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( i ) 

ABSTRACT 

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

by t h e C z o c h r a l s k i t e c h n i q u e . S i n g l e c r y s t a l s o f c o p p e r , 

a l u m i n i u m and n i c k e l were grown by t h i s t e c h n i q u e . The 

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

a r e s i n g l e . N i c k e l s i n g l e c r y s t a l s were examined by 

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 b o t h t r a n s m i s s i o n and 

r e f l e c t i o n . M a g n e t i c domain and d i s l o c a t i o n bands c o u l d 

be s e e n , A t h e o r e t i c a l s t u d y has a l s o been c a r r i e d 

o u t , f o l l o w i n g B u c k l e y - G o l d e r , t o f i n d t h e e f f e c t o f 

t h e s e e d , n e c k and c r y s t a l d i m e n s i o n on t h e t e m p e r a t u r e 

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

d i s l o c a t i o n d e n s i t y . 
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PREFACE 

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

has become v e r y i m p o r t a n t , because t h e i n t r i n s i c p r o p e r t i e s 

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

p u r i t y and p e r f e c t s i n g l e c r y s t a l s p e c i m e n s have been 

p r e p a r e d . 

The p r o c e s s o f c r y s t a l g r o w t h can be d i v i d e d i n t o 

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

g r o w t h and m e l t g r o w t h . 

C z o c h r a l s k i method has been used t o grow z e r o - d i s l o c a t i o n 

d e n s i t y s e m i c o n d u c t o r m a t e r i a l s u c h as s i l i c o n (Dash, 

1 9 5 8 ) , and g e rmanium ( O k k e r s e , 1 9 5 9 ) , W i t h r e s p e c t t o 

m e t a l s , t h e p r o b l e m i s more d i f f i c u l t , due t o t h e l o w e r 

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

s e m i c o n d u c t o r s (Elbaum, 1 9 6 0 ) , However, t h e r e a r e some 

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

m e t h o d s u c h as s i l v e r ( T a n n e r , 1973) and c o p p e r (Sworn 

and Brown, 1 9 7 2 ) , 

The a i m o f t h i s w o r k i s g r o w i n g h i g h q u a l i t y s i n g l e 

c r y s t a l s o f n i c k e l by t h e C z o c h r a l s k i t e c h n i q u e . The 

r e a s o n f o r t h i s , w h i c h i s a p a r t o f a j o i n t p r o j e c t w i t h 

t h e U n i v e r s i t y o f S t r a t h c l y d e , i s t o s t u d y i n s i t u t h e 

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

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

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

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

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

He w i l l a l s o be a b l e t o examine t h e d e f e c t s t r u c t u r e 



( i i i ) 

c h ange due t o m e c h a n i c a l d e f o r m a t i o n , and i n v e s t i g a t e 
how t h e i n t e r n a l d e f e c t s t r u c t u r e r e l a t e s t o h y d r i d e 
d e c o m p o s i t i o n , 

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

m e l t . C h a p t e r Two i s a b r i e f r e v i e w o f c r y s t a l g r o w t h 

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

g r o w t h . C h a p t e r T h r e e r e v i e w s X - r a y t o p o g r a p h y . C h a p t e r 

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

t e c h n i q u e . C h a p t e r F i v e i s a t h e o r e t i c a l s t u d y based 

on t h e m o d e l o f B u c k l e y - G o l d e r and Humphreys o f t h e e f f e c t 

o f g e o m e t r i c changes i n t h e s e e d , neck and c r y s t a l d i m e n s i o n 

on t h e t e m p e r a t u r e g r a d i e n t . I n C h a p t e r S i x t h e p r o d u c t i o n 

o f s i n g l e c r y s t a l s o f m e t a l s by t h e C z o c h r a l s k i t e c h n i q u e 

i s d i s c u s s e d w h i l e C h a p t e r Seven p r e s e n t s t h e r e s u l t s 

o f t h e p r e s e n t s t u d y . 
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CHAPTER ONE 

CRYSTAL GROWTH FROM THE MELT 

1.1 I n t r o d u c t i o n 

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

a r e C z o c h r a l s k i , B r i d g m a n and F l o a t Zone t e c h n i q u e s , i s t h e 

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

c r y s t a l s , 

Any m a t e r i a l c a n be used t o grow s i n g l e c r y s t a l s f r o m t h e 

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

b e f o r e i t m e l t s and does n o t u n d e r g o a s t r u c t u r a l change 

d u r i n g c o o l i n g . 

1.2 C z o c h r a l s k i g r o w t h 

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

i s t h e p u l l i n g t e c h n i q u e w h i c h i s named a f t e r C z o c h r a l s k i . 

The m a i n a d v a n t a g e s o f t h i s method a r e t h a t i t i s 

g e n e r a l l y a q u i c k c r y s t a l g r o w i n g m e t h o d , i t has good v i s i b i l i t y 

e n a b l i n g t h e n e c k i n g p r o c e s s t o be c o n t r o l l e d , and t h a t t h e 

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

c r y s t a l s w i l l be d i s c u s s e d i n C h a p t e r s i x . 

The i m p o r t a n t d i f f e r e n c e b e t w e e n t h i s method and o t h e r 

m e l t - g r o w t h methods a r e t h a t t h e c r u c i b l e does n o t a c t as a 

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

t h e c r u c i b l e ( J o n e s 1 9 7 4 ) . 

The a d v a n t a g e o f t h e C z o c h r a l s k i t e c h n i q u e o v e r t h e F l o a t 

Zone i s t h a t l a r g e c r y s t a l s can be gro w n , whereas F l o a t Zone 

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

The m a i n d i s a d v a n t a g e o f t h i s method i s t h a t we have t o 

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

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

p u l l i n g have been l i s t e d ( L a u d i s e , 1970) as f o l l o w s . 

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

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

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

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

o b t a i n a b l e by u s i n g a v a r i a b l e h e a t e r , 

i v . I t s h o u l d be p o s s i b l e t o e s t a b l i s h a c o m b i n a t i o n o f 

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

m a t e r i a l c a n be f o r m e d , 

1.2,1 L i q u i d E n c a p s u l a t i o n C z o c h r a l s k i (LEC) 

T h i s t e c h n i q u e ( B r a n d l e , 1980) i s used t o overcome one 

o f t h e m a i n m a t e r i a l l i m i t a t i o n s o f t h e C z o c h r a l s k i t e c h n i q u e j 

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

m e t h o d ( F i g u r e 1,1) t h e c h a r g e i s p l a c e d i n s i d e t h e c r u c i b l e 

w i t h t h e T^2'^3 e n c a p s u l a n t . As t h e power i n c r e a s e s , t h e ^2'^3 

m e l t s c o a t i n g t h e c h a r g e . When t h e c h a r g e i s m e l t e d t h e 

^2^3 fo^n^s a l i q u i d l a y e r above t h e m o l t e n c h a r g e . The 

g r o w t h p r o c e s s i s begun and t h e c o n t r o l d i a m e t e r can be made 

m a n u a l l y o r a u t o m a t i c a l l y . T h i s method has been used by Fang 

e t a l . , , (1984) t o grow I n P s i n g l e c r y s t a l s w i t h v a r i o u s 

d o p e n t s S, Sn, Zn and Fe, They r e p o r t e d t h a t d i s l o c a t i o n 

f r e e Zn-doped p - I n P s i n g l e c r y s t a l s have been o b t a i n e d . 

F u l l y e n c a p s u l a t e d C z o c h r a l s k i (FEC), ( F i g u r e 1 , 2 ) , has 

been u s e d by Kohda (1985) t o grow z e r o d i s l o c a t i o n d e n s i t y 

GaAs. I n t h i s m e t h o d , t h e c r y s t a l grown i s w h o l l y e n c a p s u l a t e d 

i n l i q u i d ^2^3° "^^^ s t r e s s i n d u c e d by arse.nic e v a p o r a t i o n 

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

i s s u p p r e s s e d and t h e r e f o r e r e d u c e d . 
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SEED-Cp 
/ V - C R Y S T A L 

b 5 ^ L A Y E R 

LIQUID 

SILICA CARBON CRUCIBLE SUSCEPTOR 

L U C c r j s l a l piillini; arraiii;cin(.'nl. 

F i g u r e 1.1 ( a f t e r Brandle 1980) 

GoAs CRYSTAL 

HEATER { l ) , ( 2 ) 

MAGNETIC COIL 

GoAs MELT 

CRUCIBLE 
Growth apparatus for the V M - F E C method. 

F i g u r e 1.2 ( a f t e r Kohda, 1985). 
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1,2.2 D i a m e t e r c o n t r o l 

P a i g e (1983) d e s c r i b e d seven methods f o r t h e d i a m e t e r 

c o n t r o l g r o w n by t h i s t e c h n i q u e . 

1.2.2.1 The " b r i g h t r i n g " method When an o p t i c a l 

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

u s e d , changes i n t h e c r y s t a l d i a m e t e r were d e t e c t e d as 

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

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

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

d i a m e t e r ( P a i g e , 1 9 8 3 ) . 

1.2.2.2 The m e l t l e v e l method I n t h i s method, 

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

l e n g t h o r p u l l r a t e g i v e s t h e c r y s t a l d i a m e t e r ( P a i g e , 1 9 8 2 ) . 

T h i s m e t h o d was u s e d by G o n i l e t s k y e t a l . (1981) t o grow 

K c l s i n g l e c r y s t a l s and t h e d i a m e t e r c o n t r o l was w i t h i n 

+ 1.5%. 

1.2.2.3 The X - r a y shadow method T h i s method 

was u s e d by Van D i j k e t a l . (1974) t o c o n t r o l t h e d i a m e t e r 

o f G a l l i u m p h o s p h i d e s i n g l e c r y s t a l s w h i c h were grown by t h e 

l i q u i d e n : : a p s u l a t e d C z o c h r a l s k i (LEC) t e c h n i q u e u s i n g a 

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

2.0 + 0.5 mm d i a m e t e r . T h i s method was a l s o used by P r u a t t 

and L i e n (1974) t o grow a u n i f o r m d i a m e t e r o f G a l l i u m 

p h o s p h i d e s i n g l e c r y s t a l by LEC t e c h n i q u e . I n t h i s method 

a p o i n t s o u r c e o f X - r a y s i s u s e d t o p r o d u c e a shadow image 

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

image i s c o n v e r t e d i n t o a v i s i b l e image d i s p l a y e d on a TV 

m o n i t o r by u s i n g a h i g h - s e n s i t i v i t y TV camera. 
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1.2.2.4 The o t p i c a l TV i m a g i n g method. T h i s 

m e t h o d was d e s c r i b e d by G a r t n e r e t a l . ( 1 9 7 2 ) . The t e l e 

v i s i o n camera p r o d u c e s an i n t e n s i t y p r o f i l e scan as a v i d e o 

image. The v i d e o - s i g n a l o f t h e c r y s t a l w h i c h i s p r o p 

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

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

+ 0.3% d u r i n g c r y s t a l g r o w t h . T h i s method was a l s o used 

by O'Kane e t a l . (1972) t o grow s i n g l e c r y s t a l s o f (RNbO^j-j^Q, 

( L i N b 0 3 ) 3 5 and (Balih20^) 

1.2.2.5 The L a s e r r e f l e c t i o n method. T h i s 

t e c h n i q u e was d e s c r i b e d by Gross and K e r s t e n ( 1 9 7 2 ) . They 

were a b l e t o grow P o t a s s i u m c h l o r i d e and a b i s m u t h germanium 

o x i d e and t h e c r y s t a l d i a m e t e r was c o n s t a n t w i t h i n a b o u t 

1 % . I n t h i s m e t h o d , t h e l a s e r beam, r e f l e c t e d f r o m t h e m e l t 

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

and i s r e l a t e d t o t h e c r y s t a l d i a m e t e r . The s i g n a l s w h i c h 

come f r o m them a r e a m p l i f i e d , r e c t i f i e d and s u b t r a c t e d f r o m 

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

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

1.2.2.6 The w e i g h i n g method. T h i s method was 

u s e d by B a r d s l e y (1972) t o c o n t r o l t h e d i a m e t e r o f Sodium 

C h l o r i d e and germanium s i n g l e c r y s t a l s . The c o n t r o l w i t h 

NaCl was + 2% o v e r 10 cm c r y s t a l l e n g t h . I n t h i s method 

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

mechanism t r a v e l . F o r a c o n s t a n t d i a m e t e r o f t h e c r y s t a l , 

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

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

t h e p r o p o r t i o n changes and an e r r o r s i g n a l i s g e n e r a t e d and 

f e d b a c k t o t h e R-F g e n e r a t o r c o n t r o l s y s t e m . T h i s r e s u l t 
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i n a change i n t h e m e l t t e m p e r a t u r e and c o n s e q u e n t l y a 
d e s i r e d c r y s t a l d i a m e t e r i s grown. 

1,2.2,7 V i s c o u s t o r q u e T h i s method was used 

by P a i g e (1983) a t Durham U n i v e r s i t y . I t i n v o l v e s t h e 

measurement o f t h e v i s c o u s t o r q u e on t h e c r y s t a l as i t 

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

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

1.2,3 Some p r e v i o u s uses o f t h i s method 

T h i s m e t h od has been u s e d t o grow z e r o d i s l o c a t i o n 

d e n s i t y s i l i c o n s i n g l e c r y s t a l s by Dash (1958) who i n 

(1959) e x p l a i n e d t h e s o u r c e o f d i s l o c a t i o n s o c c u r r i n g 

d u r i n g t h e c r y s t a l g r o w t h and how i t c o u l d be e l i m i n a t e d . 

S t e i n e m a n n and Z i m m e r l i (1966) r e p o r t e d t h e y were a b l e 

t o p r o d u c e z e r o d i s l o c a t i o n d e n s i t y GaAs by t h i s method. 

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

c r y s t a l and new d i s l o c a t i o n w i l l be g e n e r a t e d i f any 

i m p u r i t y e x i s t , 

Z u l e h e r and Huber (1982) grew s i l i c o n s i n g l e c r y s t a l s 

w i t h z e r o d i s l o c a t i o n d e n s i t y . They s t a t e t h a t t h e o x y g e n 

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

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

was r e d u c e d w i t h c o u n t e r r o t a t i o n . 

D i s l o c a t i o n f r e e Germanium c r y s t a l s were grown by t h i s 

m e t h o d by O k k e r s e ( 1 9 5 9 ) . He f o u n d t h a t t h e neck has a 

ma r k e d e f f e c t on t h e q u a l i t y w h i c h i s a l s o a f f e c t e d by t h e 

p u r i t y o f t h e m e l t , 

1,3 The B r i d q m a n T e c h n i q u e 

T h i s m e t h od was u s e d f i r s t by B r i d g m a n and t h e n 

d e v e l o p e d by S t o c k b a r g e r and i s known as t h e B r i d g m a n -
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•Zone heater 

Ingot 

Holder 

F i g u r e 1.3 F l o a t i n g zone technique 

( a f t e r Lawson and N i e l s e n , 1958) 
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The Bridgman techniqita. 

F i g u r e 1.4 ( a f t e r B r i c e 1965). 
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S t o c k b a r g e r method ( L o u d i s e , 1 9 7 0 ) . 

The b a s i c c o n c e p t i n Bridgman t e c h n i q u e i s t h a t 

t h e whole c h a r g e i s m e l t e d f i r s t and then s o l i d i f i e d 

from one end, where a se e d c r y s t a l can be l o c a t e d i f 

n e c e s s a r y . A window s h o u l d be a v a i l a b l e t o check t h a t 

t h e s e e d has been p a r t i a l l y m e l t e d ( B r i c e 1965). The 

method u s e s a v e r t i c a l arrangement or h o r i z o n t a l arrangement. 

I n t h e v e r t i c a l method t h e m e l t i n t h e c r u c i b l e i s made 

to s o l i d i f y from t h e lower end of the c r u c i b l e by l o w e r i n g 

t h e c r u c i b l e or moving t h e f u r n a c e . The advantage of 

t h i s method i s t h e v a r i e t y of s i z e of c r y s t a l s which 

c a n be produced, b e c a u s e i t i s f i x e d by c r u c i b l e geometry 

( J o n e s 1 9 7 4 ) . On t h e o t h e r hand t h i s method cannot be 

used f o r s e m i - c o n d u c t o r s because t h e y expand on s o l i d i f i c a t i o n 

and produce a l a r g e s t r e s s on the c r u c i b l e which a c t s 

as a c o n s t r a i n t ( L o u d i s e , 1 9 7 0 ) . 

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

be slow t o keep t h e s o l i d / l i q u i d i n t e r f a c e p l a n a r and 

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

c o o l i n g , (Lawson and N i e l s e n , 1958)„ A l s o the h o r i z o n t a l 

method c a n be use d w i t h t h e advantage t h a t i t s arrangement 

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

i s i n c r e a s e d due t o t h e wide open s u r f a c e . 

l , 3 o l Some p r e v i o u s u s e s o f t h i s method. Copper 

s i n g l e c r y s t a l s w i t h low d i s l o c a t i o n d e n s i t y have been 

grown by Bridgman t e c h n i q u e (Young and Savage 19 6 4 ) . 

They o b t a i n e d c r y s t a l s w i t h a low d i s l o c a t i o n d e n s i t y , 

and t h e s l i c e s c u t from t h e l a r g e c r y s t a l s were a n n e a l e d . 
5 -2 

I f t h e d i s l o c a t i o n d e n s i t y i s more t h a n 10 cm , t h e r e 
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w i l l be no r e d u c t i o n i n the d i s l o c a t i o n d e n s i t y , but 
5 -2 

i f i t was l e s s t h a n 10 cm the r e d u c t i o n was d i v i d e d 

by a f a c t o r of 100„ They found t h a t the d i s l o c a t i o n 

d e n s i t y i s l o w e r when t h e growth d i r e c t i o n i s (111) a l s o , 

by t h i n n i n g t h e c r u c i b l e w a l l from .95 cm to ,24 cm, 

t h e d i s l o c a t i o n d e n s i t y would be lowered t e n t i m e s . 
2 -2 

The l o w e s t d i s l o c a t i o n d e n s i t y o b t a i n e d was 10 cm 

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

A l s o by t h i s method P e a r s o n ( 1 9 5 3 ) , produced Ni 

s i n g l e c r y s t a l s under vacuum i n an a l u m i n a s h e e t c r u c i b l e . 

He took back r e f l e c t i o n Laue photographs t o c o n f i r m t h a t 

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

c r y s t a l ( 1 " xS/a" d i a m e t e r ) was then e l e c t r o l y t i c a l l y 

p o l i s h e d t o remove any r e m a i n i n g m a t e r i a l on the s u r f a c e . 

He c u t i t i n a p i c t u r e frame,,then i t was m e c h a n i c a l l y 

and e l e c t r o l y t i c a l l y p o l i s h e d and r e a n n e a l e d to a l l o w 

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

A l s o (Wernick and D a v i s 1956) managed to grow h i g h 

p u r i t y s i n g l e c r y s t a l s of copper by t h i s method under 

a vacuum i n a g r a p h i t e c r u c i b l e . They found t h a t a r a p i d 

l o w e r i n g r a t e l e d t o b i c r y s t a l s and by l o w e r i n g i t by 

2" p e r hour the p e r f e c t i o n was v e r y h i g h . 

1.4 F l o a t Zone 

The f l o a t zone t e c h n i q u e i s the zone m e l t i n g t e c h n i q u e 

i n a v e r t i c a l p l a n e . I n t h i s method, the seed c r y s t a l 

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

downward i n s u c h a way t h a t i t t o u c h e s the top of the 

s e e d . The zone i s moved down through the i n g o t and where 
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t h e s e e d b e g i n s t o m e l t , the d i r e c t i o n o f the zone i s 
r e v e r s e d and t h e s e e d grows as the zone i s moved upwards. 

I n t h i s method, the m e l t i s i n c o n t a c t o n l y w i t h 

i t s own s o l i d . T h i s i s o b v i o u s l y an advantage because 

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

or s t r a i n d u r i n g c o o l i n g , 

1,4.1 Some p r e v i o u s u s e s of t h i s method. T h i s 

t e c h n i q u e , where t h e molten zone i s h e l d i n p l a c e by 

s u r f a c e t e n s i o n between two v e r t i c a l l y c o l i n e a r s o l i d 

r o d s was d e s c r i b e d f i r s t by Keck and C o l a y (1953) to 

grow s i n g l e c r y s t a l of s i l i c o n . 

A l s o C a l v e r l e y , e t a l , (1957) s t a t e t h a t by t h i s 

method and u s i n g e l e c t r o n bombardment as a h e a t s o u r c e 

t h e y produced s i n g l e c y s t a l s 2 mm to 1 cm i n diameter 

and up t o 16 cm l o n g o f t u n g s t e n , r h e n i u m , t a n t a l u m , molybdenum, 

vanadium, s i l i c o n u s i n g a seed c r y s t a l , and copper, but 

t h e y were not a b l e t o produce s i n g l e c r y s t a l s of i r o n , 

due t o t h e phase change i n c o o l i n g , nor i n t i t a n i u m . 

K e c k e t a l , (1957) found t h a t the s t a b i l i t y o f 

t h e l i q u i d zone f o r a specimen of g i v e n d i a m e t e r w i l l 

d e c r e a s e as t h e l e n g t h of the l i q u i d column i n c r e a s e s . 

So, t h e zone c a n n o t be s u p p o r t e d by s u r f a c e t e n s i o n i f 

i t s l e n g t h e x c e e d s a c e r t a i n v a l u e . 

The h o r i z o n t a l t e c h n i q u e has been used by Pfann 

and M agelbarger (1956) . They used an e l e c t r o m a g n e t i c 

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

c u r r e n t t h r o u g h a c y l i n d r i c a l i n g o t which was clamped 

h o r i z o n t a l l y a t both ends. They a p p l i e d a magnetic f i e l d 

h o r i z o n t a l t o t h e zone which was t o be suspended. They 
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a r r a n g e d the d i r e c t c u r r e n t and magnetic f i e l d to b a l a n c e 
t h e g r a v i t a t i o n a l f i e l d . N i c k e l s i n g l e c r y s t a l s were 
produced by H u t c h i n s o n s (1959) by t h i s method. 
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CHAPTER TWO 

OTHER CRYSTAL GROWTH METHODS 

2 o1 S o l i d - s o l i d growth method 

M e t a l c r y s t a l s c a n be produced by the s o l i d - s o l i d 

growth method ( a l s o known as the r e c r y s t a l l i z a t i o n growth 

method), by t h e s t r a i n a n n e a l method and by the phase 

t r a n s f o r m a t i o n method. The advantage of the s o l i d - s o l i d 

method i s t h a t t h e specimen comes i n a t h i n s h e e t which 

can be used f o r X-ray topography e x a m i n a t i o n (Champier 

1979) . 

2.1.1 S t r a i n a n n e a l method. N(6st (1965) managed 

t o produce l a r g e s i n g l e c r y s t a l s of aluminium by the 

s t r a i n a n n e a l method a t a v e r y s l o w c o o l i n g r a t e . 

He took aluminium b a r s and c o l d - r o l l e d them to a 

c r o s s s e c t i o n o f 1 m i l l i m e t e r by 15 m i l l i m e t e r s . 

The s t r i p s were a n n e a l e d f o r a s h o r t time. A f t e r 

t h e y were c o l d - r o l l e d t o a c r o s s s e c t i o n o f 1 m i l l i m e t e r 

by 15 m i l l i m e t e r s t h e y deformed 3% i n t e n s i o n , then u s i n g 

a saw t h e y were c u t i n t o p i e c e s 30 m i l l i m e t e r s l o n g . 

They suspended v e r t i c a l l y i n t h e f u r n a c e and the temp e r a t u r e 

r o s e t o 300°C and s l o w l y to 440°C, 14°C per hour, then 

i t c o o l e d down s l o w l y t o room t e m p e r a t u r e . 
3 2 The d i s l o c a t i o n d e n s i t y i s 5 x 10 l i n e s per cm 

but i n a s m a l l e r r e g i o n , the d i s l o c a t i o n d e n s i t y i s lowered 
2 2 t o 2 X 10 l i n e s p e r cm . 

Nes and N(5st (1966) found t h a t t h e c o o l i n g r a t e 

down t o room t e m p e r a t u r e i s a d e t e r m i n a t i v e f a c t o r . The 

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

r a t e . They s t a t e t h a t t h e l o w e s t d i s l o c a t i o n d e n s i t y 
2 3 t h e y o b t a i n e d was 5 x 10 l i n e s per cm f o r a c o o l i n g 
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r a t e of 2°C p e r hour, 

A l s o Deguchi e t a l , (1978) found the same c o n c l u s i o n 

i , e , t h a t t h e c o o l i n g r a t e had a marked a f f e c t on the 

q u a l i t y o f the c r y s t a l , 

2,1.2 Phase t r a n s f o r m a t i o n method. T h i s method 

was used by J o u r d a n e t a l , (1972) t o produce a l a r g e 

s i n g l e c r y s t a l o f t i t a n i u m . 
2 

They c u t specimens i n t o about 30 x 10 mm and r o l l e d 

down t o .45 m i l l i m e t e r s . The specimens were t h i n n e d 

down to ,2 m i l l i m e t e r by m e c h a n i c a l and c h e m i c a l p o l i s h i n g . 

They were a n n e a l e d i n a h i g h vacuum 5 x 10 '''^torr f o r 

about 3 days i n t h e a phase a f t e r b r i e f l y b e i n g m a i n t a i n e d 

i n t h e 6 phase. T h i s i s c a r r i e d out f i r s t of a l l a t 

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

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

a t a r a t e o f 3°C per hour, 

2,2 Vapor growth 

T h i s t e c h n i q u e was r e v i e w e d by B r a n n e r (1963) as 

a method f o r t h e growth of m e t a l s , 

2.2.1 S u b l i m a t i o n c o n d e n s a t i o n 

T h e r e a r e two t y p e s used; c l o s e d tube system u s i n g 

a tube or vacuum e v a p o r a t o r and open tube systems ( F i g u r e 

2 . 1 ) , 

The growth method was used by i J i t t m a r and Neumann 

(1958) t o grow c r y s t a l n e e d l e s of p o t a s s i u m . They were 

h e x a g o n a l i n c r o s s s e c t i o n from 5-1 m i l l i m e t e r long. 

A l s o cadmium c r y s t a l s were grown by c o n d e n s a t i o n 

on a q u a r t z f i b r e i n an argon d i f f u s i o n c e l l which was 

i n s e r t e d t o s e r v e as a s u b s t r a t e f o r c o n d e n s a t i o n between 

two f l a t p l a t e s . 



- 14 -

HOT a 
S O U R C E 

HEATED 
SUBSTRATE 

B E L L J A R ' 

HOT 

I N E R T . 
G A S 

COOL 

GROWTH 

(a) 

r1 
RESISTIVELY 

HEATED 
S O U R C E 

(b) 
TO 

PUMP 

COOL 

SOURCE GROWTH 

( C ) 

F i g u r e 2.1 Sublimation condensation c o n f i g u r a t i o n . 
(a) c l o s e d tube technique 
(b) vacuum evaporation 
(c) open-tube technique 
( a f t e r Landies 1970). 
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2.2.2 S p u t t e r i n g . 

There a r e t h r e e v a r i a n t s of t h i s t e c h n i q u e ; cathode 

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

l a t t e r b e i n g used f o r a grown c r y s t a l r a t h e r than f o r 

c r y s t a l growth ( L a u d i e s 1 9 7 0 ) . 

T h e u e r e r and Heuser (1964) used t h i s t e c h n i q u e f o r 

growing f i l m s o f m a t e r i a l s such as Nb, Ta, V ^ S i , V^Ge and 

V^Ga. 
2.2.3 I r r e v e r s i b l e r e a c t i o n . 

I n t h i s method (Gatog, 1979) where the r e a c t i o n t a k e s 

p l a c e t h e r e a c t a n t s a r e brought i n t o c o n t a c t w i t h t h e seed 

m a t e r i a l . T h i s t e c h n i q u e i s used w i d e l y to o b t a i n s i l i c o n 

l a y e r s and t h e r e a c t i o n which i s used i s 

SiHCfi.^ + ^2 ^ S i + 3ECi 

T h e u r e r e n (1962) used t h e hydrogen r e d u c t i o n method 

f o r p r o d u c i n g an e p i t a x i a l f i l m of s i l i c o n . He found t h a t 

t h e f i l m s were s i n g l e c r y s t a l s w i t h <111> o r i e n t a t i o n of 

th e s u b s t r a t e . 

2.2.4 R e v e r s i b l e r e a c t i o n 

I n t h i s method (Gatog, 1 9 7 9 ) , t h e s o l i d m a t e r i a l i s 

brought i n t o t h e vapor phase t h e n under c o n t r o l l e d con

d i t i o n s i t i s reformed by r e v e r s i n g t h e d i r e c t i o n of the 

r e a c t i o n . Van A n k e l and de Boer used a method o f t h i s type 

to p r e p a r e s i n g l e c r y s t a l s . T h i s method i s c a l l e d the hot 

w i r e p r o c e s s . T h i s r e a c t i o n was used t o grow Zr 
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450 
Z r ( s ) + 2I„(g) ^ Z r l 4 ( g ) 

^ 1200 

Cds and Zns s i n g l e c r y s t a l s were grown by Greene 

and C z y z i k ( 1 9 5 8 ) . 

2.3 C r y s t a l growth from s o l u t i o n 

2.3.1 Aqueous s o l u t i o n growth. T h i s method (Gatog, 

1979) depends on a c h i e v i n g s u p e r - s a t u r a t i o n w i t h o u t 

i n d u c i n g spontaneous n u c l e a t i o n , t h u s growth can proceed 

on t h e s e e d m a t e r i a l . The advantages of t h i s method a r e 

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

By t h i s method Emara e t a l . (1969) managed to grow 

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

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

X - r a y topography. 

They suspended a s m a l l seed c r y s t a l i n a s a t u r a t e d 

aqueous s o l u t i o n of pure p o t a s h alum a t 80°C which was 

then c o o l e d down t o room t e m p e r a t u r e . A w e l l developed 

o c t a h e d r a l c r y s t a l was formed by adding t o the seed a f t e r 

24 h o u r s . 

A l s o by t h i s t e c h n i q u e D u c k e t t and Lang (1973) managed 

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

and t h e b e s t c r y s t a l s c o n t a i n e d v e r y few d i s l o c a t i o n s , 

2.3.2 F l u x growth. I n t h i s method (Gatog, 1979) 

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

o f a s a t u r a t e d s o l u t i o n . The s e e d s can be withdrawn 
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b e f o r e the s o l u t i o n i s s o l i d i f i e d . I f seeds a r e e i t h e r 
not u s e d or withdrawn, the s o l i d i f i e d f l u x s h o u l d be 
d i s s o l v e d b e f o r e the c r y s t a l can be r e c o v e r e d . 

The d i f f i c u l t y of t h i s t e c h n i q u e ( L a u d i e s , 1970) 

i s t h a t i t r e q u i r e s h a r d work to f i n d a m o l t e n - s a l t s o l v e n t 

f o r a g i v e n c r y s t a l . A l s o i m p u r i t y c o n t r o l i s another 

problem i f f l u x components a r e s o l u b l e i n the growth 

c r y s t a l . 

U s i n g t h i s t e c h n i q u e Austermann e t a l . (1965) managed 

to grow s i n g l e c r y s t a l s of b e r y l l i u m o x i d e BeO w i t h low 

d i s l o c a t i o n d e n s i t y . These c r y s t a l s were grown from 

l i t h i u m molybdate f l u x a t t e m p e r a t u r e s between 1000°C 

and 1150°C. 

A l s o V e n u t e r a l e t a l . (1961) grew l a r g e s i n g l e c r y s t a l s 

of B i ^ T i ^ 0^2 b i s m u t h t i t a n a t e by m i x i n g the lOOg of 

^^2^3 ^^'^ °^ then m e l t e d them a t 1200°C 

i n a p l a t i u m c r u c i b l e , and by slow c o o l i n g , s h e e t l i k e 

c r y s t a l s a t Bi^Ti^0^2 o b t a i n e d . 

These s h e e t s w i t h i n t e r v e n i n g 8120^ l a y e r s a r e e a s i l y 

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

d i s s o l v e t h e B i 2 0 2 . 

2.3.3 Hydrothermal growth. T h i s t e c h n i q u e was 

used by Kolb e t a l . (1968) to grow r a r e e a r t h and o r t h o f e r r i t e 

s i n g l e c r y s t a l s . They found t h a t t h e q u a l i t y of c r y s t a l 

was q u i t e good w i t h a few low a n g l e g r a i n b o u n d a r i e s . 

C r o x e l l e t a l . (1974) r e p o r t e d t h a t by the hydro-

t h e r m a l growth method, t h e y managed t o grow c r y s t a l s 

o f z i n c o x i d e u s i n g u l t r a - p u r e Z i n c o x i d e powder. 
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They examined t h e s e c r y s t a l s by u s i n g X-ray topography and 
found them t o be o f a h i g h p e r f e c t i o n - the p r i n c i p a l 
i m p e r f e c t i o n b e i n g d i s l o c a t i o n s . 

Most o f h y d r o t h e r m a l growth i s d i r e c t e d a t growth 

o f q u a r t z f o r o s c i l l a t o r s . Hosaka and T a k i (1981) s t a t e 

t h a t t h e b e s t c o n d i t i o n s t o grow q u a r t z c r y s t a l s a r e : 

growth t e m p e r a t u r e above 400°C and 10wt% K C l s o l u t i o n . L i a s 

e t a l . (1973) r e p o r t e d t h a t h i g h q u a l i t y q u a r t z i s grown 

by t h i s method. 



- 19 -

CHAPTER THREE 

X-RAY DIFFRACTION TOPOGRAPHY 

3,1 I n t r o d u c t i o n 

X - r a y d i f f r a c t i o n topography r e f e r s to s e v e r a l d i f f r a c t i o n 

t e c h n i q u e s by which t o p o g r a p h i c a l d i s p l a y s of the m i c r o s t r u c t u r a l 

d e f e c t s i n c r y s t a l s c a n be o b t a i n e d . I t i s concerned w i t h 

t h e change i n t h e i n t e n s i t y of t h e d i f f r a c t e d beams which 

have been d i f f r a c t e d by deformed r e g i o n s which d i f f e r from 

t h e p e r f e c t c r y s t a l , t h a t i s because around the deformed 

r e g i o n t h e Bragg c o n d i t i o n b r e a k s down, r e s u l t i n g i n changes 

i n t h e i n t e n s i t y of t h e d i f f r a c t e d beam (Tanner 1976). The 

Bragg c o n d i t i o n i s 

n A = 2d s i n ()) ̂  3.1 

A i s t h e r a d i a t i o n wave l e n g t h and c))^ i s t h e angle between 

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

X - r a y topography i s v e r y s i m i l a r t o e l e c t r o n m i c roscopy. 

The main d i f f e r e n c e between t h e s e two i s t h a t the X-ray t e c h n i q u e 

i s more s e n s i t i v e t o s t r a i n t h a n e l e c t r o n microscopy and 

t h i s i s due t o t h e much weaker s c a t t e r i n g of X - r a y s by the 

c r y s t a l compared w i t h e l e c t r o n m i c r o s c o p y . Because of the 

wide images i n X- r a y topographs, s e v e r a l micrometers wide, 

v e r y low d i s l o c a t i o n d e n s i t y c r y s t a l s a r e r e q u i r e d to r e y e a l 

i n d i v i d u a l d i s l o c a t i o n s by t h i s t e c h n i q u e (Tanner 1977b), 

Another d i f f e r e n c e i s t h a t m u l t i p l e X-ray topographs 

may be t a k e n o f o r g a n i c c r y s t a l s . T h i s would not be p o s s i b l e 

w i t h t h e e l e c t r o n m i c r o s c o p e , as t he c r y s t a l s would q u i c k l y 

v o l a t a l i s e o r decompose (Lang 1 9 7 8 ) , 

A l i s t o f a l l t h e X-ray topography t e c h n i q u e s a r e c o v e r e d 

by t h e f i r s t book on t h i s s u b j e c t (1976) and r e v i e w a r t i c l e s 
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(1977a) o f Tanner. 

3.2 O r i e n t a t i o n c o n t r a s t and e x t i n c t i o n c o n t r a s t 

Changes i n t h e d i r e c t i o n of the d i f f r a c t e d beam from 

p o i n t t o p o i n t on t h e image i s 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 

(Lang 1 9 7 8 ) . 

T h i s c o n t r a s t can be i n t e r p r e t e d by s i m p l e geometry 

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

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 the d i s t o r t i o n around 

the d e f e c t g i v i n g r i s e t o d i f f e r e n t s c a t t e r i n g power from 

t h o s e i n t he s u r r o u n d i n g m a t r i x (Tanner 1976), T h i s i s 

i n t e r p r e t e d o n l y by d y n a m i c a l t h e o r y . 

3.3 The d y n a m i c a l Theory of X-ray d i f f r a c t i o n 

T h i s t h e o r y was r e v i e w e d m a t h e m a t i c a l l y by Batterman 

(1964), a l s o i t i s r e v i e w e d by B a l c h i n and Whitehouse (1971) . 

The r e a r e two b a s i c t h e o r i e s f o r the d i f f r a c t i o n of 

X - r a y s by c r y s t a l s , k i n e m a t i c a l t h e o r y and dynamical 

t h e o r y . The main a s s u m p t i o n of the former i s t h a t the 

a m p l i t u d e o f t he d i f f r a c t e d beam i s s m a l l compared w i t h 

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

but w i t h l a r g e c r y s t a l s t h e a m p l i t u d e of the d i f f r a c t e d beam 

becomes comparable w i t h t h a t o f t h e i n c i d e n t beam. The 

i n t e r a c t i o n between t h e d i f f r a c t e d and i n c i d e n t beam i s however, 

t a k e n i n t o a c c o u n t by t he l a t t e r t h e o r y (Tanner 1977b). 

The problem, (Tanner 1977) i s to s o l v e . Maxwell' s equations 

i n a p e r i o d i c medium. The s o l u t i o n 

D = exp i w t E exp (-27rikg.r) 3.2 

s a t i s f i e s and t he wave v e c t o r s k a r e l i n k e d by the Laue 
-g 

e q u a t i o n 

k = k + g —g —o -3-

We see t h a t t h e s o l u t i o n D i n s i d e the c r y s t a l c o n s i s t s of 
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F i g u r e 3.1 The d i s p e r s i o n s u r f a c e c o n s t r u c t i o n ( a f t e r Tanner 
1977b). 
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a s u p e r p o s i t i o n of p l a n e waves c o r r e s p o n d i n g to a d i f f r a c t e d 

wave. T h i s s u p e r p o s i t i o n i s a wave f i e l d . I n the X-ray 

c a s e we need t o c o n s i d e r two waves t h a t a r e a s s o c i a t e d 

w i t h t h e i n c i d e n t wave and t h a t a r e a s s o c i a t e d w i t h the 

d i f f r a c t e d wave. N e g l e c t i n g time dependence we have 

w a v e f i e l d o f t h e form 

D = D e x p ( - 2 T T i k . r ) + D e x p ( - 2 7 r i k . f ) 3.4 — —o —o — —g —g — 
S u b s t i t u t i o n o f t h i s e q u a t i o n i n t o a Maxwell's e q u a t i o n 

and the r e q u i r e m e n t f o r a n o n - t r i v i a l s o l u t i o n g i v e s 

t h e r e l a t i o n between k and k and the a m plitude r a t i o 
-g -o 

R = D /D i n terms o f k and k , The r e l a t i o n between —g —o —g —o 

kg and k^ can be p l o t t e d g r a p h i c a l l y , and i s known as 

the d i s p e r s i o n s u r f a c e . 

C l o s e t o the Bragg r e f l e c t i o n the c r y s t a l p o t e n t i a l 

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

f o r e a c h p o l a r i z a t i o n s t a t e . E a c h p o i n t ( t i e p o i n t ) 

on t h e d i s p e r s i o n s u r f a c e ( f i g . 3.1) d e f i n e s the wave v e c t o r 

and the wave a m p l i t u d e i n s i d e the c r y s t a l . However, a s i n g l e 

i n c i d e n t wave e x c i t e s two B l o c h waves and t h e i r a s s o c i a t e d 

wave v e c t o r s d i f f e r , and t h e y i n t e r f e r e , g i v i n g r i s e to 

P e n d e l l o s u n g f r i n g e s . The depth p e r i o d i s known as the 

e x t i n c t i o n d i s t a n c e C^.. F o r the symmetric Laue geometry 

S = A^"^ = "V^ cosc^g/r^ AC ( F ^ F - ) ^ 3.5 

where A i s t h e d i a m e t e r of d i s p e r s i o n s u r f a c e and o ^ 
V volume of u n i t c e l l c 
r c l a s s i c a l e l e c t r o n r a d i u s e 

C P o l a r i z a t i o n f a c t o r 

and F s t r u c t u r e f a c t o r . 
g 

T hese f r i n g e s a r e i m p o r t a n t i n the i d e n t i f i c a t i o n o f h i g h 
p e r f e c t i o n c r y s t a l s . 
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3.4 E x p e r i m e n t a l t e c h n i q u e s 

There a r e t h r e e t e c h n i q u e s used w i t h c o n v e n t i o n a l X-ray 

g e n e r a t o r s , 

(1) B e r g - B a r r e t t t e c h n i q u e , 

(2) Lang's t e c h n i q u e , 

(3) Double c r y s t a l t e c h n i q u e . 

3.4.1 Berg B a r r e t t technque. 

F i g u r e (3.2a) shows the e x p e r i m e n t a l arrangement. 

The specimen, u s u a l l y i n the form of s i n g l e c r y s t a l / 

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

s e t of l a t t i c e p l a n e s u s i n g an extended s o u r c e . Although 

a double image of any d e f e c t o c c u r s because of the c l o s e l y 

s p a c e d Ka^, Ka2 doublet t h i s i s e l i m i n a t e d by p l a c i n g t h e 

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

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

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

to l e s s t h a n about 10^ m ^ compared w i t h about lO"*"^ m ^ i n 

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

f i r s t f o r a s s e s s i n g a new c r y s t a l (Tanner 1976). 

3.4.2 Lang's t e c h n i q u e . 

T h i s i s t h e most w i d e s p r e a d t o p o g r a p h i c t e c h n i q u e . I n 

the Lang t e c h n i q u e , commonly r e f e r r e d t o as Lang topography, 

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

i n back r e f l e c t i o n . The e s s e n t i a l f e a t u r e s a r e shown i n 

F i g u r e ( 3 . 2 b ) . 

I n t h i s t e c h n i q u e , i f the c r y s t a l and f i l m a r e s t a t i o n a r y , 

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

r e p r e s e n t s a s m a l l p a r t of the c r y s t a l . T h i s topograph i s 

c a l l e d a s e c t i o n topograph (Lang 1 9 5 8 ) . 
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I f t h e c r y s t a l and f i l m are b o t h mounted on an ac c u r a t e 
l i n e a r t r a v e r s i n g mechanism, t h e whole area w i l l then be 
r e c o r d e d and t h e photograph o b t a i n e d i s c a l l e d a p r o j e c t i o n 
t o p o g r a p h (Lang 1 9 5 9 ). He a l s o showed t h a t a p r o j e c t i o n 
t o p o g r a p h i s e q u i v a l e n t t o a s u p e r p o s i t i o n o f many s e c t i o n 
topographs„ 

A s p e c i a l method o f p r o j e c t i o n topography was developed 

by Lang (1963) t o r e c o r d images o n l y from those i m p e r f e c t i o n s 

which are l o c a t e d w i t h i n a s e l e c t e d range o f depth i n the 

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

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

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

may be d e s i r e d when s u r f a c e damage i s i m p o s s i b l e or u n d e s i r a b l e 

t o remove. Double images r i s i n g from Ka^ and are avoided 

by c o l l i m a t i n g t h e beam. Only Kâ ^ i s used due t o i t s g r e a t e r 

i n t e n s i t y (Tanner 1 9 7 6 ) . 

3 . 4 o 3 D o u b l e - c r y s t a l t e c h n i q u e 

I n t h i s t e c h n i q u e , o r i g i n a l l y due t o Bond and Andrus 

( 1 9 5 2 ), t h e r e f e r e n c e c r y s t a l and the specimen c r y s t a l have 

th e same s p a c i n g o f r e f l e c t i n g planes because the two c r y s t a l s 

are f r o m t h e same m a t e r i a l . F i g u r e ( 3.2c). 

I n t h i s h i g h s e n s i t i v i t y (+ -) p a r a l l e l s e t t i n g X-rays 

are d i f f r a c t e d from ( h k l ) and then from ( h k l ) . I n t h i s 

arrangement t h e d i f f r a c t i o n from t he specimen c r y s t a l w i l l 

n o t occur u n l e s s t h e l a t t i c e planes o f the r e f e r e n c e and 

specimen c r y s t a l are n e a r l y p a r a l l e l . Thus t h i s t e c h n i q u e 

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

When one o f t h e c r y s t a l s i s r o t a t e d t h e r o c k i n g curve 

o b t a i n e d i s v e r y narrow - t y p i c a l l y a few seconds o f a r c . 
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F i g u r e 3.2 (a) The Berg-Barret technique. 
(b) The Lang t r a n s m i s s i o n technique. 
(c) The double c r y s t a l technique ( a f t e r Tanner 1977a) 
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i f t h e m i s o r i e n t a t i o n i s more t h a n t h i s , no d i f f r a c t e d i n t e n s i t y 

w i l l reach t h e p l a t e (Tanner 1977)„ 

3.5 X-ray topography 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 . 

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

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

s y n c h r o t r o n or s t o r a g e r i n g due t o t h e c e n t r a l a c c e l e r a t i o n , 

which i n t h e h i g h l y r e l a t i v i s t i c l i m i t i s seen i n the 

l a b o r a t o r y frame as a narrow cone t a n g e n t i a l t o the e l e c t r o n 

o r b i t , whose a n g u l a r d i v e r g e n c e (<P) i s g i v e n by 

<i) ^ m c^/E 3.6 o 
where E i s t h e e l e c t r o n energy and m^ i s the r e s t mass„ 

-4 

A t Daresbury L a b o r a t o r y t h e an g u l a r divergence i s 10 r a d i a n 

(Tanner 1977a), 

Because t h e r a d i a t i o n i s a c o n t i n u o u s spectrum e x t e n d i n g 

t h r o u g h t h e v i s i b l e and u l t r a v i o l e t i n t o t h e X-ray r e g i o n 

t h e s y n c h r o t r o n beam i s i n c i d e n t on a c r y s t a l and each c r y s t a l 

p l a n e s e l e c t s i t s own wavelength t o s a t i s f y t h e Bragg c o n d i t i o n , 

A p a t t e r n o f Laue spots i s o b t a i n e d which i s easy t o combine 

w i t h another t o p o g r a p h i c experiment. Also t h e r e i s no need 

f o r c r i t i c a l a d j u s t m e n t s which i s an advantage over t he Lang 

t e c h n i q u e . The o t h e r advantage i s t h e g r e a t r e d u c t i o n i n 

exposure t i m e compared w i t h l a b o r a t o r y sources,^ due t o the 

v e r y h i g h i n t e n s i t y o f t h e r a d i a t i o n which was the major 

c o m p l a i n t about X-ray topography. A f u r t h e r advantage i s 

t h a t t h e d i s t a n c e between t h e specimen and the p l a t e can 

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

enables t h e r e s e a r c h e r t o p l a c e h i s equipment around t he 

specimen such as a magnetic f i e l d f o r s t u d y i n g magnetic domain 

m o t i o n s t e p by s t e p when t h e exposure time i s i n the o r d e r 

o f seconds (Tanner 1977b). 
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The main disadvantage i s the s c a r c i t y o f s y n c h r o t r o n 
r a d i a t i o n l a b o r a t o r i e s . 
3.6 C o n t r a s t o f d i s l o c a t i o n 

There are t h r e e d i f f e r e n t types o f image which have 

been c l a s s i f i e d by A u t h i e r (1978), namely d i r e c t image, 

i n t e r m e d i a r y image and dynamical image. F i g u r e ( 3 . 3 ) . 

The d i s l o c a t i o n l i n e c u t s t h e beam a t P. Since 

th e X-ray source i s p o l y c h r o m a t i c , some o f the X-rays 

which are n o t d i f f r a c t e d by a p e r f e c t c r y s t a l w i l l be 

d i f f r a c t e d by t h e s t r a i n e d r e g i o n around the d i s l o c a t i o n . 

They t h u s s u f f e r no p r i m a r y e x t i n c t i o n and appear as 

a d a r k s p o t w i t h r e s p e c t t o t h e background o f the p l a t e . 

T h i s i s c a l l e d t h e d i r e c t image. The dynamical image a r i s e s 

when t h e two wave f i e l d s decouple i n t o t h e i r components as 

t h e y c r o s s t h e d i s l o c a t i o n l i n e a t Q. They meet new wave-

f i e l d s t r a v e l l i n g i n a new d i r e c t i o n QL as they r e - e n t e r a 

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

i n t e n s i t y and t h e d i s l o c a t i o n l i n e c a s t s a l i g h t shadow w i t h 

r e s p e c t t o t h e background o f t h e p l a t e and i t i s c a l l e d the 

d ynamical image. The i n t e r m e d i a r y image a r i s e s when the 

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

t h i s t y p e o f image shows an o s c i l l a t o r y c o n t r a s t (Tanner 

1976), 
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plole 

F i g u r e 3.3 Formation of d i s l o c a t i o n images i n s e c t i o n and 

p r o j e c t i o n topographs. 

1, D i r e c t image, 
2, Intermediary image, 
3, Dynamical image ( a f t e r Auther, A. 1978). 
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CHAPTER FOUR 
SOME APPLICATIONS OF X-RAY TOPOGRAPHIC TECHNIQUES 

4.1 I n t r o d u c t i o n 

X-ray topography t e c h n i q u e s are a b l e t o r e v e a l the 

d e f e c t s i n c r y s t a l , thus by these methods one i s able t o 

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

A u s e f u l r e v i e w o f t h e a p p l i c a t i o n o f these techniques 

has been e d i t e d by Tanner and Bowen (1980). 

T h i s k i n d o f t e c h n i q u e helps c r y s t a l growth research 

t o d e t e r m i n e t h e b e s t c o n d i t i o n s f o r o p t i m i s i n g t he p e r f e c t i o n 

o f t h e c r y s t a l . I t a l s o enables r e s e a r c h t o study f o r example 

magnetic domain movement i n s i t u or t o compare t h e i r p r o d u c t 

w i t h n a t u r a l c r y s t a l s , Lang (1978). 

4.2 B e r g - B a r r e t t technique 

Merz (1960) used a B e r g - B a r r e t t s u r f a c e r e f l e c t i o n 

t o pograph t o see t h e change o f t h e domain c o n f i g u r a t i o n i n 

a c o b a l t z i n c f e r r i t e a f t e r a p p l y i n g a magnetic f i e l d . 

Newkirk (1958) showed t h a t by t h i s t echnique d i s l o c a t i o n s 

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

A l s o S c h u l t z and Armstrong (1964) used t h i s technique 

t o s t u d y z i n c c r y s t a l grown from t h e m e l t . The topographs 

showed d i s l o c a t i o n boundaries which are n o t r e s o l v e d i n t o 

i n d i v i d u a l l i n e s . 

S i n g l e c r y s t a l s o f b e r y l l i u m o x i d e BeO which were grown 

from t h e f l u x have been s t u d i e d by Austermann e t a l . (1965) 

u s i n g an X-ray d i f f r a c t i o n topography. Twin boundaries are 

observed u s i n g t h i s t e c h n i q u e . A n n e a l i n g t r e a t m e n t removed 

th e damage caused by h a n d l i n g . 

I n s i n g l e c r y s t a l o f metals such as aluminium, z i n c 

and copper, d i s l o c a t i o n s were observed u s i n g t h i s t echnique 
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by Turner e t a l . (1968). 

T h i s method was used by P i e l a s z e k (1975) t o study the 

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

a f t e r e l e c t r o l y t i c s a t u r a t i o n w i t h hydrogen. This technique 

was used by F r i e s (1981), as i t g i v e s i n f o r m a t i o n on the 

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

d i s l o c a t i o r v i n t h e study o f deformed s i n g l e c r y s t a l s as 

a - AL2O2, (AL202)-|^ g MgO, NaCl and CU2O. 

4.3 Double c r y s t a l t e c h n i q u e 

X-ray double c r y s t a l topography was used by Baker and 

H a r t (1976) t o c o n f i r m t h a t t h e sample o f a g a l l i u m a r s e n i d e 

was d i s l o c a t i o n f r e e and they a l s o observed t h a t the i n t e r n a l 

s t r a i n s were s m a l l . 

Low angle g r a i n boundaries was observed by Bye (1979) 

w i t h i n cadmium mercury t e l l u r i d e c r y s t a l by u s i n g a double 

c r y s t a l r e f l e c t i o n t opograph. 

.6 mm specimens o f l i t h i u m f l u o r i d e c r y s t a l have been 

s t u d i e d by Kohara (1970) u s i n g double c r y s t a l t e c h n i q u e . 

The topographs show t h a t t h e c r y s t a l c o n s i s t s o f s u b g r a i n s . 

S i l i c o n web c r y s t a l doped w i t h phosphor was a l s o s t u d i e d 

and d i s l o c a t i o n l i n e s were observed. A l s o annealed s i l i c o n 

c r y s t a l s showed s t a c k i n g f a u l t s . 

Asymmetric double c r y s t a l topography t e c h n i q u e i s d e s c r i b e d 

by B o e t t i n g e r e t a l . (1976) u s i n g copper, z i n c and n i c k e l 

sample c r y s t a l s . They were able t o observe s u b g r a i n boundaries 

and s t r a i n s i n z i n c c r y s t a l s . Magnetic domains i n n i c k e l 

c r y s t a l was observed. 

L o c a l s t r a i n i n s i n g l e c r y s t a l o f BeO was determined 

by Chikawa (1967) u s i n g a double c r y s t a l arrangement. Syn

c h r o t r o n r a d i a t i o n double c r y s t a l X-ray topography was used 
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by B r a n e t t (1985) t o examine 2 i n . and 3 i n . s l i c e s o f GaAs 
i n o r d e r t o measure t h e l a t t i c e t i l t and l a t t i c e parameter. 
They s t a t e t h a t macroscopic s t r u c t u r a l inhomogeneity i s due 
t o l a t t i c e t i l t f l u c t u a t i o n s . 

I t was used by Jones (1981) t o show a d i s l o c a t i o n image 

and s t a c k i n g f a u l t s i n InP c r y s t a l grown by C z o c h r a l s k i method. 

4.4 Lang's t e c h n i q u e 

Nost and Sorensen (1966) observed d i r e c t changes i n 

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

a n n e a l i n g t r e a t m e n t up t o 400°C by b u i l d i n g a simple r e s i s t a n c e 

f u r n a c e i n t o a Lang Camera. 

Lang and P o l c a r o v a (1965) s t u d i e d t h i n p l a t e s c u t from 

m e l t grown o f i r o n s i l i c o n a l l o y s i n g l e c r y s t a l s which were 

t h e n annealed and p o l i s h e d e l e c t r o l y t i c a l l y and s t u d i e d by 

Lang's t e c h n i q u e . The topograph shows t h a t t he c r y s t a l i s 

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

i s low. 

Nes and Nost (1960) used Lang's t e c h n i q u e t o study the 

r e l a t i o n between d i s l o c a t i o n d e n s i t y i n s t r a i n anneal grown 

alum i n i u m and t h e c o o l i n g r a t e . They found t h a t the d i s 

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

T h i n o r i e n t e d s e c t i o n s o f Fe-Si s i n g l e c r y s t a l were 

c u t by e l e c t r i c spark method, th e n e l e c t r o p o l i s h e d a f t e r 

t h e y were annealed i n d r y hydrogen. Polcarova and Lang (1962) 

were a b l e t o observe magnetic domain c o n f i g u r a t i o n and t h e i r 

movements under t h e a p p l i c a t i o n o f a magnetic f i e l d . 

S i n g l e c r y s t a l s o f hexamethaline t e t r a m i n e grown from 

e t h a n o l s o l u t i o n were examined u s i n g Lang's tech n i q u e by 

D u c k e t t and Lang (1973). I t was seen t h a t these c r y s t a l s 
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c o n t a i n e d a low d i s l o c a t i o n d e n s i t y and any Pendellosung 

f r i n g e s which were r e c o r d e d i n d i c a t e d t h a t those c r y s t a l s 

were o f h i g h p e r f e c t i o n . 

Chikawa (1974) used a r o t a t i n g Mo t a r g e t X-ray g e n e r a t o r , 

which i s o p e r a t e d a t 60 Kv, and a PbO v i d i c o n camera tube which 

i s f i t t e d w i t h a b e r y l l i u m window t o view Lang topographs 

d i r e c t l y . The system was a p p l i e d t o i n s i t u o b s e r v a t i o n 

o f t h e m e l t i n g and growth process i n a s i l i c o n s i n g l e c r y s t a l . 

He observed d i s l o c a t i o n g e n e r a t i o n as t h e m e l t i n g o f the 

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

I t was used by Tanner and Smith (1975) t o i d e n t i f y t h e 

p e r f e c t i o n o f c r y s t a l s o f TbVO^ and TmVO^ which were grown 

from Vh2'^2^'] f ^ ^ ^ slow c o o l i n g . The topograph shows the 

q u a l i t y o f these c r y s t a l s . 

D i s l o c a t i o n l i n e s i n t h e c r y s t a l s which were grown by 

slow c o o l i n g from f l u x were observed by Safa e t a l . (1977). 

P a t e l (1973) used an X-ray s e c t i o n topograph t o f o l l o w 

t h e p e r f e c t i o n process o f a s i l i c o n c r y s t a l . P a r a l l e l Pendellosung 

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

one hour a t 1000°C. The Pendellosung f r i n g e s are s t i l l 

r e l a t i v e l y c l e a r and dark spots occur. A f t e r s i x hours a t 

1000°C t h e Pendellosung f r i n g e s have disappeared and t h e 

s p o t s appear t o l i e i n bands. 

Vale and Smallman (1977) prepared magnesium c r y s t a l s 

t o i n v e s t i g a t e o x i d a t i o n b e h a v i our by X-ray topography. They 

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

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

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

produced by s t r a i n anneal t e c h n i q u e were observed u s i n g Lang's 
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t e c h n i q u e by Becker and Pegel (1969). 

I n (1969) Pegel and Becker s t a t e t h a t by a p p l y i n g a 

s m a l l s t r e s s t o t h i s sample, t h e h e l i c e s were removed from 

t h e specimen l e a v i n g pure screws i n t h e c r y s t a l . 

Lang's method was used by Rek (1972) t o observe t he 

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

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

The e f f e c t o f o x i d e p a r t i c l e s a t t a c h e d t o the t i n c r y s t a l 

was observed by F i e d l e r and Lang (1972). The d i s l o c a t i o n 

e x t e n d i n g a t a r a t e o f Ijim per hour over a p e r i o d o f weeks. 

4.5 S y n c h r o t r o n w h i t e beam t e c h n i q u e 

Tanner e t a l . (1977a) showed t h a t images o f d i s l o c a t i o n s 

t a k e n o f a t h i n p o l i s h e d specimen by s y n c h r o t r o n r a d i a t i o n 

l o o k s s i m i l a r t o t h e image o b t a i n e d by Lang's t e c h n i q u e . 

Small c r a c k e d r e g i o n s o f c r y s t a l do n ot appear w i t h Lang's 

t e c h n i q u e b u t do appear w i t h s y n c h r o t r o n r a d i a t i o n because 

th e c r y s t a l s e l e c t s d i f f e r e n t wavelengths from t he w h i t e 

beam t o d i f f r a c t . 

Domain w a l l movement i n KNiF^ and KCoF^ grown from t he 

f l u x a t h i g h t e m p e r a t u r e , was observed by Safa and Tanner 

(1978) u s i n g a magnetic f i e l d . 

However, even though t h e exposure t i m e i s i n the o r d e r 

o f seconds i n magnetic domain movement experiments, the time 

needed f o r changing t h e X-ray p l a t e w i l l i n c r e a s e t he 

exp e r i m e n t t i m e . Thus, t h e Durham group have b u i l t a simple 

c a s s e t t e h o l d i n g s i x p l a t e s . T h i s can.- be c o n t r o l l e d from 

o u t s i d e and t h i s w i l l decrease t h e experiment time because 

t h e r e i s no need t o open t h e experiment area and c l o s e i t 

a g a i n t o change t h e X-ray p l a t e (Tanner 1977a). 



- 34 -

The f i r s t i n s i t u experiment u s i n g s y n c h r o t r o n w h i t e 
beam topography t o s t u d y c r y s t a l growth under normal growth 
c o n d i t i o n s was done by MacCormack and Tanner (1978). They 
used a commercial s i l i c o n i r o n sheet r o l l e d so the t h i c k n e s s 
was reduced by 85% t o 370 micrometer. The sequence o f 
micrographs showing t h e development o f t h e g r a i n growth 
d u r i n g p r e c r y s t a l l i s a t i o n was r e c o r d e d on p o l a r o i d f i l m . 
Through t h i s t e c h n i q u e Jourdan and G a s t e l d i (1979) were able 
t o f o l l o w s t e p by s t e p t h e boundary m i g r a t i o n i n aluminium 
s i n g l e c r y s t a l d u r i n g r e c r y s t a l l i z a t i o n . 

I t was a l s o used by Tohano e t a l . (1985) t o study i n 

s i t u t h e d i s l o c a t i o n behaviour f o r S-doped InP c r y s t a l d u r i n g 

d e f o r m a t i o n a t 450°C. 

S i l i c o n Carbide (SiC) specimens, which are g e n e r a l l y 

v e r y d i s t o r t e d c r y s t a l s t h a t cannot be examined by Lang's 

te c h n i q u e , were i n v e s t i g a t e d by F i s h e r and Barnes (1984) u s i n g 

w h i t e beam, and t h e c r y s t a l topograph r e v e a l e d low angle 

boundary. 
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CHAPTER FIVE 

A THEORETICAL STUDY OF TEMPERATURE DISTRIBUTION 

ON CRYSTALS GROWN BY CZOCHRALSKI TECHNIQUE 

5.1 I n t r o d u c t i o n 

T h i s c a l c u l a t i o n o f t h e temperature p r o f i l e i n the 

c r y s t a l i s based on t h e model o f Buckley-Golder and Humphreys 

(1979). I t was done f o r f o u r elements, s i l v e r , copper, 

s i l i c o n and n i c k e l . The f i r s t t h r e e elements were reproduced 

because o f t h e d i f f e r e n c e i n c a l c u l a t i o n o f the B i o t 

number (Table 5.1) and i n the c a l c u l a t i o n o f Ĉ  ( e q u a t i o n 

2.10,Buckley-Golder 1977). The f o u r t h one was because 

t h e work a t Durham U n i v e r s i t y was concerned w i t h p r o ducing 

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

I n o r d e r t o produce c r y s t a l s w i t h low d i s l o c a t i o n 

d e n s i t y t h e te m p e r a t u r e g r a d i e n t should be minimized. 

Thus, t h e c r y s t a l neck and seed s i z e were v a r i e d t o see 

how t h i s would a f f e c t t h e temperature g r a d i e n t o f the 

c r y s t a l and t o l o o k f o r t h e b e s t way t o minimize t he 

te m p e r a t u r e g r a d i e n t . 

5.2 F o r m u l a t i o n o f t h e model 

F o l l o w i n g Buckley-Golder 1977, l e t us assume t h a t 

a seed, neck and c r y s t a l are ' s i t t i n g ' on a l i q u i d ( F i g u r e 

5.1), and l e t us a l s o assume t h a t t h e element i n the 

l i q u i d , seed, neck and c r y s t a l be t h e same throughout 

and t h a t t h e e x h i b i t i s c y l i n d r i c a l l y s y m m e t r i c a l . I t 

was t a k e n t h a t t h e c r y s t a l grows i n t o a c o n s t a n t ambient 

t e m p e r a t u r e and t h e heat t r a n s f e r process o c c u r s ; 
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(1) Conduction up the c r y s t a l . 

(2) Radiation from surface such as A and B i n Figure (5.1). 

I f the temperature d i s t r i b u t i o n for any element Az 

depends on z only, i t i s appropriate to apply the heat 

t r a n s f e r equations for a c y l i n d r i c a l rod. 

he heat t r a n s f e r equation for a c y l i n d r i c a l rod i s 

w r i t t e n as 

CPA 1 ^ = KA - h^p (T(z) - T^) 5.1 
9t 9z 

where c and p are the s p e c i f i c heat c a p a c i t y and density, 

r e s p e c t i v e l y , of the element considered. 

A i s the c r o s s s e c t i o n area of rod 

T(z) i s the temperature of the rod at a given point z i n 

Figure 5.1. 

K i s the thermal c o n d u c t i v i t y 

h_ i s the heat r a d i a t i o n c o e f f i c i e n t 
K 

T^ i s the ambient temperature 

and p i s the circumference of the rod. 

I n the time independent condition 
^"^¥t^ = 0) equation (5.1) reduces to 

= n2 [T(z) - T^] 5.2 

2 V 2h^ 2B. 
where n = = ~ = = — ^ 5.3 

K A KTTR K R R 

R i s the r a d i u s of the rod and 
h R 

B. = -f-

This equation was used by Buckley-Golder and Humphreys 

(1979) as B. = R which was an e r r o r i n t h e i r c a l c u l a t i o n 
^ K 

(Table 5.1) 
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B^ i s t h e B i o t number ( i t i s a d i m e n s i o n l e s s q u a n t i t y ) . 

The s o l u t i o n o f e q u a t i o n 5.2 i s 

(2B j ' ^ (2B )*^ 
T(z) = T- + cosh [ — z] C, + s i n h [ — z ] C , 5.5 

. R. R 1 
where C^ and C2 are t h e i n t e g r a t i o n c o n s t a n t s 

(2B ) ^ 
D e f i n e X, = — 5.6 

R 
1 

Assuming t h a t t h e d i a m e t e r s o f t h e seed, neck and c r y s t a l 

are c o n s t a n t t h r o u g h t h e i r l e n g t h , then 

T^(z) = T^ + cosh(X^z)C^ + sinh(X^z)C2 5.7a 

T (z) = T^ + cosh(X z)C, + s i n h ( X z)C. 5.7b n A n J n 4 
T (z) = T^ + cosh(X z)C^ + s i n h ( X ^ z ) C ^ 5.7c s A s o S o 

where C, n and s r e f e r t o c r y s t a l neck and seed r e s p e c t i v e l y . 

The c o n s t a n t s Ĉ^ t o Cg can be determined by the f o l l o w i n g 

s i x boundary c o n d i t i o n s 
z = 0 T (0) = T 5.8a c m 
z = L^ T ) = T (L^) 5.8b C c c n c 
z = L T (L ) = T (L ) 5.8c n n n s n 
z = L T (L ) = T^ 5.8d s s s A 

dT^(L ) dT^(L ) 

dz dz 
dT (L ) dT (L„) 

^ ^ = kAg ^ 
dz dz 

Thus, t h e t e m p e r a t u r e T(z) i s d e f i n e d a t a l l p o i n t s as the 

t e m p e r a t u r e g r a d i e n t by d i f f e r e n t i a t i n g e q u a tions 5.7a, 5.7b 

and 5.7c. 

dT (L ) 
— -, = X s i n h ( X L )C, + X cosh(X L )C„ 5.9a dz c c c l c c c ^ 

— ^ = X^ sinh(X^L^)C3 + X^ cosh(X^L^)C4 5.9b 

k A ^ l l l ^ = ^ h ^ s ^ ^ - ^ n ) t ^ ^ ^ n ^ - ' ^ A l '''' 



dT_(L„) 

dz 
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= Xg sinh(XgLg)C5 + Xg cosh(XgLg)Cg 5.9c 

5.3 The s o l u t i o n o f the equ a t i o n s f o r the co n s t a n t s 

t o Cg 

A p p l y i n g t h e c o n d i t i o n 5.8a t o t h e e q u a t i o n 5.7a 

we o b t a i n 

" 1 
D e f i n e 

= T + T^ m A 5.101 

S^j = s i n h ( X ^ L j ) 

u s i n g e q u a t i o n s 5.7a and 5.7b w i t h t h e c o n d i t i o n 5.8b, 

e q u a t i o n 5.7b and 5.7c w i t h t h e e q u a t i o n s 5.8c we f i n d 

and 
^ c c ^ l ^cc^2 - ^ncC3 ' ^nc^4 = ° 

C Ĉ  + S C. - C Cr. - s c, = 0 nn 3 nn 4 sn 5 sn 6 
from e q u a t i o n 5.7c and t h e c o n d i t i o n 5.8d we get 

^6 = 
where 

5 C, 

'ss 

5.11 

5.12 

5 . l O I I 

5.13 

"ss 
From 5.7a, 5,8e, 5.9a and 5.9b, we o b t a i n 

EkA^X^C^^ - h-,^(A^ - A^)S^^]C„ - [kA^X^S^^]C, c c cc Rc c n cc Z n n nc o 
- [kA X C ]C. = [h„ (A - A ) C - kA X S ]C. n n nc 4 Rc c n cc c c cc . 

from 5.7b, 5.8f, 5.9b and 5.9c, we f i n d 

[kA X S - h^ (A - A )C ]C, + n n nn Rs s n nn 3 
[kA X C - h„ (A - A )S ]C. = n n nn Rs s n nn 4 
kA X^ (S^^ + s s sn 

I t f o l l o w s from e q u a t i o n 5.11 t h a t 

C^ = [C Ĉ  + S C, - C C, ]/S 2 nc 3 nc 4 cc 1 cc 
From e q u a t i o n 5.12, we g e t 

Ĉ  = [C C, + S C J / [C + 5 nn 3 nn 4 sn 
S u b s t i t u t i n g e q u a t i o n 5 . 1 0 I I I i n t o e q u a t i o n 5.14, we 

o b t a i n 

^ sn 

5.14 

5.15 

5 . 1 0 I I I 

5 . l O i v 
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" i f ^ n c S ^ ^nc^4 " ^ c c ^ l ^ " « 2^3 " « 3^4 = « 4 ^'^^ 
where = (^A^ V c c/^cc) ' ^ V " \ ^ ^ 

a„ = kA X S 5.18 
2 n n nc 

a_ = kA X C 5.19 
3 n n nc 

and 

a. = [ h ^ (A - A )C - kA X S ]C, 5.20 
4 Rc c n cc c c cc 1 

S u b s t i t u t i n g e q u a t i o n 5.10IV i n t o e q u a t i o n 5.15, we f i n d 

V 3 V 4 - ^3 (^nnS ^ ^nn'^A^ = ' ^ ' ^ l 
where 

and 

B, = kA X S - h^ (A - A )C 5.22 
1 n n nn Rs s n nn 

B„ = kA X C - h„ (A - A )S 5.23 
2 n n nn Rs s n nn 

B^ = kA X (S + C C )/(C + ^ S ) 5.24 3 s s sn sn sn sn 
Eq u a t i o n 5,16 and 5,21 can be r e w r i t t e n as 

Sf°'l^nc-°'2] + C4t°'lSnc-^3J = .̂ 4 + " l ^ c c ^ l ^"25 

Sf^l-Cnn«3J ^ ^ 4 f ^ 2 " ^nn^3^ = ° ^-26 
I t f o l l o w s from e q u a t i o n 5.26 t h a t 

C3 = YC4 5.10V 

where 

1= - f^2 - Snn^3^ / t ^ l " ''nn^S^ '''' 

S u b s t i t u t i n g e q u a t i o n 5.10V i n t o e q u a t i o n 5.25 we f i n a l l y 

o b t a i n 

C4 = ( + ai C ^ ^ C ^ ) / [ y ( a^C^^- + a^S^^ -
5.lOIV 

T h i s c o n s t a n t was c a l c u l a t e d by a computer programme 

(see Appendix A) . 
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5.4 R e s u l t s 
These r e s u l t s were o b t a i n e d when the r a d i a t i o n l osses 

were h i g h . 

5.4„1 V a r y i n g t h e seed l e n g t h and r a d i u s 

From f i g u r e 5,2 and Table 5.3 i t can be seen t h a t 

r e d u c i n g t h e seed l e n g t h from 60 t o 20 mm had a minimal 

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

as i n F i g u r e 5,3 and Table 5.4 i t i s c l e a r t h a t r e d u c i n g 

seed r a d i u s from 3 t o 1.5 mm has no obvious a f f e c t on 

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

5.4.2 V a r y i n g t h e neck l e n g t h 

I t i s c l e a r from Table 5.5 and F i g u r e 5,4 t h a t i n c r e a s i n g 

t h e neck l e n g t h from 2 t o 4 and f i n a l l y t o 8 mm, w i l l 

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

and s i l v e r , w h i l s t i n s i l i c o n and n i c k e l t he e f f e c t i s 

m i n i m a l . 

5.4.3 V a r y i n g t h e neck r a d i u s 

I n c r e a s i n g neck r a d i u s from .1 t o .2 and f i n a l l y 

t o .4 mm i n c r e a s e s t h e temperature g r a d i e n t i n a l l these 

f o u r elements (Table 5.6 and F i g u r e 5.5). 

5.4.4 V a r y i n g t h e c r y s t a l l e n g t h 

From F i g u r e 5.6 and Table 5,7 the c r y s t a l l e n g t h 

has a n o t i c e a b l e e f f e c t on t h e temperature g r a d i e n t o f 

th e c r y s t a l . As t h e c r y s t a l l e n g t h i n c r e a s e s the temperature 

g r a d i e n t i n c r e a s e s markedly i n these elements. 

5.4.5 V a r y i n g t h e c r y s t a l r a d i u s 

I n c r e a s i n g c r y s t a l r a d i u s from 1 t o 2 mm decreases 

th e t e m p e r a t u r e g r a d i e n t i n the c r y s t a l , and d e c r e a s i n g 

c r y s t a l r a d i u s from 1 t o 0.5 mm i n c r e a s e d the temperature 
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g r a d i e n t o f t h e c r y s t a l , as i s c l e a r from F i g u r e 5.7 
and Table 5.8. 

5.4.6 A comparison between the f o u r elements 

Tables 5.9, 5.10, and F i g u r e s 5,8, and 5.9, r e p r e s e n t 

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

z = 0 caused by v a r y i n g t h e neck r a d i u s and l e n g t h r e s 

p e c t i v e l y f o r Ag, Cu, N i and S i . 

I n F i g u r e 5,9 as t h e neck r a d i u s i n c r e a s e s the temperature 

g r a d i e n t i n c r e a s e s f o r a l l these elements. I n F i g u r e 

5.10 t h e change i n temperature g r a d i e n t i s v e r y s m a l l 

i n N i and S i compared w i t h the change i n Ag and Cu. 

Tables 5.11 and 5.12 and F i g u r e s 5.10 and 5.11 r e p r e s e n t 

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

z = 0 caused by v a r y i n g t h e c r y s t a l r a d i u s and l e n g t h 

r e s p e c t i v e l y . 

5.4.7 A s t u d y o f t h e e f f e c t o f N i c r y s t a l r a d i u s 

The e f f e c t o f v a r y i n g the c r y s t a l r a d i u s o f Ni c r y s t a l 

w i t h 6 and 10 mm l e n g t h i s shown i n Table 5.13 and F i g u r e 

5,12, The neck r a d i u s and l e n g t h w^reO.l and 2 mm r e s p e c t i v e l y , 

w i t h t h e seed r a d i u s and l e n g t h 3 and 60 mm r e s p e c t i v e l y . 

A lower v a l u e f o r t e m p e r a t u r e g r a d i e n t on the c r y s t a l 

was o b t a i n e d w i t h s m a l l c r y s t a l l e n g t h and l a r g e diameter. 

5.5 C o n c l u s i o n 

The seed l e n g t h and r a d i u s has a m inimal e f f e c t 

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

f o u r elements. 

Neck r a d i u s has a g r e a t e f f e c t i n r e d u c i n g the temperature 

g r a d i e n t . Neck l e n g t h has an obvious e f f e c t on copper 

and s i l v e r b u t n o t i n s i l i c o n or n i c k e l . 
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As c r y s t a l r a d i u s i s i n c r e a s e d t h e temperature g r a d i e n t 
i s reduced w h i l s t t h e temperature g r a d i e n t i n c r e a s e s 
as t h e c r y s t a l l e n g t h i s i n c r e a s e d . 

The d a t a c o l l e c t e d leads us t o a c o n c l u s i o n s i m i l a r 

t o t h a t o f Buckley-Golder and Humphreys (1979). This 

i s t h a t t h e c r y s t a l grown should be s h o r t and f a t w i t h 

a l o n g and t h i n neck. The seed should p r e f e r a b l y be 

l o n g and t h i n i n o r d e r t o reduce t h e temperature g r a d i e n t 

o f t h e c r y s t a l . 
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Axis of 

c y l i n d r i c a l symmetry 

Seed 

B " T 
Crysta l 

z = 0 

F i g u r e 5.1. The c r y s t a l growth model, A A and A are the c r o s s -n s 
s e c t i o n a l a r e a s of the c r y s t a l , neck and'seed, r e s p e c t i v e l y . 
L , (L -L ) and (L -L ) are the lengths of the c r y s t a l , c n c s n 
neck and seed, r e s p e c t i v e l y , 

Humphreys, 1979). 

(Buckley-Golder and 
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TABLE 5.1 

P r e v i o u s c a l c u l a t i o n of copper 
B. = h ^ R ^ K 

1.47 X 19 
3.30 X 10 
1.32 X 10 

-4 
-6 
-3 

( c r y s t a l ) 
(neck) 
(seed) 

P r e s e n t c a l c u l a t i o n 
B. = h^R/K 

1.47 X 10 -4 

2. 219 X 10 
4.429 X 10 

-5 
-4 

P r e v i o u s c a l c u l a t i o n of s i l i c o n 

.-3 2.05 X 10 
4.61 X 10 
1.84 X 10 

-5 
-2 

( c r y s t a l ) 
(neck) 
(seed) 

P r e s e n t c a l c u l a t i o n 

^-3 2.067 X 10 
3.107 X 10 
6.201 X 10 

-4 
-3 
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TABLE 5,3 

Reducing t h e s e e d l e n g t h from 60 to 20 mm 

ele m e n t 

c u 

Si 

Ni 

Ag 

se e d l e n g t h = 60 mm 
DT (0) c 

- 0,58417 

- 15.45943 

- 8.72141 

- 0.47696 

se e d l e n g t h = 20 mm 
DT^(O) 

- 0.59254 

- 15,45945 

- 8,72158 

- 0.48529 

TABLE 5.4 

Reducing t h e seed r a d i u s from 3 to 1,5 mm 

ele m e n t 

c u 

Si 

Ni 

Ag 

s e e d r a d i u s = 3 mm 
DT^(0) 

- 0,58417 

- 15,45943 

- 8,72141 

- 0.47696 

seed r a d i u s = 1.5 mm 
DT^(O) 

- 0,55291 

- 15.45726 

- 8.71666 

- 0.44497 
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F i g u r e 5.2 Reducing the seed length from 60 to 20 

seed length a = 60 mm 

b = 20 mm 

mm. 
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F i g u r e 5.3 Reducing the seed r a d i u s from 3 to 1.5 mm 

seed r a d i u s a = 3 mm 
b = 1.5 mm 
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TABLE 5.5 

I n c r e a s i n g t h e neck l e n g t h 

element 

cu 

Si 

Ni 

Ag 

neck l e n g t h = 2 mm neck l e n g t h = 4 mm neck l e n g t h = 8 mm 
DT (0) 

c 

- 0.58417 

- 15.45943 

- 8,72141 

- 0.47696 

DT (0) c 

0.35319 

15.38025 

8.56771 

0.26842 

DT (0) c 

- 0.23786 

- 15.37549 

- 8.54698 

- 0.16239 

TABLE 5.6 

I n c r e a s i n g t h e neck r a d i u s 

element 

cu 

Si 

Ni 

Ag 

neck r a d i u s = 1 mm neck r a d i u s = .2 mm neck r a d i u s = . 4 mm 
DT (0) c 

- 0.58417 

- 15.45943 

- 8.72141 

- 0.47696 

DT^(O) 

- 1.80609 

- 17.14211 

- 10.50171 

- 1.56598 

DT^(O) 

- 4.79978 

- 21.86757 

- 15.62846 

- 4,19071 
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F i g u r e 5.4 I n c r e a s i n g neck length from 2 to 4 and 
and f i n a l l y to b "uaa 

neck length a = 2 mm 
b = 4 mm 
c = 8 mm 
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F i g u r e 5.5 I n c r e a s i n g neck r a d i u s from .1 mm to .2 mm 
and f i n a l l y to .4 mm 

neck r a d i u s a = .1 mm 
b = .2 mm 
c = .4 mm 
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TABLE 5.7 

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

element 

cu 

Si 

Ni 

Ag 

c r y s t a l l e n g t h 
- - 3 mm 
DT (0) c 

0.58417 

15.45943 

8.72141 

0.47696 

c r y s t a l l e n g t h 
= 6 mm 
DT (0) 

c 

0,69614 

24.75156 

15.31342 

0,52433 

c r y s t a l l e n g t h 
= 12 mm 
DT (0) c 

- 0.90586 

- 28.77459 

- 20,23944 

- 0.61411 

TABLE 5.8 

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

element 

cu 

Si 

Ni 

Ag 

c r y s t a l r a d i u s c r y s t a l r a d i u s 
= 0 . 5 m m = l , O m m 
DT^(0) 

2.06353 

30.770277 

18.76881 

1.74998 

DT^(O) 

- 0,58417 

- 15,45943 

- 8,72141 

- 0.47696 

c r y s t a l r a d i u s 
= 2 mm 
DT (0) c 

- 0.16313 

- 6.48199 

- 3.50219 

- 0.12749 
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F i g u r e 5.6 I n c r e a s i n g c r y s t a l length from 3 to 6 and 
f i n a l l y to 12 mm 

c r y s t a l ' length a = 3 mm 
b = 6 mm 
c = 12 mm 
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F i g u r e 5.7 I n c r e a s i n g the c r y s t a l r a d i u s from .5 to 1 mm 
and f i n a l l y to 2 mm 

c r y s t a l r a d i u s a = 1mm 
b = .5 mm 
c = 2 mm 
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F i g u r e 5.9 I n c r e a s i n g the neck length from 

2, 4, 6 and f i n a l l y to 8mm f o r 
Ag, cu, Ni and S i . 
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F i g u r e 5.10 I n c r e a s i n g the c r y s t a l r a d i u s from 
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3, 6, 9 to 12mm f o r Ag, cu, Ni and S i 
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TABLE 5.13 

c r y s t a l r a d i u s c r y s t a l length c r y s t a l length 
mm = 6 mm = 10 mm 

DT (0) DT (0) 
c c 

0.5 - 26.62 - 29,46 

0.75 - 19.54 - 23.28 

1.0 - 15.31 - 19.38 

1.9 - 10.47 - 14.53 

2.0 - 7.76 - 11.55 
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CHAPTER SIX 

A DESCRIPTION OF CZOCHRALSKI METHOD 

FOR SINGLE CRYSTAL GROWTH 

6.1 I n t r o d u c t i o n 

As s t a t e d i n the . Introduction, t h i s method has been 

used widely to grow semi-conductor m a t e r i a l such as s i l i c o n 

and a l s o i t has been used for growing metal s i n g l e c r y s t a l s . 

6.2 Equipment 
The equipment used f o r C z o c h r a l s k i growth of n i c k e l 

i s shown i n Figure 6.1. 

(A) A means of heating the melt:- both r e s i s t a n c e heating 

and radio frequency heating are the main heating means 

used. The advantages of R-F heating are good v i s i b i l i t y , 

which leads to good c o n t r o l of p e r f e c t i o n , and the s t i r r i n g 

a c t i o n , while the advantage of r e s i s t a n c e heating i s 

the low i n i t i a l c o s t due to i t s s i m p l i c i t y (Okkense, 

1959) . 

(B) A means of containing the melt:- t h i s r e q u i r e s that 

i t should be conductive i n order to couple with the 

radio frequency f i e l d , does not i n t e r a c t with the melt, 

and should be of high p u r i t y . The most common m a t e r i a l 

used i s high p u r i t y graphite. I f i t does i n t e r a c t with 

the melt such as Al or Ni, an alumina c r u c i b l e i s used, 

but s i n c e i t does not couple with the r - f f i e l d , we 

use a graphite susceptor. 

(C) A mechanism for holding, r o t a t i n g the c r y s t a l l i n e rod 

while withdrawing i t from the melt; and 

(D) A means of preventing the melt from r e a c t i n g with the 

a i r by surrounding the growth region with i n e r t gas 
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Figure 6.1a Growth region. 
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such as Argon, which should be of high p u r i t y , or by 

using a vacuum. This involves two tubes and there i s 

water running between them to prevent them from cracking 

during experiments. 

6.3 Experimental procedure 

The experimental procedure i s divided into two main 

p a r t s . F i r s t l y , growing the c r y s t a l . Secondly, examining 

them by using X-ray topography. For the l a t t e r part a high 

q u a l i t y s i n g l e c r y s t a l should be obtained, so we use the 

C z o c h r a l s k i technique which gives a high q u a l i t y s i n g l e c r y s t a l . 

For w e l l known reasons, the c r y s t a l should not be touched 

by any o b j e c t during the growth process except i t s seed at 

one end and the melt s u r f a c e a t the other end. Also during 

handling (contact with other o b j e c t s should be avoided) to 

avoid i n t r o d u c i n g any s t r a i n or damage to the c r y s t a l . The 

diameter of the c r y s t a l and the neck can be c o n t r o l l e d by 

varying the power due to the good v i s i b i l i t y p o s s i b l e i n 

t h i s experiment. The main disadvantage of t h i s technique 

i s t h a t we have to melt our charge i n a c r u c i b l e which may 

a c t as a source of contamination. 

The b a s i c p r i n c i p l e of the p u l l i n g of s i n g l e c r y s t a l 

by the C z o c h r a l s k i method i s as follows 

F i r s t l y , the system i s evacuated because the presence 

of oxygen w i l l lead to the formation of an oxide l a y e r on 

the top of the melt. 
To evacuate the system we should follow t h i s procedure 

(Figure 6.2):-

1. Water i s on. 

2. Close A & B, 

3. Check d i f f u s i o n c l osed, b u t t e r f l y c l osed (up) and a i r 

admit c l o s e d . 
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4. Open roughing v a l v e . 
5. Switch on vacuum pump then d i f f u s i o n pump. 

6. Switch on p i r a n i gauge 

Wait u n t i l vacuum reaches 10 ih hour) 

When vacuum reaches to 10 t o r r . 

1. Close roughing v a l v e . 

2. Open d i f f u s i o n v a l v e 

3. Open b u t t e r f l y v a l v e (down) 

4. Switch on penning gauge s c a l e 

Wait u n t i l vacuum reaches lO'*' t o r r . 

1. Close b u t t e r f l y v a l v e (up), switch o f f penning. 

2. Open gas c y l i n d e r . 

3. Open val v e A slowly 

When the system i s f u l l c l o s e A 

Close d i f f u s i o n v a l v e then open roughing valve u n t i l 

vacuum reaches 10 ̂  

then re-open d i f f u s i o n a f t e r you c l o s e roughing and 

open b u t t e r f l y v a l v e (down) 
-4 

wait u n t i l 10 
1. Close b u t t e r f l y v a l v e , 

2. Open gas c y l i n d e r and valve A then valve B to regulate 

flow of argon, 

3. Put the d i f f u s i o n pump heater o f f and s t a r t growing. 

4. A f t e r the d i f f u s i o n pump heater i s cooled put the vacuum 

pump o f f , close' d i f f u s i o n valve and open a i r valve. 
Next comes the growing of the c r y s t a l . 

The power was in c r e a s e d slowly to melt the p o l y c r y s t a l -

l i n e rod which was held i n the c r u c i b l e . The p o l y c r y s t a l l i n e 

rods should be of high p u r i t y and t h e i r s urfaces cleaned 

with running water then d i l u t e n i t r i c a c i d (30% n i t r i c 
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a c i d + 70% water) and f i n a l l y with methanol before they are 
used. The c l e a n melt i s an important f a c t o r i n improving 
the q u a l i t y of the c r y s t a l and any impurity present on the 
su r f a c e from the melt or from the tube (which should be clean 
before being evacuated) reduces the q u a l i t y of the c r y s t a l . 

When the p o l y c r y s t a l l i n e rod i s melted and the melt 

i s thermally homogeneous, the s i n g l e c r y s t a l or p o l y c r y s t a l l i n e 

seed i s dipped p a r t i a l l y i n t o the melt, s u f f i c i e n t time should 

be given to ensure complete melting of the dipped part and 

removal of p o s s i b l e contaminants which may produce d i s l o c a t i o n s 

(Dash, 1959). 

I t i s then slowly withdrawn v e r t i c a l l y with respect 

to the melt. High p u l l i n g speed leads to higher d i s l o c a t i o n 

d e n s i t y while the reduction of the p u l l i n g speed w i l l give 

lower d i s l o c a t i o n d e n s i t y (Tanner, 1973). Kamada (1981) 

s t a t e s t h a t p u l l i n g with high speed changes the s o l i d l i q u i d 

i n t e r f a c e and r a i s e s the thermal s t r e s s a t the i n t e r f a c e . 

While we p u l l the rod we r o t a t e i t . The r o t a t i o n w i l l 

s t i r the melt and so a f f e c t both the thermal and solute d i s t r i 

bution ( B r i c e , 1968). Ekyo K y r o d a e t a l . (1984) s t a t e s 

t h a t when the c r y s t a l r o t a t i o n i s reduced there w i l l be a 

decrease i n mocrodefect d e n s i t y . 

The diameter of the c r y s t a l during i t s i n i t i a l growth 

should be kept as small as p o s s i b l e . This r e q u i r e s that 

the temperature of the melt i s incre a s e d slowly u n t i l a good 

neck i s reached,following which i t i s extended. Producing 

a small neck w i l l minimize the thermal gradient, a l s o using 

an a f t e r - h e a t e r reduces the r a d i a l temperature gradient (Sworn 

and Brown 1972). Dash (1959) s t a t e s t h a t the neck w i l l provide 

an opportunity for d i s l o c a t i o n s to grow out. Also (Buckley-
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Colder and Humphreys 1979) s t a t e s t hat the neck a c t s as an 
e f f e c t i v e thermal r e s i s t a n c e . Thus the heat t r a n s f e r w i l l 
be low as the neck i s long. 

A f t e r t h a t the melt temperature i s lowered to grow the 

c r y s t a l by decreasing the radio frequency power. The c r y s t a l 

should not be of a lar g e diameter, the i n t e r f a c e shape w i l l 

be n e a r l y f l a t i f the c r y s t a l radius i s small (Tetsuy and 

Nobuyki, 1969). Also for a t h i c k c r y s t a l the heat flow 

i n c r e a s e s while i n the t h i n c r y s t a l the r a d i a t i o n l o s s i s 

small which decreases the heat flow (van der Hart and Velhoff, 

1981) . 

When the d e s i r e d c r y s t a l length has been reached the 

temperature i s slowly lowered to decrease the diameter 

g r a d u a l l y . This i s to avoid the thermal shock which causes 

p l a s t i c deformation i n the lower part of the c r y s t a l (Zelehner 

and Humber 1982) . 

A f t e r the c r y s t a l has become free from the melt, the 

temperature of the melt i s lowered to room temperature. The 

cool i n g r a t e should be low to avoid d i s l o c a t i o n generation 

by thermal s t r e s s or by vacancy condensation. 

F i n a l l y the system i s switched o f f l e a v i n g the water 

running to cool the system. The c r y s t a l i s not moved u n t i l 

e v erything has cooled down. The c r y s t a l should be handled 

very c a r e f u l l y during i t s removal and c u t t i n g . 

Secondly, the c r y s t a l i s examined by using the Laue 

method to see i f i t i s a s i n g l e c r y s t a l . 

Laue method as i t i s described by Laue a t l a s (1973) 

i s used to determine the o r i e n t a t i o n and the symmetry of 

the c r y s t a l s . 
The X-ray beam i s d i r e c t e d onto the surface of a c r y s t a l 
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which i s f i x e d by s o f t wax on the top of the goniometer. 
The d i f f r a c t e d beams w i l l form the d i f f r a c t i o n pattern on 
the p o l a r o i d f i l m which i s placed between the source and 
the c r y s t a l , to show the s t r u c t u r a l p r o p e r t i e s of the c r y s t a l , 
I f the c r y s t a l o r i e n t a t i o n i s not known we w i l l t r y to make 
the major spot to be a t the centre of the next Laue pattern 
by t i l t i n g or r o t a t i n g the sample. 
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CHAPTER SEVEN 

RESULTS AND DISCUSSION 

7.1 Copper 
S i n g l e c r y s t a l s of copper were grown under an argon 

atmosphere. Figure ( 7 . 1 ) . Table (7.1) shows the p u l l i n g , 

r o t a t i o n and power used. The C z o c h r a l s k i method was used 

to grow a s i n g l e c r y s t a l from a p o l y c r y s t a l l i n e seed and 

from <321> o r i e n t a t i o n . The c r y s t a l was able to be pulled 

d i r e c t l y from the graphite c r u c i b l e , but copper c r y s t a l s 

could not be grown under vacuum due to the sublimation of 

copper onto the w a l l s of the s i l i c a tube. They were therefore 

grown under an argon atmosphere. 

F i r s t of a l l the melting point of copper had to be found 

but a sma l l neck could not be grown because of table v i b r a t i o n s , 

a l s o the seed was not perpendicular to the melt. When the 

rod was ro t a t e d i t made a c i r c u l a r motion and did not rotate 

a t the centre of the melt. Sometimes when the power was 

decreased to grow a c r y s t a l , t h e melt was frozen and a t other 

times the c r y s t a l was very small (Table 7.2), The r o t a t i o n 

was stopped once, due to the d i r t i n s i d e i t . 

F i n a l l y , s i n g l e c r y s t a l <321> o r i e n t a t i o n dropped into 

the melt so a f t e r t h a t a tungsten wire was used which was 

passed through the chuck and the rod to hold the c r y s t a l . 

S i n g l e c r y s t a l s were s u c c e s s f u l l y grown- from a poly

c r y s t a l l i n e seed and from <321> o r i e n t a t i o n . Some of these 

c r y s t a l s were given to Dr. Sheene from Strathclyde U n i v e r s i t y . 

C z o c h r a l s k i method was used to grow d i s l o c a t i o n 

f r e e copper s i n g l e c r y s t a l by Sworn and Brown (1972) under 

an argon atmosphere. They found that the diameter of the 

neck between the seed and the c r y s t a l had a great e f f e c t 
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on the q u a l i t y of the c r y s t a l , and that the absence of an 

a f t e r heater w i l l reduce the p e r f e c t i o n of the c r y s t a l . Fehmer 

and Uelhoff (1972) s t a t e that they had grown s i n g l e c r y s t a l s 

of copper by t h i s method and these c r y s t a l s were free from 

d i s l o c a t i o n s . 

7.2 Aluminium 

Aluminium s i n g l e c r y s t a l s were grown by t h i s method. 

The f i r s t one was not a s i n g l e c r y s t a l . Figures (7.2, 7.3), 

Table ( 7 , 3 ) . The second one by making a good neck was a 

s i n g l e c r y s t a l . Figure (7,4), Table (7,4). 

S i n g l e c r y s t a l s of aluminium were grown by Howe and 

Elbaum, (1962) under a helium atmosphere, 
7.3 N i c k e l 

The f i r s t c r y s t a l grown was not a s i n g l e c r y s t a l because 

the neck pa r t was short. Figure (7,5). The Table (7.5) shows 

the power, p u l l i n g and r o t a t i o n used. 

The second c r y s t a l was a high q u a l i t y s i n g l e c r y s t a l 

having been grown by t h i s technique from a p o l y c r y s t a l l i n e 

seed. The neck was thinner and longer than the f i r s t one, 

and the c o o l i n g was decreased slowly u n t i l the melt was 

cooled down. Figu r e ( 7 , 6 ) . This c r y s t a l was examined at 

Daresbury Laboratory using synchrotron r a d i a t i o n , and domain 

w a l l s could be seen. Figure (7,7), Table (7,6) shows the 

power, p u l l i n g and r o t a t i o n used. 

The t h i r d c r y s t a l was a l s o s i n g l e . The neck was 1mm 

i n diameter and the c r y s t a l was 7mm i n length and 2.8mm i n 

diameter. Cooling was decreased more slowly. Figure (7.8), 

Table (7.7) shows p u l l i n g , r o t a t i o n and the power used. 
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The same t e c h n i q u e was used t o grow o r i e n t a t e d n i c k e l 

s i n g l e c r y s t a l s . A t f i r s t i t was found t h a t t h e m e l t was 

t o o b r i g h t t o l o o k a t d i r e c t l y so s a f e t y goggles were used. 

A f t e r t h a t t h e n i c k e l c o u l d n o t be melt e d because the g r a p h i t e 

s u s c e p t o r l o s t i t s c o n d u c t i v i t y as i t had been used f o r a 

l o n g p e r i o d p r e v i o u s l y t o grow copper. A l s o i t was found 

t h a t t h e alumina c r u c i b l e which c o n t a i n s t he N i m e l t always 

c r a c k e d because t h e f i t i n t h e g r a p h i t e was so t i g h t . Another 

g r a p h i t e s u s c e p t o r w i t h space between g r a p h i t e and alumina 

c r u c i b l e was t h e r e f o r e made. 

The e q u i v a l e n t space Ar between c r u c i b l e and susceptor 
Ar 

was c a l c u l a t e d as — = Aa T where Aa i s t h e d i f f e r e n c e i n 

t h e r m a l expansion o f alumina and g r a p h i t e , 

a alumina (8 X 1 0 " ^ and a g r a p h i t e (3 x 10 ^ ) , T i s 

t h e m e l t i n g t e m p e r a t u r e o f N i = 14 53°c and r i s the o u t e r 

r a d i u s o f t h e alumina c r u c i b l e = 1^.2 mm. 

So ano t h e r g r a p h i t e c r u c i b l e w i t h a space between g r a p h i t e 

and alumina c r u c i b l e o f a t l e a s t r = ,1 mm was made, but 

a f t e r a second r u n , t h e alumina c r u c i b l e cracke<J. a g a i n , 

as alumina i s porous and when t h e metals key i n t o i t s s u r f a c e , 

t h e subsequent c o n t r a c t i o n tends t o f r a c t u r e t h e alumina. 

S i n g l e c r y s t a l <111> o r i e n t a t i o n was used t o grow o t h e r 

s i n g l e c r y s t a l s . The reason i s s t a t e d by (Zulemner, 1983). 

The d i s l o c a t i o n which o n l y moves [111] g l i d e planes r u n out 

o f t h e c r y s t a l , because these planes are o b l i q u e or 

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

seed was made w i t h a h o l e i n i t t o pass t h e w i r e t h r o u g h , 

so i t h o l d s t h e s i n g l e c r y s t a l and minimizes t he heat 
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t r a n s f o r m a t i o n . T h i s was done by a spark machine which 
reduced t h e damage. 

The s i n g l e c r y s t a l F i g u r e (7.9) Table (7.8) was 

grown from t h e s i n g l e c r y s t a l seed h a v i n g <111> o r i e n t a t i o n . 

The neck was 1 mm i n d i a m e t e r and about 2 ram i n l e n g t h 

and t h e c r y s t a l was 7.5 mm i n l e n g t h and 1.2 mm i n diameter. 

Table (7.9) shows t h e p u l l i n g , r o t a t i o n and power used 

t o grow s i n g l e c r y s t a l s F i g u r e ( 7 . 1 0 ) . The neck was 

1 mm i n d i a m e t e r and about 2 mm i n l e n g t h and the c r y s t a l 

was 5.5 mm i n l e n g t h and 1 mm i n d i a m e t e r . 

The same t e c h n i q u e was used t o grow t h i s c r y s t a l 

w hich i s n o t s i n g l e . That i s due t o t h e neck having 

been bent d u r i n g t h e c u t t i n g o f t h e c r y s t a l F i g u r e (7.11). 

The neck was 1 imn i n d i a m e t e r and about 2 mm i n l e n g t h and 

t h e c r y s t a l was 6 mm i n l e n g t h and 1.8 mm i n diameter. 

Table (7.10) shows t h e p u l l i n g , r o t a t i o n and power used. 

S i n g l e c r y s t a l . F i g u r e (7.12) was a l s o grown from t h e 

s i n g l e c r y s t a l seed. The neck was 1 mm i n diameter and about 

2 mm i n l e n g t h and c r y s t a l was 5 mm i n l e n g t h and .9 mm 

i n d i a m e t e r , t h e Table (7.11) shows the p u l l i n g r o t a t i o n and 

power used. 

Table (7.12) shows p u l l i n g , r o t a t i o n and the power used. 

The neck was 4.3 mm i n l e n g t h v a r y i n g from .84 mm t o .6.mm 

i n d i a m e t e r and c r y s t a l was 5 mm i n l e n g t h and .8 mm i n 

d i a m e t e r . The c r y s t a l was examined a t Daresbury L a b o r a t o r y 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 . F i g u r e ( 7 . 1 3 ) . 

A f u r t h e r s i n g l e c r y s t a l o f n i c k e l , F i g u r e (7,14) has 

a l s o been grown by t h i s method, t a b l e (7.13) shows t h e 

p u l l i n g , r o t a t i o n and power used d u r i n g t h i s growth. 
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T h i s sample has been examined by s y n c h r o t r o n r a d i a t i o n 

i n t r a n s m i s s i o n . F i g u r e (7,15a) and r e f l e c t i o n F i g u r e (7,15b) 

domain w a l l s can be seen i n F i g u r e (7.15b). 

Magnetic f i e l d was a p p l i e d t o see t h e i r movement, b u t 
-4 

t h e y were immobile up t o 237 x 10 T e s l a . 

N i c k e l s i n g l e c r y s t a l s , w i t h low d i s l o c a t i o n d e n s i t y 

were grown by Kuriyama e t a l . (1978). They have grown n i c k e l 

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

t e c h n i q u e s . They grew s i n g l e c r y s t a l s 2 t o 3cm i n diameter 

by 12cm t o 16cm i n l e n g t h w i t h neck s l i g h t l y l e s s than 1mm 

i n d i a m e t e r . They used an a c i d saw t o c u t t h e c r y s t a l i n 

s l i c e s , t h e n t h e y p o l i s h e d them on an a c i d p o l i s h i n g s h e l l . 

They found t h a t a b o t t l e n e c k i s e s s e n t i a l f o r good c r y s t a l s 

and <111> d i r e c t i o n gave b e t t e r q u a l i t y t h a n <110> and <100> 

d i r e c t i o n . They s t a t e t h a t by X-ray topography they were 

a b l e t o see t h e changes i n the domain c o n f i g u r a t i o n as an 

e x t e r n a l magnetic f i e l d was a p p l i e d . 

The c r y s t a l s which were o b t a i n e d a t Durham U n i v e r s i t y 

are more p e r f e c t t h a n those o b t a i n e d by Kuriyama e t a l , (1978) 

The c r y s t a l s were examined i n t a c t and n o t i n s l i c e s . Some 

o f these c r y s t a l s were sen t t o S t r a t h c l y d e U n i v e r s i t y . 

7.4 C o n c l u s i o n 

S i n g l e c r y s t a l s o f aluminium, copper and n i c k e l can 

be grown by C z o c h r a l s k i t e c h n i q u e . 

Copper s i n g l e c r y s t a l s can be grown d i r e c t l y from the 

g r a p h i t e c r u c i b l e w h i l e aluminium and n i c k e l should be melted 

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

g r a p h i t e c r u c i b l e . 
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The chamber should be c l e a n and evacuated f i r s t , t h e 
presence o f oxygen w i l l l e a d t o t h e f o r m a t i o n o f an oxid e 
l a y e r on t h e t o p o f t h e m e l t . 

The neck s h o u l d be p r e s e n t b e f o r e growing the c r y s t a l 

and care s h o u l d be t a k e n t o p r e v e n t i t from bending d u r i n g 

c u t t i n g . 

The p o s i t i o n o f t h e c r u c i b l e s h o u l d be taken i n t o 

account. The lower t h r e e r i n g s o f t h e R-F c o i l should surround 

t h e m e l t . I f t h e c r u c i b l e i s h i g h t h e t o p o f the m e l t w i l l 

s o l i d i f y , i f i t i s v e r y low, t h e base o f t h e c r u c i b l e w i l l 

s o l i d i f y . 
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TABLE 7. 1 

P u l l i n g 
(mmph) 

R o t a t i o n 
(rph) 

V o l t time 
h:.m 

2 2.8 138. 9 12:20 

4 2.8 137.1 12:25 

4 2.8 135.2 12:30 

4 2.8 168. 4 12:32 

4 2.8 159.4 12:40 

4 2.8 150.9 12:45 

Decrease t h e power t o grow c r y s t a l 

2 2.8 126. 3 13:35 

2 2.8 128.0 13:35 

I n c r e a s e t h e power s l o w l y t o f i n i s h growth 
procedure. 



- 77 -

Figure 7.1 Laue pattern of a <111> Cu single c r y s t a l . I t has 
single spots, 3 fold symmetry through the axis. 
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TABLE 7,2 

P u l l i n g R o t a t i o n v o l t t i m e 
(mmph) (rpm) h:m 

2 . 2,8 135,2 14:15 

Decrease t h e power t o grow c r y s t a l 

2 2,8 124,5 14:35 

2 2,8 124,1 14:50 

C r y s t a l w i t h s m a l l diameter 

2 2.8 131,6 15:55 

Decrease t h e power t o grow c r y s t a l 

2 2,8 121,8 15:05 

The m e l t i s f r o z e n 

2 2,8 131,6 15:35 

Decrease t h e power t o grow c r y s t a l 

2 2,8 123,2 15:40 

C r y s t a l w i t h l a r g e d i a m e t e r 
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TABLE 7.3 

P u l l i n g v o l t t i m e 
(mmph) h:m 

2 118,2 13s50 

Decrease t h e power t o grow c r y s t a l 

2 105,6 14:15 

2 105,9 14:38 

I n c r e a s e t h e power s l o w l y t o f i n i s h growth 
procedure 

TABLE 7,4 

P u l l i n g v o l t t i m e 
(mmph) h:m 

2 117,9 10:30 

2 118,2 11:00 

2 118.5 12:12 

Decrease t h e power t o grow c r y s t a l 

2 105,6 12:31 

2 105.9 12:45 

I n c r e a s e t h e power s l o w l y t o f i n i s h growth 
procedure 
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7.2 

Figure 7.2 F i r s t specimen. I t i s not single as the spots are double. 
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Figure 7.3 In the same speci»en you can see a double spot. 
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Figure 7.4 Laue pattern for single c r y s t a l aluminium of unknown 
orientation. 
The spots are sharp and single. 
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TABLE 7.5 

P u l l i n g R o t a t i o n v o l t t i m e 
(mmph) r p h h:m 

8- 1.4 227.8 10:15 

8 1.4 228.4 10:28 

8 1.4 • 229. 1 10:30 ,. . 

8 1.4 229.6 10:35 

8 1.4 230.3 10:40 

8 1.4 231. 10:50 

Decrease t h e power t o grow c r y s t a l 

2 1.4 218.6 11:25 

2 1.4 219.2 11:40 

I n c r e a s e t h e power s l o w l y t o f i n i s h growth 
procedure 
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7.5 

Figure 7,5 Laue pattern for the f i r s t specimen. The double spots 
indicate that the c r y s t a l i s not single. 



- 85 -

TABLE 7.6 

P u l l i n g R o t a t i o n v o l t Time 
(mmph) rpm h:m 

4 1,4 227.8 12:20 

6- 1.4 227.8 12:30 

6 1,4 228,4 12:33 

8 1.4 239, 1 12:40 .. , 

8 1,4 229,6 12:46 

8 1.4 230.3 12:56 

8 1.4 231. 13:02 

Decrease t h e power t o grow c r y s t a l 

2 1,4 218,6 13:10 

2 1,4 219,2 13:29 

I n c r e a s e t h e power s l o w l y t o f i n i s h growth 
procedure 
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7.6 

Figure 7.6 Laue pattern for the second specimen, we can that i t 
i s a <100> single c r y s t a l , the spots are sharp and single. 
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Figure 7.7 Synchrotron topographs of Ni c r y s t a l taken with the white 

beam radiation at Daresbury. We can see the domain walls 
which are close together, the light area i s a large mis-
orientation probably due to the impurity which occurs 
during the growth. 
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TABLE 7 o 7 

P u l l i n g Rotation v o l t Time 
(mmph (rpm) h ;m 

6 ... 1 . 4 2 2 1 o 6 1 1 ; 3 8 

6 l o 4 2 2 2 o 3 1 1 ; 5 0 

6 l o 4 2 2 2 o 9 1 1 ; 5 7 

6 1 . 4 2 2 3 o 5 1 2 : 0 6 

4 l o 4 2 2 4 o 1 1 2 ; 1 3 

4 l o 4 2 2 4 o 7 1 2 ; 2 1 

2 l o 4 2 2 5 o 3 1 2 ; 2 6 

2 l o 4 2 2 5 o 9 1 2 ; 2 8 

To grow the c r y s t a l 
2 l o 4 2 1 3 o 9 1 2 ; 3 0 

2 l o 4 2 1 4 o 5 1 2 ; 4 5 

Increase the power slowly t o f i n i s h the 
growth process» 
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F i g u r e 7.8 Laue p a t t e r n f o r the t h i r d specimen, we can see t h a t i t 
i s a <100> s i n g l e c r y s t a l . 
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TABLE 7.8 

P u l l i n g Rotation v o l t Time 
(mmph) (rpm) h:m 

6 -• 1.4 221.0 11:05 
6 1.4 221.6 11:10 
6 1.4 222.3 11:15 
6 1.4 222.9 11:19 
6 1.4 223.5 11:24 
6 1.4 224.1 11:29 
2 1.4 224.7 11:33 
2 1.4 225.3 11:37 
2 1.4 225.9 11:41 
2 1.4 226.6 11:43 
2 1.4 227.2 11:45 

To grow the c r y s t a l 
2 1.4 215.1 11:47 
2 1.4 215.6 12:02 

Increases the power slowly to f i n i s h the 
growth process 
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F i g u r e 7.9 Laue p a t t e r n f o r <111> n i c k e l s i n g l e c r y s t a l . 
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TABLE 7 o 9 

P u l l i n g Rotation V o l t time 
(mmph) (rpm) h;m 

4 1 . 4 2 2 1 . 6 1 4 ; 0 1 

4 1 . 4 2 2 2 . 3 1 4 : 0 5 

4 1 . 4 2 2 2 . 9 1 4 ; 0 8 

2 1 . 4 2 2 3 . 5 1 4 : 1 2 

2 1 . 4 2 2 4 . 1 1 4 : 1 5 

2 1 . 4 2 2 4 . 7 1 4 . 1 8 

To grow the c r y s t a l , decrease the power 
2 1 . 4 2 1 5 . 1 1 4 : 2 0 

2 1 . 4 2 1 5 o 6 1 4 : 3 5 

Increase the power slowly t o f i n i s h the 
growth process 
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0 

7.10 

F i g u r e 7.10 Laue p a t t e r n f o r n i c k e l s i n g l e c r y s t a l . 
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TABLE 7 . 1 0 

P u l l i n g Rotation V o l t Time 
(mmph) (rph) h:m 

4 1 . 4 2 2 2 . 3 1 1 : 5 0 

2 1 . 4 2 2 2 . 9 1 1 : 5 7 

2 1 . 4 2 2 3 . 5 1 2 : 0 2 

2 1 . 4 2 2 4 . 1 1 2 : 0 4 

2 1 . 4 2 2 4 . 7 1 2 : 0 6 

To grow the c r y s t a l , decrease the power 
2 1 . 4 2 1 5 . 1 1 2 : 0 8 

2 1 . 4 2 1 5 . 6 1 3 : 2 3 

Increase the power t o f i n i s h the growth process 
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F i g u r e 7.11 I t i s not s i n g l e as the spots are double. 
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TABLE 7.11 

P u l l i n g Rotation V o l t Time 
(mmph) (rpm) h:m 

4 1,4 221.6 13:17 
4 1.4 222.3 13:23 
2 1.4 222.9 13:28 
2 1.4 223.5 13:32 
2 1.4 224.1 13:34 

Decrease the power t o grow the c r y s t a l 
2 1.4 215.1 13:36 

Increase the power slowly to f i n i s h growth 
process 
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7.12 

F i g u r e 7.12 Laue p a t t e r n f o r <111> n i c k e l s i n g l e c r y s t a l . 



- 98 -
TABLE 7.12 

P u l l i n g Rotation V o l t Time 
(mmph) (rpm) h:m 

2 1.4 219.8 13:15 
2-- 1.4 220.4 13:18 
2 1.4 221.0 13.21 
2 1.4 221.6 13:24 
2 1.4 222.3 13:28 
2 1.4 222.9 13:31 

Decrease the power t o grow the c r y s t a l 
2 1.4 215.1 13:32 
2 1.4 215.6 13:47 

Increase t o f i n i s h the c r y s t a l growth 
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7.13 

F i g u r e 7.13 Tr a n s m i s s i o n topographs of n i c k e l c r y s t a l taken with 
the white beam r a d i a t i o n a t Daresbury. D i s l o c a t i o n bands 
can be seen a t the bottom. 
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T A B L E 7 . 1 3 

P u l l i n g Rotation v o l t time 
(mmph) rpm h;m 

4 1 . 4 2 2 3 o 5 1 2 ; 5 1 

2 - • l o 4 2 2 4 . 1 1 2 : 5 9 

2 1 . 4 2 2 4 o 7 1 3 : 0 5 

2 l o 4 2 2 3 . 5 1 3 : 0 8 

2 1 . 4 2 2 2 . 3 1 3 : 1 4 

2 1 . 4 2 2 2 . 9 1 3 : 1 9 

Decrease t o grow the c r y s t a l 
2 1 . 4 2 1 3 . 9 1 3 : 2 2 

2 1 . 4 2 1 4 . 5 1 3 ; 3 7 

Increase the power slowly t o f i n i s h the growth 
process 
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7.14 

F i g u r e 7.14 Laue p a t t e r n f o r <111> n i c k e l s i n g l e c r y s t a l . 
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7.15 A 

7.15B 
F i g u r e 7.15 White synchrotron X-ray r a d i a t i o n topographs of n i c k e l 

s i n g l e c r y s t a l . Domain s t r u c t u r e can be seen and the 
deformed region caused by c u t t i n g can be picked out. 

F i g u r e 7.15a Transmission topograph. 
F i g u r e 7.15b Surface r e f l e c t i o n topograph. 
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APPENDIX A 

10 MODE a 
20 «DRIVE 0 
30 DIM E l * ( 1 0 ) , E 2 * ( 1 0 ) , C * < 3 ) , T M ( 1 0 ) , T A ( 1 0 ) , E ( 1 0 ) , K ( 1 0 ) 
40 DIM A ( 3 ) , L ( 3 ) , R ( 3 > , H R ( 2 ) , B I 0 T ( 2 , 3 ) 
50 DIM 0 ( 2 , 6 ) , Z ( 2 0 0 ) , T Z ( 2 , 2 0 0 ) , D T Z ( 2 , 2 0 0 ) 
60 C* (1) ^ " C r y s t a l " s (2) ="neck" s C* (3) = "«5eed" 
70 RESTORE 1430 
80 READ ELEMENT 
90 FOR 1 = 1 TO ELEMENTS READ E1 * ( I ) , E 2 * ( I ) , T M ( I ) , T A ( I ) , E ( I ) ,K(I):NEXT I 

100 FOR J=-l TO 3:READ R (J ) , L ( J ) : A (J ) =PI *R (J ) ' 2: NEXT J 
110 L ( 2 ) = L ( 1 ) + L ( 2 ) 
120 L ( 3 ) = L ( 2 ) + L ( 3 ) 
130 CLSse-/.=--0: PRINT 
140 PRINT TAB(15);"A t h e o r e t i c a l s t u d y o f t e p m e r a t u r e d i s t r i b u t i o n s " 
150 PRINT T A B ( 1 5 ) ; " d u r i n g C z o c h r a l s k i c r y s t a l g r o w t h " 
160 FOR 1=1 TO 3;PRINT:NEXT I 
170 PRINT TAB (10) ; "Cal c u l a t i o n s can be made -for one o f t h e - f o l l o w i n g elements 

180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 

A=GET 
320 
330 

TAB (37) ; E U - ( I ) ; TAB (52) ; E2* ( I ) 

•4) 

PRINT 
FOR 1=1 TO ELEMENT 

PRINT T A B ( 2 7 ) ; I : 
NEXT I 

PRINT:PRINT;INPUT " Your O p t i o n P l e a s e 
E l i r = E l : f (N) : E2;):-=E2* (N) : TM--TM (N) : TA=TA (N) : E=E (N) : K=K. (N) 
Tl=TM+273. 150s T2=TA+273. 150: RHU=5. 66956E-14: REM (W/mm-^2/deg-
HR ( 1 ) =RHU*E* ( T l --3+Tl --2*T2+Tl*T2''^2+T2---3) s REM (W/m(n--2/C) 

PF^OCtablel 
PRINT 
INPUT " 
HR ( 2 ) = H R ( l ) # F A f : 
PR0Ctatale2 
PRINTSPRINT:PRINT " 

;N 

F a c t o r -for h i g h r a d i a t i o n iFAC 

SPACE PAR TO CONTINUE 

CLS:PR0CtabIe3 
PRINT:PRINT:INPUT" 

(Y/N) ";ANS.f 
3 4 0 I F ANS*="N" OR ANS*="n" THEN 500 
350 I F ANS*="Y" OR ANS*="y" THEN 370 
360 GOTO 330 
370PRINT:PRINT 

Do y o u want t o change any o f t h e s e v a l i 

380INPUT" 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 

I n d e x No. t o be changed NI 
PRINT 
I F NI =1 THEN INPUT" Radi us of c r y s t a l = " ; R (1) : A ( l ) = P I * R ( 1 ) : GOTO 320 
I F NI =2 THEN INPUT" Rad i us ai neck = " ; R ( 2 ) 5 A (2) = P I # R ( 2 ) : GOTO 320 
I F NI =3 THEN INPUT" Radi us o-f seed = " ; R ( 3 ) : A ( 3 ) =PI«R(3) ••••• : GOTO 320 
I F NI =4 THEN INPUT" L e n g t h o-f c r y s t a l = " ; L (1) ! GOTO 320 
I F N I =5 THEN INPUT" . L e n g t h o-f neck = " 5 L ( 2 ) : L ( 2 ) =L(2)-+L(1) 5 GOTO 320 
I F N I =6 THEN INPUT" L e n g t h oi seed = " 5 L ( 3 ) : L ( 3 ) = L ( 2 ) + L ( 3) : GOTO 320 
GOTO 380 

REM <a (a @ @ @ @ (a @ @ @ @ @ ( a (g @ @ e @ @ @ e @ (a @ @ 
REM 
REM 

REM 
FOR 1=1 
FOR J = l 
NEXT I 
PR 0 C t a b l e 4 

C a l c u l a t e t h e BIOT NUMBERS -for Iwo and h i g h r a d i a t i o n s 

TO 2 
TO 3 s B I O T ( I J ) = H R ( I ) * R ( J ) / K s N E X T J 
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370 REM 
5B0 REM e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 
59BREM 
600 REM S o l v e -for t h e c o n s t a n t s C1 , C2 , C3 , C4 , CS , and C6 (both low and hiqh) 
610REM 
620 FOR 1=1 TO 2 
630 XC=SQR(2*BI0r ( I , 1) ) / R ( l ) s >:N=SQR (2-«EaOT ( I ,2) ) /R(2) : XS=SQR (2*Ea OT ( I , 3 ) ) / R ( 3 ) 
640 C(I,1)=TM-TA 
650 X=XC«L(1)sGOSUB 710:SCC=X1;CCC=X2 
660 X=XN*L(2)sGOSUB 710sSNN=X1sCNN=X2 
670 X=XS*L(3)sGOSUB 7105SSS=X1iCSS=X2 
680 X=XN*L(1) :G0SIJB 710: SNC=X 1: CNC=X2 
690 X=XS*L(2)sGOSUB 710:SSN=X1sCSN=X2 
700 GOTO 740 
710 X1=0.5«(EXP(X)-EXP(-X)) 
720 X2=0.5»(EXP(X)+EXP(-X)) 
730 RETURN 
740 ALP1=(K>A(1)*XC!<CCC/SCC)-(HR(I)*(A(1)-A(2) ) ) 
750 ALP2=K*A(2)#XN*SNC 
760 ALP3=I<*A(2)*XN*CNC 
770 ALP4=HR(I)«(A(1)-A(2))»CCC*C(1,1)-K*A(1)*XC*BCC*C(1,1) 
7G0 BETA1=K*A (2) tf-XN»SNN-i-IR < I ) * (A (3) -A (2) ) *CNN 
790 B E T A 2 = K * A ( 2 ) * X N * C N N - H R ( I ) * ( A ( 3 ) - A ( 2 ) ) # S N N 
Q00 E P S I = - ( C S S / S G S ) 
a 10 BETA3=K«A (3) * X ( S B N + E P S I « C S N ) / (CSIM+EPGI*SSN) 
820 GAMA=-(BETA2-BETA3*SNN)/(BETA1-BETA3*CNN) 
830 : 
840 C( I ,4) = < A L P 4 + A L P 1 * C C C * C ( 1 , 1 ) ) / (ALPl »CNC-KGAMA-ALP2«GAMA+ALP1 #SNC-ALP3) 
850 C < I , 3 ) = C ( I , 4 ) * 6 A M A 
860 C(I-,5) = (CNN*C(I ,3)+BMN*C(I ,4) ) / (CSN+EPSI*SSN) 
870 C(I,2)=(CNC#C(I,3)+SNC*C(I,4)-CCC»C(I,1))/SCO 
880 C ( I , 6 ) = E P S I « C ( I , 5 ) 
890 N E X T 1 
900 PROCtableS 
910 REM 
920 REM @ @ @ @ @ @ @ @ @ @ ( ^ ( i @ @ @ @ @ @ ( i @ @ @ @ ( i @ ( S @ @ @ @ @ @ @ @ 
930 REM 
940FOR 1=1 TO 2 
950 X C = S Q R ( 2 » B I 0 T ( I , 1 ) ) / R ( 1 ) ; X N = S Q R ( 2 « B I 0 T ( I , 2 ) ) / R < 2 ) ; X S = G Q R ( 2 « B I 0 T ( I , 3) ) / R ( 3 ) 
960 ZX=0 
970FOR J=0 TO L ( l ) BTEP 2 
980 ZX=ZV.+ 1 
990 Z ( Z y . ) = J 

1000 X = XC*J;GOSUB 710s S=X 1: C=X2s TZ ( I , ZV.) =TA+C ( I , 1) i<C-HC(I ,2) * S : DTZ ( I , ZV.) =XC«S«C ( 
I , 1 ) + X C * C * C ( I , 2 ) 
1010 NEXT J 
1020 FOR J = L ( 1 ) TO L ( 2 ) 
1030 Z%=Z7.+ 1 
1040 Z( Z 7 . ) = J 
1050- X = XN*J!GOSUB 710!S=X1:C=X2:TZ ( I ,Z7.)=TA+C(I ,3)*C+C(I ,4)*S:DTZ ( I , ZV.) =XN*G*C ( 

I , 3 ) + X N * C * C ( I i 4 ) 
1060 NEXT J 
1070 FOR J=L<2) TO L ( 3 ) STEP 1 0 
1080 Z7.= Z7.+ 1 
1090Z (Z7.)=J 
1100 X=XS*J:GOSUB 710: S=X 1: C=X2: TZ ( I , Z7.) =TA+C (1, 5) KC-HC ( 1 , 6) »S: DTZ ( I , Z7.) = X S * 5 * C ( 

I , 5 ) + X S * C t t C ( I , 6 ) 
1110 NEXT J 
1120 NEXT I 
1130s 
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1140 PRINTSPRINT SPRINT" 
1150 AA=BET 
1160 P R 0 C t a b l e 6 
1170 PRINT TAB(30)5"SPACE 
1180 AA=GET 
1190CLS!PRINT:PRINT 
1200PRINT TAE((10) ; "L 
1210PRINT 
1220PRINT TAB(10);"S .... 
1230PRINT 
1240PRINT TAB(10) 
r250PRINT 
1260PRINT 
1270PRINT 
1280INPUT " 
1290IF- ANS* 

SPACE PAR TO CONTINUE 

N 

TA B ( 1 0 ) ; "Q 
PRINT;PRINT 

PAR TO CONTINUE 

D i s p l a y R e s u l t s 

S t o r e Data i n a Disk F- i l e 

Next Element 

Q u i t e 

= "Q" 
1300 I F ANS*="L" 
1310 I F ANS*="S" 
1320 I F ANS:r="N" 
1330 GOTO 1140 
1340 END 
1350 REM 
1360 REM 
1370 REM 
1380 REM 
1390 REM 
1400 REM 
1410 REM 
1420 REM 
1430 DATA 
1440 DATA 
1450 DATA 
1460 DATA 
1461 DATA 
1470 REM 
14B0 REM 
1490 REM 
1500 REM 
1510 REM 
1520 DATA 
1530 DATA 
1540 DATA 

REM 

OPTION "§ANS$ 
OR ANS:i-="q" THEN END 
OR ANSt="I" THEN P R O C l i s t GOTO 1190 
OR ANS*="s" THEN PROCstore;GOTO 1190 
OR ANS$="n" THEN GOTO 130 

(1977) 
The -fallowing i n t e r n a l d a t a have been taken -from 
P h y s i c s and C h e m i s t r y Handbook, 55th e d i t i o n 

(1) Element 
M e l t i n g t e m p e r a t u r e TM 
Ambient t e m p e r a t u r e TA 

(2) 
(3) 
(4) 
(5) 

E m i s s i v i t y E 
Thermal c o n d u c t i v i t y K 

(C) 
(C) 
( a t 0.65 
(W/mm/C) 

mi cron ) 

"Copper 
"'Si 1 i c o n 
" N i c k e l 
" S i 1ver 

,983,0.1,0.342 
","Si",1410,1279,0.46,2.51E-2 
","Ni",1453,1318,0.5041,0.059 
","Ag",961,9,872,0.07,0.363 

The adopted g e o m e t r i c o-f t h e MODEL s 
-1 - R a d i u s (mm), and Length (mm) of CRYSTAL 
- 2 - F\adius (mm) and Length (mm) of NECF-:: 
--3- R a d i u s (mm) and Length (mm) of SEED 
1.0,20 
0.15,3 
3,60 

TAB ( 2) ; E1 *; E2-.3.-; TAB (20) 
(i7.=Sa0509 
T A B ( 2 ) ; " H e a t - R a d i a t i o n 

TM;TAB(30) TA|TAB(43) 

1550 
1560DEF P R O C t a b l e l 
1570 @'/.=0 
15a0PRINTsPRINT 
1590F-'RINT TAB (2) ; "Element" ; TAB (20) ; "TM";TAB(30) ; 

5 ) ; " T h e r m a l C o n d u c t i v i t y " 
1600PRINT T A B ( 2 0 ) ; " ( C ) " ; T A B ( 3 0 ) ; " ( C ) " 5 TAB(60);"(W/mm/C)" 
1610PRINT 
1620PRINT 
1630PRINT 
1640F-'RINT 
(W/mm'-2/C) " 
1650 ENDPROC 
1660 DEF P R 0 C t a b l e 2 
1670PRI NT 5 @7.=20209 
16O0PRINT TAB(20) 5 " F a c t o r -for high r a d i a t i o n 
1690PRI NT: (§•/.==¥; 10509 
1700PRINT TAB(2) ; " f l e a t - R a d i a t i o n C o e f f i c i e n t 

' T A " ; T A B ( 4 0 ) ; " E m i s s i v i t y " ; T A B ( 5 

E5 T A B ( 6 0 ) i K 

C o e f f i c i e n t HR (low r a d i a t i o n ) = ";HR(1); 

iFAC 

HR (high r a d i a t i o n ) = ";HR(2) 
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(W/mm -2/C) " 
1710ENDPROC 
1720DEF PROCtableS 
1730@7.=0 
1740FOR 1=16 TO 70;PRINT TAB(I);"*";:NEXT I 
1750PRINT T A B ( 1 8 ) ; " A r e a (mm-2)";TAB(38);"Radius (mm)";TAB(58);"Length (mm)" 
1760FOR 1=16 TO 70;PRINT TAB(I);"«";sNEXT I 
1770FOR J = l TO 3 
1780PRINT T A B ( 5 ) ; C * ( J ) ; T A B ( 1 8 ) 5 A ( J ) ; T A B ( 3 a ) ; " ( " 5 J ; " ) " ; R ( J ) ; T A B ( 5 8 ) ; " ( " ; J K 3 ; ") 
" ; L ( J ) - L ( J - 1 ) 

1790NEXT J 
1800FOR 1 = 16 TO 70: PRINT TAB ( I );"•(("§: NEXT I 
1810ENDPROC 
1820DEF P R 0 C t a b l e 4 
ia30(S%=?a0509 
1840PRINT;FOR J=20 TO 65:PRINT TAB(J);"-";;NEXT J 
1850PRINT T A B ( 2 0 ) ; " B ( c r y s t a l ) " ; T A B ( 4 0 ) 5 " B ( n e c k ) " ; T A B ( 5 5 ) ; " B ( s e e d ) " 
1860FOR J=20 TO 65:PRINT TAB ( J ) ; " • - " ; : NEXT J 
1870PRINT T A B ( l ) ; "Low r ad i a t i on " ; TAB (20) 5BIOT (1 , 1) ; TAB (40) ; B l O T d ,2) ; TAB (55) ; Bl 

0 T ( 1 , 3 ) 
ia80PRINT T A B ( l ) ; " H i g h r a d i a t i o n " ; T A B ( 2 0 ) ; B I 0 T ( 2 , 1 ) ; T A B ( 4 0 ) ; B I 0 T ( 2 , 2 ) ;TAB(55) ;B 

l O T ( 2 , 3 ) 
1890FOR J=20 TO 65:PRINT TAB(J);"-"5;NEXT J 
1900ENDPROC 
1910DEF P R 0 C t a b l e 5 
1920©y.=?<20509 
1930F'RINT;PRINT 
1940FOR 1=25 TO 60;PRINT TAB(I);"."§:NEXT I 
1950PRINT TAB(25);"Low R a d i a t i o n " | T A B ( 4 5 ) ; " H i g h R a d i a t i o n " 
1960 FOR 1=25 TO 60;PRINT TAB(I)5".";:NEXT I 
1970 PRINT 
1980PRINT TAB(20);"C1 " ; T A B ( 2 7 ) ; C ( 1 , 1 ) ; T A B ( 4 7 ) 5 C ( 2 , 1 ) 
1990PRINT TAB(20);"C2 " ; T A B ( 2 7 ) 5 C ( 1 , 2 ) ; T A B ( 4 7 ) 5 C ( 2 , 2 ) 
2000PRINT TAB(20);"C3 "5 T A B ( 2 7 ) ; C ( 1 , 3 ) ; T A B ( 4 7 ) ; C ( 2 , 3 ) 
2010PRINT TAB(20);"C4 " ; T A B ( 2 7 ) ? C ( 1 , 4 ) ; T A B ( 4 7 ) ; C ( 2 , 4 ) 
2020PRINT TAB(20);"C5 " ; T A B ( 2 7 ) ; C ( 1 , 5 ) ; T A B ( 4 7 ) ; C ( 2 , 5 ) 
2030PRINT TAB(20);"C6 " ; T A B ( 2 7 ) ; C ( 1 , 6 ) ; T A B ( 4 7 ) ; C ( 2 , 6 ) 
2040FOR 1=25 TO 60;PRINT TAB(I);".";;NEXT 
2050ENDPROC 
2060DEF P R 0 C t a b l e 6 
2070CLS 
2000 FOR 1=1 TO 10!PRINT TAB(I);"*"5;NEXT 
2090 FOR 1=2.0 TO 37;PRINT TAB ( I if ? " * " ; : NEXT 
2100 FOR 1=50 TO 67;PRINT TAB(I);"*"5sNEXT 
2110 PRINT TAB(2) 5 ":: (mm) " .5 TAB (25) ; "Tz (C) " ; TAB (55) ; "DTz (C/mm) " 
2120 PRINT TAB(22);"Low";TAB(32);"High"5 TAB(52);"Low";TAB(62);"High" 
2130 FOR 1 = 1 TO 10:PRINT T A B ( I ) ; "«"5 ; NEXT 
2140 FOR 1=20 TO 37:PRINT TAB(I);"*"5sNEXT 
2150 FOR 1=50 TO 67:PRINT TAB ( I );"•»".;: NEXT 
2160FOR 1 = 1. TO Z7. 
2170(s!7.=8<20109 
2180 I F Z ( I ) = Z ( I - 1 ) THEN PRINT:PRINT 
2190PRINT T A B ( 3 ) ; Z ( I ) | T A B ( 2 0 ) ; T Z ( 1 , I ) ; T A B ( 3 0 ) s T Z ( 2 , 1 ) ; 
2200@7.=?<20509 
2210PRINT T A B ( 5 0 ) ; D T Z ( 1 , 1 ) ; T A B ( 6 0 ) ; D T Z ( 2 , I ) ; 
2220NEXT I 
2230 FOR 1 = 1 TO 67; PR I NT TAB ( I );"«•";; NEXT: PRINT 
2240ENDPRQC 
2250 REM * « K * * « * * * * * « - K * * « * * # * i ^ * - » * » « ^ 
2260DEF P R O C l i s t 
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2270CLS:PRINT:PRINT 
22a0PROCtab1e1s PROCtabIe2 s PRINT s PRINT s PRINT 
2290PROCt ab1e3:PRINT:PRINT:PRINT 
2300F'RINT TAB(30) ; "SF'ACE PAR TO CONTINUE" s AA=GET: CLG 
2310PROCt ab1e4:PRINT:PRINT:PRINT 
2320PROCtab1e5 s PRINT:PRINT s PRINT 
2330 PRINT TAB(30);"SPACE PAR TO CONTINUE"sAA=GET:CLS 
23 4 0 P R a C t a b l e 6 
2350PRINT TAB(25);"GRACE PAR TO CONTINUE"sAA=GET:CLS 
2360ENDPRQC 
2370 REM 
2380DEF PROCstore 
2390CLS 
2400 PRINT T A B ( 5 , 5 ) ; " P u t Tape Data i n D r i v e 1 and h i t any KEY 
2410AA=6ET 
2420*DRIVE 1 
2430*CAT 
2440PRINT5PRINT 
2450INPUT " Output F i l e Name " s F I L E * 
2451 F*=FILE*+"0" 
2460F=OPENaUT F* 
2470PRINT#F,E1*,£2*,TM,TA,E,K 
2480 PRINT#F,HR(1) ,HR < 2) ,FAC 
2490FOR J = l TO 3 
2 5 0 0 P R I N T # F , C * ( J ) , A ( J ) , R ( J ) , L ( J ) - L ( J - 1 ) 
2510NEXT J 
2 5 2 0 P R I N T # F , B I O T ( 1 , 1 ) , B I Q T ( 1 , 2 ) , B I 0 T ( 1 , 3 ) 
2 5 3 0 P R I N T # F , B I O T ( 2 , 1 ) , B i a T ( 2 , 2 ) , B i a T ( 2 , 3 ) 
2540FOR 1=1 TO 2 
2550FQR J = l TO 6 
25 6 0 P R I N T t t F , C ( I , J ) 
2570NEXT J 
2580NEXT I 
2590CLOSE#F 
2 6 0 0 F t = F I L E * + " 1 " 
2610F=OPENaUT F * 
2620FOR 1 = 1 TO Z7. 
2 6 3 0 P R I N T # F , Z ( I ) , T Z ( 1 , 1 ) 
2640NEXT I 
2650CI_OSE#F 
2660F*=FILE*+"2" 
2670F=OPENOUT F * 
2680FQR 1 = 1 TO Z7. 
2690PRINT«F,Z(I),TZ(2,I) 
2700NEXT I 
2710CLOGE#F 
2720F*=FILEt-+"3" 
2730F=OPENDUT F * 
2740FOR 1 = 1 TO Z7. 
2 7 5 0 P R I N T # F , Z ( I ) , D T Z ( 1 , 1 ) 
2760NEXT I 
2770CLOSE#F 
27O0F*=FILE*+"4" 
2790F=OPENaUT F t 
2800FOR 1 = 1 TO Z7. 
2 8 1 0 P R I N T # F , Z ( I ) , D T Z ( 2 , 1 ) 
2820NEXT I 
2a30CLOSE«F 
2840*DRIVE 0 
2850ENDPROC 

2860END 
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APPENDIX B 

v o l t 

5 6 7 
A r b i t r a r y Unit 

The voltage c a l i b r a t i o n curve for the- R-F heating 

c o i l . 
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APPENDIX C 

H 
m 
<D 

- EH 

I 

o 

250 

200 

50 

100 -

50 

0 
0 . 0 0 . 2 O.A 0 .6 0 . 8 0 1.2 Ampere 

C a l i b r a t i o n for the c o i l used for magnetic domain 

movement experiment 
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