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Interaction of x-rays with matter
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XAS of an atom
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XAS of a solid

2 Core Level S5pectroscopy of Solids
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FIGURE 1.1 Energies of the core levels and VES of Mn and O in MnO.



XAS of a solid

TABLE 2.1

Nomenclature for Core Level Spectra

Orhital* Label* E* (Ni) E* (O)
s K 8333 543
25 L, | (W8 42
2p1z L. 870 Vi
2P L, 853 Vs
3s I, 111

3pin M, 68

3pa M, 66

3d,, M, v

3d,, M. v

* (Oyrbital notation.

" Spectroscopic names ( Barkla notation).

* Binding energies.

# Valence state with a binding energy of a few eV.
Source: X-ray Data Booklet (2001) (LBNL, Berkeley).




XAS of a solid
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XAS of a solid

4 Core Level Spectroscopy of Solids

Photoelectron

Photon

FIGURE 1.3 Excitation of a photoelectron by an x-ray photon creates a core hole that is
screened by the surroundings.



XAS and XPS

EXxcitation of core electrons to empty states.

Spectrum given by the Fermi Golden Rule

2
I yas ~ 2 <(Df ‘Tl‘q)i> 5Ef—Ei—ha)




XAS and XPS
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XAS and XPS
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X-ray absorption spectroscopy

Excitations of &
core electrons Ep
to empty states
hv

The XAS spectrum
IS given by the
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X-ray Absorption Spectroscopy

Excitations of &
core electrons Ep
to empty states
hv

The XAS spectrum
IS given by the
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X-ray Absorptlon Spectroscopy
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Density of States
(DOS) is the integral
over k-space of the
band structure.

Core states have no
dispersion.

XAS preserves
momentum (k)




X-ray Absorption Spectroscopy
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X-ray Absorption Spectroscopy
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Density of States of TiO,
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Density of States of TiO,
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XAS: core hole effect

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

« Initial State Rule:
ntensity of XAS is given
oy the initial state

Eg 5 0 15
ENERGY ABOVE Ep (eV)

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




X-ray Absorption Spectroscopy

EXxcitation of core electrons to empty states.

Spectrum identifies with the
empty Density of States

Works well for K edges (15s)

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



Metal 1s XAS

Metal Complex Ligands
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Metal 1s XAS

Metal Complex Ligands
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Cr3* in MgAlLO,

Juhin et al., Phys. Rev. B. 78, 195103 (2008)




Pre-edges structures in 1s XAS

[ 1513dN4p1J edge




Pre-edges structures in 1s XAS

[ 1513dN4p1J edge




Pre-edges structures in 1s XAS
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Pre-edges structures in 1s XAS

Co K edge of LICoO, -
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X-ray absorption spectroscopy

EXxcitation of core electrons to empty states.
Spectrum identifies with the
empty Density of States

Works well for K edges
Metal K edges: quadrupole 1s3d transitions




X-ray absorption spectroscopy

Fermi Golden Rule:
lxas = |[<@¢|dipole| ©>[* &=

Single electron (excitation) approximation:
XAS |<(Dempty‘d|p0|e| (Dcore>‘2 P



Quiz: Calculate the 2p XAS spectrum of Fe atom

1.0 - %
i
|
|
f—; 0.5 r
5_ | ii f
| : r
;} V\}‘ / \A{wk-

X Axis Title



XAS of an Iron atom

Fermi Golden Rule:
lxas = |[<@¢|dipole| ©>[* &=

d, =152 252 2p® 352 3p° 452 3d°
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XAS of an Iron atom

Fermi Golden Rule:
d. =2p° 3d°
lxas = [<®@|dipole| @;>[ O[AE=0] CDIf:2p5 3d7

Single electron (excitation) approximation:
XAS |<(Dempty‘d|p0|e| (Dcore>‘2 P

core 2p
= 3d

empty

Neglect 2p-3d interactions (in the final state)



XAS of an Iron atom

Overlap of core and valence wave functions

3d

1.0 5

<2p3d|1/r|2p3d>

Y Axis Title
o
(6]

# 2p1/2 0.0 o —

X Axis Title




XAS of atoms and solids

3d Direct 2p3d Coulomb interaction (=
" core hole potential) is screened in
molecules and solids.

<2p3d|1/r|2p3d>

Higher order terms (Coulomb and
=0=0=8% 2n., exchange) are NOT screened in
molecules and solids



XAS of atoms and solids

3d

— Single Particle model breaks down

<2p3d|1/r|2p3d>

634 639 644 649
—o—o— 2P1: Energy (eV)

| PRB 42, 5459 (1990)




XAS of molecules and solids

\ : 2p53d001
Er Single Particle:
1s edges
(WIEN, FEFF, PARATEC,
)

Multiplets:

. " 2p, 3s, 3p edges
(TT-MULTIPLETS)

e 29636




XAS of molecules and solids

r

Single Particle:

1s edges

(WIEN, FEFF, ORCA,
PWSCEF, etc.)

Multiplets:

2p, 3s, 3p edges
(TT-MULTIPLETS)

3d



Charge transfer multiplet program

Used for the analysis of XAS, EELS,

Photoemission, Auger, XES,

ATOMIC PHYSICS

GROUP 1

U

U

"HEORY

MODEL HAMILTONIANS



CTM4XAS program

CHARGE TRANSFER MULTIPLET CALCULATIONS
FOR X-RAY ABSORPTION SPECTROSCOPY

© Eli Stavitski and Frank de Groot, 2008-2010 nSIS

Synchrotron and Theoretical Spectroscopy, Utrecht University/ National Synchrotron Light Source ..y\w L



CTM4XAS program
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Atomic Multiplet Theory

HY=EY
H = %+Z z¢" ZU+Z§(r)I
N pairs

* Kinetic Energy

* Nuclear Energy
 Electron-electron interaction
* Spin-orbit coupling

Electrons




Atomic Multiplet Theory

HY=EY

e Electron-electron interaction
* Spin-orbit coupling

Electrons




Atomic Multiplet Theory (ground state)

<28+1L ‘ . 2541 >: Zk: kok

Electron Correlation of Valence States [5 eV]

H rom = Z 3 +Z§(r)|

pairs

Valence Spin-orbit coupling [0.1 eV]



Atomic Multiplet Theory (core hole)
25+1 25+1 . K K
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Core Valence Overlap [5 eV]

H rom = Z 3 +Z§(r)|

pairs

Core Spin-orbit coupling [15 eV]



2p XAS of a Ca atom

« Ground state is 3d°
e Dipole transition 3d%—2p~3d1
e Dipole selection rules:

AS=1 _and AL==1

- Core hole spin-orbit coupling large
* L and S are no good quantum numbers
AJ=x1or 0
(J=J=0)



Term symbols

» Term Symbol 25+ |

1=0,1,2,34 >S5S,P,D,F G

LS quantum numbers not useful for XAS due to large

spin-orbit coupling of the core hole.

Use only J quantum numbers

Degeneracy of each J-state: 2J+1



Term symbols

Term symbols of a 1s electron
«S5=1/2, L=0
J=1/2 —» 2S5,

Term symbols of a 3d electron
« 5=1/2, =2
J=3/2 or J=5/2 —  ?Dg, or ?Dg,



Term symbols

2p3d-configuration (6x10 = 60 states)

all combinations are possible:
In short: ?°P®<D = 13P,D,F
Add J-quantum numbers:




2p XAS of a Ca atom

» Ground state is 3d% symmetry: 1S,

» Dipole transition 3d°—2p°3d1

» Selection rule: AJ=%£1 or 0 (and J=J'#0)
> J'=1



2p XAS of a Ca atom
« Term symbols of a 2p>3d! configuration

— 3P, 3P,

— D, 3D, °Dq

— F, k5 Sk, 3F,
[1 3 4 3 1]
1 3x3 4AXS 3X7 1x9

Ground state: 3d% L=S=J=0 'S,
Selection rule: Final state must have J'=1



2p XAS of a Ca atom

Ground state is 3d°

{ normalized to maximum )

Ca2p absorption

Calculation

Atomic Ca

1 1 1 1
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Data
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l'.IEtSi2

Ca metal
[ I
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2p XAS of ScF;: crystal fields

e, States




2p XAS of ScF;: crystal fields

‘9‘30 Y
metal ion In symmetrical field in octahedral ligand field
in free space
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Calculations with CTM4XAS
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2p XAS of transition metal ions

Ground state is 3dN: determine symmetry
Hunds rule: High-spin ground states

max S, max L, max J

Effect of crystal field splitting

High spin or low spin

Effect of 3d spin-orbit coupling

Charge transfer effects
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High-spin or low-spin

= 10Dg > 3J
Eg t g (d* and d>)

D
4 Tag 10Dq > 2J
T2g _[_L Ik (d6 and d7)




High-spin or low-spin

High-spin: 10Dg = 1.2
Low-spin: 10Dq = 3.0

Absorption crossection /fa.u.
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Energy /e



Normalized Intensity
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3d spin-orbit coupling
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3d spin-orbit coupling
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Charge transfer effects

O O O O O O
000200200002 0°9060
O O O O O O

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

Charge fluctations



Charge transfer effects

3dN3dN —3 3dN-13dN+1

O O O O O o
 NoX NoX NoX NoX-NeX Neo

O 0 0 0 0 ©

Hubbard U for a 3d® ground state:
U= E(3d’) + E(3d°) — E(3d®) — E(3d®)

Ligand-to-Metal Charge Transfer (LMCT):
A= E(3d°L) — E(3d?)



Charge transfer effects

* Transition metal oxide: Ground state: 3d° + 3d°L
« Energy of 3d®L: Charge transfer energy A

3d°L
XPS - XAS
' A
AO 3d° 2p°3d’L
Ground State ] A+U-Q ~ A

2p°3d°L 2p°3d°



Charge Transfer effects

« High valent oxides (Cu3*)
« Systems with r-bonds



Charge Transfer effects in XAS
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Charge Transfer effects in XAS
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LMCT and MLCT: & - bonding
Fe': Ground state: 3d° + 3d°L

3d6L \ — 2p53d7|_

A
]A+U-Q ~ A

30° —— . e 2[0°30°

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




LMCT and MLCT: & - bonding

Fe!': Ground state: 3d° + 3d°L + 3d*L

e 20°301°L
A-U+tQ = A _+ 2

3d°L e 2p53d7L
A ] A+U-Q ~ A - 2

Cls M e 2102316

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




LMCT and MLCT: & - bonding

Fell(CN),

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




Time resolved XAS
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XAS: multiplet effects

\ . 2p°3d"* Single Particle:
1s edges
(DFT + core hole (+U))

EF

2-particle:
(TDDFT, BSE)
+ L edges of 3d°

Multiplets:
2p, 3s, 3p edges
o 2963d" (CTM4XAS)

hv hv




Why X-ray absorption?

« Element specific
* Low concentrations (0.01-0.1 wt%)

local electronic & magnetic structure
valence, spin-state, symmetry

hybridization, MO energies / density of states
crystal field, charge transfer, spin-orbit, moments

Time: excited states In fs/ps/ns range
Pressure: 1 bar/500 °C flowing gas
Space: 0.5 nm (STEM), 20 nm (STXM)




Quiz: Calculate the 2p XAS spectrum of Fe atom

1.0 - %
i
|
|
f—; 0.5 r
5_ | ii f
| : r
;} V\}‘ / \A{wk-

X Axis Title



Quiz: Calculate the 2p XAS of NiF, and NICl,




Magnetic circular dichroism

+ helicity - helicity



Quiz: Calculate the X-MCD of ferromagnetic Ni#*

XMCD signal

S —
o : ﬁ &Ell.l
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Arrio et al. JPC 100, 4679 (1996)




Charge transfer effects

* Transition metal oxide: Ground state: 3d° + 3d°L
« Energy of 3d®L: Charge transfer energy A

3d°L
XPS - XAS
' A
AO 3d° 2p°3d’L
Ground State ] A+U-Q ~ A

2p°3d°L 2p°3d°



Quiz: Calculate the 2p XPS of NiF, and NICl,
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XAS experiments

Transmission
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XAS experiments: using the core hole decay

Fluorescence Auger




XAS experiments
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£ 0.6} :
Boa :
% 0.2:_ /\/—"‘
2ok |

Quiz: How to measure XAS of a solid
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XAS experiments
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