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On ana lyse  l e s  d i f f6rent .s  schkmas thkor iques  pe rme t t an t  d e  c a l c u l e r  l e s  
s p e c t r e s  d ' abso rp t ion  d e  rayons  X 3 p a r t i r  des  couches profondes  e t  on montre q u ' i l s  
s o n t  Bquivalents .  Le cad re  u n i f i a n t  e s t  donnk p a r  l a  t h k o r i e  de  l a  d i f f u s i o n  
mul t ip l e .  En p a r t i c u l i e r  on montre que La formulat ion baske s u r  les fonc t ions  d e  
Green permet, sous  c e r t a i n s  cond i t ions ,  d 1 6 c r i r e  l e  c o e f f i c i e n t  d l a b s o r p t i o n  comme 
une s 6 r i e  de termes q u i  o n t  une s i g n i f i c a t i o n  physique d i r e c t e .  On d i s c u t e  l e s  
c o n d i t i o n s  sous  l e s q u e l l e s  l e  d6veloppement e s t  p o s s i b l e  e t  e n  consequence on  propose 
un schkma d1 i n t e r p r g t a t i o n  d e s  s p e c t r e s  d l a b s o r p t i o n  ?I l a  f o i s  u n i f i 6  e t  coh6rent.  On 
donne e n f i n  une formule approchke d e s  propagateurs  q u i  permet l e  c a l c u l  r a p i d e  du 
terme g6n6rale  d l o r d r e  n  de  l a  s 6 r i e .  

ABSTRACT 

The v a r i o u s  schemes f o r  c a l c u l a t i n g  i n n e r  s h e l l s  X-ray a b s o r p t i o n  s p e c t r a  
a r e  reviewed and shown t o  be  mutual ly  equ iva len t .  The un i fy ing  framework is provided 
by t h e  m u l t i p l e  s c a t t e r i n g  (MS) theory.  I n  p a r t i c u l a r  t h e  formulat ion based on t h e  
Green' s f u n c t i o n  approach a l lows  one under c e r t a i n  c o n d i t i o n s  t o  w r i t e  t h e  abso rp t ion  
c o e f f i c i e n t  a s  a  sum o f  an  i n f i n i t e  number o f  terms which have a  d i r e c t  phys ica l  
meaning. The c o n d i t i o n s  under which t h i s  expansion is p o s s i b l e  is d i scussed  and a s  a  
consequence a  un i fy ing  scheme o f  i n t e r p r e t a t i o n  o f  X-ray abso rp t ion  s p e c t r a  is 
proposed. F i n a l l y  an approximate formula f o r  t h e  r a p i d  e v a l u a t i o n  of t h e  n- th  o rde r  
term o f  t h e  expansion is given. 

INTRODUCTION 

S t a r t i n g  from t h e  gene ra l  expres s ion  f o r  t h e  X-ray a b s o r p t i o n  c ross - sec t ion  
o f  a  c l u s t e r  of  atoms 

where E is the  photon energy,  its p o l a r i z a t i o n  v e r s o r  and 6 is t h e  d i p o l e  
t r a n s i t i o n  ope ra to r  (a tomic  u n i t s  a r e  used throughout) ,  t h e r e  a r e  b a s i c a l l y  t h r e e  
d i f f e r e n t  approaches  f o r  e v a l u a t i n g  t h i s  q u a n t i t y  : 
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1 - t h e  s c a t t e r i n g  approach where one c a l o u l a t e s  t h e  t ime-reversed 
s c a t t e r i n g  wave f u n c t i o n  g- f o r  t h e  pho toe lec t ron  i n  the f i n a l  s t a t e  with energy 

E = E - 10, where I is t h e  i o n i z a t i o n  energy, s u i t a b l y  de f ined  f o r  t h e  system under 
0 

s t u d y  ( [ l ,  21). 

+ +  - + +  
2 - The Green1 s f u n c t i o n  approach, whereby o(E)-E I m  (ginl p.D G p.D I gin) s o  

t h a t  t h e  problem reduces  t o  t h e  s o l u t i o n  of  t h e  equa t ion  ( E  - H )  G- = I ,  where I is 
t h e  u n i t  o p e r a t o r .  H t h e  hami l ton ian  o f  t h e  system and G- is t h e  r e l a t e d  Green's 
f u n c t i o n ,  w i th  incoming wave boundary c o n d i t i o n s  C31. 

3 - The band s t r u c t u r e  approach f o r  p e r i o d i c  systems, where t h e  s c a t t e r i n g  
s t a t e s  a r e  r e p l a c e s  by Bloch s t a t e s  s o  t h a t  t h e  sum ove r  t h e  f i n a l  pho toe lec t ron  
s t a t e s  becomes an  i n t e g r a l  over t h e  a p p r o p r i a t e  B r i  l l o u i n  zone [41. 

We s h a l l  show i n  t h e  fo l lowing  t h a t  i n  t h e  framework o f  t h e  m u l t i p l e  
s c a t t e r i n g  (MS) theory a l l  t h r e e  approaches  a r e  numerical ly  equ iva len t .  Only t h e i r  
language i g  d i f f e r e n t ,  according to  t h e  d i f f e r e n t  p o i n t s  o f  view t aken  t o  d e s c r i b e  
t h e  pho toabsorp t ion  process .  

It w i l l  t u r n  o u t  however t h a t  t h e  expres s ion  f o r  t h e  a b s o r p t i o n  c r o s s  
s e c t i o n  obta ined by t h e  Green1 S f u n c t i o n  approach is t h e  most s u i t a b l e  f o r  t a c k l i n g  
s t r u c t u r a l  problems. I n  p a r t i c u l a r  we s h a l l  show t h a t ,  under c e r t a i n  c o n d i t i o n s ,  t h e  
i n n e r  s h e l l  X-ray a b s o r p t i o n  spect roscopy p rov ides  a  s t r a i g h t f o r w a r d ,  d i r e c t  means 
fo r  ob ta in ing  s t r u c t u r a l  informat ion about h i g h e r  o ~ d ' e r  c o r r e l a t i o n  f u n c t i o n s  i n  t h e  
systems under s tudy.  I n  t h i s  s ense  geomet r i ca l  i n fo rma t ion  concerning bonding a n g l e s  
and p o s i t i o n a l  c o r r e l a t i o n s  around t h e  absorbing atom can  come wi th in  exper imenta l  
reach.  The f i e l d  o f  a p p l i c a t i o n  t h a t  opens up i n  t h i s  way is extremely r each  and it 
is now time t o  e x p l o i t  a l l  t h e  p o t e n t i a l i t y  of  t h e  technique.  

The s c a t t e r i n g  approach 

I n  t h i s  approach t h e  sum ove r  t h e  continuum o f  t h e  f i n a l  s t a t e s  is performed 
f i r s t .  The energy conserving d e l t a  f u n c t i o n  s e l e c t s  one p a r t i c u l a r  f i n a l  s t a t e  g; 
normalized t o  one s t a t e  pe r  Rydberg : 

where 6- = (g+)* (neg lec t ing  s p i n ) ,  i n  o r d e r  t o  impose t h e  phys ica l  boundary 
c o n d i t i o n s  fo r  t h e  photoabsorpt ion p rocess  [ l ]  and gin is a n  i n n e r  s h e l l  c o r e  s t a t e .  

It is u s e f u l  t o  t r e a t  bo th  t h e  a tomic  c a s e  and t h e  c l u s t e r  c a s e  : 

Assuming t h e  atomic p o t e n t i a l  t o  b e  o f  t h e  muff in- t in  type ,  t h e  angu la r  
momentum L=(l,m) is conserved i n  t h e  s c a t t e r i n g  process .  I n  t h e  e x t e r n a l  r eg ion ,  
where V ( r )  = 0, t h e  s o l u t i o n  o f  t h e  Schrbdinger equat ion is : 



+ 3 
$ i ( r , E )  = ~ ~ ( f )  + i tlHL(r) 

where 
+ -t 

J~(:) = jl(kr)YL(F), HL(r) = h ; ( k r ) ~ ~ ( ~ ) ,  N ~ ( ; )  = nl(kr)YL(F) 

k = JE and j l ( x ) ,  nl(x) ,  h+ = j ( X )  + i n  ( X )  a r e  t h e  usual Bessel, Neumann and Hankel 1 1  1 + 
functions. J  represen ts  t h e  incoming wave, H t h e  s c a t t e r e d  wave. This so lu t ion  is 

L L3 
t o  be matched smoothly t o  the so lu t ion  C I R L ( r )  = C R (r)yL(;) of t h e  Schrodinger 

1 1. equation ins ide  the muffin-tin sphere o f  rad ius  p ,  which 1s regula r  a t  t h e  or igin.  

d  One f inds ,  def ining W [ f , g ]  = fg r  - g f r ,  where f r  = - f  d r  

so  t h a t  
3 3 

a ( E )  = 4n2 a ( E  + I ~ )  I (RJ P.D I $in)l I tll ' q SC 

where we have e x p l i c i t l y  fac tor ized  the densi ty of the f i n a l  s t a t e s  k/n coming from 
the  normalization t o  one s t a t e  per Rydberg. For s impl ic i ty  we assume t h a t  t h e  dipole  

3 
operator  D s e l e c t s  only one f i n a l  s t a t e ,  a s  f o r  K-edge absorption. The genera l iza t ion  
only adds complication t o  the formulas. 

We assume again t h a t  the  p o t e n t i a l  is of t h e  muffin-tin type. In  t h i s  case L 

is not conserved, so t h a t  now one can describe asymptotically the  physical  s i t u a t i o n  
a s  an incoming L p a r t i a l  wave J (? ), re fe r red  t o  t h e  cen te r  of t h e  c l u s t e r  where t h e  L 0 
absorbing atom is located,  p m s  a  s e t  of outgoing waves having a l l  L values, 
emanating from each s i t e  j located a t  8. with amplitude B ~ ( L )  

J 
+ + 3 + 3 + + 

$L ( r . ~ )  = J,(:,) + i I B ~ ( L )  HL(rJ) ( P .  = r - R.) 
- - j L J J  

Ins ide  t h e  muff in- t in  sphere j ,  in  analogy with t h e  atomic case,  t h e  
so lu t ion  which matches smoothly with t h e  ex te rna l  s o l u t i o n  is given by 

- 3 

I B:(&) RJ ( r . ) .  Since the  i n i t i a l  s t a t e  is confined a t  s i t e  o  and assuming again 
L L J 

K-shell photoabsorption, we f ind  

. 3  
A s  in the atomic c a s e ,  R;(r) is the so lu t ion  of  the  Schrbdinger equation 

3 
ins ide  sphere j that  matches smoothly t o  J ( r . ) c o t g  6: - N (f ) a t  the  muffin-tin 

L J L j 

rad ius  p and 6; is t h e  1 wave phase s h i f t  of t h e  p o t e n t i a l  i n s i d e  sphere j. However 
j 

s i n c e  now t h e  angular momentum is not conserved and we a r e  ca lcu la t ing  t o t a l  c r o s s  
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sec t ions ,  we have t o  add up incoherently a l l  amplitudes B;(L) squared r e l a t i n g  t o  
d i f f e r e n t  L incoming waves C21. 

The s c a t t e r i n g  amplitudes BJ (L) s a t i s f y  t h e  following equat ions J - 

where t: is the t-matrix of the  atom located a t  s i t e  i, G:: is t h e  amplitude of 
propagation of  a spher ica l  wave o f  angular momentum L emanating from s i t e  i f o r  
a r r i v i n g  a t  s i t e  j with angular momentum L' and J" is t h e  amplitude of  t h e  incoming 

LL wave J ~ ( : ~ )  when r e f e r r e d  t o  s i t e  i. With t h e  help of t h e  reexpansion theorem C51 one 
f inds  - 

L' + + where CL = do Y ~ ( Q ) Y ; ,  (Cl)YL,,(~) a r e  t h e  Gaunt c o e f f i c i e n t s  and f = Ri - R . .  I t  
i i i j J is usefu l  fo r  the fu ture  t o  define GLL, = 0. 

Eq. ( 4 )  has  a simple physical  meaning. It t e l l s  t h a t  t h e  t o t a l  L wave 
s c a t t e r e d  amplitude a t  s i t e  i is t h e  sum of t h e  s c a t t e r e d  wave due t o  t h e  incident  
~ ~ 6 ~ )  wave p lus  t h e  waves t h a t  have been s c a t t e r e d  by a l l  other  s i t e s  j,  t r a v e l  from 
- 

here t o  s i t e  i with amplitude G::, and f i n a l l y  g e t  s c a t t e r e d  a t  s i t e  i with 
i amplitude tl. 

By introducing t h e  matr ices  

i j  t : G = G i ~  T a = (TaILLt = 6ij LL' 

i i o and the vectors  $(L) = BL (L), j ( L )  = JLL we can wr i te  Eq. ( 4 )  a s  - + + 
( I  - TaG) B(L) = Ta J(L) 

The s c a t t e r i n g  approach is useful  i n  discussing shape resonances. I n  t h i s  
case it happens t h a t  only one s c a t t e r i n g  amplitude B:(&) f o r  a p a r t i c u l a r  L+ becomes 
b ig  a t  a Cer ta in  energy, a l l  t h e  o ther  amplitudes with L t L+ being negl igible .  This  
means t h a t  the L wave incoming from i n f i n i t y  ( i n  a time reversed p ic ture )  can e a s i l y  

-t- 
overcome t h e  c e n t r i f u g a l  b a r r i e r ,  pene t ra te  t h e  c l u s t e r  p o t e n t i a l  and a t t a i n  a 
s i z a b l e  amplitude B~($)R; ( ;~)  a t  t h e  atomic core of t h e  photoabsorber. An example is 
the l+ = 3 resonance in diatomic molecules (NZ. 02) C61. 

The Green' s funct ion approach 

In t h i s  approach one transforms Eq. (1 )  a s  : 



where (E  - H) G+ = I o r  i n  t h e  coordinate  representat ion 

(v2 + E - V C:)) G+ (:, ? I )  = 6 (:, 

where V(:) = 1 V.(:) is t h e  c o l l e c t i o n  of  the  muff in- t in  po ten t ia l s .  Since is 
j 

a  core s t a t e  loca l ized  a t  s i t e  o. Eq. (5 )  shows t h a t  we need c a l c u l a t e  t h e  Green's 
funct ion only f o r  r and r t  inside the muffin-tin sphere located a t  o. 

The solut ion for  G+ i n  t h i s  case is [3] : 

where, a s  before, a t  the muffin-tin rad ius  p 

+ + + 
RL(r) - JL(r)cotgdl - NL(r) ( regu la r  a t  the  o r i g i n )  

sL(;) - J~(:) ( s ingula r  a t  the  o r i g i n )  

+ 
smoothly i n  r .  

I n s e r t i o n  of Eq. (7)  i n t o  Eq. ( 6 )  g ives  

+ + + + + + 
uGF (E) = 4 n ( E  + I o ) a  I m  k {C(RL1 p.D ] llin)I2 tl - p.D I RL)(sLl p.D I 

When the p o t e n t i a l  is r e a l ,  R and SL a r e  r e a l  s o  t h a t  
L 

U GF ( E )  = 4n ( E  + I ~ ) C X  k [(RJ $ . S  I qin)12 ~ r n  tl 

Due t o  the  o p t i c a l  theorem 

( tll = I m  tl 

Eq. (8)  reduces t o  Eq. (2) 

b) Elustec-pas: 

Again we quote t h e  r e s u l t  of  r e f  C31 

+ +  + 
G = - k R: (;o) T ~ E ~  R:, (?h) - R;(<)S: (;L) 

LL' 

where now 
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With t h i s  solut ion 

where the  supersc r ip t  o  i n  q0 reminds t h a t  t h e  core i n i t i a l  s t a t e  is loca ted  a t  s i t e  in 
0. 

Again f o r  r e a l  p o t e n t i a l  

o + +  0 
o GF ( E )  = 4  W ( c  + I o ) a  k [ (RL1 p.D I Uin)I2 I m  [(I - T G)- 'T~I;;  (9 

Using Eq. (4)  it is possible  t o  prove the genera l iza t ion  of the ~ p t i c a l  
theorem v a l i d  f o r  t h e  atomic case C71 : 

-1 00 1 1 ~ :  ( L ) I ~ = I ~ C ( I - T ~ G )  Ta lLL  
L - 

which al lows us  t o  recover Eq. (3). 

We s h a l l  see t h a t  Eq. ( 9 )  is very usefu l  f o r  analysing the photoabsorption 
c ross  sec t ion  in terms of  mult iple  s c a t t e r i n g  events. 

Band s t r u c t u r e  approach 

I n  an i n f i n i t e  regu la r  l a t t i c e  ( f o r  s impl ic i ty  we assume a l l  s i t e s  t o  be 
equivalent) ,  the KKR method [8] wri tes  the  Bloch funct ion a s  : 

with the same d e f i n i t i o n  of RL(;) a s  above, n  l a b e l l i n g  the band indices. 

P.o c o e f f i c i e n t s  a (<) s a t i s f y  t h e  homogeneous equations 
L 

i 6 where tl = e  1 s i n  is the  usual  1 wave atomic t-matrix, common t o  a l l  g i t e s ,  

s i n c e  now the  second sum is independent of  t h e  i n i t i a l  s i t e  o. 

A non t r i v i a l  s o l u t i o n  of Eq. (11) demands t h a t  

Det 1 I t-' ( E )  - G (<;B)  I I = 0 



which determines the band dispersion €=cn(<).  Correspondingly Eq. ( 1  1 ) provides 
n + aL(q) .  Using the  expression (10)  f o r  t h e  f i n a l  s t a t e s  wavefunctions. Eq. ( 1 )  gives 

where v is the volume of the un i t  p r imi t ive  c e l l .  

It is now a matter of labour t o  show t h a t  : 

where now s i t e  o is any s i t e  i n  t h e  l a t t i c e .  This l a s t  r e l a t i o n  e s t a b l i s h e s  t h e  
sought equivalence of the  band approach t o  the o ther  methods. 

The multiple s c a t t e r i n g  s e r i e s  

For s impl ic i ty  we have assumed up t o  now absorpt ion from K-shell core 
I s t a t e s .  For unpolarized absorption the genera l iza t ion  t o  an i n i t i a l  core  s t a t e  of 1 

angular momentum is straightforward (9) .  For t h e  atomic -absorotion we f ind  : 

where 
1 1;' ( c )  = nab 4n2 ( c  + 1 ~ 1  a 1; r3  RILl(r)  q i n ( r j  

having introduced the absorption coef f ic ien t  a ( € )  = nabo(E) and t h e  densi ty n of ab 
the  photoabsorber i n  the medium. 

For a c l u s t e r ,  remembering Eq. (g) ,  we have : 

1 where now a. ( E )  ind ica tes  t h e  atomic absorption c o e f f i c i e n t  of t h e  photoabsorber and 

is a s t ructupe fac tor  carrying the information about the environment. Notice t h a t ,  i f  
1 G=O (absence of  environment), then X ( E )  = 1 .  

The f a c t o r i z a t i o n  between atomic absorption and s t r u c t u r e  f a c t o r  is possible  
only i f  the  po ten t ia l  is r e a l .  For a complex p o t e n t i a l  t h e  more general expression 
Eq. (9a) should be used, s ince  now R~(:) and sL(;) a r e  complex. The physical 
in te rpre ta t ion  of the theory becomes more involved in t h i s  case. In the following we 
s h a l l  only discuss  t h e  r e a l  case. 

A s  it is, Eq. (13)  is not very usefu l  f o r  ge t t ing  some physical  i n s i g h t  i n t o  
t h e  photoabsorption process. However i f  one can perform t h e  matrix inversion by 
s e r i e s  
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then the  physical  meaning of the  process becomes t ransparent .  In t h i s  case 

with 
1 1 1 xn ( E )  = - - Z ~m c ( T ~ G ) ~ T ~ I ~ ~  

sinz6: m 
1 ayd x0 ( E )  = 1 ,  X: ( E )  = 0 ,  s ince  G is off-diagonal i n  t h e  s i t e  indices. Clearly 

X,(€) represen ts  t h e  p a r t i a l  contr ibut ion of order  n t o  t h e  photoabsorption 
c o e f f i c i e n t  of t h e  c l u s t e r  under study, coming from a l l  processes where t h e  
photoelectron emanating from t h e  absorbing s i t e  o is s c a t t e r e d  n-l times by t h e  
surrounding atoms before escaping t o  f r e e  space a f t e r  returning t o  s i t e  o. In  o ther  
words only closed pa ths  beginning from and ending t o  t h e  photoabsorbing s i t e  a r e  
possible ,  This l a s t  condit ion is due t o  the f a c t  t h a t  one is ca lcu la t ing  t o t a l  c ross  
sec t ions  and t h a t  t h e  i n i t i a l  s t a t e  is loca l ized  a t  s i t e  o. It is t h i s  pecu l ia r i ty  
t h a t  e n t a i l s  the  s i t e  s p e c i f i c i t y  of the  X-ray absorption spectroscopy and makes it a 
unique t o o l  f o r  studying s t r u c t u r a l  problems and f o r  probing higher order  c o r r e l a t i o n  
funct ions i n  condensed mater ials .  In  photoelectron d i f f r a c t i o n  where t h i s  condit ion 
is not  operating, t h e  i n t e r p r e t a t i o n  of  t h e  experimental da ta  becomes more 
complicated. 

The development i n  Eq. (15) is nothing e l s e  t h a t  t h e  fami l ia r  MS expansion 
with spher ica l  wave propagators. For example, using Eq. (16) and Eq. (5). one f i n d s  

i z o  j * i  1'1" 1" 

' lW l *  " $1 If i:' [(.&+l ) ( 2 x  +l  ) (..+l ) /41r1~  

where we have introduced 3-j and 6-j symbols a s  defined i n  t h e  l i t e r a t u r e  [ l01  and 
the ltreducedn Hankel funct ion < ( p )  : 



It  is p o s s i b l e  t o  w r i t e  down more cumbersome express ions  f o r  t h e  h ighe r  o r d e r  terms 
1 xn(c)  (103) us ing  the  (3n-3)-j  symbols. However their p r a c t i c a l  u?efulness  d e c r e a s e s  

wi th  inc reas ing  o r d e r .  It is much e a s i e r  t o  g e n e r a t e  them by u s i n g  a MS program t h a t  
a l r e a d y  c a l c u l a t e s  t h e  ma t r ix  (I-T G) and can perform t h e  ma t r ix  i n v e r s i o n  e i t h e r  
e x a c t l y  o r  v i a  t h e  s e r i e s  expansion Eq. (14) .  For a p p l i c a t i o n  t o  d a t a  a n a l y s i s  we 

1 wish t o  remark t h a t  t h e  f u n c t i o n a l  expres s ion  of  t h e  q u a n t i t i e s  xn ( f )  is q u i t e  
s imple ,  d e s p i t e  t h e  complexity of  t h e i r  de f in i t i o f i .  I n  f a c t  a l i t t l e  r e f l e c t i o n  shows 
t h a t  : 

1 1 P 
x ( E )  = I A (k ,  R ") s i n  ( k  n n 

P- i j 

where t h e  sum is oiLr  a l l  p o s s i b l e  p a t h s  pn o f  o r d e r  n de f ined  above and Fltot is t h e  P. n 
corresponding p a t h  length .  Th i s  form fol lows from t h e  f a c t  t h a t  each G::, c a r r i e s  a 
f a c t o r  e i k R i j  independent o f  L ,  L' , con ta ined  i n  the Hankel f u n c t i o n  ( s e e  Eq. (5 ) )  
t h a t  can be f a c t o r i z e d .  By d e f i n i n g  a new matr ix  

and p u t t i n g  

1 Pn 1 I 
An (k ,  R .  .) exp {i(,(k, 

1J 
Z Z Z ... 1 Z 
m j ,*o j.*j, jnm1 L1..L,,.l 

where t h e  i n d i c e s  jk run  ove r  t h e  p a r t i c u l a r  pa th  pn, we a r r i v e  a t  t h e  expres s ion  
n-l 

(181, with Rto t  = 1 R . . A s  a consequence, under t h e  assumption t h a t  t h e  MS 
Pn i = o  j i J i + l  

s e r i e s  converges,  one can always f i t  a n  exper imenta l  spectrum with  a s e r i e s  of  EXAFS 
l i k e  func t ions .  

It is obviously  o f  p r a c t i c a l  importance t o  f i n d  approximate expres s ions  f o r  
t h e  SW propaga to r s  G::, t h a t  would a l l o w  a r a p i d  computation o f  t h e  ampl i tude and 
phase f u n c t i o n s  de f ined  i n  Eq. (19).  We have found t h a t  t h e  s imple  approximation 

1 g e n e r a l l y  reproduces  q u i t e  w e l l  t h e  exac t  EXAFS x2( E )  term ( s i n g l e - s c a t t e r i n g )  both  
i n  ampl i tude and phase,  b u t  f a i l s  t o  reproduce (sometimes by a f a c t o r  o f  two) t h e  

1 ampli tude of t h e  exact  X ( E )  term (double  s c a t t e r i n g ) .  Figs .  1 and 2 i l l u s t r a t e  t h i s  
3 

comparison i n  t h e  case  of Mn04 t e t r a h e d r a l  c l u s t e r .  The u s u a l  FW approximation is 
obta ined by p u t t i n g  fill ( p )  = 1 ,  b u t  it can b e  shown t o  b e  never  good, n o t  even a t  
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t h e  highest  energies. The reason is t h a t  t h e  phase cor rec t ion  goes l i k e  
cr11,/(29) - lmax >> 1 ,  s ince  p = kR - lmax by t h e  well known semic lass ica l  argument 
of the impact garamete.r. See Ref. [ l11  for  more d e t a i l s  on t h i s  aspec t ,  Clearly more 
work needs t o  be done f o r  a more accurate  approximation. 

1 

- 

ENERGY(eV1 ENERGY leV1 
1 

Figure 1 : Exact x2 s igna l  and phase 
1 

Figure 2 : Same a s  Fig. 1 f o r  x3  s igna l  

and phase funct ion 4 
1 

funct ion (dot ted curves) f o r  MnO,, 3' 
c l u s t e r ,  compared with S.W. approxi- 
mation (Eq. 20) ( f u l l  l i n e s )  and P.W. 

approximation (dot-dashed l i n e s ) .  

1 The importance of  ,being able  t o  d e t e c t  t h e  X (E) s i g n a l s  i n  experimental 
n 

data  comes from t h e  f a c t  t h a t  they provide information about t h e  n-th order  
+ 

c o r r e l a t i o n  funct ions g (Slo.. . Rn-lo). I n  f a c t  what is ac tua l ly  measured is t h e  
1 n 

quant i ty  < X  ( E ) > ,  where t h e  brackets  ind ica te  t h e  configurat ional  average with 
respect  t o  the d i s t r i b u t i o n  of the pos i t ions  d .  around t h e  reference ceriter so 
(photoabsorber).  In o ther  words 

m n-l 
1 

X E )  = l + I 1 II d3Rm0 gn (Rlo...bn-lo) xn ( c ,  g1 ... znel0) (21 
n=2 m=l 

1 That one can a c t u a l l y  de tec t  terms o ther  than <x2(c)> i n  X-ray absorpt ion 
spec t ra ,  has  been proved possible  in  some p a r t i c u l a r  cases  [121. The r e a l  challenge 



is t o  deconvolute Eq. (21) t o  ob ta in  t h e  funct ions gn. Future e f f o r t  should be put 
in to  t h i s  kind of analysis .  

The question of  convergence of t h e  MS s e r i e s  : discussion and conclusions 

The i n t e r p r e t a t i o n  of  t h e  X-ray absorpt ion spec t ra  i n  terms of  MS pathways 
of t h e  photoelectron i n  t h e  f i n a l  s t a t e  is meaningful1 only i f  the re  is numerical 
equivalence between the  two s i d e s  of Eq. (14) .  This implies t h a t  the expansion on the 
r.h.s. must converge t o  t h e  1.h.s. r e l a t i v e  t o  some convergence cr i ter ium. From 
matrix theory one knows t h a t  absolute  convergence ( r e l a t i v e  t o  a s u i t a b l y  defined 
matrix norm) is ensured i f  p(TaG) < 1 .  

This c r i t e r ium is extremely usefu l  s ince  absolute  convergence e n t a i l s  t h e  
property t h a t  terms of  order n in  the s e r i e s  higher than a c e r t a i n  no (which can be 
very low in favorable cases)  do not con t r ibu te  appreciably t o  the  sum. Now p(TaG) is 
a continuous funct ion of the .  photoelectron wave number k = JE, which goes t o  zero a s  
k goes t o  i n f t n i t y  ( s i n c e  I til + o i n  t h i s  case)  and tends t o  i n f i n i t y  a s  k approaches 
zero ( s ince  G:;, is s ingula r  a t  k=O, due t o  t h e  presence of t h e  Hankel funct ion i n  
t h e  d e f i n i t i o n  of  Eq. ( 5 ) ) .  A s  a consequence it must c ross  a t  l e a s t  once t h e  value 
p=l .  Moreover t h e  nearer  t o  1 is i ts value, t h e  slower is t h e  convergence of  t h e  
s e r i e s .  

The implication of the  above considerat ions a re  immediate. A t  extremly high 
energies ,  where I t$ - 0 ,  -we have only atomic absorpt ion (X: - 0 ,  n 1 2). A t  high 

1 
energies ,  where s t i l l  I til << 1 ,  a l s o  p(TaG) << 1 so  t h a t  only the  x2 ( E )  term 
cont r ibu tes  t o  give s t r u c t u r a l  information. This is the  s i n g l e  s c a t t e r i n g  (EXAFS) 
regime, t h a t  probes only t h e  pa i r  c o r r e l a t i o n  function. A t  lower energies ,  where 
p(TaG) is still l e s s  than one and of t h e  order  o f ,  say, one h a l f ,  higher order  terms 
1 X, ( E )  begin t o  con t r ibu te  t o  t h e  absorpt ion c o e f f i c i e n t ,  typ ica l ly  n = 3,4. This is 

an intermediate MS (IMS) region t h a t  can even span a s  much a s  100 150 eV and 
provides information about g and g&. A t  s t i l l  lower energies  severa l  th ings  may 

3 i 
happen depending on the  behavior of the phase s h i f t s  61 and t h e  photoelectron damping 
and t h e i r  interplay.  The s p e c t r a l  rad ius  p(TaG) may continue t o  r i s e ,  a s  t h e  energy 
approaches the  edge from above, so  a s  t o  reach one o r  s tay  very near t o  it (normal 
s i t u a t i o n ) .  In such a case very many pa ths  con t r ibu te  t o  the  shape of the absorption 
c o e f f i c i e n t  o r  an i n f i n i t e  number of  them, depending on whether p(TaG) is l e s s  o r  

g rea te r  than one. This is the region of the  shape resonances where the  ~ ~ a t t e r i n g  

power of the environment is s t rong  enough t h a t  it can s c a t t e r  t h e  photoelectron many 
times. It might be adequate t o  c a l l  i t  f u l l  mult iple  s c a t t e r i n g  (FMS) region. One h a s  
only a g loba l  information i n  t h i s  case. However a r a t h e r  unexpected s i t u a t i o n  may 
a l s o  occur. P(T,G) may s tay  near one a t  some intermediate energies  and then decrease 
a s  the energy decreases toward the edge. This s i t u a t i o n  is encountered in the Cupper 

1 K-edge spectrum, where i n  t h e  f i r s t  50 eV above t h e  edge t h e  EXAFS s i g n a l  x ~ ( E )  alone 
is capable of reproducing t h e  experimental spectrum and t h e  exac t  band ca lcu la t ion  
[ l  31. However deviat ions begin t o  show up in the  energy range 50 i 200 eV [ l  1 I .  This 
behavior is due t o  the pecu l ia r i ty  of the relevant  atomic phase s h i f t s  t h a t  a r e  small 

a t  low energy and c ross  *l2 (1 tll - 1 )  a t  - 130 eV. Around t h i s  energy MS 
cont r ibu t ions  show up i n  the absorption coef f ic ien t .  
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Summarizing we can say t h a t  a t  l e a s t  i n  p r inc ip le  any X-ray absorpt ion 
spectrum contains  a l l  th ree  regions mentioned above. Their order  with increasing 
energy and t h e i r  energy e x t e n t  a r e  abviously system dependent. The only fea ture  
common t o  a l l  systems is t h a t  i n  t h e  l i m i t  of  high energy t h e  IMS s t r u c t u r e  should 
continuously merge i n t o  the SS region and f i n a l l y  reduce t o  a pure atomic absorption. 

The experimental s i t u a t i o n  presents  add i t iona l  complicating f a c t o r s  some of 
which however have a s implifying e f f e c t  on the  shape of the  absorption spectrum, with 
a corresponding l o s s  of  informational content .  It is c l e a r  t h a t  t h e  f i n i t e  core hole  
l i f e t i m e ,  t h e  l imi ted  experimental reso lu t ion ,  the  damping o f  t h e  photoelectron i n  
t h e  f i n a l  s t a t e  ( e x t r i n s i c  l o s s e s ) ,  t h e  thermal and configurat ional  disorder ,  when 
present ,  a l l  conjure up t o  reduce t h e  s i z e  of p(TaG) a t  such a point  t h a t  sometimes 
only the SS term survives a s  the  dominant s i g n a l .  There a r e  already ind ica t ions  t h a t  
i n  some c r y s t a l l i n e  mate r ia l s  ( S i ,  Al) l i f e t i m e  e f f e c t s  a lone a r e  s u f f i c i e n t  t o  make 
the  s e r i e s  convergent in  the whole energy range except perhaps 10-15 eV near the  edge 
C141. The use of  t h e  Fourier transform technique i n  following t h e  organizat ion of 
c r y s t a l l i n e  order with annealing temperature i n  amorphous t h i n  f i lms  of Ge grown on a 
s u b s t r a t e  f i n d s  i ts r a t i o n a l e  in  t h i s  kind of considerat ions [15]. On t h e  o ther  hand 
shake-up and shake-off processes of i n t r i n s i c  o r ig in  tend t o  add f e a t u r e s  t o  t h e  
spectrum t h a t  modify t h e  expected one e lec t ron  shape. In  t h i s  case t h e  ana lys i s  in  
terms of MS paths should be done a f t e r  the removal of these ex t ra  features .  We have 
found an example of t h i s  s i t u a t i o n  i n  analysing t h e  Mn04 c l u s t e r  [12]. 

In  any case a c a r e f u l  t h e o r e t i c a l  assessment of  a l l  these e f f e c t s  is highly 
des i rab le  and work is i n  progress. In  p a r t i c u l a r  t h e  a p r i o r i  garantee t h a t  t h e  MS 
s e r i e s  is convergent g ives  confidence t h a t  one can parametrize the experimental da ta  
by a s e r i e s  of funct ions of t h e  type shown i n  Eq. (18) with a well defined expression 

1 for  A: and @n. This point  is e s s e n t i a l  i f  one wish t o  address t h e  problem of t h e  
determination of the g n ( i i  ) 'S  f o r  n>2. Otherwise a l t e r n a t i v e  ways f o r  analysing 

1.l 
photoabsorption data  must be devised. 
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