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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
• resonant / non-resonant magnetic 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
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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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Hund’s coupling



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

195133-3
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LaMnO3 – magnetische Ordnung

A-Typ AFM Ordnung
„AFM-Kopplung FM Ebenen“
• TN ~ 140K 
• Magnetismus eng gekoppelt 

an orbitale Struktur

Superaustausch ||c
• Kopplung zwischen gleichen 

Orbitalen
• (schwach) AFM Korrelation P.W. Anderson, Phys. Rev. 79 (`50)

J. Kanamori, J. Phys. Chem. Sol. 10 (`59)
J. B. Goodenough, Phys. Rev. 124 (`61)
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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

195133-3

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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Mn3+

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

195133-3

Mn4+



magnetic x-ray scattering
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Synchrotronstrahlung linear polarisiert in 
Ringebene

Streugeometrie vertikal

 σ – polarisierte einfallende Strahlung

Kσ σ‘
π π‘



resonant magnetic x-ray scattering
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J. Strempfer, Aachen 2005
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resonant magnetic x-ray scattering
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J. Strempfer, Aachen 2005

Resonante magnetische 
Streuamplitude

( ) ( )

( ) ( )
!"

##

$

##

#%%&&#%%&&

#

$

#

#

$

$
$
'

$
$

!!"#

!$#

%!&

'

'%!&

&

'

$ &' $!$#

%!&

'

'%!&

&
&

'

%(&

'

%(&

))
))

#*+!&
,

$$*+!&
,

"

&))

#*+!&
,

$$*+!&
,

"

-

#+*"
-$
&#*"%

.).

.

'&

&&

''

ωωδ
ω

ε
ε

ε
ε

ω

ε
ε

εε

εεωεεσ

!!
!

"""

!

""
"""

!

""

!

"""

!

""
"""

!

""

!

"!

""""

""""

""""

−+−

!
!
!
!
!
!

"

#

−−

!
!

"

#

$
$

%

&
⋅×−

⋅
!
!

"

#

$
$

%

&
⋅×+

⋅

+

$
$
$
$
$
$

%

&

Γ−+−

!
!

"

#

$
$

%

&
⋅×+

⋅
!!
"

#
$$
%

&
⋅×−⋅

+

×−⋅=!!
"

#
$$
%

&

Ω

−

−

''

''

Störungstheorie 1. und 2. Ordnung

K-Kante: geringe Verstärkung

L-Kante: Faktor 50-1000

M-Kante: mehrere Größenordnungen bei Actiniden



resonant magnetic x-ray scattering
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J. Strempfer, Aachen 2005
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resonant magnetic x-ray scattering

14. 5. 2009
Methoden moderner Röntgenphysik

Materials Science - II 14

J. Strempfer, Aachen 2005
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resonant magnetic x-ray scattering
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 E<4keV  E=4-20keV    E=30-60keV E>80keV
„weiche“ Röntgenstrahlung „harte“ Röntgenstrahlung  „hochenergetische“ 

       Röntgenstrahlung

L-Kanten der 3d und 4d 
Übergangsmetalle

L-Kanten der 4f-(Seltene-Erd)-systeme 
K-Kanten der 3d Übergangsmetalle

Resonante und nichtresonante Beugung mit 
Polarisationsanalyse

nichtresonante Beugung

Resonant:  Elementspezifisch / Phasenübergänge  

Nichtresonant: L/S Verhältnis            S absolut / Phasenübergänge

4d: Ca2RuO4

Übergangsmetall-Difluoride 
MF2

4f: EuxGd1-xS
M-Kanten der Actinide
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Jörg Strempfer | VIII. Research Course on New X-ray Sciences| 18-20 Feb. 2009 | Page 5

Scattering scheme with polarization analysis
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Magnetic structure determination
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L/S determination

(Ciaruffo et al., PRB 65, 174455 (2002) )
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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?

Explain the principle of a polarization analyzer.


