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HYEPERFIN'E. FIELDS IN. RARE-EARTH COMPOUNDS 

Ph.D. T h e s i s 
by J.T. C h r i s t o p h e r 

A B S T R A C T 

The h y p e r f i n e f i e l d a t the cobalt! nucleus i n 
GdCo 2, G d 1 - x Y x C o 2 , G d l _ x D y x C o 2 , and G d f C o ^ N i J , , 
were s t u d i e d u s i n g the technique of "Spin-Echo" 
N.M.R. At k,2°K c o b a l t has a ne g a t i v e h y p e r f i n e 
f i e l d of 60«8 Koe wi t h a l i n e width of 1,94 Koe. 
T h i s f i e l d i s composed of c o n t r i b u t i o n s from two 
main so u r c e s ; 

a) from conduction e l e c t r o n (C,E.) p o l a r i 
z a t i o n and core p o l a r i z a t i o n of the cobalt, 
e l e c t r o n c o n f i g u r a t i o n by the c o b a l t sub-
l a t t i c e ; 

b) from C.E. p o l a r i z a t i o n of the c o b a l t e l e c 
t r o n c o n f i g u r a t i o n by the gadolinium sub-
l a t t i c e . 

The s p i n of the gadolinium s u b l a t t i c e i s 
decreased i n the y t t r i u m s u b s t i t u t e d s e r i e s . T h i s 
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i s accompanied by a a l i g h t decrease i n the h y p e r f i n e 
f i e l d and a simultaneous i n c r e a s e i n the l i n e width 
of the. resonance. An a n a l y s i s of the v a r i a t i o n i n 
HQ o, t a k i n g i n t o account the induced change i n c o b a l t 
s u b l a t t i c e magnetization, i n d i c a t e s t h a t the c o n t r i 
b u t i o n from the gadolinium s u b l a t t i o e i s approxi
mately 10 Koe per unpaired kf e l e c t r o n . I n a d d i t i o n , 
l i n e width measurements show t h a t the R.E, - T.M, 
i n t e r a c t i o n i s long range i n c h a r a c t e r . 

Magnetization measurements on the n i c k e l sub
s t i t u t e d s e r i e s show t h a t the TaM. moment remains 
constant i n i t i a l l y ; i n d i c a t i n g t h a t the c o b a l t - n i c k e l 
s u b l a t t i o e has an i t i n e r a n t e l e c t r o n c o n f i g u r a t i o n * 
The v a r i a t i o n i n along t h i s s e r i e s i s a s c r i b e d 
to a decrease i n C.E. c o n c e n t r a t i o n w i t h n i c k e l 
s u b s t i t u t i o n * A T.M. - T.M, i n t e r a c t i o n of s h o r t 
range i s i n d i c a t e d by the l i n e width v a r i a t i o n . 
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CHAPTER I 

I N T R O D U C T I O N 

1.1 The Rare e a r t h s are the s e r i e s of elements 

l y i n g between Lanthanum and Lutetium i n the p e r i o d i c 

t a b l e and having atomic numbers from 57 to 71. Ex

cept f o r the elements a t the ends of the s e r i e s , they 

are c h a r a c t e r i z e d by an incomplete s h e l l of k f e l e c 

t r o n s v a r y i n g from 1 to 13. T h i s s h e l l i s deeply em

bedded i n s i d e surrounding s h e l l s of e l e c t r o n s ; the 

e l e c t r o n s t r u c t u r e f o r the s e r i e s being w r i t t e n as 

4f n5s^5p^5d^6s^ ( i g n o r i n g s h e l l s i n t e r n a l to the hf). 

The chemical s i m i l a r i t y introduced by t h e i r iden

t i c a l outer e l e c t r o n c o n f i g u r a t i o n s prevented, u n t i l 

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

degree of p u r i t y . I t i s only w i t h i n the l a s t decade 

t h a t reasonably pure metals have been produced, and 

i n t h a t time i n v e s t i g a t i o n s i n t o t h i s s e r i e s of elem

ents have m u l t i p l i e d tremendously. 

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



have been summarized i n a review by Gschneider (1961), 

( r e f . l : l ) . A l l the metals of the s e r i e s c r y s t a l l i z e 

i n modified hexagonal c l o s e packed ( h . c p . ) s t r u c t u r e s , 

although these s t r u c t u r e s are not a l l the same* The 

heavy Rare e a r t h s from Gd-Lu have the magnesium (A3) 

type s t r u c t u r e w i t h packing sequence along the hexa

gonal a x i s ABAB, r e p e a t i n g a f t e r two l a y e r s . Those 

elements below gadolinium have a v a r i e t y of packing 

sequences; some wi t h ABACABAC sequences r e p e a t i n g 

a f t e r the f o u r t h l a y e r along the hexagonal a x i s and 

others w i t h sequence ABCABC along the ( i l l ) d i r e c t i o n . 

The magnetic p r o p e r t i e s of the metals can be ex

p l a i n e d by assuming t h a t they are t r i p o s i t i v e i o n s 

surrounded by conduction e l e c t r o n s from the outer 5d 

and 6s s h e l l s . The 4f e l e c t r o n s are s h i e l d e d by the 

5s and 5p s h e l l s and a c t to a f i r s t approximation as 

f r e e e l e c t r o n s . Thus the magnetic moment of the ions 

can be d e r i v e d from Russel-Saunders c o u p l i n g between 

the Spin and O r b i t a l angular moments of the 4 f n e l e c 

trons ( R . J . E l l i o t , 1965), ( r e f . 1:2). The excep

t i o n s to t h i s are europium and ytterb i u m which g a i n 
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an e l e c t r o n i n the h f s h e l l to complete a h a l f s h e l l 
and f u l l s h e l l r e s p e c t i v e l y . Samarium and europium 
a l s o show anomalous magnetic behaviour due to the 
f a c t t h a t the energy d i f f e r e n c e between ground and 
f i r s t e x c i t e d s t a t e i n these two elements i s very 
small and le a d s to admixture between the d i f f e r e n t 
s t a t e s . 

The magnetic s t r u c t u r e of t h i s s e r i e s of elements 

i s v e r y complex. A l l of them show some form of mag

n e t i c o r d e r i n g when the temperature i s lowered, but 

only gadolinium i s ordered a t room temperature. Neu

tr o n d i f f r a c t i o n s t u d i e s have i n d i c a t e d t h a t the others 

change t h e i r s t r u c t u r e as the temperature i s lowered. 
„o o , tetbiutn^ 

Between 228 K and 220 K, (dysprosium) changes from a 

h e l i c a l s p i n s t r u c t u r e to a ferromagnetic s t r u c t u r e 

where the h e l i c a l moments l i e i n the xy plane such 

t h a t 

| i n ( x ) = X(3JM c o s ( q . R n ) 

H n ( y ) = *PJM s i n ( q . R n ) 

where R i s the l a t t i c e p o s i t i o n of the plane under 



c o n s i d e r a t i o n and q i s the wave number of the h e l i c a l 

s p i n s t r u c t u r e . Other s p i n s t r u c t u r e s have a l s o been 

reported i n the l i t e r a t u r e and are summarized i n the 

review a r t i c l e by E l l i o t , (1965). 

The l a r g e unquenched o r b i t a l angular moments of 

the r a r e e a r t h metals produce a very strong h y p e r f i n e 

f i e l d a t the nu c l e u s . I n the t r a n s i t i o n metal elements 

the dominant c o n t r i b u t i o n to the h y p e r f i n e f i e l d comes 

from the conta c t i n t e r a c t i o n w i t h S e l e c t r o n s i n the 

conduction band p o l a r i z e d by the 3d s h e l l s , (see appen

dix I ) . The o r b i t a l c o n t r i b u t i o n i s n e g l i g i b l e as the 

3d o r b i t a l moment i s quenched by the e f f e c t of the 

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

The kf e l e c t r o n s however are w e l l s h i e l d e d from 

c r y s t a l f i e l d e f f e c t s hence t h e i r o r b i t a l moment i s 

l a r g e l y unquenched. S e v e r a l workers have measured 

the h y p e r f i n e constants of these metals ( r e f s . 1:3 -
3+ 2 +• 

1:8). With the exception of Gd and Eu which are 

"S" s t a t e ions and t h e r e f o r e have zero angular moments, 

a l l the h y p e r f i n e f i e l d s are i n excess of 1 M.oe, I n 

f a c t , the l a r g e o r b i t a l f i e l d dominates a l l other con-



t r i b u t i o n s and makes the h y p e r f i n e i n t e r a c t i o n s a t the 

n u c l e i of r a r e e a r t h s metals r e l a t i v e l y i n s e n s i t i v e to 

t h e i r environment. 

However, Gegenwarth and co-workers (l967)» ( r e f , 

1:9) have i l l u s t r a t e d how t h i s comparative l a c k of 

s e n s i t i v i t y may be put to good use i n e s t i m a t i n g the 

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

metals and t h e i r compounds. By c o r r e l a t i n g the f i e l d s 

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

and i n t h e i r compounds wi t h i r o n , they d i s c o v e r e d t h a t 

t h ere was a constant d i f f e r e n c e of about 800 k.oe. be

tween the f i e l d s at the nucleus of a given element i n 

a m e t a l l i c environment and i n the compound with i r o n . 

Assuming the i o n i c moment remains unchanged i n 

the two environments, then the o r b i t a l and core p o l a r i 

z a t i o n h y p e r f i n e f i e l d c o n t r i b u t i o n s a l s o remain un

changed. Hence, the f i e l d change must be due to the 

p o l a r i z a t i o n of the outer 5<i and 6s conduction e l e c t 

rons (common to a l l of the elements) by the neighbour

i n g i r o n atoms. 
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Rare E a r t h T r a n s i t i o n Metal Compounds; 

1.2 Rare e a r t h t r a n s i t i o n metal compounds have 

been s t u d i e d f o r t h e i r bulk magnetic p r o p e r t i e s as 

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

s t o i c h i o m e t r i e s have been i s o l a t e d such as A 0B._, AB_, 
d. l y 5 

AgB^, AB^, A B2» A B i » a n d ( A = r a r e e a r t h , B = Fe, 

Co, N i ) . I n p a r t i c u l a r the s t r u c t u r e and s a t u r a t i o n 

moment of AB,, compounds have been s t u d i e d by s e v e r a l 

a uthors. 

The AB^ compounds c r y s t a l l i z e i n a cubic Laves 

phase MgCu2 type s t r u c t u r e ( f i g . l : l ) f i n which the 

A atoms l i e on a simple cubic l a t t i c e w h i l e the B 

atoms l i e on an i n t e r p e n e t r a t i n g t e t r a h e d r a l network. 

These t e t r a h e d r a have a B atom at each apex by which 

they are j o i n e d to the neighbouring t e t r a h e d r a . 

(Gschneider i n "Rare E a r t h A l l o y s " ) (1961). 

The r e p o r t e d l a t t i c e c o nstants f o r these compounds 

vary between 7»1°A and 7«^°A g e n e r a l l y i n c r e a s i n g as 

the atomic r a d i u s of the r a r e e a r t h c o n s t i t u e n t in= 

c r e a s e s ( i . e . from T to Gd f o r the heavy r a r e e a r t h s ) . 
x m ' 

I t must be noted, however, t h a t the spread i n r e p o r t e d 



= A Atoms. 

= B Atoms 

Figure hi MqQu Structure. 



v a l u e s f o r a p a r t i c u l a r compound I s v e r y l a r g e i n most 

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

t h e r a r e e a r t h s u s e d f o r t h e e a r l i e r measurements and 

to inhomogenuous s p e c i m e n s . 

Moon, K o e h l e r and F a r r e l l ( r e f . 1:10) have r e 

p o r t e d on t h e m a g n e t i c s t r u c t u r e o f some o f t h e AB^ 

compounds a s d e t e r m i n e d by n e u t r o n d i f f r a c t i o n a n a l y 

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

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

s u b l a t t i c e b u t t h e i r s p i n s a r e a n t i p a r a l l e l between 

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

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

S a t u r a t i o n moment measurements on t h e s e compounds 

have been e x p l a i n e d on t h i s b a s i s . 

As t h e s t r e n g t h o f h y p e r f i n e i n t e r a c t i o n s depends 

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

z a t i o n a t a p a r t i c u l a r atom, i t i s i n s t r u c t i v e t o mea

s u r e t h e i n t e r a c t i o n i n t h e ABg s e r i e s . The r e s u l t s 

o f W e r n i c k and Wertheim ( r e f . l : l l ) (1962) on t h e 
h y p e r f i n e f i e l d ( H i ) a t t he F e n u c l e u s i n R F e 2 com

pounds s u g g e s t s t h a t t h e moment on t h e i r o n i o n r e m a i n s 
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c o n s t a n t t h r o u g h o u t t h e s e r i e s . On t h e o t h e r hand, 
s e v e r a l r e p o r t s ( r e f s . 1:12 - l : l U ) h ave s t a t e d t h a t 
s a t u r a t i o n moment measurements i n d i c a t e t h a t t h e r a r e 
e a r t h i o n moments i n t h e compounds a r e l o w e r t h a n i n 
the f r e e t r i p o s i t i v e i o n s and t h o s e on i r o n a r e v a r i 
a b l e . The d e t e r m i n a t i o n o f s u b l a t t i c e m a g n e t i z a t i o n 
a t v a r y i n g t e m p e r a t u r e s by means o f h y p e r f i n e i n t e r 
a c t i o n s may h e l p t o c l e a r up t h i s p roblem and t o a s 
s i g n component moments u n a m b i g u o u s l y . Bowden e t a l . 
( r e f . 1:15) s t u d i e d t h e t e m p e r a t u r e v a r i a t i o n o f t h e 
h y p e r f i n e f i e l d s a t " ^ F e and ^^^Dy i n DyFe^ u s i n g 
Mossbauer e f f e c t measurements. He t h e n d e r i v e d t h e 
v a r i a t i o n i n s u b l a t t i c e m a g n e t i z a t i o n a t b o t h s i t e s 
a s s u m i n g t h a t t h e d y s p r o s i u m i o n s a t i n an e f f e c t i v e 
f i e l d g e n e r a t e d by t h e i r o n s u b l a t t i c e . 

H y p e r f i n e I n t e r a c t i o n s : 

1.3 H y p e r f i n e i n t e r a c t i o n s a r e d e f i n e d a s t h o s e 

i n t e r a c t i o n s w h i c h t a k e p l a c e between t h e a t o m i c e l e c 

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

By t h e i r n a t u r e measurements o f h y p e r f i n e i n t e r a c t i o n s 
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a r e i d e a l f o r t h e d e t e r m i n a t i o n o f e l e c t r o n c h a r g e and 
s p i n d i s t r i b u t i o n s , m a g n e t i z a t i o n and n u c l e a r m a g n e t i c 
moments. They c a n be b r o a d l y d i v i d e d i n t o two c l a s s e s : 
t h e m a g n e t i c i n t e r a c t i o n w i t h t h e m a g n e t i c moment o f 
th e n u c l e u s , and t h e e l e c t r o s t a t i c i n t e r a c t i o n w i t h 
t h e e l e c t r i c q u a d r o p o l e moment o f t h e n u c l e u s . Appen
d i x I g i v e s a d e r i v a t i o n o f t h e m a g n e t i c h y p e r f i n e 
term f o r a s i n g l e e l e c t r o n . M u l t i - e l e c t r o n e f f e c t s 
a r e t h e n d e t e r m i n e d by a summation o f t h e e f f e c t s from 
t h e i n d i v i d u a l e l e c t r o n s . 

R e f e r r i n g t o Appendix I ( E q u a t i o n ( 6 ) , we s e e 

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

main c o n t r i b u t i o n s . The l a s t term i n t h e e q u a t i o n 

( 8 f l V . S f ( r ) ) i s t h e d e l t a f u n c t i o n o r c o n t a c t term f i r s t 
3 

d e s c r i b e d by F e r m i ( r e f . 1:16), and i s n o n - z e r o f o r 

S - e l e c t r o n s o n l y . The magnitude o f t h i s e f f e c t i s 

p r o p o r t i o n a l t o t h e v a l u e o f s | V s ( o ) J 2
 where | Y S ( 0 ) 2 

i s t h e S - e l e c t r o n d e n s i t y a t t h e n u c l e u s . j * l f s ( o ) | 2 

a g a i n h a s t h r e e components:-

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

th e n u c l e u s p o l a r i z e d e i t h e r by an e x t e r n a l 
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f i e l d o r by exchange w i t h t h e i n c o m p l e t e mag

n e t i c s h e l l ; 

2) t h e d e n s i t y o f c o r e S - e l e c t r o n s p o l a r i z e d 

by exchange w i t h t h e i n c o m p l e t e m a g n e t i c s h e l l 

3) t h e d e n s i t y a t t h e n u c l e u s o f t h e S - c h a r a c t e r 

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

t h e c o n d u c t i o n e l e c t r o n s • 

The f i r s t term i n e q u a t i o n ( A . 6 ) , ( 2 g U . L ) . i s t h e 
r 3 

o r b i t a l term w h i c h i s z e r o f o r S - e l e c t r o n s . F o r i n 

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

f i e l d q u e n c h i n g t h i s term i s l a r g e and u s u a l l y domin

a t e s a l l o t h e r t e r m s . F o r c o r e e l e c t r o n s and conduc

t i o n e l e c t r o n s t h e r e a r e no o r b i t a l c o n t r i b u t i o n s t o 

the h y p e r f i n e f i e l d . 

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

s m a l l . A c c o r d i n g to Lounasmaa ( r e f . 1:17) » i t i s 

about one t e n t h o f t he o r b i t a l c o n t r i b u t i o n i n r a r e 

e a r t h m e t a l s , 

M a r s h a l l ( r e f . 1:18) a s s i g n e d t h e o r i g i n o f t h e 

1 The s e c o n d term (-20 s . r ( u . s ) r |) 
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f i e l d a t a n u c l e u s i n a f e r r o m a g n e t i c m a t e r i a l t o t h e 

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

e x t e r n a l l y a p p l i e d f i e l d . Measurement o f t h e h y p e r f i n e 

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

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

t o t h e h y p e r f i n e f i e l d . 

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

i a t i o n o f H i i n D y s p r o s i u m and G a d o l i n i u m compounds. 

A l t h o u g h t h e o r b i t a l moment, and h e n c e t h e e f f e c t i v e 

f i e l d , i s v a s t l y d i f f e r e n t i n t h e s e two s e r i e s t h e ab

s o l u t e v a l u e o f £H i n t h e two s e r i e s f o l l o w s a l m o s t 

i d e n t i c a l c u r v e s when p l o t t e d a g a i n s t Re-RE s e p a r a t i o n . 

£ H i s t h e change i n R.E. f i e l d i n g o i n g from t h e s a l t 

t o an I n t e r m e t a l l i c compound, ( r e f . 1:..9)» T h i s l e d 

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

w h i c h were e f f e c t e d by t h e e n v i r o n m e n t as t h e s e a r e t h e 

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

c o n s t a n t h y p e r f i n e f i e l d change o f p l u s 800 k o e . i n 

g o i n g from R.E. i o n s t o R.E. F e 2 compounds. A l l o f 

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

e a c h s p e c i e s b e i n g a l t e r e d by t h e p o l a r i z a t i o n o f 5d 



and 6s v a l e n c e e l e c t r o n s by t h e n e i g h b o u r i n g i o n s * 

T h e s e h y p e r f i n e e f f e c t s c a n be m e asured by s e v 

e r a l t e c h n i q u e s , w h i c h a r e d i s c u s s e d b r i e f l y below. 

They a r e ( i n o r d e r o f a c c u r a c y o f m e a s u r e m e n t ) ; 

s p e c i f i c h e a t measurements, Mossbauer e f f e c t m easure

ments, measurements on t h e a n g u l a r c o r r e l a t i o n o f y 

r a y s , and r e s o n a n c e methods ( w h i c h i n c l u d e n u c l e a r 

m a g n e t i c r e s o n a n c e , e l e c t r o n p a r a m a g n e t i c r e s o n a n c e , 

m o l e c u l a r and a t o m i c beam r e s o n a n c e ) . 

S p e c i f i c H e a t : 

1.3.1 C o n s i d e r a n u c l e u s w i t h n u c l e a r s p i n I and 

n u c l e a r moment . I f t h e r e i s z e r o f i e l d a c t i n g on 

t h e n u c l e u s , t h e 21+1 n u c l e a r e n e r g y l e v e l s a r e de

g e n e r a t e . However, i n t h e p r e s e n c e o f an a p p l i e d 

f i e l d , t h e d e g e n e r a c y i s removed and t h e l e v e l s a r e 

s e p a r a t e d by an amount d e p e n d i n g on t h e s t r e n g t h o f 

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

amongst t h e s e e n e r g y l e v e l s i s g i v e n by t h e B o l t z m a n n 

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

a t i o n , t h e mean e n e r g y a t a g i v e n t e m p e r a t u r e and 

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



13 

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

At h i g h t e m p e r a t u r e s o t h e r c o n t r i b u t i o n s to t h e 

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

1) t h e l a t t i c e s p e c i f i c h e a t w h i c h f o l l o w s a 

T l a w below about h K b u t c a n n o t be p r e d i c t e d 

a t h i g h e r t e m p e r a t i a r e s ; 

2) t h e e l e c t r o n i c s p e c i f i c h e a t C w h i c h f o l l o w s ' * e 
a l i n e a r T l a w o v e r a l l t e m p e r a t u r e r a n g e s 

below about 1000°K; 

3) t h e m a g n e t i c s p e c i f i c h e a t C m w h i c h f o l l o w s 
3/2 3 a T l a w i n a f e r r o m a g n e t and a T l a w i n 

an a n t i - f e r r o m a g n e t and i s due t o t h e exchange 

i n t e r a c t i o n s between n e i g h b o u r i n g s p i n s . 

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

C n out from t h e r e m a i n i n g t h r e e components, t h e sample 

must be c o o l e d down t o t e m p e r a t u r e s below 1°K. C n 

c a n t h e n be e v a l u a t e d by e x t r a p o l a t i n g t h e h i g h 

t e m p e r a t u r e s p e c i f i c h e a t c o n t r i b u t i o n s to l o w e r temp

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

h e a t . (Lounasmaa, 1967. r e f . 1:17). 
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T h i s method o f i n v e s t i g a t i n g h y p e r f i n e i n t e r a c 

t i o n s h a s t h e a d v a n t a g e t h a t i t c a n be u s e d on any 

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

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

a s i n Mossbauer e f f e c t and y r a y c o r r e l a t i o n s . A l s o , 

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

one does n o t have t o s e a r c h f o r t h e e f f e c t a s i n t h e 

r e s o n a n c e methods. 

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

l e s s t h a n 0.1$ i m p u r i t y atoms c a n l e a d to an a p p r e c i 

a b l e e r r o r i n t h e e s t i m a t i o n o f C . A n o t h e r d i s a d -
n 

v a n t a g e i s t h a t s e p a r a t i o n o f t h e o t h e r components o f 

s p e c i f i c h e a t c a n be a n a l y t i c a l l y d i f f i c u l t i n some 

c a s e s . The r e q u i r e m e n t f o r v e r y low t e m p e r a t u r e s 

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

a l t h o u g h n o t a f u n d a m e n t a l one. 

The Mossbauer E f f e c t ; 

1.3*2 The Mossbauer e f f e c t was f i r s t r e p o r t e d i n 

1958 by R.L. Mossbauer ( r e f . 1:19)• S i n c e t h e n i t h a s 

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

s o l i d s t a t e p h y s i c s , ( s e e r e f . 1:20 f o r i t s u s e i n 
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d e t e c t i n g t h e g r a v i t a t i o n a l r e d s h i f t ) . 

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

s t a t e by t h e e m i s s i o n o f a photon o f en e r g y E ^ . Ac

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

must t h e n r e c o i l w i t h a momentum e q u a l to t h e photon 

momentum E ^ / c . Thus t h e k i n e t i c e n e r g y o f t h e e m i t t e d 

photon i s s h a r e d w i t h t h e n u c l e u s . S i m i l a r l y t h e ab

s o r b i n g n u c l e i must g a i n a momentum e q u a l t o t h e pho

t o n momentum and i t too g a i n s k i n e t i c e n e r g y . 

T h e s e two p r o c e s s e s d i s p l a c e t h e e m i s s i o n and 

a b s o r p t i o n t r a n s i t i o n p r o b a b i l i t i e s i n o p p o s i t e d i r 

e c t i o n s on an ener g y s c a l e . A p p r e c i a b l e r e s o n a n t 

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

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

o f t h e t r a n s i t i o n . 

I n c a s e s where t h e n u c l e u s r e c o i l s a s a f r e e 

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

n u c l e i i n a c r y s t a l , t h e n u c l e u s may n o t be f r e e t o 

move. The e n t i r e c r y s t a l may r e c o i l a s a u n i t and a l 

though t h e r e c o i l momentum i s t h e same, t h e r e c o i l 

e n e r g y , p r o p o r t i o n a l to l/m, i s n e g l i g i b l e . F o r a 
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s o l i d to show t h i s e f f e c t t h e i n d i v i d u a l atoms s h o u l d 
r e m a i n bound t o a f i x e d l a t t i c e s i t e f o r a t i m e l o n g 
compared t o t h e l i f e t i m e o f t h e e x c i t e d s t a t e , ( r e f . 
l : 2 l ) . Hence, t h e e m i s s i o n and a b s o r p t i o n l i n e s o v e r 
l a p and r e s o n a n c e a b s o r p t i o n o c c u r s . T h i s i s n o t 
s t r i c t l y t r u e a s a c e r t a i n f r a c t i o n o f t h e i n c i d e n t 
y - r a y s e x c i t e phonons o r l a t t i c e v i b r a t i o n s . The 
amount o f r e c o i l - l e s s a b s o r p t i o n s depends on ambient 
t e m p e r a t u r e , Debye t e m p e r a t u r e and r e c o i l e n e r g y . 

I n Mossbauer s t u d i e s , t h e f r e q u e n c y o f t h e photon 

i n t h e r e f e r e n c e frame o f e i t h e r t h e e m i t t i n g o r ab-
D 

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

s o u r c e o r sample h o l d e r . The r e s o n a n c e l i n e shape 

i s d e t e r m i n e d by m e a s u r i n g t h e change i n t h e number 

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

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

s h i f t ) . 

I f t h e e m i t t e r l i n e shape h a s a s i m p l e s t r u c t u r e 

w h e r e a s t h e a b s o r b e r h a s s e v e r a l n o n - d e g e n e r a t e e n e r g y 

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

q u a d r o p o l e h y p e r f i n e i n t e r a c t i o n s t h e n t h e s e p a r a t i o n 
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between t h e energy l e v e l s c a n be d e t e r m i n e d from t h e 
v e l o c i t y s e t t i n g s a t w h i c h r e s o n a n c e a b s o r p t i o n o c c u r s . 
I n t h i s way the c o m p l e t e h y p e r f i n e s p e c t r u m o f t h e 
n u c l e u s i s measured s i m u l t a n e i o u s l y d u r i n g t h e c o u r s e 
o f t h e e x p e r i m e n t . 

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

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

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

s h i f t . T h i s s h i f t i s due t o t h e change i n e f f e c t i v e 

c h a r g e r a d i u s i n g o i n g from e x c i t e d to ground s t a t e 

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

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

t h e a b s o r b e r . The t o t a l e f f e c t i s to d i s p l a c e t h e 

m i d d l e o f t h e sp e c t r u m by an amount £ from t h e p o s i 

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

by t h e e q u a t i o n : -

4= | i r z . a [ « £ > ex. - < ^ > g r ] [ | r a ( o ) | 2 - jy^ s (o» 2 j 

2 2 where <r > ex. and <r"> g a r e t h e e x c i t e d and ground n n' & r 
s t a t e mean s q u a r e n u c l e a r c h a r g e r a d i i a n d | l ^ a ( 0 

I I 2 V _ ( 0 ) a r e t h e t o t a l S - e l e c t r o n d e n s i t i e s a t 
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the n u c l e u s o f t h e a b s o r b e r and s o u r c e (Mossbauer and 
C l a u s e r , 1 9 6 7 ) ( r e f . 1:22). 

The Mossbauer e f f e c t s h a r e s w i t h s p e c i f i c h e a t 

measurements t h e a b i l i t y to measure h y p e r f i n e t r a n s i 

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

a d v a n t a g e t h a t i n many c a s e s measurements c a n be made 

up t o room t e m p e r a t u r e and i n o t h e r s o n l y e a s i l y 

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

a l s o a s i m p l e m a t t e r t o make v a r i a b l e t e m p e r a t u r e 

measurements o f t h e h y p e r f i n e i n t e r a c t i o n and from 

t h i s to deduce t h e t e m p e r a t u r e v a r i a t i o n o f m a g n e t i 

s a t i o n ( N a g l e e t a l , 1 9 6 0 ) ( r e f . 1:23). However, t h e 

r e s o l v i n g power o f the e f f e c t i s l i m i t e d by t h e l i f e 

t ime o f t h e e x c i t e d s t a t e to a v a l u e much l o w e r t h a n 

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

T h i s h a s b o t h a d v a n t a g e s and d i s a d v a n t a g e s . The 

p r e c i s i o n o f M.E. e x p e r i m e n t s i s l o w e r t h a n N.M.R. 

but inhomogenously broadened l i n e s c a n e a s i l y be ob

s e r v e d by M.E. whe r e a s t h i s i s p r a c t i c a l l y i m p o s s i b l e 
c.w. 

in^N.M.R. T h i s i s a s i t u a t i o n o f t e n e n c o u n t e r e d i n 

a l l o y s . 
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A n g u l a r C o r r e l a t i o n o f y - r a y s : 

1.3*3 The t e c h n i q u e o f a n g u l a r c o r r e l a t i o n o f 

y - r a y s h a s been u s e d f o r some time by n u c l e a r p h y s i c 

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

m a g n e t i c moments. I t i s o n l y r e c e n t l y t h a t t h i s t e c h 

n i q u e h a s been u s e d to s t u d y h y p e r f i n e i n t e r a c t i o n s 

i n n u c l e i . ( r e f . 1:24). 
I n g e n e r a l , t h e y - r a d i a t i o n e m i t t e d by an ensem

b l e o f r a d i o a c t i v e n u c l e i i s i s o t r o p i c . However, i f 

t h i s ensemble h a s i t s n u c l e a r s p i n s a l i g n e d by some 

means t h e n t h e y - r a d i a t i o n e m i t t e d w i l l have an a n i s o -

t r o p y d e p e n d i n g on t he p a r i t y o f t h e r a d i a t i o n f i e l d 

( d i p o l a r o r q u a d r o p o l a r ) . 

I n t h e method o f y-y c o r r e l a t i o n , a n u c l e u s i s 

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

ment i s t h e n d e t e r m i n e d by c o u n t i n g o n l y t h o s e n u c l e i 

w h i c h e m i t t h e f i r s t y-ray:±n a g i v e n d i r e c t i o n . The 

a n i s o t r o p y o f t h e secon d t r a n s i t i o n i s t h e n d e t e r m i n e d 

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

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

between the. two c o u n t e r s . I f t h e m a g n e t i c moments o f 
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the i n t e r m e d i a t e s t a t e i n t e r a c t s w i t h a h y p e r f i n e 

f i e l d , t h e n the n u c l e i w i l l p r e c e s s about t h e f i e l d 

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

p a t t e r n s . A d e t e r m i n a t i o n o f the d e g r e e o f r o t a t i o n , 

^•^= w T where x i s t h e l i f e t i m e o f t h e i n t e r m e d i a t e 

s t a t e and w^ = *4armoV^r f r e q u e n c y , t h e n g i v e s an e s t i 

mate o f t h e s t r e n g t h o f t h e h y p e r f i n e i n t e r a c t i o n , 

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

a l i g n m e n t i s t h a t employed i n t h e t e c h n i q u e o f angu

l a r c o r r e l a t i o n f o l l o w i n g coulomb e x c i t a t i o n i m p l a n 

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

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

j e c t i l e s ( oxygen n u c l e i 0 ^ a r e g e n e r a l l y u s e d ) . 

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

f o i l on t h e s u r f a c e o f a q u a n t i t y o f t h e h o s t mater

i a l . The a n g u l a r d i s t r i b u t i o n o f s u b s e q u e n t y - r a y s 

i s m easured i n c o i n c i d e n c e w i t h b a c k - s c a t t e r e d oxygen 

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

i s a g a i n d e t e r m i n e d from the change i n t h e a n g u l a r 

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

(on He n ) . 
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The a c c u r a c y o f t h i s method o f d e t e c t i n g h y p e r 
f i n e i n t e r a c t i o n s i s l i m i t e d , i n t h e same way a s the 
Mossbauer e f f e c t , by t h e l i f e t i m e and h e n ce l i n e 
w i d t h o f the i n t e r m e d i a t e s t a t e , Mossbauer n u c l e i 
however, must be o f low e n e r g y w h i c h i s n o t t h e c a s e 
i n a n g u l a r c o r r e l a t i o n . Hence a g r e a t e r v a r i e t y o f 
n u c l e i may be s t u d i e d . I n o t h e r r e s p e c t s t h e two 
methods a r e v e r y s i m i l a r . 

R e s o n a n c e Methods: 

l,3,k Resonance methods o f d e t e c t i n g h y p e r f i n e 

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

The f i r s t e x p e r i m e n t o f t h i s t y p e war, p e r f o r m e d by 

R a b i e t a l . ( r e f , 1:25) 1939 on a t o m i c beams i n 

w h i c h t h e s p a c e q u a n t i z a t i o n o f the beam by an inhomo 

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

r a d i o f r e q u e n c y e n e r g y , 

I n t h e f o l l o w i n g deca.de t h e method o f n u c l e a r 

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

c u s s e d i n s e c t i o n 2,1 where an e x t e n s i v e e x a m i n a t i o n 

o f t h e t e c h n i q u e s o f N.M.R, i s g i v e n . C o n s i d e r 

http://deca.de
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a n u c l e u s w i t h spin. I and m a g n e t i c moment \i. The 

a p p l i c a t i o n o f a m a g n e t i c f i e l d to a group o f such, 

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

i n t o 21 + 1 e n e r g y l e v e l s w i t h e n e r g y 

E = Mu.H / I m n 

where -I<M<I and M a r e the 2 1 + 1 q u a n t i z e d e i g e n 

v a l u e s o f I w i t h r e s p e c t to a Z d i r e c t i o n d e f i n e d by 

H • 
n 

T r a n s i t i o n s t a k e p l a c e between e i g e n s t a t e s w i t h 

e n e r g y d i f f e r e n c e s E = |iH / I , T h e s e t r a n s i t i o n s a r e 

i n d u c e d by t h e a p p l i c a t i o n o f a r a d i o f r e q u e n c y f i e l d 

o f f r e q u e n c y v s u c h t h a t the quantum e n e r g y hv i s 

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

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

i s d e t e c t e d by i t s e f f e c t on t h e c i r c u i t p r o d u c i n g 

t h e r - f e n e r g y i n c o n v e n t i o n a l N.M.R. s p e c t r o m e t r y 

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

p u l s e methods. 

The r e s o n a n c e t e c h n i q u e i s the most p r e c i s e 



method of d e t e c t i n g h y p e r f i n e i n t e r a c t i o n . I t s pre

c i s i o n when used w i t h e x t e r n a l l y a p p l i e d magnetic 

f i e l d s i s l i m i t e d only by a c c u r a t e knowledge of the 

f i e l d s t r e n g t h and the homogeneity of the f i e l d over 

the sample volume. 

The high p r e c i s i o n of t h i s method i s counteracted 

by i t s disadvantages; one of these i s that resonsnces 

are not immediately observable, but must be searched 

f o r . T h i s can be time consuming but i t s e f f e c t may 

be reduced by u s i n g N.M.R. i n c o n j u n c t i o n w i t h other 

methods such as S p e c i f i c heat or Mossbauer e f f e c t 

measurements. The approximate v a l u e of the h y p e r f i n e 

constant i s determined by the l e s s a c c u r a t e measure

ment and then p r e c i s e l y d e f i n e d by s e a r c h i n g f o r the 

resonance i n the frequency range i n d i c a t e d . 

The tendency of conducting s o l i d s to exclude 

radiofrequency energy from the i n t e r i o r of the s o l i d 

a l s o p r e s e n t s a problem f o r the d e t e c t i o n of N.M.R. 

i n s o l i d s . T h i s i s p a r t l y overcome by u s i n g metal 

powders u s u a l l y d i s p e r s e d i n a non-conducting medium 

such as p a r a f f i n . None of the other methods s u f f e r 
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from t h i s d e f e c t . 

Resonance d e t e c t i o n of h y p e r f i n e i n t e r a c t i o n s i s 

a l s o a f f e c t e d by i n t e r a c t i o n s between the v a r i o u s 

s p i n s t a t e s of the n u c l e i under i n v e s t i g a t i o n and by 

i n t e r a c t i o n s between the ensemble of n u c l e a r s p i n s 

and the c r y s t a l l a t t i c e . F. Bloch ( r e f . 1:26) de

r i v e d the o r i g i n a l phenomenological equations d e s c r i b 

i n g these i n t e r a c t i o n s . His r e s u l t s i n d i c a t e d t h a t 

d uring resonance, the n u c l e a r magnetism should be 

e x p o n e n t i a l l y damped and he d e f i n e d a l o n g i t u d i n a l 

or s p i n - l a t t i c e r e l a x a t i o n time (T^) which r e p r e s e n t e d 

the damping of the Z component of n u c l e a r magnetism 

and a t r a n s v e r s e or s p i n - s p i n r e l a x a t i o n time (T^) 

which re p r e s e n t e d the damping of n u c l e a r magnetism 

normal to the Z d i r e c t i o n . The Z d i r e c t i o n above i s 

d e f i n e d by the d i r e c t i o n of the e x t e r n a l l y a p p l i e d 

f i e l d . 

Subsequent authors (Abragam, 1 9 6 l ) ( r e f . 1:27) 

have d e s c r i b e d s e v e r a l ways i n which s p i n - l a t t i c e 

r e l a x a t i o n may take p l a c e . I n metals the dominant 

mechanism i s the c o u p l i n g of the n u c l e a r s p i n to the 



conduction e l e c t r o n s p i n s by means of the contact 

h y p e r f i n e term (Appendix l ) . T h i s c o u p l i n g can induce 

a simultaneous f l i p of the e l e c t r o n and n u c l e a r s p i n s 

i n opposite d i r e c t i o n s , the energy given o f f i n the 

t r a n s i t i o n being used to i n c r e a s e the e l e c t r o n i c k i n e 

t i c energy. The process continues u n t i l i t produces 

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

and conduction e l e c t r o n s p i n s determined by the l a t t i c e 

temperature T^. 

S p i n - s p i n r e l a x a t i o n i s caused by a d i p o l a r coup

l i n g between the s p i n s of v a r i o u s n u c l e i which r e s u l t s 

i n an exchange of energy between them. T h i s exchange 

produces an e q u i l i b r i u m d i s t r i b u t i o n of n u c l e a r s p i n s 

c h a r a c t e r i z e d by a s p i n temperature T g which i s not 

n e c e s s a r i l y equal to T^ above. (Abragain, 196l). I n 

f a c t , i f the d i f f e r e n c e between T^ and i s s u f f i 

c i e n t l y l a r g e the s p i n s t a t e s during r e l a x a t i o n may 

sometimes be c h a r a c t e r i z e d by a s p i n temperature T^ 

which g r a d u a l l y " c o o l s " to the l a t t i c e temperature T . 
L 

A sm a l l v a l u e of T f a c i l i t a t e s the observations 

of n u c l e a r magnetic resonance, e s p e c i a l l y when u s i n g 
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continuous wave e x c i t a t i o n . I f a given nucleus d i d 

not re-emit the energy i t absorbed when i t was e x c i t e d 

to a h i g h e r energy l e v e l , then the populations of the 

energy l e v e l s would soon be e q u a l i z e d and no f u r t h e r 

a b s o r p t i o n could take p l a c e ( s a t u r a t i o n ) . Consequently, 

r a p i d r e - e m i s s i o n , i . e . s h o r t e r , allows the use of 

a g r e a t e r e x c i t a t i o n power and r e s u l t s i n g r e a t e r ease 

of d e t e c t i o n . 

The s p i n - s p i n r e l a x a t i o n p r o c e s s e s i n ferromag

n e t i c metals are s t r o n g l y i n f l u e n c e d by the h y p e r f i n e 

i n t e r a c t i o n s and there i s no d i r e c t r e l a t i o n s h i p be

tween the width of the resonance l i n e and the r e l a x a 

t i o n time. However, i n o r d i n a r y n u c l e a r magnetic 

resonance a l a r g e v a l u e of r e l a x a t i o n time g e n e r a l l y 

i n d i c a t e s a narrow, h i g h l y peaked resonance l i n e . I n 

such a case i s r e l a t e d to the spread &H i n the 

resonance f i e l d seen by the nucleus and i s of order, 

1/yAH, where AH i s the f i e l d v a r i a t i o n due to s p i n -

s p i n i n t e r a c t i o n s between n u c l e i and not to a non

uniform e x t e r n a l f i e l d . 
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The Present Research; 
l.k I n the work reported below an attempt was 

made to measure the h y p e r f i n e f i e l d a t both the 

gadolinium (Gd) and c o b a l t (Co) n u c l e a r s i t e s i n G-dCo 

and r e l a t e d pseudobinary compounds formed by the con

tinuous s u b s t i t u t i o n of y t t r i u m f o r gadolinium or of 

n i c k e l f o r c o b a l t . Resonance measurements were a l s o 

made on compounds formed by the s u b s t i t u t i o n of dys

prosium f o r gadolinium. 

Bulk magnetization measurements were made on the 

n i c k e l s u b s t i t u t e d compounds as no previous measure

ments have been made on t h i s s e r i e s . The s a t u r a t i o n 

moment per formula u n i t and the C u r i e temperature 

was determined f o r each sample i n the s e r i e s . 

The measured h y p e r f i n e f i e l d was compared w i t h 

f i e l d s reported i n s i m i l a r compounds i n order to ob

t a i n an estimate of the d i f f e r e n t c o n t r i b u t i o n s to 

the h y p e r f i n e f i e l d . 

0 O 0 
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CHAPTER I I 

T E C H N I Q U E S O F M E A S U R E M E N T 

E a r l y Techniques Of Nuclear Magnetic Resonance: 

2.1.1 Nuclear magnetic resonance measures the pro

p e r t i e s of the nucleus of a given s p e c i e s d i r e c t l y , 

and can d i s t i n g u i s h between n u c l e i a t d i f f e r e n t mag

n e t i c s i t e s i n the c r y s t a l . T h i s technique was f i r s t 

r e ported i n 19*1-6 by two independent groups, t h a t of 

P u r c e l l , Torrey and Pound ( r e f . 2 : l ) and that of Bloch, 

Hansen and Packard ( r e f . 2:2). P u r c e l l et a l . measured 

the unbalance produced i n one arm of a balanced r . f . 

bridge when there was a resonant a b s o r p t i o n of energy 

i n t h a t arm. Bloch et a l . observed the voltag e induced 

i n a r e c e i v i n g c o i l which was orthogonal to both the 

applied f i e l d and the t r a n s m i t t i n g c o i l . Both of these 

experiments were used to determine the magnetic moment 

of the proton nucleus from a knowledge of the a p p l i e d 

f i e l d and the measured resonant frequency. 
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These i n i t i a l experimenters were followed by-
others who used modified v e r s i o n s of the o r i g i n a l 
methods. These m o d i f i c a t i o n s u s u a l l y i n v o l v e d the 
a d d i t i o n of more s o p h i s t i c a t e d e l e c t r o n i c s to the 
d e t e c t i o n p a r t of the apparatus i n order to improve 
the s i g n a l to n o i s e r a t i o f o r samples w i t h weak s i g 
n a l s . 

Continuous Wave Spectrometer: 

2.1.2 The above methods were u s e f u l i n experiments 

conducted a t a f i x e d frequency but were found to be 

cumbersome to a d j u s t i f the frequency were changed. 

Therefore a new arrangement was r e q u i r e d i f the f r e 

quency was to be v a r i e d c o n t i n u o u s l y . T h i s problem 

was s o l v e d by the introduction, of the marginal o s c i l 

l a t o r . I n t h i s c i r c u i t the sample i s placed i n a c o i l 

which forms p a r t of the resonant c i r c u i t of an o s c i l 

l a t o r . The frequency i s swept by sl o w l y v a r y i n g a 

c a p a c i t o r . When resonant a b s o r p t i o n occurs the energy 

l o s s i n the c o i l i n c r e a s e s and hence causes a decrease 

i n the l e v e l of o s c i l l a t i o n of the o s c i l l a t o r . T h i s 

c i r c u i t can a l s o be used i n c o n j u n c t i o n with a "l o c k -
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i n " a m p l i f i e r s e t at the modulation frequency. A 
wide frequency range can thus be covered merely by 
changing the c o i l s of o s c i l l a t o r . Two e a r l y spec
trometers of t h i s type are those of Pound and Knight 
( r e f . 2:3) and P r o c t o r ( r e f . 2:4). 

Pulsed Spectrometers: 

2.1.3 The three methods mentioned above a l l a c t 

by continuous e x c i t a t i o n of the sample under study. 

There a r e , however, two techniques which make use of 

d i s c o n t i n u o u s e x c i t a t i o n of the n u c l e i . These are 

the s u p e r - r e g e n e r a t i v e d e t e c t i o n of N.M.R. and "Spin-

Echo" . 

I n a s u p e r - r e g e n e r a t i v e d e t e c t o r only one c o i l i s 

used and the o s c i l l a t o r i s used as both t r a n s m i t t e r 

and d e t e c t o r . The o s c i l l a t o r v a l v e i s turned "on" 

and " o f f " a l t e r n a t e l y by the a p p l i c a t i o n of a s i n u s -

s o i d a l quench v o l t a g e to i t s c o n t r o l g r i d . During 

the "on" p e r i o d , the o s c i l l a t i o n amplitude b u i l d s up 

i n two ways:-

a) from thermal n o i s e p r e s e n t a t the frequency 

of the tuned c i r c u i t ; 
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b) from any s i g n a l induced by p r e c e s s i n g n u c l e a r 
moments present as a r e s u l t of the previous 
e x c i t a t i o n p e r i o d . 

Since the s i g n a l i n b ) , i f p r e s e n t , i s l i k e l y to be 
l a r g e r than that i n a ) , the o s c i l l a t i o n s s t a r t to 
b u i l d up from a hig h e r l e v e l and the i n t e g r a t e d i n t e n 
s i t y of the "on" pu l s e w i l l be g r e a t e r . T h i s change 
i s d e tected as the o s c i l l a t o r frequency passes through 
resonance. 

I t i s obvious from the above t h a t the i n v e r s e of 

the quench frequency must be s h o r t e r than the t r a n s 

v e r s e r e l a x a t i o n time (T^) so t h a t the p r e c e s s i n g 

n u c l e a r moments have not decayed to zero amplitude 

during the " o f f " i n t e r v a l . A c i r c u i t f o r the above 

method of d e t e c t i o n was f i r s t r eported by Roberts 

( r e f , 2:5) and modified v e r s i o n s have been used s i n c e 

then. Recent r e p o r t has been made of i t s use by Narath, 

0 1 S u l l i v a n , Robinson, and Simmons ( r e f . 2:6) who used 

i t f o r the d e t e c t i o n of the n u c l e a r quadropole reson

ance of C I " 3 5 i n CuCl o.2H o0 a t 76°K. 



32 

Spin Echo: 

2.1.4 The phenomenon of "Spin-Echoes" was f i r s t 

r e p o rted by Hahn i n 1950 ( r e f , 2:7). I t was d i s c o v e r e d 

during a study of the r e l a t e d phenomenon of f r e e induc

t i o n decay ( F . I . D . ) . I n F.I.D. the decay of p r e c e s s -

i n g n u c l e a r moments i s observed immediately a f t e r the 

a p p l i c a t i o n of a short i n t e n s e p u l s e of r a d i o - f r e q u 

ency energy. I n the echo e f f e c t two p u l s e s of r . f . 

separated by a time i n t e r v a l T are a p p l i e d to the 

sample under study. At a time 2T a f t e r the a p p l i c a 

t i o n of the f i r s t p u lse a t h i r d p u l s e i s observed i n 

the r e c e i v e r c o i l . The F.I.D. of the previous two 

p u l s e s i s caused by s p i n - s p i n i n t e r a c t i o n s and by 

decoherence between n u c l e i p r e c e s s i n g a t s l i g h t l y 

d i f f e r e n t resonant f r e q u e n c i e s ( i . e . i n s l i g h t l y d i f 

f e r e n t e f f e c t i v e f i e l d s ) . The t h i r d p ulse r e s u l t s 

from a recoherence of these s p i n s due to the a p p l i c 

a t i o n of the second pulse (Appendix I I ) . T h i s p u l s e , 

the "echo" p u l s e , has an amplitude depending on the 

r a t i o of T to T^ and T^, the t r a n s v e r s e and l o n g i t u d i 

n a l r e l a x a t i o n times. 
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S i n c e the o r i g i n a l experiment s e v e r a l r e p o r t s 
have been made of equipment designed to observe the 
e f f e c t and the technique has been used both i n n u c l e a r 
and e l e c t r o n resonance d e t e c t i o n . A comprehensive 
spectrometer has been re p o r t e d by W.G. C l a r k (1964) 
w h i l e other spectrometers have been reported by W.B. 
Mims (1965), S t r e e v e r and Uriano (1965) and J . Schwarz 
(1957). The theory of the e f f e c t has been d e r i v e d 
by E.L. Hahn (1950), Das and Saha (l95 zOi Jaynes and 
Bloom (1955) and by A. Abragam (1961). 

Of the r e f e r e n c e s mentioned, Jaynes and Bloom 

give an elegant matrix treatment of the "Spin-Echo" 

e f f e c t . Das and Saha, and Abragam have d e r i v e d these 

equations i n the presence of d i f f u s i o n e f f e c t s and 

have shown -that the two pu l s e "echo" has a non-

expo n e n t i a l decay w i t h d i f f u s i o n damping term of form 

( e x p . ( - l / 3 k t ) ) ; k being a f u n c t i o n of f i e l d g r a d i e n t 

and d i f f u s i o n c o e f f i c i e n t , (Appendix I I ) . 

N uclear Resonance I n Ferromagnetic M a t e r i a l s ; 

2.1.5 A l l of these methods observe the resonance 

i n an e x t e r n a l l y a p p l i e d f i e l d . However, i n 19591 



P o r t i s and Gossard ( r e f . 2:15) observed resonant 

absorption of r . f . energy i n ferromagnetic c o b a l t i n 

zero a p p l i e d f i e l d . I n the o r i g i n a l experiment, a 

marginal o s c i l l a t o r was used as the spectrometer. 

Since that time, ferromagnetics have been examined 

u s i n g most of the methods d e s c r i b e d above excepting 

the bridge technique which i s u n s u i t a b l e f o r use at 

v a r i a b l e f r e q u e n c i e s . The remaining three methods 

(Marginal o s c i l l a t o r , S u p er-regenerative and Spin-

Echo) can a l l be used f o r v a r i a b l e frequency measure

ments but they vary i n both complexity and s e n s i t i 

v i t y . 

The marginal o s c i l l a t o r i s s i m p l e s t to use as 

there i s only one parameter to vary i n a d d i t i o n to 

the frequency of o s c i l l a t i o n . T h i s v a r i a b l e i s the 

modulation frequency. The modulation depth i s not 

c r i t i c a l as long as i t i s s m a l l . T h i s method i s of 

l i t t l e use f o r d e t e c t i n g a resonance l i n e whose 

width i s more than a few percent of the c e n t r a l r e s o 

nance frequency, as i t would be d i f f i c u l t to separate 

the resonant peak from v a r i a t i o n s i n the base l i n e 
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due to the changing frequency. 

The s u p e r - r e g e n e r a t i v e d e t e c t o r i s more complex 

as i t r e q u i r e s a v a r i a t i o n i n quench frequency i n 

a d d i t i o n to v a r i a t i o n s i n modulation frequency and 

modulation depth. T h i s complexity i s compensated by 

the improved a b i l i t y to measure wider l i n e s (Narath 

et a l . 1964) by u s i n g more incoherent frequency 

p u l s e s ( i . e . p u l s e s c o n t a i n i n g a g r e a t e r range of 

f r e q u e n c i e s ) . T h i s d e t e c t o r can a l s o measure weaker 

resonances than the marginal o s c i l l a t o r s i n c e a higher 

radiofrequency ( r . f . ) amplitude can be used. 

Spin-Echo d e t e c t i o n i s complicated by the neces

s i t y to v a r y pulse width, p u l s e s e p a r a t i o n and r a d i o -

frequency i n t e n s i t y as w e l l as frequency. However, 

as i t can measure a l i n e shape p o i n t by point ( r e f , 

2:16), i t i s the most a c c u r a t e f o r determining the 

d i s t r i b u t i o n of the e f f e c t i v e f i e l d and i s l e a s t 

a f f e c t e d by spurious e f f e c t s , such as o s c i l l a t o r 

n o i s e and microphonics. The absence of o s c i l l a t o r 

n o i s e when the echo pulse i s being r e c e i v e d helps to 

i n c r e a s e the s e n s i t i v i t y of t h i s technique; f u r t h e r 
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improvement i n s e n s i t i v i t y r e s u l t s from the use of a 
high r . f . amplitude. 

N.M.R. Techniques I n GdCo ?: 

2,2 As mentioned i n s e c t i o n 1:^, these measure

ments were performed in. an attempt to measure the 

hy p e r f i n e c o n s t a n t s of the v a r i o u s n u c l e i present i n 

GdCo,, and r e l a t e d i n t e r m e t a l l i c compounds. From a 

knowledge of the magnetic moment and n u c l e a r s p i n of 

the resonant nucleus, the i n t e r n a l f i e l d a t .that 

n u c l e u s , can then be determined. 

During the course of the work reported here, a l l 

of the n u c l e a r magnetic resonance (n.m.r.) methods 

mentioned i n s e c t i o n 2:1 s u b s e c t i o n s 2,3» and k of 

t h i s chapter were used. 

The Marginal O s c i l l a t o r : 

2.2.1 I n i t i a l attempts were made to observe the 

GdCo^ resonance u s i n g a marginal o s c i l l a t o r which was 

a modified v e r s i o n of one reported by R.C. LaForce 

i n 1961 ( r e f . 2:17). For a bl o c k diagram and c i r c u i t s 

see f i g u r e 2:1. The o s c i l l a t o r used was a H a r t l e y 
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o s c i l l a t o r , the g r i d and p l a t e i n d u c t o r s being formed 
by shorted lengths of c o a x i a l tubing. The sample was 
enclosed i n a p l a s t i c bag, and p l a c e d at the shorted 
end of the g r i d i n d u c t o r w h i l e the p l a t e i n d u c t o r had 
an a d j u s t a b l e s h o r t i n g c o n t a c t so t h a t i t could be 
v a r i e d to ob t a i n the best s i g n a l . 

These two in d u c t o r s were connected to the main 

body of the o s c i l l a t o r by U.H.F. connectors. The 

o s c i l l a t o r i t s e l f was b u i l t around a 955 acorn t r i o d e 

and was c o n s t r u c t e d i n s i d e a r e c t a n g u l a r metal box. 

T h i s t r i o d e i s tuned by means of a b u t t e r f l y capac

i t o r , the s t a t o r s of which were connected to the 

i n n e r conductors of the two c o a x i a l tubes. The r o t o r 

of the condenser was r o t a t e d by means of an i n s u l a t e d 

s h a f t connected to a slow motor d r i v e thus v a r y i n g 

the o s c i l l a t o r frequency. 

The o s c i l l a t o r was frequency modulated as i t wag 

used f o r zero f i e l d measurements. T h i s frequency 

modulation was produced by two v a r i a b l e c a p a c i t y diodes 

, placed back to back a c r o s s the s t a t o r s of the 

b u t t e r f l y . The diodes, were b i a s e d as f a r as p o s s i b l e 
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i n t h e b a c k d i r e c t i o n i n o r d e r t o i n c r e a s e t h e i r s e n 
s i t i v i t y . The m o d u l a t i o n v o l t a g e was t h e n s u p e r i m 
posed on t h e b i a s v o l t a g e i n o r d e r to v a r y t h e i r 
c a p a c i t y and. hence t h e f r e q u e n c y o f o s c i l l a t i o n . The 
c i r c u i t f o r p r o d u c i n g t h i s b i a s i s shown i n t h e p a p e r 
r e p o r t e d by L a F o r c e . 

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

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

v a r i a t i o n s i n c a p a c i t y . T h i s would produce a s p u r i o u s 

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

n o t c o r r e c t e d . C o n s e q u e n t l y , a c i r c u i t was i n c o r 

p o r a t e d f o r m a i n t a i n i n g t h e g r i d b i a s , and hence 

o s c i l l a t i o n l e v e l , c o n s t a n t as t h e f r e q u e n c y was 

v a r i e d ( L a F o r c e , 196l). 
The a m p l i t u d e m o d u l a t i o n p r o d u c e d a t the p l a t e 

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

i e r tuned to t h e m o d u l a t i o n f r e q u e n c y . The a m p l i f i e r 

was o f c o n v e n t i o n a l d e s i g n w i t h t w i n - T f e e d b a c k t u n 

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

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

s e n s i t i v e d e t e c t o r w h i c h had a r e f e r e n c e v o l t a g e de-
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r i v e d from t h e m o d u l a t i o n o s c i l l a t i o n . The phase 
s h i f t e r was u s e d to make t h e r e l a t i v e p hase between 
t h e r e f e r e n c e and s i g n a l v o l t a g e s e i t h e r 0° o r 180°. 
The D,C. v o l t a g e t h u s p r o d u c e d was f e d onto a s t r i p 
c h a r t r e c o r d e r . 

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

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

a s an i n c r e a s e d r e s i s t a n c e i n t h e g r i d i n d u c t a n c e and 

hence changed t h e l e v e l o f o s c i l l a t i o n o f t h e o s c i l l a 

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

i o n a t t h e anode and was a m p l i f i e d and r e c o r d e d on t h e 

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

The f r e q u e n c y o f o s c i l l a t i o n was measured by 

w e a k l y c o u p l i n g a s i n g l e l o o p o f w i r e i n t o the o s c i l 

l a t o r box. The r . f . s i g n a l p i c k e d up was t h e n p a s s e d 

on to a m i x e r and l o c a l o s c i l l a t o r . The o u t p u t from 

t h e m i x e r was f e d i n t o a f i x e d f r e q u e n c y r a d i o r e 

c e i v e r . " F r e q u e n c y m a r k e r s were s u p e r i m p o s e d on t h e 

c h a r t r e c o r d e r by means o f a manual push b u t t o n . 

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

th e n u c l e a r r e s o n a n c e s i g n a l o f f i n e l y powdered f a c e -
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c e n t r e d - c u b i c c o b a l t a t room t e m p e r a t u r e , as a means 

o f checking; i t s o p e r a t i o n and o b t a i n i n g some i n d i c a 

t i o n o f i t s s e n s i t i v i t y . The s i g n a l o b t a i n e d was w e l l 

r e s o l v e d w i t h h i g h s i g n a l t o n o i s e r a t i o , ( f i g , 2 : l ) . 

Once t h i s was c o m p l e t e d , an e x t e n s i v e s e a r c h 

was made f o r a r e s o n a n c e i n GdCOp. The sample was 

a g a i n i n the form o f a powder, s e a l e d i n a p o ^ t h e n e 

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

t r o m e t e r . The s p e c t r o n i e t e i r f r e q u e n c y was t h e n v a r i e d 

from i t s maximum v a l u e o f 250 MHz t o a minimum o f 

30 MHz. T h i s was a c h i e v e d i n s e v e r a l s t a g e s a s no 

s i n g l e t u n e d c i r c u i t was s u f f i c i e n t to c o v e r t h e en

t i r e f r e q u e n c y r a n g e . 

At room t e m p e r a t u r e , measurements were made from 

250 MHz t o ihO MHz u s i n g two s e t s o f c o a x i a l t u b e s 

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

t u r e s i t was e s s e n t i a l to r e p l a c e t h e s e c o a x i a l l i n e s 

by c o i l s made from copper s t r i p above 100 MHz and 

from I S s.w.g, copper wi:re f o r f r e q u e n c i e s from 100 

MHz to 30 MHz. T h e s e c o i l s had a d i a m e t e r o f a p p r o x i 

m a t e l y one i n c h , and t h e g r i d c o i l was p l a c e d a r o u n d 
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the t a i l o f a n a r r o w t a i l e d dewar w h i c h contained, t h e 

s a m ple. 

U n f o r t u n a t e l y , no r e s o n a n c e was o b s e r v e d i n the 

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

I t was t h e n c o n s i d e r e d e s s e n t i a l to move to a 

s y s t e m w i t h h i g h e r s e n s i t i v i t y , and to t h i s end a 

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

be r a p i d l y a s s e m b l e d and b a s e d on some o f the compon

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

The S u p e r - r e g e n e r a t i v e D e t e c t o r ; 

2.2.2 The b a s i c t h e o r y and c i r c u i t s o f s u p e r -

r e g e n e r a t i v e r e c e i v e r s a r e d e s c r i b e d i n a book by 

J.R. Whitehead ( r e f . 2 : 1 8 ) . The a d v a n t a g e o f s u p e r -

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

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

l i n e w i d t h . I t h a s t h e d i s a d v a n t a g e t h a t i t c a n n o t 

measure l i n e shape d i r e c t l y due to t h e numerous s i d e 

b ands, s p a c e d a t i n t e r v a l s Av ( e q u a l to the quench 

f r e q u e n c y f q ) . The c e n t r a l f r e q u e n c y c a n be d e t e r 

mined, however, by v a r y i n g t h e quench f r e q u e n c y and 

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

th e v a l u e s o f T^ and T^. I t c a n n o t be g r e a t e r t h a n 

l / T ^ , o r e l s e t h e sample u n d e r s t u d y becomes s a t u r a t e d 

by t h e h i g h power l e v e l s p r e s e n t i n a s u p e r - r e g e n e r a 

t i v e d e t e c t o r . A g a i n i t c a n n o t be l e s s t h a n l / T g 

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

h ave d e c a y e d to z e r o b e f o r e t h e i n i t i a t i o n o f t h e n e x t 

p u l s e ; s e e s e c t i o n 2.1.3 above. Maximum s e n s i t i v i t y 

i s o b t a i n e d when t h e w i d t h o f t h e i n d i v i d u a l s i d e b a n d s 

( r ^ f q ) a r e e q u a l to t h e r e s o n a n c e l i n e w i d t h ( N a r a t h 

e t a l . , 1964). 
The o s c i l l a t o r u s e d i n t h i s c a s e was t h e same a s 

d e s c r i b e d i n s e c t i o n 2.2.1 above, e x c e p t t h a t i t had 

been m o d i f i e d to a l l o w a q u e n c h i n g v o l t a g e t o be ap

p l i e d to i t . I n s t e a d o f h a v i n g a grounded c a t h o d e , 

a p o t e n t i a l d i v i d e r was p l a c e d between t h e c a t h o d e 

and ground, and t h e q u e n c h i n g v o l t a g e was a p p l i e d t o 

th e c e n t r e o f t h i s d i v i d e r . The l e v e l c o n t r o l c i r 

c u i t was u s e d to s e t t h e g r i d c u r r e n t to a v a l u e 

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

m a r g i n a l o s c i l l a t o r mode. T h i s was i n o r d e r to p r o -
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v i d e f o r t h e much g r e a t e r power l e v e l u s e d i n t h e 

s u p e r - r e g e n e r a t i v e mode. 

T h i s s p e c t r o m e t e r was a l s o t e s t e d on c o b a l t a t 

room t e m p e r a t u r e f o r h i g h f r e q u e n c y s e n s i t i v i t y . I n 

a d d i t i o n , powdered i r o n was u s e d a t l i q u i d n i t r o g e n 

t e m p e r a t u r e s t o t e s t f o r low f r e q u e n c y s e n s i t i v i t y . 

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

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

shown, i n f i g u r e 2.2 i s w i t h r e d u c e d a m p l i f i e r s e n s i 

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

b o t h quench f r e q u e n c y and quench a m p l i t u d e had to be 

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

c o h e r e n c e ( N a r a t h , 196k) between t h e v a r i o u s s i d e b a n d s 

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

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

I n o r d e r t o o b s e r v e t h e i r o n r e s o n a n c e i t was 

n e c e s s a r y to i n c r e a s e t h e d e p t h o f f r e q u e n c y modula

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

l i n e - w i d t h . ( f i g . 2 : 2 ) . 

I t w i l l be n o t i c e d t h a t t h e s i g n a l to n o i s e r a t i o 

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

ence i n r e s o n a n c e s i g n a l i n t e n s i t y between t h e two 

e l e m e n t s and why i t was n e c e s s a r y t o u s e a more s e n 

s i t i v e s p e c t r o m e t e r i n o r d e r to o b s e r v e t h e i r o n r e s o 

n a n c e . 

A s e a r c h was a g a i n made to d e t e c t a r e s o n a n c e i n 

GdCo^ a t l i q u i d n i t r o g e n t e m p e r a t u r e s . U n f o r t u n a t e l y , 

however, t h i s was u n s u c c e s s f u l o v e r t h e e n t i r e f r e 

quency range from 35 t o 250 m e g a c y c l e s . The s e a r c h 

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

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

a t no time was a r e s o n a n c e o b s e r v e d . 

The S p i n Echo A p p a r a t u s : 

2.2.3 B e c a u s e o f t h e l a c k o f s u c c e s s i n d e t e c t 

i n g a r e s o n a n c e i n GdCo^ by t h e above methods, i t was 

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

e x p e r i m e n t a l l y more complex b u t more s e n s i t i v e " S p i n -

E c h o " t e c h n i q u e . 

( a ) A b l o c k d i a g r a m o f t h e " S p i n - E c h o " a p p a r a t u s i s 

shown i n f i g . 2:3« The p u l s e d o s c i l l a t o r was eon^ 
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n e c t e d by means o f 300 ohm c a b l e t o a c o i l s u r r o u n d 

i n g t h e sample and a c o n c e n t r i c r e c e i v i n g c o i l was 

u s e d t o d e t e c t any ech o e s p r o d u c e d by t h e sample. 

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

s i g n a l from t h e l o c a l o s c i l l a t o r ( a Ma r c o n i TF.01/B.) 

i n t h e m i x e r c i r c u i t . The f r e q u e n c y was t h e n s h i f t e d 

to a p p r o x i m a t e l y MHz. and p a s s e d i n t o an I . F . 

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

was a m p l i f i e d and r e c t i f i e d . The o u t p u t o f t he I . F . 

s t r i p was c o n n e c t e d to t h e i n p u t o f an o s c i l l o s c o p e 

w h i c h was s y n c h r o n i s e d by a p u l s e from t h e p u l s e 

g e n e r a t o r . The echo t h e n showed up a s a p u l s e o f 

s h o r t d u r a t i o n on t he o s c i l l o s c o p e . 

The p u l s e g e n e r a t o r was a b l e to p r o v i d e t h r e e 

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

w i t h t h e n e g a t i v e l e v e l h e l d a t ground p o t e n t i a l . 

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

d e n t l y from a minimum v a l u e o f about s e c , t o a 

maximum v a l u e o f 25 H s e c . Depending on w h e t h e r a 

two o r t h r e e p u l s e echo s e q u e n c e was b e i n g u s e d , t h e 

s e p a r a t i o n between t h e p u l s e s c o u l d have a common 
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c o n t r o l o r be i n d e p e n d e n t . 

The b a s i c p u l s e s e q u e n c e was produced by a s e r i e s 

o f s i x F e r r a n t i l o g i c modules. The sequence was i n i 

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

( L . C . E . 507) ( s e e f i g . 2:1^), t h e f r e q u e n c y o f w h i c h 

was d e t e r m i n e d by s i x s t e p p e d c a p a c i t o r s . T h e s e c a p a 

c i t o r s were added i n p a r a l l e l t o e a c h o t h e r by means 

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

t o be v a r i e d from 20 - 1000 p . p . s . 

The o u t p u t from t h e L . C . E . 507 t h e n goes t o t h e 

i n p u t o f t h r e e u n i v i b r a t o r modules ( L . C . E . 506), 

T h e s e modules have d i o d e - c a p a c i t o r i n p u t s w h i c h a r e 

c o n n e c t e d so t h a t t h e y wore t r i g g e r e d o n l y on t h e 

n e g a t i v e g o i n g edge o f t h e i n p u t p u l s e . 

The f i r s t two modules p r o d u c e t h e d e l a y p u l s e 

w i d t h , T h e s a w i d t h s c o u l d be v a r i e d i n a s i m i l a r man

n e r t o t h e r e p e t i t i o n r a t e e x c e p t t h a t t h r e e s w i t c h e s 

were now u s e d to v a r y t h e f i r s t d e l a y w i d t h from 5 H 

s e c . to a maximum o f 500 |i s e c . i n 125 s t e p s . The 

c a p a c i t o r s f o r t h e secon d d e l a y w i d t h were ganged t o 

t h o s e f o r t he f i r s t , b u t t h e v o l t a g e l e v e l s i n t h e 
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s e c o n d module were so a r r a n g e d t h a t t h e d e l a y w i d t h s 
were a p p r o x i m a t e l y t w i c e t h o s e o f t h e f i r s t . Two 
v a r i a b l e c a p a c i t o r s p r o v i d e t h e f i n e c o n t r o l o f t h e 
d e l a y w i d t h s . When u s e d i n t h e t h r e e p u l s e echo mode 
an a d d i t i o n a l s w i t c h was p r o v i d e d so t h a t t h e f i r s t 
d e l a y w i d t h c o u l d be h e l d c o n s t a n t w h i l e t h e s e c o n d 
was v a r i e d . 

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

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

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

v i b r a t o r s w h i c h were t r i g g e r e d by t h e s e c o n d and f i r s t 

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

w i d t h s were s w i t c h e d from .5 H s e c . t o 25 H s e c . i n 

25 s t e p s . 

T h e s e o u t p u t modules c o u l d p r o v i d e e i t h e r p o s i 

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

p l u s s i x and z e r o v o l t a g e l e v e l s . T h e s e were t h e n 

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

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

t h a t one h a s a t h r e e t e r m i n a l " o r - g a t e " i n p u t , where

a s t h e o t h e r h a s o n l y a s i n g l e i n p u t . T h e s e a m p l i -
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f i e r s were u s e d t o change t h e o u t p u t p u l s e power from 

6 v o l t s a t 6 m.a. maximum, to a v a l u e o f hO v o l t s a t 

500 m.a. maximum. I t was d e s i r a b l e t h a t t h i s g r e a t 

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

e r a t i o n i n p u l s e r i s e and f a l l t i m e s . F o r t h i s r e a s o n 

a l l t r a n s i s t o r s employed were o f t h e h i g h c u r r e n t 

f a s t s w i t c h i n g t y p e and were u s e d i n complementary 

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

F o r a s c h e m a t i c d i a g r a m o f t h e c i r c u i t employed, s e e 

f i g u r e 2:(». 

The i n p u t t r a n s i s t o r was a PNP t r a n s i s t o r w i t h 

t h e e m i t t e r a t p l u s 6v and c o l l e c t o r l o a d a t Ov. 

W i t h t h e i n p u t v o l t a g e l e v e l a t p l u s 6v t h e t r a n s i s 

t o r was s w i t c h e d o f f and no c u r r e n t was drawn by t h e 

c o l l e c t o r . T h e r e was t h e n no v o l t a g e drop a c r o s s t h e 

c o l l e c t o r l o a d and i t s v o l t a g e was z e r o . I f t h e i n 

put v o l t a g e l e v e l dropped t o z e r o v o l t s , t h e c u r r e n t 

drawn t h r o u g h t h e b a s e s a t u r a t e d t h e t r a n s i s t o r and 

f o r c e d i t s c o l l e c t o r v o l t a g e up t o j u s t l e s s t h a n 6 

v o l t s . 

The r e m a i n d e r o f t he c i r c u i t had a ground pot-
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e n t i a l which was 4.7v p o s i t i v e w ith r e s p e c t to the 

previous v o l t a g e s . There was thus only a 1. 3v drop 

between the p o s i t i v e output v o l t a g e l e v e l of t h i s 

t r a n s i s t o r , and the e m i t t e r v o l t a g e of the f o l l o w i n g 

t r a n s i s t o r . T h i s helped to decrease the r i s e and f a l l 

times during s w i t c h i n g . T^ was an NPN t r a n s i s t o r 

which was complementary to T^. The c o l l e c t o r of T^ 

was connected through a r e s i s t o r to 60v. I t was 

shorted by means of a diode to the 40v l i n e so t h a t 

the maximum c o l l e c t o r v o l t a g e d i d not r i s e above t h i s 

v a l u e . The e x t r a 20 v o l t drop a c r o s s the r e s i s t o r 

provided s u f f i c i e n t c u r r e n t so t h a t , under load con

d i t i o n s , the output p u l s e h e i g h t d i d not drop below 

h0 v o l t s . The e m i t t e r of T^ was at zero p o t e n t i a l . 

With the c o l l e c t o r of T^ 4.7v nega t i v e with 

r e s p e c t to the e m i t t e r of T^, T 2 was cut o f f . There 

was then no c o l l e c t o r c u r r e n t through T^ and the 

c o l l e c t o r v o l t a g e rose to i t s maximum of 40v, As the 

c o l l e c t o r of T^ rose through zero v o l t s to a p o s i t i v e 

v a l u e of 1.3 v o l t s , was switched on and i t s c o l 

l e c t o r was p u l l e d down to zero v o l t s . Thus an input 
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pulse a t the base of was reproduced at the c o l l e c 
t o r of with the same p o l a r i t y but i n c r e a s e d v o l t a g e . 
The f a l l time of the pulse output a t was small be
cause i t occurred when the t r a n s i s t o r s and were 
switched on and t h i s process i s ve r y f a s t f o r t r a n s i s 
t o r s operated i n the s a t u r a t e d mode. The r i s e time 
was shortened because, during both stages of ampli
f i c a t i o n , the a m p l i f i e r was u s i n g only the l i n e a r p a r t 
of an exponential curve, 

A f u r t h e r stage of a m p l i f i c a t i o n was req u i r e d i n 

order to i n c r e a s e the maximum ct i r r e n t i n the output 

p u l s e ; i . e . to lower the output impedance. I n order 

t h a t the r i s e and f a l l times of the f i n a l output 

p u l s e s might remain as short as p o s s i b l e , i t was de

s i r a b l e t h a t both these edges were caused by s w i t c h i n g 

a t r a n s i s t o r on. For t h i s reason, a p a i r of comple

mentary e m i t t e r follox^ers were used, c o n s i s t i n g of the 

t r a n s i s t o r s T^ and T^. T^ was an NPN t r a n s i s t o r w i t h 

i t s c o l l e c t o r connected d i r e c t l y to the ho v o l t l i n e ; 

T^ was a PNP wi t h i t s c o l l e c t o r connected to ground. 

The bases were connected together f o r the input, and 
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the output was taken from the e m i t t e r s which were 
again common. 

As the c o l l e c t o r of Tg rose towards kO v o l t s , 

was switched on. T h i s caused the e m i t t e r of to 

r i s e towards the c o l l e c t o r v o l t a g e which was h e l d a t 

kO v o l t s . The load c u r r e n t was then drawn through T^ 

whi l e T^ was cut o f f . As the c o l l e c t o r of Tg dropped 

towards zero v o l t s , T^ was switched o f f and T^ switched 

on. T,t then drew a l a r g e c u r r e n t which nvust, i n t h i s 

c a s e , be s u p p l i e d by the vo l t a g e a c r o s s the load. The 

c o l l e c t o r of T^ was h e l d a t zero v o l t s t h e r e f o r e the 

output v o l t a g e was for c e d down to t h i s v a l u e . 

The c o l l e c t o r j u n c t i o n s of T^ and T^ tended to 

break down i f the c o l l e c t o r of T^ was connected d i r 

e c t l y to the base of T^. T h i s probably took pl a c e 

during the moment of s w i t c h i n g when l a r g e c u r r e n t s 

were being drawn and there was no r e s i s t o r present to 

l i m i t the c u r r e n t through these j u n c t i o n s . A diode 

was introduced i n order to c o r r e c t t h i s d e f e c t and as 

a r e s u l t , a negative v o l t a g e had to be a p p l i e d through 

the r e s i s t o r shown to provide the c u r r e n t f o r s w i t c h -
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i n g on . The f i n a l output provided a hO v o l t p u l s e 

w i t h r i s e and f a l l times of about 50 nanoseconds. 

The l o g i c modules r e q u i r e d k v o l t a g e l e v e l s of 

+12v, + 6v, Ov and -6v w i t h low impedance a t the s w i t 

ching r a t e s employed, wh i l e the output a m p l i f i e r s r e 

q u i r e d v o l t a g e l e v e l s of +60v, +^0v and Ov. The Off

s e t v o l t a g e between the two systems was provided by 

a Zener diode fed from the +6v l i n e . 

The c i r c u i t used was adapted from one d e s c r i b e d 

by D. G r o l l e t (1962, r e f . 2:19) i n Mullard T e c h n i c a l 

Communications. I t c o n s i s t e d of a s e r i e s of e m i t t e r 

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

the base. They provided a high c u r r e n t 12v source 

f o r the modules while the remaining v o l t a g e s l i n e s 

were mainly used as r e f e r e n c e v o l t a g e s . The 60v and 

^Ov l i n e s both drew high c u r r e n t s . 

(b) The r . f , energy was s u p p l i e d by a p l a t e tuned 

pu s h - p u l l o s c i l l a t o r u s i n g a QQV03-10 double t e t r o d e , 

the c i r c u i t of which i s shown i n f i g . 2:g. The v a l v e 

was switched on by a hO v o l t negative-going p u l s e 

a p p l i e d a t the cathode. I t was normally b i a s e d be-



V 2 = 0 Q V O 6 - 4 O . 

WflJ 
000000' 600V 

IK 
- W W W 2 2 0 V 

-ispv 

25K 

lOpf: 
V, • OOV03- IO 

I2K" 

- I50V 

5K? 

r©300V 

IOOK 

. aijjf , . A 

ii o pulse input. 
I2K 

F i g u r e 2.8 

The R.F. T r a n s m i t t e r , 



53 

yond c u t o f f by a negative v o l t a g e of about ^0 v o l t s 
a p p l i e d to the g r i d but during the pulse i n t e r v a l , 
the cathode v o l t a g e f e l l below g r i d v o l t a g e and 
o s c i l l a t i o n s were allowed to b u i l d up a t the f r e q u 
ency of the tuned s e c t i o n . A diode was used to hold 
the cathode a t ground p o t e n t i a l to prevent r i n g i n g 
f o l l o w i n g the t r a i l i n g edge of the s w i t c h i n g p u l s e . 

The output of the pulsed o s c i l l a t o r was i n d u c t 

i v e l y coupled i n t o the g r i d s e c t i o n of a QQV06-40 

double tet r o d e used as a p u s h - p u l l tuned a m p l i f i e r . 

From t h e r e , the short l e n g t h of J00 ohm twin l e a d 

c a b l e passed down to the sample t r a n s m i t t i n g c o i l . 

( c ) The twin l e a d was secured by adhesive tape a.gainst 

the o u t s i d e of an 8 mm.i.d. s t a i n l e s s s t e e l tube. A 

6 mm.o.d. g l a s s t e s t - t u b e c o n t a i n i n g the sample was 

he l d a t the bottom of t h i s tube. About 20 turns of 

26 s.w.g, enamelled copper wire c l o s e wound on the 

t e s t - t u b e served as the t r a n s m i t t i n g c o i l . The r e a c 

tance formed by the combination of t r a n s m i t t i n g c o i l 

and twin l e a d was matched to the o s c i l l a t o r by a b u t t e r 

f l y c a p a c i t o r placed a t the upper end of the s t e e l 
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tube. 

The r e c e i v i n g c o i l c o n s i s t e d of about 10 c l o s e 

wound turns of 18 s.w.g. enamelled copper wire and 

was c o - a x i a l w ith the t r a n s m i t t i n g c o i l . One end 

was grounded a g a i n s t the w a l l of the s t e e l tube while 

the other was connected to the i n n e r conductor r e 

moved from a 70 ohm c o a x i a l c a b l e . T h i s l e d down the 

ce n t r e of the tube and was connected a t the other end 

to a c o a x i a l cable l e a d i n g to the mixer. 

(d) The s i g n a l from the r e c e i v i n g c o i l was t r a n s 

former coupled to the input to the mixer. The t r a n s 

former secondary was tuned to the echo frequency by 

a c a p a c i t o r and was connected to the g r i d of a 6CWh 

N u v i s t o r , low n o i s e t r i o d e . The s i g n a l was then 

heterodyned with a s i g n a l from a Marconi v a r i a b l e 

frequency o s c i l l a t o r , to produce a constant i n t e r 

mediate frequency of about 3k megacycles. The anode 

was tuned to t h i s frequency by a f i x e d c a p a c i t o r and 

s l u g tuned i n d u c t o r and was then coupled to the input 

of the r . f . s t r i p . 
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(e) The r . f . s t r i p which had been removed from an 
a i r borne radar system, c o n s i s t e d of s i x , stagger 
tuned transformer coupled a m p l i f i e r s . The input was 
modified by the removal of one of the matching i n 
ductors and by changing the turns r a t i o on the other 
to improve matching to the output from the mixer. The 
s i g n a l was a m p l i f i e d i n t h i s way by about lOOdb and 
was f i n a l l y r e c t i f i e d by one h a l f of a double diode 
v a l v e . I t was then fed i n t o the input of a Cossor 
base o s c i l l o s c o p e . The o s c i l l o s c o p e was synchronised 
to the pulse sequence by a t r i g g e r p u l s e taken from 
the second output of the m u l t i v i b r a t o r . 

( f ) The power s u p p l i e s used i n the c i r c u i t s d e s c r i b e d 

above were a l l of conventional d e s i g n and w i l l not be 

d e s c r i b e d i n d e t a i l . They provided 300v f o r the r . f . 

o s c i l l a t o r ; 220v f o r the r . f . a m p l i f i e r s c r e e n b i a s ; 

+150v f o r the I . F . s t r i p and mixer K.T.; -15Qv f o r the 

b i a s v o l t a g e f o r the r . f , u n i t ; -6,3v f o r the v a l v e 

h e a t e r s i n the r . f . s t r i p and mixer; and 600v f o r the 

r . f . a m p l i f i e r . The 600 v o l t supply i s u n - s t a b i l i s e d 

w hile a l l the others are s t a b i l i s e d . 
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( g ) The s a m p l e s were c o o l e d to h e l i u m t e m p e r a t u r e s 
i n a g l a s s c r y o s t a t o f c o n v e n t i o n a l d e s i g n w h i c h w i l l 
n o t be d e s c r i b e d i n d e t a i l h e r e . 

O t h e r Measurements i n GdCOg: 

2,3 A l l m e t a l s u s e d i n t h e f o l l o w i n g i n v e s t i g a t 

i o n s were p r o v i d e d by K o c h - L i g h t l a b o r a t o r i e s . The 

g a d o l i n i u m , d y s p r o s i u m and y t t r i i u n c o n t a i n e d 0.1$ 

i m p u r i t i e s , w h ereas t h e i r o n , c o b a l t and n i c k e l con

t a i n e d about .001$ i m p u r i t i e s . 

C r y s t a l S t r u c t u r e ; 

2.3»1 The s p e c i m e n s were p r e p a r e d by m e l t i n g 

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

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

was t u r n e d o v e r and r e h e a t e d about t h r e e t i m e s t o 

e n s u r e homogeneity. A f t e r c r u s h i n g GdCOg, i t was 

vacuum a n n e a l e d i n a q u a r t z tube a t 1000°C f o r 24 

h o u r s . As t h e q u a r t z t u b i n g was s e v e r l y a t t a c k e d by 

t h e g a d o l i n i u m , no o t h e r member o f t h e s e r i e s u s e d 

was a n n e a l e d . 

I n o r d e r t o c h e c k f o r s p e c i m e n p u r i t y and homo

g e n e i t y , t h e c r y s t a l s t r u c t u r e s o f t h e compounds were 
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determined by x-ray powder photographs i n an 11,^6 cm. 
diameter Debye-Scherrer camera. The camera was used 
w i t h the c o b a l t K-aC doublet, having wavelengths 
Ko< = 1.790°A, KoC 2 = 1.78S9°A, and weighted mean 
valu e Kc*. = 1.790°A. The c o r r e c t value of the l a t t i c e 
constant was then obtained by e x t r a p o l a t i o n of the 
measured v a l u e s u s i n g the Nelson R i l e y e x t r a p o l a t i o n 
f u n c t i o n , ( r e f . 2:22). 

Bulk Magnetisation: 

2.3.2 The magnetisation measurements were made 

u s i n g a v i b r a t i n g sample magnetometer i n which the 

sample was p l a c e d at the c e n t r e of a p a i r of c o i l s 

wound i n s e r i e s - o p p o s i t i o n . The magnetic f i e l d was 

provided by a water cooled s o l e n o i d . A f u l l des

c r i p t i o n of the apparatus i s given i n the theses of 

H..D. E l l i s ( r e f . 2:20) and A.R. P i e r c y ( r e f . 2:21). 

oOo 
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CHAPTER I I I 

R E S U L T S 

Spin Echo Observations: 

3»1 Spin echo resonance measurements were made 

on the b i n a r y s e r i e s of compounds Gd^ x^x^°21 

Gd(Co, Ni ) _ and Gd, Dy Co„ a t 4.2°K. I n the f i r s t x 1-x x'2 1-x Jx 2 
two s e r i e s x v a r i e d from 0 to 1 i n s t e p s , whereas i n 

the l a s t s e r i e s measurements were only p o s s i b l e f o r 

0 $ x£ 0.2. 

For l i n e shape measurements, a two pulse sequence 

was used. The p u l s e s were of equal width,/v 1.6|isec . , 

f o r most of the s e r i e s but r i s i n g to /v 3nsec• f o r some 

of the dysprosium measurements. The s e p a r a t i o n be

tween the p u l s e s was kept constant a t about 20|j.sec., 

e n s u r i n g that there was a n e g l i g i b l e l o s s of echo 

amplitude due to r e l a x a t i o n e f f e c t s . The sample, 

contained i n a 6 mm. I.D. g l a s s p h i a l , was cooled to 

helium temperatures i n the c r y o s t a t and the frequency 
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o f t h e p u l s e d r . f , s i g n a l v a r i e d i n d i s c r e t e s t e p s 
o v e r the r a n g e o f i n t e r e s t . When an echo was o b s e r v e d 
on t h e o s c i l l o s c o p e t h e w i d t h s were v a r i e d to o b t a i n 
t h e maximum echo a m p l i t u d e . T h e s e p u l s e c o n d i t i o n s 
were t h e n k e p t c o n s t a n t a c r o s s t h e w i d t h o f t h e r e s o n -
anc e. 

The echo h e i g h t was o b t a i n e d by m e a s u r i n g t h e p u i s 

h e i g h t a s shown on t h e o s c i l l o s c o p e and t h e l i n e shape 

was g i v e n by t h e v a r i a t i o n i n echo h e i g h t w i t h f r e 

quency. From t h e known n u c l e a r g y r o n i a g n e t i c r a t i o 

( n u c l e a r moment and n u c l e a r s p i n ) t h e d i s t r i b u t i o n i n 

m a g n e t i c f i e l d s t r e n g t h a t t h e n u c l e a r s i t e s was r e a d 

i l y e v a l u a t e d . 

I n many o f the m a t e r i a l s i n v e s t i g a t e d i t was 

n o t i c e d t h a t t h e t r a n s m i s s i o n f r e q u e n c y and the echo 

f r e q u e n c y were n o t t h e same a t a l l p o i n t s . T h i s was 

o r i g i n a l l y o b s e r v e d w i t h the compound Gd^ ^YQ 2^°2' 

t h e e f f e c t b e i n g much s m a l l e r i n t h e t e r m i n a l compound 

GdCo,,. I t was found t h a t a s t h e i n p u t p u l s e f r e q u e n c y 

was v a r i e d o v e r a wide r a n g e , t h e f r e q u e n c y o f t he 

t u n e d r e c e i v e r f o r maximum s i g n a l a m p l i t u d e v a r i e d 
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over a much s m a l l e r range. The observed, r e s u l t s f o r 

GdCo^ are given i n t a b l e 3,1t i n which t h i s d i s c r e p 

ancy can be e a s i l y seen. 

T h i s e f f e c t was o r i g i n a l l y thought to be due to 

the r e c e i v e r bandwidth obscuring frequency v a r i a t i o n s . 

However the d i s c r e p a n c y i n frequency was observed to 

be so l a r g e that t h i s proposal had to be abandoned. 

The p o s s i b i l i t y was then considered that i t 

might be s i m i l a r to the e f f e c t s observed by M,B. 

Stearns ( r e f . 3'l)t however t h i s was abandoned too 

as i n these (GdY)Co,, compounds there was none of the 

marked o s c i l l a t o r y behaviour which t h a t author des

c r i b e d . I n a d d i t i o n the l i n e s considered i n that 

case were narrow compared with the r . f . f i e l d i n t e n 

s i t y , which i s c e r t a i n l y not the case f o r the obser

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

I t was n o t i c e d t h a t the ' t r a n s m i s s i o n ' l i n e 

width decreased i f the power l e v e l was decreased, but 

as no means of c o n t i n u a l l y v a r y i n g the r . f . amplitude 

was a v a i l a b l e , the e f f e c t of a c o n t i n u a l decrease i n 

power l e v e l could not be i n v e s t i g a t e d . A s i m i l a r 



TABLE 3.1 

GdCo ? 

F T MHz F v MHz E ( v o l t s ) F T MHz J.'^ J-iflS E ( v o l t s ) 

61.6 61.3 10 60.9 61.0 9.4 
62.1 6 i . 9 S, 6 60* 6 60.8 7.2 

62.4 62.2 6.8 60.3 61.1 5.6 

62.7 62.6 4.8 59.8 60.8 3.4 
63.4 63.O 2,4 59.2 61.1 2.6 

6k. 5 61.8 2.0 58.4 61.6 3.0 

61.5 61,2 11 
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e f f e c t h a s been o b s e r v e d by B u d n i c k and S k a l s k i ( r e f . 
3 : 2 ) , who r e p o r t e d t h a t t h e r . f . a m p l i t u d e c o u l d be 
d e c r e a s e d to s u c h an e x t e n t t h a t t r a n s m i s s i o n f r e q u e n c y 
and echo f r e q u e n c y were e v e r y w h e r e t h e same. They 
showed t h a t t h e echo and t r a n s m i s s i o n f r e q u e n c i e s 
a p p r o a c h e d one a n o t h e r f o r any g i v e n o b s e r v a t i o n a s 
t h e p u l s e d u r a t i o n was i n c r e a s e d and t h e r . f . a m p l i 
tude s i m u l t a n e o u s l y d e c r e a s e d i n o r d e r to keep t h e 
t u r n a n g l e c o n s t a n t . Tn t h e s e measurements, a s f a r 
a s p o s s i b l e , t h e echo f r e q u e n c y h a s been t a k e n as t h e 
c o r r e c t r e s o n a n t f r e q u e n c y . 

I n a t t e m p t i n g t o f o l l o w t h e b e h a v i o u r o f t he echo 

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

and hence g a i n some i n s i g h t i n t o how b e s t t o i n t e r p r e t 

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

t a i l i n g t h e f e a t u r e s o f t h e measurements f o r GdCo^. 

T h e s e were a s f o l l o w s : 

a ) echo a m p l i t u d e v t r a n s m i s s i o n f r e q u e n c y (f-p) 

( f i g , 3:1a) 

b) echo a m p l i t u d e v echo f r e q u e n c y ( f p ) ( f i g . 3'. 

l b ) 
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c ) ( f - f\_,) v f ( i . e . t h e c o r r e c t i o n f r e q u e n c y ) 
( f i g . 3 :1c) 

From t h e s e i t was p o s s i b l e to make t h e f o l l o w i n g 

g e n e r a l i s a t i o n s . 

a ) Under t h e c o n d i t i o n s a t w h i c h t h e s e e c h o e s 

a r e o b t a i n e d i t i s p o s s i b l e to o b t a i n s i g n a l s a t t r a n s 

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

quency, w h i c h a r e not c h a r a c t e r i s t i c o f t h e shape 

o f t h e w i ngs o f t h e t r u e r e s o n a n c e l i n e . R a t h e r t h e y 

a p p e a r t o be r e l a t e d t o the shape o f t h e c e n t r e o f 

the l i n e , b u t c o r r e s p o n d to a d e c r e a s e d a m p l i t u d e . 

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

o b s e r v a t i o n s can be e x p e c t e d t o f i t on a s i n g l e c u r v e , 

b u t i n f a c t may be r e p r e s e n t a t i v e o f a f a m i l y o f 

c u r v e s o f d e c r e a s i n g power. 

b) t h e d i f f e r e n c e f r e q u e n c y between t h e t r a n s -

miss; i o n and echo p u l s e s v a r i e s i n t h e way shown i n 

f i g . 3j1c, a t l e a s t f o r a f a i r l y s i m p l e r e s o n a n c e o f 

t h e t y p e c o n s i d e r e d h e r e . T h i s v a r i a t i o n c o n s i s t s 

o f a r e a s o n a b l y c o n s t a n t A f r e g i o n ( f o r w h i c h A ^ * 0 ) 



i n the v i c i n i t y o f the r e s o n a n c e l i n e , l y i n g ; between 

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

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

m i s s i o n , f r e q u e n c y i s from t h e c e n t r e f r e q u e n c y o f 

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

t o w a r d s t h e c e n t r e f r e q i i e n c y . 

c ) The f u l l l i n e w i d t h , a t h a l f a m p l i t u d e , i s 

d i f f e r e n t f o r the t r a n s m i s s i o n and echo f r e q u e n c y c a s e 

d) A l i n e w i d t h may a l s o be d e f i n e d from t h e 

o b s e r v a t i o n s , a s b e i n g t h e l e n g t h o f the c o n s t a n t 

A f r e g i o n . T h i s may be d e f i n e d a s (A.i/ B) MHZ. ( s e e 

f i g . 3 : 1 c ) . 

e) The echo f r e q u e n c i e s a p p e a r to g i v e a s h a r p e r 

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

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

f r e q ^ i e n c y . T h i s method o f o b t a i n i n g t h e r e s o n a n c e 

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

t o be d e s c r i b e d i n the f o l l o w i n g , i n w h i c h e x t e n s i v e 

d i f f e r e n c e s i n l i n e shape e x i s t between t r a n s m i s s i o n 

and echo f r e q u e n c y o b s e r v a t i o n s . 
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GdCo 2 

3.1.1 On t h e b a s i s o f t h e f o r e g o i n g d i s c u s s i o n 

o f t h e r e s u l t s o b t a i n e d f o r GdCo^ and shown i n f i g . 

3 : 1 i t h i s compound from w h i c h a l l l a t e r m a t e r i a l s 

a r e d e r i v e d , was found to have a c e n t r a l r e s o n a n t 

f r e q u e n c y o f 6l.h MHz, w i t h f r e q u e n c y s p r e a d , a t t h e 

echo f r e q u e n c y , o f 2 MHz. 

I n o r d e r to d e t e r m i n e w h e t h e r t h i s r e s o n a n c e 

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

( G d ^ j ; ' o r Gd"'""'''') o r w i t h t h e Co"^ n u c l e u s , a s e a r c h 

f o r o t h e r echoes was made a t f r e q u e n c i e s i n t he r e g i o n 

o f 46 MHz and 82 MHz. T h e s e were c h o s e n , s i n c e t h e 

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

i n t h e r a t i o 3:b, c o n s e q t i e n t l y f o r an o b s e r v e d f r e 

quency o f v r e s . f o r one, t h e o t h e r r e s o n a n c e s h o u l d 

o c c u r a t e i t h e r 1:33 v r e s . o r 0.75 v r e s . , d e p e n d i n g 

on w h i c h o f t he i s o t o p e s was r e s p o n s i b l e f o r v r e s . 

No r e s o n a n c e s were o b s e r v e d i n t h e v i c i n i t y o f 

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

and f o r the f o l l o w i n g , t h e r e s u l t s were t a k e n to be 

t h o s e a s s o c i a t e d w i t h t h e c o b a l t i o n . I n t u i t i v e l y , 
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t h i s c o n c l u s i o n i s a l s o s u p p o r t e d by the u s u a l e a s e 
of o b s e r v a t i o n o f the c o b a l t r e s o n a n c e compared w i t h 
e i t h e r o f t h e g a d o l i n i u m r e s o n a n c e s . 

The c o b a l t h y p e r f i n e f i e l d i n GdCo ?, d e r i v e d 

from t h e s e o b s e r v a t i o n s i s t h e n 60.8 Koe, w i t h a l i n e 

w i d t h o f I . 9 8 Koe. T h i s compares w i t h t h e l a r g e 

f i e l d o f 230 Koe, o b s e r v e d by Gegenwarth e t a l , ( r e f . 

3:3)» a t t h e i r o n n u c l e u s i n i s o s t r u e t u r a l GdFe^ a t 

78°K, and w i t h t h e f i e l d o f 217 Koe o b s e r v e d by many 

w o r k e r s in. coba.lt m e t a l , ( r e f . 3m.h) . 

I n an a t t e m p t to d e t e r m i n e t h e s i g n o f t h e h y p e r -

f i n e f i e l d a t t h e c o b a l t n u c l e u s , t h e s p i n echo 

o b s e r v a t i o n was r e p e a t e d w i t h an e x t e r n a l f i e l d ap

p l i e d to t h e sample. T h e s e r e s u l t s , some o f w h i c h a r e 

g i v e n i n f i g . 3*2, show 

i ) a d e c r e a s e i n echo a m p l i t u d e a t r e s o n a n c e 

witin. i n c r e a s i n . g f i e l d , 

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

T h i s i s c o mparable t o t h e r e s o l v i n g power 

of t h e s y s t e m and c o n s e q u e n t l y i t c a n o n l y 

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

http://coba.lt
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i s n o t a p o s i t i v e one. 

i i i ) a c o n t i n u o u s d e c r e a s e i n the l i n e w i d t h 

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

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

quency s h i f t s o b s e r v e d a r e to be e x p e c t e d i f the s p e c i 

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

a nce a r i s e s from n u c l e i i n t h e domain w a l l s o f t h e s e 

p a r t i c l e s . I n d e e d t h e o b s e r v a t i o n , o f t h e s e two de

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

I n s e t 1 o f f i g . 3:2 shows t h e v a r i a t i o n o f r e s o n 

a nce f r e q u e n c y w i t h a p p l i e d f i e l d , a f t e r t h e r e s u l t s 

h a v e been m o d i f i e d t o a l l o w f o r a d e m a g n e t i z i n g f i e l d 

( a s s u m i n g a s p h e r i c a l p a r t i c l e s h a p e ) . As may be s e e n , 

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

s m a l l e r t h a n t h a t g i v e n by d w / = -y. The n e g a t i v e 

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

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

n e g a t i v e ; t h i s i s i n agreement w i t h t h e r e s u l t s o f 

Wertheim e t a l . ( r e f . 3*5) f o r t h e f i e l d a t t h e i r o n 

n u c l e u s i n t h e r e l a t e d AFe^ compounds. 

Measurements were a l s o made on GdCo 0 a s a f u n c t i o n 
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o f t e m p e r a t u r e . As t h e t e m p e r a t u r e was l o w e r e d t o 
2,4°K ( u s i n g a pumped h e l i u m b a t h ) t h e d i s c r e p a n c y 
between t r a n s m i s s i o n and echo f r e q u e n c i e s i n c r e a s e d . 
However, on r a i s i n g t h e t e m p e r a t u r e above h.2°K ( u s i n g 
t h e v a p o u r above the h e l i u m b a t h ) , t h e echo a m p l i t u d e 
d e c r e a s e d r a p i d l y , d i s a p p e a r i n g c o m p l e t e l y a t 20°K, 
No v a r i a t i o n i n echo f r e q u e n c y was o b s e r v e d i n any 
o f t h e v a r i a b l e t e m p e r a t u r e measurements. 

Gd, Y Co_ 1-x x 2 

3.1.2 The c o n t i n u o u s s u b s t i t u t i o n o f y t t r i u m f o r 

g a d o l i n i u m i n t h e s e r i e s Gd^ x ^ x ^ ° 2 r e s u l * s i-n * n e 

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

echo h e i g h t w i t h t r a n s m i s s i o n f r e q u e n c y . The v a r i a 

t i o n w i t h echo f r e q u e n c y however showed l i t t l e e v i d 

ence f o r t h i s e x t r a l i n e s t r u c t u r e . T h e s e r e s u l t s 

a r e shown i n f i g . 3:3 t o f i g . 3:5t a l o n g w i t h t h e 

v a r i a t i o n o f ^ . f w i t h t r a n s m i s s i o n f r e q u e n c y f o r 

( l - X ) = 0.81, 0.57 and 0.4. 

I t i s e v i d e n t from t h e s e r e s u l t s , and t h o s e o f 

f i g . 3 J1» t h a t w i t h y t t r i u m s u b s t i t u t i o n t h e f r e q u e n c y 
59 

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

f i c u l t to o b t a i n , s i n c e r e s o n a n c e f r e q u e n c y v a l u e s 

c a n be o b t a i n e d i n a v a r i e t y o f ways, namely, from 

A m p l i t u d e v e r s u s f _ , A m p l i t u d e v e r s u s f„ o r A f v e r s u s 

f^, g r a p h s . An a t t e m p t h a s been made i n f i g . 3:6 t o 

summarize a l l o f t h e s e r e s u l t s , From t h i s g r a p h , i t 

may be s e e n t h a t an o v e r a l l , non l i n e a r , d e c r e a s e i n 

v r e s , o c c u r s a s X i n c r e a s e s . I n a d d i t i o n f o r X ^ 0 , 5 

o t h e r l i n e s a p p e a r with, v r e s . g r e a t e r t h a n t h a t i n 

GdCOp. The jaF r e s u l t s i n t h i s p r e s e n t a t i o n must be 

t r e a t e d w i t h extreme c a u t i o n and a t b e s t u s e d a s an 

i n d i c a t i o n o f where l i n e s may be e x p e c t e d t o a p p e a r . 

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

f„ o r f _ r e s u l t s . A p a r t from t h e g e n e r a l d e c r e a s e i n T E 
v r e s , t h e f o l l o w i n g p o i n t s a r e wort h y o f n o t e , 

a ) t h e e x i s t e n c e o f t h e GdCo^ r e s o n a n c e a t 

6l,3 MHz t o X = 0,2, b u t w i t h d e c r e a s i n g 

a m p l i t u d e . 

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

X >0,51 whose f r e q u e n c y d e c r e a s e s w i t h X 

i n c r e a s e i n a manner c o m p a r a b l e to t h a t o f 
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th e main r e s o n a n c e , 
c ) t h e c o n t i n u o u s d e c r e a s e i n r e s o n a n c e a m p l i t u d e 

a c r o s s t h e s e r i e s a s t h e YCo^ c o n c e n t r a t i o n 
i n c r e a s e s , ( t h e s e a m p l i t u d e s a r e i n d i c a t e d 
by numbers on the g r a p h a d j a c e n t to each p o i n t 
and may be u s e d a s a g e n e r a l g u i d e to t h e be
h a v i o u r o f t h e r e s o n a n c e ) , 

G d i - x p y x C o 2 

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

b a s i c GdCOg compound t h e echo a m p l i t u d e was o b s e r v e d t o 

d e c r e a s e v e r y r a p i d l y and become u n o b s e r v a b l e f o r more 

t h a n 5/0 DyCOp c o n c e n t r a t i o n . The r e s o n a n c e l i n e s a r e 

shown, i n f i g . 3 J 7» from w h i c h may be s e e n a s l i g h t s h i f t 

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

The l a r g e d e v i a t i o n s between, t r a n s m i s s i o n , and 

echo f r e q u e n c y r e s u l t s was n o t o b s e r v e d i n t h i s c a s e , 

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

compounds compared w i t h the t e r m i n a l compound. GdCo 0. 

The c u r v e s a l s o show some s i g n o f f i n e s t r u c t u r e b u t 

i t h a s n o t b e e n p o s s i b l e to r e s o l v e t h i s . 

A t t e m p t s were a l s o ma.de t o o b s e r v e t h e r e s o n a n c e 

http://ma.de
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i n p u r e DyCo^ b u t w i t h o u t s u c c e s s . 

Gd(Co. N i ) 0 x 1-x x 7 2 

3.1mk As may be s e e n from f i g s . 3-8 and 3»9i t h e 

a d d i t i o n o f n i c k e l i n t o t h e c o b a l t s i t e s i n GdCo^ 

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

ance l i n e s . W h i l e t h e d e t a i l i s r e a d i l y a n a l y s e d i n 

the t r a n s m i s s i o n f r e q u e n c y p l o t (3.8a and 3«9a) t h e 

more m e a n i n g f u l 'echo f r e q u e n c y * and ' d i f f e r e n c e 

f r e q u e n c y ' g r a p h s a r e much more d i f f i c u l t to i n t e r p r e t . 

As may be s e e n , t h e p o i n t s on t h e echo f r e q u e n c y g r a p h 

w h i c h a r i s e from t h e wings o f t h e t r a n s m i s s i o n f r e 

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

f o r one echo f r e q u e n c y , t h u s making t h e n a t u r e o f t he 

l i n e shape o b s c u r e . Xt i s i n t e r e s t i n g t h a t t h e c e n t r e 

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

when t h e echo f r e q u e n c y r e s u l t s a r e d e r i v e d , from t h e 

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

I n s p i t e o f t h o s e d i f f i c u l t i e s i t h a s been p o s 

s i b l e to i d e n t i f y some l i n e s t r u c t u r e s in. t h e s e r e s o n 

a n c e s , t h e l i n e p o s i t i o n s b e i n g i n d i c a t e d by an ar r o w . 

The v a r i a t i o n o f t h e f r e q u e n c y o f t h e s e l i n e s w i t h 
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c o m p o s i t i o n i s G i v e n i n f i g . 3:10. A g a i n t h e r e i s 

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

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

f r e q u e n c y r e s u l t s . Xt i s v e r y e v i d e n t from t h e s e 

measurements t h a t the GdCo,, r e s o n a n c e a t 6l,h MHz 

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

new l i n e s a p p e a r , t h e r e l a t i v e i n t e n s i t i e s o f which, 

change w i t h n i c k e l c o n c e n t r a t i o n . 

L i n e W i d t h s : 

3.2 The v a r i a t i o n i n l i n e w i d t h o f b o t h the 

t r a n s m i s s i o n and echo r e s o n a n c e a r e shown f o r the 

t h r e e s e r i e s examined i n f i g . 3:11. Here t h e w i d t h 

i s d e f i n e d a t t h e h a l f power p o i n t f o r t h e t o t a l l i n e , 

s i n c e i n g e n e r a l i t was n o t p o s s i b l e to r e s o l v e t h e 

components o f a given, r e s o n a n c e . 

R e l a x a t i o n Measurements: 

3.3 U s i n g b o t h two and t h r e e p u l s e s e q u e n c e s to 

o b t a i n t h e s p i n e c h o e s . I t was p o s s i b l e to make r e 

l a x a t i o n measurements on some o f t h e m a t e r i a l s . The 

compounds on w h i c h t h i s was a c h i e v e d were t h e f o l l o w 

i n g : GdCo„. Gd „Y ,Co„, Gd. n 0 . D y n i 0 C o 0 and Gd(Co n N i 
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I n t h e t h r e e p u l s e t e c h n i q u e , t h e s e p a r a t i o n 

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

a t 25 | i s e c . , w h i l e the d e l a y o f the t h i r d p u l s e was 

v a r i e d . A l l the echo a m p l i t u d e s o b t a i n e d i n t h i s way 

c o u l d be f i t t e d t o an e x p o n e n t i a l r e l a t i o n o f t h e form 

Echo A m p l i t u d e = Ae 1 

where t i s t h e d e l a y o f t h e t h i r d p u l s e and i s the 

l o n g i t u d i n a l ( S p i n - l a t t i c e ) r e l a x a t i o n t i m e . The 

r e s u l t s f o r GdCo Q a t b o t h 2,k°K and k.2°K a r e shown 

i n f i g . 3:12, the v a l u e s o f b e i n g l i s t e d i n T a b l e 

3:2 a l o n g w i t h t h o s e o f T 1 T ( | i s e c . °K) . 

The two p u l s e measurements were o b t a i n e d by 

v a r y i n g t h e s e p a r a t i o n between t h e two p u l s e s and 

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

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

t i o n o f t h e d e l a y g i v e n by 

- t 3 / a 
Echo A m p l i t u d e = Be 

where t i s t h e d e l a y between t h e p u l s e s and ^'/a i s a 

c o n s t a n t d e p e n d i n g on the f i e l d g r a d i e n t and t h e 

c o e f f i c i e n t o f s p i n d i f f u s i o n i s t h e sample, (App. I I 
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Tempe r a t u r e i | . 2 ° K 2.h° K 

Compound a T l 
\x s e c l i s e c K 

T l 
I* s e c 

T j T 
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|i s e c K 

SdCo, 11'+ 1960 8250 Vl-00 10550 

M . 9 Y . i C o 2 291 2120 8900 

G c l . 9 8 2 D y . 0 l S C ° 2 9^.5 765 3210 

G d ^ C o . 9 N 1 . l ) 2 252 4660 19650 
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From t a b i c 3'2 i t may be s e e n t h a t b o t h and a 
d e c r e a s e when d y s p r o s i u m i s s u b s t i t u t e d i n t o GdCo,,; 
wh e r e a s t h e y b o t h i n c r e a s e when y t t r i u m o r n i c k e l i s 
subs t i t u t e d . 

M a g n e t i z a t i o n Measurements: 

3t*l The C u r i e t e m p e r a t u r e s ( T ^ ) and t h e s a t u r a 

t i o n moments (\i ) o f the Gd_ Y Co, s p e c i m e n s heive p r e -

v i o u s l y been r e p o r t e d by T a y l o r e t a l . i n 19^5 ( r e f , 

3:6) and L e m a i r e ( r e f . 3:7)• I " t h e p r e s e n t work the 

C u r i e t e m p e r a t u r e s and m a g n e t i z a t i o n s ( X ) were d e t e r 

mined f o r t h e Gd(Co, N i )„ s e r i e s . 
x 1-x x'2 

The v a l x i e s o f T^ were d e t e r m i n e d i n an a p p l i e d 

f i e l d s t r e n g t h o f 1.3'! Koe by e x t r a p o l a t i n g t h e X v e r -
2 

s u s t e m p e r a t u r e c u r v e t o I = 0 , F i g , 3s13 shows t h e 

r e s u l t s f o r Gd(Co „Ni „)„ f and i s a t y p i c a l example o f 

t h e s e m a g n e t i z a t i o n c u r v e s . The s a t u r a t i o n moments were 

o b t a i n e d by p l o t t i n g t h e m a g n e t i z a t i o n a t ^.2°K a g a i n s t 

t h e i n v e r s e o f t h e f i e l d s t r e n g t h ( f o r 0<H<10 Koe) and 

e x t r a p o l a t i n g to l/T-T = 0, 

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

3 : l ' l and f i g . 3*15 from whi c h i t may be s e e n t h a t : 

a ) The C u r i e t e m p e r a t u r e s l i e on a smooth c u r v e 
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w h i c h f a l l s below t h e l i n e a r i n t e r p o l a t i o n 

between t h e extreme v a l u e s a t a l l c o m p o s i t i o n s , 

b) The moment p e r f o r m u l a u n i t i n t h e Gd(Co Ni ), 
! — X X < 

s e r i e s shows l i t t l e change f o r 0 < x <0.'l, 

i n c r e a s e s r a p i d l y between x = 0,4 and. x = 0.7 

and t h e n f o r x>0.7 r e m a i n s a t a c o n s t a n t 

magnitude a p p r o x i m a t e l y e q u a l t o t h a t o f GdNig 

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

no moment. 

L a t t i c e P a r a m e t e r s : 

3.5 A l l samples i n v e s t i g a t e d e x h i b i t e d t h e same 

d i f f r a c t i o n l i n e s , i . e . t h o s e o f t he c u b i c L a v e s p h a s e , 

MgCUg, s t r u c t u r e , to w h i c h a l l o f t h e s e compounds were 

expected, to b e l o n g . I n a d d i t i o n , i n a l l p h o t o g r a p h s , 

t h e r e was an e x t r a l i n e w h i c h c o u l d not be i d e n t i f i e d . 

T h i s l i n e h a s been o b s e r v e d i n o t h e r a l l o y s e r i e s and 

does n o t a p p e a r to be c h a r a c t e r i s t i c o f t h e s e s p e c i m e n s . 

C o n s e q u e n t l y , t h i s l i n e was i g n o r e d i n a l l t h e measure

ments -

As mentioned i n s e c t i o n 2.3 . 2 , the l a t t i c e c o n s t a n t 

were d e t e r m i n e d from t h e X - r a y powder p h o t o g r a p h s u s i n g 
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the Nelson-Riley e x t r a p o l a t i o n f u n c t i o n . The r e s u l t s 
f o r the Gel (Co, Ni )_ s e r i e s are shown i n f i g . 3:l6, 1-x x'2 
from which i t may be seen t h a t the spacings of com
pounds w i t h high, c o b a l t c o n c e n t r a t i o n l i e s l i g h t l y 
below the l i n e g i v i n g Vegards Law and those w i t h low 
c o b a l t c o n c e n t r a t i o n l i e above t h i s l i n e . The 
Gd Y Co,, s e r i e s ( f i g . 3:17) also shows a d e v i a t i o n 
from Vegards Law, the d e v i a t i o n being negative f o r a l l 
compositions except x)0.8. No l a t t i c e parameters 
were determined f o r the Gd Dy Co. s e r i e s . 

oOo 
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CHAPTER IV 

D I S C U S S I O N 

The Nature Of The Resonance Observations: 
4.1 I n s e c t i o n 3.1, i t was r e p o r t e d t h a t the 
echo frequency and tr a n s m i s s i o n frequency are not 
equal at a l l p o i n t s across the resonance l i n e . Re
p o r t s of s i m i l a r e f f e c t s have been made by M.B. Stearns 
( r e f . kil) and Budnick and S k a l s k i ( r e f . 4:2). Mean
wh i l e Mims ( r e f . k:3) has examined the shape of the 
echo wave forms i n an e l e c t r o n echo apparatus f o r 
which the r . f . f i e l d i n t e n s i t y i s less than the l i n e -
w i d t h , I n t h i s work he shows tha t the echo s i g n a l 
obtained i s the r e s u l t a n t of several spin packets 
spaced at d i f f e r e n t frequency i n t e r v a l s from the centre 
of the resonance l i n e . The major echo c o n t r i b u t i o n s 
are then obtained from s p i n packets i n the range 
-¥^AW < ŵ  where aw i s the frequency d i f f e r e n c e be
tween the s p i n packet and the i n p u t (or transmission) 
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frequency and v^/y = , the r . f . f i e l d i n t e n s i t y . 
I n f e r r o m E i g n e t i c specimens, the r . f . f i e l d i n t e n 

s i t y i s en.ha.nced by several orders of magnitude as a 
r e s u l t of the w e l l e s t a b l i s h e d domain w a l l enhancement 
e f f e c t . Consequently, a given transmission frequency 
can e x c i t e s p i n packets over a wider range, so t h a t 
f o r c e d resonance may occur when the transmission f r e 
quency i s completely outside the t r u e resonance l i n e . 
When the d r i v i n g pulse i s switched o f f , the n u c l e i 
precess at t h e i r n a t u r a l frequency and hence a d i s 
crepancy may be observed between the transmission and 
echo frequencies. I t i s the o p i n i o n of the author 
t h a t such an e f f e c t i s r e s p o n s i b l e f o r the nature o f 
the observations r e p o r t e d i n s e c t i o n 3«1« 

Gd_ Y Co„ Compounds: 1-x x 2 _ 
h,2 Several authors have r e p o r t e d on the hyper-
f i n e f i e l d s found i n ferromagnetic elements and com
pounds. I n p a r t i c u l a r Gossard and P o r t i s ( r e f . h:h) 

r e p o r t e d a resonance frequency i n c o b a l t at absolute 
zero o f 217.2 MHz i n d i c a t i n g a h y p e r f i n e f i e l d of 
2l6,5 Koe. This f i e l d Avas o r i g i n a l l y assumed to be 

http://en.ha.nced
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p o s i t i v e , i . e . p a r a l l e l t o the i o n i c magnetization, 
however subsequent work by Hanna et a l • ( r e f , 4:5) on 

57 
the s i g n of the f i e l d a t the Fe nucleus in. i r o n 
showed t h a t i n t h i s case i t was negative and these 
authors suggested t h a t t h i s might be the same i n c o b a l t . 
I n 1965 Gossard et a l . ( r e f . k:6) confirmed t h a t t h i s 
was t r u e , 

Previous to Raima's work i t had been assumed t h a t 
the h y p e r f i n e f i e l d s were always p o s i t i v e since the 
major negative term then known, the core 's' e l e c t r o n 
p o l a r i z a t i o n , was considered too small to dominate 
the p o s i t i v e c o n t r i b u t i o n s from the other terms. 
Anderson and Clogston ( r e f . 4:7) suggested as a pos
s i b i l i t y the existence o f a negative c o n t r i b u t i o n 
from the conduction e l e c t r o n s a r i s i n g from the covalent 
i n t e r b a n d mixing between the s and d bands. 

An experimental d e t e r m i n a t i o n o f the var i o u s con
t r i b u t i o n s t o the c o b a l t h y p e r f i n e f i e l d has not been 
r e p o r t e d , however an attempt has been made i n the 
case of gadolinium to d i s t i n g u i s h between the f a c t o r s 
a f f e c t i n g the f i e l d a t the gadolinium nucleus. From 
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an examination of the h y p e r f i n e f i e l d at the europium 
nucleus i n an Eu-Yb a l l o y system, Htlfner ( r e f . 4:8) 
deduced t h a t there were two approximately equal but 
opposite c o n t r i b u t i o n s to the gadolinium f i e l d over 
and above the core p o l a r i z a t i o n term. These were; 

a) the c o n t r i b u t i o n s from the conduction elec
t r o n s (C.E.) p o l a r i z e d by the kf e l e c t r o n s 
of the i o n concerned 

and b) overlap c o n t r i b u t i o n s from the neighbouring 
ions plus the c o n t r i b u t i o n from the conduc
t i o n e l e c t r o n s p o l a r i z e d by these neighbours. 
The 'neighbour' c o n t r i b u t i o n due to b) was 
negative w h i l e the 'own' c o n t r i b u t i o n a) was 
p o s i t i v e . 

Xn the present work w i t h GdCo^ only one resonance 
frequency was observed and as explained i n 3^1.1 t h i s 

59 
was taken to the Co resonance corresponding to a 
h y p e r f i n e f i e l d of 60.8 Koe. 

I f the 3d e l e c t r o n s at the c o b a l t i o n s i t e are 
l o c a l i z e d then t h i s f i e l d can be ascribed to three 
general sources, namely: 
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aa) the 'own' f i e l d which includes core p o l a r i 
z a t i o n and C.E. p o l a r i z a t i o n by i t s own 
i o n i c moment. 

bb) the f i e l d due to overlap and C.E. p o l a r i 
z a t i o n by neighbouring c o b a l t i o n s . 

cc) the f i e l d due to overlap and C.E. p o l a r i 
z a t i o n by neighbouring gadolinium i o n s . 

I f however, the c o b a l t moment i s an i t i n e r a n t 
e l e c t r o n moment, as seems l i k e l y from the observations 
of P i ercy and Taylor ( r e f . 4.9) then the c o n t r i b u t i o n s 
from a) and b) are i n d i s t i n g u i s h a b l e . 

By s u b s t i t u t i n g non-magnetic y t t r i u m ions f o r 
gadolinium i n GdCo o f i t had been, hoped, to determine 
the c o n t r i b u t i o n of c) to the c o b a l t h y p e r f i n e f i e l d . 
However, Leniaire ( r e f . 4:10) has shown t h a t i n the 
compounds Gd_ Y Co„ the c o b a l t moment v a r i e s across 1-x x 2 
the s e r i e s from about 1.1 ]i t o less than 0.1 L I _ w i t h 

.hi .hi 
i n c r e a s i n g y t t r i u m content. I f t h i s i s the ca.se then 
the v a r i a t i o n i n the gadolinium c o n t r i b u t i o n c) due 
to a l l o y i n g may be masked by the corresponding change 
i n the h y p e r f i n e f i e l d caused, by the v a r y i n g c o b a l t 

http://ca.se
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moment. The r e s u l t s of f i g . 3:10, i n d i c a t e s t h a t i n 
t h i s s e r i e s of compounds only a very s l i g h t change 
occurs i n the h y p e r f i n e f i e l d at the co b a l t nucleus aa 
the r a r e e a r t h s u b l a t t i c e i s d i l u t e d with, up t o 60/o 
y t t r i u m . This i s somewhat s u r p r i s i n g since associated 
w i t h the change i n the r a r e e a r t h environment of any 
co b a l t i o n there i s a corresponding change i n the 
moment o f the s i x nearest neighbour c o b a l t ions and 
of the moment of the i o n i t s e l f . This change i n c o b a l t 
moment was shown by Lemaire t o be a 30$ decrease at 
60'7° y t t r i u m content. 

I n view of these l a r g e changes i n the f a c t o r s 
which one might expect to a f f e c t the nuclear f i e l d , 
we are f o r c e d to consider two p o s s i b i l i t i e s i n attemp
t i n g t o understand the behaviour o f t h i s f i e l d . These 
are as f o l l o w s : -

( i ) There i s l i t t l e or no change i n e i t h e r of 
the c o n t r i b u t i o n s aa) plus b b ) , cc) t o the 
hy p e r f i n e c o b a l t f i e l d 

( i i ) The changes i n the cc) c o n t r i b u t i o n i s ap
proximately balanced by corresponding changes 
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i n the aa) and bb) terms i n the nuclear f i e l d . 

The f i r s t of these a l t e r n a t i v e s r e q u i r e s t h a t the 
gadolinium i o n i c moment makes no c o n t r i b u t i o n to the 
c o b a l t h y p e r f i n e f i e l d and t h a t e i t h e r the c o b a l t 
moment does i n f a c t remain constant across the se r i e s 
i n c o n t r a d i c t i o n of Lemaire or t h a t the va r i o u s e f f e c t s 
due t o changes i n t h i s moment (C.E. p o l a r i z a t i o n , 
core e l e c t r o n p o l a r i z a t i o n and the d s h e l l c o n t r i b u 
t i o n ) are e x a c t l y balanced at a l l compositions. 

The behaviour of the c o b a l t i o n i c moment across 
the s e r i e s was obtained by Lemaire, from observations 
of a decreasing s a t u r a t i o n magnetization of the mixed 
compounds i n going from GdCo^ t o YCo^. Since y t t r i u m 
has no moment, the almost zero moment of YCo,, can be 
understood e i t h e r from an a n t i f e r r o m a g n e t i c o r d e r i n g 
of the c o b a l t s u b l a t t i c e s or from a lowered i o n i c 
moment. Neutron d i f f r a c t i o n studies on r e l a t e d RCo^ 
compounds ( r e f . 4 : l l ) i n d i c a t e t h a t the i n t r a - c o b a l t 
s u b l a t t i c e c o u p l i n g i s ferroniagnetic and i t seems 
reasonable to extend t h i s r e s u l t to the case of YCo,,. 
I n a d d i t i o n , the Curie temperatures of the (GdY) Co„ 
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s e r i e s were .round t o be p r o p o r t i o n a l t o the c o b a l t 
moment under the assumption of a ferromagnetic c o u p l i n g . 
I f we take t h i s temperature to give an i n d i c a t i o n of 
the sum of the exchange energies (Gd-Gd, Gd-Co, Co-Co) 
present i n the compounds and assume t h a t the Gd-Gd 
exchange energy can be represented by the Curie tem
perature of 78°K observed f o r GdNip, ( N i c k e l i s known 
to c a r r y zero moment i n t h i s compound), then the 
n e g l i g i b l e Curie temperature r e p o r t e d by Lemaire f o r 
YCo^ must be due to a small Co-Co i n t e r a c t i o n which 
i n t u r n may a r i s e from a small c o b a l t moment. Con
sequently, i t would appear t h a t the c o b a l t moment 
does indeed vary from GdCo^ t o YCo 0. 

I f t h i s i s so, we are l e f t t o examine whether the 
var i o u s c o n t r i b u t i o n s due t o t h i s moment can vary so 
as to leave t h e i r t o t a l e f f e c t constant. C l e a r l y 
t h i s can not be t r u e f o r zero c o b a l t moment, however, 
as d i r e c t observations were only made t o Gd^ ^YQ (p°p» 

f o r which the c o b a l t moment i s s t i l l 0.73|i^» wo are 
not concerned w i t h t h i s l i m i t i n g case. I n order t o 
see i f t h i s b a lancing could occur, l e t us examine the 
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57 r e s u l t s obtained f o r the Fe h y p e r f i n e f i e l d i n the 
RFe^ compounds. 

I n these i r o n compounds, the f i e l d at the i r o n 
i o n nucleus has been shown by V/ertheim and Wernick 
( r e f . 4:12) to remain constant at approximately 230 Koe 
independent of the r a r e e a r t h w i t h which i t i s a s s o c i 
ated i n the compound. These authors used t h i s constant 
f i e l d value to argue t h a t the i r o n atomic con.figu.ration 
(and t h e r e f o r e moment) and the conduction e l e c t r o n 
p o l a r i z a t i o n , were also independent of the r a r e e a r t h 
i n v o l v e d i n the compound. However as Piercy and Taylor 
( r e f . 4:13) have shown the i r o n moment i s not the same 
i n a l l of these compounds but v a r i e s i n a range from 
1.5 M--J3 to 2.2 u^. Consequently, i t would appear t h a t 
i n these compounds too, the v a r i o u s c o n t r i b u t i o n s t o 
the h y p e r f i n e f i n e a d j u s t as the r a r e e a r t h s u b l a t t i c e 
i s changed, so as to leave the magnitude of the f i e l d 
almost constant. 

This can occur e i t h e r by the c o n t r i b u t i o n s from 
the i r o n ions moment j u s t c a n c e l l i n g or a l t e r n a t i v e l y 
the change i n the r a r e e a r t h c o n t r i b u t i o n i s compensated 

http://con.figu.rat
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f o r by the change i n the i r o n i o n c o n t r i b u t i o n . I f 
t h i s second a l t e r n a t i v e i s to be a p p l i c a b l e , then the 
i r o n i o n moment must be dependent on the value of 
the s p i n of the r a r e earth element, since i t i s the 
spin of the r a r e e a r t h ions which w i l l determine t h e i r 
c o n t r i b u t i o n t o the i r o n h y p e r f i n e f i e l d . As the 
r e s u l t of a s e r i e s of measurements on s u b s t i t u t e d 
RFe^ compounds Piercy and Taylor ( r e f , 4:Q) i n d i c a t e d 
t h a t the i r o n i o n moment i s an i t e r a n t e l e c t r o n moment 
and consequently, i t s value w i l l depend on the d i f 
ference i n the occupation of the spin-up and s p i n -
down sub-bands of the i r o n 3d band. 

At absolute zero these sub-bands are f u l l y occup
i e d up to the Fermi energy (E.^) and empty above t h a t 
energy. Exchange i n t e r a c t i o n s cause the sub-bands 
to be d i s p l a c e d along the energy a x i s w i t h respect 
to each, o t h e r , r e s u l t i n g g e n e r a l l y i n a d i f f e r e n c e 
i n the occupation of the two bands and hence i n a 
macroscopic moment. To a f i r s t approximation the 
Curie temperature may be taken as an i n d i c a t i o n of 
the s t r e n g t h of the exchange i n t e r a c t i o n and consequently 
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of the energy spearation between the two bands. 
The Curie temperatures of the RFe,,, RC°2 a n (^ 

RNi^ compounds are shown i n Figure 4:1 versus the 
rar e e a r t h element R. I n general these temperatures 
vary i n a r e g u l a r way w i t h the spi n of the element^ 
gadolinium always having the l a r g e s t value. Follow
i n g the argument given above i t may then be expected 
t h a t the i r o n moment should also depend to some extent 
on the s p i n of the r a r e e a r t h metal • Tha.t t h i s i s 
indeed the case i s obvious from Figure 4:2 i n which 
the i r o n moment i s p l o t t e d as a function, of the Curie 
p o i n t f o r each of the heavy r a r e e a r t h elements 
( r e f . 4:13). 

With both the i r o n moment and the r a r e e a r t h 
c o n t r i b u t i o n to the h y p e r f i n e f i e l d depending on the 
r a r e - e a r t h s p i n , i t remains t o show t h a t these two 
are i n o p p o s i t i o n . That t h i s i s so, i s evidenced 
by the decrea.se of the i r o n nuclear f i l e d i n RFe,, 
compounds to approximately 230 Koe, as compared t o 
the f i e l d of 3^0 Koe i n m e t a l l i c i r o n . 

From the above, i t seems l i k e l y t h a t the i r o n 

http://decrea.se
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h y p e r f i n e f i e l d remains constant i n these compounds 
as a r e s u l t of c a n c e l l a t i o n of the changes due t o 
the v a r i a t i o n i n the i r o n i o n moment and the ra r e 
earth s p i n moment. 

Returning to the Gel/.. \Y Co„ observations, i t 
( l - x ) x 2 ' 

appears t h a t the near constnat c o b a l t h y p e r f i n e f i e l d 
may be explained on a s i m i l a r basis to the above. The 
co b a l t moment i s d i r e c t l y p r o p o r t i o n a l to the exchange 
energy as measured by the Curie temperature (Lemaire, 
r e f , 4:10), This temperature i s , i n t u r n , p r o p o r t i o n a l 
to the f r a c t i o n , ( l - x ) of gadolinium ions present per 
formula u n i t o f the compound (up t o l - x = 0.6); hence 
i t i s p r o p o r t i o n a l t o the mean s p i n magnetic moment 
of the gadolinium - y t t r i u m s u b l a t t i c e . T h i s , t h e r e 
f o r e , gives a d i r e c t r e l a t i o n s h i p between the e f f e c t i v e 
r a r e e a r t h s p i n and c o b a l t i o n i c moment. 

As the spin d i p o l e c o n t r i b u t i o n t o the c o b a l t 
h y p e r f i n e f i e l d i s f a i r l y s m a l l , the decrease i n the 
magnitude o f the co b a l t moment and the consequent 
a l t e r a t i o n i n t h i s c o n t r i b u t i o n w i l l not have too 
la r g e an e f f e c t on the resonant frequency. On the 
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other hand , the conta.ct h y p e r f i n e terms due t o both 
core p o l a r i z a t i o n and C.E. p o l a r i z a t i o n are the main 
c o n t r i b u t o r s to the h y p e r f i n e f i e l d , and both may tend 
to decrease i n magnitude w i t h a decrease i n the c o b a l t 
moment. However, some C.E, p o l a r i z a t i o n a r i s e s from 
the r a r e e a r t h s p i n , but i t can be shown t h a t t h i s 
p o l a r i z a t i o n i s i n o p p o s i t i o n to the previous two. 

The o r b i t a l moment of c o b a l t ions i s normally 
quenched by the c r y s t a l f i e l d and may be ignored i n 
c a l c u l a t i o n of the h y p e r f i n e f i e l d . Therefore a l l the 
c o n t r i b u t i o n s o f the c o b a l t ions t o t h e i r own f i e l d 
are p r o p o r t i o n a l to the c o b a l t s p i n i o n i c moment. The 
decrease o f t h i s moment from 1.7 Hj, i n pure c o b a l t 
to 1.05 i n GdCOgi should then r e s u l t i n a decrease 
i n the .hyperfine f i e l d from 213 Koe t o about 130 Koe. 
The observed f i e l d of 60 Koe must t h e r e f o r e r e s u l t 
from a gadolinium c o n t r i b u t i o n t o the C.E, p o l a r i 
z a t i o n which opposes the remainder o f the h y p e r f i n e 
f i e l d . A smaller value of the gadolinium s p i n would 
t h e r e f o r e tend t o increase the h y p e r f i n e f i e l d but 
t h i s i s s l i g h t l y more than compensated f o r by the 
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p r o p o r t i o n a l decrease in. the c o b a l t moment. 
On the b a s i s of t ^ i s a n a l y s i s i t should be pos

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

nucleus as the sum of two c o n t r i b u t i o n s . The f i r s t 

of these i s p r o p o r t i o n a l to the c o b a l t moment and 

may be given as 

HCo., = 2 13«^Co 
1.7 

That i s , we are s c a l i n g down from the c o b a l t metal 

ca s e . The second term r e s u l t s from the p o l a r i z a t i o n 

of the conduction, e l e c t r o n s by the r a r e e a r t h ( g a d o l i n 

ium) i o n s , and as we have shown t h i s i s i n op p o s i t i o n 

to the c o b a l t c o n t r i b u t i o n . By s u b t r a c t i n g the ob

served h y p e r f i n e f i e l d v a l u e s from those given by 

I-I„ f o r a l l the compounds a c r o s s the s e r i e s the Co.|i 
magnitude of the c o n t r i b u t i o n to thf f i e l d from the 

r a r e e a r t h s u b l a t t i c e may be obtained. Table t ; , l 

and F i g u r e 4:3 shows tlie breakdown of these component 

v a l u e s as a f u n c t i o n of ( l - x ) . From these r e s u l t s 

i t i s evident t h a t over most of the range the c o n t r i 

b u t i o n due to the r a r e e a r t h s u b l a t t i c e i s indeed 



TABLE k.1 

1-x 1 0.9 0.8 0.7 0.6 0.5 0.3 

^obs . 
Lemaire 1.05 1.02 1.0 .93 0.86 .81 0.73 0.6! 

- H_ 
Co. u 

Koe 
131.5 128 L25.1 116.3 1-07.5 L01.2 91.5 81.5 

obs, 
Koe 

60.7 59.9 59.7 59.6 59.5 59.5 59 (57.5) 

H = H C E 
(due to 

RE) 
Koe 

70.8 68. i 65.3 56.6 V7.9 32.5 (2*0 
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d i r e c t l y p r o p o r t i o n a l to the average moment of the 
ions i n the s u b l a t t i c e . At high gadolinium c o n c e n t r a t i o n 

however, i t d e v i a t e s a p p r e c i a b l y from t h i s l i n e a r 

v a r i a t i o n . I t must be remembered however, t h a t t h i s 

v a r i a t i o n has been obtained u s i n g an assumption t h a t 

H_ i s d i r e c t l y p r o p o r t i o n a l to the c o b a l t moment, Co. |i 
I t seems l i k e l y t h a t the c o n d i t i o n s w i l l not be as 

i d e a l as t h i s and i n p r a c t i c e one should probably 

al l o w some s l i g h t n o n l i n e a r i t y i n the v a r i a t i o n of 

both the c o b a l t and. r a r e e a r t h c o n t r i b u t i o n s to the 

h y p e r f i n e f i e l d . 

Any such n o n l i n e a r i t y however, would appear to 

occur near the GdCo composition, as the r e s u l t s i n 
2 

f i g . 4:3, f o r ( l - x ) < 0 . 8 , pass through the o r i g i n , 

i n d i c a t i n g d i r e c t p r o p o r t i o n a l i t y f o r a l l but the 

h i g h e s t gadolinium c o n c e n t r a t i o n . 

The v a r i a t i o n i n the l i n e w i d t h of these compounds, 

shown i n f i g . 3:11a., may be examined i n terms of the 

s t a t i s t i c a l d i s t r i b u t i o n of the y t t r i u m and gadolinium 

ions about the c o b a l t i o n s . I f we c o n s i d e r t h a t the 

n e a r e s t neighbour gadolinium i n t e r a c t i o n i s predominant, 



TABLE h.2 

YCo^ Composition 0 .17 .33 .5 .67 .83 1.0 

4 Q pr e d i c ted (MHz) 2 h 8 10 8 2 

^ o b s e r v e d (MHz) 2 3 h 4 1 ? v ? 

TABLE k.3 

GdNi Composition 0 0.1 0.2 0.3 O.U .5 

preclicted (MKz) 2 k 8 8 k 2 

^ o b s e r v e d (MH z) 2 7 7 6 k ? 

based on 0 f o r composition 0,6 
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then, the width of the l i n e a c r o s s the s e r i e s may be 
obtained from the d i f f e r e n t d i s t r i b u t i o n s of the y t t r i u m 
and. gadolinium atoms among the n e a r e s t neighbour s i t e s . 
I f the b a s i c l i n e w i d t h of any resonance i s comparable 
to t h a t i n the te r m i n a l compound, then the p r e d i c t e d 
l i n e w i d t h i s as given i n Table k.Z. The experimental 
v a l u e s a r e a l s o given f o r comparison. 

Two thi n g s are immediately apparent, namely:-

i . The observed l i n e w i d t h s are very much l e s s 

than those p r e d i c t e d on n e a r e s t neighbour 

terms only; consequently i t would seem t h a t 

the r a r e e a r t h - c o b a l t i n t e r a c t i o n i s a long 

range i n t e r a c t i o n which would tend to give 

a narrower l i n e , 

i i . The form of the experimental v a r i a t i o n a t 

high GdCOg compositions i s s i m i l a r to the 

p r e d i c t e d v a r i a t i o n , but fox- more than 50$ 

YCOp composition, the experimental l i n e w i d t h 

f a l l s o f f r a p i d l y . I n t h i s r e g i o n , of course, 

the c o b a l t moment i s i t s e l f d e c r e a s i n g , and 

i n t u r n depends to some extent on the 
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gado3.iniujn-yttr.ium environment, A n a l y s i s of 

t h i s case i s then r a t h e r complicated, p a r t i 

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

i s a long range i n t e r a c t i o n . 

The Gd.(C Ni ) . S 

4.3 As has been s t a t e d e a r l i e r , the n i c k e l i o n 

i n al.l. the RNi,, compounds appears to c a r r y zero moment. 

I f i t s 3d e l e c t r o n s are l o c a l i z e d , then the s u b s t i t u t i o n 

of n i c k e l f o r c o b a l t i n GdCOg should ena.ble an estimate 

to be made of the e f f e c t of v a r y i n g numbers of neigh

bouring c o b a l t ions on the h y p e r f i n e f i e l d a t the c o b a l t 

n u c l e u s . I f however, the n i c k e l 36 e l e c t r o n s enter a. 

3d. band which i s formed from both c o b a l t and n i c k e l 

s t a t e s , then the s u f o s t i t u t i o n of j i i c k e l f o r c o b a l t must 

be c onsidered as the a d d i t i o n of one e l e c t r o n per 

n i c k e l i o n to t h i s ba.nd. T h i s w i l l l e a d to a change 

i n moment of the t r a n s i t i o n metal ions and consequently 

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

R e f e r r i n g to S e c t i o n 3 • 4, we find, t h a t the moment 

of the t r a n s i t i o n metal s u b l a t t i c e remains almost cons

t a n t i n the s e r i e s Gd(Co. Ni )„ f o r x<0,4, but beyond 

http://gado3.iniujn-yttr.ium
http://coba.lt
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t h i s c o l l a p s e s r a p i d l y to Kero and remains zero to 
x = 1. 

I n terms of a l o c a l i z e d t r a n s i t i o n metal moment 

one would expect a l i n e a r v a r i a t i o n of the moment 

between the t e r m i n a l v a l u e s . The f a c t t h a t t h i s i s 

not observed must be taken as evidence f o r the e x i s 

tence of an i t i n e r a n t e l e c t r o n behaviour a s s o c i a t e d 

with the n i c k e l i o n s . As we have seen t h i s i s a l s o 

the case f o r both the i r o n and c o b a l t ions i n the RFeg 

and RCOg compounds r e s p e c t i v e l y . 

R e f e r r i n g to the e a r l i e r S e c t i o n 4.2, we see t h a t 

the decrease i n exchange energy of Gd. Y Co0 l e a d s 

to a decrease i n the s e p a r a t i o n of the c o b a l t spin-up 

and spin-down sub-bands arid consequently to a decrease 

i n the observed c o b a l t moment. I n the present case, 

the C u r i e temperature measurements ( f i g , Jilk) again 

i n d i c a t e a decreased exchange energy but not an 

a s s o c i a t e d decrease i n t r a n s i t i o n metal moment. Un l i k e 

the case of y t t r i u m s u b s t i t u t i o n i n which no e l e c t r o n s 

are added to the c o b a l t 3d band, the e x t r a e l e c t r o n 

donated by the n i c k e l ions must enter one of the 3d 



9h 

sub-bands. 
The low C u r i e temperatures make i t p o s s i b l e t h a t 

the band s e p a r a t i o n i s s u f f i c i e n t l y s m a l l f o r the 

Fermi l e v e l to i n t e r s e c t both sub-bands. I n such a 

case, Mott ( r e f , kilh) has suggested t h a t as e l e c t r o n s 

are added to the band the Fermi l e v e l i n the spin-down 

sub-band may be trapped at a. minimum i n the d e n s i t y 

of s t a t e s curve u n t i l the spin-up band i s f u l l . T h i s 

w i l l tend to i n c r e a s e the moment i n op p o s i t i o n to the 

decrease i n moment due to the f a l l i n band s e p a r a t i o n 

as the exchange i n t e r a c t i o n d e c r e a s e s . I n the event, 

these two v a r y i n g moments j u s t c a n c e l , l e a v i n g the 

moment constant to about 30$ n i c k e l s u b s t i t u t i o n . 

Once the spin-up sub-band i s f u l l the moment decre a s e s 

r a p i d l y as the other sub-band i s f i l l e d . 

The h y p e r f i n e f i e l d i n these n i c k e l s u b s t i t u t e d 

compounds shows a s l i g h t s h i f t to lower v a l u e s i n the 

composition range f o r whcih the t r a n s i t i o n metal moment 

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

i n g n i c k e l content, but shows some s i g n of f l a t t e n i n g 

o f f f o r x = O.'l i . e . when the t r a n s i t i o n metal moment 

i s beginning to c o l l a p s e . I n a d d i t i o n to t h i s constant 
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t r a n s i t i o n metal moment there i s no change i n the 
gadolinium s u b l a t t i c e , consequently the change i n the 
resonant frequency must a r i s e from a change i n the 
hy p e r f i n e f i e l d due to the C.E. p o l a r i z a t i o n . T h i s 
can only occur i n these m a t e r i a l s through a change 
i n the conduction e l e c t r o n c o n c e n t r a t i o n . 

Now as we have seen e a r l i e r , the (GdYjCo^ obser

v a t i o n s can b e s t be understood i n terms of negative 

C.E. p o l a r i z a t i o n . T h i s of course i s a l s o true of the 

pure metals i r o n aaid c o b a l t ( r e f . 4:15). Consequently, 

any i n c r e a s e in. the conduction, e l e c t r o n c o n c e n t r a t i o n 

should r e s u l t i n an i n c r e a s e i n the absoltite v a l u e of 

the h y p e r f i n e f i e l d . 

The observed decrease i n the magnitude of the 

f i e l d i n the Gd(CoNi)g compounds must r e s u l t then, from 

a decrease i n the conduction e l e c t r o n d e n s i t y as n i c k e l 

i s s u b s t i t u t e d f o r c o b a l t i n t o the GdCOg l a t t i c e . 

Since the h y p e r f i n e f i e l d f o r a s i n g l e unpaired con-
3 

d u c t i o n e l e c t r o n i s of the order of 10 Koe, even a 

small change i n e l e c t r o n c o n c e n t r a t i o n can have a marked 

e f f e c t on the t o t a l f i e l d . .Such a change i s a l s o 
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observed i n the pure metals, as the conduction e l e c t r o n 
c o n c e n t r a t i o n changes from 0,7 per ion ( c o b a l t ) to 
0.6 per i o n ( n i c k e l ) . 

The v a r i a t i o n i n l i n e w i d t h can again be understood 

i n terms of a s t a t i s t i c a l d i s t r i b u t i o n of the c o b a l t 

and n i c k e l ions among the s i x n e a r e s t t r a n s i t i o n metal 

i o n neighbours to a c o b a l t i o n . The p r e d i c t e d and 

observed l i n e w i d t h v a l u e s f o r the resonance are given 

i n Table 4.3 from which i t i s obvious t h a t the two s e t s 

of v a l u e s are of the same order. T h i s would, seem to 

imply t h a t i t i s adequate to t h i n k of the t r a n s i t i o n 

metal - t r a n s i t i o n metal i n t e r a c t i o n s as a short range 

i n t e r a c t i o n . 

The Dysprosium S u b s t i t u t e d Compounds (GdDy)Co,,: 

4.4 The s u b s t i t u t i o n of dysprosium f o r gadolinium 

r e s u l t s in. the r a p i d disappearance of the c o b a l t reson

ance l i n e , the resonance being only observable to 

approximately 10$ dysprosium s u b s t i t u t i o n . The minute 

v a r i a t i o n of the centre of the resonance l i n e p r e c l u d e s 

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

the l i n e disappearance. 
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I t i s thought that the very short r e l a x a t i o n times, 
observed in. S e c t i o n 3 compared to the p u l s e s e p a r a t i o n 
d u r i n g the echo measurements may have l e d to the s p i n s 
r e l a x i n g before pulse recoheren.ce could occur. Under 
these c o n d i t i o n s , of course, no echo would be observed. 

I f , as the previous r e s u l t s suggest, the c o n t r i b u 

t i o n to the h y p e r f i n e f i e l d due to the conduction e l e c 

t r o n p o l a r i z a t i o n by the r a r e e a r t h s u b l a t t i c e i s 

p r o p o r t i o n a l to the average s p i n of that s u b l a t t i c e , 

then the dysprosium a d d i t i o n should cause a change i n 

the observed n u c l e a r f i e l d . A 10$ s u b s t i t u t i o n of 

dysprosium i n t o the ga.dolinium s i t e s w i l l then cause 

the average s p i n to change from 3*5 to T h i s i n 

t u r n w i l l l e a d to a net i n c r e a s e i n the t o t a l hyper

f i n e f i e l d a t the r a t e of approximately 20 Koe 

dysprosium i o n . T h i s i s i n f a c t about the r a t e ob

served during these measurements f o r extremely s m a l l 

dysprosium content (see i n s e t f i g , 3:7) > "the sub

sequent decrease of the f i e l d s t r e n g t h perhaps a r i s i n g 

from s l i g h t changes i n the c o b a l t moment wi t h dysprosium 

a d d i t i o n . The change n e c e s s a r y would need only to be 

http://recoheren.ce
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of order 3/° i n the t r a n s i t i o n metal moment. Such a 
change would not he observed r e l i a b l y i n magnetostatic 
measurements, but could indeed take p l a c e due to the 
change i n the exchange i n t e r a c t i o n caused by dysprosium 
s u b s t i t u t i o n . 

R e l a x a t i o n Rates: 

^.5 The l o n g t i t u d i n a l r e l a x a t i o n time, T^, f o r 

pure GdCo ? was measured a t both '(,2°K and 2.4°K. 

From the product T^T a t the two temperatures i t can 

be seen t h a t T^ a t 2.k°K i s s l i g h t l y l a r g e r than would, 

be expected from a r e l a t i o n s h i p T^ocl/T. Now t h i s law 

of i n v e r s e p r o p o r t i o n a l i t y i s d e r i v e d by assuming t h a t 

the only r e l a x a t i o n mechanism f o r the l o n g t i t u d i n a l 

n u c l e a r moment i s the h y p e r f i n e coupling between, the 

n u c l e a r and conduction e l e c t r o n s p i n systems. I t i s 

apparent t h a t i n the present case a second r e l a x a t i o n 

niecha.nism must a l s o be p r e s e n t . T h i s could p o s s i b l y be 

s p i n d i f f u s i o n as a r e s u l t of the strong i n t e r a c t i o n s 

between s p i n s i n a ferromagnetic metal. 

R e l a x a t i o n times were measured by both two and. 
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three pulse methods f o r the s u b s t i t u t e d compounds 
at 4.2°K. I f the v a l u e s f o r and a f o r the sub
s t i t u t e d compounds are compared to the corresponding 
v a l u e s f o r GdCo^ a t k,2°K i t can be seen, t h a t y t t r i u m 
and n i c k e l s u b s t i t u t i o n l e a d to an i n c r e a s e i n and 
a w h i l e dysprosium le a d s to a decrease. The i n c r e a s e 
i n a f o r n i c k e l s u b s t i t u t i o n can be understood by 
the f a c t t h at there i s a decrease i n the c o n c e n t r a t i o n 
of the resonant n u c l e i . As t r a n s v e r s e r e l a x a t i o n 
i n v o l v e s s p i n - s p i n i n t e r a c t i o n s between these n u c l e i 
t h i s w i l l obviously l e a d to a decrease in. the s t r e n g t h 
of i n t e r a c t i o n and hence to an i n c r e a s e i n " r e l a x a t i o n 
time" a. 

The e f f e c t of y t t r i u m and dysprosium on. a are 

opposite although n e i t h e r of them have any e f f e c t on 

c o b a l t c o n c e n t r a t i o n . They a l s o have opposite e f f e c t s 

on tiie l i n e w i d t h of the resonance. As l/oc depends on 

the f i e l d g r a d i e n t , the change i n resonant f i e l d width 

must l e a d to the d i f f e r e n c e i n the v a l u e of a. 

The i n c r e a s e in. T^ i s very much g r e a t e r f o r n i c k e l 

s u b s t i t u t i o n , than f o r y t t r i u m s u b s t i t u t i o n . I f C.E. 
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c o n c e n t r a t i o n has decreased with, n i c k e l s u b s t i t u t i o n 

as suggested i n S e c t i o n 4:3, then t h i s would l e a d to 

an i n c r e a s e i n . C.E. c o n c e n t r a t i o n does not change 

with y t t r i u m s u b s t i t u t i o n however. The r e l a t i v e l y 

s m a l l change i n T^ i n t h i s case i s probably due to 

changes i n s p i n d i f f u s i o n e f f e c t s w i t h the decrease 

of the e f f e c t i v e r a r e earth i o n i c s p i n . The decrease 

i n T^ with dysprosium s u b s t i t u t i o n cannot be e a s i l y 

understood on the above b a s i s however. No change i s 

expected i n C.E, and the e f f e c t i v e R.E. s p i n i s only 

s l i g h t l y lowered. More work must be done on dysprosium 

s u b s t i t u t e d compounds to understand why such small 

c o n c e n t r a t i o n s of dysprosium e f f e c t the resonance 

a.s they do. 

0 O 0 
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CHAPTER V 

C O N C L U S I O N 

I n S e c t i o n 3*1#1 we have shown that c o b a l t has 

a resonant frequency (v r e s . ) i n GdCo^ of 6l.h MHz, 

i n d i c a t i n g a h y p e r f i n e f i e l d of 60,8 Koe. A s l i g h t 

decrease i n v r e s . occurs upon the a p p l i c a t i o n of an 

e x t e r n a l f i e l d . T h i s frequency decrease i s very much 

l e s s than t h a t given by dw/dH = -y_ , as i s to be 
\J o 

expected f o r multi-domain p a r t i c l e s . The v r e s . 

decrease i n d i c a t e s t h at the c o b a l t h y p e r f i n e f i e l d i s 

ne g a t i v e , i . e . i n op p o s i t i o n to the macroscopic 

magnetization. A negative h y p e r f i n e f i e l d has a l s o 

been r e p o r t e d by Wertheim et a l . ( r e f . 3'5 1964) i n 

r e l a t e d RF e2 compounds. 

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

main c o n t r i b u t i o n s 

i ) from Core p o l a r i z a t i o n and conduction e l e c t r o n 
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( C . E . ) p o l a r i z a t i o n by t h e c o b a l t s u b l a t t i c e 
a l o n g w i t h a much s m a l l e r o r b i t a l and d i p o l e 
c o n t r i b u t i o n from t h i s l a t t i c e 

and :Li) from C,E. p o l a r i z a t i o n by t h e g a d o l i n i u m s ub-
l a t t i c e , 

The main c o n t r i b u t i o n s from c o b a l t v a r y d i r e c t l y 

w i t h t h e c o b a l t moment, hence a s a good a p p r o x i m a t i o n 

we may s a y t h a t H„ a u._, . T h e r e f o r e , from a know-J 3 Co.u 'Co ' 
l e d g e o f t h e c o b a l t moments i n p u r e c o b a l t and i n 

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

the same s i g n i n b o t h c a s e s , i t c a n be s e e n t h a t t h e 

c o b a l t c o n t r i b u t i o n i s a p p r o x i m a t e l y -135 Koe w h i l e 

the g a d o l i n i u m c o n t r i b u t i o n i s +70.8 Koe, 

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

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

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

h y p e r f i n e c o n t r i b u t i o n , from t h i s s u b l a t t i c e a s t h e C..E. 

p o l a r i z a t i o n depends on the R,E, s p i n . From f i g , kij 

i t may be s e e n t h a t t h e r a t e o f f a l l i s a p p r o x i m a t e l y 

10 Koe, p e r u n p a i r e d hf e l e c t r o n , a l l o w i n g f o r t h e 
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f u r t h e r d e c r e a s e i n H_, a s a r e s u l t o f the drop i n 
Co. \i 1 

the v a l u e o f t h e c o b a l t moment. 

The s u b s t i t u t i o n o f n i c k e l f o r c o b a l t a l s o l e a d s 

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

d e c r e a s e t a k e s p l a c e wheia t h e moments o f both, the r a r e 

e a r t h s u b l a t t i c e and t he t r a n s i t i o n m e t a l s u b l a t t i c e 

a r e c o n s t a n t . The c o n s t a n t T.M. moments i n d i c a t e t h a t 

n i c k e l - c o b a l t l a t t i c e h a s an i t i n e r a n t e l e c t r o n c o n 

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

i o n i c moments. The d e c r e a s e d h y p e r f i n e f i e l d must 

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

e l e c t r o n c o n c e n t r a t i o n as n i c k e l s u b s t i t u t i o n i n c r e a s e s 

A s i m i l a r change h a s been n o t i c e d , i n C.E. c o n c e n t r a t i o n 

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

The s u b s t i t u t i o n o f d y s p r o s i u m fox- g a d o l i n i u m 

l e a d s t o a d e c r e a s e i n R.E, s p i n once more. T h i s 

s h o u l d c a u s e a d e c r e a s e i n t h e R.E, c o n t r i b u t i o n 

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

than w i t h y t t r i u m s u b s t i t u t i o n a s d y s p r o s i u m i o n s do 
have a s p i n o f t h e i r own. The o b s e r v e d changes i n 

H_ a r e s m a l l and show an i n i t i a l i n c r e a s e f o l l o w e d Co. fi 
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by a d e c r e a s e i n t he a b s o l u t e v a l u e on s u b s t i t u t i n g 

d y s p r o s i u m . 

The d y s p r o s i u m s u b s t i t u t e d d i d not c o v e r a s u f 

f i c i e n t r a n g e t o c h e c k w h e t h e r t h e l a t t e r t r e n d would 

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

R.E. c o n t r i b u t i o n f a l l s w h i l e t h e s u b s e q u e n t d e c r e a s e 

may be due t o a change i n (i _ w i t h Dy s u b s t i t u t i o n . 
O 

The l i n e w i d t h s o f t h e r e s o n a n c e s were measured 

on s u b s t i t u t i n g y t t r i u m f o r g a d o l i n i u m and were com

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

n e i g h b o u r o n l y R,E, - T.M. i n t e r a c t i o n . As t h e s e 

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

a r e l e d to c o n c l u d e t h a t t h e i n t e r a c t i o n s have a r a n g e 

o f a t l e a s t a few a t o m i c d i a m e t e r s . I f t h e R.E. 

atoms i n t e r a c t by means o f i n d i r e c t exchange t h r o u g h 

the c o n d u c t i o n e l e c t r o n s , i . e . by t h e R.K.K.Y. 

mechanism, t h e n t h e r a n g e o f t h i s i n t e r a c t i o n i s n o t 

un e x.p e c t e d. 

L i n e w i d t h v a r i a t i o n was a l s o measured when n i c k e l 

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

w i d t h s were compared to t h e o r e t i c a l v a l u e s f o r a n e a r e s t 
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n e i g h b o u r T.M, - T.M. i n t e r a c t i o n and were found t o 
be o f the same o r d e r . I t i s t h e r e f o r e c o n c l u d e d t h a t 
t h e t r a n s i t i o n m e t a l - t r a n s i t i o n m e t a l i n t e r a c t i o n 
i s o f s h o r t r a n g e . 

0 O 0 
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APPENDIX I 

A l The E l e c t r o n - N u c l e a r I n t e r a c t i o n : 

I n o r d e r to d e t e r m i n e t h e i n t e r a c t i o n between t h e 

n u c l e u s and the s u r r o u n d i n g e l e c t r o n s , l e t us c o n s i d e r 

the e f f e c t on an o r b i t i n g e l e c t r o n o f t h e m a g n e t i c 

f i e l d c r e a t e d by t h e n u c l e u s . 

A d i p o l e o f moment [i, s i t u a t e d a t t h e o r i g i n , h a s 

a s s o c i a t e d w i t h i t a v e c t o r p o t e n t i a l A a t a p o s i t i o n 

r s u c h t h a t 

A = V x | i / r = u x r A, 1.1 
r 3 

The H a m i l t o n i a n f o r an e l e c t r o n i n t h i s v e c t o r p o t e n t i a l 

i s 

H f s = 1 (p-e A ) - e S.H 
2m c 

A.1.2 

where m = t h e mass o f an e l e c t r o n 

e = t h e c h a r g e on an e l e c t r o n 
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p = t h e m e c h a n i c a l momentum o f t h e e l e c t r o n 

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

s = t h e s p i n momentum o f the e l e c t r o n 

and H = v" x A, t h e m a g n e t i c f i e l d a s s o c i a t e d w i t h 

t h e v e c t o r p o t e n t i a l A. 

E x p a n d i n g A.1.2, we have 

H f = 1 ( p 2 + e 2 A 2 - e (p.A+A.p) )-__e S.H. A. 1.2' 
2m 2 c mc c 

I f we c a l c u l a t e t h e i n t e r a c t i o n o n l y to f i r s t o r d e r 

i n A t h e n we have 

H f g = - e_(p.A.+A.p) - e S.H A.1.3 
2mc mc 

Nov/ t h e o p e r a t o r p = - i V 

and i t c a n be shown t h a t - i ( V A + A v ) V 

= -2iA/vy -iv*.A Y 
b u t V.A = \7« V x M>/r = 0 

t h e r e f o r e e q u a t i o n A,1.3 r e d u c e s to 

T 
= - e A.p - e S.H A.1,3 

& mc mc 

We know t h a t L = r x p, where L = t h e o r b i t a l a n g u l a r 
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momentum o f t h e e l e c t r o n , t h e r e f o r e we have from 

e q u a t i o n A.1.1 above 

Hps = " e u.L - e S.H A.1.4 
rac 3 mc r 

Now c o n s i d e r i n g t h e s e c o n d term i n equation. A.1.4 

H = ̂ x A = ̂ 7 x ( V x n / r ) 

t h e r e f o r e - e S.H = - e S. V x ( v x n / r ) 
mc mc 

= - _ e _ / 7 ( S . V ) ( | U V ) - S . n v 2 J ( l ) A. 1.5 
mc r 

A.1.5 h a s a s i n g u l a r i t y a t t h e o r i g i n ; c o n s i d e r i n g 

two c a s e s , r = 0 and r £ 0 M e s s i a h ( r e f . A , l ) 

shows t h a t A,1.5 r e d u c e s to 

- e 3 ( u . r ) ( S . r ) - (u.s)r f o r r 4 0 
mc 

r ^ 

and 

- e STT S £(r) f o r r = 0 
mc 3 

Summing a l l terms t o g e t h e r we have 
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i r 2 H f s = " 2 P + 3 ( u . r ) ( S . r ) - ( u . S ) r 
3 5 r r 

+ 8 7T/3 jx.s £(r ) J A. 1.6 

where (3 = e 
2mc 

f o r a n u c l e u s o f s p i n I and moment u = |i 

whe r e ii-r = p'_ u. I A. 1.6 may be r e w r i t t e n 

H f s = " S f i I fi|1nE^ ^ ( r ) s - 1 + ( L - S ) . I 
3 r 3 

+ 3 ( 1 . r ) ( S . r ) 7 A.1.6' 
5 

r 

The f i r s t term i n A.1.6 i s known a s the F e r m i 

c o n t a c t term and i s n o n - z e r o f o r S - e l e c t r o n s o n l y , 

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

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

a t t h e n u c l e u s i s t h e n d e f i n e d by 

H f s = " l H h f A. 1,7 

I f s e v e r a l e l e c t r o n s s u r r o u n d t h e n u c l e u s , t h e 

i n t e r a c t i o n H a m i l t o n i a n i s t h e sum o f t h e c o n t r i b u t i o n s 

o f t h e i n d i v i d u a l e l e c t r o n s . 
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I t was o r i g i n a l l y assumed t h a t t h e i n n e r c l o s e d 
s h e l l s o f an atom c o u l d n o t c o n t r i b u t e t o t h e h y p e r -
f i n e i n t e r a c t i o n b e c a u s e o f t he p a i r i n g o f i t s e l e c t 
r o n s . However i t was l a t e r r e a l i z e d ( r e f . A,2) t h a t 
b e c a u s e o f t h e exchange i n t e r a c t i o n s w i t h t h e open 
s h e l l e l e c t r o n s , t h e p o s i t i v e and n e g a t i v e S - e l e c t r o n 
s p i n d e n s i t i e s a t t h e n u c l e i i s were n o t e q u a l . T h i s 
" c o r e p o l a r i z a t i o n " l e d to a c o n t r i b u t i o n t o t h e 
h y p e r f i n e f i e l d v i a t h e c o n t a c t i n t e r a c t i o n . 

The o r b i t a l ( L . l ) term i s u n i m p o r t a n t i n t h e i r o n 

s e r i e s e l e m e n t s a s o r b i t a l a n g u l a r momentum i s made 

p r a c t i c a l l y z e r o by c r y s t a l f i e l d " q u e n c h i n g " . The 

r a r e e a r t h s , on t h e o t h e r hand, have l a r g e o r b i t a l 

c o n t r i b u t i o n s a s t h e i r kf e l e c t r o n s a r e s h i e l d e d by 

t h e o u t e r 5s, and 5p e l e c t r o n s from most environmen

t a l e f f e c t s , and a r e t h e r e f o r e unquenched, 

oOo 
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APPENDIX I I 

A2 The S p i n Echo E f f e c t : 

A US 

I n c o n t r a s t t o t h e c o n t i n u o u s wave t e c h n i q u e s o f 

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

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

f i e l d , t h e " S p i n E c h o " t e c h n i q u e s t u d i e s t h i s m o t i o n 

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

s h o r t p u l s e s o f r . f . e n e r g y . 

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

u s e d w i l l be m a i n l y t h a t o f J a y n e s and Bloom ( r e f . A.3 

and A . ^ ) . We s h a l l c o n s i d e r a s y s t e m o f n u c l e i i n a 
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c o n s t a n t m a g n e t i c f i e l d H q w h i c h i s a p p l i e d a l o n g t h e 

Z d i r e c t i o n . T h e s e n u c l e i e x p e r i e n c e an r . f . f i e l d 

o f a m p l i t u d e 2H^ w h i c h i s l i n e a r l y p o l a r i z e d a l o n g i 

t h e X d i r e c t i o n i n t h e l a b o r a t o r y f r ame. 

L e t t h e a n g u l a r v e l o c i t y o f t h e r . f , f i e l d be 

w. Then i f one t r a n s f e r s t h e problem t o a s y s t e m 

r o t a t i n g about the Z d i r e c t i o n w i t h v e l o c i t y w, th e 

e f f e c t i v e f i e l d II i n the Z d i r e c t i o n w i l l now be 4 w/y 

where Aw = yH -w o 
and y = g y r o m a g n e t i c r a t i o o f n u c l e i u n d e r i n v e s t i g a 

t i o n , 

J a y n e s t h e n t a k e s B l o c h ' s e q u a t i o n s o f m o t i o n o f t h e 

n u c l e a r m a g n e t i z a t i o n 

•̂ m + m-XH' + '/(H x m) = 0 A. 2.1 

-at T 

where x = s t a t i c n u c l e a r s u s c e p t i b i l i t y and T. i s t h e 

r e l a x a t i o n t i m e . He t r a n s f o r m s A,2.1 i n t o m a t r i x 

form by d e f i n i n g a m a t r i x p s u c h t h a t 

PN = yl-I x N 

A.2.1 then, becomes 



"321 + f l + I n = ^ 2 A.2.2 
St L T J T 

The s o l u t i o n to t h i s c a n be shown t o be 

m ( t ) = exp. + P ) J n i
0 A. 2.3 

where m i s the i n i t i a l p o l a r i z a t i o n , o 
The e f f e c t o f A.2.3 i s t o produce a r o t a t i o n o f 

m about the e f f e c t i v e f i e l d II w i t h e x p o n e n t i a l damping 

of t h e magnitude o f m. I f t h e d u r a t i o n o f t h e a p p l i e d 

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

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

m a t r i x can be d e f i n e d i n terms of t h e C a y l e n - K l e i n 

( r e f . A,5) p a r a m e t e r s a and (3 where 

a = C o s ( f b t ) - i Cos s i n C ^ b t ) 

p, = - i S i n £-Sin(£bt) 

and 

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

b = JB/ = ( ( y 2 ^ 2 + w 2 ) / 2" = r e s u l t a n t f i e l d 

i n t h e r o t a t i n g 

s y s t e m 

and 

^ = T a n " 1 (yH /AW) 
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U s i n g t h e s e p a r a m e t e r s t h e r o t a t i o n m a t r i x i s t h e n 

R = 

*2 

-P 

«*P 

,*2 2a 

2o: 
P 

P 

(««* - PP*) A.Z.k 

and m1 = Rm 

between p u l s e s - f i ^ w t 
a = e * 
P = O 

Now d u r i n g t h e time between p u l s e s r e l a x a t i o n 

e f f e c t s c a n n o t be i g n o r e d . Hence t h e r o t a t i o n m a t r i x 

R' must be t h e p r o d u c t o f a s t r i c t r o t a t i o n m a t r i x 

and t h e r e l a x a t i o n m a t r i x 

R« = 

e i A w t - T , 

0 

0 

-±Awt _ e -1 

0 

0 

0 

1-1 
T l J 

A. 2. 5 

From t h i s t h e m a g n e t i z a t i o n m' a f t e r t h e f i r s t p u l s e 

m, = R'Rm where m i s the i n i t i a l m a g n e t i z a t i o n , l o o 
assumed i n t h e Z d i r e c t i o n . 
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I n t h e above we have assumed t h a t 4w i s s i n g l e 

v a l u e d a t any p a r t i c u l a r time and f o r any p a r t i c u l a r 

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

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

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

ance f r e q u e n c y and h e n ce i n t h e v a l u e o f £w a t a 

g i v e n t i m e . A l s o , a s a r e s u l t o f s p i n - d i p o l a r 

i n t e r a c t i o n s ( P o r t i s 195*5, r e f . A.6) w i t h c h a r a c 

t e r i s t i c i n t e r a c t i o n t i m e s T^, n u c l e i a t d i f f e r e n t 

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

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

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

time v a r i a t i o n i n t h e r e s o n a n t f r e q u e n c y o f a g i v e n 

n u c l e u s . Hence R 1 above becomes 

t 0 0 

R' = 0 - i a w ( t ) 
e t 0 

0 0 1-t A.2.5' 

where 4 w ( t ) i s a f u n c t i o n o f t i m e . 
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< tw> 
< — T 1 

<tw> <tw > 

L e t us c o n s i d e r a s e r i e s o f t h r e e p ^ ^ l s e s o f e q u a l 

w i d t h a s i n d i c a t e d above. We c a n c o n s t r u c t a t r a n s 

f o r m a t i o n m a t r i x f o r e a c h o f t h e above time i n t e r v a l s . 
t h 

L e t R i and R i ' be m a t r i c e s f o r t h e i p u l s e and 
t h 

t h e i 1 i n t e r v a l r e s p e c t i v e l y . Then i n o r d e r to 

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

t h i r d p u l s e we have ra3 = R 3 ' R 3 R 2 ' R 2 R 1 « R 1 m o = R ^ A. 2. 6 

From t h i s we c a n o b t a i n r n 3 ( x - i y ) w h i c h i s t h e ob

s e r v e d component o f m a g n e t i z a t i o n ; t h a t i s t h e m a t r i x 

e l e m e n t R^_23» 

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

t a i n e d f o i - t h e s t i m u l a t e d echo 
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„(x-iy) = s:Ln Jbtw exp /"-(Tp-T-, ) ( l -1 ) - t ~J 

* 1 2 LZ 

x exp [ " - t - ( T 2 + T 1 ) "1 exp r - l / 3 k ( t - T 2 ) 3 

- T 1
3 + 3 T 1 ( t - T 1 ) 2 + 3 ( T 2 - X 1 ) ( t - T 2 ) 2 J in 

o 
A.2.7 

I n a d d i t i o n t h e r e i r e r e t h r e e o t h e r terms w h i c h 

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

As c a n be s e e n the s t i m u l a t e d echo o c c u r s a t 

time t = ' r 2 + ' c l a n c ^ d e c a y s a p p r o x i m a t e l y with, time 

c o n s t a n t l / T ^ e x c e p t f o r t h e added d i f f u s i o n damp

i n g term. F o r t h e two p u l s e p r i m a r y e c h o e s we g e t 

m ( x - i y ) = s i n btw s i n £btw x exp£-j; - ( t - 2 T ^ ) J 
2 ? T *2 

2 

x exp £-k ( t - T 1 ) 3 + T 1
3 + 3 T 1 ( t - T 1 ) 2 J m o 

A,2,8 

T h i s echo a p p e a r s a t t i m e t = 2T^ and i s o f 

a m p l i t u d e p r o p o r t i o n a l to exp (-2T^-5kT 1 ) 
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Thus i t can be seen t h a t the primary echo decays 
3 

approximately as i n the presence of d i f f u s i o n 

p r o c e s s e s . 
2 2 

I n the above k = y G D 

where G = F i e l d g r a d i e n t w i t h i n the sample 

assumed c o n s t a n t . 

D = Spin d i f f u s i o n , c o e f f i c i e n t . 

oOo 
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