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X-ray Spectroscopy Beamline



Tools for a  Theoretical  X-ray Beamline 

• GOAL: Next Generation Core-level Spectra
• No adjustable parameters
• Accuracy ~ experiment

• TALK: 
1.  ETSF Theoretical X-ray Beamline:
2. Tools for EXAFS and XANES, EELS, XMCD, …        
3. DFT/MD-TOOLS
4.  Next generation Theoretical tools:  

XAS, GW-BSE & RIXS 



Need: Full spectrum theoretical tools
XAS, XES, RIXS etc.

Photon energy  (eV)

fcc Al

UV X-ray

arXiv:cond-mat/0601242

http://leonardo.phys.washington.edu/feff/opcons

FEFF8 vs Desy



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

FEFF codes

Real-space Green’s  

function theory

2. Tools for EXAFS & XANES

JFEFF GUI



Real-space Green’s Function Code

No wave functions!

Efficient!

Ψ



Implementation:  FEFF8
Real Space Green’s Function code

BN
Core-hole, SCF potentials

Essential!

89 atom cluster



Example: Pt L23 XAS   FEFF8 vs.   experiment 
Pt L3-edge Pt L2-edge   (S. Bare, UOP)

Good agreement: Relativistic FEFF8 code reproduces all spectral 
features, including absence of white line at L2-edge.



Cu pDOS vs XANES and XES

XANES vs Projected Density of States (LDOS)

XANES

XES
pDOS

Fermi energy EF

Final state energy E



FAST! Parallel Computation

MPI: “Natural parallelization”

Each CPU does few energies

Lanczos: Iterative matrix inverse

Smooth crossover  between

XANES and EXAFS!
1/NCPU



DFT Tools: Real-time DFT/MD-XAS 

metallic Pt      Al
oxidized Pt      O

*Kang, Menard, Nuzzo, and Frenkel, J. Am. Chem. Soc. 128, 12068 (2006)

Explains
unusual 

properties* of

Pt10 /γ-Al2O3

NTE, disorder,  
red-shift

Nano-scale Pt catalysts*
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Expt. vs DFT/MD structure +FEFF XAS Theory*

*F. Vila, J.J. Rehr, J. Kas, R.G. Nuzzo, A.I. 
Frenkel, Phys. Rev. B 78, 121404(R), (2008)

~ 104 cpu-hr VASP



4. Next generation  tools

FEFF9, OCEAN

JJR et al., Comptes Rendus
Physique 10, 548 (2009)

in Theoretical Spectroscopy
L. Reining (Ed) (2009)



Next generation  tools for core-level spectra*

A. Multi-electron excitations Quasi-boson

B. Core-hole effects  BSE

C. Vibrational effects  Debye Waller factors

GOAL: no adjustable parameters

*JJR et al., Comptes Rendus Physique 10, 548 (2009)

Implementation FEFF9, OCEAN



Cu

Sum of single pole self-energies

http://leonardo.phys.washington/feff/opcons

Many-pole self-energy model*

Plasmon pole model

Many-pole pole model

*J. Kas et al., Phys. Rev. B. 76, 195116 (2007)



Application: Improved Cu K Edge XANES

J. Kas, UW

Σ Self energy 



Intrinsic losses: Multi-electron Excitations S0
2

Multi-electron excitations 
→ satellites in A(k,ω)

Explains intrinsic losses

S0
2=0.9

Energy Dependent Spectral Function A(k,ω)

Beyond quasiparticles!



Quasi-Boson Theory of Inelastic Loss*

Excitations - plasmons, electron-hole pairs ... are bosons

*W. Bardyszewski and L. Hedin, Physica Scripta 32,  439 (1985)

“GW++”   Same ingredients as GW self-energy    
Vn → -Im ε-1(ωn,qn)  fluctuation potentials

Many-body Model:  |e- , h ,  bosons >



Effective GW++ Green’s Function  geff(ω)

Damped qp Green’s  function

Extrinsic  +   Intrinsic  - 2 x  Interference 

geff(ω)=

Spectral function: A(ω) = -(1/π) Im geff(ω)

L. Campbell, L. Hedin, J. J. Rehr, and W. Bardyszewski, Phys. Rev. B 65, 064107 (2002)

+ - -
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Vibrations: XAS Debye Waller Factors 

e-2σ2 k2

*Phys. Rev. B76, 014301 (2007)

many pole VDOS

Debye Integral

*



A. Frequency Space: Lanczos many pole algorithm

Total VDOS of Cu



B. Real-time (equation of motion) method





G. Veronesi, C. Degli Esposti Boschi, L. Ferrari, G. Venturoli, F. Boscherini, 
F.D. Vila, and J.J. Rehr, Phys. Rev. B (R) 82, 020101 (2010).

ETSF- Project: F. Boscherini et al.



GW/BSE codes:  AI2NBSE  &  OCEAN

*arXiv:1010.0025 Submitted to Phys Rev B (Sept. 2010)

*

+

*

http://arxiv.org/abs/1010.0025


OCEAN:  XAS, XES & RIXS 

• Plane-wave, pseudo-potential DFT < ABINIT
• PAW transition matrix
• RPA screened core-hole
• Bethe-Salpeter Eq. including multiplet effects
• Many-pole GW self-energy



GW/BSE   XANES

LiF  F K-edges



Expt

BSE*

feff(q)

*

Inelastic X-ray Scattering (NRIXS)



SrTiO3 Ti L23-edge

L23 Multiplets < OCEAN 
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Developmental – RIXS*
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*J. Kas & JJR
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