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Introduction to XAFS based on 
the interpretation of multiple 

scattering approach 



Photon	
  

X-ray Absorption Fine Structure (XAFS) 

XAFS	
  	
  spectrum	
  

Photon	
  energy	
  

Interpreta$on	
  
•  Molecular	
  Orbital	
  
•  Band	
  structure	
  
•  Ligand	
  field	
  spliTng	
  
•  Interference	
  of	
  photoelectron	
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σ (ω ) = −4παω φc ε ⋅r ImG(ω + Ec )ε ⋅r φc



Cluster size 

•  Due to a finite lifetime of corehole and a 
mean free path of excited electron, it 
can travel only up to a few Å 
(depending on energy) 
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5~10 Å	
  

σ (ω ) = −4παω φc ε ⋅r ImG(ω + Ec )ε ⋅r φc



MnO4	
  

MnO6	
  

d=1.63Å	
  

d=2.17Å	
  

EXAFS	
  shows	
  sin(kR)	
  oscilla$ons	
  

e-­‐	
  



Lee&Beni	
  PRB	
  (1976)	
  



                       Structure    
 
EXAFS         1d distance          
XANES         3d structure  

By using Scattering theory, one can have a seamless 
connection in whole energy range for XAFS. 

XANES EXAFS 

Multiple scattering theory 

K-edge XAFS 



Multiple scattering Theory 
•  Multiple Scattering Theory (MST) is a powerful tool for 

core-electron spectroscopies. 

  it is a general method, namely, 
 
   - good convergence for wide energy range (-50 ~ 1000eV) 
   - no limitation for atomic species 
   - complex energy dependent potential 
	
  	
  	
  	
  	
   ex.)	
  Σopt ~ GW ~ Vex

c+GcvPcv + GvWv  ( r⥵∞, ~ 1/r4 )	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  T.	
  Fujikawa,	
  K.	
  Hatada	
  and	
  L.	
  Hedin,	
  PRB	
  (2000)	
  
 



Application of Multiple scattering approach 
 
 
KKR (band): Korringa (1947), Kohn and Rostoker (1954) 
SCF-SW (Quantum Chemistry:MO): Slater and Johnson (1966), 
                                                          Smith and Johnosn (1969) 
 
For core electron spectroscopy, 
 
PHD   (Photo Electron Diffraction)  : 
           Sebilleau (MsSpec), Rennert, Van Hove, Saldin, De Abajo 
 
XAFS (X-ray Absorption Fine Structure): 
           Natoli (1980), Vedrinsky, Pendry, Fujikawa, Rehr (FEFF code), 
           Benfatto, Brouder, Foulis, Ebert (SPRKKR), Hatada (FPMS) … 
 
   Also for EELS (Electron Energy Loss Spectroscopy), 
                RXS (Resonant X-ray Scattering) 
 
        wide application of MS theory 

K. Hatada, IXAS Web Magazine (2010)
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Spherical	
  shaped	
  

Spherical	
  	
  averaged	
  

Constant	
  in	
  inters$$al	
  region	
  

Approximation of potential: Muffin-tin ( MT ) 
approximation 

This	
  approxima$on	
  works	
  well	
  for	
  :	
  
	
  	
  	
  	
  Closed	
  packed	
  system	
  
	
  	
  	
  	
  Higher	
  energy	
  region	
  ~20	
  eV	
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  h.ps://www.flickr.com/photos/piez/529412931/	
  



Spherical	
  shaped	
  

Spherical	
  	
  averaged	
  

Constant	
  in	
  inters$$al	
  region	
  

Approximation of potential: Muffin-tin ( MT ) 
approximation 

This	
  approxima$on	
  works	
  well	
  for	
  :	
  
	
  	
  	
  	
  Closed	
  packed	
  system	
  
	
  	
  	
  	
  Higher	
  energy	
  region	
  ~20	
  eV	
  

MT	
  scatterer	
  



Programs	
  

•  CONTINUUM (Natoli) 
•  FEFF (Rehr) 
•  GNXAS (Fillipponi&Di Cicco) 
•  MXAN (Benfatto&Della Longa (Hatada)) 
•  FPMS (Hatada) 

For	
  requests	
  of	
  FPMS	
  and	
  MXAN	
  send	
  email:	
  
keisuke.hatada.gm@gmail.com	
  

FPMS	
  school	
  by	
  COST	
  in	
  Rennes	
  the	
  last	
  week	
  of	
  June	
  2016!	
  



MT	
  approxima$on	
  (MXAN)	
  

Use	
  spherical	
  shaped	
  
and	
  averaged	
  
poten$al	
  

outside	
  the	
  cells	
  
poten$al	
  is	
  flat	
  

Non-­‐MT	
  (FPMS)	
  

No	
  inters$$al	
  region!	
  

Poten$al	
  inside	
  cell	
  is	
  
anisotropic	
   Empty	
  Cells	
  (EC)	
  



3d images of MT & NMT 
Fe(CN)6	
  



L23	
  edge	
  of	
  transi$on	
  metal	
  
•  We	
  have	
  seen	
  XAFS	
  can	
  be	
  separated	
  by	
  energy	
  region.	
  What	
  

about	
  the	
  edges?	
  Different?	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Yes…	
  



3	
  main	
  types	
  of	
  work	
  for	
  XAFS	
  

L23-­‐XANES	
  
K-­‐XANES	
   EXAFS	
  

Image:h.p://www.scrippsranchpetwatch.com/cat-­‐si.er/	
  



3	
  main	
  types	
  of	
  work	
  for	
  XAFS	
  

L23-­‐XANES	
  
K-­‐XANES	
   EXAFS	
  

Scattering!	
  
Scattering!!!	
  

I’m	
  different…	
  

Image:h.p://www.scrippsranchpetwatch.com/cat-­‐si.er/	
  



L23	
  edge	
  of	
  transi$on	
  metal	
  
•  We	
  have	
  seen	
  XAFS	
  can	
  be	
  separated	
  by	
  energy	
  region.	
  

What	
  about	
  the	
  edges?	
  Different?	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Yes…	
  
•  K-­‐edge	
  XANES	
  and	
  EXAFS	
  provide	
  mainly	
  structural	
  info.	
  

•  While	
  shallow	
  core	
  edges,	
  what	
  happens?	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  More	
  electron	
  informa$on.	
  

•  L23	
  3d	
  transi$on	
  metal	
  case	
  is	
  par$cular.	
  
(L23	
  edge	
  is	
  important	
  also	
  for	
  XMCD	
  to	
  study	
  magne$sm)	
  

?	
  

Image:	
  h.p://photoity.com/the-­‐32-­‐graceful-­‐pictures-­‐of-­‐surprised-­‐cats/	
  



L2,3-­‐XAS	
  of	
  early	
  3d	
  elements	
  

Experiment	
   Independent	
  par>cle	
  picture	
  

L3	
   L2	
  

L3	
  

L2	
  

L3	
  

L2	
  

2:1	
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L2,3-­‐XAS	
  of	
  d0-­‐system	
  in	
  atomic	
  mul>plet	
  theory	
  

Many-­‐electron	
  states	
  
	
  
|g>	
  =	
  |	
  2p63d0,J=0>	
  
	
  
|	
  f>	
  =	
  |	
  2p53d1,J=1>	
  
	
  
2p-­‐s.-­‐o.	
  ~	
  2p-­‐3d	
  Coulomb	
  	
  
	
  
Intermediate	
  coupling	
  
	
  
2p1/2,	
  2p3/2	
  holes	
  mixed	
  
	
  
L2-­‐L3	
  channel	
  coupling	
  

(do.ed:	
  without	
  2p-­‐3d	
  Coulomb)	
  

• 	
  correct	
  branching	
  ra>o	
  

• 	
  no	
  band	
  structure	
  /	
  ligand	
  field	
  
PK	
  



Can	
  we	
  put	
  mul$plets	
  in	
  mul$ple	
  sca.ering?	
  

Many	
  body…	
  iden$cal…	
  Fermionic…	
  

Image:h.p://connect.everythingzoomer.com/profiles/blogs/when-­‐do-­‐you-­‐have-­‐too-­‐many-­‐cats	
  



First	
  a.empts	
  were	
  done	
  in	
  Natoli	
  (Frasca$)	
  and	
  Vedrinskii	
  (Rostov)	
  groups	
  in	
  1990	
  
In	
  this	
  way	
  ligand	
  field	
  is	
  automa$cally	
  taken	
  into	
  account	
  by	
  mul$ple	
  sca.ering	
  part	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  No	
  ligand	
  field	
  parameters!	
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Mul$	
  Channel	
  Mul$ple	
  Sca.ering	
  
(MCMS)	
  

•  First	
  rigorous	
  prac$cal	
  calcula$on	
  was	
  
published	
  by	
  Kruger	
  and	
  Natoli	
  (PRB	
  2004)	
  

hv	
  
3d0	
  

2p6	
  

3d1	
  

2p5	
  

Par$cle-­‐hole	
  interac$on	
  
same	
  as	
  BSE	
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Kruger&Natoli	
  PRB	
  71	
  245120	
  (2004)	
  



SrTiO3	
   TiO2	
  ru>le	
   TiO2	
  anatase	
  

cubic,	
  Oh	
   tetragonal,	
  D2d	
  tetragonal,	
  D2h	
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Kruger	
  PRB	
  (2010),	
  J.	
  Phys.	
  Conf.	
  Ser	
  (2009)	
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TiO2	
  ru$le	
  	
  -­‐	
  cluster	
  size	
  dependence	
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P.	
  	
  Krüger,	
  Phys.	
  Rev.	
  B,	
  81	
  (2010)	
  125121	
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G (+ )(E) = g(+ ) (E)+ g(+ )(E)ΔVG (+ )(E)

Gαβ = gαβ + gαγ Δtγδ Gδβ
γδ
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Dyson	
  equa$on	
  for	
  mul$channel	
  poten$al	
  

Taranukhina&Novakovich	
  

Manybody	
  correc$on	
  

With	
  mul$ple	
  sca.ering	
  frame	
  work	
  

T-­‐matrix	
  is	
  calculated	
  by	
  

No	
  approxima$on	
  for	
  es$ma$on	
  of	
  T-­‐matrix	
  

sCATtering!	
  

AT	
  
Image:h.p://www.cutestpaw.com/images/stalin-­‐the-­‐cat/	
  



Complex	
  energy	
  
calcula$on	
  

Just	
  broadening	
  

Taranukhina&Novakovich	
  
(to	
  be	
  published)	
  AT	
  



Mul$channel	
  sca.ering	
  equa$on	
  

The	
  code	
  is	
  not	
  yet	
  implemented!	
  
JPCM	
  (2012)	
  

CN	
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Conclusions	
  

• 	
  mul$channel	
  theory	
  with	
  par$cle-­‐hole	
  wave	
  func$on	
  by	
  Kruger&Natoli	
  
(R-­‐matrix)	
  and	
  Taranukhina&Novakovich	
  (Dyson	
  eq.)	
  

• 	
  TiO2	
  spectra	
  perfectly	
  reproduced	
  for	
  the	
  first	
  $me	
  by	
  KN.	
  

	
  

• 	
  D-­‐E	
  spliTng	
  is	
  a	
  long	
  range	
  band	
  structure	
  effect,	
  local	
  distor$ons	
  play	
  no	
  
role	
  

	
  

• 	
  TN’s	
  approach	
  has	
  less	
  restric$on	
  for	
  theory,	
  but	
  numerically	
  it	
  is	
  difficult	
  
for	
  developers.	
  	
  

• 	
  methods	
  work	
  well	
  for	
  light	
  3d	
  elements	
  

• 	
  3dn	
  case	
  is	
  under	
  development	
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