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ABSTRACT 

Si n g l e n i c k e l c r y s t a l s were grown from the melt by the 

C z o c h r a l s k i technique. Domain w a l l movements under applied 

magnetic f i e l d s were observed by using the Lang technique for 

X-ray topography. M a g n e t i z a t i o n measurements a t room 

temperature were recorded and the v a r i a t i o n of c o e r c i v i t y as 

a f u n c t i o n of temperature was examined. Although 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 were obtained, d i s l o c a t i o n free 

growth was not achieved, copper s i n g l e c r y s t a l s were grown to 

compare the p e r f e c t i o n with t h a t of n i c k e l . The e f f e c t of 

geometrical dimensions of c r y s t a l , neck, seed and neck angle 

on the temperature gradient a t the i n t e r f a c e of c r y s t a l and 

melt was examined t h e o r e t i c a l l y using the model developed by 

Buckley-Golder and Humphreys. The model was extended to 

cons i d e r c o n i c a l c r y s t a l and seed. I t was found that for 

n i c k e l t h e d i a m e t e r had l i t t l e e f f e c t on the thermal 

g r a d i e n t . I n c r e a s e of c r y s t a l cone angle l e d to a 

s i g n i f i c a n t d e c r e a s e i n the thermal g r a d i e n t a t the 

i n t e r f a c e . Real time movement of haematite domains under 

appli e d magnetic f i e l d s has been studied by synchrotron X-ray 

r a d i a t i o n topography. 

- 1 -



PREFACE 

The i n t r i n s i c p r o p e r t i e s of m a t e r i a l s cannot be defined u n t i l 

a high p e r f e c t c r y s t a l has been grown. S i n g l e c r y s t a l s can 

be grown by S o l i d , Vapour, So l u t i o n and Melt growth. High 

p e r f e c t metal c r y s t a l s can be grown from the melt by the 

C z o c h r a l s k i t e c h n i q u e . While the growth of l a r g e zero 

d i s l o c a t i o n semiconductor c r y s t a l s i s by now w e l l 

e s t a b l i s h e d , growth of zero d i s l o c a t i o n m e t a l s s i n g l e 

c r y s t a l s s t i l l remains a problem. T h i s i s because 

d i s l o c a t i o n formation i n metal r e q u i r e s l e s s energy than i n 

semiconductors. Despite t h i s d i f f i c u l t y , the conditions for 

the growth of d i s l o c a t i o n - f r e e copper and s i l v e r - have 

been e s t a b l i s h e d . 

Chapter one i s a review of X-ray topography with a b r i e f 

examination of i t s a p p l i c a t i o n . Chapter two i s a review of 

c r y s t a l growth from melt and s o l i d s t a t e growth. Chapter 

three d e s c r i b e s the p e r f e c t i o n of s i n g l e c r y s t a l s of n i c k e l 

and copper by the C z o c h r a l s k i technique. Domain movement and 

m a g n e t i z a t i o n measurements f o r n i c k e l , and the growth 

c o n d i t i o n s f o r both n i c k e l and copper are presented. Chapter 

four d e s c r i b e s t h e o r e t i c a l modelling to study the e f f e c t of 

the s e e d , neck, c r y s t a l dimensions and neck angle on 

r e d u c t i o n o f temperature g r a d i e n t and c o n s e q u e n t l y the 

d i s l o c a t i o n d e n s i t y . I n Chapter f i v e i n r e a l time magnetic 

domain were observed moving under an applied magnetic f i e l d 

by synchrotron r a d i a t i o n topography. Chapter s i x comprises 

the c o n c l u s i o n s . 
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CHAPTER 1 

X-RAY DIFFRACTION TOPOGRAPHY 

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

X-ray topography i s a n o n - d e s t r u c t i v e method of 

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

i mperfections i n a n e a r l y p e r f e c t c r y s t a l . The technique i s 

very s i m i l a r to t r a n s m i s s i o n e l e c t r o n microscopy s i n c e i t 

r e v e a l s d e f e c t s . X-ray d i f f r a c t i o n i s more s e n s i t i v e to 

s t r a i n than i s e l e c t r o n microscopy, t h i s being due to the 

f a c t t h a t the s c a t t e r i n g of X-rays by a c r y s t a l i s weaker 

than t h a t by e l e c t r o n s . Thus the r e s o l u t i o n i s very poor 

compared with t h a t of e l e c t r o n microscopy. The s i z e of the 

X-ray image i s a few micrometers whereas the e l e c t r o n 
o 

m i c r o s c o p y image i s a few hundred Ang stroms, t h e r e f o r e 

almost p e r f e c t c r y s t a l s are required to r e v e a l i n d i v i d u a l 

d e f e c t s by t h i s technique. A l a r g e area of t h i c k c r y s t a l can 

be examined by t h i s technique whereas only a small area of a 

t h i n c r y s t a l must be prepared fo r e l e c t r o n microscopy. 

As c r y s t a l growth techniques improve and c r y s t a l s with 

h i g h p e r f e c t i o n a r e produced, X-ray topography p l a y s an 

important r o l e i n understanding the p e r f e c t i o n of c r y s t a l s 

and the r e l a t i o n to conditions of growth. The f i r s t book to 

cover a l l X-ray topography techniques was w r i t t e n by Tanner 

(1976). 



1.2 O r i e n t a t i o n Contrast 

O r i e n t a t i o n c o n t r a s t a r i s e s i n two ways: i n 

monochromatic beams, d i f f r a c t i o n o c c u r s i n one a r e a : i n 

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

d i r e c t i o n s f o r d i f f e r e n t areas. I t can be expressed by a 

s i m p l e g e o m e t r i c a l r e l a t i o n ( F i g u r e 1.1) 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 happens i n an 

imperfect region which has a d i f f r a c t i o n i n t e n s i t y d i f f e r e n t 

to t h a t i n a p e r f e c t region. The image can be interpreted 

only by the dynamical theory (Tanner, 1976). 

1.3 The dvncunical theorv of X-ray d i f f r a c t i o n 

X-ray t e c h n i q u e i s concerned w i t h r e c o r d i n g the 

d i f f e r e n t i n t e n s i t y d i f f r a c t e d from deformed regions which 

d i f f e r from p e r f e c t regions of the c r y s t a l . I t i s c l e a r from 

Bragg's Law -

A = 2d sinSg 

where A i s the r a d i a t i o n wavelength, 

Gg i s the angle between i n c i d e n t beam and l a t t i c e plane 

and 

d i s the l a t t i c e spacing -

t h a t t h i s r e l a t i o n cannot be applied to both the p e r f e c t and 

the imperfect regions simultaneously. Thus there w i l l be a 

d i f f e r e n c e i n i n t e n s i t y between the two regions providing the 

image of t h e d e f e c t . The i n t e r p r e t a t i o n of t h i s image 

r e q u i r e s a theory of X-ray d i f f r a c t i o n . There are two b a s i c 

d i f f r a c t i o n t h e o r i e s : t h e k i n e m a t i c a l t h e o r y and the 

dynamical theory. 

The k i n e m a t i c a l theory assumes t h a t the amplitude of the 



No controst 

Crystal 

(a) (b) 

F i g . 1.1 ( a ) O r i e n t a t i o n c o n t r a s t from a monochromatic 
beam. 

( b ) O r i e n t a t i o n c o n t r a s t from a p o l y c h r o m a t i c 
beam ( a f t e r Tanner, 1976). 



d i f f r a c t e d beams are small compared with the inci d e n t beam 

amplitude. T h i s theory i s v a l i d f o r small or imperfect 

c r y s t a l s with mosaic s t r u c t u r e s . 

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

c r y s t a l s , t h e amplitude of the d i f f r a c t e d beam becomes 

comparable with t h a t of the i n c i d e n t beam. The i n t e r a c t i o n 

between the d i f f r a c t e d and i n c i d e n t beams i s taken i n t o 

account by the dynamical theory. The dynamical theory has 

been r e v i e w e d by A u t h i e r (1970) and Batterman and Cole 

(1964). 

A s o l u t i o n of Maxwell's equation i s required i n a medium 

with p e r i o d i c s u s c e p t i b i l i t y (Tanner, 1977) . The s o l u t i o n 

D = exp iwt E Pg exp ( -27riKg.r) 

i s a s a t i s f a c t o r y one and the component of the d i f f r a c t e d 

wave v e c t o r Kg i s l i n k e d to the component wave vector of the 

i n c i d e n t beam i n r e c i p r o c a l space corresponding to the 

r e c i p r o c a l l a t t i c e v e c t o r g by the Laue equation 

Kg = Ko + g. 

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

su p e r p o s i t i o n of plane waves which form a wavefield. I n X-

ray d i f f r a c t i o n u s u a l l y we need only to consider the two 

waves which are a s s o c i a t e d with the r e f r a c t e d wave KQ and the 

Bragg r e f l e c t e d wave K g . We have a wavefield of the form 

D = DQ exp ( -2wiKQ.r) + Dg exp (-27rtKg.r) 

S u b s t i t u t i o n of t h i s e q u a t i o n back i n t o Maxwell's 

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

y i e l d s a r e l a t i o n between Kg and K^ and the amplitude r a t i o R 



= ^ / ^ o terms of Kg and KQ, where Dg and DQ are the 

amplitude of the d i r e c t and d i f f r a c t e d wave component i n s i d e 

the c r y s t a l 
2 2 

"o'̂ g = 1 k c XqXg ; x i s the f o u r i e r component of 
4 ^ s u s c e p t i b i l i t y . 

where 

= 1 (l^o'^^o ~ XQ)) ; X i s the s u s c e p t i b i l i t y 
2k ° 

«g = 1 (Kg.Kg - k2 (1 + XQ)) 
2 Ic 

C i s a p o l a r i s a t i o n f a c t o r = 1 f o r o p o l a r i z a t i o n , and 

= cos2eg fo r n p o l a r i z a t i o n , and k = 1/A. 

The r e l a t i o n between Kg and KQ when plot t e d g r a p h i c a l l y 

i s known as the d i s p e r s i o n s u r f a c e (Figure 1.2). Close to the 

Bragg r e f l e c t i o n the degeneracy of the d i s p e r s i o n surface i s 

r a i s e d . There are four branches, two f o r each p o l a r i z a t i o n 

s t a t e . A point P on the d i s p e r s i o n s u r f a c e i s c a l l e d the t i e 

point. Each t i e point on the d i s p e r s i o n surface defines the 

wave v e c t o r and the wave amplitude i n the c r y s t a l . 

When an i n c i d e n t wave e x c i t e s two Bloch waves w i t h 

d i f f e r e n t wave v e c t o r s , the i n t e r f e r e n c e between the Bloch 

waves g i v e s r i s e t o P e n d e l l o s u n g f r i n g e s . The depth 

c o r r e s p o n d i n g t o one 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 . For the symmetric Laue geometry t h i s i s 

ig = A Q - I = TTV^ coseg/rgAC (FgF.g) 

where 

AQ diameter of d i s p e r s i o n s u r f a c e , 

Vj, volume of u n i t c e l l , 

rg c l a s s i c a l e l e c t r o n r a d i u s , 

C p o l a r i z a t i o n f a c t o r , and 



Fg s t r u c t u r e f a c t o r . 

1.4 Anomalous tr a n s m i s s i o n 

The i n t e n s i t y of the wavefield i s given by 

I = D̂ Q [1 + R2 + 2RC cos (27rg.r)] 

T h i s shows t h a t t h e i n t e n s i t y i s modulated i n 

correspondence with the cosine term, we have maximum at g.r = 

n and minimum a t g.r = (2n + l ) / 2 with n i n t e g r a l . 

On one branch of the d i s p e r s i o n s u r f a c e , the wavefield 

has a maximum i n t e n s i t y a t the atom planes on the other the 

minimum occurs. Since absorption takes place through the 

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

g r e a t e s t a t the atomic planes, the wavefield with maximum 

i n t e n s i t y a t the atomic planes i s absorbed while the other i s 

t r a n s m i t t e d (Tanner, 1976). For example, i n Figure (1.3), 

the branch 2 wave w i l l be absorbed more than branch 1 wave. 

T h i s i s known as anomalous t r a n s m i s s i o n or the Borrmann 

e f f e c t , which appears i n p e r f e c t c r y s t a l s . The presence of 

any imperfection w i l l reduce or destroy i t . 

1.5 Lang's technique 

The Lang technique (Lang, 1958) i s the most commonly 

used topographic technique. The e s s e n t i a l features of the 

method are explained i n Figure ( 1 . 4 ) . 

Double images a r i s i n g from Ka doublet can be avoided by 

c o l l i m a t i n g the i n c i d e n t beam by the f i r s t s l i t ; the second 

s l i t w i l l stop the transmitted beam from f a l l i n g onto the 

potographic p l a t e . I f the c r y s t a l and the f i l m are f i x e d and 

the i n c i d e n t beam i s narrow, the image recorded on the p l a t e 



F i g . 1.2 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, 1977). 



BRANCH 1 BRANCH 2 

F i g . 1.3 I n t e n s i t y of t h e two w a v e f i e l d s a t the 
exact Bragg c o n d i t i o n ( a f t e r Tanner, 1976). 



i s c a l l e d a s e c t i o n topograph. I f t h e c r y s t a l and t h e 

t o p o g r a p h i c p l a t e a re t r a v e r s e d t o g e t h e r t h e recorded image 

i s c a l l e d a p r o j e c t i o n topograph, (Lang, 1959) . 

A s e c t i o n topograph can be used t o l o c a t e t h e p o s i t i o n 

o f t h e d e f e c t i n t h e c r y s t a l . As a p r o j e c t i o n topograph 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 

l a r g e area o f t h e c r y s t a l may be imaged i n one s e t t i n g . 

However, some o f t h e i n f o r m a t i o n a v a i l a b l e i n t h e fundamental 

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

A m o d i f i c a t i o n o f t h e p r o j e c t i o n topograph known as t h e 

l i m i t e d p r o j e c t i o n topograph was developed by Lang (1963). 

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

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

s u r f a c e ( F i g u r e 1.5). 

1.6 X-ray topoqraphY using synchrotron r a d i a t i o n 

The main c o m p l a i n t about X-ray topography (Tanner, 1976) 

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

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

f l u x reduces exposure t i m e s t o s e v e r a l seconds. Since t h e 

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

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

imaged a t once; f u r t h e r m o r e , i m p e r f e c t c r y s t a l s may a l s o be 

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

p h o t o g r a p h p l a t e and t h e specimen w i t h o u t undue l o s s o f 

r e s o l u t i o n enables t h e r e s e a r c h e r t o p e r f o r m new experiments. 

1.7 Some a p p l i c a t i o n s of X-ray topographic techniques 

X-ray topography i s a p o w e r f u l method by which t o r e v e a l 

t h e d e f e c t s i n c r y s t a l s and t h u s t o determine t h e i r q u a l i t y . 
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T h i s non d e s t r u c t i v e t e c h n i q u e enables t h e researcher 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 i n which t o o b t a i n a h i g h 

q u a l i t y c r y s t a l . The book e d i t e d by Tanner and Bowen (1980) 

r e v i e w s t h e t e c h n i q u e s and t h e i r a p p l i c a t i o n . 

1.7.1 Lang^3 technique 

T h i s t e c h n i q u e was used by B a d r i c k and P u t t i c k (1971) . 

They found t h a t t h e c o o l i n g r a t e i s an i m p o r t a n t f a c t o r i n 

i m p r o v i n g c r y s t a l q u a l i t y . The topographs t a k e n f o r s l i c e s 

o f cadmium c r y s t a l s a f t e r a n n e a l i n g r e v e a l d i s l o c a t i o n loops 

w i t h i n s u b - g r a i n s . The f i r s t o b s e r v a t i o n o f magnetic domains 

by t h i s method was by Polcarova and Lang (1962). The domain 

s t r u c t u r e o f Fe-Si s i n g l e c r y s t a l s moved a f t e r an e x t e r n a l 

magnetic f i e l d was a p p l i e d . 

D i s l o c a t i o n c o n f i g u r a t i o n s were s t u d i e d by Nes and N^Jst 

(1966). They r e p o r t t h a t t h e d i s l o c a t i o n d e n s i t y o f a s i n g l e 

aluminium c r y s t a l i n c r e a s e s by s t e p p i n g up t h e c o o l i n g r a t e . 

A s m a l l r e s i s t a n c e f u r n a c e was b u i l t on Lang's camera t o 

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

a l u m i n i u m c r y s t a l up t o 400°C d u r i n g a n n e a l i n g t r e a t m e n t , 

N{/st and s/rensen (1966) . 

1.7.2 Synchrotron white beam technique 

The topographs t a k e n by Tanner e t a l . (1977) shows t h a t 

t h e image t a k e n by s y n c h r o t r o n r a d i a t i o n i s s i m i l a r t o t h a t 

o b t a i n e d by Lang's t e c h n i q u e except f o r t h e f a c t t h a t s m a l l 

c r a c k e d r e g i o n s appear i n t h e former method because t h e beam 

has a c o n t i n u o u s spectrum. 

Large d i s t o r t i o n s i n S i c specimen have been s t u d i e d by 



t h i s t e c h n i q u e whereas i t i s i m p o s s i b l e t o s t u d y them by t h e 

Lang t e c h n i q u e . T h i s i s because w h i t e r a d i a t i o n a l l o w s each 

s t r u c t u r e t o image s i m u l t a n e o u s l y . F i s h e r and Barnes (1984). 

Since s t e p - b y - s t e p domain o b s e r v a t i o n s r e q u i r e a s h o r t 

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

Magnetic domains i n an i r o n - s i l i c o n specimen are shown by 

Stephenson e t a l . (1979) t o move under t h e i n f l u e n c e of 

magnetic f i e l d s . 

J ordan and G a s t a l d i (1979) used s y n c h r o t r o n r a d i a t i o n t o 

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

r e c r y s t a l l i s a t i o n . They found t h a t o b s t a c l e s bent t h e g r a i n 

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

o t h e r . 

1.8 Topographic r e s o l u t i o n 

I n Lang's t o p o g r a p h t h e r e i s no d i f f r a c t i o n i n t h e 

v e r t i c a l p l a n e , i . e . i n t h e d i r e c t i o n p e r p e n d i c u l a r t o t h e 

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

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

hX 
S = -

L 
where 

L i s t h e specimen - source d i s t a n c e , 

X i s t h e specimen - f i l m d i s t a n c e , and 

h i s t h e p r o j e c t e d h i g h o f t h e source. 

S i n c e L c a n n o t be i n c r e a s e d w i t h o u t l o s s o f X-ray 

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

t o p o g r a p h , ( F i g u r e 1.6). 
The t o p o g r a p h i c r e s o l u t i o n i n t h e p l a n e o f t h e i n c i d e n t 



F i g . 1.6 V e r t i c a l r e s o l u t i o n c r i t e r i a ( a f t e r Tanner, 
1976). 



and d i f f r a c t e d r a y s , t h e h o r i z o n t a l r e s o l u t i o n , depends on 

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

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

d u r i n g exposure. 

The e f f e c t o f t h e wavelength spread can be shown by 

d i f f e r e n t i a t i o n o f Bragg's Law 

A Bg = t a n Gg AA 
A 

where 

AA i s t h e wavelength spread, and 

ASg i s t h e Bragg angle spread. 

Each p o i n t i n t h e image w i l l be spread h o r i z o n t a l l y by 

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

t o Ka-^ and l i n e s . As a r e s u l t o f simultaneous 

d i f f r a c t i o n o f b o t h Ka^^ and K o j l i n e s , double images w i l l 

o c c u r ; f o r h i g h r e s o l u t i o n one image s h o u l d be recorded. 

I n s y n c h r o t r o n r a d i a t i o n , t h e whole source c o n t r i b u t e s 

t o t h e i n t e n s i t y d i f f r a c t e d by each p o i n t i n t h e sample, and 

t h u s t h e r e s o l u t i o n depends upon t h e e f f e c t i v e source s i z e . 

The h o r i z o n t a l and v e r t i c a l r e s o l u t i o n s are g i v e n by 

r j j = XH/L 

r ^ = XV/L 

where H and V a r e t h e h o r i z o n t a l and v e r t i c a l dimensions o f 

t h e s ource. 

The p r o c e s s e s i n v o l v i n g e x p o s u r e , d e v e l o p i n g and 

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

u s u a l l y r e c o r d e d on I l f o r d L4 n u c l e a r emulsion. I t c o n t a i n s a 

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



s t o p p i n g power w i t h minimum t h i c k n e s s o f t h e emulsion. T h i n 

emulsions s u f f e r from poor a b s o r p t i o n o f X-rays, w h i l e t h i c k 

e mulsions s u f f e r from t h e l o n g p r o c e s s i n g t i m e and l o s s o f 

t h e r e s o l u t i o n i f t h e beam does n o t pass n o r m a l l y t h r o u g h t h e 

emuls i o n . Thus a compromise between e f f i c i e n c y and q u a l i t y 

o f r e s o l u t i o n s h o u l d be o b t a i n e d . The average g r a i n s i z e o f 

developed n u c l e a r emulsion i s about 0.25 micr o n , which i s 

below t h e X-ray t o p o g r a p h i c r e s o l u t i o n . 

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

o f t h e n u c l e a r p l a t e have been g i v e n by Lang (1978) . 

1.9 Contrast of d i s l o c a t i o n s 

There a r e t h r e e t y p e s o f d i s l o c a t i o n image i n X-ray 

topography. The a r t i c l e s by A u t h i e r (1967, 1978) review t h e 

d e f e c t image f o r m a t i o n . 

I n t h e deformed r e g i o n (Tanner, 1976) some rays o f t h e 

d i v e r g e n t d i r e c t beam do n o t s a t i s f y Bragg's Law s i n c e t h e 

p e r f e c t c r y s t a l may be d i f f r a c t e d . S i n c e t h e r e i s no 

e x t i n c t i o n t h e y produce a h i g h d i f f r a c t e d i n t e n s i t y which 

appears as a b l a c k p o i n t . T h i s i s t h e d i r e c t image ( F i g u r e 

1.7). When t h e w a v e f i e l d s propagate w i t h i n t h e Hermann f a n 

ABC, a l o n g AQ, t h e d i s l o c a t i o n i n t e r c e p t s t h e p a t h a t Q and 

t h e y d e c o u p l e i n t o t h e i r i n c i d e n t and r e f l e c t e d wave 

components. When t h e y r e - e n t e r a p e r f e c t c r y s t a l r e g i o n they 

e x c i t e new w a v e f i e l d s . I n t e n s i t y i s removed f r o m t h e 

d i r e c t i o n AQ and t h e d i s l o c a t i o n l i n e g i v e s r i s e t o a 

dynamical image. T h i s appears as a t h i c k w h i t e l i n e because 

t h e i n t e n s i t y i s l e s s t h a n t h e background. The newly c r e a t e d 
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F i g . 1.7 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 ) I n t e r m e d i a r y image, 
( 3 ) Dynamical image ( a f t e r Authier, 1978). 



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

i n t e r m e d i a r y image. T h i s i n t e r m e d i a r y image appears as a 

s e r i e s o f b l a c k and w h i t e f r i n g e s . The f r i n g e s are a r e s u l t 

o f t h e i n t e r f e r e n c e between t h e newly c r e a t e d w a v e f i e l d and 

t h e normal w a v e f i e l d p r o p a g a t i o n a l o n g AM, which was not 

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

1.10 Contrast of magnetic domains 

X-ray topography i s an i m p o r t a n t t o o l f o r r e v e a l i n g 

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

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

P o l c a r o v a (1961) s t a t e s t h a t 90° w a l l v i s i b i l i t y f o r Fe-

S i c r y s t a l depends on (m2 - IHi) -9/ where m.ĵ  and m2 are u n i t 

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

a d j a c e n t domains and g i s t h e d i f f r a c t i o n v e c t o r . She a l s o 

a s s e r t s t h a t t h e c o n t r a s t w i l l appear as a dark band when (12 

- m-|̂) .g > 0 and as a b r i g h t band when (m2 - l i ) .g < 0. Since 

t h e m a g n e t o s t r i c t i v e d e f o r m a t i o n i s t h e same on b o t h s i d e s o f 

a 180° w a l l no image w i l l be v i s i b l e . The w a l l image w i d t h 

depends on t h e t i l t o f t h e sample around t h e d i f f r a c t i o n 

v e c t o r ( F i g u r e 1.8). I t i s equal t o 

t s i n a where a i s t h e angle o f r o t a t i o n and t i s t h e 

t h i c k n e s s o f t h e sample. 

The c o n t r a s t depends on t h e m a g n i t u d e o f t h e 

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

o r i e n t a t i o n c o n t r a s t can be o b s e r v e d ; when t h e 

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

s i m u l t a n e o u s l y and no o r i e n t a t i o n c o n t r a s t i s observed. 
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F i g . 1.8 Image of w a l l on p h o t o g r a p h i c p l a t e P depending 
on r o t a t i o n o f sample S around the g v e c t o r . 
Arrow i n d i c a t e s d i r e c t i o n of i n c i d e n t X-ray 
beam ( a f t e r P o l c a r o v a , 1969). 



CHAPTER 2 

MELT AND SOLID STATE GROWTH 

2.1 Melt growth 

s i n g l e c r y s t a l s grown from t h e m e l t have been produced 

m a i n l y by t h e C z o c h r a l s k i , Bridgman and f l o a t zone 

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

t o grow a r e as f o l l o w s : -

(a) I t s h o u l d m e l t c o n g r u e n t l y and n o t decompose b e f o r e 

m e l t i n g . 

(b) The vapour p r e s s u r e s h o u l d be low a t t h e m e l t i n g p o i n t . 

(c) C r u c i b l e m a t e r i a l s h o u l d n o t r e a c t w i t h t h e m a t e r i a l . I f 

i t does i n t e r a c t , as i n t h e case o f n i c k e l , a non i n t e r a c t i n g 

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

s u s c e p t e r . 

(d) The m e l t i n g p o i n t i s o b t a i n a b l e by a v a r i a b l e h e a t e r . 

The C z o c h r a l s k i t e c h n i q u e i s t h e most w i d e l y used 

t e c h n i q u e because i t i s f a s t . Seed, neck and c r y s t a l 

geometry a r e c o n t r o l l a b l e . The growth procedure i s c a r r i e d 

o u t from a f r e e s u r f a c e . Thus t h e c r y s t a l does n o t touch 

a n y t h i n g d u r i n g t h e grow t h , a f a c t o r which i s absent from t h e 

Bridgman t e c h n i q u e . Large c r y s t a l s can be grown whereas t h e 

f l o a t zone method i s l i m i t e d t o s m a l l c r y s t a l s . 

2.1.1 The C z o c h r a l s k i technigue 

The b a s i c p r o c e s s i s shown s c h e m a t i c a l l y i n F i g u r e 
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F i g . 2.1 Schematic diagram o f C z o c h r a l s k i system. 



( 2 . 1 ) . The equipment r e q u i r e d f o r 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 : 

(a) A means o f c o n t a i n i n g t h e m e l t . F i r s t l y , t h e c r u c i b l e 

m a t e r i a l s h o u l d have a h i g h m e l t i n g p o i n t t o ensure safe 

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

Secondly, i t s h o u l d n o t i n t e r a c t w i t h t h e m e l t . I f i t does, 

an alumina, t a n t a l u m o r p l a t i n u m c r u c i b l e i s p l a c e d i n s i d e a 

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

i s e s s e n t i a l t o ensure no i m p u r i t y t r a n s f e r t o t h e m e l t . 

(b) A means f o r h o l d i n g and r o t a t i n g t h e seed w h i l e 

w i t h d r a w i n g i t f r o m t h e m e l t . To a v o i d any m e c h a n i c a l 

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

t h e experiment. 

(c) A means f o r p r e v e n t i n g t h e m e l t from r e a c t i n g w i t h t h e 

atmosphere by s u r r o u n d i n g t h e growth r e g i o n by an i n e r t gas 

o r a vacuum. High p u r i t y i n e r t gas s h o u l d be used i n ord e r 

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

and s i d e s o f t h e i n e r t growth chamber should be p r o t e c t e d 

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

chamber. The chamber w a l l s are c o o l e d by water r u n n i n g 

b e t w e e n them t o p r e v e n t c r a c k i n g and t o red u c e t h e 

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

w a l l s d u r i n g t h e experiment. 

(d) A means o f h e a t i n g t h e m e l t : 

Since t h e r a d i o frequency h e a t i n g induces a c u r r e n t f l o w 

i n t h e c r u c i b l e , t h e l a t t e r s h o u l d be c o n d u c t i v e . The 

advantages o f u s i n g r a d i o frequency h e a t i n g are s t i r r i n g t h e 

m e l t , v i s i b i l i t y which leads t o good g e o m e t r i c a l c o n t r o l , use 
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o f an a f t e r h e a t e r and a l a r g e range o f t e m p e r a t u r e s . 

2.1.1.1 C r y s t a l growth of metals 

( i ) The charge s h o u l d be cleaned w i t h d i l u t e d n i t r i c a c i d 

(30% n i t r i c a c i d + 70% w a t e r ) , washed i n r u n n i n g water and 

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

Gloves s h o u l d be worn i n o r d e r t o a v o i d i n t r o d u c i n g any 

c o n t a m i n a t i o n t o t h e charge. The m a t e r i a l t o be grown i s 

h e a t e d above i t s m e l t i n g t e m p e r a t u r e i n a h i g h p u r i t y 

c r u c i b l e . I f t h e m e l t c o n t a i n s any i m p u r i t y i t w i l l f l o a t on 

t h e s u r f a c e and i t s c o l l i s i o n w i t h t h e growing c r y s t a l w i l l 

c r e a t e d i s l o c a t i o n sources i n t h e c r y s t a l s u r f a c e (Okkerse, 

1959). 

( i i ) A seed c r y s t a l i s dipped p a r t i a l l y i n t o t h e m e l t . Dash 

(1959) s t a t e d t h a t d i s l o c a t i o n s can be i n t r o d u c e d t o t h e 

c r y s t a l from t h e seed by 

(a) P r o p a g a t i o n o f d i s l o c a t i o n s which are i n i t i a l l y 

p r e s e n t i n t h e seed. 

(b) I m p e r f e c t i o n s formed by poor e p i t a x y between t h e 

c r y s t a l and t h e seed. 

(c) M u l t i p l i c a t i o n o f d i s l o c a t i o n s p r e s e n t i n t h e seed 

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

(d) G e n e r a t i o n from s u r f a c e damage. 

These sources can be minimised by s e l e c t i n g a seed t h a t 

i s as f r e e o f d e f e c t s as p o s s i b l e . Thus c a r e f u l e t c h i n g and 

h a n d l i n g o f t h e seed b e f o r e t h e g r o w t h a r e r e q u i r e d . 

S u f f i c i e n t t i m e s h o u l d be g i v e n t o ensure u n i f o r m m e l t i n g o f 

t h e seed s u r f a c e . 
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The d i a m e t e r o f t h e growing c r y s t a l i s reduced t o a v e r y 

s m a l l neck by r a i s i n g t h e t e m p e r a t u r e o f t h e m e l t . The 

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

o b t a i n a l o n g t h i n neck. R o t a t i o n i s r e q u i r e d t o s t i r t h e 

m e l t f o r u n i f o r m t h e r m a l and s o l u t e d i s t r i b u t i o n ( B r i c e , 

1 9 6 8 ) . B u c k l e y - G o l d e r and Humphreys ( 1 9 7 9 ) , i n t h e i r 

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

c r y s t a l s grown by t h i s t e c h n i q u e , found t h a t t h e neck r a d i u s 

has a remarkable e f f e c t i n r e d u c i n g t h e t e m p e r a t u r e g r a d i e n t . 

Sworn and Brown ( 1 9 7 2 ) , i n t h e i r w o r k t o p r o d u c e a 

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

g e t a p e r f e c t c r y s t a l w i t h a diameter 0.5 - 1.5 mm t h e neck 

r a d i u s s h o u l d be l e s s t h a n 0.4 mm and l e s s t h a n 0.3 mm f o r a 

l a r g e r d i a m e t e r 2-3 mm. T h i s p o i n t s t o t h e g r e a t e f f e c t of 

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

( i v ) A f t e r t h e n e c k i n g procedure has been done, t h e m e l t 

t e m p e r a t u r e i s t h e n lowered so as t o i n c r e a s e t h e c r y s t a l 

s i z e t o t h e r e q u i r e d v a l u e . The p e r f e c t i o n a t t h i s stage 

depends m a i n l y on t h e p u l l i n g speed and c o o l i n g r a t e . A low 

p u l l i n g speed i s r e q u i r e d s i n c e Tanner ( 1 9 7 3 ) , i n h i s 

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

f o u n d t h a t r e d u c i n g t h e p u l l i n g speed from 1.5 cm/hour t o 

0.85 cm/hour gave d i s l o c a t i o n - f r e e g r o w t h . The l a t t e r speed 

produced a d i s l o c a t i o n - f r e e s i n g l e c r y s t a l , whereas a t the 

f o r m e r speed t h e d i s l o c a t i o n d e n s i t y i s low b u t not zero. 

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

t h e c r y s t a l f rom t h e m e l t . Paige (1983) d e s c r i b e d methods o f 

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

When t h e c r y s t a l i s b r o u g h t back t o room temp e r a t u r e d u r i n g 

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

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

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

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

new d i s l o c a t i o n s . When t h e c r y s t a l grown has d i s l o c a t i o n s 

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

m u l t i p l i c a t i o n . I n m e t a l s t h e s t r e s s r e q u i r e d t o produce 

p l a s t i c f l o w i s much low e r t h a n i n semiconductors, i t i s 

t h e r e f o r e expected t h a t t h e d i s l o c a t i o n d e n s i t y produced by 

t h e r m a l s t r a i n i n m e t a l c r y s t a l s w i l l be h i g h e r t h a n i n 

semi c o n d u c t o r s . The presence o f an a f t e r - h e a t e r (Sworn and 

Brown, 1972), i s an i m p o r t a n t f a c t o r i n t h e r e d u c t i o n o f heat 

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

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

The c r y s t a l s h o u l d be handled v e r y c a r e f u l l y so as t o a v o i d 

damage. 

2.1.1.2 Growth D i r e c t i o n Dependence 

Kuriyama e t a l . (1977) found t h a t a n i c k e l c r y s t a l grown 

i n t h e [111] d i r e c t i o n i s more p e r f e c t t h a n a c r y s t a l grown 

i n e i t h e r [110] o r [100] d i r e c t i o n s . I n s p i t e o f copper 

h a v i n g t h e same s t r u c t u r e o f n i c k e l ( f a c e c e n t e r c u b i c ) , t h e 

optimum g r o w t h d i r e c t i o n was found t o be [100] by Fehmer and 

U e l h o f f (1972). T h e i r r e s u l t s showed t h a t f o r a l a r g e copper 

c r y s t a l (5-10 mm) t h e growth d i r e c t i o n [100] gave a good 

q u a l i t y c r y s t a l , b e t t e r t h a n a c r y s t a l grown i n t h e [110] 
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d i r e c t i o n . The p e r f e c t i o n f o r s m a l l diameter ( l e s s than 4 

mm) was found by Sworn and Brown (1972) t o be independent f o r 

t h e [ 3 2 1 ] , [110] and [100] growth d i r e c t i o n . 

2.1.2 L i q u i d encapsulation C z o c h r a l s k i 

The C z o c h r a l s k i t e c h n i q u e has been developed t o overcome 

one o f t h e main m a t e r i a l l i m i t a t i o n s , namely t h a t t h e 

m a t e r i a l s h o u l d have a low vapour p r e s s u r e ( F i g u r e 2.2). The 

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

and t h u s t h e r e i s no vapour phase. Growth proceeds s i m i l a r 

t o t h e normal C z o c h r a l s k i method. The m a t e r i a l t o be grown 

and t h e e n c a p s u l a n t a r e p l a c e d i n t h e c r u c i b l e . As the 

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

R.F coil 

Crysta l 

Carbon susceptor 

B2O3 layer 

S i l i ca crucible 

F i g . 2.2 LEC c r y s t a l p u l l i n g arrangement ( a f t e r Erandle, 
1980). 
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F i g . 2.3 Growth apparatus f o r the VM-FEC method 
( a f t e r Kohada, 1985). 



and t h u s a l a y e r o f encapsulant covers t h e charge. A f t e r t h e 

charge i s m e l t e d a seed i s dipped p a r t i a l l y i n t o t h e m e l t and 

th e c r y s t a l i s grown as u s u a l by t h e p u l l i n g t e c h n i q u e . 

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

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 method ( F i g u r e 2 . 3 ) . The 

s t r e s s a r i s i n g from a r s e n i c e v a p o r a t i o n was suppressed by 

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 but c o u l d n o t be avoided by 

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 . I n t h i s t e c h n i q u e , t h e 

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

used by Kohda (1985) t o grow GaAs s i n g l e c r y s t a l s f r e e from 

d i s l o c a t i o n . A d i s l o c a t i o n f r e e seed was used i n t h e 

exp e r i m e n t . The presence o f a magnetic f i e l d tends t o smother 

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

i n t h e m e l t (Osaka, 1984). 

2.1.3 The Bridqman technique 

I n t h i s method t h e charge i s me l t e d by i n c r e a s i n g t h e 

te m p e r a t u r e t o above i t s m e l t i n g p o i n t ( F i g u r e 2.4). Then 

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

so t h a t s o l i d i f i c a t i o n may s t a r t a t t h e lo w e s t p o i n t i n t h e 

c r u c i b l e . Since t h e c r y s t a l s i z e i s f i x e d by t h e c r u c i b l e 

g e o m e t r y , v a r i o u s s i z e s o f c r y s t a l can be p r o d u c e d 

r e p e a t e d l y . T h i s method cannot be used f o r m a t e r i a l s which 

expand on s o l i d i f i c a t i o n . T h i s expansion leads t o s t r e s s , 

which a f f e c t s t h e c r y s t a l p e r f e c t i o n . T h i s t e c h n i q u e can be 

used i n e i t h e r a v e r t i c a l o r h o r i z o n t a l arrangement. I n t h e 

h o r i z o n t a l arrangement t h e f u r n a c e i s u s u a l l y moved as i n t h e 

v e r t i c a l arrangement. The advantage o f t h i s arrangement l i e s 

i n i t s s i m p l i c i t y ; on t h e o t h e r hand w i t h a l a r g e open 
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F i g . 2.4 I n d u c t i o n heated Bridgman apparatus ( a f t e r 
Jones, 1974). 



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

H o r i z o n t a l Bridgmann grown c r y s t a l s o f GaAs, InP and InSb are 

a v a i l a b l e c o m m e r c i a l l y . 

The t e m p e r a t u r e l o w e r i n g r a t e s h o u l d be s m a l l ; Wernick 

and D a v i e s (1956) p r o d u c e d a h i g h p u r i t y c o p p e r s i n g l e 

c r y s t a l a t a p h y s i c a l l o w e r i n g r a t e o f 2 inches per hour. By 

t h e same t e c h n i q u e E s i n e t a l . (1981) grew aluminium s i n g l e 

c r y s t a l s . They found t h a t i n g e n e r a l an i n c r e a s e i n growth 

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

d e n s i t y depends on t h e o r i e n t a t i o n . W i t h <111> o r i e n t a t i o n 

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

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

produced by Gow and Chalmers (1951). 

2.1.4 The F l o a t i n g Zone technique 

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

t h e m e l t i s t h a t t h e m e l t 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 . 

Thus g r o w i n g c r y s t a l s by t h i s t e c h n i q u e has t h e advantage o f 

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

t h i s method t h e p o l y c r y s t a l l i n e i n g o t i s supported v e r t i c a l l y 

i n s i d e t h e f u r n a c e s which i s evacuated o r has an i n e r t gas 

atmosphere ( F i g u r e 2 .5). To grow a s i n g l e c r y s t a l , a seed i s 

p o s i t i o n e d i n such a way t h a t i t i s almost t o u c h i n g t h e lower 

end o f t h e i n g o t . A mo l t e n zone i s formed i n t h e i n g o t . The 

seed i s b r o u g h t t o t o u c h t h e mol t e n zone, which i s t h e n moved 

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

s t a b i l i t y o f t h e zone m e l t i n g was s t u d i e d by Keck e t a l . 

(1953). They found t h a t f o r a g i v e n diameter t h e l e n g t h 
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d e c r e a s e s as t h e d i a m e t e r i n c r e a s e s . I n a v e r t i c a l 

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

molybdenum, vanadium, s i l i c o n , n i c k e l and copper have been 

produced by C a l v e r l y e t a l . (1957), w i t h s i z e from 2 mm t o 1 

cm i n d i a m e t e r and up t o 16 cm i n l e n g t h . S i n g l e c r y s t a l s o f 

i r o n and t i t a n i u m were n o t o b t a i n e d because o f t h e phase 

change on c o o l i n g . 

2.2 S o l i d s t a t e arovth 

M e t a l c r y s t a l s can be prepared from t h e s o l i d s t a t e by 

t h e s t r a i n anneal method and by phase t r a n s f o r m a t i o n . The 

l a t t e r method (Aust, 1963) i s p r e f e r r e d f o r t h e p r e p a r a t i o n 

o f c r y s t a l s o f m a t e r i a l s which undergo a phase change between 

t h e m e l t i n g p o i n t and room t e m p e r a t u r e . M a t e r i a l s prepared 

by t h i s method emerge i n t h e form o f t h i n sheets which can be 

used as t h e y s t a n d , a l t h o u g h t h e t h i c k n e s s i s l i m i t e d and t h e 

o r i e n t a t i o n i s troublesome. T h i s t e c h n i q u e was reviewed by 

Aust, (1963). 

2.2.1 The s t r a i n anneal method;-

I n t h i s method ( N ^ s t , 1965), s i n g l e aluminium c r y s t a l s 

a r e p r e p a r e d a t a v e r y slow c o o l i n g r a t e . The aluminium bars 

were r o l l e d down t o 1 mm i n t h i c k n e s s . A f t e r b e i n g p r e -

annealed f o r a s h o r t t i m e , t h e specimens were s t r a i n e d and 

c u t . They were t h e n e l e c t r o - p o l i s h e d t o remove t h e oxide 

l a y e r on t h e s u r f a c e and suspended v e r t i c a l l y i n t h e furnace. 

The t e m p e r a t u r e i n c r e a s e d r a p i d l y t o 300°C t h e n more s l o w l y 

a t 14°C p e r hour t o 440°C. I t was t h e n reduced v e r y s l o w l y t o 

room t e m p e r a t u r e . 

Deguchi and Kamigaki (1978) found t h a t i n o r d e r t o grow 
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low d i s l o c a t i o n aluminium c r y s t a l s by t h i s t e c h n i q u e , t h e 

c o o l i n g r a t e must be low. 

R e c r y s t a l l i z a t i o n o f i r o n - s i l i c o n c r y s t a l s has been 

r e p o r t e d by MacCormack and Tanner (1978). The r a d i a l growth 

r a t e was found t o be more o r l e s s c o n s t a n t and n e a r l y equal 

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

2.2.2 Phase transformation 

T h i s method has been used t o produce t i t a n i u m by Jourdan 

(1972). I n t h i s t e c h n i q u e , r o l l e d s t r i p s o f 0.2 mm t h i c k n e s s 

were annealed i n a h i g h vacuum 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 t h e t r a n s i t i o n p o i n t . S e v e r a l c y c l e s around t r a n s ­

f o r m a t i o n p o i n t s were used t o p e r m i t t h e growth o f l a r g e 

c r y s t a l s . The f u r n a c e was s l o w l y c o o l e d t o room temperature. 
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CHAPTER 3 

DOMAIN OBSERVATION AND MAGNETIC MEASUREMENT IN NICKEL 
SINGLE CRYSTALS 

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

M e t a l s i n g l e c r y s t a l s o f copper (Sworn and Brown, 1972) 

and S i l v e r ( T a n n e r , 1973) have been grown 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 by C z o c h r a l s k i . There are no r e p o r t s i n 

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

and low d i s l o c a t i o n o f n i c k e l was r e p o r t e d by Kuriyama e t a l . 

(1977). They s t a t e d t h a t t h e domain c o n f i g u r a t i o n i n s l i c e s 

c u t from n i c k e l s i n g l e c r y s t a l was observed t o be removed 

under an e x t e r n a l magnetic f i e l d . 

3.2 Growth Procedure 

N i c k e l s i n g l e c r y s t a l s have been grown by t h e 

C z o c h r a l s k i t e c h n i q u e from a m e l t o f 99.999% pure n i c k e l 

c o n t a i n e d i n alumina c r u c i b l e . The c r u c i b l e was d i s c a r d e d 

a f t e r each use due t o t h e f a c t t h a t alumina i s porous and 

me t a l keys i n t o i t s s u r f a c e and t h e subsequent c o n t r a c t i o n 

t e n d s t o c r a c k t h e a l u m i n a . A s i l i c a a f t e r - h e a t e r was 

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

grown from e i t h e r < l l l > and <110> o r i e n t a t i o n s i n g l e c r y s t a l 

seeds i n an argon atmosphere. The grown c r y s t a l s were about 

11 mm l o n g w i t h d i a m e t e r o f l e s s t h a n 1 mm p u l l i n g r a t e o f 2 

mm/minute were used w i t h c r y s t a l r o t a t i o n r a t e o f 2 r.p.ra. 

Tables ( 3 . 1 , 3.2) show growth c o n d i t i o n s used w h i l e Table 

( 3 . 3 ) p r e s e n t s c r y s t a l and neck d i m e n s i o n s . X-ray Lang 
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t o p o g r a p h y was used t o c h a r a c t e r i s e t h e grown c r y s t a l s . 

3.3 Domain movement under applied magnetic f i e l d 

F i g u r e (3.1a) shows a 220 r e f l e c t i o n topograph o f a 

<111> a x i s n i c k e l s i n g l e c r y s t a l t a k e n by t h e Lang te c h n i q u e . 

As shown i n F i g u r e (3.1b) when an e x t e r n a l f i e l d o f 20 mT i s 

a p p l i e d p a r a l l e l t o t h e growth a x i s t h e image disappeared 

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

s i m i l a r t o t h e o r i g i n a l reappears. I n t h i s magnetic f i e l d , 

t h e c r y s t a l appears t o be s a t u r a t e d t o a s i n g l e domain. The 

image, s, r e l a t e d t o t h e s t r a i n i n t h e c r y s t a l remained 

unchanged. F i g u r e 3.2 shows t h e domain s t r u c t u r e i n t h e 440 

r e f l e c t i o n . Appendix A shows t h e c a l i b r a t i o n f o r t h e c o i l 

used i n t h i s e xperiment. 

Magnetic domains w i t h i n t h e second c r y s t a l c o u l d be seen 

i n s u r f a c e r e f l e c t i o n i n F i g u r e ( 3 . 3 ) . When t h e magnetic 

f i e l d o f 0.2T was a p p l i e d p e r p e n d i c u l a r t o t h e g r o w t h 

d i r e c t i o n , <110>, t h e domains disappeared. 

While low d i s l o c a t i o n d e n s i t y n i c k e l s i n g l e c r y s t a l s 

c o u l d be grown r e p r o d u c i b l y a zero extended d i s l o c a t i o n 

d e n s i t y c o u l d n o t be a c h i e v e d . The l a c k o f anomalous 

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

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

we b e l i e v e t h a t t h e t e c h n i q u e o f p u l l i n g e x t r e m e l y narrow 

necks as used f o r Ag and Cu i s i n a p p r o p r i a t e f o r N i . I t i s 

suggested i n Chapter f o u r t h a t f o r low d i s l o c a t i o n d e n s i t y 

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

d i a m e t e r from t h e neck r e g i o n . 
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Table 3.1 

The p u l l i n g , r o t a t i o n and voltage used during growth 

P u l l i n g R o t a t i o n v o l t 
mm/min r.p.m. ( i n R.F. 

g e n e r a t o r ) 

2.0 2.0 218 

2.0 2.0 219 

2.0 2.0 218 

2.0 2.0 213 

2.0 2.0 213 

2.0 2.0 214 

2.0 2.0 215 

2.0 2.0 215 
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Table 3.2 

The p u l l i n g , r o t a t i o n and voltage used during growth 

P u l l i n g R o t a t i o n v o l t 
mm/min r.p.m. ( i n R.F. 

g e n e r a t o r ) 

4.0 2.0 227 

2.0 2.0 227 

2.0 2.0 219 

2.0 2.0 220 
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Table (3.3) 

Growth Neck Neck c r y s t a l c r y s t a l 
D i r e c t i o n l e n g t h r a d i u s l e n g t h r a d i u s 

mm mm mm mm 

<111> 3 0.3 8.5 3 

<110> 11 0.2 12 2.5 
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0.16 mm [111] I magnetic f i e l d 

I 
s 

I 
( a ) ' ( b ) ( c ) 

F i g . 3.1 X-ray topographs o f n i c k e l c r y s t a l 
( a ) zero f i e l d , ( b ) 0.02 t e s l a and ( c ) zero f i e l d . 
220 r e f l e c t i o n , MoKa r a d i a t i o n . 



0. 5 mm [111] 

F i g . 3.2 X-ray r e f l e c t i o n topograph r e v e a l i n g domains and 
a la r g e m i s o r i e n t a t i o n region apears as a l i g h t 
band. 440 r e f l e c t i o n , MoKa r a d i a t i o n . 



1 > 
0.14 mm [110] magnetic f i e l d 

( a ) (b) ( c ) 

F i g . 3.3 Lang r e f l e c t i o n topograph of n i c k e l c r y s t a l showing 
magnetic domain, 

( a ) zero f i e l d , 
(b) 0.2 t e s l a , and_ 
( c ) zero f i e l d . 220 r e f l e c t i o n , MoKa r a d i a t i o n . 



No improvement i n c r y s t a l p e r f e c t i o n was found i n c r y s t a l 

with d i f f e r e n t growth a x i s . 

3.4 The m a g n e t i z a t i o n p r o c e s s and domain h y p o t h e s i s 

During t h e m a g n e t i z a t i o n p r o c e s s i n f e r r o m a g n e t i c 

m a t e r i a l , two mechanisms a r e g e n e r a l l y b e l i e v e d to tak e 

p l a c e . The f i r s t mechanism i s domain movements f o r small 

f i e l d s and the second one i s magnetization r o t a t i o n within 

domains f o r l a r g e f i e l d s . 

When an e x t e r n a l magnetic f i e l d i s a p p l i e d to the 

c r y s t a l , t h e change i n the i n i t i a l p o r t i o n of the 

magnetization curve, Figure 3.4, i s due to the f a c t that 

domains having magnetization d i r e c t i o n s n e arly p a r a l l e l to 

the f i e l d d i r e c t i o n w i l l grow a t the expense of unfavourably 

a l i g n e d domains. For small f i e l d s the magnetization i s due 

to the domain boundary movement. They w i l l return, i f the 

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

p o s i t i o n s i f the magnetic f i e l d i s grad u a l l y reduced to zero. 

With f u r t h e r i n c r e a s e of f i e l d the domains aligned nearest to 

the f i e l d d i r e c t i o n w i l l grow t i l l s a t u r a t i o n i s reached. 

F u r t h e r changes i n magnetization are due to the r o t a t i o n of 

the d i r e c t i o n of magnetization u n t i l i t s magnetization i s 

almost p a r a l l e l to the e x t e r n a l f i e l d . At t h i s point, as the 

f i e l d i n c r e a s e s the magnetization tends towards the fixe d 

point defined as the s a t u r a t i o n magnetization. When the 

e x t e r n a l f i e l d i s reduced t o zero from t h i s s t a t e , the 

magnetization w i l l pass through the B-axis a t a point defined 

as the remanence. Applying a rev e r s e f i e l d w i l l eventually 

reduce the magnetization to zero a t a f i e l d denoted the 
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RemanencG, 
/ / / f 

Coerclv i ty / / / 

1 H 

F i g . 3.4 The m a g n e t i z a t i o n curve showing s a t u r a t i o n 
m a g n e t i z a t i o n , remanence and c o e r c i v i t y . 



c o e r c i v i t y , H^. As a r e s u l t of i n c r e a s i n g the reverse f i e l d 

the magnetization reaches the value - as the reverse f i e l d 

reduced to zero. The magnetization w i l l reach the p o s i t i v e 

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

A review of ferromagnetic theory have been given by K i t t e l 

(1949) . 

3.5 M a g n e t i z a t i o n measurement 

The magnetization curves for s i n g l e c r y s t a l s grown by 

the C z o c h r a l s k i t e c h n i q u e have been measured a t room 

temperature using a v i b r a t i n g sample magnetometer (v.s.m.) 

d e s c r i b e d by Hoon and W i l l c o c k ( 1 9 8 8 ) . M a g n e t i z a t i o n 

measurements to i n v e s t i g a t e the behaviour of the c o e r c i v i t y 

as a f u n c t i o n of temperature was performed under the guidance 

of Miss S. Thompson. The measurements were performed with 

the f i e l d p a r a l l e l and p e r p e n d i c u l a r t o the growth a x i s 

<111>. 

3.5.1 S a t u r a t i o n m a g n e t i z a t i o n 

Magnetisation curves (Figures 3.5, 3.6) show that both 

c r y s t a l s have the same s a t u r a t i o n magnetization value. The 

s u s c e p t i b i l i t y i s g r e a t e r when the c r y s t a l s are p a r a l l e l to 

the a p p l i e d f i e l d than when v e r t i c a l , due p r i n c i p a l l y to the 

lower demagnetising f a c t o r i n t h i s d i r e c t i o n . The magnetic 

f i e l d r e q u i r e d to magnetise the c r y s t a l i n the easy d i r e c t i o n 

<111>, f o r n i c k e l , i s a l s o e a s i e r than i n other d i r e c t i o n s . 

T h i s i s i n agreement with the previous r e s u l t s , Figure (3.7). 
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0-6 0-8 

F ie ld - Tes la 

F i g . -3.5 M a g n e t i z a t i o n curve f o r s i n g l e c r y s t a l of 
n i c k e l . H, p a r a l l e l t o growth d i r e c t i o n <111> 
V, p e r p e n d i c u l a r t o growth d i r e c t i o n <111>. 



OU 0-6 0-8 

Field - Tesla 

F i g . 3.6 M a g n e t i z a t i o n curve f o r s i n g l e c r y s t a l of 
n i c k e l . H, p a r a l l e l t o growth d i r e c t i o n <111> 
V, p e r p e n d i c u l a r t o growth d i r e c t i o n <111>. 
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F i g . 3.7 M a g n e t i z a t i o n as a f u n c t i o n of f i e l d i n s i n g l e 
c r y s t a l s of n i c k e l f o r d i f f e r e n t c r y s t a l l o g r a p h i c 
d i r e c t i o n ( a f t e r Crangle, 1977). 



3.5.2 C o e r c i v i t y measurement 

The r e s u l t s which are presented i n Figures (3.8, 3.9) 

and Tables (3.4, 3.5) show t h a t the c o e r c i v i t y i s almost 

independent of temperature a t low temperatures. 

S i n c e t h e c o e r c i v i t y i s s t r u c t u r e s e n s i t i v e , the 

measurements can be used to obtain information about the 

pinning s i t e s assuming to be uniformly d i s t r i b u t e d w i thin the 

c r y s t a l . The r e l a t i o n s h i p between the average d i s t a n c e which 

i s between p i n n i n g l i n e s along a B l o c h w a l l , s, and 

c o e r c i v i t y , Ĥ ,, has been g i v e n by F r i e d e l ( 1 9 6 4 ) . The 

equation may be w r i t t e n as 

Hj, = A /ib/Smg 

where, 

n i s defined as a shear modulus and equal to 7.4 x lO"'--'-

(dyne/cm^) i n n i c k e l . 

A i s defined as a magnetostriction c o e f f i c i e n t . In 

n i c k e l >^iii i s equal to 24.3 x 10"^ 

b i s defined as a Burgers vector. 

I t i s equal to 3.523 x lO"-'-^ m i n n i c k e l . 

mg i s defined as a s a t u r a t i o n magnetization. 

I t i s equal to 55.4 J/T/Kg from Figure ( 3 , 5 ) . 

i s defined as the c o e r c i v i t y and equal to 149 Am"-'-. 

Thus on s u b s t i t u t i o n we f i n d 

S = 6.9 X 10~^ m (± 4%) 

I t i s known t h a t n and b are almost independent of 

temperature. m̂  and A vary l i t t l e with temperature down to 

low temperatures as shown i n Tables (3.6, 3.7), taken from 
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T a b l e 3.4 

T(k) Hj,(KAm"^) 

291 0.147 

4.2 0.149 

20 0.139 

45.3 0.135 

70.1 0.137 

100 0.139 

145.2 0.147 

190 0.159 

235 0.152 

292.8 0.163 
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T a b l e 3.5 

T(k) H_(KAm~^) 

292 0.0712 

4.2 0.0711 

17 0.07785 

30 0.109 

60 0.1119 

85 0.0736 

125 0.0811 

185 0.0845 

235.5 0.0722 

292 0.0700 
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F i g . 3.8 The c o e r c i v i t y dependence of temperature on 
growth a x i s <111> 
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F i g . 3.9 The c o e r c i v i t y dependence of temperature on 
d i r e c t i o n p e r p e n d i c u l a r on growth a x i s <111> 



T a b l e (3.6) 

[100] Specimen 

mg 
T(K) A X 10"^ erg/oe/cm-^ (A/mg) x 10"^ 

112 45.7 499 0.0915 

130 50.7 510 0.994 

143 54.4 515 0.1056 

153 55.0 519 0.1059 

160 54.4 519 0.1048 

173 54.8 518 0.1057 

180 55.0 517 0.1063 

199 54.4 514 0.1058 

208 54.4 512 0.1062 

213 54.4 512 0.1063 
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T a b l e (3.7) 

[111] Specimen 

T(K) A X 10"^ ""s 3 erg/oe/cm (A/mg) X 10 

119 22.3 523 0.0426 

138 22.2 522 0.0425 

165 21.6 510 0.0416 

171 21.4 518 0.0413 

196 21.2 515 0.0411 

205 20.8 514 0.0404 

217 20.4 512 0.0398 

226 20.4 511 0.0309 

243 20.2 507 0.0398 

251 19.9 505 0.0394 

262 19.6 502 0.0390 

273 19.4 499 0.0388 

-6 
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F i g . 3.10 A, mg and A/mg dependent on temperature 
i n t h e [111] and [100] d i r e c t i o n s . 



Hunt's t h e s i s (1954). nig/A (Figure 3.10) i s seen to have an 

even s m a l l e r v a r i a t i o n with temperature. 

The d i s l o c a t i o n d e n s i t y could be estimated from previous 

c a l c u l a t i o n by 

D i s l o c a t i o n d e n s i t y = (1)2/(6.862 x 10"'*) ̂  

- 2 X 10^ cm~2 

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

because the c o e r c i v i t y depends on inhomogeneities a t the 

s u r f a c e as w e l l as i n t e r n a l s t r a i n . However, the 

independence of H^ on temperature i s c o n s i s t e n t with pinning 

of domain w a l l s by d i s l o c a t i o n s . The d i s l o c a t i o n density 

r e q u i r e d i s r e a l i s t i c . 

3.6 A t t e m p t s a t d i s l o c a t i o n f r e e growth and comparison w i t h 

copper 

I n order to examine the e f f e c t of c r y s t a l cone angles, 

copper c r y s t a l s with d i f f e r e n t c r y s t a l and shoulder r a d i i , 

and consequently d i f f e r e n t angle, were grown. 

C r y s t a l s were p u l l e d from 99.998% pure copper by a seed 

c r y s t a l of o r i e n t a t i o n <110> and the growth conditions were 

s i m i l a r to those used i n growing n i c k e l c r y s t a l s . Tables 

(3.8-3.11) show the growth conditions while t a b l e (3.12) 

r e p r e s e n t s the geometrical parameters of the c r y s t a l s . I t i s 

e s t a b l i s h e d t h a t growing d i s l o c a t i o n f r e e copper (Sworn and 

Brown, 1972) and S i l v e r (Tanner, 1973) s i n g l e c r y s t a l s could 

be achieved by use of a slow growth r a t e , long a f t e r heater 

and i n t r o d u c t i o n of a very t h i n neck. 

The aim of growing c r y s t a l s with d i f f e r e n t cone angle i s 
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to see how t h i s a f f e c t s the c r y s t a l p e r f e c t i o n . 

From Figure (3.11) i t i s c l e a r t h a t for small angle 

anomalous t r a n s m i s s i o n was undetectable through the bulk of 

the c r y s t a l . I n c r e a s i n g the angle, d i s l o c a t i o n l i n e s -D-

could be seen, and f u r t h e r i n c r e a s e shows a p e r f e c t region. 

I t i s evident t h a t i n order to p u l l highly p e r f e c t 

copper c r y s t a l s under these conditions a l a r g e c r y s t a l cone 

angle i s required. 

I n the next chapter, the temperature gradient at the 

i n t e r f a c e i s computed and the e f f e c t of neck diameter and 

c r y s t a l cone angle on the temperature gradient i s compared 

f o r both copper and n i c k e l . 
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T a b l e 3.8 

The p u l l i n g , r o t a t i o n and v o l t a g e u s e d d u r i n g growth 

C r y s t a l number one 

P u l l i n g Rotation v o l t 
mm/min r.p.m. ( i n R.F. 

generator) 

2 2 169 

2 2 161 

2 2 161 

2 2 162 

2 2 163 

2 2 164 
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T a b l e 3.9 

The p u l l i n g , r o t a t i o n and v o l t a g e u s e d d u r i n g growth 

C r y s t a l number two 

P u l l i n g Rotation v o l t 
mm/min r.p.m. ( i n R.F. 

generator) 

2 2 165 

2 2 159 

2 2 159 

2 2 160 

2 2 166 

2 2 161 
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T a b l e 3.10 

The p u l l i n g , r o t a t i o n and v o l t a g e u s e d d u r i n g growth 

C r y s t a l number t h r e e 

P u l l i n g Rotation v o l t 
mm/min r.p.m. ( i n R.F. 

generator) 

2 2 174 

2 2 174 

2 2 169 

2 2 170 

2 2 170 

2 2 170 

2 2 171 
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T a b l e 3.11 

The p u l l i n g , r o t a t i o n and v o l t a g e u s e d d u r i n g growth 

C r y s t a l number f o u r 

P u l l i n g Rotation v o l t 
mm/min r.p.m. ( i n R.F. 

generator) 

2 2 163 

2 2 163 

2 2 160 

2 2 160 

2 2 160 
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T a b l e 3.12 

C r y s t a l C r y s t a l C r y s t a l C r y s t a l neck neck 
number angle diameter length diameter length 

mm mm mm mm 

1 40° 2 15 1 10 

2 80° 3 12 1 8 

3 90° 2 11 1 7 

4 120° 2.2 13 1 7 
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<110> 

1 

(a) 

2. Imm 

F i g . 3.11 Anomalous transmission topograph of copper 
s i n g l e c r y s t a l s . 

( a ) C r y s t a l cone angle = 40°, no anomalous transmission 
occurs, 
D i s l o c a t i o n l i n e s could be seen at 80°, 
Defects occurs at 90°, and 

(b) 
( c ) 
(d) At 120° d i s l o c a t i o n f r e e region could be seen 

200 r e f l e c t i o n , MoKa r a d i a t i o n . 
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temperature d i s t r i b u t i o n as a function of the length and the 

r a d i a l growth and assumes t h a t the ambient temperature i s 

constant over the length. 

With the a i d of such a model c a l c u l a t i o n s have been 

performed f o r s i x elements s i l v e r , copper, n i c k e l , s i l i c o n , 

aluminium and chromium. The f i r s t four elements have been 

analysed to compare with previous r e s u l t s , A l o u r f i (1986) , 

w h i l e the l a s t two represent low and high melting temperature 

m a t e r i a l s . 

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

I n the modified model (Figure 4.2) we note that instead 

of the three c o n s t i t u e n t s seed, neck and c r y s t a l used by 

Buckley-Golder and Humphreys (1977) (Figure 4.1) two more 

c o n s t i t u e n t s were added namely seed shoulder and c r y s t a l 

shoulder. Each of them c o n s i s t s of three p a r t s . Following 

Buckley-Golder (1977), we assume c y l i n d r i c a l symmetry and i t 

i s assumed t h a t the c r y s t a l grows into a constant ambient 

temperature. Two heat t r a n s f e r processes occur:-

1. Conduction up the c r y s t a l , and 

2. R a d i a t i o n from s u r f a c e s such as A,B,C,D,E,F,G and H i n 

Figure ( 4 . 2 ) . The b a s i c heat t r a n s f e r equation used i s 

aT(z) d^T(z) 
C Ap = K A h^ P (T(z) - T^) (4.1) 

a t dz"^ 

T h i s assumes t h a t the temperature d i s t r i b u t i o n i s a function 

only of z and t h i s n e g l e c t s r a d i a t i o n l o s s from the tops of 

the c y l i n d r i c a l elements. The neglect of r a d i a l temperature 

g r a d i e n t s i s j u s t i f i e d because of the small diameter compared 
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w i t h the l e n g t h of the c r y s t a l s , t he h i g h thermal 

c o n d u c t i v i t y and the use of a long a f t e r - h e a t e r . C and p are 

the s p e c i f i c heat c a p a c i t y and d e n s i t y r e s p e c t i v e l y for the 

element considered, T ( z ) i s the temperature of the rod at a 

given point z i n Figure (4.2), K i s the thermal conductivity, 

hj^ i s the heat r a d i a t i o n c o e f f i c i e n t , T^ i s the ambient 

temperature and P i s the circumference of the rod. 

By looking a t equation (4.1), i t i s observed that the 

l e f t hand s i d e represents the heat l o s t with time from Az of 

rod, where Az i s an i n f i n i t e s i m a l element. As for the 

conduction up the rod, i t i s represented i n the f i r s t term of 

the r i g h t hand s i d e of the equation. Radiation l o s s i s 

accounted f o r i n the second term of the r i g h t hand s i d e . 

I n the time independent c o n d i t i o n : -

aT(z) 
= 0 equation (4.1) reduces to 

a t 

= [(T(Z) - T , ) ] (4.2) 
d2T(z) 

2 - 'A 
dz'^ 

where 

2 2Bi 

KA R2 

and 

K 

Bj^ i s the B i o t number and R i s the r a d i u s of the rod. 

The s o l u t i o n of equation (4.2) i s 

( 2 B i ) * ( 2 B i ) * 
T ( z ) = T^ + Cosh [- z ] ) A + Sinh [ z] B (4.3) 

R i R i 

where A and B are t h e i n t e g r a t i o n constants and i s the 

diameter of t h e step i . 
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(2Bi) 
Xj^ i s defined as x̂ ^ = 

Ri 
I f we c o n s i d e r t h a t the diameter of seed, neck and c r y s t a l 

are constant through t h e i r length whereas seed shoulder and 

c r y s t a l shoulder are approximated by a s e r i e s of constant 

diameter steps, then 

T l = TA + + Q2S1Z (4.4a) 

T2 = TA + Q3C2Z + Q4S2Z (4.4b) 

T3 = TA + Q5C3Z + Q6S3Z (4.4c) 

T4 = TA + Q7C4Z + Q8S4Z (4.4d) 

T5 = TA + Q9^5Z Ql0^5z (4.4e) 

T6 = TA + Q i i ^ e z + Q12S6Z (4.4f) 

T7 = TA + Ql3^7z Ql4^7z (4.4g) 

Ts = TA + ^15^87 Ql6^8z (4.4h) 

T9 = TA + Ql7^92 Ql8^9z (4.4i) 

The s u b s c r i p t 1 i n T r e f e r s to the c r y s t a l , 2,3,4 r e f e r to 

the c r y s t a l s h o u l d e r 5 r e f e r s to the neck, 6,7,8 r e f e r s to the 

seed shoulder and 9 r e f e r s to the seed. The constants Q̂^ to 

Qj^g were determined by the following boundary conditions:-

Z = o, 

T i = T^ (4.5a) 

where i s the m e l t i n g p o i n t . 
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Z = IL^, 

T l ( L i ) = T 2 ( L i ) (4.5b) 

d T i ( L i ) dT2(Li) 
K A^ ^ = K A2 + h^^iA^ - A2) [ T i ( L i ) - T.] 

dZ dZ (4.5c) 

Z - L2 , 

T2(L2) = T3(L2) (4.5d) 

dT2(L2) dT3(L2) 
K A2 = K A3 + hRc(A2 - A3) [ T 2 ( L 2 ) - T A ] 

dZ dZ (4.5e) 

Z = L3 , 

T 3 ( L 3 ) = T4(L3) (4.5f) 

dT3(L3) dT4(L3) 
= K A4 + hj^(,(A3 - A4) [T3(L3) - T . ] 

dZ dZ (4.5g) 

Z = L4 

T4(L4) = T5(L4) (4.5h) 

dT4(L4) dT5(L4) 
K A4 = K A5 + hRc(A4 - A5)[T4(L4) - T^^] 

dZ dZ (4.5i) 
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Z = L5 

^5(^5) = T6(L5) (4-5j) 
dT5(L5) dTg (L5) 

= K Ag + hRs(A6 - A5)[T5(L5) - T.] 
dZ dZ X4.5k) 

^6(^6) = T7(L6) (4.51) 

dTgCLg) dT7(L6) 
K Ag = K A7 + hR3(A7 - Ag) [Tg(Lg) - T^) 

dZ dZ (4.5m) 

Z - Ly , 

TjiLj) = TQiL-j) (4.5n) 

dT7(L7) dTg(L7) 
K A7 = K Ag + hRs(A8 - A7) [TjiLj) - T^] 

dZ dZ (4.50) 

Z = Lg 

Tg(L8) = T9(Lg) {4.5p) 

dTg(Lg) dT9(Lg) 
K Ag = K Ag + hRs(A9 - Ag) [Tg(Lg) - T^] 

dZ dZ (4.5q) 
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Z = Lg , 

TQ(Lg) = TA (4.5r) 

As a r e s u l t , the temperature T(z) i s denoted at a l l points, 

as i s the te m p e r a t u r e g r a d i e n t found by d i f f e r e n t i a t i n g 

equations 4.4a to 4.4i . 

4.3 D e t e r m i n a t i o n o f t h e c o n s t a n t s to O^Q 

Using equation (4.4a) with condition (4.5a), we obtain 

Tm - TA = Qi- (4-6a) 

I f we define Sj^j and Cj^j as 

S^j = s i n h (xj^Lj) 

C^j = cosh ( x ^ L j ) 

equation (4.4a) and (4.4b) can be used with the conditions 

(4.5b) and (4.5c) to y i e l d 

Q i ^ i i + Q2S11 - Q3C21 - Q4S21 = 0 ("̂ -̂ ^̂  
and 

(?1 - ^5)Ql + (̂ 2 - ^6) Q2 - ^3^3 - ^4Q4 = ° ('̂ •̂ ^̂  
where 

^1 = K A^ ^111 

= K Â ^ X̂ ĵ  Cj^-L, 

= K A2 X2 S21, 

= K A2 X2 ^21' 

^5 = hRc(Ai - A2) C i i , 

and = hj^^ (A^ - A2) Ŝ ^̂ .̂ 

From e q u a t i o n ( 4 . 4 b ) , (4.4c) and c o n d i t i o n s (4.5d), 

(4.5e), we get 
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Q3C22 + Q4S22 - Q5C32 - Q6S32 = 0 

and 

(E^ - E 5 ) Q3 + ( E 2 - Eg) Q4 - E 3 Q5 - E4 Qg = 0 ( 4 . 6 e ) 

where 

E-L = K A2 X2 S22» 

E2 = K A2 X2 C22/ 

E3 = K X2 ^32' 

E4 = K A3 X3 C 3 2 , 

E 5 = He (^2 - ^ 3 ) 0 2 2 , 

and Eg = h j ^ ^ (A2 - A3) S 2 2 . 

From e q u a t i o n s ( 4 . 4 c ) , ( 4 . 4 d ) and t h e c o n d i t i o n s ( 4 . 5 f ) , 

( 4 . 5 g ) t h e r e s u l t i s 

Q5C33 + QgS33 - Q7C43 - Q8S43 = 0 ( 4 . 6 f ) 

and 

(71 - 7 5 ) 0 5 + (72 - 7 6 ) Q 6 - 73 Q7 - 74 Qs = ° (^'^^^ 
where 

= KA3 X3 S 3 3 , 

72 = ^^3 ^3 ^33' 

73 ~ ^ 4 ^4 ^ 4 3 ' 

74 = KA4 X4 C 4 3 , 

75 = ^RC (^3 " ^ 4 ) ^33' 

and 76 = He (^3 " ^^4) ̂ 33' 
Equ a t i o n s ( 4 . 4 d ) , (4.4e) and c o n d i t i o n s ( 4 . 5 h ) , ( 4 . 6 i ) 

l e a d t o 

Q7C44 + Q8S44 - Q9C54 - Q10S54 = 0 ( 4 . 6 h ) 

and 

( a ^ - a 5 ) Q 7 + {cc2 - aQ)QQ -a^Q^ - 040^0 = 0 ( 4 - 6 i ) 

47 



where 

"1 = K A4 X4 S44 , 

°2 = K A4 X4 C44, 

"3 = K As ^5 ^ 5 4 ' 

^̂ 4 = K As ^ 5 4 ' 

"5 = ^RC (A4 - As) C44, 

°6 = *̂ RC (A4 - As) S 4 4 . 

I t i s c l e a r f r o m e q u a t i o n s ( 4 . 4 e ) , ( 4 . 4 f ) and t h e 

c o n d i t i o n s ( 4 . 5 j ) , ( 4 . 5 k ) , t h a t 

Q9C55 + Q10S55 - Q i i ^ e s - Q12S65 = 0 (4-^^) 
and 

(^1 - % ) Q 9 + (̂ 2 - ^6)QlO - ^ 3 Q l l - ^4Ql2 = 0 (^'^^^ 

where 

= K A5 Xs S 5 5 , 

h = ^ As X5 Css. 

^3 ~ ^ AQ Xg Sgs/ 

^4 = ^ Ag Xg Cgs, 

^5 = ^RS (Ag - As) Css, 
and /3g = hps (Ag - A5) Sss-

A l s o e q u a t i o n s ( 4 . 4 f ) , (4.4g) and t h e c o n d i t i o n s (4.51), 

(4 . 5in) , g i v e s 

Q l l ^66 + Q12 ^66 - Ql3 C76 - Ql4 S 7 6 = 0 (^-^^^ 

and 

(«l-55)Qll + (̂ 2 - «6)Ql2 - «3Ql3 - ^4Ql4 = ^ (4-^"*) 

where 

= K Ag Xg Sgg, 

§2 = K Ag Xg Cgg, 
§3 = K Ay Xj Syg, 
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($4 - K Ay X-j Cyg, 

^5 = Hs (A? - ^e) ̂ 66' 
and 6g = h^g (Ay - Ag) Sgg. 

Consequently t h e r e s u l t s o f e q u a t i o n s (4.4g), (4.4h) and 

t h e c o n d i t i o n s (4.5n), (4.5o), a r e 

Ql3 C77 + Ql4 S77 - Ql5 ^87 - Q16 ^87 = ^ ('^•6") 
and 

(^1 - r5)Qi3 + (r2 - rg)Qi4 - r3 Qi5-r4 Q^g = 0 (4.60) 

where 

F-ĵ  = K Ay Xy Syy , 

^2 = K Ay Xy Cyy, 

^3 = K Ag Xg Sgy, 

^4 = K Ag Xg Cgy, 

^5 = Hs (^8 - ^77' 
and Tg = hj^g (Ag - Ay) Syy. 

I t f o l l o w s from e q u a t i o n s (4.4h), (4. 4 i ) and t h e c o n d i t i o n s 

(4.5p), (4.5q), t h a t 

Q15C88 + QieSsB - Q17C98 - Q18S98 = 0 ("^-^P) 
and 

(^1 - 05)015 + ("2 - "6)Ql6 - "3Q17 - "4Q18 = 0 (^-^q) 
where 

n-ĵ  = K Ag Xg Sgg, 

Q2 = K Ag Xg Cgg 

^3 = K Ag Xg ̂ 98' 
^4 = K Ag Xg Cgg, 

"5 = Hs (^9 - ^8^ ^88' 
and = hj^g (Ag - Ag) Sgg. 
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F i n a l l y from e q u a t i o n ( 4 . 4 i ) and ( 4 . 5 n ) , we g e t 

Ql7 Cgg + Q^g Sgg = 0 (4.6r) 

The c o e f f i c i e n t s o f t h e actuations were w r i t t e n i n t h e 

f o r m o f a m a t r i x ( F i g u r e 4 . 3 ) . The p r o g r a m l i s t e d i n 

Appendix B was used t o e v a l u a t e t h e c o e f f i c i e n t s . Basic 

parameters used i n t h i s c a l c u l a t i o n are l i s t e d i n t a b l e 4.1. 

4.4 R e s u l t s 

4.4.1 Varying the seed length 

I t i s c l e a r from t h e model t h a t t h e seed was assumed t o 

have a c y l i n d r i c a l geometry. I t s l e n g t h was i n c r e a s e d by a 

f a c t o r o f 2 from 6 mm t o 12 mm and keeping o t h e r parameters 

c o n s t a n t (Table 4.2). I t was found t h a t t h i s change has no 

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

t h e i n t e r f a c e (z = 0 ) . 

The h e a t l o s s by r a d i a t i o n was i g n o r e d because i t i s 

v e r y s m a l l compared w i t h h eat l o s s by c o n d u c t i o n . As t h e 

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

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

(Table 4.3). 

By l o o k i n g a t t h e F i g u r e (4.4) we see t h a t g e n e r a l l y a 

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

g r a d i e n t . The e x c e p t i o n i s S i l i c o n which i n t e r c h a n g e s w i t h 

n i c k e l and a r i s e s because o f t h e s i g n i f i c a n t d i f f e r e n t 

t h e r m a l p r o p e r t i e s o f a semiconductor and a m e t a l . 

Convergence o f t h e s i m u l a t i o n has been examined by use 

o f b o t h 3 and 4 s t e p s i n t h e neck r e g i o n as demonstrated i n 

Table ( 4 . 4 ) . There i s no s i g n i f i c a n t e f f e c t o f changing from 
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3 t o 4 s t e p s which i n d i c a t e s t h a t t h e s o l u t i o n has converged. 

G e o m e t r i c a l parameters used are l i s t e d i n Table 4.5. 

4.4.2 Varying the seed shoulder length 

The s h o u l d e r diameter i s kept c o n s t a n t f o r each step 

and t h e s t e p l e n g t h reduced - as i n Table ( 4 . 6 ) . This i s 

e q u i v a l e n t t o r e d u c i n g l e n g t h and i n c r e a s i n g the angle of the 

s l o p e of s h o u l d e r ; l i t t l e change occurs because t h e r e i s no 

heat l o s s from the t o p s , see F i g u r e (4.5) and t a b l e (4.7) 

4.4.3 Varying the seed and seed shoulder r a d i i 

I n t h i s s e c t i o n t h e e f f e c t o f changing b o t h seed and 

s h o u l d e r r a d i u s i s examined. The s h o u l d e r slope l e n g t h i s 

h e l d c o n s t a n t . The seed r a d i u s was reduced and t h e shoulder 

r a d i u s reduced p r o p o r t i o n a l l y (Table 4.8). T h i s does not 

m a i n t a i n t h e same s h o u l d e r angle t o d i f f e r e n t r a d i u s ; the 

angle becoming s m a l l e r f o r s m a l l s h o u l d e r r a d i i . Again, 

l i t t l e change i s found, presumably because t h e neck r e g i o n 

a c t s as a "heat v a l v e " , ( F i g u r e 4.6 and Table 4.9). 

4.4.4 Varying the c r y s t a l length 

I n c r e a s e i n t h e grown c r y s t a l l e n g t h (Table 4.10) leads 

t o an i n c r e a s e i n t e m p e r a t u r e g r a d i e n t ( F i g u r e 4.7). T h i s i s 

b o t h a b s o l u t e l y and p r o p o r t i o n a l l y l a r g e r f o r N i and Cr than 

f o r A l , Ag and Cu (Table 4.11). 
4.4.5 Varying the c r y s t a l shoulder length 

Reducing t h e c r y s t a l s h o u l d e r l e n g t h by f a c t o r 2 from 3 

mm t o 1.5 mm which i s e q u i v a l e n t t o i n c r e a s i n g t h e c r y s t a l 

s h o u l d e r a n g l e , reduced t h e t e m p e r a t u r e g r a d i e n t . See Table 

(4.12) and F i g u r e ( 4 . 8 ) . G e o m e t r i c a l parameters used are 

l i s t e d i n Table ( 4 . 1 3 ) . 
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4.4.6 Varying the c r y s t a l and shoulder r a d i i 

T h i s has by f a r t h e b i g g e s t e f f e c t . On i n c r e a s i n g the 

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

means t h a t f o r t h e l a r g e r d i a m e t e r c r y s t a l , t h e shoulder 

a n g l e becomes l a r g e . Thus t h e r a p i d i n c r e a s e i n diameter i n 

t h e s h o u l d e r r e g i o n (Table 4.14) appears t o be b e n e f i c i a l . 

T h i s i s done i n t h e g rowth o f S i l i c o n , p a r t l y , t h i s i s t o 

g i v e c o n s t a n t d i a m e t e r c r y s t a l s and as l a r g e a r e g i o n as 

p o s s i b l e t o be c u t f o r w a f e r s ( F i g u r e 4.9). However, as w e l l 

as t h i s f o r economic reason i t may a l s o h e l p t o reduce t h e 

t h e r m a l g r a d i e n t . See F i g u r e (4.10) and Table ( 4 . 1 5 ) . 

Murthy and A u b e r t (1981) 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 

s i l i c o n c o u l d be grown by use o f f l a i r e d bulges i n t h e neck. 

X-ray topographs show t h a t t h e d i s l o c a t i o n d e n s i t y i n r e g i o n 

1 i s g r e a t e r t h a n t h a t i n r e g i o n 3 ( F i g u r e 4 . 1 1 ) . 

C a l c u l a t i o n o f t e m p e r a t u r e g r a d i e n t u s i n g our model shows no 

d i f f e r e n c e between s i n g l e o r m u l t i p l e necks ( F i g u r e s 4.12, 

4.13). For 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 , we b e l i e v e one 

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

c r y s t a l below t h e neck. Tables 4.16 and 4.17 show th e 

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

g e o m e t r i c a l parameters used i n t h e c a l c u l a t i o n s . 

4.4.7 Varying the neck length 

I n t r o d u c i n g a l o n g neck b e f o r e g rowing Cu, A l and Ag 

c r y s t a l s reduced t h e t e m p e r a t u r e g r a d i e n t . However, i t i s 

seen from t a b l e (4.18) t h a t i n c r e a s i n g t h e neck 

l e n g t h by a f a c t o r 2 from 3 mm t o 6 mm has o n l y a s m a l l 
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e f f e c t on t h e a b s o l u t e v a l u e o f t h e t e m p e r a t u r e g r a d i e n t i n Ni, 

Cr and S i c r y s t a l s . T h i s i s c o n f i r m e d i n F i g u r e 4.14. 

G e o m e t r i c a l parameters used i n t h e c a l c u l a t i o n s are l i s t e d i n 

Table 4.19. 

4.4.8 Varying the neck r a d i u s 

Reducing t h e neck r a d i u s by a f a c t o r 2 Table 4.20) 

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

Ag. However f o r N i , Cr and S i w h i l e t h e a b s o l u t e change i n 

t e m p e r a t u r e g r a d i e n t (Table 4.21) i s s i m i l a r t o A l , Cu and 

Ag, t h e p r o p o r t i o n a l i s v e r y much lower. The curves o f 

F i g u r e (4.15) do n o t e x t r a p o l a t e t o t h e o r i g i n f o r N i , Cr and 

S i . 

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

Zasimchuck e t a l . (1981) and Sworn and Brown (1972) i n t h e i r 

work. They c l a i m e d t h a t t h e d i s l o c a t i o n d e n s i t y i n copper 

s i n g l e c r y s t a l i s reduced by r e d u c i n g t h e neck r a d i u s . The 

same r e s u l t was found by Tanner (1973) i n h i s work on s i l v e r 

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

4.4.9 A comparison between the previous and present models 

The d a t a p r e s e n t e d by A l o u r f i (1986) show a s i m i l a r 

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

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

T h i s i s done by k e e p i n g t h e c r y s t a l s h o u l d e r c o n s t a n t . Thus 

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

i s c r y s t a l r a d i u s . F i g u r e (4.16) shows t h a t under these 

c o n d i t i o n s t h e same r e l a t i o n e x i s t s f o r b o t h models. The 

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

presence o f t h e c r y s t a l s h o u l d e r i n t h e c u r r e n t model, a 
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f a c t o r absent i n t h e p r e v i o u s model. Again by l o o k i n g t o 

o t h e r g e o m e t r i c a l parameters such as neck l e n g t h , ( F i g u r e 

4.17) l i t t l e d i f f e r e n c e i s found between t h e models. 

4.4.10 The r e l a t i o n between thermal c o n d u c t i v i t y and 

temperature gradient 

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

c o n d u c t i v i t y i s shown i n F i g u r e ( 4 . 1 8 ) . I t i s shown t h a t 

t e m p e r a t u r e g r a d i e n t does n o t depend s i m p l y on t h e t h e r m a l 

c o n d u c t i v i t y . The r e l a t i o n between them c o u l d n o t be 

r e p r e s e n t e d s i m p l y because t h e d i f f e r e n t m a t e r i a l s have 

d i f f e r e n t p r o p e r t i e s such as m e l t i n g p o i n t , a m b i e n t 

t e m p e r a t u r e and d e n s i t y . 

4.5 Conclusion 

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

seed, neck and c r y s t a l are s i m i l a r t o those o b t a i n e d by 

Buckley-Golder and Humphreys (1979) and r e c e n t l y by A l o u r f i 

(1986) . Here, t h e c r y s t a l s h o u l d e r and seed shoulder are 

i n t r o d u c e d f o r t h e f i r s t t i m e i n t h i s model t o t h e b e s t o f 

t h e r e s e a r c h e r ' s knowledge. However, i n c o n c l u d i n g , we can 

s t a t e t h a t t h e b e s t method f o r g r o w i n g 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 under a h i g h r a d i a t i o n c o n d i t i o n a r e : -

(1) The seed s h o u l d e r s h o u l d be s h o r t . 

(2) The c r y s t a l l e n g t h s h o u l d be s m a l l i n o r d e r t o reduce 

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

(3) Neck r a d i u s s h o u l d be s m a l l w h i l e t h e neck l e n g t h should 

be i n c r e a s e d . 

(4) Thus i n o r d e r t o reduce t h e t e m p e r a t u r e g r a d i e n t t h e 
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c r y s t a l d i a m e t e r s h o u l d be l a r g e and t h e r a t e o f i n c r e a s e o f 

d i a m e t e r i n t h e neck s h o u l d a l s o be l a r g e . The neck angle 

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

has p r o v e d i m p o s s i b l e t o grow d i s l o c a t i o n - f r e e n i c k e l 

c r y s t a l s by use o f a t h i n neck. R e s u l t s f o r growth o f copper 

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

t h e c r y s t a l s h o u l d e r cone angle i s l a r g e . 
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F i g . 4.2 C r y s t a l growth model, see the t e x t . 
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Table 4.1 

The B a s i c Parameters used i n t h i 3 c a l c u l a t i o n 

X 2^ 
Element K T̂ ĵ  T̂ ^ E a t B i ( c r y s t a l ) B i ( c r y s t a l ) 

(w/mm/C) (C) (C) 0.65 n (low ( h i g h 
r a d i a t i o n ) r a d i a t i o n ) 

A l 0.092 660.4 599.0 0.10 1.816 E-4 3.632 E-4 

Ag 0.377 961.9 872.0 0.05 5.075 E-5 1.015 E-4 

Cu 0.352 1083.0 983.0 0.10 1.437 E-4 2.875 E-4 

N i 0.0819 1453.0 1318.0 0.45 5.695 E-3 1.139 E-2 

Cr 0.066 1857.0 1684.0 0.35 1.028 E-2 2.056 E-2 

S i 0.032 1410.0 1279.0 0.4 1.201 E-2 2.403 E-2 
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Table 4.2 
Geometrical pareuneters used i n Ficmre 4.4. L i s the v a r i a b l e 

p l o t t e d . I t i s equal to 6, 8, 10 and 12. 

S e c t i o n Radius (mm) Length (mm) 

C r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 L 
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Table 4.3 
I n c r e a s i n g seed length from 6 mm to 12 mm 

(high r a d i a t i o n condition) 

dT^ dTj, percentage change 
Element (Z=0) (Z=0) dT^ 

dZ dZ i n — (Z=0) 
dZ 

6 mm 12 mm 

A£ 0.901 0.890 1.220 

Ag 1.095 1.079 1.461 

Cu 1.396 1.378 1.289 

Ni 13.926 13.922 0.028 

Cr 27.623 27.622 0.003 

S i 23.365 23.365 0.0 
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Table 4.4 

Changing seed steps from 4 to 3 steps 

dTj, dT̂ -. percentage change 
Element (Z=0) (Z=0) dT^ 

dZ dZ i n (Z=0) 

4 s t e p s 3 steps 

dZ 

A l 0.901 0.917 1.744 

Ag 1.095 1.119 2.144 

Cu 1.396 1.421 1.759 

N i 13.926 13.937 0.078 

Cr 27.623 27.630 0.025 

S i 23.365 23.369 0.017 
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Table 4.5 

Geometrical Parzuneters used i n the c a l c u l a t i o n 
seed shoulder 1 equal zero when we change to 3 steps 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6.0 
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Table 4.6 

Geometrical parameters used i n Figure 4.5. S i s the 
v a r i a b h l e p l o t t e d . I t i s equal to 0.25, 0.5, 0.75 and l 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7 S 

seed s h o u l d e r 2 0.8 S 

seed s h o u l d e r 3 0.9 S 

seed 2.0 6.0 
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Table 4.7 

Reducing seed shoulder length from 3 nun to 1.5 mm 
(high r a d i a t i o n condition) 

Element 
dZ 

(Z=0) 

3 mm 

dT, 

dZ 
(Z=0) 

1.5 mm 

percentage change 

i n (Z=0) 
dZ 

A l 

Ag 

Cu 

N i 

Cr 

S i 

0.901 

1.095 

1.396 

13.926 

27.623 

23.365 

0.919 

1.123 

1.426 

13.939 

27.631 

23.370 

1.997 

2.557 

2 .148 

0.093 

0.028 

0.021 
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F i g . 4.4 I n c r e a s i n g t h e seed l e n g t h from 6, 8, 10 and 
f i n a l l y t o 12 mm. 
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F i g . 4.5 I n c r e a s i n g t h e seed shou l d e r l e n g t h from 
0.75, 1.5, 2,25 and f i n a l l y t o 3 mm. 



Table 4.8 

Geometrical parameters used i n c a l c u l a t i o n , r i s the v a r i a b l e 
I t i s equal to 0.5, 0.75, 1 and 1.5 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7r 1.0 

seed s h o u l d e r 2 0.8r 1.0 

seed s h o u l d e r 3 0.9r 1.0 

seed 2.Or 6.0 
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F i g . 4.6 I n c r e a s i n g seed r a d i u s . r i s equal t o 1, 1.5, 
2 and 3 mm. 



Table 4.9 

Reducing seed and shoulder r a d i i by f a c t o r 2 
(high r a d i a t i o n condition) 

dT^ dTj^ Percentage change 
Element (Z=0) (Z=0) dT^ 

dZ dZ i n (Z=0) 

r=2 r = l 

dZ 

A l 0.901 0.785 12.874 

Ag 1.095 0.920 15.981 

Cu 1.396 1.205 13.681 

N i 13.926 13.848 0.560 

Cr 27.623 27.580 0.155 

S i 23.365 23.341 0.102 
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Table 4.10 

Geometrical parameter used i n Figure 4.7. L i s the 
v a r i a b l e p l o t t e d . I t i s ecmal to 3, 4. 5 and 6 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 L 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6.0 
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Fig.4.7 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 from 3, 4, 
f i n a l l y t o 6 mm. 
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Table 4.11 

I n c r e a s i n g c r y s t a l length by f a c t o r 2 from 3 mm 
to 6mm (high r a d i a t i o n condition) 

dT^ dT^ percentage change 
Element (Z=0) (Z=0) dT^, 

dZ dZ i n (Z=0) 

3 mm 6 mm 

dZ 

A l 0.901 0.991 9.988 

Ag 1.095 1.109 1.278 

Cu 1.396 1.505 7.808 

N i 13.926 17.497 25.642 

Cr 27.623 32.697 18.368 

S i 23.365 27.180 16.327 
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Table 4.12 

Reducing c r y s t a l shoulder length bv f a c t o r 2 
(high r a d i a t i o n condition) 

dT^ dTj, percentage change 
Element (Z=0) (Z=0) dT^ 

dZ dZ i n (Z=0) 
dZ 

3mm 1.5mm 

A l 0.901 0.874 2.996 

Ag 1.095 1.104 0.821 

Cu 1.396 1.367 2.077 

N i 13.926 11.907 14.498 

Cr 27.623 24.204 12.377 

S i 23.365 20.656 11.594 
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Crysta l shoulder length (mm) 

F i g . 4.8 I n c r e a s i n g c r y s t a l s h o u l d e r l e n g t h from 0.75, 
1.5, 2.25 and f i n a l l y t o 3 mm. 



Table 4.13 

Geometrical pareuneters used i n Figure 4.8. S i s the 
v a r i a b l e p l o t t e d , i t i s equal to 0.25, 0.50, 0.75 and 1 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3 

c r y s t a l s h o u l d e r 1 0.9 S 

c r y s t a l s h o u l d e r 2 0.8 S 

c r y s t a l s h o u l d e r 3 0.7 S 

neck 0.2 3 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6.0 
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Table 4.14 

Geometrical parameters used i n the c a l c u l a t i o n , r i s the 
v a r i a b l e . I t i s egual to 1, 1.5, 2, 3, and 4. 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l l.Or 3.0 

c r y s t a l s h o u l d e r 1 0.9r 1.0 

c r y s t a l s h o u l d e r 2 0.8r 1.0 

c r y s t a l s h o u l d e r 3 0.7r 1.0 

neck 0.2 3.0 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6.0 
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F i g . 2 Photograph of S i l i c o n s i n g l e c r y s t a l s . I t was 
grown by r a p i d i n c r e a s e i n t h e d i a m e t e r . 



E E 

c 
— 
O 
(_ 

a; c 

<u 
Q. 
E 

0 h 

- 5 h 

-10 h 

-15 

-20 

- 2 5 h 

-30 
0 0 1 0 2 0 3 0 4 0 

Crysta l rad ius (mm) 

F i g . 4.10 I n c r e a s i n g c r y s t a l r a d i u s , 
1, 1.5, 2, 3 and 4 mm. 

r i s equal t o 



Table 4.15 

I n c r e a s i n g the c r y s t a l and shoulder r a d i i by f a c t o r 2 
(high r a d i a t i o n condition) 

dT_. dT„ percentage change 
Element (Z=0) (Z=0) dT^ 

dZ dZ i n (Z=0) 

r = l r=2 

dZ 

A l 0.901 0.283 68.590 

Ag 1.095 0.310 71.689 

Cu 1.396 0.427 69.412 

N i 13.926 6.741 51.594 

Cr 27.623 14.381 47.938 

S i 23.365 12.419 46.847 
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F i g . 4.11 Diagram shows growth procedure used t o grow 
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 Murthy and 
Aubert, 1981). 
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F i g . 4.13 C r y s t a l growth model w i t h s i n g l e neck, 



Table 4.16 

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

mm (Z=0) (Z=0) 
dZ dZ 

1 19.80 19.76 

2 7.97 7.96 

3 3.99 4.00 
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Table 4.17 
Geometrical parameters used i n the c a l c u l a t i o n . 

R i s equal to 1. 2 and 3. Sections 4. 5. 6. 7. 8 and 9 
go to zero with s i n g l e necfc model. 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l (1) R 3.0 
c r y s t a l s h o u l d e r (2) 0.9 1.0 

neck (3) 0.2 3.0 

c r y s t a l (4) 1.0 3.0 
c r y s t a l s h o u l d e r (5) 0.9 1.0 

neck (6) 0.2 3.0 

c r y s t a l (7) 1.0 3.0 
c r y s t a l s h o u l d e r (8) 0.9 1.0 

neck (9) 0.2 3.0 

seed (10) 2.0 6.0 
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Table 4.18 

I n c r e a s i n g the neck length by f a c t o r 2 from 3 mm to 6 mm 
(high r a d i a t i o n condition) 

dT^, dTj-. percentage change 
Element (Z=0) (Z=0) dT^, 

dZ dZ i n (Z=0) 

3 mm 6 mm 

dZ 

A l 0.901 0.601 33.296 

Ag 1.095 0.641 41.461 

Cu 1.396 0.902 35.386 

N i 13.926 13.737 1.357 

Cr 27.623 27.522 0.365 

S i 23.365 23.309 0.239 
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Table 4.19 

Geometrical pareuneter used i n Figure 4.13. L i s the 
v a r i a b l e p l o t t e d . I t i s equal to 3, 4, 5 and 6. 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck 0.2 L 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6 
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Table 4.20 

Geometrical parzuneter used i n Figure 4.14. R i s the 
v a r i a b l e p l o t t e d . I t i s egual to 0.1, 0.12, 0.17 and 2.0 

S e c t i o n Radius (mm) Length (mm) 

c r y s t a l 1.0 3.0 

c r y s t a l s h o u l d e r 1 0.9 1.0 

c r y s t a l s h o u l d e r 2 0.8 1.0 

c r y s t a l s h o u l d e r 3 0.7 1.0 

neck R 3.0 

seed s h o u l d e r 1 0.7 1.0 

seed s h o u l d e r 2 0.8 1.0 

seed s h o u l d e r 3 0.9 1.0 

seed 2.0 6.0 
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Table 4.21 

Reducing the neck r a d i u s by f a c t o r 2 from 2 mm to 1 mm 
(high reduction condition) 

dT^ dT^ percentage change 
Element (Z=0) (Z=0) dT^. 

dZ dZ i n (Z=0) 

0.2 mm 0.1 mm 

dZ 

A l 0.901 0.413 54.162 

Ag 1.095 0.375 65.753 

Cu 1.396 0.599 57.091 

N i 13.926 13.136 5.672 

Cr 27.623 26.832 2.863 

S i 23.365 22.818 2.341 
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F i g . 4.15 I n c r e a s i n g neck r a d i u s from 0.1, 0.12, 0.17 
and f i n a l l y t o 2 mm. 
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CHAPTER FIVE 

DOMAIN WALL MOTION IN HAEMATITE OBSERVED IN 

REAL TIME 

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

The o r i g i n a l aim had been t o st u d y domain w a l l motion o f 

domains i n n i c k e l i n r e a l t i m e 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 . 

P i l o t e x p eriments t o examine t h e f e a s i b i l i t y o f u s i n g t h e TV 

system a t Daresbury were undertaken on a-Fe203. 

Haematite ( a - Fe203) i s a weak ferromagnet a t room 

t e m p e r a t u r e . I t s magnetic p r o p e r t i e s have been s t u d i e d by 

n e u t r o n d i f f r a c t i o n by S h u l l e t a l . (1951) and Nathans e t a l . 

(1964). 

The domain s t r u c t u r e o f a - Fe203 has been observed by 

Labushkin e t a l . (1978). R e c e n t l y an e x t e n s i v e study o f t h e 

be h a v i o u r o f t h e domain s t r u c t u r e was c a r r i e d o u t u s i n g X-ray 

topography a t Daresbury L a b o r a t o r y by C l a r k e t a l . (1983) and 

Tanner e t a l . (1988). 

P i l o t e x p eriments t o st u d y domain w a l l movement i n f l u x 

g r o w t h c r y s t a l s o f h a e m a t i t e under a magnetic f i e l d have been 

per f o r m e d a t t h e S y n c h r o t r o n R a d i a t i o n Source a t Daresbury 

L a b o r a t o r y . 

5.2 Experimental procedure 

The c r y s t a l s used i n t h i s experiment are t h i n b asal 

p l a n e p l a t e l e t s w i t h an area o f 0.33 cm*̂  t o 0.79 cm^. They 

were grown from PbO - PbF2 f l u x by B.M. Wanklyn a t the 
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Clarendon L a b o r a t o r y , Oxford. Since t h e y are v e r y f r a g i l e 

and b r i t t l e no a t t e m p t s were made t o c u t them. 

Topographs were t a k e n u s i n g w h i t e s y n c h r o t r o n r a d i a t i o n 

on S t a t i o n 7.6 a t Daresbury L a b o r a t o r y . The magnetic f i e l d 

was h o r i z o n t a l and a l l topographs were t a k e n i n t r a n s m i s s i o n 

u s i n g t h e 3030 r e f l e c t i o n . The topographs were recorded on 

I l f o r d L4 25 nm t h i c k n u c l e a r p l a t e s w i t h a 3 minute exposure 

t i m e , as w e l l as i n r e a l t i m e on t h e TV imaging system. 

W h i l e t h e b e s t q u a l i t y r e s o l u t i o n X -ray t o p o g r a p h s a r e 

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

t o p o g r a p h t o s t u d y dynamic processes. I t a l s o h e l p s t o 

reduce t h e l o n g t i m e r e q u i r e d f o r exposure and development. 

T h e r e e x i s t two a p p r o a c h e s t o p e r m i t r a p i d v i e w i n g and 

r e c o r d i n g r e a l t i m e topographs, namely d i r e c t and i n d i r e c t 

methods (Green, 1 9 7 7 ) . I n t h e d i r e c t method X-ray 

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

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

i s s h o r t . As f o r t h e i n d i r e c t method X-ray t o p o g r a p h i c 

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

s c r e e n ( F i g u r e 5 . 1 ) . The l a t t e r c o u l d be used w i t h 

c o n v e n t i o n a l X-ray source w h i l e t h e former r e q u i r e d h i g h 

i n t e n s i t y X-ray g e n e r a t o r i t i s more expensive b u t has t h e 

h i g h e s t r e s o l u t i o n . 

The camera on s t a t i o n 7.6 i s a d i r e c t c o n v e r s i o n device 

and was used t o observe i n r e a l t i m e t h e movement o f domains 

as a f u n c t i o n o f magnetic f i e l d . A l l m o t i o n i s c o n t r o l l e d by 

s t e p p i n g motors and a l l are under complete l o c a l computer 
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c o n t r o l . TV images were recorded on Sony Umatic v i d e o t a p e 

and a comparison between t h e v i d e o t a p e and t h e n u c l e a r p l a t e 

has been made. F i g u r e s (5.2) o b t a i n e d a t 150, 300 and zero 

f i e l d a r e good examples o f t h i s comparison. 

5.3 S t a t i c experiments 

S t r i p e p a t t e r n s can be seen i n F i g u r e ( 5 . 3 ) , showing a 

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

s y n c h r o t r o n r a d i a t i o n has a c o n t i n u o u s wavelength beam, b o t h 

domains appear i n t h e image. When a p a r a l l e l p l a n a r boundary 

i s extended t h r o u g h t h e sample, t h e X-rays d i f f r a c t e d by t h e 

upper domain w i l l n o t be d i f f r a c t e d by t h e lower one. Each 

domain can be t r e a t e d as an i n d e p e n d e n t l y d i f f r a c t i n g 

c r y s t a l . The c o n t r a s t on t h e r i g h t hand s i d e o f t h e image i s 

much s t r o n g e r t h a n t h e r e s t o f t h e image because i t i s 

t h i n n e r . The i n t e r a c t i o n between t h e m a g n e t i z a t i o n and t h e 

l o c a l s t r a i n i n s i d e t h e c r y s t a l i s seen here t o be s t r o n g . 

No d i s l o c a t i o n s can be seen and s i g n i f i c a n t s t r a i n c o n t e n t i s 

p r e s e n t , maybe due t o f l u x i n c l u d e d i n s i d e t h e c r y s t a l . 

P a r a l l e l domains were observed, v e r y s i m i l a r t o those 

o b t a i n e d by Tanner e t a l . (1988). They noted t h a t t h e images 

were between 100 and 200 /̂m wide, t h e i n t e r a c t i o n w i t h a t w i n 

boundary was v e r y s t r o n g and c o u l d be removed from the sample by 

a p p l i c a t i o n o f a weak f i e l d . F i g u r e (5.4) shows 

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

domains. The r e s u l t s here are c o n s i s t e n t w i t h these e a r l i e r 

o b s e r v a t i o n s . 

I n a z e r o magnetic f i e l d 6 domains p e r cm were observed on 

b o t h TV m o n i t o r and n u c l e a r p l a t e . However a t 120mA, 
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a l t h o u g h 12 domains were observed i n 1 cm on t h e n u c l e a r 

p l a t e image, o n l y one was seen on t h e TV m o n i t o r . (The 

c o r r e s p o n d i n g a c t u a l w i d t h s o f domains were 1.6mm a t zero 

f i e l d , and 0.9 mm ( n u c l e a r p l a t e ) and 10 mm (TV) a t 12 0mA). 

The d i f f e r e n c e i s due t o t h e f a c t t h a t t h e f i n e domain 

s t r u c t u r e cannot be seen from t h e TV m o n i t o r as t h e domains 

have r a t h e r low c o n t r a s t . Because r e s o l u t i o n and d e f e c t 

c o n t r a s t a r e r e l a t e d , where t h e i n t e n s i t y i s low, c l o s e l y 

spaced d e f e c t s w i t h low c o n t r a s t w i l l n o t be r e v e a l e d i n 

r e a l - t i m e topography. The number o f domains i n a g i v e n 

l e n g t h o f c r y s t a l and w i d t h o f an i n d i v i d u a l domain are 

measured as a f u n c t i o n o f f i e l d , Table (5,1) and Fi g u r e 

( 5 . 5 ) . As t h e f i e l d i n c r e a s e s t h e number o f domains 

decreases as i t i s measured from t h e TV. T h i s i n v e r s e 

r e l a t i o n was n o t seen by Tanner e t a l . (1988), due t o the 

f a c t t h a t when t h e measurements were made f r o m n u c l e a r 

p l a t e s , t h e f i n e s t r u c t u r e was c o u n t e d . A g a i n t h e low 

c o n t r a s t means t h a t t h e c l o s e l y spaced domain boundaries are 

n o t d e t e c t e d . C l e a r l y c a r e must be t a k e n when u s i n g r e a l t i m e 

imaging f o r such measurements. 

The domains i n t h e second c r y s t a l ( F i g u r e 5.6) a r e 

h i g h l y m o b i l e as t h e f i e l d i n c r e a s e s . A l s o t h e domains are 

l o n g , wide and here t h e i n t e r a c t i o n i s v e r y weak. The l i n e s 

(S) a r e r e l a t e d t o t h e s u r f a c e s t r u c t u r e ( F i g u r e 5.7), w h i l e 

i n t h e f i r s t c r y s t a l t h e r e i s no c o r r e l a t i o n w i t h s u r f a c e 

morphology. F i g u r e ( 5 . 6 ) . The domain i n t e r a c t i o n w i t h t h e 

r o t a t i o n t w i n boundary i s v e r y c l e a r . When t h e c r y s t a l i s 
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r o t a t e d t h r o u g h 9 0 ° t o image w i t h 1120 r e f l e c t i o n , t h e t w i n 

boundary appears ( F i g u r e 5 . 8 ) . No change was observed i n t h e 

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

changes seen a r e due t o t h e movement o f t h e c r y s t a l by t h e 

magnetic f i e l d g r a d i e n t . No magnetic s t r u c t u r e i s v i s i b l e a t 

any f i e l d . 

From t h e p r e v i o u s measurements, we d e c l a r e t h a t as t h e 

m a g n i f i c a t i o n f a c t o r i s equal t o 1 8 . 0 , t h e r e s o l u t i o n i s 

between 46 and 92 ^m. The r e s o l u t i o n has been found by o t h e r 

w o rkers t o approach 20/im when t h e d e f e c t c o n t r a s t i s h i g h . 

A t s t a t i o n 9 . 4 , t h e TV d e t e c t o r has s u f f i c i e n t s e n s i t i v i t y 

and r e s o l u t i o n f o r a wide range o f r e a l t i m e topography 

e x p e r i m e n t s . 
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Table 5.1 

C u r r e n t Domain w a l l w i d t h Nos. o f Domain 
mA per 2 cm per 2 cm 

40 5 7 

50 7 6 

60 12 4 

80 14 3 

90 19 2 

100 21 1 
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F i g . 5.1 ( a ) D i r e c t c o n v e r s i o n of X-rays. 
( b ) I n d i r e c t c o n v e r s i o n of X-rays ( a f t e r 

Tanner and Cringean, 1987). 



f i e l d 

( a ) ( b ) 

( c ) 

F i g . 5.2 C r y s t a l s t r u c t u r e as i t appears i n t h e TV m o n i t o r s , 
( a ) At 150 mA, 
( b ) At 300 mA, 
( c ) At zero f i e l d . 
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f i e l d 

F i g . 5.3 S y n c h r o t r o n X-ray topographs o f a-Fe203 showing domain 
w a l l s i n 3030 r e f l e c t i o n ( a ) zero f i e l d , ( b ) f i e l d o f 
120 mA, ( c ) f i e l d o f -100 mA, ( d ) f i e l d o f -150 mA, 
( e ) c r y s t a l i n f i e l d o f -300 mA and ( f ) c r y s t a l i n 
f i e l d o f -1200 mA. 

(b ) 
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F i g . 5.4 I n t e r p r e t a t i o n o f t h e i n t e r d i g i t a l domain s t r u c t u r e 

( a ) a t zero f i e l d , 
( b ) movement o f domain under a p p l i c a t i o n o f 

magnetic f i e l d 
( c ) development of i n t e r d i g i t a l s t r u c t u r e ( a f t e r 

Tanner e t a l . , 1988). 
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F i g . 5.5 ( a ) Number of domains as a f u n c t i o n of f i e l d 
( b ) Domain w i d t h as f u n c t i o n o f f i e l d 
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F i g . 5.6 W h i t e - r a d i a t i o n topographs of the second c r y s t a l , 
( a ) zero f i e l d , b = 80 mA, c = 100 mA and 
d = -80 mA and e = -100 mA., 

( b ) ( c ) 
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F i g . 5 .7 Photograph o f t h e c r y s t a l 
( a ) f i r s t c r y s t a l , and 
( b ) second c r y s t a l . 

( a ) 

i s 
( b ) 



( a ) 

F i g . 5.8 Topograph of t h e second sample a f t e r i t r o t a t e d 
t h r o u g h 90°, ( a ) = 0.4 Amp, ( b ) = 0.8 Amp, 
( c ) =-0.4 Amp, ( d ) = -0.8 Amp, ( e ) = 2 Amp, 
and ( f ) = 2.3 Amp. 

( b ) 
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CHAPTER SIX 

CONCLUSIONS 

N i c k e l and copper c r y s t a l s have been grown by the 

C z o c h r a l s k i technique i n attempts to obtain d i s l o c a t i o n - f r e e 

c r y s t a l s . X-ray topographs of n i c k e l s i n g l e c r y s t a l s grown 

by t h i s t e c h n i q u e show h i g h p e r f e c t i o n but not zero 

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

Domain motion i n n i c k e l under an applied magnetic f i e l d 

has been observed by Lang topography. S i m i l a r s t r u c t u r e s of 

domains reappear a f t e r the magnetic f i e l d has been removed. 

M a g n e t i z a t i o n measurements show t h a t the s a t u r a t i o n 

depends on the o r i e n t a t i o n , and t h a t t h e c o e r c i v i t y i s 

independent of temperature a t low temperature. Anomalous 

t r a n s m i s s i o n topographs of copper c r y s t a l s show d i s l o c a t e d 

and d i s l o c a t i o n f r e e regions. 

I n order to e x p l a i n the unsucc e s s f u l attempt to grow 

d i s l o c a t i o n f r e e n i c k e l c r y s t a l s by reducing the neck radius, 

the model developed by Buckley-Golder and Humphreys has been 

extended. The e f f e c t s of g e o m e t r i c a l dimensions of the 

c r y s t a l , neck, seed and neck angle have been examined. As i t 

has been found experimentally i n copper and s i l v e r , reducing 

the neck r a d i u s has the e f f e c t of producing zero d i s l o c a t i o n 

d e n s i t y . T h i s condition i s not however, a p p l i c a b l e to growth 

of n i c k e l s i n g l e c r y s t a l s . I t i s suggested that for low 

d i s l o c a t i o n d e n s i t y growth of n i c k e l s i n g l e c r y s t a l s , there 

should be a r a p i d i n c r e a s e i n the c r y s t a l diameter around the 
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neck region. T h i s technique has been reported by Murthy and 

Aubert (1981) who claims t h a t d i s l o c a t i o n f r e e s i l i c o n can be 

grown by the use of f l a i r e d bulges i n the neck. Simulation 

of t h i s technique i n d i c a t e d t h a t t h i s method helps to reduce 

d i s l o c a t i o n d e n s i t y . The technique should be applied to grow 

n i c k e l i n order to minimize the temperature gradient while i t 

i s assumed i t w i l l reduce the d i s l o c a t i o n density. Further 

a t t e m p t s t o produce a n i c k e l s i n g l e c r y s t a l as f r e e as 

p o s s i b l e from d i s l o c a t i o n i s important f o r the study of how 

the i n t e r n a l s t r a i n e f f e c t s magnetic and mechanical 

p r o p e r t i e s . 
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APPENDIX B 
10 REM *****************************««****•***««***««*******»***«**..**» 
20 REM MAIN PROGRAMME 
30 REM ***************************************************************** 
40 N=18:M=9 
50 DIM S(M,M),C(M,M),AX(N,N),BX(N),ST (M),INDEX(N,2),E$(10) , TM(IO) , TS(10) 
60 DIM PIVOT(N),IPIVOT(N),A(M),R(M),L(M),XLL(M),HR(10),K(10) , TA(10) 
70 DIM CONS(2,N),B(2,M),X(2,N),Z (200),TZ(2,100),DTZ(2,100),EM(10) , TEST(N) 
80 @%=0:C%=37:FACTOR=2.0:CLS 
90 REM ***************************************************************** 

100 REM Reading Input Parameters 
110 REM ***************************************************************** 
120 READ NELEM 
130 FOR 1=1 TO NELEM:READ E$ ( I ) , E M ( I ) , K ( I ) , T M ( I ) , T A ( I ) : N E X T 
140 FOR 1=1 TO M 
150 READ X L L ( I ) , R ( I ) , S T ( I ) 
160 A ( I ) = P I * R ( I ) ^ 2 
170 MX=MX+XLL(I) 
180 L(I)=MX 
190 NEXT I 
200 REM ***************************************************************** 
210 REM Changing Input Parameters 
220 REM ***************************************************************** 
230 PROCSELECT 
240 PRINT:PRINT TAB(25);"SPACE BAR TO CONTINUE ":AA-GET 
250 (i%=0 
260 PROCCHANGE 
270 @%=0 
280 PRINT:PRINT TAB(30);"PLEASE WAIT" 
2 90 REM ***************************************************************** 
300 REM C a l c u l a t e the Biot Numbers 
310 REM ***************************************************************** 
320 FOR J=l TO 2:F0R 1=1 TO M 
330 I F J=l THEN HR=HRL 
34 0 I F 3=2 THEN HR=HRH 
350 B(J,I)=HR*R(I)/K 
360 X ( J , I)-SQR(2*B(J, I ) ) / R ( I ) 
370 NEXT I:NEXT J 
380 REM ***************************************************************** 
390 FOR Q=l TO 2 
4 00 I F Q=l THEN HR=HRL 
410 I F Q=2 THEN HR=HRH 
4 20 PROCCALC 
4 30 NEXT Q 
440 GOTO 460 
450 PRINT TAB(20);"SPACE PAR TO CONTINUE ":AA=GET 
4 60 CLS:PRINT:PRINT 
470 PRINT TAB (20 , 4 ) ; " P DATA for TM, TA, K, EM, HR" 
480 PRINT TAB(20,6);" D DATA f o r Radius, Length, Area" 
490 PRINT TAB(20,8);" B B i o t Numbers" 
500 PRINT TAB(20,10);" C Constants" 
510 PRINT TAB(20,12);" T Temperature D i s t r i b u t i o n " 
520 PRINT TAB(20,14);" A ALL DATA" 
530 PRINT TAB(20,16);" S STORE DATA IN A DISK F I L E " 
540 PRINT TAB(20,18);" E END" 
550 A$=GET$:@%=0 
560 I F A$="C" OR A$="c" THEN CLSrPROCTl:GOTO 450 
570 I F A$»"A" OR A$ = "a" THEN CLS rPROCTl :PR0CT2 :PR0CT3: @%-0 : PR0CT4 :PR0CT5-.GOTO 450 
580 I F A$-"C" OR A$-"a" THEN CLS:PROCTl:GOTO 450 
590 I F A$='"T" OR A$="t" THEN CLS:PR0CT2: GOTO 450 



600 I F A$="B" OR A$=="b" THEN CLS: PR0CT3: GOTO 450 
610 I F A$="E" OR A$="e" THEN 660 
620 I F A$="D" OR A$="d" THEN CLS:PR0CT4:GOTO 450 
630 I F A$="P" OR A$="p" THEN CLS:PR0CT5:GOTO 450 
640 I F A$="S" OR A$="s" THEN CLS:PROCSTORE:GOTO 450 
650 VDU7:G0T0 550 
660 END 
670 REM ***************************************************************** 
680 REM END OF MAIN PROGRAMME 
690 REM ***************************************************************** 
700 DEF PR0CT4 
710 REM ***************************************************************** 
720 PRINT TAB (10) ; " " 
730PRINT TAB (10) ; "INDEX";TAB(20);"RADIUS";TAB(29);"LENGTH";TAB(4 0);"STEP";TAB(49) ; "Z 
740PRINT TAB (10) ; " " 
750 PRINT 
7 60 FOR 1=1 TO 4 
770 PRINT TAB(O);"Crystal";:@%=0:PRINT TAB(11);"(";I; ") "; 

, 780 @%=&20209:PRINT TAB(20);R(I);TAB(29);XLL(I);TAB(40);ST(I);TAB(48) ; L ( I ) ; 
790 @%=420409:PRINT TAB(58);A(I) 
800 NEXT I 
810 PRINT 
820 1=5 
830 PRINT TAB (0) ; "Nec)c ";:@%=0 
840 PRINT T A B ( l l ) ; " ( " ; I ; " ) " ; 
850 (3 %=&2 02 09.-PRINT TAB (20) ;R ( I ) ; TAB (29) ; X L L ( I ) ; TAB (4 0) ; ST ( I ) ; TAB (4 8 ) ; L ( I ) ; 
860 @%=&20409:PRINT TAB(58);A(I) 
870PRINT 
880 FOR 1=6 TO 9 
890 PRINT TAB (0);"Seed";:@%=0:PRINT TAB(11);"("; I ; " ) " ; 
900 @%=&20209:PRINT TAB(20);R(I);TAB(29);XLL(I);TAB(40);ST(I);TAB(48) ; L ( I ) ; 
910 (a%=&20409;PRINT TAB(58);A(I) 
920 NEXT I 
930 PRINT 
940PRINT TAB (10) ; " " 
950 ENDPROC 
960 REM ***************************************************************** 
970 DEF PROCCHANGE 
980 REM ***************************************************************** 
990 CLS:FOR 1=1 TO 5:PRINT:NEXT 

1000 PR0CT4 
1010 PRINT:PRINT: INPUT" INDEX to be changed or ZERO to continue " ; J 
1020 I F J<0 OR J>9 THEN VDU7:G0T0 1010 
1030 I F J=0 THEN 1130 
1040 PRINT:PRINT 
1050 PRINT TAB(5);"Old value f o r RADIUS i s ";R(J);TAB(40) ; 
10 60 INPUT" E n t e r new value ";R(J) 
1070 PRINT TAB(5);"01d value f o r LENGTH i s ";XLL(J);TAB(40); 
1080 INPUT" E n t e r new value ";XLL(J) 
1090 PRINT TAB(5);"Old value for STEP i s ";ST(J);TAB(40); 
1100 INPUT" E n t e r new value ";ST(J) 
1110MX=0:FOR 1=1 TO M:A(I)=PI*R(I)"2:MX=MX+XLL(I):L(I)=MX:NEXT I 
1120 GOTO 990 
1130ENDPROC 
1140 REM ***************************************************************** 
1150 DEF PROCCALC 
1160 REM 
1170 FOR 1=1 TO M:FOR J=l TO M 
1180 X1=X(Q,I)*L(J) 
1190 PROCEXP 

***************************************************************** 



1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 

C ( I , J ) = C : S ( I , J ) = S 
NEXT J:NEXT I 

FOR 1=1 TO N:FOR J=l TO N:AX(I,J)=0:NEXT J:NEXT I 
BX(1)=TM-TA:F0R 1=2 TO N:BX (I)=0:NEXT I 

AX(1,1 

AX(2, 1 

AX(3,1 
AX(3,2 
AX(3, 3 

AX(4,3 

AX(5, 3 
AX(5,4 
AX(5,5 

AX(6,5 

AX(7, 5 
AX(7,6 
AX(7,7 

AX(8,7 

AX(9,7 
AX(9,8 
AX(9, 9 

= 1 

=C(1,1): AX(2,2)=S(1,1) : AX(2,3)=-C(2,1) : AX(2,4)=-S(2, 1) 

=K*A(1) *X(Q,1)*S(1,1)-HR*(A(l)-A(2))*C(1, 1) 
=K*A(1)*X(Q,1)*C(1,1)-HR*(A(l)-A(2))*S(1, 1) 
=-K*A(2) *X(Q,2) *S (2, 1) : AX (3, 4 ) =-K*A (2) *X(Q,2) *C(2, 1) 

=C(2,2): AX(4,4)=S(2,2) : AX(4,5)=-C(3,2) : AX(4,6)=-S(3, 2) 

=K*A(2)*X(Q,2)*S(2,2)-HR*(A(2)-A(3))*C(2,2) 
=K*A(2)*X(Q,2)*C(2,2)-HR*(A(2)-A(3))*S(2, 2) 
=-K*A(3)*X(Q,3)*S(3,2): AX(5,6)=-K*A(3)*X(Q,3)*C(3,2) 

=C(3,3): AX(6, 6)=S (3,3) : AX (6, 7) =-C (4 , 3) : AX (6, 8) =-S (4, 3) 

=K*A(3)*X(Q,3)*S(3,3)-HR*(A(3)-A(4))*C(3,3) 
=K*A(3)*X(Q,3)*C(3,3)-HR*(A(3)-A(4))*S(3,3) 
=-K*A(4)*X(Q,4)*S(4,3): AX(7,8)=-K*A(4)*X(Q,4)*C(4,3) 

=C(4,4): AX(8,8)=S(4,4) : AX (8, 9) =-C (5, 4) : AX (8,10) =-S (5, 4) 

=K*A(4)*X(Q,4)*S(4,4)-HR*(A(4)-A(5))*C(4,4) 
=K*A(4)*X(Q,4)*C(4,4)-HR*(A(4)-A(5))*S(4, 4) 
=-K*A(5)*X(Q,5)*S(5,4) : AX(9,10)=-K*A(5)*X(Q, 5)*C(5, 4 ) 

AX(10,9)=C(5,5) : AX(10,10)=S(5,5): AX(10,11)=-C(6,5) : AX(10, 12)=-S(6, 5) 

AX(11,9)=K*A(5)*X(Q,5)*S(5,5)-HR*(A(6)-A(5))*C(5, 5) 
AX(11,10)=K*A(5)*X(Q,5)*C(5,5)-HR*(A(6)-A(5))*S(5, 5) 
AX(11, 11)=-K*A(6)*X(Q,6)*S(6,5) : AX (11,12)=-K*A(6)*X(Q,6)*C(6, 5) 

AX(12,11)=C(6,6) :AX(12,12)=S(6,6) : AX (12, 13) =-C (7, 6) : AX (12, 14) =-S (7, 6) 

AX(13,11)=K*A(6)*X(Q,6)*S(6,6)-HR*(A(7)-A(6))*C(6, 6) 
AX (13, 12)=K*A(6) *X(Q, 6) *C(6, 6) -HR* (A (7) -A (6) ) *S ( 6, 6) 
AX (13, 13)=-K*A(7) *X{Q, 7) *S (7, 6) : AX (13, 14)=-K*A(7) *X(Q, 7) *C(7, 6) 

AX(14,13)=C(7,7) : AX(14,14)=S(7,7) : AX(14,15)=-C(8, 7) : AX(14, 16) =-S(8, 7) 

AX(15,13)=K*A(7)*X(Q,7)*S(7,7)-HR*(A(8)-A(7))*C(7, 7) 
AX(15,14)=K*A(7)*X(Q,7)*C(7,7)-HR*(A(8)-A(7))*S(7, 7) 
AX(15, 15)=-K*A(8)*X(Q,8)*S (8,7) : AX(15,16)=-K*A(8)*X(Q, 8)*C(8, 7) 

AX(16,15)=C(8,8) : AX(16,16)=S(8,8) : AX(16,17)=-C(9, 8) :AX(16,18)=-S(9, 8) 

AX(17, 15)=K*A(8)*X(Q,8)*S(8,8)-HR*(A(9)-A(8))*C(8, 8) 
AX(17, 16)=K*A(8)*X(Q,8)*C(8,8)-HR*(A(9)-A(8))*S(8, 8) 
AX(17, 17)=-K*A(9)*X(Q,9)*S (9,8) : AX(17,18)=-K*A(9)*X(Q, 9)*C(9, 8) 

AX(18,17)=C{9, 9) : AX(18,18) =S (9, 9) 
PROCMATRIX 
REM FOR 1=1 TO NX:CONS(Q,I)=BX(I):NEXT I 



1800 Z%=0 
1810 FOR 2=0 TO L ( l ) STEP ST(1) 
1820 Z%=Z%+1:X1=X(Q,1)*Z:PROCEXP:Z(Z%)=Z 
1830 TZ (Q, Z%) =TA+CONS (Q, 1) *C+CONS (Q, 2) *S 
1840 DTZ(Q, Z%)=CONS(Q,1)*S*X(Q,1)+CONS(Q,2)*C*X(Q,1) 
1850 NEXT Z 
1860 I F Q=2 THEN TS(1)=Z% 
1870 FOR 2=L(1) TO L(2) STEP ST(2) 
1880 Z%=Z%+1:X1=X(Q,2)*Z:PROCEXP:Z(Z%)=Z 
1890 TZ(Q,Z%)=TA+CONS(Q,3)*C+CONS(Q, 4)*S 
1900 DTZ(Q, Z%)=CONS(Q,3)*S*X(Q,2)+CONS(Q, 4)*C*X(Q, 2) 
1910 NEXT Z 
1920 I F Q=2 THEN TS(2)=Z% 
1930 FOR 2=L(2) TO L(3) STEP ST(3) 
194 0 Z%=Z%+1:X1=X(Q,3)*Z:PROCEXP:Z(Z%)=Z 
1950 TZ(Q,Z%)=TA+CONS(Q,5)*C+CONS(Q,6)*S 
1960 DTZ(Q, Z%)=CONS(Q,5)*S*X(Q,3)+CONS(Q,6)*C*X(Q,3) 
1970 NEXT Z 
1980 I F Q=2 THEN TS(3)=Z% 
1990 FOR 2=L(3) TO L(4) STEP ST(4) 
2000 Z%=Z%+1:X1=X(Q,4)*Z:PROCEXP:Z(Z%)=Z 
2010 TZ(Q,Z%)=TA+CONS(Q,7)*C+CONS(Q,8)*S 
2020 DTZ(Q, Z%)=CONS(Q, 7} *S*X(Q,4)+CONS(Q, 8)*C*X(Q, 4) 
2030 NEXT Z 
2040 I F Q=2 THEN TS(4)=Z% 
2050 FOR Z=L(4) TO L( 5 ) STEP ST(5) 
2060 Z%=Z%+1:X1=X(Q,5)*Z:PROCEXP:Z(Z%)=Z 
2070 TZ(Q, Z%)=TA+CONS(Q,9)*C+CONS(Q,10)*S 
2080 DTZ(Q, Z%)=CONS(Q,9)*S*X(Q,5)+CONS(Q,10)*C*X(Q,5) 
2090 NEXT Z 
2100 I F Q=2 THEN TS(5)=Z% 
2110 FOR Z=L(5) TO L( 6 ) STEP ST(6) 
2120 Z%=Z%+1:X1=X(Q,6)*Z:PROCEXP:Z(Z%)=Z 
2130 TZ(Q,Z%)=TA+CONS(Q,11)*C+CONS(Q, 12)*S 
2140 DTZ(Q,Z%)=CONS(Q,11)*S*X(Q,6)+CONS(Q,12)*C*X(Q, 6) 
2150 NEXT Z 
2160 I F Q=2 THEN TS(6)=Z% 
2170 FOR Z=L(6) TO L( 7 ) STEP ST(7) 
2180 Z%=Z%+1:X1=X(Q,7)*Z:PROCEXP:Z(Z%)=Z 
2190 TZ(Q,Z%)=TA+CONS(Q,13)*C+CONS(Q, 14)*S 
2200 DTZ(Q,Z%)=CONS(Q,13)*S*X(Q,7)+CONS(Q,14)*C*X(Q, 7) 
2210 NEXT Z 
2220 I F Q=2 THEN TS(7)=Z% 
2230 FOR Z=L(7) TO L{8) STEP ST(8) 
2240 Z%=Z%+1:X1=X(Q,8)*Z:PROCEXP:Z(Z%)=Z 
2250 TZ(Q,Z%)=TA+CONS(Q,15)*C+CONS(Q, 16)*S 
2260 DTZ(Q, Z%)=CONS(Q,15)*S*X(Q,8)+CONS(Q, 16)*C*X(Q, 8) 
2270 NEXT Z 
2280 I F Q=2 THEN TS(8)=Z% 
2290 FOR Z=L(8) TO L(9) STEP ST(9) 
2300 Z%=Z%+1:X1=X(Q,9)*Z:PROCEXP:Z(Z%)=Z 
2310 TZ(Q,Z%)=TA+CONS(Q,17)*C+CONS(Q, 18) *S 
2320 DTZ(Q,Z%)=CONS(Q,17)*S*X(Q,9)+CONS(Q,18)*C*X(Q, 9) 
2330 NEXT Z 
2340 I F Q=2 THEN TS(9)=Z% 
2350 ENDPROC 
2360 REM ***************************************************************** 
2370 REM 
2380 REM Matrix i n v e r s i o n with s o l u t i o n of NX l i n e a r equations 
2390 REM 



24 00 REM ***************************************************************** 
2410 DEF PROCMATRIX 
2420 FOR 1=1 TO N:TEST(I)=0:NEXT I 
2430 FOR KK=1 TO N 
2440 PIVOT=-1E+20 
2450 FOR 1=1 TO N 
2460 J=I 
2470FOR 11=1 TO N 
2480IF T E S T ( I 1 ) = J THEN 2520 
24 90NEXT I I 
2500XX=AX(I, J) 
2510 I F XX>PIVOT THEN PIVOT=XX:IX=I:JX=J 
2520 NEXT I 
2530TEST(KK)=IX 
254 0AX(IX,JX)=1/AX(IX,JX) 
2550FOR L l = l TO N:FOR Ml=l TO N 
2560IF L1=IX OR M1=IX THEN 2580 
257 0 AX(LI,Ml)=AX(LI,Ml)-AX(L1,JX)*AX(IX,M1)/PIVOT 
2580 NEXT Ml 
2590 NEXT L I 
2 600 FOR 1=1 TO N 
2 610 J=JX 
2620 I F I = J THEN 2640 
2630 AX(I,J)=AX(I,J)/PIVOT 
2 64 0 NEXT I 
2 650 FOR J=l TO N 
2660 I=IX 
2670 I F I = J THEN 2690 
2680 AX(I, J)=-AX(I, J)/PIVOT 
2690 NEXT J 
2700 C%=C%-1:PRINT TAB(34, 2 8 ) ; " ";TAB(34, 28);C% 
2710NEXT KK 
2720 FOR 1=1 TO N 
2730 S=0 
2740 FOR J=l TO N 
2750 S=S+AX(I,J)*BX(J) 
27 60 NEXT J 
2770 CONS(Q,I)=S 
2780 NEXT I 
27 90ENDPROC 
2800 REM ***************************************************************** 
2810 DEF PROCEXP 
2820 REM ***************************************************************** 
2830 C=(EXP(X1)+EXP(-X1))/2 
2840 S=(EXP(XI)-EXP(-X1))/2 
2850 ENDPROC 
28 60 REM ***************************************************************** 
2870 DEF PROCTl 
28 80 REM ***************************************************************** 
2890 PRINT TAB ( 1 0 ) ; " " 
2900 PRINT TAB(18);"Low R a d i a t i o n High R a d i a t i o n " 
2910 PRINT TAB ( 1 0 ) ; " ":PRINT 
2920 FOR 1=1 TO N 
2930 (a%=0:PRINT TAB (10) ; "C"; I ; 
2940 @%=&20509:PRINT TAB(20);CONS(1,I);TAB(40);CONS(2, I ) 
2950 NEXT I:PRINT 
2960 PRINT TAB (10) ;" " 
2970 ENDPROC 
2980 REM ***************************************************************** 
2 990 DEF PR0CT2 



3000 REM ************************************************** 
3010 PRINT T A B ( l ) ; " ";TAB(20);" ";TAB(50);" 
3020 PRINT TAB ( 1 ) ; " z (mm) ";TAB(25);" Tz (C)";TAB(50);" DTz (C/mm)" 
3030 PRINT TAB(20);" Low High";TAB(52);"Low High" 
3040 PRINT T A B ( l ) ; " ";TAB(20);" ";TAB(50);" 
3050 FOR 1=1 TO TS ( 9) :D1=Z(I) :D2=Z(I + l ) 
3060 @%=&2010 9:PRINT TAB(3);Z(I);TAB(21);TZ(1,I);TAB(30) ;TZ(2, I) ; 
3070 @%=&20409:PRINT TAB(50);DTZ(1,I);TAB(62);DTZ(2,I) 
3080 I F D1=D2 THEN PRINT 
3090 NEXT I 
3100 PRINT T A B ( l ) ; " ";TAB(20);" ";TAB(50);" 
3110ENDPROC 
3120 REM ***************************************************************** 
3130 DEF PR0CT3 
3140 REM ***************************************************************** 
3150 PRINT TAB (5) ;" " 
3160 PRINT TAB(31);"BIOT NUMBERS" 
3170 PRINT TAB (5) ;" " 
3180 PRINT TAB(20)" Low Radiation";TAB(40);"High R a d i a t i o n " 
3190 PRINT TAB ( 5 ) ; " " 
3200 @%=&10509 
3210 FOR 1=1 TO 4:PRINT T A B ( 5 ) ; " C r y s t a l ";TAB(22);B(1,I);TAB(42) ;B(2, I ) :NEXT 
3220 PRINT 
3230 PRINT TAB(5);"Neck ";TAB (22);B(1,5);TAB(42);B(2,5) 
3240 PRINT 
3250 FOR 1=6 TO 9:PRINT TAB(5);"Seed ";TAB(22);B(1,I);TAB(42) ;B(2, I ) :NEXT 
3260 PRINT TAB (5) ;" " 
3270ENDPROC 
3280 REM ***************************************************************** 
3290DEF PROCSELECT 
3300 REM ***************************************************************** 
3310CLS:FOR 1=1 TO 6:PRINT:NEXT 
3320PRINT TAB(15);"Data are a v i a l a b l e f o r the fol l o w i n g elements" 
3330 PRINT:PRINT 
3340FOR 1=1 TO NELEM 
3350PRINT TAB(25);I;" " ; E $ ( I ) 
3360 PRINT 
3370 NEXT 
3380PRINT 
3390INPUT " Type the number of the element to be considered ";NE 
3400 PRINT:PRINT TAB(25); 
3410 INPUT"Factor f o r high radiation";FACTOR 
3420E$=E$(NE):K=K(NE):EM=EM(NE):TM=TM(NE):TA=TA(NE) 
3430 RHU=5.66956E-14:REM W/mm'"2/deg'"4 
3440 T1=TM+273.150:T2=TA+273.150 
3450 HRL=RHU*EM* (T1'^3+T1^2*T2+T1*T2"2+T2^3) :REM W/mm'"2/C 
34 60 HRH=HRL*FACTOR 
34 70 PR0CT5 
34 80ENDPROC 
34 90 REM ***************************************************************** 
3500DEF PR0CT5 
3510 REM ***************************************************************** 
3520FOR 1=1 TO 2:PRINT:NEXT 
3530PRINT T A B ( l ) ; " Element";TAB (20);"TM";TAB (30);"TA";TAB(40);"Emissivity";TAB(58) ; "T 
3540PRINT TAB(20);"(C)";TAB(30);"(C)";TAB(61);"(W/mm/C)":PRINT 
3550PRINT TAB(l);E$;TAB(20);TM;TAB(30);TA;TAB(43);EM;TAB(60);K 
3560PRINT:@%=&10509 
3570PRINT TAB (3) ; "Heat-Radiation C o e f f i c i e n t HR (LOW RADIATION) =";HRL;" (W/mm'-2/ 
3580PRINT TAB(20);"Factor f o r high r a d i a t i o n = ";FACTOR:PRINT:@%=&10509 
3590PRINT TAB(3);"Heat-Radiation C o e f f i c i e n t HR (HIGH RADIATION) = ";HRH;" (W/mm"2/ 



***************************************************************** 

3 600ENDPROC 
3610 DEF PROCSTORE 
3620*SPOOL <DATA> 
3630PROCT5 
3 64 0FOR 1=1 TO 3:PRINT:NEXT I 
3650PROCT4 
3 660FOR 1=1 TO 3:PRINT:NEXT I 
3670PROCT3 
3680FOR 1=1 TO 3:PRINT:NEXT I 
3690PROCT1 
3700FOR 1=1 TO 3:PRINT:NEXT I 
3710PROCT2 
3720*SPOOL 
3730ENDPROC 
3740: 
3790: 
3800 REM 
3830 REM 
3840 REM 
3850 REM 
3860 REM 
3870 REM 
3880 DATA 
3885 DATA 
3890 DATA 
3 900 DATA 
3910 DATA 
3920 DATA 
3925 DATA 
3930 REM 
3940 REM 
3 950 DATA 
3960 DATA 
3970 DATA 
3980 DATA 
3990 REM 
4000 DATA 
4010 REM 
4 020 DATA 
4 030 DATA 
4040 DATA 
4050 DATA 
4060 REM 

(1) Element 
(2) E m i s s i v i t y 
(3) Thermal C o n d u c t i v i t y 
(4) Melting Temperature 
(5) Ambient Temperature 

EM (at 0.65 micron) 
K (W/mm/C) 
TM (C) 
TA (C) 

6 
"ALUMINIUM AL", 0.1, 0.092,660.4,599.0 
"Copper Cu" ,0. 1,0. 352,1083,983 
" S i l i c o n S i " ,0. 4,0. 032,1410,1279 
" N i c k e l Ni" ,0. 45,0 .0819,1453,1318 
" S i l v e r Ag" ,0. 05, 0 .377,961.9,872 
"CHROMIUM Cr" ,0. 35, 0 .066,1857,1684 
********** * * * * * * * * * * ********************************************* 

DATA FOR CRYSTAL (LENGTH,RADIUS, STEP) 
3, 1, 1 
1, .9, .5 
1, .8, .5 
1, .7, .5 

3, .2, 1 

1, .7, .5 
1, .8, .5 
1, .9, .5 

DATA FOR NECK (LENGTH, RADIUS, STEP) 

DATA FOR SEED (LENGTH, RADIUS, STEP) 

6,2,1 
***************************************************************** 
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