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Introduction to XAS Theory

J. J. Rehr, U. Washington Supported by DOE

GOAL: ab initio Theory

• No adjustable parameters

• Accuracy ∼ experiment

GOAL: Quantitative Interpretation

“Inverse Problem” What’s in a spectrum?

• Atomic Structure - Interatomic distances

• Chemistry



“Theory without Experiment is empty.”

“Experiment without Theory is blind.”

H. Pagels

“Theory or Experiment without

Computation is old-fashioned.”

J. J. R.
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Qualitative Theory

Fermi Golden Rule

µ ∼ |〈ψcore|ε̂·�r|ψf〉|2 ∼ |ψf (0)|2

ψf (0) ∼ ψout
f + ψscatt

f

ψscatt
f ∼ eikR+δ

kR f (π)e
ikR+δ

kR

• ⇒ XAFS (Quantum Interference)

µ ∼ µ0


1 + Im f (π)

(kR)2
e2ikR+2iδ



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X�ray Absorption Fine Structure

� Modulation in X�ray absorption coe�cient due to
presence of condensed matter�

� � jhf j �p � �E j iij� � ���� � ��
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�Nj S
�
�Fj�k�

krj�
e��k���j e��rj���k� sin�
krj � �j�k��

k Photoelectron wave number
	� Polarization direction

Nj Coordination number

S�
� Many body correction

��
j Debye�Waller factor

��k� Photoelectron mean free path

�j�k� � 
 �c�k� � �b�k� Phase shifts





Key Developments
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Curved-wave Scattering Theory

• “Plane-wave” scattering theory f INVALID

• f → Effective scattering amplitude feff FEFF

f eff(π; k) ∼= Σl(−1)l(2l + 1)eiδl sin δl Cl(k)

• Curved wave factor Cl(k) ∼= eil(l+1)/2kR
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Inelastic Losses

Must account for various LOSSES

• Extrinsic Losses

Mean free paths λ = k/[|Im Σ(E)| + Γ]

Σ(E) Photoelectron Self-energy

Γ Core-hole lifetime

• Intrinsic Losses

S2
0 = |〈Ψ′

N−1|ΨN−1〉|2 ≈ 0.9
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EXAFS Debye-Waller Factors

Damping of EXAFS from Disorder and Vibrations

〈χ(R)〉 = χ(R̄)e−W )

W = 2k2σ2− 4
3ik

3σ(3) + · · · “Debye-Waller factor”

σ2 = 〈|(�u0 − �uR) · R̂|2〉 “MSRD”

σ(3) “3rd cumulant”

Explains anomalous length contraction!

Approximation: Correlated Debye-Model

Relation: σ(1)σ2/σ(3) = 1/[2 − (4/3)(σ2
0/σ

2)2]
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Standard Quasi-particle Theory of XAS

Fermi Golden Rule for XAS µ(ω)

µ(ω) ∼ Σf |〈ψf |d|ψi〉|2δ(Ef − Ei − h̄ω)

Calculate with Excted State Electronic Structure

Quasi-particle final states ψf - with core hole

[
p2

2m + V ′
coul + Σ(E)

]
ψf = Efψf (Dyson Eq .)

Final state rule V ′
coul = Vcoul + Vcore−hole

Non-hermitian Self-energy Σ(E)

Inelastic Mean free paths

λ = k/|Im Σ(E)| ≈ 5 − 20 Å

Non-standard Quantum Mechanics !
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Wave-function vs Green’s functions

• Golden rule via Wave functions

µ(E) ∼ Σf |〈i|ε̂ · r|f〉|2δ(E − Ef)

• Golden rule via Green’s functions

Theorem: −1
πIm G(r′, r, E) = Σf |f〉δ(E−Ef)〈f |

µ(E) ∼ −1
πIm 〈i| ε̂ · r′ G(r′, r, E) ε̂ · r |i〉
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Real-space Green’s Function Formalism

• µ(E) ∼ −1
πIm 〈i| ε̂ · r′ G(r′, r, E) ε̂ · r |i〉

G = G0 + G0tG0 + G0tG0tG0 + · · ·
(MS path expansion - geometric series)

= [1 − G0t]−1G0 “full MS”

Matrix inversion sums all paths implicitly!

• Separation G = Gc + Gscatt

→ µ(E) ∼ µ0(E)[1 + χ(E)]

µ0(E) Atomic background

χ(E) Fine structure
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High-order Multiple-scattering Theory

• Multiple-scattering Path Expansion

χ = ΣMS paths
= GtG + GtGtG + GtGtGtG + · · ·

• Separable-Propagators (Rehr-Albers 1990)

GL,L′(kR) = eikR

kR Σn ỸLnYL′n (6 × 6)

→ Modern EXAFS Equation

χ = Σpaths
NS2

0feff
kR2 sin(2kR+Φ)e−2R/λe−2k2σ2

RESULT: MS Series converges with 102−103 paths









Interpretation of XAS







What is S0
2

• Many body effects in XAS
• Multi-electron excitations





Interference between Extrinsic and Intrinsic Losses in XAFS

L. Campbell,1 L. Hedin,2 J. J. Rehr,1 and W. Bardyszewski3
1Dept. of Physics, Univ. of Washington, Seattle, Washington

2Dept. of Physics, Lund University, Lund, Sweden, and MPI-FKF, Stuttgart, Germany; and
3Dept. of Physics, Univ. of Warsaw, Warsaw, Poland

(Dated: November 20, 2002)

The interference between extrinsic and intrinsic losses in x-ray absorption fine structure (XAFS) is
treated within a Green’s function formalism, without explicit reference to final states. The approach
makes use of a quasi-boson representation of excitations and perturbation theory in the interaction
potential between electrons and quasi-bosons. These losses lead to an asymmetric broadening of
the main quasi-particle peak plus an energy-dependent satellite in the spectral function. The x-ray
absorption spectra (XAS) is then given by a convolution of an effective spectral function over a one-
electron cross-section. It is shown that extrinsic and intrinsic losses tend to cancel near excitation
thresholds, and correspondingly, the strength in the main peak increases. At high energies, the
theory crosses-over to the sudden approximation. These results thus explain the observed weakness
of multi-electron excitations in XAS. The approach is applied to estimate the many-body corrections
to XAFS, beyond the usual mean-free-path, using a phasor summation over the spectral function.
The asymmetry of the spectral function gives rise to an additional many-body phase shift in the
XAFS formula.

PACS numbers: 71.10.-w 78.70.Dm

µ(ω − Ec) =
∫

dω′Aeff(ω, ω′)µqp(ω − ω′), (1)
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