteoblastic 
and osteoclastic cells and analyze their proliferation and differentiation capacities. From the newly 
formed bone tissue, RNA will be isolated and the gene expression of regulators of bone formation, 
bone resorption, and angiogenesis will be evaluated by real-time PCR. 

By week 8 samples of the femur bone together with the metallic plate were used for a non-
destructive investigation with Synchrotron micro computed tomography (SRµCT). The SRµCT 
measurements were performed with the GKSS µCT-device at HASYLAB beamline BW2. A single 
femur segment with a diameter of about 1 cm was investigated. The photon energy was set to 
55 keV. With an optical magnification of 2.72 an image resolution of 10.9 µm was reached. Finally 
6 positions along the femur were investigated using a 360° scan for each position.  
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Results 

The visualisation of the SRµCT-data from the rat femur sample shows a clear reproduction of the 
bone conditions around the 4-hole-plate (Fig. 1). Inside the defect newly formed bone tissue with 
different mineralisation degree could be detected (Fig. 2). 

 

  
Fig 1: 3D-View of the joint with metallic plate 
and screws from SRµCT-investigation using a 
photon energy of 55 keV. 

Fig. 2: Slice through a 3D-visualisation of the rat 
femur: bony tissue (grey), metallic plate (purple) 
and soft tissue (orange). 

 

For the future we will quantitatively analyse the process of bone regeneration in diabetic vs. non-
diabetic rats over 8 to 14 weeks after surgery using SRµCT (with the plate in place) as well as con-
ventional µCT (following removal of the plate). 
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Although, the epilepsy has been a serious problem of clinical neurology for many years, its pathogenesis in
many cases has still been unknown. The epileptic seizures induce neurodegenerative changes in brain and
particular vulnerability to them occurs for the areas such as the hippocampal formation, cortex and
amygdaloid nuclei [1]. In the last years, it has been searched for the pharmacological methods that could
decrease the effects of brain injury. The substances increasing the survival of nerve cells in the
pathologically changed tissue and simultaneously promoting the regeneration of damaged axons and
decreasing the inflammation have been found. One of them is FK-506, an immunosuppressive drug used
mainly after allogenic organ transplantation in order to reduce the activity of the immune system and so the
risk of organ rejection [2].

The following project is the continuation of our investigation concerning the role of trace elements in the
pathogenesis and progress of pharmacologically induced epilepsy. In frame of it, the influence of
neuroprotective agent FK-506 on the elemental compositionof brain tissue in case of rats with pilocarpine-
induced epilepsy was analyzed. The obtained results were compared with ones obtained previously for the
groups of epileptic and naive control animals.

Unfixed and non-embedded rat brains were cut frontally using a cryomicrotome into 15µm thick slices. The
sections containing the dorsal part of the hippocampus and the cerebral cortex were mounted on the
Ultralene foil and freeze-dried. 

The topographic and quantitative elemental analysis of thetissues was done using X-ray fluorescence
microscopy. The measurements were carried out at HASYLAB beamline L. The multilayer monochromator
was applied and the primary photon energy was set to 17 keV. The polycapillary optics was used for the
focusing of the beam and the obtained beam spot had the dimension of 15 µm x 15 µm. The X-ray
fluorescence spectra were measured using the Vortex SDD detector from SII Nano Technology USA inc.
and the time of single spectrum acquisition was equal to 6 s. Measurements of NIST standard reference
materials (SRM 1833 and SRM 1832) were performed for spectrometer calibration.

The elements such as P, S, Cl, K, Ca, Fe, Cu, Zn, Br, Rb and Sr were detected in rat brain sections. For each
sample, the two-dimensional analysis of elemental distribution was performed for the areas of hippocampus
and brain cortex. The results of such analysis for the hippocampus from selected FK-506 – treated epileptic
(SNF) rat and untreated epileptic (SNS) animal were shown in Figure 1.

For five selected brain areas, i.e. CA1 and CA3 regions of Ammon’s horn, DG – dentate gyrus and H – hilus
of dentate gyrus and parietal cortex the mean masses per unitarea were evaluated. The areas taken into
account in calculations were equal to 300µm per 300µm. In order to compare the elemental composition of
FK-506 – treated epileptic group (SNF) with untreated epileptic (SNS) and control (CS) animals the median
values of masses per unit area were evaluated for all the analyzed brain areas in the three examined groups.
The statistical significance of differences between medians was tested with non-parametric U (Mann-
Whitney) test. The results of statistical analysis were presented in the Table 1.
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Figure 1. The maps of elemental distribution obtained for selected FK-506 – treated epileptic (SNF)
rat and untreated epileptic (SNS) animal.

Table 1. The p-values of U (Mann-Whitney) statistics.

Elements(*)
P Cl K Ca Fe Cu Zn

Area SNF vs SNS
CA1 0.09 0.20 0.67 0.09 0.39 0.52 0.29 0.52
CA3 0.09 0.09 0.39 0.02 0.39 0.09 0.67 0.09
DG 0.20 0.39 0.83 0.09 0.67 0.06 0.29 0.14
H 0.20 0.14 0.29 0.03 0.83 0.29 1.00 0.20
C 0.20 0.09 0.39 0.06 0.52 0.20 0.03 0.09

Area SNF vs CS
CA1 0.14 0.14 0.22 0.14 0.46 0.46 0.22 1.00
CA3 0.46 0.62 0.22 0.14 0.81 0.46 1.00 0.81
DG 0.81 0.81 0.81 0.62 0.81 1.00 0.62 0.62
H 0.62 0.62 0.33 0.22 0.81 0.62 0.62 0.62
C 0.14 0.09 0.62 0.33 0.46 0.62 0.33 0.33

(*) The elements for which the mean masses per unit area were lower than the detection limits
were omitted from the table.

As one can notice from the Table 1, many statistically significant differences in elemental composition was
observed between SNF and SNS animals but only one between SNF and CS group.
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In calcium-activated striated muscle isometric force generation and shortening depends on a cyclic

interaction of myosin heads (cross-bridges) with actin which is driven by hydrolysis of MgATP1,2.

The precise coupling between product release steps, structural transitions and force generation

within the cross-bridge cycle, however, are still not fully understood. Key events at the beginning

of the power stroke are thought to be structural changes associated with the transition from a low-

affinity (weakly bound) to a high-affinity (strongly bound) acto-myosin complex2. Using 2D-X-ray

diffraction of skeletal muscle fibers in combination with functional studies we are able to

characterize structural changes of the acto-myosin complex, e.g., during ramp shaped releases

under isometric conditions3, or very early in the power stroke at the transition of the cross-bridges

from a non-force generating to the first force generating state. In the present study we used

blebbistatin, a small molecule inhibitor of muscle and non-muscle myosin II ATPase activity4-7 to

accumulate cross-bridges in a state at the transition from weak to strong binding for structural

studies. From other work it was expected that blebbistatin interferes with the phosphate release

process6 and that myosin-ADP-blebbistatin is in a “tail up“ conformation as at the beginning of the

power stroke.

Structural characterization of cross-bridges with blebbistatin were carried out using our well

established preparation of arrays of single rabbit psoas muscle fibers8. Blebbistatin was allowed to

diffuse into muscle fibers and to bind to the myosin head domains under different experimental

conditions. It was added to muscle fibers (1) during isometric force generation as well as (2) to

fibers stretched beyond overlap (sarcomere length 4.0µm) in the presence of MgADP so that

myosin-ADP-blebbistatin cross-bridges could be studied. Care was taken to minimize exposure of

blebbistatin to light because of its instability when exposed to certain wavelengths of visible light.

Blebbistatin in force generating muscle fibers did not inhibit active force generation completely so

that a mixture of force generating cross-bridges and myosin heads inhibited by blebbistatin were

obtained. These muscle fibers were structurally unstable already during rather short exposure times.
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Thus, patterns of this mixed population of cross-bridges did not allow unequivocal structural

characterization of the myosin-ADP-blebbistatin cross-bridge state.

Adding blebbistatin to muscle fibers stretched beyond overlap in the presence of MgADP with no

MgATP present resulted in diffraction patterns with very weak or absent myosin layer lines, similar

to what was observed previously in the presence of MgATPγS8 or with MgADP.Vi
9, both analogs

of the AM.ATP-state of the cross-bridges preceding ATP-cleavage. Absence of myosin layer lines

is typical for a pre-cleavage acto-myosin conformation with low actin affinity, i.e. a weak binding

cross-bridge state which presumably has not yet reached the pre-power stroke “tail up”

configuration. Our previous studies on MgADP.Vi indicated that in the pre-cleavage state cross-

bridges most likely are not yet able to execute the first force generating step, e.g., upon binding to

an activated thin filament. Therefore, blebbistatin seems not a useful tool to study the conformation

of cross-bridge states very early in the power stroke, i.e., when the myosin head is still near the pre-

power stroke “tail up” conformation.
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We have previously observed that below the main phase transition ceramides form crystalline 
phases when mixed with cholesterol (Chol) [1]. These crystal phases may, when melted, generate 
transient structures that have been frequently discussed and proposed as precursors of the so-called 
“lipid rafts”. However, no crystalline structures have ever been observed for the typical lipid 
components of the cellular plasma membrane, palmitoyl-oleoyl-phosphatidylcoline (POPC) and 
sphingomyelin (SpM) mixed with cholesterol (Chol). The fact is that, the binary phase diagrams for 
POPC:Chol and SpM:Chol are both only sketched for a very short range of temperature and 
composition. Suspecting that if crystalline phases for these mixtures exist they will appear at 
temperatures well bellow 0 ºC, a sample-holder has been developed allowing simultaneous SAXS 
and WAXS measurements of capillary encapsulated samples for temperatures attaining –25 ºC. 
Preliminary phase diagrams were obtained shown in Figure 1. 

    

Figure 1: Preliminary phase diagrams for the binary mixtures: a) POPC:Chol, and b) SpM:Chol. 
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Epilepsy is the third most common neurological disorder. Although the mechanisms of epileptic seizures
have been a subject of intensive investigations for many years in many cases the etiology of the disease is
not known [1].

Metallic elements through the participation in the processes like: oxidative stress, excitotoxicity,
mitochondrial dysfunction or protein aggregation, may lead to the atrophy and death of neurons in case of
neurodegenerative disorders such as Parkinson's disease,Alzheimer's disease or amyotrophic lateral
sclerosis [2-4]. Because epileptic seizures induce neurodegeneration in selected areas of brain it is suspected
that metals may be involved in the pathogenesis and progress of epilepsy as well [5].

This project is the extension of the project I-20070053 EC realized at beamline L in HASYLAB in DESY,
in frame of which we compared the distributions of selected elements in the brain tissue of rats with
pilocarpine-induced epilepsy and of naive-control animals. The results obtained at beamline L allowed us to
confirm that epileptic seizures significantly change distribution of trace elements in the nervous tissue [6].
In frame of the following project we examine if the epilepticseizures induce changes of Fe chemical state in
the animal brain. 

The epileptic rats at 60 days of age received a single dose of pilocarpine in order to evoke epileptic seizures.
They were observed during 6 hours in order to rate their epileptic behaviour and afterwards were perfused
with physiological salt solution. The removed brains were immediately frozen in liquid nitrogen and
afterwards kept in low temperature (between  -70 and -80°C), also during experiments.

The chemical state of Fe in epileptic (PS) and control (CS) rat brain was compared. The XANES and
EXAFS methods were used for the analysis of the oxidation state of Fe, its geometry and the nearest
neighbours surrounding the absorbing atoms. The experiment was performed at the beamline E4 in Hasylab
in DESY using the standard ex-situ set-up. Samples were measured in the vacuum at liquid nitrogen (LN2)
temperature. The XAS spectra where recorded in fluorescence mode in the EXAFS energy range of Fe K
edge (around 7112 eV).

Additionally, 2D fluorescence spectra around Fe K edge has been collected at the beamline G3 in Hasylab
in DESY. The sample was kept cold (temperature around -40°C)and in air. Sample, 5° rotated regarding to
the DORIS ring plane, was exposed by 1mm height beam and 2D Maxim camera, mounted at top of sample,
collected images for each energy step.

The preliminary results suggest that iron in the measured samples occurs mainly as Fe(III) and in oxygen
environment. Additionally, it is necessary to mention thatwe did not observe the differences in chemical
environment between epileptic and control rat brains. Thisindicates that averaged ionic state of Fe in
samples with and without epilepsy is similar.

EXAFS analysis of Fe spectra exhibit clearly 3 visible peaks: at ~1.9 Å, 2.6 Å and 3.6 Å, see inset in Figure
1. The first peak can be related to the O nearest neighbours and there is no visible difference between
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epilepsy and control samples. The small changes in the spectrum for 2nd and 3rd peak for epilepsy sample are
also visible. However, this result needs further analysis and experiments, to avoid the problem of possible
ambiguity of biological samples.

Fluorescence 2D spectra, see Figure 2, show the topography of the animal brain as well as topology of Fe
ions in the superficial part of tissue. It has to be noticed that beam with energy of around 7100 eV does not
penetrate whole frozen sample. Visible, high intensity, peaks and stripes come from Bragg peaks and can
not be assigned to the ice crystals on the surface of sample.
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Figure 1. XANES and EXAFS (inset) spectra at Fe:K edge for epileptic (PS, straight lines) and
control (CS, dotted lines) rat brain samples.

 

Figure 2. 2D difference image of CS at Fe K edge. The left and right image represents the Fe
concentration in sample and picture mask (with visible slides from 1mm beam height), respectively.

The high intensity spots come from Bragg peaks, see the text. 
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Particle emissions of road traffic are generally associated with fresh exhaust emissions only. 
However, recent studies identified a clear contribution of non-exhaust emissions to the PM10 load 
of the ambient air. These emissions consist of particles produced by abrasion from brakes, road 
wear, tire wear, as well as resuspension of deposited road dust. For many urban environments, 
quantitative information about the contributions of the individual abrasion processes is still scarce. 
For effective PM10 reduction scenarios it is of particular interest to know whether road wear, 
resuspension or fresh abrasion from vehicles is dominating the non-exhaust PM10 contribution.  

In Switzerland, the emissions of road traffic abrasion particles into the ambient air were 
characterized in the project APART (Abrasion Particles produced by Road Traffic), funded by the 
Swiss Federal Roads Authority (ASTRA) and the Swiss Federal Office for the Environment 
(BAFU). The project aimed at finding the contribution of the non-exhaust sources to total traffic-
related PM10 and PM2.5 for different traffic conditions, by determining specific elemental 
fingerprint signatures for the various sources. This was achieved by hourly elemental mass 
concentration measurements in three size classes (2.5-10, 1-2.5 and 0.1-1 micrometers) with a 
rotating drum impactor (RDI) and subsequent synchrotron radiation X-ray fluorescence 
spectrometry (SR-XRF). The elemental fingerprint measurements were embedded into a large set 
of aerosol, gas phase, meteorological and traffic count measurements. To identify traffic related 
emissions, measurements were performed upwind and downwind of selected roads. For a better 
investigation of road wear, a road wear simulator was applied in additional experiments.  

Freshly emitted brake wear particles were found to be predominantly in the size range 1-10 µm for 
light duty vehicles (see Figure 1), while brake wear particles for heavy duty vehicles were found to 
be in the 2.5-10 µm size range. 
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Figure 1: Fractional size contribution for LDV and HDV emission factors determined for brake wear related 
trace elements and stop-and-go traffic in Zürich-Weststrasse (street canyon). 
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Emission factors (mg per km and vehicle) for trace elements are still rare for many real-world 
situations. Table 1 lists emission factors for light and heavy duty vehicles for a busy street canyon 
in Zürich Switzerland. The reported set of elemental emission factors for LDVs and HDVs in Table 
S2 are split in three health-relevant particle size classes. This will help to refine existing emission 
inventories. 

Table 1: Light duty vehicle (LDV), heavy duty vehicle (HDV) and average fleet emission factors 
(EF) for Zürich-Weststrasse (street canyon). 
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Interactions between fluids and melts are widespread in many geological processes and result in
equilibration of these phases and in element fractionation. Element fractionation depends on the
PT conditions of equilibrium and bulk composition (x) of the system. Appropriate trace elements
(e.g., Rb, Sr) can therefore be used as petrogenetic indicators in magmatic systems to reconstruct
the melt sources. In addition, exsolution of aqueous fluids from the magma at late stages of mag-
matic evolution may alter the trace element content or may lead to extreme element enrichment
(formation of ore deposits). Consequently, partitioning between silicate melts and aqueous fluids
has been the subject of several studies (e.g., [1],[2]). Still, their behaviour as a function of PTx
is insufficiently known, particularly during the late stage of magmatic evolution. This is probably
related to the fact that the majority of the experimentally determined partitioning data is based on
analyses of quenched samples, which have large intrinsic uncertainties [3].
Therefore, we used modified hydrothermal diamond-anvil cells (HDAC) and synchrotron-radiation
X-ray fluorescence microanalysis (SR-µXRF) to determine the element concentration of Rb and Sr
in the fluid phase directly at elevated PT conditions [4]. The results were compared with data from
classical quench experiments (own data and [1]) to study the effect of quenching.
The starting materials included a synthetic haplogranitic glass (corresponding to typical natural
granites) doped with ∼ 2500 ppm Rb and Sr each, and two aqueous fluids, H2O and a salt solution
because the Cl content has a particularly strong effect on fluid-melt partitioning (e.g., [1],[2]). The
spectra were fitted using PyMca to obtain the integrated intensities of K(α + β) fluorescence peaks
of Rb and Sr. These integrated intensities were normalised to the intensity of the incident beam, the
detector live time and the density of the fluid. The element concentrations were calibrated based on
measurements of standard solutions loaded into the sample chamber of the HDAC.
Results: Experiments with non-chloridic fluids revealed two Rb/Sr ratios trends (Fig. 1.1). Both
increase with pressure but to a different extent. The two trends are most likely a function of the
initial fluid-melt ratios, because this ratio in part controls the amount of melt components in the
fluid phase. Therefore, the trends may reflect varying proportions of dissolved melt in the fluid and
thus different fractions of complexing agents. Using chloridic solutions, the Rb/Sr ratios are mainly
controlled by the Cl content of the fluid (Fig. 1.4). At similar pressures, the Rb/Sr ratios increase
by a factor of 2 with decreasing salt content. In contrast to non-chloridic solutions, the Rb/Sr ratios
in chloridic fluids slightly decrease with pressure.
Figures 1.2 and 1.5 compare calculated partition coefficients (Df/m

X = Cfluid
X /Cmelt

X ) from in-situ
and quench experiments. Partition coefficients of both elements obtained from experiments with
chloridic solutions show good agreement of both techniques. The Df/m data for both elements
increase slightly with pressure. Partition coefficients of Sr (Fig. 1.5) are dependent on the salinity
of the fluid, whereas the amount of Cl in the fluid does not have a strong influence on Rb partition-
ing data (Fig. 1.2). In experiments with non-chloridic solutions, distinct differences between both
techniques occur. Partitioning data obtained with the in-situ method are higher than the results of
quench experiments and show increasing values with pressure.
In Figs. 1.3 and 1.6, partition coefficients (in-situ and quench data) are compared with literature
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results [1] for experiments at 750◦C and 200 MPa. Both studies show increasing Df/m values with
Cl content. However, our Rb and Sr partitioning data are always below 1, e.g., Rb and Sr always
show a preference for the melt even at high Cl contents. This result is consistent with data from
natural cogenetic fluid and melt inclusions [5]. Furthermore, our data show linear correlations of
the partition coefficients with salinity of the fluid for both elements, whereas previous data [1] yield
a linear trend for Rb and a quadratic correlation for Sr.
In conclusion, the advantage of the in-situ method using SR-µXRF and HDAC is clearly demon-
strated for non-chloridic solutions. The results of this study are a clear evidence that Rb and Sr
contents in such fluids are not quenchable. Furthermore, good agreement between in-situ and
quench data was found for chloridic fluids in this study. Distinct differences to literature data [1]
are probably due to the difficulty to obtain a representative sample of the fluid in quench experi-
ments. Although more complex, the in-situ method presented here should thus be more appropriate
to study fluid-melt interactions.
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Figure 1: Rb/Sr ratios in non-chloridic (1.1) and chloridic (1.4) solutions vs. pressure, compar-
isons of calculated fluid-melt partition coefficients with classical quench data (own results) for Rb
and Sr (1.2 and 1.5) at 750◦C and various pressures, and comparisons of in-situ and quench data
of this study with results from quench experiments [1] for Rb and Sr (1.3 and 1.6) at 750◦C and
200 MPa.
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Following the cold war, extensive uranium mining and production took place at selected sites in 
Kazakhstan and Kyrgyzstan as a vital part of the nuclear weapon program in the former Soviet 
Union. The uranium deposit situated in the Southern Kazakhstan and the adjacent territory of 
Kyrgyzstan contains about 15 % of the world reserves of uranium. The deposit represents an area of 
roughly 60 000 km2. The full industrial cycle of uranium recovery and processing of uranium ores 
have been undertaken in this region for about 50 years. Moreover, all types of uranium recovery 
have been undertaken: open-cast extraction; underground mining; in situ leaching with pumped 
sulphuric acid solutions. This densely populated territory was an administratively “closed area” 
within the USSR and information of the ecological state of this region is limited. Results available 
suggest that significant ecological damages, including radionuclide contamination and chemical 
pollution have occurred. Moreover, serious medical-pathological problems within the local 
population have been reported and these are claimed to be related to the environmental situation. 
Consequently, the Governments of Kazakhstan and Kyrgyzstan, and IAEA have expressed their 
concern about the radioecological situation within this region. 
 
In the present work, we have characterised the terrestrial TENORM (Technologically Enhanced 
Naturally Occurring Radioactive Material) contamination at the former U mining sites Kadji-say, 
Kyrgyzstan and Kurday, Kazakhstan to obtain information on the solid state speciation and hence 
potential mobility of U from minerals. Digital autoradiography were utilised to document the 
presence of radioactive heterogenities in soils and minerals at both sites. Using light microscope 
and Environmental Scanning Electron Microscopy with Energy Dispersive X-ray analyser (ESEM) 
heterogeneities were isolated and identified as U containing particles. Following the ESEM 
characterisation these TENORM particles were subjected to synchrotron radiation based scanning 
micro-x-ray fluorescence (XRF)/micro- x-ray diffraction (XRD) at HASYLAB BL. 
 
A focussed monochromatic X-ray microbeam of 10-15 μm diameter, having a divergence a ca 4 
mrad was used for the investigations. 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 [1]. A 1K Bruker CCD 
camera positioned behind the sample, was used for collecting diffraction patterns in transmission 
mode, along with a Si(Li) detector, positioned at 90 degrees relative to the primary X-ray beam, for 
simultaneous detection of the XRF signals. 
 
Diffraction patterns of bright yellow Kadji-say mineral particles coincide with those of synthethic 
Na-zippeite (Na4(UO2)6[(OH)10(SO4)3]·4H2O), pyrite (Fe2S) and U4O9+y or UO2+x, which may be 
interpreted as uraninite. In the latter case, the diffraction patterns are indistinguishable at the 
resolution obtained during these experiments thus frustrating the exact identification. Na-zippeite is 
a well-known secondary alteration product of uraninite (UO2) in oxidized zones of U-rich deposits 
(e.g., mines), thus explaining the coexistence of these mineral species within the same particles. 
Uraninite (log Ksp of UO2 = -60.6) and Na-zippeite (log Ksp = -116.5) is relatively insoluble. 
However, the possibility of mobilization, for example due to bacterial reductive dissolution of Na-
zippeite, cannot be ruled out [2]. Only one U containing sample was isolated from Kurday soil. 
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Despite the fact that XRMA and XRF showed U to be present as a major element in this ~1 mm 
sized mineral grain, only quartz XRD signals were detected. 

 

Figure 1: Electronmicrographs (backscattered electron imaging mode; upper left and secondary 
electron imaging mode; upper right) of a TENORM particle from the former Kadji-say U mining site 

in Kyrgyzstan. Diffractogram obtained from the same particle shows that U4O9 coexists with Na-
zippeite (Na4(UO2)6[(OH)10(SO4)3]·4H2O) within the particle. 

To conclude, radioactive TENORM particles have successfully been identified, isolated and 
characterised using a combination of digital autoradiography, ESEM and synchrotron based μ-
XRF/XRD. The results indicate that a large portion of the U at the two the former U mining sites 
Kadji-say, Kyrgyzstan and Kurday, Kazakhstan are associated with particles or large mineral 
grains. Furthermore, the results indicate that the solubility of the Kadji-say particles will be 
relatively low under oxidixzing conditions. 
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The mobility of most elements in the Earths’s lithosphere is to a large extent controlled by reactions 
of ascending fluids with mineral assemblages. While the database on mineral-fluid partitioning is 
steadily increasing, little information is available on the kinetics of mineral-fluid equilibration at the 
PT conditions of the Earth’s interior. One element of particular interest is strontium because Sr and 
its isotopes are considered to be suitable tracers to distinguish between the different reservoirs 
(continental crust, oceanic crust, mantle wedge) that are responsible for the formation of subduction 
related magmas.  

Here, we present experimental results on the kinetics of the reaction of Sr-anorthite (SrAl2Si2O8) 
with H2O+CaCl2 solutions at 500 °C and pressures between 460 and 1300 MPa (Fig. 1). The silica 
and the alumina activity in the fluid were buffered by addition of quartz and kyanite. Before 
heating, the CaCl2 concentration in the fluid was determined from cryometry. The Sr concentration 
in the fluid was then analyzed in-situ at high P and T as a function of time using modified 
hydrothermal diamond-anvil cells and time-resolved SR-XRF analyses [1,2]. The XRF spectra 
were acquired at beamline L at HASYLAB using a high bandwidth multilayer monochromator, 
excitation energies of 20.3 or 20.7±0.1 keV, and a single-bounce capillary to focus the beam to a 
spot in the fluid of about 11 microns in diameter [2].  

In the two experiments at the highest pressures (880 and 1300 MPa), the Sr-anorthite reacted very 
quickly (<3000 s) to zoisite ((Ca,Sr)2Al3Si3O12(OH)). The release of Sr into the fluid was much 
slower in runs in which no zoisite formed, and equilibration required ≥15000 s (Figs. 2 and 3a). The 
kinetics was found to be primarily controlled by the reaction mechanism (dissolution-
reprecipitation or nucleation and growth). No dependence of the equilibration time on the initial 
CaCl2 concentration or pressure was discernible, while grain size may have an effect (Fig. 3a). 

A subsequent TEM study showed that nucleation and growth of zoisite in the experiment at 1300 
MPa resulted in nearly homogeneous crystals with a Sr/Ca ratio of 0.0068. Division by the Sr/Ca 
ratio in the fluid from SR-XRF and cryometry yields an exchange coefficient KD of 0.41 for the Sr-
Ca fractionation between zoisite and fluid. This exchange coefficient is very close to literature data 
at lower pressure (KD=0.4 at 390 to 500 MPa) [3], which indicates a negligible effect of pressure on 
the Sr-Ca fractionation between zoisite and chloridic fluids. The zoisite-fluid Sr partition coefficent 
(DSr

Zo-F=cSr
Zo/cSr

F) of 1.37 from our 1300 MPa experiment, however, is orders of magnitude lower 
than data for zoisite-H2O at 2 GPa, 750-900 °C [4]. This discrepancy is probably mainly due to the 
different speciation of Sr in H2O and in chloridic fluids, but not an effect of P and T.  

In contrast to the zoisite sample, TEM on the reacted anorthite from the experiment at 460 MPa 
showed a very high porosity (pore diameter 10 to 20 nm), which is clear evidence for a dissolution-
reprecipitation reaction mechanism. The pores contained a Sr rich chloride quench phase. Relics of 
Sr-rich Ca-feldspar were observed, but most of the reacted anorthite had a Sr concentration below 
the detection limit of the TEM-EDX analyses. This agrees with the observation that Raman spectra 
of anorthite after experiment were indistinguishable from the spectrum of Ca-anorthite. The 
anorthite-fluid Sr partition coefficent could not be determined for this run, but a KD<2 can be 
inferred from the detection limit for Sr, which is consistent with literature data [3]. Moreover, 
similar KD values for the Sr-Ca fractionation between zoisite-fluid and anorthite-fluid have been 
reported [3], which is supported by the correlation of equilibrium Sr concentration in the fluid and 
fluid/Sr-anorthite mass ratio in our experiments (Fig. 3b). 
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Figure 1 (left): PT conditions of the experiments and initial CaCl2 molality of the fluid. Dashed lines: phase 
equilibria in the system CaO-Al2O3-SiO2-H2O from [5]. An = anorthite, Ky = kyanite, Qz = quartz, Zo = 

zoisite, Lw = lawsonite. Arrow indicates that lowered H2O activity in chloridic fluids shifts anorthite 
stability towards higher pressure. Insets: sample chamber of the HDAC after XRF spectra recording (upper: 
1.58 m initial CaCl2, lower: 2.61 m initial CaCl2). Figure 2 (right): Sr concentration in fluid from in situ SR-

XRF as a function of equilibration time. 

 

Figure 3: a) elapsed time at 500 °C until a constant Sr concentration in the fluid was attained vs. volume of 
the Sr-anorthite crystal, b) equilibrium Sr concentration in the fluid vs. fluid/Sr-anorthite mass ratio. 
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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, especially at 
active plate boundaries. High-field-strength elements (HFSE), like Zr, are important trace elements 
that provide important information about melt formation and mass transfer in the Earth’s interior. 
Important steps for the HFSE cycling are the processes related to subduction zones, where 
interaction of solids and silicate melts with aqueous fluids plays an important role. It has been 
suggested that silicate components, which are dissolved in aqueous fluids at high pressure and 
temperature may be responsible for the mobilisation of HFSE-bearing minerals such as zircon in 
these systems ([1], [2]). Therefore, we started to study the influence of silicate components 
dissolved in aqueous fluids on the solubility of zircon at high P and T. In parallel, the complexation 
mechanism of Zr in these fluids is studied by XAFS. The authors of [1], [2] suggested that Zr might 
be incorporated in these fluids as part of polymeric silicate complexes. To provide a reference for 
XAFS spectra collected on fluids at high P and T (performed at the ESRF), we investigated here 
how changes in the silicate melt composition affect the local environment of Zr. In this 
contribution, we report on results of XAFS measurements at the K-edge of Zr in quenched melts of 
those compositions that are used in the experiments at high P & T. In addition, a couple of Zr-
bearing minerals with known crystal structure were measured. 

Glass compositions reported on here are NS2 (Na2Si2O5), nepheline (NalSiO4), albite (NaAlSi3O8). 
Glasses were doped with 2000 ppm of Zr. The EXAFS spectra were collected at beamline C using a 
Si (311) double-crystal monochromator. Minerals were either powdered and pressed into pellets or 
measured as polycrystalline aggregates that were cut into thin slices. Depending on the total Zr 
content spectra were recorded in transmission or fluorescence mode. The fluorescence signal was 
collected using a Lytle detector [3]. 

K3-weighted EXAFS spectra and their Fourier transforms are plotted in Figure 1 for glasses and 
Figure 2 for minerals. The spectra of the glasses show good counting statistics, even in the higher 
k-regions. The spectra indicate already differences for the local structural environment between the 
studied compositios. The amplitude of the EXAFS and consequently, the first maximum of the 
Fourier transform (FT) is highest for NS2 (depolymerized glass). The position of this maximum for 
NS2 is also slightly shifted to higher distances in comparison to albite and nepheline glasses. 
Fitting of the backward Fourier transform of the first maximum gives a Zr – O distance of 2.087 ± 
0.01 Å for the NS2 glass and 2.083 ± 0.01 Å for nepheline. The result for Zr in albite glass is 2.085 
± 0.01 Å, which is consistent with previous work ([4],[5]) taken for the same glass composition 
where Zr – O distances were determined at 2.085 ± 0.03 Å. The fit results also indicate a stronger 
distortion of the coordination polyhedron or larger degree of disorder for the ploymerized glass 
compositions In addition, spectra of the glasses indicate that differences are also present in the 
second coordination shell. 

In general, the positions of these maxima of the glasses are quite similar to those found for elpidite 
and wadeite. In these compounds Zr is 6-fold coordinated in a highly distorted  polyhedron and 
shows average  Zr – O distances of 2.070 Å and 2.079 Å [6],[7].  
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Figure 1: k3-weighted EXAFS and Fourier Transform of Zr in NS2, albite and nepheline glass taken at the 
K-edge (2000 ppm Zr). 

 

Figure 2: k3-weighted EXAFS and Fourier Transform of Zr in elpidite and wadeite crystals taken at the K-
edge (wadeite ∼ 23wt% Zr; elpidite ∼ 15wt% Zr). 
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Introduction and sample description 
Sandstones are used in many contemporary and historical buildings. A black surface crust 
often forms on these sandstones with time as a result of air pollutants and the mobilization of 
chemical components from minerals within the rock itself. In this respect, migration of Fe and 
a possible change in its chemical coordination during its migration towards the surface is 
suggested as a key element in the surface coloration.  
In order to optimise and improve on conservation efforts, an improved knowledge on the 
factors and processes occurring internally and at the surface of the sandstones is needed. A 
complete chemical characterization of the sandstone and its crust is therefore a necessity.  
For this study, the Belgian Bray sandstone was selected, which is a quartz arenite from the 
Middle-Upper Thanetian (Palaeocene, Palaeogene). This natural building stone was used for 
the construction of various important monuments in Binche, Mons and Gozée in Belgium 
from the 11

th
 century until 16

th
 century [1]. 

Experimental 
The µ-XRF and µ-XANES spectra were recorded on a ~500 µm thick slice of sandstone, cut 
perpendicular to its surface, comprising both the crust and the interior of the sandstone (see 
Figure 1).  
Two dimensional elemental maps of this thin sandstone section were obtained using an Eagle 
III (EDAX) laboratory micro-XRF spectrometer equipped with a Rh X-ray tube operated at 40 
kV. Spectra are recorded with a liquid nitrogen cooled Si(Li) energy dispersive detector. 
Focusing is achieved with a glass polycapillary providing a user selectable beam size of 25-
300 µm. The 2D µ-XRF maps were recorded in vacuum using a beam size of about 100 µm. 
The raw XRF spectra were converted into elemental net peak intensities using the non linear 
least squares fitting software package AXIL [2]. 
A Fe-K µ-XANES line scan over this cross section in steps of 0.5 mm was measured. The 
XANES spectra were recorded in fluorescence mode with a vortex-EX detector at beamline L 
of the DORIS III storage ring using a Si(111) monochromator. The monochromatic beam was 
focused by a polycapillary lens (XOS inc.), resulting in a beam size of about 15 µm (FWHM) 
at the Fe K edge.  

Laboratory 2D micro-XRF 
An example of the laboratory µ-XRF 2D elemental maps is given in Figure 2. Higher 
concentrations of Al, Ca and to a lesser extent Fe throughout the crust can be observed, 
indicating a surface enrichment of these elements and a slight enrichment at the transition 
between the crust and the interior of the stone.  
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Figure 1: .Optical image of the 500 µm 

thick sandstone slice with surface crust. 

 
 
 
 

 

 
Figure 2: 2D µ-XRF elemental maps on 

Bray sandstone with crust (~500 µm thick), 

tube voltage 40 kV, beam size ~100 µm, 

LT 22 s. 
 

Synchrotron Fe K micro-XANES 

The µ-XANES spectra taken along a line 

perpendicular to the surface of the sandstone 

slice are shown in Figure 3 All XANES 

spectra are typical for Fe
3+

 in 6-coordinated 

sites, more specific like in Fe2O3 and 

FeO(OH) [3]. There are no significant 

differences in the local Fe structure as a 

function of the depth in the stone, the Fe 

cations have a Fe
3+

 oxidation state and are 

octahedrally coordinated with oxygen. Due 

to the similarity between the XANES spectra 

for Fe2O3 and FeO(OH), a possible transition 

between these two compounds can not be 

excluded nor identified with the current data 

set and will resuire additional investigation. 
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Radioactive particles containing refractory radionuclides such as uranium and plutonium have been 

more frequently released to the environment during severe nuclear events than previously 

anticipated. Following nuclear weapons tests (e.g., at Maralinga, Australia; Mururoa, French 

Polynesia; Nevada Test Site, USA; Semipalatinsk, Kazakhstan), reactor explosions and fires (e.g., 

Chernobyl, Ukraine; Windscale, UK), and aircraft accidents (Thule, Greenland; Palomares, Spain), 

a major fraction of refractory radionuclides released to the environment have been identified as 

radioactive particles [1]. 

Particle characteristics such as the activity concentrations and activity or isotopic ratios are source 

dependent (depending on fuel burn-up), while properties such as size distribution, shape, crystalline 

structures and oxidation states of matrix elements also depend on specific release conditions [1]. 

For uranium fuel, flake-like corroded particles were released under 

low temperature and pressure conditions (i.e. from the Windscale 

piles during early 1950s), crystalline particles were released under 

high temperature and pressure conditions (during explosion in the 

Chernobyl reactor) [2], while fragile particles containing highly 

oxidized U were observed following fire in a DU ammunitions 

storage (Kuwait) [3]. Information on particle characteristics that have 

a strong influence on weathering rates is essential to estimate the 

ecosystem transfer rate for particle-affected areas. According to 

IAEA CRP (2001-2007) “the failure to recognise radioactive 

particles in the environment may lead to analytical inconsistencies, 

irreproducible results and erratic conclusions”.                      Figure 1. 

Photograph of an above-ground nuclear explosion and of the mouth of one of the 

tunnels employed for underground nuclear explosions in the Degelen mountains.  

During 1949-1989, a total of 456 nuclear weapons tests have been performed in the atmosphere (86), above 

and at ground surface (30) and underground (340) at Semipalatinsk. The Degelen Mountain nuclear test 

facility was the largest underground nuclear test site in the world, consisting of 186 separate tunnels 

in natural mountain formations.  Between 11 October 1961 and 10 October 1989, 224 tests were 

conducted there. The confined circumstances in the tunnels produced U and Pu containing particles 

that have other physico-chemical properties than those produced in above-ground explosions [4].  

In Fig. 2 optical micrographs of some of the examined particles produced during the Degelen 

mountain tests are shown. The relatively large (500-1200 µm diameter) globular particles are fairly 

uniform, and have a greyish-black colour with a glassy, non-porous surface. The external 

appearance of these particles is generally very different from the large, U and Pu-containing 

particles encountered among the debris of above-ground nuclear explosions [3]. With the specific 

aim of establishing (a) which (amorphous and crystalline) phases are present in these particles, (b) 

in which of these phases the actinide elements are present and (c) the spatial distribution and 
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chemical state of these elements, the particles were subjected to 

a combination of different X-ray based methods: absorption X-

ray microtomography, confocal XRF mapping and microbeam 

XRPD tomography.                            .          
                        Figure 2. Optical photographs of two of the  examined 

Degelen (Kazakhstan) particles:  (a) ca 1200 µm and (b) ca 600 µm diameter.  

 

A summary of the different results obtained from the particle shown in Fig. 2b, corresponding to 

one of the planes through the center of mass of the particle, is shown in Fig. 3. 

                    
Figure 3. (a) Phase specific composite tomogram (red = glassy phase; green = magnetite) obtained by XRPD 

tomography (dimensions of map: 660x660 µm
2
) (b) Absorption tomogram and (c) elemental specific distributions 

(200x200 µm
2
) obtained by confocal XRF in different planes through the approximate center-of-mass of  the particle 

shown in Fig. 2b.  

 

The absorption tomograms of the particles (Fig. 3b) reveal that below the smooth and regular 

exterior, several phases of strongly different density are present as well as quasi-circular voids. 

Some of these voids are filled with solid material. This may reflect formation of these particles by 

condensation/solidification from liquid/gaseous state at high temperature and pressure. The most 

abundant material appears to be an amorphous, glassy phase (see Fig. 3a) in which a variety of trace 

metals are present, such as Fe, Cu, Zn, Ga etc. The distribution of these metals within the glassy 

phase appears to be heterogeneous, supporting assumptions of rapid condensation and solidification 

of previously fluid material. At the interface between the glassy material and the voids, the glass is 

enriched with respect to the actinides U and Pu. At some positions, local higher concentrations of U 

and Pu (and related elements such as Zr) are observed as well. The outer surface of the sphere 

appears different from the inner parts of the particle in the following ways: (a) no voids are visible 

from the outside; (b) the formation of a crystalline phase, Fe3O4 (magnetite) can be observed as a 

thin spherical layer of variable thickness coating the outside, (c) this outer shell is richer in trace 

metals such as Ga, Zn, Pb, Fe and Cu as well as in U and Pu. Micro-XANES measurements 

performed at the U- and Pu-L3 edges reveal that the actinides are highly oxidized (e.g. U
VI

). 

All these observations together suggest that the glassy, Fe-rich, amorphous phase that makes up the 

bulk of the particle is gradually crystallizing on the outside of the particle, possibly due to 

interaction with environmental agents such as moisture and oxygen, resulting in the formation of 

crystalline magnetite. Due to the crystallisation process, the leacheability of actinides from the 

surface of the particles may increase, as they are present in highly oxidized, and potentially mobile 

forms.   
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The health effects of aerosol depend on the size distribution and the chemical composition of the particles. 
Heavy metals of anthropogenic origin are connected to the fine (PM2.5) aerosol fraction. In order to assess 
the toxicity of heavy metals, information on the chemical speciation is necessary, the determination of the 
average elemental concentrations is not sufficient. The composition and speciation of aerosols can be 
variable in time, due to the time-dependence of anthropogenic sources as well as meteorological conditions. 
For this reason it is crucial to have analytical methods that enable to speciate heavy metals in aerosols from a 
short sampling period while retaining the information on the size distribution of the particles.  

X-ray absorption near-edge structure (XANES) spectrometry is capable of non-destructive speciation of 
metals in solid samples, even if the element of interest is present in low concentrations (<0.1 %). Huggins et 
al. [1] applied XANES in fluorescence mode using the normal 45º/45º geometry at SSRL and NSLS for 
speciation of different elements in urban and diesel PM standard reference materials, requiring several 
milligrams of material for the analyses. Recently a Chinese [2] and a Japanese [3] group applied XANES for 
speciation of Mn, Fe, Zn and Pb in aerosols collected on filters. Using the standard geometry, PM10 samples 
collected for 24 and 48 hours could be successfully investigated. Total-reflection X-ray fluorescence 
(TXRF) using synchrotron radiation provides very high sensitivity for aerosol characterization enabling 
detection of trace and ultra trace amounts (ng/m3, pg/m3) of most elements [4]. Thus XANES spectrometry 
in conjunction with TXRF detection can enable a diminishing of the sampling time to a few minutes 
delivering speciation information on heavy metals with extremely high time resolution. In the TXRF-
XANES application a suitable aerosol collector (impaction plate) can be directly measured without any 
sample preparation or handling that decreases the risk of contamination. 

Aerosol samples were collected on silicon wafers at different urban and background locations in Hungary 
and Austria using a 7 stage May cascade impactor [5]. Since the investigation was focused on the fine 
aerosol sample fraction, aerosol collection was performed only at stages 4, 5, 6 and 7, with aerodynamic cut-
off diameters of 2, 1, 0.5 and 0.25 µm respectively. Each stage of the May impactor has an impacting slit, 
therefore the collected particles are deposited on the silicon reflectors as a thin strip with approximate 
dimensions of 20 mm × 0.3 mm. 

The measurements were performed at HASYLAB Beamline L using the TXRF vacuum chamber 
[6]. The white beam of a bending magnet was monochromatized by a Si(111) double 
monochromator. The vertical dimension of the beam was set to 0.5 mm. The absorption spectra 
were recorded in TXRF mode, tuning the excitation energy near the K absorption edge of Zn by 
stepping the Si(111) monochromator, while recording the Zn-Kα fluorescent yield using an energy-
dispersive Radiant silicon drift detector. The used energy step size varied between 0.5 (edge 
region) to 2 eV (more than 50 eV above edge). ZnO containing particles deposited to Si wafers 
using the May-impactor as well as Zn(NO3)2 and ZnSO4 prepared using a nanoliter injector were 
used as standards. The measuring time for each energy point varied from 5 s to 30 s depending on 
the concentration of the element of interest. Cr standards having a known mass in dimensions 
identical to the deposited aerosol particles could be used for calculating the zinc concentration in 
the samples. 

Information on Zn speciation could be obtained from air concentration of Zn as low as 100 pg/m3 
for a 20-min sampling time in the 0.5-1 µm aerosol fraction. Around 10 sample sets of different 
origins containing four size fractions in the diameter range of 0.25–4 µm were measured. As an 
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example, Figure 1 shows TXRF-XANES spectra of Zn standards and an aerosol sample set 
originating from the city centre of Pécs (Hungary). A general trend of a decrease of white line with 
increasing particle diameter was observed which is not due to self absorption effect because of the 
low Zn content in the samples (<3 ng). The submicrometer fractions contained Zn as a mixture of 
sulfates and nitrates in all samples, in accordance with the findings of Ohta et al. [3] from much 
larger sample volumes. Soil originated Zn (as zinc carbonate) was observed only in large particles 
(1–4 µm). In Budapest, sample sets collected in summer and in winter were also measured. The 
dominant chemical form of zinc in submicrometer particles was zinc sulfate in some samples, and 
zinc nitrate in other samples. However, no clear seasonal dependence was observed in the zinc 
speciation in submicrometer particles. The size distribution of the Zn speciation was found to be in 
accordance with the origin of the aerosol samples. 

 

Figure 1: TXRF-XANES spectra of zinc standards (left) and aerosol samples collected at Pécs (city centre) 
at impactor stages 7, 6, 5 and 4.  
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Two-photon double ionization (DI) of H2 or D2 is of fundamental interest for studies of electron-
electron and electron-ion correlations [1, 2]. Free electron lasers, delivering coherent pulses of 
EUV-photons with femtosecond durations at unprecedented intensities, in combination with 
advanced multi-particle detection systems −  a  reaction microscope [3] – open a new era exploring 
the dynamics of molecular ionization, dissociation, alignment, and nuclear wave packet 
propagation.  

The measurements were performed at photon energies of 38.8±0.5 eV, with pulse durations of ≅30 
fs, and intensities of I ≅ 1013 W/cm2 at FLASH. Ionic fragments produced by the interaction with 
the light-pulse are projected by means of an electric field onto time- and position-sensitive MCP 
detectors. From the measured time-of-flights and positions of each individual fragment the initial 
3D momentum vectors are reconstructed.  

We have performed two model calculations in the framework of the Franck-Condon approximation 
in which (i) the two electrons are directly ionized (direct mechanism) and (ii) the two electrons are 
treated as independent particles and the two photons are absorbed sequentially by each electron 
(sequential mechanism). The probabilities resulting from both calculations have been added 
incoherently. 

The kinetic energy release (KER) spectrum for coincident D++ D+ fragments is plotted in Fig. 1. 
The experimental result is found to be well described by theoretical calculations in Fig. 1. The peak 
at EKER=10 eV is populated by sequential DI after nuclear wave-packet motion in the D2

+ (1sσg) 
state initiated by the first photon. Since the FEL pulse duration (~30 fs) is about four times longer 
than the vibration period (7~8 fs) of D2

+(1sσg), populated by absorption of the first photon the 
nuclear wave packet is able to move to the outer classical turning points, where the second photon 
is absorbed with larger probability. Two different ionization processes, namely sequential DI 
occurring in the FC regime, when the nuclear wave packet had not moved significantly, and direct 
DI via a virtual state, both are responsible for forming the second peak at EKER=17.5 eV. 
Surprisingly, neither the doubly excited states of D2 nor excited states of D2

+ play a significant role. 
The reason is that more than 95% of one-photon ionization probability leads to the ground state of 
D2

+.  

The modulation of the KER spectra presents first experimental evidence on the interference 
between direct and sequential DI channels, where two photons are absorbed simultaneously and 
sequentially (with certain time-delay) within one pulse, respectively. This kind of interference was 
predicted very recently to occur with not too short (>10 fs) and intensive EUV-pulse [4]. Detailed 
evaluation is under preparation [5].  
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Figure 1: KER spectra for the coincident fragments D++D+. 
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With the goal to perform kinematically complete double and triple ionization studies on lithium we
have set up a new apparatus implementing a magneto-optical trap for Li atoms into a Reaction Mi-
croscope (MOTREMI) capable of multi-particle imaging. Thus, in combination with ultra-intense
free electron lasers, fully differential studies of photon-induced triple ionization of Li with a small
cross section of several barns and even below will become possible in future.
In April 2008, a pilot experiment on double photoionization(DPI) of lithium close to threshold (by
85 eV and 91 eV photons) was performed at FLASH, which delivered VUV photon pulses with
a duration of about 30 fs and up to1012 photons per pulse. Our setup allowed for the preparation
of the target initial electronic state{LML S π} by optical pumping and, for the first time, this was
demonstrated to be used to control the DPI dynamics [1]. Witha linearly polarized laser beam on
resonance with the transition Li(2s 2S1/2) → Li(2p 2P3/2) up to45% of the atoms could be excited,
leading to a symmetry change of the initial state. Moreover,alignment along the laser polarization
could be achieved, varying the magnetic sublevel population with respect to the quantization axis
defined by the VUV electric field vector. In this study the recoil ion momenta from single ionization
and double ionization involving one1s electron and the valence electron were observed.
Fig. 1 shows the DPI cross sections in dependence of the recoil ion momentum for the differently
prepared initial states at the photon energy of 85 eV. The significant increase of the integral cross
section in going from the2s to the2p initial state is consistent with the 1.8 eV increased excess
energy due to the excited initial state. Interestingly the cross section depends also on the geometry
of the excited state as sketched in Fig. 1. For alignment of the2p orbital (blue lobes) parallel to the
dipolar emission pattern of the1s electron (red lobes) double ionization is more likely in particular
for small recoil ion momentum below 0.6 a.u. compared to perpendicular alignment. Since the ion
compensates the sum momentum of the electrons, a small recoil ion momentum corresponds to their
symmetric back-to-back emission. Thus, a possible explanation which is supported by preliminary
theoretical calculations is related to the threshold dynamics of double ionization which requires the
back-to-back emission of both electrons in order to minimize their Coulomb repulsion. This ideal
emission configuration can be reached easily for parallel alignment leading to an increased cross
section at small recoil ion momentum. On the other hand for the perpendicular case not only the
spatial distribution but also the respective momentum wavefunction is perpendicular to the VUV
polarization axis suppressing back-to-back electron emission with small recoil ion momentum.
This picture is supported by two observations. Firstly, no alignment dependence was observed for
simultaneous ionization and excitation. While this reaction is also mediated by electron correlation
no long range continuum interaction is involved. Secondly,the alignment dependence for DPI was
observed to decrease significantly for increasing photon energy to 91 eV, i.e. for growing energy
distance from threshold. This demonstrates that this effect is not enforced by symmetry, but rather
is a subtle dynamical correlation which is more effective towards the double ionization threshold.
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In conclusion a new means to modify the dynamic electron correlation leading to double photoion-
ization is demonstrated by laser preparing the target atomsin an excited state and with different
spatial alignment. While in the present experiment the crosssection could be modified by a factor
of 1.34 for 6 eV excess energy a much higher contrast can be expected closer to threshold. Thus,
by means of a purely geometrical modification of the target initial state without changing its inter-
nal energy the dynamical electron correlation can be controlled such that PDI is either enabled or
essentially suppressed.
In future the increased photon flux of the free electron laserFLASH as compared to 3rd generation
synchrotrons in combination with the MOT reaction microscope will make kinematically complete
studies of triple photoionization of lithium possible. Thus, one of the simplest four-body Coulomb
break-up reactions will become accessible despite its small cross section in the order of a few
10−24 cm2. Highly desirable for such studies is an increased repetition rate of the FLASH light
pulses in the order of 10 kHz.

Figure 1: Left: Scheme of the DPI process, showing that the lithium target isinitially prepared with different
spatial alignments of the laser excitednl = 2p orbital (blue lobes) relative to the indicated FEL polarization
(E), and the dipole emission pattern of the ionized1s electron (red lobes). Right: DPI cross section as func-
tion of theLi2+ recoil momentum for parallelLi(2p ‖) (red) and perpendicularLi(2p⊥) (green) alignments,
compared to the ground stateLi(2s) (black) as a reference.
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X-ray absorption of cesium vapour in the energy region of L edges was measured at Hasylab station 
C, using the two-crystal Si 111 monochromator with the resolution of ~1 eV. The vapor was 
contained in a 10 cm long stainless steel absorption cell with 50 µm beryllium windows (Fig.1a), 
heated to 700 C in a tubular oven with a protecting He atmosphere [1]. A number of technical 
details had to be mastered in this extremely demanding experiment. Owing to the high quality of the 
C station beam, the absorption in the entire energy region has been determined with uniform 
accuracy, as shown in the panoramic view of Fig. 1b.  

The result – cesium atomic x-ray absorption – is a fundamental atomic property, a test case for 
theoretical models. For the purpose, the energy scale of the monochromator was carefully calibrated 
with the characteristic points in the K edges of Ti, V, and Cr (4965 eV, 5464 eV, and 5989 eV, 
respectively).  
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Figure 1: a) Absorption cell. b) Cesium vapour absorption in the region of the L edges. The scans of metal 

foils for exact energy calibration are also shown. 

The comparison of three Cs L edges and the subsequent stretches of the absorption cross-section, 
plotted in the energy scale relative to the ionization threshold and normalized to the edge jump, 
show essential differences in the strength of the “white line” and in the details of the multielectron 
excitations, although the basic sequence is the same: the valence and subvalence coexcitations at 
~20 eV, and 4d coexcitations just below 100 eV. (Fig 2abc). The difference in the strengths of 
individual collective excitation channels is also expected to explain the “polarization effect” (Fig. 
2d) of the effective one-electron models [2] i.e. the basically different shapes of the relatively 
smooth stretch of the absorption cross section between the edges – convex between L3 and L2, flat 
between L2 and L1, and concave above L1.  
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The vapour absorption also provides the exact “atomic absorption background” for the XAFS 
spectrometry at cesium L3 edge. 
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Figure 2: a) The comparison of the three edge regions, brought to a common energy origin and normalized 
to unit edge jump; b) edge profiles with the Rydberg resonance; c) the parallel sequences of multielectron 

excitations;  d) the “polarization effect” as a consequence of collective excitations.  
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Much of our knowledge about molecular structure and reactivity is based on interpreting how 
molecules interact with light. In femtochemistry experiments, information about an evolving 
molecular structure is inferred by relying on available knowledge about the way that molecular 
absorption spectra depend on the instantaneous molecular structure. In small molecules this is 
possible, but it soon becomes problematic when the size of a molecule increases. In larger 
molecules it becomes more attractive to rely on diffraction as a means to obtain structural 
information. In a diffraction experiment structural information is encoded in interference patterns 
that result from the way that an electron or light wave scatters. 

One of the main driving forces behind the development of high-flux extreme ultraviolet (XUV) and 
x-ray free-electron lasers (FELs) is the possibility to perform diffractive imaging of small 
objects [1]. One of the prospects of x-ray FELs is to image isolated bio-molecules by a 
reconstruction that starts from a single-shot x-ray diffraction pattern [2]. Alternatively, one may 
employ the diffraction of electrons that are emitted as a result of photo-ionization by the FEL as a 
probe of molecular structure. Using electrons formed in photo-ionization as a means to “illuminate 
the molecule from within” [3], time-resolved molecular dynamics can be studied in a manner that is 
radically different from the methods that have so far been used in femtochemistry experiments, and 
that connects in a much more direct way to the structural transformations that are occurring. Due to 
the shorter electron wavelength, this will allow for Ångström resolution already at the XUV FEL 
sources available today, like the FEL in Hamburg (FLASH).  

In diffractive imaging based on photo-ionization, it is vital that a large number of molecules 
participate in the experiment simultaneously. From this it follows that prior to the experiment all 
molecules need to be prepared with the same laboratory frame alignment and orientation, so that the 
observation of the photo-emission in the laboratory frame can immediately be related to the photo-
emission that occurs in the molecular frame. Exploiting recent developments in the interaction of 
strong femtosecond laser fields with the rotational degrees of freedom of molecules, it has become 
possible to align and orient molecules making use of (a combination of) femtosecond laser 
excitation and static electric fields. In particular, intense femtosecond laser fields interact with the 
anisotropic polarizability of molecules, inducing a torque in the molecule that drives the molecular 
axes towards alignment along the laser polarization axis [4]. In a first proof-of-principle experiment 
we have now demonstrated the possibility to create and probe laser-induced molecular alignment at 
FLASH [5].  

In the experiment, a femtosecond infrared laser pulse that was provided by the FLASH Laser group 
and that was precisely synchronized to the FLASH FEL pulses, was used to create an aligned 
sample of CO2 molecules. 46 eV radiation from FLASH was used to doubly photo-ionize the 
molecules, leading to a rapid fragmentation by means of a Coulomb explosion. The width of the 
fragment ion angular distribution that was measured in this fragmentation process (using a velocity 
map imaging spectrometer) allowed one to deduce the degree of alignment. Importantly, the 
alignment was achieved both while the infrared alignment laser was present and subsequently, at 
regular intervals, under field-free conditions. In order to optimize the time-resolution in the 
experiment, all data were collected single-shot, and combined with a single-shot electro-optic 
measurement of the XUV-IR time delay [6].  
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With the demonstration of laser-induced molecular alignment at FLASH under laser field-free 
conditions, one of the important conditions for experiments on time-resolved molecular imaging 
using photo-ionized electrons has been met. In future experiments at FLASH (including 
measurements in the spring of 2009) our team will try to record photoelectron data and will try to 
apply the approach to a dissociating molecule. 

 

Figure 1: O+ fragment distributions from a randomly aligned (a) and an aligned (b) sample of CO2. The outer 
ring corresponds to the Coulomb explosion channel. 
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Among the new ultrashort X-ray sources the free-electron laser (FEL) at DESY (FLASH) has 
outstanding features. Providing pulse energies up to 100 µJ and pulse lengthes down to 20 fs [1] 
FLASH allows for new classes of soft X-ray experiments e.g. nonlinear X-ray optics [2] , X-ray 
pump and probe experiments, two beam interferometry and holography. A split and delay unit 
(autocorrelator) has been especially developed for the use with FLASH [3] to provide jitter-free 
replica pulses for x-ray pump/x-ray probe experiments. Based on geometrical wavefront beam 
splitting and grazing incident angles it covers the fundamental energy range of FLASH (20 -
200 eV) with an efficiency of better than 50 %. In the experiments presented here this autocorrelator 
has been applied to examine the average temporal properties of FEL pulses delivered from FLASH 
by means of linear and nonlinear autocorrelation. All experiments have been performed at beamline 
BL3 approximately 70 m behind the undulator. 

A fundamental property of a FEL pulse is its spatio-temporal coherence [4] being essential for 
interferometric and holographic experiments as well as for a deeper insight in the FEL process. 
Whereas the spatial coherence of FLASH pulses has been investigated at different wavelengths by 
applying a double slit geometry (at first in [4]) no experimental data about the temporal coherence 
properties have been measured so far. Benefiting from the good spatial coherence we have 
determined temporal coherence properties at 24 nm by interfering the two delayed partial beams 
directly on a CCD camera. In figure 1A an example of the clear interference fringes (tilted) 
observed at delay zero is shown. Notable, there are additional, delay-independent diffraction 
patterns resulting from the beam splitter (vertical) and an aperture in the beamline (circular), 
respectively. The visibility of the fringes, i.e. the mutual coherence, is as high as 0.9 at zero delay. 
Figure 1B displays the visibility versus the delay between the partial beams thus representing the 
temporal coherence function. From the central peak the average coherence time of the FEL pulse 
can be extracted. The visibility of the fringes rapidly decreases with increasing delay giving an 
average coherence time of 6 fs being in good agreement with estimations from FEL theorie (for a 
more complete discussion see [7]). The remaining coherence (at larger delays) fluctuates from shot-
to shot. These strong fluctuations of the coherence reflect the stochastic SASE process and the 
presence of several modes (spectral, temporal and spatial) in the FEL pulse at 24 nm. The displayed 
temporal coherence function (figure1B) shows a monotonic distribution. Any (temporal) mode 
structures have been washed out during the measurement. But the temporal position of the modes 
can as well be relatively stable from pulse to pulse resulting in a non monotonic temporal coherence 
function. Such modulated temporal coherence function measured during an earlier measurement 
period at FLASH is discussed in detail in [7]. 

Furthermore, the knowledge of the pulse length is crucial for many experiments e.g. any kind of 
time resolved measurements and multiphoton processes [2, 5]. While the nonlinear autocorrelation 
is a well established method to determine the pulse length in the UV and visible spectral regions 
there is a lack of efficient nonlinear (nonresonant) detection processes in the soft X-ray regime. 
Here we used direct two-photon double ionization (2PDI) of helium [6] to measure the nonlinear 
autocorrelation function at 24 nm (51.8 eV). In the 2PDI experiment a spherical multilayer mirror 
was used to refocus the X-ray pulse into the helium gas to achieve an intensity of up to 10

14 
Wcm

-2
. 

The details of the detection of the ions are described in [2]. In figure 1C the nonlinear 
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autocorrelation signal (He
2+

 ion signal) is plotted versus the delay. Assuming a Gaussian pulse 
shape a pulse length of 29 ± 5 fs is  extracted from the fit.  

We had successfully tested the autocorrelator as a tool for time resolved two pulse X-ray 
experiments. The recording of the spatial fringes allows for a straightforward detection of delay 
zero. The longitudinal pulse parameter at 24 nm has been determined to 6 fs and 29 ± 5 fs for the 
coherence time and the pulse length (FWHM) respectively. The nonlinear autocorrelation at these 
high intensities is an important step towards the evaluation of dynamic phenomena in nonlinear X-
ray optics. 

Figure 1: A Interference fringes of spatially partly overlapped beams (∆x=1.1 mm) at zero delay, B 
Visibility of the fringes as function of  the delay between the two partial beams (mean value of ten pulses), 
C Time-resolved two photon double ionisation of He (red dots). The blue line denotes a Gaussian function 
with 39 fs FWHM yielding a pulse duration of τL = (29 ± 5) fs for the FEL pulse at 24 nm. 
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Absorption of extreme ultraviolet (EUV) radiation by simple molecules like N2 or molecular ions is 
of paramount importance for the physics and chemistry of planetary upper atmospheres and of 
interstellar clouds. Ultra-brilliant, short-pulse radiation sources of the next generation, such as the 
free-electron laser at Hamburg (FLASH) [1] now open a new chapter in exploring this interaction in 
so far not accessible regimes.  

Here we report on a pioneering differential experiment on multiple ionization (MI) of N2 induced 
by few VUV-photons at 44±0.5 eV explored in a Reaction Microscope [2] via complete fragment-
ion momentum imaging. We observe sequential absorption of up to five photons within one ~30 fs 
FLASH pulse, measure the kinetic energy releases (KER) and fragment ion angular distributions 
(FIAD) of numerous dissociating or Coulomb-exploding states [3]. 

As an example we present polar FIADs, differential in the KER in Fig. 1(a-c) for N+, coincident 
N++N+ as well as N2+ ion emission, respectively. FIADs in Fig. 1(a) are predominantly due to 
single-photon single ionization, (γ,e). Here, so called F- (EKER≈2 eV) and H-bands (EKER≈5~9 eV) 
dominate the KER spectrum (white line). In order to shed light on two-photon double ionization of 
a molecule we analyze in Fig. 1(b) the (N++N+) Coulomb-explosion channels resulting purely from 
(2γ,2e). Here, the dications are observed to predominantly fragment perpendicular to the 
polarization of the light for the channels originating from N2

2+ in the A1Πu (a) and d3Πg (b) states 
whereas those from D1Σu (c) are mainly oriented along the polarization.  

This finding, along with the fact that the molecule cannot rotate by 900 within ~25 fs, allows us to 
(i) trace sequential ionization (SI) pathways and (ii) analyze photo-ionization from aligned 
molecular ions, never investigated before. Thus, there is strong evidence that the A1Πu and d3Πg 
states (perpendicular explosion) cannot be created via SI from the dissociating F- and H-bands 
(parallel dissociation), but rather should result predominantly from single photon absorption from 
the bound N2

+ states.  

Similar conclusions can be drawn from KER-dependent FIADs for N2+ fragments in Fig. 1(c), 
where we can assign KERs below ~10 eV to the (3γ,2e) channel dissociating into N2++N. Since the 
fragmentation exclusively occurs parallel to the polarization a population through the F-and H-
bands as well as possibly through the bound N2

+ states (unknown alignment) is allowed.  For the 
triply ionized final states instead, produced via absorption of not less than five photons and with 
KERs above ~10 eV (outer part in Fig. 1(c)), we find exclusive N2++N+ explosion along the 
perpendicular direction, essentially ruling out the N2

+ (F- and H-bands) as well as the N2
2+ (D1Σu) 

state as intermediate sequential steps.  

In summary, few-photon induced MI of N2 proceeds effectively through sequential absorption 
mechanism and rich-structured patterns in the KER-dependent FIADs were observed highlighting 
alignment-dependent multi-photon absorption and ionization dynamics, pointing to the rich future 
potential in the field.  
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Figure 1: FIAD polar density plots differential in the KER for various fragmentation channels. θ and the 
radius represent the angle with respect to the polarization axis (horizontal) of the linearly polarized light and 
the KERs, respectively. Curves display the KER spectra integrated over all fragment emission angles θ. a)  
N+ fragments. b) N++N+ coincidences. c) N2+ ions. 

 

YHJ thanks for support from DFG project no JI 110/2-1. Support from the Max-Planck Advanced 
Study Group at CFEL and from HGF "Virtual Institut Atomic and Cluster Physics at FEL" is 
gratefully acknowledged. 

 

References 
 

[1] W. Ackermann et al., Nature Photonics 1, 336 (2007). 
[2] J. Ullrich et al., Rep. Prog. Phys. 66, 1463 (2003). 
[3] Y. H. Jiang et al., Phys. Rev. Lett. 102, 123002 (2009). 

-477-



Photoionization of noble gases in the extreme 
ultraviolet at ultra-high irradiance 

M. Richter1, S.V. Bobashev2, T. Feigl3, P.N. Juranić4, M. Martins5, A.A. Sorokin1,2, and K. Tiedtke4 

1Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, 10587 Berlin, Germany 

2Ioffe Physico-Technical Institute, Polytekhnicheskaya 26, 194021 St. Petersburg, Russia 

3Fraunhofer-Institut für Angewandte Optik und Feinmechanik, Albert-Einstein-Straße 7, 07745 Jena, Germany 

4Deutsches Elektronen-Synchrotron, Notkestrasse 85, 22603 Hamburg, Germany 

5Universität Hamburg, Institut für Experimentalphysik, Luruper Chaussee 149, 22761 Hamburg, Germany 

In a photoionization experiment on xenon atoms recently performed at FLASH, irradiance levels up 
to 8 · 1015 W cm-2 were achieved in the extreme ultraviolet (EUV) at the wavelength of 13.3 nm [1]. 
Surprisingly high degrees of ionization, up to Xe21+, were observed by ion time-of-flight (TOF) 
mass-to-charge spectroscopy. The explanation seems to be beyond the scope of low-order 
perturbation theory and a multiphoton scheme. In continuation of the xenon study, we now have 
compared the nonlinear photoionization of xenon with krypton argon, and neon at the wavelength of 
13.7 nm and irradiance levels around 2 · 1015 W cm-2 [2]. The respective target gas filled the 
experimental vacuum chamber homogeneously at the considerably low pressure of about 10-4 Pa to 
avoid any interaction between neighboring atoms and ions. Absolute FEL pulse energy in the 
microjoule regime was monitored with a relative standard uncertainty of 15% on a shot-to-shot basis 
by means of calibrated gas-monitor detectors [3, 4]. The gases were investigated under equivalent 
conditions in the microfocus region of a spherical multilayer mirror developed for EUV lithography.  

 

 

 
 
Figure 1: Ion time-of-flight (TOF) mass-to-
charge spectrum of xenon taken at 90.5 eV 
photon energy and the irradiance of (1.7 ± 0.5) · 
1015 W cm-2. 
 

 
 
Figure 2: Ion time-of-flight (TOF) mass-to-charge 
spectrum of krypton taken at 90.5 eV photon 
energy and the irradiance of (1.5 ± 0.5) · 1015 W 
cm-2. 
 

Figure 1 shows an ion TOF spectrum of xenon measured at 13.7 nm, i.e. at the photon energy of 
90.5 eV, and at the irradiance of (1.7 ± 0.5) · 1015 W cm-2. It confirms our former results obtained at 
13.3 nm [1]. Charge states up to Xe14+ occur which requires the energy of 1930 eV, i.e. 22 EUV 
photons of 90.5 eV each, to be absorbed by a single atom during the FEL pulse duration of 10 fs [5]. 
Compared to xenon, the corresponding spectrum of krypton looks significantly different as shown in 
Fig. 2. The highest charge state of krypton at (1.5 ± 0.5) · 1015 W cm-2 is Kr7+ which requires the 
energy of only 383 eV. The first four rows of Table I summarize, for all rare gases investigated, (a) 
the highest charge state observable at irradiance levels in the range from 1.5 to 1.8 · 1015 W cm-2, (b) 
the ionization energy required to reach this state starting from the atomic ground state, and (c) the 
corresponding minimum number nmin of EUV photons of 90.5 eV photon energy which must have 
been absorbed within a single FEL pulse by an individual atom to deliver this amount of energy. As a 
result, nmin strongly varies from nmin = 5 for krypton and argon, nmin = 8 for neon, and nmin = 22 for 
xenon. 
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Our comparative study of rare-gas photoionization in the EUV at ultrahigh irradiance levels clearly 
demonstrates the particular behavior of xenon compared to krypton, argon, and neon. The minimum 
number of photons which must have been almost simultaneously absorbed by an individual atom and, 
hence, the degree of atomic perturbation by the electromagnetic field are significantly higher for 
xenon than for the other gases. This is obviously reflected by the respective one-photon ionization 
cross section values for 90.5 eV photons which are listed in the last row of Table I. In the case of 
xenon, the photoionization cross section is strongly enhanced by the giant 4d εf continuum 
resonance and amounts to 24 · 10-18 cm2.  

Table I: Highest charge state q+
max observed at 

irradiance levels in the range from from 1.5 to 1.8 
· 1015 W cm-2, ionization energy I required to reach 
this state starting from the atomic ground state, the 
corresponding minimum number nmin of EUV 
photons of 90.5 eV photon energy which must 
have been absorbed within a single FEL pulse by 
an individual atom to deliver this amount of 
energy, and one-photon ionization cross section σ 
at 90.5 eV photon energy for the rare gases xenon, 
krypton, argon, and neon, respectively. 

 

In this context, it should be noted that the 4d giant resonance in xenon represents a prime example 
for strong electron correlation within an atomic system [6]. The correlations may be described by a 
collective motion of the ten electrons of the 4d shell, driven by the oscillation field of the 
electromagnetic wave. The application of this idea to high irradiance may explain our xenon results: 
due to the high amplitude, the collective oscillations within the 4d shell may lead to the emission of 
more than one 4d electron, up to all ten, more or less simultaneously. Subsequent Auger decay 
cascades, then, result in the higher charge states.  

In conclusion, our comparative rare-gas study at FLASH and the particular behavior of xenon show 
that in the EUV the interaction of high-power lasers with matter may strongly be affected by the 
inner-shell electron structure, electron correlation, and resonances. In this context, we hope to 
stimulate theoretical investigations, in particular, into the role of giant resonances and collective 
effects on photoionization in the high-intensity short wavelength regime. 
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Many atoms, molecules and clusters form protonized compounds with a wide occurence in nature,
from dilute gases to solution-type systems. Often these species can only be formed by gas phase
reactions, not by the more common electron removal from neutral compounds. Through their ef-
ficient reactions with neutrals, ions are essential for chemical activity in dilute and cold media.
Important protonized species are, among many others, H+

3 , HeH+, H3O+, and the protonized water
clusters (H2O)nH+. The pathways and mechanisms of their photofragmentation,mainly at pho-
ton energies in the VUV and above, are mostly unexplored experimentally in spite of their wide
occurrence in media penetrated by energetic photons. Moreover, many of these species are bench-
mark systems for quantum chemical studies involving elementary molecular structure (H+3 , HeH+)
as well as fragmentation dynamics following inner valence excitation and ionization (H3O+ and
the protonized water clusters). Within the development of the ion infrastructure TIFF at FLASH,
photofragmentation has been measured for HeH+ [1], H3O+ [2] and, very recently, on H+3 and
protonized water dimers and trimers.
Event-by-event fragmentation studies of protonized ions,produced by ion chemistry under dis-
charge conditions, become uniquely possible with energetic ion beams and the intense high-energy
photon pulses from FLASH. The TIFF device (Trapped Ion Fragmentation at FLASH) set up for
this purpose applies sources of molecular ions with currents of several tens of nanoampères and a
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Figure 1: Identification of the main photofragmentation channel H3O++ [(3a1)
−1] → H2O+ (A 2A1) + H+

of H3O+ at 13.5 nm [2] using fast-beam three-dimensional velocity imaging (4.24 keV ions) with the bias-
potential method on the “near” detector. (a) Correlation ofnormalized transverse and longitudinal velocities
(ρF /τF and1/τF , respectively) without bias (∼5100 hits), showing the parabolic structure of a two-body
decay; (b) same correlation at 75 V bias in the interaction zone (∼8700 hits), showing acceleration of the
fragments corresponding to H+ (black dashed line) rather than H+

2 (red) and identifying the two-body decay
H2O+ + H+; (c) distribution of kinetic energy releasesEk from the correlation map with ionized H3O+

orbital and H2O+ final state indicated.
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system for ion-beam guiding, pulsing and trapping at keV kinetic energies with a crossed-beam ion-
photon interaction zone. Multichannel-plate fragment imaging detectors are arranged close to the
ion beam axis behind the crossed-beam interaction region. The ion interaction zone lies upstream
of the user platform in the PG2 beamline at FLASH.
For analyzing the photofragmentation pathways of polyatomic protonized molecules, techniques
were developed at TIFF in order to identify the neutral as well as the ionized atomic or molecular
fragments, event-by-event, from the crossed-beam interaction zone by fast-beam three-dimensional
velocity imaging. Two multihit delay line detectors, whoseaxes coincide with the ion beam direc-
tion, are installed at∼0.87 m from the beam crossing (“far” detector, sensitive to neutral fragments
and covering angles up to∼2.2◦) and at∼0.26 m (“near” detector, sensitive to light charged and
neutral fragments and covering an angular range of about2.5◦ to 8.5◦ with a central opening). The
“near” detector was taken into operation recently and, after stray light optimization, could be oper-
ated at a low background from scattered FLASH photons in spite of its large open area exposed to
the interaction region. An electric bias potential in the interaction zone is used in a new procedure
for analysing fragment charges and masses by time-of-flightmeasurements.
Valence ionization of H3O+ at 13.5 nm (91.8 eV photons) was observed recording about 5000 frag-
mentation events per hour with 40 FLASH (micro)pulses per second,∼15µJ per pulse and∼60 nA
ion beam. The fragments on the “near” detector were analyzedby recording the correlation of their
velocity components parallel and perpendicular to the ion beam and by observing shifts in their
times-of-flight as a function of the bias potential at the crossing point. This method identifies them
as protons from the two-body channel H2O+ + H+ (see Fig. 1); from the measured energy release,
they mainly originate from the ionization of an electron from the lone pair (3a1 orbital) in H3O+

and generate the H2O+ product in the state A2A1 excited by 1.7 eV. On the “far” detector, neutral
fragments are observed with a high yield; by coincidence measurements with the “near” detector,
they are identified as ground-state OH molecules produced together with two protons.
The recent measurements on H+

3 and on protonized water dimers and trimers have yielded fragmen-
tation data with similar rates as for H3O+ and are presently under analysis. Moreover, in further
measurements on HeH+, the ion beam trapping option of TIFF was successfully implemented, per-
forming FLASH photodissociation with vibrationally relaxed ions extracted from the ion beam trap
after 50–150 ms of storage. Considerable influence of vibrational excitation in HeH+ photodisso-
ciation is predicted in recent theoretical work [3] triggered by the TIFF experiment [1]. The new
measurements, whose analysis is in progress, were devoted also to the channel HeH+ → H + He+

not covered in the first study [1].
Activities are underway to realize photoelectron spectroscopy from crossed-beam interaction of
ions with FLASH. Because of the low target density, this requires the development of electron
spectrometers operating at very low base pressures (down to10−11 mbar). The measurements aim
at detecting non-local autoionization processes [4] in molecular clusters around cationic centers
and at studying related fragmentation processes.
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The interaction of intense XUV radiation from FLASH with atomic targets has revealed some new 
and surprising results related to multi-photon processes in the short-wavelength regime. In 
particular, two-photon double ionization processes have been studied extensively using a reaction 
microscope, which can provide information about the angular correlation of the outgoing electrons 
[1,2]. Ion yield experiments [3,4] have demonstrated the production of very high charge states, 
which are completely out of the reach of a one-photon process. Especially, for atomic Xe the 
potential role of the strong 4d-4/εf giant resonance has been highlighted. In the present study, we 
have started an investigation of the underlying processes by electron spectroscopy, concentrating 
here on the direct two-photon ionization of Xe. 

The experiments have been performed at beamline BL3 at FLASH using a magnetic bottle type 
electron spectrometer (MBES) for the analysis of the kinetic energy of the photoelectrons [5] and a 
multi-layer mirror to refocus the FEL beam into the interaction volume (Fig. 1). A beam block in 
front of the mirror enabled us to determine the signal produced by the unfocussed incoming beam 
(diameter about 10 mm) and to extract in this way the electron spectrum corresponding to the 
strongly focused FEL beam only. FLASH was operated at 13.3 nm (93 eV) and provided up to 
about 60 µJ pulse energy. In the focus region (beam diameter of about 5 µm) a field of some 1015 
W/cm2 was applied in that way. The pulse energy of the XUV pulses was permanently monitored 
by means of a gas monitor detector (GMD) installed in the beamline. 

 

Figure 1: Experimental set-up for the study of two-photon ionization of Xe atoms. A magnetic bottle type 
electron spectrometer was used for the electron analysis. Focussing of the FEL beam was achieved by a 
spherical multi-layer mirror, which produced a focal spot of about 5 µm in the interaction volume. Spectra 
were taken with the unfocussed and the unfocussed plus focussed FEL beam in the chamber. 

For the unfocussed beam and/or for low intensities of the FEL beam one-photon ionization is the 
dominant process. Part of the corresponding electron spectrum is displayed in Figure 2a showing 
the 4d photolines at kinetic energies of 25.5 and 23.5 eV, which correspond to ionization of spin-
orbit components 4d5/2 and 4d3/2, respectively. The corresponding N45O23O23 Auger lines are seen in 
the region 30-35 eV. This spectrum is quite similar to spectra recorded at synchrotron radiation 
sources, where even a much higher spectral resolution can be obtained. At higher kinetic energies, 
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some broad lines corresponding to the emission of 5p and 5s electrons are observed at about 80 and 
70 eV, respectively.  

When we used the multi-layer mirror to refocus the XUV beam into the interaction volume, some 
small additional lines show up at about 110-120 eV (Fig. 2b). In order to clearly observe these 
structures a retardation voltage of -90 V was applied to the entrance of the MBES preventing the 
low kinetic energy electrons from reaching the detector. These new features are attributed to a two-
photon ionization process, mainly from the 4d shell in Xe. Spectra were recorded with and without 
Xe gas in the chamber in order to be able to determine the contribution of ionization from residual 
gas and of scattered light. In addition, the spectra recorded, when the spherical mirror was blocked, 
show only very small contribution from the second order light of the FEL radiation. As a final proof 
for the observation of a two-photon process, the integrated intensity of the broad line was measured 
as a function of the FEL pulse intensity showing a linear dependence in the double logarithmic plot 
with a slope of 2.  

The detailed analysis of the structure is still in progress, since calculations have indicated the 
importance of the two-photon ionization of the 4p shell in Xe. This process would lead to the 
N23O23O23 Auger decay with prominent line structures around 112 eV [6]. These lines are probably 
not resolved in the present experiment, but may be responsible for the very broad line width, which 
exceeds by far the expected width given by the bandwidth of the FEL (about 2 eV) and the 
resolution of the electron spectrometer (about 1.5 eV). 

      
Figure 2: (a) Electron spectrum of Xe ionized by FLASH operating at 93 eV at low intensities. The spectrum 
is dominated by the one-photon 4d ionization and the subsequent N45O23O23 Auger decay. (b) High kinetic 
energy region of the electron spectra recorded for high intensities of FLASH operating at 93 eV. Spectra 
recorded under different experimental conditions are shown: (a) Xe gas and focussed plus unfocussed FEL, 
(b) only residual gas and focussed plus unfocussed FEL, (c) Xe gas and unfocussed FEL, (d) only residual 
gas and unfocussed FEL.  
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In a series of experiments, the dynamics of atomic photoionization in strong bi-chromatic laser 
fields has been studied. By taking advantage of the unique characteristics of the Free Electron Laser 
in Hamburg (FLASH), especially its monochromaticity, short temporal width and high number of 
photons per pulse in combination with a strong synchronized NIR laser, it was possible to study the 
process of Above Threshold Ionization (ATI) in rare gases. In these experiments, the strong NIR 
dressing field induces so-called "sideband" structures in the photoelectron spectrum, which are a 
direct indication of the simultaneous interaction of both the XUV and the NIR field with the atom. 
Having used the ATI signal initially to characterize the FEL pulses [1,2], we have applied it in the 
present studies to obtain further insights into multi-photon ionization dynamics [3].  

At first, we utilized the well-defined polarization of both laser radiations. A set of photoelectron 
spectra of atomic He recorded for different relative orientations between the polarization vectors of 
the FEL and the dressing laser is shown in Figure 1(a). The strongest intensity of the sidebands and 
smallest of the He 1s main line are observed for parallel orientation (θ = 0°). Much less intensity is 
transferred to the sidebands, when the polarization vectors are perpendicular to each other (θ = 
90°). For moderate dressing fields, i.e. when only one sideband is observed on each side of the 1s 
main line, the intensity variation of the sideband is related to the partial two-photon ionization cross 
sections and can be described by σ(θ) ∝ 3S2 + (5S0 + S2) cos2θ, where Si (i = 0, 2) are the squared 
second-order radial integrals associated with the emission of s- and d-electrons, respectively [3]. 

 

Figure 1: (a) ATI spectra of atomic He for different orientations θ between the linear polarization vectors 
recorded in a high NIR (800nm) dressing field (~ 6x1011 W/cm2) and FLASH operating at 13.7nm (90.5 eV). 
Only the 1s main line and the high-energy sidebands are displayed. (b) Variation of the first sideband 
intensity in a moderate dressing field (~ 8x1010 W/cm2). The results of the "soft-photon" approximation and 
time-dependent second-order perturbation theory are given as dotted and dashed lines, respectively [3].  
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The comparison between the experimental results and theoretical treatments of the process 
employing second-order perturbation theory and the "soft-photon" approximation shows excellent 
agreement (Figure 1b). From the experimental data obtained at 90.5eV photon energy for the 
ionizing FLASH radiation, a 1.5 times higher yield for s than for d electrons was determined. This 
value is corroborated by the present theoretical results, but shows a strong deviation from the 
general propensity rule of photoionization [4] favoring in general transitions leading to an increase 
of the angular momentum in the case of absorption. 

In addition, the effects of higher dressing fields (>1011W/cm2) were investigated. Under these 
conditions more than one sideband is observed on each side of the main line. In Figure 2a, 
photoelectron spectra of the Xe 5p photoline are displayed for different temporal delays between 
the FEL and NIR pulses. For optimal overlap between the pulses, i.e. for strongest NIR dressing 
fields, an almost complete suppression of the main 5p photoline is observed and the sideband 
structure extends over more than 25eV. This situation corresponds to the multi-photon interaction 
of the electron with the strong NIR field and cannot be described any longer by the second-order 
perturbation formalism. Treatments within the "soft-photon" approximation or time-dependent 
Schrödinger equation (TDSE) are more adequate to describe these strong field effects [5], which 
lead to a substantial redistribution of the kinetic energy of the photoelectrons (Figure 2b). 

     

Figure 2: (a) 5p-photelectron spectra of atomic Xe ionized at 90.5eV in presence of a high (1014 W/cm2) NIR 
dressing field as a function of the temporal delay between the FEL and NIR pulses. (b) Results of TDSE 
calculation (black line) and of the "soft-photon" approximation (red squares) for the two-color photo-
ionization of He for laser intensities of 2x1012 W/cm2. The two-fields have parallel polarizations [5].  

For a detailed comparison between experiment and theory, especially for the experimental 
confirmation of the intensity maximum in the kinetic energy region of higher sidebands, the 
analysis of single-shot spectra is in progress. Only the sorting of the spectra with respect to the 
corresponding "effective" field, i.e. the relative delay between the pulses, will provide a detailed 
picture of the photoionization dynamics. 
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Investigations on heterostructures of complex oxides have recently shown that new physical prop-
erties arise in such structures, which are not present in the individual constituents. A case in point
is the emergence of a conducting two-dimensional electron gas (2DEG) at the interface of several
layers of LaAlO3 (LAO) grown on a TiO2-terminated SrTiO3 (STO) substrate. Examinations on
such structures have lead to varying and partly contradicting results in terms of sheet carrier density
and thickness of the electron gas[1, 2, 3, 4].
Angle-dependent hard x-ray photoelectron spectroscopy (HAXPES) is a powerful tool to investi-
gate those heterostructures, as presented in Ref. [5]. This conventional method of depth profiling
is based on the angle-dependence of the effective escape depth of photoelectrons. An alternative

Figure 1: The measurement geometry for grazing incidence conditions.

method, which also exploits an effective angle-dependence of the x-ray penetration depth — but
mediated by a different mechanism —, is to perform depth profiling in grazing incidence geometry.
In this case one uses the excitation of the photoelectrons by an evanescent wave near the surface
of the sample. By changing the angle φ around the critical angle φc for total external reflection, it
is possible to tune the x-ray penetration depth (see Fig. 1). The angle between the beam and the
analyzer is constant at α = 45◦ (BW2 measurement configuration). The resulting ”effective escape
depth” is given by

1

λeff

=
1

λxray(φ, hν)
+

1

λel(Ekin) · sin(α + φ)
. (1)

Figure 2 (left panel) shows several spectra of Ti 2p, measured both at different emission angles
and at different angles in gracing incidence. The spectral weight at lower binding energies can be
attributed to Ti3+, which is a direct evidence for free charge carriers hosted in the interface Ti 3d
states. The x-ray penetration depth increases with the grazing angle φ, which causes a decrease of
the Ti3+/Ti4+. It is clearly seen that the same depth sensitivity is achieved as with the conventional
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Figure 2: Several Ti 2p spectra measured both at different emission angles and at different angles in gracing
incidence geometry (left panel). A comparison between the two methods at the same λeff (right panel).

method of depth profiling. A comparison with the same λeff between the two methods is shown in
the right panel of Fig. 2. In Fig. 3 (left panel) Ti 2p spectra of a different sample are shown. The
significant angle-dependence of the Ti3+ spectral weight is direct evidence for a small interface
thickness which is considerably lower than the effective escape depth (see Eq. 1). For a quantitative
analysis a simple model was used, which is introduced in Ref. [5]. Fitting the Ti3+/Ti4+ ratio returns
information about the interface thickness d and the fraction p of Ti3+ at the interface (see Fig. 3,
right panel)). The best fit gives values for p ≈ 6% and d ≈ 7 uc for this sample.

Figure 3: Ti 2p spectra of a different sample measured at several angles in gracing incidence (left panel).
Fitting the Ti3+/Ti4+ ratio at different incidence angles returns values for p and d (right panel).
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Nanoparticle materials  are interesting candidates for the development of advanced materials with 
regard to magnetic, optic and electronic properties [1-3]. Because of the broad range of applications 
where nanoparticles are used for surface and interface modification a better knowledge about the 
arrangement of nanoparticles at these interfaces is of scientific interest. Thus, our study focuses on 
the adsorption of maghemite (γ-Fe2O3) nanoparticles at different gas/liquid interfaces. In order to 
study the effect of electrostatic interaction between the positively charged nanoparticles and the gas/
liquid interface differently charged Langmuir films  (stearic acid, stearic alcohol and stearic amin) 
were prepared on the nanoparticle solution. Beside this, the adsorption of maghemite nanoparticles 
at the bare gas/water interface and at a laterally polymerized OTS (poly(organosiloxane)) network 
was studied. 

The  x-ray  reflectivity  technique  was  applied  in  order  to  resolve  the  vertical  structure  of  the 
gas/liquid  interface  while  grazing  incidence  diffraction  was  used  to  study  the  influence  of 
adsorption on the crystallinity of Langmuir films.  All  experiments were carried out at beamline 
BW1  using  the  liquid  surface  scattering  set-up  at  a  photon  energy  of  9.5  keV.  The  γ-Fe2O3 

nanoparticles were prepared at  pH 3.5 leading to an average diameter  of d = 8 nm and a zeta 
potential of ξ = +35 mV. Two different nanoparticle concentrations (0.07g/L and 0.7g/L) were used.

Figure  1:  left:  X-ray reflectivities of  different  gas/liquid  interfaces  normalized  by  the  Fresnel 
reflectivity (symbols) as a function of the vertical wave vector transfer qz. Black: pure water surface, 
green:  stearic  amin,  red:  stearic  alcohol,  blue:  stearic  acid  (c=0.07g/L).  The  refinements  are 
displayed as solid lines. Right: corresponding electron density profiles. For better visualization the 
curves are shifted vertically.

The effect of the electrostatic interaction on the adsorption process was revealed using negatively 
charged stearic acid, neutral stearic alcohol and positively charged stearic amin [4]. The reflectivites 
and resulting electron density profiles of the liquid/gas interfaces are shown in figure 1. It becomes 
clearly visible  that  the  electrostatic  attraction  between the  positively charged particles  and  the 
negatively charged Langmuir film leads to the formation of a dense particle film (blue line) while 
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the repulsive interaction between the particles and the positive charged stearic amin film prevents 
the layer formation (green line).  The system consisting of a neutral stearic alcohol Langmuir layer 
shows only week adsorption (red line), which is conform to concentration dependent measurements 
at the bare liquid/gas interface which only exhibit nanoparticle adsorption when the nanoparticle 
concentration in the bulk liquid was raised significantly [5]. As visible in figure 1 the increase of 
electron density can be also observed in the Langmuir layer region, which points to a penetration of 
nanoparticles into the Langmuir film.  

The effect of nanoparticle adsorption on the Langmuir films crystallinity is visualized in figure 2 
were the [10] reflection of a hexagonal packed OTS layer is displayed in presence and absence of 
nanoparticles (green and red line). The peak width was used to determine the size L of the crystals 
using the Scherrer formula. It turned out that the nanoparticles reduced the average size  L of the 
OTS crystals from L=113Ǻ to L =57Ǻ.

Figure 2: GID data of the [10] reflection of a hexagonal packed OTS layer. Red line: without nanoparticles, 
green line with nanoparticles. The black lines show the refinements to the data.
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M. Beye2, F. Sorgenfrei2, A. Föhlisch2, M. Berglund2, W. Schlotter2, and W. Wurth2

1Institut für Experimentelle und Angewandte Physik, Universität Kiel, D-24098 Kiel, Germany
2Institut für Experimentalphysik, Universität Hamburg, D-22761 Hamburg, Germany

The Free-Electron Laser in Hamburg (FLASH) generates highly brilliant, ultrashort, and coherent
pulses in the EUV regime and thus enables fascinating experiments that are not possible at any other
source. Now time-resolved pump-probe photoelectron spectroscopy on solid surfaces at photon en-
ergies above 100 eV has been added to that list. During previous beamtimes various challenges in
the field of data acquisition and storage, intensity measurement, space-charge effects [1], as well as
timing and synchronization issues have been solved so that most recently optical pump - FEL probe
photoelectron spectroscopy on solid surfaces has become possible with energy and time resolutions
of 140 meV and 200 fs, respectively. This improvement opens up intriguing possibilities in the field
of ultrafast dynamics [2].
Our most recent experiments, performed on the correlated layered compound1T -TaS2 at a temper-
ature of 10 K, demonstrate that core-level dynamics from thefemtosecond up to the nanosecond
timescale can be investigated at FLASH using photoelectronspectroscopy and the ultrafast op-
tical laser system. The optical pump-laser (λ = 800 nm, 55µJ per pulse, spot diameter about
1 mm, τ = 120 fs) excited the liquid-helium cooled1T -TaS2 sample under UHV conditions
(p = 3 · 10

−10 mbar). Monochromatic EUV pulses from beamline PG2 (h̄ω = 155 eV in the 3rd

FEL harmonic,τ = 80 fs) and a SCIENTA SES 2002 hemispherical photoelectron analyzer were
used for photoelectron spectroscopy with a total energy resolution of 140 meV and an overall time
resolution of 200 fs employing synchronization by electro-optical sampling (EOS). Figure 1(a)
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Figure 1: (a) Time-resolved Ta 4f core-level spectra as a function of the pump-probe delay between -100ps
and +100 ps atT = 10 K. 3rd harmonic FEL probe pulses (h̄ω = 115 eV, τ = 80 fs) and optical pump
pulses (λ = 800 nm, 5.5 mJ/cm2, τ = 120 fs) were used in the experiment. (b) Integrated intensity at high
kinetic energies [black box in Fig. 1 (a)] as a function of the pump-probe delay.
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shows the evolution of the Ta 4f core-level spectra of1T -TaS2 as a function of the pump-probe
delay. Positive delays imply that the optical pump pulse arrives before the FEL probe pulse. Note
that the Ta 4f7/2 and 4f5/2 peaks are split into peak doublets due to the presence of a charge-density
wave (CDW).
The Ta 4f core levels are obviously influenced by the optical laser. The dominating effects are ten-
tatively attributed to multi-photon emission (MPE) induced space-charge effects and lattice heat-
ing. A transient disappearance of the CDW-induced peak splitting can be observed on a timescale
of some 10 ps. Preliminary numerical simulations show that the intensity variation at high kinetic
energies in Fig. 1(b) is mainly caused by the MPE. Figure 2(a)presents the ultrafast effects occur-
ring on a sub 1 ps timescale. The optical pump fluence was lowered to 32µJ per pulse to reduce the
effects of MPE and the associated space charging. A fast transient depression (∝ 800 fs) and a slow
recovery of the intensity can be identified in a characteristic energy window in Fig. 2(b). Intensity
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Figure 2: (a) Time-resolved Ta 4f core-level spectra as a function of the pump-probe delay between -3 ps
and +12 ps. The same experimental parameters as in Fig. 1 were used except for a lower optical intensity of
3.2 mJ/cm2. (b) Integrated intensity at a CDW-splitted core level [black box in Fig. 2 (a)] as a function of
the pump-probe delay.

fluctuations on a timescale of a few ps are possibly related toa coherent excitation of the CDW [3].
To disentangle the effects occurring on different timescales, further analysis and simulations will
be necessary. The authors wish to acknowledge the excellentsupport by the HASYLAB staff, in
particular S. D̈usterer, N. Guerassimova, H. Redlin, V. Rybnikov, N. Stojanovic, and R. Treusch.
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Numerous publications exist regarding the growth of Fe on various GaAs substrates [1]. On the 
other hand the annealing behaviour is not well studied because usually it is believed that the 
structures lose their ferromagnetic properties above 200°C. Here we show that in the case of Fe on 
GaAs(110) the structure remains ferromagnetic up to 500°C in combination with lateral structuring 
on the nm-scale. We investigate the growth of Fe on the GaAs(110) wafer surface at different 
coverages of 10 to 50 ML and at varying annealing temperatures. The Fe layer, when grown at 
room temperature, has a closed granular structure with a hindered coalescence of the Fe(110) grains 
(fig. 1a). The magnetic anisotropy depends on the thickness of the Fe layer which has been studied 
in [2]. For the 30 ML iron film in fig. 1a the polar-plot of the remanences shows that the easy 
direction is along [001].  
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Overview STM scan of Fe on GaAs(110) at room temperature (a) and annealed at 450°C (b). 
Below the corresponding polar-plots of the magnetic remanences. 
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At 300°C the Fe layer starts to disrupt which eventually leads to the formation of self-organized 
ferromagnetic nanostructures at 450°C. These nanostructures consist exclusively of roof-shaped 
3D-islands (fig. 1b) elongated along the ]011[ -direction of the GaAs(110) substrate.  
STM also shows an indication that Ga and As from the substrate diffuse to the Fe-islands (fig. 2a), 
because the substrate structure around the 3D-islands is characterized by holes in the substrate. This 
intermixing of the Fe-film and the substrate material by annealing leads to a ternary alloy 
Fe3Ga2−xAsx and is proven by X-ray diffraction measurements at HaSyLab. The X-ray investigation 
was accomplished at the HaSyLab beamline W1.1, using a wavelength of the radiation of 
λ=1.5405Å by fixing the energy at hν = 8048eV at the W1-wiggler. Figure 2b) shows the expected 
(111)-spot of the ternary alloy at θ = 19,3°. The group of peaks at this spot is a consequence of a 
small variation in the orientation of the roof-shaped 3D-islands.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: a) height profile through one of the islands and the surrounding substrate is an indication for an 
ternary alloy  

b) x-ray diffraction measurement of the (111)-spot of the ternary alloy Fe3Ga2−xAsx 
 
Despite of this alloying it should be noted that the magnetic measurements of the nanostructures by 
MOKE (see remanences in fig. 1b) and SQUID still show ferromagnetic characteristics. However, 
the ]011[ -direction now becomes the easy axis which is in correlation with the structure. 
 
 
We gratefully acknowledge the instrumental support of Wolfgang Caliebe at the Beamline W1.1 
and the financial support of SFB 491.  
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Multilayer interface characterization plays a key role in the development of soft- and 
hard-X-ray mirrors suitable for synchrotron radiation, free-electron laser and novel compact 
micro-spot X-ray sources. The imperfection of multilayer interfaces leads to an enhanced 
off-specular scattering of X-ray radiation, which results in a decreased mirror reflectivity. An 
invasive inspection of multilayer interfaces can provide transmission electron microscopy. 
However the sample preparation is time-consuming and in some cases can add artificial 
information due to sample milling, thinning and gluing techniques. The pioneering works of Salditt 
at el. [1, 2] have shown the possibility of multilayer interfaces inspection by monitoring the 
non-coplanar diffusely scattered X-ray radiation incident at small angle at the mirror surface. 

We have used grazing-incidence small-angle X-ray scattering (GISAXS) at BW4 beamline 
(HASYLAB) in experimental geometry suitable for inspection of diffusely scattered radiation from 
the Mo/Si mirrors. We discuss here the Mo/Si mirror deposited by e-beam evaporation combined 
with ion beam polishing. An exhaustive analysis of Mo/Si multilayer mirrors fabricated by various 
deposition techniques is given in Ref. 3. The Fig. 1a shows the X-ray reflectivity of a selected 
mirror. The average thickness and net roughness of spacer and absorber layers and their standard 
deviations were determined by fitting procedure based on the Parrat formalism. The differential 
cross-section for the scattered radiation by a multilayer stack was simulated within the Born 
approximation (BA). The BA approximation is valid as the incident and exit angles were larger 
than the critical angle for total reflection. For the lateral correlation functions we used a model 
developed by Sinha et al [4]. The vertical correlation length was defined according to the model of 
Ming et al. [5]. The recorded GISAXS pattern shows the first three Bragg sheets in Fig.1b. The 
visibility of Bragg sheets is proportional to the net roughness of the multilayer interfaces and to the 
vertical correlation length. The extension of the Bragg sheets along qy direction in the reciprocal 
space is proportional to the power spectra density of interface roughness. The width of Bragg sheets 
(FWHM) as a function of qy is plotted in Fig. 1c. The width of the Bragg sheets is inversely 
proportional to the number of effectively correlated layers Neff. The GISAXS measurements allow 
evaluation of the vertical correlation length which is dependent on the spatial frequency. The higher 
spatial frequencies of roughness do not replicate well within the multilayer stack when compared to 
the lower ones. This has been observed for most multilayer mirrors and is a natural consequence of 
Edwards and Wilkinson [6] growth model. For comparison, similar measurements (shown in Fig. 
1c) were done at a table-top SAXS system (Nanostar, Bruker) and will be not discussed here. The 
simulation of the intensity decay of the 2nd Bragg sheet and the measured data are shown in Fig. 1d. 
Assuming identical autocorrelation function for all interfaces we can obtain average lateral 
correlation length (ξ=1.4 nm) and average Hurst parameter (H=0.3). These parameters are hardly 
accessible in co-planar measurements of diffusely scattered X-ray radiation because of a limited 
accessible range of lateral frequencies of roughness. Moreover, the simulations of experimental 
data demonstrate an unambiguous determination of statistical properties of the interfaces. 
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Figure 1: The Mo/Si multilayer deposited by e-beam evaporation combined with ion beam polishing. (a) 
X-ray reflectivity (b) GISAXS pattern (c) FWHM of the 2nd Bragg sheet measured by synchrotron 
and Nanostar (d) The intensity decay of the 2nd Bragg sheet. 

 

References 
 

[1] T. Salditt, T. H. Metzger, J. Peisl, Phys. Rev. Lett. 73, 2228 (1994). 
[2] T. Salditt, D. Lott, T. H. Metzger, J. Peisl, G. Vignaud, P. Hoghoj, O. Scharpf, P. Hinze, R. Lauer, 

Phys. Rev. B 54, 5860 (1996). 
[3]  P. Siffalovic, E. Majkova, L. Chitu, M. Jergel, S. Luby, J. Keckes, G. Maier, A. Timmann, S. V. 

Roth, T. Tsuru, T. Harada, M. Yamamoto, and U. Heinzmann, Vacuum (2009), (in press), DOI: 
10.1016/j.vacuum.2009.04.026 

[4] S. K. Sinha, E. B. Sirota, S. Garoff, H. B. Stanley, Phys. Rev. B 38, 2297 (1988). 
[5] Z. H. Ming, A. Krol, Y. L. Soo, Y. H. Kao, J. S. Park, K. L. Wang, Phys. Rev. B 47, 16373 (1993). 
[6] S. F. Edwards, D. R. Wilkinson, Proc. R. Soc. London Ser. A 381, 17 (1982). 

 

-495-



Crystallographic phase decomposition in the 
magnetic IV-VI semiconductor Ge1-xMnxTe 

R.T. Lechner , J. Stangl, N. Hrauda, D. Kriegner, M. Keplinger, M. Hassan, R. Kirchschlager,         
H. Groiss, G. Springholz and G. Bauer 

Institut fuer Halbleiter- und Festkoerperphysik, Johannes Kepler Universitaet Linz, Altenbergerstr. 69, 4040 Linz, Austria  
 

 A promising candidate for a diluted magnetic semiconductor is the IV-VI ferromagnetic (FM) 
semiconductor Ge1-xMnxTe. In contrast to the Mn-based III-V compounds, in Ge1-xMnxTe the solid 
solutions exist over a very wide composition region and for a Mn concentration of xMn ≈ 0.5 a 
maximum in the total magnetisation was theoretically predicted for cubic Ge1-xMnxTe [1]. 
Furthermore, very recently a Curie temperature TC of around 190 K for films with a Mn 
concentration xMn = 0.08 grown by molecular beam epitaxy (MBE) has been reported [2]. Pure 
GeTe is well known as a ferroelectric semiconductor [3] due to its rhombohedrally distorted crystal 
structure. FM Ge1-xMnxTe, however, shows a cubic NaCl structures for MBE grown samples for 
xMn > 0.3, hence it is a good candidate for a multiferroic semiconductor for xMn < 0.3. The 
crystalline structure and phase of MBE grown samples, however, depend strongly on the growth 
conditions, i.e. substrate temperature and excess Te2 flux. We demonstrate that at a growth a 
temperature of TS=335°C a crystallographic phase separation between cubic in [111] Ge1-xMnxTe 
and hexagonal [001] MnTe is observed, proven by synchrotron x-ray diffraction (XRD) at the 
beamline BW2 at Hasylab as well as by TEM studies (see Fig. 1). Antiferromagnetic (AFM) MnTe 
exists either in a cubic ZB, or a hexagonal NiAs structure depicting different Neel temperature TN 
values of ~65 K and ~310 K, respectively.  

We show exchange coupling within the decomposed samples consisting of three crystallographic 
phases: cubic FM Ge0.48Mn0.52Te, hexagonal AFM MnTe and rhombohedral Ge0.82Mn0.18Te. The 

coupling is revealed by an exchange bias as well as by a vertical shift of the FM hysteresis loop 
measured by SQUID magnetometry (not shown). The three phases are clearly determined by XRD 
(see Fig. 1a), whereas in TEM only the cubic Ge0.48Mn0.52Te phase and the hexagonal MnTe phase 
can be unambiguously distinguished (Fig. 1b). Reference samples grown at TS=310°C consisting of 
a single cubic [111] Ge0.48Mn0.52Te phase show no exchange bias. We found no evidence for 

(b)(a) 

Fig. 1 (a) X-ray diffraction scans along (111) growth direction of three Ge0.45Mn0.55Te epilayers grown at 
different substrate temperatures TS = 310 ° C (blue line), TS = 315 ° C (green line) and TS = 330° C (red 
line). At low TS a single cubic NaCl phase of Ge0.45Mn0.55Te is formed with a lattice constant a = 5.88 Å 
proven by the cubic (222) Bragg peaks. Increasing TS the formation of additional crystallographic phases 
is observed: A hexagonal NiAs MnTe phase related to the (004) Bragg peak and a rhombohedral 
distorted Ge0.82Mn0.18Τe, with reduced Mn concentration resulting in a lattice constant of 5.94 Å and a 
distortion angle α= 89.7°of the sample shown in the TEM micrograph in (b). Clearly the hexagonal 
MnTe as well as the cubic Ge0.48Mn0.52Te phase can be distinguished. 
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additional small FM precipitates with an incoherent crystal structure, like e.g. Mn5Ge3 precipitates 
within Ge1-xMnx [4]. To further study the exchange coupling between FM GeMnTe and AFM 
MnTe we have realised several well defined multilayer systems: First, a bi-layer consisting of 80 
nm cubic ZB MnTe and of 100 nm cubic Ge0.55Mn04.5Te layers. The MBE growth of ZB MnTe is 
achieved by choosing a TS value of 450°C, whereas the subsequent Ge0.55Mn04.5Te layer is grown 
by only 315°C, respectively. The good layer quality is proven by synchrotron XRD (see blue line in 
Fig. 2a), measured at the beamline BW2 at Hasylab. From the thickness fringes around the cubic 
MnTe (111) Bragg peak we derive a MnTe layer thickness of 84 nm. The second multilayer system 
is fabricated at TS = 315°C, where first a 20 nm pure GeTe layer (a = 5.98 Å) was grown to relax 
the misfit strain with respect to the BaF2 (a = 6.2 Å) substrate, followed by 80 nm hexagonal MnTe 
and finally 90 nm cubic Ge0.55Mn04.5Te. The thickness fringes related to all three layer thicknesses 
indicate a very good epilayer as well interface quality of the whole system (green line in Fig. 2a). 

Furthermore, very recently we was able to combine 100 nm AFM EuTe (TN = 9.6 K) with 200 nm 
rhombohedrally distorted Ge0.93Mn0.07Te to a well defined bi-layer system as shown in the XRD 2D 
reciprocal space map in Fig. 2(b).  

Fig. 2 (a) Radial  XRD scans 
along qz, i.e. along the (111) 
growth direction, of multilayers 
consisting either of 80 nm cubic 
ZB MnTe (blue) or hexagonal 
MnTe (green) and 90 nm cubic 
Ge0.55Mn04.5Te, respectively. 
Thickness fringes related to the 
different layer thicknesses are 
clearly revealed. (b). 2D 
reciprocal space map of 100nm 
EuTe and 200 nm Ge0.93Mn0.07 
measured at a lab source. All 
samples are grown on (111) 
BaF2 substrates. 

This allows us to combine three AFM semiconductors depicting different TN’s with FM             
Ge1-xMnxTe with adjustable xMn.. Exchange bias in the MnTe/Ge1-xMnxTe multilayer systems is 
observed in SQUID measurements, which shows that this material system is promising for 
multiferroic semiconductor heterostructures, in which the magnetic properties can be adjusted by 
tuning the crystallographic properties of the single layer materials.  

This project was supported by the Austrian Science Fund FWF (FWF P18942-N20). The XRD 
measurements were performed at the beamline BW2 at Hasylab (Hamburg). 
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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 catalysts
exhibiting superior efficiency and selectivity. Monodisperse bimetallic nanoparticles can be mean-
while synthesized from colloidal solutions with a precise size control, with surfaces mainly termi-
nated by organic ligands inherent to the underlying chemical reaction. The subsequent nanoscale
assembly after deposition on a substrate is, as a result, influenced by the mutual interaction of
these ligand shells with the support brought to the substrate. Furthermore, controlled embedding
of nanoparticles in a functionalized matrix might provide additional means to control the chemical
selectivity in catalytic applications. Self-assembled monolayers (SAMs) are a promising way for
substrate functionalization with the advantage that their structural properties can be probed by x-ray
scattering based techniques [1].
X-ray reflectivity (XRR) and x-ray standing waves in total external reflection (TER-XSW) mea-
surements were performed on CoPt3 prepared by spin coating on functionalized Si substrate coated
with 30 nm Au layer. The synthesis of the colloidal solution was done in the institute of physical
chemistry, University of Bremen [2]. The functionalizing SAM as well as the ligand group was
Hexadecanethiol (HDT), whose properties are very well investigated [3]. The sulphur atoms bond
covalently on gold providing a stable interface. The interaction of particles and SAMs are then
again governed by van der Waals forces between the nonpolar CH3 end-groups of SAM and lig-
ands. SEM pre-investigations showed a monolayer of nanoparticles with controlled mesoscopic
coverage depending on preparations conditions.
The measurement was performed at beamline E2 at a fixed photon energy of 11.7 keV. A Cyber-
star scintillation detector has been set in for reflectivity measurements. Both sample and detector
were fixed on a Huber diffractometer available in the hutch. Standing wave measurements were
performed in the same setup. A multi-channel fluorescence detector (MCD) was employed at a
geometry perpendicular to the sample surface. To avoid undesirable signals from the edges of the
sample a collimating top piece was fixed to the MCD. The whole measurements were performed in
total external reflection regime so that the incidence angle had a maximum of 0.8◦.
The question of surface coverage together with surface/interface roughness and the layer thick-
nesses were addressed by XRR. The results are in good agreement with the SEM investigations
done. Conveying a model for electron density distribution function of particles the fluorescence
data deliver information about vertical resolution of samples [4][5]. This provided us a perception
of mean distance between particles and substrate taking into account the SAM layer and the height
distribution of monodisperse particle assembly (see Fig.1).
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Figure 1: reflectivity and standing wave in total reflection measured curves
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Bragg reflection from nanometer multilayers can be utilized to realize optics for both soft and hard 
X rays. Optical elements of that type provide high reflectivity at angles much higher than the angle 
of total reflection and can be configured with a layer curvature or a gradient in layer thickness. 
Therefore, these multilayer mirrors exhibit a wide range of applications, e. g. as focusing optics or 
as monochromators, and are commonly used in laboratory X-ray diffractometers and spectrometers. 
Due  to  their  wide  band-pass,  multilayers  can  be  also  advantageous  compared  to  crystal 
monochromators when flux rather than spectral resolution is desired. With respect to the use at 
synchrotron  facilities  with  high  flux,  a  high  thermal  and radiation  stability  is  required.  While 
illuminating  with  the  intense  synchrotron radiation  in  the  hard  X-ray  range,  the  heat  load  can 
produce structural  changes  of  the  multilayer  stack.  This  can be a  result  of  diffusion,  chemical 
reactions  or  relaxation  of  internal  stress,  among other  influences  caused by misfit  at  the  layer 
interfaces.  Intrinsic  stress  can  act  as  an  additional  energetic  contribution  which  lowers  the 
temperature limit for structural changes. With B4C and C diffusion barrier layers the inter-diffusion 
can be hindered whereby thermal stability increases [1]. 

The aim of this work was to investigate the thermal stability of multilayers in intense polychromatic 
synchrotron radiation as well as the physical processes taking place during and after exposure. Here 
we want to present results of some preliminary studies.

Mo/B4C, W/B4C and Cr/B4C multilayer systems were provided by Fraunhofer IWS in Dresden and 
were deposited on (100) oriented Si substrates of 6.35 mm thickness and 25.4 mm diameter using a 
DC magnetron sputtering technique. A coating consists of 500 bilayers with period thicknesses of 
about 1.5 nm. 

Grazing  incidence  X-ray  reflection  measurements  were  performed  at  beamline  E2 (RÖMO) at 
HASYLAB using  a  Si  (111)  double  crystal  monochromator,  σ -polarized  radiation  and  a  NaI 
scintillation detector. 

Fig. 1: Reflectivity versus grazing angle Θ , normalized to the position of the first order Bragg maximum 
Θ 1 for (a) Cr/B4C, W/B4C and Mo/B4C at photon energies of  8 keV and (b) Mo/B4C at 8 keV, 16 keV 
and 24 keV.
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All samples were investigated with incident photon energies of 8 keV, and additionally with 16 keV 
and 24 keV for the Mo/B4C system. The Bragg reflection curves were measured near the 1st order 
maximum with a step size of ∆ Θ  =  0.0002 °. The X-ray polarization vector was parallel to the 
sample surface. In addition we installed a one-dimensional spatially resolving detector in order to 
measure the distribution of diffuse scattered X-rays. The detector covered a range of 3.8 ° in the 
vicinity of the 1st Bragg maximum. We then repeated the measurement for Mo/B4C at 8 keV photon 
energy.

The results shown in Fig. 1 suggest that the samples are of high quality and are very suitable for our 
further  intended  investigations.  Except  for  W/B4C,  the  angular  resolution  is  below 0.3 % and, 
hence, the multilayers provide a spectral resolution of the same magnitude. The measured angular 
resolution for W/B4C is about 0.6 %. Reflectivity maxima strongly depend on the photon energy 
and range from approximately 45 % to above 75 %.

Additionally, reciprocal space mapping at E=8keV were carried out on the Mo/B4C sample (Fig.2). 
The MYTHEN linear  position  sensitive  detector  was  used  for   this   type  of  measurements.  The 
obtained data will be used to monitor through diffuse scattering the possible effects of high heat 
load on the interface of the layered structure.

Fig. 2: Distribution of scattered radiation in a range of 3.8 ° in vicinity of the 1st order maximum versus 
the grazing angle Θ  for the Mo/B4C multilayer at 8 keV radiation.

In  forthcoming  experiments  we plan  to  study the  effects  which  annealing  as  well  as  radiation 
exposure can have on reflectivity and resolution. Also we intend to perform further reciprocal space 
mapping measurements to gain a better insight into the origin of diffuse scattering in multilayers 
produced by magnetron sputtering.
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Nanocolloidal CoPt3 is widely studied due to its magnetic properties and application in data-storage
media, sensors and read heads. Another reason for interest in this system is its use for reaction con-
trol and catalysis. CoPt3 nanoparticles are synthetically produced either in alloy form having in this
case fcc structure with a lattice constant of 3.85 Å, or in a core-shell structure. Beside the chem-
ically disordered fcc structure, CoPt3 alloys can exhibit a Cu3Au-type (L12) long range chemical
order. With Co at the cube corners and Pt at the face centers, the L12 phase can be regarded as
chemically ordered fcc structure [1].
From synthesis by wet chemistry [2] the CoPt3 alloy nanoparticles with an size of 6.5 nm are sur-
rounded by a shell of organic ligands. In order to study these nanoparticles, they are deposited on a
Si wafer by spin coating. Such nanoparticle films often exhibit a well-ordered hexagonal arrange-
ment. The internal atomic arrangement of the nanoparticle films remains unclear. The changes in
bond lenghts and atomic coordination, e.g. by decreasing crystalline quality or oxidation are con-
cerned. In order to investigate changes of the bond lengths and of the atomic coordination of Co
and Pt atoms in CoPt3 nanoparticles Extended X-ray Absorption Fine Structure (EXAFS) was used.

The XAFS measurements were carried out at HASYLAB at beamline E4 using a Si(111) double
crystal monochromator and a one pixel high-purity germanium detector. Figure 1 shows a filtered
EXAFS spectrum around the Co-K-edge (7.709 keV).
The EXAFS data were analysed using the Athena and Artemis programs. The Fourier transform
was taken between k = 2.0 Å−1 and k = 12.0 Å−1 with k2-weighting, see figure 1. Due to the lack
of sufficient counting statistic only the first coordination shell between R = 1.7 Å and R = 2.9
Å has been analysed. Figure 2 shows the fit of the Fourier transform of the k2-weighted EXAFS
function and the contributions from Pt and Co. The fit indicates, that Co and Pt are located at equal
distances around Co. The analysis shows that the CoPt3 nanoparticles do not have L12 ordered
structure, but are chemically disordered. The determined lattice constant is (3.81± 0.01) Å.

The next step will be measuring XAFS at Co-K edge and Pt-L3 edge, in order to get more de-
tailed information about the local atomic structure of the nanoparticles. Furthermore, the ordering
transition by annealing and the influence of removing the ligand shell by plasma treatment will be
investigated.

We would like to thank Edmund Welter for his support during the beamtime.
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Figure 1: Filtered Co-K-edge EXAFS spectrum and EXAFS oscillation function k2 · χ(k)

Figure 2: Fit of the first coordination shell of the CoPt3 nanoparticles. Contributions of Co and Pt are also
shown.
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Observing photon-induced KLL Auger spectra of 3d metals with high energy resolution and using  

resonant conditions provides an important tool for understanding excitation processes associated 

with K-shell hole creation as well as the role of the local density of the unoccupied electronic states 

(in the proximity of the excited atom).  However, it is not straightforward to derive accurate 

electronic structure information from these Auger spectra for the bulk metal due to the multiple 

surface and bulk electron scattering processes taking place during electron transport. Measurement 

of Auger spectra excited from ultrathin layers is therefore very useful to significantly reduce 

electron scattering the bulk and thereby effects additionally distorting the spectral shapes. 

 

For the present studies a nano-film sample of less than 1 nm thickness was prepared in situ by 

electron beam evaporation of Co onto a glassy carbon wafer which was degassed previously at 900 

ºC for 1 min. During the evaporation the base pressure was kept below 5x10
-9

 mbar and the 

cleanliness of the Co layer was checked by photoemission. The high energy resolution 

measurements of the Co KLL Auger spectra were performed with the Tunable High Energy XPS 

(THE XPS) instrument [1] at the BW2 beamline (the instrument is equipped with a Scienta SES-

200 hemispherical analyzer) using an energy resolution of 0.2 eV. The exciting photon beam was 

focused onto the samples by a Si (111) monochromator. The angle of incidence for the exciting 

photon beam was ca 5º relative to the surface of the sample, while the respective angle of electron 

emission was 50º. Energy calibration of the measured Auger spectra was performed using the Mo 

3d5/2 photoelectron line (excited from the Mo part of the sample holder) as a reference. This 

instrument provides optimum conditions (photon flux, energy resolution) for spectroscopy of deep 

core Auger transitions. Measurements of Auger Resonant Raman effects in resonantly excited KLL 

Auger spectra of 3d metals [2] as well as studies of threshold dynamics of KLL Auger satellites in 

3d metals [3] have been possible recently using this equipment. In the case of nanolayer spectra, 

compared to the spectra obtained from the surface layers of a bulk solid, a very significant reduction 

of the inelastic background and a strong increase of the peak to background ratios – enhancing the 

spectral details in the resonant spectra – can be achieved. In addition, no photoelectron peaks 

excited by the characteristic X-rays photoinduced internally in the sample, are observed in the 

spectra of the nanolayer sample. 

 

Figure 1 shows KLL Auger spectra from the Co nanolayer excited with photon energies close to the 

K-threshold and also far above resonance. For comparison, respective resonant KLL Auger spectra 

of a Ni nanolayer, obtained earlier using similar conditions, are shown in Fig. 2. It is obvious from 

the spectra, that in the case of Co the strong satellite structure observed in the Ni KLL spectra (Sat. 

1 and Sat. 2) well above the K-absorption threshold [2] is completely missing.  Further studies are 

under way to explain these differences in detail.    
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Figure 1: Co KLL Auger spectra photoexcited from a 1nm thick layer deposited on a glassy carbon 

substrate. The photon energy is referenced relative to the Co-K absorption edge. 

 
Figure 2: Corresponding Ni KLL Auger spectra obtained for a nanolayer of similar thickness (~ 1nm) on a 

glassy carbon wafer. The photon energy is referenced relative to the Ni-K absorption edge. 

This work was supported by HASYLAB/DESY and the European Community under Contract RII3-
CT-2004-506008 (IA-SFS) as well as by the Hungarian project OTKA 67873. 
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Semiconductor quantum dots (QDs) can be used in many device applications such as laser diodes, 
detectors, memories or single photon emitters. The frequently used Stranski-Krastanow growth 
mode is an attractive approach for self-organized formation of QDs owing to the simplicity in their 
growth and their good crystal quality. In many applications it is essential to control the positions of 
the QDs, and sophisticated techniques have been recently developed to obtain self-assembled highly 
ordered QD structures [1].  

In this work we have investigated self-assembled laterally ordered chains of InP QDs grown using 
gas-source molecular-beam epitaxy (GSMBE) on a In0.48Ga0.52P buffer layer on GaAs (001) 
substrates. When the buffer layer is grown at higher growth temperatures it forms height 
undulations aligned along the [1-10] direction (Figure 1a), while the surface is flat at lower growth 
temperature (Figure 1b). The subsequent InP QDs form preferentially on the higher regions of these 
undulations (Figure 1c), while there is no preferential QD alignment when the growth is performed 
on a flat In0.48Ga0.52P buffer layer (Figure 1d). The QD-chain formation does not require either 
stacked QDs or intentional misorientation of the GaAs substrate. It appears that the QD alignment is 
caused by an ordered strain field that results from preferential In surface diffusion during the growth 
of the In0.48Ga0.52P buffer layer. 

 

Figure 1:  AFM micrographs of four samples: (a) 252 nm thick In0.48Ga0.52P layer grown at 470°C, (b) 230 
nm thick In0.48Ga0.52P layer grown at 440°C, (c) same growth conditions as (a) but with an extra 
0.3 ML thick InP layer for the formation of QDs and, (d) same growth conditions as (b) with an 
extra 0.3 ML thick InP layer. 

In order to investigate the strain state of the In0.48Ga0.52P buffer layer we have performed grazing 
incidence three-dimensional reciprocal space mapping. A detailed description of the experimental 
setup and the data acquisition technique is given in [2]. In Figure 2a and 2b two exemplary x-ray 
diffuse scattering maps are shown that are recorded in the vicinity of the GaAs 220 and 2-20 in-
plane reciprocal lattice points, respectively. 
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Our investigations prove a remarkable anisotropic in-plane strain in the surface undulations 
although the In0.48Ga0.52P buffer layer is nearly perfectly lattice matched to the GaAs substrate on 
average. In the direction perpendicular to surface undulations it is in the order of ε110 ≈ 1.3 × 10

-3
 

while it is close to zero (ε-110 < 10
-4

)
 
in the direction along the undulations.  

The evolution of a 1D surface morphology on the InGaP buffer layer has not been observed before 
and the reason for the stripe formation is not understood yet. Since the surface miscut of the GaAs 
substrate is smaller than 0.05° our observations cannot be explained by a step bunching 
phenomenon. This would imply either an increased In-content in the near surface regime, i.e. inside 
the stripes, or, a periodic lateral compositional modulation in the near surface regime. Both cases 
may, eventually, lead to a surface corrugation. A more systematic study – both experimental and 
theoretical - is required in order to clarify the underlying mechanisms.  

 

 

 

 

 

 

 

 

 

Figure 2:  Reciprocal space map of sample 1c in the vicinity of the (a) 220 and (b) 2-20 in-plane reciprocal 
lattice points. 

The strain field inside the InP QDs that preferentially nucleate on top of the surface undulations of 
the In0.48Ga0.52P buffer layer (see Figure 1c) has been also investigated. The experimental x-ray 
diffuse scattering data have not been evaluated yet in detail, however, we can clearly identify 
remarkable scattering from the InP QDs (see Figure 2).   

The authors thank J. P. Rabe and his group at Humboldt-University in Berlin for access to AFM 
equipment 
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The discovery of materials in which the orbital occupancy can be controlled has driven the field of
orbitronics [1]. One such material, Pr(Sr0.1Ca0.9)2Mn2O7, has shown a rotation of orbital chains
corresponding to a structural phase transition at≈ 300 K [2]. The orbital order is constrained to or-
bital chains aligned along a single crystallographic direction by the orthorhombic crystal structure.
At the orbital rotation transition, the orbital chains switch from a high temperature phase where the
orbital chains are aligned along theb axis, to a low temperature phase where the orbital chains are
aligned along thea axis. By contrast the tetragonal bilayer manganites show orbital order chains
aligned along both thea andb axes simultaneously, albeit in different orbital domains.
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Figure 1: Lattice parameters of Pr(Sr0.1Ca0.9)2Mn2O7 through the low temperature transition, measured
through high energy x-ray diffraction.

Previous experiments by the authors using soft x-ray diffraction revealed a second transition at
92 K, indicated through a change in the2θ position of the (1

2
,0,0) orbital order reflection. Using soft

x-ray diffraction we were unable to reach any Bragg reflections to uncover whether this was due to
a structural change or an transition of the orbital reflection to an incommensurate position. Through
using high energy diffraction at BW5, HASYLAB, were were able to measure the postions of the
Bragg reflections through this transition, revealing the structural change at the transition. Figure 1
shows the change in the lattice parameters of Pr(Sr0.1Ca0.9)2Mn2O7 at this transition. This was a
critical measurement enabling the full explanation of the soft x-ray diffraction results [3].
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Bi3+-doped single crystalline films (SCF) of Y-Lu-Al garnets grown by the liquid phase epitaxy method 
attract attention due to the possibility of their applications for cathodoluminescence screens and scintillators 
[1]. In our previous works, we have studied the luminescence of Bi3+ ions in Y3Al5O12:Bi (YAG:Bi) [2] and 
Lu3Al5O12:Bi (LuAG:Bi) SCF [2, 3]. At the same time, certain unclear moments in interpretation of the 
nature of the Bi3+-related emission bands in the mentioned works, first of all, separation of the luminescence 
of Bi3+ single and dimer centers in the UV and visible (VIS) ranges, stimulate us to more detailed  
investigation of the Bi-doped SCF in wider concentration range of the activator. In this work, we continued 
the study of the Bi3+ ion luminescence in YAG:Bi SCF. For investigation we used the YAG:Bi SCF with 
lower Bi3+ concentration (0.156 at.%) than in our previous work [2] (0.28 and 2.1 at.%). 

The luminescence of YAG:Bi SCF was investigated at 10 and 300 K at the Superlumi station at HASYLAB 
under excitation by synchrotron radiation (SR) with an energy of 3.7-25 eV. The emission and excitation 
spectra were measured both in the integral regime and in 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 the luminescence was measured in the time range 0-200 ns at RT. 

The emission spectra of YAG:Bi SCF at 10 and 300 K (Fig.1) show the typical for ns2 ions two-band structure 
of the luminescence in the UV and VIS ranges [1-3]. The shape and position of these bands depend on Bi 
content, specifically, the concentration of Bi3+ single and dimer centers [1-3]. High ratio of intensities of the 
UV/VIS emission bands under excitation at 4.74 eV in A-band of Bi3+ ions (1S0→3P1 transitions) (Fig.1, curve 
1) indicates that the studied YAG:Bi SCF can be considered as a sample with prevailing content of Bi3+ single 
centers [1]. The UV luminescence of this sample at 10-300 K under excitation in A-band present the 
superposition of closely-lying emission bands peaked at 4.045 and 4.0 eV caused by 3P1,0→1S0 radiative 
transitions of Bi3+ single centres (Fig.1, curves 1 and 2). These transitions show typical two-component decay 
kinetics of the Bi3+ ion luminescence in UV range (Fig.3a). At 10 K, slow emission from the metastable 3P0 
level is prevailing. The decay time of main slow components of the UV emission in YAG:Bi SCF (estimated in 
the 200 ns time interval) is about of 450 ns at 300 K (Fig.3a). 

The VIS emission of YAG:Bi SCF (Fig.1) consists of low and high-energy overlapped broad bands  with larger 
FWHM and Stokes shift with respect to UV bands. The form of VIS emission spectrum depends on Bi content 
[1]. Based on the recently obtained results we conclude that both VIS bands have an exciton origin [4], and they 

are caused by the radiative decay of exciton localized 
near the Bi3+ single and dimer centers, respectively. 
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     Fig.1. Emission spectra of YAG:Bi SCF under 
excitation by SR at 4.74 eV in A-band of single 
Bi3+ centers at 300 K (1,2) and 10 K (2) and at 
5.22 eV in the band related to O →Bi  CTT (3) 2- 3+

In this work, we found that the form of the VIS bands 
also strongly depends on the energy of excitation 
(Fig.1). Specifically, under excitation in the A-band of 
single centers at 4.74 eV, the couple bands peaked at 
2.85 and 2.65 eV are prevailing in the VIS emission at 
300 K (curve 1), whereas under excitation in the band 
related to O2-→Bi3+ charge transfer transition (CTT) at 
5.22 eV another couple bands peaked at 2.92 and 2.53 
eV are dominant in the spectra of the VIS emission 
(curve 3). Taking into account prevailing content of 
Bi3+ single centers in the studied sample, these results 
point to possible existence of two different types of 
exciton localized around such centers, which can be 
created under condition of the mentioned excitation. 
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The excitation spectra of UV emission band monitored at 
4.06 eV (Fig.2, curve 1) show typical two-band structure 
related to the most intensive 1S0→3P1 and 1P1 transitions 
of Bi3+ single centers (A and C bands, respectively). The 
high-energy excitation bands peaked at 7.095 eV is 
corresponding to creation of excitons bound at the Bi3+ 
single centers in YAG host. Apart from these bands, 
another strong band A’, peaked at 4.31 eV, is present in 
the excitation spectra of the UV emission. Most 
probably, this band is related to the A-band for Bi3+ 
dimer centers. If this conclusion is correct, the emission 
of dimer centers can be effectively excited via the 
luminescence of single centers due to strong overlap of 

 corresponding emission bands of the former centers 
and the excitation bands of the latter in the UV range. 
The low-intensity C band of dimer centers (C’) can be 
detected as a bump at 6.11 eV in the excitation spectra of 
the VIS emission (curve 2). The intensity of A’ and C’ 
bands strongly increases in comparison with the A and C 

analogues for single centers with growing concentration of the 
dimer centers. From the excitation spectra (Fig.2) of the UV 
and VIS emission in YAG:Bi SCF at 10 K, we have 
determined the difference in the positions of A and C bands for 
single and  dimer centers as 0.95 and 1.20 eV, respectively.  
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Fig.2. Excitation spectra of UV (1) and VIS (2) 
luminescence in YAG:Bi SCF at 300 K, registered 
at 4.06 and 2.69 eV, respectively. 
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 Fig.3 Decay kinetics of UV (1) emission at 
4.06 eV (a) and visible emission at 2.88 eV 
(b, c) in YAG:Bi SCF at 300 K under 
excitation in A- and C-bands (a, b) and CTT 
bands (c) with the corresponding energies 
indicated in the legend of figures. 

The excitation spectra of the VIS emission have completely 
different shape than those for the UV emission (Fig.2, curve 
2). Apart from the A, A’ and C, C’ bands of the single and 
dimer centers, the O2-→Bi3+ charge transfer transitions 
(CTT) provide alternative channels for the excitation of the 
VIS emission in YAG:Bi SCF, which are reflected in wide 
excitation bands peaked around 5.24 and 6.85 eV.  

The decay kinetics of the VIS emission under excitation in the 
A’, A and C (b) and CTT bands (c) in YAG:Bi SCF is shown 
in Fig.3. The form of decay curves of the VIS emission band 
confirms the exciton origin of the VIS luminescence under 
condition of both types of excitation. All decay curves can be 
presented by the three-decay component approximation. Such a 
type of decay kinetics is typical for the radiative transition from 
the triplet state of excitons localized around single and dimer 
centers. At the same time, the decay kinetics of the localized 
exciton emission in the VIS range under excitation in the CTT 
bands (curves 6-8), exciton range (9) and especially in the 
range of interband transition (10) is much faster (Fig.3c) than 
under excitation in A- and C-bands (Fig.3c). This confirms our 
assumption concerning formation of the different types of 
localized excitons related to Bi3+ single and dimer centers 
under intra-center excitation and CTT excitation of Bi3+ ions.  
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It is well known that some trivalent rare earth (RE) ions when doped into wide band-gap host 
possess radiative decay from the lowest level of 4fn-15d electronic configuration (5d level) to the 
ground state or some excited levels of 4fn electronic configuration, depending on the host and 
temperature. The Y3Al5O12 (YAG) single crystals doped with RE ions are attractive materials for 
practical applications because of their advantageous thermal, chemical and mechanical properties. 
In particular, YAG:Nd3+ is a well known laser medium, but laser action (at 1.06 μm) in this 
material is achieved on intraconfigurational 4f – 4f transitions of Nd3+. Nevertheless, luminescence 
in the deep UV region due to interconfigurational 5d – 4f transitions has been observed recently 
from Nd3+ doped into YAG [1]. 5d – 4f luminescence was observed also from Tm3+ doped into 
YAG [2], but this kind of luminescence was not revealed so far from Er3+ ions in YAG. Although 
YAG:Er3+ is widely used in IR lasers and optical communication techniques, where 4f – 4f 
transitions of Er3+ are utilized, interconfigurational 4f – 5d transitions of Er3+ in YAG were only 
fragmentarily investigated. In the present work the interconfigurational 4f105d ↔ 4f11 transitions of 
the Er3+ ion in the YAG host were studied under 3.75 – 20 eV synchrotron radiation excitation. The 
experiments were carried out at the SUPERLUMI station [3] of HASYLAB at DESY. 
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Figure 1: Emission spectrum of YAG:Er3+ in UV/visible spectral region upon Er3+ 4f – 5d (blue line, hνex= 
6.7 eV) and the host (red line, hνex= 7.5 eV) excitation, recorded at 9 K. The assignments of emission lines 

to the corresponding Er3+ 4f – 4f transitions are indicated. 
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Emission spectra of YAG:Er3+ in the UV/visible spectral range show the lines due to transitions 
originating from the Er3+ 2P3/2, 4D1/2 and 4S3/2 multiplet terms (Fig.1). The excitation spectrum of 
4D1/2 4f – 4f luminescence at 9 K shows an intense broad band with the onset at ~6.3 eV, which is 
assigned to the edge of interconfigurational spin-allowed 4f – 5d transitions in Er3+. Under the 
YAG host absorption the 2P3/2 4f – 4f luminescence of Er3+ is efficiently excited, whereas under the 
Er3+ 4f – 5d excitation the radiative transitions from the 4f 4D1/2 level dominate in the emission 
spectrum. The 4D1/2 level lies well above the energy range, where intrinsic excitonic luminescence 
of YAG occurs and, therefore the excitonic mechanism of the energy transfer from the host to this 
level is not realised because of energetic reasons in contrast to the efficient energy transfer to the 
lower lying 2P3/2 multiplet term of Er3+. 

In addition to narrow-line Er3+ 4f – 4f luminescence fast broad-band emission at 6.2 eV has been 
detected under both VUV photon and electron beam excitation (Fig. 2). This emission was assigned 
to 4f105d – 4f11 interconfigurational spin-allowed transitions (from the lowest low-spin 4f105d level 
to the ground 4I15/2 multiplet term) in the Er3+ ion. Under photoexcitation the intensity of this 
emission was very weak, which prohibited us to record its excitation spectrum. The analysis of Er3+ 
ion’s 4f and 5d energy level diagram has shown that the lowest low-spin 5d level of the Er3+ ion has 
a rather large energy gap to the next lower 4f 2D(2)5/2 crystal-field level, which results in a 
relatively low rate of nonradiative transitions from this 5d level leading to the appearance of weak 
spin-allowed 5d – 4f luminescence at low temperature. The lowest high-spin 5d level, from which 
spin-forbidden 5d – 4f radiative transitions could occur potentially, is situated only at ~500 cm-1 
above the 4D1/2 level. Such close location allows fast depopulation of the 5d level resulting in the 
absence of spin-forbidden 5d – 4f luminescence and appearance of 4D1/2 4f – 4f luminescence.  
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Figure 2: Excitation spectra of YAG:Er3+ at 9 K monitoring Er3+ 4D1/2 – 4F9/2 emission at λ = 317.4 nm 
(black line) and Er3+ 2P3/2 – 4I13/2 emission at λ = 404 nm (blue line). Excitation spectrum of self-trapped 

exciton emission at hν = 4.7 eV from “pure” YAG at 9 K (dark yellow line). 5d – 4f emission spectrum of 
YAG:Er3+ under 4f – 5d excitation (violet dots, hνex= 6.7 eV, 9 K) and electron excitation (red line, 5.6 K). 
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The synthetic beryllium oxide crystals are characterized by rather regular structure as well as 
small isomorphous capacity. Taking into account their excellent radiation stability, we could 
produce optically significant defects in these materials using solely corpuscular’s irradiation 
(neutrons, electrons or ions) [1]. Another method of the defect production in BeO crystals is a 
thermo-chemical treatment in a metal beryllium vapour resulting in the deficit of the components 
in the anion sublattice [1]. F- and F+ -centers in additively colored synthetic BeO crystals were 
studied in detail using time-resolved luminescence spectroscopy method [2].  The formation of 
natural crystals as rule takes place in hardly condition including irradiation, high temperature 
influence etc. Therefore we can expect genetic defect concentration in natural crystals. In 
geology, the presence and type of defects evidence about origin of mineral.  In present study we 
compare the results of time-resolved luminescence investigation of natural BeO crystals 
(brommelite) with those for synthetic crystals.  

We studied the natural BeO crystals from Malyshevskoe deposit (Middle Ural).  At temperatures 
10 and 300 K, the luminescence spectra (2.5 – 8 eV), the luminescence excitation spectra (5-22 
eV, 50-200 eV and 500-620 eV) as well as the decay kinetics of luminescence were recorded at 
the SUPERLUMI station (beam-line I) or using synchrotron radiation from the BW3 beam-line 
(HASYLAB, DESY) [3,4]. The 0.3 m ARC SpectraPro-308i monochromator equipped with the 
R6358P (Hamamatsu) photomultiplier  was used to analyse luminescence in the 2-6 eV region at 
the SUPERLUMI station. The 2 m primary monochromator (Al gratings) were applied in 
measurements of the luminescence excitation spectra (LES) over the 5-25 eV energy range. A 
typical spectral resolution was 0.32 nm. At the BW3 the SR from the undulator was further 
monochromatized by a Zeiss SX700 monochromator. The luminescence spectra (LS) were 
measured by a 0.4 m vacuum monochromator (Seya-Namioka scheme) equipped with a 
microchannel plate-photomultiplier (MCP 1645, Hamamatsu). The LES were corrected for the 
equal number of the exciting photons but the LS are presented as they are measured. Time-
resolved spectra were recorded within a time window (length Δt) correlated with respect to an 
exciting SR radiation pulse (delay δt). We made δt1=3 ns, Δt1=14 ns for a first time window and 
δt2=46 ns, Δt2=140 ns for a second time window at the SUPERLUMI station and δt1=0.2 ns, Δt1= 
3.4 ns; δt2=34 ns, Δt2= 118 ns at the BW3 beam-line. 

The measured spectra (reflection, LS and LES) as well as kinetic decay are shown on Figures 1-
3. At first we tried to compare Eg value in natural and synthetic BeO crystals. The position of the 
first maximum of exciton reflection in natural crystal was determined at 10.43 eV (T=10K, 
Fig.1). Its value is in an excellent agreement with those for synthetic crystals. Consequently we 
can conclude that Eg value is closely related for both natural and synthetic crystals. Low-
temperature luminescence of natural crystals at core excitation consists of two well-known 
intrinsic bands peaked at 4.9 and 6.7 eV (Fig.1). We haven’t observed VUV-luminescence 6.7 
eV at the excitation near fundamental absorption edge (Fig.1, curves 1-3) because we used UV-
visible 0.3 m ARC Spectro Pro-380i monochromator to register luminescence spectra at the 
SUPERLUMI station. The excitation spectrum of UV-luminescence 4.9 eV didn’t contain any 
pronounced bands  in the crystal’s transparency region. In contrary, we observed the expressed 
structure in the excitonic region and in the region of interband transitions (Fig 2). All these 
peculiarities of 4.9 eV luminescence excitation spectrum we observed early in synthetic crystals 
[5] as an evidence of intrinsic nature of UV-emission. At the same time in brommelite crystals 
we detected luminescence band peaked at 3.9 eV at the excitation in the transparency region 
(Fig.1). This luminescence band is characterized by several excitation bands below than 
fundamental absorption edge (Fig.2). The presence of such bands points to connection of 3.9 eV 
emission with crystal’s impurities or defects. Moreover the excitation with photons of 11.27 eV 
energy leads to appearance of additive shoulder on the long-wave wing of the 
photoluminescence spectrum (Fig 1, curve 3).  
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The decay time of 3.9 eV luminescence after excitation by photons with the energy of 9.54 eV 
are shown at Fig.3. Fast component of decay kinetic are observed in 3.9 eV luminescence of 
brommelite crystals. For comparison at Fig.4 the kinetic of 5.24 eV luminescence are shown 
with typical for any BeO crystals multicomponent decay. X-ray luminescence spectra of natural 
BeO crystals, measured  at the experimental station (Beamline №6 on VEPP-3) in Institute of 
Nuclear Physics of SB RAS (Novosibirsk), shown on Figure 4. We could observed component 
with maximum near 3.5 eV, after decomposition of these spectra. 

We compare our result with published materials about luminescence excitation of colour centers 
(F and F+ - type) in synthetic beryllium oxide [2] and conclude that we have observed the 
manifestations of genetic anion vacancies in brommelite crystals (so-called metamict structure). 
In this case observed 3.9 eV luminescence (Fig.1) and 3.5 eV emission (Fig.4) could originate 
from emitting decay of excited states of F+- and F- centers, accordingly. 
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Figure 1: Normalized luminescence spectra of 
natural BeO crystals. The energy of stimulated 
photons: 9.54 eV (1), 10.42 eV (2), 11.27 eV (3) 
and 550 eV (4). The spectra measured at 10 K in 
fast (1,2) and slow (3,4) time windows. 

0 50 100 150
0,0

0,5

1,0

In
te

ns
ity

, a
rb

.u
ni

ts
Decay time, ns

1

2

 
Figure 3: Luminescence decay of natural BeO 
crystals (1 - Eemis= 3.9 eV, Eexc= 9.54 eV; 2 - Eemis= 
5.24 eV, Eexc= 11.27 eV ) at T=10 K. 
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Figure 2: The luminescence excitation spectra (1 - 
Eemis=5.4 eV, 2 - Eemis=3.9 eV) measured in fast 
time window and reflection spectrum (3) of natural 
BeO crystals. T=10 K. 
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Figure 4: The X-ray luminescence spectra of 
natural  BeO crystals at T=300 K with 
decomposition  with elementary Gaussians.  
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In recent years it has become increasingly obvious that hightemperature superconductors have
inhomogeneous charge and spin ordering resulting in stripeformation [1, 2]. For most cases the
charge variations appear to be short ranged, associated with a length scale of a few nanometers at
most. However, for the special cases of La2CuO4+y (LCO+O) or oxygen co-doped La2−xSrxCuO4+y

(LSCO+O), muon and superconducting quantum interference techniques suggest that the electronic
inhomogeneity moves beyond such local variations to form fully phase separated regions [3]. With
hole concentrations (nh) between 0.125 and 0.16 per Cu site a magnetic phase consistent with
nh = 1/8 that is not superconducting and an optimally doped superconductor withnh = 0.16 that is
not magnetically ordered is formed, both having transitiontemperature of 40K. The driving force
for this phase separation appears to be interactions between the doped holes themselves rather than
any specific O or Sr chemistry [3]. The full implications of this complete phase separation are still
to be determined both theoretically and empirically.
An important issue is to establish the role of oxygen and charge ordering on the phase separation.
The excess oxygen is known to order in superstructures called staging for LCO+O. The staging is
seen as satellites alongqz close to the allowed peaks of theBmab crystal structure.
Here we have used the BW5 beam line and high-energy photons (100keV) to study the oxygen
and charge ordering properties of LCO+O and LSCO+O with x = 0.04. These experiments are
similar and complimentary to experiments carried out at BW5 in2007 on LSCO+O with x=0.065
and x=0.09.
For LCO+O the low temperature splitting of the (020) peak due to twinning of the crystal is clearly
resolvable in the longitudinal direction and the domains are approximately equally populated. Stag-
ing is detected around severalBmab positions as shown in Figure 1. The centralBmab peak per-
sists to T=300 K whereas the staging satellite peaks decrease gradually up to T=280 K where after
they can no longer be detected.
We searched for charge order peaks around(2, 2, 0) and found the best candidates at(2, 2, 0) ±
(0.67, 0, qz) with qz integer. These peaks however persisted to RT as seen in Figure 2.

Figure 1: Staging peaks alongqz of LCO+O @
10K. The (010) and (322) peaks are not allowed in
theBmab phase, hence there is no staging around
(010). However there seems to be staging around
(322) but we suspect that peak at this position is
actually the (233) of the twin domain which is in-
deed allowed inBmab. All scans except (0 1qz)
lined up on central peak.
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Figure 2: qz-scans through possible charge-order peaks, at the range of temperatures. They are seen to
persist almost unchanged to T=300 K except for increasing background.

A piece of LSCO+O x=0.04 crystal was studied at BW5 in 2006 in which the centralBmab peak
was not present but this time we studied another piece of LSCO+O x=0.04 crystal which was
recently studied by neutron scatetring (NS). The low temperature splitting of the (020) peak due to
the twinning of the crystal is resolvable in the longitudinal direction and the low-q set of domains
has twice the population of the high-q ones. The staging pattern shown in Figure 3 (left) is similar
to the one found by NS. It is interesting and still under discussion why the central peak disappears
at T=150 K whereas the supposed superstructure of the central peak disappears at the much higher
T=230 K. This is the opposite tendency of what is observed in LCO+O and it is confirmed by NS.
We searched for charge order peaks and found the best candidates at(2, 2, 0)±(0.15, 0.15, qz) with
qz approximately an even integer or zero. These peaks however persisted to RT as seen in Figure 3
(right).
In the near future we plan to perform a more extensive hard x-ray study in search for charge order
peaks in LSCO+O with x=0,0.04,0.065 and 0.09 around forbidden Bragg positions.
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Figure 3: Left: The staging peaks of LSCO+O x=0.04 byqz scans through (014) at selected temperatures.
Right:qz-scans through possible charge-order peaks, at T=10 K and T=300K.
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We prepared periodic patterns of PdFe islands by lithographic means for the investigation of phase 
transitions in dipolar coupled mesoscopic lattices. We report on the x-ray characterization of thin 
PdFe films deposited on MgO substrates and their subsequent lithographic patterning into nanodots 
on square lattices. 

In Pd1-xFex alloy the Curie temperature Tc can be tuned with the atomic concentration x over a wide 
temperature range [1]. Therefore Tc can be tuned such that it is just below room temperature. In a 
pattern of PdFe islands the islands will become ferromagnetic below Tc and will develop dipolar 
magnetic fields. If the magnetostatic energy becomes comparable to the thermal energy, the PdFe 
islands will form an ordered dipolar array at some critical temperature below the Curie temperature. 
Depending on the symmetry of the underlying lattice, the order can be regular or frustrated. Thus 
the PdFe patterns offer a laboratory for the investigation of phase transitions on a mesoscopic scale. 
Here we report structural properties of PdFe-alloy thin films, grown on MgO single crystalline 
substrates before and after patterning. The films were grown by molecular beam epitaxie (MBE). 
Initially, the substrate is transferred into the load lock and heated up to 600°C for half an hour. 
After transporting it into the process chamber, the substrate temperature is raised to 1000°C for 5 
min, to ensure a clean substrate. For a good epitaxial growth, the deposition of the film takes place 
with a substrate temperature of 450°C. The palladium was deposited with a constant rate of 0.3 Ǻ/s 
by an electron beam evaporator. The iron-concentration is controlled by varying the temperature of 
the iron effusion cell. The film-thickness varies between 108 Ǻ up to 246 Ǻ. To investigate the 
structural properties of these films, we carried out x-ray diffraction at the HASYLAB, DESY in 
Hamburg using the beamline W1.1. We used monochromatic x-rays with a wavelength of 1.541 Ǻ. 
Fig. 1 shows the reflectivity of two different PdFe alloy films. They have thicknesses of 223 Ǻ and 
180 Ǻ, respectively and have a Fe-concentration of 10 at% and 8 at%, respectively. Kiessig fringes 
can be observed up to 2θ= 10°. From this we infer that the interfaces of the films are rather smooth. 
Also the existence of Laue-oscillations observed at the high angle Pd0.92Fe0.08 [200]-Peak and at the 
Pd0.92Fe0.08 [111]-Peak (see Fig. 2) show, that the films have high structural coherence. The small 
bump in Fig. 3 to the left of the Pd0.9Fe0.1 [200]-Peak is also a Laue-oscillation. The Bragg-Scans of 
the samples, shown in Fig. 3 and 2, give some hints about the crystalline structure. In both cases 
two PdFe-peaks of different crystalline orientation could be observed. This leads to the assumption 
that there is either a reorientational phase transition during the growth of the film or that two crystal 
orientations grow simultaneously in a domain like fashion. In any case, the PdFe [200] oriented 
crystallites represent the majority phase. We also performed an in-plane scan of the 180 Ǻ thick 
film with an Fe-concentration of x=0.08. At a fixed detector angle 2θ= 1°an azimuthal scan of the 
sample was performed showing a four fold crystal anisotropy (see Fig. 4). This agrees with the 
assumption of a PdFe film with fcc {002} in-plane orientation. crystallites. There are no 
additionally peaks visible, so it can be considered that the film is epitaxial. Patterning of the thin 
films was achieved with electron beam lithography (EBL). We used a negative resist to transfer the 
structure into the metal. An area-dose of typically 90 μC/cm² and a dose-factor of around 0.2 is used. 
13 different samples were structured with 8 different patterns. The dot diameter was varied between 
200 nm to 800 nm and due to proximity effects during lithography, which lead to a slightly bigger 
dot diameters than planned and thus to a partially coalescence of the structures, the periodicity also 
needed to be changed and was varied from 2d to 4d. Fig. 5 shows a small selection of all samples 
that have been realized. The first picture shows dots of a diameter of 800 nm and a periodicity of 
1600 nm. The dots in the second picture have a diameter of 500 nm and a periodicity of 1500 nm 
while in the last picture dots of a diameter of 200 nm with a periodicity of 600 nm are shown. Each 
array has a total size of 1 x 1 mm and consists of 10 x 10 writing fields with a size of 100 x 100 
µm. 
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In summary, we could show that the growth of PdFe alloy films on MgO is well under control and 
that epitaxial growth, albeit with two different orientations, is possible. The x-ray reflectivity 
measurements show that the interfacial roughness is small. Pattering by EBL and ion beam etching 
works well and many samples could successfully be prepared. 

 

Figure 1: Left:Reflectivity of a 223 Ǻ thick film with an Fe-concentration of x=0.1. Right: Reflectivity of a 
180 Ǻ thick film with a Fe-concentration of x=0.08. 
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Figure 2: Bragg Scan of the 180 Ǻ thick film. Fe 
-concentration: x=0.08 

Figure 3: Bragg Scan of the 223 Ǻ thick film. Fe 
-concentration: x=0.1 

Figure 5: Representative selection of patterned 
structures. Dotdiameter in the left panel: 800 nm. 

Middle: 500 nm. Right: 200 nm. 

Figure 4: Inplane Scan of the 180 Ǻ thick film. 
Fe-concentration: x=0.08 
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High symmetry crystals - spinels have the cubic structure (space group Fd-3m). We used    
the high-energy synchrotron radiation approximately 100 keV, because then it is possible to reduce 
both absorption and extinction [1].  

Spinel compounds with the general formula ACr2X4 (where A = Cd, Zn, Hg, Ga, Cu; X = S, 
Se, Te, O) have been analysed due to their interesting electric, thermal and magnetic properties, e.g. 
the large Seebeck effect and colossal magnetoresistance [2– 5]. The spinels are perfect materials for 
many current technological applications such as the magnetic sensors used as the read-write heads 
in the computer hard disks or as the temperature sensors. For example the discovery of the colossal 
magnetoresistance (> 90 %) in doped ZnCr2Se4 systems [6] is of major interest for technology.                   
The experimental and theoretical electron density has become an attractive tool to investigate the 
bonding and the electronic structure of many compounds [7, 8]. The advantages of applying 
synchrotron radiation are especially pronounced when the heavier atoms are present in the 
compounds under study (for example Cd, In, Hg, Ga). 

The measurements reported here will allow us to apply Hansen & Coppens aspherical 
pseudoatom formalism and Hirshfeld method with the goal to create maps of the electron density, 
even in the case of investiagting such heavy elements as In and Ga, which are present in many 
spinels. The application of these methods for the precise refinement of the deformation functions of 
the electron density of the heavy elements is not really feasible using the conventional X-ray 
sources. Probably, this is the reason for the fact that very accurate maps of the electron density in 
the magnetic spinel crystals are not available so far. The Hansen & Coppens approach presents a 
research method for the understanding the structure in more detail as well as the influence of the 
electronic effects and, therefore, it is of great value for physics.  

The experiment was performed on the materials science diffractometer at the GKSS 
materials science beamline HARWI-II at DESY, Hamburg, Germany. The following samples        
of single crystals have been investigated: Cd0.9Eu0.1Cr2Se4, Zn0.5Cd0.5Cr2Se4, CdCr2Se4, 
Cd0.5Ga0.5Cr2Se4, Zn0.6Cd0.4Cr2Se4, CdxIn1-xCr2Se4, CdxGa1-xCr2Se4 (two pieces). We used the 
MAR555 image plate camera. This new MAR555 detector has been tested at the GKSS materials 
science beamline HARWI-II recently [9]. The MAR555 detector is characterized by its short read-
out time (less than one second per image). Thus we were able to measure 8 samples within our 
beamtime. We performed the data collection for our crystals at room temperature and collected 180 
frames and additionally 180 frames using a Fe absorber in the beam in order to account for the 
strong reflections. 
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Data reduction using AUTOMAR [10] are currently under progress. Then initial structure 
refinements with SHELXL [11] will be made as well as the conventional refinement with the 
assumption of spherical atomic scattering factors and the deformation refinement in which the 
experimental electron distribution will be fitted to the multipole deformation functions will be made 
in XD program [12] 
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The processes of multiplication of electronic excitations (MEE) at exciting photon energies 
exceeding two band-gaps are considered as a possible way for the development of high-efficiency 
phosphors with quantum yields higher than 1 (see [1] and references therein). For such well-known 
oxide hosts like Y2O3 or Lu2O3 with rather wide valence bands the threshold of MEE is observed in 
the range 3÷4Eg due to restrictions related to the momentum (wave vector k) conservation law. 
However, in nanocrystals (NCs) the requirement for momentum conservation is relaxed and, 
generally, one can expect the lowering of the threshold of MEE, which would be particularly 
beneficial for rare gas discharge based lighting applications. On the other hand, the small size of 
particles in NCs can strongly limit the free mean path of mobile excitations, thus decreasing the 
probability of carrier’s inelastic scattering responsible for the creation of secondary excitations.  

In the present work luminescence properties of Lu2O3:Eu3+ and Lu2O3:Tb3+ nanocrystalline 
powders were studied in the photon energy range up to ~22.5 eV covering the region where the 
processes of MEE occur. Lu2O3 is a rather attractive host for rare earth (Eu3+, Tb3+) doped X-ray 
phosphors because of high stopping power for X-ray radiation due to high density (9.42 g/cm3) and 
high Z-number of Lu (71). Lu2O3 is a structural analog of Y2O3, which is the well-known host for 
Eu3+ and Tb3+ doped commercial phosphors. The experiments were carried out at the SUPERLUMI 
station [2] of HASYLAB at DESY. Nanoscale Lu2O3:Eu3+(5%) and Lu2O3:Tb3+(1%) powders with 
the particle size varied from 46 to 6 nm were prepared by solution combustion synthesis [3]. 
Nanopowders were slightly pressed into small copper cups (with a diameter of 3 mm and thickness 
of 1 mm), which were then glued onto a sample holder in an UHV chamber. 
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Figure 1: Excitation spectra of Lu2O3:Tb3+ nanopowders measured at room temperature monitoring Tb3+ 5D4 
– 7F5 emission at 542 nm. The energy of Tb3+ 4f – 5d transitions, the band-gap energy Eg, and the MEE 

threshold energy Eth are marked. 

-521-



The performed experiments have shown that emission intensity of both phosphor systems is 
reduced with the decrease of a particle size, as expected, but the emission spectrum remains 
practically unchanged, showing only some broadening of the lines for the samples with the smallest 
particles. The excitation spectra of Tb3+ emission from all Lu2O3:Tb3+ nanopowders have similar 
behavior (Fig.1), whereas the shape of the excitation spectra of Eu3+ emission from Lu2O3:Eu3+ 
nanopowders strongly depends on the particle size (Fig.2). The effect was interpreted as being due 
to different mechanisms of the energy transfer from the host to Eu3+ or Tb3+ ions (either hole or 
electron recombination mechanism, respectively), which are differently influenced by the losses of 
electronic excitations near the particle surface. The appearance of the onset at 11 eV in the 
excitation spectra of Lu2O3:Eu3+ nanophosphors has been assigned to the impact excitation of Eu3+ 
ions by fast photoelectrons. The possible changes in the momentum conservation law do not 
significantly influence the mechanisms of MEE in Lu2O3:Eu3+ and Lu2O3:Tb3+ nanophosphors for 
the studied sizes of particles (down to 6 nm). However, in semiconductor nanomaterials with 
similar particle sizes, but with considerably larger spatial extent of excitations, the effect can be 
strong enough for the enhancement of quantum yield of photoluminescence under excitation by 
photons with the energy near 2Eg, i.e. well below the threshold of MEE for the bulk phosphors. 
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Figure 2: Excitation spectra of Lu2O3:Eu3+ nanopowders measured at room temperature monitoring Eu3+ 5D0 
– 7F2 emission at 611 nm. The spectra are normalised to the intensity of first charge-transfer (CT) band in the 
5.05 – 5.4 eV region. The energy of Eu3+ CT transition E0, the band-gap energy Eg, the threshold energy for 

impact excitation of Eu3+ Eg + E0, and the MEE threshold energy Eth are marked. 
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Structural characterization of a superconducting spin
valve based on epitaxial MBE-grown Fe/V-trilayer

G. Nowak, H. Zabel, and K. Westerholt

Experimentalphysik/Festkörperphysik Ruhr Universität Bochum, Universitätstr 150 , 44780
Bochum, Germany

The interplay of superconductivity and ferromagnetism in thin film systems is a naturally fascinat-
ing topic, since two antagonistic spin orders compete with each other. One possible playground to
investigate experimentally the superconductor/ferromagnet interaction is the superconducting spin
valve structure [1, 2]. In these thin film heterostructures a superconducting layer (S) is in spatial
vicinity to two ferromagnetic layers (F1) and (F2) defining a S/F1/F2-trilayer. We developed a
novel spin valve design with the aim to achieve an epitaxial quality of the superconducting V-layer
and ferromagnetic layers F1 and F2 as well as a suitable difference in the coercive force for F1 and
F2. The stacking sequence grown on MgO(001) substrates starts with an epitaxial 150 monolayer
thick V layer (S) followed by a[Fe3Ml/V35Ml/Fe3Ml] trilayer which provides the F1 and F2 mag-
netic control layers. On this trilayer we deposited a CoO/Co exchange bias double layer which is
necessary to pin the magnetization of the F2 layer.
The samples were prepared by Molecular Beam Epitaxy (MBE) Riber EVA 32 system at a basis
pressure better then5× 10−11 mbar at a deposition rate of 0.12̊A/s for Fe, 1.6Å/s for V and 0.33
Å/s for Co. Because the contrast in electron density between Fe and V is weak and the scattering

Figure 1: (a) Specular and off-specular intensity distribution in the reflectivity region and (b) Bragg scan
with insets presenting corresponding transverse scans at the MgO(002) and V(002) reflections of the het-
erostructureCoO(30Å)/Co(110Å)/[Fe3Ml/V35Ml/Fe3Ml]V150Ml/MgO(001).

volume of Fe is small, a brilliant x-ray source is needed for a detailed structural characterization of
this sample. The presented x-ray investigation was accomplished at the HaSyLab, beamline W1.1.
The wavelength of the radiation was set toλ = 1.5405 Å by fixing the energy athν = 8048 eV at
the W1-wiggler. In Fig. 1(a) we present the specular and off-specular reflectivity intensity. In the
specular reflectivity we can clearly resolve total thickness oscillations up to 12◦ in 2Θ. This proves
a low sample surface roughness typical (less then 6% of Co layer thickness) for a naturally oxidized
Co top layer. The off-specular (transverse) scans recorded at randomly chosen minima and maxima
positions of the reflectivity are also presented in Fig. 1(a). At small incident angles the off specu-
lar intensity background is 3-3.5 orders of magnitude weaker then the specular rod. Additionally

-523-



in the incident angular rage from 1 to 3 degree we observe Yoneda wings which are indicated by
the increased intensity close to the sample horizon, here representatively shown for two rocking
curves close to2Θ = 1◦. Combining this information we find an increased correlated roughness
Co/Fe/V/Fe magnetic part. This observation correlates well with a unexpected large coercive field
in the remagnetization curve of this sample. A more quantitative analysis might be possible after
extensive X-ray reflectivity fitting. In Fig. 1(b) we display a Bragg scan of the same sample as

Figure 2: 360◦ Rocking scans for the out-of-plane Bragg reflections presented in Fig.1.

shown in Fig. 1(a). There appear Bragg peaks of the substrate MgO (002), the thick V(002) layer
and finally the Co(11-20) peak [3]. We do not observe any signal from the 6 Fe monolayers. The
single crystalline quality of the V layer is demonstrated by the presence of the V(002) reflection
in the out-of-plane as well as in the in-plane direction of the sample Fig. 2. Between 73◦ and 76◦

in 2Θ we also see a broad reflection of the Co layer with (11-20) orientation. The radial widths of
the V(002)-reflection (out- of-plane) is determined to be∆2Θ = 0.48◦, the width of the Co(11-20)
yields∆2Θ = 0.94◦. These widths corresponds to a structural coherence lengths of200 Å , which
is 88% of the thickness of the V layer. For Co the structural coherence length is determined to
100 Å , which is 90% of its thickness. In the insets of Fig. 1(b) we present transverse (rocking)
scans at the Bragg peaks of MgO(002) and V(002). The rocking width of the V (002) Bragg peak
is ∆Θ = 0.59◦ and∆Θ = 0.88◦ for Co, which is a typical mosaicity for these kind of films. Fi-
nally, we show in Fig. 2 an in-plane 360◦ rocking scan of the MgO(002), V(002) and Co(1-101)
reflection. We observe a fourfold symmetry for MgO and V reflections and after correction for the
different incident angle, we find the standard 45◦ epitaxial relation between the (001)-directions of
V and MgO. The Co film also shows a four fold symmetry (see Co hcp lattice to the right of the
diagram of Fig. 2) which indicates a twinned domain structure resulting in a splitting of the Co(1-
101) in-plane reflection. One of the two Co (1-101) in-plane domains coincides with the V(020)
direction.
We are grateful to Wolfgang Caliebe and Oliver Seeck at the Beamline W1.1 for instrumental sup-
port and the SFB 491 for financial support.
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Time-resolved luminescence of neutron irradiated 
and additively colored BeO crystals at core 

excitation  
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F- and F+ -centers in additively colored BeO crystals were studied in detail using time-resolved 
luminescence spectroscopy method at VUV-excitation [1]. At the same time it is known that 
irradiation of BeO crystals by fast neutrons (fluence  of 3⋅1017

 cm-2) as well as additively coloring 
resulted in effective generation of anion vacancies, too [2].  The peculiarities of core excitation 
of intrinsic luminescence in BeO crystals we have researched in [3]. In present study we 
compare the results of time-resolved luminescence investigation of additively colored and 
neutron irradiated BeO crystals at core excitation in the regions of K-edge of berullium and K-
edge of oxygen.  

Synthetic single crystals were colored in a metallic beryllium vapour at high pressure (2.5 kPa) 
and temperature (1900°C) or were irradiated in the internal cavity of fuel assembly established in 
a cell of reactor’s active zone (fluence of 4⋅1020

 cm-2).   The luminescence spectra (2.5 – 8 eV), 
the luminescence excitation spectra  (50-200 eV and 500-620 eV) as well as the decay kinetics of 
luminescence were recorded at temperatures 10 and 300 K using synchrotron radiation from the 
BW3 beam-line (HASYLAB, DESY) [4]. SR from the undulator was further monochromatized 
by a Zeiss SX700 monochromator. The luminescence spectra (LS) were measured by a 0.4 m 
vacuum monochromator (Seya-Namioka scheme) equipped with a microchannel plate-
photomultiplier (MCP 1645, Hamamatsu). The luminescence excitation spectra (LES) were 
corrected for the equal number of the exciting photons but the LS are presented as they are 
measured. Time-resolved spectra were recorded within a time window (length Δt) correlated 
with respect to an exciting SR radiation pulse (delay δt). We made δt1=0.2 ns, Δt1= 3.4 ns for a 
first time window and δt2=34 ns, Δt2= 118 ns for a second time window at the BW3 beam-line. 

The measured spectra (LS and LES) as well as decay kinetics are shown on Figures 1-4. Firstly, 
we should point the difference of LS of additively colored and neutron irradiated crystals (Fig.1). 
In LS of additively colored crystals there are three emission bands: known band of triplet F-
luminescence (3.4 eV), self-trapped exciton luminescence VUV-band (6.7 eV) and host UV-
band (4.9 eV). In our early investigations UV-luminescence peak at 4.9 eV was registered as 
intrinsic emission of self-trapped excitons in any BeO samples [5] or as singlet F-emission at 
inner-center excitation in additively colored crystals [1]. The decay kinetics of 4.9 eV in our case 
under core excitation (Fig.2, curve 2) points to first possibility, i.e. in our case we observed 
intrinsic UV-luminescence of self-trapped excitons. In neutron irradiated crystals VUV-
luminescence of self-trapped excitons is suppressed significantly. This fact points to essential 
destruction of crystal lattice. From the other hand in LS of neutron irradiated crystals we have 
registered 3.9 eV emission band. In the decay kinetics of 3.9 eV luminescence there is a short 
component with τ∼1 ns (Fig.2, curve 1). Accordingly [1] fast kinetic decay is typical for singlet 
F+-luminescence. More slow components in the decay kinetics of 3.9 eV luminescence of 
neutron irradiated BeO crystals could be caused by contribution of 4.9 eV luminescence. 

LES of 3.4 eV and 4.9 eV emission bands in additively colored samples and those of 3.9 eV 
luminescence in neutron irradiated crystals are characterized by expressed structure with two 
minima at  119.2 eV and 124.5 eV. These peculiarities are in a good agreement with peculiarities 
of LES measured early for intrinsic luminescence of BeO in [3]. Observed LS structure is caused 
by transitions of electron from K-shell of Be after selective excitations. In present work we 
haven’t observed any shortening of kinetic decay discussed in [3]. At the excitation in the energy 
region 560-580 eV LES structure is caused by rise of absorption coefficient as a result of 
electron transitions from K-shell of oxygen. In both case (Fig.3 and Fig.4) LES are similar for 
intrinsic luminescence and emission of colour centers. Therefore we may conclude about similar 
(most possible volume) character of both types of luminescence.  
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Figure 1: Luminescence spectra of neutron 
irradiated (1) and additively colored (2) BeO 
crystals measured in fast (1) and slow (2) time 
windows at T=10 K. Energy of excitation 119.5 
eV.  
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Figure 3: The luminescence excitation spectra (1 - 
Eemis=3.4 eV, 2 - Eemis=3.9 eV, 3 - Eemis=3.9 eV) 
measured in fast (1,3) and slow (2) time windows 
for additively colored (1,3) and neutron irradiated 
(2) BeO crystals at T=10 K. 

0 25 50

1E-3

0,01

0,1

1
 

 

In
te

ns
ity

, a
rb

.u
ni

ts

Decay time, ns

1

2,3

Figure 2: Luminescence decay kinetics of neutron 
irradiated (1,2) and additively colored (3) BeO 
crystals (1 - Eemis= 3.9 eV, 2,3 - Eemis= 4.9 eV). 
Energy of excitation 119.5 eV. T=10 K. 
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Figure 4: The luminescence excitation spectra (1 - 
Eemis=3.4 eV, 2 - Eemis=4.9 eV) measured in fast 
time  window for additively colored (1) and neutron 
irradiated (2) BeO crystals at T=10 K. 
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Phase transition and low temperature structure of VOCl
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The compounds TiOCl and TiOBr, which are at room temperature isostructural to VOCl, have re-
cently been studied for their properties related to the presence of quasi-one-dimensional (1D) S =
1/2 magnetic chains of Ti atoms [1]. See also our Hasylab Annual Reports in 2005 to 2007 [2, 3, 4].
Upon cooling, TiOCl undergoes two phase transitions: one occurs at Tc2 = 90 K towards an incom-
mensurately modulated state [5, 6], the other at Tc1 = 67 K towards a twofold superstructure that
has been interpreted as a spin-Peierls state [1, 7]. Both transitions are accompanied by anomalies
in the magnetic susceptibility, which indicate the development of magnetic order. TiOBr exhibits a
similar series of phase transitions with Tc2 = 47 K and Tc1 = 27 K [8].
One phase transition has been found for VOCl in the temperature-dependent magnetic suscepti-
bility, at TN = 80.5(5) K. It was found by neutron diffraction that the phase at low-temperature
corresponds to a twofold magnetic superstructure of antiferromagnetic order. A complicated two-
phase structure model was proposed in orthorhombic symmetry [9].

By means of single-crystal X-ray diffraction with synchrotron radiation down to T = 20 K on a
four -circle single crystal diffractometer at beamline D3 at Hasylab, DESY we have found, that
the magnetic phase transition is accompanied by a small, temperature-dependent monoclinic lattice
distortion. 2θ-scans with narrow detector slits on 16 selected reflections showed, that reflections
with both h 6= 0 and k 6= 0 were split. Similar scans were performed as function of temperature
on the reflections (4, ±2, 0) and (2, ±4 ,0) in the range 20 K ≤ T ≤ 85 K. The splitting appeared
to depend on temperature and it was zero above T = 80 K [10]. Since reflections (0, 0, l) are not
split, the monoclinic axis is the c-axis. The monoclinic angle γ was derived from the magnitude of
the split of the reflections (Fig. 1).
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Figure 1: Temperature dependence of the monoclinic angle γ of VOCl. The full curve represents the power
law as obtained from a fit of Eq. (1) to the data. Figure taken from [10].

These observations can be explained by a twinned crystal of monoclinic symmetry, whereby the
two domains give rise to Bragg reflections at the same crystal orientation but at different scattering
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angles. The temperature dependence of the splitting can be described by the power law

γ = γ0 + A2(1− T/TN)2β (1)

with γ0 = 90◦ is the orthorhombic angle of the room temperature phase. A fit of Eq. 1 to the data
below T = 80 K resulted in a critical exponent of β = 0.099(12) and a transition temperature
TN = 80.3(3) K, while A = 0.471(8). The phase transition presumably is of second order. Above
TN reflections are not split, and VOCl is in its orthorhombic phase. As this orthorhombic-to-
monoclinic phase transition takes place at TN = 80.3(3) K, it coincides with the previously reported
magnetic phase transition [9].
For a data collection at T = 20 K the integrated intensities of reflections were measured by ω scans
centred at the expected reflection positions of the orthorhombic lattice. Owing to the presence of
the cryostat, only a limited range of setting angles of the crystal could be reached. Nevertheless, an
almost complete data set could be obtained up to sin(θ)/λ = 0.70 Å−1. Absorption correction was
applied. A good fit to the diffraction data has been obtained for the orthorhombic structure model
as is also valid at room temperature: Structure refinements in orthorhombic symmetry Pmmn
resulted in a good fit to the data with Robs = 0.037.
Therefore one might conclude, that the observed monoclinic lattice distortion is not associated with
a distortions of the nuclear structure. The driving force for the lattice distortion must thus come
from the magnetic interactions.

Powder neutron diffraction experiments were carried out on the instrument SPODI at FRM II in
Garching using a wavelength of λ =1.5481 Å [10]. Diffraction was measured at T = 120 K, 20 K,
and 3.2 K. Those data corroborate the results found by single-crystal X-ray diffraction. At T =
3.2 K the monoclinic angle was refined to γ = 90.211(2)◦.
The magnetic superstructure with 2a× 2b× 2c supercell has symmetry F2′/d′. Magnetic moments
on the V atoms are refined to be M(V) = (0.76(23), 1.27(19), 0) and to have the magnitude 1.48 µB.
The direction of the moments is in agreement with strong exchange coupling between V atoms on
neighbouring chains, which would be frustrated within the orthorhombic symmetry of the high-
temperature phase.
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We have studied the structural properties of a thick, epitaxial Vanadium layer grown to investi-
gate the effect of appearance of flux line lattice on the magnetic scattering potential in the polarize
neutron reflectivity (PNR) measurements. The detailed knowledge about the contribution resulting
from the flux lattice in the superconducting state of V is a important puzzle piece to prove the exis-
tence of the inverse proximity effect [1].
The V film deposited by Molecular Beam Epitaxy (MBE) has an excellent structural quality and
reveals a relaxation of the Vanadium bcc lattice above the thickness of300 Å. We have prepared
a V film on a MgO(001) substrate and carefully pre-analyzed its superconducting properties. In a
detailed structural characterization we found hints for a lattice relaxation process in thick V-single
film.
More specifically, the sample is an epitaxially grown V(001)4500 Å thick single film covered by
50 Å of Pd. The single layer was prepared on MgO(001) substrate at 280◦C by MBE at a growth
rate of 1.6Å/s. A final Pd capping layer was deposited at room temperature and prevents the V for
oxidation at ambient condition. In the following we will discuss the structural properties of this V
single layer. Because of the relatively large thickness of the V single layer, required for the study
of the superconducting flux lines via PNR, we need a high angular resolution diffractometer for
reflectivity measurements combined with a highly brilliant x-ray source.
Our x-ray investigations were accomplished at the HaSyLab, beamline W1.1 at a wavelength of
λ = 1.5405 Å. In Fig. 1(a) the specular reflectivity of a4400 Å thick V(001) film is shown. We

Figure 1: (a) Specular reflectivity for an V single layer grown by MBE. Inset depicts total thickness os-
cillations which might be oversee in the main figure (b) Off-specular intensity at2Θ = 4◦ for the sample
presented in Fig. 1.

recorded a dynamical range in intensity of 8 orders of magnitude between the critical edge and
the background. The observed decay in intensity at small angles, as well as the absence of a long
period oscillations, indicate a rather high surface roughness of the Pd-capping layer. However, we
observe well resolved total thickness oscillations accented in the inset of Fig. 1(a) belonging to the

-529-



Pd and V bilayer. The short period of the total thickness oscillations results from the sum of both
thicknesses of Pd and V and in total corresponds to4400 Å .
The rocking scan at small angles presented in Fig. 1(b) reveals a sharp specular component super-
imposed on an off-specular background one and half orders of magnitude weaker in intensity. The
increased off specular intensity close to the geometrical sample horizon is caused by the Yoneda
effect i.e. it is due the interference of incoming and scattered waves from correlated roughness or
facetted like surface at conditions close to total reflection edge.
In Fig. 2(a) we show an out-of-plane Bragg scan with the MgO(002) substrate Bragg reflections
and two well separated V(002) reflections from strained V and the relaxed part of the V layer. The
three orders of magnitude larger intensity from the relaxed V film has a radial width of 0.0427◦ in
2Θ corresponding to a coherence length of2300 Å and the strained V reflection posses a radial
width of 0.28◦ in 2Θ giving a coherence length of330 Å . The difference of the sum of the relaxed
and strained part to the total thickness of4400 Å represents the transition region between the
strained and relaxed phase. To confirm the coexistence of two phases of the V lattice we present
the rocking scans (Fig. 2(b)) at the strained V(002) reflection yielding a FWHM of 0.0742◦ and
at the, relaxed reflection finding a FWHM of 0.178◦. The rocking curve of the strained V film
reflection reveals a two component line shape: a sharp and intense line corresponding to a narrow
angular distribution of crystallites is superimposed with a less intense and much broader reflection
from a wider mosaic spread of the crystallites. We attribute the sharpness of the intense line to an
ordering effect resulting from huge strain between the MgO substrate and the first part of the V
film. In the relaxed part of the V film the angular mosaic spread of the crystallites do not contain a
gradient in the orientational ordering state and the distribution becomes Gaussian with a width 2.5
times larger then in the strained phase.

Figure 2: (a) A wide range out-of-plane Bragg scan on the single V-film. (b) Out-of-plane Rocking scans at
the V(002) Bragg reflections of the strained and relaxed phase of the same sample presented in Fig.1.

We are grateful to Wolfgang Caliebe and Oliver Seeck at the Beamline W1.1 for instrumental
support and the SFB 491 for financial support.
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Today, information is stored digitally on magnetic storage devices. Driven by the enormous amounts
of data, one of the current research aims is to increase the storage density of magnetic hard disk
media. Therefore it is necessary to reduce the area covered by one information unit (bit). The
concept of patterned media, where one bit is represented by a single nanostructure, is an approach
to decrease the respective area [1]. Using materials with high uniaxial perpendicular magnetic
anisotropy is another requirement for further increasing of the information density in magnetic
storage devices. FePt or CoPt alloys in their chemically L10 ordered phase and (001) orientation
exhibit this anisotropy providing sufficient thermal stability [2]. We currently combined patterned
media and materials with high uniaxial perpendicular magnetic anisotropy. We used SiO2 parti-
cles on Si-wafers providing the nanostructured pattern which was then covered with FePt films
by sputtering at room temperature and the transformation into the L10 phase was performed by a
subsequent rapid thermal annealing (RTA) process [3].
Planar FePt films as well as films deposited on SiO2 particles have been investigated within this
beam-time. The main goal of investigating planar films is a better understanding of the preparation
process and its parameters with respect to the homogeneity of the films, orientation of the crystal-
lites and magnetic properties. The orientation of the crystallites and the homogeneity of the films
deposited on SiO2 particles have been also measured.
The FePt films were sputtered onto Si(100)-wafers with a 100 nm thick thermally grown amorphous
SiO2 top layer. The deposited films reveal a fcc lattice without any ordering of the atom species.
During a RTA process the disordered structure transforms into the ordered L10 phase. A linear
gradient in the film thickness was produced on one of the samples using an ion beam etching process
applied directly after the deposition which allowed a detailed study of the thickness dependence of
the structural transformation process.
The X-ray diffraction experiments were carried out at HASYLAB beam-line G3. The energy of
the incident radiation was chosen to be 8047 eV which is equivalent to the Cu-Kα-radiation used
at our own laboratory equipment. Using a LaB6 powder sample the calibration of goniometer and
radiation energy was verified. In total 22 samples have been studied using gracing incidence as
well as θ-2θ-geometry.

Figure 1: θ-2θ X-ray diffraction patter of a 20 nm planar FePt film
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The influence of the annealing temperature and layer thickness on the modification of the structure
of planar films has been studied. Figure 1 shows a comparison of two scans of the sample with the
gradient in the film thickness before and after annealing. The measurement of the sample without
annealing shows two peaks corresponding to (111) and (200) orientation. The two broad peaks
indicate the presence of small crystallites. The diffraction pattern of the annealed sample exhibits
all possible peaks. In comparison with the measurement of the as grown sample, the peaks became
narrow which indicates an increase in the size of the crystallites. Since the relative intensities of
the peaks measured compare to the calculated intensities, the conclusion can be drawn, that the
crystallites exhibit statistical orientation. This result may be caused by the ion-etching process.
Figure 2 shows an overview of two samples with a 3 and 20 nm thick FePt layer. The relative
intensities of the peaks measured indicate a preference of the desired (001) orientation. Furthermore
a shift of the peak positions dependent on the layer thickness can be observed. A comparable peak
shift could be observed at the sample with the thickness gradient.

Figure 2: Overview of two samples with different layer thicknesses after annealing

Different sizes of SiO2 particles (range: 10 nm - 7,8 µm) covered with FePt films with two thick-
nesses of 3 and 20 nm have been also studied. Space resolved measurements of the annealed
samples using the MAXIM camera have shown a dewetting of the planar films as well as of the
films deposited on SiO2 particles at higher annealing temperatures. Further investigation of this
phenomenon is necessary.
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The Heusler-alloys with the generic formula X2YZ represent a huge and versatile group of 
intermetallic compounds with interesting magnetic and structural properties [1]. In recent years 
several ferromagnetic Heusler alloys such as the phase Co2MnGe under study here moved into the 
focus of international research interest because of their half metallic properties i.e. their full spin-
polarization of the conduction electrons at the Fermi level [2]. This property makes them promising 
candidates for future applications in spintronic devices. In this context there is also renewed interest 
in the Heusler compound Cu2MnAl. This ferromagnetic compound actually was the first member of 
the Heusler group detected by Heusler in 1903. It has only a moderate spin polarization at the 
Fermi level of about 30% [3], but is interesting as a prototype for all other Heusler compounds.  

In the field of spintronics one major issue is the growth of thin films with smooth, atomically flat 
surfaces, epitaxial quality and a high degree of atomic order between the X, Y, and Z positions of 
the Heusler unit cell [2]. These requirements are somewhat in conflict with each other, since on the 
one hand, atomic order and epitaxial quality usually needs high growth temperatures but, on the 
other hand, at high temperatures most Heusler phases tend to grow in three dimensional mode with 
rough surfaces. 

We have grown thin films of the Heusler-phases Cu2MnAl and Co2MnGe by UHV rf magnetron-
sputtering on MgO (100) and Al2O3 a-plane substrates. The substrates were at room tempe-rature 
during sputtering, the sputtering rate for the Heusler compounds was kept constant at 0.05 nm/s. 
Epitaxial quality of the thin films was achieved for the Co2MnGe phase on sapphire a-plane and an 
additional  4 nm V-seed layer and for Cu2MnAl on bare MgO (100). For a detailed X-ray structural 
characterization of the films the HaSyLab beamline W.1.1. at a wavelength λ= 0.15405 nm was 
employed.  

                             a)                                                                                         b) 

 

Figure 1a,b: Out-of-plane Bragg scan (a) and in-plane rocking scan of the (400) reflection (b) for a Cu2MnAl 
film grown on MgO (100). 
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In Fig.1a we show an out-of-plane Bragg scan of a 100 nm thick Cu2MnAl film after post 
annealing at 300 °C. One observes perfect (001) texture with only the (002) and the (004) Heusler 
Bragg reflections appearing. The (400) peak clearly exhibits finite thickness Laue oscillations 
indicative of flat surfaces and coherent growth of the film. The in-plane rocking scan of the (400) 
peak (Fig.1b) reveals the epitaxial quality of the film, since there are four reflections separated by 
90° from each other. The in-plane epitaxial relation is Cu2MnAl [100] parallel to MgO [110]. 

In Fig. 2a.b an out-of-plane Bragg scan and an in-plane rocking scan of a 70 nm thick Co2MnGe 
film grown on Al2O3 a-plane is depicted. Fig.2a reveals perfect (110) texture of the Heusler phase 
with only the Heusler (220) and (440) Bragg reflections appearing in the scan. Remarkably,  in the 
in-plane rocking scan of the (220) Bragg reflection (Fig.2b) one observes 12 distinct peaks 
separated by 30°. More precisely, one finds three groups of peaks with four-fold symmetry rotated 
by 30° relative to each other. From this observation we conclude that in-plane there are three 
different crystallographic domains with four-fold cubic symmetry. To the best of our knowledge 
this type of epitaxial growth on Al2O3 a-plane in not known in the literature for the Heusler phases 
until now and needs further investigation.    

                     a)                                                                     b) 

                                                                                                      7

 

 

 

 

 

 

 

 
Figure 2a,b: Out-of-plane Bragg scan (a) and in-plane rocking scan of the (220) reflection for a Co2MnGe 

film grown on Al2O3 a-plane. 
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Double perovskites have the general formula A2BB’O6, where A is an alkali metal or a lanthanide, 
and B and B’ are transition metals. A high magnetoresistance at room temperature has been 
discovered in these compounds. Sr2CrReO6 has a Curie temperature of 635 K [1]. First band-
structure calculations, including predictions of the magnetic moments for Sr2CrReO6, were 
published by Vaitheeswaran et al. [2] and later experimentally confirmed by Majewski et al. [3].  
 
The parent structure of Sr2CrReO6 is tetragonal with space group I4/mmm. The lattice parameters 
are a0, tet=5.52 Å, and c0=7.82 Å [1]. It is seen that the c/a ratio is close to √2, indicating that a 
larger face-centered cubic (fcc) unit cell can describe the lattice at ambient conditions. The fcc cell 
has the lattice parameter a0=7.82 Å and twice the volume of the tetragonal cell.  
 
Room temperature, high-pressure powder x-ray diffraction (XRD) spectra were recorded at Station 
F3 to determine the parameters of the equation of state of the material. Calculations were performed 
using density-functional theory (DFT) and the all-electron full potential linear muffin-tin orbital 
(FP-LMTO) method.  
 
Cubic indexing has been assumed at low pressure, but a tetragonal distortion becomes evident 
above 9 GPa (Fig. 1). The inset graph in figure 1 shows that the width of the Bragg peaks increases 
steadily with increasing pressure. 
 
Figure 2 shows the volume compression. There is no observable volume change at the transition 
from pseudo-cubic to tetragonal structure, although the scatter of the data points becomes larger at 
high pressure. The experimental bulk modulus is B0=170±4 GPa, and the pressure derivative is 
B0’=4.7±1.0.  
 
DFT calculations of total energies are indicating that the cubic phase is stable at zero pressure, 
whereas the tetragonal phase is favored under pressure. The calculated lattice parameter of the fcc 
unit cell at ambient conditions is a0=7.872 Å, which agrees within less than 1% with the 
experimental value. If instead a tetragonal unit cell is assumed, the calculated lattice parameters at 
ambient conditions are a0, tet=5.5478 Å and c0=7.8477 Å. Thus, the c/a ratio is practically equal to 
√2 at zero pressure.  
 
The calculated equation of state is shown by the dashed curve in figure 2. The bulk modulus is 
172.6 GPa and the pressure derivative 5.7. Thus, the calculated and experimental bulk moduli agree 
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within 1.5%. This close agreement must be considered very satisfactory. To our best knowledge, 
there are no published data with which to compare the present results. 
 
L.G. and J.S.O. gratefully acknowledge financial support from the Danish Natural Sciences Research 
Council through DANSCATT.  
 
References 
[1] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, Y. Takenoya, A. Ohkubo, M. Kawasaki, and Y. Tokura. 

Appl. Phys. Lett. 81 328 (2002). 
[2] G. Vaitheeswaran and V. Kanchana, Appl. Phys. Lett. 86 (2005) 032513. 
[3] P. Majewski, S. Geprägs, O. Sanganas, M. Opel, R. Groß, F. Wilhelm, A. Rogalev and L. Alff. Appl. 

Phys. Lett. 87 202503 (2005). 
 
 
Figure 1.  
 
The lattice parameter, a, of the 
pseudo-cubic unit cell, and the 
parameters a and c of the 
tetragonally distorted cell of 
Sr2CrReO6 as functions of 
pressure.   
 
The inset shows the full width 
at half maximum (FWHM) of 
the 220 and 422 peaks as 
functions of pressure. 
 
 
 
 
 
 
 
Figure 2.  
 
Unit-cell volume of Sr2CrReO6 
as a function of pressure. The 
full curve through the experi-
mental data points has been 
calculated from the Birch-
Murnaghan equation of state. 
 
The dashed curve is the result 
of the DFT calculation. 
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The family of rare-earth ferroborates have attracted considerable attention since, besides of the
presence of two different magnetic ions, its members exhibit a wide variety of phase transitions
and possess a magnetic structure which changes as a function of temperature, external magnetic
field and rare-earth substitutions. Recently, the Nd and Gd compounds were reported to posses
magneto-electric coupling [1]. Below TN the iron moments order antiferromagnetically, where
the direction of the antiferromagnetic vector depends on the rare-earth ion. For the Y and Nd
compounds, the ordering is along the ab-plane while for the Tb and Gd it is along the c-direction.
Furthermore, a first order magnetic phase transition is also present in the Tb and Gd compounds,
where the direction of the iron spins flop from along c-direction to along ab-plane (spin-flop). For
the Tb case this spin-flop transition takes place when applying external magnetic fields larger than
3.5T along c. The magnetic order on these compounds is followed by the appearance of superlattice
reflections with propagation vector (0,0,3/2), observed by neutrons [2, 3] and recently by resonant
x-ray scattering [4], suggesting a doubling of the unit cell along c. Moreover, the peak undergoes a
commensurate to incommensurate transition in the Nd and Gd compounds below TN , which is not
clearly understood but it seems to be strongly related to the rare-earth and its interaction with the
iron sublattice.
In order to understand the effect of the magnetic order on the structure of the iron borates, hard
x-ray diffraction experiments were performed at beamline BW5, with an incident photon energy of
100keV. The penetration depth of the x-rays at this energy is of the order of millimeters, enabling
the study of bulk properties of large single crystals. The diffractometer consists of a standard
triple-axis goniometer cradle with Eulerian geometry and a solid state Ge detector. The sample was
mounted in a cryomagnet where temperatures down to 2K can be reached and horizontal magnetic
fields up to 10T can be applied.
When going down in temperature, the iron borates undergo a structural phase transition from space
group symmetry R32 to P3121.The reflection conditions for both symmetry space groups reads
(0, 0, l) with l = 3n. By scanning the l direction of the reciprocal space it is observed for the Tb,
Gd and Nd that this condition is conserved and only the fundamental (0,0,3) reflection is observed
above TS . Below the structural transition, a new set of reflections with Miller indices (0,0,1) and
(0,0,2) emerge as shown in figure 1 for the gadolinium compound and until the lowest temperature.
This reflections refer to a lattice modulation that triples the unit cell along the c direction or they
can also come from a wrong determination of the symmetry space group.
Regarding the magnetic structure, the AFM ordering transition temperature of the GdFe3(BO3)4

is TN=36.6K. Below this temperature the iron spins align themselves along the ab plane, while the
gadolinium spins are magnetically polarized by the iron spins, so that they align antiferromagneti-
cally along the c direction. Below TN a superlattice peak with Miller indices (0, 0, 1.5) and intensity
almost seven orders of magnitude smaller than the main (0, 0, 3) reflection (fig. 1a), surprisingly ap-
pears and its intensity stays constant until a temperature of ∼ 9.3K is reached. At this temperature
the iron spins reorient to an out of plane configuration. Below this temperature the peak vanishes.
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Figure 1: Integrated intensities of the dif-
ferent Bragg reflections as a function of
temperature for B=0 (a) and B=0.6T (b).

Figure 2: l-scans on GdFe3(BO3)4 showing the superlattice
(0,0,1.5) reflection at B=0 (a) and B=0.6T (b), as a function of
temperature.

From the crystallographic point of view, the appearance of such peak suggests that a superlattice
symmetry develops on the crystal, making the unit cell to double its size along the c-direction. So
far we have seen for the GdFe3(BO3)4 that, the appearance of the (0,01.5) superlattice peak seems
to be dependent on the iron moments orientation. In this sense, the reflection appears when the
iron moments lay on the ab plane and disappears when the spin flop transition takes place, chang-
ing the iron spins direction to out of plane. When a magnetic field of 0.6T is applied along c, the
spin reorientation temperature is shifted to TSR=5K as shown in figures 2b and 1b) in agreement
with the phase diagram reported by Yen et al [5]. Below this temperature the superlattice (0, 0, 1.5)
reflection vanishes. TM refers to the temperature at which the electric polarization shows a maxi-
mum value[5]. The present results suggest a large coupling between lattice structure and magnetic
ordering.
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The paper presents the results of a study of the electronic excitation dynamics, fast luminescence 
and energy transfer in the lithium-gadolinium borate crystals Li6Gd(BO3)3 (LGBO) doped with Ce 
(LGBO:Ce). The LGBO crystal has a great potential in neutron imaging and represents a modern 
class of the fast inorganic scintillators that can be optimized for specific purposes, in particular, for 
the exothermic neutron detection. In previous works [1, 2] we started an investigation of LGBO 
crystals by the means of the low-temperature time-resolved VUV spectroscopy.  

The present paper extends this research into XUV region. 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 PL spectra (2.5–9.0 eV), the PL excitation spectra (50–220 
eV, 500–650 eV) as well as the decay kinetics of the PL has been measured at 8 K using SR from 
the BW3 beamline. The SR from the undulator was further monochromatized by a Zeiss SX700 
monochromator. The PL spectra were measured by a 0.4 m vacuum monochromator (Seya-
Namioka scheme) equipped with an microchannel plate-photomultiplier (MCP 1645, Hamamatsu). 
The PL excitation spectra were corrected using a photodiode. All the examined crystals were grown 
in the STC Institute for Single Crystals NAS of Ukraine [3]. 
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Figure 1: Time-integrated PL emission spectra (left) and the decay kinetics of Ce3+ emission Eem=3.1 eV, 
(right) in LGBO:Ce at 8 K (green line has been measured at 290 K). 

From Fig.1 it is seen that the emission spectrum at XUV excitation consists of narrow intensive line 
at 3.95 eV, which belongs to the radiative transitions in the Gd3+ (6PJ – 8S7/2), and wide band at 3.0 
– 3.2 eV, which has ~100 times smaller intensity and is due to 5d-4f transitions in Ce3+. The 
luminescence kinetics of these bands are very similar. Decay time is short, but kinetics could not be 
approximated by exponential decay and have slow components. Average decay time of short 
components is about 15-20 ns. For comparison, the decay of emission excited in the “band-to-
band” region measured at SUPERLUMI setup is also shown. It contains both short and 
microsecond components. Short component decay time is 39 ns. Under UV and VUV excitation 
LGBO:Ce crystals were previously studied quite well [4]. 
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Figure 2: Time-integrated PL excitation spectra of LGBO:Ce at T=8 K. Arrows are showing electron 
binding energies, relative to the vacuum level for O2 gas, to the Fermi level for Gd, Li and B elementary 

substances. 

The excitation spectra of these two bands are similar. Fig. 2 contains these spectra for Gd3+ f-f 
emission. The absorption coefficient is strongly increased at the fundamental absorption edges 
(known as “giant resonance” [5]), resulting in smaller thickness of the layer in which radiation is 
absorbed and accordingly to stronger near-surface losses. So, the excitation spectrum in these 
regions is similar to “inverted” absorption spectrum. Fine structures at Gd 4d fundamental 
absorption edge (150 eV) refer to transitions from 4d atomic orbital to the free states in 4f shell. As 
the 4d orbital is split to 4d5/2 and 4d3/2 states by spin-orbital coupling, we see the same group of 
lines twice. This behaviour is common for all rare earth, the same picture was observed in metals 
and free ions [6]. The energies of the most intensive absorption lines are equal to corresponding 
electron binding energies, thus they are given relative to the Fermi level in metal.  

1s fundamental absorption edge of Li atoms is observed in region of 60 eV. It is not so intensive as 
one from Gd, and no fine structure was resolved in this experiment. 1s edge of boron was found 
around 210 eV, and has had fine structure, similar to described above. This fine structure could 
belong to transitions from 1s orbital to the same free states in 4f shell of gadolinium. The most 
intensive absorption line in this case is shifted compared to electron binding energy, because the 
latter is given relative to the position of the top of the valence band in the elementary boron. The 
similar structure is found at the 1s fundamental absorption edge of oxygen in region of 560 eV. The 
intensity of absorption in this region is relatively low (note that the intensity axis at Fig. 2. (right) 
starts at 0.5), but the sharp peaks, which has the same origin as on boron 1s edge are obviously 
present. 
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Studies of luminescent properties of low-sized SiO2 modifications implanted with metal ions are 
rather relevant for the development of new phosphors with high quantum efficiency [1]. 
Nanodispersed structure of silicon dioxide leads to occurrence of new luminescent centers and also 
essentially changes spectral parameters in comparison with bulk samples. Ion implantation can be 
used as a tool for the updating of functional characteristics of SiO2-based materials for 
optoelectronic devices. The purpose of this work is investigation of luminescence properties of 
compacted SiO2 nanopowders implanted with Ti+ ions and also determination of regular features 
underlying the formation of nanosized inclusions in the SiO2 matrix and their influence on the 
modification of the energy structure of the material.  

The objects of study were compacted samples of nanostructured SiO2 powders synthesized by laser 
sputtering (SiO2-1n, 20 nm). Additionally commercial Aerosil A380 compacts (7 nm particles) were 
measured for comparison. The steady-state (Stat) and time-resolved photoluminescence (PL) 
spectra, the PL decay kinetics were measured under selective excitation by synchrotron radiation on 
a SUPERLUMI station. The measurements of PL spectra were made using an ARC Spectra Pro-
308i monochromator and an R6358P photomultiplier. The PL was recorded in two time spans − Δt1 
= 14 ns (Fast) and Δt2 = 68 ns (Slow) with delays δt1 = 1.9 ns and δt2 = 17 ns, respectively.  

The PL spectra of the unirradiated nanocompacts include bands at 2.8-2.9 and 3.7-3.8 eV. After 
implantation of Ti+ ions (the fluence of 1017 cm−2 and the energy of 30 keV) the luminescence 
properties of the compacts under study change considerably. The Gaussian approximation gives 
three luminescence bands at 2.1, 2.6 and 3.2 eV (Figure 1). As it is seen from the figure, they can be 
clearly resolved by time-resolved techniques. Some investigators relate PL bands around 2.4 eV to a 
specific type of defects (so-called Hydrogen-Related Species – HRS, for example ≡Si-H group) 
observed in amorphous SiO2 nanoparticles [2]. The band near 2.8 eV in SiO2 nanoparticles is 
reported to be due to self-trapped excitons luminescence [3]. However in our case the excitation 
energy is too low to produce excitons in silica. 
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Figure 2: Time-resolved PL excitation spectra of 2.58 
eV band for implanted SiO2-1n (solid) and integrated 
PL excitation spectrum for Aerosil-380 (short dash). 
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Figure 1: Time-resolved PL spectra for implanted 
nanocompacts made by laser sputtering. 

 

The excitation spectra (Figure 2) have a stepped shape and become more intense in the region of 
low energies. The excitation bands follow in steps of ~ 0.5-0.6 eV (Figure 2). It should be noted that 
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selective stepped part has relatively long 
lifetime while fast component demonstrates 
nonselective shape. Such behavior is 
contrary to silicon-implanted silica films [4] 
and aerosol samples implanted with 
titanium. 

The time-resolved luminescence 
measurements reveal different kinetics of the 
bands (Figure 1). The luminescence at 3.2 
eV decays faster than the luminescence at 
2.1 and 2.6 eV. According to Figure 3, decay 
curves for 3.1 eV band are described well by 
two exponentials. The lifetimes are 2.5 ns 
and 11 ns for hνexc = 3.71 eV, increase up to 
3.8 ns and 14 ns for hνexc = 5.17 eV and back 
to 2.6 ns and 12 ns for hνexc = 6.53 eV. The 
shorter components can be related with 3.2 
eV, as it matches the fast time span of time-
resolved spectrum while the longer may 

correspond to 2.6 eV band. Decay constants maximum at 5.17 eV excitation should be connected 
with the contribution of β-ODCs that luminesce in this region.   
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Figure 3: PL decay kinetics for 3.1 eV emission band 
of SiO2-1n samples recorded under different 
excitation energies hνexc. 

A "stepped" shape of the luminescence excitation spectra of the compacts with implanted Ti+ ions 
can be attributed to the following factors: 1) the excitation of SiO2 interface states located between 
metal nanoclusters and matrix; 2) the dimensional quantization of the energy levels when 
nanoinclusions of the metal phase appear in the SiO2 structure. The effects of "quantization" of the 
energy spectrum of the electron states are due to the presence of a low-dimensional conductive 
phase in the dielectric, leading to the formation of additional quantizing levels of the electron states 
in the forbidden gap of the insulator. The quantization step is determined by the nanoparticle size 
[5]. 

Similar “stepped” PLE spectrum was observed for implanted SiO2 films [4] as well as for 
commercial Aerosil A380 (Figure 2) with the exception of intensity growing in the high-energy 
region. Such data were reported to be due to either excitation radiation interference or the 
peculiarities of hydrogen-related species PL mechanism [4]. Despite different intensity behavior, 
there is an appreciable agreement in the positions of PLE maxima for noted types of samples. This 
evidence allows us to assume the common nature for all stepped excitation effects in implanted 
low-sized SiO2 modifications and undermines the interference explanation. At the same time kinetic 
measurements reveal the difference in transitions probabilities disturbing the similarity of 
luminescence centers energy structure. 

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 with the nanocluster-matrix interface states or metal nanoparticles energy 
quantization. 
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On the basis of a great body of experimental data it was concluded [1] that neither s conduction 
electrons nor s valence holes undergo self-trapping in wide-gap (Eg > 5 eV) binary ionic crystals. 
On the other hand, the self-trapping of p-holes takes place in all alkali halide crystals as well as 
in many binary and complex metal oxides. In addition, there are only few cases of the self-
trapping of d-electrons in non-cubic dielectrics (e.g., for Sc2O3 see [2] and references therein). 
The main goal of the present study is to elucidate the peculiarities of electronic excitations and 
electron-hole processes in pure CaSO4 as well as in CaSO4 doped with two-valent Mn2+ ions оr 
three-valent ions (Tb3+, Gd3+, Dy3+, Eu3+), the effective charge of which is compensated by Na+ 
ions in cation sites. It has been shown recently [3] that RE3+-Na+ dipole pairs serve as efficient 
hole traps, which manifest themselves as the peaks of thermally stimulated luminescence (TSL) 
at 220-260 K [3]. Alternatively, there is no TSL peaks at 210-260 K in CaSO4:Mn2+ and 
CaSO4:Eu2+ phosphors. The ~50 K TSL peak was detected in all the above-mentioned doped 
CaSO4 being even a dominant one in the especially pure CaSO4 sample. This TSL peak 
(measured for RE3+-impurity emission) can be tentatively ascribed to the recombination of the 
electrons, that turn mobile at such temperatures (i.e. their self-trapping is over), with the holes 
still localized near different RE3+ ions. The emission and excitation spectra were measured at 8-
10 K using synchrotron radiation of 4-35 eV at the SUPERLUMI station of HASYLAB. The 
excitation spectra, measured with an instrumental resolution of ~0.3 nm, were normalized to 
equal quantum intensities of synchrotron radiation falling onto a crystal. The reference signal for 
normalization was recorded from a sodium salicylate. The emission spectra of Tb3+ centres were 
measured using a 0.3 m Czerny-Turner monochromator-spectrograph SpectraPro-308i equipped 
with a liquid nitrogen cooled CCD detector (spectral resolution of ~0.2 nm). 

Fig. 1 presents the emission spectra of Tb3+-Na+ centres measured at the excitation of 
CaSO4:Tb3+(1 mol%),Na+ by 8.44-eV or 25-eV photons at 9 K. Phosphor was synthesized in 
Tartu using the procedure elaborated in [4]. Both spectra contain two series of radiative 
transitions: 5D4 → 7FJ and 5D3 → 7FJ typical of RE3+ centres. The fine structure in the emission 
spectra is caused by the splitting of the energy levels of Tb3+, Tb3+-Na+, Tb3+-VCa etc. centres in 
low-symmetry crystal fields. Fig. 2 shows the excitation spectra of 2.27-eV emission of Tb3+-Na+ 
centres or 3.97-eV emission of Gd3+-Na+ centres measured at 9 K for CaSO4:Tb3+(1 mol%),Na+ 
and CaSO4:Gd3+(2 mol%),Na+ phosphors, respectively. Our experimental data confirm  that the 
emission of RE3+-Na+ centres is efficiently excited in the spectral region of 8-9 eV. This wide 
excitation band peaked at ~8.4 eV is connected with the excitation of SO4

2- oxyanions via an 
electron transfer from an oxygen to a sulphur - a central part of SO4

2- (the so-called charge-
transfer transition, see also [3-5]).  

The analysis of the recombination processes in CaSO4:RE3+,Na+, manifesting themselves in the 
excitation spectra for the phosphorescence of RE3+-Na+ impurity centres as well as in the 
creation spectra of different TSL peaks by VUV radiation, confirms (see also [3]) that photons of 
hν > 9.5 eV cause the photoionization of oxyanions with an electron transfer into a conduction 
band. It is worth noting that the processes of the energy transfer to a Tb3+-Na+ impurity centre 
from an excited oxyanion (hνex = 8.4 eV) or via the recombination of separated electrons and 
holes, formed by an exciting photon of hνex = 25 eV due to a band-to-band transition (a primary 
e-h pair) and a sequent multiplication process (a secondary e-h) are rather different. The energy 
transfer from the excited oxyanions mainly causes 5D4 → 7FJ radiative transitions in Tb3+ (485-
640 nm), while the efficiency of radiative transitions from the higher excited level 5D3 is 
significantly lower. On the other hand, a relative intensity of 5D3 → 7FJ radiative transitions (370-
485 nm) is higher in the case of Tb3+ excitation via the energy released at the recombination of 
electrons with the holes localized near Tb3+ impurity centres.  
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Figure 1. The emission spectra of Tb3+ centres measured for CaSO4:Tb3+(1 mol%),Na+ at the excitation
by 8.44-eV (blue curve) or 25-eV photons (red curve) at 9 K. 

400 450 500 550 600 650

J = 6

J = 6

J = 5

J=5

J = 4 J = 4 J = 3

5D3→
7FJ

5D4→
7FJ

Eex = 8.44 eV Eex = 25 eV

In
te

ns
ity

Wavelength (nm)

9 KCaSO4:Tb3+(1 mol%),Na+

In conclusion, there are at least two different mechanisms of energy transfer to Tb3+ impurity 
centres from the CaSO4 matrix. A further experimental study of the possible self-trapping of 
electrons (~50 K TSL peak is tentatively connected with the start of their hopping diffusion) by 
the EPR method lies ahead. This work was supported by Estonian Science Foundation (Grant 
No. 6652) and the European Community Research Infrastructure Action within the FP6 Program 
through the Contract RII3-CT-2004-506008 (IA-SFS). 
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Figure 2. Excitation spectra for Tb3+-centre (5D4→7F5, 2.27 eV, curve 1) and Gd3+-centre emission (3.97
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Radiation defects in rare-earth activated scintillation oxyorthosilicate crystals were not the objects 
of special interest. For the first time the luminescent activity of radiation defects in these 
compounds (in Gd2SiO5-Ce irradiated by fast neutrons with fluence of 4⋅1018

 cm-2) has been 
discussed in [1].  In the present work we carried out search of similar luminescent effects of 
radiation defects in Y2SiO5-Ce (YSO-Ce) single crystals irradiated by fast neutrons. Aitasalo et al 
[2] have observed in polycrystalline X2-Y2SiO5-Ce prepared by sol-gel methods the weak 
luminescence bands peaked at 484 and 587 nm with decay kinetics evaluated as 700 and 800 µs, 
respectively, and supposed their connection with anion vacancies (F- and F+-centers) possible 
associated with Ce4+-centres.  

The measurements were carried out at the SUPERLUMI station (Beam-line I). The 0.3 m ARC 
SpectraPro-308i monochromator equipped either with the R6358P (Hamamatsu) photomultiplier 
was used to analyse photoluminescence (PL). 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. The method of time windows was used. The time-resolved spectra were 
recorded within a time window (length Δt) correlated with regard to an exciting radiation impulse 
(delay δt). The parameters of time windows were δt1=3ns, Δt1=14ns for the fast one, and δt2=46ns, 
Δt2=140ns for the slow one. The irradiation of samples YSO-Ce (0.1 mol.%) by fast neutrons was 
carried out in the hot camera of research reactor IVV-2M (Zarechny, Russia). The neutrons fluence 
was made 4·1018 cm-2 for the investigated crystals. Crystals were irradiated in the internal cavity of 
fuel assembly established in a cell of reactor’s active zone. Estimated density of the fast neutron-
flux stream (> 0.2 MeV) in this cell at the rated power of a reactor (15 МW) was 1.5·1014 cm-2·s-1. 
Fast neutrons fluence was controlled by threshold activation indicators made from nickel by means 
of γ-spectrometric determination of 58Co activity. The temperature of irradiated crystals did not 
exceed 325 K, due to the forced cooling of samples by the specially designed heat-carrier (water in 
the first contour of a reactor). 

PL spectra and PL excitation spectra for YSO-Ce crystals irradiated by neutrons as well as decay 
kinetics and optical density spectra are presented on Figure 1-4. On Figure 1 we can see, that 
spectra measured in fast and slow time windows differs significantly. The spectrum measured in 
fast time windows corresponds to known Ce3+ impurity luminescence. In contrary, spectrum 
measured in slow time window shifts into long-wave region with the peak maximum at 2.5 eV.  
Change of crystal’s luminescent characteristics is accompanied by occurrence of a new excitation 
band at maximum of 5.06 eV (Figure 3). PL decay kinetics measured at the energy of 1.92 eV and 
3.0 eV also greatly varies – in first case it is considerably slower (curve (2), Figure 4).  

In the result of neutrons irradiation a simple and complex defects are produced in the crystal lattice 
of oxide materials. Oxygen vacancies refer to the most known defects (elementary F and F+-
centers). According to inset on Figure 3, the significant growth of photon absorption by YSO-Ce as 
a consequence of neutron irradiation takes place at E > 3.5 eV. As we supposed the change in 
energy transport process to impurity ions of cerium takes place. Absorption of energy by the 
defects induced by neutron radiation is the powerful competing channel of the general process in 
the energy transfer. Therefore, we consider the decrease of scintillation efficiency in irradiated 
crystals is connected with disturbance of energy transfer to impurity ions. Observed picture of the 
radiation defect’s luminescent manifestations in neutron irradiated YSO-Ce is very close to those in 
neutron irradiated Gd2SiO5-Ce crystals [1]. We observed in both cases new luminescence and 
excitation bands in close energy regions. The new bands are characterized by kinetics of 
millisecond- microsecond ranges which are character, for example, for anion vacancies (F-centers).  

The formation of defects found out under this investigation has radiation nature. There are a lot of 
mechanisms of interaction between fast neutrons and condensed matter – in particular, elastic and 
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inelastic scattering, nuclear reactions, etc.  It is well-known fact that that fast neutrons generally 
interact with light atomic components of crystal lattice and displace them from regular position. In 
spite of the fact that heavy cations of GSO-Ce and YSO-Ce crystal lattice are considerably differed 
and have various neutron-capture cross-section (abnormal high in case of gadolinium and relatively 
low for yttrium) the similar effects connected with radiation defects are observed. Therefore, we 
have come to conclusion that nuclear reactions which took place in this process do not significantly 
influence crystal structure imperfection. And in this connection we consider that under the fast 
neutrons exposure the dominating factor causing the arising of defects both in GSO-Ce, and YSO-
Ce crystals is an elastic scattering of light atomic components (oxygen atoms, in our case). 

2 3 4
0,0

0,5

1,0
 

 

In
te

ns
ity

, a
rb

.u
ni

ts

Photon energy, eV

12

 

4 6 8 1
0,0

0,5

1,0

0

0 2 4 6
0

1

2

3

4

4

O
pt

ic
al

 d
en

si
ty

Photon energy, eV

3

 

 

In
te

ns
ity

, a
rb

.u
ni

ts
Photon energy, eV

1

2

 

Figure 1: Time-resolved PL spectra of neutron 
irradiated Y2SiO5-Ce crystals measured in fast (1) and 

slow (2) time windows at Т = 10 К, Eexc=4.13 eV.  

Figure 3: Time-resolved PL excitation spectra of 
neutron irradiated Y2SiO5-Ce crystals for emission 
bands Еemiss = 3.0 eV (1) and Еemiss = 1.92 eV (2) at 

T = 10 K measured in fast (1) and slow (2) time 
windows. The inset shows optical density spectra 
for initial (3) and neutron irradiated (4) crystals at 

T = 300 K.  
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Figure 2: Time-resolved PL spectra of neutron 
irradiated Y2SiO5-Ce crystals measured in fast (1) and 

slow (2) time windows at Т = 10 К, Eexc= 5.06 eV. 

Figure 4: Decay kinetics of 3.0 eV (1) and 1.9 eV 
(2) luminescence of neutron irradiated Y2SiO5-Ce 

crystals at T = 10 K, Eexc= 4.13 eV (1) and         
Eexc= 5.3 eV (2). 
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Luminescence properties of point defects in silica 
associated to the presence of dopants 
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Silica (SiO2) glass is a widely used material in several optical and electronic applications. Doping 
of silica with several elements, such as Ge and P, is a widely used technique to adapt the physical 
properties of the material to the requirements of specific devices. For instance, Ge-doping of silica 
is used to increase the refractive index of the glass as required in the core region of optical fibers. 
At the same time, doped silica often features additional properties, such as photosensitivity or the 
possibility of inducing optical nonlinearity by suitable procedures (poling). These properties are 
often related to the presence of point defects such as the Germanium Lone Pair Center (GLPC). 
Although the applicative possibilities of these materials have been known for a long time, their 
microscopic foundation relies on specific properties of dopant-related point defects, which are still 
an open issue in the specialized literature. This is especially true for the optical properties of P- and 
Al-related point defects. [1,2] 

In order to contribute to the clarification of these issues, we performed luminescence 
measurements on silica samples doped with several elements (Al, Ge, P). Al-doped and Ge-doped 
samples were synthesized by the sol-gel technique, while P-doped samples were step-index fiber 
preform samples obtained by the MCVD process and featuring a P concentration gradient along the 
radial direction. Measures were carried out at the SUPERLUMI station in HASYLAB - beamline I. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Panel (a): Emission spectrum of P-doped SiO2 measured at T=40K under excitation at 4.80eV. 
Inset: luminescence excitation spectrum (emission photon energy fixed at 2.95eV) recorded at the same 
temperature. Panel (b): Inset: emission spectrum of GLPC centers induced by γ irradiation in Ge-doped SiO2, 
as measured at several temperatures under 5.17eV excitation. Main panel: Comparison of the decay kinetics 
of the emission intensity at 4.27eV between native and γ-induced GLPC defects at two representative 
temperatures. 

As shown in Fig. 1-a, P-doped silica samples show a luminescence activity consisting in a strongly 
asymmetric emission band peaked at 3.0eV. A luminescence excitation measurement (inset of Fig. 1-a) 
evidences two excitations channels centered at about 4.8eV and 6.4eV. This optical activity has never been 
reported in previous literature on P-doped silica. The intensity of the emission turns out to be almost 
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temperature independent. Finally, the dependence of the intensity on the position on the preform sample is 
qualitatively consistent with the attribution of this signal to P-related point defects. Further studies are 
necessary to propose a structural model for this defect, and to compare it with previously reported models, 
mainly obtained by electron spin resonance [3]. 

Figure 1-b shows a comparison between the luminescence properties of native (defects produced during 
the material synthesis) GLPC centers and γ-ray induced ones in Ge-doped silica. Recorded data (inset) show 
that the total intensity of the signal excited at 5.17eV, obtained as the combined area of the 3.1eV and 4.2eV 
bands, is independent on temperature, as previously observed for the native defects [2].  Data reported in the 
main panel demonstrate that the decay kinetics of the two types of GLPC are very similar, both at 10K and 
300K. Both the variation of the ratio between the 3.1eV and 4.2eV bands and the progressive reduction of 
the lifetime with increasing temperature have been shown to be a consequence of the activation of the 
intersystem crossing process connecting the excited singlet and triplet states of the defect [2]. Based on these 
two results, we suggest that the features of the intersystem crossing process in γ-induced GLPC are equal to 
those of the native GLPC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Emission spectrum of Al-doped SiO2 measured at T=40K under excitation at 6.20eV. Inset: 
luminescence excitation spectrum (with emission at 2.60eV) recorded at the same temperature.  

 
As shown in Figure 2, the Al-doped sample features an emission band peaked at 2.6eV under 6.2eV 
excitation at T=40K. The excitation profile of this band (reported in the inset) acquired by fixing the 
emission at 2.6eV, comprises a peak at 6.2eV as well as a broad structure at higher energies. While it is 
tempting to tentatively attribute this signal to an Al-related point defect, further studies are needed to 
validate this preliminary attribution, also because several other emissions in the same spectral region are 
known in silica (e.g. self trapped excitons, triplet-singlet emission of the twofold coordinated silicon defect 
[1]). 
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The development of the macroscopic polarization in a piezoelectric crystal under the influence of an 
applied external electric perturbation is known as dielectricity, whereas the formation of mechanical 
strains is referred to as the converse piezoelectric effect. Although many technical applications are 
essentially based on these both phenomena, their microscopic nature is not yet well understood. 
Especially, starting with the pioneering work by Fujimoto [1] that was further continued by 
Graafsma et al., 1993 [2], Reeuwijk et al., 2001 [3], Guillot et al., 2004 [4], Gorfman et al., 2006 
[5], Schmidt et al., 2008 [6] and Schmidt et al., 2009 [7,8] the atomistic origin of the piezoelectric 
effect has been investigated for a very narrow class of compounds till now. Moreover, the 
fundamental relationship between the atomic arrangements, electron density distribution and 
piezoelectric properties could not be explained in full details for any single structure. In this 
context, X-ray diffraction under an external electric perturbation turns out to be a promising 
experimental tool for the microscopic understanding of the piezoelectric effect. The great advantage 
of this technique is that both the electric-field-caused atomic movements and the corresponding 
macroscopic deformations (external strains) can be simultaneously and separately studied at one 
and the same sample [9]. The small displacements of the atomic positions in the unit cell (internal 
strains, ∆R ∼ 10-4 Å, [5]) may be evaluated from Bragg intensity changes. At the same time, the 
external strains manifest as small angular shifts of diffraction curves (∆ω ∼ 10-3 deg, [10]). 

Li 2SeO4·H2O (lithium selenate monohydrate) is a non-ferroelectric polar crystal that exhibits 
compared to α-quartz an about 6 times larger maximum longitudinal piezoelectric effect of 13.3(9) 
pC/N [11]. Li2SeO4·H2O crystallizes in the monoclinic polar point group 2. The crystal structure is 
built up from corner sharing SeO4 and Li1O4 and Li2O3(H2O) tetrahedra that are connected by 
oxygen atoms to a three-dimensional network. All measurements were performed at a 0.778(2) mm 
thick Li2SeO4⋅H2O (010) crystal plate (11 x 18 cm2 surface area) cut out of a large right-handed 
single crystal. Supplying high voltage to the vacuum evaporated thin gold contacts exactly lying on 
top of each other on opposite faces (0 ±1 0) of the crystal we created a homogeneous external 
electric field normal to the plate surface. The applied high voltage was periodically modulated with 
a frequency of 18 Hz consisting of alternating positive (U+), zero (U0), negative (U- = -U+) and zero 
step states (see Fig. 1). At the same time the signals coming from a detector are continuously 
distributed over four counting channels, synchronized with the above modulation of the high 
voltage. In this way the intensity of the diffracted X-ray beam can be measured quasi-
simultaneously for each of the three different electric field states, as displayed in Figure 2. 

The observed distinctive bond-selective behaviour of Li 2SeO4·H2O under an external electric 
perturbation (see first row of Table 1) reflects the bond properties, ρBCP (electron density in the 
bond critical points) and the single values of the pseudoatomic charges, Q, characterized by means 
of the topological electron density (ED) analysis (see last two rows of Table 1) [12]. All reported 
calculations were carried out with the density functional theory (DFT) program package WIEN2k 
[13]. In particular, the value of the Bader charge of the selenium pseudoatom is by a factor of about 
4 larger than that for the lithium atoms. For that reason, the effective force acting in an electric field 
on selenium (i.e. the force on its atomic nucleus plus its pseudoatomic fragment of the ED) is 
stronger by the same factor. On the other hand, the average electron density in the Li-O bond 
critical points is about 10 times smaller compared to the corresponding value of the Se-O bonds. 
This enormous difference comes in qualitative agreement with the observed essentially higher 
sensitivity of the LiO4 and LiO3(H2O) tetrahedra in comparison with the SeO4 structural unit to an 
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applied external electric field. Since the Se-O bonds are of covalent interactions, the charge density 
is mostly relocated to the bond region. Thus, the role of the effective electric force on the isolated 
pseudoatomic fragment becomes less dominant compared to the pure closed-shell (ionic) Li-O 
interactions. In summary, on the atomic scale Li2SeO4·H2O reacts to an applied electric perturbation 
in nearly the same way as it has been reported for isostructural Li2SO4·H2O [7,8].  

Table 1: Electron density properties of Li2SeO4·H2O together with measured electric-field-induced average 
variation of the cation-anion distances in the three different structural units Li1O4, Li2O3(H2O) and SeO4. 

 Li1 - O Li2 - O Se - O 

<|∆(µ - O)|>, (10-5 Å) 795(19) 1065(25) 191(7) 

<ρBCP>, (e/ Å3) 0.16 0.17 1.56 

Qcation(µ), (e) 0.86 0.86 3.36 
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Figure 1: The four-step modulation-demodulation 
technique used for (quasi) simultaneous intensity 
measurements. The capacitor charging-
discharging time is excluded from the data 
collection. 

Figure 2: Three rocking curves (I+, I0 and I-) of  a 
Li 2SeO4·H2O reflection measured in the ω-scan mode 
corresponding to the U+, U0 and U- states of the 
applied high voltage (|E| = 3.9 kV/mm). 
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In solid state chemistry the successful synthesis of a new compound is in mainly the result of 
intensive explorative work varying a large number of reaction parameters in a systematic way. This 
explorative approach is not only typical in classical high temperature syntheses but also the normal 
way to prepare new compounds using the solvothermal method. Examples for this trial-and-error 
method are thiostannates showing catalytic properties, chemical sensing behavior [1, 2] or 
photoconductive properties if Cu is incorporated in the thiostannate network [3]. Taking into 
account the experimental details of the syntheses, there is no evident relation between the reaction 
parameters (educts, concentration, temperature, time, pressure, solvent, etc.) and the resulting 
products. During the last few years we studied several reactions under solvothermal conditions with 
in-situ energy dispersive X-ray diffraction (in-situ EDXRD)    [4 - 11]. In several cases crystalline 
precursors and/or intermediates could be detected prior to crystallization of the products. This 
knowledge was then used to isolate and characterize such metastable compounds which would not 
be possible without such in-situ experiments. In addition, the rigorous analysis of the results 
allowed developing some synthetic rules which are suitable for further solvothermal syntheses.  
Recently we extended the solvothermal syntheses to polyoxometallates (POMs) which are one class 
of compounds being in the focus of research due to their potential applications in several areas like 
catalysis, optical sensing, ion exchange, gas storage and separation, photochemistry or medicine 
[12 - 19]. Polyoxovanadates containing V4+ species are intensively studied as model systems to 
study a wide range of physical effects from spin dynamics [20] to quantum coherence and 
associated phenomena [21]. During the last few years we synthesized different polyoxovanadates, 
antimonato-polyoxovanadates and germanato-polyoxovanadates [22 - 25]. Like in the area of 
thiometallates the successful preparation of a new compound is the result of intensive explorative 
work and not due to a directed synthesis. To the best of our knowledge, the formation of POMs was 
never studied with in-situ EDXRD.  
In our experiments we synthesized the two new POMs [C6H15N3-H3]4Ge8V14O50 (C6H15N3 = aep/ 
aminoethylpiperazine) (I) and [C4H10N2-H2]4 · [C4H10N2-H]Ge8V14O50 · H2O (C4H10N2 = 
pip/piperazine) (II)  under solvothermal conditions, both containing Ge4+ and V4+.  With a mixture 
of 2 mmol GeO2, 3 mmol NH4VO3, 1 mmol Cu(NO3)2 · 3 H2O respectively AgNO3 and 6 mL of an 
aqueous 75% aep solution I is obtained at T = 110 - 140 °C whereas II crystallized between 150 
and 180 °C. The synthesis of I was also successful without Cu(NO3)2 · 3 H2O or AgNO3 in the 
whole temperature range, but II requires the presence of one of these compounds. We noticed that I 
and II were contaminated with elemental copper/silver when using Cu(NO3)2 · 3 H2O/AgNO3. 
Another interesting aspect of the reaction is that in compound II the aep molecule is transformed to 
pip. In-situ EDXRD measurements should shed light on several questions left open: what is the role 
of Cu(NO3)2 · 3 H2O and AgNO3 for the formation of the POMs? Is compound I transformed into 
II at elevated temperature? Is there a temperature regime where both samples coexist?  
In the last measurement period of 2008 we focussed the experiments on the formation of the 
compounds I and II. The reactions were investigated in the temperature range between 130 and 180 
°C. Surprisingly, in this temperature range only reflections of I occurred and the material 
crystallised without a crystalline precursor or intermediate. With increasing temperature, the 
reaction time until all starting materials are consumed decreases. Interestingly, the induction time t0 
increases with increasing reaction temperature. Now this unusual behaviour cannot be explained 
and further experiments are necessary to shed light on this phenomenon. It seems that at lower 
temperatures, the crystallisation mechanism is diffusion-controlled over the whole reaction. With 
increasing temperature, the kinetics change at α > 0.5 from a diffusion-controlled to a phase-
boundary-controlled mechanism. 
A possible reason that during the in-situ EDXRD experiments only I crystallised may be that the 
scattering experiments were conducted under stirring conditions whereas the ex-situ syntheses were 
performed under static conditions. In further in-situ EDXRD experiments other synthesis 
parameters should be varied like the Cu/Ag sources as well as the concentration of the starting 
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materials. Furthermore, seeds of II should be added to the starting slurries to monitor the behaviour 
of II during the reaction.  
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The local structure of ZnO nanoparticles was studied by highenergy X-ray diffraction experi-
ments at beamline BW5. The samples were synthesized by a modified procedure according to
[1]. Zn-acetate and the ligand molecule 1,5-Diphenyl-1,3,5-pentanetrione were dissolved in pure
ethanol. ZnO nanoparticles were grown by adding tetramethylammoniumhydroxide, which lowers
the pH value. Particles were precipitated by adding hexane,centrifuged and cleaned by acetone.
The diffraction experiments at HASYLAB were carried out at 15K, using a wavelength of 0.11Å.
These yielded powder diffraction pattern up to Qmax=27.5Å−1. Data were converted to the Pair
Distribution Function (PDF) by PDFgetx2 [2]. The experimental PDF shows narrow maxima at in-
teratomic distances that correspond to those of the bulk ZnOstructure, confirming that the structure
of ZnO nanoparticles is that of bulk ZnO. For the nanocrystalline sample, the first maximum is ob-
served at 1.99̊A. This is a slight increase compared to the bulk ZnO at 1.97(1), which was measured
under identical conditions. Its width is also slightly higher with a FWHM of 0.19(2)̊A, compared
to 0.12(2)̊A. All further maxima are much wider than those of the bulk material, as commonly ob-
served for nanoparticles of II-VI semiconductor particles[3]. This reflects the higher stacking fault
probability.

Figure 1: Comparison between PDF of bulk (black) and nanocrystalline(blue) ZnO. Due to the finite size
maxima of the nanocrystalline ZnO are much smaller.

The experimental PDF of the nanocrystalline ZnO sample shows distinct maxima up to some 20Å.
Beyond this distance the maxima are very wide. To obtain a full structural model of the nanocrys-
talline ZnO particles, data were refined using the DISCUS package [4]. The model consists of ellip-
soidal nanoparticles of the ZnO structure with the symmetryaxis of the ellipsoid along the hexag-
onal c axis. As defect model random growth faults between Wurtzite and Zincblende type layers
were introduced. The refinement resulted in an excellent fit,Fig. 2, with the following structural pa-
rameters: a=3.230(5)Å, c=5.205(10)̊A, zZn=0.377(3), Uiso=0.0049(1)̊A

2

, stacking fault probability
0.12(3), diameter in the a-b plane 37(2)Å, diameter along the c-axis 32(4)Å. Thus, the structure is
very close to the ideal Wurtzite structure type and the nanoparticles show an unusually low stacking
fault probability compared to other II-IV semiconductor nanoparticles studied by equivalent meth-
ods [3]. The very small height of interatomic maxima above 20Å follows from the finite size of the
nanoparticle, since very few interatomic vectors of lengthbeyond 20̊A exist, even if the structure is
otherwise perfect. The introduction of stacking faults causes the observed additional broadening.-553-



This experiment proved that the synthesis results in unusually small ZnO nanoparticles. The
isotropic atomic displacement parameter is twice as high asthe corresponding value of the bulk
material. This indicates that the local structure of the nanoparticles is slightly more disordered than
that of the bulk sample.

Figure 2: Refined PDF of nanocrystalline ZnO. The difference(black) between experimental(blue) and
calculated (red) PDF is offset by -5 for clarity
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Bi3+-doped single crystalline films (SCF) of Y-Lu-Al garnets grown by the liquid phase epitaxy method 
attract attention due to the possibility of their applications for cathodoluminescence screens and scintillators 
[1]. In our previous works, we have studied the luminescence of Bi3+ ions in Y3Al5O12:Bi (YAG:Bi) [2] and 
Lu3Al5O12:Bi (LuAG:Bi) SCF [2, 3]. At the same time, certain unclear moments in interpretation of the 
nature of the Bi3+-related emission bands in the mentioned works, first of all, separation of the luminescence 
of Bi3+ single and dimer centers in the UV and visible (VIS) ranges, stimulate us to more detailed  
investigation of the Bi-doped SCF in wider concentration range of the activator. In this work, we continued 
the study of the Bi3+ ion luminescence in YAG:Bi SCF. For investigation we used the YAG:Bi SCF with 
lower Bi3+ concentration (0.156 at.%) than in our previous work [2] (0.28 and 2.1 at.%). 

The luminescence of YAG:Bi SCF was investigated at 10 and 300 K at the Superlumi station at HASYLAB 
under excitation by synchrotron radiation (SR) with an energy of 3.7-25 eV. The emission and excitation 
spectra were measured both in the integral regime and in 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 the luminescence was measured in the time range 0-200 ns at RT. 

The emission spectra of YAG:Bi SCF at 10 and 300 K (Fig.1) show the typical for ns2 ions two-band structure 
of the luminescence in the UV and VIS ranges [1-3]. The shape and position of these bands depend on Bi 
content, specifically, the concentration of Bi3+ single and dimer centers [1-3]. High ratio of intensities of the 
UV/VIS emission bands under excitation at 4.74 eV in A-band of Bi3+ ions (1S0→3P1 transitions) (Fig.1, curve 
1) indicates that the studied YAG:Bi SCF can be considered as a sample with prevailing content of Bi3+ single 
centers [1]. The UV luminescence of this sample at 10-300 K under excitation in A-band present the 
superposition of closely-lying emission bands peaked at 4.045 and 4.0 eV caused by 3P1,0→1S0 radiative 
transitions of Bi3+ single centres (Fig.1, curves 1 and 2). These transitions show typical two-component decay 
kinetics of the Bi3+ ion luminescence in UV range (Fig.3a). At 10 K, slow emission from the metastable 3P0 
level is prevailing. The decay time of main slow components of the UV emission in YAG:Bi SCF (estimated in 
the 200 ns time interval) is about of 450 ns at 300 K (Fig.3a). 

The VIS emission of YAG:Bi SCF (Fig.1) consists of low and high-energy overlapped broad bands  with larger 
FWHM and Stokes shift with respect to UV bands. The form of VIS emission spectrum depends on Bi content 
[1]. Based on the recently obtained results we conclude that both VIS bands have an exciton origin [4], and they 

are caused by the radiative decay of exciton localized 
near the Bi3+ single and dimer centers, respectively. 
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     Fig.1. Emission spectra of YAG:Bi SCF under 
excitation by SR at 4.74 eV in A-band of single 
Bi3+ centers at 300 K (1,2) and 10 K (2) and at 
5.22 eV in the band related to O →Bi  CTT (3) 2- 3+

In this work, we found that the form of the VIS bands 
also strongly depends on the energy of excitation 
(Fig.1). Specifically, under excitation in the A-band of 
single centers at 4.74 eV, the couple bands peaked at 
2.85 and 2.65 eV are prevailing in the VIS emission at 
300 K (curve 1), whereas under excitation in the band 
related to O2-→Bi3+ charge transfer transition (CTT) at 
5.22 eV another couple bands peaked at 2.92 and 2.53 
eV are dominant in the spectra of the VIS emission 
(curve 3). Taking into account prevailing content of 
Bi3+ single centers in the studied sample, these results 
point to possible existence of two different types of 
exciton localized around such centers, which can be 
created under condition of the mentioned excitation. 
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The excitation spectra of UV emission band monitored at 
4.06 eV (Fig.2, curve 1) show typical two-band structure 
related to the most intensive 1S0→3P1 and 1P1 transitions 
of Bi3+ single centers (A and C bands, respectively). The 
high-energy excitation bands peaked at 7.095 eV is 
corresponding to creation of excitons bound at the Bi3+ 
single centers in YAG host. Apart from these bands, 
another strong band A’, peaked at 4.31 eV, is present in 
the excitation spectra of the UV emission. Most 
probably, this band is related to the A-band for Bi3+ 
dimer centers. If this conclusion is correct, the emission 
of dimer centers can be effectively excited via the 
luminescence of single centers due to strong overlap of 

 corresponding emission bands of the former centers 
and the excitation bands of the latter in the UV range. 
The low-intensity C band of dimer centers (C’) can be 
detected as a bump at 6.11 eV in the excitation spectra of 
the VIS emission (curve 2). The intensity of A’ and C’ 
bands strongly increases in comparison with the A and C 

analogues for single centers with growing concentration of the 
dimer centers. From the excitation spectra (Fig.2) of the UV 
and VIS emission in YAG:Bi SCF at 10 K, we have 
determined the difference in the positions of A and C bands for 
single and  dimer centers as 0.95 and 1.20 eV, respectively.  
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Fig.2. Excitation spectra of UV (1) and VIS (2) 
luminescence in YAG:Bi SCF at 300 K, registered 
at 4.06 and 2.69 eV, respectively. 
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 Fig.3 Decay kinetics of UV (1) emission at 
4.06 eV (a) and visible emission at 2.88 eV 
(b, c) in YAG:Bi SCF at 300 K under 
excitation in A- and C-bands (a, b) and CTT 
bands (c) with the corresponding energies 
indicated in the legend of figures. 

The excitation spectra of the VIS emission have completely 
different shape than those for the UV emission (Fig.2, curve 
2). Apart from the A, A’ and C, C’ bands of the single and 
dimer centers, the O2-→Bi3+ charge transfer transitions 
(CTT) provide alternative channels for the excitation of the 
VIS emission in YAG:Bi SCF, which are reflected in wide 
excitation bands peaked around 5.24 and 6.85 eV.  

The decay kinetics of the VIS emission under excitation in the 
A’, A and C (b) and CTT bands (c) in YAG:Bi SCF is shown 
in Fig.3. The form of decay curves of the VIS emission band 
confirms the exciton origin of the VIS luminescence under 
condition of both types of excitation. All decay curves can be 
presented by the three-decay component approximation. Such a 
type of decay kinetics is typical for the radiative transition from 
the triplet state of excitons localized around single and dimer 
centers. At the same time, the decay kinetics of the localized 
exciton emission in the VIS range under excitation in the CTT 
bands (curves 6-8), exciton range (9) and especially in the 
range of interband transition (10) is much faster (Fig.3c) than 
under excitation in A- and C-bands (Fig.3c). This confirms our 
assumption concerning formation of the different types of 
localized excitons related to Bi3+ single and dimer centers 
under intra-center excitation and CTT excitation of Bi3+ ions.  
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Silicon-Germanium (SiGe) islands are a model system for the investigation of Stranski-Krastanow growth 
[1]. For any application these islands have to be capped with Si, as an example such structures are of 
interest for the realization of field effect transistors with strained Si channels [2]. Already during Ge 
deposition,  depending  on  the  growth  temperature,  interdiffusion  and  segregation  processes  change  the 
composition and thus the strain state of the islands. The strain state of the Si capping layer is determined by 
the size, shape and composition of the buried islands.  
We have performed systematic  studies  of  strain and composition of uncapped and capped SiGe islands 
grown by molecular beam epitaxy using High Resolution X-Ray Diffraction (HXRD) at the BW2 beamline 
of Hasylab, Hamburg as well as at the ID10B beamline of the ESRF [3,4]. In order to ensure a small size 
distribution of the islands not planar but prepatterned 4 inch (001) Si substrates were used. The Si wafers 
were  patterned by optical lithography and reactive ion etching. The pits for island growth were ordered in 
regular 2D arrays with periods ranging from 600 to 1000 nm along two orthogonal <110> directions. After 
the growth of a Si buffer layer 5 to 9 monolayers of Ge were deposited at a temperature of 700°C, leading 
to the formation of islands with certain shapes (either dome- or barn shaped) corresponding to the number 
of monolayers deposited [5]. The capping of the islands was performed at low temperatures (300°C) to 
avoid intermixing and thus strain relaxation in the island which would also cause a loss of tensile strain in 
the Si capping layer. After Si capping the surface morphology was studied by Atomic Force Microscopy 
(AFM) . This information was used to set up models for three-dimensional Finite Element Method (FEM) 
simulations of the capped islands which served as an input for calculating the diffracted intensities.  
Reciprocal space maps around the vicinity of the symmetric (004)  and several asymmetric Bragg 
Peaks, such as (113) and (224), were  recorded in coplanar geometry. The X-ray simulations were 
based on kinematical scattering theory. Special attention was given to the non uniform distribution 
of the germanium within the island. The use of different germanium gradients (constant, 1D and 3D 
gradients) leads to strongly altered scattered intensity distribution of the X-ray signal of the SiGe 
islands and consequently information on this quantity was obtained for both dome and barn shaped 
islands. In the Figure an example of the procedures described above is represented for a sample 
containing uncapped dome-shaped islands, containing an AFM image, data on the corresponding 
FEM model and both experimental and calculated X-ray data. The importance of the performed 
simulations is given by the fact that up to now there is no method to determine the strain within the 
silicon capping layer itself,  as features of this part of the structure cannot be seen in the X-ray 
measurements.  Therefore  the  correct  modeling  of  the  island's  properties  is  essential  to  get 
information on the strain state of the Si capping layer out of the simulations. During this work it 
turned out, that in the Si layer above such islands tensile strains up to 1% are achievable without 
introducing defects, i.e. much higher than on planar SiGe stressor structures [6].
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Figure 1: In part a of this figure a detailed AFM image of a dome-shaped island is shown (part a) with the 
corresponding shape used for the FEM Simulation underneath (part b). As can be seen, special care was 

given to the exact shape of such an island using the facets known from various analyses of AFM data. The 
middle part shows the strain component exx as result of a FEM simulation which is then the base for 

recalculating X-ray data. In the two panels to the right a comparison of experimental (d) and simulated (e) 
X-ray data is shown, in this case reciprocal space maps of the (113) Bragg peak. The strong feature labelled 

'Si' is the Silicon substrate peak, the rather faint, elongated signal labelled 'SiGe' results from the SiGe 
islands. The strong streak at the substrate peak seen in the measurement is an artefact due to the absorbers 

used to avoid saturation of the CCD detector at the maximum of the Bragg peak.
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A. Marzegalli, F. Montalenti and L. Miglio for discussions on the 3D FEM simulations. This work 
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Methane hydrates are present in marine seep systems and occur within the gas hydrate stability 

zone. Very little is known about their crystallite sizes and size distributions as they are notoriously 

difficult to measure. Crystal size distributions are usually considered as one of the key petrophysical 

parameters as they influence mechanical properties and possible compositional changes, which may 

occur with changing environmental conditions. Variations in grain size are relevant for gas substi-

tution in natural hydrates by replacing CH4 with CO2 for the purpose of carbon dioxide sequestra-

tion. Our investigations show that crystallite sizes of gas hydrates from some locations in the Indian 

Ocean, Gulf of Mexico and Black Sea are in the range of 200-400 µm; larger values were obtained 

for deeper-buried samples from ODP Leg 204. The crystallite sizes show generally a (log-) normal 

distribution and appear to vary sometimes rapidly with location. 

Scientific and economic interest, however, is large to better understand the replacement kinetics in 

particular in the context of carbon dioxide sequestration projects achieved by gas replacement in 

hydrates. The mean crystal sizes of gas hydrates and the crystallite size distributions are of particu-

lar interest here, as the exchange rates will be contingent on the extent of the grain boundary net-

works. Likewise, the mechanical properties, in particular the deformation of gas hydrate aggregates 

depend on the distributions of crystallite sizes. It turns out that synthetic samples often have smaller 

crystallites sizes than natural samples and mechanical laboratory tests may not reproduce faithfully 

the situation in natural settings [1].  

Gas hydrate crystallite size distributions are also important for our understanding of hydrate forma-

tion and evolution processes. The crystal size evolution is mainly governed by the free energy dif-

ferences between grains, that is, the grain boundary surface energy and the contribution of deforma-

tional work to the free energy [2]. 

 

The data measured in December 2008 at the beam-line BW5 corroborate and extend information of 

crystallite size distributions of gas hydrates. Bragg tomography is at present the only tool to 

investigate gas hydrate crystallite size distributions systematically using the Moving Area Detector 

Method [3, 4] 

It turns out that there is an order-of-magnitude difference in crystallite size of natural and most 

synthetic gas hydrate samples, although larger synthetic samples have been produced [5]. Shallow-

buried, seepage associated marine gas hydrates from the Black Sea and Gulf of Mexico are 190-400 

µm in size. Comparing the latter to deeper buried, larger hydrates from the Hydrate Ridge, suggests 

that hydrate crystals in marine environments may well be continuously growing. If the initial crys-

tallite size distributions for a given p-T-x condition can be established, crystallite size information 

should give access to the formation ages of gas hydrates. Other factors that may influence the crys-

tal size evolution are inhibitors such as salts/brines, particles or impurities in the grain boundary 

networks, or the crystal structure. What is needed to proceed further is a broader crystallite size 

distribution data base for various settings differing in their thermodynamic regime as well as the 

determination of the crystallite size distributions of freshly grown marine gas hydrates in designated 

sea-floor experiments and/or more realistic studies of gas hydrate crystal growth in laboratory work.  

The results of this work are submitted to ”Geochemistry, Geophysics, Geosystems”. 
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Figure 1. Crystal size distributions from hydrates sampled in eastern Black Sea seeps, measured with the 

Moving Area Detector Method. (A) Batumi Seep, GeoB 11927-7; (B) Batumi Seep GeoB 11956. 
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The VUV- and XUV-FEL beam interaction with matter has been extensively investigated for the 
last few years with the Free electron LASer in Hamburg (FLASH), operating in the wavelength 
range of 6.5 -60 nm. The new type of source, with the unique combination of XUV quantum 
energy, extreme short pulse duration and high power/pulse, opens up an access to not yet explored 
phenomena, remaining unattainable with classical sources. Extensive investigations of these 
phenomena are crucial for understanding the interaction of intense, ultrashort XUV pulses with 
solids and for refinement of theoretical models, necessary to predict performance and lifetime of 
optical components for the new generation of FELs operating in the XUV and x-ray region.  

The irradiation of solids with short-wavelength femtosecond pulses delivered by the XUV 
FLASH creates states of strong electronic excitation with a highly reduced influence of optical 
nonlinearities at frequencies in between the plasma frequency and the frequency of the inner shell 
absorption edge. Some experimental results support the opinion, that the absorption depth for most 
materials can be much larger, than using femtosecond optical pulses, boosting creation of well-
defined excitation conditions in relatively large sample volumes [1,2]. 

Main aim of this work was to support, by x-ray methods, the characterization of damage induced 
in solids subjected to irradiation with the FLASH facility. Two classes of materials were studied: 
the typical representatives of  metals, insulators and semiconductors (Si, Au, Al, C, α-SiO2, 
sapphire, amorphous alumina, bulk or films), to provide insight in basic processes of damage, as 
well as composite materials relevant for XUV/X-ray optical elements (i.e. SiC, Si/C Sc/Si 
multilayers). The X-ray measurements have been carried-out at the W-1 wiggler beamline in 
Hasylab. The monochromatic radiation of wavelengths in the range of λ=0.11 up to 0.18 nm was 
applied. The beam size was confined by a slit system, typically to 500 x 50 µm2, in some cases, 
with the aid of additional external slit, down to 40 x 30 µm2. The scattered beam was recorded by a 
scintillation counter.  

The samples were firstly examined prior to irradiation, to precisely characterize their structure 
and homogeneity over the entire surface to be irradiated. As a result of irradiation, a sample surface 
was modified in hundreds of spots arranged in rows; the distance between the spots was kept 
typically between 200 µm up to 400 µm to avoid possible overlapping of defects induced in 
adjacent spots [3]. The spot sizes, depending on fluency, material properties and irradiation 
geometry, changed from few up to few tens µm (see Figure 1 for an illustration). A description of 
the experimental details of the irradiation by the FLASH can be found elsewhere [3, 4]. 

After irradiation, the samples were again examined by x-rays to characterize, whenever possible, 
the structural results of irradiation and to determine on the irradiated sample surfaces the areas for 
further examination by a number of optical and microbeam methods, including the N-DIC, atomic 
force microscopy (AFM) as well as the x-ray microdiffraction at ID-13 beamline in ESRF. In order 
to qualitatively identify the structurally modified material on the film surface, we adopted a 
scanning technique in transmission with a linear beam aperture, 50 µm wide, formed by a slit 
system, capable to cover the whole row of spots. The detector with a wide acceptance was set at a 

-561-



position of diffraction peaks from a polycrystalline material. Although the overall intensity of the 
recorded signal was lower than expected, this technique helped to reveal weak traces of crystallites 
in the lines of irradiated places, which might allow the selection of distinct items for further 
investigation.  The results suggested a relatively small amount of structurally modified material in 
irradiated samples, what was confirmed by a further study of micrometer-size ablation craters with 
a submicrometer beam at ESRF, Grenoble. The studies revealed the polycrystalline phases induced 
by irradiation localized only in narrow,  <1 µm embankments surrounding the ablation craters and 
in the central parts of craters irradiated with the highest fluencies, where a small number of 
crystallites was found. The results obtained in the present work at W-1 beamline have formed a 
basic reference concerning the structure, texture, surface roughness and multilayer profiles and are 
partially reported in papers on the irradiation damage induced by intense, ultrashort pulses delivered 
by FLASH [4,5]. 
 

 
 
Fig. 1 A - an example of XUV FEL damaged sample surface with two distinct lines of craters 

(Nomarski contrast). B, C, D - AFM images of craters created by single shots of FLASH 
XUV source in a gold film with fluency of 0.28, 0.58 and 1.2 J/cm2, respectively. Shapes of 
the left and central craters come from a convolution of a circular aperture with beam. The 
crater (D) was created with the beam without any aperture. 
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La2RuO5 shows a structural phase transition at Tpt ≈ 170 K combined with a magnetic and a 
semiconductor-semiconductor transition. The crystal structure [1] is as layered perovskite (along 
[110]) with LaO intermediated layers (Fig. 1). The structure changes from monoclinic P21/c (above 
Tpt) to triclinic P-1 (below Tpt) [2], resulting in shorter Ru-Ru in-layer-distances followed by a so 
called “spin-laddering” [3]. This effect explains the transition from paramagnetic behavior in the 
monoclinic phase to the almost absent magnetic susceptibility in the triclinic phase. 

 

Figure 1: Crystal structure of La2RuO5. Left: Monoclinic phase above Tpt, Right: Triclinic phase below Tpt. 
Lanthanum ions are represented by blue circles, Oxygen by red circles and RuO6 octahedra are colored gray. 

To study the influence of the structure and additional magnetic moments on this transition, powder 
samples have been prepared by a soft chemistry route. In this way La3+-ions were substituted by 
rare earth (RE) ions (Pr3+, Nd3+, Sm3+, Gd3+, Dy3+) giving the formula La2-xRExRuO5 with x 
between 0 and 0.25. The structural data determined by Cu-Kα X-ray diffraction revealed a 
reduction of the cell parameter perpendicular to the stacking of the perovskite layers while the other 
cell parameters (i.e. parallel to the stacking) exhibit almost no change. This one-dimensional 
shortening is a hint for a favored occupation of the La position in the LaO layers by the smaller RE 
ions. 

In order to locate the RE ions either in the suspected LaO layers or in the perovskite layer, EXAFS 
spectra were recorded at the E4 beamline at room temperature. The Fourier transformed spectra of 
the La-LIII absorption edge (5.483 keV) of La2RuO5 and La1.85RE0.15RuO5 (RE = Pr3+, Nd3+, Sm3+, 
Gd3+, Dy3+) were found to be very similar, showing that the local La-coordination in the substituted 
and the unsubstituted samples is identical (Figure 2).  

To examine on which crystallographic site the rare earth are positioned, a comparison of the LIII 
edges of La and the corresponding RE ions was done. For this, only the spectra of Sm, Gd and Dy 
could be recorded, because of a minimal needed energy distance of 0.5 keV of their LIII edges to the 
La-LI edge. Due to the low content of RE ions in the samples the height of the edge was quite low 
leading to rather noisy spectra. Apart from these difficulties, significant differences were observed. 
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3 µm

Figure 2: Fourier transformed EXAFS spectra of the La-LIII absorption edge of La2RuO5 and 
La1.85RE0.15RuO5 (RE = Sm, Gd, Dy). 

 

3 µm

Figure 3: Fourier transformed EXAFS spectra of the RE-LIII absorption edge of La2RuO5 and 
La1.85RE0.15RuO5 (RE = Sm, Gd, Dy). 

To compare the spectra of the different LIII absorption edges, the Fourier transforms are shown in 
figure 3. All spectra show a first pronounced peak at 1.5 to 1.7 Å. On the other hand, in the higher 
R range the spectra are quite different, which can be explained by a changed environment of the RE 
ions. The La ions occupy both possible positions in the unit cell. Therefore their EXAFS spectra are 
a superposition of the two different crystallographic sites. In contrast, the other rare earths 
presumably show exclusively the predicted position in the LaO layer. 

For a deeper understanding, EXAFS spectra with lower noise would be helpful. Such spectra can 
be achieved by accumulated measurements or by higher substitution values. Furthermore it is 
important to check if there is an observable change in preferred positioning of the RE-ions with 
varying amount of substituted La ions. Further measurements are therefore planned in the near 
future. 
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The spinel system ZnCr2Se4 is investigated at the high-energy x-ray beamline BW5 [1] at a pho-
ton energy of 100 keV using a 10 T magnet. ZnCr2Se4 is a frustrated spinel system that orders
antiferromagnetically below TN=21 K despite strong competing ferromagnetic interactions present
in the system [2]. At room temperature, it orders in the cubic Fd3m crystal structure with lattice
parameter 10.48Å. At TN , the magnetic phase transition is accompanied by a structural transition
into a tetragonal or orthorhombic phase [3]. The experiment was conducted at the triple-crystal
diffractometer at BW5 using Si1−xGex crystals as monochromator and analyzer. The sample was
mounted in a 10 T magnet with a temperature range down to 2 K. The field direction was chosen
along the scattering vector. This defines (00l) as scattering vector at low temperatures. Investiga-
tions were conducted on the (004) structural reflection. In Fig. 1, temperature dependencies for
different applied magnetic fields are shown. It can be seen that the magnetic field suppresses the
structural transition, which is shifted to lower temperatures.
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Figure 1: Temperature dependence of Δd/d for different applied magnetic fields.
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In Fig. 2, field dependencies of Δd/d are shown for different sample temperatures. As evident
from Fig. 2, a field and temperature dependent distortion of the lattice takes place below the
antiferromagnetic transition. Between zero and 1 Tesla, the magnetic field orients the c-axis into
the direction of the magnetic field and the twin domains are all reoriented. This can be deduced
from the reduction of the c-axis lattice parameter, implying a flattening of the structure. To higher
fields, the lattice parameter increases again until it saturates at a certain critical field value. This
critical field increases with decreasing temperature. In the temperature range TN > T > 10 K, no
hysteresis is observed for the field dependent lattice parameter around the critical field. The data
at 2 K alone do not allow conclusions about the physical behavior. These results emphasize the
intimate magneto-elastic coupling in the frustrated chromium spinels.
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Figure 2: Field dependences of the lattice parameter change Δd/d for different sample temperatures.
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Both title compounds have been reported in literature as valence fluctuating systems due to variable 
electronic configuration of the Ce 4f states [1,2]. Comparison of lattice parameter behaviour of the 
series RERhSi2 (RE = La, Pr, Nd)  and RE2Rh3Si5 (RE = La - Er) indicate that Ce ions in Ce2Rh3Si5 
are trivalent but the unit cell volume of CeRhSi2 does not follow the lanthanide contraction. 
Additionally, CeRhSi2 shows paramagnetic susceptibility with a broad maximum near 80 K. A 
nearly temperature-independent magnetic susceptibility is reported for Ce2Rh3Si5 compounds. The 
puzzling physical properties of both compounds give reason for the re-investigations of both 
compounds with the actual characterisation of Ce ions by X-ray absorption spectroscopy near the 
Ce LIII edge (E = 5723 eV) down to liquid helium temperature. The absorption spectra have been 
recorded in transmission mode at the EXAFS beamline C using the Si (111) double crystal 
monochromator. A peak to background ratio P/B ≈ 0.6 at the Ce LIII white line was realised with a 
sample mass of approx. 16 mg. The powdered materials are pestled with small amounts of B4C and 
mounted within paraffin wax on a 1cm2 window sample holder. Temperatures from the range 5-293 
K were obtained by a He-gas flow cryostat showing thermal stabilities of ΔT = ± 0.5 K during 
measuring dwell times of 20 minutes.  

The spectra of both phases show one dominate absorption maximum that almost coincide with the 
white line maximum of the reference CePO4 with an electronic configuration 4f1 (Ce3+). An 
additional minor absorption line appears at an energy ΔE ≈ +9 eV from the maximum and is close 
to upper characteristic peak in the spectrum CeO2 with the formal valence Ce4+ corresponding to 
4f0 configuration. The relative intensity of this additional peak increases in respect to the main 
absorption line with decreasing temperature. Also, it is more pronounced in the Ce2Rh3Si5 phase 
and shows a larger increase of its relative intensity at lower temperatures compared to the Ce-richer 
phase CeRhSi2. 

The spectra show that the 4f1 electronic configuration of the Ce ions dominates and a formal mean 
valence very close to +3 is realised in both phases. Interestingly, the spectra indicate small 
deviation from the complete 4f1 configuration of Ce also at ambient temperature. The increasing 
intensity of the minor absorption line reflects an increasing contribution of Ce ions with 4f0 
electronic configuration at lower temperatures. Final state effects that lead to the low energy peak 
in the spectra of insulating Ce4+ phases like CeO2 [3] do not contribute to the spectra of both 
investigated metallic phases. 

We like to thank Dr. E.Welter and Dr. D.Zajac for technical support at EXAFS beamlines A1 and 
E4. 
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Figure 1: Normalized absorption spectra at the CeLIII edge. A linear background was removed from the 
experimental data before normalizing on I(E = 5755 eV). 
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The solution structure of a partially branched polyethylene imine (PEI) that has covalently 

anchored functional groups has been investigated by SAXS. The ratio of primary, secondary and 
tertiary amine groups of the branched PEI was 31:39:30. It was synthesised from a commercially 
available derivative via covalent functionalization with cationic and hydrophobic groups [1]. The 
investigated model polymers have antibacterial applications [1]. They are cationic and can induce 
pore formation in the bacterial membranes, leakage and cell death. 

 
Our experiments were performed at beamline B1 of the DORIS III storage ring at the 

synchrotron radiation facility HASYLAB/DESY in Hamburg, Germany. The beam size was 1.0 
mm × 1.0 mm on the sample. The measurements were carried out at a fixed energy of 12 KeV, 
corresponding to a wavelength λ = 1.03 Å. The scattered intensity was recorded with a two-
dimensional (2D) gas detector, the area of which was divided in 256 × 256 pixels. The SAXS data 
were averaged over the azimuth angle, normalized, background corrected, and calibrated. 

 
The X-ray scattering pattern of 2 mg/ml functionalized PEI (synthesis described in ref.1) in 

aqueous solution was measured at room temperature (Fig.1). To obtain the corresponding atomic 
distance distribution function p(r), we constructed a model. Our previous experience showed that 
programs like GNOM [2] and DAMMIN [3] do not reproduce realistically the structure of 
branched homopolymers. To make a more realistic PEI model, molecular dynamics [4] was used. 
On the basis of this model, the distance distribution p(r) was calculated directly as a sum of all inter 
atomic distances of the model molecule. The maximum diameter of the macromolecule was 
determined to be 70 Å. Since the branched PEI does not have a unique structure in solution, the 
presented model should be considered as an “equivalent” structure that reproduces the measured 
scattering curve. The structural studies will be extended to different stereo-chemical modifications 
of PEI in future. 

Figure 1: Example of measured X-ray scattering intensity of surface functionalized polyethylene imine (a),  
a model of the polymer structure (b), and the corresponding p(r) distance distribution function (c). 
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An important part of the European cultural heritage is composed of hand-written documents. Many 

of these documents were drawn up with iron-gall ink. This type of ink was/is traditionally prepared 

by mixing FeSO4, gallic acid (Ac) and arabic gum (Go) in appropriate amounts. The colour of this 

type of ink is due to  the formation of dark precipitates (See Fig. 1) while the arabic gum is only 

added to influence the viscosity of the ink. 

 

 

 

Figure 1 : One of the possible mechanism for the formation of the iron gall ink precipitate [1], 

This type of ink presents a serious conservation problem, as it slowly degrades (’burns’) the paper it 

is written on, thereby gradually disintegrating the historic document. As a result, 60-70% of 

Leonardo da Vinci’s oeuvre shows signs of deterioration, Bachs’ written music is virtually falling 

apart, while numerous manuscripts by Galileo Galilei are completely destroyed. In order to enable 

development of a stabilization treatment, an in-depth knowledge of the corrosion process is needed.  

Two mechanisms are considered to be the cause of this disintegration: (A) acid hydrolysis of the 

cellulose and/or (B) oxidation of organic compounds promoted by radical intermediates that are 

formed due to the presence of Fe
2+

 ions. Mechanism (B), considered to proceeds independently 

from (A) [2,3], involves the intermediate formation of radicals (O2•, HOO•). Reaction of Fe
2+

 with 

HOO•  in acidic medium leads to the formation of H2O2, which in its turn can further oxidize the 

paper (and the Fe
2+

 present in the ink):  

B1. Formation of organic radicals 

   Fe
2+

 + O2 ↔ Fe
3+

 + O2•          R• + O2  ↔ ROO•    

   Fe
3+

 + O2• + RH  ↔ R• + HOO• + Fe
2+

    ROO• + R'H ↔ RCOOH + R'•  

B2. Formation of hydrogen peroxide (Fenton Reaction)  

   Fe
2+

 + HOO• + H
+
 ↔ Fe

3+
 + H2O2      Fe

2+
 + H2O2 ↔ Fe

3+
 + HO• + OH

-
  

 

Whereas in reactions (B1), Fe
2+

 truly acts as a catalyst (i.e., is not consumed during the reaction), 

during reactions (B2), each HOO• radical may lead to the oxidation of two Fe
2+

 ions while 

extremely reactive hydroxyl radicals are formed. Oxidative damage to the cellulose therefore also 

causes the oxidation of the Fe
2+

 present in the ink. Local measurement of the Fe
2+

/Fe
3+

 ratio in 

individual hand-written letters of historical documents therefore may allow to objectively monitor 

the local „damage potential“ of the ink in a document and or allow to assess the damage already 

inflicted by the ink to the cellulose of the paper [4]. If most/all of the Fe
2+

 has reacted away, it is 

less/not possible for radicals to be formed by mechanism (B), decreasing the future damage 

potential the ink represents for the paper. If on the other hand, a substantial part of the Fe is still 

present in the 2+-state, the ink is able to inflict further damage to the paper it is written on.  

In order to be able to interprete the relative Fe
2+

-content (Fe
2+

/ΣFe) that may be determined via Fe-

K XANES of original, historical document fragments in terms of past or future damage, it is 

necessary to first establish the initial levels Fe
2+

/ΣFe-levels, i.e., during the first days, weeks and 

months after freshly prepared ink has been deposited onto paper. Accordingly, an elaborate and 
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systematic series of Fe-K XANES measurements paper was performed on model samples consisting 

of Whatman paper (close to pure cellulose) impregnated with synthetically prepared iron-gall inks.  

The relative Fe
2+

-content was studied as a function of (a) exposure time of the ink on the paper, (b) 

ink composition and (c) environmental O2 and H2O contents. Mechanical testing were also 

performed via the so-called “zero-span” protocol, essentially measuring the maximum force a strip 

of 15 mm wide paper can withstand before tearing. 

In Fig. 2, the evolution of the “zero-span” strength as 

a function of paper-ink exposure time is plotted for 

model samples prepared with different kinds of inks 

and maintained in ‘standard’ archive atmosphere 

(23°C, 50% Relative Humidity). All combinations of 

the ink ingredients were tested out. Mixtures of 

gallic acid and/or arabic gum that do not contain Fe 

do not significantly diminish the mechanical strength 

of paper during the first 200 days after applying the 

ink to the paper. Also solutions of Fe
2+

 do not appear 

to render the paper brittle during this period. 

However, as soon as a mixture of Fe
2+

 and gallic 

acid is employed, with or without arabic gum, a 

significant loss in mechanical strength is observed. 

.                             

 

In Fig. 3, the evolution of the Fe
2+

/ΣFe-levels vs. 

exposure time in the same samples is plotted. In 

all cases, an initial relative Fe
2+

-content of ca 

60±6 % is observed. In the absence of O2 or of 

H2O, only a very slow oxidation of the Fe
2+

 

takes place. This oxidation happens much more 

rapidly when both O2 and H2O are present in the 

ambient environment. As before, the presence or 

absence of arabic gum does not seem to 

influence the oxidation speed. 

All these measurements show that the presence 

of absence of gallic acid is determinant: when 

gallic acid is present, paper degrades faster and 

the speed of Fe
2+

 oxidation appears lower. The 

most significant conclusion from considering 

Fig. 2 and Fig. 3 together is that the oxidation of 

Fe
2+

 cannot be directly related to a loss of 

mechanical properties of the paper. Only the combination of Fe
2+

 and gallic acid, which buffers the 

Fe
2+

/ΣFe-level at ca 20% , causes the damages. Further investigations are underway to clarify the 

damage mechanism involved. 
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Figure 2. “Zero-span” measurements performed on 

model samples vs. exposure time [5] 

Figure 3. Fe2+/ΣFe (in %) measurements performed by 

XANES vs. exposure time for different ink types and for 

different environmental conditions [5]: under vacuum 

(Vide), under nitrogen with 50% of relative humidity 

(N2_H2O), under dry air (O2_sec), and under archival 

condition at 50% of relative humidity (O2-H2O) 
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How fs-X-ray Emission Spectroscopy Probes Ultrafast
Electron-Phonon Dynamics in Silicon

M. Beye, F. Sorgenfrei, W. Schlotter, W. Wurth, and A. Föhlisch

Institut für Experimentalphysik and Center for Free-Electron Laser Science, Universität Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany

Resonant inelastic X-ray scattering (RIXS) and X-ray emission spectrocopy (XES) are ideally
suited to probe the electronic structure of complex matter,correlated systems and functional mate-
rials, because they probe the valence electronic structureand low energy excitations at the atomic
constituents within a material. Band structure information is also obtained for crystalline systems,
because the crystal momentum

−→

k is conserved in the scattering process. In that way, the density
of states of the valence bands at specific points in

−→

k -space is probed [1]. Thus femtosecond time
resolved RIXS at X-ray free-electron laser sources is a cornerstone to access the electronic struc-
ture and low energy excitations during ultra fast switching, phase transitions and molecular and
chemical dynamics, involving coupled electronic and nuclear degrees of freedom.
We chose the ultrafast dynamics within crystalline siliconto establish the technique of femtosecond
time resolved X-ray emission spectroscopy at FLASH. We can easily identify the signature of the
purely electronically excited state, decaying via electron thermalization and coupling to the lattice
into a metallic phase of silicon which then restores to solidsilicon in thermal equilibrium.
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Figure 1: Evolution of the X-ray emission spectral profile after optical excitation with FLASH’s 120 fs,
400 nm Laser with 250 mJ/cm2

At the PG2 monochromator beamline at FLASH [2] in zeroth grating order, we employ the Ham-
burg Inelastic X-ray Scattering Station (HIXSS) equipped with a Scienta XES355 grating spectrom-
eter [3] to study silicon (100) sample surfaces after hydrogen passivation. FLASH was operated
at 117 eV photon energy with intensities around 100 mJ/cm2 on the sample. Such a photon creates
a core hole at the Si 2p level, located around 100 eV binding energy. The subsequent fluorescent
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decay shows the occupied density of states in the valence andconduction band, where the energy
of the emitted photons is given by the difference in binding energy of the decaying electron and
the unaltered Si 2p level. We used our collinear incoupling optics for the facility’s synchronized
Ti:Sa pump laser after frequency doubling to 400 nm to createan ultrafast excitation in the sample
(excitation density up to 20% of the atoms).
Directly looking at the spectra, we can easily identify different stages of the excitation and decay
dynamics of the electronic and lattice system: Around the temporal overlap of the optical LASER
with the probing FLASH pulse, we can identify hot electrons (up to 101 eV emission energy), sitting
above the bandgap (around 100 eV). On the sub-picosecond timescale (due to the still ongoing
analysis of the synchronization data, the temporal resolution of the shown data set is limited to a
picosecond), the electrons start to thermalize with the lattice by creating phonons. The spectral
signature for this phonon creation is the loss in intensity of the peak around 90 eV.
After two picoseconds the electronic system is in thermal equilibrium, at a much higher temperature
than the lattice system. This now leads to a disordering of the atoms, until after seven picoseconds
the bandgap is completely collapsed, shifting spectral weight (and such electrons) into the formerly
unoccupied bandgap region around 100 eV.
Now we can treat the system as in thermal equilibrium but at a temperature above the melting point.
On the timescale of some hundred picoseconds, the bandgap opens again, shifting the valence band
edge back to lower emission energies. Right at the end of the shown delay range (300 ps), the
system is nearly back in its original state, only still at a slightly higher temperature than before, as
visible in the slightly lower intensity around 90 eV.
With this measurement, we can show the power of emission spectroscopy at light sources like
FLASH, to study electron dynamics in an easily understandable, obvious way, presenting insight
into the model system of optically excited silicon. This directly follows and explains studies in
the optical wavelength region [4]. Doing so, we pave the way for further experiments on more
complex material systems, combining the power of soft X-rayspectroscopies with the brilliant,
ultrashort pulses from FLASH.
We gratefully acknowledge support from the Hasylab and FLASH staff, especially Rolf Treusch
and Natalia Guerassimova, Harald Redlin and Stefan Düsterer, Nikola Stojanovic and Martin
Berglund, Vladimir Rybnikov and Tim Wilksen. This work was financially supported by the
FSP 301, ”Matter in the Light of Ultrashort and Extremely Intense X-ray Pulses” and the GrK 1355,
”Physics with New Advanced Coherent Radiation Sources”.
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Metalloporphyrins, which contain Fe, Mg, Mn, Co, Cu, Ni or Zn suitably nested between the four 

nitrogens of pyrrole rings play an important role in biological systems as functional groups of 

hemeproteins, oxidases, chlorophyls and cobalamins [1]. Porphyrin derivatives have also recently 

attracted attention because of potential clinical applications [2,3]. As photosensitizing agents they 

have proven, for example, to be very useful photosenitizers in the photodynamic therapy (PDT) of 

cancer [4,5]. Dimerization and oligomerization of ironpophyrins have been studied in various 

model systems for more than 30 years. However, the mechanism of interaction between the heme 

centers remains unclear, especially in the most important porphyrin IX. The most often investigated 

systems are µ-oxo-bridged dimers of ironporphyrins. The schematic structure of the ironporphyrin 

molecule and one of its possible dimer forms is shown in Figure 1. 

 
The aim of the project is to determine the evolution in the coordination and in the local dynamic 
properties of iron in iron-protoporphyrinIX complexes, during the µ-oxo dimerisation process. 
Results obtained of the XAS method are correlated with the results obtained with the use 
Mössbauer spectroscopy, SQUID technique and supportive methods as UV/Vis absorption and 
emission, FTIR and Raman spectroscopies.  

Figure 1:  Molecular structure of iron-protoporphyrinIX-chloride/monomer (left)                                                 
and µ-oxo-dimer of iron-protoporphyrin IX /dimer (right).                                                                                                                             

Used symbols for atoms: blue – N, cyan – C, red – O, green – Cl and grey – Fe. 

The hitherto research has been already presented in the “HASYLAB Annual Report 2007” [6] and 
in [7,8].  It has been confirmed, that the iron ion state in the both complexes is in the +3 high spin 
state. In our case, the most important are the dynamic evolutions that appear due to the temperature 
changes and are revealed by the x

2
 and σ

2
 factors [7]. New method of differing the individual 

motions from the collective ones has been established on the base of temperature dependent XAS 
and Mossbauer measurements of iron-porphyrin complexes [6,7]. Further, the research has been 
extended to the other materials.  During the last experiment, the EXAFS-temperature dependence 
has been evaluated for the standard compounds. Here we present the spectra of the iron(III) oxide 
(Fe2O3) and the potassium ferrocyanide K4[Fe(CN)6]·3H2O (Figure 2). Previously observed 
tendency has been confirmed in the case of the studies specimens. The higher amplitude of the 
EXAFS spectra in case of the lower temperature (blue/10K) than in the room temperature (red/300 
K) indicates the strong and individual vibration of Fe with its ligands. The strong relative difference 
in the amplitude in each of the materials suggests that in the potassium ferrocyanide the iron atom 
vibrates more collectively than in the  iron (III) oxide case.  
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Figure 2:  R-space EXAFS spectra of: a) the iron(III) oxide (Fe2O3)                                                                         

and b) the potassium ferrocyanide (K4[Fe(CN)6]·3H2O). 
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Split-and-Delay Techniques and X-ray Induced Transient

Optical Reflectivity

M. Beye, F. Sorgenfrei, W. Schlotter, W. Wurth, and A. Föhlisch
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Luruper Chaussee 149, 22761 Hamburg, Germany

The FLASH femtoseond X-ray pulses of unprecedented peak brillance open the door towards X-
ray induced dynamics in matter as well as multiphoton and non-linear X-ray physics. For materials
science, we can create highly selectively transient excited states and probe their temporal evolution
across different atomic centres. In the XUV range, we also gain access to the fundamental radiation
chemistry relevant in the upper atmosphere and beyond. The excitation densities at FLASH even
suffice to challenge perturbative treatment. Based on theseconditions we aim towards novel X-ray
spectroscopies for materials science.
We present here different measurements performed on silicon single crystals as a model systme.
With X-ray emission spectroscopy (XES), we directly study the spectral electronic distribution
function during the lifetime of the core excited state, which is 16 fs for the studied silicon 2p level.
Reflectivity measurements provide information about the optical response function of the sample
after FLASH irradiation.
All the measurements have been perfomed at beamline PG2 at FLASH [1] in zeroth grating order,
making use of the Hamburg Inelastic X-ray Scattering Station (HIXSS), equipped with a Scienta
XES355 grating spectrometer [2] to study the XES. That way, we can track the fluorescence decay
of electrons to a Si 2p core hole, created by a 117 eV FLASH pulse, observing the occupation
distribution of the electrons. We performed measurements in single bunch mode at high intensities
(Fig.1.a) and in multi bunch mode at a bigger focal size and consequently lower single-bunch
intensities (Fig.1.b). Furthermore, we used the permanently installed split and delay unit of the
PG2 beamline, to study the ultrafast dynamics of the hot electron creation and decay with FLASH
(Fig.1.c). For the reflectivity studies, we used the frequency doubled facility’s Ti:Sa pump laser at
400 nm in a scheme directly following our measurements on GaAs [3] (cf. ”A femtosecond X-ray
optical cross-correlator” Research Highlight in Hasylab Photon Science 2008) (Fig.1.d).
Using FLASH’s singlebunch mode at moderate intensities (<100mJ/cm2), we measure spectra
that do not show any major changes due to the high power density. Only at very high excitation
densities, we observe how the bandstructure dissolves due to deterioration of the lattice order on
the timescale of the FLASH pulse (some ten fs) (Fig.1.a). Thecreated core hole rapidly decays into
valence excitations, leaving hot electrons in the conduction band as well as holes in the valence
band behind. The amount of hot electrons is directly proportional to the impinging intensity.
In the multibunch mode out of focus, we have much lower intensities for single pulses, but we can
deposit the same amount of energy per area, distributed over30 µs. As shown in Fig.1.b, in this
case the contribution of hot electrons is negligible, whilethe spectra show that on the longer time
scales the lattice becomes distorted and the local order is similar to an amorphous sample. However
recrystallization is completed before the next bunchtrainarrives after 200 ms.
With two split and delayed XUV pulses impinging on the sample, we track the immediate appear-
ance of the hot electrons in the conduction band after intense excitation in focus, which decay on a
sub-picosecond timescale. Separating those beams in spaceby roughly 100µm, we can watch the
diffusion of the delocalized conduction band electrons from the creation spot to the probe spot.
With optical reflectivity measurements, we observe a delayed onset in the reflectivity change, de-
pending on the excitation density in the silicon sample. Theunderlying picosecond timescale hints
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Figure 1: Top left (a): XES at FLASH in singlebunch mode.
Top right (b): XES at similar energy deposition per area distributed over 30µs.
Bottom left (c): Integrating the spectral weight stemming from electrons above the bandgap in XES, we track
hot electron creation and decay by a 50:50 split and variablydelayed pulse of FLASH.
Bottom right (d): Ultrafast reflectivity change of silicon for 400 nm light after excitation of silicon core levels
with different excitation densities.

to a mechanism based on the change in the bandstructure due toatomic motion rather than an effect
of the hot electrons in the conduction band.
We gratefully acknowledge support from the Hasylab and FLASH staff, especially R. Treusch and
N. Guerassimova, H. Redlin and S. Düsterer, N. Stojanovic and M. Berglund, V. Rybnikov and T.
Wilksen. This work was financially supported by the FSP 301 and the GrK 1355.
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FEL induced acceleration of light ions in methane 
clusters 
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We have studied the acceleration dynamics of light hydrogen ions in methane, deuterated methane and 
mixed methane-xenon clusters interacting with very intense and very short soft X-ray pulses at FLASH. We 
found that light ions (hydrogen, deuterium) in methane clusters can gain high energies, up to 300 eV, 
depending on the cluster size,  beam intensity. In methane clusters doped with xenon the energy gain is 
substantial (reaching 600 eV), due to higher charge states created. The results offer new avenues in the 
exploitation of free-electron lasers for the acceleration of ions to high energies.  
 
The experiments were performed at FLASH facility at  DESY in Feburary 2008. The targets were 
methane (CH4) and deuterated methane (CD4) clusters, with an optional doping with Xenon to 
created core-shell clusters. These were irradiated by intense (1013-1015 W/cm2), 15 femtosecond 
long soft X-rays at a wavelength of 13.5 nm, corresponding to an energy of 92 eV. The methane 
clusters were produced with a helium cooled clusterjet using a piezoelectric nozzle for cluster 
creation. The maximumg cluster size possible with this setup was 106 atoms per cluster. Doping 
with Xenon was done in a mixing chamber attached to the main vacuum chamber and the amount 
of doping was controlled by using different backpressures for the gas. The experimental setup as 
well as a short description of the time-of-flight (TOF) measurements can be seen in Figure 1.  Each 
measurement contained approximately 40,000 shots on clusters with the FEL. 

  
The recorded TOF spectra were analyzed to answer questions about the dominant ionization and 
ion acceleration mechanism at the wavelength of 13.5nm and possible energy gain of light ions 
(predominantly hydrogen) in dependency of cluster size, Xenon doping pressure and beam 
intensity. The software package SIMION was used to perform simulations for the time of flight of 
light ions in the TOF detector, and obtain the energy distribution of the ions. 
 
Our findings showed that the general behaviour of the clusters while interacting with the soft X-
rays is similar to the case in the optical regime (Last 1997, Ditmire 2000). The ion energies show a 
clear size-dependency, intensity dependence and doping dependece, as can be seen in Figure 2, 
mainly  due  to a high number of charges in the cluster driving the Coulomb explosion. 

Fig. 1: Experimental setup. Methane clusters 
are produced by a cryo-cooled cluster source 
(upper right), and then pass through a doping 
cell for producing mixed clusters with Xe 
(upper left). They travel towards the interaction 
region located between the repulsion plate and 
the drift tube of a time-of-flight (TOF) detector 
where they will be intersected by 15 fs long 
soft X-ray pulses, 13.5 nm wavelength. The 
pulses deposit a high amount of energy into the 
clusters leading to their ionization and 
subsequent disintegration. Positively charged 
ions are attracted towards the multi-channel 
plate (MCP) detector at the end of the TOF 
tube, recorded by an oscilloscope and analyzed. 
V1 and V2 are the voltages on the repulsion 
plate and the MCP. 

 
 

c 
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Irradiation of heteronuclear clusters with soft X-ray laser pulses leads to light ion acceleration that 
is not as energetic as in the optical case. Our results show that the maximum energy hydrogen ions 
could gain is approximately 300 eV in the undoped case and 600eV with Xe doping,  and depends 
strongly on the experimental conditions like doping pressure, beam intensity and cluster size. 
Therefore, the best result could be obtained by a methane cluster consisting of 30,000 atoms, doped 
with high-Z material, Xenon, at a pressure of 72mbar and with a FEL pulse intensity peaking at 
approximately 80 µJ outrunning even the bigger, undoped methane cluster with 110,000 atoms.  
 
The energy range can be increased by using more energetic laser pulses and bigger clusters doped 
with high-Z material. Focusing the laser beam down to only a few micrometer as has been done in 
microfocusing experiments would increase the beam intensity and thus push the accessible energy 
range. Bigger methane clusters can be doped with more Xenon before the integrity of the cluster 
breaks down which would also allow us to reach higher light ion energies. Those approaches are 
taken in consideration and will be pursuit in our next experiments at FLASH.  
 
Acknowledgements. The authors would like to thank DESY for their support, as well as  Helmholtz 
Gemeinschaft (Virtual Institute VH-VI-302) and the Swedish Research Council for financial support. 
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b a 

Fig. 2: a) Simulated relations between energy and flight time for H and D ions, b) Energy distributions of H 
ions as a function of methane cluster size.  Average X-ray pulse intensity is 30 µJ, 15 fs long, and . c) 
Energy distribution of H ions from a 29000 CH4 cluster as a function of X-ray beam intensity. d) Comparison 
of energy distribution of light ions from methane clusters, deuterated methane clusters and Xe-doped methane 
clusters. Average X-ray pulse intensity is 40 µJ. 
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Pyridinium salts belong to the group of molecular-ionic crystals with hydrogen bonds, 

which exhibit a reach variety of interesting phenomena such as structural phase transitions, 

ferroelectricity and dynamical orientational disorder of the pyridine cations [1-4]. The existence 

of ferroelectricity was discovered in pyridinium tetrafluoroborate (PyHBF4 - C5H5NHBF4) [1], 

pyridinium perchlorate (PyHClO4) [2], pyridinium perrhenate PyHReO4 [3] and pyridinium 

periodide PyHIO4 [4]. The para-ferroelectric transition is accompanied by the structural phase 

transformation, resulting in the change of the disorder degree of pyridinium and perrhenate ions. 

The precise determination of crystal and molecular structure is essential for explaining the nature 

of the ferroelectric properties of pyridinium salts.  

Previous studies of the P-T phase diagram of PyHClO4 were concentrated on the 

investigation of macroscopic physical properties and they were performed in rather moderate 

pressure range. In order to get a new insight into phase diagram of PyHClO4 and the structural 

features of different phases in the extended pressure range, we have performed energy dispersive 

X-ray diffraction measurements at pressures up to 3.5 GPa in temperature range 297 – 420 К. 

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. Spectra were recorded by a Ge solid-state detector with a 

resolution of 153 eV at 5.9 keV resulting in a resolution of diffraction patterns of Δd / d ≈ 1%. 

The Bragg angle 2  was fixed at 9.093°, counting times for each diffaction pattern was 360 

seconds. The refinement of X-rays diffraction patterns were made by means of Fullprof [5] 

program. 

At ambient condition the rhombohedral phase I with space group R3m was evidenced. At 

pressures range  0.5-0.9 GPa, slightly changes in the diffraction patterns at ambient temperature 

were observed. They correspond to the appearance of the monoclinic phase II with space group 

Cm under high pressure, as evidenced from analysis of the data by profile matching mode. At 

pressure P=0.9 GPa the phase transition to monoclinic phase III with Pm space group was 

occurred.  

The pressure dependence of the relative unit cell volume of the deuterated pyridinium 

perchlorate is shown at Fig. 1. The unit cell volume as a function of pressure was approximated 

by the Birch-Murnaghan equation of state [6]. The temperature dependences of relative cell 

volume of deuterated pyridinium perchlorate at different pressures are shown at Fig. 2. Upon 

compression an increase of the I-II and II-III transitions temperatures was found. The thermal 
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Figure 1: The pressure dependencies of monoclinic angle  (a) and relative volume (b) of the different 

phases of deuterated pyridinium perchlorate. (c): The relative volume of the different phases of 

deuterated pyridinium perchlorate as function of temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 2: The relative volume of the different phases of deuterated pyridinium perchlorate as function of 
temperature. 
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RVO4 (R = Y, Sc, La − Lu) orthovanadates belong to a large class of AXO4 compounds that 
typically adopt the structures of zircon, scheelite, fergusonite, monazite, wolframite, CrVO4, ZnSO4 
and rutile types [12-3]. Phase relationships in this class, observed as a function of pressure have been 
systematized by Fukunaga and Yamaoka [2] and Errandonea and Manjón [4] (for all possible AXO4 
compounds), and by Kolitsch and Holtstam [3] for RXO4 compounds (X = P, As, V). For RVO4, R = 
Pr to Lu, the most stable ambient pressure structure is of zircon type, space group I41/amd, this 
structure can be also obtained for R = La using special preparation methods. The zircon-type RVO4 
orthovanadates exhibit physical properties that may lead to a number of applications. Known 
examples are the europium and neodymium doped YVO4 crystals used as phospor and laser 
materials, respectively. Some of compounds of this family are considered as being suitable for 
optical waveguides and polarizers, they can be used for remote thermometry, as catalysts for 
oxidative dehydrogenation, and are candidates for advanced bio-imaging phosphors and as 
components of toughened ceramic composites. 

A number of RVO4 oxides have been studied at high-pressure conditions using the in-situ or ex situ 
X-ray diffraction and other methods. They are known to undergo an irreversible phase transition to 
scheelite-type structure. In this work, TbVO4 is studied in the pressure range 0-7 GPa. The elastic 
properties of this oxide have been studied under pressure by an indirect technique, only, using the 
Raman spectroscopic data by Chen et al. [5]. The crystal investigated in the present work was 
grown from PbO/PbF2 flux by the slow cooling method.  

 

 

Figure 1: An example of Le Bail refinement for 4.5 GPa pressure. The bars below the pattern refer to the 
reflections of hexagonal boron nitride (a container material) and TbVO4, and to the Tb fluorescence lines, 
and the curve at the bottom represents the difference pattern. Miller indices of the TbVO4 phase are marked 
out. 
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The in-situ X-ray diffraction experiments were conducted using the energy-dispersive method at the 
F2.1 beamline equipped with a large-anvil diffraction press, MAX80. The pressure was calibrated 
using a NaCl equation of state. The lattice parameters of TbVO4 were determined from Le Bail 
refinements performed with the Fullprof program.  

An example of refinement for 4.5 GPa pressure is shown in Fig. 1. Fitting of the reflections of 
TbVO4 and of hexagonal boron nitride and the Tb fluorescence lines provided a smooth dependence 
of the lattice parameters on pressure for pressures ranging to 7.3 GPa. The resulting bulk modulus 
value is close to 120 GPa, i.e. it is by 20% lower than that derived using the Raman spectroscopic 
data by Chen et al. [5]. The present value is as well as the first bulk-modulus pressurfe derivative, 
are found to be comparable to those known for other compounds of the RVO4 family such as 
lutetium and yttrium orthovanadates. Indications of the phase transition to scheelite type are 
observed for TbVO4 above 7.1 GPa. The obtained results extend the earlier knowledge on the 
elastic properties of rare earth orthovanadates. 

 

References 

                                            
[1] O. Muller and R. Roy, Z. Kristallogr. 198, 237 (1973). 

[2] O. Fukunaga and S. Yamaoka, Phys. Chem. Miner. 5, 167 (1979).  

[3] U. Kolitsch and D. Holtstam, Eur. J. Mineral. 16, 117 (2004).  

[4] D. Errandonea and F.J. Manjón, Prog. Mater. Sci. 53, 711 (2008).  

[5] G. Chen, R.G. Haire, and J.R. Peterson. Appl. Spectrosc. 46, 1447 (1992).  

-584-



Equation of state of Magnetite, Franklinite and Gahnite
M. Wehber, C. Lathe, and F.R. Schilling1

Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Telegrafenberg,
14473 Potsdam, Germany

1Institute for Soil Mechanics and Rock Mechanics, University of Karlsruhe, Engler-Bunte-Ring 14,
76131 Karslruhe, Germany

The spinel group and phases with spinel structure play an important role in geoscience and in
industrial applications. In the so called transition zone in a depth between 410 km and 660 km
spinels are the dominant phases. In this region many processes occur that are important for the
understanding of geological processes. In technical application the ferritic spinels are the most
important ones. Due to their magnetical properties they are used for data storing devices as an
example.
Spinels have the general formula AB2O4 and adopt a cubic crystal structure with the space group
Fd3m (Fig. 1). The oxygen forms a cubic face centered packing, the tetrahedral and octahedral
vacancies are occupied by trivalent and divalent cations depending whether it is a normal or an
inverse spinel.

Figure 1: Spinelstructure

This work investigates three spinel-group minerals with different chemical composition, Magnetit
(Fe3O4), Franklinite (ZnFe2O4) and Gahnite (ZnAl2O4). The first two samples were synthetic
powders, the last one was made from a natural Gahnite mineral. All experiments were conducted at
W2 beamline. The MAX200x, a double-stage multi-anvil press, is working with energy-dispersive
powder XRD. The sample was mixed with NaCl that is acting both as a pressure standard and to
obtain better hydrostatic conditions inside the pressure cell. Pressure was calculated using Birch’s
equation of state for NaCl [1]. The XRD spectra were evaluated with the Rietveld method using the
gsas/expgui software suite [2, 3] to obtain the cell parameters to calculate the pressure and unit-cell
volume.
Bulk moduli and the pressure derivaitves of the three samples were calculated with a fit of the
volume-pressure data to a third order Birch-Murnaghan equation of state:
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The compression curves are shown in figure 2-4. Symbols are measured data, the lines represent
the 3rd order Birch-Murnaghan fit. The calculated bulk moduli and and pressure derivatives are
listed in table 1.

Bulk modulus K0 pressure derivative K’
[GPa]

Magnetite 184 4.5
Franklinite 177 4.6

Gahnite 202 5.1

Table 1: Bulk moduli and pressure derivatives

Figure 2: Compression of magnetite Figure 3: Compression of franklinite

Figure 4: Compression of gahnite
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Studies on the interaction of ultra-short and extremely intense soft X-ray pulses with material can now be 
performed with free-electron lasers. We report here studies on the dynamics of ions ejected from bulk metals 
and their hydrides/deuterides when exposed to focused pulses of the FLASH FEL (pulse length 15 fs, 
λ=13.5 nm, pulse energy 7-70 µJ, energy flux ~1017 W/cm2). We find that the interaction between a 15 fs 
pulse and the solid target can accelerate the light ions (hydrogen and deuterium) and highly ionized metal 
ions (up to 5+) to kinetic energies approaching 7 keV and 20 keV respectively. The results offer new 
avenues in the exploitation of free-electron lasers through the acceleration of ions to high energies at solid 
densities.  
 
The experiments were performed at FLASH in April 2008. The targets were polished bulk samples of 
niobium (Nb) and vanadium (V) as well as deuterated niobium (NbD) and vanadium (VD) and hydrogenated 
niobium (NbH). FLASH was operating in single shot mode and an of axis parabolic mirror (Fig. 1 a) was 
used to control the focus of the free-electron laser (FEL) beam down to about 2 µm in diameter. The time of 
flight (TOF) detector was equipped with a high pass (HP) filter in the form of charged metal grids in front of 
the ion detector. 

 

 

Fig. 1: a) Experimental setup. An of axis parabolic mirror focuses the FEL 
beam onto the sample. A fraction of the ejected ions travel through the TOF 
detector and are recorded by the MCP. Charged metal grids in front of the 
MCP act as a HP filter. b) SEM images of single shot craters in focus (top) 
and out of focus (bottom). c) AFM image of in focus craters in scan mode in 
deuterated vanadium. 

 
 

c 
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The samples were exposed to the beam either in a single shot mode (Fig. 1 b) or in a scan mode (Fig. 1 c). In 
the scan mode the moving target was exposed to the FEL pulses with a repetition rate of about 5 Hz. This 
causes each pulse to hit partly in the crater of the previous pulse. Due to the slope of the crater edges this 
generates different local geometric environments in the interaction region when the sample is moved to the 
right, left, up or down. In the single shot mode the exposure rate was 1 Hz generating well separated craters. 

Scanning Electron Microscope (SEM) images (Fig. 1 b) show that the craters in the samples loaded with H 
and D have pronounced microstructures while the surfaces in the un-treated samples are relatively smooth. 
This indicates that the interaction region in the deuterated and hydrogenated samples cool faster than in the 
untreated samples. This may be related to light ions from the bulk leaving the sample at an early stage of the 
interaction. 
 
From the ion TOF data (Fig. 2.a and c) the charge states and maximum kinetic energies of the ejected ions 
can be determined. Under the influence of a particular HP filter setting each ion populations is cut at a 
characteristic flight time corresponding to the energy needed to pass the filter. Comparing the flight times 
where these cut offs occur with simulated relations between the kinetic energies and ion flight times (Fig. 2.a 
and b) Nb ions with charge states up to 5+ are identified. The leading edge of the Nb ion populations occur 
at about 3 µs (Fig. 2 c, dotted line) corresponding to an energy of 20 keV (Fig. 2 a, dotted line) . For the V 
samples we observe charge states up to 4+ and energies approaching 20 keV. At shorter flight times 
(between 0.5 and 4 µs) hydrogen (H+), carbon (C) and oxygen (O) ions are frequently observed. These ions 
originate from surface contaminations. The C and O ions have relatively low energies and are not seen with 
the HP filter at 2.5 keV (Fig. 2 c). 
 

 
When deuterated samples are exposed in the scan mode (Fig. 1.c), D+ ions are picked up by the detector 
together with H+ when the surface of the wall of the previous crater is tilted towards the TOF detector. (D+ 
ions are never observed in the single shot mode). Under in focus conditions we observe H and D populations 
extending to 0.5 and 0.7 µs respectively. These flight times correspond to kinetic energies of about 7 keV. 
 
In conclusion,  we have observed emission of protons and deuterons with energies approaching 7 keV and of 
metal ions up to 20 keV. Highly charged metal ions, up to Nb+5 and V+4 have been created and observed. We 
propose that the interaction region is cooling rapidly in metals loaded with H/D, as high energy light ions 
leave the bulk. 
 
Acknowledgements. The authors would like to thank DESY for their support, as well as  
Helmholtz Gemeinschaft  and the Swedish Research Council for financial support, This work was 
supported in part by the Ministry of Science and Higher Education (Poland) under special research 
project No. DESY/68/2007. 
 

b a 

Fig. 2: a) Simulated relations between energy and 
flight time for Nb ions with different charge states, 
HP filter at 1 keV. b) Averaged ion TOF spectrum 
from Nb, HP filter at 1 keV. c) Averaged ion TOF 
spectrum from Nb, HP filter at 2.5 keV 
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We have focused a beam (BL3) of FLASH (Free-electron LASer in Hamburg: 13.5 nm, 15fs, 10µJ, 5Hz) 
using a fine polished off-axis parabola having a focal length of 270 mm and coated with a Mo/Si-ML giving 
a reflectivity of 67% at 13.5 nm. The OAP was mounted and aligned with a picomotor control six-axis 
gimbel. Beam imprints on PMMA were used to measure focus and the focused beam was used to create 
isochoric heating of various slab targets. Results show the focal spot has a diameter of ∼1µm. Observations 
were correlated with simulations of best focus to provide further relevant information.  

The experimental platform at FLASH is shown 
in schematic form in Fig.1. FLASH was 
operating at a wavelength of 13.5 nm, i.e. a 
photon energy of 92 eV fort hese experiments. 
The laser produced pulses of XUV radiation 
containing between 10 and 50  µJ per pulse in 
a pulse length of order 15 fs (1) at a repetition 
rate of 5 Hz. The highly-collimated beam of 
diameter 3mm was focussed onto solid 
samples using a Mo/Si multi-layer-coated off-
axis parabola with a focal length of 270 mm, 
and an initial reflectivity of 67 %.  
 
Zerodur off-axis paraboloid (OAP) substrates 50 mm in diameter were fine polished to the surface 
specification that the first 36 Zernike polynomials should yield 1 nm rms. Additionally, and RMS surface 
roughness should be 0.3 nm for mid spatial frequencies of 1 mm to 1 micron and for high spatial frequencies 
of 1 micron to 50 nm. After fine polish, the figure (Z1-Z36) was measured to be 0.3nm RMS with MSFR = 
0.148nm RMS and HSFR = 0.177nm RMS (Fig. 2a). This RMS figure error yields a Strehl ratio of 0.92 
(MSFR, HSFR errors have no visible effect on focusing performance). Simulations of the focused beam 
using the FLASH specifications for BL3 (Source distance to BL3: 74 m, divergence of the beam: 100µrad 
FWHM, beam diameter at source: ~100µm, working distance from optic to focus: ≥ 250 mm) are presented 
in Fig. 2b. The simulation shows that the ultimate focused spot diameter is 0.3 um fort his OAP. However, 
experimental limiting factors affecting the ultimate focus include (1) optic alignment and (2) quality of 
incoming beam 
 
The Mo/Si multilayer coated mirrors were characterized at the Advanced Light Source B6.3.2. (2) The 13.5 
nm mirror performance as a function of its angle and wavelength are reported in detail elsewhere. (3) 

 
 
Fig. 1 – The 3-mm diameter FLASH beam of 92eV 
photons is focused with a multi-layer coated off-axis 
parabola to a focal spot of ∼1µm diameter. 
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Experimentally proving focus was accomplished 
by imprinting the focused single-shot beam profile 
on a 5 µm PMMA/Si(100) target (ablation 
threshold for PMMA - 50 mJ/cm2). In-situ 
observation of best OAP alignment and focus was 
accomplished using a long-range microscope to 
determine focal spot diameter as a function of 
absolute target position, thus varying the XUV 
intensity in the regime 1013 – 1016 Wcm-2. After 
many iterations, ex-situ Nomarski microscopy and 
AFM were used to characterize the imprinted beam 
profile and thus focus. Results are presented in Fig. 
3. These results show that ≤ 2 µm focus was 
achieved with the aligned OAP optic. The 
observed focal spot is circular and shows no sign 
of astigmatism. 
 
This focused XUV laser beam now allows us to 
begin exploring matter under extreme conditions. 
Our collaboration produced solid-density plasmas 
with unique properties by a volumetric heating of 
Al slab targets. Optical emission spectra of the 
expanding plasma plume were collected and 
transparency induced in solid density aluminum 
was studied. (4) Manipulating matter with 
photoelectric resonant excitation and 
understanding the dynamics of photo-induced 
phase transitions can provide unique data on the 

strength, density of states (DOS), kinetics, dislocation mechanics (type, generation, mobility) and transport 
properties (energy, particle).  Developing advanced characterization capabilities for probing matter under 
extreme conditions are important to the emerging field of High Energy Density Science (HEDS).  
 
In conclusion, new specifications for optics 
elements are required for 4th generation sources 
that account for  slope error, wavefront distortion, 
and Sthrel ratio. Better metrology is also required 
for better grazing incidence optics to attain tight 
focus. The Maréchal criteria for  good quality 
optics: Sthrel ratio > 0.8 (ratio of the maximum 
intensity at the focus in the presence of distortions, 
divided by the intensity that would be obtained if 
no distortion were present); corresponds to RMS 
roughness < 0.5 nm. 
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Fig. 2 – (a) Measured OAP surface and (b) simulated 
focus. 

 
Fig. 3 – AFM scan of the crater produced in a PMMA 
target at tight focus, ≤ 2 µm focus was achieved. 
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Olivine, (Mg,Fe)2SiO4, is the major component of the Earth’s mantle. The seismic discontinuities of 
the Earth’s mantle are attributed to jumps in the density caused by the phase transitions of olivine 
and its high-(P,T) phases. For example, the 410 km discontinuity between the upper mantle and the 
transition zone is attributed to the structural phase transition between olivine and wadsleyite, the 
high-pressure β phase.  

Water is an important component of minerals and rocks that make up the Earth’s mantle. It may be 
incorporated stoichiometric in hydrous minerals of the mantle but also in nominally anhydrous 
minerals (NAMs) as hydroxyl groups via point defects. These nominally anhydrous minerals can 
incorporate many times the amount of H of the oceans. Its concentration in the upper mantle 
appears to be controlled by its solubility as hydroxyl in the nominally anhydrous silicate phases, 
olivine, pyroxene, garnet, wadsleyite and ringwoodite [1,2]. Water storage capacities in the upper 
mantle have been estimated based on a maximum H2O concentration in olivine of 5000 wt ppm at 
~410 km depth [3,4]. However, these experiments predict that the water saturation of the nominally 
anhydrous phases of a pyrolite upper mantle would rise from 1000 wt ppm at 100 km to more than 
5000 wt ppm at 410 km, or more than 8000 wt ppm if the pyroxenes are able to accommodate H 
contents similar to olivine [3]. Olivines show a considerable range in OH concentration from <1 to 
>100 ppm H2O [5]. Smyth and coworkers [6] synthesized olivines and found that the solubility of 
H2O in olivine at 12 GPa increases with temperature to 8900 wt ppm at 1250 °C and decreases at 
higher temperature. The incorporation of water in forsterite can be achieved by the hydrogarnet 
substitution, SiO4 ↔ O4H4, as is the case at low pressure and temperature and Si-undersaturated 
environment [7,8], or as OH replacing oxygen in the octahedral magnesium coordination, either of 
the Mg1 or the Mg2 site, i.e. by protonation of the magnesium octahedral edges [6]. The structural 
compression of forsterite was investigated earlier by single-crystal diffraction up to 5 and 15 GPa, 
respectively [9,10]. While all O···O distances decrease with pressure in the study of Kudoh and 
Takeuchi [10], Hazen [9] observed the increase of the O1···O2 distance within the SiO4 tetrahedra. 
Whether this is an effect of a non-hydrostatic pressure medium or might be attributed to OH 
incorporated in the crystal structure shall be investigated here. In this project we are interested on 
the location of the hydrogen atoms within the crystal structure by infrared spectroscopy and in the 
effect of hydrogen incorporation on the structural compression, which is studied by a combination 
of infrared spectroscopy and single-crystal X-ray diffraction.  

Small single crystals of forsterite, the magnesium endmember of olivine, Mg2SiO4, containing 
about 2800 wt ppm H2O were grown in a rotating multi-anvil press apparatus. Rotation of the press 
with 5° per sec allowed a homogeneous distribution of the fluid within the capsule, which was filled 
with MgO, SiO2 and 5-20 wt% H2O. Synthesis conditions were at 13.2 GPa and 1200 °C. The water 
content was calculated from FTIR spectroscopy after [11] using e = 37500 from [8]. 

We have performed in situ high-pressure single-crystal synchrotron X-ray diffraction experiments 
on the hydrous forsterite with 2800 wt ppm H2O. We collected intensity data at beamline D3, 
DORIS III at HASYLAB at 1.3(2), 5.0(2), and 8.0(2) GPa. A small synthetic single-crystal of 105 x 
70 x 50 µm³ was loaded together with a ruby ball for pressure determination into an ETH-type 
diamond anvil cell used for pressure generation. A methanol-ethanol (4:1) mixture was used as a 
pressure-transmitting medium. Intensity data were collected in fixed-phi mode on a HUBER four-
circle diffractometer using a point detector and a wavelength of 0.45 Å. These data were corrected 
for beam drifts and for absorption by the crystal and the diamond-anvil cell components [12,13,14]. 
The high-pressure structures were refined with 18 parameters and about 250 non-symmetry 
equivalent reflections with I > 4s(I) using the program SHELXL-97 [15]. The preliminary 
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refinements converged to residual values of R1 (I > 4s(I)) = 0.041 - 0.067 and wR2 = 0.065 - 0.103. 
Structure refinements were carried out with isotropic displacement parameters for all atoms. 

Preliminary results show, that all interatomic bonds and O···O distances decrease with increasing 
pressure. Hence, the increase of the O1···O2 distance with pressure as observed by Hazen [9] does 
not seem to be due to the incorporation of hydrogen in the forsterite structure. It rather seems to be 
due to non-hydrostatic conditions. 

For a detailed comparison with the bond compression of dry forsterite, single crystals were 
synthesised and investigated by the same method in order to exclude experimental artefacts. This 
study is reported in a subsequent report, i.e. in part II. 
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In this report, we discuss initial experiments in which we have irradiated solid targets with an XUV-FEL 
beam at 13.5nm and recorded subsequent XUV emission. The FEL beam was focused using a MoSi multi-
layer optic (f=269mm) and ~5µJ on target per shot was achieved in a pulse width of ~15fs. The target mount 
allowed multiple flat foil samples to be held, including PMMA as well as metallic foils and SiN. The target 
drive was fitted with externally controlled motorized actuators capable of micron level control of motion.  

 
A long distance microscope coupled to a high quality mirror was used to image the front of the target surface 
during the experiment. The damage spots created by the incident FEL beam were observed to check that a 
fresh surface was exposed for each shot. This telescope was also used to establish that the target surface 
remained within a few microns of the pre-set focal position was the target was rastered a distance of ~20mm 
across the focus- thus focussing conditions were consistently well within the Rayleigh depth for a particular 
run. The sample foil could be moved in and 
out of the focal plane to vary the focal spot. 
By changing the incident energy and varying 
the focus onto the PMMA we were able to 
make a focal spot analysis from the ablation 
craters.  
 
At best focus, we got a focal spot full-width 
at half maximum (FWHM) of ~2 µm; giving 
a fluence of ~160 Jcm-2 and an intensity on 
target of ~1016 Wcm-2. Gaussian beam optics 
would predict that for this spot size and 
focus the Rayleigh range is ~ 330 µm.  
 
The emission from the irradiated target was recorded with a grating spectrometer situated with the grating 
~50cm from the target. The grating was a 1200 l/mm variable spacing grating that produced a flat spectral 
focus onto a back-thinned CCD. The spectral range was ~12-35 nm with resolution λ/Δλ ~150. Cooling of 
the CCD allowed us to record many data shots accumulated into one image whilst moving the target foil 
across the focal plane. 
 
In figure 2, we can see some typical data from an Al target. In the top figure we see the resultant CCD image. 
In the lower figure, we see a line-out showing scattered FEL radiation in both first and second order. We also 
see emission features that we identify [1,2] as the Al IV 2p6-2p5 3s 3P and 1P doublet at 16.01nm and 
16.17nm respectively. We can also see this in second order. We do not see strong evidence of Al V  

 
Fig-1. Schematic layout for the experiment. 
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Let us estimate the temperature by considering energy absorbed by the target. For 13.5nm radiation the linear 
absorption depth [3] is approximately 30nm for both Al and the few nm oxide layer expected to be on the 
surface. This means that, for example, within an absorption depth of the surface we expect an average of 
>1010 JKg-1 absorbed. If we assume the density of the warm dense matter created to be solid density for Al, 
and allow the Saha-Boltzmann equation to govern ionisation with only ground states accounted for and the 

Stewart-Pyatt [4] model to account for 
continuum lowering then we estimate that 
the plasma reaches Te~150eV on initial 
creation with Z*~9. Under equilibrium 
conditions this temperature should enable 
us to see Al V emission as well as higher 
ionisation stage emission. An apparent 
explanation for this discrepancy is that the 
plasma formation is highly transient 
because even at solid density the time 
needed to reach ionisation equilibrium 
would be of the order of some ps, which is 
well below the pulse duration of the FEL 
(some 10 fs).  
Let us now estimate the temperature in the 
recombining phase. After rapid expansion 
to lower density, the plasma temperature 
may have cooled to a significant degree. 
For example, let us assume an adiabatic 
expansion where; 

! 

TV
" #1

= constant  
where T is temperature, V is specific volume and γ is the adiabatic index, (5/3 for a monatomic gas). For 
solid density with Z*=9 we expect Ne~5x1023 cm-3. From the width of the plasma line, we can estimate that 
the effective electron density of the emission is broadly between ~1021-1022 cm-3. With the equation above, 
we then estimate a temperature range of 2-11 eV. 
 
Of course a much more detailed hydrodynamic analysis with time dependent ionisation dynamics is needed 
to correctly estimate the time and space averaged emission density and temperature. Nevertheless, 
preliminary analysis indicates that both high density effects and rapid adiabatic cooling of a thin initially 
heated layer will play a key role in determining time integrated spectrum. 
 
We conclude that we can generate warm dense matter samples using the FLASH facility. The short pulse and 
tunability of the XUV-FEL facility, with 5Hz operation, make it a valuable, flexible tool for WDM research. 
The temperature of below ~20 eV inferred from the absence of Al V emission is consistent with strong 
adiabatic cooling combined with integration of the spectrum over the entire emission duration. It is expected 
that in future experiments, it will be possible to integrate many shots using a streak camera synchronised 
with the FEL beam to provide time resolved data averaged over many shots with time resolution of a few 
picoseconds or better. This will help resolve the issue of the maximum initial temperature reached.  
 
The authors gratefully acknowledge support for access to FLASH by DESY and the European Community 
under contract RII3-CT-2004-506008 (IA-SFS). 
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Fig-2. Spectrum recorded by integrating 1800 shots on an 
Al target at ~1016 Wcm-2. Top raw image from CCD; 
bottom: The emission line-out of lower half of image (to 
avoid background optical noise). 
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It has been proposed by several research groups, see for example [1,2], that focused soft X-ray laser beams 
should produce solid-density plasmas with unique properties due to volumetric heating of solids. We have 
focused a beam (BL3) of FLASH (Free-electron LASer in Hamburg: 13.5 nm, 15fs, 10µJ, 5Hz) by a Mo/Si-
ML coated off-axis parabola (having a focal length and reflectivity of 270mm and 66%, respectively) onto 
the surface of Al slab targets. The focal spot had a diameter of ∼1µm. Among other methods, optical 
emission spectroscopy (OES) was chosen to characterise the plasma plume at its various stages of evolution.  

The optical emission of the expanding plasma 
plume was collected by commercial Ocean 
Optics objective with a focal length of 35mm. 
The signal was guided by a quartz fibre into a 
feedthrough in the wall of the vacuum 
interaction chamber and then by other fibre 
towards piezoelectric entrance slit 
(piezosystem jena GmbH) of the Oriel MS257 
grating UV-Vis (200-800nm) spectrometer 
equipped by iCCD iStar 720 (Andor). Two 
gratings with 1200lines/mm and 150lines/mm 
provided resolution of 0.1nm (50-µm slit) and 
1 nm (100-µm slit), respectively. An OES 
record was taken in each shot within a 
temporal window of 2ms and with 
amplification iCCD gain of 250. Several 
hundreds of shots (typically 300) were 
accumulated to get one spectrum.  

In Fig. 1, an OE spectrum of Al plasma taken at the highest achievable irradiance (1016 W/cm2) is shown. 
Atomic lines (Al I) dominate the spectrum. The lines belonging to singly and doubly ionized aluminium are 
for several orders of magnitudes weaker. There are no lines, which could be assigned to higher (n>2) 
ionization states of aluminium. This is rather surprising, because similar spectra were recently collected [3] 
from Si, Cr and Ag irradiated by focused 46.9-nm laser radiation at intensities up to 1010 W/cm2, i. e., six 
orders of magnitude lower than in our case. Of course, the 46.9-nm radiation is absorbed in matter more 
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Fig. 1 – Time-integrated optical emission spectrum of Al 
plasma plume produced by 13.5-nm FLASH beam tightly
focused by multilayer-coated off-axis parabolic mirror.  
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strongly than 13.5-nm radiation. Therefore, a 
difference of local energy deposition rates in the 
near surface layer of the target is not as dramatic as 
the difference in intensities on the surface. 
Experiments dealing with the intensity dependence 
of absorption of FLASH radiation in various solids 
are in progress. Plume expansion and 
recombination dynamics should play a role as well. 
Because of low critical densities for UV-Vis 
wavelengths, the OE spectra in general come from 
a near surface layer of the plume. However, Al I, II 
and III are special cases which deserve more 
detailed investigations. Likely, all these processes 
might reduce the OE consequences of the intensity 
difference.   

The spectra measured at the FLASH facility were 
analyzed using a simple code option of the 
multilevel, multi ion stage metastable resolved 
collisional radiative code MARIA [4]: The spectral 
distribution is obtained from I(ω) = 
Σ gj Aji bj Pji(ω0,ω), where gj is statistical weight, Aji 
is j → i transition probability, bj = exp(-Ej/kTexc) is 
Boltzmann factor, and Pji represents the line 
profile. For the given case, I(ω) is strongly 
sensitive to the excitation temperature Texc (Fig. 2). 
The best fit of the Al I experimental profiles was 
achieved for an excitation temperature of 0.8 eV 
(Fig. 3).  

In conclusion, the OE spectra of aluminium plasma 
produced by the focused ultra-fast beam of soft X-
ray laser were dominated by atomic lines for an 
irradiance of 1016 W/cm2. An excitation 
temperature of only 0.8 eV was derived from the 
OE Al I spectra using the code MARIA in a simple 
simulation mode to analyze atomic emission. The 
low electron temperature indicates that Al I 
emission is most probably connected with the far 
recombination phase. In order to extend the 
investigation of the recombination phase to earlier 
times simulations should also include the analysis 
of Al II and Al III optical emission lines (which 
have also been observed, Fig. 1). This work is in 
progress.   
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During the last several decades, both laser-induced ablation and desorption were extensively studied in IR-
vis-UV spectral ranges [1,2]. Therefore, these are relatively well-understood phenomena at longer 
wavelengths. A few papers have been published dealing with topics of soft x-ray/XUV laser damage to 
various solid materials [3-10], primarily motivated by testing materials for short wavelength optical 
elements. All of the reflecting optical components used in soft x-ray beamlines have to be resistant to 
damage by energetic photons (30eV – 200eV), but also have to provide the highest possible reflectivity for a 
long period of time. Therefore, the investigation of material damage mechanisms is crucial for the 
development and use of such soft x-ray optical devices.  

Until recently, material ablation induced by FLASH radiation (~10μJ average energy, 7nm – 32nm 
wavelength, ~20fs pulse duration) was the main aim of our studies. However, another effect responsible for 
material removal can occur; in laser and synchrotron radiation communities it’s known as material 
desorption and direct (vacuum) photo-etching, respectively. The first observation of single-shot soft x-ray 
laser induced desorption at 21.7-nm wavelength in 500-nm thin layer of poly (methyl methacrylate) - 

PMMA is referred briefly in this report.  

The process of non-thermal single-shot 
desorption occurring at low intensities 
(below ablation threshold) belongs to the 
family of radiation-matter interactions 
which are essentially weaker than the 
well-known ablation. Such a process has 
been rarely visible by our microscopy 
techniques (Atomic force and Nomarski 
DIC microscopy) and was not taken into 
account in our previous analysis. 
Typically, the soft x-ray laser-induced 
desorption creates craters several nm in 
depth and is much weaker than the 
ablation occurring in depths comparable 
to the attenuation length. Therefore, the 
weak desorption imprint of beam’s tail is 
often being overlapped by the deep and 
wide ablated crater located in the center 
of interaction area. 

The systematic description, distinguishing between three modes of interaction (desorption, intermediate, and 
ablation regime), is based on definition of material removal efficiency introduced in Fig. 1 showing also a  
fit to the real efficiency data gained from AFM morphology measurements. The dose-dependent efficiency, 
η(ε), of material removal for elemental solids is defined as a ratio between number of atoms per unit volume 
removed by a single pulse and number of atoms per unit volume contained in the pristine material. Applying 
the efficiency curve in Fig. 1 and considering the spatial beam profile, one can calculate the beam imprint 
morphology and compare it to the AFM measurements.  

 

Fig. 1 - Plot of the dependence of the material removal 
efficiency on the local dose (red solid line) fitted to the 

measured efficiency data (open circles). 
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Damage experiments to various materials (PMMA, amorphous carbon, monocrystalline and amorphous 
silicon, boron carbide, fused silica, etc.) were conducted at the FLASH facility (BL2) in September 2006. 
The average pulse energy was about 10μJ, the pulse duration was ~20fs, and the beam was focused by an 
grazing incidence carbon coated 
elliptical mirror down to ~20μm spot in 
diameter. The laser was tuned to 21.7nm 
and was operated at 5Hz repetition rate. 
The peak fluence in the tight focus is 
several J/cm2 and well exceeds the 
ablation threshold of PMMA, estimated 
to be ~10mJ/cm2 for 21.7nm. The 
attenuation length at this wavelength 
was determined to be ~70nm [7]. 
Accordingly to previously reported 
beam profile measurements [10], we 
assume a Gaussian beam profile. Once 
the peak fluence is greater than the 
threshold value, the beam maximum 
appears in the ablation regime whereas 
beam tails occur in the desorption 
regime (see Fig. 1 for a better 
understanding). Fig. 2a shows a typical crater created by an attenuated 21.7-nm FLASH pulse (~30mJ/cm2, 
normal incidence) in 500-nm thin layer of PMMA (Silson, UK). The blue area in Fig. 2a, surrounding the 
main crater, is related to the desorption regime and is well distinguishable from the ablated area in the center. 
In Fig. 2b the transverse cross-section is fitted by the theoretical prediction of the crater morphology derived 
from the efficiency curve when assuming a Gaussian beam profile and neglecting the narrow intermediate 
regime. In addition, under the assumption of the Gaussian beam profile, the efficiency curve η(ε) can be 
obtained  from the crater morphology measurement as introduced in Fig. 1. As estimated from the fit, the 
maximum desorption efficiency ηD, i.e., the material removal efficiency at the sharp crater edge, is less than 
10%, whereas the ablation efficiency ηA (saturated efficiency in the crater center) is close to 100%. 
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Fig. 2 – a) A crater created by the focused beam of 
FLASH at 21.7nm distinguishing between ablation and 
desorption regimes; b) Transverse cross-section of the 
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Forsterite is the magnesium endmember of olivine, (Mg,Fe)2SiO4, which is the major component of 
the Earth’s mantle. The influence of the incorporation of hydrogen in the forsterite structure on the 
elastic properties was recently investigated [1]. Infrared spectroscopic results showed that the 
incorporation of hydrogen can be achieved by the hydrogarnet substitution, SiO4 ↔ O4H4 [2,3], or 
as OH replacing oxygen in the octahedral magnesium coordination, either of the Mg1 or the Mg2 
site, i.e. by protonation of the magnesium octahedral edges [4]. In this project we are interested in 
the effect of hydrogen incorporation on the structural compression, which is studied by a 
combination of infrared spectroscopy and single-crystal X-ray diffraction. For a detailed description 
of the bond compression in wet forsterite, which was described in a previous report, i.e. in part I, a 
comparison with the bond compression in dry forsterite is necessary by analysing data being 
collected with the same experimental conditions.  

Single crystals of dry Mg2SiO4 were grown from the melt by the Institute of Crystal Growth, IKZ in 
Berlin-Adlershof. Intensity data were collected at 0.7(2), 5.4(2), and 9.3(2) GPa using synchrotron 
X-ray diffraction at beamline D3 at DORIS III, HASYLAB. The single-crystal with a size of 120 x 
100 x 50 µm³ was loaded together with a ruby ball for pressure determination into an ETH-type 
diamond anvil cell used for pressure generation. A methanol-ethanol (4:1) mixture was used as a 
pressure-transmitting medium. Intensity data were collected in fixed-phi mode on a HUBER four-
circle diffractometer using a point detector and a wavelength of 0.45 Å. These data were corrected 
for beam drifts and for absorption by the crystal and the diamond-anvil cell components [5,6,7]. 
The high-pressure structures were refined with 18 parameters and about 180 non-symmetry 
equivalent reflections with I > 4s(I) using the program SHELXL-97 [8]. The preliminary 
refinements converged to residual values of R1 (I > 4s(I)) = 0.038-0.044 and wR2 = 0.101 - 0.117. 
Structure refinements were carried out with isotropic displacement parameters for all atoms. 

A first analysis of the data indicates a difference in the Si−O2 bond distances between wet and dry 
forsterite, with the Si−O bond length being larger in wet forsterite. In which way this is associated 
with the H incorporation will be clarified by infrared spectroscopy and the full data analysis.  
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 Ultra-fast probing has recently received much attention for the in situ measurement of the 
structure and physical properties of matter at extreme conditions [1, 2]. These states of matter are of 
great interest to the physics of planetary formation [3] and modeling of planetary composition [4]. 
Contemporary experiments are designed to determine the equation of state (EOS) of light elements 
and to measure effects of shock waves on matter, for example to investigate astrophysical 
phenomena [5]. In addition, recent observations of phase transitions have attracted a lot of interest 
for testing theoretical predictions of fundamental properties of matter. 
Here, we show the results of a new experiment to directly measure thermodynamic properties and 
dynamic structure factors of strongly coupled matter (also known as warm dense matter). In 
particular, we have used Thomson scattering [6] on liquid hydrogen to study the dispersion relation 
and collisional effects in hydrogen at near-solid density (~1022 cm-3). While previous experiments 
on dense hydrogen have been restricted to measure particle and shock velocities [4], the results of 
this work become possible due to the advent of powerful free-electron laser probes in the XUV 
spectral range, as the one operating at the FLASH facility. 
 Dense hydrogen states of matter with few eV temperatures were achieved by irradiation of a 
cryogenic hydrogen beam with ~120 fs (FWHM),  ~8 mJ optical laser pulses and probing with the 
(delayed) free electron laser beam at 13.5 nm. Scattering spectra were measured with high 
efficiency spectrometers both at 90o and 16o scattering angles. In addition, the transmitted spectrum 
was monitored for each FEL shot. These experiments showed the capability for studying forward 
and large angle scattering of XUV-FEL pulses from liquid (or solid) hydrogen to measure the 
dynamic heating and cooling. In particular, first XUV Thomson scattering spectra from cryogenic 
hydrogen have been observed showing strong elastic and plasmon scattering features (publication 
in preparation). The inelastic scattering from plasmon features up and down shifted in wavelength 
might show the characteristic asymmetry due to detailed balance [7], allowing for the most direct 
measurement of the electron temperature independently of any additional assumptions of the 
plasma state. Figure 1 shows the experimental scattering spectrum at 90o, where the broadening due 
to inelastic scattering from the plasmon features is clearly visible. 
 Experimentally we have determined the elastic scattered amplitude as function of scattering 
angle (i.e., at 90o and 16o scattering angle). The wavelength-integrated intensity of the elastic x-ray 
Thomson scattering is given as [8]: 

Iel = f + q( )2 Sii k( )       (1) 
Sii(k) is the static ion-ion structure factor, k = 4πsin(θ/2)/λ is the scattering vector, f the number of 
bound electrons participating in bound-bound scattering events, and q is the number of free 
electrons in the shielding cloud around ions and that are participating in elastic scattering. Variation 
of scattering angle θ (hence k) allows testing theoretical models for the structure factor and EOS 
data can be determined, e.g. through the excess internal energy in the one component plasma 
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approximation 

  P = nkBT + n
12π 2

Z 2e2

k 2 Sii k( )−1[ ]dk∫     (2) 

Here, n and T are electron density and temperature, kB is Boltzmann’s constant, and e is the charge 
of the electron.  The electron density can be determined from the energy shift of the plasmon peak 
in the spectra thus providing a direct and independent measurement.  

B

 Data analysis is still in progress, but the experimental results clearly indicate that we have 
conducted a successful proof-of-principle experiment. The experimental procedures for soft x-ray 
inelastic scattering experiments on cryogenic liquid hydrogen jets using FEL radiation have been 
developed. The observation of scattering spectra, even in single-shot using efficient spectrometers 
is found to be possible. First results have been obtained for the time-resolved investigation of the 
parameters of an infrared laser prepared hydrogen plasma. 
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Figure 1: The scattered spectrum (solid line) from dense hydrogen plasma shows a broadening of 

the probing FEL beam (dashed line) due to inelastic scattering from plasmons. 
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Geodynamical processes such as phase transitions, dehydration or melting reactions can potentially 
be the source of a seismic activity. Here we propose to monitor the acoustic emissions produced by 
a series of reference materials submitted to various pressures and temperatures in a cubic multi-
anvil device (MAX-80) in order to evaluate the potential of the experimental approach. 
Simultaneous collection of XRD patterns of the sample using the synchrotron radiation allows 
matching the main acoustic events to mineralogical changes in the sample. In order to check 
whether these acoustic events are really produced within the sample rather than in the surrounding 
pressure medium, these events are located using the software Insite (ASC Ltd). 

In a first approach, we have monitored from in-situ X-ray diffraction coupled to Acoustic Emission 
(AE) imaging, the behaviour of a fine-grained synthetic calcite aggregate, at 0.66 GPa and for 
temperatures ranging from ambient to 1200° C. The powder sample was placed in a boron-epoxy 
assembly with an 8 mm edge-length and then loaded in the MAX80 cubic multi-anvil press 
(beamline F2.1, HASYLAB). AE were recorded using five piezoceramic transducers (5 MHz eigen 
frequency) glued on each of the five WC anvils (4 side anvils and the upper one). Full waveforms 
were acquired using an eight channel digital oscilloscope and located using the software Insite 
(ASC Ltd). Beyond 600°C, calcite grains started growing as evidenced by huge changes in the 
relative intensity of the diffraction lines. This correlates to a sudden burst of AE, all of which 
located within the sample volume (Figure 1). These AE may indicate that stress relaxation (through 
the activation of intra-crystalline plasticity mechanisms) released enough acoustic energy to be 
recorded and located. Although the diffraction data showed that grain growth continued beyond 
800°C (Figure 2), the acoustic activity progressively decreased to below the sensitivity of our 
recording device (i.e., the triggering level). However, at temperature higher than 1000° C, a large 
number of AE were recorded again (2000 events). AE location revealed that the AE front 
progressed inwards the sample. The complete loss of diffraction signal (Figure 2) and the post-
mortem recovery of small amounts of CaO suggest that the second AE burst may be related to 
calcite melting/decarbonation. 

 

 

Figure 1: Localization of AE, note that most of the acoustic events locate inside the sample (cylinder 4 mm 
diameter). 
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Figure 2: Time-resolved XRD data on calcite during a heating cycle up to 1200°C. 

For the first time, we have succeeded in combining AE continuous monitoring and in-situ X-ray 
diffraction in time resolved experiments at HP and HT. Acoustic emissions could be located within 
the sample and signal generated from the assembly could be ruled out. Actually, the boron-epoxy 
assembly was found to generate very little acoustic emissions. The study of other reference 
geomaterials such as quartz, kaolinite and gypsum is under progress. In order to favour the 
production of AE in pressurized sample, two factors will be explored in the near future with this 
set-up: 1) the effect of deviatoric stress and 2) the role of grain size in sintered samples. We will 
especially focus on the role of devolatilization reactions in producing AE. 
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A principal target of our work to prepare novel ceramics and alloys using extreme pressures and 
temperatures [1,2]. The material domains are nitrides and semiconducting alloys with properties 
from high mechanical strength to direct band-gaps. The experimental process involves developing 
and employing the advanced synthetic methods required and coupling these with integrated highest 
spatial and angular resolution methods for structural, chemical and morphological analysis[3,4] of 
reaction processes and reaction products. The aim is to perform as many of the different analyses 
types concurrently and on the very same features of the samples. The integrated multi-analysis 
approach is extremely important as we are accessing new unknown material landscapes sometimes 
with complex extreme condition reaction assemblages and small sample sizes. Small sizes, 
scattering cross-sections and varying degree of structural order also make an assessment of beam 
flux requirements and configurations important.   
 
In 2 days of test experiments we sought beamline L because in addition to principal emphasis on 
micro X-ray fluorescence it is possible to adapt for microdiffraction, and  tomography. We explored 
use of a focused monochromatized beam for obtaining multiple coupled fluorescence spectra and 
diffraction patterns from the same spot. Led by the head scientist of L and further generous 
assistance by a colleague from the small angle beamline, with newly developed mechanical-optical-
software interfacing to our requirements we effectively measured thirty calibrated diffraction 
patterns and forty microfluorescence spectra from alloys and transition metal nitrides. We tested 
numerous starting and product alloys and ceramics of different size, crystallinity and holders. This 
included TEM grids, for comparing electron and X-ray analysis from the same area [5] (Figure 1). 
Sample rotation designs were also discussed to improve powder averaging. The typically conflicting 
need is high signal to noise ratios while simultaneously preserving highest possible wavelength and 
spatial resolution in measurements from small-sized and many times weak scatterers - weak 
scattering arises from low Z materials and frequently extreme conditions recovered products. 
 
Our operational approach with regards beamline parameters is to maintain high spatial resolution by 
keeping the beam size small (~ 10 microns) while relaxing the wavelength resolution by proceeding 
from strictly monochromatic to multilayer to white beam, with each increment gaining at least an 
order of magnitude higher flux. Of course it should be noted that high spatial resolution can be 
attained either by focusing a monochromatic low flux beam (as we have done here), or by 
defocusing a white beam and using a pinhole which we have not pursued here. In this 2-day visit we 
maintained a perfect crystal monochromatized beam. Our operational approach with respect to 
materials is to vary the size and form (powder versus pellet) and the nature of samples (ambient 
versus high pressure and temperature recovered product). For the latter we have tested the full range 
of material possibilities from ambient pressure powders to pellet sections recovered from up to 18 
GPa and 2000 K. Given that our target is a multifunctional TEM grid holder on which in principle 
an array of small samples will be measured from the same post, using both X-rays and electrons to 
study chemistry, structure and morphology, then a fully monochromatized beam on L will not 
suffice because clean microdiffraction patterns and microfluorescence patterns cannot be 

-604-



reproducibly obtained. Thus we seek to explore as a next step a multilayer configuration as a 
comparison with the perfectly crystal monochromatized beam.  

 

 

 

 

 

 

Figure 1: (a) An extended Ge piece from which both  microdiffraction and microfluorescence using a 10 
micron  monochromatic X-ray could be readily obtained. (b) Roughly 20 micron Ge pieces or pellets  in a 
TEM grid from which only microfluorescence spectra could be detected. 

 

 
 
 
 
 
 
 
 
 
 
Figure 2: (a) Ge microdiffraction pattern from Fig. 1a. (b) Microdiffraction could only be detected from the 
adjacent Cu TEM grid. (c) Microfluorescence could be obtained from Ge but signal from the adjacent Cu 
grid was also detected 
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It is know, that the structure stability of the drug substances is very important problem of 

the medic chemistry [1]. If a phase transition in such compounds occurs during manufacturing 

process, the uncontrolled formation of another polymorph as compared to the starting material 

can result in the deterioration of the quality of a dosage form in terms of its bioavailability or 

shelf-life. It can also have consequences if a patent specifies the manufacture and sale of a partic-

ular polymorph [1]. The chlorpropomide (4-chloro-N-((propylamino)-carbonyl)-

benzenesulfomide - C10H13ClN2O3S) is a member of sulphonylurea group of compound and 

widely used as an oral antidiabetic agent [2]. The structure changes and thermal properties of the 

chlorpropomide were studied by energy dispersive X-rays at pressure up 3.5 GPa and temperature 

range 300-400 K.  

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 diver-

gence smaller than 0.3 mrad. Spectra were recorded by a Ge solid-state detector with a resolution 

of 153 eV at 5.9 keV resulting in a resolution of diffraction patterns of Δd / d ≈ 1%. The Bragg 

angle 2  was fixed at 9.093°, counting times for each diffaction pattern was 360 seconds. 

At ambient condition, the chlorpropomide compound has an orthorhombic structure with space 

group P212121 and unit cell parameters: a = 9.091 Å, b = 5.272 Å, с = 26.475 Å.  The figure 1 

shows the X-rays diffraction pattern of the chlorpropomide  at ambient and high pressure P=1.2 

and P=3.6 GPa.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: The energy dispersive X-ray patterns of the chlorpropomide measured at ambient pressure, 

P=1.2 and 3.5 GPa and processed by the profile matching mode. Experimental points, calculated profiles, 

difference curve and positions of Bragg peaks for orthorhombic phase (at ambient pressure) are shown. 
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Figure 2: The pressure depedence of diffraction peak (114) position.  

There are no appreciable changes in the diffraction patterns were observed at high pressure. 

But some changes in pressure dependence of diffraction peak positions exist. This fact may be 

indicated the phase transition in other polymorph modification of the chlorpropomide is occurred 

but its demand experimental confirmation by means other methods. 
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Knowledge of the properties of the lithium-manganese oxides under the conditions of high 
temperatures and pressures is of fundamental concern to solid-state chemistry and is important for 
the battery materials manufacturing. 
Lithium-manganese oxides with the spinel structure are of interest as lithium insertion electrodes for 
rechargeable lithium batteries [1]. It is established that at ambient pressure the cubic-orthorhombic 
phase transition for pure LiMn2O4 occurs at about 280 K. Lithium deficient Li1-xMn2-xO4 samples 
obtained at 800°C and quenched rapidly in the solid CO2 exhibit two kind of tetragonal structures 
with c/a>1 and c/a<1 [2]. First high-pressure experiments on lithium manganese spinels had been 
undertaken by Jak at al. [3], and no significant structural changes had been observed after the sample 
relaxation from as high pressure as 25 GPa. The in-situ high-pressure experiment, performed on 
LiMn2O4 with the energy-dispersive multi-anvil setup, have revealed cubic to tetragonal phase 
transition of LiMn2O4 [4,5]. The effect of a hydrostatic pressure on the crystal structure of LiMn2O4 
has been studied by measuring the X-ray diffraction pattern along three isotherms at 350, 385 and 
415 K [6]. Pressures in this experiment have been obtained with a diamond anvil cell in the range 
between 0 and 20 GPa. These first high-pressure/high-temperature (HP/HT) experiments have 
suggested a cubic→orthorhombic phase transition at the pressure of 1.8 GPa and at 350 K, similar 
to that observed during cooling of LiMn2O4, nevertheless the nature of this transition seemed to be 
not clear. Rietveld refinement of the X-ray diffraction pattern collected of the LiMn2O4 sample 
mounted in a diamond-anvil cell confirmed that the high-pressure polymorphs have tetragonal 
structures (F41/ddm) [7]. However, it has been also observed by Paolone et al. [6] that at ~10 GPa 
and at 415 K, LiMn2O4 transformed into a new phase, which persisted also when the external 
pressure was released. The high-pressure high-temperature structure of lithium manganese oxide has 
been studied ex-situ by X-ray diffraction method after compression at 6 GPa and heating above 
1100°C [8], and the new HP/HT CaFe2O4-type (Pnma) structure has been reported. 
LiMn2O4 sample was obtained by conventional solid state reaction of Li2CO3 with α-Mn2O3 (Ia3 , 
bixbyite structure) at 1073 K. The synchrotron X-ray powder diffraction data at ambient conditions 
confirmed the cubic spinel structure. The measurements were performed with the energy dispersive 
experimental setup and a white synchrotron radiation at beamline F2.1 (Hasylab). The samples were 
mounted in a boron nitride (h-BN) cylinder in the middle of cube of boron-epoxy mixture with the 
edge length 8 mm. The cube was located in between six anvils of the MAX80 press. The sample was 
diluted with h-BN in order to get quasihydrostatic conditions. The phase transitions in LiMn2O4 
were investigated at high pressure and high temperature up to 4 GPa and 1500 K with in situ X-ray 
diffraction measurements. The cubic (Fdm) lithium-manganese spinel transforms to the tetragonal 
phase (F41/ddm) at 3 GPa and 27°C. The tetragonal phase transforms again to a cubic HP/HT 
structure at about 4 GPa and at 375°C. Some new additional diffraction peaks were observed at 
about 4 GPa and in the temperature region of 475 – 500°C. Subsequently, at 600°C diffraction lines 
from the spinel-like phase vanished and some new intense diffraction lines of the HP/HT phase can 
be observed. Neither CaFe2O4-type nor orthorhombic structures, previously proposed as HP or 
HP/HT phase, were observed in the applied pressure and temperature range. 
X-ray patterns in Fig.1 reveal clearly two structural phase transitions.The first pressure-induced one 
is attributed to the Jahn-Teller distortion caused by Mn

3+
 ions. The second phase transition, 

tetragonal → cubic, is caused by increasing temperature, and is connected with the strain relaxation. 
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Figure 1: Section of the energy-dispersive X-ray diffraction pattern of LiMn2O4 at varied pressure and 
temperature. C and T are for cubic (Fdm) phase and tetragonal phase with c/a > 1 (F41/ddm), respectively. 
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As the world of technology is concentrating more and more on material properties, the respective 
investigating methods become more and more important. The importance of high-resolution in-situ 
investigations of solids becomes apparent considering these circumstances, e.g. the properties of 
phosphors for LED’s – apart from the luminescence - need to be thoroughly investigated to assess 
their technical applicability. The luminescent properties of Eu2+-doped nitrido-, and 
oxonitridosilicates have lead to numerous applications as phosphors in LED’s [1] in recent years. The 
structures of the nitridosilicates M2Si5N8 (M = Ca, Ba, Sr) characteristically consist of condensed 
corner sharing SiN4-tetrahedra with nitrogen atoms linking up to four neighbouring Si atoms (see 
Fig.1). Nitridosilicates thereby significantly extend the structural chemistry of classical oxosilicates 
[2,3]. A part of the cations can easily be replaced by Eu2+ resulting in luminescence. 

 

a) [100] 

 

 

b) [010] 

 

 

c) [001] 

 

Figure 1: Sr2Si5N8 a) viewed along [100], b) viewed along [010] c) viewed along [001] (Sr depicted in violet, 
                 Si in yellow, N in blue, SiN4-tetrahedra in cyan). 
 
In order to know, whether or not a nitridosilicate is suitable for LED manufacturing, in-situ 
measurements are indispensable. Even though a material might be a high-quality phosphor, it can 
still prove to be ill-suited for industrial application e.g. in LEDs due to phase transitions of the 
ceramic during the sintering process initiated by the increase in temperature and/or pressure. In-situ 
measurements can help understand subtle changes in materials rendering them difficult to manage in 
technological applications. Bulk moduli are another important property for material’s science, 
describing a material’s response to uniform compression. In other words, it describes a material’s 
hardness. The in-situ behaviour of nitrido-, and oxonitridosilicates under high-pressure seems to 
differ distinctly from the expected chemical and thermal stability [1] of nitridosilicates even under 
pressure. 

The beamline F2.1 offers both the high resolution of synchrotron radiation as well as the MAX80 
multi-anvil press for in-situ high-temperature/high-pressure experiments. For energy dispersive 
diffraction measurements a white, collimated X-ray beam is scattered by the sample through a fixed, 
optimized angle 2θ and the energy distribution of the scattered photons is analysed by a 
semiconductor detector connected to a multichannel pulse height analyser. The maximum conditions 
for the MAX80 are about 12 GPa and 2000 K [4]. Pressure is generated by a 250-ton hydraulic ram 
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and measured by adding an internal pressure marker with known PVT-data to the sample [5]. A Ge-
solid state detector analyses the diffracted beam at a fixed angle. The angle can be chosen for the 
experiment to guarantee the optimal angle for the sample. In-situ experiments were performed at 2θ = 
3,82332°. The collected data were refined using EDXPowd v3.156 [6] which supplies a correlated fit 
of all diffraction and fluorescence lines to gaussian curves. The fit using the least-squares method is 
repeated, until the squared sum of the deviation of the calculated spectrum to the measured spectrum 
is minimal. 

Among the nitridosilicates investigated at the F2.1 Sr2Si5N8 (space group Pmn21 (no. 31), a = 
5.710(1) Å, b = 6.822(1) Å, c = 9.341(2) Å) shows amorphisation starting from 1.5 GPa. The 
amorphisation is well to be seen at 6.52 GPa (see Fig.2). Sr2Si5N8 shows several still unassigned 
peaks starting with the first spectrum which are even stronger after pressure release. The latter might 
be a high-pressure phase or might prove to be a related structure as the nitridosilicates are closely 
socialized. The last spectrum at 0 GPa after pressure release shows Sr2Si5N8 again with several 
unassigned peaks, slightly less crystalline than in the first spectrum, as the peaks at higher keV are 
partially superimposed and broadened. The unassigned peaks in the first spectrum might even be a 
result of a small pressure increase while closing the press manually. The amorphisation seen in-situ 
for Sr2Si5N8 therefore is reversible. Using ex-situ diffraction techniques, the reversibility may lead to 
the deceptive impression, that Sr2Si5N8 is pressure-stable.  

The investigated nitrido- and oxonitridosilicates and related binary nitrides are so closely socialized 
that they are not stable in-situ under high-pressure conditions while they appear stable ex-situ. Partial 
phase transitions seem to be fairly easily induced among closely related structures. The in-situ 
changes range from partial phase transitions between related structures to reversible amorphisation. 
This intricate behaviour shows that in-situ measurements are increasingly important. These first 
results show the indispensability of in-situ synchrotron investigations at high-pressure, as outstanding 
properties e.g. as phosphors need to go hand in hand with temperature and pressure stability for 
technical appliance, particularly sintering processes in LED manufacturing. 

 

a) Sr2Si5N8: 0 GPa 
 

b) Sr2Si5N8: 6.52 GPa 
 

c) Sr2Si5N8: 0 GPa 

Figure 2: In-situ measurements of Sr2Si5N8  a) at 0 GPa, b) at 6.37 GPa and after pressure release c) at 0 GPa  
                 (Sr2Si5N8-phase (orange); measured spectrum (navy); unassigned bragg peaks (green); fluorescence         
                 peaks (pink)). 
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Small Pt13 clusters in NaY zeolite are very reactive towards CO at room temperature. CO 
adsorption leads to a complete decomposition of the cluster and to the formation of new Pt2(CO)m 
(m=4-5) species most probably stabilized by the zeolite walls. Small platinum metal clusters in 
NaY zeolite were prepared in situ and simultaneously the XAS spectra were recorded at the Pt LIII-
edge. XAS investigation revealed the presence of Pt nano-clusters with average coordination 
number of 5.8. Subsequently, the hydrogen adsorbed platinum clusters were purged with argon gas 
and subjected to carbon monoxide treatment, also in situ. From the detailed EXAFS analysis, the 
degradation of nano-sized Pt clusters (under hydrogen atmosphere) into Pt2(CO)m by CO was 
revealed.   

The XAS measurements were carried out at beamline X1 of HASYLAB with a Si (111) double-
crystal monochromotor detuned to 65% of the incident intensity. Transmission mode spectra were 
measured using ionization chambers filled with argon gas. The oxygen calcined Pt/NaY sample 
was pressed into a pellet of 13 mm diameter and treated in a stainless-steel in situ cell with water-
cooled Kapton windows, connected to a gas flow system. XAS scans at the Pt LIII-edge (11564 eV) 
were performed at room temperature after treating the sample in a 25 mL min−1 flow of H2 at 473 K 
for 1 hour, after argon gas flow at 50 mL min−1 for 10 min, and after CO (1 bar) gas flow at 25 mL 
min−1 for 20 min. The program AUTOBK implemented in the IFEFFIT program package was used 
for background correction, normalisation and background subtraction. The fit of the experimental 
data to the theory was obtained by adjustment of the common theoretical EXAFS expression 
according to the curved wave formalism of EXCURV98. The amplitude reduction factor was 
determined to be 0.8 in a previous work[1] and was fixed during the iteration procedure. When 
fitting experimental data with theoretical models an inner potential correction Ef was included, that 
accounts for an overall phase shift between the experimental and the calculated spectra.  

  
XANES: XANES spectra of the Pt metal foil, calcined 
Pt/NaY, reduced Pt/NaY, after subsequent Ar purging 
and CO adsorption on reduced Pt/NaY are given in 
Figure (see left). Both the shape and the intensity of the 
white line[2] in the XANES region are found to be 
completely different, although the absorption edge 
positions of the different Pt samples are similar to those 
of the reference metal foil. Compared to the metal foil, 
the calcined sample exhibits a relatively intense white 
line, which decreases in intensity upon reduction and 
further decreases upon Ar purging. Upon CO adsorption, 
there is a strong increase in the white line intensity. The 
white line in the LIII-edge of platinum reportedly 

corresponds to the electronic transition from the 2p3/2 to the 5d level[3] The reduction in the 
intensity and width of the white line upon Ar purging can be attributed to the partial desorption of 
adsorbed hydrogen. Increase in the white line upon CO adsorption, could be attributed to the 
decrease in electron density of the platinum centre due to bond formation with CO. Qualitatively, 
on moving from the metal foil to small Pt clusters in the zeolite with adsorbed H2 or CO, the 
changes in the white line are attributed to an increase in d-band vacancies. 
 
EXAFS: The Pt clusters in NaY were prepared under in situ conditions with a high flux of the 
reactant gases so air oxidation of the clusters could be safely ruled out. Insights into the size of the 
clusters, their location in the zeolite matrix and the effect of CO adsorption were obtained from the 
analysis of the local structure around Pt. In the Fourier transformed (FT) EXAFS spectrum of 
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Pt13Hm/NaY, only a single intense peak at roughly 2.7 Å is present and further intense peaks, which 
are normally present in larger platinum clusters or bulk platinum metal are absent. This peak could 
be fitted with Pt at 2.77 Å as well as O at 2.72 Å with average coordination numbers of 5.8 and 3.8, 
respectively. The first shell Pt–Pt average coordination number of 5.8 provides evidence that very 
small, probably 13 atom clusters, are present in NaY. The clusters of this size (ca. 0.8 nm) could 
very well fit into the super cages of the NaY-zeolite with a free diameter of 1.3 nm. The observed 
Pt−Pt distance is comparable with its bulk value of 2.77 Å. In addition, a second near neighbour 
shell contribution from the zeolite oxygen atoms is present at 2.72 Å. Similar Pt–O distances have 
already been reported earlier for Pt in Y zeolites[4a]. The presence of the longer Pt-O distance in 
Pt13Hm/NaY compared to that observed in PtO2, ~ 2.0 Å, and the absence of an oxygen shell at this 
distance exclude the possible oxidation of the platinum clusters and reiterate the necessity to use in 
situ reduction to characterize such samples.  
 
The k2 weighted experimental EXAFS function k2χ(k), and its Fourier transform for Pt13Hm/NaY 
and Pt2(CO)m/NaY are shown in Figure 1 (Left). Significant changes upon CO exposure, at room 
temperature, like decrease in the intensity of the Fourier transform peak at roughly 2.7 Å and 
appearance of peaks near 2.0 Å are observed. In order to quantify the observed changes, 
experimental spectra were fitted with relevant structure models consisting of Pt–C, Pt–O and Pt–Pt 
contributions. The Pt–Pt distance in Pt2(CO)m/NaY decreases to 2.69 Å from 2.77 Å observed in 
Pt13Hm/NaY, together with a decrease in the Pt–Pt average coordination number from 5.8 to 0.9. 
The changes in the structure parameters indicate a reconstruction of the Pt13 cluster into smaller 
aggregates, most likely Pt2. Two Pt–C contributions, one at 1.95 Å and the next at 2.14 Å are 
obtained with average coordination numbers of 0.8 and 1.7, respectively. The short Pt−C distances 
are similar to Pt–C distances observed in compounds like Pt3(CO)6 where CO molecules are 
linearly and bridge coordinated to Pt[4b]. In the present case, on an average, one linear and two 
bridged CO molecules coordinate to the Pt atom. Additionally, EXAFS contribution from zeolite 
oxygen is present at 2.72 Å with a coordination number 4.6, indicating that the Pt carbonyl clusters 
are in proximity to the zeolite framework. The use of other complementary techniques with XAS, 
like in situ FTIR and EPR spectroscopy used in this study have already been published [5].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Experimental EXAFS functions (top), its Fourier transform (bottom) and along with the fit to the 
data of  Pt13Hm/NaY (middle) CO-Pt13Hm/NaY(right). 
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Hydrogen bonding seems to be the main interaction responsible for the arrangement of molecules in 
organic crystals. Halogen bonding is an another noncovalent interaction that can be described as 
analogous to hydrogen bonding. It is defined as an interaction between a halogen atom X and a 
negative acceptor site in another molecule.  

Hydrogen atoms involved in hydrogen bonds are usually considered to have partial positive charges 
so they are able to interact attractively with electronegative acceptors. Halogen atoms are generally 
considered as electronegative and there is little known why they undergo similar interactions.  

Intermolecular halogen bonds C-Cl…O=C are observed in the crystal structure of the title 
compound. Topological analysis of charge density distributions provides additional topological 
parameters for noncovalent interactions leading to deeper insight into their nature. The main aim of 
our work was to investigate the halogen bond with the help of the AIM theory based on electron 
density analysis. 

Since crystals of the title compound are unstable in room temperature suitable sample was prepared 
in a drop of paraffin just before measurement. The X-ray data set of 75392 reflections of was 
collected with synchrotron radiation (λ=0.6Å) at beamline F1 up to resolution d = 0.4Å, giving 6656 
unique reflections. For the data reduction the XDS[1] program package was used. Correction for 
oblique incidence was also calculated using the program of S. Johnas [2]. The compound 
crystallizes in orthorhombic system, space group P212121 with Z= 4. The obtained SHELXL 
spherical model of molecule was used as the input for aspherical atom multipole formalism using 
the XD[3] package program. The preliminary calculations on hexadecapolar level of multipole 
refinement gave R(F) = 0.02 

 

 

 

 

 

 
 
 
 
 
 
Figures: A - molecule with atom labels; B - scheme of halogen bonding within the investigated structure; 
C - residual density map in the plane of C6,C5 and C1 atoms. Positive, negative and zero contours are 
represented by: red solid, blue dashed and black dotted lines, respectively. Contour intervals at 0.1 Å-3. 
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The sol-gel synthesis of SiO2-ZrO2 gels has been an extensively studied field in the last years. 
Especially the excellent chemical stability of ZrO2 renders SiO2-ZrO2 composite materials very 
interesting for many applications, e.g. for corrosion protection of metal surfaces [1]. X-ray 
absorption techniques were used for the analysis of many SiO2-ZrO2 gels to gain information about 
the homogeneity of the Zr distribution and possible phase separations [2,3]. So far, to our 
knowledge, research only concentrated on the examination of solid materials obtained after sol-gel 
processing, but investigations on the sols were neglected. Common precursors for the preparation 
of SiO2-ZrO2 gels are silicon and zirconium alkoxides. Organic complexing agents like 
acetylacetone (AcAc) or ethyl acetoacetate (EAA) are often used for increasing the stability of the 
zirconium precursor in  the sol, leading to a higher homogeneity of the resulting SiO2-ZrO2 gels.    

In the following X-ray absorption fine structure (EXAFS) measurements, we have tried to shed 
light on possible changes of the chemical environment of the zirconium ions in different 
monomeric and poymeric zirconium substances upon addition of AcAc, EAA, ethanol or ethanolic 
solutions of hydrolysed silicon tetraethoxide (TEOS). EXAFS experiments were performed at 
Beamline C of the storage ring DORIS III at HASYLAB in Hamburg, Germany. Measurements 
were carried out at the Zr K-edge (18.0 keV) using the Si(311) monochromator setup. Powder and 
liquid samples were mounted in specifically designed cells with Kapton windows at both ends. The 
collected data were analysed using the Athena software of the IFFEFIT package [4]. 

Fig. 1 shows the Fourier transforms of EXAFS scans of zirconium propionate and zirconium 
butoxide samples before and after dissolution in ethanol or TEOS sol. Clearly, all EXAFS signal 
structures  of the polymeric zirconium propionate are identical and the local environment around 
the zirconium ions is not influenced by dilution in different media (Fig 1A). For monomeric 
zirconium butoxide (Fig. 1B), a different situation arises and the addition of ethanol or ethanolic 
TEOS solution causes significant changes in the EXAFS signal structures. While addition of 
ethanol only causes slight changes in the first and second (Zr-O) shell probably due to ligand 
exchanges, the addition of hydrolysed TEOS leads to a reduction of the number of (Zr-O) shells 
from two to one. Identical results were found for polymeric zirconium acetate and monomeric 
zirconium propoxide (data not shown). 

  

Fig. 1: Fourier Transforms of EXAFS scans of (A) zirconium propionate (ZrPOO) and (B) zirconium butoxide 

samples, undiluted and dissolved in ethanol and ethanolic TEOS solutions. 

(A) (B) 
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Fourier transforms of EXAFS scans of 
zirconium butoxide complexed with different 
molar ratios of acetylacetone (AcAc) are 
displayed in Fig. 2. Obviously, the local atomic 
environment around the zirconium ion is 
influenced by complexation with AcAc up to 
molar ratios of Zr/AcAc (1:4). The changes in 
EXAFS signal structures can be ascribed to the 
substitution of butoxyl ligands by acetylacetone 
ligands, leading to a successive reduction of the 
first, inner (Zr-O) shell. At a molar ratio of 
(1:4), only one (Zr-O) shell can be observed and 
the replacement of the butoxyl groups by four 
acetylacetone ligands is completed, causing the 
precipitation of tetra(acetylacetonato)zirconium 
(IV) as a white solid. 

 

Fig. 2: FT of EXAFS scans of zirconium butoxide 

samples complexed with different molar ratios of 

acetylacetone. 

EXAFS scans of samples prepared with two different Zr(OBu)4/AcAc ratios of (1:1) (Fig. 3A) and 
(1:2) (Fig. 3B) were recorded before and after dilution with ethanol and ethanolic TEOS solution. 
In both cases, the addition of both additives leads to similar changes in the local environment of the 
zirconium ion, being much less pronounced compared to pure Zr(OBu)4 without AcAc as 
complexation ligand (Fig. 1B) and thus confirming the stabilization effect of the acetylaceto ligand. 
Increasing the Zr(OBu)4/AcAc ratio from (1:1) to (1:2) only leads to a slight enhancement of the 
shielding effect of acetylacetone, suggesting that sol-gel solutions for the preparation of SiO2-ZrO2 
can be sufficiently stabilized by the addition of an equimolar ratio of acetylacetone. Similar results 
could be obtained for complexes prepared with zirconium propoxide or ethyl acetoacetate as 
complexing agent (data not shown). 

  

Fig. 3: FT of EXAFS scans of zirconium butoxide complexed with acetylacetone in molar ratios of (A) (1:1) , and 

(B) (1:2), in different media. 
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Introduction  
 
Binary metal oxide catalysts supported on SBA-15 (nanostructured SiO2) constitute model systems 
which are sought to determine the role of individual transition metal oxides in selective oxidation 
catalysis. Here we present VxOy-SBA-15 [1, 2] model systems exhibiting high structural flexibility 
depending on reaction conditions. It has been shown that the local structure of the vanadium 
species involved changes with degree of hydration. Thermal treatment in oxygen results in loss of 
water and a change of coordination of the vanadium centers present on the SBA-15 support. Water 
is a common reactant in selective oxidation reactions and appears to strongly influence the structure 
of the vanadium oxide species. Hence, a detailed knowledge on the reversible and dynamic 
behavior of the catalyst under different reaction conditions is required to obtain reliable structure-
function relationships. Here, structural investigations by X-ray absorption spectroscopy (XAS) at 
the V K edge and UV-VIS diffuse reflectance spectroscopy (UV-VIS-DRS) of the effect of 
dehydration and re-hydration on the local structure of vanadium oxide species supported on SBA-
15 were performed.  

 
Experimental  
 
Catalysts with different V loadings (7.7 wt % 4.1 wt % and 1.4 wt % V) were prepared via a 
grafting anion exchange method reported by Hess et al. [2]. (NH4)6V10O28*6H2O was used as 
vanadium source. XAS measurements at the V K edge (5.465 KeV) were performed at beamline E4 
at HASYLAB (Hamburg, Germany) and at XAS beamline at ANKA (Karlsruhe, Germany). UV-
VIS-DRS measurements were conducted at a JASCO V-670 spectrometer equipped with a "Praying 
Mantis" in situ cell (Harrick). VxOy-SBA-15 catalysts were dehydrated between 298 K and 623 K 
or 723 K in 20% oxygen, 80% helium. Catalytic tests were performed between 298 K and 723 K (5 
K/min) in 5% propene, 5% oxygen in helium atmosphere. 

 
Results and discussion 
 
The local structure of vanadium oxide species in the respective state of hydration was determined 
by a detailed EXAFS analysis and refinement (Fig. 1 right) [1]. EXAFS refinement for the as-
prepared hydrated state resulted in an assembly of higher polymerized squared pyramidal V centers 
similar to the local structure of bulk V2O5. Considering structures of several bulk vanadium oxide 
reverences (Na3VO4, Mg3V2O8, Mg2V2O7, NH4VO3) a structural model for the dehydrated state 
was developed. The model consists of a regular arrangement of “V2O7” dimers with tetrahedral 
coordination of the V center by oxygen atoms. In order to study the reversibility of the dehydration 
process of VxOy-SBA-15 catalysts re-hydration in steam was conducted. Fig. 1 depicts the UV-
VIS-DRS (middle) and V K edge XANES spectra (left) of 7.7 wt % VxOy-SBA-15 before and after 
dehydration at 623 K, after re-hydration in steam (1.3 vol% H2O) and after re-dehydration at 723 
K. Obviously, only slight changes between the XANES of the as-prepared and re-hydrated sample 
could be observed. The absorption maximum in the dehydrated state is around 300 nm which 
indicates a tetrahedral coordination of the vanadium centers. Only a small shift of several nm is 
observed in the spectra after subsequent dehydration/rehydration cycles. These minor differences 
were not observed in the XAFS data. 
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Catalytic propene oxidation tests have shown that the dehydrated state is present during propene 
oxidation reaction. In Fig. 1 (right) the experimental and theoretical FT(χ(k)*k3) of the VxOy-SBA-
15 sample after dehydration at 623 K and after catalytic testing are compared. Apparently, the 
“V2O7” vanadium oxide species were still present under propene oxidation reaction conditions.  

 

 
Figure 1 V K edge XANES spectra (left), UV-VIS-DR spectra (middle) and the resulting experimental and 
theoretical FT(χ(k)*k3) (right) of 7.7 wt % VxOy/SBA-15 recorded during hydration experiments and 
catalytic oxidation of propene . 

 
Conclusions 
 
The structure of vanadium oxide supported on SBA-15 changes reversibly between a hydrated state 
(“V2O5”-like coordinated V centers) and a dehydrated state (ordered arrangement of “V2O7” 
dimers) during thermal treatment. Apparently, this dynamic transformation is independent of the 
catalyst loading in the range studied. The structure of the dehydrated state persists under reaction 
conditions and may correspond to the catalytically active phase of VxOy-SBA-15 in selective 
oxidation reactions.  
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Introduction  
 
Molybdenum oxides constitute active heterogeneous catalysts for the selective oxidation of light 
alkenes and alkanes with gas phase oxygen. Similar to mixed molybdenum based oxides, binary 
Mo oxides form a variety of structures different from that of α-MoO3 with average Mo valences in 
the range from 4 to 6. However, under reaction conditions in oxygen and alkene at temperatures 
above 350 °C, most of these oxides rapidly form the more stable α-MoO3. In order to investigate 
molybdenum oxides other than α-MoO3 under relevant reaction conditions, we have chosen 
supported molybdenum oxides. Nanostructured SiO2 materials such as SBA-15 [1] constitute 
suitable support systems for oxide catalysts [2]. Here, we present investigations of the structure and 
the catalytic performance of molybdenum oxide supported on nanostructured SiO2 for the selective 
oxidation of propene [3]. 

 
Experimental  
 
Typically, 1 g of SBA-15 was stirred in aqueous solutions containing ammonium heptamolybdate 
(NH4)6Mo7O24·4H2O (AHM, 0.09 mol/L) at pH 7-8. The impregnated SBA-15 was calcined at 500 
°C for 3 h in air to obtain MoO3 (13 wt %) Combined in situ transmission XAS-MS experiments 
were performed at the Mo K edge (19.999 keV) at beamline X1 at the Hamburg Synchrotron 
Radiation Laboratory, HASYLAB.  

  
Figure 1   (left) Experimental Mo K edge Fourier transformed χ(k) of hexagonal MoO3, α-MoO3, and hex-
MoO3-SBA-15 (13 wt % MoO3) together with a theoretical XAFS function. (right) Evolution of Mo K edge 
XAFS FT(χ(k)*k3) measured during thermal treatment of hex-MoO3-SBA-15 in propene and oxygen (20 – 
500 °C, 4 K/min, 1% propene and 5% oxygen in He).  

 
Results and discussion 
 
MoO3 supported on SBA-15 exhibits stability and catalytic properties different from those of 
binary bulk oxides (Fig. 1). The interaction between support and molybdenum oxide stabilizes a 
particular hexagonal MoO3 structure that is highly active and selective (Fig. 1). The hex-MoO3-
SBA-15 is stable under reducing (propene) and oxidizing reaction conditions in the temperature 
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range from 20 °C to 500 °C (Fig. 2). In contrast to bulk hex-MoO3, the onset of activity at about 
250 °C is not accompanied by a transformation to α-MoO3. Moreover, in contrast to α-MoO3, hex-
MoO3-SBA-15 is capable of directly oxidizing propene to acrylic acid without additional metal 
sites. Hence, structural complexity of molybdenum oxides is sufficient to improve functional 
molybdenum sites for the activation of oxygen and alkene followed by selective oxidation of the 
alkene. Additional metal sites may add functionality and result in further improved catalytic 
properties. However, adjusting the microstructure of the catalyst (structural complexity) may be 
more important than adjusting chemical composition (chemical complexity). In particular, the 
characteristic electronic structure (shape of XANES spectra) of the more active and selective 
MoOx-SBA-15 under reaction conditions could serve as a basis for further theoretically modeling 
and structural characterization. Once a reliable correlation between structure and properties has 
been established, further metal centers may be introduced to unravel the effect of additional 
functional sites on the catalytic performance. 

  
 
Figure 2   Evolution of Mo K edge XANES spectra (left) of hex-MoO3 and (right) hex-MoO3-SBA-15 
during temperature-programmed reduction in propene (20 – 500 °C, 4 K/min, 1% propene in He). 

 
Conclusions 
 
The interaction between support and molybdenum oxide stabilizes a particular structure that would 
otherwise not be available for investigations under reaction conditions. Hexagonal MoO3 supported 
on SBA-15 is more stable than bulk hex-MoO3 and more active and selective in the oxidation of 
propene to acrolein than the reference α-MoO3. Moreover, hex-MoO3-SBA-15 is capable of 
directly oxidizing propene to acrylic acid without additional metal sites.  
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The investigation of the current project is focused on hydrogen bond in chromone derivatives which 
posses potential biological activity. The intramolecular hydrogen bond with graph set motif of S6 
[1] is of special interest and could be classified as resonance assisted hydrogen bond (RAHB) [2]. 
For RAHBs the π-electron delocalization within O=C-C=C-N-H chelate ring is observed as a result 
of changing geometrical parameters: the equalization of the lengths of bonds d2 and d3, the 
shortening C-N bond and lengthening C=O bonds in respect to corresponding bonds not involved in 
H-bond interaction. This encouraged us to undertake an experimental and theoretical investigation 
of the charge density distribution of chromone derivatives. 
 
The charge density of chromone was studied using synchrotron radiation (λ=0.6 Å) at beamline F1 
at Hasylab/DESY (Hamburg, Germany). 209680 reflections were measured up to a high resolution 
(sinθ/λ=1.25 Å-1). The data collected are of high quality, as reflected by an internal residual of Rint = 
3.61 % for all reflections. The XDS software was applied for integration of the MAR CCD detector 
data [3]. Spherical refinement was performed with SHELXL [4] and the obtained model was used 
as the input for aspherical atom multipole formalism according to the method of Hansen and 
Coppens [5] using the XD package program [6]. The preliminary calculations on hexadecapolar 
level of multipole refinement gave R(F) = 2.45 %.  
 
Results of model densities were analyzed quantitatively in terms of Bader’s AIM theory [7]. The 
charge density ρ(r) of chemical structure was obtained based on experimental data and theoretical 
calculation. The single point density functional calculation were done based on experimental 
geometry with the basis set B3LYP (6-311++G**). Additionally, the topological parameters 
obtained on the grounds of previous the D3 data were compared (Table 1) [8].  
 
 
 
 
 
 
 
 
 
 
Figure 1. Residual density maps and static deformation density map in the plane of intramolecular HB N1-H1…O4. 
Positive, negative and zero contours are represented by red solid, blue dotted and black dashed lines, respectively. 
Contour intervals at 0.1 a Ǻ-3. 
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Table 1. Geometrical and topological parameters both experimental and theoretical within six-membered ring closed by 
hydrogen bond. 
 
  experimental D3 experimental F1 theoretical 

D-H [Å] 1.01 1.01 1.011 

H…A [Å] 1.75 1.75 1.752 

D…A [Å] 2.584(1) 2.582(1) 2.582 

D-H…A [º] 137 136 136 

ρ(r) [eÅ-3] 0.25( 2)     0.22( 2)     0.30 

∇2ρ(r) [eÅ-5] 4.1 (1) 4.4 (1) 3.5 

EHB [kJ/mol] 46.46 46.46 46.10 

    

d1(C=O) [Å] 1.254(1) 1.257(1) 1.250 

ρ(r) [eÅ-3] 2.83(1) 2.31(1) 2.52 

∇2ρ(r) [eÅ-5] -32.2(2) -11.9(2) -8.6 

ε 0.30 0.30 0.19 

d2(C-C) [Å] 1.444(1) 1.452(1) 1.440 

ρ(r) [eÅ-3] 2.04(2)   1.77(2) 1.93 

∇2ρ(r) [eÅ-5] -17.5(7) -11.7(1) -17.9 

ε 0.23 0.16 0.19 

d3(C=C) [Å] 1.430(1) 1.433(1) 1.430 

ρ(r) [eÅ-3] 2.08(2)   1.82(1) 1.94 

∇2ρ(r) [eÅ-5] -19.3(1) -10.9(1) -17.7 

ε 0.22 0.21 0.24 

d4(C-N) [Å] 1.319(5) 1.322(2) 1.319 

ρ(r) [eÅ-3] 2.55(2)   2.23(1) 2.33 

∇2ρ(r) [eÅ-5] -27.0(1) -15.7(1) -21.6 

ε 0.27 0.33 0.09 
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We carried out two experiments in 2008. We firstly characterized a series of bimetallic 
catalysts by means of an in situ EXAFS experiment (15 shifts). This experiment did not 
succeed due to technical reasons and will be repeated in 2009. We secondly 
characterized a series of Mo-V alumina supported catalysts at both X1 and E4 
beamlines (15 shifts). The results are detailed below. 
 
Hydrotreatment reactions (HDT) are a series of catalytically processes aiming at the removal of 
sulphur (hydrodesulfuration, HDS), oxygen (HDO), nitrogen (HDN), hydrogenation of olefins 
(HYD) and metals in residues from other catalytical reactions (HDM). It is commonly accepted 
that metals found in heavy residues, such as vanadium, hinder the active sites of the 
NiMo/Al 2O3 HDT catalyst. Nevertheless, recent works within the catalyst comunity have shown 
that V atoms could increase the performance of HDM catalysts. Hence, D. Soogund's PhD 
thesis aims at the preparation and optimization of the Mo/V ratio in HDM V-MoS2/Al 2O3 
catalysts and at the understanding of Mo-V interactions in the active phase of these systems. 
 
In this work, we characterized by ex-situ XAS experiments (EXAFS/XANES) a series of V-
MoS2/Al 2O3 and V-NiMoS2/Al 2O3 catalysts prepared by a wet impregnation technique. Previous 
results from D. Soogund's work have put forward that catalysts with V/Mo=1 ratio show the 
best results for toluene conversion and cyclohexane isomerization in model HDT reactions. 
Besides, HDM tests with real petroleum charges have shown that V increases the activity of the 
catalysts compared to more conventional catalysts. Results from other analytical techniques are 
unable to show evidence of Mo-V interactions in these systems. Hence, the comparison between 
XAS results and those from other more conventional techniques contributed to elucidate the 
structure of these compounds.  
 
Figure 1-top shows the FT-transformed EXAFS function of a series of samples measured at the 
V K-edge. We could not perform a structural determination of these data. Hence, we compared 
the position of the coordination shells with information obtained from a chrystallographic 
database (table 1). 
 

distances (Å) Reference Compound 
V-O V-S V-V V-Mo 

Pearson.1003780 VMoAlO 7 1.6-2.0 N.A. 2.9 4.5 
Pearson.541060 VMo2S4 N.A. 2.4-2.5 3.2-3.3 3.0-3.3 
ICSD.15984 V2O5 2.6-2.8 N.A. 3.0-3.4 N.A. 
Pearson.458136 V3S4 N.A. 2.3-2.5 2.9-3.3 N.A. 
Pearson.1402851 V5S8 N.A. 2.3-2.4 2.9-3.6 N.A. 
Pearson.1900090 VS N.A. 2.5 2.9-3.4 N.A. 
Pearson.554340 VS2 N.A. 2.3 3.2 N.A. 
Table 1: V-O, V-S, V-V and V-Mo bond lengths found in some reference compounds. 
 
The chemical species at the coordination spheres up to 2.5 Å as V-O and V-S bond lengths are 
quite different from one another. However, we could not deduce the chemical species at around 
3,1 Å based on the information in table 1 since both V and Mo atoms can be found in the 2.9-
3.5 Å range. Nevertheless, a cross-examination between these results and those of 
measurements at the Mo K-edge (figure 1, bottom) leads to the conclusion that it is highly 
unlikely that there are any V-Mo bonds in these compounds, as the local structure of Mo in 
these catalysts shows Mo-Mo bonds at 3.15-3.17 Å and gives no evidence of any V neighbours 
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around Mo. Moreover, V/Mo atomic ratios are high, which further reinforces this hypothesis 
since the probability that a Mo atom encounters a V atom is high. Thus, the coordination sphere 
at 3,1 Å in V K-edged measured EXAFS functions could be attributed to V atoms.  
 

 
Figure 1: FT-EXAFS function of a series of catalysts measured at the V K-edge (top) and 
at the Mo K-edge (bottom). 
 
Hence, we did not find evidence about Mo-V chemical bonds in these compounds and therefore 
the catalytical activity of these catalysts should be attributed to other phenomena.  
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In situ EDXRD Studies of the Crystallisation and
Reactivity of Metal-Organic Framework Materials

R.I. Walton,1 F. Millange,2 C. Serre, 2 T. Devic, 2 P. Horcajada2 and N. Stock3

1 Department of Chemistry, University of Warwick, Coventry, CV4 7AL, United Kingdom, 2 Université de Versailles Saint
Quentin en Yvelines, France 3 Institute of Inorganic Chemistry, Christian-Albrechts-Universität, Kiel, Germany

Metal organic framework (MOF) materials are a fast-growing family of solids with properties that
may rival the well-known zeolites in areas such as gas storage, separation and shape-selective
catalysis [1,2]. Their structures are constructed from clusters of metal polyhedra linked by
polydentate organic ligands to yield three-dimensional extended networks with porosity on the
nanoscale. One attraction in studying these materials lies in the possibility of design in their
synthesis: by selecting metals with desired coordination number and geometry preferences 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 many metal-organic frameworks is their structural flexibility: many materials show a
massive volume change upon uptake of guest molecules with crystallinity maintained [3,4]. Our

work on Beamline F3 has focussed on using
time-resolved in situ EDXRD to follow both
the crystallisation and exchange of guest
molecules from a variety of MOFs, with the
aim of the making the first systematic studies
of mechanism of crystallisation and their
reactivity. This follows from some preliminary
results we obtained using the Daresbury SRS
(UK) [3].

In the case of crystallisation, Figure 1 shows
an example where we have observed the
formation of a novel vanadium MOF with a
modified MIL-88-type [4] structure. We
observe the initial formation of an amorphous
phase that is then consumed at the expense of
the crystalline product that forms under
hydrothermal reaction conditions at 170 oC.

Figure 1: The formation of MIL-88(V)-COOH at 170°C

In the system Cu2+/H2O3P-CH2CH2-SO3H/NaOH/H2O the formation of a new phase was observed.
This compound was discovered during the first 5 minutes of the reaction at 90 °C. After 5 minutes
the new phase transforms into the second known phase, [Cu2(OH)(O3P(CH2)4SO3)(H2O)2]·3H2O.
To learn more about the transformation the temperature was decreased to slow down the reaction
kinetics during this field. The measurements were performed at 80 °C, 85 °C, 90 °C, and 100 °C in
order to learn more about the mechanism, the reaction rate and the activation energy.

In the case of exchange of guest molecules, we have studied the highly flexible iron(III)
carboxylate MIL-53 [5]. Initially present in a hydrated form, the material will take up a variety of
organic guest molecules, including protic, non-protic, polar and non-polar species [3]. We have
begun investigating how the material might have applications in separation and hence have exposed
a suspension of the solid to mixtures of organics so to observe uptake of the guest molecules. The
EDXRD technique is crucial for these experiments since we can make measurements on solid-
liquid reactions on a laboratory scale. The organics were added in a controlled manner by means of
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syringe pump since the exchange was so rapid: this has enabled us to see the selective uptake of
one organic over another, via kinetic products. For example, during the sorption of pyridine and
2,6-dimethylpyridine (lutidine) both molecules are taken up initially and then further addition
yields just the lutidine product with the initial pyridine guest expelled, Figure 2.

Figure 2: The separation of pyridine and 2,6-dimethylpyridine by MIL-53(Fe): (left) EDXRD spectra and
(right) integrated peak intensities with representations of the structures of each phase.

For the MIL-88 series of highly flexible iron dicarboxylates [4], phase transitions between the
closed and the open forms were observed with differences in temperature and kinetics as a function
of the phase and the liquid. Figure 3 shows the pore opening of the iron carboxylate MIL-88C upon

adsorption of pyridine. The initial solid is in its
anhydrous state and exhibits closed pores with no
immediate accessibility for guest molecules.
Despite the strong affinity of the pyridine
molecule with regards to the aromatic pore walls
of MIL-88C (naphtyl spacer), the complete pore
opening in pure pyridine is achieved only after a
period of ca. 15 minutes at 100°C. Similar results
have been obtained with other MIL-88 solids,
built up from different aliphatic or aromatic
spacers. This indicates that the swelling of the
MIL-88 solids is not only controlled by host-
guest interactions but also controlled by
diffusion, with a temperature dependence of the
pore opening.

Figure 3 : The pore opening of MIL-88C in pyridine at 105°C.
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Multi dimensional investigations of the Sonogashira 
cross-coupling 

B. Marchetti1, M. Bauer1, S. Anantharaman1 and H. Bertagnolli1 
1Institute of Phys. Chem., University of Stuttgart, Pfaffenwaldring 55, 70569 Stuttgart, Germany 

 

In the large field of homogeneous catalysis, palladium-catalyzed cross-coupling reactions play an 
important role as they allow a wide range of reactants and synthetic conditions and are often used 
for the preparation of complex molecules or precursors for natural products and pharmaceuticals 
[1]. So far they have been intensely studied by conventional spectroscopic methods like NMR, 
XRD or mass-spectrometry [2] and there are a few studies with XAS e.g. [3], but still some 
important questions about the key steps of the reaction remain unclear since none of these methods 
provides direct information about the local environment around the metal centre of the catalyst. A 
powerful tool to bridge this gap is multidimensional spectroscopy. With the combination of 
different spectroscopic methods, namely XAS, UV-Vis and Raman, it is possible to make a 
thorough investigation of the catalytic cycle as each method delivers an unique point of view which 
is in most cases complementary to the other employed methods.  
In particular the Sonogashira reaction, which is copper-cocatalyzed cross-coupling reaction of 
alkines (sp-carbons) to alkene- or aromatic- halides (sp2-carbons), was investigated with XAS, UV-
Vis and Raman  

Br

R2

R1

Pd-Cat., base,

R1

R2

P(R)3
Cu(I)iodide, dioxane

 
Figure 1: Exemplary reaction equation for the Sonogashira reaction. 

The structures of the different palladium intermediates have always been a matter of debate and 
often equilibriums between different structures are discussed. Especially the mechanism of the 
formation of the catalytically active palladium(0)-species has been intensely discussed [4].   
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Figure 2: XANES and Fourier transformed χ(k3)-Spectra of Pd(PhCN)2Cl2 dissolved in dioxane (black) and 
fffffff after successive addition of 1 (tertButyl)3P (red), 2 Cu(I)-Phenylacetylide (blue), 3 Arylbromid (green)  

 

-628-



 Table 1: results from the EXAFS analysis using EXCURVE98a

Sample N R (Å) σ (Å) Ef (eV) R-factorb

In dioxane(black) 
Pd-O 
Pd-Cl 
Pd-C 

 
2.0 ±0.20 
2.1 ±0.23 
1.6 ±0.25 

 
1.998 ±0.002 
2.298 ±0.002 
3.226 ±0.003 

 
0.019 ±0.002  
0.006 ±0.001  
0.005 ±0.001 

 
 

3.896 

 
 

15.40 
 

With ligand(red) 
Pd-P 
Pd-Cl 

 
0.8 ±0.08 
2.1 ±0.32 

 
2.403 ±0.002 
2.314 ±0.002 

 
0.018 ±0.002 
0.014 ±0.001 

 
4.489 

 
16.63 

With Cu(I)PA(blue) 
Pd-P 
Pd-C 

 
1.8 ±.0.18 
4.0 ± 0.80 

 
2.286 ±0.002 
3.453 ±0.004 

 
0.007 ±0.001 
0.025 ±0.003 

 
-1.774 

 
22.55 

With Arylbromide (green) 
Pd-C 
Pd-P 
Pd-Br 
Pd-Pd 

 
0.6 ±0.06 
0.6 ±0.09 
1.5 ±0.23 
1.0 ±0.15 

 
1.959 ±0.002 
2.271 ±0.002 
2.462 ±0.002 
2.664 ±0.003 

 
0.005 ±0.001 
0.005 ±0.001 
0.013 ±0.001 
0.023 ±0.002 

 
 

6.556 

 
 

16.41 

a XALPHA phases and potentials were used . b Quality of the fit in % 
 
From the fit in table 1 the following molecular picture can be obtained: 
After the addition of the ligand the coordinating solvent molecules are replaced, but the oxidation 
state of the palladium(II) centre remains stable even if the ligand is added in excess and therefore 
an reduction by the ligand can be excluded. But after the addition of the transmetalation species 
(Cu(I)-Phenylacetylid) palladium(0) is formed and a linearly coordinated Pd(0)-species is obtained. 
When the oxidising agent is added a Pd-Pd-dimer is formed. 

Pd
Cl

solv Cl

solv

P(tertbutyl)3
(R3)P Pd

Cl

Cl
P(R3)

Pd(0)

P(R3)

Pd(II) Pd(II)
Br

Br
Ph Cu Ar

(R3)P

P(R3)
Ar

ArBr

(solv = dioxane),     R = tertButyl

2
Ph 2-

 
Figure 3: Structures of the different intermediates 
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With XAS it was found out that Pd(0) is formed via 
the coupling of two equivalents of the 
transmetallation-species and therefore a side product 
is formed which concentration depends on the amount 
of the employed palladium(II)-catalyst. The reduction 
step could additionally be followed with UV-Vis 
spectroscopy. The oxidation step could also be 
detected and the fit indicates the oxidative addition of 
one Arylbromide under formation of Pd(II)-Pd(II) 
dimers, which can be additionally seen in the XANES 
Spectra where the edge shifts to the position before 
the reduction step. The evaluation of the inoperando 
QEXAFS/XANES with simultaneous Raman and UV-
Vis measurements is currently under progress.  

Figure 2: UV-Vis Spectra of the individual 
reaction steps      ffffff 
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In-situ XAFS investigation probing chalcogen modified 
ruthenium electrocatalyst under oxygen reduction 

conditions 

G. Zehl, S. Fiechter, I. Dorbandt, I. Herrmann, and P. Bogdanoff 

Helmholtz-Zentrum Berlin für Materialien und Energie, Glienicker Str. 100, D-14109 Berlin, Germany 

The availability of energy storage and conversion techniques is now considered as a key issue to 
satisfy the future energy demands for a growing number of mobile appliances, among them cell 
phones or laptop computers.  Especially for light and compact devices, direct methanol fuel cells 
(DMFC) are of interest as portable power sources due to the easy manageability of small methanol 
cartridges compared to, e.g., high-pressure hydrogen storage tanks.  Presently, in DMFCs carbon 
supported platinum nano-particles are used as catalysts at the anode side, where the cold 
electrochemical combustion of methanol under formation of CO2 and water takes place, as well as 
at the cathode side, where the oxygen is reduced to water.  The oxygen reduction reaction (ORR) 
proceeds via a four-electron transfer process, being kinetically hindered.  Thus, a larger amount of 
catalyst is necessary at the cathode side of fuel cells.  However, Pt is scarce and expensive and a 
continuously growing Pt price in the long run is expected to impede the production of less 
expensive devices and, therefore, to protract the commercial breakthrough of this technology.  
Thus, there is a high interest in the reduction of the amount of noble metals and, most promising, in 
the development of Pt free ORR-catalysts.  

Carbon supported and chalcogen modified ruthenium nano-particles are one option under 
development to fulfil this task due to its high selectivity in the oxygen reduction reaction (ORR). 
The catalyst remains unaffected by methanol and can therefore be applied in the so-called Compact 
Mixed Reactant (CMR) fuel cell geometry, where cathode and anode compartments are in direct 
contact with each other, using an O2-saturated methanol solution as a common fuel, pumped 
through the cell [1]. 

A novel high-performing Ru based oxygen reduction catalyst has been prepared by modifying 
carbon-black supported ruthenium nano-particles with selenium or sulphur in a reductive annealing 
treatment at 800°C and 70°C, respectively [2,3].  To study the behaviour of the catalysts under fuel 
cell conditions, an electrochemical half cell was constructed to perform in-situ XAFS 
measurements in the fluorescence mode at the Se K- (12.658 eV) and the Ru K- (22.117 eV) edges, 
respectively (Feb. 12th-16th 2009 at Beamline X1).  The electrodes were prepared mixing 1 mg of 
Ru(40wt%)Se(14wt%)/C-catalyst or a related RuSy/C-catalyst with 200 µl of 0.2wt% NAFION 
solved in ethanol-water (1:1).  A 40 µl amount of the mixture was suspended on a graphite paper 
sheet (TORRAY) covering a spot of 5 mm ∅.  During the measurement O2-saturated electrolyte 
was pumped through the cell.  The thickness of the electrolyte in front of the electrode amounted to 
less than 1 mm. 

The measurements were performed in the fluorescence mode to monitor chemical changes of the 
oxidation states of ruthenium and selenium, respectively. For this purpose, a multi(7)–element 
Si(Li) fluorescence detector (CANBERRA - Analytical Instruments) was applied. 

Based on previous measurements, it was suggested [4] that the structure of the most active RuSeX/C 
ORR catalysts (Ru:Se ratio ≈ 4:1) cannot be consistently described by an idealized core-shell model 
assuming a closed Se coverage around the metallic Ru nano-cores.  More realistically, as elucidated 
from Anomalous Small Angle X-ray Scattering (ASAXS), Se tends to form clusters with sizes of 
about 0.5 nm firmly bonded to the Ru cores of approx. 2.5 nm in diameter [4].  Therefore, it was 
concluded that a significant part of the surface of the Ru cores has to be accessible to reactants 
participating in the electrochemical process. 

This result could be confirmed evaluating NEXAFS range of the measured curves where a gradual 
shift of the absorption edge with increasing potential was observed, which can be correlated with 
the increasing oxidation of the ruthenium nano-particle surfaces, which remained uncovered by 
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selenium, from Ru0 and Ru2- to Ru4+ and presumably even higher oxidation states (see Fig. 1). The 
principal course and shape of the curve change at potentials U > 850 mV. Above this potential the 
surface of the ruthenium nano-particles cumulatively oxidizes forming a ruthenium oxide layer of 
increasing thickness. Looking at the RuSy counterpart, an opposite behaviour was detected. The 
particles show nearly neither a shift of the absorption edge with increasing potential of the 
electrochemical half-cell nor a change of the course of the curves even under anodizing conditions. 
The absorption edges of the curves are located at lower energies than that of the Ru-black reference 
exhibiting in principle the shape of its curve. Obviously, the surfaces of the sulphur-modified Ru 
nano-particles are stabilized against oxidation by an ultra-thin layer of sulphur since no RuS2 was 
formed. The reference NEXAFS curves of both, RuS2 and RuO2, differ essentially from the curves 
of the catalyst measured at different potentials.  
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Figure 1:  In-situ NEXAFS measurements of a RuSex 
catalyst (prepared at 800°C) performed at the Ru-K 
edge in an electrochemical half cell at different 
potentials. 

 Figure 2:  In-situ NEXAFS measurements of a RuSy 
catalyst (prepared at 70°C) oerformed at the Ru-K 
edge in an electrochemical half cell at different 
potentials. 

 

Although Ru particles completely covered by a thin sulphur layer exhibit a lower catalytic activity 
towards ORR than the selenium-modified counterpart, this NEXAFS study opens a new strategy 
how to better stabilize Ru nano-particles against corrosion. It is interesting to note that catalyst 
particles possessing a complete RuS2 layer around the Ru core or are totally converted to RuS2 are 
distinguished by an increasing ability to form H2O2 instead of H2O in the ORR process. 

Acknowlegment:  We thank the beamline scientist Dr. Adam Webb and engineer Mr. Mathias 
Herrmann for their comprehensive support performing the measurements. 
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Figure 1: Structure of trinuclear µ-oxo iron complexes 
with variabel length of the alkyl chains (Ar = pyridine). 

Complex 469 401 464 476 
Alkyl chain 
length (n) 2 3 4 5 

First insights into the structure of tri-nuclear µ-oxo 
iron complexes by RIXS spectroscopy 

M.Bauer1, B. Marchetti1, V. Rabe2, S. Laschat2, H. Bertagnolli1 

Inst. f. Physik. Chemie, Universität Stuttgart, Pfaffenwaldring 55, 70569 Stuttgart, Germany 
Inst. f. Org. Chemie, Universität Stuttgart, Pfaffenwaldring 55, 70569 Stuttgart, Germany 

The understanding of the operating mode of non-heme enzymes such as methane monooxygenase 
and ribonucleotide reductase is currently a major challenge because this knowledge is prerequisite 
for biomimetic oxidations of hydrocarbons employing dioxygen. Theoretical and experimental 
studies on synthetic model complexes have provided insight into catalytic cycles, reactive 
intermediates, competing energy profiles and product distributions [1]. However, these model 
complexes are often limited by low selectivities and turnover numbers, poor stability, 
stoichiometric amounts of oxidants, or difficult variation of the ligand system. Thus, there is still a 
need for novel non-heme iron complexes, whose ligand systems can be varied easily in order to 
improve the catalytic properties. 
 

Trinuclear μ-oxo iron complexes with a Fe3O group are particularly suited for this purpose [2]. We 
chose complexes with pyridine dicarboxylate ligands, in which the carboxyl group is separated 
from the pyridine moiety by an alkyl spacer of variable length, in order to vary nuclearity, stability 
and catalytic properties. A sketch of the investigated complexes 401, 464, 469 and 476 is given in 
figure 1. Since these complexes do not crystallize, structural characterization can not be carried out 
by X-ray diffraction. In frame of conventional X-ray absorption spectroscopy (XAS) experiments, 

all complexes of figure 1 exhibit similar structural 
parameters. From the EXAFS analyses, nothing can be said 
about the number of coordinating chlorine ligands, which 
are found in elemental analyses. Moreover, XANES 
measurements and prepeak evaluation indicate an 
octahedral coordination of the iron center, but the distortion 
of the octahedral symmetry can not be determined [3]. Both 
questions were attempted to answer by 1s2p-RIXS 

(Resonant Inelastic X-ray Scattering) spectroscopy 
carried out at beamline W1 at HASYLAB. The 
sensitivity of X-ray emission to d-electron densities 
should allow to identify the effect of electron 
drawing chlorine ligands. Because core-hole 
broadening can be strongly reduced by this 
method, it allows a more accurate analyses of 

prepeaks [4]. The 1s2p RIXS planes of the complexes 401, 464, 469 and 476, with alkyl chain 
lengths from n=2 to n=5 carbon atoms are presented in figure 2. In these plots, the intensity of the 
scattered radiation is plotted against the incident excitation and emitted radiation energy. In figure 
3, the prepeaks of the investigated samples as obtained by conventional K-edge XANES 
spectroscopy and by integration over the Kβ1,3 emission line are compared to each other. The 
broadening of the signal in the RIXS-deduced spectra is significantly reduced, thus allowing a more 
thorough interpretation of the pre-edge signal, which originates from a 1s → 3d transition. The 
energy position and intensity are strongly dependent on spin state, oxidation state and geometry [5]. 
In general, the total intensity of the transition shows an increase with decreasing coordination 
number due to the loss of inversion symmetry of the coordination sphere of the iron site [6]. 
Therefore the five samples can be ordered according to their degree of symmetry. The sample 476 
showns the highest degree of symmetry, sample 469 has the largest distortion of the octahedral 
symmetry, while 401 and 464 can be found in between. The octahedral distortion is thus correlated 
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with the length of the applied alkyl chain length. Remarkably, the prepeak in sample 469 shows a 
shoulder towards smaller energy. Detailed data analyses is in progress and the information 
contained in the 1s2p RIXS spectra concerning the electronic structure and its changes by 
coordinating chlorine will be analyzed with further measurements, using well defined, structurally 
related reference samples and calculations.   
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(1) (2) 

Figure 3: (1) Conventional K-edge 
XANES prepeaks of the samples 401 
(solid line), 464 (short dashed line), 469 
(double dotted dashed line) and 476 
(long dashed line) in comparison with 
the prepeaks obtained by integration of 
the Kβ1,3 line (2).  

Figure 2: Kβ RIXS plane of the complexes (a) 401, (b) 464, (c) 469, (d) 476 in the energy region of the pre-edge peak. 
Instead of the energy transfer the emitted energy is plotted against the incident excitation energy. To higher energies, the 
absorption edge becomes visible. 

(a) (b)

(c) (d)
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In Situ XAFS Study Of a Cu-Promoted Cr-Stabilized 
Iron-Based Water Gas Shift Catalyst Under Industrial 

Conditions 

A. Puig-Molina, T. V. W. Janssens, F. Morales Cano, E. Törnqvist, A. M. Molenbroek, B. S. 

Clausen 

Haldor Topsøe A/S, Nymøllevej 55, DK-2800 Kgs. Lyngby, Denmark 

Most industrial high-temperature shift (HTS) catalysts consist of chromium- and iron-oxides. The 
stable iron-oxide phase under water-gas shift reaction conditions is magnetite, which actually is the 
active species [1]. Chromium is added as textural promoter to inhibit sintering of the iron-oxide, 
and hence preserve the surface area [2,3]. Cu is added as a promoter to enhance the catalyst activity 
[4]. In a HTS catalyst with 1%Cu, 6%Cr/Fe3O4 it has been observed that, after 2000h of catalytic 
test, leaching the spent catalysts with ammonia solution is unable to remove all Cu. A small amount 
of Cu (0.36%) remains in the catalyst. Surprisingly, the activity of the catalyst is retained. The 
chemical state of the Cu promoter in the fresh and spent Cu-promoted Cr-stabilized iron-based 
water gas shift catalyst has been studied by in situ XAFS prior to reaction and under industrial HTS 
conditions (380˚C, 24bar, feed gas: 9.4 % CO, 6.25 % CO2, 1.25 % Ar, 45.6 % H2, 37.5%  H2O). 
The in situ XAFS experiments have been performed at Hasylab(Germany) at beamline X1 and at 
MAXlab (Sweden) at beamline I811.   

Figures 1 and 2 show the XANES Cu K-edge spectra of the fresh and spent catalyst as-prepared 
before and after in situ HTS reaction. The study of the fresh sample under reaction conditions 
clearly showed that under HTS conditions copper forms segregated metallic particles on the Cr-
doped magnetite surface [5].  The XANES spectra of the fresh and spent as-prepared samples were 
analysed by means of linear combinations of XANES spectra of reference compounds. The analysis 
indicates that in the as-prepared fresh catalyst, Cu is present as Cu2+ in a mixture of CuO and 
CuFe2O4, while in the spent catalysts the Cu is present as a mixture of metallic Cu, CuO and 
CuFe2O4. So, in the washing process, the metallic copper is washed out.  

The results of the EXAFS analysis of the fresh and spent samples after HTS in situ reaction are 
given in table 1. The apparent coordination numbers obtained from the EXAFS analysis are 
corrected for anharmonic pair distribution functions and surface relaxation according to [6]. The 
spent samples have notably smaller coordination numbers as compared to the fresh sample (7.9 and 
6.9 for the spent unwashed and washed samples, respectively and 10.9 for the fresh sample). This is 
an indication that the Cu particles in the spent catalysts are considerably smaller. If we assume a 
hemi-spherical particle shape, we can estimate that the Cu particles in the spent unwashed and spent 
washed samples have an average diameter of 8 and 11 Å. In the fresh sample the average diameter 
of the Cu particles is 56Å.  

Under HTS conditions copper forms segregated metallic particles on the Cr-doped magnetite 
surface. Upon re-oxidation, part of the Cu is incorporated in the magnetite matrix in a CuFe2O4-like 
arrangement. Upon re-reduction in the HTS feed gas, copper segregates back to the surface to form 
Cu metallic particles of slightly smaller size. Surprisingly, the activity is not affected. 
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  a)         b) 

Figure 1. a) XANES spectra at the Cu K-edge of the fresh and spent samples. The CuO and CuFe2O4 curves 
are given for reference. b) XANES spectra at the Cu K-edge of the fresh and spent samples collected at 
room temperature after HTS reaction. A XANES spectrum collected on bulk Cu is given for reference. 

 
 Cu-Cu bond 

distance (Å) 
±±±±0.02 

Uncorrected CN 
±±±±0.5 

Corrected 
CN 
±±±±0.5 

Estimated particle 
diameter (nm) 

(hemispherical particles) 
Fresh sample 

reduced in HTS reaction 
conditions 

2.59 10.6 10.9 5.6 

Spent sample unwashed 
reduced in HTS reaction 

conditions 

2.58 7.0 7.9 1.1 

Spent sample 
washed   

reduced in HTS reaction 
conditions 

2.56 5.8 6.9 0.8 

Cu bulk 2.56  12  
 

Table 1. XAFS analysis results of fresh and spent samples at RT after reaction. 
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Study and characterisation of iron-encaged zeolites 
and clays as Fenton catalysts 

M. Avila, X. Gaona, B. Guerrero, P. Ortiz and M. Valiente 

Dept. de Quimica, Centre GTS, Universitat Autonoma de Barcelona, 08193 Bellaterra, SPAIN 

The Fenton reaction is a well-known methodology to degrade organic pollutants. In this reaction, 
iron plays an important role as a catalyst, where both Fe(II) and Fe(III) redox states are involved. In 
order to improve their catalytic properties and avoid their precipitation during Fenton reaction, 
several supports have been selected to immobilize iron, leading to the so-called Fenton-type 
reactions [1]. The goal of the present study was to elucidate the oxidation state and molecular 
environment of iron in Fe-encaged zeolites and clays in order to obtain a further insight into the 
mechanism of the Fenton-type reaction. To achieve this purpose, XAFS spectroscopy have been 
performed on Fe(II)- and Fe(III)-loaded USY (Ultra-Stable Y Zeolite) and clinoptilolite (a natural 
Y zeolite) as well as on Fe(II)-loaded montmorillonite clay samples before and after the Fenton 
reaction. 

Y zeolites (USY and clinoptilolite) and montmorillonite clay were loaded either with Fe(II) or 
Fe(III) by actively stirring the supports in 0.05 M FeSO4 (pH 4.03) and Fe(NO3)3 (pH 1.88) 
aqueous solutions, respectively. Synchrotron-based analyses were conducted at the E4 beamline at 
HASYLAB. Iron spectra were recorded at the Fe K-edge (7.112 eV). In each case, pure reference 
compounds were analysed in transmittance mode, while fluorescence detection mode was used for 
the analysis of unknown samples. XANES spectra were processed by using SixPACK data analysis 
software package [2]. 

The XANES spectra revealed small, but not negligible, differences between Fe(II) and Fe(III) 
preparations for USY and clinoptilolite. The direct comparison of XANES spectra for Fe(II) 
standards and Fe-loaded zeolites lead to no apparent matches (see figure 1a and 1b), indicating that 
Fe(II) preparation was likely contaminated with oxygen and Fe(III) compounds prevailed. No 
differences are found between Fe(III)-loaded zeolites before and after the Fenton reaction, thus 
indicating no changes in the oxidation state and environment of Fe(III). On the contrary, the small 
differences observed for Fe(II) preparations with Fe(III) spectra are minimized after Fenton 
reaction, probably indicating the oxidation of the remaining Fe(II) in the zeolite framework. 

As shown in figures 1c and 1d, the spectra of the Fe-loaded zeolites account for important 
similarities with goethite, thus indicating that the three iron-loaded zeolites have similar structural 
parameters to goethite with a first shell of 6 O atoms at 1.99Å and a second shell of 3 Fe atoms at 
3.06 Å. 

a)     b)    
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c) d)  
 
Figure 1: a) XANES spectra of the three iron-loaded zeolites and the goethite standard. b) XANES spectra of 
the three iron-loaded zeolites and two Fe(II) standard compounds. c) Fitting in the R-space representation of 

the ZYFe(III) zeolite with a first shell of 6 O atoms and a second shell of 3 Fe atoms. d) Fitting in the k-
space. 
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Titanate nanorods and nanotubes show a high cation-exchange capacity and a high 
specific surface area. Therefore they are excellent substrates for high metal loading 
catalyst [1]. Arrays of TiO2 have excellent properties for the use in photocatalysis 
and photovoltaics[2]. Usually the reaction rate increases with the temperature [3]. 
However, high temperatures also lead to an increasing of the particle size due to 
agglomeration and sintering [4] whereby the entire surface area shrinks.  

In this study we focused on structure and phase changes of TiO2 nanorods and 
nanotubes during the sample annealing. Combined in situ small and wide angle X-
ray scattering (SAXS/WAXS) provide the possibility to investigate changes in nano-
structure and phase resolving both temperature and time dependence. The 
accomplishment of both techniques in grazing incidence (GISAXS/GIWAXS) 
permits the probing of thin films on substrates. 
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Formation of Nickel-Hydrides in Reactive Plasmas 

M. Quaas, H. Ahrens1, H. Wulff and C.A. Helm1 
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The behaviour of hydrogen in metals has attracted scientific attention for many decades and is 
interesting from both basic research and technological points of view. Metal hydrides find a wide 
range of applications of which the most prominent is the reversible hydrogen storage.  This is of 
great importance in view of possible future hydrogen economy. Moreover the high diffusivity of 
hydrogen also makes nanoscaled Me-H systems interesting possibilities for sensor applications, and 
surface reactions with hydrogen on Pt, Pd, Ni, and other metals are applied in catalysis, particularly 
in fuel cells. 

Most binary metal hydrides are synthesized by solid gas reactions between metal and hydrogen. 
While some metals easily take up hydrogen (Pd), other form hydrides only under high hydrogen 
pressure up to 109 Pa (Ni) [1, 2, 3].  

We have studied in an Ar-H2 microwave plasma how energy influx influences the metal hydride 
formation in thin metallic nickel layers (20 nm), i.e. synthesis, phase transformation and reaction 
rate. The plasma power was kept constant at 700 W, the working pressure was 40 Pa and the 
substrate (film) temperature during plasma exposure did not exceed 250°C. Only the substrate bias 
was varied in steps of 25 V from 0 V to -100 V. 

In our X-ray experiments at home (combined x-ray reflectometry and high asymmetric Bragg 
geometry) only a small Ewald reflection sphere could be realized, that means only two or three 
reflections of the as deposited films and the formed metal hydrides could be observed. To obtain 
confirmation of the predicted hydride phases grazing incidence measurements at HASYLAB 
beamline D4 (λ = 0.6882 Å) at DESY were performed using in-plane geometry. The measured Q-
values range from 1 to 12 Å-1. 

 

 

 

 

 

 

  

Figure 1: phase composition of Ni films after  Figure 1: phase composition of Ni films after 
10 min plasma treatment, bias voltage -50 V  500 min plasma treatment, bias voltage -100 V 
 
The evaluation of the diffraction pattern shows that the formation of Ni hydrides in Ar/H2 plasma 
depends on bias voltage (Fig. 1, 2) and time of plasma exposure (Fig. 3). Three Ni hydride phases 
were observed, hexagonal NiH0.36 forms in a first quick reaction, fcc NiH0.76 and fcc NiH0.36 
develops as an after-product (Fig. 3) [4,5]. Cubic as well as hexagonal NiH0.36 never have been 
described before to the best of our knowledge. The macroscopic kinetics of these processes is 
complex as it includes information about simultaneously occurring multiple steps as demonstrated 
in the chemical equations (Fig. 4). In contrast to high pressure reactions of hydrogen with metallic 
Ni under plasma exposure we do not observe solid solutions over a wide range of hydrogen 
concentration [4,5].  
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Figure 3: composition of Nickel hydride films after different times of Ar/H2 plasma treatment. 

 

These plasma chemical experiments show a rather elegant and easy way to produce stable nickel 
hydride layers under soft plasma conditions. Stoichiometric nickel hydrides were formed under 
Ar/H2 plasma exposure in a microwave plasma at low pressure of 40 Pa and substrate temperatures 
of 200-250°C using different bias voltages (0 V to -100 V). This is quite remarkable because by 
solid gas reactions nickel hydride can only be formed at high hydrogen pressures at temperatures of 
250°C. 

These phases are stable at normal pressure and temperatures up to 300°C - 500°C depending on the 
crystal structure and the hydrogen content. We are convinced, that solid plasma chemistry offers 
new perspectives both for basic and applied science, especially for metal hydrides. 

 

Figure 4: schematic diagram of phase formation and transformation 
of nickel hydrides under Ar/H2 plasma exposure. 
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The phase behaviour of diblock copolymers in the melt has attracted great interest within the last 

decade or two, in particular following experimental studies for model systems such as polystyrene-

b-polyisoprene [1] and stimulated by parallel developments such as self-consistent field theory [2]. 

This model can account semi-quantitatively for the sequence of observed phases which include 

lamellar, hexagonal-packed cylindrical, bicontinuous Gyroid and cubic-packed sphere structures. 

The phase diagram is conventionally parameterised using N and f, here  is the Flory-Huggins 

interaction parameter, N is the degree of polymerisation and f is the composition (volume fraction) 

of one component. A further parameter a “conformational asymmetry” parameter, has been 

introduced [3,4] to allow for differences in space filling of different blocks, as a result of 

conformational restrictions that may result for instance from side groups on the polymer backbone. 

Conformational asymmetry in AB diblock copolymers may be quantified in terms of different 

statistical segment lengths of the two blocks, leading to a parameter 22 / BA , where 

VRg /22 , Rg being the radius of gyration and V the volume of the corresponding block [4,5]. 

An alternative formulation of the parameter has been used by other researchers [3].  

 

We examined the phase behaviour of PEO-POO diblocks via SAXS/WAXS on A2 at DESY 

(further experiments were performed at the SRS, Daresbury and Diamond in the UK, the data 

presented here were obtained at DESY). POO denotes poly(octylene oxide) and this system is 

therefore a homologue of the PEO-PBO system investigated earlier. The side chains in the octylene 

oxide monomer suggest a bottle brush structure for this polymer, and hence we anticipated distinct 

space filling properties. Indeed the value  = 3.56 determined from SANS measurements is by far 

the largest conformational asymmetry parameter for any diblock system examined to date. It is of 

great interest to investigate phase behaviour in this limit of extreme conformational asymmetry. 

The phase diagram includes a region of hexagonal phase stable up to f = 0.48. A series of POO-

PEO diblocks was synthesized by anionic polymerization. Some compositions were accessed by 

blending appropriate pairs of diblocks. 
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Fig.1 presents representative SAXS measurements performed on beamline A2 at DESY. The SAXS 

profiles enable different structures to be identified, and this is being used to assemble a complete 

phase diagram for the system. 
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Fig.1 Representative SAXS profiles from lamellar, hexagonal, gyroid (HPL) structures at the 

compositions indicated 

 

SANS is presently being performed to determine the  parameter for this system, so that a phase 

diagram can be compiled. A manuscript is in preparation for submission in 2009. 
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Recently, we developed a readily accessible catalyst system using Pd/Al2O3 modified by chiral 
diphosphines for the asymmetric allylic substitution of (E)-1,3-diphenylallyl acetate (rac-1) with 
dimethyl malonate (2) yielding 3 (Scheme 1) [1]. In the course of further investigations, our 
attention was drawn to the active sites of this new catalytic system. Therefore, knowledge about 
the oxidation state of the supported Pd and how this is influenced by the reaction mixture under 
real reaction conditions is crucial. In this respect, hard X-ray techniques including 
transmission/fluorescence XANES, EXAFS, XRD, and SAXS are very effective methods for 
studying material properties in situ. 

 

Scheme 1: Asymmetric allylic substitution of rac-1 with dimethyl malonate catalysed by chilrally 
modified Pd/Al2O3. 

The current study was performed at beamline X1 with a beam size of typically 5 mm × 1.5 mm 
and using a Si(311) double crystal monochromator for scanning the energy around the Pd K-edge. 
The experiments were carried out in an in-house-built in situ batch reactor cell that allows 
monitoring both the liquid phase and the solid catalyst [2]. XANES spectra at the Pd K-edge 
were recorded to monitor changes of the Pd oxidation state over time under different reaction 
conditions. The changes of the content of oxidized and reduced Pd, respectively, were calculated 
applying a linear-combination fit. A Pd foil and PdO were used as references for this fitting. For 
a typical experiment, 84 mg of commercial 5% Pd/Al2O3 (as received) was placed in the reactor, 
and (S)-BINAP, rac-1, and the sodium salt of dimethyl malonate dissolved in 6 ml of solvent 
were added. The reactor was then heated to 60 °C. To avoid evaporation of the solvent, a 
nitrogen pressure of 5 bar was applied. 

In Figure 1 the results of the experiments with THF as solvent are shown. As it can be seen from 
Figure 1a, THF reduces the Pd-constituent at 60 °C. The X-ray beam could be excluded as a 
source of reduction by control experiments without beam. The reduction is slowed down if the 
temperature is lowered to 27 °C. Upon addition of the modifier, the reduction was slightly slower, 
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too. When rac-1 and 2 where present in the reaction mixture, the Pd was still reduced by THF. 
However, in the absence of the modifier, the content of reduced Pd was slightly lower than in the 
presence of the modifier in the reaction mixture (Fig. 1b). 
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Fig. 1: Content of reduced Pd on alumina determined by a linear combination fit of the measured XANES 
spectra. 

The presented results show that THF can act as a reducing agent. Thus, the reaction takes place 
in a reducing atmosphere. These are important findings in the context of determining the active 
sites e.g. homogeneous or heterogeneous catalysis, since it is known that a reducing environment 
would favour a heterogeneously catalysed pathway. In this respect, these new results support our 
observations in earlier studies, which indicate that this catalytic system is truly heterogeneous 
[1,3]. The differences in the content of reduced Pd using a real reaction mixture (Fig 1b) provide 
two further insights: Firstly, the unmodified reaction seems to slightly prevent the reduction of 
Pd. Secondly, the modifier stabilizes the reduced Pd and prevents its reoxidation by the reaction 
mixture. Similar results were obtained when 1,4-dioxane was used as solvent instead of THF. 

Encouraged by these interesting results further investigations are planned to shade more light on 
the role of the modifier and its influence on the reaction. 

We thank HASYLAB at DESY for beamtime, Adam Webb for his assistance during the 
beamtime, and the European Community for financial support (through the Integrated 
Infrastructure Initiative "Integrating Activity on Synchrotron and Free Electron Laser Science", 
Contract RII3-CT-2004-506008). 
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1Forschungszentrum Karlsruhe GmbH, Institut für Nukleare Entsorgung, D-76021 Karlsruhe, Germany
2Universität Karlsruhe, Institut für Anorganische Chemie, Engesserstr. 15, D-76131 Karlsruhe, Germany

3HASYLAB at DESY, Notkestr. 85, 22603 Hamburg, Germany

We investigate the electronic and local geometric structure of 4f and 5f elements complexed with
multi-functional N-donor ligands ( k3N coordinating tris(3,5-dimethyl) pyrazolyl phosphine oxide
(3,5−MeTppo) [1] with potential application for partitioning technologies. Partitioning involves sep-
aration of 5f elements from their chemically similar 4f counterparts and is a major step in the
so-called Partitioning&Transmutation strategy for reduction of the long-term radiotoxicity of high-
level nuclear waste [2]. Comparison of 5f and 4f results will help us to understand why certain
N donor ligands selectively separate actinides from lanthanides, the key step in partitioning, and
thereby enable us to specifically design more efficient ligands and optimize the separation process.
The aim of this experiment is to test the sensitivity of resonant X-ray emission spectra to changes
in electronic and local geometric structure of Eu compounds.

The Eu Lβ1 resonant X-ray emission spectroscopy (RXES) and non-resonant X-ray emission spec-
troscopy (NXES) measurements below and above the Eu L2 absorption edge, respectively, are per-
formed at the HASYLAB wiggler beamline W1. The incident X-rays are tuned to energies from
7550 eV to 7590 eV in 4 eV steps, from 7591 eV to 7620 eV in 0.5 eV steps, from 7621 eV to
7680 eV in 1 eV steps and from 7683 eV to 7701 eV in 3 eV steps by means of a Si(111) dou-
ble crystal monochromator. The X-rays emitted from the sample are energy analyzed by a Johann
spectrometer in dispersive geometry [3]. A spherically bent Si(333) crystal with a 1m radius of cur-
vature is employed as analyzer and the measurements are performed at Bragg angle θB = 66.7◦ (Eu
Lβ1 emission line). We measured RXES spectra of several Eu compounds (Eu(II)S, Eu(III)2O3,
Eu(III)FeO3), differing in local coordination symmetry and in Eu valence state, in addition to a
3,5−MeTppo Eu(III) complex. There are three different Eu sites in Eu2O3, where the Eu atoms are
seven/six-fold coordinated by O atoms. The Eu atoms are eight-fold coordinated by O atoms in
EuFeO3, whereas they are coordinated by 6 N and 3 O atoms in the Eu complex.

The Eu Lβ1 emission line of the Eu complex, measured as a function of the excitation energy, is
plotted in Fig. 1 a). The resonant region of the spectrum on the energy transfer scale (excitation -
emission energy) is shown in Fig. 1 b). The energy positions of peaks A and B are a measure of the
energy difference between Eu 4f-3d3/2 and 5d-3d3/2 states, respectively. The highest probability
for excitation of a 2p electron to 4f states is around 7614 eV excitation energy, where peak A is
observed to exhibit maximum intensity. The intensity of the peak A is proportional to the electron
population of the Eu 4f states. The Lβ1 RXES spectra of EuS, Eu2O3, EuFeO3 and the Eu complex
measured at 7614 eV excitation energy are plotted in Fig. 2 a). The EuS spectrum is shifted by
several eV to lower energies and exhibits shoulder on its high-energy side. The spectra of Eu2O3

and EuFeO3 are featureless and similar, whereas the Eu complex spectrum exhibits a double peak
structure. The RXES spectrum of Eu2O3 has a shoulder at 7610 eV excitation energy (Fig. 2
b), which is not present in the spectrum for EuFeO3, also containing Eu(III). This fingerprinting
demonstrates a substantial sensitivity of RXES to electronic and structural differences.

RXES is complementary technique to XAS spectroscopy, because it reveals direct information for
population and energies of 4f states. This is not possible from analysis of L2/L3 edge XANES
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spectra, due to the short 2p core hole lifetime (lifetime broadening) leading XANES free of pre-
edge features. We are presently expanding this research with RXES measurements on a series of
3,5−MeTppo metal complexes differing only in metal 4f cation.
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Figure 1: a) Eu Lβ1 X-ray emission spectrum (RXES and NXES) of 3,5−MeTppo Eu complex (red marks:
the energy of the L2 absorption edge); b) The RXES part of the spectrum in a) on the energy transfer scale
(excitation - emission energy).
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Figure 2: The RXES spectra of a) EuS, Eu2O3, EuFeO3 and 3,5−MeTppo Eu complex measured at 7614 eV
excitation energy; b) Eu2O3 and EuFeO3 measured at 7610 eV excitation energy.
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Bimetallic nanoparticles often exhibit advantageous properties in catalysis compared to those of their pure 
constituent metals. In this work, a series of Au/Pd nanoparticles with different compositions have been 
prepared and tested as catalysts in the aerobic oxidation of benzyl alcohol. We found that the selectivity 
towards benzaldehyde in the oxidation reaction depends strongly on the Pd content. Depending on the 
catalysts composition a selectivity of 98% towards benzaldehyde at full conversion could be achieved. 

 To elucidate the origin of the superior behaviour of the bimetallic nanoparticles in catalysis the structural 
and electronic properties of the particles have been characterized with X-ray absorption techniques. The 
structural properties, like interatomic distances and coordination numbers, were investigated with EXAFS 
while the electronic configuration was examined with XANES. Both techniques were used to correlate the 
change in the catalytic performance. Upon admixing Pd to the Au nanoparticles a change of the interatomic 
distances occurs in accordance to Vegard’s law[1], which leads to a proper distance of the adsorptions sites 
and facilitates the chemical conversion step. On the other hand alloying Pd to Au nanoparticles might cause 
electronic perturbations, which result in a change of the energy and filling of the d-bands of the metals. 

The experiments were performed at the beamline X1 (energy range: 7 – 100 keV) and C (energy range: 5 – 
43keV). The monochromator was a Si (111) double crystal for the measurement of the Au-LIII edge (11.918 
keV) and a Si (311) double crystal for the the Pd-K edge (24.35 keV). The samples were pressed into a pellet 
and measured in transmission mode. The scans were energy referenced to Au or Pd foil. The Fourier 
transformed Au LIII EXAFS spectra of the catalyst series (pure Au, 7:1, 1:1, 1:9) are shown in Figure 1a. All 
catalysts exhibited a feature in the region between 1.7 – 3.5 Å due to the first shell Au-Au backscatter 
contributions. For the nanoparticles with a Au/Pd composition of 1:1 and 1:9 a second backscatter 
contribution at shorter R-values became visible. This contribution was assigned to Au-Pd scattering paths, 
indicating that Au atoms are surrounded not only by Au but also by Pd atoms. Moreover we found that the 
total coordination number of the gold atoms is always bigger than the total coordination number of the Pd-
atoms. The lower coordination number of the Pd atoms indicates that Pd is mainly located at the surface of 
the particles and we concluded that the particles have a core shell structure (with a Au rich core and a Pd 
enriched shell) and are not homogeneously alloyed. Moreover the Au-Au distance shrinks with increasing 
Pd-content in accordance to Vegard’s law from 2.86 Å in pure Au nanoparticles to 2.79 Å in the Au/Pd 1:9 
system. 

 

 

 

 

 

Figure 1: a) Fourier transformed Au LIII EXAFS spectra (k3- weighted), 
b) Stacked plot of the XANES spectra at the Au LIII edge 

In Figure 1b the Au LIII XANES spectra of the nanoparticles are depicted. The LIII edge probes the transition 
of 2p electrons to the empty density of states that have mainly d character. Hence, the intensity of the white 
line in the LIII spectrum is directly linked to the number of holes in the d-band. Comparing the white line 
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intensity of the Au reference foil (bulk gold) with the one of the pure Au nanoparticles, a clear decrease of 
the intensity is visible. When going from the bulk to nanosized particles the number of atoms forming a 
lattice decreases and therefore the width of bands will decrease, too. The decrease in bandwidth results in a 
less pronounced overlap of bands leading to a rehybridization of the s, p and d orbitals. In the concrete case 
of gold the ideal electron configuration for a single atom is 5d106s1. With increasing number of atoms the 
overlap of bands becomes significant and leads to hybridization of the 5d, 6s and 6p band. The electron 
count of 5d and 6s orbitals is depleted while the 6p orbitals are occupied upon an increase in the number of 
neighbors, resulting in a electron configuration of 5d10-x6sp1+x for bulk gold. This depletion of the d-band for 
bulk gold is reflected as a small white line in the Au-foil XANES spectrum. 

 

 

  

 

 

Figure 2: Comparison of the XANES region of pairs of Au and Au/Pd bimetallic nanoparticles; the inset magnifies the 
white line region of the Au LIII spectra 

The situation becomes more complex when Pd comes into play. The intensity of the white line becomes 
even smaller with increasing Pd content and diminishes almost for the Au/Pd 1:9 system. Therefore the 
question arises, if the decrease in white line intensity is simply caused by the dilution of Au atoms in a Pd 
matrix (depending on the same effect discussed for size reduction of pure Au particles) or if an Au-Pd 
interaction is responsible for the change of the white line intensity. To distinguish the two possibilities two 
model systems were prepared. Each model system consisted of a pair of samples: a pure Au sample and an 
Au/Pd bimetallic one. The important point here is that the CNAu-Au of the pair Au/Pd 1:1 and pure Au (a) 
(blue colored lines in Figure 2) as well as for the pair Au/Pd 1:9 and Au (b) (red colored lines in Figure 2) 
are almost equal. If the alloying had no influence on the electronic structure, the white line intensities for 
each pair should be similar due to the same Au-Au coordination number in both samples. But the spectra 
revealed the opposite. For both pairs the white line intensity of the alloy is smaller than for the pure Au 
sample. We assume here a strong interaction of the Pd 4d band with the Au 5d5/2 band resulting in an 
enhanced filling of the Au 5d band as indicated by XANES[2,3]. 

In conclusion, we could show with the help of XAS that the electronic properties of gold are significantly 
altered by admixing of palladium. The d-hole count of gold reduces with increasing Pd content. This is not 
only an effect of the decreased number of like neighbors (size effect) but also dependent on the Pd 
concentration. The examined particles exhibit a core shell structure with an Au rich core and a Pd enriched 
shell. Both, the electronic configuration and structural properties have strong influence on the catalytic 
activity (for details, cf. ref. [4]) and are important to understand the superior behavior of bimetallic 
nanoparticles in catalysis.  
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The effect of low energy plasma species onto solid surface layers is one focus of plasma research. 
We have found a new reaction pathway for synthesis of stable nickel hydride compounds under soft 
plasma conditions [1,2]. Most binary metal hydrides are synthesized by solid gas reactions between 
metal and hydrogen. In opposite to metallic nickel which forms hydrides only under high hydrogen 
pressure [3] palladium take up hydrogen easily under ambient pressure and temperature [4]. The 
formation of stable Pd hydrides under vacuum conditions at temperatures of 250 °C is not yet 
described to the best of our knowledge. In 1993, Fukai and Ökuma [5] discovered that gradual 
lattice contraction took place when Pd specimens were placed under high H2 pressures and 
temperatures (5 GPa, 800°C). The formation of defect structures with vacancy-hydrogen (Vac-H) 
clusters is now recognised as one of the fundamental properties of M-H alloys. [6, 7]. 

In analogy to the experiments performed with thin metallic nickel films in Ar-H2 plasmas [see also 
that report, 1,2] we have studied the behaviour of Pd layers in a microwave plasma. 20 nm thick Pd 
coatings deposited on Si substrates with 800 nm SiO2 and 1 nm Cr buffer layers were treated in a 
2.45 GHz microwave plasma source at 700 W plasma power, 40 Pa working pressure without 
substrate heating. The energy influx to the film was changed by variation of the substrate bias in 
steps of 25 V from 0 V to -150 V. 

To obtain insights into the chemical reactions and phase formation in these thin palladium films 
after Ar-H2 plasma exposure grazing incidence measurements at HASYLAB beamline D4  
(E = 10 keV) at DESY were performed using in-plane geometry. The measured Q-values range 
from 1 to 6 Å-1. 

The diffraction pattern consists of two sets of peaks labelled red: Pd-vac and blue: PdH1.33 arising 
from to coexisting phases (Fig. 1). Pd-vac having a fcc structure with a = 3.874 Å is assigned to Pd 
with defect structure. The as deposited fcc Pd has a lattice constant a = 3.893 Å. The crystal 
structure of the second phase PdH1.33 seems to be primitive cubic (SG: Pm-3, with a = 2.995 Å) [8].   

In contrast to high pressure reactions of hydrogen with metallic Ni or Pd under plasma exposure we 
do not observe solid solutions over a wide range of hydrogen concentration. The hydrogen 
incorporation in Pd films also takes place discontinuously. At 0 V and -50 V bias voltage palladium 
hydride is formed stepwise up to a stoichiometry of PdH0.7 (fcc).  

 
Fig.1: diffraction pattern taken after 45 min Ar-H2 plasma exposure at -150 V bias voltage, at D4. 
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Figure 2: at home GIXD  measurements of Pd films Figure 3: lattice constants of different palladium 
treated with Ar-H2 plasma for 10 min at   hydride phases. The exact hydrogen content 
different bias voltages.     is still unknown. 

Our measurements in Greifswald show that the lattice constants increase from Pd to PdH0.7 as 
shown in Fig. 2 and 3. However, bias voltages of -100 V and -150 V cause a shrinking of the unit 
cell in two steps (Fig. 2 and 4). We postulate the formation of vacancy hydrogen clusters [7]. In a 
second step cubic PdH1.33 [8] is formed under long time plasma exposure, as was confirmed by 
experiments at D4. 

 
 

 

 

 

 

 
Figure 4: formation of lattice defects in Pd by plasma treatment  

at -100 V bias voltage and subsequent formation of PdH1.33 (measured at home). 

In analogy to the synthesis of nickel hydrides we have found different palladium hydride under low 
temperature plasma conditions. If the principle is applied to other 8b metals, it may be possible to 
form more stable metal hydride by plasma solid chemistry. 
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We have measured EXAFS signals from mesoporous silica (SBA-15 [1]) based catalysts that were 
deposited by H3PW12O40 with and without a base layer of ZrO2, and finally, by NiO [2]. The 
experiments were carried out at the W-L3, Zr-K and Ni-K edges at the experimental stations E4 and 
C of the Hasylab. Preliminary results are shown in Figures 1 and 2.  

  

Figure 1: k-space (left panel) and r-space (right panel) representation of the EXAFS signal from the W L3- 
edge. It is obvious that prior deposition of ZrO2 changes the local environment of W atoms. 

  

Figure 2: k-space (left panel) and r-space (right panel) representation of the EXAFS signal from the Ni K- 
edge. Ni atoms have different environment depending on whether the W-layer was deposited directly on the 

SBA-15 pore surface or on the intermediate layer of ZrO2. 
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Phase-change materials (PCM) have to fulfil a unique combination of requirements. On the one hand they should 
possess a pronounced optical and electrical contrast between the amorphous and crystalline state. On the other 
hand the transitions from one to the other state should be very rapid although rearrangements of atoms occur. 
Materials which join these properties in a satisfying way were found to be Ge2Sb2Te5 and AgInSbTe, they are 
highly attractive for data storage applications like DVD-RAM and DVD-RW. Understanding the reversible 
amorphization–crystallization–re-amorphization steps is essential for additional design and physicochemical 
modification of phase-change materials [1-3]. EXAFS studies are therefore necessary to obtain a better insight 
into the structure of the amorphous and crystalline states of the different phase-change materials. 
 
EXAFS measurements were performed on amorphous and crystalline GeSb2Te4 and Ge8Sb2Te11, and also on 
crystalline SnBi2Te4 and SnSb2Te4. The measurements were performed at beamline C at Hasylab/DESY in the 
transmission mode. 
The samples were prepared by DC magnetron sputtering. Thin films were sputtered on Si substrates, and were 
then removed from the substrates and ground to fine powder. In the as-deposited state the materials are 
amorphous. The crystalline compounds were prepared by heating the samples in an oven under Argon 
atmosphere. Finally the powders were mixed with Cellulose and pressed into pellets. EXAFS spectra were 
collected for all samples at all three edges in the amorphous and crystalline states. The raw data were processed 
with the ATHENA software [4].  
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Figure 1: Radial distances (not corrected for phase shifts) of the Ge-, Sb- and Te-edge of GeSb2Te4 in amorphous 
(black) and crystalline (red) state. Data were acquired at liquid Helium temperature and therefore allow for an 
evaluation up to higher radial distances due to the smaller MSRD-factors. 
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As can be seen in Figure 1 there are distinct differences in the local environments of the atoms in the amorphous 
and crystalline state of GeSb2Te4. Pronounced differences are observed between the two states for the peak shifts 
and intensities for all absorption edges. Two different quantitative analyses using Artemis and Reverse Monte 
Carlo (RMC) Simulations based on scattering paths as calculated by the FEFF [5] software package have been 
performed and are being prepared for submission to a reviewed journal. The analysis by RMC allows to derive 
further information on the distortions than published so far, which result from the geometrical need to 
consistently repeat the local structure in space. 
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Figure 2: Comparison of the radial distances (not corrected for phase shifts) between the two materials SnSb2Te4 
(black) and SnBi2Te4 (red). 
 
Figure 2 displays the influence of the substitution of Ge ↔ Sn and Sb ↔ Bi in GeSb2Te4. The effect on the 
radial distances of the Bi substituted material is small. Striking similarities can be seen in the comparison to 
GeSb2Te4, as for example the strong signal of higher order coordination shells at the Te edge. This allows to 
conclude that still the Te atoms form one of the two sublattices determining the rock-salt structure. At the same 
time Sn, Sb and Bi atoms in SnSb2Te4 and SnBi2Te4 seem to occupy even more strongly distorted sites than the 
Ge atoms in the cubic lattice of GeSb2Te4. A detailed quantitative analysis on the data of SnSb2Te4 and SnBi2Te4 
is currently in progress. 
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    EXAFS data have been collected on HASYLAB beamline C for:
- two types of silver exchanged zeolite A samples, (Ag12-A and Ag1-A with 12 and 1 Ag+ cation in 
unit cell),
- two types of zeolite rho in their cesium form (Ag5Cs-rho and Ag1Cs-rho with 5 and 1 Ag+  cation 
in unit cell),
-a zeolite rho in their hydrogen form Ag1H-rho with 1 Ag+  cation in unit cell.
    The zeolite samples in quartz tubing were dehydrated at 2000C on vacuum line, sealed and then 
gamma irradiated in Co-60 source. For measurements at the beamline the zeolite powder was 
repacked under argon atmosphere to avoid contact with atmospheric oxygen. The EXAFS 
measurements have been carried out at liquid nitrogen temperature.
      The Fourier transformed spectra of zeolites samples shown in Fig.1 exhibit broad peaks in 
three  coordination shells. Therefore, in any attempt to solve these structures an adequate model is 
necessary. In order to construct such models we found two approaches very useful. One of them is 
based on quantum mechanical modelling of the structure aiming at obtaining detailed 
environments of an absorbing atom. The other one is based on the analysis of spectra by wavelet 
transform method which makes it possible to differentiate between contributions form light and 
heavy scattering atoms [1]. 
    We have applied solid state Crystal06 code to calculate the dehydrated, fully exchanged zeolite 
A assuming a P1 cell with a=b=c=17.40189 Å and all angles equal to 60o. According to the 
obtained results, silver atoms can occupy three positions: above the face of the square prism from 
the side of an  α cage, in octahedral and hexagonal windows. Octahedral windows can be either 
left free or occupied by one or two silver atoms in two different relative geometries. All hexagonal 
windows are occupied but distances to neighbouring atoms  can be different depending the on 
structure deformation induced by silver atoms. An example of silver localisation geometry 
provided by Crystal06 code is shown in Fig.2.
    The wavelet transform has an unique feature which allows to differentiate between 
contributions from scatterring atoms with different Z numbers which often overlap in Fourier 
transformed spectra. Such a possibility is shown in Fig.3 for the case of fully silver exchanged 
zeolite A, where contribution from silver is clearly visible at higher values of the wave vector k. 
However, further studies are necessary in order to incorporate such information into fitting 
procedures.  

 
Fig.1. Fourier transformed spectra  of Ag12-A and Ag1-A (left),  Ag5Cs-rho, Ag1Cs-rho and  
             Ag1H-rho zeolite samples (right).
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Fig.2. Silver atom in octahedral window and near four member ring (upper structure) and in 
hexagonal window  (lower structure)

Fig3. Wavelet transformed images for Ag5Cs-rho (left) and Ag12-A (right) in ( k, R) space (k – 
horizontal axis, R – vertical axis).
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Redox reactions of Au(III) chloride complex ions in the aqueous solutions are very interesting due 
to their application, e.g. in hydrometallurgy for gold separation from other precious metals present 
in industrial aqueous solutions. Applying the proper reductant as well as conditions of the process 
(pH, temperature, etc.) it is possible to precipitate the gold in the form of powder. Additionally, in 
same cases, gold particles have nanometric sizes. Nevertheless, it is still not fully understood the 
mechanism and kinetics of such reactions, which have influence on the final form of the reaction 
product. This information gives the chance for choosing of the conditions to obtain the best 
efficiency of such processes.  

In this report, we present our preliminary results of in-situ studies of the reaction between Au(III) 
chloride complex ions and oxalic acid in aqueous solution using synchrotron radiation. During 
experiments we tried to detect the kinetic of reaction as well as structural changes in the gold(III) 
complex ions during the reduction. Experiments have been performed under the financial support 
of DORIS III project I-20080101 EC. 

The quick monochromator scanning mode, available at the X1 beamline, has been used to measure 
XAFS spectra at the few second time scale. Experiments have been performed at ambient 
temperature and pressure, at the Au L3 edge in the transmission mode using gold foil as the 
reference sample. All parts of reactor being in contact with reactants were carried out with non-
metallic materials to avoid the precipitation of metallic gold from solution. Precise injection of 
reactants into the cell compartment has been done semi-automatically to initiate the experiments 
without its interruption. The aqueous solution of tetrachloroauric acid (HAuCl4) in 0.1 M HCl was 
mixed with the 0.5 M C2H2O4 oxalic acid in 1 to 1 volume ratio. As a result, the gold layer at the 
wall of sample’s vial as well as black precipitate of gold particles, were observed (Fig. 1). 

Au L3-edge XANES spectra show a decrease of the white line (WL) intensity during the reaction, 
(see Fig. 2a), which is attributed to the reduction of gold ionic state from 3+ towards 1+ and finally 
0. The process of the redox reaction can be described as: 

[AuCl4]- + H2C2O4 [AuCl⎯→⎯ 1k
2]- + 2Cl- + 2CO2 + 2H+     (1) 

2[AuCl2]- + H2C2O4 2Au + 4Cl⎯→⎯ 2k - + 2CO2 + 2H+     (2) 

However, the process of disproportionation of [AuCl2]- ions can not be neglected at this conditions 
[2, 3]: 

3[AuCl2]- = 2Au + [AuCl4]- + 2Cl-        (3) 

The final spectra show probably the mixture of Au(I) ions and Au metallic phase. The relative 
changes in the white line amplitude, normalized to the WL intensity before the reaction (blue line), 
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as well as the edge jump (green line) evolution, are shown on the Fig. 2b. The latter changes can be 
related to the changes of gold(III) ions content in the solution, along the beam path in the vial. The 
observed step-like decrease of the edge jump (at 150 s interval) corresponds to the progress of the 
reaction after oxalic acid injection. From registered spectra during the reaction, two characteristic 
time regions can be distinguished. The first one, where the Au valence state remains unchanged and 
the edge jump decreases quickly, can be assigned to the fast complex redox reaction (1 and 2) with 
creation and sedimentation of Au nanoparticles. The second one, where a decrease of the WL 
intensity and deceleration of the studied reaction rate are observed, can be assigned to interplay of 
reaction 2 and 3, thus to increase of Au(I) and Au0 content in the solution. In this part of the 
process, the size of Au nanoparticles is probably not large enough to sediment in the solution. 
Additionally, some amount of metallic gold from the thin layer at the vial walls in the beam 
position is visible in the spectra, see figure 1. At this stage, the studied reaction is almost 
completed, due to the lack of reagents. 

From the first results, presented in this report, it is evidence that the reduction of Au(III) chloride 
complex ions takes place. As a product, the Au metallic film and Au nanoparticles are formed. The 
observation of the change of spectra intensity allows to obtain kinetic curves and determine the rate 
constant of the reaction between reagents. Additionally, the intermediate form of reacting species 
appearing during the Au(III) redox reaction can be determined in further data analysis. 

 

Figure 1: The sample of gold precipitate after reduction of gold(III) complex ions with oxalic acid. 

a)      b) 

 

Figure 2: Absorption vs. energy dependence (a) and kinetic curve of total absorbance vs. time (b) obtained 
during experiments using synchrotron radiation. 
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Copper is quite abundant metal in the Earth crust and its presence in groundwater from leaching processes 
varies widely depending on rock types. Also, copper has a variety of applications such as in metallurgical 
processes, manufacture mining and agriculture, which can all be the underground and ground waters 
pollution sources. Among numerous commonly used treatments for water purification, the adsorption using 
natural adsorbents is generally considered to be the most suitable method for water treatment. Various low-
cost materials have been studied for copper removal such as clay minerals, fish bone hydroxyapatite, 
biomass and zeolites. 

Clinoptilolite is the most abundant natural zeolite with a porous structure exhibited by channels up to 0.7 nm 
in diameter. Clinoptilolite samples from various regions show different sorption and ion-exchange 
behaviour, the difference being mainly caused by different composition of zeolitic tuffs. Synthetic zeolite A 
is a pure phase material with pore openings up to 0.41 nm in diameter.  

We have studied sorption mechanisms of copper ions on zeolites, i.e. natural clinoptilolite tuff from the 
Vranjska Banja deposit (Serbia) and synthetic zeolite A, from aqueous solutions for their use in the removal 
of copper from draining and waste-water. The aim was to determine, if any differences can be found in 
sorption of copper ions between the natural clinoptilolite and synthetic zeolite A. We have prepared 3 zeolite 
A samples with 0.24 at.% (3CuA), 0.19 at.% (4CuA) and 0.30 at.% Cu (4CuA) loadings. We have 
performed XANES measurements to establish the average oxidation state of Cu in each sample and EXAFS 
measurements to determine the position of Cu ions and their interaction with the zeolite framework.  

 

Figure 1: Cu K-edge XANES spectra of  zeolite A samples: 3CuA (bottom blue line), 4CuA (bottom red 
line) and 5CuA (bottom green line), compared  to some standard Cu compounds (Cu2O, CuO, CuSO4,Cu 
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acetate and metallic Cu) with known Cu valence state and local structure. Energy scale is relative to Cu K-
edge in Cu metal (8979.0 eV) 

Cu K-edge XANES and EXAFS spectra of three zeolite A samples with different Cu loadings were 
measured at the C station of HASYLAB in the transmission detection mode. A Si(111) double-crystal 
monochromator was used with 1.5 eV resolution at 9 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 110 mbar Ar, the second with 640 mbar Ar and the third with 970 mbar Ar. The absorption spectra 
were measured within the interval from -250 eV to 1000 eV relative to the Cu 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 (Δk ≈0.03 Å-1) were adopted with total integration time of 
2s/step. The exact energy calibration was established with simultaneous absorption measurements on the Cu 
metal foil placed between the second and the third ionization chamber. 

The spectra were analyzed with the IFEFFIT code ATHENA [1]. There is no significant difference between 
the XANES spectra of the three zeolite A samples (Fig. 1) which clearly demonstrates that the valence state 
of Cu and local Cu structure and symmetry are the same in all three measured samples, that is for all three 
different Cu loadings of the zeolite. Judging from the energy shift of the Cu K-edge, all Cu in all three 
measured samples is in divalent state. 

 
Figure 2: The k3 weighted Fourier transform spectra of 3CuA (blue line), 4CuA (red line) and 5CuA (green 

line) samples, calculated in the k range of 3 ... 12.5 Ǻ-1.  

EXAFS spectra of the three zeolite A samples do not indicate structural differences in the local Cu 
neighbourhood neither in the first nor in the second coordination shell around Cu atoms, even 
though they were loaded with various atomic percent of Cu (Fig. 2). Detailed quantitative analysis based on 
the FEFF model constructed from crystallographic data is expected to determine Cu ion positions and their 
interaction with the zeolite framework.  
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