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correlated electron materials: overview

• phase transitions
• structural phase transition of SrTiO3

• x-ray diffraction to investigate phase transitions
• structural aspects of transition metal oxides
• orbital and charge order in La1-xCaxMnO3

• resonant scattering to study orbital/charge order

• magnetic interactions in transition metal oxides
• Mott insulator
• colossal magneto resistance (CMR) effect
• magnetic x-ray scattering
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exchange interactions
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combination of Coulomb interaction and Pauli principle

J ~ -∫ Ψ*x(r1)Ψy(r1) (e2/r12) Ψ*y(r2)Ψx(r2)

one-band Hubbard model:

H = -∑ tij (ciσ+ cjσ) + U ∑ ni↑ni↓

    = Hkin + HU

 t >> U :   metallic system
 t << U :   insulator with one electron per site

tij    hopping amplitude between nn sites <ij>
ciσ+  creates an electron with spin σ at lattice site  i
U    Coulomb repulsion
niσ   number of electrons at site i with spin σ

ΔE = 0 ΔE = -2t2/U

superexchange:
antiferromagnetic



Mott insulator

12. 5. 2011
Methoden moderner Röntgenphysik

Materials Science - II 5

E
n

er
g

ie

Wechselwirkung U

!

d-Band

U

Fermi-Kante

p-Band

strongly correlated electron systems:  transition metal oxides
            high-Tc superconductors
            CMR-manganites ...



GKA-rules (Goodenough-Kanamori-Andersen)
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orbital dependent exchange interaction



double exchange interaction
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magnetism of LaMnO3
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Pr1!xCaxMnO3 is a ferromagnetic insulator, and is believed

to exhibit an orbitally ordered ground state analogous to that

observed in LaMnO3. The electronic configuration of the

Mn3" (d4) ions is (t2g
3 , eg

1) with the t2g electrons localized

at the Mn sites. The eg electrons are hybridized with the

oxygen 2p orbitals, and believed to participate in a coopera-

tive Jahn-Teller distortion of the MnO6 octahedra. This leads

to a (3x2!r2)-(3y2!r2)-type of orbital order of the eg
electrons in the ab plane with the oxygens displaced along

the direction of extension of the eg orbitals. A schematic

illustration of this orbitally ordered state for x#0.25 is

shown in Fig. 3!a",5 with the orbital unit cell marked by the
solid line. The excess Mn4" ions in this material are believed

to be disordered, though recently, other proposals have been

put forward.36–38 It is noteworthy that the orbital period is

twice that of the fundamental Mn spacing, so that orbital

scattering appears at structurally forbidden reflections. In

orthorhombic notation, for which the fundamental Bragg

peaks occur at (0,2k ,0), the orbital scattering then occurs at

(0,k ,0).

Recently, the possibility of the existence of both charge

and orbital ordering at x#0.25 has been suggested by vari-
ous theoretical approaches.36–38 Mizokawa et al.36 studied a

related material, La1!xSrxMnO3, and found an ordered ar-

rangement of (3x2!r2)-(3y2!r2)- and (3z2!r2)-type or-

bitals surrounding the Mn4" sites at x#0.25. While this
structure is inconsistent with the magnetic structure in

Pr0.75Ca0.25MnO3, it first raised the possibility of structures

other than those proposed by Jirak et al.5 As discussed be-

low, however, we have found no evidence for this type of

charge ordering.

For Ca concentrations 0.3#x#0.7, Pr1!xCaxMnO3 be-

comes an antiferromagnetic insulator at low temperatures

!see Fig. 2", and exhibits colossal magnetoresistance in ap-
plied magnetic fields, with the metal-insulator transition oc-

FIG. 1. Schematic structure of Pr1!xCaxMnO3. Small spheres

correspond to oxygen, and large spheres to Pr or Ca. The Mn atoms

are at the center of the octahedra. Solid lines show the orthorhombic

unit cell used in this paper.

FIG. 2. Composition-temperature phase diagram of

Pr1!xCaxMnO3 in zero magnetic field !following Ref. 5". The full
lines indicate the charge/orbital transition temperature (TOO/CO);

antiferromagnetic transitions (TN) are marked with dashed lines

and ferromagnetic transitions (TC) with dotted lines.

FIG. 3. Schematic of the charge, orbital, and magnetic order in

Pr1!xCaxMnO3. Filled circles represent Mn
4" ions, shaded figure-

8’s represent Mn3" ions, and the arrows indicate the in-plane com-

ponents of the magnetic ordering. Solid lines show the orbital-order

unit cell; dashed lines show the charge-order unit cell. !a" Proposed
orbital ordering for x#0.25, !b,c" Charge and orbital order for x
#0.4 and 0.5, with !c" showing an orbital antiphase domain wall.

X-RAY RESONANT SCATTERING STUDIES OF . . . PHYSICAL REVIEW B 64 195133
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magnetism of La0.5Ca0.5MnO3 and 
colossal magneto resistance (CMR) effect
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Pr1!xCaxMnO3 is a ferromagnetic insulator, and is believed

to exhibit an orbitally ordered ground state analogous to that

observed in LaMnO3. The electronic configuration of the

Mn3" (d4) ions is (t2g
3 , eg

1) with the t2g electrons localized

at the Mn sites. The eg electrons are hybridized with the

oxygen 2p orbitals, and believed to participate in a coopera-

tive Jahn-Teller distortion of the MnO6 octahedra. This leads

to a (3x2!r2)-(3y2!r2)-type of orbital order of the eg
electrons in the ab plane with the oxygens displaced along

the direction of extension of the eg orbitals. A schematic

illustration of this orbitally ordered state for x#0.25 is

shown in Fig. 3!a",5 with the orbital unit cell marked by the
solid line. The excess Mn4" ions in this material are believed

to be disordered, though recently, other proposals have been

put forward.36–38 It is noteworthy that the orbital period is

twice that of the fundamental Mn spacing, so that orbital

scattering appears at structurally forbidden reflections. In

orthorhombic notation, for which the fundamental Bragg

peaks occur at (0,2k ,0), the orbital scattering then occurs at

(0,k ,0).

Recently, the possibility of the existence of both charge

and orbital ordering at x#0.25 has been suggested by vari-
ous theoretical approaches.36–38 Mizokawa et al.36 studied a

related material, La1!xSrxMnO3, and found an ordered ar-

rangement of (3x2!r2)-(3y2!r2)- and (3z2!r2)-type or-

bitals surrounding the Mn4" sites at x#0.25. While this
structure is inconsistent with the magnetic structure in

Pr0.75Ca0.25MnO3, it first raised the possibility of structures

other than those proposed by Jirak et al.5 As discussed be-

low, however, we have found no evidence for this type of

charge ordering.

For Ca concentrations 0.3#x#0.7, Pr1!xCaxMnO3 be-

comes an antiferromagnetic insulator at low temperatures

!see Fig. 2", and exhibits colossal magnetoresistance in ap-
plied magnetic fields, with the metal-insulator transition oc-

FIG. 1. Schematic structure of Pr1!xCaxMnO3. Small spheres

correspond to oxygen, and large spheres to Pr or Ca. The Mn atoms

are at the center of the octahedra. Solid lines show the orthorhombic

unit cell used in this paper.

FIG. 2. Composition-temperature phase diagram of

Pr1!xCaxMnO3 in zero magnetic field !following Ref. 5". The full
lines indicate the charge/orbital transition temperature (TOO/CO);

antiferromagnetic transitions (TN) are marked with dashed lines

and ferromagnetic transitions (TC) with dotted lines.

FIG. 3. Schematic of the charge, orbital, and magnetic order in

Pr1!xCaxMnO3. Filled circles represent Mn
4" ions, shaded figure-

8’s represent Mn3" ions, and the arrows indicate the in-plane com-

ponents of the magnetic ordering. Solid lines show the orbital-order

unit cell; dashed lines show the charge-order unit cell. !a" Proposed
orbital ordering for x#0.25, !b,c" Charge and orbital order for x
#0.4 and 0.5, with !c" showing an orbital antiphase domain wall.

X-RAY RESONANT SCATTERING STUDIES OF . . . PHYSICAL REVIEW B 64 195133
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Pr1!xCaxMnO3 is a ferromagnetic insulator, and is believed

to exhibit an orbitally ordered ground state analogous to that

observed in LaMnO3. The electronic configuration of the

Mn3" (d4) ions is (t2g
3 , eg

1) with the t2g electrons localized

at the Mn sites. The eg electrons are hybridized with the

oxygen 2p orbitals, and believed to participate in a coopera-

tive Jahn-Teller distortion of the MnO6 octahedra. This leads

to a (3x2!r2)-(3y2!r2)-type of orbital order of the eg
electrons in the ab plane with the oxygens displaced along

the direction of extension of the eg orbitals. A schematic

illustration of this orbitally ordered state for x#0.25 is

shown in Fig. 3!a",5 with the orbital unit cell marked by the
solid line. The excess Mn4" ions in this material are believed

to be disordered, though recently, other proposals have been

put forward.36–38 It is noteworthy that the orbital period is

twice that of the fundamental Mn spacing, so that orbital

scattering appears at structurally forbidden reflections. In

orthorhombic notation, for which the fundamental Bragg

peaks occur at (0,2k ,0), the orbital scattering then occurs at

(0,k ,0).

Recently, the possibility of the existence of both charge

and orbital ordering at x#0.25 has been suggested by vari-
ous theoretical approaches.36–38 Mizokawa et al.36 studied a

related material, La1!xSrxMnO3, and found an ordered ar-

rangement of (3x2!r2)-(3y2!r2)- and (3z2!r2)-type or-

bitals surrounding the Mn4" sites at x#0.25. While this
structure is inconsistent with the magnetic structure in

Pr0.75Ca0.25MnO3, it first raised the possibility of structures

other than those proposed by Jirak et al.5 As discussed be-

low, however, we have found no evidence for this type of

charge ordering.

For Ca concentrations 0.3#x#0.7, Pr1!xCaxMnO3 be-

comes an antiferromagnetic insulator at low temperatures

!see Fig. 2", and exhibits colossal magnetoresistance in ap-
plied magnetic fields, with the metal-insulator transition oc-

FIG. 1. Schematic structure of Pr1!xCaxMnO3. Small spheres

correspond to oxygen, and large spheres to Pr or Ca. The Mn atoms

are at the center of the octahedra. Solid lines show the orthorhombic

unit cell used in this paper.

FIG. 2. Composition-temperature phase diagram of

Pr1!xCaxMnO3 in zero magnetic field !following Ref. 5". The full
lines indicate the charge/orbital transition temperature (TOO/CO);

antiferromagnetic transitions (TN) are marked with dashed lines

and ferromagnetic transitions (TC) with dotted lines.

FIG. 3. Schematic of the charge, orbital, and magnetic order in

Pr1!xCaxMnO3. Filled circles represent Mn
4" ions, shaded figure-

8’s represent Mn3" ions, and the arrows indicate the in-plane com-

ponents of the magnetic ordering. Solid lines show the orbital-order

unit cell; dashed lines show the charge-order unit cell. !a" Proposed
orbital ordering for x#0.25, !b,c" Charge and orbital order for x
#0.4 and 0.5, with !c" showing an orbital antiphase domain wall.
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Mn3" (d4) ions is (t2g
3 , eg

1) with the t2g electrons localized

at the Mn sites. The eg electrons are hybridized with the

oxygen 2p orbitals, and believed to participate in a coopera-

tive Jahn-Teller distortion of the MnO6 octahedra. This leads

to a (3x2!r2)-(3y2!r2)-type of orbital order of the eg
electrons in the ab plane with the oxygens displaced along

the direction of extension of the eg orbitals. A schematic

illustration of this orbitally ordered state for x#0.25 is

shown in Fig. 3!a",5 with the orbital unit cell marked by the
solid line. The excess Mn4" ions in this material are believed

to be disordered, though recently, other proposals have been

put forward.36–38 It is noteworthy that the orbital period is

twice that of the fundamental Mn spacing, so that orbital

scattering appears at structurally forbidden reflections. In

orthorhombic notation, for which the fundamental Bragg

peaks occur at (0,2k ,0), the orbital scattering then occurs at

(0,k ,0).

Recently, the possibility of the existence of both charge

and orbital ordering at x#0.25 has been suggested by vari-
ous theoretical approaches.36–38 Mizokawa et al.36 studied a

related material, La1!xSrxMnO3, and found an ordered ar-

rangement of (3x2!r2)-(3y2!r2)- and (3z2!r2)-type or-

bitals surrounding the Mn4" sites at x#0.25. While this
structure is inconsistent with the magnetic structure in

Pr0.75Ca0.25MnO3, it first raised the possibility of structures

other than those proposed by Jirak et al.5 As discussed be-

low, however, we have found no evidence for this type of

charge ordering.

For Ca concentrations 0.3#x#0.7, Pr1!xCaxMnO3 be-

comes an antiferromagnetic insulator at low temperatures

!see Fig. 2", and exhibits colossal magnetoresistance in ap-
plied magnetic fields, with the metal-insulator transition oc-

FIG. 1. Schematic structure of Pr1!xCaxMnO3. Small spheres

correspond to oxygen, and large spheres to Pr or Ca. The Mn atoms

are at the center of the octahedra. Solid lines show the orthorhombic

unit cell used in this paper.

FIG. 2. Composition-temperature phase diagram of

Pr1!xCaxMnO3 in zero magnetic field !following Ref. 5". The full
lines indicate the charge/orbital transition temperature (TOO/CO);

antiferromagnetic transitions (TN) are marked with dashed lines

and ferromagnetic transitions (TC) with dotted lines.

FIG. 3. Schematic of the charge, orbital, and magnetic order in

Pr1!xCaxMnO3. Filled circles represent Mn
4" ions, shaded figure-

8’s represent Mn3" ions, and the arrows indicate the in-plane com-

ponents of the magnetic ordering. Solid lines show the orbital-order

unit cell; dashed lines show the charge-order unit cell. !a" Proposed
orbital ordering for x#0.25, !b,c" Charge and orbital order for x
#0.4 and 0.5, with !c" showing an orbital antiphase domain wall.
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magnetism of manganites
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first enters the CO-OO state below TCO!210 K and be-
comes a long-range antiferromagnet below TN!150 K with
a CE-type spin arrangement.3 Neutron diffraction is not sen-
sitive to the ordering of orbitals but it can measure the su-
perlattices associated with the lattice distortions caused by
such order. In a twinned crystal, the characteristic propaga-
tion wavevectors of the CO-OO structure are q!
= "1/4 ,1 /4 ,0# "which is also the propagation wave vector
for the network of Mn3+ spins#, and q! = "1/2 ,0 ,0# is the
propagation wave vector for the Mn4+ spins network.12 Ex-
perimentally the intensity of the scattering at a wave vector
Q! = "q! +!!#, where !! is a vector of the reciprocal lattice and q!
is the propagation wave vector, provides a measurement of
the order parameter for such structure. Since the neutron
scattering cross section is proportional to the square of the
magnetic form factor, which decreases rapidly at large scat-
tering wavevectors, one can choose “large” wave vectors Q!

to probe the CO-OO and “small” Q! ’s to probe the magnetic
ordering. In our neutron diffraction experiments, we used
Q! = "2.25,0.25,0#, "0.25,0.25,0# and "0.96,0,0# to measure
the CO-OO, AF and FM fluctuations, respectively. We also
used Q! = "0.5,0 ,0# to probe the AF fluctuations related to the
Mn4+ spins $Fig. 1"b#%.

Figures 1"c#–1"f# show the temperature dependence of the
resistivity7 and the peak intensities associated with AF, FM,
CO-OO fluctuations as the sample is cooled in zero magnetic

FIG. 2. "Color# Panels "a#, "c#, "e# show mesh scans around the
AF Bragg peaks "0.25,0.25,0# at T=190, 170, and 150 K. Panels
"b#, "d#, "f# show mesh scans around "0.5,0,0# at T=190, 155, and
140 K.

FIG. 1. "Color# Panel "a# shows schematic
diagram of the CE-type structure in the nearly
half doped perovskite manganites in the cubic
setting. The zigzag chains formed by alternating
Mn3+ and Mn4+ spins are coupled antiferromag-
netically, the coupling within the chain is ferro-
magnetic. The short-dashed line denotes the peri-
odicity of the Mn3+ orbital and magnetic unit cell,
long-dashed line shows the Mn4+ magnetic unit
cell. Panel "b# depicts the corresponding superlat-
tice peaks in the reciprocal space "solid symbols#.
Open symbols indicate superlattice peaks that are
forbidden in a single-domain crystal but are ob-
served because of twining. Bottom: Temperature
dependence of "c# resistivity; "d# AF peak inten-
sity from "0.5,0,0#; "e# CO-OO peak intensity
from "2.25,0.25,0# and FM short-range fluctua-
tions from "0.96,0,0#; and "f# AF peak intensity
from "0.25,0.25,0#. In panels "c#–"f# open and
solid symbols represent cooling and warming,
respectively.

BRIEF REPORTS PHYSICAL REVIEW B 72, 212404 "2005#

212404-2

F. Ye et al.
Phys. Rev. B 72, 212404 (2005)



magnetic x-ray scattering
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magnetic x-ray scattering
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430 NON-RESONANT SCATTERING CROSS SECTION OF MnF 2. 1 

become apparent and will be discussed in paper 2. Here 

we recall the basic results in a formulation adapted to 
the specific case of Bragg diffraction. At moderately 

high X-ray energies, the elastic cross section for 
scattering of photons with incident polarization e into 
a state of final polarization e' can be written as 

dcr/d~ ~__,~, = [e2/mc2] 2 (Mc)e~ + i(2c/d)(MM)e, ~ 2. 

(2) 

Here, re=e2/mc2~_2.818fm denotes the classical 
electron radius, 2 c = h/mc = 2.426pm, the Compton 
length of an electron. The scattering amplitudes (Mc) 
and (MM) are given as matrices that describe the 
polarization dependencies of charge and magnetic 
scattering, respectively. In our experiment, we used 
linearly polarized photons from a symmetric wiggler 
and measured the components of the linear polarization 

after scattering. It is therefore convenient to use as basis 

vectors, for a description of the photon polarization, 

unit vectors perpendicular to the wave vectors of 

incident and scattered photons, k and k'. cr polarization 
corresponds to the basis vector perpendicular to the 

scattering plane, 7r polarization corresponds to the 
vectors in the kk' plane. The basis vectors for the 
components of the magnetic moment of the sample and 
for the polarization states are plotted in Fig. 2 and 
defined as follows: 

Ul : ( k  -a t- k')/Ik + k'l, 

f i 2 -  (k' x k)/Ik'  ! kl = cr -- o", 
(3) 

f i3  = ( k '  - k ) / I k '  - k l  = Q/Q, 

n = f ~  ! ~,  n' = f¢ ! ~'. 

Note that compared to Blume & Gibbs (1988) we chose 

the opposite sign for the basis vectors fi2 and fi3 since 
we like to keep the usual definition of the scattering 
vector Q = k' - k II fi3. In this basis, the matrices in (2) 
can be written as: 

(a) (AIM) for the magnetic part: 

a '  

(7 

$2 cos 0 [(L1 + $1) cos 0 
+S 3 sin 0] sin 0 

[-(L1 + S1)cos0 [2L2 sin 2 0 + S2]cos0; 

+ S 3 sin 0] sin 0 (4) 

(b) (Mc) for charge scattering: 

to'~ fr°m [ (7 

cr ~ p(Q) 0 
0 p(Q)(cos20). 

(5) 

Here, S i = Si(Q) and L i = Li(Q) (i = 1, 2, 3) denote 
the components of the Fourier transform of the 

magnetization density due to the spin and orbital 

angular momentum, respectively, as defined in Blume 
& Gibbs (1988). p(Q) denotes the Fourier transform of 

the electronic charge-density distribution. 
We would like to add some comments to the form of 

the cross section given in (2) to (5): 
(a) Magnetic scattering is a relativistic correction to 

charge scattering and therefore the cross section (2) is 
usually written in a slightly different form with a pre- 
factor hw/mc 2 for the magnetic amplitude. This form 

shows that for observations under a given scattering 
angle the amplitude of magnetic scattering increases 
with photon energy since relativistic effects became 
pronounced as hw ~ mc 2. Using this pre-factor is 

therefore well adapted to the case of incoherent 
Compton scattering. For coherent elastic Bragg scatter- 
ing, on the other hand, the ratio between the magnetic 
and the charge amplitudes is determined by the 
momentum transfer and not by the energy transfer. 

Therefore, we have written the pre-factor for the 

magnetic amplitude in the cross section (2) as 2c/d 
[and included a factor (2sinO) -1 in (MM)], which 
emphasizes that for a given Bragg reflection the ratio 
between magnetic and charge scattering is virtually 
independent of photon energy, at least to within the 
approximations leading to (2). 

(b) Equation (2) contains three terms: pure Thomson 
scattering (--~ I(Mc)12), purely magnetic scattering 
[~ I(2c/d)(MM)[ 2] and an interference term 
[~-2(2c/d)Im{(Mc)(MM)*}]. The latter vanishes if 
charge and magnetic scattering do not occur at the same 
position in reciprocal space. Only this case is relevant in 
what follows, i.e. we consider pure magnetic scattering 
only. 

(c) Equation (4) shows that the spin and orbital 

contributions have different angular and polarization 
dependencies and can therefore be distinguished in 
principle. However, for the case of MnF 2, we have to 
deal with the spin part only. 

(d) The components S 2 and L 2 perpendicular to the 
scattering plane do not alter the photon polarization 
during scattering for a pure incident state, while the 
components in the scattering plane always induce 

"L 

Fig. 2. Definition of the basis vectors for the components of the spin 
and angular momentum as well as for the polarization states of the 
incident and diffracted beams. 
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Therefore, we have written the pre-factor for the 

magnetic amplitude in the cross section (2) as 2c/d 
[and included a factor (2sinO) -1 in (MM)], which 
emphasizes that for a given Bragg reflection the ratio 
between magnetic and charge scattering is virtually 
independent of photon energy, at least to within the 
approximations leading to (2). 

(b) Equation (2) contains three terms: pure Thomson 
scattering (--~ I(Mc)12), purely magnetic scattering 
[~ I(2c/d)(MM)[ 2] and an interference term 
[~-2(2c/d)Im{(Mc)(MM)*}]. The latter vanishes if 
charge and magnetic scattering do not occur at the same 
position in reciprocal space. Only this case is relevant in 
what follows, i.e. we consider pure magnetic scattering 
only. 

(c) Equation (4) shows that the spin and orbital 

contributions have different angular and polarization 
dependencies and can therefore be distinguished in 
principle. However, for the case of MnF 2, we have to 
deal with the spin part only. 

(d) The components S 2 and L 2 perpendicular to the 
scattering plane do not alter the photon polarization 
during scattering for a pure incident state, while the 
components in the scattering plane always induce 
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become apparent and will be discussed in paper 2. Here 

we recall the basic results in a formulation adapted to 
the specific case of Bragg diffraction. At moderately 

high X-ray energies, the elastic cross section for 
scattering of photons with incident polarization e into 
a state of final polarization e' can be written as 

dcr/d~ ~__,~, = [e2/mc2] 2 (Mc)e~ + i(2c/d)(MM)e, ~ 2. 

(2) 

Here, re=e2/mc2~_2.818fm denotes the classical 
electron radius, 2 c = h/mc = 2.426pm, the Compton 
length of an electron. The scattering amplitudes (Mc) 
and (MM) are given as matrices that describe the 
polarization dependencies of charge and magnetic 
scattering, respectively. In our experiment, we used 
linearly polarized photons from a symmetric wiggler 
and measured the components of the linear polarization 

after scattering. It is therefore convenient to use as basis 

vectors, for a description of the photon polarization, 

unit vectors perpendicular to the wave vectors of 

incident and scattered photons, k and k'. cr polarization 
corresponds to the basis vector perpendicular to the 

scattering plane, 7r polarization corresponds to the 
vectors in the kk' plane. The basis vectors for the 
components of the magnetic moment of the sample and 
for the polarization states are plotted in Fig. 2 and 
defined as follows: 

Ul : ( k  -a t- k')/Ik + k'l, 

f i 2 -  (k' x k)/Ik'  ! kl = cr -- o", 
(3) 

f i3  = ( k '  - k ) / I k '  - k l  = Q/Q, 

n = f ~  ! ~,  n' = f¢ ! ~'. 

Note that compared to Blume & Gibbs (1988) we chose 

the opposite sign for the basis vectors fi2 and fi3 since 
we like to keep the usual definition of the scattering 
vector Q = k' - k II fi3. In this basis, the matrices in (2) 
can be written as: 

(a) (AIM) for the magnetic part: 

a '  

(7 

$2 cos 0 [(L1 + $1) cos 0 
+S 3 sin 0] sin 0 

[-(L1 + S1)cos0 [2L2 sin 2 0 + S2]cos0; 

+ S 3 sin 0] sin 0 (4) 

(b) (Mc) for charge scattering: 

to'~ fr°m [ (7 

cr ~ p(Q) 0 
0 p(Q)(cos20). 

(5) 

Here, S i = Si(Q) and L i = Li(Q) (i = 1, 2, 3) denote 
the components of the Fourier transform of the 

magnetization density due to the spin and orbital 

angular momentum, respectively, as defined in Blume 
& Gibbs (1988). p(Q) denotes the Fourier transform of 

the electronic charge-density distribution. 
We would like to add some comments to the form of 

the cross section given in (2) to (5): 
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only. 
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λc = h/mc = 0.024 Å  electron Compton length

     spin moment:   S=S1·û1 + S2·û2 + S3·û3

orbital monment:   L=L1·û1 + L2·û2 + L3·û3

   charge density:   ρ(Q)
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• ratio charge scattering / magnetic scattering = (λc/d)2 ~ 10-6

• x-ray diffraction allow to distinguish between orbital and spin 
contribution by polarization.

• Components S2 and L2 perpendicular to the scattering plane preserve 
the photon polarization.

• Components in the scattering plane components alter the polarization 
σ ↔ π.

• high energy x-ray limit ( cos(θ) → 0; E < 80 keV )
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diffractometer is about one order of magnitude higher 
than for high-resolution neutron diffraction (Neumann, 
Riitt, Bouchard, Schneider & Nagasawa, 1994). For a 
detailed discussion of the general aspects of high-energy 
synchrotron-radiation experiments as a probe to study 
condensed matter, we refer to Schneider (1995). 

Information on the spin-density distribution in the 
lattice can be obtained from the X-ray intensities of the 
magnetic reflections and the studies presented below are 
first steps towards such spin-density measurements. 
Note that X-rays with energies around 100keV are 
sensitive to the spin moments only, as shown in §2. This 
complements neutron diffraction, where the sum 2S + L 
of spin and orbital angular momentum is measured. By 
the combination of the results of measurements from the 
same crystal obtained with the two techniques, a 
separate determination of spin and orbital angular 
momentum should be possible. 

The paper is organized as follows: In §2, we discuss 
the magnetic cross section for high-energy X-rays, to 
the extent that it differs from that for medium X-ray 
energies. In §3, the experimental set-up is presented. §4 
contains a discussion of multiple scattering caused by 
Umweganregung and in §5 the results of the measure- 
ments are presented. A discussion of these results is 
given in §6. In §7, we give a short summary and 

conclusions. 

2. The magnetic cross section for high-energy X-rays 

Photon-electron scattering is in general a relativistic 
process and the scattering cross section should be 
calculated in a complete relativistic quantum-electro- 
dynamic framework to take into account all effects 
arising from the coupling of the quantized photon field 

and the Dirac field of the electrons. 
Blume (1985) and Blume & Gibbs (1988) calculated 

the cross section for X-ray scattering including the 
magnetic terms from a non-relativistic Hamiltonian for 
electrons in a quantized electromagnetic field within 
second-order perturbation theory. The quasirelativistic 
formulation starts out from the Dirac Hamiltonian for 
an electron in an electromagnetic field. ;then, the 
Fouldy-Wouthuysen transformation is applied to allow 
an interpretation in a non-relativistic form analogous to 
that obtained from the non-relativistic Hamiltonian 
(Platzman & Tzoar, 1970; de Bergevin & Brunel, 
1981; Grotch, Kazes, Bhatt & Owen, 1983). The 
expansion of the transformed Hamiltonian depending on 
photon energy over electron rest mass hog/mc 2 allows 
the description of the magnetic scattering process. 
Grotch, Kazes, Bhatt & Owen (1983) extended the 
Fouldy-Wouthuysen transformation to second order in 
hw/mc 2. The dominating contribution to magnetic 
scattering is given by the first-order term. While the 
second-order term is ser~sitive to charge scattering only, 
the next magnetic contribution in the expansion is 

expected from the third-order term. The strongest 
magnetic contribution stems from the first-order term 
and its interference term with charge scattering. The 
next-strongest magnetic contribution arises from the 
interference term between charge scattering and the 
third-order magnetic scattering. These interference 
terms are difficult to observe for antiferromagnets and 
in what follows we limit our discussion to the case of 
purely antiferromagnetic reflections, where the charge 
contribution vanishes. Possible applications of the 
interference terms for ferromagnetic materials are 
discussed by Briickel et al. (1993). In addition, for 
photons of energy h w <  100keV, the third-order 
contribution to the cross section, being the next 
magnetic contribution, is reduced by a factor 1/25 as 
compared to the first-order contribution (Lippert, 
Brtickel, K6hler & Schneider, 1994). Therefore, these 
higher-order terms can be neglected in diffraction 
experiments with high-energy photons up to 100keV. 
If the photon energy approaches the rest mass of the 
electron, mc 2 --511 keV, hw/mc 2 is no longer an 
appropriate expansion coefficient. In this case, a full 
relativistic treatment of the coherent magnetic scattering 

of X-rays is needed. 
For the energy used for the experiments presented in 

this paper, the above expansion up to first order in 
hw/mc 2 is valid to a very good approximation. Then, 
the scattering cross section for a transition from initial 
photon polarization state e to final state e' is given by 

do'/dX2 ~--,e = ~l(Mc),~ + i(2c/d)(MM)~e 2. (1) 

2c denotes the Compton wavelength, 2c = h/mc, d is 
the interplanar lattice spacing of the reflection under 
consideration and r o = e2/mc 2 is the classical electron 
radius. The magnetic and the charge scattering ampli- 
tudes (MM) and (Mc) are given in equations (4) and (5) 
of paper 1 in polarization-dependent matrices in a basis 
system, where cr and Jr represent the incident photon 
polarization perpendicular and parallel to the scattering 
plane, respectively (paper 1, Fig. 2). If only low- 
indexed reflections up to the MnF 2 500 are considered 
for 80keV photons, we can neglect terms with 
sin20 _< 1/100 in (M M) and obtain the very simple 

expression 

O" 7r 

(MM)= o" S 2 0 .  (2) 

zd 0 $2 

Thus, the magnetic scattering IS only sensitive to S 2, the 
Fourier transform of the spin component perpendicular 
to the scattering plane, parallel to - k  x k'. Obviously, 
there is no dependence on the orbital angular 
momentum for high energies and small scattering 
angles. To distinguish between scattering due to the 
spin and orbital angular momentums, two measure- 
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ments should be performed with photons and neutrons 
on the same crystal. 

If higher-indexed reflections are considered, the 

foregoing simplification is not applicable. However, 

for MnF 2 we have only a spin moment (L = 0) and 

according to the experimental configuration S 3 = 0. The 
remaining term S 1 in the off-diagonal elements 
describes the spin component in the scattering plane 
perpendicular to the scattering vector, which is insig- 
nificant in our scattering geometry. 

As a result, we measure purely magnetic scattering 
on the antiferromagnetic Bragg positions. Equation (1) 

considers a e-polarized incident beam and a scattered 

beam of polarization e'. For arbitrary polarization, the 

general expression for the magnetic differential cross 
section for high-energy photons at small scattering 

angles is obtained from the density-matrix formalism 

discussed by de Bergevin & Brunel (1981) and Blume & 
Gibbs (1988): 

(dcr/d~2)magneti c -- ~(2c/d)2lS2l.  (3) 

For higher-indexed reflections and linear incident 
polarization, the magnetic scattering cross section can 

be expanded to second order in 0: 

(dtr/d~)magnetic - ~(~.c/t02[$2(1 - 02) - $202]. (4) 

Finally, we want to point out some features valid for 
high-energy X-rays around 100keV: 

Polarization. Compared to medium-energy X-ray 
diffraction, the magnetic cross section (3) has no 
polarization dependence. Equation (2) shows that the 

cross section is completely independent of the polariza- 

tion state of the incident beam. Moreover, for a linear 

or- or zr-polarized beam, there is no possibility of 

proving the magnetic character of a reflection by 
polarization analysis at small scattering angles. For 

larger scattering angles, tr-to-rr scattering is suppressed 

by a factor sin 0 compared to or-to-or scattering. Note, 

however, that in the general case of arbitrary incident 

polarization a change of the polarization state can occur 
during magnetic Bragg diffraction. 

Spin scattering. Equation (3) shows that there will be 

no signal from spin components lying in the scattering 
plane. If all spins of a macroscopic sample can be made 
to lie in the scattering plane by turning the sample 
around the scattering vector Q, the magnetically 

diffracted intensity tends to zero. This is possible for 

a monodomain crystal with collinear spin structure, for 
example. Note that this is a special case of the data 
presented in paper 1, Fig. 10 (Briickel et al., 1996) for 

sin 0 ~ 0. For M n F  2 at an X-ray energy of 80 keV, the 

magnetic character of the 300 reflection has been 
proven by this method in a previous paper (Lippert, 

Bdickel, K6hler & Schneider, 1994). 

Volume enhancement. Owing to the large penetration 

depth of high-energy X-rays, an enhancement of the 

cross section of several orders of magnitude can be 

obtained compared to the medium X-ray energies 
described in paper 1. 

3. Experimental 

The experiment was performed on the triple-crystal 
diffractometer at the white-beam station of the ESRF 
high-energy beamline ID15. The gap of the asymmetric 

wiggler was fully closed, thus gaining a critical energy 
of 43 keV with the storage ring operating at 6 GeV. The 

permanently installed cooled filters absorb the low- 
energy tail of the white beam in order to minimize the 

heat load on the monochromator. The beam size of 

2 mm horizontal and 3 mm vertical is defined by cooled 
slits in front of the instrument. An energy of 80 keV was 

chosen where we knew from earlier experiments that 
there are regions in q/ (rotation around the scattering 
vector) that are free of multiple scattering (Lippert, 

BriJckel, Krhler & Schneider, 1994). The MnF 2 crystal 
is the same as in the experiments at HASYLAB 
(Briickel et al., 1993, 1996; Lippert, Brtickel, Krhier 

& Schneider, 1994). It has the form of a small platelet 

and the a axis is normal to the plate surface. The 

tetragonal c axis lies within the plate and is oriented 

almost along a diagonal of the rectangle (Fig. 1). To test 

the volume enhancement, the surface of the platelet was 

oriented parallel to the beam. Then, the sample 

3mm 

2mm 

a~ 

I 

~--~2mm 

¢ 

Fig. 1. Crystal geometries used in the experiment. On the left, the 
geometry with a variable beam path through the crystal is shown. 
On the right, the symmetrical Laue geometry with a constant beam 
path of 2 mm is shown. Below, a three-dimensional view of the 
crystal is plotted. 
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synchrotron-radiation experiments as a probe to study 
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lattice can be obtained from the X-ray intensities of the 
magnetic reflections and the studies presented below are 
first steps towards such spin-density measurements. 
Note that X-rays with energies around 100keV are 
sensitive to the spin moments only, as shown in §2. This 
complements neutron diffraction, where the sum 2S + L 
of spin and orbital angular momentum is measured. By 
the combination of the results of measurements from the 
same crystal obtained with the two techniques, a 
separate determination of spin and orbital angular 
momentum should be possible. 

The paper is organized as follows: In §2, we discuss 
the magnetic cross section for high-energy X-rays, to 
the extent that it differs from that for medium X-ray 
energies. In §3, the experimental set-up is presented. §4 
contains a discussion of multiple scattering caused by 
Umweganregung and in §5 the results of the measure- 
ments are presented. A discussion of these results is 
given in §6. In §7, we give a short summary and 

conclusions. 

2. The magnetic cross section for high-energy X-rays 

Photon-electron scattering is in general a relativistic 
process and the scattering cross section should be 
calculated in a complete relativistic quantum-electro- 
dynamic framework to take into account all effects 
arising from the coupling of the quantized photon field 

and the Dirac field of the electrons. 
Blume (1985) and Blume & Gibbs (1988) calculated 

the cross section for X-ray scattering including the 
magnetic terms from a non-relativistic Hamiltonian for 
electrons in a quantized electromagnetic field within 
second-order perturbation theory. The quasirelativistic 
formulation starts out from the Dirac Hamiltonian for 
an electron in an electromagnetic field. ;then, the 
Fouldy-Wouthuysen transformation is applied to allow 
an interpretation in a non-relativistic form analogous to 
that obtained from the non-relativistic Hamiltonian 
(Platzman & Tzoar, 1970; de Bergevin & Brunel, 
1981; Grotch, Kazes, Bhatt & Owen, 1983). The 
expansion of the transformed Hamiltonian depending on 
photon energy over electron rest mass hog/mc 2 allows 
the description of the magnetic scattering process. 
Grotch, Kazes, Bhatt & Owen (1983) extended the 
Fouldy-Wouthuysen transformation to second order in 
hw/mc 2. The dominating contribution to magnetic 
scattering is given by the first-order term. While the 
second-order term is ser~sitive to charge scattering only, 
the next magnetic contribution in the expansion is 

expected from the third-order term. The strongest 
magnetic contribution stems from the first-order term 
and its interference term with charge scattering. The 
next-strongest magnetic contribution arises from the 
interference term between charge scattering and the 
third-order magnetic scattering. These interference 
terms are difficult to observe for antiferromagnets and 
in what follows we limit our discussion to the case of 
purely antiferromagnetic reflections, where the charge 
contribution vanishes. Possible applications of the 
interference terms for ferromagnetic materials are 
discussed by Briickel et al. (1993). In addition, for 
photons of energy h w <  100keV, the third-order 
contribution to the cross section, being the next 
magnetic contribution, is reduced by a factor 1/25 as 
compared to the first-order contribution (Lippert, 
Brtickel, K6hler & Schneider, 1994). Therefore, these 
higher-order terms can be neglected in diffraction 
experiments with high-energy photons up to 100keV. 
If the photon energy approaches the rest mass of the 
electron, mc 2 --511 keV, hw/mc 2 is no longer an 
appropriate expansion coefficient. In this case, a full 
relativistic treatment of the coherent magnetic scattering 

of X-rays is needed. 
For the energy used for the experiments presented in 

this paper, the above expansion up to first order in 
hw/mc 2 is valid to a very good approximation. Then, 
the scattering cross section for a transition from initial 
photon polarization state e to final state e' is given by 

do'/dX2 ~--,e = ~l(Mc),~ + i(2c/d)(MM)~e 2. (1) 

2c denotes the Compton wavelength, 2c = h/mc, d is 
the interplanar lattice spacing of the reflection under 
consideration and r o = e2/mc 2 is the classical electron 
radius. The magnetic and the charge scattering ampli- 
tudes (MM) and (Mc) are given in equations (4) and (5) 
of paper 1 in polarization-dependent matrices in a basis 
system, where cr and Jr represent the incident photon 
polarization perpendicular and parallel to the scattering 
plane, respectively (paper 1, Fig. 2). If only low- 
indexed reflections up to the MnF 2 500 are considered 
for 80keV photons, we can neglect terms with 
sin20 _< 1/100 in (M M) and obtain the very simple 

expression 

O" 7r 

(MM)= o" S 2 0 .  (2) 

zd 0 $2 

Thus, the magnetic scattering IS only sensitive to S 2, the 
Fourier transform of the spin component perpendicular 
to the scattering plane, parallel to - k  x k'. Obviously, 
there is no dependence on the orbital angular 
momentum for high energies and small scattering 
angles. To distinguish between scattering due to the 
spin and orbital angular momentums, two measure- 
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been very well characterized by various techniques 
including neutron (Erickson, 1953) and X-ray scattering 
(Goldman et al., 1987; Lippert, Brfickel, K6hler & 

Schneider, 1994) and because crystals of excellent 

quality are available. The crystal used in our studies has 
the shape of a platelet with a (100) surface and 

dimensions 2 x 10 x 15mm. The mosaic distribution 
is anisotropic. For reflections of type h00, the rocking- 

curve width was determined by high-resolution scatter- 
ing of 80 keV X-rays. With the c axis perpendicular to 
the scattering plane, we determined a width of 12" for 

the mosaic distribution; with c in the scattering plane, 
the corresponding value is 20". 

Some basic properties of MnF 2 relevant for our work 

are listed below: 

(a) MnF 2 has the simple tetragonal rutile-type crystal 
structure with space group P4/mnm depicted in Fig. 1. 

Mn is located at the corners and the center of the 

tetragonal unit cell of dimensions a =4.874 and 
c = 3.310A at room temperature. The Mn atom at 

(0, 0, 0) is surrounded by a pair of nearest-neighbor F 

atoms at positions -4-(0.305, 0.305, 0) (Jauch, Schneider 

& Dachs, 1983), while the local environment is rotated 
for the central Mn atom owing to the presence of the 

n-glide plane. 
(b) Below T N _~ 67.7K, MnF 2 orders antiferromag- 

netically as indicated in Fig. 1 (Erickson, 1953): MnF 2 
is an example of a simple two-sublattice antiferro- 
magnet, where the magnetic moment in the center of the 

unit cell is antiparallel to the moment at the corners. A 
small uniaxial anisotropy aligns the moments parallel to 

the +c axis. Only two domain types exist and the 
domain sizes are macroscopical (Baruchel et al., 1988), 
leading to resolution-limited widths of magnetic Bragg 

reflections for lattice-parameter scans. Since the spin 
direction relative to the lattice is well known, the 

dependence of the cross section on the various 
components of the magnetic moment can be investigated 
by turning the sample around the scattering vector as 

will be explained below in further detail. 

) 
b = a  

Fig. 1. The crystalline and magnetic unit cell of MnF 2 

(c) Covalence effects are small (Nathans, Alperin, 
Pickart & Brown, 1963) so that the magnetic moment 

results mainly from a spherically symmetric 6S5/2 state 
of the Mn 2+ ion, i.e. is due to spin only. Therefore, 

only the spin-dependent part of the scattering cross 
section could be tested in our experiments. 

(d) Because the chemical and magnetic unit cells 

coincide, there are reflections such as 111,210 . . . .  that 

have both magnetic and charge contributions at low 

temperatures. However, owing to the glide plane (n in 
the paramagnetic phase for T > T N, n' in the mag- 

netically ordered phase for T < T N, where the prime 

denotes the time-inversion operation) or the screw axis 

(42 for T > T N, 4~ for T < TN), reflections of type h00 

with h = 2 n + l  ( n = 0 , 1 , 2 , 3  . . . .  ) have no charge 
contribution either in the paramagnetic or in the ordered 

phase. Therefore, at these reciprocal-lattice points, the 

purely magnetic part of the cross section can be 

measured in principle. However, since charge scatter- 
ing at h00 reflections is not forbidden by an integral 

reflection condition - as for centered unit cells - 

multiple charge scattering due to Umweganregung can 

occur and may obstruct the observation of the magnetic 

signal. Since magnetic scattering is much weaker than 

charge scattering, even weak multiple-scattering events 

due to weak charge reflections and streaks of the 
resolution function have to be avoided by rotating the 

sample around the scattering vector (qJ angle). Multi- 
pie-scattering events can be identified by a calculation 

of their positions and usually experimentally by their 

intensity, shape and displacement in o9. This will be 
discussed in more detail in paper 2 for the scattering of 

high-energy photons, where the effect is much more 
important. 

(e) At the Mn K edge, anisotropic anomalous 
(Templeton) scattering may occur and can give rise to 

the appearance of intensity for reflections being system- 

atically extinct by space-group symmetry. This effect 
occurs for reflections of type h00, where the extinction 

condition due to the n- (n'-) glide plane is violated at 
resonance (Kirfel, Petcov & Eichhorn, 1991), leading 

to intensities roughly three orders of magnitude larger 

than purely magnetic scattering. Therefore, a wide 

energy region of some 400 eV around the Mn K edge 

should be avoided in studies of non-resonant magnetic 

diffraction. 

3. The non-resonant magnetic X-ray scattering cross 

section 

The cross section for non-resonant magnetic X-ray 

scattering has been discussed in various approximations 

by several authors (de Bergevin & Brunel, 1981; 
Platzman & Tzoar, 1970; Grotch, Kazes, Bhatt & 

Owen, 1983; Blume, 1985; Blume & Gibbs, 1988; 
Lovesey, 1987). For the case of diffraction of high- 
energy X-rays, the limitations of these approximations 

magnetic ordering wave vector:  (1, 0, 0)

moment direction:  || c-axis
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current, a peak count rate of up to 3800 counts S -1 for 

non-resonant magnetic scattering could be observed. 

With a Ge detector, a peak-to-background ratio of 70:1 
was obtained. Further improvements can be achieved by 

using an analyzer crystal as demonstrated in Fig. 8. We 

obtained a peak-to-background ratio of 160:1 with a 
Q-space resolution element of 5 x 10 -9 ,~-3. 

A first indication for the magnetic origin of the 
observed Bragg peaks is the temperature dependence 

shown in Fig. 9: above T N _~ 68 K, the Bragg signal 
vanishes completely. In a next step, we tested the 

dependencies of the magnetic cross section (4) on the 
spin components. Since the crystal has a (100) face and 

we are looking at h00 reflections, the crystal can be 

rotated around the scattering vector Q (angle ~) without 

violating the Bragg condition or changing the scattering 

geometry. Since the spin is pointing towards +c, the 
spin components during such a rotation are given by 
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Fig. 7. Roe.king curve of the 300 magnetic reflection at T = 10K and 
2 = 1.5 A. The spin is perpendicular to the scattering plane. 

S x = S s i n ~ ,  S 2=Scos~p,  S 3 = 0 ,  (13) 

and from (9) and (10) we obtain an expression for the 
variation of the integrated intensity (without polariza- 

tion analysis) and for the degree of polarization in the 
form 

10P, 0) oc S2(cos 20/d2)(cos 2 ~ /+  sin 2 ~psin 2 0) (14) 

P~0P, 0) = P(cos 2 ~p - sin 2 Osin z 0) 

x (cos 2 ~ + sin 2 ~ sin 2 0) -1. (15) 

Fig. 10 shows the measured integrated Bragg intensities 
for the 300 Bragg peak at 2 = 1.36 A as a function of 

together with a refinement according to (14), where an 
overall scale factor was the only free parameter. The 

main difficulty in obtaining this curve is to avoid 
multiple Bragg diffraction, a problem that will be 
discussed in detail in paper 2 (Strempfer et al . ,  1996). 
We mention that a similar experiment has been carried 
out by Brunel & de Bergevin (1981) on Fe203. 

Fig. 11 shows a test of the polarization dependence. 
Following (15), we expect P ' =  P for ap= 0 and 

P' = - P  for ~p = 90 °, i.e. for incident cr polarization 
as was the case in our experiment, tr--+ tr scattering 
should occur for ¢ = 0 and tr --+ Jr for ap = 90 °. Our 

observations in Fig. 11 agree well with these predic- 
tions. Similar measurements have been reported for an 

Mno.75Zno.25F 2 sample by Hill et al. (1993b). 

7. Discussion 

Our results for the peak intensity and the peak-to- 

background ratio compare quite favorably to earlier 

measurements on MnF 2 (Goldman et al . ,  1987) and 
show that non-resonant magnetic X-ray diffraction can 

be a very useful tool for studies of magnetic phase 
transitions, disorder phenomena and subtle structural 
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scattering plane. The analyzer crystal is Si 111. 
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details. First applications of non-resonant magnetic 

X-ray diffraction have indeed already been reported. A 

major advantage of magnetic X-ray diffraction with 

respect to magnetic neutron diffraction lies in the 

superior Q-space resolution demonstrated in Fig. 8. The 

value of 5 x 10 -9 tk -3 for the resolution volume element 

has to be compared with typical values of 10 -4 ]k -3 in 

neutron diffraction. It should, however, be emphasized 

that the good intrinsic resolution is only advantageous 

for very good single crystals: non-resonant magnetic 

X-ray diffraction depends crucially on the crystal 

quality! 

The main result of our investigation is shown in Fig. 

10, which provides a test of the angular dependencies of 

the non-resonant magnetic X-ray scattering cross 

section (4). The ratio between I ( 7 , = 0 )  and 

1(0 = 90 °) is given by sin20 = 0.17 as predicted by 

(4). Moreover, the dependence on the spin components 
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Fig. 9. Temperature dependence of the sublattice magnetization in 
reduced coordinates as obtained from the integrated intensity of the 
magnetic 300 reflection. The measurement at a photon energy of 
10.5 keV (full circles) agrees well with a measurement at 80keV 
(diamonds) reported in paper 2 (Strempfer et al. ,  1996). 
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Fig. 10. Integrated intensities I of the magnetic 300 Bragg peak at 
T = 10K and 2 = 1.36A as a function of the angle ~p of rotation 
around the scattering vector. ~p = 0 corresponds to the spin 
perpendicular to the scattering plane. Measured values are given 
by full circles, the theoretical dependence is shown as a solid line. 

SI and S 2 could be confirmed. While the angular 

dependencies can be measured without polarization 

analysis, it is important to confirm that the polarization 

state of the scattered photons corresponds to the 

predictions of (4). This has been done by measurements 

utilizing our polarization analyzer as shown in Fig. 11. 

For magnetic diffraction, cr -+ tr scattering occurs if  the 

spin is perpendicular to the scattering plane, while only 

o"--+ zr scattering is present if  the spin moment lies 

within the scattering plane. Only in the latter case do we 

observe a 'flip' of the polarization state, which allows 

magnetic scattering to be distinguished from charge 

scattering. The polarization analysis shown in Fig. 11 

together with the angular dependencies from Fig. 10 

provide a test of the spin-dependent part of the first 

column in (4). In our case, everything is known about 

the model system MnF 2. For a substance with unknown 

magnetic structure, on the other hand, an examination 

of the angular dependencies similar to that shown in 

Fig. 10 can reveal the spin direction relative to the 

lattice. Of course, this method only works for crystals 

where one spin direction is favored. This is the case for 

collinear magnetic structures and single-domain crystals 

or at least crystals with an uneven domain population. 
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Fig. 11. (a) Polarization analysis of the 300 magnetic Bragg peak for 
~-= 90 °. Only e ~ ~r scattering is observed. (b) Polarization 
analysis of the 500 magnetic Bragg peak for ~" = 0 ° . Only e -+ ~ 
scattering is observed. 
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details. First applications of non-resonant magnetic 

X-ray diffraction have indeed already been reported. A 

major advantage of magnetic X-ray diffraction with 

respect to magnetic neutron diffraction lies in the 

superior Q-space resolution demonstrated in Fig. 8. The 

value of 5 x 10 -9 tk -3 for the resolution volume element 

has to be compared with typical values of 10 -4 ]k -3 in 

neutron diffraction. It should, however, be emphasized 

that the good intrinsic resolution is only advantageous 

for very good single crystals: non-resonant magnetic 

X-ray diffraction depends crucially on the crystal 

quality! 

The main result of our investigation is shown in Fig. 

10, which provides a test of the angular dependencies of 

the non-resonant magnetic X-ray scattering cross 

section (4). The ratio between I ( 7 , = 0 )  and 

1(0 = 90 °) is given by sin20 = 0.17 as predicted by 

(4). Moreover, the dependence on the spin components 
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reduced coordinates as obtained from the integrated intensity of the 
magnetic 300 reflection. The measurement at a photon energy of 
10.5 keV (full circles) agrees well with a measurement at 80keV 
(diamonds) reported in paper 2 (Strempfer et al. ,  1996). 
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T = 10K and 2 = 1.36A as a function of the angle ~p of rotation 
around the scattering vector. ~p = 0 corresponds to the spin 
perpendicular to the scattering plane. Measured values are given 
by full circles, the theoretical dependence is shown as a solid line. 

SI and S 2 could be confirmed. While the angular 

dependencies can be measured without polarization 

analysis, it is important to confirm that the polarization 

state of the scattered photons corresponds to the 

predictions of (4). This has been done by measurements 

utilizing our polarization analyzer as shown in Fig. 11. 

For magnetic diffraction, cr -+ tr scattering occurs if  the 

spin is perpendicular to the scattering plane, while only 

o"--+ zr scattering is present if  the spin moment lies 

within the scattering plane. Only in the latter case do we 

observe a 'flip' of the polarization state, which allows 

magnetic scattering to be distinguished from charge 

scattering. The polarization analysis shown in Fig. 11 

together with the angular dependencies from Fig. 10 

provide a test of the spin-dependent part of the first 

column in (4). In our case, everything is known about 

the model system MnF 2. For a substance with unknown 

magnetic structure, on the other hand, an examination 

of the angular dependencies similar to that shown in 

Fig. 10 can reveal the spin direction relative to the 

lattice. Of course, this method only works for crystals 

where one spin direction is favored. This is the case for 

collinear magnetic structures and single-domain crystals 

or at least crystals with an uneven domain population. 
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~-= 90 °. Only e ~ ~r scattering is observed. (b) Polarization 
analysis of the 500 magnetic Bragg peak for ~" = 0 ° . Only e -+ ~ 
scattering is observed. 
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Scattering scheme with polarization analysis
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details. First applications of non-resonant magnetic 

X-ray diffraction have indeed already been reported. A 

major advantage of magnetic X-ray diffraction with 

respect to magnetic neutron diffraction lies in the 

superior Q-space resolution demonstrated in Fig. 8. The 

value of 5 x 10 -9 tk -3 for the resolution volume element 

has to be compared with typical values of 10 -4 ]k -3 in 

neutron diffraction. It should, however, be emphasized 

that the good intrinsic resolution is only advantageous 

for very good single crystals: non-resonant magnetic 

X-ray diffraction depends crucially on the crystal 

quality! 

The main result of our investigation is shown in Fig. 

10, which provides a test of the angular dependencies of 

the non-resonant magnetic X-ray scattering cross 

section (4). The ratio between I ( 7 , = 0 )  and 

1(0 = 90 °) is given by sin20 = 0.17 as predicted by 

(4). Moreover, the dependence on the spin components 

I 1 i i 1 

1 • 

0.8 

0.6 

0.4 
• 10.5 keW I 

0.2 o 80.0 keV I 

• " " • '1 i I , I~F o , i i i i  
0 0.2 0.4 0.6 0.8 1 

TIT N 

Fig. 9. Temperature dependence of the sublattice magnetization in 
reduced coordinates as obtained from the integrated intensity of the 
magnetic 300 reflection. The measurement at a photon energy of 
10.5 keV (full circles) agrees well with a measurement at 80keV 
(diamonds) reported in paper 2 (Strempfer et al. ,  1996). 
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Fig. 10. Integrated intensities I of the magnetic 300 Bragg peak at 
T = 10K and 2 = 1.36A as a function of the angle ~p of rotation 
around the scattering vector. ~p = 0 corresponds to the spin 
perpendicular to the scattering plane. Measured values are given 
by full circles, the theoretical dependence is shown as a solid line. 

SI and S 2 could be confirmed. While the angular 

dependencies can be measured without polarization 

analysis, it is important to confirm that the polarization 

state of the scattered photons corresponds to the 

predictions of (4). This has been done by measurements 

utilizing our polarization analyzer as shown in Fig. 11. 

For magnetic diffraction, cr -+ tr scattering occurs if  the 

spin is perpendicular to the scattering plane, while only 

o"--+ zr scattering is present if  the spin moment lies 

within the scattering plane. Only in the latter case do we 

observe a 'flip' of the polarization state, which allows 

magnetic scattering to be distinguished from charge 

scattering. The polarization analysis shown in Fig. 11 

together with the angular dependencies from Fig. 10 

provide a test of the spin-dependent part of the first 

column in (4). In our case, everything is known about 

the model system MnF 2. For a substance with unknown 

magnetic structure, on the other hand, an examination 

of the angular dependencies similar to that shown in 

Fig. 10 can reveal the spin direction relative to the 

lattice. Of course, this method only works for crystals 

where one spin direction is favored. This is the case for 

collinear magnetic structures and single-domain crystals 

or at least crystals with an uneven domain population. 
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Fig. 11. (a) Polarization analysis of the 300 magnetic Bragg peak for 
~-= 90 °. Only e ~ ~r scattering is observed. (b) Polarization 
analysis of the 500 magnetic Bragg peak for ~" = 0 ° . Only e -+ ~ 
scattering is observed. 
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details. First applications of non-resonant magnetic 

X-ray diffraction have indeed already been reported. A 

major advantage of magnetic X-ray diffraction with 

respect to magnetic neutron diffraction lies in the 

superior Q-space resolution demonstrated in Fig. 8. The 

value of 5 x 10 -9 tk -3 for the resolution volume element 

has to be compared with typical values of 10 -4 ]k -3 in 

neutron diffraction. It should, however, be emphasized 

that the good intrinsic resolution is only advantageous 

for very good single crystals: non-resonant magnetic 

X-ray diffraction depends crucially on the crystal 

quality! 

The main result of our investigation is shown in Fig. 

10, which provides a test of the angular dependencies of 

the non-resonant magnetic X-ray scattering cross 

section (4). The ratio between I ( 7 , = 0 )  and 

1(0 = 90 °) is given by sin20 = 0.17 as predicted by 

(4). Moreover, the dependence on the spin components 
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Fig. 9. Temperature dependence of the sublattice magnetization in 
reduced coordinates as obtained from the integrated intensity of the 
magnetic 300 reflection. The measurement at a photon energy of 
10.5 keV (full circles) agrees well with a measurement at 80keV 
(diamonds) reported in paper 2 (Strempfer et al. ,  1996). 
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Fig. 10. Integrated intensities I of the magnetic 300 Bragg peak at 
T = 10K and 2 = 1.36A as a function of the angle ~p of rotation 
around the scattering vector. ~p = 0 corresponds to the spin 
perpendicular to the scattering plane. Measured values are given 
by full circles, the theoretical dependence is shown as a solid line. 

SI and S 2 could be confirmed. While the angular 

dependencies can be measured without polarization 

analysis, it is important to confirm that the polarization 

state of the scattered photons corresponds to the 

predictions of (4). This has been done by measurements 

utilizing our polarization analyzer as shown in Fig. 11. 

For magnetic diffraction, cr -+ tr scattering occurs if  the 

spin is perpendicular to the scattering plane, while only 

o"--+ zr scattering is present if  the spin moment lies 

within the scattering plane. Only in the latter case do we 

observe a 'flip' of the polarization state, which allows 

magnetic scattering to be distinguished from charge 

scattering. The polarization analysis shown in Fig. 11 

together with the angular dependencies from Fig. 10 

provide a test of the spin-dependent part of the first 

column in (4). In our case, everything is known about 

the model system MnF 2. For a substance with unknown 

magnetic structure, on the other hand, an examination 

of the angular dependencies similar to that shown in 

Fig. 10 can reveal the spin direction relative to the 

lattice. Of course, this method only works for crystals 

where one spin direction is favored. This is the case for 

collinear magnetic structures and single-domain crystals 

or at least crystals with an uneven domain population. 
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Fig. 11. (a) Polarization analysis of the 300 magnetic Bragg peak for 
~-= 90 °. Only e ~ ~r scattering is observed. (b) Polarization 
analysis of the 500 magnetic Bragg peak for ~" = 0 ° . Only e -+ ~ 
scattering is observed. 
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• magnetic interactions in transition metal oxides
• Mott insulator
• colossal magneto resistance (CMR) effect
• magnetic x-ray scattering
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Is it possible to observe resonant scattering from orbital order (magnetic order) in 
LaMnO3  (lattice parameter 5.4 Angstroem) at the Mn L-edge?

At which position of (h,k,l) can magnetic scattering and scattering from orbital 
order be measured in LaMnO3 and La0.5Ca0.5MnO3?

What does Erna need to do, if she wants to do polarization resolved x-ray 
diffraction on her rotating anode source.


