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Outline

XANES — What is it good for?

How to simulate XANES with FEFF
What does FEFF actually do?
Calculating XANES with FEFF and JFEFF

Modeling with auxiliary theory
— Structure (DFT)
— Dynamics (MD)



XANES is sensitive to ...

Unoccupied local DOS
Symmetry

Charge transfer (oxidation state)
Occupation (L-edges)



Symmetry and Pre/Near-Edge Features

XANES of Ca surrounded by H.O




Symmetry and Pre/Near-Edge Features

Ti K edge XANES
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Edge Position and Charge Transfer

5

Pyrococcus Furiosus Rubredoxin

Fermi

Valence

electrons
screen core
state

Oxidized —
Reduced

-___","I
7110 7120 7130 7140 7150
E (eV)

20

Fermi



Edge Position and Charge Transfer
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F. D. Vila
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Simulation of XANES with FEFF

e Structure — coordinates, species, vibrational
character
* I[mportant options for XANES calculations

— Core hole treatment
— Self-energy

* Convergence: FMS/SCF radii, Maximum
angular momentum



What does FEFF actually do?

P —




What does FEFF actually do?

HOLE1 1.0 * CuKedge (8979.0 eV), second number is SO*2

*

User Input Ml conTROL
(feff.inp) PRINT 1

RMAX

*CRITERIA
*DEBYE
NLEG

1 1
0 O

6.0

curved

mphase,mpath,mfeff,mchi
1 1

0

plane

temp debye-temp

4

POTENTIALS

* ipot Z

element

0 29 Cu

Solve single site
problem: py,and T

0.00000
1.80500
-1.80500
1.80500
-1.80500
1.80500
-1.80500
0.00000
0.00000
1.80500
-1.80500

1 29 Cu

z
0.00000
1.80500
1.80500

-1.80500
-1.80500
0.00000
0.00000
1.80500
-1.80500
0.00000
0.00000

* this list contains 79 atoms
ipot tag distance

0.00000 0 Cul

0.00000 1 Cul_1
0.00000 1 Cul_1
0.00000 1 Cul_1
0.00000 1 Cul_1
1.80500 1 Cul_1
1.80500 1 Cul_1
1.80500 1 Cul_1
1.80500 1 Cul_1
-1.80500 1 Cul_1
-1.80500 1 Cul_1

0.00000
2.55266
2.55266
2.55266
2.55266
2.55266
2.55266
2.55266
2.55266
2.55266
2.55266

Jat



What does FEFF actually do?

Run ATOMS || Clear | Reset
User Input '
(feff.inp)

Operational Parameters

m N awxe |
Group: L

Quiput. s v Shift:
Tvpe: -
Lattice Constants and Angles

Solve single site Alpha: Beta: Gamma:
bl d T Run ATOMS | Clear | Reset
problem: p, an

Table of Crystallographic Sites

Cent. Element X Y Z
. ] r

T

Co

L T L™ I
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What does FEFF actually do?

User Input Overlapped

(feff.inp)

EmRmEOnE

Solve single sit
problem: p, anc

Pove s | Analysis: TeTTNNNN.dat



Simple Example: Cu EXAFS

HOLE1 1.0 * CuKedge (8979.0 eV), second number is SO*2

* mphase,mpath,mfeff,mchi

CONTROL 1 1 1 1
PRINT 1 0 0 O

RMAX 6.0

*CRITERIA curved plane
*DEBYE temp debye-temp
NLEG 4

POTENTIALS

* jpot Z element
0 29 Cu
1 29 Cu

* this list contains 79 atoms
z ipot tag distance

0.00000 0.00000 0.00000 0 Cul 0.00000

1.80500 1.80500 0.00000 1Cul 1 2.55266
-1.80500 1.80500 0.00000 1Cul_1 2.55266
1.80500 -1.80500 0.00000 1Cul 1 2.55266
-1.80500 -1.80500 0.00000 1Cul_1 2.55266
1.80500 0.00000 1.80500 1Cul 1 2.55266
-1.80500 0.00000 1.80500 1Cul_1 2.55266
0.00000 1.80500 1.80500 1Cul 1 2.55266
0.00000 -1.80500 1.80500 1Cul_1 2.55266
1.80500 0.00000 -1.80500 1Cul 1 2.55266
-1.80500 0.00000 -1.80500 1Cul_1 2.55266




FMS Convergence

* Guess: Inelastic mean free path

A<l angstroms D ia mon d A>10angstroms
1|E) for Ag K Edge ' r ' Y
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Example: CaO



SCF Convergence

¥(E) - Cu k Edge

10 atoms
30 atoms
50 atoms
60 atoms
80 atoms




L ., Convergence

%2(E) - Ag k Edge




Potentials in FEFF

 Symmetry enforced using “unique potentials”

* Add unique potentials to relax restraints on
symmetry

e Potential of absorbing atom is always unique

— Must average spectrum over absorbers



Eu,0, L3 XANES

I'I'hy.
HERFD XAS  +

6980 6990 7000 7010 7020
E (eV)




Eu,0, L3 XANES

f-DOS
d-DOS mmmm

Thy. ——
HERFD XAS  +

6980 6990 7000 7010 7020 7030
E (eV)




Augmenting FEFF with DFT

Find possible structures

Check full potential effects (compare DOS)
Check accuracy of Fermi level

Find chemical shifts

Find dynamical properties



Thank You!



Theory of RIXS

* Core excitation: similar to XANES
* Probes unoccupied and occupied states
 Many-Body effects more evident



. “Indirect” RIXS

2 - Conduction band

- Deep core level




I. “Direct” RIXS or RXES

,.——-—-——J - Conduction band

> -Valence band

- Deep core level




I. “Direct” RIXS or RXES

r________j - Conduction band

——
3

- Shallow core level

W

- Deep core level




Il. RIXS, XAS, and XES’

Kramers-Heisenberg and Green's functions

d’ o _ (FlAJ M )(M|A, |I}|
dwd O ﬂz%: E,-Q-E,+iI, | @ @t Ei—Er)
cw=3 5 MM pw)=3IF|Flsw-E,

dn:r_

G0d ﬂ(f\a G(Q+E,) 4,0 (Q-w+E;)A;G(Q+E,) A|I)




Il. RIXS, XAS, and XES’
Effective single particle theory'*: XAS/XES

XAS-XES convolution

do :wjdm ﬂ{wl}ﬁ{ﬂ:ﬂ'_w_ml}
dwd)2 1 lw—cw,+il,|

fi(w,, @,)=—=Im[(bIT" (w,) ¢"(w,) T (w,)Ib)]  Effective XAS signal

T(w)=[1+AV g’ (w)]d,; AV=V.—V, Difference in core-hole potentials

FEFF90= g(w)

1J.J. Kas et. al, PRB 83, 23114 (2011)
Fujikawa et al., J. Electron Spectrosc. Relat. Phenom. 134, p 195 (2004)



. Ti K RIXS: TiO, - Anatase

Theory  Exp. (Glatzel)

Progression with
strength of AV

Quadrupole peak:
Localized state K-B
Qualitative behavior

K-val
reproduced




Theory of XANES

* Back to Fermi’s Golden Rule
2
poc Y |(ild|f )] 6(E,;—E~hw)
e |i>, |f>are Many-Body states

— Effective Single Particle Theory, DFT, Quasiparticle,
etc.

— BSE, TDDFT, CI, CAS SCF, ...
— Multiplet theory



DFT/Quasiparticle Methods

* Basis set methods
— Periodic: Quantum Espresso, WIEN2K, ...
— Localized: Stobe, ORCA, ...
* Real space grid
— Real Space Grid: FDMNES
* Green’s function methods
— RSMS: FEFF, SPRKKR, ...



DFT/Quasiparticle Methods

Spectrum:
Golden Rule




Green’s Functions and Absorption
1) ume‘(f‘dlfﬂzﬁ(Ef—Ei—hw) Fermi's Golden Rule

2) 2. ilalf)f6(E,—E—nw)=
ia X 1)l (B~ E~haw)dji)

—%rlm[G(Ei +ho)]

3) um—%hn(fjdc;(w)dﬂf)

1 EF(-:.*‘m."
SCF: p(r)=—— f Im[G(r,r;E)]|dE
.7[ —00



Real-Space Multiple Scattering

* G=[E-H]"'=G"+G"VG’ +GVG°VG® +---




Real-Space Multiple Scattering

* G=[E-H]"'=G"+G"VG’ +GVG°VG® +---




Real-Space Multiple Scattering

* G=[E-H]"'=G"+G"VG’ +GVG°VG® +---




Real-Space Multiple Scattering
* G=[E-H]"'=G"+G"VG’ +G"VG°VG" +---

* Scattering Matrix: ¢ =v' +v'G%’

* Move to site and angular momentum basis
Separates structural and chemical dependence

Structural dependence: G, ;.

Chemical dependence: ¢,




Path Expansion and Full Multiple
Scattering

e Path Expansion — EXAFS Equation

— N\

- ——-

G=Gy+G,TG,+G,TG,TG,+...

* Full Multiple Scattering - XANES

G(w)=Gy+ Gy TGy+ G, TGy TGy+...

=[1-G,T]"' G,



XANES and LDOS

Cu pDOS vs K Edge XANES and XES




Beyond DFT — Quasiparticle Self-
Energy Effects

e G=[E-H-2]"

e X: Self-Energy operator =+ Quasi-particles

Quasi-Toddler




Core-Hole Interaction

e Photo-electron and hole interact

e Self-Consistent calculation without core
electron: Final State Rule

* Linear response: W, =¢7'v,

PHYSICAL REVIEW B VOLUME 58, NUMBER 12 15 SEPTEMBER 1998-[1

Real-space multiple-scattering calculation and interpretation
of x-ray-absorption near-edge structure

A. L. Ankudinov

MET-11, Los Alames National Laboratery, Los Alamos, New Mexico 87345

B.

Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryvland 20899

1. J. Rehr

Deparment of Physics, University of Washingron, Seatrle, Washingron 958195-1560

Normalized Absorption

S. D. Conradson
MST-11, Los Alamos National Laboratery, Los Alamos, New Mexico 87543

Energy (eV) )




FEFF: Key Approximations

Spherical muffin-tin potentials
Local Density approximation
Quasi-particle approximation
Core-hole treatment



When might approximations break
down?

Spherical potentials: non-symmetric systems,
water, graphene, benzene, ...

Treatment of the core hole
Self-energy approximations
Many-body effects

— Charge transfer excitations: transition metal
oxides, cuprates, ...

— Multiplet effects: L-edges in transition metals, L/M
edges in f-state systems



Muffin-Tin Approximation

Br,

FEFF-FP
Experiment

Muffin-Tin

13470 13480 13490
E (eV)




Many-Body Effects: Charge Transfer

Experiment Experiment

Theory (Shake-up) Theory (Shake-up)

Intensity (arb. units)
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Calandra et al, PHYSICAL REVIEW B 86, 165102 (2012)



