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ABSTRACT

INCOMMENSURATE PHASE TRANSITION IN NaN02

by

Shen Li Qiu 

Adviser: Professor Herman Z. Cummins

The i n c o m m e n s u ra te  p h as e  t r a n s i t i o n  i n  NaN02  h a s  been  s t u d i e d  by 

t h e  f o l l o w i n g  e x p e r i m e n t s :

D i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  u n d e r  E - f i e l d  a l o n g  t h e  b - a x i s .

E l a s t i c  n e u t r o n  s c a t t e r i n g  u n d e r  E r f i e l d  a l o n g  t h e  b- .axis.

E l a s t i c  n e u t r o n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  a - a x i s .

E l a s t i c  n e u t r o n  s c a t t e r i n g  u n der  E - f i e l d  a l o n g  t h e  c - a x i s .

B r i l l o u i n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  c - a x i s .

I n e l a s t i c  n e u t r o n  s c a t t e r i n g .

D i f f u s e  n e u t r o n  s c a t t e r i n g .

D i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  u n d e r  h y d r o s t a t i c  p r e s s u r e .

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

By n u m e r i c a l l y  min imiz ing  t h e  Landau f r e e  e n e r g y  t h e  p r e d i c t i o n s  o f  

d i f f e r e n t  Landau f r e e  e n e r g y  e x p a n s io n s  f o r  t h e  p h a s e  d iag ra m  and t h e  

b eh a v io u r  o f  t h e  m o d u l a t i o n  wave v e c t o r  u n d e r  E - f i e l d  a l o n g  t h e  b ^ a x i s  

w e re  e x p l o r e d .  A l l  t h e  c o e f f i c i e n t s  in  t h e  f r e e  e n e r g y  have been d e t e m  

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



i v

s c a t t e r i n g  r e s u l t s  and t h e  s p o n t a n e o u s  p o l a r i z a t i o n  d a t a .

Some d i s c u s s i o n s  o f  t h e  f r e e  e n e r g y  model  a r e  g iven.  Compar ison  of  

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

e n e r g y  model  i n d i c a t e s  t h a t  t h e  p - t e r m  in  t h e  f r e e  e n e r g y  c a n n o t  be n e g ­

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

i n c l u d e d .  The re  i s  a n o t h e r  r e a s o n  why t h e  r r t e r m  c a n n o t  be  n e g l e c t e d :  

w i t h o u t  an  r r t e r m  t h e  p a r a  ->■ INC p h a s e  t r a n s i t i o n  w i l l  be o f  f i r s t  

o r d e r .  However ,  t h e  o b s e r v e d  p a r a  -> INC t r a n s i t i o n  i s  o f  s ec o n d  o r d e r .

E x t e n s i o n  o f  t h e  L i f s h i t z  p o i n t  t h e o r y  t o  t h e  c a s e  o f  a f i r s t  o r d e r  

t r a n s i t i o n  f rom  t h e  d i s o r d e r e d  p h a s e  t o  t h e  o r d e r e d  p h a s e  has  f o r  t h e  

f i r s t  t i m e  been  d i s c u s s e d  in  d e t a i l .  By f i t t i n g  o u r  d a t a  o f  t h e  e l a s t i c  

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

c a l c u l a t e d  r e s u l t s  we can  d e t e r m i n e  where  t h e  v i r t u a l  L i f s h i t z  p o i n t  

s h o u l d  o c c u r  and c o n s t r u c t  t h e  whole  p h a s e  t r a n s i t i o n  d iag ra m .

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

u n d e r  l o n g i t u d i n a l  e l e c t r i c  f i e l d  w e re  c a r r i e d  and some d i s c u s s i o n s  a r e  

p r e s e n t e d .

The m i c r o s c o p i c  t h e o r y  o f  Michel  and c o w o r k e r s  i s  r e v i e w e d .  Some o f  

t h e  r e s u l t s  o f  t h e  m i c r o s c o p i c  t h e o r y  a r e  c i t e d  f o r  co m p a r i so n  w i th  t h e  

r e s u l t s  o f  t h e  p h en o m e n o l o g i c a l  t h e o r y  and t h e  I s i n g  model .
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CHAPTER I

INTRODUCTION

A. Definition of an incommensurate phase
In  t h e  p a s t  two d e c a d e s  i n c o m m e n s u r a te  ( a b b r e v i a t e d  INC) p h a s e s  

h ave been o b s e r v e d  in  many m a t e r i a l s  and have  a t t r a c t e d  c o n s i d e r a b l e  i n ­

t e r e s t .  The INC p h a s e  i n  i n s u l a t i n g  n o n m ag n e t i c  c r y s t a l s  i s  d e f in e d  a s  a 

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

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

t o t y p i c  p h a s e  f rom  which i t  i s  d e r i v e d .  U s u a l l y  t h e  INC p h as e  i s  s t a b l e  

o n l y  in  a l i m i t e d  t e m p e r a t u r e  r a n g e ,  and t h e r e  i t s  l a t t i c e  m o d u l a t io n  

w a v e l e n g t h  g e n e r a l l y  becomes l o n g e r  w i th  d e c r e a s i n g  t e m p e r a t u r e .  At 

some t e m p e r a t u r e  a c o m m en s u r a t e  s t r u c t u r e  becomes more s t a b l e  t h a n  t h e  

I N C - s t r u c t u r e ,  and t h e  INC ^-commensurate " l o c k - i n "  phase  t r a n s i t i o n  t a k e s  

p l a c e .  Thus we have a  s e q u e n c e  o f  prototypic->INC->commensurate p h a s e s 1.

The mos t  c h a r a c t e r i s t i c  f e a t u r e s  o f  I N C - s t r u c t u r e s  a r e  t h e i r  d i f ­

f r a c t i o n  p a t t e r n s ,  which c o n s i s t  o f  p r i m a r y  o r  p a r e n t  Bragg r e f l e c t i o n s  

i n  a  r e g u l a r  a r r a y  i n  r e c i p r o c a l  s p a c e ,  b u t  w i th  e ach  o f  t h e s e  r e c i p r o c a l  

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

l e c t i o n s  w i th  t h e i r  own c h a r a c t e r i s t i c  s p a c in g .  In  s p i t e  o f  t h e  d i s c r e t e  

c r y s t a l - l i k e  d i f f r a c t i o n  p a t t e r n ,  I N C - s t r u c t u r e s  a r e  n o t  c r y s t a l l i n e  in  

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

sym m et ry .  I N C - s t r u c t u r e s  do n o t  b e lo n g  t o  any o f  t h e  no rm a l  t h r e e  

d im e n s i o n a l  s p a c e  g r o u p s 2. However,  de W o l f f 3 h a s  d i s c u s s e d  a c l a s s i f i c a ^  

t i o n  f o r  t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e s  a s  a  c r o s s - s e c t i o n  o f  a hyp-> 

o t h e t i c a l  f o u r - d i m e n s i o n a l  s t r u c t u r e  where  t h e  added d im ens ion  r e p r e ­

s e n t s  t h e  e v o l u t i o n  o f  t h e  a c t u a l  s t r u c t u r e  u nde r  a c o n t i n u o u s  change  in
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t h e  p h a s e  o f  t h e  m o d u l a t i o n .  The d i f f r a c t i o n  p a t t e r n  can  be v iewed as  

t h e  p r o j e c t i o n  o n t o  t h e  t h r e e  " p h y s i c a l "  d im en s io n s  o f  a  n e t  o f  f o u r ­

d im e n s i o n a l  r e c i p r o c a l  l a t t i c e  p o i n t s .

The p o s s i b i l i t y  o f  a p h as e  t r a n s i t i o n  l e a d i n g  t o  a m o d u l a t e d  INC 

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

t i o n s  d e v e lo p e d  lo n g  ago by Landau and L i f s h i t z 1*. C r y s t a l s  w he re  t h e  

L i f s h i t z  i n v a r i a n t  (composed o f  t e r m s  b i l i n e a r  in  t h e  o r d e r  p a r a m e t e r  

com ponen t s  and t h e i r  s p a t i a l  f i r s t  d e r i v a t i v e s )  i s  a l l o w e d  by s y m m et ry  

r e p r e s e n t  t y p e  I  INC s y s t e m s .  INC p h a s e s  may u n d e r  c e r t a i n  c i r c u m s t a n c e s  

o c c u r  a l s o  in  s y s t e m s  w he re  t h e  L i f s h i t z  i n v a r i a n t  i s  f o r b i d d e n  by sym­

m e t ry  ( i . e .  in  t y p e  I I  INC s y s t e m s  s u ch  a s  NaNC>2 , Sc(NH2) 2 o r  Cs2H g B r J .

INC c r y s t a l s  a r e  i n t e r e s t i n g  f rom t h e  p o i n t  o f  view o f  b a s i c  p h y s i c s  

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

one o f  t h e  most  f u n d a m e n t a l  a s s u m p t i o n s  o f  s o l i d  s t a t e -  t h e o r y ,  t h e y  

show a  number o f  new phenomena which a r e  n o t  fo u n d  in  t r a n s l a t i o n a l l y  

p e r i o d i c  c r y s t a l s .  S in ce  t h e y  p o s s e s s  t h r e e - d i m e n s i o n a l  l o n g  r a n g e  o r d e r  

b u t  l a c k  t r a n s l a t i o n a l  p e r i o d i c i t y  INC s y s t e m s  a r e  i n t e r m e d i a t e  b e t w e e n  

c l a s s i c a l  p e r i o d i c  c r y s t a l s  and a p e r i o d i c  b i o l o g i c a l  s y s t e m s .  The s t u d y  

o f  INC s y s t e m s  may t h u s  l e a d  t o  an improved  u n d e r s t a n d i n g  o f  a p e r i o d i c  

m a t e r i a l s  and p e r h a p s  even  l i v i n g  m a t t e r 5.

B. Crystal structure of NaN02
Sodium n i t r i t e  (NaNC>2 ) was t h e  f i r s t  d i e l e c t r i c  c r y s t a l  d i s c o v e r e d  

t o  e x i s t  in  an INC p h as e .  I t  h a s  a s i m p l e  c r y s t a l  s t r u c t u r e .  The c r y s t a l  

s t r u c t u r e  a t  room t e m p e r a t u r e  was f i r s t  d e t e r m i n e d  by Z i e g l e r 6 in  1931. 

Accord ing t o  h i s  s t u d y ,  NaNC>2 h a s  a body c e n t e r e d  o r t h o r h o m b i c  l a t t i c e .  

Each N0 2 -1 ion  i s  s u r r o u n d e d  by s i x  Na+ ions  in  n e a r e s t  n e ig h b o u r  p o s i ­
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t i o n s .  I t s  s p a c e  gr oup  i s  C?2°y—Im2m, i . e .  t h e r e  a r e  two m i r r o r  p l a n e s  

p e r p e n d i c u l a r  t o  t h e  a  and c a x e s  and t h e  two f o l d  a x i s  i s  a l o n g  t h e  i n ­

t e r s e c t i o n  o f  t h e s e  p l a n e s  ( p a r a l l e l  t o  t h e  b - a x i s ) .  The b o d y - c e n t e r e d  

o r t h o r h o m b i c  u n i t  c e l l  i n  t h e  low t e m p e r a t u r e  p h a s e  i s  d e p i c t e d  in  Fig .  

1 . 1 .

S t r i j k  and M a c G i l l a v r y 7*8 fo und  a  p h a s e  t r a n s i t i o n  a t  a b o u t  158°C 

from an a b r u p t  change  in  t h e  t e m p e r a t u r e  c o e f f i c i e n t s  o f  t h e  u n i t  c e l l  

c o n s t a n t s ,  and found t h a t  t h e  low t e m p e r a t u r e  s t r o n g  p i e z o e l e c t r i c  

e f f e c t  d i s a p p e a r s  above t h i s  t e m p e r a t u r e .  Ac co rd ing  t o  t h e i r  s t r u c t u r e  

a n a l y s i s ,  a  t h i r d  m i r r o r  p l a n e  p e r p e n d i c u l a r  t o  t h e  b - a x i s  a p p e a r s  in  t h e  

h igh  t e m p e r a t u r e  p h a s e ,  and t h e  s p a c e  grou p  ch a n g e s  t o  D|^— Immm.

The sym m et ry  o f  t h e  INC-phase  o f  NaNCb h a s  been  d i s c u s s e d  by v a r i ­

ous a u t h o r s 9-15. Accord ing  t o  He in e11* t h e  INC p h a s e  may be  w r i t t e n  a s :

(INC s t r u c t u r e )  = ( a v e r a g e  s t r u c t u r e )  + C i c o s Q t  + C2 Sin Q - r  (1.1)  

Where C-|, C2  a r e  two p u r e  co mponen t  d i f f e r e n c e  s t r u c t u r e s  w i t h  t h e  

p e r i o d i c i t y  o f  t h e  u n d e r l y i n g  l a t t i c e .  The s y m m e t r i e s  o f  C-|, C2 a r e  two 

r e l a t e d  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  t h e  s p a c e  g ro up  Immm o f  t h e  a v e r ­

age  s t r u c t u r e  ( e q u a l  t o  t h e  d i s o r d e r e d  s t r u c t u r e  a t  h igh t e m p e r a t u r e )  

a s s o c i a t e d  w i th  t h e  p o i n t  q=0 o f  r e c i p r o c a l  s p a c e .  The C-] component  i s  

t h e  p u r e  f e r r o e l e c t r i c  a l i g n m e n t  o f  t h e  N0Z~ i o n s ,  w i t h  t h e  i r r e d u c i b l e  

r e p r e s e n t a t i o n  B-|u and t h e  s y m m et ry  o f  C2  i s  B2 g . The sym m et ry  d e s c r i p ­

t i o n  b a se d  on t h e  abov e f o r m u l a  i s  f u l l y  c o n s i s t e n t  w i t h  t h e  d i s c u s s i o n  

in  t e r m s  o f  a  f o u r - d i m e n s i o n a l  s p a c e  g ro u p  by J a n s s e n  e t  a l 13. R e c e n t l y  

Yamamoto15 c a r r i e d  o u t  t h e  s t r u c t u r e  a n a l y s i s  o f  t h e  INC p h a s e  b a s e d  on 

t h e  s u p e r - s p a c e - g r o u p  P1̂ ™ "1 t o  c l a r i f y  t h e  d i s c r e p a n c y  b e t w e e n  t h e  

s u p e r - s p a c e ^ g r o u p s  ded uced  f rom  t h e o r y  and e x p e r i m e n t  and com pare  t h e  

r e s u l t  w i t h  t h a t  o f  t h e  model  b a s e d  on p I 2 mm # He c o n c lu d e d  t h a t  t h e
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s u p e r - s p a c e - g r o u p  o f  t h e  INC-phase  o f  NaN0 2  i s  •

The s t r u c t u r e  a n a l y s i s  o f  NaN0 2  h a s  been  r e f i n e d  by many r e s e a r c h ­

e r s 16-21. In  each  p r i m i t i v e  u n i t  c e l l  t h e r e  i s  one  f o r m u l a  u n i t  b o t h  above 

and bel ow  t h e  t r a n s i t i o n  t e m p e r a t u r e 22, 23. L a t t i c e  p a r a m e t e r s  a v e r a g e d  

o v e r  s e v e r a l  d e t e r m i n a t i o n s  a r e  l i s t e d  in  T a b l e  1 .1 .

NaNC>2 was f i r s t  shown t o  be f e r r o e l e c t r i c  by Sawada e t  a l . 21* in  

1958. The f e r r o e l e c t r i c  a x i s  i s  t h e  b - a x i s .  I t  was p o i n t e d  o u t  t h a t  t h e  

main c o n t r i b u t i o n  t o  t h e  s p o n t a n e o u s  p o l a r i z a t i o n  comes f rom t h e  r e l a ­

t i v e  d i s p l a c e m e n t  b e tw e en  Na+ and NC^1- i o n s 25. The c o n t r i b u t i o n  o f  NC>2 -  

g ro u p s  t o  t h e  s p o n t a n e o u s  p o l a r i z a t i o n  i s  n o t  l a r g e r  t h a n  15$ o f  t h e  

t o t a l ,  owing t o  i t s  c o v a l e n t  c h a r a c t e r 26. The s p o n t a n e o u s  p o l a r i z a t i o n  

was m eas u red  by many r e s e a c h e r s 21*-29. The l a t e s t  r e s u l t 29 i s  shown in  Fig.  

1 .2 .  The r e s u l t  in  Fig.  1 .2 d e m o n s t r a t e s  t h a t  t h e r e  i s  a d i s c o n t i n o u u s  

s t e p  o f  Ps  a t  t h e  C u r ie  t e m p e r a t u r e  o f  a b o u t  6 pc cm-2 . A s a t u r a t i o n  

v a l u e  o f  Ps = 11.7 pc cm- 2  i s  e s t i m a t e d .

The f a c t  t h a t  above  t h e  C u r ie  t e m p e r a t u r e  t h e r e  i s  no m e a s u r a b l e  

p o l a r i z a t i o n  i n d i c a t e s  t h a t  t h e  o r d e r e d  a r r a n g e m e n t  o f  NO2 -  g r o u p s  a t  

low t e m p e r a t u r e  become d i s o r d e r e d  a t  t h e  t r a n s i t i o n  t e m p e r a t u r e .  The 

random r e o r i e n t a t i o n  o f  NO2 -  i o n s  a l o n g  e i t h e r  +b o r  - b  c a u s e s  t h e  s p o n ­

t a n e o u s  p o l a r i z a t i o n  t o  be z e r o .  Sawada and Nomura25>26 c l a i m e d  t h a t  t h e  

t r a n s i t i o n  in  NaNC>2 i s  e s s e n t i a l l y  o f  t h e  d i s p l a c i v e  t y p e  even  i f  i t  i s  

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

NaN0 2 , Michel  e t  a l . 30 a l s o  co n c lu d e d  t h a t  we have in  NaN0 2  a p h a s e  t r a n ­

s i t i o n  o f  b o t h  o r d e r - d i s o r d e r  and d i s p l a c i v e  c h a r a c t e r .

At t h e  t r a n s i t i o n  t e m p e r a t u r e ,  t h e  r e o r i e n t a t i o n  o f  NO2 -  g r o u p s  can  

be r e a l i z e d  in  one o f  t h e  f o l l o w i n g  two ways:  (1) By r o t a t i o n  a r o u n d  t h e  

a - a x i s ,  o r  (2) By r o t a t i o n  a round  t h e  c - a x i s .  S a t o  e t  a l . 31, and C h i s l e r



e t  a l . 32 s u p p o r t e d  mechanism (1) f rom t h e i r  I .R.  a b s o r p t i o n  and Raman 

e x p e r i m e n t s .  A s udden  change  in  t h e  f r e q u e n c y  w2 (153 cm"1) n e a r  t h e  

C ur i e  t e m p e r a t u r e  was o b s e r v e d .  Th is  s udden  change  n e a r  t h e  C u r ie  t em ­

p e r a t u r e  i m p l i e s  t h a t  r e o r i e n t a t i o n  o f  N0 2 “ i o n s  i s  a round  t h e  a - a x i s .  On 

t h e  o t h e r  hand,  B e t s u y a k u 33 f rom NMR s t u d i e s  o f  Na in  NaN0 2 , Suzuki  e t  

a l . 31*“ 37 f r om  t h e i r  x n r a y  t o p o g r a p h i c  s t u d i e s  o f  domain w a l l  g ro w th ,  Iwa-i 

izumi  e t  a l . 38 f r om  t h e i r  ESR e x p e r i m e n t  on NO2  r a d i c a l s ,  S ingh e t  a l . 39 

f rom t h e i r  19N n u c l e a r  q u a d r u p o l e  r e s o n a n c e  e x p e r i m e n t s ,  Sh ibuya  e t  a l . 1*0 

f r om  a  d i s c u s s i o n  o f  x - r a y  s t r u c t u r a l  r e s u l t s ,  and Kay20 and H arada e t  

a l . 1*1 f rom n e u t r o n  d i f f r a c t i o n  r e s u l t s  a r r i v e d  a t  t h e  same c o n c l u s i o n :  

t h e  r e o r i e n t a t i o n  o c c u r s  by r o t a t i o n  a r o u n d  t h e  c - a x i s .  The s t e r i c  h in ­

d r a n c e  p o t e n t i a l  o f  an  N02  g ro up  i n  t h e  cage  o f  t h e  s i x  s u r r o u n d i n g  Nar 

a to m s  was c a l c u l a t e d  n u m e r i c a l l y  by E h r h a d t  and M i c h e l 23 and i s  i l l u s n  

t r a t e d  i n  Fig .  1.3» w he re  <p d e n o t e s  a r o t a t i o n  a r ound  t h e  a - a x i s  and $ a 

r o t a t i o n  a r o u n d  t h e  c - a x i s .  From Fig.  1.3 one comes t o  t h e  c o n c l u s i o n  

t h a t  t h e  r e o r i e n t a t i o n s  o f  N0 2 ~ g r o u p s  t a k e  p l a c e  e s s e n t i a l l y  t h r o u g h  

r o t a t i o n s  a ro u n d  t h e  c - a x i s .  R o t a t i o n s  a r o u n d  t h e  a - a x i s  a r e  e n e r g e t i - i  

c a l l y  much l e s s  p r o b a b l e .  S in ce  t h e  d u r a t i o n  o f  r e o r i e n t a t i o n  o f  a  s i n g l e  

N0 2 ~ group  in  t h e  s t r o n g  c r y s t a l l i n e s  f i e l d  i s  n e g l i g i b l y  s m a l l  in  com­

p a r i s o n  w i t h  t h e  l i f e t i m e  o f  f e r r o e l e c t r i c  f l u c t u a t i o n s ,  t h e  a n g l e  i|> can 

be  t a k e n  e q u a l  t o  z e r o .

C. Historical review
The e x i s t e n c e  o f  an  INC-phase  o f  NaNC>2 j u s t  above  t h e  f e r r o e l e c t r i c  

C u r i e  t e m p e r a t u r e  was f i r s t  s u g g e s t e d  by T a n i s a k i 1*2 i n  1951. His x - r a y  

s c a t t e r i n g  m e a s u r e m e n t s  showed t h a t  j u s t  above t h e  C u r ie  t e m p e r a t u r e  

some o f  t h e  Bragg r e f l e c t i o n s  d e v e lo p e d  s y m m e t r i c a l  s h a r p  s a t e l l i t e s
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a l o n g  t h e  a - a x i s .  The s a t e l l i t e s  c o r r e s p o n d  t o  a p e r i o d i c  m o d u l a t i o n  of  

t h e  c r y s t a l  s t r u c t u r e  a l o n g  t h e  a - a x i s ,  and t h e  p e r i o d  c a l c u l a t e d  f rom 

t h e  s e p a r a t i o n  b e t w e e n  s a t e l l i t e  and n o r m a l  p ea k s  i s  ab o u t  8 . 4 a  w he re  a 

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

m o d u la t e d  p h as e  o f  NaNC>2 i s  d e p i c t e d  in  Fig.  1 .4 .

In 1963, Yamada1*3 i n v e s t i g a t e d  t h e  t e m p e r a t u r e  dependence  o f  t h e  

s a t e l l i t e  i n t e n s i t y .  He found  t h a t  w i th  i n c r e a s i n g  t e m p e r a t u r e ,  t h e  i n ­

t e g r a t e d  i n t e n s i t y  o f  t h e  Bragg r e f l e c t i o n  d e c r e a s e s  q u i t e  a b r u p t l y  and 

a t  1o3°C d i s t i n c t  s a t e l l i t e s  peaks  a p p e a r  which a r e  o b s e r v e d  in  a  v e ry  

n a r r o w  t e m p e r a t u r e  r a n g e  and which become d i f f u s e  w i th  i n c r e a s i n g  t em ­

p e r a t u r e .  I t  was c o n c lu d e d  t h a t  t h e  p h as e  t r a n s i t i o n s  in  NaN0 2  s h o u l d  be 

c o n s i d e r e d  in  two s t a g e s .  At 163°C, f e r r o e l e c t r i c i t y  d i s a p p e a r s  a t  a 

f i r s t  o r d e r  t r a n s i t i o n  and t h e  s y s t e m  becomes a n t i f e r r o e l e c t r i c .  At 

ab o u t  164°C, t h e  s y s t e m  u n d e r g o e s  a n o t h e r  p h a s e  t r a n s i t i o n  o f  sec ond  

o r d e r ,  becoming p a r a e l e c t r i c .  Yamada p ro p o s e d  a s i n u s o i d a l  a n t i f e r r o e l e c -  

t r i e  s t r u c t u r a l  model  i n  which t h e  s u c c e s s i v e  a - p l a n e s  h ave  a s i n u s o i ­

d a l l y  m o d u la t e d  m agn i tude  o f  d i p o l e s .  Ac co rd ing  t o  t h i s  model ,  h i g h e r -  

o r d e r  s a t e l l i t e s  s h o u l d  n o t  be o b s e r v e d .  3 o t h  x - r a y  d i f f r a c t i o n  and neu ­

t r o n  s c a t t e r i n g  r e s u l t s  s u p p o r t  t h i s  p r e d i c t i o n 1*3" 1*7.

In  1964, Hamano1*8 showed t h a t  t h e  d i e l e c t r i c  c o n s t a n t  £5  e x h i b i t s  

two peaks  ( a t  Tj and T^) which move t o g e t h e r  u nde r  an a p p l i e d  b i a s i n g  

e l e c t r i c  f i e l d  E^, merg ing  i n t o  a s i n g l e  peak a t  Efj-Skv/cm.  He a l s o  found 

t h a t  t h e  p i e z o e l e c t r i c  c o e f f i c i e n t  d22 e x h i b i t s  two peaks  a t  low b i a s  

f i e l d  which merge i n t o  a  s i n g l e  peak a t  Eb~4kv/cm.  E x t e n s i v e  d i e l e c t r i c  

s t u d i e s  by H a t t a 1*9 and h i s  c o w o r k e r s  r e v e a l e d  t h a t  t h e  d i e l e c t r i c  con­

s t a n t  i s  s t r o n g l y  f r e q u e n c y  d e p e n d e n t ,  e x h i b i t i n g  D e b y e - ty p e  d i s p e r s i o n  

w i th  a s i n g l e  r e l a x a t i o n  t im e  above Tj.  Yamada e t  a l . so a n a l y z e d  t h e  d i e ­
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l e c t r i c  r e l a x a t i o n  in t e r m s  o f  an I s i n g  model  in  which t h e  p o l a r  NO2 

g r o u p s  can  f l i p  b e t w e e n  two  s t a b l e  (+b, -b )  o r i e n t a t i o n s  and i t  was 

fo und  t h a t  t h e  r e l a x a t i o n  t im e  o f  t h e  f l i p p i n g  m ot ion  o f  e ach  N02~ group 

a t  h igh t e m p e r a t u r e s  i s  o f  t h e  o r d e r  o f  1 0 ~ u  s e c o n d s .

Two a n o m a l i e s ,  a t  Tj and were  a l s o  fo u n d  in  t h e  t h e r m a l  e x p a n -  

s i o n  c o e f f i c i e n t  by Ema e t  a l . 51 a s  w e l l  a s  in  t h e  s p e c i f i c  h e a t  by Hosh-  

i n o 52 and S ak iyam a53. With i n c r e a s i n g  t e m p e r a t u r e  t h e  c r y s t a l  expands  in  

t h e  a and b d i r e c t i o n  . w h i l e  i t  c o n t r a c t s  i n  t h e  c d i r e c t i o n .  The c o e f f i ­

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

b d i r e c t i o n .  The l i n e a r  c o m p r e s s i b i l i t i e s  o f  NaN0 2  we re  d e t e r m i n e d  from 

x - r a y  d i f f r a c t i o n  by Hazen e t  a l . si* and t h e  a x i a l  c o m p r e s s io n  r a t i o s  in  

NaNC>2 we re  d e t e r m i n e d  a s  a : b : c = 1 .0  : 0 .46 : 0 .2 8  .

In 1965, Gesi  e t  a l . 55 i n v e s t i g a t e d  t h e  T depend ence  o f  t h e  d i e l e c ­

t r i c  c o n s t a n t  e22 o f  NaN0 2  u n d e r  h y d r o s t a t i c  p r e s s u r e .  Both  Tj and T^ i n ­

c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e ,  and t h e  t e m p e r a t u r e  r a n g e  of  t h e  INC- 

p h a s e  b r o a d e n s  w i t h  i n c r e a s i n g  p r e s s u r e  f rom 1°C a t  14.5 p s i  t o  a b o u t  8 °C 

a t  145,000 p s i .

N e u t ro n  s c a t t e r i n g  s t u d i e s  o f  NaN0 2  w e re  f i r s t  r e p o r t e d  by S a k u r a i  

e t  a l . 56 who i n v e s t i g a t e d  t h e  l a t t i c e  dynamics  o f  b o t h  t h e  C2 V o r t h o r h o m -  

b i c  Im2m f e r r o e l e c t r i c  s t r u c t u r e  below Tj and t h e  D2 h o r t h o r h o m b i c  p a r a -  

e l e c t r i c  Immm s t r u c t u r e  above Tj .  No s o f t  mode was o b s e r v e d .  N e u t r o n  and 

x - r a y  d i f f r a c t i o n  e x p e r i m e n t s  on NaN0 2  we re  r e p o r t e d  by Durand e t  a l .  

who a l s o  e x t e n d e d  t h e i r  i n v e s t i g a t i o n  t o  t h e  e f f e c t s  o f  a p p l i e d  e l e c t r i c  

f i e l d s 1*6. S7<S8.

D i f f u s e  x - r a y  s c a t t e r i n g  and d i f f u s e  n e u t r o n  s c a t t e r i n g  we re  s t u ­

di ed  by many r e s e a r c h e r s 107. 108* 57. As t e m p e r a t u r e  i s  d e c r e a s e d ,  t h e  i n t e n -  

s i t y  o f  t h e  d i f f u s e  s c a t t e r i n g  becomes s t r o n g e r  and i t s  b r e a d t h  n a r r o w e r



and f i n a l l y  i t  grows i n t o  a s a t e l l i t e  peak  a t  Tj.  The peak  p o s i t i o n  o f  

d i f f u s e  s c a t t e r i n g  i s  o b o u t  0 .12  a* a t  Tj and i n c r e a s e s  w i t h  i n c r e a s i n g  

t e m p e r a t u r e  t o  ab o u t  0 .20 a* a t  -  185°C100.

U l t r a s o n i c  v e l o c i t y  and a b s o r p t i o n  m e a s u r e m e n t s  on NaN0 2  w e re  r e p ­

o r t e d  by Ota  e t  a l . 59, H a t t a  e t  a l . 60*61, H a t t a 62*63 and Esayan  e t  a l . 61**65 

D i s t i n c t  a n o m a l i e s  in  t h e  e l a s t i c  c o n s t a n t s  and a b s o r p t i o n  c o e f f i c i e n t s  

we re  o b s e r v e d ,  p a r t i c u l a r l y  f o r  Cu  and C22. H a t t a  h a s  a p p l i e d  mode c o u ­

p l i n g  t h e o r y  in  a n a l y z i n g  t h e  u l t r a s o n i c  d a t a  t o  e x t r a c t  t h e  t e m p e r a t u r e  

d ep e n d e n t  r e l a x a t i o n  t i m e  o f  o r d e r  p a r a m e t e r  f l u c t u a t i o n s  which c o u p l e  

t o  t h e  a c o u s t i c  modes i n  t h i r d  o r d e r .  B r i l l o U i n  s c a t t e r i n g  in  NaNC>2 h a s  

been i n v e s t i g a t e d  by Shimizu e t  a l . 66 and Yagi e t  a l .  67*68. Anom al ie s  we re  

s e e n  in  t h e  B r i l l o u i n  s h i f t s  a t  and Tj ,  b u t  t h e y  a r e  much w eaker  t h a n  

t h o s e  s e e n  a t  u l t r a s o n i c  f r e q u e n c i e s  b e c a u s e  o f  d i s p e r s i o n .  T hes e  e x p e r i ­

m en ts  co n f i r m  t h a t  t h e  r e l a x a t i o n  r a t e s  f o r  o r i e n t a t i o n a l  f l u c t u a t i o n s  

n e a r  t h e  t r a n s i t i o n  l i e  bel ow  t h e  h y p e r s o n i c  f r e q u e n c i e s  r e l e v a n t  t o  

r i g h t  a n g l e  B r i l l o u i n  s c a t t e r i n g .  NaN0 2  h a s  been  i n v e s t i g a t e d  by Raman 

s c a t t e r i n g 69’ 70, i n f r a r e d  a b s o r p t i o n 31* 37» 71>72, i n f r a r e d  r e f l e c t i v i t y  m eas ­

u r e m e n t 22, n u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR) 5* 33* 73* 71** 75, n u c l e a r  q u a d r u p l e  

r e s o n a n c e  (NQR)39* 76" 82, o p t i c a l  s ec o n d  ha rmon ic  g e n e r a t i o n 83̂ 85, D.C. co n ­

d u c t i v i t y 86, m o l e c u l a r  dynamics  c a l c u l a t i o n s 87, and d y n a m ica l  s t r u c t u r e  

a n a l y s i s  ( t im e  r e s o l v e d  x - r a y  d i f f r a c t o m e t r y )  which r e v e a l s  t h e  n o n e q u i ­

l i b r i u m  r e s p o n s e  t o  a p u l s e d  b i a s i n g  f i e l d 88.

Many t h e o r e t i c a l  d i s c u s s i o n s  o f  t h e  p h as e  t r a n s i t i o n  in  NaN0 2  have  

been p r e s e n t e d  o v e r  t h e  y e a r s .  The p r i n c i p a l  t h e o r i e s  can be r o u g h l y  

d iv id e d  i n t o  t h r e e  c a t e g o r i e s :
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1 .  P h e n o m e n o lo g ic a l  t h e o r y

A p h e n o m e n o l o g i c a l  t h e o r y  o f  t h e  INC t r a n s i t i o n  in  NaNC>2 h a s  been  

p r o p o s e d  by Levanyuk e t  a l . 9»10. They c o n s i d e r e d  t h e  s i t u a t i o n  w here  a 

o n e - co m p o n en t  o r d e r  p a r a m e t e r  n c o u p l e s  w i th  a g e n e r a l i z e d  c o o r d i n a t e  £ 

which h a s  t r a n s f o r m a t i o n  p r o p e r t i e s  d i f f e r e n t  f rom n. A l th o u g h  a L i f s h -  

i t z  i n v a r i a n t 1* i s  a b s e n t  i n  t h e  c a s e  o f  a  one - co m p o n e n t  o r d e r  p a r a m e t e r ,  

t h e  e x i s t e n c e  o f  g r a d i e n t  i n v a r i a n t s  o f  t y p e  n<5£/6z and £on/<5z l e a d s  t o  a 

p h a s e  t r a n s i t i o n  w i th  an  INC s t r u c t u r e .

Heine e t  a l . l l >89 h ave  d e v e lo p e d  a m a c r o s c o p i c  a p p r o a c h  f o r  t h e  d e s -  

c r i p t i o n  o f  t h e  INC t r a n s i t i o n  in  NaNOp. The t h e o r y  i s  b a s e d  on t h e  e x i s ­

t e n c e  o f  a  s u b s i d i a r y  mode which can  o n l y  h ave  an i n t e r a c t i o n  w i t h  t h e  

main mode a t  n o n z e r o  wave v e c t o r .  In  c a s e  o f  NaN0 2 , t h e  l a t t i c e  s h e a r  i s  

t h e  s u b s i d i a r y  mode.

Ano ther  Landau f r e e  en e r g y  ex p a n s io n  was d e v e lo p e d  f o r  t h e  INC 

p h a s e  t r a n s i t i o n  o f  NaNC>2 by I s h i b a s h i  e t  a l . 1' 90’ 91. I s h i b a s h i  and Sh iba  

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

o c c u r s  f o r  a g iven  wavenumber  k0  q u i t e  c l o s e  t o  t h e  r  p o i n t  (k=0 ) and 

t h e  r e p r e s e n t a t i o n  a t  t h e  f  p o i n t  i s  one d i m e n s i o n a l .  The INC s t a t e  o f  

t h e  model  and i t s  d i e l e c t r i c  p r o p e r t i e s  w e re  a n a l y s e d  by t a k i n g  har mon­

i c s  i n t o  a c c o u n t .  I s h i b a s h i  p o i n t e d  o u t  t h a t  t h e  n~ te rm  in  t h e i r  f r e e  

e n e r g y  which i s  o f  f o u r t h  power  i n  t h e  p o l a r i z a t i o n  P and o f  s e c o n d  

power  in  t h e  m o d u l a t i o n  w a v e v e c t o r  k p l a y s  an i m p o r t a n t  r o l e  f o r  t h e  

s u c c e s s i v e  p h a s e  t r a n s i t i o n s  in  NaNC^.

In  a  r e c e n t  p a p e r  by Ema e t  a l . 92 t h e  r o l e  o f  t h e  d i f f e r e n t  t e r m s  in  

t h e  f r e e  e n e r g y  h a s  been e s t i m a t e d  on t h e  b a s i s  o f  t h e  s m a l l e s s  o f  t h e  

t e m p e r a t u r e  w i d t h  i n  which t h e  INC-phase  e x i s t s .  A c o n s i s t e n t  phenomeno­

l o g i c a l  t h e o r y  f o r  d i e l e c t r i c  a n o m a l i e s  n e a r  t y p e ^ I I  l o c k - i n  t r a n s i t i o n
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has  been  d e v e lo p e d .  The e f f e c t  o f  t h e  gap b e t w e e n  homogeneous  and i n h o -  

mogeneous  v a l u e s  o f  t h e  c o e f f i c i e n t s  o f  t h e  f o u r t h  power  o f  t h e  o r d e r  

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

b i l i t y  of  a p p l y i n g  t h i s  t h e o r y  t o  t h e  c a s e  o f  NaN0 2  was a l s o  d i s c u s s e d .

2 . I s i n g  model

The r e v e r s a l  o f  e l e c t r i c  d i p o l e s ,  e a c h  o f  which i s  composed o f  a 

N O i o n  and t h e  n e a r e s t  n e ig h b o u r i n g  Na+ i o n  i s  c a p a b l e  o f  b e ing  t r e a t e d  

t h e o r e t i c a l l y  a s  a m o t io n  o f  I s i n g  s p i n s .  The INC p h a s e  t r a n s i t i o n  in 

NaN0 2  was f i r s t  d i s c u s s e d  on t h e  b a s i s  o f  t h e  I s i n g  model  by Yamada e t  

a l . 1*3. The s u c c e s s i v e  a p p e a r a n c e  o f  t h r e e  p h a s e s ,  t h e  o r d e r  o f  t r a n s i ­

t i o n s  , and t h e  t e m p e r a t u r e  d e p e n d en ce  o f  t h e  o r d e r  p a r a m e t e r  w e re  sat-> 

i s f a c t o r i l y  e x p l a i n e d  by t h e i r  c a l c u l a t i o n s .  Yamada and H a t t a 50 a p p l i e d  a 

random phase  a p p r o x i m a t i o n  t o  an  I s i n g  v a r i a b l e  s y s t e m  t o  e x p l a i n  t h e  

s u s c e p t i b i l i t y  and t o  c a l c u l a t e  t h e  r e l a x a t i o n  t im e  o f  t h e  f l i p p i n g  

m ot ion o f  each  N02'"' ion .

Bak and von Boehm93 d e v e lo p e d  a c o m p u t a t i o n a l  p r o c e d u r e  f o r  a n a l y z e  

i ng  INC+commensurate  p h a s e  t r a n s i t i o n  in  ANNNI s y s t e m  ( I s i n g  s y s t e m  w i th  

c o m p e t i t i v e  i n t e r a c t i o n s ,  n e a r e s t  and n e x t  n e a r e s t  n e ig h b o u r  i n t e r a c ­

t i o n s ) .  Within t h e  mean f i e l d  a p p r o x i m a t i o n ,  t h e y  c a l c u l a t e d  t h e  g l o b a l  

ANNNI p h as e  d iag ra m .  Yamada91* p ro p o s e d  an "EXAFII" model ,  i . e .  Ex ten ded  

A n t i f e r r o e l e c t r i c  I n t e r a c t i o n  I s i n g  model  which e x t e n d s  t h e  ANNNI model  

t o  t h i r d  n e a r e s t  n e i g h b o u r s .  Within t h i s  model ,  e ach  s u b s t a n c e  i s  c h a r a c ­

t e r i z e d  by a p o i n t  i n  a t w o r d i m e n s i o n a l  i n t e r a c t i o n  p a r a m e t e r  s p a c e .  Thi s  

model  gave a u n i f i e d  view o f  INC-►commensurate p h a s e  t r a n s i t i o n  i n  A2 BX4 

t y p e  c r y s t a l s .
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R e c e n t l y  S e l k e  e t  a l . 95 have  s t u d i e d  t h e  mean f i e l d  e q u a t i o n s  o f  

t h e  s i m p l e  c u b ic  ANNNI model  in  a f i e l d  and compared  t h e i r  r e s u l t s  t o  

e x p e r i n m e n t s  on NaN0 2  i n  an e l e c t r i c  f i e l d .  The g r o s s  f e a t u r e s  o f  t h e  

p h a s e  d iag ra m  o f  NaN0 2  c an  be  r e p r o d u c e d ,  b u t  t h e  v a l u e  o f  Tj -  i s  

much l a r g e r  t h a n  t h e  e x p e r i m e n t a l  r e s u l t .

3 .  M ic r o s c o p ic  t h e o r y

S t a r t i n g  f r om  a s t e r i c a l  h i n d r a n c e  p o t e n t i a l  f o r  t h e  mo t ion o f  t h e  

N0Z~ m o l e c u l a r  g ro up  i n  t h e  d e f o r m a b l e  ca ge  o f  n e i g h b o u r in g  Na+ io n s ,  

E h r h a r d t  and M ich e l23, M i c h e l 30*9S>97, and F ivez  and M i c h e l 90 d e r i v e d  a 

m i c r o s c o p i c  model  f o r  t h e  NaNC>2 c r y s t a l .  The model  l e a d s  t o  a H a m i l t o ­

n i an  w i t h  b i l i n e a r  c o u p l i n g  b e t w e e n  t r a n s l a t i o n  and r o t a t i o n  w i t h  a 

w a v e v e c t o r - d e p e n d e n t  c o u p l i n g  c o n s t a n t .  At f i n i t e  wave v e c t o r ,  m o l e c u l a r  

r e o r i e t a t i o n s  o f  N0Z~ g r o u p s  a r ound  t h e  c r y s t a l l o g r a p h i c  c - a x i s  a r e  co u ­

p l e d  t o  a c o u s t i c  l a t t i c e  d i s p l a c e m e n t s .  A m o d u l a t i o n  a l o n g  t h e  a - a x i s  o f  

n o n eq u i l i b iu m  e x p e c t a t i o n  v a l u e s  o f  t h e  o r i e n t a t i o n a l  o r d e r  p r o d u c e s  a 

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

z a t i o n  in  t h e  b d i r e c t i o n .  The INC t r a n s i t i o n  c o r r e s p o n d s  t o  a f r e e z i n g - i n  

o f  b o t h  t y p e s  o f  mot ion.

R e c e n t l y  Heine e t  a l . 11* h ave  e x t e n d e d  M i c h e l ’s  t h e o r y  t o  i n c l u d e  t h e  

s h o r t  r a n g e  e l e c t r o s t a t i c  f o r c e s  due t o  t h e  d i s t r i b u t i o n  o f  c h a r g e  i n  t h e  

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

w e l l  a s  s t e r i c  h i n d r a n c e  w i th  b o t h  t h e  n e a r e s t  s i x  sodium io n s  and t h e  

n e i g h b o u r i n g  e i g h t  N0zn io n s  t o  e x p l a i n  what  t h e y  b e l i e v e  i s  t h e  c o r r e c t  

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

t i v e  b d i r e c t i o n  w here  t h e  n i t r o g e n  o f  t h e  N0Z"  i s  o r i e n t e d  a l o n g  t h e  

p o s i t i v e  b - a x i s .
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L y n d e n - B e l l  e t  a l . "  have n o t e d  t h e  f o l l o w i n g  c o n n e c t i o n  b e tw e e n  

t h e  work o f  Michel  and c o w o r k e r s  and t h a t  o f  Heine and McConnel l :  

Michel  and c o w o r k e r s  h av e  shown t h a t  t h e  i n c l u s i o n  o f  a p h o n o n - r e o r i e n -  

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

a c c o u n t  f o r  t h e  p a r a e l e c t r i c + I N C  t r a n s i t i o n .  Heine and McConnel l ,  on t h e  

o t h e r  hand,  have  d i s c u s s e d  t h e  c o n d i t i o n s  f o r  t h e  f o r m a t i o n  of  INC-phase

in  t e r m s  o f  t h e  p a r a m e t e r s  t h a t  a p p e a r  i n  t h e  e x p r e s s i o n  f o r  t h e  m acros -’

co p ic  f r e e  en e rg y .  A l th o u g h  t h e s e  tw o  t h e o r i e s  em phas ized  d i f f e r e n t

a s p e c t s  o f  t h e  p ro b le m ,  t h e  Michel  H a m i l t o n i a n  a l s o  l e a d s  t o  t h e  He ine -

McConnel l  fo rm  f o r  t h e  f r e e  en e rg y .

D. C u r r e n t  r e s e a r c h

D e s p i t e  t h i s  w e a l t h  o f  e x p e r i m e n t a l  and t h e o r e t i c a l  r e s e a r c h  on 

NaN0 2 » s e v e r a l  f u n d a m e n t a l  q u e s t i o n s  r e m a i n  u n an s w e red .  Among them a r e :

1 .  How do t h e  p h a s e  t r a n s i t i o n  d iagra m and t h e  m o d u l a t i o n  wave

v e c t o r  chan ge  w i t h  b o t h  l o n g i t u d i n a l  and t r a n s v e r s e  e l e c t r i c  f i e l d  as  

w e l l  a s  w i t h  h y d r o s t a t i c  p r e s s u r e ?

2 .  Does a L i f s h i t z  p o i n t  o r  a n o t h e r  new c r i t i c a l  p o i n t  e x i s t  in  

NaN0 2 ?

3 .  How w e l l  do t h e  p h e n o m e n o l o g i c a l  t h e o r y ,  t h e  I s i n g  model and t h e  

m i c r o s c o p i c  t h e o r y  d e s c r i b e  t h e  INC-phase  t r a n s i t i o n  in  NaN02 ? What i s  

t h e  c o n n e c t i o n  b e tw e e n  them ?

In  o r d e r  t o  i n v e s t i g a t e  t h e s e  and r e l a t e d  q u e s t i o n s  I  have  c a r r i e d

o u t  t h e  f o l l o w i n g  e x p e r i m e n t s  and t h e o r e t i c a l  a n a l y s i s  on NaN02 :

a .  E x p e r im e n ts
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1) D i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  u n d e r  E - f i e l d  a l o n g  t h e  b-

a x i s .

2) E l a s t i c  n e u t r o n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  b - a x i s .

3) E l a s t i c  n e u t r o n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  a - a x i s .

4) E l a s t i c  n e u t r o n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  c - a x i s .

5) B r i l l o u i n  s c a t t e r i n g  u n d e r  E - f i e l d  a l o n g  t h e  c - a x i s .

6 ) I n e l a s t i c  n e u t r o n  s c a t t e r i n g .

7) D i f f u s e  n e u t r o n  s c a t t e r i n g .

8 ) D i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  u nde r  h y d r o s t a t i c  p r e s s u r e .

9) B r i l l o u i n  s c a t t e r i n g  u n d e r  h y d r o s t a t i c  p r e s s u r e .

E x p e r im e n t s  3) ,  4) ,  5) w e r e  f i r s t  done by u s .  In  e x p e r i m e n t  2) some 

i m p o r t a n t  new r e s u l t s  w e re  f i r s t  o b t a i n e d  by u s .  We p e r f o r m e d  e x p e r i m e n t

2) i n d e p e n d e n t l y  o f  Durand e t  a l 1*6. a t  a l m o s t  t h e  same t i m e .  Durand e t  

a l .  p u t  t h e  t e m p e r a t u r e  s e n s o r  q u i t e  f a r  away f rom t h e  s am p le ;  t h e r e ­

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

f i e l d s ;  t h e  maximum c o r r e c t i o n  was a b o u t  0.5°C w h i l e  t h e  whole  t e m p e r a ­

t u r e  r a n g e  o f  t h e  INC-phase  u nder  t h a t  E - f i e l d  i s  l e s s  t h a n  0.5°C. For 

t h i s  r e a s o n ,  i t  was i m p o s s i b l e  f o r  them t o  o b t a i n  t h e  c o r r e c t  b e h a v io r  

o f  t h e  m o d u l a t i o n  w a v e v e c to r  u nde r  t h e  l o n g i t u d i n a l  e l e c t r i c  f i e l d .  We 

p e r f o r m e d  t h e  same e x p e r i m e n t  w i th  t h e  t h e r m i s t e r  t o u c h i n g  t h e  s a m p l e  

so  t h a t  b o t h  t h e  p h a s e  t r a n s i t i o n  di ag ram and t h e  E n f i e l d  d ependence  o f  

t h e  wave v e c t o r  we re  o b t a i n e d  w i t h o u t  t e m p e r a t u r e  c o r r e c t i o n  f o r  d i f f e r - ?  

e n t  f i e l d s .

b. T h e o r e t i c a l  a n a l y s i s

1) By n u m e r i c a l l y  min imizing t h e  Landau f r e e  en e rg y ,  t h e  c o m p l e t e  

p r e d i c t i o n s  o f  d i f f e r e n t  Landau f r e e  e n e r g y  e x p a n s io n s  f o r  t h e  p h as e
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d iag ram and t h e  b e h a v io u r  o f  t h e  m o d u l a t i o n  wave v e c t o r  u n d e r  E - f i e l d  

a l o n g  t h e  b - a x i s  we re  e x p l o r e d .  A l l  t h e  c o e f f i c i e n t s  i n  t h e  f r e e  e n e r g y  

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

t r o n  s c a t t e r i n g  r e s u l t s  and t h e  s p o n t a n e o u s  p o l a r i z a t i o n  d a t a .

2) S e v e r a l  a n a l y s e s  o f  t h e  f r e e  e n e r g y  m o d e l s  p ro p o s e d  by I s h i ­

b a s h i  e t  a l . 90»91 w e re  made.  Compar ison o f  o u r  d i f f u s e  n e u t r o n  s c a t t e r i n g  

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

n - t e r m  in  t h e  f r e e  e n e r g y  c a n n o t  be n e g l e c t e d ,  and t h a t  t h e  t e m p e r a t u r e  

dependence  o f  t h e  c o e f f i c i e n t  a s h o u l d  a l s o  be i n c l u d e d .  We fo und  

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

t h e  p h a s e  t r a n s i t i o n  f r om  t h e  para^-phase  t o  t h e  INC-phase  w i l l  be of  

f i r s t  o r d e r  w h i l e  t h e  o b s e r v e d  para->-INC t r a n s i t i o n  i s  o f  s ec o n d  o r d e r .

3) The r e l a t i o n  o f  t h e  L i f s h i t z  p o i n t  t o  a  s y s t e m  e x h i b i t i n g  a 

f i r s t - o r d e r  t r a n s i t i o n  f r om  t h e  d i s o r d e r e d  p h a s e  t o  t h e .  o r d e r e d  p h a s e  

has  been a n a l y z e d  in  d e t a i l .  By f i t t i n g  o u r  d a t a  o f  e l a s t i c  n e u t r o n  

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

r e s u l t s  we can d e t e r m i n e  w here  t h e  v i r t u a l  L i f s h i t z  p o i n t  s h o u l d  o c c u r  

and c o n s t r u c t  t h e  whole  p h a s e  t r a n s i t i o n  d iag ra m .

4) Using t h e  ANNNI model ,  n u m e r i c a l  c a l c u l a t i o n s  o f  d i e l e c t r i c  con­

s t a n t s  u n d e r  l o n g i t u d i n a l  e l e c t r i c  f i e l d  w e r e  c a r r i e d .

5) The m i c r o s c o p i c  t h e o r y  o f  Michel  and c o w o r k e r s 23* 30* 96* 97* 98 was 

r e v i e w e d .  Some o f  t h e  r e s u l t s  o f  t h e  m i c r o s c o p i c  t h e o r y  a r e  c i t e d  f o r  

c o m p ar i so n  w i t h  t h e  r e s u l t s  o f  t h e  p h en o m e n o l o g i c a l  t h e o r y  and t h e  I s i n g  

model .
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CHAPTER II 

INC PHASE TRANSITION UNDER LONGITUDINAL ELECTRIC FIELD

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

c o n s t a n t  m e a s u r e m e n t s  and e l a s t i c  n e u t r o n  s c a t t e r i n g  p e r f o r m e d  on NaN02  

u n d e r  an  e l e c t r i c  f i e l d  a p p l i e d  a l o n g  t h e  b - a x i s .  Then we p r e s e n t  o u r  

t h e o r e t i c a l  a n a l y s i s  b a s e d  on t h e  Landau f r e e  en e rg y .

A. Dielectric constant measurements under Ecfield along the
b-axis

We began  o u r  e x p e r i m e n t a l  s t u d y  o f  NaN0 2  by m e a s u r in g  t h e  t e m p e r a ­

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

t h e  b - a x i s .  NaN0 2  c r y s t a l s  were  grown f rom t h e  m e l t  i n  o u r  l a b o r a t o r y  

f o l l o w i n g  p r o c e d u r e s  s u g g e s t e d  by P r o f e s s o r  Y. I s h i b a s h i  ■( s e e  Appendix 

B). The s i z e  o f  a  b - c u t  s a m p l e  was t y p i c a l l y  0 .2  cm2 by 0 .14  cm t h i c k .  

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

d e t e r m i n e d  by t h e  m osa ic  o b s e r v e d  in  n e u t r o n  d i f f r a c t i o n  a t  Brookhaven 

N a t i o n a l  L a b o r o t o r y  (BNL). A g o l d  t h i n  f i l m  was d e p o s i t e d  by vacuum e v a ­

p o r a t i o n  on t h e  s u r f a c e s  o f  t h e  s a m p l e  p e r p e n d i c u l a r  t o  t h e  b i a x i s .  Cap i  

a c i t a n c e  m e a s u r e m e n t s  w e re  c a r r i e d  o u t  w i th  a g e n e r a l  r a d i o  71 6C c a p a c i i  

t a n c e  b r i d g e  e x c i t e d  a t  1kHz w i t h  a  one v o l t  p e r  c e n t i m e t e r  s i n e  wave.  

The c a p a c i t a n c e  m e a s u r e m e n t s  a r e  d e s c r i b e d  in  Appendix C. The s a m p l e  

h o l d e r  and t h e  oven a r e  a l s o  shown in  Appendix C. The oven was d e s ig n e d  

and b u i l t  a t  BNL f o r  t h e  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t  and was a l s o  used  

f o r  t h e  d i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s .  The t e m p e r a t u r e  was m e as u r ed  

by a  t h e r m i s t o r  mounted i n s i d e  t h e  oven  to u c h i n g  t h e  s a m p l e .  The r e l a i  

t i v e  a c c u r a c y  o f  t h e  t e m p e r a t u r e  d e t e r m i n a t i o n  was b e t t e r  t h a n  0.01 °C.
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The r a t e  o f  t e m p e r a t u r e  change was r e d u c e d  t o  a b o u t  0 .2°C /hour  n e a r  t h e  

t r a n s i t i o n  t e m p e r a t u r e s  o f  NaNC^. The oven was e v a c u a t e d  t o  a b o u t  5x10 ~ 3 

T o r r  t o  minimize  t h e  w a t e r  v a p o r  a t t a c k i n g  t h e  s a m p l e ,  a s  NaN0 2  i s  hygn 

r o s c o p i c .

Fig.  2.1 shows t h e  z e r o - f i e l d  e v e r s u s  T c u r v e  which was m easu r ed  

d u r i n g  c o o l i n g  o f  t h e  s a m p l e .  The peak  on t h e  r i g h t  i s  a t  t h e  INC t r a n s i ­

t i o n  t e m p e r a t u r e  Tj = 1 63.86°C f rom t h e  p a r a e l e c t r i c  t o  t h e  INC-phase 

w h i l e  t h e  peak on t h e  l e f t  i s  a t  t h e  l o c k - i n  t r a n s i t i o n  t e m p e r a t u r e  T^ 

= 162.50°C f rom t h e  INC t o  t h e  f e r r o e l e c t r i c  p h a s e .  A c o m p ar i so n  be tw e e n  

m e a s u r e m e n t s  p e r f o r m e d  d u r i n g  c o o l i n g  and h e a t i n g  i s  shown in  Fig .  2 .2 .  

At T^, t h e r m a l  h y s t e r e s i s  o f  a b o u t  0 .2°C .w as  o b s e r v e d ,  which i s  in  a g r e e ­

ment  w i t h  t h o s e  o b s e r v e d  by B u c h h e i t  and P e t e r s s o n 29. T h e r e f o r e ,  t h e  

lock-r in  t r a n s i t i o n  i s  o f  f i r s t  o r d e r  w h i l e  t h e  INC t r a n s i t i o n  i s  o f  s e c o d

o r d e r .  A s e r i e s  o f  e v e r s u s  T c u r v e s  a t  i n c r e a s i n g  b i a s  f i e l d  Eb i s  shown

in  Fig .  2 .3 .  The two p e a k s  o f  t h e  d i e l e c t r i c  c o n s t a n t  move t o w a r d s  each  

o t h e r  und er  an a p p l i e d  b i a s i n g  e l e c t r i c  f i e l d  E^, merg ing  i n t o  a  s i n g l e  

peak a t  E^-3 kv /cm .  P l o t t i n g  Tj and Tl v e r s u s  E^ l e a d s  t o  t h e  p h a s e  

d iag ram shown i n  Fig.  2.1). The p o i n t  a t  which t h e  two t r a n s i t i o n  l i n e s  

mee t  i s  c a l l e d  a t r i p l e  p o i n t .  At t h i s  t r i p l e  p o i n t  t h e  t h r e e  p h a s e s ,  

p a r a ,  INC a n d . f e r r o  c o e x i s t .  L e t  Et  be t h e  e l e c t r i c  f i e l d  a t  t h e  t r i p l e  

p o i n t .  The v a l u e  o f  Et  h a s  been d e t e r m i n e d  by s e v e r a l  a u t h o r s  a s  f o l ­

lo w s :

= 2 kV/cm, d i e l e c t r i c  c o n s t a n t  m e a s s u r e m e n t s ,  by Hamano1*8.

Et  = 2 .6  kV/cm, d i e l e c t r i c  c o n s t a n t  m e a s s u r e m e n t s ,  by G e s i 109.

Et  = 3-4 kV/cm, n e u t r o n  s c a t t e r i n g ,  by Durand e t  a l 1*6.

Et  = 4 .0  kV/cm, x*-ray d i f f r a c t i o n ,  by Yamada110.
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One p o s s i b l e  o r i g i n  o f  su ch  d i s a g r e e m e n t  i s  t h e  f i n i t e  e l e c t r i c a l

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

v a l u e  o f  t h e  a p p l i e d  f i e l d .

B. Elastic neutron scattering under Enfield along the baaxis
During Augus t  o f  1982 we i n i t i a t e d  a s t u d y  of  t h e  t e m p e r a t u r e  and 

e l e c t r i c  f i e l d  depe n d en c e  o f  t h e  s a t e l l i t e  s t r u c t u r e  i n  t h e  INC-phase  o f  

NaN0 2  a t  t h e  h igh f l u x  beam r e a c t o r  a t  BNL in  c o l l a b o r a t i o n  w i th  Dr. S.

S h a p i r o .  For  t h i s  e x p e r i m e n t  a s a m p l e  ( t y p i c a l l y  0 .45 x 0.15 x 0 .45  cm3)

w i th  g o l d  e l e c t r o d e s  e v a p o r a t e d  on t h e  b - f a c e s  was mounted on a t r i p l e ­

a x i s  s p e c t r o m e t e r  w i t h  t h e  c - a x i s  v e r t i c a l  in  a t e m p e r a t u r e  c o n t r o l l e d  

oven which i s  t h e  same one a s  u s ed  in  t h e  d i e l e c t r i c  c o n s t a n t  m eas u r e^  

m en t s .  The t e m p e r a t u r e  o f  t h e  oven was c o n t r o l l e d  by an  Omega propor-^ 

t i o n a l  t e m p e r a t u r e  c o n t r o l l e r  and by c o n s t a n t l y  m o n i to r in g  t h e  t e m p e r a ­

t u r e  r e a d o u t .  The t e m p e r a t u r e  was m a i n t a i n e d  c o n s t a n t  t o  b e t t e r  t h a n

0.01 °C, and o u r  m e a s u r e m e n t s  we re  c o m p l e t e l y  r e p r o d u c i b l e .  Th is  i s  an 

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

a f i e l d  i s  a p p l i e d ,  p r o d u c in g  an ohmic h e a t i n g  o f  t h e  s a m p l e .  The oven 

was e v a c u a t e d  t o  a b o u t  5x10 ~ 3 T o r r .  A l l  s c a n s  w e re  p e r f o r m e d  d u r i n g  

c o o l i n g .  The i n c i d e n t  n e u t r o n s  we re  f i x e d  a t  an  e n e rg y  of  14.7 meV and 

w e re  c o l l i m a t e d  t o  y i e l d  a FWHM r e s o l u t i o n  o f  0 .006a* (0.01 8 _ l ) and a*= 

2 t r / a  i s  t h e  r e c i p r o c a l  l a t t i c e  v e c t o r .  Scans  o f  e l a s t i c  s c a t t e r i n g  w e re  

t a k e n  t h r o u g h  t h e  (020) Bragg peak.  A t y p i c a l  s c a n  shows t h e  main (020) 

Bragg peak f l a n k e d  by tw o s a t e l l i t e s  a s  i l l u s t r a t e d  in  Fig.  2 .5 .  The s c a n  

i s  a l o n g  t h e  a - a x i s  w i t h  6 ( t h e  p o s i t i o n  o f  t h e  s a t e l l i t e  peak in  u n i t s  

o f  a ) r a n g i n g  o v e r  ± 0 .2 5 a  . S i m i l a r  s c a n s  w e re  t a k e n  o v e r  e x t e n d e d  

r a n g e s  (± 0 . 5a* )  t o  s e e  i f  s econd  o r  t h i r d  h a r m o n ic s  c o u l d  be o b s e r v e d .
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None w e re  s e e n ,  i n d i c a t i n g  t h a t  t h e  INC m o d u l a t i o n  r e m a i n s  s t r i c t l y  s i n u ­

s o i d a l  t h r o u g h o u t  t h e  INC r a n g e  Thi s  was a l s o  t r u e  w i t h  a p p l i e d  f i e l d .

From s c a n s  l i k e  t h a t  o f  Fig .  2 .5  we fo und  t h e  s a t e l l i t e  i n t e n s i t y  

and t h e  m o d u l a t i o n  w a v e v e c t o r  6 ( t h e  p o s i t i o n  o f  t h e  s a t e l l i t e  peak in  

u n i t s  o f  a*) as  a f u n c t i o n  o f  t e m p e r a t u r e  a t  d i f f e r e n t  b i a s  f i e l d s .  The 

r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  a r e  shown in  Fig .  2.6 and 2 .7 .  Fig.  2.6 

shows t h a t  t h e  s a t e l l i t e  i n t e n s i t y  i n c r e a s e s  a s  T i s  l o w e r e d  t h r o u g h  Tj 

and,  a f t e r  r e a c h i n g  a maximum, d e c r e a s e s  ag a in  n e a r  Tb , and t h a t  t h e  

s a t e l l i t e  i n t e n s i t y  d e c r e a s e s  w i th  i n c r e a s i n g  b i a s  f i e l d  Eb . Fig.  2 .7  

shows t h a t  6 d e c r e a s e s  m o n o t o n i c a l l y  f o r  d e c r e a s i n g  T b e t w e e n  Tj and Tj, 

and i s  e s s e n t i a l l y  i n d e p e n d e n t  o f  Eb . P l o t t i n g  t h e  t r a n s i t i o n  t e m p e r a ­

t u r e s  Tj and Tb v e r s u s  Eb l e a d s  a p h a s e  d iagram which i s  s i m i l a r  t o  t h a t  

shown in  Fig.  2 .4 .

We n o t e  t h a t  o u r  r e s u l t s  a r e  i n  d i s a g r e e m e n t  w i th  t h o s e  o f  Durand 

e t  a l .  who fo und  t h a t  t h e  s a t e l l i t e  i n t e n s i t y  i n c r e a s e s  m o n o t o n i c a l l y  as  

T i s  l o w e r e d  f rom Tj t o  Tb , d e c r e a s i n g  d i s c o n t i n u o u s l y  t o  z e r o  a t  Tb 58. 

In  o r d e r  t o  d e t e r m i n e  t h e  r e a s o n  f o r  t h i s  d i s c r e p a n c y  we p e r f o r m e d  a 

s p e c i a l  e x p e r i m e n t  on a s a m p l e  g e n e r o u s l y  p ro v i d e d  by P r o f e s s o r  T. Yagi.  

The f u l l  h a l f - w i d t h  o f  t h e  (020) Bragg  peak was 0 .12 d e g r e e s  which indi-> 

c a t e s  t h a t  t h e  mosaic  o f  t h i s  s a m p l e  i s  q u i t e  s m a l l .  The s a m p l e  was 

wrapped  in  aluminum f o i l  t o  i n s u r e  un i fo rm  t e m p e r a t u r e  t h r o u g h o u t  t h e  

s a m p l e  when i t  was h e a t e d .  Much a t t e n t i o n  was pa id  t o  t h e  t e m p e r a t u r e  

c o n t r o l .  The t e m p e r a t u r e  was m a i n t a i n e d  c o n s t a n t  t o  b e t t e r  t h a n  0.002°C. 

We s p e n t  more t h a n  5 h o u r s  t o  o b t a i n  t h e  d a t a  w i t h i n  0 . 1 5°C in  t h e  v i c i n ­

i t y  o f  Tj,. The r e s u l t  shown in  Fig .  2 .8  a g r e e s  w i th  o u r  p r e v i o u s  r e s u l t s .  

Note  t h a t  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  t h e  maximum v a l u e  and t h e  z e r o  

v a l u e  o f  t h e  i n t e n s i t y  o f  t h e  s a t e l l i t e  i n  t h e  v i c i n i t y  o f  Tb i s  a b o u t
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0 . 1 °C. One p o s s i b l e  r e a s o n  f o r  t h e  d i s c r e p a n c y  b e t w e e n  o u r  r e s u l t s  and 

D ura nd’s  i s  t h a t  Durand e t  a l .  p u t  t h e  t e m p e r a t u r e  s e n s o r  f a r  away f rom 

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

was n o t  t h e  r e a l  t e m p e r a t u r e  o f  t h e  s a m p l e .  A n o th e r  i s  t h a t  o u r  s a m p l e  

c o n t a i n  more  i m p u r i t i e s  s o  t h a t  t h e  t r a n s i t i o n  does  n o t  o c c u r  e v e r y w h e r e  

i n  t h e  c r y s t a l  s i m u l t a n e o u s l y .

C. Theoretical analysis
Our t h e o r e t i c a l  a n a l y s i s  i s  b a s e d  on t h e  Landau f r e e  e n e r g y  ex p a n ­

s i o n  p ro p o s e d  by I s h i b a s h i  and S h ib a 90*91. Wherever  A n a l y t i c  s o l u t i o n  o f  

t h e  e q u a t i o n s  o f  m i n im i z a t i o n  was n o t  p o s s i b l e ,  we have minimized t h e  

f r e e  e n e r g y  by u s in g  a  n o n l i n e a r  l e a s t  s q u a r e s  c o m p u te r  p rogram t o  v a r y  

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

d u r e  which avo ids  t h e  a p p r o x i m a t i o n s  r e q u i r e d  by .the a l g e b r a i c  

m e th o d 1*6*58. The p rogram l i s t i n g  a p p e a r s  i n  Appendix G.

1. Fourth order free energy model
We f i r s t  c a r r y  o u t  an a n a l y s i s  u s i n g  a  f r e e  e n e r g y  r e s t r i c t e d  t o  

t e r m s  q u a d r a t i c  and q u a r t i c  in  t h e  o r d e r  p a r a m e t e r .  This  i m p l i e s  t h a t  

t h e  d i r e c t  p a r a -> f e r r o  t r a n s i t i o n  would  be s e c o n d  o r d e r .  A more r e a l i s t i c  

f r e e  e n e r g y  r e q u i r i n g  s i x t h  power  t e rm  i s  a n a l y z e d  in  t h e  n e x t  s e c t i o n .

F o l l o w i n g  I s h i b a s h i  and S h ib a 90, we w r i t e  t h e  f r e e  e n e rg y  d e n s i t y

as :

f(x) = i-AP2 + | B P “ + l a ( V P ) 2 + | b ( V 2P) 2 + ^-np*(VP) 2 r  E-P (2 .1)

where  P ( t h e  p o l a r i z a t i o n  P5 ) i s  t h e  o r d e r  p a r a m e t e r
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A = A0(T -  To) ,  B>0, a<0,  g>0, n>0

E i s  t h e  e l e c t r i c  f i e l d  Eb a p p l i e d  a l o n g  t h e  b - a x i s .  

The i n t e g r a t e d  f r e e  e n e r g y  d e n s i t y  i s :

F = — /  f ( x )d x where  x i s  a l o n g  t h e  a - a x i s

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

The f i r s t ,  t h i r d  and  f o u r t h  t e r m s  in  (1) a r e  q u a d r a t i c  (ha rm onic )  

w i th  r e s p e c t  t o  t h e  o r d e r  p a r a m e t e r  P, w h i l e  t h e  s e c o n d  t e r m  r e p r e s e n t s  

t h e  a n h a r m o n i c i t y  i n  t h e  homogeneous p a r t  o f  t h e  f r e e  e n e r g y .  As p o i n t e d

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

enc e  f o r m s  a s  (Pn -  Pn_-j) 2 and (Pn +1 ~ 2Pn + Pn_ i ) 2, r e s p e c t i v e l y .  The 

f o r m e r  r e p r e s e n t s  i n t e r a c t i o n  b e tw e en  t h e  n e a r e s t  n e ig h b o u r  p l a n e s  

( p l a n e s  a r e  t a k e n  t o  be p e r p e n d i c u l a r  t o  t h e  a - a x i s ) ,  w h i l e  t h e  t e rm  

Pn+ i ’ Pn- i  i n c l u d e d  t h e  s e c o n d  n e a r e s t  n e ig h b o r  p l a n e s .  The n - t e r m  i s  

r e q u i r e d  t o  make t h e  m o d u l a t i o n  w a v e v e c t o r  cha nge  w i th  t e m p e r a t u r e  as 

o b s e r v e d  e x p e r i m e n t a l l y  (F ig .  2 .7 ) .

a. F r e e  e n e r g y  i n  t h e  f e r r o e l e c t r i c  p hase :  FI e r r o  

In  t h e  f e r r o - p h a s e  P=P0 VP=0

For g iv en  E and T, P0 ca n  be o b t a i n e d  by s o l v i n g  Eq. (2 .3 ) ;  t h e n  t h e  

f r e e  e n e r g y  Ff e r r o  can be  c a l c u l a t e d  by s u b s t i t u t i n g  P0 i n t o  ( 2 .2 ) .

dP d P 2o u t  by I s h i b a s h i  e t  a l . 90, t h e  meaning o f  t h e  t e r m s  ( — ) and ( - ^ 2 ) 2

Fferro = ^ Ap2 + ^ b p S  -  EP0 ( 2 . 2 )

f f e r r o
= AP0 + BP? -  E = 0

AP0 + BPo = E (2.3)
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I n  t h e  c a s e  E=0, Eq. (2 .3)  g i v e s :

PS = " f  (2 . if)

• •• F f e r r o  = (2>5)

For  c a l c u l a t i o n  o f  t h e  f r e e  e n e r g y ,  a l l  t h e  c o e f f i c i e n t s  in  t h e

f r e e  en e rg y  e x p a n s io n  m u s t  be  known. The d e t e r m i n a t i o n  o f  t h e  c o e f f i -

c i e n t s  w i l l  be  d i s c u s s e d  in  s e c t i o n  f .

b .  F r e e  e n e r g y  in  t h e  INC-phase:  F i nc

The e l a s t i c  n e u t r o n  s c a t t e r i n g  o f  NaNC>2 i n d i c a t e s  t h a t  t h e  INC 

m o d u l a t i o n  r e m a i n s  s t r i c t l y  s i n u s o i d a l  t h r o u g h o u t  t h e  INC r a n g e .  There-i  

f o r e  t h e  p l a n e  wave s o l u t i o n  can  be  t a k e n  in  t h e  INC-phase:

P = P 0 + Pk eoskx (2 . 6 )

w he re  x i s  a l o n g  t h e  a - a x i s ,  k i s  t h e  m o d u l a t i o n  w a v e v e c to r  and 

k = 6 >a . Here 6 i s  t h e  r e d u c e d  w a v e v e c to r  ( t h e  s e p a r a t i o n  be tw e en  t h e  

Bragg peak  and t h e  s a t e l l i t e  peak in  u n i t s  o f  a*) and a* i s  t h e  r e c i p r o ­

c a l  l a t t i c e  c o n s t a n t .  The i n t e g r a t e d  f r e e  e n e r g y  d e n s i t y  i s :

F i n e  = 1.Ap ? + I-BPS + ^ A k Pg + | - ( B  + Bk )P |P g  + ^ B k P£ EP0

( 2 . 7 )

1
w h e re  Ak = A + a k 2 + j B k 11

Bk = B + I n k 2 ( 2 . 8 )

A = A0(T -s To)

T h e r e  a r e  tw o  ways  t o  c a l c u l a t e  Fi n c , t h a t  i s  t o  f i n d  t h e  v a l u e s  

o f  P0, Pk and k t h a t  minimize  i t  and e v a l u a t e  i t  f o r  t h e s e  v a l u e s :
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1).  By s o l v i n g  t h e  e q u a t i o n s  o f  m in im iza t io n :  

aFinc
3P = 0

0

AP o + - |(B + Bk )PgP0 + BP| = E (2 .9)

3Fin c
3Pk

Ak + J ( B  + Bk )P |  + | -Bk P£ = 0 (2 .10)

3Finc _

3k U

R2 = "f " ikp|'  (2-1l)
P0, P|< and k can be  o b t a i n e d  by s o l v i n g  t h e  s i m u l t a n e o u s  e q u a ­

t i o n s  ( 2 . 9 ) ,  (2 .10)  and ( 2 .1 1 ) ,  t h e n  t h e  f r e e  e n e r g y  Finc  can  be c a l c u ^

l a t e d  by s u b s t i t u t i n g  P0, Pk ' a n d  k i n t o  Eq. (2 .7 ) .

2) .  By n u m e r i c a l l y  minimizing t h e  f r e e  en e rg y :

A co m p u te r  p ro g ram  can v a r y  t h e  t h r e e  p a r a m e t e r s  P0, Pk and 

k t o  minimize  t h e  f r e e  e n e r g y  F*110. For  g iv e n  E and T, t h e  c o m p u t e r  pro-’ 

gram g i v e s  t h e  min imized f r e e  e n e r g y  a s  w e l l  as  t h e  t h r e e  p a r a m e t e r s .

c .  The I N O f e r r o  p h a s e  t r a n s i t i o n  l i n e

The l o c k n i n  t r a n s i t i o n  o c c u r s  when t h e  minimum v a l u e  o f  Ff’e r r o  

c r o s s e s  t h e  minimum v a l u e  o f  Fi n c . T h e r e f o r e ,  f o r  g iven  E - f i e l d ,  t h e  

l o c k - i n  t r a n s i t i o n  t e m p e r a t u r e  Tg(E) can  be o b t a i n e d  by s e t t i n g  F i n c (E) = 

F f e r r o ( E) .  The TL(E) v e r s u s  E c u r v e  i s  j u s t  t h e  t h e  INC->ferro p h a s e  t r a n ­

s i t i o n  l i n e .

In  t h e  c a s e  n=Q and E=0, P0 e an  be d ro ppe d  in  Eqs.  (2 .6 )  and

( 2 . 7 ) .  Eq. (2 .7 )  becomes:
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By s e t t i n g  F f e r r 0  = F inc i . e

we have: (2.13)

(2 . 12 )

Tl (0) i s  t h e  l o c k - i n  t r a n s i t i o n  t e m p e r a t u r e  w i t h  E=0, n=0.

d. The para-»INC p h a s e  t r a n s i t i o n  l i n e

The para->TNC p h a s e  t r a n s i t i o n  l i n e  can be o b t a i n e d  by s e t t i n g  t h e  

c o e f f i c i e n t  o f  Pk in  Eq. (2 .7)  e q u a l  t o  z e r o  i . e .

w here  Tj(E) i s  t h e  para->INC p h a s e  t r a n s i t i o n  t e m p e r a t u r e  un de r  

e l e c t r i c  f i e l d  Ejj.

Eq. (2 .15)  means  t h a t  f o r  e ach  g iven  E - f i e l d ,  t h e  para+INC p h as e  

t r a n s i t i o n  t e m p e r a t u r e  can  be  o b t a i n e d  a s  t h e  t e m p e r a t u r e  where  Pk -+0. 

The Pk v e r s u s  T c u r v e  c a n  be  o b t a i n e d  by n u m e r i c a l l y  min imizing t h e  f r e e  

en e r g y ,  and t h e r e f o r e  Tj(E) can  be d e t e r m i n e d  n u m e r i c a l l y .

In  t h e  c a s e  E=0, P0 i s  e q u a l  t o  z e r o  i n  b o t h  t h e  p a r a  and t h e  INC 

p h a s e s .  Acco rd ing  t o  Eq. (2 .14)  t h e  para+INC t r a n s i t i o n  t h e n  o c c u r s  a t  

Ak =0

±-Ak -  | ( B  + Bk )Po = 0

o r  Ak + | ( B  + Bk )Po = 0 

Compar ison  o f  Eq. (2 .14)  w i th  Eq. (2 .10)  l e a d s  t o :

(2 .14)

Pk = 0 a t  T = T^ E) (2 .15)
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i . e .  Ao(Tj(0) -> T0) + a k 2 + j S k “ = 0  (2 .16)

At T = Tj(0) Pk = 0, Eq. (2 .11 )  becomes:

k2(0 ) = (2 .17)

S u b s t i t u t i n g  Eq. (2 .17)  i n t o  Eq. (2 .16)  we g e t :

Ti (0> -  T° * i C s  <2- ,8 )

Combinat ion o f  Eq. (2 .13)  w i t h  Eq. (2 .18)  g iv e s :

Tj(0) -  TL(0) = 2 .7247 ~  (2.19)
*̂ OP

Tj(0) and Tj_,(0) c a n  be  o b t a i n e d  f rom t h e  d i e l e c t r i c  c o n s t a n t  measn 

u re m e n t  which gave:

^ ( 0 )  = 163.86°C and TL(0) = 162.50°C

.*. ^  = 0 . 4 9 9 1 4A0
P

T0 = Tj(0) -  = 1 63.61 °C (2.20)

e .  D i e l e c t r i c  c o n s t a n t

3P
I n  CGS u n i t s ,  t h e  s u s c e p t i b i l i t y  X = (gg-)T (2 .21)

The d i e l e c t r i c  c o n s t a n t  e  = 1 + 4 t t X

In  p r a c t i c e  e can be w r i t t e n  a s :  e = + 4irX (2 .22)

whe re  i s  t h e  bac k g ro u n d  v a l u e  o f  e. This  i n c l u d e s  t h e  c o n t r i ­

b u t i o n  t o  x f rom d e g r e e s  o f  f r eed o m  o t h e r  t h a n  t h e  o r d e r  p a r a m e t e r .

1).  D i e l e c t r i c  c o n s t a n t  in  t h e  f e r r o e l e c t r i c  p h as e  

F f e r r o  = ^ . AP2 + ^_BPS -  EP0 

And P0 s a t i s f i e s  AP0 + BP? = E

(2 .2 )

(2.3)
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3E a z p f e r r o
( ■ S ^ T  ‘  A •  3BPS -  ( — j p j — )

3 P 0 a z p f e r r o

x '  <i t >t  ■ ( 2 -2 3 >

x f e r r o  = (A + 3BPIV I

• p f e r r o  = P. + ^ ___  ( 2  24)• eb A + 3 BP2

In  t h e  c a s e  E=0, we have f rom  (2 .4 ) :  P§ = --g- (2 .4)

ef e r r o  = E +  i l ------
b A0(To ~ T)

A0(T0 -• T) A0T0 A0T( e f e r r o  -  e ) - i  = ------  = ° -  » ( 2 . 2 5 )
u  2 t t  2 t t  2 t t -

Eq. (2 .25)  i n d i c a t e s  t h a t  in  t h e  c a s e  E=0 t h e  i n v e r s e  o f  t h e  d i e ­

l e c t r i c  c o n s t a n t  in  t h e  f e r r o - p h a s e  i s  a s t r a i g h t  l i n e  which h a s  a  n e g a ­

t i v e  s l o p e  and e x t r a p o l a t e s  t o  z e r o  a t  T = T0.

2 ) .  D i e l e c t r i c  c o n s t a n t  in  t h e  p a r a e l e c t r i c  p h as e

I n  t h e  p a r a - p h a s e  w i t h  an E n f i e l d  a l o n g  t h e  br-axis,  P = P 0 /  0

p P a r a  = ^.AP|  + | BP* EPo (2 . 2 6 )

where  A = A0(T -  T0) w i t h  T > T0

c P a r a  "  s*> + T T l B P f  ( 2 ' 27)

w here  i s  t h e  back g ro u n d  v a l u e  o f  ePa r a .

I f  E=0, t h e n  P0 = 0

a P a r a  •  *  +  J T U  < 2 - 2 8 >

, nar'a .x-., A°(T "  T«) A°T A°T°e P a r a  .  ^  m ------    = _  -  ( 2 . 29)

T h e r e f o r e ,  in  t h e  c a s e  o f  z e r o  E n f i e l d ,  t h e  i n v e r s e  d i e l e c t r i c  

c o n s t a n t  in  t h e  p a r a - p h a s e  i s  a s t r a i g h t  l i n e  t o o ,  b u t  t h e  s l o p e  i s  pos*i
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i t i v e .  I t  a l s o  e x t r a p o l a t e s  t o  z e r o  a t  T = T0.

Compar ing Eq. (2 .25)  w i th  Eq. (2 .29 )  we have :  

f Ff e r r o  -  £ , ) - 1
—  = - 2  (2 . 3 0 )

( e P a r a  e Q - - i

Note:  a t  T = T0 b o t h  ( e f e r r o  -  eb ) “ 1 and (e Pa r a  -  e&)r" 1 e q u a l  z e r o .  

This  means t h a t  t h e  two  s t a i g h t  l i n e s  mee t  a t  t h e  p o i n t  T=T0.

3).  D i e l e c t r i c  c o n s t a n t  i n  t h e  INCrphase 

In  t h e  INC-phase:

X  -  f  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ] _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  '* “ I ' -O
A + 3BP| + -jj-(B + Bk )Pg

.*. e inc  = £^  + ------------------Hi------------------  (2 .31)
A + 3BP| + J ( B  + Bk )Pg

w here  eb’ i s  t h e  b a c k g ro u n d  v a l u e  o f  ei n c .

P0> Pk and k s a t i s f y  Eqs.  ( 2 . 9 ) ,  (2 .10)  and (2 .11 ) .

f .  The c o e f f i c i e n t s  A0, T0, B, ct, B and n

1).  The c o e f f i c i e n t  T0

Eq. (2 .20)  g i v e s :  T0 = 1 6 3 . 6 1 °C

Thi s  means t h a t  i n  t h e  c a s e  o f  t h e  f o u r t h  o r d e r  f r e e  e n e r g y  

model ,  t h e  c o e f f i c i e n t  T0 i s  f i x e d .

2) .  The c o e f f i c i e n t  A0

Eq. (2 .25)  and Eq. (2 .29)  i n d i c a t e  t h a t  i n  b o t h  t h e  f e r r o  and t h e  

p a r a  p h a s e s  t h e  i n v e r s e  d i e l e c t r i c  c o n s t a n t s  a r e  s t r a i g h t  l i n e s .  The 

c o e f f i c i e n t s  A0 and T0 c an  be c a l c u l a t e d  f rom t h e  s l o p e s  and t h e  i n t e r ­

c e p t s  o f  t h e s e  s t r a i g h t  l i n e s .  F ig.  2.9 shows t h e  i n v e r s e  o f  t h e  d i e l e c -
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t r i e  c o n s t a n t s  o f  NaN0 2  ( t h e  d i s c r e t e  p o i n t s )  o f  F ig .  2 .1 .  Bec a use  t h e  

v a l u e s  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  NaNC>2 a r e  v e r y  l a r g e ,  t h e i r  i n v e r s e s  

a r e  v e r y  s m a l l .  T h e r e f o r e  i n  Fig.  2 .9  t h e  o r d i n a t e  r e p r e s e n t s  t h e  v a l u e

o f  1 . Eq. (2 .25)  and Eq. (2 .29)  can  be r e w r i t t e n  a s :
e ~ eb

1 0 0 0  1 0 0 0 A oTo 1 0 0 0 A oTiuuu _ _ (2 . 3 2 )
ef e r r o  -  eb 2 n 2 u

1 0 0 0  1 0 0 0 A oTo 1 0 0 0 A oT
— :--------------  n — iw—  — in?—  (2,33)ep a r a  -  ^

The e x p r e s s i o n s  (2 .32)  and (2 .33)  can  be u sed  t o  f i t  t h e  e x p e r ­

i m e n t a l  d a t a .  The s o l i d  l i n e s  in  Fig.  2 .9  a r e  t h e  f i t t i n g  r e s u l t s .  The 

e q u a t i o n s  f o r  t h e s e  two s t r a i g h t  l i n e s  a r e :

I n  t h e  f e r r o r p h a s e  y = 286.12 -  1.7523x ( 2 . 31*)

I n  t h e  p a r a - p h a s e  y = h24.476 + 0 .1507x (2 .35)

The r a t i o  o f  t h e  s l o p e s  o f  t h e  tw o  s t r a i g h t  l i n e s  i s  a b o u t  -12 

which i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t  o f  B u ch h e i t  and P e t e r s s o n 29, b u t  in  

s e v e r e  d i s a g r e e m e n t  w i t h  Eq. (2 .3 0 ) .

I n  t h e  f e r r o - p h a s e  t h e  c o e f f i c i e n t s  A0 and T0 can  be d e t e r m i n e d  

f rom Eq. (2 .32)  and Eq. (2 .34)  as :

A0 = 1. 1010x10 “ 2 ( i n  CGS u n i t s )  (2 . 3 6 )

T0 = 163.28°C

In  t h e  p a r a - p h a s e  f rom Eq. (2 .33)  and Eq. (2 .35)  we have:

A0 = 1 . 8938x1O" 3 ( i n  CGS u n i t s )  (2.37)

T0 = 162.42°C

The v a l u e s  eb = = 8 8 0  we re  chosen  t o  g ive  t h e  b e s t  f i t  o f  t h e

l i n e a r  e q u a t i o n s  ( 2 . 3 2 ) and ( 2 . 3 3 ) t o  t h e  e x p e r i m e n t a l  d a t a .

The s e v e r e  d i s a g r e e m e n t  b e tw e en  t h e  two  v a l u e s  o f  A0 has  n e v e r  

been e x p l a i n e d .
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We n o t e  t h a t  i n  t h e  p r e s e n t  c a s e  o f  t h e  f o u r t h  o r d e r  f r e e  energy- 

model ,  t h e  v a l u e  o f  T0 g iv e n  in  Eq. (2 .36)  i s  much c l o s e r  t o  t h e  p r e d i c ­

t i o n  o f  Eq. (2 .20)  t h a n  t h a t  g iv en  in  Eq. ( 2 .3 7 ) .  T h e r e f o r e  we have  t a k e n  

t h e  v a l u e  o f  A0 f r om  t h e  f e r r o - p h a s e  d a t a .  I t  s h o u l d  a l s o  be  p o i n t e d  

o u t  t h a t  t h e  v a l u e  o f  A0 i n  Eq. (2 .36)  was o b t a i n e d  f rom t h e  z e r o  E - f i e l d  

d a t a ;  h en c e  i t  i s  n e c e s s a r y  t o  a d j u s t  t h i s  v a l u e  t o  f i n d  a p r o p e r  v a l u e  

o f  A0 which i s  s u i t a b l e  f o r  d i f f e r e n t  E - f i e l d s .  We have  a l s o  t r i e d  t o  f i t  

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

f i e l d  u s i n g  Eq. (2 .24)  and t r e a t i n g  £5 , A0 and B a s  p a r a m e t e r s .  The com­

p u t e r  p rog ram  g i v e s  t h e  f i t t e d  d i e l e c t r i c  c o n s t a n t  a s  w e l l  a s  t h e  pa ram ­

e t e r s .  One s e t  o f  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  A0 and B o b t a i n e d  in  

t h i s  way was u s e d  t o  c a l c u l a t e  t h e  p h a s e  d i ag ram which i s  shown in  Fig.  

2 .10.  The v a l u e  o f  A„ i s :

A0 = 3*4407x10 ” 2 ( in  CGS u n i t s )

3).  The c o e f f i c i e n t  B

I n  t h e  f e r r o - p h a s e  Eq. (2 .4)  g i v e s :

, A0(T0 T)
P 2 — _______________
F° B

Ao(T0 -  T)
• • B =  p2  (2 . 3 8 )r  o

w he re  P0 i s  t h e  s p o n t a n e o u s  p o l a r i z a t i o n  which can  be e s t i - -  

m a ted  f rom Fig.  1 .2  a s :

P ° "  11 " 3-300X101* (cgs )  a t  T = 120°C

B = 1.3778x1 0 r ' 9 ( i n  CGS u n i t s )

The v a l u e  o f  B u s ed  f o r  o b t a i n i n g  t h e  t h e o r e t i c a l  p h a s e  diag-.  

ram shown in  Fig .  2 .10  i s :
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B = 1.3124x1 ( T 9 ( i n  CGS u n i t s )

Thi s  v a l u e  o f  B was c h o se n  in  t h e  same way a s  f o r  A0.

4).  The c o e f f i c i e n t s  a  and B

Eq. (2 .17)  g i v e s :  = - k 2(0) (2 .39)

Eq. (2 .18)  g i v e s :  £  = 2A0(T;[(0) r- T0) (2 .40)
P

k j ( 0 ) can be  o b t a i n e d  f rom t h e  e l a s t i c  n e u t r o n  s c a t t e r i n g  d a t a

as :

k2(0) = ( a * - 6 ) 2 = ( — - 6 ) 2 = 4 .3750x10 11* (cm“ 2) (2.41)

where  a  = 3 .6647 § i s  t h e  l a t t i c e  c o n s t a n t  a l o n g  t h e  a-> 

a x i s  a t  T = T j(0 ) .

Taking A0 = 3 .44070x10 7"2 and T0 = 163.61 °C th e n :  

a  = r 3 . 9255x10“ 17 ( in  CGS u n i t s )

B = 8 .9 7 3 0 x 1 0 " 32 ( in  CGS u n i t s )

Thes e  v a l u e s  o f  a  and B w ere  u s e d  t o  o b t a i n  t h e  p h a s e  d i ag ram

shown i n  Fig .  2 .10 .  The u n i t s  o f  t h e s e  and o t h e r  p a r a m e t e r s  o f  t h e  f r e e

en e r g y  a r e  d i s c u s s e d  in  Appendix A.

5) .  The c o e f f i c i e n t  n

The v a l u e  o f  n can be d e t e r m i n e d  by f i t t i n g  t h e  t h e o r e t i c a l  

m o d u l a t i o n  w a v e v e c to r  c u r v e  t o  t h e  e x p e r i m e n t a l  r e s u l t s  a s  i l l u s t r a t e d  

in  Fig .  2 .13 .  The v a l u e  fo u n d  f rom f i t s  i s :  

n = 1 .970 9x 10~2“ ( in  CGS u n i t s )

Th e re  i s  a n o t h e r  way t o  e s t i m a t e  t h e  v a l u e  o f  n which i s  

d e s c r i b e d  a s  f o l l o w s .
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At T = Tj(E),  Pk = 0 ( s e e  Eq. ( 2 . 1 5 ) ) ,  f rom  Eqs.  (2 .11)  and 

(2 .17 )  we have

can  g e t  t h e  v a l u e  o f  k j 2(E) n k j 2(0) f o r  g iv en  E, t h e n  we can  c a l c u l a t e  n 

u s i n g  Eq. ( 2 .4 5 ) ,  s i n c e  a l l  t h e  q u a n t i t i e s  ( e x c e p t  n) a r e  known. The e s t i ­

m a ted  v a l u e  o f  n i s

l a t i o n  w a v e v e c to r  cu r v e  t o  t h e  e x p e r i m e n t a l  r e s u l t s ,  and a j u s t e d  t h i s  

v a l u e  o f  n u n t i l  t h e  b e s t  f i t  was o b t a i n e d .

g. The c a l c u l a t e d  p h a s e  d iagram

Fig.  2 .10 shows t h e  c a l c u l a t e d  p h a s e  d i ag ra m s  w i t h  d i f f e r e n t  n 

v a l u e s .  The o t h e r  c o e f f i c i e n t s  a r e :

A0 = 3 . 4407x10 “ 2

k j 2(E) -  k ! 2(0) = n ^Lp§ (2.42)

Eq. (2 .9 )  g iv e s

AP0 + BPo = E (2.43)

w he re  A = A0(T j ( E )  r- T 0) (2.44)

For  r o u g h l y  e s t i m a t i n g  t h e  v a l u e  o f  n, h e r e  we as sume t h a t

AP0 = E o r

E (2.45)
Ao(T x( 0 )  -  To)

S u b s t i t u t i n g  (2 .45)  i n t o  (2 .43 )  we g e t

2 6A?(Tj ( 0 )  -» T0)
(2.46)

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

n = 1 .1709x10 “ 23 ( in  CGS u n i t s )

S t a r t i n g  f rom t h i s  v a l u e  we t r i e d  t o  f i t  t h e  t h o e r e t i c a l  modu-
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B = 1 . 3124x1O^ 9

a  = --3.9255x1 O' 17 ( i n  CCS u n i t s )  (2.47)

0 = 8 .9730x10 “ 32

T0 = 1 6 3 .61°C

The p r o c e d u r e  f o r  o b t a i n i n g  t h e  p h a s e  d i ag ra m s  shown in  Fiq.  2 .10 

was a s  f o l l o w s :

1).  S u b s t i t u t e  t h e  v a l u e s  o f  a l l  t h e  c o e f f i c i e n t s  i n  Eq. (2 .47)  and 

n i n t o  t h e  f r e e  e n e r g y .

2) .  Use t h e  method  o f  n u m e r i c a l l y  min imizing t h e  f r e e  e n e r g y  t o  

o b t a i n  t h e  e q u i l i b r i u m  f r e e  e n e rg y  and t h e  c o r r e s p o n d i n g  t h r e e  pa rame^ 

t e r s ,  P0, P[< and k.

3) .  The t r a n s i t i o n  t e m p e r a t u r e  Tp was o b t a i n e d  by s e t t i n g  Fin c  = 

p f e r r o # p ig .  2.11 d e p i c t s  t h e  Fi-nc  and t h e  F f e r r o  a t  z e r o  E - f i e l d .  The 

i n t e r s e c t i o n  d e t e r m i n e s  t h e  t r a n s i t i o n  t e m p e r a t u r e  Tp. For  d i f f e r e n t  Eo 

f i e l d s ,  Tp,(E) was d e t e r m i n e d  in  t h e  sam e way.

4).  The t r a n s i t i o n  t e m p e r a t u r e  Tj was t a k e n  as  t h e  t e m p e r a t u r e  

whe re  P|< •» 0. Fig.  2 .12  shows P^ v e r s u s  T f o r  z e r o  f i e l d .  The end p o i n t  

o f  t h e  c u r v e  on t h e  a b s c i s s a  g i v e s  Tj .  For  d i f f e r e n t  E - f i e l d s  Tj(E) was 

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

P l o t t i n g  Tj(E) and Tp(E) v e r s u s  Er- f ie ld  f o r  d i f f e r e n t  v a l u e s  o f  n 

l e a d s  t o  t h e  p h a s e  d i a g r a m s  shown in  Fig .  2 .10 .

h .  The m o d u l a t i o n  w a v e v e c to r

Fig .  2 .13 shows t h e  c a l c u l a t e d  m o d u l a t i o n  w a v e v e c t o r  v e r s u s  t em ­

p e r a t u r e  w i th  d i f f e r e n t  n v a l u e s .  The d i s c r e t e  p o i n t s  a r e  t h e  e x p e r im e n ­

t a l  r e s u l t s .  I f  n=0, t h e  m o d u l a t i o n  w a v e v e c to r  k i s  t e m p e r a t u r e  i n d e p e n ­

d e n t  ( s e e  Eq. ( 2 .1 7 ) ) ,  w h i l e  i f  n i s  n o t  z e r o  t h e n  t h e  m o d u l a t i o n  wave-



-  32 -

v e c t o r  k i s  t e m p e r a t u r e  d e p e n d e n t .  The v a l u e  o f  n can  be  d e t e r m i n e d  by 

f i t t i n g  t h e  t h e o r e t i c a l  c u r v e  t o  t h e  e x p e r i m e n t a l  r e s u l t s  a s  shown in  

t h i s  f i g u r e .  The v a l u e  o f  n f o r  t h e  s o l i d  l i n e  i n  Fig.  2.13 i s :  n = 

1 .9709x1 CT21* ( in  CGS u n i t s ) .

No te  t h a t  t h e  c a l c u l a t e d  m o d u l a t io n  w a v e v e c t o r  does  n o t  depend  on 

t h e  l o n g i t u d i n a l  E - f i e l d s .  In  o t h e r  words ,  a l l  t h e  6 v e r s u s  T c u r v e s  f o r  

d i f f e r e n t  E - f i e l d  a r e  c o i n c i d e n t ,  which a g r e e s  w i t h  o u r  e x p e r i m e n t a l  r e s ­

u l t s .

S ince  t h e  t e m p e r a t u r e  r a n g e  o f  t h e  INC-phase  d e c r e a s e s  w i t h  i n c r e ­

a s i n g  E - f i e l d ,  hen c e  t h e  l e n g t h  o f  t h e  6 v e r s u s  T c u r v e  d e c r e a s e s  w i th  

i n c r e a s i n g  E - f i e l d .  Le t  6j (E) and 6 j_,CE) r e p r e s e n t  t h e  w a v e v e c to r  a t  Tj(E) 

and Tl(E)  r e s p e c t i v e l y .  Then b o t h  t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  r e s n  

u l t s  show t h a t  6j(E) d e c r e a s e s  w i th  i n c r e a s i n g  E - f i e l d  w h i l e  6l (E )  i n c r e ­

a s e s  w i t h  i n c r e a s i n g  E n f i e l d .

Our r e s u l t s  a r e  i n  d i s a g r e e m e n t  w i t h  t h o s e  o f  Durand e t  a l . S8 who 

c o n c lu d e d  t h a t  t h e  m o d u l a t i o n  w a v e v e c t o r  i s  a d e c r e a s i n g  f u n c t i o n  o f  t h e  

a p p l i e d  f i e l d 58 f rom t h e  f a c t  t h a t  5j(E) depend s  on E.

I n  c o n t r a s t  t o  t h e  c a s e  o f  a  l o n g i t u d i n a l  E - f i e l d ,  o u r  r e s u l t s  in  

C h ap te r  I I I  w i l l  show t h a t  i n  t h e  c a s e  o f  a t r a n s v e r s e  E - f i e l d  t h e  modu­

l a t i o n  w a v e v e c t o r  i s  E n f i e l d  d e p e n d e n t .

i .  The i n t e n s i t y  o f  s a t e l l i t e s

A ccord ing t o  T a n i s a k i 1*2 and Yamada1*3, t h e  i n t e n s i t y  o f  t h e  s a t e l ­

l i t e s  i s  p r o p o t i o n a l  t o  P£. Fig.  2 .14 shows t h e  c a l c u l a t e d  P£ v e r s u s  t em ­

p e r a t u r e  f o r  E=0. Com par ison o f  Fig.  2 .8  w i th  Fig .  2 .14  i n d i c a t e s  t h a t  in  

t h e  t e m p e r a t u r e  r e g i o n  o f  T^ < T < Tj,  t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e

s a t e l l i t e  can  be  r o u g h l y  e x p l a i n e d  by t h e  Landau f r e e  enegy ex p a n s io n ,
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b u t  i n  t h e  r e g i o n  o f  T = t h e  t h e o r e t i c a l  r e s u l t  i s  i n  d i s 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  r e s u l t .

j. The d i e l e c t r i c  c o n s t a n t

Eq. (2 .21)  and Eq. (2 .22)  g iv e  t h e  d i e l e c t r i c  c o n s t a n t  a s :

SPoe = eb + Htt—

The p r o c e d u r e  we u s e d  f o r  t h e  c a l c u l a t i o n  o f  t h e  d i e l e c t r i c  co n ­

s t a n t  w i t h  E ^ 0 was t h e  f o l l o w i n g :

1).  For  a  g iven E = E-|, c a l c u l a t e  P0(E-|) by u s i n g  t h e  method o f  

n u m e r i c a l l y  min imizing  t h e  f r e e  en e rg y .

2) .  For E = E2 = Ei + AE, c a l c u l a t e  P0(E2 ).

3) .  Then t h e  d i e l e c t r i c  c o n s t a n t  i s :

Po(E2) -  P„(E,)
e = eb + Hit ------ e'2' - - '~E~------  (2 .48)

Fig .  2.15 shows t h e  c a l c u l a t e d  d i e l e c t r i c  c o n s t a n t  a t  E = 5

( s t a £ X 2 l ts_) which d e c r e a s e s  m o n o t o n i c a l l y  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  in

t h e  INC-phase  w h i l e  t h e  e x p e r i m e n t a l  r e s u l t  has  a minimum v a l u e  b e t w e e n  

Tl and Tj as  shown in  Fig .  2 .1 .

In  o r d e r  t o  o b t a i n  a d i e l e c t r i c  c o n s t a n t  c u r v e  e x h i b i t i n g  a d o u b l e  

maximum, I s h i b a s h i  i n t r o d u c e d  a  " f i e l d - l i n e a r  harmonic"  t e r m 90 i n  t h e  

e x p r e s s i o n  o f  t h e  p o l a r i z a t i o n  i n  t h e  INC-phase ,  i . e .

P = P 0 + Pi<coskx + P2 i<cos2 kx (2.49)

w here  P2 i< i s  i n d u ced  f rom P0 and P^.  Now t h e r e  a r e  f o u r  p a r a m e t e r s :  P 0, 

pk» p2 k and k -

The d i e l e c t r i c  c o n s t a n t  i n  t h e  INC-phase  can be  c a l c u l a t e d  by u s i n g  

t h e  sam e method u sed  above .  Note  t h a t  t h e  " f i e l d - l i n e a r  harmonic"  t e r m
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do es  n o t  a f f e c t  t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  p a r a  and f e r r o  p h a s e s .

Fig .  2 . 1 6  shows t h e  d i e l e c t r i c  c o n s t a n t  a t  E = 9 ( .  i t  i s  . . cm

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

mum i n  t h e  INC-phase can  be o b t a i n e d  by i n t r o d u c i n g  t h e  " f i e l d - l i n e a r  

ha rmonic"  t e r m ,  b u t  we s t i l l  have  some p r o b l e m s :

1).  F ig .  2 .3  shows t h a t  a t  Tl (E) t h e  e x p e r i m e n t a l  peak d e c r e a s e s  

w i t h  i n c r e a s i n g  Er- f ie ld  w h i l e  t h e  t h e o r e t i c a l  r e s u l t  i s  j u s t  t h e  oppo­

s i t e .

2) .  The t e m p e r a t u r e  r a n g e  o f  t h e  INC-phase  i s  n a r r o w e d  by i n t r o d u c e

i n g  t h e  " f i e l d - l i n e a r  har monic"  t e r m .  In  t h e  c a s e  o f  E = 5 ( -----------------)° cm

and n = 0  :

Without  t h e  P2 |<cos2 kx t e rm

Tj -■ TL = 1.36°C (2.50)

With t h e  P2 i<cos2 kx t e rm

TI i  TL = 0.40°C.  (2.51)

2. Sixth order free energy model
1 1Fig.  2.9 shows t h a t  t h e  two l i n e s  o f  — ----------------  and ------------------

e e r r o  -  Eb e p a r a  _ ^

go t o  z e r o  a t  d i f f e r e n t  t e m p e r a t u r e .  The c r o s s i n g  of  t h e s e  tw o l i n e s  

i m p l i e s  t h a t  t h e  d i r e c t  p a r a  -> f e r r o  t r a n s i t i o n  i s  o f  f i r s t  o r d e r .  But 

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

t h e  p a r a - p h a s e  t o  t h e  f e r r o - p h a s e .  Compar ison o f  Fig.  2 .10 w i t h  Fig .  2 .4  

i n d i c a t e s  t h a t  t h e  t r i p l e  p o i n t  on t h e  c a l c u l a t e d  p h a s e  d i ag ram o f  t h e  

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

r e s u l t .  For  t h e  above r e a s o n s  we n e x t  c o n s i d e r  a  f r e e  e n e r g y  model  which
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c o n t a i n s  a s i x t h  o r d e r  t e r m .  The s i x t h  o r d e r  f r e e  e n e r g y  model  

w r i t t e n  a s 91:

f (x )  = jA P2 + I B P 1* + I c P 6 + L-a(VP) 2 + V2P) 2 + i n P 2(VP) 2 -  EP

w here  A = A0(T -  T0),  B<0, C>0, a<0,  S>0, n>0

E i s  t h e  a p p l i e d  e l e c t r i c  f i e l d  a l o n g  t h e  b - a x i s .

The i n t e g r a t e d  f r e e  e n e r g y  d e n s i t y  i s :

F = t- /  f ( x )d x  x i s  a l o n g  t h e  a - a x i s .
Li

a .  F r e e  e n e r g y  in  t h e  f e r r o e l e c t r i c  p h ase :  Ff e r r o  

In  t h e  f e r r o - p h a s e  P = P 0

g f e r r o  = ^ . ap |  + .J.BPS + £-CPS -  EP0

g p f e r r o
3P^

= AP0 + BP? + CPo5 n E = 0

I n  t h e  c a s e  E=0 Eq. (2 .54)  becomes:

A + BP2 + CPS = 0

b. F r e e  e n e r g y  i n  t h e  INC-phase:  F inc

In  t h e  INC-phase:  P = P0 + Pk coskx

. \  F ine  = | AP2 + -JpBPS + J-Pg r  EP0

+ irAk Pg + | ( B  + Bk )P2oPg + ^ B kP£

+ f CpoPg + H CpoPi< + ^ -cp£
1

w h e re  Ak = A + a k 2 + Tj-Bk1*

Bk = B + y n k 2

can be 

(2 .52)

(2 .53)

(2.54)

(2 .55)

(2.56)

(2 .57)
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I n  t h e  c a s e  E = 0 , P„ = 0

F ine  = 1_Ak P£ + ^ - B kP£ + ^ C P £  (2 .58)

S in ce  t h e  p a r a  ■+ INC t r a n s i t i o n  a t  Tj i s  e x p e r i m e n t a l l y  s ec o n d  

o r d e r ,  t h e  c o e f f i c i e n t  Bk mus t  be p o s i t i v e  a l t h o u g h  B i s  n e g a t i v e .

9Fin c
3Pk 0

Ak + | -(B + Bk )Po + 5CPo + ( ? BK + T - CP°)P  ̂ + | CPk = 0 <2-59>

A + J ( B  + Bk)Pg + ^ C P &

3Pc

Po + (B + 5CPg)P? + CPo = E (2.60)

9 F ^ £  _
3k

k2  = - f  ( 2 ’61)

c .  The INC-»ferro p h a s e  t r a n s i t i o n  l i n e

The f r e e  e n e r g i e s  o f  F i n c and Ff e r r o  we re  o b t a i n e d  by u s i n g  t h e  

me thod  o f  n u m e r i c a l l y  minimizing t h e  f r e e  e n e rg y .  The t r a n s i t i o n  t e m p e r ­

a t u r e  Tl (E) f rom t h e  INC t o  t h e  f e r r o  p h a s e  was t h e n  d e t e r m i n e d  by s e t ­

t i n g  Fi n c  = Ff e r r o .  P l o t t i n g  Tl (E) v e r s u s  E g i v e s  t h e  INC->ferro t r a n s i ­

t i o n  l i n e .

d. The para->INC p h a s e  t r a n s i t i o n  l i n e

The para->INC p h a s e  t r a n s i t i o n  t e m p e r a t u r e  can  be o b t a i n e d  by 

s e t t i n g  t h e  c o e f f i c i e n t  o f  P£ t o  z e r o  i n  (2 . 5 6 ),  i . e . :

Ak + J ( B  + Bk )P5 + 5CPS = 0 (2.62)
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Compar ing (2 .62)  w i t h  (2 .59)  we g e t

( ¥ Bk + T " CPS)Pg + F CPk = 0 ( 2 ' 63)

Th is  e q u a t i o n  h a s  two  p o s s i b l e  s o l u t i o n s :  

pk -  o

o r  ( | -Bk + ^-CPg) + f-CPg = 0 (2 .64)

S in c e  Bk > 0 and C > 0, Eq. (2 .64)  c a n n o t  be s a t i s f i e d .  The o n l y

s o l u t i o n  i s  t h e r e f o r e

Pk = 0 a t  T=Tj (2 .65)

Eq. (2 .65)  means  t h a t  t h e  t r a n s i t i o n  t e m p e r a t u r e  Tj(E) can  be

o b t a i n e d  a s  t h e  t e m p e r a t u r e  w here  Pk ■* 0.

In  t h e  c a s e  E=0, P0 i s  e q u a l  t o  z e r o  in  b o t h  t h e  p a r a  and t h e  INC 

p h a s e s .  . ' .  Acco rd ing t o  Eq. (2 .62)  t h e  t r a n s i t i o n  o c c u r s  a t  Ak = 0, i . e .

Ao(Tj(0) -i T0) + a k 2 + j B k “ = 0 (2 .66)

At T = Tj , Pk = 0 . ' .  kx(0) = (2 .67)

S u b s t i t u t i n g  Eq. (2 .67 )  i n t o  Eq. (2 .66)  g ives :

TI ( °) = T0 + (2 .68)

which i s  t h e  same r e s u l t  fo u n d  in  Eq. (2 .18)  f o r  t h e  f o u r t h  power  f r e e

e n e rg y ,  ( t h e  symbol  " (0)"  i n d i c a t e s  t h e  c a s e  o f  z e r o  E - f i e l d ) .

Combining Eqs.  ( 2 . 6 7 ) ,  (2 .65)  and ( 2 .6 1 )  we have

K2(E) -  k2(0) = n^L pg  (2 .69)

w here  k j  r e p r e s e n t s  t h e  w a v e v e c to r  k a t  Tj,  and P0 r e p r e s e n t s

Po(E) .  .

e. The d i e l e c t r i c  c o n s t a n t
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I n  t h e  p a r a  and t h e  f e r r o  p h a s e s  f o r  n o n z e ro  E n f i e l d  

X-1 = —  = A + 3BP? + 5CPo9P0

___________ Mir___________
E " Eb A0(T r- To) + 3BP? + 5CPS

(2 .70)

I n  t h e  c a s e  E=0, i n  t h e  p a r a - p h a s e  P0 = 0

■M TTePa r a  = e& +
A0(T ~  To)

1 A0(T n T0)
o r  ------------------  =  n--------- (2.71)

ePa r a  -  e£, T

At T = T0

1 = 0
£p a r a  -  e£

I n  t h e  f e r r o - p h a s e

1 = J__
ef e r r o  -  £b “ 4 it [ A0(T -  To) + 3BPo + 5CPo] (2 .72)

A t T = To + -5 - [3 B P !  + 5CPo]

— ------:-----------  = 0 we r e p r e s e n t  t h i s  T as  Tf .e r r o  -  Eb

AT = T0 « Tf  = -  -j-[3BPo + 5CPo] (2 .73)

w here  P0 r e p r e s e n t s  P0(Tf ) .

Eq. (2 .72)  g i v e s :  A0(T -  T0) + 3BPo + 5CP2 = 0 (2 .74)

Combining Eq. (2 .73 )  w i t h  Eq. (2 .55)  l e a d s  to :

P 20 = - A  a t  T = Tf  (2 .75)

S u b s t i t u t i n g  (2 .75)  i n t o  (2 .73 )  we have

aT ■ A  (2-7«
Note  t h a t  i n  t h e  f o u r t h  o r d e r  f r e e  e n e r g y  model  t h e  two  l i n e s
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1 1
— ------------------ and-------------------- go t o  z e r o  a t  t h e  same p o i n t  T = T0, b u t  in
ef e r r o  -  £b e p a r a  _ ^

t h e  s i x t h  o r d e r  model  t h e  tw o  l i n e s  go t o  . z e r o  a t  d i f f e r e n t  t e m p e r a ­

t u r e s .  Th is  i s  c o n s i s t e n t  w i th  t h e  e x p e r i m e n t a l  r e s u l t ,  ( s e e  Fiq .  2 .9 ) ,  

and i s  t h e  p r i n c i p a l  r e a s o n  t h a t  t h e  s i x t h  power  f r e e  e n e r g y  was i n t r o ­

duced.  ( s e e  r e f s .  (29 ) ,  (91) ,  (4 6)) .

f .  The c o e f f i c i e n t s  A0, T0, B, C, q, g, and n

1).  The c o e f f i c i e n t s  A0 and T„

In  t h e  c a s e  o f  t h e  f o u r t h  o r d e r  f r e e  e n e r g y  model  t h e  c o e f f i ­

c i e n t  T0 i s  f i x e d  a s  g iv en  in  Eq. ( 2 .2 0 ) ,  w h i l e  i n  t h e  s i x t h  o r d e r  model  

t h e r e  i s  no s u ch  r e s t r i c t i o n .  I t  was fo u n d  t h a t  f o r  o b t a i n i n g  a p h a s e  

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

f o u r t h  o r d e r  f r e e  e n e r g y  model t h e  c o e f f i c i e n t s  A0 and T0 s h o u l d  be 

t a k e n  f rom t h e  p a r a - p h a s e  d a t a .  S in c e  b o t h  m o d e l s  p r e d i c t  t h e  same 

e p a r a  (g q# (2 .29)  and (2 .71 ))  we u s e d  t h e  v a l u e s  i n  Eq. (2 .37)  which were,  

o b t a i n e d  f rom t h e  p a r a - p h a s e  d a t a .

Bec a use  t h e  v a l u e s  o f  A0 and T0 in  (2 .37)  w e re  o b t a i n e d  f rom

z e r o - f i e l d  d a t a ,  i t  i s  n e c e s s a r y  t o  a d j u s t  them t o  o b t a i n  p r o p e r  v a l u e s

which a r e  s u i t a b l e  f o r  d i f f e r e n t  E - f i e l d s .  The v a l u e s  o f  A0 and T0 u s e d  

f o r  o b t a i n i n g  t h e  p h a s e  d iagra m shown i n  Fig.  2 .17 a r e :

A0 = 1 .8938x10 n3 ( in  CGS u n i t s ) ,  T0 = 162.30°C (2 .77)

Th ese  v a l u e s  w e re  fo u n d  i n  t h e  sam e way d e s c r i b e d  i n  t h e  p r e v i ­

ous  s e c t i o n  f o r  t h e  f o u r t h  o r d e r  f r e e  e n e r g y  model .

2) .  The c o e f f i c i e n t s  B and C
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Eq. (2 .76)  ca n  be  r e w r i t t e n  a s :  

B2C = 4A0AT

S u b s t i t u t i n g  Eq. (2 .78)  i n t o  Eq. (2 .55)  we g e t  

4A0AT
B - 4 TT

4A0AT 1 6A2(T0 -  T) AT
( - 0 * - ) 2 + —

The v a l u e  o f  AT can be o b t a i n e d  f r om  Fig.  2 .9  a s :

AT = 0.80°C

The s p o n t a n e o u s  p o l a r i z a t i o n  a t  T = 162.00°C can  be 

f rom Fig .  1.2 as :

P„ = 2 .0 4 x 1 0 1*

B = ^1.581 9x 10 “ u  ( i n  CGS u n i t s )

C = 4.1292x1 O'-20

3) .  The c o e f f i c i e n t s  a, 6, n

Eq. (2 .68)  g iv e s : 2Ao(T!(0) -  T0)

I  = - k^ ° )Eq. (2 .67)  g iv e s :

From t h e  d i e l e c t r i c  c o n s t a n t  d a t a  we have 

T^O) = 163.86°C 

The n e u t r o n  s c a t t e r i n g  d a t a  g ive:  

k2(0) =4.3750x10 -'11* cm“ 2

S u b s t i t u t i n g  Eqs . ( 2 . 7 7 ) ,  (2 .83)  and (2 .84)  i n t o  Eqs.

(2 .82)  we o b t a i n

a  = - 1 . 3 5 0 6 x 1 0“ 17 

6 = 3 .0870x10n32 ( i n  CGS u i n t s )

( 2 . 7 8 )

(2 .79)

e s t i m a t e d

(2 .80)

(2 . 8 1 )

(2 . 8 2 )

(2.83)

(2 .84)  

2 .81)  and

(2.85)
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The v a l u e  o f  n ca n  be d e t e r m i n e d  f rom f i t t i n g  t h e  t h e o r e t i c a l  

w a v e v e c to r  c u r v e  t o  t h e  e x p e r i m e n t a l  w a v e v e c to r  d a t a  a s  i l l u s t r a t e d  in  

Fig .  2 .19.  The d e t e r m i n e d  v a l u e  o f  n i s

n = 4.1520x1 O"21* ( i n  CGS u n i t s ) .

The v a l u e  o f  n can a l s o  be e s t i m a t e d  by t h e  same f o r m u l a  as  

g iv en  i n  Eq. ( 2 .4 6 ) ,  i t  was o b t a i n e d  a s :  n = 4 .7520x10“ 2S ( in  CGS u n i t s ) .  

Then we can u s e  t h i s  v a l u e  t o  f i t  t h e  t h e o r e t i c a l  m o d u l a t i o n  c u r v e  t o  

t h e  e x p e r i m e n t a l  r e s u l t s ,  and a d j u s t  i t  u n t i l  t h e  b e s t  f i t  i s  o b t a i n e d .

g .  The c a l c u l a t e d  p h a s e  d iagram

Fig.  2 .17 d e p i c t s  t h e  c a l c u l a t e d  p h a s e  d i ag ram o f  t h e  s i x t h  o r d e r  

model  ( t h e  d a sh e d  cu r v e )  o b t a i n e d  by u s in g  t h e  same p r o c e d u r e  which was 

u sed  f o r  t h e  f o u r t h  o r d e r  model .  For c o m p ar i so n ,  t h e  p h a s e  d i ag ra m s  of  

t h e  f o u r t h  o r d e r  model  ( t h e  s o l i d  cu r v e )  and t h e  e x p e r i m e n t a l  r e s u l t  

( t h e  d i s c r e t e  p o i n t s )  a r e  a l s o  p l o t t e d  i n  t h e  same f i g u r e .  A l l  t h e  coef-<

f i c i e n t s  u s ed  f o r  t h i s  d iag ra m  a r e  l i s t e d  i n  T a b l e  A.3. The d a t a  o f  W.

B u ch h e i t  and J .  P e t e r s s o n 29 and o f  Durand e t  a l 1*6. a r e  a l s o  l i s t e d  in  t h i s  

t a b l e  f o r  co m p ar i so n .  The c o n v e r s i o n  o f  t h e  f r e e  e n e r g y  f rom MKS u n i t s  

i n t o  CGS u n i t s  i s  d i s c u s s e d  in  Appendix A. I t  i s  c l e a r  t h a t  t h e  t r i p l e  

p o i n t  o f  t h e  s i x t h  o r d e r  model  i s  c o i n c i d e n t  w i th  t h e  e x p e r i m e n t a l  

r e s u l t  and t h e  p h a s e  d iagra m i s  c l o s e r  t o  t h e  e x p e r i m e n t a l  one  t h a n  t h a t  

o f  t h e  f o u r t h  o r d e r  model .

Tj(E) and Tl(E) c a n  be p l o t t e d  i n  a n o t h e r  way. Fig.  2 .18 shows Tj 

-  Tl v e r s u s  e l e c t r i c  f i e l d  E^. The d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t a l  

r e s u l t s  and t h e  s o l i d  c u r v e  i s  t h e  c a l c u l a t e d  r e s u l t  of  t h e  s i x t h  o r d e r  

f r e e  e n e r g y  model .  The a g r e e m e n t  be tw e en  e x p e r i m e n t  and t h e o r y  i s  q u i t e  

good.
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h. The c a l c u l a t e d  m o d u l a t i o n  w a v e v e c to r

The c a l c u l a t e d  m o d u l a t i o n  w a v e v e c t o r  v e r s u s  T c u r v e  ( t h e  s o l i d  

l i n e )  i s  shown in  Fig .  2 .19 w he re  t h e  d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t  

t a l  r e s u l t s .  The a g r e e m e n t  b e t w e e n  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  

i s  b e t t e r  t h a n  t h a t  o f  t h e  f o u r t h  o r d e r  model  (Fig.  2 .13 ) .

Fig .  2 .20 shows and v e r s u s  e l e c t r i c  f i e l d  E^. The u p per  and 

l o w e r  s o l i d  c u r v e s  a r e  r e s p e c t i v e l y  t h e  c a l c u l a t e d  6j(E) and 6l,(E) o f  t h e  

s i x t h  o r d e r  f r e e  e n e rg y  model .  The d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t a l  

r e s u l t s .  F ig.  2 .18 and Fig .  2 .20 a r e  p l o t t e d  t o g e t h e r  f o r  c o m p ar i so n  in  

Fig .  2 .21 .

The P£ v e r s u s  T cu r v e  and t h e  d i e l e c t r i c  c o n s t a n t  cu r v e  a r e  s im ­

i l a r  t o  t h o s e  o f  t h e  f o u r t h  o r d e r  f r e e  e n e r g y  m ode l .  Without  t h e  " f i e l d n  

l i n e a r  harmon ic "  t e r m  t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  INC-phase  i s  s t i l l  a 

m o n o ton ic  f u n c t i o n  o f  t e m p e r a t u r e .

D. Diffuse neutron scattering and discussion 
of the free energy model
A d i f f u s e  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t  was p e r f o r m e d  a t  BNL u s i n g  

t h e  same a p p a r a t u s  and t h e  same s a m p l e  d e s c r i b e d  i n  s e c t i o n  B.

Fig .  2.22 shows t h e  e x p e r i m e n t a l  r e s u l t s  o f  t h e  peak p o s i t i o n s  of

t h e  d i f f u s e  n e u t r o n  s c a t t e r i n g  i n  t h e  p a r a - p h a s e  and  t h e  s a t e l l i t e  posir:  

t i o n s  i n  t h e  INC-phase ,  b o t h  p l o t t e d  as  f u n c t i o n s  of  t e m p e r a t u r e .  The 

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

t h a t  o f  t h e  s a t e l l i t e  p o s i t i o n s  i s  ab o u t  1 : 4.

In  a r e c e n t  p a p e r  by Ema e t  a l 9z. t h e  r o l e  o f  t h e  d i f f e r e n t  t e r m s  in

t h e  f r e e  e n e r g y  h a s  been e s t i m a t e d  on t h e  b a s i s  o f  t h e  s m a l l n e s s  o f  t h e



t e m p e r a t u r e  w i d t h  in  which t h e  INC-phase  e x i s t s .  A cco rd ing  t o  t h i s  p a p e r ,  

i n  a c o n s i s t e n t  p h e n o m e n o lo g ic a l  t h e o r y  i t  may be p o s s i b l e  t o  n e g l e c t  

t h e  n(VP)2PZ t e r m ,  b u t  i t  may n o t  be p o s s i b l e  t o  n e g l e c t  t h e  t e m p e r a t u r e  

depe ndence  o f  t h e  c o e f i c i e n t  a  i n  t h e  f r e e  e n e r g y .  We can  e s t i m a t e  t h e  

r e l a t i v e  i m p o r t a n c e  o f  t h e s e  two  t e r m s  e x p e r i m e n t a l l y  by co m par ing  o u r  

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

e n e r g y  mode l .  We p r e s e n t  h e r e  t h e  r e s u l t  of  an  a n a l y s i s  s u g g e s t e d  by 

P r o f e s s o r  A. P. Levanyuk.

Again,  we t a k e  t h e  f r e e  e n e r g y  d e n s i t y  as

f ( x )  = jA P2 + -jj-BP1* + I c P 6 + l a ( V P ) 2 + -J-0(V2P)2 + | n P 2(VP)2 (2 .86)

w he re  A = A0(T T0),  B < 0, C > 0, a < 0, 0 > 0, n > 0

In  t h e  INC-phase ,  f o r  t h e  c a s e  o f  z e r o  E - f i e l d ,  Eq. (2 .61)  g iv e s

Th is  means t h a t  i n  t h e  INC-phase  t h e  s a t e l l i t e  p o s i t i o n s  a r e  g o v e r n ed  

by a,  0 and n.

In  t h e  p a r a - p h a s e ,  t h e  r e s p o n s e  f u c t i o n  ( i . e .  t h e  s u s c e p t i b i l i t y  x) 

can be  o b t a i n e d  by t a k i n g  t h e  s e c o n d  d e r i v a t i v e  o f  t h e  F o u r i e r  t r a n s f o r m  

o f  t h e  f r e e  e n e r g y  w i t h  r e s p e c t  t o  t h e  o r d e r  p a r a m e t e r .  Thus we have

X(k) = Ak~ l = (A + a k 2 + l ^ k T 1 (2 .88)

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

o f  t h e  f l u c t u a t i o n  i n  Pk , w h i l e  f r om  t h e  f l u c t u a t i o n - d i s s i p a t i o n  th eo rem  

t h e  mean s q u a r e  f l u c t u a t i o n  i s  p r o p o r t i o n a l  t o  t h e  s u s c e p t i b i l i t y .  There-i  

f o r e  t h e  t e m p e r a t u r e  dependence  o f  t h e  peak p o s i t i o n s  of  t h e  d i f f u s e  

s c a t t e r i n g  i s  g o v e rn e d  by t h e  t e m p e r a t u r e - d e p e n d e n t  s u s c e p t i b i l i t y  x(k) 

i n  Eq. ( 2 .8 8 ) .  In  o t h e r  w ord s ,  t h e  peak p o s i t i o n  o f  t h e  d i f f u s e  s c a t t e r i n g  

does  n o t  depend on t h e  c o e f f i c i e n t  n.
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I f  a l l  t h e  t e m p e r a t u r e  depe ndence  o f  k comes f rom t h e  p - t e r m  ( i . e .  n 

^ 0 and a = c o n s t a n t ) ,  t h e  p l o t  o f  t h e  s a t e l l i t e  p o s i t i o n s  below Tj and 

t h e  peak p o s i t i o n s  o f  t h e  d i f f u s e  s c a t t e r i n g  abov e Tj would  be  o f  t h e  

form shown i n  Fig .  2 .23 ( a ) ,  w here  t h e  p o s i t i o n s  o f  s a t e l l i t e  v a r i e s  w i th  

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

s t a n t .

I f  a l l  t h e  t e m p e r a t u r e  dependence  comes f rom t e m p e r a t u r e  dependence 

o f  t h e  a - t e r m ,  on t h e  o t h e r  hand,  and t h e  p - t e r m  i s  n e g l e c t e d  ( i . e .  p = 0 

and a = a(T)) ,  t h e n  t h e r e  would  be no chan ge  in  t h e  s l o p e  a t  Tj as shown 

i n  Fig .  2 .23 (b) .

I f  we keep t h e  p - t e r m  and a l s o  as sum e t h a t  t h e  c o e f f i c i e n t  a i s  t e m ­

p e r a t u r e  d e p e n d e n t  ( i . e .  p ^ 0 and a  = a(T) ) ,  t h e n  we can o b t a i n  a p l o t  

o f  t h e  fo rm  shown in  Fig .  2 .23 (c ) ,  which i s  i n  a g r e e m e n t  w i t h  o u r  e x p e r t  

i m e n t a l  r e s u l t s .

T h e r e f o r e  o u r  d i f f u s e  n e u t r o n  s c a t t e r i n g  r e s u l t s  shown in  Fig.  2 .22 

i n d i c a t e  t h a t  t h e  p - t e r m  in  t h e  f r e e  e n e r g y  c a n n o t  be n e g l e c t e d ,  and t h e  

t e m p e r a t u r e  dependence  o f  a  s h o u l d  be a l s o  a ssumed .

T h e re  i s  a n o t h e r  f a c t  which a l s o  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  

p-’t e rm  c a n n o t  be  n e g l e c t e d .

Eq. (2 .58)  g i v e s  t h e  f r e e  e n e r g y  i n  t h e  INC-phase  i n  t h e  c a s e  o f  z e r o  

E - f i e l d  as

Finc  = TrAkPk * + ^ - B k Pk “ * ^ C P k 6 (2 .58)

1
w here  Bk = B + y h k 2

I t  i s  c l e a r  t h a t  i f  p = 0, t h e n  Bk = B < 0, and t h e  p h a s e  t r a n s i t i o n  

f rom t h e  p a r a - p h a s e  t o  t h e  INC-phase  i s  a l w a y s  o f  f i r s t  o r d e r .  But t h e  

o b s e r v e d  p a r a  -*• INC t r a n s i t i o n  in  NaN02 i s  o f  s ec o n d  o r d e r .  T h e r e f o r e  t h e
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n - t e r m  m u s t  be i n c l u d e d  i n  o r d e r  t o  make > 0.
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CHAPTER III

INC PHASE TRANSITION UNDER TRANSVERSE ELECTRIC FIELD

The L i f s h i t z  p o i n t  (LP) was i n i t i a l l y  p r o p o s e d  by H o r n r e i c h ,  Luban 

and S h t r i k m a n 100 in  1975, and many t h e o r e t i c a l  s t u d i e s  h ave  been  done 

s i n c e  t h e n 101. T h e r e  h ave  been,  t o  d a t e ,  o n l y  t h r e e  s y s t e m s 102' 103' 101* in  

which t h e r e  i s  p o s i t i v e  e x p e r i m e n t a l  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  a

L i f s h i t z  p o i n t .  To i n t r o d u c e  t h e  L i f s h i t z  p o i n t  H o r n r e i c h  e t  a l .  c o n s i ­

d e r e d  t h e  ex p a n s io n  o f  t h e  f r e e  e n e r g y  f u n c t i o n a l  F(M) in  t e r m s  o f  t h e  

o r d e r  p a r a m e t e r  M and i t s  s p a t i a l  d e r i v a t i v e s ,  c o n c e n t r a t i n g  t h e i r

a t t e n t i o n  on t h e  t e r m  a(VM)2. The c o e f f i c i e n t  a  i s  as sum ed  t o  depend  on 

some p e r t u r b a t i o n  which ca n  change  i t  c o n t i n u o s l y  f rom n e g a t i v e  t o  p o s i ­

t i v e .  In  t h e  r e g i o n  w h e re  a  i s  p o s i t i v e ,  s ec o n d  o r d e r  p h a s e  t r a n s i t i o n  

f rom t h e  d i s o r d e r e d  p h a s e  l e a d s  t o  t h e  o r d e r e d  p h a s e  d i r e c t l y .  In  t h e  

r e g i o n  where  a i s  n e g a t i v e ,  s ec o n d  o r d e r  p h a s e  t r a n s i t i o n  f rom t h e  d i s o r ­

d e r e d  p h a s e  l e a d s  n o t  t o  t h e  o r d e r e d  p h a s e  b u t  t o  a m o d u l a t e d  p h a s e  

c h a r a c t e r i z e d  by a m o d u l a t i o n  w a v e v e c to r  k. The p o i n t  a t  which ct v an ­

i s h e s  i s  c a l l e d  t h e  L i f s h i t z  p o i n t  (LP). A c h a r a c t e r i s t i c  f e a t u r e  of  t h e  

LP i s  t h a t  t h e  w a v e v e c t o r  k i n  t h e  m o d u l a t e d  p h a s e  a p p r o a c h e s  z e r o  con=-* 

t i n u o u s l y  a s  t h e  LP i s  a p p r o a c h e d .  At t h e  LP, k e q u a l s  z e r o ,  and t h e  

t h r e e  p h a s e s ,  d i s o r d e r e d ,  m o d u l a t e d  and o r d e r e d ,  mee t  in  a p r e s c r i b e d  

f a s i o n .  In  H o r n r i e c h ’s t h e o r y ,  a  s ec o n d  o r d e r  t r a n s i t i o n  f rom t h e  d i s o r ­

d e r e d  p h a s e  t o  t h e  o r d e r e d  p h a s e  i s  r e q u i r e d .  However,  in  t h e  c a s e  o f

NaN02, t h e  d i r e c t  t r a n s i t i o n  f rom  t h e  p a r a - p h a s e  t o  t h e  f e r r o - p h a s e  i s  o f

f i r s t  o r d e r .  To o u r  kno w led ge ,  no t h e o r e t i c a l  t r e a t m e n t  o f  t h e  LP which 

i s  r e l a t e d  t o  a f i r s t  o r d e r  t r a n s i t i o n  f rom  t h e  d i s o r d e r e d  p h a s e  t o  t h e  

o r d e r e d  p h a s e  b a s e d  on a  L an daun type  f r e e  e n e r g y  e x p a s io n  h a s  been  con ­
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s i d e r e d  in  d e t a i l .  T h e r e f o r e  i n  t h i s  c h a p t e r  we w i l l  f i r s t  d i s c u s s  what  

h ap p en s  i n  g e n e r a l  t o  t h e  w hol e  p h a s e  d iagram and in  p a r t i c u l a r  t o  t h e  

L i f s h i t z  p o i n t  when t h e  d i r e c t  t r a n s i t i o n  f rom  t h e  d i s o r d e r e d  p h a s e  t o  

t h e  o r d e r e d  p h a s e  i s  o f  f i r s t  o r d e r  s t a r t i n g  f rom t h e  f r e e  e n e rg y  e x p r e -  

s i o n  ( 2 .5 2 ) .  Vie t h e n  p r e s e n t  our  d a t a  o f  e l a s t i c  n e u t r o n  s c a t t e r i n g  

e x p e r i m e n t s  i n  NaN02 w i t h  an e l e c t r i c  f i e l d  a p p l i e d  t r a n s v e r s e  t o  t h e  

f e r r o e l e c t r i c  a x i s .  F i n a l l y  we compare  t h e s e  e x p e r i m e n t a l  r e s u l t s  w i th  

t h e  t h e o r e t i c a l  p h a s e  d iag ra m .

Note  t h a t  p r e v io u s  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  have e x p l o r e d  t h e  

e f f e c t  o f  a l o n g i t u d i n a l  f i e l d  which l e a d s '  t o  a t r i p l e  p o i n t  a t  E^-3 

kv /cm.  This  i s  n o t  a LP ho w ever ,  s i n c e  t h e  m o d u l a t i o n  w a v e v e c to r  does  

n o t  d e c r e a s e s  t o  z e r o  n e a r  t h i s  p o i n t  (Fig.  2 .2 0 ) .

A. Relation of the Lifshitz point to a first order transition 
from the disordered phase to the ordered phase
Under a p p l i e d  t r a n s v e r s e  e l e c t r i c  f i e l d  t h e  f r e e  e n e r g y  d e n s i t y  f o r  

NaN02 can  be w r i t t e n  as :

f ( x )  = 1  AP2 + 1  3P1* + £  CP6 + 1  ct(VP)2 + 1  6(VZP)2 + 1  r)P2( VP)2 (3 .1)

w i t h  A = A0(T -  T0),  B < 0 ,  C > 0 ,  3 > 0 ,  n > 0

h e r e  t h e  E*P t e r m  i s  t a k e n  t o  be  z e r o  a s  t h e r e  i s  no f i e l d  component  

a l o n g  t h e  b - a x i s .  We assum e  t h a t  a  and T0 a r e  m on ot on ic  f u n c t i o n s  o f  t h e  

t r a n s v e r s e  e l e c t r i c  f i e l d  E. The s i m p l e s t  E -d e p e n d e n t  e q u a t i o n s  f o r  a(E) 

and  T0(E) a l l o w e d  by sy m m et ry  a r e  

a = a 0 + otiE2

T0 = Too + T01E2 (3 .2)



-  1*8 -

Thi s  T0 v e r s u s  E c u r v e  i s  p l o t t e d  i n  Fig .  3-1.

The i n t e g r a t e d  f r e e  en e r g y  d e n s i t y  i s

F = y- f  f ( x )  dx (3-3)
Li

w here  x i s  a l o n g  t h e  a n a x i s ,  and L i s  t h e  l e n g t h  o f  t h e  c r y s t a l .

1. The p a r a  -» INC p h a s e  t r a n s i t i o n  l i n e  Tj

In  t h e  INC-iphase P = P|< cos  kx (3 .4)

w here  k i s  t h e  m o d u l a t i o n  w a v e v e c to r .

The f r e e  e n e r g y  i n  t h e  INC-phase  i s

Fine = 1. W  + JL Bk Pk - + ^  CPk s (3 .5)

w i t h  Ak = A + a k 2 + L  Bk1*

Bk = B + •=■ nk2 (3.6)

i f  Bk > 0 , t h e  p a r a  ■* INC p h a s e  t r a n s i t i o n  o c c u r s  a t  

Ak ■* 0 o r ,

A + a k 2 + j  Bk1* = 0 (3 .7)

gpinc
3Pk 0 g iv e s

Ak + i  Bk Pk  ̂ + |  CPk * = 0 (3 .8)

3Fi n c  „ .
3k = 0 s l v e s

k‘ " n I  "  M  Pk 2 ( 3 -9)

Comparing Eq. (3 .8 )  w i t h  Eq. (3 .7 )  g iv e s

3BkPk 2 + |  CPk “ = 0 (3 .10)

Eq. (3 .10)  has  two s o l u t i o n s :
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(3 .11 )

( 3 . 1 2 )

The f i r s t  s o l u t i o n  h o l d s  f o r  b o t h  c a s e s  o f  > 0 and < 0, 

w h i l e  t h e  s econd  s o l u t i o n  o n l y  h o l d s  f o r  t h e  c a s e  o f  B^ < 0.

I f  we t a k e  t h e  f i r s t  s o l u t i o n ,  as sum ing  B^ > 0, we have

From eq.  (3 .7 )  we g e t

Eq. (3 .14)  means  t h a t  t h e  s e c o n d - o r d e r  Tj l i n e  m e e t s  t h e  T0 l i n e  a t  

ct = 0, which i s  t h e  LP shown in  Fig.  3 .1 ,  w h i l e  Eq. (3 .13)  i n d i c a t e s  t h a t  

t h e  w a v e v e c to r  k a p p r o a c h e s  z e r o  c o n t i n u o u s l y  a s  a  a p p r o a c h e s  z e r o ,  and 

becomes z e r o  a t  a  = 0.

2. The d i r e c t  f i r s t - o r d e r  p a r a  •» f e r r o  t r a n s i t i o n  l i n e  

In  t h e  p a r a - p h a s e ,  P = 0 

FPa r a  = 0 

In  t h e  f e r r o - p h a s e  P = P0

S in ce  B < 0, t h e  d i r e c t  p a r a  -> f e r r o  t r a n s i t i o n  i s  o f  f i r s t  o r d e r .  

The t r a n s i t i o n  l i n e  ca n  be  o b t a i n e d  by s e t t i n g  

p p a r a  = p f e r r o  = q

(3 .13)

p f e r r o  = APqz + |  b p 0“ + -g- CP06 (3.15)

i . e .  j  AP02 + j  BPq1* + g- CP06 = 0 (3 .16)

g p f e r r o
0 = P0(A + BP02 + CP0“)

3P0



F f e r r °  = jh5 C_6ABC + 03 " (B2 ^A C )1* ] (3.19)

S e t t i n g  Ff’e r r o  = 0 g ives  

64AC -  1232 = 0

••• A = f i  (3-20)
o r  Aod! -- T0) =

o r  T‘ ’  T» ■ T i S c  (3 ' 21)

At any g iven  v a l u e  o f  t h e  E - f i e l d  (o r  a) t h e  d i f f e r e n c e  

b e t w e e n ’ Tj and T0 i s  a c o n s t a n t .  The f i r s t - o r d e r  t r a n s i t i o n  l i n e  TX(E) i s  

shown in  Fig.  3.1 ( t h e  d a s h e d  l i n e ) .

S in c e  we have ass um ed  t h a t

T0 = T0o + T0lE2 (3-2)

The T0 v e r s u s  E l i n e  i s  p a r a b o l i c ,  and so  i s  t h e  Tt v e r s u s  E l i n e .

3. The c r o s s i n g  p o i n t  CP o f  t h e  Ty l i n e  and t h e  Tt l i n e

TI " T” - 2 f e

<3' 2 , )

S e t t i n g  Eq. (3 .21)  e q u a l  Eq. (3 .14)  g iv e s

“ 2 = (3 ,22)  

3 BB2This  means  t h a t  a t  a 2 = g^  , Tj = Tlt which i s  t h e  p o i n t  CP in  Fig.  

3 .1 .  Thus t h e  Tj  l i n e  c r o s s e s  t h e  T: l i n e  b e f o r e  i t  m e e t s  t h e  T0 l i n e .  At
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t h i s  p o i n t  t h e  d i r e c t  f i r s t  o r d e r  t r a n s i t i o n  i n t e r v e n e s  and t h e  INC t r a n ­

s i t i o n  becomes v i r t u a l  b e f o r e  t h e  LP i s  r e a c h e d .

4 .  The INC -> f e r r o  t r a n s i t i o n  l i n e  Tf, and t h e  L i f s h i t z  p o i n t  LP

The INC -+ f e r r o  t r a n s i t i o n  i s  o f  f i r s t  o r d e r .  The t r a n s i t i o n  l i n e

can  be  o b t a i n e d  by s e t t i n g  F inc  = F f e r r o .

At t h e  p o i n t  where  t h e  T^ l i n e  m e e t s  t h e  Tj l i n e ,  t h e  INC-phase  d i s - ’

a p p e a r s ,  and t h e  f r e e  e n e r g y  a t  t h i s  p o i n t  e q u a l s  z e r o ,  i . e .

g f e r r o  = p i n e  = p p a r a  = q (3.23)

From eq.  (3 .23)  and eq.  (3 .19)  we have

3
Ff e rro = [-6ABC + B3 -  (B2 -  4AC)^ ] = 0 (3 .24)

Eq. (3 .24)  h a s  two s o l u t i o n s :  

one i s  g iven  by eq .  (3 .20)  i . e .

TL1 -  t " -  tS c ( 3 ' 25)

t h e  o t h e r  s o l u t i o n  i s  

A = 0 o r

TL2 = To (3.26)

whe re  Tj j  and Tl 2 d e n o t e  t h e  tw o  s o l u t i o n s  a t  t h e  c r i t i c a l  p o i n t  a t  

which t h e  T^ l i n e  m e e t s  t h e  Tj l i n e .

The T^ l i n e  can m ee t  t h e  Tj  l i n e  i n  tw o d i f f e r e n t  ways: one  i s  t h a t

3 8B2a t  t h e  p o i n t  P, w he re  a 2 = - qc , t h e  Tl l i n e  jumps t o  t h e  p o i n t  CP, 

w here  t h e  T^ l i n e  m e e t s  t h e  Tj l i n e .  The p h y s i c a l  t r a n s i t i o n  i s  t h e n  

a l o n g  t h e  T£ l i n e .  The o t h e r  way i s  t h a t  t h e  Tj_, l i n e  m e e t s  t h e  Tj l i n e  a t  

T0 ( t h e  d o t t e d  l i n e  i n  F ig .  3 .1 ) ,  w here  a  = 0 and k = 0. T h e r e f o r e  t h i s
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p o i n t  i s  t h e  L i f s h i t z  p o i n t  ( i . e .  t h e  p o i n t  LP in  Fig.  3 .1 ) .

I n  p r i n c i p l e ,  t h e  Tg l i n e  c o u l d  be  e i t h e r  below o r  above t h e  T„ 

l i n e .  For  NaNOp, o u r  n u m e r i c a l  c a l c u l a t i o n s  show t h a t  t h e  Tg l i n e  i s  

above t h e  T0 l i n e ,  which i s  i n  a g r e e m e n t  w i t h  Durand e t  a l 1*6.

Now we can  c o n c l u d e  t h a t :  m a t h e m a t i c a l l y  we o b t a i n e d  t h e  L i f s h i t z  

p o i n t  in  t h e  p h a s e  d iagram e x h i b i t i n g  a  f i r s t  o r d e r  t r a n s i t i o n  f rom t h e  

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

The p h a s e  d iagram which can p h y s i c a l l y  o c c u r  i s  shown in  Fig .  3.1 by t h e  

heavy  s o l i d  and d a sh e d  l i n e s  and i s  d e s c r i b e d  as  f o l l o w s :  t h e  p a r a  -» INC 

t r a n s i t i o n  i s  a l o n g  t h e  Tj l i n e  ( s o l i d  l i n e ) .  At t h e  p o i n t  CP t h e  Tj l i n e  

m e e t s  t h e  Tx l i n e  and t h e  INC-phase  d i s a p p e a r s .  The INC -*■ f e r r o  t r a n s i ­

t i o n  i s  a l o n g  t h e  Tg l i n e  ( s o l i d  l i n e  w i th  d o t s  on i t ) .  At t h e  p o i n t  P t h e

Tl l i n e  jumps t o  t h e  p o i n t  CP w he re  i t  m e e t s  t h e  Tj l i n e ,  f o r  E f i e l d s

g r e a t e r  t h a n  Egp t h e  p h y s i c a l  t r a n s i t i o n  i s  a d i r e c t  f i r s t - o r d e r  p a r a  ■+ 

f e r r o  one a l o n g  t h e  Tx l i n e  (heavy d a s h e d  l i n e ) .

L e t  T^p be t h e  t r a n s i t i o n  t e m p e r a t u r e  a t  t h e  LP p o i n t  and T-] gp be 

t h e  t r a n s i t i o n  t e m p e r a t u r e  on t h e  Tx l i n e  a t  a  = 0.  Then

T1LP -  t lp  = r i f ^ c  (3 - 27)

T h e r e f o r e  t h e  p h y s i c a l l y  a c c e s s i b l e  p o i n t  c l o s e s t  t o  LP ( i . e .  t h e  

d i f f e r e n c e  b e t w e e n  T-j l p  and Tgp) depend s  on t h e  c o e f f i c i e n t s  A0, B and C.

5. The t r i c r i t i c a l  p o i n t  TP

From eq.  (3 .5 )  we can  s e e  t h a t  i f  Bk > 0, t h e  p a r a  -> INC t r a n s i t i o n

w i l l  be  o f  s e c o n d  o r d e r ;  i f  Bk < 0, i t  w i l l  be  o f  f i r s t  o r d e r .  The p o i n t

a t  which Bk = 0 i s  a  t r i c r i t i c a l  p o i n t 1*.
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Bk = B + y n k 2 = 0

k 2 = t (3 .28)
. . n

S u b s t i t u t i n g  eq.  (3 .13)  i n t o  eq.  (3 .28)  g iv e s

a = (3 .29)
n

Eq. (3 .29)  means  t h a t  t h e  t r a n s i t i o n  ch a n g es  f rom s e c o n d  o r d e r  t o

OB g
f i r s t  o r d e r  a t  p o i n t  TP in  Fig .  3.1 w he re  a = In  p r i n c i p l e ,  t h e  t r i ­

c r i t i c a l  p o i n t  TP c o u l d  be  on e i t h e r  h igh  o r  low t e m p e r a t u r e  s i d e  o f  t h e  

c r i t i c a l  p o i n t  CP. In  o t h e r  w ord s ,  t h e  t r i c r i t i c a l  p o i n t  c o u l d  be p h y s i ­

c a l l y  a c c e s s i b l e  f o r  some v a l u e  o f  t h e  t h r e e  ’ c o e f f i c i e n t s  B, S and n. I t  

wou ld  be i n t e r e s t i n g  t o  f i n d  s u ch  s y s t e m s  f o r  which t h e  t r i c r i t i c a l  p o i n t  

i s  p h y s i c a l l y  a c c e s s i b l e .

The above a r g u m e n t  a l s o  l e a d s  t o  a c o n c l u s i o n  t h a t  t h e  p - t e r m  in  

t h e  f r e e  e n e r g y  c a n n o t  be  n e g l e c t e d ,  o t h e r w i s e  t h e  p a r a  -> INC t r a n s i t i o n  

w i l l  be o f  f i r s t  o r d e r ,  how ever ,  t h e  o b s e r v e d  p a r a  -> INC t r a n s i t i o n  a t  

z e r o  E - f i e l d  i s  o f  s e c o n d  o r d e r  i n  t h e  c a s e  o f  NaN02.

6. The p a r a  ■* INC t r a n s i t i o n  l i n e  Tj

As m en t io n ed  abov e ,  i n  t h e  r e g i o n  o f  Bk < 0, Eq. (3 .10)  h a s  two

s o l u t i o n s  which a r e  g iv en  i n  Eqs .  (3 .11)  and (3 .12)  c o r r e s p o n d i n g  t o  a

sec o n d  o r d e r  and a  f i r s t  o r d e r  t r a n s i t i o n  r e s p e c t i v e l y .  I f  we t a k e  t h e  

s o l u t i o n  i n  Eq. (3 .12)  t h e n  we can  o b t a i n  a  t r a n s i t i o n  l i n e  Tj .  The d e r i ­

v a t i o n  i s  g iven  a s  f o l l o w s :

R e w r i t e  Eq. (3 .5 )  a s

♦ | < | - B k >Pk '  .  J - < f f ) P k 5
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= j W k *  + ^ k V  + ^ ’Pk 6 (3 .30)

S g j p -  = 0 = Pk (Ak + BkPk 2 + C, Pk ‘t)

Pk = 0 or

Ak + Bkpk 2 + c ’pk ‘* = 0 (3-31)

pr 2 _ - J lL  + _ L  ^Bk2 r, 4AkC’ (3.32)

pine  =  1

2C’ 2C’

6AkB£C’ + Bk3 -  (Bk2. -  4AkC’)^ (3.33)
24C’2

S ince  when Bk < 0, t h e  p a r a  -» INC t r a n s i t i o n  i s  o f  f i r s t  o r d e r ,  t h e

t r a s i t i o n  l i n e  Tj  can  be  o b t a i n e d  by s e t t i n g  FPa r a  = Fi n c .

FPara = 0

a t  T = F ine  = 0 (3 .34)

The s o l u t i o n  o f  Eq. (3 .34)  i s :

3Bk2
Ak = — 1-  (3 .35)

16C’

3Bk2
i . e .  Ak =----------  (3.36)

8 c ’

1 3Bk2
o r  A0(Ti  - T 0) + a k 2 + 3-Bk1* = - 3 3 -  (3-37)

8C’

On t h e  Tj l i n e ,  Ak = 0, hence

A0(Ti  r- T0) = pctk2 -  | -Bk“ (3-38)

S u b s t i t u t i n g  Eq. (3 .38)  i n t o  Eq. (3 .37)  g iv e s  

3B£2
A0(Tj -  Tj) = — — (3-39)

8C’

Eq. (3 .39)  i n d i c a t e s  t h a t  a t  t h e  t r i c r i t i c a l  p o i n t  TP where  Bk = 0 (o r  

= 0 ) ,  we have:
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Ti = Tj (3.40)

Beyond t h e  p o i n t  TP, From Eq. (3*39),  we have:

Tj > Tj; ' (3.41)

Eqs . (3 .40)  and ( 3 .4 1 )  mean t h a t  t h e  Tj l i n e  s t a r t s  f r om  t h e  t r i ­

c r i t i c a l  p o i n t  TP, t h e n  moves above t h e  Tj  l i n e .  This  i s  shown i n  Fig .  3.1 

( t h e  d a s h e d - d o t t e d  l i n e ) .

I f  t h e  t r i c r i t i c a l  p o i n t  TP i s  on t h e  h igh t e m p e r a t u r e  s i d e  o f  t h e
I

c r i t i c a l  p o i n t  CP, t h e n  n o t  o n l y  t h e  t r i c r i t i c a l  p o i n t  TP b u t  a l s o  t h e  Tj 

l i n e  a r e  p h y s i c a l l y  a c c e s s i b l e .

B. Elastic neutron scattering under Enfield along the a and c axes
The e l a s t i c  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  we re  p e r f o r m e d  a t  t h e  

High F lu x  Beam R e a c t o r  a t  Brookhaven N a t i o n a l  L a b o r a t o r y  i n  c o l l a b o r a ­

t i o n  w i t h  Dr.  S. S h a p i r o  and Dr. J .  W icks te d .  The s a m p l e s  w e re  t y p i c a l l y

0.34 x 0 .62 x 0 .42cm 3, and  had g o l d  f i l m  e v a p o r a t e d  on t h e  a - f a c e  and c -  

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

t h e  a - a x i s  and t h a  c - a x i s .  The e x p e r i m e n t a l  a p p a r a t u s  was t h e  sam e as  

d e s c r i b e d  i n  C h a p t e r  I I .  The s c a n s  w e re  a l o n g  t h e  a - a x i s  w i t h  6 r a n g i n g  

f rom 0.09 t o  0 .13 a* on e i t h e r  s i d e  o f  t h e  (020) Bragg peak ,  t o  m eas u r e  

t h e  w a v e v e c to r  and i n t e n s i t y  o f  t h e  s a t e l l i t e s  t h a t  a p p e a r  i n  t h e  INC- 

p h as e .  The f i e l d  we re  a p p l i e d  t o  a maximum o f  1.36 kV/cm in  t h e  c a s e  o f  

t h e  f i e l d  p a r a l l e l  t o  t h e  a - a x i s  and t o  2.21 kV/cm f o r  E - f i e l d  p a r a l l e l  

t o  t h e  c - a x i s ,  b e f o r e  e l e c t r i c a l  bre akdown of  t h e  s a m p l e  o c c u r r e d .

F ig s .  3.2 and 3 .3  show t h e  i n t e n s i t y  o f  t h e  s a t e l l i t e  v e r s u s  t e m p e r a ­

t u r e ,  w h i l e  F ig s .  3 .4  an d 3 .5  show t h e  w a v e v e c to r  v e r s u s  t e m p e r a t u r e  f o r  

d i f f e r e n t  t r a n s v e r s e  f i e l d s  p a r a l l e l  t o  t h e  a - a x i s  (F igs .  3 .2  and 3.4) 

and t h e  c - a x i s  (F igs .  3-3  and 3.5) r e s p e c t i v e l y .  The r a n g e  o f  t h e  INC



r e g i o n  c l e a r l y  d e c r e a s e s  w i t h  i n c r e a s i n g  E - f i e l d ,  w h i l e  t h e  end p o i n t s  

(Tj and T^) b o t h  move t o w a r d s  l o w e r  t e m p e r a t u r e s ,  t h e  e f f e c t  be i ng more  

p ro n o u n c ed  f o r  E p a r a l l e l  t o  t h e  a ~ a x i s .  The end p o i n t s  o f  t h e  w avevee -  

t o r  of  t h e  s a t e l l i t e s  (6j  and 6j_,) a l s o  d e c r e a s e ,  w i t h  t h e  d e c r e a s e  b e ing  

more  s i g n i f i c a n t  f o r  E p a r a l l e l  t o  t h e  a - a x i s .  The w i d t h  o f  t h e  s a t e l ­

l i t e s  was r e s o l u t i o n  l i m i t e d  and no b r o a d e n i n g  was o b s e r v e d .

C. Comparison of the experimental results with the numerically

calculated results
We c a l c u l a t e d  t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  and t h e  m o d u l a t i o n  

w a v e v e c t o r  w i th  a p p l i e d  t r a n s v e r s e  f i e l d  by t h e  same p r o c e d u r e  of  minim­

i z a t i o n  o f  t h e  f r e e  e n e r g y  d e s c r i b e d  i n  C h a p t e r  I I ,  and w i t h  t h e  same s e t  

o f  c o e f i c i e n t s  l i s t e d  i n  T a b l e  A.3. The a p p l i c a t i o n  o f  t h e  t r a n s v e r s e  

f i e l d  i s  e q u i v a l e n t  t o  v a r y i n g  a and T0 as  shown by Eq. ( 3 . 2 ) .  The e f f e c t  

of  v a r y i n g  a i s  t o  r e d u c e  t h e  INC r e g i o n ,  w h i l e  t h a t  o f  v a r y i n g  T0 i s  t o  

move t h e  INC r e g i o n  t o  l o w e r  t e m p e r a t u r e ,  t h u s  r e p r o d u c i n g  two f e a t u r e s  

o f  ou r  o b s e r v e d  r e s u l t s .  We can f i t  t h e  e x p e r i m e n t a l  d a t a  o f  6 v e r s u s  

t e m p e r a t u r e  shown in  Fig .  3 .^  and Fig.  3 .5 .  A l th o u g h  t h e  l i m i t i n g  m o d u la r  

t i o n  w a v e v e c to r  o b t a i n e d  a g r e e d  w i t h  e x p e r i m e n t a l  d a t a ,  t h e  c a l c u l a t e d  

w a v e v e c to r  v e r s u s  t e m p e r a t u r e  i s  e s s e n t i a l l y  a c o n t i n u o u s  c u r v e  and does  

n o t  r e p r o d u c e  t h e  bend s e e n  i n  t h e  d a t a  o f  Fig.  3 .4  and Fig.  3 .5 .  In  Fig.  

3 . 6  t h e  d a s h e d  l i n e  i s  t h e  c a l c u l a t e d  Tj ^ T l  w h i l e  t h e  u pper  and l o w e r  

s o l i d  l i n e s  a r e  r e s p e c t i v e l y  t h e  c a l c u l a t e d  l i m i t i n g  m o d u l a t i o n  w avevec -  

t o r s  6j and 6^ a s  a f u n c t i o n  o f  a.  When a  goes  t o  z e r o ,  t h e  INC r e g i o n  Tj 

-  T^ v a n i s h e s  and t h e  w a v e v e c to r  6 go es  t o  z e r o  c o n t i n o u s l y .  At t h e  

p o i n t  a t  which a=0 and t h e  t h r e e  l i n e s  m ee t ,  t h e  c o n d i t i o n s  f o r  a LP a r e  

s a t i s f i e d .  Th is  p o i n t  i s ,  ho wever ,  a v i r t u a l  one a s  d e s c r i b e d  above.  The
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e x p e r i m e n t a l l y  o b t a i n e d  p o i n t s  a r e  shown w i t h  t h e  t h e o r e t i c a l  c u r v e  in  

F igs .  3.7 and 3 .8  f o r  E p a r a l l e l  t o  t h e  a - a x i s  and c - a x i s  r e s p e c t i v e l y .  

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

c u r v e s  a s  shown in  Fig.  3 .9  and Fig.  3 .10 ,  where  t h e  d a t a  a r e  p l o t t e d  on 

an expanded s c a l e  t o  d e t e r m i n e  t h e  a c c u r a c y  o f  o u r  r e s u l t s .  We can  c a l ­

c u l a t e  otj and Toi f rom  o u r  f i t s  t o  t h e  d a t a  and d e t e r m i n e  whe re  t h e  v i r -

clt u a l  LP s h o u l d  o c c u r .  We f i n d  t h a t  t h e  LP s h o u l d  o c c u r  a t  Elp  = 7.32 

kv/cm and T^p = 122.15°C f o r  E p a r a l l e l  t o  t h e  a - a x i s  and E^p = 16.37 

kv/cm and T^p = 142.73°C f o r  E p a r a l l e l  t o  t h e  c - a x i s .

We can  now p l o t  t h e  p h a s e  d i ag ra m s  f o r  NaN02 in  a fo rm  s i m i l a r  t o  

t h e  s c h e m a t i c  p h a s e  d i ag ra m  in  Fig.  3 . 1 .  Thes e  a r e  shown in  F ig s .  3.11 

and 3.12 f o r  t h e  E - f i e l d  p a r a l l e l  t o  t h e  c - a x i s  and t h e  a - a x i s  r e s p e c ­

t i v e l y ,  where  t h e  u ppe r  s o l i d  l i n e  i s  t h e  Tj l i n e ,  t h e  l o w e r  s o l i d  l i n e  

i s  t h e  Tl l i n e ,  t h e  d a s h e d  l i n e  (b e tw ee n  Tj l i n e  and Tl l i n e )  i s  t h e  Tx 

l i n e  and t h e  d o t - d a s h e d  l i n e  i s  t h e  T0 l i n e .  In b o t h  F ig u r e s  t h e  p o i n t  LP 

d e n o t e s  t h e  L i f s h i t z  p o i n t .  The LP i s  v i r t u a l  and t h e  INC-phase c e a s e s  t o  

e x i s t  f o r  a  f i e l d  o f  H.59 kV/cm f o r  t h e  E - f i e l d  p a r a l l e l  t o  t h e  a - a x i s  

and 10.24 kV/cm f o r  t h e  E - f i e l d  p a r a l l e l  t o  t h e  c - a x i s .  The t r i c r i t i c a l  

p o i n t  TP i s  a t  a = -  3.5x1 0 “ 19 (CGS u n i t s ) .  S u b s t i t u t i n g  t h e  v a l u e s  o f  A0, 

B and C i n t o  Eq. (3 .27)  g i v e s  t h e  d i f f e r e n c e  b e tw e e n  t h e  p h y s i c a l l y  

a c c e s s i b l e  t r a n s i t i o n  t e m p e r a t u r e  T ^ p  and t h e  v i r t u a l  t r a n s i t i o n  t e m ­

p e r a t u r e  T^p a b o u t  0.6°C. For t h e  c a s e  o f  t h e  E - f i e l d  p a r a l l e l  t o  t h e  a -  

a x i s ,  T^p = 122.15°C and T fLP = 122.75°C; f o r  t h e  c a s e  o f  t h e  E - f i e l d  

p a r a l l e l  t o  t h e  c - a x i s ,  T°p = 142.73°C and T°lp  = 143.33°C.

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

t r a n s v e r s e  f i e l d  t o  NaN02 c a u s e s  a d e c r e a s e  o f  b o t h  t h e  r a n g e  o f  t h e  

INC-phase  and t h e  v a l u e  o f  t h e  m o d u l a t i o n  w a v e v e c to r ,  b o t h  e f f e c t s  s u g ­
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g e s t i n g  t h e  o n s e t  o f  an LP, and t h a t  ou r  d a t a  f i t  t h e  c a l c u l a t e d  r e s u l t s  

v e r y  w e l l  i n  t h e  r a n g e  o f  o u r  e x p e r i m e n t s .  However ,  t h i s  LP c a n n o t  be 

a c h ie v e d  n o t  o n l y  b e c a u s e  t h e  s a m p l e s  b r e a k  down e l e c t r i c l l y ,  b u t  a l s o  

b e c a u s e  t h e  f i r s t  o r d e r  d i r e c t  t r a n s i t i o n  i n t e r v e n e s  and t h e  LP i s  v i r ­

t u a l .
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CHAPTER IV

BRILLOUIN SCATTERING AND INELASTIC NEUTRON SCATTERING

We began o u r  B r i l l o u i n  s c a t t e r i n g  i n  NaN02 by r e p r o d u c i n g  t h e  90° 

s c a t t e r i n g  e x p e r i m e n t s  u n d e r  z e r o  E n f i e l d  r e p o r t e d  in  r e f e r e n c e s  

(6 6)—(68) and e x t e n d e d  t h e s e  m e a s u r e m e n t s  i n  e x p l o r i n g  t h e  m o d i f i c a t i o n s  

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

For co m p a r i so n  o f  sound v e l o c i t i e s  i n  d i f f e r e n t  f r e q u e n c y  r e g i o n s  an 

i n e l a s t i c  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t  was a l s o  p e r f o r m e d  a t  BNL.

A. B r i l l o u i n  s c a t t e r i n g  u n d e r  z e r o  E n f i e l d

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

c o n t r o l l e d  i n t e r f e r o m e t e r  (T r o p e l  model  350) in  e i t h e r  s i n g l e - o r  t r i p l e ­

p a s s ,  and a s i n g l e - m o d e  a r g o n  l a s e r  ( S p e c t r a - P h y s i c s  model  165) o p e r a t ­

i n g  a t  51452.  D a ta  w e re  c o l l e c t e d  i n  a  D i g i t a l  Equipment  C o r p o r a t i o n  

PDP8E m in ic o m p u te r ,  which a l s o  m a i n t a i n e d  i n t e r f e r o m e t e r  a l i g n m e n t ,  and 

t r a n s f e r r e d  t o  a c e n t r a l  VAX/UNIX s y s t e m  f o r  s u b s e q u e n t  a n a l y s i s  by a 

n o n l i n e a r  l e a s t  s q u a r e s  f i t t i n g  p ro g ra m .  (The a p p a r a t u s  w i l l  be  d e s c r i b e d  

in  Appendix D)

L ar ge  s i n g l e  c r y s t a l s  o f  good q u a l i t y  w e re  grown f rom t h e  m e l t .  A 

c u b e - s h a p e d  s a m p l e  w i t h  t h e  c - a x i s  v e r t i c a l  and t h e  a and b ax e s  a l o n g  

t h e  two  d i a g o n a l s  o f  t h e  c - f a c e  was f i n e l y  p o l i s h e d  u s i n g  a p i e c e  o f  wet  

p a p e r  (BSWP 090 25 MILLIPORE CORP) and had g o l d  f i l m s  e v a p o r a t e d  on t h e  

c - f a c e s  f o r  a p p l i c a t i o n  o f  t h e  e l e c t r i c  f i e l d  p a r a l l e l  t o  t h e  c - a x i s .  The 

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

f o r  p r e c i s e  t e m p e r a t u r e  r e g u l a t i o n  f r om  room t e m p e r a t u r e  t o  a b o u t  300°C. 

The t e m p e r a t u r e  was m e a s u r e d  by a t h e r m i s t o r  mounted  i n s i d e  t h e  c e l l
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t o u c h i n g  t h e  s a m p l e  and t h e  t e m p e r a t u r e  o f  t h e  oven was c o n t r o l l e d  by a 

F i s h e r  p r o p o r t i o n a l  t e m p e r a t u r e  c o n t r o l l e r .  The t e m p e r a t u r e  was m a in t a^  

in ed  c o n s t a n t  t o  b e t t e r  t h a n  0.01 °C. A l l  s p e c t r a  w e re  t a k e n  d u r i n g  c o o l ­

in g .  The oven was e v a c u a t e d  t o  ab o u t  5x10 -3 T o r r  t o  minimize  t h e  w a t e r  

vapor  a t t a c k i n g  t h e  s a m p l e .

Fig.  11.1 shows a t y p i c a l  B r i l l o u i n  s c a t t e r i n g  s p e c t r u m  o f  NaN02 u n d e r  

z e r o  E - f i e l d  a t  198.0°C w i t h  t h e  a c o u s t i c  phonon p r o p a g a t i n g  a l o n g  t h e

[0 1 0 ]  d i r e c t i o n .  The d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t a l  d a t a  w h i l e  t h e

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

p ro gram .  As t h e  o u t p u t  of  t h i s  f i t t i n g  p ro g r am ,  t h e  c o m p u te r  g iv e s  t h e  

c e n t e r  f r e q u e n c y ,  t h e  h a l f w i d t h  and t h e  peak h e i g h t  f o r  t h e  R a y le ig h  

l i n e  and e ach  o f  t h e  B r i l l o u i n  com ponen t s .

In  F ig .  4.1 t h e  two  B r i l l o u i n  com po nent s  o b s e r v e d  w e re  a s s i g n e d  a s  a 

L-mode and a T-j mode a c c o r d i n g  t o  t h e  s e l e c t i o n  r u l e  i n  T a b le  4.1 by 

u s in g  t h e  f o u r  p o s s i b l e  co m b i n a t i o n s  o f  t h e  i n c i d e n t  and s c a t t e r e d  p o l a r ­

i z a t i o n s  e 0 and e s and t h e  t h r e e  B r i l l o u i n  t e n s o r s  ( f o r  c r y s t a l  c l a s s

mm2) t o  compute  t h e  q u a n t i t i e s  [ e s 'T ^ -e0] 10S.

A s e r i e s  o f  B r i l l o u i n  s p e c t r a  unde r  z e r o  E n f i e l d  f rom  5 0 °C up t o  

240°C i s  shown in  Fig.  4 . 2 ,  and t h e  c o r r e s p o n d i n g  B r i l l o u i n  s h i f t  o f  t h e  

L-imode p r o p a g a t i n g  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  i s  shown i n  Fig.  4 .3 .  The 

l o n g i t u d i n a l  a c o u s t i c  mode p r o p a g a t i n g  a l o n g  t h e  [0 10]  d i r e c t i o n  becomes 

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

We p a id  s p e c i a l  a t t e n t i o n  t o  t h e  INC-phase  o f  NaN02. Fig.  4.4 shows 

t h e  t e m p e r a t u r e  depe n d en ce  o f  t h e  B r i l l o u i n  s h i f t  o f  t h e  l o n g i t u d i n a l  

a c o u s t i c  mode p r o p a g a t i n g  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  i n  t h e  v i c i n i t y  o f  

t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e s  T^ and Tj .  The s o l i d  l i n e s  a r e  drawn 

as  a  gui de  t o  t h e  eye .  A s m a l l  b u t  d i s c o n t i n u o u s  change  a p p e a r s  a t  Tl as
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a  r e s u l t  o f  t h e  f i r s t  o r d e r  p h a s e  t r a n s i t i o n  a t  and a bend i s  

o b s e r v e d  a t  Tj.  In  t h e  INC-phase  t h e  Av cu r v e  shows a  l i n e a r  d e c r e a s e  

w i t h  i n c r e a s i n g  t e m p e r a t u r e .  Our r e s u l t s  a g r e e  w i t h  t h e  p r e v io u s  r e s u l t s  

r e p o r t e d  by Yagi e t  a l . 67>60.

B. Brillouin scattering under Enfield along the c-=axis
Fig .  4.5 shows t h e  B r i l l o u i n  s h i f t  v e r s u s  t e m p e r a t u r e  of  t h e  L-mode 

p r o p a g a t i n g  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  u nder  an E - f i e l d  a l o n g  t h e  c - a x i s :  

(a) Ec = 0 .5  kv /cm ,  and (b) Ec = 1.0 kv /cm.  The main f e a t u r e s  of  Fig.  4.5 

a r e :

1. Both Tj and Tl, move t o w a r d s  l o w e r  t e m p e r a t u r e s  and Tj -T l d e c r e ­

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

r e s u l t s  p r e s e n t e d  i n  C h a p t e r  I I I .

2. The d i f f e r e n c e  o f  t h e  B r i l l o u i n  s h i f t  b e tw e en  t h e  p a r a  and t h e  

f e r r o  p h a s e s  d e c r e a s e s  w i th  i n c r e a s i n g  E - f i e l d .  I t  i s  e a s y  t o  imag ine  

t h a t  a t  t h e  L i f s h i t z  p o i n t  t h e  B r i l l o u i n  s h i f t  c u r v e  would  become 

sm ooth ,  s i n c e  a t  t h i s  p o i n t  t h e r e  i s  no d i f f e r e n c e  among t h e  t h r e e  

p h a s e s .

Two s e r i o u s  p r o b l e m s  r e s t r i c t  t h e  a p p l i c a t i o n  o f  h igh  E - f i e l d  t o  t h e  

s a m p l e  o f  NaN02» One i s  t h a t  t h e  s u r f a c e  of  t h e  s a m p l e  becomes opaque 

v e r y  f a s t  when a  h i g h e r  E - f i e l d  i s  a p p l i e d .  The o t h e r  i s  t h a t  t h e  s a m p l e  

e x h i b i t s  e l e c t r i c a l  br eakdown a t  h i gh  E - f i e l d ,  a s  d i s c u s s e d  in  C h a p t e r  

I I I .

C. Inelastic neutron scattering

The i n e l a s t i c  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  w e re  p e r f o r m e d  a t  t h e  

High F lu x  R e a c t o r  a t  BNL i n  c o l l a b o r a t i o n  w i th  Dr. S. S h a p i r o  and Dr.  J .
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Wicks ted .  The a p p a r a t u s ,  t h e  i n c i d e n t  n e u t r o n  e n e r g y  and t h e  o - r e s o l u t i o n  

w e re  t h e  same a s  i n  C h a p t e r  I I I .  The s c a n s  w e re  t a k e n  o v e r  t h e  phonon 

en e rg y  r a n g e :  - 1 . 0  -» +5.0 meV. For  each  f i x e d  t e m p e r a t u r e  t h r e e  v a l u e s  

o f  t h e  w a v e v e c t o r  w e re  t a k e n :  0 .080 a* ,  0.1 45a* and 0 .2 0 0 a* .

Fig .  4.6 shows t h e  a c o u s t i c  mode e n e r g i e s  i n  NaN02 f rom i n e l a s t i c

n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  w i th  q p a r a l l e l  t o  t h e  a - a x i s .  T h e r e  a r e

two s e t s  of  d a t a ,  one was t a k e n  a t  165.41 °C, t h e  o t h e r  was t a k e n  a t

180.72°C. A l l  t h e  d a t a  l i e  on t h e  same s t r a i g h t  l i n e .

D. D i s c u s s i o n

1.  Sound v e l o c i t y  a l o n g  t h e  [010]  d i r e c t i o n

The h y p e r s o n i c  v e l o c i t y  v o f  t h e  s c a t t e r i n g  phonons  can  be c a l c u ­

l a t e d  f rom  t h e  B r i l l o u i n  f r e q u e n c y  s h i f t  by u s i n g  t h e  f o l l o w i n g  f o r m u l a :  

AvA0
v -  --------------- r  (4.1)

( n ?  + n | ) ' 2

w here  Av i s  t h e  B r i l l o u i n  s h i f t ,  A0 i s  t h e  i n c i d e n t  l a s e r  wave­

l e n g t h ,  n 0 and ns a r e  t h e  r e f r a c t i v e  i n d i c e s  i n  t h e  i n c i d e n t  and s c a t ­

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

The t e m p e r a t u r e  d ependence  o f  n 0 and n3 s h o u l d  be t a k e n  i n t o  co n ­

s i d e r a t i o n ,  b u t  as  p o i n t e d  o u t  by Yagi e t  a l . 68, n 0 and ns have  no an o m al ­

ous  f e a t u r e  n e a r  Tl, and Tj and t h e i r  change  w i t h  t e m p e r a t u r e  in  t h e  

r a n g e  c o n s i d e r e d  h e r e  i s  e s t i m a t e d  t o  be s m a l l e r  t h a n  one p e r c e n t .  Thus,  

i n  t h e  c a l c u l a t i o n  o f  v, t h e  r e f r a c t i v e  i n d i c e s  ca n  be  t a k e n  as  co n­

s t a n t s :  na = 1 .349 and n c = 1 .650 a t  165°C f o r  A = 5145 2s7.

The c a l c u l a t e d  h y p e r s o n i c  v e l o c i t i e s  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  

u n der  d i f e r e n t  E n f i e l d s  a r e  shown in  Fig .  4 .7 :  (a) & (b) E=0, (c)  E=0.5 

kv/cm (d) E=1.0 kv /cm.  For  co m p a r i so n ,  t h e  u l t r a s o n i c  v e l o c i t y  r e p o r t e d
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by H a t t a  e t  a l 60»61. i s  shown in  Fig.  4 .8 .  I t  i s  c l e a r  t h a t  t h e r e  i s  a p ro ^  

nounced c o n t i n u o u s  minimum in  t h e  u l t r a s o n i c  v e l o c i t y  j u s t  be l ow Tj b u t  

t h e r e  i s  no minimum i n  t h e  h y p e r s o n i c  v e l o c i t y .  I t  was p o i n t e d  o u t  by

H a t t a  e t  a l .  t h a t  t h e  u l t r a s o n i c  a n o m a l i e s  r e s u l t  f rom  c o u p l i n g  b e tw e en

s t r a i n  and t h e  s t a g g e r e d  p o l a r i z a t i o n 60’ 61. Compar ison  o f  Fig .  4.7 w i t h  

Fig .  4 .8  i n d i c a t e s  t h a t  t h i s  c o u p l i n g  does  n o t  a f f e c t  t h e  h y p e r s o n i c  

wave.

F ig s .  4.7 (c)  and (d) show t h a t  t h e  t r a n s v e r s e  E - f i e l d  does  n o t  

d r a m a t i c a l l y  change  t h e  p r o p a g a t i o n  o f  t h e  h y p e r s o n i c  wave,  b u t  i t  does  

r e d u c e  t h e  d i f f e r e n c e  o f  t h e  soun d v e l o c i t i e s  b e tw e en  t h e  p a r a  and t h e  

f e r r o  p h a s e s .  L e t  vg and vj  be t h e  soun d v e l o c i t i e s  a l o n g  t h e  [0 1 0 ]  

d i r e c t i o n  a t  Tg and Tj r e s p e c t i v e l y ,  and Av = vl -  v j .  Then,  a t  E = 0

kV/cm, Av = 1x103 c m / s ,  a t  E = 0 .5  kV/cm,  Av = 0 . 4 x 1 0 3 c m / s ,  and a t  E =

1.0 kV/cm Av = 0 .2 6 x 1 0 3 c m / s .

2 .  Sound v e l o c i t y  a l o n g  t h e  [1 0 0 ]  d i r e c t i o n

The a c o u s t i c  phonons  o b s e r v e d  i n  i n e l a s t i c  n e u t r o n  s c a t t e r i n g  have 

f r e q u e n c i e s  i n  t h e  t e r a h e r t z  r e g i o n .  The h y p e r s o n i c  phonons  o b s e r v e d  in  

B r i l l o u i n  s c a t t e r i n g  a r e  i n  t h e  g i g a h e r t z  r e g i o n .  U l t r a s o n i c  phonons  a r e  

i n  t h e  m e g a h e r t z  r e g i o n .

The sou nd v e l o c i t y  i n  t h e  t e r a h e r t z  r e g i o n  can be deduced f rom 

Fig .  4 .6  by u s in g  t h e  f o r m u l a :

v = -L—  (4 2 )h d k

t h i s  i s  j u s t  t h e  s l o p e  o f  t h e  l i n e  i n  Fig .  4 . 6 .

In  t h e  t e m p e r a t u r e  r e g i o n  f rom  165.41 °C t o  180.71 °C t h e  v a l u e  o f  a* 

i s  a l m o s t  c o n s t a n t  (The change i s  l e s s  t h a n  0 .5  p e r c e n t )  which was obta->
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i n e d  f rom  o u r  e x p e r i m e n t  a s :  a* = 1 .7 1 x 1 0 s cm "1.

.*. v = 1 .4 5 x 1 0 s cm /s  ( i n  t h e  t e r a h e r t z  r e g io n )  (4 .3)

This  r e s u l t  i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t  o b t a i n e d  by Durand e t

a l . 1*6*S8.

The soun d v e l o c i t y  in  t h e  m e g a h e r t z  r e g i o n  shown in  Fig.  4.8 i s :  

v = 3 . 4 x 1 0 s cm /s  (4.4)

The h y p e r s o n i c  sound  v e l o c i t y  a l o n g  t h e  [1 0 0 ]  d i r e c t i o n  i s 68 : 

v = 3 . 5 x 1 0 s cm /s  (4 .5)

I t  i s  c l e a r  t h a t  t h e  h y p e r s o n i c  and u l t r a s o n i c  soun d v e l o c i t i e s

a l o n g  t h e  [1 00]  d i r e c t i o n  a r e  a l m o s t  t h e  same ,  w h i l e  t h e  sound v e l o c i t y  

i n  t h e  t e r a h e r t z  r e g i o n  i s  s m a l l e r ,  by a f a c t o r  o f  2 .4 .
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CHAPTER V

INC PHASE TRANSITION UNDER HYDROSTATIC PRESSURE

I n  t h i s  c h a p t e r  t h e  r e s u l t s  o f  d i e l e c t r i c  c o n s t a n t  and B r i l l o u i n  

s c a t t e r i n g  m e a s u r e m e n t s  u n d e r  h y d r o s t a t i c  p r e s s u r e  ( i n  t h e  low p r e s s u r e  

r e g io n )  a r e  p r e s e n t e d ,  and a  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t  u n d e r  h y d r o s ­

t a t i c  p r e s s u r e  i s  p r o p o s e d .

A. Dielectric constant measurements under hydrostatic pressure

We m e a s u r e d  t h e  p r e s s u r e  depe n d en ce  o f  Tj and in  c o l l a b o r a t i o n  

w i t h  P r o f e s s o r  J .  S t e i n e r  u s i n g  a t e m p e r a t u r e  c o n t r o l l e d  h y d r o s t a t i c  

p r e s s u r e  s y s t e m  p r e s s u r i z e d  w i t h  a r g o n  g a s .  The high  p r e s s u r e  s y s t e m  i s  

d e s c r i b e d  in  Appendix F. The s a m p l e s  w e re  t y p i c a l l y  0 .3  x 0 .4  cm2 in  a r e a  

and 0 .03  cm t h i c k ,  and had g o ld  f i l m s  e v a p o r a t e d  on t h e  s u r f a c e s  o f  t h e  

s a m p l e  p e r p e n d i c u l a r  t o  t h e  b - a x i s .  The c a p a c i t a n c e  m e as u rem en t  a p p a r - 1 

a t u s  i s  t h e  same as  d e s c r i b e d  i n  C h a p t e r  I I .  The t e m p e r a t u r e  was meas ­

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

w i t h i n  ± 0.01 °C. A l l  t h e  m e a s u r e m e n t s  we re  c a r r i e d  o u t  i n  t h e  c o o l i n g  

p r o c e s s .  The r a t e  o f  t h e  t e m p e r a t u r e  d e c r e a s e  was ab o u t  0 .2°C /hour  n e a r  

t h e  t r a n s i t i o n  t e m p e r a t u r e s  o f  NaNC^.

Fig .  5.1 shows b o t h  Tj and T^, t a k e n  as  t h e  t e m p e r a t u r e s  o f  t h e  

p e a k s  in  t h e  d i e l e c t r i c  c o n s t a n t ,  v e r s u s  h y d r o s t a t i c  p r e s s u r e .  The s o l i d  

l i n e s  a r e  f o r  g u id in g  t h e  eye .  The two s e t s  o f  d a t a  w e re  o b t a i n e d  w i t h  

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

by c i r c l e s  we re  t a k e n  w i t h  t h e  t h e r m o c o u p l e  mounted o u t s i d e  t h e  h igh 

p r e s s u r e  v e s s e l ,  w h i l e  t h e  t r i a n g l e  d a t a  w e re  t a k e n  w i t h  t h e  t h e r m o c o u ­

p l e  mounted  i n s i d e  t h e  h igh  p r e s s u r e  v e s s e l .  The two s e t s . o f  e x p e r i m e n ­
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t a l  r e s u l t s  show t h e  same b e h a v io r :  i n  t h e  r a n g e  o f  p r e s s u r e  f rom 14.5 

p s i  (1 a tm .)  t o  1000 p s i ,  b o t h  Tj  and T]_, d e c r e a s e  w h i l e  AT (AT = Tj -  Tg) 

d e c r e a s e s  s l i g h t l y .  Above 1000 p s i ,  h ow ever ,  Tj,  T^ and AT a l l  i n c r e a s e  

w i t h  i n c r e a s i n g  p r e s s u r e .

In  1965, Gesi e t  a l . 55 i n v e s t i g a t e d  t h e  t e m p e r a t u r e  dependence  o f  t h e  

d i e l e c t r i c  c o n s t a n t  zZ2 o f  NaN02 u n d e r  h y d r o s t a t i c  p r e s s u r e .  They con­

c l u d e d  t h a t  Ti ,  Tg and AT i n c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e .  But t h e y  did  

n o t  g ive  any d a t a  b e t w e e n  1 a tm (14 .5  p s i )  and 8 ,000 p s i .  Vie p a id  much 

a t t e n t i o n  t o  t h i s  low p r e s s u r e  r e g i o n .

B. Brillouin scattering under hydrostatic pressure
B r i l l o u i n  s c a t t e r i n g  u n d e r  h y d r o s t a t i c  p r e s s u r e  was p e r f o r m e d  w i t h  

t h e  sam e a p p a r a t u s  d e s c r i b e d  in  C h a p t e r  IV and Appendix D. The 15 x 12 x 

10 cm3 s t e e l  h i g h - p r e s s u r e  o p t i c a l  c e l l  (41 -1 15 52 ,  Newport  S c i e n t i f i c ,  

I n c . )  was wra pp ed  by two hea vy i n s u l a t e d  h e a t i n g  t a p e s  (1 1—463 50B, 

F i s h e r  S c i e n t i f i c  Comp.),  and t h e  t e m p e r a t u r e  was c o n t r o l l e d  by a F i s h e r  

p r o p o r t i o n a l  t e m p e r a t u r e  c o n t r o l l e r .  The t h e r m o c o u p l e  was mounted  o u t ^  

s i d e  t h e  h i g h - p r e s s u r e  o p t i c a l  c e l l ,  b u t  was i n s e r t e d  4 cm deep in  t h e  

s t e e l  b l o c k .  The t e m p e r a t u r e  was m a i n t a i n e d  c o n s t a n t  t o  w i t h i n  0.01 °C. 

The s a m p l e  was t y p i c a l l y  5 x 5 x 6  mm3. A s t a n d a r d  Helium gas  c y l i n d e r  

equ ipped  w i th  a  s p e c i a l  p r e s s u r e  r e g u l a t o r  (Model  No. 3^580,  Math eso n 

gas  p r o d u c t s  I n c . )  was u s e d  t o  p r e s s u r i z e  t h e  s y s t e m .

Fig .  5 .2  shows t h e  B r i l l o u i n  s h i f t  v e r s u s  t e m p e r a t u r e  as  a  f u n c t i o n  

of  h y d r o s t a t i c  p r e s s u r e ,  a t  (A) 14.5 p s i  (1 a tm ) ,  (o) 900 p s i ,  (□) 1500 p s i .  

The d a t a  i n  Fig.  5 .2  show t h a t  t h e r e  i s  a jump i n  t h e  B r i l l o u i n  s h i f t  a t  

t h e  l o c k - i n  t r a n s i t i o n  t e m p e r a t u r e  Tg f o r  a l l  t h r e e  p r e s s u r e s ,  b u t  t h e  

p h a s e  t r a n s i t i o n  t e m p e r a t u r e  does  n o t  change  w i t h  p r e s s u r e .  T hes e  r e s ­
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u l t s  a r e  i n  d i s a g r e e m e n t  w i t h  t h o s e  o f  t h e  d i e l e c t r i c  c o n s t a n t  m e a s u r e ­

m en t s  which we re  p r e s e n t e d  i n  s e c t i o n  A. To e x p l a i n  t h i s  d i s a g r e e m e n t  we 

p e r f o r m e d  d i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  ' a g a i n  u n de r  t h e  same c ond i ­

t i o n s  as  f o r  B r i l l o u i n  s c a t t e r i n g .  The s a m p l e  was 0 .4  x 0 .4  cm2 and 0.03 

cm t h i c k ,  and had g o l d  f i l m s  e v a p o r a t e d  on t h e  s u r f a c e s  o f  t h e  s a m p le  

p e r p e n d i c u l a r  t o  t h e  b - a x i s .  The c a p a c i t a n c e  m eas u r em e n t  a p p a r a t u s  was 

t h e  same as  d e s c r i b e d  i n  s e c t i o n  A. The r e s u l t s  of  t h e  d i e l e c t r i c  con­

s t a n t  m e a s u r e m e n t s  w e re  in  a g r e e m e n t  w i t h  t h o s e  o f  t h e  B r i l l o u i n  

s c a t t e r i n g ,  i . e .  t h e  t r a n s i t i o n  t e m p e r a t u r e s  do n o t  chang e w i th  p r e s s u r e .

I n  o r d e r  t o  r e s o l v e  t h i s  c o n f l i c t  .a new  n e u t r o n  s c a t t e r i n g  exper i - i  

ment  u nde r  h y d r o s t a t i c  p r e s s u r e  i s  n e c e s s a r y .  The p r e p a r a t i o n  of  t h i s  

e x p e r i m e n t  i s  i n  p r o g r e s s .

C. Dependence of the Brillouin shift on pressure
From Fig.  5 .2  we can  c a l c u l a t e  t h e  q u a n t i t y :

where  w i s  t h e  B r i l l o u i n  s h i f t  a t  p r e s s u r e  P and Aw i s  t h e  change 

i n  f r e q u e n c y  due t o  t h e  chang e in  p r e s s u r e .

Using t h e  d a t a  a t  900 p s i  i n  Fig .  5 .2  we o b t a i n e d

T = 1.06x1 0 ” s ( p s i 7-1) (5 .2)

For  c o m p ar i so n  we g iv e  t h e  v a l u e s  o f  f  f o r  tw o  o t h e r  m a t e r i a l s :

For  P o l y m e t h y l m e t h a c r y l a t e  (Ref .  113)

r  = 4 .5 x 1 0“ 6 ( p s i -1 ) (5.3)

For  GaS (Ref .  114)

T = 4 .1 7 x 1 0 r7 ( p s i -1 ) (5 .4)



. 6 8 ?

r  i s  a  l i n e a r  f u n c t i o n  o f  P f o r  P o l y m e t h y m e t h a c r y l a t e  f rom z e r o  t o  

20 k p s i ,  and f o r  GaS f rom  z e r o  t o  720 k p s i .  But f o r  NaN02, r s a t u r a t e s  

a t  v e r y  low p r e s s u r e  ( a b o u t  1.5 k p s i ,  s e e  Fig .  5 .2 ) .



-  69 -  

CHAPTER VI 

ISING MODEL

Using t h e  ANNNI mode l  we p e r f o r m e d  n u m e r i c a l  c a l c u l a t i o n s  of  d i e l e c ­

t r i c  c o n s t a n t s  u nde r  a l o n g i t u d i n a l  e l e c t r i c  f i e l d .

A. Ising model and mean field approximation
i

C o n s id e r  a  s p i n - — I s i n g  model  w i th

H = -  Z £ J j i  Si S-s (6.1)i  j  J J

w here  = + 1

The p a r t i t i o n  f u n c t i o n

Z = Z ex p ( -  6 H(Si)) (6.2)
( s i )

The f r e e  en e rg y

F = -  KgT I n  Z (6 .3)

F d e t e r m i n e s  a l l  e q u i l i b r i u m  the rm odynam ic  p r o p e r t i e s .

The s t a t i s t i c a l  a v e r a g e  (o r  e x p e c t a t i o n  v a l u e )  o f  a  v a r i a b l e  V i s

<V> = 1  Z V e x p ( -  3 H(S-j)) (6.4)
z (s i )

I n  t h e  mean f i e l d  a p p r o x i m a t i o n  Eq. (6 .1 )  becomes

H = -  Z Si  ( Z J j j  Sj)

= r= z Si (Z <S-j» = -  Z Sj H, (6.5)
i  j  J i

w he re  %  = z J y  <Sj> (6 .6)

The H a m i l t o n ia n  H i s  now a  sum o f  s i n g l e  p a r t i c l e  H a m i l t o n ia n  Hj.

The e x p e c t a t i o n  v a l u e  o f  S^ i s

<Si> = i  Z Si e x p ( -  B H(Si))
L ( s i )

Z Si exp(n B Hj )̂ /  Z exp(<- B Hi) (6.7)
S i = “  1
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We t h e r e f o r e  have 

<Si> = Tanh ( g %) '

= Tanh g ( E J y  <Sj>) (6 .8)

In  t h e  p o l a r i z e d  ( f e r r o )  s t a t e ,  a l l  <S^> a r e  e q u a l  

.*. <Si> = Tanh [g  <Si> J ]  (6 .9)

w i t h  J  = E J y
j

The g r a p h i c a l  s o l u t i o n  o f  Eq. (6 .9)  i s  shown in  Fig .  6 .1 .

The phase  t r a n s i t i o n  o c c u r s  when t h e  i n i t i a l  s l o p e  o f  Tanh gJ<S>

e q u a l s  1.

SJ .  1 .  Tc . i . i [ J y  (6.10)

N ext ,  s u p p o s e  t h e r e  i s  a s i n u s o i d a l  m o d u l a t i o n

Si = S0 exp ( ik  r i )

The mean f i e l d  r e s u l t  i s

<S0> exp ( ik  r^)  = Tanh g( E J y  exp ( ik  r j  <S0>) )

. ' .  <S0> = Tanh g <S0>( E J y  exp ( ik  ( r j  n ^ ) )  )
J

= Tanh (g <S0> J k ) (6 .12)

Again,  t h e  p h a s e  t r a n s i t i o n  o c c u r s  when

TC - |  (6., 3)

w here  J k = E J y  exp ( ik  ( r j  -  ^ )  ) (6.14)

I f  we t a k e  Kb = 1. t h e n

Tc = J k (6.15)

B. ANNNI model and mean field phase diagram
The a n i s o t r o p i c  I s i n g  model  w i t h  co m p e t in g  n e a r e s t  and n e x t  n e a r e s t  

n e i g h b o r  i n t e r a c t i o n  ( t h e  ANNNI model)  i s  d e p i c t e d  i n  Fig .  6 .2 .  The model



was i n v e n t e d  by E l l i o t t 111 in  1961 i n  o r d e r  t o  d e s c r i b e  t h e  m o d u l a t e d

m a g n e t i c  s t r u c t u r e  o f  e rb iu m .  F o l l o w i n g  E l l i o t t ,  t h e  s p i n s  w i t h i n  t h e  xy 

p l a n e s  i n t e r a c t  t h r o u g h  a f e r r o e l e c t r i c  n e a r e s t  n e ig h b o r  c o u p l i n g ,  J 0 > 

0; t h e  n e a r e s t  n e ig h b o r  i n t e r a c t i o n  b e t w e e n  p l a n e s  i s  J x. For  r e a s o n s  o f  

s i m p l i c i t y  we a ssum e  = J 0. The i n t e r a c t i o n  b e t w e e n  s p i n s  i n  n e x t - n e a r ­

e s t - n e i g h b o r  l a y e r s  i s  a n t i f e r r o e l e c t r i c ,  J 2 < 0. The co m p e t in g  i n t e r a c ­

t i o n s  s t a b l i z e  t h e  m o d u l a t e d  p h a s e .

The ANNNI H a m i l t o n ia n  i s
xy(NN) z(NN) z(NNN)

H = -  J 0 E S j S i  a  J j  E S i Sh -  J 2 E SjS-j
i j  J i j  i j

In  mean f i e l d  t h e o r y

Assuming,  a g a in ,  a s i n u s o i d a l  m o d u l a t i o n ,  a f t e r  some a l g e b r a  we 

o b t a i n

H = -  I  S i  [ 4 J 1< S i > + J 1( < S i + 1 > + < S i r . ! »

+ J 2( < S i +2> + < S i ~ 2> ) ]  

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

(6.16)

<H> = -  E [  + J 1« S i X S i + 1 > + < S i X S i _ 1>)
l

+ ( < s i X S i + 2 > + < S i - 2» ]

<H>
——  = <S0>2 ['-! 2 J t -  J i  cos  ka -  J 2 cos  2ka] (6.17)

Minimizing <H> t o  f i n d  t h e  g roun d s t a t e

w here  0 = ka

J j  s i n e  + 4 J 2 s i n 0  c o s e  = 0 (6 .18)

The s o l u t i o n s  o f  Eq. (6 .18)  a r e

(a)  s i n e  = 0 0 = 0 k = 0 f e r r o - p h a s e

(b) s i n e  = 0 0  =  IT k = — a n t i f e r r o - p h a s e  (6.19)
3
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J ! J X
(c) c o s 9 = -i - j jy  0 = cos'7?1( -) -jjj-) m o d u l a t e d - p h a s e

Eqs.  (6 .14)  and ( 6 .1 5 )  g i ve

TC = 4 J X + 2 J X c o s 0 + 2 J 2 c o s 2 0  (6 .20)

J i
w i t h  0 = c o s “ l ( -  -jjj-) (6 .21)

Eq. (6 .20)  can be r e w r i t t e n  as  

Tr 2 J 2
—— = q + 2 co s 0  + —=— c o s 0  (6.22)
d ! d i

J 2
L e t  - - = -  = ((> t h e n

0 i

Tc C«J>)

J i
4 + 2 c o s 0  -  2<() co s2 0  (6.23)

w i t h  0 = c o s -1 (-trr-) (6.24)4 q>

Eq. (6 .23)  g i v e s  t h e  t r a n s i t i o n  l i n e  Tc (<j>)

T
<j> = 0 ■* J 2 = 0 ■+ -r— =6

01

<|> = j  -> J x = - 4 J 2 -  ^  = 5 .5

T
(J) = 1 -» J j  = r j 2 -► _ £  = 6 .25

01

This  t r a n s i t i o n  l i n e  i s  shown i n  Fig.  6 .3  ( t h e  u p p e r  s o l i d  l i n e )

Eq. (6 .20)  g i v e s

1 • . ^ 1  
GOS0 = H  “ J

Hence t h e  m o d u l a t e d  p h a s e  o n l y  e x i s t s  i n  t h e  r e g io n :  <j> ^

1
The p o i n t  o f  <j> = ■jj- s e p a r a t e s  t h e  t h r e e  p h a s e s .  This  p o i n t  c o r r e s ­

ponds  t o  t h e  L i f s h i t z  p o i n t 93 ( t h e  p o i n t  P in  F ig .  6 .3 ) .
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J 2
At T = 0 when r —  i s  s m a l l ,  t h e  g roun d s t a t e  i s  f e r r o e l e c t r i c  which

i s  shown i n  Fig .  6 .4  (a ) .  The c o s t  o f  c r e a t i n g  a domain w a l l  a s  shown in

1
Fig .  6 .4  (b) i s  2 J 2 + J j .  When - J 2 = ^-J lf t h e  f e r r o e l e c t r i c  p h a s e  becomes 

m a r g i n a l l y  s t a b l e .  T h e r e f o r e  a t  T = 0 t h e  p o i n t  o f  <J> = 0 .5  i s  t h e  t r a n s i ­

t i o n  p o i n t .  In  Fig.  6 .3  t h e  l i n e  f rom p o i n t  P t o  t h e  p o i n t  o f  <j> = 0 .5  s e p ­

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

C. The calculated dielectric constant and the phase transition 
diagram of the ANNNI model

In  NaN02 , t h e  d i p o l e  moment o f  t h e  i ^ t h  i o n i c  g ro up  Pi  can be w r i t ­

t e n  a s

Pi = P s i  ITT (6.25)
I b |

w here  p i s  t h e  m ag n i tu d e  o f  a s i n g l e  moment .

In  a  l o n g i t u d i n a l  e l e c t r i c  f i e l d  t h e  h a m i l t o n i a n  can  be  e x p r e s s e d  as

H =  -  ^E J y  S-[ Sj r t  pEeX£ E Si

= -  E J i  i Sf Si -  E E Si (6.26)
i j  J J i

w here  E = p Eex^,  Eex t  d e n o t e s  t h e  e x t e r n a l  e l e c t r i c  f i e l d .

I n  t h e  mean f i e l d  a p p r o x i m a t i o n  

H = -  E Si  £ E J i j  <Sj> + E J

= -  E Si  Hi (6.27)
i

w here  Hi = E J y  <Sj> + E (6 .28)
0

S i m i l a r  t o  Eq. (6 .8 )  t h e  e x p e c t a t i o n  v a l u e  o f  Si i s

<Si> = Tanh 0 £ E J y  <Sj> + E j  (6.29)

The f r e e  e n e r g y  p e r  s p i n  i s  g iv en  a s 93* 106:
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F(m,T) -  ±  Z [  -  T l n (  2 co sh  B ( Z < Si > + E ) )
m i=0 j  J

+ < S i  > Z J y  < S j  > ] ( 6 . 30 )

w he re  m i s  t h e  number  of  p l a n e s .

I n  t h e  ANNNI model  t h e  e x p e c t a t i o n  v a l u e  o f  Sj_ u n d e r  e l e c t r i c  f i e l d  

E becomes

w he re  m i s  t h e  number  of p l a n e s .

The p r o c e d u r e  we u s e d  f o r  c a l c u l a t i n g  x was as  f o l l o w s :

Given J x, J z and E ( a l l  in  u n i t s  o f  Kg), c h o o s e  T, and s t a r t  w i t h  a 

s e t  of  i n i t i a l  < S j >  t o  com pu te  t h e  < S j >  a c c o r d i n g  t o  Eq. (6 .31)  u s i n g  an 

i t e r a t i v e  m etho d.  For  N s p i n s ,  t h e r e  a r e  N e q u a t i o n s  ( i  = 1, 2, ••• N).

The b oundary  c o n d i t i o n  <Sn+i > = <Sj> i s  u sed .

We n o t e  t h a t  i n  t h i s  a p p r o c h  t h e  INC p l a n e  wave a p p r o x i m a t i o n  has  

n o t  bee n  made,  and t h a t  t h e  m o d u l a t e d  wave can d e v e lo p  h i g h e r  h a r m o n ic s  

n a t u r a l l y .  C a c u l a t i o n s  by Bak and von Boehm93 and t h o s e  r e p e a t e d  by us ,

show t h a t  n e a r  t h e  t e m p e r a t u r e  Tj t h e  s p i n  a r r a n g e m e n t ,  s e e n  t o  be

g — Tanh 3 C + + x^)

+ J 2( < S i + 2 > + < S i - , 2> )  + E ]

The s u s c e p t i b i l i t y  i s  d e f i n e d  as

(6 .31)

( 6 . 3 2 )

w here  P i s  t h e  p o l a r i z a t i o n

p = I Pi

P = p Z <Si> (6 .33)
l

X = <5Ee x t  = 6E
6P _ p 6 P

m m

= p 2
1 E+AE -  ( £ <Si>E )

(6.34)
AE
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s t a b l e ,  i s  a l m o s t  s i n u s o i d a l ,  w h i l e  h i g h e r  h a r m o n ie s  d e v e lo p  a s  t h e  t e m ­

p e r a t u r e  i s  l o w e r e d  t o w a r d s  t h e  lock' - ' in t e m p e r a t u r e  Tg. The o n l y  r e s t r a ­

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

c e r t a i n  number o f  p l a n e s ,  m.

In  o r d e r  t o  d e t e r m i n e  t h e  v a l u e  o f  t h e  p a r a m e t e r s  J x and J 2, we u s e  

t h e  IPW (INC p l a n e  wave) a p p r o x i m a t i o n  n e a r  Tj.  Th i s  i s  j u s t i f i e d  f u r t h e r  

in  t h e  c a s e  o f  NaN02 a s  t h e  m o d u l a t e d  w a v e v e c t o r  i s  p u r e l y  s i n u s o i d a l  

t h r o u g h o u t  t h e  INC-phase .

The v a l u e  o f  J s can be d e t e r m i n e d  a s  f o l l o w s .

In  NaN02 , Tj = 437°K

From Eq. (6 .20)  we have

Tj = 4 J X + 2 J xc o s 0  + 2 J 2c o s 2 0  (6 .35)

Ji
w i t h  0 = c o s " 1 ( -  -jt- t-)

2

E l a s t i c  n e u t r o n  s c a t t e r i n g  a t  z e r o  e l e c t r i c  f i e l d  g iv e s

6 = 0 .122 w he re  6 i s  t h e  r e d u c e d  w a v e v e c t o r  i n  u n i t s  o f  a*.

k = 6a* = 6 —  a

ka = 2ir • 0 .122  = 0 .77  ( r a d i a n s )

= 43.9°

cos  ka = 0 .7 2 ,  cos  2ka = 0 .037 

J 2
r  -=- = (j) = 0.3*17 (6 .36)

From Eq. (6 .35)  we o b t a i n  

J 2 = - 2 8 .0

J i  = 80.7  ( i n  u n i t s  o f  Kg) (6.37)

Using t h e s e  v a l u e s  f o r  t h e  i t e r a t i o n  c o e f f i c i e n t s ,  w i t h  two  d i f f e r n  

e n t  s t a r t i n g  s p i n  c o n f i g u r a t i o n s ,  we o b t a i n e d  t h e  d i e l e c t r i c  c o n s t a n t
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v e s u r s  t e m p e r a t u r e  c u r v e s  w i th  m = 25.  For z e r o  e l e c t r i c  f i e l d ,  t h e r e  

a r e  two peaks  i n  t h e  d i e l e c t r i c  c o n s t a n t  c u r v e ,  q u a l i t a t i v e l y  s i m i l a r  t o  

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

i t e r a t i o n  f o r  t h e  c u r v e s  shown in  Fig .  6.5 and Fig .  6.6 we re  

 ) and .......... ) r e s p e c t i v e l y .  Whi le t h e r e  w e re  d i f f e r ­

e n c e s  i n  some d e t a i l s  when s t a r t i n g  f rom  t h e  two d i f f e r e n t  c o n f i g u r a ­

t i o n s ,  t h e  q u a l i t a t i v e  f e a t u r e s  were  e s s e n t i a l l y  t h e  same .  In  t h e  f o r m e r  

c a s e  ( - , + ,  s t a r t i n g  c o n f i g u r a t i o n ) ,  t h e  two p ea k s  a t  z e r o  f i e l d  a r e  s e p -  

e r a t e d  by a  t e m p e r a t u r e  d i f f e r e n c e  o f  -  200°C, w h i l e  i n  t h e  l a t t e r  c a s e  

o f  t h e  t e m p e r a t u r e  d i f f e r e n c e  was'  -  40°C. Both  t h e s e  v a l u e s

ho weve r ,  a r e  much l a r g e r  t h a n  t h e  1.4°C e x p e r i m e n t a l  v a l u e  i n  t h e  c a s e  

o f  NaNC^. ’We a l s o  c a l c u l a t e d  t h e  f r e e  e n e r g i y  p e r  s p i n  (Eq. (6 .30 ))  f o r  

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

c a s e  o f  t h e  ( - , ^ , + , + )  s t a r t i n g  s p i n  c o n f i g u r a t i o n ,  t h e  f r e e  e n e r g y  c a l c u ­

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

t h e  s t a r t i n g  s p i n  c o n f i g u r a t i o n  was (^ ,+ ) .  I n  b o t h  c a s e s  t h e  a p p l i c a t i o n  

of  an e l e c t r i c  f i e l d ,  c a u s e s  t h e  two peaks  t o  move f u r t h e r  a p a r t ,  t h a t  

i s ,  i t  i n c r e a s e s  t h e  r a n g e  o f  t h e  INC r e g i o n ,  r a t h e r  t h a n  p r o d u c in g  t h e  

e x p e r i m e n t a l l y  o b s e r v e d  r e s u l t  o f  t h e  INC r e g i o n  becoming g r a d u a l l y  n a r ^  

r o w e r  and e v e n t u a l l y  d i s a p p e a r i n g  f o r  a  f i e l d  o f  ~ 3 kV/cm. Thi s  behavi--’ 

o u r  o f  t h e  INC r e g i o n  becoming l a r g e r  w i t h  t h e  a p p l i c a t i o n  o f  f i e l d  was 

c o n s i s t e n t l y  o b s e r v e d  f o r  a l a r g e  r a n g e  o f  t h e  p a r a m e t e r s  J x and J 2 and 

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

o f  t h e  f i e l d  c a u s e d  t h e  f i r s t  peak,  ( i . e .  INC -*■ f e r r o ) ,  t o  d e c r e a s e  in 

m ag n i tu d e  ( a b s o l u t e  v a l u e ) ,  and t h e  s e c o n d  peak ( i . e .  p a r a  -*■ INC) t o  d ec ­

r e a s e  i n  m agn i tude  and a l s o  t o  b ro a d en .  The f i e l d s  a p p l i e d  w e re  l a r g e r  

t h a n  t h e  e x p e r i m e n t a l  v a l u e s .
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We o b s e r v e d ,  f r om  t h e s e  c a l c u l a t i o n s ,  t h a t  t h e  d i e l e c t r i c  c o n s t a n t  

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

p h as e  d i ag ra m ,  Fig.  6 . 3 ,  g iv e n  by Bak e t  a l . 93 For  v a l u e s  o f  - J 2/ J !  < 0 .5 ,  

we o b t a i n e d ,  f o r  z e r o  f i e l d ,  two p ea k s  i n  t h e  d i e l e c t r i c  c o n s t a n t  c u r v e ,  

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

J 2/ J i  > 0 .5  we o n l y  o b t a i n e d  one peak,  e q u i v a l e n t  t o  t h e  one  t r a n s i t i o n ,  

a s  p r e d i c t e d  by t h e  p h a s e  d i ag ra m .

Ano the r  v a r i a t i o n  we t r i e d  was as  f o l l o w s .  A f t e r  we o b t a i n e d  t h e  

s e l f - c o n s i s t e n t  s o l u t i o n  t o  Eq. (6 .3 1 ) ,  t h e  s o l u t i o n  was u sed  t o  c a l c u ­

l a t e  t h e  f r e e  e n e r g y  p e r  s p i n  (Eq. (6 .30))  ' f o r  t h a t  v a l u e  o f  m, t h e  

number  o f  p l a n e s .  This  was done f o r  a r a n g e  o f  m (3 •> 25) and t h e  m w i t h  

t h e  minimum f r e e  e n e r g y  p e r  spin,  i s  t h e  s t a b l e  p h as e  a t  t h a t  t e m p e r a t u r e  

and f o r  t h e  g iven  i n t e r a c t i o n  c o e f f i c i e n t s .  Again we fo und  t h e  q u a l i t a ­

t i v e  b eh a v io u r  f o r  t h e  d i e l e c t r i c  c o n s t a n t s  c a l c u l a t e d  t o  be s i m i l a r  

a l t h o u g h  t h e  d e t a i l s  w e re  d i f f e r e n t .  T h e re  w e re  two peaks  i n  t h e  x vs  T 

c u r v e s  and w i t h  t h e  a p p l i c a t i o n  o f  e l e c t r i c  f i e l d ,  t h e  tw o  peaks  moved 

f u r t h e r  a p a r t .

R e c e n t l y ,  t h e r e  has  b ee n  an ANNNI model  c a l c u l a t o n  by S e l k e  e t  a l . 95 

in  which a mean f i e l d  p h a s e  d iag ram (E vs  T) was c a l c u l a t e d  which q u a l i ­

t a t i v e l y  m o d e l s  t h e  b e h a v io u r  i n  NaNC^. Q u a n t i t a t i v e l y ,  t h e  v a l u e s  f o r  

t h e  E n f i e l d  and t e m p e r a t u r e  r a n g e  o f  t h e  INCnphase a r e  much l a r g e r  t h a n  

t h e  e x p e r i m e n t a l  v a l u e s .  The r a n g e  o f  t h e  INC-phase  a t  z e r o  f i e l d  i s  ~ 

M0°C, w h i l e  t h e  f i e l d  a t  t h e  t r i p l e  p o i n t  i s  ~ 60 s t a t v o l t s / c m .  The 

v a l u e s  o f  and J 2 t h a t  S e l k e  e t  a l .  have  u sed  a r e  s i m i l a r  t o  o u r s ;  t h e

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

a p p l i c a t i o n  o f  e l e c t r i c  f i e l d  i s  n o t  y e t  c l e a r .
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T h e r e  has  a l s o  bee n an ANNNI model  c a l c u l a t i o n  and an  extended-ANNNI 

model  c a l c u l a t i o n  i n  e x t e r n a l  f i e l d s  by Randa106. Here T / J j  vs Jz/ J 1 mean- 

f i e l d ^ p h a s e  d iagram h ave  bee n  d e t e r m i n e d .  A ccord ing  t o  t h i s  c a l c u l a t i o n ,  

f o r  a f i e l d  o f  E = 0 .1 ,  t h e r e  i s  no INC r e g i o n  f o r  t h e  p a r a m e t e r s  t h a t  

e i t h e r  we o r  S e l k e  a t  a l .  have  u sed .  The r e s u l t s  of  S e l k e  e t  a l .  i n d i ­

c a t e d  t h a t  an INC-phase  s h o u l d  e x i s t  f o r  t h o s e  p a r a m e t e r s  o f  J 0, J i  ana 

J 2 u n t i l  a  v a l u e  o f  E -  0 .8 .  Again t h e  l a c k  o f  a g r e e m e n t  b e t w e e n  t h e  

r e s u l t s  o f  Randa and  S e l k e  e t  a l . ,  and b e t w e e n  Randa and o u r s ,  i s  no t  

y e t  u n d e r s t o o d .
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CHAPTER VII 

MICROSCOPIC THEORY OF MICHEL AND COWORKERS

In  t h i s  c h a p t e r  t h e  m i c r o s c o p i c  t h e o r y  o f  NaN02 o f  Michel  and 

c o w o r k e r s 23* 30>9S»97»98 i s  r e v i e w e d .  Some o f  t h e  r e s u l t s  o f  t h e  m i c r o s c o p i c  

t h e o r y  a r e  c i t e d  f o r  co m p a r i so n  w i t h  t h e  r e s u l t s  o f  t h e  Landau f r e e  

en e rg y  and t h e  I s i n g  model .

A. The microscopic model
As shown in  Fig .  1 .1 ,  e a ch  U02~ ion i s  ' s u r r o u n d e d  by s i x  n e a r e s t -  

n e ig h b o r  Na+ io n s .  The s i n g l e  p a r t i c l e  (one  N02~ ion)  p o t e n t i a l  which 

r e p r e s e n t s  a  c r y s t a l  f i e l d  t e r m  can be c a l c u l a t e d  n u m e r i c a l l y  a s  shown 

in  Fig .  1 .3 .  The e n e r g e t i c a l l y  m os t  f a v o r a b l e  p a t h  o f  r e o r i e n t a t i o n  i s  

a l o n g  t h e  v a l l e y  in  F ig .  1 .3 ,  i . e .  t h e  r e o r i e n t a t i o n s  t a k e  p l a c e  e s s e n ­

t i a l l y  t h r o u g h  r o t a t i o n s  a r o u n d  t h e  c- ’a x i s .

As a n i t r i t e  i o n  r e o r i e n t s ,  i t  i n t e r a c t s  w i t h  n e i g h b o r i n g  sodium i o n s ,  

pu s h in g  them o u t  o f  t h e  way. This  l e a d s  t o  a  c o u p l i n g  o f  t r a n s l a t i o n s  

and r o t a t i o n s .  The H a m i l t o n i a n  can be w r i t t e n  a s :

H = T + Vxt + Vtr + VRR (7 .1)

w here  T i s  t h e  k i n e t i c  e n e r g y  o f  t r a n s l a t i o n s

T = 1  Z P(k)-P(k) (7.2)2 k
Vxt i 3  t h e  c o r r e s p o n d i n g  h a rm on ic  i n t e r a c t i o n s

VTx = i -  Z  u(k)M(k)u(k) (7.3) ̂ k
The v a r i a b l e s  u and p r e s p e c t i v e l y  a r e  t h e  F o u r i e r  t r a n s f o r m s  (k i s

t h e  w a v e v e c to r )  o f  t h e  c e n t e r  o f  mass  l a t t i c e  d i s p l a c e m e n t s  and t h e i r

c o n j u g a t e  momenta.  The t o t a l  mass  m = mNa + mNoz i s  t a k e n  e q u a l  t o  1.
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H(k) i s  t h e  c o r r e s p o n d i n g  3x3 d y n am ica l  m a t r i x .

The t r a n l a t i o n r s r o t a t i o n  i n t e r a c t i o n s  V^r i s  g iv en  by t h e  b i l i n e a r  i n ­

t e r a c t i o n

VTR = E V (k )*u (k )o ( -k )  (7.^)
k

The c o u p l i n g  m a t r i x  V(k) i s  an even  f u n c t i o n  of  k and i s  q u a d r a t i c  in  

k i n  t h e  l o n g r w a v e l e n g t h  l i m i t .

The d i r e c t  o r i e n t a t i o n a l  i n t e r a c t i o n  i s  w r i t t e n  a s :

VRR = 1  E J ( k ) o ( k ) o ( - k )  (7.5)2 k

J (k )  a c c o u n t s  f o r  t h e  e l e c t r i c  d i p o l e - d i p l e  i n t e r a c t i o n ,  o(k) d e n o t e s  

an  I s i n g  p s e u d o s p i n  o r d e r  p a r a m e t e r .

B. F r e e  e n e r g y  a n d  p h a s e  d i a g r a m

The H e lmho tz  f r e e  e n e r g y  i s  g iven  by

W = Tr( pH + Tp ln p )  (7.6)

w here  p i s  t h e  d e n s i t y  m a t r i x  and T i s  t h e  t e m p e r a t u r e  i n  u n i t s  o f  

Kg. The d e n s i t y  m a t r i x  s a t i s f i e s  t h e  c o n d i t i o n  T r( p )  = 1.

The n o n - e q u i l i b r i u m  f r e e  e n e rg y  depend s  on t h e  i n s t a n t a n e o u s  e x p e c ­

t a t i o n  v a l u e s  of  t h e  s lo w  dynamic v a r i a b l e s  g iven  by:

Sj_(k,t) = Tr pui(k)

S i ( k , t )  = Tr P Pi(k)  (7.7)

m ( k , t )  = Tr po(k)

w here  m i s  t h e  o r i e n t a t i o n a l  o r d e r  p a r a m e t e r ,  s  i s  t h e  d i s p l a c e m e n t  

p a r a m e t e r .

A f t e r  some a l g e b r a ,  t h e  n o n - e q u i l i b r i u m  f r e e  e n e r g y  o f  t h e  dynamic 

v a r i a b l e  i n  Eq. (7 .7 )  and  in  a m e a n ^ f i e l d  a p p r o x i m a t i o n  t o  f o u r t h  o r d e r  

i n  t h e  o r d e r  p a r a m e t e r  can  be w r i t t e n  a s :
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F = Z s * s ( - k )  + 4-2) M ( k ) s ( k ) s ( - k )
2 k 2 k

+ Z v ( k ) r n (k ) s ( - k )  + i -  Z(J(k)  + Cs  + T)m(k)m(-k)  
k 2 k

+ To m(^k)m(-p)m(-q )m (k  + p + q) + o(m6)i c. k »p> q

h e r e ,  Cs  i s  g iven  by

CS = 1  Z C(k) 
N k

(7 .8)

( 7 . 9 )  

(7 . 10)C(k) = v(k)M“ 1( k ) v T(k) 

w he re  x r e p r e s e n t s  t r a n s p o s i t i o n .  Cs  t a k e s  i n t o  a c c o u n t  t h a t  t h e  

e f f e c t i v e  s e l f  i n t e r a c t i o n  m e d ia t e d  by t h e  l a t t i c e  must  be  s u b t r a c t e d  in  

a m e a n - f i e l d  c a l c u l a t i o n .

The e q u i l i b r i u m  f r e e  e n e r g y  can be  s i m p l y  o b t a i n e d  f rom  Eq. (7 .8 )  by 

m i n im i z a t i o n  w i t h  r e s p e c t  t o  t h e  e x p e c t a t i o n  v a l u e s  s ( k ) ,  s ( k ) ,  and m(k).  

3F
Frora "SsTkT = 0 yields

s ( k )  = -  v (k )R - l (k)m(k)

3FFrom --------  = 0 f o l l o w s
8s(k)

s (k )  = 0

S u b s t i t u t i n g  Eq. (7 .11)  and (7 .12)  i n t o  Eq. ( 7 .8 ) ,  we have

F « - 4  Z(K(k)“ T)m(k)m(r;k)
2 k
T

+l 2  k | )>qm(;:’k )m(r'P)rn(“ <l)m(k + P + q) 

w here  t h e  o r i e n t a t i o n a l  i n t e r a c t i o n  K(k) i s  d e f i n e d  by 

K(k) = C(k) -  J ( k )  -  CS

(7.11)

(7 . 1 2 )

From 3F
3m(k) = 0 we o b t a i n :

I f  k=0 t h e n  F(0) = b1(K(0)  -> T ) |m (0 ) | 2 + X l m C o ) ! 1*

(7.13)

( 7 . 1  4)

(7 .15)
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I f  k/^0 th e n

F(k) = ~(K(k) -  T ) | m ( k ) | 2 + -J| m(lc) (7 .16)

A n e c e s s a r y  c o n d i t i o n  t o  have an  I N O p h a s e  i s  t h a t  K(k) has  an  e x t r e - ,  

mum a t  k o?*0. S ince  K(k) i s  even i n  k f we have an ext remum a t  k=0.

3FE q u a t io n  „ ■ = 0 has  t h r e e  s o l u t i o n s :onUk)

m(k)=0; F=0 ( a l l  T) (7.17)

m(k) = m(k0 ) <$k l |<0 + m (-k0 ) <5|<f -.ko;

|m (k 0 ) |2 = 3 K(k0 ) n 1;

F (k 0 ) = -  | ( 3  K(k0 ) -■ 1)2 (T < K(k0 )) (7.18)

m(kQ) = m(0) 6k>0; m(0)2 = 3 ( gK(0) -  1)

F(0) = -  | ( S K ( 0 )  -  1 )2 (7.19)

Fig .  7.1 d e p i c t s  t h e  t e m p e r a t u r e  b e h a v io r  of  t h e  t h r e e  s o l u t i o n s  of

t h e  f r e e  e n e r g y .  Here we assumed

0 < K(0) < K(k0 ) (7.20)

Fig .  7.1 i s  v e r y  s i m i l a r  t o  Fig .  2.11 which was o b t a i n e d  f rom t h e

p h e n o m e n o lo g ic a l  f r e e  en e rg y .

The t r a n s i t i o n  f rom t h e  p a r a - p h a s e  t o  t h e  INC-phase  i s  o f  s ec o n d

o r d e r ,  s i n c e  t h e  f r e e  e n e r g y  has  a c o n t i n u o u s  d e r i v a t i v e ,  w i t h  t r a n s i t i o n  

t e m p e r a t u r e

Ti = K(k0 ) (7.21)

On t h e  o t h e r  hand  t h e  t r a n s i t i o n  f rom  t h e  INC t o  t h e  f e r r o - p h a s e  i s  

o f  f i r s t  o r d e r  b e c a u s e  t h e  f r e e  e n e r g i e s  F(0) and F (k 0 ) c r o s s  ea ch  o t h e r .  

The i n t e r s e c t i o n  d e t e r m i n e s  t h e  t r a n s i t i o n  t e m p e r a t u r e
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Tl = K(ko)» --------------------------------------------------------------------------------(7 .22)

1 .  l / f

w here  a = and 0 < a  < 1K(k0 )

The r e s u l t i n g  p h a s e  d iag ram i s  shown i n  Fig .  7 .2 .

C. S u s c e p t i b i l i t y  a n d  m o d u l a t i o n  w a v e v e c t o r

The s t a t i c  o r i e n t a t i o n a l  s u s c e p t i b i l i t i e s  can be o b t a i n e d  by us ing  

t h e  r e l a t i o n

x'” 1(k) = 8m(k) \m(-k)  I m(q)=< o(q)>

I t  i s  fo und  in  t h e  p a r a ^ p h a s e

X ^ ( k )  = T -  K(k) (7.24)

and in  t h e  INCrphase

X'“ 1( k )  = T -  K(k) + 2Tm2 (7 .25)

Eq. (7 .10)  g i v e s  C(k) = v(k)M“ Iv T(k)

Due t o  t h e  s i m p l e  s t r u c t u r e  o f  v (k ) ,  t h e  m a t r i x  C has  o n l y  one 

s i n g l e  e l e m e n t :

Ci i = v i  (M- 1 )-| 1 v i  ( 7 . 2 6 )

The Eq. (7 .24)  can  be  r e w r i t t e n  as

X " 1 = T -  Cn (k)  + Cs + J ( k )  (27)

For  k = (k ,0 ,0 )  and in  t h e  l o n g  w a v e l e n g t h  c a s e  t h e  c o e f f i c i e n t s  in  

Eq. (7 .26)  can be s p e c i f i e d  as

Mi i (k) = a ’k 2 (7 .28)

w he re  a ’ = Cggpr l , Cgg i s  t h e  b a r e  e l a s t i c  c o n s t a n t
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p i s  t h e  m a t e r i a l  d e n s i t y

v-|(k) = 2 o k 2

Ca 2
w here  o = -  - jj—, C i s  a c o u p l i n g  p a r a m e t e r

a i s  t h e  l a t t i c e  c o n s t a n t  

o i s  a m i c r o s c o p i c  model  c o n s t a n t  

F o r  t h e  d i p o l a r  i n t e r a c t i o n  J ( k ) ,  we u s e  an expans io n :

J (k )  = - d  + ok2 + Yk“ (7 .29)

w here  a > 0 ,  Y > 0 ,  6 < 0

Eq. (7 .27)  becomes

X"11 = uk“ + vk2 + w (7.30)

4 o2w h e re  u = Y, v = 6 -  -----  , w = T + C0 -  d
a ’

In  t h e  p a r a - p h a s e ,  f o r  a  g iv en  t e m p e r a t u r e  T, t h e  s u s c e p t i b i l i t y  x(k) 

has  a maximum a t

( 7 . 3 , ,

With d e c r e a s i n g  t e m p e r a t u r e ,  x(k) i n c r e a s e s  and becomes i n f i n i t e  a t  a 

t e m p e r a t u r e  Tj o b t a i n e d  f rom t h e  s o l u t i o n  of  

v2 n 4uw = 0

4 02

i . e .  TX = d -  C0 + — jpo------  (7 .32)

( ^  r. 6)2

I T

The c o r r e s p o n d i n g  v a l u e  of  k i s  g iven  by

k0 = km (7.33)

E xper im en t  shows t h a t  t h e  p o s i t i o n  o f  t h e  maximum o f  x(k) in  t h e  

p a r a n p h a s e  s h i f t s  t o  l o w e r  v a l u e s  km 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 .  In 

M i c h e l ’s o p in io n  t h e  t e m p e r a t u r e  d ependence  o f  km a r i s e s  f rom  a  t e m p e r a ­
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t u r e  d ependence  o f  t h e  b i l i n e a r  c o u p l i n g  o « c. The c o u p l i n g  i s  a f u n c ­

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

o f  c o u p l i n g  C w i t h  i n c r e a s i n g  t e m p e r a t u r e .  S ince  C °c o, i t  f o l l o w s  f rom 

Eq. (7 .31)  t h a t  km 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  u n t i l  i t  r e a c h e s  

t h e  v a l u e  k0 a t  Tj.  The d e c r e a s e  o f  t h e  INC w a v e v e c t o r  kQ w i t h  decreas-> 

i n g  t e m p e r a t u r e  which i s  o b s e r v e d  by e x p e r i m e n t  s h o u l d  a l s o  r e s u l t  f rom 

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

Michel  p o i n t e d  o u t  t h a t  s i n c e  we e x p e c t  t h a t  t h e  d e c r e a s e  of  t h e  a m p l i ­

t u d e  of  f l u c t u a t i o n s  has  a d i f f e r e n t  s l o p e  i n  t h e  d i s o r d e r e d  and in  t h e  

INC-phase ,  we e x p e c t  a d i f f e r e n t  s l o p e  in  t h e  t e m p e r a t u r e  v a r i a t i o n s  of  

km(T) and k0 (T).

D. Lattice instability
Fiv ez  and M ich e l98 have i n v e s t i g a t e d  t h e  d y n am ica l  c o n s e q u e n c e s  of  

t h e  t r a n s l a t i o n - r o t a t i o n  c o u p l i n g  mechanism.  They c o n c lu d e d  t h a t  t h e  

dynamics  i s  d o m in a ted  by t h e  s l o w  r e l a x a t i o n  b e h a v io r  o f  o r i e n t a t i o n a l  

f l u c t u a t i o n s .  T h e r e f o r e  t h e  l a t t i c e  dynam ics  o f  t h e  p a r a ^ p h a s e  i s  c h a r i  

a c t e r i z e d  by phonon s i d e  bands  which a r e  n o t  s e n s i b l y  i n f l u e n c e d  by t h e  

c o u p l i n g  t o  t h e  o r i e n t a t i o n a l  o r d e r  p a r a m e t e r .  T h e r e  i s  no phonon s o f ­

t e n i n g .  The phonon s i d e  band s  i n  t h e  INC-phase  a r e  a l s o  u n a f f e c t e d  by t h e  

t r a n s l a t i o m r o t a t i o n  c o u p l i n g  and a g a i n  t h e r e  i s  no phonon s o f t e n i n g .

E. Connection between microscopic theory and 
phenomenological theory

Fivez  and M i c h e l 98 p o i n t e d  o u t  t h a t  t h e  e x p r e s s i o n  (7.13) f o r  t h e  

f r e e  e n e r g y ,  b a s e d  on t h e  m i c r o s c o p i c  model ,  has  t h e  same m a t h e m a t i c a l  

s t r u c t u r e  as  t h e  p h e n o m e n o l o g i c a l  p o t e n t i a l  u s ed  by I s h i b a s h i  and
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Shiba90.

In  o r d e r  t o  e s t a b l i s h  more  c l o s e l y  a c o n n e c t i o n  w i t h  t h e  m a c r o s c o p i c  

a p p r o a c h e s  u sed  by Levanyuk e t  a l . 9 and Heine e t  a l . u , M ich e l30 r e l a t e d  

t h e  c e n t e r - o f - m a s s  d i s p l a c e m e n t s  t o  t h e  s t r a i n  f i e l d  e(k) by w r i t i n g  

e^jCk) = i k ± Sj(k)

I n  t h e  l o n g p w a v e l e n g t h  l i m i t  and k = ( k , 0 ,0 ) ,  Eq. (7.11)  r e a d s :

S y ( k )  = -  M i i ^ 1 v i ( k )  m ( k )  (7.34)

ex y (k) = ik  m ( k ) -  (7.35)

w here  a ,  b,  c a r e  t h e  l a t t i c e  c o n s t a n t s .

The c o r r e s p o n d e n c e  o f  t h e  ax e s  i s  a ,  b ,  c  + x, y,  z

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

o r i e n t a t i o n a l  o r d e r  p a r a m e t e r .  The b i l i n e a r  c o u p l i n g  t e rm  i n  Eq. (7 .8)

now r e a d s  i n  t h e  l o n g ^ w a v e l e n g t h  l i m i t

T. vi (k) s v (k) m*(k) 
k y

= -  E [ e x y (ikm)* + ikmeXy]  (7.36)

w he re  eXy and m depend on k.

E x p r e s s io n  (7 .36)  h a s  t h e  sam e fo rm  as  t h e  g r a d i e n t  t e r m s  which a r e  

i n t r o d u c e d  i n  t h e  p h e n o m e n o lo g ic a l  t h e o r i e s 9*11.
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CHAPTER VIII  

CONCLUSIONS

D i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s  and E l a s t i c  n e u t r o n  s c a t t e r i n g  in  

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

t u r e  r a n g e  of  t h e  INC-phase  o f  NaN02 d e c r e a s e s  w i t h  i n c r e a s i n g  e l e c t r i c  

f i e l d .  At 3 kV/cm t h e  t h r e e  p h a s e s ,  p a r a ,  INC and f e r r o ,  mee t  a t  a p o i n t  

which i s  c a l l e d  a  t r i p l e  p o i n t .  At t h e  t r i p l e  p o i n t  t h e  m o d u l a t i o n  wave-  

v e c t o r  i s  n o t  e q u a l  t o  z e r o .  In t h e  INC-phase  t h e  m o d u l a t i o n  w a v e v e c to r  

d e c r e a s e s  w i th  d e c r e a s i n g  t e m p e r a t u r e  b u t  does  n o t  depend on t h e  l o n g i n  

t u d i n a l  e l e c t r i c  f i e l d .

The p h a s e  d iagram and t h e  b e h a v io r  o f  t h e  m o d u l a t i o n  w a v e v e c to r  can 

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

f r e e  e n e r g y  model  p r o p o s e d  by I s h i b a s h i  e t  a l . 90>91. Compar ison o f  our

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

e n e r g y  model  i n d i c a t e s  t h a t  t h e  n~term in  t h e  f r e e  en e rg y  c a n n o t  be n eg ­

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

a l s o  be r e t a i n e d .  T h e r e  i s  a n o t h e r  f a c t  which a l s o  l e a d s  t o  t h e  c o n c lu ^  

s i o n  t h a t  t h e  r r t e r m  ca n n o t  be n e g l e c t e d :  w i t h o u t  t h e  r p t e r m  t h e  p h as e  

t r a n s i t i o n  f rom t h e  p a r a n p h a s e  t o  t h e  INCnphase w i l l  be o f  f i r s t  o r d e r .  

However ,  t h e  o b s e r v e d  p a r a  -»■ INC t r a n s i t i o n  i s  of  s e c o n d  o r d e r .

A l l  t h e  c o e f f i c i e n t s  i n  t h e  f r e e  e n e rg y  model  have been d e t e r m in e d

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

i n g  r e s u l t s  and t h e  s p o t a n e o u s  p o l a r i z a t i o n  d a t a .

The e x t e n s i o n  o f  t h e  L i f s h i t z  p o i n t  c o n c e p t  t o  s y s t e m s  w i th  a  f i r s t  

o r d e r  t r a n s i t i o n  f rom t h e  d i s o r d e r e d  p h a s e  t o  t h e  o r d e r e d  p h as e  has  been 

d i s c u s s e d  in  d e t a i l .  The p h a s e  d iagram i s  as  f o l l o w s :  t h e  p a r a  •> INC



t r a n s i t i o n  o c c u r s  a l o n g  t h e  Tj l i n e .  At t h e  c r o s s i n g  p o i n t  CP t h e  Tj l i n e  

m e e t s  t h e  f i r s t - o r d e r  p a r a - > f e r r o  Tj l i n e ;  t h e  INC •+ f e r r o  t r a n s i t i o n  

o c c u r s  a l o n g  t h e  Tg l i n e .  At t h e  p o i n t  P ( a 2 = 3SB2/8C) t h e  l i n e  jumps 

t o  t h e  p o i n t  CP w he re  i t  m e e t s  t h e  Tj l i n e ;  beyond  t h i s  p o i n t  t h e  d i r e c t  

p a r a  -> f e r r o  t r a n s i t i o n  o c c u r s  a l o n g  t h e  Tx l i n e .  F i t t i n g  our  d a t a  of 

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

i c a l l y  c a l c u l a t e d  r e s u l t s  o f  6j, 6^ and Tj -  i n d i c a t e s  t h a t  i n  NaNOz 

t h e  v i r t u a l  L i f s h i t z  p o i n t  i s  a t  (7.32 kV/cm, 122.15°C) f o r  t h e  E - f i e l d  

p a r a l l e l  t o  t h e  a - a x i s ,  and a t  (16.37 kV/cm, 142.73°C) f o r  t h e  E - f i e l d  

p a r a l l e l  t o  t h e  c - a x i s .  The INC-phase  c e a s e s  t o  e x i s t  a t  Ea  = 4.59 kV/cm 

o r  Eq = 10.24 kV/cm. The t r i c r i t i c a l  p o i n t  TP i s  a t  3 .5 x 1 0-19 (CGS u n i t s ) .  

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

Ti l p  and t h e  v i r t u a l  t r a n s i t i o n  t e m p e r a t u r e  Tgp i s  a b o u t  0.6°C. Thi s  LP 

p o i n t  i s  i n a c c e s s i b l e ,  ho w ever ,  n o t  o n l y  b e c a u s e  t h e  s a m p l e s  b r e a k  down 

e l e c t r i c a l l y  a t  e l e c t r i c  f i e l d s  above 1 .36 kV/cm f o r  t h e  E - f i e l d  p a r a l ­

l e l  t o  t h e  a - a x i s ,  and a t  e l e c t r i c  f i e l d s  above  2.21 kV/cm f o r  t h e  E- 

f i e l d  p a r a l l e l  t o  t h e  c - a x i s ,  b u t  a l s o  b e c a u s e  t h e  f i r s t  o r d e r  d i r e c t  

t r a n s i t i o n  i n t e r v e n e s  and t h e  LP i s  v i r t u a l .

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

TP on t h e  p h a s e  d iag ram depends  on t h e  c o e f f i c i e n t s  B, g and n ( s e e  Eq. 

( 3 .2 9 ) ) .  T h e r e f o r e ,  i n  p r i n c i p l e ,  t h e  t r i c r i t i c a l  p o i n t  TP c o u l d  be  on t h e  

h igh  t e m p e r a t u r e  s i d e  o f  t h e  c r i t i c a l  p o i n t  CP; in  o t h e r  w o rd s ,  t h e  t r i ­

c r i t i c a l  p o i n t  c o u l d  be p h y s i c a l l y  a c c e s s i b l e  f o r  some v a l u e s  o f  t h e  

above t h r e e  c o e f f i c i e n t s .  As a r e s u l t ,  t h e  Tj l i n e  would  a l s o  be p h y s i ­

c a l l y  a c c e s s i b l e .  I t  would  be  i n t e r e s t i n g  t o  f i n d  s u c h  s y s t e m s  f o r  which 

t h e  t r i c r i t i c a l  p o i n t  and t h e  Tj  l i n e  a r e  p h y s i c a l l y  a c c e s s i b l e .
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The r e s u l t s  o f  B r i l l o u i n  s c a t t e r i n g  w i t h  an E - f i e l d  a l o n g  t h e  c - a x i s  

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

a l s o  r e v e a l e d  t h a t  t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  does  n o t  d r a m a t i c a l l y  

change t h e  p r o p a g a t i o n  o f  h y p e r s o n i c  waves ,  b u t  i t  does  r e d u c e  t h e  

d i f f e r e n c e  o f  t h e  soun d v e l o c i t i e s  b e t w e e n  t h e  p a r a  and t h e  f e r r o  

p h a s e s .  L e t  vj, and vj  be  t h e  sound  v e l o c i t i e s  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  

a t  Tl and Tj r e s p e c t i v e l y ,  and Av = vj, -  v j .  Then,  a t  E = 0 kV/cm, Av = 

1x 103 c m / s ,  a t  E = 0 .5  kV/cm,  Av = 0 . 4 x 1 0 3 c m / s ,  and a t  E = 1.0 kV/cm, Av 

= 0 .2 6 x 1 0 3 c m / s .  The sound  v e l o c i t y  a l o n g  t h e  [1 00]  d i r e c t i o n  deduced 

f rom t h e  i n e l a s t i c  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  i s  a b o u t  1 . 4 5 x 1 0 s cm /s ,  

which i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t  o b t a i n e d  by Durand e t  a l . '*6*58.

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

1983 show t h a t  i n  t h e  r a n g e  o f  p r e s s u r e  from 14.5 p s i  t o  1000 p s i ,  b o t h  

Tj  and Tj, d e c r e a s e  w h i l e  AT ( AT = Tj t  Tj,) d e c r e a s e s  s l i g h t l y .  Above 1000 

p s i ,  howeve r ,  Tj,  Tj, and AT a l l  i n c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e .  The 

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

t r a n s i t i o n  t e m p e r a t u r e s  do n o t  depend on t h e  p r e s s u r e .  To e x p l a i n  t h i s  

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

un der  t h e  same c o d i t i o n s  as  f o r  B r i l l o u i n  s c a t t e r i n g ,  and r e s u l t s  i d e n t i ­

c a l  t o  t h o s e  o f  t h e  B r i l l o u i n  s c a t t e r i n g  e x p e r i m e n t  w e re  o b t a i n e d .  In  

o r d e r  t o  r e s o l v e  t h i s  c o n t r a d i c t i o n ,  a new n e u t r o n  s c a t t e r i n g  e x p e r i m e n t  

u nde r  h y d r o s t a t i c  p r e s s u r e  i s  n e c e s s a r y .

Using t h e  ANNNI mode l ,  a p r e l i m i n a r y  c a l c u l a t i o n  of  t h e  d i e l e c t r i c  

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

a p p r o x im a t i o n .  For z e r o  e l e c t r i c  f i e l d ,  t h e r e  a r e  two  peaks  i n  t h e  d i e ­

l e c t r i c  c o n s t a n t  c u r v e ,  somewha t  s i m i l a r  q u a l i t a t i v e l y  t o  t h e  e x p e r i m e n t  

t a l  r e s u l t s ,  and c o n s i s t e n t  w i th  t h e  mean f i e l d  p h a s e  d i agram  in  Fig .
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6 .3 .  But t h e  a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d  c a u s e s  t h e  tw o  p ea k s  t o  

move a p a r t  r a t h e r  t h a n  r e p r o d u c i n g  t h e  e x p e r i m e n t a l l y  o b s e r v e d  r e s u l t  of  

t h e  INC r e g i o n  becoming g r a d u a l l y  n a r r o w e r  w i t h  i n c r e a s i n g  f i e l d .  This  

b e h a v io u r  of  t h e  INC r e g i o n  becoming l a r g e r  w i t h  t h e  a p p l i c a t i o n  of  

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

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

The m i c r o s c o p i c  t h e o r y  o f  Michel  and c o w o r k e r s 23* 30>96-98 can e x p l a i n  

many i m p o r t a n t  e x p e r i m e n t a l  r e s u l t s  s u c h  a s  t h e  r e o r i e n t a t i o n s  o f  NOp^ 

g ro u p s  which t a k e  p l a c e  e s s e n t i a l l y  t h r o u g h  r o t a t i o n s  a r o u n d  t h e  c - a x i s ,  

and t h e  f a c t  t h a t  t h e r e  a r e  no s o f t  modes i n  e i t h e r  t h e  p a r a  o r  INC 

p h a s e s ,  e t c . .  But t h e  p h a s e  d iagram and t h e  b e h a v io r  o f  t h e  m o d u l a t i o n  

w a v e v e c to r  u n d e r  e l e c t r i c  f i e l d  a r e  n o t  y e t  e x p l a i n e d  q u a n t i t a t i v e l y  by 

t h e  m i c r o s c o p i c  t h o e r y .
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APPENDIX A 

UNITS

I t  i s  w e l l  known t h a t  t h e  C ou lomb 's  l aw  has  d i f f e r e n t  f o r m s  in  

d i f f e r e n t  s y s t e m s  o f  u n i t s .

kQiQ2In  MKS u n i t s :  f  = — 5— w he re  f  i s  i n  Newtons  ( N )r

q i s  i n  Coulombs ( C )

r  i s  in  m e t e r s  ( m )

k = 9 .0 x 1 0 9 ^

Q1Q2
In CCS u n i t s :  f  = - p -  w he re  f  i s  in  dynes

q i s  i n  e s u  

r  i s  in  cm

The u n i t s  o f  t h e  t e r m s  in  t h e  f r e e  e n e r g y  and t h e i r  c o n v e r s i o n  

f rom MKS t o  CGS u n i t s  a r e  d e r i v e d  b e lo w .  The r e s u l t s  a r e  g iven  in  T a b l e s  

A.1 and A.2.

1. Conversion of the Landau free energy from MKS to CGS units
We t a k e  t h e  Landau f r e e  e n e r g y  a s :

F = lAPS + -J-BPS + -g-CPS •? EP0 + | ( A  + ak 2 + l e k “)P2

+ |-(2B + l nk 2)PSP£ + ^ - ( B  + -~nk2)P£

Now we c o n v e r t  F f rom MKS u n i t s  t o  CGS u n i t s  t e rm  by t e rm .

1
a .  C onv er s io n  o f  t h e  f i r s t  t e r m  -^AP2 in  F:



w here  t h e  s u b s c r i p t  M d e n o t e s  MKS u n i t s .  

The dimens ion o f  e n e r g y  F i s :

-i / J  _ 107 / e r g .  _ / e r g .
1 ( P r) ■ W  W *  -  10

The dimens ion o f  p o l a r i z a t i o n  P i s :

1 < S >  -  ^  ( S )  ■ < I S >

T h e r e f o r e  t h e  d im ens ion  o f  c o e f f i c i e n t  A i s

V®, _ 1 100 , s t a t e v o l t ’cm .
C ; " 300 3x1 0 9 K e su

1 , s t a t e v o l t * c m .
7? *•-------------  >9x10 esu

"  3 x 1 0 sPc

Am = 9x10 9AC 

where  t h e  s u b s c r i p t  C d e n o t e s  CGS u n i t s .  

S u b s t i t u t i n g  (2) i n t o  (1) we g e t :

T q -C = 2”x9x1 0 AC*( 3Xi o bPc^2

Fc = t acp6

C o n v e rs io n  o f  t h e  s e c o n d  t e rm  -jj-BP1* in  F: 

In MKS u n i t s  F = -jj-B̂ Pj^



, , Vm5  ̂ 1 1010 , s t a t v o ' l t * c m ss
F or  B 1 ( - c r )  -  300 3 W 7 < S P  >

1 , s t a t v o l t * c m Sv
iT? <•-------- ,'3~"------>3 x 1 0 19 e su

f h -  4f c

pS " < W pc>'

b M = 3 “x 1 0 193C 

S u b s t i t u t i n g  (5) t o  (4) we g e t

ToFc = 73x1 0i9Bc,<: 3x1 0sPc)

FC =

C onv er s io n  o f  t h e  t h i r d  t e r m  -^P6 i n  F:6

In  MKS u n i t s  FM = "g'c MpA

n-— n 1 _ 1 1 0 18 , s t a t v o l t * c m 9^For C 1 ( - ^ - )  -  3 0 0  3 ^ 0 ^  ( ------- ^ ------- )

1 / s t a t v o l t * o m 9\
^73 (.-----------r — 3-------- )3 x 1 0 29 v e s u 5

f M = - foFC

pfl ■ ( ^ c ) '

° M = 35xToctC c 

S u b s t i t u t i n g  (8 ) i n t o  (7) we g e t :

ToFc = fT36x1029Cc- (3x10sPc)6 

:• Fc = i c c pa



Conv ers io n  o f  t h e  t e r m  o f  -jj-ak^g i n  F:

In  MKS u n i t s  PM = T f a M k f t p i < M

, V m \  1 1 0 s , s t a t v o l t * o m 3^
For  a:  1 ( - g - )  = 3 0 0 3 ^  ( -------- ^ -------- >

1 , s t a t v o l t * c m 3,.rs l ----- >3 2x 1 0 s esu

For  k: 1 W  < 7 ^m 10 cm

f m = T o f c

p£ m = (3 ^T o*pk c ) 2

a M = ( 3 s j r o * ) " 1-00 = 32x1° 5otc

kfi = 10"-kg 

S u b s t i t u t i n g  (11) i n t o  (10) we g e t :

T 5 Fc -  i ! T r ! « c x i o ' k a : ( 3 ^ p kC)-

Fc = ipa c ka pa c

C onvers ion  o f  t h e  t e r m  o f  g k ^  i n  F:

I n  MKS u n i t s  F^ = 3MkAp(<M

„ . , /Vm5k 1 1010 , s t a t v o l t * c m 5^
For  6: 1 <— > ■ 3 J 0 W  ‘ --------555-------- >

1 / s t a t v o l t * c m sN
3zx1 0  ̂ e su

F« -  i V c

PkM ”  ̂3x1 0aPkC^  

3M = 3 ^ 1 03c 

kfi = ( l O ^ c ) 1*
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S u b s t i t u t i n g  (14) i n t o  (13) we g e t :

J o FC = 3 2x10 6C*(102l<C) ‘,*(33pr o 3 P k c )2

FC = 6 c kftp l<C ( I 5)

f .  C o n vers ion  o f  t h e  t e rm  o f  nk2P2Pf< in  F:

I n  MKS u n i t s  FM = hMkftPoMP^M ( 1^)

T-i 1 , Vm2 _ 1 10^* / r r ,o-v
or n> *• C3 300 3sx10^(CGS)

'  T ’H o "  <CGS>

IT 1 -

f m = To u°

riM = 3“x 1 0 15 no 0 7 )

k$ = (102 kg)2

p °Mp2kM = ( 3 ^ ) ' ‘P?cP2kC 

S u b s t i t u t i n g  (17) i n t o  (16)  we g e t

^ F c  “ 3x10 15nCc ( 1 ° 2kC)2,( 2^Yo3)'*PocP2kC (18)

Fc = n ckfiP2c p2
g .  C onv er s io n  o f  t h e  t e r m  o f  EP i n  F:

I n  MKS u n i t s  FM = E^Pm (19)

For  E: 1 ( 1 )  = (CGS)

Fm = Tn F c

3x10

TO

1 v (CGS)

= 3H o 5 PC (20)

Em = 3x1 O'* EC
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S u b s t i t u t i n g  (20) i n t o  (19) we g e t

10 FC = 3x10“ EC ^ P c

FC = ECPC ( 2 1 )

The above c o n v e r s i o n s  show t h a t  t h e  Landau f r e e  e n e r g y  has  t h e  

same form in  b o t h  MKS and CGS u n i t s .

Next  we a r e  going  t o  d e t e r m i n e  t h e  d im ens ion  o f  e ach  c o e f f i c i e n t  o f  

t h e  Landau f r e e  e n e r g y  i n  MKS and CGS u n i t s  r e s p e c t i v e l y .

2 .  D i m e n s i o n s  o f  t h e  c o e f f i c i e n t s  o f  t h e  L a n d a u  f r e e  e n e r g y  

i n  CGS u n i t s

a .  Dimensions  o f  t h e  c o e f f i c i e n t s  A and A0

Take F = j A P 2

Dimension o f  F i s :  [F ]  = ( - ^ f - )cm

Dimension o f  P i s :  [P ]  = ( esu*
cm

QlQ2
Coulomb’s l aw  in  vacuum i s  f = — *-

f - r  = Q1Q2
[ f  *r]  = ( ^ )  = e r g  cm

( « £ ! )  = ( e s u ! )
cm cm

(23)

T h e r e f o r e  F and P2 have t h e  same d im ens ion,  f rom  F = - -̂AP2 i t  i s  

fo und  t h a t  in  CGS u n i t s  A i s  d i m e n s i o n l e s s .
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A = A0(T -* To)

[A0] = ( y )  (24)

w here  T i s  t e m p e r a t u r e .

b .  Dimensions  o f  t h e  c o e f f i c i e n t s  B and C

(1) .  Take F ~ BP1*

[F] = ( ^ 4 ) ,  [P1*] = ( ^ f )cm cm

.-.  [ B] = (« £ “ -).(-«!“ , )  = (-254-) (25)
. cm - e s u  e s u

(2 ) .  Take F -  CP6

[F]  = [p6] = ( ? ^  cm cm

[ c ]  = ^  (26)

c .  Dimensions  o f  t h e  c o e f f i c i e n t s  a ,  g and n

(1) .  Take F ~ ctk2Pg

[k2] " [p2^  =

[ a ]  = ( - ^ ) - ( c m 2) - ( - ^ 4 )  = (cm2) (27)cm ■ e s u 2

(2 ) .  Take F -  gk-Pg

C6] = ( ^ ) : (cm‘f)*( ^ F ) = (cm“) (28)

(3) Take F ~ nk2P§Pg

[PiPg] = ( ^ f )

. . .  Cn] _ ( ^ ) . ( cm*H _ g £ )  = ( _ g £ )  (29)
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3. Dimensions of the coefficients of the Landau free energy 

in MKS units
a .  Dimensions  o f  t h e  c o e f f i c i e n t s  A and A0 

Take F ~ APZ

In  MKS u n i t s  F has  d im ens ion:  [F ]  = ( p r ) ,

P h a s  d imens ion :  [P ]  = (-^-r-) = (-^r)m m (30)

w here  J  d e n o t e s  j o u l e  and C d e n o t e s  coulomb.

QiQ?.
Ac co rd ing t o  Coulomb' s  l a w :  f  = k — y-

Nm ̂w here  k i s  d e t e r m i n e d  by e x p e r i m e n t  t o  be ~ 9 .0x10 (~ p~

[ f ]  -  ( -p3- )*(- r r )  = N, and [ f * r ]  = (N-m) = JO HI
Nm2 v , C z

On t h e  o t h e r  hand F = Eq = rVVq

(31)

(32)

A = A0(T -  To)

(33)

b. Dimensions  o f  t h e  c o e f f i c i e n t s  B and C

(1) Take F ~ BP1*

CF] = ( ™ )f [ ? * ] - ( £ )



(34)

(35)

c .  Dimensions  o f  t h e  c o e f f i c i e n t s  a,  8 and n

(1) Take F -  ctk2Pg

[F] - <-p), CPjn - <£>, [k-: - (^r)

... , (2= ).<£).<„’) .  ( I f . )  . (Jgl,
m o -  L c

(2) Take F ~ Bk^Pg

[ k 1*] = ( X)m

• r o i  / f  t  m ^  — ( Vjn \ _ / Jm ^
• L8J -  ( T 7 t ) '(772") ' ( m ) “  (-75—) -  ( p 5 /m ■ C • C 0

(3) Take F ~ nk 2P?Pg

[ p | ]  = < £ >

V .  [n ]  = ( | ^ ) - ( m 2) . ( ^ )  = ( - ^ £ )  = ( ^ £ )

4. Summary
a. The di m ens ions  o f  t h e  c o e f f i c i e n t s  o f  t h e  Landau f r e e  e n e r g y  i n  b o t h  

MKS and CGS u n i t s  a r e  l i s t e d  i n  T a b l e  A.1.

b .  The c o n v e r s i o n s  o f  each  c o e f f i c i e n t  i n  t h e  Landau f r e e  e n e r g y  f rom 

MKS t o  CGS u n i t s  i s  l i s t e d  i n  T a b l e  A.2.

c .  The v a l u e s  of  t h e  c o e f f i c i e n t s  i n  t h e  s i x t h  o r d e r  f r e e  e n e r g y  model 

d e t e r m i n e d  by t h r e e  a u t h o r s  a r e  l i s t e d  i n  T a b l e  A.3.

(36)

(37)

(38)

n 99 -

rn1 , VCW C \  / J m \[B] = ( —r ) * ( —m) = (-773- )  = K-pvr) m • m C L

(2) Take F -  CP6

r a  -  -  ( O f )  -  < 4 £ >m • C C C
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APPENDIX B 

CRYSTAL GROWTH OF NaN02

NaN02 s i n g l e  c r y s t a l s  w e re  grown f rom  t h e  m e l t  i n  o u r  l a b o r a t o r y  

f o l l o w i n g  p r o c e d u r e s  s u g g e s t e d  by P r o f e s s o r  Y. I s h i b a s h i  which a r e  

d e s c r i b e d  a s  f o l l o w s :

1 .  Use p u r e s t  r e a g e n t

We u sed  S=->347 NaN02 powder  o r d e r e d  f rom F i s h e r  S c i e n t i f i c  Com­

pany ( p u r i t y  i s  97%).  The m a t e r i a l  can be f u r t h e r  p u r i f i e d  by r e c r y ­

s t a l l i z a t i o n .

2 .  Dry t h e  NaN02 powder  f o r  s e v e r a l  days  ( -5  days )  a t  a  tempera-* 

t u r e  h i g h e r  t h a n  100°C i n  a  vacuum o f  10nZ T o r r .  This i s  v e r y  i m p o r t a n t  

s i n c e  NaN02 i s  h y g r o s c o p i c .

3 .  Charge  t h e  d r i e d  NaN02 powder  i n  a  g l a z e d  a l u m i n a - c r u c i b l e  

(C at .  No. 12-220B from  F i s h e r  S c i e n t i f i c  Company).  S e t  t h e  c r u c i b l e  i n  a 

v e r t i c a l  e l e c t r i c  f u r n a c e .  M el t  t h e  powd er ,  b u t  do n o t  r a i s e  t h e  t e m p e r ­

a t u r e  h i g h e r  t h a n  t h e  m e l t i n g  t e m p e r a t u r e  (277°C) + 20°C, b e c a u s e  t h e  N02 

may be o x id i zed .

4 .  Hold a s e e d  w i t h  b - a x i s  v e r t i c a l  1 cm above t h e  s u r f a c e  o f  t h e  

m e l t .  Keep t h e  t e m p e r a t u r e  j u s t  a  l i t t l e  b i t  above t h e  m e l t i n g  p o i n t  f o r  

s e v e r a l  ( -5)  h o u r s  i n  o r d e r  t o  o b t a i n  a s t a b l e  t e m p e r a t u r e  d i s t r i b u t i o n  

and l e t  t h e  a i r  be  r e l e a s e d  f rom t h e  c r u c i b l e  w a l l .

The q u a l i t y  o f  t h e  s e e d  i s  v e r y  i m p o r t a n t .  The s e e d s  can be 

s e l e c t e d  by c l e a v i n g  a  b ig  c r y s t a l .  The c l e a v a g e  s u r f a c e s  o f  t h e  s e e d s
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s h o u l d  be v e r y  s m o o th  and s h i n i n g .  The s i z e  o f  t h e  s e e d  i s  t y p i c a l l y  5

mm2 by 5-10  mm l o n g .

5 .  Pu t  t h e  s e e d  i n  t h e  m e l t  1-3  mm, and keep i t  i n  f o r  s e v e r a l

( -2 )  h o u r s .  S in c e  t h e r e  i s  a t e m p e r a t u r e  g r a d i e n t  a l o n g  t h e  s e e d ,  t h e  

b o t t o m  end o f  t h e  s e e d  may m e l t  b u t  t h e  s e e d  s t i l l  c o n t a c t s  t h e  m e l t .

6 .  Lower t h e  t e m p e r a t u r e  o f  t h e  m e l t  s u r f a c e  a l i t t l e  be l ow t h e  

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

s u r f a c e  and t h e n  d e v e l o p s  t o w a r d s  t h e  w a l l  ' o f  t h e  c r u c i b l e .  When t h e  

d i a m e t e r  o f  t h e  c r y s t a l  i s  a b o u t  h a l f  o f  t h e  d i a m e t e r  o f  t h e  c r u c i b l e  we 

s t a r t  p u l l i n g  up t h e  c r y s t a l  w i t h  t h e  a i d  o f  a  s e r v o m o t o r .  S in c e  NaNC>2 

i s  p l a s t i c ,  t h e  c r y s t a l  i s  n o t  c o n s t a n t l y  p u l l e d  up d u r i n g  g r o w t h .  We 

made a  s p e c i a l  s w i t c h  t o  t u r n  t h e  s e r v o m o t o r  on and o f f  a l t e r n a t e l y .  The 

i n t e r m i t t e n t  p u l l i n g  p r o c e s s  we u s e d  i s :  t u r n  on t h e  m o to r  f o r  5 s ec o n d s  

t h e n  t u r n  o f f  i t  f o r  25 s e c o n d s  and r e p e a t .

I n  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 ,  some s t r e s s  i s  a p p l i e d  t o  t h e  

grow ing  c r y s t a l  when i t  r e a c h e s  t h e  w a l l  of  t h e  c r u c i b l e .  T h e r e f o r e  t h e  

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

h o r i z o n t a l  g r o w t h  r a t e .  The v e r t i c a l  g r o w t h  r a t e  o f  t h e  c r y s t a l  which we 

u sed  i s  ab o u t  2 mm/hour .

7 .  S e p a r a t e  t h e  c r y s t a l  f rom  t h e  m e l t  when t h e  s i z e  o f  t h e  c r y s t a l  

i s  a c c e p t i b l e .  Keep i t  i n  s i t u  f o r  one  ho u r  b e f o r e  c o o l i n g  down t o  room 

t e m p e r a t u r e .

The c o o l i n g  r a t e  we u s ed  was a b o u t  ~8°C/hour ,  b u t  was r e d u c e d  t o  

~3°C/hour  a r o u n d  210°C and 163°C.
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8 .  Keep t h e  c r y s t a l  i n  a  d e s i c c a t o r  t o  g u a r d  a g a i n s t  h u m id i ty .
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APPENDIX C
DIELECTRIC CONSTANT MEASUREMENT APPARATUS

1. The schematic diagram of capacitance measurement
Fig.  C.1 shows t h e  s c h e m a t i c  d i ag ra m o f  t h e  G e n e r a l  Radio Type 716—C 

C a p a c i t a n c e  B r i dge .

Fig .  C.2 shows a s i m p l i f i e d  s c h e m a t i c  d iag ram o f  t h e  b r i d g e .  i s  a 

p r e c i s i o n  v a r i a b l e  c a p a c i t o r  c a l i b r a t e d  f rom 100 pF t o  1150 pF. This  c a p ­

a c i t o r  i s  u s e d  t o  b a l a n c e  t h e  unknown c a p a c i t a n c e ,  Cyg, when t h e  unknown

i s  c o n n e c t e d  t o  t h e  UNKNOWN-DIRECT t e r m i n a l s  of  t h e  b r i d g e  f o r  a d i r e c t  

m eas u rem en t .  The r e s i s t a n c e  Ryg o f  t h e  unknown i s  b a l a n c e d  by a v a r i a b l e  

c a p a c i t o r ,  CA, and s i n c e  Rys depend s  onpon t h e  v a r i a b l e  c a p a c i t o r  Ĉ j, as  

w e l l  as  upon CA, t h e  c a p a c i t o r  c a n n o t  be made t o  r e a d  d i r e c t l y  t h e  r e s - j  

i s t a n c e ,  Rys- C a p a c i t o r  CA i s  c a l i b r a t e d  t o  r e a d  d i r e c t l y  t h e  d i s s i p a t i o n  

f a c t o r ,  Dy, o f  t h e  unknown.

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

ment  a r e :

CXS = (Ra /  rb) * cn

RXS = (CA /  CN)*RB

DX = <*> CXS RXS = <*> CA r A 

The b r i d g e  i s  a t  b a l a n c e  when no v o l t a g e  e x i s t s  a t  t h e  d e t e c t o r  

i n p u t .  This  c o n d i t i o n  i s  c a l l e d  a  n u l l .  To o b t a i n  t h e  b a l a n c e ,  t h e  CAPACI­

TANCE CONTROL (CN) and t h e  DISSIPATION FACTOR c o n t r o l  (CA) a r e  a d j u s t e d  

u n t i l  t h e  d e t e c t o r  o u t p u t  i s  z e r o  o r  a minimum.

2. The simplified schematic diagram of capacitance measurement
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u n d e r  D.C.  e l e c t r i c  f i e l d  

Fig .  C.3 shows t h e  s i m p l i f i e d  c i r c u i t  of  t h e  c a p a c i t a n c e  m easu r em en t  

u n d e r  D.C. f i e l d ,  where  DCP i s  t h e  h igh v o l t a g e  D.C. power  s u p p l y  (MODEL 

410B, JOHN FLUKE MFG. CO. INC*); yA i s  t h e  m ic ro a m p e re  m e t e r  (KEITHIEY 

169 MULTMETER); and DET i s  t h e  L o c k - in  A m p l i f i e r  (model  HR-8, PRINCETON 

APPLIED RESEARCH) and GEN i s  a  s i n e  wave g e n e r a t o r  (HEATHKIT SINErSQUARE 

AUDIO GENERATOR) o p e r a t e d  t y p i c a l l y  a t  1000 Hz, 1 V/cm.

3 .  Th e f u r n a c e  a n d  t h e  s a m p l e  h o l d e r

Fig .  C.4 shows t h e  f u r n a c e  and t h e  s a m p l e ' h o l d e r  which were  de s ig n ed  

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

used  f o r  t h e  d i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s .

A: t h e r m i s t o r  f o r  m e a s u r in g  t e m p e r a t u r e .

B: NaN0 2  s a m p l e .

C: e l e c t r o d e s  which w e re made o f  s o f t  aluminum f o i l .

D: s a m p l e  h o l d e r  made o f boron .

E: aluminum c o v e r  #1 .

F: a luminum c o v e r  #2.

G: aluminum co v e r  # 3 .

H: h e a t e r

I : t h e r m o c o u p l e  u s e d  f o r t h e  t e m p e r a t u r e  c o n t r o l .



105 -  

APPENDIX D 
BRILLOUIN SCATTERING APPARATUS

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

Fig .  D.1. The S p e c t r a - P h y s i c s  Model 165 a r g o n - i o n  l a s e r  ( e i t h e r  a t  488o8 

o r  51458) was r u n  i n  s i n g l e  mode o p e r a t i o n  by t h e  u s e  of  an  i n t r a c a v i t y  

e t a l o n .  A check on t h e  s t a b i l i t y  and q u a l i t y  o f  t h e  s i n g l e r m o d e  l a s e r  

o u t p u t  was p e r f o r m e d  f r om  t i m e  t o  t i m e  w i t h  a s m a l l  s p h e r i c a l  F a b r y -  

P e r o t  (FPS) (Model  760,  COHERENT OPTICS, INC.) w i t h  a f r e e  s p e c t r a l  r a n g e  

vpsR o f  8 GHz ( t h e  f r e e  s p e c t r a l  r a n g e  FSR i s  d e t e r m i n e d  by t h e  s p a c in g  

d (cm) b e t w e e n  t h e  Fab ry i -P e ro t  m i r r o r s  and i s  g iven  by t h e  e x p r e s s i o n  

VFSR = 1/ 2 d  in  u n i t s  o f  wavenumber) ,  whose o u t p u t  was m o n i to r e d  on an 

o s c i l l o s c o p e .  The o s c i l l o s c o p e ’s s a w t o o t h  ramp o u t p u t  was used  t o  s c a n  

t h e  s m a l l  FPS. By s i m u l t a n e o u s  u s e  o f  a p h o to d io d e  power  -me te r ,  one can 

a l s o  maximize  t h e  s i n g l e  mode o u t p u t  by c a r e f u l  m a n i p u l a t i o n  of  t h e  i n ­

t r a c a v i t y  a i r  e t a l o n .

The l a s e r  beam was f o c u s e d  i n t o  s a m p l e  c o n t a i n e d  in  a s a m p l e  c e l l  

i n s i d e  a f u r n a c e  by a l e n s  (FL = 17 .2  cm, f / 4 . 5  ACH.) s o  t h a t  t h e  beam 

f o c u s e s  a t  t h e  c e n t e r  o f  t h e  c r y s t a l .  With t h e  h e l p  o f  a p o l a r i z a t i o n  

r o t a t o r ,  t h e  i n c i d e n t  beam c o u l d  be made e i t h e r  v e r t i c a l l y  o r  h o r i z o n ­

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

t h e  i n c i d e n t  and s c a t t e r e d  l i g h t ) .  Li gh t  s c a t t e r e d  a t  90° was c o l l e c t e d  

by a  l e n s  (8 .25 i n c h  f / 4 . 5  XEROX, made in  En g land  by Rank T a y l o r  Hobson).  

The p o l a r i z a t i o n  o f  t h e  s c a t t e r e d  l i g h t  was s e l e c t e d  by a p o l a r o i d  a n a ­

l y s e r ,  and i t s  a p e r t u r e  was d e t e r m i n e d  by an a d j u s t a b l e  i r i s  d iaphragm.  

The s c a t t e r e d  l i g h t  was c o l l i m a t e d  and p a s s e d  t h r o u g h  a s p a t i a l  f i l t e r  

which s e r v e d  t o  d e f i n e  t h e  s c a t t e r i n g  volume and t o  im pro ve  t h e  e f f ec - i
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t i v e  i n s t r u m e n t a l  f i n e s s e .  The s i z e  o f  t h e  p i n h o l e  i n  t h e  s p a t i a l  f i l t e r  

( u s u a l l y  0.1 mm) was c h o s e n  t o  m at ch  t h e  image  o f  t h e  s c a t t e r i n g  column 

i n  t h e  f o c a l  p l a n e .

The s c a t t e r e d  l i g h t  f rom t h e  r e g i o n  o f  t h e  c r y s t a l  d e f i n e d  by t h e  

s p a t i a l  f i l t e r  was t h e n  a n a l y s e d  by a  p i e z o e l e c t r i c a l l y  s c a n n e d  ( s i n g l e  

p a s s  o r  t r i p l e  p a s s )  p l a n e  F a b r y - P e r o t  I n t e r f e r o m e t e r  (T r o p e l  Model 360) 

which i s  c o n t r o l l e d  by a PDP-8E m in ic o m p u te r .  The F a b r y - P e r o t  s c a n  i s  

d r i v e n  by an a s s o c i a t e d  l i n e a r  ramp g e n e r a t o r  ( T r o p e l ,  F a i r p o r t ,  N.Y.) 

which a l s o  p r o v i d e s  a  t r i g g e r  s i g n a l  t o  t h e  m in ic o m p u te r  f o r  m u l t i - s c a l ­

i n g  d a t a  c o l l e c t i o n .  Dur ing t h e  s c a n ,  a f a s t  s h u t t e r  c l o s e s  a u t o m a t i c a l l y  

wheneve r  t h e  co u n t  r a t e  e x c e e d s  a p r e s e t  maximum, and r e m a i n s  c l o s e d  

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

p l i e r  f rom e x c e s s i v e  l i g h t .  A f t e r  a  p r e s e t  number  o f  s c a n s ,  t h e  co m p u te r  

jumps t o  an a l i g n m e n t  r o u t i n e .  With t h e  s h u t t e r  open and a  n e u t r a l  den­

s i t y  f i l t e r  i n s e r t e d  i n  t h e  o p t i c a l  p a t h ,  t h e  b i a s  v o l t a g e s  t o  two of  t h e  

t h r e e  p i e z o e l e c t r i c  s t a c k s  a r e  a l t e r n a t e l y  s t e p p e d  v i a  two p ro g r am m ab le  

power s u p p l i e s  (0^500V, O-JtOmA, 0PSn500 KEPCO D i g i t a l  P rogrammer )  u n t i l  

t h e  peak h e i g h t  o f  t h e  c e n t r a l  R ay le ig h  l i n e  i s  maximized.  The p o s i t i o n  

o f  t h e  c e n t r a l  R a y l e i g h  l i n e  i s  t h e n  r e c o r d e d  and used  t o  r e s e t  a d e l a y  

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

and l a s e r  d r i f t s .  B e fo r e  r e t u r n i n g  t o  t h e  r e g u l a r  d a t a  a c q u i s i t i o n  mode, 

one  s c a n  i s  added t o  t h e  memory w i t h  t h e  ND f i l t e r  i n  p l a c e  i n  o r d e r  t o  

p ro v i d e  r e d u c e d  R ay le ig h  peaks  i n  t h e  s p e c t r u m  f o r  s u b s e q u e n t  co m p u te r  

a n a l y s i s  o f  t h e  d a t a .  The o u t p u t  o f  t h e  F a b r y - P e r o t  was f o c u s e d  on 

a n o t h e r  p i n h o l e  o f  a p p r o p r i a t e  d i a m e t e r  t h a t  compromised b e tw e en  i n s t r u ­

m e n t a l  w id th  and s i g n a l  o u t p u t ,  b e f o r e  b e in g  imaged o n t o  a p h o t o m u l t i ­

p l i e r  t u b e  ( I .T .T  S t a r t r a c k e r ,  FW-130) o p e r a t e d  a t  a c a t h o d e  v o l t a g e  o f
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1750 v o l t s  d . c . .  For  r e d u c i n g  t h e  b a c k g ro u n d  ( d a r k - c u r r e n t )  e m i s s i o n  f rom 

t h e  p h o t o t u b e ,  t h e  p h o t o t u b e  i s  c o o l e d  by a  r e f r i g e r a t e d  chamber  (model  

Te-104,  P r o d u c t s  f o r  R e s e a r c h  I n c . ) .  A n a r ro w b a n d  l a s e r  f i l t e r  was 

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

t e n s i t y .

Pho ton  c o u n t i n g  was u sed  in  t h e  d e t e c t i o n  s y s t e m .  The e l e c t r i c a l  

p u l s e s  e m i t t e d  by t h e  p h o t o m u l t i p l i e r  w e re  p r o c e s s e d  by a p r e a m p l i f i e r -  

d i s c r i m i n a t o r  (model  10145, Uniphoto  System I n c . ) .  The r a t e  a t  which 

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

l i g h t )  f rom t h e  PMT was m ea s u r e d  e i t h e r  by a  r a t e  m e t e r ,  whose o u t p u t  

was t h e n  r e c o r d e d  on a  s t r i p  c h a r t  r e c o r d e r ,  o r  by t h e  D i g i t a l  Equipment 

C o r p o r a t i o n  PDP- 8  m in ic o m p u te r  which a l s o  m a i n t a i n e d  i n t e r f e r o m e t e r  

a l i g n m e n t .  A t o t a l  o f  512 2 4 - b i t  memory c h a n n e l s  w e re  u sed  in  t h e  B r i l -  

l o u i n  s c a t t e r i n g  e x p e r i m e n t .  The c o u n t i n g  t im e  p e r  c h a n n e l  was s e t  so  

t h a t  t h e  512 c h a n n e l s  co v e re d  s l i g h t l y  more  t h a n  tw o  f r e e  s p e c t r a l  

r a n g e s .  S e q u e n t i a l  s c a n s  w e re  t a k e n  t o  b u i l d  up t h e  B r i l l o u i n  component s  

u n t i l  a  s a t i s f a c t o r y  s i g n a l  t o  n o i s e  r a t i o  was o b t a i n e d .  D a ta  w e re  s u b s e ­

q u e n t l y  t r a n s f e r r e d  t o  a  c e n t r a l  VAX/UNIX s y s t e m  f o r  s u b s e q u e n t  a n a l y s i s  

by a  n o n l i n e a r  l e a s t  s q u a r e s  f i t t i n g  p ro gram .  To keep a r e c o r d  o f  a l l  

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

s p e c t r u m ,  a  raw xny p l o t  o f  t h e  d a t a  i n  t h e  PDP0 8  was r e c o r d e d  by a HP 

7040A x - y  p l o t t e r  i n t e r f a c e d  t o  t h e  PDP- 8  c o m p u te r .
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APPENDIX E 
NEUTRON SCATTERING APPARATUS

1. The High Flux Beam Research Reactor
The High F lu x  Beam R e s e a r c h  R e a c t o r  (HFBR) a t  B ro okhaven  N a t i o n a l  

L a b o r a t o r y  was d e s i g n e d  t o  p ro v i d e  a t o t a l  f l u x  o f  B.MxlO15 n e u -  

t r o n s / c m 2-!sec a t  a pow er  o f  60 m e g a w a t t s 114.

Fig .  E.l  i s  a  p l a n  view o f  t h e  r e a c t o r  v e s s e l  showing t h e  l o c a t i o n  of 

t h e  e x p e r i m e n t a l  beam t u b e s  and i r r a d i a t i o n  f a c i l i t i e s .

The HFBR s t a t i s t i c s  a r e  l i s t e d  i n  t h e  T a b l e  E.1.

2. The triple-axis spectrometer
Most  o f  o u r  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  we re  p e r f o r m e d  a t  t h e  

t r i p l e - a x i s  s p e c t r o m e t e r  H7 which i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  Fig .  

E.2.

The H7 s t a t i o n  p a r a m e t e r s  a r e  l i s t e d  i n  t h e  T a b l e  E.2.

3. Determination of the geometry of the sample
In  o u r  e l a s t i c  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t s  t h e  s c a n s  we re  t a k e n  

t h r o u g h  t h e  (020) Bragg peak a l o n g  t h e  a ^ a x i s .  The q u e s t i o n  i s  : how t o  

s e t  t h e  s a m p l e  in  r e s p e c t  t o  t h e  i n c i d e n t  n e u t r o n  beam? The f o l l o w i n g  

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

s a m p l e .

a .  D e f i n i t i o n  o f  a n g l e s  C-|, C2 , C3 , A-], A2 , A3

The a n g l e s  C-|, C2 , 0 3 , A-j, A2 , A3 a r e  d e f i n e d  i n  Fig.  E.3.  He re  we 

a r e  o n l y  i n t e r e s t e d  i n  t h e  a n g l e s  A2 and C2 w he re  A2  i s  t h e  a c u t e  a n g l e



b e t w e e n  t h e  i n i t i a l  and f i n a l  w a v e v e c t o r s  Kj and Kp, C2  i s  t h e  a n g l e  

b e t w e e n  t h e  u n i t  v e c t o r  o f  t h e  a n a x i s  and t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  

Ki.

b.  C a l c u l a t i o n s  o f  A2  and C2

For  e l a s t i c  n e u t r o n  s c a t t e r i n g  |K j |  = |Kp|

Fig.  E.4 shows t h e  v e c t o r  d iag ram o f  t h e  e l a s t i c  n e u t r o n  

s c a t t e r i n g  w i th  t h e  m o d u l a t i o n  w a v e v e c t o r  k a l o n g  t h e  a* d i r e c t i o n .

From F ig .  E.4 we have:

| Q | = | G + k | = / | G | 2 + | k | 2 = 2 | k |  s i n

w here  G i s  t h e  r e c i p r o c a l  l a t t i c e  v e c t o r  and G = 2b* ( f o r  (020) 

Bragg r e f l e c t i o n ) .

/ ] G ] ^ - [ k f  
  )

$ 4 |b * |2 + |k |2 
= 2 s i n n l ( —  -------------- )

2M
When k=0 i . e .  f o r  (020) Bragg r e f l e c t i o n  

| b* |
A2 = 2 s i n  1 (----- -)

M
In  o u r  e x p e r i m e n t  jKj |  = 2 .6700 cm711, and 

a t  room t e m p e r a t u r e  | b * |  = 1 .1259 cm "1

A2  = 2 s i n
2 Kl



For  k = 0, t h e n

C2 = f  + = 114*9110

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

d e n t  n e u t r o n  beam i s :  t h e  a - a x i s  o f  t h e  s a m p l e  s h o u l d  be h o r i z o n t a l ,  t h e  

c - a x i s  s h o u l d  be v e r t i c a l ,  and t h e  a c u t e  a n g l e  b e t w e e n  Kj and a  s h o u l d  

be e q u a l  t o  Y + 3 = 24.94°.
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APPENDIX F 
HYDROSTATIC PRESSURE SYSTEM

The h y d r o s t a t i c  p r e s s u r e  s y s t e m  which we u s e d  f o r  t h e  d i e l e c t r i c  

m e a s u r e m e n t s  d e s c r i b e d  in  C h a p t e r  V, s e c t i o n  A was i n s t a l l e d  i n  t h e  

E a r t h  and P l a n e t a r y  S c i e n c e s  D e p a r tm e n t  o f  CCNY by P r o f e s s o r  J .  S t e i n e r .  

P r e s s u r e  was g e n e r a t e d  by a Harwood E n g i n e e r i n g  0 -5 0 ,000  p s i  o n e - t o - o n e  

h y d r a u l i c  i n t e n s i f i e r ,  and m eas u r ed  u s in g  a  0 - 5 0 ,0 0 0  p s i  bou rd on  t u b e  

He ise  gauge.  P r e s s u r e  r e a d i n g s  a r e  a c c u r a t e  t o  w i t h i n  0.1 %, b a s e d  on 

dead w e ig h t  c a l i b r a t i o n s .  E x p e r im e n t s  w e re  p e r f o r m e d  in  a h igh p r e s s u r e  

c o l d - s e a l  v e s s e l  m o d i f i e d  f r om  t h e  d e s i g n  o f  T u t t l e  ( T u t t l e .  0.  F.,  1949, 

Two p r e s s u r e  v e s s e l s  f o r  s i l i c a t e - w a t e r  s t u d i e s ,  Geol .  Soc.  Am. B u l l .  60, 

1727~'1729). The high p r e s s u r e  s e a l  v e s s e l  and t h e  s a m p l e  h o l d e r  a r e

shown i n  Fig.  F.1 where:

A: NaN02 s a m p l e .

B: T h er m o co u p le  w i t h  g round  j u n c t i o n  which i s  recommended f o r

high  p r e s s u r e  a p p l i c a t i o n  (SCAIN-010G-?40 c h r o m e l - a l u m e l  s u b m i n i a t u r e  

t h e r m o c o u p l e ,  Omega E n g in e e r in g ,  I n c . ) .

C & D: S h i e l d e d  w i r e  u sed  as  e l e c t r o d e s .

E: Ceramic  c y l i n d e r .  The re  a r e  t h r e e  p a r a l l e l  h o l e s  t h r o u g h  t h e

c y l i n d e r ,  f o r  t h e  two e l e c t r o d e  w i r e s  and t h e  t h e r m o c o u p l e .  At t h e  t o p

end o f  t h e  c y l i n d e r  t h e r e  a r e  two s p e c i a l  s c r e w s  f o r  f i x i n g  t h e  two

w i r e s  and t h e  t h e r m o c o u p l e .

F: The s e a l  v e s s e l .

G: 100,000 p s i  p r e s s u r e  AMINC0 l i n e s .

H: A s p e c i a l  s e a l .
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APPENDIX G 

COMPUTER PROGRAM LISTING (TAUROS)

TAUROS: A minimizing subroutine based on the Rosenbrock stepping
method: Revised 1984 for double precision by S. L. Oiu

i m p l i c i t  d o u b l e  p r e c i s i o n  ( o — h , o - z )  
c h o r o c t e r » 4 0  b l a n k ,  p Q  f  i I , p k f  i I . f  e  f i I , v  k  I  i - I 
c o m m o n  / p o r i n t / x ( l 5 ) , * t ( 1 5 ) , d i r i n ( l 5 ) , r o a x i n t , n p o r  
c o m m o n / q i u l / t p . e f . f m i n . p O . p k . v k  
d o t o b l a n k / *  '  /

1 c o n t i n u e
• w r i t e ( 6 . 2 )

2  f o r m a t ( / ‘ e n t e r  p 0  f i l e  n a m e ’ )
r e o d ( 5 , J )  p 0  f i I

3  l o r m a t ( o l f l )
i f ( p O f i l . e q .  b l a n k )  s t o p

w r i  t  e  (  6  .  4  )
4  l o r m o I ( / ’ e n t e r  p k  f i l e  n a m e " )

r e a d ( 5 . 3 )  p k f i l  
« r r i t e ( 6 . 1 0 )

1 0  f o r m a t ( / ‘ e n t e r  v k  f i l e  n a m e ’ )
r e o d ( 5 . 3 )  v k f i l  
w  r  i t  e  ( 6  . 5  )

5  f o r m a t ( / ’ e n t e r  f e  f i l e  n a m e ' )
r e a d ( 5 . 3 )  f e f i l  
o p e n ( 4 . f i l e = p 0 f i l )  
o p e n ( 7 . f i  I e = p k 1 i I )
o  p  e  n ( 9  . f i I e =  f e  f  i I )
o p e n ( 1 2 . f i I e  =  v  k  f i I )
w r i t e ( 6 . 6 )

6  f o r m a t ( / '  e n t e r  e — f i e l d  i n  c g s  u n i t ' )
r e a d ( 5 , 7 )  e f

7  f o r n a t ( e ! 5 . 0 )  
d o  2 0 0 0  n = 1 . 2 0 0
t  p = 1  6 2  . 0 0  +  0  . 0  1 0 «  n  

c a l l  m i n  n  e w
w r i t e ( 4 . 8 )  t p , p 0

8  f o r m a t ( e 1 5 . 5 , 1 x , e l 5 . 5 )  
w r  i t  e ( 7 . 8 )  t p . p k
w  r  i t  e  (  9  . 8  )  t p . f m i n  
w r i t e ( 1 2 . 8 )  t p . v k

2 0 0 0  c o n t i  n u e
c l o s e  (  4  )  
c l o s e  ( 7 )  
c l o s e  (  9  )  
c l o s e  ( 1 2 )  
g o  t o  1 

e n d
s u b r o u t i n e  m i n n e w

i m p l i c i t  d o u b l e  p r e c i s i o n  ( o - h . o - z )  
c  o m m o  n

2 / p o r i n t /  * ( 1 5 )  , x t ( 1 5 )  , d i r i n ( 1 5 )  . m o x i n t  . n p o r
3 / p o r e x t /  u ( 3 0 )  , w ( 3 0 )  . w e r r ( i o )  . m a x e x t  , n u
6 / u n i t  /  i s y s r d  . i s y s w r
8 / t i t l e  /  t  i t  I e ( 2  0 )  , i s  w ( 7 )  . n b l o c k
9 / c o n v e r /  e p s i ,  a p s i  , v t e s t  . n s t e p q  , n f c n  . n f c n m *
b / m i n i m o /  o m i n  . u p  . n e w m i n  ,  i t o u r  .  I m  i ( 3 0 )
c / d e  r  i v a /  g ( 3 0 )

c o m m o n / q i u 1 / t p . e f  . f m i n . p O . p k . v k  
m o  x  i n  t  •= 1 5  
m a x e x t  = 3 0  
i s  y  s  r  d  =  5  
i s y s * r  =  6  
n b I o c  k  =  0  

1 1 0  c o n t i n u e  
n  f  c  n =  1 
c o l l  m i d o t o  
c a l l  i n t o e x ( x ' )  
w r i t e ( i s y s w r . 1 2 0 )

1 2 0  f o r m o t ( ’ f i r s t  e n t r y  t o  f e n ’ )  
c a l l  f c n ( n p a r , g . a m i n . u . 1 )  
c o l l  f c n ( n p a r . g . a m i n . u . 4 )  
c a l l  m p  r i n t ( l . o m i n )  
c a l l  f c n ( n p o r . g . f . u . 4 )  
n  f  c  n  =  3  
c o l l  c  o m o n d
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r e t u r n
e n d  ,
s u b r o u t i n e  m i d o t o

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )

. n p a  r  

.  n  u
, I i m s  e  t

. n  f  c  n m x  

. I m  i ( 3 0 )

c / d e  r  i v a /  g  (  3 0 )
c  o m m o n / q i u l / t p . e f . f m i n . p O . p k . v k  
c h a r a c t e r < 4 0  r a n g e 3  
d i m e n s i o n  a r r o y ( 1 2 )  

d o u b l e  p r e c i s i o n  d a x . d b x  
e q u i v a I e n e e ( k p , m o x e x t ) 
n b I o c k * n b l o c k + 1  

w r  i t  e ( 6 , 1 0 0 4 )  
d o  5 0  i ««1 . 7  

5 0  i s w  (  i ) « = 0  
n  p  f  i x  =  0  
n  i n  t  = 0  
n  u  =  0  
n p o  r = 0  
k 2  =  0  
k c o  r d = 1  
d o  1 0 0  i =  1 , k  p  
u ( i ) = 0 . 0
g (>)*»■
nom1 ( i )=0 
I c o d e ( i ) = 0  
I c o r s p (  i ) * = 0  

1 0 0  c o n  t  i n u e
d o  1 0 5  i  = 1 . m o x  i n  t  
d  i r  i n ( i ) = 0 . 0  

1 0 5  c o n t i  n u e
r o n g e 3 = ' r a n g e 3 . d o t  '
o p e n ( 1 1 . f i l e = r o n g e 3 )
r  e o d  (  1 1 . 5 0 1 0 )  (  a  r  r  o y  (  i  )  ,  i  «=1 . 1 2 )

5 0 1 0  f o r m a t ( e 1 5 . 0 )
u ( 1 ) = a  r  r a y ( 1 )  
w ( 1 ) = o r r a y ( 2 )  
b l i m ( l ) = a r r a y ( 3 )  
o I  i m ( 1 )  =  a  r  r o y ( 4 )  
u ( 2  )  =  a  r  r a y ( 5 )  
w ( 2 ) = o  r r a y ( 6 )  
b l i m ( 2 ) = o r r o y ( 7 )  
a  I i m ( 2 ) = a r r a y ( 8 )  
u ( 3 ) = a r r o y ( 9 )  
w ( 3 ) = a r r a y ( 1 0 )  
b l  i m ( 3  )  — a  r  r  a y ( 1 1  )  
a l i m ( 3 ) = o r r o y ( 1 2 )  
d o  2 0 0  i =  1 . 3  

n  i n  t  =  n  i n  t  + 1  
l c o r s p ( i ) = n i n t  

n  u = m o  x 0 ( n u . i )  
w e  r  r ( i ) = w ( i )  
i f ( a  I i m ( i ) )  1 4 0 . 1 3 0 . 1 4 0  

1 3 0  i f ( b I  i m (  i )  ) 1 4 0 . 1 3 5 . 1 4 0  
1 3 5 l c o d e ( i ) = 1  

g o  t o  1 6 0  
1 4 0  I c o d e  (  i  ) * * 4  . '
1 6 0  c o n t i n u e  
2 0 0  c  o n  t  i n u e

r e w i n d  ( 1 1 )
2 5 0  c o n t i  n u e  

n p o  r * = n  i n  t  
c o l l  e x t o U ( x )

c o m m o n  
1 / n a m e s  /  
2 / p a  r  i n t /  
3 / p a  r e x t /  
4 / 1  i m  i t  s /  
6 / u n i t  /  
8 / t i t l e  /  
9 / c o n v e  r /  
b / m  i n  i m o /

n o m 1 ( 3 0 )  
* ( 1 5 )  
u  ( 3 0  )  
a  I i m ( 3 0 )  
i  s y  s  r  d  
t  i  t I e ( 2 0 )  
e p s  i . o p s  i 
a m  i n

, n a m 2 ( 3 0 )  
, x t ( 1 5 )
, w ( 3 0 )
, b I  i  m ( 3 0 )  
. i s y s w r

. v  t  e s t

. u p

, d  i r  i n ( 1 5 )  
, w e  r  r ( 3 0 )
, 1 c o d e ( 3 0 )

, i s w ( 7 )
, n s  t  e p q  
, n e w m  i n

. m o x i n t  

. m a x e x t  
, I c o r s p ( 3 0 )

,  n  b I o c  k  
,  n  I  c n  
,  i t  o u  r
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d o  3 0 0  i ■= 1 , n u
k « l c o r s p ( i )  t .

i f ( k ) 3 0 0 , 3 0 0 . 2 6 0  
2 6 0  a a v « u ( i  ) + w ( i )  

b < = p  i n t f ( s o v . i )  
s o * * u ( i ) - w ( i ) 
o - p  i n  t  f ( s o v  . i )  
d b x « d b l e ( b - x ( k j )  
d a  x « ° d b I e ( a - x ( k )  )
d i r i n ( k ) * = ( d a b s ( d a x )  +  d o b s ( d b x ) ) / 2 . 0  
x  t ( k ) « x ( k )

3 0 0  c o n  I i  n u e  
u p « 1 . 0  
i  s i ( 5 ) *  1

1 0 0 4  f o r m a t ( 1 x , / , 1 x ,  ' n o n l i n e a r  l e a s t  s q u a r e s  f i t t i n g  p r o g ,  
r e t u r n  

e n d
s u b r o u t i n e  e x t o i n ( p i n t )

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a — h . o - z )  
c  o m m o  n

1 / n o m e s  /  n o m 1 ( 3 0 )  , n o m 2 ( 3 0 )
3 / p o r e x t /  u ( 3 0 )  , w ( 3 0 )  , w e r r ( 3 0 )  . m o x e x t
4 / l i m i t s /  o l i m ( 3 0 )  , b l i m ( 3 0 )  , l c o d e ( 3 0 )  . I c o r s p O ^ )
6 / u n i t  /  i s y s r d  . i s y s w r

c o m m o n / q i u 1 / t p , e f , f m i n , p 0 , p k . v k  
d i m e n s i o n  p  i  n  t ( 3 0 )
I i m s e  t * = 0  
d o  1 0 0  i = l , n u  
j  =  l c o r s p ( i  )  
i f ( j )  1 0 0 , 1 0 0 . 5 0  

5 0  p i n t ( j ) = p i n t f ( u ( i ) . i )
1 0 0  c o n t i  n u e  

r e t u r n  
e n d
s u b r o u t i n e  i n t o e x ( p i n t )

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )  
c o m m o n

1 / n a m e s  /  n o m 1 ( 3 0 )  , n o m 2 ( 3 0 )
3 / p o r e x t /  u ( 3 0 )  , w ( 3 0 )  , t r e r r ( 3 0 )  . m o x e x t
4 / l i m i t s /  o l i m ( 3 0 )  , b l i m ( 3 0 )  , l c o d e ( 3 0 )  , l c o r s p ( 3 0 )
6 / u n i t  / i s y s r d  . i s y s w r

c o m m o n / q  i u 1 / t p , e f . f m i n . p O . p k . v k  
d i m e n s i o n  p i n t ( 3 0 )  
d o  1 0 0  i =  1 , n u  
j « = l  c o r s p (  i )  
i f  (  j  )  1 0 0 . 1 0 0 . 5 0  

5 0  c o n t i  n u e
u ( i ) = p e  x  t f ( p i  n t ( j ) ,  i )

1 0 0  c o n  t  i n u e  
r e t u r n  
e n d
f u n c t i o n  p e x t f ( p i n t j . i )

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h . o - z )  
c o m m o n

1 / n o m e s  /  n o m 1 ( 3 0 )  , n o m 2 ( 3 0 )
3 / p a r e x t /  u ( 3 0 )  , w ( 3 0 )  , w e r r ( 3 0 )  . m a x e x t
4 / l i m i t s /  o l i m ( 3 0 )  , b l i m ( 3 0 )  , l c o d e ( 3 0 )  , l c o r s p ( 3 0 )
6 / u n i t  / i s y s r d  . i s y s w r

c o m m o n / q i u l / t p . e f . f m i n . p O . p k . v k  
d o u b l e  p r e c i s i o n  d p i n t j  
i g o = l c o d e ( i )

g o  t o  { 1 0 0 . 2 0 0 , 3 0 0 . 4 0 0 ) , i g o  
1 0 0  p e x t f = p i n t j  

g o  t o  8 0 0  
2 0 0  c o n  t  i n u e  
3 0 0  c o n t i n u e  '
4 0 0  a  I i  m  i - a  I i m ( i ) 

b l i m i ^ b l i m ( i )  
d p i n t j = d b l e ( p i n t j )
p e x t f = o l i m i + 0 . 5 » ( d s i n ( d p i n t j ) + 1 . 0 ) » ( b l i m i - o l i m i )

8 0 0  r e t u r n  
e n d

. n u
, I i m s e  t

,  n u
, I i m s e  t

.  n u

.  I i  m s e  t
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1 0 8

2 0 0
3 0 0
4 0 0

4 4 0
4 5 0

4 6 0
4 7 0

4 8 0

5 0 0

5 2 0
8 0 0
2 4 1

5 0

100

1 10

1 2 0  
1 3 0  
1 4 0  

9 1  4 0  
2 0 0

f u n c t i o n  p i n t f ( p e x t i  . i )
i m p l i c i t  d o u b l e  p r e c i s i o n  ( o - h , o - z )  

c o m m o n  '■
1 / n o m e s  /  n a m 1 ( 3 0 )  , n a m 2 ( 3 0 )
3 / p a r e x t /  u ( 3 0 )  , w ( 3 0 )  , w e r r ( 3 0 )  . m a x e x t
4 / l i m i t s /  a l i m ( 3 0 )  , b l i m ( 3 0 )  , l c o d e ( 3 0 )  , l c o r s p ( 3 0 )
6 / u n i t  /  i s y s r d  . i s y s w r

c o m m o n / q  i u 1 / t p . e f . f m i n . p O . p k . v k  
d o u b l e  p r e c i s i o n  d y
d a t a  b i g . s m a l l  / 1 . 5 7 0 7 9 6 3 2 6 7 9 5 . - 1 . 5 7 0 7 9 6 3 2 6 7 9 5 /  
i g o « =  I c o d e  (  i )
g o  t o  ( 1 0 0 , 2 0 0 . 3 0 0 , 4 0 0 ) , i g o
p  i n  t  f  * = p e  x  t  i
g o  t o  8 0 0
c o n  t  i n u e
c  o n  t  i n u e
a l i m i » a l i m ( i )
b l  i m  i = b I  i m ( i )
i f ( p e x t  i — a  I i m i )  4 4 0 , 5 0 0 , 4 6 0
o « s m a I  I
p i n t f « a
p e x t  i = p e  x  t  f ( a , i )
I i m s e  t  =  1

w  r  i t  e ( i s y s w r , 2 4 1 )  i
g  o  t  o  8 0 0
i f  (  b I  i m i - p e x t i )  4 7 0 . 5 2 0 , 4 8 0

0  =  b  i g
g o  t o  4 5 0
y = 2 . 0 » ( p e x t  i — a l  i m i ) / ( b l  i m i - a l  i m i ) - 1  . 0  
d y  =  d b l e ( 1  . 0 - y • • 2  )  
p i n t f  =  d a t o n ( y / d s q r t ( _ d y ) )  
g o  t o  8 0 0  
p i n t  f  =  s m o I  I 
g o  t o  8 0 0  
p  i n  t  f  =  b  i g  
r e t u r n
f o r m a t ( 1 e r r o r  
e n d
f u n c t i o n  d e x d i n ( x .  i n t  )

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )  
c  o m m o  n

3 / p a r e x t /  u ( 3 0 )  , w ( 3 0 )  , w e r r ( 3 0 )  . m a x e x t
4 / l i m i t s /  a l i m ( 3 0 )  , b l i m ( 3 0 )  , l c o d e ( 3 0 )  , l c o r s p ( 3 0 )

c o m m o n / q  i u  1 /  t  p  , e  f . f m i n . p 0 . p k . v k  
d o u b l e  p r e c i s i o n  d x  
d o  5 0  i =  1 . n u  
l c = l c o r s p (  i )
1 f (  I c - i  n t )  5 0 . 1 0 0 , 5 0  
c o n t i n u e
d  e  x  d  i n  =  0  . 0  
g o  t o  2 0 0  
I d = I  c o d e ( i )
g o  t o  ( 1 1 0 . 1 2 0 , 1 3 0 . 1 4 0 ) . I d
d e  x d  i n *= 1 . 0
g o  t o  2 0 0
c o n t i n u e
c  o n  t  i n u e
d x ^ d b I e ( x )
d e x d i n * = ( b l  i m ( i ) - o l  i m (  i ) ) » 0 . 5 » d a b s ( d c o s ( d x ) ) '
r e t u r n
e n d
s u b r o u t i n e  m p r i n t ( i k o d e . f v a  I )

i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h . o - z )  
c o m m o n

i n  p i n t f .  v a r i a b l e ' , i 3 . ‘ n o t  w i t h i n  l i m i

1 / n a m e  s  /  
2 / p o  r  i n  t /  
3 / p a r e x t /  
4 / I i m  i t  s /  
5 / v o  r  i a n /  
6 / u n i t  /  
6 / t i t l e  /  
9 / c o n v e  r /

n a m 1 ( 3 0 )  
x  ( . 1  5  )  
u  ( 3 0  )  
a  I i m ( 3 0 )  
v (  1 5 . 1 5 )  
i s y s r d  
t  i t  I e ( 2 0  )  
e  p  s  i , a  p  s  i

. n a m 2 ( 3 0 )  

.  x  t  (  1 5  )
■ w ( 3 0  )
. b I  i m ( 3 0 )

. i s y s w r

. v t e s t

, d  i r  i n  (  1 5  )  
, w e  r  r ( 3 0  )
, I c  o d  e ( 3 0 )

, i s w ( 7 )  
, n  s  t  e  p q

. moxint  

.maxext  
, l c o r s p ( 3 0 )

n  b I o c  k 
n f c n

. n u

. I i m s  e  t

t  s  '  )

. n u

.  I i m s e  t

. n p a  r

. n u
, I i m  s  e  t

. n  f  c  n m x
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b / m  i n  i n o /  a m  i n  . u p  , n e w m  i n  . ,  i t  a u  r
c / d e  r  i v a /  g ( 3 0 )

c o m m o n / q i u l / t p . e f . f m i n . p O . p k . v k  
d o u b l e  p r e c i s i o n  d x n . d d i r i n  
d i m e n s i o n  d d i r i n ( 1 5 )  ‘ ‘

d i m e n s i o n  d ( 1 5 ) , y ( 1 5 ) . x s ( 1 5 , 1 5 ) , e t ( 1 5 . 1 5 )
1 0  n p * n p a r

i s w t r - i  s w ( 5 )  — i t o u r  
n p f n * n f c n  
a  I « = 3 . 
b e — . 4
g a m — 2  . / (  a  I •  b e  )
n k - 2 0
n e q « = 0
d o  3 0  i * = 1  , n p o r  
d o 2 0 i “ 1 . n p o r  

2 0  x s ( i . j ) - 0 .  0
d d i r i n ( i ) - d b l e ( d i r i n ( i ) )
i f ( d a b s ( d d i r i n ( i ) ) . l t . 1  . 0 d - 2 0 )  d  i r  i n (  i ) *= 1 . 0 e - 2 0  

3 0  x s ( i  , i ) - = 1  . 0  
i f I a g  =  4  
a  v  r  =  a m  i n  
n  s  t  = 0
w r i  t e  (  i s y s w r , 4 7 0 )  e p s i . n s t e p q
c o l l  m p r i n t ( 1 , a m i n )  
w r i t e ( i s y s w r , 4 8 0 )

4 0  a s t = a m i n
d o  2 7 0  j  =  1 , n p  
y  1*= 1 . 
n e = 0  
n  s * 0  
d ( j  )  =  0 .  
k o n  t  = 0  

5 0  d o  6 0  i =  1 . n  p a  r  
6 0  y ( i )  =  x ( i )  +  d i r i n ( j )  •  x s ( j  , i )  

c o l l  i n t o e x ( y )  
i f I a g  =  4
c o l l  f  c n ( n p o r , g . o , u , i  f I o g )  
n l c n = n f c n + 1  
y 2  =  o m  i n — a  
i f  (  y  2 )  1 1 0 . 7 0 . 8 0  

7 0  i f ( y  1 )  9 0 . 2 1 0 . 1 1 0  
8 0  n e = 0  

o m  i n = a  
9 0  y 1 =  y 2  

n s  =  1
d o  1 0 0  i = 1 , n p a r  

1 0 0  x ( i  )  =  y ( i )
9 5  c o n t i n u e

d ( j )  =  d ( j )  +  d • r  i n ( j )  
k o n t « k o n t + 1
i f ( k o n t - n k )  1 0 5 . 1 0 5 , 2 1 0  

1 0 5  c o n t i n u e
d i r i n ( j ) = o l » d i r i n ( j )  
g o  t o  5 0  

1 1 0  k o n t = k o n t + 1
i f ( k o n t - n k )  1 1 5 . 1 1 5 . 9 5  

1 1 5  d i r i n ( j ) = b e » d i r i n ( j )  
i f ( n s )  1 2 0 . 5 0 , 1 2 0  

1 2 0  c o n t  i n u e  
1 3 0  i f  C y 1 )  1 6 0 . 1 4 0 . 1 6 0  
1 4 0  i f ( n e )  1 5 0 , 1 5 0 . 2 1 0  
1 5 0  d i r i n ( j ) = g a m » d i r i n ( j )  

n e = 1
g o  t o  5 0  

1 6 0  x 2 = d i r i n ( j ) / b e  
x 1 = x 2 / a l  
d o = x 2 « y 1  *
d b = x 1 • y 2  

d p p = d o - d b
i f ( d p p . g e . 0 . e 0 0 . o n d . d p p . l e . 1 . e - 3 8 )  d p p = 1 . e - 3 8  
i f ( d p p .  I t . 0 . e 0 0 . o n d . d p p . g t . - 1  . e - 3 8 )  d p p — 1 . e  — 3 8

. Im i ( 3 0 )
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20

2 5

2 9
30

4 0

5 5

6 0

7 0
2 0 0

1 0 0 0  
1 0 0 1  
1 002 
1 0 0 3

1 0 0 1 )  f v a l . n f c n

1 0 0 3 )

f e n  v a l u e ' , 5 *

b / m i n i m a /  a m i n  ,up . n e w m i n
c o m m o n / q  i u 1 / I p ,e f , f m i n . p O . p k . v k  

d o u b l e  p r e c i s i o n  d u p . d v  
d i m e n s i o n  d v ( 1 5 , 1 5 )  k
d u p « d b I e ( up) 
s q u p - d s q r  t (d u p )  
w r i t e ( i s y s w r , 1 000) 
k o u n  t = 0  
do 2 0 0  i- 1 , nu 
l « l c o r s p ( i )  
i f ( I .e q .0) go to 55 
i f ( i s w ( 2 ) - 1 ) 2 9 . 2 5 . 2 5  
i f(v(I . I ) . I t .0.) v ( I . I ) = -v(I . I ) 
d v ( I . I ) « d b l e ( v ( I . I))
» e r r (  i ) * = d e  x  d  i n ( x (  I )  .  I )  •  d  s  q  r  t  ( d v (  I .  I ) )  •  s  q u p  
i f ( k o u n t )  3 0 . 3 0 . 4 0  
k o u n  t  =  1
w r i  t e ( i  s y s w r . 1 0 0 1 ) f v a l  . n f c n  
g o  t o  2 0 0  
c o n t i n u e  
g o  t o  2 0 0
i f  (  i k o d e . e q . 0 )  g o  t o  2 0 0  
i f ( k o u n t )  6 0 , 6 0 . 7 0  
k o u n  t  =  1 
w r i  t e ( i s y s w r  
g o  t o  2 0 0  
c o n  t  i n u e  
c o n  t  i n u e  
w r i t e ( i s y s w r  
r e t u r n
f  o  r m a  t ( 1 4  x  , ’ 
f o r m a t ( 1 0 x , e 1 5 . 7 , i 7 )  
f o r m a t ( '  ’ , 5 5 x , i 6 , i 4
f o r m a t (  '  '  )
e n d
s u b r o u t i n e  c o m  a n d  

i m p l i c i t  d o u b l e  
c  o m m o  n  

2 / p o r i n t /  x ( 1 5 )
3 / p a r e x t /  u  ( 3 0  )
4 / I i m  i t  s /  a  I i m ( 3 0 )
5 / v a r i o n /  v ( 1 5 . 1 5 )
6 / u n i t  /  i s y s r d  
8 / t i t l e  /  t i t  I e ( 2 0 )
9 / c o n v e r /  e p s i .  a p s i  
a / c a r d  /  c w o r d  
b / m  i n  i m o /  a m  i n  
c / d e r i v o /  g ( 3 0 )

c o m m o n / q i u 1 / t p , e f  
d i m e n s i o n  w o r d 8 ( 8 )  
e q u i v a l e n c e ( w o r d 8 . c w o r d 2 )  
n p u  n c  h  =  0  
i t  o u  r « 0  
n  f  c  n m  x = 1 5 0 0
e p s  i  =  . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1  
n s  t  e p q  =  2  
c o l l  t a u r o s  
i f  I a g  =  3

w r  i t e (  i s y s w r . 5 0 0 9 )
5 0 0 9  f o r m o t ( ’0coI I to fen w i t h  if l a g  = 3'/)

call f c n ( n p a r .g ,f ,u , i f I a g ) 
r e t u r n  
end

s u b r o u t i n e  t a u r o s  
i m p l i c i t  d o u b l e  

c o m m o n  
2 / p o  r  i n  t /  x ( 1 5 )
3 / p a  r e x  t / '  u ( 3 0 )
6 / u n i t  /  i s y s r d  
8 / t i t l e  /  t  i t I e ( 2 0 )
9 / c o n v e r /  e p s i ,  a p s i  , v t e s t  
o / c o r d  /  c w o r d  , c w o r d 2

i t  o u  r

c o i l s ’ ) 

1 x . 2 a 4 . 2 x . 4 e 1 3 . 5 )

p r e c i s i o n  ( o — h . o - z )

. x t ( 1 5 )
, w ( 3 0 )
. b I  i m ( 3 0 )

, i s y s w r

. v t e s t  
. c w o  r  d 2  
.  u p

f  m  i n  . p 0  , p  k  . v  k

. d  i r  i n  (  1 5  )  

. w e  r  r ( 3 0 )
, I c  o d e ( 3 0  )

.  i s w ( 7 )

. n  s  t  e  p q  

. w o r d 7 ( 7 )  
,  n  e  w m i n

. m a  x  i n  t  

.moxext  
, I c o r s p ( 3 0 )

n b  I o c k  
n f c n

i t  a  u  r

p r e c i s i o n  (a - h ,

. x t ( 1 5 )

. w(30)
, i syswr

o - * )

. d  i r  i n  (  1 5  )  
, w e r r ( 3 0 )

. i s w ( 7  )
, n  s  t  e  p q  
, w o r d 7 ( 7 )

. m o x i n t

.moxext

, n b I o c  k 
. nf cn

. I m i ( 3 0 )

. n  p a  r  

.  n  u

. I i m  s  e  t

. n  f  c  n m  x  

, I m i ( 3 0 )

. n p o  r  
,  n  u

, n  f  c  n m  x
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s t j = . 5 » ( d o • x 2 + d b « x 1 ) / d p p  
i f ( s t j )  1 7 0 . 2 1 0 . 1 7 0  

1 7 0  d o  1 8 0  i = 1 , n p o r  
1 8 0  y  (  i ) * = x ( i  )  +  s  t  j  •  x a  (  j  . i )  

c o l l  i n t o e x ( y )
i f  I o g * = 4  ,  ■

c a l l  f c n ( n p o r . g , a . u . i t  I a g )  
n  f c n  =  n  f c n + 1
i f ( a - a m i n )  1 9 0 , 2 1 0 . 2 1 0  

1 9 0  a m  i n « a
d o  2 0 0  i * =1  . n p a  r  

2 0 0  x ( i ) - y ( i )
< J (  j  ) • = < * (  j  )  +  s *  j

2 1 0  c o n t i n u e  
n s  t  =  n s  t +  1
i f ( i 3 w t r . g e . 3 . o r . ( i s w t r . e q . 2 . a n d . m o d ( n s t . 1 0 ) . e q . 0 ) )  c o l l  m p r i n t ( 0 .  

•  o m  i n )
2 6 0  i I ( n / c n - n f c n m x - n p f n )  2 7 0 . 4 3 0 . 4 3 0  
2 7 0  c o n  t i  n u e

a m e  =  a m  i n - a s  t  
i f ( a m e )  2 9 0 , 2 8 0 . 2 8 0  

2 8 0  w r i t e ( i s y s w r , 4 9 0 )  
g o  t o  4 3 5  

2 9 0  i f ( e p s i + o m e )  3 0 0 , 4 1 0 , 4 1 0  
3 0 0  n e q = 0
3 1 0  d o  3 2 0  i = 1 , n p o r  
3 2 0  e t ( n p  , i )  =  d ( n p ) • x s ( n p . i )  

i f ( n p a r . e q .  1 )  g o  t o  4 0  
d o  3 3 0  j = 2 , n p  
j  j  =  n p + 1 — j 
d o  3 3 0  i =  1 , n p o r  

3 3 0  e t ( j j , i ) = e t ( j j + 1 , i ) + d ( j j ) » x s ( j j , i )  
d o  4 0 0  j = 1 . n p  
d o  3 4 0  k  =  1 . n p o r  

3 4 0  x  s ( j  , k ) = e  t ( j  . k  )
i f ( j - 1  )  3 8 0 . 3 8 0 . 3 5 0  

3 5 0  d o  3 7 0  i =  2 . j  

d ( i ) = 0 .
d o  3 6 0  k = 1  , n p a  r  

3 6 0  d (  i )  =  d (  i )  +  e t ( j  , k ) • x s ( i - 1  , k )  
d o  3 7 0  k  =  1 . n p a  r  

3 7 0  x s ( j , k ) = x s ( j , k ) - d ( i ) » x s ( i - 1 . k )
3 8 0  x n = 0 .

d o  3 9 0  k = 1 . n p o r  
3 9 0  x n = x n + x s ( j , k ) • • 2  

d  x  n = d  b I e ( x n )  
d i r = d s q r t ( d x n )  
d i  r i n ( j )  =  d i  r » a l

i f ( d i r . I e . 1 . e — 3 8 )  g o  t o  2 2 2 2  
d o  4 0 0  k = 1 . n p o r  

4 0 0  x s ( j , k ) = x s ( j , k ) / d i r  
2 2 2 2  c o n t i  n u e  

g o  t o  4 0  
4 1 0  n e q = n e q + 1

i f ( n e q - n s t e p q )  3 1 0 , 4 2 0 , 4 2 0  
4 2 0  c o n  t  i n u e

» r i  t e {  i s y s w r , 5 0 0 )  
g o  t o  4 3 5  

4 3 0  w r i t e ( i s y s w r . 5 1 0 )  
i s w ( 1 )  =  1 

1 3 5  c o n t i n u e
d o  4 5 0  i  =  1 . n p a  r  
d ( i ) = 0 .  
d o  4 5 0  j = 1 , n p  

4 4 0  d ( i ) = d ( i ) + d i r i n ( j ) • x s ( j . i )
4 5 0  c o n t i  n u e

d o  4 6 0  i » 1 , n p o r  
4  6 0  d  i r  i n ( i )  =  d (  i )  

c o l l  i n  t  o e  x  (  x  ) ,  
c o l l  m p r i n t ( 1 , o m i n )  
r e t u r n

4 7 0  f o r m o t ( 1 x , * s t o r t  p o i n t  f o r  t o u r o s  m i n ‘ , / 1 x ,  ' c o n v e r g e n c e  c r i t e r i o n *



-  n y  -

1 , / 1 x . ' f u n c t i o n  c h a n g e  l e s s  t h a n ’ , e  1 0  .  2 ,  ‘ d u r i n g ’ . i J ,  ’ f u l l  i t e r a t  ’ / )  
< 8 0  l o r m o t C  ’ )
4 9 0  f o  r  m  a  t  (  ' m i n i m i z a t i o n  t e r m i n a t e d  s i n c e  n o  i m p r o v e m e n t ' , / 1 x ,

1 ' c a n  b e  f o u n d  o n  c u r r e n t  m i n i m u m ’ )
5 0 0  ( o r m a t (  '  t a u r o s  m i n i m i z a t i o n  h a s  c o n v e r g e d ' / )
5 1 0  f o r m a t ( S l h O t o u r o s  m i n i m i z a t i o n  t e r m i n a t e d  w i t h o u t  c o n v e r g e n c e  / )  

e n d

s u b r o u t i n e  f c n ( n p a r . g . f . x . i f l a g )  
i m p l i c i t  d o u b l e  p r e c i s i o n  ( a  — h . o — z )  
d i m e n s i o n  x ( 5 )
c o m m o n / q i u l / t p , e f . f m i n . p O . p k . v k  
g o t o ( 5 O . 5 0 , 5 0 , 5 O )  i f  l a g  

5 0  c o n t i  n u e
b t « e f
b 2 * = 3  . 4 4 0 7 0 e - 0 2  
b 3  = 1 . 5 3 6 1 O e  +  0 2  
b 4 = 1 . 3 1 2 3 8 e - 0 9  
b 5 - = - 3  . 9 2 5 5 0 e - 1  7  
b  6  =  8 . 9 7 3 O 0 e - 3 2  
b 7 * =  1 . 9 7 0 9 4 e - 2 4  
o « = b 2  •  (  t  p  — b 3  )
a k = a + b 5 » x ( 3 ) * « 2 . 0 + O . 5 » b 6 » x ( 3 ) * » 4 . O  
b k = b 4 + 0 . 3 3 3 3 3 » p 7 « x ( 3 ) « » 2 . 0
f = 0 . 5 . a . x ( l ) . . 2 . 0 + 0 . 2 5 » b 4 . x ( l ) . . 4 . O - b t . x ( 1 )  
f ‘= f + 0 , 2 5 . a k . x ( 2 ) . . 2 . O  
f » f + 0 , O 9 3 7 5 . b k . x ( 2 ) . . 4 . 0  
f = f + O , 3 7 5 . ( b 4 + b k ) . x ( 1 ) . . 2 . 0 . x ( 2 ) . . 2 . 0  
i f ( i f l a g . n e . 3 )  r e t u r n  
f m  i n = f
p 0 = a  b  s ( x (  1 )  )
p k  =  a b 3 ( x ( 2  )  )
v k = a b s ( x ( 3 ) )
r e t u r n
e n d

V
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TABLE CAPTIONS

T a b l e  1.1 L a t t i c e  p a r a m e t e r s  o f  NaN02 ( in  u n i t  o f  8) .  S t a n d a r d  d ev ia^  

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

T a b l e  4.1 P r e d i c t e d  v a l u e s  o f  [ e g ' T ' e , , ]  f o r  some a c o u s t i c  modes in  

NaN02 .

T a b l e  A.1 Dimensions  o f  t h e  c o e f f i c i e n t s  o f  t h e  Landau f r e e  e n e r g y  in  

b o t h  MKS and CGS u n i t s .

T a b l e  A .2 C o n vers ion  o f  e ach  c o e f f i c i e n t  i n  t h e  Landau f r e e  e n e r g y  f rom  

MKS t o  CGS u n i t s .

T a b l e  A .3 Compar ison o f  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  in  t h e  s i x t h  

o r d e r  f r e e  e n e r g y  model  d e t e r m i n e d  by t h r e e  a u t h o r s .

T a b l e  E.1 HFBR s t a t i s t i c s .  (Ref .  115)

T a b l e  E .2  H7 s t a t i o n  p a r a m e t e r s .  (Ref .  115)

T a b l e  H.1 C h a r a c t e r  t a b l e s  o f  p o i n t  g r o u p s  C2v and D2 ft. (Ref .  116)
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TABLE 1.1

L a t t i c e  p a r a m e t e r s  o f  NaNC^ ( i n  u n i t  o f  8) .  S t a n d a r d  d e v i a t i o n s  

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

room T T=150°C T=TX T=185°C T=225°C

a 3.560 (10) 3 .642  (19) 3 .665 3.671 (12) 3 .695 (17)

b 5.563 (05) 5 .653  (20) 5 .670 5.670 (08) 5.701 (30)

c 5.384 (05) 5 .375 (16) 5 .358 5.341 (18) 5 .298 (22)

TABLE 4.1

P r e d i c t e d  v a l u e s  o f  [ e s *T*e0] f o r  some a c o u s t i c  modes in  NaN02

L o n g i t u d i n a l  (L) T r a n s v e r s e  (Tx) T r a n s v e r s e  (T2) 

u = ( 0 ,1 ,0 )  u = (0 ,0 ,1 )  u = (1 ,0 ,0 )

p v 2 = C22 p v 2 = C.,* p v 2 = C

Vv [0 10]  e |  p 3z 0

/  2
Hv -4 . 9 ° [ 0 1 0] 0 £z£y p kk

/ 2
vh 4 .9 T 0 1 0 ]  0 " 2” Ey ez PH„

Hĵ  [0 1 0 ]  ~2"ExPi2 + 2”EyP22 0

6 6

4 . 9 ° [ 0 1 0 ] :  A r i g h t - h a n d  s c r e w  mot ion  t h r o u g h  4 .9°  f rom  [ 0 1 0 ] ,  a l o n g  +e0



TABLE A. 1

Dimmensions  o f  t h e  c o e f f i c i e n t s  o f  t h e  Landau

f r e e  e n e r g y  in  b o t h  MKS and CGS u n i t s

•1-AP2 + 1 b p “ + -g-CP6 - EP + -ja(VP)2 + -jj-B(V2P)2 + ^ n P 2(VP)2

I f ( x )  dx

MKS CGS

, J   ̂ , N . / VCN , e r g .  , e s u 2,, , s t a t v o l t * e s u >
' • t 3 '  = ^73^ = — 3 J = I — r J  = \ -------   3" ------- ;m in' m cm cm cm

< £ >  < 7 p >m cm

/VrrK / J m^ , s t a t v o l t * c m » . .
k- tt) = ( t t t )  ( ----------------1— ) = d i m e n s i o n l e s sC C esu

(Vtn) _  ̂ Jm  ̂  ̂ s t a t v o l t ’ cm ^
CT CZT T e s u . T

,Vm5, / J m 5.. , cm1* x , s t a t v o l t * c m 5>
o 3- = ( “c , r )  = ( --------- i i P -------- }

,Vm’ v fJro9\ / cm8 .. _ , s t a t v o l t ' c m 9,.
( - qS-) -  (-jn r)  “ ( S £ P  }

, Vm3v , Jm3N , ,■> t s t a t v o l t * c m 3.
( — > -  ( -c 3" ) <0“  '  -  (  S 3  >

Vm5. ,Jm5, , , s t a t v o l t ' c m 5.
— > ■ !o" > ■ <---- 533---- >

Vm7\ / d m ^  , cm8 x _ , s t a t v o l t * c m 7x
, -g r )  = (-^r) (iiP r) ( i iP  }



TABLE A .2

C o n v e rs io n  o f  e ach  c o e f f i c i e n t  i n  t h e  Landau 

f r e e  e n e r g y  f r om  MKS t o  CGS u n i t s

MKS CGS

Vnu _ 1 , s t a t v o l t * c m .
CT " 9xTo^ T. e s u  '

, V m \  1 , s t a t v o l t * c m 5^
'‘ ~ C r )  ~  8 1 x 1 0 19 1 e s u 3 '

/ V m \  1 , s t a t v o l t * c m 9,
^“C ^ '  ~ 3 bx 1029 ( e s u 3 '

■Vm3, _ 1 , s t a t v o l t ’ cm3,
C '  “ 9x10 s 1 e su

/ Vms ., _ J _  , s t a t v o l t - c m s .
 ̂ C '  “ 90 e s u  1

, Vm7. 1 , s t a t v o l t ’cm7,.
( ~CT"} ~ B-xlO19 ( e s u 3 '

1 , s t a t v o l t  >
3x1 O'* 1 cm '
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TABLE A .3

The v a l u e s  o f  t h e  c o e f f i c i e n t s  i n  t h e  s i x t h  o r d e r  

f r e e  e n e r g y  model  d e t e r m i n e d  by t h r e e  a u t h o r s

f  = lA P2 + 1 bP“ + I c P 6 — EP + -3ra(VP)2 + -U(V2P)2 + -jrnP2(VP)2<L *4 0 c. *4

S.L.Qiu e t  a l .  W.Buchhei t  e t  a l . 29 D.Durand e t  a l . 1*6

MKS CGS MKS CGS MKS CGS

A0 1 .7x10 7 1 .9x10 r3 1 .9x10 7 2 .1 x 1 0 -'3 2 .2 x 1 0 7 2.4x10"*3

B - i . 3 x 1 0 10 ~1.6x10“ u  - 2 . 2 x 1 0 10 - 2 . 7 x 1 0 " “  -^7.0x1010 - 8 . 6 x 1 0 ~ u

C 3 .0 x 1 0 12 4.1 x10~2° 4 .3x10 12 5 .9 x 1 0 “ 2° 4 . 3 x 1 0 13 5 .9 x 1 0 n19

a “ 1. 2x107*11 ~.1.4x10"17 - 2 . 3 x 1 0~11 - 2 . 6 x 1 0 “ 17

6 2 .8 x 1 0 “ 3° 3-1x10 R32 5 . 0 x 1 O^30 5 .5 x 1 0 n32

n 3.4x1 O^7 4 .2x10 “ 21* 3-7x1 O^8 4 .5x10r:2S

N o t e :  ( a ) .  The u n i t s  o f  t h e  above c o e f f i c i e n t s  a r e  l i s t e d  in  T a b l e  A.1. 

(b ) .  The v a l u e s  o f  t h e  c o e f f i c i e n t s  a,  g and n d e t e r m i n e d  by 

D. Durand e t  a l . 1*6 hav e been c o n v e r t e d  : 

a  - 7 . 3 x 1 0 9 MKS(r.u. )” 2 ■+ r .2 .3x10 "11 (Jm3C=2)

g 4 .9 x 1 0 11 MKSCr.u.)"’1’ -> 5 .0 x 1 0 r-3° ( J m sC“ 2)

n 1 .15x10 13 MKS(r.u. )n2 -*> 3 .67x10 n8 (Jm3C-1*)
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TABLE E.1

H F B R  S t a t i s t i c s ( R e f .  1 1 5 )

R eac to r  pow er 60 million w atts

T o ta l  fa s t  n eu tron  flux, fuel region 2.-1 X 1015 n/'cm"-sec

M a x im u m  th e rm a l  flux, ref lector 1.05 X 1015 n /c m '- s e c

A ctive core volum e 97 li ters

A ctive  h e ig h t  of core 52.7 cm

D iam ete r  o f  core (eq u iv a le n t  cylinder) ■17.S cm

N u m b e r  of fuel e lem en ts  in core 23

D im en s io n s  of fuel e lem en t

C ro ss  section (fuel plates) 8.113 X 7.163 cm

L e n g th  o f  2 ou te r  p la tes 53.-1 cm

L e n g th  o f  IS in n e r  fuel p la tes 52.7 cm

T o ta l  le n g th  of fuel e lem en t 15-1.-1 cm

U ran ium -235  co n te n t  o f fuel e iem ent 351 g

T o ta l  u ranium -235 load ing 9.S kg

R eac to r  coo lan t heav y  w a te r  t D ;0 )

T o ta l  coo lan t  flow ra te 1150 l i te rs /sec

M a x im u m  o p e ra t in g  coo lan t  p ressu re 1.72 X 1(T pasca is

M a x im u m  o p e ra t in g  in le t  coo lan t  te m p e ra tu re 65'’ C

M a x im u m  te m p e ra tu re  a t  fuel e lem en t su r face «17 5°C
N u m b e r  of control rods 16

D im en s io n s  of con tro l  rod cross  section

(rods a re  r ig h t  an g le  sh a p e ; 7.6 X 7.6 X 1.7S cm

L e n g th  o f  m a in  rods 102.9 cm

L en g th  of a u x i l ia ry  rods 31.S cm

N e u tro n  ab so rb e r  in  rods DyaCh a n d  E u jO j

D iam ete r  o f  sp h e r ica l  port ion  o f  re a c to r  vessel 20S.3 cm

D iam ete r  o f  neck o f  reac to r 121.9 cm

T h ic k n e s s  of th e r m a l  sh ie ld  (lead a n d  steel) 22.9 cm

M in im u m  th ick n ess  o f  b iological sh ie ld 213.8 cm
(heavy  concrete)
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TABLE E . 2

H 7  S t a t i o n  P a r a m e t e r s ( R e f .  1 1 5 )

F lu x  a t  m o n o c h ro m a to r  posi t ion
(20' co l l im ation  in-pile) 4.1X103 n /cm "-sec

M o n o c h ro m a to r  s c a t t e r in g  an g le IO j < 2 0 m < 7 5 °

Eo o r  Ao (PG 002) 4.3<Eo<240 meV '
4.1>Xo>0.53 A

B eam  size a t  sa m p le 5 (h)X3.1 (w) cm"

S a m p le  sc a t te r in g  a n g le -4 5 ° < 2 0 S<12S°

A n a ly z e r  s c a t te r in g  a n g le — 1C 0 j < 2 3 a < 1 C 0 °

In-pile  co l l im ation 10'. 20'. 40'

E x te rn a l  co ll im ation 10’. 20’. 40*

D etector B F j
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TABLE H.1

C h a r a c t e r t a b l e s  o f  p o i n t  g r o u p s  C2 V and D2h (r e f * 116)

c 2v E c 2 oy (xy) oy (yz) [mm2]

Ax 1 1 1 1 z x2, y 2, z 2

^2 1 1 a 1 -1 Rz xy

Bx 1 -*1 1 -1 X ,  Ry xz

b2 1 -1 -1 1 y. Rx yz

°2 h  E C2 C 2(y) C2 (x) i  o(xy) o(xz) o(yz) [mmm]

Ag 1 1 1 1 1 1  1 1 x 2, y 2,z

B i g  1 1 -1 “ 1 1 1  -1 r1 Rz xy

B2g 1 -1 1 ” 1 1 •”? 1 1 1 Ry xz

B3g 1 *1 1 1 "1 “ 1 1 Rx yz

Au 1 1 1 1 “ 1 "1

Biu 1 1 -1 r1 r  1 r?1 1 z

b 2 u  1 '~1 1 "1 - 1 1 - 1  1 y

b3u 1 ^ r1 1 1 1 “ 1 X



-  1 2 8  -

FIGURE CAPTIONS

Fig. 1.1 B o d y - c e n t e r e d  o r t h o r h o m b i c  u n i t  c e l l  o f  NaN02 i n  t h e  low tem ­

p e r a t u r e  f e r r o e l e c t r i c  p h a s e .  The s p o n t a n e o u s  p o l a r i z a t i o n  i s  a l o n g  t h e  

b - a x i s .  In  t h e  p a r a e l e c t r i c  p h a s e  t h e  NO;,"1 d i p o l e s  a r e  o r i e n t e d  w i th  

e q u a l  p r o b a b l i t y  a l o n g  ±b.

Fig. 1.2 T e m p e r a t u r e  depe n d en ce  o f  s p o n t a n e o u s  p o l a r i z a t i o n  m easu r ed  

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 29. Dashed c u r v e :  r e s u l t s  o f  Hamano28.

Fig. 1.3 S i n g l e  p a r t i c l e  p o t e n t i a l  V° f o r  ft = (tji, <}>). The p o i n t s  A-F 

c o r r e s p o n d  t o  t h e  v a l u e s  (ij>, 4>) = (0,  0);  (0, 180);  (90,  180);  (90,  0);  

(^90,  0);  (-.90, 180) i n  d e g r e e s  r e s p e c t i v e l y 23.

Fig. 1.4 S c h e m a t i c  s t r u c t u r e  o f  t h e  INC-phase  o f  NaN02. Upper row:  t h e  

tw o  p o s i t i o n s  (up/dow n o r i e n t a t i o n s )  o f  t h e  NO/ 1 i o n s .  Lower row:  c o r r e s n  

ponding p o s i t i o n s  o f  t h e  Na+ i o n s .  Dark,  l i g h t  and shaded:  h igh,  low and 

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

o f  l e n g t h  a b o u t  9 a 89.

Fig. 2.1 T e m p e r a t u r e  d ependence  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  m e l t n  

grown NaN02 i n  vacuum w i t h  z e r o  b i a s  f i e l d .

Fig. 2.2 Th er mal  h y s t e r e s i s  a b o u t  0.2°C a t  T^: (A) t h e  h e a t i n g  p r o c e s s  

and (+) t h e  c o o l i n g  p r o c e s s .

Fig. 2.3 T e m p e r a t u r e  d ep e n d en ce  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  NaN02 i n
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vacuum w i t h  i n c r e a s i n g  b i a s  f i e l d  Eb .

Fig. 2.H E x p e r i m e n t a l  p h a s e  t r a n s i t i o n  d iag ram u n d e r  t h e  l o n g i t u d i n a l  

e l e c t r i c  f i e l d .

Fig. 2.5 E l a s t i c  s c a t t e r i n g  o f  n e u t r o n s  f rom NaN02. The s c a n  i s  a l o n g  

t h e  a - a x i s  t h r o u g h  t h e  (020) Bragg peak  (The w a v e v e c to r  i s  i n  u n i t s  of  

t h e  r e c i p r o c a l  l a t t i c e  v e c t o r  a*) .  T=163.5°C.

Fig. 2.6 I n t e n s i t y  o f  t h e  (620) s a t e l l i t e s  in  NaN02 vs  T f o r  b i a s  f i e l d s  

Eg = 0 (+),  0 .6  kV/cm (o) ,  1.2 kV/cm (A) and 1.8 kV/cm (a) .

Fig. 2.7 M o d u la t io n  w a v e v e c to r  6 o f  t h e  INC-phase  o f  NaN02 vs  T f o r  t h e  

b i a s  f i e l d s  shown in  Fig.  2 .6 .

Fig. 2.8 I n t e n s i t y  o f  t h e  (620) s a t e l l i t e s  in  NaN02 vs  T f o r  Eg = 0. 

S p e c i a l  a t t e n t i o n  was p a id  t o  t h e  t e m p e r a t u r e  c o n t r o l  in  t h e  v i c i n i t y  of

t l .

Fig. 2.9 T e m p e r a t u r e  d ependence  o f  e g 1 a t  1 kHz a s  m ea s u r ed  a t  d e c r e e  

a s i n g  t e m p e r a t u r e .

Fig. 2.10 C a l c u l a t e d  p h a s e  d i ag ra m s  o f  t h e  f o u r t h  o r d e r  f r e e  e n e rg y  

model  w i t h  d i f f e r e n t  n v a l u e s :  t h e  s o l i d  c u r v e  w i t h  n = 0 , t h e  dash ed  

c u r v e  w i t h  n = 5 .1709x10021* ( in  CGS u n i t s )  and t h e  d o t  c u r v e  w i t h  n =

1 .1709x1 O'523 ( i n  CGS u n i t s ) .
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F i g .  2 .1 1  F re e  e n e r g i e s  Fin c  and Ff e r r o  a t  z e r o  e l e c t r i c  f i e l d .  The i n r  

t e r s e c t i o n  d e t e r m i n e s  t h e  t r a n s i t i o n  t e m p e r a t u r e  T^.

F i g .  2 . 1 2  v e r s u s  T c u r v e  a t  z e r o  e l e c t r i c  f i e l d .  The end p o i n t  o f

t h e  c u r v e  on t h e  a b s c i s s a  g i v e s  Tj.

F i g .  2 . 1 3  C a l c u l a t e d  m o d u l a t io n  w a v e v e c to r  o f  t h e  f o u r t h  o r d e r  f r e e  

e n e r g y  model  w i th  d i f f e r e n t  n v a l u e s :  t h e  h o r i z o n t a l  l i n e  w i t h  n=0 , t h e  

d a s h e d  l i n e  w i th  n = 1 .1709 x1 0 ” 21*, t h e  s o l i d  l i n e  w i t h  n = 1 .9709x10 " 21*, 

t h e  d o t  d a sh e d  l i n e  w i t h  n = 1 .1709x10“ 23 ( a l l  i n  CGS u n i t s ) .  I t  i s  c l e a r  

t h a t  w i t h o u t  an n t e r m  in  t h e  f r e e  e n e r g y  e x p r e s s i o n  t h e  m o d u l a t i o n  

w a v e v e c to r  i s  t e m p e r a t u r e  i n d e p e n d e n t .

F i g .  2 . 1 4  P£ v e r s u s  T c u r v e  which g i v e s  t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  

t h e  s a t e l l i t e s .

F i g .  2 . 1 5  C a l c u l a t e d  d i e l e c t r i c  c o n s t a n t  a t  E^ = 5 s t a t v o l t s / c m  f o r  P = 

P0 + Pi<coskx.

F i g .  2 . 1 6  C a l c u l a t e d  d i e l e c t r i c  c o n s t a n t  a t  (a) E^ = 5,  (b) E^ = 7, (c) 

Ejj = 9 s t a t v o l t s / c m  o b t a i n e d  by i n t r o d u c i n g  t h e  " f i e l d - > l i n e a r  h a r m o n ic ” 

t e r m :  P2 kCOs2 kx.

F i g .  2 . 1 7  C a l c u l a t e d  p h a s e  t r a n s i t i o n  d iag ram o f  t h e  s i x t h  o r d e r  f r e e  

e n e r g y  model  ( t h e  d a s h e d  c u r v e ) .  Fo r  co m p ar i so n ,  t h e  p h a s e  d i ag ra m s  o f  

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

( t h e  d i s c r e t e  p o i n t s )  a r e  a l s o  p l o t t e d .
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Fig. 2.18 Tj t  T l  v e r s u s  l o n g i t u d i n a l  e l e c t r i c  f i e l d  Eb . The d i s c r e t e  

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

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

Fig. 2.19 C a l c u l a t e d  m o d u l a t i o n  w a v e v e c to r  v e r s u s  T c u r v e  o f  t h e  s i x t h  

o r d e r  f r e e  e n e r g y  model  w i t h  n = 4 .1520x10r2 “ ( i n  CGS u n i t s ) ,  t h e  d i s ­

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

Fig. 2.20 <5j and 6^ v e r s u s  l o n g i t u d i n a l  e l e c t r i c  f i e l d .  The u p p e r  and

l o w e r  s o l i d  c u r v e s  a r e  r e s p e c t i v e l y  t h e  c a l c u l a t e d  6j (E)  and Sl(E) o f  t h e

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

r e s u l t s .

Fig. 2.21 Tj Tj_,, and 6l  v e r s u s  l o n g i t u d i n a l  e l e c t r i c  f i e l d .  This 

f i g u r e  was o b t a i n e d  by p l o t t i n g  Fig.  2 .18 w i th  Fig.  2.20 t o g e t h e r .  The 

o r d i n a t e  f o r  t h e  6 i s  on  t h e  l e f t ,  w h i l e  t h a t  f o r  t h e  Tj  -  T l  i s  on  t h e  

r i g h t .

Fig. 2.22 D i f f u s e  n e u t r o n  s c a t t e r i n g .  The r a t i o  o f  t h e  s l o p e  o f  t h e

peak p o s s i t i o n s  o f  t h e  d i f f u s e  s c a t t e r i n g  above Tj t o  t h e  s l o p e  o f  t h e

s a t e l l i t e  p o s s i t i o n s  bel ow  Tj i s  ab o u t  1 :4 .

Fig. 2.23 The peak p o s s i t i o n s  o f  t h e  d i f f u s e  s c a t t e r i n g  above Tj  and 

t h e  s a t e l l i t e  p o s s i t i o n s  be low Tj p r e d i c t e d  q u a l i t a t i v e l y  by t h e  f r e e  

e n e r g y  model  , w he re  (a)  n ^ 0, a  = c o n s t a n t ;  (b) n = 0 ,  a  = ct(T); (c) n t  

0,  a  = a(T) .
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ffig. 3.1 S c h e m a t i c  p h a s e  t r a n s i t i o n  d iagra m which i s  r e l a t e d  t o  a  f i r s t  

o r d e r  t r a n s i t i o n  f rom  t h e  d i s o r d e r e d  p h a s e  t o  t h e  o r d e r e d  p h a s e ,  where  

t h e  p o i n t  LP i s  a  v i r t u a l  L i f s h i t z  p o i n t .

Fig. 3.2 I n t e n s i t y  o f  t h e  s a t e l l i t e s  v e r s u s  t e m p e r a t u r e  when t h e  

a p p l i e d  e l e c t r i c  f i e l d  i s  a l o n g  t h e  a - a x i s .  The f i e l d s  a r e :  + = 0, A = 

0 .55 ,  □ = 0 .82 ,  * =1.09,  o =1.36 kV/cm. The s o l i d  l i n e s  a r e  f o r  gu id in g  

t h e  eye .

Fig. 3-3 I n t e n s i t y  o f  t h e  s a t e l l i t e  v e r s u s  t e m p e r a t u r e  when t h e  a p p l i e d  

e l e c t r i c  f i e l d  i s  a l o n g  t h e  c - a x i s .  The f i e l d s  a r e :  + = 0, A = 0 .7 4 ,  o = 

1 .47,  * = 2.21 kV/cm. The s o l i d  l i n e s  a r e  f o r  g u id in g  t h e  eye .

Fig. 3-4 M o d u la t io n  w a v e v e c t o r  m e a s u r e d  in  u n i t s  o f  a* v e r s u s  t e m p e r a s  

t u r e ,  t h e  f i e l d s  a l o n g  t h e  a - a x i s  a r e :  + = 0, A = 0 .55 ,  □ = 0 .8 2 ,  * = 

1 .09,  o = 1 .36 kV/cm. The s o l i d  l i n e s  a r e  t o  gu id e  t h e  eye .  The h o r i z o n ­

t a l  l i n e  on t h e  h i g h e s t  f i e l d  c u r v e  r e p r e s e n t s  t h e  e x t r a p o l a t e d  z e r o  i n ­

t e n s i t y  p o i n t s  o f  t h e  r e s p e c t i v e  c u r v e  of  Fig .  3 . 2 .

*
Fig. 3.5 M o d u la t io n  w a v e v e c t o r  m eas u r ed  in  u n i t s  o f  a* v e r s u s  t e m p e r a s  

t u r e ,  t h e  f i e l d s  a l o n g  t h e  c « a x i s  a r e :  + = 0, A = 0 .74 ,  o = 1.47,  * = 2.21 

kV/cm. The s o l i d  l i n e s  a r e  t o  gu id e  t h e  eye .  The h o r i z o n t a l  l i n e  on t h e  

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

t h e  r e s p e c t i v e  c u r v e  o f  Fig .  3 . 3 .

Fig. 3.6 L i f s h i t z  p o i n t .  The d a sh e d  l i n e  i s  t h e  c a l c u l a t e d  Tj .-s Tg w h i l e  

t h e  u p p e r  and l o w e r  s o l i d  l i n e s  a r e  r e s p e c t i v e l y  t h e  c a l c u l a t e d  l i m i t i n g
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m o d u l a t i o n  w a v e v e c t o r s  6j  and 6^ a s  a f u n c t i o n  o f  a .  When a  g oes  t o  z e r o ,  

t h e  INC r e g i o n  Tj  -  v a n i s h e s  and t h e  w a v e v e c t o r  6 goes  t o  z e r o  c o n t i -  

n o u s l y .  At t h e  p o i n t  a t  which a=0 and t h e  t h r e e  l i n e s  m ee t ,  a l l  t h e  conn 

d i t i o n s  f o r  t h e  e x i s t e n c e  o f  an LP a r e  s a t i s f i e d .  The o r d i n a t e  f o r  t h e  6 

i s  on t h e  l e f t ,  w h i l e  t h a t  f o r  t h e  Tj n  T j, i s  on  t h e  r i g h t .

F i g .  3 . 7  The u p p e r  s o l i d  l i n e  i s  t h e  c a l c u l a t e d  v a l u e  o f  6j ,  w h i l e  t h e  

l o w e r  s o l i d  l i n e  i s  t h e  c a l c u l a t e d  v a l u e  o f  6g. The d a s h e d  l i n e  i s  a p l o t  

o f  t h e  c a l c u l a t e d  v a l u e  o f  (Tj -  Tg) a s  a  f u n c t i o n  o f  t r a n s v e r s e  e l e c t r i c  

f i e l d .  The d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t a l  d a t a  f o r  6j ,  (#) ,  6g, (*) ,  

and Tj  r, T l ,  ( o ) ,  w i t h  t h e  f i e l d  a l o n g  t h e  a - a x i s .  The o r d i n a t e  f o r  t h e  6 

i s  on t h e  l e f t ,  w h i l e  t h a t  f o r  t h e  Tj n Tg i s  on t h e  r i g h t .

F i g .  3 - 8  D e s c r i p t i o n  f o r  t h i s  f i g u r e  i s  t h e  sam e a s  t h a t  f o r  Fig .  3 .7 ,  

e x c e p t  t h e  f i e l d  i s  a l o n g  t h e  c n a x i s .

F i g .  3 . 9  The e x p e r i m e n t a l  d a t a  shown i n  Fig .  3-7 a r e  now p l o t t e d  on an

expanded s c a l e  w i t h  e r r o r  b a r s  t o  show t h e  a c c u r a c y  o f  t h e  r e s u l t s .

F i g .  3 . 1 0  The e x p e r i m e n t a l  d a t a  shown in  Fig .  3 .8  a r e  now p l o t t e d  on an

expa nded s c a l e  w i t h  e r r o r  b a r s  t o  show t h e  a c c u r a c y  o f  t h e  r e s u l t s .

F i g .  3 .11  The c a l c u l a t e d  p h a s e  t r a n s i t i o n  di agram  f o r  E n f i e l d  p a r a l l e l  

t o  t h e  c - a x i s ,  i n  a manner  s i m i l a r  t o  t h e  s c h e m a t i c  p h a s e  d iagra m in  Fig .

3 .1 .

F i g .  3 . 1 2  The c a l c u l a t e d  p h a s e  t r a n s i t i o n  d iag ram f o r  E n f i e l d  p a r a l l e l
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t o  t h e  a - a x i s ,  i n  a manner  s i m i l a r  t o  t h e  s c h e m a t i c  p h a s e  d iagra m i n  Fig .

3 .1 .

F i g .  4 .1 A t y p i c a l  B r i l l o u i n  s c a t t e r i n g  s p e c t r u m  o f  NaN02 u n d e r  z e r o  

e l e c t r i c  f i e l d  a t  T = 198.0°C w i t h  t h e  a c o u s t i c  phonon p r o p a g a t i n g  a l o n g  

t h e  [0 1 0 ]  d i r e c t i o n ,  w he re  t h e  d i s c r e t e  p o i n t s  a r e  t h e  e x p e r i m e n t a l  d a t a  

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

s q u a r e s  f i t t i n g  p r o g r am .  The tw o  B r i l l o u i n  co m ponen t s  we re  a s s i g i n e d  

e x p e r i m e n t a l l y  a s  a L--mode and a  Tj-mode a c c o r d i n g  t o  t h e  T a b l e  5 .1 .

F i g .  4 . 2  A s e r i e s  o f  B r i l l o u i n  s p e c t r a  o f  NaN02 u nder  z e r o  e l e c t r i c  

f i e l d  f r om  50°C u p t o  240°C.

F i g .  4 . 3  B r i l l o u i n  f r e q u e n c y  s h i f t  v e r s u s  t e m p e r a t u r e  . o f  t h e  L-mode 

p r o p a g a t i n g  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n .

F i g .  4 . 4  The t e m p e r a t u r e  d ependence  o f  t h e  l o n g i t u d i n a l  a c o u s t i c  phonon 

p r o p a g a t i n g  a l o n g  t h e  [0 1 0 ]  d i r e c t i o n  i n  t h e  v i c i n i t y  o f  t h e  p h a s e  t r a n ­

s i t i o n  t e m p e r a t u r e s  T^ and Tj.  The s o l i d  l i n e s  a r e  drawn  a s  an  eye  g u id e .

F i g .  4 . 5  The B r i l l o u i n  f r e q u e n c y  s h i f t s  v e r s u s  t e m p e r a t u r e  o f  t h e  Ln 
mode p r o p a g a t i n g  a l o n g  t h e  [0 10]  d i r e c t i o n  u n d e r  E n f i e l d  p a r a l l e l  t o  t h e  

c - a x i s :  (a)  Ec = 0 .5  kV/cm,  (b) Ec = 1.0 kV/cm.

F i g .  4 . 6  A c o u s t i c  mode e n e r g i e s  i n  NaN02 f rom  i n e l a s t i c  n e u t r o n  

s c a t t e r i n g  e x p e r i m e n t  w i t h  q p a r a l l e l  t o  t h e  a - a x i s .  (*) T = 165.41 °C, (□) 

180.72°C.



« 135 -

F i g .  4 . 7  T e m p e r a t u r e  dependence  o f  t h e  h y p e r s o n i c  v e l o c i t i e s  o f  t h e

l o n g i t u d i n a l  a c o u s t i c  wave p r o p a g a t i n g  a l o n g  t h e  [ 0 1 0 ]  d i r e c t i o n ,  whe re:

(a) and (b) E = 0,  (c)  Ec = 0 .5  kV/cm, (d) Ec '= 1.0 kV/cm.

F i g .  4 . 8  T e m p e r a t u r e  d ependence  o f  t h e  u l t r a s o n i c  v e l o c i t i e s  o f  t h e

l o n g i t u d i n a l  a c o u s t i c  wave p r o p a g a t i n g  a l o n g  t h e  d i r e c t i o n s :  (a) [ 0 1 0 ] ,

a t  2 .74  MHz,, (b) [ 1 0 0 ] ,  a t  6.60MHz, (c) [ 0 0 1 ] ,  a t  12.0Mhz.  ( f ro m r e f e r ­

en c e s  (60) and (61)) .

F i g .  5 .1  Tj and Tj, v e r s u s  h y d r o s t a t i c  p r e s s u r e ,  t h e  s o l i d  l i n e  a r e  f o r  

g u id in g  t h e  eye .  The tw o  s e t s  o f  d a t a  we re  o b t a i n e d  in  two d i f f e r e n t  

c a s e s  o f  t e m p e r a t u r e  m e a s u r e m e n t s :  (o) t h e  t h e r m o c o u p l e  was mounted

o u t s i d e  t h e  h igh  p r e s s u r e  v e s s e l ;  (A) i n s i d e  t h e  h igh p r e s s u r e  v e s s e l .

F i g .  5 . 2  B r i l l o u i n  f r e q u e n c y  s h i f t  v e r s u s  t e m p e r a t u r e  a s  f u n c t i o n  of

h y d r o s t a t i c  p r e s s u r e ,  w he re  (A) 14.5 p s i  (1 a tm ) ,  (o) 900 p s i ,  (□) 1500 

p s i .  The s o l i d  l i n e s  a r e  f o r  gu id ing  t h e  ey e .

F i g .  6.1 The g r a p h i c a l  s o l u t i o n  o f  t h e  i m p l i c i t  mean f i e l d  Eq. (6 .9)

w i t h  Tc = J[</Kb

F i g .  6 . 2  I s i n g  model  w i t h  com pe t ing  i n t e r a c t i o n s .  (R ef .  111,  112, 93)

F i g .  6 . 3  M e a n - f i e l d  p h a s e  d iagram o f  t h e  ANNI model .  (Ref .  112, 93)

F i g .  6 . 4  G r o u n d - s t a t e  s p i n  c o n f i g u r a t i o n s  (T = 0) :  (a) f e r r o - p h a s e ,  (b) 

f e r r o n p h a s e  w i th  domain w a l l .
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Fig. 6.5 D i e l e c t r i c  c o n s t a n t  c a l c u l a t e d  f rom t h e  ANNNI model  w i t h  an

i n i t i a l  s p i n  c o n f i g u r a t i o n  o f  ( - ,+ )  and - J z / J j  = 0 .3 4 7 ,  Ji = 8 0 .7 .  For  t h e  

s o l i d  c u r v e ,  E = 0 .0 ;  f o r  t h e  d o t t e d  c u r v e ,  E = 10.0;  f o r  t h e  d o t r d a s h e d  

c u r v e ,  E = 20 .0 ;  f o r  t h e  d a sh e d  c u r v e ,  E = 3 0 .0 .  (E = 1 c o r r e s p o n d s  t o  

Ee x t  = 86 s t a t v o l t s / c m ) .

Fig. 6.6 D i e l e c t r i c  c o n s t a n t  c a l c u l a t e d  f rom t h e  ANNNI model w i t h  an

i n i t i a l  s p i n  c o n f i g u r a t i o n  o f  (-,*%+,+) and - J 2/ J !  = 0 .34 7,  J i  = 8 0 .7 .  For 

t h e  s o l i d  c u r v e ,  E = 0 .0 ;  f o r  t h e  d o t t e d  c u r v e ,  E = 10.0;  f o r  t h e  d o t -  

dashed  c u r v e ,  E = 20 .0 ;  f o r  t h e  dash e d  c u r v e  E = 30.0 .

Fig. 7.1 S c h e m a t i c  b e h a v i o r  o f  t h e  f r e e  e n e r g y  F o f  t h e  t h r e e  s t a t e s  

e x t r e m i z i n g  F. At e ach  t e m p e r a t u r e  t h e  l o w e s t  f r e e  e n e r g y  d e t e r m i n e s  t h e  

s t a b l e  s t a t e .

Fig. 7.2 Phase  d iagra m in  m o l e c u l a r  f i e l d  a p p r o x i m a t i o n  t o  f o u r t h

o r d e r .  In  t h e  s haded  r e g i o n  t h e  e x p a n s io n  i s  n o t  v a l i d .

Fig. C.1 S c h e m a t i c  d iag ra m  o f  t h e  G e n e ra l  Radio Type 716-C C a p a c i t a n c e  

Br id ge .

Fig. C.2 S i m p l i f i e d  s c h e m a t i c  d i ag ra m o f  t h e  Type 7 l 6 r C  C a p a c i t a n c e

Brid ge .

Fig. C.3 S i m p l i f i e d  c i r c u i t  o f  t h e  c a p a c i t a n c e  m e as u r em en t  u n d e r  D.C. 

f i e l d ,  where  DCP i s  t h e  h igh  v o l t a g e  D.C. pow er  s u p p l y ,  yA i s  t h e  m i c ro 1- 

am pere  m e t e r ,  DET i s  t h e  Lock^in  a m p l i f i e r ,  GEN i s  a sinerswave g e n e r a t o r .
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Fig. C.4 F u rn a c e  and s a m p l e  h o l d e r  which w e re  d e s i g n e d  and b u i l t  a t

BNL f o r  b o t h  n e u t r o n  s c a t t e r i n g  and d i e l e c t r i c  c o n s t a n t  m e a s u r e m e n t s .  A: 

t h e r m i s t o r ,  B: s a m p l e ,  C: e l e c t r o d e s ,  D: s a m p l e  h o l d e r ,  E: c o v e r  #1 ,  F: 

co v e r  #2 ,  G: co v e r  #3,  H: h e a t e r ,  I :  t h e r m o c o u p l e .

Fig. D.1 B r i l l o u i n  s c a t t e r i n g  s p e c t r o m e t e r  c o n s i s t i n g  o f  an  i o n  l a s e r ,  

co m p u te r  c o n t r o l l e d  t r i p l e  p a s s  F a b r y - P e r o t  i n t e r f e r o m e t e r  and d i g i t a l  

d a t a  c o l l e c t i o n  s y s t e m .

Fig. E.1 P la n  view o f  t h e  l o c a t i o n  o f  t h e  e x p e r i m e n t a l  beam t u b e s  and 

i r r a d i a t i o n  f a c i l i t i e s  w i t h i n  t h e  r e a c t o r  v e s s e l .  (R ef .  115)

Fig. E.2 S c h e m a t i c  p l a n  of  t r i p l e - a x i s  s p e c t r o m e t e r  i n s t a l l e d  a t  H7.

(Ref .  115)

Fig. E.3 D e f i n i t i o n  o f  t h e  a n g l e s  Clf c 2, C3, Alt A2, A3. Where Ki and Kp 

a r e  t h e  i n i t i a l  and f i n a l  w a v e v e c to r  o f  n e u t r o n s .

Fig. E.4 V e c to r  d iagram o f  t h e  e l a s t i c  n e u t r o n  s c a t t e r i n g  w i t h  t h e  mod­

u l a t i o n  w a v e v e c t o r  k a l o n g  t h e  a* d i r e c t i o n .

Fig. F.1 High p r e s s u r e  s e a l  v e s s e l .  A: s a m p l e ,  B: t h e r m o c o u p l e ,  C & D: 

e l e c t r o d e s ,  E: c e r a m i c  c y l i n d e r ,  F: t h e  s e a l  v e s s e l ,  G: 100,000 p s i  p r e s ­

s u r e  AMINC0 l i n e s ,  H: a  s p e c i a l  s e a l  n u t .
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