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AN INCOMMENSURATE SMECTIC A PHASE 

3.1 INTRODUCTION 

The s m e c t i c  A p h a s e  is c h a r a c t e r i z e d  by a  l a y e r e d  a r r a n g e m e n t  

o f  r o d- l i k e  r n o l e ~ u l e s , ~  t h e  l o n g  a x i s  o f  t h e  m o l e c u l e  b e i n g  r e f e r r e d  

t o  as  t h e  d i r e c t o r  ( 1 .  The a v e r a g e  o r i e n t a t i o n  o f  t h e  l o n g  a x i s  

o f  t h e  m o l e c u l e s  is  normal  t o  t h e  l a y e r s .  ' The X-ray d i f f r a c t i o n  

p a t t e r n  o f  a n  u n a l i g n e d  smectic A p h a s e  shows a s h a r p  low a n g l e  

r i n g  (Bragg  a n g l e  8 - 1  ) c o r r e s p o n d i n g  t o  t h e  s m e c t i c  l a y e r  t h i c k -  

n e s s  and  a l a r g e  a n g l e  d i f f u s e  r i n g  ( 8  - l o 0 )  c o r r e s p o n d i n g  t o  

t h e  i n t e r - m o l e c u l a r  d i s t a n c e  w i t h i n  a  l ayer .2  The d i f f u s e  n a t u r e  

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

l a y e r  a r e  l i q u i d - l i k e .  

P e r h a p s  a more r e a l i s t i c  r e p r e s e n t a t i o n  o f  t h e  smectic A 

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

a one- d imens iona l  3 y 4  m a s s- d e n s i t y  wave a l o n g  t h e  o p t i c  a x i s  ( s e e  

F i g .  3 . 1 ) .  T h i s  mass d e n s i t y  wave a l o n g  t h e  Z- a x i s ,  i . e . ,  a l o n g  

t h e  d i r e c t o r  i s  well d e s c r i b e d 3  by 

where  q  - 2 n / d  i s  t h e  w a v e v e c t o r  a t  which t h e  X-ray d i f f r a c t i o n  
0 - 

peak c o r r e s p o n d i n g  t o  t h e  l a y e r  s p a c i n g  ( d )  o c c u r s  i n  r e c i p r o c a l  

s p a c e ,  $ is  a p h a s e  f a c t o r  which  f i x e s  t h e  p o s i t i o n  o f  t h e  l a y e r s ,  

( $ ( is t h e  a m p l i t u d e  o f  t h e  d e n s i t y  wave which  is a m e a s u r e  o f  
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t h e  s t r e n g t h  o f  t h e  s m e c t i c  o r d e r  and p is  t h e  a v e r a g e  d e n s i t y .  
0 

High r e s o l u t i o n  X-ray s t u d i e s  on  smectic A p h a s e  have  r e v e a l e d  

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

a re  e x t r e m e l y  weak showing  t h e r e b y  t h a t  t h e  d e n s i t y  wave is  n e a r l y  

s i n ~ s o i d a l . ~  A c c o r d i n g l y ,  w h i l e  d e f i n i n g  a n  o r d e r  p a r a m e t e r  f o r  

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

a t  o n l y  * q  z  i s  t a k e n  i n t o  c o n s i d e r a t i o n .  A l so ,  t h e  l o w e r  m a r g i n a l  
0 . 

d i m e n s i o n a l i t y  ( d o )  f o r  t h e  s m e c t i c  A is  3 (see Ref. 6 ) .  It is 

known t h a t  when t h e  s p a t i a l  d i m e n s i o n a l i t y ,  d  do ,  t h e  f l u c t u a t i o n s  

are e x t r e m e l y  i m p o r t a n t  and p r e v e n t  t h e  e s t a b l i s h m e n t  o f  t r u e  l o n g  

r a n g e  o r d e r  i n  one- dimension .  A l though  t h i s  c o n c e p t ,  r e f e r r e d  t o  

a s  t h e  L a n d a u- P i e i r l s  i r ~ s t a b i l i t ~ , ~  h a s  been  known f o r  some time, 

i t  h a s  been  e x p e r i m e n t a l l y  p roved  f o r  t h e  s m e c t i c  A p h a s e  o n l y  

r e c e n t l y . 8  Thus  t h e  X-ray d i f f r a c t i o n  peak  o f  a n  a l i g n e d  s m e c t i c  

A p h a s e  is n o t a t r u l y  B r a g g- l i k e  b u t  h a s  a power l aw  d e c a y .  

F o r  a l o n g  time o n l y  o n e  t y p e  o f  s m e c t i c  A p h a s e  was known 

w h e r e i n  t h e  l a y e r  s p a c i n g  ( d )  is  a p p r o x i m a t e l y  e q u a l  t o  t h e  l e n g t h  

o f  t h e  m o l e c u l e  (R). However, w i t h  t h e  s y n t h e s i s  o f  materials w i t h  

a s t r o n g l y  p o l a r  end  g r o u p ,  a new f i e l d  o f  s t u d y  was opened  up.  

Madhusudana and  ~ h a n d r a s e k h a r , '  w h i l e  d i s c u s s i n g  t h e  r o l e  p l a y e d  

by t h e  l o n g i t u d i n a l  d i p o l e s  i n  s t a b i l i z i n g  t h e  n e m a t i c  p h a s e  

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

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

a r r a n g e m e n t .  The e x i s t e n c e  o f  a n t i p a r a l l e l  c o r r e l a t i o n s  i n  p o l a r  



s y s t e m s  h a s  been  e s t a b l i s h e d  e x p e r i m e n t a l l y  by d i e l e c t r i c  s t u d i e s .  10  

X-ray " l 2  and  n e u t r o n  s c a t t e r i n g  s t u d i e s 1  showed t h a t  t h e  l a y e r  

s p a c i n g  i n  t h e  smectic A p h a s e  o f  a l k y l  as  well as  a l k o x y  cyano-  

b i p h e n y l s  i s  a b o u t  1 .4  t i m e s  t h e  m o l e c u l a r  l e n g t h ,  i .  e .  , t h e  s t r u c -  

t u r e  is  l1bi layer1I  ( o r  p a r t i a l l y  b i l a y e r  as  i t  is more  a p p r o p r i a t e l y  

known t o d a y ) .  T h i s  s t r u c t u r e  i s  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g .  

3.2 - t h e  a r o m a t i c  r e g i o n s  o v e r l a p  a t  t h e  c e n t r e  w h i l e  t h e  a l k y l  

c h a i n s  are s t r e t c h e d  o u t w a r d s .  Compounds p o s s e s s i n g  s u c h  a n  a n t i -  

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

l i k e  r e e n t r a n t  b e h a v i o u r 1 4  ' l 5  and  s m e c t i c  A polymorphism.  16 

S i g a u d  e t  a l .  l 7  o b s e r v e d  f o r  t h e  first time a smectic A - 

smectic A t r a n s i t i o n  i n  a b i n a r y  m i x t u r e  o f  a n o n- p o l a r  material ,  

v i z . ,  t e r e p h t h a l - b i s- 4- n- b u t y l a n i l i n e  (TBBA) w i t h  a s t r o n g l y  p o l a r  

compound, v i z . ,  4- n- pentylphenyl- 4'- cyanobenzoyloxy b e n z o a t e  (DB5CN). 

The p h a s e  d i a g r a m  o f  t h i s  b i n a r y  s y s t e m  is shown i n  F i g .  3.3. The 

t r a n s i t i o n  be tween two po lymorph ic  fo rms  o f  t h e  A p h a s e  was s e e n  

f rom c a l o r i m e t r i c  s t u d i e s  w h i l e  o p t i c a l l y  no  c h a n g e  was o b s e r v e d  

i n  t h e  t e x t u r e  o f  t h e  two A p h a s e s .  A l so  f rom c h a r a c t e r i s t i c  X-ray 

d i f f r a c t i o n  p a t t e r n s  f o r  t h e  two t y p e s  o f  smectic A phases18  t h e  

h i g h e r  t e m p e r a t u r e  smectic A p h a s e  h a s  been  d e s i g n a t e d  as t h e  mono- 

l a y e r  p h a s e  (A ) and  t h e  l o w e r  t e m p e r a t u r e  A p h a s e  as  t h e  b i l a y e r  
1  

(A2) p h a s e .  

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

( r )  was o b s e r v e d 1 9  i n  a b i n a r y  m i x t u r e  o f  4 ' - ( 4 - n - p e n t y l s t y l y l )  



Schematic zeprebentation 60z the antipaza!!e4 azzange- 

ment in BCB. (Fzom Red. 7 7 ) .  
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showing the  A ,  - A2 tzandition. (Fzom Red. 171. 



pheny l -4n -cyanobenzoa te  (C5 S t i l b e n e )  and  DB5CN. T h i s  was s e e n  

be tween t h e  A 1  a n d  A2 p h a s e s .  C a l o r i m e t r i c   measurement^'^ showed 

- - 
e n t h a l p y  c h a n g e s  a t  t h e  A 1  - A  and A - A 2  t r a n s i t i o n s  w h i l e  X-ray 

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

t o  t h i s  new phase .  O p t i c a l  o b s e r v a t i o n s  made on t h e  free s u r f a c e  - 
o f  a d r o p l e t  a l s o  showed some d i s t i n c t  t y p e  o f  d e f e c t s  i n  t h e  A 

p h a s e  b o t h  on  c o o l i n g  f rom A 1  and h e a t i n g  f rom A 2  p h a s e .  X-ray 

r e s u l t s  showed t h a t  i n  t h e  p h a s e ,  t h e  mono laye r  o r d e r  i s  u n p e r t u r -  

b e d ,  b u t  t h e  b i l a y e r  o r d e r  o s c i l l a t e s  p e r i o d i c a l l y  f rom o n e  e q u i v a-  

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

d i p o l a r  h e a d s  w i t h i n  t h e  l a y e r .  Thus is  a b i a x i a l  p h a s e  h a v i n g  

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

Very r e c e n t l y ,  ~ e v e l u t "  o b s e r v e d  a n o t h e r  k i n d  of  smectic 

A p h a s e  be tween t h e  and  A 2  p h a s e s .  Based on t h e  X-ray p a t t e r n ,  

s h e  showed t h i s  p h a s e  t o  be  a n o t h e r  t y p e  o f  s m e c t i c  a n t i p h a s e  

p o s s e s s i n g  a n o n- c e n t r e d  r e c t a n g u l a r  l a t t i c e .  It is  d i f f e r e n t  from 

t h e  'ji p h a s e  d e f i n e d  e a r l i e r ,  which  h a s  a r e g u l a r  r e c t a n g u l a r  l a t t i c e .  

T h i s  p h a s e  h a s  been  d e s i g n a t e d 2 '  a s  t h e  c r e n e l l a t e d  smectic A p h a s e  

(Acre). It h a s  been  sugges t ed22  t h a t  Acre  s h o u l d  a l w a y s  e x i s t  b e t -  - 
ween t h e  A and  A2 p h a s e s .  It  is  r e l e v a n t  t o  m e n t i o n  h e r e  t h a t  q u i t e  

o f t e n  a n o t h e r  t y p e  o f  p h a s e ,  v i z . ,  t h e  r i b b o n  phase23 ( d e s i g n a t e d  

as F) i n t e r v e n e s  be tween two po lymorph ic  f o r m s  o f  t h e  A p h a s e ,  

, e . g . ,  be tween A and  A o r  A1 a n d  A2.  
d  2 

The s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  a r r a n g e m e n t  o f  t h e  mole-  



c u l e s  i n  t h e s e  smectic A p h a s e s  i s  g i v e n  i n  F i g .  3 . 4 .  I n  t h e  A ,  

p h a s e  t h e  l a y e r  p e r i o d i c i t y  ( d )  i s  e q u a l  t o  t h e  l e n g t h  o f  t h e  mole-  

c u l e  ( & )  and a c c o r d i n g l y  i t  h a s  been named as t h e  mono laye r  p h a s e .  

I n  t h i s  p h a s e  t h e  d i p o l a r  h e a d s  a r e  assumed t o  be a r r a n g e d  r andomly  

w i t h i n  e a c h  l a y e r .  I n  t h e  p a r t i a l l y  b i l a y e r  (A ) p h a s e ,  t h e  p r e f e r e n -  d  

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

r e s u l t s  i n  a n  i n t e r - d i g i t a t e d  l a y e r  s t r u c t u r e  whose p e r i o d i c i t y  

i s  i n t e r m e d i a t e  be tween k  and 2 k .  The b i l a y e r  (Ap) p h a s e  h a s  a n  

a l m o s t  p e r f e c t  head- to- head a r r a n g e m e n t  o f  t h e  d i p o l a r  h e a d s ,  t h e  

p e r i o d i c i t y  o f  t h i s  p h a s e  b e i n g  e q u a l  t o  2Q ( i  . e. , d = 2). I n  t h e  

p h a s e  t h e  l o c a l  o r d e r  is t h e  same as  t h a t  i n  t h e  A2 p h a s e  b u t  

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

w i t h i n  a l a y e r  a n d  t h i s  r e s u l t s  i n  a r e c t a n g u l a r  symmetry .  The 

p e r i o d i c i t y  o f  t h e  t r a n s v e r s e  m o d u l a t i o n s  was found t o  be  o f  t h e  

o r d e r  o f  a few hundred  angs t roms19  a n d  m o s t l y  t e m p e r a t u r e  i n d e p e n-  

d e n t .  J u s t  l i k e  c, t h e  c r e n e l l a t e d  s m e c t i c  A (Acre) p h a s e  a l so  shows 

a l t e r n a t i o n  o f  t h e  d i p o l a r  a r r a n g e m e n t  be tween two n e i g h b o u r i n g  

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

u n e q u a l  w i d t h s .  It h a s  been  observed2 '  t h a t  w i t h  d e c r e a s e  i n  tempe-  

r a t u r e  t h e  w i d t h  o f  o n e  domain i n c r e a s e s  a t  t h e  e x p e n s e  o f  t h e  

n e i g h b o u r i n g  o n e .  I n  t h e  ( o r  smectic r i b b o n  p h a s e )  t h e  l a y e r s  

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

which  are s e e n  t o  be b roken  p e r i o d i c a l l y  by d e f e c t  walls  o b l i q u e  

w i t h  r e s p e c t  t o  t h e  d i r e c t o r .  Thus u n l i k e  t h e  IT o r  Acre  p h a s e s ,  

t h e  3 p h a s e  h a s  a n  o b l i q u e  l a t t i c e .  



Fiqule 3.4a,b,c : Schematic zepzesentation 06 the molqculaz alrlrangement 

along with t h e i ~  chazacte.ristic Xzay di66zaction pattelrns 

60z didbetent types 06 smectic A phases. Helre ( X )  denotes 
the dizect beam, ( e  ) condensed spot, and i Q I dibduse 

spot. (a)  mono2ayez ( A , ) ,  ( 6 )  paztialty bilayez (Ad) ,  
(cl bilayez ( A Z )  



Schematic teptebentation 06 the m0lecula.r aiiangement along with 

06 bmectic A phabeb. Hete ( X I  denoteb the ditect beam, 
l a  I condenbed bpot, and (3) did6uae apot. Id) bmectic antiphaae ("A), 
( e )  c.rene!ated brnectic ( A  I and ( 6 )  bmectic .ribbon phabe I?). 

c.re 



The t y p e s  o f  X-ray d i f f r a c t i o n  p a t t e r n s  t o  be e x p e c t e d  f rom 

t h e  d i f f e r e n t  s m e c t i c  p h a s e s  a re  a l s o  shown s c h e m a t i c a l l y  i n  F i g .  

3 . 4 .  

a )  The A ,  p h a s e  shows a condensed  peak  a t  2q ( =  2n/R) c o r r e s p o n d -  
0 

i n g  t o  t h e  mono laye r  o r d e r i n g  a n d  g e n e r a l l y ,  a d i f f u s e  scat ter-  

i n g  c e n t r e d  a r o u n d  q; ( =  2 n /  !?.' ) which  is  incommensura t e  w i t h  

r e s p e c t  t o  2q0, (11 c P <2R) ( F i g .  3 . 4 a ) .  

b )  The p a r t i a l l y  b i l a y e r  s m e c t i c  A p h a s e  (A ) shows a c o n d e n s e d  
d 

s p o t  a t  q '  a weak s e c o n d  ha rmon ic  a t  2q'  and  a d i f f u s e  peak  
0 ' 0 

c e n t r e d  a r o u n d  2q ( F i g .  3 . 4 b ) .  
0 

c )  The smectic A p h a s e  shows condensed  p e a k s  a t  b o t h  qo a n d  
2 

2q0, w i t h  qo a s  t h e  f u n d a m e n t a l  a n d  2q0 a s  i ts  s e c o n d  h a r m o n i c  

( F i g .  3 . 4 ~ ) .  

d )  F o r  t h e  p h a s e  t h e r e  is  a s h a r p  peak  a t  2q a n d  two c o n d e n s e d  
0 

s p o t s  which  are s p l i t  o u t  o f  t h e  Z- ax i s  i n  a d i r e c t i o n  no rma l  

t o  i t .  T h e s e  o f f - a x i s  s p o t s  a r e  c e n t r e d  a r o u n d  t h e  q p o s i t i o n  
0 - 

( s e e  F i g .  3 . 4 d ) .  I n  t h e  A p h a s e  t h e  X-ray s p o t s  are s u p p o s e d  

t o  be t r u l y  B r a g g- l i k e .  2 5  

e )  I n  t h e  Acre  
20  

p h a s e  a d i f f r a c t i o n  s p o t  is o b s e r v e d  a t  qo 

i n  a d d i t i o n  t o  t h e  o f f - a x i s  s p o t s .  A l s o ,  as i n  t h e  p h a s e ,  

t h e r e  i s  a condensed  s p o t  a t  2q0 ( F i g .  3 . 4 e ) .  

f )  The X-ray p a t t e r n s  i n  t h e  s m e c t i c  ? p h a s e  show s p o t s  s p l i t  



o u t  of  t h e  Z- ax i s  a n d ,  u n l i k e  i n  r, t h e s e  s p o t s  are n o t  

c e n t r e d  a r o u n d  qO.  Moreover ,  t h e s e  s p o t s  show h i g h  asymmetry  

i n  t h e i r  i n t e n s i t i e s .  Because t h e  l a y e r s  are t i l t e d  w i t h  

r e s p e c t  t o  t h e  Z- a x i s ,  t h e  2q0 s p o t s  a re  a l s o  s e e n  o f f  Z- a x i s  

( F i g .  3 . 4 f ) .  

~ r o s t , ~ ~  a n d  l a t e r  P r o s t  and  ~ a r o i s , ~ ~  p r o p o s e d  a phenomeno- 

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

t h e  t r a n s i t i o n s  be tween them.  I n  t h i s  model  t h e r e  are  two f i e l d s  

P ( r )  a n d  @ ( r )  c h a r a c t e r i z i n g  t h e  mass d e n s i t y  a n d  a n t i f e r r o e l e c t r i c  

o r d e r  p a r a m e t e r s .  The model  i n c o r p o r a t e s  two i m p o r t a n t  t y p e s  o f  

terms i n  t h e  f r e e  e n e r g y ,  v i z . ,  t h e  e l a s t i c  terms a n d  t h e  c o u p l i n g  

term. The e l a s t i c  terms d e s c r i b e  t h e  s p a t i a l  m o d u l a t i o n s ,  c o r r e s p o n d-  

i n g  t o  t h e  mass d e n s i t y  a n d  a n t i f e r r o e l e c t r i c  o r d e r s .  These  modula-  

t i o n s  a re  s e e n  a t  c o l l i n e a r  incommensura te  w a v e v e c t o r s  2q0 a n d  

q;) c o r r e s p o n d i n g  t o  t h e  X-ray p e a k s  o b s e r v e d  i n  t h e  p o l a r  n e m a t i c  

p h a s e .  The c o u p l i n g  term f a v o u r s  t h e  l o c k- i n  o f  2q0 a n d  q '  wave- 
0 

v e c t o r s  and  c o r r e s p o n d s  t o  t h e  A 2  p h a s e .  A c c o r d i n g  t o  t h e  model ,  

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

be  a t  t h e  c o s t  o f  t h e  e l a s t i c  e n e r g y  a n d  v i c e  v e r s a .  Hence t h e  

c o m p e t i t i o n  be tween t h e s e  two o p p o s i n g  t e r m s  l e a d s  t o  f r u s t r a t i o n  

i n  t h e  s y s t e m .  D i f f e r e n t  ways o f  s a t i s f y i n g  t h e s e  two terms c a n  

r e s u l t  i n  e i t h e r  t h e  two- dimens iona l  and  ? p h a s e s  o r  a n  incommen- 

s u r a t e  p h a s e  i n  one- d imens ion .  F i g .  3.5 g i v e s  t h e  w a v e v e c t o r  r e p r e -  

s e n t a t i o n  o f  t h e s e  p h a s e s .  
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phases. (a)  A? phase, ibl phase, (cl Ephaab, 
and (dl incommensulrate -phase. 



Thus  t h e  model p r e d i c t s  a t h e r m o d y n a m i c a l l y  s t a b l e  incommen- 

s u r a t e  p h a s e .  The e x p e r i m e n t s  which h a v e  l e d  t o  t h e  first o b s e r v a-  

t i o n  o f  s u c h  a p h a s e  a r e  d e s c r i b e d  i n  t h e  s e c t i o n  3 . 3  o f  t h i s  c h a p t e r .  

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

model  d e v e l o p e d  by P r o s t  and  ~ a r o i s ' ~  i n  somewhat greater d e t a i l  

i n  S e c t i o n  3 . 2 .  

3 . 2  PHENOMENOLOGICAL MODEL 

The s m e c t i c  A p h a s e  c a n  be c h a r a c t e r i s e d  by e x p a n d i n g  t h e  

F o u r i e r  series o f  t h e  m a s s- d e n s i t y  wave - t h e  e x i s t e n c e  o f  a non- 

z e r o  F o u r i e r  component a t  a non- zero  w a v e v e c t o r  d e f i n e s  t h e  A p h a s e .  

C o u p l i n g  be tween t h e  f u n d a m e n t a l  and t h e  ha rmon ic  o f  t h e  d e n s i t y  

m o d u l a t i o n  was f i r s t  c a n s i d e r e d  by Meyer and  Lubensky.  2 6  W h i l e  

c o n s i d e r i n g  t h e  n e m a t i c- s m e c t i c  A (N-A) t r a n s i t i o n ,  t h e y  w r o t e  

t h e  f ree e n e r g y  as : 

+ 4 t h  o r d e r e d  terms + . . . . . . . . .  1 , 

where  A = a l ( T  - T I )  a n d  A = a 2 ( T  - T ) .  A c c o r d i n g  t o  them,  t h e  
1  2  2  

t h i r d  o r d e r  c o u p l i n g  be tween t h e  fundamen ta l  ( p  ) a n d  i t s  s e c o n d  
40  

ha rmon ic  ( p  ) i n  a s y s t e m  w i t h  s a t u r a t e d  n e m a t i c  o r d e r  c o u l d  
2qo 

d r i v e  t h e  N-A t r a n s i t i o n  t o  f i r s t  o r d e r  even  t h o u g h  t h e  McMillan 

c r i t e r i o n  f o r  s u c h  a s y s t e m  would demand a s e c o n d  o r d e r  N-A t r a n s i -  

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



on DB5CN, v i z . ,  ( 1 )  t h e  N-A t r a n s i t i o n  i n  t h i s  m a t e r i a l  is  s t r o n g l y  

first o r d e r  even though t h e  nemat ic  r a n g e  is  l a r g e  and ( 2 )  a n  X-ray 

d i f f r a c t i o n  p a t t e r n  c o n s i s t i n g  o f  two s p o t s  one  o f  them b e i n g  t h e  

second harmonic o f  t h e  o t h e r  was s e e n .  (Of c o u r s e ,  a t  t h a t  t i m e  

it was n o t  r e a l i s e d  t h a t  t h e  A phase  a f  t h i s  m a t e r i a l  was i n  f a c t  

t h e  b i l a y e r  A2  phase .  A s  s t a t e d  e a r l i e r ,  t h i s  was r e a l i s e d  much 

l a t e r  by S igaud  e t  a1. l 7  who obse rved  t h e  A 1  - A2 t r a n s i t i o n .  ) 

2  4 I n  o r d e r  t o  a c c o u n t  f o r  t h e  A ,  - A t r a n s i t i o n ,  P r o s t  e x p r e -  2  

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

t e r m  which was w r i t t e n  as 

B .rr The f r e e  e n e r g y  c a n  be minimised f o r  a = 812 and a = - + - . Def in -  
2  2  

i n g  y = 2  a - B , i t  is  e v i d e n t  t h a t  y can t a k e  o n l y  two v a l u e s ,  

v i z .  , 0  and IT. T h i s  b i n a r y  c h o i c e  f o r  Y is  e q u i v a l e n t  t o  t h e  p o s s i -  

b i l i t i e s  o f  s p i n  b e i n g  e i t h e r  up o r  down. Thus t h e  A 1  - A  t r a n s i t i o n  
2 

i s  e x p e c t e d  t o  b e l o n g  t o  t h e  n  = 1 ,  d  = 3 u n i v e r s a l i t y  c l a s s  o r  

t h e  I s i n g  u n i v e r s a l i t y  c l a s s .  According t o  t h i s  t h e o r y ,  whenever 

t h e  fundamental  ( p  ) condenses  i t  d r i v e s  a  non- zero P a n d  one 
90  2qo 

o b t a i n s  a b i l a y e r  s m e c t i c  A phase .  On t h e  o t h e r  hand,  when P 
2qo 

condenses  first,  no  b i l a y e r  o r d e r  a p p e a r s ,  i . e . ,  P = 0  . T h i s  
qo 

i s  i n  agreement  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  

Hence i t  is  c l e a r  t h a t  t h e  c o u p l i n g  between t h e  two o r d e r  



p a r a m e t e r s  is v e r y  i m p o r t a n t  t o  d e s c r i b e  a smectic A - s m e c t i c  

A t r a n s i t i o n .  I n  a Landau p i c t u r e  o n e  c a n  r e p l a c e  P by a n y  o t h e r  
0  

o r d e r  p a r a m e t e r  a n d  c a n  s t i l l  g e t  t h e  same b a s i c  r e s u l t s .  If we 

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

have  a n e t  e l e c t r i c  d i p o l e  moment and  a s  a c o n s e q u e n c e  t h e  d i p o l a r  

d e n s i t y  c a n  be w r i t t e n  a s  

where  t h e  n e t  d i p o l e  moment o f  t h e  ith m o l e c u l e  is w r i t t e n  as 

q ( r )  b e i n g  t h e  m o l e c u l a r  c h a r g e  d e n s i t y  and  V i s  t h e  volume o f  
i 

t h e  ith m o l e c u l e .  P r o s t  r e p l a c e d  p by t h e  m o l e c u l a r  e l ec t r i ca l  
2qo 

p o t e n t i a l  @ which  c a n  be c o n s i d e r e d  a s  a n  o r d e r  p a r a m e t e r ,  v i z . ,  

t h e  d i p o l a r  o r d e r  p a r a m e t e r .  A s t a t e  d e s c r i b e d  by P f  0 and  @ = 

0  d o e s  n o t  g i v e  t h e  same i n f o r m a t i o n  a s  a s t a t e  w i t h  4 F' 0 .  The 

m o l e c u l a r  a r r a n g e m e n t  c o r r e s p o n d i n g  t o  t h e s e  two cases are shown 

i n  F i g .  3 .6 .  I n  t h e  first case t a i l s  and  h e a d s  a re  a t  random w i t h i n  

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

e x i s t s .  

The mean f i e l d  f r e e  e n e r g y  c a n  be w r i t t e n  as  

where  F a n d  F2 a re  t h e  c o n t r i b u t i o n s  from t h e  two i n d e p e n d e n t  
1 
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and (6) @ # 0 bhowing the anti6eiioelectiic 
olrdet. (Fiom Red. 2 5 ) .  



s c a l a r  o r d z r  p a r a m e t e r s  p ( r )  and $ ( r )  r e s p e c t i v e l y  and  F i s  d u e  12  

t o  t h e  c o u p l i n g  between them. 

where  A l  = a l ( T  - T I )  a n d  A2  = a 2 ( T  - T 2 ) .  T1 a n d  T2 a re  t h e  

mean f i e l d  t r a n s i t i o n  t e m p e r a t u r e s  f o r  t h e  d i p o l a r  a n d  mass d e n s i t y  

o r d e r  p a r a m e t e r s  r e s p e c t i v e l y .  The c o n s p i c u 3 u s  a b s e n c e  o f  t h e  c u b i c  

terms i n  t h e  f ree e n e r g y  e x p r e s s i o n s  ( 1 )  a n d  ( 2 )  i n d i c a t e s  t h a t  

I t h e  model is f o r  a n  a n i s o t r o p i c  sys t em.  The e l a s t i c  terms - C 
2  2 

2  2  2  
[ (V2 + K2) p ( r ) 1 2  a n d  I C [ (v2  + K ) @ ( r ) ]  d e s c r i b e  t h e  p r e s e n c e  

2  1  1  

o f  t h e  d e n s i t y  m o d u l a t i o n s  p ( r )  and $ ( r )  t o  be a t  t h e i r  r e s p e c t i v e  

c h a r a c t e r i s t i c  l e n g t h s  k1 = 2n/K1 and  Q = 2n/K2. p  ( r )  a n d  t$ ( r )  

a re  c o u p l e d  by t h e  i n t e r a c t i o n  terms i n  F12. Up t o  f o u r t h  o r d e r ,  

F12 c a n  be w r i t t e n  a s  

Even though  a l l  t h e s e  terms are a l l o w e d  by symmetry,  n o t  a l l  o f  

them are a l w a y s  i m p o r t a n t .  The s i g n i f i c a n c e  o f  t h e  d i f f e r e n t  terms 

depends  o n  t h e  mismatch be tween k  a n d  Q 1 .  If w e  c o n s i d e r  Q 1 =  9, 

2  2  
t h e n  o n l y  A12p ( r )  @ ( r )  and  B I 2  p  ( r )  @ ( r )  terms are r e l e v a n t .  

2  
I f  Q1 = 2Q, t h e n  t h e  c o u p l i n g  terms A 1 2 p ( r ) @ ( r )  a n d  DZIP  ( r ) # ( r )  



are  n o t  n e c e s s a r y  and  c a n  be n e g l e c t e d .  If t h e  l e n g t h s  misma tch  

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

L e t  u s  now c o n s i d e r  t h e  c a s e ,  9, " 2 & .  Accord ing  t o  P r o s t  

a n d  ~ a r s i s ~ ~  p ( r )  a n d  $ ( r )  c a n  be d e f i n e d  a s  

p ( r )  = p  cos[2KZ + 8 (211  

a n d  

$ ( r )  = $2- $ c o s  CK + a ( z ) l  
Z 

where  p  and  $ c a n  be c o n s i d e r e d  t o  be s l o w l y  v a r y i n g  f u n c t i o n s  

o f  r. Then t h e  free e n e r g y  c a n  be w r i t t e n  as 

where  

A s t a t e  d e s c r i b e d  by P =  $ = 0 c o r r e s p o n d s  t o  t h e  d i s o r d e r e d  

p h a s e ,  namely ,  t h e  n e m a t i c  p h a s e .  I n  t h e  A 1  p h a s e ,  p  f 0 a n d  $ = 

0 .  I n  t h e  A p h a s e  p  f 0 a n d  $ f 0 a n d  K 2  = 2K1. Thus t h e  A2  p h a s e  
2  

i s  o b t a i n e d  by m a t c h i n g  p a n d  4 w a v e v e c t o r s  t o  a n  i n t e g e r  number 

2 .  It  is o b s e r v e d  t h a t  by c o n s i d e r i n g  K 2  = 2KI1 t h e  s y s t e m  g a i n s  

e n e r g y  t h r o u g h  t h e  c o u p l i n g  term a t  t h e  c o s t  o f  e las t ic  e n e r g y .  

On t h e  o t h e r  hand ,  c o n s i d e r i n g  t h e  p h a s e  m a t c h i n g  problem i n  t h e  

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



t h e  e x i s t e n c e  o f  a n  incommensura te  p h a s e  (Aic) .  Thus  t h e  d i f f e-  

r e n t  ways o f  s a t i s f y i n g  t h e  t h i r d  o r d e r  l o c k- i n  term c a n  y i e l d  

t h e  A o r  t h e  Aic  p h a s e .  2 

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

f ree e n e r g y ,  which  c a n  be w r i t t e n  a s  

.-a (5) 
B where  y = ct - - T h i s  free e n e r g y  e q u a t i o n  is i somorphous  t o  a 
2 ' 

classical  Sine- Gordon e q u a t i o n  and  l e a d s  t o  t h e  unmodu la t ed -modu-  

l a t e d  t r a n s i t i o n  as  was f irst  i n t r o d u c e d  by F r a n k  and  Van d e r  Merwe 27 

and  l a t e r  by d e  Gennes .  When t h e  l o c k- i n  t e r n  is  larger t h a n  

t h e  e l a s t i c  term, i . e . ,  when 

f3 t h e  p h a s e  d i f f e r e n c e  Y = Ct- - is  c o n s t a n t  t h r o u g h o u t  a n d  t h i s  r e s u l t s  
2 

i n  t h e  A2 p h a s e .  I n  t h i s  p h a s e  t h e  p e r i o d s  o f  t h e  two m o d u l a t i o n s  

are l o c k e d- i n  w i t h  a c o n s t a n t  p h a s e  d i f f e r e n c e  o f  2 ( s e e  F i g .  

3 . 7 ) .  

L e t  u s  now c o n s i d e r  t h e  o t h e r  c o n d i t i o n ,  i . e . ,  
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B Then t h e  s p a t i a l  dependence o f  t h e  phase  d i f f e r e n c e  (a-  2 )  i s  as 

shown i n  F i g .  3.8. The p a r t  o v e r  which y i s  a l m o s t  c o n s t a n t  and 

i s  f i x e d  a t  some s p e c i f i e d  v a l u e ,  c o r r e s p o n d s  t o  t h e  commensurate 

r e g i o n .  I t  i s  c l e a r  from t h e  diagram t h a t  f o r  t h i s  r e g i o n  Y =  (2n+l)lT/2 

f o r  t h e  n
th 

s t e p .  These  commensurate r e g i o n s  a r e  s e p a r a t e d  by 

discommensurate  r e g i o n s  where t h e  phase  v a r i e s  r a p i d l y  by Tr o v e r  

a c e r t a i n  c h a r a c t e r i s t i c  wid th .  T h i s  d iscommensurate  r e g i o n  which 

s e p a r a t e s  t h e  s u c c e s s i v e  commensurate r e g i o n s  a r e  r e f e r r e d  t o  as 

Ifphase s o l i t o n s M  and t h e  phase  which i s  c h a r a c t e r i z e d  by s u c h  a 

s t r u c t u r e  i s  c a l l e d  as  t h e  NIncommensurate ~ h a s e ~ ~ . ~ ~ - ~ ~  It c o n s i s t s  

of  l a r g e  r e g i o n s  of A2 which a r e  p e r i o d i c a l l y  s e p a r a t e d  by d e f e c t  

B walls o r  phase  s o l i t o n s  i n  which t h e  phase  d i f f e r e n c e  a -  jumps 

by a n  amount e x a c t l y  e q u a l  t o  l~ w i t h  a p e r i o d  Z which i s  t h e  s o l i t o n  

p e r i o d i c i t y .  F i g .  3.9 shows t h e  modulated s t r u c t u r e  o f  t h e  s o l i t o n .  

P r o s t  and B a r o i s  have a l s o  c o n s i d e r e d  t h e  c a s e  

t h e  phase  d i f f e r e n c e  y t e n d s  t o  show a l i n e a r  v a r i a t i o n  a s  shown 

i n  F i g .  3.10.  T h i s  r e f e r s  t o  t h e  weak c o u p l i n g  l i m i t ,  i . e . ,  t h e  

c o u p l i n g  e n e r g y  becomes v e r y  weak compared t o  t h e  e l a s t i c  e n e r g y .  

Now p and @ o r d e r s  c a n  d e v e l o p  i n d e p e n d e n t l y  and  a r e  supposed  t o  

be  coup led  o n l y  t h r o u g h  t h e  f o u r t h  o r d e r  terms. A s c h e m a t i c  r e p r e-  

s e n t a t i o n  o f  t h e  weakly  coup led  o r  p e r c o l a t e d  t y p e  o f  incommensurate  

A phase  h a s  been g i v e n  by P r o s t  and B a r o i s .  T h i s  is r e p r o d u c e d  



Spatial dependence 06 the p h a ~  teim 6 0 2  the btionghj 
coupled incommenbuiate pha~e. 



Soliton region 

Locked phase 
region 

Soliton region 

Schematic ~epiesentation 06 the ai~angement 06 the 

mofecufes in the stiongfq coupled incornmensu~ate 

phase. h o r n  Red. 251. 



Spatid dependence 06 the phabe di66ezence in the 
weakly coup!ed incommen~u.rate phabe. (Fzom Re6.30). 



in Fig. 3.11. Thus Prost and Barois have, on the basis of their 

phenomenological theory, predicted the existence of an incommensu- 

rate smectic A phase, i .e. , a smectic A phase with two incommensu- 

rate collinear periodicities. However such a phase was not seen 

experimentally. The only case repocted to ,date of a smectic with 

two coexisting incommensurate density modulations is the three ' 

dimensionally ordered smectic E phase of 4-0cty1-4~-cyanoterphenyl. 32 

In this chapter, we present the results of our X-ray studies 

on a binary system. These results which have led to the first obser- 

vation of a fluid incommensurate phase (designated as A ) will 
ic 

be presented in the next section. 

3 . 3  EXPERIMENTAL 

Materials 

The materials studied were 4-n-heptylo~yphenyl-4~-cyanobenzoy- 

loxy benzoate (D370CN) and its mixtures with 4-n-o~tyloxy-4~-cyano- 

biphenyl (80CB). The molecular structures as well as the transition 

temperatures of the two compounds are given in Fig. 3.12. 

X- ray Set Up 

X-ray studies have been conducted using the set up described 

in Chapter 11. Monochromatic copper Ka-radiation and a flat photo- 

graphic film which is located at the focus of the monochromator 

(bent quartz crystal) served as the source and the detector respec- 



Schematic zepzeaentation 06 weakly coupled incommenru- 

zate phase ahowing the exintence 06 two interpenetrating 
incommenauzate peziodicitien correhponding to the 

mo!eculat tength Iaotid molecules) and pait length 
(open mo!ecutea~. IFzom Red. 25) .  
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4-n - heptyloxyphenyl- 4'-cyanobenzoyloxybenzoate ( DB70CN ) 

Figure 3 .  I2 

The chemical btiuctu'lhs 06 80CB and DB1OCN along 
with the tranbition tempeiatures. 



t i v e l y .  Tne sample  was t a k e n  ~ I I  a  Lindemann glass c a p i l l a r y  ( 0 . 5  

mm d i a l  whose ends  were  s e a l e d  a f t e r  f i l l i n g  t h e  sample .  The sub- 

s t a n c e  was a lways  h e a t e d  t o  t h e  nemat ic  phase  and t h e n  c o o l e d  i n  

t h e  p r e s e n c e  o f  a  a a g n e t i c  f i e l d  ( 0 . 5  T) i n t o  t h e  s m e c t i c  A phase  
d  

t o  g e t  a n  o r i e n t e d  sample .  To g e t  a  p e r f e c t  monodomain sample  i n  

t h e  incommensurate phase  (Aic) i t  was n e c e s a r y  t o  c o o l  t h e  sample  

a t  a v e r y  s low r a t e  ( l ° C / h r )  th rough  t h e  Ad p h a s e  till t h e  Aic  

phase  was formed. A t y p i c a l  exposure  a t  any  t e m p e r a t u r e  t o o k  a b o u t  

20 m i n u t e s  d u r i n g  which t h e  t e m p e r a t u r e  was m a i n t a i n e d  t o  1100  

mK. The a c c u r a c y  i n  t h e  d e t e r m i n a t i o n  o f  l a y e r  s p a c i n g  was * 0.1  

0 
A o r  b e t t e r .  

3.4 RESULTS AND DISCUSSION 

The p a r t i a l  t e m p e r a t u r e- c o n c e n t r a t i o n  (T-X) d iagram o f  t h e  

DB70CN-80CB b i n a r y  sys tem is  shown i n  F i g .  3.13. It i s  s e e n  t h a t  

f o r  m i x t u r e s  w i t h  80CB c o n c e n t r a t i o n s  (X) up t o  249,  t h e r e  i s  t h e  

A d - ~ 2  t r a n s i t i o n .  F o r  X > 24%, t h e  incommensurate A (Aic) phase  

i n t e r v e n e s  between t h e  A and  A2 phases .  T h i s  phase  d iagram h a s  
d  

been o b t a i n e d  u s i n g  a combina t ion  o f  o p t i c a l  mic roscopy ,  DSC and 

X-ray methods.  The A d - A 2  t r a n s i t i o n  was n o t  d e t e c t a b l e  o p t i c a l l y  

b u t  c o u l d  be s e e n  b o t h  by DSC and X-ray e x p e r i m e n t s .  On t h e  o t h e r  

hand,  t h e  Ad - Aic and A i c - A 2  t r a n s i t i o n s  were  n o t  d e t e c t e d  by 

DSC b u t  c o u l d  be o b t a i n e d  by o p t i c a l  microscopy a s  w e l l  as  X-ray 

s t u d i e s .  O p t i c a l  s t u d i e s  showed t h a t  on c o o l i n g  t h e  sample  from 

t h e  Ad phase  z ig- zag  f o l d s  a p p e a r  on t h e  back o f  t h e  f o c a l  c o n i c  



PaitiaQ tsmpsiatuie-concentiation diagzam 6 0 2  vazying mol % IX )  

06 80CB in D87OCN. 



f a n s  a t  t h e  Ad - Aic t r a n s i t i o n  ( s e e  F i g .  3 . 1 4 ) .  These  become promi- 

n e n t  w e l l  i n  t h e  Aic  phase  and d i s a p p e a r  a t  t h e  Aic  - A2 t r a n s i t i o n .  

On t h e  o t h e r  hand,  on c o o l i n g  a  h o m e o t r o p i c a l l y  a l i g n e d  Ad p h a s e ,  

t h e  Aic phase  makes a d r a m a t i c  appearance  i n  t h e  form of l o o p s  

a s  shown i n  F i g .  3 .15.  These  d e f e c t s  do n o t  c o m p l e t e l y  c l e a r  o f f  

i n  t h e  A2 phase .  When t h e  sample  i s  h e a t e d  back i n t o  t h e  Aic p h a s e ,  

a b u r s t  o f  p a r a b o l i c  f o c a l  c o n i c  l i k e  d e f e c t s 3 3  a p p e a r  a t  t h e  A 2  - Aic 

t r a n s i t i o n  which do n o t  c l e a r  o f f  c o m p l e t e l y  i n  t h e  Ad phase .  

We s h a l l  now d i s c u s s  t h e  r e s u l t s  o f  t h e  X-ray i n v e s t i g a t i o n s .  

X-ray Studies 

We have c a r r i e d  o u t  l a y e r  s p a c i n g  measurements  f o r  s e v e r a l  

c o n c e n t r a t i o n s  a s  a f u n c t i o n  o f  t e m p e r a t u r e .  F o r  a l l  t h o s e  concen-  

t r a t i o n s  which do  n o t  e x h i b i t  t h e  Aic  phase ,  t h e  Ad - A2 t r a n s i t i o n  

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

t e m p e r a t u r e  p l o t .  F i g .  3 .16 shows t h e  t h e r m a l  v a r i a t i o n  o f  t h e  l a y e r  

s p a c i n g  n e a r  t h e  Ad - A2 t r a n s i t i o n  f o r  t h e  X = 18% m i x t u r e .  I n  

t h e  Ad p h a s e ,  t h e  l a y e r  s p a c i n g  shows a n  i n c r e a s e  w i t h  d e c r e a s e  

i n  t e m p e r a t u r e ,  t h e  r a t e  o f  v a r i a t i o n  i n c r e a s i n g  as t h e  A2 phase  

is  approached .  I n  tho3 A 2  phase  t h e  l a y e r  s p a c i n g  shows a small 

l i n e a r  i n c r e a s e  w i t h  d e c r e a s e  i n  t e m p e r a t u r e .  It may be r e c a l l e d  

t h a t  Hardouin e t  a1 .34 o b s e r v e d  t h e  Ad - A2 t r a n s f o r m a t i o n  i n  DBnOCl 

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

s p a c i n g ,  t h e  s l o p e  change s i g n i f y i n g  t h e  t r a n s i t i o n .  



Opt ica l  textuzeb obtained on tooting a Qocal conic .region 06 t h e  Ad phabe: 

( a )  Ad p h a ~ e  T =  IZO°C, (b j  a t  t h e  Ad-Aic  t ~ a n b i t i o n  T =  115.5*C, [c)  Aic 

p h a ~ e  T = 1 1  3.S°C, and [d l  A Z  p h a ~ e  T = 1 OS°C. 



Optical textuzeb in the Aic pira5e obtained on lal cooping (zom a 

homeotzopically aligned Ad plla~e T = 113OC, and (61 heating 6zom 

the A? pllaae T = IOB.S°C. 



Temperature  uatiation 06 the  lager bpaeing (dl i n  t h e  Ad and Ap 

phabeb 601 X = 18 mol %. 



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

t o  t h e  A d ,  Aic and A2  p h a s e s  f o r  t h e  34.8% m i x t u r e  i s  shown i n  

F i g .  3 .17.  I n  t h e  Ad p h a s e  t h e  l a y e -  s p a c i n g  (d = 2 n / q 1 )  i n c r e a s e s  
0 

w i t h  d e c r e a s e  o f  t e m p e r a t u r e .  The on- se t  of t h e  i n c o m e n s u r a t e  (A 
i c 

phase  i s  s i g n a l l e d  by t h e  appearance  o f  r e f l e c t i o n s  c o r r e s p o n d i n g  

t o  q0 and  2q0. Thus t h e  c h a r a c t e r i s t i c  d i f f r a c t i o n  p a t t e r n  o f  t h e  

A i c  
phase  h a s  3 s p o t s ,  c o r r e s p o n d i n g  t o  w a v e v e c t o r s  q 0 9  9C) and  

2 q 0 .  The v a r i a t i o n  o f  27T/q;) i n  t h e  Aic p h a s e  is o p p o s i t e  t o  t h a t  

i n  t h e  Ad phase  - d d e c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  t h r o u g h o u t  

t h e  Aic phase  w h i l e  i t  i n c r e a s e s  i n  t h e  A phase .  2 n / q 0  a n d  i ts  
d 

second  harmonic 27T/2q0 also show a d e c r e a s e ,  a l b i e t  l e s s  pronounced 

t h a n  t h a t  o f  2n/q;) ,  i n  t h e  A i c  phase .  A t  t h e  A i c - A 2  t r a n s i t i o n ,  

2n/qC) d i s a p p e a r s  and  bo th  2Tl/q and 2 n / 2 q 0  r e v e r s e  t h e i r  t r e n d ,  0 

i . e . ,  t h e y  s ta r t  i n c r e a s i n g  w i t h  d e c r e a s i n g  t e m p e r a t u r e .  

It s h o u l d  be ment ioned t h a t  we d i d  n o t  see a n y  r e f l e c t i o n s  

c o r r e s p o n d i n g  t o  c o m b i n a t i o n s  o f  q a n d  q 1  e v e n  a f t e r  v e r y  l o n g  0 0 

e x p o s u r e s .  (The s e t  up d i d  n o t  a l l o w  v e r y  low a n g l e  r e f l e c t i o n s  

( < 0.5O) t o  be rec.3rded.  ) Also  i t  was v e r i f i e d  t h a t  t h e  h i g h  a n g l e  

d i f f r a c t i o n  r i n g  was d i f f u s e  i n  a l l  t h e  t h r e e  p h a s e s ,  v i z . ,  Ad ' 

A i c  
a n d  A2  p h a s e s  showing t h e r e b y  t h a t  t h e  i n- p l a n e  o r d e r  i s  l i q u i d -  

l i k e  i n  t h e ~ e  phases .  

M i c r o d e n s i t o m e t e r  s c a n s  t a k e n  a l o n g  t h e  Z- ax i s  o f  a series 

o f  r e p r e s e n t a t i v e  p h o t o g r a p h s  f o r  t h e  X = 35% m i x t u r e  a r e  g i v e n  

i n  F i g .  3 .18.  F i g .  3.18a shows a s h a r p  peak a t  q '  c o r r e s p o n d i n g  0 



Figure 3.7 7 

Thermal variation 06 the lager opacing id) in the Ad, Ai, 

and A2 phaoeb 601 X = 34.8% mixture. 



Miclodensitometer dcans 06 the X-ray di66raction photographb 
taken along the Z-axib doz X = 34.8 mo! % mixtuze at 
l a l  119OC in the 4d phaae, (b l - l c j  117, 116, 114.50, and 
1 1  2°C in the Aic phaae and ld l  106°C in the A2 phase. 



t o  t h e  Ad p h a s e  a t  l l g ° C .  On c o o l i n g ,  a s e c o n d  s h a r p  peak  is  s e e n  

a t  q0 c l o s e  t o  q '  ( F i g .  3 . 1 8 b ) .  T h i s  c o r r e s p o n d s  t o  t h e  o n s e t  o f  0 

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

a t  q; d e c r e a s e s  w h i l e  t h a t  a t  qo i n c r e a s e s  w i t h  a n  accompanying  

i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  second  ha rmon ic  a t  2q F i g s .  3 . 1 8 ~  
0 ' 

a n d  d show t h e  s w i t c h  o v e r  o f  t h e  r e l a t i v e  s t r e n g t h s  o f  q t  a n d  
0 

q0 r e f l e c t i o n s .  F i n a l l y  a t  lO8OC t h e  peak  a t  qb d i s a p p e a r s  l e a v i n g  

a clear s i g n a t u r e  o f  t h e  A p h a s e  - s t r o n g  r e f l e c t i o n s  a t  q a n d  
2 0 

2q0 
( s e e  F i g .  3 . 1 8 f ) .  I t  s h o u l d  be emphas i zed  h e r e  t h a t  r e g a r d l e s s  

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

t h e  same a t  a l l  t e m p e r a t u r e s .  

The q u e s t i o n  may , b e  a s k e d  w h e t h e r  t h e  d i f f e r e n t  m o d u l a t i o n s  

o b s e r v e d  i n  t h e  Aic p h a s e  a re  t r u l y  c o l l i n e a r .  I n  o r d e r  t o  e n s u r e  

t h a t  t h i s  i s  t h e  case, X-Y i n t e n s i t y  c o n t o u r  d i a g r a m s  o f  s e v e r a l  

p i c t u r e s  t a k e n  i n  t h e  Aic  p h a s e  were  mapped u s i n g  a X-Y m i c r o d e n s i-  

t o m e t e r  ( Joyce- Loebl  S c a n d i g  3 i n  c o n j u n c t i o n  w i t h  a n  o n - l i n e  compu- 

t e r ) .  A t y p i c a l  c o n t o u r  d i a g r a m  i s  r e p r o d u c e d  i n  F i g .  3 .19 .  The  

w i d t h s  o f  t h e  d i f f r a c t i o n  s p o t s  a r e  0 . 8  x 10  -2 i - 1  i n  t h e  z - d i r e c -  

-2 ;-1 t i o n  a n d  1.7 x 1 0  i n  t h e  X- d i r e c t i o n .  The s l i g h t l y  h i g h e r  

w i d t h  i n  t h e  X- d i r e c t i o n  arises from t h e  g e o m e t r y  o f  t h e  X-ray 

monochromator  s e t  up.  However, i t  is  e v i d e n t  t h a t  a n y  d i s p l a c e m e n t s  

o f  t h e  r e f l e c t i o n s  a l o n g  t h e  X- axis  a r i s i n g  f rom a l a t e r a l  p e r i o d i -  

c i t y  o f  s e v e r a l  hundred  a n g s t o r m s  would h a v e  been  r e v e a l e d  from 

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



lntenbity contour map 06 5 Xray di66raction photograph 
taken 602 t h ~  X = 34.6 mol % mixture at 115.5"C. Widthb 

06 the bpotb are dibcunred in the text. The 4pot at Z q o  

hub been di~placed clooer to the other two bpota 401 

convenience. 



s p o t s  are indeed  c o l l i n e a r  a l o n g  t h e  z- a x i s .  Thus we have o b s e r v e d  

t h e  incommensurate s m e c t i c  A phase .  

The v a r i a t i o n  o f  t h e  l a y e r  s p a c i n g  ( d )  i n  t h e  A and  Aic 
d  

p h a s e s  were measured f o r  5  d i f f e r e n t  c o n c e n t r a t i o n s ,  ( X = 26.5, 

32 .0 ,  3 5 . 0 ,  37 .5  and 41.0%) a l l  o f  which show t h e  Aic  phase .  These  

d a t a  which a r e  shown i n  F i g .  3 .20  have been c o l l e c t e d  by t a k i n g  

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

0 

s p a c i n g  f o r  any  c o n c e n t r a t i o n  i s  r e p r o d u c i b l e  t o  w i t h i n  k 0 . 1  A .  

(We s h a l l  s e e  l a t e r  t h a t  t h i s  r e p r o d u c i b l e  a c c u r a c y  i n  t h e  a b s o l u t e  

d e t e r m i n a t i o n  o f  d  f o r  a n y  c o n c e n t r a t i o n  i s  v e r y  i m p o r t a n t ) .  It 

i s  s e e n  from F i g .  3 .20  t h a t  e s s e n t i a l l y  t h e  same b e h a v i o u r  is  s e e n  

f o r  a l l  t h ?  z o n c e n t r a t i o n s .  

It  can be a rgued  t h a t  t h e  Aic  phase migh t  p e r h a p s  be a two- 

p h a s e  r e g i o n  c o n s i s t i n g  o f  r e g i o n s  o f  A and A 2  and hence  t h e  d i f f -  
d  

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

t i o n  o f  t h e  d i f f r a c t i o n  p a t t e r n s  o f  t h e  two i n d i v i d u a l  p h a s e s .  

We s3all  assume A t o  be a  two-phase r e g i o n  and  t h e n  d i s c u s s  t h e  
i c 

l a y e r  s p a c i n g  v a r i a t i o n  t h a t  i s  e x p e c t e d  i n  t h a t  case. C o n s i d e r  

t h e  s c h e m a t i c  d iagram o f  F i g .  3.21.  I n  s u c h  a  c a s e  l e t  u s  c o n s i d e r  

a t i e  l i n e  MN ( a s  shown i n  F i g .  3 .21 - a  c o n s t a n t  t e m p e r a t u r e  l i n e  

p a r a l l e l  t o  t h e  c o n c e n t r a t i o n  a x i s  and c o n n e c t i n g  t h e  Ad - A i c  

and Aic  - A2 b o u n d a r i e s  (marked 1 and 2 i n  t h e  f i g u r e ) .  It  i s  well 

known35 t h a t  f o r  a l l  c o n c e n t r a t i o n s  a l o n g  s u c h  a  t i e  l i n e  t h e  l a y e r  

s p a c i n g  c o r r e s p o n d i n g  t o  t h e  Ad and A2 m o d u l a t i o n s  a r e  g i v e n  



Expetimental vatiation 06 the layet rpacing with the tempe- 
tatuze 601 diddetent concentzationr 06 BOCB in the Ad and 

Aic pharer. 



Schematic T-X diagzam 06 pha~e  b o u n d a ~ i e ~  in the .region 

06 exibtence 06 Aic. In the event 06 Aic being a two-phabe 

zegion, N M co T respond4 to a ' t i e - h e '  which intelrbects 

the Ad -Aic and Aic - A 2  boundazieb ma~hed I and 2 

at M and N zebpectivehj. 



by t h e  v a l u e s  a t  M and  N r e s p e c t i v e l y .  I n  o t h e r  words  f o r  a n y  concen-  

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

p h a s e  r e g i o n  a re  u n i q u e l y  de t e rmined36  by t h e  v a r i a t i o n s  a l o n g  

t h e  b o u n d a r i e s  1 a n d  2 .  T h i s  a l s o  i m p l i e s  t h a t  t h e  l a y e r  s p a c i n g  

e v a l u a t e d  a t  a n y  common t e m p e r a t u r e  s h o u l d  be i n d e p e n d e n t  o f  t h e  

c o n c e n t r a t i o n .  T h i s  i s  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g .  3 .22 .  

It is  clear t h a t  f o r  e v e r y  c o n c e n t r a t i o n  t h e  d a t a  f o r  27T/q1 i n  
0  

t h e  two p h a s e  r e g i o n  s h o u l d  f a l l  on t h e  same c u r v e .  T h i s  a rgumen t  

h o l d s  good f o r  2 T / q  a l s o .  On t h e  c o n t r a r y ,  t h e  e x p e r i m e n t a l  d a t a  
0  

shown i n  F i g .  3 .20  f o r  f i v e  c o n c e n t r a t i o n s  (X = 41%,  3 7 . 5 % ,  35%,  

32% a n d  2 6 . 5 % )  i n  t h e  Ad a n d  Aic p h a s e s  show t h a t  a t  a n y  t e m p e r a t u r e  

i n  t h e  Aic  p h a s e  t h e r e  i s  a c l e a r  change  i n  t h e  l a y e r  s p a c i n g  w i t h  

c o n c e n t r a t i o n  which  i s  c o n t r a r y  t o  what  is e x p e c t e d  i f  A was i c  

a two- phase r e g i o n .  I n  f a c t ,  we f i n d  t h a t  t h e  l a y e r  s p a c i n g  c o r r e s -  

p o n d i n g  t o  t h e  q  m o d u l a t i o n  a t  any  t e m p e r a t u r e  i n  t h e  Aic p h a s e  0  

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

s p e c i e s ,  v i z . ,  80CB. Thus  t h e  p o s s i b i l i t y  o f  t h e  Aic  p h a s e  b e i n g  

a two p h a s e  r e g i o n  i s  d e f i n i t e l y  r u l e d  o u t .  

DSC Studies 

F i g .  3 .23  shows t h e  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  r u n s  

f o r  p u r e  DB7OCN w h i l e  t h o s e  f o r  DB70CN and  80CB m i x t u r e s  are shown 

i n  F i g .  3 .24 .  These  r u n s  have  been p r e s e n t e d  a f t e r  n o r m a l i z i n g  

t o  u n i t  w e i g h t  o f  t h e  s a m p l e  s o  t h a t  t h e y  c a n  a l l  be  d i r e c t l y  compa- 

r e d .  A l l  t h e s e  e x o t h e r m s  were r e c o r d o d  a t  O.S°C/min c o o l i n g  r a t e  

a n d  0 . 5  m c a l / s e c  s e n s i t i v i t y .  The sample  was a l l o w e d  t o  e q u i l i b r i a t e  



Temperature 

Schematic zepzeaentation 06 the  expected temperatuze variat ion 

06 t h e  layez opacingo Ioolid cuzveal 602  diddezent concentza- 

tiono id t h e  Aic phaae weze a t w o  phaae zegion conaiating 

06 A2 and Ad zegiona. The daahed cutvea ahow t h e  experi-  

mental  vaziation in t h e  Ad phase. 



TEMPERATURE (OC) 

Fiqure  3.23 

DSC bean 601 pule  DBlOCN nhowing t h e  Ad - A 2  t ~ a n n i t i o n ,  

taken in t h e  cooling mode at O.S°C/min. ra te .  



125.0 130.0 135.0 140.0 145.0 150.0 155.0 

TEMPERATURE ( O C )  

DSC scans 60i didbetent  concent ia t ions  06 IOCR: (aj 6.30%, 
Ibl 12%, and icl 20% exhibiting only t h e  Ad - A 2  transi t ions.  

The t ~ a n s i t i o n  t e m p e i a t u i e s  a i e  shown b y  az zows .  A44 t h e  tuns w e ~ e  
taken at O.S°Clmin. cooling i a t e .  



TEMPERATURE (OC) 

DSC beans 60lr didbelent concentlrationb 06 dOCl3: Id) 31 % and 

(el 35.20% exhibiting Ad, Aic, and A2 phabeb. The tlrandtion 

tempezatulreb alre ahown by alrlrowb. A!! the TUnb weze taken 

at O.S°C/min. coo!ing late. 



f o r  a t  least  a n  hour  s o  t h a t  a  good base  l i n e  was o b t a i n e d .  It 

is i n t e r e s t i n g  t o  o b s e r v e  t h a t  t h e  A
d
- A  t r a n s i t i o n  shows a  r a p i d  2  

d e c r e a s e  i n  t h e  s t r e n g t h  of t h e  s i g n a l  w i t h  i n c r e a s i n g  80CB concen- 

t r a t i o n  ( s e e  F i g .  3.24a - e ) .  I n  f a c t  a t  X = 20% which  i s  o n l y  a  few 

p e r  c e n t  away from t h e  c o n c e n t r a t i o n  a t  which A makes i ts appea-  
i c 

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

change.  It  s h o u l d  be emphasized t h a t  i n  t h e  r e g i o n  where Aic phase  

e x i s t s  ( s e e  F i g .  3 a 24 d-el  , no s i g n a l s  were o b s e r v e d  c o r r e s p o n d i n g  

t o  t h e  Ad - Aic and Aic  - , A 2  t r a n s i t i o n s .  

3 .5  COMPARISON OF THE EXPERIMENTAL PHASE DIAGRAM EXHIBITING 

THE Aic PHASE WITH A RECENT THEORETICAL DIAGRAM 

It may be r e c a l l e d  t h a t  P r o s t  and ~ a r o i s ' ~  w h i l e  d i s c u s s i n g  

t h e  phenomenological  model,  have p o i n t e d  o u t  t h a t  i n  t h e  weak coupl-  

i n g  c a s e ,  t h e  f o u r t h  o r d e r  terms have t o  be c o n s i d e r e d  f o r  t h e  

m i n i m i z a t i o n  o f  t h e  f r e e  e n e r g y .  T h i s  h a s  i n  f a c t  been done by 

~ a r o i s ~ ~  who h a s  e x p r e s s e d  t h e  f r e e  e n e r g y  by i n c l u d i n g  t h e  f o a r t h  

o r d e r  terms a l s o .  He h a s  shown t h a t  t h e  phase  d iagram r e p r e s e n t e d  

i n  t h e  t empera tu re- incommensurab i l i ty  ( t - z )  p l a n e  i s  f u l l y  comaa- 

t i b l e  w i t h  o u r  e x p e r i m e n t a l  d iagram.  We s h a l l  c o n s i d e r  B a r o i s  e x t e n-  

s i o n  o f  t h e  model i n  some d e t a i l .  

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

c a n  be  d e s c r i b e d  by two one- dimens iona l ly  modula ted o r d e r  p a r a m e t e r s ,  

v i z . ,  t h e  d e n s i t y  modula t ion  d e s c r i b e d  by p ( r )  a n d  t h e  d i p o l a r  

o r d e r  p a r a m e t e r  $ ( r )  which j s s c r i b e s  t h e  l o n g  r a n g e  h e a d- t o- t a i l  



correlation of the polar molecules along the director : 

Mr) = Re[Jll(r)1 = ~e[l$~l exp (iqpz)] 

P(r) = Re [I$21(r)~ = ~e[1$~1 exp. (iqpZ)l 

where q and q denote the wavevectors for the polarization wave 
P P 

and density wave respectively, and $2 being the corresponding 

fields. In terms of these fields the Landau free energy described 

in the earlier section reduces to : 

where A = al(T - TI) and A2 = aZ(T - T2), T1 and T2 being the 1 

non-interacting !naan field transition temperatures of $l(r) and 

r . In this representation, the incommensurate (Aic) phase is 

defined by 1 1 f 0, 1 Q2 1 f 0 and q t 2 q p  It follows from the 
P 

incommensurability of q and q that the third order coupling term 
P P 

- DI2 Re( @ L  P ) oscillates along the Z-axis and hence averges to 

zero in the Aic phase. 

Minimisation with respect to the wavevectors and appropriate 

rescaling of variables38 lead to the following free energy which 

is analogous to that which describes the bic r i t i ca l- te t rac r i t i ca l  

problem. 39 



w i t h  

and 

B a r o i s  h a s  e v a l u a t e d  phase  d iagrams  by choos ing  6 ~ 1  = 9 and 6 ~ 2  

= 0 f o r  d i f f e r e n t  incommensurab i l i ty  p a r a m e t e r s  ( Z )  d e f i n e d  by 

K and K a r e  t h e  rninimised v a l u e s  o f  qp and q r e s p e c t i v e l y .  
1 2 P 

B a r o i s  obse rved  t h a t  t h e  t o p o l o g i c a l  f e a t u r e s  o f  t h e  t h e o r e t i -  

c a l  phase  d iagram i n  t h e  ( y l ,  y2)  p l a n e  a t  c o n s t a n t  Z d o e s  n o t  

r e semble  t h e  e x p e r i m e n t a l  DB70CN-80CB d iagram,  even  w i t h  r o t a t e d  

a x e s .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  it i s  c l e a r  t h a t  t h e  ( y  
1 '  y2)  

r e p r e s e n t a t i o n  a t  c o n s t a n t  incommensurab i l i ty  p a r a m e t e r  Z i s  n o t  

a p p r o p r i a t e  t o  d e s c r i b e  t h e  DB70CN-80CB system - t h e  r a t i o  o f  

a t h e  two l e n g t h s ,  i . e . ,  I1 ' / a ,  v a r i e s  s t r o n g l y  from DB70CN (T - 1.9)  

e 
t o  80CB (a - 1 . 4 ) .  T h e r e f o r e  t h e  incommensurab i l i ty  p a r a m e t e r  Z s h o u l d  

i n c r e a s e  s i g n i f i c a n t l y  from DB70CN t o  80CB. To c i r c u m v e n t  t h i s  

problem, B a r o i s  r e p r e s e n t e d  t h e  t h e o r e t i c a l  phase  d iagram i n  t h e  



( t , Z )  p l a n e  s o  t h a t  Z is now r e l a t e d  t o  t h e  c o n c e n t r a t i o n  as  d e p i c -  

t e d  i n  t h e  e x p e r i m e n t a l  T-X d iag ram.  The r e s u l t a n t  p h a s e  d i a g r a m  

is  shown i n  F i g .  3.25. I t  is c lear  t h a t  t h e  t o p o l o g y  o f  t h i s  d i a g r a m  

i s  i n  v e r y  good a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  D B 7 0 C N - 8 0 C B  d i a g r a m  

( s e e  F i g .  3.13) .  



Theo~e t i ca l  plot 06 t e m p e ~ a t u z e  ( t )  v ~ .  incommen4u~abili ty paqa- 
mete1 (Z) tahen(6tom Red. 37). 



APPENDIX 

After t h e  work d e s c r i b e d  i n  t h i s  c h a p t e r  was* c o m p l e t e d ,  

h i g h  r e s o l u t i o n  X-ray s t u d i e s 4 '  on DB7OCN were r e p o r t e d .  T h e s e  

s t u d i e s  showed t h l t  t h e r e  is  i n  f a c t  n o  A - A2 t r a n s i t i o n  i n  DB70CN, d  

b u t  t h e  A2  p h a s e  e v o l v e s  c o n t i n u o u s l y  f rom A p h a s e .  A l though  t h e s e  d  

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

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

d i ag ram.  We s h a l l  enume-ate t h i s  p o i n t  f u r t h e r .  

S i n c e  DB70CN i t s e l f  d o e s  n o t  e x h i b i t  t h e  A - A  t r a n s i t i o n ,  d  2  

t h e  A d -  A2  l i n e  shown i n  F i g .  3.13 i s  t h e r e f o r e  a s p u r i o u s  o n e .  

I n  v iew o f  t h i s ,  t h e  p h a s e  d i ag ram now g e t s  m o d i f i e d  s o  t h a t  t h e  

A i c  p h a s e  c a n  be c o n s i d e r e d  as  b e i n g  s u r r o u n d e d '  by A d & A  p h a s e s ,  
2  

A2 e v o l v i n g  c o n t i n u o u s l y  f rom Ad w i t h o u t  a p h a s e  t r a n s i t i o n .  F o r  

X > 245,  Aic i n t e r v e n e s  be tween Ad a n d  Ap p h a s e s .  I n t e r e s t i n g l y ,  

s u c h  a p h a s e  d i ag ram h a s  i n  fact  been  p r e d i c t e d  t h e o r e t i c a l l y  4  1 

( s e e  F i g .  3 . 2 6 ) .  



Figure 3.26 

Theoretical phabe diagram drawing the exirtence 06 Aic 
phaoe burzounded by Ad and A2 phaoeb. Beyond the region 

06 exirtence 06 Aic, A, ib been to evolve continuously 
drom Ad without a phabe tranbition. (From Red. 41 ) .  
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