
EXAFS Studies  of 

La-G a 

Metal l ic  Glasses  

Thesis  by 

David Verge Baxter 

In Par t ia l  Ful f i l lment  of the Requirements 

for  the Degree of 

Doctor of Philosophy 

Cal i fornia  I n s t i t u t e  of Technology 

Pasadena, California 

1984 

(submitted May 8 ,  1984) 



To the Memory of 

Howard B. Tye 



ACKNOWLEDGEMENTS 

The a p p r e c i a t i o n  t h a t  1 have f o r  t h e  s u p p o r t  and encouragement  

provided by Professor  William L. Johnson throughout t h e  course of t h i s  

work c a n n o t  b e  o v e r s t a t e d .  B i l l ' s  keen  p h y s i c a l  i n s i g h t ,  c o n s t a n t  

p r o d u c t i o n  s f  new i d e a s ,  and even h i s  g r e a t  o u t s i d e  jump s h o t  have  

h e l p e d  t o  make t h e  l a s t  f o u r  y e a r s  a  t r u l y  r e w a r d i n g  and e n j o y a b l e  

educat ional  experience. The con t r ibu t ion  of Dr. A r t  Williams t o  t h i s  

work has a l s o  been one which i s  d i f f i c u l t  t o  exaggerate though not  t o  

assess.  Truly t h i s  work would no t  have been poss ib le  had i t  not been 

f o r  h i s  fabulous spectrometer  and h i s  e a r l i e r  d i f f r a c t i o n  experiments. 

Var ious  members of  t h e  t h i r d  f l o o r  Keck group,  b o t h  p a s t  and 

present ,  have a l s o  been most helpful .  I n  p a r t i c u l a r  d iscuss ions  wi th  

Proiessor  Pol Wlwez, Dr. Hike Tenhover, Piadhav Hehra, and Bob Schufz 

have c o n s t a n t l y  s e r v e d  t o  remind me t h a t  t h e r e  i s  more t o  m e t a l l i c  

g l a s s e s  than X-ray edges, and t h a t  the re  i s  more t o  l i f e  than m e t a l l i c  

g lasses1  The t echn ica l  support provided by Concetto Geremia was in- 

va luable  and very much appreciated . The work presented i n  chapter  5 

of t h i s  t h e s i s  owes a  g r e a t  d e a l  t o  d i s c u s s i o n s  w i t h  C r a i g  Lindberg  

and Lowell Bazelton, and I am very g r a t e f u l  t o  both. I n  preparing t h i s  

m a n u s c r i p t  t h e  a i d  p r o v i d e d  by D r .  K a r l  Unruh, Madhav Mehra, and 

espec ia l ly  Mrs. Angela Bressan was ins t rumenta l  and i s  most g r a t e f u l l y  

acknowledged. 

I must  a l s o  t h a n k  my p a r e n t s  and s i b l i n g s  f o r  t h e i r  c o n s t a n t  

understanding and support of t h e  black sheep of t h e  family. F ina l ly  

t h e  f r i endsh ip  and s t a b i l i t y  of Bob and Susie Cave and Claudia Troesch 

during t h e  t r i a l  by f i r e  t h a t  was candidacy i s  most appreciated. 

F i n a n c i a l  s u p p o r t  d u r i n g  t h e  c o u r s e  of t h i s  work was r e c e i v e d  

f rom NSERC of Canada, S t a n d a r d  O i l ,  t h e  Uni ted  S t a t e s  Department of  

Energy, and Bel l  Labora tor ies  and was g r e a t l y  appreciated. 



ABSTRACT 

Extended X-ray Absorpt ion Fine S t r u c t u r e  ( EXAFS ) measurements 

have been performed on t h e  Ga edge of s e v e r a l  La-Ga m e t a l l i c  g l a s s e s ,  

us ing  an in - lab  spectrometer .  The r e s u l t s  ob ta ined  a r e  compared with 

e a r l i e r  experiments  on t h e  same m a t e r i a l s  where X-ray d i f f r a c t i o n  and 

isomorphous s u b s t i t u t i o n  were used t o  determine p a r t i a l  p a i r  co r r e l a -  

t i o n  func t ions .  Th i s  i s ,  t h e r e f o r e ,  a r i go rous  t e s t  of t he  EXAFS 

technique  when a p p l i e d  t o  s t r o n g l y  d i so rde red  systems, such a s  metal-  

l i c  g l a s s e s .  It i s  found t h a t  t h e  g l a s s  LagoGa20 has  a comparatively 

s imple l o c a l  Ga environment and t h a t  t h e  EXAFS f o r  t h i s  g l a s s  can be 

desc r ibed  ve ry  w e l l  with! a single asymmetric s h e l l  of La a t m s  

surrounding t h e  Ga. A s  t h e  Ga concen t r a t i on  i s  i nc reased ,  however, i t  

i s  found t h a t  t h e  l o c a l  Ga environment becomes more complicated. 

T r a d i t i o n a l  methods of EXAFS a n a l y s i s ,  based on non l inea r  l e a s t  

squares  curve f i t t i n g ,  a r e  then unable t o  d i s t i n g u i s h  between s e v e r a l  

d i f f e r e n t  p o s s i b l e  l o c a l  Ga enviromnents. F i n a l l y  a new, e s s e n t i a l l y  

non-parametric, method of ana lyz ing  EXAFS d a t a  i s  d i s cus sed  and t e s t s  

a r e  conducted t o  demonstrate  t h e  circumstances under which t h i s  new 

method could prove advantageous over t h e  more t r a d i t i o n a l  methods. 
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1 INTRODUCTION 

1.1 MOTIVATION 

From t h e  t i m e  t h a t  t h e  e a r l y  h o m i n i d s  f i r s t  s t a r t e d  t o  f a s h i o n  

Acheulian t o o l s ,  mankind has  had an ab id ing  i n t e r e s t  i n  t h e  s t r u c t u r e  

of t h e  m a t e r i a l s  he uses. With t h e  development of modern sc ience  t h i s  

i n t e r e s t  has  gone beyond such p r a c t i c a l  problems a s  t h e  cons t ruc t ion  

of a  b e t t e r  hand axe, t o  more e s o t e r i c  ques t ions  r ega rd ing  t h e  na tu re  

of  t h e  f u n d a m e n t a l  b u i l d i n g  b l o c k s  of  m a t t e r  and  t h e  way t h a t  t h e s e  

a r e  a r r a n g e d  i n s i d e  v a r i o u s  m a t e r i a l s .  More r e c e n t l y  however t hese  

ques t ions ,  which had been p r i m a r i l y  of academic i n t e r e s t ,  have become 

e s s e n t i a l  t o  t h e  cont inued development of so-cal led "high technology" 

i n d u s t r i e s ,  and  a n  i n c r e a s e d  f u n d a m e n t a l  u n d e r s t a n d i n g  of t h e  

p r o p e r t i e s  o f  m a t e r i a l s  i s  once  a g a i n  needed  f o r  t h e  c o n t i n u e d  

improvement of ou r  l i f e  s ty l e .  

The u n d e r s t a n d i n g  of  t h e  m a t e r i a l  p r o p e r t i e s  of any s o l i d  mus t  

s t a r t  w i t h  an understanding of i t s  a tomic  s t ruc tu re .  I n  c r y s t a l l i n e  

m a t e r i a l s ,  X-ray o r  n e u t r o n  d i f f r a c t i o n  m e a s u r e m e n t s  c a n  p r o v i d e  

excep t iona l ly  d e t a i l e d  in fo rma t ion  about  t h e  a tomic  s t r u c t u r e .  How- 

e v e r  m a t e r i a l s  o f  p r a c t i c a l  i n t e r e s t  a r e  r a r e l y ,  i f  e v e r ,  p e r f e c t  

c r y s t a l s ,  and a l though d i f f r a c t i o n  can s t i l l  provide u s e f u l  informa- 

t i o n  a b o u t  d e p a r t u r e s  f rom p e r f e c t  c r y s t a l l i n i t y ,  o f t e n  s imple  d i f -  

f r a c t i o n  exper iments  f a i l  t o  p r o v i d e  a  c o m p l e t e  s t r u c t u r a l  p i c t u r e .  

A s  a  consequence of t h i s ,  t h e r e f o r e ,  a d d i t i o n a l  s t r u c t u r a l  probes may 

be r equ i r ed  i n  o rde r  t o  o b t a i n  t h e  s t r u c t u r a l  i n fo rma t ion  desired.  

An impor tan t  c l a s s  of m a t e r i a l s  f o r  which d i f f r a c t i o n  experiments  

p r o v i d e  i n c o m p l e t e  i n f o r m a t i o n  on  t h e  a t o m i c  s t r u c t u r e  a r e  t h e  

m e t a l l i c  g l a s s e s ,  o r  more gene ra l ly ,  amorphous metals .  This  t h e s i s  
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w i l l  d i s c u s s  a  p a r t i c u l a r  s t r u c t u r a l  p r o b e  w h i c h  h a s  r e c e n t l y  been  

used a s  a  technique  t o  compliment d i f f r a c t i o n  exper iments  i n  s t u d i e s  

on a  number of m a t e r i a l s ,  m e t a l l i c  g l a s s e s  among them. The technique 

i n  ques t ion  i s  known a s  Extended X-ray Absorption F ine  S t r u c t u r e  (o r  

EXAFS) s p e c t r o s c o p y ,  and  i s  i n t r o d u c e d  i n  c h a p t e r  2. The f o l l o w i n g  

s e c t i o n s  of t h i s  f i r s t  chapter  w i l l  in t roduce  t h e  r eade r  t o  the  f i e l d  

of m e t a l l i c  g l a s s e s  i n  o rde r  t o  provide  a  understanding of t he  types  

of ques t ions  which EXAFS might be a b l e  t o  answer, a s  w e l l  a s  po in t ing  

o u t  why d i f f r a c t i o n  techniques a r e  inadequate  f o r  answering many of 

t h e s e  quest ions.  

1.2 METALLIC GLASSES 

Amorphous m e t a l s  a r e  s o l i d s  which have t h e  usual m e t a l l i c  proper- 

t i e s ,  bu t  which possess  no long range  a tomic  p e r i o d i c i t y ,  a s  i s found  

i n  t h e  more  common c r y s t a l l i n e  m e t a l s .  A s u b - c l a s s  of t h i s  t y p e  of 

m a t e r i a l  i s  fo rmed  by t h e  s o - c a l l e d  m e t a l l i c  g l a s s e s ,  which a r e  

d i s t i n g u i s h e d  f r o m  t h e  b r o a d e r  c l a s s  by t h e  f a c t  t h a t  t h e y  a r e  pro-  

duced by r a p i d l y  quenching an  equ i l i b r ium l i q u i d  t o  a  tempera ture  a t  

which t h e  sample becomes c o n f i g u r a t i o n a l l y  frozen. 

The f i r s t  m e t a l l i c  g l a s s  was  p roduced  by Duwez and  co-workers  

a l m o s t  25 y e a r s  a g o  when a  Au-Si a l l o y  was "sp la t -quenched"  o n  a  

c o p p e r  s u b s t r a t e  ( '*l). An X-ray d i f f r a c t i o n  p a t t e r n  t a k e n  on t h e  

r e s u l t i n g  f l a k e s  of m a t e r i a l  us ing  a  Debye-Scherrer camera showed only 

a  b r o a d  d i f f u s e  band,  r a t h e r  t h a n  t h e  s h a r p  r i n g s  e x p e c t e d  f o r  a  

c r y s t a l l i n e  sample .  An example  of  t h e  d i f f r a c t i o n  p a t t e r n  obtained 

from such a m a t e r i a l  is  given i n  f i g u r e  1.1. 

Whi l e  a  d i f f r a c t i o n  p a t t e r n  s u c h  a s  t h a t  shown i n  f i g u r e  1.1 
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Figure 1.l X-ray dif fract ion pattern for  an amorphous 

La76Ga24 a l loy .  Cu Karadiation was 

used and the scattering angle i s  given i n  degrees. 
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c l e a r l y  i n d i c a t e s  t h a t  t h e  sample c o n t a i n s  no s i g n i f i c a n t  c r y s t a l l i n e  

domains,  i t  d o e s  n o t  p r o v i d e  a  g r e a t  d e a l  of i n f o r m a t i o n  abou t  t h e  

s t r u c t u r e  which i s  p r e s e n t  i n  t h e  sample. A s  a  r e s u l t  of t h i s  l a c k  of 

d e t a i l e d  i n f o r m a t i o n  e a r l y  a t t e m p t s  t o  d e s c r i b e  t h e  s t r u c t u r e  of 

m e t a l l i c  g l a s s e s  c e n t r e d  on two q u i t e  d i f f e r e n t  p i c t u r e s .  The f i r s t  

of t h e s e  c o n s i d e r e d  t h e  g l a s s  t o  be  a  " f a i l e d  c r y s t a l " ,  which was 

composed of a n  assembly of  v e r y  s m a l l ,  b u t  w e l l  d e f i n e d ,  micro- 

c r y s t a l l i t e s .  The second view,  on t h e  o t h e r  hand c o n s i d e r e d  t h e  g l a s s  

t o  be  a  c o n f i g u r a t i o n a l l y  f r o z e n  l i q u i d .  Both of t h e s e  models  would 

produce a  d i f f r a c t i o n  p a t t e r n  c o n s i s t e n t  w i t h  t h e  broad band s e e n  i n  

f i g u r e  1.1, a l t h o u g h  t h e  w i d t h  of t h e  obse rved  band p u t s  a n  upper 

bound on t h e  s i z e  ( s ) of any m i c r o - c r y s t a l l i t e s  which might  be 

present i n  t h e  sample, through t h e  S c h e r r e r  fo rmula  ( 1  - 2 ) .  

Using t h i s  f o r m u l a ,  ( w i t h  be ing  t h e  measured wid th  of t h e  d i f f r a c -  

t i o n  peak) ,  d i f f r a c t i o n  p a t t e r n s  such a s  f i g u r e  1.1 p l a c e  an  upper 

bound of  30 t o  50 A on t h e  s i z e  of t h e  m i c r o - c r y s t a l s .  

I f  a  f a r  more d e t a i l e d  d i f f r a c t i o n  p a t t e r n  i s  t a k e n ,  t h e  i n t e r -  

f e r e n c e  f u n c t i o n  ( ~ ( k )  ; s e e  s e c t i o n  1 .3  a n d / o r  r e f e r e n c e  1.3 ) f o r  

t h e  s c a t t e r i n g  e v e n t  may be computed ( i f  X-rays a r e  used then  t h e  

e f f e c t s  of Compton s c a t t e r i n g  and t h e  k dependance of t h e  a tomic  form 

f a c t o r  must  f i r s t  be p r o p e r l y  accoun ted  f o r  i n  o r d e r  t o  a c c u r a t e l y  

compute 1 k 3 .  The measured I ( k )  can t h e n  be used f o r  a  more 

d e t a i l e d  comparison w i t h  a  t h e o r e t i c a l  I ( k )  c a l c u l a t e d  f o r  a  g i v e n  

model of t h e  s t r u c t u r e .  C a r g i l l  performed such an a n a l y s i s  of t h e  
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I ( k )  measured f o r  amorphous Ni-P a l l o y s  and was thereby a b l e  t o  show 

t h a t  t h e  mic ro -c rys t a l l i ne  models f o r  t h e  g l a s s  s t r u c t u r e  were 

incompat ib le  with the  experimental  r e s u l t s  * 4 ) .  Addi t i o n a l i  y, f  ram 

t h e  measured s t r u c t u r e  f a c t o r  he was a b l e  t o  compute t h e  Radial  Dis- 

t r i b u t i o n  Function ( o r  RDF) f o r  t h e  m a t e r i a l s  by t ak ing  t h e  Four ie r  

t ransform of t he  reduced i n t e r f e r e n c e  f u n c t i o n  ( l o 3 )  ( s e e  s e c t i o n  1.3 

below). The r e s u l t i n g  RDF compared favourably with t h a t  computed f o r  

a  Dense Random Packing of Hard Spheres ( or  DRPHS ) model, o r i g i n a l l y  

proposed f o r  l i q u i d s  by Bernal and h i s  s tuden t s  l 5  a s  shown i n  

f i g u r e  1.2. As a  r e s u l t  of t h i s  comparison t h e  DRPHS has been taken 

a s  t he  canonical  f i r s t  approximation t o  t h e  atomic s t r u c t u r e  of 

m e t a l l i c  g l a s se s .  

There a r e ,  however, s e v e r a l  o b j e c t i o n s  t o  a dense random packing 

model f o r  t he  s t r u c t u r e  of t hese  m a t e r i a l s .  I n  t h e  f i r s t  p lace ,  a l l  

m e t a l l i c  g l a s s e s  a r e  a l l o y s  of a t  l e a s t  two atomic spec i e s ,  usua l ly  of 

cons iderably  d i s p a r a t e  r a d i i .  This  o b j e c t i o n  has been addressed more 

r e c e n t l y  by cons ider ing  packings of spheres  of two d i f f e r e n t  s i z e s  

( l o 6 ) ,  however c e r t a i n  a s p e c t s  of t h e  phenomenology of t h e  m a t e r i a l s  

a r e  s t i l l  unanswered by such models. An example of t h i s  i s  r e l a t e d  t o  

t h e  un ive r sa l  occurrence of a  deep e u t e c t i c  i n  t h e  equi l ibr ium a l l o y  

phase diagram near  t h e  g l a s s  forming reg ion  of these  systems. This 

i n d i c a t e s  a  nega t ive  hea t  of mixing i n  t h e  l i q u i d  a l l o y  a s  compared 

wi th  t h e  hea t  of mixing i n  competing c r y s t a l l i n e  phases,  and i s  

completely ignored by models based on a  random packing of hard 

spheres ,  i r r e s p e c t i v e  of t h e  s i z e  d i s t r i b u t i o n  used, More r e c e n t l y ,  

t h e  formation of appa ren t ly  amorphous m e t a l l i c  f i l m s  by the  s o l i d  

s t a t e  r e a c t i o n  of m u l t i l a y e r  sandwiches of pure m e t a l l i c  elements 
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Figure 1.2 Comparison of a Radial Distribution Function 

measured for  a (WO . 5 ~ ~ 0 . 5 ) 8 0 B 2 0  metal l ic  g lass  

v i t h  an appropriately scaled DRPHS model. (Taken 

from reference 1 .3 ) .  



i n d i c a t e s  ( l o ' )  t h a t  t h e  l o c a l  a tomic arrangement of t h e s e  m a t e r i a l s  

cannot  be t r u l y  random, but r a t h e r  must be,  under c e r t a i n  circum- 

s t a n c e s ,  e n e r g e t i c a l l y  f avourab le ,  even wi th  r e s p e c t  t o  c e r t a i n  crys- 

t a l l i n e  morphologies. Thus t h e  chemistry of t h e  c o n s t i t u e n t  atoms i n  

t h e  g l a s s  must a l s o  be impor tan t ,  and must be understood f o r  any 

g e n e r a l  d e s c r i p t i o n  of t h e  p r o p e r t i e s  of t h e s e  m a t e r i a l s .  

I n  a d d i t i o n  t o  t h e s e  gene ra l  o b j e c t i o n s ,  random packing models 

a l s o  f a i l  t o  p r e d i c t  s p e c i f i c  r e s u l t s  found i n  experiments.  

S p e c i f i c a l l y ,  t h e  exper imenta l ly  observed d e n s i t y  i s  i n v a r i a b l y  much 

h ighe r  than i s  t h e  d e n s i t y  of any of t h e  hard sphere  packing models 

proposed t o  t h i s  da t e .  Also t h e  p o s i t i o n  and r e l a t i v e  h e i g h t s  of 

v a r i o u s  peaks i n  experimental  RDF's d i f f e r  somewhat from those  found 

in t h e  mast d e t a i l e d  hard sphere packing models ,  

The i n t r o d u c t i o n  of s o f t  i n t e r a t o m i c  p o t e n t i a l s  i n  o r d e r  t o  a l low 

r e l a x a t i o n  of t h e  s t r u c t u r e  ob ta ined  i n  a  hard  sphere packing has  

r e s u l t e d  i n  an improvement i n  t h e  agreement wi th  experiment,  a l though 

t h e  agreement i s  s t i l l  no t  e n t i r e l y  s a t i s f a c t o r y  . Yet another  

a l t e r n a t i v e  t o  s p h e r i c a l  packing models has  been t h e  so-cal led s te reo-  

chemical models. The two most prominent of t h e s e  a r e  t h e  t r i g o n a l  

p r i s m a t i c  model of  aske ell('*^) and t h e  i cosahed ra l  mic roc lus t e r  model 

of Br i an t  and Burton ('*'). The former of t h e s e  sugges t s  t h a t  t he  

l o c a l  arrangement of atoms i n  t h e  so-ca l led  metal-metal loid g l a s s e s  i s  

dominated by a  t r i g o n a l  p r i s m a t i c  arrangement of t h e  l a r g e r  metal  

atoms about t h e  sma l l e r  m e t a l l o i d  atom. The mo t iva t ion  f o r  t h i s  model 

i s  t h e  ub iqu i tous  occur rence  of such an arrangement of atoms i n  t he  

equ i l i b r ium c r y s t a l  s t r u c t u r e s  of t h e  a l l o y  systems which form t h i s  

kind of g l a s s .  The i cosahed ra l  m i c r o c l u s t e r  model on t h e  o t h e r  hand 
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i s  suggested by t h e  f a c t  t h a t  i s o l a t e d  a s sembl i e s  of s m a l l  numbers of 

a toms have been found t o  e x h i b i t  a n  e n e r g e t i c  p re fe rence  f o r  such an 

arrangement, Furthermore t h e  presence of f i ve - fo ld  symmetry i n  such a  

c l u s t e r  p r e c l u d e s  t h e  f o r m a t i o n  o f  a  c r y s t a l  b a s e d  o n  s u c h  a  s t r u c -  

t u r a l  un i t .  This  l a t t e r  concept of t h e  f r u s t r a t i o n  of t h e  format ion  

o f  a  c r y s t a l l i n e  l a t t i c e  by t h e  l o c a l  a t o m i c  c o n f i g u r a t i o n  h a s  been  

e x t e n d e d  more  r e c e n t l y  i n t o  q u i t e  e l e g a n t  and  complex  t o p o l o g i c a l  

t h e o r i e s  o f  g l a s s  s t r u c t u r e  ( '* lo)* However s p a c e  d o e s  n o t  a l l o w  t h e  

d i s c u s s i o n  of such t h e o r i e s  here. 

One q u e s t i o n  r e g a r d i n g  t h e  s t r u c t u r e  of  m e t a l l i c  g l a s s e s  i s  n o t  

d i r e c t l y  a d d r e s s e d  by any  of  t h e  a f o r e m e n t i o n e d  t o p o l o g i c a l  mode l s  

( w i t h  t h e  e x c e p t i o n  of  t h e  p i c t u r e  p t o p ~ s e d  by Gaskell), this b e i n g  

t h e  ques t ion  a l luded  t o  e a r l i e r  of how t h e  chemica l ly  d i f f e r e n t  a tomic  

s p e c i e s  a r r a n g e  t h e m s e l v e s  w i t h  r e s p e c t  t o  e a c h  o t h e r  on  w h a t e v e r  

t o p o l o g i c a l  n e t w o r k  may be  p r e s e n t  i n  t h e  m a t e r i a l .  Given t h e  

a f f i n i t y  t h e  c o n s t i t u e n t  a t o m s  g e n e r a l l y  have  f o r  e a c h  o t h e r  ( a s  

evidenced by t h e  deep e u t e c t i c s  i n  t h e  phase diagrams),  t h i s  ques t ion  

of  Chemica l  S h o r t  Range O r d e r  ( CSRO ) i s  j u s t  a s  i m p o r t a n t  a s  t h e  

T o p o l o g i c a l  S h o r t  Range Orde r  ( T S R O )  d i s c u s s e d  above  i n  t h e  d e t e r -  

mina t ion  of t h e  phys i ca l  p r o p e r t i e s  of t h e  ma te r i a l .  

I n d e e d ,  i t  h a s  been  s u g g e s t e d  t h a t  a  number of  t h e  o b s e r v e d  

phenomena involv ing  t h e  r e l a x a t i o n  behaviour of m e t a l l i c  g l a s s e s  could 

b e  e x p l a i n e d  i n  t e r m s  o f  changes  i n  t h e  CSRO of  t h e  m a t e r i a l  (1.11) 

S p e c i f i c  obse rva t ions  a r e  t h e  changes i n  r e s i s t i v i t y  of many m e t a l l i c  

g l a s s e s  upon annea l ing  a t  t empera tures  below t h a t  r e q u i r e d  f o r  spon- 

t a n e o u s  c r y s t a l i z a t i o n  and t h e  change  i n  t h e  l i f e t i m e  o b s e r v e d  i n  

p o s i t r o n  a n n i h i l a t i o n  experiments  upon s i m i l a r  annea l ing  t reatments .  



The r e v e r s i b l e  b e h a v i o u r  of  t h e  C u r i e  t e m p e r a t u r e  of c e r t a i n  

ferromagnetic  m e t a l l i c  g l a s s e s  wi th  var ious  annealing t rea tments  (1.12) 

h a s  a l s o  been  s u g g e s t e d  a s  e v i d e n c e  f o r  changes  i n  t h e  l o c a l  s h o r t  

range order  i n  these  mater ia ls .  I n  order  t o  determine whether o r  not 

t h e s e  o b s e r v a t i o n s  a r e  i n  f a c t  due t o  changes  i n  t h e  CSRO i t  i s  

necessary t o  have a method f o r  measuring the  degree of such order  i n  a  

given sample. 

Another s e t  of observations which appear t o  r e q u i r e  some know- 

ledge of t h e  CSRO i n  the  m a t e r i a l  f o r  t h e i r  understanding a r e  some of 

t h e  changes seen i n  m a t e r i a l  p r o p e r t i e s  when the  composition of the  

g l a s s  i s  varied. Spec i f i c  examples of t h i s  type of e f f e c t  a r e  seen i n  

t h e  r e s i s t i v i t y  of Pd-Ni-P as  a func t ion  of phosphorus co rasen t ra t i~n  

and the  small ,  but  abrupt ,  change seen i n  the  Debye temperature of La- 

Ga g l a s s e s  n e a r  24% Ga. As w i t h  t h e  r e l a x a t i o n  phenomena d i s c u s s e d  

e a r l i e r  i t  would be most advantageous t o  have a s t r u c t u r a l  probe which 

i s  capable of de tec t ing  and descr ib ing any changes i n  the  l o c a l  s t ruc-  

t u r e  which might accompany these  changes i n  m a t e r i a l  propert ies .  

Keeping i n  mind t h a t  the  ques t ion  of whether the  above described 

changes  a r e  r e l a t e d  t o  changes  i n  t h e  c h e m i c a l  o r  t o p o l o g i c a l  

s t r u c t u r e  of t h e  ma te r i a l ,  t h e  next sec t ion  addresses t h e  problem of 

how the  chemical shor t  range order  may be measured. 

1.3 MEASUREMENT OF CSRO 

As indica ted  i n  t h e  previous sec t ion ,  one of t h e  ques t ions  which 

f i r s t  p r e s e n t s  i t s e l f  when a m e t a l l i c  g l a s s  i s  cons ' idered  i s  t h e  

presence o r  absence of chemical shor t  range order  i n  t h e  ma te r i a l ,  and 

t h e  ques t ion  of how t h i s  order  may change a s  a  funct ion  of annealing 



t rea tment  o r  v a r i a t i o n  i n  composition of t h e  g l a s s .  In  o rde r  t o  

understand why i t  i s  d i f f i c u l t  t o  o b t a i n  t h i s  kind of in format ion  from 

d i f f r a c t i o n  experiments i t  i s  u se fu l  t o  consider  t h e  general  

express ion  f o r  t h e  i n t e r f e r e n c e  f u n c t i o n  f o r  d i f f r a c t i o n  of X-rays by 

a  non-c rys t a l l i ne ,  multi-component assembly of atoms. This  express ion  

i s  given i n  r e f e rence  1.3 a s :  

I n  t he  above formula the  q u a n t i t i e s  pi j (R) g ive  the  atomic dens i ty  

of atoms of type j a t  a  d i s t a n c e  R from an atom of type i ,  and t h e  

f a c t o r s  W i j  d e sc r ibe  the  e f f e c t i v e  c o n t r i b u t i o n  of p a i r s  of type i - j  

t o  t he  observed d i f f r a c t i o n .  The o t h e r  v a r i a b l e s  i n  the  express ion  

a r e  t he  wave vec to r  of t he  momentum t r a n s f e r  i n  t he  s c a t t e r i n g  event  

( k ) t he  average atomic dens i ty  of t h e  sample ( p0 , and the  

concent ra t ion  of spec i e s  j ( c . ) .  For t h e  s p e c i f i c  case of X-ray 
3 

d i f f r a c t i o n  the  f a c t o r s  W i j  a r e  given by t h e  express ion:  

Here f i ( k )  i s  t he  atomic form f a c t o r  f o r  t h e  spec i e s  i. 

The form given f o r  t h e  i n t e r f e r e n c e  func t ion  (equat ion  1.2) was 

chosen because t h e  W. a r e  approximately independent of k. For 
l j  

neutron s c a t t e r i n g  an analogous express ion  may be given but i n  t h a t  

case the  approximation of cons tan t  W i j  i s  much more exact .  



I n  o rde r  t o  address  t h e  ques t ion  of CSRO, t h e  q u a n t i t i e s  needed 

from equat ion  (1.2) a r e  t h e  p i j (R) .  Often i t  i s  more convenient t o  

i n t roduce  the  so-cal led reduced p a r t i a l  p a i r  c o r r e l a t i o n  func t ions ,  

def ined  by the  r e l a t i o n :  

I n  analogy t o  t hese  q u a n t i t i e s ,  t h e  p a r t i a l  reduced i n t e r f e r e n c e  

func t ion  may be in t roduced  i n  o rde r  t o  w r i t e  t he  key equat ions  i n  a  

more compact form. 

where : 

This  equat ion makes i t  obvious t h a t  a  s i n g l e  experiment i s  a b l e  

t o  provide only a  complicated l i n e a r  combination of t h e  va r ious  par- 

t i a l  p a i r  c o r r e l a t i o n  f u n c t i o n s ,  no t  t h e  i n d i v i d u a l  func t ions  them- 

se lves .  However, t he  same equat ion  i n d i c a t e s  how t h e  i n d i v i d u a l  

c o r r e l a t i o n  f u n c t i o n s  may be obta ined  by performing s e v e r a l  d i f f e r e n t  

d i f f r a c t i o n  experiments,  such t h a t  t h e  W i j  va ry  from one experiment t o  

t h e  next ,  while  t h e  i i j ( k )  remain t h e  same. Considering a binary 

a l l o y  f o r  t he  moment, i f  t h r e e  d i f f e r e n t  s c a t t e r i n g  experiments a r e  

performed then  t h r e e  d i f f e r e n t  ~ ( k )  f u n c t i o n s  w i l l  be found. Each of 

t hese  w i l l  be given by a  l i n e a r  combination of t he  same t h r e e  
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functions iij(k) ( iij(k) and iji(k) are simply related to each other 

and therefore are not independent) with different weights in each 

case. Provided the matrix relating these three different total inter- 

ference functions to the three independent partial interference 

functions is sufficiently well conditioned, this matrix may be 

inverted and the iij(k) may be determined for each k. From these the 

individual G..(R)'s may be found using equation (1.6). 1J  

The best way to accomplish this deconvolution of the partial 

interference functions is by performing neutron scattering experiments 

on several different samples which have been identically prepared, 

with the exception that the isotopic distributions of the constituent 

elements used varies from sample to sample. As a result of this iso- 

topic variation from one sample to the next, the various partial 

correlation functions will be weighted differently in the various 

samples. This type of experiment can be very expensive however, since 

it requires the purchase of rather substantial amounts of isotopically 

pure elements. In addition not all elements have an appropriate 

selection of isotopes with sufficiently different scattering lengths. 

As an alternative to the the above mentioned technique of iso- 

topic substitution it is also possible to combine neutron and X-ray 

scattering experiments (although it is not possible to combine either 

of these with electron diffraction (1*12)). More recently the intro- 

duction of synchrotron radiation sources has allowed the small changes 

in X-ray form factors for photons whose energy is near that of one of 

the absorption edges of the scattering atom to provide independent 

diffraction experiments simply by tuning the radiation taken from the 

intense synchrotron source to appropriately selected energies (1.13) 
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Th i s  technique  i s  s t i l l  i n  i t s  in fancy ,  however i t  ho lds  g r e a t  promise 

f o r  being q u i t e  powerful i n  t h e  f u t u r e ,  p a r t i c u l a r l y  a s  t h e  sou rces  

become more i n t e n s e .  Th i s  a l t e r n a t i v e  has  t h e  d i s t i n c t  advantage of 

being a p p l i c a b l e  t o  a  very  wide v a r i e t y  of m a t e r i a l s ,  a l though i t s  

a b i l i t y  t o  determine t h e  environment of very  l i g h t  m e t a l l o i d  atoms 

such a s  B and S i  i s  q u i t e  l im i t ed .  

A f i n a l  a l t e r n a t i v e ,  and one t h a t  has  been employed i n  one 

s e r i e s  of experiments  performed i n  t h i s  l a b ,  i s  t o  s e l e c t  a  number 

(two or  t h r e e )  of atoms which a r e  ve ry  s i m i l a r  chemical ly ,  but d i f f e r  

q u i t e  markedly i n  t h e i r  a tomic number (and t h e r e f o r e  i n  t h e i r  X-ray 

form f a c t o r s )  o ~ ) .  This  technique i s  c a l l e d  "isomorphous s u b s t i  tu- 

t i on"  and was a p p l i e d  t o  La based m e t a l l i c  g l a s s e s ,  where Au, Ga o r  A 1  

was used a s  t h e  a l l o y i n g  element.  I t  w i l l  be r e c a l l e d  from t h e  dis- 

cuss ion  of t h e  previous s e c t i o n  t h a t  one of t h e s e  t h r e e  a l l o y s  ( L a - ~ a )  

e x h i b i t s  a  marked change i n  t h e  Debye temperature  a s  t h e  composition 

v a r i e s  around 24% Ga. The r e s u l t s  ob t a ined  i n  t h i s  e a r l i e r  s tudy 

which a r e  most important  f o r  t h e  c u r r e n t  d i s cus s ion  a r e  summarized i n  

t a b l e  1 .l. The r e l e v a n t  parameters  a r e  t he  composition ( x , t h e  

number of La atoms about each Ga ( NLa), and t h e  p o s t i t i o n  and f u l l  

width a t  h a l f  maximum of t h e  f i r s t  peak i n  t h e  Ga-La d i s t r i b u t i o n  

f u n c t i o n  ( RLa and ARLa r e s p e c t i v e l y  1. 



TABLE 1.1 

Selec ted  r e s u l t s  from isomorphous s u b s t i t u t i o n  X-ray 

d i f f r a c t i o n  experiments on La based m e t a l l i c  g l a s s e s .  

I n  a l l  c a s e s  t h e  v a l u e s  g i v e n  i n  t h i s  t a b l e  r e f e r  t o  q u a n t i t i e s  

seen  f o r  t h e  l o c a l  environment of t h e  M atoms i n  t h e  m a t e r i a l ,  where M 

i s  A l ,  Au o r  Ga. The f u l l  w i d t h  a t  h a l f  maximum of t h e  measured  peak 

i n  t h e  p a r t i a l  p a i r  d i s t r i b u t i o n  func t ion  i s  denoted by RLa i n  t h i s  

t a b l e .  I t  s h o u l d  be n o t e d  t h a t  i n  t h i s  e x p e r i m e n t  no e v i d e n c e  was 

seen f o r  any M-M n e a r e s t  neighbours  a t  any of t h e  t h r e e  compositions 

s t u d i e d  ( t h e  e x p e r i m e n t  p u t s  a n  u p p e r  bound on  t h e  c o o r d i n a t i o n  

number of M a t o m s  a round  o t h e r  M a t o m s  a t  1). However,  due t o  t h e  

s m a l l  a tomic number of Ga and A 1  w i t h  r e spec t  t o  La, t h e  informat ion  

r ega rd ing  M-M coord ina t ions  comes a lmost  exc lus ive ly  from the  La-Au 

g l a s s e s  and s o  i t  i s  p o s s i b l e  t h a t  a  s l i g h t l y  d i f f e r e n t  p i c t u r e  pre- 

v a i l s  i n  t h e  o t h e r  two systems. 

I n  a d d i t i o n  t o  t h e  above noted evidence f o r  s t r o n g  chemical s h o r t  

r a n g e  o r d e r  i n  t h e s e  La-M g l a s s e s ,  t a b l e  1.1 a l s o  p r e s e n t s  e v i d e n c e  

f o r  a  s t r u c t u r a l  change near  t h e  composi t ion where t h e  anomaly i n  t h e  

Debye tempera ture  was seen. This  then  demonstrates  t h a t  t h i s  kind of 

d e t a i l e d  s t r u c t u r a l  s tudy can indeed provide in fo rma t ion  of the  type 
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which t h e  p r e v i o u s  s e c t i o n  i n d i c a t e d  m i g h t  be u s e f u l  f o r  t h e  under- 

s t a n d i n g  of  v a r i o u s  phenomena a s s o c i a t e d  w i t h  m e t a l l i c  g l a s s e s .  

However, it i s  c l e a r  t h a t  a  l a r g e  amount of work i s  needed i n  order t o  

o b t a i n  t h i s  k i n d  of i n f o r m a t i o n  u s i n g  d i f f r a c t i o n  t e c h n i q u e s .  The 

pe r fo rmance  of s e v e r a l  t i m e  consuming e x p e r i m e n t s  a t  a  n a t i o n a l  

f a c i l i t y  on numerous samples w i t h  s l i g h t l y  d i f f e r e n t  compositions o r  

thermal h i s t o r y  i s  a  very labor ious  task. 

A s  mentioned previously t h e  technique of EXAFS spectroscopy holds 

some p r o m i s e  f o r  b e i n g  a b l e  t o  p r o v i d e  i n f o r m a t i o n  s i m i l a r  t o  t h a t  

o b t a i n e d  f rom m u l t i p l e  d i f f r a c t i o n  e x p e r i m e n t s ,  b u t  h o p e f u l l y  

r equ i r ing  somewhat l e s s  involved experimental  work. The remainder of 

t h i s  t h e s i s  p r e s e n t s  a  t e s t  of t h i s  t e c h n i q u e ' s  a b i l i t y  t o  p r o v i d e  

such information through the  a n a l y s i s  of spec t ra  c o l l e c t e d  f o r  samples 

i n  t h e  La-Ga g l a s s  system. I n  c h a p t e r  4 t h e  r e s u l t s  o b t a i n e d  u s i n g  

t h e  EXAFS technique a r e  compared w i t h  those given i n  t a b l e  1.1. How- 

e v e r  f i r s t  t h e  n e c e s s a r y  background theory and experimental d e t a i l s  

are ou t l ined  i n  the  fo l lowing two chapters,  
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2 THEORETICAL BACKGROUND 

2.1 HISTORY 

The appearance of "edges" i n  X-ray abso rp t ion  s p e c t r a  has  been 

known a t  l e a s t  s i n c e  1908 when Barkla  and Sad le r  conducted experiments  

u s ing  f l uo re scence  r a d i a t i o n  from v a r i o u s  m e t a l s  t o  measure t h e  

abso rp t ion  of "homogeneous X-rays" of v a r i o u s  p e n e t r a t i n g  power (with 

r e s p e c t  t o  ~ 1 )  by c e r t a i n  subs tances  These e a r l y  experiments 

were t r u l y  remarkable,  occur ing  a s  they d i d  some 4 yea r s  be fo re  t h e  

d i scovery  of X-ray d i f f r a c t i o n  i n  c r y s t a l s  by von Laue (2.2) 

Thanks l a r g e l y  t o  t h e  s imple exp lana t ion  given by Bragg ( 2 . 3 )  f o r  

von Laue's d i scovery ,  t h e  d i f f r a c t i o n  phenomenon was soon used t o  

perform X-ray spec t roscopy  (2*4) .  N a t u r a l l y  an e a r l y  a p p l i c a t i o n  was 

t o  t h e  d e t a i l e d  s tudy  of t h e  energy dependence of t h e  abso rp t ion  of X- 

r a y s ,  It was immediately d i scovered  t h a t  t h e  "absorp t ion  edges" could 

be q u i t e  complicated when viewed on a  f i n e  enough s c a l e .  I n  par t icu-  

l a r ,  "secondary edges" were observed on t h e  s h o r t  wavelength ( i . e .  

high energy) s i d e  of t h e  edge. Ear ly  exp lana t ions  of t h i s  discovery 

cen t r ed  on t h e  e x c i t a t i o n  of one o r  more e l e c t r o n s  t o  unoccupied 

" o p t i c a l  l eve l s "  a s  a  r e s u l t  of t h e  abso rp t ion  event  (2.5,2.6). How- 

ever  l a t e r  experiments  on A r  showed t h a t  such exp lana t ions  d id  no t  

t e l l  t h e  whole s t o r y  I n  t h e s e  experiments ,  a s  w e l l  a s  l a t e r  

ones on m e t a l l i c  vapours  i t  was d i scovered  t h a t  t h e  secondary s t ruc -  

t u r e  e x i s t e d  on ly  f o r  a  few t e n s  of eV's beyond t h e  edge a t  most. In  

c o n t r a s t  t o  t h i s ,  t h e  secondary s t r u c t u r e  seen i n  some m e t a l l i c  s o l i d s  

was known t o  p e r s i s t  up t o  s e v e r a l  hundred eV from t h e  edge. Kronig 

f i r s t  proposed an exp lana t ion  of t h i s  more extended s t r u c t u r e  seen i n  

t h e  s o l i d  s t a t e  i n  terms of forb idden  bands of e l e c t r o n  propagat ion 
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w h i c h  w o u l d  b e  e x p e c t e d  a l o n g  c e r t a i n  s y m m e t r y  d i r e c t i o n s  i n  a  

c r y s t a l  (2 .8)  

The o b s e r v a t i o n  of ex tended  s t r u c t u r e  i n  t h e  a b s o r p t i o n  coeff  i- 

c i e n t  of m o l e c u l a r  s p e c i e s ,  however,  l e d  a  number of a u t h o r s  ( s t a r t i n g  

w i t h  Kronig h i m s e l f  i n  1932(2.9)) t o  c o n s i d e r  t h e o r i e s  which  would not  

r e l y  o n  t h e  l o n g  r a n g e  o r d e r  of  a  c r y s t a l .  T h e s e  s o - c a l l e d  s h o r t  

r a n g e  o r d e r  (sRO) t h e o r i e s  d i f f e r  i n  a  fundamenta l  way from t h e  ea r -  

l i e r  e x p l a n a t i o n s  i n  t h a t  they  a t t r i b u t e  t h e  f i n e  s t r u c t u r e  t o  v a r i a -  

t i o n s  i n  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 ,  whereas  t h e  e a r l i e r  work con- 

c e n t r a t e d  on t h e  e f f e c t  of  v a r i a t i o n s  i n  t h e  f i n a l  d e n s i t y  of s t a t e s .  

T h e s e  SRO t h e o r i e s  c o n s i d e r  t h e  f i n a l  s t a t e  w a v e  f u n c t i o n  of  t h e  

p h o t o - e l e c t r o n  a n d  how t h e  p r e s e n c e  o f  t h e  c o o r d i n a t i o n  s h e l l  

s u r r o u n d i n g  t h e  a b s o r b i n g  atom m o d i f i e s  t h i s  s t a t e  f rom what i t  would 

b e  f o r  a b s o r p t i o n  by a n  a t o m  i s o l a t e d  i n  f r e e  s p a c e .  U n t i l  1 9 7 0  t h e  

m o s t  d e t a i l e d  of  t h e  S R O  t h e o r i e s  w a s  g i v e n  by K o z l e n k o v  (2.10)- H e  

c o n s i d e r e d  t h e  f i n a l  s t a t e  t o  b e  o n e  w h i c h  i s  s c a t t e r e d  o f f  of  a  

s p h e r i c a l l y  averaged  p o t e n t i a l  of t h e  n e i g h b o u r i n g  atoms. T h i s  s c a t -  

t e r e d  wave  w i l l  i n t e r f e r e  w i t h  t h e  o u t g o i n g  w a v e  f u n c t i o n  i n  t h e  

r e g i o n  of t h e  i n i t i a l  c o r e  s t a t e ,  and t h i s  i n t e r f e r e n c e  i s  t h e  source  

of t h e  obse rved  o s c i l l a t i o n s .  Using t h i s  p i c t u r e  Kozlenkov was a b l e  

t o  d e r i v e  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  t h e  o s c i l l a t i o n s .  

(2 .1 )  
*s 

~ ( k )  = -1 7 sin [ 2 k ~ ~  + 261] 
Q 

'Here  t h e  sum i s  o v e r  t h e  v a r i o u s  s h e l l s  o f  n e i g h b o u r s ,  w h i c h  

c o n t a i n  N s  a t o m s  a t  a  d i s t a n c e  o f  R,,  k i s  t h e  w a v e  v e c t o r  of t h e  

p h o t o - e l e c t r o n  a n d  261 i s  t h e  p h a s e  s h i f t  i m p o s e d  o n  t h e  p h o t o -  
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e l e c t r o n  wave f u n c t i o n  by t h e  p o t e n t i a l  of t h e  absorb ing  atom. Using 

an express ion  such a s  t h i s  Kozlenkov was a b l e  t o  reproduce t h e  posi-  

t i o n  of t h e  peaks and v a l l e y s  of t h e  f i n e  s t r u c t u r e  measured f o r  Cu 

m e t a l 2 .  The agreement ob t a ined  f o r  t h e  peak p o s i t i o n s  was rea- 

sonably good, however t h e  o v e r a l l  shape of t h e  c a l c u l a t e d  spectrum was 

s i g n i f i c a n t l y  d i f f e r e n t  f r m  t h e  experimental  observa t ion .  

The reason  f o r  t h e  d e f i c i e n c i e s  of Kozlenkov's t rea tment  l i e s  

p r imar i l y  i n  t h e  way i t  d e a l s  w i th  t h e  s c a t t e r i n g  of t h e  photo-elec- 

t r on .  However more s o p h i s t i c a t e d  t r ea tmen t s  were no t  p resen ted  u n t i l  

a f t e r  1971. I n  t h a t  yea r  Sayers ,  S t e r n  and L y t l e  had t h e  i n s i g h t  t o  

r e a l i z e  t h a t  t h e  phase s h i f t  imposed by t h e  s c a t t e r i n g  of t h e  photo- 

e l e c t r o n  by t h e  a t m s  i n  t h e  s o l i d  was n e a r l y  l i n e a r  i n  k,  and there-  

f o r e  t h e  Four i e r  t ransform of t h e  "EXAFS" o s c i l l a t i o n s  might provide 

u s e f u l  in format ion  about t h e  atomic arrangements i n  t h e  so l id .  

Indeed, they noted t h a t  t h e  v a r i o u s  peaks observed i n  t h e  t ransform 

corresponded t o  t h e  v a r i o u s  s h e l l s  of neighbours surrounding t h e  

absorb ing  atom. With t h i s  r e a l i z a t i o n ,  t h a t  t h e  obse rva t ion  of t he  

phenomenon might provide u s e f u l  in format ion ,  came renewed i n t e r e s t  i n  

t h e  explana t ion  of t h e  fundamental phys ics  involved i n  t h e  abso rp t ion  

event .  A s  a  r e s u l t  s e v e r a l  e l a b o r a t e  t r ea tmen t s  of t h e  problem 

appeared i n  t h e  mid-1970's. The more s a l i e n t  f e a t u r e s  of t he se  more 

s o p h i s t i c a t e d  t r ea tmen t s  w i l l  be d i s cus sed  i n  t h e  fo l l owing  sec t ion .  

2.2 MODERN THEORETICAL DESCRIPTION 

For a l l  c a s e s  of r e l evance  t o  c u r r e n t  exper imenta l  work i n  t h e  

f i e l d  of X-ray abso rp t ion ,  t h e  abso rp t ion  event  i t s e l f  may be t r e a t e d  



i n  t h e  d i p o l e  T h i s  f a i l s  t o  b e  v a l i d  o n l y  when 

t h e  b i n d i n g  e n e r g y  of t h e  e l e c t r o n  b e i n g  e x c i t e d  i s  s o  g r e a t  t h a t  

r e l a t i v i s t i c  c o r r e c t i o n s  a r e  needed.  A t  such  h i g h  e n e r g i e s  t h e  

e x p e r i m e n t s  become v e r y  d i f f i c u l t  due t o  a  l a c k  of  r e s o l u t i o n  and 

photon f l u x .  T h e r e f o r e ,  f o r  t h e  p u r p o s e s  of t h e  c u r r e n t  work i t  w i l l  

be assumed h e r e  t h a t  t h e  c r o s s  s e c t i o n  f o r  a b s o r p t i o n  a t  a  deep l y i n g  

s h e l l  i s  g i v e n  by: (2.13) 

When t h e  a b s o r b i n g  atom i s  i s o l a t e d  t h e  f i n a l  s t a t e  w i l l  s imply be an  

o u t g o i n g  s p h e r i c a l  wave Iko>, and t h e  c r o s s - s e c t i o n  v i l l  be a smooth 

f u n c t i o n  of  k ( t h e  f i n a l  s t a t e  wave v e c t o r ) .  Sf t h e  a b s o r b i n g  atom 

h a s  one o r  more n e i g h b o u r s  however, t h e n  t h e  f i n a l  s t a t e  w i l l  be 

m o d i f i e d  i n  a  manner which can be t h o u g h t  of a s  a  s c a t t e r i n g  e v e n t  

much a s  e n v i s i o n e d  by Kozlenkov. A more r i g o r o u s  t r e a t m e n t  i s  t o  n o t e  

that the f i n a l  s t a t e  wave function must s a t i s f y  t h e  Lippane-Schwinger 

e q u a t i o n  ( i . e .  t h e  i n t e g r a l  form of t h e  S c h r o d i n g e r  e q u a t i o n )  : 

Here Go i s  t h e  f r e e  space  p r o p a g a t o r  and T  i s  t h e  t - m a t r i x  d e s c r i b -  

i n g  t h e  i n t e r a c t i o n  of t h e  p r o p a g a t i n g  e l e c t r o n  and t h e  atoms i n  t h e  

sample  ( i n c l u d i n g  bo th  t h e  n e i g h b o u r s  and t h e  a b s o r b i n g  atom i t s e l f ) .  

I f  t h i s  t - m a t r i x  i s  expanded i n  t e r m s  of s i n g l e  s i t e  s c a t t e r i n g  proc- 

e s s e s  t h e n  t h e  r e s u l t i n g  s e r i e s  f o r  I f >  can be  i n s e r t e d  back i n t o  



(2.2) t o  g i v e  a  s e r i e s  e x p r e s s i o n  f o r  t h e  c r o s s - s e c t i o n .  To g e t  a  

u s e f u l  e x p r e s s i o n  f rom t h i s  p r o c e s s  r e q u i r e s  a  l a r g e  amount of a l g e b r a  

w h i c h  w i l l  n o t  b e  r e p r o d u c e d  h e r e ,  h o w e v e r  t h e  i n t e r e s t e d  r e a d e r  i s  

r e f e r e d  t o  B o l a n d  e t  a l .  (2'14) f o r  a  v e r y  r e a d a b l e  a c c o u n t .  I f  a l l  

m u l t i p l e  s c a t t e r i n g  t e r m s  i n v o l v i n g  more t h a n  one neighbour  a r e  ig-  

nored  t h e n  t h e  end r e s u l t  of t h i s  a l g e b r a  i s  t h e  e q u a t i o n :  

2  Here 1M I i s  t h e  d i p o l e  m a t r i x  e l e m e n t  be tween  t h e  i n i t i a l  s t a t e  and 

t h e  unmodi f i ed  f i n a l  s t a t e  and t h e  sum i s  o v e r  a l l  ne ighbour ing  a toms,  

C o n s e q u e n t l y  I M  I' i s  p r o p o r t i o n a l  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  ex- 

p e c t e d  f o r  a  f r e e  a t o m ,  w h i c h ,  a s  m e n t i o n e d  e a r l i e r ,  s h o u l d  b e  a  

smooth f u n c t i o n  of k. I f  t h i s  r e l a t i o n  be tween  1 M 1 2  and Po i s  used 

t h e n  t h e  above may be  r e w r i t t e n  i n  a  more c o n v e n t i o n a l  form. 

T h i s  l a s t  e x p r e s s i o n  i s  v e r y  s i m i l a r  t o  t h e  one g i v e n  by Kozlen- 

kov, e x c e p t  f o r  t h e  p r e s e n c e  of t h e  p o l a r i z a t i o n  f a c t o r  and t h e  s c a t -  

t e r i n g  amp1 i t u d e .  E x c e p t  f o r  s t u d i e s  of  o r i e n t e d  c r y s t a l s  u s i n g  

p o l a r i z e d  beams t h e  p o l a r i z a t i o n  f a c t o r  w i l l  a v e r a g e  o u t ,  and conse- 

q u e n t l y  t h i s  f a c t o r  w i l l  p l a y  no r o l e  i n  t h e  work of t h i s  t h e s i s .  The 

p r e s e n c e  of t h e  s c a t t e r i n g  a m p l i t u d e ,  however,  r e q u i r e s  some s p e c i a l  

c o n s i d e r a t i o n .  The most  c r u c i a l  a s s u m p t i o n  used  i n  t h e  d e r i v a t i o n  of 

e q u a t i o n  ( 2 . 5 )  i s  t h a t  t h e  s c a t t e r i n g  o f f  of t h e  n e i g h b o u r i n g  a t o m s  



can be t r e a t e d  i n  an  approximation where both t h e  inc iden t  and sca t -  

t e r e d  waves have d e f i n i t e  momenta (i.e. they a r e  p lane  waves). This  

i s  o n l y  a  r e a s o n a b l e  a s s u m p t i o n  f o r  reasonably l a r g e  photo-electron 

momenta ( s a y  k  > 3.5 d l ) .  Below s u c h  a  v a l u e  f o r  t h e  momentum t h e  

cu rva tu re  of t he  photo-electron wave f r o n t  and t h e  f i n i t e  s i z e  of t he  

s c a t t e r i n g  a tom must  be  a c c o u n t e d  f o r .  However,  a t  l o w e r  momenta 

o t h e r  problems, not  addressed i n  (2.51, such a s  many body e f f e c t s  and 

m u l t i p l e  s c a t t e r i n g  become i m p o r t a n t  a s  w e l l .  Consequen t ly  i t  i s  

common p r a c t i c e  t o  simply apply (2.5) only t o  t h e  high k  reg ion  of t he  

s p e c t r u m  where  i t  i s  t h o u g h t  t o  be  r e a s o n a b l y  a c c u r a t e .  I t  i s  t h i s  

r e s t r i c t i o n  t o  t h e  h i g h  k  r e g i m e  t h a t  i s  r e s p o n s i b l e  f o r  t h e  

"Extended" i n  the  phrase "Extended X-ray Absorption Fine Structure." 

T h e r e  a r e ,  however ,  c e r t a i n  many body e f f e c t s  which  must  be 

accounted f o r  i n  r e a l  a p p l i c a t i o n s ,  even though they do not  appear i n  

(2.5). These a r e  t h e  e f f e c t  of r e l a x a t i o n  of t h e  o t h e r  " p a s s i v e  

e l ec t rons"  on the  absorbing atom, and t h e  f i n i t e  l i f e t i m e  imposed on 

t h e  f i n a l  p h o t o - e l e c t r o n  s t a t e  by i n e l a s t i c  i n t e r a c t i o n s  wi th  o the r  

e l ec t rons .  The f i r s t  of t hese  e f f e c t s  may be accounted f o r  mathemati- 

c a l l y  by comput ing  t h e  o v e r l a p  i n t e g r a l  b e t w e e n  t h e  s t a t e s  of t h e  

p a s s i v e  e l e c t r o n s  b e f o r e  and  a f t e r  t h e  c r e a t i o n  of t h e  c o r e  h o l e .  

Phys i ca l ly  t h i s  corresponds t o  abso rp t ion  events  involv ing  t h e  shake- 

up or shake-down of one o r  more of the  pas s ive  e l ec t rons .  I f  such an  

event  t akes  p lace  the  ion ized  e l e c t r o n  l o s e s  coherence and t h e r e f o r e  

such an event cannot c o n t r i b u t e  t o  t h e  i n t e r f e r e n c e  which produces the  

f i n e  s t ruc tu re .  For t h i s  reason  when c a l c u l a t e d  va lues  a r e  used f o r  

I f (k ,n)  1, equat ion  (2.5) i nva r i ab ly  g ives  a n  ampl i tude  which i s  30 t o  

50% l a r g e r  than t h a t  observed experimental ly .  The most common method 
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f o r  d e a l i n g  w i t h  t h e  s e c o n d  many-body e f f e c t  m e n t i o n e d  a b o v e  i s  t o  

i n t r o d u c e  a  phenomenological  damping t e r m  i n  which t h e  p h o t o - e l e c t r o n  

i s  a s s i g n e d  a n  e f f e c t i v e  mean f r e e  p a t h .  Under t h i s  a s s u m p t i o n  t h e  

f i n a l ,  u s e f u l  form of t h e  e x p r e s s i o n  f o r  t h e  EXAFS f u n c t i o n  is :  

s i n  (2kR. + 261 + P. ( k ) )  
3 3 

The sum i n  (2.6) i s  s t i l l  over  i n d i v i d u a l  atoms, 1 i s  t h e  phenomeno- 

2  l o g i c a l  mean f r e e  p a t h  m e n t i o n e d  e a r l i e r  a n d  So (k) i s  t h e  o v e r l a p  

i n t e g r a l  c o n t r i b u t i o n  of t h e  p a s s i v e  e l e c t r o n s  on t h e  c e n t r a l  atom. 

As p o i n t e d  o u t  by E i s e n b e r g e r  a n d  L e n g e l e r  (2*15)  t h e  mean f r e e  

p a t h  t r e a t m e n t  i s  n o t  a n  e n t i r e l y  s a t i s f a c t o r y  way of  t r e a t i n g  t h e  

i n e l a s t i c  e f f e c t s .  Th i s  i s  p a r t i c u l a r l y  t r u e  f o r  a toms  i n  h a r d  s p h e r e  

c o n t a c t  such as  t h o s e  which w i l l  be d i s c u s s e d  i n  t h i s  t h e s i s .  Conse- 

q u e n t l y  h e r e i n  t h e  mean f r e e  p a t h  f a c t o r  w i l l  be  i n c o r p o r a t e d  i n t o  t h e  

t w o  f a c t o r s  s O 2 ( k )  a n d  i f ( k , n ) l  f o r  t h e  r e m a i n d e r  of t h i s  work.  

K e e p i n g  t h i s  i n  m i n d  t h e  f o l l o w i n g  e x p r e s s i o n  w i l l  be  t a k e n  a s  t h e  

s t a r t i n g  p o i n t  f o r  a l l  f u t u r e  d i s c u s s i o n s .  

(2 .7 )  
4nS' 

~ ( k )  = - 1 / f i ( k , n )  1 pi(k) s i n  (2kR + a i ( k ) )  dR 

i 
0 

I n  t h i s  e q u a t i o n  t h e  sum i s  now o n l y  o v e r  d i f f e r e n t  t y p e s  o f  a t o m s ,  

t h e - a t o m i c  d e n s i t y  f u n c t i o n  pi(R) h a s  b e e n ' i n t r o d u c e d  i n  o r d e r  t o  

e s t a b l  i s h  a  c o n n e c t  i o n  w i t h  t h e  e a r l  i e r  d i s c u s s i o n  of * d i f f r a c t  i o n  

e x p e r i m e n t s  i n  d i s o r d e r e d  s o l i d s ,  a n d  ~ ( k )  h a s  b e e n  i n t r o d u c e d  t o  

combine 26i + Q ( k )  i n t o  a  s i n g l e  term. The most a p p a r e n t  s i m p l i f  i ca -  



t i o n  of (2.7) over t he  e q u i v a l e n t  e x p r e s s i o n  f o r  d i f f r a c t i o n  (equa-  

t i o n  (1.2)) i s  t h a t  t h e r e  i s  now o n l y  a  s i n g l e  summation.  T h i s  

r e f l e c t s  t he  f a c t  t h a t  i n  an  X-ray abso rp t ion  experiment  t he  c e n t r a l  

a t o m i c  s p e c i e s  i s  known by v i r t u e  of t h e  e x p e r i m e n t e r ' s  c h o i c e  of 

p h o t o n  ene rgy .  I n  a d d i t i o n ,  however ,  t h e  f a c t  t h a t  If (k,~) 1 v a r i e s  

s i g n i f i c a n t l y  wi th  atomic number impl i e s  t h a t  some in£  ormat ion  about 

t h e  v a r i o u s  P i ( ~ ) * s  i n  t he  summation may be obta ined  even from j u s t  a  

s i n g l e  absorp t ion  experiment. For t h i s  reason i t  was hoped t h a t  EXAFS 

might provide a  very powerful t o o l  f o r  t h e  i n v e s t i g a t i o n  of t he  l o c a l  

s t r u c t u r e  of amorphous ma te r i a l s .  The d i scuss ion  w i l l  now t u r n  t o  t he  

manner  i n  which  e q u a t i o n s  s u c h  a s  (2.6) o r  (2.7) a r e  a c t u a l l y  used  i n  

e x t r a c t i n g  inf  ormation about t h e  m a t e r i a l  under study. 

2 . 3  BASIC ANALYTICAL PROCEDURES 

I t  must  be r e a l i z e d  f rom t h e  o u t s e t  t h a t  t h e  d i s c u s s i o n  of t h e  

p r e v i o u s  s e c t i o n  was a l l  i n  t e r m s  of a  s i n g l e  mechanism f o r  

a b s o r p t i o n .  N a t u r a l l y ,  i n  a n  a c t u a l  e x p e r i m e n t ,  any e l e c t r o n  whose 

b i n d i n g  ene rgy  i s  l e s s  t h a n  t h a t  of t h e  i n c i d e n t  pho ton  w i l l  

c o n t r i b u t e  t o  t h e  measu red  a b s o r p t i o n  c o e f f i c i e n t .  Hence, once a n  

abso rp t ion  c o e f f i c i e n t  has been computed from the  measured inc ident  

and t r a n s m i t t e d  i n t e n s i t i e s ,  t h e  f i r s t  s t a g e  of t he  a n a l y s i s  must be 

t o  i s o l a t e  the  abso rp t ion  due only t o  t he  event d i scussed  i n  s ec t ion  

2.2 (i .e.  t h e  r e s o n a n t  a b s o r p t i o n )  f rom a l l  o t h e r  e v e n t s .  To 

accomplish t h i s  t he  abso rp t ion  c o e f f i c i e n t  i s  t y p i c a l l y  measured from 

a  f ew hundred  eV below t h e  edge of i n t e r e s t ,  t o  a t  l e a s t  s e v e r a l  

hundred  eV above  t h a t  edge ,  a s  shown i n  f i g u r e  2.1. The pre-edge  

r e g i o n  d e f i n e s  a  t r e n d  f o r  t h e  a b s o r p t i o n  due t o  a l l  non - re sonan t  



Figure 2.1 Measured absorptance ( x) of a meta l l i c  Ni f o i l  

a t  room temperature. 
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events ,  and these  even t s  a r e  approximately e l i m i n a t e d  i n  t h e  a n a l y s i s  

by e x t r a p o l a t i n g  t h i s  t r end  i n t o  t h e  post-edge region. This  i s  done 

us ing  a  modif ied Victoreen f u n c t i o n a l  form (2.16). 

The o r i g i n a l  form proposed by Victoreen d id  not  inc lude  the  cons tan t  

term; however  i t  was  found  n e c e s s a r y  t o  i n c o r p o r a t e  such  a  t e r m  i n  

o r d e r  t o  compensa t e  f o r  t h e  a r b i t r a r y  o v e r a l l  g a i n  of t h e  d e t e c t i o n  

s y s t e m  ( s e e  s e c t i o n  3.2). Us ing  a  fo rm such  a s  t h a t  shown above  

ignores  t he  energy dependence of t h e  d e t e c t i o n  gain,  and t h e r e f o r e  t h e  

e x t r a p o l a t i o n  has sys t ema t i c  e r r o r s  b u i l t  i n t o  it. However t h e  e r r o r  

involved i s  a  smooth f u n c t i o n  of photon energy and t h e r e f o r e  w i l l  be 

compensated f o r  a t  a  l a t e r  s t a g e  of t h e  a n a l y s i s  (see below). 

Wi th  t h e  r e s o n a n t  a b s o r p t i o n  i s o l a t e d  a s  d e s c r i b e d  above ,  t h e  

n o n - o s c i l l a t o r y  'If r e e  atom" a b s o r p t i o n  must  be removed f rom t h e  

measu red  d a t a ,  a s  i n d i c a t e d  i n  e q u a t i o n  (2.5). For  a  v a r i e t y  o f  

r e a s o n s  ( r a n g i n g  f r o m  m o d i f i c a t i o n  of t h e  i n i t i a l  s t a t e  due t o  

n e i g h b o u r i n g  a t o m s  t o  t h e  above  m e n t i o n e d  s y s t e m a t i c  e r r o r s  i n  

removing t h e  non-resonant abso rp t ion  events ) ,  it i s  i m p r a c t i c a l  t o  use 

a  s e p a r a t e  measu remen t ,  o r  t a b u l a t i o n ,  of t h e  a b s o r p t i o n  of a  

monatomic gas t o  de f ine  the  f r e e  atom c o n t r i b u t i o n  t o  t h e  absorpt ion.  

Consequently t h i s  c o n t r i b u t i o n  i s  der ived  from t h e  measurement made on 

t h e  condensed phase sample by f i t t i n g  t o  t h e  measured c o e f f i c i e n t  w i t h  

a  curve which has  i n s u f f i c i e n t  degrees of freedom t o  fo l low the  f i n e  

s t r u c t u r e .  I n  t h i s  work t h i s  i s  accomplished by us ing  a  l e a s t  squares  

cubic  s p l i n e  of 3  t o  5 knots  (2*17), s t a r t i n g  from j u s t  above the  edge 
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and  r u n n i n g  up t o  t h e  h i g h  E end of  t h e  d a t a  s e t .  T y p i c a l l y  t h e  k n o t s  

a r e  t a k e n  t o  be un i fo rmly  s p a c e d  on t h i s  i n t e r v a l  a l t h o u g h  i t  was 

found t h a t  t h e  r e s u l t s  o b t a i n e d  d i d  n o t  depend s i g n i f i c a n t l y  on t h e  

p r e c i s e  p o s i t i o n s  chosen f o r  t h e  k n o t s .  Other  methods  o f  f i t t i n g  have 

been proposed but  t h a t  d e s c r i b e d  above seems t o  o f f e r  a  ve ry  

s a t i s f a c t o r y  compromise between pe r fo rmance  and e a s e  of implementa t ion  

f o r  most a p p l i c a t i o n s .  For sys tems  where  t h e  n e i g h b o u r i n g  atoms a r e  

of s m a l l  a t o m i c  number Boland e t  a l .  (2*18)  have p r e s e n t e d  a n  a l t e r -  

n a t i v e  p r o c e d u r e  which seems t o  perform w e l l  i n  s p i t e  of t h e  added 

d i f f i c u l t i e s  e n c o u n t e r e d  i n  such  sys tems  due t o  t h e  v e a k  s c a t t e r i n g  

and  s h o r t  r a d i a l  d i s t a n c e s  i n v o l v e d .  The c u b i c  s p l i n e  f i t  i s  somewhat 

more e a s i l y  implemented t h a n  t h a t  o f  Boland e t  a l .  however, and conse- 

q u e n t l y  t h e  fo rmer  p r o c e d u r e  h a s  been used i n  t h i s  work. 

The g o  computed a s  o u t l i n e d  above shou ld  n o t  be used f o r  t h e  

n o r m a l i z a t i o n  of t h e  d a t a  hovever .  The r e a s o n  f o r  t h i s  i s  t h e  e r r o r s  

e n c o u n t e r e d  i n  t h e  somewhat l e n g t h y  e x t r a p o l a t i o n  of t h e  V i c t o r e e n  

background i n t o  t h e  EXAFS r e g i o n  of t h e  a b s o r p t i o n  c o e f f i c i e n t .  Such 

e r r o r s  can l e a d  t o  s i g n i f i c a n t  e r r o r  i n  t h e  f a l l  o f f  of t h e  r e s o n a n t  

a b s o r p t i o n  w i t h  energy  and s u b s e q u e n t l y  a r t i f i c i a l l y  enhance o r  sup- 

p r e s s  t h e  h i g h  k r e g i o n  of t h e  EXAFS. For t h i s  r e a s o n  t h e  param- 

e t r i z e d  f r e e  atom c r o s s - s e c t i o n s  g i v e n  by McMaster e t  a l .  (2.19) a r e  

used i n  n o r m a l i z i n g  t h e  d i f f e r e n c e  between t h e  measured c o e f f i c i e n t  

and t h e  c u b i c  s p l i n e  f i t .  Thus t h e  a c t u a l  computa t ion  of t h e  EXAFS 

f u n c t i o n ,  X , i s  performed a c c o r d i n g  t o  t h e  r e l a t i o n :  
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v h e r e  p o  i s  computed from t h e  s p l i n e  f i t  and u M  i s  t a k e n  from t h e  

HcMaster c o m p i l a t i o n ,  a p p r o p r i a t e l y  s c a l e d  t o  match t h e  measured edge 

d i  s c o n t i n t i  ty .  

The above t h e n  d e f i n e s  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  f u n c t i o n  

which i s  t o  be a n a l y z e d  on t h e  b a s i s  of e q u a t i o n  (2.7).  Here t o o  a  

number of d i f f e r e n t  p r o c e d u r e s  have been used f o r  e x t r a c t i n g  p h y s i c a l  

i n f o r m a t i o n  from t h e  d a t a ,  u s i n g  t h i s  e q u a t i o n  a s  a  b a s i s .  The e a r -  

l i e s t  p rocedure  i s  t h a t  i n i t i a l l y  proposed by S a y e r s ,  S t e r n  and L y t l e ,  

which i s  s imply t o  l o o k  a t  t h e  p o s i t i o n  of t h e  peaks  i n  t h e  magni tude 

of t h e  F o u r i e r  t r a n s f o r m  of t h e  d a t a  and t a k i n g  t h i s  a s  t h e  p o s i t i o n  

of t h e  g i v e n  s h e l l ,  s h i f t e d  by a n  a  knovn amount due  t o  t h e  p r e s e n c e  

of t h e  term r ( k )  i n  t h e  argument of t h e  s i n u s o i d  i n  (2 .7) .  Although 

t h i s  method may s t i l l  be found i n  t h e  c u r r e n t  l i t e r a t u r e  (2 .20)*  i t  i s  

n o t  s a t i s f a c t o r y  s i n c e  i t  p r o v i d e s  no i n f o r m a t i o n  a b o u t  t h e  number of 

a toms i n  t h e  s h e l l  and i t  does  n o t  a c c o u n t  f o r  a  number of p o s s i b l e  

s y s t e m a t i c  e r r o r s  which w i l l  be d i s c u s s e d  below. A more s a t i s f a c t o r y ,  

and  f a r  more w i d e l y  used ,  method i s  t o  assume a  s p e c i f i c  f u n c t i o n a l  

form f o r  t h e  d e n s i t y  f u n c t i o n  which i s  d e s c r i b e d  i n  t e rms  of a  m a l l  

number of v a r i a b l e  pa ramete r s .  For t h e  v a s t  m a j o r i t y  of  EXAFS work 

t h e  form chosen i s  a  G a u s s i a n  peak shape  a t  t h e  p o s i t i o n  of each of 

t h e  v a r i o u s  s h e l l s .  I f  such a  form i s  s u b s t i t u t e d  i n t o  e q u a t i o n  (2 .7)  

t h e  r e s u l t  may be w r i t t e n  a s :  

I n  t h i s  e q u a t i o n  t h e  sum i s  o v e r  s h e l l s  of N i d e n t i c a l  atoms a t  a  
j 
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d i s t a n c e  given by R The d a t a  a r e  then  Four i e r  analyzed t o  i s o l a t e  
j 

t h e  c o n t r i b u t i o n  of a s p e c i f i c  s h e l l  of neighbours ,  and then  t h e  

parameters  a p p r o p r i a t e  f o r  t h a t  s h e l l  a r e  determined from a  l e a s t  

squa re s  f i t .  A s  po in ted  ou t  by Lee e t  a l .  ( 2  *21) t h e  F o u r i e r  a n a l y s i s  

may be used t o  i s o l a t e  t h e  phase and ampli tude of i n d i v i d u a l  terms i n  

t h e  sum of (2.101, i n  vh ich  case  t h e  parameters  may be determined by a 

number of l i n e a r  l e a s t  squares  f i t s .  Th i s  p r a c t i c e  can run  i n t o  d i f f i -  

c u l t i e s  i n  some circumstances however, and t h e r e f o r e  t h e  more genera l  

procedure of u s ing  non l inea r  l e a s t  squares  t o  f i t  t h e  c o n t r i b u t i o n  of 

a  given s h e l l  d i r e c t l y  t o  t h e  above form may have t o  be employed. 

Na tu ra l l y ,  i f  a c c u r a t e  v a l u e s  a r e  t o  be ob t a ined  f o r  t h e  param- 

e t e r s  de f in ing  t h e  d e n s i t y  f u n c t i o n ,  then some knowledge of t h e  

s c a t t e r i n g  f u n c t i o n s  must be a v a i l a b l e .  This  may be done us ing  e i t h e r  

p rev ious  experiments  on known samples,  o r  by computing t h e  s c a t t e r i n g  

f u n c t i o n  e x p l i c i t l y  i n  some approximation which w i l l  hopefu l ly  be 

v a l i d  f o r  t h e  m a t e r i a l  being i n v e s t i g a t e d .  More w i l l  be s a i d  of t h i s  

po in t  i n  chapter  4. The v a r i o u s  s t a g e s  of t h e  a n a l y s i s  descr ibed  i n  

t h i s  s e c t i o n  a r e  o u t l i n e d  g r a p h i c a l l y  on t h e  fo l lowing  pages. 

I n  t he se  f i g u r e s  i t  should be no ted  t h a t  t h e  d a t a  a r e  weighted by 

3 k  p r i o r  t o  t h e  computation of t h e  Four i e r  t ransform,  This  i s  designed 

t o  compensate f o r  t h e  k-I i n  equa t ion  (2.101, a s  w e l l  a s  t h e  f a l l  off  

due t o  I f ( k , r  ) I  and t h e  damping due t o  d i so rde r .  Opera t iona l ly  t h e  

e f f e c t  i s  simply t o  i n c r e a s e  t h e  r e s o l u t i o n . o f  t h e  t ransform,  thereby 

l i m i t i n g  t h e  e f f e c t s  of a  s h e l l  on t hose  around i t .  I f  t h e  e f f e c t s  of 

a  s i n g l e  s h e l l  a r e  t o  be t r u l y  i s o l a t e d  i n  apply ing  a  vindow t o  the  

t r a n s f  orm then i t  i s  e s s e n t i a l  t h a t  some type  of weight ing  scheme be 

a p p l i e d  t o  enhance t h e  high k r eg ion  of t h e  spectrum. 



Figure 2 3  Resonant contribution t o  the absorptance a t  theK- 

edge of m e t a l l i c  N i .  Dashed 1 i n e  (---I i s  the  Po 

def ined  by the  s p l i n e  f i t .  Dot dashed l i n e  

( - . - . - . - ) i s  t h e  s c a l e d  McMaster a b s o r p t i o n  

coef f i c i ent .  



Figure 2.3 EXAFS spectrum ~ ( k )  f o r  m e t a l l i c  N i .  Dashed l i n e  

shows t h e  window a p p l i e d  t o  the  data before  the  

Fourier transform i s  computed. 



Figure 2.4 Uagnitude of the Fourier trans£ o m  of m e t a l l i c  N i  

3 EUFS.  k weighting was applied t o  the data before 

the transform was computed. Dashed l i n e  shows the 

window used t o  i s o l a t e  the  c o n t r i b u t i o n  of the  

f i r s t  s h e l l .  



Figure 2.5 EXAFS due t o  the f i r s t  s h e l l  of neighbours for  

meta l l i c  N i .  
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It should a l s o  be noted t h a t  t h e  window a p p l i e d  t o  t h e  d a t a  

be fo re  t h e  computation of t h e  t ransform i s  n o t  simply a r e c t a n g l e ,  but 

r a t h e r  i t  i s  t ape red  a t  both i t s  h igh  and low k ends. This  t a p e r  i s  

used t o  suppress  t h e  s i d e  lobe  s t r u c t u r e  found on e i t h e r  s i d e  of t h e  

main peaks i n  t h e  Four i e r  spectrum. For a more complete d i s cus s ion  of 

t h e  f i n e r  p o i n t s  of computing such t ransforms  t h e  i n t e r e s t e d  r eade r  i s  

r e f e r r e d  t o  t h e  power spectrum e s t i m a t i o n  s e c t i o n  of any book on 

d i g i t a l  s i g n a l  p rocess ing  (such a s  r e f  (2.221, f o r  example). The 

magnitude of t h e  d i s c r e t e  Four i e r  t ransform of a "time s e r i e s v v ,  such 

a s  a weighted EXAFS spectrum, i s  c a l l e d  t h e  periodogram of t h e  time 

s e r i e s .  S ince  t h i s  i s  a q u a n t i t y  which i s  used a g r e a t  d e a l  i n  EXAFS 

a n a l y s i s ,  a convent ional  n o t a t i o n  has  been developed f o r  t h i s  

func t ion .  Theref o r e ,  throughout t h e  remainder on t h i s  t h e s i s  t h e  

n o t a t i o n  $,(R) w i l l  be used t o  denote  t h e  periodogram ( i . e .  

es t imated  power spectrum) of an EXAFS spectrum which has  been pre- 

weighted by a f a c t o r  kn. 

2.4 ASYMMETRY 

There have been a number of s t u d i e s  where a n a l y s i s  of EXAFS da t a  

based on equa t ion  (2.10) has  produced unphysical  v a l u e s  f o r  t he  param- 

e t e r s .  Most no tab ly  Eisenberger  and ~ rown ' s  experiments  on Zn f o r  

v a r i o u s  tempera tures ,  i n  which t h i s  type  of a n a l y s i s  i n d i c a t e d  a 

decrease  i n  both t h e  number of n e a r e s t  neighbours  and i n  t h e  r a d i a l  

d i s t a n c e  t o  t h e s e  neighbours  a s  t h e  tempera ture  was i nc reased  (2.23) 

This  i s  i n  disagreement wi th  t h e  known behaviour of t h e  dens i ty  and 

t h e  thermal expansion c o e f f i c i e n t  wi th  temperature .  An explana t ion  

f o r  t h i s  anomalous behaviour was found i n  t h e  asymmetric na tu re  of t h e  
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d i s t r i b u t i o n  c a u s e d  by a n h a r m o n i c i t y  i n  t h e  p a i r  p o t e n t i a l  of t h e  

s o l i d .  I f  t h e  F o u r i e r  t r a n s f o r m  of a  d i s t r i b u t i o n  such a s  t h a t  shown 

i n  f i g u r e  2.6 i s  c o n s i d e r e d  t h e n  it becomes c l e a r  t h a t  t h e  long t a i l  

i s  produced by c o m p a r a t i v e l y  low f requency  F o u r i e r  components. There- 

f o r e ,  s i n c e  t h e  d i s t r i b u t i o n  f u n c t i o n  and measured EXAFS spectrum a r e  

a p p r o x i m a t e l y  F o u r i e r  c o n j u g a t e  f u n c t i o n s ,  s u c h  a  t a i l  s h o u l d  

i n f l u e n c e  t h e  EXAFS p r i m a r i l y  a t  l o w  v a l u e s  o f  k. However ,  a s  h a s  

a l r e a d y  b e e n  d i s c u s s e d ,  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  spectrum does 

n o t  f o l l o w  e q u a t i o n  (2.10) a t  low v a l u e s  of k. Hence t h e  i n f o r m a t i o n  

c o n t a i n e d  i n  t h e  t a i l  w i l l  be  s e v e r e l y  d e g r a d e d  i n  t h e  e x p e r i m e n t a l  

spectrum.  The a c t u a l  e f f e c t  t h a t  asymmetry can have on t h e  spec t rum 

can  b e s t  be a p p r e c i a t e d  by c o n s i d e r i n g  a n o t h e r  way of r e w r i t i n g  equa- 

t i o n  ( 2 , 7 ) ,  as  f i r s t  s u g g e s t e d  by E i s e n b e r g e r  and Brown. 

(2 .11)  
2 

~ ( k )  = C(k) \ jA2(k)  + S (k )  s i n  ( 2 k z  + a ( k )  + E (kj) 

where: A(k) = + x) s i n ( 2 k x j  dx 

- 00 

and C ( k )  = t a n  -1 A(k) ] 
[ 

Theref  o r e  t h e  ef f e e t  of model ing the- EXAFS spectrum o b t a i n e d  from an  

a s y m m e t r i c  d i s t r i b u t i o n  w i t h  a  Gauss ian ,  i s  e q u i v a l e n t  t o  f i t t i n g  t o  

t h e  a b o v e  e x p r e s s i o n  u n d e r  t h e  a s s u m p t i o n  t h a t  A(k) ,  a n d  t h e r e f o r e  

C(k), i s  zero. Th is  can o b v i o u s l y  l e a d  t o  s e r i o u s  problems. To avo id  

t h e s e  p r o b l e m s  i t  i s  e a s i e s t  t o  a s s u m e  some f o r m  f o r  t h e  p e a k  s h a p e  

o t h e r  t h a n  a  G a u s s i a n ,  o n e  w h i c h  e x h i b i t s  some a s y m m e t r y .  T h i s  h a s  

b e e n  done  i n  a  number  of ways ,  b u t  t h e  one  w h i c h  w i l l  b e  c o n s i d e r e d  
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h e r e  i s  descr ibed  by t h e  equa t ion  below. 

Th i s  form has been used i n  t h e  l i t e r a t u r e  f o r  t h e  c a s e s  n=O and n=2. 

The f i r s t  of t h e s e  g i v e s  a  very  unphysical  peak shape and t h e r e f o r e  

s h a l l  no t  be used i n  t h i s  work. The second a l t e r n a t i v e  (n=2),  on t h e  

o t h e r  hand, has  been shown t o  provide a  shape which i s  a  reasonable  

approximation t o  t h a t  seen i n  t h e  f i r s t  peak of t h e  r a d i a l  dens i ty  

f u n c t i o n  of a  l i q u i d  (2*24) ,  and t h e r e f o r e  w i l l  be used. 

Using equa t ion  (2.12) with n-2 imp l i e s  t h e  fo l l owing  r e l a t i o n s  

f o r  ( ~ ~ ( k ) + ~ ~ ( k )  and C(k) : 

Natu ra l l y  any f i t  based on equa t ion  (2.11) us ing  t h e  r e l a t i o n s  (2.13) 

must s t i l l  be made only  on an  i n t e r v a l  s t a r t i n g  a t  about  4  kl. 

However f i t s  based on t h e s e  r e l a t i o n s  have been s u c c e s s f u l l y  appl ied  

t o  EXAFS s t u d i e s  of d i so rde red  systems (2*25) ,  and w i l l  be used i n  t h i s  

vork. 

2.5 THE THRESHOLD ENERGY 

One po in t  which has  been side-stepped up t o  t h i s  po in t  i n  t h e  

d i s cus s ion  i s  t h e  f a c t  t h a t  a l l  of t h e  r e l a t i o n s  de r ived  from t h e  



Figure 2.6 Asymmetric peak shape given by equation (2.12) for 

n-2. 
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theory  f o r  exp la in ing  t h e  f i n e  s t r u c t u r e  a r e  based on t h e  photo- 

e l e c t r o n  vave v e c t o r ,  k, which i s  no t  d i r e c t l y  measurable  from the  

experiment.  On t h e  o t h e r  hand, t h e  experiment n a t u r a l l y  provides t he  

energy of t h e  i n c i d e n t  photon which i s  r e l a t e d  t o  k through the  

f  01 lowing r e l a t i o n .  

However t h e  va lue  of Eo i s  a l s o  not  a  q u a n t i t y  which can be unam- 

biguously determined from experiment.  Never the less ,  once a  spectrum 

has been c o l l e c t e d  i n  terms of photon energy, a  wave v e c t o r  a x i s  must 

be cons t ruc ted  on t h e  b a s i s  of t h e  above equat ion  f o r  some va lue  of Eo 

i f  use i s  t o  be made of t h e  equat ions  d iscussed  i n  s e c t i o n  2.2. Since 

Eo i s  not  known p r e c i s e l y ,  t h e  e f f e c t  of us ing  t h e  equat ions  of sec- 

t i o n  2.2 with a  k  a x i s  which i s  i n  e r r o r  must be considered.  F i r s t  i t  

w i l l  be noted t h a t  i f  Eo i s  i n  e r r o r ,  then the  k  a x i s  w i l l  be a f f e c t e d  

p r imar i ly  a t  low k where t h e  theory i s  not  a p p l i c a b l e  i n  any case.  

However, even i f  t h e  f u n c t i o n a l  form of t he  argument of t he  s inusoid  

i s  not  changed e x p l i c i t l y  a t  a l l  f o r  l a r g e  k,  a  change i n  t h a t  argu- 

ment a t  low k  w i l l  r e s u l t  i n  a  cons tan t  phase o f f s e t  a t  l a r g e  k. I n  a  

f i t t i n g  procedure vhich  does not  e x p l i c i t l y  t ake  such an o f f s e t  i n t o  

account ,  t he  va lue  obta ined  f o r  R w i l l  have t o  d e v i a t e  somewhat from 

i t s  t r u e  va lue  i n  o rde r  t o  compensate f o r  t h e  o f f s e t .  I n  o ther  words 

a n  i n c o r r e c t  va lue  f o r  Eo w i l l  i n t roduce  y e t  another  con t r ibu t ion  t o  

t h e  nonl inear  p a r t  of t h e  s inuso id  phase, a  c o n t r i b u t i o n  vhich w i l l  

r a n a i n  even i f  t h e  e f f e c t s  of a(k) and Z ( k )  have been properly 

accounted f o r .  Hence i t  i s  c l e a r  t h a t  some method of s e l e c t i n g  Eo i n  
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a  reasonably a c c u r a t e  manner must be a n  i n t e g r a l  p a r t  of any a t t empt  

t o  o b t a i n  accu ra t e  phys ica l  parameters  from EXAFS measurements. 

I n  a n  i d e a l  c a s e  w h e r e  a  c o r e  s t a t e  i s  e x c i t e d  i n  a  t r u e  s i n g l e  

p a r t i c l e  t r a n s i t i o n ,  and no unoccupied bound s t a t e s  e x i s t  between t h e  

i n i t i a l  c o r e  l e v e l  and  t h e  con t inuum,  Eo w i l l  s i m p l y  be  t h e  b i n d i n g  

energy of t h e  i n i t i a l  core  s t a t e .  Furthermore i n  t h i s  i d e a l i z e d  case 

t h e  edge  t r a n s i t i o n  w i l l  h a v e  t h e  s h a p e  of a n  a r c - t a n g e n t  f u n c t i o n  

whose i n f l e c t i o n  poin t  appears  a t  p r e c i s e l y  t h e  energy Eo (2.26). In 

r e a l  e x p e r i m e n t s ,  however ,  unoccup ied  Rydberg-type s t a t e s  a n d  many 

body e f f e c t s  w i l l  i nva r i ab ly  d i s t o r t  t h e  s imple  arc-tangent shape of 

t he  edge, and consequently t h e  i n f l e c t i o n  po in t  of t h e  measured edge 

w i l l  r a r e l y ,  i f  e v e r ,  c o i n c i d e  w i t h  t h e  s i n g l e  p a r t i c l e  cont inuum 

th re sho ld  energy Eo (see  f i g u r e  2.7). Nevertheless  Boland, Halaka and 

B a l d e s c h w i e l e r  h a v e  s u g g e s t e d  t h a t  t h e  p o s i t i o n  of t h e  edge may be  

o b t a i n e d  by c o n v o l v i n g  i t  w i t h  a  G a u s s i a n  " r e s o l u t i o n  f u n c t i o n "  of 

s u f f i c i e n t  breadth t o  smear out a l l  of t he  sharper  f e a t u r e s  r e l a t e d  t o  

many body and  bound s t a t e  t r a n s i t i o n s .  '2*189 The key t o  t h i s  method 

i s  t h a t  t h e  i n f l e c t i o n  po in t  of t h e  curve r e s u l t i n g  from the  convolu- 

t i o n  of an  arc- tangent  w i t h  a  Gaussian i s  a t  t h e  same p o s i t i o n  a s  t h e  

i n f l e c t i o n  p o i n t  of t h e  o r i g i n a l  c u r v e  i t s e l f .  Consequen t ly ,  i f  a  

s e r i e s  of Gaussians of p rog res s ive ly  inc reas ing  wid th  a r e  considered, 

t h e n  t h e  i n f l e c t  i o n  p o i n t  of t h e  convo lved  c u r v e  s h o u l d  a p p e a r  a t  a  

c o n s t a n t  p o s i t i o n  o n c e  t h e  w i d t h  i s  s u f f i c i e n t  t o  w i p e  o u t  a l l  

f e a t u r e s  i n  t h e  o r i g i n a l  c u r v e  e x c e p t  t h e  u n d e r l y i n g  a r c - t a n g e n t .  

T h i s  method h a s  a p p a r e n t l y  been  u s e d  w i t h  s u c c e s s  f o r  s p e c t r a  c o l -  

l e c t e d  a t  t he  edges of a  number of t he  3d t r a n s i t i o n  meta l  elements. 

However d u r i n g  t h e  c o u r s e  of t h e  p r e s e n t  work  i t  was  found  t o  b e  



Figure 2.7 Complicated nature of the edge d iscont inui ty  for  

r e a l  mater ia ls .  a). Meta l l i c  Cu, showing band 

s tructure  e f f e c t s .  b ) .  Crysta l l ine  Ga2La showing 

a "white l ine"  e x c i t a t i o n  t o  a Rydberg-like 4 P  

s t a t e  on the Ga. 



Figure 2 .8  a ) .  Absorption edge of Ga2La and the same edge 

convolved wi th  Gaussians o f  36, 54 and 80 eV width. 

b ) .  Absorption edge f o r  Ar, and i t s  interpretat ion  

i n  terms of a continuum e x c i t a t i o n  plus several 

Rydberg-like bound e x c i t e d  s t a t e s .  ( taken from 

reference (2.24)  1. 
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u n s a t i s f a c t o r y  when a p p l i e d  t o  t h e  Ga edge w h i c h  e x h i b i t s  a  s t r o n g  

" w h i t e  l i n e "  (due  t o  e x c i t a t i o n  t o  a  bound 4-p s t a t e ) .  F i g u r e  2.8b 

dSsp lays  t h e  r e s u l t s  of convolving t h e  Ga edge measured f o r  Ga2La wi th  

Gauss ians  of va r ious  widths.  From t h i s  f i g u r e  it would be tempting t o  

t a k e  10.366 keV a s  t h e  " i s o s b e s t i c "  ( s i c )  p o i n t  t o  which  Boland 

e t  a l .  r e f e r .  However, by c o n s i d e r i n g  t h e  a n a l o g o u s  edge  shown i n  

f i g u r e  2.8a, it becomes c l e a r  t h a t  Eo should be a t  an  energy which is 

h i g h e r  t h a n  t h e  p o s i t i o n  of t h e  i n f l e c t i o n  p o i n t  i n  t h e  o r i g i n a l  

spectrum, whereas t h e  poin t  suggested by f i g u r e  2.8b i s  a c t u a l l y  lower 

in energy than  t h e  i n f l e c t i o n  po in t  of t h e  o r i g i n a l  edge! A s o l u t i o n  

to t h i s  problem would be t o  go t o  s t i l l  wider Gaussians,  however soon 

t h e  convo lved  c u r v e s  would b e  making  v e r y  s h a l l o w  a n g l e s  w i t h  t h e  

energy  a x i s  and t h e r e f o r e  t he  accu ra t e  de t e rmina t ion  of t h e i r  po in t  of 

i n t e r s e c t i o n  would be most d i f f i c u l t .  Consequently i t  i s  t he  opinion 

o f  t h i s  a u t h o r  t h a t ,  w h i l e  t h i s  method of s e l e c t i n g  Eo may be 

a p p r o p r i a t e  f o r  many e d g e s  i t  i s  i m p r a c t i c a l  t o  a p p l y  i t  t o  e d g e s  

which show s t rong  w h i t e  l i nes .  

Most a l t e r n a t i v e  methods  of s e l e c t i n g  Eo, w i t h  one e x c e p t i o n ,  

r e l y  on  t h e  a s s u m p t i o n  t h a t  C(k) ( f r o m  e q u a t i o n  (2.11)) i s  z e r o ,  a n d  

t h a t  C%(k) i s  w e l l  known, e i t h e r  f rom t h e o r y  o r  f rom e x p e r i m e n t s  on  

known s tandard  samples. Under t hese  circumstances,  any non l inea r i t y  

which remains i n  t h e  d i f f e r e n c e  between t h e  measured phase func t ion  

and  the  known phase s h i f t  C% (k), must be due t o  a n  i n c o r r e c t  s e l e c t i o n  

of  Eo. Theref o r e  t h e  va lue  of Eo i s  changed t o  make t h i s  d i f f e r ence  a  

l i n e a r  f u n c t i o n  and t h e  v a l u e  which accomplishes t h i s  i s  taken a s  t h e  

c o r r e c t  one. These methods must obviously f a i l  i n  t h e  case  where t h e  

d i s t r i b u t i o n  f u n c t i o n  i s  asymmetr ic  ( u n l e s s  t h e  p r o b l e m  h a s  a l r e a d y  
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been so lved  and t h e  f u n c t i o n  C (k) i s  known!). 

The f i n a l  method which has been proposed i n  t h e  l i t e r a t u r e  i s  t o  

s i m p l y  t r e a t  Eo a s  a n o t h e r  f r e e  p a r a m e t e r  i n  t h e  f i t t i n g  p r o c e d u r e  

(2*21). It i s  a r g u e d  t h a t  a n  a r t i f i c i a l l y  good f i t  s h o u l d  no t  be  

o b t a i n e d  f o r  a n  i n c o r r e c t  v a l u e  of R when t h i s  p r o c e d u r e  i s  u sed ,  

because Eo changes the  phase p r i m a r i l y  f o r  low k, whereas a  change i n  

R i n f luences  t h e  phase more a s  k  increases .  This  method of s e l e c t i n g  

Eo i s  not  a s  s u s c e p t i b l e  t o  t he  problems descr ibed  above a s  the  o t h e r  

methods, however c a r e  should be taken t o  make s u r e  t h a t  changes i n  Eo 

a r e  not  a l lowed t o  mask changes i n  C(k) caused by d i f f e r e n c e s  i n  the  

a tomic  d i s t r i b u t i o n  f u n c t i o n s  of two ma te r i a l s .  This  po in t  w i l l  be 

d iscussed  a t  g r e a t e r  l e n g t h  i n  chapter  4. 



3 EXPERIMENTAL PROCEDURES 

3 .1 SAMPLE PREPARATION 

A l l  a l l o y s  used i n  t h i s  t h e s i s  were produced by l e v i t a t i o n  me l t ing  

t h e  a p p r o p r i a t e  r a t i o  of b u l k  e l e m e n t a l  m a t e r i a l  o n  a  w a t e r  c o o l e d  

s i l v e r  boa t  i n  a p u r i f i e d  A r  atmosphere. The s t a r t i n g  m a t e r i a l s  f o r  

t h e  Lal-xGa, a l l o y s  were La rod (99.9% m e t a l l i c  p u r i t y )  and Ga ch ips  

(99.999% pure). Typica l ly  i ngo t s  of 1.5 t o  2  grams were produced a t  a  

t i m e .  Homogenei ty of t h e s e  i n g o t s  was e n s u r e d  by r e m e l t i n g  e a c h  

s e v e r a l  t i m e s ,  b r e a k i n g  them open  f o r  v i s u a l  i n s p e c t i o n ,  t h e n  

r e m e l t i n g  them once more. Weight l o s s  during a l l o y i n g  were gene ra l ly  

l e s s  t h a n  0.05%, a n d  i n  a l l  c a s e s  t h e  c o m p o s i t i o n s  q u o t e d  a r e  t h e  

nominal ones. 

Due t o  i t s  h i g h l y  r e a c t i v e  n a t u r e  t h e  La was g i v e n  s p e c i a l  

t rea tment .  Af t e r  a  p i ece  of a p p r o p r i a t e  s i z e  was cu t  from the  parent  

rod, a s t e e l  brush was used t o  remove most of t h e  su r f ace  oxide. The 

La was t h e n  m e l t e d  o n  t h e  s i l v e r  b o a t  a n d  a l l  s l a g  was  worked t o  one  

end of t h e  ingot. The s l a g  was then  removed and depress ions  d r i l l e d  

i n  t h e  i n g o t  i n  o r d e r  t o  f o r m  a  b o a t  of La. T h i s  La b o a t  was  t h e n  T i  

g e t t e r  c l e a n e d  f o r  s e v e r a l  days  by s e a l i n g  i t  i n  a n  e v a c u a t e d  f u s e d  

s i l i c a  t u b e  a l o n g  w i t h  some T i  s t r i p s  w h i c h  w e r e  h e a t e d  t o  a p p r o x i -  

mately 850 C, w h i l e  t he  La was kept a t  about 200 C. The end r e s u l t  of 

t h i s  p r o c e s s  was  a  La b o a t  w i t h  a  v i s i b l y  s h i n y  m e t a l l i c  s u r f a c e .  

Dur ing  a l l o y i n g  t h e  Ga had t o  be p l a c e d  o n  t o p  of t h i s  La b o a t  and  

c a r e  t a k e n  t o  e n s u r e  t h a t  t h e  p u r e  Ga d i d  n o t  come i n t o  c o n t a c t  w i t h  

t h e  s i l v e r  l e v i t a t i o n  boat,  s i n c e  such an event  would have r e s u l t e d  i n  

t h e  format ion  of a  Ga-Ag a l l o y  and a  ru ined  s i l v e r  boat. 
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A l l  amorphous samples used were prepared by r a p i d l y  quenching 

small  d r o p l e t s  of molten a l l o y  wi th  a  p i s t o n  and a n v i l  appa ra tu s  (3.1) 

The r e s u l t i n g  samples were i n  t h e  form of f o i l s ,  t y p i c a l l y  1 t o  2 cm. 

i n  d iameter  and 30 t o  40 ym th i ck .  A f t e r  quenching, t h e  samples were 

checked f o r  s i g n s  of c r y s t a l l i n i t y  with a  Norelco v e r t i c a l  d i f f rac tom-  

e t e r  scanning a t  a  r a t e  of 1 deg per minute  and us ing  Cu K r ad i a -  

t i o n .  Any samples showing a  t r a c e  of c r y s t a l l i n e  i n c l u s i o n s  a t  t h i s  

s t a g e  were d i scarded .  A l l  samples used i n  subsequent abso rp t ion  

experiments  were f u r t h e r  examined, a f t e r  t h e  completion of t h e  

abso rp t ion  experiment,  by s t e p  scan X-ray d i f f r a c t i o n  measurements 

wi th  a  minimum of 4000 t o  5000 photons c o l l e c t e d  per channel.  The 

r e s u l t s  r epo r t ed  i n  chapter  4 of t h i s  work were based on samples which 

showed no d i s t i n c t  c r y s t a l l i n e  peaks i n  t h i s  more d e t a i l e d  X-ray scan 

a s  we l l .  Some samples, however, d i d  e x h i b i t  d i f f r a c t i o n  peaks,  

corresponding t o  Ga3La5 c r y s t a l l i n e  i n c l u s i o n s ,  i n  t h e  more d e t a i l e d  

X-ray scan,  even though none were d e t e c t e d  i n  t h e  previous "rough 

scan." The abso rp t ion  s p e c t r a  f o r  a few of t h e s e  l a t t e r  samples were 

a l s o  analyzed i n  t h e  normal way t o  s e e  i f  t h i s  amount of a  c r y s t a l l i n e  

phase would change t h e  r e s u l t s  ob ta ined .  It was found t h a t  t h e  

phys ica l  parameters  ob ta ined  d i d  not  change measurably f o r  samples 

v h e r e  X-ray d i f f r a c t i o n  showed a  c l e a r  i n d i c a t i o n  of about 5 t o  10% 

c r y s t a l s  i n  t h e  amorphous mat r ix .  Th i s  lends  suppor t  t o  t he  conclu- 

s i o n s  t h a t  t h e  phys i ca l  parameters  quoted i n  chapter  4 a r e  those of 

t h e  amorphous m a t e r i a l  and a r e  no t  i n f luenced  by any p o s s i b l e  micro- 

c r y s t a l l i n e  i n c l u s i o n s  p re sen t  below t h e  d e t e c t a b l e  l e v e l  of the  X-ray 

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

The as-quenched f o i l s  were t oo  t h i c k  t o  be app rop r i a t e  f o r  
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a b s o r p t i o n  experiments  and t h e r e f o r e  had t o  be thinned.  This  was 

accomplished by mechanical p o l i s h i n g  wi th  diamond p a s t e s  of 114 t o  

6 pm i t  s i z e 3 o 2 .  The samples were t y p i c a l l y  th inned  t o  15 t o  

20 ym, o r  about 1.5 abso rp t ion  depths ,  r e p r e s e n t i n g  a  compromise 

between t h e  c o n f l i c t i n g  d e s i r e s  of op t imiz ing  t h e  s i g n a l  t o  no i se  

r a t i ~ ( ~ ' ~ )  and reduc ing  t h e  " th ickness"  After  po l i sh ing  

t h e  samples became extremely r e a c t i v e ,  and would v i s i b l y  t a r n i s h  i n  a  

m a t t e r  of minutes  i f  l e f t  i n  a i r .  For t h i s  reason  they were 

immediately placed i n  a  sample chamber which was subsequent ly  purged 

wi th  He and then evacuated f o r  t h e  d u r a t i o n  of t h e  experiment.  A s  a 

r e s u l t  of t h i s  p r ecau t ion  t h e  s u r f a c e  of t h e  sample s u f f e r e d  no fu r -  

t h e r  deg rada t ion  dur ing  t h e  course  of t h e  experiment.  

Each sample was used i n  a  t o t a l  of 12 i n d i v i d u a l  measurements of 

t h e  abso rp t ion  c o e f f i c i e n t  i n  t h e  r e g i o n  around t h e  Ga K edge, each 

i n d i v i d u a l  scan  l a s t i n g  about  5  hours.  These 12 scans  were then 

combined toge the r  i n  o rde r  t o  provide a  form of s i g n a l  averaging,  a s  

well a s  t o  d i r e c t l y  provide an e s t i m a t e  of t h e  s t a t i s t i c a l  e r r o r s  

a s s o c i a t e d  wi th  t h e  measurement. 

The c r y s t a l l i n e  Ga2La samples were prepared by powdering a  por- 

t i o n  of an i n g o t ,  produced a s  desc r ibed  above, wi th  a  tungs ten  carb ide  

mor ta r  and p e s t l e .  Ga2La i s  extremely b r i t t l e ,  making t h e  product ion 

of a  very  f i n e  powder q u i t e  s t r a i g h t £  orward. The powder produced was 

e a s i l y  passed through a  400 mesh sc reen ,  i n d i c a t i n g  t h a t  t h e  v a s t  

m a j o r i t y  of t h e  powder p a r t i c l e s  were s i g n i f i c a n t l y  smal le r  than t h e  

38 pm maximum dimension passed by t h e  screen.  An o p t i c a l  microscope 

was used t o  confirm t h e  f a c t  t h a t  most of t h e  p a r t i c l e s  were c lo se r  t o  

15 o r  20 pm than 38 ym i n  diameter .  I n  o rde r  t o  f a c i l i t a t e  t h e  
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product ion  of unif  o m  powder samples of va r ious  th i cknesses ,  va r ious  

q u a n t i t i e s  of Ga2La powder were mixed w i t h  30 t o  50 mg of MgO which 

a c t e d  a s  a  f i l l e r .  The r e s u l t i n g  m i x t u r e  was t h e n  p r e s s e d  i n  a  112 

i n c h  d i e  t o  a  p r e s s u r e  of a b o u t  23,000 p s i ,  t h u s  p r o d u c i n g  a  s o l i d ,  

though f r a g i l e ,  d i s k  of a  t h i ckness  a p p r o p r i a t e  f o r  X-ray absorp t ion  

measurements. These d i sks  were then  sandwiched between two p ieces  of 

S c o t c h  t a p e  i n  o r d e r  t o  p r o v i d e  a  d e g r e e  of m e c h a n i c a l  i n t e g r i t y  t o  

t h e  specimen.  X-ray d i f f r a c t i o n  measu remen t s  on  t h e  f i n a l  powder 

compact con£ irmed t h a t  n e i t h e r  t he  powdering nor t h e  p re s s ing  induced 

any measurable change i n  t h e  s t r u c t u r e  or  t he  l a t t i c e  cons t an t s  of t he  

m a t e r i a l  away from the  publ i shed  values.  

3.2 DESCRIPTION OF THE EQUIPMENT 

A l l  abso rp t ion  s p e c t r a  were c o l l e c t e d  us ing  a pro to type  "in-lab" 

X-ray spec t rometer  designed by A r t  ~ i l l i a m s ' ~ ' ~ ) .  This  spec t rometer  

i s  d i sp layed  schemat i ca l ly  i n  f i g u r e  3.1 which i s  taken  d i r e c t l y  from 

r e f e r e n c e  3.5. The key  f e a t u r e  of t h i s  s p e c t r o m e t e r ,  a l t h o u g h  i t  i s  

by no means unique t o  t h i s  design, i s  t h e  use of a  Johansson geometry 

focuss ing  c r y s t a l  monochromator. The use of t h i s  c r y s t a l  may bes t  be 

d e s c r i b e d  w i t h  r e f e r e n c e  t o  t h e  d i a g r a m  i n  f i g u r e  3.2, where  t h e  

o p t i c s  a r e  descr ibed  i n  two dimensions. 

The c r y s t a l  i s  g round  and  b e n t  i n  such  a  way t h a t  i t s  s u r f a c e  

de f ines  a  c i r c l e  of r a d i u s  R, w h i l e  i t s  c r y s t a l  p lanes  l i e  on c i r c l e s  

of r a d i u s  2 R  (neg lec t ing  f o r  t h e  moment any v a r i a t i o n  from one plane 

t o  t h e  next). The c i r c l e  of r a d i u s  R i s  c a l l e d  t h e  Rowland c i r c l e  ( i n  

analogy with t h e  terminology used i n  t h e  a p p l i c a t i o n s  of curved d i f -  

f r a c t i o n  g r a t i n g s )  and  b o t h  t h e  s o u r c e  ( S )  and  t h e  d e t e c t o r  s l i t  (Dl 



- 
stepping motor drive 

Figure 3.1 Schematic diagram of the Johansson geometry X-ray 

spectrometer used. (Taken from reference (3.5)). 



Figure 3.2 Ray diagram f o r  a Johansson geometry focussing 

mono chr oma t or.  



must l i e  on t h i s  same c i r c l e .  It i s  a  s imple  geomet r i ca l  exe rc i se  t o  

n 
show t h a t  any a n g l e  SPD i n s c r i b e d  i n  t h e  Rowland c i r c l e  w i l l  be t h e  

same, i r r e s p e c t i v e  of t h e  p o s i t i o n  of t h e  p o i n t  P. Hence a l l  r a y s  

o r i g i n a t i n g  f r o m  S  a n d  s c a t t e r i n g  f r o m  t h e  c r y s t a l  s u r f a c e  t o  t h e  

p o i n t  D w i l l  be  s c a t t e r e d  t h r o u g h  t h e  same ang le .  I f  t h e  p l a n e s  i n  

t h e  c r y s t a l  can be c o n f i g u r e d  i n  s u c h  a  way a s  t o  e n s u r e  t h a t  t h e s e  

same r ays  make an ang le  w i t h  the  c r y s t a l  p lanes  which does not depend 

on the  p o s i t i o n  of inc idence  along the  c r y s t a l ,  then  i t  i s  c l e a r  t h a t  

a l l  r a y s  of a  g i v e n  e n e r g y  ( s p e c i f i e d  by t h e  a n g l e  of i n c i d e n c e  w i t h  

r e s p e c t  t o  the  c r y s t a l  p lanes)  e m i t t e d  from S and h i t t i n g  the  c r y s t a l ,  

w i l l  be  f o c u s s e d  o n t o  t h e  p o i n t  D ( a s s u m i n g  t h a t  t h e  a r c s  SX and X D  

a r e  he ld  equal so t h a t  t h e  Bragg a n g l e  i s  s imply 1 / 2  of the  s c a t t e r i n g  

a n g l e ) .  I t  i s  n o t  d i f f i c u l t  t o  show t h a t  t h i s  l a t t e r  c o n d i t i o n  i s  

s a t i s f i e d  by h a v i n g  t h e  c r y s t a l  p l a n e s  l i e  on c i r c l e s  of r a d i u s  2R, 

and t h a t  i n  t h i s  con f igu ra t ion  t h e  r e l e v a n t  Bragg ang le  f o r  r e f l e c t i o n  - 
i s  g i v e n  by 1 / 4  of t h e  a n g l e  SXD. 

The g r e a t  advantage of t h i s  type of monochromator, over a  s imple 

f l a t  c r y s t a l  monochromator, i s  t h a t  i t  a l l o w s  a  very  l a r g e  s o l i d  angle  

t o  be a c c e p t e d  f r o m  t h e  s o u r c e  w i t h  o n l y  a  m a r g i n a l  s a c r i f i c e  i n  

r e so lu t ion .  Thus t h i s  device  has been used t o  d e l i v e r  on the  order  of 

6 3x10 p h o t o n s  p e r  s econd  i n t o  a  1 0  eV window a t  a b o u t  9 keV, u s i n g  a  

f i x e d  anode Mo X-ray tube  ope ra t ing  a t  20 kV and 24 m k  Although the  

f l u x e s  and r e s o l u t i o n  of cu r r en t  synchrotron sources  a r e  s i g n i f i c a n t l y  

supe r io r  t o  t h a t  ob ta ined  here ,  t h e  f a c t  t h a t  t h i s  spec t rometer  can be 

used a s  a  dedica ted  f a c i l i t y  means t h a t  such spec t rome te r s  may have a  

d e f i n i t e  p lace  i n  r e s e a r c h  l a b s  where X-ray a b s o r p t i o n  may be des i r ed  

a s  a  s tandard  tool .  
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Ref e r r i n g  once  a g a i n  t o  f i g u r e  3.1 i t  i s  s e e n  t h a t  t h e  ene rgy  

focussed by the  c r y s t a l  may e a s i l y  be changed us ing  a  s i n g l e  s tepping - 
motor motion t o  change t h e  ang le  SX . The mechanical l inkage shown 

h h 

ensures  t h a t  t he  two ang le s  SX and XD a r e  kept  equal ,  a l lowing  the  

focuss ing  cond i t i on  t o  be main ta ined  over a  l a r g e  angular  range ( ~ r a g g  

ang le s  between 9 and 61 degrees can be e a s i l y  accommodated). 

The spec t rometer  used has  a  Rowland c i r c l e  r a d i u s  of 40 cm and an  

a n g u l a r  r e s o l u t i o n  of a p p r o x i m a t e l y  2.7 p r a d  ( o r  .6 a r c  s e c )  i n  t h e  

drive. Play i n  t h e  mechanical l inkage  a s  w e l l  a s  i n  t h e  d r i v e  i t s e l f ,  

r e s u l t s  i n  a  backlash of approximately 6.8 mrad. However, f o r  a  given 

experiment,  p o s i t i o n  r e p r o d u c i b i l i t y  i s  b e t t e r  than 20 vrad. Near t h e  

Ga K e d g e ,  where  t h e  m a j o r i t y  of t h e  m e a s u r e m e n t s  r e p o r t e d  i n  t h i s  

work were taken, t h i s  corresponds t o  an energy s e t t i n g  r e p r o d u c i b i l i t y  

of b e t t e r  t h a n  1 eV f r o m  one  r u n  t o  t h e  nex t .  T h i s  l e v e l  of r e p r o -  

d u c i b i l i t y  i s  i m p o r t a n t  i f  t h e  p r a c t i c e  of a d d i n g  t h e  r e s u l t s  of 

s e v e r a l  runs  toge the r  i s  t o  be used f o r  s i g n a l  averaging. 

The spec t rometer  was c a l i b r a t e d  by measuring t h e  i n t e n s i t y  of the  

r a d i a t i o n  p r o v i d e d  by t h e  X-ray t u b e  a s  a  f u n c t i o n  of e n e r g y  ove r  a n  

energy i n t e r v a l  of one o r  two keV. Inva r i ab ly  a  number of charac te r -  

i s t i c  l i n e s  f r o m  t h e  numerous  i m p u r i t i e s  i n  t h e  anode  of t h e  t u b e  

would be seen i n  such a  scan. A subse t  of t hese  l i n e s  ( t y p i c a l l y  t he  

4 t o  7 most i n t e n s e  l i n e s )  would be i d e n t i f i e d  and t h e i r  known angular  

p o s i t i o n s  computed f r o m  t a b u l a t e d  v a l u e s  f o r  t h e i r  e n e r g i e s  (3.6) 

S i n c e  t h e  d r i v e  i s  l i n e a r  i n  t h e  Bragg a n g l e  a  l i n e a r  l e a s t  s q u a r e s  

f i t  was t h e n  made t o  t h e  above  s e t  of a n g l e s  and  a n  e n e r g y  s c a l e  

c o r t e s p o n d i n g  t o  t h i s  a n g u l a r  s c a l e  was computed. T h i s  done, t h e  

dev ia t ions  of t h e  d r i v e  from p e r f e c t  l i n e a r i t y  were inves t iga t ed  by 
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r eco rd ing  the  p o s i t i o n  of a l l  l i n e s  i n  t h e  scan wi th  r e s p e c t  t o  t h e  

newly cons t ruc t ed  energy a x i s .  I n  no case  was t h e  energy of a  l i n e  

computed from t h i s  procedure found t o  d i f f e r  by more than 2 eV from 

t h e  publ i shed  energy f o r  t h a t  l i n e .  I n  f a c t  most d e v i a t i o n s  were l e s s  

t han  1 eV except  f o r  l i n e s  which were ve ry  f a i n t .  A sample ca l i b r a -  

t i o n  scan used f o r  measurements of Ga edges i s  shown i n  f i g u r e  3 . 3 .  

The spec t rometer  alignment i s  a  comparatively s t r a igh t fo rward ,  

though r a t h e r  t ime consuming procedure.  F i r s t  an alignment j i g  i s  

used t o  s e t  t h e  d e t e c t i o n  s t a g e  a t  a  d i s t a n c e  of 40.0 cm, and the  

c r y s t a l  and anode pos t ions  a t  a  d i s t a n c e  of about 40 cm., from t h e  

c e n t r a l  a x i s  of t h e  machine. The in-plane t i l t  ang le  of t he  c r y s t a l  

i s  then a d j u s t e d  f o r  maximum i n t e n s i t y  a t  t h e  d e t e c t o r ,  f o r  a  given 

energy s e t t i n g ,  say  El. A d i f f e r e n t  energy, E2 , i s  then s e l e c t e d  

( t y p i c a l l y  one which d i f f e r s  by about 150,000 motor s t e p s  from El) and 

t h e  p o s i t i o n  of t h e  source  (along i t s  arm from t h e  spectrometer  a x i s )  

i s  v a r i e d  u n t i l  t h e  maximum i n t e n s i t y  i s  seen a t  t h e  d e t e c t o r .  I f  a  

change i n  t h e  source  p o s i t i o n  of 6s i s  r e q u i r e d  then a  new source  

p o s i t i o n  i s  s e l e c t e d  a s  -0.3 6 s  from t h e  s e t t i n g  used a t  energy El. 

The spectrometer  i s  then r e s e t  t o  energy El and the  process  i s  re- 

peated.  Typ ica l ly  t h i s  procedure w i l l  converge af t e r  only a  few 

i t e r a t i o n s ,  and t h e  r e s u l t  i s  t h a t  t h e  source and d e t e c t o r  s l i t  w i l l  

now be a t  t h e  same d i s t a n c e  from t h e  spectrometer  a x i s .  Obviously t h e  

d i s t a n c e  between El and E2 should be i nc reased  a s  t h e  aligmnent im-  

proves s i n c e  t h i s  w i l l  i n c r e a s e  t h e  s e n s i t i v i t y  of t h e  procedure.  

Equal ly  obvious ly ,  both e n e r g i e s  should be chosen t o  l i e  i n  a  f l a t  

p a r t  of t h e  source  spectrum ( i . e .  w e l l  away from any c h a r a c t e r i s t i c  

l i n e s ) .  



Figure 3 .3  Energy dependence of photon f l u x  from the Mo X-ray 

tube used f o r  measurements of Ga EXAFS. The two 

groups of l i n e s  are  W Lg and W L , and the  Ga Y 
edge occurs a t  an energy of about 10.37 keV. 
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Afte r  t h e  s o u r c e  and d e t e c t o r  p o s i t i o n s  have been de te rmined  a s  

o u t l i n e d  above,  t h e  p o s i t i o n  of t h e  c r y s t a l  shou ld  be  v a r i e d  t o  o p t i -  

m i z e  t h e  i n t e n s i t y  o r  r e s o l u t i o n ,  depending on t h e  r e q u i r e m e n t s  of t h e  

p a r t i c u l a r  exper iment .  The f i n a l  s t a g e  of t h e  a l i g n m e n t  r e q u i r e s  

moving t h e  s o u r c e ,  c r y s t a l ,  and d e t e c t o r  s t a g e s  i n  o r  o u t  uniformly i n  

c a s e  t h e  c r y s t a l  used  h a s  a  r a d i u s  which d i f f e r s  s l i g h t l y  from t h e  

s p e c i f i e d  40.00 cm. T h i s  l a s t  s t a g e  of a l ignment  i s  t h e  most t ime  

consuming and h a s  g e n e r a l l y  been found t o  produce o n l y  s l i g h t  d i f -  

f e r e n c e s  i n  t h e  s p e c t r o m e t e r  performance.  

The s o u r c e  used  i n  t h i s  v o r k  v a s  a  s t a n d a r d  1.8 kW Mo anode s e a l e d  

X-ray tube  w i t h  a  long  f i n e  f o c u s  beam geometry ( f o c a l  s p o t  0 . 4 ~ 1 2  

m). The a v e r a g e  take-off  a n g l e  v a s  r o u g h l y  6' which g i v e s  a  pro- 

j e c t e d  s o u r c e  w i d t h  of o n l y  0.04mm. The d e t e c t o r  s l i t s  were  t y p i c a l l y  

0.075 t o  0.15 mm wide ,  and u s i n g  t h i s  i n f o r m a t i o n  a  rough e s t i m a t e  of 

t h e  energy r e s o l u t i o n  of t h e  s p e c t r o m e t e r  may be computed from t h e  

f o l l o v i n g  r e l a t i o n ,  which was g i v e n  by Knapp ( 3 * 7 )  f o r  a  s i m i l a r  

s p e c t r o m e t e r .  

2  where A = c o s  9 = 4 d " ~ ~  - hLcL 
B = 1.0 

4 d 2 ~ 2  

Here  Ws and Wd a r e  t h e  w i d t h s  of t h e  s o u r c e  and t h e  d e t e c t o r  s l i t s  

r e s p e c t i v e l y .  H i s  t h e  h e i g h t  of t h e  s o u r c e  and t h e  d e t e c t o r  s l i t s  

which i s  t a k e n  t o  be t h e  same i n  bo th  c a s e s ,  R i s  t h e  Bowland c i r c l e  

r a d i u s ,  eB i s  t h e  Bragg a n g l e ,  and u i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  of 

t h e  c r y s t a l .  F i g u r e  3.4 d i s p l a y s  t h e  r e s u l t s  of t h i s  c a l c u l a t i o n ,  



Figure 3.4 Energy reso lu t ion  of the spectrometer. So l id  curves 

g ive  the  r e s u l t  of ca l cu la t ions  based on equation 

(3 .1)  f o r  G e ( l l 1 )  with a  .003" detector  s l i t  and f o r  

~ i ( 4 0 0 )  wi th  a  .006" detector s l i t .  Dashed curves 

are  provided t o  a i d  the  eye i n  fo l lowing the  trend 

defined by the experimental points .  
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a long  wi th  t h e  a c t u a l  r e s o l u t i o n  ob t a ined ,  f o r  t h e  v a r i o u s  c r y s t a l s  

used. A s  should be expected t h e  r e s o l u t i o n  obta ined  i s  s i g n i f i c a n t l y  

worse than t h a t  p r ed i c t ed  on t h e  b a s i s  of equa t ion  3.1, s i n c e  t h i s  

equa t ion  i s  based on an i d e a l  geometry which i g n o r e s  a l l  c r y s t a l  

impe r f ec t ions  and e r r o r s  i n  t h e  alignment of t h e  spec t rometer .  

The r e s o l u t i o n  of t h e  spectrometer  was measured by c a r e f u l l y  

r eco rd ing  the  p r o f i l e s  of t h e  c h a r a c t e r i s t i c  l i n e s  from t h e  i m p u r i t i e s  

i n  t h e  anode. Assuming t h a t  t h e s e  p r o f i l e s  a r e  due t o  a  Lorentzian 

l i n e  of known width,  convolved wi th  a  Gaussian r e s o l u t i o n  f u n c t i o n  of 

unknown width,  t h e  r e s o l u t i o n  was determined by vary ing  t h e  width of 

t h e  Gaussian u n t i l  a  b e s t  f i t  was ob ta ined  ( 3 . 8 )  

The c r y s t a l s  used i n  t h i s  t h e s i s  a r e  l i s t e d  below i n  t a b l e  3.1,  

a long  with t h e i r  u s e f u l  energy ranges ,  when used in first order. This 

u s e f u l  range i s  determined by such cons ide ra t i ons  a s  a v a i l a b l e  f l u x ,  

and r e s o l u t i o n ,  t h e  minimum anode p o t e n t i a l  a v a i l a b l e  f o r  t h e  source  

(15 kV), and t h e  phys i ca l  c o n s t r a i n t s  of t h e  spectrometer 's  angular  

range. 

TABLE 3.1 

Useful energy range f o r  t h e  c r y s t a l s  used i n  t h i s  work 

CRYSTAL %in  %ax 

It i s  seen t h a t  t h e  G e ( l l 1 )  c r y s t a l  i s  a p p r o p r i a t e  f o r  measurements on 
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3d t r a n s i t i o n  element compounds, and indeed t h i s  c r y s t a l  has  been used 

f o r  measurements of t h e  edges of Fe, N i  and Cu. For t h i s  c r y s t a l  t h e  

l w e r  energy l i m i t  i s  s e t  both by a  dec reas ing  i n t e n s i t y  and t h e  15 kV 

minimum p o t e n t i a l  s e t t i n g  of t h e  source.  Although an i d e a l  c r y s t a l  of 

t h i s  o r i e n t a t i o n  has  an  e x t i n c t  second o rde r  r e f l e c t i o n ,  t h e  d i s t o r -  

t i o n s  produced by t h e  cu rva tu re  of t h e  c r y s t a l  a r e  s u f f i c i e n t  t o  a l low 

a  ve ry  weak second o rde r  r e f l e c t i o n  t o  e x i s t .  The i n t e n s i t y  of t h i s  

second o r d e r  r e f l e c t i o n  i s  approximately 0.1% of t h e  primary beam. 

Never the less ,  t h i s  may be s u f f i c i e n t  t o  cause problems i n  r eg ions  near 

s t r o n g  c h a r a c t e r i s t i c  l i n e s  i n  t h e  spectrum of t h e  source.  For t h i s  

r ea son  i t  may be d e s i r a b l e  t o  run  t h e  source  a t  a  p o t e n t i a l  l e s s  than 

2 t imes t h e  energy of i n t e r e s t ,  r a t h e r  than t h e  3  t imes one might ex- 

pect,  i f  the  r eg ion  being i n v e s t i g a t e d  con ta in s  a m e  c h a r a c t e r i s t i c  

l i n e s  i n  t h e  source  spectrum. The upper l i m i t  of t h e  energy range of 

t h i s  c r y s t a l  i s  set p r imar i l y  by t h e  r a p i d l y  dec reas ing  energy 

r e s o l u t i o n  a t  e n e r g i e s  near  10 keV. 

The Si(400)  c r y s t a l  has been used s u c c e s s f u l l y  f o r  measurements a t  

t h e  Ga K edge (10.4 keV), but could no t  be used a t  ene rg i e s  l e s s  than 

t h i s  due t o  i n s u f f i c i e n t  f l u x .  A t  h igher  ene rg i e s  t h e  r e s o l u t i o n  

s t a r t s  t o  drop of f  due t o  t h e  small  abso rp t ion  c o e f f i c i e n t  of S i .  By 

c a r e f u l l y  l i m i t i n g  t h e  v e r t i c a l  divergence of t h e  beam, i t  may be 

p o s s i b l e  t o  ex tend  t h e  range of t h i s  c r y s t a l  up t o  t h e  edge of Br 

(13.5 k e ~ ) ,  however t h i s  has  no t  y e t  been demonstrated. 

The spec t rometer  i s  c o n t r o l l e d  by a  pro to type  "black-box'' based 

on a  6502 microprocessor ,  and designed by Douglas Whiting. This  con- 

t r o l l e r  i s  a b l e  t o  r eco rd  both i n c i d e n t  and t r a n s m i t t e d  i n t e n s i t i e s  a t  

up t o  1024 d i f f e r e n t  energy s e t t i n g s ,  which may o r  may no t  be evenly 



s p a c e d  i n  ang le .  I n t e n s i t y  i s  r e c o r d e d  a s  a  number  w h i c h  i s  e i t h e r  

e q u a l  t o ,  o r  p r o p o r t i o n a l  t o ,  t h e  number of p h o t o n s  d e t e c t e d  d u r i n g  

t h e  c h a n n e l  d w e l l  t i m e .  The r e c o r d i n g  t i m e  t a k e n  f o r  e a c h  e n e r g y  

s e t t i n g  may be determined by e i t h e r  a  predetermined l eng th  of t ime, o r  

by the  t ime it t a k e s  t o  accumulate  a  predetermined number sf  counts  i n  

t h e  t r a n s m i t t e d  beam de tec tor .  Upon complet ion of t h e  experiment t h e  

r e c o r d e d  d a t a  may be t r a n s f e r r e d  t o  a  h o s t  compu te r  o v e r  a  s t a n d a r d  

RS-232 d a t a  l ink .  

The X-rays a r e  de t ec t ed  us ing  e i t h e r  an i o n i z a t i o n  chamber o r  a 

~ a I ( T 1 1  s c i n t i l l a t i o n  d e t e c t o r ,  depend ing  on t h e  a v a i l a b l e  f l u x  of 

4 photons. I f  t h e  d e t e c t o r  s ees  a t  l e a s t  5x10 photons per  second then  

a n  accep tab le  l e v e l  of no i se  i s  ob ta ined  us ing  a n  i o n i z a t i o n  chamber. 

A t  lower f l u x e s  t h e  no i se  i n  t h e  cu r r en t  t o  frequency conver te r  used 

i n  conjunct ion  w i t h  t h e  chamber (see f i g  3.5) dominates the  s t a t i s -  

t i c a l  noise,  and t h e r e f o r e  d i s c r e t e  photon counting i s  required.  The 

~z t I (T1)  d e t e c t o r  i s  used w i t h  a n  Ortec model 579 " f a s t  f i l t e r "  nuc lear  

ampl i f i e r .  With t h e  shaping t i m e s  of t h i s  a m p l i f i e r  s e t  t o  100 nsec 

t h e  measu red  dead  t i m e  of t h e  t o t a l  pho ton  c o u n t i n g  c i r c u i t  i s  

4 approximately 1.3 usec. Even a t  count r a t e s  of 5x10 t h i s  l eads  t o  a  

dead t i m e  c o r r e c t i o n  of o n l y  6% a n d  h e n c e  t h e  u s e a b l e  r a n g e s  of t h e  

t w o  t y p e s  of d e t e c t o r s  compl imen t  each  o t h e r  n i c e l y .  N a t u r a l l y  a n  

i o n i z a t i o n  chamber was always used t o  monitor  t h e  inc iden t  beam in- 

t e n s i t y .  

The i o n i z a t i o n  chambers used were cons t ruc t ed  us ing  6061 aluminum 

p a r t s  t o  l i m i t  t h e  e f f e c t  of p o s s i b l e  f luorescence  from t h e  w a l l s  and 

t e f l o n  i n s u l a t i o n  was  used  t h r o u g h o u t  t o  l i m i t  l e a k a g e  c u r r e n t s .  

G r e a t  c a r e  was  t a k e n  d u r i n g  a s s e m b l y  t o  remove  a l l  g r e a s e  f rom t h e  



Figure 3 .5  Electronics  used t o  convert the pico-amp currents 

provided by the i on iza t ion  chambers t o  the TTL 

pulse t r a i n  measured by the contro l l er .  



i n s i d e  of t h e  d e t e c t o r s  t o  k e e p  l e a k a g e  t o  a  minimum a s  w e l l .  

General ly  A r  was used a s  a  f i l l  ga s  a s  a  compromise between d e t e c t o r  

t h i ckness  and cost.  The inc iden t  beam chamber was charged w i t h  suff  i- 

c i e n t  pressure  t o  absorb between 20 and 40% of t he  beam. Under i d e a l  

c i rcumstances  t h e  inc iden t  chamber should only absorb about 20% of 

t h e  beam f o r  op t ima l  s i g n a l  t o  however, a  s l i g h t l y  t h i c k e r  

d e t e c t o r  was s o m e t i m e s  needed  i n  o r d e r  t o  m a i n t a i n  a  coun t  r a t e  of 

5x10~. The i o n i z a t i o n  chambers were b iased  w i t h  a t  2358 b a t t e r y  and 

t h e y  were  c o n n e c t e d  t o  t h e  c u r r e n t  t o  f r e q u e n c y  c o n v e r t e r s  t h r o u g h  

s p e c i a l  low no i se  coax ia l  cab le s  (amphenol 21-537) a s  recommended by 

(3.9) Spokas  and  Meeker . 
The c u r r e n t  t o  f r e q u e n c y  c o n v e r t e r s  u sed  w i t h  t h e  i o n i z a t i o n  

chambers a r e  descr ibed  i n  f i g u r e  3.5. The l o l o  ohm r e s i s t o r s  used i n  

t h e  p r e a m p l i f i e r s  f o r  t h e  c u r r e n t  t o  f r e q u e n c y  c o n v e r t e r s  w e r e  ob- 

t a i n e d  form Victoreen Nuclear and t h e  c a p a c i t o r  i n  p a r a l l e l  w i t h  t h i s  

r e s i s t o r  uses polys tyrene  a s  a  d i e l e c t r i c  i n  o rde r  t o  provide s u f f i -  

c i e n t l y  low l e a k a g e .  The Analog D e v i c e s  model  310K op  amps used  i n  

t h e  p reampl i f i e r  a r e  designed t o  have extremely high input  impedence, 

low vo l t age  d r i f t  and low input  b i a s  current .  These c h a r a c t e r i s t i c s  

a r e  necessary s i n c e  t h e  c u r r e n t s  being measured a r e  t y p i c a l l y  on t h e  

o rde r  of pico-amps. Af t e r  preamplif  i c a t i o n  t h e  s i g n a l  i s  f e d  i n t o  a  

v a r i a b l e  g a i n  a m p l i f i e r  and t h e n c e  i n t o  a  0-10V, 1 MHz v o l t a g e  

c o n t r o l l e d  o s c i l l a t o r  (VCO). The o u t p u t  f r o m  t h e  VCO i s  t h e n  f e d  

d i r e c t l y  i n t o  t h e  i n p u t  of t h e  c o n t r o l l e r  wh ich  h a s  TTL c o u n t e r s  

a c t i n g  a s  a  high speed f r o n t  end t o  t h e  6502 microprocessor.  

When t h e  s c i n t i l l a t o r  d e t e c t o r  was used f o r  t h e  t r a n s m i t t e d  beam 

a  s i n g l e  channel ana lyze r  was r e q u i r e d  t o  d i s c r i m i n a t e  a g a i n s t  no i se  
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pu l se s  and cosmic r a y s  and t o  provide TTL compatible pu l se s ,  s u i t a b l e  

f o r  process ing  by t h e  microprocessor .  In  a d d i t i o n  wi th  t h i s  type of 

d e t e c t o r ,  a  multi-channel ana lyzer  was used t o  determine t h e  maximum 

allowed p o t e n t i a l  on t h e  source anode. The p o t e n t i a l  used Wa6 chosen 

so  t h a t  no i n d i c a t i o n  of a  peak corresponding t o  a  harmonic r e f l e c t i o n  

was seen a t  t he  minimum energy s e t t i n g  of the  spec t rometer  used i n  the  

experiment of i n t e r e s t .  

One of t he  most troublesome problems encountered when measuring 

EXAFS on in - l ab  spec t rometers  i s  t h e  appearance of c h a r a c t e r i s t i c  

l i n e s  i n  t h e  source spectrum, and t h e  e f f e c t  t hese  l i n e s  have on t h e  

measured abso rp t ion  c o e f f i c i e n t .  An analogous problem a r i s i n g  from 

g l i t c h e s  i n  t h e  monochromator output  has  a l s o  plagued synchrotron 

users. 0*10) Although the  response of t he  e l e c t r o n i c s  used i n  t he  

i o n i z a t i o n  chamber i s  h igh ly  l i n e a r  wi th  r e spec t  t o  changes i n  

measured i n t e n s i t y ,  small  o f f s e t s  can l ead  t o  s i g n i f i c a n t  e f f e c t s  i n  

t h e  reg ion  around a  s t rong  l i n e  i n  t h e  source spectrum. I n  a d d i t i o n ,  

i t  should be noted t h a t  t h e  appearance of a  l i n e  i n  t he  source i s  not 

simply equiva len t  t o  an i n c r e a s e  i n  source i n t e n s i t y !  This  inequi-  

va lence  i s  due t o  t h e  f i n i t e  energy r e s o l u t i o n  of t h e  spectrometer  and 

t h e  f a c t  t h a t ,  f o r  a  given energy s e t t i n g ,  d i f f e r e n t  a r e a s  of the  

sample w i l l  be sampling s l i g h t l y  d i f f e r e n t  energ ies .  I f  a l l  por t ions  

of the  beam were t r e a t e d  i d e n t i c a l l y  t h i s  would s t i l l  no t  present  a  

problem. However, i n v a r i a b l y  some po r t ions  of t h e  beam w i l l  have 

s l i g h t l y  d i f f e r e n t  e f f e c t i v e  ga ins  i n  t h e  two d e t e c t o r s .  These var ia -  

t i o n s  i n  e f f e c t i v e  ga in  could be due t o  such e f f e c t s  a s  v a r i a t i o n s  i n  

sample th i ckness ,  o r  f luorescence  o f f  of t he  d e t e c t o r  s l i t ,  sample 

holder  o r  back w a l l  of t h e  I t  i o n i z a t i o n  chamber. 
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To s e e  t h e  r e s u l t  of t h e  a b o v e  d i s c u s s e d  e f f e c t ,  c o n s i d e r  t h e  

f o l l o w i n g  s i m p l i f i e d  model .  Assume t h a t  t h e  t w o  d e t e c t o r s  h a v e  

n o m i n a l  g a i n s  G,(E) a n d  G t ( ~ )  r e s p e c t i v e l y ,  a n d  t h a t  f o r  a  g i v e n  

s p e c t r o m e t e r  s e t t i n g  t h e  beam i s  composed of t h e  c e n t r e  energy  p l u s  a  

s m a l l  amount of f l u x  a t  a n  energy which d i f f e r s  from t h i s  by a  s m a l l  

a m o u n t  ( s a y  E + ~ E ) .  F u r t h e r m o r e  a s s u m e  t h a t  t h e  t r a n s m i t t e d  beam 

d e t e c t o r  h a s  a  s l i g h t l y  d i f f e r e n t  e f f e c t i v e  g a i n  f o r  t h e  second com- 

p o n e n t  of t h e  beam t h a n  i t  h a s  f o r  t h e  p r i m a r y  component  (e.g. a s  

would happen i f  a  s m a l l  p a r t  of t h e  upper e x t r e m i t y  of t h e  sample was 

s l i g h t l y  t h i n n e r  t h a n  t h e  r e s t ) .  I n  w h a t  f o l l o w s  t h i s  d i f f e r e n c e  i n  

e f f e c t i v e  g a i n  i s  a c c o u n t e d  f o r  by a  f a c t o r  a . I f  M o  a n d  M t  a r e  t h e  

measured i n t e n s i t i e s  (expressed  a s  a  t o t a l  number of c o u n t s  i n  a  g i v e n  

t i m e ) ,  t h e n  t h e  measured a b s o r p t i o n  c o e f f i c i e n t  w i l l  be o b t a i n e d  from 

t h e  r a t i o :  

which may be r e w r i t t e n  a s  : 

CY I ( E + 6 E )  at I t ( E  + BE) 
0 0 

( 3 . 3 )  
- -  

G, (E)  I t  (0 

I f  t h e  v a r i a t i o n  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  w i t h  e n e r g y  c a n  be 

n e g l e c t e d ,  t h e n  t h e  above e x p r e s s i o n  r e d u c e s  t o :  



Here the  e x p l i c i t  E dependence of t he  G's and 1's has  been suppressed, 

a n d  a  new v a r i a b l e  B = a  / G e s  been  i n t r o d u c e d  f o r  n o t a t i o n a l  

convenience, The above f i n a l l y  imp1 i e s  t h a t  t h e  measured abso rp t ion  

c o e f f i c i e n t  w i l l  be: 

Go (E) 
General ly  .--- w i l l  be a  smooth f u n c t i o n  of the  photon energy and 

Gt (El 

t h i s  w i l l  not i n f luence  the  experiment a s  such v a r i a t i o n s  a r e  removed 

i n  t h e  a n a l y s i s  ( s e e  s e c t i o n  2.3). However t h e  d e r i v a t i v e  of I. can  

be s i g n i f i c a n t  i n  t h e  r e g i o n  of a  c h a r a c t e r i s t i c  P i n e ,  and  s o  t h e  

r e l e v a n t  equat ion  i s :  

I t  i s  comparat ively s imple  t o  l i m i t  t h i s  second term t o  order  1% of 

t h e  f i r s t ,  a l though r educ t ion  below t h i s  l e v e l  can be q u i t e  d i f f i c u l t  

i n  t h e  v i c i n i t y  of a  c h a r a c t e r i s t i c  l i n e .  However, a t  a  s u f f i c i e n t  

d i s t a n c e  from the  edge t h e  v a r i a t i o n s  i n  t h e  abso rp t ion  c o e f f i c i e n t  of 

i n t e r e s t  can  a l s o  be s i g n i f i c a n t l y  l e s s  t h a n  1% of t h e  t o t a l  

abso rp t ion ,  and theref  ore  s e r i o u s  contaminat ion  of t he  da t a  can a r i s e  

from the  presence of c h a r a c t e r i s t i c  l i n e s  i n  t h e  inc iden t  spectrum. 

A demonst ra t ion  of t h i s  problem i s  g iven  i n  f i g u r e  3.6. Here t h e  

abso rp t ion  c o e f f i c i e n t  of Cu was measured near  t h e  WL q u a r t e t ,  which 

i s  600 t o  1000 eV above  t h e  Cu K edge. The d i f f e r e n c e  be tween  t h e  



v a r i o u s  curves i s  t h e  amount of l e a d  tape placed i n  t h e  peripheral  

regions of the sample. The derivative shape predicted by equation 3.6 

i s  c l e a r l y  seen. Note that  i n  some c a s e s  even comparatively weak 

l i n e s  can produce sizeable e f fec t s .  
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Figure 3 .6  Detector n o n l i n e a r i t i e s  i n  the reg ion of the W L 

mul t ip l e t .  a ) .  Incident i n t e n s i t y  a s  a funct ion  of 

energy. b ) .  Unscaled absorptance. Different  curves 

correspond t o  d i f f erent  amounts of lead tape a t  the 

periphery of the sample. 
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4  EXPERIMENTAL RESULTS AND ANALYSIS 

4.1 La-Ga ALLOY SYSTEM 

The bulk of t he  work f o r  t h i s  t h e s i s  has been performed on binary 

m e t a l l i c  a l l o y s  from t h e  La-Ga system. The phase diagram f o r  t h i s  

sys tem i s  t y p i c a l  of a  l a r g e  number of g l a s s  fo rming  sys tems  and i s  

shown i n  f i gu re  4.1. The canonical deep eu t ec t i c  appears a t  a  compo- 

s i t i o n  of 20 X Ga, and, w i t h  t h e  e x c e p t i o n  of t h e  phase  L a 3 ~ a ,  a l l  

c r y s t a l l i n e  compounds i n  the  eystem have a t  l e a s t  some of the  consti- 

tuen t  Ga atoms i n  the  t r igona l  prisms of La atoms used by Gaskell i n  

h i s  model of amorphous me ta l l i c  structure.  The g l a s s  forming region 

of t h i s  sys tem has  been r e p o r t e d  t o  ex tend  from 16 t o  28% Ga (4e2), 

and t h e  current s tudy  i n v e s t i g a t e s  g l a s s e s  with 20, 24 and 28% Ga. 

The t h e o r e t i c a l  s c a t t e r i n g  f u n c t i o n s  t a b u l a t e d  by Teo and ~ e e ( ~ . ~ )  

have been used i n  t h e  a n a l y s i s  of t h e  EXAFS s p e c t r a  c o l l e c t e d  f o r  

these amorphous samples. However, f i r s t  a  study of one of the  crys- 

t a l l i n e  compounds of t h i s  sys tem was under taken  t o  de t e rmine  t h e  

funct ion sO2(k) and an appropriate value f o r  t h e  threshold energy Eo. 

The compound Ga2La was chosen s i n c e ,  among t h o s e  i n  t h e  phase 

diagram, it i s  t he  e a s i e s t  t o  work wi th  experimentally. This compound 

has the  A12B s t ruc tu r e  which i s  described diagrammatically i n  f igure  

4.2. I n  l i n e  wi th  what vas  mentioned above, the  basic  s t ruc tu r a l  un i t  

of  t h i s  compound i s  a  p a i r  of  La t r i g o n a l  p r i sms ,  s h a r i n g  a  common 

f a c e ,  w i t h  a  Ga atom s i t u a t e d  i n  each prism. I n  t h i s  s t r u c t u r e  each 

G a  atom has  t h r e e  in -p lane  Ca ne ighbours  a s  w e l l  a s  t h e  s i x  La 

ne ighbours  fo rming  t h e  t r i g o n a l  prism. The Ga ne ighbours  a r e  a t  a  

d i s t a n c e  of 2.494 A, i n d i c a t i n g  a  degree  of covalency i n  t h e  bonding 

between these atoms, whereas t h e  La atoms a r e  a t  a  d is tance of 3.3318 
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Figure 4.1 Phase diagram for  the La-Ga a l l o y  system. ( ~ a k e n  

from reference  4 .1) .  



Figure 4 .2  Basic u n i t ,  and arrangement of these u n i t s ,  i n  

x-GaZLa ( A L B ~  s t r u c t u r e ) ,  



which i s  roughly t h e  sum of t h e  Goldschmidt r a d i i  of t h e  two atoms. 

EXAFS s p e c t r a  f o r  t h i s  m a t e r i a l  were measured on powder samples 

whose p r e p a r a t i o n  was descr ibed  i n  chap te r  3. The r e s u l t i n g  spectrum 

i s  d isp layed  i n  f i g u r e  4.3 along w i t h  t h e  window app l i ed  t o  t h e  d a t a  

b e f o r e  c o m p u t a t i o n  of t h e  F o u r i e r  t r a n s f o r m .  The wave v e c t o r  a x i s  

u s e d  i n  t h i s  f i g u r e  was c o n s t r u c t e d  w i t h  t h e  t h r e s h o l d  e n e r g y  s e t  

e q u a l  t o  10.376 key ,  wh ich  i s  7 eV above  t h e  i n f l e c t i o n  p o i n t  of  t h e  

measu red  a b s o r p t i o n  edge. F i g u r e  4.4 d i s p l a y s  t h e  m a g n i t u d e  of t h e  

Four i e r  t ransform obta ined  from t h e  d a t a  given i n  f i g u r e  4.3. It i s  

a p p a r e n t  f r o m  t h i s  f i g u r e  t h a t  t h e  La peak  a t  a b o u t  3.0 A c o u l d  be 

s e r i o u s l y  contaminated by t h e  s i d e  lobe  c o n t r i b u t i o n s  from t h e  main Ga 

peek at 2 2  A, even though the i n p u t  t~ the t r a n s f o r m  was w e i g h t e d  

w i t h  k 2  and  a  t a p e r e d  window was  a p p l i e d  t o  t h e  s p e c t r u m  b e f o r e  

c o m p u t i n g  t h e  t r a n s f o r m .  Fo r  t h i s  r e a s o n  t h e  measu remen t  of  s02 (k )  

and Eo was based on t h e  Ga s h e l l  i n  Ga2La, even though t h e  Ga EXAFS i n  

t h e  g l a s s e s  was expected t o  be dominated by La neighbours. 

The c o n t r i b u t i o n  of t h e  Ga s h e l l  t o  t h e  measured EXAFS was iso-  

l a t e d  u s i n g  t h e  window shown i n  f i g u r e  4.4, and t h e  r e s u l t i n g  band 

p a s s  f i l t e r e d  EXAFS s p e c t r u m  i s  shown i n  f i g u r e  4.5, a l o n g  w i t h  t h e  

f i t  o b t a i n e d  f o r  t h i s  s p e c t r u m  u s i n g  e q u a t i o n  (2.10) and  t h e  s c a t -  

t e r i n g  f u n c t i o n s  o f  Teo and  Lee  (4*3). I n  p e r f o r m i n g  t h i s  f i t  t h e  

r e s o l u t i o n  of t h e  spec t rometer  was accounted f o r  i n  t h e  approximate 

manner suggested by Lengeler  and Eisenberger  (4*4? The s e l e c t i o n  of 

op t ima l  va lues  f o r  t h e  parameters  i n  t h e  model used was achieved using 

t h e  gene ra l  "Var iab le  Metric" a l g o r i t h m  of  F l e t c h e r  a n d  P o w e l l  (4.5). 

It was  found  t h a t  t h e  f i t t i n g  p r o c e d u r e  used  c o u l d  e a s i l y  become 

t rapped  i n  l o c a l  minima. Care must t h e r e f o r e  be taken  t o  i n v e s t i g a t e  





Figure 4.4 Magnitude of the Fourier transform (~eriodogram) 

of the EXAFS for  Ga2La, computed a f ter  k 2 

weighting was applied t o  the spectrum of f igure 4 . 3 .  



Figure 4.5 EXAFS due t o  f i r s t  s h e l l  o f  3 Ga neighbours i n  

x-Ga2La (dashed l i n e ) ,  and f i t  obtained with  

the parameter values g iven i n  tab le  4.1 ( s o l i d  

1 i n e ) .  



Figure 4 .6  Parameter corre la t ion  i n  x-Ga2La. a ) .  So l id  l i n e  

g i v e s  optimal N a s  a  funct ion  of 0. Dashed l i n e  

g i v e s  the var ia t ion  of the f i t  funct ional .  

b). S o l i d  l i n e  g i v e s  the optimal R a s  a  funct ion  of 

bEo. Dashed l i n e  shows var ia t ion  of the f i t  func- 

t i o n a l .  



-73- 

a  l a r g e  a r e a  of pa ramete r  s p a c e  by s y s t e m a t i c a l l y  choos ing  v a r i o u s  

i n i t i a l  pa ramete r  v a l u e s  f o r  t h e  s e a r c h .  To f a c i l i t a t e  t h i s  i t  was 

foucd  most u s e f u l  t o  keep  t h e  v a l u e s  of a and Eo f i x e d  d u r i n g  any 

g i v e n  f i t ,  and t o  l e t  t h e  program f i n d  t h e  o p t i m a l  v a l u e s  of  ti and R 

c o r r e s p o n d i n g  t o  t h e  s e l e c t e d  v a l u e s  of  a and Eo. Under t h e s e  

c i r c u m s t a n c e s  t h e  f i t  was found t o  be  f a r  l e s s  s u s c e p t i b l e  t o  l o c a l  

minima, and a s  a  r e s u l t  t h e  p h y s i c a l l y  mean ingfu l  r e g i o n  of pa ramete r  

s p a c e  cou ld  be s e a r c h e d  q u i t e  e f f i c i e n t l y  by s e l e c t i n g  a  wide  range  of 

v a l u e s  f o r  u and Eo. An i n d i c a t i o n  of t h e  c o r r e l a t i o n  between t h e  

v a r i o u s  p a r a m e t e r s  i n  t h e  f i t  i s  a l s o  d i r e c t l y  o b t a i n e d  i n  t h i s  t y p e  

of s e a r c h .  A s  expec ted  f o r  a  symmetric s h e l l  t h e r e  i s  v i r t u a l l y  no 

c o r r e l a t i o n  between t h e  w i d t h  and t h e  p o s i t i o n  of t h e  peak,  w i t h  some 

c o r r e l a t i o n  b e i n g  n o t e d  between E, and R ,  and a  g r e a t  d e a l  of c o r r e l a -  

t i o n  between a and N .  F i g u r e  4 . 6  d i s p l a y s  t h i s  c o r r e l a t i o n  and t h e  

behav iour  of t h e  e r r o r  i n  t h e  f i t  (measured a s  s imply  t h e  sum of 

s q u a r e d  e r r o r s  f o r  a  s u b s e t  of t h e  d a t a )  a s  a  f u n c t i o n  of a and Eo. 

A t  t h e  t ime  t h a t  t h e  o p t i m a l  v a l u e s  f o r  t h e  p h y s i c a l  pa ramete r s  

a r e  de te rmined ,  t h e  d a t a  a r e  e x p r e s s e d  a s  a f u n c t i o n  of  a  wave v e c t o r  

( k 1, computed w i t h  r e s p e c t  t o  a  t h r e s h o l d  energy which was s e l e c t e d  

a t  a n  e a r l i e r  s t a g e  of  t h e  a n a l y s i s  ( say  E ~ ~ ) .  T h e r e f o r e  i n  t h e  

o p t i m i z a t i o n  program a  pa ramete r  6Eo i s  used t o  c o n s t r u c t  a  p e r t u r b e d  

k a x i s  t h a t  i s  e q u i v a l e n t  t o  an  a x i s  which would be found from u s i n g  a  

v a l u e  of Eo = Eth + bEo a t  t h a t  e a r l i e r  s t a g e  of t h e  a n a l y s i s .  The 

d i s c u s s i o n  t h a t  f o l l o w s  w i l l  u s e  e i t h e r  t h e  n o t a t i o n  Eo o r  bE, 

i n t e r c h a n g e a b l y .  

The r e s u l t s  of t h i s  p r o c e d u r e  a r e  summarized i n  t a b l e  4.1, which 

a p p e a r s  on t h e  f o l l o w i n g  page. 



TABLE 4.1  

P a r a m e t e r s  o t t a i n e d  f o r  t h e  Ga s h e l l  of  ne ighbours  i n  x-GaZLa 

For t h e s e  r e s u l t s  t h e  f u n c t i o n a l  used  i n  d e t e r m i n i n g  t h e  f i t  was: 

0 = 'Z ( f  i-di)2, where t h e  sum i s  o v e r  e v e r y  o t h e r  d a t a  p o i n t ,  di.  0 
i 

T h i s  t y p e  of d e c i m a t i o n  of t h e  d a t a  was used i n  o r d e r  t o  s a v e  computer 

t i m e  and was g e n e r a l l y  found n o t  t o  a f f e c t  t h e  r e s u l t s  s i g n i f i c a n t l y .  

It shou ld  be n o t e d  a t  t h i s  t ime  t h a t  t h e  d i s t a n c e  g i v e n  i n  t h e  above 

t a b l e  i s  w i t h i n  0.01 A of t h e  known Ga-Ga d i s t a n c e  i n  t h i s  m a t e r i a l ,  

and t h e  v a l u e  found f o r  N i s  10% s m a l l e r  t h a n  t h e  known v a l u e  of 3 f o r  

t h e  c o o r d i n a t i o n  number. These d i s c r e p a n c i e s  a r e  a  r e f l e c t i o n  of t h e  

accuracy  of t h e  Teo and Lee computa t ions  f o r  t h e  phase  s h i f t s  %ad of 

t h e  many body e f f e c t s  ment ioned i n  c h a p t e r  2. 

A s  ment ioned i n  s e c t i o n  2.3, i t  i s  p o s s i b l e  t o  e x t r a c t  s e p a r a t e l y  

t h e  ampl i tude  and phase  f u n c t i o n s  f o r  a  g iven  s h e l l ' s  c o n t r i b u t i o n  t o  

a n  EXAFS spectrum. F i g u r e  4.7 compares t h e  r e s u l t s  of  performing t h i s  

e x t r a c t i o n ,  u s i n g  t h e  known v a l u e s  of 3 and 2.494 f o r  N and R r e spec-  

t i v e l y ,  w i t h  t h e  f u n c t i o n s  computed by Teo and Lee f o r  a  Ga-Ga p a i r  of 

atoms. The computer program used i n  computing t h e  phase  from an 

e x p e r i m e n t a l  spec t rum i n t r o d u c e s  a n  e s s e n t i a l l y  a r b i t r a r y  a d d i t i o n a l  

term e q u a l  t o  a  m u l t i p l e  of IT , c o r r e s p o n d i n g  t o  a  s e l e c t e d  branch of 



Figure 4.7 Comparison of experimental (dashed 1 ines) ,  and 

theore t i ca l  ( s o l i d  l i n e s )  s ca t t er ing  functions.  

a ) .  Ga back-scattering amplitude If(k,~)l. 

b) .  Ga-Ga pair phase s h i f t  a ( k ) .  
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t h e  a r c t a n g e n t ,  and hence  some m u l t i p l e  of n must i n  g e n e r a l  be added 

t o  a n  e x p e r i m e n t a l l y  de te rmined  phase  f u n c t i o n  b e f o r e  i t  i s  compared 

t o  a  g i v e n  c a l c u l a t i o n .  A f t e r  such a  t e rm h a s  been added,  f i g u r e  4.7 

d i s p l a y s  e x c e l l e n t  agreement  between t h e  c a l c u l a t e d  and measured 

phases .  A s  shou ld  be e x p e c t e d ,  t h e  agreement i s  n o t  a s  good f o r  t h e  

a m p l i t u d e s ,  and i t  i s  assumed t h a t  t h e  d i s c r e p a n c y  i s  e n t i r e l y  due t o  

t h e  f a c t o r  s o 2 ( k ) .  

Looking a t  t h e  comparison of a m p l i t u d e s  g i v e n  i n  f i g u r e  4 .7 ,  i t  i s  

2  c l e a r  t h a t  So ( k )  must  be s m a l l e r  a t  l a r g e  k  t h a n  i t  i s  a t  smal l  k ,  

s i n c e  t h e  e x p e r i m e n t a l  c u r v e  f a l l s  below t h e  t h e o r e t i c a l  one  a s  k  

i n c r e a s e s .  I f  t h e  consequences  of t h i s  a r e  c o n s i d e r e d  i t  becomes 

c l e a r  t h a t  t h e  r e s u l t s  g i v e n  i n  t a b l e  4.1 undoubtedly  o v e r e s t i m a t e  t h e  

v a l u e  f o r  o ( s i n c e  i t  i s  t h e  o n l y  pa ramete r  i n  t h e  f i t  c o n t r o l l i n g  

t h e  d r o p  o f f  a t  l a r g e  k ) .  Hence, i n  computing s O Z ( k )  f o r  f u t u r e  use  a  

v a l u e  of a w i l l  be chosen which i s  somewhat l e s s  t h a n  t h a t  g i v e n  i n  

t a b l e  4.1. I n  f a c t  two v a l u e s  were  c o n s i d e r e d ,  0.084 and 0.079. 

F i g u r e  4.8 d i s p l a y s  s o 2 ( k )  c u r v e s  computed assuming each of t h e s e  two 

v a l u e s  f o r  a .  The shape of t h e  curve  i s  v e r y  s i m i l a r  f o r  bo th  c a s e s  

b u t  i t  should  be n o t e d  t h a t  t h e  curve  cor respond ing  t o  u =0.084 

a c t u a l l y  t a k e s  on u n p h y s i c a l  ( i . e .  g r e a t e r  than  1 )  v a l u e s  n e a r  6  A - ~ .  

Although t h e  e x p e r i m e n t a l  e r r o r  i s  of t h e  same o r d e r  a s  t h e  amount by 

which t h i s  cu rve  exceeds  t h e  p h y s i c a l  l i m i t  of 1, u s i n g  t h i s  curve  i n  

f u t u r e  computa t ions  would seem imprudent  a t  b e s t  s i n c e  i t  would 

o b v i o u s l y  r e s u l t  i n  a  s y s t e m a t i c  u n d e r e s t i m a t e  of c o o r d i n a t i o n  num- 

b e r s .  Fur the rmore ,  t h e  c u r v e  c o r r e s p o n d i n g  t o  u 50.079 h a s  a  peak 

v a l u e  v e r y  s i m i l a r  t o  t h a t  found by S t e r n  e t  a l .  ( 4 * 6 )  i n  measurements 

on GaAs samples.  Consequent ly  t h i s  l a t t e r  c u r v e  i s  t h e  one  t h a t  w i l l  



2 Figure 4.8 Overlap in tegra l ,  So (k), computed for Ga edge 

i n  GaZLa assuming Q = 0.084 ( s o l i d  l i n e ) ,  and 

Q = 0.079 (dashed l i n e ) .  
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be taken  t o  d e f i n e  sO2(k) i n  t h e  a n a l y s i s  t h a t  fol lows.  

4.2 Lal,,GaX GLASSES: SINGLE SHELL MODEL 

F i g u r e  4.9 d i s p l a y s  t h e  s p e c t r a  o b t a i n e d  f o r  g l a s s e s  of a l l  3 

composi t ions studied. I n  subsequent d i scuss ion  t h e s e  s p e c t r a  w i l l  be 

r e f e r r e d  t o  by us ing  t h e  n o t a t i o n  x=n t o  i n d i c a t e  t h e  Ga concent ra t ion  

of  t h e  s a m p l e  u n d e r  c o n s i d e r a t i o n .  A l though  t h e  t h r e e  c u r v e s  l ook  

v e r y  much a l i k e  i t  w i l l  b e  s e e n  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  can  be 

found  b e t w e e n  them. For  t h e  moment, however ,  t h e  d i s c u s s i o n  w i l l  

focus  only on t h e  d a t a  f o r  x=20. 

The f i r s t  t h i n g  t o  no te  i n  comparing t h e  d a t a  f o r  t h e  amorphous 

s a m p l e s  ( f i g u r e  4.9) w i t h  t h a t  shown e a r l i e r  f o r  t h e  c r y s t a l l i n e  

compound GapLa i s  t h a t  t h e  ampl i tude  of t h e  s p e c t r a  f o r  t h e  amorphous 

samples f a l l  o f f  much more r a p i d l y  w i t h  energy than  d i d  t h e  spectrum 

f o r  t h e  c r y s t a l l i n e  compound Ga2La. T h i s  i s  a  c o n f i r m a t i o n  of t h e  

i n a b i l i t y  of t h e  m i c r o - c r y s t a l l i n e  m o d e l s  t o  c o r r e c t l y  d e s c r i b e  t h e  

s t r u c t u r e  of m e t a l l i c  g lasses .  Since EXAFS i s  t r u l y  a l o c a l  probe of 

t h e  s t r u c t u r e ,  i f  any  s i g n i f i c a n t  f r a c t i o n  of  t h e  G a  a t o m s  i n  t h e  

s a m p l e  w e r e  i n  i d e n t i c a l ,  w e l l - d e f i n e d  s i t e s ,  a s  would  o c c u r  i n  a  

mic ro -c rys t a l l i ne  p i c t u r e  of t h e  s t r u c t u r e ,  then  t h e  observed spectrum 

should no t  be a s  s t r o n g l y  damped a s  f i g u r e  4.9 shows i t  t o  be. 

The Four ie r  t r ans fo rm of t h e  d a t a  f o r  t h i s  composi t ion (computed 

a f t e r  t h e  a p p l i c a t i o n  of  a  k3 w e i g h t i n g  f a c t o r )  i s  shown i n  f i g u r e  

4.10a. Comparing t h i s  f i g u r e  t o  f i g u r e  4.4 i t  would  b e  n a t u r a l  t o  

a s sume  t h a t  t h e  peak  n e a r  3.0 A i n d i c a t e s  a  s h e l l  o f  La n e i g h b o u r s  

w h i l e  t h a t  n e a r  2.2 A i n d i c a t e s  a  s h e l l  o f  Ga n e i g h b o u r s .  However, 

t h i s  s imple  i n t e r p r e t a t i o n  of t h e  t r ans fo rm i s  seen  t o  be inadequate 



Figure 4.9 EXAFS spectra a s  a funct ion  of energy above the i n i -  

t i a l l y  s e l e c t e d  threshold of 10.3765 keV. 



Figure 4.10 Periodograms o f :  a ) .  Experimental spectrum f o r  x=20 

b ) .  Simulated spectrum for  a s i n g l e  La s h e l l  about an 

absorbing Ga atom. 
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when f i g u r e  4.10b i s  a l s o  cons ide red .  T h i s  f i g u r e  shows t h e  t r a n s f o r m  

computed f rom a  s i m u l a t e d  EXAFS spec t rum which was c o n s t r u c t e d  

assuming o n l y  a  s h e l l  of  La n e i g h b o a r s  around t h e  a b s o r b i n g  Ga atom. 

It i s  seen  t h a t  t h e  peak n e a r  2.2 A i s  s t i l l  p r e s e n t  i n  t h e  model even 

when no Ga ne ighbours  were  i n c l u d e d !  T h i s  emphasizes  t h e  f a c t  t h a t  

even  compara t ive ly  s t r o n g  peaks  i n  t h e  t r a n s f o r m  do n o t  n e c e s s a r i l y  

cor respond  t o  p h y s i c a l  s t r u c t u r e s  i n  t h e  sample ,  and t h e r e f o r e  c a r e  

must  be t a k e n  when i n t e r p r e t i n g  t h e  t r a n s f o r m  a s  a  r a d i a l  d e n s i t y  

f u n c t i o n .  

The r e a s o n  f o r  t h e  anomalous peak i s  t o  be found i n  t h e  compli- 

c a t e d  n a t u r e  of t h e  s c a t t e r i n g  f u n c t i o n s  f o r  La, which a r e  d i s p l a y e d  

i n  f i g u r e  4.11. T h i s  t y p e  of enhanced s i d e  l o b e  s t r u c t u r e  h a s  been 

n o t e d  b e f o r e  ( 4 * 7 ) ,  however e a r l i e r  a u t h o r s  have a t t r i b u t e d  i t  on ly  t o  

t h e  o s c i l l a t o r y  n a t u r e  of t h e  b a c k - s c a t t e r i n g  a m p l i t u d e  of a  heavy 

atom ( such  a s  La) .  T h i s  would produce s i d e  bands i n  t h e  F o u r i e r  

t r a n s f o r m  i n  much t h e  same way t h a t  a m p l i t u d e  modula t ion  produces  s i d e  

bands  i n  t h e  spec t rum of r a d i o  t r a n s m i s s i o n s .  However such modula t ion  

shou ld  produce a  symmetric s i d e  l o b e  s t r u c t u r e ,  i . e .  enhanced s i d e  

l o b e s  of a p p r o x i m a t e l y  e q u a l  s i z e  shou ld  be s e e n  on e i t h e r  s i d e  of t h e  

main peak,  n o t  j u s t  on t h e  low R s i d e  a s  s e e n  i n  f i g u r e  4.10. I n  f a c t  

i t  i s  t h e  convex n a t u r e  of t h e  n o n l i n e a r i t y  i n  t h e  s c a t t e r i n g  phase 

s h i f t  f o r  t h e  Ga-La p a i r  t h a t  p roduces  t h e  low R asymmetry i n  t h e  s i d e  

l o b e  s t r u c t u r e ,  a l t h o u g h  t h e  o s c i l l a t i n g  n a t u r e  of t h e  b a c k - s c a t t e r i n g  

a m p l i t u d e  c e r t a i n l y  c o n t r i b u t e s  t o  t h e  s i z e  of t h e  e f f e c t .  

E x p l a n a t i o n s  f o r  t h e  e f f e c t  a s i d e  however, t h e  p r e c e d i n g  d i scus -  

s i o n  makes abundan t ly  c l e a r  t h a t  i f  t h e  EXAFS spect rum f o r  t h i s  a l l o y  

c o n t a i n s  c o n t r i b u t i o n s  from bo th  La and Ga ne ighbours ,  t h e s e  con t r ibu-  



Figure 4.11 Theoretical scattering functions for a Ga-La pair. 

a). La back-scattering amplitude (in ~ngstroms). 

b) . Total scattering phase shift (in radians). 
Theoretical functions are taken from reference 4.3. 
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t i o n s  cannot be s e p a r a t e l y  a s se s sed  by succes s ive ly  i s o l a t i n g  t h e  two 

main peaks i n  t h e  Four i e r  t ransform. Consequently t h e  a n a l y s i s  pro- 

c e e d s  by a p p l y i n g  t h e  b r o a d  window d i s p l a y e d  i n  f i g u r e  4.10a and 

t e s t i n g  whether a  c o n t r i b u t i o n  from some Ga neighbours  i s  needed t o  

adequate ly  model t h e  r e s u l t i n g  band-passed EXAFS spectrum. Considera- 

t i o n  o f  f i g u r e  4.10 a l s o  b r i n g s  o u t  a n o t h e r  p o i n t  w h i c h  h a s  been  a l l  

b u t  i g n o r e d  i n  t h e  l i t e r a t u r e .  The t r a n s f o r m  d i s p l a y e d  shows no  

obvious phys i ca l  s t r u c t u r e  beyond t h e  pr imary peak and i t s  low R s i d e  

band (compare f i g u r e s  10a and lob). This  i s  obviously due t o  t he  f a c t  

t h a t  i n  an amorphous m a t e r i a l  t h e  h ighe r  o rde r  coo rd ina t ion  s h e l l s  a r e  

much broader  t han  a r e  those  i n  a  c r y s t a l  and a s  a  r e s u l t  t h e  contr ibu-  

t i o n  of t h e s e  s h e l l s  i s  damped t o  t h e  p o i n t  where it e s s e n t i a l l y  g e t s  

l o s t  i n  t h e  n o i s e .  Hence t h e  p r i m a r y  e f f e c t  of a p p l y i n g  t h e  window 

shown i n  f i g u r e  4.10 i s  t h a t  o f  a  band p a s s  f i l t e r  a c t i n g  on n o i s e ,  

r a t h e r  than  t h e  e x p l i c i t  i s o l a t i o n  of one main frequency band from a  

s e t  o f  two o r  t h r e e .  T h i s  n o i s e  r e j e c t i o n  a c t i o n  of  F o u r i e r  

f i l t e r i n g  has been completely ignored i n  t h e  EX;AFS l i t e r a t u r e ,  however 

i t  w i l l  be  s e e n  t h a t  a t t e n t i o n  s h o u l d  be  g i v e n  t o  t h i s  f e a t u r e  when 

ana lyz ing  t h e  data. 

I n  an e a r l i e r  p u b l i c a t i o n  t h e  a n a l y s i s  of t h e  spectrum f o r  x=20 

was d iscussed ,  and a comparison was made between t h e  r e s u l t s  obtained 

when t h r e e  d i f f e r e n t  d i s t r i b u t i o n s  w e r e  c h o s e n  f o r  t h e  Ga-La 

c o o r d i n a t i o n  s h e l l  o f  t h i s  g l a s s  (4*8). R a t h e r  t h a n  r e p e a t  t h o s e  

r e s u l t s  here,  t h i s  d i scuss ion  w i l l  be  r e s t r i c t e d  t o  s t u d i e s  based on 

t h e  peak shape which was found t o  be most s a t i s f a c t o r y  i n  t h a t  e a r l i e r  

work. The shape i n  ques t ion  i s  t h a t  descr ibed  by equa t ion  (2.12) w i t h  

n=2. (See  f i g u r e  2.6). 
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Since Ga i s  t h e  minor i ty  c o n s t i t u e n t ,  and s i n c e  t h e  d i f f r a c t i o n  

e x p e r i m e n t s  by W i l l i a m s  ( s e e  c h a p t e r  1 )  i n d i c a t e d  s t r o n g  c h e m i c a l  

o rde r ing  i n  t hese  g l a s s e s ,  t h e  EXBFS s p e c t r a  were f i r s t  analyzed under 

t h e  a s s u m p t i o n  t h a t  o n l y  La n e i g h b o u r s  a r e  t o  b e  found  a round  t h e  

a b s o r b i n g  Ga atom. The r e s u l t s  of f i t t i n g  s u c h  a  model  t o  t h e  d a t a  

f o r  x=20 a r e  summarized i n  f i g u r e  4.12. I n  c o n s t r u c t i n g  t h e  k- a x i s  

f o r  t h i s  s p e c t r u m  Eo was  o r i g i n a l l y  chosen  t o  be  10.3765 keV, o r  

roughly 9 eV above t h e  i n f l e c t i o n  p o i n t  i n  t h e  measured edge t r a n s i -  

t i o n .  A s  was done f o r  t h e  c r y s t a l l i n e  s a m p l e  d i s c u s s e d  i n  t h e  p re -  

v i o u s  sec t ion ,  t h e  f i t t i n g  proceeded by f i x i n g  t h e  two parameters  6Eo 

and 0 a t  v a r i o u s  v a l u e s  and us ing  t h e  o p t i m i z a t i o n  program t o  f i n d  t h e  

corresponding op t ima l  va lues  f o r  N and Ro. This  procedure was p a r t i -  

c u l a r l y  necessary  f o r  t h e  spectrum from t h e  amorphous samples because 

of t h e  s t r o n g  c o r r e l a t i o n  p re sen t  between the  phase and ampli tude of 

t h e  e x p r e s s i o n  g i v e n  i n  e q u a t i o n  (2.11). F i g u r e  4.12 d i s p l a y s  t h i s  

c o r r e l a t i o n  by showing  t h e  o p t i m a l  v a l u e  o b t a i n e d  f o r  t h e  f i t  func-  

t i o n a l  Q o  a t  v a r i o u s  s e l e c t e d  Eo's. Values of 6E0 between -5 eV and 

+5  eV w e r e  s e l e c t e d ,  and  f o r  e a c h  of t h e s e  a  c u r v e  g i v i n g  t h e  v a r i a -  

t i o n  of N w i t h  a was c o n s t r u c t e d  o n  t h e  b a s i s  of  f i t s  p e r f o r m e d  f o r  

v a r i o u s  f i x e d  a .  A t  a l l  v a l u e s  chosen  f o r  6Eo t h e  c u r v e  of N 

vs. 0 was found t o  be e s s e n t i a l l y  t h e  same. The s o l i d  curve i n  f i g u r e  

4.12 shows t h i s  N-a c o r r e l a t i o n ,  w h i l e  t h e  e r r o r  b a r s  a long  t h i s  curve 

i n d i c a t e  t h e  v a r i a t i o n  i n  t h e  p o s i t i o n  of t h e  curve a s  bEo i s  allowed 

t o  vary  between -3 eV and +3 eV. For each s e l e c t e d  v a l u e  of 6E, t h e r e  

n a t u r a l l y  e x i s t s  a  curve showing t h e  v a r i a t i o n  of t h e  v a l u e  of t he  f i t  

f u n c t i o n a l  a s  a i s  a l lowed t o  vary. Two r e p r e s e n t a t i v e  examples of 

t h i s  v a r i a t i o n  a r e  g iven  a s  dashed l i n e s  i n  t h e  f i g u r e  ( f o r  



u ( A )  

Figure 4.12 Correlation between and N for  various Eo. 

* E g i v e s  the optimal pos i t ion  of the a. v s  a 

curve for  6 E 0  = E. (dashed l i n e s  show the Q0 curve 

for  6 E o  = 0.0 and 3 .0  eV. See t e x t  f o r  d e t a i l s )  
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bEo= 0 eV and +3 eV). For o t h e r  v a l u e s  of  EEo t h e  c u r v e  of (3, v s .  o i s  

r e p r e s e n t e d  by a  s i n g l e  p o i n t  ( * ) a t  t h e  p o s i t i o n  where  t h i s  cu rve  

r e a c b e s  i t s  minimum. It  i s  s e e n  t h a t  a l t h o u g h  t h e  b a s i c  t r e n d  of N 

v s .  a does  n o t  v a r y  w i t h  t h e  t h r e s h o l d  e n e r g y ,  t h e  o p t i m a l  p o s i t i o n  

a l o n g  t h i s  t r e n d  does  v a r y  c o n s i d e r a b l y .  It i s  a l s o  n o t e d  t h a t  i f  t h e  

v a l u e  of Eo i s  chosen s imply on t h e  b a s i s  of a  b e s t  f i t  c r i t e r i o n ,  

t h e n  an u n p h y s i c a l l y  s m a l l  v a l u e  of  4 . 3  i s  o b t a i n e d  f o r  t h e  coordina-  

t i o n  number of t h e  a b s o r b i n g  atom. 

R e c a l l  from t h e  d i s c u s s i o n  of c h a p t e r  2  t h a t  t h e  m o t i v a t i o n  f o r  

choos ing  Eo o n  t h e  b a s i s  of t h e  b e s t  f i t  was t h a t  a n  a r t i f i c i a l l y  

good f i t  cou ld  n o t  be  o b t a i n e d  a t  a n  i n c o r r e c t  v a l u e  of R a s  a  r e s u l t  

of a l l o w i n g  Eo t o  v a r y .  T h i s ,  however, assumes a  symmet r i ca l ly  

shaped d i s t r i b u t i o n  f u n c t i o n ,  s o  t h a t  C of e q u a t i o n  (2.11) i s  z e r o  and 

t h e  c o r r e l a t i o n  between N ,  U and Eo i s  n e g l i g i b l e .  A s  s e e n  from 

e q u a t i o n  (2.111, however, both  Eo and C i n f l u e n c e  t h e  n o n l i n e a r i t y  

of t h e  s i n u s o i d  phase ,  and c o n s e q u e n t l y  such c o r r e l a t i o n s  cannot be 

n e g l e c t e d .  Fur the rmore ,  t h e  a c t u a l  d i s t r i b u t i o n  of t h e  sample cons i -  

d e r e d  w i l l  , i n  a l l  l i k e l i h o o d ,  be  s l i g h t l y  d i f f e r e n t  from t h e  model 

assumed i n  t h e  f i t ,  and a n  i n c o r r e c t  v a l u e  f o r  Eo might  p rov ide  a 

f o r t u i t o u s  c a n c e l l a t i o n  of t h e  e f f e c t s  of  t h i s  d i f f e r e n c e .  T h e r e f o r e  

t h e  argument p r e s e n t e d  t o  s u p p o r t  t h e  t r e a t m e n t  of Eo a s  a  f r e e  param- 

e t e r  i n  t h e  f i t t i n g  p r o c e s s  c e a s e s  t o  b e  v a l i d  i n  t h e  c a s e  where a n  

asymmetr ic  peak shape  i s  c o n s i d e r e d .  For  t h i s  r e a s o n  t h e  p r a c t i c e  of 

choosing Eo on t h e  b a s i s  of o b t a i n i n g  t h e  b e s t  f i t  t o  a  g i v e n  s e t  of 

d a t a  shou ld  n o t  be used when t h e  system under  s t u d y  i s  modeled w i t h  an  

asymmetric d i s t r i b u t i o n .  By t h e  same t o k e n ,  t h e  o t h e r  methods of 

choos ing  Eo on t h e  b a s i s  of l i n e a r i z i n g  t h e  phase  of t h e  s i n u s o i d  i n  
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t h e  EXAFS expres s ion  cannot be used u n l e s s  t h e  s t r u c t u r a l  problem has  

a l r eady  been so lved  s o  t h a t  t h e  c o n t r i b u t i o n  of C may be proper ly  

accounted f o r ,  Of t h e  methods d i s cus sed  i n  s e c t i o n  2.5 t h e r e f o r e ,  

none i s  s u i t a b l e  f o r  t h e  experimental  d a t a  being cons idered  i n  t h i s  

chap te r .  For t h i s  r ea son  t h e  remainder of t h e  d i s c u s s i o n  i n  t h i s  

chap te r  w i l l  be based on a  t h r e sho ld  energy of 10.377 keV (cor re -  

sponding t o  6Eo=0.5 eV i n  f i g u r e  4.12). This  va lue  i s  chosen based 

on t h e  f a c t  t h a t  i t  was found t o  be t h e  b e s t  v a l u e  i n  t h e  c r y s t a l l i n e  

s tandard  compound. 

The r e s u l t s  ob ta ined  f o r  a  s i n g l e  s h e l l  f i t  under t h e  above 

assumption f o r  t h e  t h r e s h o l d  energy a r e  summarized i n  t a b l e  4.2 and 

f i g u r e  4.13 f o r  a l l  t h r e e  composi t ions s tud i ed .  I n  ob t a in ing  t h e s e  

r e s u l t s  t h e  d a t a  were def ined  only  on a  r e l a t i v e l y  r e s t r i c t e d  i n t e r v a l  

i n  k-space (4.0 t o  10.0 A - ~ )  due t o  t h e  r a p i d l y  decaying s i g n a l ,  and 

t h e  f i t  f u n c t i o n a l  was t h e  same a s  was used i n  t h e  previous s e c t i o n  

f o r  Ga2La. I n  t h i s  case  us ing  h a l f  of t h e  d a t a  r e s u l t e d  i n  a  f i t  t o  

approximately 80 po in t s .  

TABLE 4 .2  

Parameters ob ta ined  f o r  a  s i n g l e  La s h e l l  model f o r  t h e  Ga environ- 

ment i n  Lal-xGa, g l a s s e s .  

These va lues  f o r  t h e  parameters  were ob ta ined  us ing  t h e  dashed 



c u r v e  g i v e n  i n  f i g u r e  4.8 f o r  t h e  f u n c t i o n  sO2(k). Roughly t h e  same 

va lues  f o r  the  parameters  were obtained i f  t h i s  f a c t o r  was taken t o  be 

1.0 ( w i t h  t h e  e x c e p t i o n  of t h e  w i d t h  p a r a m e t e r ,  which  was a lways  

approximately 10% l a r g e r  i f  a  cons tant  so2 was assumed). However the  

v a l u e s  of  t h e  f i t  f u n c t i o n a l  i n v a r i a b l y  were  l a r g e r  i f  a  c o n s t a n t  

over lap  f a c t o r  was assumed. 

It i s  c l e a r  f rom t h e  above t a b l e  t h a t  t h e  f i t  o b t a i n e d  f o r  t h e  

La80Ga20 g l a s s  i s  much b e t t e r  t h a n  t h a t  o b t a i n e d  f o r  t h e  o t h e r  two 

compositions, even though t h e  no i se  l e v e l  was l e s s  i n  t h e  l a t t e r  two 

spectra. This impl ies  t h a t  the  l o c a l  environment of t h e  Ga atoms i n  

t h e s e  m a t e r i a l s  does  i n  f a c t  change a s  t h e  c o n c e n t r a t i o n  of Ga i s  

increased, A t  this atage, however, t h e  a n a l y s i s  i s  unable t o  i d e n t i f y  

wha t  form t h e s e  changes  have,  a l t h o u g h  two p o s s i b l e  e x p l a n a t i o n s  

immediately present  themselves. F i r s t  of a l l ,  it i s  poss ib le  t h a t  a s  

t h e  concentra t ion  of Ga increases ,  some Ga-Ga contac ts  s t a r t  t o  occur 

and the  inadequacy of the  above f i t s  may be r e l a t e d  t o  t h e  neglec t  of 

such con t r ibu t ions  t o  t h e  spectrum i n  t h e  model used. Al te rna t ive ly ,  

a s  the  concentra t ion  of Ga i s  increased i t  i s  poss ib le  t h a t ,  beyond a  

c e r t a i n  concentra t ion  between 20 and 24%, the  e f f e c t  of more Ga is t o  

d i s t o r t  the  p reva i l ing  La network i n  t h e  s t r u c t u r e ,  c rea t ing  a  conse- 

q u e n t  d i s t o r t i o n  of t h e  l o c a l  La s h e l l  abou t  each Ga. Each of t h e s e  

two p o s s i b i l i t i e s  w i l l  be discussed i n  the  next section. 

B e f o r e  p r o c e e d i n g  on t o  t h e  n e x t  s e c t i o n ,  however,  a  few more 

words a r e  needed about the  one s h e l l  f i t s .  Most importantly i t  w i l l  

be noted t h a t  the  f i t  obtained f o r  x=20 i s  not  pe r fec t ,  even though it 

i s  c e r t a i n l y  super ior  t o  t h a t  seen a t  the  o the r  two compositions. The 

q u e s t i o n  t h e n  a r i s e s  a s  t o  w h e t h e r  o r  n o t  t h e  e r r o r s  i n  t h i s  f i t  a r e  
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due s o l e l y  t o  t h e  e f f e c t s  of n o i s e  i n  t h e  o r i g i n a l  spectrum, o r  i f  t h e  

s imple s i n g l e  La s h e l l  model inadequate ly  d e s c r i b e s  t h i s  g l a s s  a s  

we l l .  To add re s s  t h i s  q u e s t i o n  a  s imula ted  EXAFS spectrum was con- 

s t r u c t e d  us ing  a  d i s t r i b u t i o n  given approximately by t h e  parameters  

l i s t e d  i n  t a b l e  4.2 f o r  t h e  x=20 da t a .  F i f t e e n  d i f f e r e n t  no i se  

r e a l i z a t i o n s  were then added t o  t h i s  s imula ted  spectrum t o  provide 

f i f t e e n  s imula ted ,  no isy  s p e c t r a .  The l e v e l  of no i se  chosen 

corresponded t o  a  s t a t i s t i c a l  f l u c t u a t i o n  of .13% i n  a  measured 

abso rp t ion  c o e f f i c i e n t ,  which i s  roughly t h e  l e v e l  seen i n  t h e  d a t a  

f o r  x=20. Due t o  t h e  amount of f i l t e r i n g  and weight ing t h a t  i s  a p p l i e d  

t o  EXAFS s p e c t r a  be fo re  a c t u a l  phys ica l  parameters  a r e  determined, i t  

i s  d i f f i c u l t  t o  a s s e s s  q u a n t i t a t i v e l y  t h e  e f f e c t  t h a t  no i se  i n  t h e  

measured spectrum has  on t h e  r e s u l t s  ob ta ined .  However, when t h e  

no isy  s imula ted  s p e c t r a  were processed i n  t h e  same manner a s  were t h e  

experimental  s p e c t r a ,  t h e  f i t s  ob t a ined  i n d i c a t e d  t h a t  a  va lue  f o r  t h e  

f i t  f u n c t i o n a l  of about 1.5 + 0.5 should be expected f o r  t h e  g iven  

l e v e l  of no ise .  On t h i s  b a s i s ,  t h e r e f o r e ,  i t  appears  t h a t  t h e  s i n g l e  

La s h e l l  model f o r  t h e  Ga environment does adequate ly  desc r ibe  t h e  

measured spectrum a t  t h e  composition x=20, but c e r t a i n l y  no t  f o r  x=24 

o r  ~ ~ 2 8 .  

From f i g u r e  4.12 t h e  expected u n c e r t a i n t i e s  f o r  t h e  parameters  N 

and a r e  G . 5  atoms and 9 . 0 2  A r e s p e c t i v e l y  (based on t h e  p o i n t s  

where t h e  va lue  of t h e  f i t  f u n c t i o n a l  i n c r e a s e s  by 30%).  Using a  

s i m i l a r  c r i t e r i o n ,  t h e  u n c e r t a i n t y  i n  Ro i s  50.02 A.  Although not  

shown i n  t h e  f i g u r e ,  t h e  c o r r e l a t i o n  between and Ro i s  such t h a t  t h e  

expected u n c e r t a i n t y  i n  t h e  p o s i t i o n  of t h e  peak of t h e  d i s t r i b u t i o n  

i s  s l i g h t l y  l e s s  t h a t  t h e  0.06 A which might be expected from t h e  



above d i s c u s s i o n  ( r e c a l l  t h a t  Rpk = Ro + 2 0  1. However t h e s e  uncer-  

t a i n t i e s  neglec t  t h e  p o s s i b l i t y  of a  sys temat ic  e r r o r  which might be 

introduced by an incor rec t  choice f o r  Eo. Table 4.3 l i s t s  the  physi- 

c a l  parameters found from optimal f i t s  of var ious  models t o  the  th ree  

e x p e r i m e n t a l  s p e c t r a  shown i n  f i g u r e  4.13. I n  t h i s  t a b l e  t h e  e r r o r  

i n t e r v a l s  quoted account f o r  t h e  a d d i t i o n a l  uncer ta in ty  introduced by 

t h e  uncer ta in ty  i n  t h e  threshold  energy. 

4.3 TWO SHELL MODELS 

As i n d i c a t e d  above t h e  two mos t  l o g i c a l  e x p l a n a t i o n s  f o r  t h e  

f a i l u r e  of the  s i n g l e  La s h e l l  model t o  descr ibe  the  s p e c t r a  measured 

f o r  t h e  a l l o y s  a t  x=24 and xz28 a r e  t h a t  e i t h e r  t h e  La d i s t r i b u t i o n  

does  n o t  e x a c t l y  f o l l o w  t h e  c u r v e  shown i n  f i g u r e  2.6 ( a s  t h e  pre-  

v ious  sec t ion  assumed), o r  t h e r e  are ,  i n  f a c t ,  some Ga-Ga p a i r s  i n  the  

g l a s s  even though none were  i n d i c a t e d  i n  t h e  e a r l i e r  d i f f r a c t i o n  

experiment. I n  t h e  d iscuss ion which fo l lows each of these  two models 

w i l l  be appl ied  t o  the  spec t ra  obtained f o r  the  g lasses  wi th  x=24 and 

x=28. 

From t a b l e  4.2 i t  i s  apparent t h a t  a  s i n g l e  La s h e l l  model of the  

Ga env i ronment  i n  t h e  x=24 g l a s s ,  w h i l e  i n c o m p l e t e ,  does  accoun t  

f a i r l y  w e l l  f o r  t h e  major con t r ibu t ion  t o  t h i s  environment (s ince  the  

v a l u e  of t h e  f i t  f u n c t i o n a l  i s  o n l y  a b o u t  50% l a r g e r  t h a n  t h a t  

expected) .  For t h i s  r e a s o n  t h e  m a j o r i t y  of t h e  e f f o r t  expended i n  

t r y i n g  t o  f i n d  a b e t t e r  d e s c r i p t i o n ,  i n v o l v e d  i n t r o d u c i n g  a s m a l l  

pe r tu rba t ion  onto t h e  d i s t r i b u t i o n  found f o r  t h e  1 s h e l l  model. Thus 

t h e  f i r s t  p o s s i b i l i t y  ment ioned above f o r  t h e  d i s c r e p a n c y  i n  t h e  1 

s h e l l  f i t  f o r  t h i s  composition, was addressed by introducing a smal l  



Figure 4.13 Best f i t s  t o  f i l t e r e d  EXAFS spectra,  based on a s i n g l e  

La s h e l l  model f o r  the Ga environment. 
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second s u b s h e l l  of  La n e a r  t h e  c e n t r e  of t h e  s o f t  h i g h  R t a i l  i n  t h e  

d i s t r i b u t i o n  of  f i g u r e  2.6. T h i s  model will be r e f e r r e d  t o  a s  a  La 

d o u b l e t  and t h e  r e s u l t s  o b t a i n e d  f o r  t h i s  model a r e  s m a r i z e d  i n  

t a b l e  4 . 3 ,  a l o n g  w i t h  t h o s e  found f o r  t h e  o t h e r  c a s e s  d i s c u s s e d  below. 

The i n t r o d u c t i o n  of  such a second La s u b s h e l l  d o e s  i n d e e d  b r i n g  t h e  

v a l u e  of t h e  f i t  f u n c t i o n a l  down t o  t h e  r e g i o n  e x p e c t e d  on t h e  b a s i s  

of  t h e  t e s t s  w i t h  t h e  n o i s y  s i m u l a t i o n s .  The improvement i n  t h e  f i t  

i s  n o t  p a r t i c u l a r l y  d r a m a t i c  however, p a r t i c u l a r l y  c o n s i d e r i n g  t h e  

f a c t  t h a t  t h e  number of f r e e  p a r a m e t e r s  h a s  doubled.  

I n  c o n t r a s t  t o  t h e  La d o u b l e t  model,  t h e  model which assumes t h a t  

some of t h e  a b s o r b i n g  Ga a toms have Ga ne ighbours  ( r e f e r r e d  t o  a s  t h e  

Ga p a i r  model i n  subsequen t  d i s c u s s i o n )  does  r e s u l t  i n  a  d r a m a t i c  

improvement i n  t h e  q u a l i t y  of t h e  f i t .  I n  f a c t  t h e  v a l u e  of t h e  f i t  

f u n c t i o n a l  f o r  t h i s  model i s  n e a r  t h e  lower l i m i t  of t h e  r e g i o n  of 

e x p e c t e d  v a l u e s ,  whereas  t h e  La d o u b l e t  model gave  a  v a l u e  c l o s e r  t o  

t h e  upper l i m i t  of t h i s  range.  I t  must be  remembered, however, t h a t ,  

when n o i s e  i s  p r e s e n t  i n  t h e  d a t a ,  a  f i t  which p roduces  t o o  smal l  a  

v a l u e  f o r  t h e  f i t  f u n c t i o n a l  i s  j u s t  a s  s u s p e c t  a s  one which produces  

t o o  l a r g e  a  v a l u e  f o r  t h i s  f u n c t i o n a l .  T h e r e f o r e  t h i s  comparison of 

t h e  two p o s s i b l e  models  i s  n o t  t r u l y  a b l e  t o  d i s t i n g u i s h  between t h e  

two, even though one  h a s  produced a  much " b e t t e r  f i t " .  T h i s  p o i n t  i s  

a l s o  a p p a r e n t  i f  t h e  two f i t s  a r e  viewed g r a p h i c a l l y  a s  p r e s e n t e d  i n  

f i g u r e  4.14. I n  t h i s  f i g u r e  i t  i s  s e e n  t h a t  t h e  Ga-Ga p a i r  model i n  

f a c t  a c h i e v e s  a  s m a l l e r  v a l u e  of t h e  f i t  f u n c t i o n a l  p r i m a r i l y  by 

f o l l o w i n g  t h e  d a t a  more c l o s e l y  a t  h i g h  k t h a n  does  t h e  La d o u b l e t  

3 model. However s i n c e  t h e  d a t a  have been we igh ted  by k t h e  h igh k 

r e g i o n  of t h e  f i l t e r e d  spec t rum i s  s u b j e c t  t o  t h e  g r e a t e s t  uncer-  



K ~ X  ( K )  

0. 0 

Figure 4.14 Best f i t s  t o  f i l t e r e d  EXAFS spectrum for  x=24 using a 

two s h e l l  model. a ) .  La doublet model b). Ga pair  

mode 1 .  
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Figure 4.15 Best f i t  t o  f i l t e r e d  EXAFS spectrum for  xu20 using a 

s i n g l e  La s h e l l  model. 



Figure 4 J 6  Simulated spectra f o r  two poss ib l e  l o c a l  environments 

of Ga i n  La76Ga24. S o l i d  l i n e  assumes a wide s h e l l  

of 2 .2  atoms whi l e  the dashed l i n e  assumes a narrow 

s h e l l  o f  0 .2  atoms. ( See t e x t  f o r  d e t a i l s  1. 
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t a i n t y .  I n  c o n t r a s t  t o  t h i s ,  t h e  1 s h e l l  f i t  t o  t h e  x=20 g l a s s  

(reproduced i n  f i g u r e  4.15 f o r  g r e a t e r  c l a r i t y )  i s  seen t o  fol low the  

da ta  very w e l l  a t  low k and depar t  from t h e  data  somewhat a t  high k. 

Table 4.3 does however i n d i c a t e  t h a t  the  ma jo r i ty  con t r ibu t ion  t o  

t h e  spectrum a t  x=24 i s  t h e  same, r ega rd less  of which model i s  assumed 

f o r  t h e  envi ronment .  I n  b o t h  c a s e s  t h e  env i ronment  i s  dominated  by 

a p p r o x i m a t e l y  9 La a toms a t  a  d i s t a n c e  of about  3.28 A. The b e s t  f i t  

obtained using a  model which allowed f o r  Ga-Ga p a i r s  contained only 

v e r y  few of t h e s e  p a i r s  ( a  c o o r d i n a t i o n  number of about  0.2 f o r  Ga- 

Ga). However t h e  c o r r e l a t i o n  between t h e  w i d t h  of t h e  d i s t r i b u t i o n  

f o r  these  p a i r s  and t h e i r  number i s  so  g r e a t  t h a t  the  va lue  of t h e  f i t  

func t iona l  increases  by only 30% i f  a  r a t h e r  broad d i s t r i b u t i o n  of up 

t o  2  Ga n e i g h b o u r s  i s  assumed f o r  t h e  a b s o r b i n g  Ga atom. S i n c e  t h e  

n o i s e  s i m u l a t i o n s  of  t h e  p r e v i o u s  s e c t i o n  i n d i c a t e d  t h a t  a  30% 

increase  i n  t h e  value of t h i s  func t iona l  could be expected simply on 

t h e  b a s i s  of t h e  n o i s e  i n  t h e  d a t a ,  t h i s  e x p e r i m e n t  i s  n o t  adequa te  

f o r  an accura te  measurement of the  chemical shor t  range order  ( CSRO ) 

parameter. The u n c e r t a i n t i e s  quoted i n  t a b l e  4 3  f o r  t h i s  composition 

r e f l e c t  t h i s  f a c t  and w e r e  found i n  a  manner ana logous  t o  t h a t  

described above f o r  the  x=20 case. 

Figure 4.16 demonstrates t h a t  extremely accura te  measurements of 

EXAFS s p e c t r a  w i l l  have  t o  be made i f  t h e  t e c h n i q u e  i s  t o  p r o v i d e  a  

reasonable measurement of t h e  CSRO parameter i n  systems such a s  the  

one s tudied  here. In  t h i s  f i g u r e  two simulated spec t ra  a r e  shown. I n  

both cases  t h e  primary con t r ibu t ion  t o  t h e  spectrum i s  a  s h e l l  of 9.3 

La a toms  j u s t  a s  i n d i c a t e d  i n  t a b l e  4.3 f o r  t h e  g l a s s  a t  ~ ~ 2 4 .  The 

two spec t ra  d i f f e r  only i n  the  Ga s h e l l  assumed i n  t h e  s imula t ion .  I n  
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o n e  c a s e  (dashed l i n e )  a  d i s t r i b u t i o n  i s  assumed w i t h  Nm0.2 but  a  

w i d t h  of 0.24 A, whereas  i n  t h e  second c a s e  ( s o l i d  l i n e )  t h e  d i s t r i b u -  

t i o n  h a s  N12.2 w i t h  a  wid th  o f  0.65 A. C l e a r l y ,  i n  o r d e r  t o  d i s t i n -  

g u i s h  between t h e s e  two c u r v e s  i t  w i l l  be n e c e s s a r y  t o  measure  t h e  

s p e c t r a  e x t r e m e l y  a c c u r a t e l y .  

The r e s u l t s  o b t a i n e d  by a p p l y i n g  t h e  two s h e l l  models d i s c u s s e d  

above t o  t h e  spec t rum f o r  x=28 a r e  shown g r a p h i c a l l y  i n  f i g u r e  4.17. 

For t h i s  g l a s s  bo th  of t h e  models  c o n s i d e r e d  i n  t h i s  s e c t i o n  p rov ide  

a n  improvement o v e r  t h e  r e s u l t  o b t a i n e d  w i t h  a  s i n g l e  La s h e l l  f i t ,  

j u s t  a s  t h e y  d i d  f o r  x-24. I n  t h i s  c a s e  however each model p r o v i d e s  a  

m a r g i n a l l y  i n f e r i o r  f i t  t h a n  i t  d i d  f o r  t h e  g l a s s  a t  ~ 2 4 .  Also i n  

c o n t r a s t  t o  t h e  p r e v i o u s  c a s e  i s  t h e  f a c t  t h a t  t h e  two models i n d i c a t e  

q u i t e  d i f f e r e n t  v a l u e s  f o r  t h e  p a r a m e t e r s  d e s c r i b i n g  t h e  major  c o n t r i -  

b u t i o n  of t h e  La s h e l l .  These f a c t s  would seem t o  i n d i c a t e  t h a t  

n e i t h e r  model i s  a c c u r a t e l y  d e s c r i b i n g  t h e  La c o o r d i n a t i o n  of  Ga a t  

t h i s  composi t ion.  I f  t h i s  i s  t h e  c a s e ,  i t  i s  n a t u r a l  t o  suppose t h a t  

a l l o w i n g  more freedom i n  t h e  La s h e l l  of t h e  model migh t  be  a b l e  t o  

more c l o s e l y  approx imate  t h e  t r u e  shape of t h e  La d i s t r i b u t i o n .  How- 

e v e r ,  i n  o r d e r  t o  do t h i s  i n  t h e  p r e s e n t  c o n t e x t  t h e  number of f r e e  

p a r a m e t e r s  would have t o  be  i n c r e a s e d  t o  t h e  s t a g e  where  t h e  e x t r a c -  

t i o n  of  mean ingfu l  p h y s i c a l  i n f o r m a t i o n  would be  v i r t u a l l y  i m p o s s i b l e .  

I t  i s  a l s o  p o s s i b l e  t h a t  a n o t h e r  model peak shape may be a b l e  t o  

d e s c r i b e  t h e  l o c a l  La a r rangement  found i n  t h i s  g l a s s ,  however, 

f i n d i n g  t h e  a p p r o p r i a t e  model i s  a n  i m p o s s i b l e  t a s k  i n  g e n e r a l .  I n  

c h a p t e r  5  an  a l t e r n a t i v e  method of a n a l y z i n g  EXAFS s p e c t r a  i s  de- 

s c r i b e d  which might  be  a b l e  t o  s o l v e  t h i s  problem. However, us ing  t h e  

c u r r e n t  method of  a n a l y s i s  i t  a p p e a r s  t h a t  t h e  o n l y  c o n c l u s i o n  t h a t  



Figure 4.17 Best f i t s  t o  f i l t e r e d  EXAFS spectrum for  x=28 using 

two s h e l l  models. a ) .  La doublet model b). Ga pair 

model. 
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can be drawn from t h e  spectrum f o r  t h i s  composition i s  t h a t  t h e  s t ruc -  

t u r e  of t h e  g l a s s  changes i n  going from xs24 t o  x-28 a s  w e l l  a s  from 

xm20 t o  x=24. The n a t u r e  of t h e  change between t h e  former two compo- 

s i t i o n s  cannot be a s se s sed  on t h e  b a s i s  of t h e  c u r r e n t  a n a l y s i s .  

4.4 COMPARISON W I T H  X-RAY DIFFRACTION RESULTS 

The r e s u l t s  d i s cus sed  i n  t h e  prev ious  s e c t i o n  have been 

t r a n s l a t e d  i n t o  a  form s u i t a b l e  f o r  comparison wi th  t h e  X-ray d i f f r a c -  

t i o n  r e s u l t s  d i sp l ayed  i n  t a b l e  1.1. A l l  t h e  a p p r o p r i a t e  q u a n t i t i e s  

a r e  l i s t e d  i n  t a b l e  4.3 f o r  d i r e c t  comparison. The most s t r i k i n g  

d i f f e r e n c e  seen between t h e  EXAFS and d i f f r a c t i o n  r e s u l t s  i s  i n  t h e  

width t h e  two techniques  g ive  f o r  t h e  d i s t r i b u t i o n  of La atoms around 

Ga atoms. The primary cause of t h i s  discrepancy i s  an e r r o r  i n  t h e  

a n a l y s i s  of t h e  d i f f r a c t i o n  experiment ,  and t h e  source  of t h i s  e r r o r  

i s  d i scussed  b r i e f l y  i n  t h e  fo l l owing  paragraph. 

Since no d i f f r a c t i o n  experiment can be performed t o  i n f i n i t e  

momentum t r a n s f e r ,  experimental  RDF's ( a s  d i scussed  i n  chapter  1 )  w i l l  

always be comprised of t h e  t r u e  RDF convolved wi th  an e f f e c t i v e  reso-  

l u t i o n  f u n c t i o n  which i s  t h e  Four i e r  t ransform of t h e  t r u n c a t i o n  

f u n c t i o n  app l i ed  t o  t h e  exper imenta l ly  ob ta ined  reduced i n t e r f e r e n c e  

func t ion .  I n  ob t a in ing  t h e  r e s u l t s  quoted i n  r e f e r e n c e  1.3 the  

e f f e c t s  of t h i s  convolut ion were accounted f o r  by simply s u b t r a c t i n g  

t h e  width of t h e  peak i n  t h e  Four i e r  t ransform of t h e  t runca t ion  

f u n c t i o n  from t h e  width of t h e  peak i n  t h e  measured RDF. While t he  

width of t h e  convolu t ion  of two p o s i t i v e  d e f i n i t e  f u n c t i o n s  (such a s  a  

Gaussian r e s o l u t i o n  f u n c t i o n  wi th  a  Lorentz ian  l i n e  shape) may be 

reasonably  wel l  approximated by t h e  sum of t h e  wid ths  of t he  two 



f u n c t i o n s ,  such  a  sum i s  a  v e r y  poor  approx imat ion  t o  t h e  r e s u l t  of 

t h e  c o n v o l u t i o n  of  two f u n c t i o n s  which a r e  n o t  bo th  p o s i t i v e  d e f i n i t e .  

S i n c e  t h e  BDF shown i n  f i g u r e  1.2 i s  o b v i o u s l y  n o t  p o s i t i v e  d e f i n i t e  

t h e  above ment ioned t r e a t m e n t  of t h e  e f f e c t s  of t r u n c a t i o n  i n  t h e  

d i f f r a c t i o n  exper iment  c a u s e s  t h e  q u o t e d  r e s u l t s  t o  u n d e r e s t i m a t e  t h e  

t r u e  wid th  of t h e  d i s t r i b u t i o n  by abou t  0.25 A, which i s  t h e  wid th  of 

t h e  r e s o l u t i o n  f u n c t i o n .  When t h i s  e r r o r  i s  accoun ted  f o r ,  t h e  

d i sagreement  between t h e  two e x p e r i m e n t s  on t h e  w i d t h  of t h e  d i s t r i b u -  

t i o n  i s  g r e a t l y  r educed .  

The EXAFS and X-ray d i f f r a c t i o n  r e s u l t s  a r e  a l s o  s e e n  t o  d i s a g r e e  

c o n s i d e r a b l y  o n  t h e  number of  La ne ighbours  t h e  Ga a toms have a t  t h e  

compos i t ion  x=28. It h a s  a l r e a d y  been s u g g e s t e d  t h a t  t h e  models used 

f o r  a n a l y z i n g  t h e  EXAFS spec t rum a r e  i n a d e q u a t e  a t  t h i s  compos i t ion ,  

however t h i s  i s  based on v e r y  i n d i r e c t  r e a s o n i n g  a t  b e s t .  Pe rhaps  a  

more c o n c l u s i v e  argument f o r  t h e  inadequacy of t h e  models  used i s  t h e  

f a c t  t h a t  t h e  d i sagreement  between t h e  EXAFS r e s u l t  and t h e  d i f f r a c -  

t i o n  r e s u l t  i s  l e s s  i n  t h e  c a s e  where t h e  La s h e l l  i s  modeled w i t h  

g r e a t e r  f l e x i b i l i t y .  For bo th  x=20 and x=24 t h e  v a l u e  f o r  N based on 

t h e  EXAFS measurement i s  l e s s  t h a n  t h a t  g i v e n  by d i f f r a c t i o n ,  a l t h o u g h  

i n  bo th  c a s e s  t h e  d i s c r e p a n c y  i s  w i t h i n  t h e  i n t e r v a l  of u n c e r t a i n t y  i n  

t h e  EXAFS measurement. For  t h e s e  l a t t e r  two compos i t ions  t h e  

d i f f e r e n c e  i s  more l i k e l y  due t o  a  s y s t e m a t i c  e r r o r  i n  Eo o r  i n  a  

r e f e r e n c e  f u n c t i o n  ( such a s  If ( k ,  n ) l o r  s o 2 ) ,  r a t h e r  than  t o  a  

d e f i c i e n c y  i n  t h e  model. 

A more d e t a i l e d  examina t ion  of t a b l e  4.3 i n d i c a t e s  t h a t  t h e  t r e n d  

s e e n  f o r  RLa i n  t h e  d i f f r a c t i o n  exper iment  i s  n o t  p r e s e n t  i n  t h e  EXAFS 

r e s u l t s .  For bo th  e x p e r i m e n t s  t h e  amount of v a r i a t i o n  seen  i s  w i t h i n  



t h e  i n t e r v a l  of unce r t a in ty  so  perhaps a  g r e a t  dea l  of a t t e n t i o n  need 

n o t  be  p a i d  t o  t h i s  o b s e r v a t i o n .  However, i f  t h e  o r i g i n a l  v a l u e s  of 

t h e  parameters  a r e  considered (see t a b l e  4.2 f o r  example), i t  i s  seen 

t h a t  t h e  Ro p a r a m e t e r  i n  t h e  f i t  i s  s i g n i f i c a n t l y  l e s s  f o r  t h e  x=24 

c o m p o s i t i o n  t h a n  f o r  e i t h e r  of t h e  o t h e r  two. T h e r e f o r e  t h i s  may 

r e f l e c t  t h e  same f e a t u r e  which led  t o  the  reduced value  f o r  R a t  t h i s  

composition a s  found i n  the  d i f f r a c t i o n  experiment. The disagreement 

between t h e  value  given f o r  the  p o s i t i o n  of the  peak i n  t h e  La d i s t r i -  

bu t ion  would then be y e t  another  i n d i c a t i o n  of the  l i m i t a t i o n s  of the  

t r a d i t i o n a l  method of ana lys i s  used i n  t h i s  chapter. 

4.5 CONCEUSZONS 

From t h e  d iscuss ion of t h e  previous two sec t ions  i t  i s  apparent 

t h a t  EXAFS measurements  can  p r o v i d e  a  d e s c r i p t i o n  of t h e  m a j o r i t y  

con t r ibu t ion  t o  t h e  l o c a l  environment of a  s p e c i f i c  atom i n  a  m e t a l l i c  

g l a s s .  Bowever i t  i s  a l s o  c l e a r  t h a t  t h e  EXAFS t e c h n i q u e  can a l s o  

f a i l  i n  c e r t a i n  c a s e s ,  and i t  a p p e a r s  mos t  l i k e l y  t h a t  t h e  g r e a t e s t  

problem may be found i n  systems which conta in  d i s t r i b u t i o n s  t h a t  a r e  

no t  w e l l  described by t h e  model used f o r  the  ana lys i s  of t h e  spectrum. 

Moreover the  c o r r e l a t i o n  between t h e  width and s i z e  of the  dis-  

t r i b u t i o n s  used i n  t h e  a n a l y s i s  i s  s u f f i c i e n t l y  s t r o n g  a s  t o  make 

accura te  measurement of the  CSRO parameter extremely d i f f i c u l t ,  i f  not 

impossible,  i n  cases where t h e  con t r ibu t ions  of t h e  var ious  const i-  

t u e n t s  canno t  b e  i s o l a t e d  i n  t h e  F o u r i e r  f i l t e r i n g  s t a g e  of t h e  

analys is .  

T h i s  s t u d y  s h o u l d  n o t  be  t a k e n  a s  mere  f  l o c c i n a u c i n i h i p i l i f i -  

c a t i o n  of t h e  EXAFS technique however. It has been shown t h a t  EXAFS 
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s p e c t r a  a r e  i n d e e d  s e n s i t i v e  t o  c h a n g e s  i n  t h e  l o c a l  s t r u c t u r e  a t  

s p e c i f i c  s i t e s  i n  m a t e r i a l s .  The p r e c i s e  i n t e r p r e t a t i o n  of  t h e s e  

changes, however, w i l l  r e q u i r e  ex t remely  a c c u r a t e  measurements of t h e  

abso rp t ion  c o e f f i c i e n t  ( w i t h  a  n o i s e  l e v e l  of a t  most 0.032) and t h e  

developement of more s o p h i s t i c a t e d  methods of ana lys is .  Pre l iminary  

s t u d i e s  of one such p o s s i b l e  a l t e r n a t i v e  method a r e  presented  i n  t he  

f i n a l  chap te r  of t h i s  t hes i s .  
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5  FREDHOLM INVERSION OF EXAFS DATA 

5.1 MATHEMATICAL BACKGROUND 

A s  was seen  i n  chapter  2 ,  t h e  exper imenta l ly  observed EXAFS 

f u n c t i o n ,  ~ ( k ) ,  due t o  a  s i n g l e  s h e l l  of neighbouring atoms, may be 

i n t e r p r e t e d  through t h e  equa t ion :  

Here t h e  e f f e c t s  of r e s o l u t i o n  and o t h e r  s h e l l s  have been ignored. 

Given t h a t  t h e  p a r t i c u l a r  s h e l l  of i n t e r e s t  i s  g e n e r a l l y  on ly  non- 

n e g l i g i b l e  on a  f i n i t e  i n t e r v a l ,  t h e  above may be e f f e c t i v e l y  

r e w r i t t e n  a s :  

T r a d i t i o n a l l y ,  a s  descr ibed  i n  chap te r  2 ,  t h e  above express ion  

has  been used t o  o b t a i n  phys ica l  parameters  by assuming some 

a n a l y t i c a l  form f o r  P(R) and computing t h e  i n t e g r a l  i n  (5.1) i n  c losed  

form. The r e s u l t  i s  a  model exp re s s ion  f o r  ~ ( k )  which depends on some 

f i n i t e  s e t  of parameters  used i n  d e f i n i n g  t h e  P(R). However, a s  

i n d i c a t e d  i n  chap te r  4, i t  would be d e s i r a b l e  t o  have an  a l t e r n a t i v e  

method of a n a l y s i s  which would be e s s e n t i a l l y  non-parametric. 

J u s t  such an a l t e r n a t i v e  approach t o  ana lyz ing  E M S  d a t a  has  

been proposed by Babanov e t  a l .  (501). This  l a t t e r  method proceeds by 

no t ing  t h a t  (5.2) i s  a  Fredholm i n t e g r a l  equa t ion  of t h e  f i r s t  kind 

f o r  P(R),  which can be solved numerical ly .  However, i t  must be noted 
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f rom t h e  o u t s e t  t h a t  t h i s  i s  by no means a  t r i v i a l  p rocedure .  Indeed ,  

i n t e g r a l  e q u a t i o n s  of  t h e  f i r s t  k i n d  a r e  one of t h e  c l a s s i c  examples 

of a n  i l l - p o s e d  problem. An e x p l a n a t i o n  f o r  t h i s  may be s e e n  q u i t e  

e a s i l y  by c o n s i d e r i n g  Riemann's lemma which e s s e n t i a l l y  s t a t e s :  

For any  i n t e g r a b l e  f u n c t i o n  f :  

( 5 . 3 )  lim / f ( R )  s i n  AR dR = 0 
A+ 22 

From t h i s  i t  i s  s e e n  t h a t  any s o l u t i o n  of (5.2) may have a  ve ry  

l a r g e ,  h i g h l y  o s c i l l a t o r y  f u n c t i o n  added t o  i t  v h i c h  would o n l y  

s l i g h t l y  p e r t u r b  t h e  r i g h t  hand s i d e  of t h e  e q u a t i o n .  Converse ly ,  i t  

i s  c l e a r  t h a t  any s m a l l  change i n  t h e  l e f t  hand s i d e  (which f o r  t h e  

p u r p o s e s  of t h i s  d i s c u s s i o n  w i l l  be de te rmined  from e x p e r i m e n t s  of 

f i n i t e  a c c u r a c y )  cou ld  l e a d  t o  l a r g e  changes  i n  t h e  r e s u l t  o b t a i n e d  

from any e x a c t  s o l u t i o n  t o  (5 .2) .  T h i s  i s  p r e c i s e l y  v h a t  i s  meant by 

t h e  p h r a s e  " i l l -posed."  

The f a c t  t h a t  (5.2) cannot  be s o l v e d  e x a c t l y ,  however, does  no t  

imply t h a t  a n  a c c u r a t e  e s t i m a t e  of  t h e  s o l u t i o n  ( P ( R ) )  cannot  be 

o b t a i n e d  from a  g i v e n  s e t  of d a t a  ( x (k)). I n  f a c t  a  number of 

a l g o r i t h m s  f o r  o b t a i n i n g  approx imate  s o l u t i o n s  t o  such  e q u a t i o n s  

e x i s t ,  and i n  i d e a l  c a s e s  t h e s e  a p p r o x i m a t e  s o l u t i o n s  can approach t h e  

t r u e  s o l u t i o n  w i t h  a r b i t r a r y  a c c u r a c y  (5 .2)  

E q u a t i o n s  such a s  (5 .2 )  a r e  s e e n  i n  many a r e a s  of  t h e  p h y s i c a l  

s c i e n c e s ,  and a  c e r t a i n  amount of  t e rmino logy  h a s  been b u i l t  up around 

such problems. The problem of d e t e r m i n i n g  ~(k), from a  g i v e n  P(R), 

i s  c a l l e d  t h e  " d i r e c t  problem." The more d i f f i c u l t  problem, f i n d i n g  

P ( R )  from a  g i v e n  X(k), i s  c a l l e d  t h e  " i n v e r s e  problem." The p r o c e s s  
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by which p (R) i s  obta ined  from ~ ( k )  i s  r e f e r r e d  t o  a s  "inversion." 

Babanov e t  a l .  o b t a i n  a n  a p p r o x i m a t e  s o l u t i o n  t o  (5.2) t h r o u g h  

t h e  r e g u l a r i z a t i o n  method of  Tikhonov (5*3). I n  t h i s  c h a p t e r  a  

s l i g h t l y  d i f f e r e n t  approach w i l l  be presented  which borrows heavi ly  

f rom t h e  g e o p h y s i c a l  l i t e r a t u r e  of  " I n v e r s e  Theory  1 5 . 4  ~~~h  

methods involve minimizing some f u n c t i o n a l  corresponding t o  t he  d is -  

t a n c e  be tween  t h e  two s i d e s  of  (5.2) i n  some norm ( t y p i c a l l y  t h e  L2 

norm). I n  both cases  some mechanism must be provided f o r  damping out 

t h e  h i g h  f r e q u e n c y  components  of  any  p o t e n t i a l  s o l u t i o n .  Ic 

Tikhonov's method t h i s  i s  done by adding a  pena l ty  f u n c t i o n a l  t o  t h e  

f u n c t i o n a l  being minimized, such t h a t  t he  penal ty  f u n c t i o n a l  i s  l a r g e  

f o r  h ighly  o s c i l l a t o r y  funct ions.  Thus, f o r  example, t h e  ob jec t  may 

be t o  minimize an express ion  such a s  t he  fo l lowing:  

Here  K s t a n d s  f o r  t h e  i n t e g r a l  o p e r a t o r  w i t h  t h e  EXAFS k e r n e l ,  a i s  

c a l l e d  t h e  r e g u l a r i z a t i o n  parameter ,  and L i s  some l i n e a r  opera tor  

such  a s  t h e  i d e n t i t y  o r  g r a d i e n t  o p e r a t o r .  The v a l u e  of t h e  pa ra -  

m e t e r  a s h o u l d  be s e l e c t e d  a c c o r d i n g  t o  some knowledge  t h e  e x p e r i -  

menter  has about t h e  inaccuracy of t h e  l e f t  hand s i d e  of t h e  i n t e g r a l  

equation. However, when s i m i l a r  methods a r e  used i n  t h e  invers ion  of 

Mossbauer  d a t a ,  t h e  c h o i c e  of  a i s  o f t e n  l e f t  up t o  more  s u b j e c t i v e  

c r i t e r i a  such a s  whether t h e  p (R) obta ined  ( which i n  t h i s  case would 

be a  d i s t r i b u t i o n  of hyperf i n e  f i e l d s )  looks "reasonable. ~(5 .5)  

The method wh ich  w i l l  b e  d i s c u s s e d  i n  d e t a i l  t h r o u g h o u t  t h e  

remainder  of t h i s  chap te r  w i l l  be c a l l e d  "Singular Value Decomposi- 
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t i o n "  ( o r  SVD) i n v e r e i o n ,  f o r  r e a s o n s  which  v i l l  become c l e a r  i n  due 

course .  I n  t h i s  method t h e  p rob lems  f o r e t o l d  by RiemannOs lemma a r e  

c o n t r o l l e d  by e x p a n d i n g  t h e  f u n c t i o n  p (R) i n  t e r m s  o f  a  b a s i s  of  

e i g e n f u n c t i o n s  on some d i e c r e t e  R a x i s ,  and s e t t i n g  t h e  c o e f f i c i e n t s  

of t h e  more  o s c i l l a t o r y  f u n c t i o n s  i n  t h i s  e x p a n s i o n  t o  zero .  A s  v a s  

t h e  c a s e  v i t h  a , t h e  c h o i c e  o f  which c o e f f i c i e n t s  t o  s e t  t o  z e r o  can 

be  o b t a i n e d  e i t h e r  f rom t h e  known l e v e l  of n o i s e  i n  t h e  o r i g i n a l  d a t a ,  

o r  s e m i - a r b i t r a r i l y  on t h e  b a s i s  of c e r t a i n  f e a t u r e s  of t h e  s o l u t i o n s  

o b t a i n e d .  

The f i r s t  s t e p  i n  any i n v e r s i o n  p rocedure  i s  t o  o b t a i n  a  d i s c r e t e  

a l g e b r a i c  e q u a t i o n  which i s  e q u i v a l e n t  t o  t h e  a n a l y t i c  e q u a t i o n  (5.2). 

T h i s  i s  d o n e  by f i r s t  q u a n t i z i n g  t h e  R a n d  k a x e s ,  a n d  t h e n  a p p r o x i -  

m a t i n g  t h e  i n t e g r a l  o n  e a c h  o f  t h e  s u b i n t e r v a l s  (Ri ,Ri+l)  w i t h  some 

n u m e r i c a l  q u a d r a t u r e  fo rmula .  It i s  p o s s i b l e  t o  u s e  a  r e l a t i v e l y  h igh 

o r d e r  q u a d r a t u r e  f o r m u l a  i f  i n t e r p o l a t i o n  i s  u s e d  t o  p r o v i d e  v a l u e s  

f o r  t h e  i n t e g r a n d  a t  p o i n t s  i n s i d e  t h e  s u b i n t e r v a l s  ( ' o ~ ) .  However i t  

i s  g e n e r a l l y  m o r e  a d v a n t a g e o u s  t o  u e e  a  s i m p l e  f o r m u l a ,  s u c h  a s  t h e  

t r a p e z o i d a l  r u l e ,  and i n c r e a s e  t h e  f i n e n e s s  of t h e  g r i d  on t h e  R a x i s  

i f  g r e a t e r  a c c u r a c y  i s  r e q u i r e d .  The end r e s u l t  of t h i s  p r o c e s s  i s  an 

a l g e b r a i c  e q u a t i o n ,  which w i l l  be v e r y  over -de te rmined  i n  a 1  1 c a s e s  of 

p r a c t i c a l  i n t e r e s t .  Such a  s y s t e m  m i g h t  a p p e a r  a s :  

S i n c e  t h i s  s y s t e m  i s  o v e r - d e t e r m i n e d ,  h o w e v e r ,  i t  c a n n o t  i n  

g e n e r a l  be s o l v e d  s i m p l y  by comput ing Rij-l and u s i n g  t h i s  o p e r a t o r  

o n  b o t h  s i d e s  o f  t h e  a b o v e  e q u a t i o n ,  a s  Ri j  may n o t  h a v e  a n  i n v e r s e .  
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Indeed, even i f  ICij-' d i d  e x i s t  t h e  f a c t  t h a t  t h e  underlying problem 

( i .e .  equat ion  (5.2))  i s  i l l -posed  w i l l  cause K. t o  be extremely 
1 j 

poorly condit ioned,  and consequent ly i t s  i n v e r s e  could not  be computed 

accu ra t e ly .  Even i n  t h e  case  where K. 
1 j 

does not  e x i s t ,  however, i t  

i s  s t i l l  pos s ib l e  t o  so lve  (5.5) f o r  P i n  a  l e a s t  squares  sense,  and 
j 

fur thermore  t o  do so  i n  such a  way t h a t  t h e  components of t h e  problem 

which a r e  causing the  i n s t a b i l i t i e s  can be i d e n t i f i e d ,  

It can be proven t h a t  any r e a l  mat r ix ,  K,  of rank k ,  may be 

expressed a s  a  product of t h r e e  m a t r i c e s  a s  fo l lows  (5.7) .  

where, i f  K i s  an m x  n  ma t r ix ,  U and V a r e  or thogonal  ma t r i ce s  

( m x  m and n  x  n  r e s p e c t i v e l y )  and R i s  a  diagonal  m a t r i x  of rank 

k, Furthermore, a lgor i thms e x i s t  f o r  t he  computation of such an 

expansion and the  diagonal  elements of R a r e  uniquely def ined ,  non- 

nega t ive  r e a l  numbers, which can be arranged i n  non-increasing order .  

This  express ion  f o r  K i s  c a l l e d  i t s  S ingu la r  Value Decompostion, t he  

diagonal  elements of R a r e  c a l l e d  i t s  S ingu la r  Values and t h e  

columns of V a r e  c a l l e d  i t s  s i n g u l a r  vec to r s .  Since the  inve r s ion  of 

an or thogonal  ma t r ix  i s  man i f e s t ly  s t a b l e ,  t h e  problems encountered 

when i n v e r t i n g  K must a r i s e  s o l e l y  from the  poor condi t ion ing  of the  

diagonal  ma t r ix  R. 
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A t  t h i s  s t a g e ,  t h e r e f o r e ,  t h e  o r i g i n a l  problem has  been converted 

* 
t o  t h e  approximately equ iva l en t  problem: 

(5.7) minimize I R y - ; where y = vT 
T and g = U  x. 

Note a t  t h i s  po in t  t h a t  i f  (5.7) i s  used i n  conjunc t ion  wi th  (5.6) t h e  

minimizat ion problem may involve  a s  many a s  50 o r  more v a r i a b l e  param- 

e t e r s  ( t he  number of p o i n t s  on which P ( R )  i s  t o  be de f ined ) .  

However i n  t h i s  case  t h e  minimizat ion i s  l i n e a r  and consequently t h e  

problem i s  f a r  e a s i e r  t han  t h e  min imiza t ions  performed i n  chapter  4, 

even though t h e  number of parameters  i s  cons iderab ly  l a r g e r .  I n  t h e  

fo l lowing  d i scus s ion  t h e  compact n o t a t i o n  R y  E g w i l l  be used t o  

r e p r e s e n t  t h e  minimizat ion of t h e  L2 norm of t h e  d i f f e r e n c e  between 

R y  and g. From (5.7) i t  i s  seen t h a t  t h e  s o l u t i o n  d e s i r e d ,  p ,  

may be e a s i l y  ob ta ined  from t h e  s o l u t i o n  t o  t h e  more s t r a igh t fo rward  

problem, R y  z g. S ince  V i s  or thogonal ,  i t s  columns span t h e  v e c t o r  

space i n  which t h e  s o l u t i o n  v e c t o r  i s  def ined.  Therefore ,  (5.7) can 

be thought of a s  an  equa t ion  determining t h e  c o e f f i c i e n t s  f o r  t h e  

expansion of t h e  s o l u t i o n  of (5.5) i n  terms of t h i s  ba s i s .  The s t ab i -  

l i t y  needed f o r  i n v e r s i o n  of t h e  o r i g i n a l  i n t e g r a l  equa t ion  of 

i n t e r e s t  w i l l  come from s e t t i n g  some of t h e  c o e f f i c i e n t s  i n  t h i s  

expansion t o  zero. To s e e  how t h i s  s e l e c t i o n  i s  t o  be made, consider  

t h e  expanded v e r s i o n  of equa t ion  (5.7) given on t h e  fo l lowing  page. 

* 
By t h i s  i s  meant equ iva l en t  t o  t h e  e x t e n t  allowed by t h e  procedures 

of q u a n t i z a t i o n  and numerical  quadra ture .  



Three th ings  should be noted about  t h i s  equat ion:  

1). I f  R h a s  r a n k  k < n ,  t h e n  e l e m e n t s  Yk+le.. yn a r e  

completely undetermined 

2). The L2 norm d i f f e r e n c e  b e t w e e n  t h e  two s i d e s  of 

(5.8) i s  a t  l e a s t  2 2 l g i l  

3). The minimum norm of t h i s  d i f f e r e n c e  i s  obtained i f  

t h e  y i  a r e  chosen according t o  y i  = g i  / R i  

f o r  i=l, . . . k. 

From these  t h r e e  p o i n t s  i t  i s  c l e a r  t h a t ,  i f  Rk+l,...% a r e  zero,  

then  t h e  e lements  y i  i=k+l,... n, w i l l  be  completely undetermined, and 

t h e r e f o r e  t h e  s o l u t i o n  w i l l  n o t  be  unique .  I t  mus t  b e  remembered 

however t h a t  t h e  above c a l c u l a t i o n s  a r e  be ing  performed on a computer, 

s t a r t i n g  w i t h  d a t a  of f i n i t e  accuracy, s o  t h a t  t h e  meaning of "zero" 

must be defined.  

I n  most p r a c t i c a l  ca ses  encountered none of t h e  s i n g u l a r  va lues  

w i l l  be i d e n t i c a l l y  zero ,  o r  even ze ro  t o  w i t h i n  t h e  p r e c i s i o n  of t h e  

computer being used. However, o f t e n  R1 ( t h e  l a r g e s t  s i n g u l a r  va lue  by 

c o n v e n t i o n )  may be  f i v e  o r  s i x  o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  R n  

( t h e  s m a l l e s t ) ,  and  i t  w i l l  be  r e c a l l e d  t h a t  t h e  r a t i o  of  t h e s e  two 
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q u a n t i t i e s  d e f i n e s  t h e  cond i t i on  number f o r  t h e  d iagonal  m a t r i x  R. 

Furthermore, a s  i n d i c a t e d  i n  t h e  preceding d i s c u s s i o n ,  i t  i s  t h e  s i z e  

of t h i s  cond i t i on  number vh ich  i s  a t  t h e  h e a r t  of t h e  problem. Coose- 

q u e n t l y ,  i t  i s  r ea sonab le  t o  q u e s t i o n  whether t h e s e  smal le r  elements 

should be kept  a s  non-zero, p a r t i c u l a r l y  when some minor p e r t u r b a t i o n  

of t h e  problem could cause some of them t o  be z e r o  anyway. 

Based on t h e  above d i s c u s s i o n ,  cons ider  what would happen i f  some 

of t h e  smal le r  s i n g u l a r  v a l u e s  were i n  f a c t  ze ro ,  s i nce  they might 

we l l  have been so  under a  s l i g h t l y  d i f f e r e n t  s e t  of c i rcumstances.  

F i r s t ,  a s  noted above, any s o l u t i o n  would then  be non-unique. This ,  

however, may not  be a  s e r i o u s  problem s i n c e  t h e  unique s o l u t i o n  t o  t h e  

f u l l  rank problem i s  of no p r a c t i c a l  use.  To ge t  around t h i s  non- 

uniqueness of t h e  s o l u t i o n  t o  l e a s t  squares  problems i t  i s  conven- 

t i o n a l  t o  t ake  t h e  minimum norm s o l u t i o n  ( i . e .  t h a t  unique s o l u t i o n  

which minimizes 1 y  1 2 a s  w e l l  a s  t h e  r e s i d u a l  norm). By examining 

equa t ion  (5.8) i t  i s  c l e a r  t h a t  t h i s  corresponds t o  s e t t i n g  yi = 0 f o r  

a l l  i f o r  which Ri 0. For t h e  problem being d i scus sed  he re  t h i s  

choice has  an advantage i n  a d d i t i o n  t o  simply provid ing  uniqueness ,  

f o r  i t  i s  found empi r i ca l l y  t h a t  t he  s i n g u l a r  v e c t o r s  corresponding 

t o  t h e  sma l l e s t  s i n g u l a r  v a l u e s  tend t o  be t h e  most o s c i l l a t o r y .  

Hence s e t t i n g  t h e  undetermined yi t o  ze ro  corresponds t o  e l imina t ing  

t h e  most o s c i l l a t o r y  components of t h e  s o l u t i o n .  

The number of s i n g u l a r  va lues  which a r e  t o  be t r e a t e d  a s  non-zero 

i s  c a l l e d  t h e  pseudo-rank of t h e  problem (denoted k  ), and f o r  any 
P  

given problem i t s  va lue  depends on a  such f a c t o r s  a s  t h e  n o i s e  i n  t h e  

d a t a  and t h e  p r e c i s i o n  of t h e  computer used t o  perform t h e  calcula-  

t i o n s .  Therefore  some procedure must be a p p l i e d  t o  s e l e c t  t h e  appro- 
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p r i a t e  pseudo-rank, s i n c e  i t  cannot be known a  p r i o r i  f o r  any given 

problem. As mentioned e a r l i e r  one choice f o r  t h e  pseudo-rank (kp)  

would be based on having t h e  r e s i d u a l  norm equal  t o  t h a t  expected on 

t h e  b a s i s  of t h e  noise .  However, even i f  no knowledge of t h e  no i se  

l e v e l  i s  assumed a  reasonable  s e l e c t i o n  may s t i l l  be pos s ib l e .  A s  

i n c r e a s i n g l y  l a r g e  k  a r e  cons idered  t h e  r e s i d u a l  norm w i l l  decrease  
P  

wh i l e  t h e  norm of t h e  s o l u t i o n  w i l l  i nc rease .  Typ ica l ly ,  beyond a  

c e r t a i n  po in t ,  i n c r e a s i n g  k  w i l l  provide only a  marginal  decrease  i n  
P  

t h e  r e s i d u a l  norm and t h i s  w i l l  be ob ta ined  only a t  t h e  expense of a  

very  l a r g e  i n c r e a s e  i n  t h e  norm of t he  so lu t ion .  Such a  l a r g e  norm 

f o r  t h e  s o l u t i o n  would be i n d i c a t i v e  of t h e  f a c t  t h a t  some h ighly  

o s c i l l a t o r y  components have been in t roduced  i n t o  t h e  s o l u t i o n ,  and 

t h e r e f o r e  a  smal le r  k  should be considered.  Reference 5.7 should be 
P  

consul ted  f o r  a  more d e t a i l e d  d i s c u s s i o n  on t h e  s e l e c t i o n  of t he  

pseudo-rank. 

Implementing t h e s e  i d e a s  f o r  t h e  case  of s imulated EXAFS s p e c t r a  

y i e l d s  r e s u l t s  such a s  t h a t  shown i n  f i g u r e  5.1. I n  t h i s  f i g u r e  t h e  

s o l i d  l i n e  r e p r e s e n t s  a  d e n s i t y  f u n c t i o n  which was used t o  cons t ruc t  

an EXAFS spectrum on t h e  b a s i s  of equa t ion  5.2, us ing  t h e  s c a t t e r i n g  

f u n c t i o n s  corresponding t o  Ga-Ga p a i r s .  The dashed l i n e  r e p r e s e n t s  

t h e  r e s u l t s  of apply ing  t h e  i n v e r s i o n  procedure desc r ibed  above. In 

t h i s  case  kp was taken t o  be 10. For t h i s  case  t h e  spectrum was 

s imula ted  without  n o i s e  ( a t  l e a s t  none beyond t h a t  i n h e r e n t  due t o  

computat ional  e r r o r )  u s ing  a  symmetr ical ly  shaped s h e l l  of La atoms 

around an absorb ing  Ga atom. The X(k) was def ined  on 4 - 15 h1 and 

70 d a t a  p o i n t s  w i t h i n  t h i s  i n t e r v a l  were used a s  i n p u t  t o  t h e  inver-  

3 skon r o u t i n e  a f t e r  f i r s t  weight ing  t h e  d a t a  by a  f a c t o r  of k  . The 



Figure 5 .1  SVD invers ion  f o r  a  symmetric d i s t r ibut ion .  Sol id  

l i n e  g i v e s  the d i s t r ibut ion  used i n  computing the 

simulated spectrum. Dashed l i n e  g i v e s  the  SVD 

invers ion  of that  spectrum. 
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o u t p u t  of  t h e  i n v e r s i o n  was d e f i n e d  o n  30 p o i n t s  b e t w e e n  2.9 and 4.3 

A, k p  was  t a k e n  t o  b e  9 ,  and  t h e  t r a p e z o i d a l  r u l e  was  used  i n  t h e  

c o n s t r u c t i o n  of  t h e  a l g e b r a i c  e q u a t i o n  (5.5). I t  i s  c l e a r  t h a t  t h e  

method provides  a  r ea sonab le  d e s c r i p t i o n  of t h e  inpu t  d i s t r i b u t i o n  i n  

t h i s  i d e a l  case,  even though no e x p l i c i t  c o n s t r a i n t s  were imposed on 

t h e  s o l u t i o n  a s  was done by Babanov e t  a l e  However, c a r e f u l  observa- 

t i o n  of f i g u r e  5.1 r e v e a l s  t h a t  t h e  s o l u t i o n  obta ined  does make some 

e x c u r s i o n s  i n t o  t h e  u n p h y s i c a l  r e g i m e  of n e g a t i v e  d e n s i t y .  T h i s  

problem i s  of l i t t l e  consequence however, p a r t i c u l a r l y  s i n c e  t h e  l e a s t  

squares  minimiza t ion  can be performed under t h e  c o n s t r a i n t  t h a t  t h e  

s o l u t i o n  be nonnegative ( see  chapter  23 of r e f e rence  5.7). 

Although t h e  r e s u l t s  d i sp layed  i n  f i g u r e  5.1 a r e  most g r a t i f y i n g ,  

i t  i s  impor tan t  t o  n o t e  t h a t  t h e  t r a d i t i o n a l  methods of EXAFS a n a l y s i s  

perform adequately under such i d e a l  c i rcumstances  a s  wel l .  For t h i s  

r ea son  it i s  impera t ive  t h a t  t h e  new method a l s o  be t e s t e d  under t h e  

more demanding c i rcumstances  brought about by asymmetric peak shapes, 

n o i s y ,  t r u n c a t e d  d a t a  s e t s  ( t r u n c a t e d  a t  b o t h  low and  h i g h  k )  and 

inexac t  t h re sho ld  e n e r g i e s  and s c a t t e r i n g  funct ions.  The next  s e c t i o n  

t r e a t s  t h e s e  problems i n  g r e a t e r  d e t a i l .  

5.2 INVERSION I N  NON-IDEAL CASES 

A m a j o r  c o n c e r n  f o r  t h e  p u r p o s e s  o f  t h i s  t h e s i s  i s  how t h e  

a n a l y s i s  method presented  above w i l l  handle an asymmetric peak when 

t h e  d a t a  a r e  t runca ted  a t  about  4.0 A-l. F igure  5.2 demonstrates  t h a t  

t h i s  s i m p l e  c o m b i n a t i o n  of  f e a t u r e s  p r e s e n t s  no  s e r i o u s  p rob lem,  

al though i t  i s  seen t h a t  f o r  t h i s  problem cons t r a in ing  t h e  s o l u t i o n  t o  

be non-negative does help. Again no no i se  has been introduced i n  t h e  



Figure 5.2 SVD inversion for  an asymmetric d is tr ibut ion.  

Simulated spectrum was defined on 4.0 t o  15.0 A - ~ .  

Dotted l i n e  g i v e s  the inversion without constraints ,  

the dashed l i n e  g i v e s  the inversion compqted under 

non-nega t i v e  constraints .  



Figure  5.3 R e s u l t  f o r  c o n s t r a i n e d  i n v e r s i o n  o f  data  d e f i n e d  

o n l y  on t h e  r e s t r i c t e d  in terva l  4.0 t o  10.0 A-l. 
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s imu la t i on  used, and no f i l t e r i n g  has  been performed s o  t h e  t e s t  i s  

s t i l l  no t  r igorous .  However, a s  before ,  t h e  r e s u l t  i s  encouraging. A 

key f e a t u r e  t h a t  should be po in ted  c u t  he re  i s  t h a t  much poorer 

r e s u l t s  a r e  ob t a ined  i f  t h e  i n v e r s i o n  i s  performed from a  da t a  s e t  

con ta in ing  only  50 p o i n t s ,  r a t h e r  than  t h e  70 used t o  produce f i g u r e  

5.2a. On t h e  o t h e r  hand, no s i g n i f i c a n t  improvement was obtained a s  a  

r e s u l t  of expanding t h e  problem s o  t h a t  150 d a t a  p o i n t s  were used t o  

determine t h e  d e n s i t y  func t ion  on 50 p o i n t s  a long  t h e  same i n t e r v a l  of 

t h e  R-axis. Thus a  f a i r l y  l a r g e  d a t a  s e t  i s  needed, but beyond a  

c e r t a i n  po in t  no th ing  i s  gained by going t o  l a r g e r  systems. Na tu ra l l y  

t h e  amount of computer t ime r equ i r ed  f o r  l a r g e r  systems i n c r e a s e s  

r a p i d l y  with t h e  s i z e  of t h e  l i n e a r  system. 

When t h e  c o n s t r a i n t  of non-negat ivi ty  i s  imposed t h e  ques t i on  of 

t h e  s e l e c t i o n  of t h e  pseudo-rank of t h e  problem i s  solved i n  a  

s t r a i g h t f o r w a r d  manner. When t o o  small  a  k  i s  s e l e c t e d  i t  i s  found 
P  

e m p i r i c a l l y  t h a t  t h e  r e s u l t i n g  cons t r a ined  l e a s t  squares  system has 

i n c o n s i s t e n t  c o n s t r a i n t s .  Genera l ly  i t  was found t h a t  a  va lue  of 
k~ 

which was one o r  two l a r g e r  than t h i s  cut-off va lue  produced t h e  bes t  

r e s u l t s  when compared wi th  t h e  dens i ty  f u n c t i o n  use i n  s imula t ing  the  

spectrum. For t h e  above t e s t  a  pseudo-rank of k  = 22 was used f o r  
P  

t h e  cons t ra ined  s o l u t i o n  wh i l e  kp = 19 was used f o r  t h e  unconstrained 

s o l u t i o n .  A l l  t h e  r e s u l t s  r e p o r t e d  below were based on s imu la t i ons  on 

a sma l l e r  i n t e r v a l  of k-space than  t h a t  used above and i n  t he se  cases  

a  va lue  of kp = 1 5  o r  16 was found t o  be app rop r i a t e .  Again t h e  

i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  r e f e r e n c e  5.7 f o r  a  more d e t a i l e d  

e x p o s i t i o n  on t h e  s e l e c t i o n  of t h e  pseudo-rank. 

F igure  5.3 demonstrates  t h a t  l i m i t i n g  t h e  a v a i l a b l e  da t a  s e t  a t  
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l a r g e  momentum t r a n s f e r  a l s o  h a s  l i t t l e  e f f e c t  o n  t h e  r e s u l t s  

obtained. I n  f a c t  t h e  inve r s ion  obta ined  from a  more r e s t r i c t i v e  k- 

space i n t e r v a l  i s  s u p e r i o r  t o  t h a t  shown i n  f i g u r e  5.2a, due t o  e r r o r s  

e n c o u n t e r e d  i n  t h e  n u m e r i c a l  q u a d r a t u r e  a t  t h e  h i g h e r  v a l u e s  of k. 

This  t e s t ,  a s  w e l l  a s  a l l  t hose  d iscussed  below d e a l  w i t h  cons t ra ined  

s o l u t i o n s ,  

The model  d i s t r i b u t i o n  u s e d  i n  f i g u r e s  5.2 and 5.3 i s  s i m p l y  a  

s i n g l e  s h e l l  of t h e  type  used i n  chap te r  4. However, a s  d i scussed  i n  

chap te r  4, one of t h e  short-comings of t h e  more t r a d i t i o n a l  methods of 

a n a l y s i s  i s  t h a t  t h e  exper imenter  may be l e f t  wondering i f  t h e  f a i l u r e  

of  a  g i v e n  model  t o  d e s c r i b e  t h e  d a t a  i s  due t o  a  f a i l u r e  of  t h e  

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

changes  i n  t h e  peak  shape.  Thus a  r e a l  t e s t  o f  t h e  p o s s i b l e  u s e f u l -  

n e s s  of t h e  new method would be whether o r  no t  i t  i s  a b l e  t o  p ick  out  

s u c h  s u b t l e  d i f f e r e n c e s  b e t w e e n  two p o s s i b l e  peaks.  To a s s e s s  t h i s  

a spec t  of t he  problem t h r e e  d i f f e r e n t  model d i s t r i b u t i o n s  were consi- 

dered, a s  shown i n  f i g u r e  5.4a. The SVD i n v e r s i o n s  of t h e  correspond- 

i ng  EXAES s p e c t r a  a r e  show i n  f i g u r e  5.4b. It i s  seen immediately t h a t  

t h e  t r e n d s  p r e s e n t  among t h e  t h r e e  m o d e l s  a r e  a l s o  p r e s e n t  i n  t h e  

inve r s ions ,  a l though t h e  d e t a i l e d  r ep roduc t ion  of t h e  more complicated 

peaks  i s  n o t  a s  t r u e  a s  t h a t  f o r  t h e  u n p e r t u r b e d  peak  ( s o l i d  l i n e  i n  

t h e  f i g u r e ) .  The same pseudo-rank  ( k = 15) was u s e d  f o r  a l l  t h r e e  
P  

cases .  

A l l  t e s t s  up  t o  t h i s  p o i n t  have  b e e n  c o n d u c t e d  u s i n g  s i m u l a t e d  

EXAFS s p e c t r a  t o  which no n o i s e  has  been added. To a s s e s s  t h e  e f f e c t s  

t h a t  no i se  i n  t h e  d a t a  can have on t h e  procedure, some inve r s ion  t e s t s  

were performed on no i sy  s imu la t ions  and t h e  r e s u l t s  of some of t hese  



Figure 5.4 Test of the s e n s i t i v i t y  of the method t o  c h a n g e s i n  

the  d i s t r ibut ion  shape. a ) .  The three d i f f erent  dis-  

tr ibut ions  used. b ) .  Resul ts  f o r  inversion of data 

constructed from the three d i s t r ibut ions  shown i n  a ) .  

Line types i n  the two f igures  correspond. 



R ( A ,  

Figure 5 . 5  Inversion r e s u l t s  corresponding t o  the  d i s t r ibut ions  

of f i g u r e  5 .4a) .  w i th  .03% no i se  added t o  the simu- 

l a t ed  spectrum before the computation of the inver- 

s i o n .  
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tests  a r e  d i sp l ayed  i n  f i g u r e  5.5. The no i se  l e v e l  was s imula ted  by 

adding a  Gaussian random v a r i a b l e  t o  t h e  spectrum used f o r  f i g u r e  5.3, 

i t s  magnitude corresponding t o  a  0.03% n o i s e  l e v e l  i n  an EXAFS mea- 

surement (o r  113 t h e  n o i s e  l e v e l  seen e a r l i e r  i n  t h e  Ga24 experiment 

of chapter  4 ) .  To f u r t h e r  reduce t h e  e f f e c t s  of t h i s  no i se  t h e  simu- 

l a t e d  spectrum was passed through a  band pass  f i l t e r ,  j u s t  a s  

de sc r ibed  i n  chapter  4 ,  a l though i n  t h i s  case a  much wider band pass  

was used ( 0 t o  5  A with no t a p e r ) .  Due t o  t h e  e f f e c t s  of t h e  no i se  

t h e  r e s u l t s  of t h e  i n v e r s i o n  e x h i b i t  sharp  f e a t u r e s  which were not  

p r e sen t  i n  t h e  i npu t  d i s t r i b u t i o n s ,  however, a s  i n  f i g u r e  5,4b t h e  

c o r r e c t  t r end  from one d i s t r i b u t i o n  t o  t h e  next i s  reproduced even i n  

t h e  presence of no ise .  Thus a  c e r t a i n  l e v e l  of n o i s e  can be p re sen t  

i n  t h e  da t a  without  de s t roy ing  t h e  v i a b i l i t y  of t h e  method. T e s t s  

conducted wi th  n o i s e  l e v e l s  c l o s e r  t o  those  p re sen t  i n  t he  da ta  con- 

s i d e r e d  i n  chapter  4 ,  however, gave much poorer r e s u l t s .  Therefore  i t  

appears  t h a t  t h e  method d i scus sed ,  a s  presen ted  he re ,  cannot be used 

on those  d a t a ,  

A s  noted above, t h e  f i l t e r  used i n  c r e a t i n g  t h e  i n v e r s i o n  shown i n  

f i g u r e  5.5 was much wider than  t h a t  used on t h e  experimental  da ta  

presen ted  i n  chapter  4. This  i s  because i t  was found t h a t  t h e  inver-  

s i o n  method encountered s e r i o u s  d i f f i c u l t i e s  when a  more r e s t r i c t i v e  

band pas s  window was used. A s  an example of t h i s ,  f i g u r e  5.6b was 

c r ea t ed  from t h e  same d a t a  a s  f i g u r e  5.5, except  f o r  t h i s  case t h e  

window used t o  d e f i n e  t h e  band pas s  f i l t e r  had a  20% t a p e r  on each end 

of i t s  range. The r e s u l t  of t h i s  i s  a  s i g n i f i c a n t  d i s t o r t i o n  of t he  

s i d e  lobe s t r u c t u r e  of t h e  main peak i n  t h e  t ransform,  and a  conse- 

quent  minor d i s t o r t i o n  of t h e  EXAFS spectrum, a s  shown i n  f i g u r e  5.6a. 



Figure 5 .6  Ef fec t s  of a  r e s t r i c t i v e  band pass  f i l t e r  (0 .0  t o  

6 .0  A - ~  with  20% taper on each end) on: 

a ) .  The simulated spectrum (dashed l i n e  shows the 

f i l t e r e d  spectrum), and b). The resu l tant s  inver- 

s ions  (So l id  l i n e  g i v e s  the inversion of the un- 

f i l t e r e d  spectrum). 
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However f i g u r e  5.6b shows t h a t  t h i s  v e r y  minor d i s t o r t i o n  of t h e  i n p u t  

d a t a  can l e a d  t o  v e r y  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  r e s u l t s  of t h e  

i n v e r s i o n ,  and once a g a i n  emphasizes  t h e  i n h e r e n t  i n s t a b i l i f i y  of t h e  

i n t e g r a l  e q u a t i o n .  S i m i l a r  problems were  e n c o u n t e r e d  when t h e  

t h r e s h o l d  energy was chosen i n c o r r e c t l y  (by 2 e V  s a y ) ,  a l though  i n  

t h i s  c a s e  t h e  r e s u l t  a c t u a l l y  improved i f  non-negative c o n s t r a i n t s  

were  removed from t h e  s o l u t i o n .  T h i s  i n d i c a t e s  t h a t  some f r a c t i o n  of 

t h e  problems encounte red  h e r e  may be due t o  a  d e f i c i e n c y  i n  t h e  

a l g o r i t h m  used  t o  implement t h e  non-negative c o n s t r a i n t s .  Indeed t h e  

a l g o r i t h m  used h a s  been o n l y  q u i t e  r e c e n t l y  developed and t h e r e  i s  

r e a s o n  t o  b e l i e v e  t h a t  i t  i s  i n a d e q u a t e  f o r  many  application^(^*^). 

A s  d e s c r i b e d  i n  t h i s  s e c t i o n ,  t h e r e f o r e ,  SVD i n v e r s i o n  w i l l  n o t  

be a b l e  t o  f u l f i l l  t h e  t a s k  o r i g i n a l l y  e n v i s i o n e d .  That i s ,  i t  w i l l  

n o t  be p o s s i b l e  t o  use  i t  i n  o r d e r  t o  i n v e r t  a  spec t rum which cor re -  

sponds t o  a  s i n g l e  s h e l l  i n  t h e  F o u r i e r  t r a n s f o r m  of a  measured spec- 

trum, a f t e r  t h i s  c o n t r i b u t i o n  h a s  been i s o l a t e d  by a  narrow band p a s s  

f i l t e r .  T h i s  i s  due t o  t h e  d i s t o r t i o n s  i n t r o d u c e d  i n t o  t h e  s c a t t e r i n g  

f u n c t i o n s  a ( k )  and I f ( k ,  IT ) I  by t h e  f i l t e r .  To f u l l y  a p p r e c i a t e  t h i s  

f a c t ,  i t  must be r e a l i z e d  t h a t  t h e  d i s t o r t i o n  i n t r o d u c e d  by t h e  f i l t e r  

depends n o t  o n l y  on t h e  pa ramete rs  of t h e  window (such a s  i t s  p o s i t i o n  

and s h a p e ) ,  bu t  a l s o  on t h e  s p e c i f i c  shape of t h e  peak i n  t h e  d e n s i t y  

f u n c t i o n .  T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  5.7, where t h e  i n v e r s i o n s  

p r e s e n t e d  a r e  based on d a t a  f i l t e r e d  w i t h  a r a t h e r  narrow band p a s s  

(1.5 t o  4.0 A-'1. The s c a t t e r i n g  f u n c t i o n s  used were determined from 

an  i d e n t i c a l l y  f i l t e r e d  spectrum,  which had been c o n s t r u c t e d  assuming 

a  peak shape g iven  by t h e  s o l i d  curve  of f i g u r e  5.4. I n  o t h e r  words 

t h e  ampl i tude  and phase f u n c t i o n s  of t h e  s i m u l a t e d ,  f i l t e r e d  spectrum 



Figure 5.7 a ) .  Inversion of a  f i l t e r e d  spectrum for  a simple 

d i s tr ibut ion  when dis torted scatter ing functions 

a r e  used. b). Inversion of the f i l t e r e d  spectrum 

corresponding t o  a  more complex dis tr ibut ion when 

the  same scatter ing functions are used. 
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were e x t r a c t e d  i n  t h e  same manner a s  was used i n  chapter  4 t o  de te r -  

mine sO2(k)  f o r  Ga2La. Na tu ra l ly ,  under t hese  cond i t i ons  t h e  inver- 

s i o n  i s  a b l e  t o  e x t r a c t  t h e  d e n s i t y  f u n c t i o n  f o r  t h e  same spectrum 

which was used t o  determine t h e  s c a t t e r i n g  f u n c t i o n s ,  s i n c e  the  d is -  

t o r t i o n s  in t roduced  by t h e  f i l t e r  a r e  p r e c i s e l y  accounted f o r ,  How- 

eve r ,  i f  t h e  same s c a t t e r i n g  f u n c t i o n s  a r e  used t o  i n v e r t  a  spectrum 

which corresponds t o  a  s l i g h t l y  d i s t o r t e d  dens i ty  d i s t r i b u t i o n  the  

r e s u l t  i s  unacceptable ,  a s  seen i n  f i g u r e  5.7b. Therefore t h e  

problems demonstrated i n  f i g u r e  6 cannot be r e c t i f i e d  merely by using 

d i s t o r t e d  s c a t t e r i n g  f u n c t i o n s  computed from a  s imulated spectrum, 

s i n c e  the  d i s t r i b u t i o n  used w i l l  undoubtedly d i f f e r  somewhat from the  

d i s t r i b u t i o n  i n  t h e  m a t e r i a l  under study. 

5.3 BOPE FOR TIfE FUTURE 

Although t h e  d i scuss ion  of t h e  l a s t  s e c t i o n  i n d i c a t e s  t h a t  t h e  

simple a p p l i c a t i o n  of SVD i n v e r s i o n  descr ibed  he re  w i l l  not  be ade- 

q u a t e  f o r  i n v e r s i o n  of r e a l  EXAFS da ta ,  t h e  method should not  be 

dismissed out  of hand. I n  p a r t i c u l a r  i t  has been noted t h a t  the  

f a i l u r e  mode of t h e  method i s  most o f t e n  t o  g ive  a  d i s t r i b u t i o n  which 

has  f a r  t o o  l a r g e  a  coord ina t ion  number, and/or  has  very  sharp kinks. 

It may be p o s s i b l e  t o  con t ro l  t hese  problems i f  a d d i t i o n a l  c o n s t r a i n t s  

a r e  put on the  s o l u t i o n ,  a s  has  been done by Babanov f o r  regular iza-  

t i o n  inve r s ion .  The e a r l y  r e s u l t s  presented  a t  t h e  s t a r t  of s ec t ion  

5 . 2  a r e  encouraging enough t h a t  t h e  i n v e s t i g a t i o n  of poss ib l e  r e f ine -  

ments such a s  those  mentioned could prove most b e n e f i c i a l .  In addi- 

t i o n  tbe  use of a  more robus t  a lgor i thm f o r  t h e  implementation of t he  

non-negative c o n s t r a i n t s  could provide a  cons iderable  improvement over 

t he  performance seen here ,  



APPENDIX: SOFTWARE DESCRIPTION 

During t h e  c o u r s e  of t h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  t h e s i s  a  

r a t h e r  e x t e n s i v e  amount of computer s o f t w a r e  was deve loped  Tor t h e  

a n a l y s i s  of EXAFS d a t a .  T h i s  s o f t w a r e  i s  d e s i g n e d  t o  r u n  on a  PDP- 

1 1 / 2 3  computer under t h e  RT-11 o p e r a t i n g  sys tem,  and i t  assumes t h a t  a  

VT105 g r a p h i c s  t e r m i n a l  i s  a v a i l a b l e .  The i n d i v i d u a l  programs i n  t h i s  

package a r e  r e a s o n a b l y  w e l l  documented. However a n  overv iew of how 

t h e s e  programs r e l a t e  t o  each o t h e r ,  a s  w e l l  a s  some background on t h e  

r e a s o n s  f o r  s e l e c t i n g  v a r i o u s  a l g o r i t h m s ,  shou ld  be u s e f u l  f o r  f u t u r e  

u s e r s .  The purpose  of t h i s  append ix  i s  t o  p r o v i d e  such a n  overview. 

I DATA STRUCTURES 

The RS232 i n t e r f a c e  of t h e  PDP-11/23 i s  most e a s i l y  a c c e s s i b l e  

th rough  t h e  M I N C  BASIC o p e r a t i n g  system. For t h i s  r e a s o n  a  BASIC 

program c a l l e d  MICROT o r  MICROC (depending on whe the r  t h e  d a t a  were  

r e c o r d e d  i n  c o n s t a n t  t ime  o r  c o n s t a n t  c o u n t s  mode) i s  used  t o  t r a n s f e r  

d a t a  from t h e  EXAFS s p e c t r o m e t e r  c o n t r o l l e r  t o  t h e  h o s t  computer. 

Each of t h e s e  two programs c r e a t e  two ASCII f i l e s  which c o n s i s t  of a  

sequence of  numbers, one ASCII f l o a t i n g  p o i n t  number p e r  r ecord .  I n  

t h e  f o l l o v i n g  d i s c u s s i o n  such  f i l e s  w i l l  be  r e f e r r e d  t o  a s  " t r a n s f e r  

f i l e s . "  

The EXAFS c o n t r o l l e r  works w i t h  numbers i n  a  BCD r e p r e s e n t a t i o n ,  

however MINC BASIC o n l y  a c c e p t s  d a t a  t r a n s f e r s  i n  ASCII form, and 

f u r t h e r m o r e  i t  i g n o r e s  t h e  p a r i t y  b i t  of t h e  ASCII by te .  To bypass  
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t h i s  problem, t h e  c o n t r o l l e r  breaks each number t o  be s e n t  t o  t he  

computer i n t o  a  base 100 r e p r e s e n t a t i o n ,  and sends a  7 b i t  binary 

number f o r  every numeral i n  t h i s  r ep re sen ta t ion .  I n  o t h e r  words, 

"2698642." would be s e n t  a s  22-692-862-422. Each numeral s en t  w i l l  be 

i n t e r p r e t e d  by t h e  MINC BASIC r o u t i n e  "CIN" a s  a  l e g a l  ASCII charac te r  

( s i n c e  i t  w i l l  l i e  between 0  and 128).  The r o u t i n e  "ASC" may then be 

used t o  convert  t h i s  c h a r a c t e r  i n t o  the  numerical va lue  of i t s  ASCII 

code, and t h i s  may then be used t o  r e c o n s t r u c t  t h e  o r i g i n a l  number. 

The end r e s u l t  of a l l  of t h i s  r a t h e r  involved conversion i s  t h a t  t he  

MINC has a  b inary  ve r s ion  of a  number which s t a r t e d  o f f  i n  a  BCD 

r e p r e s e n t a t i o n  i n  the  c o n t r o l l e r .  The complexity of t h i s  procedure i s  

n e c e s s i t a t e d  by t h e  f a c t  t h a t  MWC BASIC i g n o r e s  t h e  most s i g n i f i c a n t  

b i t  s f  t he  t r a n s f e r  by te ,  and t h e  f a c t  t h a t  t h e  c o n t r o l l e r  was de- 

s igned before  t h i s  l i m i t a t i o n  of t h e  MINC t r a n s f e r  system was known. 

A l a r g e  number of i n t e rmed ia t e  d a t a  f i l e s  a r e  gene ra l ly  c rea ted  

dur ing  t h e  a n a l y s i s  of a  t y p i c a l  EXAFS spectrum. I n  o rde r  t o  save 

space on t h e  f loppy d i s k s  used f o r  mass s to rage ,  a l l  of t h e s e  f i l e s  

a r e  s t o r e d  i n  b inary  form r a t h e r  than a s  ASCII f i l e s .  The only excep- 

t i o n s  t o  t h i s  r u l e  a r e  t he  " t r a n s f e r  f i l e s "  c r ea t ed  by t h e  two M I N C  

B A S I C  programs t o  s t o r e  t h e  raw da ta .  A l l  o t h e r  f i l e s  a r e  c r ea t ed  a s  

"unformatted" FORTRAN f i l e s  wi th  a  s p e c i f i e d  record  length  of 6 

words. The f i r s t  r eco rd  con ta ins  two i n t e g e r s  and two r e a l  numbers, 

a s  fo l lows:  

NDAT NVECT XORIGN XSTP 

A l l  subsequent r eco rds  w i l l  have 1, 2 ,  o r  3 r e a l  numbers, t h e  s p e c i f i c  

number p re sen t  i n  a  given f i l e  being s p e c i f i e d  by t h e  number NVECT i n  
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t h e  f i r s t  record, NDAT s p e c i f i e s  t h e  number of r e c o r d s  fo l lowing  t h e  

f i r s t ,  corresponding t o  t h e  number of d a t a  p o i n t s  represented ,  

For most c i rcumstances  d a t a  used by t h i s  so f tware  can be def ined  

on  a u n i f o r m l y  s p a c e d  a x i s  f o r  t h e  i n d e p e n d e n t  v a r i a b l e .  I n  such  

cases ,  t h e  NDAT va lues  f o r  t h i s  independent v a r i a b l e  a r e  g iven  by: 

(A. 1) X(1) = XORIGN + (1-1) * XSTP I=l,NDAT 

I n  such a ca se  t h e  records  2 through NDAT+l i n  t h e  f i l e  w i l l  g ive  t h e  

dependen t  v a r i a b l e  v a l u e s  f o r  up  t o  t h r e e  s e t s  of  d a t a  ( i.e. up t o  

t h r e e  f u n c t i o n s  of  t h e  i n d e p e n d e n t  v a r i a b l e ) ,  Fo r  example ,  i n  some 

f i l e s  X w i l l  be a d i s t a n c e  a x i s  i n  r e a l  space and t h e  r eco rds  a f t e r  

t h e  f i r s t  w i l l  d e f i n e  t h e  r e a l  and imaginary p a r t s ,  and t h e  magnitude 

of a Four i e r  t ransform def ined  on t h a t  ax is ,  

I n  c a s e s  where t h e  independent v a r i a b l e  cannot be expressed on a 

u n i f o r m l y  s p a c e d  g r i d ,  XSTP i n  t h e  f i r s t  r e c o r d  w i l l  b e  s e t  t o  ze ro .  

I n  t h i s  c a s e  each subsequent r eco rd  wi f f  have a t  l e a s t  two r e a l  num- 

b e r s ,  t h e  f i r s t  b e i n g  t h e  v a l u e  of  t h e  i n d e p e n d e n t  v a r i a b l e  a t  some 

p o i n t ,  and t h e  o t h e r  one  o r  two g i v i n g  t h e  c o r r e s p o n d i n g  v a l u e s  of  

t h e  dependen t  v a r i a b l e s .  N a t u r a l l y  i n  t h i s  c a s e  a maximum of two 

dependent v a r i a b l e s  may be g iven  i n  t h e  f i l e ,  and t h e  va lue  of XORIGN 

i s  a r b i t r a r y ,  a l l owing  it t o  be used t o  pas s  some a d d i t i o n a l  informa- 

t i o n  t o  t h e  program us ing  t h e  d a t a  f i l e .  

Two p r o g r a m s  w e r e  w r i t t e n  t o  a l l o w  t h e  u s e r  t o  "see" what  i s  

i n s i d e  one  of  t h e s e  b i n a r y  d a t a  f i l e s ,  s i n c e  t h e y  c a n n o t  b e  w r i t t e n  

o u t  d i r e c t l y .  These  p r o g r a m s ,  PLTFIL and  FIGFIL, a l l o w  t h e  u s e r  t o  
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o b t a i n  a  l i s t i n g  of t h e  numbers i n  t h e  f i l e  e i t h e r  on t h e  t e r m i n a l  o r  

a  p r i n t e r .  They a l s o  a l l o w  any o f  t h e  d e p e n d e n t  v a r i a b l e s  t o  be 

p l o t t e d  a s  a  f u n c t i o n  of  t h e  i n d e p e n d e n t  v a r i a b l e ,  e i t h e r  on t h e  

t e r m i n a l  o r  o n  a n  HP9872B f o u r  c o l o u r  p l o t t e r .  The c o n t e n t s  of 

d i f f e r e n t  f i l e s  may a l s o  be  p l o t t e d  on  t h e  same g r a p h  u s i n g  t h e s e  

programs. PLTFIL i s  designed t o  provide "quick and d i r t y "  p l o t s  of 

d a t a ,  w h e r e a s  FIGFIL i s  d e s i g n e d  t o  b e  more f l e x i b l e ,  a l l o w i n g  t h e  

product ion  of graphs of s u i t a b l e  q u a l i t y  f o r  publ ica t ion .  Most of t h e  

f i g u r e s  i n  t h i s  t h e s i s  were produced us ing  FIGFIL. 

Two o t h e r  p r o g r a m s  have  a l s o  been  i n c l u d e d  i n  t h e  package  f o r  

w o r k i n g  w i t h  t h e s e  d a t a  f i l e s .  These  a r e  ASC2BN and  BNPASC, wh ich  

conver t  t o  and from ASCII r e p r e s e n t a t i o n s  of t h e  d a t a  contained i n  t h e  

f i l e s  a s  descr ibed  above. These programs a r e  needed f o r  t r a n s f e r i n g  

d a t a  t o  o t h e r  c o m p u t e r s ,  s u c h  a s  a  VAX, w h e r e  d i f f e r e n t  word s i z e s  

e t c .  would make i t  i m p o s s i b l e  t o  a c c e s s  t h e  b i n a r y  v e r s i o n  of t h e  

f i l e s  d i r e c t l y .  

I1 PRELIMINARY DATA PROCESSING 

Pre l imina ry  d a t a  a n a l y s i s  c o n s i s t s  of a l l  p rocess ing  between t h e  

t r a n s f e r  of  t h e  d a t a  t o  t h e  compu te r  ( a s  d e s c r i b e d  above)  and t h o s e  

programs used t o  de te rmine  t h e  va lues  of phys i ca l  parameters.  Five 

major programs a r e  used i n  performing these  opera t ions .  

L2CALB 

T h i s  program p r o v i d e s  a  c a l i b r a t i o n  of  t h e  s p e c t r o m e t e r  i n  t h e  

manner descr ibed  i n  chapter  3. The l i n e s  used i n  t h e  c a l i b r a t i o n  a r e  
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s e l e c t e d  i n t e r a c t i v e l y  w i t h  t h e  u s e r  spec i fy ing  t h e  channel  number t o  

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

l oga r i t hmic  v e r t i c a l  axis.  The c a l i b r a t i o n  i s  s p e c i f i e d  by g iv ing  the  

change i n  t h e  Bragg angle  a s s o c i a t e d  w i t h  a  s i n g l e  s t e p  of t h e  s tep-  

p ing  motor,  and an o f f s e t  ( t he  number of s t e p s  between a  Bragg angle  

of  ze ro  and a  reading  of .000000 on t h e  spec t rometer  con t ro l l e r ) .  

SEPAVG 

This  program accep t s  a s  input  e i t h e r  a  s tandard  b inary  d a t a  f i l e ,  

o r  ASCII " t r a n s f e r "  f i l e s .  I t s  p u r p o s e  i s  t o  e i t h e r  s e p a r a t e  two 

d i f f e r e n t  e x p e r i m e n t s  f rom a  g i v e n  t r a n s f e r  f i l e ,  o r  t o  add  s e v e r a l  

e x p e r i m e n t s  t o g e t h e r  a s  a f o r m  of  s i g n a l  a v e r a g i n g .  The program 

accounts  f o r  t h e  mode of d a t a  c o i i e c t i o n  (cons tan t  counts  o r  cons tan t  

t i m e ) ,  a s  w e l l  a s  any v a r i a t i o n  i n  t h e  number o f  s t e p s  t a k e n  p e r  

c h a n n e l  d u r i n g  t h e  d a t a  c o l l e c t i o n .  The o u t p u t  f rom t h i s  program 

c o n s i s t s  o f  a  s t a n d a r d  b i n a r y  d a t a  f  i l e a  whose i n d e p e n d e n t  v a r i a b l e  

g ives  t h e  number of motor s t e p s  taken from t h e  s t a r t i n g  po in t  t o  each 

subsequent channel,  and whose dependent v a r i a b l e s  a r e  t h e  number of 

i n c i d e n t  and t r a n s m i t t e d  beam counts. I f  any dead t ime c o r r e c t i o n  i s  

needed  f o r  t h e  t r a n s m i t t e d  beam c h a n n e l ,  t h e n  i t  i s  a p p l i e d  i n  t h i s  

program. 

MUISL 

The p u r p o s e  of  t h i s  program i s  t o  c o n v e r t  t h e  i n d e p e n d e n t  

v a r i a b l e  from "number of s teps"  t o  photon energy, and t o  i s o l a t e  t h e  

resonant  p a r t  of t h e  abso rp t ion  c o e f f i c i e n t  (i.e. t o  perform the  pre- 
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edge  background r emova l ) .  I n  a d d i t i o n  i t  a l l o w s  f o r  t h e  r e m o v a l  of  

" g l i t c h e s " ,  i n  t h e  r a r e  c a s e  when s u c h  a c t i o n  i s  n e c e s s a r y .  The 

energy s c a l e  may be cons t ruc t ed  pu re ly  on t h e  b a s i s  of t h e  s t e p  s i z e  

and o f f s e t  found by u s i n g  L2CALB on a  s e p a r a t e  measu remen t  of t h e  

source  output ,  but  more o f t e n  a  s l i g h t  v a r i a t i o n  of t h i s  procedure i s  

used. The energy range covered i n  t h e  measurement of a  t y p i c a l  edge 

w i l l  g ene ra l ly  con ta in  one o r  two c h a r a c t e r i s t i c  l i n e s  i n  t he  spectrum 

of t h e  tube. This  i s  i n s u f f i c i e n t  t o  provide a  reasonable  c a l i b r a t i o n  

u s i n g  L2CALB, however  i t  w i l l  c e r t a i n l y  be enough t o  e s t a b l i s h  a  

"fixed point"  on t h e  energy a x i s  corresponding t o  t h e  known p o s i t i o n  

of one of t h e s e  l i nes .  The s t e p  s i z e  obta ined  from an e a r l i e r  appl i -  

c a t i o n  of L2CALB on a  wider  energy i n t e r v a l  may then  be combined w i t h  

t h i s  f i x e d  p o i n t  t o  p r o v i d e  a  v e r y  s a t i s f a c t o r y  c a l i b r a t i o n ,  whose 

r e p r o d u c i b i l i t y  w i l l  be even b e t t e r  than t h e  i n t r i n s i c  r e p r o d u c i b i l i t y  

provided by the  spec t rometer  i t s e l f .  

This  program t akes  t h e  i s o l a t e d  abso rp t ion  edge provided by MUISL 

and c a l c u l a t e s  t h e  W S  f u n c t i o n  X a c c o r d i n g  t o  t h e  d i s c u s s i o n  of 

c h a p t e r  2. A l l  r o u t i n e s  d e a l i n g  w i t h  s p l i n e s  w e r e  t a k e n  f rom t h e  

book I' A PRACTICAL GUIDE TO SPLINES" w r i t t e n  by Car l  de Boer (2.17). In 

a d d i t i o n  t h i s  program provides  a  p re l imina ry  guess f o r  t h e  threshold  

energy Eo, by f i n d i n g  t h e  major i n f l e c t i o n  p o i n t  of t h e  measured edge 

t r a n s i t i o n .  The output  f i l e  c r e a t e d  d e f i n e s  t he  EXAFS func t ion  X on 

a  non-uniform energy axis .  



CHIANX 

This  program conve r t s  t h e  independent v a r i a b l e  t o  photo-electron 

wave v e c t o r  from photon energy,  and performs t h e  Four i e r  band-pass 

f i l t e r i n g  needed t o  i s o l a t e  t h e  c o n t r i b u t i o n  of v a r i o u s  atomic 

s h e l l s .  The i n i t i a l  guess  f o r  Eo computed by CHICLC i s  passed t o  t h i s  

program i n  t h e  v a r i a b l e  XORIGN, and t h e  u se r  may accept  t h i s  va lue  o r  

s p e c i f y  another .  A l t e r n a t i v e l y  t h e  i n p u t  may be given d i r e c t l y  i n  

terms of a  uniformly spaced wave v e c t o r  ax i s .  This  i s  u s e f u l  when 

d e a l i n g  wi th  f i l e s  c r e a t e d  by t h e  s imula t ion  programs which w i l l  be 

d i s cus sed  below. The type  of input  used i n  any given case  can be 

f l agged  by t h e  v a r i a b l e  XSTP, s i n c e  t h e  ou tput  from CHICLC i s  always 

non-uniform, where a s  a l l  f i l e s  c r ea t ed  w i th  r e s p e c t  t o  a  wave vec to r  

a x i s  a r e  uniformly spaced. 

Af t e r  computing t h e  wave v e c t o r  va lue  a p p r o p r i a t e  f o r  each da t a  

po in t  t h e  program uses  Lagrange i n t e r p o l a t i o n  t o  cons t ruc t  a  uniformly 

spaced "k" ax i s .  The d a t a  can then be weighted and windowed i n  t h e  

manner desc r ibed  i n  chap te r  4 (us ing  e i t h e r  km weight ing ,  o r  weight ing 

wi th  r e s p e c t  t o  a  known s e t  of s c a t t e r i n g  f u n c t i o n s ) .  The Fourier  

t ransform i s  computed us ing  a  pruned FFT r o u t i n e  wi th  t h e  d a t a  padded 

t o  a t o t a l  of up t o  4096 po in t s .  Windows of v a r i o u s  shapes may be 

a p p l i e d  t o  both t h e  i n p u t  t o  t h e  t ransform and t o  t h e  t ransform 

i t s e l f ,  t hus  provid ing  t h e  f l e x i b i l i t y  needed i n  a s s e s s i n g  t h e  e f f e c t s  

of such procedures.  The output  i s  a  band pas s  f i l t e r e d  spectrum, and 

o p t i o n a l l y ,  t h e  ampli tude and phase f u n c t i o n s  a s s o c i a t e d  with a  

s p e c i f i e d  s h e l l  of neighbours ( s e e  r e f e r e n c e  2.21). 



EXPCBT 

This  program t a k e s  t h e  ampli tude and phase f u n c t i o n  output  of 

CHIANX and d e r i v e s  t h e  s p e c i f i c  f u n c t i o n s  / f ( k , ~ ) /  and a ( k )  based on 

use r  supp l i ed  v a l u e s  f o r  t h e  known parameters  N ,  a , R ,  and FWHM ( t h e  

exper imenta l  r e s o l u t i o n ) ,  f o r  e i t h e r  a  Gaussian o r  a  Crozier-Seary 

peak shape. 

I11 CURVE FITTING 

The non l inea r  least squa re s  curve f i t t i n g  program used i n  t h i s  

t h e s i s  i s  base on t h e  v a r i a b l e  m e t r i c  f u n c t i o n  minimizat ion a lgor i thm 

of F l e t c h e r  and Powel 1 ( 4 * 5 ) .  Although t h i s  a lgo r i t hm i s  no t  speci-  

f i c a l l y  t a i l o r e d  f o r  l e a s t  squa re s  minimizat ion ( a s  a r e  some o t h e r  

a l g o r i t h m s ) ,  i t s  f l e x i b i l i t y  was u s e f u l  i n  add re s s ing  some of t h e  

problems encountered i n  f i t t i n g  t o  EXAFS spec t r a .  

This  a lgo r i t hm,  l i k e  a l l  multi-dimensional op t imiza t ion  

a lgor i thms ,  works by choosing a  c e r t a i n  d i r e c t i o n  i n  parameter space 

and then minimizing a long  t h i s  d i r e c t i o n .  Another d i r e c t i o n  i s  subse- 

quen t ly  chosen and minimizat ion a long  t h i s  d i r e c t i o n  i s  performed, 

e t c .  I n  t h e  Fletcher-Powell  a lgor i thm t h e  search  d i r e c t i o n  i s  taken 

a s  : 

where g (i-l) i s  t h e  g r a d i e n t  a t  t h e  po in t  t h a t  t h e  one-dimensional 

s ea rch  along d ( i )  s t a r t s .  Although i n t u i t i o n  might suggest  t h a t  t h e  
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b e s t  d i r e c t i o n  t o  s ea rch  would be along t h e  path of s t e e p e s t  descent  

(corresponding t o  t a k i n g  H ( ~ )  i n  t h e  above t o  t e  t h e  i d e n t i t y  ma t r ix ) ,  

t h i s  i s  o f t e n  no t  t h e  case ,  p a r t i c u l a r l y  when t h e  e q u i p o t e n t i a l s  of 

t h e  f u n c t i o n  being minimized a r e  extremely o b l a t e  ( a s  i s  t h e  case f o r  

EXAFS curve f i t t i n g ) .  The Fletcher-Powell  a lgor i thm c o n s t r u c t s  a  

sequence of p o s i t i v e  d e f i n i t e  "metrics" H ( ~ )  which converge toward t h e  

i n v e r s e  of t h e  Hessian of t h e  f u n c t i o n  being minimized (assuming t h a t  

t h e  f u n c t i o n  i s  reasonably  we l l  approximated by a  q u a d r a t i c  form i n  

t h e  neighbourhood of t h e  minimum). It i s  u s e f u l  t o  no t e  t h a t  i f  t he  

f u n c t i o n  being minimized i s  i n  f a c t  a  q u a d r a t i c  f u n c t i o n  of t h e  param- 

e t e r s ,  and H ( ~ )  i s  t h e  i n v e r s e  Hessian, then  a  one-dimensional mini- 

miza t ion  along t h e  d i r e c t i o n  given by (A.2) w i l l  e x a c t l y  minimize t h e  

f u n c t i o n a l .  

Obviously from t h i s ,  it i s  seen t h a t  t h e  cond i t i on  Vf = 0 i s  s a t i s -  

f i e d  f o r  t h a t  x  determined by t h e  equat ion:  

(A. 5 x - = - G ' ~  - b 

where i s  t h e  g r a d i e n t  of t h e  f u n c t i o n a l  a t  x - = 0. This  i s  then t h e  

mo t iva t ion  f o r  t h e  v a r i a b l e  m e t r i c  a lgori thm. For a d e t a i l e d  discus- 

s i o n  of t h e  a c t u a l  manner i n  which i t  i s  c a r r i e d  ou t  t h e  reader  i s  

r e f e r r e d  t o  t h e  o r i g i n a l  paper by F l e t c h e r  and Powell (4.5) 



I V  FREDHOLM INVERSION 

For t h e  mos t  p a r t  t h e  p r o c e d u r e s  i n v o l v e d  w i t h  t h i s  t y p e  of 

a n a l y s i s  have  been  a d e q u a t e l y  o u t l i n e d  i n  c h a p t e r  5, and t h e  

r e f e r e n c e s  g i v e n  t h e r e i n .  The imp lemen ta t ion  of t h e  c o n s t r a i n t s  on 

t h e  s o l u t i o n  i s ,  however ,  somewhat  more  i n v o l v e d ,  and i s  n o t  f u l l y  ~ 

descr ibed  i n  t h e  re ferences .  

Lawson and Hanson provide a  r o u t i n e  "NNLS", which i s  designed f o r  

minimizing a  sum of squares  under a  non-negative cons t r a in t .  However, 

t h i s  r o u t i n e  i s  no t  designed t o  handle "rank d e f i c i e n t "  problems, and 

t h e r e f o r e  i t  c a n n o t  be  used  d i r e c t l y  on  t h e  v e r y  p o o r l y  c o n d i t i o n e d  

p r o b l e m s  s e e n  i n  c h a p t e r  5. For  t h i s  r e a s o n  t h e  p r o c e d u r e  used  i n  

chapter  5  i s  t o  f i r s t  perform t h e  s i n g u l a r  va lue  decomposition on t h e  

o r i g i n a l  p r o b l e m  i n  o r d e r  t o  o b t a i n  a  r educed  p rob lem s u c h  a s  (5.8). 

A t  t h a t  p o i n t  t h e  l e a s t  squares  problem t o  be solved i s  of t h e  form: 

I n  t h i s  R ( ~ )  i s  a n  rn x m d i a g o n a l  m a t r i x  and m i s  t h e  s e l e c t e d  

pseudo-rank. By appropr i a t e  s e l e c t i o n  of t h e  pseudo-rank t h i s  system 

w i l l  be s u f f i c i e n t l y  w e l l  condi t ioned  a s  t o  a l l ow i t s  u s e  w i t h  a  l e a s t  

s q u a r e s  a l g o r i t h m  d e s i g n e d  f o r  f u l l  r a n k  p rob lems .  U n f o r t u n a t e l y ,  

however ,  a t  t h i s  p o i n t  t h e  c o n s t r a i n t s  o f  n o n - n e g a t i v i t y  f o r  x  have  

been t ransformed i n t o  t h e  i n e q u a l i t y  c o n s t r a i n t  K ( ~ )  y(m) > 0. Thus 
... 

e q u a t i o n  (A.6) d e f i n e s  a  p r o b l e m  of  t h e  f o r m  LSI i n  t h e  n o t a t i o n  of 
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Lawson and  Hanson. C h a p t e r  23 o f  r e f e r e n c e  5.7 d e s c r i b e s  how t h i s  

problem may be r e w r i t t e n  i n  t e rms  of a  "Least Dis tance  Programming" 

p r o b l e m ,  and a p p e n d i x  C of  t h i s  r e f e r e n c e  p r o v i d e s  a  s u b r o u t i n e  f o r  

t h e  s o l u t i o n  of such problems. 

T h i s ,  t h e n ,  i s  t h e  p r o c e d u r e  used  f o r  t h e  c o m p u t a t i o n  of 

cons t ra ined  s o l u t i o n s  i n  chap te r  5, However, a s  po in ted  out  i n  t h a t  

chapter ,  t h e  a lgo r i thm used i n  t h e  sub rou t ine  provided by Lawson and 

Hanson, w h i l e  mathemat ica l ly  r i g o r o u s ,  i s  no t  numer ica l ly  robus t  and 

t h e r e f o r e  i n  f u t u r e  work p e r h a p s  a  more  r o b u s t  a l g o r i t h m  s h o u l d  be 

employed. 
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