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Abstract

ASYMMETRY OF DYNAMICS AT THE GROWING 
CRYSTAL-MELT INTERFACE OF SALOL

by

OSCAR NASSIF de MESQUITA 

Adviser: Professor Herman Z. Cummins

Q u a s i e l a s t i c  l a s e r  l i g h t - s c a t t e r i n g  m e asu re m en ts  on th e  b and 

a f a c e s  o f  a  S a l o l  c r y s t a l  grow ing i n t o  th e  m e l t  r e v e a l e d  s im u l­

t a n e o u s  l a t e r a l  t r a n s l a t i o n a l  dynam ics on t h e  c r y s t a l  s u r f a c e  and 

s lo w  r e l a x a t i o n a l  dynam ics in  a t h i n  boundary  l a y e r  o f  m e l t  a d ja ­

c e n t  t o  th e  c r y s t a l .  The s low  r e l a x a t i o n a l  dynam ics w ere  a l s o  

o b se rv ed  when t h e  c r y s t a l  was m e l t in g .  A n a ly s is  o f  t h e  t r a n s l a ­

t i o n a l  dynam ics shows t h a t  c r y s t a l  g ro w th  i s  m e d ia te d  by h igh ly  

p o ly g o n ized  sc rew  d i s l o c a t i o n s .  S e v e r a l  mechanisms which can  be 

c o n s id e re d  t o  e x p la in  th e  boundary  l a y e r  dynam ics a r e  d is c u s s e d .  

However, a  c o n s i s t e n t  p h y s ic a l  model t o  e x p la in  t h e  s lo w  r e l a x a ­

t i o n a l  dynam ics h a s  n o t  y e t  been  ach iev ed .
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I .  INTRODUCTION

In  t h i s  i n t r o d u c t i o n  a  b r i e f  rev iew  o f  t h e  major p o in t s  o f  i n ­

t e r e s t  in ,  and o f  t h e  h i s t o r i c a l  background o f  th e  c r y s t a l - g r o w t h  

p roblem  w i l l  be p r e s e n te d .  R ecen t advances  in  t h e  a r e a  o f  c r y s t a l  

g ro w th  w i l l  be b r i e f l y  d i s c u s s e d .  The r e f e r e n c e s  w i l l  be ta k e n  

m ain ly  from rev iew  a r t i c l e s  in  th e  f i e l d .  A d is c u s s io n  o f  th e  t r a d ­

i t i o n a l  e x p e r im e n ta l  m ethods in  th e  s tu d y  o f  c r y s t a l  g ro w th  and 

th e  r e c e n t  u se  o f  q u a s i e l a s t i c  l a s e r  l i g h t  s c a t t e r i n g  te c h n iq u e  to  

s tu d y  dynamics a t  th e  grow ing c r y s t a l - m e l t  i n t e r f a c e s ,  p io n e e re d  

by P r o f .  J .  H. B ilg ram  a t  th e  E. T. H. in  Z u r ich ,  w i l l  a l s o  be p r e ­

s e n te d .  The to p i c s  which a r e  more r e l e v a n t  t o  t h e  u n d e r s ta n d in g  o f  

th e  e x p e r im e n ta l  r e s u l t s  o f  t h i s  t h e s i s  a r e  p r e s e n te d  in  s e p a r a t e  

c h a p t e r s .

A. Interest in The Cry3tal-Growth Problem
Rapid expans ion  o f  t h e  u se  o f  h ig h - q u a l i t y  c r y s t a l l i n e ,  m a te r i ­

a l s  in  e l e c t r o n i c  and o p t i c a l  d e v ic e s  d u r in g  th e  p a s t  two decades  

h a s  s t i m u l a t e d  much r e s e a r c h ,  b o th  e x p e r im e n ta l  and t h e o r e t i c a l ,  

on th e  dynam ics o f  c r y s t a l  g ro w th .  A b e t t e r  u n d e r s ta n d in g  o f  s o l i ­

d i f i c a t i o n  p r o c e s s e s  in  m e ta l s  and th e  g ro w th  o f  e u t e c t i c  f i b e r s  

a r e  a l s o  o f  u n q u e s t io n a b le  t e c h n o lo g ic a l  i n t e r e s t .

The s u r f a c e  o f  a  g row ing c r y s t a l  i s  n o t  a t  e q u i l ib r iu m .  As i s  

now w ide ly  r e c o g n iz e d ,  dynam ica l s y s te m s  f a r  from e q u i l ib r iu m  

e x h ib i t  n o v e l  i n s t a b i l i t i e s  o f t e n  c h a r a c t e r i z e d  by p e r io d -d o u b l in g  

b i f u r c a t i o n s .  The grow ing c r y s t a l  i n t e r f a c e  can  be viewed a s  a
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n o n eq u i l ib r iu m  dynam ica l sy s tem  and th e  i n t e r f a c i a l  dynam ics s t u ­

d ied  a s  a  f u n c t io n  o f  t h e  g ro w th  v e l o c i t y  vQ which p la y s  th e  r o l e  

o f  a b i f u r c a t i o n  p a r a m e te r .

I t  i s  g e n e r a l l y  r e c o g n iz e d  t h a t  a c r y s t a l  can  grow i n t o  th e  

a d j a c e n t  m e l t  ( o r  vap o r  o r  s o l u t i o n  ) by s e v e r a l  d i f f e r e n t  

mechanisms, depending  on th e  s t r u c t u r e  o f  t h e  i n t e r f a c e ,  p u r i t y ,  

g ro w th  v e l o c i t i e s ,  t e m p e r a t u r e  g r a d i e n t s  and r e l a t e d  f a c t o r s ,  and 

t h a t  th e  d e t a i l s  o f  th e  g ro w th  mechanism s t r o n g l y  in f lu e n c e  th e  

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

For t h e  c r y s t a l  t o  grow i t  i s  n e c e s s a r y  t h a t ,

(1) th e  a tom s o r  m o le c u le s  be t r a n s p o r t e d  t o  th e  i n t e r f a c e  w here 

th e  p h ase  t r a n s f o r m a t i o n  i s  ta k in g  p la c e ;

(2) t h e  t r a n s p o r t e d  a to m s  o r  m o le c u le s  must have non zero  p r o b a b i l ­

i t y  o f  s t i c k i n g  on t h e  i n t e r f a c e ;

(3) th e  l a t e n t  h e a t  g e n e r a te d  in  t h e  g ro w th  p ro c e s s  a s  w e l l  a s  th e  

e x c e ss  com ponents  s e g r e g a t e d ,  m ust be c o n d u c ted  away from th e  in ­

t e r f a c e .

(1) The t r a n s p o r t  o f  m o le c u le s  t o  th e  i n t e r f a c e  in  t h e  c a s e  

o f  vap o r  g ro w th  can  be t r e a t e d  by t h e  k i n e t i c  th e o ry  o f  g a s e s .  In  

th e  c a s e  o f  s o l u t i o n  g ro w th ,  d i f f u s io n  o f  t h e  s o l u t e  in  t h e  l iq u id  

s o l v e n t  i s  t h e  mechanism o f  t r a n s p o r t .  In  th e  c a s e  o f  m e l t  g ro w th ,  

t h e  mechanism o f  t r a n s p o r t  i s  n o t  v e ry  c l e a r  s in c e  a c lo s e d  packed 

l i q u id  i s  a d j a c e n t  t o  t h e  i n t e r f a c e .  However, t h e  e x p e r im e n ta l  d a t a  

f o r  t h e  m e l t  g ro w th  o f  g l a s s - f o r m in g  m a t e r i a l s  h as  shown c o r r e l a ­

t i o n  b e tw een  t h e  t r a n s p o r t  p r o c e s s  f o r  c r y s t a l  g ro w th  and th e  

a c t i v a t e d  p r o c e s s  f o r  s e l f - d i f f u s i o n  o f  t h e  m o le c u le s  in  th e  

m e l t 1. R ecen t com pute r  s im u la t i o n s  on c r y s t a l  g ro w th  from  th e
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m e l t 2 have shown t h a t  an o rd e re d  s t r a t i f i e d  l a y e r  o f  m e l t  d e v e l ­

ops ahead  th e  i n t e r f a c e  o f  a grow ing c r y s t a l .  Computer s im u la t io n s  

on th e  e q u i l ib r iu m  s t r u c t u r e  o f  c r y s t a l - m e l t  i n t e r f a c e s  in d i c a t e  a 

v e ry  s h a rp  t r a n s i t i o n  ( i n t e r f a c e  l a y e r  o f  one to  tw o a to m ic  d i s ­

ta n c e s  ) from  s o l i d  t o  l i q u i d 3. R ecen t l i g h t  s c a t t e r i n g  ex p e r im e n ts  

a t  th e  c r y s t a l - m e l t  i n t e r f a c e  o f  grow ing c r y s t a l s '* - 11, which w i l l  

be d i s c u s s e d  l a t e r  in  t h i s  t h e s i s ,  i n d i c a te  t h e  p r e s e n c e  o f  a  boun­

d a ry  l a y e r  b e tw een  th e  c r y s t a l  s u r f a c e  and th e  b u lk  m e l t  w ith  

p h y s ic a l  p r o p e r t i e s  d i f f e r e n t  from t h e  b u lk  m e l t  p r o p e r t i e s ,  sug­

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

f a c e  can  be more com plex th a n  p r e v io u s ly  re c o g n iz e d .

(2) The s t i c k i n g  p r o b a b i l i t y  o f  m o le c u le s  on th e  i n t e r f a c e  

depends on t h e  s t r u c t u r e  o f  t h e  i n t e r f a c e  th ro u g h  th e  d e n s i ty  o f  

kink s i t e s  on th e  i n t e r f a c e .  The d e n s i t y  o f  kink s i t e s  can be g iven  

in  te rm s  o f  t h e  c o n c e n t r a t i o n  o f  ad so rb e d  a tom s ( ada tom s ) on th e  

i n t e r f a c e ,  a l s o  c a l l e d  a d p o p u la t io n .  ( Note- t h a t  we a r e  u s ing  th e  

te rm s  atom o r  m o le c u le  l o o s e l y . )  I f  t h e  a d p o p u la t io n  i s  l a r g e  

("rough” i n t e r f a c e )  t h e  t r a n s p o r t e d  m o le c u le s  w i l l  have a  h igh  p r o ­

b a b i l i t y  o f  s t i c k in g  on th e  i n t e r f a c e  w hereas  i f  t h e  a d p o p u la t io n  

i s  s m a l l  ("sm ooth" i n t e r f a c e )  t h e  p r o b a b i l i t y  o f  s t i c k i n g  w i l l  a l s o  

be v e ry  s m a l l .  The p rob lem  o f  c a l c u l a t i n g  th e  a d p o p u la t io n  h as  

been  shown by B u rton ,  C a b re ra  and F ra n k 12 to  b e lo n g  t o  a  c l a s s  o f  

c o o p e r a t iv e  phenomena and e x h ib i t s  an  o r d e r - d i s o r d e r  ty p e  o f  phase  

t r a n s i t i o n ,  t h e  roughen ing  t r a n s i t i o n .  The s t a t i s t i c a l  m echanics o f  

th e  roughen ing  t r a n s i t i o n  h a s  been  t h e  s u b je c t  o f  r e c e n t  a c t iv e  

r e s e a r c h 13- 15. The roug h en in g  t r a n s i t i o n  i s  o f  i n t e r e s t  n o t  o n ly  

b e c a u se  o f  i t s  im p l ic a t io n  f o r  s u r f a c e  p h y s ic s  b u t  a l s o  b e c a u se  o f
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t h e  g r e a t  i n t e r e s t  in  c r i t i c a l  phenomena which h as  a t t r a c t e d  th e  

a t t e n t i o n  o f  condensed  m a t t e r  p h y s i c i s t s  t o  th e  p ro b lem .

(3) In  t h e  p r o c e s s  o f  c o n d u c t io n  o f  l a t e n t  h e a t  and e x c e ss  

m a te r i a l  away from  t h e  i n t e r f a c e ,  b e c a u se  o f  t h e  c o m p e t i t io n  

b e tw een  th e  i n t e r f a c e  en e rg y  ( v ia  c a p i l l a r y  f o r c e s  ) and th e  h e a t  

and ch em ica l  f i e l d s ,  a m o rp h o lo g ic a l  i n s t a b i l i t y  can  o c c u r .  The 

p l a n a r  i n t e r f a c e  may become c e l l u l a r  o r  d e n d r i t i c .  The f i r s t  m a th ­

e m a t i c a l  t r e a t m e n t  o f  t h i s  m o rp h o lo g ic a l  i n s t a b i l i t y  was done by 

M u ll in s  and S ek e rk a  in  1963 and 196416. When th e  i n t e r f a c e  becom es 

u n s t a b l e ,  a  c r i t i c a l  s lo w in g  down o f  th e  r e l a x a t i o n  r a t e  o f  th e  

i n t e r f a c e  h e ig h t  f l u c t u a t i o n s  i s  p r e d i c t e d  t o  o c c u r .  T h is  phenome­

non h a s  n e v e r  been  o b s e rv e d  e x p e r i m e n t a l ly ,  m ain ly  b e c a u se  th e  

t r a d i t i o n a l  e x p e r im e n ta l  te c h n iq u e s  u sed  in  c r y s t a l  g ro w th  c o u ld  

n o t  p ro b e  t h e  dynam ics o f  t h e  i n t e r f a c e  in  a  m ic ro sc o p ic  s c a l e .  

E f f o r t s  have been  made in  o u r  l a b o r a t o r y  t o  d e t e c t  t h i s  i n s t a b i l ­

i t y  w ith  t h e  u se  o f  l i g h t  s c a t t e r i n g  te c h n iq u e s  t o  be  d is c u s s e d  

l a t e r .

The n o n eq u i l ib r iu m  and n o n l in e a r  f e a t u r e s  o f  t h i s  p rob lem  h as  

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

whose c o n t r i b u i t i o n s  in  t h e  f i e l d  have  been  v e ry  p r o f i t a b l e 17*18. 

The m ost c o m p le te  m easu rem en ts  f o r  d e n d r i t i c  g ro w th  was p e r fo rm e d  

r e c e n t l y  by G licksm an e t  a l . 19 in  s u c c i n o n i t r i l e .  T h is  m o rp h o lo g ic a l  

i n s t a b i l i t y  in  c r y s t a l  g ro w th  i s  one o f  th e  m ost e l e g a n t  exam ples  

o f  p a t t e r n  s e l e c t i o n  and s e l f - o r g a n i z a t i o n  in  n a t u r e .  The th e o ry  

has  been  r e c e n t l y  rev ie w e d  by L an g e r17.
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B. Historical Review of the Theory of Crystal Growth
1) E a r ly  T h e o r ie s

The f i r s t  th e o ry  o f  c r y s t a l  g ro w th  was p ro p o se d  by H. W ilson1 

in  1900 and in d e p e n d e n t ly  by J .  F r e n k e l20 in  1932. In  t h e  W ilson- 

F re n k e l  th e o ry  a l l  th e  s i t e s  on t h e  i n t e r f a c e  w ere  assum ed t o  be 

a c t i v e  g ro w th  s i t e s ,  so  th e  s t r u c t u r e  o f  t h e  i n t e r f a c e  was n o t  

ta k e n  in t o  a c c o u n t .  This  th e o ry  may be a p p l i e d  t o  c r y s t a l s  w ith  

m ic r o s c o p ic a l ly  "rough" i n t e r f a c e s  b u t  n o t  f o r  c r y s t a l s  w ith  

"sm ooth" i n t e r f a c e s 13. The g ro w th  o c c u r s  by t h e  v e r t i c a l  p i l i n g  up 

o f  t h e  atom s on th e  i n t e r f a c e .  The mechanism i s  c a l l e d  c o n t in u o u s  

s in c e  t h e r e  i s  no r e s i s t a n c e  t o  t h e  s t i c k i n g  o f  a to m s  on t h e  i n t e r ­

f a c e ,  t h e r e f o r e  v e ry  s m a l l  d r iv in g  f o r c e s  r e s u l t  in  g ro w th .  The 

g ro w th  r a t e s  d e r iv e d  in  t h i s  th e o ry  a r e  an  upp er  l i m i t  f o r  a c t u a l  

g ro w th  r a t e s .  The m ost s t r i k i n g  e x p e r im e n ta l  e v id e n c e  f o r  t h e  v a l ­

i d i t y  o f  t h e  W ilso n -F re n k e l  th e o ry  f o r  "rough" s u r f a c e s  i s  p ro v id ed  

by g ro w th  r a t e  e x p e r im e n ts  in  Ge0221.

Volmer and s u b s e q u e n t ly  B ecker and D oring11* p ro p o sed  a  n u c l e -  

a t i o n  th e o ry  f o r  c r y s t a l  g ro w th ,  which can  be a p p l i e d  f o r  "sm ooth" 

i n t e r f a c e s 13. In  t h i s  th e o ry  a  s m a l l  c l u s t e r  o f  a to m s  i s  n u c l e a te d  

on th e  "sm ooth" i n t e r f a c e ,  and th e  g ro w th  p ro c e e d s  by th e  l a t e r a l  

s p re a d in g  o f  th e  l a y e r  th e n  i n i t i a t e d .  However, t h e  n u c l e a t i o n  

th e o ry  p r e d i c t s  n e g l i g i b l e  g ro w th  r a t e s  a t  s m a l l  u n d e r s a t u r a t i o n s  

( u n d e r s a t u r a t i o n  b e in g  th e  d i f f e r e n c e  in  ch e m ic a l  p o t e n t i a l  

b e tw een  th e  two p h a se s  ), w h ereas  in  p r a c t i c e  much h ig h e r  g ro w th  

r a t e s  w ere o b se rv e d .  This  d is c re p a n c y  l e d  F ran k 22 to  s u g g e s t  th e  

im p o r ta n c e  o f  c r y s t a l  d e f e c t s  in  c r y s t a l  g ro w th .  In  p a r t i c u l a r ,  he 

s u g g e s te d  t h a t  th e  p r e s e n c e  o f  sc rew  d i s l o c a t i o n s  would p ro v id e
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p e r p e t u a l  g row th  s t e p s  on th e  c r y s t a l  s u r f a c e ,  th e  n u c l e a t i o n  o f  

c l u s t e r s  th e n  be ing  u n n e c e s s a ry  f o r  g ro w th  t o  p r o g r e s s .  Both nuc­

l e a t i o n  and sc rew  d i s l o c a t i o n  mechanisms a r e  c a l l e d  l a t e r a l  

mechanisms s in c e  t h e  g ro w th  o c c u r s  by th e  l a t e r a l  s p re a d in g  o f  

l a y e r s .  B es ides  th e  i n d i r e c t  ev id en ce  f o r  th e  sc rew  d i s l o c a t i o n  

g ro w th  mechanism o b ta in e d  from  g ro w th  r a t e  m e asu rem en ts ,  d i r e c t  

ev idence  o f  "Frank s p i r a l s "  can  be o b ta in e d  by o b s e rv in g  th e  f a c e s  

o f  c r y s t a l s  w ith  m icroscopy  te c h n iq u e s .  The f i r s t  o b s e r v a t io n  o f  

t h e s e  s p i r a l s  was r e p o r t e d  by G r i f f i n 23 on a  n a t u r a l  b e r y l  c r y s t a l .  

Soon a f t e r  t h a t  s e v e r a l  o b s e r v a t io n s  w ere made in  c r y s t a l s  grown 

from  th e  v ap o r ,  which w ere  sum m arized by Verma21*. The f i r s t  o b s e r ­

v a t io n  o f  g ro w th  s p i r a l s  in  s o lu t io n -g ro w n  c r y s t a l s  was r e p o r t e d  

by F o r ty 25, and th e  f i r s t  o b s e r v a t io n  o f  g ro w th  s p i r a l s  in  m e l t -  

grown c r y s t a l s  was r e p o r t e d  by S e a r s 26. An e x c e l l e n t  rev ie w  o f  th e  

th e o ry  and th e  m ost r e c e n t  e x p e r im e n ta l  te c h n iq u e s  and o b s e rv a ­

t i o n s  o f  g ro w th  s p i r a l s  can  be found  in  th e  re v ie w  a r t i c l e  by Sun- 

agawa and Bennema27. I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  m ost o f  th e  

r e c e n t  ad v an ces  in  t h e  s tu d y  o f  s p i r a l  g ro w th  have o c c u r r e d  in  

c o n n e c t io n  w ith  G e o lo g ic a l  s t u d i e s .  From th e  a n a l y s i s  o f  t h e  mor­

p ho logy  o f  t h e  g ro w th  s p i r a l s  in  n a t u r a l  m a t e r i a l s ,  t h e  a p p ro x i ­

m ate c o n d i t io n s  o f  t e m p e r a t u r e  and p r e s s u r e  when t h e  g e o lo g ic a l  

f o rm a t io n s  o c c u r r e d  can  be i n f e r r e d .  R e c e n t ly  t h e  g ro w th  and d i s ­

s o l u t i o n  o f  Frank s p i r a l s  w ere  a l s o  o b se rv e d  in  t h e  g ro w th  and 

m e l t in g  o f  l i q u i d - c r y s t a l s  in  t h e i r  " b lu e  p h a se s " 28.

The e a r l y  t h e o r i e s  o f  c r y s t a l  g ro w th  w i l l  be d i s c u s s e d  in  

more d e t a i l  in  c h a p t e r  I I  o f  t h i s  t h e s i s .
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2) B u rton ,  C a b re ra  and Frank Theory

We c o u ld  sa y  t h a t  t h e  B urton ,  C ab re ra  and F ra n k 12 th e o ry  o f  

c r y s t a l  g ro w th  p u b l i s h e d  in  1951, t h e  BCF th e o ry ,  was t h e  f i r s t  

more o r  l e s s  c o m p le te  th e o ry  o f  c r y s t a l  g ro w th ,  s in c e  t h e  g ro w th  

k i n e t i c s  a s  w e l l  a s  th e  s t r u c t u r e  o f  t h e  i n t e r f a c e  w ere  d is c u s s e d .  

The th e o ry  was m ain ly  conce rn ed  w ith  g row th  from  th e  v ap o r .  In 

t h e i r  s tu d y  o f  s p i r a l  g ro w th ,  th e y  d e m o n s t ra te d  t h a t  a f t e r  few 

t u r n s  t h e  s p i r a l  becom es a lm o s t  an i d e a l  Archemedian s p i r a l .  By 

knowing th e  d i s t a n c e  be tw een  th e  arm s  o f  th e  s p i r a l ,  t h e  number o f  

g ro w th  s i t e s  c o u ld  be c a l c u l a t e d  and c o n s e q u e n t ly  th e  k i n e t i c s  o f  

th e  g ro w th  c o u ld  be d e te rm in e d .  They w ere th e  f i r s t  in  re c o g n iz in g  

and t r e a t i n g  th e  i n t e r f a c e  s t r u c t u r e  p rob lem  as  a c o o p e r a t iv e  phe­

nomenon e x h ib i t in g  an  o r d e r - d i s o r d e r  phase  t r a n s i t i o n :  th e  ro u g h en ­

ing  t r a n s i t i o n .  Above th e  roug h en in g  t e m p e r a tu r e  th e  c r y s t a l  s u r ­

f a c e  w ould  be "rough", and below  th e  roughen ing  t e m p e r a tu r e  t h e  

c r y s t a l  s u r f a c e  would be "sm ooth". They used  th e  I s in g  model to  

c a l c u l a t e  th e  a d p o p u la t io n  on t h e  i n t e r f a c e .  T w o - le v e l  and m u l t i ­

l e v e l  m ode ls  o f  t h e  i n t e r f a c e  w ere  t r e a t e d ,  b u t  f o r  a l l  o f  them 

th e  roughen ing  t e m p e r a t u r e s  f o r  t h e  lo w e s t  index f a c e s  w ere found 

to  be above th e  m e l t in g  t e m p e r a tu r e .  Then, e r r o n e o u s ly ,  th e y  con­

c lu d e d  t h a t  th e  rou g h en in g  t r a n s i t i o n  would n o t  be im p o r ta n t  f o r  

c r y s t a l  g ro w th .

3) J a c k s o n 's  Theory

J a c k s o n 13 in  1958 p ro p o sed  a th e o ry  f o r  th e  s t r u c t u r e  o f  th e  

i n t e r f a c e  which i s  r e m a rk a b ly  s u c c e s s f u l  in  i t s  p r e d i c t i o n s .  The 

s t a t i s t i c a l  model u sed  in  t h e  c a l c u l a t i o n  was a t w o - l e v e l  B ragg-
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W illiam s m odel, w here th e  im p o r ta n t  p a r a m e te r  used  t o  c a l c u l a t e  

th e  a d p o p u la t io n  on t h e  i n t e r f a c e  was th e  l a t e n t  h e a t  o f  th e

t r a n s f o r m a t i o n  r a t h e r  th a n  th e  b ind ing  en e rg y  used  in  t h e  BCF

th e o ry .  Thus, f o r  m e l t - g r o w th  w here t h e  l a t e n t  h e a t  f o r  some m at­

e r i a l s  i s  r e l a t i v e l y  s m a l l ,  th e ' a d p o p u la t io n  can  be v e ry  l a r g e  

le a d in g  to  "rough" low  index i n t e r f a c e s  on an a to m ic  s c a l e 29. J a c k ­

son , r a t h e r  th a n  d e a l in g  w ith  t h e  roughen ing  t e m p e r a tu r e ,  i n t r o ­

duced th e  p a ra m e te r  a  as  a c r i t e r i o n  t o  d e te rm in e  i f  a p a r t i c u l a r  

c r y s t a l  g row ing  from  a p a r t i c u l a r  p h a se  would d i s p la y  "rough" o r  

"smooth" i n t e r f a c e s .  ( a  w i l l  be d e f in e d  in  C h a p te r  I I  ) .  His c r i ­

t e r i o n  i s  f u l l y  s u p o r te d  by e x p e r im e n ta l  o b s e r v a t i o n s ,  and we c i t e

two e x p e r im e n ts  w here  t h e  ro u g h en in g  t r a n s i t i o n  was o b se rv ed :  th e  

work by J a c k s o n  and M i l l e r 30, w here th e  roug h en in g  t r a n s i t i o n  was 

o b se rv e d  in  v a p o r -g ro w th  o f  C2C16 and NHi,Cl c r y s t a l s ,  and th e  work 

by Avron e t  a l . 31 w here  th e  t r a n s i t i o n  was o b se rv e d  in  t h e  m e l t -  

g ro w th  o f  ‘‘He.

J a c k s o n 's  th e o ry  w i l l  be f u r t h e r  d is c u s s e d  in  C h ap te r  I I  o f  

t h i s  t h e s i s .

4) C ahn 's  Theory o f  The D if fu s e  I n t e r f a c e

B ecause  t h e  g r a in  boundary  en e rg y  was o b se rv ed  t o  be l a r g e r  

th a n  tw ic e  th e  i n t e r f a c i a l  en e rg y  be tw een  th e  s o l i d  and i t s  m e l t  

( f o r  t h e  c a s e  o f  g o ld ,  co p p er  and s i l v e r ) ,  H i l l i a r d  and Cahn32 con­

c lu d e d  t h a t  t h e  i n t e r f a c e  in  such  s y s te m s  i s  d i f f u s e .  From th e  

a s su m p tio n  o f  a  d i f f u s e  i n t e r f a c e  b e tw een  th e  c r y s t a l  and i t s  

m e l t ,  Cahn, H i l l i g  and  S e a r s 33 p ro p o sed  a  new th e o ry  f o r  t h e  s t r u c ­

t u r e  o f  t h e  i n t e r f a c e .  The main consequence  o f  t h e i r  th e o r y  i s
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t h a t  a t  s u f f i c i e n t l y  s m a l l  u n d e rc o o l in g s  a l l  c r y s t a l s  would grow 

by a l a t e r a l  mechanism ( n u c l e a t i o n  o r  sc rew  d i s l o c a t i o n  mechan­

ism s ) ,  w hereas  above a c e r t a i n  c r i t i c a l  u n d e rc o o l in g  th e  mechan­

ism would be c o n t in u o u s  ( W ilso n -F re n k e l  mechanism ). This t r a n s i ­

t i o n  became known in  t h e  l i t e r a t u r e  a s  l a t e r a l - t o - c o n t i n u o u s  t r a n ­

s i t i o n  in  c r y s t a l  g ro w th .  A lthough  J a c k s o n 's  th e o r y  p r e d i c t s  a 

" k in e t i c  roughen ing"  in  "sm ooth" i n t e r f a c e s  a t  l a r g e  u n d e rc o o l in g s ,  

th e  i n t e r f a c e s  which a r e  a l r e a d y  "rough" a t  e q u i l ib r iu m ,  no m a t t e r  

how s m a l l  th e  u n d e rc o o l in g ,  would a lw a y s  grow by a  c o n t in u o u s  

mechanism, in  d i r e c t  c o n t r a d i c t i o n  w ith  C ahn 's  th e o ry .  S ince  th e  

d i f f u s e n e s s  o f  t h e  i n t e r f a c e  ca n n o t  be c a l c u l a t e d  from  f i r s t  p r i n ­

c i p l e s ,  Cahn u sed  a  pheno m en o lo g ica l  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  

o f  th e  i n t e r f a c e .  The t r a n s i t i o n  t e m p e r a tu r e  i s  o b ta in e d  by f i t t i n g  

th e  th e o ry  t o  t h e  k i n e t i c  d a ta .

J a c k so n ,  Uhlmann and Hunt3" have shown t h a t  C ahn 's  th e o ry  a s  

d e r iv e d  c o u ld  be a p p l ie d  t o  s y s te m s  which can  have a  second  o r d e r  

p h ase  t r a n s f o r m a t i o n ,  b u t  n o t  t o  l i q u i d - s o l i d  o r  v a p o r - s o l id  p h ase  

t r a n s f o r m a t i o n s  which a r e  f i r s t  o r d e r .  They m od if ied  C ahn 's  th e o ry  

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

a b l e  a g ree m en t  w ith  e x p e r im e n t  s t i l l  c o u ld  n o t  be o b ta in e d .  J a c k ­

son e t  a l .  made a c a r e f u l  a n a l y s i s  o f  th e  e x p e r im e n ta l  d a t a  used  

by Cahn e t  a l .  in  s u p p o r t  o f  t h e i r  th e o ry ,  showing t h a t  m ost o f  

t h e  q u a n t i t a t i v e  d a t a  on c r y s t a l  g ro w th  a v a i l a b l e  w ere  o f  q u e s ­

t i o n a b l e  r e l i a b i l i t y  o r  w ere  n o t  s u f f i c i e n t l y  c o m p le te  f o r  d e t a i l e d  

com parison  w ith  t h e o r y 31*.
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5) Recent Advances in  th e  Roughening T r a n s i t io n  Problem

Most o f  t h e  r e s u l t s  s t a t e d  in  t h i s  s e c t i o n  ( a s  w e l l  a s  th e  

r e f e r e n c e s  ) w ere  ta k e n  from  th e  rev ie w  a r t i c l e s  by J a c k s o n 11*, and 

by Weeks and G ilm er15.

a) s t a t i s t i c a l  m odels

In  s e v e r a l  s t u d i e s  o f  th e  e q u i l ib r iu m  p r o p e r t i e s  o f  th e  i n t e r ­

f a c e  s t r u c t u r e ,  th e  I s in g  model was u sed .  Only th e  o n e -d im e n s io n a l  

and tw o -d im e n s io n a l  I s in g  m odels  have been  s o lv e d  e x a c t l y .  The 

th r e e - d im e n s io n a l  m odel, in  a  homogeneous p h ase ,  h a s  n o t  been  

s o lv e d  e x a c t ly .  C o n seq u en t ly ,  th e  s u r f a c e  o f  a  th r e e - d im e n s io n a l  

I s in g  model h a s  n o t  y e t  been  s o lv e d  e x a c t ly .  S e v e r a l  app rox im a­

t i o n s  have been  u sed  in  an  a t t e m p t  t o  c l a r i f y  th e  i n t e r f a c e  s t r u c ­

t u r e  p rob lem . However, o n ly  t h e  v e ry  s i m p l e s t  m ode ls  can  be 

s o lv e d  a n a l y t i c a l l y .  J a c k s o n 's  model i s  a  tw o -d im e n s io n a l  model 

and th e  B ragg-W illiam s a p p ro x im a tio n  was u sed .  This model e x h i b i t s  

a  s u r f a c e  roughen ing  t r a n s i t i o n  f o r  t e m p e r a t u r e s  below  th e  m e l t in g  

t e m p e r a tu r e .  T h re e -d im e n s io n a l  m odels  o f  t h e  i n t e r f a c e  have  a l s o  

been  s tu d ie d  and th e  s i m p l e s t  o f  t h e s e ,  th e  mean f i e l d  model u sed  

by Leamy and Ja c k s o n  (1971), does  n o t  e x h ib i t  a  roughen ing  t r a n s i ­

t i o n .  The same i s  t r u e  f o r  t h e  B ethe ap p ro x im a tio n  u sed  by G ilm er, 

Leamy, J a c k s o n  and R e iss  (1974). However, low te m p e r a t u r e  expan­

s io n  r e s u l t s  by Weeks, G ilm er and Leamy (1973), th e  g a u s s ia n  model 

by Weeks and Chui (1976) and t h e  s ix  v e r t e x  model by Van B e i je re n  

(1977) a l l  show a  s i n g u l a r i t y  in d i c a t i n g  th e  p r e s e n c e  o f  a  ro u g h en ­

ing  t r a n s i t i o n .

b) com pute r  s im u la t i o n s
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Computer s im u la t i o n s  by Leamy and G ilm er (197*0 and by Leamy, 

G ilm er and J a c k s o n  (1975) e x h ib i t  roughen ing  t r a n s i t i o n s .  In  p a r t i c ­

u l a r ,  t h e  s im u la t io n  by Leamy and G ilm er shows th e  s t e p  f r e e  

en e rg y  go ing  t o  z e ro  a s  th e  roughen ing  te m p e r a tu r e  i s  ap p ro ach ed .  

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

f o r  c r y s t a l  g ro w th  goes t o  z e ro  a t  th e  roughen ing  t e m p e r a tu r e .  

T h e re fo re  t h e  n u c l e a t i o n  mechanism o f  g ro w th  can be o p e r a t iv e  a t  

much s m a l l e r  u n d e r s a t u r a t i o n s  th a n  t h o s e  p r e d i c t e d  by t h e  c l a s s i ­

c a l  n u c l e a t i o n  th e o ry .  The e x p re s s io n  f o r  th e  g ro w th  r a t e  d e r iv e d  

in  t h e  c l a s s i c a l  n u c l e a t i o n  th e o r y  i s  s t i l l  v a l i d ,  p ro v id ed  t h a t  

th e  c o r r e c t  v a lu e  f o r  t h e  s t e p  f r e e  en e rg y  i s  u sed ,  n o t  th e  b u lk  

v a lu e  t r a d i t i o n a l l y  em ployed . T h e re fo re ,  th e  e a r l y  t h e o r i e s  o f  

c r y s t a l  g ro w th  a r e  extremum c a s e s ,  th e  c o n t in u o u s  mechanism be ing  

v a l i d  above t h e  roughen ing  t e m p e r a t u r e  and th e  l a t e r a l  mechanisms 

be ing  v a l id  w e l l  below  th e  ro u g h en in g  te m p e r a tu r e .

6) Modern Theory o f  S p i r a l  Growth

For a  rev ie w  o f  th e  th e o ry  and e x p e r im e n ts  on s p i r a l  g ro w th

we a g a in  s u g g e s t  t h e  rev iew  a r t i c l e  by Sunagaw a-and Bennema27. The

r e f e r e n c e s  c i t e d  h e r e  w ere  ta k e n  from  t h i s  rev iew  a r t i c l e .

The modern th e o ry  o f  s p i r a l  g ro w th  c o n c e rn s  t h e  a n a l y s i s  o f

th e  k i n e t i c s  and m orphology o f  g ro w th  s p i r a l s  o r ig i n a t i n g  a t  screw

d i s l o c a t i o n s ,  w ith in  t h e  c o n t e x t  o f  t h e  i n t e r f a c e  s t r u c t u r e  p ro b ­

lem . Thus, ag a in ,  t h e  J a c k so n  a - f a c t o r  i s  th e  p a r a m e te r  which d e t ­

e rm in es  t h e  im p o r ta n t  p r o p e r t i e s  o f  th e  s p i r a l .  Whether a  s p i r a l

t a k e s  a  c i r c u l a r  o r  p o ly g o n a l  form  i s  m ain ly  c o n t r o l l e d  by th e

ro u g h n e s s  o f  t h e  s p i r a l  s t e p .  I f  th e  s t e p  i s  rough , i . e . ,  th e  kink
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d e n s i ty  i s  h igh , th e  s t e p  can  advance  in d e p e n d e n t ly  o f  c r y s t a l l o -  

g ra p h ic  d i r e c t i o n s ,  and th e  s p i r a l  becomes round .  I f  th e  s t e p  i s  

sm ooth, i . e . ,  t h e  kink d e n s i ty  i s  low , th e  c r y s t a l l o g r a p h i c  d i r e c ­

t i o n s  show up more and th e  s p i r a l  becomes more p o ly g o n ized .  T h e re ­

f o r e ,  a s  t h e  J a c k s o n  a - f a c t o r  in c r e a s e s ,  th e  p o ly g o n iz a t io n  a l s o  

in c r e a s e s .

Computer c a l c u l a t i o n s  by M ulle r-K ru m b h aar ,  B u rk h a rd t  and 

K ro l l  (1977) in d i c a t e  t h a t  th e  d i s t a n c e  be tw een  arm s o f  a  round  

s p i r a l  becomes s m a l l e r  a s  th e  s p i r a l  becomes more p o ly g o n ized .  

They showed a n a l y t i c a l l y  t h a t  i f  th e  a n i s o t r o p y  o f  t h e  s t e p  f r e e  

en e rg y  i s  t h e  same a s  th e  d i f f u s io n  f i e l d s ,  th e  e v o lu t io n  o f  th e  

s p i r a l  i s  s h a p e - p r e s e r v in g ,  th e  s p i r a l  hav ing  th e  same shape  a s  th e  

c r i t i c a l  n u c le u s  f o r  l a y e r  n u c l e a t i o n .  F u r th e r ,  M ulle r-K rum bhaar  

e t  a l .  showed t h a t  t h e  round  t o  p o ly g o n ized  t r a n s i t i o n  f a r  from 

th e  c e n t e r  o f  t h e  s p i r a l  o c c u r s  f o r  a~7 and p o ly g o n iz a t io n  in  th e  

c e n t e r  f o r  a~25. They n e g l e c te d  s u r f a c e  d i f f u s i o n  in  t h e  c a l c u l a ­

t i o n  a s  w e l l  a s  t h e  more com plex s t r u c t u r e  o f  r e a l  m a t e r i a l s ,  

which would d e c r e a s e  t h e  v a lu e  o f  a  f o r  t h e s e  t r a n s i t i o n s .

As in  t h e  c a s e  o f  t h e  i n t e r f a c e  s t r u c t u r e  p ro b lem , v e ry  few 

exam ples  can  be worked o u t  a n a l y t i c a l l y .  Again th e  com pu te r  sim u­

l a t i o n  r e s u l t s  become v e ry  im p o r ta n t .  S p i r a l  g ro w th  h a s  been  sim u­

l a t e d  by G ilm er and Bennema (1972) and by G ilm er (1976).

C. Experimental Techniques
E xperim en ts  in  c r y s t a l  g ro w th  from th e  m e l t  ( s o l i d i f i c a t i o n )  

have p ro v id ed  m ost o f  t h e  d a t a  f o r  th e  u n d e r s ta n d in g  o f  th e  c r y ­

s t a l  g ro w th  p r o c e s s e s .  The W ilso n -F ren k e l  th e o ry  was o r i g i n a l l y
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a p p l ie d  t o  s o l i d i f i c a t i o n .  In  t h i s  d i s c u s s io n  o f  e x p e r im e n ta l  t e c h ­

n iques  we r e s t r i c t  o u r s e l v e s  t o  t h e  d i s c u s s io n  o f  e x p e r im e n ta l  

m ethods in  c r y s t a l  g ro w th  from  th e  m e l t .

1) K in e t ic  S tu d ie s

For t h i s  s e c t i o n  s e e  t h e  rev ie w  a r t i c l e  by J a c k so n ,  Uhlmann 

and Hunt31*.

By k i n e t i c  s t u d i e s  we mean th e  a n a l y s i s  o f  t h e  f u n c t i o n a l  

r e l a t i o n s h i p  b e tw ee n  g ro w th  v e l o c i t y  and th e  u n d e rc o o l in g  o f  th e  

i n t e r f a c e .  T h is  f u n c t i o n a l  dependence  b e tw een  g ro w th  v e l o c i t y  and 

u n d e rc o o l in g  i s  d i f f e r e n t  f o r  eac h  mechanism o f  g ro w th .  T h e re fo re ,  

in  p r i n c i p l e ,  t h e  mechanism o f  g ro w th  can  be d e te rm in e d  from  th e  

k in e t i c  d a t a .  However, t h e r e  a r e  e x p e r im e n ta l  p ro b lem s  in  d e t e r ­

mining th e  t e m p e r a t u r e  o f  t h e  i n t e r f a c e .  In  many e x p e r im e n ta l  s i t ­

u a t io n s ,  g ro w th  i s  c o n t r o l l e d  by h e a t - f l o w  r a t h e r  th a n  by t h e  in ­

t e r f a c e ;  t h a t  i s ,  t h e  g ro w th  r a t e  i s  l i m i t e d  n o t  by i n t e r f a c e  k in ­

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

g e n e r a te d  in  th e  g ro w th  p r o c e s s  can  be removed from  th e  s o l i d i f i ­

c a t io n  f r o n t .  In  t h e s e  c a s e s  t h e  i n t e r f a c e  u n d e rc o o l in g ,  f o r  

m e a su ra b le  g ro w th  r a t e s ,  can  be a s m a l l  f r a c t i o n  o f  o t h e r  te m p e r ­

a t u r e  d i f f e r e n c e s  p r e s e n t  in  t h e  s y s te m .  S e v e r a l  te c h n iq u e s  have 

been  u sed  in  a t t e m p t i n g  t o  s o lv e  t h i s  p rob lem .

(a) g ro w th  in  c a p i l l a r y  tu b e s

C a p i l l a r y  tu b e s  a r e  u sed  t o  minimize th e  am ount o f  l a t e n t  

h e a t  g e n e r a te d  a t  t h e  i n t e r f a c e .  Even in  t h i s  c a s e ,  t h e  g ro w th  

must be s lo w  enough so  t h a t  t h e  l a t e n t  h e a t  can  be r a p i d l y  con­

d u c te d  away from  t h e  i n t e r f a c e  by t h e  t e m p e r a tu r e  g r a d i e n t s  p r e ­

s e n t  in  t h e  sy s te m .  Under t h e s e  c i r c u m s ta n c e s  we c o u ld  c o n s id e r
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t h e  i n t e r f a c e  t e m p e r a tu r e  a s  be ing  e q u a l  t h e  e x t e r n a l  b a t h  te m p e r ­

a t u r e .  However, t h e r e  i s  no d i r e c t  way o f  p r e d i c t i n g  when t h i s  

a p p ro x im a tio n  b re a k s  down. A lso , th e  e f f e c t s  o f  th e  s u b s t r a t e  

( c a p i l l a r y  tu b e )  on t h e  g ro w th  r a t e  may r e p r e s e n t  a n o th e r  s o u rc e  

o f  p ro b lem s .

(b) s t i r r e d  m e lt

S t i r r i n g  th e  m e l t  in c r e a s e s  t h e  r a t e  o f  d i s s i p a t i o n  o f  th e  

l a t e n t  h e a t  by c o n v e c t io n .  The g ro w th  r a t e  i n i t i a l l y  i n c r e a s e s  w ith  

s t i r r i n g  r a t e  u n t i l  i t  l e v e l s  o f f .  In  t h i s  s i t u a t i o n ,  in  p r i n c i p l e ,  

t h e  l a t e n t  h e a t  i s  no lo n g e r  l i m i t i n g  t h e  g ro w th ,  t h u s  t h e  p u re  

i n t e r f a c e  k i n e t i c s  can  be d e te rm in e d .  However, i t  i s  common in  t h i s  

te c h n iq u e  t h a t  n u c l e a t i o n  s t a r t s  t o  o c c u r  in  t h e  m e l t  a s  t h e  s t i r ­

r i n g  sp eed  and u n d e rc o o l in g  a r e  in c r e a s e d ,  l i m i t i n g  th e  ra n g e  o f  

u n d e rc o o l in g s  a v a i l a b l e 35. A lso  th e  s t i r r e d  m e l t  a d j a c e n t  t o  th e  

i n t e r f a c e  can  c a u s e  u n p r e d ic t a b l e  e f f e c t s  on th e  g ro w th  r a t e .

(c) t h e o r e t i c a l  t r e a t m e n t  o f  h e a t  f lo w

Under some c i r c u m s ta n c e s ,  when th e  d e t a i l e d  h e a t  f lo w  in  th e  

a p p a r a tu s  i s  known, a  t h e o r e t i c a l  t r e a t m e n t  y ie ld in g  c o r r e c t i o n s  

t o  o b ta in  t h e  t e m p e r a tu r e  o f  th e  i n t e r f a c e  may be t r i e d .  Such t r e ­

a tm e n ts  a r e  l i k e l y  t o  in t r o d u c e  o t h e r  e r r o r s  in  th e  r e s u l t s .  This 

i s  th e  app roach  u sed  by us t o  d e te rm in e  th e  t e m p e r a t u r e  o f  t h e  in ­

t e r f a c e  in  o u r  e x p e r im e n t .

(d) T herm al wave te c h n iq u e

In  t h i s  ap p ro ac h ,  a s o l i d - l i q u i d  i n t e r f a c e  i s  l o c a t e d  in  a 

f ix e d  t e m p e r a t u r e  g r a d i e n t ,  and an  a d d i t i o n a l  h e a t  f l u x  which in  

p r i n c i p l e  v a r i e s  s i n u s o i d a l l y  w i th  t im e  i s  in t ro d u c e d  in t o  th e  

l i q u id .  This c a u s e s  t h e  i n t e r f a c e  t o  move back and f o r t h  and hence
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a c t s  a s  a  s in k  ( in  m e l t in g  ) o r  s o u rc e  ( in  f r e e z i n g  ) o f  h e a t .  

This l a t e n t  h e a t  wave w i l l  be o u t  o f  phase  w ith  th e  incoming t h e r ­

mal wave. By m e asu r in g  th e  a m p l i tu d e s  and p h a se s  o f  th e  th e rm a l  

waves w ith  th e rm o c o u p le s  l o c a t e d  on b o th  s id e s  o f  th e  i n t e r f a c e ,  

i t  i s  in  p r i n c i p l e  p o s s i b l e  t o  c a l c u l a t e  b o th  th e  g ro w th  r a t e  and 

th e  i n t e r f a c e  u n d e rc o o l in g .  In  p r a c t i c e ,  how ever, i t s  u s e f u ln e s s  

has  been  l i m i t e d  by e x p e r im e n ta l  p ro b lem s  such  a s  c o n v e c t iv e  

m otion in  th e  l i q u id ,  i n s u f f i c i e n t  s e n s i t i v i t y  o f  th e rm o c o u p le s ,  and 

n o n s in u s o id a l  th e r m a l  w aves. F u r th e r ,  a  com plex t h e o r e t i c a l  an a ­

l y s i s  m ust be em ployed  t o  o b ta in  t h e  r e l a t i o n  be tw een  g ro w th  v e l ­

o c i ty  and u n d e rc o o l in g  from  th e  e x p e r im e n ta l  d a t a .  This te c h n iq u e  

was u sed  by Kramer and T i l l e r  (1965) and by Rigney and B la k e ly  

(1966) in  t i n .  The tw o i n v e s t i g a t i o n s  gave w ide ly  d i f f e r e n t  r e s ­

u l t s .

(e) m a t e r i a l s  o f  h igh  v i s c o s i t y

The s tu d y  o f  t h e  g ro w th  o f  g l a s s - f o r m in g  m a t e r i a l s  which 

have  h igh  v i s c o s i t y  a t  t h e i r  m e l t in g  p o in t  can  c i rc u m v e n t  p ro b lem s 

a s s o c i a t e d  w ith  t h e  l a t e n t  h e a t .  In  such  c a s e s  th e  g ro w th  v e l o ­

c i t y ,  and t h e r e f o r e  t h e  g e n e r a t io n  o f  l a t e n t  h e a t ,  i s  s low  even a t  

h igh  u n d e rc o o l in g s .  T h a t  i s  t h e  c a s e  o f  S a l o l ,  t h e  o rg a n ic  c r y s t a l  

s tu d ie d  in  t h i s  t h e s i s .  However, in  t h i s  c a s e  a  v e ry  a c c u r a t e  d e t ­

e rm in a t io n  o f  t h e  v i s c o s i t y  i s  r e q u i r e d .

( f )  r e l i a b i l i t y  o f  k i n e t i c  d a t a

Cahn e t  a l . 33 u sed  th e  k i n e t i c  d a t a  f o r  S a l o l  a s  one o f  th e  

m ost im p o r ta n t  p ie c e s  o f  e x p e r im e n ta l  ev id en ce  f o r  t h e i r  th e o ry .  

The b re a k  in  t h e  k i n e t i c  c u rv e  would be ev id en ce  o f  t h e  l a t e r a l -  

to - c o n t in u o u s  t r a n s i t i o n .  However, J a c k so n  e t  a l . 31* have r e p e a te d
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t h e  k in e t i c  m easu rem en ts  in  S a l o l  and th e y  showed t h a t  b r e a k s  in 

k i n e t i c  c u rv e s  can  o c c u r  f o r  d i f f e r e n t  r e a s o n s  such  a s  a change in 

morphology o f  t h e  grow ing c r y s t a l ,  and t h a t  t h e  p r e s e n c e  o f  d i s ­

s o lv e d  g a s e s  and im p u r i t i e s  can s t r o g l y  a f f e c t  th e  m easu rem en ts .  

They em phasized  th e  im p o r ta n c e  o f  m o rp h o lo g ic a l  s t u d i e s  be ing  p e r ­

fo rm ed s im u l ta n e o u s ly  w ith  k i n e t i c  s t u d i e s  t o  d e te rm in e  th e  

mechanism o f  g ro w th .

An e x te n s iv e  ' r e v ie w  on th e  k i n e t i c s  o f  c r y s t a l - g r o w t h  from 

th e  m e l t  f o r  v a r io u s  m a t e r i a l s  can  be found in  th e  rev ie w  a r t i c l e  

by Ovsienko and A l f i n t s e v 36. The p r e d ic t i o n s  o f  J a c k s o n 's  and Cahn's 

t h e o r i e s  a r e  d i s c u s s e d  and com pared w ith  e x p e r im e n ta l  d a t a .

2) M o rp h lo g ic a l  S tu d ie s

The m orphology o f  i n t e r f a c e s  can  be s tu d ie d  m ost d i r e c t l y  by

m icroscopy  t e c h n iq u e s .  The f i r s t  o b s e r v a t io n s  o f  g ro w th  s p i r a l s

w ere done w i th  o rd in a ry  o p t i c a l  m ic ro sc o p e s .  In  t h i s  c a s e  on ly  s p i -
0

r a l s  w i th  v e ry  l a r g e  s t e p  h e ig h t s  (more th a n  1000A) c o u ld  be

o b se rv e d .  M onom olecu lar  s p i r a l s ,  i . e . ,  s p i r a l s  w ith  a  s t e p  h e ig h t

o f  one l a t t i c e  sp a c in g ,  can  be o b se rv e d  w ith  o rd in a ry  o p t i c a l

m ic ro sco p es  when h e a v i ly  d e c o r a te d  by f o r e ig n  m a t e r i a l s 27. However,

no q u a n t i t a t i v e  in fo rm a t io n  ab o u t t h e  s t e p  h e ig h t  can  be o b ta in e d .

P hase  c o n t r a s t  m icroscopy  p e r m i t s  t h e  o b s e r v a t io n s  o f  s p i r a l s  w ith
0

s t e p  h e ig h t s  o f  l e s s  th a n  10A. However, th e  m ost s e n s i t i v e  and 

p r e c i s e  method t o  m easu re  v e ry  s m a l l  s t e p  h e i g h t s  i s  t h e  m u l t i p l e -  

beam i n t e r f e r o m e t r y  te c h n iq u e  d ev e lo p ed  by T o lan sk y 37.
0

The s m a l l e s t  s t e p  h e ig h t  o f  a  s p i r a l  so  f a r  r e p o r t e d  i s  2.3A, 

c o r re s p o n d in g  t o  a  l a y e r  w ith  t h e  s m a l l e s t  p o s s i b l e  h e ig h t  in  th e  

s t r u c t u r e  o f  Fe2o 3, which was o b se rv e d  and m easured  by Sunagawa27
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on n a t u r a l  h e m a t i t e .

E le c t ro n -m ic ro s c o p y  has  a l s o  been  used  w ith  s u c c e s s  in  some 

m a t e r i a l s .  As a  r e f e r e n c e  we c i t e  th e  i n t e r e s t i n g  a r t i c l e  abou t 

g ro w th  and d i s s o l u t i o n  o f  s p i r a l s  by K aganovskii and O noprienko38. 

However a l l  t h e s e  te c h n iq u e s  o n ly  g ive  s t a t i c  in fo rm a t io n  abou t 

t h e  i n t e r f a c e .

3) S im u l ta n e o u s  K in e t ic  and M orpho log ica l  S tu d ie s

The o n ly  in  s i t u  d i r e c t  o b s e r v a t io n  o f  s p i r a l  g ro w th  so  f a r  

r e p o r t e d  i s  th e  work by Tsukam oto39. By com bining o p t i c a l  phase  

c o n t r a s t  m icroscopy  w ith  a c o n v e n t io n a l  TV sy s te m , m onom olecu lar  

s p i r a l  g ro w th  s t e p s  on c r y s t a l s  w ere  o b se rv e d  du r in g  g ro w th  in  

aqueous s o l u t i o n .  T h e re fo re ,  m o rp h o lo g ic a l  in fo rm a t io n  ab o u t th e  

s p i r a l  a s  w e l l  a s  t h e  l a t e r a l  v e l o c i t y  o f  th e  g ro w th  s t e p s  c o u ld  

be o b ta in e d  a s  a  f u n c t i o n  o f  u n d e r s a tu r a t io n .

In  t h i s  t h e s i s  we w i l l  show t h a t  s im u l ta n e o u s  m o rp h o lo g ic a l  

and k i n e t i c  in f o r m a t io n  on g ro w th  s p i r a l s  can  be o b ta in e d  w ith  

l a s e r  l i g h t  s c a t t e r i n g  te c h n iq u e s  used  in  s i t u  a t  th e  i n t e r f a c e  o f  

a  S a l o l  c r y s t a l  g row ing from  th e  m e l t .

D. Quasielastic Laser Light Scattering
The dev e lo p m en t o f  u l t r a h i g h  r e s o l u t i o n  l a s e r  l i g h t  s c a t t e r ­

in g  te c h n iq u e s  in  t h e  1960s p ro v id ed  a  new e x p e r im e n ta l  ap p ro ach  

t o  e x p lo r in g  dynam ica l phenomena in  t h e  k i l o h e r t z  f re q u e n c y  ra n g e  

which p roved  to  be i d e a l l y  s u i t e d  f o r  t h e  s tu d y  o f  low f re q u e n c y  

e x c i t a t i o n s  in  a wide ra n g e  o f  p h y s ic a l  sy s te m s .



-  18 -

1) B r ie f  H i s t o r i c a l  Background

The phenomenon o f  l i g h t  b e a t in g  was f i r s t  d e m o n s t r a te d  in  th e  

c l a s s i c  e x p e r im en t  o f  F o r r e s t e r ,  Gudmundsen and Jo h n so n 1*0 in  1955.
o

The 5461A Z e e m a n - s p l i t  l i g h t  from  a 202Hg lam p was in c id e n t  on a 

p h o t o m u l t i p l i e r  tu b e .  The b e a t in g  o f  th e  two com ponents  o f  th e  

l i g h t  in  th e  p h o to m u l t i p l i e r  p roduced  an a .c .  component in  th e  

o u tp u t  p h o to c u r r e n t  a t  th e  Zeeman d i f f e r e n c e  f r e q u e n c y .  A lthough  

t h i s  e x p e r im en t  c l e a r l y  d e m o n s t r a te d  t h e  l i g h t - b e a t i n g  phenomenon, 

th e  m easurem ent was e x t re m e ly  d i f f i c u l t  p r im a r i l y  b e c a u se  o f  t h e  

low i n t e n s i t y  and l a r g e  l i n e w id th  o f  th e  l i g h t  s o u rc e .  A d ra m a t ic  

change o c c u r re d  w ith  t h e  ad v e n t  o f  l a s e r s ,  th e  l i g h t  b e a t in g  phe­

nomenon becoming e a s i l y  o b s e rv a b le ,  and becoming a  s t a n d a r d  t e c h ­

n ique  in  l a s e r  l a b o r a t o r i e s .  The p o s s i b i l i t y  o f  u s in g  th e  l i g h t -  

b e a t in g  phenomenon a s  a s p e c t r o s c o p ic  te c h n iq u e  was d e m o n s t r a te d  

t h e o r e t i c a l l y  by F o r r e s t e r 1*1 in  h is  1961 p ap e r  " P h o t o e l e c t r i c  

Mixing as  a  S p e c t ro s c o p ic  Tool". S ince  th e n ,  Pho ton  C o r r e l a t i o n  

S p e c t ro s c o p y ,  o r  L ig h t  B ea t ing  S p e c t ro sc o p y ,  o r  Q u a s i e l a s t i c  L igh t 

S c a t t e r i n g  S p e c t ro s c o p y  h as  been  a p p l ie d  in  t h e  s tu d y  o f  a v e ry  

l a r g e  number o f  p h y s ic a l  s y s te m s .  For rev iew  o f  t h e  th e o ry  and 

e x p e r im e n ts  in  t h i s  f i e l d  we r e f e r  t o  Cummins and Swinney1*2 and 

Cummins and P ike1*3.

One o f  t h e  f i r s t  w orks in  D o p p le r -V e lo c im e try  u s in g  Photon 

C o r r e l a t i o n  S p e c t ro s c o p y  was done by Cummins e t  a l . 1*1* in  1963. In  

t h i s  ex p e r im en t a  t r a v e l i n g  u l t r a s o n i c  wave i s  p roduced  in  th e  

b u lk  o f  w a te r  p la c e d  in  a  c o n ta in e r .  The in c id e n t  l a s e r  l i g h t  i s  

Bragg d i f f r a c t e d  ‘and D oppler s h i f t e d  by th e  t r a v e l i n g  u l t r a s o n i c  

w a te r  wave. The b e a t in g  o f  t h e  d i f f r a c t e d  l i g h t  w i th  p a r t  o f  th e
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i n c id e n t  beam o c c u r s  in  t h e  p h o to m u l t i p l i e r  tu b e  (h e te ro d y n e  d e t ­

e c t io n ) .  The f r e q u e n c y  o f  t h e  a . c .  com ponent o f  th e  o u tp u t  p h o to ­

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

w a te r  wave by t h e  w e l l  known D o p p le r - s h i f t  e q u a t io n .  This e x p e r i ­

ment c l o s e l y  r e s e m b le s  th e  e x p e r im e n t  t h a t  w i l l  be d e s c r ib e d  in  

t h i s  t h e s i s .  We w i l l  show t h a t  t h e  m otion o f  t h e  le g d e s  o f  p o ly -  

gon ized  sc rew  d i s l o c a t i o n s ,  which a r e  r e s p o n s ib l e  f o r  t h e  g row th  

in  t h i s  c a s e  o f  S a l o l  grown from th e  m e l t ,  Bragg d i f f r a c t s  and 

D oppler  s h i f t s  th e  l i g h t .

2) Photon  C o r r e l a t i o n  S p e c t ro s c o p y  and Dynamics a t  th e  Grow­

ing  C r y s t a l - M e l t  I n t e r f a c e

The f i r s t  e x p e r im e n t  u s in g  P hoton  C o r r e l a t i o n  S p e c t ro sc o p y  to  

s tu d y  dynamics a t  a  grow ing c r y s t a l - m e l t  i n t e r f a c e  was r e p o r t e d  in  

1978 by B ilg ram , G u t t in g e r  and Kanzig1**5, on th e  grow ing i c e - w a t e r  

i n t e r f a c e .  The r e l a x a t i o n a l  i n t e n s i t y  a u t o c o r r e l a t i o n  fu n c t io n  

o b se rv e d  in  t h i s  e x p e r im e n t  was i n t e r p r e t e d  a s  be ing  caused  by 

t im e  depen d en t s u r f a c e  ro u g h n e ss  f l u c t u a t i o n s .  S u b se q u e n t ly ,  Boni 

and B ilg ram 6»7 have  shown t h a t  t h e  s c a t t e r e d  l i g h t  was caused  by 

f l u c t u a t i o n s  in  a  boundary  l a y e r  be tw een  th e  c r y s t a l  s u r f a c e  and 

th e  b u lk  m e l t .  They i n t e r p r e t e d  t h e i r  d a t a  in  te rm s  o f  an  anom aly 

in  t h e  h e a t  d i f f u s i o n  mode. To f in d  o u t  i f  t h i s  anom alous s c a t t e r ­

in g  was a  p r o p e r ty  o n ly  o f  t h e  i c e - w a t e r  i n t e r f a c e ,  Durig and B i l ­

g ram 8 p e r fo rm e d  e x p e r im e n ts  on t h e  g row ing c r y s t a l - m e l t  i n t e r f a c e  

o f  S a l o l .  In  t h i s  e x p e r im e n t ,  b e s id e s  a  r e l a x a t i o n a l  i n t e n s i t y  

a u t o c o r r e l a t i o n  f u n c t i o n  s i m i l a r  t o  t h a t  o b se rv ed  a t  th e  i c e - w a te r  

i n t e r f a c e ,  th e y  a l s o  o b se rv ed  an o s c i l l a t o r y  one. They i n t e r p r e t e d



-  20 -

t h e  o s c i l l a t o r y  s c a t t e r i n g  as  b e in g  caused  by th e  l a t e r a l  m otion 

o f  g ro w th  s t e p s  on th e  c r y s t a l  s u r f a c e ,  which D oppler s h i f t  th e  

l i g h t .  In  a  r e c e n t  a r t i c l e 11 we d e m o n s t r a te d  t h a t  th e  s t e p s  moving 

l a t e r a l l y  on t h e  i n t e r f a c e  a r e  t h e  le d g e s  o f  p o ly g o n ized  s p i r a l s  

o r ig i n a te d  a t  sc rew  d i s l o c a t i o n s .  R e c e n t ly  D urig9 h a s  g iven  a s im i­

l a r  i n t e r p r e t a t i o n  t o  th e  moving s t e p s  on th e  i n t e r f a c e .

Yeh and c o - w o r k e r s 10 have a l s o  done e x p e r im e n ts  a t  t h e  i c e -  

w a te r  i n t e r f a c e  o b ta in in g  r e s u l t s  s i m i l a r  t o  th o s e  o f  B i lg ra m 's  

g roup .

3) Our S a l o l  E xperim ent

S a l o l  i s  one o f  t h e  " f a v o r i t e "  m a t e r i a l s  f o r  c r y s t a l  g ro w th  

s t u d i e s ,  because :

-  i t  has  a  co n v e n ie n t  m e l t in g  t e m p e r a tu r e ,  ab o u t 1li°C;

-  i t  i s  t r a n s p a r e n t  t o  v i s i b l e  l i g h t ;

-  i t s  g ro w th  i s  s low  a t  r e a s o n a b le  u n d e rc o o l in g s ,  making S a lo l  

v e ry  s u i t a b l e  f o r  i n t e r f a c e  k i n e t i c s  s t u d i e s ;

-  a  l a r g e  amount o f  in fo rm a t io n  ab o u t  S a lo l  i s  a v a i l a b l e  in  th e  

l i t e r a t u r e .

In  a d d i t io n ,  we ch o se  S a l o l  b e c a u se  o f  t h e  i n t e r e s t i n g  p r e l im ­

in a ry  r e s u l t s  o b ta in e d  by Durig and B ilg ra m 8 which, a t  t h a t  t im e , 

had n o t  been  d e s c r ib e d  by a  p h y s ic a l  m odel.

In  ou r S a l o l  ex p e r im e n t  we showed t h a t  th e  r e l a x a t i o n a l  and 

o s c i l l a t o r y  s c a t t e r i n g  o c c u r  s im u l ta n e o u s ly :  t h e  o s c i l l a t o r y

s c a t t e r i n g  o c c u r r in g  a t  th e  c r y s t a l  s u r f a c e  and th e  r e l a x a t i o n a l  

s c a t t e r i n g  o c c u r r in g  in  a t h i n  boundary  l a y e r  be tw een  th e  c r y s t a l  

s u r f a c e  and th e  b u lk  m e l t .  For t h e  f i r s t  t im e th e  r e l a x a t i o n a l
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s c a t t e r i n g  was a l s o  o b se rv e d  when th e  c r y s t a l  was m e l t in g .  The 

r e l a x a t i o n a l  s c a t t e r i n g  o b se rv ed  when t h e  c r y s t a l  i s  g row ing o r  

m e l t in g  a r e  s i m i l a r ,  and  th e  o n ly  n o t i c e a b l e  d i f f e r e n c e  i s  t h e  min­

imum v e l o c i t y  f o r  t h e  o n s e t  o f  th e  s c a t t e r i n g ,  which i s  -0 .0 4  pm/s 

when grow ing and - 0 .5  pm/s when m e l t in g .

We d e m o n s t r a te d  t h a t  th e  o s c i l l a t o r y  s c a t t e r i n g  i s  c au sed  by 

th e  m otion o f  th e  le d g e s  o f  p o ly g o n ized  s p i r a l s  o r ig i n a t i n g  a t  

sc rew  d i s l o c a t i o n s .  The q u a s i r e g u l a r  d i s t a n c e  b e tw een  the., arm s o f  

th e  s p i r a l  i s  o f  th e  o r d e r  o f  t h e  w av e le n g h t  o f  t h e  i n c id e n t  l i g h t ,  

c a u s in g  Bragg d i f f r a c t i o n  o f  th e  l i g h t  and  g iv in g  a s  a  r e s u l t  a 

v e ry  a n i s o t r o p ic  s c a t t e r i n g .  The m otion  o f  t h e  s t e p s  D opp le r  s h i f t s  

th e  l i g h t .  B ea t in g  o f  t h e  Bragg d i f f r a c t e d  (and D oppler  s h i f t e d )  

l i g h t  w ith  e l a s t i c  s c a t t e r e d  l i g h t  in  t h e  p h o t o m u l t i p l i e r  p ro d u c e s  

th e  c h a r a c t e r i s t i c  o s c i l l a t o r y  c o r r e l a t i o n  f u n c t io n .  From th e  f r e ­

quency o f  th e  o s c i l l a t i o n ,  th e  l a t e r a l  v e l o c i t y  o f  th e  s t e p s  on 

th e  i n t e r f a c e  c o u ld  be o b ta in e d .  From a  com pu te r  f i t  o f  l a t e r a l  

v e l o c i t y  v e r s u s  th e  n o rm a l  g ro w th  v e l o c i t y ,  t h e  g ro w th  mechanism 

was d e te rm in e d  w i th o u t  r e f e r e n c e  t o  t h e  u n d e rc o o l in g  o f  t h e  i n t e r ­

f a c e .  F u r th e r ,  from  an  in d e p e n d e n t  a n a l y s i s  o f  t h e  v e r t i c a l  tem ­

p e r a t u r e  p r o f i l e ,  we c o u ld  o b ta in  t h e  k i n e t i c  c o e f f i c i e n t  o f  th e  

g ro w th  u s in g  two d i f f e r e n t  a p p ro a c h e s .  The r e s u l t i n g  v a lu e s  a r e  

s e l f - c o n s i s t e n t  and in  ag re e m e n t  w ith  known l i t e r a t u r e  v a l u e s .  The 

m orphology o f  th e  s p i r a l s  was a l s o  o b ta in e d  from  th e  m e asu re ­

m ents .

A d i s c u s s io n  o f  s e v e r a l  mechanisms t h a t  can  be c o n s id e re d  to  

e x p la in  t h e  r e l a x a t i o n a l  s c a t t e r i n g  i s  p r e s e n t e d .  However, a con­

s i s t e n t  p h y s ic a l  model f o r  t h i s  p rob lem  h as  n o t  y e t  been  ach iev ed .
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II. THEORY OF CRYSTAL GROWTH FROM THE MELT
An e x c e l l e n t  i n t r o d u c t i o n  t o  t h e  th e o r y  o f  c r y s t a l  g ro w th  

from  th e  m e l t  can  be  found  in  t h e  book "The S o l id -L iq u id  I n t e r f a c e "  

by D. P. W oodruff1*5. V arious  t h e o r i e s  o f  c r y s t a l  g ro w th  mechanisms 

have  been  p ro p o sed  s in c e  1900, and a r e  s t i l l  in  th e  p r o c e s s  o f  

deve lopm en t and r e v i s i o n 11** 15»1*s»1*6. The p r in c i p a l  t h e o r i e s  can  be 

ro u g h ly  d iv id ed  in t o  fo u r  c a t e g o r i e s .

A. Wilson-Frenkel model - continuous growth
The f i r s t  t h e o r y  o f  c r y s t a l  g ro w th  was p ro p o sed  by H. A. 

W ilson in  19001 and in d e p e n d e n t ly  by J .  F re n k e l  in  193220. The b a s ic  

a s su m p tio n  o f  th e  model i s  t h a t  t h e  c r y s t a l  g ro w th  i s  a  r e v e r s i b l e  

p r o c e s s  in  which a tom s a r e  b o th  le a v in g  and jo in in g  t h e  c r y s t a l .  I t  

i s  a l s o  assum ed t h a t  b o th  t h e  r a t e  o f  a r r i v a l  o f  a tom s  and th e  

r a t e  o f  d e p a r t u r e  can  be c a l c u l a t e d  assum ing s im p le  a c t i v a t e d  

p r o c e s s e s .  The model does  n o t  t a k e  in to  a c c o u n t  t h e  s t r u c t u r e  o f  

th e  i n t e r f a c e ,  s in c e  i t  a ssum es  t h a t  a l l  t h e  s i t e s  on t h e  i n t e r f a c e  

a r e  a c t i v e  g ro w th  s i t e s .  We s h a l l  s e e  l a t e r  t h a t  t h i s  l a s t  assum p­

t i o n  i s  v a l i d  o n ly  f o r  a  c l a s s  o f  m a t e r i a l s  f o r  which th e  i n t e r ­

f a c e  i s  m ic r o s c o p ic a l ly  "rough"13. The a c t i v a t e d  p r o c e s s  f o r  a r r i v a l  

o f  a tom s was a s s o c i a t e d  w ith  t h e  te m p e r a tu r e  dependence  o f  th e  

v i s c o s i t y  o f  t h e  l i q u id  p h ase .  Thus th e  model p r e d i c t s  a  g ro w th  

v e l o c i t y  p r o p o r t i o n a l  t o  t h e  u n d e rc o o l in g  o f  th e  i n t e r f a c e  f o r  

s m a l l  u n d e rc o o l in g s ,  th e  u n d e rc o o l in g  b e ing  th e  d i f f e r e n c e  be tw een  

th e  m e l t in g  t e m p e r a t u r e  Tm and t h e  a c t u a l  t e m p e r a tu r e  o f  th e  in ­

t e r f a c e  Tj_, and in v e r s e l y  p r o p o r t i o n a l  t o  t h e  v i s c o s i t y  o f  th e  

f l u i d  ph ase .  There  i s  no b a r r i e r  t o  be overcom e by t h e  g ro w th
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f r o n t ,  th e  c r y s t a l  g row ing no rm al t o  i t s e l f  r a t h e r  th a n  by th e  

s p re a d in g  o f  l a y e r s .  For t h i s  r e a s o n  t h i s  g ro w th  mechanism i s  

c a l l e d  "co n tin u o u s" .  The g ro w th  i s  c o n t r o l l e d  by d i f f u s i o n  o f  h e a t  

and m ass. The i n t e r f a c e  t a k e s  t h e  shape  o f  an  i s o th e rm  o f  t h e  

sy s te m .  For s m a l l  u n d e rc o o l in g s ,  i . e . ,  LAT/kTraTi<<1, w here  L i s  th e  

l a t e n t  h e a t  o f  f u s io n ,  AT i s  th e  u n d e rc o o l in g  o f  t h e  i n t e r f a c e ,  k 

i s  th e  B oltzm an  c o n s t a n t ,  Tm i s  t h e  m e l t in g  t e m p e r a t u r e  and T* i s  

t h e  a c t u a l  t e m p e r a t u r e  o f  t h e  i n t e r f a c e ,  th e  r e s u l t i n g  k in e t i c  

e q u a t io n  can  be w r i t t e n  a s :

vG = \ i i  AT 2.1

w here vQ i s  t h e  g ro w th  v e l o c i t y ,  AT i s  ag a in  t h e  u n d e rc o o l in g ,  and 

Pi i s  t h e  k i n e t i c  c o e f f i c i e n t  d e r iv e d  in  t h e  W ilso n -F re n k e l  th e o ry :

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

m o le c u le s  from  th e  m e l t  t o  th e  c r y s t a l  s u r f a c e  assum ed t o  be 

eq u a l  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  th e  b u lk  m e l t  p h a se ,  AS i s  

th e  m e l t in g  e n t ro p y ,  a  i s  th e  jump d i s t a n c e  f o r  d i f f u s i o n ,  and k 

and Tji have  t h e  same m eanings a s  b e f o r e .  The c o e f f i c i e n t  D h a s  th e  

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

f i c i e n t ,  how ever i f  t h e  v a lu e  o f  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  in  

th e  b u lk  m e l t  i s  u sed  t o  c a l c u l a t e  t h e  k in e t i c  c o e f f i c i e n t  plf th e  

r e s u l t  i s  tw o t o  t h r e e  o r d e r s  o f  m agnitude s m a l l e r  th a n  th e
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e x p e r im e n ta l  v a lu e  o b ta in e d  from k i n e t i c  d a t a .  I t  i n d i c a t e s  t h a t  

th e  t r a n s p o r t  o f  m o le c u le s  a t  t h e  i n t e r f a c e  which i s  im p o r ta n t  f o r  

c r y s t a l  g ro w th  i s  much s lo w e r  th a n  t h a t  in  th e  b u lk  m e l t .  For 

c r y s t a l s  w ith  f a c e t e d  m o rp h o lo g ie s ,  t h e  g ro w th  v e l o c i t y  v e r s u s  

u n d e rc o o l in g  b eh av io u r  was o b s e rv e d  t o  have  d i f f e r e n t  f u n c t i o n a l  

fo rm s  th a n  l i n e a r .  T h e re fo re ,  o t h e r  g ro w th  mechanisms w ere  p ro ­

posed .

B. Nucleated Layer Growth
For c r y s t a l s  w i th  f a c e t e d  m o rp h o lo g ie s  ("sm ooth" i n t e r ­

f a c e s ) 13, an  im p o r ta n t  mechanism f o r  g ro w th  i s  t h a t  o f  l a y e r  

g ro w th  m ed ia ted  by s u r f a c e  n u c l e a t i o n .  In  t h i s  th e o ry  a  l a y e r  one 

m o lecu le  th i c k  i s  n u c l e a t e d  when a  s m a l l  c l u s t e r  o f  m o le c u le s  

having  a r a d iu s  l a r g e r  th a n  th e  c r i t i c a l  r a d iu s  f o r  tw o -d im e n s io n a l  

n u c l e a t i o n  s t i c k s  t o  t h e  s u r f a c e ,  and th e  new l a y e r  th e n  s p r e a d s  

o u t  a c r o s s  t h e  s u r f a c e  u n t i l  t h e  l a y e r  i s  c o m p le te d .  The f i r s t  

n u c l e a t i o n  th e o ry  o f  g ro w th  was p ro p o sed  by M. Volmer in  193-4 and 

s u b s e q u e n t ly  p u t  on a  more f i rm  b a s i s  by R. B ecker and W. Doring 

in  19351**- The n u c l e a t i o n  th e o ry  l e a d s  t o  an  e x p o n e n t ia l  dependence 

o f  t h e  g ro w th  r a t e  on u n d e rc o o l in g .  In  th e  d e r i v a t i o n  o f  th e  k in ­

e t i c  e q u a t io n  f o r  t h e  n u c l e a t i o n  mechanism, J a c k s o n 1*7 m u l t i p l i e d  

th e  g ro w th  r a t e  g iven  by t h e  W ils o n -F re n k e l  model by t h e  number 

o f  g ro w th  s i t e s  on th e  i n t e r f a c e  d e r iv e d  from  th e  n u c l e a t i o n  

th e o ry .  B es ides  th e  e x p o n e n t ia l  dependence  on  u n d e rc o o l in g ,  he 

o b ta in e d  a  p r e f a c t o r  which i s  l i n e a r  in  u n d e rc o o l in g .  However, th e  

g ro w th  r a t e  i s  v e ry  i n s e n s i t i v e  t o  t h i s  p r e f a c t o r  a l lo w in g  us t o  

w r i t e  th e  k in e t i c  e q u a t io n  a s :
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vQ = y2 e x p ( - J j )  2 .2

w here K i s  a  c o n s t a n t  which in v o lv e s  t h e  s t e p  f r e e  en e rg y  o f  th e

c l u s t e r  o f  m o le c u le s .

At low  u n d e rc o o l in g s ,  th e  p r e d i c t e d  r a t e s  t u r n  o u t  t o  be van­

i s h in g ly  s m a l l ,  w hereas  in  p r a c t i c e  much l a r g e r  r a t e s  a r e  

o b se rv e d .  The im p o r ta n c e  o f  d e f e c t s  a s  g ro w th  s i t e s  on th e  i n t e r ­

f a c e  o f  c r y s t a l s  t h e r e f o r e  m ust be c o n s id e re d .

C. Screw Dislocation Growth
At v e ry  s m a l l  u n d e rc o o l in g s  an  im p o r ta n t  g ro w th  mechanism 

f o r  f a c e t e d  c r y s t a l s  i s  sc rew  d i s l o c a t i o n  m ed ia ted  g ro w th ,  p ro ­

posed  by F. C. F ran k 22 in  19M9. Screw d i s l o c a t i o n s  p ro v id e  a 

mechanism f o r  l a y e r  g ro w th  w i th o u t  r e q u i r i n g  s u r f a c e  n u c l e a t i o n .  

Once a  s c rew  d i s l o c a t i o n  a p p e a r s  on th e  c r y s t a l  s u r f a c e ,  th e  le d g e  

w i l l  wind around  th e  sc rew  a x is  in  t h e  form  o f  a f a c e t e d  s p i r a l ,  

p ro v id in g  c o n t in u o u s  s i t e s  f o r  l a y e r  g ro w th  w ith o u t  r e q u i r i n g  con­

t in u o u s  l a y e r  n u c l e a t i o n .  Each l a y e r  s p re a d s  a c r o s s  t h e  c r y s t a l

s u r f a c e  u n t i l  i t  r e a c h e s  e i t h e r  a  r i g i d  boundary o r  a n o th e r  d i s l o ­

c a t io n .  The k i n e t i c  e q u a t io n  f o r  t h i s  mechanism in  th e  c a s e  o f  m e l t  

g ro w th  was d e r iv e d  by H i l l i g  and T u r n b u l l1*8 and can  be w r i t t e n  a s :

vQ = us(AT)2 2.3

w here vQ i s  t h e  g ro w th  v e l o c i t y ,  AT i s  t h e  u n d e rc o o l in g  and y3 i s  

th e  k in e t i c  c o e f f i c i e n t  f o r  sc rew  d i s l o c a t i o n  g ro w th .  p3 can  be
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w r i t t e n  a s :

„ _ 3( AS)2D
3 3 a k Tj o

w here AS, D, k, and have  th e  same m eanings a s  b e f o r e ,  o i s  th e  

s t e p  f r e e  en e rg y ,  and s i s  t h e  p a r a m e te r  o f  t h e  s p i r a l ,  which i s  

19 f o r  round  s p i r a l s  and 5.4 f o r  p o ly g o n ized  s p i r a l s 27. The f a c t o r s  

19 o r  5 .4  a r e  th e  p a r a m e te r s  i f  o n ly  one s p i r a l  i s  r e s p o n s i b l e  f o r  

t h e  g ro w th .  However, in  p r a c t i c e  t h a t  i s  n o t  u s u a l l y  t h e  c a s e  and 

a g r e a t  number o f  sc rew  d i s l o c a t i o n s  may e x i s t  s im u l ta n e o u s ly  

d u r in g  th e  g ro w th  p r o c e s s .  The i n t e r a c t i o n  b e tw e e n  sc rew  d i s l o c a ­

t i o n s  can  be com plex , g iv in g  r i s e  t o  s e v e r a l  d i f f e r e n t  p a t t e r n s 27. 

However, g e n e r a l l y  we c o u ld  sa y  t h a t  t h e  p r e s e n c e  o f  more th a n  

one sc rew  d i s l o c a t i o n  on th e  i n t e r f a c e  makes t h e  p a r a m e te r  s  d ec ­

r e a s e  a s  com pared w ith  t h e  i d e a l  s i t u a t i o n  o f  a  s i n g l e  s p i r a l  cov­

e r in g  th e  w hole i n t e r f a c e .  E x p er im en ts  by K ir t s in g h e  ( rev iw ed  by 

S t r i c k l a n d - C o n s t a b l e 1*6) showed t h a t  when th e  grow ing f a c e  o f  a 

S a l o l  c r y s t a l  grow ing in t o  an  u n d e rc o o le d  m e l t  e n t e r e d  a  g l a s s  

c a p i l l a r y ,  t h e  g ro w th  r a t e  d e c re a s e d  a lm o s t  t o  z e r o  f o r  f ix e d  und­

e r c o o l in g .  The f r e e l y - g r o w in g  c r y s t a l  e x h ib i te d  an  e t c h  p i t  d e n s i t y  

o f  ~ i o s cm -2, w h ile  s e c t i o n s  from  r e g io n s  o f  s l o w e s t  g ro w th  ex h i­

b i t e d  -2 x 1 0 2 cm -2. The e t c h  p i t s  p re su m ab ly  o c c u re d  a t  t h e  c e n t e r s  

o f  s c re w  d i s l o c a t i o n s ,  co n f irm in g  th e  dependence o f  p3 on th e  den­

s i t y  o f  s c rew  d i s l o c a t i o n s .

Most o f  th e  ev id en ce  f o r  s c rew  d i s l o c a t i o n s  i s  s t a t i c ,  o b ta in e d  

by o p t i c a l  o r  e l e c t r o n  m ic ro scopy27 o f  c r y s t a l  s u r f a c e s  e x h ib i t in g
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su ch  s p i r a l s ,  o r  from  th e  o b s e r v a t io n  o f  e t c h  p i t s  p resum ed  to  

o c c u r  a t  d i s l o c a t i o n  s i t e s .  R e c e n t ly ,  Tsukam oto39 by com bining o p t ­

i c a l  p h a se  c o n t r a s t  m icroscopy  and a  c o n v e n t io n a l  TV sy s te m , 

o b s e rv e d  s p i r a l s  g row ing  from  aqueous  s o l u t i o n  d i r e c t l y  in  s i t u .  In  

th e  e x p e r im e n t  d e s c r ib e d  in  t h i s  t h e s i s ,  l i g h t  s c a t t e r i n g  s t u d i e s  

o f  t h e  c r y s t a l - m e l t  i n t e r f a c e  o f  S a l o l  (pheny l s a l i c y l a t e ,  

Ci 3Hio0 3), r e v e a l e d  t h e  g ro w th  dynam ics o f  s c rew  d i s l o c a t i o n s  i n d i ­

r e c t l y .

D. Dendritic Growth and the Mullins^Sekerka Instability
At h igh  g ro w th  r a t e s  t h e  p l a n a r  i n t e r f a c e  o f  c r y s t a l s  e x h ib i t  

dynamic h e ig h t  f l u c t u a t i o n s  ab o u t  t h e  mean i n t e r f a c i a l  p la n e .  

Because  f l u c t u a t i o n s  induce  l o c a l  c u r v a t u r e  o f  th e  i n t e r f a c e ,  th e y  

in t r o d u c e  r e s t o r i n g  f o r c e s  which make them decay . Thus t h e  none­

q u i l ib r iu m  i n t e r f a c e  e x h i b i t s  r e l a x i n g  f l u c t u a t i o n s  in  h e ig h t  s im i­

l a r  t o  overdam ped c a p i l l a r y  waves on t h e  e q u i l ib r iu m  s u r f a c e  o f  a 

v is c o u s  f l u i d .  T hese  waves a r e  n o t  t h e r m a l l y  e x c i t e d ,  how ever.  

They a r e  d r iv e n  by t h e  k i n e t i c s  o f  t h e  c r y s t a l l i z a t i o n  p r o c e s s .

As t h e  g ro w th  v e l o c i t y  i n t o  -an u n d e rc o o le d  m e l t  i n c r e a s e s ,  

t h e s e  i n t e r f a c e  f l u c t u a t i o n s  a r e  e x p e c te d  t o  s lo w  down and e v e n tu ­

a l l y  become u n s t a b l e .  This m o rp h o lo g ic a l  i n s t a b i l i t y  was f i r s t  d i s ­

c u s s e d  by M u ll in s  and  S e k e rk a 16 and h a s  been  th o ro u g h ly  re v ie w e d  

by L a n g e r17. The u n d e r ly in g  p h y s ic a l  o r ig in  o f  t h i s  d ynam ica l  i n s t a ­

b i l i t y  f o r  p u re  s y s te m s  i s  th e  p ro d u c t io n  and d i s s i p a t i o n  o f  l a t e n t  

h e a t  o f  f u s io n  l i b e r a t e d  by t h e  advanc ing  c r y s t a l  f r o n t .  I f  t h e  

m e l t  i s  u n d e rc o o le d ,  an  i n v e r t e d  t e m p e r a t u r e  g r a d i e n t  d e v e lo p s  

ahead  o f  t h e  i n t e r f a c e  which s t e e p e n s  w i th  i n c r e a s in g  g ro w th  r a t e .
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When a  "bump" a p p e a r s  on th e  i n t e r f a c e ,  i t  e x te n d s  th ro u g h  p a r t  o f  

th e  warmer l a y e r  i n t o  t h e  c o o l e r  m e l t .  S ince  g r e a t e r  u n d e rc o o l in g  

im p l ie s  g r e a t e r  g ro w th  r a t e ,  t h e  i n v e r t e d  t e m p e r a t u r e  g r a d i e n t  

te n d s  t o  a m p l i fy  t h e  bump in  d i r e c t  c o m p e t i t io n  w ith  t h e  e x c e ss  

ene rgy  o f  c u r v a t u r e  which c a u s e s  i t  t o  decay . At a c r i t i c a l  g ro w th  

v e l o c i t y  vc th e  two f o r c e s  j u s t  b a la n c e ,  and th e  r e l a x a t i o n  r a t e  

r e a c h e s  z e ro  ( f o r  a p a r t i c u l a r  c r i t i c a l  w a v e -v e c to r  q G ) .  For 

g ro w th  v e l o c i t i e s  g r e a t e r  th a n  vc th e  p l a n a r  i n t e r f a c e  i s  u n s t a b l e  

and w i l l  s p o n ta n e o u s ly  d ev e lo p  p r o t r u d in g  d e n d r i t e s .

The s p a t i a l  p a t t e r n  which d ev e lo p  in  t h e  c r y s t a l - m e l t  i n t e r ­

f a c e  once t h i s  m o rp h o lo g ic a l  i n s t a b i l i t y  h as  o c c u r r e d  can  be com­

p le x  and a r e  t h e  s u b j e c t  o f  c o n s id e r a b le  c u r r e n t  r e s e a r c h 17*10.

E. Jackson's Theory of the Solid-Liquid Interface
We have p r e v io u s ly  in t ro d u c e d  th e  c o n c e p ts  o f  " rough" and 

"sm ooth" i n t e r f a c e s  in  c o n n e c t io n  w ith  t h e  m orphology o f  n o n - f a c ­

e t i n g  and f a c e t i n g  c r y s t a l s ,  a s  w e l l  a s  in  c o n n e c t io n  w i th  t h e  d i f ­

f e r e n t  k i n e t i c  la w s  o b ta in e d  f o r  t h e  g ro w th  o f  t h e s e  c r y s t a l s .  A 

re m a rk a b ly  s u c c e s s f u l  th e o ry  ab o u t th e  s t r u c t u r e  o f  t h e  i n t e r f a c e  

was p ro p o sed  by K .A .Jackson in  195813. This th e o ry  p r e d i c t s  t h a t  

c l o s e  t o  therm odynam ic e q u i l ib r iu m ,  s o l i d s  in  c o n t a c t  w ith  t h e i r  

m e l t s  (o r  vapor)  h av in g  th e  p a r a m e te r  a=CL/kTc, s m a l l e r  th a n  2,
C j

w i l l  have "rough" i n t e r f a c e s ,  w hereas  f o r  a  g r e a t e r  th a n  2 th e y  

w i l l  have "smooth" i n t e r f a c e s ,  on an a to m ic  s c a l e .  5 i s  t h e  number 

o f  n e a r e s t - n e ig h b o r  s i t e s  in  a  l a y e r  p a r a l l e l  t o  t h e  s u r f a c e ,  

d iv ided  by th e  t o t a l  number o f  n e a r e s t - n e ig h b o r  s i t e s .  L/kT„ i s  th e
C j

r a t i o  o f  t h e  b ind ing  en e rg y  a t  t h e  i n t e r f a c e  ( t a k in g  i n t o  a c c o u n t
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t h e  o th e r  p h ase  ) t o  th e  th e rm a l  en e rg y .  L i s  t h e  l a t e n t  h e a t  o f  

fu s io n  f o r  a  s o l i d - l i q u i d  i n t e r f a c e  and th e  h e a t  o f  v a p o r iz a t io n  

f o r  a s o l id - v a p o r  i n t e r f a c e .

Most m e t a l s  in  c o n t a c t  w i th  t h e i r  m e l t s  have a<2 and they  

grow by a  c o n t in u o u s  mechanism showing no f a c e t e d  m o rp h o lo g ie s .  

However, m e ta l s  g row ing  from  t h e  vapo r  p h ase  d i s p l a y  f a c e t e d  mor­

p h o lo g ie s  and in  f a c t ,  in  t h i s  c a s e  th e y  have  a » 2 ,  t y p i c a l l y  ab o u t 

10 t o  20. Most o rg a n ic  c r y s t a l s ,  S a lo l  be ing  a t y p i c a l  exam ple, 

have h igh  J a c k s o n  a - f a c t o r s  when grow ing from  t h e i r  m e l t s .  They 

d i s p la y  v e ry  s t r o n g l y  f a c e t e d  m o rp h o lo g ie s  and th e  mechanisms f o r  

g ro w th  a r e  l a t e r a l ,  nam ely s u r f a c e  n u c l e a t i o n  and sc rew  d i s l o c a ­

t i o n  g ro w th .  From J a c k s o n 's  th e o r y  i t  was p o s s i b l e  t o  p r e d i c t  

which t r a n s p a r e n t  m a t e r i a l s  would s o l i d i f y  l i k e  m e t a l s 1*9, im proving  

c o n s id e r a b ly  th e  u n d e r s ta n d in g  ab o u t  th e  s o l i d i f i c a t i o n  p r o c e s s e s  

in  m e ta l s .

Most m a t e r i a l s  when grow ing from  th e  m e l t  a r e  a lw a y s  e i t h e r  

above o r  below  t h e i r  ro u g h en in g  t e m p e r a t u r e s  ( a  s m a l l e r  th a n  2 o r  

l a r g e r  th a n  2 ) .  To o b s e rv e  th e  roughen ing  t r a n s i t i o n  f o r  t h e  m e l t -  

g ro w th  c a s e  i t  i s  n e c e s s a r y  t o  v a ry  a  by v a ry in g  t h e  m e l t in g  tem ­

p e r a t u r e  o f  th e  m a t e r i a l .  Only enorm eous p r e s s u r e s  can  s i g n i f i ­

c a n t l y  change t h e  m e l t i n g  t e m p e r a t u r e  o f  m ost m a t e r i a l s ,  making 

th e  t r a n s i t i o n  e x p e r i m e n t a l ly  i n a c c e s s i b l e .  T h e re fo re ,  th e  c r y s t a l -  

v ap o r  sy s tem  i s  m ore co n v e n ie n t  f o r  o b se rv in g  th e  roughen ing  t r a n ­

s i t i o n ,  s in c e  t h e  e q u i l ib r iu m  te m p e r a t u r e  (and a) can  be v a r ie d  

c o n t in u o u s ly  by v a ry in g  t h e  v ap o r  p r e s s u r e  o f  t h e  s y s te m .  The 

f i r s t  e x p e r im e n ta l  o b s e r v a t io n  o f  th e  roughen ing  t r a n s i t i o n  was 

r e p o r t e d  by J a c k so n  and M i l l e r 30 f o r  t h e  v a p o r -g ro w th  o f  C2c i 6 and
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NHi^ci. The ro u g h en in g  t r a n s i t i o n  was a l s o  o b se rv e d  f o r  t h e  r a e l t -  

g ro w th  o f  ‘‘He by Avron e t  a l . 31. The m e l t in g  e n t ro p y  o f  ‘‘He te n d s  

t o  z e r o  f o r  t e m p e r a t u r e s  c l o s e  t o  z e r o  d e g re e  K elv in . In  a v e ry  

s m a l l  r a n g e  o f  low t e m p e r a t u r e s  t h e  m e l t i n g  e n t ro p y  o f  ‘Tie can  be 

v a r ie d  by s e v e r a l  o r d e r s  o f  m agn itude , and t h e r e f o r e  t h e  Ja c k so n  

a - f a c t o r  in  t h i s  sy s te m  can  be a l s o  v a r i e d  c o n t in u o u s ly  from  

v a lu e s  l a r g e r  th a n  2 t o  v a lu e s  s m a l l e r  th a n  2. The t r a n s i t i o n  was 

d e t e c t e d  by o b s e rv in g  th e  l o s s  o f  f a c e t s  in  t h e  ‘‘He c r y s t a l s .
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I I I .  Previous Light Scattering Experiments at the Solid-Melt 
Interface of Growing Crystals

A. Ice-water interface experiments

1 )ex p e r im en t p e r fo rm e d  by J .H .B ilg ram , H .G u t t in g e r ,  and 

W.Kanzig1**5

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

grow ing c r y s t a l - m e l t  i n t e r f a c e  was r e p o r t e d  in  1978 by J .H .B i l ­

gram, H .G u tt in g e r ,  and  W.Kanzig. In  t h e i r  ex p e r im e n t ,  (p e r fo rm e d  a t  

th e  E.T.H. .Z u rich )  a  s m a l l  i c e  c r y s t a l  was p la c e d  in  a  g ro w th  tu b e

c o n ta in in g  h ig h ly  p u r i f i e d  w a te r  and g r a d u a l l y  lo w e re d  th ro u g h  a
0

z o n e - r e f i n in g  a p p a r a tu s .  A 4880 A a rg o n  ion  l a s e r  beam was fo c u s e d  

o n to  t h e  c r y s t a l - m e l t  i n t e r f a c e  o f  t h e  grow ing i c e  c r y s t a l  from 

th e  w a te r  s id e ,  and l i g h t  s c a t t e r e d  a t  s e l e c t e d  a n g le s  away from 

th e  r e f l e c t e d  beam was d i r e c t e d  t o  a  p h o t o m u l t i p l i e r .  A n a ly s is  o f  

t h e  t im e  av e ra g e d  p h o to c u r r e n t  and th e  p h o to c u r r e n t  a u t o c o r r e l a ­

t i o n  f u n c t io n  gave t h e  i n t e n s i t y  and sp e c tru m  o f  s u r f a c e  f l u c t u a ­

t i o n s  a t  th e  w av ev ec to r  q s e l e c t e d  by th e  s c a t t e r i n g  g eo m e try .  The 

p r i n c i p a l  r e s u l t s  o f  t h i s  e x p e r im en t  w ere :

1) s c a t t e r i n g  was o n ly  o b s e rv e d  i f  t h e  c r i t i c a l  g ro w th  v e l o c i t y  

1.5 pm s " 1 was exceeded ;

2) a f t e r  t h e  s c a t t e r i n g  had been  e s t a b l i s h e d ,  i t  was a l s o  o b se rv e d  

i f  t h e  g ro w th  v e l o c i t y  was d e c r e a s e d  below  th e  c r i t i c a l  v e l o c i t y ,  

o n ly  d is a p e a r in g  i f  t h e  s u r f a c e  was m e l te d  back ( h y s t e r e s i s )  ;
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3) t h e  s c a t t e r i n g  was n e v e r  o b se rv ed  d u r in g  m e l t in g ,  b u t  th e y  

n o te d  t h a t  r e a l i z a b l e  m e l t in g  v e l o c i t i e s  w ere c o n s id e r a b ly  below  

th e  c r i t i c a l  v e l o c i t y ;

4) t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  s c a t t e r e d  i n t e n s i t y  was a 

s i n g l e  e x p o n e n t ia l  and  th e  l i n e w id th  r  was found  to  be p ro p o r ­

t i o n a l  t o  th e  s q u a re  o f  th e  s c a t t e r i n g  v e c t o r .  I t  i s  im p o r ta n t  t o  

m ention  t h a t  t h e i r  g eo m etry  o n ly  a l lo w e d  them t o  p e r fo rm  th e  

e x p e r im en t  w ith  th e  s c a t t e r i n g  v e c t o r  n e a r l y  p a r a l l e l  t o  th e  in ­

t e r f a c e  p la n e .  The v a lu e  found  was T = 4x10“ 8q2 s -1 , f o r  c r y s t a l s  

g row ing a lo n g  th e  c - a x i s  ;

5) T was found  to  be in d e p en d en t  o f  t h e  g ro w th  v e l o c i ty ;

6) th e  w id th  o f  t h e  s c a t t e r i n g  r e g io n  was e s t im a te d  t o  have  an 

upper l i m i t  o f  6 urn from  m easu rem en ts  o f  th e  s p a t i a l  co h e re n ce  

p r o p e r t i e s  o f  th e  s c a t t e r e d  l i g h t ;

7) t h e  s c a t t e r e d  l i g h t  was a l s o  o b se rv e d  a t  t h e  i n t e r f a c e  o f  c r y ­

s t a l s  grow ing a lo n g  t h e  a - a x i s .

They i n i t i a l l y  i n t e r p r e t e d  t h e i r  d a t a  a s  s c a t t e r i n g  from 

f l u c t u a t i n g  random s u r f a c e  c o r r u g a t io n s  o f  t h e  i n t e r f a c e ,  r e l a t i v e  

t o  t h e  mean i n t e r f a c e  l e v e l .  They u sed  th e  Gibbs-Thomson e q u a t io n  

t o  c a l c u l a t e  t h e  l o c a l  change in  m e l t in g  t e m p e r a tu r e  ca u se d  by th e  

c u r v a t u r e  o f  th e  i n t e r f a c e .  This model p r e d i c t e d  th e  v a lu e  T = 

3 .8x10 “ 8q2 s -1 in  e x c e l l e n t  ag ree m en t  w i th  t h e  e x p e r im e n ta l  v a lu e .

2) e x p e r im e n t  p e r fo rm e d  by P.Boni, J .H .B ilg ram , and W.Kanzig6*7

The f i r s t  r e s u l t s  from t h i s  ex p e r im en t w ere  r e p o r t e d  in  1980 

and c o m p le te d  in  1983. T he ir  a p p a r a tu s  i s  e s s e n t i a l l y  t h e  same as
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t h a t  u sed  in  1). The r e s u l t s  r e f e r  t o  i c e  c r y s t a l s  grow ing a lo n g  

th e  c a x i s .  The main r e s u l t s  w ere  :

1) t h e  l i n e w id th  T i s  p r o p o r t i o n a l  t o  th e  s q u a re  o f  th e  t o t a l  

s c a t t e r i n g  v e c t o r  ( T = Dq2) , r a t h e r  th a n  be ing  p r o p o r t i o n a l  t o  

th e  s q u a re  o f  t h e  p r o j e c t i o n  o f  t h e  s c a t t e r i n g  v e c t o r  on th e  in ­

t e r f a c e ;

2) t h e  s c a t t e r i n g  i s  t a k in g  p l a c e  n o t  a t  t h e  c r y s t a l  s u r f a c e  b u t  in  

a  t h i n  boundary  l a y e r  b e tw een  t h e  c r y s t a l  s u r f a c e  and th e  m e l t ;

3) by u s in g  a  s c a t t e r i n g  geo m etry  such  t h a t  th e  s c a t t e r i n g  v e c to r  

h a s  a  minimum a c c e s s i b l e  l e n g t h  and i s  no rm al to  t h e  i n t e r f a c e ,  

th e y  p robed  F o u r ie r  com ponents  o f  th e  f l u c t u a t i o n s  w i th  wave­

l e n g t h s  a s  l a r g e  a s  1 .4 pm. S ince  th e  same " d i f f u s io n  c o e f f i c i e n t "  

D was o b ta in e d ,  th e y  i n t e r p r e t e d  t h i s  l e n g t h  a s  a  lo w e r  l i m i t  f o r  

t h e  th i c k n e s s  d o f  t h e  l a y e r  w i th  th e  a rgum en t t h a t  th e  dynamics 

o f  th e  F o u r ie r  com ponents  in  th e  l a y e r  can  be o n ly  i s o t r o p i c  i f  

t h e i r  w a v e le n g th s  a r e  s m a l l  com pared to  d.

4) r i s  in d e p e n d e n t  o f  g ro w th  v e l o c i ty ;

5) t h e  c r i t i c a l  g ro w th  v e l o c i t y  f o r  th e  o n s e t  o f  s c a t t e r i n g  was 

found  to  be p r o p o r t i o n a l  t o  t h e  t e m p e r a tu r e  g r a d i e n t  in  t h e  ic e

In  t h e  i n t e r v a l  2<Gi <4.5 K cm-1, th e  p r o p o r t i o n a l i t y  f a c t o r  i s  

6.0x1 0“ scm2s - l K-1 ;

6) t h e r e  i s  a t r a n s i e n t  p e r io d  w here b o th  l i n e w id th  and i n t e n s i t y  

v a ry ,  and a r e  r e l a t e d  by t h e  e q u a t io n

r = f ( i ) “ “

w here a=0.230±0.002, f=2750±27 r a d  s - 1 and I  i s  th e  i n t e n s i t y  in  

u n i t s  o f  1000 c o u n t s / s .  The p a r a m e te r s  a  and f  w ere  found  to  be 

dep en d e n t on t h e  t e m p e r a t u r e  g r a d ie n t ,  f  be ing  c o n s id e r a b ly  l a r g e r
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f o r  l a r g e r  G^, in d i c a t i n g  t h a t  t h e  l i f e t i m e  o f  th e  f l u c t u a t i o n s  i s  

s h o r t e r  a t  h ig h e r  t e m p e r a t u r e  g r a d i e n t s .

They i n t e r p r e t e d  th e  d a t a  on th e  b a s i s  o f  an  anom aly in  th e  

th e rm a l  d i f f u s io n  mode. From t h i s  c o n j e c tu r e  and from B r i l l o u in  

l i g h t  s c a t t e r i n g  d a t a ,  th e y  co n c lu d ed  t h a t  t h e  i s o th e r m a l  com pres­

s i b i l i t y  o f  t h i s  boundary  l a y e r  i s  700 t im e s  l a r g e r  th a n  t h a t  o f  

th e  p u re  w a te r ,  w h ile  th e  a d i a b a t i c  c o m p r e s s ib i l i t y  was ab o u t  th e  

same as  in  p u re  w a te r .

3) ex p e r im e n t  p e r fo rm e d  by R.A.Brown, J .K e iz e r ,  U .S t r i g e r ,  and 

Y.Yeh10

The ex p e r im e n t  was p e r fo rm e d  a t  t h e  i c e - w a t e r  i n t e r f a c e  o f  

c r y s t a l s  g row ing a lo n g  t h e  a  a x i s .  The main r e s u l t s  w ere :

1) t h e  c r i t i c a l  g ro w th  v e l o c i t y  f o r  t h e  o n s e t  o f  t h e  s c a t t e r i n g  

was found  to  be a b o u t  0 .5 pm s -1 . In  p a r t i c u l a r ,  f o r  t h i s  g ro w th  

v e l o c i t y  o f  0 .5  pm s _1 th e  t im e f o r  th e  o n s e t  o f  s c a t t e r i n g  was 

ab o u t 60 m in u te s  a f t e r  th e  i n t e r f a c e  had r e a c h e d  t h e  s t a t i o n a r y  

p o s i t i o n .  For h ig h e r  g ro w th  r a t e s  th e  t im e  f o r  th e  o n s e t  o f  th e  

s c a t t e r i n g  was found  t o  be ab o u t t h e  same a s  th e  t im e  f o r  r e a c h in g  

th e  s t a t i o n a r y  p o s i t i o n ;

2) t h e  q2 dependence  was checked  f o r  q ly in g  in  t h e  i n t e r f a c e  

p la n e ;

3) t h e  m easured  l i n e w id th  was ab o u t  3*5 t im e s  s m a l l e r  th a n  t h a t  

m easured  by B ilg ra m fs  group f o r  c r y s t a l s  g row ing a lo n g  th e  c a x is ,  

i n d i c a t i n g  t h a t  w h a te v e r  i s  th e  n a t u r e  o f  t h e  s c a t t e r e r s  t h e i r  

l i f e t i m e  i s  lo n g e r  a t  t h e  a  f a c e  o f  t h e  c r y s t a l  th a n  a t  th e  c
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f a c e .

B. S a l o l  C r y s t a l - M e l t  I n t e r f a c e  E x p e r i m e n t

E xperim en t p e r fo rm e d  by U.Durig and  J .H .B i lg ra m 8. 9

The f i r s t  r e s u l t s  on l i g h t  s c a t t e r i n g  a t  th e  c r y s t a l - m e l t  in ­

t e r f a c e  o f  t h e  o rg a n ic  c r y s t a l  S a l o l  was r e p o r t e d  by U.Durig and 

J .H .B i lg ra m 8 in  1982. They o b s e rv e d  tw o d i f f e r e n t  dynam ica l 

p r o c e s s e s ;  one m a n i f e s t s  i t s e l f  by an  o s c i l l a t o r y  i n t e n s i t y  a u t o ­

c o r r e l a t i o n  f u n c t i o n  and th e  o t h e r  by an  e x p o n e n t i a l l y  decay in g  

one, s i m i l a r  t o  t h e  i c e - w a t e r  c a s e .  The main r e s u l t s  from  t h a t  

e x p e r im e n t  w ere  :

1) t h e r e  was a  c r i t i c a l  g ro w th  v e l o c i t y  f o r  t h e  o n s e t  o f  t h e  

s c a t t e r i n g  which was ab o u t  0 .2  pm s -1 ;

2) f o r  0 .2 <vq<o . 4 pm s “ - th e  s c a t t e r e d  i n t e n s i t y  was h ig h ly  a n i s o ­

t r o p i c  in  sp a c e  and i t s  a u t o c o r r e l a t i o n  f u n c t io n  was s in u s o id a l  and 

undamped;

3) i f  vQ was in c r e a s e d  above 0 .4  pm s -1 , t h e  o s c i l l a t o r y  c o r r e l a ­

t i o n  f u n c t i o n  became damped and  a f t e r  ab o u t  2 h o u rs  i t  d i s a p p e a re d  

w h ile  an  e x p o n e n t i a l l y  decay ing  one em erged . The s c a t t e r e d  i n t e n ­

s i t y  was th e n  i s o t r o p i c  in  sp a c e  and v e ry  s i m i l a r  t o  t h e  one found 

in  t h e  i c e - w a t e r  ex p e r im e n t .

They i n t e r p r e t e d  th e  o s c i l l a t o r y  c o r r e l a t i o n  f u n c t io n  a s  th e  

r e s u l t  o f  b e a t in g  b e tw ee n  e l a s t i c  s c a t t e r i n g  and l i g h t  s c a t t e r e d  

from  th e  i n t e r f a c e  w i th  a  D opp ler  s h i f t  Aw = v L»q • The l i n e a r  

dependence  on q was v e r i f i e d  and th e  v e l o c i t y  vL shown t o  be ab o u t
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60 pm s -1 , which was 150 t im e s  l a r g e r  th a n  th e  g ro w th  v e l o c i t y  vQ.

R e c e n t ly  D urig9 i n t e r p r e t e d  t h e s e  r e s u l t s  a s  be ing  cau sed  by 

t h e  m otion  o f  th e  le d g e s  o f  s c rew  d i s l o c a t i o n s  in  a g re e m e n t  w ith  

ou r e a r l i e r 11 i n t e r p r e t a t i o n ,  which w i l l  be d is c u s s e d  in  t h e  n e x t  

s e c t i o n s  o f  t h i s  t h e s i s .  By u s in g  th e  e v a n e s c e n t  wave a s  a  p robe  

f o r  t h e  s c a t t e r i n g  in  t h e  boundary  l a y e r  and from th e  a n a l y s i s  o f  

t h e  s c a t t e r e d  i n t e n s i t y ,  Durig co n c lu d ed  t h a t  t h e  w id th  o f  th e  

boundary  l a y e r  was o f  t h e  o r d e r  o f  1 pm.
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IV. SALOL

A. Crystal structure
The c r y s t a l  s t r u c t u r e  o f  S a l o l  ( benzo ic  ac id  2 -hyd ro x y  p h e -  

n y l e s t e r  o r  pheny l s a l i c y l a t e , . C 13H io 0 3 ) h as  been  d e te rm in e d  by 

F l a c h s b a r t 50 and r e f i n e d  by B ilg ram  e t  a l . 51. S a l o l  i s  a  v e ry  a n i s o ­

t r o p i c  c r y s t a l  w ith  an  o r th o ro m b ic  u n i t  c e l l .  A t y p i c a l  S a lo l  c r y ­

s t a l  grown from  s o l u t i o n  i s  shown in  F ig u re  4.1 . The c e l l  dimen­

s io n s  r e c o rd e d  a t  -80°C a r e 51,

a  = 11.258 A , b -  23.402 A and c = 7.961 A .

At room t e m p e r a tu r e  t h e  v a lu e s  a r e 50,

a  = 11.25 A , b = 25.50 A and c = 8 .10 A 

The c o n v e n t io n  o f  ax es  chosen  by u s  i s  d i f f e r e n t  th a n  t h a t  o f  B i l ­

gram e t  a l .  The d i s t a n c e s  a s  w e l l  a s  t h e  a n g le s  b e tw een  th e  a tom s 

a r e  d e s c r ib e d  in  B i lg ra m 's  w ork51.

B. Refractive indices
1) m e lt

The r e f r a c t i v e  index  o f  t h e  S a l o l  m e l t  was m easured  u s in g  th e  

minimum d e v ia t io n  te c h n iq u e .  The m e l t  a t  ab o u t  45°C was poured  

i n t o  a  p r i s m a t ic  c u v e t t e .  The t e m p e r a t u r e  was n o t  c o n t r o l l e d  

d u r in g  th e  e x p e r im e n t ,  t h e r e f o r e  t h e  v a lu e  o b ta in e d  f o r  t h e  r e f ­

r a c t i v e  index was an  a v e ra g e  o v e r  a  ra n g e  o f  t e m p e r a t u r e s .  The 

p r i s m a t i c  c u v e t t e  was mounted on a  g o n io m e te r  and th e  l a s e r  beam 

a t  X = 488 nm was r e f r a c t e d  th ro u g h  th e  p r ism . With t h e  g o n io m ete r  

we c o u ld  m easure  t h e  a n g le s  o f  t h e  p r ism  a s  w e l l  a s  t h e  a n g le  o f
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in c id e n c e  f o r  t h e  c o n d i t io n  o f  minimum d e v ia t io n  o f  t h e  r e f r a c t e d  

beam. By u s in g  t h e  w e l l  known fo rm u la  from th e  o p t i c s  o f  th e  

p r ism ,

s in (^ .)

w here  n i s  t h e  index  o f  r e f r a c t i o n  o f  t h e  p r ism , A i s  th e  apex 

a n g le  o f  t h e  p r ism  and 6 i s  t h e  a n g le  o f  in c id e n c e  f o r  t h e  cond i­

t i o n  o f  minimum d e v ia t io n ,  th e  r e s u l t i n g  index o f  r e f r a c t i o n  f o r  

t h e  m e l t  was

nm = 1.598 ± 0.008

(2) c r y s t a l

The method u sed  t o  m easu re  t h e  in d ic e s  o f  r e f r a c t i o n  o f  t h e  

c r y s t a l  was th e  p r ism  m ethod. O r ie n te d  S a lo l  c r y s t a l s  w ere  c u t  in  

p r is m s  w ith  one o f  t h e  f a c e s  no rm al t o  one o f  t h e  c r y s t a l l o g r a p h i c  

a x e s .  By u s in g  t h e  in c id e n t  beam w ith  \  = 488 nm n o rm a l t o  t h i s  

f a c e ,  so  t h a t  t h e  p r o p a g a t io n  d i r e c t i o n  i s  a lo n g  one o f  t h e  ax es  o f  

t h e  c r y s t a l ,  t h e r e  a r e  tw o s o l u t i o n s  t o  t h e  M a x w e l l 's  e q u a t io n s  

f o r  p r o p a g a t io n  in s id e  o f  th e  c r y s t a l ,  p roduc ing  tw o beams r e f ­

r a c t e d  o u t  o f  t h e  p r ism . S ince  S a l o l  h as  an  o r th o ro m b ic  u n i t  c e l l  

t h e  p r i n c i p a l  o p t i c a l  axes  a r e  o r th o g o n a l  t o  each  o t h e r .  T h e re fo re  

t h e  tw o beams r e f r a c t e d  o u t  o f  t h e  p r ism  have m u tu a l ly  o r th o g o n a l  

p o l a r i z a t i o n s .  With S n e l l ' s  law  we can  o b ta in  t h e  d e s i r e d  in d ic e s  

o f  r e f r a c t i o n .  With t h i s  p ro c e d u re  we need two d i f f e r e n t  p r ism s  

o r i e n t e d  in  d i f f e r e n t  ways t o  o b ta in  th e  t h r e e  in d ic e s  o f  r e f r a c ­
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t i o n .  These  m easu rem en ts  w ere p e r fo rm e d  by M. Awal and  a r e  

d e s c r ib e d  in  h i s  Ph.D. t h e s i s 52. The r e s u l t s  w ere:

na = 1.66 ± 0 .02  nb = 1.83 ± 0 .03 nc = 1.55 ± 0 .02

C. Sample preparation
The sam ple  p r e p a r a t i o n  f o l lo w e d  e s s e n t i a l l y  t h e  p ro c e d u re  o f  

B ilg ram  e t  a l . 51. The p ro c e d u re  can  be d e s c r ib e d  in  t h e  f o l l o w in g  

s t e p s  :

(1) S t a r t i n g  s e e d s

The S a l o l  u sed  in  th e  e x p e r im e n t  was s to c k  m a t e r i a l  p u rc h a se d  

from Eastm an Kodak in  powder fo rm . In  a  s m a l l  j a r  im e rs e d  in  a 

t h e r m o s ta t e d  w a te r  b a t h  a t  40°C we d i s s o lv e d  25 g ram s o f  S a l o l  in  

100 ml o f  p u re  e t h a n o l .  The s u p e r s a t u r a t e d  s o l u t i o n  was th e n  

p oured  i n t o  a  g l a s s  d is h .  The d ish  was k e p t  in  a  q u i e t  en v ironm en t 

w ith  a  lo o s e  c o v e r ,  f o r  ab o u t  2 d ay s .  The n a t u r a l  d e c r e a s e  o f  th e  

t e m p e r a t u r e  o f  t h e  s o l u t i o n  and t h e  e v a p o r a t io n  o f  p a r t  o f  th e  

e t h a n o l  a r e  s u f f i c i e n t  t o  l e t  s m a l l  S a l o l  s e e d s  grow on th e  

bo ttom  o f  t h e  d is h .  These  a r e  good s t a r t i n g  s e e d s .

(2) Bridgman g ro w th  te c h n iq u e

We ch o se  a  good s t a r t i n g  se e d  and p o l i s h e d  i t  t o  have  a  c y l ­

i n d r i c a l  shape  w ith  t h e  f a c e  o f  i n t e r e s t  a t  th e  ends  o f  t h e  c y l ­

in d e r .  This  c y l i n d r i c a l  s e e d  f i t  in  a  p y rex  g ro w th  tu b e  whose 

bo tto m  d ia m e te r  i s  a b o u t  5 mm; t h e  main p a r t  o f  th e  tu b e  had  a 

d ia m e te r  o f  ab o u t  18 mm. A f te r  s e t t i n g  t h e  se e d  in  p l a c e  t h e  tu b e  

was f i l l e d  w ith  S a l o l  powder and was m ounted in  t h e  a p p a r a tu s  

shown in  F ig u re  4 .2  . The S a l o l  powder was m e l te d  back  t o  th e  top  

o f  th e  s e e d .  S ince  t h e  s e e d  was v e ry  s m a l l  t h i s  s t e p  m ust be done
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v ery  c a r e f u l l y  t o  avoid  m e l t in g  th e  s e e d .  The m oto r was th e n  

tu r n e d  on a l lo w in g  t h e  g ro w th  tu b e  t o  move downward th ro u g h  th e  

t e m p e r a tu r e  g r a d i e n t  and th e  c r y s t a l  g ro w th  t o  p ro c e e d .  We t y p i ­

c a l l y  u se d  a  g ro w th  v e l o c i t y  o f  0 .08 pm /s. When t h e  l e n g t h  o f  th e  

c r y s t a l  was ab o u t  10 cm we s to p p e d  th e  g ro w th .

(3) P r e p a r in g  th e  s t a r t i n g  c r y s t a l s

In  t h e  a p p a r a tu s  shown in  F ig u re  4 .3  a ) ,  th e  g ro w th  tu b e  can 

be p la c e d  in  an  ups ide-dow n p o s i t i o n .  (The f i g u r e  i l l u s t r a t e s  

a n o th e r  u se  o f  th e  same a p p a r a tu s  t o  be d i s c u s s e d  b e low ).  When 

w a te r  a t  42°C was c i r c u l a t e d  th ro u g h  th e  a p p a r a tu s  t h e  c r y s t a l  

became lo o s e  and s l i d  down o u t  o f  th e  g ro w th  tu b e .  A f te r  t h i s  s t e p  

we had  a  s i n g l e  c r y s t a l  o f  10 cm l e n g t h ,  w i th  th e  f a c e t  o f  i n t e r ­

e s t  ro u g h ly  n o rm a l t o  t h e  a x is  o f  t h e  c y l i n d r i c a l  c r y s t a l .  Subse­

q u e n t ly ,  t h i s  c r y s t a l  was c u t  in  p ie c e s  o f  2 cm h e ig h t .  Because  

th e  n e x t  s t e p  in  s am p le  p r e p a r a t i o n  ( o r i e n t in g  th e  s t a r t i n g  c r y ­

s t a l )  r e q u i r e d  t h a t  t h e s e  2cm h ig h  c y l i n d r i c a l  c r y s t a l s  have  w e l l  

d e v e lo p e d  f a c e t s ,  we had t o  r e i n s e r t  them in  a n o th e r  S a l o l - e t h a n o l  

s o l u t i o n  f o r  th e  f a c e t s  t o  grow. This  s u p e r s a t u r a t e d  s a l o l - e t h a n o l  

s o l u t i o n  (50 g r  S a l o l /  100 ml e th a n o l )  was p r e p a re d  a t  40°C. At 

t h i s  c o n c e n t r a t i o n  and a t  a  t e m p e r a t u r e  o f  a b o u t  27°C, S a l o l  c r y ­

s t a l s  w i l l  grow. B e fo re  i n s e r t i n g  th e  s t a r t i n g  c r y s t a l  in  th e  

s o l u t i o n ,  we checked  th e  c o n d i t io n s  o f  g ro w th  u s in g  a  t e s t  seed .  

T e m p e ra tu re  a d ju s tm e n t s  w ere  th e n  made t o  o b ta in  t h e  m ost conven­

i e n t  g ro w th  c o n d i t io n s .  We c h o se  one o f  t h e  2 cm c y l i n d r i c a l  p ie c e s  

and im m ersed  i t  in  th e  s o l u t i o n .  The c y l i n d r i c a l  c r y s t a l  began  to  

d ev e lo p  f a c e t s  and t o  grow. By d e c re a s in g  t h e  b a t h  t e m p e r a t u r e  by 

0 .2°C /day , a f t e r  3 o r  4 days t h e  c y l i n d r i c a l  c r y s t a l  d e v e lo p e d  good
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f a c e t s .  I t  was rem oved from  t h e  s o l u t i o n  and im e d ia t ly ,  w i th  a 

l e n s  p a p e r ,  t h e  rem a in in g  s o l u t i o n  was rem oved from t h e  f a c e t  o f  

i n t e r e s t .

(4) The main g ro w th  tu b e

The main g ro w th  tu b e ,  i . e . ,  t h e  tu b e  which was a c t u a l l y  u sed  

f o r  th e  l i g h t  s c a t t e r i n g  ex p e r im en t ,  was made o f  p y re x .  The l e n g th  

i s  a b o u t  35 cm, th e  i n t e r n a l  d ia m e te r  16 mm and th e  e x t e r n a l  diam­

e t e r  18 mm. T here  i s  a  b u i l t - i n  s to p c o c k  t o  a l lo w in g  t h e  sam p le  t o  

be k e p t  un d er  vacuum. I t  i s  w i th  t h i s  ty p e  o f  tu b e  t h a t  we have 

o b ta in e d  m ost o f  o u r  r e s u l t s .  R e c e n t ly  we have  changed t o  heavy 

w a l l  tu b e s ,  b u t  w i th  th e  same i n t e r n a l  d ia m e te r ,  b e c a u se  we had 

p ro b lem s  due t o  c r a c k in g  o f  t h e  tu b e  in s id e  o f  t h e  t h e r m o s t a t .  

With t h e  u s e  o f  heavy  w a l l  tu b e s  we had t o  i n c r e a s e  t h e  d ia m e te r  

o f  th e  b o re  o f  o u r  t h e r m o s t a t .  This h a s  ca u se d  a w orsen in g  in  th e  

f i t  o f  t h e  m easured  t e m p e r a t u r e  p r o f i l e s .

(5) O r ie n t in g  t h e  s t a r t i n g  c r y s t a l

Using u n d e rc o o le d  S a lo l  a t  room te m p e r a tu r e ,  we "g lued"  th e  

s t a r t i n g  c r y s t a l  t o  th e  to p  o f  a  s m a l l  g o n io m e te r  which can  be 

mounted in  a  l a t h e .  With t h e  h e lp  o f  a  s m a l l  He-Ne l a s e r  a l ig n e d  

a lo n g  t h e  a x is  o f  t h e  l a t h e ,  we a d j u s t e d  th e  s e t s c r e w s  o f  th e  gon­

io m e te r ,  such  t h a t  t h e  l a s e r  l i g h t  was r e f l e c t e d  back  from  th e  

f a c e t  on t h e  end o f  t h e  c y l i n d r i c a l  s t a r t i n g  c r y s t a l  which o r i ­

e n te d  t h i s  f a c e t  n o rm a l  t o  th e  a x i s  o f  t h e  l a t h e .  A f te r  t h a t  we 

machined t h e  s t a r t i n g  c r y s t a l  down. The m achining was done v e ry  

s lo w ly  in  v e ry  s m a l l  s t e p s  t o  avoid  c ra c k in g  t h e  c r y s t a l .  When th e  

c r y s t a l  f i t  s n u g ly  in  th e  main p y rex  g ro w th  tu b e  whose i n t e r n a l  

d ia m e te r  i s  ab o u t  16 mm, we s to p p e d  th e  m achining. With t h i s  p r o ­
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c e d u re  t h e  f a c e t  o f  i n t e r e s t  was n o rm a l t o  th e  a x i s  o f  t h e  g ro w th  

tu b e  w ith in  ±1 °. The s t a r t i n g  c r y s t a l  was th e n  i n s e r t e d  in  t h e  main 

g ro w th  tu b e  w here i t  became t h e  new s e e d  f o r  m e l t - g r o w th ,  and t h e  

bo ttom  o f  t h e  tu b e  was blow n c lo s e d .

(6) Vacuum d i s t i l l a t i o n

In  our  vacuum d i s t i l l a t i o n  a p p a r a tu s  t h e  "raw" S a l o l  was 

doub le  d i s t i l l e d  a t  a  t e m p e r a tu r e  o f  115°C. The main g ro w th  tu b e  

was th e n  m ounted in  t h e  d i s t i l l a t i o n  a p p a r a tu s  and S a lo l  was d i s ­

t i l l e d  i n t o  t h e  tu b e  ( 3 rd .  d i s t i l l a t i o n  ) .  When enough S a lo l  has 

been  d i s t i l l e d  i n t o  th e  tu b e ,  t h e  sam p le  was s e a l e d  un d er  vacuum 

by c l o s i n g  t h e  b u i l t - i n  s to p c o c k .

(7) Growing th e  c r y s t a l  in  t h e  main a p p a r a tu s

In  t h e  main a p p a r a tu s  we ag a in  u se d  th e  Bridgman te c h n iq u e  t o  

grow t h e  c r y s t a l .  The g ro w th  tu b e  was mounted in  t h e  main c r y s t a l  

g ro w th  a p p a r a tu s  w here  t h e  l i g h t  s c a t t e r i n g  e x p e r im e n t  was p e r ­

fo rm ed . This a p p a r a tu s  w i l l  be d e c r ib e d  l a t e r .  A f te r  m ounting th e  

g ro w th  tu b e  in  t h e  main a p p a r a tu s  t h e  d i s t i l l e d  S a l o l  was m e l te d  

by s lo w ly  r a i s i n g  t h e  tu b e  u n t i l  t h e  to p  o f  t h e  g ro w th  se e d  was 

r e a c h e d .  I n i t i a l l y  a  s lo w  g ro w th  v e l o c i t y  was s e t  ( t y p i c a l l y  0.0423 

ym/s) u n t i l  a  c l e a n  f l a t  i n t e r f a c e  fo rm ed . A f te r  t h a t ,  a d e s i r e d  

g ro w th  v e l o c i t y  c o u ld  be s e t .  S ince  t h i s  was th e  f i r s t  p a s s  o f  t h e  

c r y s t a l  in  t h e  a p p a r a tu s ,  we k e p t  a  c o n s t a n t  g ro w th  v e l o c i t y  o f  

0 .08  ym/s u n t i l  t h e  end o f  t h i s  p a s s .

(8) Zone r e f i n i n g  t h e  s e e d  and t h e  c r y s t a l

A f t e r  t h e  f i r s t  p a s s  we had a  s o l i d  s in g l e  c r y s t a l  in s id e  o f  

th e  g ro w th  tu b e .  To p e r fo rm  zone r e f i n i n g  we had t o  m e l t  a  zone 

c l o s e  t o  t h e  se e d .  An empty sp a c e  b e tw een  th e  se e d  and th e  bo ttom
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o f  t h e  tu b e  was n e c e s s a r y  t o  avoid  c ra c k in g  o f  t h e  tu b e  due t o  th e  

expansion  o f  t h e  S a l o l  d u r in g  m e l t in g .  This  sp a c e  was p ro v id ed  by 

s h i f t i n g  th e  w hole c r y s t a l  u s in g  t h e  a p p a r a tu s  u sed  in  s t e p  (3) and 

shown in  F ig u re  4 .3  a ) .  Our p ro c e d u re  o f  m e l t in g  a  zone was d i f ­

f e r e n t  th a n  t h a t  u sed  by B ilg ram  e t  a l . si. In  t h e  a p p a r a tu s  shown 

in  F ig u re  4.3 b ) ,  we mounted th e  g ro w th  tu b e  in  an  ups ide-dow n 

p o s i t i o n ,  such  t h a t  t h e  w hole s e e d  was a b o u t  1 cm above th e  a lu m i­

num h e a t in g  p l a t e .  With w a te r  c i r c u l a t i n g  a t  42°C in  t h e  g l a s s  

j a c k e t ,  t h e  p a r t s  o f  t h e  c r y s t a l  in  c o n t a c t  w ith  t h e  w a l l s  m e l te d  

s l i g h t l y .  A f te r  t h a t  we s e t  th e  t e m p e r a t u r e  o f  t h e  t h e r m o s ta t e d  

aluminum p l a t e  t o  48°C and a  zone s t a r t e d  t o  m e l t  w i th o u t  b u i ld in g  

up p r e s s u r e  in  t h e  tu b e ,  s in c e  th e  m e l t  c o u ld  f lo w  up t o  t h e  empty 

s p a c e  above th e  s e e d .  B e fo re  th e  zone had been  m e l te d  c o m p le t ly ,  

t o  p r e v e n t  hav ing  t h e  s e e d  f a l l  down, we d e c re a s e d  t h e  te m p e ra ­

t u r e  o f  t h e  c i r c u l a t i n g  w a te r  t o  38°C. By do ing  so  th e  s e e d  became 

a t t a c h e d  t o  t h e  g ro w th  tu b e  a g a in .  S u b s e q u e n t ly  th e  t e m p e r a t u r e  o f  

t h e  h e a t in g  aluminum p l a t e  was d e c re a s e d  t o  45°C and we w a ite d  

u n t i l  t h e  zone had been  c o m p le t l y  m e l te d .  We s e t  t h e  g ro w th  tu b e  

t o  move downward, and  th e  m.elted zone advanced  th ro u g h  th e  s eed ,  

zone r e f i n i n g  t h e  s e e d .  This  p ro c e d u re  im proves  th e  q u a l i t y  o f  th e  

s e e d .  I f  t h e  tu b e  was s e t  t o  move upw ard, t h e  c r y s t a l  would be 

zone r e f i n e d .  By rem oving  t h e  l a s t  2 cm o f  t h e  c r y s t a l ,  which con­

t a i n s  m ost o f  t h e  im p u r i t i e s  and r e p l a c i n g  i t  by f r e s h l y  d i s t i l l e d  

S a l o l ,  th e  p u r i t y  o f  th e  c r y s t a l  i s  im proved .

We did  n o t  p e r fo rm  th e  zone r e f i n i n g  o f  t h e  s e e d  a f t e r  ev e ry  

p a s s .  But a f t e r  ev e ry  p a s s  in  t h e  main a p p a ra tu s *  we rem oved th e  

l a s t  2 cm o f  t h e  c r y s t a l  and we r e p l a c e d  i t  by f r e s h l y  d i s t i l l e d
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S a lo l .  So t h e  p u r i t y  o f  t h e  c r y s t a l  was c o n t in u o u s ly  im proved  as  

t h e  ex p e r im e n t  p r o g r e s s e d .  We have  found t h a t  a f t e r  4 p a s s e s  th e  

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

s c a t t e r i n g  e x p e r im e n ts .  Our main s e t  o f  d a t a  was o b ta in e d  be tw een  

th e  f i f t h  and t e n t h  p a s s e s  o f  one o f  o u r  c r y s t a l s .
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V. APPARATUS
A. General Description
We have  c o n s t r u c t e d  a  l i g h t  s c a t t e r i n g  s p e c t r o m e te r  f o r  i n ­

v e s t i g a t i n g  t h e  c r y s t a l - m e l t  i n t e r f a c e  b a se d  on t h e  a p p a r a tu s  o f  

B i lg ra m 's  g roup , b u t  in c o r p o r a t in g  s e v e r a l  im p o r ta n t  m o d i f ic a t io n s .

The o v e r a l l  l a y o u t  i s  shown s c h e m a t i c a l ly  in  F ig . 5.1 and th e  

t h e r m o s t a t  i s  shown in  Fig. 5 .2  .

1) L ase r :

The l a s e r  u sed  was a S p e c t r a  P h y s ic s  165 Argon Ion  L ase r  

o p e r a t in g  in  s i n g l e  mode a t  X = 488 nm. The l a s e r  power in c id e n t  

on t h e  sam p le  th r o u g h o u t  t h e  e x p e r im e n t  was a lw ay s  l e s s  t h a n  50 

mW.

2) O p t ic a l  T a b le :

The w hole a p p a r a tu s  was mounted on a  Modern O p tic s  V ib ra t io n  

I s o l a t i o n  T a b le  Model ST-40E/S-4 .

3) O p tic s :

The l a s e r  i s  fo c u s e d  by a  40 cm. f o c a l  l e n g t h  l e n s  (L I ) i n t o  

t h e  g ro w th  tu b e  c o n ta in in g  t h e  sa m p le .  V a r ia b le  a t t e n u a t i o n  i s  

p ro v id ed  by th e  r o t a t a b l e  h a l f  wave p l a t e  (X /2), and l i n e a r  p o l a r ­

i z e r  (P1).

L igh t  s c a t t e r e d  th ro u g h  an a n g le  0 r e l a t i v e  t o  t h e  r e f l e c t e d  

beam (m easu red  in  t h e  h o r i z o n t a l  p la n e )  p a s s e s  th ro u g h  a  1 mm. 

d ia m e te r  p in h o le  (A1) and th e  s c a t t e r i n g  volum e i s  imaged by an  18 

cm. f o c a l  l e n g t h  l e n s  (L2) on th e  100 ym d ia m e te r  p in h o le  (A2). The 

s i z e  o f  t h e  p in h o le s  a r e  d e te rm in e d  in  such  a way a s  t o  c o l l e c t  a s  

much s c a t t e r e d  l i g h t  a s  p o s s i b l e  w ith in  a s i n g l e  co h e re n c e  a r e a .
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For th e  maximum s i g n a l - t o - n o i s e  r a t i o ,  o n ly  one c o h e re n c e  a r e a  

m ust i l l u m i n a t e  t h e  p h o t o m u l t i p l i e r  tu b e  (PMT).

4) P h o to m u l t i p l i e r  and A m p li f ie r s :

The p h o t o m u l t i p l i e r  (PMT) u sed  was an  ITT FW130. The o u tp u t  o f  

th e  PMT was a m p l i f i e d  by a  f a c t o r  o f  10 by a  LeCroy p r e a m p l i f i e r  

model A1007, which was l o c a t e d  in s id e  t h e  hous ing  o f  t h e  PMT. The 

p r e a m p l i f i e r  o u tp u t  s ig n a l  p a s s e s  th ro u g h  a  s h ie ld e d  500 c o a x ia l  

c a b l e  t o  a  LeCroy 2 - s t a g e  f a s t  l i n e a r  a m p l i f i e r  model 133B, f o l ­

low ed by an EG&G d i s c r i m in a t o r  model T105/N. The ga in  s e t t i n g  o f  

th e  a m p l i f i e r  t o g e t h e r  w ith  t h e  d i s c r i m in a t o r  t h r e s h o l d  was 

a d ju s t e d  to  have  a s  much s ig n a l  a s  p o s s i b l e  w i th o u t  a  g r e a t  amount 

o f  n o is e .  The g a in  was s e t  t o  24 and th e  d i s c r i m in a t o r  t h r e s h o l d  

to  40 mV. The d i s c r i m in a t o r  o u tp u t  c o n s i s t s  o f  s t a n d a r d i z e d  1 .2V 

n e g a t iv e  p u l s e s  o f  12 nanoseconds  w id th  f o r  each  in p u t  p u l s e  above 

th e  t h r e s h o l d  v o l t a g e .  The o u tp u t  o f  t h e  d i s c r i m in a t o r  i s  th e n  f e d  

in t o  th e  a u t o c o r r e l a t o r .

5) A u t o c o r r e l a t o r :

The a u t o c o r r e l a t o r  used  i s  a  6 0 -c h a n n e l  d i g i t a l  in s t r u m e n t  

d e s ig n ed  by A. F r a z e r  and b u i l t  by th e  A pplied  P h y s ic s  L a b o ra to ry  

a t  Jo h n s  Hopkins U n iv e r s i ty .  I t  has  s in g l e  c l ip p in g ,  d o u b le  c l i p ­

p ing , p r e s c a l i n g  and m u l t i s c a l i n g  c a p a b i l i t i e s .  I t  a l s o  p ro v id e s  th e  

o p t io n  o f  hav ing  t h e  l a s t  16 c h a n n e ls  d e la y e d  in  t im e  f o r  more 

a c c u r a t e  d e t e r m in a t io n  o f  b a s e l i n e s .  The c l ip p in g  mode s h o u ld  o n ly  

be u sed  f o r  s i g n a l s  whose e l e c t r i c  f i e l d  a m p li tu d e  d i s t r i b u t i o n  

f o l l o w s  G aussian  s t a t i s t i c s .  T h a t  i s  in  g e n e r a l  t h e  c a s e  o f  

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

cau sed  by d i f f u s i v e  dynam ics. In  t h e  c a s e  o f  D o p p le r -v e lo c im e try
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m easu rem en ts ,  w here  a s t r o n g  l o c a l  o s c i l l a t o r  i s  p r e s e n t ,  th e  

s t a t i s t i c s  a r e  no lo n g e r  G aussian  and t h e  p r e s c a l i n g  mode m ust be 

used  in  p l a c e  o f  t h e  c l ip p in g  mode. The a v a i l a b l e  c l ip p in g  l e v e l s  

a r e  0, 1, 3, 7 , 31, 127, 511 and 2047. The a v a i l a b l e  p r e s c a l i n g  

l e v e l s  a r e  2 ,  4, 8 , 16, 64, 256, 1024 and 4096. The a u t o c o r r e l a t i o n  

sam pling  tim e  can  be v a r ie d  from  50 nanoseconds  t o  2 sec o n d s .  The 

d u r a t i o n  t im e  o f  a  ru n  can be s e l e c t e d  from 5x10-7 t o  2x10s s e c ­

onds. The a u t o c o r r e l a t o r  i s  i n t e r f a c e d  to  a  PDP8E m in icom puter  

which w i l l  be d e s c r ib e d  l a t e r .

6) R o ta ry  S ta g e  System :

The py rex  g ro w th  tu b e  can be r o t a t e d  ab o u t i t s  a x is  by a 

R o ta ry  S ta g e  (D aedal Inc .  Model 20000) d r iv e n  by a  S u p e r io r  E le c ­

t r i c  SLO-SYN s y n c h ro n o u s / s te p p in g  m otor ty p e  M062-FD03 and a  Supe­

r i o r  E l e c t r i c  SLO-SYN T r a n s l a t o r  Model ST 101. The T r a n s l a t o r  i s  

i n t e r f a c e d  t o  t h e  PDP8E m in icom puter  such  t h a t  th e  r o t a t i o n  o f  t h e  

g ro w th  tu b e  can  be com pu te r  c o n t r o l l e d .

7) Com puters:

The PDP8E m in icom puter  i s  i n t e r f a c e d  to  b o th  t h e  a u t o c o r r e l a ­

t o r  and t h e  r o t a r y  s t a g e  sy s te m .  The PDP8E s e n d s  a  s t a r t  p u l s e  t o  

th e  a u t o c o r r e l a t o r  t o  i n i t i a t e  a  ru n .  A f te r  each  ru n  t h e  d a t a  i s  

t r a n s f e r r e d  to  t h e  PDP8E and s t o r e d  in  i t s  memory. The number o f  

r u n s  can  be program m ed, so  a  c o n t in u o u s  s t r e a m  o f  d a t a  can  be 

a c c u m u la te d .  The d a t a  can  s u b s e q u e n t ly  be t r a n s f e r r e d  t o  th e  S c i­

ence D i v i s i o n s  main f ram e  PDP10 com pute r  f o r  s t o r a g e  and an a ­

l y s i s .  We can  a l s o  program  t h e  PDP8E com puter  t o  r o t a t e  th e  

g ro w th  tu b e  b e tw ee n  th e  ru n s  which p roved  t o  be u s e f u l  in  th e  

e x p e r im e n t .  The s o f t w a r e  f o r  a l l  t h e s e  c a p a b i l i t i e s  was d ev e lo p ed
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h e re  in  th e  P h y s ic s  D ep ar tm en t,  and a l l  t h e  v e r s io n s  c u r r e n t l y  in 

u se  in  d i f f e r e n t  l a b o r a t o r i e s  b e lo n g  t o  t h e  same fa m i ly  o f  ZAP 

P rogram s.

8) V e r t i c a l  M otion D rive System :

In  t h e  Bridgman te c h n iq u e  o f  c r y s t a l  g ro w th  th e  g ro w th  tu b e  

m ust be lo w e re d  in  a t e m p e r a tu r e  g r a d i e n t  f o r  t h e  c r y s t a l  t o  

grow. This m otion  m ust be a s  u n ifo rm  and sm ooth  a s  p o s s i b l e  to  

o b ta in  c r y s t a l s  o f  good q u a l i t y ,  and a c c u r a t e  enough to  a l lo w  

q u a n t i t a t i v e  s t u d i e s  o f  t h e  g ro w th  v e l o c i t y  o f  th e  c r y s t a l .  In  ou r  

a p p a r a tu s ,  which was d es ig n ed  and c o n s t r u c t e d  by Mr. R. Q uinlan, 

v e r t i c a l  m otion  i s  p ro v id ed  by a  p r e c i s i o n  s t a i n l e s s  s t e e l  d r iv e  

sc rew  p u rc h a s e d  from  W infred M. Berg In c .  d r iv e n  by a syn ch ro n o u s  

m otor ( In sc o  Co. Model 06700-4S). This model in c lu d e s  a  g e a r  box 

such  t h a t  t h e  m oto r and th e  g e a r  box a r e  p a r t s  o f  t h e  same u n i t .  

Through a  seco n d  g e a r  box ( In sc o  Co. Model 00143) w ith  s e l e c t a b l e  

g e a r  r a t i o s  t h e  d r iv e  t r a i n  p ro v id e s  28 d i f f e r e n t  g ro w th  sp eed s  

r a n g in g  from  0.00423 ym/s t o  8.467 ym /s.

B. Thermostat, Temperature Controllers and Temperature 
Monitoring System

The t h e r m o s t a t  i s  shown in  Fig. 5 .2  . I t  i s  c o n s t r u c t e d  from 

tw o c y l i n d r i c a l  aluminum b lo c k s  whose h e i g h t s  a r e  4 .5  cm and 

e x t e r n a l  d ia m e te r s  10.2 cm, s e p a r a t e d  by a p l e x i g l a s  c y l in d e r  

whose h e ig h t  i s  5 .7  cm and e x t e r n a l  d ia m e te r  5.1 cm. The d ia m e te r  

o f  t h e  b o re  o f  t h e  aluminum and p l e x i g l a s  c y l in d e r s  i s  1.9 cm 

which i s  l a r g e  enough f o r  t h e  g ro w th  tu b e  t o  s l i d e  f r e e l y .  The 

b o re  was f i l l e d  w i th  p a r a f f i n  o i l  f o r  t h e rm a l  c o n t a c t  and f o r  r e f ­
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r a c t i v e  index  m atch ing .

In  t h e  up p er  aluminum b lo c k ,  which i s  k e p t  above  t h e  m e l t in g  

te m p e r a t u r e  o f  S a l o l ,  we i n s e r t e d  tw o h e a t e r s  p u rc h a s e d  from 

H o tw a t t  In c .  In  t h e  lo w e r  aluminum b lo c k ,  which i s  k e p t  be low  th e  

m e l t in g  t e m p e r a t u r e  o f  th e  S a l o l ,  a  c a n a l  was d r i l l e d  t o  a l lo w  

w a te r  t o  be c i r c u l a t e d  f o r  t e m p e r a tu r e  c o n t r o l l i n g  p u rp o se .  The 

up p er  aluminum b lo c k  t e m p e r a tu r e  TU i s  c o n t r o l l e d  by a  YSI P ro p o r ­

t i o n a l  T e m p e ra tu re  C o n t r o l l e r  Model 72 . The lo w e r  aluminum b lo c k  

t e m p e r a t u r e  TL i s  c o n t r o l l e d  by w a te r  from  a  Lauda R e f r ig e r a t e d  

C i r c u l a t o r  Model K-2/R.

S ince  th e  th e rm a l  c o n d u c t iv i ty  o f  t h e  p l e x i g l a s  i s  low , th e  

r a d i a l  h e a t  f lo w  c a u se d  by c o n v e c t iv e  h e a t  t r a n s f e r  t o  t h e  room a t  

t e m p e r a t u r e  TA was com parab le  t o  t h e  v e r t i c a l  h e a t  co n d u c t io n  

th ro u g h  t h e  p l e x i g l a s  c y l in d e r .  At o u r  o p e r a t in g  t e m p e r a t u r e s ,  t h e  

room t e m p e r a t u r e  was a lw a y s  s m a l l e r  th a n  TL, c a u s in g  a  hook sh ap e  

v e r t i c a l  t e m p e r a t u r e  p r o f i l e ,  u n a c c e p ta b l e  in  o u r  ex p e r im e n t .  To 

avoid  t h i s  s i t u a t i o n ,  i t  i s  n e c e s s a ry  t o  have  TA a lw a y s  l a r g e r  th a n  

TL which was a c h ie v e d  by b low ing  f i l t e r e d  t e m p e r a t u r e - c o n t r o l l e d  

h o t  a i r  i n s id e  o f  t h e  t h e r m o s t a t .  To keep t h e  a z im u th a l  sym m etry  

th e  blow n a i r  s h o u ld  be u n ifo rm ly  d i s t r i b u t e d  a round  th e  p l e x i g l a s  

c y l in d e r .  This  was acc o m p lish e d  w ith  t h e  u s e  o f  a  t e f l o n  r i n g  w ith  

e v e n ly - s p a c e d  s m a l l  h o l e s  su r ro u n d in g  t h e  p l e x i g l a s  c y l i n d e r .  To 

keep th e  a i r  moving p a s t  t h e  p l e x i g l a s  a s  w e l l  a s  t o  p ro v id e  an  

e s c a p e  f o r  t h e  b low n  a i r ,  a  g l a s s  s l e e v e  was m ounted a ro u n d  th e  

p l e x i g l a s  w i th  a  f r e e  sp a c e  o f  ab o u t  1 mm from  t h e  lo w e r  b lo c k .  

The t e m p e r a t u r e  o f  t h e  blow n a i r  was c o n t r o l l e d  by a  C o le -P a rm er  

V ersa-Therm  P r o p o r t io n a l  T em p era tu re  C o n t r o l l e r  Model 2156.
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The t e m p e r a tu r e  p r o f i l e  was m easured  by a s e t  o f  t e n  c a l i ­

b r a t e d  t h e r m i s t o r s  (Omega Model 44018), which w ere  embbeded in  th e  

p l e x i g l a s  c y l in d e r  sp aced  0 .5  cm from  eac h  o t h e r  and lo c a t e d  a t  

1.27 cm from  t h e  a x is  o f  t h e  c y l in d e r .  T h e ir  r e s i s t a n c e s  w ere 

s e q u e n t i a l l y  scan n ed  by an Omega A utom atic  S ig n a l  S canner  Model 

D a taP lex -1 0 ,  and th e  c o n v e rs io n  from  r e s i s t a n c e  t o  t e m p e r a tu r e  

re a d in g s  was made by a  c a l i b r a t e d  Omega D ig i t a l  T e m p e ra tu re  In d i ­

c a t o r  T r e n d ic a to r  Model 410A-THC, which a l s o  p ro v id e s  a c o n t in u o u s  

o u tp u t  s i g n a l  f o r  t h e  S t r i p  C h a r t  R eco rd e r  (H oneyw ell Model E le c -  

t r o n i k  193).
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VI. EXPERIMENTAL PROCEDURE
A. General Procedure
In th e  t h e r m o s t a t  o f  F ig . 5 .2  , t h e  b o re  o f  th e  p l e x i g l a s  and

aluminum c y l in d e r s  i s  f i l l e d  w ith  p a r a f f i n  o i l  which m a in ta in s

th e rm a l  c o n t a c t  t o  t h e  g ro w th  tu b e  and a l s o  p ro v id e s  o p t i c a l  index 

m atching .

The t e m p e r a t u r e s  o f  t h e  upper and lo w e r  aluminum c y l in d e r s  

a s  w e l l  a s  t h e  t e m p e r a t u r e  o f  t h e  c i r c u l a t i n g  a i r ,  TU, TL and TA 

r e s p e c t i v e l y ,  a r e  chosen  t o  minimize th e  r a d i a l  h e a t  f lo w  a t  th e  

i n t e r f a c e  and a t  t h e  same t im e  t o  have th e  i n t e r f a c e  a t  s te a d y  

s ta t fe  a p p ro x im a te ly  a t  t h e  m idd le  o f  th e  t h e r m o s t a t .  The r a d i a l  

h e a t  f lo w  a t  t h e  i n t e r f a c e  w i l l  be z e r o  i f  t h e  t e m p e r a t u r e  o f  t h e  

i n t e r f a c e  T^ i s  e q u a l  TA. The i n t e r f a c e  w i l l  be a t  th e  m idd le  o f

t h e  t h e r m o s t a t  i f  T* = (TU+TL)/2. Thus we t r y  t o  work a s  c l o s e  as

p o s s i b l e  t o  t h e  c o n d i t io n

Ta = TA = (TU+TL)/2 

T y p ic a l  v a lu e s  f o r  t h e s e  t e m p e r a t u r e s  a r e  TU = 43.5°C, TA = 39.5°C 

and TL = 35.5°C. The t h e r m i s t o r  r e a d in g s  a r e  c o n t in u o u s ly  m o n ito red  

by th e  s t r i p  c h a r t  r e c o r d e r .

A f te r  m ounting  th e  g ro w th  tu b e  in  t h e  a p p a r a tu s ,  i t  i s  i n ­

i t i a l l y  d r iv e n  upw ard  u n t i l  t h e  c r y s t a l  m e l t s  back t o  th e  to p  o f  

th e  s u r f a c e  o f  t h e  g ro w th  s e e d .  The g ro w th  v e l o c i t y  v„ i s  th e n  s e tU

a t  a  low v a lu e  ( t y p i c a l l y  0.0423 pm/s) and th e  tu b e  i s  d r iv e n  

downward u n t i l  a  c l e a n  f l a t  c r y s t a l - m e l t  i n t e r f a c e  fo rm s .  The 

g ro w th  v e l o c i t y  vQ i s  th e n  s e t  t o  t h e  d e s i r e d  v a lu e  f o r  t h e  e x p e r ­

im en t.  A f te r  one day, s t e a d y - s t a t e  i s  re a c h e d  and th e  i n t e r f a c e  

th e n  rem a ins  s t a t i o n a r y  in  t h e  l a b o r a t o r y  f ra m e .  The p o s i t i o n  o f
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t h e  i n t e r f a c e  w ith  r e s p e c t  t o  t h e  t h e r m i s t o r s  i s  m easured  w ith in  ± 

0.1 mm by a t r a v e l i n g  m ic ro sco p e .  The g ro w th  v e l o c i t y  vQ i s  eq u a l  

(and o p p o s i te )  t o  t h e  downward tu b e  v e l o c i t y .  However, d u r in g  th e  

day t h e r e  i s  a  s m a l l  d r i f t  in  th e  room te m p e r a t u r e  which c a u s e s  a 

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

s t a r t s  moving in  r e l a t i o n  t o  t h e  l a b o r a t o r y  f ram e ,  s e e k in g  a new 

s t e a d y - s t a t e  p o s i t i o n .  By r e c o r d in g  th e  p o s i t i o n  o f  t h e  i n t e r f a c e  

ev e ry  h a l f - h o u r ,  th e  v e l o c i t y  o f  t h e  i n t e r f a c e  in  r e l a t i o n  t o  t h e  

l a b o r a t o r y  f r a m e  c a n  be c a l c u l a t e d .  With t h e  h e lp  o f  t h e  e x p r e s ­

s io n ,

Av = vQ -  vT

w here Av i s  t h e  v e l o c i t y  o f  t h e  i n t e r f a c e  in  r e l a t i o n  t o  t h e  l a b o ­

r a t o r y  f ra m e ,  vQ i s  a g a in  th e  g ro w th  v e l o c i t y  o f  t h e  c r y s t a l  and 

vT i s  t h e  downward tu b e  v e l o c i t y ,  we can  o b ta in  t h e  c o r r e c t  vQ.

The pow er o f  t h e  l a s e r  beam used  th ro u g h o u t  t h e  ex p e r im e n t  

was a lw a y s  s m a l l e r  th a n  50 mW. In  o r d e r  t o  p r e c i s e l y  l o c a t e  t h e  

p o s i t i o n  o f  t h e  a  a x i s  o f  t h e  c r y s t a l  f o r  g ro w th  p a r a l l e l  t o  th e  b 

a x i s ,  t h e  beam i s  f o c u s e d  o n to  t h e  i n t e r f a c e  from  s l i g h t l y  below  

th e  h o r i z o n t a l ,  n e a r  g r a z in g  in c id e n c e ,  w i th  h o r i z o n t a l  p o l a r i z a ­

t i o n .  The r e f r a c t i v e  i n d i c e s  o f  S a l o l  a r e  na  = 1 .66, nt> = 1 .83 , nc 

= 1.55 and  nm = 1 .60 .  As th e  sa m p le  tu b e  i s  r o t a t e d  a b o u t  i t s  a x is ,  

t h e  h o r i z o n t a l  p o l a r i z e d  beam i s  t r a n s m i t t e d  th ro u g h  th e  i n t e r f a c e  

in t o  t h e  m e l t  when t h e  a  a x is  i s  in  o r  n e a r  th e  p la n e  o f  in c id e n c e .  

The a n g le  o f  r o t a t i o n  o f  t h e  tu b e  a b o u t  i t s  a x i s  a t  which t h e  beam 

c r o s s e s  th e  i n t e r f a c e  a t  maximum a n g l e  above th e  h o r i z o n t a l  p r e ­

c i s e l y  l o c a t e s  t h e  o r i e n t a t i o n  o f  t h e  a  a x i s  o f  t h e  c r y s t a l .
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B oth  homodyne and h e te ro d y n e  d e t e c t i o n  c o n f ig u r a t io n s  w ere  

used . The homodyne c o n f ig u r a t i o n  i s  t h e  one shown in  F ig . 5.1 . For 

th e  h e te ro d y n e  c o n f ig u r a t i o n  a beam s p l i t e r  i s  u sed  b e f o r e  l e n s  L1 

t o  p ro v id e  an  e x t e r n a l  l o c a l  o s c i l l a t o r .  The i n t e n s i t y  o f  t h e  

e x t e r n a l  l o c a l  o s c i l l a t o r  i s  a d j u s t e d  by add ing  n e u t r a l  d e n s i ty  

f i l t e r s .  A seco n d  beam s p l i t e r  i s  u sed  b e f o r e  p in h o le  A1 in  such  a 

way t h a t  t h e  e x t e r n a l  l o c a l  o s c i l l a t o r  and th e  s c a t t e r e d  l i g h t  a r e  

combined t o  p a s s  th ro u g h  t h e  c o l l e c t i o n  o p t i c s  and b e a t  a t  th e  

p h o t o m u l t i p l i e r  tu b e .

Depending on t h e  s c a t t e r i n g  g eo m e try ,  two d i f f e r e n t  dynam ica l 

p r o c e s s e s  can  be  o b se rv e d :  one m a n i f e s t s  i t s e l f  by a  o s c i l l a t o r y  

i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  (from  now on r e f e r r e d  t o  a s  

o s c i l l a t o r y  s c a t t e r i n g )  and th e  o t h e r  m a n i f e s t s  i t s e l f  by a  r e l a x -  

a t i o n a l  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t io n  (from  now on r e f e r r e d  

t o  a s  r e l a x a t i o n a l  s c a t t e r i n g ) .  These tw o d ynam ica l  p r o c e s s e s  

c o e x i s t  and can  be s tu d i e d  s e p a r a t e l y .  The s c a t t e r i n g  g e o m e tr ie s  

a r e  shown in  F ig . 6.1 .

B. Geometry to observe oscillatory scattering
The v e r t i c a l l y  p o l a r i z e d  in c id e n t  beam i s  fo c u s e d  o n to  th e  in ­

t e r f a c e  from  s l i g h t l y  be low  th e  h o r i z o n t a l .  S ince  n^ i s  c o n s id e r ­

a b ly  l a r g e r  th a n  nm» t h e  beam i s  a lw a y s  t o t a l l y  i n t e r n a l l y  r e f ­

l e c t e d  a t  t h e  i n t e r f a c e  f o r  o u r  w orking  in c id e n c e  a n g le s .  The 

s c a t t e r e d  l i g h t  i s  a l s o  c o l l e c t e d  from  below  th e  h o r i z o n t a l ,  so  

t h a t  t h e  o p t i c a l  p a t h  i s  c o m p le te ly  w i th in  t h e  c r y s t a l .  The g ro w th  

tu b e  m ust be r o t a t e  ab o u t  i t s  a x is  u n t i l  s c a t t e r e d  i n t e n s i t y  i s  

o b se rv e d .  The i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t io n  i s  o s c i l l a t o r y  and
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undamped a s  shown in  Fig. 6 .2  . This  s c a t t e r i n g  i s  e x t r e m e ly  a n i s o ­

t r o p i c ;  in  a  g iven  r u n  i t  i s  o n ly  o b se rv ed  when th e  s c a t t e r i n g  wave 

v e c t o r  q i s  o r i e n t e d  in  a  p a r t i c u l a r  d i r e c t i o n  0 r e l a t i v e  t o  t h e  a 

a x i s  o f  t h e  c r y s t a l  t o  w i th in  ± 2° . However, on s u c c e s s iv e  ru n s  0 

i s  o f t e n  d i f f e r e n t .  Most f r e q u e n t l y  0 i s  a p p ro x im a te ly  54° o r  35° 

c o r re s p o n d in g  t o  c r y s t a l l o g r a p h i c  d i r e c t i o n s  <101> o r  <201>. This 

s c a t t e r i n g  o n ly  a p p e a r s  when th e  g ro w th  v e l o c i ty  i s  in c r e a s e d  to  

a t  l e a s t  0.1 pm /s, b u t  p e r s i s t s  when vQ i s  s u b s e q u e n t ly  d e c r e a s e d  

t o  t h e  lo w e s t  a c c e s s i b l e  v a l u e s .  Both homodyne and h e te ro d y n e  d e t ­

e c t io n  c o n f ig u r a t io n s  w ere  u sed  t o  s tu d y  t h i s  s c a t t e r i n g .  The d a t a  

was o b ta in e d  f o r  c r y s t a l s  g row ing a lo n g  th e  b d i r e c t i o n .  For c r y ­

s t a l s  g row ing  a lo n g  t h e  a  d i r e c t i o n  t h e  p r e s e n c e  o f  l a r g e  l a t e r a l  

f a c e t s  u s u a l l y  made o b s e r v a t io n s  im p o s s ib le .  In  a d d i t io n ,  s in c e  na 

i s  n o t  much l a r g e r  th a n  n m, t h e  e v a n e s c e n t  waves have  a  c o n s id e r ­

a b l e  p e n e t r a t i o n  d e p th  a t  o u r  w orking a n g l e s .  The e v a n e s c e n t  waves 

t h e r e f o r e  a c t e d  a s  a  p ro b e  f o r  t h e  s c a t t e r i n g  o c c u r r in g  in  t h e  

l a y e r  be tw een  t h e  c r y s t a l  and t h e  m e l t ,  which w i l l  be d is c u s s e d  

n e x t ,  su p er im p o sin g  t h e  o s c i l l a t o r y  and r e l a x a t i o n a l  s c a t t e r i n g s .

C. Geometries to observe relaxational scattering
I f  we u s e  t h e  g eo m e try  d e s c r ib e d  in  B b u t  change th e  p o l a r i ­

z a t io n  o f  t h e  i n c id e n t  beam t o  h o r i z o n t a l ,  a s  th e  g ro w th  tu b e  i s  

r o t a t e d  ab o u t i t s  a x i s  t h e  beam can  go from  a  s i t u a t i o n  o f  t o t a l  

i n t e r n a l  r e f l e c t i o n  t o  a  s i t u a t i o n  o f  p a r t i a l  t r a n s m is s i o n  a t  th e  

i n t e r f a c e .  The change from  t o t a l  i n t e r n a l  r e f l e c t i o n  t o  p a r t i a l  

t r a n s m is s io n  a s  a  f u n c t i o n  o f  p o l a r i z a t i o n  and c r y s t a l  r o t a t i o n  

p ro v id e s  th e  key t o  i d e n t i f y i n g  t h e  o r ig in  o f  t h e  d i f f e r e n t  ty p e s
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o f  s c a t t e r i n g  t h a t  we o b s e rv e .

When th e  beam i s  t r a n s m i t t e d  th ro u g h  t h e  i n t e r f a c e ,  v e ry  

s t r o n g  i s o t r o p i c  s c a t t e r i n g  i s  o b se rv ed .  The i n t e n s i t y  a u t o c o r r e l a ­

t i o n  f u n c t i o n  i s  r e l a x a t i o n a l  a s  can  be se e n  in  Fig. 6 .3  . The same 

ty p e  o f  s c a t t e r i n g  i s  o b se rv ed  i f  t h e  in c id e n t  beam, w ith  any  p o l ­

a r i z a t i o n ,  i s  f o c u s e d  o n to  th e  i n t e r f a c e  from  above t h e  h o r i z o n t a l  

and t h e  s c a t t e r e d  l i g h t  i s  a l s o  c o l l e c t e d  from above th e  h o r iz o n ­

t a l ,  su ch  t h a t  th e  o p t i c a l  p a t h  i s  c o m p le te ly  w ith in  t h e  l i q u id . '  

T h e re fo re ,  t h i s  s c a t t e r i n g  c o u ld  be a s s o c i a t e d  w ith  some p ro c e s s  

in  t h e  b u lk  m e l t .  However, i t  i s  o n ly  o b se rv e d  i f  t h e  beam a c t u ­

a l l y  to u c h e s  t h e  i n t e r f a c e ,  i n d i c a t in g  t h a t  t h e r e  i s  a  t h i n  boun­

d a ry  l a y e r  b e tw ee n  th e  c r y s t a l  s u r f a c e  and th e  b u lk  m e l t  w i th  

c o m p le te ly  d i f f e r e n t  p r o p e r t i e s  th a n  t h o s e  o f  th e  b u lk  m e l t .  

T h e r e f o r e  our  r e s u l t s  c o n f irm  B ilg ram  and B on i 's  c o n c lu s io n s  ab o u t 

t h e  e x i s t e n c e  o f  a boundary  l a y e r 7.

A lthough  weak a t  low g ro w th  v e l o c i t i e s ,  t h i s  s c a t t e r i n g  was 

o b s e rv e d  f o r  g ro w th  v e l o c i t i e s  a s  s m a l l  a s  0 .04 pm /s. The s c a t ­

t e r e d  i n t e n s i t y  in c r e a s e s  w ith  v e l o c i t y .  D ata  was c o l l e c t e d  and 

s t o r e d  f o r  b o th  c r y s t a l s  grow ing a lo n g  th e  a  and  b d i r e c t i o n s  

u s in g  b o th  homodyne and, h e te ro d y n e  d e t e c t i o n  c o n f ig u r a t io n s .

D. Relaxational scattering when the crystal is melting
I f  i n s t e a d  o f  moving th e  sam p le  tu b e  downward we s e t  i t  t o  

move upw ard, th e  c r y s t a l  w i l l  s t a r t  t o  m e l t .  As in  t h e  grow ing 

c a s e ,  a  s t e a d y r s t a t e  s i t u a t i o n  o f  m e l t in g  can  be a c h ie v e d .  The in ­

t e r f a c e ,  how ever, i s  n o t  f l a t ,  b u t  f o l l o w s  an i s o th e rm  o f  t h e  

t h e r m o s t a t .  N e v e r th e le s s  l i g h t  s c a t t e r i n g  c o u ld  be p e r fo rm e d  w ith
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t h e  beam in c id e n t  from  th e  l i q u id  s id e  j u s t  to u c h in g  t h e  h ig h e s t  

p o in t  o f  t h e  rounded  i n t e r f a c e .  We a g a in  o b se rv e d  a r e l a x a t i o n a l  

i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  w i th  t h e  same c h a r a c t e r i s t i c s  a s  

th o s e  o b se rv ed  when th e  c r y s t a l  was grow ing. The o n ly  n o t i c e a b l e  

d i f f e r e n c e  com pared t o  th e  g row ing c a s e  i s  t h e  h ig h e r  m e l t i n g  v e l ­

o c i t y  f o r  th e  o n s e t  o f  th e  s c a t t e r i n g ,  which we have found  t o  be 

ab o u t  0 .5 pm /s. This  s c a t t e r i n g  was o b s e rv e d  f o r  c r y s t a l s  m e l t in g  

a lo n g  b o th  t h e  a and b d i r e c t i o n s .

E. The two dynamical processes
From th e  above o b s e r v a t io n s  we co n c lu d ed  t h a t  tw o d i f f e r e n t  

dynam ica l p r o c e s s e s  a r e  o c c u r r in g  s im u l t a n e o u s ly  a t  t h e  c r y s t a l -  

m e l t  i n t e r f a c e  o f  S a l o l  and t h a t  th e y  can  be s tu d i e d  s e p a r a t e l y .  

The o s c i l l a t o r y  s c a t t e r i n g  r e v e a l s  a  d ynam ica l  p r o c e s s  o c c u r r in g  

a t  t h e  c r y s t a l  s u r f a c e  w h e reas  th e  r e l a x a t i o n a l  s c a t t e r i n g  r e v e a l s  

a  dynam ica l p r o c e s s  o c c u r r in g  in  a  th i n  boundary  l a y e r  b e tw ee n  th e  

c r y s t a l  s u r f a c e  and t h e  b u lk  m e l t .  By choos ing  th e  a p p r o p r i a t e  

g eo m etry ,  e a c h  o f  t h e s e  dynam ica l p r o c e s s e s  can  be s tu d i e d  in d e ­

p e n d e n t ly .
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V I I .  R e s u l t s

A. Crystal surface dynamics

In  F ig u re  6 .2  t h e  e x p e r im e n ta l  d a t a  i s  r e p r e s e n t e d  by t h e  c i r  

c l e s .  The s o l i d  l i n e  i s  a com pute r  f i t  t o

The e x p re s s io n  f o r  t h e  D oppler  s h i f t  o f  th e  l i g h t  f o r  v e l o c i t i e s  

s m a l l  com pared t o  t h e  v e l o c i t y  o f  l i g h t  i s  g iv e n  by,

I f  we assum e t h a t  t h e r e  a r e  g ro w th  s t e p s  moving l a t e r a l l y  

a c r o s s  t h e  s u r f a c e  o f  t h e  c r y s t a l  w i th  v e l o c i t y  v^ p a r a l l e l  t o  th e  

p r o j e c t i o n  o f  q on t h e  i n t e r f a c e ,  e x p re s s io n  7.1 can  be w r i t t e n  a s ,

w here  we have  u sed  f  = u)/2ir, A0 i s  t h e  l a s e r  w av e le n g th ,  n i s  t h e  

index o f  r e f r a c t i o n  o f  t h e  c r y s t a l ,  i s  t h e  a n g le  b e tw e e n  t h e  i n ­

c id e n t  l a s e r  and  t h e  i n t e r f a c e ,  and ag a in  6 i s  t h e  s c a t t e r i n g  

a n g le .  The p l o t  o f  freq 'uency  f  v s .  s in ( 0 /2 )  f o r  f ix e d  ^ i s  shown in  

F ig u re  7.1 . The c i r c l e s  a r e  t h e  e x p e r im e n ta l  d a t a  and th e  s t r a i g h t

C( t)  = B + A cos( u)t) e- f ' r

7.1

f  = (2 v L y . )  c o s \Jj s i n ( |0 7 .2



-  58 -

l i n e  i s  t h e  D opp ler  s h i f t  p r e d i c t i o n  o f  Eq.7 .2  . We th u s  i n t e r p r e t  

th e  d a t a ,  f o l l o w in g  Durig and B ilg ram 8, as  i n d i c a t i n g  m otion  w i th  

v e l o c i t y  vL in  t h e  p la n e  o f  th e  i n t e r f a c e  which D oppler  s h i f t s  th e  

s c a t t e r e d  l i g h t .  B e a t in g  o f  t h i s  l i g h t  w i th  e l a s t i c  s c a t t e r e d  l i g h t  

(p ro b a b ly  s t r a y  l i g h t  from th e  c r y s t a l  i n t e r f a c e )  a t  t h e  p h o to tu b e  

p ro d u ces  t h e  o s c i l l a t i n g  c o r r e l a t i o n  f u n c t io n .  The a b s e n c e  o f  

damping ( r  ~ 0) i n d i c a t e s  t h a t  i s  v e ry  w e l l  d e f in e d .  To a s s u r e  

t h a t  t h e  b e a t in g  was w ith  e l a s t i c  s c a t t e r e d  l i g h t ,  we u sed  an 

e x t e r n a l  l o c a l  o s c i l l a t o r  in  a s t a n d a r d  h e te ro d y n e  c o n f ig u r a t io n .  

No change in  f r e q u e n c y  o f  th e  o s c i l l a t i o n  was o b s e rv e d .  A n a ly s is  

o f  t h e  d a t a  y i e l d s  v a lu e s  o f  vL a s  a  f u n c t i o n  o f  vQ and th e  u n d e r ­

c o o l in g  AT.

B. Boundary Layer Dynamics
The e x p o n e n t i a l l y  d ecay ing  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  

o f  t h e  s c a t t e r e d  l i g h t  from t h e  boundary  l a y e r  was f i t  t o  a  s u p e r ­

p o s i t i o n  o f  e x p o n e n t i a l s  by a com pute r  f i t t i n g  p rogram  w hich p e r ­

fo rm s  a  c u m u la n t  a n a l y s i s  o f  th e  d a t a .  From t h e  f i t t i n g  we con r  

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

s i n g l e  e x p o n e n t ia l  t o  w i th in  e x p e r im e n ta l  e r r o r ,  s in c e  t h e  p o ly -  

d i s p e r s i t y  index was u s u a l l y  l e s s  th a n  10%. In  F ig u re  6.3

th e  d a t a  ( c i r c l e s )  a r e  a  f i t  t o

C( t ) = B + A e “ 2 r x

The decay  c o n s t a n t  r  i s  p r o p o r t i o n a l  t o  q2 ( f  = Dq2) w here  D p la y s
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t h e  r o l e  o f  a  " d i f f u s io n  c o n s ta n t " ,  f o r  q ly in g  n e a r l y  in  th e  in ­

t e r f a c e  p la n e .  We d id  n o t  check  th e  q2 dependence f o r  q no rm al t o  

th e  i n t e r f a c e .  This  r e l a x a t i o n a l  s c a t t e r i n g  was o b se rv e d  in  c r y ­

s t a l s  g row ing a lo n g  b o th  th e  b and a  ax es  and was a l s o  o b se rv ed  

when t h e  c r y s t a l  was m e l t in g  a lo n g  e i t h e r  d i r e c t i o n .  We did  n o t  

f in d  any c l e a r  c o r r e l a t i o n  b e tw ee n  th e  decay  c o n s t a n t  and th e  

o t h e r  p a r a m e te r s  o f  th e  ex p e r im e n t .  We sum m arize o u r  r e s u l t s  in  

th e  t a b l e  be low  show ing th e  v a lu e s  o f  t h e  " d i f f u s io n  c o n s ta n t "  D 

in  c n ^ s - 1 f o r  m e l t in g  and g ro w th  a lo n g  d i f f e r e n t  axes  o f  t h e  c r y ­

s t a l .

g ro w th  m e l t in g

a - a x i s  0 .6x10-10 < D < 1x10_ l° 0 .8x10-10 < D < 1x10“ 10

b - a x i s  1 x10-10 < D < 1x10"9 1x10-10 < D < 3x10- l °

The d a t a  f o r  c r y s t a l s  grow ing a lo n g  th e  b a x is  c o r r e s p o n d s  to  

m easu rem en ts  on f i v e  d i f f e r e n t  sa m p le s  w hereas  t h e  o t h e r  s e t s  o f  

d a t a  c o r re s p o n d  t o  m e asu re m en ts  on one sam ple  o r i e n t e d  a lo n g  th e  

b a x i s  and a n o th e r  one o r i e n t e d  a lo n g  t h e  a a x i s .

As m entioned  p r e v io u s l y ,  t h e  main d i f f e r e n c e  b e tw ee n  th e  

s c a t t e r i n g  when t h e  c r y s t a l  i s  g row ing and th e  s c a t t e r i n g  when th e  

c r y s t a l  i s  m e l t in g  i s  t h a t  in  t h e  fo rm e r  th e  c r i t i c a l  v e l o c i t y  f o r  

th e  o n s e t  o f  t h e  s c a t t e r i n g  i s  ab o u t  0.0M pm s -1 w hereas  in  t h e  

l a t t e r  t h i s  c r i t i c a l  v e l o c i t y  i s  ab o u t  0 .5 pm s -1 .

In  an  a t t e m p t  t o  im prove t h e  q u a l i t y  o f  t h e  d a t a  we u sed  a 

h e te ro d y n e  c o n f ig u r a t io n ,  which was d e s c r ib e d  p r e v io u s ly .  No 

m e a su ra b le  im provem ent was o b ta in e d .
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C. Measuring the undercooling AT

The p a ra m e te r  AT i s  th e  d i f f e r e n c e  b e tw ee n  th e  m e l t i n g  tem ­

p e r a t u r e  and t h e  a c t u a l  t e m p e r a t u r e  o f  t h e  i n t e r f a c e .  I t  i s  very- 

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

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

can n o t  i n s e r t  a  p ro b e  in s id e  th e  c r y s t a l  c l o s e  t o  t h e  i n t e r f a c e ,  

b e c a u se  i t  would d i s t u r b  t h e  g ro w th  p r o c e s s .  To m inim ize th e

l a t e n t  h e a t  p rob lem , c a p i l l a r y  tu b e s  a r e  u s u a l l y  ch o sen  f o r  e x p e r ­

im e n ts  in  c r y s t a l  g ro w th .  We ca n n o t  a d o p t  t h i s  s o l u t i o n  in  l i g h t

s c a t t e r i n g  e x p e r im e n ts .  In  th e  c a s e  o f  l a r g e r  tu b e s  one can  t r y  a

t h e o r e t i c a l  t r e a t m e n t  o f  th e  h e a t  t r a n s f e r  in  t h e  g ro w th  tu b e  and 

i n f e r  t h e  t e m p e r a t u r e  o f  t h e  i n t e r f a c e  from  th e  e x t e r n a l  t e m p e ra ­

t u r e  r e a d in g s .  This i s  t h e  ap p ro a c h  we u sed .  The t e m p e r a t u r e  r e a d ­

in g s  o f  t e n  t h e r m i s t o r s  embedded in  t h e  p l e x i g l a s  c y l in d e r  w ere  

f i t  t o  a  t h e o r e t i c a l  e x p re s s io n  which t a k e s  i n t o  a c c o u n t  th e  h e a t  

t r a n s f e r r e d  t o  t h e  am b ien t a i r  by c o n v e c t io n  and a l s o  t a k e s  i n t o  

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

We u sed  a  N on-L inear L e a s t  S quare  F i t t i n g  com pu te r  s u b r o u t in e  t o  

f i t  t h e  d a t a .  A t y p i c a l  t e m p e r a t u r e  p r o f i l e  m easured  by th e

t h e r m i s t o r s  ( c i r c l e s )  and th e  t h e o r e t i c a l  f i t  ( c o n t in u o u s  l i n e )  i s  

shown in  F ig u re  7 .2  . D e ta i l s  o f  t h e  c a l c u l a t i o n  a r e  g iv e n  in  

Appendix A.



-  61 -

V I I I .  I n t e r p r e t a t i o n

A. Crystal Surface Dynamics

S a lo l  i s  a c r y s t a l  w ith  Jackson  a - f a c t o r  ~ 5. A l a t e r a l  

g row th  mechanism r a t h e r  th an  a con tinuous  one i s  t o  be e x p e c te d 13. 

The o s c i l l a t o r y  c o r r e l a t i o n  fu n c t io n  we observed  s u p o r t s  t h i s  idea , 

s in ce  th e  Doppler s h i f t  o f  th e  l i g h t  i s  caused  by s t e p s  moving 

a c ro s s  th e  i n t e r f a c e  w ith  v e lo c i ty  v^. T h e re fo re  th e  c r y s t a l  i s  

growing e i t h e r  by n u c le a t io n  o r  by a screw  d i s lo c a t io n  mechanism.

1) K in e t ic s  o f  th e  g row th

R e c a l l in g  from c h a p te r  I I  th e  k in e t ic  e q u a t io n s  f o r  th e s e  two • 

mechanisms, we have:

Since th e  s te p  edge i s  "rough" f o r  a l l  t e m p e ra tu r e s ,  f o r  s m a l l  AT 

a l i n e a r  k in e t ic  eq u a t io n  h o ld s  f o r  th e  l a t e r a l  g ro w th 15:

Pzexp( 2.2

v Q = u 3( A T ) 2 2.3

v L = pL AT 8.1

Combining equa t ions  2 .2 and 8 .1 , we o b ta in  f o r  n u c le a te d  l a y e r  

grow th,



-  62 -

Vr =

l n ( — ) 
VG

8.2

Combining eq u a t io n s  2.3 and 8 .1 ,  we o b ta in  f o r  screw d is lo c a t io n  

grow th,

\  = ^ U 7 )0,S 8*3

In a t te m p t in g  to  f i t  our ex p e r im en ta l  d a ta  to  eq u a t io n s  2.2, 

2 .3 ,  and 8 .1 , 8.2 and 8 .3 ,  th e  te m p e ra tu re  dependence o f  th e  v i s ­

c o s i ty  was f i r s t  d iv ided  ou t  to  i s o l a t e  k inem atic  e f f e c t s  on th e  

c r y s t a l  s u r f a c e 33. The v e l o c i t i e s  were c o r r e c t e d  by using  th e  f o l ­

lowing exp ress ion :

V° " v n (4 l .21 °C)

where vc i s  th e  c o r r e c t e d  v e lo c i ty ,  v can be e i t h e r  vL o r  vQ, and 

ti i s  th e  v i s c o s i ty  o f  th e  S a lo l  m e lt .  The v i s c o s i ty  d a ta  used was 

o b ta in ed  by 0. J a n t s c h S3. In  th e  te m p e ra tu re  range  o f  i n t e r e s t ,  th e  

v i s c o s i ty  d a ta  o f  J a n ts c h  as  a fu n c t io n  o f  te m p e ra tu re  was f i t  to  

th e  fo l lo w in g  po lynom ial:

n(T) = 0.755 -  3.42x10“ 2T + 5.85x10-*T2 -  3.53x10-6T3

w ith  n in po ise  and T in  °C. This co rresponds  to  a c o r r e c t io n  of
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about 8 % f o r  th e  h ig h e s t  v e lo c i ty .  F i t s  o f  vQ vs. AT were no t  a b le  

to  d is t in g u is h  be tw een  n u c le a t io n  and screw  d i s lo c a t io n  mechanisms 

(eqs. 2.2 and 2.3) due, in p a r t ,  to  th e  u n c e r t a in t i e s  in  AT. F i t s  of 

vL vs. Vq fo l lo w in g  eq u a t io n s  8 .2  and 8 .3 , gave b e t t e r  agreem ent 

f o r  th e  screw  d i s lo c a t i o n  mechanism th a n  f o r  s u r f a c e  n u c le a t io n  as  

shown in  F igure  8 .1 .  Also, a f i t  to  v^ = C(vQ)n gave,

( 0 , 50+0 . 02)
vL = ( 62±2 ) v g  . pm s

w ith  n = 0 .50, th e  v a lu e  p r e d ic te d  by eq u a t io n  8 .3 .  The d a ta  and 

com puter f i t  o f  v^ vs . AT us ing  eq u a t io n  8.1 i s  shown in  F igure 

8 .2 .  From th i s  f i t  t h e  l a t e r a l  k in e t ic  c o e f f i c i e n t  and th e  m e lting  

te m p e ra tu re  were:

Pl = 22±1 pm s - l K_1 and Tm = 41.21 ±0.07 °C.

Values f o r  th e  norm al k in e t ic  c o e f f i c i e n t  p3 were ob ta ined  from 

e i t h e r  equa t ion  2 .3  o r  from eq u a t io n s  8.1 and 8 , 3 . The r e s u l t s  were 

p3 = 0.129 and 0.124 pm s -1K-2, r e p e c t iv e ly ,  showing th e  s e l f - c o n ­

s i s te n c y  o f  th e  p roposed  i n t e r p r e t a t i o n .  These v a lu e s  f o r  p3 a r e  in 

q u a l i t a t i v e  agreem ent w ith  th e  v a lu e  o b ta in ed  by Ie  and S t r i c k -  

la n d -C o n s ta b le 35 f o r  g row th  a long  th e  b a x is  o f  s a l o l .  They found 

f o r  f re e -g ro w in g  S a lo l  p3 ~ 0.1 pm s -1K-2. They did no t  ta k e  in to  

accoun t th e  l a t e n t  h e a t  g e n e ra te d  a t  th e  i n t e r f a c e  in  t h e i r  meas­

u rem en ts  o f  th e  undercoo ling .
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2) Morphology o f  th e  S p i r a l

Screw d i s lo c a t i o n s  produce s p i r a l s  which sp read  a c ro s s  th e  

c r y s t a l  s u r f a c e .  The s p i r a l s  can be e i t h e r  round or polygonized , 

depending on th e  c r y s t a l  s t r u c t u r e  and d r iv in g  f o r c e 27. Very a n iso ­

t r o p ic  c r y s t a l s  w ith  high Jackson  a - f a c t o r  te n d  to  e x h ib i t  h igh ly  

po lygonized  f a c e te d  g row th  s p i r a l s ,  c o n s i s t e n t  w ith  th e  observed  

h igh ly  a n i s o t ro p ic  l i g h t  s c a t t e r i n g .  G eo m e tr ica l ly ,  th e  r e l a t i o n

shou ld  ho ld ,  where w i s  t h e  h o r i z o n ta l  d i s ta n c e  between th e  arms 

o f  th e  s p i r a l  and h i s  th e  h e ig h t  o f  th e  s t e p s .  T y p ic a l ly ,  w/h -  

102 -  103 f o r  s o lu t io n  g row th , -  103 -  101* f o r  vapor g row th27. From 

our measured v a lu e s  o f  vL and vQ, w/h ~ 600 f o r  th e  s m a l l e s t  vQ 

and -  100 f o r  th e  l a r g e s t  v^. The m agnitude o f  th e  B u rg e rs '  v e c to r  

of t h e  d i s lo c a t io n  i s  g iven by th e  h e ig h t  o f  th e  s t e p  divided by 

th e  l a t t i c e  c o n s ta n t .  T h e re fo re  i f  h i s  one l a t t i c e  c o n s ta n t ,  th e  

magnitude o f  th e  B u rg e rs '  v e c to r  o f  th e  d i s lo c a t io n  i s  one. D is lo ­

c a t io n s  w ith  l a r g e  B u rg e rs '  v e c to r s  a r e  g e n e r a l ly  e n e r g e t i c a l l y

u n s ta b l e  and decay in to  m u l t ip le  s m a l le r  d i s lo c a t i o n s 27. Assuming
0

t h a t  in  our c a se  h c o rre sp o n d s  to  one l a t t i c e  c o n s ta n t  h = 25 .5A,
0

a t  maximum underco o lin g  (AT -  2 K), w -2500A which comes c l o s e  to  

s a ty s f y in g  th e  Bragg c o n d i t io n  f o r  d i f f r a c t i o n .  We observed  l a r g e  

changes in  th e  i n t e n s i t y  o f  s c a t t e r i n g  from th e  c r y s t a l  s u r f a c e  

which can be un d ers to o d  in  te rm s  o f  n e a r ly  c o n s t r u c t iv e  i n t e r f e r ­

ence in  s c a t t e r i n g  from s u c c e s s iv e  s t e p s .  O p t ic a l ly  th e  s t e p s  o r i ­
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g in a t in g  a t  th e  screw  d i s lo c a t io n s  a c t  as  a moving l i n e  d i f f r a c t i o n  

g r a t in g .  Durig9 s tu d ie d  th e  Bragg peaks produced by t h i s  s t r u c t u r e  

and was a b le  to  o b ta in  t h e  d is ta n c e  w betw een th e  s t e p s  o f  th e  

screw  d i s lo c a t io n s .  T h e re fo re  in  h is  experim en t he had th e  param e­

t e r s  v,-,, vT and w. By app ly ing  th e  r e l a t i o n  8.4 he ob ta ined  an
u  1j

average  s te p  h e ig h t  o f  2.5+0.8 l a t t i c e  c o n s ta n t s .  I f  we use  h is  

r e s u l t  a t  our maximum undercoo ling , our w would be o f  th e  o rd e r  

o f  6000A .

T h e o r e t ic a l ly ,  th e  s te p  w id th  w i s  r e l a t e d  to  th e  ra d iu s  r*  

o f  a c r i t i c a l  n u c leu s  f o r  tw o-d im ensiona l n u c le a t io n  by,

w = s r*  8.5

where s = 5.4 f o r  po lygonized  m onom olecular s p i r a l s  and s = 19 fo r  

round monomolecular s p i r a l s 27, monom olecular s p i r a l s  meaning s p i ­

r a l s  w ith  s t e p  h e ig h t  one B u rg e rs '  v e c to r .

AS ATr*  = _ J L  8.6

where o i s  th e  s t e p  f r e e  energy , i s  th e  m olar  volume, AS i s  th e  

m olar en tro p y  o f  m e lt in g ,  and AT i s  again  th e  u ndercoo l ing .  I f  we 

s u b s t i t u t e  8.6 and 8.5 in  8 .4  we o b ta in

12 . 8.7 v. s oV L m
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Since we did n o t  f in d  a v a lu e  f o r  o of S a lo l  in  th e  l i t e r a t u r e ,  we 

e s t im a te d  i t s  v a lu e  by using  T u r n b u l l 's  fo rm u la 51* f o r  o rgan ic  m at­

e r i a l s :

°v m T As 
— 2 -  -  m—  8.8

where d i s  th e  m o le c u la r  dimension a long  of th e  d i r e c t io n  co n s i­

dered . S u b s t i t u t in g  8.8  in  8.7 and using  th e  r e s u l t  f o r  S a lo l  along 

th e  b d i r e c t io n  h = 3 d, we o b ta in  th e  exp ress ion ,

—  -  9 - S -  8.9
VL ST«

From th e  f i t  o f  v^ /v , vs .  Ti us ing  equa t ion  8 .9 , we ob ta inedU Li .

v r
—  = (5.8±0.3)10“ 3(41.22±0.01 -  Ti)
VL .

From t h i s  r e s u l t  we can c a l c u l a t e  th e  v a lu e  o f  s .  The v a lu e  o b ta ­

ined was,

s -  5

which i s  v e ry  c lo s e  t o  th e  v a lu e  f o r  polygonized  s p i r a l .  ( I f  we use 

th e  v a lu e  h=2.5 l a t t i c e  c o n s ta n t s  r e p o r te d  by Durig we o b ta in  th e  

v a lu e  s -  12.) Equation 8.5 w ith  s=5.4 o r  s=19 i s  v a l id  f o r  monomo­

l e c u l a r  s in g le  s p i r a l s  and in  our c a l c u l a t i o n s  o f  s  th e  v a lu e  f o r
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o was e s t im a te d  from T u r n b u l l 's  r e l a t i o n .  N e v e r th e le s s  th e  e s t i ­

mated v a lu e s  f o r  s a r e  in  r e a s o n a b le  agreem ent w ith  th e  th e o ry .  

From th e  s t r o n g  a n is o t ro p y  of th e  s c a t t e r e d  l i g h t  and from th e  

e s t im a te d  v a lu e s  f o r  s ,  we th u s  conclude  t h a t  th e  observed  t r a n s ­

l a t i o n a l  dynamics on th e  c r y s t a l  s u r f a c e  r e s u l t  from c r y s t a l  

g row th  m ediated  by h igh ly  polygonized  screw  d i s lo c a t io n s  with 

prom inent <101> o r <201> f a c e t s .

One p o s s ib le  cause  f o r  th e  l a r g e  s c a t t e r  in  th e  d a ta  of- v^ 

v e rsu s  v n  i s  th e  f a c t  t h a t  th e  c o n c e n t ra t io n  of screw  d is lo c a t io n sU

is  a  p a ram e te r  which we cannot c o n t r o l  in  th e  experim en t.  As d i s ­

cussed  in  Chapter I I ,  in  r e a l  c r y s t a l  g row th  t h e r e  a r e  a g r e a t  

number o f  screw  d i s lo c a t io n s  in t e r a c t in g  w ith  each o th e r  in th e  

s u r f a c e  o f  th e  c r y s t a l .  These i n t e r a c t io n s  change th e  d is ta n c e  

betw een th e  arms o f  th e  s p i r a l .  The v a lu e  3=5.4 f o r  th e  i d e a l  case  

o f  a  s in g le  po lygonized  s p i r a l  changes i f  more screw  d i s lo c a t io n s  

a re  p r e s e n t .  In g e n e r a l ,  a s  th e  number o f  screw  d i s lo c a t io n s  in ­

c r e a s e s  th e  v a lu e  o f  s  d e c r e a s e s .  T h e re fo re  th e  k in e t i c  c o e f f i c i e n t  

p3 may vary  from one ex p e r im e n ta l  ru n  to  a n o th e r  in  an u n c o n t r o l l ­

a b le  way, giving r i s e  to  th e  sp read  in  th e  d a ta  o f  vL v e r s u s  vQ. 

The r e l a t io n s h ip  be tw een  vL and AT shou ld  no t  be a f f e c t e d  by th e  

change in  c o n c e n t r a t io n  o f  screw  d i s lo c a t io n s .  However, as  po in ted  

o u t  p re v io u s ly ,  AT i s  n o t  easy  t o  de te rm ine  from th e  te m p e ra tu re  

r ead in g s ,  and th e  r e s u l t i n g  v a lu e s  a r e  s u b je c t  t o  l a r g e  u n c e r t a in ­

t i e s .

B. Boundary Layer Dynamics
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The fo l lo w in g  p r o p e r t i e s  o f  th e  r e l a x a t i o n a l  s c a t t e r i n g  have 

now been e s ta b l i s h e d :

(a) I t  occu rs  when th e  c r y s t a l  i s  e i t h e r  m e lt in g  o r  growing.

(b) The c r i t i c a l  v e l o c i t i e s  f o r  th e  o n se t  of th e  s c a t t e r i n g  a r e  

abou t 0.5 pm/s when th e  c r y s t a l  i s  m e lt in g  and 0.04 pm/s when th e  

c r y s t a l  i s  growing.

(c) I t  o r ig in a te s  in  th e  f l u i d  boundary l a y e r  and c o e x is t s  w ith  

t r a n s l a t i o n a l  dynamics on th e  c r y s t a l  s u r f a c e .

(d) I t  i s  much s t r o n g e r  th a n  s c a t t e r i n g  from th e  bu lk  f lu id .

(e) The c o r r e l a t i o n  fu n c t io n ,  to  w ith in  ex p er im en ta l  e r r o r ,  i s  

d e sc r ib e d  by s in g le  e x p o n e n t ia l  r e l a x a t io n .

( f)  The r e l a x a t i o n  r a t e  r  = Dq2.

(g) D i s  independen t o f  th e  grow th  r a t e .

To e x p la in  th e s e  o b s e rv a t io n s ,  s e v e r a l  mechanisms can be con­

s id e re d :

(1) The c o r ru g a te d  s u r f a c e  model o r ig i n a l l y  proposed  by th e  ETH 

group, i s  r u le d  o u t  by (c) and ( f ) ,  d e s p i t e  the  rem a rk ab le  a g re e ­

ment w ith th e  Gibbs-Thomson eq u a t io n .  5

(2) Form ation o f  c l u s t e r s  o f  p r e c r y s t a l l i n e  m a te r ia l  near  th e  in ­

t e r f a c e  would e x p la in  a l l  th e  d a ta .  However, th e  observed  v a lu e s
0

o f  D imply c l u s t e r s  o f  more th an  3000A ra d iu s ,  and (e) im p lie s  

l i t t l e  o r  no v a r i a t i o n  in  c l u s t e r  s iz e ,  bo th  o f  which seem h ig h ly  

im probable .

(3) S m a l l - s c a le  tu rb u le n c e  w ith in  th e  boundary l a y e r .  The in t e n s i ty  

a u t o c o r r e l a t i o n  fu n c t io n  o f  th e  l i g h t  s c a t t e r e d  by p a r t i c l e s  su s ­

pended in  a t u r b u l e n t  f l u i d  was c a l c u l a t e d  by Di P o r to  e t  a l . 55. 

The decaying i n t e n s i t y  c o r r e l a t i o n  fu n c t io n  i s  qz dependent b u t  th e
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te m p o ra l  dependence can be l i n e a r  o r  q u a d ra t ic  f o r  two l im i t in g  

c a s e s .  For t  << t* ,  where t*  i s  th e  time f o r  which th e  Lagrangian 

c o r r e l a t i o n  fu n c t io n  o f  v e l o c i t i e s  o f  th e  tu r b u l e n t  f lo w  i s  p r a c t i ­

c a l l y  z e ro ,  th e  te m p o ra l  dependence i s  q u a d ra t ic  and so th e  i n t e n ­

s i t y  a u t o c o r r e l a t i o n  fu n c t io n  o f  th e  s c a t t e r e d  l i g h t  i s  a Gaussian 

fu n c t io n  o f  tim e. In th e  o th e r  l i m i t  t  >> t* ,  t h e  i n t e n s i t y  a u to ­

c o r r e l a t i o n  fu n c t io n  o f  th e  s c a t t e r e d  l i g h t  i s  e x p o n e n t ia l  in  t im e. 

C rosignani e t  a l .  ( in  Ref. 43) have po in ted  ou t t h a t  t*  >> 

(q2<v2>) °-5 in  p r a c t i c a l  c a s e s .  (q2<v2>) °*5 i s  o f  th e  o rd e r  o f  th e  

decay tim e o f  th e  i n t e n s i t y  a u t o c o r r e l a t i o n  fu n c t io n ,  where <v2> i s  

th e  mean sq u a re  v a lu e  o f  th e  v e lo c i ty  o f  th e  tu r b u l e n t  f lo w  a long  

q. T h e re fo re  in p r a c t i c a l  s i t u a t i o n s  t^  (q2<v2>) °*s << t*  , and 

hence th e  i n t e n s i t y  a u t o c o r r e l a t i o n  fu n c t io n  of th e  s c a t t e r e d  l i g h t  

i s  G aussian in t im e. Another d i f f i c u l t y  w ith  th e  s m a l l - tu r b u le n c e  

model i s  t h a t  i t  canno t e x p la in  th e  enhancement of th e  i n t e n s i t y  

o f  th e  s c a t t e r e d  l i g h t  from th e  boundary l a y e r  compared to  t h a t  

o f  th e  bulk  m e l t .  T h e re fo re  t h i s  model i s  weakened by (e) and 

p ro b ab ly  r u l e d  ou t by (d).

(4) S t r u c t u r e  w ith in  th e  boundary l a y e r .  B ilgram has  concluded  

t h a t  f o r  t h e  i c e - w a te r  i n t e r f a c e  th e  boundary l a y e r  i s  betw een 1.4 

and 6 pm th ic k .  For th e  s a l o l - m e l t  i n t e r f a c e ,  Durig has  concluded  

t h a t  th e  boundary l a y e r  i s  about 1 pm th ic k .  The boundary l a y e r  

has  p r o p e r t i e s  d i s t i n c t  from th o se  of th e  bu lk  f l u i d  phase . In d i­

r e c t  su p p o r t  i s  p rovided  by com puter s im u la t io n  experim en ts  by 

Landman e t  a l . 2 which show t h a t  a s t r a t i f i e d  s t r u c t u r e  deve lops  in  

th e  m e lt  a d ja c e n t  t o  th e  growing s u r f a c e  o f  a c r y s t a l .

(5) Induced l a y e r  o f  l i q u i d - c r y s t a l .  In  an e a r l i e r  work11 we sug­
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g e s te d  t h a t  th e  i n t e r f a c e  o f  th e  growing c r y s t a l  could  induce o r i ­

e n t a t i o n a l  o rd e r in g  in th e  m o lecu le s  c lo s e  to  th e  i n t e r f a c e ,  s in ce  

th e  m o lecu le s  to  be a t ta c h e d  to  th e  c r y s t a l  must have th e  " r ig h t"  

o r i e n t a t i o n .  The behaviour of th e  boundary la y e r  would be th e  

behaviour o f  a nem atic  l i q u i d - c r y s t a l  near  th e  n e m a t ic - i s o t ro p ic  

phase t r a n s i t i o n ,  which p o s se s s e s  s lo w ly  r e la x in g  c o l l e c t i v e  

modes56 which s c a l e  w ith  q2. S c a t t e r in g  from th e s e  modes i s  g e n e r ­

a l l y  much s t r o n g e r  th a n  s c a t t e r i n g  from the  i s o t r o p ic  f l u i d .  How­

ev er ,  r e c e n t ly  we observed  th e  same r e l a x a t i o n a l  s c a t t e r i n g  when 

th e  c r y s t a l  was m e lt in g .  This o b se rv a t io n  weakens th e  l i q u id - c r y ­

s t a l  model s in c e  when th e  c r y s t a l  i s  m e lt in g  th e r e  i s  no n e c e s s i ty  

f o r  o r i e n t a t i o n a l  o rd e r in g  o f  th e  m o lecu le s  above th e  in t e r f a c e ,  

though i t  might s t i l l  be p r e s e n t .

Most th e o r i e s  o f  c r y s t a l  g row th  a r e  based on th e  assum ption  

t h a t  th e  i n t e r f a c e  betw een c r y s t a l  and m e lt  i s  sharp  o r  a t  most 

o f  th e  o rd e r  o f  few atom ic spac ings .  Landman's2 com puter s im u la ­

t io n  shows a s t r a t i f i e d  boundary l a y e r  o f  on ly  a few atom ic spac­

ings .  T h e re fo re ,  i t  i s  im p o r tan t  t o  perfo rm  a d d i t io n a l  experim en ts  

in which th e  boundary l a y e r  th ic k n e ss  cou ld  be measured d i r e c t l y .

I f  one c o n s id e rs  a  t y p i c a l  c o n c e n t ra t io n  o f  screw  d i s lo c a t io n s

o f  th e  o rd e r  o f  103/cm 2 and w/h o f  abou t 100, th i s  would be enough

to  cause  an "undu la tion"  on th e  c r y s t a l  s u r f a c e  o f  abou t 1 pm in

h e ig h t .  Thus, a  v ery  th in  boundary l a y e r  would n e v e r t h e le s s  have

an e f f e c t i v e  th ic k n e s s  o f  _ 1 pm> in agreem ent w ith  th e  r e s u l t s  o f

Durig. On th e  o th e r  hand, s in c e  a t  our working a n g le s  f o r  grow th

a lo n g  th e  b d i r e c t io n  th e  p e n e t r a t i o n  d ep th  o f  th e  ev an e sc en t  wave
o

i s  o f  th e  o rd e r  o f  800 A, we would th e n  ex p ec t  to  o b se rv e  r e l a x a -
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t i o n a l  s c a t t e r i n g  in  th e  geom etry  o f  Fig. 6 .1a . The f a c t  t h a t  no 

such s c a t t e r i n g  was observed  makes i t  h ig h ly  im probab le  t h a t  th e  

boundary l a y e r  i s  much th in n e r  th a n  one pm.
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CONCLUSIONS
Q u a s ie la s t ic  l a s e r  l i g h t  s c a t t e r i n g  perfo rm ed  a t  th e  c r y s t a l -  

m e lt  i n t e r f a c e  o f  S a lo l  r e v e a le d  t h a t  two d i f f e r e n t  dynamical 

p ro c e s s e s  a r e  o c c u r r in g  s im u l ta n e o u s ly  on th e  i n t e r f a c e .  These 

dynam ical p ro c e s s e s  can be s tu d ie d  independen tly  by p ro p e r  choice 

of th e  s c a t t e r i n g  geom etry . One dynam ical p ro c e s s  m a n ife s ts  i t s e l f  

by an o s c i l l a t o r y  i n t e n s i t y  a u t o c o r r e l a t i o n  fu n c t io n  ( o s c i l l a t o r y  

s c a t t e r in g )  and we showed t h a t  i t  o ccu rs  a t  th e  c r y s t a l  s u r f a c e .  

The o th e r  dynam ical p ro c e s s  m a n ife s ts  i t s e l f  by a r e l a x a t i o n a l  in ­

t e n s i t y  a u t o c o r r e l a t i o n  fu n c t io n  ( r e l a x a t i o n a l  s c a t t e r in g )  and we 

showed t h a t  i t  o ccu rs  in  a th in  boundary l a y e r  betw een th e  c r y s t a l  

s u r f a c e  and th e  bu lk  m e l t .  This r e l a x a t i o n a l  s c a t t e r i n g  was a l s o  

observed  when th e  c r y s t a l  was m e lt ing .

From th e  a n a ly s i s  o f  th e  o s c i l l a t o r y  s c a t t e r i n g  we concluded

t h a t  th e  s c a t t e r e d  l i g h t  i s  Bragg d i f f r a c t e d  and D o p p le r - s h if te d  

by th e  le d g e s  o f  po lygonized  s p i r a l s  o r ig in a t in g  a t  screw  d i s lo c a ­

t io n s .  The l a t e r a l  v e l o c i ty  vL o f  th e  s t e p s  was ob ta ined  from th e

frequency  o f  th e  o s c i l l a t o r y  a u t o c o r r e l a t i o n  fu n c t io n  us ing  th e

D o p p le r - s h i f t  eq u a t io n .  From th e  fu n c t io n a l  dependence o f  v^ vs. 

vQ ( th e  g row th  v e l o c i ty  o f  th e  c r y s t a l ) ,  th e  mechanism o f  grow th

was de te rm ined  w ith o u t r e f e r e n c e  to  th e  u ndercoo l ing  o f  th e  i n t e r ­

f a c e .

The te m p e ra tu re  o f  th e  i n t e r f a c e  Tj was o b ta in ed  by computer 

f i t t i n g  o f  th e  t h e r m is to r  re a d in g s  to  th e  s o lu t io n  o f  th e  h e a t -

f low  eq u a t io n ,  ta k in g  in to  accoun t th e  l a t e n t  h e a t  l i b e r a t e d  a t

th e  i n t e r f a c e  and th e  h e a t  t r a n s f e r  by convec tion  w ith  th e  ambient
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a i r .  From th e  a n a ly s i s  o f  v^ and vQ vs. Ti we ob ta ined  th e  k in e t ic  

c o e f f i c i e n t  f o r  screw  d is lo c a t io n  m ediated grow th  by two d i f f e r e n t  

approaches. The v a lu e s  f o r  th e  k in e t ic  c o e f f i c i e n t  were s e l f - c o n ­

s i s t e n t  and in agreem ent w ith  l i t e r a t u r e  v a lu e s  ob ta ined  with 

t r a d i t i o n a l  te ch n iq u es  in c r y s t a l  grow th. The morphology o f  th e  

s p i r a l s  was a l s o  de term ined  and th e  p a ra m e te rs  ob ta ined  from th e  

experim ent a r e  in  agreem ent w ith  th e  v a lu e s  p r e d ic t  by th e  th e o ry  

o f  s p i r a l  grow th .

S e v e ra l  mechanisms were considered  and d isc u sse d  in  a t t e m p t ­

ing to  ex p la in  t h e  boundary la y e r  dynamics. However, a c o n s i s t e n t  

p h y s ic a l  model has n o t  y e t  been achieved . A com puter s im u la t io n  by 

Landman e t  a l .  in d ic a te s  a s t r a t i f i e d  m e lt  c lo s e  to  th e  i n t e r f a c e  

ex tend ing  a few a tom ic d is ta n c e s .  I n d i r e c t  e s t im a te s  o f  th e  th ic k ­

n ess  o f  th e  boundary l a y e r  by B ilg ram 's  group give v a lu e s  in the  

m icrom eter ran g e .  T h e re fo re  experim en ts  where th e  th ic k n e s s  o f  th e  

boundary l a y e r  cou ld  be measured d i r e c t l y  a r e  im p o r ta n t  to  s e t  the  

s p a t i a l  s c a l e  of th e  phenomenon n ece ssa ry  f o r  com parison w ith  

r e a l i s t i c  p h y s ic a l  models. Also experim en ts  on low Jackson  

a - f a c t o r  m a te r i a l s  cou ld  in d ic a te  i f  t h e r e  i s  any c o r r e l a t i o n  

between th e  boundary l a y e r  dynamics and th e  s t r u c t u r e  o f  th e  in ­

t e r f a c e .  I t  would a l s o  be i n t e r e s t i n g  to  perfo rm  a d d i t io n a l  e x p e r i ­

ments on m a te r i a l s  w ith  high m e lt  v i s c o s i ty  to  s e e  i f  t h e r e  i s  any 

c o r r e l a t i o n  betw een th e  r e l a x a t i o n  r a t e  o f  th e  boundary l a y e r  dyn­

amics and th e  v i s c o s i ty  o f  th e  m e lt .

This new f i e l d  o f  q u a s i e l a s t i c  l a s e r  l i g h t  s c a t t e r i n g  a p p l ied  

to  th e  dynamics o f  c r y s t a l  g row th  p ioneered  by P ro fe s so r  J .H .B i l-  

gram has opened very  e x c i t in g  p o s s i b i l i t i e s  in  c r y s t a l  g row th  s t u ­
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d ie s .  I t  would be very  i n t e r e s t i n g  i f  we oould obse rve  and s tu d y  

th e  roughening t r a n s i t i o n  in  c r y s t a l  s u r f a c e s  with  l i g h t  s c a t t e r ­

ing, o r  i f  we cou ld  o bse rve  and s tu d y  w ith  l i g h t  s c a t t e r i n g  th e  

slow ing-dow n o f  th e  r e l a x a t i o n  r a t e  o f  th e  dynam ical h e ig h t  f l u c ­

tu a t io n s  on th e  s u r f a c e  o f  c r y s t a l s  c lo s e  t o  th e  M ullin s-S ek e rk a  

i n s t a b i l i t y  . These experim en ts  would p rov ide  a c c u r a te  and d e t a i l e d  

d a ta  n ece ssa ry  f o r  com parison with th e  g r e a t  amount of r e c e n t  

t h e o r e t i c a l  work on th e  dynamics o f  c r y s t a l  g row th, and would 

h o p e fu l ly  improve our u n d e rs tan d in g  about c r i t i c a l  phenomena and 

p a t t e r n  s e l e c t i o n  in  n a tu re .
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APPENDIX A

Heat flow problem in our apparatus

Considering th e  a p p a ra tu s  i l l u s t r a t e d  in F igure  5.2 , l e t  us 

name th e  p a ra m e te r s  invo lved  : 

a i = r a d iu s  o f  t h e  tu b e  c o n ta in in g  th e  c r y s t a l  ; 

a 2 = r a d iu s  o f  t h e  p le x ig la s  c y l in d e r  ; 

b = h e ig h t  o f  t h e  p le x ig la s  c y l in d e r ;

z i  = p o s i t io n  o f  th e  i n t e r f a c e  in  r e l a t i o n  t o  th e  low er  aluminum 

c y l in d e r  ;

h = co n v ec tiv e  h e a t  t r a n s f e r  c o e f f i c i e n t  ;

TU = te m p e ra tu re  o f  th e  upper aluminum c y l in d e r  ;

TL = te m p e ra tu r e  o f  th e  lo w er  aluminum c y l in d e r  ;

TA = te m p e ra tu re  o f  t h e  c i r c u l a t i n g  a i r  around th e  p le x ig la s  c y l ­

in d e r  ;

L = l a t e n t  h e a t  o f  fu s io n  = 27.2 c a l  cm-3  57;

vQ = grow th  v e l o c i ty  o f  th e  c r y s t a l  ;

k = th e rm a l  c o n d u c t iv i ty  o f  th e  p l e x ig la s ,  S a lo l  m e lt  and S a lo l  

s o l id ,  assumed t o  be th e  same in  t h i s  approxim ation .

The l i t e r a t u r e  v a lu es  f o r  th e  th e rm a l  c o n d u c t iv i t ie s  a r e  :

a) f o r  l iq u id  S a lo l

k = 1.80x1 O'* e rg  cm" ^ - ^ -1 58

k = 1.35x10“ erg  cmr l s r l K“ I 59

b) f o r  s o l i d  S a lo l
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k = 2.51x1 O'* e rg  cm“ 1s - lK“ 1 58

c) f o r  th e  p l e x ig l a s

k = 1.70x10** erg  cm"ls - 1K“ l 60.

In our c a l c u l a t i o n s  we used th e  th e rm a l  c o n d u c t iv i ty  o f  t h e  p le x ­

ig l a s .

The f i t s  o f  t h e  th e rm is to r s  read in g s  t o  th e  t h e o r e t i c a l  

ex p re ss io n  which we a r e  going to  d e r iv e  below a r e  very  good. Also 

th e  m e lt in g  te m p e ra tu r e s  o b ta in ed  from th e  f i t s  a r e  in  good a g re e ­

ment w ith  known v a lu e s ,  in d ic a t in g  t h a t  th e  e r r o r  in t ro d u c e d  by 

co n s id e r in g  equa l th e rm a l  c o n d u c t iv i t i e s  i s  n o t  l a r g e .

The system  h as  az im u th a l  symmetry and th e  te m p e ra tu r e  p ro ­

f i l e  i s  measured when th e  i n t e r f a c e  o f  t h e  c r y s t a l  r e a c h e s  th e  

s t e a d y - s t a t e  s i t u a t i o n .  Thus we have t o  s o lv e  th e  L ap lace  equa tion  

72T (r ,z )  = 0 

w ith  th e  fo l lo w in g  boundary co n d i t io n s  :

T(r,b) = TU 

T (r,0) = TL 

T (r ,z i+ )  = T ( r .z i - )  

where zi+ and z i^  a r e  th e  p o s i t io n s  o f  t h e  m e lt  and c r y s t a l  s id e s  

o f  th e  i n t e r f a c e ,

- k |L ) a 2 = h [T(aa,z)-TA] 

which i s  N ew ton's  law  f o r  c o n v ec tiv e  h e a t  exchange,

H (ai«r)vQL 3T
k ~ '5z -3z

which i s  th e  boundary c o n d it io n  r e l a t e d  t o  th e  h e a t  c o n se rv a t io n

a t  th e  i n t e r f a c e .  H(ax-rr) i s  th e  Heavyside fu n c t io n  whose v a lu e s  in

t h i s  case  a r e  1 f o r  r < a x and 0 f o r  r > a x.
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I t  i s  conven ien t t o  make th e  fo l lo w in g  v a r ia b le  change 

9( r ,z )  = T (r ,z )  -  TA (A1)

and r e w r i t e  t h e  p rev io u s  equa tions

V20 ( r ,z )  = 0 (A2)

0 (r ,b )  = TU-TA (A3)

9 (r ,0 )  = TL-TA (A4)

0( r ,z i+ )  = 0( r , z i - )  (A5)

“ k-^-)a2 = h 0(a 2, z) (A6 )

H (a i- r )v GL „ a
— r - 2-  ■ -  H ) z l -  (A7)

W riting (A2) in  c y l i n d r i c a l  c o o rd in a te s  and making use  o f  t h e  azim^-

u t h a l  symmetry we o b ta in

( 1 \  3 t  r30  ̂ + 320 _ q
F  "Sr “ S r”  T z  0

I f  we w r i te  0( r ,z )  = R(r)Z(z) we can s e p a r a t e  th e  above equa tion  

in to  two eq u a t io n s ,  namely

^  -  A -  0 dz2 An z -  0

whose s o lu t i o n  i s

Z(z) = Ancosh(Anz) + Bnsinh(An) and 

' ♦ < ! > $ +  *n*R -  0 

whose so lu tio n  is

R(r) = Cĵ  Jo(Ann) + Dn No(Ann) 

where th e  An a r e  de te rm ined  from th e  boundary c o n d it io n s  and Jo 

and N0 a r e  th e  z e ro  o rd e r  B esse l  and Neumman fu n c t io n s  r e s p e c ­

t i v e l y .  S ince we a r e  i n t e r e s t e d  in  th e  te m p e ra tu re  p r o f i l e  in s id e  

o f  th e  chamber, N0 cannot be a  s o lu t i o n  to  th e  problem s in c e  i t  

d iv e rg e s  a t  th e  o r ig in .  So th e  com ple te  s o lu t io n  can be w r i t t e n  as ,
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e r̂ , z  ̂ i L  JoU n^C  Ancosh( Anr )  + Bnsinh(Xnr)]
X,ln

By app ly ing  boundary c o n d i t io n  (A6) we ob ta in ,

^ _ X n J i( ln a 2)[Ancosh(Xnz) + Bnsinh(Xnz)] "
Xn

k i_ Jo (X na2)[AnGosh(Xnz) + Bnsinh(Xnz)]
^n

which im p lie s  f o r  every  Xn,

^nJi(Xna2) = • •̂<Jo(Xna2)

ha2
L et us f u r t h e r  c a l l  Xna2=<5n and - £ - =p» then

^nJi(<Sn) = PJo(6n) (A9)

B efo re  p roceed ing  i t  i s  u s e fu l  t o  d e r iv e  some m athem atica l 

ex p re s s io n s  in v o lv in g  th e  B esse l  f u n c t io n s .  From th e  theo ry  of 

B esse l  fu n c t io n s  we have, f o r  a d i f f e r e n t  th a n  b,

|  x Jp(ax)Jp(bx)dx = (a 2^ ) C t» x J p(ax )Jp-i(bx) -  ax Jp- i ( a x ) J p(bx)]

Thus f o r  <5n d i f f e r e n t  th an  6ra where th e  d e l t a s  a r e  g iven by (A9), 

we have

; a 2
_ . far* 6m r . _ nrJoC-r—)Jo(-r—)d r  -  0 cLg c*20

For a = b,
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x [Jp (ax )]2dx = ^ - | [ J p ( a x ) ] 2 -  J p - i ( a x ) J p+i(ax)J

Thus f o r  6n eq u a l  6m, we o b ta in ,

a2

r j 02( ^ l ) c l r  = ■:pCJ o2( 6n)+J i 2('Sn)] a 2
a 2r

To summarize th e  p rev ious  r e s u l t s  we can w r i te  ,

■a2 a

r J o ( 'T “ )Jo( ' T ~ ) d r  = _^ 1-Jo2(<Sri)+Jl2( 6n ) ] 66n 6m (A10)

6n r
T h e re fo re  t o  expand an a r b i t r a r y  fu n c t io n  in  te rm s  o f J 0(----- ),a2

namely

« r>  -
t rJn

Cn w i l l  be g iven by ,

fa2
Cn = 6nr

r f ( r ) J 0( - r - ) d r
a 2a 22[ J o 2( 6 n ) +J i 2( 6 n ) ] J  

In  p a r t i c u l a r  i f  f ( r )  = K c o n s ta n t  and using  t h e  exp ress io n

(Al 1)

fa2
<Snr  a 22J  i( 6n)

rJo (- a r )d r  = ^

th e  e x p re s s io n  (Al 1) can be w r i t t e n  as  , 

c = 2KJi(6n)

o2( 6n) +<J i2( 6n) ]

F in a l ly ,  using  (A9) we ob ta in ,
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2KP (Al 2)
«Jo( 6 n )[  6n 2+ P2]

Since t h e r e  a r e  two d i f f e r e n t  media, l iq u id  and s o l id ,  we have 

to  co n s id e r  th e  s o lu t io n s  in  each medium and match th e  boundary 

co n d i t io n s  a t  th e  i n t e r f a c e .  Thus i t  i s  conven ien t t o  w r i t e  th e  

s o lu t i o n s  as :

a) f o r  z > z i  ( l iq u id  s ide)

The 6n a r e  th e  same f o r  th e  two s o lu t io n s  s in c e  we assumed t h a t  

a l l  th e  th e rm a l  c o n d u c t iv i t i e s  a r e  equa l and th e  co n v ec tiv e  h e a t  

t r a n s f e r  c o e f f i c i e n t  i s  uniform in  th e  th e rm o s ta t .  L e t us now 

a p p ly  th e  rem ainder  boundary co n d i t io n s .  Using (A3) and (A13) we 

have,

00

•) An cosh( ——) + Bnsinh( ——)d 2 0-2
'n

(A13)

b) f o r  z < z i  ( s o l id  s ide)

CO

J o(-£—) Cncosh( ——) + Dns in h (- r—)
d  2  c t 2  c l 2

'n
(A14)

00

— ) Ancosh(— ) + Bns in h ( - ^ - )
'n

By using  t h e  e x p re s s io n  (A12) we ob ta in ,

Anco sh (-r—) + Bnsin h (-r—) 
2 a2 J o (6 n ) [ 6 n 2+ P 2]

2(TU-TA)P (Al 5)

Using (A4), (A14) and (A12) we ob ta in ,

2(TL-TA)P (A16)
J o ( 6n)C 6n 2+P 23
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Using (A5), (A13) and (A1*l) we ob ta in ,

6nz i  'Snzi ^nzi. <5nzi
Ancosh( —— ) + Bns in h (—-— ) = Cncosh(—-— ) + Dns in h (—-— ) (A17)d 2 »2 CI2 &2

By using (A7), (A13), (Al4) and (A11) we ob ta in ,

j  r 6nai)
(Cn-An, s l „ h ( ^ i )  * (Dn-Bn)00 S h ( ^ i )  -  - ^ P - - -------- 2 : ---------  (A, 8)

a * n  a * k [ J o ( 6 n ) ] 2( 6 n 2+ P 2)

Equations (A15), (A16), (Al7) and (A18) form a  s e t  o f  4 eq u a t io n s  

and 4 unknowns. T h e re fo re  An , Bn , Cn and Dn can be de te rm ined .  I f  

we w r i te

3n = ---------—--------------  and
J o(6n)C 6n2+ P 2]

1 r 6" a i ) 
vGLa‘ l(~

n  Pk U o (6n )  

th e  f i n a l  s o lu t io n s  a r e  :

a) f o r  z > z i  ( l iq u id  s ide)

TL( r ,z )  = T A + ^  8nJo(- |-)[(T L -T A )
8n

,,'SnZ. .. , 5nb > . u/^ n z .cosh( ——) -  coth( ——) sinh( ——)
Q 2  c l 2  » 2

5nz .
(TU-TA) sinh( -=—) 

a2

s inh(^B -)
a 2

6n z i x
+ 7ns i n h ( - r — ) a 2

J n b > . . / ‘Snz. cosh (——) -  co th( ——)s in h (——) ] (A19)

b) f o r  z < z i  ( s o l id  s ide)
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Ts (r ,z )  = T A + ] T  Sn J o ( - ^ - ) C ( T L - T A )

5n

/ (5nZ’s • u f l5nZ'1c o sh (- r—) -  co th( ——) sinh( ——) 
«2 »2

6n z .
(TU-TA) sinh( -=—) 

2

. , <Snbs in h (——)
9-2

6 n Z
+ Ynsinh( ——) 

a 2

^ , 5nZ i» 4.V,/ 5nz i -v ■ i»/’ (5nzi'\cosh( —— ) -  co th( —— )s in h (—— )“2 9-2 9-2 ]  (A 2 0 )

We f i t  th e  t h e r m is to r  re a d in g s  t o  ex p re s s io n s  (A19) and (A20) 

a t  f ix e d  r  = 1.27  cm (co rrespond ing  to  th e  p o s i t io n  o f  th e  th e rm is ­

t o r s  embedded in  th e  p le x ig la s  c y l in d e r ) .  TU, TAf TL, and P were

f r e e  p a ra m e te rs  in  th e  f i t .  For each v a lu e  o f  P th e  6n were c a lc u ­

l a t e d  using  equa t ion  (A9). The p a ra m e te rs  TU, TA, TL, and P were 

o b ta in ed  from th e  b e s t - f i t  v a lu e s .  S ubsequen tly ,  th e y  were used in  

e x p re s s io n s  (A19) and (A20) w ith  z = z i  ( p o s i t io n  o f  th e  i n t e r f a c e  

measured by th e  t r a v e l i n g  microscope) t o  c a l c u l a t e  th e  te m p e ra tu re  

o f  th e  i n t e r f a c e  a s  a fu n c t io n  o f  r .  Ti i s  th e  te m p e ra tu re  a t  th e  

c e n te r  o f  th e  i n t e r f a c e  ( a t  r  = 0 ) where th e  l a s e r  beam i n t e r s e c t s  

th e  i n t e r f a c e .  By n u m e r ic a l ly  d i f f e r e n t i a t i n g  eqs. (A19) and (A20) 

th e  te m p e ra tu re  g ra d ie n t  norm al t o  th e  i n t e r f a c e  a t  r  = 0 was

a l s o  ob ta ined  f o r  bo th  th e  l iq u id  and s o l i d  s id e s .
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FIGURE CAPTIONS

Fig. 4.1 -  Morphology o f  a ty p i c a l  S a lo l  c r y s t a l  grown from s o lu ­

t io n ,  showing prom inen t g row th  fa c e s .

Fig. 4.2 -  C r y s ta l - g ro w th  a p p a ra tu s  used  in  s te p  2 of th e  sample 

p r e p a ra t io n  p ro ced u re  t o  grow the  s t a r t i n g  S a lo l  c r y s t a l s  by the  

Bridgman techn ique .

Fig. 4.3 a) -  A ppara tus  used  in  s te p  3 t o  remove th e  s t a r t i n g  c r y ­

s t a l  from th e  g row th  tu b e ,  and used in  s t e p  8 t o  s h i f t  th e  main

c r y s t a l  f o r  zone r e f in in g .

Fig. 4.3 b) -  A ppara tus  used  in  s te p  8 of th e  sample p r e p a ra t io n

p ro ced u re  t o  zone r e f i n e  th e  seed  and th e  c r y s t a l .

Fig. 5.1 -  O v e ra l l  la y o u t  o f  th e  c r y s t a l - m e l t  s p e c t ro m e te r .

Fig. 5.2 -  C ry s ta l rg ro w th  th e rm o s ta t .  ACU •-? Upper aluminum c y l ­

in d e r ,  TU -  43 .5°C; ACL -  Lower aluminum c y l in d e r ,  TL ~ 35 .5°C; PC 

-  P le x ig la s  c y l in d e r ;  GS -  G lass  s le e v e ;  AS -  Air space , TA ~

39.5°C; RS -  R ota ry  s ta g e ;  S -  T e f lo n  s topcock ; L r  In c id e n t  l a s e r

beam; TH tj T h e rm is to rs .

Fig. 6.1 -  S c a t t e r in g  g eo m e tr ie s .
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Fig. 6.2 -  C o r r e la t io n  fu n c t io n  of l i g h t  s c a t t e r e d  from th e  grow­

ing c r y s t a l  s u r f a c e  observed  in  th e  geom etry  o f  Fig. 6 .1a  in  VT 

p o la r i z a t io n .  (0  = 45°; vQ = 0.20 pm /s). The c i r c l e s  a r e  th e  e x p e r i ­

m en ta l d a ta .  The s o l i d  l i n e  i s  a com puter f i t  g iv ing  f  = 61 .89 Hz

and vL = 21.8  pm/s.

Fig. 6.3 “ C o r r e la t io n  fu n c t io n  o f  l i g h t  s c a t t e r e d  from th e  f l u i d  

boundary l a y e r  observed  in  th e  geom etry  of Fig. 6.1b in  HT p o l a r i ­

z a t io n .  The c i r c l e s  a r e  th e  ex p e r im e n ta l  d a ta .  The s o l id  l i n e  i s  a 

com puter f i t  g iv ing  T"1 = 26.9 ms and D = 0.76 x 10“ 9 cm2/ s .

Fig. 7.1 Frequency o f  th e  o s c i l l a t o r y  c o r r e l a t i o n  fu n c t io n  of 

th e  s c a t t e r e d  l i g h t  as  a f u n c t io n  of s in (  0/ 2 ) f o r  f ix e d  an g le  o f  

inc id en ce  ip. The c i r c l e s  a r e  th e  ex p e r im e n ta l  d a ta .  The s t r a i g h t  

l i n e  i s  t h e  p r e d ic t io n  o f  th e  D opp le r- .sh if t  equation .

Fig. 7.2 -  V e r t ic a l  te m p e ra tu re  p r o f i l e  o f  th e  th e rm o s ta t  shown 

in  Fig. 5.2 . The c i r c l e s  a r e  th e  th e rm is to r s  re a d in g s .  The s o l id  

l i n e  i s  a com puter f i t  t o  th e  h e a t  f lo w  e q u a t io n s  d e r iv e d  in  

Appendix A.

Fig. 8.1 -  L a t e r a l  v e l o c i ty  v^ Vs .  g row th  v e lo c i ty  vQ. C rosses  a r e  

e x p e r im e n ta l  p o in t s .  The s o l i d  l i n e  i s  t h e  p r e d ic t io n  o f  t h e  screw  

d i s lo c a t io n  model ( Eq. 8 .3  ); t h e  dashed l i n e  i s  th e  p r e d ic t io n  o f  

th e  s u r f a c e  n u c le a t io n  model ( Eq. 8.2 ).

Fig. 8.2 -  L a t e r a l  v e lo c i ty  v^ vs. t e m p e ra tu re  o f  th e  i n t e r f a c e
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T^. C irc le s  a r e  th e  e x p e r im e n ta l  p o in t s .  S o lid  l i n e  i s  th e  com puter 

f i t  using  Eq. 8.1 .
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