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The extended X-ray absorp t ion  f i n e  s t r u c t u r e  (EXAFS) i s  c a l c u l a t e d  

f o r  two model s f o r  d i so rde red  systems: (1  ) a continuous-random-network 

model f o r  semiconductors; and ( 2 )  a dense-random-packing-of-hard-spheres 

model f o r  m e t a l l i c  systems. The EXAFS i s  analyzed v i a  t h e  F o u r i e r  Trans- 

form. Mu1 t i p l e  s c a t t e r i n g  and asymmetry o f  r e a l  -space d i s t r i b u t i o n s  a re  

cons idered as t o  t h e i r  e f f e c t s  on t he  a n a l y s i s  o f  t h e  EXAFS. 

I t  i s  shown t h a t  t h e r e  a r e  ser ious  1 i m i t a t i o n s  t o  t h e  a n a l y s i s  o f  

t h e  EXAFS which c e n t e r  around t h e  i n a b i l i t y  t o  i n t e r p r e t  t h e  spectrum f o r  

s u f f i c i e n t l y  low energ ies.  I t  i s  f u r t h e r  shown t h a t ,  because of these 

l i m i t a t i o n s ,  t h e  technique, u s i n g  t h e  c u r r e n t  methods o f  ana l ys i s ,  i s  o f  

1 i m i  t e d  usefu lness f o r  d i s t i n g u i s h i n g  between d i f f e r e n t  s t r u c t u r a l  models 

f o r  a p a r t i c u l a r  system. 
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Chapter I - I n t r o d u c t i o n  

When a  beam o f  monochromatic X-rays i s  passed through mat te r  i t  i s  

observed t h a t  the beam i s  at tenuated w i t h  increas ing  absorber thickness. 

With the assumption t h a t  the  decrease i n  i n t e n s i t y  o f  the  i n c i d e n t  X-ray 

beam i s  p ropo r t i ona l  t o  the i n t e n s i t y  one obta ins the  r e l a t i o n  

where I. i s  the  i n c i d e n t  i n t e n s i t y ,  x t he  absorber thickness, and 11 the 

monochromatic l i n e a r  absorpt ion c o e f f i c i e n t .  I n  general, p i s  a  func t i on  

o f  X-ray energy. 

The l i n e a r  absorpt ion c o e f f i c i e n t  can be c a l c u l a t e d  by r e l a t i n g  i t  

t o  the atomic absorpt ion c o e f f i c i e n t  oT, which i s  11 d i v i d e d  by the number 

densi ty  of atoms, i .e. the  number o f  atoms per  u n i t  length  and pe r  u n i t  

cross-sect ion o f  the  beam: 

Thus oT i s  the  t o t a l  i n t e r a c t i o n  cross-sect ion f o r  absorpt ion.  

The absorp t ion  spectra o f  most condensed ma te r ia l s  (as a  func t i on  of 

energy) a re  d i s t i ngu i shed  by several  absorpt ion edges, abrupt  r i s e s  i n  the 

i nne r  

i c  decrease 

f f i c i e n t  a t  energies j u s t  s u f f i c i e n t  t o  e j e c t  an 

i t s  atom. Beyond an edge spectra show a  monoton 

i o n i z a t i o n  energy i s  reached. 

absorpt ion coe 

e lec t ron  from 

u n t i  1  the nex t  



On c l o s e r  i n s p e c t i o n  absorp t ion  spec t ra  a r e  seen t o  dev ia te  f rom the  

simple behav io r  descr ibed above. The abrup t  r i s e  i n  absorp t ion  a t  an 

edge i s  n o t  q u i t e  so sharp - and t he  spectrum on t he  high-energy s i d e  o f  

an edge e x h i b i t s  an o s c i l l a t o r y  f i ne  s t r u c t u r e  (F igu re  1  . I ) .  Beyond about 

50 e.v.  above t h e  edge t h i s  i s  r e f e r r e d  t o  as t he  extended X-ray abso rp t i on  

f ine  s t r u c t u r e  (EXAFS). 

The h i s t o r y  o f  a t tempts t o  understand t h e  EXAFS was rev iewed by 

Azgroff (1963).  I t  was K ron ig  (1931) who presented t h e  f i r s t  theory .  I n  

accord w i t h  t h e  then r e c e n t l y  d iscovered  band t heo ry  o f  so l  i ds ,  K ron ig  

proposed t h a t  t h e  energy o f  t he  e m i t t e d  pho toe lec t ron  should correspond t o  

an a l lowed o r  a  fo rb idden  t r a n s i t i o n .  The former would l e a d  t o  maxima i n  

the  absorp t ion  spectrum w h i l e  t he  l a t t e r  would l e a d  t o  minima. I n  t h i s  

model t he  pho toe lec t ron  i s  descr ibed  by a  Bloch f u n c t i o n .  I n  a  second 

paper Kron ig  (1932a) used t h i s  i dea  t o  p resen t  a  d e t a i l e d  a n a l y s i s  o f  t he  

problem. He was ab le  t o  p r e d i c t  energ ies a t  which anomal i e s  shou ld  occur 
, ,' 

i n  the  abso rp t i on  spectrum, p rov ided  t h e  average i n n e r  p o t e n t i a l  o f  t h e  

c r y s t a l  i s  known. Agreement w i t h  exper imenta l  data on Cu i s  cons idered 

f a i r .  

K r o n i g ' s  approach i s  based upon t h e  ex i s tence  o f  long-range o rde r  (LRO) 

i n  a  c r y s t a l .  O s c i l l a t i o n s  i n  the  absorp t ion  spectrum are  seen t o  r e s u l t  

from the  dens i t y  o f  s t a t e s  d i s t r i b u t i o n s  grouped i n t o  a l lowed and forbidden 

energy bands. He assumed t h a t  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t he  

e j e c t e d  pho toe lec t ron  d i d  n o t  vary s i g n i f i c a n t l y  w i t h  energy. 

I n  a  t h i r d  paper, K ron ig  (1932b) took a  d i f f e r e n t  approach t o  the  

Problem. He analyzed a  d ia tomic  molecule, cons ide r i ng  t h e  p o t e n t i a l  f i e 1  d  

o f  t h e  molecule as a  whole so t h a t  t he  one-e lec t ron  approx imat ion cou ld  be 

used. The t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t h e  pho toe lec t ron  may then be 
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c a l c u l a t e d .  Th is  r equ i res  an a n a l y s i s  o f  t h e  e f f e c t s  o f  t h e  s c a t t e r i n g  

of  t he  pho toe lec t ron  by t h e  surrounding atoms. 

Most l a t e r  t h e o r i e s  have f o l  lowed t h i s  shor t - range o r d e r  (SRO) 

approach. Sh i ra iwa  e t  a 1  (1958) p o i n t e d  o u t  t h a t  because o f  e l a s t i c  and 

i n e l a s t i c  s c a t t e r i n g  t h e  pho toe lec t ron  t r a v e l s  o n l y  a  few l a t t i c e  spacings 

be fo re  t h e  ampl i tude becomes n e a r l y  zero. From t h i s  p o i n t  o f  view o n l y  

the  nea res t  ne ighbors o f  t h e  absorb ing atom need be cons idered i n  t he  theory. 

Var ious t h e o r i e s  i n v o l v i n g  SRO (Peterson, 1933; Kostarev, 1949; 

Shi ra iwa e t  a1 ., 1958) have been used t o  c a l c u l a t e  t he  o s c i l l d t o r y  p a r t  o f  

the abso rp t i on  curves, X, e s s e n t i a l l y  e q u i v a l e n t  t o  

where Ni i s  t h e  number o f  atoms i n  t h e  ith s h e l l  a t  a  d is tance  ri from 

the  absorb ing atom; 6 i s  t he  phase o f  t he  e j e c t e d  e l e c t r o n  wave. The 

idea i s  very s imple.  The pho toe lec t ron  wave i s  s c a t t e r e d  by t h e  atoms 

surrounding t h e  absorb ing atom. The abso rp t i on  then depends upon t he  i n t e r -  

ference between t h e  ou tgo ing  and incoming pho toe lec t ron  s t a t e s  a t  t h e  

absorb ing atom. The SRO t h e o r i e s  d i f f e r  ma in ly  i n  how 

the s c a t t e r i n g  atoms a r e  ca l cu la ted ,  and i n  t h e  f o r m a l i  

mine the phases o f  t h e  s c a t t e r e d  waves. 

A z d r o f f  ( 1  963) compared t he  var ious  t heo r i es  w i t h  

data and concluded t h a t  none o f  them exp la i ned  t h e  obse 

i n  f u l l  d e t a i l .  A d i f f i c u l t y  i n  comparing t h e o r i e s  a t  

t h e  p o t e n t i a l s  o f  

sm used t o  de te r -  

e x i s t i n g  exper imenta l  

r v e d  f i n e  s t r u c t u r e  

t h i s  t ime was the  

lack  o f  good exper imenta l  data beyond a  few hundred e l e c t r o n  v o l t s  above t he  

edge. 



The most recent and successful theory of the EXAFS i s  based on SRO 

and i s  due to  Sayers e t  a1 . (1970). They assume that  the oscil latory 

behavior of the EXAFS i s  due solely to  photoelectric absorption and cal- 

culate, therefore, the photoabsorption cross-section. They t r ea t  the 

ejected electron as a spherical wave which expands about the absorbing 

atom and i s  par t ia l ly  scattered by the surrounding atoms which are 

treated as point scat terers .  The EXAFS i s  determined from the transit ion 

matrix between an i n i t i a l  K s t a t e  and the final photoelectron s t a t e ,  

neglecting multiple scattering. They arr ive a t  a formula similar to 

E q n .  1.3: 

where y-I i s  an empirical mean free path parameter (used essent ial ly  to 

account for mu1 t i p l e  scattering e f fec t s ) ,  q i s  the phase s h i f t  due to the 

potential of the absorbing atom, and o * i s  the mean square deviation of 
j 

the positions of the atoms in the jth shell  about the i r  average position 

due t o  thermal disorder. Their theoretical calculations on crystal  l ine 

Cu,  Fe and Ge produced curves which are in good general agreement with 

experimental data over an energy range of 100 - 600 e .  v.  

More recent theories (Stern, 1974; Ashley and Doniach, 1975; Lee 

and Pendry, 1975) are essent ial ly  refinements of that  of Sayers e t  a1 . 
I n  particular,  the &-function potentials have been replaced by muffin 

t ins ,  and multiple scattering has been treated. 
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I n  a  l a t e r  paper Sayers e t  a l .  (1971) showed how t o  i n v e r t  Eqn. 1.4 

t o  o b t a i n  a  model s t r u c t u r e  f u n c t i o n  which con ta ins  i n f o r m a t i o n  on t he  

number, d is tance  t o  and d i s t r i b u t i o n  o f  atoms sur round ing  t he  absorb ing 

atom. F o r t y  years o f  research bears f r u i t !  The EXAFS presen ts  i t s e l f  

as a  p o t e n t i a l l y  powerful technique f o r  t h e  i n v e s t i g a t i o n  o f  amorphous 

ma te r i a l s .  

S t r u c t u r a l  i n f o r m a t i o n  on amorphous m a t e r i a l s  comes through X-ray, 

neut ron and e l e c t r o n  s c a t t e r i n g  measurements. Experimental  data i s  con- 

ver ted  i n t o  a  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  which i s  an average ove r  a l l  

atomic species p resen t .  The EXAFS, on t he  o t h e r  hand, y i e l d s  a  s t r u c t u r e  

func t ion  which con ta ins  i n f o r m a t i o n  on the  environment o f  a  s i n g l e  type o f  

atom. Since absorp t ion  edges u s u a l l y  occur  a t  e a s i l y  separable values of  

i o n i z a t i o n  energy, t he  s t r u c t u r e  above each app rop r i a te  edge (and thus t he  

environment o f  each atomic spec ies)  can be sepa ra te l y  s t u d i e d  i n  a  complex 

m a t e r i a l .  

The purpose of  t h i s  t h e s i s  i s  t o  i n v e s t i g a t e  the  usefu lness o f  t h e  

EXAFS as a  t o o l  f o r  understanding the  s t r u c t u r e  o f  d i so rde red  systems. I n  

p a r t i c u l a r  we i n t e n d  t o  d iscover  some o f  t h e  l i m i t a t i o n s  o f  t he  EXAFS 

ana l ys i s  by means o f  model c a l c u l a t i o n s .  Since model b u i l d i n g  i t s e l f  i s  

an i n v e s t i g a t i v e  t o o l ,  we can a l s o  i n q u i r e  i n t o  t h e  a b i l i t y  o f  the  EXAFS 

technique t o  d i s t i n g u i s h  between d i f f e r e n t  models. I t  may then be p o s s i b l e  

t o  use the  EXAFS t o  e l i m i n a t e  i napp rop r i a te  models. 

We begin,  i n  Chapter 2, w i t h  t h e  development o f  t h e  EXAFS formal ism 

us ing  t he  Green's f u n c t i o n  approach. Chapter 3 then discusses t he  s t r u c t u r e  

of amorphous m a t e r i a l s ,  d e a l i n g  p a r t i c u l a r l y  w i t h  t h e  concept o f  model 

b u i l d i n g .  I n  Chapter 4  we app ly  t h e  EXAFS formal  ism t o  a  continuous-random- 



network (CRN) model f o r  amorphous semi conductors. I n  p a r t i c u l a r  we 

i nves t i ga te  the Four ie r  Transform ana lys is  o f  the EXAFS, and we make a 

w i t h  some experimental data. Chapter 5 deals w i t h  a dense- 

random-packing-of-hard-spheres model f o r  metal 1 i c  systems. Beyond the  

Four ie r  ana lys i s  we a l so  consider  the e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g  

and asymmetric d i s t r i b u t i o n s  on the ana lys is  o f  the  EXAFS. I n  t he  f i n a l  

chapter we summarize our work and draw some conclusions. 



Chapter 2 - EXAFS Formalism 

I n  t h i s  chapter  we develop t h e  formalism f o r  c a l c u l a t i n g  the  EXAFS 

fo l l ow ing  the  approach o f  Ashley and Doniach (1975). (For a general d i s -  

cussion of  s c a t t e r i n g  theory see Messiah, 1962, chapters X and X I X  o r  

Roman, 1965, chapters 3 and 4. ) I n  sec t i on  2.1 t h e  problem i s  d i v i ded  

i n t o  two p a r t s :  ( 1 )  the  e f f e c t  o f  the p o t e n t i a l  o f  t he  absorbing atom 

on the  em i t t ed  photoelect ron;  and (2 )  t he  behavior  o f  t he  em i t t ed  photo- 

e l e c t r o n  as i t  moves through the  s o l i d .  The normal ized o s c i l l a t o r y  p a r t  

o f  the  absorpt ion spectrum i s  then c a l c u l a t e d  i n  sec t i on  2.2 us ing  

Green's funct ions.  I n  sec t i on  2.3 a simple a n a l y t i c  expression i s  der ived  

i n  the  high-energy approximation. A t tenuat ion  and thermal e f f e c t s  are 

considered i n  sec t i on  2.4. Sect ion 2.5 i s  devoted t o  the Four ie r -  

Transform technique f o r  ana lyz ing  the EXAFS. F i n a l l y ,  a b r i e f  summary i s  

conta ined i n  sec t i on  2.6. 

Sect ion 2.1 - D e f i n i t i o n  o f  t he  Problem 

The p h o t o e l e c t r i c  absorpt ion cross-sect ion, i n  the  d ipo le  approximation 

(Bethe and Salpeter ,  1957, secs. 59 and 69), i s  g iven by 

where ci i s  t he  f i n e  s t r u c t u r e  constant,  hv t h e  photon 

i n i t i a l  core s t a t e  o f  t he  e lec t ron ,  and I f >  t he  f i n a l  

which must- be c a l c u l a t e d  from a model of  t he  p o t e n t i a  

represented by a system o f  spher ica l ly-symmetr ic ,  non 

energy, ( i >  the  

photoe lec t ron  s t a t e  

1. The p o t e n t i a l  i s  

-overlapping, 
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spin-independent mu f f i n  t i n  p o t e n t i a l  lergy i 

by the  (assumed) constant  p o t e n t i a l  between m u f f i n  t i n s .  

e zero s determi 

We pause here t o  s t a t e  mow e x p l i c i t l y  the approximations conta ined 

i n  the preceding paragraph. F i r s t ,  t h i s  i s  a one-elect ron model. I t  i s  

n o t  v a l i d  c lose  t o  the  edge where many body e f fec ts  are expected t o  be 

important .  This i s  why one r e f e r s  t o  the  extended f i n e  s t r u c t u r e .  Second, 

the e f f e c t  of the p o t e n t i a l  on the  e jec ted  photoelect ron i s  n o t  a s t a t i c  

problem. The i on i zed  atom i s  i n  an e x c i t e d  s t a t e  and a many-electron 

r e l a x a t i o n  process takes place. If, as i n  a metal, the re laxa t i on  t ime 

i s  s h o r t  compared t o  the  l i f e t i m e  o f  the e x c i t e d  s ta te ,  a screened 

Coulomb p o t e n t i a l  may be used. I n  an i n s u l a t o r  the  r e l a x a t i o n  t ime i s  

long and the spectrum w i l l  be Coulomb-like near  t h e  edge. We neg lec t  

r e l a x a t i o n  e f f e c t s  and take the e f f e c t i v e  s i n g l e - p a r t i c l e  p o t e n t i a l  t o  

be a screened core hole.  Phase s h i f t  ana lys is  may then be app l ied .  

Since the model p o t e n t i a l  i s  s p h e r i c a l l y  symmetric, i t  i s  convenient 

t o  use the angular  momentum representat ion.  We can then decompose the  

e lec t ron  s ta tes  i n t o  p a r t i a l  wave s ta tes .  L e t  

be a complete s e t  o f  one-center basis  funct ions.  yL(;) a re  the  usual 

spher ica l  harmonics and the  index L i s  taken t o  represent  both angular 

E momentum ind i ces  R and m. RR(r )  are so lu t i ons  o f  the  Schrodinger 

equat ion a t  energy E f o r  t he  p o t e n t i a l  o f  the  absorbing atom i n  the 

absence o f  t h e  o the r  p o t e n t i a l s .  



Outside t h e  mu f f i n  t i n  the r a d i a l  wavefunctions must be o f  t he  form 

(Messiah, 1962, p.  390) 

~ : ( r )  = A,(j,(kr) cos 6, - n,(kr) s i n  6%) 

where j, n, h ( - ) ,  h(+)  are t he  spher ica l  Bessel and Hankel func t ions ,  A, 
.& 

I 
the no rma l i za t i on  constant,  k  = d ~ m ~ /  h2, and 6R i s  the'phase s h i f t  due t o  

the p o t e n t i a l .  Note t h a t  the  e f f e c t  o f  the  p o t e n t i a l  o f  t h e  absorbing aton) 
2 i  SR 

i s  t o  in t roduce a phase d i f f e r e n c e  o f  e  between incoming and outgoing 

waves. 

Denote the  core s t a t e  by 

c  A 

1 = $L (1 )  = i Rc(r)YL ( r ) .  
C C 

For smal l  values o f  k c  t h e  core s t a t e  w i l l  be h i g h l y  l o c a l i z e d  near t h e  
I 

o r i g i n .  Assume t h a t  Rc ( r )  = 0 beyond t h e  m u f f i n  t i n  rad ius  RMT. Then 

Expand t h e  f i n a l  s ta tes  i n  the usual way as 

\ 

Note t h a t  - 



E = Ei + hv. 

Then we may w r i t e  Eqn. 2.1 as 

The 6 - func t i on  i n  Eqn. 2.8 may be de f i ned  (Messiah, 1962, p. 469) by 

Since I f >  a re  t h e  e igens ta tes  o f  t he  complete Hami 1 t on ian  H, the  sum over  

f i n  Eqn. 2.8 i s  t he  spec t ra l  representa t ion  o f  the ope ra to r .  

1  l i m  - - 1 
n c-fo + Im ~ - ~ + i c  . And t h i s  opera tor  i s  t he  Green's f u n c t i o n  G(+)  i n  

the presence o f  the f u l l  p o t e n t i a l  (Messiah, 1962, p .  819). Thus 

where 

core - 4 2  E 
MLLl  - p w < & 1 ) I 1 l O L  (I)><@~ ( l ) l ~ I O ~ l ( 1 ) > .  

C C 
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The angular  i n t e g r a t i o n s  i n  Eqn. 2.11 are e a s i l y  performed by 

expressing 1 i n  spher ica l  harmonics. This  gives i n t e g r a l s  1 i k e  

which are Gaunt c o e f f i c i e n t s  (Appendix A). These lead t o  the  s e l e c t i o n  

ru les  Sm ,,, 6mc?l ,m9 6~c?l ,% . L e t  C(L,L1) denote the  numerical value 
C 

o f  the i n t e g r a l  . Then 

where 

The problem has now been d i v i d e d  i n t o  two pa r t s .  The ma t r i x  elements 

o f  the Green's f unc t i on  G(+) determine the behavior  o f  the  photoelect ron 

outs ide the  c e n t r a l  atom as i t  propagates through the  m u f f i n  t i n  system. 

The e f f e c t  o f  the  p o t e n t i a l  o f  the absorbing atom on the  emi t ted  photo- 

core e lec t ron  i s  represented by MLLl . 

Sect ion 2.2 - Ca lcu la t i on  of the  EXAFS 

The bas ic  mathematical idea we use i s  the  representa t ion  o f  a reg ion  

of  space ( the  mu f f i n  t i n  sphere) by a b lack  box, the p rope r t i es  o f  which 

are determined by parameters which describe cond i t ions  a t  the  boundary of  

the region. For a spher ica l  ly-symmetric p o t e n t i a l  these parameters are the 
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phase s h i f t s  o f  the  p a r t i a l  waves. 

We must c a l c u l a t e  the  Green's f unc t i on  matr 

This problem has been formulated by Beeby (1964) 

too l  we employ i s  the  T-matr ix def ined by 

i x  elements of Eqn. 2.10. 

. The c h i e f  mathematical 

+) i s  the  s t a t i o n a r y  s o l u t i o n  t o  the f u l l  Hamil tonian w i t h  wave 

vector _k.a and cpa i s  a plane wave w i t h  the same wave vector .  Formal ly 

where Go  i s  t he  f ree  space Green's func t ion .  

Consider a system o f  p o t e n t i a l s  Va centered on s i t e s  % . L e t  t be 
(1 

the T-matr ix corresponding t o  the s i n g l e  p o t e n t i a l  Va so t h a t  

The f u l l  T-matr ix  i s  

The r e s t r i c t i o n s  on the sums i n  Eqn. 2.18 insure  t h a t  successive 

s c a t t e r i n g  from the same p o t e n t i a l  does no t  occur. 

The f u l l  Green's f unc t i on  i s  then 



T h i s  represen ts  t h e  propagat ion from near R t o  r '  near  R . The f i r s t  
-a - v 

term i s  t h e  d i r e c t  f ree propagat ion.  The second term i s  t h e  propagat ion 

f r o m r t o r '  b y w a y  o f  a  s i n g l e  s c a t t e r i n g  b y a  p o t e n t i a l  a t  R The 
-B' 

nex t  te rm i s  t h e  double s c a t t e r i n g  c o n t r i b u t i o n ,  and so on. 

L e t  r denote a  coord ina te  measured r e l a t i v e  t o  % so t h a t  r = + 2 -a - 

and - r '  = R + q. Fur the r  s e t  %v = R - R . The f r e e  e l e c t r o n  Green's 
-3 -V -a 

f u n c t i o n  i s  

' k l &-L,)-%~ l 
1  e  Go ( r , )  = - - 4-rr av  - - r - r -  I -a -v -aV 

The Newmann expansion o f  Eqn. 2.21 (Messiah, 1962, p.  497) i s  

where 



A use fu l  i d e n t i t y  ( L l o y d  and Smith, 1972) i s  

whew 

are Gaunt c o e f f i c i e n t s .  Then Eqn. 2.22 may be w r i t t e n  

where 

H (-R ) . Go (R ,R ) = -n4k C cL LIL LL '  -cl 1, 

1 1 -v 

We no te  here, f o r  f u t u r e  re ference,  t h a t  s i nce  f o r  a l l  Q 

i k r  
[ i a t l h ( + ) ( k r ) ]  R + e , 

kr- r 



asymptoti ca l  l y  we have 

To evaluate the  f u l l  Green's funct ion i t  i s  obv ious ly  convenient t o  

expand the T-matri x i n  spher ica l  haromoni cs which, f o r  a spher ica l  l y - s y m t -  

r i c  p o t e n t i a l ,  may be w r i t t e n  

Using Eqns. 2.29 and 2.25 the  Green's funct ion (Eqn. 2.19) i s  

the angular  i n t e g r a t i o n s  o f  Eqn. 2.30 g ive terms l i k e  

using the or.thonorma1 i t y  proper ty  of the spher ica l  harmonics . 



Fur the r  s i m p l i f i c a t i o n  occurs by d e f i n i n g  a  momentum space t - f u n c t i o n  

by the t rans form 

We note here t h a t  the t - f u n c t i o n  i s  r e l a t e d  t o  t h e  phase s h i f t s  (Messiah, 

1962, p.  818) by 

1  i 6Q t,(k,k) t,(k) = - - k s i n  6,e (2.33) 

Using Eqns. 2.32 and 2.31 t h e  Green's f u n c t i o n  (Eqn. 2.30) becomes 

where 

= GO LL '  ( R  -a ,R v ) + C C ~ ~ ~ ~ ( % , % ) t ~ : ( k ) ~ [ ~ ~ ' ( % ~ % ) -  

Bfa L1 
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Since we have assumed t h a t  the  core s t a t e  i s  h i g h l y  l o c a l i z e d  near the 
1 \ 

o r i g i n ,  Eqn. 2.36 i s  evaluated a t  r = 0. The des i red  ma t r i x  elements are 

then 

The f i r s t  term gives the  atomic p h o t o e l e c t r i c  e f f e c t  (no s c a t t e r i n g ) .  The 

second term represents an outgoing L wave which re tu rns  as an incoming L '  

wave a f t e r  be ing  s c a t t e r e d  by atoms l oca ted  a t  R The e f f e c t  o f  t he  3' 
absorbing atom i s  t o  s h i f t  the  phase between the  ou tgo ing  L wave and 

incoming L '  wave by liR + n R l  . (The phase s h i f t  o f  t he  absorbing atom w i l l  be 

denoted by Q t o  d i s t i n g u i s h  i t  from the  phase s h i f t s  6 o f  undis turbed atoms.) 

We can now eva lua te  t h e  cross sec t i on  (Eqn. 2.10) and c a l c u l a t e  the  

absorp t ion  c o e f f i c i e n t .  We c a l c u l a t e  t h e  normal ized o s c i l l a t o r y  p a r t  o f  

the spectrum by 

Here we have assumed t h a t  the core s t a t e  i s  an's wave so t h a t  kc = 0 .  The 

d ipo le  s e l e c t i o n  r u l e s  (Eqn. 2.13) r e q u i r e  R = R '  = 1. 



i 
To evaluate t h e  denominator o f  Eqn. 2.39 we employ the  Newmann 

expansion (Eqn. 2.26) t o  g ive  

atomic = R1 +1 
(J a 1m { - 4 ~ k  C CIL1 1 i 

m m 
R'  R '  1 (2.40) 

The Gaunt c o e f f i c i e n t  CILll i s  non zero on l y  i f  Rl i s  0 o r  2 (Eqn. A.2).  

Since 

and R, i s  even, 

\ 
To s i m p l i f y  the  a n a l y t i c a l  eva lua t i on  o f  Eqn. 2.39 we assume tha t ,  

asymptot ical  l y ,  t he  photoe lec t ron  i s  s p h e r i c a l l y  symmetric about t he  

absorbing atom so t h a t  GIL becomes GOL . Then mR = me, = 0, t he  sums over  
1 1 

'Ore cancels.  The normal i z e d  osc i  1 l a t o r y  p a r t  o f  4 and me, disappear, and Mll 

the X-ray absorp t ion  spectrum i s  then 

We 'emphasize1 here  t h a t  s c a t t e r i n g  t o  a1 1 orders i s  i nc luded  i n  Eqn. 2.43 

through the f u l l  Green's f u n c t i o n  GOr 
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s e c t i o n  2.3 - High Energy Approximat ion 

The amount o f  s c a t t e r i n g  a t  a  g iven s i t e ,  as represented by the 

t - f u n c t i o n ,  decreases w i t h  i n c r e a s i n g  energy (Eqn. 2.33). Thus f o r  

s u f f i c i e n t l y  h i g h  energy (determined by such f a c t o r s  as atomic species and 

s t r u c t u r e )  t h e  dominant c o n t r i b u t i o n  t o  the EXAFS i s  t h a t  o f  s i n g l y -  

s c a t t e r e d  waves. 

We o b t a i n  t he  s i n g l e - s c a t t e r i n g  c o n t r i b u t i o n  t o  t h e  EXAFS by r e p l a c i n g  

the  f u l l  Green's f unc t i on  G i n  Eqn. 2.43 by t h e  f r e e  Green's f u n c t i o n  Go:  

The asymptot ic  form o f  Go (Eqn. 2.28) can be used. The s m a l l e s t  i n t e r -  

atomic d is tance  we encounter i s  r -- 2.5A0, so f o r  k  > 4 ~ 0 - l  (E  2 60 e . ~ . )  

t h i s  w i  11 be a  good approxima t i o n .  Eqn. 2.44 then becomes 

Using the  p r o p e r t i e s  o f  t he  Gaunt c o e f f i c i e n t s  (Eqn. A.3) we have 

i (2n1+2kRa& 
- 1  - - - m e  2  t/ ( k )  ( ~ R + ~ ) P , ( c o s T )  

Bfa R a ~  R 
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app l y i ng  t he  a d d i t i o n  theorem f o r  sphe r i ca l  harmonics (Messiah, 1962, 

p .  496) 

F i n a l l y ,  we express t k ( k )  i n  terms o f  t h e  phase s h i f t s  (Eqn. 2.33) and 
I 

def ine  t he  s c a t t e r i n g  ampl i tude i n  the  usual wa; (Messiah, 1962, p. 386), 

t o  o b t a i n  

\ ' 
I f  the  magnitude and phase o f  t he  b a c k s c a t t e r i n g  amp1 i tude a re  expressed 

as 

we o b t a i n  t h e  p a r t i c u l a r l y  s i ~ n p l e  express ion  



s e c t i o n  2.4 - A t t enua t i on  and Thermal E f f e c t s  

Sayers e t  a1 . (1970), i n  t h e i r  p o i n t - s c a t t e r i n g  theory ,  i n t r oduce  an 

\ 
empi r i  c a l  damping f a c t o r  e  t o  a t t e n t u a t e  t h e  ampl i tude  o f  t h e  ou tgo ing  

pho toe lec t ron  wave. The parameter X i s  t h e  mean f r e e  pa th  o f  t h e  e l e c t r o n .  

They f i n d  t h a t ,  i n  t h e  high-energy reg ion  o f  i n t e r e s t ,  X 2 3A0 g ives  t he  

b e s t  f i t  t o  t h e i r  data.  I n e l a s t i c  s c a t t e r i n g  mechanisms a r e  expected t o  

g i ve  A 2 10AO so t h a t  e l a s t i c  mechanisms a re  assumed t o  dominate. The 

damping parameter thus func t ions  c h i e f l y  as a  mu1 t i p l e  s c a t t e r i n g  c o r r e c t i o n .  

Th is  formula t i o n  has t he  disadvantage1 o f  c o n t a i n i n g  an a d j u s t a b l e  

parameter. Ashley and Doniach (1975) have shown how t o  c a l c u l a t e  an 

a t t e n u a t i o n  c o e f f i c i e n t .  To see t h i s ,  'cons ider  a  c r y s t a l l i n e  s t r u c t u r e  so 

t h a t  we may view each atom as be ing  surrounded by s p h e r i c a l  s h e l l s  j. A 

spher ica l l y -averaged t ransmiss ion  f u n c t i o n  may be c a l c u l a t e d  f o r  each s h e l l  

where N. i s  t h e  number o f  atoms i n  s h e l l  j, a t  d is tance  R .  f rom the  c e n t r a l  
J J 

atom, and o i s  t h e  t o t a l  s c a t t e r i n g  c ross-sec t ion ,  i n c l u d i n g  e l a s t i c  and T  

i n e l a s t i c  e f f e c t s .  

The p r o b a b i l i t y  o f  reach ing  a  g iven s h e l l  w i t h o u t  s c a t t e r i n g  i s  g iven  

by t h e  p roduc t  o f  t he  t ransmiss ion  f unc t i ons  f o r  t h e  i n te rmed ia te  s h e l l s .  

The a t t e n u a t i o n  c o e f f i c i e n t  i s  then 

! 
I where Al ( k )  = 1. Note t h a t  A  i s ,  i n  genera l ,  energy dependent. 
t 
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For  the purpose o f  t h i s  t h e s i s  t he  s imp le r  express ion  o f  Sayers e t  a l .  i s  used. 
/ 

Sayers e t  a1 . a l s o  use a f a c t o r  e  -2k202(T) t o  account f o r  t h e  thermal 

2 mot ion 'o f the  atoms, where o i s  t h e  ( temperature-dependent)  mean square 

r e l a t i v e  displacement o f  an atom about i t s  average d i s tance  f rom t h e  c e n t r a l  

atom. This  f a c t o r  w i l l  be discussed f u r t h e r  i n  t h e  n e x t  sec t i on .  Account- 

i n g  f o r  a t t e n u a t i o n  and thermal e f f e c t s ,  Eqn. 2.52 becomes 

' ~ ~ n .  2.55 i s  t h e  b a s i c  formula f o r  t h e  EXAFS. I 

Sect ion 2.5 - Radia l  S t r u c t u r e  Funct ion 

Working w i t h  a  formula s i m i l a r  t o  Eqn. 2.55 based on t h e i r  p o i n t -  

s c a t t e r i n g  theory,  Sayers e t  a1 . (1971 ) showed how t h e  exper imenta l  data. 

may be i n v e r t e d  t o  o b t a i n  a  r a d i a l  s t r u c t u r e  f u n c t i o n  ~ ( r ) .  Wi th  

of  t h e  

1 gauss 

exper imenta l  da ta  

i a n  f unc t i ons  

J 

they take t h e  F o u r i e r  t ransform 

The sum i s  taken ove r  s h e l l s  j. A F o u r i e r  t r ans fo rm  

y i e l d s  a f u n c t i o n  which represents  a  s e r i e s  o f  norma 

centered a t  each she1 1 r a d i u s .  



2  2 
Here i t  i s  seen t h a t  t h e  use o f  the  d i s o r d e r  term e  -2k ' i s  based on 

the assumption t h a t  t he  rea l -space d i s t r i b u t i o n  f u n c t i o n  i s  gaussian. 

E isenberger  and Brown (1978) have r e c e n t l y  d iscussed t h e  consequences 

o f  non-gaussian d i s t r i b u t i o n s .  They show t h a t  if t h e  d i s t r i b u t i o n  has 

asymmetric components w i t h  r espec t  t o  R , an a d d i t i o n a l  phase w i  11 be 
a B 

i n t r oduced  i n t o  t h e  s i n e  f u n c t i o n  of  Eqn. 2.55. No r e a l  d i s t r i b u t i o n  i s  

p u r e l y  gaussian so t h a t  t h i s  has i m p l i c a t i o n s  f o r  t he  ana l ys i s  o f  exper iment-  

a l  data.  

One more p o i n t  needs t o  be mentioned here.  Experimental  data represents  

an averaging ove r  many atoms. I n  an amorphous m a t e r i a l ,  t he  environment o f  

each atom i s  unique and, t he re fo re ,  the  averaging procedure makes an 

a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  probabi 1  i ty d i s t r i b u t i o n  t h a t  i s  s t r u c t u r a l  

i n  o r i g i n .  I f  t h i s  i s  a l s o  assumed t o  be gaussian, then t he re  i s  a  
2  2  -2k as 

term e  i m p l i c i t  i n  Eqn. 2.55, where as2 i s  t h e  s t r u c t u r a l  c o n t r i b u -  

t i o n  t o  t h e  d i s o r d e r .  As d iscussed above, if t h i s  d i s t r i b u t i o n  i s  

asymmetric an a d d i t i o n a l  phase w i l l  be i n t r oduced  i n t o  Eqn. 2.55. 

I n  a c t u a l  p r a c t i c e  (S te rn  e t  a1 . , 1975) t h e  t r ans fo rm  taken i s  

where n  = 1  o r  3. S t e m  (1974) has r e l a t e d  t h e  n  = 1  t ransform t o  t he  

s p a t i a l  v a r i a t i o n  o f  a  s c a t t e r i n g  m a t r i x  and t h e  n  = 3 t r ans fo rm  t o  a  

\ I 

~seudocha rge 'dens i t y .  S te rn  e t  a l .  c l a i m  t h e  most s a t i s f a c t o r y  r e s u l t s  w i t h  

n  = 3. There a re  two reasons f o r  t h i s .  On t h e  one hand n  = 3 p r e f e r e n t i a l l y  

weights t he  high-energy p a r t  o f  t he  abso rp t i on  spectrum where Eqn. 2.55 
\ t 

i s  a b e t t e r  approx imat ion.  Secondly, t h e r e  i s  a  d i f f i c u l t y  i n  d e f i n i n g  
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p rec i se l y  a t  what energy w i t h  r espec t  t o  t h e  edge the  o r i g i n  o f  k  should 

be loca ted .  Th is  u n c e r t a i n t y  a f f e c t s  most t h e  low-energy p a r t  o f  t h e  

spectrum. The n  = 3 t rans fo rm de-emphasizes t h i s  u n c e r t a i n t y  and i s  much 

l e s s  s e n s i t i v e  t o  t h e  choice o f  kmin. 

There i s  an a d d i t i o n a l  reason f o r  choosing t o  do t h e  above t ransform.  

Lee and Beni (1977) have shown t h a t ,  'p rov ided t h e  r e a l  space d i s t r i b u t i o n  

i s  gaussian, t h e  r e a l  p a r t  o f  the  t r ans fo rm  passes through zero a t  

the  peak p o s i t i o n .  Thus t h e  magnitude peaks a t  t h e  same p o s i t i o n  as 

the imaginary  p a r t .  Th is  assumes t h a t  t h e  l o c a t i o n  o f  k  = 0 i s  known. 

The p o i n t  made by Lee and Beni i s  t h a t  a  p r i o r i  knowledge o f  t h e  

complex phase s h i f t s  enables one t o  determine k  = 0 by comparing t he  

magnitude w i t h  t h e  imagninary p a r t  o f  the t ransform.  Tak ing t h e  magnitude 

o f  a  complex t r ans fo rm  a l s o  has a  smoothing e f f e c t ,  which becomes 

impor tan t  i f  t h e  k-space range i s  narrow. 

The f u n c t i o n  (I ( r )  con ta ins  i n f o r m a t i o n  on t h e  number, d i s t ance  t o  and n  

d i s t r i b u t i o n  o f  atoms surrounding t h e  absorb ing atom. S te rn  e t  a l .  (1975) 
! 

have discussed i n  d e t a i l  how t o  e x t r a c t  such i n f o r m a t i o n  us ing  t h e  F o u r i e r  

t ransform technique.' They a l s o  show how t o  e x t r a c t  such parameters as t he  

e l e c t r o n  s c a t t e r i n g  amp1 i tudes, mean f r e e  paths, d i s o r d e r  terms and phase 

s h i f t s .  

Sec t ion  2.6 - Summary 

Using Green's f u n c t i o n s  and t h e  T-matr ix  formal ism, t he  norma l i zed  

o s c i l l a t o r y  p a r t  o f  the X-ray abso rp t i on  spectrum was c a l c u l a t e d  (Eqn. 2.43).  
\ / 

The one-e lec t ron  approx imat ion was used and i t  was assumed t h a t  the  poten- 

t i a l s  o f  t h e  a t o ~ m  c o u l d  be modeled by mu f f i n  t i n s .  I t  was f u r t h e r  assumed 
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t h a t  r e l a x a t i o n  e f fec ts  could be ignored and t h a t  t h e  absorbing atom cou ld  

be represented by a screened core hole.  Eqn. 2.43 i s  t he  s t a r t i n g  p o i n t  

f o r  a m u l t i p l e  s c a t t e r i n g  t reatment  o f  t he  problem. 

An a n a l y t i c  expression was then der ived i n  t he  high-energy approxi-  

mation (Eqn. 2.52). Accounting f o r  a t tenuat ion  and thermal e f f e c t s  l e d  t o  

the bas ic  formula f o r  t h e  EXAFS, Eqn. 2.55. 

The Eqns. 2.43 and 2.55, a long w i t h  the  Four ie r  transform, Eqn. 2.58, 

are the  pr imary t o o l s  we w i l l  employ i n  t h i s  i n v e s t i g a t i o n .  
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Chapter 3  - St ruc ture  o f  Amorphous Ma te r ia l s  

I 

I n  t h i s  chapter  we consider the s t r u c t u r e  o f  amorphous mater ia ls .  I n  

sect ion 3.1 we present  a  general desc r ip t i on  o f  t he  amorphous s t a t e  and 

in t roduce the  s t r u c t u r a l  model. I n  sec t ion  3.2 we deal w i t h  the  p a r t i -  

c u l a r  case of t he  continuous-random-network models f o r  amorphous semi- 

conductors, whi l e  we t r e a t  the  dense-random-packing-of-hard-spheres model s  

for  m e t a l l i c  glasses i n  sec t ion  3.3. 

Sect ion 3.1 - The Amorphous Sta te  --- -- 

To describe the  amorphous s t a t e  we begin w i t h  the  concept o f  a  

disordered system. Two general c lasses o f  d isordered systems are  encountered 

i n  so l  i d  s t a t e  physics. On the one hand we may have a  p e r i o d i c  a r ray  of 

atoms of d i f f e r e n t  types, the d i f f e r e n t  types be ing  randomly d i s t r i b u t e d  

throughout t he  l a t t i c e .  We s h a l l  c a l l  t h i s  " s u b s t i t u t i o n a l "  d isorder .  

On the o ther  hand we may have an a r ray  o f  i d e n t i c a l  atoms which are n o t  

pe r iod i ca l  l y  pos i t ioned.  This l a t t e r  c lass  o f  " p o s i t i o n a l l y "  d isordered 

systems provides a  model f o r  amorphous s o l i d s .  I f  a  p o s i t i o n a l l y  d i s -  

ordered system has everywhere the same coord ina t ion  o f  nearest  neighbors 

we say t h a t  i t  i s  " t o p o l o g i c a l l y "  disordered. This  c l a s s i f i c a t i o n  scheme i s  

i l l u s t r a t e d  i n  Figure 3.1. I n  general, o f  course, most r e a l  amorphous 

mater ia ls  a re  both s u b s t i u t i o n a l l y  and p o s i t i o n a l l y  disordered, s ince 
i 
L 

I they conta in  atoms o f  more than one k ind.  

i 
E A c r y s t a l l i n e  s t r u c t u r e  i s  s p e c i f i e d  by the few r e l a t i v e  coordinates of  

the atoms comprising t h e  u n i t  c e l l .  These coordinates are  accessib le 



Figure  3.1 

Var ious types o f  d i s o r d e r  encountered i n  
s o l i d  s t a t e  phys ics :  ( a )  p e r f e c t  order ;  
( b )  s u b s t i t u t i o n a l  d iso rder ;  ( c )  p o s i t i o n a l  
d i so rde r ;  ( d )  t o p o l o g i c a l  d i s o r d e r .  
L A f t e r  Weaire and Thorpe (1971) . ]  



amorphous system i s  n e i t h e r  convenient  n o r  access ib le .  A d e s c r i p t i o n  

which i s  usefu l  and access ib l e  (X-ray, neu t ron  and e l e c t r o n  s c a t t e r i n g  

1 1 
exper iments) i s  g iven i n  terms o f  an average r a d i a l  d e n s i t y  f unc t i on .  

The average r a d i a l  dens i t y  f u n c t i o n  (ARDF) i s  t h e  number o f  atoms 

a t  d is tances between r and r + d r  from some atom chosen as o r i g i n  averaged 

2 over  t h e  surface o f  a  sphere ( 4 n r  ) ,  f u r t h e r  averaged by t a k i n g  each atom 

i n  t u r n  as t h e  o r i g i n .  I n  a  system where more than one atomic species 

i s  p resen t  t h e  ARDF can be thought  o f  as a l i n e a r  combinat ion o f  dens i t y  

f unc t i ons  cen te red  about atoms o f  a  s i n g l e  type.  (Reca l l  f rom Chapter 2 

t h a t  t h i s  i s  the  t ype  o f  dens i t y  f u n c t i o n  t h a t  i s  a v a i l a b l e  v i a  a n a l y s i s  

o f  t h e  EXAFS.) I t  i s  the  composite ARDF t h a t  i s  access ib l e  through conven- 

t i o n a l  d i f f r a c t i o n  exper iments.  

One approach t o  t h e  understanding o f  amorphous s t r u c t u r e  has been t o  

c rea te  s t r u c t u r a l  models which w i  11 reproduce such expe r imen ta l l y  accessi  b  

fea tu res  o f  a  system as t h e  ARDF o r  i t s  v i b r a t i o n a l  spectrum. I t  i s  c l e a r  

t h a t  t h e  b i n d i n g  fo rces  between atoms i n  a  s o l i d  shou ld  be s i m i l a r  whether 

the s t r u c t u r e  i s  c r y s t a l l i n e  o r  amorphous. Thus, even i n  t h e  amorphous case, 

shor t - range o r d e r  (SRO) ove r  a  d is tance  o f  a  few atomic r a d i i  w i l l  g e n e r a l l y  

be p resen t .  Th is  suggests t h a t  a  use fu l  c h a r a c t e r i z a t i o n  o f  an amorphous 

s o l i d  m igh t  be p rov ided  by t he  coord ina tes  o f  a  few hundred 

o r  a few thousand atoms. Much research has been devoted t o  develop ing such 

models . 

Two genera l  c lasses o f  models f o r  amorphous s o l  i ds may be d i s t i ngu i shed .  

The m i c r o c r y s t a l l i n e  models a r e  those i n  which most o f  t h e  atoms a re  

arranged i n  smal l  mi c roc rys  t a l  s  which a r e  randomly o r i e n t e d  w i t h  respec t  

t o  each o t h e r .  Thus these models f e a t u r e  ab rup t  s t r u c t u r a l  d i s c o n t i n u i t i e s .  



This approach has not ,  i n  general, met w i t h  much success and we w i l l  n o t  

consider  these models f u r t h e r .  

The o the r  models are those i n  which the  i n d i v i d u a l  atoms are arranged 

i n  a continuous random way w i t h o u t  the abrupt  d i s c o n t i n u i t i e s  o f  the  

m i c r o c r y s t a l l i n e  models. These are o f  two types; the continuous-random- 

network (CRN) models f o r  amorphous semi conductors, and t h e  dense-random- 

packing-of-hard-spheres (DRPHS) models f o r  metal l i c  glasses. The former 

are s u i t a b l e  f o r  smal l  coord ina t ion  numbers (2,3,4) wh i l e  the l a t t e r  a re  

appropr iate f o r  t he  h igher  coord ina t ion  numbers found i n  metal 1 i c  systems. 

Sect ion 3.2 - Continuous-Random-Network (CRN) Model2 - - - - 

Zachariansen(l932) f i r s t  proposed the  concept o f  a non-per iodic  

random network as a general model f o r  glasses. The f i r s t  q u a n t i t a t i v e  

success o f  t h i s  model was obta ined by Be1 1 and Dean (1966). The i r  b a l l  -and- 

s t i c k  model o f  Si04 tet rahedra,  arranged according t o  c e r t a i n  ru les ,  

y i e l d e d  d i s t r i b u t i o n  func t ions  i n  agreement w i t h  experiment. 

The most extensive model 1 i n g  us ing the  CRN concept has been f o r  the 

amorphous te t rahedra l  1 y-coordi  nated semi conductors S i  and Ge . I n  these 

models each atom has f o u r  neighbors i n  an approximately t e t rahedra l  

arrangement ( t opo log i  ca l  d isorder )  . Var ia t i on  i n  the  te t rahedra l  angle 

and r e l a t i v e  r o t a t i o n  o f  a d j o i n i n g  tet rahedra l e a d  t o  non-crysta l1 i n i  ty. 

The f i r s t  o f  these models was hand-bu i l t  by Polk (1971) and consis ted 

o f  440 atoms. (Comparison o f  t h i s  model w i t h  experiment i s  shown i n  

Figure 3.2 .)  This s t r u c t u r e  was l a t e r  enlarged t o  519 atoms (Polk and 

Boudreaux, 1933) t o  increase the  s i z e  of  the  c l u s t e r  and make i t  more n e a r l y  

spher ica l .  The coordinates o f  the  atoms were measured by an accura te ly  
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~ o s i  t i o n e d  l a s e r  beam. Computer techniques were then used t o  determine 

new coordinates which would reduce the  v a r i a t i o n  i n  bond lengths 

(d is tances between nearest  neighbors) t o  nea r l y  zero. The ARDF o f  t h i s  

s t r u c t u r e  i s  i n  good agreement w i t h  experiments. 

The refinement of t h i s  519-atom model has been taken a stage f u r t h e r  

by Ste inhard t  e t  a1 . (1973) . The atom p o s i t i o n s  were systemat ica l  l y  

adjusted so as t o  minimize the  Keat ing (1966) expression f o r  the  e l a s t i c  

energy of a tet rahedral ly-bonded s o l i d  i n  terms o f  the  bond lengths d 

and bond angles: 

Here a and 6 are  bond-st retching and bond-bending fo rce  constants where 

B/a was taken as 0.2, which i s  i n  a range o f  p l a u s i b l e  values i n d i c a t e d  by 

phonon frequencies fo r  diamond cubic S i  and Ge. The f i r s t  sum i s  over  a l l  

atoms R and t h e i r  f o u r  neighbors i ; the second sum i s  over  a1 1 atoms and 

p a i r s  o f  neighbors; r i s  the  vector  from ,% t o  i t s  i th neighbor. This  -a i 
model i s  r e f e r r e d  t o  as being " f u l l y  relaxed", the  r e l a x a t i o n  procedure 

accounting f o r  a nea r l y  40% decrease i n  the  t o t a l  s to red  energy i n  the  

unrelaxed model due t o  a decrease i n  the rms angular  dev ia t ion .  

These "Pol k-type" models a re  genera l l y  cons i s ten t  w i t h  X-ray d i f f r a c t i o n  

data. They have a l s o  been used t o  ob ta in  the  v i b r a t i o n a l  dens i ty  o f  s ta tes  

and the  Raman and i n f r a r e d  spectra o f  S i  and Ge. These r e s u l t s  compare 

favorably w i t h  experimental  measurements (Alben e t  a l . ,  1975). I t  i s  the 

fu l l y - re laxed  Polk model t h a t  we exp lore  f u r t h e r  i n  Chapter 4 as a model 

for  amorphous Ge. 
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s t o  be po in ted  o u t  t h a t  s i  nce P o l k '  s o r i g i  na l  model, CRN 

models have been b u i  1 t s o l e l y  by computer techniques ( f o r  example, 

Shevchik and Paul, 1972). Refinement of these models i s  an a c t i v e  f i e l d  

of research. 

Sect ion 3.3 - Dense-Random-Packing-of-Hard-Spheres (DRPHS) Models 

The DRPHS was f i r s t  proposed by Bernal (1959), as a model f o r  l i q u i d s .  

(The spheres are  considered dense i n  the sense t h a t  t he  s t r u c t u r e  conta ins 

no i n t e r n a l  holes l a rge  enough t o  accommodate another  sphere.) It was 

Cohen and Turnbul l  (1964) who suggested t h a t  t he  model was appropr ia te  f o r  

a monatomic g lass.  

The f i r s t  DRPHS models were b u i l t  by kneading and squeezing a b ladder 

f i l l e d  w i t h  b a l l  bearings. The most ambit ious such e f f o r t  was the  

8000-bal l-bearing c l u s t e r  o f  Finney (1970). Cargi 11 (1970) has po in ted  ou t  

t h a t  the  agreement between the s t r u c t u r e  o f  t h i s  model and X-ray r e s u l t s  

from amorphous N i - P  a l l o y s  i s  remarkable (F igure 3.3).  

The f i  r s t  computer-generated DRPHS was cons t ruc ted  f o r  s i n g l e - s i  ze 

spheres by Bennett (1972). Bennett-type s t ruc tu res  are generated by 

s t a r t i n g  w i t h  a small seed c l u s t e r .  The c l u s t e r  i s  examined t o  determine 

a l l  poss ib le  s i t e s  f o r  which an added sphere would be i n  hard contact  w i t h  

three spheres a l ready i n  the c l u s t e r .  Then a s i t e  i s  chosen according t o  
i 

some\cri ter ion' .  Bennett  i nves t i ga ted  a "g loba l "  c r i t e r i o n  by which the new 

atom was added a t  the s i t e  c loses t  t o  the  cen te r  o f  the  o r i g i n a l  c l us te r ,  

the s i t e  having 

These computer- 

w i t h  b a l l  -bearings. 

and a " loca  

the l e a s t  d 

generated c 

1" c r i t e r i o n  by which the  new atom was added a t  

i s tance  from the plane o f  i t s  th ree  neighbors. 

l u s t e r s  a re  s i m i l a r  i n  many ways t o  those b u i l t  





favorab 

mentioned above, 

l y  w i t h  data obta 

a s i n g l e - s i z e  DRPHS has been shown t o  agree 

i n e d  on Ni-P a l l o y s .  (The diameters o f  N i  and P 

d i f f e r  by l e s s  than 3%.) I n  Chapter 5 we use a computer-generated s i n g l e -  

s i z e  DRPHS as a model f o r  amorphous Ni-P. 

The model has subsequent ly been genera l i zed  (Polk ,  1973) t o  i n c l u d e  

spheres o f  two d i f f e r e n t  s i zes  f o r  b i n a r y  metal-metal  a l l o y s  where t h e  

components d i f f e r  s i g n i f i c a n t l y  i n  s i z e .  We conclude by p o i n t i n g  o u t  

t h a t  t he  DRPHS model has been used t o  i n v e s t i g a t e  the  e q u i l i b r i u m  densi ty ,  

b i n d i n g  energy, and e l a s t i c  cons tan ts  o f  amorphous meta ls  (Weaire e t  a1 ., 

1971), t h e  v i b r a t i o n a l  spectrum o f  a m e t a l l i c  g lass  (Heimendahl and 

Thorpe, 1975), and t h e  magnetic p r o p e r t i e s  and Missbauer absorp t ion  spec t ra  

o f  amorphous m e t a l l i c  a l l o y s  o f  r a r e  ea r ths  and t r a n s i t i o n  meta ls  

(Cochrane e t  a1 ., 1974).  



Chapter 4 - Ana lys is  of  a  CRN Model - 

I n  t h i s  chap te r  we app ly  the EXAFS formal ism t o  t h e  519-atom, f u l l y -  

relaxed, t e t r a h e d r a l  l y -coord ina ted ,  continuous-random-network (CRN) 

s t r u c t u r e  discussed i n  Chapter 3. We use t h e  p a r t i c u l a r  case o f  
0 

gerrnani um w i t h  a  bond l e n g t h  of  2.45A. We have two reasons f o r  do ing 

t h i s .  F i r s t  of  a l l ,  a  model c a l c u l a t i o n  o f  t h e  EXAFS a l l ows  us t o  exp lo re  

the usefulness o f  t h e  EXAFS as a  technique f o r  s t r u c t u r a l  i n v e s t i g a t i o n  i n  

an i d e a l  way. We s h a l l  have no exper imenta l  no i se  n o r  temperature e f fec ts  

t o  worry  about.  Nor need we be concerned about many-body e f f e c t s  o r  

o t h e r  problems which i n v a l i d a t e  t h e  theory  near  t h e  absorp t io r l  edge. 

Secondly, as d iscussed i n  Chapter 3, model b u i l d i n g  i s  a  use fu l  way o f  

e x p l o r i n g  atorriic s t r u c t u r e .  We hope t o  shed some l i g h t  on t he  usefu lness 

of  t h e  EXAFS as a  means o f  choosing between competing s t r u c t u r a l  n~odels .  

I n  Sec t ion  4.1 we look  a t  t h e  model i n  some d e t a i l  by genera t ing  a  

h is togram o f  t he  average r a d i a l  d e n s i t y  func t ion .  The EXAFS f u n c t i o n  CHI 

i s  c a l c u l a t e d  and discussed i n  Sec t ion  4.2. I n  Sec t i on  4.3 r a d i a l  dens i t y  

f unc t i ons  a re  generated by t h e  F o u r i e r  Transform technique. Some 1  i m i t a t i o n s  

on t h i s  technique a re  discussed. We use t h i s  technique t o  o b t a i n  in fo rmat ion  

about t he  d i s o r d e r  o f  t h e  nea res t  ne ighbor  d i s t r i b u t i o n  i n  Sec t ion  4.4. 

I n  Sec t ion  4.5 some recen t  exper imenta l  data i s  presented and discussed. 

Sect ion 4.6 con ta ins  a  summary and some conc lus ions .  

Sect ion 4.1 - Ana l ys i s  o f  t he  Model -- - --- 

A h is togram o f  t h e  average r a d i a l  d e n s i t y  f u n c t i o n  (ARDF) i s  con- 

s t r u c t e d  as f o l l o w s :  count the  number o f  atoms a t  d is tances between 

r and r + A r  f rom some atom chosen as o r i g i n .  Average t h i s  by t a k i n g  each 



atom i n  t u r n  as o r i g i n .  D i v i de  by 4nrL t o  o b t a i n  t h e  average r a d i a l  

densi ty. 

GE ( f o r  convenience we g i ve  t h e  model a  name) i s  approx imate ly  spher i -  

ca l  and con ta ins  519 atoms. Those on t h e  sur face  have l e s s  than f o u r  

nea res t  neighbors;  i . e .  dang l ing  bonds e x i s t .  Some care must be taken t o  

ensure t h a t  these sur face  atoms do n o t  "contaminate" t h e  c a l c u l a t i o n s .  We 
0 

wish t o  examine t h e  dens i t y  f u n c t i o n  as f a r  as r = 7.5A ( 3  bond l e n g t h s ) .  
0 

This  means t h a t  we must have a  7.5A "sphere" o f  atoms surrounding each o f  

t h e  atoms ove r  which we wish t o  average. I n  t h i s  case "contaminat ion"  i s  

expected t o  be minimal and w i l l  c e r t a i n l y  n o t  a f f e c t  t h e  s t a t i s t i c s  on t he  

f i r s t  few nea res t  ne ighbors.  Th is  c o n d i t i o n  l i m i t s  us t o  a  c e n t r a l  group 

o f  80 atoms. 

1  To c o n s t r u c t  t h e  h is togram we chose A r  = -- t h  o f  a  bond l eng th .  I n  
40 

o rde r  t o  i n v e s t i g a t e  p o s s i b l e  s i z e  e f f e c t s  histograms were cons t ruc ted  w i t h  

10, 20 and 40-atom c e n t r a l  groups as w e l l  as w i t h  80. The r e s u l t s  f o r  

the 40 and 80-atom averages a r e  shown i n  F igure  4.1. 

Before d i scuss ing  these histograms we p resen t  some a d d i t i o n a l  data on 

GE which were c a l c u l a t e d  f rom the known atomic p o s i t i o n s .  Table 4.1 g ives 

the mean p o s i t i o n s  and mean square dev ia t i ons ,  02, o f  t h e  f i r s t  and second 

neares t  ne ighbor  d i s t r i b u t i o n s ,  averaged ove r  10, 20, 40 and 80 atoms. 

The most ou t s tand ing  f ea tu re  o f  t he  histograms (F igu re  4.1) i s  t he  very  

sharp, i s o l a t e d  peak rep resen t i ng  t he  nea res t  ne ighbor  d i s t r i b u t i o n .  A  
0 

sma l l e r  broader  peak a t  about 4A i n d i c a t e s  a  f a i r l y  w e l l - d e f i n e d  second 

neighbor  d i s t r i b u t i o n .  Beyond t h i s  the  fea tu res  become l e s s  d i s t i n c t .  

The most n o t a b l e  d i f f e r e n c e  between t h e  two histograms i s  t h e  sharpening 
0 0 

of  the  peaks a t  4.OA and 4.8A when 80 atoms a r e  used. Bu t  t h e  general  
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Figure  4 . l a .  ARDF f o r  GE averaged o v e r  40 atoms. 

F igure  4 . l b .  ARDF f o r  GE averaged ove r  80 atoms. 





features (peak p o s i t i o n s  and r e l a t i  ve h e i g h t s )  a re  q u i t e  s i m i l a r .  Table  4.1 

shows some f l u c t u a t i o n s  i n  0 b u t  a  monatonic decrease i n  oZ2 , as t he  1  ' 
number o f  c e n t r a l  atoms increases.  We can draw no conc lus ions  f rom t h i s .  

However, we a re  c o n f i d e n t  t h a t  e n l a r g i n g  t h e  s t r u c t u r e  would n o t  s i g n i f i -  

c a n t l y  a l t e r  t h e  general  f ea tu res  o f  F i gu re  4 . lb .  

Sec t ion  4.2 - C a l c u l a t i o n  o f  t h e  EXAFS -- 

We now c a l c u l a t e  t h e  EXAFS f u n c t i o n  C H I  f o r  GE v i a  Eqn. 2.55. Since 

t h e  atoms a re  a l l  o f  t h e  same atomic  spec ies t h e  magnitude o f  t h e  back- 

2 s c a t t e r i n g  ampl i tude,  T ( k ) ,  may be taken o u t  o f  t h e  sum. We s e t  o (T )  = 0  

i n d i c a t i n g  t h a t  t h e  system i s  taken t o  be a t  0•‹K. Then we have 

where we have w r i  t t e n  

0 

The sum i s  ove r  a l l  atoms w i t h i n  7.5A o f  t h e  c e n t r a l  atom. 
0 

A  cons tan t  va lue o f  X = 4.6A was used f o r  t h e  mean f r e e  pa th  o f  t h e  

pho toe lec t r on  ( S t e r n  e t  a1 . , 1975). A l i n e a r  form was used f o r  t h e  phase 

- s h i f t  (Ash ley and Doniach, 1975), 



(Teo e t  a1 ., 1977) and f i t t e d  t o  t he  form 

w i t h  A = 0.601, B = 0.1716 and C = 8.230 f o r  germanium. The parameters i n  

Eqns. 4.3 and 4.4 requre k t o  be expressed i n  i-'. 
Figure  4.2 shows C H I  (weighted w i t h  k because o f  t h e  l / k  divergence a t  

low k )  averaged ove r  80 atoms. F igure  4.3 i s  t h e  nearest -ne ighbor-on ly  

c o n t r i b u t i o n  t o  k-CHI. There a re  two i n t e r e s t i n g  f ea tu res  o f  these p l o t s  

which we would l i k e  t o  p o i n t  ou t .  F i r s t ,  f rom Eqns. 4.1 and 4.4 we expect  

t o  see an o s c i l l a t o r y  f u n c t i o n  w i t h  a Lo ren t z i an  envelope peaked a t  

8 . 2 3 0 i - l .  I n  f a c t  t he  envelope o f  F i gu re  4.2 i s  obv ious l y  n o t  Lo ren t z i an  

and bo th  f i g u r e s  show peaks a t  k < 8;-l. Th i s  s h i f t  i n  t he  peak p o s i t i o n  

i s  exp la i ned  by t h e  averaging procedure. As d iscussed i n  Chapter 2, s i nce  

the environment o f  each atom i s  d i f f e r e n t ,  the averaging procedure i n t r o -  
2 2 

duces an i m p l i c i t  damping term, e -2k ' , i n t o  Eqn. 4.1 due t o  t h e  s t r u c t u r a l  

d i s o r d e r  o f  t he  system. This  s h i f t s  t he  peak p o s i t i o n  towards lower  k .  

The o t h e r  i n t e r e s t i n g  p o i n t  t o  n o t i c e  i s  t h e  s i r n i l a r i  t y  between 

F igures 4.2 and 4.3. For k 2 8 i - I  the  two f unc t i ons  a r e  v i r t u a l l y  

i d e n t i c a l ,  major  d i f f e r e n c e s  o c c u r r i n g  o n l y  f o r  k < 5 i - l .  Th is  obv ious l y  

means t h a t  a t  s u f f i c i e n t l y  h i g h  energy o n l y  t he  nea res t  ne ighbors c o n t r i b u t e  

t o  the  EXAFS. This  p o i n t  i s  f u r t h e r  i l l u s t r a t e d  by F igure  4.4 which shows 

the second neighbor  c o n t r i b u t i o n .  N o t i c e  t h a t  t h i s  c o n t r i b u t i o n  i s  q u i t e  

"-1 small above 5A . Reference t o  Table 4.1 i n d i c a t e s  why t h i s  m igh t  be 

expected. The d i s o r d e r  (0') o f  t h e  second ne ighbor  d i s t r i b u t i o n  i s  much 

g rea te r  than t h a t  o f  t h e  f i r s t .  Thus t h e  second neighbor  o s c i l l a t i o n s  a r e  

damped o u t  much more q u i c k l y .  Second neighbor  e f f e c t s  a r e  f u r t h e r  reduced 
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neighbor osc i  1  l a t i o n s  have considerably  l ess  ampl i tude then those due t o  

the fi r s t  neighbor d i s t r i b u t i o n .  

We pause here t o  emphasize t h e  p o i n t  made i n  t h e  preceding paragraph. 

EXAFS i s  a  t o o l  f o r  t h e  i n v e s t i g a t i o n  o f  atomic s t r u c t u r e .  To gain use fu l  

in format ion about s t r u c t u r e  beyond the  nearest  neighbors i t  i s  necessary 

t o  have, and be ab le  t o  i n t e r p r e t ,  low k  i n fo rma t i on .  But, as p rev ious l y  

discussed, t h e  assumptions which went i n t o  t h e  development o f  t h e  EXAFS 

formal ism are  n o t  v a l i d  f o r  s u f f i c i e n t l y  low energies. This  p o i n t  has 

imp l i ca t i ons  fo r  t he  i n v e s t i g a t i o n  o f  models. I f  competing models d i f f e r  

s i g n i f i c a n t l y  o n l y  beyond the  neares t  ne ighbor  d i s t r i b u t i o n ,  l ack  of low k  

in fo rmat ion  may make i t  impossib le t o  d i s t i n g u i s h  between such models w i t h  

the EXAFS technique. We s h a l l  have occasion t o  consider  t h i s  f u r t h e r .  

Sect ion 4.3 - Fou r ie r  Transform Analysis,  P a r t  I 

As discussed i n  Chapter 2 t h e  magnitude o f  a  Fou r ie r  t rans form of  t h e  

EXAFS func t i on  C H I  y i e l d s  a  r a d i a l  dens i t y  f u n c t i o n  f o r  t h e  s t r u c t u r e  i n -  

volved. The t rans form taken i s  

where n  = 1  o r  3. 

A F o u r i e r  t rans form i s  an i n t e g r a l  from 0 t o  m. I n t e g r a t i n g  over  a  

f i n i t e  range means t h a t  t h e  i n teg rand  has been convoluted w i t h  a  "window" 

funct ion, one which takes t h e  value 1  over  t h e  des i red  i n t e g r a t i o n  range 

and 0 elsewhere. The e f f e c t s  o f  t h i s  a re  easy t o  analyze: 



This f u n c t i o n  has the  p e r i o d i c i t y  

F igure 4.5 shows how t h i s  a f f e c t s  a  transform. This i s  the  n  = 1  

transform of  the  neares t  neighbor c o n t r i b u t i o n  t o  CHI over  t h e  range 

.375-24 .125 i -~ .  ( A l l  t ransforms discussed i n  t h i s  paper were taken w i t h  

k  and kmax being chosen as p o i n t s  where C H I  "- 0  and such t h a t  
m i  n  

an i n t e g r a l  number o f  o s c i l l a t i o n s  of the  func t ion  were inc luded.)  We 

expect t o  see a  f a i r l y  sharp peak a t  t h e  nearest  ne ighbor  d is tance o f  
0 0 

2.45A, s h i f t e d  by -.205A because of t he  l i n e a r  phase s h i f t  o f  Eqn. 4.3. 
0 

We do i n  f a c t  see t h i s  ( t h e  peak i s  l oca ted  a t  2.25A). But  t h e  peak i s  

accompanied by a  se r i es  o f  p e r i o d i c  osc i  1  l a t i o n s  decreasing i n  amp1 i tude 

away from the peak. These o s c i l l a t i o n s  a re  due t o  t h e  f i n i t e  transform. 
0 

Eqn. 4.7 p r e d i c t s  a  p e r i o d i c i t y  A r  = .13A, and t h i s  i s  what i s  observed. 

Transforms were taken o f  t h e  f u l l  f unc t i on  CHI over  t he  range .275- 

24.125i-' f o r  both n  = 1  and n  = 3. These are  shown i n  F igure  4.6. There 

are two impor tan t  t h i ngs  t o  n o t i c e  here. Both f i g u r e s  show a  s t rong  peak 
0 3 a t  r = 2.25A as expected. However, t h e  k and k  weight ings have markedly 

0 

d i f f e r e n t  e f f e c t s  f o r  r 2 3 A .  As po in ted  o u t  i n  Sect ion 4.2, in fo rmat ion  

about s t r u c t u r e  beyond the neares t  neighbor d i s t r i b u t i o n  i s  conta ined i n  

the low k  reg ion  o f  t h e  EXAFS. Weighting w i t h  k3  de-emphasizes t h i s  

p a r t  o f  t h e  spectrum mow than we igh t ing  w i t h  k. Hence, as seen i n  

Figure 4.6b, t h i s  r e s u l t s  i n  l ess  i n fo rma t i on  about the  s t r u c t u r e  a t  l a r g e r  r. 
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Figure 4.5 .  Fourier transform ( n  = 1 )  of the nearest ne'ghbor 
contribution t o  the EXAFS over the range .375 - 24. 1 F d - l  . 



F i g u r e  4.6a. N = 1 t r a n s f o r m  o f  C H I  f rom .275 - 2 4 . 1 2 5 ~ "  . 

O 1 F i g u r e  4.6b. N = 3 t r a n s f o r m  o f  C H I  f rom .275 - 24.125A- . 



Th is  p o i n t  i s  made very c l e a r  i n  F igure  4.7 where t he  t ransform o f  

F i  gure 4.6a i s  compared w i t h  the  h is togram o f  F igure  4.1 b. The t r ans fo rm  

has been s h i f t e d  by +.205 t o  cancel  the  e f f e c t  o f  t h e  l i n e a r  phase s h i f t .  

C l e a r l y  t h e  second peak of  t h e  n  = 1 t r ans fo rm  corresponds very w e l l  w i t h  

t h e  second peak o f  t h e  h is togram. However, F igure  4.6b shows t h a t  t he  n  = 3 

t ransform washes o u t  most o f  t h i s  i n f o rma t i on .  I n  f a c t ,  t h e  p o s i t i o n  o f  

the  second peak i n  t h e  n  = 1 t rans fo rm corresponds t o  a  minimum i n  t he  

n  = 3  t rans fo rm!  

C l e a r l y  n  = 1  i s  t o  be p r e f e r r e d  over  n  = 3. Because o f  t h e  

u n c e r t a i n t y  i n  the  l o c a t i o n  o f  k = 0, n  = 3 i s  p r e f e r r e d  i n  t h e  ana l ys i s  

o f  exper imenta l  data (S te rn  e t  a l . ,  1975). Th is  i s  l e s s  s e n s i t i v e  t o  t h e  

choice o f  krnin than n  = 1. Bu t  t he  procedure y i e l d s  l e s s  i n fo rma t i on .  

We no te  t h a t  t h e  second peak of  t h e  n  = 1  t r ans fo rm  occurs a t  
0 

r = 3.73A. The corresponding peak o f  t h e  h is togram i s  cen te red  a t  
0 0 

r = 3.95A, t h e  w i d t h  be ing  .06A. Because o f  t h e  n a t u r e  o f  histograms t h e r e  

i s  some ambigu i ty  i n  t h e  s h i f t  o f  t h e  "peak" p o s i t i o n .  The d i s t r i b u t i o n  

i s  asymmetric and t h e r e  may be a  s h i f t  due t o  t h i s  asymmetry. 

2 2 - 0 

Eisenberger  and Brown (1978) s t a t e  t h a t  i f  a / R  and a / A  < .01A then t h e  

e f f e c t s  o f  t h e  asymmetry a re  n e g l i g i b l e .  Th is  i s  t h e  case here (see 

Table 4.1) . 
I t  i s  o f  i t e r e s t  t o  l ook  a t  t h e  n  = 1  t r ans fo rm  t o  determine t he  

e f f ec t s  of  va ry i ng  kmin and kmax. A number o f  t ransforms were taken over  

var ious  ranges. Some o f  these a re  shown i n  F igures 4.8 - 4.10. 

There i s  no need t o  comment on these f i g u r e s  i n  d e t a i  1. They a1 1  

show the  c h a r a c t e r i s t i c  o s c i l l a t i o n s ,  w i t h  p e r i o d i c i t y  g iven by Eqn. 4.7, 

which a r e  a r t i f a c t s  o f  t h e  f i n i t e - r a n g e  t ransform.  N o t i c e  t h a t  reduc ing  
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Figure 4.8b.  N = 1 t rans form o f  C H I  from 



" 1 F igure  4.9a. N = 1 t r ans fo rm  o f  CHI f rom 2.425 - 6.675A- . 
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F igure  4.9b. N = 1 t ransform o f  CHI f rom 2.425 - 16.425A- . 
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the t r ans fo rm  range broadens t h e  nea res t  ne ighbor  peak. The peak occurs 
0 

a t  2.25A, as expected, except  f o r  t h e  narrowest  range t ransforms.  The peaks 
0 0 

o f  F igures 4.8a and 4.9a occur  a t  2.23A and 2.21A r e s p e c t i v e l y .  Th is  i s  

an a r t i f a c t  of  t h e  narrowness o f  t h e  window func t i on .  The most impo r tan t  

p o i n t ,  however, i s  t h a t  when kmin i s  as l a r g e  as 3  o r  4  K - l  s t r u c t u r e  beyond 

t h e  nea res t  ne ighbor  d i s t r i b u t i o n  becomes d i f f i c u l t  t o  d i s t i n g u i s h  from t h e  

a r t i f a c t s  o f  the  t ransform.  A l l  t h a t  we have s a i d  above about  low k  

i n f o r m a t i o n  i s  r e c a l l e d .  

Sec t ion  4.4 - F o u r i e r  Transform Ana lys is ,  P a r t  I 1  

The F o u r i e r  t r ans fo rm  technique may be used t o  eva lua te  t h e  s t r u c t u r a l  

d i so rde r  o f  t h e  nea res t  ne ighbor  d i s t r i b u t i o n .  I f  Eqn. 4.1 i s  m u l t i p l i e d  

by k /T (k )  , t h e  o n l y  exp l  i c i  t k-dependence remain ing i s  t he  o s c i  1  l a t o r y  

s i n e  term. However, as p r e v i o u s l y  discussed, t h e  o s c i  1  l a t i o n s  a r e  damped 

due t o  t h e  d i s o r d e r  o f  t h e  system. I f  t h e  average dens i t y  f u n c t i o n  f o r  

the nea res t  ne ighbor  d i s t r i b u t i o n  i s  gaussian, t h e  o s c i l l a t i o n s  a re  
2  2 

damped by e  -2k 01 . A p l o t  o f  t he  l o g a r i t h m  o f  t h e  envelope o f  k-CHI/T(k) 

2  2  (LNENV) vs. k  w i l l  then have s lope -2al . 
Th is  a n a l y s i s  was f i  r s t  a p p l i e d  t o  t h e  nearest -ne ighbor-on ly  c o n t r i -  

2  b u t i o n  t o  CHI. LNENV vs. k  i s  shown i n  F igure  4.11a. The l i n e a r i t y  o f  

t h i s  p l o t  i n d i c a t e s  t h e  appropr ia teness o f  t h e  gaussian assumption. We 

2  ob ta i ned  a12 = .00091A , i n  e x c e l l e n t  agreement w i t h  Table 4.1 

To app l y  t h i s  technique t o  ana l yz i ng  a  F o u r i e r  t ransform,  such as 

t h a t  o f  F i gu re  4.6a, r e q u i r e s  i s o l a t i n g  t h e  f i r s t  peak. A  glance a t  

F igure  4.5 and 4.6a shows t h a t ,  because o f  t r ans fo rm  a r t i f a c t s ,  t h e r e  i s  



. 
N 1 0 
I ' 0.00 2b.00 ub. 00, 60 

K SQUARED ~ 1 0  
2 Figure 4 . l l a .  LNENV vs. k  f o r  t he  nearest-neighbor 

on l y  c o n t r i b u t i o n  t o  C H I .  
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2 F igure 4.11b. LNENV vs.  k  f o r  t he  f i r s t  peak i s o l a t e d  

from the  f u l l  C H I .  



no p lace where the  f i r s t  peak ends and the  second one begins ( u n l i k e  

Figure 4 . l b ) .  This means t h a t  a  small amount o f  f i r s t  peak in fo rmat ion  

i s  l o s t ,  and a  small amount o f  leakage from the second and h igher  peaks 

i s  present  i n  any e f f o r t  t o  i s o l a t e  the f i r s t  peak. 

I t  was found t h a t  t he  bes t  r e s u l t s  were obta ined by consider ing the 

f i r s t  peak as extending from r = 0 t o  the  minimum ( t h e  lowest)  j u s t  
0 

beyond 3A (Figure 4.6a). The reverse t rans form o f  t h i s  peak was taken t o  

i s o l a t e  the  f i r s t  neighbor c o n t r i b u t i o n  t o  CHI. LNENV vs. k2 f o r  t h i s  

f unc t i on  i s  shown i n  Figure 4.11b. I t  i s  approximately l i n e a r .  Since 

there i s  second neighbor contaminat ion dev ia t i on  from l i n e a r i t y  i s  

expected, e s p e c i a l l y  f o r  low k .  Loss o f  some f i r s t  neighbor in fo rmat ion  

i s  a l so  expected t o  c o n t r i b u t e  t o  t h i s .  A l i n e a r  f i t  was done excluding 

" 2  the f i r s t  th ree  po in t s .  We obta ined a12 = .00094A , i n  e x c e l l e n t  

agreement w i t h  theabove c a l c u l a t i o n  and Table 4.1. 

I t  i s  thus poss ib le  t o  ob ta in  accurate in fo rmat ion  on the  s t r u c t u r a l  

d isorder  o f  the  nearest  neighbor d i s t r i b u t i o n  v i a  the  Four ie r  ana lys is  o f  

the EXAFS. Since the  d isorder  due t o  thermal v i b r a t i o n s  can be ca l cu la ted  

f o r  a  model s t r u c t u r e  (J.C. Rehr, t o  be publ ished) ,  nearest  neighbor 

d isorder  prov ides a  bas is  f o r  comparison o f  model w i t h  experiment. 

Since models are more d i s t i ngu i shab le  a t  l a r g e r  r, i t  i s  o f  i n t e r e s t  

t o  look a t  what remains a f t e r  i s o l a t i o n  o f  t h e  f i r s t  peak. The Four ie r  

transform o f  what remains i s  shown i n  Figure 4.12a. For comparison, the 

t ransform o f  CHI minus the  ca l cu la ted  f i r s t  neighbor c o n t r i b u t i o n  i s  shown 

i n  F igure 4.12b. C l e a r l y  n o t  too much in fo rmat ion  has been l o s t  by the 

process o f  i s o l a t i n g  the f i r s t  peak. 



Figure  4. lZa.  N = 1  t r ans fo rm  o f  C I minus t he  i s o l a t e d  
f i r s t  peak. (Range: .325 - 24.275!-' . )  

F igure  4.12b. N = 1  t r ans fo rm  o f  C H I  minus thee nea res t  
ne ighbor  c o n t r i b u t i o n .  (Range: .225 - 2 4 . 4 2 5 ~ - l  . ) 
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These f i g u r e s  a re  n i c e  f rom an academic p o i n t  o f  view, b u t  

unreal  i s t i c  from t h e  exper imenta l  s i de .  For  comparison o f  models, t r a n s -  

forms 1 i ke F igu re  4.6a would be exce l  l e n t .  However, as we have seen severa l  

t imes now, r e v e l a t i o n  o f  t h i s  much s t r u c t u r e  r e s u l t s  f rom low k  i n fo rma t i on .  

For  s u f f i c i e n t l y  low energ ies  EXAFS data i s  n o t  i n t e r p r e t a b l e .  

Sec t ion  4.5 - Comparison Wi th  Experiment 

The EXAFS o f  amorphous germani um, e x t r a c t e d  f rom exper imenta l  data taken a t  

20•‹C (E .  D. Croz ie r ,  unpubl ished) ,  i s  shown i n  F igu re  4.1 3a. A comparable por -  

t i o n  of  t h e  model EXAFS i s  shown i n  F igure  4.13b. Comparing the  exper imenta l  data 

w i t h  the  model spectrum,wemake f o u r  observa t ions .  F i r s t ,  t h e  smoothness o f  

t he  exper imenta l  data i s  i n t e r u p t e d  by some jaggedness a t  h i g h e r  k.  Th is  i s  

a t t r i b u t e d  t o  background no i se  i n  the  exper imenta l  arrangement (E. D. Croz ie r ,  

p r i v a t e  communication). Second, below 4 i - I  t h e  o s c i l l a t i o n s a r e m u c h  reduced 

i n  amp1 i tude. This i s  t he  reg ion  where t h e  assumptions o f  t h e  EXAFS formal  ism 

break down, and comparisons cannot be made i n  t h i s  p a r t  o f  t h e  spectrum. 

Th i rd ,  t h e  exper imenta l  data a l s o  shows reduced o s c i l l a t i o n s  a t  h i ghe r  k. 

Th is  i s  expected. The data was taken a t  20•‹C so t h a t  t h e r e  i s  a d d i t i o n a l  

d i s o r d e r  i n  t h e  system which leads  t o  a d d i t i o n a l  damping o f  t he  o s c i l l a t i o n s ,  

as we have d iscussed p r e v i o u s l y .  Fourth,  t h e  pe r i ods  o f  t h e  o s c i l l a t i o n s  

of  t h e  two spec t ra  a r e  s l i g h t l y  d i f f e r e n t .  

F o u r i e r  t ransforms (n = 1 )  o f  t h e  two spec t ra  a r e  shown i n  F igu re  4.14. 

The t r ans fo rm  ranges were matched as c l o s e l y  as poss ib l e ,  c o n s i s t e n t  w i t h  

the  c r i t e r i a  e s t a b l i s h e d  i n  Sec t ion  4.3. The d i f f e r e n c e  i n  t h e  o s c i l l a t i o n  

r e s u l t s  i n  d i f f e r e n t  peak p o s i t i o n s  f o r  t h e  
0 0 

i ons :  2.13A f o r  exper iment vs. 2.25A f o r  t he  model. 

per iods  o f  t h e  two 

nea res t  ne ighbor  d  

spec t ra  

i s  tri b u t  



0 1 
I 0: 00 U: 00 d. 00 15.00 

1 
16. 

K ( INVERSE ANGSTROMS) 

F igure  4 .13a .  Experimental  EXAFS o f  amorphous 
germanium taken a t  20•‹C. 

u: 00 8'. 00 12.00 
( INVERSE ANGSTROMS) 
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Figure  4.14a. N = 1  t ransform o f  exper imenta l  data 
on a - k  f rom 3.472 - 1 5 . 0 8 4 ~ ~ ~  . 
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This  suggests t h a t  the  s imple form used f o r  t h e  phase s h i f t  i n  t h e  model 

c a l c u l a t i o n  (Eqn. 4.3) i s  i napp rop r i a te .  

We a l s o  n o t i c e  t h a t  t h e  exper imenta l  peak i s  broader  than t h e  model 

peak. Th i s  i s  expected because o f  t h e  inc reased  d i s o r d e r  due t o  thermal 

v i b r a t i o n s .  (To make a p roper  comparison i t  i s  necessary t o  have t h e  

c a l c u l a t e d  o2 due t o  t h e  thermal mot ion o f  t he  atoms. ) The o n l y  o t h e r  

s i g n i f i c a n t  s t r u c t u r a l  d i f f e r e n c e  we see i s  t h e  lump a t  low r i n  the  

exper imenta l  data.  Th is  i s  due t o  incomplete background removal. 

Th i s  cor~ipari son o f  exper iment w i t h  t h e  model c a l c u l a t i o n  i s  incon- 

c l  u s i  ve. We a re  again faced w i t h  t he  now infamous " low k p rob len~" .  The 

s t r u c t u r e  f unc t i ons  o f  F igure  4.14 revea l  n o t h i n g  beyond t h e  nea res t  

ne ighbor  d i s t r i b u t i o n s .  The b e s t  we can say i s  t h a t  ou r  model remains a 

poss ib l e  candidate . 

Sec t ion  4.6 - Summary and Conclusions 

There a re  two themes upon which t h i s  chap te r  has been developed, 

bo th  c e n t e r i n g  on t he  usefu lness o f  t he  EXAFS as a t o o l  f o r  s t r u c t u r a l  

i n v e s t i g a t i o n .  What a re  t h e  l i m i t a t i o n s  o f  t h i s  technique? How use fu l  i s  

i t  i n  d i s t i n g u i s h i n g  between competing s t r u c t u r a l  models? 

We have c a l c u l a t e d  t h e  EXAFS f o r  t h e  CRN model f o r  amorphous ger-  

mani um. The F o u r i e r  t rans fo rm was used t o  generate a r a d i a l  s t r u c t u r e  

f u n c t i o n  which compared favourab ly  w i t h  t h e  h is togram o f  t h e  ARDF of t h e  

model. The s t r u c t u r a l  c o n t r i b u t i o n  t o  the  d i s o r d e r  o f  t h e  nea res t  ne ighbor  

d i s t r i b u t i o n  was accu ra te l y  ex t rac ted .  Bu t  t h e  success o f  these endeavors 

" 1 depended upon ana l yz i ng  t h e  EXAFS spectrum below 4A- . When we exc luded 

t h i s  reg ion ,  i n  which t h e  theory  i s  n o t  v a l i d ,  we found t h a t  n o t h i n g  beyond 



the nearest  ne ighbor  d i s t r i b u t i o n  cou ld  be determined. This i s  due t o  

t he  damping o f  t h e  h ighe r  neighbor o s c i l l a t i o n s  which a r i ses  f rom the  

increased d i so rde r  encountered i n  an amorphous m a t e r i a l .  When we made 

a r e a l i s t i c  comparison w i t h  some experimental  data we found t h a t  no th ing  

beyond t h e  nearest  ne ighbor  d i s t r i b u t i o n  cou ld  be determined. 

We draw two conclusions. F i r s t ,  there  

the  EXAFS technique due t o  t h e  i n a b i l i t y  t o  

s u f f i c i e n t l y  low energies. This  i s  c r i t i c a l  

i s  an i nhe ren t  l i m i t a t i o n  o f  

i n t e r p r e t  t h e  spectrum f o r  

i n  a d isordered  system 

becuase of  t he  damping o f  t he  o s c i l l a t i o n s  due t o  t h e  d isorder .  For an 

amorphous ma te r i a l  one i s  l i m i t e d  t o  i n fo rma t i on  concerning the  nearest  

neighbor d i s t r i b u t i o n  on ly .  

(Th i s  conclus ion may be o v e r l y  pess im is t i c .  Some recent  work by 

Croz ie r  ( p r i v a t e  comnunication) suggests t h a t  i t  may be poss ib le  t o  

e x t r a c t  i n fo rma t i on  about t h e  second neighbor d i s t r i b u t i o n  through a 

technique which invo lves  the  use o f  the F o u r i e r  Transform i n  con junc t ion  

w i t h  c u r v e - f i  t t i n g  procedures. ) 

Second, because o f  t he  " low k problem", the  EXAFS technique, as i t  

i s h i n g  

ingen t 

has been a p p l i e d  i n  t h i s  work, i s  o f  l i m i t e d  usefu lness i n  d i s t i n g u  

between competing s t r u c t u r a l  models. Success i n  doing t h i s  i s  cont  

upon developing b e t t e r  methods f o r  ana lyz i  ng EXAFS data. 



Chapter 5  - Ana l ys i s  o f  a  DRPHS Model - 

I n  t h i s  chap te r  we app ly  t h e  EXAFS formal ism t o  a  dense-random-packing- 

of-hard-spheres model. I n  p a r t i c u l a r  we choose t h e  amorphous b i n a r y  system 

of N i cke l  and Phosphorus. 

I n  Sec t ion  5.1 we d iscuss t he  model. I n  Sec t i on  5.2 t h e  EXAFS i s  

c a l c u l a t e d  and analyzed v i a  t h e  F o u r i e r  Transform. Mu1 t i p l e  s c a t t e r i n g  i s  

t r e a t e d  i n  Sec t ion  5.3.  I n  Sec t ion  5.4 we cons ide r  t he  e f f e c t s  o f  asymmetric 

d i s t r i b u t i o n s .  A summary and some conc lus ions a re  presented i n  Sec t ion  5.5. 

Sec t ion  5.1 - Ana lys is  o f  t h e  Model -- 

The diameters o f  Ni  and P a re  w i t h i n  3% o f  each o the r .  As shown by 

Carg i  11 (1970) the  Ni-P system can be modeled w i t h  s i n g l e - s i z e  spheres o f  
0 

rad ius  r = 1.21A (see F igu re  3.3). 

A 4000-atom c l u s t e r  o f  s i n g l e - s i z e  spheres was generated by a program 

l i k e  t h a t  descr ibed  i n  Sec t ion  3.3. A random number generator  was then 

used t o  l a b e l  t h e  atoms type 1 (Ni  ) o r  2 (P) .  The r e s u l t i n g  cotuposi t i o n  i s  

79% N i  , 212 P, w i t h i n  the  composi t ion range t h a t  can be prepared i n  the amorphous s t a t e .  

Histograms were cons t ruc ted  us ing  c e n t r a l  groups o f  200, 400, . . . , 1200 

atoms. There i s  very l i t t l e  d i f f e r e n c e  i n  these. The 400-atom average i s  

shown i n  F igure  5.1. 

Th i s  d i s t r i b u t i o n  shows l e s s  s t r u c t u r e  than  t he  CRN model. There i s  a  
0 

sharp peak cen te red  a t  2  r a d i i  (2.42A) corresponding t o  those atoms essent i 'a l -  

l y  i n  d i r e c t  c o n t a c t  w i t h  t h e  c e n t r a l  atom. The o n l y  o t h e r  d i s t i n c t i v e  

fea tu re  i s  t h e  sharp drop i n  the  d i s t r i b u t i o n  a f t e r  t h e  peak a t  4  r a d i i  

( 4 . 8 4 ~ )  has been reached. The d i s t r i b u t i o n  i s  o therw ise  b land .  No t i ce  t h a t ,  
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i n  c o n t r a s t  t o  t h e  CRN model, t h e  concepts o f  f i r s t  and second nea res t  

ne ighbors a r e  n o t  w e l l  def ined.  Thus t h e r e  i s  no unambiguous way t o  ca lcu-  

2 l a t e ,  say, R1 o r  ol . 

Sec t ion  5 .2  - Ana l ys i s  o f  t h e  EXAFS 

As be fo re  we c a l c u l a t e  C H I  v i a  

0 

The sum i s  ove r  a l l  atoms w i t h i n  7.26A o f  t h e  c e n t r a l  atom. 

We aga in  use t h e  Lo ren t z i an  pa rame te r i za t i on  f o r  T ( k )  (Teo e t  a1 . , 
1977).  To c o r r e c t  f o r  a  s i n  o f  omiss ion i n  t h e  p reced ing  chap te r  we d iscuss 

t h i s  more f u l l y  here.  Teo e t  a1 . c a l c u l a t e  T ( k )  by t h e  formal ism o f  Lee 

and Beni (1977) who use a  complex p o t e n t i a l  t o  c a l c u l a t e  phase s h i f t s .  Th i s  

r e s u l t s  i n  complex phase s h i f t s .  The b a c k s c a t t e r i n g  amp1 i tude c a l c u l a t e d  

t h i s  way i nc l udes  i n e l a s t i c  losses .  Our use o f  t h e  a t t e n u a t i o n  f a c t o r  

e i s  thus  s t r i c t l y  a  m u l t i p l e  s c a t t e r i n g  c o r r e c t i o n .  (S ince t h e r e  i s  

no m u l t i p l e  s c a t t e r i n g  c o r r e c t i o n  f o r  t h e  f i r s t  s h e l l  a  more app rop r i a te  
-z(R-R, )/A 

f a c t o r  i s  e  , where Til i s  t h e  f i r s t  peak p o s i t i o n .  Bu t  t h i s  
0 

amounts t o  a  cons tan t  s c a l i n g  f a c t o r  which we i gno re . )  We s e t  X = 5.OA. 

Lee e t  a1 . (1977) have c a l c u l a t e d  phase s h i f t s  accord ing  t o  t h e  Lee 

and Beni formal ism. They parameter ized these o v e r  t h e  range 4-16;-I 

accord ing  t o  



where a and b represent  the  absorbing and backscat te r ing  atoms respect ive ly .  

The parameters f o r  T(k)  and 6(k)  are l i s t e d  i n  Table 5.1. Values 

i n t e r p o l a t e d  from the Lee e t  a l .  data are so i nd i ca ted .  

We conf ine our  a t t e n t i o n  t o  the  cen t ra l  group of 500 atoms, o f  which 

396 are  N i  and 104 are  P. We ca l cu la te  the  EXAFS averaged over  each o f  

these groups. F igure 5.2 shows the  EXAFS f o r  t he  P K-edge, and the  n = 1 

Fou r ie r  Transform o f  t h i s  data from 4.125 - 15.1625i- ' .  (Apply ing the  same 

convention as i n  the  preceding chapter, t ransforms are taken between po in t s  

where C H I  = 0 such t h a t  an i n t e g r a l  number o f  o s c i l l a t i o n s  o f  the  EXAFS 

are inc luded.)  Figure 5.3 shows the corresponding p l o t s  f o r  the N i  K-edge. 

The t ransform range i s  3.875 - 15.625i - I  . 

Unfor tunate ly  these f i gu res  are n o t  very revea l ing .  The two EXAFS 

spectra are  v i r t u a l l y  i d e n t i c a l .  The t rans form o f  the  P EXAFS has a peak 

a t  r = 2.15i;  t h a t  o f  the  N i  EXAFS a t  2.11R. (The ac tua l  d i s t r i b u t i o n  
0 

peaks a t  2.42A.) Some d i f f e rence  i s  expected s ince the  cen t ra l  atom phase 

s h i f t  i s  d i f f e r e n t  i n  bo th  cases. But, look 

obvious what k i n d  o f  s h i f t  i n  t he  peak p o s i t  

I n  e i t h e r  case the  s h i f t  i s  l ess  than can be 

term alone. 

i n g  a t  Eqn. 5.2, i t  i s  n o t  

i o n  we should expect t o  see. 

accounted f o r  by the 1 i nea r  

Beyond the f i r s t  peak any s t r u c t u r e  present  i s  b u r i e d  by the  transform 

wiggles. This i s  expected s ince we have no low k in fo rmat ion  ( r e c a l l i n g  

the  d iscussion i n  Chapter 4 ) .  Our ana lys is  ends before  i t  begins. While 

we have the  spectra o f  two edges t o  look a t ,  there  i s  no evidence t h a t  we 

can d i s t i n g u i s h  between the d i f f e r e n t  types o f  atoms i n  e i t h e r .  Even 

though the atoms a re  the  same size, N i  and P have d i f f e r e n t  s c a t t e r i n g  

p rope r t i es  and we might  expect t o  see something. We don ' t .  
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Table 5.1 

Parameters f o r  N i  and P  

a. Backsca t t e r i  ng Amp1 i tude (Magnitude) . 

7.04 ( i n t e r p o l a t e d )  

.747 3.258 

b .  Phase s h i f t  due t o  backsca t t e r i ng  atom. 

bl (h b 2 ( i 2 )  b 3 ( i - 3 )  -1 4.919 -.3743 .00619 i n t e r p o l a t e d )  

c .  Phase s h i f t  due t o  absorb ing  atom. 

a o a, (i) a 2 ( i 2 )  a 3 ( i - 3 )  

N i  

P 

5.0 

.20 

-.96 

-.84 

- .0247 

- .0237 

25.5 ( i n t e r p o l a t e d )  

25 .O ( i n t e r p o l a t e d )  



- - 
K (INVERSE ANGSTROMS)  

F igu re  5 . 2 a .  K - C H I  f o r  t h e  P edge o f  N ip .  

F i gu re  5.2b.  = 1 t r ans fo rm  o f  the above EXAFS f rom 
4.125 - 15.625!-1. 



K (INVERSE RNGSTRClMSl 

F i g u r e  5.3a. K -CHI  f o r  t h e  N i  edge o f  NIP.  

F i  y u r e  5.3b. N = 1 t r a n s f o r m  o f  t h e  above EXAFS from 
3.875 - 1 5 . 6 2 5 # - l .  



Sect ion 5.3 - M u l t i p l e  S c a t t e r i n g  

Since t h e  ha rd  sphere c l u s t e r  i s  c l o s e l y  packed we migh t  expect  t o  

see a  s i g n i f i c a n t  m u l t i p l e  s c a t t e r i n g  c o n t r i b u t i o n  t o  t he  EXAFS. To c a l -  

c u l a t e  t h i s  r e q u i r e s  s o l v i n g  f o r  the f u l l  Green's f u n c t i o n  (Eqn. 2.37) and 

us ing  Eqn. 2.43. Bu t  t h i s  r e q u i r e s  m a t r i x  i n v e r s i o n  techniques (and com- 

p u t e r  t ime )  beyond t h e  scope o f  t h i s  t hes i s .  

We can hope t o  g e t  some phys i ca l  i n s i g h t  i n t o  t h i s  problem by con- 

s i d e r i n g  t h e  case o f  s-wave-only ( R  = 0 )  s c a t t e r i n g .  (Th i s  i s  t h e  approach 

Ashley and Doniach (1975) take f o r  t he  c r y s t a l l i n e  case.)  I n  t h i s  case 

Eqns. 2.37 and 2.43 reduce t o  

where we have dropped t h e  angu la r  momentum i n d i c e s  t o  simp1 i f y  t h e  n o t a t i o n .  

As we have seen be fo re  o n l y  t h e  c l o s e s t  atoms c o n t r i b u t e  t o  t he  EXAFS. 

We there fo re  eva lua te  Eqn. 5.4 f o r  the  EXAFS due t o  those atoms w i t h i n  

4 . 3 4 ~  o f  t h e  absorb ing atom. This  p a r t i c u l a r  cho ice  o f  c u t o f f  i s  suggested 

by the  sharp drop i n  the  d i s t r i b u t i o n  a t  t h i s  p o i n t  (see F igure  5.1).  

W i th i n  t h i s  range a re  approx imate ly  50 atoms. 

While t h e  s o l u t i o n  o f  Eqn. 5.3 i s  easy t o  s e t  up, i t  requ i res  a  g r e a t  

deal o f  computer t ime.  Since we r e q u i r e  an averaging o v e r  some s i g n i f i c a n t  

number o f  atoms we had t o  abandon t h i s  approach. I n s t e a d  we chose t o  

c a l c u l a t e  o n l y  t h e  s i n g l e  and double s c a t t e r i n g  c o n t r i b u t i o n s  ( xS  and x,,) 
I 

by i t e r a t i n g  Eqn. 5.4 by Eqn. 5.3. To f u r t h e r  s i m p l i f y  we s e t  t ( k )  l / k  



f o r  bo th  atomic spec ies.  Th is  leads t o  t h e  s imple a n a l y t i c  express ion 

s i n  [ ~ ( R ~ ~ + R ~ ~ +  R ~ ~ )  + 2 3 1 .  - l / k 3  c 
B,v aB Bv va 

This  was ca l cu la ted ,  averaging over  t he  104 P atoms mentioned above. An 
0 

a t t e n u a t i o n  f a c t o r  w i t h  A = 10A was inc luded .  

F igure  5.4a shows t h e  s i n g l e  s c a t t e r i n g  c o n t r i b u t i o n ,  w h i l e  F igure  5.4b 

shows t h e  s i n g l e  p l us  double s c a t t e r i n g  c o n t r i b u t i o n  t o  t h e  EXAFS. Any 

d i f f e r e n c e  i s  n o t  c l e a r l y  v i s i b l e .  I n  f a c t  t he re  i s  o n l y  t h e  s l i g h t e s t  

d i  f f e rence  below 7 i - '  . The corresponding n = 1  t ransforms a r e  shown i n  

F igure  5.5. Here aga in  t h e  d i f f e rences  a re  sma l l .  The f i r s t  peaks a re  
0 

i d e n t i c a l  ( a t  r = 2.23A) w h i l e  some s l i g h t  d i f f e r e n c e s  occur  a t  l a r g e  r. 

I t  appears t h a t ,  a t  l e a s t  f o r  the  energy range above 4 i - I  , mu1 t i p l e  

s c a t t e r i n g  i s  n o t  impo r tan t  i n  t h i s  system. 

Sec t ion  5.4 - Asymmetry 

I t  i s  c l e a r  f rom F igure  5.1 t h a t  t h e  f i r s t  ne ighbor  d i s t r i b u t i o n ,  no 

mat te r  how i t  i s  def ined,  i s  asymmetric. E isenberger  and Brown (1978) have 

shown how t o  expand C H I  about t h e  mean f i r s t  ne ighbor  separa t ion  7: 



00 7: 00 1i.00 1k.00 I$. 00 
K ( INVERSE ANGSTROMS1 

Figure  5.4a. S i n g l e  s c a t t e r i n g  EXAFS. 

1 1 
00 7.00 ii .oo 1k.00 19.00 

K ( I  NVERSE RNGSTROMS) 

F igure  5.4b. S i n g l e  p l u s  double s c a t t e r i n g  EXAFS. 



R (ANGSTROMS) 
F i g u r e  5.5a. N = l o t r a n s f o r m  o f  s i n g l e  s c a t t e r i n g  EXAFS 
f rom 4.425 - 1 5 . 7 7 5 ~ - 1 .  

F i g u r e  5.5b. N = 1  t r a n s f o r m  o f  s i n g J e  p l u s  doub le  
s c a t t e r i n g  EXAFS f rom 4.425 - 15.775 A- '  . 



where 

and 

00 

A(k) = g ( 7  + x) s i n  2kx dx , 
-m 

Here x  = r - r, g  i s  t he  f i r s t  neighbor d i s t r i b u t i o n  func t ion ,  and T(k )  

and ~ ( k )  are def ined as before.  An a t tenua t i on  f a c t o r  may be inc luded i n  g. 

I n  general, o f  course, the d i s t r i b u t i o n  

our  case we know the exact  d i s t r i b u t i o n ,  b u t  

more i d e a l  way by l ook ing  a t  some simple ana 

can ca l cu la te  C H I  by 

w 

~ ( k )  = g ( r )  s i n  2kr  d r  , 
0 

f unc t i on  i s  n o t  known. I n  

we can consider  t h i s  i n  a  

l y t i c  expressions f o r  g. We 

neg lec t ing  the  s c a t t e r i n g  parameters. 

We consider  two cases: 



ere  

10, 1.9 1 r 5 2.1 

1, 2.1 < r _ <  C 

0, elsewhere 

we l e t  C vary f r o m 2 . 1  t o  4.1; 

To examine t h e  e f f e c t s  o f  asymmetry we c a l c u l a t e  C H I  by Eqn. 5.10, 

F o u r i e r  Transform C H I  and l o c a t e  t h e  peak. Then we c a l c u l a t e  x(k) by 

Eqns. 5.7 - 5.9 and examine t h i s  i n  terms o f  Eqn. 5.6. 

For case 1 bo th  t h e  magnitude and imaginary  p a r t  o f  t h e  F o u r i e r  

Transform peak a t  r = 2.0 f o r  any value o f  C considered. There i s  no 

s h i f t  i n  the  peak p o s i t i o n .  For C = 4.1, x ( k )  i s  p r a c t i c a l l y  l i n e a r  i n  
0 

k w i t h  a c o e f f i c i e n t  o f  -1.lOA. From Eqn. 5.6 we expect  t o  see a peak a t  
0 0 

F - .55A, and t h i s  i s  what we see ( r= 2.55A). 

The asymmetry o f  case 2 i s  more extreme. Using Eqn. 5.10 we ge t  

2 ( 1  - 4k ) s i n  2kro + 4k cos 2kr0 
x ( k )  = 

(1  + 4k2)2 

s i n  ( 2k r0  + x 2 ( k ) )  
- - - 

1 + 4k2 



The f u n c t i o n  g ( r ) ,  g iven by Eqn. 5.12, peaks a t  r -+ 1  and r = r + 2. 
0 

Whi le t he  imaginary  p a r t  o f  t h e  F o u r i e r  Transform peaks a t  r + 1, t h e  
0 

0 

magnitude peaks a t  r + .31A (F - 2.0 + .31). z ( k )  i s  p r a c t i c a l l y  l i n e a r  
0 

0 

w i t h  a  c o e f f i c i e n t  o f  -4.3A. Thus, f rom Eqn. 5.6, we expect  a  peak a t  
- 
r - 2.0 ( r ) .  We reach a  s i m i l a r  conc lus ion  by l o o k i n g  a t  Eqns. 5.13 - 

5.14. The phase s h i f t x  ( k )  i s  l i n e a r  f o r  smal l  k  ( 5  . 5 i - l )  and 
2  

approaches zero  l i k e  - l / k .  

Th is  l a s t  case g ives  us an impo r tan t  r e s u l t ,  e s p e c i a l l y  s ince  Eqn. 5.12 

i s  a p h y s i c a l l y  r e a l i s t i c  d i s t r i b u t i o n .  F i r s t ,  f o r  a  s u f f i c i e n t l y  

asymmetric d i s t r i b u t i o n ,  the  magnitude o f  t h e  F o u r i e r  T r a n s f o m  shows a  

s h i f t  i n  t h e  peak p o s i t i o n  due s o l e l y  t o  asymmetry. Second, t h e  magnitude 

and imaginary  p a r t  o f  t h e  F o u r i e r  T r a n s f o m  do n o t  peak i n  t h e  same p lace.  

R e c a l l i n g  t h e  d iscuss ion  o f  Sec t ion  2.5 we see t h a t ,  i n  t h i s  case, 

knowledge o f  t h e  phase s h i f t s  cannot be used t o  determine k  = 0. Both of 

these p o i n t s  i n d i c a t e  t h a t  f u r t h e r  a n a l y s i s  o f  t he  e f f e c t s  o f  asymmetry on 

t h e  EXAFS i s  r e q u i r e d  i n  o r d e r  t o  p r o p e r l y  analyze exper imenta l  data.  

Sec t ion  5.5 - Summary and Conclusions 

I n  t h i s  chap te r  we have c a l c u l a t e d  t h e  EXAFS f o r  t h e  DRPHS model f o r  

amorphous Nip.  The F o u r i e r  Transform was used t o  generate a  r a d i a l  s t r u c t u r e  

func t ion .  As we have come t o  expect,  t h e  l a c k  o f  low k  i n f o r m a t i o n  makes i t  

imposs ib le  t o  e x t r a c t  meaningful  i n f o r m a t i o n  about  s t r u c t u r e  beyond the  

nea res t  ne ighbour  d i s t r i b u t i o n .  We found t h a t ,  even w i t h  two absorp t ion  edges 



t o  l ook  a t ,  we cou ld  n o t  o b t a i n  any i n f o r m a t i o n  regard ing,  say, t h e  P-P o r  

P - N i  d i s t r i b u t i o n s .  

Compl icat ions rega rd ing  t he  a n a l y s i s  o f  t h e  EXAFS i n v o l v e  p o s s i b l e  

m u l t i p l e  s c a t t e r i n g  e f f e c t s  and t he  e f f e c t s  o f  asymmetric d i s t r i b u t i o n s .  We 

c a l c u l a t e d  t h e  s-wave double s c a t t e r i n g  c o n t r i b u t i o n  and found t h a t  i t  was 

n o t  impor tan t  i n  t h i s  system. We a l s o  c a l c u l a t e d  t he  e f f e c t s  o f  asymmetry 
I 

f o r  some model d i s t r i b u t i o n s .  We found t h a t  w h i l e  t h e  p o s i t i o n  o f  t h e  f i r s t  

peak o f  t h e  F o u r i e r  Transform may be s h i f t e d ,  t h e  s h i f t  appears t o  be much 

smal l e r  than expected (E isenberger  and Brown, 1978): 

We conclude t h a t  t h e  problems t o  be encountered i n  t h e  a n a l y s i s  of  t h e  

EXAFS a re  formidable.  
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Chapter 6 - Sumnary and Conclusions 

We have ca l cu la ted  the EXAFS o f  two s t r u c t u r a l  models f o r  d isordered 

systems; a  CRN model f o r  semiconductors, and a  DRPHS model f o r  m e t a l l i c  

systems. I n  both cases the  EXAFS was analyzed v i a  the Four ie r  Transform 

Technique. 

I n  a  d isordered system the degree o f  d isorder  increases as a  f u n c t i o n  of 

r. As we have seen, increased d isorder  leads t o  increased damping o f  the  

o s c i l l a t i o n s  o f  the EXAFS as a  func t i on  of energy. We f i n d  t h a t  in format ion 

about the d i s t r i b u t i o n  beyond the  f i r s t  neighbors i s  e f f e c t i v e l y  damped ou t  

f o r  k  > 4 a-l . But t he  e x i s t i n g  formal ism i s  a  high-energy approximation 

which i s  v a l i d  o n l y  i n  t h i s  range. We conclude tha t ,  f o r  the i n v e s t i g a t i o n  

o f  d isordered systems, the EXAFS technique i s  l i m i t e d  t o  ob ta in ing  i n f o r -  

mation about nearest  neighbor d i s t r i b u t i o n s .  Because o f  t h i s  we f u r t h e r  

conclude t h a t  the  ana lys i s  o f  the EXAFS w i l l  n o t  be o f  much use i n  i n v e s t i -  

ga t i ng  the appropriateness o f  p a r t i c u l a r  s t r u c t u r a l  models. 

Even i n  the case o f  the nearest  neighbor d i s t r i b u t i o n  there  are d i f f i -  

c u l t i e s  w i t h  ana lys is .  The p o s i t i o n  o f  the  peak i n  the Four ie r  Transform of 

the EXAFS depends upon the actual  peak pos i t i on ,  and the e f f e c t s  o f  the phase 

s h i f t s .  To e x t r a c t  the actual  peak p o s i t i o n  requ i res  a  thorough ana lys is  of 

the phase s h i f t s  invo lved.  

I n  p r i n c i p l e ,  one can c a l c u l a t e  the phase s h i f t s  due t o  the absorbing and 

back s c a t t e r i n g  atoms once one has a  model f o r  the p o t e n t i a l s  involved.  But 

we have seen t h a t  there  may be an add i t i ona l  phase s h i f t  due t o  asymmetry i n  

the real-space d i s t r i b u t i o n .  This requ i res  f u r t h e r  i n v e s t i g a t i o n .  

We conclude t h a t  w h i l e  the EXAFS does conta in  s t r u c t u r a l  in fo rmat ion ,  

considerable d i f f i c u l t i e s  remain i n  analyz ing EXAFS data. 



APPENDIX A 

GAUNT COEFFICIENTS 

For a general d iscussion o f  the  Gaunt c o e f f i c i e n t s ,  the reader i s  

r e f e r r e d  t o  Rose (1957, Chapter 3 ) .  

The Gaunt c o e f f i c i e n t s  are def ined i n  terms o f  the  i n t e g r a l  of three 

spher ica l  harmonics: 

These c o e f f i c i e n t s  vanish unless: 

( 2 )  5 + +fl 2 i s  an even i n t e g e r  , 1  

Obviously, i f  one o f  the  Ls i s  zero, o r thonormal i ty  o f  t he  spher ica l  

harmonics leads t o  
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