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A B S T R A C T 

The d e s i g n and c o n s t r u c t i o n o f a h i g h f i e l d p u l s e magnetometer are 

d e s c r i b e d . T h i s i n s t r u m e n t was used f o r i n v e s t i g a t i n g t h e magne t i c p r o p e r t i e s 

o f t h e v a r i o u s p s e u d o b i n a r y compounds i n t h e a l l o y systems Y (Fe,Co),-_ and 

Y ( C o , N i ) , as w e l l as t h e systems Gd-^CFesCo) and G d o ( C o , N i ) , o v e r t h e 

e n t i r e r anges o f s o l i d s o l u b i l i t y . 

The v a r i a t i o n o f spontaneous moment i n t h e y t t r i u m compounds as a 

f u n c t i o n o f 3d e l e c t r o n c o n c e n t r a t i o n shows a c o n t i n u o u s change i n f o r m f r o m 

t h e YB^ compounds t o the t r a n s i t i o n m e t a l r i c h ^'^yi compounds, vrfnere B denotes 

(Fe ,Co) o r ( C o , N i ) . T h i s change i n d i c a t e s a g r a d u a l p r o g r e s s i o n t o the 

w e l l - k n o w n (FeJ Co) and ( C o , N i ) moment v a r i a t i o n o f t h e S l a t e r - P a u l i n g c u r v e . 

I n t h e Y l C o j N i ) ^ and Y^CCo^Ni )^ compounds t h e spontaneous moment decreases 

w i t h i n c r e a s i n g 3d e l e c t r o n c o n c e n t r a t i o n ? becoming ze ro f o r about dO% N i , 

and t h e n r e a p p e a r s w i t h a s m a l l v a l u e f o r t h e compounds Y N i ^ and Y ^ N i ^ . T h i s 

phenomenon i s v e r y s i m i l a r t o t h a t f o u n d i n t h e compounds Y N i as x i s 
A X A 

i n c r e a s e d . 

The r e s u l t s a r e i n t e r p r e t e d w i t h i n t he r i g i d band model and i t i s 

s u g g e s t e d t h a t t h e d i s a p p e a r a n c e o f o r d e r i n g i n t h e Y C C o j N i ) ^ and Y 2 ( C o , N i ) ^ 

sys tems i s due t o a deep minimum i n t h e d e n s i t y o f s t a t e s c u r v e . 

The 3d moment i n t h e Gd B, and Y B, compounds i s deduced and an 
X 1-x X 1-x 

a t t e m p t i s made, f o r B = Co o r N i j t o i s o l a t e i t f r o m t h e moment c o n t r i b u t i o n 

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

i n w h i c h t h e 3d band i s g r a d u a l l y p o p u l a t e d by some o f t h e v a l e n c e e l e c t r o n s 

f r o m t h e t r i p o s i t i v e Gd and Y i o n s j as x i s i n c r e a s e d . 

The compounds f o r w h i c h t h e 3d band i s f i l l e d a r e i n d i c a t e d , no t by 

t h e absence of any spontaneous moment i n t he y t t r i u m compounds, b u t r a t h e r , 

by t h e i n a b i l i t y o f g a d o l i n i u m t o i n d u c e a 3d moment v îen Gd i s s u b s t i t u t e d 

f o r Y . 

The m a g n e t i c r e s u l t s o f t h e Gd^CFe, Co) and Gd3(Co^Ni) systems i n d i c a t e 

t h a t t h e s e compounds a r e a n t i f e r r o m a g n e t i c and t h e r e s u l t s a r e i n t e r p r e t e d 
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q u a n t i t a t i v e l y i n t e r m s o f t h e Nee l t w o - s u b l a t t i c e t h e o r y o f a n t i f e r r o m a g n e t i s m . 

Va lues a r e deduced f o r t h e a n i s o t r o p y and t h e i n t e r - and i n t r a - s u b l a t t i c e 

exchange c o e f f i c i e n t s . There i s a c l o s e c o r r e l a t i o n between s t r u c t u r a l 

s t a b i l i t y and t h e e x i s t e n c e o f a n t i f e r r o m a g n e t i s m . When t h e l a t t e r 

d i s a p p e a r s ( a t 10% Fe ) t h e s t r u c t u r e becomes u n s t a b l e f o r h i g h e r c o n c e n t r a t i o n s 

o f i r o n . From t h i s c o r r e l a t i o n , a r u l e i s deduced f o r p r e d i c t i n g when a 

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

t h e o t h e r s t o i c h i o m e t r i e s o f t h e g a d o l i n i u m - r i c h compounds. 
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P R E F A C E 

The e x p e r i m e n t a l work was p e r f o r m e d upon t h e t r a n s i t i o n m e t a l - r i c h 

s t o i c h i o m e t r i c a l l o y s ^'^u^ ^ ^2^7' ^3 ^'^'^ ^^^^ e a r t h - r i c h Gd^B 

a l l o y s J where B deno tes t h e 3d t r a n s i t i o n m e t a l s F e , C o , N i . The B 

component c o n s i s t e d o f s o l i d s o l u t i o n s ( F e , Co) and (Co , N i ) . 

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

d s e c r i b e d i n C h a p t e r 4 and C h a p t e r 5 r e s p e c t i v e l y . The v a r i o u s e x p e r i m e n t a l 

t e c h n i q u e s used a r e d e s c r i b e d i n C h a p t e r 2 . The v a r i a t i o n o f m a g n e t i z a t i o n 

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

a p u l s e d f i e l d magnetometer was d e s i g n e d and c o n s t r u c t e d f o r t h e purpose 

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

i s g i v e n i n C h a p t e r 3 . 

I n o r d e r t o o b t a i n some l i n k between t h e two r e s u l t s s e . c t i o n s , t he 

d i s c u s s i o n C h a p t e r 6 i s d e v o t e d n o t o n l y t o t h e t r a n s i t i o n m e t a l ^ r i c h 

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

v a r i o u s s t o i c h i o m e t r i e s , f o r w h i c h the d a t a were o b t a i n e d f r o m thei l i t e r a t u r e . 

As a consequence , t he c o n c l u s i o n s r eached i n C h a p t e r ' 6 have some e f f e c t 

upon t h e d i s c u s s i o n o f t h e Gd^B r e s u l t s , t o w h i c h C h a p t e r 7 i s d e v o t e d . 

C h a p t e r l i s a s t a t e m e n t o f t h e p r o b l e m . 
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C H A P T E R O N E 

. . STATEMENT OF THE PROBLEM 

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

Compounds be tween t h e r a r e e a r t h s and 3d t r a n s i t i o n m e t a l s f o r m o n l y 

w i t h t h e 3d e l e m e n t s t o t h e r i g h t o f chromium i n t h e p e r i o d i c t a b l e , i . e . 

w i t h M n , F e , and N i . These a re s t o i c h i o m e t r i c a l l o y s A B w i t h a 
X J. ""X 

f i x e d r a t i o between t h e number o f A atoms ( r a r e e a r t h o r y t t r i u m ) 

and t h e number o f B atoms ( t r a n s i t i o n m e t a l ) . The d i s c r e t e v a l u e s o f x 

coiPj'espond t o s t o i c h i o m e t r i e s o f t h e f o l l o w i n g c o m p o s i t i o n s : 

A , A 3 B , A B , A B , AB , AB3 , A B_,, A^B , A B ^ , A B ^ ^ , B . 

The AB^ s t o i c h i o m e t r y i s t h e o n l y one v\4iich f o r m s f o r a l l t h e 3 d , e l e m e n t s 

f r o m Mn t o N i . The n e x t most common s t o i c h i o m e t r i e s a re A ^ B ^ ^ , e x i s t i n g 

f o r F e , Co and N i ; and A B 3 , e x i s t i n g f o r F e , Co and N i v\^ien A i s a r a r e 

e a r t h , b u t o n l y f o r Co and N i vhen A i s y t t r i u m . As can be seen i n f i g . 1 .1 

t h e m a j o r o v e r l a p o c c u r s i n t h e A Co, and A N i compounds. I r o n does 
X L ""'X X 1" X 

n o t . f o r m i n t e r m e t a l l i c compounds f o r x l a r g e r t h a n t h a t o f AFe^, 

T h i s work i s concerned w i t h t h e 3d e l ement s F e , C o , and N i a l l o y e d 

w i t h Y o r Gd. F i g . i i g shows t h e compounds whose e x i s t e n c e have been 

e s t a b l i s h e d . The heavy l i n e s a l o n g each s t o i c h i o m e t r y show t h e e s t a b l i s h e d 

s o l i d s o l u b i l i t y r e g i o n s f o r t h e p s e u d o b i n a r y comppunds where t h e t r a n s i t i o n 

m e t a l s i t e s a r e o c c u p i e d by ( F e , ^ o ) and (Co , N i ) . I n g e n e r a l thie d i s t r i b u t i o n 

o f t h e two t y p e s o f t r a n s i t i o n m e t a l i o n s i s b e l i e v e d t o be random-, t h o u g h 

some e v i d e n c e ( r e f . l . l ) f o r p r e f e r e n t i a l o c c u p a t i o n o f i r i e q u i v a l e n t B s i t e s 

by d i f f e r e n t t y p e s o f 3d i o n s has been f o u n d i n some n e l a t e d compounds i n t h e 

Th-Co s y s t e m . 

E a r l y measurements o f m a g n e t i z a t i o n i n t h e Gd Fe^_ system ( r ^ f s . - 1^2, 

1 . 3 , 1.4) and t h e Gd Co system ( r e f s . 1 , 3 , 1 . 5 ) , r e v e a l e d a deep 
X J . X 

minimum i n t h e m a g n e t i z a t i o n vs x v a r i a t i o n a t x ? i 0 . 2 . F i g , i,3 shows t h i s 

v a r i a t i o n f o r F e , ^0 and N i compounds w i t h G d , u s i n g more r e c e n t d a t a . T h i s 

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

and t h e t r a n s i t i o n m e t a l s p i n s . Work on compounds w i t h the d i ther r a r e r e a r t h s 
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has shown t h i s t o be a p p l i c a b l e i n a l l the r a r e e a r t h s , r e s u l t i n g i n f e r r -

i m a g n e t i s m i n a l l o y s w i t h t h e heavy r a r e e a r t h s , and f e r r o m a g n e t i s m i n a l l o y s 

w i t h t h e l i g h t r a r e e a r t h s i f L > S. 

^he e l e c t r o n i c c o n f i g u r a t i o n s o f t h e Gd atom and t h e Y atom a re shown 

as f o l l o w s : 

Gd 
, 2 ^ 2 ^ 6 o 2 ^ 6 ^,10 
I s 2s 2p 3s 3p 3d 

same 

^ 2 ^ 6 ^ , Io ^-7 
4s 4p 4d 4 f 

4s2 4p^ 4d^ ( ) 

5s2 5p^ 

— - ~ 

5d^ 6s^ 

The a t o m i c number o f Gd i s 6 4 ; t h a t o f Y i s 3 9 . When i n the m e t a l , t h e 

e l e c t r o n i c s t a t e s shown above i n square b r a c k e t s ' have t h e i r ene rgy l e v e l s 

b roadened i n t o a band . These e l e p ' t r o n s become i t i n e r a n t , and l e a v e t h e i r 

r e s p e c t i v e atoms i n an i o n i z e d s- tate . I t i s e v i d e n t t h a t Gd and Y are v e r y 

s i m i l a r i n t h a t b o t h w i l l become t r i - p o s i t i v e i o n s , t h e t h r e e band, e l e c t r o n s 

p e r a tom o r i g i n a t i n g f r o m l e v e l s w i t h quantum number • n=i 5--,6; f o r G d , and 

n=^,-5 f o r y t t r i u m , t h i s b e i n g the o n l y d i f f e r e n c e i n t h e quantum numbers o f 

t h e band e l e c t r o n s . As a r e s u l t , i n many i n t e r m e t a l l i c compounds Y can be 

s u b s t i t u t e d f o r Gd w i t h o u t any change i n c r y s t a l s t r u c t u r e , and w i t h l i t t l e 

change i n t h e l a t t i c e p a r a m e t e r s , •'•he magne t i sm o f t h e Gd atom o r i g i n a t e s 

f r o m t h e 4 f s h e l l , w h i c h i s h a l f f u l l . By H u n d ' s r u l e s we can deduce t h a t 

Gd i s an S s t a t e i o n , w i t h a m a g n e t i c moment o f 7 ^ ^ , vAiich i s due e n t i r e l y 

t o s p i n . - When p l a c e d i n a m e t a l l i c l a t t i c e , t h e 4 f s h e l l i s n o t a p p r e c i a b l y 

3+ 

b roadened i n t o a b a n d , and the 7yt^g pe r Gd i o n i s an a c c u r a t e v a l u e f o r t h e 

i o n i c moment. T h i s i s because o f the e f f e c t i v e s c r e e n i n g o f t h e 4 f s h e l l by 

t h e o t h e r f i l l e d s h e l l s , 5s and 5p \Mi ich have a l a r g e r s p a c i a l e x t e n s i o n . 

Gd i s t h e i d e a l r a r e e a r t h t o use- i n a s t udy o f t h e t r a n s i t i o n m e t a l 

moment i n a l l o y s because t h e moment o f t h e . r a r e eetrths a r e g e n e r a l l y quenched 

t o some e x t e n t by the c r y s t a l f i e l d , and t h i s e f f e c t i s much l e s s s i m p o r t a n t 

i n Gd.- Thus the c o n t r i b u t i o n o f ' G d t o t h e spontaneous moment i s known. Y 

makes a good n o n - m a g n e t i c s u b s t i t u t e f o r G d , as s t a t e d above. The e f f e c t o f 

t h e moment o f Gd upon t h e t r a n s i t i o n m e t a l can be i s o l a t e d f r o m o t h e r i n f l u e n c e s . 
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by such a subs t i tu t ion since most parameters remain constant, the moment 

on the A' s i te being the main var iable . 

1.2 St ructura l Properties 

The c rys ta l structures of each stoichiometry are d i f f e r e n t , and some 

stoichiometries have more than one modif ica t ion. However f i v e stoichiometries 

have structures which are closely related to each other. These are AB^, AB^ 

A^B^, AB^, A^B^;^. These can be derived from the hexagonal la t t ice- of the Ca 

Cu^ type, which i s isomorphic with the AB^ structure-. These derivations arise 

from simple subst i tut ions accompanied by layer s h i f t s ( re f . 1.23).. The unit • 

c e l l of the CaGû . type structure i s shown i n f i g . 1.4a. The- structure consists 

of two types of layer v\*iich are arranged alternately?,-,-. One itype- contains only 

B atoms and the other contains both A and B atoms.- A more extended view of 

the' layer containing A and B atoms i s shown i n f i g . - 1.4b. Here PQRS indicates 

again the basal plane of the un i t c e l l of un i t c e l l edge a. We consider now 

the structure of the ^2^n_ compounds.- These arise by subs t i tu t ion , i n the 

AB^ l a t t i c e , of one::third of the A atoms by a pair of B atoms, one• above and 

one below theposi t ion of the previous A atom. The new unit c e l l is. given 

by a ' = aj^T. I f , i n the basal plane, t h i s replacement occurs at s i te P', 

then i t w i l l occur at s i te Q i n the next layer- containing A atoms. Tn the 

fo l lowing layer containing A atoms i t may occur again either at s i te P, 

giving a hexagonal s t ruc ture , or at s i te T, g iv ing a rhombohedral structure. 

These two possible stacking arrangements are shown schematically i n f i g . 1.4c. 

To obtain the structures of the A^B^ , AB^, and AB^ compounds, one must 

replace some B atoms by A atoms i n the AB̂ ^ l a t t i c e . For the AB^ structure, 

i n the top plane containing A and B atoms of every second AB^ uni t c e l l one 

of the two B atoms i s replaced by an A atom , followed by a layer s h i f t and 

inor rearrangements of the atoms.- As i n the ^2^17 l^ '^ t ice , the AB^ has 

two modifications whose stacking arrangements are shown schematically i n f i g . 

1.4c. In a s imi lar way the structures of the A^B,̂  and AB^ compounds can be 

derived, and the stacking arrangements are also shown schematically i n 
i 

f i g . 1.4c. 

m 



The ABg stoichiometry forms i n three modif icat ions , known at the-Laves 

phases. Two are hexagonal j one i s cubic, the choice of which structure 

type, the material adopts being strongly dependent upon the valence electron 

concentration ( re f . 1.7 ;1„10). , 

As a consequence of the close relat ionship of the crystal structures from 

A^B^^ to AB^, i t i s not unreasonable to expect a cer ta in degree of continuity 

i n the magnetic and other properties as a funct ion of x as we cross the 

s toichiometr ies , despite the fact that x i s not a continuous variable. 

Of the stoichiometries other than the ones jus t discussed, the crystal 

structures can be derived from the cobalt-or nickel-centered t r igonal rare 

earth prism. These are the A^B, A^B^ and AB stoichiometries. The k^B 

crys ta l s t ruc tu re , with which the second results section i s concerned, is 

isomorphic wi th the orthorhombic Pê C structure. 

The s t ruc tura l s t a b i l i t y of a given stoichiometry depends upon the 

valence electron concentration. Although th i s i s not the only factor 

a f f e c t i n g s t ruc tura l s t a b i l i t y , i t is cer ta in ly one of the fac to r s , as has 

been shown to be the case f o r the Laves phase structures. The compounds-

Y Cop ,̂ Y^Co^ c-.j. • Y Co^ and Gd2Go are known to e x i s t , but the corresponding 

compounds with the Co replaced by Fe do not ex is t . The pseudobinary 

(Fe, Co) a l loys of these four structures were prepared i n order to observe 

at what Fe concentration the respective structures would become unstable 

the aim being to establish to what extent t h i s i n s t a b i l i t y is ascribable 

to the e f f e c t s of valence electi-on concentration, 

1.3 Ferromaqnetism i n a Band 

•'•t i s generally accepted now that the age-old problem in 3d-transi t ion 

metal magnetism: i t i n e r a n t vs localised 3d electrons, has been resolved by 

a compromise between these two extremes. Whereas the i t ine ran t model is 

applicable i n that the 3d electron energy levels are broadened into a band 

which can be s p l i t by exchange to give a moment, neutron d i f f r a c t i o n has 

revealed a cer ta in amount of loca l i za t ion of these moments around the 

t r a n s i t i o n metal atoms. In the primary alleys (Co, Ni) of the pure 



t r a n s i t i o n metals, t h i s loca l i za t ion resul ts i n the Go sites being associated 

with a moment of l - ' ^ g and the Ni sites wi th 0 .6 /^ , these tvo \dues being 

those found i n pure Go and pure N i . I t i s thus evident that the correct 

theory must involve some reasoning i n space, i n the context of a band 

theory. The occurance of spontaneous ordering wi th in the usual band theory 

due to Stoner w i l l f i r s t be described,followed by a descript ion of the r i g i d 

band model f o r a l loys . 

1 .3 .1 . The Simple Band Model- (Stoner, r e f . 1.17) 

We derive a condition fo r the occurrence of ferronegnetism at zero 

degrees Kelvin i n the band model^as fo l lows . We begin vi th tvo sub-bands 

( s p i n a n d spin\^ ) which are equally populated. These are shown schematically 

below 

(1) 

Let a small number S electroiV'atbm be transferred from the 4̂  -spin to the 

^ - spin sub-band. This requires energy £SE/a tom, where 2SE is the energy 

dif ference betweenthe two Fermi levels . 

The exchange energy i s proportional to the number of electron pairs 

i n each sub-band so that the exchange energy as a resul t of the transfer 

is lowered by an energy of magnitude: 
— 

where W i s the average exchange energy per pair of electrons, a nd p i s 

the number of electrons per atom. 



This expression reduces to 

2W g 2 

I f the t o t a l energy lowers when the band i s polar ized» then we have 

Let N(Ep) be the density of states at the Fermi l e v e l . Substi tuting S/N(Ep) 

f o r 5 E we obtain the stoner c r i t e r i o n f o r the occurrence of a sppntaneoiB 

moments 

2W N (E ) > 1 
r 

When th i s ineiquallty holds, then one sub-band should begin to f i l l at the 

expense of the other u n t i l the t o t a l energy is a minimum. By d i f f e r e n t i a t i n g 

the t o t a l energy with respect to g we obtain the equil ibrium condition-

2W - N ( E ) = 1 , 
•E 

v*iere N ( E ) = n _ J , ' 
^ E - A E • ^(E) ^ -

N ( E ) is the average density of states between the two equil ibrium Fermi 

levels E ^ and E ^ of the two sub-bands. AE i s the energy of s p l i t t i n g between 

the two sub-bands, and n i s the t o t a l number of electrons transferred from 

one sub-band to the other. 

1.3.2 The Rigid Band Model f o r Allovs 

For a pure metal l ic element the pe r iod ic i ty of the crys ta l l a t t i c e 

is almost pe r fec t , so that the potent ia l wells a f f ec t ing the i t ine ran t 

electrons also have perfect pe r iod i c i t y i n space, resul t ing i n a given 

density of states N ( E ) , . When such a metal i s alloyed with another metal, 

even i f the c rys t a l structure remains unchanged, the random d i s t r i bu t i on 

of the two types of ion destroysj to some degree,the per iod ic i ty of the 

poten t ia l energy i n space. 

In a d i l u t e subst i tu t ional- a l loy we must consider the perturbation 

SV due to the solute atoms.- The resul ts of some of Fr iedel ' s calculations 

{ r e f . 1.18) w i l l be quoted here. I f 8V i s weak, perturbation methods can 

be used, with the r e su l t that the energy levels i n the band must be changed by 

a- quanti ty which varies only slowly with k , where ^ i s the wave vector 
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of the band electrons. Thus, on a l loy ing a pure metal each state of the 

band is sh i f t ed by a constant amount which is proportional to the concentration 

of solute atomso The resu l t i s simply a s h i f t i n energy of the entire band, 

' as i f i t were r i g i d , with l i t t l e change i n shape. This model works well for 

small 8V, i n other words, f o r alloys between neighbouring elements i n the 

periodic t a b l e , such as (po, Ni) and(Ni,Cu). The potent ial SV must of course 

be screened. The resu l t i s that oneobtains a local p i l i n g up of band electrons 

near an a t t r a c t i ve po ten t i a l . I f there i s exchange s p l i t t i n g i n the band -then 

t h i s loca l excess of charge near an a t t r ac t ive potent ia l w i l l be associated 

with a d i f f e r e n t magnetic moment than that found l o c a l l y around the matrix 

: ions; Such e f f ec t s have been detected by neutron d i f f r a c t i o n techniques. 

On a macroscopic scale however the a l loy can be -treated as i f the density of 

states were the same as that of the pure matr ix , but with a change i n the 

Fermi leve l as solute atoms are substi tuted. 

1.4' Magnetic Properties 

1.4.1 Compounds with Nickel 

The ordering temperatures T of the nickel compounds Y Ni' . and Gd Ni 
0 X J . " X X X " X 

are p lo t ted i n f i g . 1.5 as a funct ion of x. A l l the ordering temperatures 

are Curie points except that of Gd^Ni vhich i s a Neel point . As seen i n th i s 

graph the Gd compounds have higher ordering temperatures than the Y compounds. 
T decreases rap id ly from that of Ni as x increases, becoming zero f o r Y Ni^. c 0 

and very low f o r GdNi^ .̂ This was interpreted by Lemaire et a l ( ref . 1.8) 

as a r e su l t of the f i l l i n g of the 3d band by valence electrons from the 

rare earth atoms, the band becoming completely f u l l i n GdNi^ .̂ On increasing 

X f u r t h e r , T r ises sharply. This r ise i n T was interpreted -a-s a resul t c c 

of the exchange interact ions between the Gd ions inducing a moment i n the 3d 

band of N i , The subsequent Ni-Ni exchange interactions then contribute to 

a r ise i n T , T then decreases as x i s increased f u r t h e r , th i s being due c c 
r 

to tie 3d band again becoming f i l l e d . Comparison with Ho^ showed that 

the same phenomenon occurred when Gd was replaced by Ho, but the increase i n 

T was not as large as f o r the Gd compounds. Since the spin of Ho is less 
C '''' 



t h a n t h a t o f G d i t w a s e v i d e n t t h a t t h e i n c r e a s e o f T f r o m ANi^^ t o A N j w a s 
c 0 - J 

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

t o a c c o u n t f o r t h e i n c r e a s e i n T ^ f r o m A N i ^ t o A N i ^ , a p p e a r s t o t h i s a u t h o r . t o 

b e i n c o r r e c t . T h i s i s b e c a u s e t h e s a m e p h e n o m e n o n o c c u r s i n t h e Y Ni - c o m p o u n d s 
X J . " X 

vjheve t h e n o n - m a g n e t i c Y c a n n o t i n d u c e a n y m o m e n t i n t h e N i 3 d b a n d . T h e 

s p o n t a n e o u s m o m e n t p e r N i a t o m i s s h o w n i n f i g . L 6 , f r o m which i t i s e v i d e n t 

t h a t t h e T v a r i a t i o n i s d i r e c t l y r e l a t e d t o t h e M v a r i a t i o n . T h e r e a p p e a r a n c e 
c s 

o f f e r r o m a g n e t i c o r d e r i n g a s w e go f r o m Y N i ^ t o Y N i ^ c a n n o t b e c a u s e d b y t h e 

A - A i n t e r a c t i o n , ^ h e A - A i n t e r a c t i o n c a n h o w e v e r a m p l i f y t h i s e f f e c t o n c e i t 

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

i n h e r e n t l y a p r o p e r t y o f t h e 3 d e l e c t r o n s . 

T h e d a s h e d l i n e i n f i g . 1 . 6 r e p r e s e n t s t h e e x p e c t e d d e c r e a s e i n m o m e n t 

a s s u m i n g t h a t t h e t h r e e v a l e n c e e l e c t r o n s o f y t t r i u m a l l o c c u p y t h e 3 d b a n d . 

T h e a s s u m p t i o n i s a l s o m a d e t h a t o n e o f t h e s p i n s u b - b a n d s ' i s f u i l u T h e 

a g r e e m e n t w i t h e x p e r i m e n t i s e x c e l l e n t f r o m p u r e N i t o Y N i ^ vJhere b o t h t h e 

t h e o r e t i c a l a n d e x p e r i m e n t a l f u n c t i o n s b e c o m e z e r o . T h i s i s c o n s i s t e n t w i t h 

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

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

Y N i p ^ . T h e p e r s i s t e n c e o f f e r r o m a g n e t i s m f o r h i g h e r Y c o n t e n t t h a n t h a t o f Y N i ^ . 

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

3 d b a n d . T h u s t h e a s s u m p t i o n i n d e d u c i n g t h e t h e o r e t i c a l m o m e n t d e c r e a s e i s 

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

. T h e r e a p p e a r a n c e o f a s m a l l m o m e n t o n Y N i ^ a n d '^2^^!^ ( a f t e r t h e e n t i r e l y 

n o n - m a g n e t i c b e h a v i o u r o f Y N i ^ ) i s a s y e t n o t u n d e r s t o o d . T h e s u b s t i t u t i o n 

o f G o f o r N i i n Y N i ^ ( o r Y ^ M ^ ) m a y b e e x p e c t e d t o s i m u l a t e t h e d e c r e a s e i n 

v a l e n c e e l e c t r o n c o n c e n t r a t i o n o r g o i n g f r o m Y N i ^ ( o r Y ^ N i ^ ) t o Y N i ^ ^ , T h e 

m a g n e t i c p r o p e r t i e s o f t h e p s e u d o b i n a r y s y s t e m s Y^iCo,liilj, Y{Co,liil^9 a n d 

Y ( G o , N i ) w e r e t h e r e f o r e i n v e s t i g a t e d i n t h e h o p e t h a t some u n d e r s t a n d i n g 

• 5 
o f t h e m o m e n t r e a p p e a r a n c e m i g h t b e f o r t h c o m i n g . 
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1.4.2 Gompounds with Gpbalt 

The moment per Co ion i n the Y Go, system is shown i n f i g . 1.7. I t is 
X i ~ X 

, believed ( r e f . 1.9) that one of the spin sub-bands of pure cobalt i s f u l l , 

as i n nickel ,and that the moment 1.7^g/Co arises from the holes i n the 

other sub-bands. The theore t ica l curve (dashed l ine ) i n f i g . 1.7 shows the 

expected moment va r ia t ion assuming that the 3 valence electrons per y t t r ium 

occupy the 3d u n f i l l e d sub-bandw The discrepancy between th is theoret ical 

curve and the experimental curve i s large. The cobalt moment remains at -

a high value between l.b^-^Co and l . y ^ G o from pure cobalt to YCo^. This 

cannot be'reconciled with a simple b a n d - f i l l i n g theory. The moment collapses 

from YGo^, to become almost zero at YGô  v\hich is close to the point at \* ich the 

above theore t ica l va r i a t ion becomes zero. 

The Gurie temperatures T , f o r the Y and Gd compounds are shown in f i g . 1.8 
c 

v\here i t can be seen that T decreases cont inua l ly , on Increasing x « The T 
c c 

values given f o r YGo^ are questionable. The higher value was obtained from 

the measurement of M vs T by Piercy ( re f . 1,15). This curve however did not 

show a convincing Gurie point and i t i s generally believed that YGô  i s a 

Pauli paramagnetic and shows no magnetic ordering. This l a t t e r assumption 
puts the T value very near zero., c 

Y^Gog however does order, and i t s T^value ( r e f . l . l l ) need not be treated 

•with reservation. On increasing x f u r t h e r , T becomes zero i n Y-Go. I t 
C o 

appears that we may be observing here the same phenomenon as was seen to occur 

i n the Y Ni compounds where the moment and ordering temperatures -collapsed 
X J . x 

to zero, wi th a subsequent small reappearance. In the Y Go, system the 
x X ~ x 

collapse to zero moment and no ordering occurs as we increase x and approach 

YGo^' Then the moment reappears on fu r the r increasing x. The description 

of t h i s by a continuous curve of the form used f o r the Ni compound is not 

eas i ly j u s t i f i e d i n the Go compounds fo r two reasons! f i r s t l y , we have only 

onepoint to mark the reappearance of the moment, and secondly the crysta l 

structures of the YGo^, ^4^03 ^'^^ Y^Go are not s u f f i c i e n t l y closely related 

to each other to allow us to expect continuous behaviour as we cross the 
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stoichiometries. Neither of these objections applied i n any very serious 
way to the Ni system i n the small moment region. 

The Gd Co, compounds ( f i g . 1.8) have an ordering temperature var ia t ion 
X J. " X 

which can be unambiguously presented f o r a l l -the stoichiometries. A l l the 

ordering temperatures are Curie points , except that of Gd^ Co which i s 

a N^el point.- The Gd compounds a l l have higher ordering temperatures than 

the corresponding Y compounds. 

1.4.3. Compounds with I ron 

From the foregoing i t i s evident that the magnetic- properties of the 

cobalt compounds are more d i f f i c u l t to in te rpre t i n terms of simple band 

theory than the nickel compounds. The i ron compounds are even more 

d i f f i c u l t to in te rpre t i n these terms. 

Whereas f o r pure nickel and cobalt i t is generally believed that one 

o f the spin sub-bands is f u l l , t h i s i s not the case f o r pure i ron . Thus the 

number of empty 3d-states per atom i n i ron exceeds the number of unpaired 

spins. The l a t t e r quanti ty i s 2.2 per atom (v\hich gives the magnetic 

moment 2.:^/Mg/atom), v\hile the value suggested ( r e f . 1.12) for the f ormer 

exceeds 3 per atom.-

In f i g . 1.9 i t can be seen that the i ron compouncb with y t t r ium and 

gadolinium show a somev^iat anomalous Curie temperature var ia t ion . While 

the moment per i ron atom i n Y Fe i s decreasing with increasing x , the 
X X " X , 

Curie temperatures decrease i n i t i a l l y very rapid ly from Fe to Y^Fe^^ and 

then r i se on f u r t h e r increasing x. In Gd Fe the T values r ise so 
X J. " X c 

r ap id ly from Y^Fe^^ to YFe^ t h a t , i f one i s j u s t i f i e d i n drawing a curve 

through these po in t s , one i s tempted to draw the one shown i n th is f i g u r e . 

This curve touches the x axis before r i s i n g rapid ly to fo l low the T 
c 

va r i a t i on i n the Gd r i ch Fe compounds. There is l i t t l e j u s t i f i c a t i o n fo r 

including the A^^Fê ^ stoichiometry on t h i s curve. This is because, 

unlike the other stoichiometries, the A^Fe^j structure is not closely 
re la ted to the CaCu^ structure. 

o 
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1.4.4 Magnetic Property va r i a t ion wi th in a given Stoichiometrv 

Within a given stoichiometry we shal l consider the var ia t ion of magnetic 

{Droperties on replacement of Fe with Co, and Co with N i . Since these pairs 

of ion types are neighbours i n the periodic table such replacements often 

occur without any crys ta l structure change. There are therefore large 

composition regions of so l id s o l u b i l i t y i n which the l a t t i c e parameters show 

a smooth va r i a t i on . Thus we are f u l l y j u s t i f i e d i n drawing smooth curves 

through points representing magnetic properties as a funct ion of composition 

w i t h i n a given stoichiometry, provided that the c iys ta l structure does not 

change. 

(a) The AB^ stoichiometrv 

The systems Y(Fe,Co)2> Gd(Fe,Co)2 and Gd(Co,Ni)2 have already been 

investigated ( r e f s . I . l 3 j 1.14) Figs. I . IO and 1.11 show t h e v a r i a t i o n with 

composition of the saturation moment M and Curie temperature T i n these 
s c 

pseudobinary systems. Bo-fch M and T have a maximum at approximately 60^ - 70^ 
s c 

Fe subs t i tu t ion i n the Y(Fe9 "^0)2 system. On increasing the Co content 

both M and T show a collapse i n the composition region of YCo_. As s c z. 

previously mentioned, the points shown for YCo^ are questionable. I t i s 

more l i k e l y that both parameters are zero at YCo2. 

In the Gd(Fe,Co)2 and Gd(Cp,Ni)2 systems, the Gd moment is assumed 

to be IJiA^ per atom. The t r a n s i t i o n metal moment was deduced by assuming 

an a n t i p a r a l l e l alignement of Gd and t r ans i t i on metal magnetic moments. 
3+ 

The f i r s t assumption i s j u s t i f i e d by the f a c t that the Gd ion is an 

S state i o n , and therefore not affected by the crysta l f i e l d . . The second 

assumption i s j u s t i f i e d by the considerations of section 1.1 concerning 

the M va r i a t i on i n gadolinium compounds with Fe, ^o and Ni ( f i g . 1.3). 
5 

This va r i a t ion shows^in each case^a deep minimum which can be readi ly 

interpreted i n terms of an an t ipa ra l l e l alignement of the Gd and t r ans i t i on 

metal moments. I t is reasonable to assume that th is type of alighement 

holds also f o r the pseudobinary compounds. By making theabove two 

assumptions, the moment per t r a n s i t i o n metal atom ar is ing from non-4f •• 
electrons can be deduced. I t i s uncertain, however, what f r a c t i o n of 
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t h i s moment can be ascribed to 3d band po la r iza t ion , and what f r ac t i on to 

the po la r i za t ion of the conduction band induced by exchange with the Cd 

spins* 

In the Gd(Go,Ni)2 system the moment per t r ans i t i on metal collapses 

on increasing the Ni content ( f i g . I . I O ) i n much the same way as that i n 

the Y(Fe!,Co)2 system. On replacing Fe with Go, or Co with N i , the valence 

electron concentration increases by one electron per atomic replacement. 

The collapse occurs on increasing the valence electron concentration. 

Subst i tut ing Gd f o r Y resul ts i n the collapse being delayed on increasing 

the valence electron concentration. The. var ia t ion of-ftie t r ans i t i on metal 

moment i n the Y and Gd systems i s very s imi lar i n the region of -the t r ans i t ion 

metal moment collapse. In te res t ing ly the moment collapse i n Gd(Co,Ni)2 is 

not accompanied- by any abrupt decrease i n the Curie temperatures, but only 

by a continued gradual decrease. 

The t r a n s i t i o n metal moment behaviour i n the Y and Gd pseudobinary AB^'s 

was interpreted by Piercy ( re f . 1.15) i n terms of the r i g i d band model, 

assuming the 3d electrons to be i t i n e r a n t . The i n i t i a l r i se i n moment from 

YFe2 on subs t i tu t ing Co fo r Fe was able to be interpreted by making the 

assumption that there was a minimum i n the density of states N ( E ) and that 

the paramagnetic Fermi level was situated at an energy above that of the 

minimum.- On switching on the posi t ive exchange in te rac t ion , electrons are 

t ransferred from the ^ - s p i n sub-band to the -spin sub-band u n t i l the Fermi 

level of the ^-spin sub-band encounters the low N ( E ) on the high energy side 

of the minimum. Further t ransfer ia then energetically unfavourable and we 

are l e f t with holes i n both sub-bands. On subst i tut ing Co for Fe i n YFe^ 

the extra valence electron of occupies the 3d band and decreases the number 

o f holes. The Ep of the )t-spin sub-band remains at the minimum i n N(E) while 

the extra valence electrons occupy the t - sp in sub-band at the rate of 1 per 

Co-Fe replacement. Since the moment i s given by the excess number of t-spins 

wi th respect to ^^'-spins, and since the t-spins are-increasing at the rate of 

1 per Go - Fe replacement, we obtain an increase i n the moment per t r ans i t ion 
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metal at the rate of 1 ^ per Co-Fe replacement. This corresponds, i n f i g . 1.10 

to the dotted l ine from the point {l,y^) f o r YFe^ with a gradient of 45°. The 

i n i t i a l v a r i a t i on of the moment i s seen to fo l l ow such a l i n e . A point 

is reached, however, where the t - s p i n sub-band i s f i l l e d , so that any 

fur ther addi t ion of valence electrons to the 3d-band occurs i n the ^ - s p i n 

sub-band. This thencfecreases the moment at a rate of per Co-Fe 

subs t i tu t ion . This expected va r i a t ion cannot be f i x e d without knowing the 

number of holes i n the 3d-band of YCo^. Piercy used some conclusions from 

an experiment of Oesterreicher and Wallace ( ref . 1.1-6), in-which i t .was 

deduced that the number of 3d holes i n GdCo2 was 1.1 per Co atom. This 

experiment consisted of subs t i tu t ing Al for Co i n GdCo2 and observing when 

the Co moment became zero, assuming that 3 electrons per Al atom go into the 

3d band. Assuming th i s value f o r the number of 3d holes i n GdCo^, i t was 

stated that there was no good reason f o r expecting Y C 0 2 to have a d i f f e r e n t 

number of holes i n the 3d-band. Thus9 i f YCo^ has 1.1 holes per atom in the 

3d band, YFe2 must have 2.1 holes per atom, and the expected decrease with 

a gradient of -45° is shown i n f i g . 1.10 as the dashed l i n e . The actual 

moment va r i a t ion does not fo l l ow these two l ines over the whole (Fe, C Q ) 

range. The main differences are: ( l ) the departure begins at approximately 

20% Co i n Fe, and f o r a l l higher Co contents the actual moment i s lower 

than the theore t ica l values'. This suggests that the f - s p i h sub-band,'while 

i t f i l l s up does not f i l l completely before the \j ' -spin sub-band begins to 

be occupied. This fe consistent with a low N(E) near the top of the 3d-band; 

(2) there i s a catastropic decrease i n the moment on approaching YCo^. 

This was in terpreted as the r e su l t of an uncoupling of the two spin sub-bands, 

80 that both sub-bands -contain holes. The uncoupling appears to be complete 

at YCo^, though the 3d-band i s not yet f u l l , containing 1.1 holes per atom. 

Thus the density, of states must be low at the Fermi level of YCo^, since 

no spontaneous polar iza t ion of the 3d-band exis ts . 

The i n i t i a l r i se i n T from YFe' , as Co i s subst i tu ted, i s consistent 
c z. 

with an increased s p l i t t i n g of the 3d band. This would have to occur i f the 

^ -sp in sub-band Fermi energy remained locked i n the minimum of 1^(E), as 
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the above in te rp re ta t ion assumes, v\hile the f - s p i n sub-band is being populated. 

The observed decrease of T to zero on approaching YCo^ i s consistent with 
C 2. 

the in t e rp re t a t ion of an uncoupling of the 3d-band. 

(b) The Pure 3d Metal Alloys . 

Pig. 1.12 shows the average spontaneous t r a n s i t i o n metal moment and 

the Curie temperatures T of the al loys (Fe, Co) and (Go, N i ) . These are 
c 

p lo t ted as a func t ion of valence:- electron concentration, which increases by 

one f o r each step Fe to Co, and Co to N i . The short ve r t i c a l lines- mark the 

compositions at which the c rys t a l structure changes. The o(-phase,as i n i r o n , 

i s b.C.C.; the ^T-phase, as i n Ni is f . c . c . and the H-phase i s the hexagonal 

phase of cobalt . The Curie temperature var ia t ion has a large discontinuity 

at the '^/i t r a n s i t i o n . The other discont inui ty occurs at the composition 

of pure Co, The phase change does not a f f e c t the M var ia t ion so dras t ica l ly 

as i t a f f ec t s the T v a r i a t i o n , giving only a small discontinuity i n M . 
c- s Both M and T have a peak at the same approximate composition i n the s c 

o(-phase. The va r ia t ion of M on the Fe side of the peak is a +45° l i n e , 
s 

and that on the Co side is a -45° l i n e , t h i s l a t t e r extending with a 

general gradient w^iich is a l i t t l e steeper than 4 5 ° , a s fa r as N i , On 

subst i tu t ing 'Cu f o r Ni t h i s l i ne extends with a gradient of exactly -45° 
as fa r as Cu ,Ni , at vAiich composition the ferromagnetism disappears. .0 .4 

This behaviour i s surpr is ingly close to the type of behaviour i n the theoret ical 

model used f o r in te rpre t ing the magnetic properties of Y(Fe,Co)2. This series 

of compounds did not f o l l o w the theore t ica l behaviour very well and i t was 

deduced that t h i s was due to an uncoupling of the sub-bands.- However, i n the 

pure t r a n s i t i o n metals we can evidently apply the same type of model as was 

used i n the YB^'s, with f a r greater success, since no uncoupling appears to 

occur. 

To summarise, t h i s model involved the assumption of r i g i d bands f o r the 

3d e lectrons , i n which there i s a minimum in, the density of states N ( E ) . In 

Fe, both spin-tand spin4 sub-bands- contain holes. The paramagnetic Fermi 

leve l is s i tuated i n a region of the N ( E ) curve above the assumed minimum 

i n N ( E ) . The exchange interaction f i l l s the spin-t sub-band at the expense 
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of the spin-Jr sub-band u n t i l the Fermi leve l i n the spin-^ sub-band encounters 

the minimum i n N ( E ) . On subst i tut ing Co fo r He, the Fermi level of the spin-j 

sub-band remains locked at the minimum and the added valence electrons populate 

the spin-t sub-band, thus increasing the spontaneous moment at the rate of 

valence electron added. When the spin^ sub-band Fermi level encounters 

the top of the 3d band, the spin4 sub-band begins to populate, so that M 
s 

varies now at the rate of - l /^g /va lencee lec t ron added u n t i l the 3d band i s 

f u l l , Munich occurs at 60% Gu i n N i . 

1.4>5 The Gcjg (Fe ,Co ) Gorpppynd? 

To the rare ear th-r ich side of the A stoichiometry there exists a 

composition A^B which occurs fo r both cobalt and n icke l . The crys ta l 

structure i s orthorhombic, isomorphic with the Fe^C structure ( r e f , 1.19). 

Meta l lurg ica l studies show no evidence of the existence of any A^Fe compounds. 

The magnetic properties of these compounds have been investigated by 

Feron et a l . ( r e f . 1.20) on polycrys ta l l ine samples down t o - l i q u i d helium 

temperatures and by Strydom et a l . ( r e f . 1 . 2 1)9 v\̂ ose measurements were 

performed upon a Gd̂ Go single c r y s t a l , but only down to l i q u i d nitrogen 

temperatures (77K). Feron and his collaborators worked with magnetic 

f i e l d strength up to 70 KOe i n s t a t i c f i e l d s . Some resul ts of Feron et a l . 

are shown i n f i g . 1.13, from v^iich i t can be seen that many of the A^Co 

and A^Ni compounds show metamagnetic behaviour at 4.2K. They interpreted 

the c r i t i c a l f i e l d (~5KGe) and the i n i t i a l suscept ib i l i ty of Gd̂ Co i n 

terms of the Neel two-sublattice theory of antiferromagnetism. From t h i s 

they deduced a value f o r the in te r - sub la t t i ce molecular f i e l d coe f f i c i en t 

and also a value f o r the anisotropy energy, v*iich was of the same order 

of magnitude as that of meta l l ic gadolinium. Any attempt to.apply .the 

Neel theory to the other rare earth A^B compounds was deemed not to be 

worthv\rf^ile because the c rys t a l f i e l d e f fec t s upon the rare earth moment 

can lead to very complex spin structures with an associated complicated 

va r i a t i on of magnetization.with f i e l d . The many variet ies of M vs H 

curves f o r the d i f f e r e n t rare earths, seen i n f i g . I . l 3 , suggest that t h i s 

i s the case.' 
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Neutron d i f f r a c t i o n ( r e f . 1.22) revealed a complex non-collinear spin 

structure i n Er^Ni ( f i g . 1.14) as well as a non-collinear spin structure 

i n Er^Co. 

The M vs H curve of Gd2Ni shows an i n d i s t i n c t c r i t i c a l f i e l d at 

approximately 25 KOe, and measurements showed the magnetization to be s t i l l 

r i s i n g rap id ly on increasing the f i e l d up to 70 KOe, so that saturation 

was not approached. The single crys ta l measurements of Strydomet a l . 

showed tha t the c r i t i c a l f i e l d i n Gd̂ Co at 77K was observed when the f i e l d 

was applied i n the ' b ' and ' c ' direct ions but not i n the 'a\ d i rec t ion . Thus 

the subla t t ice magnetizations i n Gd̂ Co must l i e i n the (b,c) plane, though 

i t i s s t i l l uncertain whether or not there are only two magnetic sub-lat t ices. 

The work, described i n th i s thes is , on the Gd^CFe, Co, Ni) pseudobinary 

compounds, was performed with the aim of understanding the o r i g i n of the 

c r i t i c a l f i e l d j i n the Gd^B compounds,by observing how these changed as a 

f u n c t i o n of valence electron concentration . On subst i tut ing Fe f o r Co, 

and Ni f o r Go, i n Gd̂ Co i t was intended to investigate how far along these 

s o l i d so lu t ion composition ranges would the Neel theory be applicable, 

and to investigate whether or not the anisotropy would, change with valence 

electron concentration., 
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C H A P T E R TWO 

TECHNIQUES AND EXPERIMENTAL .METHODS 

2.1 Specimen Preparation 

Specimens were prepared i n the form of buttons-of approximately 3 gm 

weight by melting the components together i n an arc furnace. The 

stoichiometric quanti t ies were weighed to an accuracy of + 0 . 5 mg. The 

rare earth or y t t r ium components were obtained with a puri ty of 99.9^ 

and the t r a n s i t i o n metals ( i r o n , cobal t , and nickel) were obtained with 

a p u r i t y of 99.998^ from Koch-light Laboratories L td . A l l the samples 

consisted of a rare earth or y t t r ium component with ei ther one or two 

t r a n s i t i o n metal components. 

The melting took place on a water cooled copper hearth under an argon 

atmosphere at a pressure of about 400 t o r r . The argon was obtained as 

' 'Purargon' with an oxygen content of no more than 3 p.p.m. The arc furnace 

was pumped down to 10 ^ t o r r then flushed with purargon to 700 t o r r , pumped 
-3 

down to 10 t o r r again and then f i l l e d to 400 t o r r with 'Purargon'. This 

procedure ensured that the oxygen"content of the atmosphere i n the furnace 

was down to the same order of magnitude as that of the Purargon. This [ 

oxygen content was then removed as f a r as possible by gettering for about 

ha l f a minute with molten tantalum before melting the sample components 

together. 

The sample melting was done at as low a temperature as possible to 

minimise loss of material by evaporation. This-resulted i n a serious loss 

of weight f o r t r a n s i t i o n metal r i ch stoichiometries i f too high a current 

was used.' This loss of weight was always associated with a black deposit 

on the cold copper hearth near the sample. The weight loss was usually 

no greater than 1%, and fo r the rare earth r i ch stoichiometry A^B the 

weight loss was rarely greater than 0 . 1 ^ . Each sample was melted and 

inverted three times to ensure homogeneity. 

Annealing of samples was done on half-buttons wrapped in molybdenum 

or tantalum f o i l and placedi in a quartz tube. Several samples were 
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placed i n one annealing tube and each was spaced from i t s neighbour by a 

short length of quartz tube closed at one end which f i t f r ee ly inside the 

annealing tube. 

The anneal-l-ng-tube-was f i l l e d with •Purargon^_and gettered by the same 

procedure as described above for preparing a sample button! The argon was 

then pumped out to 10 t o r r and the samples isolated from each other and 

the atmosphere by collapsing the quartz tube onto the spacers. The samples 

were then ready f o r annealing. 

2.2. Etetermination of Crystal Structure and Lat t ice Parameters 

The c rys ta l structure of the end members of each pseudobinary series 

was obtained from the l i t e r a t u r e . X-ray photographs were obtained from a 

ro ta t ing powder sample using a P h i l l i p s 360 mm circumference Debye-Scherrer 

X-ray camera and cobalt Kofradia t ion . 

A l l of the samples -could be indexed either wdth hexagonal or orthorhombic 

la . t t ice parameters and the X-ray l ines of the compounds were indexed by means 

of a hexagonal system Bunn Chart f o r a l l the stoichiometries studied -except 

the A^Bo For the A^B pseudobinary compounds the X-ray d i f f r a c t i o n patterns 

of the terminal, compounds were indexed with the help of the l i t e r a t u r e , i n 

the orthorhombic system. The remaining compounds were then readi ly indexed, 

2,-3 Outline of the Pr inc ip le of the Pulsed Field Magnetometer. 

In a pulsed f i e l d magnetometer the specimen i s subjected to an applied 

f i e l d which i s o s c i l l a t o r y with an exponentially decaying amplitude. This 

f i e l d i s produced inside a solenoid v^ich i s the inductive component of an 

RCL c i r c u i t . The energy stored i n a charged capacitor i s discharged through 

the magnet. The c i r c u i t i s closed by a mechanical contact switch or by the 

use of thyratrons. 

The sampler is placed inside a pick-up c o i l system which can be p r inc ipa l ly 

divided in to two parts? the magnetization measuring part and the f i e l d strength 

measuring part . The voltage induced i n each part i s proportional to the 

d i f f e r e n t i a l with respect to time of the magnetization of the sample and the 

f i e l d strength respectively. 
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The magnetization pick-up c o i l system is wound such that the applied 
f i e l d has no e f f e c t upon the induced voltage, the induced voltage being 
dependent only upon the presence of the sample. This pick-up c o i l system 
consists of a pair of pick-up coi l s wound i n series opposition such that 
the output i s zero i n the absence of a sample. When the sample is placed 

• inside one of these opposing coi l s theoutput is a- measure of the 
magnetization, of the sample. 

The outputs of the f i e l d strength and magnetization .pick-up coi l s are 

each integrated e l ec t ron ica l ly . These two signals are then applied to the 

X and Y inputs of a cathode ray oscilloscope i n order to display a magnet­

i z a t i o n - f i e l d curve on the screen. 

2.4. extermination of Curie Temperatures and Neel Temperatures 

2.4.1 A.G. Suscept ib i l i ty Technique 

The pr inc ip le of th i s technique i s described here b r i e f l y . A detailed 

descr ipt ion can be obtained from r e f . j l . I . A small transformer is powered.< 

by a 500 Hz sinusoidal voltage vihich induces an A.C. f i e l d i n the core of 

the transformer vhose magnitude i s less than 1 oersted. The core of the 

transformer consists of the sample i n powder form. Thus the secondary of 

the transformer gives an output voltage which i s proportional to the 

permeabili ty of the core. In order to obtain a signal vtiich i s due mainly 

to the sample, the e f f e c t of the permeability of f ree space i s removed by 

combining t h i s transformer with a nu l l ing transformer vhose contribution 

to the t o t a l output can be adjusted by means of a moveable f e r r i t e core. 

This i s adjusted so that the t o t a l output of the two transformers i s as ? 

small as possible i n the absence of a sample. The output i n the presence 

of a sample i s then proportional to TCJ^Q the i n i t i a l susceiDtibility of 

the sample i n an A.C. f i e l d . This output is detected by a phase-sensitive 

detector and ampl i f i ed . . The amplif ied signal i s applied to the Y input 

of an X-Y pen recorder. The temperature of the sample is obtained from a 

thermocouple v\ho.se sensing junct ion is placed i n the powder sample. 

The output voltage of the thermocouple i s applied to the X input of the 
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X-Y recorder. Thus-, as the temperature varies the vs T p lo t i s traced 

out. 

Two transformers were avai lable , one for use at low temperatures and the 

other fo r use at high temperatures. The thermocouples used were gold-

copper/copper fo r 4.2K to 77K, copper/constantan fo r 77.K to 60QK, and 

chromel-alumel f o r temperatures i n excess of 60GK. 

From the form of the/C' vs T p lo t and from what was known about the 
AC 

magnetic properties of the mate r ia l , one decided whether the sample was ordered 

ant iferromagnetical ly or ferromagnetically. In the Case of antiferromagnetic 

samples a sharp peak i s expected, the temperature corresponding to the peak 

being the ordering temperature or Neel po in t , T^, In the case of ferromagnetic 
samples i t i s not quite as simple to deduce the point at which ordering occurs. 

The ordering-temperature T of a ferromagnet is the temperature at which 
c 

spontaneous magnetization j u s t disappears. The i n i t i a l suscept ib i l i ty of a 

ferromagnet i s a func t ion of several quanti t ies including the spontaneous 

magnetization and the magnetocrystalline anisotropy.. The l a t t e r term varies 

i n a complicated manner decreasing rapidly with increasing temperature jus t 

below T^. "PCp^Q i s an inverse funct ion of the anisotropy energy but i s 

proport ional to the spontaneous magnetization. The rapid decrea^se i n 

anisotropy resul ts i n a rapid r i se in '^^J^ich peaks and then rapidly 

decreases due to the drop i n spontaneous magnetization jus t below T , 
c 

Since paramagnetic suscep t ib i l i t y is present above T^ the var ia t ion of 
as a func t ion of T is smooth on passing T . Thus the determination of T 

c c 

depends upon some a rb i t r a ry c r i t e r i o n . The generally accepted c r i t e r i o n 

i s to take ttie . 'fxjint of i n f l e c t i o n on the high temperature side of the peak 

to be the Curie temperature. 

This is not a rigorous method of determining T , but i t is rapid and 
c 

therefore convenient when a large number of compounds ts to be studied. 

This technique i s useful also fo r detecting magnetic impurities i n a 

sample since the impuri t ies can contribute a large suscep t ib i l i ty even 

when present i n very small quant i t ies . The impurity may give r ise to an 

extra peak i n "% ĉ which can be used i n order to i d e n t i f y the impurity. 
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2.4.2 Pulsed Field Maonetometer Technique 

As described b r i e f l y i n 2.3 the pulsed f i e l d magnetometer gives an 

oscillogram displaying magnetization vs f i e l d f o r a sample up to high f i e l d 

values of the-order o f 100 kOe. This trace is obtained for various temperatures 

near the ordering temperature.' In the'case of antiferromagnetic ordering 

the i n i t i a l suscep t ib i l i t y is measured from.the^oscillogram traces as a 

f u n t t i o n of T and v^iere this,'peaks the ordering temperature i s termed the 

N^el point T^, In the case of ferromagnetic ordering the region of the 

magnetization curve where domains are believed to be absent i s used. 

Magnetization M vs T i s p lo t ted f o r various given f i e l d values i n th i s 

region. The intercept T ^ ( H ) of vs T on the T axis i s obtained f o r each 

f i e l d value H . ^ ( H ) i s p lo t ted against H and the p l o t , v\^iich i s generally c 

l i n e a r , i s extrapolated to H = 0. The value of T (O) i s the Curie temperature. 
c 

2.4.3 Comparison of the A.C. Suscept ib i l i ty and Pulsed Field Magnetometer 

Techniques 

For rigorous accurate measurements of ordering temperatures the A..C. 

s u s c e p t i b i l i t y technique .is, not acceptable. This applied even to the 

determination of N^el poin ts , f o r the fo l lowing reason: TheX.^ vs T plots 

usually show, some hysteresis, ThusTC^^-. i s not a unique funct ion of 

temperature. The form of the v s T curve depends upon the thermal his tory 

of the sample, depending, upon vshether the temperature of the sample is r i s i n g 

or lowering when passi ng. T^ l̂ i t . a l s o depends upon how far from the Neel 

point the temperature was v\̂ ien -the temperature run was commenced. This i s 

to be expected i f one. considers that the A,.C. f i e l d applied to the sample 

i s very small and i s not s u f f i c i e n t to in te r fe re with the spin system of the 

sample to any s i g n i f i c a n t extent. Thus i f the spin, system when.ordering 

adopts a given domain configurat ion jus t below fur ther lowering temperature 

might give, r i se to ftxns new configurations. I f then the temperature i s 

raised again to the same value j u s t below Tj^ i t i s l i k e l y that some hysteresis 

wil- l r e su l t i n the two domain configurations being d i f f e r e n t . Thus%^^ 

may be d i f f e r e n t and depend upon the h is tory of the sample. In contrast, 

using the pulsed f i e l d magnetometer, the e f f e c t of the f i e l d i s so drastic 
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that w i t h i n one pulse the antiferromagnetic material can undergo a t r ans i t ion 

•to the ferromagnetic state and thus completely erase any memory which the 

spin system might have of i t s thermal h i s to ry . Thus measurements using the 

pulsed f i e l d magnetometer give magnetization vs f i e l d curves which are a 

unique func t ion of temperature and hence are suitable fo r the unambiguous 

measurement of Curie and Neel points . 
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C H A , P T E R T H R E E 

THE PULSEIi) FIELD MAGNETOMETER 

3 . 1 . The Magnet.and.the Field.Producing C i r cu i t 

3,1.-1 Construction and' Mounting of the Magnet 

The magnet was machined out of a sol id cylinder of be"rylLium-copper 

(2?^Be). This material was chosen because . i t s high tensi le strength would 

prevent-dis tor t ion of the magnet while i n operation, A he l ix of 10 turns 

per inch ( t o t a l 36 turns) was cut from the cylinder (57 mm diameter) by 

machining a thread(width., 1,27 mm) to a depth of 15 mm, leaving a core . 

of 26 mm diameter. The.threaded cylinder was potted i n a ra ld i t e . A f t e r 

allowing the a ra ld i t e : to harden, the one-inch core was d r i l l e d out , 

leaving a h e l i x supported i n a r a ld i t e . The he l ix was then freed by 

burning o f f the a r a ld i t e . 

Two brass bar leads were hard-soldered to each end of the he l ix . 

A one-inch diameter steel mandril was made with screw threads at each end. 

This, was greased and-then inserted into the h e l i x . Nylon insulat ion of 

thickness o.5 mm was threaded between the turns. Two' c i r cu l a r , one inch 

th ick t u f n o l end plates each with a central hole of one inch were placed 

at e i the r end of the he l i x such that the threaded, ends of the mandril 

protruded. Two steel nuts were threaded onto either end of the mandril 

and were used in order to compress the he l ix t i g h t l y such that neighbouring 

turns were separated only by the insula t ion . The purpose of th is 

precompression was in order-to reduce any axia l rebound which w i l l occur. 

, .There also w i l l , be large radial 'explosive forces due to the presence 

of high f i e l d s . In order to give added strength against these forces the 

he l i x was wound on the.outside with glass f i b r e impregnated with a ra ld i t e . 

£ach of the t u f n o l end plates haid'six O.B.A. clearance holes d r i l l e d 

p a r a l l e l to the axis and near the circumference. One O.B.A. threaded 

rod'", was inserted into each of these holes. The he l ix was fu r ther 
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compressed by means of s ix O.B.A. studs passing through the end plates. 

The magnet was held ( f i g . ^ . / ) with i t s axis ve r t i ca l and was supported 

from above via three t u f n o l rods v^ose upper 'ends were secured to a steel 

framework. The lower ends of the rods were secured by means of ara ldi te 

and screws to a r i n g of t u f n o l . This r ing f i t t e d around, the upper end-

plate of the magnet to which i t was attached by nylon^' screws^ Thus the 

magnet hung down and was secured from above. This allowed the magnet to 

be immersed i n a bath of l i q u i d nitrogen. As w i l l be noticed above, 

the magnet iMien mounted was surrounded i n i t s immediate v i c i n i t y only 

by non-metallic material as f a r as was possible. This was necessary i n 

order to reduce secondary f i e l d s due to eddy currents. 

The photograph i n fig .^-ishows the parts of a s imilar magnet before 

being assembled. The.difference between the magnet -in the photograph and 

that described above are: the length of the h e l i x , the photograph showing 

a magnet wi-'!±i fewer turns; and the end plates i n the photographs being 

of s tee l , 'fhe mounted magnet can be seen in fig.3.3 which is a general 

photograph of the apparatus with the l i q u i d nitrogen bath fo r the magnet 

removed. 

3,1.2 Production of the Magnetic Fie ld 

A capacitor bank (200'Ojldl^s charged to a maximum of 2KV by means of a 

power supply whose c i r c u i t is shown i n fig.3.4.^he energy stored i n the 

capacitor is discharged through the magnet via thick brass leads and by 

means of a mechanical contact switch consisting of two molybdenum plates 

i n a i r . The plates are brought in to contact by means of a D.C. solenoid 

whose core i s mechanically connected to one of the plates. The magnet i s 

immersed i n l i q u i d nitrogen when being operated i n order to decrease the 

resistance contributed to the c i r c u i t by the magnet, thus increasingt'the 

f i e l d . 
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3.1.3 The Form of the Magnetic F i e l d 

The form of the f i e l d as a f u n c t i o n of time i s i d e a l l y , given by the 

s o l u t i o n of the RCL c i r c u i t d i f f e r e n t i a l equation t o obtain the c u r r e n t ; 

I = e"^^ s i n wt o ( l ) 

viheve X = V2L 

and ( i - ^ ) 

The magnetic f i e l d i s t h e r e f o r e given by 

H ( z , t ) = H^(z) e"*^^ s i n wt 00 (2) 

a t a given p o s i t i o n z on_ the axiz. The period of the f i e l d i s 1.-25 ms 

and the peak f i e l d i s 160 kOe. The second h a l f cycle has a peak value of 

-120 kOe. 

I n p r a c t i c e the form i n time of the magnetic f i e l d i s d i f f e r e n t from 

the i d e a l form f o r three reasons: 

1) The Joule heating varies the resistance R during the pulse. 

• 2) Eddy currents induced i n the m e t a l l i c h e l i x by the o s c i l l a t i n g f i e l d 

c o n t r i b u t e t o other components of the magnetic f i e l d . 

3) Varying c u r r e n t d i s t r i b u t i o n i n the conducting cross-section of the 

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

of H as a f u n c t i o n of t . 

4) The switch only conducts when the voltage across i t i s greater than a 

t h r e s h o l d voltage. Each o s c i l l a t i o n involves a progressively 

ddereasing peak voltage across the s w i t c h and when t h i s drops below 

the t hreshold value the- o s c i l l a t i o n i s cut o f f as seen i n the 

o s c i l l o g r a m {iig.dS)" This c u t - o f f can occur as the f i e l d approaches 

zero e i t h e r n e g a t i v e l y or p o s i t i v e l y . The r e s u l t i s t h a t one r a r e l y 

obtains more than seven o s c i l l a t i o n s , the u l t i m a t e having a peak 

of about 3kOe. 

The form of the f i e l d i n space shows a plane of symmetry ( f i g . 3 - ^ ). 

Where t h i s plane.of symmetry i n t e r s e c t s the magnet axis the f i e l d has 

i t s maximum u n i f o r m i t y and magnitude. 
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3,1.4 Theorv of Secondary F i e l d s due to Eddy Currents 

We must add t o the i d e a l form of the f i e l d given i n equation (2) extra 

terms t o take i n t o account the secondary magnetic f i e l d s due to eddy currents 

i n the m e t a l l i c h e l i x . The t o t a l magnetic f i e l d can then.be represented 

approximately by . , . 

H ( z , t ) = H^(z,t) + H^(z,t) - H2(z,t) 

= H ^ ( z ) e " ^ ^ s i n wt + H ^ ( z ) e " ^ * s i n (wt+jzl) - .H2(z)e"^^ 
The f i r s t term i s the l a r g e s t and represents the ide a l RCL discharge. 

The second term i s very small compared with the f i r s t and has a phase 

s h i f t of The eddy currents are p r o p o r t i o n a l t o the voltage induced i n 

any m e t a l l i c cross-sections and these are given by the d i f f e r e n t i a l with 

respect t o time of the main applied f i e l d H^Czjt). Thus the form of the term 

H ( z , t ) i n time i s obtained by d i f f e r e n t i a t i n g H^(z,t) w i t h respect t o time. 
1 ^ 

The t h i r d term i s a small a r b i t r a r y term \Adiich was added i n order to 

maintain the c o n d i t i o n H(z,t) » 0 f o r t =• 0 and t = c o . \\is H^Cz) = H^{z) sinj^. 

A d e t a i l e d a n a l y s i s of higher order terms would give a more complicated term 
f o r H ( z j t ) than i s given here. 

2 
A l l these amplitude terms H ( z ) j H, ( z ) , H„(z), are a f u n c t i o n of the 

o 1 2 

v e r t i c a l p o s i t i o n z on the a x i s of the magnet. We s h a l l confine ourselves 

to the axis f o r the present.purposes because t h a t i s the region of the f i e l d 

to be used. 

Let us examine i n t h i s paragraph the s i t u a t i o n f o r vhich the r a t i o 

H^(z)/H^(z) and also H^(z)/H2(z) i s a constant f o r a l l z , 

The t o t a l f i e l d can be w r i t t e n : 

H ( z , t ) = H^(z) e""^^ s i n wt + h^ s i n (wt + - h^ .. .. (3) 

h^ and h^ are the r a t i o s H^(z)/H^(z) and H2(z)/H^(z). S i m p l i f y i n g the above 

equation we o b t a i n : 
H ( z , t ) = H ( z ) e " ' ^ * (1 + S) s i n (wt + JẐ ') - h^ 

0 ^ 

vheve ̂ ' i s a f u n c t i o n of 0 and h^; § i s a small q u a n t i t y , also a f u n c t i o n 

of and h^. As could be seen from equation (3) the variables z and t can be 

separated and H ( z , t ) i s a product of two f u n c t i o n s , one of z and one of t . 
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The shape of the time v a r i a t i o n of the f i e l d w i l l not be a f u n c t i o n of p o s i t i o n . 
The eddy currents simply c o n t r i b u t e t o a t o t a l phase s h i f t 

However, since H^(z) and H^(z) h a v e i e n t i r e l y d i f f e r e n t o r i g i n s (H^(z) 

arises from the main c u r r e n t through the solenoid, H^(z) arises from eddy 

currents i n the' elementary c i r c u i t s w i t h i n the cross-sectioq of the turns 

of the h e l i x depending c r i t i c a l l y upon the dimensions and o r i e n t a t i o n ' of 

the t u r n s ) the r a t i o H^(z)/H^(z) i s not l i k e l y to be a constant f o r a l l z. 

I f i t i s not a constant f o r a l l z then we cannot separate H{z,t) i n t o a 

product of a f u n c t i o n of z and a f u n c t i o n of t as we could above, h^ above 

w i l l then be a f u n c t i o n of z, thus j6' the phase s h i f t w i l l be a f u n c t i o n 

of z also. Thus the f i e l d as a f u n c t i o n of time w i l l not have the same 

form f o r d i f f e r e n t p o s i t i o n s z. 

The form of H as a f u n c t i o n of t may also vary f o r d i f f e r i n g z as a 

r e s u l t of another e f f e c t ; the current d i s t r i b u t i o n yvithin the conductihg 

cross- s e c t i o n of the turns of the h e l i x i s not constrained to be of a 

given form and may vary during the pulse. I f i t varies i n a d i f f e r e n t 

way f o r d i f f e r e n t parts of the h e l i x then t h i s w i l l give r i s e to another 

component of H ( t ) Wnose shape i n time depends upon z.' Ei t h e r of these two 

e f f e c t s could c o n t r i b u t e t o the d i f f i c u l t y of e l e c t r o n i c a l l y balancing the 

pick-up c o i l s as w i l l be seen l a t e r . 

3.1.5 R e p e t i t i o n Rate 

Due t o Joule heating during a pulse the magnet w i l l be warmer at the 

end of the pulse. Thus the resistance w i l l vary. This a f f e c t s the main 

f i e l d t o a very small extent but i t has a large e f f e c t upon the secondary 

f i e l d s . As w i l l be mentioned l a t e r these secondary f i e l d s c|ive r i s e t o 

noise signals-, f o r vihich c o r r e c t i o n s are made. I n order t h a t these noise 

s i g n a l s may be repeatable the magnet must be at the same temjaerature at the 

beginning of each pulse. The magnet i s immersed i n l i q u i d nitrogen while 

i n o p e r a t i o n and i t was found t h a t a r e p e t i t i o n r a t e of one pulse every 

2 minutes was s u f f i c i e n t to render the r e s u l t s repeatable f o r 160 kOe pulses. 

For smaller pulses higher r e p e t i t i o n rates were admissible, i t being 

s u f f i c i e n t t o l i s t e n to the b o i l i n g of the l i q u i d n itrogen and wait u n t i l 
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i t has dropped to the normal b o i l i n g r a t e before f i r i n g the next pulse. 

3,2. Magnetic F i e l d Measurements 

3.2»1 The -H pick-up iGoAI 

The strength of the f i e l d applied to the sample i s -obtained by means 

of a pick-up c o i l s i t u a t e d near the sample but not so near as to be af f e c t e d 

by the magnetization of the sample. This pick-up c o i l consists of a t o t a l 

of 30 turns of 44 S.W,.G. in s u l a t e d copper wire wound ori a quartz tube of 

diameter 7.5 mm co a x i a l w i t h the magnet. The c o i l i s not i n the region of 

maximum f i e l d since the sample i s i n the maximum f i e l d region. However since 

the main component of the magnetic f i e l d ha:s a time dependence v^ich i s not 

a f u n c t i o n of p o s i t i o n the f i e l d at a given time t i n the H c o i l i s p r o p o r t i o n a l 

to t h e f i e l d a p p l i e d to the sample at the same time t . 

The H c o i l i s d i v i d e d i n t o two halves: 15 turns wound...above the plane 

of symmetry of the f i e l d and 15 turns wound below t h i s plane. This eliminates 

any f i r s t order dependence of the H s i g n a l upon s l i g h t v e r t i c a l movements of 

the H c o i l i n the magnetic f i e l d . Thus i f the pick-up c o i l system i s rais e d 

s l i g h t l y the increase of f l u x i n the lower c o i l i s balanced-out to f i r s t 

order by an equal,and opposite decrease of f l u x i n the upper c o i l . The sign a l 

i s t h e r e f o r e not s e n s i t i v e t o s l i g h t v e r t i c a l displacements.- The distance 

between the two halves of the H c o i l i s 3.75 cm. 

3.2.2 I n t e g r a t i o n ofthe. Signal and S e n s i t i v i t y 

The output of the H c o i l v\rtiich i s p r o p o r t i o n a l to dH/dt i s e l e c t r o n i c a l l y 

i n t e g r a t e d (fig.3-7 ) t o give a sign a l p r o p o r t i o n a l to the f i e l d strength H. 

The 50K potentiometer i s used i n order t o adjust the D.C.. l e v e l of the 

ou t p u t i However, i t was found necessary t o shunt the O.Olju^f capacitor with 

a 10 M r e s i s t o r i n order to s t a b i l i z e the D.C. l e v e l of the output. I n the 

absence of the 10 M r e s i s t o r adjustment of the D.C. l e v e l was very d i f f i c u l t 

and vhen adjusted to zero i t would d r i f t e i t h e r p o s i t i v e l y or negatively and 

w i t h i n a few minutes would d r i v e i t s e l f to a s a t u r a t i n g voltage at which the 

c i r c u i t ceased to behave as an i n t e g r a t o r . The 10 M i l shunt allows a 
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c o n t i n u a l leakage of charge to earth so t h a t e q u i l i b r i u m can be set up more 

e a s i l y and the D„C. voltage can be maintained at the desired l e v e l . The 

lOA/ULin combination w i t h the O.OlyuF capacitor r e s u l t s i n a charge leakage 

with a time constant of 100 ms and t h i s i s s u f f i c i e n t l y long not to d i s t o r t 

the r e q u i r e d s i g n a l during the pulse of period 1.25 ms. 

There are three s e t t i n g s f o r the resistance R i n the H i n t e g r a t i n g 

c i r c u i t : 200K, lOOK, and 50K. These influence the attenua t i o n of the H 

s i g n a l , the magnitude of the output being i n v e r s e l y p r o p o r t i o n a l to R. I n 

p r a c t i c e the f o l l o w i n g H s i g n a l s e n s i t i v i t i e s are obtainable: 

CRO X axis 
s e t t i n g 

R 
U) 

H s e n s i t i v i t y 
(kOe/ cm) 

X 1 200 K 34 

X 1 100 K' 17 

X. 1 50 K 8.5 

X 5 200. K 7.45 

X 5 100 K 3.73 

X 5 50 K 1.86 

As w i l l be noticed the r e a l r a t i o of the two X-axis s e n s i t i v i t y s e t t i n g s i s 

4.5'6 r a t h e r than"5 as claimed by the .manufacturers. 

3.2.3. T r i g g e r i n q the Bright-up of the Oscilloscope Trace 

The spot on the os c i l l o s c o p e screen (Cossor CDU 110) was required to 

b r i g h t up f o r the du r a t i o n of the pulse. However i t was found t h a t when 

the mode switch was i n the'X-amp' p o s i t i o n the trace was always unblanked 

so t h a t the b r i l l i a n c e of the spot could only be v a r i e d by the b r i l l i a n c e 

c o n t r o l ; 

Before t r i g g e r i n g b r i g h t - u p was possible the f o l l o w i n g m o d i f i c a t i o n 

was r e q u i r e d : The blanking c i r c u i t was connected to the single sweep time-

base, thus.blanking the trace u n t i l the single sweep i s t r i g g e r e d by a 

si g n a l i n t o the X-amplifier. i n p u t . The unblanking period i s 10 X s e t t i n g 

on the time-base c o n t r o l . 
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The spot w i l l b r i g h t up f o r a trace i f the X-coordinate of the spot 
i s s e t , by adjusting, the DC l e v e l of the H in t e g r a t o r , , t o be j u s t to the 
l e f t of the p o i n t at which i t w i l l unblank. 

I n f o r m a t i o n about the p o s i t i o n of the o r i g i n of the H axis i s obtained 

by a d j u s t i n g the unblanking time such t h a t the spot remains b r i g h t f o r a 

short time a f t e r the end of the pulse. 

3,2.4 C a l i b r a t i o n of the H Signal 

Two methods of c a l i b r a t i o n were used. One consisted of; observing the 

M vs H curve f o r a substance which has a known c r i t i c a l f i e l d . A powder 

sample of Zn Cr^ Se^ was used. The magnetization of t h i s m a t e r i a l r i s e s 

l i n e a r l y with, i ncreasing f i e l d u n t i l a c r i t i c a l value ofthe f i e l d (64 kOe) 

at v\hich i t saturates. This behaviour occurs i n both pulsed and s t a t i c 

f i e l d s ( r e f 3 . | ) . From the magnetization trace the s e n s i t i v i t y of the 

H s i g n a l was d i r e c t l y deduced: 

34 + 1.3 kOe/cm on ( x l , 200K) s e t t i n g . 

From t h i s value was deduced the maximum a t t a i n a b l e f i e l d : 

160 + 6 kOe. 

The (other method .i which i s much less d i r e c t consisted of c a l c u l a t i n g 

the s e n s i t i v i t y of the H s i g n a l from f i r s t p r i n c i p l e s . This required the 

measurement, of many q u a n t i t i e s . The accumulation of large errors i s therefore 

inherent t o t h i s method which i s d escribed as f o l l o w s . 

The r e l a t i o n between V ( t ) and v ( t ) the i n p u t and output signals of the 

i n t e g r a t i n g c i r c u i t i s given by: 

v ( t ) " K ̂  ^^^^ 

K has dimensions of t i m e , and was ca l c u l a t e d as f o l l o w s : 

An AC voltage was ap p l i e d to the input. 

V ( t ) = V cos wt 
^0 

v ( t ) v s i n wt = — s i n wt-
% 

K = . w V o 



H Cor»staKt 
to (7o over 

H-col 

Pcstahce viiohi^ axis oi- Magnet 2S. (wim.) 

Fi<j. 3.^ ?((jt oj- H v5 Z a((?nj ax i s o-f ma^h^'t 

60 

Flc^ S.^ L i n e s 0^ B m ahc( arQUHg( a s^/iert'ca( 5a>h^ 
u;tilv u n i | o r m magnet'zatt'o/\' n" 



31 

and v^ were measured on the oscilloscope whose s e n s i t i v i t y s e t t i n g s had 

been checked by a d i g i t a l voltmeter. The f o l l o w i n g r e s u l t was obtained: 

K = 2.22 X 10"^ s. (+ 10^ e r r o r ) . 

The turn-area nA of the H c o i l was measured geometrically and was 

found t o be 

nA = 1.37 X 10"^ m̂  (+ 3% e r r o r ) 

The f i e l d along the axis of -the magnet was p l o t t e d using a simple 

pick-up c o i l w i t h 20 tu r n s . The magnet was- powered by AC (50 Hz) and the 

V(l)ltag6 induced i n the pick-up c o i l was p r o p o r t i o n a l t o the amplitude of 

the f i e l d , The voltage was noted f o r various p o s i t i o n s z of the pick-up 

c o i l on the axis of the magnet. ' 

The p l o t of f i e l d i n a r b i t r a r y u n i t s as a f u n c t i o n of z {fiqSS) was used 

in" order t o estimate the r a t i o R v\^ich i s given by: 

^ _ F i e l d a t the sample 
F i e l d at the H c o i l s 

The- value obtained i s : 

R = 1.17 (+ A% e r r o r ) . , . 

• The s e n s i t i v i t y S (volts/cm) of the X input to the oscilloscope was 

determined by using a d i g i t a l voltmeter: 

S = 1.44 Vcm (± 3^ e r r o r ) . 

The s e n s i t i v i t y (kOe/cm) of the H axis of the oscillogram i s given by: 

F i e l d K 5 R a o / ^ 
^T~^T^—= — — xlO (kOe/cm) X- d e f l e c t i o n nA * ' 

The r e s u l t obtained i s : 

27,3 kOe/cm (± 22^ e r r o r ) 

i . e . 27.3 + 6 kOe/cm, 

Since the maximum a t t a i n a b l e f i e l d corresponded to .4.7 cm d e f l e c t i o n : 

Maximum f i e l d = 128 + 29 kOe. 

This i s t o be compared w i t h the value obtained by the more d i r e c t method: 

160 + 6 kOe.. 
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3.3 Magnetization Meesurements 

3.3.1 Theory of Magnetization Measurement 

The f i u x i n a pick-up c o i l containing a sample i s the r e s u l t ' o f : 

a) The ap p l i e d f i e l d 

b) The magnetic moment of the sample 

c) The demagnetizing f i e l d of the sample. 

. Before the output voltage can be regarded as a measure of the magnetization 

of the sample the e f f e c t of the applied f i e l d must be removed such th a t the 

t o t a l v o ltage i s a r e s u l t of the presence of the sample only. I t must then 

be ascertained t h a t t h i s v o l t a g e , which i s a r e s u l t of the moment and-

demagnetizing f i e l d (both i n s i d e and outside the sample) i s p r o p o r t i o n a l 

to the moment. The magnetization can then be determined a f t e r c a l i b r a t i o n 

i f the mass of the sample i s known. 

The e f f e c t of the applied f i e l d i s removed by p u t t i n g i n series w i t h 

the pick-up c o i l c o n t a i n i n g the sample another pick-up c o i l wound i n opposition 
i 

t o t h e , f i r s t such t h a t the t o t a l output i s zero when no sample i s present. 

The output i s then a r e s u l t only of the presence of the sample. 

This s e c t i o n w i l l be devoted t o a t h e o r e t i c a l consideration of the f l u x 

i n a c o i l p r i s i n g from a sp h e r i c a l sample. The purpose of t h i s i s to e s t a b l i s h 

whether the c o n t r i b u t i o n ' t o the f l u x i n the c o i l due to the sample i s 

p r o p o r t i o n a l to the magnetic moment O" i r r e s p e c t i v e of the size of the sample. 

The e f f e c t i upon t h i s p r o p o r t i o n a l i t y of varying the shape can only be tr e a t e d 

e m p i r i c a l l y and w i l l be done i n the section on c a l i b r a t i o n . The d e f i n i t i o n 

of <r used i s 

where I i s the current i n amperes f l o w i n g i n an elementary c i r c u i t of area 
2 

S i n m . ( I n some l i t e r a t u r e 14 i s omit t e d ) . 

The c o n t r i b u t i o n to the output of ihe pick-up c o i l due- to the sample 

depends on the r a t e of change of the l i n e s of i n d u c t i o n due to the sample. 

These are shown i n f i g 3 . ^ f o r a sp h e r i c a l sample of magnetic moment ©"and 

uniform magnetization M p a r a l l e l to the axis of a c o i l of one t u r n placed 
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c o n c e n t r i c a l l y with the sample. Let the radius of the c o i l be R and t h a t 

of the sample be a. 

The f l u x c o n t r i b u t i o n from i n s i d e the sample i s given by 

i n -
I a ^ s . 

= 2 M X ITa^ 

or 
2a 

since the demagnetizing f i e l d i n s i de a s p h e r i c a l sample i s ——^—M so t h a t 

B w i t h i n the sample i s given by 

B =yM H + M= - ^ M + M = ^ M 

The f l u x c o n t r i b u t i o n from the area between the sample and the c o i l i s 

given by . 

^ = J B dS. 

a 

. To o b t a i n a value of the f i e l d outside t h e spherical sample of moment 

^ o n e can imagine the e n t i r e sample t o be replaced by a small dipole of 

moment 0 " s i t u a t e d at the centre of the sample. Therefore 

J a ^'Tr 'a 
where r i s the distance from the centre of the sample i n the plane of the c o i l . 

R 
\ dr = r I ^ I 

'o 2 

2LO 2R 2a 

i . - ? f-1,... f f i 

2a • 

Therefore the t o t a l f l u x i n the c o i l i s given by 

i ^ 0 2a 2R 2a f 

or 
2R 

This i s independent of the size of the sample. 
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This could have been deduced considering only the dipole f i e l d outside 

the sample and not considering the f l u x i n s i d e the sample, by r e c a l l i n g that 

l i n e s of B are continuous, "^hus a l l the l i n e s o f B which thread the c o i l 

must be conserved outside the c o i l as well.' 

Thus the same answer should be obtained i n i n t e g r a t i n g B from the c o i l 

t o i n f i n i t y : 
O o 

Lm^ '''''' 
2 J r 2 2 

-'R ^ >- -"R 
a-
2R 

I t has been shown t h a t ^ d e s p i t e the demagnetizing f i e l d ^ t h e induced 

s i g n a l , i n the pick-up c o i l i s a measure of the moment. I n f a c t i t i s evident 

t h a t t h i s f o r t u n a t e s t a t e ^ o f a f f a i r s i s due t o the demagnetizing f i e l d . I t i s 

only because of the demagnetizing f i e l d t h a t the two terms i n equation 3.1 ^ 

depending on the size of the sample, cancel out. Thus i t i s conceivably 

possible t h a t ^ f o r samples of various sizes vtich are not s p h e r i c a l the 

voltage induced i n the pick-up c o i l might be a measure of CT, t h i s can only 

be i n v e s t i g a t e d e m p i r i c a l l y by a c a l i b r a t i o n experiment, as was done l a t e r . 

3,3.2. The Moment Pick-up C o i l System 

The moment pick-up c o i l system consists of two c o i l s A and B wound 

i n s e r i e s and i n op p o s i t i o n . This i s wound between the two components 

of the H c o i l already described. The fluxes i n c o i l s A and B are balanced 

t o give approximately zero output i n the absence of a sample^ The sample 

i s placed i n the centre of c o i l A i n the f i e l d region of maximum strength 

and u n i f o r m i t y . Since c o i l B occupies a d i f f e r e n t p o s i t i o n on the axis 

the c o i l B i s i n a region with a f i e l d gradient. I t was therefore divided 

i n t o two halves and each h a l f placed symmetrically abo^e and below c o i l A, 

f o r the same reason f o r which the H c o i l was d i v i d e d , i . e . t o reduce the 

s e n s i t i v i t y of the s i g n a l t o s l i g h t v e r t i c a l displacements of the pick-up 

c o i l system. 
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As regards the shape of the c o i l s the only c o i l whose shape matters 

i s c o i l A. I t was made s u f f i c i e n t l y long (8 mm) f o r the M sig n a l not t o be 

too s e n s i t i v e t o the v e r t i c a l p o s i t i o n of the sample. 

The balancing of c o i l s A and B was only done approximately: by winding 

.70 turns f o r c o i l A and 35 turns f o r each h a l f of c o i l B. The f i n a l balancing 

was done e l e c t r o n i c a l l y by tapping o f f from potentiometer PI the required 

q u a n t i t y of s i g n a l from -the H c o i l and adding t h i s t o the M signal as shown 

i n figS.IOwhich gives the e n t i r e c i r c u i t f o r the M and H detection system. 

C o i l B i s riot as f a r from the. sample as the H c o i l since i t does not 

matter i f c o i l B i s in f l u e n c e d by the moment of the sample, the r e s u l t 

w i l l only be a s l i g h t r e d u c t i o n i n the M s i g n a l which w i l l be taken i n t o 

account by c a l i b r a t i o n . A l l t h a t i s required i s that c o i l A be more 

s t r o n g l y a f f e c t e d by the sample than c o i l B. Fig3JI gives the dimensions 

of the pick-up c o i l system. 

3.3,3 Eddy Current Noise and i t s E l i m i n a t i o n 

As shown i n 3.1,4 the shape of the H vs t f u n c t i o n varies from place 

t3 place along the axis of the magnet when one takes i n t o account the e f f e c t 

of eddy c u r r e n t s . Hence accurate balancing of the signal from c o i l A against 

the s i g n a l from c o i l B i s impossible since one i s attempting to balance out 

tvjo s i g n a l s of d i f f e r e n t shape i n time. 

The desired M vs H d i s p l a y i n the absence of a sample i s a h o r i z o n t a l 

s t r a i g h t l i n e , the gradient of the t r a c e being adjusted to be h o r i z o n t a l 

by f i n e balancing using the H potentiometer P i . However, as a r e s u l t of 

eddy c u r r e n t s i n the magnet the no-sample trace has an e l l i p t i c a l appearance 

as shown i n fig.3.12,This i s consistent w i t h a phase d i f f e r e n c e of the f i e l d 

i n c o i l A w i t h respect to c o i l B. 

This e l l i p t i c a l component i s eliminated by opposing i t w i t h an equal 

and opposite s i g n a l . This s i g n a l i s obtained by s h i f t i n g the phase of the 

output of another pick-up c o i l (the phase-shift c o i l ) . The output of t h i s 

PS c o i l i s applied t o a phase s h i f t c i r c u i t (see Fig.3.\0) which consists 
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of an R and C i n series. The PS signal is taken from a potentiometer which 

is part of the R component of the phase-shift c i rcu i t . - This RC c i r c u i t i s 

a d i f f e r e n t i a t o r i f RC-^ 1. However since we do not require s t r i c t 

d i f f e r e n t i a t i o n , the phase s h i f t (less t h a n ' ^ 2 ) i s set to the required 

value by adjust ing the R of the c i r c u i t by means of the potentiometer P2. 

The amplitude of the phase correction signal i s adjusted by P3. P2 and P3 

are adjusted to give a no-sample trace v\hich is as close to a horizontal 

s t ra ight l i n e as possible. This optimum s i tua t ion i s shown i n f i g3.13which 

is on the same s e n s i t i v i t y ranges as fig3.l2.. I t was not possible to 

reduce the eddy current noise anf fu r the r . This noise i s superposed upon the 

magnetization vs f i e l d trace when a sample is inserted into the M c o i l system 

and was subtracted from the trace to obtain the M vs H graph fo r every sample 

studied (see section 3 .3 ,8 ) . For samples oflarge moment the s ens i t i v i t y of 

the Y axis could be reduced such that the noise signal was negl ig ib le . 

3,3.4 Samples wi th Remanenee 

As shown ea r l i e r the magnetic f i e l d osc i l la tes a f i n i t e number of times 

f i n a l l y approaching zero ei ther pos i t ive ly or negatively at which point the 

o s c i l l a t i o n ceases. Thus a ferromagnetic sample w i l l be l e f t with a 

remanence which can be posi t ive or negative. The f i n a l position of the spot 

at the end of a pulse is a measure of th i s remanence but i f the brightness 

of t he spot is continued fo r a time greater than 100 ms a f t e r the end of 

the pulse i t wi l lbe seen to d r i f t exponentially down to i t s normal position 

due to the leakage of charge from the output of the M integrator down to 

earth as mentioned ea r l i e r . 

Now i f th i s sample with a remanence is subjected to another pulse the 

spot s tar ts at the normal posi t ion but t h i s normal posit ion now represents 

the remanence and the o r i g i n of the M vs H curve w i l l not be coincident 

wi th the normal posi t ion of the spot. Thus from pulse to pulse the M vs H 

curve may be displaced by a v e r t i c a l distance which cannot be predicted^ 

and is a r e su l t of the sign and magnitude of the remanence a f t e r each 

subsequent pulse. Such a sequence of magnetization curves is shown in 
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The reason for t h i s phenomenon l i e s i n the method of measuring M. The 
induction of a voltage i n the pick-up c o i l gives a measure only of changes 
in M during a pulse and hence does not give a measure of the absolute value 
of M. 

3,3,5 Centering of the Sample 

The use of the ca l ib ra t ion factor of the M c o i l system is meaningful 

only f o r a sample i n the centre of c o i l A where the induced voltage due to 

the sample i s a maximum and unicque. I t was found to be very tedious to adjust 

the sample position to give a maximum M signal before taking a photograph of 

the M vs H curve. The spot had to be placed to the l e f t of the ordinate of 

the gra t icule and the v e r t i c a l reading of where the trace crossed the 

ordinate was noted for d i f f e r e n t positions z of the sample on the axis 

of the magnet. The posi t ion had to be adjusted to give a ve r t i c a l reading 

corresponding to a maximum signal . 

In addi t ion to being tedious th i s method was impossible f o r samples 

with remanence, since the v e r t i c a l reading was apparently randomsand 

changed when the posi t ion of the sample had not been al tered. 

The method adopted f o r centering the sample is based upon the fac t 

that i t is easier to detect when a signal is zero than to detect when 

i t is a maximum. This method also made possible the centering of samples 

with remanence. A pair of co i l s each with 15 turns were-wound i n opposition 

on • top of c o i l A such that they were symmetrically above and below the 

intended pos i t ion of the sample. 

When centering the sample the M integrat ing c i r c u i t i s switched from 

the moment co i l s to t h i s pair of c o i l s . The output of these centering 

coi l s (C c o i l s ) a f t e r in tegra t ion is displayed on the Y axis of the oscilloscope 

instead of the M signals When the sample i s at the desired position i n the centre 

of c o i l A the Y signal from the C co i l s is zero. The r e l i a b i l i t y of the C 

co i l s was checked by means of a sample with negl igible remanence. The posit ion 

of the sample f o r which the M c o i l gave maximum response was found to 

coincide closely with the C co i l s g iv ing zero response (fig3.l5^). When using 
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the C co i l s the trace appears as a +M vs H curve i f the sample i s too high 

and -M vs H i f too low. Consequently the correct posi t ion is found with ease. 

When the output has been nulled the Y axis is switched back to the M c o i l 

and a photograph of the M vs H curve taken.-

The output of t h i s centering c o i l i s also subject to eddy current.noise. 

The gradient of the trace sometimes has to be corrected to zero i n the absence 

of a sample. Thus the C c o i l has i t s own three potentiometers equivalent to 

P I , P2 and P3 fo r the corresponding corrections of the M s ignal . These are 

^ 1 ' ' ^2* ' ^3*' Switching between using the M c o i l and using 

the C c o i l i s doae by simultaneous operation of the- fpup switches (fig34<^. 

The eddy current noise corrections and gradient corrections to the centering 

signal are not very important, since i t i s not d i f f i c u l t to observe v\^ere 

the sample ceases to have any e f f e c t upon the t race , even when a noise 

signal i s present, 

3.3,6 The Sample and Sample Holder 

Two types of sample were used: bulk polycrys ta l l ine material of 

unspecified shape or powder samples of c y l i n d r i c a l shape. 

The sample?, holders (fig3>l^) were made from 3/ l6 inch di'axaete-r perspex 
t 

rod. A hole was d r i l l e d down the centre to allow access for the thermocouple. 

The top end f i t t e d t i g h t l y over the end of a l / s inch diameter stainless 

steel tube. The sample was placed i n the lower end of the sample holder. 

Bulk samples were obtained by breaking a button to obtain a sample 

piece whose length was. no greater than 4 mm, and which f i t t e d into the sample . 

holder. This was weighed and then secured by Durofix cement into the sample 

holder. 

In some cases powder samples were required. Various reasons were: 

(ĉ ) Eddy currents induced i n a bulk sample whose conductivity was h i ^ 

would in te r fe re with the magnet izat ion-f ield trace giving r ise to a false 

hysteresis, ^his was of the same form as the eddy current noise and always 

resul ted i n increasing the area of a genuine hysteresis loop. 



ill. 
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(b) f o r strongly anisotropic samples a magnetization vs f i e l d curve 

could only.be made to approach saturation by powdering the sample i n the ' 

hope thateach grain would be a single crys ta l which could oirient i t s easy 

d i r ec t ion with the applied f i e l d i f i t was free to move. 

The method of mounting a powder sample was as fo l lows : The upper end 

of the sample cavity was blocked with a small pe l l e t of plasticene v\^ich 

was squeezed^in order to present a f l a t surface to the sample cav i ty , by 

means of a perspex piston which j u s t f i t t e d into the diameter of the specimen 

cavi ty . The sample holder wi th plasticene was weighed. Then the powdered 

sample was poured into the sample holder to a depth of no more than 4 mm. 

The sample holder with powder was then reweighed to obtain the weight 

of the sample. A ,short perspex stopper was lowered into the sample cavity 

t i l l i i t j u s t touched the powder but without, compressing the powder, so that 

the grains were s t i l l f ree to or ien t themselves. This stopper was then secured 

. by Durofix cement. 

3.3.7 Cal ibra t ion of the A/1 signal 

Cal ibra t ion was done using samples of i ron whose saturation moment is 

known (ref.S.Oit'ue to eddy currents i n i ron at low temperatures bulk samples 

could not be used. Powder samples were used instead. In 3.3.1 i t was 

mentioned that the e f f e c t o f the shape of the sample upon the ca l ibra t ion 

factor could only be determined empir ica l ly . The fo l lowing ca l ibra t ion 

experiment was therefore performed. 

Several c y l i n d r i c a l samples v\hose shapes were varied by varying the 

length-to-diameter r a t i o were made with constant diameter equal to that of 

the sample cavi ty . A trace of M vs H was photographed fo r each of this 

series of samples and the signal corresponding to the saturation moment 

was measured for each sample. The voltage corresponding to the saturation 

moment of each sample was p lo t ted against the mass of each sample (fig.3-'^*)-

The useful region of the curve is the l inear part and the maximum length 

of a sample i s 4 mm i f one is not to depart from l i n e a r i t y by more than 1^, 

The eddy current e f f e c t f o r so l id i ron samples is evident i n f i g . 
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From the gradient the ca l ib ra t ion fac tor 0.0317 was deduced and was used 

i n the fo l lowing formula! , 

fA ^ 0.0317 x (Molecular Weight) x (Signal i n mV̂  
(Mass i n mg.) 

vhere is the magnetization of the specimen i n Bohr magnetons per molecule 

of the sample.. The molecular w e i ^ t is taken to be the weight per formula 

u n i t . 

On fu r the r increasing the length of the sample the signal vs Mass curve 

reaches a maximum a f t e r which the signal decreases as the sample enters the 

• c o i l s B which are wound i n opposition to c o i l A. 

3.3.8 The M vs H curve and i t s Analysis 

The photograph of the M vs H curve i s obtained together with the 

corresponding photograph of a base-line curve ( i e . with no sample). The 

two photographs are projected onto graph paper and the base-line curve 

subtracted fxom the sample curve i n order to obtain a graph of M vs H. There 

i s however s t i l l some uncertainty as to the posi t ion of the level 

corresponding to M» 0. The posi t ion corresponding to H ='0 is known from 

the f i n a l pos i t ion of the spot. The v e r t i c a l posi t ion of the o r i g i n can be 

obtained as fo l lows : I f the moment of the sample saturates pos i t ive ly and 

negatively i n the applied f i e l d then the level for M =• 0 is half way between 

the two saturation levels + M , and - M I f the moment of the sample 
sat sat 

does not reach saturation.then use i s made of the symmetry of the h i ^ 

f i e l d position of the magnetization curve i n order to deduce geometrically 

the pos i t ion of the o r i g i n . 

Errors i n measuring the moment arise from the fol lowing factors : Parallax 

i n the apparent posi t ion of the trace with respect to the graticule as seen 

by the camera gives r i se to an error of +2^ at most. Dis tor t ion of the trace 

due to pro jec t ion of the photograph results i n an error which is small 

compared wi th the grat icule markings. The largest error arises from the 

f i n i t e thickness of the t race , t h i s thickness depending on the speed at 

which the spot traces out the curve. This error i s of the order of the 
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distance between the gra t icule markingsand about 1mm in measuring the 

pos i t ion of the trace. This contributes a ± 4% error i n measuring a '.• 

t y p i c a l magnetization signal.-

For measurements of c r i t i c a l f i e l d s the main error arises from the 

o r i g i n a l ca l ib ra t ion of the H axis . 

3.3.9 Estimation of the Ionic Moment 

The spontaneous magnetization at absolute zero gives a measure of the 

magnetic moment on the magnetic ions i n a given sample. This magnetic 

moment i s a quanti ty of primary interest i n th i s work. Since the magnetic 

ordering temperatures of the major i ty of the samples studied were well above 

A2K, the temperature at v\hich measurements were made, the spontaneous 

magnetization at 4.2K was equated to the spontaneous magnetization at 

• absolute zero with l i t t l e e r ror . 

I f the magnetization saturated wi th in the range of the available f i e l d 

values then the saturation magnetization was equated to the spontaneous 

magnetization,. I n the case of the magnetizat ion-field curve not showing 

saturation the cause of the non-saturation was suspected to be.either (a) 

high magnetocrystalline anisotropy preventing alignment of doma\h magnetizations 

with the applied f i e l d or ( b ) , that the applied f i e l d was increa'sing the value 

of the magnetization w i t h i n a domain before having aligned i t completely. In 

the l a t t e r case on increasing the f i e l d a f t e r having aligned a l l the domains 

the magnetization would fur ther increase, exceeding the value of the spontaneous 

magnetization. 

I n many cases saturation was achieved by performing magnetization-field 

measurements on powdered samples yyhQS.̂  grains were free to rotate . I t was 

then assumed that thepowder was s u f f i c i e n t l y f i ne f o r each grain to be a 

single c rys ta l v\hose easy axis was f ree to or ient i t s e l f with the applied 

f i e l d , and that the cause of the non-saturation of the corresponding bulk 

specimen was (a) above. 
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• When saturation was not at tained wi th a powder sample i t was possible 
that the powder was not s u f f i c i e n t l y f i ne to be of single crysta l grain-size. 
Thus ei ther or both (a) or (b) could be applicable. The estimation of the 
spontaneous magnetization depended upon a decision between these two pos s ib i l i t i e s . 

The usuail proceedure fo r a non-saturating sample i s to p lo t M against 

I / H or I / H . I f subh a p lo t shows l i n e a r i t y i n the high f i e l d region then the 

extrapolat ion to H = OC7 gives the saturation magnetization. This extrapolation 

i s not v a l i d f o r very high f i e l d s since contributions to the magnetization 

a r i s ing from increasing the modulus of the domain magnetization or paramagnetic 

contr ibut ions can cause departure from l i n e a r i t y . I t - i s thus d i f f i c u l t to 

decide i n which range of f i e l d values such extrapolation is v a l i d . 

I f i t i s suspected that the only cause of non-saturation of a sample 

i s (b) then the proceedure i s to examine the high f i e l d portion of the M vs 

H curve. I f a l inear por t ion up to the highest applied f i e l d is observed 

then the eoctrapolation of th i s port ion to H = 0 gives the value of the 

spontaneous magnetization,-

The choice of v\hich of -these two extrapolations to use for a given sample 

requires some knowledge of the magnetic properties of the sample. The relevant 

properties are the strengtllffbf exchange in terac t ions , the magnitude of 

magnetocrystalline anisotropy and the magnitude of the ionic moment. Therefore 

j u s t i f i c a t i o n f o r the employment of a given extrapolation f o r a sample w i l l 

be given i n the relevant part of the resul ts section. 

3,4, Temperature Control and Measurement 

3 , 4 , 1 . The Cryostat 

The cryostat (fig .3./^) was designed fo r containing l i q u i d helium in order 

to measure the magnetic properties of a sample from 4,2°K up to room temperature. 

Because the magnet was operated vyhile immersed i n l i q u i d nitrogen the l i q u i d 

helium dewar t a i l was designed to f i t closely in to the magnet. There was no 

need f o r a nitrogen dewar t a i l to f i t in to the magnet-which would have 

required a larger f i e l d volume and consequently lower f i e l d strengths. The 
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t a i l of the glass l i q u i d helium dewar protruded through a hole i n the bottom 
of the upper nitrogen dewar which was required fo r keeping the l i q u i d helium 
dewar surroundings as cold as was prac t ica l to prevent a large b o i l - o f f 
rate of helium.-

The upper l i q u i d nitrogen dewar was machined out of polyurethane foam. 

Leakage of l i q u i d nitrogen through the hole i n the bottom through which 

protruded the helium dewar tail^was eliminated by the applicat ion of vacuum 

grease which froze at l i q u i d nitrogen temperatures and was an e f fec t ive seal. 

The lower l i q u i d nitrogen dewar was used for surrounding the magnet with 

l i q u i d nitrogen,. This dewar was also made of polyurethane foam. When i n 

operation the l i q u i d level i n thellower dewar reached to the upper nitrogen 

dewar. 

3,4.2. The Heater 

Because of the need to wait 2 minutes between every 2KV discharge i t was 

essential i n a temperature run to be able to control the rate of temperature 

r i s e . This was possible by means of the heater c o i l which was of constantan 

wire wound non-inductively upon a t u f n o l tube which f i t t e d arournd the outside 

of the pick-up c o i l system. The t u f n o l tube was attached to the centre of a 

spider ( f ig .3J^) which rested at the bottom of the helium dewar jus t above 

the t a i l . Voltage for the heater c o i l was obtained from a 6-volt filament 

transformer powered by a variac. The heater contributed some 50 Hz pick-up 

to the M signal but t h i s was too small to be troublesome. The powe'rc was 

adjusted by the variac and could give a maximum of 7 watts. An ammeter was 

used f o r monitoring the current i n the heater c o i l . 

3,4.3 Temperature Measurement 

This was done by means of thermocouples. Two thermocouples were 

avai lable . One was of coppers' constantan f o r use at te^nperatures above 

77°K. The other was of gold-copper: copper fo r use between 4.2°K and 77°K, 

The reference junc t ion was i n l i q u i d nitrogen and the thermo-emf was mea§ured 

by a Pye Portable Potentiometer i n conjunction with an external Scalamp 

galvanometer. 
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When high M signal s e n s i t i v i t i e s were used an eddy current noise signal 
appeared due to the presence of the thermocouple near the sample i n the pick­
up c o i l system. This could be eliminated by l i f t i n g the thermocouple junction 
out. of the pick-up coi l s so that i t was a few inches from the sample. This 
method was of course useful only when making measurements at a constant 
temperature,for example, at 4.2K so that one could be sure that i f the thermo­
couple was below the l i q u i d helium leve l and reading 4.2K then the sample^also 
below th i s level,was at 4,2K, 
3.4,4 Liquid Helium Level Detection 

This was done ei ther by ra is ing the sample to detect the l i q u i d surface. 

by means of the thermocouple or by using a superconducting wire connected to 

a constant current supply (fig ,3. |^) such that the superconducting wire was 

i n p a r a l l e l with a 22K res i s to r . The onset of superconductivity was detected 

by the micro-ammeter i n series with -the 22K res is tor j the current i n the 22K 

then dropping to zero when the ent i re wire became superconducting. The 

superconducting wire was made by coating a constantan wire with so f t solder, 

which i s a superconductor below the temperature of l i q u i d helium. This wire 

extended 10 cm up one of the three spider legs ( f ig ,3 . l^ ) and a measure of 

quantity of l i q u i d helium i n the cryostat could be obtained from the micro-

ammeter reading. Due to temperature cycling the superconducting wire 

deteriorated and required frequent replacement. 

3,4.5 Temperature Runs 

Reliable temperature runs were possible only fo r samples i n bulk form. 

For a powder sample close contact between sample and thermocouple was not 

possible due to the form of the specimen holder (3.3.6).. Temperature runs 

were performed while the sample was warming, the rate of warming being 

cont ro l led by the heater c o i l . A photograph of the M vs H curve was taken 

every few degrees. I t was sometimes found that the base l ine to the M vs H 

curve changed s l i g h t l y i n gradient as the temperature rose. However, taking 

a photograph of the base l i ne trace between every M vs H trace as the 

temperature rose involved ra i s ing the sample out of the pick-up co i l s . This 

disturbed the temperature equi l ibr ium and was therefore not the adopted procedure*-
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I t was considered preferable to take a. base l ine photograph before and 
a f t e r the temperature run and assume a l inear relat ionship between the gradient 
of the base l i n e trace and the temperature. 

The gradient change was due to a movement of the pick-up c o i l system as 

a resul t of the thermal expansion of the quartz tube siupporting the pick-up 

c o i l s . Since quartz has a low thermal expansion c o e f f i c i e n t , t h i s gradient 

change with temperature was never very large. I f necessary a base l ine signal 

could.be obtained part way through a run. 

The error i n temperature measurement depends upon the rate of temperature 

r i s e . This was adjusted to be always less than IK per minute. Reproducible 

resul ts were obtained and the error was estimated to be + IK. 

3.5 Mechanical Considerations 

3.5.1 The Dewar Head and Support of Pick-up Coils 

The. dewar head rested upon the top of a steel bridge (fi"g.3,2o). To the 

top plate of the dewar head was attached a mechanism of brass (the height 

adjuster) v\hose funct ion was to adjust the v e r t i c a l posi t ion of the quartz 

tube upon which the pick-up co i l s were wound. The lower end of th is quartz 

tube was confined to the axis of the magnet by means of a hole•through the 

spider ( f i g . i l / ) . This quartz tube was of narrow diameter i n order to confine 

• the sample to the magnet axis also. This narrow-diameter extended from the 

lower closed end fo r 70 cm, above which the tube continued with -ĝ ' outer 

diameter. The top of t h i s tube f i t t e d in to a brass tube (fig^2;jl>) and was 

secured to t h i s by araldi-te to give a jracuum-tight seal. The upper end of the 

sample tube was attached to the top of t h i s brass tube and sealed by an 0- r ing . 

This brass tube could be evacuated via a side tube near the top thus evacuating 

the region around the sample p r io r to f i l l i n g with helium as an exchange gas. 

The brass tube had notches at in tervals of an inch along i t s length into which 

a small screw from the height adjuster could f i t i n order to give, a coarse 

adjustment of height. The f i n e adjustments of height was done by means of the 

large screw i n the height adjuster . 

3.5.2 The Vacuum System 

Vacuum and gas f low were control led through an a l l glass system shown 
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schematically i n fig.3.2./, I t was used i n conjunction with a r o t a r y pump f o r 
evacuating the walls of the helium dewar and f o r evacuating the inner volume 
of the dewar and specimen region p r i o r to f i l l i n g w i t h helium gas. The helium 
gas was obtained e i t h e r from a helium c y l i n d e r or from the b o i l i n g of helium 
i n the e x t e r n a l l i q u i d helium dewar. 
3.5.3 SuppQFt of %he Sample 

The upper end of the sample holder f i t s over the lower end of the long 

s t a i n l e s s s t e e l tube which i s soldered at the top' to a t h i n brass tube. This 

t h i n brass tube i s smooth over a region where the 0-ring i s to be s i t u a t e d 

and i s sealed to the other brass tube by t h i s 0 - r i n g . This other brass tube 

i s secured t o the pick-up c o i l tube by means of a r a l d i t e (3.5.1). Above the 

smooth p a r t the t h i n brass tube i s threaded and a wing nut i s used f o r 

a d j u s t i n g the h e i g h t of the sample. This wing nut r e s t s upon Part X which^ 

by means of a rubber band attached to Point Y,squeezes the 0-ring^thus 

i s o l a t i n g the sample from the atmosphere. 

3,5.4 Removinip the Samole from the Pick-up Coils . 

When i t . i s r e q u i r e d t o remove the sample momentarily from the pick-up 

c o i l s t o t a k e a photograph of a base l i n e t r a c e , the sample i s l i f t e d a few 

inches* w e l l out of the c o i l system, so t h a t the 0-ring i s s t i l l i n contact 

w i t h the smooth p o r t i o n of the sample tube and s t i l l i s o l a t e s the sample 

from the atmosphere. 

Removing the sample e n t i r e l y i n order t o change i t f o r another sample 

vhile l i q u i d helium i s i n the dewar requires care i n order not to allow a i r 

to enter the specimen c a v i t y , as i t would freeze and block up the c a v i t y . 

This i s done by connecting the exter n a l helium dewar t o -the vacuum system 

during a helium run i n such a way t h a t an excess pressure of helium gas i s 

always maintained i n the sample c a v i t y due to b o i l i n g of helium i n the 

e x t e r n a l dewar. 

Thus when a sample i s removed a continuous f l o w of helium gas out of. 

the top of the sample c a v i t y prevents any a i r from entering the c a v i t y . The 

top i s then stopped up w i t h smsill rubber bung u n t i l one i s ready to i n s e r t 

the next sample^when the same precaution i s taken. 
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I n the Gd^lFejNi) system, on s u b s t i t u t i n g Fe f o r N i , the Fe^G l i n e s 

remained d i s t i n c t but slowly d e t e r i o r a t e d i n d e f i n i t i o n up to and i n c l u d i n g 

I n Gd^ Fe ^Ni a l i n e appeared v\hich had not been observed i n Gd-^Ni 

This l i n e , which increased i n i n t e n s i t y on f u r t h e r s u b s t i t u t i o n of Fe ihtD N i , 

corresponded t o the (231) l i n e f o r Gd^Ni c a l c u l a t e d by Lemaire and Paccard 

( r e f 5".^ ) t o have a value o f e = 23° 49', f o r c o b a l t r a d i a t i o n , but whose 

observed i n t e n s i t y was zero. The l i n e appearing i n Gd^Fe ^ ^ i ^ ^ value 

of e = 2 3 ° 47'. I t i s pos s i b l e t h a t the s u b s t i t u t i o n of Fe f o r , N i i n t o the 

Fe^C s t r u c t u r e modified, the s c a t t e r i n g i n t e n s i t i e s t o cause the appearance 

of t h e (231) r e f l e c t i o n . Beyond Gd Fe Jii _ the Fe„C l i n e s broadened r a p i d l y 

becoming very i n d i s t i n c t f o r Gd^Fe ^Ni ̂ . I f the i n s t a b i l i t y of the Fe^G 

s t r u c t u r e i s pos t u l a t e d to occur a t a c r i t i c a l average 3d e l e c t r o n concen­

t r a t i o n t h en, n o t i n g t h a t t h i s occurs a t Gd^Fe ,Co _ i n the Gd^(Fe,Co) 

system, t h i s allows us t o p r e d i c t a corresponding break-down of the s t r u c t u r e 

a t approximately Gd^Fe ^^Ni i n the Gd^(Fe ,Ni) system which appears, from 

the X-ray d i f f r a c t i o n p a t t e r n s , to occur. 

The l a t t i c e parameters a, b and c ( f i g . 3 . / ) were c a l c u l a t e d from 

the d e f l e c t i o n s of a s e l e c t i o n of the indexed l i n e s , the l i n e s being selected 

according t o t h e i r sharpness. This same set of l i n e s was used f o r l a t t i c e 

parameter- determinations f o r the e n t i r e range of compounds studied. From 

F i g . 5 < J i t i s apparent t h a t the break-down of the Fe^C s t r u c t u r e i s not 

accompanied by any s i g n i f i c a n t l a t t i c e d i s t o r t i o n s o 

5.3. Magnetic Mea^^urements on Gd^(Fe.Go) and Gd^(Co.Ni) 

5o3a Pulsed f i e l d measurements a t 4.2K 

Magnetization vs a p p l i e d f i e l d curves were obtained using the pulsed f i e l d 

magnetometer. Measurements were performed up t o 160 kOe and a t 4.2K which was 

w e l l below the o r d e r i n g temperaturesof the compounds. 

The magnetization vs f i e l d curves f o r some bulk samples of t h e Gd2(Fe.,Co) 

and Gd2(Go,Ni) series are shown i n f i g . S . l t o S * , ^ . A general f e a t u r e of these 

curves i s an i n i t i a l l i n e a r risis i n magnetization w i t h a p p l i e d f i e l d up t o a 



Fig. 5J Lattice Parsmeters for Gd^e^Co^Ni)Compounds at300K. 
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C H A P T E R F I V E 

Gd^ (Fe. Co, Ni) RESULTS. 

5.1 Preparation of Samples 

Using the arc-furnace techniques as described i n s e c t i o n 2.1, specimens 

were produced of the pseudobinary compounds w i t h t h e basic formula Gd^B where 

B i s the t r a n s i t i o n metal component. The f o l l o w i n g specimen compositions were 

prepared: 

Gd., (Fe COt ) where x = 0.05, 0,1, 0,2, 0.3; 

Gd^ (Co Ni. ) where x = 0, 0,05, 0.15, 0.25, 0.35, 0.5, 0,75, 0,9,1,0; 

Gdo (Fe Ni. ) where x = 0.05, 0.1,0,2, 0.3, 0.4, 0.5, 0,6, X 1 — X 

Each sample bu t t o n was melted three t i m e s , i n v e r t i n g i t between melts i n order 

to improve i t s homogeneity. The average weight l o s t , during specimen pr e p a r a t i o n 

was 0,07% and i n many of the samples the weight loss was too small to be 

determined (i.e.<0,01?^), 

5.2 S t r u c t u r a l S t a b i l i t v and L a t t i c e Parameters of the Gd^B system 

Debye-Scherrer photographs of the samples a t 300K were obtained using 

c o b a l t I r r a d i a t i o n . The d i f f r a c t i o n l i n e s i n the series Gd^Co to Gd3Ni 

i n d i c a t e d t h a t the whole series of compounds adopted the same c r y s t a l l o g r a p h i c 

s t r u c t u r e . Homogenization annealing a t 700°C f o r two weeks had no e f f e c t 

upon the X-ray d i f f r a c t i o n p a t t e r n s . The d i f f r a c t i o n p atterns of the compounds 

Gd^Co and Gd^Ni were compared with tiose already reported i n the l i t e r a t u r e 

(refs^S". i and52) and the l i n e s were indexed i n the orthorhombic Fe^G s t r u c t u r e . 

These l i n e s showed a l i n e a r v a r i a t i o n of d e f l e c t i o n between the two end 

compounds and could be indexed throughout the series Gd2(Co,Ni)-. 

I n the Gd2(Fe,Co) system the l i n e s broadened and became i n d i s t i n c t for. 

Fe concentrations g r e a t e r than t h a t of Gd^Fe ^Co . This was taken t o 

i n d i c a t e t h a t t h e Fe^C s t r u c t u r e of the desired composition was not s t a b l e 

beyond t h i s p o i n t . 
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the e x t r a p o l a t i o n i n t e r c e p t i n g the M axis at M = 0 f o r these two compounds 

wit h l i n e a r M vs H curves. 

(b) For powder samples of low moment t o the Co side of these minima there 

appears a c r i t i c a l f i e l d H ( f i g . 4.5) s i m i l a r t o t h a t found i n Y Co^Ni„. 
c 2 o 

Sa t u r a t i o n was not a t t a i n e d f o r any of the samples showing a c r i t i c a l f i e l d . 

For f i e l d o s c i l l a t i o n s of amplitude less than H there appeared a conventional 
c 

non-saturating h y s t e r e s i s loop. The spontaneous moment was obtained from the 

l i n e a r p o r t i o n of the M vs H curve.above the c r i t i c a l f i e l d . 
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The s a t u r a t i o n moments^fig. 4.7 and f i g . 4.8^were obtained from 

s o l i d samples f o r Y(Fe gGo^^)^, ^ 4 ^ ° . 6 ^ 3 ' ^^^3 

Y^Ni^ which saturated i n the a v a i l a b l e f i e l d . A l l the other samples 

of the YB^ series and the Ŷ B.̂  s e ries were powdered, because of high 

magnetic anisotropy not a l l o w i n g a close approach to s a t u r a t i o n . The 

spontaneous moment i n the powder samples was obtained by e x t r a p o l a t i n g 

the high f i e l d l i n e a r p o r t i o n of the M vs H curve back t o H = 0 since 

i t was be l i e v e d t h a t the a p p l i c a t i o n of the high f i e l d may have been 

d i s t o r t i n g ' . t h e magnitude of the spontaneous moment. The maximum 

value of the moment a t t a i n e d a t 160 KOe i s also given i n f i g . 4.7 

and f i g . 4.8. For the samples which show complete s a t u r a t i o n the 

e r r o r i s t h a t inherent i n the measurement of magnetization. I t i s 

t h e r e f o r e + 4% f o r a l l the saturated samples. 

The s o l i d sample of YFe^ showed the same eddy curr e n t e f f e c t , i n the 

M vs H curve (fig3.|7|>)^as was found f o r a s o l i d sample of pure i r o n 

( f i g . 3.17b) a t low temperatures. This i s c o n s i s t e n t w i t h t h e presence 

of fr e e i r o n i n the sample, thus f u r t h e r confirming t h a t Y Fe^ does not 

e x i s t as a s i n g l e phase. 

Two other i n t e r e s t i n g f e a t u r e s are noteworthy, (a) There i s a deep 

minimum i n both the Curie temperatures and the spontaneous magnetizations. 

f o r compounds w i t h approximately 20^ Co s u b s t i t u t i o n i n Ni f o r both the 

Y B^ and the Y^B^ s e r i e s . These minima may I n d i c a t e a complete disappearance 

of any spontaneous magnetic o r d e r i n g f o r these compositions. The M vs H 

curves of Y^ (Go^^^i g ) ^ and Y(Go ^Ni g ) ^ a t 4.2K were l i n e a r , w i t h a 

low s u s c e p t i b i l i t y . Any e x t r a p o l a t i o n of M vs Vh to H = O o f o r such 

samples i s c l e a r l y not a measure of the spontaneous magnetization. I t 

i s reasonable to assume t h a t the s l i g h t s u s c e p t i b i l i t y may be of a P a u l i 

paramagnetism t y p e , w i t h zero spontaneous magnetization. This i s co n s i s t e n t 

w i t h t h e method used f o r es t i m a t i n g the spontaneous magnetization. This 

method consisted of e x t r a p o l a t i n g the l i n e a r p o r t i o n of M vs H t o H = 0, 
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magnetization rose more steeply and then s e t t l e d down at the same gr a d i e n t 

as t h a t of the smaller r e t u r n o s c i l l a t i o n s . The r e t u r n f o r a high f i e l d 

showed no s i g n of any p o s i t i v e c r i t i c a l f i e l d and had the same gradient 

as the smaller r e t u r n o s c i l l a t i o n s . On re v e r s i n g the f i e l d M decreased 

r a p i d l y and then the same phenomenon was seen f o r large negative f i e l d s . 

Powder samples of the other Y compounds showed no c r i t i c a l f i e l d s , 

4.3 YB^ and Y^B^ 

4.3.1 C r y s t a l S t r u c t u r e 

The X-ray photographs of the Y B^ se r i e s showed a s i m i l a r s t r u c t u r e 

f o r a l l of the compounds from Ni to Co t o Y(Fe J^o o)o» The sample 

corresponding t o Y Fe^ showed a t o t a l l y d i f f e r e n t type o f s t r u c t u r e and 

i s b e l i e v e d not t o e x i s t as a s i n g l e phase. This i s confirmed by other 

workers (ref.4"«l ).« The Y Fe^ sample r u s t e d a f t e r a few weeks^whereas 

a l l the other samples d i d n o t , suggesting the existence of la r g e q u a n t i t i e s 

of f r e e i r o n i n the sample. 

The YB^ st o i c h i o m e t r y i s rhombohedral but the X-ray l i n e s were indexed 

i n the hexagonal system w i t h l a t t i c e parameters as shown i n f i g . 4.6, 

The Y^B^ compounds showed the same p a t t e r n of X-ray d i f f r a c t i o n l i n e s 

f o r the range Ni to Co to 40% Fe s u b s t i t u t i o n i n Co, I t i s assumed t h a t 

higher concentrations of Fe than 40% i n Co do not form the Y^B^ phase. The • 

phase Y^Fe^ has not been shown p r e v i o u s l y to e x i s t . The X-ray photographs 

f o r the range i n which the Y^B^ phase i s be l i e v e d t o e x i s t were not 

analysable due to the l i n e s not being sharp. The large number of l i n e s 

suggested the presence of other phases. No improvement was found upon 

annealing f o r 2 weeks a t 100G°C. Therefore no r e l i a b l e estimates of the 

l a t t i c e parameters were obtained f o r the Y^B^ compounds. 

4,3,2 Magnetic P r o p e r t i e s 

The Curie temperatures of the YE^ and Y^B^ compounds were obtained from 

the A.C. i n i t i a l s u s c e p t i b i l i t y vs tempera t u r e ^ f i g . 4.7 and f i g , 4.8, 
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C H A P T E R F O U R 

RESULTS FOR Y (Fe,Co). AND Y (Co, N i ) , : x' '—^1-x x^ ' 1-x 

4.1 i ^ A y 

The as-cast samples of Y2(Fe,Co)^.^ and Y2(Co^Ni)^^ were s i n g l e phase. 

They were indexed hexagonally w i t h l a t t i c e parameters a and c as shown 

i n f i g . 4.1, together w i t h the c/a r a t i o . 

The magnetic p r o p e r t i e s measured were the Curie temperatures and the 

s a t u r a t i o n moments ( f i g . 4.2)a The s a t u r a t i o n moments at 4.2K were d i r e c t l y 

obtained from the magnetization vs f i e l d oscillograms of s o l i d samples 

because complete s a t u r a t i o n was achieved i n the a v a i l a b l e f i e l d from the 

pulse magnet f o r a l l the samples i n the series (except Y^Fe^.^ which 

approached the s a t u r a t i o n value w i t h i n 5% as deduced by e x t r a p o l a t i n g 

M vs I/H t o H =00). 
4.2 Y_B^ 5 

L a t t i c e parameters were obtained from the X-ray photographs of the 

as cast samples which were indexed hexagonally ( f i g . 4.3)^ On s u b s t i t u t i n g 

i r o n f o r c o b a l t i n Y Co^ the r a t i o c/a of l a t t i c e parameters burgeoned 

and compounds w i t h higher i r o n concentrations than t h a t of Y Fe Co^ could 

not be made i n the si n g l e phase form. 

Due t o high magnetic anisotropy the Curie temperatures were not e a s i l y 

determined because the i n i t i a l s u s c e p t i b i l i t y was low i n many of the samples. 

However s l i g h t peaks i n ^ vs T were j u s t v i s i b l e i n most o f t h i s pseudobinary 

s e r i e s and the Curie temperatures obtained are shown i n f i g . 4.4. 

The s a t u r a t i o n moments ( f i g . 4.4) were obtained from powder samples 

because s o l i d samples d i d not show any tendency t o saturate i n the a v a i l a b l e 

f i e l d s , except Y Co N i ^ which showed complete s a t u r a t i o n . 

A powder sample of Y Co^ N i ^ gave a magnetization curve w i t h a c r i t i c a l 

f i e l d ( f i g . 4.5) of 16 + 0.4 KOe. For f i e l d o s c i l l a t i o n s of amplitude less 

than 16 KOe a conventional non-saturating h y s t e r e s i s loop was seen,with a 

r e t u r n to H = 0 of constant g r a d i e n t . Above the c r i t i c a l f i e l d the 
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c r i t i c a l f i e l d value H a t which p o i n t the magnetization r i s e s more r a p i d l y 
c 

subsequently approaching s a t u r a t i o n . Hysteresis above H i s also evident. 
c 

The curves f o r Gd^Cc^ O^Ni and Gd^Ni have a d i s t i n c t l y d i f f e r e n t 

shape from those f o r the d)ther compounds of the series and show a second 

c r i t i c a l f i e l d H ' justbelow the f i e l d value required t o saturate the c 
magnetization. H ' has a value approximately double t h a t of H , These c c 
compounds are also d i f f e r e n t from the others of the series i n t h a t the 

l i n e a r p o r t i o n between H and H ' when extrapolated has a negative i n t e r c e p t 
c c 

on the magnetization a x i s , v^hereas the e x t r a p o l a t i o n of any e x i s t i n g l i n e a r 

p o r t i o n above H i n the other compounds has"an i n t e r c e p t near zero on the c 
magnetization axis . 

the measurement:-, of the c r i t i c a l f i e l d s was performed on the i n i t i a l 

f i e l d r i s e f o r a pulse of 160 kOe, by e x t r a p o l a t i n g the M vs H curves above 

and below the t r a n s i t i o n , as shown i n fig»S,3» The c r i t i c a l f i e l d was 

defined t o occur a t the i n t e r s e c t i o n of t h e two extrapolated sections. 

The c r i t i c a l f i e l d H i s shown as a f u n c t i o n of composition i n fig.S*^ 
c 

such t h a t the composition axis represents the 3d-electron concentration per 

Gd^B formula u i i i t , H^ varies smoothly w i t h composition f o r composition ranges 

near Gd^Co and becomes zero j u s t beyond Gd^Fe ^Co g. This i s the same poi n t 

beyond which the Fe^*^ s t r u c t u r e appears to break down. 

the i n i t i a l s u s c e p t i b i l t y was measured d i r e c t l y from the magnetization 

vs f i e l d curves and i s shown i n f i g . p l o t t e d against composition. 

The i n i t i a l s u c e p t i b i l i t y i s here expressed in^M^ per kOe per Gd, 

This should rigorously.' be expressed per GdB_î  where B i s the t r a n s i t i o n metal 
3 

component, but the simpler n o t a t i o n w i l l be used and no ambiguity should a r i s e . 

Some of the M vs H curves show a small kink near the o r i g i n . This k i n k , which 

sometimes has h y s t e r e s i s i s presumed to a r i s e from the presence of small q u a n t i t i e s 

of i m p u r i t y , ^QT these curves the i n i t i a l s u s c e p t i b i l i t y X was measured from 

the l i n e a r p o r t i o n of the M vs H curves on e i t h e r side of the kink. 

I n f i g . 5'»5' are p l o t t e d also M̂ Q̂ J the magnetization a t 160 kOe; H^, the 
f i e l d value a t which the magnetization saturates and H ', H ' appears only 

c c 
i n the samples Gd^Ni and Gd^Co-Q^Ni When a l i n e through these two values 



Gd.Ni 

HO Q. 

"50 KOe 160 KOe 

(schemafrc) 
extrapolatfon to obtain Hf. 



S2 30 

Co 

to Fe 

05 
Composition 

Ni 

Fig'5^ HfsVs CompositioT) at 4.2K 



(/^s/Gd) 

-ri40 

O 0-3 

Hs 
He' 

- 4 0 (KOe) 

X ; 

005 

01 Co 
<« 

to Fe 

0-5 

Composition 

Ni 



M 

0 

— 

// / 
7/r 

' ' ' ^ 1 
10 20 30 

H (KOe) 

Fig. 5,6 a MvsH {H =^ 160 KOe) for GdCo^Ni, at 4.2 K 
——— — — 3—.»9~ t/ — 

Peak Field {KOe) 

20 
U4 160 

^ 15 
o 

10 

i I i -

-
1 1 1 

0 200 400 600 800 1000 

Fig. 5.6b H^vsRate of change cf field ai H=H^ [7=4.2 K) 



54 

i s e x t r a p o l a t e d t o higher cobalt concentrations, the next sample prepared 

Gd^Co would have a value of H^' greater than Ĥ b- Therefore H^' 

does not manifest i t s e l f i n t h i s sample, the shape of w^ose M vs H curve 

i s d i f f e r e n t from t h a t of Gd3Co Q^Ni or Gd^Ni, 

The average value of M̂ ^̂  i s "7.3^^ per GdBx v\tfiich i s well i n excess 

of the gJ value f o r Gd ( T ^ per Gd i o n ) . The excess molecular moment 1.14 

yUg per, formula u n i t Gd^B may a r i s e from p a r a l l e l alignment of the conduction 

e l e c t i o n moments and/or 3d e l e c t r o n mnnent.Without neutron- d i f f r a c t i o n 

techniques there i s no way of d e c i d i n g at present between these p o s s i b i l i t i e s . 

Some time-dependence of the magnetization was observed, which r e s u l t e d 

i n a small v a r i a t i o n i n the value of the c r i t i c a l f i e l d H with increasing 
c 

pulse h e i g h t . A large pulse height r e s u l t s i n the f i e l d sweeping through 

the H value f a s t e r than does a small pulse height, c 
The c r i t i c a l f i e l d f o r the sample GdJZo Jii , was observed f o r various 

pulse heights H . We use the n o t a t i o n f o r i n c r e a s i n g ' f i e l d s and f o r o c c 
decreasing f i e l d s . On .increasing H i t was found t h a t increased and 

0 . c c 

decreased thus making the hy s t e r e s i s more prominent« , •. ' Between 

= 96 kOe, and = 144 kOe the type of c r i t i c a l f i e l d changed i t s 

character {fig.S»6{ji))> At the top of the i n i t i a l l i n e a r p o r t i o n the 

magnetization suddenly s t a r t e d t o remain constants u n t i l a c r i t i c a l f i e l d 
H ^ a t which i t rose sharply w i t h increasing f i e l d . This c r i t i c a l f i e l d c 
increased i n magnitude w i t h increasing H , I n fig.5«^(t) i s p l o t t e d H'̂  

o c 
and as a f u n c t i o n of (dH/dt) , the r a t e of change of f i e l d value at c c 
the c r i t i c a l f i e l d . The corresponding peak f i e l d s are also i n d i c a t e d . From 

t h i s f i g u r e i t can be seen t h a t increasesj and decreases w i t h 
c c 

inc r e a s i n g (dH/dt) . The average value of and H'''remains almost constant 
c c c 

at 14.6. kOe, increasing very s l i g h t l y w ith increasing (dH/dt) . By 
c 

e x t r a p o l a t i n g the two l i n e s t o (dH/dt) =0 i t becomes apparent t h a t the 
c 

h y s t e r e s i s would be almost zero i n a s t a t i c experiment i f t h i s l i n e a r 

e x t r a p o l a t i o n were v a l i d . The p o s s i b i l i t y arises t h a t the hysteresis observed 

i n these compounds may be due almost ' e n t i r e l y to time dependence of the 

magnetization vs f i e l d behaviour. 
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Observations were made upon powder samples of Gd^Co and Gd^Ni and these 

gave magnetization vs f i e l d curves which were almost l i n e a r r i g h t up t o 

s a t u r a t i o n . The c r i t i c a l f i e l d had almost disappeared as a r e s u l t of 

powdering ( f i g . 5.7). The small kink near the o r i g i n i s believed, to be an 

i m p u r i t y e f f e c t . The kink was also observed i n the bulk sample magnetization 

vs f i e l d curve of G.d̂ Ni but not the bulk sample of Gd^Co. 

The j u s t p e r c e p t i b l e c r i t i c a l f i e l d f o r powdered Gd^Ni was 14^ less than 

t h a t i n the bulk sample. For Gd^Co the c r i t i c a l , f i e l d f o r tiie powdered sample 

was equal to t h a t f o r the bulk sample. 

The c r i t i c a l f i e l d s i n the two types of sample of Gd^Co are i d e n t i c a l 

w i t h i n the experimental e r r o r , since the c r i t i c a l f i e l d f o r the powder 

sample i s h a r d l y perceptible.' The s u s c e p t i b i l i t y measured from the 

magnetization vs f i e l d curve on the l i n e a r p o r t i o n j u s t above the impurity 

kink has values which are a.bout lo6 times those i n the corresponding bulk 

samples. An ant i f e r r o m a g n e t i c m a t e r i a l i s expected to give a r a t i o of 3/2 

between the f r e e powder and bulk sample i n i t i a l s u s c e p t i b i l i t i e s . The 

closeness between these two numbers shows t h a t the r e s u l t s are not inconsistent 

w i t h an i n t e r p r e t a t i o n based upon antiferromagnetic theory. 

The magnetization vs f i e l d curves were also i n v e s t i g a t e d f o r a 

number of other powder samples i n the range of compositions between the 

end p o i n t s Gd^Co and Gd^Ni. I n a l l cases where the sample was powdered? 

i t was found t h a t the c r i t i c a l f i e l d had become very much less sharp> 

and the i n i t i a l s u s c e p t i b i l i t y was increased by a f a c t o r of approximately 

3/2 above the value f o r the corresponding bulk sample. 

5c3.2 Magnetic Measurements as a Function .of Temperature 

5.3.2a A.C. S u s c e p t i b i l i t y 

The transformer method f o r p l o t t i n g A.C. s u s c e p t i b i l i t y as a fu n c t i o n of . 

temperature (see section 2.4'»1') was used i n order t o estimate the ordering 
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temperatures of the compounds. The r e s u l t s are shown i n f i g . 5"'7 v\*iere the 
h o r i z o n t a l axis J i n d i c a t i n g the copper-constantan thermo-couple voltage, 
has been c a l i b r a t e d i n degrees Kelvin. Vertical.' d e f l e c t i o n s are p r o p o r t i o n a l 
t o .9^Q the,A.C. i n i t i a l s u s c e p t i b i l i t y of the sample vhich was i n the form 
of a powder. The sample was cooled by l i q u i d n i t r o g e n and the temperature 
was r a i s e d by lowering the dewar gradually. 

The existence of sharp peaks i n the s u s c e p t i b i l i t y suggests t h a t we may 

be d e a l i n g with- a n t i f erromagnetic m a t e r i a l s . The temperatures Tj^ at which 

these peaks occured were obtained while warming and are p l o t t e d i n f i g . ^./^ 

as a f u n c t i o n of composition. 

The p o s i t i o n of the peak i n the ^C^^Q VS T p l o t f o r a given sample was 

not r e p r o d u c i b l e . The p l o t obtained while warming was considerably d i f f e r e n t 

from t h a t obtained while cooling. This i s believed to be p a r t l y due t o a 

temperature lag between the sample and thermocouple j u n c t i o n and p a r t l y due to 

a genuine h y s t e r e s i s i n %f^Q vs T f o r the sample. This l a t t e r cause i s suspected 

t o give a large c o n t r i b u t i o n because the i r r e p r o d u c i b i l i t y was more f o r some 

compounds than f o r others. The compound Gd„Fe .Co ~. f o r example, showed a 

^AC p l o t which was completely reproducible, as f a r as could be seen, 

i r r e s p e c t i v e of whether the temperature was r i s i n g or lowering. For the other 

Compounds the behaviour depended very much upon the magnetic h i s t o r y of the 

sample, i . e . whether i t was going from the ordered t o the disordered s t a t e , 

or vice-versa , or how f a r the temperature was from the Neel point-when the 

temperature run was commenced. 

Even though the ordering temperatures are denoted by Tj^, conforming w i t h 

the n o t a t i o n used f o r antiferromagnetic m a t e r i a l s , the p o s s i b i l i t y shouldbe 

borne i n mind t h a t these compounds might not be antiferromagnetic. However, 

i n view of the r e s u l t s given so f a r , there i s a strong l i k e l y h o o d of T^ 

being a genuine Neel p o i n t . The symmetry of the N i e l peak i s seen to show 

a systematic v a r i a t i o n w i t h 3d-electron concentration i n the range'of 

compositions w i t h high 3d-electron concentration. From Gd^Co ^Ni ^ which presents 

a-̂  symmetrical 1 peakc,tj\ecurve on the l e f t ,of the peak appears t o , be approaching 

a l e v e l , v^ose h e i g h t increases l i n t i l , a t Gd^Fe g i t i s almost l e v e l w i t h 
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the peak. I n the Gd^Fe ^Co ̂  composition the peak has disappeared altogether. 

For Gd^Fe ^Co g a Curie p o i n t a t 290 K i s evident and t h i s becomes more 

prominent on f u r t h e r Fe s u b s t i t u t i o n . This coincides w i t h t h e Curie p o i n t 

of m e t a l l i c gadolinium and i n d i c a t e s t h a t we have more than rtie phase i n 

Gd-̂ Fe ̂ Co g and Gd-̂ Fe ̂ Co ̂ . This i s consistent with the apparent i n s t a b i l i t y 

of the Fe-jCjf-j s t r u c t u r e f o r greater than 10^ Fe s u b s t i t u t i o n , as deduced from 

the X-ray d i f f r a c t i o n data. 

5.3.2b Pulsed F i e l d Measurements as a f u n c t i o n of Temperature 

A magnetization vs f i e l d o s c i l l o g r a m was photographed f o r various 

temperatures from 4.2- K up t o about 160 K, thus observing the v a r i a t i o n of 

c r i t i c a l f i e l d s , s u s c e p t i b i l i t y , and high f i e l d magnetization of bulk 

samples while passing between the magnetically ordered and the disordered 

state'. The r e s u l t s are p l o t t e d i n f i g s . ^ ' l / toS'lB' iC'is seen to pass 

through a sharp peak at the temperature Tj^. This i s considered t o be a 

more accurate meaaure of than was obtained/from the A.O, s u s c e p t i b i l i t y , 

f o r the reasons given i n s e c t i o n 2.4..3o The values of T̂ ^ from t h i s method 

and the A.C, s u s c e p t i b i l i t y technicpje are p l o t t e d i n figoSTI^. T̂^ appears to 

be constant f o r 3d e l e c t r o n concentrations less than t h a t of Gd.Co „ Ni 

The c r i t i c a l f i e l d H i s seen from the figuresS".// to £'•18 to decrease 
c 

continuously w i t h r i s i n g temperature, f i n a l l y dropping r a p i d l y to zero at 

the Neel p o i n t Tj^, except i n the compound Gd^Ni. 

5,3.3 Gd^Ni - (Magnetic parangters as a f u n c t i o n of T) 
In fig.S-// f o r Gd^Ni % . ,H , H ' are p l o t t e d as a f u n c t i o n of temperature. 

o 1 C C 
H decreases slowly with r i s i n g temperature v ^ i l e H ' decreases more r a p i d l y , c c 
The two c r i t i c a l f i e l d s H and H ' approach each other and become unresolvable 

c c 

at about 5 degrees below Tj^( = 100K)„ Above T̂^ the c r i t i c a l f i e l d s t i l l e x i s t s 

and increases w i t h increasing t e m p e r a t u r e j f i n a l l y becoming imperceptible a t 

about 130 K. I t i s not known whether the f i n a l disappearance of the c r i t i c a l 

f i e l d i s e f f e c t e d by i t s approaching zero or by i t s remaining a large value. 

I n the l a t t e r case i t can disappear by decreasing the sharpness of i t s 

p e r t u r b a t i o n upon the magnetization vs f i e l d curve u n t i l i t i s not longer present. 
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I t i s also not known whether the c r i t i c a l f i e l d above Tj^ i s a c o n t i n u a t i o n 

of H or H^' or both of these. When H ceases t o be resolvable from H I c e . c c 
i t i s possible t h a t i t has dropped r a p i d l y to zero between measurements. 

I t i s also possible t h a t H has r i s e n t o continue along the values of c r i t i c a l 
• c 

f i e l d above T^, I f t h i s i s thecase, then i t i s observed t h a t the e x t r a p o l a t i o n 
4 

of H_' from the region where i t i s d i s t i n g u i s h a b l e i n t e r s e c t s H a t the N^el c c 
p o i n t ; i t could also be t h a t H ' drops to zero at T̂ , with H r i s i n g to continue 

C n C 

above Tj^, Two other p o s s i b i l i t i e s remain: could drop between measurements 

becoming zero at Tj^ vhile H^' suddenly r i s e s at to continue above Tj^. . 

The other p o s s i b i l i t y , which i s less l i k e l y , i s t h a t both H and H * drop 
c c 

r a p i d l y , becoming zero a t Tj^,. and t h a t the IKW c r i t i c a l f i e l d above Tj^ . 
has i t s o r i g i n i n an e n t i r e l y d i f f e r e n t mechanism than t h a t which gives r i s e 

to H or H '. c c 

I n fig.^.HO MjgQj » M' and are p l o t t e d f o r Gd^Ni. M̂ ^̂ , the 

magnetization a t 160K0e does not show any sharp decrease at the Neel p o i n t and 

i s s t i l l l a r g e a t 150K. The M vs.H cuirve as;'.l.in^ atl50K where the sample i s 

e v i d e n t l y paramagnetic. 

I n order t o o b t a i n some measure of the spontaneous magnetization w i t h i n 

a s u b - l a t t i c e of Gd^Ni, the parameter was obtained from The M vs H 

curve was extrapolated from the highest f i e l d p o r t i o n near/i6G.'KP((4back to 

H = 0, A l i n e a r M vs H curve gave a value of M = 0 . Since a paramagnet 

i n t h i s high temperature region i s expected t o give a l i n e a r M vs H curve, 

the disappearance of any spontaneous magnetization i s consistent with M =0. 
s 

The value of M as a f u n c t i o n of T i s also p l o t t e d i n f i g . where i t can 

be seen t h a t becomes zero a t T = 135K, This i s the'point at which the 

c r i t i c a l f i e l d becomes imperceptible. . ' 
. Also seen i n f ig.3^2.(? i s x', the s u s c e p t i b i l i t y i n the l i n e a r part of 

the M vs H curve between the two c r i t i c a l f i e l d s H and H '. When H and H ' 
c c c c 

approach each other near the Neel p o i n t , becomes a meaningless concept. 

I t i s t h e r e f o r e not c e r t a i n whether i t i s tending to zero a t T^ or whether 

i t tends t o the value of X-a't the Neel peak. Ihe e x t r a p o l a t i o n t o H 0 
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of the l i n e a r p o r t i o n of the M vs H curve from which %' i s measured, gives M', 

the negative i n t e r c e p t on the M ax i s . This i s seen t o have the same type of 

v a r i a t i o n as and i t s value at i s s i m i l a r l y uncertain. 

5.3.4 Gd^Go -.̂  - Gd-̂ Fe ^Co g (Magnetic Parameters as a f u n c t i o n of T) 

The curves of H vs T f o r the compounds other than Gd-Ni show a systematic c • o 
trend w i t h increasing 3d-electron concentration. Near the Gd^Fe ̂ ,̂"-0 

end of the range of -pompositions H drops r a p i d l y as soon as T r i s e s from 
c 

4,2K, g i v i n g an H vs T p l o t which i s concave upwards. Near the n i c k e l r i c h c 
end of the range remains high u n t i l near Tj^ where i t drops r a p i d l y . I n 

Gd^Ni i t s e l f not only remains almost constant but might even r i s e i n the 

region, of Tj^ as described above. The r a t i o ^^/^4 2 i n i t i a l 

s u s c e p t i b i l i t y a t the Neel peak and t h a t a t 4.2K i s w e l l i n exeess of 3/2 j 

th a t expected from aosimple t w o - s u b l a t t i c e antiferroraagnet.. w i t h no anisotlTopy. 

The M vs H curves f o r Gd^Fe ,Co „ as a f u n c t i o n of temperature were 

obtained from 77K upwards. The curve at 4.2K showed a c r i t i c a l f i e l d , but 

t h i s had disappeared e n t i r e l y a t 77K, so t h a t only the parameters %^ and 

(at 23 kOe) were measurable. These are shown i n fig.5«/^ where the dashed 

l i n e l i n k s the r e s u l t s a t 4.2K with those at 77K. The values of the 

s u s c e p t i b i l i t y above and below the c r i t i c a l f i e l d a t 4.2k are'shown. Since 

has dropped t o very near zero a t 77K.. i t i s impossible to measure 

below H . The M vs H curves f o r T ̂ 7 7 K are l i n e a r near the o r i g i n and c 
the apparent i n i t i a l s u s c e p t i b i l i t y corresponds to the ferromagnetic phase 

above H . I t i s t h e r e f o r e reasonable t o connect the r e s u l t s f o r T > 7 7 K with 
c .' , 

OCrat 4.2K measured above the c r i t i c a l f i e l d , as shown i n fig.5"./^, The r a p i d 

f a l l of H as T r i s e s from 4.2K i n Gd^Fe Ĉo _ i s consistent with the 
increasing upward concavity of the H vs T curves vhen s u b s t i t u t i n g Fe-

c 

f o r Go i n Gd^Co. M̂ ^ decreases r a p i d l y on increasing T from 4.2K with no 

d i s c o n t i n u i t i e s a t the Neel p o i n t . The M vs H curves are not l i n e a r even 

at 145K which i s i n the paramagnetic region above Tj^. F i g . 5.21 shows the 

v a r i a t i o n w i t h composition of , 
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5.4 Magnetic Measurements on Gd^Fe^Nij^ ^ 

5«4»1. Pulsed F i e l d Measurements at. 4. 2K 

The M vs H curves of the compounds Gd2(?e^Nij^_^) from Gd^Ni up t o 60% Fe 

s u b s t i t u t i o n are shown i n f i g . f i # ^ . T h e l e f t hand column of curves up to x = 0.2 

i s believed to represent genuine compounds. 

From X = 0.-3 a large kink near the o r i g i n appears and gradually increases 

i n s i z e on f u r t h e r i r o n s u b s t i t u t i o n . Let us assume t h a t t h i s kink i s the r e s u l t 

of a f o r e i g n phase c o n t r i b u t i o n wrfiich i s ferromagnetic and t h a t t h i s is 

superposed upon the Gd^B c o n t r i b u t i o n t o the M vs H curve. I t vyould then appear 

t h a t Fe s u b s t i t u t i o n foiming s i n g l e phase Gd^B occurs up t o x ~ 0 , 2 . For 

x > 0 . 2 the c o n t r i b u t i o n from the f o r e i g n phase i s p r o p o r t i o n a l to the Fe 

content ( f i g , 5 ^ l 3 ) . I n t h i s f i g u r e i s shown Mj^ versus composition. The 

i j u a n t i t y M̂ , i s the s a t u r a t i o n magnetization of the ferromagnetic f o r e i g n 

phase. This was estimated by assuming s a t u r a t i o n was a t t a i n e d i n f i e l d s 

less than the c r i t i c a l f i e l d . I f t h i s i s v a l i d , then the slope below the 

c r i t i c a l f i e l d i s due to the i n i t i a l s u s c e p t i b i l i t y of the Gd^B phase. This 

region, was extrapolated (fig.5'.53) l i n e a r l y back t o H = 0 i n order to estimate 

the value of superposed on the Gd^B c o n t r i b u t i o n . The i n t e r c e p t on the M 

axis was taken as M̂,, I n i s seen t o vary l i n e a r l y with composition. 

This s t r a i g h t l i n e , v\hen extrapolated to the Gd^Fe composition gives a value 

of 8.2ytg/Gd f o r Gd^Fe. Gd^Fe does' not form as a single s t o i c h i o m e t r i c compound, • 

I f the Gd and Fe ifl^efearlfe are assumed t o c o n t r i b u t e t o the s a t u r a t i o n moment of 

Gd^Fe, the value of ^i:3J^Gd i s t o be expected. Considering the rudimentary 

method by which Mj^ was estimated t h i s i s very close t o the extrapolated value 

8.2^g/Gd. The s t r a i g h t l i n e v a r i a t i o n of Mj^ w i t h composition i n t e r s e c t s the 

composition axis a t approximately x = 0,25, I f our o r i g i n a l assumption i s 

c o r r e c t , t h a t the kink near the o r i g i n of the M vs H curve i s due t o the 

appearance of a ferromagnetic f o r e i g n phase, then i t would seem t h a t t h i s phase 

f i r s t appears a t x = 0.25. I t i s th e r e f o r e l i k e l y t h a t the Fe^C s t r u c t u r e i s 

stable up t o x = 0.25. This i s consistent with the X-ray d i f f r a c t i o n data f o r 

which the d i f f r a c t e d l i n e s s t a r t e d to d e t e r i o r a t e i n q u a l i t y f o r the sample 
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w i t h x= 0,3. The Fe^C phase e x i s t i n g i n samples with. x > 0,25 i s expected to 

correspond t o the composition Od^Fe ^c^Ni j^, hence any magnetic properties 

which are c h a r a c t e r i s t i c of the Gd^B component of the multiphase samples are 

expected t o remain constant f o r x > 0 , 2 5 , 

Inf f i g , 5 ' . 2 3 i s shown also M^^^ andjC^. M̂ ^̂  probably increases s l i g h t l y 

from the value at x = 0 f o r increasing Fe concentration. The increased 

ejcpected t h e o r e t i c a l l y assuming t h a t the Fe contributes 2 holes per atom 

to t h e 3d band more than .does n i c k e l , i s shown by the s t r a i g h t " l i n e . could 

be measured r e l i a b l y only f o r the single phase samples from x = 0 to x = 0,2. 

The v a r i a t i o n i s s i m i l a r t o t h a t found i n the Gd2(Co,Ni) system w i t h the value 

of f o r Gd^Ni being much less than t h a t f o r the neighbouring compositions. 

I n fig.5^24-is shown the v a r i a t i o n of the various c r i t i c a l f i e l d s w ith 

composition x. As i n the Gd^(Co Ni ) the form of the M vs H curves f o r 
O X i^X 

x = 0 and x = 0,05 l i e s i n a class of i t s own, showing two c r i t i c a l f i e l d s 

H and H For the samples w i t h x 0,1 the c r i t i c a l f i e l d H • i s no c c c 
longer present. The l i n e through H^' i n t e r s e c t s the curve of between 

X = 0,05 and x = 0,1 at the p o i n t vhere H i s a maximum, H decreases from 
s s 

x = 0,1 to x = 0,2, H decreases from x = 0 t o x = 0,2. I h i s behaviour i s 
c 

s i m i l a r t o t h a t shown f o r the Gdo(Co Ni ) system, whose behaviour i s also 
o X 1 "X 

shown on the same f i g u r e f o r comparison. The behaviour of the compounds 

GdXo Ni i s shown by the dashed l i n e s i n the f i g u r e , and i s p l o t t e d i n o a i"X 
such a way t h a t the abscissa represents the arverage 3d-electron concentration 

f o r the (Fe,Ni) and f o r the (Co-,Ni) pseudobinaries a l i k e . The assumption 

has been made t h a t an Fe i o n c o n t r i b u t e s one less 3d e l e c t r o n than a Co i o n , . 

and t h a t a Co i o n c o n t r i b u t e s one less 3d e l e c t r o n t h a t .a Ni icrn. I t ' i s 

apparent t h a t the curve f o r H i n the (Fe,Ni) compounds i s the same as t h a t 
c 

f o r H i n the (Co ,Ni) compounds when p l o t t e d as a f u n c t i o n of the average • c 
3d-electron concentration. The curves f o r H i n the two systems are d i f f e r e n t 

s 
but they both peak at the same value of the 3d-electron concentraction. For 

samples with x > 0,2 the q u a n t i t y H remains constant at approximately the 
c 

value f o r x = 0,2, as expected from what was i n d i c a t e d two paragraphs above. 

I t i s u n c e r t a i n whether H increases or remains constant f o r . i n c r e a s i n g x i n 
s 
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t h i s range, 

5,4,2 A,C, S u s e e p t i b i l i t v as a Function.of Temperature 

The A,C, s u s c e p t i b i l i t y vs temperature curves of the Gd.,Fe Ni system 
•J X 1"X 

were used i n order t o deduce the N^el temperatures T^, The r e s u l t s are shown 

i n iiQS2S together w i t h the corresponding r e s u l t s f o r the Gd^Co Ni 
^ X i ~ x 

system. The two sets of r e s u l t s give almost coincident curves. I t appears 

t h e r e f o r e t h a t Tj^ i s a f u n c t i o n of x r a t h e r than a f u n c t i o n of 3d-electron 

concentration. I n other words, i f one s u b s t i t u t e s a given f r a c t i o n of.the 

N i , the e f f e c t upon i s the same whether the s u b s t i t u t i o n i s done by Fe 

or by Co, The sample i n the Gd^Fe Ni system w i t h x = 0.3 gave a value of 

Tj^ = 121K. Since t h i s was the f i r s t multiphase sample i n the series and 

since the Gd^B phase i n t h i s sample i s expected t o be the compound wi t h 

X = 0.25 (as already i n d i c a t e d i n section 5,4.l) the point f o r t h i s composition 

(where x = 0,3) has been s h i f t e d to x = 0.25, The X^^ vs T curves f o r x^0,3 

i n d i c a t e d a Curie po i n t a t about 290 K which i s the Curie temperature of 

m e t a l l i c gadolinium. The sample w i t h x = 0,2 gave a s l i g h t i n d i c a t i o n of a 

Cixrie temperature at 290K, This was t o be expected since the M vs H curve 

at 4,2K. showed a s l i g h t kink a t the o r i g i n f o r t h i s composition (fig . 5'.2i) The 

samples w i t h x > 0 . 3 had a large q u a n t i t y of f o r e i g n phase, v\hich contributed 

to a l a r g e r i n i t i a l s u s c e p t i b i l i t y , . Therefore measurements of Tj^ of the 

Gd-jB component i n these multiphase samples was impossible because the 

c o n t r i b u t i o n t o the i n i t i a l s u s c e p t i b i l i t y was obscured by the c o n t r i b u t i o n 

from the m e t a l l i c gadolimiuui, so t h a t no d i s t i n c t Neel peak was di s t i n g u i s h a b l e . 
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C H A P T E R S I X 

6.1 

DISCUSSION OF Y^(?e.Co.Ni]_^PSEUDOBINARIES. AND 

A-Ni. A-Ca. A-Fe. where A i s Y OR . Gd. 

X^(FeiCo) 1 .X and Y^(Co , N i ) ^ _ ^ Pseudobinaries 

6 . I l l S t r u c t u r a l S t a b i l i t y 

On s u b s t i t u t i n g Fe f o r Co i n the Compounds YCo^, "^^Ojf and YCo^j a 

composition was reached i n each stoichiometry where the c r y s t a l s t r u c t u r e 

of that^^stoichiometry became unstable, and was replaced by more than one 

phase. 

(a) T l ^ Y(Co,Ni),^ and Y(Fe:,Go).- Pseudobinaries 

The v a r i a t i o n of the l a t t i c e parameters (a and c) i n Y(Co-,Ni)^ f o l l o w 

Vegard's Law, showing a l i n e a r v a r i a t i o n between the terminal compounds, as 

expected by t h i s law f o r s u b s t i t u t i o n a l s o l i d s o l u t i o n s . On s u b s t i t u t i n g 

, Fe f o r Co however, an increase i n 'c' and a decrease i n 'a' r e s u l t s i n a large 

increase i n the c/a r a t i o . The samples were single phase, with the Ca Cu^ 

s t r u c t u r e f o r i r o n s u b s t i t u t i o n up t o 20%, but the sample w i t h 30% s u b s t i t u t i o n 

o f Fe was multiphase. The d i s t o r t i o n of the hexagonal c r y s t a l s t r u c t u r e , 

associated w i t h the r a p i d increase of the c/a r a t i o , would appears t o be the 

cause of the onset of s t r u c t u r a l i n s t a b i l i t y . However the cause of the a x i a l ' 

expansion i t s e l f i s less c e r t a i n . The agreement w i t h Vegard's law on going 

from YNi,. t o YCo^ suggests t h a t there i s substitiiional'.replacement of Ni by 

Co on the B s i t e s i n the AB^ s t r u c t u r e . On s u b s t i t u t i n g Fe f o r Co i n YCo^ 

the r a p i d a x i a l expansion suggests t h a t there may be a tendency f o r a more 

complex type of s u b s t i t u t i o n , 

Buschow et al,. have i n v e s t i g a t e d the stoichiometry ErCo^o (ref, • 6.1-,).. 

X-ray photographs show t h i s compound to be of single phase, the d i f f r a c t i o n 

l i n e s having the same p a t t e r n as those of the GaCû ^ s t r u c t u r e . Buschow e t a l . 

have i n t e r p r e t e d the s t r u c t u r e of EiSo^ to be derived from the AB^ s t r u c t u r e 

by a p a r t i a l replacement of Er atoms on the A s i t e s by pa i r s of Co atoms 
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arranged along the c axis d i r e c t i o n o I t i s t e n t a t i v e l y suggested t h a t , i n . 

the Y(,Fe,Co)p^ pseudobinaries, there may be a s i m i l a r p a r t i a l s u b s t i t u t i o n 

of some Y atoms by p a i r s of Fe atoms i n the a x i a l d irectiono This might 

account f o r the large a x i a l expansion as we s u b s t i t u t e Fe f o r Co i n YCô .̂ 

(b) E f f e c t of 3d e^eqtron goncentfatipq 

F i g . 6.1 i l l u s t r a t e s which compositions i n the various pseudobinary 

systems e x i s t . The compositions which were known t o e x i s t before the 

commencement of t h i s work are marked by the t h i c k l i n e s i n f i g . 6.1 on each 

st o i c h i o m e t r y . The compositions v\rfiich have been shown to e x i s t i n t h i s work 

are marked by a p a i r of t h i n l i n e s . 

The l i n e s l a b e l l e d A and B i n the y t t r i u m diagram are two contours 

of constant 3d e l e c t r o n c o n c e n t r a t i o n j which were deduced w i t h the f o l l o w i n g 

assumptions: F i r s t l y i t was assumed t h a t the s u b s t i t u t i o n of an atom of Co 

f o r an atom of Fe increased the 3d e l e c t r o n concentration by one. Secondly, 

i t was assumed t h a t a l l the valence electrons from y t t r i u m (3 per Y atom) 

occupy the Sd band. What i s meant by "3d e l e c t r o n concentration" i s the 

average number of 3d el e c t r o n s per t r a n s i t i o n metal atom. Thus the 3d 

e l e c t r o n concentration w i l l equal 10 when the 3d band i s f u l l . The l i n e s 

A and B cannot be l a b e l l e d w i t h t h e i r respective values of 3d e l e c t r o n 

c o n c e n t r a t i o n , since t h i s i s not known i n an absolute sense. The d i f f e r e n c e 

i n 3d e l e c t r o n concentration between contours A and B i s 0.-2 electrons per 

t r a n s i t i o n metal atom . I t i s evident t h a t the l i m i t of- s o l i d s o l u b i l i t y 

of Fe i n Co f o r each of the s t o i c h i o m e t r i e s YB̂ ,̂ ^^-j and YB^, correspond 

to the same value of 3d e l e c t r o n concentration» w i t h an e r r o r of + 0.lo 

3d e l e c t r o n s per t r a n s i t i o n metal atom. I f our assumptions about the three 

valence - e l e c t r o n s of y t t r i u m occupying the 3d band i s c o r r e c t , then i t would 

appear t h a t the onset of s t r u c t u r a l i n s t a b i l i t y occurs at a c r i t i c a l 3d 

e l e c t r o n concentration. 

6.1.2 Magnetic Properties 

(a) The moment summary graph 

F i g , 6.2 i s a summary graph of the spontaneous moment per t r a n s i t i o n 



and 
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metal atom f o r each of the s t o i c h i o m e t r i e s studied. The pure t r a n s i t i o n metals 

(pe, Co) and (Go,Ni) are represented schematically as the Slater-Pauling Curve, 

The Y(Fe}Go)^ r e s u l t s , discussed i n chapter one are also included. 

One s t r i k i n g f e a t u r e of t h i s graph i s the way i n which the moment v a r i a t i o n 

changes very g r a d u a l l y from one stoichiometry to the next as we increase the 

Y content from zero ( S l a t e r - P a u l i n g Curve) t o t h a t of YB^, Since the 3d moment 

must depend t o a considerable extent upon the density of states i n the 3d bandj 

t h i s smoothness of the change from one stoichiometry to the next suggests t h a t 

there may be some s i m i l a r i t y i n the density of states curve between the d i f f e r e n t 

s t o i c h i o m e t r i e s . The c r y s t a l s t r u c t u r e s of a l l the y t t r i u m - t r a n s i t i o n metal 

compounds here are r e l a t e d t o each other ( f i g . 1.4)» as described i n chapter 

one. Because of t h i s i t i s reasonable t o expect the density of states curves, 

f o r each of these s t o i c h i o m e t r i e s , to have some s i m i l a r f e a t u r e s , and therefore 

give r i s e to some c o n t i n u i t y i n magnetic behaviour as we cross stoichiometries. 

Each of the s t o i c h i o m e t r i e s vhich show a peak i n the moment, do scat 

approximately the same FesCo concentration r a t i o . Piercy (see Chapter one^' 

sec t i o n 1.4,4) i n t e r p r e t e d the peak i n moment of the YiFefio)^ compounds by 

assuming the existence of a minimum i n the density of states curve. I n t h i s 

model the moment i n i t i a l l y increases from YFe^ a t the rate of + y*g/re.-Co 

s u b s t i t u t i o n u n t i l one o f the spin sub-bands i s almost f u l l , then on furthe;;' 

s u b s t i t u t i o n the other sub-band i s occupied, decreasing- the moment a t the same 

r a t e . The f a c t t h a t the a c t u a l moment v a r i a t i o n f a l l s below t h i s p a i r of 

t h e o r e t i c a l curves and then collapses t o zero, was a t t r i b u t e d t o a decoupling 

of the two sub-bands. Such a p a i r of t h e o r e t i c a l curves can be constructed 

f o r the pure 3d t r a n s i t i o n metals and i t i s evident t h a t the moment v a r i a t i o n 

i n the pure t r a n s i t i o n metals is i n very close agreement w i t h t h i s t h e o r e t i c a l 

i n t e r p r e t a t i o n , where there i s no decoupling of the spins i n the two sub-bands. 

The moment behaviour as a f u n c t i o n of 3d e l e c t r o n concentration i n each of 

the s t p i c h i o m e t r i e s YB^, Y^B^s YB^, Y^B^^ also shows evidence of decoupling 

of the spin-sub-bands, but the moment collapse becomes progressively less 

abrupt as we increase the t r a n s i t i o n metal content. This i s consistent 
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with the decrease i n the distance between the t r a n s i t i o n metal i o n s , g i v i n g 
r i s e to stronger ferromagnetic coupling. 

I n the Y(Fe,Co)y-,, Y(Fe,Co)^, and (Fe ,Co') systems the moment shows a peak. 

This peak occurs a t the same composition i n each stoichiometry as t h a t f o r 

which the Curie Tethperature i s a maximum. This i s consistent w i t h the model 

proposed t o account f o r the peak. This i s not the case, however, i n the 

^2^17 '̂ °'""P°""̂ s w^ere the Curie temperature reaches a maximum at'Y^Co^^, and 

the moment has i t s maximum f o r Tz>% Fe s u b s t i t u t i o n i n Co. 

(b) The low moment composition, range of Y^(CooNi)„ and y(Co..Ni)3 

I n both of these s t o i c h i o m e t r i e s the moment collapses on increasing the 

3d e l e c t r o n concentration. As already s t a t e d , t h i s callapse i s due to an 

uncoupling of the 3d spin sub-bands, w i t h the r e s u l t t h a t the Fermi l e v e l s 

i n l h e sub-bands become equalized. However, when the moment f i n a l l y becomes 

zero (at 20^ (JO) a f u r t h e r increase i n 3d e l e c t r o n concentration causes a 

moment t o reappear. The i n i t i a l s u s c e p t i b i l i t y of both the 20^ Co compositions 

was measured down to 55Ko No ordering temperature was observed i n e i t h e r 

s t o i c h i o m e t r y . The Curie temperatures of the two 20% Co compositions can 

th e r e f o r e be represented by an e r r o r bar from 0 to 55K, i n f i g . 4.7 and f i g . 

4.8. We s h a l l assume t h a t the composition w i t h no moment a t 4.2K also does 

not order. The v a r i a t i o n of the Curie temperatures t o the Co r i c h side of 

the 20% Co composition appears t o support t h i s assumption, the extrapolated 

T^ v a r i a t i o n i n t e r s e c t i n g the composition axis very close to the 20% Co 

composition. 

The minimum i n the moment cannot t h e r e f o r e be i n t e r p r e t e d i n terms of 

the compensation of two opposing s u b - l a t t i c e s , since i t corresponds also to 

a minimum i n the Curie temperatures. Therefore the minimum i n the moment 

corresponds t o the disappearance of magnetic ordering. 

The f o l l o w i n g model i s proposed i n order to i n t e r p r e t t h i s disappearance 

of ordering at the 20% Co composition. I t i s postulated t h a t there i s a deep 

minimum i n the den s i t y of states curve near the top of the 3d band. On 

inc r e a s i n g the Ni content from YCo^ or Y^Co^ the Fermi l e v e l i s being raised 
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and gra d u a l l y approaches t h i s minimum i n N(E), T^e two 3d sub-bands, each 

of which i s u n f i l l e d , t h e r e f o r e gradually uncouple, w i t h a r e s u l t i n g lack 

of p o l a r i z a t i o n when the Fermi l e v e l encounters the minimum i n N(E). See f i g . 

6.3, below. 

YNi3 

X = 0.6 X = G.4 0.2 X = 0 

F i g . 6.3 Model (schematic) t o account f o r disappearance of ordering 

. i n _ Y i C o ^ ^ . ^ ) 3 and_Y^(Co^^_^),. 

The value of N(E) a t t h i s minimum must be s u f f i c i e n t l y low f o r the Stoner 

c r i t e r i o n f o r ferromagnetism ( s e c t i o n 1.3.l)^ t o be no longer f u l f i l l e d . On 

adding more el e c t r o n s to the 3d band, from t h i s point of no o r d e r i n g , t h e 

Fermi l e v e l r i s e s above the minimum i n N(E) and then f i n d s i t s e l f a t an 

energy value w i t h a higher N ( E ) . Spontaneous p o l a r i z a t i o n then reasserts 

i t s e l f , w i t h the r e s u l t i n g reappearance of a spontaneous moment, as i n 

YNi^ and Y Ni . I t i s proposed t h a t the minimum i n N(E) i s s u f f i c i e n t l y 

near the top of the 3d band f o r the p o l a r i z a t i o n i n YNi^ and Y^Ni^ t o be 

complete. The p o l a r i z a t i o n obviously cannot be complete f o r samples w i t h 

greater than 20^ Co since the exchange cannot cause electrons t o occupy 

the energy st a t e s above the minimum i n N(E) i n e i t h e r sub-band. This has 

two consequences: l ) The M vs H curves of samples w i t h Co content greater 
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than 20^ w i l l not saturate. This i s because the spontaneous moment arises 

from the d i f f e r e n c e i n population between two incompletely f i l l e d sub-bands 

wdiich are s p l i t by a weak exchange i n t e r a c t i o n . On applying a f i e l d H, the 

domains of spontaneous moment w i l l i n i t i a l l y l i n e up p a r a l l e l t o H. On 

incre a s i n g H the two -sub-bands w i l l be s p l i t f u r t h e r . Since the exchange 

i s weak the f i e l d r equired t o simulate the order of magnitude of the exchange, 

f i e l d need not be large. This increased s p l i t t i n g w i l l r e s u l t irt a lar g e r 

population d i f f e r e n c e between the sub-bahds wtiich w i l l enhance- the moment. • 

This enhanced moment w i l l be p r o p o r t i o n a l t o the-applied f i e l d and w i U r e s u l t 

i n s a t u r a t i o n not being approached. (2) For YNi^ and Y^Ni^j on the other hand, 

the p o l a r i z a t i o n i s already complete, and any f u r t h e r s p l i t t i n g of the sub-

bands cannot give any f u r t h e r population d i f f e r e n c e . Thus the sample magnetization 

w i l l s aturate completely. 

These two e f f e c t s ( l ) and (2) are observed experimentally. The moment of 

powder samples w i t h greater than 20^ Co do not s a t u r a t e , but show a l i n e a r 

magnetization r i s e w i t h f i e l d , a t high f i e l d s . Assuming the above model t o 

be a p p l i c a b l e i t spears t h a t t h i s non-saturation i s a r e s u l t of the applied 

f i e l d i n c r e a s i n g the magnitude of the moment, rather than a r e s u l t of 

magnetocrystalline anisotropy impeding alignment of domains. The l a t t e r might 

be suspected t o bfeoeffective i f the powder grains were not s u f f i c i e n t l y small. 

Thus the method used f o r determining the spontaneous moment ( i . e e x t r a p o l a t i n g 

M(H) to H = G from high f i e l d s ) was probably c o r r e c t . • 

The above e f f e c t (2) i s observed i n YNi^ and ̂ 2^^7' °^ these samples 

i n bulk and powder form, saturated completely i n f i e l d s of less than a few 

k i l o - o e r s t e d . 

C r i t i c a l f i e l d s were observed i n the low moment composition range 

f o r g reater than 20^ Co s u b s t i t u t i o n i n Ni. These c r i t i c a l f i e l d s were 

observed only f o r powder samples. The cause of t h i s occurrence may be t h a t 

the exchangev/anisotropy energy r a t i o i s small. The powder samples might 

cons i s t of s i n g l e domain p a r t i c l e s f o r which a c r i t i c a l f i e l d i s required to 

reverse the magnetization d i r e c t i o n , ^or low moment samples the domain size 
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i s large and may be of the order of the powder g r a i n size. 

I n f i g . 6o4, the data of the summary diagram ( f i g . 6.2) are p l o t t e d i n 

an a l t e r n a t i v e form, the contours of moment value per t r a n s i t i o n metal atom 

are p l o t t e d i n the Y-Fe-Co and Y-^o-Ni composition t r i a n g l e s . The general 

downhill t r e n d of the moment w i t h increasing 3d-e]e c t r o n concentration and wi t h 

i n c r e a s i n g Y content i s obvious. The zero moment compositions are represented 

t e n t a t i v e l y by the shaded re g i o n s , since t h i s region has not been f u l l y 

i n v e s t i g a t e d . I t i s convenient and v i v i d t o r e s o r t t o geographical terms and 

r e f e r to t h i s shaded region as a 'sea' and the high moment region as the 

'mainland'. I t w i l l be n o t i c e d t h a t the small moment on Y^Ni^ represents 

the top of a small ' i s l a n d ' separated from the 'mainland' by a narrow 

'estuary'. of zero moment which extends through the non-ordering compositions 

Y(CO _Ni Q)„, Y-(CO _Ni „)„, as f a r as YNi^o I t i s clear therefore t h a t the 

disappearance of magnetic ordering i n each of these three compositions 

o r i g i n a t e s from the same cause. Thus, any model w^iich accounts adequately 

f o r t h i s phenomenon on var y i n g the composition w i t h i n onestoichiometry must be 

appli c a b l e also when the composition varies while crossing st o i c h i o m e t r i e s . 

The r i g i d band model proposed ' 'for Y2(Co,Ni)2 and Y2(Co,Ni)^ i n which 

a minimum i n the density of states was assumed i s therefore applicable also 

i n the Y Ni system. 

Thus i t i s probably v a l i d t o assume.that t h i s same minimum i n N(E) 

e x i s t s f o r the compositions Y^Ni^^, YNi^^, Y^Ni^ and YNi^. This suggests t h a t 

there i s a t r a n s f e r of valence electrons from Y t o the 3d band of Ni. ^ h i s 

t r a n s f e r probably involves only a f r a c t i o n of the 3 valence electrons per 

y t t r i u m atom. On going from the 20% Co i n Ni composition to the pure Ni 

composition of e i t h e r o f^the stoichioraetries YB^ or Y^B^ the 3d e l e c t r o n 

c o n c e n t r a t i o n increases by 0.2 per T.M. atom.. The zero moment composition 

in' the Y^B^ a l l o y s appears t o be s l i g h t l y t o the N i - r i c h side of t h e 20^ Co 

composition. The zero moment composition i n the YB^ a l l o y s appears t o be 

e x a c t l y a t the 20^ Co composition. We s h a l l therefore assume t h a t Y(Co ^Ni 3)3 

has the same 3d e l e c t r o n concentration as YNi^. We can then c a l c u l a t e how 
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3+ many of the valence electrons of Y are donated t o the 3d band. The value-:.' 

obtained i s 1.5 per Y"̂"*" io n . Thus only about h a l f of the valence electrons 
of Y"̂ ^ occupy the 3d band. This same value need not necessarily be applicable 
over the v\^iole Y Ni range of compounds. I f i t were applicable over the • 
whole range, however, t h i s WDuld p r e d i c t a completely f u l l 3d band f o r some 
composition between YNi^ and YNi^, assuming pure Ni to have 0.61 holes per atom. 
6.2. Tbg 3d Moment i n Y^^_^ and Gd^^_^ 

Fi g , 6.5 shows the ord e r i n g temperatures of the compounds of nickel w i t h • 

y t t r i u m and wi t h gadolinium. The y t t r i u m compounds have already been discussed 

p a r t i a l l y i n chapter one and i n section 6.1. The n i c k e l moment i n the y t t r i u m 

compounds was seen t o f o l l o w c l o s e l y the Curie temperature v a r i a t i o n . The 

problem i n t h i s s e c t i o n i s t o attempt t o deduce when the 3d band i s f u l l . 

Since i t i s possible t o have a p a r t i a l l y f u l l 3d band with the Fermi l e v e l 

at a low N(E) the absence of a spontaneous moment does not necessarily mean 

t h a t t h i s band i s f u l l . However, i f the band i s u n f i l l e d , the replacement 

of y t t r i u m by gadolinium can induce a 3d moment where none e x i s t s spontaneously. 

I f the Gd i s found not t o induce any 3d moment, t h i s may be considered as some 

evidence of t h e 3d band being f u l l . I n attempting to cal c u l a t e the 3d moment 

we must f i n d some way of separating t h i s from the moment due to the p o l a r i z a t i o n 

of conduction e l e c t r o n s . The l a t t e r p o l a r i z a t i o n i s induced by exchange 

of the RKKY type (see section 7.7.1) between the l o c a l i z e d Gd ions and the 

conduction e l e c t r o n s . We make the f o l l o w i n g assumptions:(l) The moment 

due to the conduction e l e c t r o n p o l a r i z a t i o n per Gd (M ) i s oriented p a r a l l e l 
cs 

to the gadolinium moment. The s a t u r a t i o n moment of Gd metal i s 7.55^ per atom. 

The 0.55^ excess i s a t t r i b u t e d t o conduction e l e c t r o n p o l a r i z a t i o n , and i s 
p a r a l l e l t o the Gd"̂"*" i o n i c moment and i n the same d i r e c t i o n . I t i s not 

unreasonable t o assume t h e r e f o r e t h a t , i n the a l l o y s , M i s also i n the same 
CS 

d i r e c t i o n as the Gd moment inducing i t . (2) The value chosen f o r M ' i s assumed 
ce 

constant f o r a l l the a l l o y s . This assumption i s admittedly a bad'. one, but 

i n the absence of any more reasonable assumption we s h a l l adopt i t here. 
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(3) The 3d moment i s o r i e n t e d a n t i p a r a l l e l to the Gd moment. From section 1.1 

i t was seen t h a t t h i s was the most convenient way of i n t e r p r e t i n g the s a t u r a t i o n 

moment of the Gd compounds w i t h Fe, Co, or Ni. No evidence against t h i s r u l e 

has been found. I t i s t h e r e f o r e reasonable t o adopt i t . 

The or d e r i n g temperaturesof the gadolinium compounds decrease i n i t i a l l y 

from t h a t of pure Gd, as would be expected when the Gd-Gd distance increases 

on adding N i . The Curie temperatures then r i s e s l i g h t l y from t h a t of Gd Ni^ 

on f u r t h e r Ni a d d i t i o n , t o t h a t of GdNi^, and continue to r i s e more r a p i d l y 

on approaching GdNi^, whose 3d band i s known already t o be u n f i l l e d . Though 

the r i s e i n the T from the 1:1 t o the 1:2 compounds i s small? i t probably c 
i n d i c a t e s the appearance' of a 3d moment induced on the Ni atoms by the Gd 

i n GdNi^. I t may be r e c a l l e d , from chapter 1 (se c t i o n 1.4.4) t h a t the number 

of holes i n the 3d band of GdCo^ i s 1.1 holes per Co atom.' Since Ni has one 

more valence e l e c t r o n than Go, the number of holes i n the 3d band of GdNi^ 

i s probably 0.1 per Ni atom.o Thus i t appears to be possible t h a t the 3d band 

i n GdNi^ i s not q u i t e f u l l . This i s consistent w i t h the consideration above, 

v*iere T r i s e s from the 1:1 to the l s 2 composition, c 

F i g . 6.6 shows the v a r i a t i o n (continuous l i n e ) of the non-rare earth 

moment M̂ ^ per Ni atom. By t h i s i s meant t h a t the ̂ * per Gd"̂"*" ion has 

been subtracted from the s a t u r a t i o n moment as shown here: 

3+ 
Gd moment 
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Thus M̂ ^ i s the 3d moment minus the conduction e l e c t r o n p o l a r i z a t i o n moment. 

I f the 3d moment i s l a r g e r than the conduction e l e c t r o n moment, M ., w i l l be 
s d 

p o s i t i v e and a n t i p a r a l l e l to the Gd"̂"*" moment. I f the s a t u r a t i o n moment of the' 

a l l o y i s e x a c t l y IjU^pex Gd atom, then t h i s suggests t h a t M̂ ^ i s equal to M̂ ^ 

and does not necessarily i n d i c a t e t h a t the Ni moment i s zero. 

I t appears, from the v a r i a t i o n of the ordering temperature tiiat the top 

of the 3d band i s encountered by the Fermi l e v e l somev\diere between the 1:1 and 

1:2 compositions. Therefore the compounds GdNi and Gd^Ni have no 3d moment and 

t h e i r non-rare earth moment must be due purely to conduction e l e c t r o n 

p o l a r i z a t i o n . . Making the above three assumptions leads to the dashed l i n e i n 

f i g . 6.6, and t h i s represents the t h e o r e t i c a l v a r i a t i o n of the conduction e l e c t r o n 

moment (per Ni atom), assuming t h a t M̂ ^ i s 0.3^g/Gd atom. This dashed line--is 

the best f i t t o the non-R.E. moment-: values of the compounds GdNi and Gd2Ni. The 

3d moment i s given by the d i f f e r e n c e between the continuous l i n e and the dashed 

l i n e i n f i g . 6.6. This i s p l o t t e d i n f i g . 6.7 together w i t h the values of t h e 

Ni moment i n the Y compounds, and the t h e o r e t i c a l v a r i a t i o n from pure N i , 
3+ 

assuming the three valence electrons from Y occupy the 3d band. We see t h a t 

the presence of Gd i n place of Y a m p l i f i e s the 3d moment on the Ni atoms, and 

also induces a small moment on the Ni atoms of:the i n h e r e n t l y non magnetic 

YNi^ and YNi^ compounds. The f a c t t h a t the 3d band i s u n f i l l e d a t YNi^ shows 
3+ 

t h a t only a f r a c t i o n of the three valence electrons of Y occupy the 3d band 

of N i . . . . 

6.3. The 3d moments i n Y^Co^^^ and Gd^^_^. 

By means of the i d e n t i c a l argument as used i n section 6.2, we derive 

the 3d moment dn the Co atoms i n the Gd Co compounds.- The relevant graphs 
X X X 

are f i g s . 6,8, 6.9ahd 6.10 which are the equivalents of f i g s . 6.5, 6.6 and 

6.7 f o r the Ni compounds. The r e s u l t i s t h a t the 3d band i s f u l l i n Gd^Co 

and YgCo, but t h a t both these compounds have t h e i r Fermi l e v e l very near the 

top of the 3d band. Y^Co^ i s more s t r o n g l y ferromagnetic than YCo^ and i t 

may be t h a t we are observing the same type of reappearance of ordering on 

going from YCo^ t o Y^Gb^ as we observed i n the Ni system on going from YNi^ 





I 

ci 

\ 

cr-

LL 





Stoichiomefry (x) 
0.2 0.4 

—o— 

0.6 

WOO 

eoo 
Tc(K) 

600 

200 

Gd 

to 



73 

to Y^Niy. This i s however very c o n j e c t u r a l since there i s only one composition 

to mark the reappearance of orderingo 

6.4 Th? 3^ moments Xn ^ x ^ ^ - ^ ^ ^ ^ ^ ^ - ^ x ^ l - x 

I n chapter one ( s e c t i o n 1,4.3) i t was stated t h a t the moment per i r o n 

atom, i n the Y compounds w i t h Fe decreased progressively on increasing x from 

t h a t of pure He, v\rt-iile the Curie temperature decreased r a p i d l y from Fe t o 

Y^Fe^^ and then increased on increasing x f u r t h e r . From the r e s u l t s - o f the 

Y(FejCo)2. system the s i t u a t i o n appears t o be r a t h e r d i f f e r e n t . The YB^ s t r u c t u r e 

e x i s t e d up to 8Q)% Fe s u b s t i t u t i o n and the Fe moment was approximately constant 

at i t s maximum from 40^ to 80^ Fe s u b s t i t u t i o n ( f i g . 4.7). The multiphase 

sample of YFe^ had a measured moment ( l . ^ t ^ F e ) which was close to t h i s 

maximum value. The moment of YFe^> i f t h i s compound were to e x i s t , would 

t h e r e f o r e be close to t h i s value. The Curie temperatures varied more r a p i d l y 

i n the 40% - 8C^ Fe s u b s t i t u t i o n range. The Curie temperature of YFe^s i f 

i t were . t o e x i s t , was deduced by e x t r a p o l a t i n g the T values of the 60?̂  
c 

and 80% Fe compositions of Y(Fe,Co) to 100?^ Fe. This T value (530K) i s 
o C 

p l o t t e d i n f i g . 6.11, and the new T v a r i a t i o n of t h e Y Fe . compounds i s 
C X I "X 

also shown as a f u n c t i o n of composition. I t has a s i m i l a r deep minimum 

as the Gd Fe, compounds. The existence of these deep minima are not purely 

f a n c i f u l , and are consistent w i t h t h e magnetic r e s u l t s of the Y^(Mn,Fe)22 

and Gd^(Mn,Fe)22 s u b s t i t u t i o n a l a l l o y s , obtained by Kirchmayr and h i s 

c o l l a b o r a t o r s ( r e f s . 6.2, 6.3). The above value ( l . ^ A ^ F e ) of moment i n 

the h y p o t h e t i c a l YFe^ compound i s also p l o t t e d i n f i g . 6.11. On comparing 

the moment v a r i a t i o n i n Y Fe, w i t h the i r o n moment v a r i a t i o n i n the Gd Fe, 
X 1-x X 1-x 

compounds we see th a t the i r o n moments, i n the two sets of compounds, have 

the same type of v a r i a t i o n , 

The Fe moments i n the Gd compounds were deduced by assuming a n t i p a r a l l e l 

alignement of Fe and Gd moments, and assuming t h a t the Gd moment i s ̂ *^Gd. 

No c o r r e c t i o n f o r conduction e l e c t r o n p o l a r i z a t i o n was made, f o r two reasons: 

( l ) The non-R.E. moments ( i c e . Fe moments) are generally l a r g e and any 

conduction e l e c t r o n p o l a r i z a t i o n would be small compared w i t h the Fe moment. 



74 

(2) No Fe compounds e x i s t f o r any Gd-rich compositions, vfnexe the conduction 
e l e c t r o n p o l a r i z a t i o n would have the l a r g e s t e f f e c t upon any such corrections. 

The moment v a r i a t i o n i n Y Fe^ now shows more resemblance t o the Curie 

temperature v a r i a t i o n as w e l l as the RL v a r i a t i o n i n Gd Fê ._ . The o s c i l l a t o r y 

form of the v a r i a t i o n of T^ and Mp^ suggests t h a t the Fe-Fe i n t e r a c t i o n s might 

be understood i n terms of semi-localized 3d moments whose i n t e r a c t i o n s depend 

c r i t i c a l l y on in t e r a t o m i c distance. The model was developed o r i g i n a l l y by 

F r i e d e l (ref.- 6,4) f o r discussing the i n t e r a c t i o n s of imp u r i t y ions i n a l a t t i c e 

The model involves p o l a r i z a t i o n s of the 3d e l e c t r o n s , which are l o c a l i z e d about 

the i m p u r i t y i o n , these p o l a r i z a t i o n s having an o s c i l l a t o r y v a r i a t i o n i n space, 

6,5 Cpncpl^ysxon 

The v a r i a t i o n of the t r a n s i t i o n metal moment i n the y t t r i u m -3d metal 

pseudobinary compounds w i t h i n a given stoichiometry can be understood 

q u a l i t a t i v e l y i n terms of the r i g i d band model, - The decrease of the average 

moment i s a r e s u l t of a combination of the 3d band f i l l i n g on increasing the 

3d e l e c t r o n c o n c e n t r a t i o n , and the decoupling of the spin up-spin down sub-

bands. The disappearance and reappearance of magnetic ordering i n the 

Y(Co,Ni)2 and Y^{Go,lii'^, systems can be explained by assuming the-existence 

of a minimum, i n the d e n s i t y of states curve. This same model can be used 

i n order to i n t e r p r e t the same phenomenon i n the Y Ni system as x i s 
X X "X . 

increased. Thus t h i s same d e t a i l i n the de n s i t y of states" curve i s present 

i n each of t h e d i f f e r e n t s t o i c h i o m e t r i e s of the Y Ni system from Y^Ni _ 
X J. "X ^ X I 

t o YNi^. The close r e l a t i o n s h i p between the c r y s t a l s t r u c t u r e s of these 

s t o i c h i o m e t r i e s renders such a p o s s i b i l i t y not unreasonable,. 

The y t t r i u m and gadolinium ions i n cobalt and n i c k e l compounds contribute, 

a f r a c t i o n of t h e i r valence electrons (3 per Y or Gd ion) to the 3d band i n •. 

n i c k e l or c o b a l t . The 3d band of the n i c k e l compounds becomes f i l l e d on 

inc r e a s i n g the A contents between ANi^ and ANi. That of the cobalt compounds 

becomes f i l l e d between A^Go^ and A^Cof but the Fermi l e v e l of-A^Co l i e s close 

to the top of the 3d band. 



75 

The spin of the Gd ions i n the Co and Ni compounds induces a moment 

i n the 3d band i f t h a t band i s u n f i l l e d , , The f r a c t i o n a l increase i n the 

moment, on s u b s t i t u t i n g Gd f o r Y, i s large v\̂ ien the spontaneous 3d moment 

i s small i n t h e corresponding y t t r i u m compounds. 
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C H A P T E R S E V E N 
DISCUSSION OF G.d^(Fe.Co ,Ni) COMPOUNDS 

The r e s u l t s are i n t e r p r e t e d here i n terms o f the two-su b l a t t i c e theory 

of antiferromagnetism due to Neel ( r e f . ^ / ) . An o u t l i n e of the theory 

f o l l o w s . 

7.1, The Neel t w o - s u b l a t t i c e theory of Antiferromaanetism 

7,1.1 The Exchange I n t e r a c t i o n 

I n t h i s theory the molecular f i e l d approach i s used. The l a t t i c e of 

magnetic ions i s d i v i d e d , i n zero applied f i e l d , i n t o two s u b l a t t i c e s A 

and B, Each s u b l a t t i c e has a spontaneous magnetization which i s equal and 

opposite t o the other s u b l a t t i c e . These two spontaneous magnetizations 

are and ' 

-a " " % 

The i n t e r a c t i o n s of exchange are represented by the molecular f i e l d s 

and H, . An i o n i n the s u b l a t t i c e A experiences an exchange f i e l d n'M 

by i n t e r a c t i o n w i t h other ions i n the same s u b l a t t i c e . This i n t e r a c t i o n 

w i t h i n the s u b l a t t i c e tends t o aligne the'magnetic moments of the s u b l a t t i c e 

f e r r o m a g n e t i c a l l y i f n' i s p o s i t i v e . This ion also experiences an exchange 

f i e l d -nMj^ by i n t e r a c t i o n w i t h ions i n the opposing s u b l a t t i c e . I f n 

i s p o s i t i v e , t h i s part, of the exchange f i e l d tends to cause ahtiferromagnetic 

alignement of the two s u b l a t t i c e s . The q u a n t i t i e s n' and n are the two 

l e c u l a r f i e l d c o e f f i c i e n t s and are dimensionless q u a n t i t i e s . The t o t a l 

l e c u l a r f i e l d a c t i n g on an ion i n s u b l a t t i c e A and B re s p e c t i v e l y are: 

mo 

mo 

H3 = n'M̂  -nMj^, = n'M^ - nM^. 

At high temperatures the ma t e r i a l obeys the c l a s s i c a l Curie-^Weiss 

law, where the paramagnetic Curie temperature 9^ i s given by 

6p = -gCCn'-n) .... . 0 . . (1) 

C i s the Curie constant. 

Below a c e r t a i n temperature Tj^ the a n t i f erromagnetic ordering 

establishes i t s e l f . Let the magnitude of the magnetization of each sub-
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l a t t i c e be which w i l l be a f u n c t i o n of temperature. I f both n' and 

n are p o s i t i v e , then the ferromagnetism i n one s u b l a t t i c e i s encouraged 

both by the i n t e r s u b l a t t i c e molecular f i e l d and by the i n t r a - s u b l a t t i c e 

molecular f i e l d , so t h a t each adopts the spontaneous magnetization lv/2 

under the a c t i o n of the molecular f i e l d (n+n)M/2. The spontaneous 

magnetization of a s u b l a t t i c e drops t o zero at the temperature Tj^ which 

by analogy, w i t h the r e l a t i o n f o r T (Curie temperature) as a f u n c t i o n 
c 

of the molecular f i e l d i n the Weiss theory of ferromagnetism, i s given 

by: 

Tf^ = ic(n'.+n) (2) 

At the temperature Tj^ the s u s c e p t i b i l i t y i s given by 
(3) s = i n 

For.the present purposes we require a theory from which the 

existence of c r i t i c a l f i e l d t r a n s i t i o n s from the antiferromagnetic ( a f ) 

to the ferromagnetic ( f ) state f o l l o w s . I n a d d i t i o n , p r o v i s i o n must 

be made f o r these c r i t i c a l f i e l d s to be small without r e q u i r i n g the 

t o t a l molecular f i e l d t o '.i»e small. The theory due to Neel, w i t h the 

requirement n ' ^ n, i s t h e r e f o r e u s e f u l . Small c r i t i c a l f i e l d s of the 

order of the i n t e r - s u b l a t t i c e exchange f i e l d w i l l cause the two s u b l a t t i c e s 

to decouple and aligne f e r r o m a g n e t i c a l l y , p a r a l l e l to the applied f i e l d . 

This weak coupling can be associated w i t h a high ordering temperature 

since Tj^ depends now mainly upon n'. 

This assumption considerably s i m p l i f i e s the theory because the ions 

w i t h i n one s u b l a t t i c e are so s t r o n g l y coupled to each other t h a t the 

s u b l a t t i c e can be t r e a t e d as a magnetically r i g i d e n t i t y . 

The exchange f i e l d gives r i s e to an energy of o r i e n t a t i o n between 

the two s u b l a t t i c e s . The theory considers only u n i a x i a l c r y s t a l s . Therefore 

the d i r e c t i o n s of and can be s p e c i f i e d by the angles © and 0' 

between the axis and and r e s p e c t i v e l y . Since a u n i a x i a l c r y s t a l has 
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c y l i n d r i c a l symmetry the d i r e c t i o n of any components of or i n the 

basal plane does not enter i n t o the energetics of the problem. The 

exchange energy i s expressed as: 

=/4^n M̂ . (4) 

4 
'-yM̂ n M cos (e-G') 

where |M̂ | = |MJ = M , 

7.1,2 AnisotroDv 

I n order t o account f o r . c r i t i c a l f i e l d t r a n s i t i o n s from the ( a f ) 

to t h e ( f ) s t a t e , i t i s necessary t o introduce anisbtropy.- An a n t i -

ferromagnet'.c i n the absence of anisotropy has no mechanism f o r the 

occurrence of f i n i t e c r i t i c a l f i e l d s of t h i s type. 

The anisotropy r e s u l t s i n the appearance-, i n the expression f o r the 

t o t a l energy^of a term which depends upon the o r i e n t a t i o n of the magnetization 

of a s u b l a t t i c e w i t h respect t o the c r y s t a l a x i s . Since the Neel theory 

considers only u n i a x i a l c r y s t a l s the anisbtropy energy expression used i s : 
K = - i K (cos^ e + cos^ e') . (5) N 0 

0 

This may be a magnetocrystalline anisotropy. 

I n a d d i t i o n i t i s necessary to take i n t o account the magnetic dipole 

i n t e r a c t i o n between the magnetic ions. Unlike the exchange i n t e r a c t i o n , 

which i s i s o t r o p i c - , depending only on the angle between two i n t e r a c t i n g 

magnetic moment d i r e c t i o n s , the dipole i n t e r a c t i o n also depends upon the 

angles between these moments and the l i n e j o i n i n g them. This gives r i s e 

t o an anisotropy energy which can be expressed i n the form: 

A cos 0 cos e' + B s i n 9 s i n 9' 
A and B are constants which depend upon the nearest neighbour configurations. 

Since cbs (© - 9') = cos 9 cos 9' + s i n 9 s i n 9' 

the above expression can be r e w r i t t e n : 

(A- B) cos 9 cos 9' + B cos (e - 9'). 
The second term i s i s o t r o p i c , depending only on the angle between M and 

s. 
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U^, but not on t h e i r d i r e c t i o n s with respect to the c r y s t a l a x i s . This 

term can t h e r e f o r e be incorporated i n t o the exchange energy, thus modifying 

the value of n. The t o t a l anisotropy energy can then be expressed: 

Ej^ = 4- (cos^e + cos^e.') - -K̂  cos 9 cos 9' (6) 

where A-B = - K̂ . For an antiferromagnet. w i t h t h i s form of u n i a x i a l 

anisotropy there are two types of spin c o n f i g u r a t i o n , the ( a f ) d i r e c t i o n 

being d i r e c t e d e i t h e r p a r a l l e l or normal to the a x i s . The conditions 

are as f o l l o w s : 

Antiferromagnetism 
d i r e c t i o n 

Conditions 

P a r a l l e l to axis (A ) 
P 

Normal t o axis (A ) n 

•̂ 0 - V ° 

7.1.3 F i e l d Induced T r a n s i t i o n s 

When a magnetic f i e l d H i s a p p l i e d , an extra term, due to magnetostatic 

energy', must be incorporated i n the t o t a l energy expression. 

E^= .(M^ +M^). H ^ / • (7) 

Ca l c u l a t i o n s have been made only f o r the two situations': H p a r a l l e l to 

the ( a f ) d i r e c t i o n , and B normal to the ( a f ) d i r e c t i o n . -For f i e l d s noimal-

to the ( a f ) . d i r e c t i o n there i s a f i n i t e s u s c e p t i b i l i t y s^ vhich i s 

independent of H up to a value Ĥ^ a t which the magnetization suddenly 

saturates ( f i g . 7.1). 

For an ap p l i e d f i e l d normal t o the ( a f ) d i r e c t i o n we have a gradual 

f i e l d induced t r a n s i t i o n from the ( a f ) t o the ( f ) state as the magnetization 

d i r e c t i o n of each s u b l a t t i c e gradually f o l d s up'into the d i r e c t i o n of the 

ap p l i e d f i e l d , as the f i e l d strength increases. 



80 

A V 

A 

\ 

/ \ 
/ ' 

/ \ / 
/ 

/ 
/ 1 / 

/ 1 / 
/ 1 < 

J L Flop 

"4 

F l i p 

H normal to ( a f ) d i r e c t i o n H p a r a l l e l to ( a f ) d i r e c t i o n 

Figure 7.1 The various types of F i e l d Induced T r a n s i t i o n . 

For f i e l d s a p p l i e d p a r a l l e l t o the ( a f ) d i r e c t i o n there i s i n i t i a l l y 

no diange i n energy f o r small f i e l d s since no couple i s exerted on the 

s u b l a t t i c e magnetizations. On increasing the f i e l d s t r e n g t h , a p o i n t i s 

reached v\4iere i t i s e n e r g e t i c a l l y favourable f o r the spin system t o 

undergo e i t h e r of the f o l l o w i n g t r a n s i t i o n s : 

(a") Spin f l i p , i n which the s u b l a t t i c e opposing the f i e l d d i r e c t i o n reverses 

i t s magnetization d i r e c t i o n , 

(b) Spin f l o p , i n vihich the ( a f ) d i r e c t i o n becomes normal to the applied 

f i e l d , w i t h the two s u b l a t t i c e magnetizations i n c l i n e d towards the f i e l d 

d i r e c t i o n w i t h a component less than the s a t u r a t i o n value M. . , 

Spin f l i p i s a special case of the more general spin f l o p . For spin 

f l o p , on f u r t h e r increasing the f i e l d s t rength above the value H^, the 

magnetization r i s e s l i n e a r l y and saturates a t the f i e l d value H^. This 

l i n e a r r i s e extrapolates back to the o r i g i n , w i t h a s u s c e p t i b i l i t y Sp. 

Spin f l i p t r a n s i t i o n s are c h a r a c t e r i s t i c of materials in.which the 

exchange, i s weak compared wi t h the.anisotropy. For spin f l o p t r a n s i t i o n s 

the reverse i s t r u e . 
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I n t a b l e 7.1 the r e s u l t s of Neel's c a l c u l a t i o n s are summarized i n 

terms of the reduced v a r i a b l e s h and r . 

h = 2H , r = 2 ( K o + K i ) , r ' = 2{K^- K^) 

There are f i v e types of behaviour f o r the ( a f ) system. Each type of 

behaviour, i s represented by a d e f i n i t e region i n the ( r , r ' ) plane. The 
j^2 

(Ap) type can undergo spin f l i p (type I I ) i f ̂ q > ' ^ / 4 (i«e» strong 

anisotropy w i t h respect t o exchange), and spin f l o p (type I I I ) i f ̂ ^'^f^,/^ 

( i . e weak anisotropy w i t h respect to exchange). The (An) material, has 

. three types of behaviour: 

f l i p (type V) and f l o p (types IV and V I ) . 

Type I i s f o r f errorjiagnets, w i t h which we are not concerned. 

7.1.4 Some Comments on the A p p l i c a b i l i t y of the Theory. 

The formulae of Table 7.1 are v a l i d at absolute zero temperature. For 

higher temperatures the spontaneous magnetization of the s u b l a t t i c e w i l l 

decrease i n a manner q u a l i t a t i v e l y s i m i l a r to a B r i l l q u i n f u n c t i o n , becoming 

zero a t T = Tj^, The magnetization d i r e c t i o n s w i l l then spend some of t h e i r 

time not i n the easy d i r e c t i o n , but w i l l have some thermal f l u c t u a t i o n about 

t h i s d i r e c t i o n . When a f i e l d i s applied p a r a l l e l to the easy d i r e c t i o n , 

the ions whose magnetic moments are not i n the easy d i r e c t i o n a t a given 

i n s t a n t , i n time w i l l be susceptible to magnetostatic forces. The i n i t i a l 

s u s c e p t i b i l i t y w i l l not then be zero., Since 4.2K, the temperature a t which 

the r e s u l t s were obtained, i s very much less than the ordering temperatures 

'"^lOO .K, the formulae of table. 7,1 can be applied t o the r e s u l t s . 

The t r a n s i t i o n s are assumed to-occur when i t i s energeti.-ally favourable 

from the p o i n t of view only of the i n i t i a l and f i n a l energies ( i . e . before 

and. a f t e r the t r a n s i t i o n ) . The p o t e n t i a l b a r r i e r due to anisotropy is 

ignored. Some sort of mechanism i s therefore assumed to be present which 

allows the spins to by-pass t h i s p o t e n t i a l b a r r i e r i n the t r a n s i t i o n . At 

low temperatures thermal a c t i v a t i o n w i l l be i n s u f f i c i e n t . Hence some other 
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mechanism i s r e q u i r e d , such as tunn e l i n g . 

I t appears t o the author t h a t i t i s impossible to observe c r i t i c a l 

f i e l d t r a n s i t i o n s i n (An) type u n i a x i a l antiferromagnets. For spins 

confined i n the basal plane, a l l d i r e c t i o n s i n the basal plane are ,easy 

d i r e c t i o n s and are e n e r g e t i c a l l y equivalent. Therefore, #ien a small f i e l d 

i s a p p l i e d i n the ( a f ) d i r e c t i o n i t w i l l immediately be energetically, 

favourable f o r the ( a f ) d i r e c t i o n to r o t a t e w i t h i n the basal plane u n t i l 

i t i s normal to the applied f i e l d . and w i l l then i n c l i n e s l i g h t l y 

towards the f i e l d d i r e c t i o n , thus lowering the magnetostatic energy u n t i l 

the magnetostatic forces are balanced by the exchange forces. The t o t a l 

energy of the system i n t h i s s i t u a t i o n w i l l be lower than i n the s i t u a t i o n 

assumed i n the theory where the ( a f ) d i r e c t i o n remains p a r a l l e l to the 

ap p l i e d f i e l d . We w i l l t h e r e f o r e o b t a i n a s u s c e p t i b i l i t y equal to l / n 

up t o t h e f i e l d value r e q u i r e d f o r s a t u r a t i o n . This could be regarded as a 

spin f l o p t r a n s i t i o n w i t h an i n f i n i t e s i m a l l y small c r i t i c a l f i e l d Ĥ . The 

formulae i n tab.le_..7.1^ f o r c r i t i c a l f i e l d s i n (An) type a n t i f erromagnets, 

c o n t a i n the anisotropy constants and . Hence these formulae were 

obviously derived w i t h the assumption t h a t the u n i a x i a l , anisotropy had 

some e f f e c t i n c o n s t r a i n i n g the ( a f ) d i r e c t i o n t o remain p a r a l l e l to the 

f i e l d f o r f i e l d values less than H^ or H^. For f l o p t r a n s i t i o n s i t i s 

e v i d e n t l y assumed ( f o r f i e l d s j u s t i n excess of H^) t h a t the plane 

c o n t a i n i n g and.|^ be coincident w i t h the plane containing the c r y s t a l 

ajcis ar^d the applied f i e l d d i r e c t i o n . I t would appear, from the above 

c o n s i d e r a t i o n , t h a t the ci e r i v a t i o n of c r i t i c a l f i e l d t r a n s i t i o n s f o r 

types IV, V and VI i s u n r e a l i s t i c . 

The theory has been applied w i t h considerable success by Neel to 

various m a t e r i a l s showing metamagnetic behaviour. The values of the 

anisotropy ccnstants, deduced by meansof t h i s theory,.are of the same 

order of magnitude as those measured by torque methods on some ferromagnetic 

m a t e r i a l s , "^he magnetic behaviour of dysprosium was very w e l l accounted 

f o r by N^el i n terms of t h i s t w o - s u b l a t t i c e theory. However, neutron 

d i f f r a c t i o n techniques have since shown th a t dysprosium i s a h e l i c a l 
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• antiferromagnet i n thetemperature range showing metamagnetic behaviour. 

The t h e o r y , t h e r e f o r e , e v i d e n t l y accounts f o r the grosser forms:of -

metamagnetic. behaviour, but the successful a p p l i c a t i o n of the theory to a 

given m a t e t i a l must-ndt be considered to be evidence of a .two-sublattice 

magnetic s t r u c t u r e . 

From equations (1) and (2) for' the paramagnetic Curie point 9^ and the 

N^el p o i n t Tj^ i t i s evident t h a t Tj^ must be s l i g h t l y l a r g e r than 9^ f o r the 

c o n d i t i o n n*_^ n to be f u l f i l l e d . On applying the theory t o dysprosium 

Neel obtained a value of. 16 f o r t h i s r a t i o , using the formulae s^ = l / n a t 

Tj^ and n'-n = 29^ ^ . From equations ( l ) and (2) one obtains: 

n' T„ + 9 
— = _N P , (8) • 

T„ - 9 

N p 

Using 9^ = 157K and = 178K t h i s gives a value of 16 f o r the r a t i o . The 

two approaches are th e r e f o r e conastent. Reasonable consistency was found 

f o r erbium, where n'/n = 3.8 using the f i r s t approach and n'/n = 3 using 

the.---second approach. For MnAu^ t h e ' f i r s t approach gave n'/n = 142, which 

i s p a r t i c u l a r l y l a r g e , as required f o r the successful a p p l i c a t i o n of the 

theory. However, comparison of Tj^ (•= 370K) with 9^ (•=451K) gives a value 

of n'/n = - 10, which i s e n t i r e l y i n c o n s i s t e n t with the f i r s t approach. 

MnAu2 has since been shown, to be a h e l i c a l antiferromagnet. 

7.2 The M vs H Curves of P o l y c r y s t a l l i n e Samples 

The r e l a t i o n s h i p s derived i n the theory involve q u a n t i t i e s which are 

appl i c a b l e t o si n g l e c r y s t a l s magnetized p a r a l l e l or normal to the axis. 

Since the experimental r e s u l t s were obtained from p o l y c r y s t a l l i n e samples, 

i t i s necessary to e s t a b l i s h how the single c r y s t a l parameters can be 

r e l a t e d t o the p o l y c r y s t a l l i n e parameters before any a p p l i c a t i o n of the 

r e l a t i o n s h i p s t o the r e s u l t s can be made. 

7.2.1 I n i t i a l S y ^ ^ e p ^ i b i U t y 

I n the f i r s t approximation i t has been shown ( r e f 7 . 2 ) t h a t the . i n i t i a l 

s u s c e p t i b i l i t y of a p o l y c r y s t a l l i n e -sample i s given by: 

X. = ^ s + ^ s . 
1 3 n 3 p 
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This formula i s not rigorous because i t neglects the magnetic dipole 

i n t e r a c t i o n between c r y s t a l l i t e s , and also the r o t a t i o n of the ( a f ) 

d i r e c t i o n on a p p l i c a t i o n of a f i e l d at an oblique angle t o the axis of a 

c r y s t a l l i t e ; This l a t t e r i s a second order e f f e c t . Because of i t s 

s i m p l i c i t y , however, we shall-use t h i s r e l a t i o n s h i p . Since the r e s u l t s 

were obtained at 4.2K, which i s very' close to the absolute zero temperature 

we can neglect Sp. 

7.2.2 The C r i t i c a l F i e l d H and Saturatino F i e l d H 
• c s 

There,is a v a i l a b l e no s a t i s f a c t o r y t h e o r e t i c a l approach f o r r e l a t i n g 

H^ i n a p o l y c r y s t a l w i t h H^ and H^ i n a s i n g l e c r y s t a l . The p o l y c r y s t a l 

r e s u l t s shovy f a i r l y sharp c r i t i c a l f i e l d t r a n s i t i o n s which can be assumed 

t o have begun and ended w i t h i n a small range of f i e l d values. I t i s 

reasonable to assume t h a t the c r i t i c a l f i e l d H^ or H^ l i e s some­

where w i t h i n t h i s range. The e r r o r i n measurement of H^ then corresponds 
to the extreme values of the range. The- measurement of H was performed 

c 
using the c r i t e r i o n already described (5.3.1). 

H = H Spin f l i p 
C J. 

H - H- , Spin f l o p . . • . , ^ 

- For the s a t u r a t i n g f i e l d H^ the s i t u a t i o n i s simpler. F i r s t l y 

we can obviously say t h a t s a t u r a t i o n occurs.above the c r i t i c a l f i e l d values 

.H or H .-, so t h a t n e i t h e r of these can be equated t o H . This narrows 

down the number of p o s s i b i l i t i e s t o the s a t u r a t i o n being due e i t h e r to 

i n a f l o p sample or t o H^ , whichever i s the greater. I f we assume 

t h a t the magnetic dipole c o n t r i b u t i o n t o the anisotropy i s small with 

respect to the c o n t r i b u t i o n , i . e . K^^^ K^-,then the easy d i r e c t i o n of 

the zero f i e l d ( a f ) state, must be i d e n t i c a l to the easy d i r e c t i o n ' o f the 

f i e l d induced ( f ) s t a t e . Therefore the s a t u r a t i o n i n the hard d i r e c t i o n 

.at a f i e l d H- w i l l correspond to a- higher anisotropy energy than s a t u r a t i o n 

i n the easy d i r e c t i o n a t a value H^. Since the exchange - i n t e r a c t i o n i s 
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i s o t r o p i c the an i so t ropy excess energy i n the hard d i r e c t i o n must be 

supp l i ed e n t i r e l y f rom magnetostat ic energy. Hence H ^ ^ H . ^he c r y s t a l l i t e s 

w i l l reach s a t u r a t i o n f o r var ious f i e l d values between and and the re fo jre 
s a t u r a t i o n o f the p o l y c r y s t a l l i n e sample w i l l occur at H^. 

"s = " l h « ^0-

I f i s not much less than the rregnetic d ipo le i n t e r a c t i o n w i l l p lay 

some p a r t i n the an i so t ropy . I t i s then poss ib le tha t the easy d i r e c t i o n 

f o r the z e r o - f i e l d ( a f ) s ta te may become the hard d i r e c t i o n i n the f i e l d 

induced ( f ) s t a t e . We then have the f o l l o w i n g ambigui ty : 

H = H. or H„ f o r f i n i t e - K , . s 1 3 1 

7 .2 .3 Magne t i za t ion of S p i n - f l o p ma te r i a l s f o r H<H<H 
c s 

We s h a l l now examine the range of f i e l d s above the f i e l d value a t lAhich 

a l l the c r y s t a l l i t e s have e f f e c t i v e l y completed t h e i r t r a n s i t i o n s * and 

below the f i e l d value a t which s a t u r a t i o n f o r some c r y s t a l s i s beginning. 

To o b t a i n the r e s u l t a n t magnet iza t ion curve we must superpose two curves 

A and • Curve A i s the l i n e a r magnet iza t ion w i t h s u s c e p t i b i l i t y 2 s •.. 
3 " 

Due to the s inuso ida l nature of the an i so t ropy energy as a f u n c t i o n of 

0 and 9*5 the • s u s c e p t i b i l i t y s^ of a s ing le c r y s t a l i s l i n e a r up to H^^, 

For a p o l y c r y s t a l t h i s l i n e a r i t y w i l l s t i l l ho ld up to s a t u r a t i o n j but 

the s a t u r a t i o n w i l l not occur so sha rp ly . Curve B w i l l be s i m i l a r to 

the sp in f l o p curve of a s ing le c r y s t a l ( f i g . 7 . 1 ) , but the sharp corners 

w i l l be rounded o f f i n the p o l y c r y s t a l case,"~Thus i n .the range between 
H and H we must superpose two l i n e a r c u r v e s » each of w^ich ex t rapola tes c s 

back to the o r i g i n . The re .sul tant p o l y c r y s t a l curve must a l s o , t h e r e f o r e j 

be l i n e a r and e x t r a p o l a t e to the o r i g i n f o r a sp in f l o p m a t e r i a l . 

7 ,3 . I n t e r p r e t a t i o n of the Gd-.(Fe,Co) and Gd.^(Co,Ni) Results i n terms of 

the Neel Theory 

7 . 3 . 1 . R e l a t i o n s h i p between H and X. a t 4.2K. 
C 1 

For each type o f m a t e r i a l ( l l to V I ) we use the expression f o r H . and 
c 

f rom Table 7 . 1 . E l i m i n a t i n g n i n each p a i r of express ions , we obtained 



i n O 
0 ' : U o O 

o 
o 

O 

(20>i ) ' H 

O 

o 

c o 



86 

the f o l l o w i n g : 

a 
2 ' Xl ~ 2M d o ) 

Spin F l o p ITT H 2=o<b. i -

Spin F]oD IV H V o ^ b . i , -

(11) 

- _ . . . ^ Q 2 ) 

.Sp^n F^op VI H 2--. a. ^ . (14) 

where a = and b = ^ ( K o l J S i ) 

A A 
I f we assume tha t the an i so t ropy energies and remain constant 

throughout the ser ies o f compounds? then f o r a se r ies o f f l i p - t y p e compounds 

vs l / % , should be l i n e a r , and f o r f l o p - t y p e compounds vs l / % . should c 1 c 1 

be l i n e a r . 

I n f i g . 7 .2 i s p l o t t e d H vs l/%. a t 4.2K f o r the samples i n the ser ies 
C 1 

of compounds. The curve can be d iv ided i n t o three p o r t i o n s : an i n i t i a l 

l i n e a r p o r t i o n f o r the smal ler values o f H f rom Gd^Fe ,Co „ f o r increas ing 

3 d - e l e c t r o n concen t r a t i on up t o Gd^Go -^c-Ni ; and two non- l inea r po r t i ons > 

f rom Gd^Co ^ to Gd^^o ^ ^ N i g ^ , and the p o r t i o n f o r the two n i c k e l - r i c h 

compounds Gd^Co Q^Ni and Gd^Ni. The i n i t i a l l i n e a r p o r t i o n i s cons is ten t 

w i t h H being a s p i n - f l i p t r a n s i t i o n v\here n va r i e s w i t h composit ion v\hile 

the an i so t ropy remains cons tant . We s h a l l c a l l t h i s the f l i p - p o r t i o n . 

I n f i g . 7.3 H ^ i s p l o t t e d against f o r the r e s u l t s a t 4.2K. The 

f l i p samples of course show a pa rabo l i c v a r i a t i o n he re , since they gave a 

l i n e a r v a r i a t i o n f o r H vs l / X . . The samples of the second p o r t i o n of the 
C , 1 

H vs l/jC. ) now g ive a l i n e a r v a r i a t i o n o f H vs l/JC. , which i s cons is ten t 
C I ' c • 1 

w i t h these samples having a s p i n - f l o p t r a n s i t i o n a t H , where n va r i e s w i t h 
c 

compos i t ion but the an i so t ropy remains constant . We s h a l l c a l l t h i s the 

f l o p - p o r t i o n . 

The f i n a l p o r t i o n of these curves , f o r the two n i c k e l - r i c h compounds 

cannot be c l a s s i f i e d i n t o e i t h e r of the two types o f t r a n s i t i o n . Because 

o f t h i s - , and the va r ious o ther strange behaviours of these two compounds, 
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e .g . two c r i t i c a l f i e l d s observed, we s h a l l c a l l t h i s the complex p o r t i o n . 

I t may be r e c a l l e d , f rom the shapes of the M vs H curves , t ha t these 

three p o r t i o n s correspond c l o s e l y to the three q u a l i t a t i v e l y d i f f e r e n t types 

of M vs H curve . The f l i p p o r t i o n corresponds t o samples w i thou t any l i n e a r 

p o r t i o n i n the M vs H curves between the f i e l d values H and H . The f l o p 
c s 

p o r t i o n corresponds to samples which show a l i n e a r v a r i a t i o n i n M vs H f o r 

a small range of f i e l d s between and , t h i s l i n e a r p o r t i o n e x t r a p o l a t i ing 

to the o r i g i n . This i s what i s expected f rom a f l o p t r a n s i t i o n , even f o r 

p o l y c r y s t a l l i n e m a t e r i a l ( 7 . 2 . 3 ) . For samples showing complex behaviour, 

such a l i n e a r p o r t i o n i n the M vs H curve e x i s t s , but i t ex t rapola tes to a 

negat ive i n t e r c e p t on the M ax i s a t H = 0 . These three groups of the ser ies 

o f compounds w i l l be considered i n the f o l l o w i n g sec t ions . 

7 .3 .2 S p i n - f l i p Behaviour 

From the H vs l / X - v a r i a t i o n we can ob t a in values f o r the s u b l a t t i c e 
C 1 

magne t i za t ion and the an i so t ropy f rom the measurement o f two q u a n t i t i e s : 

the g r a d i e n t and the i n t e r c e p t on the H a x i s . 
c 

From equations ( lO) and ( l 3 ) we see t h a t the gradient i s equal to Nf^^ 

f o r both types of f l i p behaviour. Assuming o< = - f , as i s t h e o r e t i c a l l y 

expiected, we o b t a i n : 

M = 5.8 + 0 . 6 ^ g / G d 

= (1 .51 + 0 .15) X 10^ k/m (15) 

Therefore the spontaneous magnet iza t ion A//2 of e i t h e r s u b l a t t i c e i s: 

M = {0.76 ± 0.07) X 10^ A/m. 

I f we assume t h a t each gadol in ium ion e x i s t s as a Gd~̂ ^ i o n , c o n t r i b u t i n g 

t h i s leaves 3 . ^ ^ per t r a n s i t i o n metal atom, t o be d i s t r i b u t e d , among 

the p o l a r i z a t i o n s of 3d-e lec t rons and o ther conduction e l ec t rons . This i s 

a l a rge moment per t r a n s i t i o n metal atom and i s to be compared w i t h the excess 

3+ 

moment above the moment expected f rom the Gd i o n s , as obtained f rom the 

s a t u r a t i o n magnet iza t ion i n the h ighes t f i e l d 160 KOe. This excess moment 

was 1 + 0.3^Ag per t r a n s i t i o n metal atom. These two excess moments, one 

p o s i t i v e and the o ther n e g a t i v e , need not be equal i n magnitude i f we 
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arrange the moments as f o l l o w s : 

' A 

(c) (3 J) 

We d i v i d e the excess moments i n t o m, and m , the moment per t r a n s i t i o n 
Q C 

metal atom due to the 3d e l e c t r o n p o l a r i z a t i o n and conduction e l e c t r o n 

p o l a r i z a t i o n r e s p e c t i v e l y . We also assume t h a t the 3d moment i s weakly 

coupled to the Gd moment. 

For H = 0 and H = 160 KOe r e s p e c t i v e l y we have: 

m^ + m^ = 3.6 + 1.8 y U ^ T M f rom H = 0 

m , - m 
d c 

1.0 + 0.3 ^ g / T M f rom H = 160 KOe. 

From these two equations we o b t a i n : 

m = 2.3 + l . O ^ g / -

• \ = 1'3 + i . O ^ * / T M 

The sa t u r a t i o n moment of pure i r o n 2 . ^ ^ F e , and coba l t l.^^Co 

agree w i t h the value o f m^ w i t h i n the experimental e r r o r . 

The conduct ion e l e c t r o n p o l a r i z a t i o n m^ corresponds to a value 

0 . 4 + O*^*^ ^ d atomi The s a t u r a t i o n moment o f pure gadol inium metal 

i s 7 . 5 5 ^ G d , l eav ing O . S ^ ^ G d t o be accounted f o r by the conduction 

e l e c t r o n p o l a r i z a t i o n . The two values are equal w i t h i n the e r r o r . However, 

we have assumed t h a t m^. i s d i r e c t e d opposi te to the Gd moment i n the Gd^B 

compounds, w^iich i s a negat ive conduction e l e c t r o n p o l a r i z a t i o n , v\hereas 

f o r pure Gd metal the conduct ion e l e c t r o n p o l a r i z a t i o n i s p o s i t i v e . 
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The above d e r i v a t i o n of m and m, i s based upon.the ad-hoc assumption 
c d 

t h a t the spins are arranged as i l l u s t r a t e d above. I t alsoldepends upon the 

q u a n t i t a t i v e a p p l i c a t i o n of the Neel s p i n - f l i p formulae f o r H as a f u n c t i o n 
c 

of M, the s u b l a t t i c e magne t i za t ion . Since the theory i s expected to be 

a p p l i c a b l e on ly i n . a s e m i - q u a n t i t a t i v e f a s h i o n the value o f M deduced f r o m 

the g r a d i e n t of H vs \ / % . should be t r e a t e d w i t h r e s e r v a t i o n . The f a c t 
C ' X 

t h a t i t agrees w e l l w i t h i n an order of magnitude w i t h the expected s u b l a t t i c e 

m a g n e t i z a t i o n , ^ G d ^ i s as much as can be expected f rom the theory . Another 

reason f o r not t r e a t i n g , t h i s value of M too q u a n t i t a t i v e l y i s t h a t H and 
c 

are i n f l u e n c e d , as w i l l be seen l a t e r ( 7 . 3 . 8 ) by t ime dependence which^ 

though i t i s not expected to a f f e c t the magnitude of M very much, may a f f e c t 

i t s u f f i c i e n t l y t o i n v a l i d a t e the above values of m and m, . The measured 
c d 

value of .M^^Q i s r e l i a b l e , however, ^and i s very close to the s a t u r a t i o n . M^^^ 

f o r Gd^Co agrees w i t h t h a t obta ined by Feron e t a l . i n ' s t a t i c f i e l d s a t 
70 KOe,( - r e : ? * 7 - 3 ) . 

From equations ( lO) and ( l 3 ) the. ' . ' intercept of the vs 1 ^ ^ curve on 

the H a x i s i s equal t o - V 2 M f o r f l i p I I and +V2M f o r f l i p V. The measured 
C - ' 

i n t e r c e p t i s - 3 + 1 KOe. Subst i tut l^ng the value of M = 5.8 + O . ^ ^ G d , we 

o b t a i n the an i so t ropy cons tan t : ';! + = (4 .5 i 2 . 2 ) x 10^ % ^ f l i p I I ( A ^ ) -. 

+ = - ( 4 . 5 ± 2 .2 ) X 10^ W f l i p V ( A ^ ) 

Th i s i s o f the same order o f magnituc^e as the an iso t ropy o f fer romagnet ic 

gado l in ium. I t a lso agrees w e l l w i t h the an ios t ropy obtained by Feio n e t a l . 

( r e f TL^^) f o r GdXo-, 5 .1 x 10 /m . Th6y? obtained n f rom H assuming the 

t r a n s i t i o n t o be type V ( f l i p ) . They then s u b s t i t u t e d t h i s value o f n , and 

the exper imenta l value of / t^^ a t 4.2K i n t o the expression f o r s^ of type V , 

assuming = .-f s^, i n order to o b t a i n the an i so t ropy constant 

7 .3 .3 Spin F lop Behaviour 

The f l o p p o r t i o n of the H^^ vs l / / l ^ curve i s l i n e a r . a n d ex t rapo la tes 

2 2 t o an i n t e r c e p t a t 460 kOe on the H a x i s . From t h i s i n t e r c e p t and the c 
g r a d i e n t the f o l l o w i n g were deduced: 
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.5 J / 3 ^ 
- = ± 9 X 1 0 ^ 7 m ^ ( ^ P ) 

+ = - 38 X 1 0 ^ % ^ ( ^ P ) 

n 
These then g i v e : ^ 

K„ = ; 14.5 % 3 ( / ) 
n 

= ? 23,5 % ^ { / ) 

n 

The a l t e r n a t i v e signs r e f e r to A^. ( the upper sign)-, and (the lower s i g n ) . 

For Ap s p i n s t r u c t u r e the type o f t r a n s i t i o n must be f l o p I I I . For A^ sp in 

s t r u c t u r e the type of t r a n s i t i o n i s assumed to be f l o p IV-, since f l o p VI 

r equ i r e s the vs curve to eoctrapolate to the o r i g i n . ' When, f o r 
C X 

the f l i p samples, we assumed an A^ s t r u c t u r e , we obtained a p o s i t i v e 
5 J 3 

( K ^ + K ^ ) value of 4.5 x 1 0 /m . . This i s opposi te i n s ign to t h a t 

ob ta ined above and e n t i r e l y - d i f f e r e n t i n magnitude. We a lso ob t a in a s ign 

discrepancy assuming an A^ s t r u c t u r e and the same d i f f e r e n c e i n magnitude. 

This would mean t ha t + changes s ign as we change the composition 

on going, f r o m f l i p type t o . f l o p type behaviour. This i s u n l i k e l y . 

I n the H^^ vs ^/pC^ plot i t i s ev ident t h a t the l i n e a r behaviour 

drawn through t h e exper imenta l po in t s i s not un ique , becuase of the large 

e r r o r s i n v o l v e d . We s h a l l now attempt to f i n d another l i n e a r v a r i a t i o n 

which i n t e r c e p t s the exper imenta l .va lues w i t h i n the e r r o r i n d i c a t e d on 

the g raph , and a t the same t ime correspond t o the value of + as 

ob ta ined i n the f l i p r e g i o n . 

The equat ion ( l 4 ) f o r f l o p VI i s 

A " 

2 
The i n t e r c e p t on the H ax i s i s zero. From the value of K + K , obtained 

c 0 1 

f o r the f l i p compounds, the expected . l inear v a r i a t i o n f o r the f l o p compounds 

has been de te rmined , and i s i n d i c a t e d by the dashed l i n e l a b e l l e d ( l ) 2 

near t h i s l i n e , we s h a l l , r e j e c t f l o p VI as a poss ible type of t r a n s i t i o n 

on the vs l / % ^ curve . Since the experimental po in t s are nowhere 
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i n these compounds. For Flop VI to be app l i cab le we would requi re + K̂^ = 

1 3 /m . 

I f we assume the f l i p compounds are type I I ( A ^ ) , then the f l o p compounds 

must be type I I I ( A . ^ ) . I f we assume t h e - f l i p compounds to be-type V ( A ^ ) , 

the f l o p compounds must be type IV (A.^ ) . I n f i g . 7 . 3 i s shown the 

expected behaviour f o r type . I I I ( i V ) u s i n g the value of + obtained f o r 

the f l i p compounds o f t y p e . I I ( V ) . This expected behaviour , l a b e l l e d ( 2 ) , 

i s the best f i t to the exper imental r e s u l t s , and corresponds to an assumed 

value o f - K ^ - K^ = 2 0 x 1 0 ^ ^/r^. 

+ - ± 4 . 5 X 1 0 ^ Vra^ ( ^ P ) 

n 

A 

- = ± 2 0 X 1 0 ^ % ^ ( ^ P ) 

n 

A 

From these aquations we ob ta ined : 

K = + _ 1 2 . 3 X 1 0 ^ ( P ) 
O A 

n 

K^. = + 7 . 8 X 1 0 ^ V m ^ ( ^ P ) 

n 

Despi te the f a c t t h a t these values give, the best f i t , the f i t i s hot 

very good. I t may be t h a t the an i sb t ropy parameter var ies f o r 

the f l o p t r a n s i t i o n . Since the value o f - r equ i red f o r the 

best f i t i s an order of magnitude l a r g e r than + , the deduced values 

of and .are s i m i l a r t n magnitude. Consider ing t h a t and.'K^ are 

a r e s u l t o f two e n t i r e l y d i f f e r e n t sources o f a n i s o t r o p y , the p r o b a b i l i t y 

of t h e i r being s i m i l a r - i n magnitude i s very low. The re fo re , the values' 

o f ' K - Y.. , K and deduced above should be t r e a t e d w i t h r e s e r v a t i o n . 0 1 0 1 

This remark ,of course , does not apply t o + K^. 

7 . 3 . 4 C a l c u l a t i o n of n^ the i n t e r - s u b l a t t i c e exchange c o e f f i c i e n t . 

For the s p i n f l i p samples o f : t y p e (A ) the values of n can be obtained 

by mea'ns of e i t h e r of the formulae: ' ' . ' 
.' • • 

c - 2 • ^ 3- . n ( l - r ) 



n 

0 Usc»^ He 

A 

t o S-a^Fe Compo-^'ctU*^ X 

Z9 '15- -of /ŷ ' 
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Since M and r were obta ined by combining these two fo rmulae , the value of n 

f o r a sample c a l c u l a t e d by means of H o r % . . should be i d e n t i c a l , except 
C 1 

f o r exper imenta l s c a t t e r . o f r e s u l t s . I n t a b l e 7.2 these values of n are 

g i v e n , t oge the r w i t h H and / t . a t 4 .2K, i n MKS u n i t s , where ^ i s de f ined 
C I 

by H / / H . Since the above express ion f o r % ^ i s v a l i d f o r a l l ( A ^ ) types 

the values of n f o r the f l o p samples have a lso been .determined. I t ' i s 

poss ib le t h a t t h i s method of- o b t a i n i n g n i s not app l i cab le to the complex 

samples, but the values obta ined are a lso inc luded f o r completeness. The 

values of n are p l o t t e d i n f i g . 7.4 as a f u n c t i o n of composi t ion. The 

exchange energyyfc^^M'^/4 v a r i e s f r o m 5.8 x 10^ '^/m' f o r Gd^Co up t o 

56 X 10^ ^/m f o r Gd^Ni. 
Table 7.2 n values f o r (A ) so in s t r u c t u r e 

Sample c 

(x 10^ A/m) 

n Sample c 

(x 10^ A/m) f rom ^ 
1 

f rom H 
c 

^ ^ 3 p ^ l ^ ^ 9 0.-159 1.67 0.09 0.20 

° ^ 3 P ^ 0 5 ^ ° . 9 5 - 0.358 0.792 0.53 0.47 

Gd^Co 0.716 0.584 0.83 0.94 

Gd3Co^gNi^,^ 1.33 0.315 1.80 1.74 

^ ^ 3 ^ ° . 7 5 ^ \ 2 5 1.99 0.229 2.60 2.60 

^ ^ 3 ^ ° . 5 ^ \ 5 2 .7 0.198 . 3.05 • -

% ^ ° . 3 5 ^ ^ 6 5 2.98 0.168 3.65 -

^ ^ 3 ^ ° . 2 5 ^ \ 7 5 3.18 0.134 4.66 -

^S ' ^^ . 1 5 ^ ^ 8 5 3.38 0.109 5.80 -

^ S ^ ° . 0 5 ^ \ 9 5 •3.84 0.104 6.10 -
Gd3Ni 3.92 0.079 8.10 -

7.3 .5 R e l a t i o n s h i p between H and l / X . a t 4.2K 
S • 1 

From the expressions f o r s^ and ĥ ^ f o r (A^) and (A^) sp in s t ruc tu re s 

we o b t a i n the r e l a t i o n s h i p : 

" l ~ 3 ' X . 
f o r (A.p) and ( A ^ ) . 
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From the g r a d i e n t o f the vs l / ^ ^ P l o t ( f i g . 7 ,5) v^iich i s l i n e a r 

f o r the f l i p compounds and ex t rapo la tes to the o r i g i n , we ob t a in the value 

o f the s u b l a t t i c e magnet izat ion^which gives 

M = 5.4 ± 0 . 6 y l ^ G d . 

This agrees , w i t h i n the experimental e r r o r , w i t h the value 5.8 + O.yU^^H 

obta ined f r o m the H vs l/X^. p l o t . I n the H vs 1 / ^ . p l o t the f l o p samples 
C I S ' 1 

depart f r o m the l i n e a r behaviour o f the f l i p samples. The f i r s t two f l o p 

samples near t h i s departure are inc luded i n the p l o t . 

7 .3 .6 C a l c u l a t i o n o f n ' , the I n t r a - s u b l a t t i c e Exchange C o e f f i c i e n t 

The N^el temperature i s g i ven by equat ion ( 2 ) : 

= i ( n ' + n) 

Values o f Tj^.and.n have a l ready been obtained f o r each compound. Values 

of C, the Cur ie c o n s t a n t j have ye t to be ob ta ined . I n the absence of 

paramagnetic s u s c e p t i b i l i t y d a t a , C must be c a l c u l a t e d f rom the fo rmula : 
^ 2 

3k 
^ " l P i ' 

where p i s the e f f e c t i v e paramagnetic moment i n Bohr magnetons, and n. i s 

-3 

'the c o n c e n t r a t i o n (m ) o f each type o f magnetic i o n . The s u f f i x i r e f e r s 

t o the I ' t h type of magnetic i o n . We are concerned, f o r these pseudobinary 

compounds w i t h three types of magnetic i o n . We can assume t h a t the gadol inium 
3+ 

i o n possesses the . f u l l g J u v a i u e ^ ' ^ ' ^ j o f the Gd i o n . For -the t r a n s i t i o n metal 

ions we use the values obta ined by Sucksmith and Pearce ( r e f ) f o r pure 

Fe , Co and Ni , f rom the paramagnetic s u s c e p t i b i l i t y . 

Metal p ( e f f e c t i v e magneton number) 

Fe 3.2 

Co 3.15 

Ni 1.78 

Gd >/63 
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I n o b t a i n i n g n^ we use the f a c t t h a t the (abc) u n i t c e l l o f the c r y s t a l 

s t r u c t u r e conta i re12 Gd ions and 4 TM ions . For the value of the u n i t c e l l , 

we take the value 

^abc^ = 424 x 10""^° m'^. 

This i s the average value o f abc f o r Gd^Co and Gd^Ni, The maximum e r r o r i n 

abc in t roduced thereby i s on ly 1^ . G i s then c a l c u l a t e d to be: 

C = 0.0733 ^ p j ^ ^ 

where ^ P g ^ ^ ^ = 63 + i ^x 3 .2^ + ( l - x ) 3 . -15^ f o r Gd3Fe^go^_^.. 

and ^ P g f ^ ^ = 63 + i ^ x 3.15^ + ( l - x ) 1 . 7 8 ^ . f o r Gd3Co N i ^ _ ^ . 

For Gd3Ni {^ P^^^= 64 .1 and f o r Gd3Co { P g f ^ ) = 66 .3 , I f the TM moments 

are ignored the change in t roduced i n t o C i s on ly 1.7% f o r Gd3Ni and b% f o r 

Gd3Co. Thus, i f i t i s not v a l i d to assume the TM metal moments i n the Gd3B 

compounds to be equal to those i n pure Fe , Co or N i , the e f f e c t upon the 

c a l c u l a t e d f C u r i e constant i s s m a l l . 

The values o f ^p^^ '^^^C, Tj^ , n* + n , n ' , and n ' / n are given i n Table 7.3 . 

Using equa t ion (2) we o b t a i n n ' + n and since h has already been c a l c u l a t e d , 

we o b t a i n n ' , the i n t r a - s u b l a t t i c e exchange c o e f f i c i e n t , n ' and n are p l o t t e d 

i n f i g . 7 .6 . The r a t i o n ' / n i s very la rge f o r the f l i p compounds, as requi red 

by the t h e o r y . The r a t i o n ' / n becomes r a the r small f o r Gd^Ni. The Neel 

c o n d i t i o n , n ' / n ^ ^ 1 , i s not f u l f i l l e d f o r t h i s compound, and i t i s t he re fo re 

not, expected to be e x p l i c a b l e ...in terms of the N^el theory . This i s , i n f a c t , 

the case since Gd3Ni shows complex behaviour. 

The r a t i o n ' / n = 59 f o r Gd3Co. Feron et a l . obtained n ' / n = 136 f o r 

GdoGo, This i s because t h e i r value of H , t o which n i s p r o p o r t i o n a l , vras 
o C 

obta ined f rom s t a t i c f i e l d measureraent,5, g i v i n g H = 4 KOe approximately . 
c 

This i s about h a l f the v a l u e , 9 KOe, obta ined i n the pulsed f i e l d measurements. 

n ' /n ( s t a t i c f i e l d ) _ 136 _ 
/ " 59 ~ n ' / n (pulsed f i e l d ) 



- J 

o 

i -
o 

> 



95 

H (Pulsed f i e l d ) _ 
—£—. ™_- _ !z 
H ( S t a t i c f i e l d ) ^ c 

= 2.25. 

Thus the. discrepancy between pulsed and s t a t i c f i e l d measurements can be 

a sc r ibed to the time dependent behaviour o f th'i magnetization.. 

7.3 .7 . (At T = Tj^) and i t s r e l a t i o n s h i p w i t h a t 4.2K 

I n f i g . 5.2-1 the v a r i a t i o n o f l /^C- i s shown as a f u n c t i o n of 
•̂ N 

compos i t ion . From equat ion (3) i s equal to n , and t he re fo re the 

values e f n according to7^ are g iven i n f i g , 5 , 21 d i r e c t l v j no sca l ing 
^N 

f a c t o r being r e q u i r e d . These values o f n are appreciably d i f f e r e n t from 

those ob ta ined using H and/^^. , both a t 4o2K, assuming A type s t t u c t u r e . 
c X n 

However , the general t r e nd i s the same and the order of magnitude-of the 

two sets p f value's i s the same. 

F o r . f l i p samples we can der ive the r e l a t i o n s : 

F i g , 7i7 shows the v a r i a t i o n o f H vs l/Xr » The p o i n t f o r Gd^Fe ,Co _ 
C N 

i s anomalous because of the i m p o s s i b i l i t y of measuring/C^ near the N^el 

temperature ( 5 . 3 . 4 ) . .Apart f rom t h i s , the f l i p compounds give an exce l l en t 

l i n e a r v a r i a t i o n of H vs , w i t h a negative i n t e r c e p t on the H a x i s . 
c c 

Therefore the f l i p samples are probably o f type I I , w i t h A^ sp in s t r u c t u r e . 
i 

The negat ive i n t e r c e p t gives a value f o r K^ :̂ . 

^N 

K ̂  = ( 6 . 2 ± 0 . 6 ) X 1 0 ^ j/fti^. 

R e c a l l i n g t h e value of + (= 4.5 + 2 . 2 x 1 0 ^ j/m^), as obtained f rom 

the vs 1/%^ curve f o r T = 4 , 2 K, we see t h a t these two q u a n t i t i e s K̂^ 

and + are equal w i t h i n the experimental e r r p r . Therefore we can deduce 

t h a t I S smal l compared w i t h K^ ,̂ This i s reasonable i f one considers 

t h a t . G d almost c e r t a i n l y e x i s t s as an S s ta te i o n ( L = O ) and any i n t e r a c t i o n 

w i t h the c r y s t a l f i e l d must be o f second o r d e r , and the re fo re small compared 

w i t h the magnetic d ipo l e i n t e r a c t i o n . 
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I f we can neglect K , then the expressions f o r s reduce to the same' 
0 n 

formula: 

s = f o r K K . 
0 ^ 1 

' / i n m2 

Then the values of n obtained from X ' ^ a t 4.2 K , vhich were v a l i d only 

f o r (A^) type become now v a l i d f o r both (A^) and (A^) types. 

From the gradient of the H vs l/CK^ curve we deduce t h a t , according 

t o A r and H , 

M = 15.5/yGd. 

This i s an anomalously large magnetization value, which i s too large by a 

f a c t o r of two above the gJ value of Gd, This i s probably due to the 

d i f f e r e n c e i n the time dependent p r o p e r t i e s at 4.2K and a t T = Tj^, as w i l l 

be discussed i n the next s e c t i o n , 

7.4. E f f e c t s of Various Corrections 

7". 4.1 Time dependence 

Time dependent behaviour i n magnetic m a t e r i a l s , commonly known as 

magnetic a f t e r - e f f e c t - , ca n be said to be occurring when the shape of an 

M vs H curve depends upon the r a t e at which H is vari e d . This mean's t h a t , 

i n order t o observe the e q u i l i b r i u m values of M as a f u n c t i o n of H, an 

experiment must be performed w i t h a v a r i a t i o n of H v\^iich i s slow. The 

time taken between measurements must be large compared w i t h some c h a r a c t e r i s t i c 

t i m e ' ^ w h i c h i s a property of the m a t e r i a l being studied. I t can therefore 

be concluded t h a t the pulsed f i e l d measurements of M vs H do not give the 

e q u i l i b r i u m curves. 

The r e s u l t s of F^ron e t ,al. are probably closer to the e q u i l i b r i u m 

values. Their values of H are smaller than the pulsed f i e l d values by a 
c 

f a c t o r of approximately 2. I f we normalise the pulsed f i e l d H values 
c 

by h a l v i n g each value we probably can simulate the e q u i l i b r i u m values. 

Since time dependence i s a phenomenon which appears only at low temperatures, 

the values ofXr- are probably close t o the e q u i l i b r i u m values and hence 

no c o r r e c t i o n need be made. 
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The H- vs curve, vihen corrected f o r time dependence w i l l then . 

have a g r a d i e n t which i s h a l f t h a t of the uncorrected curve. The value of 

M deduced w i l l then be h a l f the value 15^g/Gd obtained from the uncorrected 
3+ 

curve. This i s then..close t o the gJ value of the Gd ion. 

A s i m i l a r c o r r e c t i o n must be made t o the H vs curve f o r T = 4.2K. 

However, t h i s does not necessarily reduce the gradient by h a l f s i n c e ^ ^ 

( a t T = 4.2K) i s a f f e c t e d by time dependence and the values of both H and 
1 

must be modified. The value of obtained by Feron et a l . i s 0.37^g/K0e 

per Gd a t 4.2K f o r Gd^Co. The pulsed f i e l d value i s O.l^^KOe per Gd, which 

i s approximately h a l f the value obtained i n s t a t i c f i e l d s . Thus, i n co r r e c t i n g 

f o r time-dependence of H a n d % , both at 4.2K, H must be halved and^^. 
C I C 1 

must be doubled. This means t h a t the vs l/X^, l i n e a r p o r t i o n f o r f l i p 

m a t e r i a l s w i l l maintain almost the same g r a d i e n t , so t h a t the value of 

w i l l need no c o r r e c t i o n . 
The time dependence c o r r e c t i o n w i l l halve the values of the negative 

i n t e r c e p t s on the H a x i s i n the H vs l/yHJ. curve and the H vs i / % t - curve. 
c c 1 c I j ^ 

Hence the values of + and K̂^ w i l l both be halved, and the conclusion 
t h a t K4^K. w i l l s t i l l be v a l i d . 0 1 

A small hysteresis was observed f o r most samples.for f i e l d values 

greater than H . GdJZo _Ni showed a more pronounced hysteresis than any 

of the other samples. This sample was therefore chosen f o r more d e t a i l e d 

i n v e s t i g a t i o n (5..3.-1.).. The h y s t e r e s i s was found to depend str o n g l y upon 

the r a t e of change dH/dt of the applied f i e l d ( f i g . 5.6). Moreover, i t 

appeared from the l i n e a r v a r i a t i o n of hys t e r e s i s w i t h dH/dt t h a t the 

h y s t e r e s i s would become almost zero f o r dH/dt = 0, i . e . i n s t a t i c 

f i e l d experiments. This i s what might be expected from time dependent 

behaviour. Taylor observed the time dependent behaviour of DyCoNi 

( r e f 7^5"^ found t h a t the hysteresis increased w i t h the rate of change 

o f f i e l d . 

The d i f f e r e n c e between t h i s and the Gd2B time dependent behaviour 

i s t h a t i n DyCoNi, iMiich i s ferromagnetic, the hysteresis spans both 

p o s i t i v e and negative f i e l d values, centred symmetrically about the o r i g i n 
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whereas f o r the Gd^B compounds the hysteresis i s centred about the f i e l d 

value H . Both of these types of time dependent behaviour can be understood 

i n terms of some mechanism, e.g. i n t r i n s i c pinning of narrow domain w a l l s , 

which causes a delay i n adopting the e q u i l i b r i u m magnetization expected 

f o r a given f i e l d . This delay w i l l give r i s e to an M v H curve which i s 

displaced towards high f i e l d values f o r increasing f i e l d s , and towards 

low f i e l d values f o r decreasing f i e l d s . This appears as a h y s t e r e s i s , 

the h y s t e r e s i s being zero i n very slow experiments as appears to occur i n 

Gd-jB as dH/dt approaches zero. The s t a t i c experiments of F^ron e t a l . 

would be expected t h e r e f o r e , to give a c r i t i c a l f i e l d value f o r Gd^Co which 

i s equal t o the average of the r i s i n g f i e l d and lowering f i e l d values of 

obtained f o r Gd^Go i n pulsed f i e l d s . This i s not the case, since the 

s t a t i c H value i s approximately h a l f the pulsed f i e l d value^.- Thus the c 
sample magnetization i s delayed w i t h respect to the e q u i l i b r i u m values w i t h 

r i s i n g f i e l d , as expected. However, a f t e r s a t u r a t i o n , when the f i e l d value 

i s decreased, t h e sample appears to be a n t i c i p a t i n g i t s e q u i l i b r i u m 

magnetization.values. Consider a sample magnetized to s a t u r a t i o n ; i f then 

the a p p l i e d f i e l d i s decreased slowly u n t i l H = 0 and M = 0, then the state 

of the sample must be d i f f e r e n t from the state which i t would have i f the 

f i e l d were decreased r a p i d l y to H = 0, g i v i n g M = 0. I f t h i s were not the 

case, then the sample would v i o l a t e the second law of Thermodynamics. I t 

would then be possible to have a r e f r i g e r a t i o n cycle i n which negative work 

i s done by the f i e l d . The cycle would c o n s i s t of a slow f i e l d r i s e from the 

sta t e (H = 0, M = O) up to s a t u r a t i o n , (which must be a unique state whether 

approached r a p i d l y or slowly) followed by a ra p i d decrease of f i e l d t o 

(H = 0, M = 0 ) . Negat ive h y steresis would be observed i n t h i s cycle., which 

could then be repeated. Since such a cycle i s impossible to repeat, 

according to the second law of Thermodynamics, the state at (H = 0, M = 0) 

must, be non-unique and. must depend upon the ra t e a t which i t was 

approached.. This would involve a d i f f e r e n c e i n the magnetic spin s t r u c t u r e , 

i n the two states a t (H = 0, M = O), or perhaps some other d i f f e r e n c e 

i n the c o n f i g u r a t i o n a l entropy. 
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7.4.2 The Demagnetizing F i e l d 

Because of the extremely b r i t t l e nature of the specimens i t was not 

possible t o o b t a i n spheroidal samples f o r magnetization measurements. This 

precludes any accurate estimate of the demagnetizing f i e l d . I t washowever, 

ensured t h a t the samples, Wien mounted, were o r i e n t e d w i t h the l a r g e s t dimension 

p a r a l l e l t o the applied f i e l d d i r e c t i o n i n order t o minimise any demagnetizing 

f i e l d . 

Some estimate of the magnitude of the demangetizing-field i s however 

necessary. We assume the worst possible case-, i . e . t h a t the samples are 

s p h e r i c a l . For such samples, the demagnetizing f i e l d i s equal t o -r^ M where 

M i s ' the magnetization. This corresponds to about 7K0e f o r a saturated 

sample, and about 2K0e f o r a sample v\hich i s about'to ̂ undergo a t r a n s i t i o n 

t o the ( f ) s t a t e . . Thus the H values need a c o r r e c t i o n , v\*iidi i s s i m i l a r 

i n magnetude to the e r r o r of measurement. The %^ values must also be 

corrected. Since H %. must be unaffected, the e f f e c t of such a c o r r e c t i o n 
C 1 

upon the H^ vs 1//Ĉ  curve i s t o s h i f t every p o i n t towards the o r i g i n by a 

constant distance i n the (H^,, l / ^ / ) plane. As a r e s u l t s the qu a n t i t y 

+ changes i t s value 'from 4.5 x 10^ j/m t o 1.5 x 10^ J^m^. 

^he e f f e c t upon i s l a r g e r than upon 7C. at 4,2K because 
•N ^ 

i s a l a r g e r f s u s c e p t i b i l i t y . The c o r r e c t i o n s h i f t s the H vs l / X y 'Curve 
so t h a t the curve i n t e r c e p t s the o r i g i n ( f i g . 7.8). I t would now be 

possible f o r the f l i p samples to be e i t h e r of type I I "(with = O) or 

of type. V. 

The H ..values must be decreased by 7KGe on being corre-Cte'd. For the 
s 

sample Gd̂ F̂e Co ( f i g . 7.9) t h i s r e s u l t s i n a negative corrected value J .1 o y . 
of H , This i s p h y s i c a l l y unacceptable and shows t h a t we have been more s 
p e s s i m i s t i c than necessary #ien we assumed the samples to be- spherical. 

I n the absence o f any r e l i a b l e means of e s t i r i B t i n g the demagnetizing f i e l d 

we s h a l l assume i t to be considerably smaller than t h a t f o r spherical samples. 

This i s j u s t i f i e d f i r s t , by the consideration of Gd^Fe ^̂Go ^ and secondly, 

by the precautions w^ich were taken i n mounting the samples. 
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Since f o r Gd^Fe ^Co ^ i s e v i d e n t l y of the same order of magnitude 

as the demagnetizing f i e l d i t vould appear t h a t , on decreasing the 3d-

e l e c t r o n c o n c e n t r a t i o n , we may be approaching a t r u l y ferromagnetic 

composition, w i t h an i n f i n i t e i n i t i a l s u s c e p t i b i l i t y , f o r a l i t t l e more 

than 10% Fe s u b s t i t u t i o n i n Gd^Co. 

'7»4.3 Temperature V a r i a t i o n durinn a • F i e l d Pnl se 

The work done by the a p p l i e d f i e l d i n magnetizing a sample from M = 0 

t o M = the s a t u r a t i o n magnetization, i s given i n j/m^"^>: 

0 
s 
H. dM 

This i s equal toyU^ m u l t i p l i e d by the area i n the(M,H) plane bounded by 

the M vs H curve, the M a x i s , and the l i n e M = M̂ . This area i s l a r g e s t 

f o r Gd^Ni. We s h a l l consider t h i s m a t e r i a l i n order t o estimate the 

order of magnitude of the maximum possible temperature r i s e during a pulse. 

Since only an order of magnitude value i s re q u i r e d we approximate the M vs H 

curve t o a s t r a i g h t l i n e from the o r i g i n up t o (H-= •, M = M ) , We assume 
s s 

the a d i a b a t i c c o n d i t i o n i n whiph a l l the work done i s converted t o heat 

which i s r e t a i n e d by the sample.-
MM H 
^ ^ ^ ^ = CpAT 

3 

where '̂ p i s the s p e c i f i c heat per m , and AT i;s the temperature r i s e . Making 

use of the s p e c i f i c heat of gadolinium metal at 4.2K, Cp = 10 cal/deg mole, 

and assuming t h a t i t i s not much d i f f e r e n t from the s p e c i f i c heat of Gd^Ni, 

we o b t a i n , using H = 100 KOe and M = 1.5 x 10^ A/m, 
s s 
A T = 3K 

This temperature-rise i s too small to a f f e c t the q u a n t i t i e s measured a t 

4.2K t o any s i g n i f i c a n t extent. I n a d d i t i o n , the f l i p samples w i l l have 

considerably-smaller temperature r i s e s because of the smaller values of Ĥ . 
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7.5. E s t i m a t i o n of the Maonetic Dipole I n t e r a c t i o n between Gd ions 

I n order t o e s t a b l i s h to what extent the magnetic dipole i n t e r a c t i o n 

can be responsible f o r the observed anisotropy, the f o l l o w i n g order of 

magnitude c a l c u l a t i o n was made. We estimate f i r s t l y the energy d i f f e r e n c e 
3+ 

between two Gd ions w i t h both spins p a r a l l e l and w i t h both spins a n t i -

p a r a l l e l . 

The l i n e j o i n i n g the ions i s perpendicular t o the spin directions^and 

of l e n g t h R,whereR i s the nearest neighbour distance. This energy i s 

^ f ' ^ 4 , = ^ (16) 
4nR^ 

v\here p i s the magnetic moment of one ion. Secondly we consider the energy 

d i f f e r e n c e between two p a r a l l e l spins w i t h t h e i r spin d i r e c t i o n s p a r a l l e l 

and perpendicular to the l i n e j o i n i n g them. This energy d i f f e r e n c e i s 

Htt - E , ^ = ^ (17) 
4pR^ 

Equation ( l 6 ) gives an energy d i f f e r e n c e between ( a f ) and ( f ) alignement. 

Equation ( l 7 ) gives an anisotropy energy. Since the i s o t r o p i c component 

of i n t e r a c t i o n between a p a i r of dipoles i s of the same order of magnitude 

as the a n i s o t r o p i c component, we would expect the value of K̂^ to be of the 
2 

same order of magnitude as the component of u nM due to the dipole term 
' ' 4 

incorporated i n t o n (7.12).. 
We s u b s i t u t e i n t o equation (17) the f o l l o w i n g values: 

RRja/2 3.5 A.U. , p = 7 ^ g , t o o b t a i n the value 

-25 
E^ - E ^ = 197 x 10 J. per p a i r of atoms. 

Each atom has Z nearest neighbours. I n a h i g h l y symmetrical s t r u c t u r e 

(e.g. simple cubic) the t o t a l f i e l d on an ion i s zero, since the various 

components from the a l i g n e d nearest neighbours cancel out. However, f o r a 

h i g h l y asymmetric c r y s t a l s t r u c t u r e t h i s c a n c e l l i n g out does not occur and 

the r e s u l t a n t f i e l d w i l l be a considerable f r a c t i o n of Z m u l t i p l i e d by 

the f i e l d . r e s u l t i n g from a nearest neighbour. Thus the en e r g y o f i n t e r a c t i o n 
-25 

of one i o n w i t h Z nearest neighbours w i l l be 197 x 10 . Z Joules. Since 12 
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-30 3 
atoms occupy 424 x 10 m we obt a i n the dipole i n t e r a c t i o n energy 

424 X lO""**^ 

The f a c t o r -g- appears because the i n t e r a c t i o n i s between pairs of dipoles. 

.The r e s u l t i s : 

Ẑ E 2 .8 Z X 10^ j/m^. 
I 

The nearest neighbour distance i s ^ a / 2 . However the next nearest neighbours 

are not very much f u r t h e r . Hence they w i l l also exert a large influence,. 

Ins p e c t i o n of the c r y s t a l s t r u c t u r e diagram ( f i g . 7.10) gives 6 as a reasonable 

estimate f o r Z. The estimate f o r r̂̂ E cannot be made accurately here but, f o r 

an order of magnitude estimate we can say t h a t A E i s a not too small f r a c t i o n 
5 / 3 

of 17 X 10 J/m because of the low symmetry of the c r y s t a l s t r u c t u r e . Therefore 
the magnetic dipole i n t e r a c t i o n i s probably responsible f o r the anisotropy 

5 / 3 

energy 4.5 x 10 J/m, . 

7.6 E f f e c t of the Average 3d-electron Gpncentration 

R i g o r o u s l y , the average 3d-electron concentration i s as yet unknown. 

I t i s g e n e r a l l y assumed t h a t the number of 3d-electrons'i^ncreases by one i f 

Fe i s replaced by Co, or Co by Ni. I f , however the 3d band i s f u l l , as may 

w e l l be the case i n these compounds, t h i s extra e l e c t r o n w i l l go i n t o the 

conduction band and thus w i l l probably have sp character. Since t h i s i s not 

d e f i n i t e we s h a l l r e t a i n the above nomenclature and r e f e r to t h i s q uantity 

as the "3d-electron c o n c e n t r a t i o n " , but i t must'be remembered t h a t s t r i c t l y 

speaking what we r e a l l y mean i s the " Valence e l e c t r o n concentration". ' We 

s h a l l not change the expression because Fe, Cq and Ni are usually thought 

of as 3d-elements. 
The r e s u l t t h a t H f o r Gd^ (Fe,Go) becomes zero at the same composition c J 

f o r which the Fe^G s t r u c t u r e breaks down i s a remarkable coincidence. I t can 

be concluded t h a t , i f t h i s i s not due to pure-chance, the existence of the Ee^G 

phase i s associated w i t h the existence of a p o s i t i v e value of H . The s t r u c t u r a l 
c 

and magnetic p r o p e r t i e s are r e l a t e d and depend upon the average 3d-electron 
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concentration ( h e r e a f t e r r e f e r r e d t o as A 3dC). The change i n A3dC v / i l l 

be accompanied by changes i n the other unrelated parameters, v\hich'will not 

vary l i n e a r l y w i t h composition from Fe t o Co to Ni. I t w e s i n order to 

examine t h i s aspect t h a t the Gd2(Fe,Ni) compounds were prepared and examined 

I t was found t h a t the A3dC was not the only f a c t o r i n determining the 'formation 

of s i n g l e phase samples, because the f o r e i g n phases d i d not appear at the 

composition Gd^Fe ^^Ni (which has the same A3dC as Gd^Fe Ĉo g) but rather 

at Gd^Fe ^^ i ^. However i t was found t h a t the A3dC was probably the only 

f a c t o r c o n t r o l l i n g the existence of an Fe^C phase i n these samples,' vrfiether 

or not t h i s phase corresponds t o the desired composition. This i s because, 

a f t e r the onset of the formation of f o r e i g n phases, the Fe^C s t r u c t u r e , probably 

of composition Gd^Fe ^ \ g continued to e x i s t f o r increasing Fe concentrations, 

as shown by the f a i r l y sharp X-ray d i f f r a c t i o n l i n e s , and also by the maintenance 

of the H value of -this composition. Tj-igge X-^ay l i n e s then rapLdly became 

b l u r r e d between Gd^Fe ^Ni ̂  and Gd^Fe ^Ni ̂ , i n d i c a t i n g t h a t no Fe^C phase of 

any composition e x i s t e d f o r higher Fe concentrations than t h a t of Gd-̂ Fe ^ N i 
0 

approximately. 

H and H appear to be dependent mainly upon the A3dC, as shown by the • c s 
f o l l o w i n g two considerations: 

(a) On var y i n g the composition i n Gd2(Fe-,Co-) and Gd2(Co ,Ni) from Fe to Co 

to N i , the A3dC i s the only parameter which varies l i n e a r l y w i t h composition^ 

except f o r r e l a t e d parameters such as nuclear charge. Any other unrelated 

parameters w i l l have a discontinuous gradient a t the Gd^Co composition. I f 

H^ or H^ depended on one of these other-parameters then the Ĥ  and H^ curves 

would also have a discontinuous gradient with respect to composition at GqĴ Co. 

Since both vary smoothly i t can be concluded t h a t they are a f f e c t e d mainly by 

the A3dC. 

(b) Over the small range of existence of Gd2(Fe,Ni) i t has been shown t h a t 

H i s the same f u n c t i o n of A3dC i n the (Fe,Ni) pseudobinaries as i n the (Co,Ni) 

pseudobinaries. This i s seen c l e a r l y i n f i g . 5.24. Furthermore the t r a n s i t i o n 

from complex t o f l o p - t y p e behaviour occurs at the same A3dC i n the two series 

and H reaches a maximum a t t h i s A3dC value i n both series. 
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7.7 The Exchange I n t e r a c t i o n 

I t may be r e c a l l e d (7.12) t h a t the i n t e r - s u b l a t t i c e i n t e r a c t i o n was not 

purely of exchange energy o r i g i n , but had, incorporated' i n t o i t , a term 

derived from the i s o t r o p i c component of the magnetic dipole i n t e r a c t i o n . 

W hilst t h i s i n t e r - s u b l a t t i c e i n t e r a c t i o n energy (y^^n M^/4) i n Gd^Co, vihich 

5 / 3 

equals 5.8 x 10 J/m , could be accounted f o r e n t i r e l y by the magnetic 

dipole i n t e r a c t i o n , the dipole i n t e r a c t i o n i s too small to account f o r the 

i n t e r - s u b l a t t i c e i n t e r a c t i o n energy (56 x 10^ j/m^) of Gd Ni. The strong 

antiferromagnetism of the f l o p a n d complex compounds therefore indicates t h a t 

the i s o t r o p i c dipole component of n i s only a small f r a c t i o n of n i n these 

compounds. Antiferromagnetic exchange must therefore be operating between 

the s u b l a t t i c e s . Ferromagnetic exchange must be operating w i t h i n the sub-

l a t t i c e s since the i n t r a - s u b l a t t i c e i n t e r a c t i o n i s stronger than the i n t e r -

s u b l a t t i c e i n t e r a c t i o n . Since we are concerned w i t h genuine exchange 

i n t e r a c t i o n s between rare earth i o n s , we are f o r c e d to consider these i n 

terms of t h e concepts of the RKKY theory. This has been the most successful 

theory so f a r i n accounting f o r the exchange i n t e r a c t i o n s between l o c a l i s e d 

rare earth ions. A b r i e f o u t l i n e of the theory f o l l o w s . 

7.7.1 The RKKY Theory (Rudermann. K i t t e l , Kasuva. Yosida) 

The exchange mechanism i n t h i s theory was derived o r i g i n a l l y by 

Rudermann and K i t t e l ( r e f 7.6) i n connection w i t h the coupling of nuclear 

spins 5 and l a t e r developed by Kasuya ( r e f 7.7) and Yosida (r e f 7.8) f o r the 

cases of exchange coupling between l o c a l i s e d i o n i c spins i n a l a t t i c e , the 

theory assumes a f r e e e l e c t r o n model f o r the conduction electrons. A l o c a l i s e d 

ion of spin Ŝ  i n t e r a c t s w i t h t h e conduction electrons spins by exchange. The 

r e s u l t i s t h a t the conduction e l e c t r p n spins become pol a r i z e d i n the v i c i n i t y 

of the i o n . This p o l a r i z a t i o n i s given by; 
n V ^ 9 F Z ^ r S. s i n 2 k_r - 2 k„r cos 2 k„r H^^rJ = \ r t r 

4 V^Ep (2 k p r ) ^ 

where r i s the distance from the ion c e n t r e , Z i s the atomic density of 

conduction e l e c t r o n s , V the atomic volume, Ep the Fermi energy, kp the Fermi 
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wave vector modulus,, P the exchange energy between the i o n i c spin and a 

conduction e l e c t r o n spin. The p o l a r i z a t i o n is o s c i l l a t o r y , decaying as 

COS. 2kpr 
at large distances. 

(2kpr)-^ 

I f another s i m i l a r ion of spin Ŝ  i s s i t u a t e d a distance r^ from the f i r s t i o n , 

the conduction e l e c t r o n p o l a r i z a t i o n w i l l i n t u r n inteia c t by exchange w i t h 

the second i o n w i t h an i n t e r a c t i o n energy 

-Ps . P. ( r . ) 
— j . 

The r e s u l t i s t h a t the two' ions are e f f e c t i v e l y coupled, i n d i r e c t l y , v i a the 

conduction e l e c t r o n s , w i t h an exchange i n t e r a c t i o n v\hich varies i n the same 

o s c i l l a t o r y manner as the conduction e l e c t r o n p o l a r i z a t i o n . The o s c i l l a t i o n 

wave length w i l l depend upon kp. Since the rare earth ions are s p e c i f i e d 

by the quantum .number J , ra t h e r than by S, i t i s necessary to replace Ŝ  and 

S, w i t h the p r o j e c t i o n of S onto J , which i s equal to ( g - l ) J. I n the 
•3 

molecular f i e l d approximation the theory p r e d i c t s a paramagnetic Curie 

temperature which i s p r o p o r t i o n a l t o the de Gennes f a c t o r . 
©p = A ( g _ l ) 2 J ( j + ^ ) ^ 

A i s a f u n c t i o n of Z, , V, kp and as w e l l as the spacial c o n f i g u r a t i o n 

of the i n t e r a c t i n g ions. For the rare earth metals, as one goes from one 

element t o the next across the s e r i e s , A w i l l vary only slowly f o r a given 

c r y s t a l s t r u c t u r e . This i s because the extra e l e c t r o n added .per atom from 

element t o . element across the series, goes i n t o the 4f s h e l l , a f f e c t i n g the 

de Gennes f a c t o r , but does not go i n t o the conduction band. Thus, the 

pr o p e r t i e s of the conduction band, upon which A depends, remain f a i r l y 

constant f o r a given c r y s t a l s t r u c t u r e . 

One would t h e r e f o r e expect a l i n e a r r e l a t i o n s h i p between 0^ and the 

de .Gennes f a c t o r f o r the heavy rare earth metals, a l l of which have the same 

c r y s t a l s t r u c t u r e h.c.p. (except f o r Yb). These rare earth metals f o l l o w 

the expected l i n e a r behaviour remarkably w e l l (ref..7.9 ). 



106 

The band electrons i n the rare earth metals are derived from 6s and 5d 

type o r b i t a l s . Most of the rare earth metal ions e x i s t w i t h a t r i p o s i t i v e 

charge, e.g. "̂ d and the metal contains, t h e r e f o r e , three conduction e l e c t r o n s , 

of sd type per atom. Band c a l c u l a t i o n s on gadolinium .metal give r e s u l t s wrfiich 

show an appreciable d e v i a t i o n from the f r e e e l e c t r o n model f o r the conduction 

electrons and the Fermi surface ( r e f 7.p) i s f a r from s p h e r i c a l . The calculated 

density of s t a t e s curve shows a narrow energy band w i t h a density of states 

about three times l a r g e r than t h a t expected f o r free electrons. 

This i s due t o the strong mixing of 6s and 5d states' near the Fermi 

energy. Gadolinium, metal has an absolute s a t u r a t i o n magnetization which i s 
3+ 

0.55yWg per atom i n excess of the gJ value of the Gd i o n . This i s 

gen e r a l l y regarded ( r e f 7 . l O ) as being due to the p o l a r i z a t i o n of conduction 

electrons.- Such a large excess cannot be accounted f o r by free e l e c t r o n s , 

because of t h e i r low den s i t y of st a t e s . The excess i s , however, consistent 

w i t h a higher density of s t a t e s , as derived from band- c a l c u l a t i o n s . The • 

high e l e c t r o n i c s p e c i f i c heat of gadolinium also requires a high density of 

states model, "^he f r e e electi'on model gives a density of states which i s e i g h t 

times too low, whereas the band c a l c u l a t i o n gives one which i s only two times 

tod low t o account f o r the e l e c t r o n i c s p e c i f i c heat. 

The c a l c u l a t e d density of states curve of gadolinium i s an i r r e g u l a r 

shaped f u n c t i o n of energy. S i m i l a r c a l c u l a t i o n s have been made f o r the other 

rare e a r t h metals and i t was found t h a t the density of states and the Fermi 

surface changed i n d e t a i l only^from element to element f o r the hep c r y s t a l 

s t r u c t u r e s . This lack of r a p i d change i n the Fermi surface accounts f o r why 

the heavy hep rare e a r t h metals give the expected l i n e a r r e l a t i o n between 

0p and the de Gennes f u n c t i o n , even though the assumptbn of a spherical 

Fermi-surface i s wrong. The RKKY theory assumes a spherical Fermi surface, 

i n which case A i s r e a d i l y c a l c u l a b l e . For an i r r e g u l a r shaped Fermi surface 

the c a l c u l a t i o n of A i s made very much more complicated. This however does not 

a f f e c t the v a l i d i t y of the vs de Gennes f u n c t i o n l i n e a r i t y as long as we 

maintain constant the conduction e l e c t r o n c h a r a c t e r i s t i c s . Since the calculated 

d e n s i t y of sta t e s curve i s an i r r e g u l a r f u n c t i o n of energy^ we expect 
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the exchange c h a r a c t e r i s t i c s t o depend s t r o n g l y on conduction e l e c t r o n 

concentration w^iich, i n the pure -R.-E. metals, i s constant. The' lanthanide 

c o n t r a c t i o n w i l l have some e f f e c t upon the Fermi surface shape. Therefore 

the exchange c h a r a c t e r i s t i c s must vary s l i g h t l y across the series. 

7,8. The Conduction Electrons of Gd-rich compounds wi t h the 3d-Elements 

I t i s g e n e r a l l y accepted t h a t , i f onebegins w i t h a 3d t r a n s i t i o n metal 

B, and a l l o y s i t w i t h an A element, rare earth or y t t r i u m , to make the 

s t o i c h i o m e t r i c compound A B , then the. A atom, e.g. Gd, contributes electrons 

to t h e 3d band. On going progressively to rare earth r i c h e r s t o i c h i o m e t r i e s , 

inc r e a s i n g x, the 3d band becomes graduaEy f i l l e d . The f i l l i n g of the 3d 

band manifests i t s e l f i n a decrease of the 3d moment. The problem i s of course 

more complicated because the top of the 3d band i s probably not sharp. I t 

overlaps the much wider conduction band which probably becomes gradually 3d 

i n character near the top of the 3d band, w i t h no sharp d i v i d i n g l i n e . 

As regards any spontaneous moment due t o the non-4f electrons we can make 

two generalizations? On the one hand, any spontaneous moment a r i s i n g from 3d 

band s p l i t t i n g has been found always t o a l i g n i t s e l f a n t i p a r a l l e l to the 

ta r e earth spin moment p r o j e c t i o n on J. This means t h a t i n the l i g h t rare 

earths we have ferromagnetic alignement of the rare earth and 3d moments .af L>S 

and f o r the heavy rare earths we have fe r r i m a g n e t i c alignement, such as 

f o r Gdo On the other hand the conduction e l e c t r o n p o l a r i z a t i o n of Gd metal 

i s p a r a l l e l t o the Gd moment, g i v i n g r i s e to an excess absolute s a t u r a t i o n 

magnetization which i s 0.5^^Gd i n excess of the gJ value. I t Is reasonable 

to assume t h a t , on a l l o y i n g Gd wi t h a 3d element the conduction e l e c t r o n 

p o l a r i z a t i o n w i l l s t i l l e x i s t and t h a t the RKKY type of coupling w i l l not be 

r a d i c a l l y changed, as long as the 3d band i s f u l l . The s a t u r a t i o n moment w i l l 

then s t i l l exceed the gJ value. I f one then increases the 3d element concentration 

a p o i n t w i l l be reached wfiere the Fermi l e v e l encounters the top of the 3d band, 

which w i l l then develop holes and w i l l be able t o contribute t o the spontaneous 
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magnetization. This magnetization, as we have seen, opposes the Gd moment. 

I f i t e x a c t l y equals the .conduction e l e c t r o n p o l a r i z a t i o n , which we presume 

s t i l l e x i s t s , then the spontaneous magnetization of the m a t e r i a l w i l l equal 

t h a t expected from the gJ value of Gd. On f u r t h e r decreasing x the absolute 

s a t u r a t i o n magnetization w i l l become less than the gJ value per Gd. Fig. 7.11 

shows the absolute s a t u r a t i o n magnetization-per Gd atom, of the Gd Ni 
X J.*"X 

and Gd Co, compounds. 

^^or the Ni compounds on decreasing x from 1 , the magnetization remains 

roughly constant at a value between 0.3 and O.^^Gd above the gJ value^ for 

Gd^Ni and GdNi, This can be accounted f o r by conduction e l e c t r o n p o l a r i z a t i o n 

of the type found i n Gd metal. On f u r t h e r decreasing x we come to Gd N i ^ , 

which appears t o be the type of m a t e r i a l mentioned above, i n which the 3d 

moment almost cancels out the conduction e l e c t r o n p o l a r i z a t i o n to give 

approximately the gJ value f o r the magnetization. I t would therefore appear 

t h a t we encounter the top of the 3d band a t GdNi^, or at lea s t approach some 

conduction band l e v e l s which are developing 3d character. For the Co compounds, 

the excess moment above the gJ value i n .Gd̂ Co can be accounted f o r by conduction 

e l e c t r o n p o l a r i z a t i o n , as i n Gd^Ni and pure Gd metal. However, on a f u r t h e r 

s l i ^ t decrease of x, we r a p i d l y come t o the compound Gd^Co^ which has a moment 

per gadolinium atom less than the gJ value. This suggests t h a t the Fermi 

l e v e l of Gd^Co^ i s i n the 3d band, or at l e a s t so near the top of the 3d band 

t h a t the conduction electrons a t Ep have some 3d character. Y^o^, i n c i d e n t a l l y , 

i s ferromagnetic, w i t h a small spontaneous moment of 0.04/^Co, and supports 

the view t h a t the 3d band i s not qu i t e f u l l a t the 4:3 stoichiometry of the 

cobalt compounds. I t seems t h e r e f o r e t h a t the Gd^Co Fermi l e v e l i s not f a r 

above the top of the 3d band, 

7.9. The S t r u c t u r a l S t a b i l i t v of Gadolinium-rich Compounds w i t h the 3d Elements 

For a given stoichiometry A B , i f i t forms a stable c r y s t a l s t r u c t u r e 
X J. ~x, 

w i t h the Fermi l e v e l w i t h i n the 3d band, i t i s postulated t h a t t h i s s t a b i l i t y 

w i l l be l o s t f o r the same stoichiometry w i t h the Fermi Level above the top 

of the 3d band. S i m i l a r l y , i f another stoichiometry i s stable w i t h the Fermi 
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l e v e l above the 3d band, then i t w i l l be unstable f o r the Fermi l e v e l w i t h i n 

the 3d band. 

By means of t h i s pos tu la t e i t i s possible to 'unders tand why Gd^Co^ 

exis ts ,whereas Gd^Ni^ does not ex i s t . - R e f e r r i n g to f i g . . 7.11 the Fermi 

l e v e l appears to be w i t h i n the 3d band f o r Gd^Go^. Howeverj f o r the Ni 

compounds the moment curve p r e d i c t s a Fermi l e v e l w e l l above the 3d band 

a t the 4;3 s t o i c h i o m e t r y , and t h e r e f o r e Gd^Ni^ does not e x i s t . S i m i l a r l y , 

GdNi e x i s t s w i t h the Fermi l e v e l above the 3d band, but the moment curve 

a t the 1:1 s t o i c h i o m e t r y would requi re the 3d band to be u n f i l l e d f o r GdCo. 

Hence GdCo does not e x i s t , ^he 3d band i s by no means f u l l i n GdCo^j and • 

not q u i t e f u l l i n GdNi^j hence both these compounds e x i s t . 

I t i s a l so poss ib le t o unders tand, by means of the above p o s t u l a t e , 

lA^iy the Fe^C s t r u c t u r e breaks down when Fe i s s u b s t i t u t e d f o r Co i n Gd^Co. 

I t . may be r e c a l l e d ( 7 . 7 . 2 ) t h a t the Fermi l e v e l f o r Gd^Co i s not f a r above 

the top of- the 3d band (because on going f rom Gd^Co to Gd^Co^ we acquire a 

3d moment). Going f rom Gd^Co to Gd Go lowers the Fermi l e v e l by reducing 
3 

the number o f conduct ion e l ec t rons (3 per Gd atom) c o n t r i b u t e d by tine Gd. 

We can s i m i l a r l y lower the Fermi l e v e l on s u b s t i t u t i n g Fe f o r Co i n 

Gd^Co. By so d o i n g , the top o f the 3d band i s r a p i d l y encountered, since the 

Fe^C s t r u c t u r e becomes unstable- f o r on ly 10^ Fe s u b s t i t u t i o n . The Fe^C 
s t r u c t u r e of Gd^Fe N i , became uns t ab l e , on increas ing the Fe con ten t , 3 X 1-x 

e a r l i e r than expected f rom the p o i n t of view of conduction e l e c t r o n 

c o n c e n t r a t i o n . From t h i s p o i n t o f view the Fe^C s t ruc tu r e was p red ic ted to 

become unstable a t 5^% Fe , whereas i t becomes unstable a t 20% Fe. This might 

be due t o the ex t r a s t resses set up i n the l a t t i c e by the f a c t t h a t Fe and 

Ni are not neighbours i n the p e r i o d i c t a b l e . However, the l a s t Fe^C compound 

t o f o r m , Gd^Fe _Ni „ . pe r s i s t ed f o r higher Fe concentra t ions up to approximately 

5b% Fe s u b s t i t u t i o n , which has the same conduct ion e l e c t r o n concent ra t ion as 

t h a t o f Gd^Fe ^̂ Co. g . -

I t may be t h a t the postulate- i s app l i cab l e even t o non-s ingle phase 

m a t e r i a l , i n which the s t a b i l i t y of any Fe^C phase present i s s e n s i t i v e to the 
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average conduct ion e l e c t r o n concen t ra t ion i n the whole mult iphase 

sample, and breaks down when the ^ermi l e v e l encounters the 3d band. 

7.9.1_ J u s t i f i c a t i o n f o r the s t r u c t u r a l s t a b i l i t y r u l e 

This rule, , as y e t e m p i r i c a l , s ta tes t h a t i f a s t ruc tu re A i s s table when 

the Fermi l e v e l Ep i n t e r s e c t s the 3d band, i t w i l l probably become unstable 

when Ep i s r a i s e d above the top of the 3d band, and w i l l then be replaced by 

another s t r u c t u r e B , o r a number o f new c r y s t a l s t r uc tu r e s . I t also s ta tes 

t h a t i f a s t r u c t u r e B i s s table w i t h Ep above the top of the 3d band, then B 

w i l l p robably become unstable when Ep i s lowered to the top of the 3d band, 

and w i l l be replaced by s t r u c t u r e A or a number o f new s t r u c t u r e s . 

. The p h y s i c a l j u s t i f i c a t i o n approaches the problem f i r s t l y o f the onset 

of i n s t a b i l i t y i n -A as Ep i s r a i s e d . I t i s w e l l es tab l i shed t ha t the 3d band 

i n the t r a n s i t i o n metals of the i r o n group has a h igh dens i ty o f s tates N ( E ) , 

and t h a t t h i s band i s overlapped i n energy by a much wider conduction band 

which has consequently a 16w dens i ty o f s t a tes . The top of the 3d band w i l l 

t h e r e f o r e not be sharp but w i l l be charac te r i sed :by wave f u n c t i o n s which have 

both 3d charac ter and non-3d (probably s) charac te r . This h y b r i d i z a t i o n reg ion 

we s h a l l d i v i d e i n t o two p a r t s : Sd, which has mainly S character and low dens i ty 

of s t a t e s ; and Ds, which has main ly-3d character and higher dens i ty o f s t a tes . 

The. band r e g i o n w e l l above the top of the 3d band we s h a l l c a l l the S r e g i o n , 

which has a lower N(E) than .the Sd r e g i o n . The D reg ion i s the 3d band proper 

w i t h n e g l i g i b l e s cha rac t e r , and h ighes t N ( E ) . 

Conduction band 

H y b r i d i z a t i o n 
r e g i o n 

3d band 

> N ( E ) 



I l l . 

For the s t r u c t u r e A , s tab le w i t h Ep i n the D r e g i o n , we can raise ' . the 

Fermi l e v e l by r e p l a c i n g someof the atoms of a c e r t a i n valency-, e .g . Fe, 

w i t h atoms of a higher valency e .g . Co, When Ep encounters the reg ion 

w i t h low N ( E ) the cont inued a d d i t i o n of valence e lec t rons i s only possible 

w i t h a l a rge increase i n t h e energy of these added e l ec t rons . Though the 

conduct ion e l e c t r o n energy i s by no means the only f a c t o r i n f l u e n c i n g the 

s t a b i l i t y o f a c e r t a i n s t r u c t u r e , i t i s c e r t a i n l y one of the re levan t f a c t o r s . 

This l a rge increase i n energy w i l l make the s t r u c t u r e A e n e r g e t i c a l l y less 

favourab le and there - w i l l probably e x i s t another s t r uc tu r e B which has a 

lower energy. I f such a s t r u c t u r e B e x i s t s , then A w i l l become unstable and 

be rep laced by B , which may remain s tab le when Ep i s r a i sed f u r t h e r . 

Converse ly , i f we s t a r t w i t h s t r u c t u r e B s table i n the S reg ion and lower 

Ep, the s t r u c t u r e B should remain s tab le as long as N(E) remains l ow, . s ince 

Ep w i l l lower r a p i d l y f o r a g iven r educ t ion i n valence e l e c t r o n dens i ty . When 

Ep encounters a high N ( E ) , there i s a g rea te r l i k e l y h o o d o f there being some 

o ther s t r u c t u r e . A i n which the t o t a l e l e c t r o n energy i s lower than t h a t 

which would be found i f s t r u c t u r e B continued to e x i s t . 

I t i s proposed t h a t the Fe^C s t r u c t u r e o f the Gd^CFe ,Co,Ni) a l l o y s can 

be regarded as such a s t r u c t u r e B , which becomes unstable somewhere i n the 

h y b r i d i z a t i o n r e g i o n , perhaps between the Sd and the. Ds regions . S t ruc tu re 

B i s however, not replaced by a s ing le s t r u c t u r e A , but a number of s t r u c t u r e s , 

since the a l l o y s become mul t iphase , pure gadol inium being one of the phases 

i n A. 

7.10 I^he Exchange I n t e r a c t i o n i n the Gd^B Com.pounds 

Since the 3d band appears to be f u l l f o r these compounds, no cooperative 

exchange w i t h i n the 3d band can take place and hence we can have no moment f rom 

the 3d e l e c t r o n s . The problem i s now s i m p l i f i e d to t he . cons ide ra t i on of a 

m a t e r i a l c o n s i s t i n g of l o c a l i z e d Gd moments i n a sea of conduction e l ec t rons . 

Thus t h e RKKY type o f coup l ing between the Gd moments must p r e v a i l , and w i l l 

probably be as appl icable , as i n pure Gd me ta l . 
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7 .10 .1 A p p l i c a b i l i t y o f RKKY Theory to the A-̂ B compounds where A i s a h e a v y 

t r i v a l e n t Rare E a r t h . 

The RKKY theory ( 7 . 7 . 1 ) p r e d i c t s a l i n e a r r e l a t i o n s h i p between 9^, the • 

paramagnetic Curie temperature and G, the de Gennes f u n c t i o n , as the rare 

ea r th i o n i s v a r i e d as long as the conduction band c h a r a c t e r i s t i c s remain 

constanto A lanthanide c o n t r a c t i o n w i l l , of course be present , which w i l l 

cause some departure f rom l i n e a r i t y o f 9^ vs G. F i g . 7 o l 2 a n d f i g . 7 .13 

show the v a r i a t i o n s o f T and 9 w i t h the de Gennes f u n c t i o n G f o r the 

A^Co and A^Ni- compounds. T^,, i n t e r e s t i n g l y , shows almost a l i n e a r v a r i a t i o n 

i n both A^Co and A^Ni j w^iich the RKKY theory does not p r e d i c t . The behaviour 

o f 0 i s approximate ly l i n e a r f o r the A„Co' compounds, suggesting a p p l i c a b i l i t y 
P ^ 

o f the RKKY theory w i t h constant Ep, but departs e n t i r e l y from l i n e a r i t y 

i n the A^Ni compounds i becoming- negative f o r He and Er.- The curve i s , 

however, smooth except f o r Dy,though not l i n e a r , and i t may be t h a t the 

smooth l an than ide con t r ac t i on , i s a f f e c t i n g the l i n e a r i t y i n the A^Ni compounds. 

This would involve- a change i n Ep and kp. Such s e n s i t i v i t y o f the Fermi, 

l e v e l suggests a low dens i t y of s ta tes a t Ep, I t appears t h e r e f o r e } t h a t 

RKKY coup l ing may be a p p l i c a b l e to the A^Ni compounds, but w i t h a lower 

dens i ty o f s ta tes a t the Fermi l e v e l than i n the A^Co compounds. 

7 . 1 0 . 2 A p p l i c a t i o n o f RKKY goncepts to the Gd^B Compounds 

The Neel tempera ture , which i s a measure of the s t rength of the exchange 

f i e l d a c t i n g on a magnetic i o n , decreases on going f rom Gd^Co to Gd^Ni. This 

i s c o n s i s t e n t w i t h a lower ing o f the d e n s i t y of s ta tes of the conduction 

band as was deduced above. A low dens i ty s ta tes w i ^ make the band less 

suscept ible , t o p o l a r i z a t i o n a n d . i t w i l l t h e r e f o r e be less e f f i c i e n t as a 

medium v i a which the i n d i r e c t exchange between l o c a l i s e d ions .cai operate. 

Thus the o rde r ing i t empera tu re must be lowered i f the dens i ty o f s tates 

lowers . 

On v a r y i n g the composi t ion f rom Gd^Co t o Gd^Ni the s t rong ferromagnet ic 

i n t r a - s u b l a t t i c e exchange c o e f f i c i e n t n ' decreased i n s t r e n g t h , w h i l s t the 

weak a n t i f e r r o m a g n e t i c i n t e r - s u b l a t t i c e exchange increased i n s t r eng th . The 
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RKKY. theory ca ters f o r such c o n t r a d i c t o r y behaviour as fo l lows. - F igure 7.14 
represents schemat ica l ly the conduct ion e l e c t r o n p o l a r i z a t i o n P^^ as a 
f u n c t i o n o f dis tance x f rom the ion'-.i to a nearby i o n j , which i s i n f luenced 
by the p o l a r i z a t i o n . The i n t e r a c t i o n between i and j i s p r o p o r t a i o n l to P̂ ^̂  
aitd. j due to i . I t i s proposed t h a t , i n Gd^Go the i n t e r a c t i o n between i 
and i s s t rong and ( fm) so t h a t both belong to the same s u b l a t t i c e , and 
t h a t i s i n the o ther s u b l a t t i c e , i n t e r a c t i n g weakly w i t h i (and ZQ)* 

Since the conduct ion e l e c t r o n concen t ra t ion changes on going f rom Gd^Co 

t o Gd^Ni the Fermi surface w i l l change and t h e i t t y i n f l u e n c e the i n d i r e c t 

exchange in terac t ion , .be tween any two i o n s . This invo lves a . change i n kp 

the Fermi wave v e c t o r , which w i l l d i r e c t l y i n f l u e n c e the wavelength of the 

conduct ion e l e c t r o n p o l a r i z a t i o n o s c i l l a t i o n s , Le t the p o l a r i z a t i o n be g iven 

by curve A f o r Gd-̂ Co and. curve B f o r Gd^Ni, I t can be con t r ived ,as shown i n 

the f i g u r e , f o r the ( fm) i n t e r a c t i o n between i and to decrease, whi le the 

(afm) i n t e r a c t i o n between i and j j increases, n ' w i l l t h e r e f o r e decrease 

whi l e n increases . 

I t could perhaps be t h a t the disappearance of an t i f e r romagne t i c behaviour 

f o r a composi t ion near to Gd^Fe Co „ means t h a t i s near a flode i n the 

p o l a r i z a t i o n o s c i l l a t i o n s f o r t h i s composi t ion. I t must however be borne i n 

mind t h a t the r e a l s i t u a t i o n i s f a r more complicated than t h i s p i c t o r i a l 

r e p r e s e n t a t i o n of the i n t e r a c t i o n because the Fermi surface i s fer f rom 

s p h e r i c a l , hence the value o f kp w i l l depend on t h e d i r e c t i o n of and 

w i t h respec t to i . Without d e t a i l e d knowledge of the shape of the Fermi 

s u r f a c e , such con jec tu re about the d e t a i l e d nature of the exchange i s 

hazardous. 

Metamagnetic behaviour appears to e x i s t i n the Gd Go, and Gd Ni 
X • X X X J. X 

compounds o n l y f o r the s t o i c h i o m e t r i e s w i t h a f u l l 3d band. The RKKY 

type o f i n t e r a c t i o n can account f o r . the many v a r i e t i e s o f complex sp in 

s t r u c t u r e i n the rare ea r th meta ls . Many of these are an t i f e r romagne t i c 

w i t h h e l i c a l types o f sp in o r i e n t a t i o n s through the l a t t i c e . There i s no 

reason t o expect the sp in s t r u c t u r e i n Gd^Ni, to be any more s i m p l e , since 

we probably have an RKKY type of coup l ing here a l s o . The existence o f a 
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3d moment, however, i n the compounds between rare earths and t r a n s i t i o n m e t a l s j 
des t roys t h i s complexi ty and in t roduces simple ferromagnet ic coupling^between 
the rare ea r th and 3d moments ,fo | t l ightlRt;Ei"'s-if L>tS.v and f e r r i m a g n e t i c 
coupl ing f o r the heavy ra re e a r t h s , both types of coupl ing being c o l l i n e a r . 
The reason f o r t h i s i s as f o l l o w s . The" 3d t r a n s i t i o n metal moments of Co 
and Ni have, f o r a l l compounds s tud ied been found to couple f e r r o m a g n e t i c a l l y 
w i t h each o t h e r . Such TM - TM coupl ing i s s t rong as compared w i t h the RE - RE 
c o u p l i n g . This i s deduced f rom the f a c t t h a t , f o r any given s t o i ch iome t iy 
the Cur ie temperature depends mainly upon the type o f t r a n s i t i o n metal 3d 
e lement , and i s r e l a t i v e l y i n s e n s i t i v e to the type o f rare ear th i on i n the 
l a t t i c e , even f o r s t o i c h i o m e t r i e s which are not p a r t i c u l a r l y r i c h i n t r a n s i t i o n 
me ta l . Since the 3d elements , Co and Ni are such s t rong f e r r o m a g n e t s » the 
TM - TM and TM- RE i n t e r a c t i o n w i l l dwarf any RE - RE i n t e r a c t i o n . Since the 
TM moments a l ign^: f e r r o m a g n e t i c a l l y w i t h each o t h e r , and f e r r i m a g n e t i c a l l y 
w i t h the Gd moments j any tendency f o r a complex sp in s t r u c t u r e of Gd ions due 
to Gd-Gd RKKY exchange i s too- small t o asser t i t s e l f . I t i s suggested t h a t , 
i n going f r o m Gd^Ni to Gd^Co, the conduction e lec t rons are i n i t i a l l y non-3d 
i n cha rac te r f o r GdgNi, but g r adua l ly develop some 3d-character which tends 
to suppress the complex Gd^Ni sp in s t r u c t u r e , and s i m p l i f i e s i t i n t o a two-
s u b l a t t i c e c o l l i n e a r an t i f e r romagne t i sm f o r the f l i p compounds. The next 
step i n the s i m p l i f i c a t i o n process i s then to suppress even the two- sub l a t t i c e 
an t i f e r romagne t i sm when the top o f the 3d band proper i s encountered, a t which 
p o i n t the s t r u c t u r e becomes unstable. . 
7,11 Conclus ion 

The' Neel theory was a p p l i e d w i t h reasonable success i n accounting f o r 

the metamagnetism of the s p i n - f l i p GdgB compounds. The magnitude of the 

an i so t ropy was deduced assuming constant an isd t ropy energy across the 

se r i e s o f compounds, and found to be o f the same order of magnitude as t h a t 

of pure gadol in ium metal i n the fe r romagnet ic s tate , . The- magnetic d ipole 

i n t e i a c t i o n was found to be adequately la rge enough to account e n t i r e l y 

f o r the a n i s o t r o p y . Thus we d i d not have v.to r e s o r t tp assuming an i n t e r -
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a c t i o n , of the Gd i o n w i t h the c r y s t a l f i e l d i n accounting- f o r the an iso t ropy . 

Such an i n t e r a c t i o n would probably not have remained constant across the-

series.- However, f o r a g iven magnetic moment and f o r constant l a t t i c e 

parameters the magnetic d i p o l e i n t e r a c t i o n cannot change across the ser ies 

of compounds. Thus our i n i t i a l assumption o f constant .anisotropy i s 

c o n f i r m e d , but . i t s r e s u l t s , to be probably cor rec t . : 

By cons ide r ing the Gd^B compounds i n r e l a t i o n to the other ra re ear th 

r i c h s t o i c h i o m e t r i e s , the e m p i r i c a l r u l e was deduced and j u s t i f i e d , fer 

dec id ing when a c r y s t a l s t r u c t u r e i s l i k e l y t o become uns table . This s ta ted 

t h a t the c r y s t a l s t r u c t u r e s t a b i l i t y depended upon the Fermi l e v e l being 

e i t h e r above o r below the top o f the 3d band. The ant i fe r romagnet i sm between 

Gd ions depended upon the absence of 3d magnetic moments, because such moments 

induced a c o l l i n e a r s i m p l i f i c a t i o n of the sp in s t ruc tu re ' which could not cater 

f o r the Gd moments not being p a r a l l e l t o each o the r . Thus the c o r r e l a t i o n 

between the s t r u c t u r a l s t a b i l i t y and magnetic behaviour was es t ab l i shed . Such 

c o r r e l a t i o n was found exper imen ta l ly to occur . 

The t ime dependent behaviour of the compounds- i s an aspect which i s as 

y e t not unders tood. An understanding o f t h i s phenomenon could be a r r i v e d 

a t by a research programme using s t a t i c magnet iza t ion measurements, as w e l l 

as pulsed f i e l d measurements i n which the f i e l d o s c i l l a t i o n frequency can be 

changed, so t ha t a l a rge range o f r a t e - o f - c h a n g e - o f - f i e l d can be i nves t i ga t ed 

upon the-same sample. 

I t . w o u l d be i n t e r e s t i n g to i n v e s t i g a t e the pseudobinary systems Gd^(Co,Ni)2 

and Gd(Co,Ni) i n o r d e r to i n v e s t i g a t e how the s t a b i l i t y o f the compounds 

depends upon the r e l a t i v e . . p o s i t i o n of the Fermi, l e v e l w i t h respect to the 

top of the 3d band. This would .provide f u r t h e r evidence o f the a p p l i c a b i l i t y 

o r o therwise o f the s t r u c t u r a l s t a b i l i t y r u l e mentioned above. 
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