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ABSTRACT 

T h e  e l e c t r o n i c  s t r u c t u r e  of l i q u i d  a n d  amorphous  i r o n  is 

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

method t o  c l u s t e r s  r e p r e s e n t i n g  t h e s e  s y s t e m s ,  g e n e r a t e d  by  t h e  

n o n t e  Carlo t e c h n i q u e .  T i g h t - b i n d i n g  m a t r i c e s  r e p r e s e n t i n g  t h e  

o n e - e l e c t r o n  H a m i l t o n i a n  f o r  t h e s e  c l u s t e r s  h a v e  been  o b t a i n e d  

by two d i f f e r e n t  s c h e m e s  t h a t  p r o d u c e  t h e  band  structure 

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

t h e s e  two s c h e m e s  as  well a s  two d i f f e r e n t  me thods  o f  

c a l c u l a t i n g  t h e  l o c a l  d e n s i t y  of e l e c t r o n i c  s t a tes ,  namely, t h e  

r e c u r s i o n  method a n d  t h e  e q u a t i o n  of m o t i o n  t e c h n i q u e ,  is 

p r e s e n t e d ,  Bo th  l ae thods  a c h i e v e  s i m i l a r  r e s u l t s ,  However, t h e  

r e c u r s i o n  method i s  f o u n d  t o  be  c o n s i d e r a b l y  faster, 

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

s t a t e s f D O S )  i n t r o d u c e d  by d i s o r d e r  seems t o  b e  a g r a d u a l  

s a o o t h i n g  as o n e  g o e s  from t h e  c r y s t a l  t o  t h e  amorphous  a n d  t h e n  

t o  t h e  l i q u i d  p h a s e ,  The  d o u b l e  p e a k e d  s t r u c t u r e  o f  t h e  D O S  i n  

bcc i r o n  is found t o  s u r v i v e  i n  t h e  amorphous  b u t  n o t  i n  t h e  

l i q u i d  s t a t e .  The d i f f e r e n c e  i n  t h e  band  w i d t h s  f o r  t h e  s o l i d  , 
l i q u i d  and amorphous  c l u s t e r s  i s  f o u n d  t o  be i n a p p r e c i a b l e .  

I n  c a l c u l a t i n g  t h e  electrical  r e s i s t i v i t y  of t r a n s i t i o n  

m e t a l s  from t h e  Bol tzmann e q u a t i o n  i t  is n e c e s s a r y  t o  make a n  

a s s u m p t i o n  a b o u t  which e l e c t r o n i c  s t a t e s  are t h e  c u r r e n t  

carriers. T o  s h e d  some l i g h t  on  t h i s  p r o b l e l ~ ,  w e  h a v e  formed 

B l o c h - l i k e  r u n n i n g  s ta tes  w i t h  wave v e c t o r s  K from a l l  t h e  d  o r  

t h e  s s t a t e s  i n  t h e  c l u s t e r s  a n d  c a l c u l a t e d  t h e  e l e c t r o n i c  DOS 



p r o j e c t e d  o n t o  t h e s e  s ta tes .  F o r  t h e  s s t a t e s  i n  the l i q u i d  a n d  

t h e  a m o r p h o u s  c l u s t e r s  s u c h  p r o j e c t e d  DOS c u r v e s  show a p e a k e d  

s t r u c t u r e ,  The  p e a k  ~ o s i t i o n s  c h a n g e  w i t h  K values, i n d i c a t i n g  

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

s t a t e s ,  f o r  t h e  d  s ta tes ,  the p r o j e c t e d  DOS c u r v e  f o r  e a c h  K 

s h o w s  a s h a r p  p e a k  a s  l o n g  a s  K is  s m a l l -  F o r  h i g h e r  v a l u e s  o f  K 

t h e s e  p e a k s  become b r o a d -  No a p p r e c i a b l e  c h a n g e  i n  t h e  p e a k  

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

A c o m p a r i s o n  of t h e s e  r e s u l t s  w i t h  v a r i o u s  e x p e r i m e n t a l  

o b s e r v a t i o n s  a n d  o t h e r  t h e o r e t i c a l  w o r k s  is a l s o  p r e s e n t e d .  
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I- CHAPTER (1) 

I N T R O D U C T I O N  -- 

I n  a  s y s t e m  w i t h  an e s s e n t i a l  l a c k  of p e r i o d i c i t y ,  t h e  most  

i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  b e h a v i o u r  of t h e  e l e c t r o n  is 

its i m m e d i a t e  n e i g h b o u r h o o d ,  T h i s  c o n c e p t  h a s  g r e a t l y  i n f l u e n c e d  

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

r e c e n t  p a s t ,  Though t h e  c o n c e p t  d a t e s  a s  f a r  back  a s  t h e  f i f t i e s  
i 

when P r i e d e l  u s e d  i t  t o  e x p l a i n  s e v e r a l  e l e c t r o n i c  p r o p e r t i e s  

of dilute a l l o y s ,  t h e  i m p o r t a n c e  of ' t h i s  c o n c e p t  h a s  been  

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

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

U n l i k e  an e x t e n d e d  c r y s t a l l i n e  s o l i d ,  i ts  amorphous  c o u n t e r p a r t ,  

s o l i d  o r  l i q u i d ,  i s  d e v o i d  of any  o b v i o u s  symmetry,  Hence t h e  

t h e o r e t i c a l  m a c h i n e r y  based  o n  t h e  i d e a s  of t r a n s l a t i o n a l  a n d  

p o i n t  g r o u F  s y m m e t r i e s ,  which p r o v e d  immense ly  s u c c e s s f u l  i n  t h e  

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

a p e r i o d i c  s y s t e m s ,  T h i s  n e c e s s i t a t e d  an  a l t e r n a t i v e  f or lea l i sm,  

a n  a l t o g e t h e r  different way of p e r c e i v i n g  t h e  b e h a v i o u r  of  t h e  

e l e c t r o n .  The i m p o r t a n c e  o f  the l o c a l  e n v i r o n m e n t  was soon  

r e a l i s e d  a n d  t h e  c o n c e p t  of t h e  l o c a l  d e n s i t y  of states, 

i n t r o d u c e d  by F r i e d e l ,  was much a p p r e c i a t e d ,  V a r i o u s  laethod s 

were p r o p o s e d  a n d  d e v e l o p e d  t o  ca lcula te  this l o c a l  d e n s i t y  o f  

s tates (LDS) , which  is t h e  t o t a l  d e n s i t y  of  s ta tes  modu la t ed  by 



t h e  p r o b a b i l i t y  of t h e  e l e c t r o n  b e i n g  a t  a c e r t a i n  p o i n t  i n  

s p a c e .  I n  a  compound i t  d i s c l o s e s  t h e  r e l a t i v e  w e i g h t s  of  

v a r i o u s  b a n d s  on  d i f f e r e n t  a t o ~ s .  A t  t h e  s u r f a c e  of a  s o l i d ,  i t  

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

d e c r e a s e  i n  t h e  number of n e i g h b o u r s  a n d  shows r e m a r k a b l e  

d e v i a t i o n  f rom t h e  b u l k  d e n s i t y  o f  states- I n  a m a g n e t i c  

m a t e r i a l ,  t h e  d i f f e r e n c e  be tween  t h e  up a n d  t h e  down s p i n  l o c a l  

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

moments. Thus  i n  a n  a p e r i o d i c  sys t em,  t h e  loca l  d e n s i t y  of 

s t a t e s  f o r m s  a n  i m p o r t a n t  object  of s t u d y .  The d e n s i t y  of  

s t a t e s  (DOS) a p p r o p r i a t e  t o  t h e  b u l k  s y s t e m  i s  o b t a i n e d  by s i m p l y  

a v e r a g i n g  o v e r  s u c h  loca l  d e n s i t i e s .  

I n  t h i s  work u e  u n d e r t a k e  t h e  c a l c u l a t i o n  a n d  s t u d y  o f  t h i s  

q u a n t i t y  i n  l i q u i d  a n d  a a o r p h o u s  i r o n ,  Being  a eember o f  t h e  

t r a n s i t  i o n  m e t a l  series, i r o n  p r o v i d e s  a n  i n t e r e s t i n g  a n d  

n o n t r i v i a l  case of s t u d y ,  It is n o n t r i v i a l  i n  t h a t  i t  r e p r e s e n t s  

a  s p s t e n  w i t h  s t r o n g  s c a t t e r i n g  p o t e n t i a l s  a n d  c a n n o t  be,  

t h e r e f o r e ,  t r e a t e d  w i t h i n  t h e  p r e m i s e s  of t h e  n e a r l y  free 

e l e c t r o n ( N F E )  model. I t  is a s y s t e m  f o r  which realist ic 
i t  c a l c u l a t i o n  of t h e  e l e c t r o n i c  DOS h a s  b e e n  l a c k i n g ,  t hough  t h e  

need  f o r  s u c h  c a l c u l a t i o n s  h a s  b e e n  e x p r e s s e d  from time t o  time, 

Q u i t e  o f t e n  c a l c u l a t i o n s  of e l e c t r o n i c  p r o p e r t i e s  i n  l i q u i d  

t r a n s i t i o n  m e t a l s  h a v e  been  b a s e d ,  f o r  l a c k  of rea l i s t ic  d a t a ,  

----------------- 
* T i g h t - b i n d i n g  c a l c u l a t i o n s  on c o m p u t e r  g e n e r a t e d  mode l s  o f  
l i q u i d  and  amorphous  i r o n  h a v e  been  p e r f o r m e d  by F u j i v a r a  a n d  
F u j i w a r a  a n d  Tanabe ,  However, t h e s e  c a l c u l a t i o n s  n e g l e c t  
h y b r i d i s a t i o n  effects and  u s e  somewhat  a r t i f i c i a l  t r a n s f e r  
m a t r i x  e l e m e n t s  i n  t h e  f f a a i l t o n i a n  (see c h a p - 8 )  - 



on s p e c u l a t i o n s  a b o u t  t h e  n a t u r e  of t h e  DOS i n  t h e s e  s y s t e m s .  

Such  i n t u i t i v e  s p e c u l a t i o n s  may o f t e n  y i e l d  correct r e s u l t s -  

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

DOS i s  c e r t a i n l y  d e s i r a b l e ,  Below ire p r e s e n t  a b r i e f  r e v i e w  of 

t h e  e l e c t r o n i c  DOS c a l c u l a t i o n s  t h a t  h a v e  been  c a r r i e d  out  s o  

f a r  f o r  l i q u i d  and  amorphons  t r a n s i t i o n  metals, s p e c i a l l y  i r o n .  

D e t a i l e d  e x p o s i t i c n  t o  t h e  s u b j e c t  of l i q u i d  m e t a l s  i n  g e n e r a l  
2 3 

h a s  been  p r o v i d e d  by B a l l e n t i n e  a n d  S h i m o j i .  

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

p r o p e r t i e s  of a l i q u i d  c a n  be o b t a i n e d  from a knowledge o f  t h e  

e i g e n s t a t e s  of t h e  e l e c t r o n .  However, i t  is i m p o s s i b l e  t o  

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

l i q u i d  s t a t e .  Also, t h e  w a v e f u n c t i o n s  c o n t a i n  s o  much i r r e l e v a n t  

d e t a i l  t h a t  i t  is  n o t  a t  a l l  u s e f u l  t o  work w i t h  them d i r e c t l y .  

An a l t e r n a t i v e  f o r m a l i s m  i s  b a s e d  o n  s t u d y i n g  t h e  G r e e n ' s  4 

f u n c t i o n .  However, i n  s t r u c t u r a l l y  d i s o r d e r e d  s y s t e m s  s u c h  a s  

l i q u i d  and amorphous  metals, i t  i s  n e c e s s a r y  t o  c a l c u l a t e  t h e  ' 

a v e r a g e  o f  t h e  G r e e n ' s  f u n c t i o n  o v e r  t h e  e n s e m b l e  of a l l  

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

r e g  uires a  knowledge  of t h e  m u l t i - i o n  d i s t r i b u t i o n  f u n c t i o n s ,  

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

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

f u n c t i o n s  are u s u a l l y  a p p r o x i m a t e d  by t h e  sums a n d  p r o d u c t s  of 

t h e  l a t t e r .  I n  s i m p l e  l i q u i d  metals, where  t h e  s c a t t e r i n g  by t h e  

i o n i c  p o t e n t i a l s  i s  weak, t r i p l e t  a n d  h i g h e r  o r d e r  c o r r e l a t i o n  
4 

e f f e c t s  c a n  be  a l t o g e t h e r  i g n o r e d  (as  i n  t h e  t h e o r y  o f  Edwards ), 



However, i n  s y s t e m s  w i t h  s t r o n g  s c a t t e r i n g  p o t e n t i a l s ,  l i k e  

t r a n s i t i o n  m e t a l s ,  s h o r t  r a n g e  c o r r e l a t i o n s  are i m p o r t a n t  and  

h e n c e  s p e c i a l  care i s  r e q u i r e d  w h i l e  a p p r o x i m a t i n g  t h e  h i g h e r  

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

Thus  most  a t t e m p t s  made s o  f a r  t o  s t u d y  t h e  e l e c t r o n i c  

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

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

p e r t u r b a t i o n  series f o r  t h e  o n e  e l e c t r o n  G r e e n ' s  f u n c t i o n ,  Among 

them a r e  t h e  q u a s i c r y s t a l l i n e  a p p r o x i m a t i o n  (QCA) due  t o  Lax, 6 

6 7 
Zilaan and  Cyrot-Lackmann, t h e  s e l f - c o n s i s t e n t  QCA d u e  t o  

8 9 lo 
G y o r f f y ,  Watabe a n d  K o r r i n g a  a n d  M i l l s  a n d  v a r i o u s  

s e l f - c o n s i s t e n t  s i n g l e - s i t e  a p p r o x i m a t i o n s  d u e  t o  S c h w a r t z  a n d  
1 Z. 

E h r e n r e i c h , "  I s h i d a  a n d  I o n e z a v a  a n d  l o v a g h a r  e t  a1 . 
m u l t i p l e  s c a t t e r i n g  t h e o r y  b a s e d  on a  s i n g l e  s i t e  a p p r o x i m a t i o n  

19 
was p roposed  by Anderson  a n d  E c H i l l a n ,  I n  t h e i r  model,  each i o n  

of t h e  l i q u i d  was i s o l a t e d  w i t h i n  its Wigne r -Se i t z  s p h e r e ,  which 

was s u p p o s e d  t o  be  embedded i n  a  ~ e d i u m  w i t h  a u n i f o r m  complex ' 

ene rgy -dependen  t p o t e n t i a l .  P a r a l l e l i n g  t h e  a r g o m e n t s  l e a d i n g  t o  

t h e  c o h e r e n t  p o t e n t i a l  a p p r o x i m a t i o n  (CPA) , I6 t h e  e f f e c t i v e  medium 

p o t e n t i a l  was d e t e r m i n e d  b y  r e q u i r i n g  t h a t  t h e r e  be  n o  f u r t h e r  

s c a t t e r i n g  i n  t h e  f o r w a r d  d i r e c t i o n  of an e l e c t r o n  i n c i d e n t  on 

t h e  i s o l a t e d  i o n ,  Us ing  a m u f f i n - t i n  p o t e n t i a l  model,  t h i s  

scheme. u a s  t e s t e d  f o r  l i q u i d  i r o n -  The  D O S  i n  t h e i r  c a l c u l a t i o n  

showed a doub le -peaked  s t r u c t u r e .  However, a c o m p u t a t i o n a l  e r r o r  

i n  t h e i r  vo rk  a s  w e l l  a s  t h e  i n a d e q u a c y  o f  t h e  s i n g l e - s i t e  ----------------- 
$A r e v i e w  o f  t h e s e  m u l t i p l e  s c a t t e r i n g  t h e o r i e s  b a s e d  o n  v a r i o u s  
a p p r o r i a a t i o n s  h a s  b e e n  p r o v i d e d  by a all en tine' a n d  ~ a t a b e ? q  - 
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a p p r o x i m a t i o n  used  by t h e n  u a s  p o i n t e d  o u t  b y  s e v e r a l  v o r k e r s ,  

Once t h e  n u m e r i c a l  e r r o r  was c o r r e c t e d  t h e  DOS c u r v e  s h o v e d  a 

s i n g l e - p e a k e d  s t r u c t u r e ,  b u t  w i t h  a n  u n u s u a l l y  nar row d-band 
5 i 

width.  S c h w a r t z  a n d  E h r e n r e i c h  p r o p o s e d  a  d i f f e r e n t  s i n g l e  s i te  

a p p r o x i m a t i o n  u s i n g  t h e  r e a c t i o n  o p e r a t o r  f o r m a l i s m  of  DeDycker 
20 

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

l i q u i d  Cu, The DOS c u r v e  i n  t h e i r  c a l c u l a t i o n  showed a  

doub le -  peaked  s t ructure s imilar  t o  t h a t  o b t a i n e d  by Anderson and  
18 

H c f l i l l a n  f o r  l i q u i d  i r o n ,  Chang e t  a 1  showed t h a t  t h e r e  a r e  

some d e f e c t s  i n  t h e  n u m e r i c a l  c a l c u l a t i o n s  of S c h u a r t z  and 

E h r e n r e i c h  a n d  made some m o d i f i e d  c a l c u l a t i o n s  of t h e  DOS,  which 

s t i l l  showed a don b le -peaked  s t r u c t u r e ,  t h o u g h  w i t h  c o n s i d e r a b l e  

d i f f e r e n c e  i n  t h e  peak h e i g h t s ,  S c h v a r t z  and  E h r e n r e i c h  a l s o  

p r o p o s e d  h i g h e r  c r  d e r  e x p r e s s i o n s  f o r  s c a t t e r i n g  a n d  r e a c t i o n  

o p e r a t o r s ,  i n  which t h e  c o r r e l a t i o n s  of i o n i c  p o s i t i o n s  a re  

e x p l i c i t l y  t a k e n  i n t o  a c c o  a n t ,  However, n o  n u m e r i c a l  c a l c u l a t i o n  

h a s  b e e n  d o n e  s o  f a r  u s i n g  t h e s e  h i g h e r  o r d e r  e q u a t i o n s .  

C a l c u l a t i o n s  f o r  l i q u i d  i r o n  a n d  c o p p e r ,  u s i n g  a s c h e m e  s imilar  

t o  Anderson a n d  P k f l i l l a n ' s  (but d i f f e r e n t  a p p r o x i m a t i o n s  

r e g a r d i n g  t h e  e f f e c t i v e  medium), h a v e  b e e n  p e r f o r m e d  by J o h n  and 
2 1  2 2 

Keller a n d  B laudeck  and  Lenk, 
23 z 4  

Keller a n d  J o n e s  and  Keller e t  a1  h a v e  u s e d  t h e  c l u s t e r  
2 5  26 

method of Klima,  B c G i l l  and  Z i a a n ,  which a p p l i e s  L l o y d ' s  

e x p r e s s i o n  f o r  t h e  i n t e g r a t e d  d e n s i t y  of s t a t e s  t o  c l u s t e r s  of N 

atoms. E f f e c t s  of m u l t i p l e  s c a t t e r i n g  b e t w e e n  clusters  are 

n e g l e c t e d .  The  d e t e r m i n a n t  i n v o l v i n g  t h e  r e a c t i o n  m a t r i x  i n  



L l o y d ' s  e x p r e s s i o n  f o r  t h e  i n t e g r a t e d  d e n s i t y  of s ta tes  is 

e v a l u a t e d  f o r  a f i n i t e  c l u s t e r  of N a t o m s  and a v e r a g e d  o v e r  

v a r i o u s  p o s s i b l e  c l u s t e r s ,  However, i t  is d i f f i c u l t  t o  d e c i d e  

what  t y p e  of c l u s t e r s  t o  c o n s i d e r  t o  r e p r e s e n t  t h e  s t r u c t u r e  of 
2 3  

a p a r t i c u l a r  l i q u i d  t r a n s i t i o n  metal, ,Keller and  J o n e s  

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

f o r  t h e  D O S  i n  l i q u i d  t r a n s i t i o n  metals a r e  t h e  c o - o r d i n a t i o n  

number a n d  t h e  n e a r e s t  n e i g h b o u r  d i s t a n c e ,  Rouse a n d  Smi th  
2 7 

showed t h a t  a l t b o n g h  s u c h  a n  a p p r o x i n a t i o n  is v a l i d  f o r  c o p p e r ,  

it is n o t  a d e q u a t e  f o r  i r o n .  

Some of  t h e  t h e o r i e s  o r  a p p r o x i m a t i o n s  men t ioned  a b o v e  were 

d e v e l o p e d  w i t h  a v i e w  to e s t a b l i s h i n g  i n  t h e  t h e o r y  of l i q u i d  

m e t a l s  a  c o u n t e r p a r t  of t h e  c o h e r e n t  p o t e n t i a l  
I 6  

a p p r o x i m a t i o n  (CPA) f o r  s u b s t i t u t i o n a l l y  d i s o r d e r e d  a l l o y s .  It 
2s, 29  

was proved ,  h o u e v e r ,  t h a t  t h e  most s t r a i g h t  forward a n d  

s a t i s f a c t o r y  g e n e r a l i s a t i o n  of t h e  CPA t o  l i q u i d  metals is t h e  
30 

e f f e c t i v e  m e d i u .  a p p r o x i m a t i o n  (EUA) of  Roth, R e c e n t l y  it h a s  - 

been  shown how s e v e r q l  o f  t h e s e  t h e o r i e s ( e , g , ,  
1 1  8 16 

S c h w a r t z - E h r e n r e i c h ,  Gyorf f y  , K o r r i n g a  a n d  H i l l s ,  
12 

I sh ida -Yonezava  a n d  t h e  E H A  o f  Roth)  c a n  be d e r i v e d  f rom a 

s i n g l e  a b s t r a c t  m u l t i p l e  s c a t t e r i n g  a p p r o a c h  a n d  t h a t  EHA is 

t h e  o n l y  t h e o r y  c o m p l e t e l y  c o n s i s t e n t  

t o  d e r i v e  a l l  t h e s e  t h e o r i e s  from t h e  
31 

approach .  Some of t h e s e  t h e o r i e s  h a v e  

w i t h  t h e  a s s u m p t i o n  needed  

m u l t i p l e  s c a t t e r i n g  

a l s o  b e e n  known t o  s u f f e r  

f r o n  t h e  p rob lem o f  n o n a n a l y t i c i t y  of t h e  G r e e n ' s  f u n c t i o n .  
32 

Asano and  Ponezava  h a v e  c a l c u l a t e d  t h e  DOS i n  l i q u i d  N i  by 



a p p l y i n g  t h e  K K B  t h e o r y  of  G r e e n ' s  f u n c t i o n  u n d e r  s e v e r a l  of 

5 
t h e s e  a p p r o x i m a t i o n s .  It is f o u n d  t h a t  QCA g i v e s  r e a s o n a b l e  

d-band w i d t h  a n d  works  w e l l  o u t s i d e  t h e  r e s o n a n c e  r e g i o n ,  b u t  it 

g i v e s  a n e g a t i v e  DOS n e a r  t h e  r e s o n a n c e  l e v e l ,  w h e r e  t h e  

a n a l y t i c i t y  o f  t h e  G r e e n ' s  f u n c t i o n  b r e a k s  down, The 

I sh ida-Yonezawa t h e o r y  works  s a t i s f a c t o r i l y  o v e r  t h e  e n e r g y  

r e g i o n  n e a r  t h e  r e s o n a n c e  l e v e l ,  b u t  a t  h i g h e r  e n e r g y ,  where t h e  

e l e c t r o n s  a re  n e a r l y  free, t h e  a n a l y t i c i t y  b r e a k s  down, The 

r e s u l t s  c a l c u l a t e d  by EHA, however,  s h o v  a r e a s o n a b l e  b e h a v i o u r  

o v e r  t h e  whole  e n e r g y  r e g i o n .  Thus  t h e  EHA of Bo th  a p p e a r s  a s  a  

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

s c a t t e r i n g  d i s o r d e r e d  sys tem.  Houever ,  q u i t e  u n d e r s t a n d a b l y ,  i t  

is still a n  a p p r o x i m a t i o n  and  i s  u n a b l e  t o  f u l l y  t a k e  i n t o  

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

c h a r a c t e r i s e s  p a r t i c u l a r  l i q u i d  a n d  amorphous  s y s t e m s .  

The a p p r o a c h  t h a t  c a n  a c t u a l l y  t a k e  i n t o  a c c o u n t  t h e  

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

is t h e  t i g h t - b i n d i n g  method a p p l i e d  t o  f i n i t e  c l u s t e r  mode l s  of 
33  

t h e s e  s y s t e m s ,  Kha nna and  Cpro t -Lacknann h a v e  a p p l i e d  t h i s  

method t o  c o m p u t e r  g e n e r a t e d  model of l i q u i d  N i .  S i m i l a r  

c a l c u l a t i o n s  f o r  l i q u i d  a n d  amorphous  C o  h a v e  b e e n  p e r f o r a e d  by 
34 35 3 6 

Khanna e t  al, F n j i w a r a  a n d  F u j i v a r a  a n d  Tanabe  h a v e  pe r fo rmed  

s imilar  c a l c u l a t i o n s  f o r  l i q u i d  a n d  amorphous  i r c n .  However, 

t h e i r  c a l c u l a t i o n s  i n c l u d e  o n l y  t h e  d - e l e c t r o n  s t a t e s -  The  

d-bands i n  i r o n  a r e  known t o  s t r o n g l y  h y b r i d i s e  w i t h  t h e  s -band  

a n d  hence  t h e  e f f e c t  o f  t h i s  h y b r i d i s a t i o n  s h o u l d  be n o t i c a b l e  



37 
i n  t h e  d e n s i t y  of s t a t e s .  A r e c e n t  c a l c u l a t i o n  b y  P u j i v a r a ,  

b a s e d  on t h e  L i n e a r  Ruff in-Tin  O r b i t a l s  method,  where  t h e  

s e c u l a r  e q u a t i o n  a s s u m e s  a form s i m i l a r  t o  t h e  t i g h t - b i n d i n g  

one ,  r e v e a l s  t h a t  t h e  h y b r i d i s a t i o n  a p p r e c i a b l y  m o d i f i e s  t h e  DOS 

i n  t h e  whole  e n e r g y  r ange .  T h i s  is a l s o  e x p e c t e d  o f  l i q u i d  i r o n ,  

Hence v e  h a v e  d e c i d e d  t o  a p p l y  t h e  t i g h t - b i n d i n g  method t o  

l i q u i d  and amorphous  i r o n  by t a k i n g  t h e  h y b r i d i s a t i o n  i n t o  

a c c o u n t .  T i g h t -  b i n d i n g  H a m i l t o n i a n s  d e f i n e d  o n  compu ter 

g e n e r a t e d  r e a l i s t i c  models  of t h e s e  s y s t e m s  a n d  r e p r e s e n t e d  i n  a 

b a s i s  of s u i t a b l e  s a n d  d  o r b i t a l s  a r e  used  t o  compu te  t h e  DOS. 

The d e n s i t y  of s t a t e s  t h a t  u e  are  i n t e r e s t e d  i n ,  a s  men t ioned  i n  

t h e  b e g i n n i n g  of t h i s  s e c t i o n ,  is p r i m a r i l y  t h e  l o c a l  d e n s i t y  of 

s t a t e s ,  a n d  t h e  t i g h t - b i n d i n g  a p p r o a c h  seems t o  be a  n a t u r a l  

l a n g u a g e  t o  e x p r e s s  t h i s  q u a t i t y -  



S I M U L A T I O N  L I Q U I D  AND A H O R P H O U S  I R 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  l i q u i d  or t h e  amorphous  

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

models.  I n  t h e  l a t t i c e  g a s  model, t h e  l i q u i d  or  t h e  amorphous  

s o l i d  u a s  s u p p o s e d  t o  c o n s i s t  of a t o m s  t h a t  o c c u p i e d  

w e l l - d e f i n e d  l a t t i c e  sites w i t h  p r e a s s i g n e d  p r o b a b i l i t i e s ,  

whe reas  t h e  p r o p o n e n t s  of t h e  m i c r o  ( p a r a )  c r y s t a l l i t e  mode l s  

viewed t h e  s y s t e m  a s  c o n s i s t i n g  of s m a l l  m i c r o c r y s t a l l i t e s  w i t h  

who l ly  or p a r t i a l l y  c o h e r e n t  b o u n d a r i e s ,  v h e r e  a  c o h e r e n t  

bounda ry  s i m p l y  means  a s u r f a c e  with a r e g u l a r  s h a p e -  Such  

m o d e l s  were o f t e n  i n a d e q u a t e  t o  d e s c r i b e  t h e  d e s i r e d  l i q u i d  o r  

amorphous  s t r u c t u r e ,  a s  r e f l e c t e d  by t h e  d i s c r e p a n c i e s  i n  t h e  

measured  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a n d  r a d i a l  

d i s t r i b u t i o n  f n n c t i o n s ,  A review on t h i s  s u b j e c t  h a s  been  
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p r o v i d e d  by C a r g i l l  (see a l s o  P h i l l i p s ,  1980 ,Ref ,39) ,  From a 

t h e o r e t i c a l  p o i n t  of v i ew  these mode l s  are not s a t i s f a c t o r y  f o r  

amorphoos  and l i q u i d  metals, s i n c e  t h e y  d o  not a e s c r i b e  t h e  

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

s u b s t  it u t i o n a l l y  d i s o r d e r e d  s o l i d  o r  a s o l i d  w i t h  s u b s t a n t i a l  

number of h o l e s ,  d i s l o c a t i o n s ,  defects etc, 



2.1 THE DBPHS HODEL -- - -- -- 
The f i r s t  s a t i s f a c t o r y  a t t e m p t  t o  s i m u l a t e  t h e  t o p o l o g i c a l  

d i s o r d e r  i n  l i q u i d  a n d  amorphous  metals was made by B e r n a l ,  when 

h e  c h o s e  t o  r e p r e s e n t  t h e s e  s y s t e m s  by d e n s e  random p a c k i n g  o f  

h a r d  s p h e r e s  (DBPHS) . Such s t r u c t u r e s  a r e  a r r a n g e m e n t s  of r i g i d  

s p h e r e s  which a r e  d e n s e  i n  t h e  s e n s e  t h a t  t h e y  c o n t a i n  no 

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

are random i n  t h a t  t h e r e  a r e  o n l y  weak c o r r e l a t i o n s  be tween  

p o s i t i o n s  of s p h e r e s  s e p a r a t e d  by f i v e  or more s p h e r e  d i a m e t e r s .  

They d o  n o t  a p p a r e n t l y  c o n t a i n  a n y  r e c o g n i z a b l e  r e g i o n s  of 
40-42 

c r y s t a l l i n e - l i k e  o r d e r .  B e r n a l  a n d  F i n n e y  h a v e  s t u d i e d  t h e s e  

s t r u c t u r e s  e x p e r i m e n t a l l y  by f i l l i n g  r u b b e r  b l a d d e r s  with b a l l  

b e a r i n g s ,  a n d  s q u e e z i n g  a n d  k n e a d i n g  t h e s e  b l a d d e r s  t o  p r e v e n t  
4 2 

n u c l e a t i o n  o f  p e r i o d i c  a r r a y s  a t  t h e  c o n t a i n e r  s u r f a c e s ,  Finney 

measured the c o - o r d i n a t e s  of t h e  c e n t r e s  of s e v e r a l  t h o u s a n d  

s p h e r e s  p a c k e d  i n  a r u b b e r  b a l l o o n  a n d  o b t a i n e d  t h e  r a d i a l  

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

p r e v i o u s l y  a v a i l a b l e .  The p a c k i n g  f r a c t i o n  ( f r a c t i o n a l  volume 

o c c u p i e d  by t h e  s p h e r e s )  was f o u n d  t o  b e  0-6366_+0.0004 compared 

w i t h  0.7405 f o r  c l o s e - p a c k e d  c r y s t a l l i n e  s t r u c t u r e .  
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S u b s e q u e n t l y  c o m p u t e r  a l g o r i t h m s  were d e v e l o p e d  by B e n n e t t  
4 4 

and  Adams a n d  Platheson to  create t h e  D B P H S  s t r u c t u r e s ,  Both 

u s e d  an  i n i t i a l  s e e d ,  i-e., a n  i n i t i a l  i n p u t  o f  c o - o r d i n a t e s  of 

c e n t r e s  of s p h e r e s  i n  a small c l u s t e r ,  t o  which new s p h e r e s  were 

added  b y  f o l l o w i n g  a  c e r t a i n  c r i t e r i o n ,  B e n n e t t  u s e d  a  s e e d  

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



Adams a n d  H a t h e s o n  began  w i t h  a c l u s t e r  of t e n  s p h e r e s  p l a c e d  

randomly  a r o u n d  a n d  i n  c o n t a c t  w i t h  a n o t h e r  s p h e r e ,  The 

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

o f  e n u m e r a t i n g  a l l  p o s s i b l e  s i tes  f o r  wh ich  a n  added  s p h e r e  

would b e  i n  h a r d  c o n t a c t  w i t h  t h r e e  s p h e r e s  a l r e a d y  i n  t h e  

c l u s t e r  b u t  would n o t  o v e r l a p  w i t h  a n y  o f  them, The s i t e  n e a r e s t  

t o  t h e  c e n t r e  o f  t h e  c l u s t e r  mas s e l e c t e d  from t h i s  list a n d  a 

s p h e r e  was a d d e d  t h e r e ,  The list of p o s s i b l e  s i t e s  was t h e n  

u p d a t e d ,  a d d i n g  t h o s e  c r e a t e d  b y  t h e  l a s t  s p h e r e  and  removing 

t h o s e  b l o c k e d  by it, The s t r u c t u r e s  t h u s  o b t a i n e d  by b o t h  

B e n n e t t ,  and  Adams a n d  H a t h e s o n  were r o u g h l y  s p h e r i c a l  i n  s h a p e ,  

The p a c k i n g  f r a c t i o n  d e c r e a s e d  w i t h  i n c r e a s i n g  r a d i u s ,  Adams a n d  

Hatheson  r e p o r t e d  a  p a c k i n g  f r a c t i o n  of 0,628  f o r  a n  a s s e m b l y  o f  

3900 s p h e r e s ,  B e n n e t t  f o u n d  t h a t  t h e  p a c k i n g  f r a c t i o n  v a r i e d  

a l m o s t  l i n e a r l y  w i t h  i n v e r s e  of r a d i u s  a n d  o b t a i n e d  a n  

e x t r a p o l a t e d  v a l u e  of 0.61 f o r  t h e  p a c k i n g  f r a c t i o n  f o r  i n f i n i t e  

r a d i u s .  The a c t u a l  measured  v a l u e  of t h e  p a c k i n g  f r a c t i o n  f o r  

h i s  c l u s t e r  o f  3999 s p h e r e s  was 0,62520,005- The r a d i a l  

d i s t r i b u t i o n  f u n c t i o n s  of t h e s e  c l u s t e r s  o b t a i n e d  by B e n n e t t ,  

and Adams and  Ha theson  were v e r y  similar, Both y i e l d e d  a  

c o - o r d i n a t i o n  number ( o b t a i n e d  by i n t e g r a t i n g  u p t o  t h e  f i r s t  

minimum f o l l o w i n g  t h e  f i r s t  maximum) b e t w e e n  11 and  12, The 

c o - o r d i n a t i o n  n n n b e r  i n  t h e  b a l l  b e a r i n g  model  of P i n n e y  was 12- 
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S a d o c  e t  a 1  g e n e r a t e d  a DBPHS c l u s t e r  of 1000 s p h e r e s  

u s i n g  a  d i f f e r e n t  c r i t e r i o n  f o r  a d d i n g  new s p h e r e s  t o  t h e  s e e d -  

N e w  s p h e r e s  were a d d e d  t o  a n  i n i t i a l  s e e d  of t h r e e  s p h e r e s  



a r r a n g e d  i n  a n  e q u i l a t e r a l  t r i a n g l e ,  a t  t h e  s i te  a d j a c e n t  t o  

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

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

d i f f e r e n c e  f r o m  t h o s e  o b t a i n e d  by B e n n e t t  a n d  A d a m  a n d  H a t h e s o n  

i n  terms of  t h e  p o s i t i o n s  and  r e l a t i v e  h e i g h t s  of t h e  s e c o n d a r y  

peaks ,  No p a c k i n g  f r a c t i o n  was r e p o r t e d  by S a d o c  e t  a l .  
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I c h i k a u a  i n t r o d u c e d  a  p a r a u e t e r  K i n  B e n n e t t ' s  a l g o r i t h m  

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

a l g o r i t h m  o n e  s t a r t s  w i t h  a s m a l l  s e e d ,  a n d  t h r e e  s p h e r e s  w i t h i n  

d i s t a n c e s  less t h a n  Kd (where  d  is t h e  h a r d  s p h e r e  diameter a n d  

(1 ,( K ,<2) p r e p a r e  a p o s s i b l e  s i t e  f o r  a new s p h e r e  i n  h a r d  

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

w i t h  any o t h e r  e x i s t i n g  s p h e r e s ,  After c a l c u l a t i n g  t h e  

c o - o r d i n a t e s  o f  a l l  p o c k e t s ,  a  new s p h e r e  is E l a c e d  a t  t h e  

p o c k e t  n e a r e s t  t o  t h e  c e n t r e  of t h e  s y s t e m ,  It c a n  be s e e n  t h a t  

K = 1  r e q u i r e s  t h e  p e r f e c t  t e t r a h e d r a l  c o n f i g u r a t i o n  f o r  t h e  

n e a r e s t  n e i g h b o u r  a r r a n g e m e n t .  It i s  o b s e r v e d  t h a t  t h e  s t r u c t u r e  

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

h i g h  l o c a l  d e n s i t y .  However, smaller K v a l u e s  r e q u i r e  the 

s t r u c t u r e  t o  be much n o r e  p o r o u s  w i t h  a  s n a l l e r  o v e r a l l  p a c k i n g  

f r a c t i o n .  

Even w i t h  I c h i k a w a 8 s  m o d i f i c a t i o n  of B e n n e t t ' s  a l g o r i t h m ,  

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

o f  t h e  r a d i a l  d i s  t r i b n t i o n  f u n c t i  c n s  o b s e r v e d  i n  r e a l  amorphous  

and l i q u i d  m e t a l s ,  t hough  t h e  a g r e e m e n t  f o r  t h e  amorphous  metals 

is  somewhat better t h a n  t h a t  f o r  t h e  l i q u i d .  It is s u g g e s t e d  



t h a t  t h e  h a r d  s p h e r e  p o t e n t i a l  is n o t  r e a l i s t i c  a n d  o n e  must  
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c o n s i d e r  s o • ’  t e r  i n  t e r a  t o n i c  p o t e n t i a l s ,  He imendah l  h a s  r e l a x e d  
4 3  

t h e  B e n n e t t ' s  model  u s i n g  Lenna rd - Jones  a n d  Horse  p o t e n t i a l s  

and  o b t a i n e d  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s  i n  closer a g r e e m e n t  

w i t h  t h a t  o f  g l a s s y  metals, S i m i l a r  results h a v e  been  r e p o r t e d  
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by B a r k e r  et a 1  who r e l a x e d  t h e  B e r n a l  s t r u c t u r e  u s i n g  

Lenna rd - Jones  p o t e n t i a l ,  The r e l a x a t i o n  p r o c e d u r e  c o n s i s t s  i n  

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

cluster s e q o e n t i a l l y  u n t i l  a  m i n i m u m  i n  t h e  p o t e n t i a l  e n e r g y  of 

t h e  c l u s t e r  i n  t h e  ne ighbourhood  of t h e  i n i t i a l  c o n f i g u r a t i o n  is 
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o b t a i n e d ,  Yamamoto e t  a 1  h a v e  o b t a i n e d  good  a g r e e m e n t  fo r  t h e  

r a d i a l  d i s t r i b u t i o n  f u n c t i o n  i n  amorphous  i r o n  by r e l a x i n g  t h e  

B e n n e t t  s t r u c t u r e  m o d i f i e d  by  I c h i k a w a ' s  p a r a m e t e r  (K=1,2) , 
a c c o r d i n g  t o  t h e  i n t e r a t o m i c  p o t e n t i a l s  s u g g e s t e d  for  b c c  i r o n ,  

It i~ p e r h a p s  w o r t h  m e n t i o n i n g  t h a t  o u r  i n i t i a l  a t t e m p t  t o  

simulate a c l u s t e r  r e p r e s e n t i n g  amorphous  i r o n  was b a s e d  o n  

I c h i k a w a ' s  method o f  mod i fy ing  t h e  B e n n e t t  c l u s t e r  v i t h  a 

s u i t a b l e  v a l u e  of K. However, no' v a l u e  of K i n  t h e  s p e c i f i e d  

r a n g e  (1  ,( K ,( 2)  c o u l d  y i e l d  a s a t i s f a c t o r y  r a d i a l  d i s t r i b u t i o n  

f u n c t i o n ,  Hence w e  were f a c e d  w i t h  t h e  p rob lem of e i t h e r  

r e l a x i n g  t h e  c l u s t e r  o r  r e s o r t i n g  t o  some a l t e r n a t e  t e c h n i q u e ,  

I n  t h e  f o l l o w i n g  w e  d i s c u s s  t h e s e  a l t e r n a t e  schemes-  It s h o u l d  

b e  n o t e d  t h a t  r e l a x i n g  a DRPHS cluster  of t e n  g e n e r a t e s  

s a t i s f a c t o r y  m o d e l s  of amorphous  metals, Houever ,  t h e  method is 

n o t  s u i t a b l e  for c r e a t i n g  c l u s t e r s  t o  r e p r e s e n t  l i q u i d  metals 

which show s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r a d i a l  d i s t r i b u t i o n  



f u n c t i o n  from t h e i r  amorphous  c c u n t e r p a r t s -  

2.2  ALTERNATIVE SCHEnES: MOLECULAR DYHAWICS AND HONTE CARL0 -- 
H ET BODS -- 

A l t e r n a t i v e s  t o  t h e  D B P H S  mode l s  a r e  p r o v i d e d  by Honte 
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C a r l o  a n d  M o l e c u l a r  dynamics  methods,  T h e s e  methods  h a v e  

b e e n  f o u n d  t o  y i e l d  b e t t e r  mode l s  f o r  t h e  l i q u i d  t h a n  t h e  

r e l a x e d  D R P H S  models,  I n  t h e  m o l e c u l a r  d y n a m i c s  method t h e  

c o - o r d i n a t e s  o f  e a c h  atom i n  t h e  c l u s t e r  are  a l l o w e d  t o  move 

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

i n t e r a t o n i c  p o t e n t i a l ,  The p o s i t i c n  a n d  momen turn c o - o r d i n a t e s  o f  

t h e  p a r t i c l e s  a t  a n y  time are s t o r e d  a n d  t h e i r  e v o l u t i o n  i n  a 

s m a l l  i n t e r v a l  o f  t i m e  is d e s c r i b e d  b y  s o l v i n g  t h e  Rewtonian 

e q u a t i o n s  of mot ion ,  I n  the e q u i l i b r i u m  s t a t e  the d i s t r i b u t i o n  

o f  v e l o c i t i e s  is H a x w e l l i a n ,  a n d  h e n c e  the t e m p e r a t u r e  of t h e  

s y s t e m  of N p a r t i c l e s  s h o u l d  be 

i n  w h i c h  V i  is  t h e  v e l o c i t y  of t h e  i - t h  p a r t i c l e  w i t h  mass I4 and  

K i s  t h e  Bol tzmann c o n s t a n t ,  A 1 1  t h e  v e l o c i t i e s  are, therefore, 

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

eqn .  (2 .1) -  S u r f a c e  effects a r i s i n g  from t h e  b o u n d a r i e s  of  t h e  

c l u s t e r  are t a k e n  care o f  b y  imposing t h e  p e r i o d i c  boundary  

c o n d i t i o n ,  a n d  v a r i o u s  e q u i l i b r i u m  p r o p e r t i e s  of t h e  c l u s t e r  are 

c a l c u l a t e d  f r o m  t h e  time a v e r a g e s .  



C o n t r a r y  t o  t h e  d e t e r m i n i s t i c  a p p r o a c h  f o l l o w e d  i n  t h e  

m o l e c u l a r  d y n a m i c s  method,  Wonte Car lo  t e c h n i q u e  i s  b a s e d  o n  a 

s t o c h a s t i c  o r  p r o b a b i l i s t i c  a p p r o a c h ,  I n  t h i s  method o n l y  t h o s e  

c o n f i g u r a t i o n s  of t h e  atoms, w h i c h  h a v e  a s i g n i f i c a n t  

s t a t i s t i c a l  w e i g h t ,  a re  c o n s i d e r e d ,  One starts w i t h  a n  i n i t i a l  

c o n • ’  i g u r a t i o n  s p e c i f i e d  b y  t h e  p o s i t i o n  c o - o r d i n a t e s  of t h e  

p a r t i c l e s  i n  a  b a s i c  cell ,  A s e q u e n c e  o f  c o n f i g u r a t i o n s  of t h e  

s y s t e m  is t h e n  g e n e r a t e d  b y  a p r o c e s s  o f  random walk  o n  a Barkov 

c h a i n .  The t r a n s i t i o n  p r o b a b i l i t y  a t  e v e r y  s t e p  is c h o s e n  s o  

t h a t  t h e  l i m i t i n g  f r e q u e n c y  of e a c h  c o n f i g u r a t i o n ,  as t h e  l e n g t h  

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

t h e  B o l t z m a n n  f ac to r  e x p  (-E/KT), w h e r e  E i s  t h e  e n e r g y  

a s s o c i a t e d  w i t h  t h e  c o n • ’  i g u r a t i o n ,  K is t h e  B o l t z m a n n  c o n s t a n t  

and  T is t h e  t e m p e r a t u r e  of t h e  s y s t e m  on t h e  a b s o l u t e  scale, 

T h i s  is a c h i e v e d  a s  f o l l o w s ,  E a c h  p a r t i c l e ,  c h o s e n  a t  random or 

by s u c c e s s i o a ,  is moved by  s m a l l  s t e p s  of random s i z e s  w i t h i n  

p r e a s s i g n e d  l i a i t s ,  After e a c h  move, t h e  c h a n g e  i n  t h e  e n e r g y  o f '  

t h e  s y s t e m ,  DE, is c a l c u l a t e d ,  A s u i t a b l e  i n t e r a t o m i c  p o t e n t i a l  

is used  f o r  t h i s  p u r p o s e ,  I f  DE L O ,  i-e,, t h e  n o v e  would  b r i n g  

t h e  s y s t e m  t o  a s t a t e  of l o w e r  e n e r g y ,  t h e n  t h e  move is a l l o w e d  

a n d  t h e  p a r t i c l e  is p u t  i n  i ts new p o s i t i o n ,  I f  DE ) 0 ,  t h e n  t h e  

move is a l l o w e d  w i t h  a p r o b a b i l i t y  exp(-DE/KT) - To a c h i e v e  t h i s  

r e s u l t ,  a r a n d o m  n u m b e r  2 is c h o s e n  b e t w e e n  0 a n d  1. If 

e x p  (-DE/kT) is g r e a t e r  t h a n  5 ,  t h e n  t h e  p a r t i c l e  is moved t o  its 

new p o s i t i o n .  O t h e r w i s e  t h e  move is r e j e c t e d -  I f  t h e  move is  

r e j e c t e d ,  t h e  o l d  c o n f i g u r a t i o n  is c o u n t e d  a s  h a v i n g  o c c u r r e d  



a g a i n  i n  t h e  c o m p u t a t i o n  of a v e r a g e s .  

Us ing  t h e  Harkov c h a i n  of c o n f i g u r a t i o n s  c o n s t r u c t e d  i n  

t h i s  uay,  one o b t a i n s  t h e  a v e r a g e  of a n y  f u n c t i o n  of 

c o n f i g u r a t i o n  s i m p l y  by a v e r a g i n g  o v e r  a l l  a e m b e r s  o f  t h e  c h a i n ,  

T h e  r e s u l t  is e q u i v a l e n t  t o  a v e r a g i n g  o v e r  a c a n o n i c a l  e n s e m b l e  

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

t o  t h e  Bol tzmann f a c t o r  exp(-E/kT),  T h a t  t h e  a b o v e  p r o c e d u r e  o f  

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

d i s t r i b u t i o n  p r o p o r t i o n a l  t o  e x p  (-E/kT) h a s  b e e n  shown by  
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H e t r o p o l i s  et a l ,  One c o u l d  a l s o  do a c a l c u l a t i o n  by c h o o s i n g  

c o n f i g u r a t i o n s  a t  random, and  t h e n  a s s i g n i n g  w e i g h t s  t o  them,  

W h i l e  s u c h  a  p r o c e d u r e  s h o u l d  g i v e  t h e  same r e s u l t  a s  t h e  a b o v e  

method, i f  b o t h  a r e  c a r r i e d  o u t  f o r  a  s u f f i c i e n t l y  l a r g e  number  

of c o n f i g u r a t i o n s ,  it h a s  t h e  d i s a d v a n t a g e  t h a t  a  l a r g e  amount  

of time would be  v a s t e d  o n  r e l a t i v e l y  i m p r o b a b l e  c o n f i g u r a t i o n s ,  

The Harkov c h a i n  method  is a n  e x a m p l e  of " i m p o r t a n c e  s a m p l i n g n  

and  g a i n s  e f f i c i e n c y  by c o n c e n t r a t i n g  on t h e  more p r o b a b l e  

c o n f  i g n r a t i o n s .  

We h a v e  employed  t h e  f l o n t e  Car lo  t e c h n i q u e  t o  g e n e r a t e  

c l u s t e r s  w i t h  365 a t o m s  r e p r e s e n t i n g  l i q u i d  a n d  amorphous  i r o n ,  

T h e  method f o l l o w e d  is e s s e n t i a l l y  t h e  same a s  d e s c r i b e d  above ,  

We used  t h e  i n t e r a t o m i c  p o t e n t i a l  a s  g i v e n  by 3ohnson.s8This  

p o t e n t i a l  is  d e r i v e d  by f i t t i n g  its f i r s t  a n d  s e c o n d  d e r i v a t i v e s  

a t  t h e  n e a r e s t  and  n e x t  n e a r e s t  n e i g h b o u r  s e p a r a t i o n s  i n  b c c  

i r o n  t o  t h e  e l a s t i c  m o d u l i i ,  The p o t e n t i a l  is cut off a t  a p o i n t  

be tween  ' t h e  s e c o n d  a n d  t h e  t h i r d  n e a r e s t  ne ighbour s .  The 



o r i g i n a l  f o r m  s u g g e s t e d  by J o h n s o n  c o n s i s t s  of t h r e e  t h i r d  o r d e r  

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

d i s t a n c e .  F o r  c o m p u t a t i o n a l  e f f i c i e n c y  we h a v e  r e p a r a x n e t e r i s e d  

t h e  p o t e n t i a l  U ( f )  u s i n g  a s i n g l e  e x p r e s s i o n  f o r  a l l  d i s t a n c e s  

u p t o  t h e  c u t o f f  p o i n t ,  which  c o n s i s t s  o f  e v e n  powers  o f  r on ly :  

w i t h  = 0.07 , A ,  = - 2 0 .  6 5  , A1 = 1 7 4 . 7  8 6 8 ,  

A 3  = - 4 4 5 . 3 7  , ~ 0 0 0 . 0 0  

The c o n s t a n t s  ( A, - A 4  ) were c h o s e n  t o  r e p r o d u c e  t h e  J o h n s o n  

p o t e n t i a l  a c c u r a t e l y  be tween  t h e  n e a r e s t  and  n e x t  n e a r e s t  

n e i g h b o u r s ,  Ue s t a r t  with c u b i c  c l u s t e r  of 365 a t o m s  supposed  t o  

r e p r e s e n t  l i q u i d  L a ,  T h i s  c l u s t e r  was o b t a i n e d  by B a l l e n t i n e  
5 s  * 

f o r  c a l c u l a t i o n s  of e l e c t r o n i c  s t r u c t u r e  i n  l i q u i d  La- 

A p p r o p r i a t e  c h a n g e  i n  t h e  volume of t h e  c l u s t e r  was made t o  
0 

o b t a i n  t h e  correct d e n s i t y  of l i q u i d  i r o n  a t  1550 C. Each atom 

u a s  moved by s u c c e s s i o n  a n d  t h e '  r e s u l t i n g  c o n f i g u r a t i o n  was 

a c c e p t e d  o r  r e j e c t e d  a c c o r d i n g  t o  t h e  c r i t e r i o n  d e s c r i b e d  above.  

P e r i o d i c  bounda ry  c o n d i t i o n  was imposed  t o  k e e p  t h e  p a r t i c l e s  

c o n f i n e d  w i t h i n  t h e  g i v e n  volume- T h i s  c u b i c  volume u a s  supposed  

t o  be s u r r o u n d e d  by p e r i o d i c  r e p l i c a s  of i tself  t o  a v o i d  s u r f a c e  

effects, The f o l l o w i n g  c r i te r ia  were u s e d  t o  d e t e r m i n e  the 



r e a c h i n g  of t h e  e q u i l i b r i u m :  

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

component,  

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

c) s l ices o f  t h e  c l u s t e r  examined  g r a p h i c a l l y  r e v e a l e d  no 

p a r t i c u l a r  l i n e s  a l o n g  which t h e  atoms t e n d e d  t o  l i e ,  

S t a r t i n g  from o u r  i n i t i a l  l i q u i d  La c o n f i g u r a t i o n ,  a b o u t  s i x  

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

c e n t ,  were needed t o  o b t a i n  a  p a i r  d i s t r i b u t i o n  f u n c t i o n  of t h e  

t y p e  shown i n  P i g ,  ( I ) ,  T h i s  is close t o  t h e  e x p e r i m e n t a l l y  
60 

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

somewhat more s h o r t  r a n g e  o r d e r  t h a n  t h e  l i q u i d , .  

T h e  c l u s t e r  r e p r e s e n t i n g  t h e  amorphous  i r o n  was g e n e r a t e d  

f rom t h e  l i q u i d  c l u s t e r  by c a r r y i n g  o u t  t h e  Monte C a r l o  
0 

p r o c e d u r e  a t  a much l o w e r  t e m p e r a t u r e  (100 C) , A p p r o p r i a t e  

change  i n  t h e  volume o f  t h e  c l u s t e r  was made t o  r e p r e s e n t  t h e  

d e n s i t y  of amorphous  i r o n ,  S t a r t i n g  f r o m  t h e  l i q u i d  c l u s t e r ,  

a b o u t  f o u r  h u n d r e d  i t e r a t i o n s  were n e e d e d  t o  g e n e r a t e  a  c l u s t e r  

w i t h  t h e  p a i r  d i s t r i b u t i o n  f u n c t i o n  a s  shown i n  F ig .  (2) , w h i c h  

i s  i n  r e a s o n a b l e  a g r e e m e n t  v i t h  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  
61 

d i s t r i b u t i o n ,  

Smal l  c l u s t e r s  vith 1 2 5  atoms r e p r e s e n t i n g  l i q u i d  and 

amorphous  i r o n  were a l s o  o b t a i n e d  by t h e  t e c h n i q u e  d i s c u s s e d  

above. I n  t h i s  case t h e  s t a r t i n g  c o n f i g u r a t i o n  uas c h o s e n  t o  b e  

a s i m p l e  c u b i c  one,  About  t h e  same number of i t e r a t i o n s  a s  

q u o t e d  a b o v e  were needed  t o  a c h i e v e  e q u i l i b r i u m ,  The p a i r  



d i s t r i b u t i o n  f u n c t i o n  o b t a i n e d  for these clusters are d i s p l a y e d  

i n  F i g s .  ( 3 )  a n d  ( 4 ) .  



FIGURE CAPTIONS 

FIG.l. Pair distribution function for liquid Fe 

near the melting point, according to 

experiment (Re•’.60)(smooth curve) and as 

simulated in a cluster of 365 atoms (his- 

togram). 

FIG.2. Pair distribution function for amorphous 

Fe, according to experiment (Re•’.6l)(smooth 

curve) and as simulated in a cluster o f  

365 atoms (histogram). 

FIG.3. Pair distribution function for liquid Fe 

near the melting point, according to 

experiment (Re•’.60)(smooth curve) and as 

simulated in a cluster of 125 atoms (his- 

togram). 

FIG.4. Pair distribution function for amorphous 

Fe, according to experiment (Re•’.6l)(smooth 

curve) and as simulated in a cluster of 

125 atoms (histogram). 
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3 .  LCAO RETHOD - - ----- 
The b a s i c  r e q u i s i t e  f o r  a  t i g h t - b i n d i n g  c a l c u l a t i o n  o f  t h e  

e l e c t r o n i c  s t r u c t u r e  of a s y s t e m ,  p e r i o d i c  o r  o t h e r w i s e ,  is a 

set  of  o r b i t a l s  l o c a l i s e d  a b o u t  t h e  atomic si tes ,  The method was 
6 2  

i n t r o d u c e d  t o  c r y s t a l  c a l c u l a t i o n s  by B loch ,  when h e  used  a 

b a s i s  o f  a t o m i c  o r b i t a l s  S I ~ ~ ) ]  t o  e x p r e s s  t h e  one- e l e c t r o n  

w a v e f u n c t i o n s  Vi : 

where t h e  s u b s c r i p t  4 refers t o  t h e  s i t e  a s  w e l l  a s  t h e  o r b i t a l  

t y p e .  The ~ c h r o d i n g e r  egn, f o r  t h e  e l e c t r o n  w i t h  the H a n i l t o n i a n  

ff , 

c a n  be  t r a n s f o r m e d ,  by taking t h e  i n n e r  p r o d u c t  w i th  a basis 

v e c t o r  I+(;), t o  a  m a t r i x  egn. 



Here ~~b r e p r e s e n t  the m a t r i x  e l e m e n t s  of t h e  Hamil tonicin  i n  

t h e  g i v e n  b a s i s ,  i.e., 

I 
a n d  SdF;  r e p r e s e n t  t h e  e l e m e n t s  of t h e  o v e r l a p  m a t r i x :  

The e i g e n  v a l u e s  Ei of t h e  eqn. ( 3 - 3 )  can he  o b t a i n e d  b y  s o l v i n g  

t h e  s e c u l a r  eqn.  

or  e q u i v a l e n t l y  

(s-')~ g r e p r e s e n t  t h e  e l e m e n t s  of t h e  i n v e r s e  of the o v e r l a p  
- 1 

m a t r i x  [ s d ( ; l .  [S MI c a n  be g i v e n  t h e  f o l l o w i n g  i n t e r p r e t a t i o n .  
d R  - -  B 

Suppose  t h e  H a a i l t c n i a n  H a c t i n g  on t h e  basis s t a t e  /@d> 

p r o d u c e s  a s t a t e  t h a t  w e  a p p r o x i m a t e  o r  i n  some cases write 

e x a c t l y  a s  a l i n e a r  c o m b i n a t i o n  o f  t h e  b a s i s  s ta tes ,  i-e., 



Using  t h e  e x p r e s s i o n  

( s e e  Appendix (A- 1) ) 

f o r  t h e  i d e n t i t y  o p e r a t o r  

Thus  t h e  matrices D a n d  S-'H are  i d e n t i c a l ,  Xn what  f o l l o w s  we 

w i l l  refer t o  D a s  t h e  H a m i l t o n i a n  m a t r i x  a n d  n o t e  t h a t  t h e  

e l e m e n t s  o f  t h i s  m a t r i x  a r e  d i f f e r e n t  from t h e  m a t r i x  e l e m e n t s  

o f  t h e  H a a i l t o n i a n  Hap. T h i s  d i s t i n c t i o n  v a n i s h e s  i f  t h e  b a s i s  

2 1@4>] i s  o r t h o g o n a l .  

T h i s  ~ e t h o d  o f  s c l v i n g  t h e  o n e - e l e c t r o n  s c b r z d i n g e r  

e q u a t i o n  h a s  come t o  b e  known a s  t h e  L i n e a r  Combina t ion  of 

Atomic O r b i t a l s  (LCAC) method. Bowever. t h e  set  f l t> ]need  n o t  b e  

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

c a l c u l a t i o n s  h a v e  o f t e n  b e e n  b a s e d  o n  v a r i o u s  d i f f e r e n t  b a s i s  

sets. The p r o b l e m  of n o n o r t h o g o n a l i t y  a s s o c i a t e d  w i t h  t h e  atomic 

o r b i t a l s  h a s  b e e n  t a c k l e d  by u s i n g  o r t h o g o n a l i s e d  ~ S w d i n  
43 

o r b i t a l s ,  t h u s  g i v i n g  rise t o  t h e  name LCOAO, C a l c u l a t i o n s  

b a s e d  o n  a  b a s i s  o f  bond o r b i t a l s  h a v e  b e e n  t e r m e d  t h e  LCBO 

method, F o r  c r y s t a l l i n e  s o l i d s  Wannier  f u n c t i o n s  a s  well a s  



v a r i o u s  o t h e r  u n i t a r y  t r a n s f o r m a t i o n s  of B l o c h  f u n c t i o n s ,  

m o l e c u l a r  o r b i t a l s  h a v e  b e e n  u s e d -  However, t h e s e  o r t h o g o n a l i s e d  

o r b i t a l s  are  more e x t e n d e d  t h a n  atomic o r b i t a l s ,  h a v i n g  

o s c i l l a t o r y  t a i l s  a n d  are t h u s  s e n s i t i v e  t o  t h e i r  e n v i r o n m e n t ,  

I n  o t h e r  words,  t h e s e  o r b i t a l s  form b a s i s  se ts  t h a t  a r e  

n o n - t r a n s f e r a b l e  f rom o n e  s i t u a t i o n  t o  a n o t h e r -  T h e r e  is a  

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

t r a n s f e r a b l e  a n d  a t  t h e  same time, be o r t h o g o n a l  i n  e a c h  new 

s i t u a t i o n ,  The  t r a n s f e r a b i l i t y  of t h e  bas i s  set from o n e  

s i t u a t i o n  t o  a n o t h e r  is a h i g h l y  d e s i r a b l e  p r o p e r t y ,  n o t  o n l y  

b e c a u s e  o f  t h e  o b v i o u s  ease it p r o v i d e s  f o r  new c a l c u l a t i o n s ,  

bu t  a l s o  b e c a u s e  it is  a p p e a l i n g  t o  t h e  i n t u i t i v e  " c h e m i c a l  

b u i l d i n g  b l o c k n  p i c t u r e  o f  s o l i d s  a n d  t a o l e c u l e s -  Atomic 

o r b i t a l s ,  h a v i n g  no  o s c i l l a t o r y  t a i l s ,  are  t r a n s f e r a b l e  o r  a t  

l e a s t  a p p r o x i m a t e l y  t r a n s f e r a b l e .  However, t h e r e  are some b a s i c  

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

(3.1) is a p p a r e n t l y  o n l y  a n  a p p r o x i m a t i o n  i n  a v a r i a t i o n a l  

method u n l e s s  u e  h a v e  a c o m p l e t e  s e t  of b a s i s  f u n c t i o n s  i n  t h e  

r e p r e s e n t a t i o n ,  I n c l u s i o n  of more a n d  more s ta tes  d o  n o t  

n e c e s s a r i l y  h e l p  c o n v e r g e n c e  of e q n ,  (3 .2 )  a n d  the method b r e a k s  

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

unbound s ta tes  w i t h o u t  wh ich  t h e  r e p r e s e n t a t i o n  (3.1) i s  

i n c o m p l e t e ,  

The i m p o r t a n t  advancemen t  i n  t h e  t h e o r y  i n  t h i s  r e g a r d  came 
64 6 5  

r e l a t i v e l y  r e c e n t l y  w i t h  t h e  work of  Adaas,  G i l b e r t  a n d  
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Anderson,  uho  showed fo r  t h e  f i r s t  time how t o  write a  d e f i n i n g  



e q u a t i o n  f o r  a l o c a l i s e d  a t o a i c l i k e  b a s i s  so t h a t  t h e  i n f l u e n c e  

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

It u a s  t h u s  d e m o n s t r a t e d  t h a t  t h e  LCAO e x p r e s s i o n  (3- 1) n e e d  n o t  

b e  c o n s i d e r e d  simply a s  a  v a r i a t i o n a l  e x p a n s i o n  i n  which by 

a d d i n g  more a n d  more a r b i t r a r y  f u n c t i o n s  o n e  h o p e s  t o  c o n v e r g e  

on  an  a c c u r a t e  answer ,  b u t  t h a t  sets of b a s i s  f u n c t i o n s  may b e  

d e f i n e d  i n  s u c h  a way t h a t  t h e  e x p a n s i o n  i n  l o c a l  o r b i t a l s  is 

e x a c t ,  a n d  t h e s e  l o c a l i s e d  b a s i s  f u n c t i o n s  are a t o m i c l i k e  a n d  

t h e  ref o r e  a p p r o x i m a t e l y  t r a n s f e r a b l e  from o n e  s i t u a t i o n  t o  

a n o t h e r ,  B e l o w  ue b r i e f l y  d i s c u s s  how t o  o b t a i n  s o c h  a l o c a l i s e d  

b a s i s  set, R e  w i l l  c o n c e n t r a t e  o n  t h e  work of Anderson, which is 

o f  d i r e c t  r e l e v a n c e  t o  our  uork ,  

THE -- ANDERSON-BULLETT - 
L e t  u s  c o n s i d e r  a n  i s o l a t e d  band of some I atom s y s t e m  w i t h  

t h e  o n e - e l e c t r o n  X a m i l t o n i a n  8, By a n  i s o l a t e d  band  we s i m p l y  

mean a  g r o u p  o f  c l o s e l y  s p a c e d  e n e r g y  l e v e l s  t h a t  is s e p a r a t e d  * 

f rom a n y  o t h e r  s u c h  g r o u p s  of e n e r g y  v a l u e s  f o r  t h e  sys tem,  The  

e n e r g y  e i g e n v a l u e s  i n  t h e  band  are g i v e n  by t h e  e i g e n v a l u e s  

o f  t h e  e q u a t i o n  

L e t  P be t h e  p r o j e c t i o n  o p e r a t o r  o n t o  t h e  band  s u b s p a c e ,  i -e, ,  

where  we h a v e  assumed t h a t  t h e r e  a re  Nn number  of e n e r g y  l e v e l s  



i n  t h e  band ( n  l e v e l s  per atom), P is  a h e r m i t i a n  o p e r a t o r  

s a t  i s • ’  y ing  

F u r t h e r m o r e  P commutes  w i th  H : 

The b a s i c  i d e a  of t h e  l o c a l i s e d  o r b i t a l  (LO) t h e o r i e s  d e v e l o p e d  
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by Adams, G i l b e r t ,  a n d  Anderson  i s  t o  r e p r e s e n t  e x a c t l y  t h e  

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

I O s  , l o c a l i s e d  a b o u t  t h e  a tom # a q .  The s u b s c r i p t  

d e n o t e s  t h e  t y p e  of t h e  o r b i t a l  and  r u n s  o v e r  t h e  t o t a l  number 

of  o r b i t a l s ,  n ,  p e r  atom, The  first c o n d i t i o n  t h a t  is imposed  on 

t h e s e  LOs is  t h a t  t h e y  must s p a n  t h e  band s u b s p a c e  of t h e  

f u n c t i o n s  ; , i.e., 

Using t h e  i d e n t i t i e s  (3.13) a n d  (3-12) , eqn,  13-14) c a n  b e  

w r i t t e n  a s  

T h i s  e q u a t i o n  m e r e l y  r e p r e s e n t s  t h e  c o n s t r a i n t  t h a t  t h e  L O s  

b e l o n g  t o  t h e  s u b s p a c e  r e p r e s e n t e d  by P. T o  d e f i n e  t h e  *s 

u n i q u e l y ,  w e  need  t o  s p e c i f  p a n o t h e r  c o n d i t i o n ,  For t h i s  w e  

d i v i d e  t h e  t o t a l  H a m i l t o n i a n  i n t o  two p a r t s  



w h e r e  EI,, refers t o  the atom ' a '  a n d  U a  r e f e r s  t o  t h e  ' r e s t  o f  
C 4 , C S  

t h e  sys tem' .  P o l l o v i n g  Adanis, u e  demand t h a t  t h e  L O s  s a t i s f y  

t h e  e q u a t i o n  

I n  a s i n g l e  band c o n s i s t i n g  of Rn e n e r g y  v a l u e s ,  t h e r e  are Nn 

n o n t r i v i a l  f u n c t i o n s  t h a t  s a t i s f y  t h i s  e q u a t i o n -  O f  t h e s e ,  w e  

t a k e  t h e  l o w e s t  n a s  t h e  f u n c t i o n s  Qhj4 - T h e s e  f u n c t i o n s  are 

l o c a l i s e d  a b o u t  t h e  atom 'a1. Eqns, (3-15) a n d  (3.17) a r e  t h e  

d e f i n i n g  e q u a t i o n s  f o r  t h e  LOs, T h e s e  can be combined i n t o  a 

s i n g l e  e q u a t i o n :  

T h i s  e q u a t i o n  c a n  a l s o  be  w r i t t e n  a s  

This l a t t e r  form d e m o n s t r a t e s  why t h e  effect of t h e  

' n e i g h b o a r i n g  a toms '  cr t h e  'rest of t h e  s y s t e m '  may a c t u a l l y  b e  

s m a l l  and t h e  f u n c t i o n s  Qhed o n l y  weakly  d i s t o r t e d  fro. t h e  

e i g e n f u n c t i o n s  of t h e  o p e r a t o r  Ha, The p e r t u r b a t i o n  from t h e  

s u r r o u n d i n g  atoms i s  weakened by p r o j e c t i n g  out  t h e  p a r t  t h a t  

a c t s  w i t h i n  t h e  band. 



To s o l v e  eqn. (3.20) , t h e  p r o j e c t i o n  o p e r a t o r  P h a s  t o  be 

e x p r e s s e d  i n  t h e  n o n o r t h o g o n a l  b a s i s :  

( s e e  Appendix (A- I )  ) 

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

and  s e v e r a l  a p p r o x i ~ a t e  t r e a t m e n t s ,  s u c h  a s  k e e p i n g  o n l y  terms 

of t h e  fitst o r d e r  i n  o v e r l a p s  of t h e  e x p a n s i o n  of S-' , h a v e  
68,W 

b e e n  s u g g e s t e d .  One c a n  t h u s  s t a r t  w i t h  t h e  e i g e n f u n c t i o n s  of 

B a  and s o l v e  egn. (3.18) by s u c c e s s i v e  i t e r a t i o n s  u n t i l  

s e l f - c o n s i s t e n c y  is a c h i e v e d ,  I f  t h e  r e s i d u a l  i n t e r a c t i o n  term 

' U;PO,P is s m a l l ,  t h e n  t h e  s e l f - c o n s i s t e n t  s o l u t i o n s  4 are 
a, o( 

e x p e c t e d  t o  be c l o s e  t o  t h e  i n i t i a l  a p p r o x i m a t i o n s ,  
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Using t h e  p s e u d o p o t e n t i a l  i d e a s  of A us t in ,E fe ine  and  Sham, 
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Anderson d e v e l o p e d  a s i m p l i f i e d  v e r s i o n  of t h e  a b o v e  t h e o r i e s ,  

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

e x t e n d e d  ~ g c k e l  p r a l n e t e r i s a t i o n  s c h e a e s  i n  c a s e  of o r g a n i c  

mo lecu le s .  F o l l o w i n g  Anderson,  l e t  a s  f o r m a l l y  r e p r e s e n t  t h e  

t o t a l  H a m i l t o n i a n  a s  
N 

w h e r e  T i s  t h e  k i n e t i c  e n e r g y  o p e r a t o r  a n d  V, is t h e  e f f e c t i v e  

p o t e n t i a l  f r o &  atom ' a * ,  Such a r e p r e s e n t a t i o n  is a l w a y s  

p o s s i b l e  i n  p r i n c i p l e ,  s i n c e  it is  p e r f e c t l y  w i t h i n  o u r  power t o  

c h o o s e  V f o r  b # a t o  be t h e  d i f f e r e n c e ,  wha teve r  it may be ,  b 



f r o m  t h e  p o t e n t i a l  V, due  t o  t h e  p r e s e n c e  of 'b', With s u c h  a 

d i v i s i o n  o f  t h e  t o t a l  p o t e n t i a l ,  t h e  p s e u d o p o t e n t i a l  e q u a t i o n  

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

d e r i v e d  from t h e  g e n e r a l  f o r &  (3.19) by s e t t i n g  

we n o t e  t h a t  t h i s  c h o i c e  of [la i m p l i e s  

Eqn, (3.19) t h u s  a s sumes  t h e  form 

T h e   for^ o f  V,, is y e t  u n s p e c i f i e d ,  However, it is d e s i r a b l e *  

t h a t  t h e  e i g e n f  u n c t i o n s  of T + Va b e  f a i r l y  l o c a l i s e d ,  The 

s e l f - c o n s i s t e n t  s o l u t i o n s  t o  e q n -  (3,261, which a re  e x p e c t e d  t o  

b e  o n l y  weakly  p e r t n r b e d  from t h e s e  f u n c t i o n s ,  w i l l  t h e n  b e  

l o c a l i s e d  a b o u t  t h e  a tom *a1, Hence, o n e  c a n  c h o o s e  Va to  be t h e  

atomic p o t e n t i a l  c e n t e r e d  a b o u t  t h e  atom 

However, s i n c e  t h e  t o t a l  p o t e n t i a l  s e e n  by t h e  e l e c t r o n  c a n n o t  

be o b t a i n e d  by s i m p l y  summing o v e r  a t o m i c  p o t e n t i a l s ,  t h e  



p o t e n t i a l  V f o r  b # a w i l l  t h e n  h a v e  a  form 

w h e r e  VC, (o) is  t h e  free atom p o t e n t i a l  c e n t e r e d  a b o u t  t h e  atom 

b , and 6% c a n  b e  l o o k e d  upon a s  a c o r r e c t i o n  term. The f o r m  

of 5% used  i n  o u r  c a l c u l a t i o n  r i l l  be s p e c i f i e d  i n  t h e  n e x t  

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

t o t a l  p o t e n t i a l  c a n  b e  a c h i e v e d  i n  t u r n  f o r  e a c h  atom 'a', t o  

s o l v e  f o r  t h e  c o r r e s p o n d i n g  ahad i n  (3.26) - Once a p a r t i c u l a r  

V, i s  set e q u a l  t o  v,(", t h e  p o t e n t i a l s  V b (b # a )  w i l l  t h e n  b e  

g i v e n  by t h e  f o r a  (3.28) t o  be c o n s i s t e n t  with t h e  a c t u a l  

p o t e n t i a l  s e e n  by  t h e  e l e c t r o n  i n  t h e  p r e s e n c e  of a l l  t h e  atoms 

i n  t h e  v i c i n i t y  o f  'a1. 

W i t h  t h i s  d i v i s i o n  of t h e  p o t e n t i a l ,  t h e  e i g e n f u n c t i o n  o f  T 

+ Va a r e  t h e  u n p e r t u r b e d  atomic o r b i t a l s ,  

( 63  
Thrrs o n e  c a n  s t a r t  w i t h  t h e  atomic o r b i t a l s  , as t h e  i n i t i a l  

approxima t i o n  t o  t h e  l o c a l i s e d  o r b i t a l s  a n d  s o l v e  eqn. (3-26) 

i t e r a t i v e l y  till self-consistent y i s  a c h i e v e d ,  

T o  c o a p u t e  t h e  e i g e n v a l n e s  of t h e  B a m i l t o i a n  H,  eqn. (3-26) 

c a n  be  p u t  i n t o  a more c o n v e n i e n t  f o r m  



w h e r e ,  

R e c a l l i n g  eqns .  (3.8) a n d  (3.9) . u e  see t h a t  t h e  Anderson scheme 

h e l p s  u s  f i n d  t h e  m a t r i x  e l e m e n t s  (s-'H) 
%b (3 

d i r e c t l y  a n d  t h e  

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

i n  t h e  band is 

d e t  [ %*,I+ - L , , b p  ] = o .  

~ h u s  t h e  o v e r l a p  m a t r i x  ( s & ~ , + )  d o e s  n o t  a p p e a r  e x p l i c i t l y  i n  

t h e  s e c u l a r  e q u a t i o n .  a l t h o u g h  t h e  b a s i s  o r b i t a i s  a r e  n o t  

m u t u a l l y  o r t h o g o n a l -  The p r i c e  p a i d  i s  t h a t  t h e  m a t r i x  D is i n  

g e n e r a l  n o n h e r m i t i a n .  It is  h e r m i t i a n  i f  a n d  o n l y  i f  t h e  

h e r m i t i a n  m a t r i c e s  S a n d  H commute. 

A s  a test o f  t h e  v a l i d i t y  of t h i s  scheme,  Anderson 

c o n s i d e r e d  t h e  T - o r b i t a l s  i n  benzene.  The p u r p o s e  was t o  offer  

a  j u s t i f i c a t i o n  f o r  t h e  ~ i i c k e l  t y p e  p a r a m e t e r i z a t i o n  scheme i n  
70,7! 

o r g a n i c  m o l e c u l e s ,  w h e r e  i n s p i t e  of l a r g e  o v e r l a p  be tween  t h e  

a t o m i c  o r b i t a l s  o n  n e i g h b o u r i n g  s i t e s  ( t h e  bas is  f u n c t i o n s )  , t h e  

s e c u l a r  e q u a t i o n  which is f o u n d  t o  work v e r y  w e l l  i s  of t h e  t y p e  

d o t  [ (He+*  - E sprp -j = 0 

Anderson f o u n d  t h a t  f o r  t h e  n - o r b i t a l s  i n  benzene ,  t h e  m a t r i x  

e l e m e n t s  (3 .3  1) c a l c u l a t e d  w i t h  t h e  u n p e r t u r b e d  a t o m i c  o r b i t a l s  



s o l u t i  

w e r e  v e r y  c l o s e  t o  t h o s e  o b t a i n e d  w i t h  t h e  i t e r a t e d  

o n s  bald . T h i s  r e s u l t ,  a p a r t  f r o m  p r o v i d i n g  a p r o p e r  

u n d e r s t a n d i n g  a s  t o  w h y  t h e  s i m p l e  m i n d e d  H u c k e l  mode l  works s o ,  

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

b a n d ,  One c a n  s i m p l y  s tar t  v i t h  atomic o r b i t a l s  a n d  p o t e n t i a l  

( w i t h  e x c h a n g e  a n d  c o r r e l a t i o n  p r o p e r l y  i n c l u d e d ) ,  c a l c u l a t e  t h e  

mat f i x  e l e m e n t s  D d p  a s  d e f i n e d  a n d  o b t a i n  r e a s o n a b l y  g o o d  

r e s u l t s  f o r  t h e  e i g e n v a l u e s  (; b y  s o l v i n g  eqn.  ( 3 . 3 2 ) .  B u l l e t t  

h a s  a p p l i e d  t h i s  m e t h o d  t o  c a l c u l a t e  t h e  band s t r u c t u r e  f o r  Se  

71 
and T e  a s  well as  t h e  e l e c t r o n i c  D O S  i n  t h e i r  a m o r p h o u s  p h a s e s -  

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

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

d i f f i c u l t  t o  a p p l y  d u e  to  t h e  l a r g e  n u m b e r  o f  atoms p e r  u n i t .  
73 

cel l ,  We w i l l  t h u s  c a l l  t h i s  v e r s i o n  o f  t h e  LCAO a e t h o d  t h e  

A n d e r s o n - B u l l e t t  schere a n d  apply i t  t o  t h e  c o m p u t a t i o n  of t h e  

e n e r g y  e i g e n v a l u e s  i n  i r o n ,  We s u p p o s e  t h a t  the b a s i s  s e t  t o  

r e p r e s e n t  t h e  s-d b a n d s  i n  i r o n  c a n  b e  o b t a i n e d  f r o m  t h e  a t o m i c  ' 

s a n d  d w a v e f u n c t i o n s  a n d  c a l c u l a t e  t h e  matrix e l e m e n t s  

w h i c h  can t h e n  b e  u s e d  t o  s c l v e  t h e  s e c u l a r  e c j u a t i o n ( 3 * 3 2 ) ,  I n  

( 3 . 3 3 )  the s u i ; s c r i p t s  a,d f o r  t h e  o r b i t a l s  h a v e  b e e n  c o n d e n s e d  

t o  a n d  re h a v e  u s e d  V f o r  V . 
o( a 



3.2 EXCHANGE A N D  CORRELATION EFFECTS - ---- - -- 
Al though  t h e  t o t a l  p o t e n t i a l  s e e n  by a n  e l e c t r o n  c a n  a l u a p s  

be f o r m a l l y  w r i t t e n  a s  a sum of c o n t r i b u t i o n s  c e n t e r e d  on e a c h  

atom, it is clear t h a t  t h i s ,  i f  o n l y  b e c a u s e  of e x c h a n g e  a n d  

c o r r e l a t i o n  effects , is f a r  from t h e  sum of a t o m i c  p o t e n t i a l s -  

I n  p a r t i c u l a r ,  t h e  a t o m i c  p o t e n t i a l  a t  l a r g e  r a d i i  g o e s  a s  I / r ,  

w h i l e  t h e  e l e c t r o n  a c t u a l l y  sees n e u t r a l  a t o m s  a t  a l l  d i s t a n t  

sites. The p o t e n t i a l  i n  (3.33) , t h e r e f o r e ,  s h o u l d  combine  

a t o m i c  p o t e n t i a l  w i t h  m o d i f i c a t i o n s  c a u s e d  by e x c h a n g e  and 

c o r r e l a t i o n  effects.  The a c t u a l  e x c h a n g e  p o t e n t i a l  is n o n l o c a l  

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

of view, Hence s o a e  l o c a l  a p p r o x i m a t i o n  t o  t h e  e x c h a n g e  

p o t e n t i a l  is n e c e s s a r y ,  An a p p r o x i m a t i o n  t h a t  is f r e q u e n t l y  made 

r e p l a c e s  t h e  H a r t r e e - P o c k  e x c h a n g e  term by a loca l  p o t e n t i a l  

d e p e n d e n t  o n l y  on t h e  l o c a l  c h a r g e  d e n s i t y  (of  p a r a l l e l  s p i n  

e l e c t r o n s ,  i n  c a s e  s p i n  is i n c l u d e d ) ,  The form s u g g e s t e d  by 
74 

S l a  t e r  is 

w h e r e  ('(?)is t h e  e l e c t r o n  c h a r g e  d e n s i t y .  However, t h e  d e n s i t y  
72 

f u n c t i o n a l  f o r m a l i s m  o f  Hohenberg ,  Kohn a n d  Sham s u p p o r t s  t h e  

o r i g i n a l  d e r i v a t i o n  of Dirac16 r h o  o b t a i n e d  a v a l u e  o n l y  2/3 o f  

t h a t  g i v e n  b y  (3-34) . Host o f t e n ,  t h e r e f o r e ,  one  a s s u m e s  a n  

e f f e c t i v e  D i r a c - S l a t e r  e x c h a n g e  p o t e n t i a l  ( X 4  a p p r o x i m a t i o n )  

c o n t a i n i n g  a d i s p o s a b l e  p a r a m e t e r  4, 



a n d  . a d j u s t s  0( ( i n  t h e  r a n g e  21. ,( o ( , < i )  s o  t h a t  t h e  e f f e c t i v e  

H a m i l t o n i a n  r e p r o d u c e s  i n  scme o p t i m u m  way t h e  e n e r g y  l e v e l s  o f  
77 

i s o l a t e d  a t o m s  i n  t h e  s y s t e m .  I n  s o m e  c a l c u l a t i o a s  t h e  
78 

p a r a m e t e r  o( is t a k e n  t o  b e  a  f u n c t i o n  of t h e  charge d e n s i t y ,  
79 

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

ter us 
80 

a re  s o m e t i m e s  a d d e d  t o  (3-35)- 

We h a v e  c a l c u l a t e d  t h e  4 s  a n d  3 d  a t o m i c  o r b i t a l s  a c d  the 
ti. 

p o t e n t i a l  i n  Fe u s i c g  t h e  H e r m a a - S k i l l m a n  p r o g r a m  ar:d t h e  

S l a t e r  e x c h a n g e  p o t e n t i a l .  S i n c e  t h e  S l a t e r  e x c h a n g e  p o t e n t i a l  

is ~ r o p o r t i o n a l  t o  o n e - t h i r d  p o w e r  of t h e  e l e c t r o n  d e n s i t y ,  t h e  

a d d i t i o n a l  p o t e n t i a l  d u e  to a n  a t o n  ' b '  p l a c e d  a t  a d i s t a n c e  R 

(4 from a n  atom ' a q  a t  t h e  o r i g i n  i s  v L 0 ) +  b~ w h e r e  vL is t h e  a' 
a t o m i c  p o t e n t i a l  c e n t e r e d  a t  atoro 'b '  a n d  5% is t h e  c o r r e c t i o n  

d u e  t o  t h e  a o n a d d i t i v i t y  of t h e  atomic p o t e n t i a l s  : 

w h e r e  ) is t h e  a t o m i c  c h a r g e  d e n s i t y ,  a n d  t h e  c o n s t a n t  C . 

is g i v e n  by  

T h e  t r a n s f e r  n a t r i x  e l e a e n t s  ( 3 . 3 )  a r e  c o m p u t e d  a s  

w h e r e  V (" is t h e  f r e e  atom p o t e n t i a l  o n  t h e  sane center a s  6 . 6 
T h e  two terms i n  ( 3 . 3 7 )  p a r t i a l l y  c a n c e l  e a c h  o t h e r ,  r e d u c i n g  

the m a g n i t u d e  o f  t h e  o v e r l a p .  



T h e  t e r n  6~, iq) is  c e n t e r e d  a b o u t  a  p o i n t  someuha t  midway 
3 

between t h e  si tes 0,  R +. Thus  t h e  s e c o n d  term i n  (3.25) d o e s  

n o t  have  t h e  f o r n  o f  a t w o - c e n t e r  i n t e g r a l  a n d  i s  d i f f i c u l t  t o  

compute.  However, it is found  t o  be s l o w l y  v a r y i n g  i n  t h e  r e g i o n  

o f  o v e r l a p  of n d a r e s t  a n d  n e x t  n e a r e s t  n e i g h b o u r  o r b i t a l s  a n d  

t h u s  may be a p p r o x i m a t e d  b y  a  c o n s t a n t ,  To c a l c u l a t e  t h e  m a t r i x  

e l e m e n t s  w e  f o l l o w  a  method s u g g e s t e d  by B a l l e n t i n e .  
59 

P r o s  a p l o t  ( s e e  f i g . 5 )  of &%(#)for t h e  n e a r e s t  a n d  t h e  n e x t  

n e a r e s t  n e i g h b o n r  s e p a r a t i o n s ,  w e  first g u e s s  t h e  l i m i t s  w i t h i n  

which 6% may b e  v a r i e d .  T h i s  is t h e n  t r e a t e d  a s  a p a r a m e t e r  i n  

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

r e a s o l a b l e  l i m i t s  t o  y i e l d  t h e  correct s band  u i d t h  ( H1* - f l  ) 

i n  bcc  i r o n .  O u r  r e f e r e n c e  band s t r u c t n r e  is t h e  o n e  computed by 
82 

Cal l away  a n d  Wang (CV) , who h a v e  c a r r i e d  o u t  a s e l f - c o n s i s t e n t  

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

s t a t e s  i n  f e r r o m a g n e t i c  bcc i r o n  u s i n g  t h r e e  d i f f e r e n t  

s p i n - d e p e n d e n t  e x c h a n g e  p o t e n t i a l s ,  F o r  o u r  p a r a m a g n e t i c  model, * 

w e  have n s e d ,  a s  r e f e r e n c e ,  t h e i r  band s t r u c t u r e  f o r  t h e  

m a j o r i t y  s p i n  s t a t e s  o b t a i n e d  w i t h  t h e  von B a r t h  a n d  Hedin 
7% 

e x c h a n g e - c o r r e l a t i o n  p o t e n t i a l .  Be have  a d  j n s t e d  t h e  d i f f e r e n c e  

be tween  t h e  s a n d  the d  a t o m i c  l e v e l s  t o  y i e l d  t h e  c o r r e c t  

s e p a r a t i o n  be tween  t h e  s and  d  b a n d s  a t  t h e  z o n e  c e n t e r  a n d  t h e  

c o n s t a n t  &yx i n  (3.37) t o  y i e l d  t h e  correct s band wid th .  The 

band s t r u c t n r e ,  t h u s  o b t a i n e d ,  is d i s p l a y e d  i n  P i g - ( 6 ) -  The band 

s t r u c t n r e  n e a r  t h e  Pe rmi  l e v e l ,  which  c o n s i s t s  of p r e d o m i n a n t l y  

d  bands ,  is r e p r o d u c e d  r e a s o n a b l y  w e l l .  S i n c e  t h e  b a s i s  set n s e d  



by CU is much l a r g e r  t h a n  o u r s ,  we d o  n o t  e x p e c t  t o  r e p r o d u c e  

e x a c t l y  t h e i r  r e s u l t s  away f r o &  t h e  F e r ~ i  l e v e l -  T h e  i m p o r t a n t  

d i f f e r e n c e  b e t w e e n  t h e  b a n d  s t r u c t u r e  i n  F i g - ( 6 )  a n d  t h e  b a n d  

s t r u c t u r s  o f  CH ( F i g -  ( 7 ) )  i s  t h e  s i z e  o f  t h e  h y b r i d i s a t i o n  g a p ,  

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

s c h e m e  p r o v i d e s  a c o n v e n i e n t  w a y  t o  o b t a i n  p a r a m e t e r s  w h i c h  c a n  

be t r a n s f e r r e d  t o  t h e  d i s o r d e r e d  p h a s e s  f o r  th? p u r p o s e  of 

e l e c t r o n i c  s t r u c t u r e  c a l c u l a t i o n ,  T h e s e  p a r a m e t e r s  are a l s o  

f o u n d  t o  r e p r o d u c e  r e a s o n a b l y  well t h e  hand s t r u c t u r e  i n  fcc 
8 3  

i r o n  a s  o b t a i n e d  b y  t h e  APW c a l c u l a t i o n s  o f  Wood, Y e n c e ,  i n  our 

s u s e q u e n t  e l e c t r o n i c  s t r u c t u r e  c a l c u l a t i o n  f o r  t h e  6 i s o r d e r e d  

p h a s 2 s  we d e c i d e  t o  use t h e s e  p a r a m e t e r s  t o  g e n e r a t e  t h e  

t i g h t - b i n d i n g  H a m i l t o c i a n  matrices f o r  v a r i o u s  c l u s t e r s ,  

3 . 3  E B P I B I C A L  LCAO SCHEMZ -- ------ --- ---- 
Since t h e  h y b r i d i s a t i o n  g a p  ~ r o d u c e d  b y  the L C 3 0  m e t h o d  

( A n d e r s o n - B u l l e t t  s c h e m e )  d e s c r i b e d  above falls short of t h e  

expected v a l u e  ( a s  o b t a i n e d  i n  t h e  c a l c u l a t i o n  of C a l l a u a y  a c d  

k'ang) , w e  a l s o  u s e  a n  a d  h o c  p a r a ~ e t e r i s a t i o n  s c h e m e  i n  a n  

a t t e m p t  t o  f i t  t h e  CF b a n d  s t r u c t u r e  more c l o s e l y *  Fe refer t o  

t h i s  a s  t h e  e m p i r i c a l  LCAU s c h e m e  a s  w e  d i r e c t l y  p a r a n e t s r i s e  

t h e  . a t r i a  e l e m e n t s  o f  t h e  H a a i l t o r i i a n ,  HdP (z), u i t h c a t  

s p e c i f y i n g  t h e  b a s i s  f u n c t i o n s .  

T h e  s y m z e t r y  o f  a  m a t r i x  element of t h e  f i a r a i l t o n i a n ,  

H R R  ill,,,) [b>, is t h e  same a s  t h e  s y m m e t r y  o f  the o v e r l a p  + 

i n t e g r a l  b e t w e e n  , two f u n c t i c n s ,  



We therefore i n t r o d u c e  two f u n c t i o n s ,  d e p e n d i n g  upon c e r t a i n  

p a r a m e t e r s ,  

and  set 

Egns.3.4 I to3, ( 3 i n v o l v e  s e v e n  c o n s t a n t s ,  namely,  o(, , q 2 ,  dg , 
4 ,  C c2, c 3 . These  c o n s t a n t s  a r e  t r e a t e d  a s  p a r a m e t e r s  i n  

t h e  band s t r u c t u r e  c a l c u l a t i o n .  I n  a d d i t i o n ,  t h e  o n - s i t e  

e n e r g i e s  of t h e  s a n d  the d  b a s i s  f u n c t i o n s .  HSs ( 0 )  a n d  HddCo), 

a r e  a l s o  t r e a t e d  a s  p a r a n e t e r s .  The S la te r  f u n c t i o n s  Z 8 s  are  t o  

b e  viewed as mathematical e n t i t i e s  t h a t  p r o v i d e  a c o n v e n i e n t  

means o f  p a r a m e t e r i s i n g  t h e  n a t r i x  e l e m e n t 5  ndP (2) a n d  s h o u l d  

n o t  b e  c o n f u s e d  with t h e  b a s i s  f u n c t i o n s .  I n  o t h e r  words,  we 



p r e t e n d  t h a t  u s i n g  e q n s ,  ( 3.41 -3.43) w e  h a v e  o b t a i n e d  the m a t r i x  

e l e m e n t s  o f  t h e  Hamiltonian i n  a l o c a l i s e d  b a s i s  c o n s i s t i n g  of 

f u n c t i o n s  w i t h  s and d s y m m e t r i e s ,  a l t h o u g h  we d o  n o t  know w h a t  

t h e s e  b a s i s  f u n c t i o n s  a r e .  

Ou r p a r a m e t e r i s a  t i o n  s c h e m e t  generates a sy m n e t r i c  

H a m i l t o n i a n ,  T h e r e f o r e  i n  c a l c u l a t i n g  the b a n d  s t r n c t u r e  we 

a s s o m e  t h a t  t h e  O a s i s  o f  this r e p r e s e n t a t i o n  i s  o r t h o g o n a l  a n d  

s o l v e  t h e  s e c u l a r  e q a ,  

T h e  nine p a r a m e t e r s  m e ~ t i o n e d  a b o v e  a r e  v a r i e d  t o  o b t a i n  a 

least s q u a r e  f i t  t o  t h e  majcr i ty  spin s ta te  band s t r u c t u r e  of 

CW. I n  t h e  l e a s t  s q u a r e  fitting, h a n d s  near  t h e  F e r m i  l e v e l  a r e  

g i v e n  g r e a t e r  w e i y  h t a g e  t h a n  t h o s e  f a r  a b o v e  o r  b e l o w  t h i s  

l e v e l .  The b a n d  s t r u c t u r e ,  t h u s  o b t a i n e d ,  is s h o w n  i n  P i g ,  (8) - 
k'e n o t e  t h a t  t h e  s i z e  cf t h e  k y h r i d i s a t i o n  g a p  h a s  i n c r e a s e d  

froin t h e  b a c d  s t r q c t u r e  i n  F i g .  ( 6 ) -  I t  is s t i l l  less  t h a n  t h a t  

i n  t h e  b a n d  s t r u c t u r e  cf C'nT ( F i q . 7 ) .  However ,  it is of t h e  same 

acr 
m a g n i t u d e  a s  i n  a F r e v i o u s  c a l c u l a t i o n  by T a h i l  a n d  C a l l a t f a y .  

--- --------------- 
* ~ h e  v a l u e s  of t h e  ~ a r a m e t e r s  u s e d  i n  t h i s  s c h e m e  a n d  t h e  
A n d e r s o n - B c l l e  t t  s c h e m e  d i s c u s s e d  i n  s e c t i o ~  (3, 1 )  a r e  l i s t e d  i n  
A p p e n d i x  (A-3) .  



FIGURE CAPTIONS 

3   FIG.^. C o n t o u r s  o f  S v x ( ? )  1 0  ( ~ y d . ) .  

&v,(?) i s  t h e  n o n a d d i t i v e  p a r t  o f  t h e  

p o t e n t i a l  o f  two  a t o m s .  One a t o m  i s  shown 

o n  t h e  +X a x i s ,  t h e  o t h e r  b e i n g  a t  t h e  s a m e  

d i s t a n c e  f r o m  t h e  o r i g i n  a l o n g  t h e  - X  a x i s .  

F I G . 6 .  Band s t r u c t u r e  f o r  b c c  F e  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 ,  o b t a i n e d  b y  e m p l o y i n g  

t h e  A n d e r s o n - B u l l e t t  s c h e m e  ( s e c t i o n  3 . 1 ) .  

F IG .7 .  Band s t r u c t u r e  f o r  b c c  F e  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 ,  a s  o b t a i n e d  i n  t h e  

c a l c u l a t i o n s  o f  C a l l a w a y  a n d  W a n g ( 1 9 7 7 )  

( R e f .  8 2 ) .  

F I G . 8 .  Band s t r u c t u r e  f o r  b c c  F e  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 ,  o b t a i n e d  b y  e m p l o y i n g  

t h e  e m p i r i c a l  LCAO s c h e m e  ( s e c t i o n  3 . 3 ) .  





FIG. ( 6 )  
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3 - 4  EVALUATION zR,P TWO-CENTER INTEGRALS -- ----- 
I n  o u r  c a l c u l a t i o n s  i n v o l v i n g  t h e  LCAO s c h e n e s  d i s c u s s e d  i n  

s e c t i o n s  (3.1) a n d  (3.3) a l l  w a v e f u n c t i o n s  a n d  p o t e n t i a l s  a r e  

e x p r e s s e d  i n  t h e  form o f  S l a t e r  t y p e  f u n c t i o n s  

T h u s  t h e  t r a n s f e r  ~ a t r i x  e l e m e n t s  'D ) and ( H a r e  w r i t t e n  
d(5 do 

a s  l i n e a r  c o m b i n a t i o n s  o f  t w o  cefiter i n t e g r a l s  i n v o l v i n g  S l a t e r  

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

on  d i f f e r e n t  a t o m s  h a v e  b e e n  e v a l u a t e d  ky s e v e r a l  w o r k e r s  by  
K-rt 

employing v a r i o u s  techniques. However ,  t h e s e  r e s u l t s  are 

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

o f t e n  expressed i n  a n  i n c o n v e n i e n t  c o - o r d i n a  te s y s t e m ,  F o r  t h i s  

r e a s o c  we h a v e  chosen t o  g e n e r a t e  a l l  t h e  o v e r l a p  i c t e g r a l s  i n  2 

s y s t e m a t i c  f a s h i o n  t h a t  is c o n v e n i e n t  f o r  c o m p u t a t i o n ,  T h e  

met.hod, w h i c h  i s  d u e  t o  L, E. B a l l e n t i n e ,  has b e e n  d i s c u s s e d  

59 briefly i n  a recent p u b l i c a t i o n ,  

S u p p o s e  

~ ( i ? ) :  j f i ( ? ) $ J t - ~ ) d 3 r >  



Then 

where F $ * - - * .  3 d e n o t e s  t h e  F o u r i e r  t r a n s f  or. of t h e  f u n c t i o n  

i n s i d e  t h e  b r a c k e t s , e ,  g, , 

' _d,r Q,+Q,- ,  .*, = (zn) -3h 
P =s Y R c ( a d 3 v .  

Fourier t r a n s f o r m  of S l a  ter t y p e  f u n c t i o n s  c a n  be c a l c u l a t e d  
i 2 3  

a n a l y t i c a l l y ,  Expanding e i n  s p h e r i c a l  h a r m o n i c s  a b o u t  t h e  
4 

v e c t o r s  K and ? , t h e  a n g u l a r  and  r a d i a l  p a r t s  of t h e  i n t e g r a l  

i n  (3.22) c a n  b e  c a r r i e d  o u t  s e p a r a t e l y  t o  y i e l d  

where 

Ue h a v e  used 44 



I~ iv(3]  is  t h e  Bessel F u n c t i o n  o f  t h e  f i r s t  k i n d  of o r d e r V a i l d  

r e l a t e d  t o  s p h e r i c a l  B e s s e l  f u n c t i o n  by 

I. 
and Py(3 ) i s  t h e  a s s o c i a t e d  Legendre f u n c t i o n  of t h e  f i r s t  kind.  

T h u s  

P r i  t i n g  

w e  o b t a i n  

* r q r n l  
are t h e  Gaunt C o - e f f i c i e n t s :  

L n , - . ~  
and s ( d , , ~ , , ~ )  are i n t e g r a l s  o f  the type: 

4 f1 



w i t h  
Q(J 

* 1  = XP, n, 
( k) etc. 

These  i n t e g r a l s  c a n  b e  d o n e  b y  c o n t o u r  i n t e g r a t i o n  by  a p p l y i n g  

t h e  r e s i d u e  t h e o r e m  a n d  h e n c e  I($) c a n  b e  o b t a i n e d  f rog  

(3.48). The i n t e g r a l s  (3.49) c a n  b e  d o n e  r e l a t i v e l y  e a s i l y  f o r  

7, 1: nr= 0 a n d  t h e  rest c a n  be  g e n e r a t e d  by  d i f f e r e n t i a t i o n  
/ 

v.r . t .  o( S ,i .e,, 

The s p h e r i c a l  h a r m o n i c s  

are complex f o r  IR 4 0 ,  w i t h  

However o n e  c a n  i n t r o d u c e  n o r m a l i s e d  rea l  b a s i s  f u n c t i o n s  a s  

f o l l o w s :  

I f  t h e  o v e r l a p  be tween  t h e  complex  b a s i s  f u n c t i o n s  i k m >  are 

w r i t t e n  a s  I m , , n r  t h e n  t h e  o v e r l a p  be tween  t h e  r e a l  b a s i s  

functions are r e l a t e d  t o  these by 



If m = O ,  then 14") and 1 &-')need n o t  b e  d e f i n e d ,  s i n c e  

i s  r e a l .  The real overlap i n t e g r a l s  w i t h  m>O are 

The remaining case is 

The n e c e s s a r y  e v a l u a t i o n  of t h e  r e s i d u e s  a t  higher o r d e r  p o l e s  



t o  c a l c u l a t e  S , d i f f e r e n t i a t i o n  t o  g e n e r a t e  v a l u e s  for  
.Q,h 

(3.50) for q , , ~ ~ )  0 and t h e  u s e  of L a H o s p i t a l g s  rule t o  o b t a i n  

the limit 4, = d y  were c o n v e n i e n t l y  performed by  means o f  a  

program w r i t t e n  i n  t h e  s y m b o l i c  comput ing  l a n g u a g e  FORMAC73- The 

r e s u l t i n g  f o r m u l a s  for I(e) were e x p r e s s e d  i n  FORTRAN n o t a t i o n  

and compi l ed  for  n u m e r i c a l  e v a l u a t i o n .  



IV, CHAPTER (4) 

4.1 LOCAL DENSITY STATES -- 
I n  a s y s t e m  w i t h  o n e - e l e c t r o n  e n e r g y  l e v e l s  En , t h e  

d e n s i t y  o f  e l e c t r o n i c  s tates is g i v e n  b y  

C o r r e s p o n d i n g l y  t h e  number of e l e c t r o n  s ta tes  i n  t h e  e n e r g y  

r a n g e  (E,  E + d E )  is c o u n t e d  a s  n(E)dE,  I n  case e a c h  e n e r g y  l e v e l  

is o c c u p i e d  b y  two e l e c t r o n s  of o p p o s i t e  s p i n s ,  w e  m l t i p l y  t h e  

e x p r e s s i o n  (4.1) by t t o .  The  summat ion  i n  (4.1) s h o u l d  be  t a k e n  

e i t h e r  a s  a  sum or  a s  a n  i n t e g r a l ,  d e p e n d i n g  on w h e t h e r  o n e  is 

d e a l i n g  w i t h  t h e  d i s c r e t e  o r  c o n t i n u o u s  p a r t  of t h e  spec t rum.  

F o r  a  f i n i t e  s y s t e m  t h e  s p e c t r u n  is d i s c r e t e  e v e n  f o r  t h e  

e x t e n d e d  s t a t e s  a n d  q(E) is s t r i c t l y  a set of d e l t a  f u n c t i o n s .  

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

s t a t e s  n o t  bound t o  a p a r t i c u l a r  p o t e n t i a l  form a con t inuum and  

TIE) is s m e a r e d  o u t  i n t o  a  c o n t i n u o u s  f u n c t i o n  of E t h r o u g h o u t  

t h e  band. T o  c a l c u l a t e  ?&) o n e  c a n  i n t r o d u c e  t h e  s p e c t r a l  

o p e r a t o r  RE) i n  terms of t h e  e n e r g y  e i g e n s t a t e s  I%) , 

a n d  o b t a i n  t h e  trace o f  t h i s  o p e r a t o r  i n  any  c o n v e n i e n t  

r e p r e s e n t a t i o n .  



The l o c a l  d e n s i t y  of s t a t e s  (LDS) , as i n t r o d u c e d  by 
I 

P r i e d e l ,  is g i v e n  by t h e  d i a g o n a l  m a t r i x  e l e m e n t  of t h e  

s p e c t r a l  o p e r a t o r  i n  t h e  p o s i t i o n  r e p r e s e n t a t i o n :  

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

l o c a l  d e n s i t y  o v e r  t h e  c o n f i g u r a t i o n  s p a c e  o f  5, The q u a n t i t y  

(E, T) r e v e a l s  t h e  effect of t h e  local e n v i r o n m e n t  on  t h e  

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

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

amorphous  m e t a l s ,  s e a i c o n d n c t o r s  and  a l l o y s ,  d e f e c t s  a n d  

i m p u r i t i e s  i n  s o l i d s ,  m o l e c u l e s ,  m i c r o c r y s t a l l i t e s  a n d  c l u s t e r s  

etc. Even when t h e r e  is p e r f e c t  c r y s t a l  symmetry,  o n e  may ' be  

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

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

o f  t h e  atom w i t h  i t s  n e i g h b o o r s  e t c .  The  l o c a l  a s p e c t  o f  

> ( E , L )  is  a p t l y  d e s c r i b e d  by t h e  s o - c a l l e d  i n v a r i a n c e  t h e o r e m  

(see s e c t i o n  (2)  o f  t h e  a r t i c l e  b y  V, H e i n e  i n  Re f -95 )  - I n  

a p p r o x i m a t e  terms, t h e  t h e o r e m  s t a t e s  t h a t  a s  l o n g  a s  _I; is a  f e u  

w a v e l e n g t h s  away i r o n  t h e  bounda ry  o f  a c e l l  s u r r o u n d i n g  t h i s  

p o i n t ,  ' )2(E,z)  d o e s  n o t  c h a n g e  a p ~ r e c i a b l y  on  c h a n g i n g  t h e  

c o n d i t i o n  t o  b e  s a t i s f i e d  by t h e  w a v e f u n c t i o n  and  i t s  d e r i v a t i v e  
1 

a t  t h e  ce l l  boundary ,  F r i e d e l  u s e d  t h i s  theorem t o  e x p l a i n  

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

ce l l  men t ioned  above ,  be c o n s i d e r e d  t h e  r e g i o n  o c c u p i e d  by t h e  

s o l v e n t ,  e x c l u d i n g  t h e  s o l u t e  a toms ,  The  theo rem e x p l a i n s  why 



s e v e r a l  l o c a l  e l e c t r o n i c  p r o p e r t i e s  i n  d i l u t e  a l l o y s  c h a n g e  less 

r a p i d l y  t h a n  l i n e a r l y  i n  c o n c e n t r a t i o n ,  I t  e x p l a i n s  t h e  l o c a l  

m a g n e t i c  moments i n  s u c h  s y s t e m s ,  e ,g , ,  why t h e  a v e r a g e  m a g n e t i c  

moment a t  a n  F e  s i t e  i n  a n  Fe3Al a l l o y  is r e m a r k a b l y  close to 
9SJ4 6 

t h a t  in p a r e  Fe, F o r  c l u s t e r  c a l c u l a t i o n s  l i k e  o u r s ,  i t  s u g g e s t s  

t h a t  t h e  LDS a t  a p o i n t  more t h a n  a f e u  w a v e l e n g t h s  away f rom 

t h e  boundary  s h o u l d  be i n d e p e n d e n t  o f  t h e  b o u n d a r y  c o n d i t i o n s .  

F o r  example,  t h e  LDS o f  t h e  diamond B e t h e  l a t t i ce  s h o u l d  be 
47 

s imilar  t o  t h e  LDS i n  t h e  diamond s t r u c t u r e  o r  t h e  LDS f o r  a 

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

t h a t  w i t h  free (cluster) b o u n d a r y  c o n d i t i o n s  etc. 
'10 

4.2 RELATION 22 GREEN 'S F U N C T I m  -- 
Eqn. (4.3) relates t h e  l oca l  d e n s i t y  t o  t h e  e i g e n s t a t e s  of 

t h e  w h o l e  s y s t e m ,  O b v i o u s l y  t r y i n g  t o  c a l c u l a t e  q (~, ' f )  from t h e  

e i g e n s t a t e s  i s  a n  i i a p r a c t i c a l  t a s k  a s  t h i s  would mean s o l v i n g  
J 

f o r  t h e  E,, s and  IV-$S f i r s t  f o r  t h e  e n t i r e  systern.  

I n d i v i d u a l  e i g e n s t a t e s  refer t o  t h e  e n t i r e  s y s t e m  a n d  may b e  

e x t r e m e l y  s e n s i t i v e  t o  s i n a l l  p e r t u r b a t i o n s  i n  the s y s t e m ,  

whereas  t h e  loca l  q u a n t i t y  E X  l a c k s  s u c h  s e n s i t i v i t y  i f  - r 

is beyond some d i s t a n c e  from t h e  p e r t u r b a t i o n ,  Hence c a l c u l a t i n g  

WE, 5 )   fro^ t h e  e i g e n s t a t e s  is n o t  a good i d e a  e v e n  i n  

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

s o l i d ,  An a l t e r n a t i v e  a p p r o a c h  is b a s e d  o n  t h e  t h e o r y  o f  G r e e n ' s  

f u n c t i o n ,  We first i n t r o d u c e  t h e  r e s o l v e n t  or t h e  Green  o p e r a t o r  



w h e r e  H is  t h e  o n e - e l e c t r o n  H a e i l t o n i a n  f o r  t h e  s y s t e m ,  I n  terms 

of t h e  e i g e n s t a t e s  (vn) we have 

w h e r e  t h e  s u n m a t i o n  i s  t o  b e  u n d e r s t o o d  a s  a sum o v e r  t h e  

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

A n a l o g o u s  t o  t h e  l o c a l  d e n s i t y  of s t a t e s ,  we d e f i n e  the l o c a l  

G r e e n ' s  f u n c t i o n  a s  t h e  d i a g o n a l  m a t r i x  e l e i a e n t  o f  G(E) i n  t h e  

p o s i t i o n  r e p r e s e n t a t i o n ,  i. e . ,  

One c a n  a n a l y t i c a l l y  c o n t i n u e  t h i s  f u n c t i o n  t o  t h e  conpfex p l a n e  

a n d  d e f i n e  

n 

S i n c e  the e i g e n v a l u e s  of a h e r m i t i a n  o p e r a t o r  !j a r c  ~ c a l ,  

(4.6a) i s  r e g u l a r  o f f  t h e  r e a l  z -ax i s ,  The s i n g u l a r i t i c s  of  i; ( z )  

l i e  o n  t h e  r e a l  z-axis, w h e r e  i t  h a s  s i m p l e  p o l e s  a t  t h e  

d i s c r e t e  e i g e n v a i u e s  of H and a b r a n c h  c u t  c o i n c i c ? i n g  w i t h  the 

c o n t i n u o u s  s p e c t r u m ,  A c t u a l l y ,  i n  a n  i n f i n i - i c e  d i s o r d e r e d  s y s t e ~  

p a r t  of t h e  c o n t i n u o u s  s p e c t r u i z  n a y  belong t o  l o c a l i s e d  



e i g e n s t a t e s .  T h i s  p a r t  which b e l o n g s  t o  t h e  l o c a l i s e d  s t a t e s  is 

c a l l e d  t h e  s i n g u l a r l y  c o n t i n u o u s  p a r t ,  I n  t h i s  r e g i o n ,  t h e  l i n e  

o f  s i n g u l a r i t i e s  is fo rmed  by a  d e n s e  d i s t r i b u t i o n  of p o l e s ,  b u t  

i n  a f i n i t e  e n e r g y  r a n g e  o n l y  a f i n i t e  number o f  t h e s e  have  
94 

r e s i d u e s  l a r g e r  t h a n  a n y  p r e s e t  small v a l u e ,  The b r a n c h  c o t  on  

t h e  r e a l  z - a x i s  c o i n c i d e s  w i t h  t h e  s p e c t r u m  o f  t h e  e x t e n d e d  

s t a t e s  on ly .  The  s i n g u l a r l y  c o n t i n n o u s  p a r t  b e l o n g i n g  t o  t h e  

l o c a l i s e d  s t a t e s  i s  r e f e r r e d  t o  a s  t h e  n a t n r a l  bounda ry  ( t h i s  
160 1 of 

term h a s  been  used  by Econowou a n d  P a p a t r i a n t a f i l l o n  e t  a 1  to 

d i s t i n g u i s h  it from t h e  b r a n c h  c u t ) ,  For this p a r t  of t h e  
'00  

s p e c t r u a  f.in 6 CE ?~€,I,P') d o e s  n o t  e x i s t .  I n  t h e  r e g i o n  of 
E+ o+ 

t h e  e x t e n d e d  s t a t e s  s u c h  l i m i t s  e x i s t  , b u t  a r e  unequal ,  The 

d i f f e r e n c e  be tween  t h e s e  t u o ,  i .e , ,  t h e  d i s c o n t i n u i t y  a c r o s s  t h e  

b r a n c h  c u t  is r e l a t e d  t o  LDS (4.3)- T h i s  c a n  be e a s i l y  s e e n  from 

where w e  h a v e  u s e d  t h e  i d e n t i t y  

Thus  
Srn f G ' C E ~ X ~ Z ) ]  T ( E , ~ )  = -4 & E , ~ , T I  = 7~ 

2n t > 

(4*7) 



w i t h  

and 

T h u s  i n  o r d e r  t o  obtain t h e  LDS o n e  f i r s t  o b t a i n s  t h e  Green's 

f u n c t i o n  a n d  t h e n  u t i l i s e s  eqn. 14-7) , T h e  i m p o r t a n t  p o i n t  is 

t h a t  t h e  G r e e n ' s  f u n c t i o n  d o e s  n o t  h a v e  t o  b e  e v a l u a t e d  i n  the 

e i g e n f u n c t i o n  r e p r e s e n t a t i o n  a n d  one  may choose a r e p r e s e n t a t i o n  

s u i t a b l e  f o r  t h e  p r c b l e n !  a t  h a n d ,  However, i n  all calculations 

s p e c i a l  care h a s  t o  b e  t a k e n  t o  see t h a t  

1)  G ( z , r , r g )  is  r e g u l a r  o f f  t h e  r e a l  axis. - e 

2) G (z,t, rs) s a t i s f i e s  t h e  reality c o n d i t i o n ,  which 
-. C 

re f lec t s  t h e  h e r ~ i t i c i t y  of the E a m i l t o n i a n  o r  t h a t  the 

e i g e r ; v a l u c s  of H a r e  r ea l ,  

3) The i m a g i n d r y  p a r t  o t  G ( z , r , r f )  is n e g a t i v e  f o r  z i n  t h e  - - 
u p p e r  h a i f  of t h e  c o ~ ~ l e x  p l a n e ,  

U t i l i s i n g  c o n d i t i o n  ( 2 )  t h i s  yields 

f, G ( 2 ,  1 > 0 3 4-2 ( 0 .  



T h i s  e n s u r e s  t h a t  t h e  r e s i d u e  o f  e a c h  e i g e n v a l o e  i n  (4, 6) is 

p o s i t i v e .  T h i s  c o n d i t i o n  is n e c e s s a r y  f o r  t h e  p o s i t i v e  

d e f i n i t e n e s s  of t h e  LDS. A f u n c t i o n  s a t i s f y i n g  c o n d i t i o n s  (4.9a) 

and  (4.9b) is c a l l e d  a H e r g l o t z  f u n c t i o n . .  

T h i s  is t r u e  i f  t h e  s p e c t r u m  of H h a s  a n  u p p e r  bound,  i - e - ,  t h e  

b ranch  c u t  on  t h e  real axis is of f i n i t e  e x t e n t ,  r e p r e s e n t i n g  

b a n d s  o f  f i n i t e  w i d t h ,  

G r e e n ' s  f u n c t i o n  s a t i s f y i n g  c o n d i t i o n s  1) t o  3) are c a l l e d  

a n a l p t i c ,  The c o n d i t i o n  (4) is a bounda ry  c o n d i t i o n  a n d  h o l d s  

f o r  a l l  H a m i l t o n i a n s  r e p r e s e n t e d  i n  a f i n i t e  b a s i s ,  

TIGHT-BINDING FORH 

I n  a t i g h t - b i n d i n g  c a l c u l a t i o n .  t h e  e i g e n s t a t e s  fv,) are  

expanded  i n  a b a s i s  of l o c a l i s e d  s t a t e s  $ 1  b@>] c e n t e r e d  on 

each a t o ~  i n  t h e  c l u s t e r ,  

One t h e n  d e f i n e s  t h e  LDS a s  t h e  d e n s i t y  of s t a t e s  (DOS) p r o j e c t e d  

o n t o  a p a r t i c u l a r  l o c a l i s e d  s t a t e  1 #d), i-em, 



Thus,  w h i l e  ~ ( E , z )  refers t o  I D S  p e r  unit volume, q,,(&) 

refers t o  LDS p e r  o r b i t a l  @ e ( ~ ) .  I D S  p e r  a tom c a n  be  o b t a i n e d  

by  summing q 6 ( E )  f o r  a l l  o r b i t a l s  c e n t e r e d  on a  p a r t i c u l a r  

s i t e ,  The t o t a l  D O S  c a n  b e  o b t a i n e d  b y  summing t h e  LDS o v e r  a l l  

o r b i t a l s  i n  t h e  c l u s t e r  (see Appendix (11-2) f o r  f u r t h e r  

d i s c u s s i o n  on t h i s  p o i n t ) ,  Eowever,  i n  a small c l u s t e r  

c o n s i s t i n g  o f  a  few h u n d r e d s  o f  a t o m s ,  l a r g e  number of a toms  a r e  

on o r  v e r y  c lose t o  t h e  s u r f a c e  a n d  may be  s t r o n g l y  a f f e c t e d  b y  

t h e  s u r f a c e  s t a tes ,  Thus  it i s  o n l y  f r o m  t h e  LDS n e a r  t h e  c e n t e r  

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

b u l k  m a t e r i a l  a n d  n o t  from t h e  t o t a l  DOS of t h e  whole cluster, 

S i n c e  i n  a n  amorphous  s y s t e m  e a c h  atom h a s  a s l i g h t l y  d i f f e r e n t  

env i ronmen t ,  i t  is n e c e s s a r y  t o  c a l c u l a t e  a n  a v e r a g e  o v e r  a f e u  

atoms,  f i v e  t o  t e n  u s u a l l y  b e i n g  B o r e  t h a n  a d e q n a t e -  

4.3 HBTHODS OF CALCULATIORS - -- 
Dur ing  t h e  l a s t  d e c a d e  s e v e r a l  m e t h o d s  f o r  c a l c u l a t i n g  t h e -  

LDS f r o m  eqn, (4.8) h a v e  been  p r o p o s e d  and  deve loped ,  The  mos t  

i m p o r t a n t  are t h e  r e c u r s i o n  method , t h e  moments method, t h e  

c l u s t e r  B e t h e  l a t t i c e  method a n d  t h e  e q u a t i o n  of mot ion  

t e c h n i q u e ,  A 1 1  t h e s e  me thods  h a v e  b e e n  p r o v e n  u s e f u l  when t h e  

s y s t e m  l a c k s  t r a n s l a t i o n a l  symmetry a n d  t h e  Bloch theorem i s  n o t  

u s e f u l ,  N e a r l y  t e n  y e a r s  of e x p e r i e n c e  h a s  r e v e a l e d  t h a t  a l l  

t h e s e  t e c h n i q u e s  y i e l d  s i m i l a r  r e s u l t s ,  t h o u g h  e a c h  method h a s  

i ts c h a r a c t e r i s t i c  a d v a n t a g e s  a s  w e l l  a s  l i m i t a t i o n s ,  B e l o w  w e  

d e s c r i b e  t h e  r e c u r s i o n  method a n d  t h e  e q u a t i o n  of mot ion  



t e c h n i q u e  and a l s o  p r e s e n t  a b r i e f  d i s c u s s i o n  of o t h e r  methods 

t h a t  h a v e  been  used  s o  f a r ,  

4.3 1 R E C U R S I O N  HETHOD 

The r e c u r s i o n  method, i n t r o d u c e d  b y  Haydock, He ine  a n d  
S t .  102. 

K e l l y ,  h a s  become i n c r e a s i n g l y  p o p u l a r  b e c a u s e  i t  p r o v i d e s  a  

s i m p l e  and  p r o b a b l y  t h e  f a s t e s t  a l g o r i t h m  t o  c a l c u l a t e  local  

e l e c t r o n i c  p r o p e r t i e s ,  D e t a i l e d  a c c o u n t  of t h i s  method and 
95,103 

v a r i o u s  r e l a t e d  a s p e c t s  h a s  b e e n  p r o v i d e d  by Haydock (see also 

a r t i c l e s  by He ine  a n d  by K e l l y  i n  Ref -95)  - The method i s  b a s e d  

o n  t h e  L a n c z o s  method of  t r i d i a g o n a l i s i n g  a m a t r i x -  The l o c a l  

Green1 s f u n c t i o n  a c q u i r e s  a c o n t i n u e d  f r a c t i o n  r e p r e s e n t a t i o n  i n  

terms o f  t h e  e l e m e n t s  o f  t h e  t r i d i a g o n a l i s e d  H a m i l t o n i a n  m a t r i x  

a n d  c a n  be c a l c u l a t e d  r e c u r s i v e l y  w i t h  c o n s i d e r a b l e  e a s e ,  T h e r e  
10 6 

a r e  s e v e r a l  a l g o r i t h m s  t h a t  c a r r y  o u t  t h e  L a n c z o s  

t r i d i a g o n a l i s a t i o n  p r o c e d u r e ,  Out of t h e s e ,  t h e  r e c u r s i o n  method 
104 

uses t h e  a l g o r i t h m  which h a s  b e e n  shown b y  Paige t o  y i e l d  

e x t r e m e l y  good r e s u l t s  f o r  t h e  e i g e n v a l u e s  o f  t h e  

t r i d i a g o n a l i s e d  m a t r i x  ( i n  terms of c o n v e r g e n c e  t o  t h e  

e i g e n v a l u e s  o f  t h e  o r i g i n a l  m a t r i x )  a n d  t o  b e  n u m e r i c a l l y  

s t a b l e .  B e l o w  w e  d i s c u s s  first t h e  r e c u r s i o n  method f o r  a  

symmet r i c  H a m i l t o n i a n  m a t r i x  a n d  t h e n  d e s c r i b e  Haydock and  
1 0 5  

K e l l y ' s  e x t e n s i o n  o f  the method t o  t h e  case of nonsymlae t r ic  

a a t  rices. 



4.3 1 (a) S PMHETRIC R E C U R S  I O N  IN ORTHOGOHAL BASIS 

let { 1 @d) 3 r e p r e s e n t  t h e  l o c a l i s e d  o r t h o n o r m a l  b a s i s  

u s e d  t o  r e p r e s e n t  t h e  o n e - e l e c t r o n  H a m i l t o n i a n  H, The 

H a m i l t o n i a n  m a t r i x  is h e r m i t i a n  i n  t h i s  r e p r e s e n t a t i o n -  T h e  new 

b a s i s  which  b r i n g s  t h i s  m a t r i x  t o  a t r i d i a g o n a l  o r  J a c o b i  form 

is o b t a i n e d  by a u n i t a r y  t r a n s f o r m a t i o n  o f  t h e  o r i g i n a l  b a s i s ,  

Nenbe r s  of t h i s  new b a s i s  are o b t a i n e d  i t e r a t i v e l y  v i a  a 

t h r e e - t e r m  r e c u r s i o n  r e l a t i o n  which g u a r a n t e e s  t h a t  e a c h  new 

aember i n t e r a c t s  o n l y  w i t h  its p r e c e d i n g  and  f o l l o w i n g  members- 

F o r  t h i s  r e a s o n  t h e  new b a s i s  is s a i d  t o  p r o v i d e  a c h a i n  model 

f o r  t h e  H a m i l t o n i a n ,  

If w e  d e n o t e  t h e  new b a s i s  set  a s  2 I un) oJ1r23*.. * I ,  
t h e n  t h e  first .ember of t h e  new b a s i s  Iho) , is  c h o s e n  t o  b e  

t h e  o r b i t a l  144 whose l oca l  d e n s i t y  i s  s o u g h t .  L e t  u s  

suppose t h i s  v e c t o r  is n o r m a l i s e d .  The n e x t  member o f  t h e  new 

b a s i s ,  Iu,) , i s  o b t a i n e d  by  d e a a n d i n g  

v h e r e  0,  a n d  bi a r e  real numbers. T o  f i n d  a. a n d  b i n  

(4, llJ w e  t a k e  t h e  i n n e r  p r o d u c t  of b o t h  s i d e s  w i t h  Iuo): 

S i n c e  we w a n t  t h e  new b a s i s  t o  be o r t h o g o n a l ,  ue  demand 

and  t h u s  



assuming l ~ o )  t o  be  normal i s ed .  Having d e t e r n i n e d  Q e  , we 

write 

A, I u,) = w I ~ 0 )  - 00 1 ~ 0 )  
a 

and take t h e  i n n e r  product  of t h i s  v e c t o r  wi th  itself g i v i n g  

f 

B e  demand 

and t a k e  

$1 

( w 4 1 )  = 1 > 

bi a s  t h e  p o s i t i v e  s q u a r e  r o o t  of 

Thus by c o n s t r u c t i o n  ( u I )  is n o r m a l i s e d  t o  u n i t y  and i s  

o r t h o g o n a l  to  I Uc) . 
T o  o b t a i n  t h e  subsequent  v e c t o r s  i n  t h e  new b a s i s  o r  t h e  

c h a i n ,  we u s e  a three - t erm r e c u r s i o n  r e l a t i o n  



T a k i n g  the i n n e r  p r o d u c t  .of b o t h  s i d e s  w i t h  IUI) and denanding  

&I I ~ 2 )  = 0 r 

we have 

since v a n i s h e s  by  c o n s t r u c t i o n .  A s  b e f o r e ,  we write 

2 
We t a k e  b2 a s  t h e  p o s i t i v e  s q u a r e  root of bl and write 

so t h a t  1h2) is n o r m a l i s e d  t o  u n i t y  and i s  o r t h o g o n a l  to 

I %) a n d  1 b) where the l a s t  r e s u l t  fo l lows  by u s i n g  



which f o l l o w s  from u s i n g  t h e  s e l f - a d j o i n t n e s s  of H, It is e a s y  

t o  see t h a t  

T h e  h i g h e r  o r d e r  c o - e f f i c i e n t s  d ~ ,  a n d  br, and  t h e  c h a i n  

s t a t e s  are  o b t a i n e d  b y  f o l l o w i n g  t h e  a b o v e  p r e s c r i p t i o n .  In 

g e n a r a l  

2 
w h e r e  bh+, is t h e  p o s i t i v e  s q u a r e  root  of AhSI . I n  t h e  b a s i s  

i - e , ,  t h e  m a t r i x  H is t r i d i a g o n a l i s e d  a n d  is s y m m e t r i c  a b o u t  t h e  

1 
l i n e  of t h e  d i a g o n a l  e l e m e n t s .  It s h o u l d  b e  n o t i c e d  t h a t  b n  
b e i n g  t h e  i n n e r  p r o d u c t  of a v e c t o r  w i t h  i tself  is a l u a y s  

positive. 



By c o n s t r u c t i o n  l hc+ t )  is n o r m a l i s e d  t o  u n i t y  a n d  

o r t h o g o n a l  t o  I U o )  a n d  JU,.,) . It is a l s o  o r t h o g o n a l  t o  

1 -  1 - 3  . . . ,i.e., a l l  t h e  p r e v i o u s  s t a t e s  i n  

t h e  c h a i n .  To see t h i s ,  we t a k e  t h e  i n n e r  p r o d u c t  o f  b o t h  s i d e s  

of (4.13) w i t h  IUn-2) t o  o b t a i n  

s i n c e  ( ~ o - z l  h) a n d  ( ~ n - 2  ~ ( 5 - I )  v a n i s h  b y  c o n s t r u c t i o n .  

T h u s  

E a c h  term on t h e  r i g h t  ,hand s i d e  o f  t h i s  eqn ,  v a n i s h e s  Dy 

c o n s t r u c t i o n ,  s h o v i n g  t h e  o r t h o g o n a l i t y  o f  /~n+,) a n d  IQQ-z). 
T h i s  a r g u m e n t  c a n  be e x t e n d e d  down t h e  c h a i n  t o  show 

t h e  o r t h o g o n a l i t y  of I ~ o + l )  t o  a l l  t h e  p r e v i o u s  s t a t e s  i n  t h e  - 

c h a i n ,  
Z 

T h e  t r a n s f o r m a t i o n  t e r m i n a t e s  when bOrl i n  (4.18) is  
2. 

z e r o .  S i n c e  bh+l is t h e  i n n e r  p r o d u c t  of a v e c t o r  w i t h  

i t s e l f ,  t h i s  c a n  h a p p e n  o n l y  when t h e  new v e c t o r  

( - - I  is z e r o .  I n  p r a c t i c e ,  t h e r e  is a 

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

e r r o r .  Hence f o r  a I d i m e n s i o n a l  m a t r i x  8 ,  b N may b e  s m a l l  b u t  

n o n z e r o ,  a n d  t h e  c h a i n  c o n t i n u e s  p r o d u c i n g  m u l t i p l e  e i g e n v a l u e s  

f o r  e a c h  e i g e n v a l u e  of t h e  o r i g i n a l  m a t r i x ,  Houever ,  i n  o r d e r  t o  



c a l c u l a t e  t h e  l o c a l  DOS o n e  n e e d s  t o  c a l c u l a t e  o n l y  a small 

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

c h a i n  l o n g  b e f o r e  all d e g r e e s  o f  f r e e d o m  h a v e  b e e n  e x h a u s t e d ,  

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

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

n o n o r t h o g o n a l i t p  a c c u m u l a t e s ,  e i g e n v a l u e s  r e m a i n  a c c u r a t e  t o  a 

s i n g l e  r o u n d i n g  e r r o r ,  p r o v i d e d  t h e  c o - e f f i c i e n t s  Or, a n d  br,  

are  c a l c u l a t e d  by t h e  a l g o r i t h m  d i s c u s s e d  a b o v e ,  T h i s  p o i n t  h a s  

b e e n  d i s c u s s e d  i n  d e t a i l  b y  Haydock ( r e f e r n c e  95 ) . 

4 . 3  ( l b )  NONSYHHETRIC R E C U R S I O N  

In g e n e r a l  t h e  H a o i l t o n i a n  m a t r i x  rasp] i s  n o n h e r m i t i a n  

o r  nonsy lamet r i c .  We recal l  t h a t  i n  t h e  A n d e r s o n - B u l l e t t  s c h e m e  

d i s c u s s e d  i n  s e c t i p n  3 I )  is g i v e n  by eqn. (3 37) , which  is 

d i f f e r e n t  f r o m  a 
(3 O' 

i f  t h e  o r b i t a l s  a n d  (bp are  

g e o m e t r i c a l l y  i n e q u i v a l e n t ,  The a l g o r i t h m  d i s c u s s e d  i n  t h e  
4- 

p r e v i o u s  s e c t i o n  a s s u m e s  ( ~ 6 1  = ( ~ l ~ n ) )  f o r  e v a l u a t i n g  t h e  

2 
i n n e r  p r o d u c t  bh+, ( ~ n + l J  bn+,>. If H is n o n h e r m i t i a n ,  t h e  

l e f t  a n d  t h e  r i g h t  e i g e n v e c t o r s  of  H a r e  d i f f e r e n t .  In t h e  c h a i n  

mode l ,  t h i s  resul ts  i n  t h e  l e f t  a n d  t h e  r i g h t  c h a i n  s t a t e s  b e i n g  
10s 

d i f f e r e n t .  Haydock a n d  K e l l y ,  t h e r e f o r e  u s e d  a two s i d e d  
106 

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

unsymme t r i c  L a n c z o s  method, They g e n e r a t e  a b i o r t h o g o n a l  

s e q u e n c e  of v e c t o r s  f f be) '3 a n d  I >  by means  of two t h r e e  

term r e c u r s i o n  r e l a t i o n s  



where 

and  

t h e  o r b i t a l  whose l o c a l  d e n s i t y  i s  s o u g h t -  The c o - e f f i c i e n t s  

an a n d  bn+, are  now g i v e n  bp 

T h o u g h  t h e  s t o r a g e  a n d  time r e q u i r e m e n t s  are doub led ,  t h i s  still  

p r o v i d e s  a f a s t  a l g o r i t h m  t o  t r i d i a g o n a l i  se t h e  nonsymmet r i c  

2 
R a m i l t o n i a n  m a t r i x .  An i ~ p o r t a n t  p o i n t  t o  n o t e  is t h a t  b*,, i s  

no l o n g e r  g i v e n  b y  the i n n e r  p r o d u c t  o f  a  v e c t o r  wi th  i t s e l f  and  

h e n c e  i t  c a n  b e  n e g a t i v e .  T h i s  may l e a d  t o  complex e i g e n v a l u e s  

and a n e g a t i v e  DOS. I f  t h i s  o c c u r s ,  t h e  chain h a s  t o  be 

t e r m i n a t e d  a t  t h a t  p o i n t .  



4 .31  (c) LDS I N  TEBWS OF THE RECURSION CO-EEFICIENTS 

I n  terms o f  t h e  e l e i n e n t s  0 a n d  b q  of t h e  

t r i d i a g o n a l i s e d  m a t r i x ,  t h e  l o c a l  G r e e n ' s  f u n c t i c n  a c q u i r e s  a  

c o n t i n u e d  f r a c t i o n  represents t i o n  : 

T h e  d e r i v a t i o n  is s i m p l e  a n d  h a s  b e e n  p r o v i d e d  b y  H a y d o c k , H e i n e  
98 

a n d  K e l l y  (see a l s o  He ine ,  Ref, 95, p90 a n d  Baydock,  i b i d .  , ~252). 
~ x ' p r e s s i o n  (4-24)., e v e n  when t r u n c a t e d  a t  a f i n i t e  l e v e l ,  

s a t i s f i e s  a l l  t h e  a n a l y t i c i t y  c o n d i t i o n s  f o r  ( E )  d i s c u s s e d  i n  
2 

s e c t i o n  (4.2) , p r o v i d e d  a re  rea l  a n d  hh a r e  p o s i t i v e .  

I n  p r a c t i c e ,  o n e  c o m p u t e s  o n l y  a  finite number o f  

c o - e f f i c i e n t s  4r, a n d  br, a n d  t r i e s  t o  a p p r o x i l a a t e  t h e  

r e m a i n i n g  c o - e f  f i c i e n t s ,  I n  c a s e  the c o - e f f  i c i e n t s  are  n o t  

r a p i d l y  c c n v e r g e n t  o r  show o s c i l l a t o r y  b e h a v i o u r ,  o n e  s i m p l y  

sets t h e  r e m a i n i n g  r e c u r s i o n  c o - e f f i c i e n t s  t o  z e r o .  T h i s  

t r u n c a t i o n  as  well a s  t h e  f i n i t e n e s s  of t h e  c l u s t e r  c a u s e s  t h e  

LDS t o  be s t r i c t l y  a s e t  o f  d e l t a  f u n c t i o n s ,  To o b t a i n  a  s m o o t h  

LDS c u r v e  o n e  e v a l u a t e s  



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

i n t o  L o r e n t z i a n s .  T h i s  e e t h c d  o k s c o r e s  d e t a i l s  w i t h i n  a n  e n e r g y  

r a n g e  o f  c .  A l s o  t h e  r e s u l t i n g  LDS h a s  b l u r r e d  h a n d  e d g e s  a n d  

r i p p l e s  f r o m  t h e  p o l e s ,  However ,  i f  one h a s  s u f f i c i e n t l y  l a r g e  

n u m b e r  of d e l t a  f u n c t i o n s ,  t h e s e  effects a r e  small. 

An a l t e r n a t i v e  m e t h c d ,  i a p l e m e n t e d  i n  t h e  s u b r o u t i n e  RECTAB 
107 

o f  t h e  C a m b r i d g e  H e c u r s i o n  L i b r a r y ,  i s  b a s e d  on t h e  

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

i n t e g r a t e d  d e n s i t y  o f  states. D e t a i l s  of t h i s  method h a v e  b e e n  

d i s c u s s e 4  b y  Haydock  (Ref . 9 5 , p z S 7 )  a n d  K e l l y  (same Ref . ,p?]S) . 
F o r  c a l c u l a t i o n s  i n v o l v i n g  a n .  i s o l a t e d  b a n d  ia a  p e r i o d i c  

s o l i d  ( i - e . ,  o n l y  o n e  t y p e  of  o r b i t a l  F e r  s i t e ) ,  t h e  

c o - e f f i c i e n t s  a n d  bn s e t t l e  down q u i c k l y  t o  a s y i n ~ t o t i c  
j02,Jo 8 

v a l u e s  (ad, b &) , w h e r e  am p r o v i d e s  t h e  c e n t e r  o f  the b a n d  

and be d e t e r m i n e s  t h e  b a n d  w i d t h .  I n  t h i s  case,  o n e  c a n  

a n a l y t i c a l l y  e v a l u a t e  t h e  r e m a i n d e r  o f  t h e  c o n t i n u e d  f r a c t i o n  

(4 .34)  f o r  7) w i t h  40 = a n d  b, : 6,. a n d  t h n s  

G,cE) c a n  b e  o b t a i n e d  e x a c t l y .  

Vherl t h e  c o - e f f i c i e n t s  aq, bs, d o  n o t  show a n y  s i g n s  o f  

s e t t l i n g  t o  some  a s y m p t o t i c  v a l u e s ,  a s  is t h e  c a s e  i n  m o s t  

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

c o - e f f i c i e n t s  t o  h e  c o n s i d e r e d .  A c t u a l l y  G,(E) i s  n o t  

sensitive t o  •’01 l a r g e  n i f  t h e  s t a t e  / b c )  i s  

l o c a l i s e d ,  a n d  o f t e l ?  a f a i r l y  small  n u m b e r  (-30) is sufficient t o  

o b t a i n  a good a p p r o x i m a t i o n  t o  C.('E) . I n  any c a s e  o n e  c a n  

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



t h e  v a r i a t i o n  i n  t h e  LDS w i t h  i n c r e a s i n g  n u m b e r  of 

c o - e f f i c i e n t s ,  C e r t a i n  ru les  of thumb t o  h e l p  o n e  d e c i d e  a b o u t  

t h i s  number  h a v e  been  d i s c u s s e d  by  H e i n e  a n d  Haydock.  
9s 

4.32 EQUATION OF MOTION NETBOD 
109 

E q u a t i o n  of  m o t i o n  methoC was f i r ~ t  u s e d  by AlSen  e t  a 1  t o  

c a l c u l a t e  the e l e t r o n i c  D O S  i n  m o d e l  d i s o r d e r e d  a l l o y s .  Beernan 
110 

a n d  A l b e n  u s e d  it t o  c a l c u l a t e  the v i b r a t i o n a l  D O S  i n  m o d e l  

a m o r p h o u s  s e m i c o n d u c t o r s ,  Later ideaire and  W i l l i a m s  a p p l i e d  t h i s  

~ e t h c d  t o  s t u d y  l o c a l i s a t i o n  i n  t h e  Acderson model  o f  a 
11 l 

d i s o r d e r e d  H a n i l t o n i a n .  

I n  this m e t h o d  o n e  ca r r i e s  o u t  a s t e p  b y  s t e p  n u a e r i c a l  

s o l u t i o n  o f  t h e  S c h r o d i n g e r  e q u a t i o n  f o r  t h e  o n e - e l e c t r o n  

w a v e f u n c t i o n .  S u p p o s e  a t  time t = O ,  t h e  e l e c t r o n  i s  i n  a s t a t e  

(5.) , w h i c h  h a s  t h e  form:  

where f 14,) f r e p r e s e n t s  t h e  l o c a l i s e d  o a s i s .  T h e  s t a t e  

f u n c t i o r ,  a t  t i m  t s a t i s f i e s  t h e  s c h & d i n g e r  equatior 

w h e r e  H is t h e  o n e e l e c t r o n  H a ~ i l t o n i a n .  W r i t i n g  

e q n .  (4 -27)  is t r a n s f o r m e d  i n t o  



I f  t h e  b a s i s  is  o r t h o g o n a l ,  t h e n  

w h e r e  r e p r e s e n t  t h e  m a t r i x  e l e m e n t s  of t h e  H a ~ i l t o n i a n ,  

i.e. , 

I f  t h e  b a s i s  is n o n o r t h o g o n a l ,  t h e n  

w h e r e  

Using (4.32) i n  e g n -  (4.29) , w e  h a v e  

Us ing  t h e  l i n e a r  i n d e p e n d e n c e  of t h e  se t  f I+d.()] , we o b t a i n  

T h i s  e q u a t i o n  can be s o l v e d  n u m e r i c a l l y  f o r  a g i v e n  set o f  

ad [ o ) ' ~  , i.e., a m p l i t o d e s  of t h e  i n i t i a l  s t a t e  o f  t h e  

e l e c t r o n  o n  v a r i o u s  b a s i s  vectors. O f t e n  one  c h o o s e s  t h e  i n i t i a l  



s t a t e  t o  be a p a r t i c u l a r  b a s i s  s t a t e ,  i-e., 

I 
Knowing a l l  ad(+) S , w e  can o b t a i n  f %> . T o  o b t a i n  t h e  

l o c a l  DOS we write t h e  formal s o l u t i o n  of eqn.  (4.27) a s  

where and IvQ> are t h e  e i g e n v a l u e s  and t h e  e i g e n v e c t o r s  

o f  8. Thus 

The l o c a l  DOS is g i v e n  b y  
LI 

Using (4-37) we o b t a i n  

The e x p r e s s i o n s  (4.26) and (4 .28)  y i e l d  yle(~) i n  terms o f  

t h e  a m p l i t u d e s  dd [t), 



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

a n d  t h e  i n i t i a l  a m ~ l i t u d e s  s a t i s f y  (4-36) .  Then eqn- (4-39)  y i e l d s  

w h i l e  t h e  e q u a t i o n  t o  be  s o l v e d  is 

w i t h  t h e  i n i t i a l  c o n d i t i o n s  b e i n g  g i v e n  by (4-36) - For a f i n i t e  

system, (4.40) is  s t r i c t l y  a se t  of d e l t a  f u n c t i o n s  a n d  t o  

o b t a i n  a smoo th  LDS, w e  a d d  a s m a l l  b u t  p o s i t i v e  i m a g i n a r y  p a r t  

t o  E a s  is d o n e  e v e n  i n  the t i a e  i n d e p e n d e n t  a p p r o a c h  

d e s c r i b e d  i n  s e c t i o n  ( 4 - 3  1) - T h u s  LDS is c a l c u l a t e d  f r o m  

4% 
T h e  term e a c t s  a s  a c o n v e r g e n c e  f a c t o r  f o r  t h e  i n t e g r a l .  

4-33 OTHER HETHODS 

V a r i o u s  o t h e r  methods  are a v a i l a b l e  f o r  c a l c u l a t i n g  t h e  
112-114 

LDS, The most w i d e l y  u s e d  one is  t h e  method of moments, where 

one  c a l c u l a t e s  v a r i o u s  power moments o f  t h e  IDS: 



I n  p r i n c i p l e ,  i f  o n e  knows a l l  t h e  moments, t h e n  o n e  c a n  

c a l c u l a t e  the c h a r a c t e r i s t i c  f u n c t i o n  

a n d  o b t a i n  t h e  LDS a s  t h e  F o u r i e r  t r a n s f o r m  o f  F { x )  : 

I n  p r a c t i c e ,  o n e  c a l c u l a t e s  

r w  J X  . 

o n l y  a f i n i t e  number o f  moments 

u s i n g  eqn.  i4.42) a n d  tries to  e x t r a c t  T d  (E) from them. I n i t i a l  

a t t e m p t s  i n  t h i s  r e g a r d  l a y  i n  i d e n t i f y i n g  )Id ( I )  w i t h  a 

f u n c t i o n  f ( E ,  A 1 ,  h Z * - -  An),  w h e r e  31, . ..An were ad j u s t a b l e  
\12,113 

p a r a m e t e r s  t o  f i t  t h e  first n moments o f  ( E L a t e r  o n ,  a 

c o n t i n u e d  f r a c t i o n  method was d e v e l o p e d  , where  t h e  B i l b e r t  
\\'I 

t r a n s f o r m  of -2 {E4) was e x p r e s s e d  a s  

- 7" R h )  - " L , ( E )  A BE ; h,$l+l 

- 00 2 - E  t):o 



The co-ef  f i c i e n t s  CiacP; i n v o l v e  d e t e r m i n a n t s  c o n s t r u c t e d  f rom 

t h e  moments, I n  t h i s  form, t h i s  method is v e r y  s imilar  t o  t h e  

r e c u r s i o n  method d i s c u s s e d  e a r l i e r .  Houever ,  t h i s  method is n o t  

n u m e r i c a l l y  a s  s t a b l e  a s  t h e  r e c u r s i o n  method, I n t e r r e l a t i o n s  

be tween  these two me thods  have been  d i s c u s s e d  b y  Haydock, He ine  
102 

a n d  Ke l ly .  

Ano the r  use• ’  u l  a p p r o a c h  i n  t h e  s t u d y  o f  e l e c t r o n i c  

s t r u c t u r e  i n  d i s o r d e r e d  s y s t e m s  h a s  b e e n  b a s e d  o n  t h e  
11 5-118 

c l u s t e r - B e t h e  l a t t i c e  method, The method i n v o l v e s  t r e a t i n g  

p a r t  o f  a n  i n f i n i t e  c o n n e c t e d  n e t w o r k  of a t o m s  e x a c t l y  a s  a 

c luster ,  a n d  r e p r e s e n t i n g  t h e  effects of t h e  rest of t h e  

e n v i r o n m e n t  b y  c o n n e c t i n g  a B e t h e  l a t t i c e  (of t h e  same 

c o - o r d i n a t i o n  number as t h e  cluster) t o  t h e  surface o f  t h e  

c l u s t e r .  The B e t h e  l a t t i c e  (or t h e  C a y l e y  t r e e )  i s  a  l a t t i c e  i n  

which  any  c l o s e d  l o o p  of  s e q u e n t i a l  bond is f o r b i d d e n ,  The 

r e a s o n s  f o r  u s i n g  t h e  Be the  la t t ice  a s  a b o u n d a r y  c o n d i t i o n  a r e  

t h r e e f o l d ,  F i r s t  o f  a l l ,  t h e  e q u a t i o n s  i n v o l v i n g  t h e  G r e e n ' s  * 

f u n c t i o n  a t  d i f f e r e n t  s i tes  c a n  be s o l v e d  e x a c t l y ,  A l so  

a t t a c h i n g  t h e  B e t h e  l a t t i c e  p r e s e r v e s  t h e  c o n n e c t i v i t y  of t h e  

sys t em,  And f i n a l l y ,  t h e  DOS of t h e  B e t h e  l a t t i c e  i s  smooth a n d  

f e a t u r e l e s s .  Hence,  a n y  s t r u c t u r e  f o u n d  i n  t h e  l o c a l  d e n s i t y  of 

s t a t e s  a t  t h e  c e n t r a l  atom is e s s e n t i a l l y  d e t e r m i n e d  by t h e  

l o c a l  e n v i r o n m e n t  o f  t h i s  atom. A d e t a i l e d  d i s c u s s i o n  a n d  r e v i e w  

on t h i s  method h a s  been  p r o v i d e d  by J o a n n o p o n l o s  and  Cohen. 
ll9 

R e c e n t l y  L a a b i n  and  G a s p a r d  h a v e  u s e d  t h e  i d e a  o f  

g e n e r a l i s e d  moments 10 8 



t o  c a l c u l a t e  t h e  c o n t i n u e d  f r a c t i o n  c o - e f f i c i e n t s  Cia d ( '  i n  

(4.43). Here Ph (€1 is a p o l y n o m i a l  of d e g r e e  n  i n  E. T h i s  

method is c l a i m e d  t o  offer g r e a t e r  n u m e r i c a l  s t a b i l i t y  than the 

power moment method. 

An i n t e r e s t i n g  nethod t h a t  h a s  b e e n  used t o  s t u d y  the 

e x c i t a t i o n s  i n  d i s o r d e r e d  s y s t e a s  is  b a s e d  o n  the 

r e n o r m a l i s a t i o n  g r o u p  o r  t h e  d e c i m a t i o n  a p p r o a c h ,  D a  S i l v a  a n d  

Koiller h a v e  u s e d  t h e  method t o  c a l c u l a t e  l o c a l  d e n s i t y  of 
I20 

phonon s t a t e s  i n  a d i s o r d e r e d  l i n e a r  chain, w h i l e  Aoki  h a s  u sed  

t h i s  t e c h n i q u e  t o  c a l c u l a t e  the e l e c t r o n i c  DOS a n d  s t u d y  
ti1 

Anderson l o c a l i s a t i o n  i n  a s q u a r e  lat t ice,  



V, CHAPTER ( 5 )  

COHPARISON Of RESULTS O B T A I N E D  BY T X  RECURSION RETHO2 AND THE -- 
m a n o n  OF MOTION TECHNIQUE 

To c o m p a r e  t h e  l o c a l  DOS o b t a i n e d  by t h e  r e c u r s i o n  a n d  t h e  

e q u a t i o n  o f  m o t i o n  methods,  c a l c u l a t i o n s  mere p e r f o r m e d  on small 

clusters o f  1 2 5  a t o m s  r e p r e s e n t i n g  bcc ,  amorphous  a n d  l i g u i d  

i r o n ,  The r e a s o n  f o r  c h o o s i n g  s u c h  small c l u s t e r s  is t h e  

c o m p a r a t i v e l y  l a r g e  c o m p u t a t i o n  time r e q u i r e d  by t h e  e q u a t i o n  of  

mo t ion  method, The l i q u i d  and  amorphous  c l u s t e r s  were o b t a i n e d  

by t h e  Monte C a r l o  t e c h n i q u e  a s  d i s c u s s e d  i n  s e c t i o n  ( 2 - 2 )  - The 

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

F i g s ,  (3) and (4). T h e s e  clusters were of c u b i c  s h a p e -  

T h e  H a m i l t o n i a n  matrices u s e d  i n  t h e s e  c a l c u l a t i o n s  were 

o b t a i n e d  by f o l l o w i n g  t h e  e m p i r i c a l  LCAO scheme  d e s c r i b e d  i n  

s e c t i o n  (3.3) The band s t r u c t u r e  f o r  b c c  i r o n  o b t a i n e d  u n d e r  

t h i s  s c h e m e  is d i s p l a y e d  i n  P i g .  ( 8 ) .  The p a r a m e t e r s  o b t a i n e d  by 

f i t t i n g  t o  t h i s  band s t r u c t u r e  were u s e d  t o  c a l c u l a t e  t h e  

e l e m e n t s  o f  t h e  H a m i l t o n i a n  matrices f o r  v a r i o u s  c l u s t e r s ,  a s  

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

m a t r i c e s ,  t h u s  g e n e r a t e d ,  were symmet r i c ,  Thus f o r  c a l c u l a t i n g  

t h e  LDS by t h e  r e c u r s i o n  method, ue u s e d  t h e  s y m m e t r i c  v e r s i o n  

d i s c u s s e d  i n  s e c t i o n  (4 ,31a) ,  C a l c u l a t i o n s  f o r  t h e  LDS by t h e  

e q u a t i o n  of m o t i o n  method were p e r f o r m e d  b y  s o l v i n g  e q n - ( 4 , 4 1 ) ,  



i n s t e a d  o f  (4,35), i -e , ,  t h e  b a s i s  was assumed o r t h o n o r m a l ,  

d e s p i t e  t h e  f a c t  t h a t  t h e  t r a n s f e r  m a t r i x  e l e m e n t s  were o b t a i n e d  

from t h e  S la te r  t y p e  o r b i t a l s  c e n t e r e d  a t  t h e  a t o m i c  s i tes  a n d  

t h e s e  o r b i t a l s  h a v e  n o n z e r o  o v e r l a p .  9e n o t e  t h a t  t h e  S l a t e r  

t y p e  o r b i t a l s  s i m p l y  p r o v i d e  a means o f  d i r e c t l y  p a r a m e t e r i s i n g  

t h e  m a t r i x  e l e m e n t s  a n d  d o  n o t  r e p r e s e n t  t h e  b a s i s  o r b i t a l s ,  I n  

a i l  c a l c u l a t i o n s ,  t h e  r e s u l t s  were o b t a i n e d  by  a p p l y i n g  t h e  free 

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

t h e  a t o m s  a t  t h e  s u r f a c e  w i t h  t h e  medium s u r r o u n d i n g  t h e  c l u s t e r  

was set e q u a l  t o  zero, 

In t h e  e q u a t i o n  o f  m o t i o n  a e t h o d ,  one  h a s  t o  c a r r y  o u t  t h e  

n u m e r i c a l  i n t e g r a t i o n  of t h e  s c h r ' d d i n g e r  e q u a t i o n ,  i- e., s o l v e  

a n  i n i t i a l  v a l u e  probleoe of t h e  t y p e  (see e q n s -  (4.35) a n d  

( 4 - 4 1 )  1 

where  N i s  t h e  t o t a l  number of o r b i t a l s  i n  t h e  c l u s t e r ,  S i n c e  

t h e r e  a re  s e v e r a l  a u m e r i c a l  me thods  a v a i l a b l e  f o r  s o l v i n g  s u c h  

p rob lems ,  o n e  h a s  t o  f i n d  o u t  w h e t h e r  t h e r e  i s  a n y  a d v a n t a g e  i n  

c h o o s i n g  a p a r t i c u l a r  method o v e r  t h e  o t h e r s ,  I n  p a r t i c u l a r ,  o n e  

may b e  i n t e r e s t e d  i n  s a v i n g  o n  c o m p u t a t i o n  t i m e  by  u s i n g  

s o p h i s t i c a t e d  me thods  wi th  l a r g e r  s t e p  s i z e ,  We c a r r i e d  o u t  some 

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



random o n - s i t e  p o t e n t i a l s  a n d  c o n s t a n t  n e a r e s t  n e i g h b o r  
L12,I 23  

i n t e r a c t i o n .  We u s e d  t h e  f i f t h  o r d e r  Runge-Kut ta  method  a n d  t h e  
lZ4 -126  

e x t r a p o l a t i o n  method  o f  B u l i r s c h  a n d  S t o e r  f o r  s o l v i n g  t h e  

s y s t e m  of e q u a t i o n s  (4.41) w i t h  t h e  i n i t i a l  c o n d i t i o n s  (4-36) - 
The r e s u l t s  o b t a i n e d  by t h e s e  t w o  m e t h o d s  f o r  a g i v e n  s t e p  s i z e  

were v e r y  s imilar .  However, i t  was a l s o  f o u n d  t h a t  s imi l a r  

r e s u l t s  c o u l d  b e  o b t a i n e d  i n  somewhat  l e s s  time b y  u s i n g  t h e  

s i m p l e s t  o n e s t e p  raethod (known a s  t h e  ' p o l y g o n  method*  of 
127 

E u l e r  ) w i t h  smaller s t e p  size. I n  t h i s  method t h e  

a p p r o x i m a t i o n s  q( t o  t h e  s o l u t i o n s  9 i = i )  of a  

d i f f e r e n t i a l  e q u a t i o n  

a r e  g i v e n  by 

Thus t h o u g h  t h e  s o p h i s t i c a t e d  m e t h o d s  a l l o w e d  u s  to  use a l a r g e r  

s t e p  s i z e  h, t h e  s i m p l e  p r e s c r i p t i o n s  (5.31, (5.4) y i e l d e d  

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

c h o s e n .  Hence,  i n  o u r  s u b s e q u e n t  c a l c u l a t i o n s  of t h e  LDS i n  t h e  



c l u s t e r s  r e p r e s e n t i n g  t h e  v a r i o u s  p h a s e s  o f  i r o n ,  we d e c i d e d  t o  

u s e  t h e  p r e s c r i p t i o n s  ( 5 . 2 ) .  (5.3) w i t h  s u f f i c i e n t l y  s m a l l  s t e p  

s i z e ,  S u p p o s i n g  t h a t  o v e r  s u c h  s m a l l  s t e p s  i n  time t h e  v a r i a t i o n  

i n  t h e  i n t e g r a n d  of (4.40) would be l i n e a r ,  w e  employed  t h e  

s i m p l e  m i d - p o i n t  i n t e g r a t i o n  r u l e  t o  o b t a i n  t h e  F o u r i e r  

t r a n s f o r m  ?+k (E) . T h e  F o u r i e r  t r a n s f o r o  a n d  t h e  s o l u t i o n  t o  

t h e  ~ c h r E d i n g e r  e q u a t i o n  were c a r r i e d  o u t  s i m u l t a n e o u s l y ,  i-e. , 
a t  e v e r y  s t e p  o f  t h e  c a l c u l a t i o n  w e  o b t a i n e d  a n  a p p r o x i m a t e  

s o l u t i o n  t o  t h e  s c h r 6 d i n g e r  e q u a t i o n  (4-41)  a n d  t h e n  c a l c u l a t e d  

t h e  c o n t r i b u t i o n  t o  t h e  F o u r i e r  i n t e g r a l  (4-40) - 
I n  P i g s .  (9-34) we d i s p l a y  t h e  LDS o b t a i n e d  b y  t h e  two 

methods  f o r  v a r i o u s  c l u s t e r s ,  F o r  e a c h  c l u s t e r  t h e  LDS was 

c a l c u l a t e d  a t  a s i t e  n e a r  its c e n t e r .  For t h e  r e c u r s i o n  method, 

f i f t y  r e c u r s i o n  c o - e f f i c i e n t s  were f o u n d  s u f f i c i e n t  t o  c a l c u l a t e  

t h e  LDS, i. e, , i n c r e a s i n g  t h e  number of co-eff i c i e n t s  beyond 

t h i s  p o i n t  d i d  n o t  b r i n g  i n  new f e a t u r e s  i n  the LDS. T h e  v a l u e  

fo r  t h e  i m a g i n a r y  p a r t  o f  t h e  e n e r g y  E , which b r o a d e n s  t h e  

d e l t a  f u n c t i o n s  i n t o  L o r e n t z i a n s  was c h o s e n  t o  be 0 , 0 2 5  Ryd. The 

same v a l u e  of E was used i n  the e q u a t i o n  of mot ion  method t o  

c a l c u l a t e  t h e  F o u r i e r  t r a n s f o r m  (4&a), The s t e p  s i z e  of 

i n t e g r a t i o n  was c h o s e n  a s  0.04 a n d  s i x t e e n  h u n d r e d  i n t e g r a t i o n  

s t e p s  were u s e d ,  b r i n g i n g  t h e  u p p e r  l i m i t  of i n t e g r a t i o n  i n  

(4.40a) t o  64. T h e  c h o i c e  of t h i s  u p p e r  l i m i t  d e p e n d s  on s e v e r a l  

factors, It s h o u l d  a c t u a l l y  depend  on t h e  i n v e r s e  of t h e  s p a c i n g  

b ~ t w e e n  t h e  e i g e n v a l u e s ,  I n  p r a c t i c e ,  o n e  c h o o s e s  t h i s  l i m i t  

d e p e n d i n g  on  t h e  b r o a d e n i n g  p a r a m e t e r  E , A n o t h e r  c r i t e r i o n  t o  



f o l l o w  is t h e  v a r i a t i o n  o f  t h e  G r e e n ' s  f u n c t i o n  w i t h  time. F o r  

a n  i n f i n i t e  s y s t e a ,  t h e  a m p l i t u d e  ah(+) or  t h e  l o c a l  G r e e n ' s  

f u n c t i o n  s l o w l y  d e c a y s  t o  zero a s  t h e  e l e c t r o n  d i f f u s e s  away 

f r o a  t h e  i n i t i a l  l o c a l i s e d  o r b i t a l ,  However, f o r  a  f i n i t e  

cluster t h e  l o c a l  G r e e n ' s  f u n c t i o n  d e c a y s  f o r  some time a n d  t h e n  

s t a s t s  r i s i n g  due  t o  r e f l e c t i o n s  f r o m  t h e  boundary.$ The b i g g e r  

t h e  cluster, t h e  l o n g e r  t h e  time b e f o r e  s u c h  a r e v e r s a l  i n  t h e  

v a r i a t i o n  of t h e  l o c a l  Green8  s f u n c t i o n  w i l l  t a k e  p l a c e ,  T o  

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

t i a e  e v o l u t i o n  o f  t h e  G r e e n ' s  f u n c t i o n  a n d  t r u n c a t e  t h e  i n t e g r a l  

i n  (4-40) a t  a  time where  it has become n e g l i g i b l e ,  I n  o u r  

c a l c u l a t i o n s ,  t h i s  c r i t e r i o n  was combined  w i t h  t h e  a d d i t i o n a l  

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

o b t a i n e d  by t h e  r e c u r s i o n  method,  T h u s  w e  first o b t a i n e d  t h e  LDS 

by t h e  r e c u r s i o n  method and  t h e n  a d j u s t e d  t h e  s t e p  s i z e  h a n d  

t h e  uppe r  L i m i t  of i n t e g r a t i o n  T i n  t h e  e q u a t i o n  of mot ion  

method till w e  c o n v e r g e d  t o  t h e s e  r e s u l t s ,  A s  c a n  b e  s e e n  i n  

F i g s ,  (9-14) ,  t h i s  c o n v e r g e n c e  is r e a l l y  good e x c e p t  a t  low 

e n e r g i e s  where  t h e  effects of t r u n c a t i n g  t h e  F o u r i e r  i n t e g r a l  i n  

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

A c t u a l l y ,  t r u n c a t i n g  the i n t e g r a l  a t  a l o v e r  t i a e  c a u s e s  p a r t s  

o f  t h e  LDS a t  low E t o  become n e g a t i v e ,  

----------------- 
$ C e r t a i n  s h a p e s  o f  t h e  b o u n d a r y  may be p r e f e r a b l e  t o  o t h e r s  t o  
a v o i d  a  c o h e r e n t  s u p e r p o s i t i o n  of t h e  r e f l e c t e d  waves a t  t h e  
c e n t r a l  s i te ,  F o r  example,  f o r  a s i m p l e  c u b i c  s band, a  c u b i c  
s h a p e  is p r e f e r a b l e  t o  a s p h e r i c a l  o r  o c t a h e d r a l  o n e  (see Heine ,  
R e f  -95, .  p a g e  75) - 



We w i l l  o n l y  b r i e f l y  d i s c u s s  t h e  n a t u r e  o f  t h e  LDS f o r  

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

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

o b t a i n e d  by  t h e  t w o  methods .  E a c h  of t h e  F i g s -  (9- 14)  shows t h e  

LDS c a l c u l a t e d  a t  a s i n g l e  s i t e  c h o s e n  n e a r  t h e  c e n t e r  of t h e  

c o r r e s p o n d i n g  c l u s t e r .  F o r  t h e  d s t a t e s  i n  t h e  b c c  c l u s t e r ,  t h e  

LDS h a s  a  d o u b l e  p e a k e d  s t r u c t u r e .  However, t h e  g a p  b e t w e e n  t h e  

t w o  p e a k s  is n o t  a s  p r o n o u n c e d  a s  e x p e c t e d  f o r  t h e  d s t a t e s  i n  a 

c o n v e n t i o n a l  b c c  t r a n s i t i o n  metal. T h i s  is a r e f l e c t i o n  o n  t h e  

c o r r e s p o n d i n g  band s t r u c t u r e  shown i n  F i g ,  (a), r a t h e r  t h a n  t h e  

s m a l l n e s s  o f  t h e  c l u s t e r .  The shape o f  t h i s  LDS c u r v e ,  as  w e  

w i l l  see i n  t h e  n e x t  c h a p t e r ,  r e m a i n s  e s s e n t i a l l y  u n c h a n g e d  when 

t h e  c a l c u l a t i o n s  a r e  c a r r i e d  o u t  on a b i g g e r  c l u s t e r ,  F o r  t h e  

a m o r p h o u s  c l u s t e r ,  t h e  s m a l l  p e a k  a t  l o w e r  e n e r g y  c h a n g e s  t o  a 

s h o u l d e r ,  w h i l e  i t  is s m o o t h e d  . f u r t h e r  i n  t h e  l i q u i d .  The 

maximum i n  t h e  LDS f o r  t h e  a m o r p h o u s  c l u s t e r  is l o w e r  t h a n  t h a t  

f o r  t h e  b c c  c l u s t e r ,  F o r  t h e  l i q u i d  c l u s t e r  t h i s  maximum 

(Pig .14)  is h i g h e r  t h a n  t h a t  i n  t h e  a m o r p h o u s  c l u s t e r  ( f i g - 1 2 ) .  

Aowever, t h i s  r e s u l t  is t r u e  o n l y  f o r  t h e  p a r t i c u l a r  s i t e  w h e r e  

t h e  LDS h a s  b e e n  c a l c u l a t e d ,  On t h e  a v e r a g e  t h e  LDS f o r  t h e  

l i q u i d  c l u s t e r  h a s  a l o w e r  aaaximum t h a n  t h e  amorphous .  The  LDS 

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

peaked.  T h i s  i s  a l s o  t r u e  i n  g e n e r a l  f o r  t h e  l i q u i d  c l u s t e r ,  The 

d e v i a t i o n  from t h i s  s t r u c t u r e  i n  Fig, (13)  is t y p i c a l  o f  t h e  

p a r t i c u l a r  s i t e  o n l y .  The p e a k  near t h e  t o p  of t h e ' s  band  i n  t h e  

a v e r a g e  DOS f o r  t h e  l i q u i d  is s o m e w h a t  b r o a d e r  t h a n  t h a t  i n  t h e  



amorphous c l u s t e r ,  S i n c e  ue  w i l l  come back t o  a d e t a i l e d  

d i s c u s s i o n  on  t h e s e  p o i n t s  i n  t h e  n e x t  c h a p t e r ,  we end  t h e  

p r e s e n t  d i s c u s s i o n  w i t h  t h e  n o t e  t h a t  t h e  c o n v e r g e n c e  be tween  

t h e  r e s u l t s  o b t a i n e d  by  t h e  e q u a t i o n  of  mo t ion  a n d  t h e  r e c u r s i o n  

methods is r e m a r k a b l e  and  as f a r  a s  r e s o l v i n g  t h e  structure i n  

t h e  LDS i s  c o n c e r n e d ,  b o t h  me thods  a r e  e q u a l l y  good. 



FIGURE CAPTIONS 

FIG. (9-14). 

Comparison of results for the LDS calculated 

b y  the recursion method and the equation of 

motion technique, in clusters of 125 atoms 

representing bcc, amorphous and liquid Fe. 

The vertical axis is labelled i n  

states/Ryd./atom. The curves have been obtained 

by adding an imaginary part = 0.02 Ryd. to 

the energy. 
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T h e  i m p o r t a n t  d i f f e r e n c e  b e t w e e n  t h e  two methods  l i e s  i n  

t h e  c o m p u t a t i o n  time r e q u i r e d  by  them, Whi le  the r e c u r s i o n  

method p r o v i d e s  a  f a s t  a l g o r i t h m  t o  c a l c u l a t e  t h e  LDS, t h e  

e q u a t i o n  of m o t i o n  t e c h n i q u e  demands  c a r e f u l  i n t e g r a t i o n  w i t h  

s u f f i c i e n t l y  small s t e p  s i z e ,  r e q u i r i n g  l a r g e  c o m p u t a t i o n  time, 

F o r  c l u s t e r s  w i t h  125 a t o m s  a n d  s i x  o r b i t a l s  p e r  atom, t h e  time 

r e q u i r e d  b y  t h e  e q u a t i o n  of m o t i o n  method was a p p r o x i m a t e l y  42 

times l a r g e r  t h a n  t h e  r e c u r s i o n  method, w h e r e  50 r e c u r s i o n  

co- eff i c i e n t s  were c a l c u l a t e d ,  I n  t h e  r e c u r s i o n  method t h e  time 

r e q u i r e d  t o  c a l c u l a t e  t h e  LDS ( s ampled  a t  a g i v e n  number o f  

e n e r g y  p o i n t s )  d e p e n d s  o n  t h e  l e n g t h  of t h e  c h a i n  ( t h e  number of 

c o - e f f i c i e n t s )  and  t h e  s y s t e m  s ize  ( t o t a l  number of o r b i t a l s  i n  

t h e  c l u s t e r ) .  I f  the s t a t e  f o r  which  t h e  LDS is s o u g h t  i s  well 

l o c a l i s e d ,  t h e n  c n l y  a modes t  number o f  c o - e f f i c i e n t s 4  30) a r e  

needed  a n d  t h i s  makes i t  a n  e f f i c i e n t  method t o  c a l c u l a t e  t h e  

LDS a s  well a s  any  loca l  p r o p e r t i e s  d e p e n d i n g  on t h i s  q u a n t i t y ,  

I n  t h e  e q u a t i o n  of  mo t ion  method t h e  c o r r e s p o n d i n g  time depends*  

on t h e  s y s t e m  s ize a n d  t h e  number of i n t e g r a t i o n  s t e p s ,  U n l e s s  

the LDS i s  p a r t i c u l a r l y  f e a t u r e l e s s ,  t h e  number of i n t e g r a t i o n  

s t e p s  r e q u i r e d  t o  r e p r o d u c e  t h e  r e q u i r e d  s t r u c t u r e  w i l l  b e  q u i t e  

h i g h ,  t h u s  making t h i s  method u n s u i t a b l e  f o r  t h e  c a l c u l a t i o n  o f  

h i g h l y  s t r u c t u r e d  DOS a s  i n  t r a n s i t i o n  metals. 

One i m p o r t a n t  p o i n t  t o  n o t e  is t h a t  a s u b s t a n t i a l  p a r t  of 

t h e  i n f o r m a t i o n  g e n e r a t e d  by t h e  e q u a t i o n  of mot ion  method 

r e m a i n s  e s s e n t i a l l y  unused ,  i f  one  is i n t e r e s t e d  o n l y  i n  

o b t a i n i n g  t h e  LDS, To c a l c u l a t e  a p a r t i c u l a r  o r b i t a l  a m p l i t u d e  



aA (*) ( s e e  egn. (4.41) ) f o r  d i f f e r e n t  v a l u e s  o f  t, o n e  h a s  to 

f o l l o w  t h e  time e v o l u t i o n  of a l l  t h e  a m p l i t u d e s ,  The F o u r i e r  

t r a n s f o r m s  o f  t h e s e  a m p l i t u d e s  y i e l d  o n e  e n t i r e  r o v ( o r  column) 

o f  t h e  o f f - d i a g o n a l  e l e m e n t s  of t h e  G r e e n ' s  f u n c t i o n .  These  

o f f - d i a g o n a l  e l e m e n t s  c a n  b e  u s e d  t o  s t u d y  o t h e r  p r o p e r t i e s  l i k e  
2 

t h e  s p e c t r a l  f u n c t i o n s  etc, I n  a d i s o r d e r e d  sys t em,  o n e  c a n  u s e  

t h e s e  t o  c a l c u l a t e  t h e  i n v e r s e  p a r t i c i p a t i o n  r a t i o  

111p8 
a n d  s t u d y  l o c a l i s a t i o n  of e n e r g y  e i g e n s t a t e s  as w e l l  a s  

c a l c u l a t e  e lectr ical  c o n d u c t i v i t y  a s  bas b e e n  done  b y  Kraloer a n d  
129 

Wear ie  a n d  Rramer e t  alf3 'Thus a l t h o u g h  t h e  e q u a t i o n  of mot ion  

method is r a t h e r  s l o w  i n  c a l c u l a t i n g  t h e  loca l  DOS,  i ts r e a l  

p o t e n t i a l  l i e s  i n  g e n e r a t i n g  t h e  o f f - d i a g o n a l  e l e m e n t s  o f  t h e  

G r e e n ' s  f u n c t i o n ,  which  c a n  b e  o b t a i n e d  i n  a modes t  amount of 

a d d i t i o n a l  t i m e .  I n  t h e  r e c u r s i o n  method, c a l c u l a t i o n  o f  e a c h  

o f f - d i a g o n a l  e l e m e n t  Gij i n v o l v e s  c a l c u l a t i n g  f o u r  d i a g o n a l  

e l e n e n t s  f o r  s t a t e s  t h a t  are l i n e a r  c o m b i n a t i o n s  of I*.) a n d  

> ( s e e  Haydock, R e f . 9 5 , s e c t i o n  17) a n d  i n  t h a t  c a s e  t h e  two 

methods  a r e  p e r h a p s  of c o m p a r a b l e  e f f i c i e n c y ,  



VI, CHAPTER (6) 

6.1 ( a )  HCNSYHHETRIC H A M I L T C B I A N  

I n  t h i s  s e c t i o n  we w i l l  d i s c u s s  the r e s u l t s  f o r  t h e  L3S 

o b t a i n e d  b y  employing t h e  A n d e r s o n - B u l l e t t  s c h e m e  d e s c r i b e d  i n  

s e c t i o n  ( 3 - 1 ) .  T h e  e l e m e n t s  of t h e  H a n 5 l t o n i a n  m a t r i x  D are 

writtell a s  (see e q n .  (3.37)) 

b 
w h e r e  '5 a r e  t h e  a t o m i c  o r b i t a l s  (s a n d  d )  a n d  v4 is  t h e  

f r e e  a t o m  p o t e n t i a l  a t  t h e  same c e n t e r  a s  @) - mx i s  + 

c o r r e c t i o n  d u e  t o  t h e  n o n - a d d i t i v i t y  ot exchange a n d  c o r r e l a t i o n  - 
effects.  l'e t r e a t  as a c o n s t a c t  a n d  a d j u s t  i t s  v a l u e  a s  w e l l  

a s  t h e  a t o m i c  s a n d  d energy levels t o  r e p r o d u c e  a h3nd 

s t r u c t u r e  a p p r o p r i a t e  t o  t h e  h c c  p h a s e  of i r o n  (fig-6) .. T h e s e  

p a r a r c e t e r s  t o g e t h e r  w i t h  the atomic o r b i t a l s  a n d  p o t e n t i a l  a r e  

t h e n  u s e d  t o  c o t ~ p u t e  t h e  H a r c i l t c n i a n  a a t r i c e s  f o r  t h e  clusters 

r e p r e s e n t i n g  b c c ,  fcc, ~ I R O ~ F ~ O U S  and l i q u i d  i r o n -  These c l u s t e r s  

a re  b i g g e r  t h a n  t h o s e  c o n s i d e r e d  i n  t h e  p r e v i o u s  c h a p t e r .  The 

l i q u i d  a n d  t h e  ~ D O ~ F ~ O U S  clusters,  o b t a i n e d  b y  t h e  H o n t e  Carlo 

t e c h n i q u e ,  a r e  o f  365 atoms e a c h ,  w h i l e  the c l u s t e r s  



r e p r e s e n t i n g  t h e  c r y s t a l l i n e  p h a s e s  c o n s i s t  of a b o u t  400 atoms. 

The p a i r  d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  l i q u i d  a n d  t h e  amorphous 

c l u s t e r s  are shown i n  P i g s ,  (1) a n d  (2)  r e s p e c t i v e l y ,  P o r  e a c h  

c l u s t e r ,  t h e  s i z e  of t h e  H a m i l t o n i a n  m a t r i x  i s  k e p t  w i t h i n  

r e a s o n a b l e  l i m i t s  by r e t a i n i n g  the o v e r l a p  i n t e g r a l s  o n l y  u p t o  

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

S i n c e ,  t h e  H a m i l t o n i a n  m a t r i c e s  d e f i n e d  by (6.1) are 

nonsymmetr ic ,  w e  employ  t h e  n c n s p m m e t r i c  r e c u r s i o n  method 

d i s c u s s e d  i n  s e c t i o n  (4.31 (b ) )  , T h e  r e s u l t s  a re  o b t a i n e d  b y  

employ ing  t h e  f r e e  bounda ry  c o n d i t i o n s  t o  t h e  c l u s t e r s ,  I n  

P i g s ,  (15-20) w e  d i s p l a y  t h e s e  r e s u l t s ,  c o m p a r i n g  two s y s t e m s  a t  

a  time, T h e  c u r v e  f o r  b c c  i r o n ,  o b t a i n e d  a s  a c h e c k  a g a i n s t  

known r e s u l t s ,  compares  w e l l  w i t h  t h a t  o b t a i n e d  by  Ca l l away  and 
8 L 

Rang(CU). T h e  two main p e a k s  i n  t h e  d r e g i o n ,  c h a r a c t e r i s t i c  o f  

any bcc  t r a n s i t i o n  metal, a r e  a t  t h e  r i g h t  p l a c e s ,  The s m a l l  

peak  t o w a r d s  t h e  b o t t o m  of t h e  d band t h a t  a p p e a r s  i n  the 

c a l c u l a t i o n  o f  CU is m i s s i n g  from o u r s ,  T h i s  i s  i n d i c a t i v e  of - 
s m a l l e r  s-d h y b r i d i s a t i o n  i n  o u r  model, I n  t h i s  r e s p e c t ,  o u r  

c u r v e  f o r  bcc i r o n  is similar t o  t h a t  o b t a i n e d  b y  G a l l a g h e r  a n d  
131 

Haydock, . w h o  u s e  l o c a l i s e d  d  o r b i t a l s  o b t a i n e d  b y  m i n i m i s i n g  

t h e  h y b r i d i s a t i o n  uith t h e  c o n d u c t i o n  band- The f i n e  s t r u c t u r e  

i n  t h e  DOS curve f o r  s o l i d  i r o n  t h a t  c a n  b e  o b t a i n e d  by t h e  

c o n v e n t i o n a l  B r i l l o u i n  zone  s u m a a t i o n  method,  c a n n o t  b e  s e e n  i n  

o u r  r e s u l t s  f o r  a f i n i t e  cluster (387 a t o m s ) ,  u h e r e ,  i n  o r d e r  t o  

o b t a i n  a  smooth  s p e c t r u m ,  u e  h a v e  a d d e d  a n  i m a g i n a r y  p a r t  e q u a l  

t o  0 - 0 2  Byd, t o  t h e  e n e r g y  (see s e c t i o n  4- 31 ( c )  ) , The DOS, i n  



8 

t h i s  case, is a  set  of d e l t a  f u n c t i o n s  that h a v e  been  b r o a d e n e d  

i n t o  L o r e n t z i a n s  o b s c u r i n g  f i n e  d e t a i l s ,  T h i s  is why t h e  DOS 

c u r v e s  i n  F i g s .  (15-20) d o  n o t  show any  s h a r p  hand e d g e s ,  

Hovever,  t h e s e  c u r v e s  i n d i c a t e  t h a t  t h e  c h a n g e  i n  t h e  b a n d v i d t h  

f rom o n e  s y s t e a  t o  a n o t h e r  is i n a p p r e c i a b l e ,  

The D O S  f o r  t h e  amorphous  i r o n  r e t a i n s  t h e  double-peaked  

s t r u c t u r e  of  b c c  i r o n  i n  t h e  d  r e g i o n ,  w h i l e  t h e  s peak is 

broadened ,  F o r  t h e  l i q u i d ,  t h i s  doub le -peaked  s t r u c t u r e  

v a n i s h e s ,  t h e  peak  t o w a r d s  t h e  b o t t o m  of t h e  band  merg ing  i n t o  a 

s h o u l d e r ,  F o r  bo th  t h e  l i q u i d  a n d  t h e  amorphous  c l u s t e r s ,  t h e  

LDS for  t h e  s s t a t e s  i s  o b s e r v e d  t o  u n d e r g o  s i g n i f i c a n t  c h a n g e s  

f r o m  o n e  s i t e  t o  a n o t h e r ,  The d  s t a t e s  are  a f f e c t e d  t o  a  much 

lesser d e g r e e ,  B e c a u s e  o f  t h e  s m a l l  w e i g h t  a s s o c i a t e d  w i t h  t h e  s 

s t a t e s ,  t h e i r  v a r i a t i o n  f r o m  o n e  s i t e  t o  a n o t h e r  o n l y  s l i g h t l y  

a f f e c t s  t h e  o v e r a l l  D O S  a n d  h e n c e  a v e r a g i n g  o v e r  a f e u  s i tes  

n e a r  t h e  c e n t e r  o f  t h e  c l u s t e r  is s u f f i c i e n t  t o  o b t a i n  t h e  

c o m p l e t e  DOS c u r v e s ,  I n  F i g s .  (15-20),  w e  h a v e  d i s p l a y e d  t h e  

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

t h e  amorphous  and  l i q u i d  c l u s t e r s ,  It i s  i n t e r e s t i n g  t o  n o t e  

t h a t  t h e  DOS f o r  t h e  amorphous  a n d  t h e  l i q u i d  c l u s t e r  i s  closer 

t o  t h a t  of  fcc t h a n  bcc i r o n ,  a r e s u l t  s imilar t o  t h a t  o b t a i n e d  
32 

by Bsano a n d  Yonezawa for  l i q u i d  N i .  Compar i son  of  t h e  D O S  

c u r v e s  f o r  t h e  c r y s t a l l i n e  a n d  t h e  amorphous  p h a s e s  seems t o  

s u g g e s t  t h a t  the s h o r t  r a n g e  o r d e r  i n  t h e  amorphous  s y s t e m  is 

somewhat i n t e r m e d i a t e  between t h e  b c c  a n d  fcc s t r u c t u r e  (F ig -21 )  - 
However, t h i s  c o n c l u s i o n  is only t e n t a t i v e  and  s h o u l d  b e  



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

i n  amorphous  i r o n .  

I n  P i g s .  (15-20) ,  s m a l l  o s c i l l a t i o n s  n e a r  t h e  maximum o f  t h e  

DOS c a r v e s  f o r  t h e  l i q u i d  a n d  t h e  amorphous  c l u s t e r s  are  

a c t u a l l y  s p u r i o u s ,  T h e s e  a r i s e  b e c a u s e  of t h e  small  number of 

r e c u r s i o n  c o - e f  f i c i e n  ts used  i n  t h e  c a l c u l a t i o n -  The 

n o n h e r m i t i c i t y  of t h e  H a m i l t o n i a n  s o m e t i m e s  c a u s e s  t h e  r e c u r s i o n  

c o - e f f  i c i e n t s ,  b7) , t o  become i m a g i n a r y ,  t h u s  s t o p p i n g  t h e  
105 

c h a i n .  Though t h i s  n e v e r  happened  f o r  t h e  c l u s t e r s  r e p r e s e n t i n g  

t h e  c r y s t a l ,  i t  o c c u r r e d  f r e q u e n t l y  f o r  t h e  l i q u i d  a n d  somewhat 

less o f t e n  f o r  t h e  amorphous  c l u s t e r s ,  I n  o b t a i n i n g  t h e  results  

d i s p l a y e d  i n  F i g s -  (15-20) ,  we h a v e  u s e d  5 0  r e c u r s i o n  

c o - e f f i c i e n t s ,  e x c e p t  f o r  t h e  cases where  t h e  c h a i n  had  t o  b e  
t 

t e r m i n a t e d  d u e  t o  bn becoming n e g a t i v e .  The minimon number of 

c o - e f f i c i e n t s  was 1 0  f o r  t h e  l i q u i d  a n d  16 f o r  t h e  amorphous  

c l u s t e r s .  The LDS c a l c u l a t e d  f rom s u c h  s m a l l  number of 

c o - e f f i c i e n t s  s h o w s  s p a r i o u s  peaks ,  s i n c e  i t  c o n s i s t s  of o n l y  a . 

s m a l l  number of L o r e n t z i a n  b r o a d e n e d  d e l t a  f u n c t i o n s .  

Some f e a t u r e s  of t h e s e  r e s u l t s  a re  s n m a a r i s e d  i n  t a b l e  (1). 

Here Ef a n d  #(Ef) d e n o t e  t h e  P e r m i  l e v e l  and  t h e  DOS a t  t h e  

Fermi  l e v e l  r e s p e c t i v e l y ,  a n d  qd s t a n d s  for  t h e  number of d  

e l e c t r o n s  p e r  atom. The s u b s c r i p t s  1 a n d  2 a s s o c i a t e d  w i t h  B ( E f )  

i m p l y  res n l t s  o b t a i n e d  by employ ing  t w o  d i f f e r e n t  s m o o t h i n g  

p r o c e d u r e s ,  t h e  former r e f e r r i n g  t o  t h e  L o r e n t z i a n  b r o a d e n i n g  of  

d e l t a  f u n c t i o n s  a n d  t h e  l a t t e r  t o  t h e  method b a s e d  on t h e  

d i f f e r e n t i a t i o n  of t h e  mean of t h e  u p p e r  and  l o w e r  bounds  t o  t h e  



i n t e g r a t e d  d e n s i t y  of s t a t e s ,  and implemented i n  s u b r o u t i n e  

BECTAB of t h e  Cambridge Recurs ion  L ibrary  (see C ,  l•÷- Nex, 

Ref ,107)- We n o t e  t h a t  t h e r e  is n o  s i g n i f i c a n t  change  i n  t h e  

number of d  e l e c t r o n s  due t o  a change of phase ,  



TABLE (1) 

Some c h a r a c t e r i s t i c s  of  t h e  DOS i n  s o l i d ,  l i q u i d  

and amorphous i r o n ,  o b t a i n e d  by u s i n g  nonsymmetric 

hami l ton ian  m a t r i c e s  

I I I I I 
# I 

I 
I CLUSTER I I * I I 
I I E f  I N ( E f ) l  1 N ( E f ) 2  1 nd I 
I I I 1 
I 
I 

I (Ryd. ) s t a t e s / -  s t a t e s / -  f e l e c -  
I I I atom/Ryd. I atom/Ryd. I t r o n s / ~  
I I I I ' a tom L - - - - - , - , - - - - - - - J - - - - - - l - - - - - - - - - l - I - - - - l  . 
1 1 1 1 I I 
I 
I 
I 

BCC 
I 

1 
I 
I 

LIQUID 
I 

* R e s u l t s  o b t a i n e d  by adding an imaginary  p a r t  

e q u a l  t o  0.02 Ryd. t o  t h e  energy .  

# R e s u l t s  o b t a i n e d  by us ing  t h e  s u b r o u t i n e  

RECTAB of t h e  Cambridge Recurs ion L i b r a r y  

( r e f e r e n c e  t@7) . 



FIGURE CAPTIONS 

FIG. (15-20). 

DOS in various clusters obtained by applying 

the recursion method to nonsymmetric Hamiltonian 

matrices(eqn. 3.37). The vertical axis is 

labelled in states/Ryd./atom. The curves have 

been obtained by adding an imaginary part 

E = 0.02 Ryd. to the energy. 

FIG. (21). 

DOS in bcc, amorphous and fcc clusters obtained 

by applying the recursion method to nonsymmetric 

Hamiltonian matrices(eqn. 3.37). The vertical 

axis is labelled in states/Ryd./atom. The curves 

have been obtained by adding an imaginary part 

= 0.02 Ryd. to the energy. 
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6.1 (b) SYMHETRIC H A f l Z L T O H I A N  

S i n c e  t h e  h y b r i d i s a t  i o n  g a p  p r o d u c e d  i n  t h e  n o n s y m m e t r i c  
82 

H a m i l t o n i a n  m o d e l  is smaller t h a n  t h a t  i n  t h e  c a l c u l a t i o n  of CW, 

we r e s o r t e d  t o  a d i f f e r e n t  LCAO s c h e m e  w i t h  more a d  j u s t a b l e  

p a r a a e t e r s  i n  a n  a t t e m p t  t o  b e t t e r  r e p r e s e n t  t h e  h y b r i d i s a t i o n ,  

I n  s e c t i o n  (3-  3)  we d i s c u s s e d  t h i s  a l t e r n a t i v e  p a r a m e t e r i s a t i o n  

s c h e m e ,  i n  w h i c h  we d i r e c t l y  ~arameterise t h e  m a t r i x  e l e m e n t s  o f  

t h e  H a m i l t o n i a n  by fitting t o  t h e  b a n d  s t r u c t u r e  o f  CY, T h i s  

s c h e m e  g e n e r a t e s  a s y l a a e t r i c  H a m i l t o n i a n ,  i- e, , 

We u s e  t h e  p a r a m e t e r s  o b t a i n e d  by f i t t i n g  t o  t h e  b a n d  s t r u c t u r e  

of CW t o  c o m p u t e  t h e  H a m i l t o n i a n  matrices f o r  t h e  same c l u s t e r s  

c o n s i d e r e d  i n  t h e  p r e v i o u s  section(6~7(~~),~ywmetric v e r s i o n  of 

t h e  r e c u r s i o n  me thod  o u t l i n e d  i n  s e c t i o n  4 . 3 1 ( a )  was u s e d  t o  

c a l c u l a t e  t h e  LDS i n  v a r i o u s  c l u s t e r s ,  I n  a l l  c a l c u l a t i o n s  50 

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

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

c l u s t e r s  t h e  D O S  was o b t a i n e d  by a v e r a g i n g  t h e  L D S  o v e r  4 s i t e s  

c h o s e n  n e a r  t h e  c e n t e r ,  These r e s u l t s  a r e  d i s p l a y e d  i n  

F i g s .  (22-27), w h e r e  w e  c o m p a r e  t w o  s y s t e m s  a t  a  time- T h e s e  

c u r v e s  a re  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  s ~ a l l e r  c l u s t e r s  ( 1 2 5  

a t o m s )  c o n s i d e r e d  i n  chap .5 .  T h e  t w o  ma in  p e a k s  f o r  t h e  LDS i n  

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

n o n s y m m e t r i c  H a m i l t o n i a n ,  T h o u g h  t h e  s - d  h y b r i d i s a t i o n  g a p  is 



l a r g e r  in t h i s  e a s e  (compare  P i g s ,  (6) a n d  ( 8 ) ) ,  u e  still d o  n o t  

o b t a i n  t h e  s m a l l  peak n e a r  the b o t t o m  of t h e  d-band, which 

a p p e a r s  i n  t h e  c a l c u l a t i o n  of ca. 

Though t h e s e  c u r v e s  are d i f f e r e n t  ( i n  terms of  t h e  r e l a t i v e  

peak  h e i g h t s )  f rom t h e  c o r r e s p o n d i n g  c a r v e s  f o r  t h e  nonsymmetr ic  

H a m i l t o n i a n s ,  t h e  c h a n g e  o b s e r v e d  from one  s y s t e m  t o  a n o t h e r  is 

e s s e n t i a l l y  t h e  same- F o r  example ,  t h e r e  is n o  a p p r e c i a b l e  

c h a n g e  i n  t h e  bandwidth .  T h e  LDS f o r  t h e  amorphous  o r  t h e  l i q u i d  

cluster is  closer t o  t h a t  of t h e  fcc t h a n  bcc i r o n .  The c u r v e  

f o r  t h e  amorphous  c l u s t e r  l ies  i n  be tween  t h o s e  of t h e  bcc a n d  

fcc i r o n  ( P i g . 2 8 ) ,  i n d i c a t i n g  t h a t  t h e  s h o r t  r a n g e  o r d e r  i n  t h e  

amorphous c l u s t e r  i s  i n t e r m e d i a t e  be tween  t h e  two c r y s t a l l i n e  

s t r u c t u r e s ,  The  smaller o f  t h e  two p e a k s  i n  t h e  k c c  p h a s e  

g r a d u a l l y  m e r g e s  i n t o  a s h o u l d e r  a s  ue  go  from t h e  b c c  t o  t h e  

amorphous  a n d  t h e n  t o  t h e  l i q u i d  phase -  

I n  t a k l e ( 2 )  we i n d i c a t e  t h e  P e r m i  l e v e l ,  t h e  DOS a t  t h e  

F e r m i  l e v e l  a n d  t h e  number of d  e l e c t r o n s  f o r  v a r i o u s  c l u s t e r s .  - 

The DOS a t  the Permi  l e v e l  is s l i g h t l y  h i g h e r  ( e x c e p t  f o r  the 

b c c  s y s t e m )  t h a n  t h a t  f o r  t h e  nonsymmet r i c  H a m i l t o n i a n s ,  w h i l e  

t h e  number of d e l e c t r o n s  e s s e n t i a l l y  r e m a i n s  u n a l t e r e d ,  
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Some c h a r a c t e r i s t i c s  of  t h e  DOS i n  s o l i d ,  l i q u i d  
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p a r t  e q u a l  t o  0.02 Ryd. t o  t h e  ene rgy .  



FIGURE CAPTIONS 

FIG.  ( 2 2 - 2 7 ) .  

DOS i n  v a r i o u s  c l u s t e r s  o b t a i n e d  b y  a p p l y i n g  

t h e  r e c u r s i o n  m e t h o d  t o  t h e  s y m m e t r i c  H a m i l t o n i a n  

m a t r i c e s ( e q n .  3.41-3). T h e  v e r t i c a l  a x i s  i s  l a b e l l -  

ed  i n  s t a t e s / R y d . / a t o m .  The  c u r v e s  h a v e  b e e n  

o b t a i n e d  by  a d d i n g  a n  i m a g i n a r y  p a r t  E = 0 . 0 2  R y d .  

t o  t h e  e n e r g y .  

FIG.  ( 2 8 )  . 
DOS i n  b c c ,  a m o r p h o u s  a n d  f c c  c l u s t e r s  o b t a i n e d  

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

H a m i l t o n i a n  m a t r i c e s  ( e q n .  3.41-5). T h e  v e r t i c a l  

a x i s  i s  l a b e l l e d  i n  s t a t e s / R y d . / a t o m .  T h e  c u r v e s  

h a v e  b e e n  o b t a i n e d  b y  a d d i n g  a n  i m a g i n a r y  p a r t  

€ =  0 . 0 2  Ryd.  t o  t h e  e n e r g y .  
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I n  P i g s ,  ( 2 9 , 3 0 )  w e  h a v e  c o m p a r e d  t h e  D O S  o b t a i n e d  by u s i n g  

two d i f f e r e n t  H a m i l t o n i a n  a a t r i c e s  for  t h e  bcc a n d  t h e  a m o r p h o u s  

c l u s t e r s ,  R h i l e  the c u r v e s  for t h e  b c c  c l u s t e r  refer t o  t h e  LDS 

a t  a s i n g l e  s i t e ,  t h e  c u r v e s  f o r  t h e  a m o r ~ h o u s  c l u s t e r  show the 

LDS a v e r a g e d  over the same f o u r  s ites for the t w o  H a m i l t o n i a n s ,  

T h e  peak  t o w a r d s  t h e  t o p  of t h e  band,  d u e  t o  t h e  s s t a t e s ,  

occurs at a h i g h e r  e n e r g y  for t h e  n o n s y m m e t r i c  H a m i l t o n i a n ,  T h e  

d band  w i d t h  is a l i t t l e  larger for  t h e  s y m m e t r i c  H a m i l t o n i a n .  



FIGURE CAPTIONS 

FIG. ( 2 9 , 3 O ) .  

Compar i son  of  t h e  D O S  o b t a i n e d  b y  t h e  two 

d i f f e r e n t  LCAO schemes  ( s e c t i o n s  3 . 1  and  3 . 3 )  

f o r  b c c  and amorphous  c l u s t e r s .  



DENSITY OF STATES 
IN BCC Fe 

FIG. ( 2 9 )  

Legend 
NONSYM. HAM 

SYM. HAM. ---------------- 
I I I I 1 

, 2 - 1 -0.8 -0.6 -0.4 -0.2 0 0.2 

ENERGY Ryd. 



DENSITY OF STATES 
IN AMORPHOUS Fe 

FIG. (30) 



6.2 HYBRIDISATION EFFECTS - -- 
To f i n d  t h e  e f f e c t  o f  h y b r i d i s a t i o n  i n  o u r  model,  we h a v e  

c a l c u l a t e d  t h e  d e n s i t y  of d  s t a t e s  v i t h  t h e  f u l l  H a m i l t o n i a n  ( s  

and d  o r b i t a l s  on e a c h  s i t e )  and  t h e  H a m i l t o n i a n  g e n e r a t e d  b y  

t h e  d o r b i t a l s  o n l y -  I n  P i g s .  (31,32)  ue  show t h e  d  d e n s i t y  o f  

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

amorphous  c l u s t e r s ,  T h e  c u r v e s  f o r  t h e  b c c  c l u s t e r  refer t o  t h e  

LDS a t  a  s i n g l e  s i t e ,  w h i l e  t h e  c u r v e s  f o r  t h e  amorphous  c l n s t e r  

h a v e  been o b t a i n e d  by a v e r a g i n g  over t h e  s a n e  f o u r  s i tes,  B e  

h a v e  u s e d  o n l y  t h e  nonsymmetr ic  H a m i l t o n i a n  model f o r  t h e s e  

c a l c u l a t i o n s ,  f o r  t h i s  model, t h e  e f f e c t  o f  h y b r i d i s a t i o n  on  t h e  

d-band w i d t h  i s  n o t  s i g n i f i c a n t ,  T h e r e  is a s ~ a l l  i n c r e a s e  i n  

t h e  band w i d t h  d u e  t o  t h e  h y b r i d i s a t i o n ,  b u t  no  a p p r e c i a b l e  

c h a n g e  n e a r  t h e  F e r m i  l e v e l  is o b s e r v e d .  We r e c a l l  t h a t  f o r  t h i s  

model t h e  s i z e  cf t h e  h y b r i d i s a t i o n  g a p  i s  small compared w i t h  

t h a t  i n  t h e  band  s t r u c t u r e  of CW and  h e n c e  t h e  a b o v e  r e s u l t  i s  - 

n o t  s u r p r i s i n g -  For  t h e  s y m m e t r i c  H a m i l t o n i a n  model,  t h e  

h y b r i d i s a t i o n  g a p  is  l a r g e r ,  Hence f o r  t h a t  model, w e  e x p e c t  a  

more p ronounced  e f f e c t  o f  t h e  h y b r i d i s a t i o n  on t h e  DOS, 

The effect of h y b r i d i s a t i o n  on t h e  LDS f o r  t h e  s s t a t e s  is 

more pronounced ,  I n  P i g - 3 3  ue show t h e  s DOS ( a v e r a g e d  o v e r  4 

sites) i n  amorphous  c l u s t e r  w i t h  a n d  w i t h o u t  h y b r i d i s a t i o n ,  The 

p e a k s  i n  t h e  DOS f o r  t h e  s s t a t e s  are o b s e r v e d  t o  b e  pushed 

o u t w a r d s  a s  a  r e s u l t  o f  h y b r i d i s a t i o n  w i t h  t h e  d s ta tes .  S i m i l a r  

e f f e c t  is e x p e c t e d  f o r  t h e  s s t a t e s  i n  t h e  l i q u i d  c l u s t e r ,  



FIGURE CAPTIONS 

FIG. (3l,32). 

Density of d states in bcc and amorphous 

clusters with and without hybridisation 

(nonsymmetric Hamiltonian model). 

FIG. 33. 

Density of s states in amorphous cluster 

with and without hybridisation (nonsymmetric 

Hamiltonian model). 
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6.3  S I Z E  EFFECTS -- --- ----- 
P i g s ,  (34,37) d i s p l a y  t h e  d e n s i t y  of states o b t a i n e d  f o r  t h e  

symmet r i c  H a m i l t o n i a n  model a p p l i e d  t o  t h e  clusters w i t h  3 6 5  a n d  

125  atoms, The  e f f e c t  d u e  t o  t h e  c l u s t e r  s i z e  on t h e  d e n s i t y  of 

d  s t a t e s  is n e g l i g i b l e .  S i n c e ,  i n  b o t h  t h e  l i q u i d  clusters t h e  

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

t o  a n o t h e r  ( i n  terms o f  t h e  p e a k  ~ o s i t i o n s  a n d  t h e  h e i g h t s ) .  o n e  

h a s  t o  o b t a i n  a n  a v e r a g e  o v e r  a l a r g e  number of sites t o  r e s o l v e  

any d i f f e r e n c e  d u e  . t o  t h e  c l u s t e r  s i z e  on ly ,  Oar r e s u l t s  show a n  

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

t h e  s m a l l e r ,  T h e  m u l t i p l e  s u b p e a k s  i n  t h e  main peak  t o w a r d s  t h e  

t o p  o f  t h e  s band i n  t h e  l i q u i d  c l u s t e r s  are  due  t o  a v e r a g i n g  

o v e r  i n s u f f i c i e n t  number of s i tes ,  I n  t h i s  case w e  c a n n o t  say 

a n y t h i n g  c o n c l u s i v e  a b o u t  t h e  s i z e  effect, F o r  t h e  amorphous  

c a s e ,  t h e  two main p e a k s  i n  t h e  s band  seem t o  b r o a d e n  w i t h  a n  

i n c r e a s e  i n  t h e  c l u s t e r  s i ze ,  Whatever  t h e  effect of t h e  s y s t e m -  

size on t h e  s DOS may be, due t o  t h e i r  s m a l l  w e i g h t  o n  t h e  t o t a l  

DOS me e x p e c t  v e r y  l i t t l e  c h a n g e  i n  t h e  la t ter  a s  t h e  s y s t e m  

size is i n c r e a s e d  from 125 t o  365, I n  a n y  c a s e ,  t h e r e  is no  

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

H a m i l t o n i a n  model. 



FIGURE C A P T I O N S  

FIG.  ( 3 4 - 3 7 )  

E f f e c t  o f  c l u s t e r  s i z e  o n  t h e  D O S  o b t a i n e d  

by  u s i n g  t h e  s y m m e t r i c  H a m i l t o n i a n  m o d e l .  
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V I I ,  CBAPTEB ( 7 )  

STUDY TBE D O P A G A T I N G  CHARACTER Or TEE STATES -- 
I n  t r a n s i t i o n  m e t a l s  l i k e  i r o n ,  t h e  e lec t r ica l  t r a n s p o r t  

p r o p e r t i e s  are o f t e n  d e s c r i b e d  a c c o r d i n g  t o  a p i c t u r e  d e v e l o p e d  
132 

by n o t t ,  which d i v i d e s  t h e  c o n d u c t i o n  e l e c t r o n s  i n t o  two  

c a t e g o r i e s ,  namely t h e  s a n d  t h e  d  e l e c t r o n s ,  T h u s  o n e  can  

c a l c u l a t e  t h e  e l e c t r i c a l  c o n d u c t i v i t y  b y  u t i l i s i n g  t h e  Boltzmann 

e q a a t i o n  a n d  making a n  a s s u m p t i o n  a b o u t  w h i c h  of t h e s e  two t y p e s  

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

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

a s s u m p t i o n  t h a t  it is t h e  s e l e c t r o n s  t h a t '  p r o v i d e  t h e  e f f e c t i v e  
133 

c u r r e n t .  On t h e  o t h e r  hand, c a l c u l a t i o n s  b a s e d  on  a h y b r i d  

n e a r l y  free e l e c t r o n  t i g h t - b i n d i n g  (IPE-TB) model a n d  t h e  

Kobo-Greenwood f o r m u l a  i n d i c a t e  i m p o r t a n t  d e l e c t r o n  
13+ 

c o n t r i b u t i o n  t o  t h e  electrical  c o n d u c t i v i t y  i n  s u c h  sys tems .  I n  

o r d e r  t o  s h e d  some l i g h t  o n  t h i s  i s s u e ,  we h a v e  s t u d i e d  t h e  

p r o p a g a t i n g  c h a r a c t e r  of t h e  s a n d  t h e  d  states i n  v a r i o u s  
cq 

c l u s t e r s .  We employ  a method u s e d  by B a l l e n t i n e  to c a r r y  o u t  

s i m i l a r  s t u d i e s  i n  l i q u i d  La ,  

' P o r  t h e  v a r i o u s  c l u s t e r s ,  we form B l o c h - l i k e  r u n n i n g  waves 



-+ 
where R; d e n o t e  t h e  positions of t h e  a t o m i c  sites and 

t h e  14;) * S  a r e  e i t h e r  t h e  s o r  t h e  d s t a t e s .  Y e  t h e n  c a l c u l a t e  
( r l )  

t h e  e l e c t r o n i c  D O S  ~ r o j e c t e d  o n t o  t h i s  s t a t e  i ~ - r ) -  T h i s  
K 

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

s t u d i e d  a s  a f u n c t i o n  of K, If  t h e  s p e c t r a l  f u n c t i o n  chows  a 

s h a r p  peak a t  a  p a r t i c u l a r  e n e r g y ,  t h e n  t h i s  e n e r g y  E c a n  b e  

a s s o c i a t e d  w i t h  t h e  c o r r e s p o n d i n g  K v a l u e ,  A s h i f t  i n  t h e  p e a k  

p o s i t i o n  w i t h  c h a n g i n g  K wonld t h e n  s u g g e s t  a d i s p e r s i o n  ( E  v s -  

K )  r e l a t i o n  a n d  h e n c e  a p r o p a g a t i n g  c h a r a c t e r  of t h e  s t a t e s -  The  

a b s e n c e  of  s u c h  a v a r i a t i o n  c a n  b e  t a k e n  a s  a n  i n d i c a t i o n  o f  

w e a k l y  p r o p a g a t i n g  o r  n o n p r o p a g a t i n g  states,  T h i s  m e t h o 3  o f  

s t u d y i n g  t h e  p r o p a g a t i n g  c h a r a c t e r  of t h e  states can b e  

considered a s  t h e  K-space a n a l o g u e  of the m e t h o d  t h a t  s t u d i e s  

t h e  i m a g i n a r y  p a r t  o f  t h e  Green's f u n c t i o n  a s  a f u n c t i o n  of the 
33 S 

p o s i t i o n  i n  r e a l  s p a c e ,  S i m i l a r  s t u d i e s  h a v e  bee3 ca r r i ed  o u t  
13 6 

b y  P u j i w a r a  a n d  Tanabe o n  m o d e l  a m o r p h o u s  systems w i t h  

h y d r o g e n - l i k e  1s wave f u n c t i o n s ,  

Figs. ( 3 8 , 3 9 )  show the s a n d  t h e  d  s t a t e  s p e c t r a l  f u n c t i o n s  

f o r  s e v e r a l  v a l u e s  of K f o r  t h e  l i q u i d  c l u s t e r ,  o h t a i n e d  by  

u s i n g  t h e  n o n s y r n a e t r i c  I l a i n i l t o n i a n  mode l l  F i g s .  (4i),4 1) sfrow 

s i m i l a r  c u r v e s  f o r  the a m o r f . h o u +  s y s t e m ,  The s s t a t e  s p e c t r a l  

f u n c t i o o s  e x h i b i t  w e l l - d e f i n e d  peaks, a l t h o u g h  t h e y  a r e  q u i t e  

b r o a d  i n  t h e  m i d b a n d  r e g i o n  w h e r e  s - d  h y b r i d i s a t i o n  i s  s t r o r i g .  

The p o s i t i o n s  o f  the peaks yield a d i s p e r s i o n  r e l a t i o n ,  

s u g g e s t i n g  p r o p a g a t i n g  n a t u r e  o f  t h e s e  states, I n  o t h e r  w o r d s  

t h e s e  s t a t e s  r e t a i n  t h e  memory o f  t h e  b a n d  s t r u c t u r e  i n  the 



s o l i d  t o  a l a r g e  e x t e n t .  The  d  s t a t e  s p e c t r a l  f u n c t i o n s ,  on t h e  

o t h e r  hand, show a l n o s t  c o m p l e t e  l a c k  o f  s u c h  memory. T h e s e  

c u r v e s ,  shown i n  F i g s -  (39 ,41) ,  e x h i b i t  v e r y  l i t t l e  K-dependence. 

F o r  b o t h  t h e  amorphous  a n d  t h e  l i q u i d  c l u s t e r s ,  t h e s e  d  s t a t e  

s p e c t r a l  f u n c t i o n s  show a s h a r p  peak  f o r  small K ,  which 

g r a d u a l l y  becomes  b r o a d  a s  t h e  K v a l u e  is i n c r e a s e d .  T h e r e  is a  

s m a l l  c h a n g e  i n  t h e  peak p o s i t i o n  w i t h  c h a n g i n g  K f o r  t h e  

amorphous c l u s t e r ,  F o r  t h e  l i q u i d  c l u s t e r  t h i s  c h a n g e  is a l m o s t  

i m p e r c e p t i b l e .  T h u s  t h e  d i s p e r s i o n  r e l a t i o n  fo r  t h e  d  s ta tes  i n  

t h e  l i q u i d  is a l m o s t  f l a t ,  w h i l e  t h e r e  is, p e r h a p s ,  a v e r y  small 

c h a n g e  o f  E w i t h  K i n  t h e  amorphous  c l u s t e r ,  I n  view of t h e s e  

results, o n e  c a n  a t  b e s t  c o n c l u d e  t h a t  t h e s e  s ta tes  a r e  o n l y  

weakly p r o p a g a t i n g ,  F a r  compar i son ,  i n  Fig ,  (42) , w e  show s i m i l a r  

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

d e f i n i t e  d i s p e r s i o n  c a n  be s e e n ,  H e  c o n c l u d e  t h a t  t h e  s e l e c t r o n  

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

d i s o r d e r e d  p h a s e s ,  while t h e  d  s t a t e s  a p p e a r  t o  l o s e  t h i s  

p r o p e r t y  t o  a c o n s i d e r a b l e  e x t e n t ,  
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FIG. (38,39). 

s and d state spectral functions for liquid 

iron (nonsymmetric Hamiltonian model). 

FIG. (40,41). 

s and d state spectral functions for 

amorphous iron (nonsymmetric Hamiltonian 

model). 

FIG.42. 

d state spectral functions for bcc iron 

(nonsymmetric Hamiltonian model). 
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F i g s ,  (43,46) e x h i b i t  t h e  r e s u l t s  of s imi la r  s t u d i e s  done  on 

t h e  s y m n e t r i c  H a a i l t o n i a n  model. F o r  b o t h  t h e  amorphous a n d  t h e  

l i q u i d  c l u s t e r s  ( P i g s ,  43,45), t h e  s s t a t e  s p e c t r a l  f u n c t i o n s  

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

o f  t h e s e  s t a t e s .  T h e  d s t a t e  s p e c t r a  are  s h a r p l y  peaked f o r  

s m a l l  K .  T h e s e  p e a k s  b r o a d e n  t o  some e x t e n t  a s  t h e  K v a l u e  is 

i n c r e a s e d .  However, t h e r e  is no  a p p r e c i a b l e  c h a n g e  i n  t h e  peak 

p o s i t i o n ,  F o r  h i g h e r  v a l u e s  o f  K, t h e s e  c u r v e s  l o o k  l i k e  t h e  

l o c a l  d e n s i t y  o f  s t a t e s  i n  t h e s e  s y s t e m s .  It seems t h a t  t h e  d 

s t a t e s  a r e  o n l y  weak ly  p r o p a g a t i n g  compared  to  t h e  s s t a t e s  i n  

t h e s e  s y s t e m s .  



FIGURE C A P T I O N S  

s and d state spectral functions for liquid 

iron (symmetric Hamiltonian model). 

FIG. (45,46). 

s and d state spectral functions for amorphous 

iron (symmetric Hamiltonian model). ' 
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I n  P i g s ,  (38-46), we have  c o n s i d e r e d  t h e  K v a l u e s  i n  a  

p a r t i c u l a r  d i r e c t i o n  (001) o n l y ,  F o r  a p r o p e r  c o m p a r i s o n  o n e  

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

v a l u e  o f  K, However, i n  a r andomly  d i s o r d e r e d  s y s t e m  l i k e  t h e  

l i q u i d  t h e r e  s h o u l d  be n o  s i g n i f i c a n t  d e p e n d e n c e  o f  t h e  r e s u l t s  

on t h e  o r i e n t a t i o n  of K v i t h  r e s p e c t  t o  t h e  s i d e s  o f  t h e  cube ,  

We have p e r f o r m e d  some c a l c u l a t i o n s  t o  v e r i f y  t h i s  f o r  t h e  

l i q u i d  c l u s t e r  i n  b o t h  t h e  s y m m e t r i c  a n d  t h e  nonsymmet r i c  

H a m i l t o n i a n  models ,  F i g s ,  (47-50) shov  the r e s u l t s  f o r  t h e  

nonsya lmet r ic  Hazui l ton ian  model ,  w h i l e  P i g s ,  (5 1-53) show s imilar  

r e s u l t s  f o r  t h e  syzamet r ic  H a n i l t o n i a n  model,  I n  b o t h  models ,  t h e  

s s t a t e  s p e c t r a  f o r  a  p a r t i c u l a r  K v a l u e  i n  v a r i o u s  d i r e c t i o n s  

s h o v  some c h a n g e  i n  t h e  peak  h e i g h t s  a n d  some f i n e  s t r u c t u r e ,  

a l t h o u g h  t h e  peak p o s i t i o n  r e m a i n s  t h e  same, T h i s  is most 

p r o b a b l y  d u e  t o  t h e  f ac t  t h a t  t h e s e  s t a t e s  h a v e  somewhat l a r g e  

o r b i t  a n d  fee l  t h e  p r e s e n c e  o f  t h e  b o u n d a r y  t o  some e x t e n t .  The 

d  s ta tes  a re  more l o c a l i s e d  t h a n  t h e  s a n d  less p r o n e  t o  t h e  

effects of t h e  f i n i t e  c l u s t e r  size, T h u s  t h e  d  s t a t e  s p e c t r a  

e s s e n t i a l l y  r e m a i n  u n a l t e r e d  f o r  v a r i o u s  d i r e c t i o n s  of K. S i n c e  

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

d i r e c t i o n  of K, o u r  c o n c l a s i o n s  r e g a r d i n g  t h e  n a t u r e  of t h e  s 

and  t h e  d s t a t e s  are, t h e r e f o r e ,  n o t  subject t o  a n y  c h a n g e s ,  
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Spectral functions for s and d states in liquid 

4 

iron cluster(365 atoms) with K in various 

directions, but having a constant magnitude 

(indicated i n  a.u.) 

FIG.(47-50) show results for the nonsymmetric 

Hamiltonian model. 

FIG.47. s state, - 

FIG.48. s state, 

FIG.49. d state, 

FIG.50: d state, 
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PIG.  (48) 
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FIG. ( 5 0 )  



FIGURE CAPTIONS 

S p e c t r a l  f u n c t i o n s  f o r  s a n d  d  s t a t e s  i n  l i q u i d  - 
i r o n  c l u s t e r ( 3 6 5  a t o m s )  w i t h  K i n  v a r i o u s  

d i r e c t i o n s ,  b u t  h a v i n g  a  c o n s t a n t  m a g n i t u d e  

( i n d i c a t e d  i n  a . u . )  

F I G . ( 5 1 - 5 3 )  show r e s u l t s  f o r  t h e  s y m m e t r i c  

H a m i l t o n i a n  m o d e l .  

F I G . 5 1 .  d s t a t e ,  

F I G . 5 2 .  s s t a t e ,  

F I G . 5 3 .  s s t a t e ,  



FIG. (51) 





FIG. (53) 



CONflENTS A N D  CONCLUSIONS --- - -- 
I n  t h i s  s e c t i o n  we compare  o u r  r e s u l t s  with s i m i l a r  

c a l c u l a t i o n s  c a r r i e d  o u t  fo r  l i q u i d  and  amorphous  i r o n ,  We a l s o  

i n d i c a t e  how o u r  r e s u l t s  compare  wi th  t h e  a v a i l a b l e  e x p e r i m e n t a l  

d a t a  on t h e s e  s y s t e m s ,  And f i n a l l y  w e  p r e s e n t  a summary of t h e  

r e s u l t s  of t h e  p r e s e n t  c a l c u l a t i o n .  

8.1 COHPARISOA WITH OTHER CALCULATIONS 

T i g h t - b i n d i n g  cluster c a l c u l a t i o n s  l i k e  ours  h a v e  been 
3s 

c a r r i e d  o u t  o n  m o d e l s  of l i q u i d  a n d  amorphous  i r o n  by F u j i v a r a  
3 6  

a n d  Fu j i w a r a  a n d  Tanabe.  Bowever, t h e  Hamil t o n i a n  m a t r i c e s  u s e d  

i n  t h e s e  c a l c u l a t % o n s  c o n s i s t  of d  s t a t e s  only a n d  h e n c e  t h e s e  

c a l c u l a t i o n s  d o  n o t  c o n s i d e r  t h e  h y b r i d i s a t i o n  e f f e c t s ,  Also t h e  

t r a n s f e r  m a t r i x  e l e m e n t s  i n  t h e s e  c a l c u l a t i o n s  a re  somewhat 

a r t i f i c i a l  i n  t h a t  t h e y  are assumed t o  h a v e  a  c e r t a i n  d i s t a n c e  

dependence ,  The= are e x p r e s s e d  i n  terms of t h e  Slater  and 
137 

Roster h o p p i n g  p a r a m e t e r s  ( d d s  , dd ~ , 8 8 &  ) a n d  t h e  l a t t e r  are 

assumed t o  h a v e  a form 



4 where  ,& s t a n d s  f o r  e i t h e r  of 6.T o r  & a n d  R i j  is t h e  v e c t o r  

j o i n i n g  t h e  si tes i a n d  j, and V p  a n d  A p  are c o n s t a n t s  depend ing  

on  t h e  p a r t i c u l a r  hopp ing  p a r a m e t e r .  T h i s  is i n  c o n t r a s t  w i t h  

o u r  c a l c u l a t i o n ,  whe re  i n s t e a d  o f  a s s u m i n g  a n  a r b i t r a r y  form f o r  

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

t h e  a c t u a l  i n t e r a t o m i c  s e p a r a t i o n s ,  

The D O S  i n  t h e  c a l c u l a t i o n  o f  F u j i v a r a  a n d  Tanabe ,  o b t a i n e d  

by  employing  t h e  moment method, shows  q u a l i t a t i v e  r e s e m b l a n c e  

w i t h  o u r  results .  F o r  example,  t h e  D O S  f o r  t h e  l i q u i d  is 

s i n g l e - p e a k e d ,  w h i l e  t h a t  f o r  t h e  amorphous  c l u s t e r  is 

double-peaked ,  t hough  the d i f f e r e n c e  i n  t h e  peak  h e i g h t s  is much 

s m a l l e r  t h a n  i n  o a r s .  The d band  w i d t h  f o r  t h e  amorphous  cluster 

is a p p r o x i m a t e l y  t h e  same a s  i n  o u r  c a l c u l a t i o n s  ( 0-5Ryd.) - 
However, t h e y  o b t a i n  a l a r g e r  d band  w i d t h  f o r  t h e  l i q u i d ,  w h i l e  

no  a p p r e c i a b l e  change  i n  t h e  band w i d t h  i s  o b s e r v e d  i n  o u r  

c a l c u l a t i o n s .  T h e  d e n s i t y  of t h e  d  s t a t e s  a t  t h e  Fe rmi  l e v e l  i s  

s m a l l e r  i n  t h e i r  c a l c u l a t i o n  ( 30 s t a t e s / a t o m / R y d .  f o r  amorphous 

and  26 s t a t e s / a t o m f R y d .  fo r  t h e  l i q u i d  i r o n ,  c o n p a r e d  t o  34 

s t a t e s / a tom/Byd .  f o r  amorphous a n d  30 s t a t e s / a t o m / F t y d ,  for t h e  

l i q u i d  i n  o u r  c a l c u l a t i o n ) ,  However t h e  F e r m i  l e v e l  i n  t h e i r  

c a l c u l a t i o n  i s  o n l y  a p p r o x i m a t e ,  s i n c e  it is o b t a i n e d  by 

a s suming  t h a t  t h e s e  a r e  7 d e l e c t r o n s  p e r  atom i n  t h e  l i q u i d  a n d  

t h e  amorphous  s y s t e m s .  T h i s  number v a r i e s  be tween  7.4 a n d  7.5 

a c c o r d i n g  to  o u r  c a l c u l a t i o n s  (see t ab l e s  (7)  and  (2) ) - 
Pu j iwara's r e s u l t s ,  o b t a i n e d  by e m p l o y i n g  t h e  r e c u r s i o n  

~ e t h o d ,  a r e  s i m i l a r  t o  t h o s e  o b t a i n e d  b y  F u j i w a r a  a n d  Tanabe. 



The LDS i n  b o t h  c l u s t e r s  is f o u n d  t o  u n d e r g o  s i g n i f i c a n t  c h a n g e s  

f r o m  o n e  s i t e  t o  a n o t h e r .  Such d r a s t i c  c h a n g e s  a r e  n o t  s e e n  i n  

o u r  c a l c u l a t i o n s ,  
3 7  

A r e c e n t  c a l c u l a t i o n  for  amorphous  i r o n  b y  F u j i u a r a ,  b a s e d  

on  t h e  l i n e a r  c o m b i n a t i o n  o f  e u f f i n - t i n  o r b i t a l  method i n  t h e  

a t o m i c  s p h e r e  a p p r o x i m a t i o n  ( s e e  B u l l e t t ,  R e f ,  95  , s e c t i o n  1 5 )  , 
o f f e r s  b e t t e r  a g r e e m e n t  w i t h  o u r  results.  I n  t h i s  c a l c u l a t i o n  

t h e  model c o n s i s t s  o f  b o t h  t h e  s a n d  t h e  d  e l e c t r o n  states,  The  

d e n s i t y  o f  s t a t e s  a t  t h e  Pe rmi  l e v e l  (-31 s ta tes /a tom/Ryd. )  is 

c l o s e  t o  t h e  v a l u e  o b t a i n e d  b y  u s  ( 3 4  s t a t e s / a t o m / R y d - ) ,  T h i s  

c a l c u l a t i o n  by  F u j i w a r a  shows s i g n i f i c a n t  c h a n g e  i n  t h e  D O S  d u e  

t o  s-d h y b r i d i s a t i o n  i n  t h e  e n t i r e  e n e r g y  r a n g e ,  The c u r v e  f o r  

t h e  u n h y b r i d i s e d  d  d e n s i t y  of s t a t e s  i s  much n a r r r o w e r  t h a n  t h e  

h y b r i d i s e d  one.  Also t h e  d o u b l e  peaked  n a t n r e  of t h e  d  d e n s i t y  

o f  s t a t e s  i s  much more pronounced  w i t h o u t  h y b r i d i s a t i o n ,  Our 

c a l c u l a t i o n s  show s i m i l a r  h y b r i d i s a t i o n  effects, o n l y  t o  a  

lesser d e g r e e ,  
32 

Asano a n d  Yonezawa have c a l c u l a t e d  t h e  e l e c t r o n i c  DOS i n  

l i q u i d  t r a n s i t i o n  m e t a l s  by u s i n g  t h e  K K B  method f o r  t h e  G r e e n ' s  

f u n c t i o n ,  The l i q u i d  is  t r e a t e d  a s  a s y s t e m  w i t h  n o n o v e r l a p p i n g  

m u f f i n  t i n  p o t e n t i a l s ,  a n d  t h e  e n s e m b l e  a v e r a g e d  G r e e n ' s  

f u n c t i o n  is c a l c u l a t e d  by employ ing  v a r i o u s  s e l f - c o n s i s t e n t  

s i n g l e  s i t e  approximations, Among t h e s e  a p p r o x i m a t i o n s ,  o n l y  t h e  
30 

e f f e c t i v e  medium a p p r o x i m a t i o n  of R o t h  is f o u n d  t o  y i e l d  

r e a s o n a b l e  r e s u l t  for t h e  DOS o v e r  t h e  e n t i r e  e n e r g y  r ange ,  

Asano a n d  Yonezawa c a r r y  o u t  t h e  e x p l i c i t  c a l c n l a t i o n s  o n l y  f o r  



l i q u i d  N i  and  t h e n  p r e d i c t  t h e  DOS c u r v e s  f o r  o t h e r  3d  

t r a n s i t i o n  metals b y  a p p e a l i n g  t o  t h e  r i g i d  band  a p p r o x i m a t i o n .  

, T h i s  DOS c u r v e  is s i m i l a r  t o  o u r s  i n  s h a p e ,  The  d  band  w i d t h  is  

0.5 Ryd, a s  i n  o u r  c a l c u l a t i o n ,  However, N(Ef) i ,e,  t h e  DOS a t  

t h e  F e r m i  l e v e l  is 3 6  s ta tes /a torn/Byd,  a s  compared  w i t h  a v a l u e  

o f  30  s ta tes /a tom/Byd,  i n  o u r  c a l c u l a t i o n ,  
24 

Keller e t  a l  h a v e  u sed  t h e  c l u s t e r  method of M c g i l l ,  Klima 
2s 

and Ziman t o  c a l c u l a t e  the D O S  i n  s o l i d  a n d  l i q u i d  i r o n ,  T h e i r  

c a l c u l a t i o n  g e n e r a t e s  somewhat d i f f e r e n t  r e s u l t s ,  The  DOS c u r v e  

f o r  t h e  b c c  i r o n  s h o w s  one  na r row a n d  h i g h  p e a k  w i t h  t h r e e  l o u  

peaks ,  a s  compared  w i t h  t h e  d o u b l e  peaked  s t r u c t u r e  i n  o u r  

c a l c u l a t i o n .  T h e  DOS for  t h e  l i q u i d  shows  f i n e  s t r u c t u r e  a n d  

peaks ,  n o t  o b s e r v e d  i n  a n y  of  t h e  c a l c u l a t i o n s  d i s c u s s e d  above ,  

8.2 COMPARISON WITH EXPEBIHEBTAL RESULTS 

D e t a i l e d  p r o f i l e  of t h e  e l e c t r o n i c  DOS i n  b u l k  c o n d e n s e d  

m a t t e r  c a n  b e  o b t a i n e d  from various e x p e r i m e n t s ,  s u c h  a s  

p h o t o e m i s s i o n ,  s o f t  x- ray  e m i s s i o n ,  p o s i t r o n  a n n i h i l a t i o n  a n d  

Compton s c a t t e r i n g  etc, However, e x t r a c t i n g  t h i s  i n f o r m a t i o n  

 fro^ t h e  e x p r i m e n t a l l y  o b s e r v e d  e n e r g y  d i s t r i b u t i o n  o f  t h e  

e m i t t e d  e l e c t r o n s  o r  t h e  p h o t o n s  is of t e n  a d i f f i c u l t  t a s k ,  F o r  

example ,  p h o t o e m i s s i o n  c a n  be e n v i s a g e d  a s  a  t h r e e - s t e p  p r o c e s s  

c o n s i s t i n g  o f  1) o p t i c a l  e x c i t a t i o n  of an e l e c t r o n ,  2)  t r a n s p o r t  

t o  t h e  s u r f a c e  a n d  3) e s c a p e  i n t o  t h e  vacuum, It is d i f f i c u l t  t o  

e s t i m a t e  t h e  e n e r g y  l o s t  by the e l e c t r o n  d u r i n g  t h e  p r o c e s s e s  2) 

and  3 ) -  T h e r e  i s  a l s o  t h e  prob lem o f  s e p a r a t i n g  t h e  s u r f a c e  from 



t h e  b u l k  c o n t r i b u t i o n s .  U s u a l l y  one  writes t h e  d i s t r i b u t i o n  o f  

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

where k~ is t h e  pho ton  e n e r g y  a n d  H i s  t h e  i n t e r a c t i o n  

o p e r a t o r ,  It i s  s o n e t i m e s  f u r t h e r  assumed t h a t  t h e  m a t r i x  

e l e m e n t s  of t r a n s i t i o n  a r e  c o n s t a n t ,  T h i s  y i e l d s  

i -e . ,  t h e  e n e r g y  d i s t r i b u t i o n  of t h e  p h o t o e m i t t e d  e l e c t r o n s  i s  

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

t h e  f i n a l  d e n s i t y  of s t a t e s ,  Eqn- (8.3) h a s  b e e n  used  by Yilliams 
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a n d  N o r r i s  t o  compare  t h e  e n e r g y  d i s t r i b u t i o n  o f  t h e  

p h o t o e m i t t e d  e l e c t r o n s  i n  l i q u i d  Cu w i t h  t h e  t h e o r e t i c a l l y  

c a l c u l a t e d  r e s u l t s  f o r  t h e  d e n s i t y  of s ta tes ,  However, no s u c h  

e x p e r i m e n t  h a s  b e e n  pe r fo rmed  f o r  l i q u i d  o r  amorphous  i r o n ,  The 

t r a n s i t i o n  m a t r i x  e l e m e n t s  may p l a y  a n  i m p o r t a n t  r o l e  i n  

d e t e r m i n i n g  t h e  e n e r g y  d i s t r i b u t i o n  of t h e  p h o t o e m i t t e d  

e l e c t r o n s ,  The  t h e o r y  t o  c a l c u l a t e  s u c h  m a t r i x  e l e m e n t s  i n  c a s e  

of s u r f a c e  p h o t o e m i s s i o n  h a s  been  p r o v i d e d  by UcLean a n d  
13 9 

Hay dock, 

X-ray e m i s s i o n  a n d  a b s o r p t i o n  e x p e r i m e n t s  offer i n f o r m a t i o n  

r e g a r d i n g  t h e  band wid th ,  Whi le  t h e  e m i s s i o n  e x p e r i m e n t s  y i e l d  

t h e  w id th  of t h e  o c c u p i e d  p o r t i o n  of t h e  v a l e n c e  band, t h e  

a b s o r p t i o n  e x p e r i m e n t s  c a n  be u s e d  t o  e x t r a c t  i n f o r m a t i o n  

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



r u l e s  ( u n d e r  t h e  d i p o l e  a p p r o x i m a t i o n )  g o v e r n i n g  t h e  t r a n s i t i o n s  

t o  and  from t h e  c o r e  l e v e l s  make t h e  K e m i s s i c n  ( v a l e n c e  band+ 

I s )  and  a b s o r p t i o n  (1 s + c o n d u c t i o n  band)  e x p e r i m e n t s  reflect  

o n l y  t h e  p  l i k e  c h a r a c t e r  o f  t h e  band ,  w h i l e  t h e  L e m i s s i o n  

( v a l e n c e  band--+2p) o r  a b s o r p t i o n  ( 2 p  - -+conduct ion  band)  

e x p e r i m e n t s  show t h e  s and  t h e  d  c h a r a c t e r ,  Many body effects 

a n d  t h e  l a c k  of a c c u r a t e  knowledge  of t h e  t r a n s i t i o n  m a t r i x  

e l e m e n t s  make i t  d i f f i c u l t  t o  e x t r a c t  i n f  o r m a t i o n  a b o u t  t h e  

magni tude  of t h e  d e n s i t y  of s t a t e s  from t h e  i n t e n s i t y  

d i s t r i b u t i o n  c u r v e s ,  However, t h e  i n f o r m a t i o n  a b o u t  t h e  band  

v i d t h  c a n  be o k t a i n e d ,  S u c h  e x p e r i m e n t s  o n  l i q u i d  i r o n  h a v e  b e e n  
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per formed by  Garg  a n d  ~ Z l l n e  a n d  Hague e t  a l ,  The K e m i s s i o n  

e x p e r i m e n t  of Garg  a n d  ~ x l l n e  shows  no  c h a n g e  i n  t h e  i n t e n s i t y  

d i s t r i b u t i o n  c u r v e  from t h e  s o l i d  t o  t h e  l i q u i d ,  The w i d t h  of 

t h e  occupied band r e m a i n s  u n a l t e r e d  a n d  t h e  h a l f - w i d t h  of t h e  

band is f o u n d  t o  be  ( 7 - 5  2 0.5) eV, The  L3 e m i s s i o n  ( v a l e n c e  band 

+2p3, ) and  a b s o r p t i o n  ( 2 p  4 c o n d u c t i o n  band) e x p e r i m e n t s  on  * 
Z 3/% 

s o l i d  and l i q u i d  i r o n  by Hague e t  a 1  b e a r  s i m i l a r  r e s u l t s ,  The 

L 3  e m i s s i o n  of l i q u i d  F e  is i n d i s t i n g u i s h a b l e  f rom t h e  s o l i d ,  

The a b s o r p t i o n  c u r v e s  for  t h e s e  two s y s t e m s  a re  o n l y  s l i g h t l y  

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

u n o c c u p i e d  s ta tes  of the c o n d u c t i o n  band, However, t h i s  i s  

r e p o r t e d  o n l y  a s  a t e n t a t i v e  c o n c l u s i o n  by Hague et a l ,  Bo 

change  is o b s e r v e d  a t  t h e  Permi l e v e l  i n  t h e  e m i s s i o n  o r  t h e  

a b s o r p t i o n  c u r v e s .  The  b a n d  w i d t h  f r o a  t h e  e m i s s i o n  e x p e r i m e n t  

is a p p r o x i m a t e l y  I O e V -  



P o s i t r o n  a n n i h i l a t i o n  and  Compton s c a t t e r i n g  e x p e r i m e n t s  
-b 

y i e l d  i n f  o r m a t i o n  a b o u t  t h e  momentum d i s t r i b u t i o n  I ( k )  o f  t h e  

c o n d o c t i o n  e l e c t r o n s .  T h e o r e t i c a l l y  t h i s  c a n  b e  c a l c u l a t e d  from 

t h e  s p e c t r a l  f u n c t i o n  ?(?,E) , which is t h e  d e n s i t y  o f  s t a t e s  

+ p r o j e c t e d  o n t o  p l a n e  wave s ta tes  of wave v e c t o r  k ,  
C 

The d a t a  a v a i l a b l e  f r o m  p o s i t r o n  a n n i h i l a t i o n  e x p e r i m e n t s  are 

d i f f i c u l t  t o  i n t e r p r e t  on a c c o u n t  of t h e  m a n y - e l e c t r o n  effects 

i n v o l v e d .  T h e  p o s i t r o n - e l e c t r o n  i n t e r a c t i o n  r e s u l t s  i n  t h e  

p o l a r i s a t i o n  of t h e  background  a n d  t h e  r e s p o n s e  of t h e  

i n t e r a c t i n g  e l e c t r o n  gas .  S o  f a r  t h e s e  e x p e r i m e n t s  h a v e  n o t  been  

pe r fo rmed  f o r  l i q u i d  o r  amorphous  i r o n ,  c o s p t o n  s c a t t e r i n g  

e x p e r i m e n t s  p r o v i d e  r e l i a b l e  d a t a  on t h e  momentum d i s t r i b u t i o n  

o f  t h e  e l e c t r o n s ,  S i n c e  t h e  ~ h 0 t 0 n  i n t e r a c t s  o n l y  u e a k l y  w i t h  

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

u n p e r t u r b e d  momen turn d i s t r i b a  t i o n ,  U n f o r t u n a t e l y  s u c h  

e x p e r i m e n t s  h a v e  n o t  been  p e r f o r m e d  f o r  l i q u i d  o r  amorphous  

t r a n s i t i o n  metals, 
14 2. 

Heyer  e t  a1  h a v e  p r o p o s e d  a method of e v a l u a t i n g  B ( E f ) ,  

t h e  D O S  a t  t h e  P e r m i  l e v e l ,  i n  l i q u i d  t r a n s i t i o n  m e t a l s  from t h e  

measured  s t r u c t u r e  f ac to r s  a n d  e n t r o p i e s ,  Assuming t h a t  t h e  

t h e o r y  o r i g i n a l l y  p roposed  f o r  s i m p l e  l i q u i d  metals by S i l b e r t  
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e t  a1 works  a l s o  f o r  l i q u i d  t r a n s i t i o n  ee ta l s ,  t h e y  e x p r e s s  t h e  

t o t a l  e n t r o p y  S t  a s  a  sum o f  t h r e e  terms; Sg,  t h e  e n t r o p y  o f  t h e  

i d e a l  g a s ;  Sp,  t h e  e x c e s s  e n t r o p y  d e s c r i b e d  b y  t h e  h a r d  s p h e r e  



model  a n d  Se, t h e  e n t r o p y  due t o  e l e c t r o n s .  The  l a s t  term, i n  

t h e  first o r d e r  i n  t e m p e r a t u r e ,  i s  g i v e n  by  

S i n c e  S t  i s  o b s e r v e d  a n d  Sg a n d  S p  c a n  be c a l c u l a t e d  when 

  temperature, t h e  d e n s i t y  a n d  t h e  p a c k i n g  f r a c t i o n  are known, S e  

o r  N (Ef )  c a n  be c a l c u l a t e d ,  However, S g  a n d  S p  sum up t o  80% of  

S t ,  Thus e v e n  a  few p e r c e n t  e r r o r  i n  s t  w i l l  c a u s e  a  d i f f e r e n c e  

i n  B ( E f )  a s  much a s  a f a c t o r  o f  two o r  e v e n  l a r g e r -  T h e r e f o r e  

t h e  t h e o r y  is u s e f n l  f o r  e v a l u a t i n g  t h e  t o t a l  e n t r o p y  

t h e o r e t i c a l l y  f rom t h e  c a l c u l a t e d  N ( E f )  , b u t  n o t  f o r  e v a l u a t i n g  

N ( E f )  f r o m  t h e  o b s e r v e d  t o t a l  e n t r o p y ,  e x c e p t  p e r h a p s  f o r  a n  

o r d e r  of m a g n i t u d e  e s t i m a t e  of  N (Ef ) ,  D t i l i s i n g  t h i s  i d e a  w e  
0 

c a l c u l a t e  t h e  t o t a l  e n t r o p y  o f  l i q u i d  i r o n  a t  1560 C- U e  u s e  t h e  
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v a l u e  o f  t h e  p a c k i n g  f r a c t i o n  q u o t e d  by  !!eyer e t  a l .  Using t h e  

v a l u e  of I ( E f )  o b t a i n e d  i n  o u r  c a l u l a t i o n  ( 30 sta tes /a tom/Ryd.)  

we o b t a i n  a v a l u e  of 1 1 - 4  Kb/atom ( K b  is t h e  Bol tzmann c o n s t a n t j  

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

t h e  e x p e r i m e n t a l  v a l u e  of 1 2  Kb/atom, 

8 . 3  S U B H A R P  OF RESULTS 

The  r e s u l t s  o f  t h e  p r e s e n t  c a l c u l a t i o n s  are summarised a s  

f o l l o w s :  

1. The d o u b l e - p e a k e d  s t r u c t u r e  of  t h e  e l e c t r o n i c  DOS i n  b c c  

i r o n  is f o u n d  t o  s u r v i v e  i n  t h e  amorphous  b u t  n o t  i n  t h e  

l i q u i d  phase.  T h e r e  is a  g r a d u a l  s m o o t h i n g  of. t h e  s t r u c t u r e  



a s  o n e  g o e s  from t h e  bcc t o  t h e  amorphous  a n d  t h e n  t o  t h e  

l i q u i d  s t a t e .  

2 .  There  is n o  a p p r e c i a b l e  c h a n g e  i n  t h e  band  w i d t h  from o n e  

s y s t e m  t o  a n o t h e r .  X-ray e m i s s i o n  measu remen t s  on s o l i d  a n d  

l i q u i d  i r o n  t e n d  t o  s u p p o r t  t h i s  r e s u l t ,  

3. T h e r e  is a  s m a l l  d e c r e a s e  i n  t h e  DOS a t  t h e  Fe rmi  l e v e l  a s  

re go  from t h e  amorphous  a n d  t h e n  t o  t h e  l i q u i d  p h a s e  ( s e e  

T a b l e s  1 a n d  2 ) -  

4. The DDS i n  t h e  l i q u i d  and  t h e  amorphous  i r o n  is c l o s e r  t o  

t h a t  of t h e  fcc t h a n  t h e  b c c  i r o n ,  , 

5, I n  c a l c u l a t i n g  t h e  l o c a l  d e n s i t y  of s t a tes ,  t h e  R e c u r s i o n  

method o f  Baydock, H e i n e  a n d  K e l l y  is f o u n d  t o  b e  

c o n s i d e r a b l y  f a s t e r  t h a n  t h e  e q u a t i o n  cf mot ion  method. 

However, t h e  results  o b t a i n e d  by t h e  two methods a r e  v e r y  

s i m i l a r ,  

6. A s t u d y  of t h e  d i s p e r s i o n  r e l a t i o n  of t h e  s and  t h e  d  s t a t e s  

i n  v a r i o u s  c l u s t e r s  r e v e a l s  t h a t  t h e  s s t a t e s  r e t a i n  t h e i r  ' 

p r o p a g a t i n g  c h a r a c t e r  i n  t h e  d i s o r d e r e d  p h a s e s ,  w h i l e  t h e  d  

s t a t e s  i n  t h e s e  c l u s t e r s  c a n  a t  b e s t  b e  s a i d  t o  be weakly  

p r o p a g a t i n g .  However, t h i s  d o e s  n o t  i m p l y  t h a t  t h e  

c o n t r i b u t i o n  o f  t h e s e  d  s t a t e s  t o  t h e  electrical 

c o n d u c t i v i t y  i n  t h e s e  s y s t e m s  is smal l  compared t o  t h a t  d u e  

t o  t h e  s states,  A t i g h t - b i n d i n g  c a l c u l a t i o n  o f  r e s i s t i v i t y  

b a s e d  o n  t h e  Knbo f o r m u l a  is r e q u i r e d  t o  r e s o l v e  t h i s  i s s u e -  



IX- APPENDIX 

WIL 

I n  t h i s  s e c t i o n  w e  w i l l  d e r i v e  some r e s u l t s  i n v o l v i n g  

v e c t o r s  a n d  m a t r i c e s  i n  a  n o n o r t h o g o n a l  b a s i s ,  which  we h a v e  

u s e d  e a r l i e r  i n  t h e  main body of  t h e  t h e s i s ,  F o r  c o n v e n i e n c e ,  we 

w i l l  u s e  a n o t a t i o n  i n v o l v i n g  r a i s e d  a n d  l o w e r e d  i n d i c e s  a n d  

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

a )  THE IDENTITY OPERATOR 

l e t  1 I+~)]  form a c o m p l e t e  se t  o f  n o n o r t h o g o n a l  b u t  

l i n e a r l y  i n d e p e n d e n t  b a s i s  v e c t o r s  i n  a l i n e a r  v e c t o r  s p a c e  V, 

Any g e n e r a l  v e c t o r  19;) i n  t h i s  v e c t o r  s p a c e  c a n  be w r i t t e n  a s  

a  l i n e a r  c o m b i n a t i o n  of 1 4 ~ ) ~ s  : 

~f f > ]  form a c o m p l e t e  se t  of o r t h o n o r m a l  v e c t o r s  s p a n n i n g  

t h e  same s p a c e  V, t h e n  the i d e n t i t y  o p e r a t o r  I i n  t h i s  s p a c e  c a n  

b e  w r i t t e n  a s  

Us ing  e x p a n s i o n  o f  t y p e  (A, 1) , 



L e t  Sdp r e p r e s e n t  t h e  e l e m e n t s  of t h e  o v e r l a p  m a t r i x  f o r  t h e  

b a s i s  II$~>] , i.e., 

I f  t h e  basis v e c t o r s  lorl) a r e  n o r m a l i s e d ,  t h e n  t h e  d i a g o n a l  

e l e m e n t s  of S a r e  un i ty .  T h e  e l e m e n t s  of t h e  inverse ,d0 ' ,  of t h e  

o v e r l a p  m a t r i x  w i l l  b e  g i v e n  by  

T a k i n g  t h e  i n n e r  p ~ o d u c t  of b o t h  s i d e s  in egn. (A. 1) with 16@>, 
w e  o b t a i n  

Us ing  (A.5), 

7 
Using  t h i s  e x p r e s s i o n  f o r  C; i n  ( A . 3 )  , w e  h a v e  

Using  ( A . 2 ) ,  ue can write 



Thus  

T h i s  is t h e  e x p r e s s i o n  f o r  t h e  i d e n t i t y  o p e r a t o r  i n  t h e '  

n o n o r t h o g o n a l  b a s i s  $ lbd>]- 
F o r  c o n v e n i e n c e ,  we s o m e t i m e s  write ( A - 7 )  i n  a s l i g h t l y  

d i f f e r e n t  form. T o  d o  t h i s  w e  i n t r o d u c e  k e t s  w i t h  raised i n d i c e s  

The i n v e r s e  r e l a t i o n s h i p  is 

The b r a  c o r r e s p o n d i n g  t o  t h e  k e t  I#') w i l l  be g i v e n  by 

a n d  t h e  i n v e r s e  r e l a t i o n s h i p  is g i v e n  b y  

T h e  v e c t o r s  1 } a n d  > fo rm a b i o r t h o g o n a l  set,  L e o ,  

P 
(A .  1 2 )  

and < $ d 1 @ ( 5 > =  (@d14y)(so'1T(S= ( ~ . " 3 )  



The m a t r i x  e l e m e n t s  ( s- ' )~ '  are t h e  i n n e r  p r o d u c t s  o f  t h e  

k e t s  w i t h  r a i s e d  i n d i c e s ,  T h i s  fo l lows b y  taking t h e  i n n e r  

p r o d u c t  o f  b o t h  s i d e s  of ( A . 8 )  w i t h  I 0'): 

I n  terms o f  t h e  k e t s  a n d  b r a s  w i t h  r a i s e d  i n d i c e s ,  t h e  i d e n t i t y  

o p e r a t o r  h a s  t h e  f o l l o w i n g  r e p r e s e n t a t i o n  : 

b) REPRESENTATIOIS OP OPERATORS 

T h e  r e p r e s e n t a t i o n  of an  o p e r a t o r  i n  t h e  b a s i s  o f  the 

n o n o r t h o g o n a l  v e c t o r s  5 14~>f  is o b t a i n e d  a s  f o l l o w s  : 

where 

and  (d -I  d"S-7y6 A p y  = <$d]d~6)  (4.17) 



I n t r o d u c i n g  the matrix elements 

we can w r i t e  

The a c t i o n  of an o p e r a t o r  A o n  t h e  k e t  1 g e n e r a t e s  a  l i n e a r  

combinat ion  of ]b,)(s, i -e . ,  

I n  p a r t i c u l a r ,  the B a a i l t o n i a n  o p e r a t o r ,  H, a c t i n g  an 1 by_) w i l l  

y i e l d  

I n  s e c t i o n  (3.1) v e  used the n o t a t i o n  

H '  +p> 

T h u s  
4 

- H p -  D.rp - - <$? ~ 1 4 ~ )  
- <$4j 4') <&I H I  +& = ( s - ' ~ ' ' ~ y p  - 

4 - ( S-' H) (3 .I 



Y h i l e  [dp] o r  e g u i r a l e n t l y  [ ~ d  (33 r e p r e s e n t s  t h e  Ha m i l t o n i a m  

ma t r ix ,  t h e  e l e m e n t s  o f  t h i s  m a t r i x  a r e  d i f f e r e n t  f rom t h e  

m a t r i x  e l e n e n t s  of t h e  H a m i l t o n i a n  H - T h i s  d i s t i n c t i o n  

d i s a p p e a r s  when t h e  b a s i s  fl@()] is  o r t h o n o r m a l ,  i-e., 

B e  n o t e  t h a t  t h e  A n d e r s o n - B u l l e t t  s cheme  d i s c u s s e d  i n  s e c t i o n  

(3-1) ( c h a p t e r  ( 3) ) d i r e c t l y  g e n e r a t e s  t h e  e l e m e n t s  PdP or  #@. 

c )  TRACE O F  A N  OPERATOR 

If 1 1 qi> 1 r e p r e s e n t s  a c o m p l e t e  set o f  o r t h o g o n a l  rectors 

i n  V,  t h e n  f o r  any  o p e r a t o r  A ,  

I n  the n o n o r t h o g o n a l  b a s i s  $ lbd>] , t h i s  t a k e s  t h e  f o l l o w i n g  

f o r m  : 

-1 4 3  76 
w e  g e t  7" A = Shd ( 5  I <43~~~Oy)(f1)  



Thus  t r A  is n o t  t h e  sum of d i a g o n a l  e l e m e n t s  A d d  , It i s  g i v e n  

by  t h e  sun o f  t h e  d i a g o n a l  e l e m e n t s  of (<'A) o r  ( A  f' ) 8 

d) PBOJ ECTIOA O P E R A T O R  

The e x p r e s s i o n  f o r  t h e  p r o j e c t i o n  o p e r a t o r ,  P, which w i l l  

p r o j e c t  a n y  v e c t o r  i n  t h e  s p a c e  V o n t o  o n e  of its s u b s p a c e ,  U, 

c a n  be o b t a i n e d  i n  a way s i m i l a r  t o  t h a t  used f o r  t h e  i d e n t i t y  

o p e r a t o r .  I f  11 fi)] forms a c o m p l e t e  s e t  of o r t h o n o r a a l  

v e c t o r s  i n  t h e  s u b s p a c e  U, t h e n  t h e  p r o j e c t i o n  o p e r a t o r  P  is 

g i v e n  by 

If {I+~>) f o r =  a c o m p l e t e  s e t  of n o n o r t h o g o n a l  v e c t o r s  

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

i d e n t i t y  o p e r a t o r ,  w e  can write 

e) TIGHT-BIND1 NG (LCAO) ZQUATIORS 

The t i g h t -  b i n d i n g  e i g e n v a l u e  e q u a t i o n s  of s e c t i o n  (3) c a n  

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

IVi) of  t h e  e q u a t i o n  



c a n  b e  expanded i n  t h e  l o c a l i s e d  b a s i s  1 l4*>] , g i v i n g  

S u b s t i t u t i n g  ( A - 2 4 )  i n t o  (A-23) we o b t a i n  

Tak ing  t h e  i n n e r  p r o d u c t  of b o t h  s i d e s  with Ibp), we g e t  

The homogeneous s y s t e m  of e q u a t i o n s  

d h a s  n o n t r i v i a l  s o l u t i o n s  for C; when 

det H - E ; S ~ , ]  = 0 - 
A l t e r n a t i v e l y  one c o u l d  t a k e  t h e  i n n e r  p r o d u c t  of both  s i d e s  i n  

(A.25) with  1bR>to obtain 

Thus t h e  s e c u l a r  e q u a t i o n  i s  

If ($)(s are expanded i n  t h e  basis 1 4d>, t h e n  t h e  form of t h e  

s e c u l a r  e q u a t i o n  i s  



Thus  depend ing  on t h e  m a t r i x  e l e m e n t s  a v a i l a b l e ,  o n e  c a n  d e c i d e  

t o  s o l v e  e i t h e r  of t h e  e q u a t i o n s  (A.26). (A-27) a n d  (A-28) .These 

e q u a t i o n s  a r e  r e l a t e d  t o  e a c h  o t h e r  a s  

S i m i l a r l y ,  

J e t  [ 4 - 4 = d d  [ H ~ ~  - E; s; ] Jet r s,C47 

Thus  s o l v i n g  a n y  o n e  of t h e  eqns .  (A.26). (A-27) and (A.28) is 

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

which is  t r u e  i f  t h e  set [ I@*>] is l i n e a r l y  i ndependen t .  F o r  a 

l i n e a r l y  d e p e n d e n t  se t  

or  e q u i v a l e n t l y .  t h e  smallest e i g e n v a l u e  of [ S d p ]  is zero .  I n  

t h a t  c a s e ,  t h e  s e c n l a r  d e t e r r n i n a n t  (A.26) v a n i s h e s  f o r  any Ei, 

a n d  s o l v i n g  (A. 27) o r  (A. 28)  w i l l  no  l o n g e r  y i e l d  t h e  

e i g e n v a l u e s  of t h e  o r i g i n a l  H a a i l t o n i a n .  F o r  n e a r  l i n e a r  

dependence  of t h e  set  114,)]. t h e  smallest e i g e n v a l a e  of  

[ S 4 ( r ]  is o n l y  s l i g h t l y  g r e a t e r  t h a n  zero. I n  t h i s  case, t h e  

a l m o s t  i d e n t i c a l l y  v a n i s h i n g  s e c u l a r  e q u a t i o n  w i l l  c a u s e  a 



c o r r e s p o n d i n g  l o s s  of a c c u r a c y  i n  E;, T h u s  i t  is n e c e s s a r y  t h a t  

t h e  set 1 1 d>] be l i n e a r l y  i n d e p e n d e n t -  

THE TOTAL DEf lSITY OF STATES 

I n  a p p e n d i x  (A-1) , we d i s c u s s e d  t h e  trace o f  a n  o p e r a t o r  A 

i n  a  n o o o r t h o g o n a l  basis. I n  t h i s  case t h e  trace is no l o n g e r  

t h e  sum of t h e  d i a g o n a l  m a t r i x  e l e m e n t s  of A. T h i s  means t h a t  i n  

c a l c u l a t i n g  t h e  t o t a l  o r  t h e  a v e r a g e  d e n s i t y  of s tates ,  one  

c a n n o t  s i m p l y  sum o v e r  t h e  l o c a l  d e n s i t y  of s t a t e s  i n  t h e  

n o n o r t h o g o n a l  b a s i s  3 1 &>I. T h e  t o t a l  d e n s i t y  of s t a t e s  i s  

g i v e n  by  

- - - - 3 I;, 3- 7; G (E + ~ E I  
-1 TO 

1 I;, = - -  In ( 2  ) C,, C E + ~ C ) ]  
€+o+ 

~ h u s  i f  o n e  works  i n  t h e  b a s i s  f 1 & ) ] ,  it is n e c e s s a r y  t o  

c a l c u l a t e  t h e  n o n d i a g o n a l  e l e m e n t s  of t h e  G r e e n ' s  f u n c t i o n ,  

( ; ;py(~),  wh ich  c a n  be o b t a i n e d  by f o r m i n g  f o u r  i n d e p e n d e n t  

l i n e a r  c o m b i n a t i o n s  of I $@o) a n d  1 @r> (see Haydock, Ref.95,page 



250) and  c a l c u l a t i n g  t h e  l o c a l  G r e e n ' s  f u n c t i o n  f o r  t h e s e  

s t a t e s .  Houever ,  t h e  p rob lem c a n  b e  s i m p l i f i e d  by  working  i n  a 

mixed b a s i s .  T h i s  is b e c a u s e  (A.29) c a n  b e  w r i t t e n  a s  

S i n c e  

4 E - >  is t h e  d i a g o n a l  e l e m e n t  of t h e  i n v e r s e  of 

t h e  n a t r i x  [(E +ic )&46  - ~ ' ~ 1 .  BJ u s i n g  t h e  oonsymmet r i c  

r e c u r s i o n  a e t h o d ,  one can first t r i d i a g o n a l i s e  t h e  m a t r i x  

[ H ' ~ ]  and  t h e n  c a l c u l a t e  t h e  d i a g o n a l  e l e m e n t  of the G r e e n ' s  

f u n c t i o n  G;ld (E)in  t h e  m i r e d  b a s i s ,  by  e x p a n d i n g  t h i s  q u a n t i t y  

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

ma t r ix .  A sum o v e r  t h e  i m a g i n a r y  p a r t s  of t h e s e  d i a g o n a l  

e l e m e n t s  will t h e n  y i e l d  t h e  d e n s i t y  of s t a t e s ,  and  n o  

n o n d i a g o n a l  e l e m e n t  o r  i n v e r s e  o v e r l a p  m a t r i x  need  be 

c a l c n l a  t e d ,  



k?) 

PARAHETERS USED IN THE BAND STRUCTURE CALCULATIONS 

a)  A N D E R S O N - B U L L E T T  SCHERE ( s e c t i o n  3 . 1 )  

T h e  a tomic  p o t e n t i a l  and the o r b i t a l s  o b t a i n e d  b y  using t h e  

Herman-Skillman program are a s  f o l l o w s :  

1 )  Atomic P o t e n t i a l ,  

2 )  4 s  Atomic o r b i t a l  

3)  3d Aton ic  O r b i t a l  

The  p a r a a e t e r s  u s e d  i n  t h i s  scheme are:  

1 )  T h e  c o r r e c t i o n  tern i n  the  p o t e n t i a l  (see eqn. ( 3 . 3 7 ) )  : 

3) Atomic d l e v e l :  Ed : - 6 .  6 7 2  R f d .  



b) E H P I R I C A L  L C A O  SCHEME (section 3 . 3 )  

In e x p r e s s i o n  (3.39) , 

A, = 3 . S 3 7 8  ) 4% 2 7 . 3 7 4 4  , 4 = - 2 . 7 8 9 2  . 

I n  expression ( 3 . 4 0 )  , 

In e x p r e s s i o n s  (3.41) - (3.43), 
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