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ABSTRACT 

Mag n e t o s t r i c t i o n measurements have been made on a t h i n f i l m 

u n i a x i a l garnet T ' 3 2 I j U i F e 5 0 i 2 w ^ t n a c l O U D l e c r y s t a l d i f f r a c t o m e t e r . 

A value of the mag n e t o s t r i c t i o n constant A ̂  was determined from an a n a l y s i s 

of the measurements which employed a l e a s t squares technique. The value 

obtained, A = (8.12-1.00)xlO ^, was i n agreement w i t h an expected value 

obtained by a l i n e a r weighting of the pure Rare Earth I r o n garnet measurements 

of another author. Small (<10 "*) m a g n e t o s t r i c t i o n measurements i n m a t e r i a l s 

possessing only 180° magnetic domain w a l l s , where an a p p l i e d magnetic f i e l d 

i s needed, have not p r e v i o u s l y been reported. The measurement given here 

made use o f the f i n e r e s o l v i n g power o f the double c r y s t a l d i f f r a c t o m e t e r , 

and of a s p e c i a l l y constructed electromagnet. A d e s c r i p t i o n o f these two 

instruments has also been given. A review of mag n e t o s t r i c t i o n measurements 

using s i n g l e c r y s t a l X ray d i f f r a c t i o n techniques p o i n t s o ut the main 

l i m i t a t i o n here o f a comparatively low r e s o l v i n g power. Also, w i t h o u t an 

app l i e d magnetic f i e l d , m a g n e t o s t r i c t i o n measurements by the X ray d i f f r a c t i o n 

technique can only be made i n c r y s t a l s which have magnetic domain w a l l s other 
o 

than of the 180 type. Measurements made on d i f f e r e n t p a r t s o f the sample, 

and even a t d i f f e r e n t p a r t s o f the rocking curve, showed considerable v a r i a t i o n . 

This was a t t r i b u t e d to l o c a l s t r a i n s i n the c r y s t a l s used. A topographic 

study of the samples, using the double c r y s t a l d i f f r a c t o m e t e r , revealed some 

of the s t r a i n s which can be responsible f o r the l o c a l v a r i a t i o n i n magnetic 

anisotropy. Such an " i n s i t u " study d i s p l a y s the power of t h i s p a r t i c u l a r 

measurement technique over the commonly used e l e c t r i c a l r e sistance s t r a i n gauge 

meihod. I n the l a t t e r , various defects i n the c r y s t a l s t r u c t u r e may not be 

r e v c i l e d during the course of measurement.. V a r i a t i o n s i n i n d i v i d u a l magneto­

s t r i c t i o n measurements may be r e l a t e d almost simultaneously to the defects i n 

the c r y s t a l s t r u c t u r e when the X ray double d i f f r a c t i o n technique i s used. 
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Chapter 1 
1 

M a g n e t o s t r i c t i o n 

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

Magnetostriction i s the l a t t i c e deformation which accompanies 

the magnetization of a magnetic c r y s t a l . L i t e r a t u r e on the subj e c t i s 

extensive, going back t o the l a s t century when Joule (1842) reported the 

expansion of an i r o n bar as i t was magnetized i n a given d i r e c t i o n . The 

e f f e c t i s q u i t e small, corresponding t y p i c a l l y t o a s t r a i n of 10 ̂ . Study 

of the e f f e c t may throw l i g h t on the nature of the i n t e r n a l forces a t play 

i n a magnetic c r y s t a l . The phenomenon i s also of use i n i n v e s t i g a t i n g 

magnetization processes, and analyzing magnetization curves. C a l c u l a t i o n s 

of m a g netostriction versus magnetization curves have been made by Akulov 

(.1931) f o r i r o n s i n g l e c r y s t a l s . Such c a l c u l a t i o n s are unambiguous when 

the magnetization proceeds i n a known manner. The theory f o r the magneto­

s t r i c t i o n of n i c k e l s i n g l e c r y s t a l s i n terms o f the magnetization has been 

given by the same author (1956). A schematic r e p r e s e n t a t i o n o f magnet­

i z a t i o n and magnetostriction versus a p p l i e d f i e l d i s shown i n Figure 1.1. 

I t may thus be seen t h a t there e x i s t s some r e l a t i o n between the magneto­

s t r i c t i o n and the s t a t e of magnetization of a c r y s t a l . A knowledge of the 

magn e t o s t r i c t i o n of a magnetic m a t e r i a l i s of p r a c t i c a l importance, being 

r e q u i r e d f o r the production of electromechanical transducers and bubble 

domain devices f o r example. 

A comprehensive discussion of m a g n e t o s t r i c t i o n , i n c l u d i n g a 

h i s t o r i c a l review, has been given by Lee (1955), while a more recent account 

by B i r s s and Isaac (1975) pays p a r t i c u l a r a t t e n t i o n t o the e f f e c t i n 

magnetic oxide m a t e r i a l s . 



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

H<10 o e r s t e d 

A l i g n m e n t of domain 

m a g n e t i z a t i o n v e c t o r s 

I J M a g n e t i z a t i o n 
\S l 

d V / V 

App l ied F i e l d , M 

d l / l 

I n c r e a s e of domain m a g n e t i z a t i o n 

H > 1000 o e r s t e d 

R o t a t i o n s 

H= 10 - 1000 o e r s t e d 

Fig.1.1 S c h e m a t i c r e p r e s e n t a t i o n of m a g n e t i z a t i o n , l inear and v o l u m e 

m a g n e t o s f r i c t i o n of iron as a function of magnetic fieiil s t r e n g t h . All f e r r o ­

m a g n e t i c s show e s s e n t i a l l y the same behaviour . L e e (1955). 

6 
H 

F i g . 1 . 2 M a g n e t i z a t i o n of a u n i a x i a l c r y s t a l . 
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1.2 Magnetostriction and magnetization 

When a c r y s t a l i s magnetized from the demagnetized s t a t e by a 

f i e l d which i s a p p lied i n a given d i r e c t i o n , two types o f mag n e t o s t r i c t i o n 

are associated w i t h the process. As the c r y s t a l i s taken from an average 

demagnetized s t a t e , a displacement of magnetic domain boundaries occurs 

followed by r o t a t i o n of the magnetization vectors towards the d i r e c t i o n 

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

the magnetization of the c r y s t a l i s uniform i n one d i r e c t i o n . When the 

c r y s t a l i s taken beyond t e c h n i c a l s a t u r a t i o n , an increase of the spontaneous 

magnetization occurs w i t h i n the s i n g l e domain. An a n i s o t r o p i c magneto­

s t r i c t i o n i s associated w i t h the process up t o the s t a t e of t e c h n i c a l 

s a t u r a t i o n ; beyond t h i s p o i n t an i s o t r o p i c volume mag n e t o s t r i c t i o n occurs. 

For a given domain s t r u c t u r e , i f the magnetostriction w i t h i n 

each domain depended s o l e l y on the magnitude of the s a t u r a t i o n magnetization 

w i t h i n the domain, then no magn e t o s t r i c t i v e s t r a i n would accompany the 

magnetization process. The observation t h a t bulk m a g n e t o s t r i c t i v e 

deformations occur as a c r y s t a l i s taken from a demagnetized t o the saturated 

s t a t e i s t h e r e f o r e an i l l u s t r a t i o n o f the a n i s o t r o p i c nature of the s t r a i n s 

w i t h i n a domain, and also of the dependence of the s t r a i n s on the o r i e n t ­

a t i o n of the s a t u r a t i o n magnetization w i t h respect t o the c r y s t a l l o g r a p h i c 

axes. The a n i s o t r o p i c deformation w i t h i n each domain i s r e f e r r e d t o as 

the spontaneous m a g n e t o s t r i c t i o n , t h a t i s , the m a g n e t o s t r i c t i o n associated 

w i t h the appearance of spontaneous magnetization. At any stage during the 

magnetization process, the bulk m a g n e t o s t r i c t i o n of the c r y s t a l as a whole 

i s t h e r e f o r e c o r r e l a t e d w i t h the average magnetization v i a the spontaneous 

magn e t o s t r i c t i o n w i t h i n each domain. On completion of the process, when 

the domain magnetization vectors are a l l a l i g n e d , the bulk deformation 

reaches a value r e f e r r e d t o as the s a t u r a t i o n m a g n e t o s t r i c t i o n . The 
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volume magnetostriction i s p r o p o r t i o n a l t o the magnitude o f the applied 

f i e l d . The two types of s t r i c t i o n may be t r e a t e d separately, and the 

work of t h i s t h e s i s i s concerned w i t h the a n i s o t r o p i c e f f e c t . 

1.3 Magnetostriction i n cubic c r y s t a l s 

Formally, the o r i g i n of spontaneous m a g n e t o s t r i c t i o n i s taken 

to be a s t r a i n dependence of the magnetic energy associated w i t h the c r y s t a l . 

On t h i s b a sis, a decrease i n magnetic energy i s produced by the occurrence 

of appropriate m a g n e t o s t r i c t i v e deformations, the tendency t o deform spon­

taneously being opposed by the increase i n e l a s t i c energy associated w i t h 

increasing deformation. Thus the e q u i l i b r i u m s t r a i n s are those f o r which 

the "magnetic" forces and " e l a s t i c " forces are equally balanced. 

I n order t o o b t a i n a s a t i s f a c t o r y expression d e s c r i b i n g the 

m a g n e t o s t r i c t i o n f o r a s i n g l e c r y s t a l , account must be taken of the symmetry 

of the c r y s t a l . Such an account i s given i n d e t a i l by B i r s s (1964). 

The s t r a i n i s given here f o r the case of a cubic c r y s t a l . The 

s t r a i n i n any d i r e c t i o n i n the c r y s t a l , whose d i r e c t i o n cosines are B^.f^ 

3-j ( t h a t i s , the d i r e c t i o n of measurement has these d i r e c t i o n cosines) w i t h 

respect t o the Cartesian coordinate system x,y,z, can be shown t o be given 

by the expression 

dfc = e ^ B^B^ (1.1) 

where ê .. are the components of the s i t r a i n tensor. ( R e p e t i t i o n o f the i 

and j here denotes summation from 1 t o 3.) The axes of the coordinate 

system coincide w i t h the c r y s t a l axes. I t i s then assumed t h a t the s t r a i n 

depends i n some way on the d i r e c t i o n o f the magnetization w i t h respect t o 

these axes, t h a t i s , t h a t e „ = f ( a ^ , a.^, a^) , where the a's are the d i r e c t i o n 

cosines of the magnetization. The problem then i s t o f i n d the form of the 

f u n c t i o n f ( a , a„, a,). I t t u r n s out t h a t the form which f takes i s 
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completely determined by the requirements o f l a t t i c e symmetry. The energy 

terms which are r e l e v a n t are the magnetocrystalline anisotropy energy a t 

zero s t r a i n , E ° , the magn e t o s t r i c t i o n energy, E and the e l a s t i c energy, E . 
K M L 

Magnetocrystalline anisotropy means t h a t the magnetization o f a 

magnetic body has p r e f e r r e d d i r e c t i o n s i n which i t i s r e l a t i v e l y easy f o r 

the body t o be magnetized. This means t h a t the f r e e energy depends on the 

o r i e n t a t i o n o f the magnetization w i t h respect to the d i r e c t i o n s character­

i z i n g the body. The energy required to r o t a t e the magnetization from a 

"hard" to an "easy" d i r e c t i o n i s the anisotropy energy. This s u b j e c t i s 

given an adequate d e s c r i p t i o n by Chikazumi (1964). 
E° depends only on the a., w h i l s t E depends only on the components K 1 L 

of the s t r a i n tensor e... E i s assumed t o be a f u n c t i o n o f both e.. and 
1 ] M 1 ] 

(*̂ . For a cubic c r y s t a l then these terms are: 

EK " K l
 ( o J a 2 + a 2 a 3 + a 3 a ? ) ( 1 ' 2 ) 

2 2 2 
E M = B 1 ( a i 6 l l + a 2 e 2 2 + Q 3 e 3 3 ) ( 1 ' 3 ) 

+ 2 B 2 ( a i f t 2 e ! 2 + a 2 a 3 6 2 3 + a
3

a l a 3 1 } 

E L = f 11 ( en + 622 + 633) 

+ °12 ( e i i e 2 2 + 622 e33 + ^ l l * ( 1 " 4 ) 

2 2 2 + 2C (e + e + e_ ) 44 1 12 23 31 

where K i s the f i r s t anisotropy constant, B are the magnetoelastic 1 1, 2. 

coupling constants introduced by K i t t e l (1949), and the c's are the e l a s t i c 

constants o f the m a t e r i a l . I n order to see the s t r a i n dependence o f the 

anisotropy energy* K i t t e l expanded the l a t t e r i n a Taylor s e r i e s : 

E = E° + K K ' 6 E K ' 
0 
e. . + 1 

2 \ * \ 1 
0 e. .e, „ + ... i j kl (1.5) 

6e. . 
1 i J 

+ 1 
2 

L I ] kl. 

The f i r s t term r e f e r s to the anisotropy energy a t zero s t r a i n . The second 

term, d e s c r i b i n g the i n t e r a c t i o n between the magnetocrystalline anisotropy 
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and the s t a t e o f s t r a i n , i s c a l l e d the magnetoelastic energy density. 

The components o f 
6e. . 

inv o l v e products o f the magnetoelastic coupling 

constants B. w i t h the d i r e c t i o n cosines a.. The f i n a l term i s f o r m a l l y 1 1 

regarded as the m a g n e t o s t r i c t i v e c o n t r i b u t i o n s t o the e l a s t i c s t i f f n e s s 

constants, d e s c r i b i n g the lowering o f the i n t r i n s i c symmetry o f the l a t t i c e 
o by the m a g n e t o s t r i c t i o n . I t can be seen then t h a t the terms E„ and E w are K M 

given by the f i r s t two terms i n the se r i e s expansion. 

The three terms E°, E , E are added together and the sum i s K M L 
minimized w i t h respect to the e ^ ' s . The equations thus obtained are solved 

to give the e q u i l i b r i u m s t r a i n components. An expression f o r the s t r a i n i s 

then found using equation (1.1) . For a demagnetized c r y s t a l , w i t h a 

p e r f e c t l y random d i s t r i b u t i o n of domains, — = 0 . I n t h i s s t a t e , the mean 

values ci^ and a a are equal t o 1/3 and 0 r e s p e c t i v e l y both when flOO] and i i D L J 

[ i l l ] are the easy d i r e c t i o n s . The expression f i n a l l y obtained i s 

d£ = ~ B 1 ( a V + ah2 + oS2 ~ L/3) (1.6) 
1 C i r C 1 2 

-Bj ( « 1 a 2 S 1 B 2 + a 2 a 3 B 2 B 3 + V l B
3 V 

C44 

To o b t a i n the s t r a i n when the magnetization i s along [loo], p a r a l l e l t o the 

measurement d i r e c t i o n , then a = 1, <»2 = = 0 and 8^ = 1, & 2 = 8^ = 0, thus 

^- = ~ B 1 . 2 = X100 (1.7) 
C -C 3 C l l L12 J 

When the measurement d i r e c t i o n and the magnetization are p a r a l l e l t o [ i l l ] , 

the s t r a i n , w i t h = = l / ^ , i s 

d* - - B ^ = A u l (1.8) 
C33 3 

X and X,,, are the magnetostrictions obtained when the c r y s t a l i s 100 111 
mag netized along the [loo] and [ i l l ] d i r e c t i o n s r e s p e c t i v e l y from the s t a t e 
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o f demagnetization. A corresponding value f o r the A n&Y be obtained, 

and t h i s can be shown t o be given by 

\ , . N = T A , ™ + t A... (1.9) 110 4 100 4 111 

Equation (1.6) may be r e w r i t t e n 

dfc = 3 , , 2 Q2 ^ 2.2 ^ 2„2 1/ . ._, 
- 2 A100 ( a i S l + "2^2 + a 3 B 3 " / 3 ) ( 1 ' 1 0 ) 

+ 3 X 1 1 1 ( V 2 0 1 B 2 + a 2 a 3 6 2 S 3 + V l W 

The i d e a l demagnetized s t a t e i s not always e a s i l y obtained. 

Thus i n any experiment A ^ Q 0 and A ^ are u s u a l l y obtained from measurements 

o f the s t r a i n d i f f e r e n c e which occurs between d i f f e r e n t d i r e c t i o n s o f magnet­

i z a t i o n o f the c r y s t a l . 

A two constant expression might not always account adequately f o r 

the measurements of m a g n e t o s t r i c t i o n f o r a given c r y s t a l . For such cases, 

a higher order approximation i n the expression f o r E^ may be taken, t h a t i s , 

the t h i r d term o f equation (1.5) may be included. I n t h i s way, a f i v e 

constant expression i s obtained. The magnetostrictions o f i r o n and n i c k e l 

are u s u a l l y expressed i n terms of a f i v e constant expression. However, the 

two constant expression accounts f o r many r e s u l t s q u i t e adequately. 

For a u n i a x i a l m a t e r i a l , i t i s shown by Chikazumi (1964) t h a t when 

the angle between the magnetization and the u n i a x i a l d i r e c t i o n i s changed from 

O t o f , as shown i n Figure 1.2, the e l o n g a t i o n changes by an amount given by 

A(dfc) = 3\ (1 - cos 2*) (1.11) 
I 2 

where A i s the magnetostrictive deformation along the u n i a x i a l d i r e c t i o n . 

1.4 Quantum mechanical f o r m u l a t i o n 

The c l a s s i c a l formalism, i n which the magnetization i s coupled to 

the s t r a i n by magnetoelastic coupling constants has been extended by Callen 

and Callen (1963) to a quantum mechanical approach i n which the i o n i c spins 
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are. coupled t o the various p e r m i t t e d s t r a i n modes. The coupling i s 

included i n a Hamiltonian which i s made up of the f o l l o w i n g terms: 

H = H + H + H + H (1.12) M e me a 

These four terms are r e s p e c t i v e l y the i n t r i n s i c magnetic energy, the 

e l a s t i c energy, the magnetoelastic coupling and the i n t r i n s i c anisotropy 

energy. The Hamiltonian was constructed f o r a c r y s t a l o f cubic symmetry. 

The anisotropy energy i s t h a t given by the s i n g l e i o n model. For a 

discussion of t h i s model, reference may be made t o Chikazumi (1964). 

I n t h i s , the o r b i t a l e l e c t r o n s are coupled t o the e l e c t r o s t a t i c c r y s t a l 

f i e l d which has the symmetry o f the l a t t i c e . The i o n i c spin thus sees 

the c r y s t a l l a t t i c e v i a the mechanism of spin o r b i t coupling. The i s o t r o p i c 

exchange i n t e r a c t i o n , which i s s t r a i n dependent, i s then modulated by the 

anisotropy. The terms H and are taken as p e r t u r b a t i o n s on the 

unperturbed Hamiltonian H^ w h i l s t H g appears as a c l a s s i c a l a d d i t i v e term. 

The e q u i l i b r i u m s t r a i n s are then obtained f o r m a l l y by minimizing the f r e e 

energy again w i t h respect t o the s t r a i n s . 

The s i n g l e ion approach has been extended by Callen and Callen 

(1965) t o include other c r y s t a l symmetries, and also t o include p o s s i b l e 

two i o n i n t e r a c t i o n s , where s i g n i f i c a n t magnetoelastic coupling a r i s e s from 

th'= s t r a i n modulation of the a n i s o t r o p i c exchange i n t e r a c t i o n s between two 

ions. Callen (1968) has reviewed ma g n e t o s t r i c t i o n measurements i n terms 

o f t h e i r c o r r e l a t i o n w i t h the s i n g l e ion and two io n models. 

1.5 Str u c t u r e and ma g n e t o s t r i c t i o n i n garnet m a t e r i a l s 

The measurements t o be descriped i n Chapter 8 i n v o l v e the magneto­

s t r i c t i o n i n the rare e a r t h i r o n garnet m a t e r i a l Tb2LuFe,.0^2• A d e s c r i p t i o n 

of the r e l e v a n t aspects o f the c r y s t a l s t r u c t u r e o f the r a r e e a r t h garnets, 

and o f the m a g n e t o s t r i c t i o n , w i l l be given here. 
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1.5.1 S t r u c t u r e 

The composition which t y p i f i e s the garnet s t r u c t u r e i s ^2Fe5°12' 

y t t r i u m i r o n garnet. The p o s s i b i l i t y of s u b s t i t u t i o n of Y^+ and A£,^+ f o r 
3+ 4+ 

Mn and Si i n the n a t u r a l garnet M^A^Si^C)^ was pointed out by Yoder 

and K e i t h (1951). They thus obtained f o r the f i r s t time the garnet 

f r e e from s i l i c o n . Various s u b s t i t u t i o n s may be c a r r i e d out 

which y i e l d many ma t e r i a l s w i t h i n t e r e s t i n g and t e c h n o l o g i c a l l y important 

p r o p e r t i e s . 

The Fe"^+ ion may be s u b s t i t u t e d by a t r i v a l e n t i o n such as Cr^ +, 

AH^+, Ga^+, Sc^ +, I n " ^ + , Co"^+, or by a p a i r of t e t r a v a l e n t and d i v a l e n t ions 
.4+ „„2+ 4+ ^ 2+ „.4+ „ 4+ , 2+ 4+ 4+ such as T i and Cd , Zr and Co , Si or Sn and Mn , Zr or Hf 

2+ 2+ 4+ 2+ 5+ 5+ 5+ and Co or Ni , Ge and Cd , or by a pentavalent i o n V , Nb , Ta 
3+ 3+ The Y may be s u b s t i t u t e d by an i o n of r a r e e a r t h from Pm t o 

Lu**+, whose atomic r a d i i are comparable. S u b s t i t u t i o n s may be c a r r i e d out 

completely or p a r t i a l l y . 

The c r y s t a l l i n e s t r u c t u r e has three types o f c a t i o n s i t e s : 

dodecahedral, octahedral and t e t r a h e d r a l . The l a r g e y t t r i u m ions are i n 

a dodecahedral p o s i t i o n . The Fe"*+ ions w i t h small i o n i c r a d i i are located 

i n a t e t r a h e d r a l (3Fe^ +) p o s i t i o n w i t h four nearest oxygen i o n neighbours, 

amd i n an octahedral (2Fe^ +) p o s i t i o n surrounded by s i x oxygen ions. Each 

y t t r i u m ion i s surrounded by e i g h t oxygen ions. The f a c t t h a t a l l of ;he 

s i t e s are occupied by cations c o n t r i b u t e s t o the high s t a b i l i t y o f the 

compound. The various aspects of the s t r u c t u r e are shown i n Figure 

1.3. The c r y s t a l l a t t i c e i s cubic centre w i t h a u n i t c e l l parameter 
o 

( t y p i c a l l y ) of a = 12.4A. Each u n i t c e l l contains four formula u n i t s . 
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F i g . 1.3. C o o r d i n a t i o n a b o u t an o x y g e n ion in t h e g a r n e t g r o s s u l a r i t e 

( M a k r a m and V i c h r ( 1 9 7 5 ) ) . 
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1.5.2 Growth of garnet m a t e r i a l s 

Growth p r o c e s s e s f o r the production of garnet m a t e r i a l s have been 

d e s c r i b e d by Makram and V i c h r (1975). These i n c l u d e the C z o c h r a l s k i 

method and the f l u x method. Gadolinium g a l l i u m garnet (Gd^Ga^O^ °x G.G.G.) 

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. G.G.G. s i n g l e 

c r y s t a l s are widely used as s u b s t r a t e m a t e r i a l onto which magnetic garnet 

t h i n f i l m s are deposited e p i t a x i a l l y . 

There are two important p r o c e s s e s f o r the growth of such t h i n 

f i l m s . L i q u i d phase e p i t a x i a l growth of mixed r a r e e a r t h garnets onto 

G.G.G. s u b s t r a t e has been d e s c r i b e d by Shic k e t . a l . (1971), w h i l e chemical 

vapour d e p o s i t i o n has been used, and d e s c r i b e d , by Robinson e t . a l . (1971) 

to grow mixed garnets on SmGa garnet and SmGdGa garnet s u b s t r a t e s . I n 

both ca s e s the t h i n f i l m s were used f o r bubble domain d e v i c e s . The 

s t r u c t u r a l p e r f e c t i o n of the s u b s t r a t e p l a y s an important r o l e i n determining 

the q u a l i t y of the t h i n f i l m produced. 

The s t r a i n inducing i m p e r f e c t i o n s which occur during the growth 

of the s u b s t r a t e are d i s l o c a t i o n s , growth s t r i a t i o n s and f a c e t r e g i o n s . 

Cockayne and Roslington (1973) have d e s c r i b e d how almost d i s l o c a t i o n f r e e 

c r y s t a l s have been obtained by c a r e f u l a l t e r a t i o n of the r o t a t i o n r a t e 

during the C z o c h r a l s k i growth p r o c e s s . With few exceptions, d i s l o c a t i o n s 

observed appear to be generated from the s e e d / c r y s t a l i n t e r f a c e . During 

growth, the c r y s t a l s develop a s o l i d / l i q u i d i n t e r f a c e which i s convex t o 

the melt. When the growth d i r e c t i o n belongs to <111>, f a c e t s of the type 

{211} and {110} form a t low r o t a t i o n r a t e s (10-50 r e v o l u t i o n s per minute). 

The f a c e t s produce a macroscopic s t r a i n . However, i t i s observed t h a t the 

c r y s t a l s c o n t a i n i n g f a c e t s a re d i s l o c a t i o n f r e e , t h a t i s , the f a c e t s serve 

to block d i s l o c a t i o n propagation from the seed over the volume of c r y s t a l 

they occupy. When the r o t a t i o n r a t e i s i n c r e a s e d to t y p i c a l l y 80-100 
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r e v o l u t i o n s per minute, the i n t e r f a c e becomes p l a n a r so t h a t f a c e t s no 

longer form, and the macroscopic s t r a i n e f f e c t i s e l i m i n a t e d . Thus i f the 

r o t a t i o n r a t e used throughout growth i s low, and then i n c r e a s e d a t the end, 

G.G.G. s u b s t r a t e m a t e r i a l s f r e e from both l o c a l i z e d and macroscopic s t r a i n 

c e n t r e s may be produced. D i s l o c a t i o n s appearing a t the seed have a l s o 

been rendered i n e f f e c t i v e by the formation of a narrow neck ahead o f the 

main p o r t i o n of the boule, as was pointed out by O'Kane e t . a l . (1973). 

D i s l o c a t i o n s i n the form of h e l i c e s and c l o s e d loops, which appear i n the 

s u b s t r a t e , and which do not have t h e i r o r i g i n a t the seed, have been s t u d i e d 

by Stacy (1974a) and M i l l e r (1973) . They can be prevented by a d d i t i o n of 

excess G d 2 ° 3 t o t* l e melt. 

1.5.3 E f f e c t s of s u b s t r a t e d e f e c t s on the p e r f e c t i o n of the t h i n f i l m s 

( i ) D i s l o c a t i o n s . Stacy (1974b) has st u d i e d the extent to which 

i m p e r f e c t i o n s i n the s u b s t r a t e are r e p l i c a t e d i n the e p i t a x i a l l a y e r . 

The magnetic l a y e r s grown on d i s l o c a t i o n f r e e s u b s t r a t e s remain f r e e of 

d i s l o c a t i o n s when no other l o c a l i z e d s t r a i n c e n t r e s (e.g. i n c l u s i o n s ) are 

pre s e n t . G e n e r a l l y d i s l o c a t i o n s do not r e a d i l y form i n garnets. The 
o 

l a r g e l a t t i c e parameter (a — 12.4A) together w i t h a r e l u c t a n c e to form 

p a r t i a l d i s l o c a t i o n s , leads to d i s l o c a t i o n s w i t h a l a r g e Burgers v e c t o r , 

and thus a l a r g e energy of formation. M i s f i t d i s l o c a t i o n s between the 

garnet s u b s t r a t e and the e p i t a x i a l l a y e r are not l i k e l y to be observed. 

Matthews and Klokholm (1972) have pointed out t h a t when the s u b s t r a t e l a y e r 

l a t t i c e m i s f i t exceeds about 10 as i s j u s t the case here, the s t r e s s i s 

r e l i e v e d by c r a c k i n g i n s t e a d of by n u c l e a t i o n of d i s l o c a t i o n s . 
( i i ) F a c e t s . I t has been shown by Cockayne e t . a l . (1973) and G l a s s (1972) 

by X ray d i f f r a c t i o n measurements t h a t i n the f a c e t e d r e g i o n s of a G.G.G. 

c r y s t a l the l a t t i c e parameter i s s l i g h t l y l a r g e r than t h a t of the unfaceted 
-4 

r e g i o ns (Aa/a — 10 ) . When a garnet p l a t e l e t c o n t a i n i n g a f a c e t r e g i o n 
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i s used as a s u b s t r a t e f o r an e p i t a x i a l l y deposited magnetic l a y e r , the 

s t r a i n a s s o c i a t e d w i t h the f a c e t i s c a r r i e d on through i n t o the f i l m . 

Stacy (1974b) has shown t h i s with a comparison of X ray topographs of the 

s u b s t r a t e and of the f i l m l a y e r immediately above. Hansen e t . a l . (1973) 

have pointed out t h a t such s t r a i n can cause a l o c a l change i n the magnetic 

a n i s t r o p y i n the f i l m . I t was suggested by Cockayne e t . a l . (1973) t h a t 

the o r i g i n of the f a c e t s t r a i n l i e s most l i k e l y i n the segregation of oxygen 

i n the f a c e t region. 

( i i i ) Growth s t r i a t i o n s . Growth r a t e f l u c t u a t i o n s during C z o c h r a l s k i 

growth give r i s e to compositional v a r i a t i o n s , which appear as growth 

s t r i a t i o n s i n a double c r y s t a l X ray topograph. Growth r a t e f l u c t u a t i o n s 

occur f o r a l l C z o c h r a l s k i grown c r y s t a l s . Although growth s t r i a t i o n s provide 

one way of studying i n t e r f a c e shape h i s t o r y , the s t r a i n a s s o c i a t e d w i t h them, 

t y p i c a l l y <5 x 10 ^, does mean t h a t rocking curves obtained on a double 

c r y s t a l X ray d i f f r a c t o m e t e r w i l l , owing to the s t r i a t i o n s alone, be 

t y p i c a l l y 12 to 15 seconds of a r c wide a t the i n t e n s i t y h a l f height. 

The s t r a i n f l u c t u a t i o n s owing to s t r i a t i o n s i n the s u b s t r a t e 

c r y s t a l may not always be t r a n s f e r r e d i n t o the magnetic f i l m . B a s t e r f i e l d 

e t . a l . (1968) have pointed out t h a t there i s a s t r a i n anisotropy a s s o c i a t e d 

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

a p a r t i c u l a r s t r i a t i o n i s normal t o the s t r i a t i o n s u r f a c e , and i s zero i n 

the plane of the s t r i a t i o n . Only those s t r a i n components which a r e p a r a l l e l 

to the s u b s t r a t e s u r f a c e are c a r r i e d over i n t o the e p i t a x i a l l a y e r . I f a 

s e r i e s of s t r i a t i o n s w i t h s t r a i n amplitude "e" i n t e r s e c t s the s u b s t r a t e 

s u r f a c e a t an angle 0, the s t r a i n amplitude t r a n s m i t t e d to the e p i t a x i a l 
2 

l a y e r w i l l be e . s i n 0. 
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1.5.4 Magnetostriction i n garnet m a t e r i a l s 

D e t a i l e d c a l c u l a t i o n of the m a g n e t o s t r i c t i o n f o r a r e a l m a t e r i a l 

i s a more formidable problem than t h a t of the m a g n e t o c r y s t a l l i n e a n i s o t r o p y . 

For the former, f u r t h e r c o m p l i c a t i o n i s introduced i n t h a t e v a l u a t i o n of 

s t r a i n p o t e n t i a l s i n v o l v i n g the f i r s t d e r i v a t i v e s of energy d e n s i t y terms 

i s n ecessary. A l s o , i n order to c a l c u l a t e the m a g n e t o s t r i c t i o n c o n s t a n t s 

from the magnetoelastic c o n s t a n t s , a knowledge of the e l a s t i c c o n s t a n t s i s 

re q u i r e d . For the magnetic oxides , the a v a i l a b l e experimental data a r e 

spa r s e . Consequently, d e t a i l e d c a l c u l a t i o n s of m a g n e t o s t r i c t i o n c o n s t a n t s 

have been c a r r i e d out f o r only a few m a t e r i a l s ( f o r example, c a l c u l a t i o n s 

were made f o r f e r r i t e m a t e r i a l s by Tsuya (1958), and on the m a g n e t o s t r i c t i v e 
2+ 

behaviour of Co i n s p i n e l s by Slonczewski (1961)). 

M a g n e t o s t r i c t i o n measurements were made by C a l l e n e t . a l . (1963) 

on y t t r i u m i r o n garnet ( Y . I . G . ) , i n which the magnetization i s due s o l e l y 

to the F e ^ h i o n s . The r e s u l t s were compared with the phenomenological 

equations of the s i n g l e i on theory, and the agreement was good. Measure­

ments by C l a r k e t . a l . (1968) on p a r t i a l l y s u b s t i t u t e d dysprosium y t t r i u m 

i r o n garnet shows t h a t the ma g n e t o s t r i c t i o n i s l i n e a r i n r a r e e a r t h concen-

t r a t i o n . T h i s o b s e r v a t i o n i s evidence f o r the v a l i d i t y of the s i n g l e i on 

model i n the garnets. I t i s p o s s i b l e to r e l a t e the r a r e e a r t h magneto­

s t r i c t i o n to the r a r e e a r t h magnetization by s u b t r a c t i n g the Y.I.G. con­

t r i b u t i o n s from the o v e r a l l m a g n e t o s t r i c t i o n and magnetization. Thus where 

a s i g n i f i c a n t magnetoelastic coupling a r i s e s from the s t r a i n modulation of 

the a n i s o t r o p i c exchange i n t e r a c t i o n s , the r a r e e a r t h m a g n e t o s t r i c t i o n can 

be considered as the sum of c o n t r i b u t i o n s from the d i f f e r e n t s u b l a t t i c e s . 

Measurements on 10% Yb^ + ions i n Y.I.G. and C e ^ + ions i n Y.I.G. by Comstock 

and Raymond (1967) were accounted f o r by the a n i s o t r o p i c exchange i n t e r a c t i o n 

between r a r e e a r t h and i r o n i o n s , r a t h e r than by the s i n g l e i on c r y s t a l f i e l d 

model. A s i m i l a r r e p o r t i s a l s o made by Smith and Jones (1967) f o r measure-
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ments on Yb s u b s t i t u t e d Y.I.G. The marked e f f e c t of sm a l l amounts of 

terbium i m p u r i t i e s i n Y.I.G. has been demonstrated by Belov e t . a l . (1966) 

i n p o l y - c r y s t a l l i n e samples. 

Mag n e t o s t r i c t i o n measurements have been made by I i d a (1963, 1967) 

on a whole s e r i e s of r a r e e a r t h i r o n garnets. These measurements a re to 

be r e f e r r e d to again i n s e v e r a l of the l a t e r c h a p t e r s . The most d e t a i l e d 

study of ma g n e t o s t r i c t i o n i n r a r e e a r t h i r o n garnets has been c a r r i e d out 

by C l a r k e t . a l . (1964, 1966) on Gd, Dy, Ho and E r i r o n g arnets. Here 

the s i n g l e i on theory was a p p l i e d as i t was to Y.I.G., but account had a l s o 

to be taken of the t h i r d magnetic s u b l a t t i c e . 

I t perhaps should be pointed out t h a t i n the case of Neel 

c o l l i n e a r f e rrimagnets, the c r y s t a l i s considered to be made up of 

i n d i v i d u a l s u b l a t t i c e s . Each has i t s own magnetization with d i f f e r e n t 

temperature dependences. When the sep a r a t e s u b l a t t i c e m a gnetoelastic 

coupling constants are of opposite s i g n , and the behaviour w i t h temperature 

i s d i f f e r e n t , then m a g n e t o s t r i c t i o n compensation p o i n t s may occur, t h a t i s , 

temperatures may occur where the m a g n e t o s t r i c t i o n i s zero. Correspondingly, 

magnetization compensation p o i n t s may occur a l s o . At the l a t t e r p o i n t s , 

the measurements of C l a r k e t . a l . (1964, 1966) on Dy, Ho and E r i r o n g a r n e t s 

dip s h a r p l y to zero, s i n c e t h e r e the s u b l a t t i c e moments do not remain 

p a r a l l e l t o the a p p l i e d f i e l d . 

1.6 U n i a x i a l anisotropy i n garnet f i l m s 

T h i n f i l m s of magnetic garnet m a t e r i a l s grown by the method of 

l i q u i d phase epit a x y or chemical vapour d e p o s i t i o n u s u a l l y have an induced 

u n i a x i a l magnetic anisotropy. T h i s i s superimposed on the normal c u b i c 

m a g n e t o c r y s t a l l i n e anisotropy. Heinz e t a l . (1971) have pointed out t h a t 

the dominant source of the u n i a x i a l anisotropy observed i n magnetic oxide 

f i l m s formed by chemical vapour d e p o s i t i o n onto non-magnetic s u b s t r a t e s i s 
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m a g n e t o s t r i c t i o n . The magnetic f i l m s are normally i n a s t a t e of mechanical 

s t r e s s owing to a mismatch between l a t t i c e constants and thermal expansions 

of the f i l m and s u b s t r a t e . I f the f i l m i s m a g n e t o s t r i c t i v e , then t h i s 

s t r e s s produces a u n i a x i a l magnetic anisotropy. 

K u r t z i g and Hagedorn (1971) have s t u d i e d the non c u b i c a n i s o t r o p i c s 

i n t h i n f i l m garnets. I t was noted t h a t the t h i n f i l m s Y_ Fe„ , Ga^ „ 0,_ 
3 4.1 0.9 12 

and Tb„ . E r F e c 0 „, grown by chemical vapour d e p o s i t i o n , r e t a i n e d t h e i r 
Z. H O.o -> LZ 

induced anisotropy to w i t h i n 10% a f t e r long anneals a t 1350°C. I t was a l s o 

observed t h a t s t r a i n r e l i e f had a strong e f f e c t i n a l l of a l a r g e number of 

cracked f i l m s . Near a crack i n a f i l m , the domain w a l l s appeared wider, 

and the domains, which have a v e r m i c u l a r appearance i n the garnet f i l m s , were 

darker owing to the r o t a t i o n of the e a s i e s t a x i s of magnetization away from 

u n i a x i a l d i r e c t i o n , u s u a l l y the f i l m normal, towards the normal to the plane 

of the crack. These o b s e r v a t i o n s i n d i c a t e t h a t the non c u b i c anisotropy i n 

these f i l m s i s mostly s t r a i n induced. 

I n the f i l m s grown by l i q u i d phase e p i t a x y , however, the e f f e c t 

o f s i m i l a r annealing i s to reduce the induced anisotropy. Measurements by 

S h i c k e t a l . (1971) showed t h a t when f i l m s of Eu„ E r , Ga^ _ Fe„ -.0,. and 
2 1 0.7 4.3 12 

Eu n E r Ga Fe. - 0 were annealed a t 1250°C i n oxygen, the r e s p e c t i v e 

l o s s e s i n induced anisotropy were 100% and 96%. The above o b s e r v a t i o n s of 

the e f f e c t s of s t r a i n r e l i e f near c r a c k s were extended to f i l m s grown by 

l i q u i d phase e p i t a x y , and no e f f e c t was observed. 

The u n i a x i a l anisotropy i n these l a t t e r f i l m s i s thought to be 

induced mostly by ordering r e s u l t i n g from the growth, and not by s t r a i n . 

Such induced anisotropy i s s i m i l a r to t h a t d e s c r i b e d by Rosencwaig and Tabor 

(1971) and by C a l l e n (1971). T h e i r d e s c r i p t i o n s were f o r the case of induced 

anisotropy under c e r t a i n growth f a c e s of bulk grown mixed garnet c r y s t a l s . 

C a l l e n (1971) showed t h a t p a i r ordering of a r a r e e a r t h i o n with 

i t s f i r s t and second n e a r e s t t e t r a h e d r a l - i r o n ions i s achieved by p r e f e r e n t i a l 
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occupation of p a r t i c u l a r r a r e e a r t h s i t e s . The mechanism i s seen most 

c l e a r l y i f j u s t n e a r e s t neighbours are considered. For some r a r e e a r t h 

s i t e s , the n e a r e s t neighbours a r e to the l e f t and the r i g h t (X s i t e s ) , f o r 

other s they are i n f r o n t and behind (Y s i t e s ) , and f o r ot h e r s they a r e above 

and below (Z s i t e s ) . I f , f o r example, the growth plane i s ( 0 0 1 ) , then the 

c r y s t a l spacing a t the growth s u r f a c e i s s e v e r e l y s t r a i n e d i n the z d i r e c t i o n 

but not i n the x or y d i r e c t i o n s . T h i s s t r a i n i s , of course, l a t e r a l l e v i a t e d 

as new planes are added and the o l d s u r f a c e becomes the new "bulk". As a 

r a r e e a r t h ion l e a v e s the melt and s e t t l e s i n t o a s i t e on the s u r f a c e , i t 

f i n d s t h a t the n e a r e s t l i g a n d o f a Z s i t e i s d i s p l a c e d , whereas those of 

the X or Y s i t e s a r e not. Depending on s i z e and c o m p r e s s i b i l i t y , t h i s w i l l 

almost c e r t a i n l y l e a d to a p r e f e r e n t i a l occupation of the new i o n s among the 

d i f f e r e n t r a r e e a r t h s i t e s . The model was then extended to second n e a r e s t 

t e t r a h e d r a l neighbours, which a re the source of the observed anisotropy. 
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Chapter 2 

S t r a i n gauge measurement of m a g n e t o s t r i c t i o n 

2.1 Techniques f o r m a g n e t o s t r i c t i o n measurement 

S i n c e e a r l y o b s e r v a t i o n s of m a g n e t o s t r i c t i o n by J o u l e (1842), 

the phenomenon has challenged e x p e r i m e n t a l i s t s to d e v i s e a number of 

measurement techniques, and thus to determine the parameters which d e s c r i b e 

i t i n the many d i f f e r e n t m a t e r i a l s . O p t i c a l i n t e r f e r o m e t r y was used as 

e a r l y as 1893 by Lochner to study the e f f e c t i n a bar of i r o n , w h i l e L l o y d 

(1929) used a combination of o p t i c a l , mechanical and e l e c t r i c a l methods f o r 

h i s study. The value of Young's modulus f o r a ferromagnetic m a t e r i a l 

changes when i t s s t a t e of magnetization i s v a r i e d . T h i s phenomenon i s known 

as the AE e f f e c t , and has i t s o r i g i n i n the m a g n e t o s t r i c t i v e deformation. 

I t has been s t u d i e d , f o r example, by S t r e e t (1948). 

2.2 E l e c t r i c a l measurement of m a g n e t o s t r i c t i o n 

The most widely employed technique of m a g n e t o s t r i c t i o n measurement 

i s t h a t i n v o l v i n g the r e s i s t a n c e s t r a i n gauge. I n t h i s method, introduced 

by Goldman (1947), a t y p i c a l experimental arrangement may be given as f o l l o w s . 

A sample w i t h c u b i c c r y s t a l s t r u c t u r e i s c u t i n the shape of a d i s k , whose 

f l a t s u r f a c e i s p a r a l l e l to the (110) plane. On one f l a t s i d e of the d i s k , 

a r e s i s t a n c e s t r a i n gauge, of composition f o r example of platinum (92%) 

tungsten (8%) , i s cemented to the c r y s t a l i n the d i r e c t i o n [ool] , and on the 

other s i d e a second s t r a i n gauge i s cemented to the c r y s t a l i n the d i r e c t i o n 

[ l i o ] , a t r i g h t angles to the f i r s t gauge. The gauges are incorporated i n 

a D.C. Wheatstone bridge network. The magnetization i s r o t a t e d i n the plane 

of the d i s k . From the v a r i a t i o n i n the r e s i s t a n c e of the gauges, as they 

s t r a i n along with the m a g n e t o s t r i c t i v e s t r a i n of the sample, e x p r e s s i o n s f o r 

the sample s t r a i n s may be deduced, which are then expressed i n terms of the 
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m a g n e t o s t r i c t i o n c o n s t a n t s of the m a t e r i a l . Bozorth and Hamming (1953) 

measured the s t r a i n along two 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 s as the f i e l d was 

r o t a t e d through 90° by 10° i n t e r v a l s . They then employed a l e a s t squares 

method to s o l v e a s e t of l i n e a r equations and thus obtained "a most probable 

value" f o r each of the f i v e m a g n e t o s t r i c t i o n constants of the m a t e r i a l being 

s t u d i e d . 

S i m i l a r measurements of m a g n e t o s t r i c t i o n may be made using a 

capacit a n c e bridge technique. The sample i s coupled to one of the p l a t e s 

of a c a p a c i t o r , as d e s c r i b e d by Corner and Hunt (1955) f o r example. The 

v a r i a t i o n i n c a p a c i t a n c e as the c r y s t a l s t r a i n s i n the magnetic f i e l d i s 

then used to o b t a i n v a l u e s f o r the m a g n e t o s t r i c t i o n c o n s t a n t s . 

2.3 E r r o r s a r i s i n g i n s t r a i n gauge measurements 

Greenough e t a l . (1976) have s t u d i e d the a p p l i c a t i o n of the 

r e s i s t a n c e s t r a i n gauge technique to the measurement of m a g n e t o s t r i c t i o n i n 

i r o n s i n g l e c r y s t a l s . P a r t i c u l a r a t t e n t i o n was p a i d to the v a r i o u s s o u r c e s 

of e r r o r i n v o l v e d , and thus a s e t of v a l u e s f o r the f i v e m a g n e t o s t r i c t i o n 

constants was obtained. 

The e r r o r s may have a v a r i e t y of o r i g i n s and are d e s c r i b e d as 

f o l l o w s . 

( i ) F i e l d misalignment. The i n i t i a l alignment of the a p p l i e d 

magnetic f i e l d i s not always e a s i l y accomplished, e s p e c i a l l y when the sample 

i s concealed i n a c r y o s t a t o r furnace. The t y p i c a l e r r o r . i n the magnetic 

f i e l d s e t t i n g i s - 1°. 

£ii) S t r a i n zero e r r o r . T h i s i s c l o s e l y a l l i e d t o the problem of 

magnetic f i e l d alignment and a r i s e s from the u n c e r t a i n t y i n the p o s i t i o n o f 

zero s t r a i n l e v e l s . The pre v i o u s e r r o r , along w i t h t h i s , may be taken 

account of to some extent i n the curve f i t t i n g procedures used i n the 

a n a l y s i s of the r e s u l t s . 
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( i i i ) Gauge misalignment. T h i s source of e r r o r , which a r i s e s from a 

misalignment of the s t r a i n gauge w i t h a given 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 , i s 

one of the more d i f f i c u l t to t r e a t . Experimental data w i l l almost c e r t a i n l y 
+ o 

con t a i n e r r o r s due to gauge misalignment of up to - 1 . C o r r e c t i o n s whxch 

take account of the major c o n t r i b u t i o n s to these e r r o r s need to be a p p l i e d 

to the a n a l y s i s of the r e s u l t s . 

( i v ) Magnetic anisotropy. Owing to m a g n e t o c r y s t a l l i n e a n i s o t r o p y , 

the angle between the d i r e c t i o n of the e x t e r n a l a p p l i e d f i e l d and the magnet­

i z a t i o n v e c t o r i n the sample may be d i f f e r e n t from zero u n l e s s a s a t u r a t i o n 

f i e l d i s a p p l i e d . S u i t a b l e c o r r e c t i o n s may be made f o r t h i s during the 

a n a l y s i s of the r e s u l t s by c o n s i d e r i n g the sum of the anisotropy energy, 

the energy of magnetization of the sample i n the a p p l i e d f i e l d , and the de­

magnetization energy which a r i s e s owing to the sample shape. The t o t a l 

energy i s minimized w i t h r e s p e c t to a giv e n 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 and 

the magnetization d i r e c t i o n , and the e q u i l i b r i u m angle v a l u e s a r e found. 

T h i s i s compared w i t h the angle between the e x t e r n a l f i e l d and the r e f e r e n c e 

d i r e c t i o n , and thus w i t h a knowledge of the d i f f e r e n c e s between th e s e two 

angles, the appropriate c o r r e c t i o n s may be made f o r the e f f e c t s o f anisotropy. 

(v) Form e f f e c t . A ferromagnetic m a t e r i a l w i l l tend to decrease i n 

volume and i n c r e a s e i n length along the d i r e c t i o n o f magnetization, s i n c e 

the demagnetizing energy i s lowered by the re d u c t i o n i n volume and the change 

i n the demagnetizing f a c t o r . The l a t t e r i s a constant of a p a r t i c u l a r 

sample, dependent on i t s shape. When a sample i s magnetized, .the uncompen­

sa t e d magnetic p o l e s a t the s u r f a c e g i v e r i s e to a r e v e r s e f i e l d , the de­

magnetizing f i e l d . The shape dependent demagnetizing f a c t o r r e l a t e s the 

energy a s s o c i a t e d with the demagnetizing f i e l d , the demagnetizing energy, 

to the s a t u r a t i o n magnetization of the sample. The dependence o f the de­

magnetizing energy on the l a t t i c e deformation g i v e s r i s e t o a f u r t h e r type 

of m a g n e t o s t r i c t i o n r e f e r r e d to as the form e f f e c t . 
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When the r a t i o of the t h i c k n e s s to diameter of a d i s k shaped 

sample i s s m a l l , i t may be seen t h a t the c o n t r i b u t i o n of the form e f f e c t 

to the measured m a g n e t o s t r i c t i o n i s a l s o s m a l l , and i s u s u a l l y n e g l e c t e d 

f o r such samples. 

( v i ) C a l i b r a t i o n and l a t e n t e r r o r s . C a l i b r a t i o n s both of the s t r a i n 

gauges and of the bridge networks a r e r e q u i r e d , and these may l e a d to e r r o r s 

which need to be c o r r e c t e d . 

Some l a t e n t i n a c c u r a c i e s a r e produced, f o r example, by d e v i a t i o n s 

from the recommended s t r a i n gauge i n s t a l l a t i o n procedures. These l e a d to 

v a r i a t i o n s i n glue l i n e t h i c k n e s s , or e l a s t i c i t y of the bond, which a f f e c t 

the apparent gauge f a c t o r . The l a t t e r , which i s the f a c t o r r e l a t i n g the 

r e l a t i v e change i n r e s i s t a n c e t o the r e l a t i v e change i n l a t t i c e s p acing, may 

vary, and normally does, from one s t r a i n gauge to another. 

Also, s l i g h t v a r i a t i o n s i n composition from one c r y s t a l t o another, 

or any departures from a p e r f e c t s i n g l e c r y s t a l s t r u c t u r e may a f f e c t the 

r e s u l t s . An example i s the case of subgrain boundaries o c c u r r i n g i n the 

c r y s t a l . I f the s t r a i n gauge i s p l a c e d a c r o s s a number of such boundaries, 

then a given l a t t i c e d i r e c t i o n w i l l not always be i n l i n e w i t h the gauge. 

The c o n t r i b u t i o n to the m a g n e t o s t r i c t i v e deformation owing to the r e s u l t a n t 

change i n d i r e c t i o n c o s i n e s of the measurement d i r e c t i o n i s p r o p o r t i o n a l to 

the angle of m i s o r i e n t a t i o n a c r o s s the boundary to f i r s t order. The t o t a l 

e r r o r may then amount to s e v e r a l p e r c e n t . I f j u s t the s t r a i n gauge technique 

i s used, then the i n f l u e n c e of i m p u r i t i e s and d e f e c t s on the m a g n e t o s t r i c t i o n 

c o n s t a n t s i s impossible to a s s e s s . 

C a l l e n e t a l . (1963) used the s t r a i n gauge technique t o measure 

the m a g n e t o s t r i c t i o n i n garnet m a t e r i a l s . They have pointed out t h a t a 

l a r g e m a g n e t o r e s i s t i v e e f f e c t , which occurs as the magnetic f i e l d i s a p p l i e d 

to the sample, e s p e c i a l l y a t low temperatures, needs to be c o r r e c t e d f o r i n 

the experimental procedure. 



20 

2.4 Examples of m a g n e t o s t r i c t i o n measurements 

I n order to i l l u s t r a t e the c o n s i d e r a b l e spread of v a r i o u s authors' 

measurements of the m a g n e t o s t r i c t i o n constants of i r o n , Greenough e t al.(1976) 

have c o l l e c t e d together a s e r i e s of v a l u e s , which i s shown i n Table 2.1. A 

survey of the l i t e r a t u r e has y i e l d e d a s i m i l a r s e t of data f o r n i c k e l s i n g l e 

c r y s t a l s , and these m a g n e t o s t r i c t i o n constants are shown i n Table 2.2. A l l 

the measurements i n the t a b l e s were made by means of the r e s i s t a n c e s t r a i n 

gauge technique, and are given f o r room temperature. The averages of the 

d i f f e r e n t v a l u e s are given f o r each constant, together w i t h the s i g n s which 

occur i n i n d i v i d u a l s e r i e s . A l so, the maximum v a r i a t i o n about the mean i s 

given f o r each constant. 

I t can be seen t h a t the maximum v a r i a t i o n s about the means are 

c o n s i d e r a b l y g r e a t e r f o r n i c k e l , although the v a r i a t i o n s a r e q u i t e s e r i o u s 

f o r both c a s e s . I t i s noted however t h a t the l a s t two s e t s of measurements 

f o r n i c k e l are i n co n s i d e r a b l e agreement with one another. 

2.5 Disadvantages of the s t r a i n gauge method 

There are s e v e r a l fundamental sources of e r r o r which must be met 

i n a l l measurement techniques which i n v o l v e the use of an a p p l i e d magnetic 

f i e l d . Examples are the e f f e c t of m a g n e t o c r y s t a l l i n e a n i s o t r o p y , and the 

c o n t r i b u t i o n t o the m a g n e t o s t r i c t i o n from the form e f f e c t . However, gauge 

misalignment, along w i t h v a r i a t i o n of gauge f a c t o r from one gauge to another 

and the e f f e c t of magnetoresistance a r e disadvantages which are c h a r a c t e r i s t i c 

of the s t r a i n gauge technique. I n the re p o r t by I i d a (1967) on the measure­

ments on r a r e e a r t h i r o n g a r n e t s , the author p o i n t s out t h a t a t 78°K the un­

c e r t a i n t y i n gauge f a c t o r s l e a d s to a s y s t e m a t i c e r r o r p o s s i b l y as l a r g e as 

20%. The f a c t t h a t the method i s " i n d i r e c t " , i n v o l v i n g f u r t h e r c a l i b r a t i o n 

c o r r e c t i o n s , i s a f u r t h e r disadvantage. 



Table 2.1 

Previous measurements of the m a g n e t o s t r i c t i o n constants 

of i r o n h, ... h_ x 10^ 

h l h 2 h 3 

Webster (1925) -31.0 

Kaya and Ta k a k i (1936) 38.0 

Car r and Smoluchowski 

(1951) 31.0 -31.0 

Gersdorf (1961) 36.2 -34.0 

Radeloff (1964) 36.1 -33.0 3.4^0.9 0-4. 

Lourens and V i l j o e n (1966) 1.4^0.4 -3.2-0. 

Williams and P a v l o v i c 

(1963) 30.0 -28.0 12.7 12.7 

Mean v a l u e s 34.3 -31.4 5.8 3.2 

Sign + - + + or -

Maximum V a r i a t i o n about 
mean 12.5% 10.8% 119% 297% 



Table 2.2 

Previous measurements of m a g n e t o s t r i c t i o n constants 

of n i c k e l ... hj. x i o 6 

h l h2 h 3 h4 h 5 

Bozorth and Hamming (1953) -68.8 -36,5 -2.8 -7.5 +7.7 
(- 3.8) (- 1.9) (- 3.1) (- 5.2) (- 3.1 

Tatsumoto and Okamoto 
(1965) -45.0 -47.0 -4.0 

(- 2%) 
-51.0 -62.0 

Benninger and P a v l o v i c 
(1967) -85.0 -80.0 -10.0 -6.0 +12.0 

Bower (1971) -98.5 -43.1 +o.i +3.4 +0.2 
(- 1.4) (- 0.5) (- 0.9) (- 0.6) (- 0.9) 

Lee and Asgar (1971) -94.3 -42.5 -0.7 +0.2 +1.5 

Mean v a l u e s -78.3 -49.8 -3.5 -12.2 -8 

Sign - - + or - ? + or -? + o r - ? 

Maximum V a r i a t i o n about 
mean 42.5% 60.6% 185.7% 318% 665% . 
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I t i s perhaps a reasonable o b s e r v a t i o n t h a t not a g r e a t deal of 

a t t e n t i o n has been p a i d to the s t r u c t u r a l p e r f e c t i o n of many of the samples 

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

which have been obtained. The X ray technique used i n the work of t h i s 

t h e s i s , and which w i l l be d e s c r i b e d l a t e r , a l l o w s not only " d i r e c t " measure­

ment of the m a g n e t o s t r i c t i v e deformation i n the sample, but almost s i m u l t a n ­

eously allows an assessment of i t s s t r u c t u r a l q u a l i t y a l s o . Thus the 

r e s u l t s obtained may be considered to a g r e a t e r extent i n the l i g h t of the 

p e r f e c t i o n of the specimen. 
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Chapter 3 

M a g n e t o s t r i c t i o n measurements by X ray d i f f r a c t i o n techniques 

3.1 Magnetic domains 

Below the magnetic o r d e r i n g temperature, a spontaneous magnet­

i z a t i o n e x i s t s i n s i d e a volume of ferromagnetic m a t e r i a l , owing to the 

quantum mechanical exchange i n t e r a c t i o n between the s p i n magnetic moments. 

Because of the m a g n e t o c r y s t a l l i n e a n i s o t r o p y , the magnetization l i e s 

f avourably along some c r y s t a l d i r e c t i o n s . The general f e a t u r e s of the 

magnetic c o n f i g u r a t i o n s e x i s t i n g i n s i d e a given m a t e r i a l have been d i s c u s s e d 

by Chikazumi (1964). A s p h e r i c a l s i n g l e c r y s t a l specimen i s c o n s i d e r e d . 

I f the specimen i s composed of a s i n g l e domain, as shown i n F i g u r e 3 . 1 ( a ) , 

then because of the uncompensated magnetic p o l e s appearing on the s u r f a c e , 

there i s an a s s o c i a t e d magnetostatic energy. One way to avoid t h i s i s to 

make the i n n e r magnetization r o t a t e i n s i d e the sphere, as shown i n F i g u r e 

3.1(b). There are then no magnetic p o l e s , but i n s t e a d the neighbouring 

s p i n s make some angle with one another, so t h a t some amount of exchange energy 

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

determined by a comparison of the two kinds of energy, which a r e dependent 

on the shape and volume of the specimen and on the exchange i n t e r a c t i o n . 

A minimization of t o t a l energy l e a d s to the specimen having some s t a b l e 

magnetic s t r u c t u r e . I f the c r y s t a l has l a r g e magneto c r y s t a l l i n e a n i s o t r o p y , 

the inner magnetization i s f o r c e d to p o i n t p a r a l l e l to an "easy" d i r e c t i o n . 

For c r y s t a l s with easy d i r e c t i o n s along a <100> d i r e c t i o n , the domain 

s t r u c t u r e may look l i k e t h a t shown i n F i g u r e 3 . 1 ( c ) , w h i l s t f o r c r y s t a l s with 

u n i a x i a l anisotropy, the i n n e r magnetization must p o i n t e i t h e r p a r a l l e l or 

a n t i - p a r a l l e l to the easy d i r e c t i o n . I n e i t h e r case, the magnetostatic 

energy i s much l e s s than t h a t a s s o c i a t e d with the s i n g l e domain of F i g u r e 

3 . 1 ( a ) . The domains, regions of uniform magnetization, a r e separated by 



F i g . 3 . 1 ( a ) . S i n g l e domain s t r u c t u r e 

t t f 
f 

F i g . 3 . 1 ( c ) . Domain s t r u c t u r e of a 

m a t e r i a l wi th l a r g e c r y s t a l 

a n i s o t r o p y . 

4 

v 

F i g . 3 . K b ) . Doma in s t r u c t u r e of a 

m a t e r i a l w i th s m a l l c r y s t a l a n i s o t r o p y . 

F i g . 3 . 1 ( d ) . Doma in s t r u c t u r e of a 

m a t e r i a l w i t h u n i a x i a l a n i s o t r o p y . 
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domain w a l l s , r e l a t i v e l y v e r y t h i n l a y e r s i n w h i c h t h e m a g n e t i z a t i o n 

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

o t h e r . Because 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 s d i f f e r e n t on e i t h e r s i d e 

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

may a l s o be d i f f e r e n t on e i t h e r s i d e , as p o i n t e d o u t by Tanner (1 9 7 6 ) . 

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

o f m agnetic domains by X r a y d i f f r a c t i o n t o p o g r a p h y . 

3.2 O b s e r v a t i o n o f domains by X r a y topography 

O b s e r v a t i o n o f magnetic domains u s i n g X r a y to p o g r a p h y was f i r s t 

r e p o r t e d by Merz (19 6 0 ) , whose work i s d i s c u s s e d i n Chapter 4. The f e r r o ­

m agnetic domains s t u d i e d were i n c o b a l t z i n c f e r r i t e . 

M agnetic domains i n Fe-Si s i n g l e c r y s t a l s were o b s e r v e d by 

P o l c a r o v a and Lang (1962) u s i n g Lang's (1959) method o f p r o j e c t i o n t o p o g r a p h y . 

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

graphy i n t h e o b s e r v a t i o n o f domains a r e g i v e n as f o l l o w s . 

1. As w e l l as s u r f a c e c o n f i g u r a t i o n s , t h e method shows up i n t e r i o r 

s t r u c t u r e s w h i c h a r e n o t o b s e r v e d by t h e c o l l o i d t e c h n i q u e ( d e s c r i b e d 

by W i l l i a m s , B o z o r t h , Shockley ( 1 9 4 9 ) ) . 

2. Domains, d i s l o c a t i o n s and low a n g l e b o u n d a r i e s can be seen s i m u l t a n e o u s l y 

on t h e same t o p o g r a p h . 

I n a s e r i e s o f works s i n c e these f i r s t X r a y o b s e r v a t i o n s , 

P o l c a r o v a , a l o n g w i t h Lang (1 9 7 1 ) , Kaczer ( 1 9 6 7 ) , Gemperlova (1969) and 

B r a d l e r ( 1 9 7 2 ) , have s t u d i e d t h e X r a y d i f f r a c t i o n c o n t r a s t o f domains i n 

Fe-Si s i n g l e c r y s t a l s . The s t u d i e s w i t h Lang (1971) have l e d t o a propose d 

f i r e s t r u c t u r e f o r some o f t h e domain w a l l s , w h i l s t t h o s e w i t h B r a d l e r (1972) 

produced a measurement o f one o f t h e m a g n e t o s t r i c t i o n c o n s t a n t s f o r t h i s 

m a t e r i a l . The l a t t e r work w i l l be d i s c u s s e d l a t e r i n t h i s c h a p t e r . 
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I n F e - S i , t h e easy d i r e c t i o n s a r e a l o n g t h e cube axes <100> . 

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

t o t h e (001) p l a n e , P o l c a r o v a and Kaczer (1967) were a b l e t o o b s e r v e 90° 

w a l l s and f i r t r e e c l o s u r e domains. A s c h e m a t i c r e p r e s e n t a t i o n i s shown 

i n F i g u r e 3.2. The 180° domain w a l l s were n o t v i s i b l e , b u t t h e i r p o s i t i o n 

c o u l d be d e t e r m i n e d f r o m t h e p o s i t i o n o f t h e 90° w a l l s and f i r t r e e s . O t h e r 

topographs were t a k e n u s i n g d i f f e r e n t d i f f r a c t i o n s f r o m t h e one used above. 

I t was n o t e d t h a t t h e 90° w a l l s l i e i n (110) and (110) p l a n e s , and i t was 

n o t e d t h a t t h e w a l l s became i n v i s i b l e i f d i f f r a c t i o n p l a n e s on t h e [ T l o ] zone 

o r [110] zone were used. T h a t i s , no 90° w a l l s o r f i r t r e e branches appeared 

i n t h e s e d i f f r a c t i o n s . The d i r e c t i o n o f t h e zone axes i s d e t e r m i n e d by t h e 

v e c t o r : 

o = m
2 ~ m i (3.1) 

where fn^ and m^ ar e u n i t v e c t o r s i n 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 on b o t h 

s i d e s o f t h e w a l l . The r u l e f o r t h e d i s a p p e a r a n c e o f the domain w a l l s on 

X r a y t o p o g r a p h s i s t h a t 

o. g = 0, (3.2) 

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

R e f e r r i n g t o F i g u r e 3.3, i t can be seen t h a t p l a n e s w i t h g 

n o t p e r p e n d i c u l a r t o o d e v i a t e on c r o s s i n g t h e 90° w a l l . For Fe-Si t h e n , 

t h e c r y s t a l has c u b i c s t r u c t u r e when no m a g n e t i z a t i o n e x i s t s , and a s l i g h t l y 

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

The l a t t i c e o u t s i d e a p l a n e (110) 90 w a l l undergoes o n l y magneto-

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

l a t t e r may be c o n c e i v e d as a c o h e r e n t t w i n n i n g boundary. No 180° w a l l s 

a r e o b s e r v e d a t a l l , as 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 
o 

o p p o s i t e s i d e s o f t h e w a l l . 180 domain w a l l s may be made v i s i b l e a t t h e 



F i g . 3 . 2 S c h e m a t i c d i a g r a m of fhe d o m a i n s t r u c t u r e of F e: S i . In X - r a y 

t o p o g r a p h s on ly 90° w a l l s a r e v i s i b l e . 180° w a l l p o s i t i o n s a r e d e t e r m i n e d 

f r o m the p o s i t i o n of f i r t r e e d o m a i n s . 

A m 

m m 

m 

F i g . 3 . 3 L a t t i c e m i s o r i e n ta t i o n a c r o s s 180* w a l l s in i r o n . P l a n e s w i t h g 

not p e r p e n d i c u l a r to Am a r e s e e n to d e v i a t e on c r o s s i n g t h e 90 w a l l . 

A l l p l a n e s a r e c o n t i n u o u s a c r o s s t h e 180* w a l l . 
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s u r f a c e o f a sample i n some cases when t h e r e i s a s t r a i n r e l a x a t i o n e f f e c t 

as t h e w a l l meets t h e s u r f a c e (see Sery e t a l . ( 1 9 7 7 ) ) . The 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 n s i d e t h e w a l l i s compensated by t h e e l a s t i c d e f o r m a t i o n , so 

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

3.3 M a g n e t o s t r i c t i o n measurements w i t h Lang top o g r a p h y 

Because t h e m a g n e t o s t r i c t i o n c o n s t a n t i s t y p i c a l l y s m a l l (2x10 

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

very s m a l l i n n e i g h b o u r i n g domains. T h e r e f o r e , t h e d i f f e r e n c e i n Bragg 

angle i n g o i n g f r o m one domain t o t h e n e x t i s much s m a l l e r t h a n t h e t y p i c a l 

d i v e r g e n c e (>2' a r c ) o f t h e p r i m a r y X r a y beam used i n Lang t o p o g r a p h y . 

The Bragg c o n d i t i o n i s f u l f i l l e d f o r b o t h domains s i m u l t a n e o u s l y , d i f f e r e n t 

domains a r e v i s i b l e s u m u l t a n e o u s l y , and t h e r e i s j u s t a change i n c o n t r a s t 

a t t h e w a l l s . Thus w i t h t h e Lang method i n t h i s i n s t a n c e , t h e d i f f e r e n c e 

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

domain w a l l , can n o t be measured and t h e m a g n e t o s t r i c t i o n t h u s can n o t be 

foun d . 

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

t o be s t u d i e d , i t i s p o s s i b l e t o measure t h e m i s o r i e n t a t i o n i i \ _ g o i n g a c r o s s 

a w a l l f r o m one domain t o t h e n e x t . Such an e x p e r i m e n t has been p e r f o r m e d 

by P e t r o f f and M a t h i o t (1974) . They have d e t e r m i n e d t h e spontaneous magneto­

s t r i c t i o n c o e f f i c i e n t o f t e r b i u m i r o n g a r n e t , Tb^Fe^O^^' b v x r a y d i f f r a c t i o n 

a t 77°K and 4.2°K. The g a r n e t i s f e r r o m a g n e t i c below 568°K, i t s easy axes 

b e i n g a l o n g <111>. The m a g n e t o s t r i c t i v e d i s t o r t i o n t h e n i s a l o n g <111>, 

and a rhombohedral s t r u c t u r e o f t h e l a t t i c e r e s u l t s . Magnetic domains can 
o o o 

appear and a r e l i m i t e d by 71 , 109 and 180 w a l l s . I n an X r a y t o p o g r a p h i c 

s t u d y o f (110) p l a t e s by t h e same a u t h o r s , a N i t y p e s t r u c t u r e was o b s e r v e d , 

i n w h i c h t h e w a l l s a t 71° a r e i n {110} p l a n e s , and t h e 109° w a l l s a r e i n 

{001} p l a n e s . 180° w a l l s were n o t v i s i b l e , i n agreement w i t h p r e v i o u s 
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remarks. I t was n o t e d t h a t a t low t e m p e r a t u r e s , t h e 71 w a l l s a re 

p r a c t i c a l l y t h e o n l y ones p r e s e n t . I n t h e e x p e r i m e n t t h e n , t h e (110) p l a t e 

i s mounted i n a c r y o s t a t and p o s i t i o n e d on a Lang camera. The geometry o f 

t h e domains i n t h e p l a t e i s shown i n F i g u r e 3.4. 

I n t h e domain deno t e d by I , t h e m a g n e t i z a t i o n d i r e c t i o n i s [ i l l ] . 

I n domain I I , t h e m a g n e t i z a t i o n i s i n t h e [ i l l ] d i r e c t i o n . 

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

between t h e t y p e I and I I domains. Because t h e r e s u l t a n t m a g n e t o s t r i c t i v e 

d i s t o r t i o n h ere i s rhombohedral and n o t t e t r a g o n a l as f o r S i - F e , e q u a t i o n s 

f o r m a g n e t o e l a s t i c e q u i l i b r i u m may be q u i t e d i f f e r e n t . I t i s p o i n t e d o u t 

by M a t h i o t e t a l . (1973) t h a t domain r u l e s r e g a r d i n g domain c o n t r a s t a r e n o t 

v e r i f i e d . A l t h o u g h P o l c a r o v a ' s r u l e has been s u p p o r t e d by o b s e r v a t i o n s on 

Y.I.G., P a t e l e t a l . (1973) have o b s e r v e d domain c o n t r a s t i n Co s u b s t i t u t e d 

o r t h o f e r r i t e s c o n t r a r y t o t h e p r e d i c t i o n s o f P o l c a r o v a ' s model. Thus t h e 

whole s u b j e c t can become q u i t e complex. 

The change i n at*gle a c r o s s t h e w a l l , 6 ( A J ) ^ , i s p r o p o r t i o n a l t o 

t h e component o f s t r a i n , t h e e q u i l i b r i u m v a l u e o f w h i c h i s f o u n d by m i n i m i z i n g 
3 

t h e energy d e n s i t y , and i n M a t h i o t ' s e x p e r i m e n t i s g i v e n by: e ^ = — ^ 1 1 1
x 

u. u., where u. . a r e d i r e c t i o n c o s i n e s o f t h e m a g n e t i z a t i o n . For t h e 

f i n a l e x p r e s s i o n f o r 6 ( A 0 ) ^ , two a n g l e s c h a r a c t e r i s t i c o f t h e p r o b l e m a r e 

used. These a r e , t h e a n g l e o f asymmetry between t h e e n t r a n c e s u r f a c e and 

t h e normal t o t h e r e f l e c t i n g p l a n e , and <|>, t h e a n g l e between t h e t r a c e o f 

t h e w a l l on t h e e n t r a n c e s u r f a c e and t h a t o f t h e r e f l e c t i o n p l a n e . Then: 
<S (AG) 1 L - /2 X m s i n 2 4> c o s 2 4» [ t a n 0 - t a n v ] (3.3) 

I t i s n o t e d t h a t t h e change i s p r o p o r t i o n a l t o t a n 0 and so r i s e s w i t h i n ­

c r e a s i n g o r d e r o f r e f l e c t i o n . A l s o 6 (A0) i s a maximum f o r <|> = 1 T / 4 , t h a t i s 

f o r t h e r e f l e c t i n g p l a n e whose t r a c e on t h e e n t r a n c e s u r f a c e i s a t 45° t o 

t h a t o f the w a l l . 6 (A0) = 0 f o r <|> = * and 0. 
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F i g . 3 . 4 Domain g e o m e t r y of c r y s t a l p l a t e s t u d i e d by M a t h i o t an 

P e t r o f f . (197 / ; ) . 

Table 3.1(a). Results at 4.2* K. Table 3.1(b). Results at 77°K 

Ref lect ion <5lA9)sec. V 1 0 6 Reflection j ( A 8 ) s e c . X x10 6 

i l l 

8,8,8 260 2198 12,12,12 105 519 

12,12,12 435 2151 12,12,12 106 524 

8, 8, 8 250 2113 2, 6, 4 80 542 

U12.12 455 2250 4,12, 8 120 578 

8, 8,16 410 2267 4, 8,12 100 482 

3,"l, 2 265 2183 0, 4, 2 102 513 

3, 1, 2 160 2253 0, 4 ,4 80 523 

6, 2.U 315 2132 0, 8,8 95 501 

I 6, i* 325 2200 8, 8,16 90 486 

4,12,8" 440 2121 

\ 0, 2 250 2 202 

^ o ,T 237 2088 

4 0 , T 187 2189 

4 ,0 , 4 322 2107 
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The measurements made a t 77 k and 4.2 k a r e t h e n shown i n Table 

3.1(a) and Ta b l e 3 . 1 ( b ) . The r e s u l t s a r e seen t o agree w i t h t h o se o f o t h e r 

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

s t r i c t i o n c o n s t a n t w i t h o u t t h e use o f an a p p l i e d magnetic f i e l d . S i m i l a r 

work extended t o Dy.I.G.and Y.I.G.has been r e p o r t e d by t h e same a u t h o r s 

( 1 9 7 5 ) . 

3.4 Measurements w i t h l a r g e m a g n e t o s t r i c t i o n m a t e r i a l s 

I n t h e f i r s t h a l f o f t h e s i x t i e s , Rhyne e t a l . (1963) r e p o r t e d 

" g i a n t " m a g n e t o s t r i c t i o n i n t h e heavy Rare E a r t h e l e m e n t s . 

The c o n s t a n t s d e s c r i b i n g t h e m a g n e t o s t r i c t i o n were e v a l u a t e d by 

D a r n e l l (1963) f r o m X r a y measurements o f t h e c r y s t a l c e l l d imensions o f Dy 

i n i t s f e r r o m a g n e t i c s t a t e below 86°K, and f o r Tb i n i t s f e r r o m a g n e t i c s t a t e 

below 220°K. The maximum o b s e r v a b l e s i n g l e c r y s t a l m a g n e t o s t r i c t i o n s a r e 

e s t i m a t e d t o be a b o u t 5x10 ^ f o r b o t h m a t e r i a l s , t h i s b e i n g a t 22°K. 

I t was p o i n t e d o u t t h a t when such l a r g e v a l u e s o f m a g n e t o s t r i c t i o n 

a r e a p p a r e n t , i t becomes a m a t t e r o f c h o i c e w hether one wishes t o c o n s i d e r 

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

on t h e o r i g i n a l symmetry, o r i n terms o f a new s t r u c t u r e o f l o w e r symmetry. 

M a g n e t o s t r i c t i o n t e t r a g o n a l i t y o f a b o u t 5x10 i n Fe TiO has 
^ f t 

been o b s e r v e d by I s h i k a w a e t a l . ( 1 9 7 1 ) . Here t h e s t r u c t u r e d e t e r m i n a t i o n 
o 

below t h e magnetic o r d e r i n g t e m p e r a t u r e , 142 k, was made by X r a y powder 

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

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

C l a r k e t a l . (1976) has made measurements o f t h e l a r g e magneto­

s t r i c t i o n c o n s t a n t s o f some r a r e - e a r t h i r o n compounds, n o t a b l y TbFe2 and 

DyFe^, al o n g w i t h t h e t e r n a r y and q u a t e r n a r y a l l o y s o f t h e fo r m R^R^R^Fe^ 

(R = Ce, Pr, Sm, Tb, Dy, Ho, Yb). These c u b i c r a r e e a r t h i r o n m a t e r i a l s 

a r e t h e o n l y known compounds p o s s e s s i n g such huge room t e m p e r a t u r e magneto-
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s t r i c t i o n s . I t i s f o u n d t h a t A,^ << X,,,, b e i n g more t h a n 
100 111 111 100 * 

600 f o r DyFe2- The v a l u e s o f a r e deduced f r o m t h e s p l i t t i n g o f 

s e l e c t e d X r a y d i f f r a c t i o n l i n e s and v a l u e s a r e shown i n T a b l e 3.2. 

3.5 S t u d i e s o f NiO 

The d i s t o r t i o n s o f the NiO l a t t i c e owing t o i t s m a g n e t i c o r d e r i n g 

have been s t u d i e d by s e v e r a l a u t h o r s , u s i n g X r a y methods. The magnetic 

s t r u c t u r e o f NiO, w h i c h i s a n t i f e r r o m a g n e t i c , has been s t u d i e d by Roth (1960) 

u s i n g n e u t r o n d i f f r a c t i o n and o p t i c a l methods, and by S l a c k (1960) who, 

b e s i d e s X r a y d i f f r a c t i o n , a l s o used o p t i c a l methods. 

The o r d e r i n g below t h e o r d e r i n g t e m p e r a t u r e T^ i s shown schemat­

i c a l l y i n F i g u r e 3.5La). The s p i n s l i e i n f e r r o m a g n e t i c {111} p l a n e s . The 

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

w hich i s seen as a c o n t r a c t i o n o f t h e o r i g i n a l c u b i c u n i t c e l l a l o n g one 

o f t h e < l i r > axes. I t i s p o i n t e d o u t by D a r n e l l (1963) t h a t such s t r u c t u r e 

change (as w i t h FeO, CoO and MnO a l s o ) i s n o t u s u a l l y c o n s i d e r e d as magneto­

s t r i c t i o n , s i n c e a p p l i c a t i o n o f normal f i e l d s causes no change i n m a g n e t i z a t i o n 

and t h u s no d i m e n s i o n a l change. The d i s t o r t i o n i s r e f e r r e d t o t h e n as ex­

change s t r i c t i o n . 

Because t h i s c o n t r a c t i o n may o c c u r a l o n g any o f f o u r e q u i v a l e n t 

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

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

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

as T ( t w i n ) domains. Regions o f d i f f e r e n t c o n t r a c t i o n axes a r e s e p a r a t e d 

by T w a l l s , w h i c h can b e l o n g t o {001} o r { 1 1 0 } , as shown i n F i g u r e 3 . 5 ( b ) . 

A n o t h e r t y p e o f domain w a l l e x i s t s i n NiO, c a l l e d an S ( s p i n 

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

t h e r e i s no change i n c o n t r a c t i o n a x i s , b u t merely a r o t a t i o n o f t h e s p i n 

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

w i t h v a r i a t i o n s o l s p i n are cons.!durably sni.ii.Lur t h an tho "exchange" 

&;t. f i c t i o n a s s o c i a t e d w i t h t.ho T domains. 

http://sni.ii.Lur
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F i g . 3 . 5 ( a ) . A n t i f e r r o m a g n e t i c s t r u c t u r e of NiO. T h e open c i r c l e s a r e 

o x y g e n a t o m s . The s p i n s lie in (111) b u t the the d i r e c t i o n w i th in t h e 

f e r r o m a g n e t i c (111) p l a n e is not s p e c i f i e d . T h e c o n t r a c t i o n a x i s i s 

[111] and the r h o m b o h e d r a l c e l l s h o w n h a s <x=90*4' . 

B 

1001) 

(001) 

(100) 

F i g . 3 . 5 ( b ) . T w a l l s in NiO. T h e T w a l l s a r e s h a d e d . A s i n g l e f e r r o ­

m a g n e t i c s h e e t in a d j o i n i n g T r e g i o n s is s h o w n and the m a g n e t i z a t i o n 

in a d j a c e n t s h e e t s i s a n t i p a r a l l e l . T h e m a g n e t i c a x i s i s [110] . The 

wal l in A is 1(001)11 a n d t h a t in B i s 1(110)11. 
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The rhombohedral angle of NiO a t 300 K has been g i v e n by S l a c k (1960) 

from X ray measurement to be 90°4.2'. Also a measured value of f a c i a l t i l t 

angle o f the (112) plane a c r o s s a T w a l l was g i v e n as 11-1', l e a d i n g to a 

f r a c t i o n a l change along {111} of 1.3x10 

An X ray d i f f r a c t i o n study of T domain d i s t o r t i o n has been 

d e s c r i b e d by Kohn and I i d a (1969). T h e i r experimental arrangement i s shown 

i n F i g u r e 3 . 6 ( a ) . When a given area of the specimen has a p e r f e c t c r y s t a l 

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

the photographic f i l m . When the a d j a c e n t areas are m i s o r i e n t e d with r e s p e c t 

to each other, the d i f f r a c t i o n p a t t e r n s h i f t of one a r e a l e a d s to an o v e r l a p 

or gap on the f i l m . T h i 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 3.6(b). From 

the amount of s h i f t , the angle of m i s o r i e n t a t i o n i s estimated. The s m a l l e s t 

d e t e c t a b l e m i s o r i e n t a t i o n was about 0.3' a r c . Observed m i s o r i e n t a t i o n 

angles f o r twin planes (010) and (110) were 10' and 7'. Other m i s o r i e n t a t i o n s 

of about 1' were observed and were thought to be r e l a t e d to "images" o f 
-4 

S w a l l s , suggesting a spontaneous m a g n e t o s t r i c t i o n of about 10 

I n order to i n v e s t i g a t e the s e n s i t i v i t y a t t a i n a b l e with a s i n g l e 

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

c o n s t r u c t e d a t Durham U n i v e r s i t y . The c o l l i m a t i o n of the primary beam was 

made by two v e r t i c a l s l i t s which were 30um and 80um wide, separated by 90cms. 

The h o r i z o n t a l divergence of the beam then was not l e s s than 30 seconds of 

a r c . With the {444} r e f l e c t i o n and MoKot^ r a d i a t i o n , not only was the Ka 

doublet separated, a t 14' a r c , but a s p l i t t i n g o f the Kc^peak of s l i g h t l y 

more than 6' a r c was observed. The width of the beam i n c i d e n t on the c r y s t a l 

was estimated to be about lOOpm, wider than the lOum T domain width which has 

been quoted by o t h e r workers. I t i s thought t h a t t h i s s p l i t t i n g was r e l a t e d 

to some T w a l l m i s o r i e n t a t i o n . However, the u s e f u l s e n s i t i v i t y of the 

arrangement was thought to be a t i t s l i m i t a t t h i s s t a g e . 
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r i g . 3 . 6 ( a ) S k e t c h of X ray d i f f r a c t i o n a r r a n g e m e n t . 

X L i n e a r X r a y s o u r c e (Mo K * , ) 

M B e n t q u a r t z p l a t e monochrome t o r , r a d i u s 200 mm 

S S l i t 

C S p e c i m e n m o u n t e d on a h o l d e r r o t a t a b l e a r o u n d t h e 

v e r t i c a l a x i s 

P P h o t o g r a p h i c p l a t e 

[001] 

[100] 

s p e c i m e n J ay 

f i lm 

F i g . 3 . 6 ( b ) A s c h e m a t i c i l l u s t r a t i o n of a s h i f t of the p a t t e r n 

due to the m i s o r i e n t i o n of t h e l a t t i c e . 
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The magnetic anisotropy, m a g n e t o s t r i c t i o n and magnetic domain 

w a l l s f o r the case of S domains have been t r e a t e d both t h e o r e t i c a l l y and 

e x p e r i m e n t a l l y by Yamada (1966). I t was shown t h a t the m a g n e t o s t r i c t i v e 

d i s t o r t i o n s a re given by an orthohombic deformation e -e and a monoclinic 
xx yy 

deformation e . The v a l u e s obtained e x p e r i m e n t a l l y were ( 9 - 3 ) x 10 ^ 
z* 

and ( 1 . 6 - 1 ) x 10 ^ r e s p e c t i v e l y . The experimental arrangement shown i n 

F i g u r e 3.7 i n v o l v e d a combination of double c r y s t a l ( d e s c r i b e d i n Chapter 4) 

and Berg B a r r e t t topography ( d e s c r i b e d r e c e n t l y by Tanner ( 1 9 7 6 ) ) . The r e s u l t s 
-4 -4 di d not agree with the p r e d i c t e d v a l u e s of 2.4 x 10 and -1.5 x 10 

r e s p e c t i v e l y . I t was a l s o pointed out t h a t the value of the orthorhombic 

deformation was l a r g e r than t h a t determined from other methods of measurement 

a t t h a t time. C r y s t a l i m p e r f e c t i o n s were s a i d to be p a r t l y r e s p o n s i b l e , and 

a l s o the amount of spontaneous m a g n e t o s t r i c t i o n seemed to change l o c a l l y 

depending upon the s t r a i n d i s t r i b u t i o n produced by the c r y s t a l i n p e r f e c t i o n s . 

I t was s t a t e d t h a t the value of the s t r i c t i o n obtained by measuring " o v e r a l l " 

s t r a i n may be s a i d to have become s m a l l e r as compared with the v a l u e obtained 

by measuring " l o c a l " s t r a i n , as i n the case of Yamada's work. Nakahigashi 

e t a l . (1975) repeated measurements s i m i l a r to those above using Berg B a r r e t t 

topography. The v a l u e s obtained f o r the deformations were l a r g e r and of the 

c o r r e c t s i g n as p r e d i c t e d t h e o r e t i c a l l y by Yamada. The improved r e s u l t s 

were explained by the b e t t e r q u a l i t y of c r y s t a l s used compared with Yamada's 

experiment. 

3.6 Low m a g n e t o s t r i c t i o n measurement 

I t has been seen so f a r t h a t m a g n e t o s t r i c t i v e d i s t o r t i o n s of the 
-3 

order 10 may be deduced by using f a i r l y simple monocrystal techniques such 

as the powder method and the s i n g l e c r y s t a l goniometer. For v a l u e s of the 
-4 

order 10 , the Lang technique has been used, w h i l s t f o r deformations 

approaching v a l u e s below t h i s , which w i l l be d e s c r i b e d i n d e t a i l i n Chapter 4, 
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a double c r y s t a l method has been used. The more t y p i c a l v a l u e o f magneto­

s t r i c t i o n o f about 10 has been measured by B r a d l e r and P o l c a r o v a (1972) who 

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

90° domain w a l l i n Fe-3% S i . The e x p e r i m e n t a l arrangement used i s shown 

i n F i g u r e 3 . 8 ( a ) . The second c r y s t a l was r o t a t e d t h r o u g h t h e r e f l e c t i n g 

p o s i t i o n and t h e i n t e n s i t y o f t h e r e f l e c t e d beam was measured by a s c i n t i l l ­

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

F i g u r e 3 . 8 ( b ) . A l s o topographs were t a k e n a t t h e d i f f e r e n t a n g u l a r p o s i t i o n s 

and t h e b l a c k e n i n g r e c o r d e d f o r two n e i g h b o u r i n g domains was s t u d i e d w i t h a 

photometer; t h i s l e d t o a s i m i l a r c u r v e . From t h e s e p a r a t i o n o f t h e de­

composed c u r v e , a v a l u e o f w a s f o u n d t o be 2.7 x 10 ^, i n agreement 

w i t h o t h e r a u t h o r s ' r e s u l t s . I t was p o i n t e d o u t t h a t e r r o r s i n t h e r o c k i n g 

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

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

b e i n g 2". Thus i t was c l a i m e d t h a t t h e m a g n e t o s t r i c t i o n v a l u e q u o t e d does 

n o t exceed t h e a c c u r a c y o f those v a l u e s g i v e n by o t h e r methods. 

A l l t h e methods o f m a g n e t o s t r i c t i o n measurements d i s c u s s e d i n 

t h i s c h a p t e r have t h e common advantage t h a t no magne t i c f i e l d i s r e q u i r e d i n 

deducing t h e v a l u e s o f spontaneous m a g n e t o s t r i c t i o n . The case where o n l y 
o 

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

may n o t be a p p l i e d t o t h i s case, as has been i n d i c a t e d . 
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F i g . 3 . 8 ( a ) S c h e m a t i c d i a g r a m of d o u b l e c r y s t a l a r r a n g e m e n t u s e d by 

B r a d l e r and P o l c a r o v a (1972) . ( i ) p l a n , (ii) e l e v a t i o n . F, f o c u s , S, ,S, 

s l i t s . P, p h o t o q r a p h k p l a t e , C. c o u n t e r . 

II 10 

e 

F i g . 3 . 8 ( b ) . 1, m e a s u r e d r e f l e c t i o n c u r v e . 2 & 3 o b t a i n e d by n u m e r i c a l 

d e c o m p o s i t i o n of c u r v e 1. 
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Chapter 4 

Proposed method of magnetostriction measurement and review of 

double crystal diffractometry 

4.1.1 The use of a double crystal X ray di f f T a c t o m e t e r for the 

measurement of magnetostriction 

The disadvantages of measuring magnetostriction by the most widely 

used technique, the resistance s t r a i n gauge, have been outlined i n Chapter 2. 

An important point i s that the method allows j u s t i n d i r e c t contact with the 

cr y s t a l l a t t i c e planes. The use of X ray d i f f r a c t i o n techniques to measure 

magnetostriction, as described i n Chapter 3, provides one way of overcoming 

thi s d i f f i c u l t y . The successful use of X rays requires crystals of good 

l a t t i c e perfection. However, once th i s requirement i s f u l f i l l e d , the 

fundamental nature of the results obtained may be emphasised. 

One of the drawbacks i n using the X ray d i f f r a c t i o n techniques 

which have been discussed i s that they may not be applied to the measurement 
o 

of the magnetostrictive d i s t o r t i o n i n crystals which contain only 180 

magnetic domain walls. 

I t can be seen then that there i s room for at least one further 

measurement technique which may be e n t i r e l y d i f f e r e n t from those already 

discussed, or which may be based on some combination of aspects of the two 

mentioned above. 

The basis of the measurement technique used, and which i s being 

described i n t h i s thesis, can be seen through a d i f f e r e n t i a t i o n of the Bragg 

equation which keeps the wavelength,A, constant. 
X = 2d sin 0 

0 = 2d cos 0A0 + 2Ad sin 0 

+Ad = -A0 (4.1) 
d tan 0 
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This equation relates the fr a c t i o n a l change i n l a t t i c e spacing, Ad/d, 

to the change i n Bragg angle, A0, which occurs when the l a t t i c e spacing 

is changed by Ad. When a cry s t a l i s mounted on a diffractometer and 

rotated through the Bragg angle, the rocking curve represents the r e l a t i o n 

between the Bragg reflected X ray int e n s i t y , I , recorded i n the detector, 

and the ro t a t i o n angle, 0. From Figure 4.1(a) i t can be seen that the 

maximum change i n intensity for a change A0 occurs on either flanks of 

the curve. 

A magnetic f i e l d of s u f f i c i e n t strength to saturate a magnetic 

crystal can be rotated to change the direction of magnetization i n the c r y s t a l . 

I f the crystal i s set on the flank of the rocking curve, the fr a c t i o n a l 

change i n l a t t i c e spacing, Ad/d, which accompanies the rotation of the 

magnetization, may be related through equation (4.1), and the rocking curve, 

to the change i n the reflected X ray i n t e n s i t y . 

For a typi c a l value of Ad/d of lO ^ and a Bragg angle of 45° 

i t can be seen that the value of A0 i s about 2 seconds of arc. For the 

s e n s i t i v i t y required to measure A0 i n the way described, rocking curves of 

the order of 10 seconds of arc width are needed. I t has been seen i n 

Chapter 3 that Polcarova and Bradler (1972) obtained narrow rocking curves 

by using a double crystal X ray diffractometer, and such an instrument was 

employed i n the work of t h i s thesis. The general theory of the double crystal 

diffractometer i s described i n section 4.2. The geometry of the experimental 

arrangement i s shown i n Figure 4.1(c). 

4.1.2 Previous X ray techniques involving an applied magnetic f i e l d 

In an X ray study of ferromagnetic domains i n cobalt zinc f e r r i t e , 

Merz (1960) described his magnetostriction measurement technique which involves 

essentially the same principles as those described above. However, there are 

some important differences between his work and the project described here. 
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Merz observed domains i n cobalt zinc f e r r i t e crystals using a 

double crystal diffractometer and the Berg Barrett method. The crystals 

had been magnetothermally annealed, such treatment leaving the magnetization 

i n a known direction. A magnetic f i e l d was applied perpendicular to t h i s 

direction and the crystal was rotated u n t i l the domains which had been shown 

to be r e f l e c t i n g i n the o r i g i n a l Berg Barrett micrographs were again shown 

to be Bragg re f l e c t i n g . From the rotation he deduced a value for the 

magnetostriction. 

Although a double c r y s t a l camera had been used here, no special 

mention was made of the high s e n s i t i v i t y which may be achieved with such an 

instrument. I n fact , i t was stressed that a material with a large magneto-
—6 

s t r i c t i o n (the value of AJl/S, for cobalt zinc f e r r i t e i s -335 x 10 ) was 

deliberately chosen, and so the s e n s i t i v i t y aspect of the experimental 

arrangement was essentially ignored. The minimum width i n any of the rocking 

curves which were recorded was 63 seconds of arc, indicating that the cry s t a l 

l a t t i c e perfection was not of the highest possible. 

The magnetic f i e l d used i n Merz's work had a maximum achievable 

value of 5000 Oe. In Chapter 5 the magnet used i n the present work w i l l be 

described and the magnetic f i e l d obtainable w i l l be shown to be considerably 

higher. Thus from the point of magnetic fieldstrength alone, the present 

apparatus to be described may be applied to a wider choice of materials. 

I t should perhaps be pointed out that experiments studying the 

effects of a magnetic f i e l d on the r e f l e c t i o n of X rays from a cry s t a l set 

i n the Bragg condition have quite a long history. de Broglie (1913) per­

formed an experiment along these lines and "Physical Review" records a series 

of such experiments by Compton and Trousdale (1915), Compton and Rognley 

(1920), Becker (1922), Yensen (192H) and Stearns (1930). A l l were designed 

to determine the nature of the ultimate magnetic p a r t i c l e . None of the 

experiments was successful i n observing any change i n Bragg reflected X rays 

when a magnetic f i e l d ( t y p i c a l l y 1000 Oe) was applied to the cry s t a l l a t t i c e . 
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4.2 Theory of the double crystal diffractometer 

4.2.1 Introduction. The geometrical arrangement of the double crystal 

diffractometer has been referred to i n several previous sections. Generally 

i t has been seen that X rays are Bragg reflected from one c r y s t a l , the 

reference, and then the X rays are further Bragg reflected from a second 

c r y s t a l , the specimen. The advantage of a double crystal diffractometer 

over a single c r y s t a l instrument i s p r i n c i p a l l y due to the greater angular 

resolving power attained. This increase i s caused by the selective action 

of the f i r s t crystal upon the incident beam. Monochromatic constituents 

of i t are d i f f r a c t e d i n p a r a l l e l bundles i n the beam leaving the cr y s t a l . 

The theory describing the operation of a double crystal d i f f -

ractometer was presented by Compton and All i s o n (1935). From t h i s , some 

of the elementary properties of the instrument may be seen. In the f o l l ­

owing, a resume of that theory which applies to the setting of the d i f f -

ractometer used i n the work of t h i s thesis w i l l be given. A general 

equation for the instrument w i l l be developed. The functions appearing i n 

th i s equation depend i n part on certain angles which are important i n the 

operation of the instrument. Thus these angles, together with some 

assumptions as to the experimental arrangement w i l l be considered f i r s t . 

F i nally i t w i l l be shown how the important properties of the instrument may 

be obtained from the general equation. 

4.2.2 Settings of the diffractometer 

I t i s assumed that the two axes of r o t a t i o n of the crystals l i e 

i n a v e r t i c a l plane, and that they are accurately p a r a l l e l . Further, i t i s 

necessary that the r e f l e c t i n g crystal planes are p a r a l l e l to these axes. 

The discussion i s applicable to the case of the X rays being reflected from 

the crystal surface, but i s not adequate to cover the case of transmission 

through a cr y s t a l slab. 
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Fig.t*. 1 (a) . R o c k i n g c u r v e s h o w i n g the p o s i t i o n of the c r y s t a l on the f lank 

of the c u r v e u s e d f o r high s t r a i n s e n s i t i v i t y . 

s 9MJ 9 ( X . n U f 

9 ( X . n ) * <* 

Fig ' • . K b ) . T y p e 1, (+ , • ) p o s i t i o n of d o u b l e c r y s t a l d i f f r a c t o m e t e r . 

0 ( \ , n J - p + * B 

0(\.nJ-p 

I 
Fig. /» .1(c) . Type 2 , (+ , - ) p o s i t i o n of doub le c r y s t a l d i f f r a c t o m e f e r . F o r z e r o 

d i s p e r s i o n t h e c r y s t a l s a r e p a r a l l e l and t h e i r l a t t i c e s p a c i n g s a r e e q u a l . 
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The positions of the two crystals f a l l i nto two main classes. 

These are shown i n Figures 4.1 (b) and (c). The f i r s t type i s the (+,+) 

or (n,n) setting. Here, the rays incident on the reference crystal and 

leaving the specimen crystal are on the same side of the ray between the 

crystals. The second type i s the (+,-) or (n,-n) setting. Here the rays 

incident on the reference crystal and leaving the specimen crystal are on 

opposite sides of the ray between the crystals. The (+,-) setting was 

used i n the work reported here. 

4.2.3 Beam divergence 

The v e r t i c a l divergence, <J>, of the ray i s the angle made with 

i t s projection on a plane which i s perpendicular to the axes of the instrument. 

The functions appearing i n the instrument are symmetrical with respect to rays 

ly i n g above or below t h i s plane. 

The horizontal divergence, a, of a ray i s the angle made with i t s 

projection on a v e r t i c a l plane containing the central ray, the ray which 

passes through the geometrical centre of the s l i t aperture. The value of a 

may be defined as positive or negative depending on whether the glancing 

angle made by the ray on the reference crystal i s greater or less than the 

glancing angle of the central ray. 

4.2.4 Rays incident upon the reference crystal 

Three quantities characterize a ray i n the beam incident upon the 

reference cr y s t a l . These are (A,a f^) f the wavelength, and the horizontal 

and v e r t i c a l divergences respectively. The glancing angle of such a ray 

may be found i n terms of a and <j). I f the ray with a = $ = 0 makes the 

glancing angle < M £ ' n
A ) » then for small a and i t can be seen from Figure 

4.2 that the required glancing angle i s : 

1 2 
* , ( Xo' nA ) + a ~ 2 • t a n 0 ( X

0' n- A> <4-2> 
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U . 0 , 0 ) 

F i g . 4 . 2 . I n c i d e n t ray on f i r s t c r y s t a l m a / be d e s i g n a t e d by t h r e e s y m b o l s 

(X,<*,$]. G l a n c i n g a n g l e s s h o w n a r e t h o s e made by r a y s [X.ot,0) a n d (A 0 4 ) 

w h e n t h e g lanc ing ang le of the c e n t r a l r a y (X ,0 ,0 ) i s 9(A,nj . 

O(A.n) 

r e f e r e n c e s p e c i m e n 
9 1 } , n ) 

h g . 4 . 3 . For n g> r^, fhe s p e c i m e n c r y s t a l p a s s e s f r o m s h o r t e r to lo 

w a v e l e n g t h s when r o t a t e d c l o c k w i s e . 
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A q may be thought of as some characteristic wavelength such as the centre 

of a spectral l i n e or an absorption l i m i t . 

The deviation of the angle 0 from the glancing angle 

(X,a,^) i s now required. This deviation i s the argument of the reference 

crystal d i f f r a c t i o n pattern function which w i l l appear i n the general equation. 

0 (^/n ) i s the reference angle corresponding to X i n the n order. I t may 

be written 
d 

© (X,n ) = 0 (X ,n ) + (X - X ) a t ~ 0 U , n ) (4.3) A O A O Q O A 

The required angular deviation i s the difference of (4.2) and ( 4 . 3 ) . I f the 

d i f f r a c t i o n pattern of the reference crystal approaches that of a perfect 

crystal and t h i s deviation, 

1 2 . 3 o - T * tan 0 (A , n J - (X - X ) ^p— 0 (X ,« ) ( 4 . 4 ) /. o A o «A 0 o A 

i s more than a few seconds of arc, then the int e n s i t y of r e f l e c t i o n of ray 

(X,a,<|>) from the reference w i l l be very small. Theoretically, however, each 

ray incident on the reference i s reflected at least to some extent. 

4.2.5 Rays incident on specimen crystal 

I t i s assumed that the method of operation i s such that the 

rocking curve i s obtained from rotation of the second crystal alone. 

0 Q ^ 0' r ,
B^ i s t n e e x a c t Bragg angle obtained from the Bragg equation when 

the wavelength X q i s reflected i n order rig- The r e f l e c t i o n of a given 

wavelength X q w i l l take place through certain small ranges about the glancing 

angle (0 ,n ). I t i s convenient to speak of the deviations of the specimen O B 
from t h i s characteristic angle. The deviation which i t i s necessary to 

consider i s very small and i s represented by $. As with a, t h i s may be 

decided as being positive or negative by d e f i n i t i o n . 

Let the specimen crystal be set so that i t s angular deviation i s 

0 from a position where the glancing angle of the central ray upon i t i s 
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0 ( A ,n ) . The glancing angle of the central ray upon the specimen crystal o B 
i s then 0 ( A ,n ) - B , and the glancing angle made by the ray (A,a ,<J>) i s : 

O B 
0 ( A ,n ) - 0 + a - \ * 2 tan 0 ( A ,n ) (4.5) O B 2. O B 

The deviation of the glancing angle of t h i s ray from the angle 0 (X,n ) i s 
B 

- 6 + a - \ $2 tan 0 ( A ,n ) - ( A - A ) 3 0 ( A ,n ) (4.6) 2 o B o ^ O B 
o 

This deviation i s the argument of the single c r y s t a l d i f f r a c t i o n pattern 

function of the specimen cry s t a l . 
4.2.6 Power i n element of incident beam 

The power i n an element of the beam incident on the reference 

crystal may be wri t t e n 

G(a,<f») J ( A - A q ) da dA d$, where the element has wavelengths 

between A and A + dA, and horizontal and v e r t i c a l divergences da and d<t> 

respectively i n the v i c i n i t y of values a and <|>. The geometrical function G 

depends on such parameters as s l i t aperture shape, and in t e n s i t y d i s t r i b u t i o n 

i n the focal spot. The function J gives the d i s t r i b u t i o n of energy i n the 

incident spectrum. 

4.2.7 General equation 

After d i f f r a c t i o n of t h i s incident beam from the reference, the 
power i n the resultant beam w i l l depend on the deviation of the glancing 

angle from the angle 0 ( A , n f t ) . Such a dependence i s given by the single 

crystal d i f f r a c t i o n pattern function, which i s called the C function. Hence 

the power i n the elementary beam after d i f f r a c t i o n from the reference cr y s t a l 

can be wri t t e n : 

G(aA) J ( A - A ) C [a - ~ * 2 tan 0 ( A ,n ) O A 1 2 O A 

- ( A - A ) ( 3 / a A J 0 ( A ,n )1 
O O O A J 

dAdocd* (4.7) 



39 

This i s subsequently d i f f r a c t e d by the second c r y s t a l . Again the d i f f r a c t e d 

beam depends on the deviation from the glancing angle 0 (X , n ) , and this 
o B 

dependence i s given through the C function for the specimen c r y s t a l . Upon 

integration, the entire i n t e n s i t y reflected from the specimen i s then written : X 4> a m max m J G(a,d>) J (X-X ) 4> a min m m 
) 0 (A , n j ] 

o A J 
(X-A ) <t tan 0 (X ,n ) a o SX 

C - 0 + a ~ <J> tan 0(X ,n ) - (X-X ) ( V ) 0 (X ,n ) ] B ' 2 O R O 3 X O B J 

O 
dadXd<t> (4.8) 

This general equation for the double crystal instrument i s w r i t t e n assuming 

that the change i n the C functions with wavelength may be reflected. This 

i s the same as assuming that the range of wavelengths covered i n any rocking 

curve i s very small. The l i m i t s of X i n any p r a c t i c a l case do not extend 

farther than the l i m i t s of the range of wavelengths reflected by the reference 

c r y s t a l , which depend upon the horizontal divergence of the beam incident 

upon the reference. 

4.2.8 Dispersion 

In order to f i n d the dispersion expression, the l i m i t i n g case i s 

considered i n which the d i f f r a c t i o n patterns of the two crystals are so narrow 

that no appreciable contribution to P'(f5)occurs except when the arguments of 

both C functions are zero. Such an assumption i s , however, unphysical. I t 

corresponds to an elementary treatment i n which i t i s assumed that there i s 

a perfectly discrete Bragg angle for any incident wavelength. I f such a 

case were to be true, then no power would be d i f f r a c t e d from a divergent 

incidfint beam at any position. 

The arguments are equated to zero: 

a - ̂  <|>2 tan 0 (X ,n ) - (X-X ) (3/aA ) 0 (Y ,nn) = O (4.9) 2 o A o d o o A 

- 0 + a - i - <|>2 tan 9 (X ,n)-(X-X ) (3/ 3X )6 (X ,n ) = 0 (4.10) 2 o B o o o B 
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a i s eliminated from these two expressions, and the following equation i s 

obtained: 

6 - <f> [tan 8 (A ,n ) - tan 8 (X ,n) ] j I o A o B J 

(X-X ) o O n O D 

The symbol D i s introduced, where 

= 0 (4.11) 

D 30(X ,n.) o A 
ax. 

aecx ,n_) _ ° B 

3 A 
(4.12) 

o o 

From a d i f f e r e n t i a t i o n of Bragg's equation, r\\ = 2d sin 0, D may be 

wri t t e n as: 

or, 

B 
2dcos8(X ,n ) o A 2dcos8(X , n̂ ,) O B 

D = 1_ 
X 

tan8 (A , n ) - tan8 (X , n ) o A o B 

(4.13) 

(4.14) 

I f equations (4.13) and (4.14) are substituted i n equation (4.11), 

then the following may be written : 

0 = kr DX <|>2 + D(X-X ) 
Z o o (4.15) 

The dispersion of the double crystal diffractometer when the specimen i s 

rotated i s defined naturally as dg/dX. I f equation (4.15) i s d i f f e r e n t i a t e d 

i n t h i s way then 

dg = D, (4.16) 
dX 

that i s , the dispersion may be w r i t t e n 

Dispersion - d6_ = 1̂  
dX X" 

tan 8(X ,n ) - tan8(A ,n ) o A o B (4.17) 

Thus for the ( + ,-) position, where n > T\ , the dispersion i s negative. 
B A 

For the arrangement shown i n Figure 4.3 the sense of r o t a t i o n of the specimen 

crystal to pass from shorter to longer wavelengths i s clockwise, and vice 

versa for positive dispersion. 
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4.2.9 Properties deduced from general equation 

I f i t i s assumed that the C functions of the two crystals are 

i d e n t i c a l , i . e . c = C = C, and 0(A ,n ) = 6(A ,n ) = 0, then the general A B o A o B 
equation i s written : 

P'(B) = 
d> A a » m „ max „ m 

A . m min 1 G (a,<H J(A-A ) (4.18) o 

C [a-i<J>2tane-(A-A )( 3 6/aA )] 2 o o J 

r 2 36 , C [a-3-1* tan0-(A-A ) ( /8A )JdctdAd<j> 
2 ° ° 

To i n t e r p r e t t h i s expression, i t i s necessary to consider the character­

i s t i c s of the functions C, J and G. I f the crystals are nearly perfect, 

C i s negligibly small everywhere except i n a narrow range of i t s argument 

close to zero. The range in crystals of good l a t t i c e perfection i s close 

to the width of the single crystal d i f f r a c t i o n pattern, which i s about 

10 ^ radians. 

G(ot,<J>) may be considered to be the product of two functions: 

G(ct,<|>) = G^a) G^) (4.19) 

Ĝ  and Ĝ  are f i n i t e over a range of some minutes of arc, which i s usually 
the extent of the horizontal and v e r t i c a l divergence of the beam. Thus the 
range over which these functions are f i n i t e i s about 100 times the range over 

1 2 
which C i s f i n i t e . In most cases the terra - j <t> tan6 i s very small, of about 

d i f f r a c t i o n pattern width order. 

Some of the characteristics of the rocking curves obtained i n the 

(+,-) p a r a l l e l setting may be obtained from equation (4.18) i f the above 

considerations are kept i n mind. 

F i r s t l y , for any monochromatic constituent of the beam of wavelength 

A, the effective values of a l i e very close to the value (A-A )(39/3A ). I f 
o o 

this were not true, then the argument of the f i r s t C function would be large, 
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and thus the function i t s e l f very small. This then i s what i s meant i n 

saying that the action of the reference crystal i s to separate the beam int o 

monochromatic p a r a l l e l bundles. 

Secondly, the value of the function P ' ( B ) can only be s i g n i f i c a n t l y 

d i f f e r e n t from zero over a small range of the deviation f$. I f (3 were large, 

then i n order for the second C function i n equation (4.18) to have a reasonable 
3 6 

value, a - ( A - A Q ) ( / ^ A Q ) would need to be large, so that the t o t a l argument 

could be s u f f i c i e n t l y small. But i f t h i s were the case, then the f i r s t C 

function would be negligible since i t s argument would be large, and thus the 

entire integrand function would be negligible. Hence the p a r a l l e l p o s i t i o n 

rocking curves have widths comparable to those of the d i f f r a c t i o n pattern of 

a single c r y s t a l . 

Thirdlv. i t can be seen from equation (4,17), with d = d that 
A B 

the dispersion for the setting under discussion i s zero when n = n . This 
A B 

can be further seen by noting that the effective wavelength range reflected 

by the specimen crystal i s at any position, 6, independent of 6, and covers 

the r e l a t i v e l y large range: 
A = X ± 3 A (4.20) o o 

a™ 
3 6 M 

This i s so, since for a very small value of 8, i t i s s u f f i c i e n t that 

a - O 0 / 3 A Q ) ( A - A Q ) be small for an appreciable value of the integrand product 

to be obtained. This condition i s s a t i s f i e d by values of A very close to the 
value A = A + ( 9 > / 3 0 ) a, and since the range of ct i s - a < a < +a , 

o m m 
equation (4.20) may be deduced. Therefore, i n the (+,-) p a r a l l e l setting 

the beam entering the detector from the specimen crystal at any position on 

the rocking curve contains effective contributions from every wavelength 

reflected from the reference c r y s t a l , which i s another way of saying that 

the dispersion i s zero. 
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F i n a l l y , integration of equation ( 4 . 1 8 ) with respect to a may be 

considered, whilst X,<|> and 0 are held constant. Thus the entire integrand 

i s considered to be a function of a. I t has been seen that the only 

pertinent values of a under these conditions l i e i n a narrow range near 

(36/3X ) (X-X ) . The change of the slowly varying function G, (a) i s neglected, o o 1 

and so 
G (a) = G, ( (X -X ) 3 6 / 3 X ) 

1 l o o ( 4 . 2 1 ) 

Also, the angular range i n which the important values of a are found, X and 

<(> being constant, i s several seconds of arc, whilst the range of a given by 

the l i m i t s of the integral i s 2a , which i s several minutes of arc. Hence 
m 

the l i m i t s of the a integration may be extended to ± 0 0 without the value of 

the i n t e g r a l being affected, I f the l i m i t s are extended to ± 00, then use 

iiidy be made of the theorem which states that i f the function F i s f i n i t e and 

continuous everywhere then 
n 0 0 

F(a)da = F(a - a) da ( 4 . 2 2 ) 

where a i s any constant. I f the argument of the f i r s t C function of 

equation ( 4 . 1 8 ) i s replaced by kX,, where k i s a constant and Jl i s the variable, 

then equation ( 4 . 1 8 ) may be rewritten: 

P'(3) 

A + OX / 3 0 ) a $ _ o o m ̂  m 

J Y - OA / 3 9 ) a J - <)» o o m m 

G . ( ( 3 0 / 3 X ) (A-A ))G 0(«(.)J(A-A ) d<|>dX 
1 O O 2 O 

oo 

n 0 0 

vj-<*> 

cmcu-ejdfc 

or P'(B) = K C(JL)C(S.-B)dH 

( 4 . 2 3 ) 

( 4 . 2 4 ) 

The constant K i s proportional to the power of the beam incident on the 

reference c r y s t a l . The change to the variable I may be interpreted as a 

change i n the u n i t of angle, the unit being k radians. 
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Using the theorem mentioned above then, the important res u l t i s obtained 

that the shape of the rocking curve i n the (+,-) p a r a l l e l positions i s 

independent of the width or the height of the aperture s l i t s and of the 

spectral energy d i s t r i b u t i o n of the radiation used. This assumes that the 

diffractometer i s adjusted correctly, with the axis of ro t a t i o n being p a r a l l e l 

to and passing through the crystal faces. 

In summary then, the properties of the diffractometer as deduced 

from the general equation of the instrument i n the (+,-) p a r a l l e l setting may 

be given as follows: 

1. The action of the reference crystal i s to separate the beam into 

monochromatic p a r a l l e l bundles 

2. The p a r a l l e l position rocking curves have widths comparable to those 

of the d i f f r a c t i o n pattern of a single c r y s t a l , t y p i c a l l y 10 3 radian 

3. The dispersion i s zero 

4. The shape of the rocking curve i s independent of the height or width 

of the aperture s l i t s , and of the spectral energy d i s t r i b u t i o n of the 

radiation used. 

4.3 Measurements with the double crystal arrangement 

4.3.1 Early measurements 

The f i r s t measurements using a double crystal diffractometer were 

made to investigate the quantities : c o e f f i c i e n t of r e f l e c t i o n and half width 

at half maximum of the rocking curve. The important works on the c o e f f i c i e n t 

of r e f l e c t i o n were those by Compton (1917), Bragg et. a l . (1921), Davis and 

Stempel (1921). The crystals used were natural crystals of c a l c i t e and rock 

s a l t . Compton measured for t h i s the r a t i o of the energy of wavelength A 

reflected from the second crystal to the incident energy of the same wavelength. 

There was some debate as to what should be defined as the c o e f f i c i e n t of 
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r e f l e c t i o n . Some surprise was expressed by Davis, at the large value of 

the percentage r e f l e c t i o n when the crystals were i n the p a r a l l e l positions. 

His results gave a percentage r e f l e c t i o n greater than 50%. 

Rocking curve widths were investigated for various characteristic 

X ray wavelengths, and comparisons made with theoretically obtained values. 

Theoretical values were obtained, for example, by calculating the value of 

P (Q = 0) (see equation (4.8)) and then finding the value of 6 f o r which 

P (B = 0) would be obtained. Some typical results of Al l i s o n (1932) and 

by Parratt (1932) are shown i n Table 4.1. I t was noted by Richtmyer e t . a l -

(1933) that the rocking curve widths decreased a f t e r suitable polishing and 

etching of c a l c i t e . An important point regarding early work was that f i n e l y 

sensitive measurements were made with cleaved natural crystals. 

4.3.2 Double crystal topography 

The f i r s t measurements made with the double crystal d i f f ractometer-

concentrated on comparing experimental results with theoretical predictions 

for the performance of the instrument. The X ray beam reflected from the 

second crystal was monitored by an ionisation detector and no va r i a t i o n 

across the section of the reflected beam was investigated. The double 

crystal diffractometer was developed by Bond and Andrus (1952) as an 

instrument f o r examining the topography of atomic planes. The resolution 

of the method went beyond that obtained by Wooster and Wooster (1945) who 

used j u s t a single crystal arrangement to investigate a number of diamonds. 

The arrangement used by Bond and Andrus i s shown i n Figure 4.4(a). I t can 

be seen here that although the r e f l e c t i n g planes of the two crystals are 

p a r a l l e l , the setting i s asymmetric. The use of asymmetric r e f l e c t i o n on 

the f i r s t c r y s t a l acts to broaden the reflected beam and thus a wider f i e l d 

of the specimen surface may be inspected. I f symmetric reflections are 

used, then j u s t a narrow band of the crystal i s scanned. The K characteristic 



Tab led .1 R e s u l t s ob ta ined by Al l ison and P a r r a t t on w (width at h a l f h e i g h t ) 

f o r c a l c i t e s p e c i m e n s in the (1.1) p o s i t i o n ; v a l u e s a r e g iven fo r t h r e e s a m p l e s 

t o g e t h e r wi th some c a l c u l a t e d v a l u e s . 

R a d i a t i o n w ( c a l c i t e V) w ( c a l c i t e M l w (ca lc i te I I) w ( c a l c u l a t e d ) 

Mo K * . 7.2" 2 .6" 3.9" 2.3" 

Cu K* , 7.6" 4 .9" 5 .6" 4 .9" 

r e f l e c t i n g p l a n e s r e f e r e nc e X r a y 

d e t e c t o r 

f i lm 

X r a y source 

spec i men 

F i g . 4 . 4 ( a ) . Double c r y s t a l a r r a n g e m e n t u s e d by Bond and A n d r u s (1952) 



X r a y s o u r c e X r a y s o u r c e 

s h u t t e r 

s i t 

r e f e r e n c e c r y s t a l A 

s a m p l e c r y s t a l B 

d e t e c r o r 1 derec tor 2 

F i g . 4 . M b ) Mu l t ip le B r a g g r e f l e x i o n a r r a n g e m e n t u s e d by H a r t (1968) 

M 

K« 
i 

F i g . 4 . 4 ( c ) . S c h e m a t i c d i a g r a m of e x p e r i m e n t a l a r r a n g e m e n t u s e d by K o h r a 

and T a k a n o (1968) . F, X r a y s o u r c e , M, monochr o m a t o r , S , , s l i t f o r s e l e c t i n g 

K(x r S 2 , s l i t , C, s p e c i m e n , P, p h o t o g r a p h i c p l a t e , A, r o t a t i o n a x i s . 
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l i n e i s u s u a l l y used when the topographs are taken, since i t i s intense 

compared w i t h the r e s t o f the spectrum. However, t h i s l i n e c o n s i s t s of a 

doublet, Ka^ and Ka^, and these components r e f l e c t a t s l i g h t l y d i f f e r e n t 

angles. Hence two overlapping p i c t u r e s are given unless the p l a t e i s placed 

as close to the specimen as p o s s i b l e , when the o f f s e t can be kept to a few 

thousandths of a centimetre. 

I n simple terms, i f the r e f l e c t i n g planes o f the two c r y s t a l s are 

not p a r a l l e l , no ray can be r e f l e c t e d from both c r y s t a l s . I f a minor p a r t 

of the second c r y s t a l i s s l i g h t l y m i s o r i e n t a t e d , t h i s p a r t w i l l not r e f l e c t 

most s t r o n g l y a t the same angle s e t t i n g as does the major p a r t o f the c r y s t a l . 

I f the second c r y s t a l i s r o t a t e d to make the minor p a r t r e f l e c t most s t r o n g l y , 

the major p a r t r e f l e c t s less s t r o n g l y . The emulsion p l a t e w i l l show i n each 

case from which p a r t o f the c r y s t a l the strong r e f l e c t i o n came. 

I n any one exposure, i f the c r y s t a l i s set on the f l a n k of the 

rocking curve, where the v a r i a t i o n o f i n t e n s i t y w i t h angle i s approximately 

l i n e a r , the r e l a t i v e change i n i n t e n s i t y can be r e l a t e d to l a t t i c e d i s t o r t i o n 

by the simple geometrical expression of Bonse (1962). 

AI = k (tan 0 Ad - n . n A0) (4.25) 
T ~d - g ~ f c 

k i s the slope o f the rocking curve a t the p o i n t where the c r y s t a l i s 

p o s i t i o n e d , t y p i c a l l y 10"3. n i s a u n i t vector normal t o the incidence plane. 

H i s a u n i t v e c t o r p a r a l l e l t o the t i l t a x i s of the c r y s t a l . This expression 

i s found to g i v e a good d e s c r i p t i o n of most of the c o n t r a s t observed i n double 

c r y s t a l topographs. 

Bond and Andrus used double c r y s t a l topography to study the im­

p e r f e c t i o n s i n n a t u r a l quartz c r y s t a l s , which had remained i n v i s i b l e when 

ordi n a r y t e s t s such as etching and s i n g l e c r y s t a l r e f l e c t i o n had been used. 

The method was f u r t h e r adopted by Bonse and Kappler (1958) t o study the s t r a i n 

f i e l d around d i s l o c a t i o n outcrops i n Germanium s i n g l e c r y s t a l s . 
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4.3.3 Device grade m a t e r i a l s and h i g h l y p e r f e c t m a t e r i a l s 

Single c r y s t a l s o f n a t u r a l l y o c c u r r i n g quartz found the f i r s t 

l arge scale a p p l i c a t i o n i n the manufacture of quartz o s c i l l a t o r p l a t e s , and 

have been used exte n s i v e l y i n the o p t i c a l i n d u s t r y f o r the c o n s t r u c t i o n of 

p o l a r i z i n g o p t i c a l systems. Although e f f o r t i s now p u t i n t o growing c r y s t a l ­

l i n e quartz, e a r l i e r on, s u f f i c i e n t l y p e r f e c t quartz c r y s t a l s were a v a i l a b l e 

i n l a r g e enough q u a n t i t i e s f o r the needs o f the o s c i l l a t o r i n d u s t r y . The 

same has not been the case f o r other t e c h n o l o g i c a l l y important m a t e r i a l s . 

Isherwood and Wallace (1974) have pointed out t h a t the far- r e a c h i n g advances 

i n m a t e r i a l s technology i n the past two decades have r e l i e d on the produc t i o n 

of good q u a l i t y s i n g l e c r y s t a l s . Production techniques developed by Dash 

(1958) who grew samples o f S i , and Tweet (1958) who grew specimens o f Ge, 

made possible the supply of these two mate r i a l s i n the d i s l o c a t i o n and planar 

d e f e c t - f r e e form. These ma t e r i a l s have been e s s e n t i a l f o r the t r a n s i s t o r 

i n d u s t r y . M a t e r i a l s such as g a l l i u m arsenide (GaAs), indium antomonide 

(InSb) , g a l l i u m phosphide (GaP) , (AJL^O^) and calcium tungstate (CaWO^) 

which have been used f o r the production o f o p t i c a l components, microwave 

devices, l a s e r s and r a d i a t i o n detectors also do not occur w i t h high p e r f e c t i o n 

i n nature. They r e q u i r e a w e l l c o n t r o l l e d growth process. More r e c e n t l y 

rare e a r t h i r o n and rare e a r t h g a l l i u m garnets have been important i n the 

production of magnetic bubble memory c e l l s . Many methods by which c r y s t a l 

defects may be detected have been developed as c r y s t a l growing techniques 

have improved. Of these, the double c r y s t a l method i s the most s e n s i t i v e 

t o minute l a t t i c e s t r a i n . I t has been able t o image s t r a i n regions i n c r y s t a l s 

o f less than one p a r t i n ten m i l l i o n s . At t h i s stage other techniques would 

render the appearance o f a p e r f e c t s t r u c t u r e . 

Hart (1968a) has used an extension o f the double c r y s t a l arrangement 

to make some high p r e c i s i o n , non di s p e r s i v e measurements o f r e l a t i v e l a t t i c e 

parameters f o r S i . The arrangement i s shown i n Figure 4.4(b). The reference 
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c r y s t a l and sample c r y s t a l are mounted on the two axes o f a double c r y s t a l 

d i f f r a c t o m e t e r , and rocking curves are obtained by r o t a t i n g the sample. 

I t can be seen t h a t there are two sources and two detectors. The (n./~n) 

rocking curve (from source 2 t o detector 2) and the ( - n , n ) rocking curve 

(from source 1 t o detector 1) are recorded simultaneously. I f both c r y s t a l s 

have the same l a t t i c e parameter then both detectors record a peak simultan­

eously at the sample s e t t i n g 6 = 0 , when the Bragg planes of the two c r y s t a l s 

are p r e c i s e l y p a r a l l e l . When the two c r y s t a l s have d i f f e r e n t l a t t i c e 

parameters, d f t and d Q , the two detectors record rocking curve peaks a t 

d i f f e r e n t angular s e t t i n g s $ o f the sample c r y s t a l . I t i s noted t h a t the 

instrument now operates i n transmission. Through the Bragg law f o r the 

case of symmetric transmission, the expression AB = 2 tan 0 Ad/d (4.26) 

i s obtained. The svstem i s non dispersive., and rocking curves of 10 ^ 

radian f u l l w i dth a t h a l f height may be a t t a i n e d . I f the c e n t r o i d p o s i t i o n s 

are measured t o w i t h i n 0.1% of the peak w i d t h , then e q u a l i t y o f Bragg angle 
- 9 

can be detected t o w i t h i n 10 radian, which implies t h a t e q u a l i t y of l a t t i c e 
9 

parameter can be detected w i t h u n c e r t a i n t i e s of one p a r t i n 10 . Pre l i m i n a r y 
measurements were made on two S i wafers which were known t o have l a t t i c e 

7 

parameters equal t o b e t t e r than two p a r t s i n 10 . From the displacement o f 

the two rocking curves a value o f Ad/d o f 1.2 x 10 7 - 0.6 x lO 7 was found. 

A major t r o u b l e w i t h s e n s i t i v e measurements i s t h a t the a c t u a l 

measurable q u a n t i t y i s e a s i l y cloaked by some e r r o r i n the system. I n t h i s 

p a r t i c u l a r case c a r e f u l alignment of the two c r y s t a l s i s needed. 

Various arrangements based on transmission through the c r y s t a l s , 

or m u l t i p l e r e f l e c t i o n s at the c r y s t a l surfaces may be used as extensions o f 

the above, depending on the experimental requirements. 

S i l i c o n c r y s t a l s grown by the Czochralski technique c o n t a i n oxygen 

as an i m p u r i t y , which leads t o the formation of impunity bands perpendicular 

to the growth a x i s . Highly p e r f e c t low oxygen f l o a t zone s i l i c o n (LOPEX) 
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c r y s t a l s have predominant oxygen bands leading t o l a t t i c e parameter 

f l u c t u a t i o n s of only one p a r t i n ten m i l l i o n s . Hart (1968b) has used 

double c r y s t a l topography w i t h high order Bragg r e f l e c t i o n s and sho r t wave­

len g t h X rays t o a t t a i n adequate s t r a i n s e n s i t i v i t y and high s p a t i a l 

r e s o l u t i o n t o observe these l a t t i c e parameter f l u c t u a t i o n s . Two p a i r s o f 

wafers were used, cut p a r a l l e l t o (112) and (Ho) surfaces. With the f i r s t 

p a i r a f u l l w i d t h a t h a l f height of only 0.34 seconds o f arc was obtained, 

g i v i n g a rocking curve slope of k = -6.3 x 10^ and a c o n t r a s t +1 f o r a 
-8 

l a t t i c e parameter f l u c t u a t i o n o f 6d/d = -1.6 x 10 . The corresponding 
5 

values f o r the second p a i r were 0.29 seconds, k = 6.8 x 10 and 6d/d = 
_ o 

+1.3 x 10 . 

The topographic technique has been used by Baker, Hart e t a l . 

(1975) t o study the v a r i a t i o n i n l a t t i c e parameter across c r y s t a l s of GaAs 

cont a i n i n g various amounts of dopants o f S i and Te. Topographs were taken 

of one side of the c r y s t a l , which was then r o t a t e d by 180° f o r a f u r t h e r 

topograph t o be taken of the reverse side. The expressions f o r A I / I were 

obtained from o p t i c a l density measurements on the two topographs and Ad/d 

obtained a f t e r e l i m i n a t i o n of the term n . n AG. Such measurements gave 
~g ~ t 

Ad/d t o 1 p a r t per m i l l i o n a t p o i n t s 350um apart along l i n e s across the sample 

4.3.4 Measurement of l a t t i c e parameter d i f f e r e n c e s between e p i t a x i a l 

l a yers and substrates 

The double c r y s t a l d i f f r a c t o m e t e r arrangement has been used by 

Hart and Lloyd (1974) t o measure the d i f f e r e n c e i n l a t t i c e parameter between 

a substrate o f gadolinium gallium garnet and a l a y e r o f mixed garnet 

Y2 2^0 5 Y^0 3 G ai F e4°12 w h ^ c ^ w a s 9 r o w n e p i t a x i a l l y onto i t . The d i f f e r e n c e 

i n l a t t i c e parameter f o r such m a t e r i a l s has a value t y p i c a l l y o f /d > 10 

I n such a case the composite rocking curve which would be obtained from a 

sub s t r a t e / l a y e r system w i t h a s i n g l e c r y s t a l arrangement may be resolved i n t o 

i t s Lwo components w i t h ::-.l..md.n-il curve l i l t i n g r o u t i n e s . However the two 
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rocking curves may be w e l l resolved w i t h considerable time saving when the 

double c r y s t a l arrangement i s used. T y p i c a l l y a couple o f hundred seconds 

separate the rocking curves which have widths t y p i c a l l y o f 13 seconds of arc 

f o r the substrate and 20 seconds f o r the f i l m , and angular r e s o l u t i o n s o f 

about 1 second o f arc were a v a i l a b l e w i t h Hart's arrangement. Thus w i t h 

c a r e f u l alignment, accurate comparison o f the l a t t i c e parameters become 

q u i t e r o u t i n e . 

S i m i l a r measurements were made by Estop et a l . (1976). Aluminium 

s u b s t i t u t e d g a l l i u m arsenide layers A£^ Ga^ As were deposited on substrates 

of GaAs by l i q u i d phase epitaxy. Both c r y s t a l s have a d i f f e r e n t l a t t i c e 

parameter a t room temperature, and a double c r y s t a l d i f f r a c t o m e t e r was used 

to measure accurately the d i f f e r e n c e i n l a t t i c e parameter between the e p i t a x i c 

l a y e r and the substrate. 

4.3.5 Some v a r i a t i o n s of the double c r y s t a l arrangement 

From the d i f f e r e n t i a l form of Bragg"s equation, Ad/d = -AQcotG 

i t can be seen t h a t as the angle 0 approaches 90°, the s e n s i t i v i t y o f the 

instrument w i l l increase accordingly. I t i s r a r e t h a t allowed r e f l e c t i o n s 

w i t h Bragg angles very close t o 90° w i l l be found i f c h a r a c t e r i s t i c X r a d i a t i o n 

i s used. I n order t o make use of the high s e n s i t i v i t y , white X rays may be 

used. Double c r y s t a l d i f f r a c t o m e t e r s based on t h i s p r i n c i p l e have been 

described by Sykora and P e i s l (1970) and Bottom and Carvalho (1970). One of 

the problems associated w i t h the arrangement i s t h a t the value o f 0 needs t o 

be known e x a c t l y . P r a c t i c a l l y speaking, t h i s can be d i f f i c u l t . I n Sykora's 

instrument the problem i s overcome by keeping the angle constant. The system 

i s then passed through the c o n d i t i o n o f non-dispersion and double Bragg 

r e f l e c t i o n by v a r y i n g the l a t t i c e parameter o f one o f the two c r y s t a l s through 

an a l t e r a t i o n o f i t s temperature. A l a t t i c e parameter change o f the other 

c r y s t a l caused by defects can then be determined from the temperature d i f f ­

erence of the two c r y s t a l s necessary t o give a maximum sca t t e r e d i n t e n s i t y . 
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A f u r t h e r problem l i e s i n the X ray beam being absorbed along 

the path i n the d i f f r a c t o m e t e r . High Bragg angles imply high order 

r e f l e c t i o n s , which are of less i n t e n s i t y than those o f low order. The 

X ray beam being white w i l l be of r e l a t i v e l y low i n t e n s i t y i n any case. 

Absorption along the X ray path, which i s q u i t e long (about 3 metres here) 

i s t h e r e f o r e a problem. The system then needs t o be evacuated. With good 

c r y s t a l s i t has already been pointed out t h a t i n most cases adequately 

s e n s i t i v e measurements may be made at a lower Bragg angle w i t h c h a r a c t e r i s t i c 

r a d i a t i o n s . Okazaki and Kawaminami (1972) have p o i n t e d out t h a t high angle 

d i f f r a c t o m e t e r s are u s e f u l f o r accurate measurements on c r y s t a l s o f not so 

good q u a l i t y . They used the instrument f o r measurement o f the v a r i a t i o n of 

the l a t t i c e constant o f potassium n i c k e l f l u o r i d e , KNiF^, over a wide range 

o f temperatures. One of the problems encountered was a geometrical one, 

t h a t the low temperature c r y s t a l obstructed the beam so t h a t the highest 

Bragg angle which could be used was less than 89°, but a t t h i s angle the 

X ray path i s q u i t e long. The Bragg angle used i n Sykora's arrangement was 

89.6°. 

Kohra and Takano (1968) have described a modified arrangement o f 

the double c r y s t a l d i f f r a c t o m e t e r shown i n Figure 4.4(c) which can be used 

f o r the topography of d i s t o r t e d c r y s t a l s . The f i r s t c r y s t a l i s bent. A 

divergent monochromatic beam i s r e f l e c t e d from t h i s . The source and focus 

of the r e f l e c t e d beam l i e on a c i r c l e whose curvature i s equal t o t h a t of the 

bent reference c r y s t a l . The reference c r y s t a l and photographic p l a t e are 

r o t a t e d i n an o s c i l l a t o r y fashion about the same a x i s . The r e s u l t a n t exposure 

on the p l a t e i s s i m i l a r t o a Lang topograph i n d e t a i l . However i n the l a t t e r 

method the angular divergence o f the i n c i d e n t beam i s reduced by a s l i t 

system t o a few minutes o f arc so only the Ka^ component i s d i f f r a c t e d from 

the specimen. Thus i f a l a t t i c e plane m i s o r i e n t a t i o n goes beyond the 

angular divergence o f the i n c i d e n t beam, then the p a r t o f the c r y s t a l a f f e c t e d 



52 

w i l l not d i f f r a c t . I n the method proposed by Kohra, a l l the d i s t o r t e d 

regions are passed through the d i f f r a c t i o n c o n d i t i o n as the specimen 

o s c i l l a t e s . The whole c r y s t a l can thus be st u d i e d . I n p r i n c i p l e , the 

f a c i l i t i e s a v a i l a b l e w i t h the d i f f r a c t o m e t e r t o be described i n Chapter 6 

could also be extended i n use, beyond t h a t described i n t h i s t h e s i s , t o 

include an arrangement such as Kohra 1s. 
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Chapter 5 

The Electromagnet. Design and Construction 

5.1 Magnetic f i e l d s used i n the measurement o f ma g n e t o s t r i c t i o n 

The m a g n e t o s t r i c t i o n measurement techniques which have been 

described i n the previous chapters can be e f f e c t i v e l y d i v i d e d i n t o two 

types. One type i s t h a t i n which the magn e t o s t r i c t i o n constant i s obtained 

from measurement o f the c r y s t a l plane m i s o r i e n t a t i o n across a domain w a l l , 

and here no magnetic f i e l d needs t o be used. The second type i s t h a t i n 

which the constants are obtained by measuring macroscopic s t r a i n using a 

v a r i e t y o f methods, e.g. the s t r a i n gauge technique, the e l e c t r i c a l 

capacitance technique, etc. I n these l a t t e r measurement techniques, a 

magnetic f i e l d needs t o be ap p l i e d i n various d i r e c t i o n s r e l a t i v e t o the 

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

I n Table 5.1 a summary of the magnetic f i e l d s used i n the measure­

ment o f the mag n e t o s t r i c t i o n of some i n t e r e s t i n g magnetic m a t e r i a l s i s given. 

When magn e t o s t r i c t i o n measurements are made, the magnetization i s 

p u l l e d wholly i n t o the d i r e c t i o n o f the ap p l i e d f i e l d . For the s t a t e o f 

s a t u r a t i o n t o be reached i n such a way, the ap p l i e d magnetic f i e l d needs t o 

overcome the demagnetizing f i e l d o f the specimen and also i t s anisotropy 

f i e l d . The f i r s t of these problems i s s i m p l i f i e d t o some extent through 

the choice of a specimen shape f o r which the demagnetizing f a c t o r has a 

s u i t a b l y low value. The second problem however depends only on the size 

of the applied magnetic f i e l d versus the anisotropy f i e l d . As can be seen 

i n the t a b l e , f a i r l y moderate f i e l d s can be used t o achieve the s t a t e o f 

s a t u r a t i o n i n the t r a n s i t i o n elements c i t e d and i n the garnets. Somewhat 

higher f i e l d s have had t o be used i n the r a r e e a r t h element measurements. 

The anisotropy f i e l d s i n these l a t t e r m a t e r i a l s are considerably higher. 
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Table 5.1 

M a t e r i a l Magnetic f i e l d Author 

Co Up t o 17k Oe A l b e r t s and A l b e r t s (1963) 

Fe 7k Oe Lourens and V i l j o e n (1966) 

Ni 5k Oe Bi r s s and Lee (1960) ) 

8k Oe Benninger and Pavlovic (1967) ) 

Dy Up t o 26k Oe Legvold (1963) 

Ho Up t o 26k Oe Legvold (1963) 

Tb Up t o 30k Oe Rhyne and Legvold (1965) 

Gd A l s t a d and Legvold (1964) 

Er Up t o 30k Oe Rhyne and Legvold (1965) 

R 3Fe 50 1 2 Up t o 14k Oe I i d a (1967) 

(R = Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Y) 

5.2 F i e l d s obtainable from d i f f e r e n t types of electromagnet 

The magnetic f i e l d values used i n l a b o r a t o r y experiments may be 

d i v i d e d i n t o four" groups. The groups are: 

( i ) weak , < 1 Oe 

( i i ) moderate , 1 Oe -»• 20 kOe 

( i i i ) strong , 20 kOe •* lOO kOe 

( i v ) very strong , > 100 kOe 

The production o f weak magnetic f i e l d s i s accomplished s t r a i g h t f o r w a r d l y by 

the use o f simple w i r e c o i l s through which an e l e c t r i c c u r r e n t i s passed. 

The main problem i s t h a t o f screening the f i e l d produced from other unwanted 

components; f o r example the earth's magnetic f i e l d , and the s t r a y f i e l d s 

from e l e c t r i c cables i n the l a b o r a t o r y . I n the lower p a r t of the moderate 

f i e l d r egion, up t o values o f about 1 kOe, again f a i r l y simple c o i l systems 

may be used. Higher e l e c t r i c currents are re q u i r e d and a l a r g e r number of 
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turns i s used. However, the power l e v e l i s low enough so t h a t a i r co o l i n g 

s u f f i c e s . 

Depending on the experimental requirements; f o r example uniform 

magnetic f i e l d , uniform magnetic f i e l d g r a d i e n t ; d i f f e r e n t c o i l c o n f i g u r ­

ations are used t o give the desired e l e c t r i c c u r r e n t d i s t r i b u t i o n s . Adequate 

d e t a i l s of these various magnetic f i e l d s and t h e i r production can be found 

i n the book by Z i j l s t r a (1967). 

I f the a i r core of a solenoid i s f i l l e d w i t h a high magnetic 

p e r m e a b i l i t y m a t e r i a l ( i r o n , low carbon s t e e l ) , the f i e l d from the solenoid 

may be used to magnetize the m a t e r i a l . I n t h i s way a magnetic f i e l d can 

be produced i n an a i r gap i n the i r o n . F i e l d s i n the region 1-20 kOe can 

thus be produced. The magnetization o f the i r o n reaches s a t u r a t i o n at a 

f l u s e d e n s i t y of 21 k Gauss, and i t becomes more d i f f i c u l t t o produce 

magnetic f i e l d s beyond 20 kOe using s o f t i r o n electromagnets. A simple 

s o f t i r o n electromagnet arrangement i s shown i n Figure 5.1. 

For the strong magnetic f i e l d s , beyond 20 kOe, arrangements which 

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

from the e l e c t r i c solenoid may be used. A s u i t a b l e arrangement, which shows 

an a x i a l symmetry of the core and solenoid, i s shown i n Figure 5.2 (a) .For 

such an arrangement, a t y p i c a l s p e c i f i c a t i o n might be: 

H . : 84,000 Oe solenoid 
H : 36,000 Oe Fe 

" t o t a l : 1 2 0 0 e 

4 v 
Solenoid cu r r e n t 10 amperes 

Magnetic f i e l d s i n the strong region may also be produced by 

solenoids made of a superconducting m a t e r i a l , f o r example NbTi, NbSn, NbZr. 

These operate at low temperatures, < 18°k, and thus r e q u i r e cryogenic systems 

t o be b u i l t around them. 
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Gap f i e l d = H Oe 

s o f t i ron 

B 

N t u r n s 

Fig.5.1 (a). 

iR 

[ 

e.m.f. = V 

F ig .5 .1 (b). B a s i c m a g n e t i c a n d e l e c t r i c c i r c u i t s . The m a g n e t o m o t i v e f o r c e 

is 0.4*Ni, the a i r gap of the main load is d. The e l e c t r o m o t i v e f o r c e 

is V and the main load i s the r e s i s t a n c e R . 



solenoid 

i ron 

i g . 5 . 2 ( a ) . C r o s s s e c t i o n of e l e c t r o m a g n e t with c y l i n d r i c a l s y m m e t r y . 
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F i g . 5 . 2 ( b ) . 

Typ ica l p a r t s of e l e c t r o m a g n e t , 1. air gap, 2, pole p i e c e s , 3, co re , 4, yoke , 

5, magnet iz ing solenoid . 
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As one goes i n t o the region o f very strong magnetic f i e l d s 

using a conventional electromagnet i t can be seen t h a t the c o n t r i b u t i o n from 

the i r o n c i r c u i t becomes less and less important. The i r o n may be o m i t t e d 

from the system and high power solenoids used alone. The magnetic f i e l d s 

produced from these high power solenoids, and the t e c h n i c a l problems assoc­

i a t e d w i t h t h e i r p r o duction, have been discussed by B i t t e r (1939). High 

power water cooled magnets, w i t h and w i t h o u t i r o n , have also been discussed 

by B i t t e r (1961). 

Magnetic f i e l d s greater than 150 kOe are produced using a pulsed 

magnet. I n t h i s arrangement a large e l e c t r i c a l charge i s passed through a 

c o i l o f low inductance. I n the system used i n Amsterdam, 9 megawatts are 

taken from the mains supply f o r 1 second. The f i e l d b u i l d s up t o a maximum 

400 kOe f o r about 0.1 second and then dies o f f over about 5 seconds. 

The production of the strong and very strong magnetic f i e l d s 

g e n e r a l l y takes place i n l a b o r a t o r i e s which are b u i l t e s p e c i a l l y f o r t h i s 

purpose because o f the magnitude o f the t e c h n i c a l problems involved. 

For the m a g n e t o s t r i c t i o n measurement described i n t h i s t h e s i s , 

i t was decided t o c o n s t r u c t a low carbon s t e e l - c o r e electromagnet, as t h i s 

could provide an adequate f i e l d o f a t l e a s t 10 kOe over a s u i t a b l e volume. 

5.3 General d e s c r i p t i o n of magnetic f i e l d s and i r o n core electromagnets 

5.3.1 The q u a n t i t i e s used 

The important q u a n t i t i e s used i n the d e s c r i p t i o n of the f i e l d o f 

a magnet are the magnetic f l u x , f l u x d e nsity ( i n d u c t i o n ) , B, f i e l d s t r e n g t h , 

H, and magnetomotive f o r c e . The f l u x and f l u x d e n s i t y are e a s i l y v i s u a l i s e d 

as l i n e s of f o r c e emerging from the magnet. The f l u x i s then defined as the 

number o f l i n e s o f f o r c e passing through a c e r t a i n cross s e c t i o n and the f l u x 

d e nsity as the number o f l i n e s of f o rce passing through u n i t area. To main­

t a i n a c e r t a i n f l u x d e nsity over a given l e n g t h , a magnetic p o t e n t i a l i s 

re q u i r e d , and the gradient of the magnetic p o t e n t i a l i s the f i e l d s t r e n g t h . 

The muijiiutic p o t e n t i a l J.:.; cjcnorutotl by 1.1K: inaijnetoniotlve Iforce. 
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5.3.2 General equations 

I n vacuum, or i n another non-magnetic m a t e r i a l , B i s r e l a t e d to 

H by the p e r m e a b i l i t y , so t h a t 

B = u. H (5.1) ~ o ~ 
-7 

I n the S . I . system of u n i t s , u i s equal to 4TTX10 henry/metre. For 
o 

magnetostatic f i e l d s i t i s more convenient to put \iQ equal to 1 and 

dimensionless. There i s then no d i f f e r e n c e i n magnitude and dimension 

of B and H and both may be measured i n the same u n i t , the gauss. Thus f o r 

magnetic f i e l d s i n non-magnetic m a t e r i a l s the f l u x d e n s i t y and f i e l d s t r e n g t h 

have not only the same dimension but a l s o the same numerical v a l u e , and t h i s 

l e a d s to the use of f i e l d s t r e n g t h , where f l u x d e n s i t y i s intended. I n non­

magnetic m a t e r i a l s though, t h i s does not l e a d to any confusion. The u n i t 

o e r s t e d f o r f i e l d s t r e n g t h d i s t i n g u i s h e s the magnetomotive f o r c e per cm from 

the f l u x d e n s i t y . The d i s t i n c t i o n i s u s e f u l i n magnetized matter, where, 

because of the presence of magnetic d i p o l e s , l e s s magnetomotive f o r c e i s 

r e q u i r e d to maintain a given f l u x d e n s i t y . The f o l l o w i n g r e l a t i o n between 

B and H can be w r i t t e n : 

B = H + 4TT Met (5.2) 

where M i s the magnetic moment per c u b i c cm of the m a t e r i a l and a i s a 

f a c t o r depending on the geometry of the medium. I n an i n f i n i t e l y long bar, 

the value of a i s 1, then 

B = H + 4TT M = uH (5. 3) 

where u i s the p e r m e a b i l i t y of the m a t e r i a l . For i r o n , u i s very l a r g e , 

so hardly any magnetomotive f o r c e i s needed to cause a magnetic f l u x to pass 

through the m a t e r i a l . Magnetostatic f i e l d s can be d e s c r i b e d by Maxwell's 

equations w r i t t e n i n the f o l l o w i n g form 

V. B = 0 (5.4) 

V H = 0.4nni 
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where B and H are i n gauss and oersteds, and n i s the number o f cu r r e n t 

loops per square cm and i i s the current c o n t r i b u t i n g t o the f i e l d . The 

f i r s t equation s t a t e s t h a t the f l u x e n t e r i n g a c e r t a i n volume and the f l u x 

l e a v i n g i t are equal. The second equation gives the r e l a t i o n between the 

cur r e n t loops and the magnetomotive force present i n the system. I t can 

be r e w r i t t e n v i a Stokes' law as 

f 5 H.d* = 0.4ir Ni (5.6) 

This means t h a t the magnetomotive force a c t i n g i n a c e r t a i n closed path i s 

equal t o 0.4TT times the t o t a l number o f ampere t u r n s , Ni e n c i r c l e d by the path. 

5.3.3 The magnetic c i r c u i t 

The two equations are i l l u s t r a t e d by a magnetic c i r c u i t . This 

mode], shows a resemblance t o an e l e c t r i c a l c i r c u i t c o n s i s t i n g of a resi s t a n c e 

and a b a t t e r y , as i s shown i n Figure 5.1(a) and ( b ) . The c o i l i n the mag­

n e t i c c i r c u i t i s equivalent t o the b a t t e r y i n the e l e c t r i c c i r c u i t . I t has 

Nx ampere t u r n s , which generate a magnetomotive force (m.m.f.) of 0,4TI Ni . o o 

The high p e r m e a b i l i t y i r o n around which the c o i l i s wrapped i s equivalent t o 

the e l e c t r i c a l leads connecting the b a t t e r y and the resistance. The i r o n 

has a low magnetic r e s i s t a n c e , and the a i r gap i s where the main p a r t o f the 

magnetic resistance i s located. Thus the m.m.f. 0.4ir Ni sends a f l u x 
o 

density B across the gap o f width d. The magnetic p o t e n t i a l over the gap 

i s Hgd, and i f the r e s t o f the m a t e r i a l provides no magnetic re s i s t a n c e i . e . 

U = °°, then H^d = 0.4ir Ni. This means t h a t the f i e l d s t r e n g t h , i s a c t u a l l y 

w r i t t e n as 

H = B - 4u M (5.7) 

I n most ferromagnetic m a t e r i a l s 4n*sM»B, so provided B i s low, H. i s very small. 

For increasing B however, 4itM approaches a maximum value 4ir M q which i s a 

constant o f the m a t e r i a l . I f B exceeds 4IT M , H„ increases r a p i d l y and the 

m a t e r i a l i s sai d t o be saturated. For s o f t i r o n 4TT M q*= 21400 gauss, and 
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so s a t u r a t i o n e f f e c t s are observed f o r f l u x d e n s i t i e s approaching t h i s 

value. 

5.3.4 The demagnetizing f i e l d and the s t r a y f i e l d 

The a c t i o n of B on the magnetic d i p o l e s i n the magnetic m a t e r i a l 

i s t o a l i g n them i n the d i r e c t i o n o f B. I n s i d e the m a t e r i a l , the n o r t h 

poles of one set of dipoles are compensated by the south poles o f the next 

d i p o l e s , so no magnetic "charges" are present. At the a i r gap, as i s shown 

i n Figure 5.3, no compensating poles are present, and so there are magnetic 

surface charges on the faces open t o the a i r gap. The f l u x d e n s i t y i n the 

a i r gap can be thought t o r e s u l t from the a c t i o n o f these surface charges, 

and can be c a l c u l a t e d f o r d i f f e r e n t geometries o f the gap. The surface 

charges also produce a f i e l d i n the f l u x conducting bars. This f i e l d i s 

opposite t o t h a t o r i g i n a l l y present and so i s r e f e r r e d t o as the demagnetizing 

f i e l d . The demagnetizing f i e l d i s stronger i f the gap i s l a r g e r . The 

r e s u l t o f the appearance o f the demagnetizing f i e l d i s t h a t the f l u x d e n s i t y 

near the a i r gap face i s lower than a t a p o i n t more remote from the gap. 

The equation V.B = 0, however, requires t h a t the t o t a l f l u x passing through 

any plane i s constant. As the f l u x d e nsity i n s i d e the m a t e r i a l decreases 

nearer the gap, the area i n which the f l u x flows must increase. Thus the 

surface charges "push", w i t h t h e i r demagnetizing f i e l d , the l i n e s o f f o r c e 

outside the magnetic c i r c u i t . This p a r t o f the f l u x t h a t crosses the a i r 

gap midplane outside the a i r gap i s c a l l e d the s t r a y f l u x . 

I f the f l u x d e n s i t y i n the m a t e r i a l i s known, then c a l c u l a t i o n o f 

the gap f i e l d amounts t o c a l c u l a t i n g i n the f i r s t place the s t r a y f l u x . 

The s t r a y f l u x can also be described by using the magnetic 

p o t e n t i a l o f the c i r c u i t . I n Figure 5.4 the two ends of the c i r c u i t have 
+ V an opposite magnetic p o t e n t i a l -V, where the gap f i e l d H = /d. A closed 

g 

loop i s formed, i n d i c a t e d by the dotte d l i n e , and the p o t e n t i a l gained or 

l o s t i n t h i s loop i s i n t e g r a t e d , ^Hdx; t h i s value must be zero since there 

are no ampere t u r n s i n the loop. Hence 



Fig .5 .3 . Ins ide a magnet ized medium the + and - poles of the magnet ic dipoles 

c o m p e n s a t e each o ther . The uncompensated poles appear on the s u r f a c e and 

g e n e r a t e a f lux d e n s i t y B 9 in the a i r gap. 

H. t 

2^ 
8 8 

H H 

s t r a y flux 

F ig . 5.4 S t r a y f lux of a m a g n e t i z e d pair of poles . The potent ia l a t the f a c e of 

the air gap +V gives r ise to a f lux d e n s i t y in the gap, B v the f ield s t r e n g t h s of 

the gap field and the s t r a y f ie ld a re H ^ a n d I r r e s p e c t i v e l y . 
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s t r a y dx + H d + 
g i n t dx = 0 (5.8) 

Even i f the i n t e r n a l f i e l d , HJ . were neglected, there would nevertheless 
~ i n t 

be a s t r a y f i e l d , and only a f r a c t i o n o f the f l u x passing through the bar 

would appear i n the a i r gap. 
5.2.5 Units 

A diagram showing the e s s e n t i a l p a r t s of an electromagnet i s 

given i n Figure 5.2b. 

I n the design o f magnets and magnetic f i e l d s , the u n i t s used i n 

the formula tend t o be mixed, on the grounds of convenience, f o r example, 

the Fabry formula ( B i t t e r , 1961) gives the f i e l d due t o a solenoid 

G i s a geometry f a c t o r , W i s the power i n megawatts, X i s a space f a c t o r , 

p i s i n ohm cms, a i s i n cms and H i s i n kilogauss. 

I n the c a l c u l a t i o n s which w i l l f o l l o w , the u n i t s used w i l l be 

oersteds f o r f i e l d s t r e n g t h , gauss f o r f l u x d e n s i t y , cms f o r distance and 

ampere turns f o r magnetomotive f o r c e . However, i n Table 5.2 a comparison 

i s shown f o r convenience o f some u n i t s i n the Gaussian and S.I. or mks A 

system. 

5.4 The equations used f o r the design of electromagnets 

5.4.1 Some sources of reference 

The three important references used i n the design o f the e l e c t r o ­

magnet described i n t h i s t h e s i s are the works by Montgomery (1961), Z i j l s t r a 

(1967) and Kroon (1968). Montgomery's work describes the c a l c u l a t i o n o f the 

gap f i e l d s by means of equivalent surface poles or surface charges. The 

c a l c u l a t i o n s are given f o r a v a r i e t y o f i r o n pole piece geometries. He r e ­

i t e r a t e s the c a l c u l a t i o n s , by considering d i s t r i b u t e d volume d i p o l e s . 

H = G (5.9) 
pa 



Fig .5 .5 Thick solenoid with winding element . 

Tab le 5.2 

C o m p a r i s o n of unit s y s t e m s 

G a u s s mksa 

Oe = 10 3 A.m:'... magnetic f ie ld s t r e n g t h . . . A m p / m e t r e 

G a u s s =10* Vs.m"1... magnetic induct ion ... Volt s e c o n d / m e t r e * 
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F i n a l l y he analyzes a number o f e x i s t i n g magnets, and gives a method by 

which the performance of a magnet might be pre d i c t e d . The method i s based 

on the measured p r o p e r t i e s of the p a r t i c u l a r magnets analyzed. 

Kroon's book describes the c a l c u l a t i o n s of the gap f i e l d . He 

also presents a method f o r c a l c u l a t i n g the st r a y f l u x and thus the t o t a l 

ampere t u r n requirement, and ge n e r a l l y he gives a comprehensive account of 

the basic i n f o r m a t i o n r e q u i r e d f o r the design of a l a b o r a t o r y electromagnet. 

Z i j l s t r a gives a more mathematical treatment o f the magnetic 

p o t e n t i a l , p o t e n t i a l g r a d i e n t , f i e l d g r a d i e n t etc. He also gives a d e t a i l e d 

c a l c u l a t i o n o f the f i e l d of an a i r core solenoid. The equations f o r an a i r 

core solenoid are taken from Z i j l s t r a ' s book. The equations f o r the gap 

f i e l d o f the i r o n pole pieces are taken from Montgomery and Kroon, w h i l s t the 

equations f o r the st r a y f l u x are taken from Kroon . A d e s c r i p t i o n o f the? 

magnet performance p r e d i c t i o n by Montgomery i s also given. I n any case, 

the m a t e r i a l from the three works overlaps t o some extent. 

5.4.2 Equations f o r an a i r core solenoid 

A c y l i n d r i c a l core of rectangular cross s e c t i o n i s considered as 

shown i n Figure 5.5. The density of t u r n s i s considered t o be the same a t 

every p o i n t , and t o each p o i n t a c u r r e n t density i s a t t r i b u t e d , which i s 

also uniform throughout the cross s e c t i o n . The f i e l d H^ i s r e q u i r e d at a 

p o i n t on the x a x i s , which i s taken as the o r i g i n . The magnetic p o t e n t i a l 

a t the o r i g i n may be w r i t t e n 
CO 

V = Z a j X 1 (5.10) 

l=o 

The c o n t r i b u t i o n da t o the c o e f f i c i e n t a, caused by the c i r c u l a r c u r r e n t 

Tdo f l o w i n g through the element da i s then 

da x = -1 p 2 dp d x Q (5.11) 
2 , 2 2,3/2 ( x o + p ) 
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p i s the distance o f dd from the x axis and x i s i t s x coordinate. da, i s 
o 1 

i n t e g r a t e d f o r the c o i l w i t h inner radius p^ and outer radius p^ (= ap^) and 

extending a x i a l l y from X Q = 0 t o X Q = 8p^. Then from 

SL-1 3 H x 
1-1 

= «,! a. 

x=o 

3 H 

3x Z-l 
= i.t a (5.12) 

x=o 

the f i e l d s t r e n g t h i s given by 

H ( o ) = •£ p e £n (a + (a + 3 ) ) 
X 2 2 \ 

1 + (1 + & Z) 1 

= T P l F x 

where i s then a geometrical constant, 

5.4.3 Equations f o r the gap f i e l d from the i r o n pole pieces 

(5.13) 

I t i s sometimes said t h a t the tapered pole piece causes the f l u x 

t o "converge" on the a i r gap. However the f i e l d i n the pole i s u s u a l l y 

p a r a l l e l t o the a x i s , so t h a t no convergence e x i s t s . Also, the p a r t o f the 

f l u x appearing i n the a i r gap i s , as a r u l e , a small f r a c t i o n o f the t o t a l 

f l u x i n the yoke. Thus there i s c e r t a i n l y no "lens focussing" a c t i o n , but 

some concentration o f f l u x d e n s i t y occurs. Only the geometry of the pole 

and the p r o p e r t i e s of the magnetized medium determine the f i e l d i n the gap. 

The surface charge density on the pole i s assumed t o be constant, 

which means t h a t the magnetization o f the pole i s constant. As the f l u x 

d e n s i t y i n the pole does vary, t h i s assumption w i l l be v a l i d only f o r 

completely saturated poles. 

The f i e l d between two u n i f o r m l y and a x i a l l y magnetized rods i s 

considered, as shown i n Figure 5.6(a). I f o i s the magnetization per u n i t 

volume, i t i s also the uniform charge per u n i t area. I f the area dA i s 

measured normal t o the d i r e c t i o n o f magnetization, then the f i e l d a r i s i n g 

from any i n f i n i t e l y long p a i r o f c y l i n d r i c a l r i n g s of radius r and s e c t i o n 

dr i s 



area element i d A = 2nrdr c o s 9 = x / z 
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Fig.5 .6(a) Ar rangement for c a l c u l a t i o n of gap f i e l d f rom c o n s i d e r a t i o n of s u r f a c e 

magnetic charge d i s t r i b u t i o n . 

F ig .5 .6 (b ) Cy l indr ica l f l a t po les . 

F i g . 5 . 6 ( c ) T a p e r e d poles with coinciding a p i c e s . 
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2 dH = 2ko 2TT r d r s i n 0 cos 0 (5.14) 
2 

r 

This i s i n t e g r a t e d over several d i f f e r e n t pole geometries. For c y l i n d r i c a l 

f l a t poles, see Figure 5.6(b), the f i e l d i s 

H = 4ir k o x 

r i 
r dr 

, 2 A 2 3/2 o (x +r ) 

= 4TT k o (1 - cos 0) (5.15) 

For poles w i t h c o i n c i d i n g apexes, see Figure 5.6(c), the f i e l d i s 

H = 4TT k o [ 1 - cos 0 + 

r2 
cot 0 r dr ] 
3 2 r r (cot 0 + 1 ) 
2 

H = 4TT k a ( 1 - cos 0 + cos 0 s i n 6£n r 2 ) (5.16) 

The f i r s t two terms, 4ir k o (1 - cos 0) , represent the c o n t r i b u t i o n of the 
2 

f l a t face, and the l a s t term 4TT k o (cos0sin 0 £n r^) represents the 

c o n t r i b u t i o n o f the c o n i c a l surface. 

These represent the i n t e r e s t i n g cases o f relevance f o r the work 

discussed i n t h i s t h e s i s . Other geometries may also be discussed. 4ir k a 

represents the maximum s a t u r a t i o n f l u x d e n s i t y , which i s 21400 gauss f o r i r o n . 

Thus f o r f l a t pole pieces, the l i m i t i n g f i e l d i s 21400 Oe, which i s reached 
o 

at 0 = 90 , i . e . the gap i s then zero. For c o n i c a l pole pieces however, 

t h i s l i m i t i n g value can be exceeded by s u i t a b l e choice of and r ^ and 0. 
5.4.4 Equations f o r the s t r a y f i e l d 

The ampere t u r n s , N i , present i n the magnetizing solenoid, provide 

a magnetomotive f o r c e , 0.4n N i . Some o f t h i s drops over the "leads" of the 

magnetic c i r c u i t , and the remainder i n the a i r gap. The t o t a l number o f 

ampere turns consumed depends on the geometry of the c i r c u i t , the magnetic 

p r o p e r t i e s of the m a t e r i a l and on the f l u x d ensity i n the a i r gap. To 

estimate the magnetomotive f o r c e , the magnet i s s p l i t i n t o the gap and the 

i r o n path. 
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As was mentioned i n sec t i o n 5.3, the main d i f f i c u l t y i n the 

design o f electromagnets i s the c a l c u l a t i o n o f the i n t e g r a l J ( H
s t r a v

+ H^)dx, 

which represents the magnetic p o t e n t i a l r e q u i r e d f o r the e n t i r e magnetic 

c i r c u i t except the a i r gap. I t should be p o s s i b l e t o c a l c u l a t e e x a c t l y 

the q u a n t i t i e s such as f l u x d e n s i t y , s t r a y f l u x , magnetic p o t e n t i a l , and so 

on, as they form p a r t of rat h e r simple d i f f e r e n t i a l equations. The boundary 

conditions f o r the general case of tapered poles, and the non l i n e a r r e l a t i o n 

between the magnetic f i e l d s t r e n g t h , H^, and the f l u x d ensity B, provide com­

p l i c a t i o n s which make i t necessary t o use somewhat rough approximations. 

The f i r s t approximation i s t h a t the f i e l d s t r e n g t h i n the gap i s p e r f e c t l y 

homogeneous (and thus also the f l u x d ensity B^). Thus the magnetic 

p o t e n t i a l across the gap can be w r i t t e n V = 2H d. 
g g 

The second approximation i s described as f o l l o w s . I n the 

m a t e r i a l of the poles and cores, the f l u x d e n s i t y and f i e l d s t r e n g t h are 

assumed t o be p a r a l l e l t o the core a x i s , and both q u a n t i t i e s are assumed 

to depend only on the a x i a l x coordinate. The f l u x density i s assumed t o 

be homogeneous i n the r a d i a l d i r e c t i o n . 

The t h i r d approximation can be seen a f t e r considering Figure 5.7(a 

and ( b ) . I n (a) the l i n e s of force are shown f o r a p a i r o f poles. On the 

co n i c a l surface the l i n e s of force o f the s t r a y f l u x are perpendicular t o 

the c o n i c a l surface, r e s u l t i n g from the boundary con d i t i o n s f o r the f i e l d 

s t r e n g t h . I n Figure 5.7(b) a contour i s described by the d o t t e d l i n e , over 

which there i s no p o t e n t i a l increase or decrease because no c u r r e n t windings 

pass through the loop. As a r e s u l t of the f i r s t two approximations, the 

p o t e n t i a l a t the c o n i c a l surface a t x + d from the a i r gap mid plane i s 

x 
V(x) = H d + 

g 
H dx (5.17) 

Following the path f u r t h e r , i t can be seen t h a t 



. 2d . 

Fig. 5.7 (a) For the c a l c u l a t i o n of the s t r a y f lux it is assumed that the l ines of 

f o r c e ins ide the poles are p a r a l l e l to the a x i s , at the b o u n d a r y b e t w e e n po le 

and air the f l u x is p e r p e n d i c u l a r to the s u r f a c e . 

e 

H i H 

x+d 

Fig. 5.7(b) Magnet pole having a f a c e - r a d i u s r a , t a p e r 9, and half a i r gap d. The 

pole is a s s u m e d to be m a g n e t i z e d p a r a l l e l to the x - a x i s . The d o t t e d r e c t ­

a n g l e r e p r e s e n t s a c o n t o u r d e s c r i b e d to f ind the magnet ic potent ia l V!x) of 

the pole and the s t r a y f i e l d H s . 
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x+d 

V(x) = H dx s (5.18) 

where H i s the s t r a y f i e l d . Eliminate V(x) t o o b t a i n s 

x+d 

H dx = H d + s g H.dx 
1 

(5.19) 

The t h i r d approximation i s then t h a t 

x+d 

H dx = H (x+d) s s (5.20) 

This means t h a t the s t r a y f i e l d s t r e n g t h a t a c e r t a i n distance from the axis 

i s constant i n the a x i a l d i r e c t i o n . 

The l a t t e r two assumptions are j u s t i f i e d on the grounds t h a t i t 

i s the average value of the f i e l d t h a t counts and not the exact d i s t r i b u t i o n . 

The three assumptions i n summary are: t h a t the magnetization i s 

p a r a l l e l , t h a t there i s no r a d i a l dependence, and that'H = V( x ) / ( x + d ) . 
s 

A p o l e , as shown i n Figure 5.8, i s considered. The taper o f the 

pole i s 0, so r = r + fcx, where k = tanO. According t o the assumption 
g 

made, the st r a y f i e l d f l u x density i s w r i t t e n 

B = s (x+d) 
[ B d H.dx 1 (5.21) 

As the f l u x leaves the pole normal t o the surface, the s t r a y f l u x d<J>s l e a v i n g 

aside the pole between x and x+dx i s taken as the product o f B g and the 

surface of r e v o l u t i o n between x and x+dx, t h a t i s , 
X X 

i|> = 2TT [ k ^ + l ] * 2 dx r +kx [ B d+ 
_g L g 

o x+d 

H.dx I l J (5.23) 
^ o 



Fig.5.8 G e o m e t r y of a magnet pole used f o r s t r a y f l u x c a l c u l a t i o n . The f l u x 

d e n s i t y in the gap is B 5 . The flux d e n s i t y of the s t r a y f ie ld at the pole b e t 

(x +d) and (x + d) + dx is B s . 
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and the t o t a l f l u x p a s s i n g through the pole i s 

<h = T T r 2 B + <b 
V t g g * s 

= B , T (r + k x ) 2 (5.24) pole g 

where B , denotes the f l u x d e n s i t y i n the pole. For low and medium gap pole x 

f i e l d s where the pole i s not a t s a t u r a t i o n the term H.dx can be neglected. 

J o 

I f the drop i n magnetomotive fo r c e i n the pole can be n e g l e c t e d , 

the f l u x d e n s i t y i n the pole can be c a l c u l a t e d d i r e c t l y . The i n t e g r a l f o r 

the s t r a y f l u x becomes simple and the s t r a y f l u x i s w r i t t e n : 

d> = 2ir B d f k +1 1 f kx+(r -kd) In x+d 1 (5.25) s g L g — J 

For x/d and r /d s u b s t i t u t e E and p r e s p e c t i v e l y so then 
g g 

4> = B nr l\ k +1 p f kE + (p -k)£n(E+l) ]/p s g g L J 1 g g 

= B i r r 2 S ( E ) (5.26) 
g g 

where S(E) i s the s t r a y f u n c t i o n which can be c a l c u l a t e d f o r v a r i o u s v a l u e s 

of the taper angle. 

At the end of the pole the f l u x e n t e r s the core. The s t r a y f l u x 

extending from the core can be c a l c u l a t e d from 

2 
• = B TT r S d ,_ __. s core g o — (5.27) 

d' 

where S i s the s t r a y f u n c t i o n of a pole with zero t a p e r i n g . The v a l u e s of 

p^ and d w i l l be e x p l a i n e d more f u l l y l a t e r when the a c t u a l c a l c u l a t i o n w i t h 

t h i s equation i s d e s c r i b e d . 

The t o t a l f l u x p a s s i n g through the core i s found to be 
A = <J> + $ + $ (5.28) t core g s pole s core 

To o b t a i n the r e q u i r e d number of ampere t u r n s per s o l e n o i d , or the magneto­

motive fo r c e to operate the magnet, the r e l a t i o n 

Ni = Hd (5.29) 
0.4TT 



67 

i s used where 2d i s the gap i n cms, H i s the f i e l d s t r e n g t h , N i s the number 

of t urns i n the solenoid, and i i s the cur r e n t i n amperes. 

To prevent loss of ampere turns over the yoke the f l u x d e n s i t y 

i n the yoke has t o remain f a r from the s a t u r a t i o n value. I f the yoke i s 

made of cast s t e e l the acceptable value f o r the f l u x d e n s i t y i s 15000 Gauss. 

5.4.5 Montgomery's comparison 

Montgomery considered a v a r i e t y of magnets w i t h tapered pole t i p s 

by way o f comparison. The maximum f i e l d s f o r some t h i r t y s i x magnets at a 

v a r i e t y of pole diameters, pole t i p s and yaps were p r e d i c t e d from the 

equations derived on the basis of the model of homogeneous surface charges. 

The a c t u a l f i e l d s l a y between 90% and 120% of p r e d i c t e d f i e l d s f o r a l l magnets. 

85% of the magnets were able t o be p r e d i c t e d w i t h i n - 4% by use of an 

e m p i r i c a l f a c t o r F(r,,r„,£, ,0 ) . This i s w r i t t e n 
1 2 g c 

F ( r l ' r 2 ' V B c } = 2 + 
2r. 

g 

r - B (5.30) 1 c 
r2 

The remaining .1.5% are magnets where 6^ i s small and the yoke c o n t r i b u t i o n i s 

high and the a c t u a l f i e l d s are higher than p r e d i c t e d by about 20%. 

The parameters on which the F f a c t o r depends are shown i n the pole 

piece diagram i n Figure 5.9. I n t h i s f i g u r e the r a t i o of the measured i r o n 

f i e l d t o the p r e d i c t e d i r o n f i e l d i s p l o t t e d as a f u n c t i o n of F. For the 

magnets considered by Montgomery the r e p r e s e n t a t i v e p o i n t s l a y i n the areas 

i n d i c a t e d and the f i g u r e may be used t o p r e d i c t whether a p a r t i c u l a r magnet 

design w i l l produce a maximum f i e l d less than or greater than t h a t a c t u a l l y 

c a l c u l a t e d . The f i g u r e shows t h a t magnets w i t h a l a r g e gap, and/or r2^ri 

approaching 1, and/or a long core, tend t o produce less f i e l d than p r e d i c t e d 

and magnets w i t h a small gap, large r2^r\ a n (^ short cores, produce greater 

f i e l d s . The poor r e s u l t s at wide ijaps a r i s e from two sources. The f i r s t 

i s t h a t s a t u r a t i o n takes place i n the core near the yoke. The second i s t h a t 
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the magnetization may not be p a r a l l e l to the a x i s at the pole edges, which 

reduces the gap f i e l d . Magnets having s h o r t c o r e s ^ c / r ^ small) show a 

b e t t e r performance due to the f a c t t h a t magnetization of the yoke w i l l 

c o n t r i b u t e a l s o to the gap f i e l d . 

I t i s d i f f i c u l t to compare magnets as there e x i s t s no u n i v e r s a l 

c r i t e r i o n , and as w i l l be seen, the magnet design a r r i v e d a t i n t h i s t h e s i s 

has i t s own p e c u l i a r i t i e s and the magnet shows c o n s i d e r a b l e d i f f e r e n c e s a t 

l e a s t from the others i n the l a b o r a t o r y here. 

5.5 Geometrical and experimental requirements of the magnet 

Four b a s i c requirements of the magnet were known at the o u t s e t . 

These requirements were used as o r i g i n a l design c r i t e r i a . They may be given 

as f o l l o w s . 

(a) Magnitude of Gap f i e l d 

I t can be seen from Table 5.1 t h a t some m a g n e t o s t r i c t i o n work can 

be done using magnetic f i e l d s of up to 10k Oe. F i e l d s of up to 15k Oe 

would make measurements on Rare e a r t h garnets p o s s i b l e . I t has a l r e a d y been 

s t a t e d t h a t the s a t u r a t i o n f l u x d e n s i t y of i r o n i s 21.4 k i l o Gauss. To 

produce gap f i e l d s g r e a t e r than 21k Oe, a c o n t r i b u t i o n to the f i e l d would be 

r e q u i r e d from the s o l e n o i d , or a pole p i e c e geometry where r2^ri high and 

the taper angle i s l a r g e would be needed. I t w i l l be pointed out i n more 

d e t a i l i n s e c t i o n 5.6 t h a t n e i t h e r of these s i t u a t i o n s may be allowed. The 

f i g u r e decided on then i s a minimum f i e l d of l o k Oe. 

(b) Pole p i e c e gap 

I t was decided t h a t a pole p i e c e gap of 4cms be used. T h i s 

would give s u f f i c i e n t room fo r low temperature apparatus, or the goniometer 

system r e q u i r e d , to be e a s i l y i n s e r t e d , beside the f a c t t h a t a reasonable 

amount of space i s r e q u i r e d f o r the X ray beam e n t e r i n g and l e a v i n g the 

specimen area. 
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(c) Taper angle of pole p i e c e s 

From the equation Ad = -AG (see Chapters 3, 4) i t i s seen 

d tanO 

t h a t the s e n s i t i v i t y of the double c r y s t a l camera i n c r e a s e s as 0 approaches 

9 0 ° . 

A taper h a l f angle of 42° would enable a Bragg angle of s l i g h t l y 

more than 8 7 ° to be used, i f needed, w h i l s t i n the meantime the f i e l d may 

be r o t a t e d through 9 0 ° without the pole p i e c e s g e t t i n g i n the path of the 

X ray beam. T h i s i s i l l u s t r a t e d i n F i g u r e 5 . 1 0 . I f the f i e l d does not 

need to be r o t a t e d , much lower Bragg angles may be used when lower order 

Bragg r e f l e c t i o n s are r e q u i r e d . The specimen needs to be a t the c e n t r e of 

the gap volume, and so t h a t the t i p s of the pole p i e c e s do not block the path 
o 

of the beam, a taper h a l f angle of 42 was decided on, and the a p i c e s of the 

pole p i e c e need to be c o i n c i d e n t . 
(d) R o t a t i o n of magnetic f i e l d 

Benninger and P a v l o v i c ( 1 9 6 7 ) measured the m a g n e t o s t r i c t i o n of Ni 

by t a k i n g data p o i n t s a t 1 0 ° i n t e r v a l s of the angular s e t t i n g of the magnet 
o 

over a t o t a l of 9 0 . The method was formulated by Bozorth and Hamming ( 1 9 5 3 ) . 

I f the method of measurement being d e s c r i b e d i n t h i s t h e s i s were extended to 

cover Bozorth and Hamming's technique, i t i s c l e a r t h a t the f i e l d would need 

to be r o t a t e d . Since d i f f e r e n t Bragg angles are used i n i n d i v i d u a l exper­

iments, the angular s e t t i n g of the magnet would need to be changed i n any 

case. 
5 . 6 . 1 I r o n c i r c u i t 

o 

A gap of 4cms together with a taper h angle 42 l e a d s to the pole 

p i e c e geometry shown i n F i g u r e 5 . 1 1 . From the equation 

2 
H = 4TTMQ ( 1 - cosO + cos© s i n 0 £n r 2 ) ( 5 . 3 1 ) 
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) 
pole piece X - r a y beam 

rig. 5.10 Schematic diagram of geometrical arrangement of magnet pole p ieces and 

X - r a y beam if high 3ragg angles a re used and magnet needs to be r o t a t e d through 90? 

solenoid 

core 

c i rcular c r o s s 

sec t ion 

yoke of r e c t ­

angular c r o s s 

sect ion 

k cms 

9 = 42 

l,= 5 .4cms . 

r,= 1.8cms. 

r l = 9.8c ins. 

50cms. 

Fig.5.11 Schematic diagram showing f r on t view of half sect ion of original magnet 

design, and c r o s s sec t ion of s p a c e a v a i l a b l e for s o l e n o i d . 
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i t can be seen t h a t f o r a gap f i e l d of 10k Oe, the value of the magnetization 

M q i s about 12 k i l o Gauss. As lOk Oe i s a minimum f i g u r e being aimed a t , a 

value of about 15k Gauss would be b e t t e r . T h i s would be i n accordance w i t h 

the value mentioned p r e v i o u s l y on which the s t r a y f l u x equations are based. 

The value of £ i n F i g u r e 5.11 i s decided on by c o n s i d e r i n g 

Montgomery's e m p i r i c a l p r e d i c t i o n f a c t o r . 

2 + log, ^10 2 r i 
£ 
g 

- r x - B c (5.32) 

~2 

Using a value of £ about 5.5cms, i t can be seen t h a t the v a l u e of F i s 1.49. 
e n - . ., , .. , . measured i r o n f i e l d From F i g u r e 5.9 i t can be seen t h a t the r a t i o •• • , , — — - i s p r e d i c t e d i r o n f i e l d 

between 1.0 and 1.1. To provide s u i t a b l e " l e a d s " i n the magnetic c i r c u i t , 

•i.h wci<; dp^ided to have a yoke of r e c t a n g u l a r c r o s s s e c t i o n (20cms 2SC;T I3 ; 

as i n d i c a t e d i n F i g u r e 5.11. 

I f the magnetic f i e l d r e q u i r e d to produce a f l u x d e n s i t y of about 

12 k i l o Gauss i n s o f t i r o n i s c a l c u l a t e d from the e x p r e s s i o n f o r the f i e l d of 

an a i r core s o l e n o i d , i t i s seen t h a t only a few Oersteds are r e q u i r e d , and 

the c u r r e n t r e q u i r e d i s l e s s than 1 ampere. However when the a i r gap provides 

the " r e s i s t a n c e " i n the magnetic c i r c u i t , the c u r r e n t requirement i n c r e a s e s 

f o r the same s o l e n o i d as i s now shown by the s t r a y f i e l d c a l c u l a t i o n s . 

5.6.2 S t r a y f l u x and ampere tur n requirement 

( i ) Gap f l u x 

The gap f l u x i s 

* = = n r j B (5.33) $ gap 1 g 
2 

= 101828 Gauss cm i f Bg = 10 k i l o Gauss 

( i i ) Cone s t r a y f l u x 

The cone s t r a y f l u x i s 

* s = " l B g 2 t k 2 + 1 ^ [ kE +(p g-k)£r 1(E +l) ] ( 5 M ) 

C ° n e 2 P a = 1384860 Gauss cm g 
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( i i i ) Core s t r a y f l u x 

The core s t r a y f l u x i s 

4> = n r 2 S'(E') d , k = 0 (5.35) s o — core * 

Q 

S'(E') i s the s t r a y f u n c t i o n f o r a taper angle of zero. d i s the 

length of the core between the c o n i c a l s e c t i o n and the s o l e n o i d . 

The v a l u e s of the parameters used i n c a l c u l a t i o n s are summarized 

i n Table 5.3. 

I n order to estimate the t o t a l ampere t u r n requirement per s o l e n o i d , 

the t o t a l f l u x can be t r e a t e d i n two ways. The f l u x from the core, cone and 

gap can be d i v i d e d by the r e s p e c t i v e area of each component to give an average 

f l u x d e n s i t y . 

For the core, the average f l u x d e n s i t y i s 1486 Gauss. The average 

d i s t a n c e (D) over which t h i s i s taken per s o l e n o i d i s 13.8cms. From 
Ampere t u r n s = Ni = HD/0.4ir 

16300 ampere tu r n s are r e q u i r e d . 

For the cone, the average f l u x d e n s i t y i s 3044 Gauss. T h i s i s 

taken over an average gap of 6.5cms, and 15858 ampere t u r n s a r e r e q u i r e d . 

For the gap, the f l u x d e n s i t y i s 10 k i l o Gauss. T h i s i s taken 

over 2cms, and 15909 ampere tu r n s are r e q u i r e d . The t o t a l ampere t u r n 

requirement i s then about 48000 ampere t u r n s . 

I f the t o t a l f l u x requirement i s considered to be taken over the 

c r o s s s e c t i o n of the core, then an average f l u x d e n s i t y of 6500 Gauss i s 

obtained. T h i s i s considered to be taken over a d i s t a n c e per s o l e n o i d of 

16.5cms. T h i s leads to an ampere tur n requirement o f about 85000 ampere 

t u r n s . The a c t u a l value r e q u i r e d should probably be taken somewhere between 

the two v a l u e s a t about 65000 ampere t u r n s . 



Table 5.3 

taper = 0 = 42 

r ^ = 1.8cms 

r 2 = 9.8cms 

2d = I = 4 cms 
9 

8 . C 6 = /2r. = 1.5 c 1 

tan 0 k = 0 . 9 

E = x/d = 4.5(5) 

p = r/d = 0.9 
g 

S(E) = 13.6 

d = l l . l c m s 

E ' X /d' = 0.5 

'(E") = 0.9 

x = 9.1cm 

x = £c = 5.4cm 
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5.6.3 Solenoid 

I n c o n s i d e r i n g the i r o n c i r c u i t i n F i g u r e 5.11, i t can be seen 

t h a t the c r o s s s e c t i o n a l area a v a i l a b l e for the s o l e n o i d i s 4cms x 12.5cms 

= 50 square cms. I t was decided to make the s o l e n o i d s from s o f t copper tape. 

The tape would be wound i n t o pancakes and the pancakes connected together to 

produce the f i n a l s o l e n o i d s . 

At t h i s stage, the design depends on what standard s i z e s were 

a v a i l a b l e f o r the c r o s s s e c t i o n of the copper tape. The t h r e e standard s i z e s 

which were considered to be most s u i t a b l e were 

(A) 0.64cm x 0.16cm 

(B) 0.64cm x 0.24cm 

(C) 0.95cm x 0.16cm 

The length of each s o l e n o i d using the d i f f e r e n t tapes was estimated. Allowing 

0.15cm between each winding and 0.15cm between each pancake f o r spacing, and 

f o r p a s s i n g c o o l i n g f l u i d through the s o l e n o i d , the number of t u r n s p o s s i b l e 

f o r each s o l e n o i d was estimated. Thus from the ampere t u r n requirement given 
_ g 

above, the c u r r e n t was found. Using the r e s i s t i v i t y of copper as 1.7 x 10 

ohm cm, the power d i s s i p a t i o n a l s o was found. A summary of these c a l c u l a t i o n s 

a p p l i e d to each c r o s s s e c t i o n of s t r i p i s given i n Table 5.4. 

From these c a l c u l a t i o n s , i t i s seen t h a t the power l e v e l s a re 

p r o h i b i t i v e l y high. 

Even i f a t h i n n e r s t r i p , say of 0.1cm x 0.1cm c r o s s s e c t i o n was 

used, so t h a t the number of t u r n s i s 5000 and the c u r r e n t requirement i s about 

15 amps, the r e s i s t a n c e goes up to about 64 ohms. Thus the power l e v e l i s 

s t i l l at l e a s t 9000 watts per s o l e n o i d . 

Also, to produce an i r o n c i r c u i t as d e s c r i b e d , the c o s t f o r c a s t ­

ing and machining i s becoming p r o h i b i t i v e . I f more room i s a l l o c a t e d f o r 

the s o l e n o i d , or i f r 9 / r i s i n c r e a s e d , t h i s problem w i l l be aggravate^. 



Table 5.4 

c r e s s s e c t i o n 

of conductor 

Solenoid 

(A) 

0.64cm 

x 0.16cm 

(B) 

0.64cm 

x 0.24cm 

(C) 

0.95cm 

x 0.16cm 

p o s s i b l e no. of turns 204 

per s o l e n o i d 

163 147 

c u r r e n t 318 amps 398 amps 440 amps 

r e s i s t a n c e o . i l ohms 0.16 ohms 0.15 ohms 

power d i s s i p a t i o n 30 kwatts 25 kwatts 29 kwatts 
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5.7 F i n a l design 

5.7.1 B a s i c i d e a 

From the problems mentioned, i t can be seen t h a t some way of 

maintaining the pole p i e c e geometry needed to be found w h i l s t s u f f i c i e n t 

space could be a l l o c a t e d f o r the ampere turn requirement without the path 

of the X ray beam being blocked, or the dimensions of the i r o n c i r c u i t 

becoming too l a r g e . 

I t was decided to consider having the s o l e n o i d s p l a c e d below the 

pole p i e c e s , w i t h t h e i r axes v e r t i c a l i n s t e a d of h o r i z o n t a l as i n the 

o r i g i n a l design. Such an arrangement i s shown i n F i g u r e 5.12(a). As can 
2 

be seen, a c r o s s s e c t i o n a l a r e a of 12cms x 26cms = 312cms can be used f o r 
2 

the s o l e n o i d . I f the copper s t r i p of c r o s s s e c t i o n 0.95 x 0.16cm i s used, 

and an allowance of 0.15cms i s given between windings and pancakes, i t i s 

seen t h a t about 900 t u r n s per s o l e n o i d can be obtained. The ampere t u r n 

requirements f o r the gap and the cone w i l l be the same as those f o r the 

o r i g i n a l design. 
•. 

5.7.2 S t r a y f l u x and t o t a l ampere t u r n s requirement 

The s t r a y f l u x from the curved p a r t s of the pole p i e c e s , c o r r ­
esponding to <I> , w i l l not be so easy to c a l c u l a t e even on the assumptions 

core 
made i n the s t r a y f l u x equations. On the b a s i s t h a t the area of the curved 

s u r f a c e would be near one q u a r t e r of the s u r f a c e a r e a of a sphere of r a d i u s 
2 

20cms, i . e . about 1250cms , and the s u r f a c e a r e a of the core o r i g i n a l l y used 
2 

i s about 330cms , the s t r a y f l u x f u n c t i o n i s taken to be about four times 

t h a t used i n the o r i g i n a l c a l c u l a t i o n . The t o t a l s t r a y f l u x f o r t h i s p a r t 

of the pole p i e c e i s then 

2 
* = 1978840 Gauss cms s core 

T h i s leads to an average f l u x d e n s i t y of 1650 Gauss which i f taken over an 

average d i s t a n c e of 26.5cms l e a d s to an ampere t u r n requirement of about 

35000 ampere t u r n s . 
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Thus the t o t a l ampere t u r n requirement i s about 32000 f o r gap 

and cone p l u s about 35000 fo r core, i . e . 67000 ampere t u r n s . T h i s means 

t h a t with 900 turns per s o l e n o i d , the c u r r e n t requirement would be i n the 

region of 75 amperes. 

For a s o l e n o i d of about 900 t u r n s , using the copper s t r i p of 

dimensions 0.95cms x 0.16cms, the estimated r e s i s t a n c e i s 1 ohrn. Thus the 

power d i s s i p a t i o n per s o l e n o i d i s about 56O0 watts. 

5.7.3 Solenoid 

For a proposed c r o s s s e c t i o n a l a r e a of 26cms x 12cms i t can be 

seen t h a t 23 pancakes may be wound, w i t h 39 turns i n each. 
2 

The copper s t r i p of 0.95 x 0.16cm c r o s s s e c t i o n was used. 

The windings are i n s u l a t e d from each other by wrapping nylon 

f i s h i n g l i n e of 0.5mm t h i c k n e s s about the copper s t r i p . T h i s caused the 

pancakes to be wound somewhat t i g h t e r than o r i g i n a l l y envisaged. The pan­

cakes were separated by s t r i p s of nylon 12cms by 2cms. S i x of t h e s e were 

pl a c e d s y m m e t r i c a l l y between p a i r s of pancakes. 

The pancakes were connected together by copper tags which were 

soldered to them, so t h a t the sense of the c u r r e n t i n the s o l e n o i d at any 

p o i n t would be always c l o c k w i s e , or always a n t i - c l o c k w i s e , depending on the 

a p p l i e d voltage. A photograph of the s o l e n o i d s under c o n s t r u c t i o n i n s i t u 

on the yoke of the magnet i s shown i n F i g u r e 5.13. 

The s o l e n o i d s are contained i n w a t e r t i g h t c o n t a i n e r s . These 

c o n s i s t of c o n c e n t r i c b r a s s tubes c l o s e d a t the top and bottom by t u f n o l 

c i r c u l a r p l a t e s . The inner tube j u s t f i t s over the v e r t i c a l c y l i n d r i c a l 

yoke s e c t i o n s . 

Diagrams d e s c r i b i n g the d e t a i l e d c o n s t r u c t i o n of these s o l e n o i d 

c o n t a i n e r s are shown i n the f i r s t appendix. The s o l e n o i d i s i n s u l a t e d from 

the b r a s s w a l l s by nylon sheets wrapped around the inner and outer curved 

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



Fig.5.13 Photograph of magnet under c o n s t r u c t i o n , showing A , magne t c o r e , D, 

copper wound s o l e n o i d s , C, w a t e r i n l e t s . 
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5.7.4 I r o n c i r c u i t 

I n the o r i g i n a l design, the magnetization data f o r the i r o n c i r ­

c u i t was taken from Kaye and Laby (19 56) f o r low carbon (0.1%) mild s t e e l . 

The a c t u a l m a t e r i a l a v a i l a b l e was B r i t i s h Low Carbon S t e e l Grade A. 

The magnetization data f o r t h i s was s u p p l i e d by B r i t i s h S t e e l Research 

A s s o c i a t i o n . I t i s not too d i f f e r e n t from t h a t of the Kaye and Laby data 

and i s shown i n F i g u r e 5.14, 

The i r o n c i r c u i t c o n s i s t s of t h r e e p i e c e s c a s t i n shape, shown 

i n F i g u r e 1 2 ( b ) . The s u r f a c e s which are machined are a l s o i n d i c a t e d . The 

c a s t i n g was done a t J o p l i n g ' s S t e e l Foundry, Sunderland, and the machining 

of the pole p i e c e s took p l a c e i n the Department of Engineering a t the 

U n i v e r s i t y of Warwick. The r e s t of the machining and c o n s t r u c t i o n was 

c a r r i e d out i n the P h y s i c s Department, Durham U n i v e r s i t y . 

Each pole p i e c e i s secured to the yokes by two b o l t s which pass 

through the p i e c e s i n t o the yoke. 

5.7.5 Rotation 

The i r o n yoke i s mounted on a s t e e l p l a t e which i n t u r n i s mounted 

on a t u r n t a b l e of diameter about 120cms. 

S i x a d j u s t i n g screws are f i x e d to s m a l l blocks on the s u r f a c e of 

the s t e e l p l a t e , around the outer edge of the base of the yoke. By means 

of these, the yoke may be c e n t r e d f a i r l y a c c u r a t e l y on the t u r n t a b l e so t h a t 

the a x i s of r o t a t i o n p a s s e s through the c e n t r e of the pole p i e c e gap. 

The t u r n t a b l e was mounted on four wheels which l o c a t e d the t u r n ­

t a b l e onto a t r a c k so t h a t t r a n s l a t i o n of the magnet might a l s o be e f f e c t e d . 

5.7.6 Water c o o l i n g 

As the expected power d i s s i p a t i o n might be over 5000 watts, water 

c o o l i n g was i n c o r p o r a t e d i n t o the design of the magnet. 
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R e s e a r c h A s s o c i a t i o n . 
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A c l o s e d c i r c u i t c o o l i n g water system has been used. T h i s 

c o n s i s t s of the magnet i n s e r i e s w i t h a heat exchanger, water pump and 

header tank. These were connected by r e i n f o r c e d c l e a r p l a s t i c p i p i n g of 

2.5cms i n n e r diameter. 

The heat exchanger was c o n s t r u c t e d on the b a s i s of experience 

drawn from the water c o o l i n g system of another magnet i n the l a b o r a t o r y , 

for which the heat d i s s i p a t i o n was 7000 watts per s o l e n o i d . As o i l d i d not 

prove to be an e f f e c t i v e coolant i n t h i s system, d i s t i l l e d water was used, 

the water c a p a c i t y o f the p r e s e n t water c i r c u i t being about 50 l i t r e s . 

5.7.7 Magnet c a l i b r a t i o n Curve 

The magnetic f i e l d i n the gap has been measured with the use of 

a H a l l probe. The c a l i b r a t i o n curve i s shown i n F i g u r e 5.15. 

I t i s seen t h a t the f i e l d of 10k Oe has been reached a t a lower 

value of the c u r r e n t than had o r i g i n a l l y been c a l c u l a t e d . 

T h i s i n d i c a t e s t h a t the magnetization has i n c r e a s e d more than 

expected w i t h c u r r e n t , and t h a t the s t r a y f l u x has remained lower than expected. 

T h i s might be e x p l a i n e d by c o n s i d e r i n g t h a t f o r a c e r t a i n d i s t a n c e from the 

gap the s u r f a c e charge d e n s i t y becomes l e s s the f u r t h e r away from the gap. 

The p a r t of the pole which i s s a t u r a t e d i s taken i n t o account f o r the c a l ­

c u l a t i o n of the gap f i e l d and the r e s t of the pole where the charge d e n s i t y 

i s lower w i l l c o n t r i b u t e only a f r a c t i o n to the f i e l d . However, i t i s noted 

t h a t beyond 10000 Oe, the f i e l d i n the gap i n c r e a s e s only very s l o w l y . I n 

t h i s region, the i r o n must be approaching magnetic s a t u r a t i o n and as the 

f i e l d from the s o l e n o i d i t s e l f cannot c o n t r i b u t e to the gap f i e l d i n t h i s 

p a r t i c u l a r magnet c o n s t r u c t i o n , the gap f i e l d w i l l not exceed a maximum of 

0.82 M which i s about 15.5k Oe. max 

The homogeneity of the f i e l d has a l s o been i n v e s t i g a t e d . The 

f i e l d was measured a t v a r i o u s p a r t s of the gap volume as i n d i c a t e d i n F i g u r e 

5.15. A c a l i b r a t i o n curve i s given for each l o c a t i o n i n the gap. 
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5.8 Suppliers' l i s t 

A l i s t of m a t e r i a l s ' s u p p l i e r s i s given i n the second appendix. 
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Chapter 6 

The double c r y s t a l d i f f r a c t o m e t e r 

6.1 Basic design 

The double c r y s t a l d i f f r a c t o m e t e r consists o f two v e r t i c a l , 

p a r a l l e l axes which are mounted i n a s i n g l e m o n o l i t h i c brass c a s t i n g . 

Figure 6.1 gives the important dimensions o f the instrument. The novel 

fea t u r e s of the design are: 

1. the mounting p o s i t i o n s f o r the c r y s t a l samples are below the main 

bodywork. 

2. the separation of the axes i s comparatively l a r g e . 

I n the f i n a l experimental arrangement, a magnetic f i e l d i s a p p l i e d 

to the specimen c r y s t a l . This f i e l d i s supplied by the electromagnet 

described i n Chapter 5. I t would be d i f f i c u l t t o mount t h i s magnet above 

the d i f f r a c t o m e t e r . Also, the reference c r y s t a l needs to be kept f r e e from 

the path o f any p a r t o f the magnet, which may be r o t a t e d . Thus the two 

requirements of the design, as mentioned above, are immediately apparent. 

6.2 Bodywork 

The main brass body o f the d i f f r a c t o m e t e r i s supported a t i t s 

four corners on a l a r g e s t e e l gantry, which i s b o l t e d t o the f l o o r . I n t h i s 

arrangement the c r y s t a l s are located about 85cms above the f l o o r l e v e l . 

The uppermost surface o f the instrument i s smoothly machined. 

Two c i r c u l a r i n v e r t e d T grooves, one concentric w i t h each a x i s , have been 

m i l l e d i n t o t h i s surface. These enable a d d i t i o n a l apparatus, such as 

d e t e c t i o n equipment, to be attached d i r e c t l y t o the bodywork. 

The d i f f r a c t o m e t e r i s kept cool by water which passes through a 

duct enclosed i n s i d e the brass c a s t i n g . The l o c a t i o n o f t h i s duct i s ' shown 

i n Figure G.l. 
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Each o f the two goniometers used w i t h the d i f f r a c t o m e t e r i s 

supported on a v e r t i c a l a x l e , the c e n t r a l l i n e o f which represents the 

r o t a t i o n a x is f o r each c r y s t a l . These axles, made from aluminium, are 

supported i n the bodywork by pre-loaded bearings which allow t h e i r smooth 

r o t a t i o n . The axles may be f i x e d t o the r o t a t i o n mechanisms by clamping 

r i n g s . 

6.3 Rotation axes, d r i v i n g mechanisms 

Each r o t a t i o n a x is i s d r i v e n by a stepper motor, which acts v i a 

a gearbox, micrometer and armature combination. This arrangement i s shown 

i n Figure 6.1. 

The reference c r y s t a l i s normally mounted on the "coarse" a x i s . 

The armature to t h i s has a radius shorter than t h a t of the armature t o the 

" f i n e a x i s , on which the specimen c r y s t a l i s mounted. I t i s useful to know 

what angular r o t a t i o n corresponds to one step of the motor f o r each a x i s . 

This i n f o r m a t i o n , together w i t h other d e t a i l s of the r o t a t i o n axes d r i v i n g 

mechanisms, i s given i n Table 6.1. 

Table 6.1 

D e t a i l s of r o t a t i o n a x is d r i v i n g mechanisms 

coarse" axis ii f i n e " a x is 

stepper motor 
steps per r e v o l u t i o n 

48 48 

gear box r a t i o 20:1 90:1 

armature l e n g t h (mm) 146 292 

angular r o t a t i o n o f axis 
f o r one step of motor 

(sees, arc) 

0.932 0.103 
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For f i n e r adjustment o f the coarse a x i s , a piezo e l e c t r i c 

c o n t r o l i s also attached to the armature. 

For manual c o n t r o l of the r o t a t i o n axes when s e t t i n g up and p r i o r 

to clamping, an armature i s attached to each axle above the top surface of 

the diffTactometer. Again, the e x t r a s e n s i t i v i t y r e q u i r e d f o r the f i n e a x i s 

i s provided by the armature to t h i s being of considerable length ( ~ 70cms). 

The t o t a l angular r o t a t i o n range f o r the "coarse" a x i s i s approx­

imately 5° and f o r the " f i n e " axis i s also approximately 5°. When the l i m i t s 

of these ranges are reached by the armatures (attached to the micrometers), 

microswitches operate t o reverse the sense o f r o t a t i o n . 

The pulses r e q u i r e d t o d r i v e the stepper motors are supplied from 

a pulse generator which operates i n forward and reverse a t v a r i a b l e speeds. 

A d i g i t a l d i s p l a y enables the pulses fed to the motor to be monitored. The 

pulse generator may also operate between set l i m i t s which are shown on 

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

6.4 X ray source 

The X ray source i s housed i n a p o r t a b l e tube s h i e l d which i n t u r n 

i s mounted on a f r e e l y standing support. This may then be e a s i l y moved 

about the reference c r y s t a l . I d e a l l y the tube s h i e l d ought t o stand on a 

c i r c u l a r r a i l c o ncentric w i t h the r o t a t i o n a x is o f the reference c r y s t a l . 

This m o d i f i c a t i o n i s to be made a f t e r the work f o r t h i s t h e s i s i s f i n i s h e d . 

A considerable i n t e n s i t y o f X rays i s i n c i d e n t on the reference 

c r y s t a l . Thus the path between the source and the reference, and the 

reference c r y s t a l i t s e l f are c l o s e l y shielded. An X ray c o l l i m a t o r system, 

whose s l i t w i dth i s a d j u s t a b l e , i s placed i n the path o f X rays between the 

source and the reference c r y s t a l . 

The X ray tube i s powered by a nearby P h i l i p s generator, and may 

operate up to SOkV at 24mA. The tube s h i e l d i s f i t t e d w i t h an e l e c t r i c a l l y 

operated s h u t t e r . 
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6.5 Detection apparatus 

When the experimental arrangement does not include use of the 

magnet, a s c i n t i l l a t o r coupled t o a p h o t o m u l t i p l i e r tube may be used t o 

monitor the f i n a l rocking curve. When doing t h i s , the detector i s mounted 

on a 1G' shaped support which i s attached to the main body of the d i f f r a c t -

ometer at the c i r c u l a r T s l o t . The s i g n a l from the p h o t o m u l t i p l i e r i s fed 

direct?.y i n t o a ratemeter. The output o f the ratemeter i s given v i s u a l l y 

on an analogue scale and audibly through a speaker. 

When the magnet i s being used, the s i g n a l from the p h o t o m u l t i p l i e r 

i s decreased almost t o zero owing to d e f l e c t i o n o f the e l e c t r o n s i n the tube 

by the Lorentz q v x B i n t e r a c t i o n . I n t h i s case a Xe gas p r o p o r t i o n a l 

detector i s employed. The d e t a i l s o f t h i s are given i n Table 6.2. 

Table 6.2 

D e t a i l s o f Xe gas f i l l e d p r o p o r t i o n a l detector 

Body 

Window 

M a t e r i a l 

O.D. (mm) 

le n g t h (mm) 

Entry 

size (mm) 

thickness (mm) 

EHT ( v o l t s ) 

Energy range (keV) 

te r m i n a t i o n 

Aluminium 

19.1 

93 

B e r y l l i u m 

6 x 16 

0.02 

1810 

6 - 3 0 

f l y i n g leads 



P r o p o r t i o n a l d e t e c t o r 

P r e - amolif fer 

S c a l a r / r a t e m e t e r 

X-Y r e c o r d e r 

X ray source 

Fig.6.2 Schemat ic diagram of d e t e c t i o n a p p a r a t u s . R, r e f e r e n c e , S, specimen 

Oj s t e p p e r motor dr ive . 
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I t was noted t h a t the energies o f the Kct^ absorption edges f o r 

Cu and Mo are 9keV and 17.5keV r e s p e c t i v e l y , which f a l l w i t h i n the range of 

the d etector. The energy range of Ar i s 3keV - 12keV. Thus the choice of 

Xe i s obvious i f Mo and Cu r a d i a t i o n s are to be used. 

The p r o p o r t i o n a l detector i s mounted i n a p r o t e c t i v e brass/copper 

casing which i s attached to a c i r c u l a r brass r a i l , concentric w i t h the 

specimen c r y s t a l axis and scaled i n degrees. 

The s i g n a l from t h i s d etector i s f e d , v i a a p r e - a m p l i f i e r , i n t o 

another ratemeter. This second ratemeter i s an Ecko model, which i s able t o 

provide the E.H.T. voltage f o r the p r o p o r t i o n a l d e t e c t o r . The output o f 

the ratemeter i s shown v i s u a l l y on an analogue scale. Also incorporated i s 

a scalar counter/timer system and the rocking curve may be p l o t t e d using t h i s . 

The rocking curve may be displayed a u t o m a t i c a l l y on an X-Y recorder. 

The ratemeter provides an output which may be fed onto the Y a x i s . The 

angular r o t a t i o n of the c r y s t a l through the rocking curve i s fed from the 

s h a f t o f the stepper motor through a cog wheel gear and h e l i p o t e n t i o m e t e r 

system onto the X axis o f the recorder. This d e t e c t i o n arrangement i s shown 

i n Figure 6.2. 

The f i n a l experimental arrangement i s shown i n Figure 6.3. 

6.6 Double c r y s t a l topography 

Double c r y s t a l topographs may be taken i n e i t h e r the (+-) or the 

(++) s e t t i n g w i t h t h i s apparatus. The arrangement i n the (+-) s e t t i n g was 

t h a t shown e a r l i e r i n Chapter 4. The d e t e c t i n g p l a t e i s simply mounted i n a 

l i g h t t i g h t p l a s t i c s e a l , and i s supported on a stand near the specimen c r y s t a l . 

The X rays which pass through the p l a t e may be monitored by the p h o t o m u l t i p l i e r 

during the exposure so t h a t any d r i f t which might occur from the peak d i f f ­

r a c t i o n curve may be compensated. 
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CHAPTER 7 

Alignment o f the d i f f r a c t o m e t e r 

7.1 Various examples of double c r y s t a l d i f f r a c t o m e t e r 

I n Chapter 4 reference was made to several works i n v o l v i n g the 

double c r y s t a l d i f f r a c t o m e t e r . The equipment used by Merz (1960) had an 

axes separation o f a l i t t l e more than 50 cms. The separation of the axes 

of Hart and Lloyd's (1975) d i f f r a c t o m e t e r was apparently less than t h i s . 

The r e l a t i v e closeness o f the axes suggests t h a t alignment o f the d i f f r a c t o m e t e r 

would be r e l a t i v e l y simpler than i n the case of w e l l separated axes. This 

would be e s p e c i a l l y so i n the case o f Hart and Lloyd's arrangement, i n which 

the f i r s t a x i s i s a commercially a v a i l a b l e p r e c i s i o n s i n g l e a x i s goniometer. 

I n the cases of Okazaki (1973), Sykora (1970) and Bottom (1970) 

the Bragg angles were high, and geometrical requirements o f f i t t i n g the 

apparatus together w i t h o u t blocking the X ray path l e d to l a r g e r separations 

o f the axes. I n Okazaki's equipment t h i s was 60 cms, w h i l s t i n Sykora's 

equipment the t o t a l path l e n g t h of the X ray beam was 3 metres. The longer 

path l e n g t h suggests a considerably more tedious alignment task. Bottom 

suggested an i n i t i a l coarse alignment procedure using a l a s e r beam f o r c r y s t a l s 

w i t h the r e f l e c t i n g planes p a r a l l e l to the surface. However, t h i s method i s , 

as suggested, only u s e f u l f o r such cases. Often the r e f l e c t i n g planes are 

not p a r a l l e l to the surface of the c r y s t a l . The obvious example o f t h i s 

i s the case of asymmetric r e f l e c t i o n s . However, even when c r y s t a l s are used 

which have been cut so t h a t the surface i s p a r a l l e l t o the r e f l e c t i n g planes, 

there i s o f t e n a d e v i a t i o n o f t y p i c a l l y a couple of degrees between the 

surface and plane. With the d i f f r a c t o m e t e r described i n Chapter 6, where 

the axes are separated by more than HO cms, use o f a laser beam f o r alignment 

when such c r y s t a l s are mounted can lead to the beam d i f f r a c t e d by the f i r s t 

c r y s t a l being several centimetres o f f t a r g e t by the time i t passes the second 

c r y s t a l a x i s . 
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Also, i t has been mentioned (Chapter 6) t h a t the X ray source 

s h i e l d i s f r e e standing and mobile. With the help o f s u i t a b l e angular 

markings around the reference a x i s , the tube s h i e l d may be roughly aligned 

by eye. 

Okazaki's alignment procedure i s q u i t e elaborate, i n v o l v i n g 

r o t a t i o n of several major p a r t s o f the apparatus. When the t o t a l experimental 

arrangement includes other l a r g e pieces o f apparatus, as i s the case of the 

work of t h i s t h e s i s , i t i s important t o keep the alignment procedure as 

simple as p o s s i b l e . 

7.2 Alignment 

The alignment procedure adopted n a t u r a l l y i n v o l v e d two p a r t s , 

alignment of the reference ( f i r s t ) c r y s t a l and f u r t h e r alignment o f the 

specimen (second) c r y s t a l . 

The c i r c u l a r entrance window o f the p h o t o m u l t i p l i e r tube d e t e c t o r 

was 2 cms i n diameter. The l a r g e r entrance window, together w i t h the f a s t e r 

response time, made t h i s more s u i t a b l e than the p r o p o r t i o n a l d e t e c t o r during 

alignment. I f the p h o t o m u l t i p l i e r tube i s placed so t h a t i t s entrance 

window i s a t the specimen c r y s t a l p o s i t i o n , then the s e t t i n g of the X ray 

tube source and the f i r s t c r y s t a l needs t o be made f a i r l y c r i t i c a l l y , and 

i n normal cases t h i s would i n v o l v e considerable time spent i n t r i a l and e r r o r . 

The p h o t o m u l t i p l i e r tube can however be supported on an o p t i c a l 

bench, which i s mounted below the diffTactometer along the d i r e c t i o n o f the 

l i n e j o i n i n g the two c r y s t a l p o s i t i o n s . This arrangement i s shown i n 

Figure 7.1(a). The p h o t o m u l t i p l i e r tube i s placed close to the reference 

c r y s t a l , so t h a t w i t h reasonable s e t t i n g o f t h i s c r y s t a l and the X ray tube 

the entrance window o f the detecto r i s l i k e l y to be i n a p o s i t i o n to accept 

a given d i f f r a c t e d beam. The p h o t o m u l t i p l i e r tube i s g r a d u a l l y moved back 

towards the second c r y s t a l p o s i t i o n . I f , as t h i s happens, the d i f f r a c t e d 



(a) Opt ica l bench a r r a n g e m e n t . 

9 
S Spec imen, R Re fe rence , P Photomultiplier, 0 Opt ica l b e n c h . D D i f f rac tometer . 

X X- ray s o u r c e , S 1 ) t S l i t s. 

(b) Hor izonta l a l ignment . 

R \ 
X 

jc) V e r t i a l a l ignment . 

D 

P 

V8 
• 

Fig.7.1 Diagram showing f e a t u r e s of alignment p rocedure . 
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beam can be seen to be d e v i a t i n g from the l i n e j o i n i n g the two c r y s t a l 

p o s i t i o n s , compensatory adjustments may be made to the X ray tube s h i e l d 

p o s i t i o n . I n order to check t h a t the beam from the f i r s t c r y s t a l passes 

exactly through the r o t a t i o n a x i s of the second c r y s t a l , a lead c o l l i m a t o r 

of a couple of mms gap i s placed j u s t before the second c r y s t a l p o s i t i o n , 

so t h a t the v e r t i c a l centre l i n e of the c o l l i m a t o r gap l i e s p a r a l l e l t o the 

second c r y s t a l r o t a t i o n a x i s , and passes through the l i n e j o i n i n g the two 

c r y s t a l p o s i t i o n s . This l a t t e r l i n e can be checked f o r being f a i r l y close 

to h o r i z o n t a l by s i m i l a r use of the lead c o l l i m a t o r . The arrangements are 

shown i n Figure 7.1(b) and (c) r e s p e c t i v e l y . 

The second c r y s t a l , mounted on i t s goniometer so t h a t the 

r e f l e c t i n g planes are p a r a l l e l t o those of the f i r s t c r y s t a l ( t h i s i s discussed 

i n morR detail, l a t e r ) , i s put i n place on the d i f f Tactometer, The photo-

m u l t i p l i e r tube i s mounted on a 1 G' shaped support shown i n Figure 7 . 2 ( a ) . 

The entrance window i s f a i r l y close t o the specimen c r y s t a l . However, the 

lower arm of the support i s p a r a l l e l t o the expected d i r e c t i o n o f the beam 

d i f f r a c t e d from the second c r y s t a l , and the p o s i t i o n a t which the photo-

m u l t i p l i e r tube i s suspended from t h i s arm may be v a r i e d , as i n d i c a t e d i n 

Figure 7.2(a). Thus once the second r e f l e c t i o n has been picked up by the 

p h o t o m u l t i p l i e r , the l a t t e r may be moved away from the c r y s t a l along the lower 

arm. When t h i s adjustment i s completed, the p r o p o r t i o n a l detector, whose 

c y l i n d r i c a l a x is i s v e r t i c a l , i s placed d i r e c t l y i n f r o n t o f the entrance 

window o f the p h o t o m u l t i p l i e r . At t h i s stage, the entrance window i s about 

12 cms from the second c r y s t a l , which i s a l i t t l e more than the minimum 

clearance r e q u i r e d so t h a t the magnet pole pieces may be moved i n t o p o s i t i o n 

w i t h o u t i n t e r f e r i n g w i t h the a l i g n e d d i f f r a c t o m e t e r . The f i n a l arrangement 

i s shown i n Figure 7 . 2 ( b ) . 

The f i r s t attempts a t a c t u a l l y p i c k i n g up the second r e f l e c t i o n 

made use o f the stepper motor on the specimen c r y s t a l a x i s . The c r y s t a l was 



R 

Fig.7. (a) Schematic diagram showing d i f f T a c t o m e t e r with detector s u p p o r t . 

X X - r a y s o u r c e , D D i f f T a c t o m e t e r , R R e f e r e n c e , S Specimen, P, Pho lomul t 'p l i e r , 

G Detector s u p p o r t . 

D 

X 

R 

Fig.7.2(b) F i n a l a r r a n g e m e n t showing propor t iona l de tec tor , in pos i t ion . 



86 

put i n t o the approximate r e f l e c t i n g p o s i t i o n , and the motor scanned through 

a maximum angle of about 2 degrees a t a time (defined by the maximum p o s s i b l e 

displacement of the micrometer s h a f t ) . T h i s procedure was, however, q u i t e 

time consuming. I t was decided t h a t a long armature (70 cms) be a t t a c h e d 

to the specimen c r y s t a l a x i s above the upper s u r f a c e of the d i f f r a c t o m e t e r . 

I t was found t h a t by slow, c a r e f u l manual adjustment of the angular p o s i t i o n 

of t h i s long armature, with the r a t e meter time c o n s t a n t and f u l l s c a l e 

d e f l e c t i o n v a l u e s being a t the lowest s e t t i n g s , the r e f l e c t i o n from the 

specimen c r y s t a l could be l o c a t e d . I n f a c t t h i s manual procedure proved 

to be c o n s i d e r a b l y e a s i e r than had been o r i g i n a l l y a n t i c i p a t e d . 

F i n a l l y , s l i g h t adjustment normally needs to be made to the 

goniometer s e t t i n g of the second c r y s t a l i n order to b r i n g the r e f l e c t i n g 

p l a nes of both c r y s t a l s a s c l o s e as p o s s i b l e to being p a r a l l e l , and thus to 

maximize the peak r e f l e c t e d i n t e n s i t y and to narrow the rocking curve down 

as much as p o s s i b l e . 

3. E f f e c t of absorption of X r a y s i n a i r 

I n order to estimate the e f f e c t s o f absor p t i o n o f X ray s by a i r , 

some simple c a l c u l a t i o n s were performed f o r MoKa, and CuKa, wavelengths. 

The following information regarding the X ray absorption parameters f o r a i r 

was taken from the "Handbook of Chemistry and P h y s i c s " (.1961) . R a d i a t i o n 

t r a v e r s i n g a l a y e r of substance i s reduced i n i n t e n s i t y by a constant f r a c t i o n , 

u, per c e n t i m e t r e . A f t e r p e n e t r a t i n g to a depth x, the r a d i a t i o n has i n t e n s i t y 

g i v e n by 

I = I e ^ x 

o 

where I i s the i n t e n s i t y a t the s u r f a c e . u/p i s the mass absorption 

c o e f f i c i e n t , where p i s the d e n s i t y of the m a t e r i a l . At a temperature t 

and under a p r e s s u r e of H cms of mercury, the d e n s i t y of a i r i s given by: 

p = O.OQ1293 _JH , where the u n i t s a r e i n grams per 
1 + O.CXD367t 7b 
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cu b i c c e n t i m e t r e . At t = 20°C, H = 76 cms of mercury, the d e n s i t y p i s 

0.001205 gms c c 1 . 
o 

At a wavelength of 0.7A, the mass absorption c o e f f i c i e n t of 

oxygen, i s 1.22 and of nitrogen i s 0.87. A simple weighting of these was 

made to produce the mass absorption c o e f f i c i e n t f o r a i r of 0.94. I f the 

path length between the two c r y s t a l s i s considered, t h a t i s about 82 cms, 

a value of I / I Q of 0.90 i s obtained, which corresponds to MoKot r a d i a t i o n . 

S i m i l a r l y for r a d i a t i o n of wavelength 1. 58, a weighted mass absorption 

c o e f f i c i e n t was found to be 8.18, where the i n d i v i d u a l mass absorption 

c o e f f i c i e n t s f o r n i t r o g e n and oxygen are 7.50 and 11.10 r e s p e c t i v e l y . For 

the same path length, the value of I / I comes out to be 0.45. T h i s 

corresponds to the case of CuKa r a d i a t i o n . Use of CuKa r a d i a t i o n w i l l t e 

d e s c r i b e d i n more d e t a i l i n Chapter 8. 

I t can be seen t h a t f o r MoKa c h a r a c t e r i s t i c r a d i a t i o n , not a l o t 

would be gained i n evacuating the X ray path of a i r . I n f a c t a length of 

s t e e l tube (80 cms) was p l a c e d between the two c r y s t a l s when the d i f f r a c t o m e t e r 

was a l i g n e d . The ends were s e a l e d o f f with mylar windows and the tube could 

be evacuated. The r a t e meter reading a t the rocking curve peak was noted 

with an a i r path between the two c r y s t a l s , and h a r d l y changed a t a l l when the 

X ray path was evacuated. I t i s f o r t u n a t e t h a t t h e r e was no need to i n c l u d e 

the evacuated tube i n the experimental arrangement as such an a d d i t i o n would 

c e r t a i n l y have proved to cause an inconvenience when the magnet was being 

moved i n t o p l a c e . 

4. I n i t i a l t e s t alignment 

The f i r s t c r y s t a l s to be mounted on the d i f f r a c t o m e t e r were samples 

of device grade s i l i c o n . T h i s i n i t i a l t e s t alignment was u s e f u l f o r two 

purposes. F i r s t l y i t was needed to be seen t h a t the proposed method of 

alignment would i n f a c t be s u i t a b l e . Secondly i t was n e c e s s a r y to check 
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t h a t the d i f f r a c t o m e t e r , as i t had been c o n s t r u c t e d , would give p o t e n t i a l l y 

s u f f i c i e n t s e n s i t i v i t y to make i t worthwhile i n c o n t i n u i n g w i t h the magneto­

s t r i c t i o n experiment. 

The s i l i c o n c r y s t a l used was of p l a t e - l i k e form. Two samples 

were taken from the same o r i g i n a l specimen, whose s u r f a c e was approximately 

p a r a l l e l to a { i l l } plane. The o r i e n t a t i o n s of the c r y s t a l s , each being 

mounted on separate goniometers, were checked with the help of Laue photo­

graphy. The i n t e r p r e t a t i o n s of the Laue photographs were made with a 

Grenninger c h a r t and a standard (001) s t e r e o g r a p h i c p l o t according to the 

d e s c r i p t i o n given by C u l l i t y (1956). 

I t was noted t h a t the (111) plane was not i n f a c t p a r a l l e l t o the 

s u r f a c e . The plane and s u r f a c e were de v i a t e d by an angle of two degrees, 

as measured with the goniometer, and the Grenninger c h a r t . The n e c e s s a r y 

adjustments were a p p l i e d to the s e t t i n g s of the goniometers to make the 

o r i e n t a t i o n s of both c r y s t a l s i d e n t i c a l , as w e l l as could be a s c e r t a i n e d w i t h 

Laue photography. I t was seen by eye with the help of a v a r i a b l e angle s e t 

square t h a t both c r y s t a l s were t i l t e d on the goniometer by two degrees. 

One of the goniometers was mounted on the r e f e r e n c e a x i s . I t was 

checked by eye t h a t the r o t a t i o n a x i s passed through the c r y s t a l f a c e , and 

with the help of a f l u o r e s c e n t X ray beam d e t e c t o r i t was seen t h a t the X ray 

beam was i n c i d e n t a t the p o s i t i o n where the r o t a t i o n a x i s passed through the 

c r y s t a l f a c e . Such checks a r e somewhat e a s i e r when the r e f l e c t i n g plane i s 

e x a c t l y p a r a l l e l to the s u r f a c e , but some doubt e x i s t s i n knowing whether the 

r o t a t i o n a x i s i s e x a c t l y p a r a l l e l to and p a s s e s through the r e f l e c t i n g p lane 

when there i s a d e v i a t i o n between the plane and s u r f a c e . 

The alignment of the f i r s t c r y s t a l proceeded, as has been d e s c r i b e d , 

to the p o i n t where the second goniometer could be mounted on the second a x i s . 

The (444) r e f l e c t i o n , with Bragg angle 26.96°, was used. For l a t t i c e p a r a ­

meters and X ray wavelengths, the "Handbook of Chemistry and P h y s i c s " (1961) 
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was used. Before t h i s was c a r r i e d out, however, the goniometer on the 

f i r s t a x i s was removed and r e p l a c e d by the second goniometer and c r y s t a l . 

With nothing e l s e a djusted a t a l l , i t was noted t h a t the d i f f r a c t e d beam 

from t h i s second c r y s t a l a l s o passed through the l e a d c o l l i m a t o r , p l a c e d 

before the "second c r y s t a l " p o s i t i o n as d e s c r i b e d p r e v i o u s l y . As the width 

of the c o l l i m a t o r was about two m i l l i m e t r e s , t h i s t e s t i m p l i e d t h a t the 

o r i e n t a t i o n s of the two c r y s t a l s were themselves the same approximately to 

w i t h i n an angle given by tan ^ 0.2/82.5 = 0.15°. T h i s angle compares 

favourably with the t i l t angle of 10' a r c quoted by Bottom (1971) who used 

a l a s e r beam fo r the coarse alignment. I n the f i r s t stage of the alignment, 

the c o l l i m a t o r between the X ray source and f i r s t c r y s t a l was about lOOum i n 

width and about O.5 cm i n height. With an X ray tube s e t t i n g of 6mA and 

50kV, ample d i f f r a c t e d i n t e n s i t y was a v a i l a b l e . The second pari, of Liie 

alignment now proceeded as d e s c r i b e d . The c o l l i m a t o r s l i t width was i n ­

c r e a s e d to 1.5mm. The i n i t i a l r o c k i n g curve width obtained was about 24" a r c . 

However, a f t e r a s l i g h t adjustment of the t i l t of the second c r y s t a l was made, 

a r o c k i n g curve width of 5" a r c was obtained. T h i s i s shown i n F i g u r e 7.3. 

The r o c k i n g curve i s f a i r l y symmetric, and although narrower rocking curve 

widths have been quoted i n the l i t e r a t u r e , one can see t h a t from an i n s p e c t i o n 

of the slope of the f l a n k , a 15% change i n s i g n a l , which may e a s i l y be detected, 

i m p l i e s a value of AG of 0.5" a r c . T h i s i n t u r n , at a Bragg angle of 
o — 6 0 = 26.96 , i m p l i e s a r e l a t i v e change i n "d" spacing of Ad = 5 x 10 

B ~d 
T h i s corresponds to a t y p i c a l v alue of m a g n e t o s t r i c t i v e s t r a i n . 

5. I n s t r u m e n t a l e r r o r s 

The e r r o r s a s s o c i a t e d with X ray d i f f r a c t i o n measurements have 

been d i s c u s s e d by Bond (1960). The d i s c u s s i o n was extended by Bottom and 

Carvalho (1970) to cover the case of the double c r y s t a l d i f f r a c t o m e t e r . The 

e r r o r s l i s t e d by. Bond are given as f o l l o w s : 
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( i ) E r r o r owing to lack of knowledge of X ray wavelength 

( i i ) E r r o r a s s o c i a t e d with the determination of the zero p o s i t i o n 

on the angular s c a l e 

( i i i ) Absorption e r r o r owing to d i f f e r e n t d i s t a n c e s t r a v e r s e d i n the 

c r y s t a l by X r a y s of d i f f e r e n t wavelength 

( i v ) E r r o r owing to the e f f e c t of r e f r a c t i o n 

(v) E r r o r s owing to p o l a r i z a t i o n f a c t o r s , which i n general are 

very s m a l l except a t l a r g e v a l u e s of 0 

(v i ) E c c e n t r i c i t y e r r o r owing to misalignment of the goniometer 

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

( v i i ) A x i a l divergence e r r o r which i s a s s o c i a t e d w i t h the f i n i t e 

h eight o f the c o l l i m a t o r s l i t 

( v i i i ) C r y s t a l t i l t e r r o r 

( i x ) Angle reading e r r o r 

(x) D i s p e r s i o n e r r o r 

E r r o r s ( i ) and ( i x ) may here be considered together. From the 

d i f f e r e n t i a t e d forms of Bragg's equation Ad = -AO , i t can be seen t h a t 
d tanG 

i n order to o b t a i n the f r a c t i o n a l change i n "d" spacing no knowledge of the 

wavelength i s r e q u i r e d . However, knowledge of 0 i s re q u i r e d . 0 could be 

determined w i t h some c o l l i m a t o r s l i t s system w i t h an e r r o r of t y p i c a l l y some 

minutes of a r c . 0 may a l s o be determined from Bragg's equation using 

accepted wavelengths and l a t t i c e parameters given i n the l i t e r a t u r e . An 

e r r o r a l s o i s a s s o c i a t e d with t h i s . I n the work of t h i s t h e s i s the l a t t e r 

method was employed. I f the geometrical c e n t r e of the Ka^ r e f l e c t i o n ( u s u a l l y ) 

from the f i r s t c r y s t a l i s always used, then whatever e r r o r e x i s t s w i t h t h i s 

method, i t w i l l always a t l e a s t be c o n s i s t e n t . 

The zero e r r o r w i l l be non e f f e c t i v e i n the case of the p r e s e n t 

instrument. 
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The e f f e c t s of absorption, r e f r a c t i o n and p o l a r i z a t i o n f a c t o r s , 

e r r o r s ( i i i ) to ( v ) , are to cause displacements of the peak of the d i f f r a c t i o n 

maximum. I n the case of the double c r y s t a l d i f f r a c t o m e t e r , i t i s not the 

absolute p o s i t i o n of the rocking curve maximum t h a t i s r e q u i r e d but the 

displacement of the rocking curve. Hence th e s e e f f e c t s may be neglected. 

The e c c e n t r i c i t y e r r o r ( v i ) , has been d i s c u s s e d i n the pre v i o u s 

s e c t i o n . I t depends e s s e n t i a l l y upon the c a r e used i n the c o n s t r u c t i o n of 

the device. 

The e f f e c t s of using c o l l i m a t o r s l i t s i n the instrument have been 

d i s c u s s e d i n Chapter 4. I t has been seen t h a t the shape of the rocking curve 

does not depend on the s l i t widths. I f c o l l i m a t o r s l i t s systems a r e used 
f o r angle determinations then there are a x i a l t i l t e r r o r s a s s o c i a t e d with 

the length of the s l i t s . 

An e r r o r can occur i n the determination of Ad/d i f the c r y s t a l s 

have t i l t s ( e r r o r ( v i i ) ) . I f the normal to a s e t of d i f f r a c t i n g p l a n e s makes 

angle A with the plane o f the i n c i d e n t and d i f f r a c t e d r a y s , then the wave­

length d i f f r a c t e d i s given by nA = 2d sinQ^ cosA, where 0^ i s the apparent 

Bragg angle. I f A^ i s the angle of t i l t of the f i r s t c r y s t a l and A^ the 

angle of t i l t of the second c r y s t a l , then: nA = 2d sinG^ cosA ^ 

and: nA = 2d sinQ^ cosA ^. 

When the l a t t i c e spacing of the specimen c r y s t a l has changed, then 

the second of the above two equations may be w r i t t e n : 

nA = 2(d + Ad) s i n (Q 2 - AG) cos A 2-

A^, A 2 and are e l i m i n a t e d from these equations to g i v e : 

Ad = (1 - cos AG + cot Q s i n AG)/(cos AG - c o t Q s i n AG) 
d 

which may be r e w r i t t e n with approximation a s : 
2 

Ad = AG cot Q + AG . 
d 2 
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I f A^ = &2, then 0^ = 0^, and no e r r o r i s introduced i n the measurement of 

the change i n l a t t i c e spacing. I f A^ ^ L^, then s i n 0^ = (cos A ^ c o s A2) 

s i n 0^, and 8^ £ 0^. The e f f o r t s made to minimize the e f f e c t s of t i l t i n 

the p r e s e n t case have been d e s c r i b e d i n the previous s e c t i o n . At b e s t , i t 

may be s a i d t h a t the angles a s s o c i a t e d w i t h t i l t could be kept to about 1 0 ' 

of a r c with some c e r t a i n t y . However, a f t e r s l i g h t adjustment of the second 

c r y s t a l t o reduce the rocking curve width, i t i s hoped t h a t A^ becomes 

s u f f i c i e n t l y c l o s e to A^( so t h a t any t i l t e r r o r may be s m a l l . 

The e x p r e s s i o n f o r d i s p e r s i o n has been given i n Chapter 4. 

I n the p a r t i c u l a r measurements to be d e s c r i b e d i n Chapter 8 the r e f e r e n c e 

c r y s t a l l a t t i c e spacing d i f f e r s from the specimen c r y s t a l l a t t i c e s pacing 

such t h a t ^ = 1.5 x lO The value o f (where A i s the wavelength 
-4 

of MDKK 1 r a d i a t i o n ) i s then equal to 1.2 x 1 0 , and the value o f 

[tan 9 (X ,n ) - tan 9 (X ,n )1 has magnitude 4.2 x 1 0 4 . Thus the u o A o B J 

-7 

a d d i t i o n a l r e f l e c t i o n width 6 6 owing to d i s p e r s i o n i s approximately 5 x 1 0 

r a d i a n s , o r 1 0 ̂  seconds of a r c . Thus i t can be seen t h a t r e l i a b l e 

measurements of small l a t t i c e s t r a i n may s t i l l be made. 
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Chapter 8 

Magn e t o s t r i c t i o n Measurements 

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

A study has been made of the m a g n e t o s t r i c t i o n i n the m a t e r i a l 

Tb^LuFej-O.^. The method used was t h a t o u t l i n e d a t the s t a r t o f Chapter 4. 

I n t h i s method, the rocking curve was obtained from r o t a t i o n of the specimen 

c r y s t a l , which here was the second c r y s t a l . The l a t t e r was s e t on the f l a n k 

of the curve. When the magnetization was changed from one d i r e c t i o n i n the 

c r y s t a l to a d i r e c t i o n p e r p e n d i c u l a r to the f i r s t , the movement of the 

recorded X ray i n t e n s i t y along the f l a n k of the curve was noted, and from t h i s , 

a value of one of the m a g n e t o s t r i c t i o n c o n s t a n t s was obtained. 

A study of the mixed r a r e e a r t h garnet mentioned above was u s e f u l 
o 

f o r s e v e r a l reasons. As w i l l be pointed out l a t e r , there a r e 180 domains 

only i n the sample. I t has been pointed out i n Chapters 3 and 4 t h a t X ray 

techniques, which have been used to study m a g n e t o s t r i c t i o n without the he l p 

of an a p p l i e d magnetic f i e l d , y i e l d the spontaneous m a g n e t o s t r i c t i o n c o n s t a n t s 

only of the m a t e r i a l s which have magnetic domain w a l l s other than of the 

180° type. 

The expected v a l u e s of the m a g n e t o s t r i c t i o n c o n s t a n t s o f the 

m a t e r i a l are f a i r l y low (<10 ^ ) . Thus a measurement of one of them u s i n g the 

double c r y s t a l d i f f r a c t o m e t e r took advantage of the high r e s o l v i n g power of the 

instrument. Also, i t w i l l be seen t h a t the magnetic f i e l d r e q u i r e d to r o t a t e 

the magnetization through 90° from the a x i s of easy magnetization was f a i r l y 

high, and the measurements which have been made have r e q u i r e d t h a t the magnet 

d e s c r i b e d i n Chapter 5 be used to almost i t s f u l l c a p a c i t y . 
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8.2 Samples 

The r a r e e a r t h i r o n g a r n e t (R.I.G.) samples used i n the experiments 

were k i n d l y s u p p l i e d by Dr W.T. Stacy of P h i l i p s Research L a b o r a t o r i e s . The 

garnet Tb^uFe^O^^ w a s deposited i n the form of a t h i n f i l m on a s u b s t r a t e of 

non magnetic gadolinium g a l l i u m garnet (GGG) by l i q u i d phase e p i t a x y . The 

s u b s t r a t e has been C z o c h r a l s k i grown, and was i n the form of a c i r c u l a r t h i n 

p l a t e l e t . There was a d e p o s i t of f i l m on e i t h e r s i d e o f the p l a t e l e t s . The 

G.G.G. s u b s t r a t e of a f u r t h e r garnet Eu 7 L u 7 A V i 7 ° i ? ' w h i c n w a s 

s i m i l a r l y grown, was a l s o employed i n the experiment. A d e s c r i p t i o n of both 

these garnets i s given i n Table 8.1. 

Table 8.1 

D e s c r i p t i o n of garnet f i l m s 

Composition E u 2 _ 7 L u Q _ ^ _ ̂ _ ^ 2 T b ^ u F e ^ 2 

Thickness (um) 4um 3.8ym 

P l a t e l e t diameter (cms) 2.7 2.0 

Expected v a l u e of A + 1.5 x 1 0 ~ 6 + 7.2 x 1 0 ~ 6 

I n the above t a b l e , an expected v a l u e of the m a g n e t o s t r i c t i o n 

c o n s t a n t s , n a s a l s o been g i v e n . As Bobeck e t . a l . (1970) have po i n t e d 

out, such expected v a l u e s may be determined by l i n e a r weightings of the 

r e s p e c t i v e m a g n e t o s t r i c t i o n c o n s t a n t s of the pure r a r e e a r t h i r o n g a r n e t s . 

The experimental room temperature v a l u e s o f the R.I.G. s e r i e s have been 

determined by I i d a (1967), as was pointed out i n Chapter 1. The v a l u e s are 

shown i n Table 8.2, and these v a l u e s have been used i n the l i n e a r weightings. 



Table 8.2 

Room Temperature Rare E a r t h Garnet Data 

^111* X 1 0 ' L a t t i c e constant 

Sm -8.5 12.53 

Eu +1.8 12.52 

Gd -3.1 12.47 

Tb +12.0 12.43 

Dy -5.9 12.39 

Ho -4.0 12.37 

Y -2.4 12.36 

E r -4.9 12.35 

Tm -5.2 12.33 

Yb -4.5 12.30 

Lu -2.4 12.27 

Bobeck e t . a l . (1970) 
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8.3 Observations of domains by the Faraday method 

The g a r n e t p l a t e l e t s a r e coloured and t r a n s p a r e n t . The 180° domains 

i n the t h i n f i l m s may be rendered v i s i b l e by the Faraday method, d e s c r i b e d by 

C r a i k (1975) . A beam of p o l a r i z e d l i g h t p a s s i n g through a magnetic m a t e r i a l 

undergoes a r o t a t i o n of i t s plane of p o l a r i z a t i o n owing to the component of 

the specimen magnetization l y i n g along the d i r e c t i o n o f propagation. The 

angl-5 of r o t a t i o n depends on the magnitude of the sample magnetization and the 

d i s t a n c e the l i g h t t r a v e l s through the sample. The sense of the r o t a t i o n i s 

determined by the magnetization d i r e c t i o n . I n the arrangement used here, 

shown i n F i g u r e 8 . 1 ( a ) , white l i g h t i s passed through a p i e c e of p o l a r o i d , 

then through the sample, f u r t h e r through a second p o l a r o i d , and f i n a l l y i n t o 

an o p t i c a l microscope. At the c r o s s e d p o s i t i o n of the p o l a r o i d s , the c o n t r a s t 

f o r each domain i s the same. I f the p o l a r o i d s are o f f s e t from the c r o s s e d 

p o s i t i o n by a s m a l l angle B, then the i n t e n s i t y of l i g h t e n t e r i n g the o p t i c a l 
2 

microscope, which i s focused on the garnet f i l m , i s p r o p o r t i o n a l to s i n (3±a), 

where a i s the angle of Faraday r o t a t i o n . I t can thus be seen t h a t the • 

c o n t r a s t of the domains i s a maximum when a = g. The domains observed were 

of the usual v e r m i c u l a r nature c h a r a c t e r i s t i c of such magnetic u n i a x i a l f i l m s . 

As a garnet f i l m was deposited on both s i d e s of the s u b s t r a t e p l a t e l e t , two 

s e t s of domains were ab l e to be brought i n t o focus. 

The u n i a x i a l a n i s o t r o p y f i e l d has been determined by the technique 

d e s c r i b e d by K u r t z i g and Hagedorn (1971). A magnetic f i e l d was a p p l i e d 

p a r a l l e l to the plane of the sample p l a t e l e t . T h i s caused r o t a t i o n o f the 

magnetization w i t h i n each domain towards the d i r e c t i o n of the a p p l i e d f i e l d . 

As the l a t t e r was i n c r e a s e d , the Faraday c o n t r a s t between a d j a c e n t domains 

decreased, and the s e p a r a t i o n between a d j a c e n t domain w a l l s a l s o decreased. 

The minimum f i e l d r e q u i r e d to r o t a t e the magnetization i n t o the plane o f the 

sample was assumed to be the u n i a x i a l a nisotropy f i e l d , which then c o u l d be 
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determined w i t h i n about 15%. The magnetization was known to have r o t a t e d 

i n t o the plane of the sample when a l l the domain c o n t r a s t was e l i m i n a t e d . 

The experimental arrangement i s shown i n F i g u r e 8 . 1 ( b ) . The 

magnetic f i e l d i n d i c a t e d i n the diagram was s u p p l i e d by the magnet d e s c r i b e d 

i n Chapter 5. The c o n s i d e r a b l e f r e e volume around the c o n i c a l pole p i e c e s 

made the p o s i t i o n i n g of the microscope q u i t e an easy o p e r a t i o n . The microscope 

i t s e l f had no ferromagnetic p a r t s , and so d i d not move when the f i e l d was 

switched up. 

Various p a r t s of the sample were i n v e s t i g a t e d . Each was mounted 

on a g l a s s p l a t e and f i x e d i n p o s i t i o n by a very s m a l l amount of a r a l d i t e . 

I t was noted t h a t f o r the p a r t s of the Tb2LuFe,.0^2 sample i n v e s t i g a t e d , the 

magnetic domains disappeared when the a p p l i e d f i e l d reached 6.5 to 7.5k Oe. 

I t was thus concluded t h a t the u n i a x i a l anisotropy f i e l d l a y i n t h i s region 

a l s o . However, as w i l l be pointed out l a t e r , the a n i s o t r o p y may be g r e a t e r 

than t h i s i n some other p a r t s of the f i l m specimen. K u r t z i g and Hagedorn 

(1971) i n v e s t i g a t e d the anisotropy of a t h i n f i l m of E r Eu Fe ,Ga 0 
Cm X * * a J \J • / X. Cm 

deposited by l i q u i d phase e p i t a x y on the (111) s u r f a c e of a Gd^Ga^O^ s u b s t r a t e . 

T h i s was seen to have a u n i a x i a l anisotropy f i e l d of 6.5k Oe. A s i m i l a r , but 

more el a b o r a t e technique of a n i s o t r o p y f i e l d i n v e s t i g a t i o n has been d e s c r i b e d 

by Krumme e t . a l . (1972). However, the method of K u r t z i g and Hagedorn (1971) 

had the advantage of s i m p l i c i t y . I t would have been more d i f f i c u l t to f i t 

the apparatus d e s c r i b e d by Krumme between the pole p i e c e s of the magnet, even 

though a c o n s i d e r a b l e spare volume was a v a i l a b l e . 

8.4 Alignment 

The alignment of the d i f f r a c t o m e t e r w i t h the garnet m a t e r i a l s 

e s s e n t i a l l y followed the procedure o u t l i n e d i n Chapter 7. Laue photographs 

were taken of both samples, and these i n d i c a t e d t h a t the (111) plane was 

p a r a l l e l to the sample s u r f a c e i n each c a s e . The c o r r e c t p o s i t i o n i n g of 
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the samples r e l a t i v e to the d i f f r a c t o m e t e r axes then, with the help of a 

v a r i a b l e angle s e t square, was comparatively s t r a i g h t f o r w a r d . 

A summary of the Bragg angles which c o u l d be used f o r the garnet 

Tb^Lu^Fe^O^^ i s g i v e n i n Table 8 . 3 . 

Table 8 . 3 

Bragg angles used with Tb^u^Fe^O^^ 

R e f l e c t i n g planes Bragg angle 

(12,12,12) 36.6° 

(14,14,14) 44.0° 

(16,16,16) 52.5° 

R a d i a t i o n MoKa^ 
o 

Wavelength 0.709A 
o 

L a t t i c e constant 12.38A 

The value o f the l a t t i c e c onstant used was obtained from a l i n e a r weighting 

of the r e l e v a n t v a l u e s shown i n the second p a r t of Table 8.2, which g i v e s the 

l a t t i c e c onstants of the pure R.I.G's. I n i t i a l l y , experiments were c a r r i e d 

out w i t h a standard l a b o r a t o r y electromagnet which had c o n i c a l pole p i e c e s . 

T h i s was before c o n s t r u c t i o n of the l a r g e electromagnet was complete. A 

Bragg angle g r e a t e r than 30° had to be used, s i n c e only then would no p a r t 

o f the magnet be p o s i t i o n e d i n the X ray beam path. I t can be seen then 

from Table 8.3 t h a t (12,12,12) was a s u i t a b l e r e f l e c t i o n f o r use here. I n 

l a t e r experimental work, when the magnet d e s c r i b e d i n Chapter 5 was employed, 

the minimum Bragg angle which could be used was 42°. The (16,16,16) r e f l e c t i o n 

t h e r e f o r e was the most s u i t a b l e r e f l e c t i o n here. I t was observed t h a t the 

i n t e n s i t y of the (14,14,14) r e f l e c t i o n was c o n s i d e r a b l y l e s s than t h a t o f the 

(16,16,16) r e f l e c t i o n . 
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Hart and Llo y d ( 1 9 7 4 ) have pointed out t h a t t h e i r second c r y s t a l 

was used as the re f e r e n c e c r y s t a l . I n the pr e s e n t experimental arrangement, 

i t would have proved q u i t e d i f f i c u l t to s h i e l d the f i r s t c r y s t a l adequately 

with l e a d i f the magnet had been l o c a t e d a t the same p o s i t i o n . Therefore, 

i n a l l the experimental runs, the magnetic f i e l d was a p p l i e d to the second 

c r y s t a l , and the f i r s t c r y s t a l was the r e f e r e n c e c r y s t a l . 

When the l a r g e electromagnet was i n p o s i t i o n , s t r a y magnetic f i e l d 

measurements were made with a H a l l probe. I t was noted t h a t the maximum 

observable s t r a y f i e l d a t the f i r s t c r y s t a l p o s i t i o n was 50 Oe. The s u b s t r a t e / 

Eu 7 L u o F e i i 7A*y» -7°i i w a s u s e d a s t n e r e f e r e n c e c r y s t a l , and i t was thought 

t h a t such a small f i e l d would not have caused the c r y s t a l to move a t a l l . 

I t was a c t u a l l y observed that when t h i s c r y s t a l was f r e e l y mounted on a g l a s s 

p l a t e , i t shewed no v i s i b l e s i g n s of movement t i l l magnetic f i e l d s of s e v e r a l 

k Oe had been reached. The r e f e r e n c e c r y s t a l , t h e r e f o r e , was mounted a g a i n s t 

a c i r c u l a r b r a s s r i n g , and he l d i n p o s i t i o n by a very s m a l l amount of a r a l d i t e , 

as i n d i c a t e d i n F i g u r e 8 . 2 . 

When the r e f l e c t i o n from the second c r y s t a l ( r e f e r r e d to a s the 

second r e f l e c t i o n ) was being l o c a t e d , i t was observed t h a t the r e f l e c t i o n from 

the s u b s t r a t e was more i n t e n s e than the r e f l e c t i o n from the f i l m by a f a c t o r 

of 3 to 4. The second r e f l e c t i o n from the s u b s t r a t e was i n i t i a l l y found to 

be t y p i c a l l y 12 seconds of a r c wide a t the peak h a l f maximum, whi l e the second 

r e f l e c t i o n from the f i l m was found to be t y p i c a l l y 20 seconds o f a r c wide. 

These widths agree q u i t e w e l l w i t h those quoted by Hart and L l o y d ( 1 9 7 4 ) and 

Stacy e t . a l . ( 1 9 7 4 a ) . The two r e f l e c t i o n s were separated by s e v e r a l hundred 

seconds of a r c , i n agreement with s i m i l a r o b s e r v a t i o n s o f Hart and L l o y d ( 1 9 7 4 ) 

and Estop e t . a l . ( 1 9 7 6 ) . The i n c r e a s e d width of the f i l m second r e f l e c t i o n , 

as pointed out by Hart and L l o y d ( 1 9 7 4 ) , was due to the sma l l f i l m t h i c k n e s s . 

Also some d i s p e r s i o n was introduced when the f i l m r e f l e c t i o n was used. T h i s 

has been t r e a t e d i n Chapter 7 . As time proceeded, the widths of the rocking 
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Fig.8.2 Schemat ic diagram of r e f e r e n c e c r y s t a l mounting a r r a n g e m e n t . 



Fig.6.3 (a) Film ref lect ion rocking curve used to obtain the r e s u l t of f igure 8-

20 arc 
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.8 .3(b) Film re f l ec t ion rocking curve used to obtain the r e s u l t of f i g u r e 8.9(f). 
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F i g . 8 . 3 ( c ) Film r e f l e c t i o n rocking c u r v e used to obtain the r e s u l t of f igure 8-9(i)&(0 

Measurement s c a l e d i f f e r e n t from (a) and ( b ) . 
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9 d e c r e a s i n g 



P i g . 8 . 3 ( d ) Film reflecMon rock ing c u r v e u s e d to obtain the r e s u l t of f i g u r e 

(m)&ln). 
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curves, e s p e c i a l l y o f the f i l m r e f l e c t i o n s , became p r o g r e s s i v e l y l a r g e r . 

This was thought t o be due t o handling o f the c r y s t a l s , and to the e f f e c t s 

of the glue used. F i n a l f i l m second r e f l e c t i o n widths were t y p i c a l l y 30 

seconds o f arc. Some of the rocking curves observed are shown i n Figure 

8.3. 

8.5 Goniometer arrangement 

A considerable time was spent i n t r i a l and e r r o r before a s u i t a b l e 

goniometer arrangement was devised f o r the specimen c r y s t a l . A review o f 

the various arrangements which were t r i e d w i l l be given here. They are 

shown d i a g r a m a t i c a l l y i n Figure 8.4. 

I t has been pointed out i n s e c t i o n 8.2 t h a t the samples were 

c i r c u l a r p l a t e l e t s . I t i s obvious t h a t the sample could not be mounted on 

the goniometer w i t h wax, as i t would then have moved when magnetic f i e l d s o f 

several thousand oesteds were a p p l i e d . I n i t i a l l y , one side o f the p l a t e l e t 

was attached t o a three c i r c l e goniometer by some a r a l d i t e g lue, which was 

allowed to set i n i t s own time. The arrangement i s shown i n Figure 8.4(a). 

The d i f f r a c t o m e t e r was aligned, and the rocking curve from the substrate 

r e f l e c t i o n was observed. I t was noted t h a t the rocking curve was about 30 

seconds o f arc, and could not be decreased when the t i l t was a l t e r e d . Since 

the beam was i n c i d e n t a t p o s i t i o n A i n the diagram ( 8 . 4 ( a ) ) , i t was concluded 

t h a t the glue was causing the c r y s t a l t o s t r a i n . The d i f f r a c t o m e t e r was r e ­

aligned so t h a t the beam d i f f r a c t e d from the f i r s t c r y s t a l was i n c i d e n t a t 

p o s i t i o n B on the second c r y s t a l . A narrower rocking curve o f width 15 

seconds o f arc was obtained. However, when a magnetic f i e l d of 2k Oe was 

applied t o the specimen, i t was noted t h a t the rocking curve s h i f t e d q u i t e 

considerably. The substrate rocking curve was not expected to s h i f t a t a l l 

when the magnetic f i e l d was a p p l i e d . I t was concluded t h a t as the c r y s t a l 

was f a i r l y l a r g e , and was only anchored a t one p o i n t , some t w i s t i n g of the 

sample was t a k i n g place as the magnetic f i e l d was a p p l i e d . 
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F i g . 8 ^ V a r i o u s goniometer a r r a n g e m e n t s t r i e d f o r mounh'ng specimen c r y s t a l . 



100 

I n order to t r y and solve the dilemma of preventing the c r y s t a l 

from moving i n the f i e l d w h i l s t not i n t r o d u c i n g any e x t r a s t r a i n i n the c r y s t a l , 

the holder shown i n Figure 8.4(b) was constructed. The c r y s t a l was p o s i t i o n e d 

a t the inner rim o f an aluminium r i n g (A), and clasped around i t s perimeter 

by the rubber r i n g (B). A t h i r d r i n g (C) of aluminium held B against A 

w i t h the help o f some small brass screws. The r e s u l t obtained was encour­

aging. The f i l m r e f l e c t i o n rocking curve was observed to s h i f t i n the ex­

pected d i r e c t i o n when the magnetic f i e l d was a p p l i e d . The maximum f i e l d 

obtainable w i t h the l a b o r a t o r y electromagnet however was only 2.5k Oe, and 

magneto-optical measurements described i n s e c t i o n 8.3 showed t h a t t h i s f i e l d 

was not of s u f f i c i e n t magnitude to cause the magnetization i n the f i l m t o 

r o t a t e from the u n i a x i a l easy d i r e c t i o n s i n t o the f i l m plane. 

At t h i s stage, use was made of the s p e c i a l l y constructed e l e c t r o ­

magnet described i n Chapter 5. The f i e l d s taken from t h i s went i n i t i a l l y 

up to 9k Oe. I t was immediately observed t h a t the rocking curve of the 

substrate r e f l e c t i o n s h i f t e d a good deal more than was expected when a 

magnetic f i e l d o f about 9k Oe was a p p l i e d . The angular p o s i t i o n of the magnet 

was v a r i e d over a range of three degrees, and i t was observed t h a t the s h i f t 

changed from p o s i t i v e a t one end of the range to negative a t the o t h e r . The 

maximum rocking curve s h i f t recorded over t h i s range of magnet p o s i t i o n s was 

10 seconds o f arc. The s h i f t s observed are shown i n Figure 8.5. I t i s t o 

be noted t h a t the s t r a y f i e l d of the magnet covers a considerably l a r g e r 

volume a t a greater f i e l d s t r e n g t h than the s t r a y f i e l d of the o r i g i n a l 

standard l a b o r a t o r y electromagnet. Although the three c i r c l e goniometer 

chosen was of aluminium c o n s t r u c t i o n , i t was subsequently discovered t h a t the 

small l o c k i n g screws were of s t e e l , and these screws were responsible f o r the 

l a r g e s h i f t observed. 

As none of the commercial goniometers a v a i l a b l e was completely non­

magnetic, i t : was decided t h a t a special <joniometer be b u i l t . The one shown 



Fig.8.5 "Movement" f r o m 0 position on rocking curve as a function of applied field 

for small variat ions in angular position about a " z e r o " s e t t i n g . The movement is 

c lear ly due to some twist ing e f f e c t . 
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i n Figure 8.4(c) was constructed from brass and copper. I t consisted 

e s s e n t i a l l y o f a small brass block against which the sample was mounted, 

and whose t i l t could be adjusted. The t i l t adjustment was provided by the 

l e a f spring and screw mechanism shown i n the diagram. The non-magnetic base, 

needed to at t a c h the goniometer to the r o t a t i o n a x i s of the d i f f r a c t o m e t e r , 

was taken from a standard goniometer. 

As the c r y s t a l was so la r g e , i t was never c e r t a i n t h a t any t w i s t i n g 

e f f e c t s i n the magnetic f i e l d were being completely e l i m i n a t e d . I t was 

decided then t h a t a small segment of the sample be used. Some a r a l d i t e glue 

was evenly smeared very l i g h t l y over an area of the brass mounting block (A) 

of the goniometer, the sample segment was g e n t l y l a i d f l a t on the l a y e r of 

a r a l d i t e , and the glue was allowed to dry slowly i n i t s own time. Again 

the substrate r e f l e c t i o n rocking curve was very wide. I t was thought, 

however, t h a t the e f f e c t o f a d j u s t i n g the t i l t o f the c r y s t a l was t o induce 

some s t r a i n i n the c r y s t a l d i r e c t l y behind the c r y s t a l , since the t i l t 

a d j u s t i n g screw was located against the brass mounting block. A s i m i l a r 

goniometer shown i n Figure 8.4(d) was constructed. However, i n t h i s arrange­

ment the t i l t a d j u s t i n g screw was located near the top of the brass c r y s t a l -

mounting-block. The l a t t e r also was modified i n the l a t e s t c o n s t r u c t i o n 

so t h a t i t had a narrow neck i n which a small hole was d r i l l e d . The p o i n t 

of the t i l t a d j u s t i n g screw located i n t h i s . The neck served t o prevent as 

much as pos s i b l e any s t r a i n t h a t might have been induced by the l e a f s p r i n g 

and a d j u s t i n g screw from being t r a n s f e r r e d i n t o the r e s t of the brass mounting 

block and the c r y s t a l . 

When the c r y s t a l which had been mounted on the goniometer shown i n 

Figure 8.4(c) was remounted on the l a t e s t goniometer, the rocking curve of 

the s ubstrate second r e f l e c t i o n was found to be 17 seconds of arc i n w i d t h . 

With the previous goniometer on which the c r y s t a l had s t r a i n e d , widths of 

between 40 and 50 seconds of arc had been obtained. 

mi 
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The magnet was p o s i t i o n e d so t h a t the magnetic f i e l d was aligned 

p a r a l l e l to the plane of the sample. Therefore when the f i e l d was increased, 

the magnetization i n the f i l m would be r o t a t e d from the u n i a x i a l easy d i r e c t i o n s 

i n t o the plane o f the f i l m . The c r y s t a l was adjusted so t h a t i t was p o s i t i o n e d 

on the f l a n k of the substrate r e f l e c t i o n rocking curve. The beam d i f f r a c t e d 

from the second c r y s t a l was detected by the gas p r o p o r t i o n a l tube and the 

pulses from t h i s were counted by the s c a l a r . The magnet's angular p o s i t i o n 

was a l t e r e d over a range of f i v e s e t t i n g s , each p a i r separated by one degree. 

At each s e t t i n g the scalar was set to count f o r two minutes, once w i t h zero 

applied f i e l d and once w i t h an applied f i e l d of 8.95k Oe. The scalar readings 

f o r each o f the two minute i n t e r v a l s are shown i n Table 8.4. I t can be seen 

from the number of counts f o r each i n t e r v a l has a counting e r r o r , taken as 

the square r o o t o f the number, o f s l i g h t l y more than 1%. 

Table 8.4 

E f f e c t of magnetic f i e l d on substrate second r e f l e c t i o n 

R e l a t i v e 
angular s e t t i n g 

of magnet * 

Magnetic 
f i e l d 
(k Oe) 

Counting 
time 

(seconds) 
Counts 

0 
8.95 

120 
120 

7581 
7834 

0 
8.95 

120 
120 

7987 
7699 

O 
8.95 

120 
120 

7606 
7909 

0 
8.95 

120 
120 

7320 
7506 

0 
8.95 

120 
120 

7787 
7737 

* The r e l a t i v e angular s e t t i n g i s shown i n degrees. 0 i s taken to mean t h a t 
the f i e l d i s p a r a l l e l to the sample. Then 1 and 2 are the number of degrees 
the magnet i s moved from the 0 s e t t i n g , clockwise and a n t i c l o c k w i s e as 
..ndicated. 
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The a c t u a l p o s i t i o n o f the c r y s t a l was changed along the rocking curve by 

approximately three seconds o f arc, and the number o f counts then observed 

f o r a two minute i n t e r v a l changed by about 40%. From these observations, 

i t was t h e r e f o r e concluded t h a t the c r y s t a l i t s e l f was not changing i t s 

p o s i t i o n i n the a p p l i e d f i e l d . S i m i l a r observations were made a t f o u r 

subsequent stages, on various pieces of the sample, throughout the p e r i o d 

t h a t the experimental work was c a r r i e d out. The apparatus was then ready 

f o r m a g n e t o s t r i c t i o n measurements t o be c a r r i e d o u t on the f i l m . These 

measurements are described i n se c t i o n 8.8. However, i n the f o l l o w i n g two 

sections, the e f f e c t s o f temperature and measurements w i t h Copper Ka^ 

r a d i a t i o n w i l l be described f i r s t o f a l l . 

8.6 E f f e c t of temperature change on the rocking curve p o s i t i o n 

The measurements made on the samples were c a r r i e d o u t a t room 

temperature. An i n v e s t i g a t i o n was c a r r i e d out i n order t o determine the 

e f f e c t s o f any net temperature changes which might occur during the course of 

the experiments. The "warm" j u n c t i o n o f a thermocouple thermometer was 

attached to the goniometer close to where the c r y s t a l was mounted, so t h a t 

the' temperature recorded by the thermometer was very nearly equal t o the 

temperature o f the c r y s t a l . A f i l m r e f l e c t i o n rocking curve was p l o t t e d o u t 

on the X. Y recorder a t a c r y s t a l temperature o f , f o r example, 16°C. Warm 

a i r was then passed around the goniometer, and a steady temperature o f , f o r 
o 

example, 28 C was reached. A f u r t h e r rocking curve was recorded a t t h i s 

elevated temperature. The observed s h i f t o f the rocking curve was determined 

by the d i f f e r e n c e i n the p o s i t i o n of the c e n t r o i d s of the two roc k i n g curves 

recorded. A t y p i c a l r e s u l t i s shown i n Figure 8.6. I t can be seen t h a t the 

d i f f e r e n c e i n c e n t r o i d p o s i t i o n s i s approximately 17.5 seconds of arc. I f i t 

i s assumed t h a t the temperature change i s l i n e a r over the range being considered, 

i t can be seen t h a t there i s a s h i f t i n the rocking curve o f close t o 1.5 
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seconds of arc per degree centigrade net change i n temperature. I t w i l l 

be seen t h a t the change i n rocking curve p o s i t i o n m a g n e t o s t r i c t i v e s t r a i n 

i s about twice t h i s , and t h e r e f o r e temperature e f f e c t s may be a serious 

source of e r r o r . The temperature changes were reduced by adequate 

v e n t i l a t i o n o f the la b o r a t o r y so t h a t heat from e l e c t r i c a l apparatus d i d 

not b u i l d up. The d i f f r a c t o m e t e r was water cooled, and t h i s also helped 

t o s t a b i l i z e the temperature of the specimen. A check o f the temperature 

w i t h the thermometer throughout an experimental run showed t h a t i t d i d not 

vary by more than - 1/4°. Another method of checking t h a t the temperature 

remained constant was t o monitor the r e f l e c t e d i n t e n s i t y f o r a given i n t e r v a l 

of time w i t h o u t the applied f i e l d before and a f t e r monitoring the r e f l e c t e d 

i n t e n s i t y w i t h the applied f i e l d , and t o note t h a t both recorded i n t e n s i t i e s 

were the same. This p a r t i c u l a r method was more o f t e n adopted, and w i l l be 

described f u r t h e r i n s e c t i o n 8.8. 

8.7 Measurements w i t h Copper Kct^ r a d i a t i o n 

A comparison of Bragg angles and orders of r e f l e c t i o n f o r CuKct^ 

and MoKot^ c h a r a c t e r i s t i c r a d i a t i o n i s given i n Table 8.5. The values are 

Table 8.5 

Comparison of Bragg angles and orders o f r e f l e c t i o n f o r CuKct 1 
and MoKct^ r a d i a t i o n 

CuKo^ MoKo^ 

Wavelength 1.540$ 0.709$ 

R e f l e c t i n g planes (8,8,8) (16,16,16) 

Bragg angles 59.5° 52.5° 

given f o r the l a t t i c e planes of the garnet Tb^uFej-O^- I t can be seen 

t h a t f o r comparable Bragg angles, the order of r e f l e c t i o n of CuKa^ r a d i a t i o n 
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i s considerably lower than o f MoKa^ r a d i a t i o n . I t has been pointed out 

i n Chapter 7 t h a t the absorption o f MoKa.̂  r a d i a t i o n over the X ray beam 

path length i s considerably less than of CuKoi^ r a d i a t i o n . This f a c t i s 

more than balanced by the lower order of r e f l e c t i o n of CuKct^ r a d i a t i o n f o r 

s i m i l a r Bragg angles, and i t has been observed t h a t f o r s i m i l a r o perating 

co n d i t i o n s of the d i f f r a c t o m e t e r and X ray generator, the recorded r e f l e c t e d 

X ray i n t e n s i t y o f CuKct^ wavelength was considerably greater than t h a t of 

MoKct^ wavelength. Further i t has been noted t h a t the peak i n t e n s i t y o f the 

r e f l e c t i o n from the f i l m I^LuFe,^).^ w a s greater than t h a t of the r e f l e c t i o n 

from the substrate, i n agreement w i t h s i m i l a r observations of Hart and Lloyd 

(1974). I n the present case, i t was noted t h a t the i n t e n s i t y r a t i o was 

approximately 2:1. These f a c t s c e r t a i n l y would have made the use o f CuKa^ 

r a d i a t i o n more a t t r a c t i v e . 

The energy of a photon of CuKa^ r a d i a t i o n i s lower than t h a t of a 

photon of MoKa^ r a d i a t i o n . Thus the threshold l e v e l s e t t i n g o f the prop­

o r t i o n a l detector counting system needed t o be set f a i r l y low i n t h i s case 

so t h a t a reasonable counting r a t e could be obtained. An unfortunate 

subsequent observation was t h a t the magnetic f i e l d from the electromagnet 

had a det r i m e n t a l e f f e c t on the ratemeter reading. The l a t t e r decreased 

almost t o zero when the magnetic f i e l d was increased t o about lok Oe. No 

such e f f e c t was observed when MoKa^ r a d i a t i o n was employed, and a much 

higher t h r e s h o l d l e v e l could be used. 

Some attempts were made t o s h i e l d the d e t e c t i o n apparatus from the 

magnetic f i e l d ; these involved enveloping the various p a r t s of the equipment 

w i t h some high p e r m e a b i l i t y i r o n metal f o i l . However, the ratemeter reading 

s t i l l decreased by j u s t as much when the magnetic f i e l d was switched on. 

Mo magnetostriction measurements t h e r e f o r e were made when CuKct^ c h a r a c t e r i s t i c 

r a d i a t i o n was being employed. 

/ 
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8.8 M a g n e t o s t r i c t i o n measurements 

8.8.1 Measurement from rocking curve f l a n k 

I t can be seen i n Figure 8.3 t h a t the f l a n k s of the rocking 

curves are l i n e a r over a considerable p a r t . Use o f t h i s f a c t was made i n 

order t h a t the m a g n e t o s t r i c t i o n measurements could be made. The f l a n k o f 

a given rocking curve was p l o t t e d i n the f o l l o w i n g way. The c r y s t a l was 

set t o r e f l e c t , f o r example, a t the p o i n t "A" on the rocking curve of 

Figure 8.3(a), and the r e f l e c t e d i n t e n s i t y was monitored by the d e t e c t o r / 

scalar f o r a set time. The c r y s t a l was r o t a t e d by 30 steps o f the stepper 

motor t o p o s i t i o n "B", the r e f l e c t e d i n t e n s i t y s i m i l a r l y monitored, and then 

again at p o s i t i o n "C". The i n t e r v a l separating each p a i r of p o i n t s A,B and 

B,C can be seen t o be equal t o 3.09 seconds of arc from a c o n s i d e r a t i o n o f 

the c a l i b r a t i o n of the d i f f r a c t o m e t e r r o t a t i o n axes, given i n Chapter 6. 

The c r y s t a l was set at a p o s i t i o n on the s t r a i g h t l i n e f l a n k passing through 

the p o i n t s A,B,C. For given values of the applied magnetic f i e l d , from 

zero upwards, the Bragg r e f l e c t e d i n t e n s i t y from the specimen c r y s t a l was 

monitored. I n t h i s way the "movement" along the f l a n k was measured f o r 

each value of applied f i e l d was measured, and from t h i s , the value o f the 

ma g n e t o s t r i c t i v e s t r a i n was deduced from the d i f f e r e n t i a l form o f Bragg's 

equation. 

8.8.2 Value o f m a g n e t o s t r i c t i v e s t r a i n 

From Table 8.1 i t can be seen t h a t the expected sign o f 

the sample i s p o s i t i v e . This means t h a t i n i t s normal u n i a x i a l s t a t e , the 

f i l m i s s t r a i n e d by the e f f e c t of m a g n e t o s t r i c t i o n and the s t r a i n i s such 

t h a t there i s an expansion along the [ i l l ] d i r e c t i o n . From equation 1.10, 

i t can be seen t h a t when the magnetization i s i n the [ i l l ] d i r e c t i o n , along 

w i t h the measuring d i r e c t i o n , the value o f the m a g n e t o s t r i c t i v e s t r a i n , 

r e l a t i v e t o the demagnetized s t a t e , i s equal t o A ... I f then the magnet-
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i z a t i o n i s r o t a t e d to a d i r e c t i o n perpendicular to [ i l l ] , f o r example 

[ l i o ] or [ 2 1 l ] , the m a g n e t o s t r i e t i v e deformation r e l a t i v e t o the demagnet­

ized s t a t e then becomes ~ . Thus the change i n m a g n e t o r e s t r i c t i v e 

deformation as the magnetization i s r o t a t e d from the [ i l l ] d i r e c t i o n i n t o 

the plane o f the sample i s such as t o give a compression along f i l l ] , and 

the magnitude i s 

61 
111 (8.1) 

This can also be seen from equation 1.11 f o r a u n i a x i a l c r y s t a l . The 

value of i s put equal to 90° and X here i s then 

8.8.3 Samples and operating c o n d i t i o n s 

Five pieces o f the o r i g i n a l c i r c u l a r p l a t e l e t were studied, and the 

m a g n e t o s t r i c t i o n measurements were taken from four o f these. The sizes and 

shapes are shown i n Figure 8.7. Four of the pieces were from the outer 

regions o f the p l a t e l e t , and one, the l a r g e s t , was taken from the middle. 

The s i z e of the X ray c o l l i m a t o r s l i t , shown i n Figure 7.1(b), 

was 5mm i n h e i g h t by 1.5mm i n w i d t h . I t was found t h a t i f chese dimensions 

were decreased by very much, then the r e f l e c t e d i n t e n s i t y (from the second 

c r y s t a l ) became i m p r a c t i c a l l y low. With the smaller samples, the peak 

i n t e n s i t y o f the rocking curve was t y p i c a l l y 30 counts per second. With the 

l a r g e s t sample, the peak counting r a t e was t y p i c a l l y 90 counts per second. 

This i n d i c a t e s t h a t there was some v e r t i c a l divergence of the beam i n c i d e n t 

on the second c r y s t a l , t h a t i s , the beam h e i g h t was greater than the h e i g h t 

of the smaller c r y s t a l segments. 

When the measurements were being made, the X ray generator was 

o p e r a t i n g a t a maximum o f 50kV and 2̂ mA. MoKa^ r a d i a t i o n was used. The 

r e f l e c t i n g planes were (16,16,16). 



Fig.8 .7 S i z e s and shapes of s a m p l e s of T b L u F e O ^ film oh G.G.G. s u b s t r a t e . 0 0.5 cm 

Sample 2 Sample 1 n 1.5 cms 

Sample 3 

Sample 4 Sample 5 
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8 . 8 . 4 Measurements 

The measurements were made as d e s c r i b e d i n s e c t i o n 8 . 8 . 1 . I f , 

f o r example, the c r y s t a l was p o s i t i o n e d on the high angle s i d e of the rocking 

curve, i t can be seen t h a t the r e f l e c t e d i n t e n s i t y was expected to i n c r e a s e 

when the magnetic f i e l d was a p p l i e d . I n such a case then, the measurements 

i n the a p p l i e d f i e l d were made a t p o s i t i o n B i n F i g u r e 8 . 3 before the 

r e f l e c t e d i n t e n s i t y was monitored a t C. I n t h i s way, no r e v e r s a l o f the 

stepper motor d r i v e system had to occur, and t h e r e f o r e no b a c k l a s h e f f e c t was 

introduced during the measurement. A schematic r e p r e s e n t a t i o n of a t y p i c a l 

s e t of r e s u l t s , shown as a "movement" along the f l a n k of the rocking curve f o r 

g i v e n v a l u e s of a p p l i e d f i e l d , i s given i n F i g u r e 8 . 8 . 

I n a l l , f i f t e e n s e t s of measurements were made from the four p i e c e s 

of sample. The displacements along the f l a n k of the r o c k i n g curve w e r e 

converted to the corresponding v a l u e s of A 0 . F i g u r e 8 . 9 shows p l o t s of AO 

v e r s u s a p p l i e d magnetic f i e l d made f o r each experimental run. With each p l o t , 

the f o l l o w i n g information i s given: rocking curve width, rocking curve peak 

i n t e n s i t y , average "square r o o t " e r r o r on the s c a l a r readings, counting time 

and sample number (as given i n F i g u r e 8 . 7 ) . 

I t has been seen i n s e c t i o n 8 . 6 t h a t a check needed to be kept on 

the e f f e c t o f temperature on the p o s i t i o n of the rocking curve. I n some of 

the measurements, the c r y s t a l was p o s i t i o n e d , f o r example, a t the p o i n t B on 

the rocking curve as mentioned above. T h i s peak has been c a l l e d the "zero 

f i e l d " or "base" p o i n t . I t was monitored f o r the g i v e n i n t e r v a l before and 

a f t e r a l l the measurements w i t h the a p p l i e d f i e l d had been made. Any d i f f ­

erence then i n the "base" p o i n t was considered to be due to the e f f e c t s of a 

net temperature change during the course of the experimental run. An even 

c l o s e r check was to monitor the "base" p o i n t before and a f t e r each i n d i v i d u a l 

a p p l i c a t i o n of the magnetic f i e l d . T h i s was done f o r the remainder of the 

measurements not checked by the f i r s t method. These methods are c a l l e d 



Fig .8 .8 Movement along flank of rocking curve owing to m a g n e t o s t r i c t i o n , a s 

measured for r e s u l t 8 .9 (d) . 

S c a l a r reading fo r time i n t e r v a l s of 606 s e c o n d s . 
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F ig .8 -9 P lots of m e a s u r e d v a l u e s of movement , AO,along rocking curve f lank 

v e r s u s magnetic f ield s t r e n g t h , and one upon field s t r e n g t h . 
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Key to g r a p h captions. 

1 Rocking c u r v e width at half height. 

2 Peak count rate for rock ing c u r v e . 

3 P e r c e n t a g e square roof counting e r r o r . 

i* Monitoring time. 

5 Sample number. 
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"method 1" and "method 2" r e s p e c t i v e l y . The maximum movement of the 

"base" p o i n t during the course of each run i s shown i n Table 8.6; t h i s 

i s given as the percentage change i n the s c a l a r reading f o r a g i v e n i n t e r v a l 

of time, and thus r e p r e s e n t s the maximum e r r o r i n the m a g n e t o s t r i c t i v e s t r a i n 

measurements, which i s due to the e f f e c t s o f temperature i n s t a b i l i t y . 

Table 8.6 

Percentage e r r o r i n s t r a i n measurement owing to movement 

i n "base" p o i n t 

Experimental Method of "base" Maximum change i n measured 
run p o i n t checking i n t e n s i t y a t "base" 

A method 1 0.7% 

B method 1 0.7% 

C 

D method 1 0.2% 

E method 1 2.0% 

F method 1 10.9% 

G method 2 7.0% 

H method 2 2.3% 

I method 2 1.0% 

J method 1 1.7% 

K method 2 2.0% 

L method 2 4.5% 

M method 2 1.6% 

N method 2 1.6% 

O method 1 2.0% 

Often i n the experimental runs which were checked by method 2, the 

percentage changes of base p o i n t were c o n s i d e r a b l y l e s s than the maximum 
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v a l u e s shown i n Table 8.6. Comparison of the percentage changes i n 

"base" p o i n t w i t h the square root counting e r r o r s g i v e n i n F i g u r e 8.9 shows 

t h a t most of the former "temperature" e r r o r s are q u i t e s m a l l . 

A p u z z l i n g o b s e r v a t i o n was the d e c r e a s i n g change i n r e f l e c t e d 

i n t e n s i t y a t high f i e l d v a l u e s , e s p e c i a l l y i n the r e s u l t s , G, I , and L. 

I t was thought t h a t perhaps some s l i g h t movement of the c r y s t a l was o c c u r r i n g 

a t these high v a l u e s of the f i e l d , although w i t h the goniometer arrangement, 

and c r y s t a l mounting technique being used, t h i s was unexpected. However, 

the sample used i n these p a r t i c u l a r measurements i s the l a r g e s t of the four. 

8.8.5 Treatment of measurements 

I t can be seen t h a t a c o n s i d e r a b l e number of the m a c n e t o s t r i c t i v e 

s t r a i n s measured show no tendency to s a t u r a t e . T h i s o b s e r v a t i o n was made 

when the f i r s t s e t s o f measurements were being c a r r i e d out. Here, only 

f i e l d v a l u e s of up to 8.95k Oe were used, s i n c e the magnet co o l i n g c i r c u i t 

was not complete. When the c o o l i n g system was ready, j u s t high f i e l d 

measurements were made under the assumption t h a t these would c o r r e l a t e w i t h 

the previous lower f i e l d measurements. T h i s e x p l a i n s the absence of low 

f i e l d measurements i n some experimental runs and of high f i e l d p o i n t s i n 

o t h e r s . S i n c e most of the r e s u l t s showed no tendency to s a t u r a t e , i t was 

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

value of the m a g n e t o s t r i c t i o n constant, as i n d i c a t e d s c h e m a t i c a l l y i n 

F i g u r e 8.10. 

I n order to o b t a i n a v a l u e of ^ ^ ^ . i ' t n e r e s u ^ t s a r e e x t r a p o l a t e d to 

i n f i n i t e magnetic f i e l d . The usual procedure adopted i n m a g n e t o s t r i c t i o n 

measurements i s to p l o t A£/£ v e r s u s AE. Here AO i s p l o t t e d a g a i n s t *VH. 

The u n i t value of magnetic f i e l d was taken as 10k Oe. The p l o t s are shown 

f o r each experimental run i n F i g u r e 8.9 a l o n g s i d e the corresponding p l o t s o f 

AO v e r s u s H. A s t r a i g h t l i n e was f i t t e d to each p l o t by the method of l e a s t 
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s quares. The value of the i n t e r c e p t of the s t r a i g h t l i n e on the 

o r d i n a t e obtained f o r each was taken to be the v a l u e of A0 a t i n f i n i t e 

magnetic f i e l d . The s e r i e s o f v a l u e s of AO i n t e r c e p t s obtained i s shown 

i n Table 8.7. 

Table 8.7 

Value o f o r d i n a t e i n t e r c e p t i n l e a s t squares f i t of A0 v e r s u s ̂ "/H 

Experimental run I n t e r c e p t (AO, seconds of a r c ) 

A 5.99 

B 6.53 

C 4.98 

D 4.86 

E 4.63 

F 3.26 

G 2.10 

H 3.22 

I 2.67 

J 1.17 

K 0.98 

L 2.53 

M 2.78 

N 2.04 

0 1.82 

An average of these was found. With a value o f 0 equal to 52.5°, the 
B 

r e l a t i o n 
dfc = - AO (8.2) 
£ tan0„ B 

together with r e l a t i o n (8.1) i s used to o b t a i n an average value o f A 



/ 

H 

Fig.8 -10 Magnetostr ict ion as a funct ion of the f ie ld in tens i ty . Chikazumi (1964). 
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A l l l = ( 8 * 1 2 ~ 1 ' ° 0 ) * 1 0 _ 

where the standard e r r o r has been quoted. T h i s method o f o b t a i n i n g the 

v a l u e of o v e r s i m p l i f i e s the behaviour of AG with 1/H. From a c o n s i d e r a t i o n 

of F i g u r e 8.10 i t would be expected t h a t the value of AG would l e v e l o f f a t low 

v a l u e s of 1/H and thus the value of A^^ obtained from the l e a s t squares f i t i s 

an overestimate of the a c t u a l value by about 10%. 

8.9 Double c r y s t a l topographs 

Double c r y s t a l topographs were taken of the s u b s t r a t e sample 2 and 

of the s u b s t r a t e of a f i f t h p i e c e of the o r i g i n a l p l a t e l e t , which was of 

s i m i l a r dimensions to those of sample 2. The experimental arrangement f o r 

taking double c r y s t a l topographs has been d e s c r i b e d i n Chapter 4. The 

d e t e c t i o n p l a t e was p l a c e d as c l o s e to the specimen as p o s s i b l e . For the 

topographs d e s c r i b e d here, symmetric r e f l e c t i o n s i n the {+,-) p a r a l l e l 

p o s i t i o n s were used. The procedure used f o r p r o c e s s i n g the n u c l e a r emulsion 

p l a t e s i s e s s e n t i a l l y t h a t d e s c r i b e d by Tanner (1976). A l l the d e t a i l s o f 

the two topographs are g i v e n i n Table 8.8. The r e f e r e n c e c r y s t a l was the 

same as t h a t used i n the m a g n e t o s t r i c t i o n measurements. Topographs 1 and 2 

are shown i n F i g u r e s 8.11 and 8.12 r e s p e c t i v e l y . 

The f e a t u r e s o f the topographs i n c l u d e b r i g h t and dark curved bands, 

which are growth s t r i a t i o n s . Such f e a t u r e s i n G.G.G. grown by the C z o c h r a l s k i 

technique have a l s o been r e v e a l e d by Stacy (1974b) who a l s o used the method of 

double c r y s t a l topography. From the b l a c k and white c o n t r a s t of the bands, 

an estimate may be made of the v a r i a t i o n i n l a t t i c e parameter i n the s u b s t r a t e 

owing to the compositional v a r i a t i o n a r i s i n g during the growth p r o c e s s . From 

the rocking curve width used i n topograph 1, a v a l u e of AO may be taken to 

be 9 seconds of a r c . S i m i l a r l y from the rocking curve width used i n 

topograph 2, AG may be taken to be 13.5 seconds of a r c . From the r e l a t i o n 

A£ = -AG , which omits the l a t t i c e r o t a t i o n term of equation 4.25, v a l u e s 
f tanO 



Table 8 . 8 

Detai ls of topographs 1&2 

Topograph 1 T Topograph 2 

Ref lec t ion (16,16,16) (8,8,8) 

R a d i a t i o n Mo K.,, Cu K „ , 

Exposure 36 h r s . 20 h r s . 

X - r a y g e n e r a t o r 50 k V . 50 k V . 

s e t t i n g 2U mA. 2U mA. 

P l a t e t y p e I l ford L4 , 50p I l f o r d L4 ,50fi 

Rocking c u r v e 1 8 " a r c . 2 7 " a r c . 

w id th . 



Fig.8-11 Double c rys ta l topograph of s u b s t r a t e of sample 2 using Mo K^radiation. 

The presence of growth s t r ia f ions is c lear f rom the black and white c o n t r a s t 

bands. The presence of a face t region may be in fe r red f rom the region A. 



i 

Fig.8-12 Double crys ta l topograph of s u b s t r a t e of sample 5 using Cu I r r a d i a t i o n . 

Again growth s t r i a t i o n s are evident. 
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of the s t r a i n ML_ are found to be 3.3 x 10 and 3.8 x 10 , t h a t i s , the 
1 -5 s t r a i n owing to growth s t r i a t i o n s may have an average v a l u e of 3.5 x 10 

Components of t h i s s t r a i n may be t r a n s f e r r e d i n t o the magnetic f i l m , as has 

been pointed out i n Chapter 1. 

A f u r t h e r f e a t u r e p r e s e n t i n topograph 1 i s a b r i g h t o v a l r e g i o n , 

l a b e l l e d A. T h i s has the appearance o f a f a c e t r e g i o n , the s t r a i n o f which 

i s t r a n s f e r r e d i n t o the f i l m . I t has been seen t h a t the anis o t r o p y o f the 

c r y s t a l may vary when such s t r a i n s a r e p r e s e n t i n the f i l m . The f a c e t 

observed i s very s i m i l a r i n appearance to those made v i s i b l e by Stacy (1974b). 

The c r y s t a l used f o r topograph 1 was one of those used f o r the m a g n e t o s t r i c t i o n 

measurements. I t was taken from the outer r e g i o n of the c r y s t a l p l a t e l e t , 

as were sample 1 and sample 4. I t has been concluded t h a t these f e a t u r e s o f 

the c r y s t a l s have been a c o n t r i b u t o r y f a c t o r to the v a r i a t i o n of the r e s u l t s 

obtained. Each experimental run of the p a i r s of r e s u l t s (G,H), ( L , I ) and 

(M,N) was made on the oppos i t e s i d e of the r e s p e c t i v e rocking curve to the 

other run. I t can be seen t h a t t h e r e i s c o n s i d e r a b l e d i f f e r e n c e i n measure­

ments made even on d i f f e r e n t p a r t s o f the same rocking curve. 

8.10 Conclusions 

S e v e r a l c o n c l u s i o n s have been drawn from the measurements which 

have been c a r r i e d out i n the work o f t h i s t h e s i s . They may be summarised 

as f o l l o w s . 

1. The double c r y s t a l d i f f r a c t o m e t e r which has been b u i l t has a s e n s i t i v i t y 

such t h a t s t r a i n s o f the order of 10 ^ - 10 ^ may be measured. Such 

measurements o f course r e q u i r e c r y s t a l s of good l a t t i c e p e r f e c t i o n . 

2. Provided t h a t the p o s i t i o n of the samples may be kept s u f f i c i e n t l y s t a b l e 

i n the a p p l i e d magnetic f i e l d , " s m a l l " v a l u e s (X < 10 ^) o f m a g n e t o s t r i c t i o n 

may be measured. 
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3. The m a g n e t o s t r i c t i o n measurements are not r e p r o d u c i b l e f o r d i f f e r e n t 

p a r t s of the sample, or even f o r d i f f e r e n t p a r t s o f the rocking curve. 

The measurements depend on the s t a t e o f l o c a l s t r a i n , and an " o v e r a l l " 

o r "average" v a l u e i s taken from the s e r i e s of measurements obtained. 

4. The v a l u e of which has been obtained agrees, w i t h i n the experimental 

e r r o r , to the expected v a l u e obtained by l i n e a r weightings. The method 

of measurement a n a l y s i s i s , however, expected to l e a d to an over-estimate 

of the a c t u a l v a l u e . 

8.11 Suggestions f o r f u r t h e r work 

Now t h a t the double c r y s t a l d i f f r a c t o m e t e r and magnet are i n f u l l 

o p e r a t i o n , m a g n e t o s t r i c t i o n measurements may be extended to a whole s e r i e s o f 

m a t e r i a l s . The requirements of these m a t e r i a l s are t h a t they be of good 

l a t t i c e p e r f e c t i o n and t h a t t h e i r magnetization may be s a t u r a t e d by the 

magnetic f i e l d a v a i l a b l e . 

Work on m a g n e t o s t r i c t i o n measurements by the s t r a i n gauge technique 

i s c u r r e n t l y i n progress i n the Durham group a l s o . An i n t e r e s t i n g i n v e s t ­

i g a t i o n would be to compare m a g n e t o s t r i c t i o n measurements made w i t h the double 

c r y s t a l d i f f r a c t o m e t e r and then w i t h s t r a i n gauges. 

Magnetic domains have been observed i n Ni by Chikaura and Nagakaura 

(1975) with X ray topography, and more r e c e n t l y by Kuriyama e t . a l . (1976), 

who used t r a n s m i s s i o n topography on C z o c h r a l s k i grown s i n g l e c r y s t a l s . An 

i n t e r e s t i n g e x t ension of B r a d l e r and Polcarova's (1972) work on F e : S i could 

perhaps cover the case o f Ni, i n which domain w a l l s a r e o f the 71° and 109° 

type. The spontaneous m a g n e t o s t r i c t i o n constant determined i n t h i s case 

would be A , s i n c e the easy d i r e c t i o n s a re <111>. 
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Appendix 1 

4-
L a = 3 

Core Solenoid B, B, 

Schemat ic diagram showing tufnol end p la te a r r a n g e m e n t , in c r o s s sect ion . 

Water sealing is provided by r u b b e r r ings L , , L , , 0 and fibre w a s h e r Fj and 

is e f f e c t e d by the tightening of s c r e w s p a s s i n g along CL through b r a s s 

ring R, , fufnol end plate T and b r a s s ring Rx, and by means of threaded 

rods which p a s s along C, and which connect top and bottom end p lates . B,, 

B, , outer and inner b r a s s cy l inders between which is solenoid. 



Appendix 2 

L i s t of S u p p l i e r s f o r magnet p a r t s : 

I r o n : J o p l i n g s S t e e l Foundry, P a l l i o n , Sunderland 

Extruded rubber channel: North E a s t Rubber Company, North S h i e l d s 

0 r i n g s ( 8 ^ i n s d i a m e t e r ) : James Walker, 20 Broad Chare, Newcastle 

Tufnol sheet: Tuckers L t d ( T e e s s i d e ) , Murdock Road, Middlesbrough 

Pole p i e c e b o l t s : H Osborn L t d . T e l . Newcastle 20311 

P l a s t i c tubing: P e t e r P l a s t i c s , Chain Bridge Road, Blaydon 

B r a s s s h e e t : Righton National Metal S e r v i c e s , Newcastle 

Copper: J Smith & Sons L t d . , 52 T h i r d Avenue, B r i e r i e y H i i l , S t a f f s . 



Appendix 3 

I T T Cannon plug to 

d ig i ta l display control 

Brown 

Red 

White 

Yellow 

Green 

Purp le 

Blue 

S c r e e n 

Blue 

Red 

Black 

B l u e / W h i t e 

V R e d / White 

B l a c k / W h i t e 

2 Limit A 

L imi t B 

Stepper 

Motor 

Colour code for s tepper motor wir ing connect ions. 


