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Resume - Un c a l c u l  microscop ique de l ' o r d r e  chimique c o u r t e  d i s t a n c e  e s t  
p resent6  dans l e  cas d ' a l l i a g e s  amorphes b i n a i r e s  ( 2  metaux s imples  ou 2  
metaux de t r a n s i t i o n ) .  La methode repose s u r  une techn ique de pseudopoten- 
t i e l s  pou r  l e s  metaux simples,  e t  un modPle d lHami l t on ien  de l i a i s o n s  f o r t e s  
avec l ' a p p r o x i m a t i o n  des amas de Bethe pour  l e s  mPtaux de t r a n s i t i o n .  Les 
hypotheses v a r i a t i o n n e l l e s  thermodynamiques s o n t  u t i l i s e e s .  

A b s t r a c t  - We p resen t  m ic roscop i c  c a l c u l a t i o n s  o f  t h e  chemical  shor t - range 
o r d e r  i n  amorphous a l l o y s  o f  two s imple  me ta l s  o r  two t r a n s i t i o n  me ta l s .  
Our method i s  based on t h e  pseudopotent ia l  t echn ique  f o r  s imple  me ta l s ,  
on a  model t i g h t - b i n d i n a  Hami l t on ian  and t h e  Be the -c lus te r  a p ~ r o x i m a t i o n  
f o r  t r a n s i t i o n  meta ls ,  and on a  thermodynamic v a r i a t i o n a l  techn ique.  

I - INTRODUCTION 

A f t e r  twenty  yea rs  o f  s t r u c t u r a l  i n v e s t i g a t i o n s  t h e  ques t i on  remains c o n t r o v e r s i a l  
wether t h e r e  e x i s t s  a  pronounced chemical  shor t - range o rde r  (CSRO) i n  m e t a l l i c  
g lasses and wether such an o r d e r i n g  enhances t h e  g lass - fo rm ing  a b i l i t y  o r  n o t .  I t i s  
t r u e  t h a t  t h e  CSRO i s  v e r y  hard  t o  measure ( f o r  r e c e n t s  rev iews o f  t h e  s ta te -o f - t he  
- a r t  see Steeb and Lamparter /1/ o r  Wagner /2 / )  - b u t  a  m ic roscop i c  t h e o r y  o f  CSRO 
seems t o  be an even harder  t a s k .  
I n  p r i n c i p l e  one cou ld  proceed i n  two d i f f e r e n t  ways: ( a )  Given an express ion f o r  
t h e  f r e e  energy as a  f u n c t i o n  o f  t h e  a tomic  coord inates ,  t h e  e q u i l i b r i u m  con f i gu ra -  
t i o n  i s  c a l c u l a t e d  by m i n i m i z i n g  t h e  f r e e  energy.  ( b )  Given t h e  i n t e r a t o m i c  forces, 
t h e  s t r u c t u r e  o f  t h e  g l a s s  i s  c a l c u l a t e d  us ing  some computer -s imula t ion  a l g o r i t h m  
( o r  - more c o n v e n i e n t l y  - us ing  some approximate a n a l y t i c a l  t echn ique ) .  
We a l l  known t h a t  i t  i s  much harder  t o  c a l c u l a t e  i n t e r a t o m i c  f o r c e s  than t o t a l  ener-  
g i e s  from f i r s t  p r i n c i p l e s .  I n  f a c t  o n l y  f o r  t h e  s imp le  me ta l s  and t h e i r  a l l o y s  r e -  
l i a b l e  i n t e r a t o m i c  f o r c e s  may be d e r i v e d  f rom pseudopo ten t i a l  t h e o r y  /3 / .  Tn Sec.2 
we r e c a p i t u l a t e  v e r y  b r i e f l y  t h e  c a l c u l a t i o n  o f  i n t e r a t o m i c  p a i r  p o t e n t i a l s  i n  b ina-  
ry  simple-metal  a l l o y s  and we show t h a t  a  r e d i s t r i b u t i o n  o f  t h e  va lence e l e c t r o n  
charges may r e s u l t  i n  a  nonvan ish ing o r d e r i n g  i n t e r a c t i o n .  Fo r  k h e  1  i q u i d  and t h e  
supercooled l i q u i d  phase, t h e  p a r t i a l  p a i r  c o r r e l a t i o n  f u n c t i o n s  and s t a t i c  s t r u c -  
t u r e  f a c t o r s  may then be c a l c u l a t e d  us ing  a  thermodynamic v a r i a t i o n a l  t echn ique  
based on a  re ference system capab le  o f  s i m u l a t i n g  CSRO /4,5/ o r  a  mo lecu la r  dyna- 
mics  c a l c u l a t i o n .  A  mode7 f o r  t h e  amorphous s t r u c t u r e  i s  d e r i v e d  f rom t h e  mo lecu la r  
dynamics (MD) 1  i q u i d  us ing  a  "quenchu-procedure proposed by Weber and S t i l l  i n g e r  /6 / .  
T h i s  serves t o  check t h e  v a r i a t i o n a l  procedure and t o  v e r i f y  t h e  o r d e r i n g  p o t e n t i a l s .  
F i r s t  r e s u l t s  f o r  Mg-Zn and f o r  Ca-based g lasses a r e  presented.  
The thermodynamic v a r i a t i o n a l  techn ique i s  p a r t i c u l a r l y  i n t e r e s t i n g ,  because i t  r e -  
q u i r e s  o n l y  t h e  knowledge o f  t h e  t o t a l  energy and i s  n o t  r e s t r i c t e d  t o  a  pa i r -po ten -  
t i a l  Hami l ton ian.  I n  Sec.3 we p resen t  a  new thermodynamic v a r i a t i o n a l  t echn ique  
based on a  t i g h t - b i n d i n g  r e p r e s e n t a t i o n  o f  t h e  e l e c t r o n  s ta tes ,  which i s  a p p l i c a b l e  
t o  t r a n s i t i o n  meta l  a l l o y s .  F i r s t  r e s u l t s  f o r  N i - T i  g l asses  a r e  presented.  

- .  
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I 1  - CHEMICAL SHORT-RANGE ORDER I N  SIMPLE-METAL GLASSES 

I 1  - 1 - ORDERING POTENTIALS 

The fo rm o f  t h e  i n t e r a t o m i c  p o t e n t i a l s  i n  b i n a r y  a l l o y s  i s  s t r o n g l y  i n f l u e n c e d  by 
compet ing e l e c t r o n  t r a n s f e r  mechanisms r e l a t e d  t o  t h e  e l e c t r o n e g a t i v i t y  and e l e c t r o -  
n e u t r a l i t y  p r i n c i p l e s  /7/  - w i t h i n  t h e  pseudopo ten t i a l  f o rma l  ism th,ese a r e  r e f l e c t e d  
by o r t h o g o n a l i z a t i o n  and screen ing e f f e c t s  /3,5/. Upon a l l o y i n g ,  e l c t r o n s  f l o w  i n t o  
t h e  d i r e c t i o n  o f  t h e  more e l e c t r o n e g a t i v e  element ( i t s  o r t h o g o n a l i z a t i o n  h o l e  i s  r e -  
duced on a l l o y i n g ) .  I n  t h e  second step, e l e c t r o n s  a r e  a l l owed  t o  rea r range  themsel- 
ves as t o  reduce p o t e n t i a l  energy g r a d i e n t s  c rea ted  by t h e  charge t r a n s f e r  - t h i s  
c o n s t i t u t e s  a  second e l e c t r o n  t r a n s f e r  mechanism opposed t o  t h e  f i r s t  one. The i n t e r -  
a tomic  p o t e n t i a l s  a r e  ma in l y  i n f l u e n c e d  by t h e  screen ing e f f e c t .  Accumulat ion o f  
screen ing charge i n  t h e  co re  r e g i o n  o f  t h e  e l e c t r o p o s i t i v e  i o n  i s  r e s p o n s i b l e  f o r  
i t s  "chemical  compression",  l o s s  o f  l o c a l  charge n e u t r a l i t y  can l ead  t o  an enhanced 
i n t e r a c t i o n  between t h e  u n l i k e  atoms and hence t o  chemical  o r d e r i n g  - see /5/ f o r  
a  more d e t a i l e d  d i scuss ion .  For  our  purpose i t  i s  most conven ient  t o  re-express  t h e  
i n d i v i d u a l  p a i r  i n t e r a c t i o n  i n  terms o f  a mean p a i r  p o t e n t i a l  aNN(R) coup l i ng  t o  t h e  
f l u c t u a t i o n s  i n  t h e  mean number dens i t y ,  an o r d e r i n g  p o t e n t i a l  acc(R) c o u p l i n g  
t o  t h e  l o c a l  c o n c e n t r a t i o n  f l u c t u a t i o n s ,  and a  c ross- term r ( r ) .  F i g . 1  shows 
t h e  p a i r  p o t e n t i a l s  o f  Mg,Zn3 a l l o y s  - a  p o s i t i v e  r ( R )  ars6nd t h e  nea res t  ne igh-  
bour d i s t a n c e  i n d i c a t e s  a  smal l  tendency t o  he te roco&d ina t i on .  

F i g .  1 
I n t e r a t o m i c  p o t e n t i a l s  @ N(R) 
( f u l l  l i n e ) ,  @ (R) (das ied 
l i n e ) ,  and r N c f k )  ( d o t t e d  
l i n e )  f o r  Mg70Zngo a l l o y s .  

The short-dashed l i n e  shows 
t h e  v a r i a t i o n a l l y  determined 
Yukawa-type o r d e r i n g  p o t e n t i a l ,  
u i s  t h e  e f f e c t i v e  hard-sphere 
d iameter .  

For  many s imple  l i q u i d s  a  reasonab ly  accu ra te  d e s c r i p t i o n  o f  t h e  s t r u c t u r e  and t h e  
thermodynamic p r o p e r t i e s  may be d e r i v e d  f rom a  thermodynamic v a r i a t i o n a l  approach - 
p rov ided  t h a t  a  s u f f i c i e n t l y  r e a l  i s t i c  r e f e r e n c e  system i s  a v a i l  ab le .  Very r e c e n t l y  
i t  has been shown t h a t  a  system o f  charged hard  spheres o f  equal d iameters  i n t e r -  
a c t i n g  by Yukawa p o t e n t i a l s  meets t h e  requ i rements  f o r  an a p p r o p r i a t e  r e f e r e n c e  
system: a n a l y t i c  s o l u t i o n s  f o r  t h e  p a r t i a l  s t r u c t u r e  f a c t o r s  and f o r  t h e  thermody- 
namic f unc t i ons  a r e  a v a i l a b l e  and model t h e  known t rends  i n  o r d e r i n g  l i q u i d  a l l o y s  
q u i t e  w e l l  /8/ .  F i g . 1  shows t h a t  t h e  v a r i a t i o n a l l y  determined model parameters (i .e. 
d iameter  o f  t h e  hard  spheres, s t r e n g t h  o f  t h e  o r d e r i n g  p o t e n t i a l  a t  hard  con tac t ,  
and screen ing cons tan t )  a r e  r e a l i s t i c ,  f r om F i g . 2  we l e a r n  t h a t  t h i s  s imple  model 
desc r i bes  t h e  o r d e r i n g  e f f e c t s  i n  1  i q u i d  and i n  amorphous Mg70Zn30 q u i t e  we1 1  - f o r  



F ig .2  - P a r t i a l  s t r u c t u r e  f a c t o r s  SNN(q) F ig .3  - Composite (X- ray  we ighted)  s t a -  
and S ( q )  of l i q u i d  and amorphous t i c  s t r u c t u r e  f a c t o r  S(q)  o f  amorphous 
~ ~ ~ ~ ~ f i i ~  (see t e x t ) .  Mg Zn - h is togram - c a l c u l a t e d  u s i n g  

thgOmo?&cul a r  dynamic "quench", f u l l  
l i n e  - v a r i a t i o n a l  c a l c u l a t i o n ,  c rosses 
and c i r c l e s  - exper iment / l o / .  

t h e  amorphous s t a t e  we had t o  assume t h a t  S  ( q )  can be approximated by t h e  r e s u l t s  
o f  t h e  v a r i a t i o n a l  c a l c u l a t i o n  f o r  a  superc661ed m e l t  j u s t  above t h e  g l a s s - t r a n s i t i o n ,  
w h i l e  SNN(q) and SNc(q) a r e  taken f rom an e a r l i e r  c l u s t e r - r e l a x a t i o n  c a l c u l a t i o n  /9 / .  

I 1  - 3  - MOLECULAR DYNAMICS STUDY OF CHEMICAL SHORT-RANGE ORDER 

To ver i fy t h e  r e s u l t s  o f  t h e  v a r i a t i o n a l  technique, we have performed a  mo lecu la r  
dynamics s i m u l a t i o n  o f  l i q u i d  and amorphous Mg Zn . A  8 0 0 - p a r t i c l e  c l u s t e r  w i t h  
p e r i o d i c  boundary c o n d i t i o n s  was used, t h e  ~ew@niaR equi i f ions o f  mot ion  were so lved 
u s i n g  t h e  V e r l e t  adgor i thm w i t h  a  t i m e  increment  o f  3x10 s. C l a s s i c a l  dynamical 
t r a j e c t o r i e s  o f  10 t i m e  s teps  were generated t o  c a l c u l a t e  p r o p e r t i e s  o f  t h e  a l l o y  
a t  each temperature.  Momentum s c a l l i n g  was used t o  v a r y  t h e  k i n e t i c  enesgy and thus 
t h e  temperature,  a f t e r  each s c a l i n g  e q u i l i b r a t i o n  r u n s  o f  a t  l e a s t  3x10 t i m e  s teps 
were i n te rposedpu r i ng  t h e  mo lecu la r  dynaniics r u n  t h e  atomic c o n f i g u r a t i o n s  were - 
p e r i o d i c a l l y  mapped on to  nearby p o t e n t i a l  minima. T h i s  mapping was achieved by i n -  
s tantaneous ly  removing t h e  k i n e t i c  energy and r e l a x i n g  t h e  systems c o n f i g u r a t i o n  
i n t o  t h e  n e x t  p o t e n t i a l  energy minimum us ing  a  s t a t i c  energy m i n i m i z a t i o n  techn ique.  
We expect  t h a t  a  mapped c o n f i g u r a t i o n  rep resen ts  a  good model f o r  t h e  amorphous 
s t r u c t u r e .  I n  F ig .3  we compare t h e  composi te (X-ray weighted) s t a t i c  s t r u c t u r e  fac- 
t o r s  de r i ved  from t h i s  mo lecu la r  dynamics "quench'  and f rom t h e  v a r i a t i o n a l  c a l c u l a -  
t i o n  w i t h  exper iment / l o /  - a  smal l  prepeak i n d i c a t e s  a  weak degree o f  CSRO. From 
t h e  p a r t i a l  p a i r  c o r r e l a t i o n  f u n c t i o n  we d e r i v e  a  Carg i l l -Spaepen shor t - range order  
parmeter o f T = 0 . 1 3 5 .  These r e s u l t s  c o n f i r m  t h e  v a l i d i t y  o f  t h e  v a r i a t i o n a l  procedure.  
F u r t h e r  d e t a i l s  o f  t h e  mo lecu la r  dynamics c a l c u l a t i o n s  w i l l  be pub l i shed  elsewhere. 

I 1 1  - CHEMICAL SHORT-RANGE ORDER I N  TRANSITION-METAL GLASSES 

Progress i n  t h e  mode l l i ng  o f  amorphous t r a n i t i o n - m e t a l  a l l o y s  has been hampered by 
t h e  f a c t  t h a t  r e a l i s t i c  i n t e r a t o m i c  p o t e n t i a l s  a r e  n o t  a v a i l a b l e  - on t h e  o t h e r  hand 
i t  i s  r e l a t i v e l y  easy t o  c a l c u l a t e  t o t a l  energ ies  f o r  t r a n s i t i o n  metal  systems. Thus 
t h e  v a r i a t i o n a l  procedure adopted f o r  t h e  s imple  me ta l s  seems t o  be an a t t r a c t i v e  
t o o l  f o r  hand l i ng  t r a n s i t i o n  me ta l s  - t h e  o n l y  d i f f e r e n c e  i s  t h a t  t h e  p a i r - p o t e n t i a l  
Hami l t on ian  desc r i b l , ng  t h e  s imple  me ta l s  has t o  be rep laced  by a  t i g h t - b i n d i n g  
d - e l e c t r o n  Hami l t on ian  which i s  more a p p r o p r i a t e  f o r  t r a n s i t i o n  me ta l s .  
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For  a  g i v e n  t i g h t - b i n d i n g  Hami l t on ian  H, t h e  e q u i l i b r i u m  c o n f i g u r a t i o n  i s  c a l c u l a t e d  
by m i n i m i z i n g  t h e  v a r i a t i o n a l  express ion 

F  < FHSY - < H  - HHSY > HSY 
3 = q  kgT + E T ( e 3 ~ )  - T  S H S y ( ~ , ~ )  

w i t h  r e s p e c t  t o  t h e  parameters € ( s t r e n g t h  o f  t h e  o r d e r i n g  p o t e n t i a l  a t  c o n t a c t )  
and  screening cons tan t  i n  t h e  Yukawa i n t e r a c t i o n )  - t h e  hard sphere d iameter  i s  
f i x e d  by assuming t h a t  a  pack ing f r a c t i o n  o f  n=0.56 i s  r e p r e s e n t a t i v e  o f  t h e  a l l o y  
j u s t  above the  g l a s s  t r a n s i t i o n  temperature .  The t o t a l  energy E T ( c , ~ )  f o r  a  g i v e n  
c o n f i g u r a t i o n  i s  c a l c u l a t e d  u s i n g  t h e  Cay ley - t ree  method i n t roduced  by F a l i c o v  and 
co-workers /11/. The HSY-pair c o r r e l a t i o n  f u n c t i o n  g . . (R )  e n t e r  f o r  example t h e  ex- 
p ress ions  f o r  t h e  s e l f  energ ies  A,, A, , i n  t h e  BethAJc lus ter  approx imat ion  we have 

where t h e  t . . ( R )  and E .  a r e  t h e  t r a n s f e r  i n t e g r a l s  and a tomic  energy e igenva lues 
r e s p e c t i v e l j ?  F o r  each lconf igura t ion  represented by g i ven  va lues f o r  €and K ,  t h e  
s h i f t  of t h e  energy band and t h e  e l e c t r o n  t r a n s f e r  a r e  c a l c u l a t e d  s e l f - c o n s i s t e n t l y ,  
t h e  e q u i l i b r i u m  c o n f i g u r a t i o n  i s  determined by m in im iz ing  t h e  f r e e  energy ( 1 ) .  
Our method i s  s i m i l a r  t o  e a r l i e r  a t t emp ts  t o  c a l c u l a t e  CSRO i n  d i so rde red  systems 
/12/, which a r e  a l s o  based on t h e  Cayley t r e e  method and a  HSY-reference system. I n  
t h i s  work however, t h e  HSY-reference system was coupled t o  t h e  t i g h t - b i n d i n g  Hamil-  
t o n i a n  by equat ing  t h e  s p e c t r a l l y  d e f i n e d  t r a n s f e r  of band e l e c t r o n s  and t h e  e l e c -  
t r o s t a t i c  charges o f  t h e  HSY-system. We have two good reasons n o t  t o  f o l l o w  t h i s  
convent ion :  f i r s t ,  t h e  d e f i n i t i o n  o f  t h e  charges and o f  t h e  screen ing i n  t h e  HSY 
system i s  n o t  un ique (does t h e  screen ing p e n e t r a t e  i n t o  t h e  hard co re  o r  n o t  ?, c f .  
t h e  d i s c u s s i o n  i n  / 8 / ) .  Second, i t  i s  w e l l  known t h a t  a  s p e c t r a l  d e f i n i t i o n  o f  t h e  
e l e c t r o n  t r a n s f e r  can y i e l d  q u i t e  m is lead ing  r e s u l t s  ( i t  i s  known f rom band s t r u c -  
t u r e  c a l c u l a t i o n s  on i n t e r m e t a l i c  compounds t h a t  t o  i n t e r p r e t  o r b i t a l  occupancies 
t o o  l i t e r a l l y  as charge t r a n s f e r  can g i v e  r e s u l t s  i n  d i r e c t  c o n t r a d i c t i o n  t o  chemi- 
c a l  common sense - f o r  example charge t r a n s f e r  f rom A1 t o  L i  / 14 / ) .  T h i s  method a l s o  
excludes t h e  conce i vab le  s o l u t i o n  o f  charge t r a n s f e r  w i t h o u t  chemical  o r d e r i n g .  The 
v a r i a t i o n a l  method avo ids  a l l  t hese  problems and p rov ides  a  sound thermodynamic 

F ig .4  - E l e c t r o n i c  d e n s i t y  o f  s t a t e s  i n  amorphous N i  T i  : f u l l  l i n e  - i n c l u d i n g  
CSRO, d o t t e d  l i n e  - w i t h o u t  CSRO, dashed l i n e s  - ~ a r ? ( ! a l ~ ~ ~ ~ ~  o f  N i  and T i  S i t e s .  
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basis for the calculation of CSRO. First results for amorphous Ni Ti are shown in 
Figs. 4 and 5. The calculated electronic density of states shows *Be @miliar shift 
of the d-band of the late transition metal. In the ordered equilibrium configuration 
the structure in the DOS is somewhat more pronounced - this is a consequence of a 
small electron transfer. The variationally determined partial static structure fac- 
tors compare very well with those determined from isotope substitution experiments. 
To summarize: we have presented an appealingly simple and very promising method 
for calculating CSRO in liquid and amorphous alloys of simple- and of transition 
metals. 
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Fig.5 - Partial static structure factors S (q) and S (q) of 
Full 1 ine - variational calculation , openN!ircles exfigriment 
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