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ABSTRACT 

Neutron s c a t t e r i n g and s u s c e p t i b i l i t y measurements 

as a fu n c t i o n of temperature are reported on a l l o y s 

between the l i g h t r a r e e a r t h s Pr and Nd and the heavy 

r a r e e a r t h s Tb, Dy and Ho over the e n t i r e composition 

range. I t i s c l e a r from the r e s u l t s t h a t the a l l o y s 

form three d i s t i n c t c r y s t a l l o g r a p h i c and magnetic 

phases dependent upon composition. 

The heavy r a r e e a r t h r i c h a l l o y s remain i n the 

h.c.p. phase l i k e the parent heavy r a r e e a r t h metal 

and the magnetic p r o p e r t i e s are e s s e n t i a l l y those of a 

magnetic d i l u t i o n system. The ordering temperatures 
2 

are shown to f o l l o w a power law w i t h reduced de 

Gennes funct i o n i n conation with many other r a r e e a r t h 

a l l o y systems. 

A l l o y s c o n t a i n i n g approximately equal proportions 

of l i g h t and heavy r a r e e a r t h metals adopt the complicated 

3m. s t r u c t u r e and, as a r e s u l t , d i s p l a y a complex magnetic 

s t r u c t u r e . 

The l i g h t r a r e e a r t h r i c h a l l o y s d i s p l a y the d.h.c.p. 

c r y s t a l l o g r a p h i c s t r u c t u r e l i k e Pr and Nd. The magnetic 

p r o p e r t i e s of the f err i i n a g n e t i c d.h.c.p. a l l o y s are 

accounted f o r i n terms of a two s u b l a t t i c e model of 

magnetism. 
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PREFACE 

I n the two decades s i n c e r e l a t i v e l y pure r a r e 

e a r t h metals became a v a i l a b l e , the magnetic p r o p e r t i e s 

of the metals, t h e i r compounds and some of t h e i r a l l o y s 

have been studied i n d e t a i l . However, the complicated 

magnetic s t r u c t u r e s of the r a r e e a r t h metals would 

doubtless have remained unsolved u n t i l much more r e c e n t l y 

had i t not been for the advent of n u c l e a r s c a t t e r i n g 

techniques, made p o s s i b l e by the c o n s t r u c t i o n of high 

f l u x n u c l e a r r e a c t o r s a t about the same time. Neutron 

s c a t t e r i n g experiments on pure s i n g l e c r y s t a l s have now 

r e s u l t e d i n the unique determination of the magnetic 

s t r u c t u r e s of a l l the r a r e e a r t h metals. 

The fourteen chem i c a l l y s i m i l a r r a r e e a r t h elements 

d i s p l a y a d i v e r s i t y of magnetic p r o p e r t i e s . Gd and 

a t low temperatures, Tb, Dy and Ho are ferromagnetic, 

whereas Pr and Nd are only weakly magnetic even a t 4.2K. 

The present study was undertaken i n an e f f o r t to promote 

magnetic ordering i n the l i g h t r a r e e a r t h metals Pr and 

Nd by a l l o y i n g each of them i n t u r n with the s t r o n g l y 

magnetic heavy r a r e e a r t h elements Tb, Dy and Ho. Gd 

was omitted from the study s i n c e the n a t u r a l l y o c c u r r i n g , 

and thus r e a d i l y obtainable isotope i s an almost p e r f e c t 

absorber f o r thermal neutrons and i t would not be p o s s i b l e 

t o study the magnetic s t r u c t u r e of t h i s a l l o y by neutron 

s c a t t e r i n g . The i n v e s t i g a t i o n was extended to cover the 
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complete composition range of the s i x a l l o y systems i n 

10% composition steps a c r o s s the s e r i e s . I n doing t h i s 

i t was not p o s s i b l e to make neutron s c a t t e r i n g measurements 

on every sample, but only on r e p r e s e n t a t i v e samples, due 

to the s i z e and thus c o s t of the neutron s c a t t e r i n g samples 

and the r e l a t i v e l y s h ort time a l l o t t e d to each i n v e s t i g a t o r 

on the neutron s c a t t e r i n g apparatus. 

The r e s u l t s from the neutron s c a t t e r i n g and s u s c e p t i b i l i t y 

v s . temperature measurements on the light-heavy r a r e e a r t h 

a l l o y s obtained i n the course of t h i s i n v e s t i g a t i o n are 

presented i n t h i s t h e s i s . 

I n the f i r s t chapter the magnetic and s t r u c t u r a l 

p r o p e r t i e s of the r a r e e a r t h metals and t h e i r a l l o y s are 

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

i s presented i n Chapter 2, extended to provide a foundation 

for the d i s c u s s i o n of the magnetic p r o p e r t i e s of the l i g h t -

heavy r a r e e a r t h a l l o y s . The b a s i c equations necessary 

for the i n t e r p r e t a t i o n of the neutron d i f f r a c t i o n data 

are d e rived i n Chapter 3, and the experimental techniques 

and the experimental r e s u l t s are the s u b j e c t of Chapters 4 

and 5, r e s p e c t i v e l y . The r e s u l t s are d i s c u s s e d i n 

Chapter 6, i n the context of the theory presented i n 

Chapter 2, and the c o n c l u s i o n s and suggestions f o r f u r t h e r 

work form the contents of Chapter 7. 



ERPATA 

p.46 L a s t sentence to read "Assuming t h a t the e l e c t r o n s 

a r e a f r e e gas, e t c . 

p.84 L i n e 3 f o r " c r y s t a l l o g r a p h i c " read " c a r t e s i a n " 

p.118 L i n e 19 f o r "nuclear peaks" read "magnetic 

c o n t r i b u t i o n a t the nu c l e a r peak p o s i t i o n s " 

p.204 L i n e 7 f o r " t o t a l angular momentum" read 

" t o t a l angular momentum quantum number" 



CHAPTER 1 

INTRODUCTION 

1.1 ELECTRONIC STRUCTURE OF THE RARE EARTHS 

The 15 elements of the lanthanide group (Z = 57 to 

Z = 71) are so chemical l y a l i k e t h a t a f t e r Lanthanum 

i t s e l f , the other 14 occupy only one e n t r y i n the 

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

e l e c t r o n i c s t r u c t u r e s . Lanthanum has a Xenon core 

( I s 2 2 s 2 2p 6 3 s 2 3p 6 3 d 1 0 4 s 2 4p 6 4 d 1 0 5 s 2 5p 6) plus 

4f° 5d* 6 s 2 e l e c t r o n s . Proceeding to the next element, 

Cerium, on i n c r e a s i n g the n u c l e a r charge the a d d i t i o n a l 

e x t r a - n u c l e a r e l e c t r o n f i n d s i t e n e r g e t i c a l l y more 

favourable to occupy the 4f l e v e l r a t h e r than the 5d 

l e v e l . The other r a r e e a r t h metals are then crea t e d by 

the s e q u e n t i a l f i l l i n g of the 14 v a c a n c i e s i n the 4f 

s h e l l . 

The 4f s h e l l i s both e n e r g e t i c a l l y , as w e l l as 

s p a t i a l l y , b u r i e d below the 5s, 5p, 5d and 6s l e v e l s , 

(Taylor & Darby 1972). There are two main consequences 

of the s i z e of the 4f s h e l l . F i r s t l y , the i n c r e a s e d 

nuclear charge across the lanthanide s e r i e s i s not f u l l y 

screened and a l l the e l e c t r o n s are i n c r e a s i n g l y t i g h t l y 

bound. The subsequent decrease i n i o n i c r a d i u s w i t h 

i n c r e a s i n g atomic number i s known as the lanthanide 

c o n t r a c t i o n . Secondly, the 4f e l e c t r o n s are screened 
2 6 

from the l o c a l environment by the 5s and 5p e l e c t r o n s 

and, as a r e s u l t , the magnetic p r o p e r t i e s of the ion i n 
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a host l a t t i c e are almost the same as the f r e e ion and a 

l o c a l i s e d magnetic moment a r i s e s (see S e c t i o n 1.3). 

The more s t a b l e h a l f - f u l l .and f u l l 4f s h e l l i o n i c 

c o n f i g u r a t i o n s are reached by n a t u r a l progression a t 

Gadolinium and Lutecium, r e s p e c t i v e l y . The elements 

preceding these two, Europium, 4 f 6 , and Ytterbium, 

4 f * \ a l s o achieve a 4 f 7 and 4f"^ c o n f i g u r a t i o n by 

demoting t h e i r 5d e l e c t r o n to the 4f s h e l l . On e n t e r i n g 

the m e t a l l i c s t a t e the r a r e e a r t h s l o s e t h e i r outer 

e l e c t r o n s to the valence band to become t r i p o s i t i v e i o n s . 

I n the case of Eu and Yb, though, the elements become 

d i v a l e n t ions i n the m e t a l l i c s t a t e . 

The elements Scandium (Z = 21) and Yttri u m (Z = 39) 

are sometimes considered as r a r e e a r t h s because they 

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

1.2 CRYSTAL STRUCTURE AND ALLOYING 

The r a r e e a r t h s e x h i b i t a l l the normal m e t a l l i c 

c r y s t a l s t r u c t u r e s b . c . c , f . c . c , and h.c.p. as w e l l as 

d.h.c.p. and Sm s t r u c t u r e s . The seven elements La to Eu 

are known as the l i g h t r a r e e a r t h s w h i l s t the r e s t are 

c a l l e d the heavy r a r e e a r t h s . Amongst the l i g h t r a r e 

e a r t h s La, Pr and Nd e x h i b i t the d.h.c.p. phase a t room 

temperature, while Ce has a f . c . c . s t r u c t u r e and Eu a 

b.c.c. s t r u c t u r e . The room temperature s t r u c t u r e of Pm 

was reported r e c e n t l y by Palmer and C h i k a l l e (1971) to be 

d.h.c.p. Ce shows the formation of a d.h.c.p. phase a t 260K 

which transforms to a more complex mixed f . c . c . and d.h.c.p. 
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phase below 100K (Gschneidner 1961). Sm has a 

complicated nine l a y e r s t r u c t u r e which i s xinique to t h i s 

element T (Daane e t a l 1954). The heavy r a r e e a r t h s , 

together with Y and S c f e x h i b i t the hep s t r u c t u r e a t room 

temperature. A schematic r e p r e s e n t a t i o n of the f . c . c , 

h.c.p., d.h.c.p* and Sm s t r u c t u r e s i s shown i n F i g . 1.1. 

As i n d i c a t e d i n the f i g u r e these s t r u c t u r e s may be 

viewed i n terms of the s t a c k i n g of three b a s i c l a y e r s , 

A, B and C. The s t a c k i n g sequences are then, 

h.c.p. : A B A B - . S m : ABABCBCAC....; 

d.h.c.p. : ABAC....; f . c . c . : ABCABC... 

Denoting ions which have a cub i c n e a r e s t 

neighbour environment by c and those which have hexagonal 

s i t e symmetry by h, the s t a c k i n g sequences become: 

h.c.p. : hhhh....; Sm : hhchhchhc....; 

d.h.c.p. : i i c h c . . . . ; f . c . c . : c c c c . . . 

From La to Lu then, the room temperature c r y s t a l 

s t r u c t u r e s of the metals show an i n c r e a s i n g proportion 

of the hexagonal phase. Eu and Yb do not fol l o w t h i s 

general trend as they are d i v a l e n t ions i n the m e t a l l i c 

s t a t e . The b.c.c. c r y s t a l s t r u c t u r e i s the high 

temperature phase f o r a l l the r a r e e a r t h s except E r , 

Th and Lu. 

The room temperature c r y s t a l s t r u c t u r e s of the 

ra r e e a r t h metals are r e t a i n e d to 4.2K with the 

exception of Dy. At 85K, a t the onset of ferromagnetic 

ordering, the c r y s t a l s t r u c t u r e spontaneously d i s t o r t s 
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d. h.c.p * Sm 

FIG. 1.1 Schematic r e p r e s e n t a t i o n of 
f . c . c , h.c.p./ d.h.c.p., and 
Sm. s t r u c t u r e s showing s t a c k i n g 
sequence of l a y e r s . 
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from hep to orthorhombic r e l i e v i n g the s t r e s s e s r e s u l t i n g 

from the magnetic t r a n s i t i o n ( D a r n e l l e t a l 1963) 

(see S e c t i o n 2.6). 

Recently Johansson e t a l (1975) have constructed 

a g e n e r a l i s e d phase diagram for the r a r e e a r t h elements 

which accounts q u a l i t a t i v e l y f o r the trend i n c r y s t a l 

s t r u c t u r e . They a l s o point out t h a t the same s t r u c t u r e 

sequence, h.c.p. •+ Sm -»• d.h.c.p. ->• f . c . c . i s followed 

by a l l the i n d i v i d u a l elements under the i n f l u e n c e of 

l a r g e a p p l i e d p r e s s u r e s and they s u c c e s s f u l l y e x p l a i n 

t h i s trend too. 

The r a t i o of the a x i a l and b a s a l plane l a t t i c e 

parameters of the r a r e e a r t h s , 'c' and 'a* r e s p e c t i v e l y , 

a l s o v a r i e s uniformly a c r o s s the s e r i e s . I n the heavy 

r a r e e a r t h s the c/a r a t i o v a r i e s between 1.59 and 1.57 

from Gd to Lu. For comparison purposes the a x i a l r a t i o 

of the Sm s t r u c t u r e i s d i v i d e d by 4.5 and the a x i a l 

r a t i o of the dhep s t r u c t u r e by 2 to reduce them both to 

an e f f e c t i v e two l a y e r s t r u c t u r e . The a x i a l r a t i o s of 

the l i g h t r a r e e a r t h s from La to Pm are approximately 

1.61, which i s c l o s e to the t h e o r e t i c a l value of 1.63 

f o r the c l o s e s t packing of spheres. The a x i a l r a t i o of 

Sm i s 1.602 (Taylor 1970). 

The r a r e e a r t h s w i t h the exception of Eu and Yb are 

e x t e n s i v e l y s o l u b l e i n one another and i n Sc and Y 

according to the Hume-Rothery c r i t e r i a (Hume-Rothery 1939, 

Gschneidner 1961). By a l l o y i n g l i g h t r a r e e a r t h s with 
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heavy r a r e e a r t h s , s t r u c t u r e s are obtained which are 

intermediate between those of the component elements. 

The c r y s t a l s t r u c t u r e of an a l l o y can be i d e n t i f i e d with 

i t s e f f e c t i v e atomic number ( H a r r i s e t a l 1969). The 

e f f e c t i v e atomic number Z* i s defined as 

Z* = x Z A + (1 - x) Z B 

where x i s the f r a c t i o n a l c o n c e n t r a t i o n of the component 

with atomic number Z A and Z Q i s the atomic number of the 

other a l l o y c o n s t i t u e n t . A s y s t e m a t i c study of i n t r a — 

r a r e e a r t h a l l o y s was made by Spedding (1962) . His phase 

diagram for the a l l o y i n g of La w i t h Gd ( F i g 1.2) i s 

t y p i c a l f o r a l l o y s formed between dhcp and hep r a r e e a r t h 

metals (Nachman e t a l 1963). From the f i g u r e i t i s 

c l e a r t h a t on the a d d i t i o n of Gd ( i n c r e a s i n g hep content) 

the dhcp s t r u c t u r e becomes unst a b l e , transforming to 

the Sm s t r u c t u r e a t approximately 60 atomic % Gd. The 

Sm phase i s only s t a b l e over a narrow con c e n t r a t i o n 

range and i n turn transforms to the hep phase. 

The high temperature f . c . c . phase becomes i n c r e a s i n g l y 

l e s s s t a b l e w i t h r e s p e c t to the dhcp phase and f i n a l l y 

disappears f o r concentrations g r e a t e r than approximately 

20 a t % Gd. 

1.3 MAGNETIC PROPERTIES AND MAGNETIC-STRUCTURE OF THE 
" RARE EARTH ELEMENTS. 

The magnetic moment of a r a r e e a r t h i o n r e s i d e s i n 

i t s u n f i l l e d 4f s h e l l . The i o n i c s p i n angular momentum, 
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FIG. 1.2 Phase Diagram f o r La-Gd system 
( a f t e r Spedding 1962). 
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_S, and the o r b i t a l angular momentum _L may be c a l c u l a t e d 

using Hund's Rule and P a u l i ' s p r i n c i p l e and then the 

t o t a l angular momentum J may be c a l c u l a t e d using 

Russell-Saunders' coupling. For a l e s s than h a l f f u l l 

4f s h e l l the o r b i t a l and angular momenta couple a n t i -

p a r a l l e l i . e . J = L - S and f o r a more than h a l f f u l l 

4f s h e l l they couple p a r a l l e l i . e . J = L + S. The 

observed paramagnetic moments i n the r a r e e a r t h s a l t s 

and indeed i n the r a r e e a r t h metals, agree w e l l with the 

t h e o r e t i c a l value of g j u f i / J ( J + 1) f o r the magnetic 

moment of the ground s t a t e c f a system of n o n - i n t e r a c t i n g 

ions, (see Table 1.1), where g j i s the Lande s p l i t t i n g 

f a c t o r and u B i s the Bohr magneton. The discrepancy 

between the observed and p r e d i c t e d moment va l u e s f o r Sm 

and Eu can be understood i n terms of Van Vleck's 

p o s t u l a t e of the admixture of higher e l e c t r o n i c l e v e l s 

i n t o the groundstate, (Van Vleck 1932). Yb e n t e r s the 

m e t a l l i c s t a t e as a d i v a l e n t ion (see S e c t i o n 1.1) and 

was reported i n the l i t e r a t u r e to have a very small 

temperature independent s u s c e p t i b i l i t y . More r e c e n t l y 

Bucher e t a l (1970) have reported t h a t Yb i s diamagnetic. 

I n s p i t e of the l o c a l i s e d nature of the 4f s h e l l , 

e l even of the f i f t e e n lanthanide elements e x h i b i t some 

form of spontaneous magnetic ordering below 300K. The 

exceptions are La, Pr, Yb and Lu. La and Lu have zero 

and 14 e l e c t r o n s r e s p e c t i v e l y i n t h e i r 4f s h e l l s , and 

consequently have temperature independent s u s c e p t i b i l i t i e s . 
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(Finemore e t a l 1968). Yb has been d i s c u s s e d above. 

The absence of ordering i n Pr w i l l be d i s c u s s e d i n d e t a i l 

l a t e r (see S e c t i o n 2.8). 

The f i r s t magnetic data on the r a r e e a r t h s , 

p a r t i c u l a r l y the heavy r a r e e a r t h s , were from s u s c e p t i b i l i t y 

and magnetisation measurements. The temperature dependence 

of the low f i e l d s u s c e p t i b i l i t y of Dy i s shown i n F i g . 1.3 

( a f t e r Behrendt e t a l 1958). Two magnetic t r a n s i t i o n s 

are evident. The cusp at 179K denotes the onset of 

a n t i f e r r o m a g n e t i c ordering and i s r e f e r r e d to as a Neel 

point. The sharp i n c r e a s e i n s u s c e p t i b i l i t y followed by 

s a t u r a t i o n evidences a change to ferromagnetic ordering. 

The point of i n f l e c t i o n of the s u s c e p t i b i l i t y v s . 

temperature curve i n t h i s region i s taken as the Curie 

point as i n d i c a t e d i n the f i g u r e . 

C l a s s i c a l magnetisation measurements could not 

determine the p r e c i s e o r i e n t a t i o n of the s p i n s i n the 

a n t i f e r r o m a g n e t i c s t a t e and i t was not u n t i l good s i n g l e 

c r y s t a l s were a v a i l a b l e that the s t r u c t u r e s were 

e l u c i d a t e d by neutron d i f f r a c t i o n . The most commonly 

found an t i f e r r o m a g n e t i c s t r u c t u r e i n the heavy r a r e 

e a r t h s which occurs f o r example between 179K and 85K i n 

Dy i s the h e l i c a l s p i n s t r u c t u r e shown i n F i g . 1.4. 

I n t h i s s t r u c t u r e the moments on the ions i n the b a s a l 

plane of the hep s t r u c t u r e are a l i g n e d f e r r o m a g n e t i c a l l y , 

but the moment d i r e c t i o n on s u c c e s s i v e l a y e r s i s d i s p l a c e d 

by a constant angle, w, the turn angle. The turn angle 
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F I G . 1.3 Low f i e l d s u s c e p t i b i l i t y of Dy 
( a f t e r Behrendt e t a l 1958). 
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of the magnetic s t r u c t u r e i s temperature dependent and 

decreases from i t s i n i t i a l value OK a t T N w i t h decreasing 

temperature to f a l l a bruptly to zero a t the Curie 

temperature T c from a f i n i t e v alue j u s t above the 

Curie temperature. I n general the p e r i o d i c i t y of 

the magnetic s t r u c t u r e i s not r e l a t e d to the c r y s t a l 

s t r u c t u r e p e r i o d i c i t y . 

The spin s t r u c t u r e s of a l l the heavy r a r e e a r t h s 

have now been deduced. A schematic r e p r e s e n t a t i o n of 

a l l the spin s t r u c t u r e s i s given i n F i g . 1.5. 

W i l l e t a l (1964) have reported t h a t Gd i s 

ferromagnetic below 293K. T h e i r work has been repeated 

by Kuchin e t a l (1969) on a s i n g l e c r y s t a l of Gd 

enriched i n the low capture c r o s s ' s e c t i o n isotope "^^Gd 

with the same r e s u l t . W h i l s t i t appears t h a t Gd i s 

spontaneously ferromagnetic throughout the e n t i r e ordered 

region, the torque measurements of Graham (1962) and Corner" 

e t a l (1962)show t h a t the easy d i r e c t i o n of magnetisation 

i n Gd i s temperature dependent. The moment d i r e c t i o n i s 

p a r a l l e l to the c - a x i s from the Curie temperature to 

232K, and then moves away to a maximum d e v i a t i o n of 65° 

at 18OK and then back to about 32° from the c - a x i s a t 

low temperature. 

An antiferromagnetic s p i r a l phase e x i s t s i n Tb only 

over the small temperature range from 229K to 22IK 

(Koehler e t a l 1963).. At lower temperatures i t 

spontaneously transforms to the ferromagnetic s t a t e . 
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The i o n i c moment a t 4.2K measured from the neutron 

d i f f r a c t i o n data was 9.0y n which i s i n good agreement 
o 

w i t h the t h e o r e t i c a l s a t u r a t i o n magnetic moment of g J y n . 

D i e t r i c h and A l s - N i e l s e n (1967)reported the e x i s t e n c e 

of the s p i r a l phase over a s l i g h t l y . g r e a t e r temperature 

range, 216K to 226K, with a turn angle v a r y i n g from 

16.5° a t 216K to 20.7° a t 226K. The magnetisation data 

of Hegland e t a l (1963) g i v e s a s a t u r a t i o n moment of 

9.34y which i s s l i g h t l y g r e a t e r than the t h e o r e t i c a l 

v a l u e and the neutron d i f f r a c t i o n v a l u e , w i t h an easy 

d i r e c t i o n of magnetisation along the b - a x i s of the hep 

s t r u c t u r e . The s i g n i f i c a n c e of the excess s a t u r a t i o n 

moment i n Tb (and.in other heavy r a r e e a r t h s ) w i l l be 

d i s c u s s e d i n S e c t i o n 2.4. F i e l d s of order IkOe are 

s u f f i c i e n t to destroy the helimagnetism and a l i g n a l l the 

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

Dy adopts the h e l i c a l s p i n c o n f i g u r a t i o n between, i t s 

Neel temperature, 178K,and 85K when i t orders i n t o the 

ferromagnetic s t a t e . The i n i t i a l and f i n a l turn angles 

of the h e l i c a l s t r u c t u r e are 43.2° and 26.5° r e s p e c t i v e l y , 

(Wilkinson e t a l 1961 ( a ) ) . The ordered moment from the 

neutron d i f f r a c t i o n r e s u l t s was determined to be 9 . 5 v B 

which i s s l i g h t l y l e s s than the t h e o r e t i c a l value of 

10.0u B. The magnetisation data of Behrendt e t a l (1958) > 

f o r Dy give a s a t u r a t i o n moment of 10.2vi_ which i s i n 

exc e s s of the t h e o r e t i c a l v a l u e , g J v B * d i r e c t e d along easy 

a - d i r e c t i o n s . The temperature a t which Dy spontaneously 
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becomes ferromagnetic can be r a i s e d above 85K by the 

a p p l i c a t i o n of a f i e l d i n the b a s a l plane. The f i e l d 

r e q u i r e d to destroy the h e l i c a l spin s t r u c t u r e and produce 

ferromagnetic alignment at a given temperature i s r e f e r r e d 

to as the c r i t i c a l f i e l d . The magnetisation data show 

t h a t the c r i t i c a l f i e l d v a r i e s almost l i n e a r l y from OkOe 

a t the Curie temperature to llkOe a t 160K. Above 135K 

the s p i r a l s t r u c t u r e does not c o l l a p s e simply to a 

ferromagnetic s t r u c t u r e , but r a t h e r to a fan s t r u c t u r e 

about the f i e l d d i r e c t i o n . The observations of Ely e t a l 

(1969) t h a t the easy d i r e c t i o n changes above approximately 

130K are probably connected with the appearance of the 

fan s t r u c t u r e . The c r i t i c a l f i e l d w i l l be d i s c u s s e d i n 

more d e t a i l i n S e c t i o n 2.3. 

Ho d i s p l a y s a h e l i c a l s p i n c o n f i g u r a t i o n from 132K 

to 20K (Koehler e t a l 1962 ( a ) ) . At 20K a s m a l l 

ferromagnetic component of 1.7vi„ develops p a r a l l e l to 

the c r y s t a l l o g r a p h i c c - a x i s w h i l s t a h e l i c a l s p i n 

s t r u c t u r e remains i n the b a s a l plane, though somewhat 

d i s t o r t e d . T h i s s t r u c t u r e i s g e n e r a l l y r e f e r r e d to as 

the ferromagnetic cone s t r u c t u r e and i n Ho the semi-

cone angle i s 80°. The turn angles reported i n the 

l i t e r a t u r e a l l vary s l i g h t l y . The samples s t u d i e d by 

Koehler showed an i n i t i a l turn angle of 50° which decreased 

with decreasing temperature becoming constant a t about 

20K, but with values ranging from 30.0° to 36.7°. The 

reason f o r the v a r i e t y of f i n a l turn angles i s thought 
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to be r e l a t e d to the competition between the ordering 

mechanism i n the r a r e e a r t h s and the i n t e r a c t i o n w i t h the 

c r y s t a l l i n e environment T (see S e c t i o n 2.7). The b a s a l 

plane moment i s 9.5yfi g i v i n g a t o t a l moment of 9.7y B. 

Only when a f i e l d i s a p p l i e d along the easy b - a x i s i s 

the f u l l i o n i c moment of 10.Oy- developed. The neutron 

d i f f r a c t i o n r e s u l t s agree w i t h the magnetisation r e s u l t s 

of Strandberg e t a l (1962) who found a moment value of 

10.3y B i n a 5k0e f i e l d a p p l i e d along the b d i r e c t i o n . 

Both Strandberg e t a l (1962) and Koehler e t a l (1967) 

have shown t h a t the magnetisation process i n Ho above 

20K i s very complicated. Along both the a and the b 

axes the t r a n s i t i o n to fer-romagnetism i n an a p p l i e d f i e l d 

proceeds i n two d i s t i n c t s t e p s . These humps i n the 

magnetisation data i n d i c a t e t h a t the c o l l a p s e of the 

s p i r a l i s not smooth w i t h a p p l i e d f i e l d and are evidence 

f o r the e x i s t e n c e of an intermediate s p i n s t r u c t u r e . 

Below i t s Neel p o i n t a t 85K, the magnetic s t r u c t u r e 

E r i s one i n which the moments are s i n u s o i d a l l y modulated 

up the c r y s t a l l o g r a p h i c c - a x i s with no b a s a l plane 

component. T h i s s t r u c t u r e i s r e f e r r e d to as c - a x i s 

modulated or CAM, (Cable e t a l 1961). (see F i g . 1.4). 

At 53K the b a s a l plane moments order i n a h e l i c a l 

c o n f i g u r a t i o n w i t h a temperature independent turn angle 

of 51.4° and simultaneously the c - a x i s components order 

i n t o an anti-phase domain c o n f i g u r a t i o n w i t h 4 moments 

pointing along the c - a x i s and 4 moments a n t i - p a r a l l e l 
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to. the c - a x i s . A t h i r d t r a n s i t i o n occurs a t 20K to a 

ferromagnetic cone s t r u c t u r e , l i k e Ho, with a semi cone 

angle of 29° and a constant t u r n angle of 44°. At 4.2K, 

the moment i n the b a s a l plane i s 4.3u_ and 7.6u_ i n the 
a a 

c - d i r e c t i o n , y i e l d i n g a t o t a l moment of 8.7u B i n good 

agreement with the t h e o r e t i c a l l y p r e d i c t e d value of 

9.0u Q f o r the s a t u r a t i o n moment. The sp i n s t r u c t u r e 

determined from neutron d i f f r a c t i o n i s i n agreement 

with the magnetisation data of Green e t a l (1961) and 

the high f i e l d measurements of F l i p p e n (1964). For a 

f i e l d a p p l i e d along the c - a x i s a moment of 8.0y B develops 

a t 4.2K, whereas f o r a f i e l d a p p l i e d i n the b a s a l plane 

the magnetisation s a t u r a t e s a t 3.8y . The b a s a l plane 
B 

magnetisation shows a sharp i n c r e a s e a t 15k0e i n d i c a t i n g 

the t r a n s i t i o n from a h e l i c a l s t r u c t u r e to a c o l l a p s e d 

s t r u c t u r e . 

Thulium orders i n the CAM s t r u c t u r e below 56K 

(Koehler e t a l 1962 ( b ) ) . From 40K, the c o n f i g u r a t i o n 

begins to d i s t o r t to gi v e an antiphase domain s t r u c t u r e 

a t 4.2K i n which there are four s p i n s p a r a l l e l to the 

c - a x i s f o r every three s p i n s a n t i - p a r a l l e l . At 4.2K 

the moment c o n f i g u r a t i o n i s f e r r i m a g n e t i c w i t h a net 

moment of l»0p B p a r a l l e l to the c - a x i s . 

The magnetisation r e s u l t s of Richards and Legvold 

(1969) show t h a t the f e r r i m a g n e t i c s t r u c t u r e i n Tm a t 

4.2K can be uncoupled by the a p p l i c a t i o n of f i e l d s i n 

excess of 28k0e along the c - a x i s g i v i n g a ferromagnetic 
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moment i n t h a t d i r e c t i o n of ^ . l U g . The observed . 

s a t u r a t i o n moment i s s l i g h t l y i n excess of the 

t h e o r e t i c a l l y p r e d i c t e d v a l u e . The b a s a l plane remains 

a m a g n e t i c a l l y hard d i r e c t i o n even i n very high f i e l d s . 

I n t e r p r e t a t i o n of the neutron d i f f r a c t i o n and 

magnetisation data f o r the l i g h t r a r e e a r t h s has proved 

much more complicated because of t h e i r complex c r y s t a l 

s t r u c t u r e s . 

Using powder neutron d i f f r a c t i o n , Wilkinson e t a l 

(1961 (b)) have shown t h a t an ordered magnetic s t a t e 

forms i n dhcp Ce a t 12.5K. The s t r u c t u r e c o n s i s t s of 

f e r r i m a g n e t i c a l l y ordered planes stacked such t h a t the 

o v e r a l l ordering i s an t i f e r r o m a g n e t i c along the c - a x i s 

w i t h an ordered moment of magnitude 0.6y B-

Johansson e t a l (1970) have found no spontaneous 

order i n a s i n g l e c r y s t a l of Pr down to 4.2K although 

p r e v i o u s l y an 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 f o r a powdered 

sample of Pr was reported by Cable e t a l (1964). 

The high f i e l d of data of McEwen e t a l (1973)shows 

t h a t the magnetic moment i n c r e a s e s smoothly with a f i e l d 

a p p l i e d i n the b a s a l plane, although a t 350k0e i t i s s t i l l 

some way from the t h e o r e t i c a l s a t u r a t i o n value of 3.2uB» 

The e f f e c t of an a p p l i e d f i e l d along the c - a x i s i s more 

pronounced. The magnetisation r i s e s l i n e a r l y to about 

l y B a t 300k0e and then r i s e s s t e e p l y to 2 y B w i t h i n 2k0e 

a t 315k0e. Previous s u s c e p t i b i l i t y measurements by 

Johansson e t a l (1971) and Schieber e t a l (1968) a t 
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lower f i e l d s i n d i c a t e d t h a t the t o t a l moment i s developed 

on the cu b i c s i t e s of the dhcp s t r u c t u r e , w h i l s t the 

hexagonal s i t e s are completely non-magnetic. McEwen 

a s c r i b e s the f i r s t order t r a n s i t i o n to be a change from 

a non-magnetic s t a t e to a metamagnetic s t a t e on the 

hexagonal s i t e s (see S e c t i o n 2.8). 

I n Nd the moments on the hexagonal s i t e s order a t 

19K and the moments on the cubic s i t e s order a t 7.5K 

(Moon e t a l 1964). Between 19K and 7.5K there i s a net 

antiferromagnetic coupling between hexagonal s i t e l a y e r s 

with a s i n u s o i d a l modulation of the moment value w i t h i n 

each l a y e r . The moments l i e i n the b a s a l plane p a r a l l e l 

to the a - d i r e c t i o n . The cubic s i t e moments order i n the 

same fashion as the hexagonal s i t e s , but adopt a moment 

d i r e c t i o n 30° to the a - d i r e c t i o n i n the b a s a l plane. The 

high f i e l d magnetisation r e s u l t s of McEwen (19 73) show 

t h a t i n the c - d i r e c t i o n and i n the b a s a l plane the moment 

i s f a r from the t h e o r e t i c a l s a t u r a t i o n value of 3.27y_ 

even a t 350k0e. 

Koehler e t a l (1972) have r e c e n t l y e l u c i d a t e d the 

magnetic s t r u c t u r e of Sm using a s i n g l e c r y s t a l e n r i c h e d 
154 

i n the low capture c r o s s s e c t i o n isotope Sm. Below 

106K each plane of hexagonal s i t e s forms a ferromagnetic 

sheet w i t h the moments i n the sheet p a r a l l e l to the 

c r y s t a l l o g r a p h i c c - a x i s . T h i s s e r i e s of ferromagnetic 

sheets has the sequence 0++0—0++ along the c - a x i s . The 

zeros represent the c u b i c s i t e planes and the '+' a s p i n 
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•up* and the a s p i n 'down' i . e . p a r a l l e l and a n t i 

p a r a l l e l to the c - a x i s r e s p e c t i v e l y . I n t h i s s t r u c t u r e 

the i n f l u e n c e of a p a i r of hexagonal l a y e r s a t a cubic 

l a y e r i s e x a c t l y balanced by a corresponding p a i r of 

l a y e r s with an equal and opposite moment. As a r e s u l t the 

moments on the cu b i c s i t e s are d i s o r d e r e d a t 106K. At 

14K the cubic s i t e s order a n t i f e r r o m a g n e t i c a l l y i n a 

b a s a l plane l a y e r with moments p o i n t i n g along the c - a x i s . 

These ordered planes couple along the c - a x i s i n such a way 

as to give ferromagnetic sheets p a r a l l e l to the (101) 

pla n e s . The magnetic easy d i r e c t i o n a t 4.2K i s i n the 

b a s a l plane, but only a sm a l l f r a c t i o n of the t h e o r e t i c a l l y 

p r e d i c t e d s a t u r a t i o n moment i s developed a t 350k0e. 

(McEwen e t a l 1973). 

Eu undergoes a t r a n s i t i o n to a h e l i c a l magnetic 

s t r u c t u r e below 94K with the moments p a r a l l e l to a (100) 

d i r e c t i o n i n the b.c.c. s t r u c t u r e (Nereson e t a l 1964). 

The i n t e r l a y e r turn angle of Eu v a r i e s only s l i g h t l y 

w i t h temperature from 51.4° a t T N to 50° a t 4.2K. The 

behaviour of Eu i n an ap p l i e d magnetic f i e l d i s d i f f e r e n t 

from the r e s t of the lanthanide elements i n t h a t i t 

appears to have no easy d i r e c t i o n of magnetisation. Both 

McEwen e t a l (1973) and Johansson e t a l (1971) r e p o r t t h a t -

i t does not reach i t s s a t u r a t i o n magnetic moment i n an 

app l i e d f i e l d . 

The ordering temperature along w i t h the observed 

and p r e d i c t e d s a t u r a t i o n magnetic moments of the r a r e 



22 

e a r t h s are summarised i n Table 1.1 

1.4 MAGNETIC INTERACTIONS IN THE RARE EARTH METALS 

Using the Weiss molecular f i e l d model of magnetism 

the long range f o r c e r e s p o n s i b l e f o r magnetic ordering 

i n the r a r e e a r t h s can be represented as a la r g e i n t e r n a l 

magnetic f i e l d . Heisenberg has shown t h i s i n t e r n a l 

magnetic f i e l d to be the r e s u l t of a quantum mechanical 

exchange i n t e r a c t i o n between i n d i v i d u a l s p i n s on p a i r s 

of i o n s . Leaving a s i d e the o r i g i n s of such an i n t e r a c t i o n 

i n a l o c a l i s e d moment system' and any i n t e r a c t i o n s w ith 

the c r y s t a l l i n e environment the exchange Hamiltonian 

between two atoms with t o t a l s p i n S^ and S.. may be 

wr i t t e n as 

H e x - - 2 E I . . S. .S (1.1) 
ex ± J i ] i 3 

where I ^ j i s the exchange i n t e g r a l . The s t a t e of a 

ra r e e a r t h i o n i s s p e c i f i e d by i t s t o t a l angular momentum, 

J , and thus i t i s necessary to p r o j e c t S onto J . T h i s 

i s done by e l i m i n a t i n g L between the ex p r e s s i o n s 

I j + 2S = g j J and L + S = J which g i v e s the r e s u l t 

S = ( g j - 1) J (1.2) 

where g j i s the Lande s p l i t t i n g f a c t o r . S u b s t i t u t i n g 

(1.2) i n t o (1.1) g i v e s 

H e x = . " 2 l 3
 x i j J i J j <*J " « ' ....(1.3) 
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R e s t r i c t i n g the summation to the neighbours of the i t h 

atom (1.3) may be r e - w r i t t e n 

K»* =
 - 2 ( 9 t - J i 1 I i n J n t 1' 4* 

ex d i i ] 3 

I n the s p i r i t of the Weiss approximation (see f o r 

i n s t a n c e Smart 1966), a t T = 0 (1.4) becomes 

H e x ( T = 0 ) = " 2 ( g J " 1 ) 2 J i j j 2 ....d.5) 

For a l l other temperatures (4) becomes 

H e x < T ^ ° > = " 2 ^ j " 1 ) 2 J i j J < J + U 

Assuming I ^ j i s i s o t r o p i c and of constant value 

throughout the r a r e e a r t h s e r i e s the exchange energy 

on t h i s simple model i s expected to be p r o p o r t i o n a l 

to the f a c t o r 

( g j - 1 ) 2 J ( J + 1) - the de Gennes f a c t o r , G. 

The Neel temperatures and the i n i t i a l t urn angles 

of the heavy r a r e e a r t h s are found to vary smoothly 
2/3 

w i t h t h i s f a c t o r a c r o s s the s e r i e s w ith T N
 oc G ' 

(see F i g . 1.6). The 2/3 power law, as i t i s known, 

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

T h i s model of r a r e e a r t h magnetism does not e x p l a i n 

the t r a n s i t i o n s to d i f f e r e n t magnetic phases, a t low 

temperatures nor does i t account, f o r the e x i s t e n c e of 

m a g n e t i c a l l y hard d i r e c t i o n s i n the metals. A p r e f e r r e d 

d i r e c t i o n of magnetisation i s due to the i n t e r a c t i o n of 

the i o n i c s p i n w i t h the c r y s t a l l i n e environment. The 
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r e g u l a r arrangement of ions i n a c r y s t a l produces an 

i n t e n s e e l e c t r i c f i e l d a t another ion s i t e which a l i g n s 

the a s p h e r i c a l 4f charge cloud. Since j> and J are 

f i x e d i n r e l a t i o n to one another by the strong s p i n -

o r b i t coupling then the magnetic moment of the ion i s 

a l s o f i x e d i n a p a r t i c u l a r d i r e c t i o n (Bowden 1975). The 

anisotropy energies of the r a r e e a r t h s , as measured by 

the f i e l d r e q u i r e d to p u l l the magnetic moment out of an 

easy d i r e c t i o n i n t o a hard d i r e c t i o n , are very l a r g e , 

(see S e c t i o n 1.3). The i n f l u e n c e of the c r y s t a l f i e l d i n r a r e 

e a r t h magnetism, p a r t i c u l a r l y i n the case of the l i g h t 

r a r e e a r t h s , w i l l be d e a l t w i t h i n S e c t i o n 2.8. 

1.5 RARE EARTH ALLOYS 

As mentioned p r e v i o u s l y , t h e r a r e e a r t h elements, 

with the exception of Eu and Yb, form continuous s o l i d 

s o l u t i o n s with one another and w i t h Y and Sc. 

Consequently, the magnetic p r o p e r t i e s of a l a r g e number 

of r a r e e a r t h a l l o y systems have now been reported. 

Since the r a r e e a r t h s from Gd onwards and Y and Sc have 

the same hep s t r u c t u r e , the a l l o y s formed between the 

heavy r a r e e a r t h s and Y or Sc and the i n t r a heavy r a r e 

e a r t h a l l o y s themselves a l l have the same s t r u c t u r e 

over the e n t i r e composition range. The magnetic 

p r o p e r t i e s of the light-heavy r a r e e a r t h a l l o y s , however, 

are complicated by the f a c t t h a t the c r y s t a l s t r u c t u r e 

i s c o n c e n t r a t i o n dependent. 

The r e s u l t s f o r each type of a l l o y system v / i l l be 

presented i n t u r n . 
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1.5 ( i ) DILUTION ALLOYS IN THE H.C.P. STRUCTURE 

The heavy r a r e e a r t h - Y a l l o y s have been s t u d i e d 

e x t e n s i v e l y by C h i l d (1964) by neutron d i f f r a c t i o n . His 

r e s u l t s , and those of Thoburn e t a l (1958) on Gd - Y, 

for the Neel temperature and i n i t i a l t u r n angle are 

summarised i n F i g . 1.6 where they are p l o t t e d a g a i n s t 

the reduced de Gennes f u n c t i o n , G 

G = c ( g j - l ) 2 J ( J + 1 ) ... (1.6) 

where c is the c o n c e n t r a t i o n of the magnetic 

c o n s t i t u e n t . Both T„ and OJ. a r e u n i v e r s a l f u n c t i o n s of 
N 1 — — 2/3 G with T„ « G . For low co n c e n t r a t i o n s of r a r e N 

e a r t h s ( i . e . low G v a l u e s ) the i n t e r l a y e r turn angle 

s t a b i l i s e s a t about 50° per l a y e r and f o r G > 11.5 

the i n t e r l a y e r turn angle f a l l s t o zero, implying 

ferromagnetism. For E r , Ho and Dy only s m a l l amounts of 

Y are required to suppress the ferromagnetic t r a n s i t i o n 

whereas i n Tb about 20% i s r e q u i r e d and i n Gd only the 

a l l o y s with l e s s than 60% Gd do not show ferromagnetic 

ordering. The Curie temperatures f o r these Gd - Y a l l o y s 

l i e c l o s e to the u n i v e r s a l curve. With the exception of 

the Gd - Y a l l o y s w ith g r e a t e r than 40% Y the high 

temperature ordered phases a r e the same as the pure metals. 

The moment d i r e c t i o n s are the same as i n the parent heavy » 

r a r e e a r t h , too, i n d i c a t i n g t h a t the anisotropy changes 

l i t t l e on d i l u t i o n . 

Both Lu and Sc have been used as non-magnetic 

d i l u e n t s f o r the heavy r a r e e a r t h s . For the two Lu a l l o y 
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s e r i e s studied, Gd - Lu (Bozorth e t a l 1966) and Tb - Lu 

( C h i l d e t a l 1965) the Neel temperatures (T 's f o r Gd -

Lu) follow the u n i v e r s a l curve q u i t e w e l l . The e f f e c t of 

Lu as a d i l u e n t i s s i m i l a r to Y although the i n t e r l a y e r 

turn angle, as measured i n the Tb - Lu a l l o y s , appears to 

s a t u r a t e a t a value s l i g h t l y lower than the Tb - Y a l l o y s . 

The s i t u a t i o n i n the R - Sc a l l o y s , where R i s a heavy 

r a r e e a r t h , i s q u i t e d i f f e r e n t ; (Nigh e t a l 1964, C h i l d 

e t a l 1968). The a d d i t i o n of Sc favours the h e l i c a l 

antiferromagnetic phase, but the t r a n s i t i o n temperatures 

are g e n e r a l l y lower f o r a given value of G than the 

corresponding Y or Lu a l l o y s . The a l l o y s cease to 

e x h i b i t any magnetic ordering f o r c o n c e n t r a t i o n s of the 

r a r e earth element below about 25%. The atomic volume 

of Sc i s about 10% s m a l l e r than t h a t of Y and Wollan 

(1967) has suggested t h a t a l l o y i n g with Sc would bri n g the 

r a r e earth ions c l o s e r together, i n the same way as 

applying e x t e r n a l p r e s s u r e , and depress the t r a n s i t i o n 

temperatures. A q u a l i t a t i v e agreement has been obtained 

f o r Gd - Sc a l l o y s . 

1.5 ( i i ) INTRA HEAVY RARE EARTH ALLOYS 

A large number of bin a r y heavy r a r e e a r t h a l l o y s 

have now been i n v e s t i g a t e d , mostly a t O.R.N.L. (see f o r 

example Koehler 1972). The p r o p e r t i e s of a l l the binary 

a l l o y s j u s t below the ordering temperature were found to 

be c h a r a c t e r i s t i c of the a l l o y , n o t of e i t h e r c o n s t i t u e n t . 

However, the ordering a t low temperature was found to be 
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composition dependent* For the a l l o y s the reduced 

de Gennes f u n c t i o n , G, i s defined as 

G = Z C i G i ... (1.7) 
i 

where G^ i s the de Gennes f a c t o r of the i t h 

magnetic component and c^ i s i t s c o n c e n t r a t i o n . When 

the i n i t i a l i n t e r l a y e r turn angle, ŵ , and the Neel 

temperatures, T^ of the a l l o y s were p l o t t e d a g a i n s t G, 

they e x h i b i t e d the same u n i v e r s a l i t y as the d i l u t i o n 

a l l o y s . Since both c o n s t i t u e n t moments order 

simultaneously t h i s i n d i c a t e s t h a t the exchange 

i n t e r a c t i o n must s t i l l be o s c i l l a t o r y and long range 

and some average of the exchange i n t e r a c t i o n s of each 

c o n s t i t u e n t alone. Shabita and Nagamiya (1975) have 

used t h i s concept and a s i m i l a r one of average anisotropy 

to e x p l a i n the observed changes i n the low temperature 

ordering a t c e r t a i n concentrations i n v a r i o u s a l l o y 

systems. 

1.5 ( i i i ) LIGHT-HEAVY RARE EARTH ALLOYS 

The magnetic p r o p e r t i e s of the light-heavy a l l o y s 

are dependent upon t h e i r c r y s t a l s t r u c t u r e . Most work 

has been done on the hep (heavy r a r e e a r t h r i c h ) and 

dhep ( l i g h t r a r e e a r t h r i c h ) phases with l i t t l e work done 

s p e c i f i c a l l y on the intermediate Sm phase. 

The heavy r a r e e a r t h metal Gd has been a l l o y e d w i t h 

La' (Thoburn 1958), Pr ( T i s s o t and B l a i s e 1970) and Nd 

and Sm ( F u j i m o r i e t a l 1974). The r e s u l t s were a l l 
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obtained using conventional magnetometers as d i r e c t magnetic 

s t r u c t u r e determinations by neutron d i f f r a c t i o n could not 

be made. I n the hep phase a l l four s e t s of workers r e p o r t 

a lowering of the i n i t i a l ordering temperatures and magnetic 

moments with i n c r e a s i n g l i g h t r a r e e a r t h c o n c e n t r a t i o n , 

with La having the g r e a t e s t e f f e c t , then Sm, Nd and Pr. 

The r e s u l t s i n d i c a t e t h a t the Sm, Nd and Pr atomic magnetic 

moments are a l i g n e d f e r r i m a g n e t i c a l l y with the Gd atomic 

magnetic moment. I n a more d e t a i l e d study of La - heavy 

r a r e e a r t h a l l o y s , Koehler (1965) showed t h a t i n the hep 

phase the a d d i t i o n of La s t a b i l i s e s the ferromagnetic 

s t r u c t u r e a t the expense of the high temperature a n t i ­

ferromagnetic s t r u c t u r e . Koehler's study of Ho - La has 

been extended by Kawano and Achiwa (1975). They observe 

the same reduction i n ordering temperature and moment 

value f o r each a l l o y , but only one a l l o y , HO^Q L a i o ' 

e x h i b i t s a ferromagnetic cone s t r u c t u r e l i k e pure Ho. 

Although the other a l l o y s are a n t i f e r r o m a g n e t i c , the 

a d d i t i o n of La causes a marked reduc t i o n i n i n i t i a l 

turn angle over the pure Ho v a l u e . 

The Gd - La and Gd - Pr magnetisation r e s u l t s 

extended over the e n t i r e composition range and showed t h a t 

i n the Sm phase both a l l o y s became ant i f e r r o m a g n e t i c and 

t h a t i n the dhep phase there was no magnetic ordering. 

Magnetisation data on Tb w i t h Ce and Pr have been 

reported by Speight e t a l (1968) and neutron d i f f r a c t i o n 

data on Tb with Pr and Nd i n the Sm phase by Achiwa and 
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Kawano (1973). Speight notes the r a p i d change i n 

s u s c e p t i b i l i t y i n the hep phase and the low s u s c e p t i b i l i t y 

i n the dhep phase. Achiwa r e p o r t s t h a t i n the Sm phase 

the a l l o y s d i s p l a y a magnetic s t r u c t u r e which resembles 

t h a t of Sm metal, (see Se c t i o n 1.3). The moments on the 

hexagonal l a y e r s are ordered with the sequence ... ++0—0++ . 

along the c - a x i s where '+' denotes the moment d i r e c t i o n on 

a hexagonal plane and '-' denotes t h a t the moment d i r e c t i o n 

i s opposite. . The zeros denote t h a t there i s no ordered 

moment on the cubic s i t e s . The net moment on any 

hexagonal l a y e r i s i n the b a s a l plane, i . e . p e r pendicular 

to the c - a x i s , u n l i k e Sm i t s e l f where the net moment per 

l a y e r i s p a r a l l e l or a n t i p a r a l l e l to the c - a x i s . I n t h i s 

magnetic s t r u c t u r e the exchange a t the cubic s i t e planes 

due to the ordered hexagonal l a y e r s i s c a n c e l l e d out 

because of the c r y s t a l l o g r a p h i c and magnetic symmetries 

which i s i d e n t i c a l to the s i t u a t i o n i n Sm. The cubic 

s i t e l a y e r s i n the Pr-Tb and Nd-Tb a l l o y s do not e x h i b i t 

any ordering down to 4.2K, though. 

The o b j e c t of t h i s i n v e s t i g a t i o n i s to study the 

magnetic p r o p e r t i e s of a l l o y s between the l i g h t r a r e e a r t h 

metals Pr and Nd and the heavy r a r e e a r t h metals Tb, Dy 

and Ho a c r o s s the e n t i r e composition range. Apart from 

s u s c e p t i b i l i t y and magnetisation measurements the choice 

of these p a r t i c u l a r elements a l l o w s neutron d i f f r a c t i o n 

experiments to be performed to determine the spin s t r u c t u r e s 

i n the a l l o y s . Magnetisation measurements cn the system 
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Dy-Nd have a l r e a d y been reported by C h a t t e r j e e and 

Ta y l o r (1972). 



CHAPTER 2 

THEORETICAL BASIS 

2.1 MOLECULAR FIELD THEORY 

The w e l l known Weiss molecular f i e l d model of f e r r o -

magnetism (see e.g. K i t t e l 1971) has been used to e x p l a i n 

the behaviour of the spontaneous magnetisation below the 

Cur i e point, a t the C u r i e point and i n the paramagnetic 

region. The model has been extended to i n c l u d e other 

types of magnetic o r d e r i n g . The approach adopted by the 

model i s phenomenological i n t h a t i t does not provide an 

explanation of the ordering mechanism, but merely a model 

to d e s c r i b e the ordering. The c e n t r a l assumption of the 

Weiss theory i s t h a t the magnetic f i e l d a t an ion s i t e i s 

composed of an a p p l i e d f i e l d , p lus an exchange f i e l d due 

to the other ions i . e . , 

H - H ^ p + H ^ ...(2.1) 

and H „ = AM —ex — 

where M i s the magnetisation per u n i t volume and X i s the 

exchange constant. For an ion with i t s o r b i t a l angular 

momentum L, and i t s s p i n angular momentum S, s t r o n g l y 

coupled to give J, the magnetisation per u n i t volume i s 

M = Ngp B J B j ( x ) ... (2.2) 

where N i s the number of atoms each w i t h t o t a l angular 

momentum J and Lande s p l i t t i n g f a c t o r g, per u n i t volume. 
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B j ( x ) i s the B r i l l o u i n f u n c t i o n and i s w r i t t e n 

B j ( x ) 

where x = 

2J+1 
2J coth 2J+1 

2J x - 2%°° t h 2T 

gJy BH 

Below the C u r i e point and i n the absence of an a p p l i e d 

f i e l d 

H = AM 

i.e.M(T) = Ngp B J B j 
gy BJXM 

. . . (2.3) 

As T + 0 B j ( x ) -*• 1 and 

M(0) = Ngy BJ 

M(0) i s r e f e r r e d t o as the spontaneous magnetisation a t 

absolute zero and i n atomic theory i s the maximum magnetisation 

p o s s i b l e . The c r i t i c a l temperature belcw which there i s 

a spontaneous magnetisation i s the Cu r i e temperature and 

t h i s can be evaluated from 

T = c 
Ng 2u B J(J+1)X 

3k 
...(2.4) 

The s u s c e p t i b i l i t y x (=-) above the Curie p o i n t i s given 
H 

by the expr e s s i o n 

X = T-8 . .. (2.5) 

where C i s the Curie-Weiss constant, N g 2 y B J ^ 0 + 1 ^ 
3k 

and 6 i s the paramagnetic Curie p o i n t , = CX. 
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2 . 1 ( i ) FERRIMAGNETISM 

A f e r r i m a g n e t i c m a t e r i a l may be defined as one which 

below a c e r t a i n temperature possesses a spontaneous 

magnetisation a r i s i n g from a n o n - p a r a l l e l arrangement of 

st r o n g l y coupled atomic moments. Th i s may be caused by 

unequal moments opp o s i t e l y a l i g n e d or equal (or unequal) 

moments i n some canted s t r u c t u r e . Antiferromagnetism i s 

a s p e c i a l case of ferrimagnetism i n which there are two 

a n t i - p a r a l l e l s u b l a t t i c e s A and B v/ith equal moments on 

equal numbers of s i t e s . I n t h i s arrangement there i s 

no net spontaneous magnetisation below the t r a n s i t i o n 

temperature. The molecular f i e l d treatment of an a n t i -

ferromagnet, due o r i g i n a l l y to Neel (1932), i s shown 

below. 

The molecular f i e l d H,,. a c t i n g on an ion a t an A 
ma 

s i t e may be w r i t t e n 

s u b l a t t i c e s r e s p e c t i v e l y and \ i s the molecular f i e l d 
aa 

constant f o r the A-A i n t e r a c t i o n and A ^ *-s t n e molecular 

f i e l d constant f o r the A-B i n t e r a c t i o n . S i m i l a r l y , the 

H. = - A a a M a ^ a b ^ ...(2.6) 

where Ma and M, are the magnetisations on the A and B 

molecular f i e l d H lmb' ac t i n g on an ion i n the B s u b l a t t i c e s 

may be w r i t t e n 

H. mb " " Xbb I 4b " X a b M a . .. (2.7) 



35 

Since the same ty.pe of ions occupy the A and B s u b l a t t i c e 

s i t e s , a t e q u i l i b r i u m 

X _ = \ = \ aa bo i 

X , = X. = X ab ba 2 
... (2.8) 

X^ may be i d e n t i f i e d w ith the i n t e r a c t i o n between n e a r e s t 

neighbours and X with the i n t e r a c t i o n between next 
I 

n e a r e s t neighbours. For an antiferromagnet X^ > 0 

w h i l s t X^ may be p o s i t i v e , negative or zero depending 

upon the m a t e r i a l . Then i f a f i e l d H i s a l s o applied, 
the f i e l d s H and H. a t an ion s i t e on the A and B a b 
s u b l a t t i c e s r e s p e c t i v e l y are given by 

H = H - X M -XM. a i a 2 o 
.. . (2.9) 

H, = H - X M - X M, a 2 a i b 

I n the paramagnetic region i . e . f o r high temperatures, 

the magnetisation on a s u b l a t t i c e may be w r i t t e n (from 

eqn 2.2) 
M = §=; H 2T 

C 
2T i . e . M. = (H - X - X ^ ) 

r ...(2.10) 
and ^ = ^ (H - X zM a - \ 

The t o t a l magnetisation M = Ma + and hence the 

s u s c e p t i b i l i t y i s 
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X = | - TT6 ...(2.11) 

where 6 = §• (X + X ) 
2 1 2 

The N€el temperature, T^ f i s defined as the c r i t i c a l 

temperature below which the two s u b l a t t i c e s a r e ordered 

a n t i f e r r o m a g n e t i c a l l y and may be evaluated from eqn. 2.10 

by p u t t i n g H = 0 and s e t t i n g the determinant of the 

c o e f f i c i e n t s of Ma and to zero. A p p l i c a t i o n of t h i s 

c o n d i t i o n y i e l d s 

TN = | <\ " V 
The preceeding r e s u l t s f o r an antiferromagnet may 

e a s i l y be extended to d e s c r i b e a f e r r i m a g n e t i c c o n f i g u r a t i o n . 

For two s u b l a t t i c e s the molecular f i e l d s f o r a ferrimagnet 

are f o r m a l l y the same as those f o r an antiferromagnet, 

as i n eqns. 2.6 and 2.7. The e q u i l i b r i u m c o n d i t i o n s 

(eqn. 2.8) are not the same f o r a ferrimagnet s i n c e 

^ a a ^ ^ b b a n d M
a ^ M b ' a l t h o u * ? h * a D

 = ^ba a s i n t h e c a s e 

of an antiferromagnet. Thus, the magnetisation on each 

s u b l a t t i c e may be w r i t t e n , 
C 

M = ~ (H - X M - X- M, ) a T aa a ao b 
... (2.12) 

M b = T^ ( H - X b b M b " Xab Ma> 

where C and C, are the Curie-Weiss constants for the a b 
ions on the A and B s u b l a t t i c e s r e s p e c t i v e l y . Following 

Lax and Button (1962) the s u b l a t t i c e magnetisations 

may be w r i t t e n 
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M = a 
Ca< T + Cb Xbb> - W a b H 

< T + C
a
Xaa> ( T + C b X b b ) - C a C b X j b 

C a ( T + C a A a a ) " C a C b X a b H 

^ V a a 1 ^ V b b * " W a b . 

... (2.13) 

1 M a + M b 
and the inverse s u s c e p t i b i l i t y / ( = — - — ) as 

X H 
1 = T 1 
X C X 

K 
o T-e 1 

... (2.14) 

where C = C a + 

and = " h ( C a X a a + Cb Xbb + 2 C = C ^ > 

K 

'a b ab' 
a b 

C a ^ a a - X a b ) 2 + ̂WW* 

" 2 C a C b [ X a b - ( Xaa + Xbb> Xab + Xaa Xbb] 

6" = -
C a C b (X + X, . - 2X . ) aa bb ab 

The ferriinagnetic Neel temperature can be found from eqn. 
2.12 by setting the determinant of the c o e f f i c i e n t s of 
Ma and Mĵ  to zero. This y i e l d s , 

PFN ~ " 2 ( C a X a a + C b X b b ) + 2 ( C a X a -C. Xy.) 2 + 4C C. X2. a aa b bb' a b ab 

To extend the above r e s u l t s to the case of a f e r r i -
magnetic alloy (e.g. the light-heavy rare earth alloys) i t 
i s necessary to include a factor which accounts for the 
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d i f f e r i n g populations on the two s u b l a t t i c e s . T h i s may 

be done by r e - w r i t i n g eqn. 2.12 as.. 

C. 
Ma = ^ (H - xX a aM a - ( l - x ) A a b M b ) 

% = ^ ( H - ( l - x ) X b b M b - xX a bM a) 
...(2.15) 

where x i s the f r a c t i o n a l concentration of A io n s . 

Following an i d e n t i c a l procedure to th a t o u t l i n e d 

above the s u s c e p t i b i l i t y and ordering temperature f o r a 

fe r r i m a g n e t i c a l l o y are de r i v e d i n Appendix 4. The r e s u l t 

i s 

* ...(2.16) 1 T 1 
T-9' 

The i n v e r s e s u s c e p t i b i l i t y of a fe r r i m a g n e t i c a l l o y has 

the same form as eqn. 2.14, and 9' may be i d e n t i f i e d as 

the paramagnetic ordering temperature where 

... (2.17) 
C a C b 

G ' = " ~~C~~ ( x X a a + l i " A ' A b b ~ ' A a b J d ^ b b " 2 Xab> 

The other symbols are defined i n Appendix 4 i n terms of 

the molecular f i e l d constants e t c . The f e r r i m a g n e t i c Neel 

temperature i s given by 

T FN C xA +C. (1-x) X. K a aa b bb 

+ 4 C a C b x ( l - x ) A a b 

...(2.18) 

Eqns. 2.17 and 2.18 form the b a s i s of the d i s c u s s i o n 
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of the magnetic ordering i n the dhcp phase l i g h t - h e a v y 

r a r e e a r t h a l l o y s to be presented i n S e c t i o n 6.3. 

2 . 1 ( i i ) HEISENBERG EXCHANGE INTERACTION IN THE MOLECULAR 
FIELD MODEL. 

I n S e c t i o n 1.4 the long range ordering i n the r a r e 

e a r t h s was a t t r i b u t e d to an exchange i n t e r a c t i o n between 

the s p i n s on adjacent ions of the form 

H e x - " 2 I ( r i j ) Si'Sj ...(2.19) 

where S^ and S.. a r e the t o t a l s p i n angular momenta on 

each ion s i t e and I ( r ^ j ) i s the exchange i n t e g r a l . T h i s 

e x p r e s s i o n t r e a t s the ordering on a microscopic l e v e l 

whereas eqn. 2.1 t r e a t s i t on a macroscopic l e v e l . 

N e v ertheless, I ( r ^ . . ) i s a phenomenological parameter 

s i n c e i t g i v e s no i n d i c a t i o n of the o r i g i n of the exchange 

i n t e r a c t i o n . A r e l a t i o n s h i p between I ( r ^ j ) a n ^ X may now 

be obtained (see e.g. Morrish 1965). I f the exchange 

i n t e g r a l i n eqn. 2.19 i s constant and only the n e a r e s t 

neighbour i n t e r a c t i o n s of the atom on the i t h s i t e are 

considered then eqn. 2.19 may be w r i t t e n , 

H o v =~2IE S. .S. ... (2.20) 
ex j i — j 

F u r t h e r , r e s o l v i n g the v e c t o r dot product i n t o i t s 

c a r t e s i a n components and t a k i n g the z - a x i s as the a x i s of 

q u a n t i s a t i o n 

H = - 2IZ S .S . ex j z i z j 



Since the magnetisation, assumed along the z - d i r e c t i o n 

of the specimen, i s given by 

M = N g i i B S z j 

and there are z n e a r e s t neighbours, the exchange Hamiltonian 

may be w r i t t e n 
S .IM 

H e x = - 2z 
6 MgyB 

The Hamiltonian i n terms of the Weiss f i e l d XM i s given 

by 

Hex " 9S z iV BXM 

Equating the l a s t two eqns. g i v e s 
X = 2 z I ...(2.21) 

Ng 2y B 

where the symbols have t h e i r u s u a l meaning and N i s the 

number of atoms per u n i t volume. 

T h i s r e s u l t , and a l l the other r e s u l t s i n t h i s chapter, 

have been derived assuming t h a t the exchange f i e l d and the 

ap p l i e d f i e l d a r e the only components of the t o t a l 

Hamiltonian a c t i n g a t an ion s i t e . So f a r any i n t e r a c t i o n 

w i th the c r y s t a l l i n e environment has been neglected. 

C l e a r l y a complete d e s c r i p t i o n of the magnetic p r o p e r t i e s 

of the r a r e e a r t h metals can only be obtained from a s o l u t i o n 

of the f u l l Hamiltonian, )-(, where 

H - H e x • H o f + >-< ...(2.22) 
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H i s the exchange f i e l d Hamiltonian, M c f i s the 

c r y s t a l f i e l d Hamiltonian (see S e c t i o n 2.7) and )-( i s 

any e x t e r n a l a p p l i e d magnetic f i e l d . Bowden e t a l (1971) 

have examined the m o d i f i c a t i o n s necessary to the Weiss 

molecular f i e l d model to in c l u d e c r y s t a l f i e l d e f f e c t s . 

A _ __. s o l u t i o n to eqn. 2.22 was obtained i n S e c t i o n 

1.4 by assuming t h a t ) - ( c f could be neglected hear the 

Ndel poi n t , y i e l d i n g 

* , « G 2 / 3 

assuming t h a t I i s constant. I n the fo l l o w i n g s e c t i o n s 

the theory of ordering i n the r a r e e a r t h metals w i l l be 

desc r i b e d . 

2.2 HIGH TEMPERATURE ORDERING IN THE RARE EARTHS -
HELIMAGNETISM. 

In a l l of the v a r i o u s moment arrangements i n the 

heavy r a r e e a r t h s the moments of the ions l y i n g on a 

given hexagonal plane are p a r a l l e l , but the moment 

d i r e c t i o n v a r i e s from plane to plane up the c - a x i s . The 

sp i n s t r u c t u r e s of the heavy r a r e e a r t h s can be de s c r i b e d 

i n terms of a wave v e c t o r c[ p a r a l l e l to the hexagonal 

or c - a x i s , g i v i n g the p e r i o d i c i t y , and a p o l a r angle 0 

g i v i n g the s p i n o r i e n t a t i o n w i t h r e s p e c t to the c - a x i s . 

The s p i n s t r u c t u r e may then be w r i t t e n as 

J i y = J o c o s 0 , J i v = J o s i n 9 c o s ( q i J R i ) , J i n = J o s i n e s i n ( q j . . R i ) 

... (2.23) 
where y i s along the c - a x i s , v i s d i r e c t e d towards a 
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n e a r e s t neighbour i n the b a s a l plane and n i s a t r i g h t 

angles to v i n the b a s a l plane. i s the i n t e r p l a n a r 

spacing and J q i s the thermal average of the t o t a l angular 

momentum a t some temperature, T. The general moment 

d i r e c t i o n d e s c r i b e d by eqn (2.23) i s a cone as i n Ho and 

E r a t low temperature, (see S e c t i o n 1.3). For 8 = ^ 

and £ N. 0 the moment arrangement i s a b a s a l plane s p i r a l 

as i n Tb, Dy and Ho, j u s t below t h e i r Neel temperatures. 

For £ = 0 the s t r u c t u r e i s ferromagnetic with 9 g i v i n g 

the s p i n d i r e c t i o n w i t h r e s p e c t to the c - a x i s . I f 
if 

6 = j and c[ = 0 the s t r u c t u r e d e s c r i b e d i s t h a t of Tb or 

Dy below t h e i r Curie temperatures. The s p i n s t r u c t u r e s 

of a l l the heavy r a r e e a r t h metals are shown s c h e m a t i c a l l y 

i n F i g 1. 

The value of £ maximising the exchange and thus 

minimising the f r e e energy of the s t r u c t u r e i s the s p i r a l 

wave ve c t o r of the s t r u c t u r e . To consid e r the dependence 

of I ( r ^ j ) on £ i t i s necessary to define the f o u r i e r 

transform of the exchange, 
I ( q ) = Z I ( r i . ) e x p ( i q . r . . ) 

j J 

The s i m p l e s t model showing the experimental behaviour 

of the heavy r a r e e a r t h s i s the f i v e plane i n t e r a c t i o n 

model f i r s t used by Enz (1961). Along the c - a x i s w i t h £ 

p a r a l l e l to c 

Kq) = J 2 1(0) + 21.(1) cosqc + 2 I ( 2 ) c o s 2 q c .. . (2.24) 

where 1(0) i s the in-plane i n t e r a c t i o n . 1(1) i s the 
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i n t e r a c t i o n between n e a r e s t neighbour planes and 1(2) 

i s the i n t e r a c t i o n between next n e a r e s t neighbour p l a n e s . 

J Q i s again the thermally averaged value of the t o t a l 

angular momentum. For the system d e s c r i b e d i n eqn. 2.24 

-to be s t a b l e the c o n d i t i o n 

d f e ) I ( q ) = ° ...(2.25) 

must be s a t i s f i e d . This leads to the r e s u l t , with q^ 

being the e q u i l i b r i u m value of c[, 

c o s ( 2 o c ) = - ...(2.26) 

Here q Q C i s the e q u i l i b r i u m i n t e r l a y e r turn angle of 

the h e l i c a l s t r u c t u r e , u s u a l l y w r i t t e n as w. I f only-

three planes ( i . e . n e a r e s t neighbours only) had been 

considered,then the va l u e s of w which gave energy minima 

would have been 0 and n corresponding to ferromagnetic 

and a n t i f e r r o m a g n e t i c alignment r e s p e c t i v e l y . From eqn. 

(2.26) i t f o l l o w s t h a t the h e l i c a l s t r u c t u r e i s s t a b l e 

only i f 1(1) and 1(2) are of opposite s i g n and a l s o i f 

1(1) < 4 1 ( 2 ) . Hence I ( r i j ) must be of long range,and 

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

2.3 EFFECT OF A MAGNETIC FIELD ON A HELICAL SPIN SYSTEM. 

For the h e l i c a l s p i n system d e s c r i b e d by eqn. (2.24) 

(which i s one i n which the hexagonal l a y e r s are f e r r o -

m a gnetically a l i g n e d with the net moment i n the l a y e r ) 

the a p p l i c a t i o n of a f i e l d i n the b a s a l plane w i l l 
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introduce a f u r t h e r term i n the exchange a t each ion s i t e 

such t h a t we get 

Kq) = J 2 1(0) + 21(1) cos (qc) + 21 (2)cos2 (qc) 

+ J.H E cosn(qc) 
n 

For s u f f i c i e n t l y l a r g e e x t e r n a l f i e l d s the h e l i c a l 

s p i n s t r u c t u r e becomes e n e r g e t i c a l l y unfavourable with 

r e s p e c t to the ferromagnetic phase. I n p r a c t i c e the 

t r a n s i t i o n from an a n t i f e r r o m a g n e t i c s t r u c t u r e to a 

ferromagnetic s t r u c t u r e i s c h a r a c t e r i s e d by two d i s t i n c t 

changes i n magnetisation with i n c r e a s i n g f i e l d . The 

f i r s t i s due to the c o l l a p s e of the h e l i c a l s t r u c t u r e 

to a fan s t r u c t u r e with the magnetisation v e c t o r s 

p o i n t i n g i n the d i r e c t i o n of the a p p l i e d f i e l d , (see 

F i g . 2.1). Herpin and M e r i e l (1961) have shown t h a t the 

value of the e x t e r n a l f i e l d , H , a t t h i s t r a n s i t i o n i s 
c 

given by 

H c = - 7.76y Q I ( 2 ) s i n ' * | ...(2.30) 

where u i s the spontaneous moment per atom, w i s the 

turn angle of the u n d i s t o r t e d h e l i x a t t h a t temperature 

and 1(2) i s the a n t i f e r r o m a g n e t i c next n e a r e s t neighbour 

i n t e r a c t i o n . F u r t h e r i n c r e a s e i n magnetic f i e l d s t r e n g t h 

serves only to decrease the d e v i a t i o n of the fan s t r u c t u r e 

from f u l l ferromagnetic alignment. T h i s process i s 

complete and f u l l ferromagnetic alignment e s t a b l i s h e d a t 
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H H H 

FI G . 2.1 E f f e c t of a magnetic f i e l d a p p l i e d 
i n the b a s a l plane of a uniform 
b a s a l plane s p i r a l magnetic s t r u c t u r e . 
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a f i e l d H f = 2.06H c. The magnetisation process of a 

s p i r a l s p i n system has been d e a l t with i n d e t a i l by 

Kitano and Nagamiya (1964). Eqn. 2.30 i n conjunction 

with eqn. 2.26 provides a means f o r e s t i m a t i n g the 

exchange parameters 1(1) and 1(2) f o r a given temperature. 

Belov e t a l (1964) have d i s c u s s e d t h i s i n d e t a i l f o r 

Dy and Ho. 

2.4 THE EXCHANGE INTERACTION. 

Since the 4f wave fu n c t i o n s on the r a r e e a r t h ions 

have been shown to be l o c a l i s e d ( S e c t i o n 1.3) there can 

be no a p p r e c i a b l e overlap and the exchange i n t e r a c t i o n 

between ions must proceed i n d i r e c t l y . Such an i n d i r e c t 

exchange i n t e r a c t i o n which propagates v i a the p o l a r i s a t i o n 

of the conduction e l e c t r o n charge cloud around an ion s i t e 

was f i r s t developed by Rudermann and K i t t e l (19 54) to 

e x p l a i n l i n e broadening i n n.m.r. experiments. The 

theory was subsequently extended by Y o s i d a (1957) and 

a p p l i e d to r a r e e a r t h s by Kasuya (1956). 

I n t h i s i n t e r a c t i o n (known as the RKKY i n t e r a c t i o n ) 

a l o c a l i s e d 4f e l e c t r o n with s p i n S^ i n t e r a c t s with an 

e l e c t r o n from the conduction band v i a the Coulomb 

i n t e r a c t i o n and s c a t t e r s i t from a momentum s t a t e k* 

below the Fermi energy i n t o a s t a t e k". Assuming t h a t 

both e l e c t r o n wave functions are Bloch wave functions 

i . e . the e l e c t r o n s are a f r e e gas, the Hamiltonian f o r 

the - i n t e r a c t i o n between a conduction e l e c t r o n of s p i n 

s and an ion of s p i n S may be w r i t t e n 
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H s f = A(k" - k') s . S 

The exchange i n t e g r a l i s u s u a l l y assumed to be i s o t r o p i c 

and a fu n c t i o n of (k"-k') = q only. I n the RKKY theory 

A(q) i s taken to be a constant A Q. The exchange i n t e g r a l 

may be w r i t t e n i n d i r e c t r-space 

A(r) = Z A ( g J e x p ( i q . r ) 
q 

Then the exchange i n t e r a c t i o n between a conduction e l e c t r o n 

a t r and an ion a t p o s i t i o n R may be w r i t t e n 

H g f = - A ( r - R ) s . S 

I n the RKKY approximation A(r-R) = A Q 6 ( r - R ) . Using 

p e r t u r b a t i o n theory the e f f e c t of an i o n i c s p i n on the 

conduction e l e c t r o n cloud may be c a l c u l a t e d . Because 

H S £ i s s p i n dependent, the energy of one sp i n s t a t e of 

the e l e c t r o n cloud w i l l be lower than the other and hence 

the conduction e l e c t r o n cloud w i l l become p o l a r i s e d . 

I n d i r e c t r-space and a t T = 0 the p o l a r i s a t i o n may be 

w r i t t e n 
9TTS Z 2 r -, 

P ( r ) = 5 — /<() 2 k , ( r - r ' ) A(r')dr« 
2 f t 2 E f L £ — J " 

where Z i s the number of conduction e l e c t r o n s per atom, 

ft i s the atomic volume and 

s i n x - xcosx <|>(x) = 
x* 

I n the RKKY approximation 

9TTS„Z2Art 

Z 0 P ( r ) = -̂ <}>(2k~r) ...(2.31) 
2ft 2E 4 
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Thus i n the RKKY approximation the p o l a r i s a t i o n has a 

long range o s c i l l a t o r y behaviour f a l l i n g o f f as 
cos (2k~r) 

£-3 f o r larg e r . I n the l i m i t r -> 0 $ d i v e r g e s , 

however t h i s divergence does not a f f e c t the o s c i l l a t i o n s 

a t l a r g e r which are important i n determining the magnetic 

p r o p e r t i e s . I n q space the p o l a r i s a t i o n may be w r i t t e n 

P ( r ) = E A(q) x(2)exp(i£.r) 

a 
where x(sJ i - s r e f e r r e d to as the g e n e r a l i s e d s u s c e p t i b i l i t y 

f u n c t i o n and i s j u s t the F o u r i e r transform of <j> (2k^r) 
9TTZ 2 

E x ( q ) e x p ( i q . r ) = <j)(2k 4 :r) ...(2.32) 
a 2 f i 2 E f

 f 

P h y s i c a l l y the fu n c t i o n x(<3) completely d e s c r i b e s the 

response of a f r e e e l e c t r o n gas to a sma l l p e r t u r b a t i o n . 

X(q) i s the quantity g e n e r a l l y determined i n band s t r u c t u r e 

c a l c u l a t i o n s (see Appendix 3) and i s of c e n t r a l importance 

i n the theory of magnetic ordering i n the r a r e e a r t h s 

(see S e c t i o n 2.5). The p o l a r i s a t i o n produced by an i o n i c 

s p i n a t r i n t e r a c t s with another 4f e l e c t r o n of s p i n S j 

l o c a l i s e d on an ion a d i s t a n c e r^.. away from S^. 

I n S e c t i o n 1.4 the exchange i n t e r a c t i o n H ^ j between two 

i o n i c s p i n s a d i s t a n c e a p a r t was w r i t t e n 

H i j = - 2 l < r i j ^ i ^ j 

I n the RKKY approximation the exchange i n t e g r a l I ( r ^ j ) 

i n the Heisenberg exchange i n t e r a c t i o n may be i d e n t i f i e d 
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as (from eqn. 2.31) 

9 i r Z 2 

I ( r . .) = A 2 <J> ( 2 k f r . \ ) 
1 3 2 S i 2 E f

 0 f ^ 

i . e . K ^ . ) = Z A 2 (g) x(g.)exp(ig.r. .) ...(2.33) 
q •* 

by eqn. (2.32) and using the f a c t t h a t i n the RKKY 

approximation A(q) = A Q. The exchange i n t e g r a l behaves 

l i k e the p o l a r i s a t i o n , being simply A QP(r^..). Besides 

g i v i n g r i s e to exchange coupling between i o n i c moments, 

the p o l a r i s a t i o n of the conduction e l e c t r o n s produces a 

magnetic moment. ( L i u 1961). Thus, the observed s a t u r a t i o n 

moments of the heavy r a r e e a r t h metals from magnetisation 

measurements are a l l i n excess of the t h e o r e t i c a l value 

and the value determined from neutron d i f f r a c t i o n measurements 

(see Table 1.1 and S e c t i o n 1.3). This c o n t r i b u t i o n to 

the moment from the conduction e l e c t r o n p o l a r i s a t i o n i s not 

measured during neutron d i f f r a c t i o n experiments due to the 

d i f f u s e nature of the conduction e l e c t r o n s (Cable e t a l 

1968. See a l s o S e c t i o n 3.3). 

2.5 THEORY OF THE TURN ANGLE 

Employing the RKKY approximation the exchange i n t e g r a l 

defined i n eqn. 2.33 may be w r i t t e n i n q-space as 

I ( 3 > = A o X(q> ...(2.34) 

Since the f u n c t i o n x ( g ) i n eqn. 2.34 has a maximum value 

a t q = 0 so does I ( q ) and th e r e f o r e t h i s model cannot 

p r e d i c t the appearance of an o s c i l l a t o r y spin s t r u c t u r e . 
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Relaxing the RKKY approximation to allow A to depend upon 

g produces the same r e s u l t , as A(q) may i n general be 

assumed to have a maximum a t q=0. I n order to produce a 

maximum i n I ( q ) f o r q\0 i t i s necessary to c o n s i d e r a 

more r e a l i s t i c e l e c t r o n i c band s t r u c t u r e . 

Yosida and Watanabe (1962) included the symmetry 

of the hep l a t t i c e w h i l s t r e t a i n i n g the f r e e e l e c t r o n gas 

approximation. T h i s y i e l d e d a maximum i n the exchange 

i n t e g r a l f o r q p a r a l l e l to the c - a x i s when qc = 48°. 

T h i s value i s c l o s e to the observed i n i t i a l t u r n angles 

of Tin, E r and Ho where = qc = 51° but i s not i n 

agreement with the i n i t i a l turn angles of Tb or Dy, 

nor d i d the computation p r e d i c t the absence of any 

p e r i o d i c order i n Gd. 

Since 1964 more r e a l i s t i c band s t r u c t u r e c a l c u l a t i o n s 

have become a v a i l a b l e . The e s s e n t i a l f e a t u r e s of the 

band s t r u c t u r e of a l l the heavy r a r e e a r t h s (see Appendix 3) 

are the c e n t r a l trunk composed mainly of the s and f 

e l e c t r o n s and the f l a t d bands perpendicular to the c - a x i s 

(see F i g . A3.1). The appearance of a webbing f e a t u r e i n 

the Fermi s u r f a c e may be a s s o c i a t e d with a s p i r a l s p i n 

s t r u c t u r e i n the m a t e r i a l (Gd has no webbing f e a t u r e and 

shows no h e l i c a l s p i n r e g i o n ) . The v e c t o r which c a l i p e r s 

the webbing of the whole Fermi s u r f a c e near L, determines 

the p o s i t i o n of the peak i n the g e n e r a l i s e d s u s c e p t i b i l i t y 

f u n c t i o n x(<3)» a n d i s t h e r e f o r e i d e n t i f i e d with the t u r n 

angle. Keeton and Loucks (1968) f i r s t observed t h a t the 
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t h i c k n e s s of the webbing has the same order of magnitude 

as the wave ve c t o r a s s o c i a t e d w ith the s p i n s t r u c t u r e . 

F u r t h e r , i t shows the c o r r e c t trend through the heavy r a r e 

e a r t h s e r i e s . 

The p r o p e r t i e s of the paramagnetic Fermi s u r f a c e 

c l e a r l y p l ay a fundamental r o l e i n determining the turn 

angle a t the onset of magnetic ordering. However, the 

v a r i a t i o n of the turn angle with temperature cannot be 

explained i n terms of the paramagnetic Fermi s u r f a c e and 

i t i s necessary to c o n s i d e r the e f f e c t of magnetic order 

upon the bands. 

2 . 5 ( i ) TEMPERATURE DEPENDENCE OF THE TURN ANGLE. 

At the onset of magnetic ordering the i o n i c moments 

on each l a t t i c e s i t e couple with the conduction e l e c t r o n s 

through the exchange i n t e r a c t i o n H s f The p e r i o d i c i t y 

of the h e l i c a l magnetic ordering i s d i f f e r e n t from t h a t of 

the l a t t i c e and t h i s has the e f f e c t of i n t r o d u c i n g a new 

p e r i o d i c p o t e n t i a l i n t o the s t r u c t u r e . T h i s new p e r i o d i c i t y 

g i v e s r i s e to an energy d i s c o n t i n u i t y , r e f e r r e d to as a 

superzone boundary, and an energy gap i n the conduction 

e l e c t r o n band ( E l l i o t and Wedgewood 1964). The r e ­

d i s t r i b u t i o n of the conduction e l e c t r o n s a c r o s s these energy 

gaps a f f e c t s the coupling between a l o c a l i s e d 4f e l e c t r o n 

and a conduction e l e c t r o n w i t h a consequent v a r i a t i o n i n 

the turn angle. The energy gap i s temperature dependent 

through i t s dependence on the i o n i c moment and i n t h i s 

way the turn angle v a r i e s w i t h temperature. The superzone 



boundaries may be v i s u a l i s e d as energy gaps c u t t i n g the 

Fermi s u r f a c e p e r pendicular to the c - a x i s . 

The concept of the superzone boundaries w i l l be used 

i n the d i s c u s s i o n of the anomalously s m a l l v a r i a t i o n of 

the turn angle with temperature i n the hep light-heavy 

r a r e e a r t h a l l o y s (see S e c t i o n 6.1). 

W h i l s t the appearance of a h e l i c a l s p i n s t r u c t u r e and 

i t s v a r i a t i o n w i t h temperature i s determined by the e l e c t r o n 

p r o p e r t i e s of the m a t e r i a l , t h e exact form of the ordering 

i s determined by the i n t e r a c t i o n w ith the c r y s t a l l a t t i c e . 

T h is l a t t e r i n t e r a c t i o n favours ferromagnetic alignment 

of the spins and i s s t r o n g l y temperature dependent. 

2.6 LOW TEMPERATURE ORDERING - FERROMAGNETISM 

In the phenomological approach adopted e a r l i e r (see 

Sec t i o n 2.1) the Hamiltonian d e s c r i b i n g r a r e e a r t h magnetism 

was w r i t t e n as 
)_( = >-<+)-< + )_( ... (2.35) ' ' lex app N c f 

The exchange i n t e r a c t i o n , H „t i s long range and 
6X 

o s c i l l a t o r y and thus favours a s t a b l e h e l i c a l s p i n arrangement 

r a t h e r than ferromagnetism. I n the absence of an ap p l i e d 

f i e l d the spontaneous t r a n s i t i o n to ferromagnetism must 

be d r i v e n by the c r y s t a l f i e l d i n t e r a c t i o n , H C £ . The 

c r y s t a l f i e l d Hamiltonian contains the m a g n e t o - c r y s t a l l i n e 

i n t e r a c t i o n s , the magn e t o s t r i c t i o n and the magneto-

c r y s t a l l i n e anieotropy. 
H c f - H m s + H a 
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The anisotropy, H , / has been d i s c u s s e d e a r l i e r 
a 

(see S e c t i o n 1.4) and i t a c t s only to a l i g n the moments 

along some p r e f e r r e d d i r e c t i o n i n the l a t t i c e . The magneto-

e l a s t i c e f f e c t has been suggested by many authors to be 

the d r i v i n g force which s t a b i l i s e s the ferromagnetic s t a t e 

(see f o r example Cooper 1968). 

The c r y s t a l l a t t i c e i s coupled e l a s t i c a l l y to the 

magnetic system such t h a t when the moments are a l i g n e d i n 

a c e r t a i n d i r e c t i o n the l a t t i c e becomes d i s t o r t e d somewhat 

i n order to minimise the t o t a l energy. I n the a n t i -

ferromagnetic s t a t e the magnetic moments c a n c e l i n t e r n a l l y 

and so the l a t t i c e does not respond to the magnetic 

or d e r i n g . I n t h i s case the a n t i f e r r o m a g n e t i c s t a t e has a 

higher magneto-elastic energy than the ferromagnetic s t a t e . 

E l l i o t (1961) has shown t h a t the energy d i f f e r e n c e between 

these two s t a t e s i s p r o p o r t i o n a l to the s i x t h power of the 

magnetisation. He a l s o showed t h a t the anisotropy energy 

i s p r o p o r t i o n a l to the t w e n t y - f i r s t power of the magnetisation. 

J u s t below the Neel temperature, then, the magnetic 

p r o p e r t i e s are almost completely d e s c r i b e d by the exchange. 

As the temperature i s lowered the c o n t r i b u t i o n to the f r e e 

energy from the m a g n e t o s t r i c t i o n i n c r e a s e s and when added 

to the exchange energy, which favours p e r i o d i c alignment, 

the t o t a l energy of the c r y s t a l may favour a ferromagnetic 

s t a t e a t s u f f i c i e n t l y low temperature. 

The complex magnetic s t r u c t u r e s of the r a r e e a r t h s are 

due to the d e l i c a t e balance e x i s t i n g between the exchange 
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and the c r y s t a l f i e l d e f f e c t s . -

2.7 THE CRYSTAL FIELD 

Each r a r e e a r t h ion i s t r i p o s i t i v e l y charged when i t 

e n t e r s a metal. Thus,between any two ions i n the c r y s t a l 

s t r u c t u r e there i s an in t e n s e e l e c t r i c f i e l d which r e f l e c t s 

the symmetry of the l a t t i c e . I f the ions are a l l assumed 

to be po i n t charges then the c r y s t a l f i e l d V may be 

w r i t t e n „ 
eZ. 

V ( r ) = Z h-
° i (r-R.) 

where eZ^ i s the charge on the i t h i o n . 

The c r y s t a l f i e l d p o t e n t i a l may be expanded i n 

s p h e r i c a l harmonics, hence 

V (r) = E E A m 

c |m| <H % % % 

. The s e r i e s can be terminated a f t e r the s i x t h order 

s p h e r i c a l harmonic f o r the 4f e l e c t r o n s due to the symmetry 

p r o p e r t i e s of the wave f u n c t i o n s . F u r t h e r reductions i n 

the number of terms can only be made with r e f e r e n c e to 

the s p e c i f i c p o i n t group symmetry. For the hep l a t t i c e the 

only non-zero terms a r e : -

V = A°V° + A°V° + A°V° + A*V6 

c 2 2 i* k 6 6 6 6 

There are no terms with I odd s i n c e the s t r u c t u r e has 

a centr e of i n v e r s i o n . The term i n m = 6 a r i s e s due to the 

s i x f o l d r o t a t i o n symmetry of the l a t t i c e . 
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I n p r i n c i p l e , t h e c r y s t a l f i e l d may now be c a l c u l a t e d 

by d i r e c t i n t e g r a t i o n from a knowledge of the form of 

the s p h e r i c a l harmonics and the 4f wave f u n c t i o n s . 

Following Stevens (1952) we can make use of the Wigner-

E c k a r t theorem which r e l a t e s the s p h e r i c a l harmonics i n 

C a r t e s i a n co-ordinates to t h e i r operator e q u i v a l e n t s and 

removes the need to perform the complex i n t e g r a t i o n s . 

I n the case of the r a r e e a r t h s the operator e q u i v a l e n t s 

are i n terms of J and J (see Table 2.1). For the f i r s t 
z 

term i n the c r y s t a l f i e l d Hamiltonian, V°, 
2 

Z ( 3 z 2 - r 2 ) = a < r 2 > ^ 3 J 2 - J(J+1 ) J = a<r 2>0° 

where a i s a constant and <r 2> i s the expectation value 

of the 4f r a d i u s squared. The c r y s t a l f i e l d Hamiltonian 

i s more u s u a l l y w r i t t e n 

V (r) = B°0° + B°0° + B°0° + B 6 0 6 ...(2.36) 
C 2 2 8 6 6 6 

where B m = A m <r >9 A (and are u s u a l l y taken as a d j u s t a b l e 

parameters to be f i t t e d to experiment) and 9 = a, 
2 

6 = 6 , 6 = y• E l l i o t (1961) has used as a b a s i s 
^ 6 

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

A°a = -300; A°8 = -60; A°y = +15; A 6v = -90 i n cm" 1 

2 <f 6 6 

Kasuya (1966) has adopted the p o i n t charge model and 

d e r i v e s the c r y s t a l f i e l d parameters from the equation 

B I = n ^ f r 't^f -<2-37> 
ao 
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i n which are a measure of the departure of the 

c r y s t a l from i d e a l i t y . These f a c t o r s are tabulated i n 

Table 2.2. Z i s u s u a l l y taken as 3 f o r the r a r e e a r t h 

metals and a Q i s the b a s a l plane l a t t i c e parameter. 

To e v a l u a t e the l e v e l s p l i t t i n g i t i s necessary to 

c a l c u l a t e matrix elements l i k e 

< J,mj V c 

for a given manifold of J . The terms V° i n the 

c r y s t a l f i e l d Hamiltonian c o n t a i n only J , or powers 
u 

of J z so they couple only s t a t e s where = m'j and l e a d 

to diagonal elements. Terms w i t h i H 0 c o n t a i n step 

operators and hence couple s t a t e s % apart, v i z 

J± J,mj> = [ j(J+l)±m J(m J+l ) J J,m T+l > 

Hutchings (1964) has t a b u l a t e d the matrix elements 

of a l l the c r y s t a l f i e l d operators, 0 m, between s t a t e s 

J = const, nij > f o r the J v a l u e s appropriate to the 

r a r e e a r t h s . 

Only matrix elements w i t h i n a constant manifold of 

J need be considered as the next J m u l t i p l e t i s u s u a l l y 
—1 3+ some 300 cm away. Thus, an ion with J = 4(Pr ) i . e . 

J z = ± 4....0 , generates a 9 x 9 matrix. The matrix i s 

d i a g o n a l i s e d using numerical a n a l y s i s techniques. The 

J = 4 matrix can be re-arranged i n t o submatrices c o n t a i n i n g 

only diagonal and one-off diagonal elements pivoted around 

J z = 0. 
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TABLE 2.2 

FACTOR V™ FOR HEAVY RARE EARTHS REPRESENTING DEPARTURE 
FROM CRYSTALLINE IDEALITY. 

V 

V 

= - 1.035 (1.633 - c/a) 

0.1127 - 0.752 (1.633 - c/a) 

0.260 + 0.369 (1.633 - c/a) 

2.520 - 0.815 (1.633 - c/a) 
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Conversely, the J = 7/2 matrix may be re-arranged 

i n t o two i d e n t i c a l h a l v e s . T h i s i l l u s t r a t e s an important 

theorem i n group theory - Kramers theorem. For a h a l f -

i n t e g r a l J value a l l the l e v e l s i n the absence of an 

a p p l i e d f i e l d must be a t l e a s t doubly degenerate, whereas 

fo r i n t e g r a l J there must be a t l e a s t one s i n g l e t . 

I f a f i e l d , e i t h e r e x t e r n a l or i n t e r n a l , i s a p p l i e d 

along the a x i s of q u a n t i s a t i o n then a term - nij gvig.H 

must be added to each diagonal element. I n the case of 

the hep l a t t i c e the c r y s t a l f i e l d Hamiltonian i s w r i t t e n 

w i t h r e s p e c t to the c - a x i s as the q u a n t i s a t i o n a x i s . 

I f the f i e l d i s a p p l i e d i n the b a s a l plane t h i s becomes 

the a x i s of q u a n t i s a t i o n and more terms are r e q u i r e d i n 

the c r y s t a l f i e l d Hamiltonian as the s i t e symmetry i s lower. 

The e f f e c t of r o t a t i o n s can be t r e a t e d i n a g e n e r a l way 

and they have been t a b u l a t e d by Hutchings (1964) f o r 

r o t a t i o n i n t o and around the b a s a l plane. For example 

For the r a r e e a r t h s assuming Z = 3 and s u b s t i t u t i n g 

v a l u e s i n eqn. 2.37 f o r the B m the main v a r i a t i o n i n 

value from element to element i s due to the magnitude 

and s i g n of 6^. Now the dominant term i n the a x i a l 

anisotropy V°, i s given by 
2 

V° = <r 2> a 
2 

3 J 2 - J(J+1) 

thus i f a i s negative the moment w i l l l i e i n the b a s a l 
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plane and i f a i s p o s i t i v e along the c - a x i s . Negative 

v a l u e s of B and y i n V° and V° r e s p e c t i v e l y a l i g n the 

moment along the c - d i r e c t i o n , whereas p o s i t i v e v a l u e s tend 

to make the moment l i e a t an angle to c but not i n the 

b a s a l plane. The V 6 term c o n s t r a i n s the moments to l i e 
6 

a t some d i r e c t i o n to the c r y s t a l axes i n the b a s a l plane. 

Using these r e s u l t s the p r e d i c t e d moment d i r e c t i o n s f o r 

the heavy r a r e e a r t h s are summarised i n Table 2.3 ( a f t e r 

Miwa and Yosida 1961). For V° > V° > V° the p r e d i c t e d 
2 4 6 

moment d i r e c t i o n s give a q u a l i t a t i v e agreement w i t h 

experiment, and the V 6 terms p r e d i c t the observed easy 
6 

d i r e c t i o n s . 
2.8 ORDERING IN THE LIGHT RARE EARTHS 

The c r y s t a l f i e l d are r e l a t i v e l y stronger i n the 
% • 

l i g h t r a r e e a r t h s because the <r > are much bigger 

( E l l i o t 1965). The dhcp s t r u c t u r e , too, has two separate 

s i t e symmetries. Ions on h a l f of the s i t e s have a hexagonal 

symmetry w h i l s t those on the other h a l f have a face centred 

cubic n e a r e s t neighbour environment. The cubic c r y s t a l 

f i e l d may be w r i t t e n (Rainford 1971), 
V = B° + B°|0° + 20/2 0*1 + B ° f o ° + ̂| o " l + B 6 0 6 ...(2.38) 

and the hexagonal c r y s t a l f i e l d i s given by eqn. 2.36. 

For a t r u e l y i d e a l c u b i c symmetry B° would be identically zero. 
2 

I t i s included i n eqn. 2.38 to account f o r the n o n - i d e a l i t y 

of the c r y s t a l . 
I n Pr the c r y s t a l f i e l d s a t the cu b i c and hexagonal 
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s i t e s l i f t the (2J + 1) degeneracy g i v i n g non-magnetic 

s i n g l e t s as ground s t a t e s (Kramers Rule) so there can be 

no co-operative e f f e c t (Bleaney 1963). Using the c r y s t a l 

f i e l d parameters d e r i v e d by Rainford (1971) from neutron 

i n e l a s t i c s c a t t e r i n g data a c r y s t a l f i e l d l e v e l diagram 

was constructed f o r both the hexagonal and cubic s i t e s . 

(See F i g . 2.2). The f i r s t e x c i t e d s t a t e on the hexagonal 

s i t e s i s a doublet 28K above the ground s t a t e and on the 

cubic s i t e s a t r i p l e t 88K above the ground s t a t e . I n the 

absence of any exchange an a p p l i e d f i e l d induces a moment 

at low temperatures" due to the admixture of the f i r s t 

e x c i t e d s t a t e w ith the ground s t a t e . For a f i e l d a p p l i e d 

along the c - a x i s the -1 > l e v e l on the hexagonal s i t e s 

drops i n energy r e l a t i v e t o the ground s t a t e and c r o s s e s 

i t f o r an a p p l i e d f i e l d of 480k0e. Since a moment bearing 

l e v e l i s now the ground s t a t e l e v e l of the system there 

i s a discontinuous jump i n the magnetisation of the 

system. The p r e d i c t e d behaviour of Pr agrees w e l l with 

the observed magnetisation data of McEwen (1973) (see 

Se c t i o n 1.3) except t h a t the observed discontinuous 

change i n magnetisation occurs a t 315k0e. The excess 

i n t e r n a l f i e l d of 165k0e may be a s c r i b e d to the exchange 

between Pr i o n s . The absence of magnetic ordering i n 

mono c r y s t a l l i n e Pr and i t s presence i n p o l y c r y s t a l l i n e 

Pr l e d Johansson e t a l (1970) to suggest t h a t the exchange 

i n Pr i s s u f f i c i e n t l y c l o s e to the t h r e s h o l d f o r ordering 

t h a t a s m a l l m o d i f i c a t i o n of the c r y s t a l f i e l d s p l i t t i n g s , 
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perhaps due to l o c a l s t r a i n s , could lead to spontaneous 

ordering. Trammell (1963) has shown t h a t the r a t i o of 

the exchange to the c r y s t a l f i e l d s p l i t t i n g must exceed 

a c e r t a i n c r i t i c a l value before spontaneous magnetic 

ordering can occur. 

I n the case of Nd, which i s a non-Kramers ion and 

t h e r e f o r e cannot have a s i n g l e t s t a t e , the exchange i s 

operati v e and the moments on both the cubic, and hexagonal 

s i t e s order a t low temperature (see Section 1.3). The 

s a t u r a t i o n moments i n both the b a s a l plane d i r e c t i o n and 

along the c - a x i s i s reduced below the t h e o r e t i c a l value 

of 3.27y B even i n f i e l d s of 350k0e and t h i s i s a t t r i b u t e d 

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

2.9 SPIN WAVES 

The ground s t a t e of a magn e t i c a l l y ordered m a t e r i a l 

a t T=0 i s one i n which a l l the atomic s p i n s are r i g i d l y 

a l i g n e d with r e s p e c t to one another. I f the system i s 

e x c i t e d , thermally or otherwise, the low l y i n g e x c i t e d 

s t a t e s are those i n which the s p i n d e v i a t i o n s t r a v e l 

through the s o l i d as s p i n waves or, when quantised, 

magnons. P h y s i c a l l y , the spin on each atom i s p r e c e s s i n g 

about i t s mean p o s i t i o n with s u c c e s s i v e s p i n s advanced 

i n phase by a constant angle. Magnons a r e analogous 

to l a t t i c e v i b r a t i o n s or phonons. 

2 . 9 ( i ) APPLICATION TO THE RARE EARTHS 

The t o t a l Hamiltonian d e s c r i b i n g a planar ferromagnet 
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i n the hep s t r u c t u r e (such as Tb and Dy) may be w r i t t e n 
( f o l l o w i n g eqns. 2.35 and 2.36) 

H = - ( g 7 - l ) 2 E Kr. .) J. .J. - E 
i = j ± 

B°0°(i) - i B 6 0 ^ ( i ) 
2 2 6 6 

where the m a g n e t o s t r i c t i o n and a x i a l c r y s t a l f i e l d terms 
higher than second order have been neglected. W r i t i n g 
out the c r y s t a l f i e l d terms e x p l i c i t l y (see Table 2.3) 
gives 

H = -(g T-D 2 S I ( r . .)J..J. - S 
i=3 J J I 

BV. 
2 Z l 

- ̂  B 6(|J . + U .1 2 6 [ x i y i j 

+ J. - i J . ) 
I I X l y j 

From the Hamiltonian the magnon d i s p e r s i o n r e l a t i o n may 
be w r i t t e n (Mackintosh and Bjerrum" M i l l e r 1971) 

h 
hu)(q) = J [1(0) - I(q) - 2B^- 6B^J"1 [ i (0) - I(q) + 36B^J 6 T i» 

... (2.39) 

where J i s the t o t a l angular momentum. 
S t r i c t l y i t i s necessary t o d i v i d e the hep u n i t c e l l i n t o 
two i n t e r p e n e t r a t i n g hexagonal l a t t i c e s w i t h one atom 
per u n i t c e l l , r e f e r r e d t o as the A and B s i t e s . For a 
given q, then, there are two e x c i t a t i o n s known as the 
o p t i c a l and acoustic magnons r e s p e c t i v e l y . P h y s i c a l l y , 
f o r q=0 the moment precessions on the A and B s i t e s are 
i n phase f o r the acoustic mode and i n antiphase f o r the 



o p t i c a l mode. Eqn. 2.39 i s the d i s p e r s i o n r e l a t i o n 
f o r the acoustic magnon a t T=0K. For q=0 i . e . a t long 
wavelengths, the spin wave energy does not go t o zero, 
but e x h i b i t s an energy gap of approximately J 3(72B°B 6) J s 

2 6 

because of the anisotropy which always tends t o oppose 
d e v i a t i o n s of the spins from e q u i l i b r i u m . 

The most d i r e c t experimental method of o b t a i n i n g 
s p i n wave d i s p e r s i o n curves i s t o e x c i t e the spin system 
by causing thermal neutrons t o be i n e l a s t i c a l l y s c a t t e r e d 
from i t (see Sections 3.9 and 4 . 4 ( i i i ) ) . I n t h i s way 
spin wave energies may be studied f o r a l l values of q 
except near q=0. A large body of l i t e r a t u r e now e x i s t s 
on i n e l a s t i c neutron s c a t t e r i n g i n the ferromagnetic 
r a r e earths f i t t i n g expressions l i k e eqn. 2.39 t o the 
d i s p e r s i o n curves and e v a l u a t i n g the c r y s t a l f i e l d 
parameters from the observed magnon energy gap. (see f o r 
instance Bjerrum Mp'ller 1967, Jensen e t a l 1975, 
Lindgard 1975). 

Since the c r y s t a l f i e l d dominates the magnetic 
p r o p e r t i e s of the l i g h t r a r e earths the elementary magnetic 
e x c i t a t i o n s can be expected t o be fundamentally d i f f e r e n t 
from the magnons found i n the heavy r a r e e a r t h metals. 

I n the absence of exchange the e x c i t a t i o n s of the 
system correspond t o the e x c i t a t i o n of a s i n g l e i o n from 
the ground s t a t e t o an e x c i t e d s t a t e . Exchange couples 
the ions together so t h a t the e x c i t a t i o n s have the form 
of l o c a l i s e d magnetic e x c i t a t i o n s . The theory of c o l l e c t i v e 
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e x c i t o n behaviour i n m a t e r i a l s w i t h a s i n g l e t ground 
3+ 

s t a t e e.g. Pr , has been developed by Cooper and Wang 
(1968 and 1969) (see also Section 3.9). 

I n the paramagnetic phase at low temperatures the 
di s p e r s i o n r e l a t i o n f o r the excitons has the approximate 
form r 

H M ( Q, = A i - is^Sal 
where A i s the c r y s t a l f i e l d s p l i t t i n g between two l e v e l s 
i n the absence of exchange and a i s the m a t r i x element of 
an angular momentum operator between them. The c o n d i t i o n 
f o r spontaneous magnetic or d e r i n g then corresponds t o the 
i n s t a b i l i t y of one of these e x c i t o n modes. These excitons 
have r e c e n t l y been studied by Rainford (1971) using i n e l a s t i c 
neutron s c a t t e r i n g and some of h i s r e s u l t s are shown i n 
Fig . 2.3. The upper set of e x c i t a t i o n s i n t h i s f i g u r e 
correspond t o t r a n s i t i o n s on the cubic s i t e s w h i l s t the 
lower e x c i b a t i o n s correspond t o t r a n s i t i o n s on the hexagonal 
s i t e between the ground s t a t e and an e x c i t e d doublet, (see 
Section 2.8 and F i g . 2.2). There are two branches t o the 
lower d i s p e r s i o n curve because of the hep symmetry of the 
hexagonal s i t e s . The minimum e x c i t a t i o n energy occurs i n 
the o p t i c a l branch a t r , which corresponds t o a mode i n 
which equal and opposite moments are induced on neighbouring 
la y e r s i n the hep l a t t i c e formed by the hexagonal s i t e s . 
This mode decreases s i g n i f i c a n t l y i n energy as the 
temperature i s lowered which i s an i n d i c a t i o n of the 
i n c i p i e n t antiferromagnetism of Pr, since the i n s t a b i l i t y 
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of t h i s mode would lead t o an a n t i f e r r o m a g n e t i c 
s t r u c t u r e . 
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CHAPTER 3 
3.1 ELASTIC NEUTRON SCATTERING 

There are two d i f f e r e n t i n t e r a c t i o n s between a 
neutron and the atoms of a c r y s t a l which give r i s e t o 
s i g n i f i c a n t s c a t t e r i n g ; these are the neutron-nuclear 
i n t e r a c t i o n and the i n t e r a c t i o n between the neutron 
magnetic moment and any magnetic moment which the atoms 
o f the c r y s t a l may possess. 

The neutron-nuclear s c a t t e r i n g gives r i s e t o 
d i f f r a c t i o n peaks a t p o s i t i o n s r e l a t e d t o the p e r i o d i c i t y 
o f the atoms i n the c r y s t a l i n the same way as X-ray 
d i f f r a c t i o n , b ut u n l i k e X-ray d i f f r a c t i o n there i s no 
regular increase i n s c a t t e r i n g cross-section f o r an 
increase i n atomic number, nor i s . there any v a r i a t i o n 
i n the s c a t t e r i n g i n t e n s i t y w i t h angle. Both f a c t o r s are 
a consequence o f the si z e of the nucleus. I n the f i r s t 
instance, the s c a t t e r i n g mechanism i s v i a the Fermi 
pseudo-potential which i s almost constant f o r i n c r e a s i n g 
atomic number. Secondly, the i s o t r o p i c nature o f the 
i n t e r a c t i o n i s due t o the f a c t t h a t the dimensions o f 
the nucleus are very much smaller than the wavelength 
o f the thermal neutrons (1A°). Hence, the i n t e r a c t i o n 
p o t e n t i a l f o r neutron-nuclear s c a t t e r i n g i s a constant, 
b, r e f e r r e d t o as the neutron s c a t t e r i n g l e n g t h . 

By analogy w i t h X-ray d i f f r a c t i o n , then, the 
i n t e n s i t y o f a nuclear l i n e f o r a sample bathed 
un i f o r m l y i n a s t r i c t l y monochromatic beam i s given by: 
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j _ A m G 2 h i a E * e*P(-3w) ...(3.1) 
hkJl 

A i s a geometric f a c t o r r e l a t e d t o the s c a t t e r i n g 
geometry and the absorption of the sample, (see Section 
3.4), m i s the number of (hkJl) planes g i v i n g r i s e t o the 
s c a t t e r i n g - the m u l t i p l i c i t y , and exp(-2W) i s the 
Debye-Waller temperature f a c t o r included t o c o r r e c t f o r 
the thermal motions of the n u c l e i (see Section 3.3). 
**hkl ^S t* l e 9 e o m e t r i c s t r u c t u r e f a c t o r which i s a 
property of the p a r t i c u l a r c r y s t a l s t r u c t u r e and L i s 
the Lorentz f a c t o r . For a p a r a l l e l sided lamina sample 
uniformly bathed i n the neutron beam L = s i n 2 2 6 ^ ^ 
and f o r a c y l i n d r i c a l sample L = s i n S ^ ^ s i n 2QYikl 

where i s the Bragg angle. 

3.2 GEOMETRIC STRUCTURE FACTOR, G, AND THE RECIPROCAL 
LATTICE. 
Consider a plane wave w i t h a wavevector 
2ir 

k~ (= — ) i n c i d e n t on two n u c l e i of s c a t t e r i n g l e n g t h 
_° X 

b i n a crys t a l , s e p a r a t e d by a ve c t o r d i s t a n c e , r . Let 
the wave be scat t e r e d through an angle 6 and leave w i t h 
a wavevector k' (see F i g . 3.1). The phase d i f f e r e n c e 
between the two sca t t e r e d waves a t some p o i n t B f a r 
away from the c r y s t a l i s 

k . r - k'.r = (k - k ' ) r = k.r ...(3.2) 
o o 

k" i s r e f e r r e d t o as the s c a t t e r i n g v e c t o r and i f the 
s c a t t e r i n g i s e l a s t i c i t i s of magnitude — sin0/2. 

X 



FIG. 3.1 Construction d e f i n i n g s c a t t e r i n g 
vector k ( a f t e r Brown & Forsyth 19 73) 

R e f l e c t i n g plane 

e 
I n c i d e n t e 
neutron a 

Scattered neutron 
K J 

FIG. 3.3 Construction showing u n i t vectors 
K and J used i n the discussion o f 
magnetic s c a t t e r i n g ( a f t e r Bacon 1962) 
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I f the i n c i d e n t wave i s o f amplitude A Q then t h e 
scattered amplitude from a volume element dv a t 0 , a r r i v i n g 
a t B, a long way from 0, i s A Q b~ dV where b i s the 
nuclear s c a t t e r i n g l e n g t h . S i m i l a r l y , the amplitude 
of the scattered wave a t B from P, a vector distance 
r from 0, i s A q b~ exp(ifc.r) dV r. The t o t a l amplitude a t 
B i s obtained by i n t e g r a t i n g over the volume of the 
c r y s t a l and hence 

A = A q F / e x p ( i k . r ) dV r ...(3.3) 

and the t o t a l s c a t t e r i n g i n t e n s i t y a t B i s given by 

I - I 0 B* I /exe(ik.r) av r|* ...,3.,) 

I f the c r y s t a l consists o f a d i s c r e t e l a t t i c e of p o i n t 
s c a t t e r e r s then the i n t e g r a l i n eqn. (3.4) may be 
replaced by a summation over a l l l a t t i c e s i t e s and the 
scattered i n t e n s i t y a t B i s given by 

I = I q b 2 | S e x p ( i k . r ) | 2 ...(3.5) 

I f the basis vectors of the l a t t i c e are a, b and c and 
the Cartesian co-ordinates o f the nuclear p o s i t i o n s 
are x, y and z, then 

r = x.a + y.b + z.c ...(3.6) 

S u b s t i t u t i n g eqn. C3.6) i n t o eqn. (3.5) gives 

I = I Q E 2 | Z exp(ik.x.a) exp(ik.y.b) e x p ( i k . z . c ) | 2 

... (3.7) 
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Brown and Forsyth (1973) have shown t h a t eqn. (3.7) 
w i l l have a maximum only i f the c o n d i t i o n s 

k.a = 2uh ; k.b = 2irk ; k.c = 2vi 
are f u l f i l l e d simultaneously. For a l l other values i t 
i s zero. The f a c t o r 

G h k * = e x P ( 2 7 r i <1T + 1T>> •••< 3- 8> 
0 0 0 

i s r e f e r r e d t o as the geometric s t r u c t u r e f a c t o r . 
The values of the s c a t t e r i n g v ector f o r which 

s c a t t e r i n g occurs are given by 
k = 2ir (ha* + kb* + He*) ...(3.9) 

The l a t t i c e defined by the basis vectors a*, b *, c *, 
( o f t e n denoted T , T , T ) i s r e f e r r e d t o as the 

1 2 3 

r e c i p r o c a l l a t t i c e . I t i s constructed of r e c i p r o c a l 
l a t t i c e p o i n t s which are the i n t e g e r values of h, k 
and % t h a t give non-zero values of the geometric 
s t r u c t u r e f a c t o r , arranged i n rows and columns. For 
the hep s t r u c t u r e the r e c i p r o c a l l a t t i c e i s shown i n 
Fi g . 3.2. Not a l l i n t e g e r values of h, k and I give 
non-zero values of the geometric s t r u c t u r e f a c t o r , and 
c e r t a i n r e c i p r o c a l l a t t i c e p o i n t s are absent. 
P h y s i c a l l y , t h i s i s because the hep s t r u c t u r e contains 
two atoms per u n i t c e l l which d e s t r u c t i v e l y i n t e r f e r e . 
I n t h i s case the geometric s t r u c t u r e f a c t o r contains 
two terms r e f e r r i n g t o the p o s i t i o n of.each atom i n the 
c e l l . Due t o the symmetry of the l a t t i c e absences occur 
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f o r h - k = 3n and St, odd. The i n t e n s i t y o f a d i f f r a c t i o n 
l i n e corresponding t o a r e c i p r o c a l l a t t i c e p o i n t i s given 
by eqn. 3.1. 

3.3 DEBYE-WALLER TEMPERATURE FACTOR 
The thermal motion of an atom i n a s o l i d causes an 

o v e r a l l r e d u c t i o n i n the observed i n t e n s i t y f o r a given 
(hk£) r e f l e c t i o n over t h a t c a l c u l a t e d assuming a l l the 
atoms t o be a t r e s t . The s c a t t e r i n g p o t e n t i a l , b, 
a t a l l temperatures above zero,then has t o be modi f i e d 
t o account f o r the r e d u c t i o n i n s c a t t e r e d i n t e n s i t y . 
The thermal motion of an atom i s a r e s u l t o f i t s 
i n t r i n s i c zero p o i n t energy, B Q and i t s thermal 
v i b r a t i o n , B T, which i s temperature dependent. I n 
general the temperature parameters are measured 
together experimentally i n the Debye parameter, B, where 

B = B o + BT ... (3.10) 
although f o r simple m a t e r i a l s l i k e hep metals B T 

may be c a l c u l a t e d from the Debye temperature 
( I n t e r n a t i o n a l Tables f o r X-ray Crystallography Vol. I l l ) 
E x p l i c i t l y the Debye-Waller temperature f a c t o r i s 
w r i t t e n 

b exp( - B ) ... (3.11) 

where B i s the Debye parameter, A i s the wavelength 
and 9 i s the s c a t t e r i n g angle. The f a c t o r B • s i n ® 

A 2 

i s o f t e n w r i t t e n as W. • Since i t contains a term 0, 
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the s c a t t e r i n g a t low angles i s l a r g e l y i n s e n s i t i v e 
t o the thermal v i b r a t i o n s . 

The t a b u l a t e d values o f the Debye parameter B f o r 
La and Gd are almost i d e n t i c a l and since the value o f the 
Debye temperature f o r a l l the r a r e e a r t h metals i s 
approximately constant,then throughout t h i s i n v e s t i g a t i o n 
the value o f the Debye parameter f o r each r a r e e a r t h 
a l l o y has been taken as i d e n t i c a l t o t h a t o f Gd. 

3.4 PREFERRED ORIENTATION AND ABSORPTION 
Besides temperature,the other f a c t o r s which reduce 

the i n t e n s i t y o f a neutron d i f f r a c t i o n l i n e are any 
p r e f e r r e d o r i e n t a t i o n o f t h e c r y s t a l l i t e s i n a 
p o l y c r y s t a l l i n e sample and any absorption o f the neutron 
beam by the sample. The former e f f e c t modifies the 
i n t e n s i t y o f one or more peaks i n the d i f f r a c t i o n 
spectrum w h i l s t the absorption i s a geometric e f f e c t 
depending on t h e shape o f the sample and s c a t t e r i n g 
angle and thus modifies the i n t e n s i t i e s o f a l l the 
peaks u n i f o r m l y . 

The consequences o f p r e f e r r e d o r i e n t a t i o n i n the 
samples used i n t h i s i n v e s t i g a t i o n , i n determining the 
s a t u r a t i o n moments of the a l l o y s , a r e discussed i n 
Section 4.5. 

For a c y l i n d r i c a l sample the absorption depends on the 
dimensionless q u a n t i t y uR where u i s the l i n e a r 
a b s o r p t i o n c o e f f i c i e n t and R i s the ra d i u s o f the sample. 
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(Bacon 1962). For the rare e a r t h a l l o y s used i n t h i s 
i n v e s t i g a t i o n w i t h the exception o f the Dy a l l o y s , y 
i s t y p i c a l l y 0.7 cm ~ 1 and R i s 0.4 cm. I n t h i s case, 
where pR i s small, the absorption i s constant w i t h 
s c a t t e r i n g angle t o beyond a s c a t t e r i n g angle o f 45°. 

For the f l a t p l a t e samples o f Pr^Q DY7Q a n d 

Nd-jQ D v 7 0 t n e ^ s o r p t i o n f a c t o r f o r various s c a t t e r i n g 
angles 8 i s given by 

t exp ( -ytsec9)' ...(3.12) 

where t i s the thickness o f the sample i n cm. For a 
uniform sample of thickness 1.0 mm the absorption f a c t o r 
a t a s c a t t e r i n g angle o f 22.5° i s 0.01960 which r e f l e c t s 
the high capture cross s e c t i o n f o r Dy. The v a r i a t i o n 
o f the absorption f a c t o r w i t h s c a t t e r i n g angle i n the 
angular range 20 = 18° t o 20 = 25° i s ±1% and the 
absorption c o r r e c t i o n may be t r e a t e d as a constant. 

Thus any absorption i n the a l l o y s i n v e s t i g a t e d 
by neutron d i f f r a c t i o n manifests i t s e l f as an o v e r a l l 
r e d u c t i o n i n i n t e n s i t y o f the observed nuclear peaks. 
Hence, the r a t i o of the observed i n t e n s i t y o f a 
d i f f r a c t i o n peak t o the t h e o r e t i c a l i n t e n s i t y i n the 
absence o f p r e f e r r e d o r i e n t a t i o n , s h o u l d be a constant 
f o r each peak, p r o p o r t i o n a l t o the absorption and the 
geometric f a c t o r A (see eqn. 3.1). Since the absorption 
i s a constant i t can be inclu d e d i n the f a c t o r A. 
A i s r e f e r r e d t o as the s c a l i n g f a c t o r . 
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3.5 NEUTRON-MAGNETIC SCATTERING 
Any magnetic moment t h a t the atom possesses resides 

i n the u n f i l l e d s h e l l s o f ex t r a - n u c l e a r e l e c t r o n s . By 
v i r t u e o f the f a c t t h a t the neutron c a r r i e s a magnetic 
moment i t i n t e r a c t s - w i t h these unpaired e l e c t r o n s . For 
a spi n only paramagnet i n which the e l e c t r o n i c moments 
are completely randomly orientated,Halpern and Johnson 
(1939) have c a l c u l a t e d t h e d i f f e r e n t i a l c r oss-section 
due t o the magnetic i n t e r a c t i o n t o be 

f = f S (S + 1 ) [ ^ X ] 2 f * (K) ...(3.13) 
Lmc J 

This e x t r a s c a t t e r i n g i s e n t i r e l y incoherent 
and c o n t r i b u t e s only t o the o v e r a l l background o f the 
c r y s t a l l i n e d i f f r a c t i o n p a t t e r n . The term | ^ 1 , where 

Uc 2-I 

Y i s the neutron magnetic moment i n nuclear magnetons, 
i s 'the i n t e r a c t i o n p o t e n t i a l f o r n e u t r o n - e l e c t r o n 
magnetic s c a t t e r i n g . The cross - s e c t i o n depends on the 
s c a t t e r i n g angle o n l y through the form f a c t o r f ( < ) , 
where K = - l n 9 . A i s t h e neutron wavelength and 9 

X 
i s the s c a t t e r i n g angle. A form f a c t o r must be 
includ e d , i n c o n t r a s t t o neutron-nuclear s c a t t e r i n g , 
because the e l e c t r o n s which determine the magnetic 
moment are d i s t r i b u t e d over a volume o f space having 
l i n e a r dimensions comparable w i t h the neutron wavelength. 
The magnetic form f a c t o r f a l l s o f f more r a p i d l y w i t h 
the angle than the X-ray form f a c t o r since t h e magnetic 



moment o f an i o n l i e s i n the outer e l e c t r o n s h e l l s , 
whereas X-ray s c a t t e r i n g occurs from the inner s h e l l s . 

3.6 MAGNETIC FORM FACTOR 
I n the case o f the ra r e earths the magnetic moment 

resides i n the 4f s h e l l and the magnetic form f a c t o r 
i s a consequence o f the s p a t i a l d i s t r i b u t i o n o f the 
4f e l e c t r o n s . The magnetic form f a c t o r can be derived 
t h e o r e t i c a l l y by i n t e g r a t i o n over the r a d i a l p a r t of 
the 4f wave f u n c t i o n , U f m u l t i p l i e d by the appropriate 

If X 

s p h e r i c a l Bessel f u n c t i o n , j ' L ( K . r ) then, 

< j L (K) > = fQ U^f j L ( K . r ) d r ...(3.14) 

I n the case o f the rare earths i t i s not necessary 
t o c a l c u l a t e the o r b i t a l and sp i n c o n t r i b u t i o n s t o the 
magnetic form f a c t o r separately as the spi n angular 
momentum, S, and the o r b i t a l angular momentum, L, are 
coupled s t r o n g l y t o give a t o t a l angular momentum, J. 
•The magnetic form f a c t o r , then, i s j u s t the sum o f terms 
l i k e < j ( K ) > , < j (K) >, <j ( K ) > e t c . m u l t i p l i e d 

0 2 "» 

by the appropriate c o e f f i c i e n t s . P h y s i c a l l y , the f i r s t 
term i n the se r i e s < j (<) >t can be i d e n t i f i e d w i t h 
the spin only c o n t r i b u t i o n t o the magnetic moment,with 
succeeding terms a measure of the departure o f the 4f 
charge d i s t r i b u t i o n from s p h e r i c i t y due t o coupling 
w i t h the o r b i t a l angular momentum. 

Lander and Brun (1970) have shown t h a t f o r small 
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values of K the magnetic form f a c t o r f o r the r a r e 

e a r t h s may be approximated by the e x p r e s s i o n 

c 
*0O = < j CK) > + -2- < j ( K ) > ...(3.15) 

0 c 2 

l 
where the < j L ( K ) > have been t a b u l a t e d f o r the r a r e 

c 
e a r t h s by Blume e t a l (1962) and the c o e f f i c i e n t — 

c 
has been tab u l a t e d by Lander and Brun (1970.) 1 

c 
The c o e f f i c i e n t — i n eqn. (3.15) i s i d e n t i c a l l y 

3+ ° 

zero f o r Gd as i t i s an S s t a t e i o n and has no 

o r b i t a l angular momentum. The ex p r e s s i o n f o r the 

form f a c t o r i s almost i d e n t i c a l to the di p o l e 

approximation d i s c u s s e d by Lovesey and Rimmer (1969). 

I n c o n t r a s t to the t i g h t l y bound 4f e l e c t r o n s , 

the conduction e l e c t r o n s which are r e s p o n s i b l e f o r the long 

range magnetic ordering i n the r a r e e a r t h s (see S e c t i o n 

1.4) are d i s t r i b u t e d over a l a r g e volume i n the c r y s t a l . 

Consequently, they have a r a p i d l y d e c r e a s i n g form f a c t o r 

and do not cont r i b u t e to neutron d i f f r a c t i o n experiments, 

although they c o n t r i b u t e to an excess moment i n the 

s a t u r a t i o n magnetisation (see S e c t i o n 1.3). 

3.7 NEUTRON SCATTERING FROM MAGNETICALLY ORDERED SYSTEMS 

Magnetic ordering introduces a new p e r i o d i c i t y 

i n t o the c r y s t a l and,as a consequence,extra coherent 

s c a t t e r i n g . I f the moments on the ions are a l l 

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

the same as the l a t t i c e p e r i o d i c i t y . Following a 
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s i m i l a r argument to t h a t used f o r neutron-nuclear 

s c a t t e r i n g , t h e i n t e n s i t y of a magnetic l i n e i n a magnetic 

l a t t i c e w i t h the same p e r i o d i c i t y as the c r y s t a l l a t t i c e 

i s : 

i h J a = p 2 m G 2 h i a e*P<- 2 w> ...(3.16) 

where the symbols have the same meaning as before except 

p i s the magnetic s c a t t e r i n g length. Whereas the neutron-

nucleus i n t e r a c t i o n p o t e n t i a l i s i s o t r o p i c and can be 

represented by a s c a l a r q u a n t i t y , b, the neutron-electron 

i n t e r a c t i o n p o t e n t i a l depends on the r e l a t i v e o r i e n t a t i o n 

of the neutron s p i n and the moment d i r e c t i o n , a v e c t o r 

q u a n t i t y . The magnitude of the i n t e r a c t i o n p o t e n t i a l i s 

simply the product of the n u c l e a r and Bohr magnetons 

m u l t i p l i e d by ^y. For an atom i n which both s p i n and 

o r b i t a l moments are o p e r a t i v e and are s t r o n g l y coupled 

to give an angular momentum op e r a t o r , J , Trammell (1953) 

gives the s c a t t e r i n g length as 

.2. 
P = 2-3- g J f ( K ) 

2mc 2 
J - (K.J) K ... (3.17) 

where f ( K ) i s the form f a c t o r of the i n t e r a c t i o n , J i s 

a u n i t v e c t o r i n the moment d i r e c t i o n and K i s a u n i t 

v e c t o r i n the d i r e c t i o n p e r p e n d i c u l a r to the r e f l e c t i n g 

plane, i . e . the s c a t t e r i n g v e c t o r . 

Bacon (1962) has shown t h a t ( J - K (J.K)) = 

K X ( J x K) = J 
perp. 

The r e s u l t a n t i s the p r o j e c t i o n of J onto the 
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plane normal to the s c a t t e r i n g v e c t o r K i . e . the 

r e f l e c t i n g plane. The magnitude of t h i s component i s 

J s i n a where a i s as shown i n F i g . 3.3. The equation 

f o r the s c a t t e r i n g length then becomes 

p " = ^ — g J f ( K ) s i n a ...(3.18) 
2mc 2 

For an u n p o l a r i s e d neutron beam Halpern and 

Johnson (1939) have shown t h a t the magnetic and n u c l e a r 

c o n t r i b u t i o n s to the s c a t t e r e d i n t e n s i t y are a d d i t i v e . 

Thus 

I = ^ m G 2
h ] a rb2 + e f x _ ( g j ) 2 f 2 ( K ) s i n 2 a l ...(3.19) 

W U L L 2mc 2 J 

T h i s equation a p p l i e s only to a magnetic s t r u c t u r e 

w i t h the same p e r i o d i c i t y as the l a t t i c e and to one i n 

which there i s a f i x e d o r i e n t a t i o n of a l i g n e d magnetic 

moments and the s c a t t e r i n g v e c t o r . 

I n cases where the magnetisation p o i n t s i n 

d i f f e r e n t d i r e c t i o n s i n d i f f e r e n t p a r t s of the c e l l 

the value of s i n a v a r i e s from s i t e to s i t e w i t h the 

p e r i o d i c i t y of the magnetic s t r u c t u r e . 

Hence the term g 2 J X J c ^ j 2 i - n t n e e x p r e s s i o n f o r the 

s c a t t e r e d magnetic i n t e n s i t y given i n eqn. 3.19 must 

be r e p l a c e d by a f a c t o r which r e f l e c t s t h i s new 

p e r i o d i c i t y . T h i s f a c t o r i s r e f e r r e d to as the magnetic 

s t r u c t u r e f a c t o r and i s w r i t t e n 

£ exp | i . K ( r . - r . ) | J . J . ...(3.20) 
i j L 1 ] J 1 J 
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where i and j run over a l l s p i n s i n the c r y s t a l . 

Although the moments i n a domain are a l i g n e d , domains w i l l 

be d i r e c t e d randomly with r e s p e c t to the c r y s t a l l o g r a p h i c 

axes and the magnetic s c a t t e r i n g w i l l adopt some average 

value dependent upon the average d i r e c t i o n of the 

s c a t t e r i n g v e c t o r . I n general,the magnetic s t r u c t u r e 

f a c t o r ,m 2 becomes (Marshall and Lovesey 1971) 

-.m 2 = S ( 5 y v " — e x P [ i . K ( r i - r )]j.V^ y,v M K 1,3 L J j J 

. . (3.21) 

where y and v run over x, y and z. 

The complete ex p r e s s i o n f o r the neutron magnetic s c a t t e r i n g 

i s 
A in exp (-2W) 

hk£ ~ L 
2 V 12 

2mc2 
( g J ) z f 2 ( K ) ... (3,22) 

The magnetic i n t e n s i t i e s p r e d i c t e d by t h i s equation 

fo r v a r i o u s magnetic s t r u c t u r e s are derived i n Appendix 

1. 

M a t e r i a l s which order m a g n e t i c a l l y i n such a way 

t h a t the p e r i o d i c i t y of t h e i r magnetic s t r u c t u r e i s not 

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

are s a i d to d i s p l a y non-commensurate s p i n s t r u c t u r e s . 

The e x i s t e n c e of such non-commensurate s p i n s t r u c t u r e s 

was f i r s t p r e d i c t e d t h e o r e t i c a l l y by V i l l a i n (1959) and 

Yoshimori (1959) and observed i n Mn Au 2 by Herpin, M e r i e l 

and V i l l a i n (1959). Examples of non-commensurate s p i n 
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s t r u c t u r e s are the s p i r a l and the v a r i o u s antiphase 

domain magnetic s t r u c t u r e s which have been found i n the 

r a r e e a r t h metals (e.g. Koehler 1971 and S e c t i o n 1.3). 

I n general, the e x t r a p e r i o d i c i t y introduced i n t o the 

c r y s t a l s t r u c t u r e by the magnetic s t r u c t u r e manifests 

i t s e l f as s c a t t e r e d i n t e n s i t y a t d i f f e r e n t Bragg angles 

to the nucl e a r s c a t t e r i n g , r e s u l t i n g i n a complicated 

d i f f r a c t i o n spectrum. 

3.8 OBSERVED MAGNETIC NEUTRON SCATTERING POWDER PATTERNS 

By v i r t u e of the f a c t that the neutron senses only 

the component of the moment which i s perpendicular to 

the s c a t t e r i n g v e c t o r i . e . l y i n g i n the r e f l e c t i n g 

plane, we may determine i n which c r y s t a l l o g r a p h i c 

d i r e c t i o n the moment l i e s . For the hep s t r u c t u r e the 

moments can l i e e i t h e r i n the b a s a l plane, g i v i n g r i s e 

to magnetic s c a t t e r i n g a t a l l allowed (hkfl,) p o s i t i o n s 

i n r e c i p r o c a l space, or perpendicular to hexagonal 

l a y e r s i . e . along the c - a x i s , l e a d i n g to in c r e a s e d 

i n t e n s i t y a t allowed (hk&) p o s i t i o n s other than (00£). 

Since the p e r i o d i c i t y of an antiferromagnetic 

s t r u c t u r e i s twice t h a t of a ferromagnetic one, the 

magnetic s t r u c t u r e f a c t o r w i l l have f i n i t e v a l u e s f o r 

r e f l e c t i o n s which are normally s y s t e m a t i c a l l y absent 

and w i l l be s y s t e m a t i c a l l y zero f o r the corresponding 

even-order r e f l e c t i o n s . 

The magnetic s c a t t e r i n g from a non-commensurate 
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s p i n s t r u c t u r e manifests i t s e l f as peaks, r e f e r r e d to as 

s a t e l l i t e s , a t p o s i t i o n s symmetrically disposed around 

allowed n u c l e a r r e f l e c t i o n s . The r e c i p r o c a l l a t t i c e 

rows on which the s a t e l l i t e s are found, determine the 

d i r e c t i o n of the modulation -vector of the s t r u c t u r e , a n d 

the angular s e p a r a t i o n of a s a t e l l i t e from i t s a s s o c i a t e d 

n u c l e a r peak determines the i n t e r - p l a n a r turn angle 

of the s t r u c t u r e , (see S e c t i o n 4.5). For a uniform 

s p i r a l there are s a t e l l i t e s a s s o c i a t e d w i t h every 

allowed n u c l e a r r e f l e c t i o n as the s t r u c t u r e i s not 

u n i a x i a l , ( K o e h l e r 1961 a ) . Absence of the (OOfc)* 

i m p l i e s t h a t the s p i r a l has a unique a x i s - the 

c r y s t a l l o g r a p h i c c - a x i s , and the moments are e i t h e r 

p a r a l l e l or a n t i - p a r a l l e l to i t , but amplitude modulated 

from plane to plane. I t i s assumed t h a t the moments on 

a hexagonal plane are a l l f e r r o m a g n e t i c a l l y a l i g n e d and 

have the same thermally averaged value, but t h i s value 

v a r i e s s i n u s o i d a l l y and no order i s assumed f o r the 

perpendicular components. Th i s s t r u c t u r e i s often 

r e f e r r e d to as c - a x i s modulated or C.A.M. 

A complex s i t u a t i o n a r i s e s when a b a s a l plane 

ferromagnet i s a l s o amplitude modulated up the c - a x i s . 

The p e r i o d i c i t y of the amplitude modulation produces 

both (00£)* and ( h u t ) * s a t e l l i t e s and can only be 

d i s t i n g u i s h e d from a simple s p i r a l model on the b a s i s 

of the s c a t t e r e d i n t e n s i t y due to each s t r u c t u r e . 

The ferromagnetic s p i r a l w i l l e x i s t i f the b a s a l 



87 

plane anisotropy i s s u f f i c i e n t l y weak to allow the net 

moment i n a l a y e r to can t a t an angle to the c - a x i s . 

There i s now a component of the moment i n the c - d i r e c t i o n 

so there w i l l be magnetic s c a t t e r i n g a t a l l r e c i p r o c a l 

l a t t i c e p o i n t s other than (00£),as w e l l as (00£)* and 
+ 

(hOA) due to the s p i r a l p e r i o d i c i t y which remains. 

The f i n a l s t r u c t u r e to be considered i s the 

antiphase domain c o n f i g u r a t i o n , ( K o e h l e r 1961 b ) . I n 

t h i s s t r u c t u r e the net moments on n adjacent f e r r o -

m a g n e t i c a l l y a l i g n e d hexagonal l a y e r s are p a r a l l e l to 

one another, e i t h e r p a r a l l e l to the c - d i r e c t i o n or to 

some d i r e c t i o n i n the b a s a l plane, and on the next n 

l a y e r s the moment d i r e c t i o n i s reversed. T h i s new 

p e r i o d i c i t y introduces new s a t e l l i t e s of the allowed 

n u c l e a r peaks i n t o the s t r u c t u r e separated by i n t e g e r 

m u l t i p l e s of T-j/n from the l a t t i c e s i t e s . When n i s 

even only odd order s a t e l l i t e s occur, and there i s no 

magnetic s c a t t e r i n g a t (hOJl) p o s i t i o n s i n r e c i p r o c a l 

space. When n i s odd there i s weak magnetic s c a t t e r i n g 

a t r e c i p r o c a l l a t t i c e p o i n ts due to the one uncompensated 

moment and both odd and even s a t e l l i t e s occur. I f the 

moment d i r e c t i o n s are p a r a l l e l or a n t i p a r a l l e l to the 

c - a x i s there w i l l be no s a t e l l i t e s of (00£). 

The magnetic neutron d i f f r a c t i o n p a t t e r n s are 

summarised i n Table 3.1 and the e v a l u a t i o n of the 

ordered magnetic moment from the magnetic s c a t t e r i n g 

i s d i s c u s s e d i n S e c t i o n 4.6. 
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TABLE 3.1 

MAGNETIC STRUCTURE OBSERVED MAGNETIC DIFFRACTION PATTERN 

1. Ferromagnetic in basal 
olane 

A l l allowed nuclear peaks. 

2. Ferromagnetic along 
c-axis 

A l l allowed nuclear peaks except 
(00A). 

3. Uniform spi r a l in basal 
plane 

(00£)+ and (hOJl)+ of allowed nuclear 
peaks. 

4. Ferromagnetic along 
c-axis but modulated 
from plane to plane 

(hOJl) of allowed nuclear peaks. 

5. Ferromagnetic in basal 
plane but amplitude 
modulation along c-axis 

(hOJir and (00£)~ of allowed nuclear 
peaks but with different intensity 
than in (3) above. 

6. Ferromagnetic s p i r a l 
along c-axis 

(005-)" and (hOS.)" of allowed nuclear 
peaks plus magnetic intensity at a l l 
allowed nuclear peaks except (00A). 

7. Antiphase domain Satellites of the new periodicity. 
For n even - odd order harmonics 
For n odd - odd and even order 
harmonics, plus scattering at (h0&) 
positions. 

8. Antiphase domain along 
c-axis 

As above but no scattering at (005,) 
nuclear positions. 
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3 . 9 INELASTIC NEUTRON MAGNETIC SCATTERING 

I n any neutron s c a t t e r i n g experiment both e l a s t i c 

and i n e l a s t i c p rocesses are o c c u r r i n g simultaneously. 

An i n e l a s t i c s c a t t e r i n g event w i t h the c o r r e c t s c a t t e r i n g 

vector can appear a t an angle 28 i n a d i f f r a c t i o n 

experiment as incoherent background. An i n e l a s t i c 

s c a t t e r i n g experiment i s p o s s i b l e i f the e n e r g i e s of the 

s c a t t e r e d neutrons are measured, by timing them over a 

known d i s t a n c e f o r i n s t a n c e , and the s c a t t e r i n g v e c t o r 

i s determined from the system geometry. 

The energy of a thermal neutron i s 0.025eV which i s 

of the same order as the energy of a phonon i n a c r y s t a l . 

I n any neutron-phonon i n t e r a c t i o n , then, the energy 

change w i l l be q u i t e a s i g n i f i c a n t percentage of the 

i n c i d e n t neutron's o r i g i n a l energy, and w i l l be r e a d i l y 

observable. L i k e the phonon,the quantum of magneto-

v i b r a t i o n a l energy, a s p i n wave, i s the magnon. At 

temperatures below the Debye temperature and magnetic 

ordering temperature, the p r o b a b i l i t y of a phonon-neutron 

s c a t t e r i n g event i s low, whereas a magnon-neutron 

s c a t t e r i n g event i s h i g h l y probable. Many experiments 

have been performed to observe the s p i n waves propagating 

i n the heavy r a r e e a r t h s , ( See Mackintosh and Bjerrum 

M i l l e r 1971). 

I n the l i g h t r a r e e a r t h metals the competition 

between the c r y s t a l f i e l d and the exchange s e v e r e l y 

r e s t r i c t s the formation of an ordered magnetic s t a t e 
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and a c t u a l l y prevents i t i n Pr. The e l e c t r o n i c ground 

s t a t e i n Pr i s a s i n g l e t and e x c i t a t i o n s progagating i n 

the m a t e r i a l are not s p i n waves but l o c a l i s e d modes 

corresponding to e x c i t a t i o n s between c r y s t a l f i e l d 

s t a t e s , (see S e c t i o n s 2.8 and 2.9). Using the theory 

developed by Van Vleck (1939) f o r paramagnetic i n e l a s t i c 

s c a t t e r i n g , i t can be shown t h a t the low temperature 

d i s p e r s i o n r e l a t i o n f o r these so c a l l e d magnetic 

e x c i t o n s i s 

^ ^ [ l - ^ K q l f ...(3.23) 

(Mackintosh and Bjerrum Mdller 1971), where A i s the 

c r y s t a l f i e l d s p l i t t i n g between the two l e v e l s and a 

i s the matrix element of an angular momentum operator 

between them. 



CHAPTER 4 

EXPERIMENTAL DETAILS 

4.1 SPECIMEN PREPARATION AND CHARACTERISATION 

The a l l o y s were prepared by melting together 

appropriate q u a n t i t i e s of 99.9% pure r a r e e a r t h metals 

i n an argon a r c furnace with a non-consumable tungsten 

e l e c t r o d e . The buttons were i n v e r t e d and remelted 

s e v e r a l times to ensure homogeneity. Weight l o s s e s 

due to evaporation on melting were of the order of 

0.1%. I n view of the low weight l o s s e s the nominal 

a l l o y compositions were s e l e c t e d on the b a s i s of the 

atomic percentages and no f u r t h e r a n a l y s i s of the 

composition was deemed neces s a r y . 

An a s - c a s t button was then p o l i s h e d with f i n e 

grade emery paper and annealed i n a vacuum f o r 2 hours 

a t 650°c. The specimens were then X-rayed on a P h i l i p s 

D iffractometer. The d i f f r a c t i o n p a t t e r n was indexed 

by hand and l a t t i c e parameters assigned using a 

refinement programme based on Hess' method. The r a p i d 

cooling from the melt which occurs during the 

manufacture of the a l l o y samples can lead to p r e f e r r e d 

d i r e c t i o n s of growth. Evidence of such p r e f e r r e d 

o r i e n t a t i o n was sought using neutron d i f f r a c t i o n and a 

standard Laue back r e f l e c t i o n technique. Some degree 

of p r e f e r r e d o r i e n t a t i o n was observed i n a l l the a l l o y s 

(see S e c t i o n 5.1). A f u l l d i s c u s s i o n of the consequences 

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

appears i n S e c t i o n 4.6. 



A sample of approximately 2 gm. was made up a t 

i n t e r v a l s of 10% composition change ac r o s s each a l l o y 

system. These samples, and some a t intermediate 

compositions, were used to determine the magnetic 

t r a n s i t i o n temperatures of the a l l o y s (see S e c t i o n 4.2). 

For the a l l o y s s e l e c t e d to be r e p r e s e n t a t i v e of the 

three c r y s t a l s t r u c t u r e s of each p a r t i c u l a r a l l o y 

system, (see S e c t i o n 1.2), f i v e buttons of approximately 

5 gm. each were prepared. Neutron d i f f r a c t i o n 

n e c e s s i t a t e s the use of such l a r g e sample volumes 

because of the low i n t e n s i t y of the r e f l e c t i o n s from 

p o l y c r y s t a l l i n e samples. I n t h i s i n v e s t i g a t i o n t y p i c a l 

sample volumes were 3 c.c.s.' Because of the high 

absorption c r o s s s e c t i o n of Dy f o r thermal neutrons 

(see Table 1.1), the buttons of Pr-Dy and Nd-Dy were 

s l i t i n t o 1 m.m. t h i c k p l a t e l e t s p e r p e n d i c u l a r to the 

f l a t base, with a diamond wheel. The p l a t e l e t s were 

held between two p i e c e s of t h i n Tantalum f o i l and 

mounted i n a "window frame" holder, so as to present 

as l a r g e an area to the beam as p o s s i b l e . 

4.2 A.C. SUSCEPTIBILITY BRIDGE 

4. 2 ( i ) EXPERIMENTAL APPARATUS 

The magnetic t r a n s i t i o n temperatures of the a l l o y s 

were measured using a low f i e l d a.c. s u s c e p t i b i l i t y 

technique, f i r s t developed by Salmans e t a l (1968). 

The mutual inductance of two c o n c e n t r i c c o i l s , r e f e r r e d 

to.as the primary and secondary c o i l s , i s p r o p o r t i o n a l 



to the pe r m e a b i l i t y of the core m a t e r i a l . As the 

temperature of the m a t e r i a l i s v a r i e d , i t s 

pe r m e a b i l i t y changes i n a manner c h a r a c t e r i s t i c of 

the magnetic t r a n s i t i o n s . The change i n induced e.m.f. 

ac r o s s the secondary i s detected and d i s p l a y e d a g a i n s t 

the temperature of the core m a t e r i a l . For s u f f i c i e n t l y 

low f i e l d s the measured p e r m e a b i l i t y i s simply the 

i n i t i a l p e r m e a b i l i t y of the m a t e r i a l and hence the 

output i s a d i r e c t measure of the t r a n s i t i o n temperature. 

To i n c r e a s e the s e n s i t i v i t y of the bridge a second 

secondary c o i l continuous with the f i r s t and of e x a c t l y 

the same number of t u r n s , but wound i n the opposite 

sense, was incorporated i n the d e t e c t i o n c i r c u i t , 

(see F i g s . 4.1 and 4.2. F i g . 4.1 i s a block c i r c u i t 

diagram of the A.C. s u s c e p t i b i l i t y bridge and F i g . 4.2 

i s a diagram of the A.C. s u s c e p t i b i l i t y apparatus.) 

The output of the d e t e c t i o n c o i l system i s i d e n t i c a l l y 

zero as the induced e.m.f. i n one c o i l i s equal and 

opposite to t h a t i n the other c o i l . The two secondary 

c o i l s were wound on a "Lexan" former with f i n e Cu w i r e . 

The c o i l s were 1 cm. long and 1 cm. apa r t . The primary 

c o i l was of h e a v i e r gauge wire and four times as long 

as the secondary c o i l system. The advantage of having 

the secondary c o i l s c l o s e together and i n s i d e one 

primary c o i l , r a t h e r than the o r i g i n a l apparatus of 

Salmans e t a l , i s t h a t changes i n temperature a f f e c t 

both c o i l s e q u a l l y and, as a consequence, the change i n 

mutual inductance with -temperature i s a u t o m a t i c a l l y 
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accounted f o r . Also, by making the primary c o i l much 

longer than the d e t e c t i o n c o i l system, both the secondary 

c o i l s l i e i n the region of uniform magnetic f i e l d 

strength, away from the ends of the primary c o i l . Should 

the primary c o i l move on c o o l i n g , the output from the 

d e t e c t i o n c o i l s remains zero. The primary c o i l was wound 

on a g l a s s former which f i t t e d over the Lexan former. 

T h i s f a c i l i t a t e d removal of the primary c o i l without 

d i s t u r b i n g the secondary c o i l s . 

The d r i v i n g s i g n a l f o r the primary c o i l was derived 

from a high power audio o s c i l l a t o r . The r.m.s. value 

of the a l t e r n a t i n g c u r r e n t i n the d r i v i n g c o i l gave a 

f i e l d of 6.8 Oe a t 83 Hz. T h i s frequency was chosen 

so that the output d i d not beat w i t h the mains and to 

be w e l l w i t h i n the s k i n depth of the m a t e r i a l s s t u d i e d . 

The leads to the d r i v i n g c o i l s were wound together 

and the l e a d s from the d e t e c t i o n c o i l system were 

wound together and then wound i n a loose s p i r a l up the 

s t a i n l e s s s t e e l c e n t r e column to prevent 50 Hz pick-up. 

The leads are not shown i n F i g 4.2 f o r c l a r i t y . The 

s t a i n l e s s s t e e l tube and the c o i l system were pl a c e d 

i n a g l a s s tube which could be evacuated and f i l l e d 

w i t h He gas. The specimen was i n s e r t e d i n t o the upper 

of the two secondary c o i l s on the end of a non-magnetic 

centre s t i c k through a demountable vacuum s e a l a t the 

top of the s t a i n l e s s s t e e l tube. The c e n t r e s t i c k a l s o 

c a r r i e d a thermocouple. A Cu v. Constantan thermocouple 
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with a l i q u i d n i t rogen r e f e r e n c e j u n c t i o n was used f o r 

work above 77K and an Au (0.2% Fe) v. Cu thermocouple 

with a l i q u i d n itrogen r e f e r e n c e j u n c t i o n f o r determinations 

below 77K. I t was found necessary to measure temperature 

changes i n the regions above and below 77K w i t h d i f f e r e n t 

thermocouples because the t h e r m o e l e c t r i c power of the 

Cu v s . Constantan thermocouple i s very small below 77K 

and f a l l s to zero a t 20K, w h i l s t the t h e r m o e l e c t r i c 

power of the Au (0.2% Fe) v s . Cu thermocouple i s l a r g e 

below 77K/ but f a l l s to zero a t higher temperatures. 

Both thermocouples were c a l i b r a t e d i n the l a b o r a t o r y 

a g a i n s t standard t a b l e s . 

The sample temperature was v a r i e d from l i q u i d 

n i t rogen temperature to room temperature by f i r s t 

immersing the whole apparatus up to the l e v e l of the top 

of the d r i v e r c o i l i n l i q u i d n itrogen i n a g l a s s c r y o s t a t . 

When the sample had cooled to 77K the whole apparatus 

was withdrawn from beneath the l i q u i d s u r f a c e to j u s t 

above i t and the sample allowed to warm up i n the stream 

of c o l d gas. The h e i g h t to which the apparatus was 

r a i s e d determined the warming r a t e . To ensure a slow 

warming r a t e the whole apparatus was only withdrawn to a 

hei g h t 1 cm. above the l i q u i d s u r f a c e a t f i r s t and then 

by f u r t h e r increments of 1 cm. u n t i l the e n t i r e 

temperature range had been covered. I n t h i s way warming 

r a t e s of 5K/min. and slower were achieved. The presence 

of the He exchange gas ensured that the two secondary 

c o i l s were a t the same temperature. For experiments 
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between 4.2K and 77K the whole apparatus was r e p l a c e d 

j i n the c r y o s t a t and a s m a l l amount of l i q u i d He t r a n s f e r r e d 

i n t o the c r y o s t a t . The sample was cooled to 4.2K and the 

remaining He allowed to b o i l o f f n a t u r a l l y . When a l l 

the l i q u i d He had gone the sample s t a r t e d to warm up 

sl o w l y . 

The output from the det e c t o r c o i l system was fed 

to a phase s e n s i t i v e d e t e c t o r and high gain a m p l i f i e r 

. and then to the X input of an X-Y recorder. The Y input 

of the recorder was d e r i v e d from the output of the 

thermocouple, (see F i g 4.1). 

4 . 2 ( i i ) RELATIONSHIP BETWEEN OUTPUT VOLTAGE AND 
SUSCEPTIBILITY. 

L e t a c u r r e n t i Q e x p ( j w t ) flow i n a s o l e n o i d . The 

f i e l d induced i n the c o i l i s 

H = H Qexp(jwt) ... (4.1) 

4Trni„ o 
where H = i n .<=.*..&. - u n i t s and n i s the 

10 
number of turns/cm 

The i n d u c t i o n , B = y o H Q e x p ( j u t ) 

and the f l u x i n the c o i l <)>= f.n.dA = y 0H QAnexp (joit) 

where A i s the c r o s s s e c t i o n a l a r e a of the c o i l . 

Thus the vo l t a g e , V, induced i n a secondary c o i l i s 

v = - = -D wVi 0H 0Anexp(jwt) ...(4.2) 

For the f i r s t secondary c o i l the output i s V 1 and f o r 

the second the output i s V 2« I n the absence of a 

specimen 
V l ~ V 2 = 0 ... (4.3) 
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s i n c e the c o i l s have equal numbers of t u r n s , but are 

wound i n s e r i e s o p p o s i t i o n . 

I n the presence of a sample, B = u o (H + M) 

= u Q H ( l + X) 

where M i s the magnetisation and x t n e s u s c e p t i b i l i t y 

of the sample. 

The f l u x i n the c o i l c o n t a i n i n g the sample i s 

$ = / aB.n.dA = u H e x p ( j u t ) ( 1 + x ) A n ...(4.4) 

Thus, = - g | = -jwu oH oexp(jwt) (1 + x)An ...(4.5) 

The output voltage of the two c o i l system i s 

V-̂  - V 2 = -ja>u 0H oAnxexp ( j u t ) — ( 4 . 6 ) 

i . e . v i " v 2 = -3WU0H0An(x' + j x " ) exp ( j u t ) ...(4.7) 

The imaginary p a r t of the s u s c e p t i b i l i t y , x" 

(the power absorbed) i s i n phase with the output s i g n a l 

of the bridge and thus w i t h the d r i v i n g voltage i . e . 

w i t h the p.s.d. r e f e r e n c e s i g n a l (see F i g . 4.1) whereas 

the r e a l p a r t of the s u s c e p t i b i l i t y x" i s 90° out 

of phase with the p.s.d. r e f e r e n c e s i g n a l . 

The out of phase component of the detected s i g n a l was 

used as the input to the Y a x i s of the X-Y reco r d e r , thus 

the s u s c e p t i b i l i t y v e r sus temperature curves d e r i v e d i n 

t h i s i n v e s t i g a t i o n are p r o p o r t i o n a l to the change i n 

r e a l s u s c e p t i b i l i t y w i t h temperature. 

4.3 CRITICAL FIELD MEASUREMENTS 

C r i t i c a l f i e l d measurements were performed on three 



100 

a l l o y s c o n t a i n i n g Dy and on elemental Dy. Two of the 

a l l o y s , P r 3 Q
 D¥-JQ a n d N d 3 0 D y 7 0 ' h a d P r e v i o u s l y been 

used i n neutron d i f f r a c t i o n i n v e s t i g a t i o n s and measurement 

of the turn angles could be combined with the c r i t i c a l f i e l d 

data to give an e s t i m a t i o n of the exchange parameters, 

(see S e c t i o n 2.3). The c r i t i c a l f i e l d of Pr-̂ Q D y g Q was 

measured f o r comparison w i t h the data of C h a t t e r j e e and 

T a y l o r (1972) on the e q u i v a l e n t Nd a l l o y , Nd 1 Q Dy g Q, and 

the data on p o l y c r y s t a l l i n e Dy was compared w i t h the 

data of Behrendt e t a l (1958) on s i n g l e c r y s t a l Dy. 

The measurements were made on a Foner v i b r a t i n g 

specimen magnetometer (see f o r i n s t a n c e Foner 1956 and 

1959) a t the C.S.I.R.O., Sydney. The a l l o y samples 

were c u t so as to be disc-shaped and were mounted i n 

the sample holder with t h e i r long axes p a r a l l e l to the 

f i e l d d i r e c t i o n . The sample of Dy was cut from a l a r g e r 

piece and resembled a sphere. The samples were completely 

demagnetised before each experiment and the magnet was 

c y c l e d so t h a t there was no remnant magnetic f i e l d . 

T h i s procedure was found to be necessary as e a r l i e r 

i n v e s t i g a t i o n s had shown t h a t the samples'previous 

magnetic h i s t o r y a f f e c t e d the r e s u l t s . The p o s i t i o n of 

the sample was a d j u s t e d to be i n the centre of the 

magnetic f i e l d by maximising the output s i g n a l i n a 

given f i e l d f o r each of the x, y and z d i r e c t i o n s 

s imultaneously. Since a l l the samples were approximately 

the same s i z e t h i s procedure was only c a r r i e d out once 

and other samples were assumed to be c o r r e c t l y a l i g n e d . 
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The t a i l s e c t i o n of the c r y o s t a t was f i l l e d w i t h 

I l i q u i d n i t r o g e n such t h a t the sample was immersed 

i n the l i q u i d and came to 77K. The temperature of the 

sample was measured with a Au (0.03% Fe) v s . Chrome1 

thermocouple with a l i q u i d n i t r o g e n r e f e r e n c e j u n c t i o n , 

t h a t had been c a l i b r a t e d a g a i n s t standard t a b l e s . The 

magnetisation of the sample was then measured as a 

f u n c t i o n of f i e l d s t r e n g t h up to 5 kOe i n steps of 

• 200 Oe. To obtain a temperature of 90K the t a i l 

s e c t i o n of the c r y o s t a t was f i l l e d w i th l i q u i d Oxygen. 

Intermediate temperatures were obtained by f i l l i n g the 

t a i l s e c t i o n of the c r y o s t a t with cryogen such t h a t 

the l e v e l of the cryogenic f l u i d was below the sample 

p o s i t i o n . Thus the sample v i b r a t e d i n a stream of 

c o l d gas and came to some e q u i l i b r i u m temperature. 

Once t h i s e q u i l i b r i u m temperature was a t t a i n e d , i t 

remained f o r long enough to permit a magnetisation run 

to be performed. Temperatures below 77K were obtained 

by pumping on l i q u i d Oxygen. 

The procedure o u t l i n e d above was d i c t a t e d by the 

c o n s t r u c t i o n of the c r y o s t a t and the v.s.m. and did 

not enable s p e c i f i c pre-determined sample temperatures 

to be obtained, nor could e q u i l i b r i u m temperatures 

above 120K be a t t a i n e d f o r long enough to permit 

measurements to be c a r r i e d out. However, the r e s u l t s 

f o r pure Dy obtained by t h i s method do compare w e l l 

w ith those of Behrendt e t a l 1958 (see F i g . 5.10). 

2 7 OCT 1976 
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4.4. NEUTRON SCATTERING 

The e l a s t i c neutron s c a t t e r i n g experiments were 

c a r r i e d out a t the U.K.A.E.A. r e a c t o r DIDO and the A.A.E.C. 

r e a c t o r HIFAR and some i n e l a s t i c s c a t t e r i n g experiments 

a t the U.K.A.E.A. r e a c t o r PLUTO. 

4.4 ( i ) ELASTIC NEUTRON SCATTERING 

Since both the di f f T a c t o m e t e r s used i n t h i s 

i n v e s t i g a t i o n are constructed on the same p r i n c i p l e , i t 

w i l l be s u f f i c i e n t to d e s c r i b e only one, mentioning any 

d i f f e r e n c e s between them. 

Neutrons from the r e a c t o r core (and assumed to be 

i n thermal e q u i l i b r i u m with i t ) are r e f l e c t e d from a 

monochromating c r y s t a l (of Cu, Pb, or squashed Ge) a t 

one end of a c o l l i m a t i n g tube, (see F i g 4.3). The 

hi g h l y monochromatic beam emerging a t the end of the beam 

tube h i t s the sample and i s d i f f r a c t e d i n t o the Debye-

Sc h e r r e r cone of semi-angle 29. The detector,moving 

along the circumference of a c i r c l e i n the plane of 

the beam and the s a m p l e , i n t e r s e c t s the cone a t the 

Bragg angle. Powder d i f f r a c t o m e t e r s are thus often 

r e f e r r e d to as two c i r c l e d i f f r a c t o m e t e r s . 

Both d i f f r a c t o m e t e r s used i n t h i s i n v e s t i g a t i o n 

operated with a neutron wavelength of about 1A°. I n the 

HIFAR d i f f r a c t o m e t e r a wavelength of 1.08A 0 was produced 

by r e f l e c t i o n from a Cu s i n g l e c r y s t a l and i n the DIDO 

diffTactometer a wavelength of 1.15A° was produced by 

r e f l e c t i o n from a Pb s i n g l e c r y s t a l . The beam s i z e i s 



103 

REACTOR CORE 

REACTOR WALL t ////// 
NEUTRON BEAM FROM REACTOR 

CORE (MAXWELLIAN ENERGY 
DISTRIBUTION 

REACTOR 
SHIELD 7. 

7, 

IC BEAM 

MONITOR FISSION COUNTER COLLIMATOR 

SAMPLE 

fT)< CRYOSTAT 

/ U i DIFFRACTED BEAM 

V V | SOLLER SLITS ON COUNTER 

^jpJIm " —B E A M B F 3 COUNTER 

\ ^ SHEILDING 

^SCATTERING ANGLE 2 9 
BEAM STOPPER. 

# 
\ 

F I G . 4.3 The neutron d i f f r a c t o n e t e r 



cut down to the s i z e of the sample by use of a 

mechanical s h u t t e r made of Cd p o s i t i o n e d a t the end of 

the beam tube. T h i s ensured t h a t only neutrons p a s s i n g 

through the sample or d i f f r a c t e d by i t entered the 

de t e c t o r . Both d i f f r a c t o m e t e r s used conventional B F 3 

neutron d e t e c t o r s which were h e a v i l y s h i e l d e d so t h a t 

only neutrons e n t e r i n g v i a the end window were counted. 

The d e t e c t o r i s only 1 i n c h i n diameter, so to obtain 

a high counting e f f i c i e n c y i t has to be 2 f t i n length. 

As the DIDO d i f f r a c t o m e t e r i s p r i m a r i l y f o r s i n g l e 

c r y s t a l s w ith t h e i r much higher s c a t t e r i n g i n t e n s i t i e s , 

the d e t e c t o r i s only 6 in c h e s long. The angular 

r e s o l u t i o n of the d e t e c t o r i s i n c r e a s e d e i t h e r by 

p l a c i n g the de t e c t o r some d i s t a n c e from the sample and 

i n s e r t i n g a s l i t system between i t and the sample, or 

by p l a c i n g a S o l l e r s l i t system immediately i n f r o n t 

of i t . I n the l a t t e r c a s e , i t i s not necessary to 

p l a c e the det e c t o r so f a r away from the sample. A S o l l e r 

s l i t system c o n s i s t s of t h i n shims of Cd p l a t e d mild 

s t e e l approximately 10 inches long mounted i n a holder so 

t h a t they are s t r i c t l y p a r a l l e l to the beam and about 

k i n c h a p a r t . They thus absorb any s l i g h t l y o f f - a x i s 

neutrons. The use of S o l l e r s l i t s enables the d e t e c t o r 

to have good angular r e s o l u t i o n s a t a p o s i t i o n where 

the s c a t t e r e d i n t e n s i t y i s high, whereas i n c r e a s i n g 

the sample - det e c t o r s e p a r a t i o n g i v e s b e t t e r r e s o l u t i o n 

a t the expense of s c a t t e r e d i n t e n s i t y . Mechanical 



c o n s i d e r a t i o n s , e.g. the amount of space a v a i l a b l e , 

and the c o n s t r u c t i o n of a platform which w i l l r o t a t e 

a c c u r a t e l y c a r r y i n g a h e a v i l y s h i e l d e d counter on an 

arm 4 f t long, often make S o l l e r s l i t s a n e c e s s i t y . 

A complete neutron d i f f r a c t i o n scan c o n s i s t s of 

recording the s c a t t e r e d i n t e n s i t y per u n i t time f o r 

v a r i o u s s e t t i n g s of the counter angle 20. I n p r a c t i c e 

the detector i s stepped on a u t o m a t i c a l l y a f t e r a p r e s e t 

number of neutrons have passed through a fis,si o n chamber 

s i t u a t e d between the end of the beam tube and the 

sample. The f i s s i o n chamber i s constructed with a very 

low but known e f f i c i e n c y f o r the capture of slow neutrons, 

by impregnating a l a r g e area of non-absorbing m a t e r i a l 
238 

w i t h a few m i l l i g r a m s of U. One captured neutron 

from the beam i n i t i a t e s one f i s s i o n r e a c t i o n which i s 

detected e l e c t r o n i c a l l y . When a c e r t a i n number of 

neutrons have been absorbed and r e g i s t e r e d , the 

counting a t t h a t s e t t i n g of 20 ceases and the d e t e c t o r 

moves to the next s e t t i n g of 20, t y p i c a l l y 0.1° on. 

I n t h i s way f l u c t u a t i o n s i n the numbers of neutrons 

per u n i t time from the r e a c t o r are a u t o m a t i c a l l y 

accounted f o r . A complete scan from 20 = 2° to 

28 = 40° stepping 0.1° takes about 24 hours. 

Normally room temperature scans are done by 

p l a c i n g the powder ( i n t h i s study i n the form of f i v e 

buttons each of approximately 5 gm) i n an A l or V can 

d i r e c t l y i n the specimen p o s i t i o n . The can i s mounted 

on a goniometer to f a c i l i t a t e f i n a l alignment of the 
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sample. The alignment was checked by photographing 

the sample d i r e c t l y w i t h a neutron camera. An A l sample 

can has a low incoherent background s c a t t e r i n g , but two 

c l e a r l y v i s i b l e peaks which occur a t low 28 values and 

c o n t r i b u t e to the o v e r a l l d i f f r a c t i o n p a t t e r n , whereas 

the V can has no coherent s c a t t e r i n g but a higher 

incoherent s c a t t e r i n g . The t a i l s e c t i o n of the B.O.C. 

c r y o s t a t (see S e c t i o n 4 . 4 ( i i ) ) was a l s o constructed of 

Al, but the presence of A l did not a f f e c t the i n t e r p r e t a t i o n 

of the d i f f r a c t i o n p a t t e r n of the sample. To remove the 

e x t r a coherent s c a t t e r i n g from the sample d i f f r a c t i o n 

p a t t e r n a l t o g e t h e r , the V can was used i n conjunction 

with a V t a i l s e c t i o n (see S e c t i o n 4 . 4 ( i i i ) ) . The Andonian 

c r y o s t a t (see S e c t i o n 4 . 4 ( i i ) ) was constructed w i t h a 

t a i l s e c t i o n of s t a i n l e s s s t e e l , but f o r t u i t o u s l y the 

coherent s c a t t e r i n g from s t a i n l e s s s t e e l d i d not overlap 

w i t h any of the peaks i n the d i f f r a c t i o n p a t t e r n of the 

sample. 

In t h i s i n v e s t i g a t i o n , s i n c e the s a t u r a t i o n moments 

of the a l l o y s a t 4.2K were being measured as w e l l as 

the s p i n s t r u c t u r e s of the a l l o y s , room temperature 

scans were done i n a c r y o s t a t to allow d i r e c t 

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

p a t t e r n a t 4.2K. (see S e c t i o n 4.6). 

The wavelength of the neutron beam was measured 

by recording the d i f f r a c t i o n p a t t e r n of a standard 

Ni sample. The observed Bragg angles were s u b s t i t u t e d 



i n t o the Bragg equation along with the t a b u l a t e d 

i n t e r p l a n a r spacings i n Ni to give the neutron 

wavelength. 

4 . 4 ( i i ) CRYOSTAT AND TEMPERATURE CONTROL 

During the course of t h i s study, two c r y o s t a t s 

and temperature c o n t r o l l e r s were used. A B.O.C. cl o s e d 

top c r y o s t a t i n conjunction with a Thor temperature 

c o n t r o l l e r , and an Andonian c r y o s t a t with an Oxford 

Instruments temperature c o n t r o l l e r . With both systems 

i t was p o s s i b l e to maintain sample temperatures to 

± 2K f o r the duration of a scan. The body of both 

c r y o s t a t s i s made of s t a i n l e s s s t e e l and both are 

i n s u l a t e d by vacuum j a c k e t s which had to be evacuated 

each time the c r y o s t a t was used. The t a i l s e c t i o n 

of the Andonian c r y o s t a t i s a l s o made of s t a i n l e s s 

s t e e l , whereas the t a i l s e c t i o n of the B.O.C. c r y o s t a t 

i s of A l . Both c r y o s t a t s have the f a c i l i t y f o r 

removing the sample w h i l s t the c r y o s t a t s t i l l has 

cryogens i n i t . 

In the B.O.C. c r y o s t a t (shown i n F i g . 4.4) the 

centre s t i c k assembly f i t s i n t o the t a i l s e c t i o n of the 

c r y o s t a t l e a v i n g an annulus of about 0.25 mm. L i q u i d 

He f i l l s t h i s annulus and the space d i r e c t l y above i t . 

The drawback with t h i s c r y o s t a t i s that a small amount 

of cryogen i s i n the neutron beam. Hence, l i q u i d 

Nitrogen, with i t s high s c a t t e r i n g c r o s s s e c t i o n , cannot 

be used as the main coolant. For scans a t and above 
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l i q u i d Nitrogen temperature, l i q u i d He must s t i l l be 

used as the main coolant, r e s u l t i n g i n high He b o i l o f f 

r a t e s . The Andonian c r y o s t a t i s l i k e the B.O.C. c r y o s t a t , 

except t h a t i t has a l i q u i d He b i n between the vacuum 

j a c k e t and the c e n t r a l s e c t i o n . Thus the sample i s 

cooled by convection down the He gas i n the c e n t r a l 

column. I n t h i s c r y o s t a t l i q u i d Nitrogen can be used as 

the main coolant by pu t t i n g i t i n the l i q u i d He bin and 

scans can be done above 77K without r a p i d b o i l o f f of 

cryogens. 

The sample was changed by removing the whole centre 

s t i c k assembly from the c r y o s t a t and, i n the case of the 

B.O.C. cryostat,demounting the outer sample can and 

indium s e a l . ( S e e F i g . 4.4). The Andonian c r y o s t a t had 

no outer sample can which made sample changing q u i c k e r , 

but on removing the centre s t i c k assembly, i t was 

necessary to ensure t h a t the He gas i n the c e n t r a l column 

was not repl a c e d by a i r . T h i s was done by f i l l i n g the 

c e n t r a l column with a s l i g h t overpressure of He gas, 

withdrawing the centre s t i c k , and then f o r a l l times 

t h a t the mouth of the c r y o s t a t was not s e a l e d e i t h e r 

with the centre s t i c k or a bung, blowing He gas ac r o s s 

i t . 

V a r i a b l e temperatures were achieved by pumping 

out the He exchange gas from around the sample and 

heating i t with a small 120ft h e a t e r wound on a Cu 

former j u s t above i t . Good thermal contact between 

the l i d of the sample can and the former was achieved 
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by covering the mating s u r f a c e s with a l i t t l e vacuum 

grease and then screwing them together t i g h t l y . The 

space above the sample buttons i n the sample can was 

f i l l e d with a s p r i n g made of Cd which protruded s l i g h t l y 

beyond the can. The can was then screwed i n t o the l i d 

a g a i n s t the r e s i s t a n c e of the s p r i n g u n t i l i t was t i g h t . 

Thermocouples were attached to the top and bottom of 

the sample can with low temperature glue. I t was found 

necessary to pump the system ( i n the case of the B.O.C. 

c r y o s t a t the sample chamber and i n the case of the 

Andonian c r y o s t a t the complete c e n t r a l column) 

continuously w h i l s t heating the sample,to maintain a 

s t a b l e temperature. 

The output of the upper thermocouple attached to 

the sample can was used as the input to the temperature 

c o n t r o l l e r . The lower thermocouple was used to i n d i c a t e 

when an e q u i l i b r i u m s i t u a t i o n had been reached and a 

scan could be s t a r t e d . For both c r y o s t a t s thermal 

s t a b i l i s a t i o n took about 2 hours. Using Cu v s . 

Constantan thermocouples as the temperature sensors, the 

range 4.2K to 20K had to be monitored with another 

device because the t h e r m o e l e c t r i c power of the Cu v s . 

Constantan thermocouple i s almost zero over t h i s range. 

A carbon r e s i s t a n c e thermometer was used to measure 

temperatures i n the range 4.2K to 20K when i t was 

necessary to maintain sample temperatures i n t h i s 

region. The only thermocouple to cover the complete 

range of i n t e r e s t - 4.2K to 300K - and give a high 
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t h e r m o e l e c t r i c e.m.f. i s the Au (0.03% Fe) v. Chromel 

thermocouple. T h i s thermocouple was used i n conjunction 

with the Andonian c r y o s t a t and the Oxford Instruments 

temperature c o n t r o l l e r w i t h a l i q u i d He r e f e r e n c e 

junction,when maintaining sample temperatures between 

4.2K and 77K,and with a l i q u i d Nitrogen r e f e r e n c e 

j u n c t i o n f o r sample temperatures above 77K. 

The Oxford Instruments temperature c o n t r o l l e r had 

to be modified to be used with the convection cooled 

Andonian c r y o s t a t , as i t d e l i v e r e d f a r too much power. 

S e v e r a l p a s s i v e networks were i n s t a l l e d so by use of 

a r o t a r y switch d i f f e r e n t percentages of the power, up 

to 98%, could be d i s s i p a t e d outside the c r y o s t a t . Both 

the Oxford Instruments and Thor temperature c o n t r o l l e r s 

had e x t e r n a l switches f o r v a r y i n g the time constants of 

the i n t e g r a l and d i f f e r e n t i a l c o n t r o l c i r c u i t s . I n the 

Thor c o n t r o l l e r t h i s was commercially a v a i l a b l e and 

i n the Oxford Instruments c o n t r o l l e r t h i s was incorporated 

i n the m o d i f i c a t i o n s . 

4 . 4 ( i i i ) INELASTIC NEUTRON SCATTERING 

The f o l l o w i n g s u b - s e c t i o n b r i e f l y d e s c r i b e s the 

powder i n e l a s t i c neutron s c a t t e r i n g apparatus a t the 

U.K.A.E.A. PLUTO r e a c t o r and the experiments t h a t were 

performed with i t on some Pr-Tb a l l o y s i n the d.h.c.p. 

( l i g h t r a r e e a r t h r i c h ) phase and p o l y c r y s t a l l i n e Pr. 

Thermalised neutrons from the core with a 

Maxwellian d i s t r i b u t i o n of v e l o c i t i e s , are i n c i d e n t on 
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a s l o t t e d r o t o r r e v o l v i n g a t very high speed, (see 
F i g . 4.5.) A b u r s t of neutrons with a v e l o c i t y spread 
i s allowed through the r o t o r when the s l o t i s i n the 
"open" p o s i t i o n . The second r o t o r i s phased with r e s p e c t 
to the f i r s t such t h a t only neutrons which t r a v e r s e the 
di s t a n c e between the r o t o r s i n a given time reach the 
second s l o t t e d r o t o r when i t i s "open". Thus a b u r s t 
of monoenergetic neutrons i s i n c i d e n t on the sample. 
The r e s o l u t i o n of the b u r s t i s given by a r e l a t i o n s h i p 
between the d i s t a n c e between the r o t o r s , the s l i t s i z e 
and the s l i t open time i . e . r o t o r speed, ( f o r a d i s c u s s i o n 
of r o t o r design see Turchin, 1965.) 

The neutrons s c a t t e r e d from the sample i n one of a 

number of d i r e c t i o n s i n 28 are timed over a d i s t a n c e of 

about 1 metre, the f l i g h t path i n F i g . 4.5 and the number 

a r r i v i n g i n b i n widths of 5ysec are recorded by a BFg 

counter a t the end of the f l i g h t path. The c r y s t a l 

c l o c k which times the neutrons from the moment they 

leave the sample, i s a c t i v a t e d by a f i d u c i a l mark on the 

second r o t o r . Some neutrons are not s c a t t e r e d , but 

pass s t r a i g h t through the sample. Before they a r e 

absorbed i n the beam stop, they pass through three 

f i s s i o n chambers spaced a t p r e c i s e d i s t a n c e s a p a r t . The 

time taken to t r a v e r s e a l l three f i s s i o n chambers 

provides an accurate value of the energy of the b u r s t . 

For each counter the number of neutrons detected i n b i n s 

of width 5psec a f t e r the clo c k has s t a r t e d f o r each b u r s t 

are recorded on a PDP 11 computer. The p e r i p h e r a l 
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computer has been d e s c r i b e d by Baston (1972). The 

experiment proceeds u n t i l the data i n the histogram of 

each counter i s s u f f i c i e n t to give good s t a t i s t i c s . 

The data s t o r e d i n the b u f f e r memory of the computer i s 

then t r a n s f e r r e d to magnetic tape f o r l a t e r a n a l y s i s . 

T h i s spectrometer has been d e s c r i b e d more f u l l y by 

Dyer and Low and m u l t i p l e r o t o r spectrometers i n g e n e r a l 

are d i s c u s s e d by Brugger (1965). 

A f t e r one experiment had been completed the speed 

of the r o t o r s was changed and the phase adjusted to 

give a d i f f e r e n t energy. The i n c i d e n t neutron e n e r g i e s 

used i n t h i s study were 8 meV and 16 meV to i n v e s t i g a t e 
3+ 

the magnetic e x c i t o n s propagating m Pr and assumed 
to be o p e r a t i v e i n Pr-Tb a l l o y s with low Tb content. 

3+ 
The e x c i t a t i o n s i n Pr have e n e r g i e s of 3.2 meV and 

8.0 meV above the ground s t a t e on the hexagonal and 

cubic s i t e s r e s p e c t i v e l y and are r e a d i l y observed i n 

energy l o s s experiments with i n c i d e n t neutron e n e r g i e s 

of 8 meV and 16 meV. I t was assumed t h a t these energies 

would be s u i t a b l e f o r observing any magnetic e x c i t o n s 

i n the Pr-Tb a l l o y s . 

The buttons of sample were l o c a t e d i n the beam 

i n a V sample can kept a t 4.2K i n a B.O.C. c r y o s t a t 

with a s p e c i a l l y manufactured t a i l s e c t i o n of V r a t h e r 

than A l . V was used wherever p o s s i b l e to remove 

coherent s c a t t e r i n g . 

The d i s p e r s i o n r e l a t i o n f o r a magnetic e x c i t o n i s 

given by equation 3 . i n S e c t i o n 3.9. For a powder 
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specimen the s c a t t e r i n g v e c t o r q has no meaning as the 

c r y s t a l l i t e s are randomly o r i e n t a t e d . Thus the i n e l a s t i c 

s c a t t e r i n g can be viewed from any angle of 20 and an 

arr a y of counters i s used r a t h e r than a s i n g l e counter. 

For each counter a histogram i s b u i l t up of the number 

of neutrons a r r i v i n g a t a c e r t a i n time a g a i n s t t h a t 

time. These times are converted to energy changes and 

the neutrons which have been i n e l a s t i c a l l y s c a t t e r e d 

appear as a peak d i s p l a c e d from the e l a s t i c peak. Since 

the r e s u l t a n t i n each counter i s a s p a t i a l average, the 

contents of each counter are added together to improve 

the counting s t a t i s t i c s . The a c q u i s i t i o n of s u f f i c i e n t 

data i n t h i s experiment took approximately 36 hours. 

4.5 MAGNETIC STRUCTURE DETERMINATIONS 

As mentioned p r e v i o u s l y (Section 3.7) a s p i r a l 

s p i n s t r u c t u r e manifests i t s e l f as e x t r a s c a t t e r i n g a t 

peaks symmetrically d i s p l a c e d about the n u c l e a r peaks, 

(See F i g . 4.6). I d e n t i f i c a t i o n of s a t e l l i t e s of a l l 

allowed n u c l e a r peaks i m p l i e s t h a t the moment l i e s i n 

the b a s a l plane with a moment d i r e c t i o n t h a t i s 

modulated along the c - a x i s . 

The turn angle of the s t r u c t u r e , w, can be r e l a t e d 

to the angular displacement of the s a t e l l i t e from the 

nu c l e a r peak. The s a t e l l i t e of an (00&) r e f l e c t i o n 

may be considered to be due to s c a t t e r i n g from a 

plane with i n d i c e s (00.9, ± Ail). The turn angle may 

be w r i t t e n 
u) = 2irA£z ... (4. 8) 

c 
o 
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where C q i s the e q u i l i b r i u m u n i t c e l l c - a x i s 

parameter and z i s the i n t e r l a y e r spacing along the 

c - a x i s i n u n i t s of c . Thus f o r an h.c.p. s t r u c t u r e 
o 

z 1 z 1 
— = / for the Sm s t r u c t u r e — = -*r and f o r the 
c o 2 c o ' 
d.h.c.p. s t r u c t u r e § = if* 

o 
The i n t e r p l a n a r spacing d, along the c - a x i s i s given 

1 = § ...(4.9) 

The Bragg angle corresponding to d i f f r a c t i o n from such 

an (00)1) plane i s given by 

s l n o h k A ~ 2c ... (4.10) 

and the Bragg angle f o r an (00Jl + AS,) plane i s given 

• a = X 

S l n hkfc+AS, 2c ...(4.11) 

S u b t r a c t i n g eqn. (4*10) from eqn. (4.11) g i v e s 

Ai = 2c ( s i n 0 h ] a + A £ - s i n 6 h k A ) ...(4.12) 
X 

Considering only the (000) n u c l e a r peak 9 n k £ = 0 and 

thus 
L l ^ 2c s i n 6 h k A + A a 

... (4.13) 

The e x p r e s s i o n f o r the turn angle becomes 

4irc z s i n e . . w = — m ... (4.14) 

where 6 m i s the angular p o s i t i o n of the (OOOT magnetii 

peak. Correspondingly more complicated formulae may 

be d e r i v e d f o r the (00if and (hkfc)* s a t e l l i t e s . 
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The magnetisation of the a l l o y s i s a long way from 

s a t u r a t i o n i n the a n t i f e r r o m a g n e t i c phase and thus the 

i n t e n s i t y of the s a t e l l i t e peaks i s low. The s t r o n g e s t 

s a t e l l i t e peak i s the (000)* s i n c e both the Debye-

Waller temperature f a c t o r and the magnetic form f a c t o r 

are almost u n i t y f o r s m a l l s c a t t e r i n g angles. The 

i n t e n s i t y r a p i d l y diminishes with s c a t t e r i n g angle and 

because of t h i s the p o s i t i o n of the (OOil)* s a t e l l i t e s 

i s much more d i f f i c u l t to a s s i g n unambiguously. I n 

a powder p a t t e r n some of the (hk£)* s a t e l l i t e s are 

often hidden under n u c l e a r peaks. The v a r i a t i o n of 

the turn angle with temperature f o r a l l the r e p r e s e n t a t i v e 

a l l o y samples was evaluated by measuring the angular 

d i s t a n c e of the (000)* from the o r i g i n . 

The peak i n t e n s i t y of a s a t e l l i t e r i s e s from zero 

a t the Neel temperature to some maximum value then f a l l s 

abruptly to zero a t the C u r i e temperature and re-appears 

as s c a t t e r e d i n t e n s i t y a t the allowed n u c l e a r p o s i t i o n s . 

The i n t e n s i t y of the n u c l e a r peaks i n c r e a s e s with 
3. 

decreasing temperature f o l l o w i n g a [ B r i l l o u i n type curve^J 
(see F i g . 4.7). The p r e d i c t e d s c a t t e r i n g p a t t e r n s f o r 

three types of ferromagnetic ordering (ferromagnetic 

alignment of s p i n s i n the b a s a l plane, along the c - a x i s 

and the ferromagnetic s p i r a l ) a r e summarised i n 

Table 3.1. F i g . 4.8 shows the observed d i f f r a c t i o n 

p a t t e r n f o r a b a s a l plane ferromagnet compared with 

the same s t r u c t u r e i n the paramagnetic s t a t e . I n the 
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ferromagnetic s t a t e the incoherent background i s lower 

i n accordance with eqn. 3.1^. 

4.6 EVALUATION OF ORDERED MOMENT AT 4.2K 

The magnetic i n t e n s i t y f o r a general magnetic 

s t r u c t u r e i s given by eqn. A l . l . The magnetic 

c o n t r i b u t i o n to the observed d i f f r a c t i o n p a t t e r n a t 

4.2K may be separated from the nu c l e a r c o n t r i b u t i o n by 

s u b t r a c t i n g the paramagnetic i n t e n s i t y from the i n t e n s i t y 

a t 4.2K i n accordance with eqn. 3.W. 

The i n t e g r a t e d i n t e n s i t y of an (hk£) peak i s 

determined by counting the number of squares included 

under the curve a f t e r a s u i t a b l e background l e v e l has 

been e s t a b l i s h e d . ^The u n i t s of i n t e g r a t e d i n t e n s i t y are 

count.deg. Since the scans were done a t d i f f e r e n t 

temperatures account must be taken of the v a r i a t i o n 

i n i n t e g r a t e d i n t e n s i t y with temperature v i a the 

Debye-Waller temperature f a c t o r (see S e c t i o n 3.2). For 

low s c a t t e r i n g angles and low temperatures, the 

temperature f a c t o r may be ignored and only the room 

temperature i n t e g r a t e d i n t e n s i t i e s c o r r e c t e d before 

s u b t r a c t i o n . The s a t u r a t i o n moment i s then obtained by 

comparing the derived magnetic i n t e n s i t y w ith t h a t 

c a l c u l a t e d t h e o r e t i c a l l y f o r the appropriate magnetic 

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

b a s a l plane ferromagnet, a c - a x i s ferromagnet and a 

ferromagnetic cone are given by eqns. Al.7, Al.8 and 

A l r 4 and Al.5 r e s p e c t i v e l y . 
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Consider eqn Al.7 

hki L 
Am(exp-2W) f 2 ( K ) (gJ) [ G h ] [1 + 

L2mc J K 

The value of A, the s c a l i n g f a c t o r , should be a 

constant f o r every r e f l e c t i o n i n the d i f f r a c t i o n pattern, 

s i n c e i t i s the r a t i o of the observed n u c l e a r s c a t t e r i n g 

to•the c a l c u l a t e d n u c l e a r s c a t t e r i n g m u l t i p l i e d by the 

absorption (see S e c t i o n 3.4.) For the Tb and Ho a l l o y s 

A i s n e a r l y constant, but i n the Dy a l l o y s , there i s 

a marked discrepancy between the va l u e s of A c a l c u l a t e d 

f o r each peak. The r e s u l t s can be a s c r i b e d to p r e f e r r e d 

o r i e n t a t i o n (see S e c t i o n 3.4). The e x i s t e n c e of 

p r e f e r r e d o r i e n t a t i o n and the consequent v a r i a t i o n i n 

A, does not a f f e c t the c a l c u l a t i o n of the ordered 

moment. Assuming the p r e f e r r e d o r i e n t a t i o n does not 

change between room temperature and 4.2K,the value of 

A c a l c u l a t e d a t room temperature f o r a s p e c i f i c 

r e f l e c t i o n i s appropriate i n the c a l c u l a t i o n of the magnetic 

i n t e n s i t y of t h a t r e f l e c t i o n a t 4.2K. P r e f e r r e d 

o r i e n t a t i o n e f f e c t s are thus a u t o m a t i c a l l y accounted f o r . 

The s c a t t e r i n g length of the a l l o y s b which appears 

i n the c a l c u l a t i o n of A i s derived from the formula 

x E x + (1 - x) b 2 

where and b 2 are the s c a t t e r i n g lengths of the 

c o n s t i t u e n t s of the a l l o y s and x i s the f r a c t i o n of 

c o n s t i t u e n t w i t h s c a t t e r i n g length b,,present. The 
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v a l u e s of H f o r the r a r e e a r t h s were obtained from 

Bacon (1962). E v a l u a t i o n of the other q u a n t i t i e s , L, 

m, l^hkiL^ 2' ( e x P ~ 2 w ) n a s been d i s c u s s e d elsewhere, 

(Se c t i o n s 3.1, 3.2 and 3.3 r e s p e c t i v e l y . ) 

The same v a l u e s of these q u a n t i t i e s were used i n 

the e v a l u a t i o n of the magnetic i n t e n s i t y from eqn. Al.7, 

as were used i n the e v a l u a t i o n of A, except t h a t f o r 

non-commensurate magnetic s t r u c t u r e s l G
n k £ | 2 has to 

be r e - e v a l u a t e d . The magnetic form f a c t o r f o r the a l l o y 

was d e r i v e d from a s i m i l a r formula to t h a t used to 

d e r i v e the a l l o y s c a t t e r i n g length, 

£ 2 ( K ) = x f 2 (K) + (1 - x) f 2 ( K ) 

where f^(<) and f 2 ( K ) a r e t n e magnetic form f a c t o r s 

of each c o n s t i t u e n t of the a l l o y and x i s the f r a c t i o n 

of the c o n s t i t u e n t with form f a c t o r f ^ . The e v a l u a t i o n 

of the form f a c t o r f o r each r a r e e a r t h i s d i s c u s s e d i n 

S e c t i o n 3.5. 

The s c a t t e r i n g v e c t o r K, and i t s component i n 

the c - d i r e c t i o n < z , are shown i n F i g A l . l . I n the 

h.c.p. s t r u c t u r e they take the v a l u e s 

8 ° 2 2 
2 _ 4 ( h 2 + hk + k 2 ) + 4 r 

and i n the orthorhombic s t r u c t u r e 

2 h 2
 A k 2 a2 

a b c 

and K i s the same as i n the hexagonal s t r u c t u r e , a, 
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b and c are the dimensions of the magnetic c e l l and 

(hk£) are the M i l l e r i n d i c e s of the r e f l e c t i o n . 

For a ferromagnetic s t r u c t u r e which i s commensurate 

with the chemical l a t t i c e , t h e value of the magnetic 

s t r u c t u r e f a c t o r i s i d e n t i c a l with the n u c l e a r s t r u c t u r e 

f a c t o r . For a non-commensurate s t r u c t u r e the simple 

geometric s t r u c t u r e f a c t o r i s modified to i n c l u d e the 

e f f e c t of the modulation of the s p i n s i n e i t h e r d i r e c t i o n 

or magnitude. The three modulated s t r u c t u r e s i d e n t i f i e d 

as the magnetic s t r u c t u r e s of the a l l o y s , i n p a r t i c u l a r 

c r y s t a l l o g r a p h i c phases and temperature regions, are the 

ferromagnetic cone s t r u c t u r e , the uniform b a s a l plane 

s p i r a l and the c - a x i s modulated b a s a l plane ferromagnet. 

The ferromagnetic cone s t r u c t u r e may be v i s u a l i s e d as 

two i n t e r p e n e t r a t i n g magnetic s t r u c t u r e s , one along the 

c - a x i s commensurate with the l a t t i c e and hence with a 

magnetic s t r u c t u r e f a c t o r i d e n t i c a l to the n u c l e a r 

s t r u c t u r e f a c t o r , and the other a uniform b a s a l plane 

s p i r a l (See F i g . 1.5). 

To a s s i g n moments to the a l l o y s , then, i t i s 

necessary to e v a l u a t e the magnetic s t r u c t u r e f a c t o r s 

of two n o n - c o l l i n e a r s p i n s t r u c t u r e s , the uniform b a s a l 

plane s p i r a l Al.2 and the c - a x i s modulated b a s a l plane 

ferromagnet A1.3. The s t r u c t u r e f a c t o r s are evaluated 

i n Appendix 2 using the turn angles observed fo r t h a t 

s t r u c t u r e . 

Using the v a l u e s of the v a r i o u s parameters 



c a l c u l a t e d on the b a s i s of the d i s c u s s i o n i n the 

'previous s e c t i o n s , the t h e o r e t i c a l d i f f r a c t i o n p a t t e r n 

a t 4.2K f o r the b a s a l plane ferromagnet Pr^g T k g o ^ s 

shown i n F i g . 4.9 p l o t t e d on the same s c a l e as the 

observed d i f f r a c t i o n p a t t e r n . 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

5.1 STRUCTURAL DATA 

The *a' and *c' l a t t i c e parameters of the l i g h t -

heavy r a r e e a r t h a l l o y s s e l e c t e d on the b a s i s of 

equation 1.1 to be r e p r e s e n t a t i v e of a p a r t i c u l a r 

c r y s t a l l o g r a p h i c phase, are given i n Tables 5.1a and 

5.1b along with the d e r i v e d a x i a l r a t i o c/a. Both the 

hep and dhep s t r u c t u r e s give sharp X-ray d i f f r a c t i o n peaks, 

whereas the Sm phase gave s l i g h t l y broader peaks. A l l 

three phases were r e a d i l y indexed and l a t t i c e parameters 

assigned w i t h an e r r o r of ± 0.005A 0. F i g . 5.1 shows the 

a, c, and c/a values of the Pr-Tb and Nd-Tb a l l o y systems 

p l o t t e d as a f u n c t i o n of composition. The data of 

Speight e t a l (1968) f o r Pr-Tb i s shown f o r comparison. 

The s o l i d l i n e shows the expected v a r i a t i o n of each 

parameter with composition i f i t obeyed Vegard's law. 

For a l l the a l l o y systems s t u d i e d the v a r i a t i o n 

of a, c and c/a with composition was s i m i l a r to t h a t 

shown f o r Pr-Tb and Nd-Tb. I n the hep phase (heavy r a r e 

e a r t h r i c h ) the d e v i a t i o n of the l a t t i c e parameter from 

Vegard's law i s s l i g h t , w i t h the value of the c parameter 

always c l o s e r to the expected value than the a parameter. 

The d e v i a t i o n i n c r e a s e s w ith i n c r e a s i n g l i g h t r a r e e a r t h 

content a c r o s s the hep phase. There appears to be no 

c o r r e l a t i o n between the d i r e c t i o n of d e v i a t i o n , e i t h e r 

p o s i t i v e or negative, and any other parameter of the 

a l l o y system, except t h a t the d e v i a t i o n s occur i n the 
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same sense so t h a t the v a r i a t i o n of the a x i a l r a t i o 

c/a i s smooth acr o s s the hep phase. The d e v i a t i o n s of 

the 'a* and 'c* l a t t i c e parameters from Vegard's law 

i n the Sm phase are much more pronounced than i n the 

hep phase. I n the T b - l i g h t r a r e e a r t h a l l o y s and the 

Dy - l i g h t r a r e e a r t h a l l o y s the d e v i a t i o n s of the b a s a l 

plane l a t t i c e parameters from Vegard's law are both 

negative and the d e v i a t i o n s of the a x i a l l a t t i c e parameter 

are both p o s i t i v e , whereas f o r the Ho-light r a r e e a r t h 

a l l o y s both l a t t i c e parameters show p o s i t i v e d e v i a t i o n s 

from Vegard's law. I n the dhep phase the d e v i a t i o n s of 

both l a t t i c e parameters from i d e a l i t y are once again 

s m a l l . F i g . 5.2 shows the v a r i a t i o n of the a x i a l r a t i o 

as a func t i o n of the e f f e c t i v e atomic number defined by 

eqn. 1.1. A s i m i l a r v a r i a t i o n f o r other r a r e e a r t h a l l o y 

systems has been pointed out by T a y l o r and Darby (1972). 

The a x i a l r a t i o of a l l the a l l o y s and the l i g h t r a r e 

e a r t h s i n the dhep phase i s almost constant, although 

there may be a s l i g h t upward trend. I n the Sm phase the 

c/a r a t i o f a l l s r a p i d l y w i t h i n c r e a s i n g atomic number. 

This i s a t t r i b u t a b l e to the l a r g e changes observed i n both 

*a' and 'c* a c r o s s the Sm phase. The Sm phase e x i s t s 

between e f f e c t i v e atomic numbers Z* = 61.5 to Z* = 63.5 

( s l i g h t l y to the r i g h t of pure Sm i n the f i g u r e ) although 

the phase boundaries are not c l e a r . The a x i a l r a t i o of 

the s t r u c t u r e i s centred about 1.602 which i s s l i g h t l y 

lower than the a x i a l r a t i o of pure Sm. The v a r i a t i o n of 

c/a with i n c r e a s i n g atomic number i s more gradual i n the 
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hep phase becoming e s s e n t i a l l y constant f o r Z* = 66 (Dy) 

and Z* = 67 (Ho). 

The room temperature neutron d i f f r a c t i o n p a t t e r n s 

were used to a s s i g n a space group to the c r y s t a l l o g r a p h i c 

s t r u c t u r e s of the a l l o y s . For the hep phase the space 

group was determined to be P6m2, for the Sm phase 

R3m and the dhep phase P6mmc. A l l the d i f f r a c t i o n p a t t e r n s 

f i t t e d w e l l except f o r the hep dysprosium a l l o y s , 

P r 3 0 D^70 a n d N (^30 ^ 7 0 * A kack r e f l e c t i o n Laue X-ray 

i n v e s t i g a t i o n c l e a r l y showed t h a t there was p r e f e r r e d 

o r i e n t a t i o n i n the p l a t e l e t s of the Dy a l l o y s . The small 

d i f f e r e n c e s between the observed and c a l c u l a t e d i n t e n s i t i e s 

f o r the n u c l e a r d i f f r a c t i o n peaks i n the T b - l i g h t r a r e 

e a r t h and the Ho-light r a r e e a r t h a l l o y s and the l a r g e 

d i s c r e p a n c i e s f o r the D y - l i g h t r a r e e a r t h a l l o y systems 

were thus a s c r i b e d to p r e f e r r e d o r i e n t a t i o n , s i n c e the 

absorption c o r r e c t i o n f a c t o r i s constant with s c a t t e r i n g 

angle f o r the a l l o y s examined i n t h i s i n v e s t i g a t i o n and 

c o n t r i b u t e s only to the s c a l i n g factor,A, (see S e c t i o n 

3.4). The d i f f e r e n c e i n magnitude of the e f f e c t between 

the a l l o y systems was a s c r i b e d to the sample shape. The 

neutron d i f f r a c t i o n samples of the Tb and Ho based a l l o y s 

were i n the form of f i v e or more a s - c a s t buttons p i l e d 

one on top of the other i n the sample can. The random 

way i n which they were stacked served to reduce the 

p r e f e r r e d o r i e n t a t i o n e f f e c t s , whereas the Dy based 

a l l o y s were i n the form of p l a t e l e t s and there was no 

such randomising. The presence of p r e f e r r e d o r i e n t a t i o n 
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i n the a l l o y s does not a f f e c t the c a l c u l a t i o n of the 

s a t u r a t i o n moment, as i t i s c a l c u l a t e d from a r a t i o between 

the 4.2K and room temperature s c a t t e r i n g (see S e c t i o n 4.6). 

The room temperature space groups were a l s o used i n 

f i t t i n g the data a t low temperature, except f o r the hep 

Dy based a l l o y s where the orthorhombic d i s t o r t i o n space 

group Amm2 gave a b e t t e r f i t . D a r n e l l and Moore (1963) 

have observed a s i m i l a r spontaneous l a t t i c e d i s t o r t i o n 

to an orthorhombic phase i n Dy below the Curie temperature 

(see S e c t i o n 1.3). 

The phase boundaries between the three 

c r y s t a l l o g r a p h i c phases of the light-heavy r a r e e a r t h 

a l l o y systems are not d i s t i n c t and there appears to be no 

c r i t i c a l value of e i t h e r l a t t i c e parameter f o r which 

there i s an abrupt t r a n s i t i o n . However, the c o r r e l a t i o n 

between the a x i a l r a t i o of an a l l o y and i t s e f f e c t i v e 

atomic number se r v e s as a guide. 

5.2 MAGNETIC DATA 

The low f i e l d s u s c e p t i b i l i t y (6.80e) was measured 

as a funct i o n of temperature using the s u s c e p t i b i l i t y 

bridge d e s c r i b e d i n S e c t i o n 4.2. Magnetic t r a n s i t i o n 

temperatures were assigned and p l o t t e d as a fun c t i o n of 

composition f o r each a l l o y system. See F i g s . 5.3 to 

5.8. The r e s u l t s are given i n the fo l l o w i n g s e c t i o n s 

presented with r e f e r e n c e to the three c r y s t a l l o g r a p h i c 

phases of the a l l o y s . The r e s u l t s of the neutron 

s c a t t e r i n g and magnetisation measurements f o r s p e c i f i c 
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a l l o y s are presented where they occur w i t h i n these 

s e c t i o n s . 

5 . 2 ( i ) H.C.P. PHASE 

The hep (heavy r a r e e a r t h r i c h ) phase i s the only 

one i n which there i s evidence f o r two magnetic t r a n s i t i o n s 

i n each a l l o y , r e m i n i s c e n t of the magnetic s t r u c t u r e of 

the c o n s t i t u e n t heavy r a r e e a r t h s . 

F i g s . 5 . 9 a & b show the change i n s u s c e p t i b i l i t y as a 

f u n c t i o n of temperature i n the region of the t r a n s i t i o n 

temperatures f o r v a r i o u s a l l o y compositions i n the 

Pr-Tb and Nd-Tb a l l o y systems, plus the t e r m i n a l element 

Tb. The two t r a n s i t i o n s i n Tb are evident. The higher 

temperature t r a n s i t i o n has been i d e n t i f i e d as a Neel 

temperature and the lower as a C u r i e p o i n t , (see S e c t i o n 

1.3). The a d d i t i o n of the l i g h t r a r e e a r t h element 

leads to a reduction i n the ordering temperature of the 

host metal Tb. I t i s c l e a r from these r e s u l t s , F i g s . 

5.3 and 5.4, t h a t the narrow a n t i f e r r o m a g n e t i c region 

observed i n Tb r a p i d l y disappears on l i g h t r a r e e a r t h 

a d d i t i o n and f o r compositions g r e a t e r than 10% Pr and 

20% Nd there i s only a s i n g l e magnetic t r a n s i t i o n . From 

the form of the s u s c e p t i b i l i t y data, however, which f a l l s 

o f f r a p i d l y w ith d e c r e a s i n g temperature, i t i s not 

p o s s i b l e to determine d i r e c t l y the type of magnetic 

ordering t h a t occurs a t low temperature. 

Neutron d i f f r a c t i o n measurements were performed as a 

f u n c t i o n of temperature i n the ordered s t a t e on a s i n g l e 
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r e p r e s e n t a t i v e sample from each a l l o y system, namely 

Pr^Q TbgQ and Nd2Q TbgQ. The d i f f r a c t i o n p a t t e r n s of 

both a l l o y s a t a l l temperatures showed only peaks 

corresponding i n p o s i t i o n to the observed high 

temperature n u c l e a r peaks. No i n d i c a t i o n of the 

e x i s t e n c e of s a t e l l i t e peaks was found a t any temperature. 

The peak i n t e n s i t y of the n u c l e a r l i n e s i n c r e a s e d w i t h 

decreasing temperature f o l l o w i n g a B r i l l o u i n type curve 

(see F i g . 4.7). This i m p l i e s t h a t the a l l o y s transform 

d i r e c t l y from the paramagnetic s t a t e to a ferromagnetic 

s t a t e i n which the net moments l i e i n the b a s a l plane, 

the an t i f e r r o m a g n e t i c s t a t e being unstable a g a i n s t l i g h t 

r a r e e a r t h a d d i t i o n . 

From an a n a l y s i s of the i n t e n s i t i e s of the peaks 

i n the ferromagnetic s t a t e a t 4.2K (as de s c r i b e d i n 

S e c t i o n 4.6) a magnitude was assigned to the net moments. 

The v a l u e s are given i n Table 5.2 along with the other 

magnetic data of the two a l l o y systems. The c a l c u l a t e d 

moment va l u e s are c o n s i s t e n t only with an a n t i p a r a l l e l 

alignment of the two moment s p e c i e s i n each case. 

Assuming t h a t the moments on each ion are unchanged from 

t h e i r f r e e ion values,then the c a l c u l a t e d moment values 

are i n good agreement w i t h the t h e o r e t i c a l v a l u e s of the 

s a t u r a t i o n moment. 

I n the Dy a l l o y s , Pr-Dy and Nd-Dy, i t was r e l a t i v e l y 

easy to a s s i g n the magnetic t r a n s i t i o n temperatures from 

the s u s c e p t i b i l i t y data as the magnetic t r a n s i t i o n s 

are n e a r l y 100K apart. By comparison with Dy, the 
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higher temperature t r a n s i t i o n was i d e n t i f i e d as a 

Neel temperature and the lower one as a Cu r i e p o i n t . 

I n general/both the Neel and Curie temperatures of the 

a l l o y s decreased from t h e i r v a l u e s i n pure Dy w i t h 

i n c r e a s i n g l i g h t r a r e e a r t h content (see F i g s . 5^5 

and 5.6) though the Neel temperature f a l l s more r a p i d l y 

than the Cu r i e temperature f o r both a l l o y systems. The 

behaviour of the Curie p o i n t with composition f o r the 

Nd-Dy a l l o y s i s d i f f e r e n t from t h a t of Pr-Dy a l l o y s i n 

th a t i t does not f a l l i n i t i a l l y , but r i s e s to a maximum 

a t about 90% Dy and then f a l l s l i n e a r l y w ith increasing-

l i g h t r a r e e a r t h content. The Curie temperature of both 

a l l o y systems i s s t i l l f i n i t e a t the hcp-Sm phase boundary. 

From the form of the s u s c e p t i b i l i t y curves no i n f e r e n c e 

could be made about the type of ordering below the C u r i e 

p o i n t . 

An a l l o y from each system, Pr^Q Di r7o a n d N c*30 D^70 

r e s p e c t i v e l y , was s e l e c t e d as r e p r e s e n t a t i v e of the a l l o y s 

i n the hep phase and neutron d i f f r a c t i o n experiments 

were performed on i t as a functi o n of temperature,from 

j u s t above the Ndel temperature to 4.2K. The e x i s t e n c e 

of a h e l i c a l s p i n s t r u c t u r e , s i m i l a r to t h a t of pure Dy, 

was confirmed i n each case and the i n i t i a l and f i n a l 

t u r n angles of the s t r u c t u r e evaluated (see Table 5.3). 

The measured i n i t i a l and f i n a l turn angles of the magnetic 

s t r u c t u r e s of both a l l o y s l i e between the corresponding 

v a l u e s f o r elemental Dy. The ad d i t i o n of Nd appears to 
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remove any temperature dependence i n the turn angle 

a l t o g e t h e r , w h i l s t the a d d i t i o n of Pr r e s t r i c t s i t . 

The magnetisation of these two a l l o y samples was 

measured f o r s e v e r a l temperatures i n the antifer r o m a g n e t i c 

phase to determine the c r i t i c a l f i e l d a t th a t temperature 

(see S ection 4 . 2 ) . The c r i t i c a l f i e l d s f o r Pr^gDy^Q, 

N d 3 0 D y 7 0 ' P r 1 0 D y 9 0 ' N d 1 0 D y 9 0 ' a n d e l e m e n t a l D Y a r e 

shown p l o t t e d as a f u n c t i o n of temperature i n F i g . 5.10.a & b. 

The s o l i d l i n e i s the data of Behrendt e t a l (1958) 

f o r s i n g l e c r y s t a l Dy and i t can be seen t h a t the 

experimental data f o r p o l y c r y s t a l l i n e Dy f i t s w e l l to 

t h i s curve. The data of C h a t t e r j e e and Taylor (1972) 

on N^^QDy^Q are included f o r comparison with the data 

fo r P r i o D y 9 0 " T n e c r i t i c a l f i e l d r i s e s r a p i d l y with 

i n c r e a s i n g temperature f o r Dy and the 90% Dy a l l o y s . 

I n i t i a l l y the c r i t i c a l f i e l d a l s o r i s e s r a p i d l y from the 

Cur i e point i n the 70% Dy a l l o y s , but then appears to 

sa t u r a t e and become constant over the remaining p a r t of 

the a n t i f e r r o m a g n e t i c r e g i on. The va l u e s of the c r i t i c a l 

f i e l d and the i n t e r l a y e r turn angle a t a given temperature 

were used to give an estimate of the exchange parameters, 

1(1) and 1(2) a t t h a t temperature, by s u b s t i t u t i n g the 

va l u e s i n eqns. 2.26 and 2.30. The data used i n the 

eva l u a t i o n of the exchange parameters i s given i n Table 

5.4 and the v a l u e s obtained are p l o t t e d as a fu n c t i o n 

of temperature i n F i g s . 5.11. I n i t i a l l y , t h e exchange 

parameters i n c r e a s e with i n c r e a s i n g temperature and then 

s a t u r a t e f o r higher temperatures,showing the same 
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c Dy - s i n g l e c r y s t a l M-Lc ( a f t e r 
Behrendt e t a l 1958) 

° Dy - p o l y c r y o t a l l i n e 

A P r 1 0 D y g o 

& Nd, nDy 10*-'go 

1 0 0 n o 140 

Temperature i n °K 
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behaviour as the c r i t i c a l f i e l d s of the a l l o y s as a 

function of temperature. Because of the l a r g e absolute 

e r r o r s on such d e r i v e d data, i t must be emphasised t h a t 

importance should be placed on the trend r a t h e r than the 

p r e c i s e v a l u e s of 1(1) and 1 ( 2 ) . 

At the Curie temperature,the s a t e l l i t e i n t e n s i t y 

f e l l abruptly to zero and re-appeared as an i n c r e a s e d 

i n t e n s i t y of a l l the allowed n u c l e a r peak p o s i t i o n s . The 

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

f u r t h e r decreasing temperature and no evidence of e x t r a -

n u c l e a r peaks was found i n the s p e c t r a of e i t h e r a l l o y 

down to 4.2K. The ordered s p i n s t r u c t u r e of the a l l o y s 

a t 4.2K i s again ferromagnetic with n et moments l y i n g i n 

the b a s a l plane. From the i n t e n s i t i e s of the peaks a t 

4.2K va l u e s of the s a t u r a t i o n moments were assigned to the 

a l l o y s and these are given i n Table 5.3. The moment values 

are c o n s i s t e n t only with an a n t i p a r a l l e l alignment of each 

moment s p e c i e s and are i n c l o s e agreement with those 

p r e d i c t e d t h e o r e t i c a l l y , a s s u m i n g the atomic magnetic 

moments have t h e i r f r e e ion v a l u e s . 

The s u s c e p t i b i l i t y of Ho with decreasing temperature 

shows a Neel p o i n t a t 132K and a sharp t r a n s i t i o n a t 24K. 

T h i s lower temperature t r a n s i t i o n has been i d e n t i f i e d 

as a s p i n r e - o r i e n t a t i o n t r a n s i t i o n to a ferromagnetic 

cone s t r u c t u r e (see S e c t i o n 1.3). The hep a l l o y s of Ho 

with Pr and Nd show i d e n t i c a l t r a n s i t i o n s but d i s p l a c e d 

toward lower temperatures f o r i n c r e a s i n g l i g h t r a r e 

e a r t h content (see F i g s . 5.7 and 5.8). The decrease 



154 

i n t h e s p i n r e - o r i e n t a t i o n t e m p e r a t u r e w i t h i n c r e a s i n g 

l i g h t r a r e e a r t h contenb i s n o t so marked as t h e decrease 

of t h e Neel t e m p e r a t u r e . 

Neutron d i f f r a c t i o n measurements were made on two 

r e p r e s e n t a t i v e samples f r o m t h e Pr-Ho and Nd-Ho a l l o y 

systems, P^gHOgg and Nd^HOgg. I n t h e a n t i f e r r o m a g n e t i c 

r e g i o n t h e d i f f r a c t i o n p a t t e r n s o f b o t h samples showed 

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

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

b a s a l p l a n e s p i r a l , l i k e a n t i f e r r o m a g n e t i c Ho. The 

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

are g i v e n i n Table 5.5 a l o n g w i t h t h e o t h e r magnetic d a t a 

f o r t h e a l l o y s . As i n t h e case o f t h e Dy based a l l o y s , 

t h e t u r n a n g l e s o f t h e a l l o y s Nd^gHOgg and Pr^HOgg 

show v e r y l i t t l e t e m p e r a t u r e dependence and t h e i r i n i t i a l 

and f i n a l v a l u e s l i e w e l l w i t h i n t h e range o f v a l u e s 

spanned by the i n i t i a l and f i n a l t u r n a ngles o f e l e m e n t a l 

Ho. A f e r r o m a g n e t i c cone s t r u c t u r e was i d e n t i f i e d as t h e 

low t e m p e r a t u r e magnetic s t r u c t u r e i n t h e r e p r e s e n t a t i v e 

a l l o y s P r 2 0 H o g 0 and Nd^HOgg. A t 4. 2K t h e d i f f r a c t i o n 

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

w i t h a t u r n a n g l e o f a p p r o x i m a t e l y 36° was observed and 

a l s o an i n c r e a s e i n t h e s c a t t e r i n g a t a l l t h e a l l o w e d 

n u c l e a r p o s i t i o n s except (OOi,) . The n e t moment p e r i o n 

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

i s g i v e n i n Table 5.5. 

The Neel t e m p e r a t u r e o f a l l t h e hep l i g h t - h e a v y 

r a r e e a r t h a l l o y s , and t h e C u r i e t e m p e r a t u r e s o f t h e 
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Pr-Tb and Nd-Tb a l l o y s are shown i n F i g . 5.12 p l o t t e d 

a g a i n s t the reduced de Gennes fu n c t i o n f o r an a l l o y with 

two magnetic c o n s t i t u e n t s (see Eqn. 1.7). The Neel 

temperatures of the heavy r a r e e a r t h metals are a l s o 

shown i n the f i g u r e p l o t t e d a g a i n s t the de Gennes 

f a c t o r , G. The t r a n s i t i o n temperatures are a good f i t to 

a s t r a i g h t l i n e having a slope of 2/3, demonstrating t h a t 
—2/3 

the e m p i r i c a l r e l a t i o n s h i p T N a G found f o r the i n t r a -

r a r e e a r t h a l l o y s and the r a r e e a r t h a l l o y s with Y, 

a l s o holds f o r light - h e a v y r a r e e a r t h a l l o y s . The Curie 

temperatures of the a l l o y s show no such u n i v e r s a l i t y 

when p l o t t e d a g a i n s t the reduced de Gennes f a c t o r (or 

indeed anything e l s e ) . 

The i n i t i a l t u r n angles of the i n t r a - r a r e e a r t h 

a l l o y s and the r a r e e a r t h a l l o y s w i t h Y a l s o e x h i b i t a 

u n i v e r s a l i t y when p l o t t e d a g a i n s t the appropriate 

reduced de Gennes f a c t o r (see S e c t i o n 1 . 5 ( i ) and F i g 1.6). 

However, the i n i t i a l turn angles of the li g h t - h e a v y r a r e 

e a r t h a l l o y s do not l i e on t h i s curve. A s i n g l e p l o t 

which does appear to de s c r i b e the l i g h t heavy r a r e 

e a r t h a l l o y systems i s obtained when the i n i t i a l t u r n 

angles are p l o t t e d a g a i n s t the measured c/a r a t i o s of the 

a l l o y s ( F i g . 5.13). The pure elements and the data f o r 

Ho-Ce and Ho-La due to Kawano and Achiwa (1974 and 

1975 r e s p e c t i v e l y ) are a l s o shown i n the f i g u r e along 

with the data f o r Tb-Y a l l o y s ( C h i l d e t a l 1965). Tb 

and the Tb r i c h Tb-Y a l l o y s do not follow the general 

curve s i n c e Tb e x h i b i t s very l a r g e changes i n c/a near 
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the o r dering temperature due to i t s la r g e magnetoelastic 

c o n s t a n t s . A l l o y i n g with Y se r v e s to d i l u t e the magnetic 

p r o p e r t i e s of Tb and f o r a l l o y s w ith g r e a t e r than 30% Y 

content the i n i t i a l turn angles follow the general curve, 

(see a l s o S e c t i o n 6 . 1 ( i i ) ) . 

5 . 2 ( i i ) SM. PHASE 

The s u s c e p t i b i l i t y data on the Sm phase a l l o y s 

(approximately equal proportions of l i g h t and heavy r a r e 

earth) showed evidence of only one magnetic t r a n s i t i o n 

with d e c r easing temperature,with the exception of the 

Nd-Tb a l l o y s . From the form of the curve the t r a n s i t i o n 

(the higher temperature t r a n s i t i o n i n the Nd-Tb a l l o y s ) 

could be i d e n t i f i e d as a Neel point. The magnetic 

t r a n s i t i o n temperatures were p l o t t e d as a fu n c t i o n of 

composition for each a l l o y system i n Fi g u r e s 5.3 to 5.3. 

The r a t e of change of the Neel temperature with l i g h t 

r a r e e a r t h a d d i t i o n i s a l t e r e d i n the Sm phase from 

i t s value i n the hep phase. I n the Nd-heavy r a r e e a r t h 

a l l o y s , the r a t e of change of the Neel temperature w i t h 

composition appears to be l e s s than i n the hep phase, w h i l s t 

i n the Pr-heavy r a r e e a r t h a l l o y s i t appears to be i n c r e a s e d 

over i t s value i n the hep phase. 

Neutron d i f f r a c t i o n experiments were performed on 

r e p r e s e n t a t i v e sample's from each a l l o y system. J u s t below 

the Neel temperature a l l a l l o y s gave a d i f f r a c t i o n p a t t e r n 

s i m i l a r to t h a t observed for a uniform b a s a l plane s p i r a l 

i . e . s a t e l l i t e peaks of observed n u c l e a r r e f l e c t i o n s . 

The turn angle of the a l l o y s t r u c t u r e , evaluated from the 
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angular p o s i t i o n of the ( 0 0 0 ) ± s a t e l l i t e , was approximately 

60° i n each case and v a r i e d only s l i g h t l y down to 4.2K. 

The a c t u a l v alues observed are recorded i n Tables 5.6 

to 5.8 where the other magnetic data f o r the a l l o y s are 

t a b u l a t e d . 

The 4.2K d i f f r a c t i o n p a t t e r n of P r ^ T b ^ i s shown 

i n F i g . 5.14. The peaks have been indexed on an 18 l a y e r 

u n i t c e l l chosen to be commensurate with both the chemical 

and magnetic«unit c e l l s . The magnetic d i f f r a c t i o n p a t t e r n 

a t 4.2K was obtained by s u b t r a c t i n g the c o r r e c t e d n u c l e a r 

peak i n t e n s i t i e s from the 4.2K d i f f r a c t i o n p a t t e r n 

r e v e a l i n g e x t r a magnetic peaks hidden under the n u c l e a r 

peaks,which were a l s o indexed on the 18 l a y e r u n i t c e l l . 

The i n t e n s i t y of the l i n e s i n both the magnetic and the 

n u c l e a r d i f f r a c t i o n p a t t e r n s i s much lower than the i n t e n s i t y 

of the d i f f r a c t i o n l i n e s f o r the samples i n the hep phase. 

The reduction i n i n t e n s i t y of the n u c l e a r l i n e s i s a 

consequence of the low v a l u e s of the geometrical s t r u c t u r e 

f a c t o r , 

and the magnetic l i n e s are weak because the magnetisation, 

even a t 4.2K, i s s m a l l . 

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

4.2K a l l have the same form between 18° and 25° i n 29, 

with the exception of NdggTb^Q. I n the NdggTb^ a l l o y 

sample two lar g e peaks grew below 70K at about 20° and 22° 

i n 26 obscuring a l l the other magnetic peaks i n t h i s 

angular range. However, the (000)* s a t e l l i t e was c l e a r l y 

v i s i b l e from j u s t below the Neel temperature to 4.2K. 

Ghk* 
2 _ 
, f o r r e f l e c t i o n s i n the R3m space group, 
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( i i ) magnetic c o n t r i b u t i o n to the d i f f r a c t i o n p a t t e r n 

Peaks are indexed on an 18 l a y e r u n i t c e l l . 
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From i t s angular p o s i t i o n , the tu r n angle of the s t r u c t u r e 

was determined to be approximately 60°, var y i n g only 

s l i g h t l y throughout the e n t i r e ordered region (see Table 

5.6). The appearance of the l a r g e peaks i n the magnetic 

d i f f r a c t i o n p a t t e r n of NdggTb^ below 70K precluded the 

p o s s i b i l i t y of determining the ordered s t r u c t u r e a t 

4.2K unambiguously or measuring the ordered moment a t 

4.2K. 

The d i f f r a c t i o n p a t t e r n of Pr^Tbc-,. a t 4.2K shown 

i n F i g . 5.14 a l s o d i s p l a y s a broad peak a t low s c a t t e r i n g 

angles which i s not shown by the N^ggTb^Q sample or the 

Dy- l i g h t r a r e e a r t h Sm phase a l l o y s or the Ho-light 

r a r e e a r t h Sm phase a l l o y s . The broad peak d i d not 

i n t e r f e r e w ith e i t h e r the magnetic s t r u c t u r e determination 

or the subsequent c a l c u l a t i o n of the net ordered moment^ 

as i t d i d not obscure the peaks between 18° and 25° i n 

2Q. The temperature dependence of the broad peak 

i n t e n s i t y i n P r 4 5 T b 5 5 i s shown i n F i g . 5.16. A l s o shown 

i n F i g . 5.16 f o r comparison i s the (009)" s a t e l l i t e 

i n t e n s i t y i n P r 4 5 T b 5 5 which i s t y p i c a l of a l l the Sm phase 

a l l o y s . I t can be seen from the f i g u r e t h a t the (0 0 9 ) " 

i n t e n s i t y f a l l s to zero a t the Neel temperature whereas 

the broad peak i s s t i l l v i s i b l e above the background a t 

150K. The lower ordering temperature i n Nd^Tb.-

determined from the s u s c e p t i b i l i t y v s . temperature scans 

occurred a t the same temperature as the e x t r a coherent 

s c a t t e r i n g appeared i n the neutron d i f f r a c t i o n p a t t e r n s 

a t 28 = 20° and 20 = 22°. However, no evidence of a peak 
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was found i n the s u s c e p t i b i l i t y v s . temperature scans 

of Pr^jTb^g which could be a s s o c i a t e d w i t h the e x t r a 

s c a t t e r i n g observed i n the neutron d i f f r a c t i o n p a t t e r n s . 

A p o s s i b l e o r i g i n of the e x t r a s c a t t e r i n g i n the T b - l i g h t 

r a r e e a r t h a l l o y s w i l l be d i s c u s s e d i n S e c t i o n 6 . 2 ( i i ) . 

An attempt was made to f i t the magnetic peak 

i n t e n s i t i e s a t 4.2K to a uniform b a s a l plane s p i r a l , but 

the i n t e n s i t i e s were found to be c o n s i s t e n t only with a 

s t r u c t u r e i n which the moments on ad j a c e n t l a y e r s are 

fe r r o m a g n e t i c a l l y a l i g n e d i n the b a s a l plane, but with 

net values which are amplitude modulated along the 

c - a x i s of the c r y s t a l . (The magnetic s t r u c t u r e f a c t o r 

f o r t h i s c o n f i g u r a t i o n i s derived i n Appendix 1 and evaluated 

i n Appendix 2 ) . The turn angle of the s t r u c t u r e , which 

now no longer has q u i t e the same meaning as i n a b a s a l plane 

s p i r a l s t r u c t u r e , i s 60° and t h i s i m p l i e s t h a t a t every 

t h i r d l a y e r the amplitude of the net moment of t h a t l a y e r 

i s zero. The plane on which there i s no moment can be 

i d e n t i f i e d from the i n t e n s i t y of the s a t e l l i t e peaks as 

the cubic s i t e l a y e r s , (see Appendix A2). The s t r u c t u r e 

i s shown i n F i g . 5.15. 

The net moments of the a l l o y s a t 4.2K are l a r g e r 

than those p r e d i c t e d t h e o r e t i c a l l y f o r an a n t i p a r a l l e l 

alignment of the two moment s p e c i e s , assuming t h a t both 

the c o n s t i t u e n t s of the a l l o y develop t h e i r f u l l i o n i c 

moments. I f the c o n t r i b u t i o n of the l i g h t r a r e e a r t h 

to the net moment i s reduced to 2/3 of i t s i o n i c value 

then much b e t t e r agreement i s obtained between the 
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observed and the pr e d i c t e d moment v a l u e s f o r the Ho-

l i g h t r a r e e a r t h and the D y - l i g h t r a r e e a r t h a l l o y s . 

The observed moment on the Pr^Tb,.,- a l l o y i s i n good 

agreement w i t h a p r e d i c t e d value assuming t h a t the Pr ion 
/3 

takes a moment value of -y of i t s f u l l i o n i c v a l u e . 

5 . 2 ( i i i ) D.H.C.P. PHASE 

The magnetic ordering temperature of the a l l o y s i n 

the dhcp phase and those of the t e r m i n a l elements Pr and 

Nd a r e shown i n Tables 5.6, 5.7, 5.7a and 5.8. The 

ordering temperatures are a l s o p l o t t e d as a f u n c t i o n of 

composition i n F i g s . 5.3 to 5.8. 

I n the Pr based a l l o y s the observed ordering 

temperature i n pure Pr disappears f o r small c o n c e n t r a t i o n s 

of heavy r a r e e a r t h and then reappears as the co n c e n t r a t i o n 

of heavy r a r e e a r t h i s i n c r e a s e d . The neutron d i f f r a c t i o n 

r e s u l t s on the Pr based a l l o y s i n the dhcp phase, with the 

exception of Pr^gTb^Qf showed only very weak magnetic 

d i f f r a c t i o n peaks a t 4.2K implying an absence of a w e l l 

defined long range magnetic ordering i n the m a t e r i a l s . 

I n Pr^gTb^Q, however, the e x t r a coherent s c a t t e r i n g gave 

r i s e to strong magnetic peaks a t 4.2K, a t p o s i t i o n s 

corresponding approximately to (001) and (003) peaks i n 

the dhcp s t r u c t u r e . The magnetic s c a t t e r i n g i s s i m i l a r 

to t h a t i n pure Pr a t 4.2K implying an o v e r a l l a n t i f e r r o -

magnetic s t r u c t u r e for the a l l o y , but with the net moment 

d i r e c t i o n modulated on adjacent hexagonal l a y e r s s i n c e 

the (001) and (003) peaks a r e d i s p l a c e d to s l i g h t l y 
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higher v a l u e s . From the l i m i t e d data a v a i l a b l e 
X 

i t was not p o s s i b l e to determine whether a l l the ions 

c o n t r i b u t e to the observed moment or only those ions on 

s i t e s with e i t h e r cubic or hexagonal symmetry. From 

the data, the c a l c u l a t e d moment i f a l l the s i t e s c o n tribute 

i s 0.6y B/ion and 0.9y B/ion i f only h a l f the ions c a r r y 

moments. The value of 0.6y B/ion i s c l o s e t o the 

t h e o r e t i c a l value for an a l l o y of t h i s composition 

assuming t h a t each ion t a k e s i t s f u l l i o n i c moment and 

t h a t the Tb and Pr moments are a n t i f e r r o m a g n e t i c a l l y 

a l i g n e d . The (001) magnetic peak remained v i s i b l e up to 

75K i . e . 3T X T. 

The magnetic r e f l e c t i o n s observed i n the other Pr 

based dhcp a l l o y s a t 4.2K ( P r g o D y l Q / P r g 0 H o 1 Q , Prgr.Tb,-, 

PrggTb^g) were a l l very much weaker than i n Pr^gTb^Q. 

I n P r
9 o D v l O k ° t n t n e ( 0 0 3-) a n d (003) peaks were observed 

a t p o s i t i o n s s l i g h t l y higher i n s i n ^ than p r e d i c t e d f o r 
X 

the dhcp s t r u c t u r e , implying a modulated antiferromagnetic 

s t r u c t u r e l i k e Pr. Since the peaks were so weak no r e l i a b l e 

estimate could be made of the moment per ion i n the a l l o y . 

The other three a l l o y s a l l d i s p l a y e d very weak e x t r a 

s c a t t e r i n g a t 4.2K a t a s i n g l e p o s i t i o n very c l o s e to the 

t h e o r e t i c a l p o s i t i o n of the (001). 

Assuming that t h i s very weak s c a t t e r i n g i s due to the 

i n c i p i e n t antiferromagnetism of P r , i n e l a s t i c neutron 

s c a t t e r i n g experiments were c a r r i e d out on a s e r i e s of 

Pr-Tb a l l o y s and on elemental Pr, (see S e c t i o n 4.4 ( i i i ) ) . 
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From the experimental data, the c r y s t a l f i e l d l e v e l 

s p l i t t i n g from the ground s t a t e to the f i r s t e x c i t e d 

s t a t e on the cubic and hexagonal s i t e s were evaluated 

and these are shown p l o t t e d as a f u n c t i o n of Tb 

conc e n t r a t i o n i n F i g . 5.17. From the f i g u r e i t can be 

seen t h a t the c r y s t a l f i e l d l e v e l s p l i t t i n g decreases 

r a p i d l y f o r sm a l l Tb c o n c e n t r a t i o n s but does not go to 

zero on e i t h e r the hexagonal or cubic s i t e s f o r l a r g e r 

c o n c e n t r a t i o n s , implying t h a t there i s no c r y s t a l f i e l d 

l e v e l c r o s s i n g s i t u a t i o n . T h i s may be due to the f a c t 

t h a t there are no uniquely determined c r y s t a l f i e l d 

l e v e l s i n these higher percentage composition a l l o y s . 

E l a s t i c neutron s c a t t e r i n g experiments on r e p r e s e n t a t i v e 

Nd based a l l o y s i n the dhcp phase i n d i c a t e t h a t they are 

a l l ordered. Nd^Tb^Q e x h i b i t s very s m a l l e x t r a coherent 

s c a t t e r i n g a t p o s i t i o n s corresponding to (001) and (003) 

but with s l i g h t l y higher - 1 — v a l u e s . A s i m i l a r p a t t e r n 
X 

i s observed f o r p o l y c r y s t a l l i n e Nd, implying t h a t the 

ordering i n NdggTb^g i s one with a modulated a n t i f e r r o -

magnetic s t r u c t u r e . The e x t r a s c a t t e r i n g i s absent a t 

20K. The e x t r a coherent s c a t t e r i n g i n NdgQDy^Q occurred 

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

alignment of the Nd and Dy moments. On the b a s i s of the 

i n t e n s i t y of the neutron d i f f r a c t i o n peaks a t 4.2K the 

magnetic s t r u c t u r e of NdggDy^ was deduced to be one i n 

which the magnetic moment on the ion l i e s a t an angle to 

the b a s a l plane - the ferromagnetic cone s t r u c t u r e . 
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The moment i n the b a s a l plane was determined to be 

1.98vi B and the c - a x i s component to be 0 . 2 6 u B , g i v i n g a 

t o t a l moment of 2 . 0 y 3 a t an angle of approximately 10° 

to the b a s a l plane d i r e c t i o n . The t o t a l moment evalua t e d 

from the neutron d i f f r a c t i o n data i s 5% g r e a t e r than the 

t h e o r e t i c a l moment,derived assuming t h a t both Dy and Nd 

take t h e i r f u l l i o n i c moments and the moments are a l i g n e d 

a n t i p a r a l l e l . 

E x t r a coherent s c a t t e r i n g i s observed i n NdggHo^Q 

a t r e c i p r o c a l l a t t i c e p o i n t s except (00£) and c l o s e to 

the o r i g i n . Assuming t h a t t h i s weak peak c l o s e to the 

o r i g i n i s the s a t e l l i t e ( 0 0 0 ) * , then the p o s i t i o n of the 
4 

e x t r a s c a t t e r i n g i m p l i e s a ferromagnetic s p i r a l s t r u c t u r e 

( l i k e P r 2 o H o 8 0 a n d N c * 2 0 H ° 8 0 * s e e S e c t i ° n s 5 « 2 a n ^ 6 . 1 ) . 

The turn angle evaluated from the p o s i t i o n of the 

s a t e l l i t e of the o r i g i n i s 68° and the moment i n the 

c - d i r e c t i o n as 2 . 2 y B . No r e l i a b l e estimate of the moment 

i n the b a s a l plane could be made from the i n t e n s i t y of 

the weak (000)* s a t e l l i t e . The d e r i v e d value of the a x i a l 

moment, 2 . 2 y B , i s 15% higher than t h a t c a l c u l a t e d on the 

b a s i s of an a n t i p a r a l l e l alignment of the Nd and Ho 

moments,assuming t h a t they take t h e i r f r e e ion v a l u e s . 

Furthermore, the appearance of a weak s a t e l l i t e of the 

o r i g i n i m p l i e s t h a t a small component of the t o t a l moment 

l i e s i n the b a s a l plane. The c - a x i s component of the 

t o t a l moment evaluated from the neutron d i f f r a c t i o n data 

i s t h e r e f o r e i n error,due to the d i f f i c u l t y i n ob t a i n i n g 

an accurate estimate of the s c a t t e r i n g from the weak magnetic 
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s t r u c t u r e and having to compare t h i s with the e q u a l l y 

s m a l l s c a t t e r i n g from the dhcp s t r u c t u r e . The magnetic 

s t r u c t u r e of NdggHo^g at 4.2K may s t i l l be i n f e r r e d , 

however, to be a ferromagnetic cone s t r u c t u r e with the 

moments l y i n g c l o s e to the c - a x i s . 

The s u s c e p t i b i l i t y v s . temperature p l o t s f o r the 

Nd-Ho a l l o y system i n the dhcp phase e x h i b i t e d two magnetic 

t r a n s i t i o n s with d e c r e a s i n g temperature, corresponding to 

ordering on the hexagonal and c u b i c s i t e s . The ordering 

temperatures d i d not change with i n c r e a s i n g Ho c o n c e n t r a t i o n , 

as i n the Pr-Ho a l l o y s (see Table 5.8 and F i g . 5.8) but 

stayed constant becoming sharper as the Ho c o n c e n t r a t i o n 

i n c r e a s e d . The behaviour of the Dy-Nd a l l o y system i s 

a l s o d i f f e r e n t from t h a t of the Pr-Dy a l l o y system. The 

s u s c e p t i b i l i t y v s . temperature p l o t s of Nd and some Nd-Dy 

a l l o y s are shown i n F i g . 5.18. The s u s c e p t i b i l i t y of pure 

Nd e x h i b i t s two d i s t i n c t peaks which may be a s s o c i a t e d 

with ordering on the hexagonal s i t e s (3OK) and the c u b i c 

s i t e s (8K). . As the Dy c o n c e n t r a t i o n i s i n c r e a s e d the 

height of the peak a s s o c i a t e d with ordering on the hexagonal 

s i t e decreases u n t i l a t 5at.% Dy i t i s absent. However, 

for g r e a t e r than 2 a t . % Dy a t h i r d peak appears i n the 

s u s c e p t i b i l i t y a t 21K. T h i s peak does not disappear a t 

5at.% Dy but remains- c l e a r l y v i s i b l e i n a l l but the 

30at.% Dy a l l o y , when th e r e i s no d i s t i n c t i o n between 

hexagonal and c u b i c s i t e s and the a l l o y orders a t 26K. 

The appearance of t h i s e x t r a peak i n the s u s c e p t i b i l i t y 
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and the disappearance of the o r i g i n a l peak i s probably 
associated with a change i n the magnetic ordering on the 
hexagonal site,since the peak associated with the cubic 
s i t e ordering remains at almost the same temperature f o r 
a l l the all o y s . The neutron d i f f r a c t i o n results presented 
e a r l i e r i n t h i s section f o r the al l o y Ndg^Dy^Q do indeed 
suggest a magnetic structure at 4.2K which i s d i f f e r e n t 
from that found i n pure Nd. 

The inverse s u s c e p t i b i l i t y of Pr, Nd and some Pr-Dy, 
Pr-Tb and Nd-Dy alloys i s shown plotted against temperature 
i n Figs. 5.19 to 5.21. From eqn. 2.5 i t can be seen that 
the slope of the inverse s u s c e p t i b i l i t y vs. temperature 
pl o t i s proportional t o the moment on the a l l o y and from 
a knowledge of the moments on Pr and Nd (see Table 1.1) 
the moments on the other alloys may be evaluated. The 
paramagnetic moments calculated i n t h i s way along with 
the t h e o r e t i c a l paramagnetic moments derived from the 
formula 

V = /y a x + u b ( l - x ) 

where u and y, are the moments on the constituent ions 
and x i s the f r a c t i o n a l concentration of the 'a* ions, are 
given i n Table 5.9. With increasing heavy rare earth 
content the observed paramagnetic moment increases to 
we l l above the t h e o r e t i c a l value, almost reaching the 
free ion value of the heavy rare earth metal. Such large 
increases i n paramagnetic moment have been observed 
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10 Inverse s u s c e p t i b i l i t y vs. temperature 
for Pr and some Pr-Tb alloys 
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11 
Inverse s u s c e p t i b i l i t y vs. temperature 
for Nd and some Nd-Dy alloys 
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Inverse s u s c e p t i b i l i t y vs. temperature 
for the a l l o y Pr«nDy 20~J80 
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TABLE 5.9 

OBSERVED AND THEORETICAL PARAMAGNETIC MOMENTS 
AND TEMPERATURE AXIS INTERCEPTS T' FOR SOME 

LIGHT-HEAVY RARE EARTH ALLOYS 

Alloy u(obs.)± 0.3p_ y (theo.) T* + 0.5° 

Pr g gTb 0 1 3.7 3.6 21.5 

Pr g 5Tb Q 5 4.1 4.0 15.5 

Pr g oTb 1 0 5.7 4.5 13.0 

Pr 7 ( )Tb 3 0 9.6 6.0 -1.0 

NdgoDy10 5.9 4.7 3.0 

NdQnDy n 6.8 5.6 0.5 
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previously by Thoburn et a l (1958) and Finnemore et a l 
(1968) (in La-Gd alloys) and Fradin et a l (1968) ( i n 
Sc-Gd a l l o y s ) . Also shown are the temperature axis 
intercepts f o r each of the alloys from the inverse 
s u s c e p t i b i l i t y vs. temperature p l o t s . 

The temperature axis intercept T', may be i d e n t i f i e d 
with the paramagnetic Curie point, 8'. For a f e r r i -
magnetic al l o y an expression was derived i n Section 2.1 
r e l a t i n g the paramagnetic Curie point to the Curie constants 
and exchange constants of the ions on the two sublattices 
(eqn. 2.17) giving 

C C, 
6' = - - a- b-

a b 
xX + (l-x)X,. -2X , aa bb ab 

where a and b denote the two constituents of the a l l o y and 
x i s the f r a c t i o n a l concentration of constituent a. 
X_a, Xj.^ and X^ are the exchange constants between ions 
on the same sublattice and ions on the d i f f e r e n t sublattices, 

From the paramagnetic Curie points* 0', given i n 
Table 5.9, the exchange constants X f o r the three 
interactions involved i n the Pr-Tb system and the Nd-Dy 
system were calculated. The exchange constants are shown 
i n Table 5.10. A complete set of data on the Pr-Dy all o y 
system was not available, but from a knowledge of X(Pr-Pr) 
and X(Dy-Dy) obtained f o r the Pr-Tb and Nd-Dy a l l o y 
systems the value of X(Pr-Dy) was calculated from the 
paramagnetic Curie point of the inverse s u s c e p t i b i l i t y vs. 
temperature p l o t for the a l l o y P r20 D y80" 
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Using eqn. 2.21 the macroscopic exchange constants 
X were converted i n t o exchange integrals between 
neighbouring ions. These derived exchange integrals f o r 
the pure metals are also shown i n Table 5.10, compared 
with the exchange inte g r a l s evaluated for the pure metals 
from eqn. 2.4 using the known Curie temperatures of the 
pure metals. The tabulated i n t e r - i o n i c exchange integrals 
are derived for a 50% a l l o y composition and they are 
compared with the t h e o r e t i c a l exchange i n t e g r a l evaluated 
using the observed Neel point of that a l l o y . For the 
light-heavy rare earth series the 50% a l l o y f a l l s i n the 
Sm. phase, (see Sections 5 .2 ( i i ) & 6 .2) . From the table 
i t can be seen that the exchange inte g r a l s derived from 
the dhcp alloys are i n good agreement with those obtained 
from eqn. 2.4. 

F i n a l l y , the derived exchange constants were 
substituted i n t o the expression f o r the ferrimagnetic Neel 
point derived f o r the a l l o y systems (eqn. 2.18). The Neel 
termperatures predicted by t h i s expression increase with 
increasing heavy rare earth content, but t h e i r absolute 
value is not the same as i s observed experimentally. 
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CHAPTER 6 

DISCUSSION OF RESULTS 
In t h i s chapter the experimental results on the 

light-heavy rare earth alloys given i n Chapter 5 w i l l be 
discussed i n terms of the theory of magnetic ordering i n 
the rare earth metals presented i n Chapter 2. Following 
the same format as i n Chapter 5, bhe discussion w i l l be 
presented with reference bo the three crystallographic 
phases of the light-heavy rare earth alloys. 

6.1 H.C.P. PHASE 
6.1(i) Variation of the Neel temperature on a l l o y i n g 

The R.K.K.Y. in t e r a c t i o n which i s responsible f o r 
the long range periodic spin structures i n the rare earths 
and t h e i r alloys may be w r i t t e n as, 

I ( r i j > = T f f A 2 N < G f > + ( 2 k f R i j > ••• ( 6- 1 ) 

where N(e f) i s the density of states at the Fermi surface 
and the other symbols are as defined in'Section 2.4. On 
allo y i n g i . e . changing the i n t e r i o n i c distances, the terms 
A2, N(e^) and (t>(2k^R^j) can be expected to change. 

Assuming that the ground state energy of the 
antiferromagnetic phase i s given by 

E = fl I <J> 

where <J> i s the average spin variable operating i n the 
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al l o y at that temperature, then, f o r a two component 
magnetic system 

E = 3kT.T = N 9ttZ XA z + ( l - x ) A Z N(e~)Z <j> (2k.R. .) .G 6.2) 2 

2 where G = £ c a ( g a - l ) 2 J aCJ a + 1) 

The suffices x and 2 refer to the two components and 
N(e^) and k^ are the density of states and Fermi wavevector 
of the a l l o y respectively. 

A p l o t of T N vs. G i s a s t r a i g h t l i n e (see Fig. 5.12) 
fo r the heavy rare earths, the heavy-heavy alloys and the 
light-heavy a l l o y s . This implies that the dominant 
feature i n the v a r i a t i o n of the ordering temperature on 
all o y i n g i s the change i n the de Gennes function or average 
de Gennes function f o r the al l o y s . Closer examination 
of Fig. 5.12 reveals small deviations of the light-heavy 
rare earth alloys from i d e a l i t y becoming more pronounced 
w i t h increasing l i g h t rare earth addition. These small 

rare earth alloys would not be expected to show any 
deviation as the change i n c/a r a t i o across the en t i r e 
composition range i s n e g l i g i b l e . 

To examine the dependence of the exchange i n t e r a c t i o n 
on a l l o y i n g i t i s necessary to remove the dominating e f f e c t 
of the de Gennes function. A quantity which i s independent 

effects may be ascribed to changes i n A N(e c) and ave 
Z <J> (2k f R--JJ) with increasing c/a r a t i o . The heavy-heavy 
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of the value of the e f f e c t i v e spin variable operating i n 
the material i s the turn angle and' any changes i n the 
exchange due to allo y i n g would be r e f l e c t e d i n t h i s term. 

6 . 1 ( i i ) Variation of the i n i t i a l turn angle on a l l o y i n g 
The v a r i a t i o n of the i n i t i a l turn angle, OK , with 

the c/a r a t i o of some light-heavy rare earth a l l o y s , the 
heavy rare earth metals and some heavy rare earth -Yr 
alloys i s shown i n Fig. 5.13 (see Section 5 . 2 ( i ) ) . 
Observation of a turn angle w implies that a stable 
h e l i c a l spin structure exists i n the material. The 
s t a b i l i s a t i o n of a h e l i c a l spin structure i n the a n t i -
ferromagnetic region of the rare earth metals i s due to 
the occurrence of a maximum i n the generalised s u s c e p t i b i l i t y 
function x (3) / f° r some vector q > 0 and directed along 
the c-axis of the hep structure (see Section 2 . 5 ) . 
The value of the vector q maximising x(^) n a s been i d e n t i f i e d 
with the vector c a l i p e r i n g the webbing feature i n the 
Fermi surface. The feature of the magnetic structure 
s t a b i l i s e d by the maximum i n x(q)at q Q i s the wave 
vector of the h e l i c a l structure, f o r which the observable 
turn angle i s given i n terms of the l a t t i c e parameter c, 
by 

u i = % c ' ... (6.3) 

On a l l o y i n g , t h i s webbing feature i s c l e a r l y retained, 
but the width of the webbing, as measured by the magnitude 
of the turn angle, i s reduced. Equivalently the e f f e c t of 



188 

al l o y i n g may be visualised as' s t a b i l i s i n g a new h e l i c a l 
spin structure i n the heavy rare earth alloys which occurs 
at a maximum i n x(q) f o r a value of q smaller than the 
value of q^ i n the pure metal. 

Fleming and Liu (1970) have used the dependence of 
the d e t a i l s of the band structure (and hence "x(q)) on the 
a x i a l r a t i o , c/a #of the hexagonal close packed l a t t i c e to 
determine the v a r i a t i o n of the turn angle with pressure 
for the rare earth metals. The high pressure values of 
the l a t t i c e parameters were derived using experimental 
data f o r the e l a s t i c constants. On the basis of these 
calculations the t h e o r e t i c a l value of - j — f o r Tb was 

dp 
shown to be i n close agreement w i t h the experimental 
neutron d i f f r a c t i o n data of Umebayashi et a l (1968). 

I t i s unclear from the o r i g i n a l data of Umebayashi 
et a l how t h i s close agreement between the experimental 
value of ^ and the t h e o r e t i c a l value of ^ due to 
Fleming and L i u i s obtained,as the sign of ^ determined 
by each author i s d i f f e r e n t . The work of Fleming and Liu 
implies a decrease i n the i n i t i a l turn angle with, 
pressure, w h i l s t the data of Umebayashi shows an increase 
i n the i n i t i a l turn angle. The difference almost c e r t a i n l y 
arises from the evaluation of the high pressure l a t t i c e 
parameters i n the antiferromagnetic region. Tb undergoes 
very rapid changes i n both c/a and d i r e c t i o n a l compressibility 
on ordering due to the large magnetoelastic constants. 
I t i s clear from eqn. 6.3 that the wrong choice of a x i a l 
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l a t t i c e parameter for that temperature and pressure w i l l 
give the incorrect value for the i n i t i a l turn angle. 
In spite of t h i s shortcoming however, the model calculation 
i t s e l f appears to be capable of predicting the dependence 
of some of the magnetic properties of the metal on pressure, 
or more d i r e c t l y on the c/a r a t i o of the met a l l i c system , 
through the dependence of pos i t i o n and height of the peak 
i n X(<J) o n t n e c / a r a t i o of the metal. Further, of course, 
since p and c/a are d i r e c t l y related, the model i s 
applicable to alloy systems i n which both c/a and to change 
as a r e s u l t of a l l o y i n g . 

In the Pr-Tb and Nd-Tb alle y systems the magnetoelastic 
interactions are l i k e l y to decrease as the addition of a 
l i g h t rare earth serves to d i l u t e the magnetic properties 
of the heavy rare earth. I t should be possible to use 
the r esults of Fleming and Liu to compare the predictions 
of t h e i r model with the observed v a r i a t i o n of the turn 
angle on a l l o y composition-, since the values of ^ can ' 
be taken to be correct f o r the c/a values used i n the 
derivation. 

The observations of the Tb-Pr and Tb-Nd systems show 
that the antiferromagnetic state becomes unstable with 
addition of the l i g h t rare, earth component. At 
s u f f i c i e n t l y high concentrations only ferromagnetic 
ordering i s observed in d i c a t i n g that the turn angle has 
decreased to zero. Assuming that UK decreases l i n e a r l y 
with increasing c/a i . e . with increasing pressure, and 
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that there i s a d i r e c t equivalence between increasing 
pressure and increasing c/a ,then using the t h e o r e t i c a l 
value of ^ = - 0.23 deg.kbar ^ derived by Fleming and 
Liu , i t i s readily shown tha t the l i m i t i n g value of c/a 
at which the turn angle i s reduced to zero i s c/a - 1.586. 

Measurements of the a x i a l r a t i o and ordering 
temperatures f o r the two series of alloys are shown i n 
Fig. 6.1 (The 20% Nd-Tb sample was prepared from a 
d i f f e r e n t batch of elemental Tb than the other specimens 
i n t h i s series. This Tb consistently gave anomalous 
l a t t i c e parameters from the Tb used for the other specimens 
across the e n t i r e composition range. We believe t h i s may 
be associated with the source material as supplied by various 
d i s t r i b u t o r s . This i s consistent with the findings of 
other laboratories (Harris 1970). In consequence greater 
weighting i s given to the low Nd concentrations i n drawing 
the experimental curve). From the figure i t i s clear that 
i n the Tb-Pr system, extremely good agreement i s obtained 
between the predicted and observed values of the c r i t i c a l 
c/a r a t i o f o r which to becomes zero and the antiferromagnetic 
state disappears. The results f o r the Tb-Nd system show 
some divergence however, the l i m i t i n g composition observed 
experimentally being 16%Nd, whereas the predicted 
composition deduced from the c r i t i c a l c/a value i s close 
to 20% Nd. 

I t would have been i n t e r e s t i n g to compare the observed 
v a r i a t i o n of the turn angle i n comparable Dy alloys w i t h 
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the value of ^ dp 
d(o 

d(c/a) predicted by Fleming and Li u , 

however, the range of c/a values used i n the t h e o r e t i c a l 
work i s too small to allow r e l i a b l e extrapolation over 
the range observed i n the neutron d i f f r a c t i o n studies. 
Crude estimates can be made by converting the observed 
l a t t i c e parameters to a volume change and therefore to 
an e f f e c t i v e applied pressure ,using the compressibility 
date of Gschneidner (1961). This leads to experimental 
values of || = - 0.57°/kbar (Dy-Pr) and - 1.8°/kbar 
(Dy-Nd) which are to be compared with the predicted 
figure of ̂  = - 0.38°/kbar. The form of the agreement 
here i s probably a l l that can be expected i n view of 
the rather large approximations made. 

The expression f o r the i n t e r l a y e r turn angle i s given 
by (see Section 2.2 ) 

1(1) l c cos to. = - — — - ...(6.4) 
1 41(2) 

Using the free electron model f o r the exchange i n t e r a c t i o n 
given by eqn (6-1) the v a r i a t i o n of the exchange w i t h 
pressure may be w r i t t e n as 

g ( r ^ + § * ( 2 k f - t 6 - 5 ' 
In the model proposed by Fleming and Liu no account 

i s taken of the variation, of the f i r s t term, the s-f 
in t e r a c t i o n p o t e n t i a l , w i t h pressure. Various authors 
have considered i t and ei t h e r assumed i t was constant or 
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very s m a l l ( L i u 1962, Bloch and Pauthenet 1964, Darby and 

Taylor 1966). More r e c e n t l y Lindgard e t a l (1975) have 

shown t h a t A i s i n f a c t dependent on the s c a t b e r i n g v e c t o r 

q and may not be t r e a t e d as a constant. E v a l u a t i o n of A 

i n the l i g h t heavy r a r e e a r t h a l l o y s i s f u r t h e r complicated 

s i n c e the 4f s h e l l of the l i g h t r a r e e a r t h s i s f a r more 

extended than i n the heavy r a r e e a r t h s and t h i s f a c t may 

make the i n t e r a c t i o n p o t e n t i a l A, co n c e n t r a t i o n dependent. 

I t appears then, t h a t there are two main processes 

a f f e c t i n g the magnetic ordering on a l l o y i n g . The f i r s t , 

and by f a r the major c o n t r i b u t i o n , i s the re d u c t i o n i n 

de Gennes f u n c t i o n i n the a l l o y . Secondly, there i s the 

e f f e c t of the change i n the a x i a l r a t i o on the exchange 

i n t e r a c t i o n v i a the m o d i f i c a t i o n of the e l e c t r o n i c energy 

bands i n the a l l o y . 

I n the f o l l o w i n g subsections we go on to di.scuss '-ome 

of the other observed magnetic p r o p e r t i e s of the hep l i g h t -

heavy r a r e e a r t h a l l o y s . 

6.1 ( i i i ) V a r i a t i o n of the h e l i c a l t u r n angle w i t h 
temperature. 

The heavy r a r e e a r t h metals, t h e i r a l l o y s with Y and 

with each other a l l e x h i b i t a decrease i n the i n t e r l a y e r 

t u r n angle with d e c r e a s i n g temperature. T h i s behaviour 

has been a t t r i b u t e d to the appearance of super zone 

boundaries which c u t the Fermi s u r f a c e and thus modify 

the exchange (see S e c t i o n 2 . 5 ( i ) . ) 

Neutron d i f f r a c t i o n experiments on the Ho and Dy 

based a l l o y s i n the hep phase i n d i c a t e that the turn angle 
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does not vary from i t s i n i t i a l value by more than 5 degrees 

throughout the e n t i r e a n t i f e r r o m a g n e t i c region (see Tables 

5.3 and 5.5). Since a h e l i c a l s p i n s t r u c t u r e i s observed 

i n the a l l o y s , i t must be assumed t h a t the webbing f e a t u r e 

of the Fermi s u r f a c e i s r e t a i n e d on a l l o y i n g and f u r t h e r 

i f the super zone boundaries s t i l l e x i s t they must c u t 

the webbing (see F i g 6.2). The width of the webbing i s 

p r o p o r t i o n a l to the length of the v e c t o r q Q and the 

webbing f e a t u r e occurs symmetrically placed about AH i n the 

middle of the Fermi s u r f a c e i n the double zone scheme. 

For a turn angle of 30°, say, q Q = 0.33 (TT/C) arid the super 

zone boundaries occur a t d i s t a n c e s along TAr p r o p o r t i o n a l 

to the length of the v e c t o r k = ± n Thus there must 

be s i x super zone boundaries between r and A. Since the 

width of the webbing i s q o then there are two super zone 

boundaries which c u t the Fermi s u r f a c e . On t h i s b a s i s 

the turn angle should vary with temperature, even though 

the magnetisation, and thus the width of the super zone 

boundaries, i s s m a l l i n the a n t i f e r r o m a g n e t i c region of 

the l i g h t - h e a v y r a r e e a r t h a l l o y s . 

I t can be seen from F i g . 6.2 t h a t whereas the super 

zone boundaries l i e c l o s e to the webbing f e a t u r e i n Dy 

they are a c t u a l l y c o i n c i d e n t w i t h the f l a t region of the 

webbing s u r f a c e i n Nd3Q D Y 7 Q * I n Dy the energy 

d i s c o n t i n u i t i e s a s s o c i a t e d with the super zone boundaries 

perturb the Fermi s u r f a c e and a l t e r the value of the s - f 

i n t e r a c t i o n v i a a r e d i s t r i b u t i o n of the conduction e l e c t r o n s 
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Fermi s u r f a c e of Dy ( a f t e r Keeton and Loucks) 
simply extended to a Dy a l l o y . 
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across the energy gap. I n the a l l o y Nd^Q DY-JQ the.super 

zone boundaries do not a c t u a l l y c u t the Fermi s u r f a c e 

but l i e p a r a l l e l to i t . I n t h i s case there i s no 

s i g n i f i c a n t p e r t u r b a t i o n of the Fermi s u r f a c e and the 

magnitude of the s - f i n t e r a c t i o n i s unchanged. 

I t i s u n l i k e l y t h a t the super zone boundaries would 

have no e f f e c t a t a l l as the webbing f e a t u r e i s not 

i d e a l l y f l a t as shown i n the f i g u r e . The e f f e c t , however, 

would be s m a l l and could account f o r the s l i g h t changes 

i n the turn angle w i t h temperature. 

6.1 ( i v ) V a r i a t i o n of the c r i t i c a l f i e l d w i t h temperature 

The theory of Nagamiya e t a l (1962) and Kitano and 

Nagamiya (1964) which e x p l a i n s the observed temperature 

dependence of the c r i t i c a l f i e l d of the heavy r a r e earths^ 

i s based on the assumptions t h a t there i s a l a r g e a x i a l 

anisotropy c o n f i n i n g the s p i n s to the b a s a l plane and 

t h a t the s p i r a l i s composed of i d e n t i c a l atoms (see 

S e c t i o n 2.3 ) . The c r i t i c a l f i e l d i s ttten given by 

H = - 7.76u I (2)sin"io/2 ...(6.6) 

where u i s the spontaneous magnetic moment per i o n . 

I f the a d d i t i o n of a l i g h t r a r e e a r t h s e r v e s merely to 

d i l u t e the exchange, and as a consequence change the 

turn angle, then the c r i t i c a l f i e l d w i l l r i s e r a p i d l y 

w ith i n c r e a s i n g temperature from the Curie p o i n t as i n 

pure Dy. The P r 1 Q
 D Y 9 0

 a n d N d l 0 D y 9 0 a l l o Y s s h o w t h i s 
behaviour, (see F i g . 5.10a). Neutron d i f f r a c t i o n 



197 

experiments on the a l l o y s P r 3 Q DY 7 0 and Nd 3 Q D y 7 0 i n d i c a t e 

t h a t the turn angle i s almost constant w i t h temperature 

over the e n t i r e h e l i c a l s p i n region. T h i s i m p l i e s t h a t 

the exchange, I ( r ^ j ) i s constant and t h a t the c r i t i c a l 

f i e l d , H , f o r the a l l o y s should i n c r e a s e w i t h decreasing 

temperature i n the same way t h a t the spontaneous 

magnetisation i n c r e a s e s with decreasing temperature. 

T h i s i s net observed to be the case and the c r i t i c a l 

f i e l d shows a p e c u l i a r dependence upon temperature (see 

F i g . 5 . 1 0 b ) . 

For the two a l l o y s P r 3 Q
 D Y 7 0

 a n c 3 N d 3 o D y 7 0 t h e 

assumptions on which the theory of Kitano and Nagamiya 

are based may be i n v a l i d a t e d - F i r s t l y , the a x i a l anisotropy 

may be r e l a x e d on a l l o y i n g a l i g h t r a r e e a r t h with a heavy 

r a r e e a r t h . The c/a r a t i o of the two a l l o y s i s much c l o s e r 

to the t h e o r e t i c a l value of c/a f o r the i d e a l hep s t r u c t u r e 

than the c/a r a t i o of the parent heavy r a r e e a r t h and, 

i n the no t a t i o n of Kasuya (1966 ) (see S e c t i o n 2.7.), the 

value of v° decreases by 30% which i m p l i e s t h a t the 

leading term i n the a x i a l anisotropy, B°, changes by a 
2 

s i m i l a r amount, whereas the in-plane, anisotropy i n c r e a s e s 

s l i g h t l y through the term v 6 . For a s u f f i c i e n t l y l a r g e 

a p p l i e d f i e l d a t high enough temperature the moments may 

be p u l l e d out of the b a s a l plane to achieve a f e r r o ­

magnetic alignment. Secondly, the s p i r a l i s not uniform, 

but contains a s i g n i f i c a n t number of l i g h t r a r e e a r t h 

i o n s . I n the r a r e e a r t h metals the s p i n , S, and the 
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t o t a l angular momentum, J , are not always p a r a l l e l -to one 

another. Because of the strong Russell-Sanders coupling, 

i t i s necessary to p r o j e c t S onto J through the 

r e l a t i o n s h i p (see S e c t i o n 1.4) 

S - ( g j - 1). J 

For the l i g h t r a r e e a r t h s the f a c t o r ( g j - 1) 

i s negative and f o r the heavy r a r e e a r t h s i t i s p o s i t i v e . 

Thus, the sp i n i s a l i g n e d p a r a l l e l to the t o t a l angular 

momentum i n the heavy r a r e e a r t h s and a n t i p a r a l l e l to 

the t o t a l angular momentum i n the l i g h t r a r e e a r t h s . I n 

an a p p l i e d magnetic f i e l d the moments on the Pr and Dy 

ions are forced to a l i g n p a r a l l e l to one another, thus 

causing the s p i n s on the d i f f e r e n t ions to l i e a n t i -

p a r a l l e l ,since the a p p l i e d f i e l d cannot break the 

Russell-Saunders coupling. This would have the e f f e c t of 

d i s t o r t i n g the fan s t r u c t u r e . 

Below 100K both P r 3 Q D Y 7 0 and Nd 3 Q DY 7Q have c r i t i c a l 

f i e l d v a l u e s which decrease r a p i d l y w i t h d e c r e a s i n g 

temperature, showing a behaviour s i m i l a r to t h a t observed 

i n pure Dy. I t may be assumed t h a t below t h i s temperature 

the a x i a l anisotropy i s l a r g e enough to r e s t r a i n the sp i n s 

to the b a s a l plane and i n t h i s temperature region the 

e f f e c t of the s l i g h t change i n turn angle with temperature 

i s observed. 

The v a r i a t i o n of the exchange parameters I CI) and 

1(2) with temperature f o r the a l l o y s D y 7 Q P r 3 Q and 
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Nd^Q Dy^Q i s shown i n F i g 5.11. These exchange parameters 

have been c a l c u l a t e d from eqn. 6.5 and 6.4 using the 

observed v a l u e s of the turn angle and c r i t i c a l f i e l d . 

S i n c e the turn angle i s almost constant then the 

v a r i a t i o n of 1(1) and 1(2) probably r e f l e c t s the 

behaviour of the c r i t i c a l f i e l d , H
c » i n these a l l o y s . 

6.1(v) Low temperature ordering 

The Curie temperatures of the Tb and Dy a l l o y s , 

and the s p i n r e - o r i e n t a t i o n temperature of the Ho a l l o y s , 

decrease with i n c r e a s i n g l i g h t r a r e e a r t h content i . e . 

w i t h i n c r e a s i n g c/a r a t i o , except i n the case of Nd-Dy 

a l l o y s with low Nd content i n which the Curie temperature 

r i s e s i n i t i a l l y and then f a l l s , (see F i g s . 5.3 to 5.8). 

The C u r i e temperature of Dy under p r e s s u r e (Robinson 

e t a l 1966) and of some Dy r i c h Dy-Gd a l l o y s under pressure 

( M i l s t e i n and Robinson 1967), i n c r e a s e s f o r s m a l l i n c r e a s e s 

i n h y d r o s t a t i c p r e s s u r e (<5kbar) and then decreases w i t h 

f u r t h e r i n c r e a s e s i n p r e s s u r e . The behaviour of the Dy 

r i c h Nd-Dy a l l o y s can be seen to be c o n s i s t e n t w i t h t h i s , 

bearing i n mind t h a t the a p p l i c a t i o n of h y d r o s t a t i c 

p r e s s u r e to a heavy r a r e e a r t h i s e q u i v a l e n t to a l l o y i n g 

i t w i th a l i g h t r a r e e a r t h . 

When p l o t t e d a g a i n s t the reduced de Gennes f u n c t i o n 

the Curie temperatures show no general behaviour l i k e 

the Neel temperatures, r a t h e r each a l l o y system 

s e p a r a t e l y shows a l i n e a r r e l a t i o n s h i p w ith the reduced 

de Gennes fu n c t i o n f o r t h a t a l l o y system. This i m p l i e s 
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t h a t the dominant f e a t u r e i n the red u c t i o n of the Cu r i e 

point on a l l o y i n g a heavy r a r e e a r t h with a l i g h t r a r e 

e a r t h , i s the red u c t i o n i n the de Gennes f u n c t i o n as i t 

i s i n the r e d u c t i o n of the Neel point on a l l o y i n g . A 
T 

p l o t of c / ^ v s . c/a for the l i g h t - h e a v y . r a r e e a r t h 

a l l o y s does not r e v e a l any general behaviour e i t h e r . 

T h i s suggests t h a t the exchange i s determined by a 

f u r t h e r term i n eqn. 6.1. T h i s term i s probably a 

c o n t r i b u t i o n due to the c r y s t a l f i e l d and would be 

d i f f e r e n t f o r each a l l o y system. 

At 4.2K the ordered spin s t r u c t u r e s of the a l l o y s 

examined by neutron d i f f r a c t i o n were found to be i d e n t i c a l 

to t h a t observed i n the parent heavy r a r e e a r t h s . Since 

both components of any of the a l l o y s s t u d i e d have 

anisotropy e n e r g i e s which favour the s p i n s remaining i n 

the b a s a l plane t h i s r e s u l t i s not surprising,though 

the values determined f o r the a x i a l component of the 

moment i n the ferromagnetic cone s t r u c t u r e of Vr^Q H o g o 

and Nd2Q H o g Q (see Table 5.5) suggest t h a t there i s a 

s l i g h t r e l a x a t i o n of the a x i a l anisotropy due to l i g h t 

r a r e e a r t h a d d i t i o n (see a l s o S e c t i o n 6 . 1 ( i v ) ) . 

The net moments evaluated f o r a l l the ferromagnetic 

s p i n s t r u c t u r e s are c o n s i s t e n t only with an a n t i p a r a l l e l 

alignment of the l i g h t r a r e e a r t h moment and the heavy 

r a r e e a r t h moment,assuming t h a t each component has i t s 

f u l l i o n i c moment. Since the s p i n s are al i g n e d f e r r o -

m a g n e t i c a l l y then the moments w i l l be a l i g n e d a n t i p a r a l l e l 



201 

(see S e c t i o n 6 . 1 ( i v ) ) and the net moment i n the a l l o y 

w i l l be the d i f f e r e n c e between the f u l l i o n i c moments 

of each s p e c i e s m u l t i p l i e d by t h e i r appropriate 

compositions i n the a l l o y . 

6.2 SM PHASE 

The magnetic p r o p e r t i e s of the light-heavy r a r e 

e a r t h a l l o y s i n the Sm phase are a d i r e c t r e s u l t of the 

unique c r y s t a l s t r u c t u r e of t h a t phase. At the hcp-Sm 

phase boundary the ferromagnetic s t r u c t u r e of the a l l o y s 

(ferromagnetic cone s t r u c t u r e i n the case of the Ho based 

a l l o y s ) disappears and i s re p l a c e d by an ant i f e r r o m a g n e t i c 

s t r u c t u r e which i s r e t a i n e d to 4.2K. The turn angle of 

the s t r u c t u r e i s approximately 60° f o r a l l the a l l o y s 

r e g a r d l e s s of c o n s t i t u e n t s and v a r i e s only s l i g h t l y between 

the ordering temperature and 4.2K. The magnetic s t r u c t u r e 

of the a l l o y s i n the Sm phase a t 4.2K i s one i n which the 

net moments on each l a y e r l i e i n the b a s a l plane, but are 

amplitude modulated along the c - a x i s . The value of the 

turn angle of the modulation i s 60° which i m p l i e s t h a t 

the net ordered moment on every t h i r d l a y e r i s zero 

(see F i g . 5.15). This l a y e r can be i d e n t i f i e d w i t h a 

cubic s i t e l a y e r i n the Sm s t r u c t u r e , (see Appendix A2). 

The complexity of the Sm phase magnetic s t r u c t u r e s 

i s due i n p a r t to the e x i s t e n c e of two s t r u c t u r a l domains 

i n any m a t e r i a l adopting the Sm s t r u c t u r e . The two domains 

are e q u a l l y populated over the c r y s t a l and d i f f e r only 
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by a r o t a t i o n of 180° about the normal to the l a y e r s , i . e . 

the c - a x i s . Thus i f the f i r s t domain has a s t a c k i n g 

sequence ABABCBCAC... then the second domain w i l l have the 

st a c k i n g sequence ACACBCBAB... A b a s a l plane s p i r a l 

magnetic s t r u c t u r e with a turn angle of 60° propagating 

i n each of the two domains w i l l appear to r o t a t e i n 

opposite d i r e c t i o n s around the c - a x i s . The r e s u l t a n t w i l l 

be a s t r u c t u r e with zero net moment on every t h i r d s i t e 

(see F i g . 6.3). The molecular f i e l d a t t h i s s i t e w i l l 

a l s o be zero s i n c e the moments on two adjac e n t hexagonal 

s i t e s are p a r a l l e l to one another, and a n t i p a r a l l e l to 

the moments on the next two adjacent hexagonal s i t e s . 

The derived magnetic s t r u c t u r e f o r the Sm phase 

a l l o y s i s s i m i l a r to th a t of pure Sm i t s e l f ; except t h a t 

i n pure Sm the f e r r o m a g n e t i c a l l y a l i g n e d moments are 

perpendicular to the hexagonal l a y e r s . The s t r u c t u r e 

i s zhxis u n i a x i a l and does not give r i s e to (001) 

s a t e l l i t e s , whereas these s a t e l l i t e s are observed i n the 

light-heavy r a r e e a r t h a l l o y s i n the Sm phase. S i n c e the 

two c o n s t i t u e n t s of the light- h e a v y r a r e e a r t h a l l o y s 

both favour moments l y i n g i n the b a s a l p l a n e , i t could be 

expected t h a t the moments i n the Sm phase a l l o y s would 

adopt t h i s s t r u c t u r e too. 

The moments on the Sm phase a l l o y s a t 4.2K are a l l 

l a r g e r than those p r e d i c t e d t h e o r e t i c a l l y by a magnetic 

s t r u c t u r e i n which the moments on the two s p e c i e s are 

a n t i p a r a l l e l and which assumes t h a t each r a r e e a r t h 
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moment adopts i t s f u l l i o n i c v a l u e . On the simple Weiss 

molecular f i e l d model of magnetism (see S e c t i o n 2 . 1 ) the 

exchange f i e l d r e s p o n s i b l e f o r the ordering i n the Sm 

phase a l l o y s i s given by 

3kT 
H = S ...(6.7) 

g ( J + l ) y B 

where k i s Boltzman's constant, T N, g and J are the 

Ne^el temperature, Lande" g f a c t o r and t o t a l angular momentum 

of the a l l o y r e s p e c t i v e l y . 

For Pr . e T b . - _ K = 72T which i s i n excess of the 45 55 ex 
magnetic f i e l d r e s p o n s i b l e f o r c r y s t a l f i e l d l e v e l 

c r o s s i n g and hence spontaneous magnetic ordering i n Pr, 

(see S e c t i o n 2.8). Thus i t may be assumed that the moment 

on the Pr ion adopts i t s f u l l i o n i c value i n P r ^ T b - ^ . 

Assuming t h a t Tb adopts i t s f u l l i o n i c moment value then 

the magnetic moment of the a l l o y determined from neutron 

d i f f r a c t i o n i s c o n s i s t e n t only with a n o n - c o l l i n e a r 

alignment of the Tb and Pr moments and the angle between 

the moment d i r e c t i o n s i s deduced to be 1 5 0 ° . The observed 

easy d i r e c t i o n s of magnetisation i n pure Tb and pure Pr 

are the b and a d i r e c t i o n s r e s p e c t i v e l y which l i e a t an 

angle of 3 0 ° to each other i n the b a s a l plane. The observed 

value of the moment i n the a l l o y i m p l i e s t h a t the Pr and 

Tb ions r e t a i n t h e i r own i d e n t i t y a t 4.2K de s p i t e being 

a l l o y e d together. 

The exchange f i e l d o p e r a t i v e i n the Dy and Ho-li g h t 

r a r e e a r t h a l l o y s i s much l e s s than i n the Tb a l l o y s 

http://Pr.eTb.-_
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and i s probably i n s u f f i c i e n t to s a t u r a t e the i o n i c moment 

on the l i g h t r a r e e a r t h component-. Good agreement between 

the observed value of the moment and the t h e o r e t i c a l l y 

p r e d i c t e d value,on a c o l l i n e a r a n t i p a r a l l e l moment s t r u c t u r e , 

i s obtained i f i t i s assumed t h a t the heavy r a r e e a r t h 

adopts i t s f u l l i o n i c moment value and the l i g h t r a r e e a r t h 

a moment value 2/3 of i t s i o n i c v a l u e . From the moment 

va l u e s , then, i t i s not p o s s i b l e , except i n the case of 

Pr^ T b j j c j , to s t a t e whether the l i g h t r a r e e a r t h and the 

heavy r a r e e a r t h moments are c o l l i n e a r or a t some angle to 

one another. I t was not p o s s i b l e to eva l u a t e the moment 

on the a l l o y NdggTb^Q because of the e x t r a s c a t t e r i n g 

which obscured the s a t e l l i t e peaks below 70K. The f a c t 

t h a t both the Pr and Nd ions do not take t h e i r f u l l moment 

values i n the Dy and Ho a l l o y s a t 4.2K may be a s s o c i a t e d 

w i t h c r y s t a l f i e l d quenching of the l i g h t r a r e e a r t h 

moments i n these a l l o y s . 

The anomalous s c a t t e r i n g i n the a l l o y s P r 4 5 T b r j < j a n < * 

NdggTb^Q can be d i s c u s s e d i n terms of s c a t t e r i n g from some 

e x t r a ordering which appears i n the s t r u c t u r e a t low 

temperature. We assume t h a t NdggTb^ has the same magnetic 

s t r u c t u r e as the other Sm phase l i g h t - h e a v y r a r e e a r t h 

a l l o y s . 

Although there i s - no net moment on the cub i c s i t e 

l a y e r s , w i t h i n the l a y e r s there i s an ordered magnetic 

s t r u c t u r e . Following Koehler and Moon (1972) we assume 

t h a t the moments i n the l a y e r s become coupled to the 
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moments i n the adjacent c u b i c l a y e r s forming an ordered 

magnetic s t r u c t u r e throughout the c r y s t a l on a hexagonal 

l a t t i c e , w i t h 3 atoms per u n i t c e l l and a s t a c k i n g sequence 

ABCABC... along the c - a x i s . The coupling between l a y e r s 

i s q u i t e weak i n comparison with the in-plane exchange 

as ad j a c e n t cubic s i t e l a y e r s are over 8.5A° a p a r t . The 

e x t r a s c a t t e r i n g i n the T b - l i g h t r a r e e a r t h a l l o y s may 

be a s s o c i a t e d with s c a t t e r i n g from t h i s new ordered 

s t r u c t u r e . 

On the b a s i s of the c r y s t a l f i e l d term V s which 
6 

has the same s i g n f o r Nd and Tb i t i s assumed t h a t the 

moments on the Nd and Tb ions are a l i g n e d a n t i p a r a l l e l . 

Then the net zero moment on a c u b i c s i t e l a y e r may be 

assumed to be composed of a d j a c e n t rows of a n t i f e r r o -

magnetically a l i g n e d ions as i n F i g . 6 . 4 ( a ) . The ions 

then couple together f e r r o m a g n e t i c a l l y , p a r a l l e l to the 

101 plane as shown i n F i g . 6.4(b). The observed d i f f r a c t i o n 

p a t t e r n of NdggTb^g shows two l a r g e peaks a t angles 

corresponding to the (200) and (209) r e f l e c t i o n s i n a 

magnetic u n i t c e l l which i s double the s i z e of the chemical 

u n i t c e l l i n the c - d i r e c t i o n and along one of the b a s a l plane 

axes. T h i s s t r u c t u r e a l s o p r e d i c t s peaks corresponding to 

an a n t i f e r r o m a g n e t i c s t r u c t u r e along the c - a x i s . Since these 

cubic s i t e l a y e r s are 26A° a p a r t , t h e s c a t t e r e d i n t e n s i t y can 

be expected to be weak which may account f o r the f a c t t h a t 

i t i s not observed i n the d i f f r a c t i o n p a t t e r n of NdggTb^g. 

The moments on the Pr ions and the Tb ions i n Pr . e T b , . , . 
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are not c o l l i n e a r , which i s c o n s i s t e n t with the change 

i n s i g n of V 6 between Pr and Tb, but l i e a t an angle of 
6 

150" to one another. T h i s i m p l i e s t h a t the s p i n s t r u c t u r e 

on a cubic s i t e l a y e r so as to achieve a c o n f i g u r a t i o n 

with zero net moment w i l l not be as simple as i n F i g . 6 . 4 ( a ) . 

I n t u r n , t h i s may destroy the p o s s i b i l i t y of any long range 

order propagating on the cu b i c s i t e s s i n c e the moment 

d i r e c t i o n s on adjacent c u b i c l a y e r s may not be the same. 

Regions of s h o r t range magnetic order may e x i s t and the 

observation of a broad, d i f f u s e peak i n the d i f f r a c t i o n 

p a t t e r n of Pr^tjTbj-g a t an angular p o s i t i o n corresponding 

to an (003) r e f l e c t i o n i n the nine l a y e r Sm s t r u c t u r e 

s e r v e s to confirm t h i s . The temperature dependence of the 

broad peak i n t e n s i t y may be a s s o c i a t e d with the random 

d i s t r i b u t i o n of i o n i c s p e c i e s on each l a y e r r e s u l t i n g from 

a l l o y i n g . Since the ordering on the cubic s i t e l a y e r s i s 

r e l a t i v e l y u naffected by the hexagonal s i t e o r d e r i n g , a t 

the Neel p o i n t there may s t i l l be the remnants of an 

ordered s t r u c t u r e on the cu b i c s i t e s . The much str o n g e r 

Tb-Tb exchange as compared w i t h the Pr-Tb or Pr-Pr 

coupling might serve to preserve the sh o r t range order to 

a temperature of approximately 2 T N > E x t r a s c a t t e r i n g 

above T N which could be a s c r i b e d to s h o r t range order was 

not observed i n the d i f f r a c t i o n p a t t e r n of NdggTb^g. 

The modulated b a s a l plane ferromagnetic s t r u c t u r e 

has a l s o been reported by Achiwa and Kawano (1973) f o r 

some Sm phase T b - l i g h t r a r e e a r t h a l l o y s . T h e i r r e s u l t s 
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are s i m i l a r to those obtained i n t h i s i n v e s t i g a t i o n 

except t h a t they do not observe any e x t r a coherent neutron 

s c a t t e r i n g i n the d i f f r a c t i o n p a t t e r n of the a l l o y s down 

to 4.2K and conclude t h a t the cu b i c s i t e moments are 

disordered. 

6.3 D.H.C.P. PHASE 

I t i s c l e a r from s u s c e p t i b i l i t y v s . temperature 

r e s u l t s on the dhcp light-heavy r a r e e a r t h a l l o y s (see 

F i g s . 5.3 to 5.8) t h a t the a d d i t i o n of a s m a l l q u a n t i t y 

of a heavy r a r e e a r t h metal to e i t h e r of the l i g h t r a r e 

e a r t h metals Pr or Nd does not produce an immediate i n c r e a s e 

i n the magnetic t r a n s i t i o n temperature. I n f a c t , i n the Pr 

based a l l o y s i n i t i a l l y the a d d i t i o n of a heavy r a r e e a r t h 

metal suppresses the t r a n s i t i o n a t 21K i n pure Pr. I n 

the Pr-Tb and Pr-Dy a l l o y s however, f o r higher concentrations 

of heavy r a r e e a r t h (> 5at.%) the magnetic t r a n s i t i o n 

temperature reappears and i n c r e a s e s as the conc e n t r a t i o n 
m 

of heavy r a r e e a r t h i n c r e a s e s . The ord e r i n g i s weak as 

evidenced by the very s m a l l neutron d i f f r a c t i o n peaks 

a s s o c i a t e d with the magnetic ordering a t 4.2K, and i t i s 

not u n t i l a f a i r l y high c o n c e n t r a t i o n of heavy r a r e e a r t h 

i s present ( p a r t i c u l a r l y P r 7 0 T b 3 0 ) t h a t the ordering i s 

s u b s t a n t i a l . 

The magnetic ordering i n p o l y c r y s t a l l i n e Pr i s a 

r e s u l t of the exchange coupling the i o n i c s p i n s together 

v i a the conduction e l e c t r o n cloud (see S e c t i o n 2.4) . The 

Hamiltonian of the exchange i n t e r a c t i o n may be w r i t t e n 
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Hex " " ( 9 - 1 > 2 ^ i j * J i - J j 

where the spin angular momenta S_ have been r e p l a c e d by 

the t o t a l angular momenta J . S i m i l a r l y , the exchange between 

a l i g h t r a r e e a r t h ion and a heavy r a r e e a r t h ion may be 

w r i t t e n 

H e x * " (^-D (gh-D I ' ( r ± j ) J i r J j n 

where I and h stand f o r l i g h t and heavy r a r e e a r t h 

r e s p e c t i v e l y . The f a c t o r (g-1) i s negative f o r the l i g h t 

r a r e e a r t h s and p o s i t i v e f o r the heavy s e r i e s , thus )-{' 

has the opposite s i g n to H v . P h y s i c a l l y , t h i s i s 

because the charge cloud p o l a r i s a t i o n a t a Pr ion due t o 

another Pr ion i s of opposite s i g n to t h a t due to a Tb i o n . 

Since H' can be expected to be l a r g e r than H ,then 

for small c o n c e n t r a t i o n s of heavy r a r e e a r t h i n a l i g h t 

r a r e e a r t h the t o t a l exchange a c t u a l l y d e c r e a s e s , u n t i l the 

exchange f i e l d a t a l i g h t r a r e e a r t h ion s i t e due to the 

magnetisation of the l i g h t r a r e e a r t h s u b l a t t i c e i s equal 

and opposite to the exchange f i e l d a c t i n g a t t h a t i o n i c 

s i t e due to the magnetisation of the heavy r a r e e a r t h 

s u b l a t t i c e i . e . 

H e x = (1-x) H e x ... (6.8) 

I n the Weiss molecular f i e l d theory the exchange f i e l d 

a t an ion s i t e may be re p l a c e d by AM. Thus eqn. 6.8 

may be r e - w r i t t e n as 

x X a a M a = ( 1 " x ) X a b M b 
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I f two l i g h t r a r e e a r t h metals are a l l o y e d then the 

magnetic t r a n s i t i o n temperatures, i n c r e a s e f o r a l l 

c o n c e n t r a t i o n s of one l i g h t r a r e e a r t h i n another as the 

exchange i n t e r a c t i o n s both have the same s i g n and the 

t o t a l exchange i s never i d e n t i c a l l y zero. The measurements 

of McEwen e t a l (1973) on Pr-Nd a l l o y s show t h a t a s i n g l e 

c r y s t a l a l l o y of 5.6% Nd i n Pr has a t r a n s i t i o n temperature 

of 7K, which i s c o n s i s t e n t w i t h the theory o u t l i n e d above. 

Since the sample of p o l y c r y s t a l l i n e Pr used i n t h i s 

i n v e s t i g a t i o n has an ordering temperature of 21K i t may 

be assumed to have a molecular f i e l d of 30.5T,as t h i s 

i s the value of the a p p l i e d magnetic f i e l d which w i l l cause 

c r y s t a l f i e l d s p l i t t i n g and hence magnetic ordering (see 

S e c t i o n 2.8). The a d d i t i o n of Tb causes the e f f e c t i v e 

molecular f i e l d to decrease from 30.5T to zero and then 

to i n c r e a s e i n a negative sense. At 30at.% Tb long range 

ant i f e r r o m a g n e t i c order i s observed by neutron d i f f r a c t i o n 

and thus i t may be assumed t h a t t h i s c o n c e n t r a t i o n of Tb 

i s e q u i v a l e n t to a f i e l d a t the Pr ion s i t e s i n the opposite 

d i r e c t i o n to the Pr-Pr exchange f i e l d and magnitude 61.0T. 

(31.5T to reduce the Pr-Pr exchange to zero and a f u r t h e r 

31.5T to cause c r y s t a l f i e l d l e v e l c r o s s i n g ) . Using the 

Pr-Tb exchange constant determined i n S e c t i o n 5.4 (see 

Table 5.10) the exchange f i e l d a t a Pr ion s i t e due to the 

Tb s u b l a t t i c e may be evaluated from the e x p r e s s i o n 

K e x = 0.3X (Pr-Tb) M T b 

and i s of value 36.5T. To w i t h i n a f a c t o r of 2 i t appears 
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t h a t the Tb s u b l a t t i c e does provide a strong enoug.h 

exchange f i e l d to cause long range ordering i n the a l l o y . 

The i n e l a s t i c neutron s c a t t e r i n g r e s u l t s shown i n F i g . 5.17 

are f u r t h e r evidence t h a t the f i r s t e x c i t e d c r y s t a l f i e l d 

l e v e l s on both the c u b i c and hexagonal s i t e s a r e 

approaching the ground s t a t e and t h a t some long range 

ordering w i l l be e s t a b l i s h e d . The discrepancy between the 

experimental and t h e o r e t i c a l molecular f i e l d s may be 

due i n p a r t t o the f a c t t h a t f o r a 30at.% Tb a l l o y the 

c r y s t a l f i e l d l e v e l s may have changed considerably,due 

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

l e v e l c r o s s i n g may occur f o r f i e l d s l e s s than 30.5T. 

Nevertheless, the agreement to w i t h i n a f a c t o r of 2 

between the observed and t h e o r e t i c a l molecular f i e l d s i s 

remarkable,in view of the assumptions made i n d e r i v i n g the 

exchange constants using a Weiss molecular f i e l d model of 

magnetism. 

Using the exchange constants determined f o r the Nd-Dy 

a l l o y s the molecular f i e l d a t a Nd ion s i t e due to the 

magnetisation of the Nd s u b l a t t i c e i s 66T and the molecular 

f i e l d a t t h a t s i t e due to the magnetisation of the Dy 

s u b l a t t i c e i s 115T. From the preceding arguments the 

i n t r o d u c t i o n of Dy w i l l decrease the molecular f i e l d a t a 

Nd s i t e becoming zero f o r 

xH (Nd-Dy) = (1-x) H (Nd-Nd) 

which g i v e s x = 0.36 

The ordering i n a l l o y s with g r e a t e r than 36at.% Dy 
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should show a s i n g l e magnetic ordering temperature as 

the exchange i s now dominated by- the Nd-Dy i n t e r a c t i o n . 

E x perimentally t h i s behaviour i s observed i n the a l l o y 

Nd^gDy^Q which d i s p l a y s only one ordering temperature 

and i t i s assumed t h a t i n t h i s a l l o y the Nd-Dy exchange 

i n t e r a c t i o n i s a l r e a d y dominating the Nd-Nd exchange 

i n t e r a c t i o n . 

However, long range ordering i s observed i n the Nd 

based a l l o y s before the c r i t i c a l c o n c e n t r a t i o n of heavy 

r a r e e a r t h i s . r e a c h e d . NdggDy^g orders f e r r i m a g n e t i c a l l y 

with moments po i n t i n g 10° out of the b a s a l plane a t 4.2K. 

T h i s ordered s t r u c t u r e can be a s s o c i a t e d with the t o t a l 

ordered s t r u c t u r e due to ordering on the cubic and hexagonal 

s i t e s . I t i s not p o s s i b l e from the powder neutron 

d i f f r a c t i o n data to s t a t e unambiguously t h a t a l l the moments 

i . e . on both c u b i c and hexagonal s i t e s , point out of the 

b a s a l plane a t the same angle, due to the overlapping of 

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

( F i g . 6.5) show t h a t t h e r e i s a change i n the d i r e c t i o n of 

the easy a x i s of magnetisation away from the b a s a l plane 

for a Nd ion on a hexagonal s i t e . I t i s assumed t h a t a t 

the lower (cubic s i t e ) ordering temperature the cub i c s i t e 

moments a l i g n p a r a l l e l with the hexagonal s i t e moments. At 

the c r i t i c a l c o n c e n t r a t i o n the exchange i s dominated by 

the heavy r a r e e a r t h component and there i s no longer any 

d i s t i n c t i o n between c u b i c and hexagonal s i t e s . 

As y e t i t i s un c l e a r why the s u s c e p t i b i l i t y of the 
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hexagonal s i t e moments i n pure Nd d i m i n i s h e s r a p i d l y w i t h 

low c o n c e n t r a t i o n s o f Dy, d i s a p p e a r i n g c o m p l e t e l y f o r 

5 a t . % Dy w h i l s t a n o t h e r peak appears a t a s l i g h t l y 

l ower t e m p e r a t u r e f o r a l l o y s c o n t a i n i n g more t h a n 2 a t . % 

Dy. (see Table 5.7). The change i n t h e exchange, due t o 

t h e change i n t h e average number o f Nd or Dy i o n s 

s u r r o u n d i n g a Nd i o n , accompanied by t h e change i n 

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

account f o r t h e decrease i n one, and t h e appearance o f t h e 

o t h e r s i g n a l f r o m t h e hexagonal s i t e moments. 

6.4 SUMMARY OF RESULTS 

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

a l l o y s between t h e l i g h t and heavy r a r e e a r t h m e t a l s f o r m 

t h r e e d i s t i n c t c r y s t a l l o g r a p h i c and magnetic phases 

dependent upon t h e a l l o y c o m p o s i t i o n . 

I n t h e heavy r a r e e a r t h r i c h hep a l l o y s t h e l i g h t r a r e 

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

t h e b u l k magnetic p r o p e r t i e s o f t h e a l l o y s b e i n g an e x t e n s i o n 

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

o f t h e change i n t h e de Gennes f a c t o r . The a d d i t i o n o f a 

l i g h t r a r e e a r t h m e t a l does, however, cause a change i n 

t h e a x i a l r a t i o o f t h e heavy r a r e e a r t h m e t a l w h i c h , i n 

t u r n , s h i f t s t h e energy bands i n t h e m a t e r i a l . The e f f e c t 

o f a l l o y i n g has been s u c c e s s f u l l y c o r r e l a t e d w i t h t h e change 

i n t h e g e n e r a l i s e d e l e c t r o n s u s c e p t i b i l i t y x(<5) t h r o u g h 

o b s e r v a t i o n o f t h e change i n t h e i n i t i a l t u r n a n g l e o f 

t h e h e l i c a l s t r u c t u r e , u., a q u a n t i t y b o t h independent 
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of the de Gennes f a c t o r and uniquely determined in, 

neutron d i f f r a c t i o n experiments. Using t h i s model the 

s t a b i l i t y of the h e l i c a l phase i n the T b - l i g h t r a r e 

e a r t h a l l o y s has been explained. 

The complex magnetic s t r u c t u r e found f o r the a l l o y s 

i n the Sm phase (approximately equal proportions of heavy 

and l i g h t r a r e e a r t h ) which bears l i t t l e resemblance to 

the magnetic p r o p e r t i e s of e i t h e r c o n s t i t u e n t i s 

determined by the unique c r y s t a l l o g r a p h i c s t r u c t u r e of 

the Sm phase. I n a l l but the T b - l i g h t r a r e e a r t h a l l o y s 

no i n d i c a t i o n was found of ordering on the cubic s i t e s , 

but j u s t on the hexagonal s i t e s . By analogy with the 

magnetic s t r u c t u r e of Sm metal i t s e l f a model f o r the 

cubic s i t e o r d e r ing i n Pr-Tb and Nd-Tb a l l o y s i s proposed. 

The a d d i t i o n of a s m a l l q u a n t i t y of a heavy r a r e e a r t h 

metal to a l i g h t r a r e e a r t h metal (such t h a t the a l l o y 

remains i n the dhcp c r y s t a l l o g r a p h i c phase) does not 

produce an instantaneous i n c r e a s e i n the magnetic ordering 

temperature of the dhcp l i g h t r a r e e a r t h metal. The r e s u l t s 

have been s u c c e s s f u l l y analysed on a two s u b l a t t i c e Weiss 

model of magnetism de r i v e d f o r a f e r r i m a g n e t i c a l l o y . I n 

t h i s model the e f f e c t i v e exchange f i e l d a c t u a l l y decreases 

with i n c r e a s i n g heavy r a r e e a r t h content due to the 

opposing d i r e c t i o n s of the charge cloud p o l a r i s a t i o n a t 

a Pr ion s i t e due to a Pr ion or a Tb ion. 

The v a l u e s of the exchange i n t e g r a l s i n the a l l o y s 

p r e d i c t e d by the model are i n good agreement with those 



derived from the magnetic t r a n s i t i o n temperatures "of 

the pure metals. F u r t h e r the model p r e d i c t s the a l l o y 

composition f o r which there i s a s i n g l e o r d e r i n g 

temperature i n the Nd r i c h Nd-Dy a l l o y s and spontaneous 

long range o r d e r i n g i n the Pr r i c h Pr-Tb a l l o y s . 
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CHAPTER 7 

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK 

A prominent fe a t u r e apparent from the r e s u l t s on 

the l i g h t - h e a v y r a r e e a r t h a l l o y systems obtained i n 

both neutron d i f f r a c t i o n and s u s c e p t i b i l i t y v s . 

temperature measurements i s t h a t the magnetic p r o p e r t i e s 

of a l l the a l l o y systems may be most conveniently t r e a t e d 

w i t h i n the framework of the three c r y s t a l l o g r a p h i c phases 

t h a t they form dependent upon composition, r a t h e r than 

as s i x separate a l l o y systems, although there are n a t u r a l l y 

s i m i l a r i t i e s between the i n d i v i d u a l a l l o y systems. 

On the a d d i t i o n of l e s s than 30at.% l i g h t r a r e e a r t h 

to a heavy r a r e e a r t h the c r y s t a l l o g r a p h i c s t r u c t u r e 

remains the same as t h a t of the parent heavy r a r e e a r t h 

metal i . e . hep, and the magnetic p r o p e r t i e s of the a l l o y 

are e s s e n t i a l l y those of a magnetic d i l u t i o n system. The 

NeVil temperatures of the a l l o y s follow a power law 

with reduced de Gennes f a c t o r , implying t h a t the dominant 

fea t u r e i n determining the magnetic ordering i s the value 

of the s p i n v a r i a b l e operating i n the a l l o y . The moments 

determined from neutron d i f f r a c t i o n experiments are 

c o n s i s t e n t only with an a n t i p a r a l l e l alignment of the 

moments on the l i g h t and heavy r a r e e a r t h i o n s , assuming 

th a t the moments on the ions take t h e i r f u l l i o n i c v a l u e s . 

A l l o y i n g a l i g h t r a r e e a r t h w i t h a heavy r a r e e a r t h causes 

an i n c r e a s e i n the a x i a l r a t i o of the heavy r a r e e a r t h and 

the e f f e c t of the change i n l a t t i c e parameter on the 
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magnetic ordering can be seen i n the change between 

the i n i t i a l t u r n angle i n the a l l o y and i n the heavy r a r e 

e a r t h metals. Following a model i n i t i a l l y proposed to 

account f o r the change i n the turn angle i n the heavy 

r a r e e a r t h metals with a p p l i e d h y d r o s t a t i c p r e s s u r e v i a 

the s h i f t i n the e l e c t r o n i c energy bands, the change i n the 

i n i t i a l t u r n angle between the a l l o y and the parent heavy 

r a r e e a r t h has been c o r r e l a t e d with the change i n the 

c/a r a t i o observed i n a l l o y i n g . T h i s model p r e d i c t s 

almost e x a c t l y the c/a r a t i o f o r which the Pr-Tb a l l o y 

system orders f e r r o m a g n e t i c a l l y d i r e c t from the paramagnetic 

phase i . e . f o r which = 0. 

The complex magnetic s t r u c t u r e of the a l l o y s i n the 

Sm phase i s determined by the complicated c r y s t a l s t r u c t u r e 

of t h i s phase, i n which there are two e q u a l l y populated 

c o e x i s t i n g s t r u c t u r a l domains i n the sample. The 

r e s u l t a n t magnetic s t r u c t u r e may be de s c r i b e d by a 

modulation wave propagating along the c - a x i s which goes to 

zero a t every cubic s i t e l a y e r . Thus the ordering i n the 

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

the hexagonal s i t e s . The moments on the a l l o y s a r e a l l 

bigger than t h a t expected t h e o r e t i c a l l y f o r an a n t i p a r a l l e l 

alignment of the l i g h t and heavy r a r e e a r t h moments, 

assuming t h a t the moment on each ion takes i t s f u l l i o n i c 

v a l u e . I f i t i s assumed t h a t the moment on the l i g h t 

r a r e e a r t h s i s quenched by the c r y s t a l f i e l d to / 3 i t s 

i o n i c value then much b e t t e r agreement i s obtained with 
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t h e observed n e t moments, except i n t h e case o f Pr^Tb,.,-. 

I n t h i s a l l o y i f t h e moments on t h e i o n s t a k e t h e i r f u l l 

i o n i c v a l u e t h e n t h e observed n e t moment i n the a l l o y i s 

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

150° t o each o t h e r . Such an o r i e n t a t i o n i s c o n s i s t e n t 

w i t h t h e moments l y i n g a l o n g t h e i r own easy d i r e c t i o n o f 

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

t h e easy d i r e c t i o n s o f Nd and Tb c o i n c i d e , i t i s assumed 

t h a t t h e moments l i e a n t i p a r a l l e l i n t h i s a l l o y , a l t h o u g h 

t h i s c o u l d n o t be v e r i f i e d e x p e r i m e n t a l l y . 

I n Sm and t h e Tb based Sm phase a l l o y s t h e r e i s a l s o 

evidence f r o m n e u t r o n d i f f r a c t i o n and s u s c e p t i b i l i t y v s . 

t e m p e r a t u r e p l o t s t h a t t h e c u b i c s i t e moments fo r m an 

o r d e r e d s t r u c t u r e s e p a r a t e l y f r o m t h e hexagonal s i t e s . 

The model proposed o r i g i n a l l y t o e x p l a i n t h e magnetic 

s t r u c t u r e o f t h e c u b i c s i t e s i n Sm m e t a l has been 

extended t o p r e d i c t a magnetic s t r u c t u r e w h i c h d e s c r i b e s 

t h e o r d e r i n g o f t h e c u b i c s i t e l a y e r s i n a l l e y s between 

a l i g h t and a heavy r a r e e a r t h m e t a l . 

I n t h e dhep phase ( l i g h t r a r e e a r t h r i c h a l l o y s ) 

t h e presence o f a few a t o m i c % o f a heavy r a r e e a r t h m e t a l 

does n o t produce an i n s t a n t a n e o u s i n c r e a s e i n t h e o r d e r i n g 

t e m p e r a t u r e o f t h e l i g h t r a r e e a r t h , b u t r a t h e r t h e 

o r d e r i n g t e m p e r a t u r e decreases ( i n Pr based a l l o y s ) o r 

remains a l m o s t c o n s t a n t ( i n Nd based a l l o y s ) . I t i s shown 

t h a t t h i s i s because t h e charge c l o u d p o l a r i s a t i o n due 

t o a l i g h t r a r e e a r t h a c t i n g a t a l i g h t r a r e e a r t h i o n 
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s i t e i s opposite to t h a t f o r a heavy r a r e e a r t h a c t i n g 

a t a l i g h t r a r e e a r t h ion s i t e and thus the e f f e c t i v e 

exchange a c t u a l l y decreases with i n c r e a s i n g heavy r a r e 

e a r t h content. At a c r i t i c a l c o n c entration of heavy r a r e 

e a r t h , the exchange f i e l d a t a l i g h t r a r e e a r t h ion s i t e , 

due to the magnetisation of the heavy r a r e e a r t h s u b l a t t i c e , 

dominates the exchange f i e l d a t the l i g h t r a r e e a r t h ion 

s i t e due to the magnetisation of the l i g h t r a r e e a r t h 

s u b l a t t i c e and the a l l o y orders m a g n e t i c a l l y . This i s 

indeed the case f o r the Pr-Tb a l l o y system but not f o r 

the Nd-Dy a l l o y system which i s alre a d y ordered below the 

c r i t i c a l c o n c e n t r a t i o n . However, the Nd-Dy a l l o y system 

does show a change i n the form of the s u s c e p t i b i l i t y v s . 

temperature p l o t a t t h i s c o n c e n t r a t i o n - there no longer 

being any d i s t i n c t i o n between hexagonal and cubic s i t e s 

i n the m a t e r i a l . 

A two s u b l a t t i c e model of magnetism,derived using 

the Weiss formalism,is proposed which d e s c r i b e s the magnetic 

p r o p e r t i e s of the f e r r i m a g n e t i c l i g h t heavy r a r e e a r t h a l l o y s . 

Exchange constants between ions on the two s u b l a t t i c e s have 

been determined and these are compared w i t h exchange 

constants evaluated from the t r a n s i t i o n temperatures of the 

pure metals. The two are i n good agreement and f u r t h e r 

the Pr-Tb exchange constant, evaluated from the r e s u l t s i n 

the dhcp a l l o y s , p r e d i c t s the c o r r e c t value of the exchange 

f i e l d which must be a p p l i e d t o a Pr ion on the b a s i s of the 

opposing exchange f i e l d of the l i g h t - l i g h t and the l i g h t -
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heavy i n t e r a c t i o n s to cause c r y s t a l f i e l d l e v e l c r o s s i n g 

and hence spontaneous magnetic o r d e r i n g . 

Of n e c e s s i t y i n such a broad based i n v e s t i g a t i o n as 

t h i s , i t i s not p o s s i b l e to cover every aspect i n d e t a i l . 

N evertheless, i t i s s t i l l c l e a r l y p o s s i b l e to draw general 

conclusions about the magnetic p r o p e r t i e s of some l i g h t -

heavy r a r e e a r t h a l l o y systems which can be used as a 

b a s i s f o r more d e t a i l e d work i n the f u t u r e . 

Obviously neutron d i f f r a c t i o n experiments on s i n g l e 

c r y s t a l s r a t h e r than powders would y i e l d s i g n i f i c a n t l y 

more information on the magnetic s t r u c t u r e of the a l l o y s , 

e s p e c i a l l y i n the dhcp and Sm phases where there are two 

s i t e symmetries and the magnetic s c a t t e r i n g from a powder 

i s weak. Neutron d i f f r a c t i o n experiments coupled w i t h 

more s u s c e p t i b i l i t y v s . temperature measurements on the 

low percentage Dy i n Nd a l l o y s would y i e l d a complete 

understanding of magnetic ordering i n t h a t system and 

l i k e w i s e i n any other Nd-heavy r a r e e a r t h a l l o y system. 

Of importance i n the magnetic ordering of Pr and the 

Pr-heavy r a r e e a r t h a l l o y s are the c r y s t a l f i e l d l e v e l 

s p l i t t i n g s , p a r t i c u l a r l y from the groundstate to the 

f i r s t e x c i t e d s t a t e s on both the hexagonal and cubic s i t e s . 

With a s i n g l e c r y s t a l these could be measured using a 

t r i p l e a x i s spectrometer. This would be the f i r s t d i r e c t 

measurement of c r y s t a l f i e l d l e v e l s i n an a l l o y and would 

serve to remove much of the guessv/ork from c r y s t a l f i e l d 

c a l c u l a t i o n s . 
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From the hep phase r e s u l t s i t i s c l e a r t h a t the 

exact nature of the band s t r u c t u r e i s obviously important 

i n determining the d e t a i l s of the h e l i c a l magnetic 

ordering i n the heavy r a r e e a r t h metals and a l l o y s . The 

d i r e c t observable r e l a t e d to the band s t r u c t u r e (and 

independent of the s p i n v a r i a b l e o p e r a t i n g i n the a l l o y ) 

i s the turn angle of the magnetic s t r u c t u r e , which i s 

uniquely measurable i n neutron d i f f r a c t i o n experiments. 

Much more work, both experimental and t h e o r e t i c a l , could 

be i n i t i a t e d i n t h i s area to q u a n t i f y the r e l a t i o n s h i p 

between the band s t r u c t u r e and the magnetic o r d e r i n g . 



224 

APPENDIX 1 

D e r i v a t i o n of the t h e o r e t i c a l s c a t t e r e d i n t e n s i t y f o r 
some magnetic s t r u c t u r e s . 

The complete e x p r e s s i o n f o r the neutron-magnetic 

s c a t t e r i n g i s (eqn. 3.22) 

I h k i l = B 1 

yv 

K K 1 
6 - v V 
yv K 2 

Z exp 
i j 

i E-(*i ~ r . ) T y 7 v J . J . 

. . . ( A l . l ) 

where B = ^ exp(-2W) 
L i 

e 2 y 
2mc' 

r 2 f 2 ( < ) 

The sum over i and j i n the magnetic s t r u c t u r e f a c t o r 

may be r e s t r i c t e d to a s i n g l e u n i t c e l l by w r i t i n g 

+ N_ 2 Z 

i a l l c r y s t a l 
a l l c r y s t a l j u n i t c e l l 

Z 
i j 

N c 2 

i j 
u n i t c e l l 

where N c i s the number of u n i t c e l l s i n the c r y s t a l . 

The magnetic s t r u c t u r e f a c t o r may be f u r t h e r s i m p l i f i e d 

by w r i t i n g 

r . = I and r . - r . = r - l - -x -j -

Thus, Z exp 
i j 

i<.(r. - r . ) J . y J . V = Z e x p ( i i c r ) J . V J v T y 
r 

The u n i t c e l l must be chosen to be commensurate with 

both the chemical and magnetic s t r u c t u r e s . 

The symbols y and v i n eqn A l . l run over a l l x f y and 

z and the three c a r t e s i a n components of the s c a t t e r i n g 

v e c t o r must be r e s o l v e d before eqn A l . l can be 

evaluated. 



L e t t h e s c a t t e r i n g v e c t o r K have a component K i n 
z 

t h e Oz d i r e c t i o n and a component i n t h e b a s a l p l a n e , 

and l e t Oz l i e a l o n g t h e c - a x i s . Then t h e components 

o f < i n t h e x, y and z d i r e c t i o n s a r e 
K = K s i n 8 cos\}» x r 

Ky = K s i n 9 sinip 

K = K cos8 z 

where 8 and ip are shown i n F i g . A l . l 

F i n a l l y , eqn A l . l may be e v a l u a t e d f o r a s p e c i f i c s p i n 

s t r u c t u r e i f t h e moment on an i o n s i t e i s s p e c i f i e d 

i n i t s t h r e e c a r t e s i a n components. 

1. UNIFORM BASAL PLANE SPIRAL WITH TURN ANGLE (j> 
x ' J 0 = J cos k . £ — J cos d>n 

y 
J a = J s i n k .1 - J s i n <b0 * o — o — o rH 

where J q i s t h e t h e r m a l l y averaged v a l u e o f t h e 

t o t a l s p i n on t h a t s i t e . S u b s t i t u t i n g i n t o eqn ( A l . l ) 

hikl = B J o 9
Z * x p ( i < . r ) 

K 2 

X (1 ) cos<frA c o s < j ) A + r 

K2 

K K 
( costf)^ sin<J> £ + r + s i n ^ cos<j> £ + r) 

< 2 

+ (1 - -X) s i n ^ s i n ^ 

B e f o r e summing o v e r I and r t h e components o f K must 

be averaged over t h e c r y s t a l l o g r a p h i c domains. There 

are 6 b a s a l plane domains each d i f f e r i n g by a r o t a t i o n 



y 

FIG. A l . l C o n s t r u c t i o n d e f i n i n g t h e 
c a r t e s i a n c o - o r d i n a t e s o f t h e 
s c a t t e r i n g v e c t o r . 
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o f 60 . L e t {<?} be t h e average o f K? over a l l domains, 

Thus, {K 2} = §* l s i n 2 9 c o s 2 ( ^ + ?2L) 
x 6 m=o 3 

K 2 

s i n 2 6 I [ l + cos2(i|; + ^ ) ] 
m=o L J J 

S i m i l a r l y , {K } = 

12 

- * 2 s i n 2 8 
2 

2\ _ K 2 s i n 2 8 
y J 2 

2 5 
A l s o , { K X O = Z 1 s i n 2 0 s i n ( ^ + y^cosOfr + SI) 

m=o 
;„ , i < 2 s i n 2 0 ' • i / i . mir% 
i x y = — 1 2 sm2 + y-) 

m=o 

Then, { K
x

K
y } " 0. 

2 - - .<z 

Hence J l - i ^ l = • [ l - i i l 1 = Tl - ^ ^ l l 
L K 2 J L K 2 -I L 2K 2 J 

B J 2 p K 2 -I 
T h e r e f o r e , I , , 0 = — 5 1 h + _z £ e x p ( i i c . r ) 

h l ™ 2 L K2 -U,r 

x ( c o s ^ c c s * ^ + sin<J> Asin<f> A + r) 

B J 2 - K * 
o 

2 
+ K 2 ] ^ 2 e x P ( i E . r ) c o s ( ( f ) J l - ( ( ) j l + r ) 

B J 2 p K 2 - i 
Then, I . = — - 1 + — £ e x p ( i K . r ) cos<{) . . . ( A l . 2 ) 

Now f o r a u n i f o r m s p i r a l <J>^ + r ~ - <l>r 

B J 2 r Kf
2-
4 
K 2 j £,r 

From eqn. Al.2 s i n c e t h e magne t i c s t r u c t u r e f a c t o r 

i s ' n o t i d e n t i c a l t o t h e . n u c l e a r s t r u c t u r e f a c t o r t h e 

s c a t t e r e d magnetic i n t e n s i t y w i l l appear a t p o s i t i o n s 
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s y m m e t r i c a l l y d i s p o s e d around t h e n u c l e a r peak. There 

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

peak as I^kJl i s always g r e a t e r t h a n zero s i n c e < z and 

K a r e always p o s i t i v e (see S e c t i o n 4.6) 

2. FERROMAGNETIC ALONG Ox BUT AMPLITUDE MODULATED 
ALONG C-AXIS 

x 
Jl = J o C O S ±o'±' = Jocos^!i 

K2 

*hkl = B J o ^ r e x p ( i K . r ) [ ( l - -X) c o a ^ c o B ^ + r ] 

B J n r <2i 
= ~ - 1 1 + - f l E exp(iK.r)cos<J> Acos<J> A + r . ..(A1.3) 

The s a t e l l i t e s observed f o r t h i s s t r u c t u r e a r e t h e same 

as f o r t h e u n i f o r m b a s a l p l a n e s p i r a l e x c e p t t h a t t h e 

i n t e n s i t y i s modulated by e x t r a f a c t o r cos<J>£ + r. The 

magnetic s t r u c t u r e f a c t o r i s e v a l u a t e d i n Appendix 2. 

3. FERROMAGNETIC SPIRAL, TURN ANGLE tfr 

J * = J Q c o s (fusing 

jY = J sin<f> 0sin8 x. o S, 

J | = J 0cosB 

where 3 i s t h e semi apex a n g l e o f t h e cone on wh i c h 

t h e moments l i e . 



I h k A = B J 2 E e x p ( i K . r ) K -I 
(1 - _ z ) c o s 2 3 

K2 J 
K x K 

(1 - J c o s ^ c o s * ^ + ( 1 ^ s i n ^ s i n t j ) ^ s i n 

K K 
( c o s ^ s i n ^ ^ + s i n ^ c o s c ^ ^ ) s i n 2 3 

K K K K 
- 2-5-_±.(Cos(})0sin$cos3)- 2-*—(cos<j> 0sin3cosB) 

K 2 K 2 

I n t h i s s t r u c t u r e t h e r e a r e 12 domains, 6 i n t h e b a s a l 

p l a n e d i f f e r i n g by a r o t a t i o n o f 60° and 2 i n t h e 

c - d i r e c t i o n s e p a r a t e d by a r o t a t i o n o f 180°. 

Ave r a g i n g o v e r domains, 

.2 1 
{K 2} = ^ E s i n 2 ( 9 + mr) E c o s 2 (ty + ~ ) 

x n=o m=o J 

K2 1 , 
= -r E s i n z (6 + n-rr) by p r e v i o u s r e s u l t 

n=o 
K2 1 

= ^ • 2 ( 1 - cos2(6 + n-rr)) 
8 n=o 

K 2 s i n 2 8 

{K 2} I s i n 2 ( 9 + nu) E s i n 2 (ty + 51) 
n=o m=o 

< 2 s i n 2 9 by analogy 

r K 2 • K 2 1 

i } = - E c o s 2 (8.+ nir) 
2 ^ n=o 



K 2 1 1 

= | ± Z ( 1 + cos2(8 + mr)) 
n=o 

£ 4 C o s 2 8 = K2 

4 z 

Th e r e f o r e l - f K x > r i f 2 i 
1 - { Y> K 2 s i n 2 6 

-L 

K2 _ K 2 

J. — 

2K2 

1 
2 1 + 

and 
k-2 1 

1 _ * z> 
K 2 , K 2 

Consider t h e c r o s s t e r m s : 

{< K } = K s i n 2 G c o s ^ s i n i ^ = ?r s i n 2 6 s i n 2 ^ 

1 K 2 S 1 
^x~y J 12 m=o 

i . e . {<„<„} = ±75- J Z sin2(i|; + E s i n 2 (8 + mr) 
n=o 

Thus, {K K } = 0 s i n c e t h e average v a l u e o f x y 

£ s i n 2 + —-) i s zero 
m=o 

K x K z = K si-nQcosQcoS}l> - 2 s i n 2 6 c o s ^ 

i . e . = To" f 2 s i n 2 ( 8 + mr) Z cos (IJJ + — ) 
n=o m=o 3 

5 
Z 

m=o 
T h u s , { K x K z > = 0 s i n c e Z cos (ip + j ^ ) has an average 

v a l u e o f zero 

K y K
z = K 2sin6cosesini|; = j sin28sini|; 

{ ^ • O = 0 by analogy w i t h {< K } y z x z 

K 
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T h e r e f o r e I j j ^ = B J 2 Z e x p ( i i ^ . r ) c o s 2 3 ( 1 -) 
K 2 

+ (cos<)> J lcos(|) j l + r + s i n ^ s i n t ) ) ^ ) x 

x s i n 2 3 ^ ( 1 + — ) 
2 K 2 

For a u n i f o r m b a s a l p l a n e s p i r a l 4>£ + r ~ $ % ~ 

•>.2 
Lhk£ 

Lhkfc = B J
2 i s i n 2 3 0 2 E exp(iic.r)cos<|> 

K z 
( 1 + — ) 

K 2 

.(A1.4) 

.(A1.5) 

The magnetic s c a t t e r i n g f r o m t h e f e r r o m a g n e t i c s p i r a l 

s t r u c t u r e may be r e s o l v e d i n t o two components. The 

f i r s t , (eqn A1.4) has a magnetic s t r u c t u r e f a c t o r 

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

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

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

u n l e s s — = 1 i n w h i c h case t h e i n t e n s i t y i s z e r o . 
Such i n s t a n c e s o c c u r f o r magnetic d i f f r a c t i o n l i n e s 

w i t h t h e i n d i c e s (00£)fand t h e s c a t t e r i n g may be a s s o c i a t e d 
w i t h t h e f e r r o m a g n e t i c a l l y a l i g n e d s p i n s i n t h e s t r u c t u r e 

w h i c h l i e a l o n g t h e c - a x i s . The second component 

o f t h e s c a t t e r i n g (eqn. A l . 5 ) may be a s s o c i a t e d w i t h 

t h e b a s a l plane s p i r a l . Since t h e magnetic s t r u c t u r e 

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

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

p o i n t s . There a r e s a t e l l i t e s o f a l l a l l o w e d n u c l e a r 

peaks s i n c e I^kJl i s never z e r o . The magnetic s t r u c t u r e 

f a c t o r i s e v a l u a t e d i n Appendix 2. 

4. MODULATED MOMENT - CAM 

J? = = o J 0 = J COS (J). 

hkJt = B J E e x p ( i K . r ) 
0 A,r 

( 1 - J c O S ^ C O S ^ 

2 2 
{ K z } = ^ E c o s 2 (6 + n'iT) on a v e r a g i n g over domains 

1 n=o 

T h e r e f o r e 1 1 z } K 2 

1 -
K 2 

Lhk£ = B J S 1 -
K 

Z exp ( i i c . r ) cos4>-cos<j) . . . ( A l . 6 ) 

The i n t e n s i t y o f t h e magnetic s a t e l l i t e s i n t h e CAM s t r u c t u r e 

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

m o d u l a t i o n (eqn. A l . 3 ) e x c e p t t h a t (00£) magnetic 

s a t e l l i t e s are absent. 

5. FERROMAGNETIC ALONG Ox 

JY = J 2 = o. 

LhkJl 

LhkJl 

= B J 2 E e x p ( i K . r ) 
K 2 

B J 2 

o 
2 r 

r < 2 i B J 2 2 r K z i E e x p ( i K . r ) 1 + -2- 0 
GhkA i + — 

2 r K2- 2 K _ 
..(A1.7) 
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The b a s a l p l a n e f e r r o m a g n e t i c s t r u c t u r e g i v e s r i s e t o 

magnetic s c a t t e r i n g a t a l l a l l o w e d r e c i p r o c a l l a t t i c e 

p o i n t s . 

6. FERROMAGNETIC ALONG Oz 

= B J 2 E e x p ( i K . r ) 
0 £,r 

2 r K J I 
zhk£ ~ B J o GhkA i - -2. 

K 2 

...(A1.8) 

The s c a t t e r e d magnetic i n t e n s i t y f r o m an Oz f e r r o m a g n e t 

appears a t t h e r e c i p r o c a l l a t t i c e p o i n t s i n t h e 

chem i c a l u n i t c e l l u n l e s s — = 1 i . e . f o r an (005.) 
K 

d i f f r a c t i o n peak. 

The observed d i f f r a c t i o n p a t t e r n s f o r a l l t h e magnetic 

s t r u c t u r e s a r e summarised i n Table 3.1. 
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APPENDIX 2 

EVALUATION OF MAGNETIC STRUCTURE FACTORS 

A2 J. UNIFORM BASAL PLANE SPIRAL IN THE H.C.P. PHASE 

The 4.2K magnetic s t r u c t u r e o f Ho2QP£gQ and 

HOgQ ®&20 ^ s t n e ^ e r r o m a g n e t i c s p i r a l . The magnetic 

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

be c o n v e n i e n t l y r e s o l v e d i n t o two components; t h e 

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

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

s p i r a l (see Appendix 1 ) . The s t r u c t u r e f a c t o r f o r t h e 

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

n u c l e a r s t r u c t u r e f a c t o r whereas t h e s t r u c t u r e f a c t o r 

f o r t h e s p i r a l s p i n arrangement t a k e s t h e for m 

2 
= E exp ( i t c . r ) cos<j> ...(A2.1) 

l,r r 

where $ i s t h e t u r n angle o f t h e s t r u c t u r e and has t h e 

v a l u e 36° i n b o t h a l l o y s a t 4.2K. 

To e v a l u a t e t h e magnetic s t r u c t u r e f a c t o r we must 

c o n s t r u c t t h e magnetic u n i t c e l l and t h e c h e m i c a l u n i t 

c e l l i n such a way t h a t t h e y a re i d e n t i c a l . Consider 

t h e f o l l o w i n g sequence o f t e n l a y e r s : 

l a y e r , n 0 1 2 3 4 5 6 7 8 91 10 
I 
i 

<j> .0 36 72 108 144 180 216 252 288 324 |360 
i 
l 

s t a c k i n g A B A B A B A B A B J A 

The s t a c k i n g r e f e r s t o t h e p o s i t i o n o f t h e atoms on t h e 

hexagonal l a y e r w i t h r e s p e c t t o t h e z e r o t h l a y e r (see 

GhkA 



S e c t i o n 1.2). 

I f t h e p o s i t i o n v e c t o r o f t h e atom i n t h e l a y e r 

n=0 corresponds t o t h e f i r s t v a l u e o f l_ i n t h e 

summation, t h i s atom w i l l be t h e o r i g i n o f r f o r t h i s 

v a l u e o f I. 

For t h e (hkJl) r e f l e c t i o n : 

K.r = 2TT TO A t y p e l a y e r 

= 2TT 
A n* 
3 10 B t y p e l a y e r 

The summation over r f o r a p a r t i c u l a r v a l u e o f I 

g i v e s : 

E exp ( i j c . r ) cos<J> = 1 + 2cos2ir 
A fr=o r 3 2 

0.809cos-y^ 0 . 3 0 9 C O S - J Q - ^ 

+ 2 C O S T T £ 0.309cos^£ - 0. 809cos- 2 i r A 

10 10 . . . (A2.2) 

To e v a l u a t e t h e sum over a l l I i n t h e p a r t i c u l a r 

c e l l i t i s necessary t o r e - l a b e l t h e l a y e r n = l w i t h 

n=0 and express t h e s t a c k i n g w i t h r e s p e c t t o t h i s l a y e r 

as an A l a y e r . T h i s g i v e s t h e sequence 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 ' 10 
i 

0 36 72 108 144 180 216 252 288 324|360 
i 

s t a c k i n g A B B B B B! A 

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



and r e p e t i t i o n o f t h i s process w i l l m e r e l y produce t e n 

i d e n t i c a l sequences. Thus, t h e sum over a l l Jl and r i s 

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

o f I i . e . 

F u r t h e r , t h e sequence may s t a r t w i t h t h e s p i n on 

t h e z e r o t h s i t e p o i n t i n g i n any one o f t e n d i r e c t i o n s 

w h i c h corresponds t o s t a r t i n g t h e s p i r a l a t an 

a r b i t r a r y p o i n t w i t h r e s p e c t t o the l a t t i c e . Thus 

The e v a l u a t i o n o f t h e magnetic s t r u c t u r e f a c t o r 

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

r e s p e c t t o t h e t e n l a y e r c e l l . For example t h e (002) 

s a t e l l i t e has t h e i n d i c e s (00,2.2) i n t h e two "layer 

c e l l and i n t h e t e n l a y e r c e l l t h i s becomes ( 0 0 , 1 1 ) . 

The magnetic s t r u c t u r e f a c t o r s e v a l u a t e d f o r 

t h e s a t e l l i t e l i n e s are 

E exp ( I K . r ) cos4> 10 it , r ~ o 
exp ( i i c . r ) cos<f> 

2 
G,v9 = 10 E exp (ii< . r ) cos<f> 

00.1 500 

hOl U odd) G 2 = 125 

hOi U even) G 2 = 350 
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A2.2 UNIFORM BASAL PLANE SPIRAL I N THE SM PHASE 

The magnetic f o r m f a c t o r has t h e same e x p r e s s i o n 

as b e f o r e 
2 

= Z exp ( i t c . r ) cos<j> 

where $ i s t h e t u r n a n g l e . I n t h e Sm phase a l l o y s 

t h e s a t e l l i t e s are observed a t a n g u l a r s e p a r a t i o n s f r o m 

t h e n u c l e a r peaks whic h c o r r e s p o n d t o a t u r n a ngle o f 

60°. To e v a l u a t e t h e magnetic s t r u c t u r e f a c t o r t h e 

c a l c u l a t i o n proceeds e x a c t l y as b e f o r e by f i r s t 

c o n s t r u c t i n g a magnetic u n i t c e l l and a c h e m i c a l u n i t 

c e l l w h i c h are i d e n t i c a l . Consider t h e f o l l o w i n g 

sequence o f 18 l a y e r s , 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

cos (J> 1 h -h - 1 -h h 1 h -h - 1 -h h l h -h - l -h h 1 

S t a c k i n g A B C B C A C A B A B C B C A C A B A 

For t h e (hk£) r e f l e c t i o n K . r = 

K.r 

•> J 1 * 
2 7 118 

2TT 

K.r = 2TT 

A nl 
3 18 

2A nl_ 
3 18 

A l a y e r 

B l a y e r 

C l a y e r 

The summation over r f o r a p a r t i c u l a r v a l u e o f I g i v e s 
1 7 
E exp ( i i c . r ) cos<J> = 

£,r=o r 

1 + exp ( i ^ i i ) c o s M 3A,£ 

where G 1 - e x p ( i i r i l ) 1 + 2 C O S 2 T T ( | - j) 

...(A2.3) 
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R e - l a b e l l i n g t h e l a y e r n = l w i t h n=0 and e x p r e s s i n g t h e 

s t a c k i n g sequence w i t h r e s p e c t t o t h i s l a y e r as an A 

l a y e r g i v e s 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

cos* 1 h -h - 1 -H h 1 h -h - 1 -h h 1 h ~h - 1 -h h 1 

S t a c k i n g A B A B C B C A C A B A B C B C A C A 

where t h e s t a c k i n g sequences have been o b t a i n e d 

f r o m t h e p r e v i o u s one by t h e replacements 

B A 

* C -> B 

A •*• C 

The sum over r f o r t h i s p a r t i c u l a r v a l u e o f I i s 

1 7 
E exp ( i j c . r ) cos<J> = 

£,r=o r 
1 + e x p ( — = — ) c o s 9 (A2.4) 

R e t u r n i n g t o t h e o r i g i n a l sequence, t h e o r i g i n a l l a y e r 

w i t h n=2 must be r e - l a b e l l e d n=0 and t h e summation 

r e p e a t e d 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

cos* 1 h -h - 1 -h h 1 H -h - 1 -h h 1 h ~h - 1 -h h 1 

S t a c k i n g A C A B A B C B C A C A B A B C B C A 

where t h e replacements a re C-*A, B-»-C, and A->B. 

The sum over r f o r t h i s p a r t i c u l a r v a l u e o f I i s 
1 7 
E exp ( i j c . r ) cos<J> = 

£,r=o r 

, . /2TTi2X. x 2-ITJI 
1 + exp ( — ^ — ) c o s ~ i 8 " 

F u r t h e r r e p e t i t i o n o f t h i s process g i v e s r i s e t o 

sums c o r r e s p o n d i n g t o eqns. (A2. 3 ) , (A2.4) and (A2.5) 
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f o r each s e t o f t h r e e s u c c e s s i v e l a y e r s . Hence, t h e 

complete sum over l_ and r i s 

E exp ( i < . r ) coscf) = 6G 
1,TC R 

3 + cos 2T\1 18 
,2-rriJl. 

exp ( — r r — ) 

,2iri28,. + e x p ( — = — ) cos g exp ( I T T S , ) 

...(A2.6) 

The s a t e l l i t e l i n e s must be indexed w i t h r e s p e c t 

t o t h e 18 l a y e r u n i t c e l l b e f o r e eqn. (A2.6) can be 

e v a l u a t e d . 

A2.3 BASAL PLANE FERROMAGNET IN SM PHASE WITH 
MODULATION IN THE C-PIRECTION 

The magnetic s t r u c t u r e f a c t o r f o r t h i s s t r u c t u r e 

i s g i v e n by t h e e x p r e s s i o n (see Appendix 1) 

2 
hkJl £ exp ( i K . r ) cos<J>0cos<|>0 

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

cos<f>£Cos<f>£+r r a t h e r t h a n cos<t>r as t h e sum now depends 

upon t h e phase o f t h e m o d u l a t i o n r e l a t i v e t o t h e 

l a t t i c e . A modulated b a s a l p l a n e f e r r o m a g n e t i c 

s t r u c t u r e i s shown i n F i g . 5.15. I n t h i s s t r u c t u r e t h e 

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

on t h e c u b i c s i t e s t o z e r o and on t h e hexagonal s i t e s t o 
/3 

a v a l u e o f t h e i r f u l l v a l u e . Thus f o r t h i s s t r u c t u r e 

COSlj). /3 
= - y or 0, t h e v a l u e z e r o c o r r e s p o n d i n g t o a c u b i c 

s i t e . 
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For t h e f i r s t s t a c k i n g sequence examined i n S e c t i o n A2.2 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

cos^l+r +1 0 - 1 - 1 0 +1 +1 0 - 1 - 1 0 +1 +1 0 - 1 - 1 0 +1 +1 

s t a c k i n g A B C B C A C A B A B C B C A C A B A 

where we have used 
/3 

o f ±^-,0. 

cos<f>. = ±1,0 f o r convenience i n s t e a d 

For a g i v e n l_, t h e sum over r f o r t h i s sequence i s 

1 7 
E exp ( i K . r ) cos<f>.cosc|>0 

£,r=o ~ * x , + r 

, J ,2iri5Jlx 1 + exp ( 1 8 ) ...(A2.7) 

where ^ i s d e f i n e d i n eqn. A2.3. 

The second sequence i s o b t a i n e d by t r e a t i n g t h e 

l a y e r denoted by n = l i n t h e above sequence as t h e o r i g i n 

o f t h e new sequence, k e e p i n g t h e m o d u l a t i o n cos<j)^ + r w i t h 

t h e same l a y e r as above and r e - l a b e l l i n g t h e s t a c k i n g 

w i t h r e s p e c t t o t h i s l a y e r as an A l a y e r . For t h i s 

sequence t h e sum v a n i s h e s because cos4>^ = 0. The n e x t 

sequence, o b t a i n e d by r e p e a t i n g t h e pro c e s s i s 

l a y e r , n 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

cos<t>z+r -1 -1 0 +1 +1 0 - 1 - 1 0 +1 +1 0 - 1 - 1 0 +1 +1 0 -1 

S t a c k i n g A C A B A B C B C A C A B A B C B C A 

For a p a r t i c u l a r v a l u e o f I t h e sum over r f o r t h i s 

sequence i s 
1 7 
E e x p ( i i < . r ) = exp( 

£,r=o 18 
, , ,2iri5Jl, 1 + exp( 1 8 ) 

' A , I .(A2.8) 
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Hence the sum of the f i r s t t h r ee s t a c k i n g sequences 

i s 

1 + exp—YS—> 1 + exp( ) *A,A 

= 2 1 + cos 2TT5£ 18 'A, I ...(A2.9) 

F u r t h e r r e p e t i t i o n g i v e s sums equal to (A2.9) f o r each 

s e t of three s u c c e s s i v e l a y e r s . Then the summation f o r 

the whole u n i t c e l l , a l l o w i n g f o r the f a c t o r -y, i s 

E exp ( i < . r ) cos<|>. cos$. = 9 1 + cos 2TT5£ 18 A , a ..(A2.10) 

The magnetic s t r u c t u r e f a c t o r f o r a b a s a l plane 

ferromagnetic s t r u c t u r e with no s c a t t e r i n g from the 

cubic s i t e s can be evaluated from eqn. (A2.10) i f the 

s a t e l l i t e l i n e s are indexed i n the 18 l a y e r c e l l . 

Making the assumption t h a t the s c a t t e r i n g i s zero 

from one of the hexagonal s i t e s not from a cu b i c s i t e , 

l e a d s to a magnetic s t r u c t u r e f a c t o r 

2 i r 7 J L 
hja = 9(1 + cos- 18 1 ) G A , £ . . . ( A 2 . l l ) 

and the s t r u c t u r e f a c t o r f o r no s c a t t e r i n g from the 

other hexagonal s i t e 

2irll£, 
'hk£ = 9(1 + cos- 18 ' ) G A , J l ...(A2.12) 

The two s t r u c t u r e f a c t o r s ( A 2 . l l ) and (A2.12) give 

i d e n t i c a l v a l u e s of 3hk£ 
2 f o r the s a t e l l i t e s observed 

http://A2.ll
http://A2.ll
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i n the Sm s t r u c t u r e . Table A2.1 shows the c a l c u l a t e d 

s t r u c t u r e f a c t o r s f o r the magnetic s a t e l l i t e s due to a 

60° b a s a l plane s p i r a l (eqn. A2.6) and an Ox f e r r o ­

magnetic s t r u c t u r e with no s c a t t e r i n g from e i t h e r 

( i ) h a l f the hexagonal s i t e s or ( i i ) the c u b i c s i t e s . 

^ has the value 6 f o r I odd and 0 f o r % even. 

From Table A2.1 i t can be seen t h a t on the b a s i s 

of the observed s c a t t e r i n g i t i s p o s s i b l e to d i s t i n g u i s h 

between the three models. 

A u s e f u l property of the sum E exp (i<.r)cos<f>.cost)). 

may be obtained by summing i t over a complete s e t of 

r e f l e c t i o n s . I n the hexagonal s t r u c t u r e 

where m and n d e s c r i b e the p o s i t i o n of a given spin 

i n the b a s a l plane and along the c - a x i s r e s p e c t i v e l y 

w ith r e f e r e n c e to the p o s i t i o n of the s p i n a t the o r i g i n 

of r . 

Consider a s e t of r e f l e c t i o n s of the type (hkO), 

(hkl) , (hk2)...(hkl7) then t h e i r sum w i l l be 

£7 e x p ( i K . r ) = V exp2?ri (-- + — ) 
l=o . l=o 3 18 

where % i s used here as a M i l l e r index. The above 

sum w i l l be zero u n l e s s n = 18p where p i s an i n t e g e r 

or zero, and i n this case 
2 7 
Z exp(iic.r) = 1 8 e x p ( ~ ~ ^ ) 

Z=o ~ 6 
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TABLE A2.1 

COMPARISON OF MAGNETIC STRUCTURE FACTORS FOR 

60° SPIRAL AND Ox FERROMAGNET IN SM PHASE 

I A' G ( s p i r a l ) G ( S = 0 ) G(S,=0) 
C 1*1 

1 T 4,2~ 46.6 44,6 12.6 

3 0 + 162.0 81.0 81.0 

5 l + , 4 " 148.1 12.6 104.8 

7 2 +,5" 129.1 104.8 44.6 

11 4 +,7" 129.1 104.8 44.6 

13 5 +,8~ 148.1 12.6 104.8 

15 9" 162.0 81.0 81.0 

17 7 +,10~ 46.6 44.6 12.6 

t £' are i n d i c e s corresponding to s a t e l l i t e s 
indexed i n the Sm u n i t c e l l . 



244 

Now consider the sum over A (Ek-h), which 

corresponds to the sum over a t o t a l of 3 x 18 r e f l e c t i o n s 

of the type 

(000), (001), (002), (00,17) 

(100), (101), (102), (10,17) 

(100), (T01) , (T02) , (10,17) 

Then E exp (^ T r^ m A) = 3 i f m = 3p where p i s an i n t e g e r 
A=0,l,2 or zero 

= 0 i f m = 3p 

Hence E E exp (itc. r ) cos<Lcosiji, = E 54cos<f)0 coscj)., 

4 F A £,r * y' + r l,r % J 6 + r 

(f,=18p, m=18p') 

= 0 i f «,=18p and m=18p* 

Now i f r runs over the u n i t c e l l , the only value of r 

s a t i s f y i n g £=18p and m=18p' i s r = 0. 

Therefore E E exp ( i i c . r ) cos(J)ecos<|>? = E54cos2<t>Jl 
£,A lrr * * + r £ 

= 5 4 E j ( l + cos2<()JL) 

Now f o r the modulated b a s a l plane ferromagnetic s t r u c t u r e 

* - 2 7 T n i A 

where $ Q i s the phase of the modulation with r e s p e c t to 

the l a t t i c e . 

If'£ runs over the u n i t . c e l l , i . e . n runs from 0 to 17, 



then, 

n=o 

1 7 1 
2 1 + cos 

1 7 2im + 4>J 
n=o 

Therefore, E E exp (ijc.r)coscfj.costj) = 486 

and i s independent of the phase angle, $ o. 

Now most of the r e f l e c t i o n s i n the s e t above v a n i s h ; the 

only non-zero ones are 

Ignoring the d i s t i n c t i o n between (101) and (1(H) and 

using the f a c t t h a t 1(101) = 1(10,17); 1(105) = 1(10,13) 

1(107) = 1(10,11); 1 (003) = 1(00,15); where I (hkH) 

denotes the i n t e n s i t y of the (hk£) magnetic d i f f r a c t i o n 

l i n e then the sum of the s t r u c t u r e f a c t o r s for (003), 

(101), (105) and (107) w i l l be 243. 

T h i s r e s u l t i s used i n the c a l c u l a t i o n of the 

absolute value of the ordered moment. 

(003), (00,15) 

(101), (107), (10,13) 

(105), (10,11), (10,17) 
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APPENDIX 3 

BAND STRUCTURE CALCULATIONS FOR THE HEAVY RARE EARTHS 

An e l e c t r o n i n a m e t a l moves i n a p e r i o d i c e l e c t r o ­

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

The form o f t h e p o t e n t i a l i s 

V ( r ) =•• V(r-R) 

where R i s any d i r e c t l a t t i c e v e c t o r , and as a r e s u l t t h e 

wave f u n c t i o n o f t h e e l e c t r o n i s o f th e f o r m 

i f i k ( r ) = u k ( r ) e x p ( i k . r ) ...(A3.1) 

i . e . a Blo c h wave, where u ^ ( r ) = u ^ ( r - R ) , r e f l e c t i n g t h e 

p e r i o d i c i t y o f t h e l a t t i c e . The wave v e c t o r k_, which 

s p e c i f i e s t h e s t a t e o f the e l e c t r o n i s n o t unique s i n c e 

t h e a d d i t i o n o f any r e c i p r o c a l l a t t i c e v e c t o r K. t o i t 

g i v e s a wave number whic h may e q u a l l y be used t o s p e c i f y 

t h e same s t a t e . I n o r d e r t o l a b e l t h e s t a t e s u n i q u e l y 

i t i s necessary t o r e s t r i c t k t o a u n i t c e l l o f t h e 

r e c i p r o c a l l a t t i c e i . e . t o w i t h i n the B r i l l o u i n zone. 

W i t h i n t h e zone t h e number o f t h e a l l o w e d v a l u e s o f k_ i s 

e q u a l t o t h e number o f u n i t c e l l s i n t h e c r y s t a l l a t t i c e . 

For each v a l u e o f k. t h e r e a r e many energy l e v e l s , o r 

energy bands E f l ( k ) , w h i c h can accommodate a t most two 

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

l a t t i c e . The i n t e g e r n l a b e l s t h e band. T h i s r e p r e s e n t a t i o n 

o f E(k) i s known as t h e reduced zone scheme. I n r e c i p r o c a l 

space the energy bands are c o n t i n u o u s f u n c t i o n s o f k_, a r e 



247 

p e r i o d i c such t h a t E (k) = E (k+K ) and have t h e same c n — n — -n 
symmetry as t h e c r y s t a l l a t t i c e . T h i s l a t t e r f a c t g r e a t l y 

s i m p l i f i e s energy band c a l c u l a t i o n s s i n c e i t i s o n l y 

necessary t o c a l c u l a t e E(k) f o r _k v a l u e s w i t h i n a s m a l l 

p o r t i o n o f t h e B r i l l o u i n zone, t h e energy i n t h e o t h e r 

p a r t s b e i n g o b t a i n e d by symmetry. 

The r e c i p r o c a l l a t t i c e o f t h e hep heavy r a r e e a r t h 

m e t a l s i s hexagonal and t h e B r i l l o u i n zone i s t h e 

p r i s m , (see F i g . A3.1)., formed by t h e pl a n e s w h i c h b i s e c b 

th e l i n e s j o i n i n g t h e o r i g i n K.=0 t o t h e n e a r e s t r e c i p r o c a l 

l a t t i c e p o i n t s . F i g . A3.1 shows t h e Fermi s u r f a c e (see 

l a t e r ) o f Tm i n t h e double zone scheme. The wedge bounded 

by t h e symmetry p o i n t s FMKHLA where A i s on t h e same a x i s 

as r and l i e s i n t h e plane LM, has a volume o f " ^ ^ ^ t h o f 

t h e B r i l l o u i n zone and c a l c u l a t i o n o f t h e energy bands 

i n s i d e t h i s volume i s s u f f i c i e n t t o s p e c i f y t h e energy 

bands i n t h e complete B r i l l o u i n zone. 

The s i m p l e s t wave f u n c t i o n s which have t h e B l o c h 

form (eqn.A3.1) a r e those w i t h u ^ ( r ) = c o n s t a n t i . e . 

plane waves,and these c o r r e s p o n d t o t h e case V ( r ) = 0. 

The energy o f an e l e c t r o n w i t h wave number k_ i s j u s t 
-n 2 k 2 I I 

E (k.) = ? ~ • . I f lk_| i s u n r e s t r i c t e d i n v a l u e t h e energy 

band i n any g i v e n d i r e c t i o n i n r e c i p r o c a l space i s p a r a b o l i c 

i n f o r m . T h i s i s t h e w e l l known r e s u l t f o r f r e e e l e c t r o n s . 

The e f f e c t o f a weak c r y s t a l l i n e p o t e n t i a l V ( r ) i s t o 

i n t r o d u c e energy gaps and pl a n e s o f energy d i s c o n t i n u i t y 

i n t o t h e p a r a b o l a a t c e r t a i n p o s i t i o n s i n the B r i l l o u i n 



F I G . A3.1 The Fermi Surface f o r Tm 
i n the double zone scheme 
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zone. 

The c o n d u c t i o n e l e c t r o n s f i l l t h e lov/est energy bands 

up t o some maximum energy, t h e Fermi energy E^, and f o r 

t h e heavy r a r e e a r t h m e t a l s E f i n t e r s e c t s t h e t h i r d and 

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

o f k-space i s known as the Fermi s u r f a c e . For f r e e 

e l e c t r o n s , assuming V ( r ) = 0, t h e o c c u p i e d r e g i o n i s a 
* 2 k 2 

sphere o f r a d i u s kf where = E F. A s m a l l c r y s t a l l i n e 
r 2m 

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

t h e p l a n e s o f energy d i s c o n t i n u i t y , and t h e e f f e c t i v e area 

o f the Fermi s u r f a c e i s reduced. 

To c o n s t r u c t the Fermi s u r f a c e o f r e a l m a t e r i a l s 

i t i s necessary t o d e r i v e a c r y s t a l l i n e p o t e n t i a l w h i c h 

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

on each o t h e r e l e c t r o n i n t h e c r y s t a l . The p o t e n t i a l used 

i n a l l the energy band c a l c u l a t i o n s f o r t h e r a r e e a r t h 

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

by M a t t h i e s s (1964). I n t h i s method t h e p o t e n t i a l i s 

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

sphere about each atomic s i t e and c o n s t a n t i n t h e r e g i o n 

o u t s i d e these spheres. The wave f u n c t i o n s f o r the 

e l e c t r o n s are assumed t o r e t a i n t h e Bloch f o r m , b e i n g 

s i m p l y l i n e a r c o n b i n a t i o n s o f wave f u n c t i o n s l i k e 

eqn. A3.1. The energy bands i n t h e m a t e r i a l may now be 

c a l c u l a t e d by s o l v i n g S c h r o e d i n g s r ' s eqn. w i t h t h i s 

p o t e n t i a l . T h i s procedure produces an e x t r e m e l y c o m p l i c a t e d 

band s t r u c t u r e and a Fermi s u r f a c e which l o o k s l i k e F i g . A3.1. 



250 

The t r u n k i s composed o f t h e s and f e l e c t r o n bands and 

t h e arms p e r p e n d i c u l a r t o t h e c - a x i s o f t h e d-bands. 

The g e n e r a l i s e d e l e c t r o n s u s c e p t i b i l i t y x (q) m&-Y 

be c a l c u l a t e d f r o m a knowledge o f t h e energy bands and 

t h e Fermi d i s t r i b u t i o n f u n c t i o n f o r each band, f ^ . Such 

a c a l c u l a t i o n was f i r s t p erformed by Evenson and L i u 

(1969) al o n g t h e l i n e r t o A i n t h e B r i l l o u i n zone, 

u s i n g an e x p r e s s i o n o f t h e form 

x ( q ) = 1 S t i l * ...(A3.2) 
k E k + q - E k 

The c a l c u l a t i o n s were c o n f i n e d t o q a l o n g t h e l i n e YA 

i n t h e B r i l l o u i n zone because a l l t he o r d e r e d magnetic • 

s t r u c t u r e s observed i n t h e heavy r a r e e a r t h m e t a l s can 

be d e s c r i b e d by a wave v e c t o r i n t h a t d i r e c t i o n (see 

S e c t i o n 2.2). 

From cqn. A3.2 i t can be seen t h a t a l a r g e c o n t r i b u t i o n 

t o x(q) r e s u l t s when t h e energy o f an o c c u p i e d s t a t e , 

E^ i s a p p r o x i m a t e l y e q u a l t o t h a t o f an unoccupied s t a t e 

E^+q* Because o f t h e Fermi d i s t r i b u t i o n f u n c t i o n , e s s e n t i a l l y 

a l l t h e s t a t e s below E^ ar e o c c u p i e d a t low t e m p e r a t u r e 

and a l l above E^ ar e empty. T h i s r e q u i r e s E^ t o be s l i g h t l y 

l e s s t h a n E^ and E^ +^ s l i g h t l y g r e a t e r ; hence k must l i e 

j u s t i n s i d e t h e Fermi s u r f a c e . S i m i l a r l y , k-i-q must be 

s l i g h t l y o u t s i d e t h e Fermi s u r f a c e . W h i l s t t h e r e are many 

p a i r s o f p o i n t s E, and E. , which s a t i s f y t h e above 
k. JS-'q. 

r e q u i r e m e n t s f o r t h e Fermi s u r f a c e , t h e r e must be a l a r g e 
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number of such p a i r s of points separated by the same q 

i n order to obtain a l a r g e x ($[) • Lomer (1962) f i r s t 

pointed out t h a t the e x i s t e n c e of l a r g e n e a r l y f l a t 

p a r a l l e l areas separated by q were the Fermi s u r f a c e 

feature r e q u i r e d to produce a maximum i n x (9.) • 

The d e t a i l s of the c a l c u l a t i o n of x (£[) a r e included 

i n the o r i g i n a l paper of Evenson and L i u (1969) and a 

review of band s t r u c t u r e c a l c u l a t i o n s i n the r a r e e a r t h 

metals i s given by Freeman (1972). 
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APPENDIX 4 

DERIVATION OF THE SUSCEPTIBILITY,X , AND ORDERING TEMPERATURE, T^T, 
FOR A FERRIMAGNETIC ALLOY 

The magnetisation on the two sublattices A and B i s given by 

eqn. 2.15 

H " x X a a M a " ( 1 " x ) Xa3\> 

H " X

h h % ~ x Xab ] M 

...(A4.1) 

Solving these two equations simultaneously gives 

*ab 

H a x X a a ] [ ^ ( 1 - x ) X b b ] " 2 
ab 

"b 
H a x X a a ] ^ V 1 ^ ] * ] " >Xib 

.(A4.2) 

H 

1 H The inverse susceptibility / -• 
X V ^ b 

i 
i . e . — 

X 

T2+T C xX 4C (l-x)X,, a aa D bb - C Gx(l-x) (X2,-X A,, a D ab aa bb 

Multiplying numerator and denominator by C (̂ a+Cj-,) gives 

_ T 2 C f T c [ c a x X a a 1 S ( l - x ) X h b ] - C a C b x ( l - > -x) (X2,-X X, J ab aa bb 

T C + C a C b aa .bb ab 



Let TC + CaC^ (xX.^ + (1-x) X b b -2^^) = D. Then the numerator 

may be factorised in terms of D 

Numerator = TD - T C ^ f x X ^ - (1-x) ̂ -2X^1+ T C ^ x X ^ d - x ) X^] 

- C C a C b x ( l - x ) ( A ^ - X ^ ) 

Therefore , I = £ - TCa^[xXaa+(l-x)Xbb-2Xdb]+ T C ^ x X ^ d - x ) ^ ] 

• C W ^ > ( X a b - X a a W 

CD 

Multiplying numerator and denominator by C and factorising the 
numerator, 

Numerator = TC+C. XaaCax + Xbb ( 1 " x ) S ^ a b 5 5 ( 1 _ x ) ^ 

^ a ^ a a * ^ ^ -2X , I 
i aoj 

xX +(l-x)X, K-2X . aa bb ab + TC 

Xaa Ca x + Xbb ( 1 " x ) V ^ a b " ( 1 _ x ) Ca°b 

C a x X a a + C b ( 1 - x ) X b b 

" c 'Sfi> (Xab " X a a W x { 1 ' x ) 

1 T 1 A 
Therefore, - = ± + - + — X C x 0 C 2 D 

where ̂ = h. aa C a x + Xbb ( 1- x ) Cb + 2 X a b x ( 1 - x ) C a C b 
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and A = - TCA^xC*- T C X ^ l - x ) ^ - 2 3 X ^ ( 1 - * ) 
1 

- C 3C xX a D aa x X a a + ^ ^ b - ^ a b 
x * a a + ( 1 - x ) X b b - 2 X a b 

- 2 C j c bx(l-x)A a b xX +(l-x)X,, -2X , aa bb ab 

x A a a + ( 1 - x ) X b b - 2 X a b 

+ TC 2 
C a x X a a + C b ( 1 ^ ) X bb 

C 2 C a C b x ( l - x ) ( X ^ - X ^ ) 

Tha expression for A may be simplified to 

A = TC 2C C. X , a TD ab [ l - (1-x)] 

[ x X a a + ( l - x ) X b b - 2 X J [ c ' x X ^ C ^ d - x J X ^ x d - x J x J 

" C 2C a C bx(l-x) ( X ^ - X ^ ) 

and then further rewritten in terms of D as 

A = D C a V W l W ) 

x X a a + ( 1 - x ) X b b - 2 X a b l [ 2 X a b ( 1 - x + x 2 ) ] 

Sft, [xX^f (1-x) X b b -2X a b ] [ c ^ ( W , X^+Zx(1-x) x j 

" ^ ( H J ^ t A ^ - X ^ ) 
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A 2 C a V a b ( 1 " W > B Therefore, - — = a b ^ B 

where B = 

C2D 

V b 

C2D 

^ K a ^ ^ ^ b b - ^ a b ] [ 2 ^ a b ( 1 - x + x 2 ) J 

• [ x X aa + ( 1 " x > Xbb- 2 Xab] [ ^ a a ^ ( 1 " x ) X b b + 2 x ^ Xab] 

+ C 2C i S^ab Xaa Xbb 

The result of the above long division may be incorporated i n — to 

give 
1 = 1 
X1 C 2 

o 

X C 2x + X,, (l-x)C? + 4X ,x(l-x)C C. aa a bb a ab a n 

The egression for B may be siitplified giving 

B = C 2x |X (xX -2X J + X2, (1-x)I a [ aa aa ab' ab J 

+ c£ (l~x) 

,[ x Xaa + ( 1- x ) Xbb- Xabl-

^ [ ^ b b ^ a b ] + X a b ( 1 " x ) 

+ 2C_Cbx(1-x) X A,, aa bb 

+ 2x(l-x)X a b [ x A ^ d - x J X ^ ^ , 

The complete expression for the inverse susceptibility i s 

X C X, T-0» 

where 0' = [xX Q a + (1-x) X ^ x J 

and' K1 = -
C 3 
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The ferrimagnetic Neel temperature may be found simply by setting 

either of the denominators of eqn. A4.2 to zero 

i . e . T + C xX a aa T + Cb ( 1" x ) Xbb C a C b x ( l - x ) X a b = 0 

Taking the positive square root this yields 

TNF ~ " 2 C a x X a a + Cb ( 1- x ) Xbb [S^aa-S ( 1" x ) Xbb] ' + 4 x {1~x> W a b 
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