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&BB TRACT. 

Magnetic measurements have "been, carried out on, compounds of the 

form Gd Y, Co . where x varies from I to 0. The measurements were carried x 1-x 2 

out over a wide range of temperatures- and applied magnetic f i e l d s on a. 

v ib ra t ing sample magnetometer. 

The resul ts show that these compounds- wi th high gadolinium content 

are strongly magnetic, and the i r Curie points range from 400°K inGdCOg 

down to near zero f o r xfeO.l. The compound ^COg i s shown to he 

antiferromagnetic, w i t k a Keel point of 190°K. The magnetisation versus 

temperature resul ts show ext anomaly, i n i the form of a "kink" i n the curves 

f o r those compounds with, x greater than 0.33> and the presence of th i s 

kink i s shown to he dependent on the strength of the applied magnetic 

f i e l d , a minimum, or c r i t i c a l f i e l d Being required before the anomaly 

appears. 

The model proposed to explain this: behaviour is. an adaptation of 

one proposed by/ Lotgering, f o r which an- antiferromagnetic Gd-Co coupling, 

am antiferromagnetic Co-Co coupling, and a ferromagnetic Gd-Gd coupling 

are required. Givem these conditions, i t is. shown that a t r iangular 

configurationsof moments can; ex i s t , i n . which the Gd moments l i e p a r a l l e l 

to the applied magnetic f i e l d , and the cobalt moments; l i e a n t i p a r a l l e l 

to the applied f i e l d , but t i l t e d a l ternately r i g h t and l e f t at an angle 

so as to form a t r i ang le w i t h the Gd moment. I t i s shown, that such a 

condition cani e x i s t only below a cer ta in c r i t i c a l temperature, and at 

n . 



f i e l d s above a ce r ta in c r i t i c a l value. I n a l l respects th is model appears 

to f i t the observed resul ts w e l l , but confirmation o f the existence of 

such a conf igurat ion not only i n these compounds, but probably i n 

rare-earth - (cobalt) and rare-earth - ( i ron )^ oompounds also, must await 

neutron d i f f r a c t i o n measurements; w i t h a moderately high magnetic f i e l d 

applied to the specimens.. 



HOMEMGLAWJKE 

Other symbols are defined i n the texto Occasionally symbols shown here 

are used w i t h d i f f e r e n t meanings i n the text ; i n such cases they are 

re-defined i n the t ex t . 

H - Magnetic f i e l d 

J - Total quantum number 

L - Total o r b i t a l angular momentum 

S - Total spin angular momentum 

S - Total spin angular momentum of an electron 

R - Rare earths 

SWG - Standard wire gauge 

JJ _ Fermi energy 
f 

k - Fermi vector 
f 

k - Boltzmann's constant 
B' 

0, T - Temperature 

Op - Paramagnetic Curie point 

- Curie temperature 

Q - Heel temperature 

g - Gyromagnetic r a t i o 

z - Charge 

or- Magnetisation 

yA^- Magnetic moment, Bohr magnetons 
v - Atomic volume o 
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CHAPTER ONE 

INTRODUCTION 
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1.1 J^JSJ^Si^rSSi 

I n the past ten years or so, interest i n the properties of the 

series of elements known as the rare earths has increased enormously. I n 

pa r t i cu la r , research in to t h e i r magnetic properties has grown at a 

remarkable pace, c h i e f l y through a search f o r materials which might be 

used i n so l id state devices. So f a r as basic theory i s concerned, the 

interact ions which cause co-operative magnetic phenomena i n the sol id 

elements, compounds and al loys are proving to be of a complex nature. The 

work described i n th i s thesis i s an inves t igat ion in to the magnetic 

properties of a series of compounds of the form G-d Y1 Co_, where X varies 

from 1 to 0, i n an attempt to more f u l l y understand the magnetic i n t e r ­

actions which are present i n the rare earths. 

A l l the compounds investigated are of the same structure, the laves 

phase cubic structure, of the I.IgCu^ type. The interatomic distances change 

very l i t t l e throughout the series. 

1.2 The Rare-Earths 

Though a large amount of information has accrued i n the past 150 

years on the rare earths, t h e i r commex-cial uses have, up to the px-esent 

time, remained few. About 2y/0 of the yearly production of rare earths i s 

used i n carbon arc l i g h t i n g , another 25% i s taken up by various metallur­

g i c a l applicat ions; f o r instance a 70,1 rare-earth-30fj i r on a l l oy i s used 

i n the production of l i g h t e r f l i n t s . Rare earths are also used to improve 

m a l l e a b i l i t y , tens i le strength, d u c t i l i t y and welding a b i l i t y i n ferrous 



a l loys , and the improvement of oxidation resistance i n various chromium 

type stainless steels . They also improve some of the mechanical and 

meta l lurgica l properties of many other metals, including aluminium, •cobalt, 

magnesium, n icke l , s i lver and t i t an ium. Another 2% i s used by the glass 

industry i n polishing powders, deodorisers and colouring agents. The 

remaining 25% i s divided among various applications such as use i n vacuum 

tube getters, waterproofing agents, fungicides and catalysts . 

The rare earths are very s imilar chemically, and separation 

techniques were f a r from sa t i s fac tory , u n t i l the discovery that the rare 

earths made excellent rad ia t ion shields and radiat ion absorbers led t o 

great advances i n separation techniques about 25 years ago. I t was not 

u n t i l these advances had been made that considerable quantit ies of most 

of the rare earths i n a r e l a t i v e l y pure form became avai lable . Many 

magnetic measurements depend on having a single c r y s t a l of the mater ia l 

avai lable , f o r example i n measuring anisotropy energies, and single 

crysta ls of the rare earths have only c'ecenHYi^efco^available. 

The name by which t h i s series of elements i s usually known i s 

rather a misnomer, since the oxid.es of the elements occur na tura l ly i n 

large quant i t ies i n minerals such as monazite, xenotime and gadol in i te . 

I n f a c t , they are much more abundant than the platinum group metals. The 

word "earth" i s also misleading, since, i n the elemental form, a l l the 

rare earths are metals. They are heavy elements, occurring between atomic 

numbers 58 and 71, and are generally t r i v a l e n t , though some elements may 

be d ivalent , others t e t rava len t . The valence shells of the series are the 

6s and 5d shel ls , but i t i s i n the 4 f she l l that the elements d i f f e r 

3 . 
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e l ec t ron i ca l l y . This i s also the shel l which gives r i se to the interest ing 

magnetic properties of the rare earths, f o r the energy configurations are 

such that one 4f sub-shell (spin electrons) must be f i l l e d before the 

other (spin-g- electrons) may begin to be f i l l e d . The outer electron shells 

are i d e n t i c a l i n the series, \e, the 4d, 5s, 5p and 6s shells are a l l 

f i l l e d , and i n most elements there i s one electron i n the 5& s h e l l . Table 

1 shows the electi 'onic structure of the complete lanthanide (rare earth) 

series. 

1,3 The Magnetism of the Rare Earths 

Hund's p r inc ip le of maximum m u l t i p l i c i t y (ref l c l ) shows that the 

unpaired 4f electrons which are responsible f o r paramagnetic behaviour 

should increase regu la r ly i n number from one with cerium to a maximum of 

seven wi th gadolinium, and then decrease to one wi th yt terbium. This 

suggests a maximum i n permanent magnetic moment at gadolinium, whereas i n 

f a c t two maxima occur: one peak near neodymium, and the larger peak at 

dysprosium and holmium. Pig 1.1 shows the va r ia t ion of permanent magnetic 

moment w i t h atomic number. The reason f o r the two maxima i s given by 

Hund's ru les , the t h i r d of which states that f o r a shel l which i s less 

than h a l f - f i l l e d ( i n t h i s case n <.7)> the t o t a l quantum number, J , i s 

given by J = L - S, and f o r a she l l which i s more than h a l f - f i l l e d , J = 

L + S. L i s the t o t a l o r b i t a l angular momentum of the shel l formed by t h e 

addi t ion of the angular momenta of the indiv idual 2|f electrons, and S i s 

the t o t a l spin angular momentum of the shell, formed i n a l i k e manner. 

The 4f electrons f i l l up the shel l i n a manner dictated by Hund's f i r s t 

two ru les , which state that ( i ) , the spin arrangement should have the 
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maximum t o t a l spin angular momentum, and ( i i ) the o r b i t a l arrangement 

should have the maximum o r b i t a l angular momentum wi th in the r e s t r i c t i o n 

of ru le ( i ) and of the Pauli exclusion p r inc ip l e . Thus the o r b i t a l 

angular momenta of the 4f electrons w i l l be, i n order, 3, 2, 1, 0, - 1 , 

-2 , -3 , 3, 2, 1, 0, - 1 , -2 , -3 ; and the spin angular momenta of the 

i n d i v i d u a l electrons w i l l be, i n order, -g f o r the f i r s t seven electrons, 

and f o r the las t seven. So, f o r example, cerium has L = 3 and § = 

giving J = 2g; praseodymium has L = 5» S = 1, and J = k, whereas gadol­

inium has L = 3-f2-sUX)-l-2-3 = 0 , S = 7 / 2 , and J = + 7/2; terbium has L = 

3, S = 3 and J = +6, 

I n order to calculate the magnetic moment of the atoms, J must be 

mu l t i p l i ed by g, the gyromagnetic r a t i o . The value of g i s obtained by 

using the Lande formula 

i lil&l + SCS+1) - L f L i l ) 
rj> „ [ • i II iHI I I ifn I I > I I I I » I '—y 11 1 i • ' i i i f i i i n H I I I i i i i I I Iimi I I I I f • 

g - j . + 2 j ( j + L ) 

and the appropriate values of J , L and S, The agreement between theoret-

i o a l and tmmmnmt values i s excellent, except f o r 3a and Sm . This 

discrepancy i s interpreted i n terms of the fac t that the energy separation 

between the ground state and the f i r s t excited state i s f a i r l y small f o r 

these elements, and i s comparable to the thermal energy, kT. Since such 

an excited state has a larger value of J than the ground state f o r the 

less than h a l f - f i l l e d 4f she l l , thermal exc i ta t ion i s expected to increase 

the magnetic moment above that calculated according to Hund's ru les . 

Van Vleck and Prank ( ref 1,2) have carried out . th i s ca lcula t ion f o r 



europium and samarium, and agreement o f these c a l c u l a t e d r e s u l t s w i t h 

experiment i s e x c e l l e n t . 

1 » 2 + ffhe-tf-.Sholl t h j L j f o r e Ear ths 

The rare ea r th se r i e s i s d i s t i n c t i v e i n t h a t the e l e c t r o n i c s h e l l 

g i v i n g r i s e t o the strong magnetic p r o p e r t i e s o f the se r i es , the h-f s h e l l , 

i s deep l y i n g and w e l l screened f r o m neighbouring atoms 0 The r ad ius o f 

t h i s s h e l l i s o n l y about 10vr. o f the i n t e r a tomic dis tance i n the meta ls , 
o 

and about 30/-' °'J° the atomic r a d i u s , which ranges f rom 2,0£jA f o r eufcopiura 
o 

t o 1..61A f o r beta-phase scandium. This gives r i s e t o the k-t s h e l l 

exper iencing a v e r y - h i g h e f f e c t i v e nuc lear charge. The 4f e l ec t x'ons do 

not fo rm a band, since they are very deeply bur ied i n the atom. This 

deeply b u r i e d charac ter o f the k-f s h e l l means t h a t i t does not take any 

pa r t i n chemical bonding, which i n t u r n means tha t the elements are 

chemica l ly v e r y . s i m i l a r * This accounts f o r the great d i f f i c u l t y exper ien­

ced i n developing e f f e c t i v e techniques f o r separating one rare ear th f r o m 

another . One f u r t h e r consequence of the chemical ly s i m i l a r nature o f the 

ra re ear ths i s t h a t t hey u s u a l l y fo rm s o l i d so lu t ions w i t h each other 

q u i t e e a s i l y , and g e n e r a l l y they may s u b s t i t u t e f o r one another i n any 

g iven compound. The l i m i t t o t h i s behaviour i s set by s i z e , so t h a t 

a l l o y i n g and s u b s t i t u t i o n o n l y occur r e a d i l y i f the atomic r a d i i do not 

d i f f e r by more t han 15^. 

1,5 Exchange I n t e r a c t i o n s i n the Hare Ear th Metals - KKKY Theory 

The l\t e l ec t rons o f a r a re ear th atom i n the m e t a l l i c fo rm can not 

per form an exchange i n t e r a c t i o n d i r e c t l y w i t h the 4-f e lec t rons of a 



neighbouring atom, because o f t h e i r deep l y i n g p o s i t i o n , sh ie lded by the 

5s and 5p s h e l l s . Strong magnetic coup l ing does ex i s t i n the metals , 

however, and the t heo ry of i n d i r e c t i n t e r a c t i o n between atoms, due t o 

Pxiderwan, K i t t e l , Kasuya and Yosida, known as the 2KKT theory ( r e f 1,3) 

has been developed t o e x p l a i n the observed magnetic phenomena* 

1„5.1 Q u a l i t a t i v e s - f I n t e r a c t i o n 

The i n t e r a c t i o n between conduct ion e lec t rons and i o n spins i n the 

r a re ear ths may be descr ibed by a sca lar coupl ing between spins o f the 

f o r m 

S . S 0 H r 

where i s the dominant i n t e r a c t i o n , k and k ' are two o r b i t a l s ta tes of 

the conduct ion e l e c t r o n , and Se i s the s p i n of t h i s e l e c t r o n . I t i s 

u s u a l l y s u f f i c i e n t t o rep lace ^y^' by a unique constant P . The e f f e c t s 

o f a sca lar i n t e r a c t i o n o f the type shown i n equat ion ( l ) have been d i s ­

cussed by Yosida ( r e f 1.4) f o r Cu-Mn a l l o y s , and by Kasuya ( r e f 1.5) f o r 

g a d o l i n i u m . 

The exchange constant P , a r i ses f r o m th ree e f f e c t s : 

a) The 4f s h e l l produces a coulomb p o t e n t i a l and an exchange 

p o t e n t i a l which ac t on the conduction, o r S, e l e c t r o n s . The 

coulomb p o t e n t i a l i s non - sphe r i ca l l y symmetric, since the 4f 

s h e l l i s not s p h e r i c a l , and i t depends on the o r i e n t a t i o n of 

the o r b i t a l moment L o f the i o n . The most important te rm i s 

g iven by the i n t e r a c t i o n between the charge o f the conduct ion 



e l e c t r o n and the 4f s h e l l quadrupole. I t i s , however, v e r y 

smal l , because o f the smal l r ad ius o f the 4f s h e l l , 

b ) .Che exchange t e r n depends on the r e l a t i v e o r i e n t a t i o n o f con­

d u c t i o n e l e c t r o n sp in and the ra re ear th sp in S. I t may be 

represented approximate ly by an i n t e r a c t i o n o f the form o f 

equat ion ( 1 ) . 

c ) E f f e c t o f v i r t u a l bound 4 f l e v e l s * A conduct ion e l e c t r o n may 

be absorbed by the 4f s h e l l ( i n which i t occupies a rnetastable 

l e v e l ) , then e m i t t e d a g a i n . I f the metastable l e v e l i s qu i t e 

near the Fermi l e v e l , a s c a t t e r i n g resonance i s obtained,, The 

v i r t u a l l e v e l s thus obta ined may also be described by a scalar 

i n t e r a c t i o n o f the f o r m shown i n equat ion ( l ) » Here the con­

stant C i s o n l y an exchange i n t e g r a l ; i t i s not necessa r i ly 

e i t h e r p o s i t i v e or constant i n the s e r i e s . 

Do G-ennes ( r e f 1,6) has shown t h a t i f the Anderson mechanism (ref . 

1.7) i s a p p l i e d to these v i r t u a l bound l e v e l s , an an t i f e r romagne t i c V may 

be producede 

1.5.2 P o l a r i s a t i o n o f Spin Hear Jlare Ea r th Ions 

The i n t e r a c t i o n descr ibed by equat ion ( l ) leads to the conduct ion 

e l e c t r o n spins be ing p o l a r i s e d i n the neighbourhood o f a ra re ea r th i o n . 

I f the d i r e c t i o n o f the sp in S o f the i o n does not change, the p o l a r i s a t i o n 

P ( R ) may be c a l c u l a t e d by assuming t h a t the conduct ion e lec t rons i n s t a n t l y 

adopt the e q u i l i b r i u m c o n f i g u r a t i o n i n the presence o f the i o n sp in S 

( a d i a b a t i c a p p r o x i m a t i o n ) . By Yos ida ' s approximation ( r e f 1,4) 

\ 0. 



I n t h i s fo rmula (? R being the distance f rom the r a re ea r th 

i o n being observed. The p o l a r i s a t i o n P(R) has a f a i r l y la rge s p a t i a l range 

and a l t e r n a t e s i n s i g n . These two p r o p e r t i e s , which are to a great extent 

independent o f t h e d e t a i l e d mechanism o f the s - f i n t e r a c t i o n , are fundamen­

t a l i n the understanding of the magnetism o f the rare ear th m e t a l s . 

l r 5 « 3 I n d i r e c t I n t e r a c t i o n between Two Ions 

Consider two ions and S,, a d is tance R ^ apart i n the m e t a l . The 

f i r s t i o n oauses sp in p o l a r i s a t i o n P^(R-R^) i n the surrounding conduct ion 

electx^ons, which reac ts on the second i o n . In the absence o f s p i n - o r b i t 

coup l i ng , the r e s u l t a n t i n d i r e c t i n t e r a c t i o n becomes 

The p r i n c i p a l problem i n app ly ing t h i s i n t e r a c t i o n to the rare ear ths i s 

t o c o r r e c t l y inc lude t h e e f f e c t o f the s p i n - o r b i t coup l i n g on the spins 

and S 2 » I t t u r n s out t h a t , f o r k e T « where Uj i s the sp in 



o r b i t coupl ing energy, may be replaced by ( g ^ - l ) J i n equat ion (3) . 

1.6 Consequences o f the RKKY Theory 

The long-range o s c i l l a t o r y nature o f the i n d i r e c t i n t e r a c t i o n 

descr ibed by the KKKJ t h e o r y a l lows the unusual magnetic phenomena o f the 

ra re ear ths t o be exp la ined , i n c l u d i n g the existence o f metamagnetism 

( the phenomenon where a t r a n s i t i o n takes place f rom ferromagnetism to 

an t i fe r romagnet i sm and v i c e versa , the t r a n s i t i o n being induced by the 

a p p l i c a t i o n of a s trong f i e l d or by a change i n tempera ture} . The f e r r o ­

magnetic t o a n t i f e r r o m a g n e t i c t r a n s i t i o n s observed i n , f o r example-, Tb, 

Dy, Ho, Sr and Tm are a d i r e c t r e s u l t o f the existence o f h e l i c a l sp in 

s t ruc tu res ' i n the heavy r a re ea r th s . I n t u r n , the h e l i c a l sp in s t ruc tu re s 

may be accounted f o r $MMBtaiflMM|t on the bas is o f the PiKKY t heo ry o f 

i n d i r e c t exchange 0 This c o n f i g u r a t i o n was f i r s t propounded by Yoshimori 

( r e f 1.8) t o e x p l a i n t h e p r o p e r t i e s o f the an t i f e r romagne t i c compound 

Mn0 2, by V i l l a i n ( r e f 1.9) f o r MnAu , and by Kaplan ( r e f 1.10). I n t h i s 

type o f s t r u c t u r e , the sp in magnetic moments i n a g iven plane (say the 

xy p l a n e ) , are a l l a l i g n e d p a r a l l e l t o one another, whi le the next pkute 

along the z ax i s has sp in moments which again are a l l a l igned p a r a l l e l , 

but p o i n t i n a d i f f e r e n t d i r e c t i o n t o those i n the neighbouring xy planes . 

I t has been shown t h a t f o r such a s t r u c t u r e to be s t ab le , the i n t e r a c t i o n 

between nearest-neighbour planes must be of opposite s ign to t h a t between 

next nearest-neighbour • p lanes 0 Such a s i t u a t i o n can a r i se w i t h an 

i n d i r e c t exchange i n t e r a c t i o n which i s long range and o s c i l l a t o r y i n s i g n . 

I f and J 2 are the exchange i n t e g r a l s f o r the i n t e r a c t i o n s between one 

atom and a l l atoms i n the f i r s t and second neighbour planes, r e s p e c t i v e l y , 



( j . ^ 0 and ^2^" then the necessary c o n d i t i o n f o r a h e l i c a l sp in con­

f i g u r a t i o n i s \ j 2 | y 

The h e l i c a l sp in c o n f i g u r a t i o n s o f the heavy ra re earths have been 

expla ined by Kiwa and Yosida ( r e f l „ l l ) i n terms o f a h e l i c a l spin s t ruc tu re 

m o d i f i e d b y the presence o f a magne to-c rys ta l l ine a n i s o t r o p y . 

The theory may a l so be a p p l i e d t o the parmagnetic Curie p o i n t s , 

o f the r a r e ea r th s . I n f a c t i s s imply p r o p o r t i o n a l t o the mean o f 

the i n t e r a c t i o n s between an i o n and i t s neighbours. 

I f d i r e c t coup l ing between f s h e l l s i s n e g l i g i b l e , then us ing 

Yos ida ' s model ( r e f 1.4) i t f o l l o w s t h a t 

For a g iven s t r u c t u r e , t he q u a n t i t i e s k-jJl. .• are unique f u n c t i o n s o f the 

number o f valence e l ec t rons per atom z . 

I t should be no ted , w i t h regard t o the RKKY theory , t h a t 

a ) the model i s based on a f r e e e l e c t r o n model o f the s o l i d s , 

b ) i t assumes the p o t e n t i a l d i s t r i b u t i o n at the i o n i s a $ 

f u n c t i o n , 

c ) the use o f the KKKY theo ry i n the rare ear ths i s j u s t i f i e d by 

( i ) i n the heavy rare ea r ths , a p l o t of G p against 

J ( J+L) ( g j - l ) , assiuning t h a t 5 . :0,(2k1i,R_.^ remains 

cons tant , p rov ides a s t r a i g h t l i n e ( r e f 1.6) 



( i i ) the mode3. g ives good agreement w i t h exper imental data 

f o r sp in x - e s i s t i v i t y ( r e f 1.12) 

( i i i ) the model g ives f a i r l y good agreement w i t h experimental 

r e s u l t s f o r t h e angle o f t u r n i n h e l i c a l sp in c o n f i g ­

u r a t i o n s i n the r a r e ear ths ( r e f 1.10) 

•̂•7 p^velppments of { the.RKKY Theory 

Freeman and Watson ( r e f 1.14) have inc luded the e f f e c t o f the 

d i s t r i b u t i o n o f spins i n the i\f s h e l l , i p . making the p o t e n t i a l w e l l not a 

£ f u n c t i o n . This m o d i f i e s the f o r m of the p o l a r i s a t i o n P(S) cons ider ­

a b l y , though i t i s s t i l l long range and o s c i l l a t o r y i n na tu re , 

Overhauser, \7blf and o thers ( r e f 1,15) provide a f u r t h e r ref inement 

by i n c l u d i n g a more c o r r e c t usage of the Pau l i exc lus ion p r i n c i p l e as 

app l i ed t o the f r e e e l e c t r o n s (conduct ion e l e c t r o n s ) , thus modi fy ing the 

f u n c t i o n :?(21cJ.l. . ) i n equa t ion (3) , Again , the p o l a r i s a t i o n remains l o n g -

range and o s c i l l a t o r y , 

Yosida and V/atabe ( r e f 1.16) used a model based on the RKKY theory 

i n an at tempt t o p r e d i c t the t u r n angle i n the heavy r a re ear th h e l i c a l 

c o n f i g u r a t i o n s , and obta ined a value o f 48° , which agrees ve ry w e l l w i t h 

the values found expe r imen ta l l y i n H , Sr and Tin, bu t bears l i t t l e 

r e l a t i o n t o the values found i n Gd, Tb and Dy, De Gennes and St James 

( r e f 1,17) c a r r i e d out a development o f t h i s work by a t tempt ing to 

inc lude the e f f e c t o f s p i n d i so rde r r e s i s t i v i t y on the e l e c t r o n mean f r e e 

p a t h . They obtained t u r n angle values ranging f rom 0° i n Gd t o 53° i » Tm, 

i n f a i r agreement w i t h experiment , 
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For a g iven me ta l , as the temperature i s lowered and the amount o f 

order inc reases , the mean f r e e paths associa ted w i t h the s p i n d i sorder 

w i l l i nc rease , which would lead one t o expect an increase i n t u r n angle as 

the temperature i s decreased. I n f a c t , experiment shows t h a t t u r n angles 

decrease w i t h decreasing temperature . One mechanism which might he 

expected t o e x p l a i n t h i s discrepancy has been proposed by Overhauser 

( r e f 1 .18) , Mackintosh ( r e f 1,19), Miwa ( r e f 1.20) and E l l i o t t and Wedgwood 

( r e f 1,21).. The development o f magnetic order ing over many l a t t i c e 

spacings as the temperature i s decreased introduces a p e r i o d i c s t ruc tu re 

i n the s c a t t e r i n g p o t e n t i a l which creates new planes o f energy d i s c o n t i n u i t y 

i n the B r i l l o u i n gone s t r u c t u r e , When the energy gaps appear i n the con­

d u c t i o n band, the e f f e c t i v e number o f conduct ion e l ec t rons i s reduced and 

the e l e c t r i c a l r e s i s t i v i t y increases , E l l i o t t and '.Vedgwood ( r e f 1,21) 

c a r r i e d out c a l c u l a t i o n s us ing t h i s model, and obtained r e s u l t s which were 

i n good agreement w i t h e m p i r i c a l values f o r the elements Tm, Sr and Ho, 

which have smal l gap widths and sp in quantum numbers, but agreement was 

ve ry bad f o r Tb and Dy, due presumably t o the e f f e c t s of sp in d i sorder 

r e s i s t i v i t y mentioned e a r l i e r , 

Miwa ( r e f 1,22) has r e c e n t l y at tempted a u n i f i e d theory which 

inc ludes bo th the band gap and d i sorder s c a t t e r i n g e f f e c t s , but achieves 

only moderate success. 

Darby and Taylor ( r e f 1,23) have attempted an explana t ion o f the 

w i d e l y v a r y i n g paramagnetic Curie temperatures and some repor ted We e l 

temperatures o f the KK compounds, where I I i s G&, Tb Dy, Ho, Hn or Yb and 

X i s N, P, As, f_b or B i , i n terms o f the v a r i a t i o n s i n l a t t i c e spacings 



o f the compounds, us ing the f r e e e l e c t r o n i n d i r e c t exchange theory o f IHCKY. 

T h e i r r e s u l t s i n d i c a t e t h a t i f the e f f e c t i v e number o f conduction e l ec t rons 

per r a r e ear th i o n i s taken t o he 1.42 f o r a l l t he compounds, t hen the 

values o f the Fermi v e c t o r k ^ and the w i d e l y v a r y i n g paramagnetic Curie 

p o i n t s o f these compounds can be accounted f o r e n t i r e l y by changes i n 

l a t t i c e spacing. 

I n conc lus ion , we may say t ha t the EKKY theory provides a ve ry f a i r 

p h y s i c a l p i c t u r e o f the magnetic p r o p e r t i e s of the rare ea r th s . I t 

provides a bas i s f o r p r e d i c t i n g the magnetism o f the ra re ea r th s , at l eas t 

i n t h e i r e lemental f o r m . Quan t i t a t i ve agreement between the t heo ry , i n 

i t s r e f i n e d f o r m , and experiment i s qu i t e good, When we move f rom the 

elemental fo rm o f the r a re ea r ths , and take a look at rare e a r t h a l l o y s 

and compounds, the ixLcture i s not so w e l l ordered* 

1 • 8 Rare Ea r th A l l o y s mid Compounds 

Before a t t empt ing t o understand the magnetic p r o p e r t i e s o f ra re 

e a r t h compounds as a gener ic group, i t may be i n s t r u c t i v e to r e c a l l why 

these p rope r t i e s are o f i n t e r e s t , and why they are not e a s i l y p r e d i c t a b l e . 

I n a l l t he r a re ea r ths , t he outer e l e c t r o n i c c o n f i g u r a t i o n i s i d e n t i c a l 

i.e. the 4d, 5s, 5p and 6s s h e l l s are a l l f i l l e d , and there i s one e l e c t r o n 

i n the 5& l e v e l i n most cases. The 6s and 5d e lec t rons are e a s i l y 

s t r i p p e d o f f , making the i o n , as a r u l e , t r i p o s i t i v e . As the 4f s h e l l i s 

f i l l e d , t he nuclear charge also increases , and since the inner e l e c t r o n 

s h e l l s do not completely s h i e l d the 4f and higher s h e l l s f rom t h i s 

increased charge, the 4 f and valence s h e l l s are both more f i r m l y bound t o 

the atom, and con t rac t i n diameter , as the atomic number increases . This 



e f f e c t , known as the l an than ide c o n t r a c t i o n , i s one o f the causes o f the 

v a r i a t i o n s i n the chemical p r o p e r t i e s o f the elements, e,nd also complicates 

the magnetic p r o p e r t i e s o f the compounds. Elementary quantum theory s ta tes 

t h a t h a l f and complete ly f i l l e d l e v e l s are s t a b l e . s t a t e s , and t h i s 

p r i n c i p l e , when a p p l i e d t o t h e l\£ s h e l l o f the rare ea r ths , means t h a t , f o r 

example, the t e t r a v a l e n t s ta te may i n some circumstances be more energet­

i c a l l y f avourab le than the t r i v a l e n t s t a t e , i n the case o f t e r b i u m . Cerium 

and praseodymium may a l so act as t e t r a v a l e n t ions , and samarium, europium 

and y t t e r b i u m have d i v a l e n t s ta tes as w e l l as the normal t r i v a l e n t ones. 

I n o ther words, f o r a s u b s t a n t i a l pa r t o f the r a re e a r t h se r ies , the 

e l e c t r o n c o n f i g u r a t i o n can not be p r e d i c t e d w i t h c e r t a i n t y . 

The basic p o i n t o f i n t e r e s t i n the magnetic p rope r t i e s of compounds 

and a l l o y s of the rare ear ths i s t h a t here we have ava i l ab l e a ser ies of 

elements, chemica l ly v e r y s i m i l a r , w i t h strong magnetic p r o p e r t i e s . I t 

i s poss ib le w i t h these elements t o make up a ser ies o f magne t i ca l l y ac t i ve 

a l l o y s o r compounds w i t h another element i n which a minimum o f parameters 

change through the s e r i e s . A magnetic study o f such a ser ies might be expec 

t e d t o -provide a set of data which can be e a s i l y i n t e r p r e t e d i n terms o f 

the d i f f e r e n c e s i n composi t ion o f the specimens, which i n t u r n can be expec­

t e d t o demonstrate r e a d i l y the parameters which are important t o the mag­

n e t i c i n t e r a c t i o n s i n the s e r i e s . Such knowledge must throw l i g h t on the 

nature o f the magnetic i n t e r a c t i o n s , toge ther w i t h ailfHliUiaHi 

pMiMMkunderstanding o f how such an i n t e r a c t i o n works . Such an under­

s tanding can on ly l ead t o advances i n the theo ry o f magnetism, and t o the 



a b i l i t y t o t a i l o r a m a t e r i a l t o c a r r y out a s p e c i f i c task i n a magnetic 

dev i ce , \ 

Previous work on r a r e - e a r t h a l l o y s and comt)ow.t*d£H may be found i n a 

condensed f o r m i n the books by G-schneidner ( r e f 1.24) publ i shed i n 1961, 

and by Spedding and Daane ( r e f 1.25); a l so i n a paper by Bozor th ( r e f . 

1.26), g iven a t t he T w e l f t h Annual Conference on Magnetism and Magnetic 

M a t e r i a l s , November I966, 

1.8.1 Rare Ea r th A l l o y s 

The magnetic p r o p e r t i e s o f R-R a l l o y s have by now been f a i r l y 

t h o r o u g h l y i n v e s t i g a t e d , and i t has been shown ( r e f 1.27) t h a t the Neel 
'.4. 

temperature may g e n e r a l l y be expressed as f o l l o w s : - 6^ = 4b & , where 

— 2 

G = c-jG-^ - f - o 2 G £ , and G = (g-1) J ( J - f l ) , G being the de Gennes f a c t o r 

( r e f 1 . 2 8 ) , and c^ and c^ the atomic concentrat ions o f the cons t i t uen t s 

o f t he a l l o y . The Curie p o i n t s o f the a l l o y s , i n c o n t r a s t , show some 

o rde r ing w i t h changes i n composi t ion , bu t are much more dependent on the 

actua.l elements i n the a l l o y s t han i n t h e case o f the Neel temperatures. 

The anomalies are thought t o be due t o t rans format ions which occur i n the 

d i r e c t i o n vec to rs o f the i n d i v i d u a l magnetic moments of the cons t i t uen t 

atoms when the average p o p u l a t i o n o f the 4f l e v e l exceeds a c e r t a i n number. 

For example, i n the Ho-Er a l l o y s , a t a composit ion corresponding t o about 

t e n 4f e l ec t rons per atom, a minimum occurs i n the Curie temperature aga ins t 

number o f 4f e l ec t rons curve ( r e f 1.32), t h i s i s thought to correspond t o 

a change i n the d i r e c t i o n vec to r o f the Ho and 13r moments. I n f a c t , t he 

anomalies which a r i s e i n the Curie temperatures o f the a l l o y s o f the heavy 

ra re ear ths are b a s i c a l l y due to the s p i r a l spin s t r u c t u r e o f some of t h e 



elements. The H-R a l l o y s , i n shor t , are becoming g e n e r a l l y w e l l understood, 

though there are some problems s t i l l t o be solved. 

1.8,2 Rare .Ear th Compounds 

Compounds o f the rare ear ths w i t h other elements are m u l t i t u d i n o u s 

and they d i s p l a y a la rge v a r i e t y o f types o f magnetic behaviour , 

Y/i lkinson e t a l ( r e f 1.29) have s tudied the magnetic p r o p e r t i e s o f rare 

ea r th compounds con ta in ing 3t (b ) elements such as N, P, As, and Sb„ Thei r 

r e s u l t s show t h a t TbN, DyK, HoN and I r N are fe r romagne t ic , w i t h Curie 

p o i n t s o f 42° , 26°, 1 8 ° and 5°K, r e s p e c t i v e l y . HoP i s fe r romagnet ic below 

5°K, bu t o t h e r s , such as TbP, TbAs, TbSb, HoSb, ErP and EnSb are a n t i -

fe r romagnet ic w i t h Weel p o i n t s below 15°K. 

Pauthenet ( r e f 1,30) determined the s a t u r a t i o n magnetic moments o f 

the ra re earbh oxide garnets , and found t h a t the o r b i t a l moments of the 

r a re ea r th elements i n these compounds seem to be p a r t i a l l y quenched a t 

temperatures below about 100°K. The s t rong ferromagnetism of EuO below 

;77°K was i n v e s t i g a t e d by Ma t th i a s , Bozor th and Van Vie ok ( r e f 1 . 3 l ) . The 

s a t u r a t i o n magne t i sa t ion a t low temperatures has the very h igh value o f 

1917 gauss, comparable w i t h i r o n , gado l in ium, or .?e-Co a l l o y , 

^••8»3 Kare^ E a r t h - Transit ion_Ket,al_ Compounds 

N e s b i t t e t a l ( r e f 1.33) have c a r r i e d out measurements on RCo,.. 
5 

HPe^ and I t N i ^ . They f i n d t h a t , f o r RCo^, an an t i fe r romagne t ic coup l ing 

takes p l a c e , w i t h f i v e cobal t moments opposed t o the s ing le rare ea r th 

moment, When the r a re e a r t h i s Sm, Nd or Pr, however, t hey conclude t h a t 

the compound has a fe r romagne t ic s t r u c t u r e . Using such a model, the 



exper imental r e s u l t s a,re i n good agreement w i t h c a l c u l a t e d values, except 

f o r Sm, Ce, Nd and P r , The authors m a i n t a i n t h a t these discrepancies 

cannot he explained by a f a i l u r e o f t h e compounds t o reach s a t u r a t i o n , 

s ince , f o r example, i f the data f o r NdCo,. i s ex t r apo la t ed t o i n f i n i t e 

f i e l d , t he value obta ined s t i l l l i e s lCfo below the c a l c u l a t e d v a l u e . They 

e x p l a i n the anomalous behaviour o f the Sm, Nd and Pr compounds by 

suggesting t h a t the r a r e earbh s p i n moments couple a n t i f e r r o m a g n e t i c a l l y 

w i t h those of the c o b a l t w h i l e the o r b i t a l moments couple f e r r o m a g n e t i c a l l y . 

The CeCOp. anomaly i s asc r ibed t o a sharp charge i n the l a t t i c e parameter 

f o r t h i s compound, as compared w i t h the o thers , which they s tate i n d i c a t e s 

the loss o f a 4 f e l e c t r o n t o the conduct ion band. I t i s qui te poss ib l e , 

however, t h a t the Sm, Nd and Pr compound r e s u l t s may be explained by a 

mechanism due t o a c r y s t a l f i e l d e f f e c t which quenches the moment, such 

as has been proposed by Bleaney ( r e f 1.34) f o r Hftfg a n d - compounds, 

and which w i l l be discussed l a t e r . N e s b i t t ' s r e s u l t s show t h a t f o r the 

compounds ByGo^ and TbCOp., where the agreement between experiment and 

t h e o r y f o r the magnetic moments (assuming antifeiTornagnetic a l ignment) i s 

v e r y good., a mininnm occurs i n the magnetic moment a t a temperature of 

147°K f o r DyCo,. and 120°K f o r TbCo r , These minima have been demonstrated 
5 5 

t o be compensation p o i n t s , and the s u b s t i t u t i o n o f one copper atom f o r 

one coba l t atom per fo rmula u n i t increases the temperature o f the compensa­

t i o n p o i n t by 93°K i n the dysprosium compound, and by 150°K i n the t e rb ium 

compound„ 

Compensation p o i n t s are also observed i n PJj'e. compounds by Nesb i t t 

et a l f o r holmium, dysprosium and erkmim, which s t r ong ly suggests t h a t 

-LO. 



these compounds have an t i f e r romague t io coup l ing , The s a t u r a t i o n values 

of magnetic iaonent obtained tend to bear t h i s ou t , though there are con­

s ide rab le discrepancies between exper imenta l and t h e o r e t i c a l va lues . The 

authors do not o f f e r an exp lana t ion* 

I n the case o f the pj>Tir compounds, the authors could discover no 

an t i fe r ro i - togne t i c coupl ing o r compensation p o i n t s , though some o f the com­

pounds &ro fer romagnet ic at low temperatures . The authors observe t h a t 

the compounds behaviour i n d i c a t e s t h a t n i c k e l c a r r i e s a zero moment. They 

e x p l a i n t h e i r behaviour by suggesting t h a t the n i c k e l 3d band i s f i l l e d by 

rare e a r t h valence e l e c t r o n s . They a lso observe t h a t , f o r example i n 

GdNi,-, the observed moment i s 6»^Wp> whereas i f the n i c k e l took no p a r t 

i n the magnetism of the conrpound, a value o f ~]ja^ should be observed, As 

c u l a t i n g the o r b i t a l moment quenching due t o the e f f e c t s o f the c r y s t a l 

f i e l d , assuming n i c k e l t o be i n the 3<3^ s ta te , though t h i s cannot account 

f o r the anomalous CidNij. r e s u l t , since gadol inium lias no o r b i t a l moment, 

Abrahams et a l ( r e f 1.35) have c a r r i e d out a ser ies o f measurements 

on the magnetic p r o p e r t i e s o f R M compounds. They compare t h e i r measure­

ments w i t h t h e o r e t i c a l values c a l c u l a t e d on the assumption t ha t the moment 

3 + 

i s due e n t i r e l y t o f r e e V. ions and ob ta in exce l l en t agreement. As i n 

the case o f the compounds i n v e s t i g a t e d by Nesb i t t et a l , and o f 2 N i 0 

compounds i n v e s t i g a t e d by Skrabek and "Wallace ( r e f 1,36), the n i c k e l again 

appears t o c a r r y no moment, and can be regarded as n e u t r a l w i t h c o n f i g u r a ­

t i o n 3 & 1 ^ . The measured magnetic moments o f the compounds are cons is tent 

w i t h a f e r romagne t i c exchange i n t e r a c t i o n between the sp in moments o f the 

has a l ready been s ta ted , Bleaney ( r e f 1,34) explains the r e s u l t s by cal-



ra re e a r t h components» There i s a lso some evidence to i n d i c a t e an a n t i -

fe r romagnet ic coup l ing between the o r b i t a l moments o f the ra re e a r t h ions , 

though t h i s i s not conf i rmed , 

Boaorth et a l ( r e f 1.37) have measured the Curie p o i n t s and sa tura­

t i o n moments f o r RT.r 0 , R0s o and RRu compounds. They f i n d t h a t the Curie 

p o i n t ( i e the s t r eng th o f the exchange i n t e r a c t i o n ) i s a t i t s ' h ighest f o r 

the gadol in ium compounds, and f a l l s away as the number o f l\f e l ec t rons i s 

e i t h e r increased or decreased. The s a tu r a t i on moments of the compounds 

l i e below the values which might be expected i f the fer romagnet ic exchange 

i n t e r a c t i o n were between the t o t a l moments of the ra re ea r th i ons , but are 

above the values p r e d i c t e d by a model assuming coupl ing between sp in 

moments o n l y . This discrepancy i s i n t e r p r e t e d i n terms o f p a r t i a l 

quenching o f the o r b i t a l moments caused by the strong c r y s t a l f i e l d found 

i n these compounds. 

' 1.8.4 SS9-£2ilE(2Sfl£ 

A l l the r a r e - e a r t h - t r a n s i t i o n meta l compounds o f the iff ig type have 

the cubic Laves phase (lugCu^) s t r u c t u r e . Figure 1,2 shows a representa­

t i o n o f t h i s type of s t r u c t u r e , w i t h r a re ear th atoms represented by b l ack 

b a l l s , and t r a n s i t i o n meta l atoms b y whi te b a l l s . There are eight ra re 

ea r th atoms and l» s i x t e e n t r a n s i t i o n metal atoms per u n i t c e l l , 

Ross and Crangle ( r e f I . 38 ) have i n v e s t i g a t e d the magnetic proper­

t i e s o f RB 0 compounds, where E i s Fe, Co, M i , Rh and Pfc, Their magnetisa­

t i o n versus temperature r e s u l t s f o r the i r o n and coba l t compounds (ref . -fig. 

1.3) show anomalies i n the fo rm o f "k inks" i n the curves, .which they say 

1SL . 
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seem t o be associated w i t h the presence of l o c a l i s e d moments on both kinds 

o f atoms present i n t h e compounds. They speculate t h a t these k i n k s , which 

are also observed by Y/allaoe and Skrabek ( r e f 1.36)5 P a r r e l l and Wallace 

( r e f 1 . 3 9 ) and also appear i n t h i s t h e s i s , my be due t o some k i n d of t r i ­

angular arrangement of spins as discussed by Ict.tgad.ng ( r e f 1 , 4 0 ) . The 

r e s u l t s of Ross and Crangle are consistent w i t h an i n d i r e c t exchange i n t e r ­

a c t i o n being the dominant mechanism. They conclude t h a t c r y s t a l f i e l d 

e f f e c t s , i n a l l compounds except those of gadolinium, reduce the o r b i t a l 

moments of the rare earth i o n s . For gadolinium, they propose t h a t the 

s l i g h t discrepancy between the observed r e s u l t s and the f u l l gadolinium 

moment may be explained by a net negative magnetisation of the p o l a r i s e d 

conductioxi electrons i n the v i c i n i t y of the rare e a r t h i o n s . This i m p l i e s 

an antiferromagnetio coupling between the l o c a l i s e d 4 f s h e l l of the gado­

l i n i u m and the nearby conduction e l e c t r o n s . They also state t h a t the 

reduced t r a n s i t i o n metal moments i n the i r o n and cobalt compounds a l i g n 

a x x t i p a r a l l e l t o the rare earth f o r t h e heavy rare e a r t h s , and p a r a l l e l t o 

the rare ea,rbh moment f o r the l i g h t r a r e earths. Thus, i n a l l cases where 

the t r a n s i t i o n metal has a moment, i t a l i g n s a n t i p a r a l l e l t o the spixa 

moment of the rare e a r t h * 

Wallace and Skrabek ( r e f 1 , 4 1 ) have also i n v e s t i g a t e d the magnetic 

p r o p e r t i e s of M i 2 a n ( l RCo2 compounds. As has been previously stated, 

t h e i r magnetisation versus temperature r e s u l t s f o r some of the SCo^ com­

pounds have a c h a r a c t e r i s t i c shape which i s very l i k e the anomalous r e s u l t s 

shown i n t h i s t h e s i s f o r Gd Y, Co compounds, the r e s u l t s obtained by 

1-5. 
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Crangle and Ross f o r KCo and S^e^ and the r e s u l t s obtained by P a r r e l l and 

Yfellace f o r HCon. Bleaney ( r e f 1 . 4 2 ) 'explains the r e s u l t s of "Wallace and 

Skrabek i n terms of quenching of the rare earth o r b i t a l moment due to the 

e f f e c t s o f e l e c t r o s t a t i c f i e l d s set up w i t h i n the c r y s t a l . 

The work of P a r r e l l and T.'allace ( r e f 1.39) on RM.̂  and ̂ Co^ compounds 

l a r g e l y discounts the p o s s i b i l i t y of c r y s t a l f i e l d quenching being the ̂ o^Ea-*1* 

cause of t h e low magnetic moments. This paper, i n r e l a t i o n t o the c r y s t a l 

f i e l d quenching theory, w i l l be discussed i n d e t a i l i n Chapter Pour. 

Y/e may summarise t h i s b r i e f review o f some of the more i n t e r e s t i n g 

magnetic p r o p e r t i e s of the rare e a r t h a l l o y s and compounds by saying t h a t 

the magnetic s i t u a t i o n i n a m a t e r i a l containing rare earths i s o f t e n of a. 

complex n a t u r e , 'Hie two major f a c t o r s which make i t d i f f i c u l t t o p r e d i c t 

the magnetic behaviour of rare e a r t h compounds are f i r s t l y , the tendency 

of some o f the rare earths t o i n t e r a c t w i t h a spin-only moment when a high 

c r y s t a l fie3.d i s present i n the m a t e r i a l , the o r b i t a l moment being 

quenched; and. secondly, the tendency of the rare earths t o lose some of 

t h e i r valence electrons, end oc c a s i o n a l l y some 4 f electrons, i n an unpre­

d i c t a b l e manner such t h a t the e l e c t r o n c o n f i g u r a t i o n s of the rare earth 

and of the other element i n the compound are not known w i t h any c e r t a i n t y ; 

nor i s the number of electrons which have been promoted i n t o the conduction 

band. 

The present work i s an i n v e s t i g a t i o n of compounds of the type 

&d Y^^COp, where y t t r i u m acts simply as a non-magnetic s u b s t i t u t e f o r 

1 1 , 



gadolinium* I t was at f i r s t thought t h a t these compounds would e x h i b i t 

simple ferrimagnetism, w i t h a compensation 'point somewhere near the middle 

of the range where the moment due t o the concentration of gadolinium would 

halance the moment due t o the co b a l t . I t was thought t h a t the r e s u l t s 

obtained \70uld throw l i g h t on the type of i n t e r a c t i o n s involved., and t o a 

good q u a n t i t a t i v e knowledge of the coupling constants. The r e s u l t s , as 

w i l l be seen l a t e r , proved t o he q u a l i t a t i v e l y and q u a n t i t a t i v e l y comple­

t e l y remote from our p r e d i c t i o n s . 
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2» BXH51IIISM!AL APPAPATUS 

2 . 1 I n t r o d u o t i o n 

I n order t o make magnetisation and s u s c e p t i b i l i t y measurements on 

a l a r g e number of magnetic m a t e r i a l s , an instrument was required w i t h a 

wide range of s e n s i t i v i t y and capable of making measurements over a wide 

range of f i e l d and temperature. The instrument constructed was based on 

the v i b r a t i n g sample magnetometer f i r s t developed by 3?oner (Ref 2.1). 

This instrument was chosen because of i t s e s s e n t i a l v e r s a t i l i t y and 

b u i l t - i n e r r o r e l i m i n a t i o n . I n p r i n c i p l e the Poner magnetometer i s very 

simple, A long, t h i n , l i g h t r o d i s attached t o a v i b r a t i n g source 

( o r i g i n a l l y a loudspeaker diaphragm), which causes the rod t o v i b r a t e 

v e r t i c a l l y along i t s own axis at a f i x e d frequency. The sample under 

i n v e s t i g a t i o n i s mounted at the bottom of the rod, i n an e x t e r n a l 

magnetic f i e l d 0 A reference specimen, which i s e i t h e r a small permanent 

magnet or a small c o i l c a r r y i n g a DC current, i s mounted at the top of 

the rod. Both specimens have m u l t i - t u r n pick-up c o i l s mounted near them, 

i n which emf 's are induced by the dipole r a d i a t i o n from the v i b r a t i n g 

sample. One o f these two signals i s phase-shifted t o be 180° out of 

phase w i t h the other, the tvo signals are mixed, and the r e s u l t a n t i s put 

through a high-gain tuned a m p l i f i e r . The r e s u l t a n t i s zeroed by e i t h e r 

a t t e n u a t i n g one s i g n a l or a l t e r i n g the current through the DC reference 

c o i l i f t h i s i s used. 



I n developing t h e instrument, i t was found t h a t the i n s t a b i l i t y o f 

the power supply d r i v i n g the magnetic f i e l d was the biggest obstacle t o 

achieving h i g h s e n s i t i v i t y . This gave r i s e to a very large amount of 

noise i n a normal pick-up c o i l system used w i t h a magnet, so t h a t the 

instrument's s e n s i t i v i t y was very small indeed. I n an attempt t o over­

come t h i s d i f f i c u l t y , a p a i r of c i r c u l a r pick-up c o i l s were used i n 

co n j u n c t i o n w i t h a solenoid. These were mounted w i t h t h e i r axes co-

l i n e a r , w i t h a small separation between them. The two c o i l S were matched 

and connected i n series opposition, w i t h t h e i r axes along the l i n e o f 

v i b r a t i o n of the specimen, which r e s t s between the two c o i l s . With t h i s 

arrangement, f l u c t u a t i o n s i n the e x t e r n a l magnetic f i e l d t h e o r e t i c a l l y 

induce equal and opposite emf • s i n the two c o i l s , while the v i b r a t i n g 

sample induces equal and l i k e emf's. I n p r a c t i c e , i t was found t h a t the 

amount of noise i n the output of the c o i l s was d r a s t i c a l l y reduced. 

The noise l e v e l was s t i l l such as t o make i t impossible to mix the 

sample and reference signals s a t i s f a c t o r i l y , so i n the f i n a l form, the 

signals are switched a l t e r n a t e l y i n t o the system and t h e i r magnitudes 

compered„ 

The f i n a l form of the magnetometer i s shown i n )?ig 2 , 1 . I t 

consists o f two p a i r s of pick-up c o i l s , one p a i r each f o r the sample and 

reference. E i t h e r o f these two c o i l systems may be switched i n t o the 

system, e i t h e r d i r e c t l y or through a v a r i a b l e attenuator i n the form of 

a h e l i p o t . The s i g n a l i s a m p l i f i e d by a high gain a m p l i f i e r , tuned t o 

70 cps. An AG output from the a m p l i f i e r i s supplied t o a phase s e n s i t i v e 

10 
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detector, which i s supplied w i t h a reference d i r e c t from the o s c i l l a t o r 

d r i v i n g the v i b r a t i n g r o d . The DC voltage output from the phase-sensi­

t i v e d e t ector, which i s p r o p o r t i o n a l t o the input s i g n a l voltage, i s read 

on an Avometer. M.g 2 . 2 shows a s i g n a l input/output graph f o r the 

system. 

I n t h i s form the magnetometer s t i l l r e t a i n s many of the advantages 

o f the Poner magnetometer, but lacks one of i t s main f e a t u r e s , namely t h a t 

i t i s not a n u l l - o u t p u t instrument,' I t i s also s e n s i t i v e t o rap i d , short 

period changes i n v i b r a t i o n amplitude, and t o a lesser extent v i b r a t i o n 

frequency. I n p r a c t i c e i t i s found t h a t any changes of frequency or 

amplitude are both small and slow, and are therefore a n e g l i g i b l e source 

o f e r r o r . 

2 . 2 ]QwerJ$u£$l^ a n f t . ^gAgf io j j - . 

2 . 2 . 1 ^ ^ e j ^ S u j i n l g ; 

The power supply f o r the solenoid i s a Vfestinghouse 0 -200 v o l t s DC 

50 Kv7 R e c t i f i e r , w i t h a continuously v a r i a b l e output c o n t r o l . The DC 

voltage output has 57« 600 ops and 0.5/c 100 cps r i p p l e a t a l l l e v e l s . 

There are also i r r e g u l a r f l u c t u a t i o n s i n the output, of up t o change 

i n voltage l e v e l , and of varying r a t e of change* 

2 . 2 . 2 The^oJLenoid 

The solenoid used was o r i g i n a l l y constructed by Hutchinson f o r work 

on the magn e t o s t r i c t i o n of n i c k e l and gadolinium ( 1950 ) ( r e f 2 . 2 ) . 

B a s i c a l l y , the solenoid consists of f l a t c o i l s of copper s t r i p i n the 

shape of pancakes. Several of. these c o i l s are stacked one on top of the 

7 > X . 



in 

UJ 

in 
2 

Ul 

s 
9 > 

2 H <—̂  
CM 

I ! « 1 CM UL. CM 

('O'Q «»|oa) jndjno 



4* i U) 
J 
H 

I 4 
i 

/ 
/ H 

/ 5-

/ 
1 
I f / VP 

0. / 
<• r i 

00 

i *fc< 
r 

2" I UJ 
O LU 

Li. Vt 
1 

CO 
II" —. 

r 1 

H 

«1 
00 

00 L 00 CM 
i 

siiNn Ativviiigav 



other, w i t h i n s u l a t i n g spacers between them. The c o i l s are e l e c t r i c a l l y 

connected, and mounted on a c e n t r a l tube. An outer waterproof j a c k e t 

allows water t o be c i r c u l a t e d through the c o i l s t o act as a coolant. The 

de-ionised coolant water i s c i r c u l a t e d continuously through the solenoid 

by means of a pump, and also passes through a heat exchanger. I n i t s 

o r i g i n a l form, the inn e r tube o f the solenoid was of brass, but t h i s was 

changed to one of a r a l d i t e - c o a t e d t u f n o l , because of d i f f i c u l t y i n 

preventing s h o r t i n g between the pancakes and the c e n t r a l tube. 

The solenoid gives a maximum f i e l d o f 10 ,500 oersteds at a peak 

current of 2.50 amps. The f i e l d produced i s l i n e a r w i t h current, g i v i n g 

42 oersteds per ampere a t the centre of the solenoid. There i s a 0.3?; 

d i f f e r e n c e i n f i e l d between the centre of the solenoid and a distance of 

1 cm along i t s axis from the centre. There i s also a r a d i a l f i e l d 

d i s t o r t i o n of 0 .05; ' i n the c e n t r a l 2 cms of the solenoid. 

The solenoid i s b o l t e d t o a l i f t i n g p l a t f o r m which may be wheeled 

i n t o p o s i t i o n and located on the f l o o r by two screw down f e e t , the solenoid 

then being r a i s e d i n t o p o s i t i o n . This minimises v i b r a t i o n of the solenoid 

due t o turbulence of the cooling water, conseouently minimising v i b r a t i o n 

of the dewars, which are l o c a t e d i n s i d e the solenoid by means of spacers. 

This i n t u r n cuts down movement of the siDecimen pick-up c o i l s r e l a t i v e t o 

the specimen, since the pick-up c o i l s are mechanically l i n k e d to the 

dewars, w h i l e the specimen i s no t . The solenoid i s supported i n i t s f i n a l 

p o s i t i o n by two spacing bars, which prevent the pla t f o r m sinking because 

of leakage i n the hydraulic l i f t i n g p i s t o n . Pig 2 .3 shows the l i f t i n g 

pla.tform. and solenoid i n p o s i t i o n . 

1 > S . 
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2 • 3 Mechanioa,! Consj^rucjfcion 

• I n order to further reduce mechanical vibration, the magnetometer 

and dewars were mounted on a platform attached to a r i g i d l y constructed 

tower, as shown i n Pig 2 . 3 . 

The vibrator, an Advance Type ¥1 Vibrator i s mounted on four brass 

p i l l a r s so that i t may be adjusted to give a v e r t i c a l mounting . The 

vibrator i s enclosed i n a vacuum chamber, which i s removed i n two parts. 

The lowei" part has hermetic seals f i t t e d to al3.ow e l e c t r i c a l access to 

the i n t e r i o r . This makes two-part demounting necessary. 

The vibrating rod i s enclosed by a fused s i l i c a tube which i s 

mounted i n a vacuum s e a l on the underside of the supporting platform. 

Fused s i l i c a i s used because of the high temperatures which the tube must 

withstand to enable measurements to be made on the specimen at elevated 

temperatures. (JRef para 2 . 7 ) 

Since the reference pick-up c o i l s are mounted on the supporting 

platform d i r e c t l y below the vibrator, a large amount of unwanted signal 

i s generated by induction i n the pick-up c o i l s direct from the vibrator. 

In order to reduce t h i s , a rnu-metal screen i s introduced between the two. 

The cryostat head i s attached to the underside of the main platform, 

concentric with the inner glass tube. 

2 , 4 Dewars 

•The two Pyrex dewars, one nitrogen and one helium, were made to 

specification by James A. Jobling Ltd, of Sunderland. 

The helium dewar i s held firmly i n the cryostat head by four springs 

11. 



supporting a cradle which f i t s around the bottom of the dewar. A neoprene 

gasket provides a c e r t a i n amount of cushioning between the dewar and the 

c r y o s t a t head. The i n t e r i o r of the dewar i s made vacuum t i g h t by a piece 

of rubber tube which f i t s t i g h t l y over the top of the dewar and the lower 

p a r t of the cryo s t a t head 0 Since the i n t e r i o r of t h e dewar i s o f t e n sub­

j e c t e d t o vacuum pumping t o dry i t out and to achieve lower temperatures, 

an arrangement of 0-rings i s employed t o prevent the rubber tube being 

sucked i n t o the c r y o s t a t head. 

The springs supporting the dewar are j u s t t i g h t enough t o hold the 

dewar f i r m l y i n i t s seating when f i l l e d w i t h l i q u i d , while allowing any 

b u i l d up o f pressure i n s i d e the dewar due t o r a p i d b o i l o f f of l i q u i d t o 

f o r c e the dewar down and escape t o t h e atmosphere. 

The in n e r tube surrounding the v i b r a t i n g rod i s located i n s i d e the 

helium dewar w i t h FTFE spacers. 

The n i t r o g e n dewar i s also suspended by a cradle and fo u r springs, 

so t h a t when i t i s empty i t i s not i n contact w i t h the helium dewar. 

Spacers are used t o locate the helium dewar inside the n i t r o g e n dewar, 

and t o locate the n i t r o g e n dewar c e n t r a l l y i n the solenoid. 

2 » 5 o l DC mCoil (Reference specimen) 

The reference c o i l c o n s i s t s of 750 turns of 38 SWG- enamelled copper 

wire wound on a c y l i n d r i c a l perspex former, which i s also the lower of 

two mechanical connectors between the v i b r a t o r and the main part of the 
o 

v i b r a t i n g r o d . The c o i l has a turns-area of 5 ,300 cm and has a magnetic 

18. 



moment of 0 .53 gauss cm per m i l l i a m p c o i l c u r r e n t 0 I t i s located at the 

centre of the reference pick-up c o i l system, and takes a maximum current 

of 3 0 rnilliamps before heating becomes appreciable. A 6 v o l t 80 ampere-hour 

accumulator i s used t o provide current f o r the DC c o i l , as mains operated 

DC supplies were found t o give r i s e t o a noisy output from the reference 

pick-up c o i l s , 

2 , 5 * 2 .Reference Pick-Up Coils 

The reference pick-up system consists of two matched c o i l s , each of 

2620 t u r n s of 38 S\7& enamelled copper wire wound on a t u f n o l former. 3aoh 
5 2 

c o i l has a turns-area of 1.03 x 10 cm and they are separated by a -j§" gap. 

The c o i l s are connected i n series o p p o s i t i o n t o reduce unwanted pick-up 

a r i s i n g mainly from the v i b r a t o r . A bucking-out c o i l t o eliminate remain­

i n g pick-up i s connected i n p a r a l l e l w i t h the pick-up c o i l s , and i s mounted 

on the outside of the vacuum chamber using modelling c l a y , t o allow easy 

adjustment. 

2 . 5 . 3 Sample Pick-Up C o i l s 

The sample pick-up c o i l former i s made from PTE'S! rod. The two 

matched c o i l d wound on t h i s former both consist o f 400 turns of 46 SWG-
2 

enamelled copper wi r e , w i t h a t u r n s area of 1020 cm each. The c o i l s are 

separated by a 6 HUES gap, and again are connected i n series o p p o s i t i o n t o 

reduce noise a r i s i n g from v a r i a t i o n s i n the magnet power supply. 

The c o i l s are p o t t e d i n a r a l d i t e t o prevent s h o r t i n g between 

windings at high temperatures. The sample, at the end o f the v i b r a t i n g 

r o d , i s l o c a t e d a t t h e centre of the gap between the c o i l s . The former 

f o r these c o i l s i s machined to be a push f i t on the s i l i c a tube enclosing 



the v i b r a t i n g rod . This allows the pos i t i on of the c o i l wi th respect to 

the sample to he adjusted f o r optimum output, 

2.6 Vibra t ing Sod 

A long drinking straw of 4- mm diameter was found to be.sat isfactory 

as a v ib ra t ing rod, being l i g h t , t h i n , and longi tud ina l ly r i g i d , To wi th ­

stand the high temperatures produced i n that region, the bottom six inches 

of the rod are of fused s i l i c a tube, the specimen being attached to the 

lower end w i t h high temperature cement. Each specimen i s mounted on a 

separate length of s i l i c a tube, to f a c i l i t a t e the changing of specimens. 

The straw and s i l i c a tube are connected by ' s l ipp ing the two over a short 

length of bored out perspex rod, the j o i n t being sellotaped together. 

This arrangement proved sa t i s fac tory , the j o i n t withstanding the tempera­

ture experienced i n that region without losing longi tudinal r i g i d i t y . 

2 »7 Temperature Var ia t ion 

2,7 .1 Method of Obtaining High and low Temperatures 

To enable measurements to be taken at elevated temperatures, two 

small heater windings were wound on the s i l i c a tube, one above and one 

below the sample pick-up c o i l . These two co i l s , dissipating up to 25 

watts, enabled x^eadings to be taken at sample temperatures up to 300°Co 

E l e c t r i c a l leads to the sample pick-up c o i l s and heater windings are 

taken through the cryostat head by hermetic seals. A 24 v o l t DC supply 

used wi th a rheostat provides variable power f o r the heater. 

Low temperature measurements are made using l i q u i d nitrogen and 

l i q u i d helium by employing standard techniques, normally, low temperature 

measurements are t alee n during the warm up per iod . I n order to check that 



appreciable thermal gradients do not exis t i n the specimen during these • 

warm up observations, prel iminary magnetisation measurements were made on 

n i cke l , cobalt and gadolinium, and compared with published results ( ref . 

•2,3). I t was found tha t , to w i t h i n 5/', these results were i n agreement, 

showing that the rate of temperature r i se i s s u f f i c i e n t l y low f o r thermal 

equil ibr ium i n the specimen to be obtained. Above room temperature, the 

rate of temperature r i se or f a l l can be controlled by a l t e r i n g the current 

through the heating c o i l . 

2.7*2 !^E£SI£i^-re Measurement 

Measurement of the specimen temperature i s carried out by using a 

copper constantan thermocouple threaded down the inside of the v ibra t ing 

rod . One junc t ion i s held on the specimen, the other junction being kept 

at 0°C. The thermal emf i s measured with a lye Portable Potentiometer 

and i s converted to temperature values using a graph prepared from the 

data given i n the book by Kaye and Loby (ref 2*4)o 

2.8 Vacuum System 

The helium dewar interspace and the i n t e r i o r of the vacuum chamber 

and tube enclosing the v ibra t ing rod may be evacuated ei ther together or 

separately using a Speedivac 2-stage high vacuum pump. The pressure i s 

measured wi th a mercury manometer to ensure that a sat isfactory vacuum, 

ie. not more than 1 mm of mercury i s maintained. To avoid freezing out of 

the remaining gases i n the innermost tube, th is was flushed wi th helium 

gas before f i n a l evacuation. 

era 



2.9 S^j3tjrom:_os 

2.9 .1 Di^rvln^; Osci l la tor 

A 12-volt sinusoidal output from a Fame 11 Type LF Solid State 

o s c i l l a t o r drives a single stage power ampl i f i e r , which i s induct ively 

coupled to the Advance v ib ra to r which drives the v ibra t ing rod. 

2.9.2 T u n M ^ A ^ H f i e r 

The 'tuned ampl i f i e r i s a G-rubb-Par sons Type TA high-gain tuned 

a m p l i f i e r , and i t incorporates a special low-noise f i r s t stage, which i s 

fo l lowed by two conventional t r iode ampl i f i e r stages which include a gain 

c o n t r o l . Stages four and f i v e use high-slope pentodes operating wi th 

separate tuned twin-T negative feedback loops. These are band stop f i l t e r s 

o r i g i n a l l y tuned to 10 cycles per second, but were modified f o r our pur­

poses to have the i r stop band at 70 cps. This frequency was chosen as 

being w e l l away from the fundamental and harmonics of the mains supply 

vo l tage . The twin-T f i l t e r s allow voltages at a l l frequencies except the 

tuned frequency t o feed back to the input of the pentode immediately 

pre ceding the f i l t e r . The feed~ba,ck signal is also phase-changed by 180° 

by the f i l t e r , so that the e f f ec t i s that of a strong negative feed-back 

at a l l frequencies excepting the tuned frequency, thus reducing the gain 

at a l l other frequencies. The a m p l i f i e r normally gives a DC voltage out­

put , but since a phase-sensitive detector i s necessary to give noise d i s ­

cr iminat ion , an AC output i s taken from the ampl i f ie r a f t e r the stage jus t 

preceding the r e c t i f y i n g c i r c u i t . C i rcu i t detai ls are shown i n Fig 2 .4. 

2.9.3 ^ , a s . e " ^ e n s ^ t i v „ e . . . p ^ ^ r o t ^ ' 

The phase-sensitive detector used i s similar to one described by 
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Schuster ( r e f 2 .5) . The c i r c u i t used i s shown i n f i g 2 .5. The phase-

sensitive detector acts as a noise discriminator , a voltage difference 

appearing "between the anodes of the twin t r iodes due to any signal 

supplied to the cathodes which i s of the same frequency as the reference 

voltage. Any signal of a d i f f e r e n t frequency from the reference appears 

as an a l te rna t ing voltage across the anodes, and as such, can be much 

reduced by connecting a condenser between the anodes, and reading the DC 

voltage across the condenser. 

The phase-sensitive detector i s normally used to measure phase, 

since the output i s re la ted to the phase difference between the signal 

and references voltages. I f the phase difference i s kept constant, 

however, the output i s re la ted to the amplitude of the supplied s ignal . 

Yery good noise discr iminat ion i s achieved f o r random noise due to 

mccha.rd.cal v ib r a t i on , mains pick-up, noise from the solenoid power supply 

etc, but zero errors due to pick-up at the operating .frequency from the 

o s c i l l a t o r , v ib ra to r etc, are eliminated elsewhere. Unwanted coherent 

pick-up i n the reference pick-up co i l s i s balanced out by a l t e r ing the 

pos i t ion of the bucking-out c o i l already mentioned. 

W W . 

http://mccha.rd.cal
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CHAPTER m m 

3 . g g ^ ^ i N T A L 

3+1 Specimen Production 

The cobalt , y t t r ium, and gadolinium metals used i n the production of 

the specimens were obtained i n ingot form from the Koch Light Chemical 

Company wi th pu r i t i e s of 4N, 3N and 3N respectively, Before weighing, the 

metals were oleanecVwith a f i l e , a separate f i l e being used f o r each 

element to avoid cross contamination. The cobalt metal was then chemically 

cleaned using a standard etching f l u i d . A var ie ty of etches were t r i e d on 

the gadolinium and y t t r ium metals, however none of these proved completely 

r e l i a b l e , consequently i t was decided not to etch these metals» 

Stoichiometric amounts of the metals fo r each compound Gdx Y l - x CO^ 

were weighed f o r x = 1;0 .8;0.6;0.5;0A;0.33;0»2 ;O.l;0. The t o t a l weight 

f o r each specimen was about 2 gms. The specimens were then made by 

melting the constituents together i n an argon arc furnace at Shef f i e ld 

Univers i ty Physics Department made available to us by Dr J , Crangle of 

that department. 

Each specimen was turned and remelted at least three times to 

ensure homogeneity.. Specimens f o r x = 0.6 and 0 were prepared a second 

time because i t was suspected that the f i r s t attempts to make these com­

pounds had resul ted- in an inhomogeneous mixture of compounds. The second 

attempt proved to be more successful. D i f f i c u l t y was experienced i n 

making the G d o » 5 Y 0 , 5 C 0 2 c o m P o u n d > fragments tending to f l y o f f the speci­

men, due to the high stresses set up i n the material because of rapid 



cooling,. A second attempt at remelting the main lump and the fragments 

together was more successful* iteweighing the specimens a f t e r melting 

showed that the maximum weight loss was 0.02 gins, 

Debye-Scherrer X-ray photographs were taken of each specimen and 

were found to be i d e n t i c a l , the t o t a l change i n l a t t i c e parameter between 

pure G-dCdg and pure YCdp being too small to detect. The structure was 

found to be of the cubic Laves phase (ivigCu^) type wi th a l a t t i c e parameter 
o 

of 7*26 _+ 0,05A, i n good agreement wi th the value obtained f o r G^Co^ by 

Ross and Crangle ( re f 1.30) and Y/ernick and Geller (ref 3«l)° Powder l ines 

f o r £h$,Y,Go, and gadolinium-cobalt compounds other than ^COr> were speci­

f i c a l l y searched f o r as being possible imperfections, and s l ight traces of 

Gd and Go were found. I t was assumed that yttr ium-cobalt would y i e l d 

approximately the same l ines as gadolinium-cobalt compounds (ref . section 

1.4) . I n addi t ion, preliminary measurements showed that the magnetisation 

versus temperature curve f o r GdCô  gave very good quantitative agreement 

wi th the results obtained by Hoss and Crangle, I t was concluded that the 

specimens made were of the type Gd Y-, Co 9« 

A l l the specimens made were quite b r i t t l e and tended to crumble 

easi ly , more p a r t i c u l a r l y those wi th a low gadolinium content. I n order 

to obtain low demagnetising fac to r s , attempts were made to make t h i n disc­

shaped specimens, by crushing some of the material to a powder and com­

pressing i t i n a steel press, A f i n e powder was easi ly obtained using a 

pestle and mortar, there being no fear of decomposition since the compounds 

seem to be very s table. The compounds are very herd, however, and attempts 

to make a we l l compacted disc were unsuccessful. Consequently, pieces of 



the compound were chosen which were approximately rod-shaped, of 3 m m s or 

less i n lengthy These were weighed and mounted i n specimen tubes as 

described i n section 2.6, 

3«2 Cal ibrat ion of the Magnetometer 

I ron and cobalt ?/ere chosen as ca l ib ra t ing specimens. Preliminary 

experiments were carried out using rods of i r on of d i f f e r e n t lengths, to 

establish the importance of specimen size,, This showed that the apparent 

value of magnetisation obtained began to drop f o r a specimen length i n 

excess of 4.5 mms. I t was assumed that the specimen width would not be 

important. Consequently, the f i n a l specimens were of length not greater 

than 3 mms, and of variable cross-section. The s i l i c a tube bearing the 

pure annealed i r o n speoimen was mounted on the end of the v ibra t ing tube, 

wi th the thermocouple i n contact wi th the specimen. The enclosing tube 

(ref , section 2.3) bearing the lower pick-up co i l s was put i n pos i t ion , and 

the specimen space was evacuated. The solenoid was wheeled i n posi t ion 

and. was l i f t e d u n t i l the top of the solenoid was jus t below the pick-up 

c o i l s , A low current was passed through the solenoid., and the pos i t ion 

of the pick-up co i l s was adjusted u n t i l the output from the magnetometer 

due to the magnetised v ib r a t i ng i r o n specimen was a maximum. The solenoid 

was then removed, and the inner and outer dewars were put i n p o s i t i o n . 

The solenoid was then put i n t o i t s operating posi t ion , where the specimen 

i s w i th in 2 mms of the centre of the solenoid tube, and i s thus i n the 

region of maximum f i e l d homogeneity. The specimen was demagnetised, and 

then a magnetisation versus f i e l d run at room temperature was carried out . 

To do t h i s , the applied f i e l d was raised i n intervals of 420 oersteds. 



At each i n t e r v a l , the specimen signal being very strong, the reference 

c o i l s were f i r s t switched in to the magnetometer d i rec t , and the output 

voltage f o r a. f i x e d reference c o i l current was noted, the reference p ick­

up c o i l s and phase-sensitive detector having been zeroed at the commence­

ment of the experiment. The specimen co l l s were then switched in to the 

magnetometer v ia the hel ipot input con t ro l , and the hel ipot was adjusted 

u n t i l the same output voltage was obtained as f o r the reference c o i l s . 

The magnetisation ( i n emu, per gram) at each point i s given by 

1000.1 1 
(T = ———- . -

PUT S 
where I i s the current through the reference c o i l i n mill iamps, H i s the 

helipot reading, V7 i s the mass of the specimen i n grams and ~ i s a. con-
1000 I ^ version f a c t o r . I n the ca l i b r a t i on runs, """^f was p lo t ted against 

3 000 I 

f i e l d , and the saturation value of -^pr~- was obtained. By dividing 

t h i s by the value of saturation magnetisation f o r i r o n given by Bozorth 

( ref 2 .3) , the conversion f a c t o r S was obtained. 

Another f i e l d run was carr ied out at -193°C on the i r o n specimen, 

by pouring l i q u i d nitrogen in to the inner dewar and allowing s u f f i c i e n t 

time to elapse f o r the temperature to achieve equi l ib r ium. 

A s imilar procedure was carr ied out with the cobalt specimen. Both 

specimens gave the same value 112, f o r the fac tor S, Results are shown 

i n f i g s 3ol and 3 ° 2 . 

At in te rva l s during the experimental work, a check ca l ib ra t ion run 

was car r ied out using the i r o n specimen. This was i n order to detect any 

de te r io ra t ion i n the pick-up c o i l s s p e c i f i c a l l y , the system i n general, 

so 
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and to provide a repea tab i l i ty check. Throughout the experimental work, 

the c a l i b r a t i o n fac tor S stayed constant at 112, wi th a spread of 2$. I t 

i s f e l t that the 2$> r epea tab i l i ty error arose mainly from the r e ­

posi t ioning of the pick-up c o i l s f o r each specimen, since the output was 

quite sensitive to t h e i r p o s i t i o n . I t was r e l a t i v e l y simple to re-posi t ion 

the pick-up co i l s accurately f o r specimens which are magnetically strong at 

room temperature, but f o r specimens which are weakly paramagnetic at room 

temperature, c o i l re-posi t ioning was carried out by s h i f t i n g the centre of 

the pick-up c o i l s to the centre of the specimen posi t ion, since t h i s was 

found to be the pos i t ion f o r maximum output f o r strongly magnetic specimens,, 

While there was a region of 1 mm. c o i l pos i t ion i n which the output remained 

constant and at. a maximum output s ignal , there were found to be errors of 

_+ 5% i n r epea tab i l i ty t r i a l s on weakly magnetic specimens. 

A temperature versus magnetisation run was carr ied out at H applied 

= 8.4 koe, on the i r o n specimen, i n order to detect any temperature depen­

dence of the ca l i b r a t i on constant, due to factors such as change i n 

impedance of the specimen pick-up c o i l . The magnetisation curve obtained 

was cornp ared wi th the absolute data of Weiss and Forrer (ref 3 .2) . Within 

the l i m i t s of experimental error , S was found to be temperature independent. 

3 »3 Magnetic Measurement s 

I n making magnetic measurements on the specimens, the same setting 

up procedure was followed as i n the ca l ib ra t ion runs* 

Magnetisation versus temperature measurements were carried out on a l l 

the specimens at various applied magnetic f i e l d s , the temperature being 

raised slowly from 4.2°K to approximately 580°K over a period of approxi-

S 3 . 



mately two hours, and ma.gnetisa.tion versus external magnetic f i e l d measure­
ments were made on a l l specimens at various constant temperatures, such as 

o o o 

4.2 K, 80 K, 208 K and elevated temperatures. Checks of r ep roduc ib i l i t y 

were made by repeating measurements on some of the materials at in te rva ls 

of up to two months. 

I n two cases ( f o r X = 0,6 and 0 ,2) , two separate specimens were taken 

from d i f f e r e n t parts of the o r i g i n a l lumps of metal. I n both cases, the 

two specimens were quite d i f f e r e n t i n length, shape and weight. I n both 

oases, the resul t s corresponded to w i t h i n the t o t a l experimental error,±7^» 

I n oa,ses where the specimen signal was less than the reference 

s ignal , the specimen signal output was f i r s t read direct through the system. 

The reference signal was then switched i n v i a the he l ipo t , which was 

adjusted to give an output reading equal to that due to the specimen, v/hen 

taking readings i n t h i s manner, the conversion fac tor v;as adjusted 

accordingly* 

I n a l l cases, before taking a reading, the outputs due to the speci­

men and reference are checked twice to ensure that they correspond. The 

i n t e r v a l between talcing the two readings i s approximately two seconds, 

.Reference c o i l jjero and pte.se sensitive detector aero were checked 

f requent ly during each run to ensure that no aero s h i f t had occurred i n 

the system, 

3.4 Results 

The resul ts obtained on the compounds studied are shown graphically 

i n the fo l lowing pages. 

http://ma.gnetisa.tion
http://pte.se


ELgures 3<>3 to 3<>15 show the va r i a t ion of magnetisation wi th temp­

erature f o r each specimen at various f i x e d external f i e l d s . These results 

are given i n order of decreasing gadolinium content, and f o r any one 

specimen, are given i n order of decreasing f i e l d , . 

jj'igures 3»l6 to 3»26 show the va r i a t ion of magnetisation v/i th 

applied magnetic f i e l d strength f o r each specimen at various f i x e d temp­

eratures. Again, the resul ts are given i n order of decreasing gadolinium 

content, and f o r any one specimen, i n order of decreasing temperature,, 
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Discussicm 

4ol I n t ro dugtion 

Yfhen t h i s work began, i t was thought that i n keeping wi th the early 

work of Y/allace ( re f 1.36) and Nesbitt et a l ( re f 1.33)> "the magnetic 

behaviour of these substituted compounds could be understood using a model 

i n which the magnetisation vectors of the gadolinium/yttrium sublat t ice , 

and the cobalt sublat t ice , would be aligned a n t i p a r a l l c l , the dominant 

sublattice being p a r a l l e l to the applied magnetic f i e l d provided that the 

niagnetocrysta!3.ine anisetropy i s small . I t was expected that by d i l u t i n g 

the gadolinium sublat t ice wi th y t t r i um, which i s a non-magnetic i on , the 

saturation moment per molecule at abso3.-b.te zero would vary wi th y t t r ium 

concentration and would pass through a minimum at a composition where the 

magnetisations of the two sublattices were of equal magnitude. I n t h i s 

way, provided that the ind iv idua l moments did not change with y t t r ium con­

centrat ion, and that the Moment on the gadolinium ion could be taken as 

i t s f r e e i on value of ljw-g> then the moment on the cobalt ion could be 

obtained, thus resolving some of the problems raised i n Chapter One„ 

Unfortunately, as may read i ly be seen from f igure >+,l no such minimum i s 

observed, and t h i s rather elementary approach must be d ras t i ca l ly modified, 

i f not t o t a l l y .abandoned. I n f i gu re 4.1, <r*-̂  i s the observed magnetisa­

t i o n i n einu/gm, at an applied f i e l d value of 8.4 koe and a temperature of 

4.2°K. '?his value was used i n preference to values obtained by extra­

polat ing the l inear high f i e l d parbs of the magnetisation versus f i e l d 

St. 
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curves at 4.2 K back to H=0, since i t was f e l t that the applied f i e l d was 

not high enough f o r the cui-ves to approach saturation s u f f i c i e n t l y f o r t h i s 

method to be used wi th accuracy. CT^ i s an estimate of the magnetisation 

which would be observed at 8.4 Koe and 4»2°K i f the anomaly did not occur, 

and i s obtained by extrapolating the high temperature por t ion of the mag­

ne t i sa t ion versus temperature curves at 8.4 Koo applied f i e l d back to 

Q = 4.2°K. I t w i l l be real ised, therefore, that values f o r <T ^ are rather 

approximate, and have an estimated error of _+ 3% on 'top of the t o t a l experi­

mental error on the resul ts as a whole. 

7/e must now look at the resul ts i n more d e t a i l , so as to i d e n t i f y the 

questions which must bo answei'erl by any nod.el chosen to account f o r the 

magnetic behaviour of these compounds, 

4<.2 Ob served Tip.^potlp^pc^yipw 

'file temperature va r i a t ion of magnetisation f o r those compounds wi th 

X > 0.33 ( re f f i g s 3.3 to 3*7) i s characterist ic of the behaviour of 7?0oo 

and !RFe0 compounds, as was mentioned i n Chapter One, The important 

features of t h i s behaviour are 

a) The temperature dependence of the magnetisation i s complex, 

the magnetisation decreasing i n two d i s t i n c t steps as the 

temperature i s raised,, The temperature at which the anomalous, 

low temperature step occurs (0 ) , shown i n f igure 4.2 as a 

func t ion of I , appears to be characterist ic of the compound 

involved, as also, of course, i s the high temperature step, 

which represents the v i c i n i t y of a Curie po in t . 
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Specimens f o r which X K. 0.4 do not show the f i r s t of 

these character is t ics , however, and i n some cases i t 

i s d i f f i c u l t t o establish an accurate value f o r the 

Curie temperature. l?or the special case when X = 0 

( ie YCOg), the saturation magnetisation i s extremely 

low, and as f i gu re 3,15 shows there i s evidence f o r a 

Heel point at a temperature of 190°K, I t i s important 

at t h i s stage to note that t h i s i s i n complete con­

t ras t to the previously mentioned resul ts of Wallace 

and Gkrabek, who f i n d tha t YCo^ i s ferromagnetic, wi th 

a Curie temperature of 2S6°K; and of ?.?arrell and 

Wallace, who f i n d a Curie temperature of 320°K, 

.Figure 4.3 shows the resul ts obtained by the present 

author f o r the va r i a t i on of the paramagnetic Curie 

points, obtained by extrapolating the high temperature 

l inear por t ion of the inverse suscept ib i l i ty versus 

temperature curve on to the temperature axis , (and the 

Neel po in t , i n the case of YCOg), as a func t ion of 

gadolinium concentration, X 0 

b) The observation of a low temperature saturation moment 

whose?value i s such t h a t ' i t may evidently-be taken 

as evidence f o r the a n t i p a r a l l e l alignment of the two 

magnetic s u b l a t t i c e s „ 

I n attempting to understand the unexpected resul ts i t i s necessary 

and convenient at t h i s point to examine i n some d e t a i l the models proposed 

85. 



s 

i 

V5 

I 8 2* 



i n the ea r l i e r work wi th unsubstituted compounds. 

4.3 Spiii Al lgmont 

iJrom the saturation moment at absolute aero results obtained by the 

ea r l i e r workers f o r the unsubstituted HOo^ and llFc^ compounds, namely 

Y.'allace and Skrabek, Cranglc and Soss, and J a r r e l l and Wallace, i t i s clear 

that the resul tant magnetisation of the i r o n or cobalt sublattice i s 

p a r a l l e l / a n t i p a r a l l e l to the resultant sublatt ice magnetisation of the 

l ight/heavy rare earths respect ively. Bearing Hund's rules i n mind, i t i s 

clear that t h i s simply means that the t r ans i t i on metal magnetisation i s 

always a n t i p a r a l l e l to the net spin-only moment of the rare-earth sub-

l a t t i c e o 

Quali tat ive confirmation of t h i s model has come from the neutron 

d i f f r a c t i o n studies carr ied out by Uoon et a l ( ref 4.1) on a few R0oo 

compounds„ The electron spin resonance work by Peter ( re f 4.2), Jaccarino 

et a l ( r e f 4.3) involving Gd and G-dAlp has shown that the conduction 

electrons at the gadolinium ion s i te have a net spin opposed to the spin 

vector of the Gd i o n . Similar evidence i s not available f o r other l an th -

anides, but i t i s usually assumed tha t t h e i r behaviour i s s imi l a r . This 

negative polar i sa t ion of the conduction electrons has been shown to extend 

as f a r as the aluminium site i n GdAlg ( ref 4<4)« Ca r ro l l pointed out that 

i f one assumes that the same s i tua t ion applies i n the RCOg compounds, and 

that the in te rac t ion between the conduction electrons and the cobalt 

moment i s ferromagnetic, then the coupling between the cobalt and rare 

earth w i l l be ferromagnetic i n the l i g h t rare earths and antiferromagnetic 

i n the heavy rare earths. This i s borne out experimentally, so i t appears 

g~7 . 



t h a t a very reasonable q u a l i t a t i v e explanation of the magnetic behaviour 

of the unsu b s t i t u t e d ECo 2 and EFe ? compounds may be advanced on the basis 

of an i n d i r e c t p o l a r i s a t i o n i n t e r a c t i o n occurring between the rare earth 

and t r a n s i t i o n metal i o n s 0 We must now, however, take i n t o account the 

magnitudes of the moments measured experimentally* 

4„4 Values of Magnetic Moment 

As was mentioned i n Chapter One, considerable doubt e x i s t s about the 

moments c a r r i e d by both the rare e a r t h and cobalt (or i r o n ) ions i n the 

unsubstituted HCo 2 mid EFe^ compounds. I n general, previous views have 

been t h a t f i r s t l y , the moment on the rare earth i o n i s less than t h a t f o r 

the f r e e t r i p o s i t i v e lanthanon i o n , an e f f e c t a t t r i b u t e d by Skrabek and 

"Wallace to p a r t i a l quenching of the moment by t h e c r y s t a l f i e l d ; secondly, 

the t r a n s i t i o n metal moment as was mentioned i n Chapter One i s appreciably 

reduced, being zero f o r a l l RNip, M i p and M i compounds, varying from 

approximately Zero i n YCo^ t o about 3 ^ i n DyCo^, and having a value of 

about i - n the KFe 2 compounds. Many of these values have been 

obtained by e x t r a p o l a t i n g t h e lanthanon i o n moment from i t s RNig value t o 

e i t h e r the ECo^ or EFe,-, compounds, thus allowing an estimate t o be made 

of the magnitude of the t r a n s i t i o n metal i o n moment. The behaviour of the 

cobalt moment has been a t t r i b u t e d by Bleaney ( r e f 1:34 and 1.42) t o the 

presence of an induced moment p r o p o r t i o n a l to ( g T - l ) = (gT""^)« 
t) a 0 

1 .1 
Ms , where as i s discussed below Ms" i s the maximum moment allowed f o r the 
S J 
lanthanan i o n i n a cubic c r y s t a l f i e l d . 

Bleaney examined t h i s c r y s t a l f i e l d quenching model i n some d e t a i l 
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by considering the e f f e c t of the twelve nearest neighbour t r a n s i t i o n metal 

ions at a distance of 0.4Ui-6a , and the f o u r r a r e e a r t h ions at a distance 

of 0 , 4 3 3 & o » t r a n s i t i o n metal ions, while not being i n a cubic a r r a y , 

do g i v e r i s e t o a cubic p o t e n t i a l , while the f o u r lanthanon ions form a 

r e g u l a r tetrahedron. Bleaney then calculated the i n t e r a c t i o n energy of 

these neighbours w i t h the 4 f electrons of the i o n under consideration, and 

worked out the s p l i t t i n g of the onergy l e v e l s which would r e s u l t . 

The r e s u l t s obtained by Bleaney f o r the 'ROo^ compounds are shown i n 
1 

Table 2, where Ms' i s the maximum moment allowed f o r the lanthanon i o n i n 

a cubic c r y s t a l f i e l d where the exchange i n t e r a c t i o n energy between 

lanthanon and cobalt ions i s large compared w i t h the i n d i v i d u a l s p l i t t i n g s 
of the l o w - l y i n g energy s t a t e s , but i s not large compared w i t h the o v e r a l l 

1 
s p l i t t i n g . l i s then induces a moment on the t r a n s i t i o n metal i o n through 
an i n d i r e c t exchange i n t e r a c t i o n p r o p o r t i o n a l t o ( g T - l ) Ms. The e s t i -

S j 

mated moment f o r the t r a n s i t i o n metal shown i n the t a b l e i s obtained by 

Bleaney using t h i s expression and scaling from the moment of -2.6 magnetons 

ascribed t o a p a i r of cobalt ions i n GdCon. The r e s u l t a n t moment i s com-

pared, w i t h the moments observed by Skrabek and Wallace. As can be seen, 

agreement between c a l c u l a t e d and observed r e s u l t a n t moments i s quite good. 

The work of ̂ a x r e l l and Wallace ( r e f 1 . 3 9 ) on the magnetic p r o p e r t i e s 

of R M 2 and RGo2 compounds tends t o discount Bleaney's c r y s t a l f i e l d e f f e c t 

explanation f o r these compounds. I f Bleaney's estimates of the strength 

of the c r y s t a l f i e l d are c o r r e c t , there ought t o be s i g n i f i c a n t departures 

a t low temperatures from the Curie-Weiss behaviour e x h i b i t e d by the com-
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pounds, !l?arrell and Wallace set out t o detect any such d e v i a t i o n s . Their 

r e s u l t s tend t o show t h a t i n t h e M i ^ compounds the n i c k e l c a r r i e s no mom­

ent, although the ferromagnetic moments of the compounds are w e l l "below 

the moments of the respective f r e e t r i p o s i t i v e rare earth ions« 

A l l , of the MTig compounds, except Sm'Hig and the P a u l i paramagnets 

CeNi^ and YHi f o l l o w the Curie-Weiss lav/, and e x h i b i t e f f e c t i v e me.gnetic 

moments, i n the paramagnetic r e g i o n , which agree w e l l w i t h the f r e e i o n 

values. The anomalous behaviour o f SraNig i s ascribed by F a r r e l l and 

Wallace t o a c o n t r i b u t i o n from the f i r s t excited state of t r i p o s i t i v e 

samarium, w i t h J =7/2. The authors observe no'departure from Curie-Weiss 

behaviour i n those IMLg compounds, namely PrNi^ and TmNig, which from 

Bleaney's c a l c u l a t i o n s might be expected t o show the largest d e v i a t i o n s . 

For example, a d e v i a t i o n of 70JI- from the Curie-Weiss law i s p r e d i c t e d 

f o r PrNig a t 15°K, whereas the measured d e v i a t i o n i s zero. The authors 

state t h a t the c r y s t a l f i e l d i n t e r a c t i o n i n the SNi^ compounds i s much 

weaker than a n t i c i p a t e d by Bleaney, and i s without e f f e c t i n the paramag­

n e t i c regions above 15 °K. Their r e s u l t s show an appreciable quenching at 

4»2°K, however, and they conclude t h a t the onset o f quenching must take 

place between 4«2°K and 15 °K. They do not consider the p o s s i b i l i t y t h a t 

some e n t i r e l y d i f f e r e n t mechanism may be the cause of the low moments i n 

the ferromagnetic r e g i o n , 

F a r r e l l and Wallace e x p l a i n the r e s u l t s they obtain f o r the RCo0 

compounds o f the heavy rare e a r t h by assigning the f u l l moment of the f r e e 

t r i p o s i t i v e i o n t o the rare e a r t h component, and say t h a t t h i s i s a l i g n e d 

a n t i p a r a l l e l t o cobalt moments of about l ^ i ^ per cobalt atom. This i n t e r -

e\\. 



p r e t a t i o n i s i n good agreement w i t h the neutron d i f f r a c t i o n r e s u l t s 

published by Iv'oon et a l ( r e f 4.1), and i s consistent v/ith an i n d i r e c t 

exchange i n t e r a c t i o n , v i a the conduction electrons i n the m a t e r i a l s . The 

authors e x p l a i n the f a c t t h a t the rare earth moments i n the ROo^. compounds 

are higher than those i n the KMig compounds by concluding t h a t the c r y s t a l 

f i e l d quenching i s much smaller i n the IiCo 0 compounds. This i s said t o be 

due i n p a r t t o a strengthening of the molecular f i e l d s , r e s u l t i n g i n a more 

complete mixture of c r y s t a l f i e l d s tates, caused b a s i c a l l y by the presence 

of l o c a l i s e d moments a t the cobalt s i t e s . I n a d d i t i o n t o t h i s e f f e c t , the 

interato m i c distances i n the RGo compounds are greater than i n the 32Nin, 
2 ''• 

and t h i s , taken i n conjunction v/ith the shielded Coulomb p o t e n t i a l created 

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

of the c r y s t a l f i e l d on the o r b i t a l moments of the rare earth i o n s . 

From the r e s u l t s of F a r r e l l and Wallace, i t seems reasonable t o say 

t h a t t h e i r work suggests t h a t the treatment of Bleaney can, at best, give 

no more than a small c o r r e c t i o n term t o the f i n a l lanthanide moment i n 

the cobalt compounds. However, the problem of the magnitude of the mom­

ent c a r r i e d by the Co i o n i t s e l f i s s t i l l open t o question. The e x p e r i ­

mental values obtained by neutron d i f f r a c t i o n are probably no more 

accurate then 0«2^, end hence the proposal of Y/hllace and h i s co­

workers concerning e l e c t r o n t r a n s f e r from the ls.ntho.non t o the cobalt i o n , 

thus reducing the moment on the l a t t e r b y ~ O.̂ Up must remain open t o 

doubt, 

I n the sc r i e s o f compounds which we have examined both the gadolinium 

and y t t r i u m ions are 3 state ions (no o r b i t a l moment), aud consequently the 

http://ls.ntho.non


quenching model i s not applicable« I t i s t h e r e f o r e reasonable to assume 

t h a t the s a t u r a t i o n .moment per i o n on the G-d/Y s i t b l a t t i c e may be taken t o 

decrease l i n e a r l y f rom "Zu a t GdCo^ t o xero a t YCor,. The unknown 

"beliaviour of the cobalt s u b l a t t i c e i s then the predominant f a c t o r i n exam­

i n i n g any model t o account f o r t h e i r behaviour.. 

4 „ 5 Canted .Spin ,.'rx\aiy;ements 

I f one adopts the Yafet, K i t t e l and Lotgering (YKL) ( r e f 1 . 4 0 and 

4 . 5 ) theory of triangular* s p i n arrangements mentioned i n Chapter One, 

magnetisation versus temperature curves of the type shown i n t h i s t h e s i s 

f o r X > 0,33 are to be expected f o r a spin system i n which a t r i a n g u l a r 

axTangement of moments as shown i n f i g u r e 4 . 4 e x i s t s as a ground sto.te a t 

low temperatures, and changes t o an a n t i p a r a l l e l arrangement above some 

c h a r a c t e r i s t i c temperature © . However, the f i e l d dependence of CT\ ~cyx. 

shown i n f i g u r e 4 o 5 f o r G-d̂  ̂ Y^ ̂ Co^ i n d i c a t e s t h a t a t aero a p p l i e d f i e l d 

there i s no anomalous step i n the magnetisation versus temperature curve, 

and t h e r e f o r e an a n t i p a x ' a l l e l spin arrangement e x i s t s down t o zero temp­

erature when the ap p l i e d f i e l d i s below a c r i t i c a l value. I t appears, 

then, t h a t i f a t r i a n g u l a r s t a t e i s to occur at a l l i t must be induced by 
w i l l be £avo-4re<4 by 

the e x t e r n a l f i e l d , ccad frnmpmimm an ant i f erromagnetic coupling between the 

two cobalt s u b l a t t i c e s . That such a coup l i n g does i n f a c t e x i s t i s 

suggested by the magnetisation versus temperature r e s u l t s f o r YCo^ 

( r e f Pig 3 c l 5 ) > which shows a very d e f i n i t e maximum i n magnetisation a t 

190°K, I t must be remembered, however, t h a t t h i s i s the only measurement 

which does show ĈOr, a s being antiferromagnetic, so th a t i t would bo vase 

t o t r e a t i t w i t h some reserve. 
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That a c r i t i c a l f i e l d (H ) , above which a t r i a n g u l a r spin arrange-
c 

ment i s s t a b l e , can e x i s t may be shown by w r i t i n g down the expression f o r 

the i n t e r n a l f i e l d at a cobalt s i t e (say the Co^ site, 1) the cobalt being 

d i v i d e d i n t o ttyo s u b l a t t i c e s : 

where h ^ i s the f i e l d a t the Co^ s i t e 

n i s the molecular f i e l d c o e f f i c i e n t f o r the Gd-Co i n t e r a c t i o n 

n^ i s the molecular f i e l d c o e f f i c i e n t f o r the Co-Co i n t e r a c t i o n 

b^ i s the magnetisation vectox- of the Co-̂  s u b l a t t i c e 

H i s the applied magnetic f i e l d 

A =:^a^ = r e s u l t a n t magnetisation o f the lanthanon s u b l a t t i c e 

B = ^b.. = r e s u l t a n t magnetisation of and B 0 ( t r a n s i t i o n metal) 

s u b l a t t i c e s 

\l m U S " ; ^ c Para-'--,-e-1- 'fco a n ( i therefore-A +pB+\jt»ust be e i t h e r 

p a r a l l e l o r a n t i p a r a l l o l t o b^„ S i m i l a r l y , i f we w r i t e down the equation 

f o r the i n t e r n a l f i e l d on the second Co s u b l a t t i c e 

i t f o l l o w s t h a t h ^ 0 must be p a r a l l e l t o b ? , and therefore-A + pB +11 must 

be e i t h e r p a r a l l e l or a n t i p a r a l l e l t o bg. Thus, when b-j and b are not 

p a r a l l e l , then -nA - n $B + H ~. 0 (3) 

I f we use the n o t a t i o n shown i n f i g u r e 4.4, where <y = 90° represents the 

case of a n t i p a r a l l e l alignment, then 



B = -4b s i n ^ 

and A ~ 2a 

so t h a t i n scalar form, equation (3) he-comes 

-2na + Ajai^b s i n - ^ -fH = 0 

and t h e r e f o r e s i n ^ - c 1 o~~ - ~ ~ CH-^ 

Since we have already " b u i l t i n a s i t u a t i o n where there i s non-alignment 

of the two .cobalt s u b l a t t i c e s , then s i n ^ < \ . 

Thus the c r i t i c a l f i e l d , II. , w i l l be given by 
c 

"~ ^ t - \ 

and t h e r e f o r e H = 2^ (a-2pb)' (5) 

This s o l u t i o n bears a l l the q u a l i t a t i v e p r o p e r t i e s observed i n the 

behaviour of the compounds. For example from equation (4), as H increases 

s i n 1 ^ - decreases, th e r e f o r e experimentally, <r, increases as i s observed 

experimentally. This s o l u t i o n also t h e o r e t i c a l l y p r e d i c t s the existence 

of a c r i t i c a l f i e l d , which i s observed experimentally i n f i g u r e 4.5. As 

the a p p l i e d f i e l d I I i s increased, sin<^- must decrease, and th e r e f o r e °~\ ~cr'b. 

must increase, as i s observed experimentally ( r e f f i g 4.3). At even higher 

f i e l d s one would expect s i n ^ - = 0 (at a f i e l d I I - 2na), at which point 
•field 

the magnetic moment i n the d i r e c t i o n of the applied ̂ should be t h a t of the 

f r e e lanthanide moment. I t i s i n t e r e s t i n g t h a t , f o r Gd.Co2, the value of o\ 

corresponds to 3 . ^ per molecule at 8.4 Koe, which i s the value to be 

expected f o r a s t r a i g h t f o r w a r d a n t i p a r a l l e l s pin arrangement, w i t h the 



cobalt and gadolinium ions c a r r y i n g the f u l l value of t h e i r moment* The 

observed magnetisation f o r G-dCo,, (, o- ) corresponds t o a moment o f 

4.8u.g, which would be the moment observed f o r a t r i a n g u l a r spin arrange­

ment i n which \~was approximately 45°, a l l ions c a r r y i n g t h e i r f u l l 

moment. 

I t i s also o f i n t e r e s t t o note that. G i s not dependent upon the 
s 

strength of the a p p l i e d magnetic f i e l d , f o r any given compound. One might 

expect t h a t the value of Q would increase w i t h increasing magnetic f i e l d . 
s 

One possible explanation i s t h a t any one compound i s i n f a c t a mixture of 

compounds, and t h a t G i s the Curie temperature of one compound which has 
s 

a very high s a t u r a t i o n magnetisation ( g i v i n g the strong f i e l d dependence), 

so t h a t the observed curve i s a c t u a l l y the a d d i t i o n of the magnetisation 

curves of two or more separate compounds. This i s u n l i k e l y , however, since 

f i r s t l y , X-ray analysis of the compounds, though showing s l i g h t traces of 

cobalt and gadolinium, shows no traces of other simple compounds. Secondly, 
d i s s t r o n g l y dependent on X, which means t h a t f o r t h i s p r o p o s i t i o n to be s 
t r u e , each specimen must c o n t a i n a t least one compound which i s not con­

ta i n e d i n any other specimen. 

I t i s convenient a t t h i s p o i n t t o note t h a t one other possible 

explanation i s t h a t © g i s a c t u a l l y the Curie temperature of a G-d-G-d exchange 

i n t e r a c t i o n . I t i s of i n t e r e s t t o note t h a t there appears t o be a r e l a t i o n -

ship between G and X of the form 0 cs KXV, v.iiere K i s a constant. I t 
s s 

- 3 / 2 

f o l l o w s t h a t the k i n k temperature i s p r o p o r t i o n a l to d ' , where d i s the 

average distance between gadolinium atoms. I f we assume t h a t thermal energy 

= k d , we a r r i v e at the conclusion t h a t the energy o f exchange between the 



gadolinium atoms i n these compounds i s p r o p o r t i o n a l t o & 

I t i s possible t o o b t a i n on expression using the YKL approach f o r 

the magnetic moment; at absolute aero i n the f o l l o w i n g manner. The 

observed magnetisation at absolute zero, <rj , may be w r i t t e n as 

c r n » M. - 21,L s i n ' V 1 A B » 
where and are the scalar magnetisations of the rare e a r t h and cobalt 

s u b l a t t i c e s r e s p e c t i v e l y . 

Then • n ~ ^ 

since M̂ . ̂  2a and = 4b, i n scalar q u a n t i t i e s . 

Therefore r . \ \ . u 

Henoe the observed magnetic moment per molecule (iri ) i s given by 

where j» i s the e f f e c t i v e number of Bohr magnetons associated w i t h the 

gadolinium i o n , t a k i n g i n t o account the concentration of G-d i n any given 

compound. Since both mQ and H can be obtained f o r those compounds, where 

X>0.33, i t i s possible t o evaluate n and p. I n the case of X = 0.6, the 

r e s u l t s give n VjOO, aM p~0.5. I t must be emphasised t h a t these 

f i g u r e s can only be taken as an order of magnitude c a l c u l a t i o n , because 



of the l a r g e possible e r r o r s i n v o l v e d . However the value- of H obtained " •• o 
by s u b s t i t u t i n g numbers f o r n and ^ i n equation 5 c e r t a i n l y give something 

l i k e the r i g h t order of magnitudes. . 

I t appears t h a t the theory of t r i a n g u l a r spin c o n f i g u r a t i o n s , as 

proposed by Yafet and K i t t e l ( r e f 4.5) and Letgering ( r e f 1.40) provides 

a very reasonable explanation f o r the magnetic phenomena observed i n the 

Gd Y- Co compounds. Moon et a l '(ref 4.1) have however found no t r a c t of 

t r i a n g u l a r spin configurations i n the unsubstituted RCo compounds i n 

t h e i r neutron d i f f r a c t i o n work. This i s not, of course, s u r p r i s i n g , 

since i t has been shown i n t h i s t h e s i s t h a t such a c o n f i g u r a t i o n i s only 

set up i f the a p p l i e d magnetic f i e l d i s above a c e r t a i n l e v e l . There i s 

no evidence to i n d i c a t e t h a t the neutron d i f f r a c t i o n measurements c a r r i e d 

out on the JlCOg compounds involved the a p p l i c a t i o n of an e x t e r n a l magnetic 

f i e l d t o the specimens under in v e s t i g a t i o n s . . 

4.6 C o l l e c t i v e E l e c t r o n Theory; 

I n a paper yet t o be published, Piercy and Taylor ( r e f 4.6) discuss 

the r e s u l t s they o b t a i n f o r the compounds Dy Y_ ??e? i n terms of a o o l l e c -

t i v e e l e c t r o n model f o r t h e s-d electrons associated w i t h the i r o n i o n . 

Their r e s u l t s show t h a t a minimum' occurs i n the i n f i n i t e f i e l d , 0°E 

magnetic moment per molecule versus dysprosium concentration curve at a 

value f o r X of a p p r o p r i a t e l y 0.28. The c o e r c i v i t y also has a maximum value 

i n t h i s r e g i o n , and has a value i n excess of 10 iroe at X = O.35 a t 4.2°K.. 

Piercy and Taylor show t h a t the i r o n moment must change i n a non-linear 

manner through the s e r i e s , '.'hey suggest t h a t a c o l l e c t i v e e l e c t r o n model 

r e a d i l y explains the r e q u i r e d v a r i a t i o n of the i r o n moment, which must have 



a constant value of about 1 . 1 ^ f o r 0.3>X>0, and then increases more or 

-less l i n e a r l y t o a value of about 2.2 ^ a t X - 1. They suggest t h a t the 

constant i r o n moment at low X values occurs because the Fermi l e v e l i s 

locked at a minimum of the density of states curve. V i t h increasing 

dysprosium concentration the exchange energy increases, and oau.ses the 

Fortt i l e v e l t o move through the minimum, so t h a t the i r o n moment increases. 

The r e s u l t s which they o b t a i n respond q u i t e v/ell t o t h i s treatment, as do 

p r e v i o u s l y published r e s u l t s on RFe 0 compounds. This would suggest t h a t 

the r e s u l t s presented i n t h i s t h e s i s f o r ' t h e G-d Y, vCo„ compounds might 

respond w e l l to a s i m i l a r model, but such a wo d e l must await the develop­

ment of a t h e o r e t i c a l treatment of the exchange between the l o c a l i s e d rare 

e a r t h moment and the c o l l e c t i v e e l e c t r o n t r a n s i t i o n metal moment, 

For any such model t o work, however, there must be an exchange i n t e r ­

a c t i o n i n t h e m a t e r i a l s between the lanthamon and the cobalt e l e c t r o n s . 

Consequently, any s p l i t t i n g of the cobalt Fermi l e v e l s must be p r o p o r t i o n a l 

t o the strength of the exchange i n t e r a c t i o n , which i n t u r n i s p r o p o r t i o n a l 

t o the Curie temperature. Thus, the magnetic moment of the cobalt i n these 

compounds must be dependent upon the Curie temperature, and f i g u r e 4.6 

shows^- Q Oi "the estimated magnetic moment of the cobalt at 0°K, p l o t t e d 

against t h e paramagnetic Curie temperature. 

I am indebted t o Kessrs. F i e r c y and Taylor f o r b r i n g i n g t h e i r work t o 

my notice p r i o r t o p u b l i c a t i o n . 

Since the completion of t h i s work, Leraaire and Schweiuer ( r e f 4.7) 

have published t h e i r magnetic measurements on G-d Y ,.Co compounds. Their 
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r e s u l t s show t h a t YCo^ i s paramagnetic, and t h i s might suggest t h a t not 

only the ant i f erromagnetism of YCo^ reported i n t h i s t h e s i s , but also the 

anomaly i n the magnetisation versus temperature curves may be due t o the 

presence of gadolinium or cobalt metal p a r t i c l e s as an i m p u r i t y , or 

po s s i b l y t h a t the e f f e c t i s enhanced by i m p u r i t i e s . Pince the r e s u l t s 

agree so c l o s e l y at 0°K, however, i t i s surprising t h a t the e f f e c t appears 

t o be t o lower the magnetisation t e m p o r a r i l y at Q , the e f f e c t disappear-
S 

ing q u i t e q u i c k l y at e i t h e r side of t h i s temperature. 

Lemaire and Schweizer's r e s u l t s do show the presence of an anomaly 

i n the high gadolinium concentration a l l o y s , however, but they are much 

less noticeable than i n the present work. The presence of the anomaly i s 

amply borne out by the p r e v i o u s l y mentioned r e s u l t s of Ross and Grangle and 

I'Varrell and 7/allace, however, so t h e r e i s l i t t l e doubt that, i t does i n f a c t 

e x i s t . 

Lemaire and Schweiaer conclude t h a t the magnetic s t r u c t u r e of the 

Gd Yn Go 9 compounds i s one of a n t i p a r a l l e l alignment between the gadolinium 

and cobalt moments, and t h a t the cobalt moment values depend on the strength 

of the i n t e r a c t i o n w i t h the gadolinium moments, and on the concentration of 

gadolinium. 

Though Lemaire and Schweizer's r e s u l t s tend to show that the cobalt 

moment i s reduced i n these compounds, i t must be pointed out that this 

reduction would not of i t s e l f preclude the existence of triangular spin 

configurations, with a smaller deviation from true antiparallelism. 

\0% 
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CHAPTER 5 

SUMMARY 

The magnetic p r o p e r t i e s of the s u b s t i t u t e d compounds of the fo rm 

G-d Y, Co., have been shown i n t h i s t h e s i s t o have an anomalous f e a t u r e , 
x 1-x 2 

which takes the form of a k i n k i n the magnet isa t ion versus temperature 

graphs, a t l eas t f o r those compounds f o r which X i s g rea te r than 0 .33» 

The r e s u l t s have been examined i n the l i g h t o f models which have been p r o ­

posed by previous workers t o e x p l a i n the magnetic p r o p e r t i e s of s i m i l a r 

u n s u b s t i t u t e d compounds. A model due t o Bleaney which takes i n t o account 

the e f f e c t s o f c r y s t a l f i e l d s on the o r b i t a l moments o f the lantha.nide ions 

has been shown to have, i n a l l p r o b a b i l i t y , l i t t l e e f f e c t on the moments 

of these compounds. Secondly, a model due to P iercy and Taylor which 

suggests t h a t the magnetic phenomena observed i n t i l l s type o f compound 

might be expla ined i n terms o f an exchange between the lanthanon moment and 

a c o l l e c t i v e e l e c t r o n band of the coba l t has been b r i e f l y mentioned. 

Though t h i s model has not been a p p l i e d as yet to these compounds, i t seems 

poss ib le t h a t such a theo ry might e x p l a i n the observed phenomena. 

The f i n a l model, adapted f r o m work by Yafe t , K i t t e l and' L o t g e r i n g , 

seems t o provide a v e r y reasonable bas is f o r exp l a in ing a l l the magnetic 

p r o p e r t i e s o f these compounds presented i n t h i s t h e s i s , i n c l u d i n g : 

a) The decrease o f low temperature magnetic moment w i t h 

decreasing gadol in ium con ten t . 

b ) The presence of a k i n k anomaly i n the magnet isat ion versus 

temperature curves f o r those compounds w i t h X > 0.33• 



c ) The f a c t t h a t the k i n k anomaly only occurs when the 

a p p l i e d f i e l d i s above a c e r t a i n c r i t i c a l value . 

d) The an t i f e r romagne t i c behaviour o f YOo^. 

This model (YKL model) p r e d i c t s a f e r r i m a g n e t i c behaviour f rom the 

o rde r ing temperature down to a c h a r a c t e r i s t i c c r i t i c a l temperature, f o l l o w e d 

by the s e t t i n g up o f a t r i a n g u l a r s p i n arrangement, p rovided the a p p l i e d 

f i e l d i s above a c r i t i c a l va lue , i n which the moment of the gadol inium sub-

l a t t i c e i s p a r a l l e l t o the a p p l i e d f i e l d , and two coba l t s u b l a t t i c e s are 

a n t i p a r a l l e l , but t i l t e d a t an angle , thus forming a t r i a n g u l a r arrange­

ment „ 

The r e s o l u t i o n o f the arrangement o f the moments i n the .̂COg and 

We2 compounds, as w e l l as the arrangements i n the G-d Y j Co^ compounds, 

must await f u t u r e work, which should f o l l o w three main l i n e s o f i n q u i r y . 

F i r s t l y , h i g h f i e l d measurements should be ca r r i ed out t o ob t a in a more 

nea r ly t r u e s a t u r a t i o n . Secondly, neut ron d i f f r a c t i o n work i n v o l v i n g the 

a p p l i c a t i o n o f v a r i a b l e magnetic f i e l d s t o the s ing le c r y s t a l s should be 

c a r r i e d out t o determine the sp in arrangements. F i n a l l y , s ingle c r y s t a l 

magnetic measurements must be c a r r i e d out t o determine the an iso t ropy 

constants o f these m a t e r i a l s . 

No mention has boon made i n t h i s work of the apparent anomalies which 

e x i s t i n the e levated temperature regions o f the magnet isat ion versus 

temperature curves, afc. low magnet i sa t ion values , since i t i s f e l t t ha t 

those anomalies are almost c e r t a i n t y due t o the presence o f i m p u r i t i e s , and 

as such, should be t o t a l l y d i s regarded . 

\ O b . 



ACKMOWLEDGEMEMS. 

I would l i k e to express my grateful thanks to Professor 

G. D. Rochester, head of the Physic© Department, to my supervisor, 

Dr. K. N. R. Taylor, and to the workshop and other' s t a f f of the Physics 

Department, Durham University, for t h e i r help to me during my three years 

of research work at Durham.. Thanks are especially due to Dr. Taylor and 

Mr. Piercy, of Durham., for bringing to my notice t h e i r work on Dy ^ i _ x ^ e 2 
x 

oompounds. 

I am grateful to Dr. J . Crangle, of the Physics Department, Sheffield 

University, not only f o r making available to me an argon arc furnace, 

hut for preparing the specimens used i n t h i s work. 

Mrs. H. Chapman and Mrs. E. Cleminson typed the s c r i p t of t h i s 

work, for which I am extremely grateful. 

This work was carried out during my tenure of a research grant 

from the Department of S c i e n t i f i c and Ind u s t r i a l Research, as i t then was. 



J U L Hund, Z, Bhys ik , 33, 855, (1925) 

U j ! Vc.nV3.eok and Krank, Phys. Rev. 34, 1494, 1625, (1929) 

1 ^ Ruderman and K i t t e l , Phys. Rev. 9.6, 1, 99, (1954) 

JL4. Yosida , Fhys. Rev. 106, 893, (1957) 

1£ Kasuya, "Prog, Theor. Phys. 16, 58, (1956) 

1.6 Be G-ennes, J . Phys. Rad. 23, (1962) 

U j . Anderson, Phys. Rev. 124, 41, (196l) 

U 8 Yosh i inor i , ,T. Ploys. Soc. Japan 14, 807, (I959) 

U9. V i l l a i n , Chem. Phys. Sol ids 11, 303, (1959) 

1.10 Kaplan, Phys. Rev. 116, 888, (1959) 

U L 1 Kiwa and Yosida, Prog. Theor . Phys. 26, 693, (19S1; 

1 0 2 Dekker, J . A p p l . P h y S o 36, 906, (1965) 

U L £ T U l i o t t and Yfedgvrood, Proc. Phys. Soc. 81 , 846, (1963) 

1 J 4 freeman and Y/atson, Phys. Rev. L e t t s 14, 695, (1965) 

l j j l ^ Overhauser and Sterns , Phys. Rev. Le t t s 13, 316, (I964) 

3^16 Yosida and Yfetabe, Prog . Theor. Phys. 28, 361, (I962) 

U T £ Be G-ennes and St James, S o l i d State Commun. 1, 62, (1963; 

U L 8 Overhauser, J . A p p l . Phys. Suppl 34, 1019, (I963); Phys Rev 128, 

1437, (1962) 

l O g Mackintosh, Phys. Rev. L e t t s 9, 90, (1962) 

l j 2 0 Kiwa, Prog. Theor. Phys. 28, 208, (1962) 

l g g l E l l i o t t and Yfedgwood, Pi-oc-Phys. Soc. 81 , 846, (1963);'04, 63, (1964) 

U J 2 Hiv/a, Proc . I n t e r . Conf . Magnetism, Nottingham, I964 . 

>08 

http://Vc.nV3.eok


h£k Vexby and T a y l o r , J . A p p l , Phys. 37, 1442, (1966) 

lj22j. Gschneidnor, "Hare Ear th A l l o y " . Van ITostrand ( I 9 6 I ) 

1 » 2 5 Spedding and Daane, "The Rare E a r t h s " . Yftley (1961) 

1^26 Boaor th , J . A p p l . phys, 38, 3, 1366, ( 1 9 6 7 ) 

1^22 Koehler , J . A p p l . Phys. 36, 1 0 7 8 , ( 1 9 6 5 ) 

1^28 De Gennes, Gompt. Rend, 247, I 8 3 6 , ( 1 9 5 8 ) 

jUgg Ta ik inson e t a l , J . Phys. Soc. Japan 17, Suppl . B i l l , 32, (1962) 

V/i lk lnson et a l , J» A p p l . Phys. 31, 3585, (1960) 

1*30 Pauthonet, Compt. Ilond. 243, 1737, (1956) 

1 > } 1 Ma t th i a s , Bozor th and Van Y l e c k , Phys. Rev. L e t t s 7, 160, (1961) 

1^2 Shirane and P i c k a r t , J . A p p l . Phys 37, 1032, (1966) 

1^2 N e s b i t t et a l , J . A p p l , Phys.-33, 5, 1 6 7 4 , (1962); 30, 365, (1959) 

hOk Dleaney, Proc . Roy. Soo. 276A, 19 and 26, ( 1 9 6 3 ) 

Sleaney, Proc. Roy. Soo. 82, 469, (1963) 

L £ 2 Abrahams et a l , J . Phys. Cheia. S o l i d s , 25, IO69, (X964) 

1^6 Skrabek and Wallace, J . A p p l . Phys. 34, 1356, ( I 9 6 3 ) 

1 « 3 7 Bozor th e t a l , Phys. Rev. I I 5 , 1 5 9 9 , ( 1 9 5 9 ) 

i s l § R o s s ana Crangle , Phys. Rev. 133, A509, (1964) 

Crangle and Ross, Proc. I n t e r n a t i o n a l Conference on Ifegnetism, 240, 

( 1 9 6 4 ) 

1,^2 ^ a . r r e l l and W a l l a c e , I n o r g . Chew. 5, 105, ( 1 9 6 6 ) 

MP. leering, P h i l l i p s l i es . Repts . 1 1 , 1 9 0 , 337, ( 1 9 5 6 J 

! A 1 Wallace and Skrabek, "HPre Ear th Research", V o l I I , 

Gordon ond Breach, New York, 1962,., page 431 et seq. 

h!£ Blemaey, "Rare E a r t h Research", page 499 e t seq. 



2.1 I^oner, Rev. S c i . I n s t . 30, 7, 540, (5-959) 

2_»2 Hutchinson, H i . D . Thesis , Durham U n i v e r s i t y , I9SS 

2.3, See, f o r exaraple, "Ferroma-netism" by Bo 550x4; h. Van No s t rand , (1951) 
2.4 "Physical and Chemical Constants." Longmans. Green and Co, 

£7gT Schuster, Rev, S c i . ' I n s t . 22, 254-, (195-0 

,3.1 Ve rn ick and G-eller, Trans . ABIE 218, 806, (I960) 

j ^ g Vfeiss and Porrer , Ann. Phys. ( P a r i s ) , 12, 297, (1929) 

4 J . Moon e t a l J , A p p l . Phys, 36, 978, (I965) 

4^2 Peter, J . A p p l . Phys. 32, 3 3 8 S , (1961) 

4 ^ Jacearino e t a l , Phys. Rev. L e t t s . 5, 251, (1960) 

Jacoarano, i b i d , 32, 102S, (1961) 

4 ^ Yafe t and K i t t e l , Phys, ftev. 07, 2.90, (1952) 

4.6 P ie rcy and Tay lor , p r i v a t e communication, t o be pub l i shed . 

4 .2 Lemaire and Schweizer, Phys. L e t t s . 21, 4, 366, (I966) 


