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Abstract : Antimony single crystals have been grown by the horizontal Chalrner’s technique 7'hc furnace for the growth was designed and 
lahncated in the laboratory A specially designed graphite boat was used as a container for the growth For dislocation studies, the crystals were cleaved 
at liquid nitrogen temperature in a conventional manner Optically smooth (111) cleavage surfaces were selected for etching in the etchants consisting 
t)f different compositions of malic acid, nitric acid and distilled water Crystallographically oriented triangular etch pits were obtained at sites of 
dislocations The reaction is characterised by kinetic as well as thermodynamic parameters.
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1. Introduction

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

a p p lic a tio n s  in  v a r io u s  f ie ld s . A n tim o n y  m e ta l a v a ila b le  w ith  a 

p u rity  o f  9 9 .9 9 9 %  f in d s  i t s  a p p l i c a t i o n s  in  s e m ic o n d u c to r  

te c h n o lo g y  fo r  m a k in g  in f r a r e d  d e te c to rs ,  d io d e s  a n d  H a ll -  

effect d e v ic e s  [ 1 ,2 ] .  A n tim o n y  e x p a n d s  o n  so lid if ic a t io n  w h ic h  

finds its  u s e s  in  s o ld e r  a n d  d e c o ra t iv e  c a s t in g  o f  b r i ta n n ia  m e ta l 

and so m e  p e w te r . T h e  g ro w th  o f  a n tim o n y  s in g le  c ry s ta ls  is w e ll 

reported , v a r io u s  g ro w th  te c h n iq u e s  w e re  e m p lo y e d  by  d if fe re n t 

w o rk ers  [3 -7 ] . O g g  [8 ] e x p e r im e n ta l ly  c o n f i rm e d  th e  c ry s ta l 

s tru c tu re  o f  a n tim o n y , w h ic h  c o n s is ts  o f  tw o  in le r -p e n e lra l in g  

fa c e -c e n te re d  la t t ic e s .  L a m p e r t  a n d  R e ic h e l t  [9 ] d e s c r ib e d  th e  

crysta l la t t ic e  o f  A n tim o n y  h a v in g  p o in t  g ro u p  R  3 m  a n d  it is  

i s o m o rp h o u s  to  a r s e n ic .  T h e  n e g a t iv e  r e s i s t a n c e  e f f e c t  in  

a n tim o n y  s i n g le  c r y s t a l s  w e r e  s t u d i e d  b y  M a r im o to  a n d  

V oshida [1 0 ] a t  1 .6  ^K . M o r e o v e r ,  th e  d ia m a g n e tic  n a tu re  o f  

su sc e p tib ili ty  o f  A n t im o n y  [1 1 ]  a n d  n e u tro n  s t re n g th  fu n c tio n  

data fo r  ta r g e t  i 2^ S b  a n d  c o m p o u n d  n u c le u s  j^*S b  [1 2 ] h a v e  

been o b ta in e d .

T h e  e tc h in g  te c h n iq u e  is  w id e ly  u s e d  to  re v e a l  d is lo c a t io n s  
on su rfa c e  o f  s in g le  c ry s ta ls  o f  m e ta ls ,  o rg a n ic  a n d  in o rg a n ic

Corresponding Author

c ry s ta ls . T h e  c o m p o s it io n  o f  an  e tc h a n t re m a in s  e m p ir ic a l b u t 

th e  b a s ic  r e q u ire m e n t o f  an  e tc h a n t is an  o x id iz in g  a g e n t an d  a 
c o m p l e x in g  a g e n t ,  s o m e t i m e s  a s  m a n y  a s  th r e e  to  f o u r  
c o m p o n e n ts  a re  in v o lv ed . M a n y  w o rk e rs  h av e  ex p lo re d  ch em ica l 
e tc h in g  te c h n iq u e  to  re v e a l d is lo c a tio n s  on  ( 1 1 1) c le a v a g e  p lan e  

o f  a n t i m o n y  s i n g l e  c r y s t a l s  [7 ,  1 3 - 1 8 ] .  In  th e  p r e s e n t  
in v e s tig a tio n , th e  s in g le  c ry s ta ls  o f  a n tim o n y  a re  g ro w n  b y  th e  
h o r i z o n t a l  C h a lm e r  s t e c h n i q u e  a n d  e t c h e d  b y  e t c h a n t s  
c o n ta in in g  m a lic  a c id  to  re v e a l d is lo c a t io n s .

2. Experimental techniques

2. /  Crystal growth :

In  th e  B r id g m a n  m e th o d , th e  fu rn a c e  is  k e p t s te a d y  a n d  th e  

c h a rg e  is  m o v e d , w h e re a s  in  th e  C h a lm e r 's  te c h n iq u e , th e  c h a rg e  

is k e p t s te a d y  a n d  th e  fu rn a c e  is  m o v e d  h o r iz o n ta l ly  a lo n g  th e  

c h a rg e  [1 9 ]. T h e  c ru c ib le s  p la y  a n  im p o r ta n t  ro le  in  c ry s ta l  

g ro w th . T h e  ty p e s  a n d  d e s ig n s  o f  c ru c ib le s  o r  c o n ta in e rs  a re  

s e le c te d  c a re fu lly  fo r  e v e ry  ty p e  o f  c ry s ta l  g ro w th  te c h n iq u e , 

w h ic h  a re  s u m m a r is e d  b y  S h a h  a n d  W ills  [2 0 ] . In  th e  p re s e n t 

in v e s tig a tio n , th e  m e ta l is  k e p t  in  a  s p e c ia lly  d e s ig n e d  g ra p h ite  

b o a t w h ic h  is  p o in te d  a t  o n e  e n d  a n d  f la t  a t  th e  o th e r. T h is  ty p e  

o f  b o a t p ro v id e s  th e  f r e e z in g  o f  th e  m e l t  a t  a  p o in t b e c a u s e  o f  

c o n s tr ic t io n . In  th is  w ay . v e ry  fe w  se e d  c ry s ta ls  a rc  fo rm e d .
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T h e  g ra p h ite  b o a t is k e p t at th e  c e n tre  o f  th e  q u a r tz  tu b e  o f  

o n e  m e te r  in  le n g th  a n d  2 .5  c .m . in  d ia m e te r . T h e  tro lly  fu rn a c e  

w h ic h  m o v e s  a lo n g  th e  q u a r tz  tu b e  is m a d e  a c c o rd in g  to  th e  

s ta n d a rd  p ro c e d u re . T h e  a rra n g e m e n t is sh o w n  sc h e m a tic a lly  

in F ig u re  1. T h e  X  Y a n d  Z  a re  th e  th re e  d if fe re n t fu rn a c e s  w h e re  

X  a n d  Z  a re  c o n n e c te d  in  se r ie s  w ith  s e p a ra te  p o w e r  su p p ly  fo r  

Y, T h e  X a n d  Z  a re  th e  p re h e a t in g  a n d  a f te r  h e a tin g  fu rn a c e s  
re sp e c tiv e ly , th e ir  te m p e ra tu re s  b e in g  le ss  th an  th e  m e ltin g  p o in t 

o f  a n tim o n y . T h e  c e n tra l fu rn a c e  Y is  k e p t a t a  te m p e ra tu re  50^C  

to  70®C a b o v e  th e  m e l tin g  p o in t o f  a n tim o n y . T h e  te m p e ra tu re  

g ra d ie n t is  c o n tr o l le d  b y  c h a n g in g  th e  te m p e ra tu re  o f  X  a n d  Z, 

a n d  c o u ld  a ls o  b e  c h a n g e d  b y  c h a n g in g  th e  d is ta n c e s  fro m  th e  

c e n tra l fu rn a n c e  Y. T h e  h o r iz o n ta l m o v e m e n t o f  th e  fu rn a c e  is 

f a c i l i ta t e d  w ith  a  m o to r . M a n y  c r y s ta ls  w e re  g ro w n  u n d e r  

te m p e ra tu re  g ra d ie n t o f  9 2  ®C/cm a n d  g ro w th  v e lo c ity  o f  1.5 c m / 

hr. A n tim o n y  m e ta l o f  5N  p u r i ty  o b ta in e d  fro m  N u c le a r  F u e ls  

C o m p le x , H y d e ra b a d , In d ia , w a s  u sed .

Quartz tube Graphite boat

X | y  i z To gas assembly 

.1

n a j  p T a r ; Motor

Graphite Boat

Figure 1. A schematic diagram of Chalmer s setup used tor growth of 
antimony single crystals and a graphite boat for the growth

D u rin g  th e  g ro w th  o f  c ry s ta ls , a  c o n tin u o u s  flo w  o f  h y d ro g e n  
g a s  is  m a n ta in e d  o v e r  th e  c h a rg e ,  th e  g a s  is  p ro d u c e d  in  K ip p 's  

a p p a ra tu s  a n d  su b s e q u e n tly  p a s s e d  th ro u g h  a  c o lu m n  o f  w a te r  
to  re m o v e  th e  H C l v a p o u r  a n d  th r o u g h  a  to w e r  c o n ta in in g  

c a lc iu m  c h lo r id e  to  a b s o rb  th e  m o is tu re . T h e  g a s  is  th e n  p a s s e d  
o v e r  h o t  c o p p e r  f i l l in g  k e p t in a  s e p a ra te  fu rn a c e  to  re m o v e  th e  

tra c e s  o f  o x y g e n  p re s e n t  in  it.

2 .2  Chemical Etching :

T h e  c ry s ta ls  w e re  c le a v e d  a t  l iq u id  n i tro g e n  te m p e ra tu re  in  a  

c o n v e n tio n a l m a n n e r . T h e  f r e s h ly  c le a v e d  su r fa c e s  w e re  r in s e d  
in a lco h o l fo llo w e d  b y  r in s e  in  e th e r  a n d  h o t a ir  d rie d . T h e  c ry s ta l 

d im e n s io n s  w e re  k e p t  c o n s ta n t  su c h  th a t  th e  su r fa c e  to  v o lu m e  
ra t io  w a s  la rg e . F o r  h ig h  te m p e ra tu re  e tc h in g , th e  c ry s ta ls  w e re  

f irs t h e a te d  s e p a ra te ly  a n d  b ro u g h t to  th e  te m p e ra tu re  o f  e tc h a n t  
b e fo re  e tc h in g . T h e  e tc h  p i t  w id th  W  w a s  m e a s u re d  b y  u s in g  a  

f i le r  e y e  p ie c e  o f  C a r l  2Jeiss N U -2  m ic ro s c o p e  w ith  re s o lu tio n  o f

0 .4  m ic ro n s . T h e  te s ts  w e re  c a r r ie d  o u t  to  c h e c k  w h e th e r  th e

T h e  fo l lo w in g  m e n t io n e d  e tc h a n ts  h a v e  b e e n  s e le c te d  tor 
e tc h in g  (1 1 1 )  c le a v a g e s  o f  A n tim o n y  s in g le  c ry s ta ls .

(1) E tc h a n t A  : 8 c .c . 1 M  m a lic  a c id  +  3 c .c . n itr ic  acid 
+  1 c .c . d is ti l le d  w a te r.

(2) E tc h a n t B : 9  c .c . 1 M  m a lic  a c id  +  3 c .c . n itr ic  acid 

+  1 c .c . d is ti lle d  w a te r.

(3) E tc h a n t C  : 10  c .c . 1 M  m a lic  a c id  4- 3 c .c . n itr ic  acid 

4-1 c .c . d is ti l le d  w a te r.

T h e  c h e m ic a l s tru c tu re  o f  m a lic  a c id  is  a s  f o l l o w s :

C D O H

I

H — C — H  

I

H O - C — C (X )H  

I

H —C — H  

I

eeX ^H

T h e  e tc h in g  w a s  c a r r ie d  o u t a t d if lc r e n t  te m p e ra tu re  Iroin 

ro o m  te m p e ra tu re  to  4 5  "C . T h e  e tc h in g  lim e s  w e re  12 0  see . i('r 

e tc h a n t A an d  4 5  see . fo r  e tc h a n ts  B a n d  C. C ry s ta llo g ra p h ic a ll\ 

a lig n e d  tr ia n g u la r  e tc h  p its  o f  (1 1 1 )  [ 1OT ] ty p e  w e re  o b se rv ed

F ig u re  2 is  a  p h o to m ic ro g ra p h  e x h ib itin g  tr ia n g u la r  e tch  p i i s  

o n  (1 1 1 )  c le a v a g e  p la n e  a t te m p e ra tu re  o f  4 5 ‘̂  C by e tc h in g  in 
e tc h a n t B. S im ila r ly  F ig u re  3 is a  p h o to m ic ro g ra p h  sh o w in g  the 
ty p e s  o f  e tc h  p its  o b ta in e d  in  e tc h in g  by  e tc h a n t C  at 4 0 “ C.

etch pits were at dislocation sites [21 ]. The crystals were found
to have dislocation densities of 10"̂  lines/cm^.

Figure 2. A photomicrograph of typical etch pits observed on 
etching (111) cleavage plane of antimony in etchant B at 4 5 ^  for 
seconds

3. Results and discussions

Various workers have grown antimony single crystals. M aslova 

e t a l [3] have grown antimony single crystals by Bridgman
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m eth o d  in  a  h a rd  c r u c ib le .  T h e y  s tu d ie d  d is lo c a t io n s  w h e n  w e re  fu r th e r  c h a ra c te r is e d  b y  G ib b 's  fre e  e n e rg y  o f  a c tiv a tio n  
c ry s ta ls  w e re  g ro w n  in  s p l i t  g ra p h i te  m o u ld s  a t  d if fe re n t  ra te s . g iv e n  by  
T hey  fo u n d  th a t  th e  d is lo c a t io n s  a ro s e  m a in ly  d u e  to  p la s tic

= A*H ^^-TA*S

Figure 3. A photomicrograph of typical etch pits observed on etching 
< I ! I) cleavage plane of antimony in etchant C at 40"C for 45 seconds

d e fo rm a tio n  c o n d i t io n  b y  th e  c ry s ta l  w a ll a d h e s io n  in  th e  

c ru c ib le . T h e  d is lo c a t io n  d e n s i ty  c a n  b e  re d u c e d  a n d  th e  s iz e  
e ffec t s u p p re s s e d  b y  w e a k e n in g  th e  a d h e s io n  b e tw e e n  c ry s ta l  

and w a ll o f  th e  c ru c ib le .  A ls o ,  th e  fo rm a tio n  o f  d is lo c a t io n s  in  
an tim ony c ry s ta ls  g ro w n  b y  p u ll in g  fro m  m e lt  h a v e  b e e n  re p o r te d  

by T siv in sk ii etal [ 4 |.  A p a r t  f ro m  th is , T h a k a r  a n d  S h a h  [7] g re w  
an tim o n y  s in g le  c ry s ta ls  b y  m o d if ie d  C h a lm e r ’s te c h n iq u e  a n d  
rep o rted  p re f e r r e d  o r ie n ta t io n  o f  ( 1 11) c le a v a g e  p la n e  w ith  th e  
g row th  a x e s .

It is  w e l l  k n o w n  th a t  th e  r e a c t io n  r a te  in c r e a s e s  w ith  
te m p e ra tu re  a n d  f o l lo w s  th e  e m p i r ic a l  A r r h e n iu s  la w . T h e  

a c tiv a tio n  e n e rg y  fo r  th e  la te ra l  m o t io n  o f  le d g e s  o f  d is lo c a tio n  
etch  p its  a n d  th e  f r e q u e n c y  fa c to r  c a n  b e  c a lc u la te d  u s in g  th e  

fo llo w in g  e q u a t i o n :

W ^ A c x p  i - E I R T ) . (1)

w here  W is  th e  a v e ra g e  w id th  o f  th e  e tc h  p it ,  E is  th e  a c tiv a tio n  
energy, A is  th e  f r e q u e n c y  fa c to r , R is  th e  g a s  c o n s ta n t  a n d  T is 
the a b s o lu te  te m p e ra tu re .  T h e  v a lu e s  o f  a c t iv a t io n  e n e rg y  a n d  

the f r e q u e n c y  f a c to r s  h a v e  b e e n  c a lc u la te d  f ro m  th e  p lo ts  o f  

lo g a rith m  o f  W versus l/T, F ig u r e s  (4 -6 )  a re  th e  p lo ts  o f  lo g  W 
v’*y. 1 / r  f o r  th e  e tc h a n ts  A, B a n d  C , re s p e c tiv e ly . T h e  re a c t io n s

i /T K - 'x ia ^
figure 4. A plot of log W versus l/T for etchant A.

I (2)

w h e re  A is th e  s ta n d a rd  e n tro p y  o f  th e  a c tiv a tio n , A 
is  th e  s ta n d a rd  e n th a lp h y  o f  a c tiv a tio n . T h e  A is g iv e n  by

(3)
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Figurc 5. A plot of log W versus MT for etchant B
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3 1 3 2 3.3

i/TK-’ xia-^

Figure 6. A plot of log W versus \/T  for etchant C 

T h e  A"^S^ c a n  b e  c a lc u la te d  as

w  = j  e x p  (A /  R) e x p  (-A  * /  RT), (4)

w h e re  is th e  B o ltz m a n  c o n s ta n t, h is  th e  P la n c k  c o n s ta n t.

T h e  e s t im a tio n  o f  k in e tic  a n d  th e rm o d y n a m ic  p a ra m e te rs  
h a s  b e e n  m a d e  b y  u s in g  th e  a b o v e  e q s .  ( 1 - 4 ) ,  w h ic h  a re  
e la b o ra te ly  d is c u s s e d  e ls e w h e re  [2 2 -2 4 ] . T h e  v a lu e s  o f  th e se  
p a ra m e te r s  a re  l is te d  in  T a b le  1.

Table 1. Values of activation energy, frequency factor, standard enthalpy 
of activation, standard entropy of activation and Gibb's free energy arc 
compiled in the table for etchants A, B and C.

Etchant
Activation

Energy
E

kJMol-‘

Frequency
Factor

A A * i f
UMol-'

A * s '’ 
JK-’Mol-'

a -G "
UMol-'

A 42.12 7.07 X 10* 39.56 -219 107.02

B 61.27 3 .16 X 10' 58.71 -149 104.60

C 90.95 4.87 X I0'» 88.39 -5 0 103.79
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T h e  a c t iv a t io n  e n e rg y  c a n  b e  th o u g h t o f  a s  a  b a r r ie r  to  th e  
re a c t io n , th e re fo re , th e  g re a te r  is  th e  a c tiv a tio n  e n e rg y  s lo w e r  is  

th e  re a c t io n  ra te . IT ie  p re -e x p o n e n tia l  f a c to r  o r  th e  f r e q u e n c y  
f a c to r  >4 is  c o m p o s e d  o f  c o ll is s io n  fre q u e n c y  a n d  s te r ic  fa c to r  
125].

O n e  c a n  n o tic e  f ro m  T a b le  1 th a t th e  v a lu e s  o f  s ta n d a rd  

e n t r o p y  o f  a c t i v a t io n  a n d  s ta n d a r d  e n th a lp y  o f  a c t iv a t io n  
in c re a se  w ith  in c re a s in g  th e  a m o u n t o f  m a lic  ac id  in  th e  e tc h a n ts , 

w h ile  th e  v a lu e s  o f  s ta n d a rd  G ib b 's  e n e rg y  re m a in  m o re  o r  le s s  
c o n s ta n t .  T h e  n e g a tiv e  v a lu e s  o f  s ta n d a rd  e n tro p y  in d ic a te s  

th e  p re s e n c e  o f  a c t iv a te d  c o m p le x e s .  T h e  G ib b 's  e n e rg y  o f  
a c t iv a t io n  is  a s s u m e d  to  fo l lo w  l in e a r  re la t io n s h ip  b y  e q . (2 ) . 

A n y  e f f e c t  th a t  le a d s  to  s t r o n g e r  b in d in g  b e tw e e n  a  s o lu te  

m o le c u le s  a n d  so lv a n t  m o le c u le s , w ill lo w e r  th e  e n th a lp y ; it w ill 

lo w e r  th e  e n tro p y  b y  r e s t r ic t in g  th e  fre e d o m  o f  v ib ra tio n  a n d  
ro ta tio n  o f  th e  s o lv a n t  m o le c u le s . T h is  m a y  le a d  to  a  ty p e  o f  

c o m p e n s a tio n  b e tw e e n  A a n d  TA an d  h e n c e  a  v e ry  

li t t le  c h a n g e  in  th e  v a lu e s  o f  A is  e x p e c te d . T h is  c a n  b e  

o b s e rv e d  fro m  T a b le  1.

T h e  la rg e  n e g a tiv e  v a lu e  o f  th e  e n tro p y  a n d  a  m o d e ra te  
v a lu e  o f  th e  f r e q u e n c y  f a c t o r  i n d i c a te s  th e  f o r m a t io n  o f  

in te rm e d ia te  c o m p le x  a s  ra te  d e te r m in in g  s te p  in  th e  c a s e  o f  
e tc h a n t  A [2 3 , 2 6 ) , w h ile  fo r  e tc h a n ts  if? a n d  C , th e  in te rm e d ia te  

m e c h a n is m  o f  r e a c t io n  m a y  n o t c o n ta in  s u c h  in te r m e d ia te  
c o m p le x . I f  th e  e n tr o p y  o f  a c t iv a t io n  c o r r e s p o n d in g  to  th e  

s ta n d a rd  s ta te  is  a b o u t m in u s  5 0  th e  p re » c x p o n c n tia l
f a c to r  is clo .se to  th a t g iv e n  by  s im p le  c o ll is io n  th e o ry  [2 2 ] , 

w h ic h  is  e x p e c te d  in  e tc h a n t  C , a s  it is  h a v in g  e n tro p y  o f  ~ 5 0  J

Figure 7a. Histogram of different etch pit size distribution for etchant A 
at 45"C.
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E tc h  p it  d is tr ib u tio n s  f o r  th e  th re e  e tc h a n ts  a re  d e p ic te d  in 
F ig u re  (7 a , b , c ) . F ro m  th e s e  h is to g ra m s , it is o b s e rv e d  th a t the 

c o m p le te  d is tr ib u tio n  o f  e tc h  p its  s h if t  to w a rd s  th e  la rg e r  cich 

p i t  w id th  ; a ls o , th e  d is tr ib u tio n  g e ts  w id e n e d  a s  th e  m a lic  acid 
c o n te n t  in c re a s e s  in  th e  e tc h a n t .  T h is  s u g g e s ts  th a t  th e  m alic 
a c id  r e a c ts  s t r o n g ly  a t  d is lo c a t io n  s i te s  o n  (1 1 1 )  p la n e s  ot 

a n t im o n y  c r y s ta ls .  T h e  f r e q u e n c y  f a c to r  p re d o m in a te s  the 
a c t iv a t io n  e n e rg y , w h ic h  is  th e  b a r r ie r  to  th e  re a c t io n ; a n d  as a 

re s u lt ,  th e  h is to g ra m s  a re  s h if t in g  to w a rd s  h ig h e r  p it  w id th  and 
g e ls  w id e n e d . U su a lly , th e  h ig h e r  th e  a c t iv a t io n  e n e rg y , low ci 

th e  re a c t io n  r a te  is  o b s e r v e d ;  b u t  in  th e  p re s e n t  in v e s tig a tio n , 
th e  p re d o m in a n c e  o f  f r e q u e n c y  f a c to r  is  fo u n d  to  b e  im p o rtan i 
th a n  th e  a c t iv a t io n  e n e rg y  a n d  h ig h e r  re a c t io n s , Le. la rg e r  e tch  
p it  w id th s , a rc  fo u n d  f o r  h ig h e r  v a lu e s  o f  th e  fre q u e n c y  factor

Figure 7c. Histogram of different etch pit size distribution for eichani ( 
at 40'C

A n g u s  a n d  D y b le  [2 7 ] h a v e  g iv e n  a  m a th e m a tic a l a n a ly se  
o f  e tc h in g  o f  (1 1 1 )  d ia m o n d  su r fa c e s . T h e  s lo p e s  o f  e tc h  pK 

h a v e  b e e n  c o m p u te d  b y  th e m  in  te rm s  o f  s p e c if ic  ra te  co n slan is  

A', a n d  A,, fo r  re m o v a l o f  2 a n d  3 b o n d e d  a to m s  a lo n g  < T lO "

Figure 7b. Histogram of different etch pit size distribution for etchant B 
at 45®C.
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Figure  8. Atom removal process considered for ( H I )  surfaces of 
antimony. Heie x  indicates a top layer atom bonded to layer below, and o 
indicates a top layer atom not bonded to layer below, (a) An arbitrary bole 
in outer layer, (b) A triangular initial pit developed after sequential removal 
of two-bonded atoms from (a).
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Steps a n d  th e  s p e c if ic  ra le  c o n s ta n t  , ,  fo r  s te p  n u c le a tio n  at 
the c e n tra l in i t ia tin g  d e fe c t .  T h e  m o d e l o f  a to m  re m o v a l p ro c e s s  

on (1 1 1 )  s u r fa c e s  o f  a n tim o n y  c a n  b e  sh o w n  by F ig u re  (8 a , b ). 
w here  X is a lo p  la y e r  a to m  b o n d e d  to  la y e r  b e lo w , an d  O  is the  

top la y e r  a to m  n o t b o n d e d  to  la y e r  b e lo w . F ig u re  8a  sh o w s  a 
p o rtion  o f  to p  la y e r  o f  (1 1 1 )  su r fa c e  w ith  se v e ra l a to m s  in the  

central p o rtio n  re m o v e d . T h e  a to m s in lo w e r lay ers  arc  no t show n . 

A ssu m in g  th a t th e  p ro b a b i l i ty  o f  r e m o v a l o f  fo u r  an d  th re e  
b o n d ed  a to m s  is v e ry  lo w  c o m p a r e d  to  th a t o f  th e  tw o  b o n d e d  

atom s. A ll th e  a to m s  w ith in  th e  d a sh e d  tr ia n g le  c o u ld  be rem o v ed  

by se q u e n tia l re m o v a l o f  tw o  b o n d e d  a to m s  on ly . T h e  tr ia n g le  

to rrned  in th is  w a y  is b o u n d e d  by  <  1 l()>  s te p s  m a d e  by o n ly  ' 

th ree  b o n d e d  a to m s . S u b s e q u e n t  e n la r g e m e n t  o f  tr ia n g le  is ; 
s lo w er a n d  e x p e c te d  to  ta k e  p la c e  o n ly  by  f ir s t  re m o v in g  a th re e  j 

bo n d ed  a to m  f ro m  o n e  o f  th e  s te p s . T h is  w ay , th e  fo rm a tio n  o f  f 
tr ian g le  e tc h  p it o n  ( 1 1 1 ) c le a v a g e  p la n e  o f  a n tim o n y  c an  be 

ex p la in ed  w h ic h  c o r r e s p o n d s  to  th e  lo rm a lio n  o f  p its  su g g e s te d  
b y  A n g u s  a n d  D y b lc  |2 7 ] .

R a v a l ct al \ 18J s e le c te d  th e  e tc h a n ts  c o n ta in in g  m a lic  ac id  
in d if fe re n t a m o u n ts  by  k e e p in g  th e  to ta l v o lu m e  o f  th e  e tc h a n t 

co n stan t an d  fo u n d  th a t th e  v a lu e s  o f  a c tiv a tio n  e n e rg y  an d  
Irc q u e n c y  f a c to r  in c r e a s e  in i t ia l ly ,  th e n  d e c re a s e  w ith  th e  

inc rease  o t m a lic  a c id  c o n te n t ;  w h ic h  in d ic a te s  th e  p re s e n c e  o f  
.1 L iitica l p o in t w h e re  a  dev ia lit> n  fro m  th e  n o rm a l b e h a v io u r  

lakes p la c e . A lso , th e y  s u g g e s te d  th a t th e  s p e c if ic  c o m p o s it io n  
ol o x id iz in g  a g e n t  (n i t r i c  a c id )  a s  w e ll as  c o m p o s i t io n  o f  

L o m p lex in g  a g e n t (m a lic  a c id )  is r e s p o n s ib le  fo r  m o d ify in g  th e  
kink k in e tic s  in  su c h  a  w a y  th a t a  c r i tic a l p o in t is o b se rv e d . 'Ph is 

has b een  d is c u s s e d  in  d e ta i l by  th e  s a m e  a u th o rs . In th e  p re s e n t 

case, th e  to ta l c o m p o s it io n s  o f  e tc h a n ts  a rc  no t k e p t c o n s ta n t 

as in th e  e a r l ie r  s tu d y  c o n d u c te d  b y  R a v a l et al f 18]. H e n c e , no  
cn iiea l p o in t is o b se rv e d  an d  th e  a c tiv a tio n  e n e rg y  an d  freq u en cy  

lac lo r in c re a se  w ith  th e  c o n te n t  o f  m a lic  a c id  in  th e  e tc h a n ts  
w hich  su g g e s t th a t th e  k in k  k in e tic s  a re  n o t m o d if ie d .

4. Conclusions

(i) A n tim o n y  s in g le  c r y s ta l  is g ro w n  by  h o r iz o n ta l  

C h a lm c r 's  te c h n iq u e  in  a  sp e c ia lly  d e s ig n e d  g ra p h ite  

b o a t .  T h e  d i s l o c a t i o n  e t c h i n g  b y  m a l i c  a c id  
c o n t a i n i n g  e t c h a n t s  p r o d u c e  w e l l - d e f i n e d  

c r y s ta l lo g r a p h ic a l ly  o r ie n te d  tr ia n g u la r  e tc h  p its ,  

w h ic h  re v e a l  th e  d is lo c a t io n s  o f  (1 1 1 )  [ 10 1 ] ty p e .

(ii) A s  th e  a m o u n t o f  m a lic  a c id  in c re a se s  i n th e  e tc h a n ts , 

th e  v a lu e s  o f  a c t iv a t io n  e n e rg y , f re q u e n c y  fa c to r  an d  
th e  d is tr ib u tio n  o f  e tc h  p it  s iz e  o n  h ig h e r  w id th s  a lso  

in c re a se . T h e  a c t iv a t io n  e n e rg y  is a  b a r r ie r  to  th e  
re a c t io n  a n d  a s  i ts  v a lu e  in c re a se s  th e  re a c t io n  ra le  is 

e x p e c te d  to  d e c re a s e .  T h e  h ig h e r  v a lu e s  o f  e tc h -p it 
w id th s  a re  o b s e r v e d  fo r  h ig h e r  m a lic  a c id  c o n te n ts , 

th o u g h  th e  v a lu e s  o f  a c tiv a tio n  e n e rg y  are  h ig h , w h ich  

a re  d u e  to  th e  in f lu e n c e  o f  th e  f re q u e n c y  fa c to rs .

(iii) T h e  h ig h e r  n e g a tiv e  v a lu e s  o f  e n tro p y  su g g e s ts  th e  
p re se n c e  o f  a c tiv a te d  c o m p le x . A s  th e  a m o u n t o f  m a lic

a c id  in c re a se s , th e  p rc .scncc  o f  a c tiv a te d  c o m p le x  
d im m i.shcs.

(iv) T h e re  is an  a b se n c e  o f  c r itic a l p o in t w h ic h  o th e rw ise  
in d ic a te s  a d e v ia t io n  Iro rn  n o rm a l b e h a v io u r  o f  
v a ria tio n s , o b se rv e d  e a r l ie r  in a n tim o n y  118|.

Acknowledgment

A u th o rs  a rc  th a n k tu l to  P ro f. B. S. S h a h  fo r h is e n c o u ra g e m e n t 
an d  Dr. P. C . S h a h  fo r h is  k in d  h e lp .

R eferences

[1] R C Wcasl, M J Asllc luls CRC' Hand Hook of Chnnisii) and 
riiYMi},. 6 /m t'dn (Morula. USA CRC Pics.s) (1980-81)

12j M B Bcvci (Ed-in-C’hicf) hnevt lopedia of Maienah S( ieiin‘ 
and hn^inoenn^ Vol. 1. (Oxford . Pcigamon)

[3] I A Maslova, S V Tsivinskn and B N Aleksandrov knst leiii 8 
029 (1973)

14] S V Tsivinskn, G A Sobakar and B N Aleksandrov Knst Tali 8 
621 (1973)

[Sj S (i E.psicin / KUh ti oihcni Soi 109 73H (1962)

f6j B B 1’hak.ai /Vi/) thesis (M S Univ . Baioda, India) (1907)
[7] B B Thakai and B S Shah (Vv.vr Res leeluud 21 189 (198(>)
fX| A i)gy r/ul May 42 163 (1921)

|9 | B Lampert and K Reicheii ./ Ciysi (tnnvth 51 2 M (1981)
llOj T Marimoto and O Yoshida Kyoto Datyahu Koyakli Kenkvu \ho 

ihu 41 (1972)

111] O E Frivold Ann Physik 57 471 (1918)
11 2 1 n  r Hughes, R L Zimmerman, J A Harvey and R H Chrien P/iv\ 

Rev I.ett 1 461 (19.58)
113] V M Kosevich KnstaUoyrafiya 6 475 (1961)

(14) L M Soiler and Z A Zhchogoleva hi: Meta! Metallovd 19 6V/
(196.5)

115| A H  Raval M J Joshi and B S Shah Re\ Teeimol 30 1(X)3
(199.5)

116] AH  Raval and M .1 Joshi hidum J Phys 68A 113 (1994)
I 17] A H  Raval, M j Joshi and B S Shah Indian J Phy\ 70A .569

(1996)
fl8 j A H  Raval, M J Joshi and B S Shah Indian J Phys 72A 49-55 

(1998)
[19] B Chalmci Canad J Phys 31 1.32 (1953)
[20] J S Shah and H H Wills Crystal Growth (ed) B R Pamplin (Oxford, 

Pergamon) p 326 (1975)

[21] A Amclinckx The Direct Observation of Dislocations (New York 
. Academic) 21 (1964)

[22] K J Laidler Chemical Kinetics 3rd edn. (New York ; Harper and 
Row) (1987)

[23] K C Pona, M J Joshi and B S Shah Indian J Phys 71A 593
(1997)

[24] R M Vai.shnav, L K Maniar. M J Jo.shi and R M Dabhi Indian J. 
Phys. 74A 581 (2000)

[25] R S Boikc.ss and E Edelson Chemical Principles (New York : 
Harper and Row) p 561 (1978)

[26] H H Garchar and P H Parsania Proc Ind Acad Sci. (Chem, Sci.) 
197 207 (1995)

[27J J C Angus and T J Dyblc Surface Sci. 50 157 (197.5)


