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GOAL.: ab initio Theory of XAS, 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. NEW Interpretation Bayesian Analysis



Experiment: X-ray Absorption Spectra

XANES X-ray absorption Near Edge Structure
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Qualitative Interpretation of EXAFS

D.Sayers Stern & Lytle 1970 Sayers EXAFS Fourier Transform
Short range order theory — Shifted Radial Distribution
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BUT need to calibrate experiment with “Standard”
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Quantitative EXAFS Theory

Three Key Developments

>(E)

EXAFS

Must extend ground state methods!



REVISED Stern-Sayers-Lytle XAFS Formula

Multiple Scattering Expansion: sum over paths [

£ (K)

o Sin(2kR 26, (k) + f(k))e Dt

ZF(E) = S()Z(E)N

N = coordination number R = )2 path length

Same form as Stern-Sayers-Lytle BUT
ALL PARAMETERS RENORMALIZED !



Ground-state vs vs Expt

XAS at K edge of Cu
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Phase Corrected EXAFS Fourier Transform
No shlft' Accurate dlstances to < 0. 01 A
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Modern EXAFS Theory: FEFF6 Code



XANES Theory Key Developments

QOuasi-particle Theory

e Beyond Ground State Density Functional Theory

e Inclastic losses, self-energy 2

e Core-hole eftects



[ Standard Quasi-particle Theory of XAS j

Beyond DFT!
Fermi Golden Rule for XAS p(w)

p(w) ~ Sp|{pyld|) |P6(Er — E; — hw)

Calculate with Fzcted State FElectronic Structure

Quasi-particle final states 1 - with core hole
2
[5% + Vi + E(E)] v = Espr (Dyson Eq.)
Final state rule V., = Veouw + Veore—hole
Non-hermitian  Self-energy X(E) = :GW
Inelastic Mean free paths Z(E) replaces Vxe !

A=k/|ImZ(E)| ~5—20 A

Non-standard Quantum Mechanics !



[ Wave-function vs Green’s functions ]

Paradigm shift:
Use Green’s functions n0of wave functions!

e Golden rule via Wave functions

W(E) ~ Sy|(ile - x[f)I*6(E — Ef)

e Golden rule via Green's functions Eﬁicien[]

Theorem: —%Im G(r',r,FE) =3¢ f)S(E—Ef){f]

u(E) ~ —*Im (| é -G/, r,E)é-rli)

T




[ Real-space Green's Function Formalism J

not k-space!
p(E) ~ —iIm (ije - v G@',r,E)é - r i)

G = GO + GOtGO + GOtGOtGO + - - -

(MS path expansion - geometric series)

= [1 - G%'G° “full MS”  “Real-space KKR”

Matrix inversion sums all paths implicitly!

Separation G' = G + G*scett

— p(E) ~ po(E)[1 + x(F)]

po(E) Atomic background

x(F) Fine structure



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

I 1. Rebr 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
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XAS and Pt Catalysts: FEFF8 vs. experiment
Pt L,, edge (S. Bare. UOP)
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* Very 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.




FAST! Parallel Computation FEFFMPI

PHYSICAL REVIEW B, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using Lanczos algorithms

Normalized time relative to single processor

o
~

A. L. Ankudinov,! C. E. Bouldin,? J. J. Rehr,! J. Sims,? and H. Hung2
'Department of Physics, University of Washington, Seattle, Washington 98195
’National Institute of Standards and Technology, Gaithersburg, Maryland 20899

FeffMPI Scaling with Cluster Size

-

02 04 06 08 1

MPI: “Natural parallelization™
Each CPU does few energies

Lanczos: Iterative matrix inverse

Smooth crossover between

XANES and EXAFS!

Inverse number of nodes in clusterl /NCPU



2. 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 to analyze XANES!



XANES vs Projected Density of States (LDOS)

Cu pDOS vs XANES and XES
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Difficulty — not easy to fit XANES!

too many parameters, too little bandwidth!

— Least squares fits are ill-conditioned

FIX: Bayesian Analysis (H. Krappe & H. Rossner)
- include a priori knowledge

Stabilizes fits!

Improves statistical error estimates!
Can use all data — XANES and EXAFS



[ Bayesian-Turchin XAS Analysis

J. J. Rehr, U. Washington Supported by DOE and SSRL/NIH

H. J. Krappe, H. Rossner, Hahn-Meitner Institute
Questions:

e What is the information content in XAS Expt?
Experimental data: pyx, k=1---K
Ans: pp = p(Z,wr), = R, N, 0%, ---.

e How can it be extracted?
Std. Ans: least squares fits in k or R space

min x* = sp[(ur — (T, wr)) /A
Problem: ILL-CONDITIONED equations

Not obvious which z; are important
Effects of noise not treated explicitly

e FIX: add a prior information - Bayesian analysis

TALK
“Standard” Approach

Bayesian- Turchin Approach
Application to XAS,XAFS,XANES



Standard X2 Analysis ]

- 2
X* = Sy |(ue — pO(Z, wi))/ Ap

pr(Z) = pp(Zo) + Zi(Opy/0x;)x;
X2 = |A = =N gz, |?
" Signal components” Ay = [ — pl]/Aps,
" Gradient of model” gp; = (Oul/0x;) /A
min x? with respect to z;
— Linear eq. X,;Qx; =b; i=1---N.
“Information matrix” Q;; =_,§;- - gj
“Signal components” b; = A - g;
ILL-CONDITIONED solutions
Very large conditioning number z = g1 /qxn
— Eigen-components unstable: z, = (b,/q.)

(go: Eigenvalues of Q)



[ Bayesian-Turchin Regularization ]

e FIX: Use known a priori information on &

P, prior(f) =N e_X%rior

2 — YA =1 _ /(.
Xprior i EzJAijzxj, AZj — <.’L‘7,.’,Uj>.

e — Aposteriori distribution
Prost = N Pyrior Peonditionai (/| F) = e bos
Xoost = XAX + (A — Gx)C(A — Gx)
C~[1+B'+TD'T]!, Gi =g
= min X;z)ost with respect to z;
— Linear eq. X,[Qi; + Aijlz; =b,i=1---N.
Q=GICG b =ACG

e Stable z, = b,/(qa + a4)
To = ba/qa, aeR (Relevant subspace)

Zo = bsy/aq, aeP  (Prior subspace)



[ XANES Experiment ]

e Application to Ge XAS p = {1l + x)

Model parameters

= (R, Rz, ... 7, near neighbor distances
K1, Kz, K3 spring constants
J{S), 0'53) Nl 0'53) third cumulants
Sa many-body amplitude factor
Fi, H; edge energy shift, broadening
Spi1, O ko, . . . Otiar) spline parameters

in po = pd + Spo[dp]

e Modification for XANES analysis
Model: FMS FEFF8MPI fast parallel code
XANES parameters, e.g., charge counts,
Numerical model gradients:

agi:.,:') = zgrlmﬁ.[#(f—F Sz Ts) — pl(X — Szuds)]




Absorption
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Normalized Absorption
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u(E)

Application to Bio-XAS*

Oxidized Pyrococcus Furious Rubredoxin

1.2

XANES Eg
XANES Best Fit
XANES Mu0 (From FEFF) ——

XANES MUOW

08

(add-on to FEFFIT)

08 -

Fits: R, distortions,
atomic background, etc
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clf110 7120 7130 7140 7150 7180 7170 7180 7180 7200 7210*Supp0rted by SSRL_NIH
" Data: G. George

SSRL



CONCLUSIONS
EXAFS — Quantitative! Reliable.
XANES - Semi-quantitative
New: Many body corrections — Semi-quantitative

New: Bayesian EXAFS/XANES analysis codes
SMART BLACK BOX

GOALS — Achieved or within sight!
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