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\bsiracl T h e rm o d y n a m ic  properties lik e  entropy and specific  heat capacity  at constant pressuie and atom ic transport property like  shear 
Msiosiiy cocfricicnl have been investigated for nine less simple liquid metals namely Zn, ( 'd , Hg. In, T l .  Sn. Pb, Sb and Bi The mierionic pair potentials 
,111- (Iciivcd from B re to n n e t-S ilb e rl m odel for local pscudopotential The linearised W C A  theory lo r liquid  state has been used to estimate the haid 
sphL/e diameter, a basic ingredient, for calculating the physical quantities Agreement o f the calculated values lor most o f the systems with expcnmcntal 
i.iiLS IS loimd to be quite good.
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RLveiiily, w e  h a v e  in v e s t ig a ie d  Ih e  ih e n n o d y n a m ic  iin d  a to m ic  
iKinspori p ro p e rtie s  o f  l iq u id  tra n s it io n  an d  n o b le  m e ta ls  by  
using ihc N -h o d y  p o te n tia ls  [ 1 ]. A lth o u g h  the  N -b o d y  p o te n tia ls  
have p roved  to  be s u c c e s s fu l fo r  tra n s it io n  an d  n o b le  m e ta ls , 
ihcsc have th e ir  o w n  l im ita t io n s  o f  a p p lic a b il i ty  to  o th e r  m e ta ll ic  
Nysicms In  th is  w o r k ,  w c  h a v e  in v e s tig a te d  th e  th e rm o d y n a m ic  
;nul a io in ic  tra n s p o rt p ro p e r tie s  o f  less s im p le  m e ta ls  n a m e ly  
/n . Ccl, H g , In ,  T l ,  S n , P b , S b  a n d  B i .  E le m e n ts  ly in g  at the  
l^niiDin o l the th re e  tra n s it io n  m e ta l sc ries  h a v e  c o m p le te ly  f i l le d  
/ hands N o n e th e le s s  th e ir  p h y s ic a l p ro p e r tie s  a re  s ig n if ic a n t ly  
iiilliiLnced d u e  to  th e  .^ ^ -h y b r id iz a t io n  [2 , 3 ] .  T h is  is th e  rea so n  
H) call (hose m e ta ls  as less s im p le  o n e s . T h e r e fo r e ,  a  c o m p le te  
‘kscM ption o f  these s y s te m s  n e ed s a m o d e l th a t can  ta k e  in to  
H'-couni the e ffe c t  o f  ,y r /-m ix in g  in  th e  in te r io n ic  in te ra c t io n .

R ecently, B re to n n e t  a n d  S ilb e r t  ( B S )  h a v e  propo.sed a m o d e l 
’^ulcscnbc the in tc r io n ic  in te ra c t io n  o f  l iq u id  tra n s it io n  m e ta ls  
1*̂1 The m o d e l trea ts  s p  an d  d  b a n d s  s e p a ra te ly  w ith in  th e  w e ll  

lined p re s c r ip tio n  o f  th e  p s c u d o p o te n tia l th e o ry . T h e  j»y7-b a n d  
tiesenbed v ia  th e  e m p ty  c o re  m o d e l;  th e  r f-b a n d  c o n tr ib u t io n  
^kiivcd  fro m  th e  t /-b a n d  s c a tte r in g  p h a se  s h if t  b y  u s in g  the  

'averse .scattering a p p ro a c h . T t ie  B S  m o d e l is s im p le  to  h a n d le  
f^iJinencally. M o re o v e r ,  th e  lo c a l fo r m  p e rm its  o n e  to  e x te n d  th is  
nmdcl lo  o th e r  s y s te m s  fo r  w h ic h  j^ i-h y b r id iz a t io n  e f fe c t  is

’̂i»rrcsp()n(Jing A uthor

s ig n if ic a n t . T h e  B S  m o d e l has a lso  p ro v e d  lo  be su ccess fu l fo r  
l iq u id  tra n s itio n  m e ta l c a lc u la tio n s  |5 | .

T h e  k n o w le d g e  o f  th e  s ta tic  s tru c tu re  fa c to r  o r its F o u r ie r  
tra n s fo rm  n a m e ly  the p a ir  c o rre la tio n  fu n c tio n , is the p rereq u is ite  
fo r  a c o m p le te  d e s c r ip tio n  o f  s ta tic , th e rm o d y n a m ic  as w e ll  as 
trn a s p o rt p ro p e rtie s  o f  l iq u id  m e ta ls . V e ry  re c e n tly , I ta m i and  
S u g im u ra  [6 ] re p o rte d  th a t h a rd  sp h ere  ( H S )  resu lts  fo r  shear 
v is c o s ity  fo r  liq u id  Sn ag re e  b e tte r  w ith  the c o rre s p o n d in g  space 
laborate>ry d a ta  [7 ] .  F u r th e rm o re , H S  a n a ly t ic  e x p res s io n s  fo r  
th e  a b o v e  p h y s ic a l  p r o p e r t ie s  a rc  w e l l  d o c u m e n te d  1 8 |. 
T h e re fo re , it is n a tu ra l lo  ch o o se  th e  H S  re fe re n c e  as a firs t 
a p p ro x im a t io n  in  the p e r tu rb a tiv e  c a lc u la t io n . T h e  liq u id  slate  
th e o ry  used in  the prc.senl case is the lin e a r iz e d  W e e k s -C h a n d lc r-  
A n d e rs e n  ( L W C A )  m e th o d  [9 | .

T h e  stu d y  o f  v is c o s ity  is im p o rta n t fo r  the m e ta llu rg ic a l and  
in d u s tr ia l purpo.ses. F o r  e x a m p le , the ra le s  o f  m a n y  in d u s tr ia lly  
im p o r ta n t  re a c tio n s  a rc  l im ite d  b y  th e  d if fu s io n  o f  re a c ta n t  
sp ec ies . M o re o v e r ,  k n o w le d g e  o f  v is c o s ity  is re q u ire d  in the  
th e o re t ic a l d e te r m in a t io n  o f  c r i t ic a l  c o o lin g  ra tes  fo r  g lass  

fo rm a t io n . T h e  a fo re m e n t io n e d  aspects an d  pro.spccls o f  the  
B S  m o d e l e n c o u ra g e d  us to  d o  th is  w o rk .

In  th e  B rc lo n n e t-S ilb c r t  m tx le l, the  c o n trib u tio n  d u e  to  n e arly  
fre e  e le c tro n  b a n d  fo rm e d  b y  s-  an d  p -  s la tes is s e p ara ted  fro m
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th e  d u e  to  J -b a n d . T h e  lo c a l p s c u d o p o tc n tia l m a y  be  w r it te n  as

[4 ] :

W o (r )  =  ' ^ B „ c x p { - r / n a )  ,, ( 1)

=  t ' V r i f  r  >  R(.  .

w h e re  s tands  fo r  c m p iy -c o r e  ra d iu s , fo r  e f fe c t iv e  n u m b e r  
o f  v a le n c e  e le c tro n s  p e r  a to m  an d  a  fo r  so ftn e s s  p a ra m e te r . T h e  

e f fe c t iv e  in tc r io n ic  p o te n t ia l 0 ( / ' , p )  w ith  p  th e  io n ic  n u m b e r  

d e n s ity , is  o b ta in e d  b y  u s u a l p ro c e d u re  [R ]. T h e  d ie le c t r ic  
fu n c tio n  re la tin g  the lo ca l H eld  co rre c tio n  w as tak en  fro m  Ic h im a ru  
an d  U ts u m i | 1( )1. T h e  v a lu e s  o i  w e re  ta k e n  fro m  H a r r is o n  

1111. T h e  e f fe c t  o f  h y b r id iz a t io n  b e tw e e n  .v a n d  d  e le c tro n s  w a s  
a c c o u n te d  fo r  b y  c h a n g in g  th e  re la t iv e  o c c u p a n c y  o f  s  an d  d  
h a n d s . B y  in te g ra t in g  th e  p a r t ia l  .v -d en s ity  o f  sta tes re s u lt in g  
f ro m  th e  s e lf -c o n s is te n t b a n d  s tru c tu re  c a lc u la t io n , M o r u z z i  e t  

^;/ [ 1 2 | h a v e  fo u n d  th a t -  1 .3  is th e  m o s t re a s o n a b le  v a lu e  fo r  
th e  e le m e n ta l s y s te m s . T h is  is  a ls o  s u p p o rte d  b y  s c lf -c o n s is le n l  
c a lc u la t io n s  o f  M o r i a r l y  [ 1 3 ] .  3 'h is  v a lu e  is in  c o n fo r m ity  w ith  
th e  e f fe c t iv e  c h a rg e  t ra n s fe r  s itu a t io n . I t  is ob .scrvcd  th a t the  
p o te n t ia l is n o t v e ry  s e n s it iv e  to  Z^. C h a n g e  o f  d o c s  n o t 
c h a n g e  S { q )  s ig n if ic a n t ly ;  o n ly  a s m a ll c h a n g e  o l p e a k  v a lu e  
w a s  n o tic e d , r i ic  so ftn e s s  p a ra m e te r  «  has b e e n  f ix e d  b y  f i t t in g  
the  th e o re t ic a l s tru c tu re  fa c to r , S ( q ) ,  w i th  th e  e x p e r im e n ta l  S { q )  

at la rg e  q  (P o te n tia l p ro file s  a rc  a v a ila b le  on  requ est fro m  au th o rs). 
The W e e k s -C h a n d le r -A n d e rs e n  [ 14 ,15 1  ( W C A )  th e o ry  d e scrib es  
th e  s ta tic  s tru c tu re  fa c to r  fo r  s y s te m  o f  p a rt ic le s  in te ra c t in g  v ia  

a re p u ls iv e  p o te n t ia l <P(r) th ro u g h  a c o rre s p o n d in g  s y s te m  o f  
e f fe c t iv e  h a rd  s p h e re s . L W C A  liq u id  s ta te  th e o ry  [9 ]  w a s  u.scd 
to  d e te rm in e  th e  e f fe c t iv e  h a rd  sp h e re  d ia m e te r .

F o r  h a rd  sp h e re  l iq u id ,  th e  e x p re s s io n  fo r  th e  to ta l e n tro p y  S  

is th e  su m  o f  id e a l gas e n tro p y  an d  e x c e s s  e n tro p y  [ 1 6 | .  T h e  

s p e c if ic  h e a t a t c o n s ta n t v o lu m e  Cy, = T(dS Id T )y  an d  th e  

s p e c if ic  h e a t a t c o n s ta n t p re s s u re  is :

C p  =  C y  +
N T a l

PX i
(2)

w h e re  a y  is th e  th e r m a l e x p a n s io n  c o e f f ic ie n t .

/ i v  = ^ v / ” ( a )  +  jU v * ^ '(c r )  +  / i v , ‘ ' " ( r > C T )  +  ^ v (4 )
(CT), (3 )

f h e  e f fe c t iv e  h a rd  s p h e re  d ia m e te r  o  e v a lu a te d  by 
th e  L W C A  th e o ry , a re  p ic s c n te d  in  T a b le  1. T h e  va lu e  of

Using 

<7 IS
fo u n d  to  be th e  s m a lle s t  in  Z n  ( = 2 .3 2  A )  a n d  th e  la rg est m B i(. 
2 .9 8  A) .  I t  has b e e n  o b s e rv e d  th a t th e s e  v a lu e s  are consis[c 
w ith  th e  d e ta ile d  p ro f i le  o f  th e  in te r io n ic  p o te n tia ls . F o r example 
th e  p o s it io n  o f  th e  f ir s t  m in im u m  o f  th e  p o te n t ia l fo r  Z // 
the  s h o rte s t d is ta n c e  ( r  =  2 .7  A ) a n d  th a t o f  B i at the larger 
d is ta n c e  ( r  =  3 .3  A ).  F o r  th e  res t o f  th e  s y s te m s , the position o| 
th e  m in im u m  o f  th e  p o te n t ia l lie s  in  b e tw e e n  these tw o  Imms

T a b le  1. Inpu l param cicrs  fo r c a lc u la tin g  p a ir p o te n tia l p luinihLi 
density; cm piycore  radius, n. softness param eter and a , huid 
d iam eter

H le m e n is T (K ) P ( A - ' ) (a u ) fi(a u ) (T(A

Z n H 33 0 0 6 2 8 1 2 7 0 0  3 0 0 L
Cd 6 2 3 0 0 4 2 8 1 2 2 9 0  2 5 5 : ()(,

H p 4 2 3 0 ,0 3 9 7 0  9 1 .S 0 .1 6 7 2

In 7 7 3 0  03.S5 1 .3 2 0 j 0  2 7 0 2 H?

T l 77.1 0 0 3 2 4 1 .1 3 4 ^ 0 .2 1 5 :  K4

.Sn 9 7 3 0 0 3 3 7 1 .3 0 0 ',0 .2 6 6 : 7(,

Pb 8 2 3 0  0 3 0 1 1 4 7 0 0  3 05 2

Sb 9 3  3 0 0 3 2 0 1 0 3 9 0 190 1

Hi 8 2 3 0 0 2 8 2 1 4 9 0 0  3 1 0 1 ‘)ft

R e s u lts  o f  c a lc u la t io n s  fo r  t h e r m o d y n a m ic  piopciiic ' 
n a m e ly , the e n tro p y , s p e c if ic  h e a l a t c o n s ta n t pressure, loi liquh 
Z n , C d , H g , In , T l ,  S n , P b , S b  an d  B i a rc  p res en te d  in I'iiblc 2 lli 
s m a lle s t  v a lu e  o f  e n tro p y  has b e en  fo u n d  to  be 10.5.^ limes  ̂
p e r a to m  in  Z n  a n d  the la rg e s t v a lu e  1 3 .2 9  in B t. I'l ie  discrepiiiiL 
b e tw e e n  th e o ry  a n d  e x p e r im e n t  is fo u n d  to  be the largest loi H: 
( ^  =  3,44 ) an d  the s m a lle s t  fo r  S b  ( ^  =  0.4 ). T h e  ealuilaici 

v a lu e s  fo r  a l l  s y s te m s  a re  la rg e r  th a n  th e  c x p c riin e n ia l one 
b e c a u s e  th e  p re s e n t c a lc u la t io n s  a rc  p e r fo r m e d  a t tcnipemiurt; 
h ig h e r  th a n  th e  m e lt in g  p o in ts . S in c e  th e  c h a n g e  in eniiop

T a b le  2. T a lcu la tcd  values o f total entropy a n d  s p c L it u  Ikmi
constant prc.vsurc C/Nk^, in unit o f  and sheai vLscosity (m lPmn 
th e ir exp e rim e n ta l values.

F o r  a h a rd  s p h e re  l iq u id ,  th e  th e o ry  fo r  s h e a r  v i.sc o s ity  w a s  
d e v e lo p e d  b y  R ic e  a n d  A l ln a t l  11 7 ]. I t  m a y  be w r it te n  as th e  su m  
o f  fo u r  d i f f e r e n t  f r a c t io n s  :

w h e re  th e  f irs t  an d  s e c o n d  te rm  o n  the  r ig h t a rc  th e  c o n tr ib u tio n s  
d u e  to  h a rd  p a rt  a n d  th e  th ird  is  d u e  to  th e  s o ft p a r t  o f  th e  p a ir  
p o te n t ia l .  I 1ie  fo u r th  te rm  is th e  k in e t ic  e n e rg y  c o n tr ib u t io n  to  
th e  v is c o s ity . T o  g e t th e  e x p re s s io n s  fo r  th e  a b o v e  te rm s , o n e  is 
re fe rre d  l o f  18 ).

E lcm eni.s m . C. P R
T h e n E jept T h c o E x p l T h c o I x p l

Z n 10 53 9 0 3 58 3 .8 7 5 1 303 2 "'J''

Cd 1 1 0 0 9 7 3 .7 0 3 .8 1 5 1 354 2 461

H g 1 1 .7 4 8 3 3 5 4 - 1 . 3 9 1 1

In 1 1 71 9 .1 3 6 3 3 5 1 7 1.340 0 H4^

T l 1 3 0 5 1 0 .9 3 .4 7 3 6 3 1 .516 I

Sn 12 .81 9 .7 3 .3 6 3 .3 3 I.I2 .S 1 hM

Pb 12 .91 11.1 3 6 0 3 48 1.635 i 6 i :

Sb 1 2 .1 0 1 1 .7 3 6 6 3 .7 8 1.452 i,3«:

Bi 1 3 .2 9 1 1 .2 3 .4 8 3 .5 6 5 1.424 1 i-i-
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^ijh ic in p c ra iu rc  is p ro p o r t io n a l lo T i . c .  A S o c 7  (1 9 ) ,  o b v io u s ly  

ihc ih c o rc lica l v a lu e s  w o u ld  b e  h ig h e r

R esu lts  o f  c a lc u la t io n s  o f  s p e c i f ic  h e a l  C^  a t c o n s ta n t  

rcssurc, a rc  a ls o  p r e s e n te d  in  T a b le  2 . In  th is  c a s e , th e  
agreement w ith  th e  e x p e r im e n ta l  d a ta  is fo u n d  to  be re m a rk a b ly  
good because a t h ig h  te m p e ra tu re , C  is n e a r ly  in d e p e n d e n t o f  
leinperaiure. I t  m a y  b e  m e n t io n e d  th a t C y  d iv e rg e s  w h e n  th e  

packing d e n s ity  I ti)  a p p r o a c h e s  u n ity .  B u t  f o r

meialiic d e n s itie s , r j lie s  b e tw e e n  0 .4 0  to  0 .5 5 .  T h is  ra n g e  is 

much less th a n  o n e .

F in a lly , w e  tu rn  to  th e  re s u lts  o f  s h e a r  v is c o s ity  th a t a re  
calculated b y u s in g  th e  a n a ly t ic  fo rm u la s  d e r iv e d  fo r  h a rd  sp here  

liquid by R ic e  an d  A l ln a t t  1 1 7 ]. T h e  c a lc u la te d  v a lu e s  a re  lis ted  
in Table 2  w h e re  th e s e  a re  a ls o  c o m p a re d  w ith  th e  a v a ila b le  

e x p e rim e n ta l d a ta  [ 2 2 ] .  T h e  m in im u m  v a lu e  o f  v is c o s ity  P y  is 

jound to be 1. 12 5  c P  in  S n  an d  the  m a x im u m  v a lu e  is 1.6 3 5  c P  in  

I’b For the re: t o f  th e  s y s te m s , th e  v a lu e  o f  P y  l ie  in  b e tw e e n  

ihcsc lim its. H o w e v e r , as fa r  as th e  a g re e m e n t w ith  the  e x p e r im e n t  
IS concerned, c a lc u la te d  v a lu e s  e x c e p t fo r  Z n  an d  C d , a rc  v e ry  
good. F o r liq u id  Z n  a n d  C d , th e  a g re e m e n t  is ju s t  fa ir . H o w e v e r ,  
R ah m an  a n d  B h u iy a n  [ 2 0 ]  in v e s t ig a t e d  th e  t e m p e r a t u r e  
dependence o f  th e  s h e a r  v is c o s ity  fo r  fo u r  s y s te m s  in c lu d in g  
CD, In and B i.  T h e i r  re s u lts  a t th e  te m p e ra tu re  o f  p re s e n t w o rk  
were (o u n d  to  be 2 .7 ,  1 .7  an d  1.7  c P  re s p e c t iv e ly . J o a rd e r  an d  

Ran |211 m  a c a lc u la t io n , fo u n d  th e  v a lu e  o f  P y  to  b e  1.4  c P  fo r  

Ph So the c a lc u la te d  v a lu e s  o f  th e  p re s e n t w o r k  (e x c e p t  fo r  the  
Cd) are b e tte r  in  a g r e e m e n t  th a n  o th e r  th e o r e t ic a l  re s u lts  

:ivailablc.

T h c rc lo rc , w e  c a n  c o n c lu d e  th a t ( i )  l iq u id  Z n ,  C d , H g , In ,  T l ,  
Sn, Fb, Sb and B i c a n  b e  re p re s e n te d  as a firs t a p p ro x im a t io n , b y  
n o n -in lc ra c lin g  h a rd  s p h e re s , a l th o u g h  th e  e f f e c ts  o f  s d -  

hyb iid i/.a iion  e x is ts  in  th es e  .system s ; ( i i )  a p ro p e r  a c c o u n t o f
m ixing  in to  th e  in te r io n ic  in te ra c t io n  g iv e s  b e tte r  d e s c r ip tio n  

ol both th e rm o d y n a m ic  an d  a to m ic  tra n s p o rt p ro p e rtie s  o f  liq u id s

o l less s im p le  m e ta ls . T h u s , th e  B S  m o d e l c o u ld  be a g o o d  
b e g in n in g  o f  the m ic ro s c o p ic  d e s c r ip tio n  fo r  the a fo re m e n tio n e d  
m a c ro s c o p ic  p ro p e rtie s  o f  the liq u id s  o f  less s im p le  m e ta ls .
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