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 Goal: Full Spectrum Theory 
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  ”Can you write an equation 
          for the theory?” 
                                   
                  
                 P.A.M. Dirac 
              to R. P. Feynman 
   
 
    
                                     

 



EXAFS Equation of Stern, Sayers and Lytle* 
*Phys. Rev. Lett. 27, 1204 (1971) 

Rnn 

shift 

Cu 
 Shifted  Radial Distribution  Drawback:  need to    

  calibrate with “Standard” 



JJR’s EXACT Single-scattering EXAFS Eq.*  

Origin of  feff 

*Phys Rev B34, 4350 (1986)  - rejected by PRL  

[curved wave corrections] 



     Challenge   
 
        Can the EXAFS parameters 
 
                   k  feff    Φk    σ2    λk    S0

2  
 

                -- be calculated theoretically ? 
 
           -- up to 1500 eV above threshold ? 
   
                                   
                                    
   
 
    
                                     

 



    
 Ans 1: Probably difficult … 
 
 ”I always thought it was easier to measure 
         x-ray absorption spectra than to  
                calculate it.” 
 
                                Hans Bethe    ~ 1980 
     
     
   
 
    
                                     

 



Ans 2   ~ 10  years later 

FEFF3    *JACS 113, 5136 (1991)  

Key ingredients: 
   Curved wave theory feff(k)  to   k = 20  (1500 eV) 
   Hedin-Lundqvist self-energy Σ 
   Dirac-relativistic phase shifts δl  to l=20 
   Correlated Debye Model σ2  
     +  Integrated,  linked, user-friendly code FEFF 



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

   

       

        

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

Ans 3: ~another10 years 
       with DOE support 
 
     Full MS Theory 
        of  EXAFS   
        
             FEFF6 
       
       
      
         



Developments: SCFQuasi-particle Theory 

          ΔSCF Fermi Golden Rule for XAS μ(ω) 

    Quasi-particle final states  ψf   

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

Non- hermitian  self-energy Σ(E) Beyond DFT   
                        (replaces Vxc) 



    Ground-state vs Quasiparticle vs Expt 
   

Quasiparticle Theory Essential           

Cu 



Real-space Green’s Function Theory (RSGF) 

 Golden rule via Green’s Functions G = 1/( E – h – Σ )  

   Golden rule via Wave Functions 
Ψ 

 Paradigm shift:  

      No sums over final states ! 



Real-space Green’s Function Formalism 
        full-multiple scattering vs MS path expansion 

“Real-space KKR” 

    G0 free propagators,  t-matrix = ei δl sin δl δRR’ δll’ 

       Rehr-Albers Scattering Matrix feff 

Ingredients: 



Relativistic RSGF Theory* 
 
    2 Steps 
 
1) Production    
 

  Dirac-Fock atomic theory    | < f | d | I > | 
 

 2) Scattering        G= G0 + G0 T G    
             Non-relativistic, no spin-flips, …    
    
       

 *JJR + A. Ankudinov PRB 56, R1712 (1997) 



    No peak shift!   

  

Path Expansion 15 paths      

Rnn= 2.769  fcc   Pt 

  Widely used in expt analysis e.g., with IFEFFIT etc.  

χ(R) 

R (Å) 

EXAFS -  MS Path Expansion     

Phase  Corrected Fourier Transform*  
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•  Relativistic effects & spin-orbit  crucial!    -     

     Reproduces all spectral features  e.g. no L2  white line   

Expt:  

S. Bare, UOP 



Green’s Functions and Parallel Computation 

  

     “Natural parallelization” 

  Each CPU does one energy  
1/NCPU 

      Energy   E  is a      
        parameter ! 



Ans 4  ~10 more years 
    now with ab initio 
 many body ingredients 
 
               
            FEFF9 
 
   
 
 
 
 
   JJR et al., Comptes Rendus 
       Physique 10, 548 (2009) 

Theoretical Spectroscopy 
      L. Reining (Ed) (2009) 



  Ab initio Calculations of Many body effects* 

     

●  Self-energy Σ(E)              Damping          

●  Core-hole effects                            Screening 

●  Debye-Waller factors                 e-2σ2 k2 
●  Multi-electron excitations          Satellites & Multiplets 

              *FEFF9     ~ 105 lines of code 

 

   

 

Σ 
     Quasi-particles & beyond  



RPA 

    Ingredients 
      

  
  

            
 
 

 ab initio RPA Core-hole 
 ab initio Debye Waller factors 

 ab initio S0
2    ab initio Self-energies, 

          & mean free paths 



Multielectron Excitations & Satellites  

  

   Ak(ω) = (-1/π) Im Gk (ω) 

       

Energy Dependent Spectral Function  Ak (ω)  

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



Example: S0
2   in EXAFS 

       S0
2~0.9 



Extensions: Hubbard-model in FEFF9 
strong correlation effects 

V U (r; E) = V SCF (r) + §GW (E) + §Ulm¾(E)

cf. H. Jiang, Rinke  et al. Phys. Rev. B 82, 045108 (2010). 

 Hubbard U as self-energy correction    

 O  K-edge MnO 



JFEFF GUI & Scientific Cloud Platform 
with improved software practices 

User-r-friendly 
• Linux, Windows, Mac 
• Automated installers 
• Run locally, on cluster,  

or on Amazon EC2 cloud 
• Reads FEFF9 input files 
• 20 example calculations 
• Users Guide 
• No need to compile 
• User-friendly 
• Built in help, error checks 

 
*K. Jorissen et al., Comp. Phys. Comm. 183, 1911 (2012) 

Supported by NSF SI2 Grant  

 



Extensions:  Scattering spectroscopies 
RIXS COMPTON 



    Ans 5:  ~2011           Are we there yet ?  
      FEFF uses MT potentials; also lacks BSE  
                
                     GW/BSE   Theory  

  Ingredients:     Particle-Hole Hamiltonian 
     H = he - hh  +  Veh          he/h = εnk  + Σnk        
     Σ   GW self-energy  Veh = Vx + W    Particle-hole 



BSE Core-XAS      OCEAN*  
 

     
Plane-wave, pseudo- potential   
   + supercell + PAW + MPSE 
 
 
   
 cf. EXC!TING, XSPECTRA 
 

LiF: F K edge  

Phys. Rev. B83, 115106 (2011) 

*Obtaining Core Excitations 
     from ab initio NBSE 



Unified treatment of multiplets and extended states   
Phys. Rev. B 86, 195135 (2012) 

alá E. Shirley: GW/BSE no crystal field parameters 



Summary & Conclusions 
●      Evolution of FEFF spanned 3 decades ! 
 
●       Combined advanced codes (FEFF+OCEAN) 
          now yield quantitative full spectrum response  UV-XAS 
            
●       Codes now semi-automated, user-friendly 
         with JFEFF GUI, cloud computing platform  
 
●       Synergy between Theory, Computation, and Expt 
          crucial to advance scientific progress 
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