
Durham E-Theses

Hyper�ne �elds in rare-earth compounds

Christopher, Joseph Theophilus

How t o cite:

Christopher, Joseph Theophilus (1969) Hyper�ne �elds in rare-earth compounds , Durham the se s, Durham
University. Availa ble at Durham E-Theses Online: http://etheses.dur.ac.uk/8659 /

Use p olicy

The full-text may b e used and/or repro duced, and given to third parties in any format or medium, without prior p ermission or
charge, for p ersonal research or study, ed ucational, or not-for -pro�t purp os es provided that:

� a full bibliographic reference is made to the original source

� a link is made to the metadat a record in Durham E-Theses

� the full-text is not changed in any way

The full-text must not b e sold in any for mat or medium without the formal p ermission of the copyright holders.

Please consult the full Durham E-Theses p olicy for further details.

Academic Supp ort O�ce, Dur ham University, Univer sity O�ce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107

http ://eth es es.d ur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/8659/
 http://etheses.dur.ac.uk/8659/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


I I Y P E R F I N T S F I 15 L D S 

i n 

R A n E - 3 A D T H C 0 M F 0 U N D 3 

by 

J o s e p h T h e o p h i l u s C h r i s t o p h e r , P.. Sc.. ( M c G i l l ) 

P r e s e n t e d i n c a n d i d a t u r e f o r the Degree 
D o c t o r o f P h i 1 o s o phy 



To 

M o t h e r , T. s m ay 

And 

W i f e , M a r l e n e 



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 
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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 
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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 



2k 

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. 
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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 wh i ch was 4.7v p o s i t i v e w i t h r e s p e c t to the 

p r e v i o u s v o l t a g e s . The re was thus o n l y a 1. 3v drop 

between the p o s i t i v e ou tpu t v o l t a g e l e v e l o f 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 o f the f o l l o w i n g 

t r a n s i s t o r . T h i s h e l p e d to d e c r e a s e the r i s e and f a l l 

t imes d u r i n g s w i t c h i n g . T^ was an NPN t r a n s i s t o r 

wh i ch was complementary to T^. The c o l l e c t o r o f T^ 

was connec ted th rough a r e s i s t o r to 60v. I t was 

s h o r t e d by means o f a d iode 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 no t 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 

p r o v i d e d s u f f i c i e n t c u r r e n t so t h a t , under l o a d con­

d i t i o n s , t he output p u l s e h e i g h t d i d no t drop below 

h0 v o l t s . The e m i t t e r o f T^ was a t z e r o p o t e n t i a l . 

Wi th the c o l l e c t o r o f T^ 4.7v n e g a t i v e w i t h 

r e s p e c t to the e m i t t e r o f T^, T 2 was c u t o f f . The re 

was t h e n no c o l l e c t o r c u r r e n t t h rough T^ and the 

c o l l e c t o r v o l t a g e r o s e to i t s maximum of 40v, As the 

c o l l e c t o r o f T^ r o s e th rough z e r o v o l t s t o a p o s i t i v e 

v a l u e o f 1.3 v o l t s , was s w i t c h e d on and i t s c o l ­

l e c t o r was p u l l e d down to z e r o v o l t s . Thus an i n p u t 


















































































































































































































