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A b s t r a c t 

The use o f both Lang and s y n c h r o t r o n r a d i a t i o n topography 

f o r i n v e s t i g a t i o n s o f Ferromagnetic domains in t e r b i u m 

and f e r r i c b o r a t e , and o f J a h n - T e l l e r domains i n 

dysprosium vanadate i s d e s c r i b e d . The t o p o g r a p h i c 

q u a l i t y assessment o f f l u x grown r a r e e a r t h a l u m i n a t e s and 

a r s e n a t e s i s a l s o d e s c r i b e d , as i s work on t h e magneto-

o p t i c s o f f e r r i c b o r a t e assuming a l80° Bloch w a l l l y i n g 

p e r p e n d i c u l a r t o t h e c - a x i s . A comparison of t h e 

r e s o l u t i o n o f Lang and s y n c h r o t r o n topography w i t h 

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

a l s o p r e s e n t e d . 
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I . P r o d u c t i o n and C o n t r a s t o f X-ray Topographs 

I.J I n t r o d u c t i on 

In s e c t i o n two o f t h i s c h a p t e r we g i v e a simple d i s c u s s i o n 

o f t h e t y p e s o f c o n t r a s t seen in X-ray topographs. S e c t i o n 

t h r e e i s a b r i e f r e view o f t o p o g r a p h i c methods under t h e 

headings of c o n t i n u o u s and monochromatic r a d i a t i o n methods. 

T h i s s e c t i o n does n o t i n c l u d e a d i s c u s s i o n o f Lang 

topography which, because o f i t ' s c e n t r a l importance 

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

S e c t i o n f i v e d e a l s w i t h t h e b a s i c s o f dynamical d i f f r a c t i o n 

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

s e c t i o n has a d i s c u s s i o n of t h e c o n t r a s t of s e c t i o n 

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

f e a t u r e s o f Lang t o p o g r a p h s . 

,1.2 O r i e n t a t i o n and E x t i n c t i o n C o n t r a s t 

X-ray topographs are images, u s u a l l y recorded on photo

g r a p h i c e mulsion, o f e i t h e r t h e s u r f a c e o f t h e c r y s t a l 

( i n t h e r e f l e c t i o n mode) or a p r o j e c t i o n o f a c e r t a i n 

volume o f t h e c r y s t a l ( i n t h e t r a n s m i s s i o n mode). Two 

major f a c t o r s d etermine t h e i n t e n s i t y o f t h e d i f f r a c t e d 

r a y s p r o d u c i n g t h e image. • The f i r s t f a c t o r i s whether or 

not a l o c a l r e g i o n o f t h e c r y s t a l i s o r i e n t e d in such a way 

t h a t i t Bragg r e f l e c t s p a r t o f t h e i n c i d e n t X-ray beam. 

F E B 1979 
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O b v i o u s l y t h e range o f wavelengths i n t h e beam and t h e s t a t e 

o f c o l l i m a t i o n are i m p o r t a n t parameters i n t h i s so c a l l e d 

" o r i e n t a t i o n c o n t r a s t " . The second f a c t o r i n v o l v e d i s t h e 

p e r f e c t i o n o f t h e c r y s t a l l a t t i c e as i t v a r i e s from p o i n t t o 

p o i n t . T h i s w i l l i n f l u e n c e t h e s c a t t e r i n g power and specimen 

a b s o r p t i o n and produces t h e t y p e o f c o n t r a s t known as 

" e x t i n c t i o n c o n t r a s t " . 

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

t e c h n i q u e s t o t h e s e t y p e s of c o n t r a s t w i l l be aided by 

F i g u r e I . Two r e g i o n s A and B are embedded i n a m a t r i x of 

p e r f e c t c r y s t a l C ( F i g u r e l a ) . A i s i m p e r f e c t compared wi t h 

C b ut has n e g l i g i b l e m i s o r i e n t a t i o n , whereas B i s as 

p e r f e c t as C but i s s l i g h t l y m i s o r i e n t e d . I f t h e t o p o g r a p h i c 

t e c h n i q u e uses c o n t i n u o u s r a d i a t i o n and t h e photographic 

p l a t e i s c l o s e t o t h e specimen t h e area B w i l l not be v i s i b l e 

because t h e r e w i l l be wavelengths w i t h i n t h e c o n t i n u o u s 

spectrum t o s a t i s f y t h e Bragg c o n d i t i o n f o r t h i s r e g i o n 

( F i g u r e l b ) . A w i l l s t a n d o u t , being darker than t h e m a t r i x 

C, because o f a h i g h e r i n t e g r a t e d r e f l e c t i n g power. This 

e x t i n c t i o n c o n t r a s t a r i s e s from two sources; f i r s t l y a 

g r e a t e r range o f wavelengths may be d i f f r a c t e d and secondly 

r a y s may be d i f f r a c t e d which are m i s o r i e n t e d by more than 

t h e w i d t h o f t h e p e r f e c t c r y s t a l r o c k i n g curve and are not 

d i f f r a c t e d by C. I f t h e specimen t o emulsion d i s t a n c e i s 

i n c r e a s e d then t h e d i f f e r e n c e i n t h e d i r e c t i o n s of t h e 

dPFracted rays from t h e r e g i o n s 8 and C w i l l be d e t e c t e d and 
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t h e image w i l l appear as shown i n F i g u r e Ic . Thus t h e 

arrangement i s a l s o s e n s i t i v e t o o r i e n t a t i o n c o n t r a s t . 

I f c h a r a c t e r i s t i c r a d i a t i o n i s used and i s c o l l i m a t e d 

t o such an e x t e n t t h a t B and C may not s a t i s f y Bragg's 

law s i m u l t a n e o u s l y t h e n topographs having t h e appearance 

o f e i t h e r Id or l e may be produced. In I d t h e m a t r i x 

C i s s e t t o d i f f r a c t . A once again stands out by v i r t u e 

o f e x t i n c t i o n c o n t r a s t but t h e r e g i o n B does not d i f f r a c t . 

In l e t h e r e g i o n B i s s e t t o d i f f r a c t . N e i t h e r A nor C 

w i l l now s a t i s f y t h e Bragg c o n d i t i o n . I n c r e a s i n g t h e 

specimen t o emulsion d i s t a n c e o n l y r e s u l t s i n poor 

r e s o l u t i o n and does not a l t e r t h e general appearance of 

e i t h e r I d or l e . 

I . 3 Review o f Topographic Techniques 

1.3.1 Continuous R a d i a t i o n Methods 

In 1931 B a r r e t t ( l ) p o i n t e d out t h a t a s i n g l e c r y s t a l 

t r a n s m i s s i o n Laue d i f f r a c t i o n spot may c o n t a i n i n f o r m a t i o n 

about t h e i n t e r n a l s t r a i n s i n t h e c r y s t a l . The beam 

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

r e s o l u t i o n of these s t r a i n e d r e g i o n s but t h e idea was 

developed by Schuiz (2) i n t h e back r e f l e c t i o n case and 

by G u i n i e r and Tennevin (3) i n t h e t r a n s m i s s i o n case. 

3 -
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A t y p i c a l Schuiz arrangement i s shown i n Figure 2. Although 

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

from t h e m i s o r i e n t e d r e g i o n s , gaps and o v e r l a p p i n g i n t h e 

image a l l o w m i s o r i e n t a t i o n s o f about 20 sec of arc t o be 

d e t e c t e d . A g r e a t advantage o f c o n t i n u o u s r a d i a t i o n methods 

l i e s i n t h e i r s i m p l i c i t y , a p o i n t which w i l l be brought out 

more c l e a r l y i n t h e next c h a p t e r where we di s c u s s t h e use o f 

s y n c h r o t r o n r a d i a t i o n i n t h e G u i n i e r - Tennevin mode. 

1.3.2 Monochromatic R a d i a t i o n Methods 

Berg (4) and B a r r e t t (5) developed a method using 

c h a r a c t e r i s t i c r a d i a t i o n and a l i n e source. The geometry 

o f t h i s method i s i l l u s t r a t e d i n F i g u r e 3. The c r y s t a l 

i s s e t t o Bragg r e f l e c t from planes which enable t h e 

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

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

and i n c r e a s i n g t h e area o f coverage. (The geo m e t r i c a l 

r e s o l u t i o n o f an arrangement i s o b t a i n e d s i m p l y by assuming 

t h a t a l l r a y s w i t h i n a beam o f divergence ^6 may be d i f f 

r a c t e d t h u s y i e l d i n g a range o f d i f f r a c t e d ray angles o f AG. 

The l i n e a r r e s o l u t i o n i s t h u s reduced w i t h i n c r e a s i n g specimen 

t o e mulsion d i s t a n c e . ) As t h e beam div e r g e n c e o f a few 

minutes o f arc i s much g r e a t e r than t h e w i d t h o f t h e p e r f e c t 

c r y s t a l r o c k i n g c u r v e , i m p e r f e c t i o n s which s a t i s f y t h e Bragg 

c o n d i t i o n f o r angles o f i n c i d e n c e o u t s i d e t h e range r e q u i r e d 

f o r a p e r f e c t c r y s t a l r e f l e c t i o n w i l l produce dark images 

- 4 



a g a i n s t a l i g h t e r background. M i s o r i e n t a t i o n s of about 

10-20 seconds o f a r c may be d e t e c t e d . 

The double c r y s t a l t e c h n i q u e developed independently by 

Bond and Andrus (6) and Bonse and Kappler ( ?) u t i l i z e s 

two s u c c e s s i v e Bragg r e f l e c t i o n s . I n t h e most common 

arrangement i l l u s t r a t e d i n F i g u r e 4 t h e Bragg planes are 

p a r a l l e l and o f equal s p a c i n g . For high s e n s i t i v i t y the 

specimen and r e f e r e n c e c r y s t a l are of t h e same m a t e r i a l and 

g r e a t c a r e must be t a k e n i n a l i g n i n g t h e c r y s t a l s . T h i s 

arrangement i s n o n - d i s p e r s i v e i n t h a t a l l wavelengths may 

be d i f f r a c t e d w i t h t h e same s e t t i n g o f t h e c r y s t a l s . How

ever any l o c a l m i s o r i e n t a t i o n w i l l cause a loss i n i n t e n s i t y , 

S t r a i n s o f t h e o r d e r o f I p a r t i n 10 have been d e t e c t e d in 

s i l i c o n ( H a r t ( 8 ) ) . W i t h such h i g h s e n s i t i v i t y even a 

c a r e f u l l y chosen r e f e r e n c e c r y s t a l w i l l n ot appear p e r f e c t 

b u t s i n c e i t i s some d i s t a n c e from t h e phot o g r a p h i c p l a t e 

t h e s e images appear l e s s sharp than t h o s e produced by t h e 

specimen and can u s u a l l y be d i s t i n g u i s h e d . 

I.4 S e c t i o n and Lang Topography 

F i g u r e 5 serves t o i l l u s t r a t e t h e exp e r i m e n t a l arrangement 

f o r b o t h s e c t i o n and Lang ( o r p r o j e c t i o n ) topography. A 

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

( u s u a l l y t h e Kocj l i n e ) c u t s t h r o u g h t h e c r y s t a l which is 

se t t o Bragg r e f l e c t t h i s beam from t h e chosen l a t t i c e 

- 5 
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p l a n e s . The d i f f r a c t e d beam i s u s u a l l y d e t e c t e d by a 

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

i n c i d e n t beam. A s l i t s y s t e m i s e m p l o y e d t o s h i e l d t h e 

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

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

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

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

t h e c o l l i m a t i n g s l i t i s u s u a l l y a b o u t lO^im. The r e a s o n 

f o r t h i s c h o i c e w i l l become a p p a r e n t when we c o n s i d e r t h e 

f o r m a t i o n o f i m a g e s i n s e c t i o n t o p o g r a p h s i n s e c t i o n 1 . 6 . 

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

l i n e i m p o s e s a maximum r e s o l u t i o n o f a b o u t I |im i n t h e p l a n e 

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

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

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

v e r t i c a l a x i s t h e Kocj , a n d KQC2 p e a k s a r e j u s t r e s o l v e d , t h u s 

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

p a r a l l e l t o t h e B r a g g p l a n e s no d i f f r a c t i o n o c c u r s and t h e 

l i n e a r r e s o l u t i o n i s t h u s g i v e n by S = H F / L w h e r e F i s t h e 

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

a n d H t h e h e i g h t o f t h e s o u r c e . F i s u s u a l l y 1-2 cm and 

s u b s t i t u t i o n o f t y p i c a l v a l u e s y i e l d s a r e s o l u t i o n o f a few 

mi c r o n s . 

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

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



p h o t o g r a p h i c p l a t e a r e t r a v e r s e d r e p e a t e d l y a c r o s s t h e beam 

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

t h u s c o v e r i n g a l a r g e a r e a o f t h e c r y s t a l i n one e x p o s u r e . 

F i g u r e 44 i s a p h o t o g r a p h o f a Lang c a m e r a c o n s t r u c t e d 

i n t h e p h y s i c s d e p a r t m e n t o f Durham U n i v e r s i t y and shown 

h e r e w i t h a c r y o s t a t u s e d f o r low t e m p e r a t u r e Lang 

t o p o g r a p h y ( C h a p t e r 6 ) . The d e s i g n i s s i m i l a r t o t h a t o f 

a c a m e r a m a n u f a c t u r e d by M a r c o n i - E I I i o t b a s e d on L a n g ' s 

o r i g i n a l d e s i g n . The t r a v e r s i n g mechan i sm i s d e s i g n e d t o 

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

The p r i m a r y d r i v e w h i c h i s n o t m o u n t e d on t h e camera b u t on 

a s e p a r a t e b o a r d i s a s t e p p i n g m o t o r c o n t r o l l e d by a 

d i g i t a l c o u n t e r . T h i s c o u n t e r a l l o w s t h e c h a n g e i n t r a v e r s e 

d i r e c t i o n t o be e f f e c t e d e l e c t r o n i c a l l y r a t h e r t h a n by 

m e c h a n i c a l s w i t c h e s on t h e c a m e r a i t s e l f . The s t e p p i n g 

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

t r a n s m i t t e r s . T h i s d r i v e s t h e s e c o n d t o r q u e t r a n s m i t t e r 

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

t o a l i n e a r m o t i o n by d r i v i n g a m i c r o m e t e r v i a a s e t o f 

g e a r s w h i c h r e d u c e t h e s p e e d . The m i c r o m e t e r moves a t a b l e 

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

on a s e t o f f r e e t u r n i n g P . T . F . E . b a l l s . The w h o l e 

m e c h a n i s m on t h e c a m e r a c a n be r o t a t e d a b o u t a v e r t i c a l a x i s 

w h i c h i s c l o s e t o t h e a x i s o f t h e g o n i o m e t e r . Thus o n c e 

a c r y s t a l has been m o u n t e d on t h e g o n i o m e t e r w i t h t h e 

r e q u i r e d d i f f r a c t i n g p l a n e s v e r t i c a l , s e t t i n g up an 

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

v e r t i c a l a x i s u n t i l t h e r e q u i r e d B r a g g r e f l e c t i o n i s 

d e t e c t e d by t h e p h o t o m u I t i p i i e r . 

Fo r p r a c t i c a l i n f o r m a t i o n on such t h i n g s as t h e p r o c e s s i n g 

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

by Lang ( 9 ) and a book by T a n n e r ( l O ) . 

I . 5 D y n a m i c a l D i f f r a c t i o n T h e o r y 

1 . 5 . 1 I n t r o d u c t i on 

I n o r d e r t o u n d e r s t a n d t h e c o n t r a s t i n t o p o g r a p h s o f t h i c k , 

n e a r l y p e r f e c t c r y s t a l s , one m u s t h a v e some u n d e r s t a n d i n g 

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

t h e o r y w e r e l a i d by D a r w i n ( l l ) , E w a l d ( 1 2 ) and von Laue 

(13) , a n d t h e r e h a s been a r e v i v a l o f i n t e r e s t o v e r r e c e n t 

y e a r s as i m p r o v e d c r y s t a l g r o w t h t e c h n i q u e s h a v e p r o d u c e d 

n e a r l y p e r f e c t c r y s t a l s . U s e f u l r e v i e w s o f t h e s u b j e c t 

h a v e b e e n g i v e n by B a t t e r m a n and C o l e ( 1 4 ) , and by H a r t ( l 5 ) . 

The more f a m i l i a r k i n e m a t i c a l t h e o r y , w h i c h i s a d e q u a t e f o r 

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

o f i n c i d e n t a n d d i f f r a c t e d beams w h i c h i s t r e a t e d by d y n a m i c a 

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

i n t e n s i t y i s c o n s i d e r e d t o be i n d e p e n d e n t o f t h e r e s t o f 

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

•8-



t h e e l e m e n t and i n t r a v e l l i n g f r o m t h e e l e m e n t t o t h e 

e x i t s u r f a c e . 

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

t o t h a t o f von Laue who r e p r e s e n t e d t h e r e l e v a n t p r o p e r t i e s 

o f t h e c r y s t a l by a 3-D p e r i o d i c d i e l e c t r i c c o n s t a n t . Here 

we w i l l u s e t h e s u s c e p t i b i l i t y . S o l v i n g M a x w e l l ' s e q u a t i o n s 

i n t h i s m e d i u m , u s i n g s o l u t i o n s c o n s i s t e n t w i t h t h e Laue 

e q u a t i o n g i v e s a s e t o f l i n e a r homogeneous e q u a t i o n s f o r 

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

be z e r o f o r n o n - t r i v i a l s o l u t i o n s . The d i s p e r s i o n s u r f a c e , 

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

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

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

1 . 5 . 2 The 3-D P e r i o d i c S u s c e p t i b i l i t y 

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

v o l u m e V may be r e p r e s e n t e d by a F o u r i e r sum o v e r 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 s £ a s 

e(n) = ( l / V ) HFg e x p ( - 2 . r j a . r ) 
9 

w h e r e t h e c o e f f i c i e n t s Fg a r e t h e s t r u c t u r e f a c t o r s f o r 

r e f l e c t i o n s f r o m p l a n e s w i t h r e c i p r o c a l l a t t i c e v e c t o r s 
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Now, n e g l e c t i n g c o l l i s i o n s , t h e e q u a t i o n o f m o t i o n o f a 

f r e e e l e c t r o n i n an e l e c t r i c f i e l d i s 

mx = - eE 

Fo r t h e i n t e r a c t i o n o f an e l e c t r o m a g n e t i c wave and a 

f r e e e l e c t r o n (we assume t h a t t h e K a n d L e l e c t r o n s may 

be c o n s i d e r e d a s f r e e ) , x a n d E may be w r i t t e n i n t h e f o r m 

X ^ 2io e x p ( - j u > t ) 

E = Eo e x p ( - j w t ) 

S u b s t i t u t i n g e q u a t i o n s 3 i n e q u a t i o n 2 we o b t a i n 

X = e E 
2 

mw 

The p o l a r i z a t i o n P i s g i v e n by 

£ = - ^ ( i : ) e x = - ^ ( r ) e ^ E 

2 
mcj 

a n d t h e s u s c e p t i b i l i t y by 

X - P = - e ( r ) 
2 

e 
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S u b s t i t u t i n g f o r ^ ( r ) i n e q u a t i o n 4 f r o m e q u a t i o n I g i v e s 

X = - ê  fl 
2 V 

Fg e x p ( - 2 K r j a . r ) 
9 

A l s o we may w r i t e 

X = J Xg exp ( -2 i r j a . r ) 
9 

C o m p a r i n g e q u a t i o n 5 a n d e q u a t i o n 6 we h a v e 

^9 = - Fg = - f F g 

1.5.3 S o l u t i o n o f M a x w e l l E q u a t i o n s 

A s s u m i n g t h a t a t X - r a y f r e q u e n c i e s t h e c o n d u c t i v i t y o f t h e 

med ium i s z e r o a n d t h e p e r m e a b i l i t y i s u n i t y M a x w e l l ' s 

e q u a t i o n s r e d u c e t o 

V xE = - = 
at at 

at dt 

Now vve assume t h a t t h e s o l u t i o n s may be e x p r e s s e d as a sum 

o f p l a n e waves as 

I I 



A = exp2Trjvt Y. Agexp ( - 2 T r j K g . r ) 
9 

F o l l o w i n g t h e c o u r s e p r e v i o u s l y o u t l i n e d we o b t a i n t h e 

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

i m p o r t a n c e , t h o s e o f t h e i n c i d e n t and d i f f r a c t e d beams, as 

o^^-ik^HgXg - i k ^ C ^ r ^ F g F g (F rom 8 

e q u a t i o n 7) w h e r e k i s t h e vacuum w a v e . v e c t o r and C i s a 

p o I a r i z a t i o n f a c t o r o f u n j t y f o r t h e or p o l a r i z a t i o n s t a t e 

( n o r m a l t o t h e p l a n e o f i n c i d e n c e ) and cos2e f o r t h e i r 

s t a t e ( i n t h e p l a n e o f i n c i d e n c e ) . 

o<o = _1 r K o . K o - k̂  ( I - T F o ) 
2k L 

a n d = _1 r K g . K g - k̂  ( I - P F o ) " 
2K L ~ 

1 .5 .4 The D i s p e r s i o n S u r f a c e 

The d i s p e r s i o n s u r f a c e w h i c h i s b a s e d on t h e E w a l d 

c o n s t r u c t i o n ( s e e F i g u r e 6) r e p r e s e n t s t h e r e l a t i o n s h i p 

b e t w e e n Ko a n d Kg as d e s c r i b e d i n e q u a t i o n 8. R e f e r r i n g 

t o F i g u r e 7 we s e e t h a t c i r c l e s o f r a d i u s k ( s p h e r e s i n 3 - D ) 

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

l a t t i c e p o i n t 0 a n d a b o u t t h e r e c i p r o c a l l a t t i c e p o i n t G. 

A t t h e i n t e r s e c t i o n o f t h e s e c i r c l e s , t h e Laue p o i n t 

L, t h e r e l a t i o n Kg = Ko + g i s s a t i s f i e d f o r |Ko [ = | K g | = k, 
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I f we r e d r a w t h e s p h e r e s f o r | K o | = |j<g = k ( I - ^ P F o ) 

we t a k e i n t o a c c o u n t t h e a v e r a g e r e f r a c t i v e i n d e x o f t h e 

m e d i u m . I f we r e w r i t e t h e f i r s t o f e q u a t i o n s 9 as 

2K 
( K o . K o ) ^ + k ( l - r F o ) " ^ i r ( K o . K o ) ^ - k ( l - r F o f 

w h i c h , s i n c e |Ko | d o e s n o t d i f f e r much f r o m k , r e d u c e s t o 

c<o = ( K o . K o ) ^ - k ( l - T F O ) ^ 10 

We o b t a i n | K O | = k ( l - " i - r F o ) + <=Co 

S i m i l a r l y |Kg | = k ( l - i P F o ) + 

T h u s |Ko | ( I K g l ) d i f f e r s f r o m k ( l - i P F o ) by (̂ 5̂̂ ) 

g i v i n g l o c i f o r t h e p o s s i b l e o r i g i n o f j<o ( K g ) shown i n 

f i g u r e 7 f o r + v e and - v e c o r r e c t i o n s ( « . and ^ b r a n c h r e s p e c t i v e l y ) 

We a r e o n l y i n t e r e s t e d i n t h e r e g i o n n e a r t h e Laue p o i n t 

w h e r e t h e s p h e r e s may be a p p r o x i m a t e d as p l a n e s . I n F i g u r e 

8 A A ' a n d B B ' r e p r e s e n t n e a r p l a n a r s e c t i o n s o f t h e s p h e r e s 

a b o u t 0 and G r e s p e c t i v e l y . F i g u r e 7 r e p r e s e n t e d o n l y one 

p o l a r i s a t i o n s t a t e . I n F i g u r e 8 t h e s o l i d l i n e r e p r e s e n t s 

t h e a s t a t e a n d t h e b r o k e n l i n e t h e i r s t a t e . A p o i n t on 

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

a n d v e c t o r s d r a w n f r o m one o f t h e s e t i e p o i n t s t o 0 and G 

r e p r e s e n t an a I l o w e d wave v e c t o r p a i r . C)io and a.^^are i n 

g e n e r a l c o m p l e x so we mus t g i v e some j u s t i f i c a t i o n f o r 

d i s c o u n t i n g t h e i m a g i n a r y p a r t s i n o u r d i s c u s s i o n o f t h e 
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d i s p e r s i o n s u r f a c e . I f i n e q u a t i o n 10 we w r i t e Ko = Ko -
// // 

j K o ( w h e r e Ko r e p r e s e n t s t h e a b s o r p t i v e p a r t oF t h e wave 

v e c t o r ) we o b t a i n 

cxo = Ko I - / K o - 2 j /Ko c o s B 

Ko/ Ko 

- k ( l - t P F o ) 

w h e r e B i s t h e a n g l e b e t w e e n Ko and K o . I n mos t c a s e s o f 

" ' 2 

i n t e r e s t ( K O / K O ) ^ I so e x p a n d i n g t h e r e m a i n i n g t e r m s o f 

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

we o b t a i n , " 

o<o' Ko - k ( I - i P F o ) 

Qio" ^ - K o c o s B +4k r Fo I I 

II 

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

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

i n a c r y s t a l u n d e r low a b s o r p t i o n c o n d i t i o n s . 

I t may be shown by s u b s t i t u t i n g b a c k i n t o M a x w e l l ' s e q u a t i o n s 

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

E£ = - 2qLo = -kC r Fq 12 

^° kCTFg ^ ' ^ ' i 
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1 . 5 . 5 B o u n d a r y C o n d i t i o n s a t C r y s t a l S u r f a c e 

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

on t h e c r y s t a l s u r f a c e . The g e n e r a l c a s e o f p o l a r i z a t i o n 

may be t r e a t e d by t h e s u p e r p o s i t i o n o f o r t h o g o n a l p o l a r i z a t i o n 

s t a t e s . S p h e r i c a l wave e f f e c t s w i l l be c o n s i d e r e d l a t e r . 

The b o u n d a r y i s c o n s i d e r e d p l a n e and s h a r p . 

As t h e a m p l i t u d e o f r e f l e c t e d waves a t t h e s u r f a c e i s q u i t e 

n e g l i g i b l e ( e x c e p t a t g r a z i n g i n c i d e n c e ) t h e f i e l d v e c t o r s 

m u s t b e c o n t i n u o u s a c r o s s t h e s u r f a c e . I n a d d i t i o n , f o r 

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

v e c t o r s i n s i d e and o u t s i d e t h e c r y s t a l can o n l y d i f f e r by a 

v e c t o r n o r m a l t o t h e s u r f a c e . 

i . e . Ko' - K o ^ = ( j = ,n>iT , C c r ) 

Where K o ' i s t h e i n c i d e n t wave v e c t o r and g ^ i s an 

" a c c o m m o d a t i o n f a c t o r " w h i c h d i f f e r s f o r each i n t e r n a l 

wave v e c t o r K o ^ . 

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

i . e . i n t r a n s m i s s i o n . The t i e p o i n t s A and B ( f i g u r e 9 ) 

a r e f o u n d by d r a w i n g t h e n o r m a l t o t h e s u r f a c e S S ' t h r o u g h 

t h e t a i l o f Ko . T h u s t h e " i n s i d e i n c i d e n t wave v e c t o r s " , 

Ko^o- a n d Koj^cr ar-e g e n e r a t e d . 
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U t i I i z i n g t h e B r a g g c o n d i t i o n Kg = Ko + £ and d i v i d i n g 

t h e wave v e c t o r s i n t o r e a l and i m a g i n a r y p a r t s we may 

w r i t e 

j<o - Ko^ = k g ^ n 
II II 

Ko^ = k9 i , n 13 

Ko - K g ^ = k g ^ n -
/ / II 

K g j = k g ^ n 

We h a v e c o n s i d e r e d t h e o u t s i d e i n c i d e n t wave v e c t o r Ko' 

t o be r e a l . We t h u s s e e c l e a r l y t h a t t h e i m a g i n a r y p a r t 

o f J<o^, J<o^ i s a l o n g t h e s u r f a c e n o r m a l i . e . t h e a b s o r p t i o n 

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

l < 9 i . 

I . 5 . 6 F i e l d A m p I i t u d e s 

The f i e l d a m p l i t u d e s a t any p o i n t i n a c r y s t a l depend on 

1 . The r a t i o o f t h e f i e l d a m p l i t u d e s a s s o c i a t e d w i t h 

t h e t i e p o i n t . 

2 . The e n e r g y o f t h e " i n s i d e i n c i d e n t w a v e " as d e c i d e d 

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

3 . The a b s o r p t i o n o f t h e m e d i u m . 
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A t t h e e x a c t B r a g g a n g l e t h e o u t s i d e i n c i d e n t wave v e c t o r 

p a s s e s t h r o u g h t h e Laue p o i n t L. R e f e r r i n g t o f i g u r e 10 

we now e x a m i n e w h a t h a p p e n s i f t h i s c o n d i t i o n i s n o t e x a c t l y 

m e t . We t r e a t a l l v e c t o r s t o 0 ( o r G) as p a r a l l e l . 

Ko - k - k g ^ n . S o 

Kg - PG - k g ^ n . s ^ I 4 

w h e r e s© and s ^ a r e u n i t v e c t o r s i n t h e i n c i d e n t and 

d i f f r a c t e d beam d i r e c t i o n s . 

Now PG = k + LPsin2e = k - kAesin20 w h e r e A0 = LP /k 15 

From e q u a t i o n s I I , 14 and 15 we o b t a i n 

i I nr- 1 A A o^o = -j^kPFo - kg^ n . S o 

^ = 4krFo - kg^ n . s ^ - kAesin2e 

«Xo = ^l^rFo - kg^ n . S o 

= -^kPFo - kg'^ n . s ^ O t a 

I n c o m b i n e d f o r m 

«o = i k P F o - kg^n.so 

= ^ k P F o - k g ^ n . s ^ - kAesin20 

We may e l i m i n a t e g ^ f r o m t h e s e e q u a t i o n s a n d , u t i l i z i n g 
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t h e e q u a t i o n o f t h e d i s p e r s i o n s u r f a c e , we o b t a i n 

+ cK^ / n . So 

fi . Se 

i k P F o / I - n . s 
A A 
n . SQ 

• k / \ e s i n 2 e n . ^ i k ^ C ^ r ^ F g F g = 0 

n . &J 

C o n s i d e r i n g a s y m m e t r i c Laue r e f l e c t i o n w h e r e n . S o / n . S o ^ = I 

t h i s r e d u c e s t o 

(Xo = - 5 [ k A e s i n 2 e ^ i - ( k ^ A e ^ s i n ^ 2 e + k ^ C ^ P ^ F g F g ) ^ 16 

9 9 
W e l l o f f t h e B r a g g a n g l e when Ae s i n 2e > > C ' ' T "^FgFg we have 

. 2 „ 2 . 

^0 -* ^ k A e s i n20 + k I A0 I s i n2e 

i . e . = , 0 , + k I A 6 I s i n 20 
II 

o<o = 0 

From e q u a t i o n 12 we h a v e Eg /Eo = - 2 o < 6 / k C r F g . R e f e r r i n g t o 

f i g u r e I I we see t h a t f o r t i e p o i n t s A j - a n d C5<5-* 0 

so E g / E o 0 . T h u s t h e r e i s no d i f f r a c t e d wave and o n l y a 

s i n g l e wave o f a m p l i t u d e Eo i s p r o p o g a t e d . For B| and A ^ O C Q - ^ O O 

and so an i n f i n i t e l y l a r g e Eg w o u l d o c q u r f o r any Eo , 

s u g g e s t i n g t h a t E o 0 i . e . no i n c i d e n t wave c a n e x i s t 

t o e x c i t e t h e s e t i e p o i n t s . Near t h e d i a m e t e r o f t h e d i s p e r s i o n 

s u r f a c e t i e p o i n t s on b o t h b r a n c h e s a r e a c t i v e and a t t h e 

c e n t r e |Eg| = (Eo| (To p r o v e t h i s p u t A0 = 0 r e m e m b e r i n g 

t h a t Fg JV, Fg f o r any s t r u c t u r e . ) 
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1 . 5 . 7 The E n e r g y F low and P e n d e l l o s u n g F r i n g e s 

s i n c e f r o m a t o p o g r a p h i c p o i n t o f v i e w we a r e more 

i n t e r e s t e d i n d i f f r a c t e d i n t e n s i t y t h a n w i t h wave v e c t o r s 

we now t u r n o u r a t t e n t i o n t o t h e P o y n t i n g v e c t o r f o r t h e 

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

g i v e n by S = x IH a n d r e p r e s e n t s t h e e n e r g y c r o s s i n g u n i t 

a r e a n o r m a l t o S i n u n i t t i m e . The c o m p l e x i t y o f t h e 

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

v a l u e so we a v e r a g e f i r s t o v e r t i m e and o v e r t h e u n i t c e l l 

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

b r a n c h , t h e p> b r a n c h , and a c o u p l i n g t e r m b e t w e e n t h e m . 

i . e . = Sot S ^ + 

w h e r e S<i. = -j^expC-4>ff-jiQ;i.. R ) ( Ê Ô L ( So + £g'>i-| . S t j 

Sp. = | e x p ( - 4 i r K o f t . R ) [ I Eo;. I 1^ + | E g ^ ( 

r " " 
S:^^ = e x p -2"TT(KOOI. + K O ^ ) . R X 

( I Eo«. II Eof. I ^ + I Eg^ ' l l Egv^l §^)cos[2-5T ( K L - Ko^ ) . R ' 

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

o f t h e s o - c a l l e d P e n d e l l o s u n g f r i n g e s w h i c h may be o b s e r v e d 

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

a b s o r p t i o n i s n e g l i g i b l e ( i . e . Ko^ = K o ^ = O) t h e n SOL 

a n d S\!> a r e i n d e p e n d e n t o f d e p t h . The v e c t o r ( K O ' ^ - K o ^ ) 

i s n o r m a l t o t h e e n t r a n c e s u r f a c e ( f r o m b o u n d a r y c o n d i t i o n s ) 
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so S«x^ i s c o n s t a n t p a r a l l e l t o t h e e n t r a n c e s u r f a c e b u t 

v a r i e s s i n u s o i d a l l y w i t h d e p t h h a v i n g a p e r i od l / ( K o * - Kop) . 

I n f a c t e n e r g y i s e x c h a n g e d b a c k and f o r t h b e t w e e n s^ and 

s ^ as a f u n c t i o n o f d e p t h e x t i n g u i s h i n g t o t a l l y i n t h e s^ 

d i r e c t i o n and n e a r l y i n t h e s^ d i r e c t i o n . The p e r i o d i s 

t h u s o f t e n known a s t h e e x t i n c t i o n d i s t a n c e . I t may be 

shown t h a t S*^ i s p a r a l l e l t o t h e e n t r a n c e s u r f a c e and so 

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

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

P o y n t i n g v e c t o r o v e r an e x t i n c t i o n d i s t a n c e i . e . f o r z e r o 

a b s o r p t i on 

a 1 X ^ 
S = SOL + S v ( IEOALISO + I Eg*. s<^) + (IE^O^^I SO + (Eg\v | S ^ ) 

K a t o ( l 6 ) h a s shown t h a t t h e d i r e c t i o n o f e n e r g y f l o w 

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

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

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

1 . 5 . 8 L i m i t a t i o n s o f P l a n e Wave T h e o r y 

For t h e p l a n e wave t h e o r y t o be t r u l y v a l i d t h e d i v e r g e n c e 

o f t h e i n c i d e n t wave f i e l d mus t be r a t h e r l e s s t h a n t h e 

w i d t h o f t h e r o c k i n g c u r v e . I n f a c t , i n mos t e x p e r i m e n t s 

t h i s i s n o t t h e c a s e and t h e w h o l e o f t h e d i s p e r s i o n s u r f a c e 
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i s s i m u l t a n e o u s l y e x c i t e d by c o h e r e n t r a d i a t i o n . Thus 

wave f i e l d s a r e p r o d u c e d w h i c h f i l l t h e 20 r a n g e b e t w e e n 

So and s ^ , t h u s l y i n g i n a t r i a n g l e w h i c h i s s o m e t i m e s 

known as t h e Bormann f a n . 

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

SOLV" p r e d i c t e d t h e p o s s i b i l i t y o f P e n d e l l o s u n g f r i n g e s . I n 

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

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

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

s u p e r p o s e i n t h e c r y s t a l . I f , h o w e v e r , t h e w h o l e o f t h e 

d i s p e r s i o n s u r f a c e i s e x c i t e d , i n t e r f e r e n c e may o c c u r 

b e t w e e n t i e p o i n t s s u c h a s A and A ' ( f i g u r e 12) w h e r e t h e 

s u r f a c e n o r m a l s a r e i n t h e same d i r e c t i o n . 

1 . 5 . 9 A b s o r p t i on 

The i m a g i n a r y p a r t o f c*,o ' s g i v e n by e q u a t i o n I I as 

« o ^ -Ko c o s S + i k P F o 
II 

As we h a v e s e e n , w e l l o f f t h e S r a g g a n g l e «.o 0 so t h a t 

KocosR = - ^kPFo . Thus t h e e x p o n e n t i a l a b s o r p t i o n f a c t o r i s 

g i v e n b y 

e x p ( - 2 - n K o . R ) = e x p [ -2Tv( -5 :k rFo) t " 
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S q u a r i n g t h e t e r m on t h e r i g h t t o r e p r e s e n t an i n t e n s i t y 

l o s s a n d e q u a t i n g t o e x p ( - ( j o t ) w h e r e ^o ' s t h e l i n e a r a b s o r p t i o n 

c o e f f i c i e n t we h a v e 

»/ 

fx, = 2TrkrFo 

For t h e d i a m e t e r p o i n t s (A0 = O) we h a v e f r o m e q u a t i o n l 6 

= + i k | C | r i [ F g F g ] i 

w h e r e I i n d i c a t e s t h e i m a g i n a r y p a r t . M o v i n g away f r o m t h e 

e x a c t B r a g g a n g l e an i n c r e a s i n g l y l a r g e r e a l p a r t i s added 

t o t h e c o m p l e x c o n s t a n t b e f o r e t a k i n g t h e s q u a r e r o o t . The 

e f f e c t i v e a b s o r p t i o n c o e f f i c i e n t i s p r o p o r t i o n a l t o t h e 

d i f f e r e n c e b e t w e e n t h e l i n e a r a b s o r p t i o n l i n e ^kPFo and (x.« 

f o r t h e A0 v a l u e o f i n t e r e s t , ( f i g u r e 1 3 ) . Thus we see 

t h a t t h e ^ b r a n c h c a n h a v e a v e r y s m a l l a b s o r p t i o n c o e f f i c i e n t . 

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

t r a n s m i s s i o n i s i l l u s t r a t e d i n f i g u r e 14 , f o r d i a m e t e r 

p o i n t s on t h e d i s p e r s i o n s u r f a c e w h e r e Eo = E g . S t a n d i n g 

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

w i t h n o d e s o f t h e OL b r a n c h a n d a n t i n o d e s o f t h e b r a n c h . 

T h u s f o r t h e t*. b r a n c h o- p o l a r i z a t i o n t h e e l e c t r i c f i e l d a t 

an a t o m i c s i t e i s z e r o so t h a t no a b s o r p t i o n can o c c u r . The 

TT p o I a r i z a t i o n s t a t e s u f f e r s a b s o r p t i o n b e c a u s e t h e cos20 t e r m 

p r e v e n t s t h e e l e c t r i c f i e l d f r o m g o i n g t o z e r o a t t h e a t o m i c s i t e s , 
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I . 6 The C o n t r a s t o f D i s l o c a t i o n Images i n S e c t i o n and 

Lang T o p o g r a p h y 

H a v i n g , f r o m t h e p r e v i o u s s e c t i o n , g a i n e d some u n d e r s t a n d i n g 

o f t h e w a v e f i e l d s w i t h i n t h e B o r r m a n n f a n we a r e now i n a ' 

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

s e c t i o n t o p o g r a p h s and t o r e l a t e t h i s t o t h e c a s e o f Lang 

t o p o g r a p h s . F i r s t o f a l l , h o w e v e r , we w i l l p o i n t o u t t h a t 

some v a l u a b l e i n f o r m a t i o n i s l o s t i n Lang t o p o g r a p h s . 

R e f e r r i n g t o f i g u r e ( 1 5 ) we see t h a t a s t a t i o n a r y a r r a n g e m e n t 

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

t h e d i s t r i b u t i o n o f e n e r g y w i t h i n t h e B o r r m a n n f a n , 

i n f o r m a t i o n w h i c h i s l o s t i ^ t h e c r y s t a l and p l a t e a r e 

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

c o m p a r a b l e w i t h BC. The l a t t e r i s t h e r e a s o n f o r t h e n a r r o w 

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

n a t u r e o f t h e e n e r g y d i s t r i b u t i o n w i t h i n t h e f a n need n o t 
II 

c o n c e r n us h e r e , s u f f i c e i t t o say t h e P e n d e l l o s u n g f r i n g e s 

may be o b s e r v e d i n c r y s t a l s w i t h p a r a l l e l e x i t and e n t r a n c e 

s u r f a c e s , an o b s e r v a t i o n p r e d i c t e d by t h e s p h e r i c a l wave 

d y n a m i c a l d i f f r a c t i o n t h e o r y o f K a t o ( l 7 ) and t h a t a v e r a g i n g 
II 

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

i s f o u n d a t t h e e d g e o f t h e d i f f r a c t e d beam. 

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

s e c t i o n t o p o g r a p h s . The " d i r e c t " image i,, ( f i g u r e ( l 6 ) ) a r i s e s 

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

r e g i o n a r o u n d a d i s l o c a t i o n c o r e . S i n c e t h e p a r t 
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r e f l e c t e d mus t l i e w e l l away f r o m t h e c e n t r e o f t h e p e r f e c t 

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

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

i n t h i c k c r y s t a l s , d i r e c t images may n o t a p p e a r a t a l l . 

As w a v e f i e l d s p r o p o g a t i n g i n a p a r t i c u l a r d i r e c t i o n ( s a y OR) 

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

i n t o t r a n s m i t t e d and d i f f r a c t e d c o m p o n e n t s . On r e - e n t e r i n g 

t h e p e r f e c t c r y s t a l new w a v e f i e l d s a r e e x c i t e d and e n e r g y 

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

r e d u c e d i n t e n s i t y w i t h i n t h e f a n . T h i s shadow g i v e s r i s e 

t o t h e " d y n a m i c " image i^ w h i c h a p p e a r s l i g h t e r t h a n t h e 

b a c k g r o u n d on t h e t o p o g r a p h y The new w a v e f i e l d i n t e r f e r e s 

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

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

i mage i^ . 

Lang t o p o g r a p h s may be r e g a r d e d as a s u p e r p o s i t i o n o f 

s e c t i o n t o p o g r a p h s . Once a g a i n d i r e c t images a r e f o u n d 

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

and i n t e r m e d i a r y images t e n d t o be b l u r r e d o u t . I n f a c t 

i n t e r m e d i a r y images t e n d o n l y t o show t h e i r e x i s t e n c e by 

p r o d u c i n g an a s y m m e t r y i n t h e d y n a m i c a l images and e x a m p l e s 

o f i n t e r m e d i a r y images i n Lang t o p o g r a p h s a r e r a r e . 

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

d i s l o c a t i o n images i n X - r a y t o p o g r a p h s . More d e t a i l e d 

i n f o r m a t i o n w i l l be i n t r o d u c e d as r e q u i r e d as w i l l 
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i n f o r m a t i o n on o t h e r f e a t u r e s s u c h as p r e c i p i t a t e s , doma ins 

e t c . 
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S y n c h r o t r o n R a d i a t i o n T o p o g r a p h y 

2 . P r o p e r t i e s o f S y n c h r o t r o n R a d i a t i o n 

The a c c e l e r a t e d e l e c t r o n s i n an e l e c t r o n s y n c h r o t r o n e m i t 

e l e c t r o m a g n e t i c r a d i a t i o n . The i n s t a n t a n e o u s power e m i t t e d 

by an e l e c t r o n o f e n e r g y E t r a v e l l i n g I n a c i r c u l a r o r b i t 

o f r a d i u s R, p e r u n i t w a v e l e n g t h i n t e r v a l , p e r u n i t o f t h e 

a n g l e b e t w e e n t h e e m i t t e d r a d i a t i o n a n d t h e o r b i t a l p l a n e , 

i s g i v e n by 

27 
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The K ' s a r e m o d i f i e d B e s s e l f u n c t i o n s o f t h e s e c o n d k i n d ; 

Eo i s t h e p e r m i t t i v i t y o f f r e e s p a c e . 

26 



The f i r s t and s e c o n d t e r m s i n t h e w a v y , b r a c k e t s r e p r e s e n t 

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

p o l a r i z e d i n , a n d n o r m a l t o t h e o r b i t a l p l a n e . Thus t h e 

r a d i a t i o n e m i t t e d i n t h e o r b i t a l p l a n e , f o r w h i c h f = 0 

i s h o r i z o n t a l l y p l a n e p o l a r i z e d . 

The s p e c t r a l d i s t r i b u t i o n i s f o u n d by i n t e g r a t i n g e q u a t i o n 

I o v e r y t o o b t a i n 

00 

^ I ( X . E ) = £ / L A f^\^(k]^ [ K5/3(r^)dr^ 2 

kc/k 

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

s p e c t r u m a r e d e s c r i b e d by e q u a t i o n 2 a l t h o u g h i n c a l c u l a t i n g 

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

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

e l e c t r o n e n e r g y has a s i n e s q u a r e d d e p e n d e n c e mus t be made. 

The t i m e a v e r a g e d f l u x f o r NINA i s shown i n f i g u r e 17 . 

The r a d i a t i o n p a s s e s t h r o u g h a t a n g e n t i a l beam p i p e w i t h a 

b e r y l l i u m w indow i n t o t h e e x p e r i m e n t a l a r e a ( f i g u r e 18) . 

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

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

a b o u t 47m l o n g i n N INA . B e t a t r o n o s c i l l a t i o n s l e a d t o an 

e f f e c t i v e s o u r c e s i z e o f 0.5mm s q u a r e and a t 47m t h i s l e a d s 

t o a h i g h l y c o l l i m a t e d beam 5 mm h i g h e x t e n d i n g h o r i z o n t a l l y 

a r o u n d t h e s y n c h r o t r o n . I t s p r a c t i c a l w i d t h i s l i m i t e d by 
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t h e d i a m e t e r o f t h e beam p i p e . 

2 . 2 Uses o f S y n c h r o t r o n R a d i a t i o n i n X-Ray T o p o g r a p h y 

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

X - r a y t o p o g r a p h y s t e m f r o m t h r e e p r o p e r t i e s ; t h e h i g h 

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

c o l l i m a t l o n o f t h e b e a m . 

As we h a v e seen i n t h e f i r s t c h a p t e r , t h e r e s o l u t i o n o f 

w h i t e r a d i a t i o n t o p o g r a p h s , t a k e n u s i n g c o n v e n t i o n a l X - r a y 

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

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

any p a r t o f t h e c r y s t a l . C o n s i d e r a v e r t i c a l p l a n e o f 

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

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

s o u r c e o f h e i g h t H , Ae i s H / L r a d i a n s . The d i f f r a c t e d beam 

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

o f H F / L w h e r e F i s t h e s p e c i m e n t o p l a t e d i s t a n c e . S i m i l a r l y 

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

r e s o l u t i o n b e i n g g i v e n by W F / L w h e r e W i s t h e s o u r c e w i d t h . 

W i t h V/ = H = 0 . 5 mm, L = 47 m, and F = 10 cm, t h e g e o m e t r i c a l 

s p a c i a l r e s o l u t i o n i s j u s t a b o u t l | jm, w h i c h i s c o m p a r a b l e 

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

d i s t a n c e o f 10 c m . 
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T h e c o n t i n u o u s s p e c t r u m o b v i a t e s t h e n e e d f o r t h e c a r e f u l 

a d j u s t m e n t o f t h e s p e c i m e n w h i c h i s n e c e s s a r y i n L a n g 

t o p o g r a p h y . One m a y , b y a d j u s t i n g t h e c r y s t a l , s e l e c t a 

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

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

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

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

a L a u e d i f f r a c t i o n p a t t e r n . 

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

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

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

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

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

w h e n u s i n g a L a n g c a m e r a . T h e h i g h s p e e d , a r i s i n g f r o m n o t 

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

w h o l e c r y s t a l i s e x p o s e d a t o n c e , m a k e s d y n a m i c a l 

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

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

c o n t i n u o u s s p e c t r u m i s e x t r e m e l y u s e f u l ) e t c . , much m o r e 

f e a s i b l e . T h e s e s o r t o f s t u d i e s h a v e p r e v i o u s l y b e e n t h e 

p r o v i n c e o f w o r k e r s u s i n g p o w e r f u l X - r a y g e n e r a t o r s a n d 

t e l e v i s i o n s e q u i p p e d w i t h X - r a y s e n s i t i v e p h o s p h o r s c r e e n s . 

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

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

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

t i m e . T h i s c o n s i d e r a b l y e a s e s t h e d e t e r m i n a t i o n o f B u r g e r ' s 

v e c t o r s a n d t h e d i s t o r t i o n d i r e c t i o n s i n d o m a i n s . 

2 . 3 R e v i e w o f S y n c h r o t r o n T o p o g r a p h y E x p e r i m e n t s 

T h e u s e o f s y n c h r o t r o n r a d i a t i o n i n X - r a y t o p o g r a p h y w a s 

f i r s t r e p o r t e d b y T u o m i e t a I i n 1 9 7 3 ( 1 8 ) . S i n c e s o f e w 

r e s u l t s h a v e b e e n p u b l i s h e d t h e n i t i s p o s s i b l e a n d w o r t h 

w h i l e t o g i v e a b r i e f r e v i e w o f i n d i v i d u a l p a p e r s . 

| n a s u b s e q u e n t p a p e r ( l 9 ) T u o m i a n d h i s c o - w o r k e r s d i s c u s s e d 

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

e x p e r i m e n t s i n s o m e d e t a i l . T r a n s m i s s i o n t o p o g r a p h s 

o f ( i l l ) s i l i c o n w e r e u s e d t o i l l u s t r a t e some p o s s i b i l i t i e s 

a n d p r o b l e m s o f t h e t e c h n i q u e . A f t e r a c o m p a r i s o n o f c a l c u l a t e d 

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

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

o f t h e s e t h e y m a d e c o m p l e t e B u r g e r ' s v e c t o r a n a l y s e s . T h e 

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

o r d e r r e f l e c t i o n s . T h e s e h a v e l o n g e x t i n c t i o n d i s t a n c e s a n d , 

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

o f a d i s l o c a t i o n a s (^/2Tr) | a . b | f o r s c r e w a n d a s ( 0 . 8 8 § / " ^ ) 

Q . b | f o r e d g e t y p e , h i g h o r d e r r e f l e c t i o n s may d o m i n a t e i f 

t h e y a r e o f s u f f i c i e n t i n t e n s i t y . T h e y u s e d K o d a k R s i n g l e 
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c o a t e d f i l m m o u n t e d n o r m a l t o t h e i n c i d e n t b e a m . 

H a r t , ( 2 0 ) t a k i n g s u r f a c e r e f a c t i o n t o p o g r a p h s , 

e n d e a v o u r e d t o i m p r o v e t h e r e s o l u t i o n b y u s i n g 11 f o r d 

L 4 2 5 f j m . p l a t e s m o u n t e d n o r m a l t o t h e d i f f r a c t e d b e a m . 

( F o r h i g h r e s o l u t i o n w o r k t h e t h i c k n e s s o f t h e p h o t o g r a p h i c 

e m u l s i o n b e c o m e s o f s o m e i m p o r t a n c e . I f a beam o f w i d t h d 

h i t s a n e m u l s i o n o f t h i c k n e s s t a t an a n g l e 9 t o t h e 

n o r m a l t o t h e p l a t e t h e n t h e i m a g e w i d t h i s g i v e n b y 

t X t a n e + d / c o s 0 . He " a l s o t o o k c a r e i n l i m i t i n g b a c k 

g r o u n d r a d i a t i o n p r o d u c e d b y o b j e c t s ( s u c h a s t h e g o n i o m e t e r ) 

w h i c h , i f h i t b y t h e b e a m w i l l s c a t t e r and f l u o r e s c e . He 

e x a m i n e d o x i d e e d g e s i n s i l i c o n . O v e r l a p p i n g o r d e r s s t i l l 

m a d e t h e i m a g e s b r o a d e r t h a n w h e n e x a m i n e d b y L a n g t o p o g r a p h y , 

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

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

s u b - g r a i n s w h i c h c o u l d n o t b e i m a g e d s i m u l t a n e o u s l y u s i n g 

m o n o c h r o m a t i c r a d i a t i o n . T h e e f f e c t s o f t h e v a r i a t i o n o f 

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

o n d i f f e r e n t o r d e r s w e r e c o n s i d e r e d , f a c t o r s w h i c h T u o m i ' s 

g r o u p a p p a r e n t l y o v e r l o o k e d . 

B o r d a s e t a l ( 2 1 ) i l l u s t r a t e d t h e s i m p l i c i t y o f t h e 

t e c h n i q u e f o r t a k i n g t o p o g r a p h s t h r o u g h a p h a s e t r a n s i t i o n . 

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

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

D u r i n g e a c h e x p o s u r e o f 1 0 - 3 0 s e c o n d s t h e t e m p e r a t u r e 

v a r i a t i o n w a s w i t h i n 0 . 2 5 ° C . 

2 . 4 E x p e r i m e n t s o n S i l i c o n W e d g e 

A s p e c i m e n o f ( T i T ) s i l i c o n p o l i s h e d i n t o a w e d g e o f a n g l e 

1 . 4 ° w i t h a t h i c k n e s s v a r y i n g f r o m 5 ( i m . t o 120 | j m . w a s u s e d 

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

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

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

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

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

5 mm. u s i n g a d r i l l e d l e a d b l o c k . T h i s w a s f o l l o w e d b y a 

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

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

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

w a s m o u n t e d w i t h w a x o n a s t a n d a r d t w o a r c g o n i o m e t e r . S i n c e 

t h e i n t e n s i t y o f t h e s y n c h r o t r o n X - r a y o u t p u t i s v e r y h i g h 

n o a d j u s t m e n t s t o t h e s p e c i m e n may b e made when t h e s h u t t e r s 

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

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

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

a p p r o x i m a t e l y w i t h t h e b e a m , o n e a t s a y I m. f r o m t h e beam 

p i p e , t h e o t h e r a t s a y 5 m. T h e s e a r e t h e n e x p o s e d a n d , 

w i t h o u t c h a n g i n g t h e i r p o s i t i o n , p i n h o l e s a r e made i n t h e m 
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a t t h e c e n t r e o f t h e e x p o s e d r e g i o n . A l a s e r a t s a y 8 m . i s 

t h e n a l i g n e d a l o n g t h e a x i s o f t h e X - r a y b e a m u s i n g t h e s e 

p i n h o l e s . N o t o n l y c a n t h e s p e c i m e n t h e n b e c o r r e c t l y 

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

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

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

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

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

i s n o r m a l t o t h e B r a g g p l a n e s . F i g u r e 19 s h o w s a s y n c h r o t r o n 

t o p o g r a p h o f t h e s i l i c o n w e d g e r e c o r d e d o n L4 25 m. e m u l s i o n 

w i t h a s p e c i m e n t o p h o t o g r a p h i c p l a t e d i s t a n c e o f 5 cm. 

F i g u r e 2 0 i s a L a n g t o p o g r a p h o f t h e same w e d g e . U s i n g a 

r o t a t i n g a n o d e g e n e r a t o r o p e r a t i n g a t 5 0 k V , 4 0 mA w i t h a 

m o l y b d e n u m t a r g e t t h e e x p o s u r e t i m e w a s 2 0 m i n u t e s o n L4 50 \\m 

e m u l s i o n a s c o m p a r e d w i t h 8 0 s e c o n d s a t 5 G e V , 18 mA f o r t h e 

s y n c h r o t r o n t o p o g r a p h . 

2 . 5 C o n t r a s t o f L a n g a n d S y n c h r o t r o n T o p o g r a p h s 

A p a r t f r o m d i s l o c a t i o n c o n t r a s t w h i c h we w i l l s h o r t l y 

i t T h i s p a p e r w a s p r o d u c e d b y D r . G . P . W i l l i a m s o f M o n t a n a 

S t a t e U n i v e r s i t y . E s s e n t i a l l y i t c o n s i s t s o f PVC a n d a pH 

i n d i c a t o r . T h e i n c i d e n t X - r a y s i o n i z e t h e P V C . C h l o r i n e 

c o m b i n e s w i t h h y d r o g e n i n t h e f i l m t o l o w e r t h e pH t h i s 

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

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

b e t w e e n t h e L a n g a n d s y n c h r o t r o n t o p o g r a p h s . 

1 . T h e r e g i o n N o f t h e c r y s t a l i s c r a c k e d a n d p a r t o f 

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

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

s a t i s f i e d i n t h e L a n g t o p o g r a p h b u t i s s a t i s f i e d when 

u s i n g s y n c h r o t r o n r a d i a t i o n . I n s u b s e q u e n t s y n c h r o t r o n 

t o p o g r a p h s a t s p e c i m e n t o p l a t e d i s t a n c e s o f 10 c m . a n d 20 

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

o f t h e g a p i n t h e t o p o g r a p h s s h o w n . T h i s i l l u s t r a t e s t h e 

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

2 . T h e f a d i n g o f P e n d e l l S s u n g f r i n g e s r e s u l t s f r o m t h e 

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

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

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

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

c h o i c e o f t h e 2 2 0 r e f l e c t i o n m i n i m i z e s t h i s b e c a u s e t h e 4 4 0 

c o m p o n e n t c o n t r i b u t e s l e s s t h a n 5% t o t h e i n t e n s i t y a n d t h e 

6 6 0 r e f l e c t i o n l e s s t h a n 0 . 1 ^ . 

S i n c e o n e o f t h e c h i e f a d v a n t a g e s o f s y n c h r o t r o n r a d i a t i o n 

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

a c c e p t a b l e i t i s o f i n t e r e s t t o k n o w how f a r t h i s d i s t a n c e 

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

c r y s t a l a n d t h i s s e e m s t o s u g g e s t t h a t a t 10 c m . a r e s o l u t i o n 

o f a b o u t I - 2 ^m i s p o s s i b l e w h e r e a s a t 20 c m . t h i s i s 

r e d u c e d t o 2 - 3 | i m . We w i l l now c o n s i d e r t h e e f f e c t o f 

o r i e n t a t i o n c o n t r a s t w h e n t h e c r y s t a l h a s m i s o r i e n t e d 

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

D i r e c t a n d d y n a m i c a l i m a g e s a r e v i s i b l e i n b o t h L a n g a n d 

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

m a x i m a . T h e w i d t h s o f t h e d i r e c t i m a g e s a r e s i m i l a r i n t h e 

t w o t o p o g r a p h s , t h e n a r r o w e s t b e i n g a b o u t 8 ( j m . , a n d some 

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

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

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

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

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

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

i n f i g u r e 21 w h i c h s h o w s s e c t i o n s o f t h e s y n c h r o t r o n t o p o g r a p h s 

t a k e n w i t h s p e c i m e n t o p l a t e d i s t a n c e s o f 5 c m . , 10 c m . , a n d 

2 0 c m . T h e d i s l o c a t i o n i m a g e s a r e b r o a d e n e d a n d t h e e f f e c t 

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

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

r e g i o n s p r o d u c i n g t h e t w o i m a g e s i s g i v e n b y 2x01 w h e r e t h e 

c o n s t a n t oc i s a p p r o x i m a t e l y u n i t y , a n d 0^ i s t h e w i d t h a t 

h a l f h e i g h t o f t h e p e r f e c t c r y s t a l r o c k i n g c u r v e ( A u t h i e r ( 2 2 ) ) . 
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T h u s , s i n c e t h e b e a m d i v e r g e n c e i s n e g l i g i b l e , t h e a n g u l a r 

d i v e r g e n c e o f t h e i m a g e m a x i m a i s 4o.6>. . I n L a n g t o p o g r a p h y , 

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

i s m e t b y X - r a y s o f t h e same w a v e l e n g t h b u t d i f f e r i n g a n g l e s 

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

2ace^ . I n t h e s y n c h r o t r o n c a s e , f o r a 2 2 0 r e f l e c t i o n i n 

s i l i c o n u s i n g r a d i a t i o n o f a b o u t 0 . 9 6 A , t h e c a l c u l a t e d 

d i v e r g e n c e i s 5 . 7 X 1 0 " ^ r a d i a n s . M e a s u r e m e n t s f r o m t h e 

t h r e e t o p o g r a p h s o f f i g u r e 21 y i e l d a d i v e r g e n c e o f 

12 ( + 3 ) X 10 ^ r a d i a n s . O r i e n t a t i o n c o n t r a s t may b e u s e d 

t o d e t e r m i n e t h e s e n s e o f a B u r g e r ' s v e c t o r . U s i n g t h e 

c r i t e r i o n f o r t h e d i s a p p e a r a n c e o f a n i m a g e t h a t l ^ . b H O 

( w h e r e b i s t h e B u r g e r ' s v e c t o r ) , t h e B u r g e r ' s v e c t o r o f 

t h e d i s l o c a t i o n A h a s b e e n f o u n d t o l i e i n t h e 110 

d i r e c t i o n ( T a n n e r ( 2 3 ) ) . F o r a d o u b l e i m a g e t o o c c u r i n t h e 

2 2 0 r e f l e c t i o n t h e c r i t e r i o n | £ . b | > 2 m u s t b e m e t , g i v i n g 

a p r o b a b l e B u r g e r ' s v e c t o r o f + | [ l T O j . T h e d i v e r g e n c e o f 

t h e l o b e s i n t h e s y n c h r o t r o n t o p o g r a p h s w i t h a ( T i T ) e x i t 

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

F i g u r e 2 2 s h o w s a t o p o g r a p h o f HoVO^ w h i c h i n d i c a t e s 

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

c o n t r a s t w h i c h i s v e r y common i n s y n c h r o t r o n t o p o g r a p h s . 

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

p r o d u c e d b y t h e m o u n t i n g o f t h e s p e c i m e n . E x c e s s i v e 

o r i e n t a t i o n c o n t r a s t l i k e t h i s c a n b e v e r y t r o u b l e s o m e 
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w h e n i n t e r p r e t i n g r e s u l t s a s w i I I b e s e e n i n c h a p t e r 6 . 

2 . 6 C o n e i u s i o n 

A l t h o u g h , v a r i a t i o n o f t h e e f f e c t i v e s o u r c e s i z e d u r i n g 

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

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

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

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

e x c e p t w h e r e l a r g e s t r a i n s a r e p r e s e n t . D i r e c t a n d d y n a m i c a l 

i m a g e s a r e s e e n a n d t h e s e n s e o f a d i s l o c a t i o n B u r g e r ' s 

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

i m a g e s . 

37 -



3 C r y o g e n i c X - r a y S y n c h r o t r o n T o p o g r a p h y 

3 . I I n t r o d u c t i o n 

A s i n d i c a t e d i n t h e p r e v i o u s c h a p t e r t h e p r o p e r t i e s o f 

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

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

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

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

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

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

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

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

t h e p a p e r b y T a n n e r , S a f a a n d M i d g l e y . ( 2 4 ) . 

3 . 2 G l a s s C r y o s t a t w i t h E n . c l o s e d C o l d F i n g e r 

F i g u r e 2 3 s h o w s a c r y o s t a t . w h i c h w a s p r e v i o u s l y u s e d t o 

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

i n K N i F ^ ( S a f a , M i d g l e y a n d T a n n e p ( 2 5 ) ) . F o n t h i s 

p u r p o s e a s t a n d w a s c o n s t r u c t e d t o s u p p o r t t h e c r y o s t a t o n 

a L a n g Camera b u t h e r e i t i s i l l u s t r a t e d , a s i t w a s l a t e r 

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

e l e c t r o m a g n e t . A t t h e t i m e o f c o n s t r u c t i o n l i t t l e w o r k o n 

l o w t e m p e r a t u r e t o p o g r a p h y h a d b e e n r e p o r t e d f > e r h a p s d u e 

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

e q u i p m e n t . T h e home b u i l t c r y o s t a t d e s c r i b e d h e r e i s 
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u s e f u l f o r e x p e r i m e n t s a t a b o u t I 2 0 ° K w h e r e t e m p e r a t u r e 

c o n t r o l i s n o t e s s e n t i a l . A t t e m p t s w e r e made t o u s e t h e 

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

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

may m a k e t h i s p o s s i b l e . 

A c o p p e r r o d a c t i n g a s a c o l d f i n g e r w a s s c r e w e d o n t o a 

p l a t e b r a z e d t o t h e c o p p e r e n d o f a g l a s s t o m e t a l s e a l . 

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

t i l t e d a b o u t a h o r i z o n t a l a x i s . T h i s s i m p l e g o n i o m e t e r 

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

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

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

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

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

b e a m . L a r g e r v e r t i c a l a d j u s t m e n t c o u l d b e m a d e b y j a c k i n g 

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

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

v e s s e l i n c o r p o r a t e d f o r l i q u i d h e l i u m u s e . As c a n b e s e e n 

i n F i g u r e 2 3 t h r e e l a r g e r c o n c e n t r i c t u b e s f o r m t h e l i q u i d 

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

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

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

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

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

a l l o w i n g e v a c u a t i o n o f t h e c r y o s t a t . T h i s c a p w a s e q u i p p e d 

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

t h e p h o t o g r a p h i c p l a t e c o u l d b e p l a c e d w i t h i n 2 c m . o f t h e 

s p e c i m e n . T h e a d j u s t m e n t s t o t h e s p e c i m e n i n b o t h L a n g 

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

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

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

a t t h e s p e c i m e n h o l d e r w a s e s t i m a t e d t o b e a r o u n d I 2 0 ° K . 

T h i s e s t i m a t e w a s b a s e d o n a n a t t e m p t t o m e a s u r e t h e 

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

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

t h e c a p . H o w e v e r e m f ' s g e n e r a t e d a t t h e t u n g s t e n t o c o p p e r 

o r c o n s t a n t a n j u n c t i o n s made t h e r e s u l t u n r e l i a b l e . 

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

d o m a i n s i n K N i F ^ t a k e n u s i n g t h i s c r y o s t a t may b e f o u n d 

i n t h e p a p e r b y S a f a , T a n n e r a n d M i d g l e y ( 2 4 ) . I n C h a p t e r 

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

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

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

3 . 3 M e r i c S t a i n l e s s S t e e l C r y o s t a t 

A f t e r t h e m e a s u r e o f s u c c e s s a c h i e v e d w i t h t h e home b u i l t 

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

R e s e a r c h C o u n c i l t o b u y a v a r i a b l e t e m p e r a t u r e c r y o s t a t 

m a n u f a c t u r e d b y MERIC f o r L a n g t o p o g r a p h y a t a r o u n d l i q u i d 
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h e l i u m t e m p e r a t u r e s ( F i g u r e 2 4 ) . A s i m i l a r c r y o s t a t 

has b e e n u s e d f o r s t u d i e s o f m a g n e t i c d o m a i n s i n t e r b i u m 

i r o n g a r n e t down t o 4 . 2 ° K . ( M a t h i o t , P e t r o f f and 

B e r n a r d , ( 2 6 ) ; P e t r o f f a n d M a t h i o t , ( 2 7 ) ; M a t h i o t and 

P e t r o f f , ( 2 8 ) ) . T h i s c r y o s t a t i s a l s o shown i n f i g u r e 

25 m o u n t e d b e t w e e n t h e p o l e p i e c e s o f an e l e c t r o m a g n e t as 

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

a c h i e v e d by d r a w i n g h e l i u m v a p o u r t h r o u g h a t u b e c o n n e c t i n g 

t h e l i q u i d h e l i u m r e s e r v o i r and t h e s p e c i m e n c h a m b e r , t h e 

f l o w b e i n g c o n t r o l l e d by a n e e d l e v a l v e . The h e l i u m 

r e s e r v o i r h a s a c a p a c i t y o f 2 l i t r e s and l a s t s f o r 10 -

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

b e l o w 4 . 2 ° K may be a c h i e v e d by h a r d p u m p i n g and a h e a t i n g 

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

4 . 2 ° K . The t e m p e r a t u r e i s s t a b i l i z e d a t t h e d e s i r e d l e v e l 

by a c o n t r o l l e r w h i c h r e g u l a t e s t h e power d e l i v e r e d t o t h e 

h e a t e r a n d t h e s p e e d o f t h e pump. A GaAs d i o d e t h e r m o m e t e r 

i s u s e d t o m e a s u r e t h e t e m p e r a t u r e . I t i s p e r h a p s w o r t h 

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

f i e l d s no u n u s u a l b e h a v i o u r i n t h e d i o d e was i n d i c a t e d . 

The t a i l o f t h e c r y o s t a t w h i c h c o n t a i n s t h e s p e c i m e n 

h o l d e r i s o n l y a b o u t 1.3 cm. t h i c k , m a k i n g p o s s i b l e , when 

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

a b o u t I c m . The X - r a y w i n d o w s a r e o f b e r y l l i u m b r a z e d t o 

t h e s t e e I . 
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E x a m p l e s o f t o p o g r a p h s p r o d u c e d u s i n g t h i s c r y o s t a t a r e 

g i v e n i n C h a p t e r s i x o f t h i s t h e s i s and i n ( 2 4 ) . 

3 . 4 G l a s s C r y o s t a t w i t h no X - r a y Window 

The t a i l o f t h e MERIC c r y o s t a t i s r a t h e r b r o a d , l i m i t i n g 

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

0 . 7 t e s l a . S t u d i e s o f a n t i f e r r o m a g n e t i c d o m a i n w a l l m o t i o n 

i n KCoF^ made h i g h e r f i e l d s d e s i r a b l e and t h e s i m p l e s t 

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

was t o r e d u c e t h e g a p b e t w e e n t h e p o l e p i e c e s . Use o f t h e 

t a i l e d g l a s s d e w a r shown i n f i g u r e 26 a l l o w e d t h e gap t o be 

r e d u c e d t o a b o u t 2 c m . As t h e t a i l was u n s i l v e r e d t h e 

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

t h e l a s t c h a p t e r c o u I d ' b e > u s e d even w i t h t h e s p e c i m e n 

i m m e r s e d i n l i q u i d n i t r o g e n . The samp le was a t t a c h e d t o 

a s i m p l e b r a s s h o l d e r f i x e d a t t h e end o f a s t a i n l e s s s t e e l r o d , 

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

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

v i o l e n t l y when t h e s p e c i m e n h o l d e r was i n p l a c e , due t o t h e 

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

s p e c i m e n d i d n o t v i b r a t e u n a c c e p t a b I y . An e x a m p l e o f a 

t o p o g r a p h o f K C o F ^ , s h o w i n g an a n t i f e r r o m a g n e t i c doma in 

w a l l i s g i v e n i n ( 2 4 ) . T h i s p a p e r a l s o i n c l u d e s some 

d i s c u s s i o n o f t h e a b s o r p t i o n o f l i q u i d n i t r o g e n and g l a s s as 
0 

a f u n c t i o n o f w a v e l e n g t h . Above 0 . 7 A a v e r y m a r k e d a b s o r p t i o n 
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o c c u r s i n t h e g l a s s so t h e B r a g g a n g l e i s s e l e c t e d t o a v o i d 

t h i s p r o b l e m . E x p o s u r e t i m e s a r e i n c r e a s e d by a F a c t o r o f 

a b o u t t w e n t y f o r a l l B r a g g ang les , an i n c r e a s e w h i c h i s 

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

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

6 mi n . 

3 . 5 P o l y s t y r e n e I m m e r s i o n C r y o s t a t 

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

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

t r o u g h made f r o m p o l y s t y r e n e . A r o d h o l d i n g t h e s p e c i m e n 

i s s u p p o r t e d w i t h a c l a m p s t a n d ( f i g u r e 2 7 ) . A l l a d j u s t m e n t s 

t o t h e s p e c i m e n a r e made b e f o r e b r i n g i n g t h e t r o u g h up f r o m 

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

o c c u r s b u t a p p a r e n t l y c a u s e s no o b v i o u s d e t e r i o r a t i o n o f 

r e s o l u t i o n . The n i t r o g e n p a t h was q u i t e l o n g , a b o u t 3 c m . 

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

t i m e o v e r t h a t r e q u i r e d u s i n g t h e l o n g t a i l e d g l a s s 

c r y o s t a t . 

F i g u r e 28 i s a room t e m p e r a t u r e t o p o g r a p l i o f a c r y s t a l oP 

KCoF^ m o u n t e d on t i i e s u p p o r t i n g r o d b e f o r e c o o l i n g ; f i g u r e 

29 i s o f t h e same c r y s t a l when immersed i n l i q u i d n i t r o g e n . 

The r e s o l u t i o n o f t h e d i s l o c a t i o n s i n d i c a t e s t h a t v i b r a t i o n 

i s n o t a s e r i o u s p r o b l e m . D i f f u s e d o m a i n images a r e v i s i b l e 
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a t A , b u t t h e b u l k o f t h e c r y s t a l a p p e a r s t o be s i n g l e 

doma i n . 

3 . 6 Cone I us i on 

I t c a n be seen t h a t t h e p a r t i c u l a r p r o p e r t i e s o f s y n c h r o t r o n 

r a d i a t i o n as o u t l i n e d i n t h e l a s t c h a p t e r make t h e d e s i g n 

a n d u s e o f c r y o s t a t s f o r X - r a y t o p o g r a p h y v e r y s t r a i g h t 

f o r w a r d i n c o n t r a s t t o t h o s e r e q u i r e d f o r Lang t o p o g r a p h y . 

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

be r a t h e r l o n g and d i f f i c u l t e x p e r i m e n t s . 
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4 . O b s e r v a t i o n o f F e r r o m a g n e t i c Doma ins i n a T e r b i u m 

S i n g l e C r y s t a l U s i n g S y n c h r o t r o n R a d i a t i o n 

4 . I I n t r o d u c t i on 

T e r b i u m i s a member o f t h e h e a v y r a r e e a r t h g r o u p h a v i n g 

an a n t i f e r r o m a g n e t i c p h a s e b e t w e e n 229°K and 222°K and a 

f e r r o m a g n e t i c p h a s e b e l o w 2 2 2 ° K . The c - a x i s i s a h a r d 

d i r e c t i o n so t h e m a g n e t i z a t i o n i s c o n f i n e d ! t o t h e b a s a l 

p l a n e . W i t h i n t h i s p l a n e t h e a n i s o t r o p y has s i x - f o l d 

s y m m e t r y f a v o u r i n g m a g n e t i z a t i o n a l o n g t h e <IOTO> o r b 

a x e s . 

Doma in o b s e r v a t i o n s u s i n g t h e d r y c o l l o i d t e c h n i q u e w e r e 

f i r s t r e p o r t e d by C o r n e r and A l - B a s s a m i n 1971 ( 2 9 ) . T h e i r 

s a m p l e , p r e p a r e d by s o l i d s t a t e e l e c t r o l y s i s by M e t a l s 

R e s e a r c h L i m i t e d , h a s been u s e d i n t h e p r e s e n t w o r k . 

4 . 2 T o p o g r a p h y 

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

i n p r a c t i c e be d i f f i c u l t , many unknown o r u n c o n t r o l l a b l e 

f a c t o r s h i n d e r i n g s u c c e s s . I n a d d i t i o n i t i s a " o n e s h o t " 

m e t h o d a n d , a l t h o u g h e v a p o r a t i o n may i n p r i n c i p l e be c a r r i e d 

o u t i n v a r i o u s m a g n e t i c f i e l d s , o b s e r v a t i o n o f w a l l movement 

o f one s e t o f d o m a i n s i n a c h a n g i n g f i e l d i s n o t p o s s i b l e . 
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O t h e r t e c h n i q u e s may t h e n be u s e f u l l y c o n s i d e r e d . The 

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

m i c r o s c o p y h a v e been i n v e s t i g a t e d by o t h e r w o r k e r s , b u t so 

f a r w i t h r a t h e r d i s a p p o i n t i n g r e s u l t s . A t t e m p t s have been 

made t o u s e Lang t o p o g r a p h y on g a d o l i n i u m b u t t h e r a p i d 

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

t i m e c a u s e ' g r e a t p r o b l e m s a n d r e s u l t s w e r e o n c e a g a i n 

d i s a p p o i n t i n g . 

T h i s p r o b l e m o f t a r n i s h i n g h a s been o v e r c o m e by m a k i n g use 

o f t h e v e r y much r e d u c e d e x p o s u r e t i m e made p o s s i b l e by 

u s i n g a s y n c h r o t r o n r a d i a t i o n X - r a y s o u r c e . I n a d d i t i o n , 

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

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

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

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

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

by t h e b e n d i n g o f t h e l a t t i c e . T h i s i s t h e c a s e f o r 

t e r b i u m ( X = 3 x lO""^ a t 2 0 0 ° K ) . 

I n o u r e x p e r i m e n t s t h e c r y s t a l was p o l i s h e d i n an a c e t i c 

ac i d / m e t h a n o l m i x t u r e a n d m o u n t e d w i t h wax on t h e s p e c i m e n 

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

s e c t i o n 3 . 2 . Room t e m p e r a t u r e t o p o g r a p h s p r o d u c e d w i t h a 

s p e c i m e n t o p l a t e d i s t a n c e o f 15 c m . w e r e d i f f u s e and 

f e a t u r e l e s s . On c o o l i n g t o a b o u t I 2 0 ° K t h e image became 
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e v e n more d i f f u s e and no d o m a i n s t r u c t u r e c o u l d be o b s e r v e d . 

T h i s o b s e r v a t i o n i s i n a g r e e m e n t w i t h t h o s e o f C o r n e r and 

A l - B a s s a m and i s p r e s u m a b l y a r e s u l t o f d i f f e r e n t i a l t h e r m a l 

s t r a i n s i n t h e c r y s t a l . When t h e c r y s t a l was a l l o w e d t o 

warm t o a t e m p e r a t u r e j u s t b e l o w 222°K t h e s e s t r a i n s 

d e c r e a s e d and t h e d o m a i n p a t t e r n shown i n f i g u r e 30 was 

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

i s shown i n f i g u r e 3 1 . 

4 . 3 Di s c u s s I on 

The l i n e s o b s e r v e d a r e p e r p e n d i c u l a r t o t h e c - a x i s and 

may be i n t e r p r e t e d as a r i s i n g f r o m p a r a l l e l s h e e t doma ins 

l y i n g i n t h e b a s a l p l a n e . The c u r v a t u r e o f t h e doma in 

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

p l a n e s . The s p a c i n g o f t h e c l o s e s t v i s i b l e l i n e s i s a b o u t 

2 i L x m . 

C o r n e r a n d A l - B a s s a m o b s e r v e d s i m i l a r s t r i p e d images on 

b o t h t h e a and t h e b f a c e s and f r o m t h e a p p e a r a n c e c o n c l u d e d 

t h a t t h e m a g n e t i z a t i o n may l i e a l o n g t w o o f t h e b a x e s b u t 

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

shown i n f i g u r e 3 0 ) . On t h e b a s i s o f t h i s model t h e y 

c a l c u l a t e d t h e e q u i l i b r i u m d o m a i n w i d t h Do as 
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i . 

Do x y 
2KTc 

I 'I 
1 

1 .7 ( x + 3y) 

a n d t h e m in imum e n e r g y p e r u n i t v o l u m e as 

E g = 21s 1 .7 ( x +-3y) 
'2KTC \ 

ao / 

J . 
1 2 

xy 

w h e r e x, y a r e t h e d o m a i n d i m e n s i o n s as shown i n f i g u r e 3 2 , 

- 8 

i s t h e l a t t i c e p a r a m e t e r ( 3 . 6 x 10 c m . ) , i s t h e 

b a s a l p l a n e a n i s o t r o p y c o n s t a n t ( 0 . l 8 x 10 e r g cm" '^ a t 2 I 0 ° K ) 

a n d I i s t h e s a t u r a t i o n m a g n e t i z a t i o n ( 1 5 5 6 emu cm""^ a t 2 I 0 ° K ) 

T h e s a m p l e was i r r e g u l a r i n s h a p e a f t e r p o l i s h i n g b u t t h e 

d i m e n s i o n s x a n d y may be t a k e n a p p r o x i m a t e l y as 0 . 2 5 c m . 

a n d 0 , 3 0 c m . r e s p e c t i v e l y . S u b s t i t u t i o n o f t h e s e v a l u e s 

i n t o e q u . I y i e l d s t h e e q u i l i b r i u m d o m a i n w i d t h as 

a p p r o x i m a t e l y 2 \im w h i c h i s e q u a l t o t h e s m a l l e s t l i n e 

s e p a r a t i o n on t h e s y n c h r o t r o n t o p o g r a p h s . I m p u r i t i e s o f 

o x i d e may be r e s p o n s i b l e f o r t h e b r o a d e r l i n e s . Eo i s i n 
4 - 3 

t h e o r d e r oF 10 e r g cm. 

SECTION 
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5 A A s s e s s m e n t o f R a r e E a r t h A l u m i n a t e and DyFeO,^ 

C r y s t a l s Grown w i t h a MoOj A d d i t i v e t o t h e F l u x 

5 A . I I n t r o d u c t i on 

R a r e e a r t h a l u m i n a t e s (R = Eu t o E r ) a n d DyFeO^ have 

i n t e r e s t i n g m a g n e t i c p r o p e r t i e s . - i n p a r t i c u l a r DyA lO^ 

a n d T b A l O ^ a r e m a g n e t o e I e c t r i c ( H o r n r e i c h ( 3 0 ) ) and a l s o 

h a v e a n t 1 f e r r o m a g n e t i c p h a s e s (Cash i o n e t a I ( 3 l ) ) . B e f o r e 

t h e g r o w t h by M r s . B. M. W a n k l y n o f t h e c r y s t a l s s t u d i e d 

h e r e t h e q u a l i t y o f r a r e e a r t h a l u m i n a t e c r y s t a l s had 

been r a t h e r p o o r . The g r o w t h f r o m f l u x i s made d i f f i c u l t 

b e c a u s e , a s t h e r a d i u s o f t h e r a r e e a r t h i o n d e c r e a s e s , 

t h e g a r n e t ' ^ 3 ^ ' 5 ^ | 2 "t^'^'^s t o be f o r m e d i n p r e f e r e n c e t o 

t h e a l u m i n a t e . The b a s i c f l u x i s PbO/PbF2 and when a l a r g e 

amoun t o f PbF2 i s p r e s e n t r a r e e a r t h o x y f l u o r i d e i s 

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

a t low t e m p e r a t u r e s . M e t h o d s u s e d t o a v o i d t h e s e 

d i f f i c u l t i e s i n c l u d e : 

( i ) U s i n g a h i g h PbO/PbF2 r a t i o . 

( i i ) U s i n g a f l u x r i c h e r i n PbF2 b u t m a i n t a i n i n g a h i g h 

t e m p e r a t u r e u n t i l t h e c o n c e n t r a t i o n o f PbF2 has been 

r e d u c e d by e v a p o r a t i o n . 

( i i i ) U s i n g ^ £ ^ 3 ^ e s s , a measu re w h i c h t e n d s t o 
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f a v o u r t h e p r o d u c t i o n o f t h e a l u m i n a t e phase.. . 

A l l t h e s e methods have d i s a d v a n t a g e s . A PbO r i c h f l u x 

l eads t o t h e n u c l e a t i p n o f many sma l l c r y s t a l s and s e v e r e l y 

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

f l u x causes n u c l e a t i o n a t t h e s u r f a c e o f t h e m e l t , g e n e r a l l y 

p r o d u c i n g poor r e s u l t s . Excess R2^3 i n i t i a l l y f a v o u r a b l e 

t o t h e g r o w t h o f ROF or ^2^3 t h i s t e n d s t o i n t e r f e r e 

w i t h t h e p r o d u c t i o n o f good q u a l i t y a l u m i n a t e s . The 

a d d i t i o n o f 620^ has f o r some t i m e been used t o improve t h e 

q u a l i t y o f f l u x grown c r y s t a l s . T h i s p roved t o be u s e f u l 

f o r t h e g r o w t h o f t h e a l u m i n a t e s b u t an a d d i t i o n a l 

improvement was g a i n e d u s i n g an a d d i t i v e o f MoO^. T h i s 

had p r e v i o u s l y been used by Wanklyn e t a l (3 2) i n t he f l u x 

g r o w t h o f r a r e e a r t h s i l i c a t e s and a l u m i n o s i I i c a t e s , t h e 

e f f e c t b e i n g a p p a r e n t l y t o reduce t h e number o f n u c l e a t i o n s 

o c c u r i n g . D e t a i l s o f t h e g r o w t h c o n d i t i o n s are g i v e n in 

t a b l e ( 1 ) and more e x t e n s i v e l y in t h e paper by Wank lyn , 

M i d g l e y and Tanner ( 3 3 ) . 

5 A .2 Assessment o f C r y s t a l P e r f e c t i o n 

The c r y s t a l s wh i ch n u c l e a t e d below t h e m e l t s u r f a c e appeared 

e i t h e r p l a t e - l i k e o r n e a r l y c u b i c . The f a c e s were o p t i c a l l y 

f l a t a n d , in some c r y s t a l s , g rowth bands were v i s i b l e due 

t o changes in r e f r a c t i v e i n d e x . These are a t t r i b u t a b l e t o 
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s l i g h t changes i n c o m p o s i t i o n wh ich may be produced by 

t h e r m a l f l u c t u a t i o n s d u r i n g g r o w t h . The band ing 

i n d i c a t e d t h a t t h e n e a r l y c u b i c c r y s t a l s were n u c l e a t e d 

a t t h e c e n t r e o f a f a c e , whereas t h e p l a t e - l i k e c r y s t a l s 

were m o s t l y n u c l e a t e d a t a c o r n e r . 

The p l a t e ' c r y s t a l s ranged i n t h i c k n e s s between 200 |im. 

and I mm. g i v i n g v a l u e s o f | i t f o r MoKoc r a d i a t i o n between 

5 and 20 . For n e a r l y p e r f e c t c r y s t a l s t h i s i s in t h e 

range o f anomalous t r a n s m i s s i o n and t h e mere e x i s t a n c e o f 

anomalous t r a n s m i s s i o n in t h e p l a t e - l i k e c r y s t a l s was an 

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

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

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

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

p roduced by mechan ica l p o l i s h i n g , p r e v e n t e d t h e p r o d u c t i o n 

o f any good q u a l i t y t o p o g r a p h s . A l l o f t h e t opog raphs shown 

were t a k e n u s i n g MoKoc r a d i a t i o n and I I f o r d L4 n u c l e a r 

emu i s i o n , 

F i g u r e 33 i s a t o p o g r a p h o f an ErAlO^ c r y s t a l . The two 

p a i r s o f long s t r a i g h t d i s l o c a t i o n s marked D were p r o b a b l y 

n u c l e a t e d by a g g r e g r a t e s o f i m p u r i t i e s . These i m p u r i t i e s 

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

t h e f a c t t h a t f l u c t u a t i o n s occu red i s i n d i c a t e d by t h e 

g r o w t h b a n d i n g , t h i s b e i n g a s t r i k i n g f e a t u r e o f t h e 
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t o p o g r a p h . The c r y s t a l was n u c l e a t e d a t a c o r n e r and the 

two g r o w t h f r o n t s a r e s e p a r a t e d by a " g r o w t h s e c t o r 

b o u n d a r y " marked S. The d i s l o c a t i o n s occur on o n l y one 

s i d e o f t h e boundary b u t t h e r e i s no imbalance o f growth 

between t h e two s i d e s . Some l a y e r g rowth appears t o have 

o c c u r e d a t L, a f e a t u r e wh ich i s c l e a r l y v i s i b l e o p t i c a l l y . 

The appearance o f t h i s t o p o g r a p h , p a r t i c u l a r l y as r e g a r d s 

t h e d i s l o c a t i o n s î s s i m i l a r t o c r y s t a l s produced by 

aqueous s o l u t i o n g r o w t h and i s ve ry i m p o r t a n t as i t i s t he 

f i r s t example o f a f l u x grown c r y s t a l hav ing t h i s appearance. 

The i m p o r t a n c e o f t h i s as a s t e p t o w a r d an e x t e n s i o n and 

u n i f i c a t i o n o f t h e t h e o r y o f c r y s t a l g rowth mechanisms wi I I 

be c o n s i d e r e d in t h e n e x t s e c t i o n . 

The t o p o g r a p h o f t h e I ^ rge c r y s t a l o f TbAlO^ shown in f i g u r e 

34 appears t o be f r e e o f g r o w t h b a n d i n g . T h i s c r y s t a l 

grew on t h e s u r f a c e o f t h e m e l t and , d e s p i t e our e a r l i e r 

comment on t h e g e n e r a l poor o p t i c a l q u a l i t y o f such c r y s t a l s , 

was in f a c t t h e b e s t r ^ r e e a r t h a l u m i n a t e p roduced . No 

anomolous t r a n s m i s s i o n o c c u r s around t h e edge o f t he c r y s t a l , 

t h i s p r o b a b l y b e i n g due t o a d i s t o r t i o n o f t he l a t t i c e by 

f l u x i n c l u s i o n s on t h e s u r f a c e . T h i s seems t o be a common 

occu rence i n f l u x grown c r y s t a l s . 

The i n t e n s e w h i t e bands i n t h e pho tog raph a r e produced by 

r e f l e c t i o n f rom t h e edges o f t h e c r y s t a l and so are s u r f a c e 

r e f l e c t i o n r a t h e r than a t r a n s m i s s i o n images. In cases 
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where t h e anomolous t r a n s m i s s i o n i s v e r y low t hese i n t e n s e 

r e f l e c t i o n s are e x t r e m e l y u s e f u l in s e t t i n g up t h e c r y s t a l . 

Once t h e edge r e f l e c t i o n has been found t h e c r y s t a l may be 

t r a v e r s e d t o a p o s i t i o n where an edge i s no t exposed d i r e c t l y 

t o t h e i n c i d e n t beam. In t h i s p o s i t i o n t h e f i n a l ad j us tmen t 

on t h e weak anoma lous l y t r a n s m i t t e d peak may be made. 

F i g u r e 35a i s a p o l a r i z e d l i g h t m i c rog raph o f a s m a l l e r 

c r y s t a l o f TbA lO^ . A l t h o u g h o p t i c a l l y t h i s appears t o be 

f r e e f r o m band ing t h e t o p o g r a p h s 35b and 35c do show 

b a n d i n g . I t i s perhaps w o r t h p o i n t i n g ou t t h a t bands 

s i m i l a r t o t h o s e i n f i g u r e 35c c o u l d be produced by 

i r r e g u l a r i t i e s i n t h e Lang camera t r a v e r s e mechanism. 

However t h e f a c t t h a t i n f i g u r e 35b t h e bands a re a t 45° 

t o t h e d i f f r a c t i o n v e c t o r shows t h a t band ing i s a t r u e 

f e a t u r e o f t h i s c r y s t a l . Growth appears t o have o n l y 

o c c u r e d a l o n g t h e ( lOO) edge . The s e t s o f d i s l o c a t i o n s p 

and d show dynamica l c o n s t r a s t . D i s l o c a t i o n d i s t o t a l l y 

absen t i n t h e 100 r e f l e c t i o n and was a l s o absent in t h e 101 

r e f l e c t i o n (Not shown) . Thus d i s a pure edge d i s l o c a t i o n 

w i t h a B u r g e r ' s v e c t o r p a r a l l e l t o t h e (OlO) d i r e c t i o n . 

The d o u b l e l i n e d i s l o c a t i o n c o n t r a s t v i s i b l e in f i g u r e 

35b a r i s e s f rom d i f f r a c t i o n by t h e s t r a i n f i e l d on e i t h e r 

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

occu r i s u s u a l l y t a k e n as l £ . b l > 2 where b i s t h e B u r g e r ' s 

v e c t o r . Thus a B u r g e r ' s v e c t o r o f 2 [ 0 I 0 3 i s i n d i c a t e d For d . 
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(The s m a l l e s t v a l u e p o s s i b l e i s t a k e n on energy g r o u n d s . ) 

No r e f l e c t i o n was f o u n d f o r wh ich t h e d i s l o c a t i o n p d i sappea red 

a l t h o u g h t h e d o u b l e c o n t r a s t in t h e 110 r e f l e c t i o n i n d i c a t e s 

a p o s s i b l e B u r g e r ' s v e c t o r o f + L ' ' 0 J . I f t h i s is t h e case 

p s h o u l d v a n i s h i n t h e 110 r e f l e c t i o n ( n o t shown) a l t h o u g h 

i n f a c t b o t h p and d show enhanced d i f f r a c t e d i n t e n s i t y . 

T h i s c o n t r ' a s t was v e r y d i f f u s e and b road and may w e l j a r i s e 

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

B u r g e r ' s v e c t o r . Once a g a i n a d i s c u s s i o n o f t h e impor tance 

o f t h e s e o b s e r v a t i o n s w i l l be g i v e n in t h e nex t s e c t i o n . 

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

d i f f e r e n t f r om t h a t o f t h e b u l k o f t h e spec imen, sepa ra t ed 

f r o m i t by two da rk l i n e s . T h i s r e g i o n d i d n o t s a t i s f y t h e 

Bragg c o n d i t i o n a t t h e same t i m e as t h e b u l k f o r most 

r e f l e c t i o n s ( e . g . f i g u r e 35b) bu t d i d so f o r t h e 100 

( f i g u r e 3 5 c ) . Thus t h e r e g i o n appears t o be t w i n n e d w i t h 

d i s p l a c e m e n t v e c t o r p a r a l l e l t o t h e (OlO) d i r e c t i o n . 

TbAIO-j has a monoc I i n i ca I I y d i s t o r t e d p e r o v s k i t e c e l l and 

t w i n n i n g may occu r by t h e i n t e r c h a n g e o f t h e a and t h e a ' 

a x i s as i s shown i n f i g u r e 36 . 

F i g u r e 37 i s a t o p o g r a p h o f a DyFeO^ c r y s t a l grown w i t h 

MoO^ as an a d d i t i v e t o t h e f l u x . I t was found p o s s i b l e t o 

grow DyFeO^ w i t h l ess l oss o f w e i g h t f r om t h e c r u c i b l e t h a n 

in t h e g r o w t h o f t h e a l u m i n a t e s , and t h u s t h e g rowth of 

DyFeO^, w i t h and w i t h o u t MoO^ g i v e s a more r e l i a b l e measure 
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o f t h e e f f e c t i v e n e s s o f t h i s a d d i t i v e in improv ing c r y s t a l 

q u a l i t y . Some l a y e r g row th and g row th band ing i s v i s i b l e 

b u t no d i s l o c a t i o n s . The p e r f e c t i o n appears t o be 

comparab le w i t h t h a t o f t h e a l u m i n a t e s . 

5 A.3 D i s c u s s i on 

For t h e number o f c r y s t a l s n u c l e a t e d t o be reduced and t h e 

g r o w t h o f e x i s t i n g c r y s t a l s t o be encouraged t h e supe r -

s a t u r a t i o n f o r g row th on an e x i s t i n g c r y s t a l must be less 

t h a n t h a t f o r n u c l e a t i o n . I t may be p o s s i b l e t h a t , s i n c e 

a d i s l o c a t i o n g r o w t h mechanism seems u n l i k e l y , t he e f f e c t 

o f such a d d i t i v e s as ^2^^ MoO^ may be e i t h e r t o 

f a c i l i t a t e c o r n e r o r edge n u c l e a t i o n t h u s encourag ing laye r 

g r o w t h ac ross t h e f a c e o r t o suppress t h e n u c l e a t i o n o f new 

c r y s t a l s . Other mechanisms which have been suggested t o 

accoun t f o r t h e e f f e c t o f 620^ i n c l u d e . 

) r e d u c t i o n in f l u x e v a p o r a t i o n 

i ) i n c r e a s e in f l u x v i s c o s i t y 

i i ) b r i n g i n g undeso lved p a r t i c l e s i n t o s o l u t i o n 

I t has been shown r e c e n t l y by Coe and El we I I (34) t h a t i n 

Pb0-PbF2 m e l t s t h e v i s c o s i t y and t e m p e r a t u r e are o n l y 

s l i g h t l y a f f e c t e d by sma l l a d d i t i o n s o f ^2^^^ ^"'^ " th is i s 

l i k e l y t o be t r u e o f MoO^ a l t h o u g h f u r t h e r work must be 
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done t o e l l u c i d a t e t h i s p o i n t . 

I t was men t i oned i n t h e l a s t s e c t i o n t h a t t h e d i s l o c a t i o n s 

were o f impor tance because o f t h e s i m i l a r i t y t o d i s l o c a t i o n s 

o b s e r v e d in aqueous s o l u t i o n g row th and t h i s may be i m p o r t a n t 

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

c r y s t a l s gf'own f r om aqueous s o l u t i o n a re u s u a l l y s t r a i g h t 

and do n o t a lways l i e in c r y s t a I I o g r a p h i c d i r e c t i o n s 

( I k e n o , Maruyama and Kato (35) , D u c k e t t and Lang (36 ) ) . 

Assuming a c r y s t a l grows i n such a way as t o m i n i m i z e t h e 

f r e e ene rgy each d i s l o c a t i o n p r e f e r s t o be in such a 

d i r e c t i o n as t o m i n i m i z e t h e e l a s t i c energy per u n i t o f 

l e n g t h g r o w n . For t h i s d i r e c t i o n no f o r c e i s e x e r t e d on t h e 

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

( K l a p p e r (37) , ( 3 8 ) ) . I n c r y s t a l s o f low e l a s t i c a n i s o t r o p y 

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

f a c e b u t marked d e v i a t i o n may occur i n c r y s t a l s o f h igh e l a s t i c 

a n i s o t r o p y . I n s t u d i e s on c r y s t a l s grown f rom aqueous s o l u t i o n 

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

c o n d i t i o n s o f m i n i m i z a t i o n o f l i n e energy have been compared w i t h 

e x p e r i m e n t a l o b s e r v a t i o n s , p r o d u c i n g v e r y good agreement . 

( K l a p p e r (39) , (40) , (41) , (42) , K l appe r and Kuppers (43) , 

(44) , K l a p p e r , Fishman and Lu tsau ( 45 ) ) . Thus t h e f a c t t h a t f l u x 

grown c r y s t a l s may a l s o have long s t r a i g h t d i s l o c a t i o n s 

l y i n g n e i t h e r e x a c t l y i n a c r y s t a I I o g r a p h i c d i r e c t i o n nor e x a c t l y 

normal t o t h e g r o w t h f r o n t leads one t o expec t t h a t t h e same 

energy m i n i m i z a t i o n c r i t e r i o n may be used f o r f l u x grown 

c r y s t a l s as f o r t h o s e grown f r o m aqueous s o l u t i o n . 
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U n f o r t u n a t e l y t h e e l a s t i c c o n s t a n t s o f RAIO^ have y e t t o be 

measured so a n u m e r i c a l t e s t i s no t p o s s i b l e . However 

r e c e n t l y Sa fa e t a l ( 4 6 ) have s t u d i e d t h e d i s l o c a t i o n l i n e 

d i r e c t i o n s in f l u x grown KNiF^ and KCoF^ and t h e q u a n t i t a t i v e 

agreement w i t h t h o s e p r e d i c t e d i s g e n e r a l l y e x c e l l e n t . Three 

g e n e r a l r u l e s have been f o r m u l a t e d by K lappe r and Kuppers ( 4 3 ) 

( 4 4 ) ' T a k i n g n as a u n i t v e c t o r normal t o t h e g rowth f r o n t 

t h e s e a r e 

( i ) For a B u r g e r ' s v e c t o r b p a r a l l e l t o n , t h e 

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

( sc rew d i s l o c a t i o n ) , 

( i i ) For b normal t o n and n p a r a l l e i t o a d i r e c t i o n 

o f two f o l d symmetry ] . i s pa ra l l e i t o n 

(edge d i s l o c a t i o n ) . 

( i i i ) For b n e i t h e r p a r a l l e l nor normal t o n , ] . 

l i e s between n and b (m ixed d i s l o c a t i o n ) . 

On t h e t o p o g r a p h o f ErA lO^ ( f i g u r e 33) two o f t h e d i s l o c a t i o n s 

appear n e a r l y p a r a l l e l t o each o t h e r and normal t o t h e 

g r o w t h f r o n t i n d i c a t i n g e i t h e r pure screw or pure edge 

d i s l o c a t i o n . The o t h e r p a i r a l t h o u g h i t i s not p a r t i c u l a r l y 

c l e a r i n t h i s t o p o g r a p h emerge a t t h e edge o f t h e c r y s t a l 

a l m o s t p a r a l l e l and normal t o t h e g r o w t h f r o n t d e s p i t e t h e 

i n i t i a l d i v e r g e n c e and may w e l l have o p p o s i t e B u r g e r ' s 

v e c t o r s ( s i n c e t h e y o r i g i n a t e f r om t h e same p o i n t t h i s would 
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p roduce a n u l l v e c t o r a t t h a t p o i n t ) . The d i s l o c a t i o n d 

i n f i g u r e 35 i s as a l r e a d y m e n t i o n e d , pure edge and obeys 

K l a p p e r and K u p p e r ' s r u l e 2 , b e i n g normal t o t h e g rowth 

f r o n t . The d i s l o c a t i o n p appears t o be mixed and, i f 

b = + D ' i s a c o r r e c t ass i gnmen t , obeys r u l e 3. Th i s 

s h o u l d make a u s e f u l q u a n t i t a t i v e t e s t o f t h e t h e o r y when 

t h e e l a s t i c c o n s t a n t s become a v a i l a b l e . 
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5 B Assessment o f Rare E a r t h A rsena tes Produced bo th 

w i t h and w i t h o u t Hot Pou r i ng 

5 B . I I n t r o d u c t i on 

The ra r 'e e a r t h a r s e n a t e s RAsO^ (R = Sm t o Lu) have t h e 

t e t r a g o n a l z i r c o n s t r u c t u r e ( Z r S i O ^ ) . A t low t e m p e r a t u r e s 

t h e a r s e n a t e s w i t h R = Gd,Tb,Dy have a n t i f e r r o m a g n e t i c 

phases and t h o s e w i t h R = Tb , Dy, Tm have J a h n - T e l l e r 

t r a n s i t i o n s . The g r o w t h o f r a r e e a r t h a r s e n a t e s has been 

r e p o r t e d b e f o r e by F i e g e l s o n ( 4 7 ) bu t o n l y need le shaped 

c r y s t a l s were p r o d u c e d . Rare e a r t h vanada tes and phosphates 

have been grown f r om Pb2V20^ and ?b^^y f l u x e s by slow 

coo l i n g ( S m i t h and Wanklyn ( 4 8 ) ) and i t was proposed t o 

p roduce RAgO^ i n t h e same way. T h i s , however, p resen t ed 

s e v e r a l p r o b l e m s . Pb2As20^ i s v e r y t o x i c and much more 

v o l a t i l e t h a n Pb2V20^ o r Pb2P207/ t h u s n e c e s s i t a t i n g t h e 

p r o t e c t i o n o f t h e f u r n a c e f r om c o n t a m i n a t i o n and t he 

p r o v i s i o n o f good v e n t i l a t i o n . In a d d i t i o n t o t h e s e problems 

t h e a r s e n a t e s a re b r i t t l e and t e n d t o f r a c t u r e as the f l u x 

c o n t r a c t s a round t h e m . Thus a f a c i l i t y f o r h o t p o u r i n g o f 

t h e f l u x was d e s i r a b l e t o s e p a r a t e t h e f l u x and c r y s t a l s 

b e f o r e t h e f l u x s o l i d i f i e d . The rema inde r o f t h i s c h a p t e r 

i s d e v o t e d t o t h e g r o w t h and compar ison o f r a r e e a r t h 

a r s e n a t e s p roduced b o t h w i t h and w i t h o u t ho t p o u r i n g . 
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The a p p a r a t u s used by Dr . S. H. Smi th a t t h e C larendon 

L a b o r a t o r y O x f o r d i s i l l u s t r a t e d i n f i g u r e 3 8 . A t u b e of 

s i l l i m a n i t e ( l m. long and 14 cm. i n d i a m e t e r ) i s suppo r ted 

a t each end by a p a i r o f wheels mounted on a s c i s s o r 

j a c k . The t u b e passes t h r o u g h a r e c t a n g u l a r f u r n a c e 

between a r r a y s o f h e a t i n g e l e m e n t s , t h e ends o f t h e chamber 

b e i n g b l o c k e d w i t h a l um ina b r i c k p l u g s l e a v i n g c l e a r a n c e 

enough f o r r o t a t i o n o f t h e t u b e about i t ' s a x i s . In a 

t y p i c a l e x p e r i m e n t two pure p i a t i num c r u c i b I es were p laced 

one above t h e o t h e r i n an a lum ina c r u c i b l e , t h e space 

a round them b e i n g f i l l e d w i t h MgO powder. A l a y e r o f CaCO^ 

powder was added b e f o r e f i t t i n g an a lum ina l i d . The MgO 

and CaCO^ powders r e a c t w i t h vapours or l i q u i d f l u x which 

may escape f rom t h e c r u c i b l e s . U s u a l l y two a lumina c r u c i b l e s 

were used i n each e x p e r i m e n t . At t h e d e s i r e d p o i n t in t h e 

h e a t i n g c y c l e t h e c r u c i b l e s c o u l d be i n v e r t e d by r o t a t i o n 

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

a round t h e base o f t h e p l a t i n u m c r u c i b l e s and t h u s sepa ra t ed 

f r o m t h e mo l ten f l u x . D e t a i l s o f t h e g rowth o f t h e specimens 

examined here a re g i v e n i n t a b l e 2 . 

5 B.2 Assessment o f C r y s t a l P e r f e c t i o n 

O p t i c a l l y c l e a r r o d s up t o 10 mm x 2 mm x 2 mm and p l a t e s 

up t o 5 mm X 4 nim X 0 . 2 mm were o b t a i n e d . Topographs 

were t a k e n o f s e v e r a l o f t h e as-grown c r y s t a Is us i ng AgKoc, 

r a d i a t i o n and I 1 f o r d L4 n u c l e a r e m u l s i o n s . Once aga in t h e 
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v e r y e x i s t a n c e o f anomalous t r a n s m i s s i o n was an i n d i c a t i o n 

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

The t o p o g r a p h o f TmAsO^ shown i n f i g u r e 39 shows cJi s l o c a t ions 

r a d i a t i n g f rom p o i n t s A and B, t h e s e p r o b a b l y be ing n u c l e a t e d 

by f l u x i n c l u s i o n s . T h i s c r y s t a l was r e c o v e r e d f rom be low t h e 

s u r f a c e o f t h e m e l t i n o n e . o f t h e e a r l i e s t expe r imen ts where 

h o t p o u r i n g was n o t a t t e m p t e d and , d e s p i t e t he d i s l o c a t i o n s 

seems t o have l a r g e p e r f e c t a r e a s . The o n l y d e f e c t s v i s i b l e 

i n t h e s e r e g i o n s a re p r e c i p i t a t e s showing b l a c k - w h i t e 

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

The r e a s o n s f o r t h i s may be seen i n f i g u r e 40 wh ich shows 

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

t h e s u r f a c e . As t h e wave f i e I d , p r o p o g a t e s t h rough t h e 

c r y s t a l t i e p o i n t m i g r a t i o n o c c u r s up t o a p o i n t a t X below 

t h e e x i t s u r f a c e where t h e c u r v a t u r e becomes so l a r g e t h a t 

no f u r t h e r d i f f r a c t i o n i s p o s s i b l e . Q u a l i t a t i v e c o n s i d e r a t i o n 

o f t h e d i s p e r s i o n s u r f a c e t hen leads one t o expec t t h a t f o r 

t h e d i f f r a c t i o n v e c t o r shown enhanced i n t e n s i t y w i l l be 

p roduced by t h e r i g h t hand s i d e o f t h e p r e c i p i t a t e s t r a i n 

f i e l d and d i m i h i s h e d , i n t e n s i t y by t h e l e f t . T h i s f i t s t h e 

o b s e r v a t i o n s w e l l so we may c o n c l u d e t h a t t h e images on t h e 

t o p o g r a p h a re p roduced by d e f e c t s o f t h i s t y p e compress ing 

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

The t o p o g r a p h o f t h e DyAsO^ c r y s t a l shown in f i g u r e 41 

i l l u s t r a t e s t h e impo r tance o f c o n t r o l l e d c o o l i n g c o n d i t i o n s . 
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The e r r a t i c c o n d i t i o n s w|i i ch occu red d u r i n g t h e g rowth o f ' 

t h i s c r y s t a l appear t o have produced many i n c l u s i o n s and 

many long s t r a i g h t d i s l o c a t i o n s p a r a l l e l t o t h e c - a x i s . 

P o l i s h i n g f a i l e d t o remove t h e damage. Such d i s l o c a t i o n s 

d i d n o t appear i n t o p o g r a p h s o f c r y s t a l s grown under s teady 

c o o l i n g c o n d i t i o n s . 

F i g u r e 42 i s o f a t o p o g r a p h o f ho t poured DyAsO^ and is 

t y p i c a l o f c r y s t a l s p roduced by ho t p o u r i n g . The s u r f a c e 

i s c o v e r e d w i t h p r e c i p i t a t e s , many more t han on c r y s t a l s 

wh ich were no t h o t - p o u r e d . T h i s e f f e c t i s a t t r i b u t e d t o 

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

No o t h e r d e f e c t s a re v i s i b l e . The p r e c i p i t a t e s were 

d i f f i c u l t t o remove and p r o l o n g e d b o i l i n g in c o n c e n t r a t e d 

n i t r i c a c i d had l i t t l e e f f e c t . Mechanica l p o l i s h i n g 

on a diamond wheel f o l l o w e d by chemica l e t c h i n g d i d remove 

t h e p r e c i p i t a t e s t h u s c o n f i r m i n g t h a t t h e y were near t he 

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

and t h e t o p o g r a p h s were r a t h e r poo r . However no b u l k 

d e f e c t s c o u l d be i d e n t i f i e d and we b e l i e v e t h e c r y s t a l t o 

be o f good q u a l i t y . 

The c r y s t a l o f t h e mixed a r s e n a t e LUQ ^gTmQ Q2^^^4 ^ 

t o p o g r a p h o f wh i ch i s shown i n f i g u r e 43 / was grown i n a 

c r u c i b l e w i t h a we lded l i d and was h o t pou red . The l oss o f 

f l u x by e v a p o r a t i o n was t h u s v e r y low. The q u a l i t y i s 

p r o b a b l y no b e t t e r t h a n t h a t o f t he h o t poured DyAsO^, 
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FIG 42 

FIG 43 



and t h u s i t appears t h a t t h e p e r f e c t i o n may no t be 

s i g n i f i c a n t l y reduced by f l u x e v a p o r a t i o n . Smal l p o s i t i v e 

s t e p s were i n c l u d e d i n t h e c o o l i n g . These d i d not appear 

t o a f f e c t t h e c r y s t a l q u a l i t y e i t h e r and i t may be 

p o s s i b l e in t h i s manner t o c o n t r o l t h e number of n u c l e a t i o n s 

and hence t h e s i z e o f t h e c r y s t a l s p roduced . 

5 B.3 C o n c l u s i o n 

Large good q u a l i t y c r y s t a l s o f RAsO^ may be produced by 

s low c o o l i n g f r om a Pb2As20y f l u x bu t t h e r i s k o f f r a c t u r e 

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

h o t p o u r i n g a u s e f u l a l t e r n a t i v e . Hot p o u r i n g does , however, 

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

i s needed t o remove t h e s e and leave an undamaged s u r f a c e . 
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6 O b s e r v a t i o n o f J a h n - T e l l e r Domains i n Dyspros ium 

Vanada te . 

6 . I I n t r o d u c t i on 

The c o - o p e r a t i v e J a h n - T e l l e r e f f e c t i s a phase t r a n s i t i o n 

p roduced by an i n t e r a c t i o n between t h e c r y s t a l l a t t i c e and 

o r b i t a l e l e c t r o n s i n v o l v i n g a s p l i t t i n g o f degene ra te 

e l e c t r o n s t a t e s and a d i s t o r t i o n o f t h e l a t t i c e which lowers 

t h e c r y s t a l symmet ry . The t h e o r e t i c a l i n t e r p r e t a t i o n i n v o l v e s 

a c o r r e c t i o n t o t h e f a m i l i a r Born-Oppenheimer a p p r o x i m a t i o n 

wh i ch has been a b a s i c c o n c e p t i n much o f our u n d e r s t a n d i n g 

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

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

r a p i d t h a t i t may be c o n s i d e r e d t o be independent o f t h e 

m o t i o n o f t h e n u c l e i i . e . t h e mo t i on o f t h e s e e l e c t r o n s i s 

t r e a t e d as b e i n g r e l a t i v e t o a s t a t i c l a t t i c e . In c e r t a i n 

h i g h symmetry a t o m i c s i t e s o r b i t a l degeneracy may occur and 

i n such s i t u a t i o n s t h e Born-Oppenheimer a p p r o x i m a t i o n may 

become i n v a l i d . Englman ( 4 9 ) g i v e s a de ta i l ed account oF t h e 

t h e o r y . In such cases pure e l e c t r o n i c and v i b r a t i o n a l 

modes do no t e x i s t and t h e t e r m v i b r o n i c has been c o i n e d t o 

d e s c r i b e t h e m ixed modes wh ich o c c u r . The b a s i c mechanism 

f o r t h e J a h n - T e l l e r e f f e c t i s t h a t sma l l d i s p l a c e m e n t s o f 

i ons s u r r o u n d i n g t h e J a h n - T e l l e r a c t i v e ion can a l t e r t h e 

c r y s t a l f i e l d a c t i n g on t h a t i o n . The s u r r o u n d i n g ions 

a c t upon each o t h e r t h r o u g h e l a s t i c i n t e r a c t i o n and so 

t h i s p r o d u c e s an e f F e c t i v e i n t e r a c t i o n between 
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t h e J a h n - T e l l e r i o n s . I f t h e J a h n - T e l l e r ion c o n c e n t r a t i o n 

i s s u f f i c i e n t l y h i g h t h e e n t i r e c r y s t a l may be u n s t a b l e 

under some d i s t o r t i o n . I t i s p o s s i b l e f o r d i f f e r e n t 

d i s t o r t i o n d i r e c t i o n s t o occu r i n d i f f e r e n t p a r t s o f t h e 

c r y s t a l , t h u s f o r m i n g doma ins . In p r a c t i c e t he c h o i c e o f 

d i s t o r t i o n d i r e c t i o n w i l l depend on t h e e x i s t a n c e o f l oca l 

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

Research i n t o t h e J a h n - T e l l e r e f f e c t has been s t i m u l a t e d 

d u r i n g t h e pas t e i g h t y e a r s due i n p a r t t o t h e r e a l i z a t i o n 

by A l l e n (50 ) and P y t t e ( 5 1 ) o f t h e impor tance o f e l a s t i c 

c o n s t a n t , measurements t h r o u g h t h e phase t r a n s i t i o n and t h e 

subsequen t use o f u l t r a s o n i c t e c h n i q u e s and i n p a r t t o t h e 

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

some o f wh ich e x h i b i t t h e J a h n - T e l l e r e f f e c t , i n wh ich t he 

t r a n s p a r e n c y a l l o w s t h e use o f o p t i c a l t e c h n i q u e s t o 

i n v e s t i g a t e changes i n e l e c t r o n i c energy l e v e l s . 

I t i s t h i s f a m i l y o f c r y s t a l s , t h e r a r e e a r t h z i r c o n s 

(RVO^,RPO^ and RAsO^) w i t h t h e J a h n - T e l l e r a c t i v e r a r e 

e a r t h i o n , wh i ch conce rns us h e r e , i n p a r t i c u l a r dyspros ium 

v a n a d a t e . The t r a n s i t i o n s t o t h e J a h n - T e l l e r d i s t o r t e d 

phase occu r a t low t e m p e r a t u r e s , a f a c t which c o n f e r s t h e 

advan tage t o o b s e r v a t i o n s o f such t h i n g s as s p e c t r a l l i n e s 

and s p e c i f i c hea t anoma l i es t h a t masking by the rma l e f f e c t s 

i s l i m i t e d . T h i s i s n o t an advantage i n X- ray t opog raphy 

where t h e t e c h n i q u e s o f moun t ing c r y s t a l s s t r a i n f r e e which 
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a r e used a t room t e m p e r a t u r e may p rove inadequa te when t h e 

t e m p e r a t u r e i s r e d u c e d . A comprehens ive d i s c u s s i o n of 

t h e o r e t i c a l and e x p e r i m e n t a l i n v e s t i g a t i o n s i n t o t h e Jahn-

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

r a r e e a r t h z i r c o n s has been g i v e n in a r e c e n t r ev i ew a r t i c l e 

by G e h r i n g and G e h r i n g ( 5 2 ) . T h i s a r t i c l e g i v e s an 

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

6 , 2 O b s e r v a t i o n o f t h e J a h n - T e l l e r e f f e c t in Dysprosium 

Vanadate 

In 1970 Cooke e t a i ( 5 3 ) r e p o r t e d t h e r e s u l t s o f low 

t e m p e r a t u r e s p e c t r o s c o p i c , s p e c i f i c hea t and magnet i c 

moment measurements on DyVO^. f r om t h e i r o b s e r v a t i o n s t hey 

c o n c l u d e d t h a t a t about I4°K a J a h n - T e l l e r d i s t o r t i o n occu rs 

i n wh i ch t h e c r y s t a l symmetry i s lowered f rom t e t r a g o n a l t o 

a p r o b a b l e o r t h o r h o m b i c phase . The o r t h o r h o m b i c symmetry 

o f t h e phase be low I4°K was s u b s e q u e n t l y c o n f i r m e d by 

Becker and Laugsch ( 5 4 ) . (An a n t i f e r r o m a g n e t i c o r d e r i n g 

o c c u r s a t about 3 . I ° K bu t no c r y s t a I I o g r a p h i c change has 

been o b s e r v e d . ) S a y e t a t e t a I ( 55 ) have pe r fo rmed low 

t e m p e r a t u r e X - r a y powder measurements on DyVO^ and g i v e 

t h e f o l l o w i n g d a t a f o r t h e d i s t o r t i o n . 
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T e t r a g o n a l phase Or tho rhomb ic phase 

a = 7 .1395 A a = 7.1515 A 

o 
^ ' = 7.1275 A 

o 
c = 6 .2899 A c = 6.2899 A 

R i g h t f r o m t h e e a r l i e s t o b s e r v a t i o n s p o l a r i z e d l i g h t 

m i c r o s c o p y had r e v e a l e d t h e e x i s t a n c e o f doma in - I i ke 

s t r u c t u r e s and a c o n v i n c i n g m i c r o g r a p h o f domains on t he 

c - p l a n e was p roduced by Gehr ing and Rosenberg ( 5 6 ) . T h e i r 

c r y s t a l was c lamped i n p l a c e by v a r n i s h t o p r o v i d e a good 

t h e r m a l c o n t a c t and t h e s t r a i n produced by t h i s mount ing 

leads t o ve ry nar row domains ( " ^ I f i . m . ) , t h e s t r a i n f i e l d 

i n t h i s case a c t i n g i n a manner ana logous t o t h e magnet ic 

f i e l d in t h e case o f f e r r o m a g n e t i c domains . The domain 

w a l l s l i e , as e x p e c t e d , a l o n g t h e ( I IO) and ( iTO) 

d i r e c t i ons . 

C e r t a i n d i f f i c u l t i e s a r i s e when c o n t e m p l a t i n g X - r a y 

t o p o g r a p h i c s t u d i e s o f J a h n - T e l l e r domains in DyVO^. 

S y m m e t r i c a l r e f l e c t i o n s i n t h e c - p l a n e ( e . g . 200) appear 

t o be t h e most u s e f u l c h o i c e f o r p r o d u c i n g reasonab l y 

r a p i d h i g h c o n t r a s t t o p o g r a p h s . However, t h e domain w a l l s 

l i e a t 4 5 ° t o t h e e n t r a n c e s u r f a c e and i f t h e domains a re 

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

sandwich o f r e g i o n s wh ich s a t i s f y t h e Bragg c o n d i t i o n and 

r e g i o n s wh ich do n o t , where a b s o r p t i o n w i l l be h i g h . C o n t r a s t 
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may t h u s be c o m p l i c a t e d . 

These c o n s i d e r a t i o n s l ead t o a compromise i n ' t h e c h o i c e o f 

spec imen t h i c k n e s s . On t h e one hand a t h i n c r y s t a l may be 

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

doma ins , I s t on t h e o t h e r a t h i n c r y s t a l may s u f f e r more 

f r o m d e f o r m a t i o n p roduced by t h e d i f f e r e n c e i n the rma l 

c o n t r a c t i o n o f t h e c r y s t a l and t h e m a t e r i a l used t o f i x t h e 

c r y s t a l t o t h e specimen h o l d e r . For our i n i t i a l expe r imen ts 

a spec imen ' o f abou t I50(im t h i c k n e s s was s e l e c t e d f rom a 

b a t c h p r o v i d e d by D r . S. H. Smi th o f t h e C la rendon L a b o r a t o r y 

T h i s specimen was mounted on a b r a s s r i n g u s i n g v a r n i s h and 

t h e r i n g h e l d i n t h e specimen h o l d e r o f t he Mer i c c r y o s t a t 

(shown mounted on t h e Lang camera i n f i g u r e 44 w i t h d e t a i l 

i n f i g u r e 45) w i t h vacuum g r e a s e . F i g u r e 46 shows a l i q u i d 

n i t r o g e n t e m p e r a t u r e 200 r e f l e c t i o n t o p o g r a p h o f t h i s 

spec imen t a k e n u s i n g MoKoc r a d i a t i o n on 50fimL4 e m u l s i o n . As 

can be seen t h e s u r f a c e i s c o v e r e d w i t h p r e c i p i t a t e s , t hese 

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

h o t poured a r s e n a t e s d i s c u s s e d in t h e l a s t c h a p t e r . That 

t h e s e were n o t p a r t i c u l a r l y t r o u b l e s o m e can be seen f rom t h e 

t o p o g r a p h t a k e n a t 4 . 2 °K shown i n f i g u r e 47 in wh ich domains 

a r e c l e a r l y v i s i b l e . I t was in f a c t easy t o r e s o l v e t h e 

s p l i t t i n g i n d i f f r a c t i o n peaks produced as t he t e m p e r a t u r e 

was lowered t h r o u g h t h e t r a n s i t i o n . Two r e g i o n s A and B 

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

v i s i b l e a t C i n d i c a t e t h a t t h e s e b road r e g i o n s do not 
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c o r r e s p o n d t o s i n g l e domains bu t t o many c l o s e l y spaced 

d o m a i n s . The r e g i o n D i s i n t e r e s t i n g in t h a t a and a ' 

appear t o have i n t e r c h a n g e d a long t h e c - a x i s , t he l i n e E 

wh i ch i s c l e a r l y v i s i b l e in f i g u r e 46 a p p a r e n t l y f o r m i n g 

an i n c o h e r e n t boundary between them. Th i s boundary i s 

p r o b a b l y a bund le o f d i s l o c a t i o n s bu t f u r t h e r i n v e s t i g a t i o n 

w o u l d be necessary t o d e t e r m i n e t h e e x a c t n a t u r e and how 

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

48 and 49 i l l u s t r a t e how s e n s i t i v e t h e domain s t r u c t u r e is 

t o s t r a i n p roduced by t h e moun t ing o f t h e c r y s t a l on t he 

spec imen h o l d e r , t h e domain s t r u c t u r e be ing v e r y i r r e g u l a r 

and no c o r r e l a t i o n b e i n g shown between i n d i v i d u a l t o p o g r a p h s . 

The r e g i o n F o f f i g u r e 49 shows s t r a i g h t r e g u l a r l y spaced 

doma ins ; t h e r e g i o n G i s however r a t h e r c u r i o u s showing 

c o n s i d e r a b l e c u r v a t u r e . 

A f t e r t h e s e Lang t o p o g r a p h s were produced expe r imen ta l 

t i m e became a v a i l a b l e on NINA and t h e o p p o r t u n i t y t o 

o b s e r v e t h e domain s t r u c t u r e in a magnet ic f i e l d p resen ted 

i t s e l f . P o l a r i z e d l i g h t m i c r o g r a p h s o f J a h n - T e l l e r 

domains i n magne t i c f i e l d s have been produced by Leask e t 

a l ( 57 ) - I f t h e f i e l d i s a p p l i e d a long one o f t h e d i s t o r t i o n 

d i r e c t i o n s a s i n g l e domain may be o b t a i n e d in a c e r t a i n 

c r i t i c a l f i e l d He. I n t h e i r e x p e r i m e n t s on DyVO^ a t l .6°K 

( i . e . below t h e Neel t e m p e r a t u r e ) Leask e t a l f ound He t o 

be 3.7 KOe. 
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The s e t o f t o p o g r a p h s t a k e n a t room t e m p e r a t u r e shown in 

f i g u r e 50 c o m p r i s e d our f i r s t o b s e r v a t i o n o f a DyVO^ 

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

c r y s t a l ( ^ 0.5mm) and t h e r e appears t o be no e v i d e n c e , in 

t h e f o r m o f s t r e a k i n g in t h e image, o f e x t e n s i v e s t r a i n i n g 

o f t h e l a t t i c e p roduced by t h e moun t ing o f t he c r y s t a l . 

A l t h o u g h s t r e a k i n g does occur q u i t e marked ly in t h e s t r o n g 

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

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

w i t h t h e s u r f a c e p r e c i p i t a t e s . Growth band ing r u n n i n g 

p a r a l l e l t o t h e c - a x e s i s apparen t in most r e f l e c t i o n s o f 

t h e room t e m p e r a t u r e s e t , except ing t h o s e f rom p lanes 

wh i ch a r e n e a r l y p e r p e n d i c u l a r t o t h e c - a x i s , showing t h a t 

t h e d i s t o r t i o n p r o d u c i n g t h e g rowth bands l i e in the c-

p l a n e . D i s l o c a t i o n s n u c l e a t e d a t an i n c l u s i o n o f f l u x in 

t h e body o f t h e c r y s t a l appear i n a l l t h e r e f l e c t i o n s where 

d e t a i l s a re d i s c e r n a b l e . F i g u r e 51 shows t h e same c r y s t a l 

a t abou t 4 .2 °K w i t h t h e J a h n - T e l l e r d i s t o r t i o n c l e a r l y 

v i s i b l e . In t h e l i g h t o f our comment on t he Lang topograph 

o f t h e t h i n c r y s t a l shown i n f i g u r e 47 i t i s i n t e r e s t i n g 

t h a t a r e v e r s a l o f a and a ' aga in o c c u r s ac ross a boundary 

o f d i s l o c a t i o n s . I n t h e r e f l e c t i o n B o f f i g u r e s 50 and 51 

a b reak i n t h e image o c c u r s i n t h e low t e m p e r a t u r e se t a t 

t h e p o i n t H wh i ch appears t o c o i n c i d e w i t h t h e p o i n t i n t h e 

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

t h e edge o f t h e c r y s t a l . I t i s perhaps w o r t h p o i n t i n g ou t 

t h a t w h i l s t t h e r e f l e c t i o n A which is b a s i c a l l y 200 m igh t 
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seem the s e n s i b l e c h o i c e of r e f l e c t i o n fo r i n v e s t i g a t i n g 

the domain s t r u c t u r e , the r e f l e c t i o n B, where the index has 

a non-zero component on the c - a x i s can a c t u a l l y g ive more 

in format ion in the synchrot ron c a s e , in t h a t the s p a t i a l 

o r i g i n of the c o n t r a s t may be p inpo in ted . In t h i s case 

the informat ion on s p a t i a l o r i g i n may be s l i g h t l y m i s l e a d i n g . 

L i n e s occur which at f i r s t s i g h t appear to be r e f l e c t i o n s 

from the edge of the c r y s t a l . The Lang topograph of the 

same c r y s t a l shown in f i g u r e 52 prov ides a c l u e to an 

e x p l a n a t i o n of such a large number of l i n e s . The c r y s t a l 

was not remounted in the time between producing the Lang and 

synchro t ron topographs so the s t r a i n produced by the mounting 

shou ld be s i m i l a r and a s i m i l a r domain s t r u c t u r e might be 

e x p e c t e d . The Lang topograph has an in tense l i n e which may 

r e s u l t from a s t r a i n f i e l d at a point where a domain wall 

c u t s a s u r f a c e . Cons ider ing f i r s t the region to the l e f t 

of the d i s l o c a t i o n boundary the model i l l u s t r a t e d in 

f i g u r e 53 g i v e s a p o s s i b l e exp lanat ion of the f i v e intense 

l i n e s . The Bragg angle for r e f l e c t i o n B i s approximately 

12.7 and the specimen to p l a t e d i s t a n c e 15 cm. Taking 

l i n e I the r e f l e c t i o n from the edge of the bulk of the 

c r y s t a l as a r e f e r e n c e l i n e and u t i l i z i n g the va lues given 

e a r l i e r fo r the I a t t i c e d i s t o r t i o n , the twinned regions X 

and Y would g ive r i s e to two strong edge r e f l e c t i o n s 2 

and 3 at + |-0 I mm. from I. L i n e s 4 and 5 could be produced 

at the i n t e r s e c t i o n <sf the twin boundaries with the entrance 
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and e x i t s u r f a c e s . 

Measurements from the topograph y i e l d the d i s t a n c e from 1 

to 2 and 3 as 1.17 mm. The spacing of l i n e s 2 and 4 and 

of l i n e s 3 and 5 i n d i c a t e tha t i f t h i s model i s v a l i d then 

the twinned r e g i o n s must extend at the edge to near ly h a l f 

the c r y s t a l t h i c k n e s s . T h i s model g i v e s reasonable 

agreement with o b s e r v a t i o n s for the l e f t hand s i d e of the 

c r y s t a l . The r i g h t hand s i d e i s more d i f f i c u l t to exp la in 

and so f a r no conv inc ing model has been obta ined . 

When f u r t h e r exper imental t ime became a v a i l a b l e on NINA 

exper iments in a magnetic f i e l d were conducted using the 

t h i n n e r c r y s t a l . The f i e l d was app l i ed along the long 

edge p e r p e n d i c u l a r to the c - a x i s . The topograph shown in 

f i g u r e 54, taken in a f i e l d of 0 .72 KOe, shows evidence of 

labtice c u r v a t u r e or v a r i a t i o n of I a t t i c parameter and once 

again a break in c o n t r a s t i s observed in the region of the 

d i s l o c a t i o n s . On i n c r e a s i n g the f i e l d to 2.4 KOe, the domain-

f r e e image of f i g u r e 55 was obta ined , t h i s being s i m i l a r to 

the image of the c r y s t a l above the t r a n s i t i o n temperature. 

On r e t u r n i n g the f i e l d to zero the domain s t r u c t u r e did 

not reappear . When the c r y s t a l was warmed above the t r a n s i t i o n 

temperature and then r e - c o o l e d to 4 .2°K the domain s t r u c t u r e 

shown in f i g u r e 56 was produced. T h i s i s qu i te d i f f e r e n t 

from t h a t of f i g u r e 54, i n d i c a t i n g t h a t in t h i s c r y s t a l the 
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s t r a i n produced by the mounting d i c t a t e s the domain 

s t r u c t u r e . In f i g u r e 57 produced in a f i e l d of I KOe, 

the c r y s t a l appears to be on the point of becoming s i n g l e 

domain. The next topograph (Not shown) taken in a f i e l d 

of 1.6 KOe had the appearance of f i g u r e 55 . In both of 

t h e s e exper imental runs the c r i t i c a l f i e l d was cons iderab ly 

l e s s than tha t observed by Leask et a l . 

6 . 3 Cone I us i on 

Both Lang and synchrot ron topographs of J a h n - T e l l e r domains 

in DyVO^ have been produced. I t i s apparent tha t the 

o r i e n t a t i o n c o n t r a s t inherent in synchrotron topographs can 

provide more informat ion for the c o n s t r u c t i o n of domain 

models . Experiments in a magnetic f i e l d have been c a r r i e d 

out , t h e s e i n d i c a t i n g t h a t a c a r e f u l cho ice of c r y s t a l , 

t h i c k n e s s is r e q u i r e d to minimize the e f f e c t s of s t r a i n 

and so r e l a t e the f i e l d s t r e n g t h to the domain s t r u c t u r e . 
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7 ^ Domain Wal ls and Magnet ic -opt ics of F e r r i c Borate 

7. I In t roduct i on 

The work d e s c r i b e d in t h i s chapter arose out of attempts 

to d e t e c t a 120° BIoch wal l in the basal plane of the 

hexagonal , t r a n s p a r e n t , canted ant i ferromagnet FeBO^. The 

a n i s o t r o p y fo r s p i n s l y ing out of the basal plane i s so 

high t h a t in p r a c t i c e the magnet izat ion i s conf ined to that 

p l a n e . Within t h i s ' e a s y p l a n e ' the an isot ropy has t h r e e 

f o l d symmetry. L a c k l i s o n , Chadwick and Page (58) have 

suggested a domain wal l model with Bloch w a l l s in the 

basa l plane and Neel w a l l s perpendicu lar to i t . Haisma and 

S t a c y (59) have repor ted the observa t ion of o p t i c a l i n t e r f e r e n c e 

f r i n g e s in a specimen of FeBO^ cooled below I90°K. These 

they i n t e r p r e t e d as a r i s i n g from the presence of a Bloch wall 

which at low temperature r o t a t e s out of the basa l p lane . No 

d i r e c t ev idence for the e x i s t e n c e of t h i s wall has been 

found although we do present evidence for the e x i s t e n c e of 

domain w a l l s i n c l i n e d to the c - a x i s and the basal plane which 

form a c l o s u r e s t r u c t u r e . 

An examination of pub l ished r e s u l t s on the magneto-optics of 

FeBO^, suggested tha t an a n a l y s i s of the e f f e c t of a Bloch 

wal l in the basal plane on the o p t i c s of the c r y s t a l could be 

h e l p f u l in dec id ing i f such a wall e x i s t s . S i n c e the 

magnet iza t ion i s conf ined to the basal plane the problem in 
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e s s e n c e i s tha t of a n a l y s i n g Faraday r o t a t i o n and b i r e -

f r i n g e n t e f f e c t s on plane p o l a r i z e d l i g h t inc ident on a 

p l a t e l e t of FeBO^ at an angle to the c - a x i s . The a n a l y s i s , 

both wi th and without an in -p lane Bloch wal l which is 

d e s c r i b e d in the remainder of the chapter i s performed for 

the s imple c a s e of a 180 Bloch wall us ing two msthods, those 

of the Po incare sphere and the t r a n s m i s s i o n mat r ix . This 

s e r v e s both as a check on the r e s u l t s obta ined and as a 

comparison of the m e r i t s of the two methods for magneto-

o p t i c a l c a l c u l a t i o n s . 

7 .2 X - ray Topography of F e r r i c Borate 

F i g u r e 58 i s a topograph of FeBO-^ taken with CuKf*. r a d i a t i o n 

on L4 50 fxm. emuls ion , the r e f l e c t i o n being 110 in t r i p l y 

p r i m i t i v e hexagonal a x e s . Assuming tha t the fea ture A i s an 
1 

i n c l i n e d domain wal l the l i n e s on i t may be in te rpre ted as 

Pende I I fisung f r i n g e s . The e x t i n c t i o n d i s t a n c e For t h i s 

r e f l e c t i o n i s about 3 . 0|in)( Append i x) which i n d i c a t e s an 

i n c l i n a t i o n of about 4 ° to the s u r f a c e , the same as that Haisma 

and S t a c y g ive fo r the wal l they observed at low temperature. 

Assuming t h a t a l l f e a t u r e s showing f r i n g e l i k e c o n t r a s t are 

i n c l i n e d domain w a l l s forming a c l o s u r e s t r u c t u r e and that 

t i ie normal components of magnet izat ion are continuous a c r o s s 

a domain w a l l , then the domain s t r u c t u r e shown in f i g u r e 59 

would seem to account fo r the main f e a t u r e s of t h i s 

topograph. 
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F i g u r e 60 i s a low temperature (•^I20°K) topograph taken 

u s i n g MoKcx rad i a t i on us ing the c r y o s t a t descr ibed in s e c t i o n 

3 -2 The extended domain wal l B is a l s o i n c l i n e d at about 4^ 

to the s u r f a c e which suggests t l iat the i n c l i n e d wall observed 

by Haisma and Stacy may be due to an extens ion of the 

c l o s u r e s t r u c t u r e at low temperature . 

7 .3 The Po incare Sphere Method 

The P o i n c a r e sphere i s a c o n s t r u c t i o n in which po in ts on the 

s u r f a c e of a sphere r e p r e s e n t the p o s s i b l e p o l a r i z a t i o n 

s t a t e s of an e l e c t r o m a g n e t i c wave. The p r o p e r t i e s of t h i s 

c o n s t r u c t i o n have been reviewed by Ramnchandran and 

Ramaseshan (60) wi th s p e c i a l r e f e r e n c e to the problem oF 

s e p a r a t i n g b i r e f r i n g e n t and pure ly r o t a t o r y e f f e c t s . For 

t h i s s e c t i o n we use t h e i r n o t a t i o n . 

The c o n s t r u c t i o n i s i l l u s t r a t e d in f i g u r e 6 l . . The c o 

o r d i n a t e system i s geometr ic in the most l i t e r a l sense i . e . 

s u r f a c e po in ts are represen ted by a l a t i t u d e and a longi tude. 

The c i r c l e through the p o i n t s C | , V , C ^ and H i s the great 

c i r c l e of longitude 0*̂  and I 8 0 ° . The poles C, and C 
I r 

r e p r e s e n t l e f t and r i g h t hand c i r c u l a r l y p o l a r i z e d l igh t 

and a l l p lane p o l a r i z e d modes are represented by points on the 

equator , H s tanding for hor i zon ta l and V for v e r t i c a l 

p o l a r i z a t i o n . A point such as P with longitude 2k and 

l a t i t u d e 2u) r e p r e s e n t s e l l i p t i c a l p o l a r i z a t i o n with the 
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major a x i s at an angle k to the h o r i z o n t a l and with the 

r a t i o of axes b /a g iven by 

b /a = tan 

u i s p o s i t i v e measured from the equator toward C j . Thus 

a l l l e f t r o t a t i n g e l l i p s e s are on the hemisphere with Cj 

a s pole and a l l r i g h t r o t a t i n g e l l i p s e s are on the 

hemisphere wi th as p o l e . 

T h i s then i s the b a s i c r e p r e s e n t a t i o n . We d e s c r i b e now 

f u r t h e r c o n s t r u c t i o n s on t h i s sphere which w i l l enable us to 

i n v e s t i g a t e r o t a t i n g b i r e f r i n g e n t media. A l i n e RR' i s 

drawn in the C j , V , C ^ , H plane at an angle 2 t to HV where 

tan 2^ = 2^J%c 

( So i s the phase r e t a r d a t i o n per un i t l ength , qo i s the t rue 

r o t a t i o n per uni t length) 

Le t A o = + 4qc f 

Then, t a k i n g as an example P to be the i n i t i a l p o l a r i z a t i o n 

s t a t e , the s t a t e a f t e r a path length L in the medium i s 

found by r o t a t i n g P through an angle AoL about R R ' . The 

v a l i d i t y o f t h i s c o n s t r u c t i o n f o l l o w s from the e lec t romagnet ic 
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theory of l i g h t propogation in r o t a t i n g b i r e f r i n g e n t media 

which i s d e s c r i b e d by S z i v e s s y ( 6 l ) . We now turn our 

a t t e n t i o n to p r a c t i c a l c a s e s which may e x i s t in f e r r i c borate . 

7.3.1 The S i n g l e Domain Case 

We a re p r i m a r i l y i n t e r e s t e d in the o r i e n t a t i o n of the 

major a x i s of the emergent e l i i p t i c a l l y p o l a r i z e d l i g h t . 

T h i s i s f a i r l y s imple to f i n d g e o m e t r i c a l l y but , with the 

more compl ica ted two domain c a s e in mind, we w i l l wr i t e the 

s o l u t i o n in terms of r o t a t i o n m a t r i c e s . 

As p r e v i o u s l y mentioned a general s t a t e of p o l a r i z a t i o n may 

be r e p r e s e n t e d by a longi tude 2k and a l a t i t u d e 2u. Express ing 

t h e s e c o - o r d i n a t e s in a c a r t e s i a n frame as shown in f i g u r e 61 

we have , fo r a sphere of un i t r a d i u s 

X, = - c o s 2 u s i n 2 X 

= cos2cocos2'x I 

X j = s i n 2 o 

To e f f e c t the r o t a t i o n about RR' we f i r s t express these 

c o o r d i n a t e s in a s e t of axes r o t a t e d about x, unti I the 

t rans formed x^ a x i s i s c o l i n e a r with R R ' . We then r o t a t e 

about t h i s a x i s through an angle A = A o L . Th is i s to 
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regarded not merely as a convenient change of axes but as a 

r e a l change of c o o r d i n a t e s w i t h i n the same a x e s . The f i n a l 

s t e p i s to e x p r e s s t h e s e changed c o o r d i n a t e s in the o r i g i n a l 

a x e s . Thus we have 

X l 
F 

X-i 

I 0 0 

0 cos2s sin2is 

0 -sin2tt cos2i$ 

cosA 0 s i i nA 0 0 

0 I 0 

• s i n A 0 cosA 

0 cos2u -s in2U 

0 sin2is C O S 2 T $ 

The f i n a l s t a t e which i s in general e l l i p t i c a I Iy p o I a r i z e d 

i s comple te ly d e s c r i b e d by t h i s e q u a t i o n . For the simple 

c a s e of i n c i d e n t h o r i z o n t a l l y p o l a r i z e d l i g h t for which 

2k = 2ij = 0 the emergent s t a t e i s g iven by 

r ^' X, 

xr = 

x̂  

s i n 2 v s i n A 
2 

I - s i n 2<(l - cosA) 

The angle between the major a x i s and the hor i zonta l is given 

from equat ion I by |-Han ' x,^ / x j" | . Thus from equation 

2 we have 

1̂ -1 = 4-tan s i n 2 i s i nA 

I - s in^2Tl( l - cosA) 

79 



7 . 3 . 2 . The Two Domain Case 

In t r e a t i n g the two domain c a s e we assume tha t the Bloch 

wa l l i s t h i n compared with the domain t h i c k n e s s so t h a t 

o p t i c a l e f f e c t s in the wal l may be n e g l e c t e d . The s o l u t i o n 

i s thus s imply an e x t e n s i o n of the s i n g l e domain c a s e in which 

r o t a t i o n about a second a x i s i s c o n s i d e r e d . Thus we have 

s i x r o t a t i o n m a t r i c e s opera t ing on the i n i t i a l , v e c t o r . The 

c a s e of a 180° Bloch wal l i s a F a i r l y s imple example s i n c e 

2TJ changes only in s i g n and not in magnitude. The working 

of t h i s example i s t e d i u s and we merely quote the r e s u l t 
3 

n e g l e c t i n g terms in s i n 2t and h igher powers. This i s 

j u s t i f i a b l e because i s much l e s s than (see Kur tz ig 

( 6 2 ) ) . Thus 

=^tan s i n 2 o [ s i n ( A - A) - 2 s i n A ' ( l - cosA)] 

I - sin^2t{ 3 + cosAcosA' - s inAs inA ' 

- 2cosA - 2cosA) 

7 .4 The T r a n s m i s s i o n Matr ix Method 

Here we fo l low the no ta t ion and procedure of F a t h e r s and 

Tanner (63) in t h e i r paper on i n c l i n e d domain w a l l s . 

Assuming a plane wave s o l u t i o n of the form 

E ^ Eo exp ito ( t - n . r / c ) 



M a x w e l l ' s e q u a t i o n s f o r a n o n - c o n d u c t i n g homogeneous l i n e a r 

medium have so I u t i o n s o f t h e form 

- [TJ]D + D = 0 

where t h e ["5J ( = [ c ] ') t e n s o r i s g i v e n by 

L y-^-^ y^^. 

Here t h e i m a g i n a r y a n t i s y m m e t r i c components depend on the 

m a g n e t i z a t i o n , t h e upper s i g n s r e f e r r i n g t o m a g n e t i z a t i o n 

i n t h e p o s i t i v e and t h e lower s i g n s t o m a g n e t i z a t i o n in the 

n e g a t i v e d i r e c t i o n . S o l u t i o n of e q u a t i o n 3 s u b j e c t to 

e q u a t i o n 4 w i t h n o r m a l i z a t i o n y i e l d s t h e f o l l o w i n g Jones 

v e c t o r s . 

D i z COS0 e x p d i X j 
s i ne D - s i ne 

COS0 exp 

where tan0 = 
2^ 2^ ; 

+ I 
1 i 

and >i.^ + = ^exp ( i X ) ie. X = tan"'-«.;/^,^ 

The s u p e r s c r i p t s i n e q u a t i o n 5 r e f e r t o t h e m a g n e t i z a t i o n 

d i r e c t i o n and t h e s u b s c r i p t s t o t h e v a l u e of n a s s o c i a t e d 

w i t h t h e normal mode. Any p o l a r i z a t i o n s t a t e may be 

r e p r e s e n t e d as a l i n e a r c o m b i n a t i o n of t h e s e v e c t o r s as 
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D = A^D^ + A_D 

The a m p l i t u d e s a t two p o i n t s on t he wave may be r e l a t e d 

by a t r a n s m i s s i o n m a t r i x M a s 

\' 
A_ = M 
\' 
A_ 

z=0 

where M e x p ( i 0 ) 0 
0 ' e x p ( - i 0 ) 

ind f^- = -U\K^\ - | K J ) L 

and K_ a r e t h e wave v e c t o r s o f t h e two normal modes and 

L i s t h e path l e n g t h i n t h e c r y s t a l . T r a n s f o r m i n g equafci 

6 i n t o a b a s i s o f l i n e a r l y p o l a r i z e d modes we o b t a i n a 

m a t r i x d e s c r i b i n g t h e x and y components o f D 

on 

M = 
COS0 + isin0cos20 i s i n 0 s i n 2 e e x p ( + l X ) 
i s i n 0 s i n 2 0 e x p ( + i X ) cos0 - isin0cos20 

7.4.1 The S i n g l e Domain C a s e 

I n most p r a c t i c a l c a s e s t h e i n c i d e n t wave i s l i n e a r l y 

p o l a r i z e d and may be r e p r e s e n t e d by 

D = o 
c o s \ i 
s i n 
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where \!a i s t h e a n g l e of t h e p o l a r i z a t i o n t o t h e y a x i s . 

T a k i n g \b=0 and y> ='Yr/2 ( a v a l i d assumption s i n c e t h e 

a x e s o f t h e t e n s o r a r e q u i t e a r b i t r a r y ) we f i n d t h e f i n a l 

s t a t e t o be g i v e n by 

COS0 + i s i n 0 c o s 2 e 
+ s i n 2 0 s i n 0 

I n t e r p r e t i n g t h i s v e c t o r i n t h e u s u a l way ( s e e f o r example 

C o r n b l e e t ( 6 4 ) ) t h e a n g l e between t h e major a x i s and the y 

a x i s i s g i v e n by 

IM = . i t an s i n 2 0 s i n 2 0 
I - 2 s i n ^ 2 0 s i n ^ 0 

7.4.2 The Two Domain Case 

In t h i s c a s e t h e r e a r e two t r a n s m i s s i o n m a t i c e s f o r 

m a g n e t i z a t i o n i n t h e +z and -z d i r e c t i o n s . 

M 
COS0 + i s i n 0 c o s 2 e 

+ s i n 0 s i n 2 0 

M' 

H- s i n 0 s i n 2 0 

COS0 - i s i n 0 c o s 2 0 

COS0'+ i s i n 0 c o s 2 9 + s i n 0 s i n 2 0 

+ s i n 0 s i n 2 0 c o s 0 ' - i s l n 0 c o s 2 0 

where 0 - - i ( |K_̂  | " |K_ | ) d 
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and - ^ I M - | K J ) ( L - d) 

where d i s t h e depth of t h e B l o c h w a l l . Once a g a i n we 

w i l l j u s t quote t h e r e s u l t n e g l e c t i n g terms in s i n 20 

and h i g h e r powers. 

^1= .-^an s i n 2 e [ s i n 2 ( 0 - gi') - Xs\nHs\nl^^ 
I - s i n ^ 2 0 ( 8 s i n ^ ^ 5 s i n V - 4 s i n 0 s i n0cos0cos0' 

+ 2 s i n ^ 0 c o s % + 2 s i n 2 0 c o s V ) 

7.5 Di s c u s s i o n 

I n our c a l c u J a t i o n s u s i n g t h e P o i n c a r e s p h e r e and m a t r i x 

methods we have us e d t h e n o t a t i o n s of Ramachandran and 

Ramaseshan and F a t h e r s and Tanner r e s p e c t i v e l y . I n f a c t 

by d e f i n i t i o n A = -20 and 2» = 20, The l a t t e r i s by v i r t u e 

o f t h e way t h e P o i n c a r e s p h e r e i s c o n s t r u c t e d ( s e e f o r 

example Wahlstrom ( 6 5 ) ) . Thus t h e r e s u l t s a r e i d e n t i c a l . 

K u r t z i g ( 6 2 ) has a l r e a d y u s f d t h e s i n g l e domain f o r m u l a 

c a l c u l a t e d by t h e P o i n c a r e s p h e r e r e p r e s e n t a t i o n t o s e p a r a t e 

t h e F a r a d a y r o t a t i o n and b i r e f r i n g e n t components i n FeBO^. 

To i l l u s t r a t e t h i s we put our s i n g l e domain r e s u l t in the 

form u s e d by K u r t z i g . The a s s u m p t i o n i s made t h a t t h e 

F a r a d a y r o t a t i o n i s s m a l l compared w i t h t h e b i r e f r i n g e n c e . 

T h i s l e a d s t o two a p p r o x i m a t i o n s . F i r s t l y t h e denominator 
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a p p r o a c h e s u n i t y and s e c o n d l y sin2"U { - s i n 2 0 ) approaches 

tan27(. T a k i n g our s i n g l e domain r e s u l t and s u b s t i t u t i n g 

A = ( 2 ^ / 3 6 0 ) B ( A ) d / c o s A , "b. = ( 2 V 3 6 0 ) B ( A ) , 9,= Fo s i n A 

where d i s t h e c r y s t a l t h i c k n e s s and A i s the angle between 

t h e d i r e c t i o n o f p r o p o g a t i o n and t h e c - a x i s , we o b t a i n in 

t h e form used by K u r t z i g 

k - '8OF0 s i n A ^.^ 
- r T B(A) 

M-B(A)d 
I yOcosA 

I f X i s measured as a f u n c t i o n of A c u r v e matching e n a b l e s 

one t o s e p a r a t e Fo and B ( A ) . In p r i n c i p l e i t s h o u l d be 

p o s s i b l e t o d e m o n s t r a t e t h e p r e s e n c e of an i n - p l a n e B l o c h 

w a l l u s i n g t h i s method. R e c e n t l y Haisma, P r i n s and van 

M i e r l o o (66) in a paper on t h e r e f r a c t i v e i n d i c e s of FeBO^ 

have s u g g e s t e d t h a t t h e p r e s e n c e of a B l o c h w a l l does not 

e f f e c t t h e measured v a l u e s i f t h e measurement i s c a r r i e d 

out under c o n d i t i o n s such that'TrB(A)d/1 SOcosA = nvr 

i . e . = 0. They use t h i s f o r m u l a i n the d e r i v a t i o n o f a 

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

c o n d i t i o n i s d i f f e r e n t in t h e p r e s e n c e o f a Bloch w a l l , i t 

i s d i f f i c u l t t o s e e how t h e measured v a l u e s would be 

u n a f f e c t e d . 
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T h e r e seems t o be l i t t I e t o choose between t h e two methods 

f o r m a g n e t o - o p t i c a l c a l c u l a t i o n but t h e use of both does 

a s s i s t i n e l i m i n a t i n g e r r o r s . 
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Append i x 

B e r n a l , S t r u c k and White ( 6 7 ) g i v e t h e f o l l o w i n g atomic 

p o s i t i o n s f o r FeBO^ in t h e t r i p l y p r i m a t i v e hexagonal 

e e l I : 

( 0 , 0, 0; i ) + 

6 Fe in 0, 0, 0; 0, 0, 4" ; 

6 B i n 0, 0 / i ; 0, 0, "J; 

18 0 i n +x, 0, -J- ; 0, X , i ; X , S,! w i t h x = 0.29 

For t h e symmetric Laue c a s e t h e e x t i n c t i o n d i s t a n c e i s 

g i v e n by t h e r e c i p r o c a l of t h e di a m e t e r of t h e d i s p e r s i o n 

s u r f a c e h y p e r b o l a . T h i s d i a m e t e r i s g i v e n by (Batterman 

and C o l e ( U ) ) . 

k f |C| Fg secO 

For t h e 110 r e f l e c t i o n t h i s y i e l d s e x t i n c t i o n d i s t a n c e s 

o f about 6.5 imm and 3.0(im f o r MoKa and CuKd r e s p e c t i v e l y , 
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