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The CTM4XAS program The CTM4XAS program (5.1)

CTM4XAS version 5.2
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Excitations of 
core electrons 
to empty states

The XAS spectrum 
is given by the

Fermi Golden RuleFermi Golden Rule

X-ray Absorption Spectroscopy

XX--ray Absorption Spectroscopyray Absorption Spectroscopy

Phys. Rev. B. 40, 5715 (1989); 48, 2074 (1993)

22pp
22ss

XX--ray Absorption Spectroscopyray Absorption Spectroscopy

Phys. Rev. B. 40, 5715 (1989); 48, 2074 (1993)
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Electronic Structure; TiOElectronic Structure; TiO22

Phys. Rev. B. 40, 5715 (1989); 48, 2074 (1993)

Electronic Structure: Electronic Structure: TiOTiO22

Phys. Rev. B. 40, 5715 (1989); 48, 2074 (1993)

• Final State Rule:
Spectral shape of XAS 
looks like final state 
DOS

Phys. Rev. B. Phys. Rev. B. 
41, 11899 (1991)41, 11899 (1991)

TiSi2

XX--ray absorption: core hole effectray absorption: core hole effect

Fermi Golden Rule:
IXAS = |<f|dipole| i>|2  [E=0]

Single electron (excitation) approximation:
IXAS = |<empty|dipole| core>|2  

XX--ray absorptionray absorption

22

ˆˆ iqiiqf recre  
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Multiplet Effects in XASMultiplet Effects in XAS

2p3/2

2p1/2

Overlap of core and valence wave functions

 Single Particle model breaks down

3d

PRB 42, 5459 (1990)PRB 42, 5459 (1990)

<2p3d|1/r|2p3d>

Single Particle:

1s edges

(DFT + core hole (+U))

2-particle:

(TDDFT, BSE)

+ L edges of 3d0

Multiplets:

2p, 3s, 3p edges

(CTM4XAS)

XAS: multiplet effects
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Excitation of core electrons to empty states.

Spectrum identifies with the 
(final state) empty Density of States

Calculate with DFT 
(LDA+U, TDDFT, BSE)

+ add core hole potential
+ add U for strongly correlated systems

K edge (1s) XAS L edge (2p) XAS

Excitation of core electrons to empty states.

Empty Density of States

+ add core hole potential
+ add U for strongly correlated systems
+ add core hole spin-orbit coupling

+ add core-valence correlations
(a.k.a. multiplet effects)

Charge Transfer Multiplet program

Used for the analysis of XAS, EELS, 

Photoemission, Auger, XES,

ATOMIC PHYSICS


GROUP THEORY


MODEL HAMILTONIANS

Atomic Multiplet TheoryAtomic Multiplet Theory

=E

  

N
iii

pairs
r
e

N
r
Ze

N
m

p slrH
iji

i )(
222

2 

Atomic Multiplet TheoryAtomic Multiplet Theory

=E

• Kinetic Energy
• Nuclear Energy
• Electron-electron interaction
• Spin-orbit coupling
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Atomic Multiplet TheoryAtomic Multiplet Theory

=E

• Kinetic Energy
• Nuclear Energy
• Electron-electron interaction
• Spin-orbit coupling
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Atomic Multiplet TheoryAtomic Multiplet Theory

=E

• Kinetic Energy
• Nuclear Energy
• Electron-electron interaction
• Spin-orbit coupling
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Atomic Multiplet TheoryAtomic Multiplet Theory

=E

• Kinetic Energy
• Nuclear Energy
• Electron-electron interaction
• Spin-orbit coupling
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Atomic Multiplet TheoryAtomic Multiplet Theory

X        X

=E

• Kinetic Energy
• Nuclear Energy
• Electron-electron interaction
• Spin-orbit coupling
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Atomic Multiplet TheoryAtomic Multiplet Theory
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Atomic Multiplet TheoryAtomic Multiplet Theory

Electron-electron interactions of Valence States

Valence Spin-orbit coupling

CTM4XAS version 5.2
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Atomic Multiplet TheoryAtomic Multiplet Theory

Core Valence Overlap

Core Spin-orbit coupling

CTM4XAS version 5.2

1s 2s 2p 3s 3p

0.07

0

5

0

8

17

13

0

17

2
Core Spin-orbit coupling

Multiplet Effects (NiMultiplet Effects (Ni2+2+))

Core Valence Overlap

• Main n 1,2,3,….

• Azimuthal L (orbital moment)

• Spin S

• Magnetic mL (orbital magnetic moment)

• Spin magnetic mS (spin magnetic moment)

• Total moment J

• Total magnetic mJ

Quantum numbersQuantum numbers

• Term symbols of a 1s electron

• S=1/2, L=0, J=1/2    2S1/2         [(2S+1)(2L+1)=2]

• Term symbols of a 2p electron

• S=1/2, L=1, J=1/2 or J=3/2    2P1/2 or 2P3/2

[[(2J+1)=2+4=6]

•• Term symbols of a 3d electron

• S=1/2, L=2, J=3/2 or J=5/2    2D3/2 or 2D5/2                  

[[(2J+1)=4+6=10]

Term Symbols 2S+1LJ Term SymbolsTerm Symbols

2p3p-configuration

Term symbols 2p: 2P1/2 and 2P3/2

Term symbols 3p: 2P1/2 and 2P3/2

Term symbols 2p3p: multiply L and S separately

L2p=1, L3p=1 LTOT = 0, 1 or 2

S2p=1/2, S3p=1/2 STOT = 0 or 1 

all combinations are possible: 
1S,1P,1D and 3S,3P,3D
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Term SymbolsTerm Symbols

2p3p-configuration

all combinations are possible: 
1S,1P,1D and 3S,3P,3D

In short: 2P2P = 1,3S,P,D

Add J-quantum numbers:
1S0, 

1P1, 1D2 + 3S1 

+ 3P0, 3P1, 3P2

+ 3D1, 3D2, 3D3, 

• Term symbols of a 2p13d1 configuration

• 2p1  2P1/2, 2P3/2   (S=1/2, L=1, J=1/2,3/2))

• 3d1  2D3/2, 2D5/2 (S=1/2, L=2, J=3/2,5/2))

• 2p13d1  STOT = 0 or 1

 LTOT = 1 or 2 or 3

 1P1 + 3P0, 3P1, 3P2

 1D2 + 3D1, 3D2, 3D3

 1F3 + 3F2, 3F3, 3F4

[[(2J+1)=3+1+3+5+5+3+5+7+7+5+7+9=60]

Term Symbols 

• Term symbols of a 2p2 configuration

Term Symbols Configurations of 2p2

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

-1 0 1 
-1 0 1 

2p XAS of TiO2p XAS of TiO22

• Ground state is 3d0

• Dipole transition 3d02p53d1

• Ground state symmetry: 1S0

• Final state symmetry: 2P2D gives

• 1P, 1D, 1F, and 3P, 3D, 3F
LS term symbols: 1S, 1D, 3P
LSJ term symbols:

121ML=-1

131ML= 0

010ML= 2

MS=-1MS=0MS=1

ML=-2

ML= 1

010

121

Term Symbols of 2p2

1S0   
1D2   

3P0  
3P1

3P2
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• Final state symmetries:
1P, 1D, 1F, and 3P, 3D, 3F

• Transition <1S0|J=+1| 1P1, 3P1 , 3D1>

• 3 peaks in the spectrum

2p XAS of TiO2p XAS of TiO22 Exercise: 
Calculate the 2p XAS spectrum of a Ti atom

• Term symbols with maximum spin S are lowest in energy, 

• Among these terms: 

Term symbols with maximum L are lowest in energy

• In the presence of spin-orbit coupling, the lowest term has 

• J = |L-S| if the shell is less than half full 

• J = L+S if the shell is more than half full

3d1 has 2D3/2 ground state           3d2 has 3F2 ground state
3d9 has 2D5/2 ground state           3d8 has 3F4 ground state

Hunds rulesHunds rules

Give the Hund’s rule ground states for 3d1 to 3d9

NiII ion in NiO:  
Ground state: 3d8

Final state: 2p53d9

Dipole transition: p-symmetry

3d8-configuration: 1S, 
1D, 3P,1G, 3F j=4

2p53d9-configuration: 2P2D = 1,3PDF j’=0,1,2,3,4
p-transition: 1P j=+1,0,-1

ground state symmetry: 3F 3F4

transition: 3F 1P = 3DFG
two possible final states: 3D, 3F 3D3,3F3,3F4,

1F3

Term Symbols and XASTerm Symbols and XAS

3d3d88 XAS calculationXAS calculation

+LS2p

0
+FK, GK: > 3F

+LS3d : > 3F4

Atomic multipletsAtomic multiplets

850 855 860 865 870
0

1
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Charge Transfer Multiplet program

EXERCISES

ATOMIC PHYSICS


GROUP THEORY


MODEL HAMILTONIANS

The CTM4XAS program

Ti4+

2p XAS of TiO2       

• Final state symmetries:
1P, 1D, 1F, and 3P, 3D, 3F

• Transition <1S0|J=+1| 1P1, 3P1 , 3D1>

• 3 peaks in the spectrum

2p XAS of TiO2p XAS of TiO22

The CTM4XAS program

Ti4+

2p XAS of TiO2       
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The CTM4XAS program

Ti4+

0.5      0.5 0.5

2p XAS of TiO2       

The CTM4XAS program

Ti4+

0.0      0.0 0.0 0.0     0.0

3d3d00 XAS calculationXAS calculation

0

The CTM4XAS program

Ti4+

0.0      0.0 0.0 1.0     0.0     

3d3d00 XAS calculationXAS calculation

0

+LS2p

+FK, GK
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The CTM4XAS program

Ti4+

0.0      1.0      1.0    0.0     0.0     

3d3d00 XAS calculationXAS calculation

0

+LS2p

+FK, GK

+LS2p

+FK, GK

Exercise: Repeat these calculations

Fe atom:  
Ground state:
3d6 (4s2) 5D  j=4

Exercise: Calculate the 2p XAS spectrum of Fe
Fe atom:  
Ground state: 3d6 (4s2) 
Final state: 2p53d7

Dipole transition: p-symmetry

3d6-configuration: 5D, etc. j=4
2p53d7-configuration: 110 states j’= 3,4, 5
p-transition: 1P j=+1,0,-1

ground state symmetry: 5D 5D4

transition: 5D 1P = 5PDF
possible final states: 68 states

Term Symbols and XASTerm Symbols and XAS

Fe atom:  
Ground state: 3d6 (4s2) 5D  j=4

Term Symbols and XASTerm Symbols and XAS

5D

5D0

5D4

H   H  AAA  M   M IIIII L     TTTTT  OOO  N   N IIIII  AAA  N  N           
H   H A   A MM MM   I   L       T   O   O NN  N   I   A   A NN N           
HHHHH AAAAA M M M   I   L       T   O   O N N N   I   AAAAA N N N           
H   H A   A M   M   I   L       T   O   O N  NN   I   A   A N  NN           
H   H A   A M   M IIIII LLLLL   T    OOO  N   N IIIII A   A N  N           

CALCULATIONS for ACTOR:HAMILTONIAN     GROUND          

CALCULATING MATRIX for TRIAD  1  (  0+   0+   0+ )  (56*56)

oraora outputfileoutputfile

---- EIGENVALUES ----

1         2         3         4         5      6         
7         8         9        10        11        12   

KET/PURE    6 1.00   44 1.00   23 1.00   38 1.00   15 1.00   34 1.00    
1 1.00   13 1.00   55 1.00   32 1.00   30 0.99   51 0.99

EIGVAL  -3.44286  -3.44286 -3.44286 -3.38906  -3.35125  -3.32693  -
3.31500 -1.21676  -1.21676 -1.21676 -1.18897  -1.18897
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Tm metal:  
Ground state: 4f12

Exercise: Calculate the 3d XAS spectrum of Tm

Charge Transfer Multiplet program

ATOMIC PHYSICS


GROUP THEORY


MODEL HAMILTONIANS

t2g states

Crystal Field Effects

eg states

Octahedral crystal field splitting

metal ion
in free space

in symmetrical field

t2g

yz xz xy

eg

in octahedral ligand field

x2-y2 z2

x2-y2 yz z2 xz xy

0 7 = 2.13 eV

Crystal Field Effects in CTM

SO3 Oh (Mulliken)

S 0 A1

P 1 T1

D 2 E+T2

F 3 A2+T1+T2

G 4 A1+E+T1+T2

Crystal Field EffectsCrystal Field Effects
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TiIV ion in TiO2:  
3d0-configuration: 1S, j=0
2p13d9-configuration: 2P2D = 1,3PDF j’=0,1,2,3,4
p-transition: 1P j=+1,0,-1

Write out all term symbols:
1P1

1D2
1F3

3P0
3P1

3P2
3D1

3D2
3D3

3F2
3F3

3F4

1 3 4 3 1

2p XAS of TiO2 (atomic multiplets)

J in SO3 Deg.

0 1

1 3

2 4

3 3

4 1

 12

Crystal Field Effect on XAS

<1S0|dipole|1P1> goes to <A1|T1|T1>

J in SO3 Deg. Branchings

0 1 A1

1 3 3T1

2 4 4E, 4T2

3 3 3A2, 3T1,3T2

4 1 A1, E, T1, T2

 12

Crystal Field Effect on XAS

<1S0|dipole|1P1> goes to <A1|T1|T1>

J in SO3 Deg. Branchings  in Oh Deg.

0 1 A1 A1 2

1 3 3T1 A2 3

2 4 4E, 4T2 T1 7

3 3 3A2, 3T1,3T2 T2 8

4 1 A1, E, T1, T2 E 5

 12 25

Crystal Field Effect on XAS

<1S0|dipole|1P1> goes to <A1|T1|T1>

Effect of 10Dq on XAS:3d0 Comparison with Experiment
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Comparison with Experiment
 

Turning multiplet effects off

CTM4XAS version 5.2 CTM4XAS version 5.2

0.0    0.0 0.0

 
Turning multiplet effects off

Exercise: Perform of number of calculation with 
decreasing Slater integrals (3d0 or 3dN)

• Term symbols with maximum spin S are lowest in energy, 

• Among these terms: 

Term symbols with maximum L are lowest in energy

• In the presence of spin-orbit coupling, the lowest term has 

• J = |L-S| if the shell is less than half full 

• J = L+S if the shell is more than half full

3d1 has 2D3/2 ground state           3d2 has 3F2 ground state
3d9 has 2D5/2 ground state           3d8 has 3F4 ground state

Hunds rulesHunds rules
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Energy Symmetries Oh Total symmetry

1S 4.6 
eV

1A1

3P 0.2 
eV

3T1

1D -0.1 
eV

1E + 1T2

3F -1.8 
eV

3A2 + 3T1 + 3T2

1G 0.8 
eV

1A1+1T1+1T2+1E

Crystal Field Effects on 3dCrystal Field Effects on 3d88 statesstates

SO3 Oh (Butler) Oh (Mulliken)

S 0 0 A1

P 1 1 T1

D 2 2 + ^1 E+T2

F 3 ^0+ 1 +^1 A2+T1+T2

G 4 0 + 1 + 2 + ^1 A1+E+T1+T2

Crystal Field EffectsCrystal Field Effects

Energy Symmetries Oh Total symmetry

1S 4.6 
eV

1A1

3P 0.2 
eV

3T1

1D -0.1 
eV

1E + 1T2

3F -1.8 
eV

3A2 + 3T1 + 3T2

1G 0.8 
eV

1A1+1T1+1T2+1E

Crystal Field Effects on 3dCrystal Field Effects on 3d88 statesstates

A1A1=A1

T1T2= T1+ T2+ E+ A2

O A1 A2 T1 T2 E

A1 A1 A2 T1 T2 E

A2 A2 A1 T2 T1 E

T1 T1 T2
T1 + T2
+E+ A1

T1 + T2
+E + A2

T1+T2

T2 T2 T1
T1 + T2
+E+ A2

T1 + T2
+E + A1

T1+T2

E E E T1+T2 T1+T2
A1+A2+

E

The multiplication table of Oh symmetry

Energy Symmetries Oh Total symmetry

1S 4.6 
eV

1A1
A1A1=A1

3P 0.2 
eV

3T1

1D -0.1 
eV

1E + 1T2

3F -1.8 
eV

3A2 + 3T1 + 3T2

1G 0.8 
eV

1A1+1T1+1T2+1E

Crystal Field Effects on 3dCrystal Field Effects on 3d88 statesstates

(T2 )+(A1+E1+T1+ T2)+
(A2+E+ T1+T2)

Crystal Field Effects: TanabeCrystal Field Effects: Tanabe--SuganoSugano
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Effect of 10Dq on XAS:3dN High-spin or Low-spin

10Dq > 3J
(d4 and d5)

10Dq > 2J
(d6 and d7)

2p XAS of Mn2+

Exercise: Calculate the 2p XAS spectra of FePO4 
and LiFePO4

Conf. SO3 Oh Spin in 
Oh

Deg. Overall Symmetry 
in Oh

3d0 1S0
1A1 A1 1 A1

3d1 2D3/2
2T2 U1 2 U2 + G

3d2 3F2
3T1 T1 4 E+T1+T2+A1

3d3 4F3/2
4A2 G 1 G

3d4 5D0
5E
3T1

E + T2
T1

5
4

A1+A2+E+T1+T2
E+T1+T2+A1

3d5 6S5/2
6A1
2T2

G+U2
U1

2
2

G+U2
G+U2

3d6 5D2
5T2
1A1

E+T2
A1

6
1

A1+E+T1+T1+T2+T2
A1

3d7 4F9/2
4T1
2E

G
U1

4
1

U1+U2+G + G
G

3d8 3F4
3A2 T1 1 T2

3d9 2D5/2
2E U1 1 G

3d spin-orbit coupling

Exercise: Calculate the 2p XAS spectrum of CoO
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3d spin-orbit coupling RIXS of a 4 nm RIXS of a 4 nm CoOCoO nanoparticlenanoparticle

RIXS of a 4 nm RIXS of a 4 nm CoOCoO nanoparticlenanoparticle

Ground state of a transition metal system
3dN at every site

Charge fluctations

Charge Transfer Effects

Hubbard U for a 3d8 ground state:
U= E(3d7) + E(3d9) – E(3d8) – E(3d8)

Ligand-to-Metal Charge Transfer (LMCT):
= E(3d9L) – E(3d8)

Charge Transfer Effects Charge Transfer Effects

= E(3d9L) – E(3d8)

E(3d10LL‘) – E(3d8)
Two times charge transfer: 2
Extra 3d3d interaction: U

2 +U
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Charge Transfer Effects Charge Transfer Effects in XAS
E(3d9L) – E(3d8) = 
E(3d10LL‘) – E(3d8) = 2 +U

2p XAS:  3d8  2p5 3d9

E (2p53d9) = E2p+ 

2p XAS:  3d9L 2p5 3d10L

E (2p53d10L) = E2p- Q +2+U

Energy difference: E2p- Q +2+U- E2p - = +U-Q
Q  U+2 eV

6 7 8 9 10

0

5

10

15
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ne
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(e
V

)



+U-Q

Charge Transfer Effects in XAS

3d5

MnO: Ground state: 3d5 + 3d6L
Energy of 3d6L: Charge transfer energy 

2p53d6

Charge Transfer Effects

3d6L

3d5

MnO: Ground state: 3d5 + 3d6L
Energy of 3d6L: Charge transfer energy 


2p53d7L

2p53d6
+U-Q  

Charge Transfer Effects

6 7 8 9 10

0

5

10

15

E
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V
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Charge Transfer Effects in XPS
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3d6L

• Transition metal oxide: Ground state: 3d5 + 3d6L

• Energy of 3d6L: Charge transfer energy 

XAS

2p53d7L

+U-Q  



2p53d6

3d5

2p53d6L

XPS

2p53d5

-Q

Ground State

Charge transfer effects in XAS and XPS

NiO: Ground state: 3d8 (3d8 )

+ 3d9L Charge transfer energy 

+ 3d93d7 Hubbard U

+ 3d10L2 2+U

+ 3d7L Metal-ligand CT MLCT

Charge Transfer Effects

Charge Transfer Multiplets of NiCharge Transfer Multiplets of Ni2+2+

=0 

=9=3

=6

Exercise: perform a series of charge transfer 
calculations changing  from +10 to -10.

Spectral shape:

(1) Multiplet effects

(2) Charge Transfer

J. Elec. Spec.J. Elec. Spec.
67, 529 (1994)67, 529 (1994)

XX--ray Absorption Spectroscopyray Absorption Spectroscopy Charge transferCharge transfer
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Charge transferCharge transfer Charge transferCharge transfer

=10

NiO

La2Li½Cu½O4

30% 3d8

1A1

30% 3d8

3A2
=-5

=5

=0

=-10

3d8 + 3d9L

Charge Transfer effects

Chem. Phys. Lett. 297, 321 (1998) 

=10

NiO

La2Li½Cu½O4

30% 3d8

1A1

30% 3d8

3A2
=-5

=5

=0

=-10

3d8 + 3d9L

Charge Transfer effects

Calculate the 2p XAS spectrum of Cs2KCuF6

3d6L

3d5


2p53d7L

2p53d6
+U-Q  

FeIII: Ground state: 3d5 + 3d6L

C NMM C N

filled -empty d or p 

C NMM C N

filled -empty d or p 

C NMM C N

filled -empty d or p 

C NMM C N

filled -empty d or p empty    filled 

LMCT and MLCT:  -- bondingbonding

with Ed Solomon (Stanford) JACS 125, 12894 (2003), 
JACS 128, 10442 (2006), JACS 129, 113 (2007)

3d4L

3d6L

3d5

FeIII: Ground state: 3d5 + 3d6L + 3d4L



2p53d5L

2p53d7L

2p53d6

+U-Q   - 2



-U+Q   + 2

with Ed Solomon (Stanford) JACS 125, 12894 (2003), 
JACS 128, 10442 (2006), JACS 129, 113 (2007)

LMCT and MLCT:  -- bondingbonding
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Fit X

Series2

FeIII(tacn)2

FeIII(CN)6

with Ed Solomon (Stanford) JACS 125, 12894 (2003), 
JACS 128, 10442 (2006), JACS 129, 113 (2007)

LMCT and MLCT:  -- bondingbonding

XPSXPS

3d6L

• Transition metal oxide: Ground state: 3d5 + 3d6L

• Energy of 3d6L: Charge transfer energy 

XAS

2p53d7L

+U-Q  



2p53d6

3d5

2p53d6L

XPS

2p53d5

-Q

Ground State

Charge transfer effects in XAS and XPS Charge transfer effects in XPS

Exercise: Calculate the 2p XPS spectrum of NiCl2

Charge transfer effects in XPS Charge transfer effects in XPS
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Charge transfer effects in XPS

MCDMCD

Polarization of XPolarization of X--raysrays XX--MCDMCD

XX--MCDMCD

[l1,s1]=[-2,-1/2]
L=2, S=1/2  2D
J=5/2 or 3/2
More than half-full
2D5/2

Cu2+: 3d9                       2p53d10

[l2,s2]=[-1,-1/2]
L=1, S=1/2  2P
J=3/2 or 1/2

 2P3/2 or 2P1/2 

J= +1 or  0 or -1
light polarization q = mJ

XX--MCDMCD

Cu2+: 3d9
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MCD

MCD mJ=-5/2
to

mJ’=-3/2

no LS

XX--MCDMCD

Exercise: Repeat these calculations

XX--MCDMCD
no LSMCD

+ crystal fieldMCD

XX--MCDMCD

3F       no LS

3F4 LSMCD

XES calculationsXES calculations

XX--ray absorption and Xray absorption and X--ray photoemissionray photoemission

2p 3/2

2p 1/2

2s

1s

fluorescent 
radiation

2p 3/2

2p 1/2

2s

1s

Fluorescence Auger

Core Hole DecayCore Hole Decay
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XX--ray emissionray emission Resonant XResonant X--ray emission spectroscopyray emission spectroscopy

XPS, XAS, NXES and RXESXPS, XAS, NXES and RXES

5880 5900 5920 6480 6520 6560
Fluorescence Energy [eV]

x 8

x 500

K
1,3

K
1

K
2

K''

K
2,5

K'

K

K Main Lines K Satellite Lines

K Fluorescence Lines

MnO

K Fluorescence Lines

T
ot

al
 E

ne
rg

y

2p53dn

3p53dn

1s13dn

Core Hole 

Valence hole 

Photoionization
or 

K capture

5880 5900 5920 6480 6520 6560
Fluorescence Energy [eV]

x 8

x 500

K
1,3

K
1

K
2

K''

K
2,5

K'

K

K Main Lines K Satellite Lines

K K
Main Lines

K
Satellites

3dn
Ground State

Chemical Dependence of K Emission

(3p,3d) exchange is dominant interaction

Experiment Theory

Equal center-of-gravity energies used in calculations!
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1s2p and 1s3p XES spectra 1s2p and 1s3p XES spectra 

Approximations:

- 3dN ground state (+ CT)

- XES only from lowest energy 1s13dN state (+CT)

- Charge transfer energy is -Q

3d6L

• Transition metal oxide: Ground state: 3d5 + 3d6L

• Energy of 3d6L: Charge transfer energy 

Pre-edge

1s13d7L

+U-Q  



1s13d6

3d5

1s13d6L

edge

1s13d5

-Q

Ground State

Charge transfer in 1s pre-edge and edge 1s2p and 1s3p XES spectra 

Approximations:

- 3dN ground state (+ CT)

- XES only from lowest energy 1s13dN state (+CT)

- Charge transfer energy is -Q

- Neglect 1s3d exchange interaction (needed for spin-pol.) 

- Neglect of excitation process (a better approximation is to 

describe the excitation process with XPS)

Charge transfer in XES spectra 

Pieter Glatzel et al. Phys. Rev. B. 64, 045109 (2001)

Charge transfer in XES spectra 

Pieter Glatzel et al. Phys. Rev. B. 64, 045109 (2001)
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Charge transfer in XES spectra of NiF2 and NiBr2

J. Phys. Cond. Matt. 6, 6875 (1994) Calculate the 1s3p XES spectrum of Fe2O3

RIXSRIXS

RIXSRIXS

Butorin, J. Elec. Spec. 110, 213 (2000)

Resonant Inelastic XResonant Inelastic X--ray Spectroscopyray Spectroscopy

dd excitation

Resonant Inelastic XResonant Inelastic X--ray Spectroscopyray Spectroscopy

2p XAS of CaF2

3d0



’

3s13d1

2p53d1
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Phys. Rev. B.Phys. Rev. B.
53, 7099 (1996)53, 7099 (1996)

Resonant Inelastic XResonant Inelastic X--ray Scatteringray Scattering

2p3s RIXS of CaF2

3d0



’

3s13d1

2p53d1

ButorinButorin
J. Elec. Spec 110, 213 (2000)J. Elec. Spec 110, 213 (2000)

Resonant Inelastic XResonant Inelastic X--ray Spectroscopyray Spectroscopy

Exercise: Repeat these calculations

NiII 3d8 []  2p53d9[jj]  3d8[]
Soft xSoft x--ray RIXS and magnetismray RIXS and magnetism

Phys. Rev. B.Phys. Rev. B.
57, 14584 (1998)57, 14584 (1998)
New exp: EPFLNew exp: EPFL

dd spin-flip‘spin-flip’

MSS

2p3d RIXS of NiO

Soft xSoft x--ray RIXS and magnetismray RIXS and magnetism

Phys. Rev. Phys. Rev. LettLett..
80, 5204 (1998)80, 5204 (1998)

3p3d RIXS 
of Sr2CuO2Cl2

0  3p  0 + dd + spin-flip

x2-y2

xyxz

z2

Soft xSoft x--ray RIXS and magnetismray RIXS and magnetism

RIXS at metal K edgesRIXS at metal K edges
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Fe K preFe K pre--edgesedges

Westre et al. JACS 119, 6297 (1997); Heyboer et al. J.Phys.Chem.B. 108, 10002 (2004)

Exercise: Repeat these calculations Pre-edge and edge

Only quadrupole peaks visible
3d7  1s13d8  2p53d8

Only correct with interference effects ONOnly correct with interference effects ON

CoO

high-spin CoII

3d7 [4T2]

Exercise: Repeat these calculations

Non-local screening peaks RIXS-MCD at the K pre-edge Non-local screening peaks RIXS-MCD at the K pre-edge

Non-local screening peaks RIXS-MCD at the K pre-edge Non-local screening peaks RIXS-MCD at the K pre-edge of Fe3O4
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Non-local screening peaks RIXS-MCD at the K pre-edge Non-local screening peaks RIXS-MCD at the K pre-edge

XMCD at high-pressure

La 2p XAS: effects of HERFD

Glatzel et al. PRB 72, 014117 (2005)

2p5d dipole

2p4f quadrupole
•• HERFD makes preHERFD makes pre--edge 2p4f transition visibleedge 2p4f transition visible

La 2p XAS: effects of HERFD

Suljoti et al. (new data from ID26)

LaF3

2p5d dipole

2p4f quadrupole

La 2p XAS: effects of HERFD Does FY does measure X-ray Absorption?

??

??

2p5d dipole

2p4f quadrupole

LaF3

Suljoti et al. (new data from ID26)
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•• HERFD makes preHERFD makes pre--edge 2p4f transition visibleedge 2p4f transition visible

•• Why has the 2p4f preWhy has the 2p4f pre--edge 3 peaks?edge 3 peaks?

La 2p XAS: effects of HERFD Does HERFD measure X-ray Absorption?

2p4f quadrupole

4f0 2p5 4f1

4f0 + 4f1L  2p5 4f1 + 2p5 4f2L

4f05d0 + 4f0 5d1L  2p5 4f1 + 2p54f15d1L

2p4d RIXS of LaF3 

Suljoti et al. (new data from ID26)

HERFD-XANES of LaF3

Suljoti et al. (new data from ID26)

measured with 2p4d XES

4f0 2p5 4f1  4d9 4f1

one peakone peak

multiplet structuremultiplet structure

2p4d RIXS of LaF3 


