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Introduction to the Theory of X-ray Absorption Spectra

GOAL.: ab initio Theory of XAS (and EELS)

No adjustable parameters
Accuracy ~ experiment

GOAL.: Quantitative interpretation

Inverse problem: What’s in a spectrum?
Atomic structure, chemistry, -

TALK:

1. EXAFS and XANES Theory, History

2. Theoretical parameters: MFP, S2, DW Factors, ...
3. Interpretation of XANES Bayesian Analysis
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“If I can’t calculate it,

I don’t understand it.”

R.P. Feynman
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Full spectrum X-ray Absorption Spectra
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1.EXAFS and XANES
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Quantitative
Theory of XAS

J. J. Rehr & R.C. Albers
Rev. Mod. Phys. 72, 621 (2000)

FEFF codes
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1. Quantitative EXAFS Theory

Three Key Developments

Curved Wave Scattering Theory fofr
Inelastic Losses 2(E)

EXAFS Debye Waller Factors o2

Must extend ground state methods!
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cf. Ground-state vs FEFF vs Expt
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[ Standard Quasi-particle Theory of XAS ]

Beyond DFT!

Fermi Golden Rule for XAS p(w)
p(w) ~ Z(ysld|vi) [26(Es — E; — hw)

Calculate with Fzcted State Electronic Structure

Quasi-particle final states 1y - with core hole
[%’% + V.t E(E)] vy = Enpr (Dyson Eq.)

Final state rule V., = Voou + Veore—hote

Non-hermitian  Self-energy 3(E) = iGW

Inelastic Mean free paths S(E)replaces Vxc !
A=k/[ImX(E) ~5—20 A

Non-standard Quantum Mechanics ! 10 of 40



[ Wave-function vs Green’s functions ]

Paradigm shift:

Use Green’s functions nof wave functions!

e Golden rule via Wave functions @

W(E) ~ Zyl{ilé - x| f)|*6(E — Ef)

e Golden rule via Green's functions Efficient!

Theorem: —%Im G(r',r, E) =% | f)0(E—Ef){f|

t(E) ~ —Im (il é - G(r/,r,E) é - r i)
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[ Real-space Green’'s Function Formalism J

not k-space!
u(E) ~ —Im (il e - G(r/,r,E) & - r|i)

G =G+ GUHE° + GUtGYG0 + - - -

(MS path expansion - geometric series)

=[1 - G%]7'G” “full MS™  "Real-space KKR”

Matrix inversion sums all paths implicitly!

Separation G = G¢ + Gseatt

— p(E) ~ po(E)[1 + x(£)]

po( E) Atomic background

x(E) Fine structure 19 of 40



REVISED XAFS Formula

Multiple Scattering Expansion: sum over paths [

£y ()
k 2

70 (E) = S (E)N SIN(2KR +25, (k) + p(k))e #HWe 27

N = coordination number = %, path length
Extrinsic losses: A, = XAFS mean free path
Intrinsic losses: 802 = Many body amplitude factor

Same form as Stern-Sayers-Lytle BUT
ALL PARAMETERS RENORMALIZED !
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Phase Corrected EXAFS Fourier Transform
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1. XANES Theory Key Developments

Quasi-particle Theory

e Beyond Ground State Density Functional Theory

o Inelastic losses, self-energy

T L
e Core-hole effects E
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FEFF8 ab initio, Relativistic, Self-consistent,
Full Multiple Scattering XANES Code

PHYSICAL REVIEW B VOLUME 58, NUMBER 12 15 SEPTEMBER 1998-11

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

A. L. Ankudinov
MST-11, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

B. Ravel
Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. ). Rehr 89 atom cluster

Department of Physics, University of Washington, Seattle, Washington 98195-1560

S. D. Conradson 12
MST-11, Los Alamos National Laboratory, Los Alamos, New Mexic
S0}
c
8 L
Core-hole, SCF potentials ¢
Bosf
' £
Essential! 5.l
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0 1 | | L
176 185 195 205 215

225
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XAS and Pt Catalysts: FEFF8 vs. experiment

Pt L;-edge Pt L -edge (S. Bare UOP)
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» Good agreement: Relativistic FEFF8 code reproduces all spectral
features, including absence of white line at L ,-edge.

 Self-consistency essential: small changes in position of Fermi level

strongly affect white line intensity. 17 of 40



FAST! Parallel Computation FEFFMPI

PHYSICAL REVIEW B, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using L.anczos algorithms
A. L. Ankudinov,] C. E. Bouldin,2 J. J. Rehr,1 1. Sirns,2 and H. Hung2

YDepartment of Physics, University of Washington, Seattle, Washington 98195
’National Institute of Standards and Technology, Gaithersburg, Maryland 20899

FeffMPl Scaling with Cluster Size

s ' 1T T4 MPI "Natural parallelization”
*il o " Each CPU does few energies
e P
% ol ,,,,,,,,,,,,,,,,,,,,,, | Lanczos: Iterative matrix inverse
% 02| . Smooth crossover between
S .7 XANESandEXAFS!

0 02 04 06

Inverse number of nodes in cluster /N CPU
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2. Theoretical parameters in XAS

GOAL: ab initio calculations .

A. Self-energy and Mean Free Path
B. Multi-electron excitations

C. Debye Waller factors

D. Core-hole effects

E. Local Field Effects

19 of 40



A. ab initio Mean Free Paths

Plasmon-pole model ——» many-pole model

Inelastic mean free path

IMFP (A)

10 |

Cu

o k
k [IIm (&) +T /2]

10 100 1000
Eneny {e\/)

Plasmon-pole model has too much loss!

JJR et al. arXiv:cond-mat/0601241
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B. Intrinsic losses: Multi-electron Excitations

QuaSi-boson MOdel PHYSICAL REVIEW B, VOLUME 65, 064107

Interference between extrinsic and intrinsic losses in x-ray absorption fine structure

L. Carnpbell,1 L. Hedin,2 J.J. Rehlr,1 and W. Bardyszevvski3
'Department of Physics, University of Washington, Seattle, Washington 98195-1560
 Department of Physics, Lund University, Lund, S22362 Sweden
and MPI-FKF, Stuttgart, D70569 Germany
3Department of Physics, Institute of Theoretical Physics, 00-681 Warsaw, Poland

Energy Dependent Spectral Function Ak w)

Beyond quasipatrticles!
= Multi-electron excitations
= — satellites in A(k,w)

Explains intrinsic losses

S,%=0.9
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[Quasi—Boson Theory of Inelastic Losse%

Quasi-boson (oscillator) model Hamiltonian
for single non-degenerate deep core hole

Excitations - plasmons, electron-hole pairs ...
are bosons of energy w,

e Excitations: H, = Enwna;&an
e Electrons: h = Ekc;fcck
e e-boson coupling Vy,, = Sppw [Vibal + (Vi) *a,)] c;fcck;

e Core-hole-boson coupling: V,,. = =X, Vi% (al + a,,)

Fully interacting Green’s function: g.g(w) = e
V‘Tl 2 Vn -
X lg(w) + X, (aff) 9w —wy) — 28, g(w — wy)V g(w)]

Standard QP model: g (w) = [w—A'—% (w)+iy]™t

Spectral function A = —ZImgew(w) V" — -Im 8'1(wn,qn,£ of 40



S, Many Body Amplitude
« XAS = Convolution with spectral function
plw) = f(?odw’AH(w,w’)qu(w —w')
= (ugp(w)) = So” Uy, (@)
» Spectral function

A= (—1/m)Im Gesr

23 of 40



C. Ab initio XAS Debye Waller Factors
Phys. Rev. B76, 014301 (2007)

An Initio Determination of Extended X-Ray Absorption Fine Structure Debye-Waller
Factors

Fernando D. Vila, G. Shu, and John J. Rehr 6-20 k
Department of Physics, University of Washington, Seattle, WA 98195

H. H. Rossner and H. J. Krappe
Hahn-Meitner-Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany
(Dated: August 23, 2005)

=— j coth'gh

many pole model of
, Lo
(a) —D) Qi> vibrational response

p(w2)= (@

— {6 —step Lanczos recursion

D

1 O°FE Dynamical Matrix
1T o m W2 Ou,,0u,,, |from ABINIT/Gaussian03

Replaces correlated Debye Model !
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ADb Initio Debye-Waller Factors in Rubredoxin

o2 (in 103 A?)
Path Theory Exp.
Fe-S; 2.9 2.810.5
Fe-S, 2.9 2.810.5
Fe-S; 3.3 2.840.5
Fe-S, 3.5 2.840.5

Convert Full System
into Smaller Model

25 of 40



D. BSE - Screened Core Hole

Corrections to final state rule

Static RPA screened core hole: I/ =¢' 1V _,

Bethe-Salpeter Equation (2-particle Green’s function)

€,=1m x )(=(]—K)(0)'])(0 K=V+w
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UNIVERSITY OF HELSINKI

Be K-edge XRS/NRIXS: FEFF vs BSE vs Expt
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Experiment: C. Sternemann et al., Phys. Rev. B 68, 035111 (2003).
* BSE: J. A. Soininen and E. L. Shirley, Phys. Rev. B 64, 165112 (2001).
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E. TDDFT: Local Field Effects

 Transition operator not external x-ray field ¢

Must include polarization ¢ = ¢« + ginduced
— 8—] ggext

e=1-K; x° Dielectric matrix
K, = TDDFT Kernel = V +f,

— Golden rule with screened matrix elements
Modified L 3/L 2 ratio

Important for soft edges e.g., L-shell

29 of 40



TDDFT Calculation of XAS of W*

£
=
=

S
T

TDDFT
FEFF8 FSR

Data*

No adjustable parameters

=
=

Mass absorption coefficient

2
=

1 1 1 1 I 1 1 1
1700 1800

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
1900 2000 2100

Energy (eV)

1 I 1 1 1
2200

*Data: Z. Levine et al. J. Research. NIST 108, 1 (2003)
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L, , Edge Absorption in Vanadium

2 ERVARE
= :"".'<—single electron theory] Local fields
oS gk, 0 - .
c Lg TDLDA can explain
e - : -
S af | anomalous
2 .
. L4/L, ratio.
Energy (eV)
FEFF8 / TDDFT

A. L. Ankudinov et al. Phys. Rev. B. 67, 115120 (2003)
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3. Interpretation of XAS

« EXAFS measures structure

— distances, coordination numbers,
disorder and vibrations, ...

« XANES electronic structure
p(E) = -1m G ~ u(E)

— LDQOS, charge counts, valence -

* Need NEW TOOLS to analyze XANES
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XANES vs Projected Density of States (LDOS)

Cu pDQS VS XANES anld XES

0.0 10.0 20.0
E (eV)

Fermi energy £, Final state energy E
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Pre-edge Peaks and Valence/Coordination

PHYSICAL REVIEW B VOLUME 56, NUMBER 4 15 JULY 1997-11

Ti K-edge XANES studies of Ti coordination and disorder in oxide compounds:
Comparison between theory and experiment

Frangois Farges*
Laboratoire de Physique et Mécanique des Géomatériaux, Université de Marne-la-vallée (and UA CNRS 734 and LURE),
93166 Noisy le Grand cedex, France

Gordon E. Brown, Jr.
Department of Geological and Environmental Sciences and Stanford Synchrotron Radiation Laboratory, Stanford University,
Stanford, California 94305-2115
J. J. Rehr

Department of Physics, University of Washington, Seattle, Washington 98195
(Received 11 November 1996)

Pre-edge peak height vs coordination XAS vs cluster size
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three domains for fourfold, fivefold, and sixfold coordinated Ti.
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Bayesian Analysis of EXAFS+XANES

Bayes-Turchin Approach to XAS Analysis
J. Synchrotron Rad. 12,70 (2004)

J. J. Rehr,?* J. Kozdon,?® J. Kas,? H. J. Krappe® and

H. H. Rossner® and refs therein

2Dept. of Physics, Univ. of Washington, Seattle, WA 98195

USA, ®Univ. of California, Santa Cruz, CA, 95064 USA, and " -

“Hahn-Meitner-Institut, D-14109 Berlin, Germany. E-mail: CO m bl n ed flt

Jir@phys.washington.edu X AF S +X AN E S

Approach: Minimize
x2=5 |u; e (x) -y ©XPY12 Natural separation into
+ XAx (a prion)
S [Q+A]x=b Relevant (Q dominates)
or

Q information matrix
Irrelevant (A dominates)

A a priori matrix
b normalized signal

x parameters RN, u, parameters
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Implementation in FEFFIT
J. Kas

« Add-on to FEFF/ T (M. Newvilie et. al.)
for XAS calculation

» Several modes of operation:

— EXAFS only: R-space, k-space (default)
— XANES+EXAFS, Multi-Edge; E-Space

» Structural input

— Internal coordinates, xyz, DW factors, ...

» Background correction using splines



ab initio XANES Spectrum of Rubredoxin

without fitting!

Experiment  + o
Many Pole Self-Energy + Many-Body Effects Ab initio
Plasmon-Pole Self-Energ SPSE FEFES

7120 7140 7160 7180 7200 7220 7240
E (eV)
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FT of EXAFS Spectrum of Rubredoxin (Fitted)

Experiment  +
First Princizoles
0.25 Best Fit (Amp, EO, 67, R) —

R=2.26 (.01)
E,=1.3(0.7)
S,2=0.91

0.2

01 0,=2.8(.5)

0.05
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CONCLUSIONS

EXAFS — Quantitative! Reliable
— Parameter free theory

XANES - Semi-quantitative
— Parameter free theory

NEW: Many body corrections

Ab initio Self-energies, Debye-Waller factors, etc.

NEW: Bayesian EXAFS/XANES analysis codes

GOALS - Achieved or within sight!
-- closer to BLACK BOX analysis

39 of 40



That's all folks
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