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A B S T R A C T 

Measurements have been made of the e l e c t r i c a l r e s i s t i v i t y 

o f f o u r 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, ie- La-Dy, 

Nd-Dy,Nd-Y,Pr-Tb i n the temperature r e g i o n 2,7-300(400°X). 

The r e s i s t i v i t y v a r i a t i o n w i t h temperature i n the 

d i f f e r e n t c r y s t a l l o g r a p h i c phases has been e x p l a i n e d as 

f o l l o w s : 

1) i n the hep phase - the main c o n t r i b u t i o n comes from s p i n 

d i s o r d e r s c a t t e r i n g which may be d e s c r i b e d t h e o r e t i c a l l y 

by the RKKY theory. The parameters which a r e most l i k e l y 

to v a r y i n the s e r i e s a r e d i s c u s s e d . 

2) i n the d-hex phase t h e r e a r e two c o n t r i b u t i o n s t o the 

r e s i s t i v i t y which a r e of the same order, ^ p n o n
 a n d • 

These a r e due to phonon s c a t t e r i n g and c r y s t a l f i e l d 

s c a t t e r i n g . The phonon r e s i s t i v i t y ^ ^ o n n a s 1 5 6 6 1 1 a P P r o x i ~ 

mated to ^> L a , ^>c f has been 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 P r, and Pr-Tb i n the d^hex s t r u c t u r e and q u a l i t a t i v e l y 

d i s c u s s e d f o r Nd, Nd-Y and Nd-Dy. 

3) i n the Sm-phase, the r e s i s t i v i t y can be d i s c u s s e d i n a s i m i l a r 

way to the r e s i s t i v i t y inlhehcp phase or i n the d-hex phase, 

depending on the e f f e c t i v e Fermi s u r f a c e a r e a and the magnetic 

mcwrf.La and La-Dy a l l o y s i n the d-hex phase have been e x p l a i ­

ned i n terms of r a p i d changes of the d e n s i t y "of s t a t e s 

a t the Fermi energy. 

The r e s i d u a l r e s i s t i v i t y i n the hep phase has been 

found to, agree, a t low c o n c e n t r a t i o n s of the l i g h t r a r e 

e a r t h s , w i t h the p r e v i o u s l y p u b l i s h e d r e s u l t s , being depen-
2 

dant of AS e f ±., suggesting t h a t the magnetic s c a t t e r i n g v a ­

r i e s as 3(5+1) a t these c o n c e n t r a t i o n s r a t h e r then 
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(g - 1) J ( J + 1 ) . ^ r e 5 i a u a i n a s been found to change 
only s l i g h t l y i n the Sm phase w h i l e i n the d-hex s t r u c t u r e 
i t shows a normal behaviour f o r nonmagnetic a l l o y s hut 
becomes anomalous f o r those a l l o y s which order or become 
superconducting. 

The v a r i a t i o n of the t o t a l r e s i s t i v i t y w i t h temperatu­

re i s presented f o r a l l the a l l o y s measured on the f o l l o w i n g 

four f i g u r e s . 1 - 4 . 
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P R E F A C E 

This study i s concerned with the structural and trans­

port properties of the rare earth intermeta.ilic al loys 

La-Dy, Pr-Tb, Nd-Dy ,.Nd-Y. 

Apparatus, experimental techniques and resu l t s , relevant 

theory and discussion are the subject of individual chapters 

arranged as follows: 

Chapter one contains a brief introduction to the problem 

dealt with in more detai l in chapter 3,4,5,and 6 both from 

a h i s t o r i c a l and a physical point of view. 

In chapter two are described in deta i l the experimental 

methods employed including the specimen preparation, structure 

determination, contact preparation for the r e s i s t i v i t y 

measurents, apparatus, measurements procedure and construction 

of the cryostat. 

Chapter three i s devoted to the description of the 

experimental results, of the structures and l a t t i c e parameters, 

and the temperature variat ion of the. r e s i s t i v i t y between 

2*7-400°K. 

In chapter four i s summarised the theory relevant to the" 

r e s i s t i v i t y results presented in chapter three. 

A discussion of the experimental resu l t s , in t.srms of the 

theory given in chapter four i s presented in chapter f ive . 

General conclusions about the findings are given in chapter 

s ix , together with suggestions for further study. 

The references to the l i t erature are for brevity given in 

the text only by numbers and a l i s t of them appears at the 

end of the thesis divided according to the different chapters. 
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C H A P T E R O N E 

STATEMENT OP THE PROBLEM 

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

The s tudy.reported i n t h i s t h e s i s i s p a r t of the 
i 

r e s e a r c h programme of the Rare E a r t h s S o l i d S t a t e Group 

of the Durham U n i v e r s i t y i n t o the s t r u c t u r a l , e l e c t r i c a l 

and magnetic p r o p e r t i e s of the r a r e e a r t h s . 

H i s t o r i c a l l y only f o r the l a s t t e n y e a r s have the 

r a r e e a r t h s "been a v a i l a b l e i n a r e a s o n a b l y pure form. 

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

p r o p e r t i e s were c a r r i e d out by P.H.Spedding and h i s 

coworkers a t Ames Laboratory,Iowa. 

Because of the s i m i l a r i t y , and d i s s i m i l a r i t i e s i n 

t h e i r p h y s i c a l p r o p e r t i e s the pure r a r e earth-elements 

may be d i v i d e d i n t o three groups: 

a) heavy r a r e e a r t h s , Gd-Tm, 

b) l i g h t r a r e e a r t h s , L a , Pr, Nd, sometimes Ce and Pm 

are i n c l u d e d as w e l l and 

c ) the anomalous r a r e e a r t h s , Ce, Sm, Eu, Yb and to a 
i 

c e r t a i n degree La; 

1.2. E l e c t r o n i c s t r u c t u r e 

Lanthanum i s - the f i r s t element i n the 5d t r a n s i t i o n 

m e t a l ' s e r i e s w i t h an e l e c t r o n s t r u c t u r e , having the Xenon 
core ( 1 s 2 2 s 2 2 p 6 3 s 2 ' 3p 6 3 d 1 0 4 s 2 4p 6 4 d 1 0 5 s 2 5p 6) p l u s 

0 1 2 
4f 5d 6s . The energy of the 4f s h e l l i n the La i s h i g h e r 

1 

than the 5d s t a t e and i s t h e r e f o r e unoccupied. The addition; 

of a f u r t h e r e l e c t r o n (and proton) to. form the element 

Cerium f i n d s the 4f s t a t e p r e f e r a b l e , so beginning the 

p r o g r e s s i v e p o p u l a t i o n of the 4 f l e v e l which o c c u r s a c r o s s 

the s e r i e s ( l a ) . y*0u* vWrn^ 
X ' S V SCIENCE V ' P \ ( 3 1 JUl.1973 ) 



One of the unusual f e a t u r e s of these e l e c t r o n i c 

s t r u c t u r e s i s the v a r i a t i o n of the r a d i i of the 4f wave 

f u n c t i o n s w i t h i n c r e a s i n g atomic number. As e l e c t r o n s a r e 

added to' the 4f s h e l l the simultaneous i n c r e a s e i n n u c l e a r 

charge r e s u l t s i n the appearence of a l a r g e e l e c t r o n energy 

decrease i n the v i c i n i t y of the nucleus* T h i s causes the 

e l e c t r o n s of the 4 f s h e l l to be drawn towards the i n t e r i o r 

of the atom. At Lanthanum the empty 4f s h e l l i s s i t u a t e d 
2 6 

outside the Xenon core 5s 5p s h e l l , but f o r the remainder 

of the s e r i e s the 4f e l e c t r o n s l i e w i t h i n these xenon s h e l l 

T h i s phenomenon i s known as the l a n t h a n i d e c o n t r a c t i o n and 

a r i s e s because the e l e c t r o n d i s t r i b u t i o n i n the 4f s h e l l 

i s such t h a t an e l e c t r o n added to t h i s s h e l l cannot 

completely s c r e e n the remaining 4f e l e c r o n s from the added 

p o s i t i v e n u c l e a r charge. As a consequense the radius of the 

outer s h e l l i s decreased because of the i n c r e a s e d e l e c t r o ­

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

T h i s c o n t r a c t i o n has important consequences i n many of 

the p r o p e r t i e s of the r a r e e a r t h s , eg. s t r u c t u r a l , e l e c t r i c 

magnetic. As f o r i n s t a n c e , i t i s the -4f e l e c t r o n s which 

gi v e r i s e to the magnetic p r o p e r t i e s of the i o n s and the 

appearence of the ferromagnetism i n elements such as 

gadolinium or terbium or antiferromagnetism i n the m a j o r i t y 

of the other r a r e e a r t h s . However, because of the s m a l l 

o r b i t a l r a d i u s the 4 f e l e c t r o n s are deeply b u r i e d v / i t h i n 

the atom and the coupling mechanism between d i f f e r e n t i o n s 

n e c e s s a r y f o r the magnetic order to e x i s t cannot occur by 

the d i r e c t e v e r l a p of the e l e c t r o n s i n the incomplete s h e l l 

as i t does i n the 3d metals, Fe, Ni and Co and some other 



exchange mechanism i s e s s e n t i a l . 

1.3 Magnetic p r o p e r t i e s 

With the s u c c e s i v e a d d i t i o n of the 4 f e l e c t r o n s to 

the lanthanum core i n going from cerium to l u t e t i u m , an 

i o n i c moment i s developed whose magnitude may be given i n 

an elementary way u s i n g Hund's r u l e s . The t o t a l moment 

i s c a l c u l a t e d as J=L-S f o r a l e s s than h a l f - f i l l e d s h e l l 

and J=L+S f o r a more than h a l f - f i l l e d s h e l l . Provided 

t h a t the lowest 4 f energy l e v e l s of the ions are w e l l 

separated, the magnetic s u s c e p t i b i l i t y of a s o l i d c o n t a i n 

ing these i o n s w i l l be g i v e n by the r e l a t i o n 

d e r i v e d by Hund. I f , however, the l e v e l s p l i t t i n g i s not 

s u f f i c i e n t l y g r e a t , then e l e c t r o n e x c i t a t i o n i n t o these 

h i g h e r l e v e l s w i l l occur so making second or h i g h e r terms 

n e c e s s a r y . The a d d i t i o n a l s u s c e p t i b i l i t y terms have been 

eva l u a t e d by Van V l e c k . 

I f the observed e f f e c t i v e i o n i c moments ^ef^ 

compared w i t h the Hund and Van V l e c k • t h e o r i e s one f i n d s 

t h a t i n g e n e r a l a simple treatment of the i o n i c moment 

i s adequate to d e s c r i b e the observed s u s c e p t i b i l i t y , 

although i n the c a s e s of samarium and europium a p p r e c i a b l e 

a d d i t i o n s of the f i r s t e x c i t e d states, have,to' be i n c l u d e d 

f o r s a t i s f a c t o r y agreement. 

Three of the elements, namely lanthanum, yt t e r b i u m 

and l u t e t i u m are found to be paramagnetic, w i t h temperature 

independant s u s c e p t i b i l i t y . I n the m e t a l l i c form lanthanum 

and l u t e t i u m are i n a t r i v a l e n t s t a t e w i t h zero and 14 

Z± N2- g % a 2 ( J ( J+1 ) ) / 3 K T 

^ [J ( J+1 m (proportional to g f o r the r a r e e a r t h s are 
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e l e c t r o n s , r e s p e c t i v e l y . Yttelbium, hov/ever, i s d i v a l e n t , 
having gained an e l e c t r o n i n t o the 4f s h e l l from the 
va l e n c e e l e c t r o n s , and consequently i t has a complete 
4 f s h e l l - . The remaining r a r e e a r t h s a r e t r i v a l e n t w i t h 
the o c c a s i o n a l exeption of Ce and show i n g e n e r a l some 
form of c o l l e c t i v e magnetic behaviour. 

The most thoroughly s t u d i e d of the r a r e e a r t h 

elements have been heavymetals. T h e i r strong magnetic 

behaviour d i s p l a y a v a r i e t y of s p i n s t r u c t u r e s from 

element to element as v/ e l l as w i t h temperature changes. This has 

made them i n t e r e s t i n g ficm a t h e o r e t i c a l as w e l l as an 

experimental point of view as w i l l be d i s c u s s e d i n 

more d e t a i l - b e l o w . Below room temperature the development 

of a co o p e r a t i v e phase i s evi d e n t i n t e n of the pure 

me.tals. The f o u r l i g h t metals, cerium, neodymium, 

samarium and europium order a n t i f e r r o m a g n e t i c a l l y , 

w h i l e s i x heavy metal s , gadolinium to thulium, show the 

e x i s t a n c e of e i t h e r ferromagnetism or anti-ferromagnetism, 

depending "upon the temperature. 

Gadolinium i s p u r e l y ferromagnetic w i t h a C u r i e 

temperature of 293°K and a s a t u r a t i o n moment of 7.55 

The remaining f i v e elements show v a r i o u s changes i n the 

type of order, w i t h c o r r e s p o n d i n g l y complex m a g n e t i z a t i o n -

temperature behaviour. 

I n dysprosium the magnetization i n c r e a s e s on c o o l i n g 

to a cusp l i k e maximum, a t 179°K (the Neel p o i n t ) , i n d i c a t i n g 

the onset of a n t i f e r r o m a g n e t i c order which p e r s i s t s to a 

C u r i e point (T ) of 85°K, when-a t r a n s i t i o n to a ferromagne— c 
t i c s t a t e occurs i n a s m a l l measuring f i e l d . The temperature o 

the second t r a n s i t i o n i s found to be h i g h l y dependant on the 



a p p l i e d f i e l d . V/ith i n c r e a s i n g f i e l d s t r e n g t h i t approaches 

the Heel point T J J . 

To s o l v e the magnetic moment c o n f i g u r a t i o n i n the 

remaining elements neutron d i f r a c t i o n s t u d i e s had been 

done. These r e v e a l e d a much more complex s i t u a t i o n than 

c o u l d have been a n t i c i p a t e d . I n the a n t i f e r r o m a g n e t i c 
i 

phase the most commonly found s t r u c t u r e i s the h e l i c a l s p i n 

system. I n t h i s ordered s t a t e the magnetic moments of the 

i o n s i n any one plane of hep s t r u c t u r e a r e a l i g n e d f e r r o -

m a g n e t i c a l l y ( i . e . p a r a l l e l to one a n o t h e r ) . However i the 

d i r e c t i o n of these moments w i t h r e s p e c t to the c r y s t a l 

l a t t i c e changes from one plane to the next w i t h a constant 

angle <*j between the s p i n s i n s u c c e s s i v e , p l a n e s . T h i s ' t u r n -

a n g l e 1 i s temperature dependant and decreases w i t h increase; 

i n temperature. The e x i s t e n c e of the•turn-angle.' l e a d s to 

an o s c i l l a t o r y v a r i a t i o n of the moment, d i r e c t i o n i n the 

c r y s t a l , the p e r i o d i c i t y of which i s not i n g e n e r a l a simple 

m u l t i p l e of the crystalHiogaeaphic l a t t i c e parameter. 

Holmium i s s i m i l a r to both terbium and dysprosium i n 

the a n t i f e r r o m a g n e t i c range, but below the C u r i e temperature 

i t develops a ferromagnetic component of the moment p a r a l l e l 

to the c a x i s of the c r y s t a l w h i l e m a i n t a i n i n g the h e l i c a l 

s t r u c t u r e i n the b a s a l p l a n e . T h i s s t r u c t u r e i s e s s e n t M l y 

f e r r i m a g n e t i c . 

Erbium changes from having a s i n u s o i d a l v a r i a t i o n of 

the magnitude of the magnetic moment p a r a l l e l to the c a x i s 

j u s t below the ]>leel p oint to a second a n t i f erromagnetic 

s t r u c t u r e i n which a h e l i c a l plane component e x i s t s i n 

a d d i t i o n to a square wave v a r i a t i o n of the c a x i s component . 
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Below the C u r i e point the s t r u c t u r e i s v e r y s i m i l a r to t h a t • 

of holmium. 
i 

Thulium a l s o shows a s e r i e s of changes from the s i n u ­

s o i d a l c a x i s moment v a r i a t i o n to a r e c t a n g u l a r wave v a r i a ­

t i o n i n which t h e r e are more s p i n s p a r a l l e l to the c a x i s 

than a n t i p a r a l l e l to i t , i n the r a t i o of 4:3. 

The e x i s t a n c e of h e l i c a l s p i n s t r u c t u r e s can be i n t e r ­

p r e t e d v e r y simply i n terms of an exchange i n t e r a c t i o n 

whose magnitude i s an o s c i l l a t i n g f u n c t i o n of d i s t a n c e . An 

exchange mechanism which s a t i s f i e s these requirements i s 

the i n d i r e c t exchange i n t e r a c t i o n d e r i v e d o r i g i n a l l y "by 

Rudermann and K i t t e l i n connection w i t h n u c l e a r resonance 

i n v e s t i g a t i o n s and extended by Kasuya and Y o s i d a to the 

case of coupled i o n i c s p i n s i n a m e t a l l i c l a t t i c e . 

The s p i n c o n f i g u r a t i o n s and t h e i r change from element 

to element (and w i t h i n an element over a wide temperature 

r e g i o n , ^K-T^, T c ) are d i s p l a y e d on f i g . T.11. Applying" 

a magnetic f i e l d . t o 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 l e a d s to a continuous d i s t o r t i o n of the h e l i x u n t i l 

the f i e l d s t r e n g t h i s s u f f i c i e n t to cause a r o t a t i o n of 

those, s p i n s i n the r e v e r s e d i r e c t i o n i n t o the f i e l d d i r e c t 

t i o n . F u r t h e r i n c r e a s e i n the f i e l d s t r e n g t h then b r i n g s 

about a slow collap s e , of the ' f a n 1 s t r u c t u r e which i s formed 

once the c r i t i c a l f i e l d i s exceeded, and consequently the 

m a g n e t i z a t i o n apptoaches s a t u r a t i o n . T h i s change i n the 

order of the magnetic moment i s shown i n f i g 1.2 along w i t h 

the corresponding i d e a l i z e d m a g n e t i z a t i o n curve which compa­

r e s f a v o u r a b l y w i t h the observed r e s u l t s . S a t u r a t i o n magne­

t i z a t i o n measurements have proved to be extremaly d i f f i c u l t 
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i 
i n p o l y c r y s t a l l i n e specimens of the heavy r a r e e a r t h metals 

ft 

because of the v e r y l a r g e v a l u e s of the magnetocrysta2Une 

a n i s o t r o p y which i n h i b i t s the s a t u r a t i o n of the magnetic 

moments away from the ea=y d i r e c t i o n of magnetization. T h i s i n 

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

1.4. E f f e c t s of temperature, p r e s s u r e and a l l o y i n g 

I n t e r e s t i n g r e s u l t s have been found i n i n v e s t i g a t i o n s 

of the e f f e c t of temperature, p r e s s u r e and a l l o y i n g on the 

s t r u c t u r e of the metals ( 1 0 ) , mainly heavy r a r e e a r t h s . 

R a i s i n g the temperature i n g e n e r a l l e a d s to a phase t r a n ­

s i t i o n from the hexagonal room temperature s t r u c t u r e to the 

bcc s t r u c t u r e . The e c e p t i o n s I p t h i s a r e mainly alleys formed iron the 

anomalous r a r e e a r t h s : europium (bcc a t a l l t e m p e r a t u r e s ) , 

y t t e r b i u m ( f c c - b c c t r a n s i t i o n ) , erbium,' thulium and 

l u t e t i u m (no observed t r a n s i t i o n s ) and- f i n a l y cerium i n 

which s t r u c t u r a l behaviour i s v e r y complicated. F i g 1.3 

displays.* g r a p h i c a l l y the d i f f e r e n t t r a n s i t i o n s i n the r a r e 

e a r t h s . 

S t r u c t u r a l t r a n s i t i o n s have a l s o been observed by 

s u b j e c t i n g the m e t a l s - t o h i g h p r e s s u r e . The .firs'fc of these. 

were observed i n gadolinium and samarium f o r which i t was 

found t h a t a f t e r h e a t i n g the. metals to 4-00°' and. 300°C,, 
q _p 

r e s p e c t i v e l y , a t a p r e s s u r e of 4x10 Nm an appreciable-

percentage of a second phase was p resent i n the specimen on 

subsequent r e t u r n to'normal c o n d i t i o n s of temperature and 

p r e s s u r e . The. second phases had been r e t a i n e d i n a metastable 
i 

s t a t e a f t e r removal of the p r e s s u r e and were the samarium 

and- doublehexagonal s t r u c t u r e s , r e s p e c t i v e l y . , Subsequent 

o b s e r v a t i o n s showed t h a t s i m i l a r t r a n s i t i o n s could be 
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produced i n most of the other metals and t h a t w i t h i n c r e a s i n g 

p r e s s u r e the s t r u c t u r e changes occured i n a d e f i n i t e 

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

the rare- e a r t h metals themselves w i t h d e c r e a s i n g Z. That i s , 

w i t h i n c r e a s i n g p r e s s u r e , the stru c t u r e s ' " o c c u r i n the order, 

hep - Sm type - d-hex - f e e . Some evidence a l s o e x i s t s , 

t h a t these t r a n s i t i o n s may be r e l a t e d to the v a r i a t i o n of 

the c / a r a t i o i n the same way as the a l l o y behaviour. 

The high temperature bcc phase i s a l s o a f f e c t e d by 

a p p l i e d p r e s s u r e , the range over which i t e x i s t s d e c r e a s i n g 

f o r the heavy metals and i n c r e a s i n g f o r the l i g h t m e t a l s r 

as the preasure i s increased.. T h i s i s c l e a r l y seen from 

the § - T phase diagrams shown i n f i g 1*4, as w e l l as the 

s t r u c t u r e sequence mentioned above. 

By a l l o y i n g any two r a r e e a r t h elements the observed 

room temperature s t r u c t u r e s of the a l l o y s a r e found to 

pass through the i n t e r m e d i a t e s t r u c t u r e s found between the 

component metals i n the r a r e e a r t h s e r i e s . For example i n 

the praseodymium-terbium system the observed s t r u c t u r a l 

changes from hep to the samarium type a t a composition 

= 67#> Tb and from samarium type to-the double hexagonal 

s t r u c t u r e a t =46$ Tb. Few such change's have been observed 

(29 and r e f . t h e r e i n ) e x p e r i m e n t a l l y . 

C o r r e l a t i o n of the occurence of the samarium s t r u c t u r e , 

has. been made w i t h the °/a v a l u e of the pure elements 

f i g 1 . 5 , average atomic number and the r a d i a l extent of 
i 

the 4 f v/ave function.. The i n t e r n a l c o n s i s t e n c y i n the r e g i ­

on to the l e f t of gadolinium f o r a l l a l l o y systems i n v e s t i ­

gated i s remarkably good, although i n the v i c i n i t y of 
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the heavy r a r e e a r t h s t h e r e does appear to be some dependance. 

of the behaviour on the atomic number of the heavy rare, 

e a r t h s i n v o l v e d . I t i s p o s s i b l e t h a t the magnetic i n t e r ­

a c t i o n s a r e here c o n t r i b u t i n g to the observed l a t t i c e p a r a ­

meters. 

1.5 Thermal expansion 

Thermal expansion measurements have shown t h a t 

f o r temperatures w e l l i n excess of the magnetic o r d e r i n g 

temperature the metals a r e r e a s o n a b l y w e l l behaved and 

e x h i b i t anomalies only i n the v i c i n i t y of the s o l i d - s o l i d 

phase changes. However th e r e have been numerous r e p o r t s of 

v e r y l a r g e changes of l a t t i c e parameter and consequently of 

the expansion c o e f f i c i e n t both a t the Neel and C u r i e p o i n t . 

I n dysprosium t h e s e changes a r e s u f f i c i e n t l y g r e a t to - l e a d 

to a s t r u c t u r e change from normal hep to an orthorhombic 

m o d i f i c a t i o n , f i g 1.6. 

A s s o c i a t e d w i t h t h e s e dramatic changes i n l a t t i c e p a r a ­

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

a r i s i n g from the d e t a i l e d v a r i a t i o n of the magnetic 

(exchange and a n i s o t r o p y ) energy as the observed s t a t e ; . s f 

the metal changes. 

1.6 R e s i s t i v i t y \ 

, The v a r i a t i o n of the t o t a l r e s i s t i v i t y of the heavy 

r a r e e a r t h elements can b e s t be summarized by r e f e r e n c e to-

s i n g l e c r y s t a l dysprosium r e s u l t s , see f i g 1 T h e t o t a l 

r e s i s t i v i t y J,p 0^ may be d i v i d e d i n t o v a r i o u s components ( f o r i n s t . i n 

b a s a l plane) y T o t = ^ p h ^ o n + ? r e s i d u a l + P s p i n - d i s o r d e r -

assuming v a l i d i t y of M a t t h i e s s e n 1 s rule.. The cj a x i s 

specimen shows one important f e a t u r e not present i n the b a s a l 

plane r e s i s t i v i t y , namely, w i t h i n c r e a s i n g temperature the 

r e s i s t i v i t y r i s e s suddenly at-



Element Phonon c o e f f i c i e n t 
C ty-CTMiiflm 1 0 2 J 

• b a s a l _ 
plane . c a x i s 

S p i n d i o r d e r 
resistivity,© 
foJLm 10 2J 3 N A G 

bc.sal 
plane c a x i a 

L a * complex no o r d e r i n g 

Ce* 0*06-0.09 '• -

P r * 0.13 -. 2 7 

Nd* 0.13 20 

Pm - -

Sm* 0.21 46 

Eu* 0.134 50 
Gd 0.085 0.03 105 105 

Tb 0.130 0.056 83 83 

Dy 0.145 0.08 63 50 

Ho 0.19 • 0.110 41 24 

E r .0.185 0.122; 18 8 

Tm 0.22 0.123 22 • 7.4 

Yb complex no o r d e r i n g 

. Lu 0.026 0.012 no o r d e r i n g 

Table 1.1 The magnitude of the r e s i s t i v i t y c o n t r i b u t i o n s 

i n the r a r e e a r t h m e t a l s . 



10 

the Neel" point aid then a g a i n a t the C u r i e p o i n t . With 

c e r t a i n exceptions the behaviour of the other heavy-

elements, which a r e m a g n e t i c a l l y ordered, i s adequately 

d e s c r i b e d by t h a t ' o f dysprosium, the magnitudes of the 

v a r i o u s components are of course d i f f e r e n t and are l i s t e d 

i n t a b l e 1.1. Gadolinium and thulium r e p r e s e n t the two 

exceptions* the former having no a n t i f e r r o m a g n e t i c phase 

and consequently the observed r e s i s t i v i t y shows no d i s ­

c o n t i n u i t i e s a t TQ. Thulium, on the oth e r hand, i s never-

ferromagnetic, p a s s i n g from the complex a n t i f e r r o m a g n e t i c 

phase to a f e r r i m a g n e t i c s t r u c t u r e , and w h i l e the r e s i s t i v i t y 

shows a sharp r i s e a t T^ no corresponding decrease i s 

observed a t the 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 temperature. 

The s p i n d i s o r d e r c o n t r i b u t i o n to the r e s i s t i v i t y has 

been appoached i n s e v e r a l ways, which d e a l w i t h d i f f e r e n t 

a s p e c t s of the observed magnetic component. 

The exchange i n t e r a c t i o n between the l o c a l i z e d magnetic 

moments and the conduction e l e c t r o n s l e a d s to a\ s c a t t e r i n g 

p r o c e s s which i s dependent upon the i o n i c s p i n . Viewing 

t h i s process i n terms of a- s c a t t e r i n g c r o s s s e c t i o n A m per 

s c a t t e r i n g c e n t r e , the c o n t r i b u t i o n to the r e s i s t i v i t y i n 

a metal c o n t a i n i n g N c e n t r e and n conduction electrons; i s 

gi v e n by 

Pmag * f N / n q 2 ) A m , 
where i s the wave"vector- r e p r e s e n t i n g the conduction 

e l e p t r o n s . I n the hig h temperature, paramagnetic s t a t e , 

f o r which a l l p o s s i b l e moment o r i e n t a t i o n s a r e e q u a l l y 

probable, the c r o s s s e c t i o n Affl i s g i v e n by 

A m = (m / 2 V. h 2 ) V 2 ( g-1 ) 2 J ( J+1 ) , 
l e a d i n g to a s p i n d i s o r d e r r e s i s t i v i t y f o r thes e conditions^ 



I l l 

&uag. = ( 3 i r " m / 2 h q 2 E f ) P 2 ( g-1 ) 2 J ( J+1 ) 

T h i s c o n t r i b u t i o n to the t o t a l r e s i s t i v i t y i s independent 

of temperature i n t h i s h igh temperature l i m i t and may be 

d e r i v e d e x p e r i m e n t a l l y from the d i f f e r e n c e between the low 

temperature r e s i d u a l r e s i s t i v i t y and the i n t e r c e p t on the 

r e s i s t i v i t y a x i s of the e x t r a p o l a t e d h i g h temperature 

phonon s c a t t e r i n g c o n t r i b u t i o n . Comparison of the observed 

&iag v a l u e s w i " t h the s p i n dependant f u n c t i o n ' ( g-1 ) J x 

.( J+1 ) shows t h a t f o r these metals i t i s a good approximation. 

I n the temperature range T ^ T c the magnetic c o n t r i b u ­

t i o n may be c a l c u l a t e d for a ferromagnetic- m a t e r i a l both oh 

the b a s i s of a molecular- f i e l d model and a s p i n v/ave model, 

the l a t t e r a p p l y i n g a t low temperatures and the former when 

T approaches T c . The s c a t t e r i n g of the conduction e l e c t r o n s 

by s p i n waves i n a ferromagnet has been shown to l e a d to a 
2 

magnetic c o n t r i b u t i o n to the r e s i s t i v i t y which v a r i e s as T 

f o r low m a g n e t o c r y s t a l l i n e anisotropy.' However-, f o r the r a ­

r e e a r t h s , whose magnetic behaviour is. h i g h l y a n i s o t r o p i c , 

a f i n i t e amount of' energy A i s n e c e s s a r y to c r e a t e a s p i n 

wave.. Under these c o n d i t i o n s the s p i n d i o r d e r r e s i s t i v i t y 

t akes on the form 

?niag = T 2 exp ( -A/ k T ) . 
Of course, the form of the equation i s dependant on the 

2' 4-spin-wave spectrum, the T ' term being r e p l a c e d by T When 

the d i s p e r s i o n r e l a t i o n changes from a square law to a 

l i n e a r one. Dysprosium has been shown to obey t h i s equation 

f o r 10 ^ I -*30°K w i t h A. -- 1-.5 x 10" 5eV, as a l s o have t h i n 

f i l m s of tie heay/ rare e a r t h s . 'A' f o r v a r i o u s heavy r a r e e a r t h 

metals i s d i f f i c u l t to e x t r a c t , r e l i a b l y , as the range of 



o b s e r v a t i o n i s s e v e r e l y l i m i t e d by the f a s t r i s e i n the 

phonon r e s i s t i v i t y a t low temperatures and the occurrence 

of the magnetic t r a n s i t i o n temperatures i n the range 20-100°K. 

1.7 R e s i s t i v i t y near - superzones 

The sharp d i s c o n t i n u i t y i n the r e s i s t i v i t y a t Q, 

f i g 1.7fhave been e x p l a i n e d by examining the e f f e c t of the 

change i n the types of order i n the fer r o : and a n t i f e r r o m a g — 

n e t i c r e g i o n s ( 50 and r e f . t h e r e i n ) . I n normal m e t a l s , 

the e l e c t r o n s t a t e s i n which the conduction e l e c t r o n s 

e x i s t a r e surrounded by B r i l l o u i n zone boundaries whose 

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

parameters. I n the s i m p l e s t case the Fermi sphere i s 

completely w i t h i n - a B r i l l o u i n zone,, as i s shown i n f i g 1.8 . 

The" e l e c t r o n s a v a i l a b l e f o r conduction a r e those a t the 

s u r f a c e of t h i s sphere, and consequently are dependant on 

the a r e a of t h f i . s u r f a c e . I f o t h e r p e r i o d i c features occur 

w i t h i n the m e t a l l i c - l a t t i c e , whose wavelength i s not equal 

to that, of the l a t t i c e , than other zone boundaries w i l l 

occur-which may i n t e r s e c t , the Fermi sphere.. S i n c e these 

boundaries w i l l b r i n g w i t h them an a s s o c i a t e d energy gap, 

the i n t e r s e c t i o n s w i l l r e s u l t i n a t r a n s f e r of e l e c t r o n s 

from the c u t - o f f , e n e r g e t i c a l l y l e s s f a v o u r a b l e , p a r t of the 

Fermi sphere to more fa v o u r a b l e r e g i o n s . I n f i g . 1.8 i s 

shown the e f f e c t of such i n t e r s e c t i o n s on the e l e c t r o n 

r e d i s t r i b u t i o n , a s s o c i a t e d w i t h a p e r i o d i c i t y approximately 

t w i c e t h a t of the l a t t i c e . S i n c e the e l e c t r o n s on the plane 
i 

of energy d i s c o n t i n u i t y cannot c o n t r i b u t e to the c o n d u c t i v i t y 

i t i s c l e a r t h a t the e f f e c t i v e surfa.ce a r e a of the Fermi 

sphere i n (b) i s a p p r e c i a b l y l e s s than t h a t i n ( a ) and 

http://surfa.ce


consequently t h e r e w i l l be a. r e s i s t i v i t y i n c r e a s e from 

(a ) to ( b ) . 

T h i s i s ve r y important when e x p l a i n i n g the e l e c t r o n i c 

behaviour: of the heavy r a r e e a r t h s w i t h h e l i c a l and c o n i c a l 

s p i n s t r u c t u r e s . These'have a p e r i o d i c i t y ' 1 i n the c a x i s 

d i r e c t i o n which i s a p p r e c i a b l y g r e a t e r than t h a t of the. 

l a t t i c e , and once formed on d e c r e a s i n g the temperature 

from the paramagnetic to the a n t i f e r r o m a g n e t i c phase, w i l l 

l e a d to the i n t r o d u c t i o n of s e v e r a l new 1 superzone , ! bounda­

r i e s w i t h i n the fundamental B r i l l o u i n zone, some of which 

w i l l i n t e r s e c t the Fermi surface, c a u s i n g the observed 

i n c r e a s e i n r e s i s t i v i t y at, TJJ. For temperatures T ^ TJJ 

s l i g h t m o d i f i c a t i o n s w i l l occur due to the temperature 

dependance of the t u r n angle and the r e s u l t a n t s h i f t i n the 

p o s i t i o n s of these boundaries* For T £ TQ, e .g. i n f e r r o ­

magnetic phases the r e s i s t i v i t y w i l l f a l l r a p i d l y due to 

the disappearence of the p e r i o d i c , moment s t r u c t u r e s . The 

magnitude of thes e changes may be estimated u s i n g the free, 

e l e c t r o n model. 
• • 

T:.8 L i g h t r a r e e a r t h s 

The study of.the magnetic p r o p e r t i e s of l i g h t r a r e 

e a r t h metals has lagged behind t h a t of heavy r a r e e a r t h s 

p a r t l y because of m e t a l l u r g i c a l d i f f i c u l t i e s of prep a r i n g 

good s i n g l e c r y s t a l s , which are needed to e l u c i d a t e the 
w i d e l y d i f f e r i n g r o l e s played by exchange and c r y s t a l f i e l d s 
i n these metals and p a r t l y because they l a c k strong 
magnetic behaviour. Consequently they have been s t u d i e d 

much l e s s (9,10,12-18,36-39,-49). 

1.9 Magnetic p r o p e r t i e s of l i g h t r a r e e a r t h s 

The l i g h t r a r e e a r t h metals which order m a g n e t i c a l l y , 
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Nd, and Ce a l s o show marked anomalies a t the t r a n s i t i o n tem­

p e r a t u r e s but the measurements have been.uitil r e c e n t l y , 

l i m i t e d to p o l y c r y s t a l i n e m a t e r i a l s . Praseodymium s i n g l e 

c r y s t a l s do not appear to order (46,51), although p o l y -

c r y s t a l l i n e r e s u l t s i n the early- work suggested an a n t i -

f erromagnetic s t a t e below ~20°K. (37) have r e c e n t l y 

s t u d i e d the magnetic o r d e r i n g of Pr and Nd s i n g l e c r y s t a l s 

by neutron d i f f r a c t i o n i n magnetic f i e l d s up to- 46 KOe, so 

e s t a b l i s h i n g the se p a r a t e c o n t r i b u t i o n s to the magnetic 

a n i s o t r o p y from the c u b i c and hexagonal s i t e s . (46) have 

c a r r i e d out magnetization experiments on s i n g l e c r y s t a l s 

of Eu, Pr, Nd. i n d i v a l e n t bcc Eu the c r y s t a l f i e l d i s ; v e r y 

s m a l l compared w i t h "the. exchange c o n t r a r y to the case i n Pr 

and Nd. The magnet i z a t i o n and s u s c e p t i b i l i t y curves of Pr-

and Nd may be understood by assuming t h a t Pr i s an induced 

moment system i n which the l a r g e magnetic a n i s o t r o p y i s 

dominated by the a n i s o t r o p y of the e f f e c t i v e exchange, [OOlJ 

being the hard d i r e c t i o n and [ l i p ] easy one, f i g 1.9, 1.10. 

Nd on the other hand i s an ordered moment system i n zero 

f i e l d a t low temperatures and the abrupt changes i n the 

magneti z a t i o n by an a p p l i e d magnetic f i e l d may be due to 

the c r o s s i n g of c r y s t a l f i e l d l e v e l s s i m i l a r to the observa­

tions- of (47) on(Gd,Nd)Cog.This seems to be supported by 

t h e o r e t i c a l c a l c u l a t i o n s made by (45)om.the. b a s i s of the 

r e s i s t i v i t y measurements made by ( 1 6 ) * 
1 

1.10 C r y s t a l . f i e l d energy 

The l i g h t r a r e e a r t h s a l s o show evidence f o r c r y s t a l 

f i e l d leve-1 s p l i t t i n g as was accounted f o r by (14,51) i n 

i n e l a s t i c neutron s c a t t e r i n g experiments,- or by (45) 
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t h e o r e t i c a l l y through the e l e c t r i c a l r e s i s t i v i t y behaviour 
and by (44-) on the b asis o f s p e c i f i c heat measurements or 
from El'R and MBssbauer.- spectroscopy by (4-8 and r e f t h e r e 

i 
i n ) . The c r y s t a l f i e l d i n t e r a c t i o n * i n the l i g h t r a r e e a r t h 

i 

metals are comparable i n magnitude t o the exchange f o r c e s . 
Very i n t e r e s t i n g mapping o f low l y i n g magnetic energy l e v e l s 
s p l i t by the c r y s t a l f i e l d have been made by (14) on Pr. 
s i n g l e c r y s t a l s by means o f i n e l a s t i c neutron s c a t t e r i n g a t 
4.2°K, f i g 1.11. I n the l i g h t r a r e earths as the e f f e c t i v e 
exchange i s weaker and comparable i n magnitude t o the c r y s t a l 
f i e l d f o r c e s , the ordered moment i s reduced from the f r e e 
i o n value g^Ajj J s o Diuch t h a t i s p o s s i b l e t o have complete 
suppression of magnetic order as i s b e l i e v e d t o be the case 
i n Pr ( 5 1 ) . I n t h i s case the magnetic e x c i t a t i o n s have the 
nature o f magnetic excitons • i n which a t r a n s i t i o n 
between s i n g l e i o n c r y s t a l f i e l d s t a t e s i s propagated 
through the c r y s t a l by the exchange i n t e r a c t i o n s between 
nei g h b o r i n g i o n s . For each symaisiry d i r e c t i o n i n v e s t i g a t e d 
the d i s p e r s i o n curves f o r these excitons have t h r e e branches . 
A s i n g l e b r a n c h ' l y i n g between 8 and SmeV has been p r o v i s i o ­
n a l l y assigned t o a mode propagating on the cubic l a t t i c e 
s i t e s , since these l i e on a simple hexagonal l a t t i c e w i t h 
one atom for. u n i t c e l l . • T-he. lower branches, ..optic and 
a c o u s t i c , have a lar g e r , d i s p e r s i o n and correspond t o a 
mode propagating on the .hexagonal s i t e s . There are two 
branches because the hexagonal s i t e s l i e on a hep l a t t i c e , 

i i 

the upper mode being an 'acoustic' one , the lower an 
' o p t i c 1 one. This 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 s 
between B and C l a y e r s which gave r i s e to- the Davydov 

i . • • 
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s p l i t t i n g the modes are a n t i f e r r o m a g n e t i c . ThlB has been . 
r e c e n t l y v e r i & e d (51) e x p e r i m e n t a l l y . Because the energy gap 
between d i f f e r e n t l e v e l s i s o f the order 10—100°K the r e i s 
good reason t o b e l i e v e that the electronic- p r o p e r t i e s o f the 
metals would be t o some extent governed by t h i s mechanism 
t o o , as has alread y (45) been considered f o r the r e s i s t i v i t y 
measurements :made by ( 1 6 ) . 
1.11 Rare e a r t h a l l o y s 

Rare e a r t h elements r e a d i l y form i h t e r m e t a l i c a l l o y s 
o f any stoichiometry ( 1 ) . The p r o p e r t i e s o f these a l l o y s * 
resemble the pure r a r e e a r t h elements. As t h e r e are s t i l l 
many ou t s t a n d i n g problems concerning the r a r e e a r t h 
elements i t was hoped .that some i n s i g h t i n t o t h e i r e l e c t r o ­
n i c and s t r u c t u r a l behaviour might be. obtained through a 
study o f these a l l o y systems.. 

To s t a t e the problem i t i s necessary t o make a b r i e f 
summation of the c h a r a c t e r i s t i c f e a t u r e s o f r a r e earths more 
f u l l y described above. 

Heavy-heavy and heavy -Y a l l o y s have alread y been 
s t u d i e d by many workers t o g e t h e r w i t h the heavy r a r e earths 
owing emphasis t o t h e i r s t r o n g magnetic behaviour (2.-10,19) « 
Heavy r a r e earths are s t a b l e i n t h e i r hep s t r u c t u r e up t o 
t r a n s f o r m a t i o n temperature, which i s h i g h (/^1400°K), t h e i r 
valency i s s t a b l e a t 3, not i n f l u e n c e d by a l l o y i n g , t h e i r 
f - s h e l l i s b u r i e d deeply i n t o the e l e c t r o n core of atom, 
( or i o n i n the. s o l i d state) and i s i s o l a t e d by the out e r , 

f u l l y occupied, s h e l l s . These, elements are w e l l described by 
a l o c a l i z e d e l e c t r o n model.. I n the temperature range 
s t u d i e d (4.-300°K ) they are g e n e r a l l y m a g n e t i c a l l y ordered 
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so t h a t the mb,:t important energy comes from the exchange 
i n t e r a c t i o n . T h e complex magnetic s t r u c t u r e s i n the ordered 
s t a t e s which occur "because o f the i n t e r a c t i o n o f the exchan­
ge and e r y s t a l f i e l d e f f e c t s can he seen through the 
appearence o f magnetic superzones e f f e c t s ( 3 3 ) . 

A l l o y s formed from the l i g h t r a r e earths have been 
al s o o c c a s i o n a l l y s t u d i e d (21-27) "but a l l o y s formed between 
heavy and l i g h t have been e s s e n t i a l l y neglected (28-30,36) • 
The l i g h t r a r e earths have t w i c e as l a r g e an elementary c e l l 
i n the d-hex m o d i f i c a t i o n as the heavy r a r e earths but a t 
normal and low temperatures they e x i s t also i n a cubic 
m o d i f i c a t i o n ( 3 8 ) . T h e i r s t r u c t u r e i s comparatively un­
s t a b l e w i t h decreasing atomic number,the-a and c l a t t i c e 
parameters increase and the c r y s t a l s are s o f t e r . The binding, 
o f neighborough atoms seems t o get l e s s t i g h t . Spedding 
(32) suggested t h a t the atoms are ' a n i s o t r o p i c ' as a and c 
are both s m a l l e r than t h e o r e t i c a l l y expected from a giv e n 
s t r u c t u r e . W ith the i n c r e a s i n g l a t t i c e parameters a and c 
towards the l i g h t r a r e earths the exchange i n t e r a c t i o n 
becomes s m a l l e r , v i r t u a l l y v a n i s h i n g because o f the l a c k 
o f f-ele.ctrons in-thecaseof La. I n Pr and Nd t h i s i n a second 
order energy term. The decreasing importance o f the 
exchange energy enables o t h e r e f f e c t s t o develop , e.g. 
c r y s t a l f i e l d e f f e c t s , but i n a d i f f e r e n t way than i t 
happens i n heavy r a r e earths.. 

The exchange i n t e r a c t i o n i s f a r from being .legligable 
f o r a l l r a r e earths and a t the same time i n the l i g h t Tare 
earths i s comparable t o o t h e r - e n e r g i e s . This enables us t o make 
estimate of i t e size.T.here seems t o be some evidence f o r the 



f - s h e l l emerging t o the v i c i n i t y of ihe Fermi l e v e l , (Ce, La (43)) 
towards:-ftie.: l i g h t e r r a r e earths ( 1 1 ) . This means t h a t a t the 
v i c i n i t y o f E^ th e r e w i l l be t h r e e types of e l e c t r o n s s, p, 
f i n s t e a d o f two, s and p as i s the case i n o t h e r r a r e 

i 

e a r t h s . 
To describe e l e c t r o n i c p r o p e r t i e s o f these elements, 

w i t h t h r e e d i f f e r e n t types of e l e c t r o n s a t E^,the resonant 
s c a t t e r i n g machanism,jsa more covenient model than He model 
of l o c a l i z e d e l e c t r o n s . Comparing the behaviour o f normal 
and 'anomalous' r a r e earths (Ce,. La, Eu,. Sm, Yb ) and from . 
known changes i n d e n s i t y o f s t a t e s E^ ) near Ê . (34-5) 
i t might be p o s s i b l e t o deduce t o which group t h i s p a r t i c u ­
l a r a l l o y belongs t o . 

Samarium (and Europium) i s . c u r r e n t l y o f 
i n t e r e s t t o the r a r e earths p h y s i c i s t because, o f i t s . 
s i m i l a r i t y w i t h . the t r a n s u r a n i c elements. T h e i r magnetic, 
behaviour i s s i m i l a r t o the heavy r a r e earths but the 
change i n the number o f conduction e l e c t r o n s w i t h pressure, 
temperature and- nature of the host metal resembles t o some 
exte n t Ce,. Yb, and La ( also c a l l e d anomalous r a r e earths 
( 1 1 ) ) . The s m a l l e s t group , i n number, of the r a r e earths e x i s t 
i n the Sm-structure whose p r i m i t i v e c e l l i s 4.5 times 
biggac than that, o f the heavy r a r e earths having c~4.5 £ n Cp» 
Their.- f - s h e l l seems t o be i n the v i c i n i t y o f the Fermi 
l e v e l but mechanisms; of changes i n i t s p o s i t i o n r e l a t i v e 
t o E^ seems t o be more compicated than f o r instance a t Ce 
wherearesonance s c a t t e r i n g model or m e t a l - i n s u l a t o r model 
(4.0) are suitable. I n Sm. a combination of them or a semi­
conductor-metal model (41) would be necessary t o account 
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.fo r t he experimental behaviour.. I n a ver y crude 
approximation one can t a l k i n the case o f normal r a r e 
e a r t h s i n terms o f d e n s i t y o f s t a t e s yjjj E^ ) near as a 
constant as the a»ther e f f e c t s are s t r o n g e r , w h i l e i n the 
case o f 'anomalous' r a r e earths the most important 
mechanism or one o f the most important one's i s connected 
w i t h changes i n ̂  E f ) as was simply described by ( 4 2 ) . 

I t i s . t h e . purpose o f t h i s t h e s i s t o c o l l e c t some 
experimental evidence as w e l l as t o provide a p o s s i b l e 
e x p l a n a t i o n o f some o f the f e a t u r e s r e p o r t e d and t o 
deduce from them a q u a l i t a t i v e or q u a n t i t a t i v e c o n c l u s i o n 
concerning., the r a r e e a r t h s . 



C H A P T E R T W O 

EXPERIMENTAL METHODS, APPARATUS 

2.1 I n t r o d u c t i o n 
This chapter w i l l "be devoted s o l e l y t o the d e s c r i p t i o n 

and d i s c u s s i o n concerning the experimental method., 
techniques used f o r the sample p r e p a r a t i o n , choice and 
c o n s t r u c t i o n o f the apparatus t o g e t h e r w i t h the a c t u a l 
experimental procedure. , 

The main purpose o f t h i s work was t o study some 
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 namely t h e i r e l e c t r i c a l 
p r o p e r t i e s and t h e i r dependence on s t r u c t u r e . 

The chapter i s ordered so as t o s t a r t w i t h the descrip­
t i o n o f the a l l o y making process as f a r as the shaping 

o f the sample f o r the r e s i s t i v i t y measurements on one side 
and powder X-ray a n a l y s i s on the othe r side are concerned. 
The d e s c r i p t i o n o f the apparatus; f o r the temperature 
dependent r e s i s t i v i t y f o l l o w s n e x t , g i v i n g d e t a i l s o f the. 
D.G. method used and the e l e c t r o n i c and cryogenic p a r t o f 
the apparatus. The chapter ends w i t h the d e s c r i p t i o n and 
di s c u s s i o n o f the r e s i s t i v i t y measuring procedure. 

2.2 Specimen p r e p a r a t i o n 
I n g o t s o f Dy, Tb, Y, La, Pr and Nd w i t h a p u r i t y o f 

9-9.9$ obtained from Koch-Light L a b o r a t o r i e s , were used 
as the raw m a t e r i a l f o r the p r e p a r a t i o n o f a l l the., 
m a t e r i a l s s t u d i e d . These i n c l u d e d the a l l o y s Dy-Nd, Tb-Pr, 

i 

Nd-Y, and Dy-La a t a l l c o n c e n t r a t i o n s as w e l l as specimens 
o f the pure r a r e e a r t h elements themselves. 
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The i n g o t s v/ere cut t o a p p r o p r i a t e q u a n t i t i e s , approximately 
3gms weight, f o r p r e p a r i n g samples. The components o f any­
one a l l o y were weighed t o an accuracy o f + 0.05mg on a 
balance kept i n argon atmosphere i n the glove box w h e r e . a l l 
the metal c u t t i n g was performed. 

The 3>gms specimen buttons v/ere melted by standard arc 
furnace techniques. This c o n s i s t s o f m e l t i n g t o g e t h e r the 
d e s i r e d q u a n t i t i e s o f the r e q u i r e d metals on a water cooled 
copper h e a r t h under an atmosphere o f pure argon a t a reduced 
pressure' ( **250 t o r r ) u s i n g a c o n t r o l l a b l e e l e c t r i c arc 
w i t h a non-consumable tungsten e l e c t r o d e . The lower face 
o f the melted b u t t o n i s , o f course, i n contact w i t h the 
c o l d copper so t h a t i t i s necessary t o t u r n the specimen 
over and remelt i t s e v e r a l times t o o b t a i n a- homogeneous 
m i x t u r e . 

The argon was obtained as 'Pura gon' w i t h an oxygen 
content, o f no more than 3 p.p.m. The arc furnace was pumped 

_3 
down t o 10 t o r r then f l u s h e d w i t h purargon t o 7 0 0 t o r r , 

_ ^ 

pumped down t o 10 ^ t o r r again and then f i l l e d t o 2 5 0 t o r r 
w i t h 'Pura. gon 1. Any remaining oxygen was removed as f a r a 
as p o s s i b l e by g e t t e r i n g f o r about one t o t h r e e minutes w i t ; h 
molten tantalum b e f o r e > m e l t i n g the sample.components 
t o g e t h e r . 

The sample m e l t i n g was done a t as low a temperature as 
p o s s i b l e t o minimise the l o s s o f m a t e r i a l by e v a p o r a t i o n . 
Weight l o s s was always checked a f t e r m e l t i n g which was o f 
the order o f 0.1% o f the t o t a l weight.. Surface o x i d a t i o n 
was checked v i s u a l y . I f present i t was f i l e d c a r e f u l l y o f f 
before annealing. 



spa car-

7 s 7 
annealing it/it spaa man 

Fig- 3:1 Annealing tube. 

-mfl AAAA 

4V 

icrtfi. 
tVWV/VV*: 

2>i*ti<U. 
Voltmeif 

1 specimen j — — 1 i 

f/a. Cipquilt o f the. D.C.power supply. 



22 

2 .3 Annealing 
Most o f the specimens were annealed previous t o any 

measurement, a t a s l i g h t l y lower temperature (50-100°) than 
the expected phase t r a n s i t i o n temperature (3.4, 1.4) t o . 
ensure phase p u r i t y . . The l e n g t h and temperature o f annea­
l i n g are g i v e n i n t a b l e 2.2. 
Table 2.1. 

specimen Dy-Nd Y-Nd Tb-Pr Dy-La 
temperature ^ 800°'C 700°C ^ 700°C ^ 200 DC 
time, (days) 42: 71 60 14 
Annealing of the samples was done on h a l f b u t t o n s wrapped 
i n molybdenum or tantalum f o i l and placed i n a quartz tube . 
Several samples o f the same a l l o y where placed i n one ' 
annealing tube, each beirg spaced from it s r neighbour by a s h o r t 
l e n g t h o f quartz tube a t one end which fLtbsL f r e e l y i n s i d e 
the annealing tube',, see f i g 2.1. The annealing tube was 
f i i l e d w i t h 'Pura gon' and gett.ered by the same procedure 
as described above f o r p r e p a r i n g a sample, b u t t o n . The argon 
was then pumped .out t o 10 t o r r and the samples i s o l a t e d 
from each ot h e r by c o l l a p s i n g the quartz tube on the spacers 
2 A Determination of c r y s t a l s t r u c t u r e and l a t t i c e 

parameters 

The phase p u r i t y as w e l l as the l a t t i c e parameters o f 
the samples were examined by X-ray d i f f r a c t i o n , from .a*,rota—' 
t i n g powder sample using a P h i l l i p s 360mm circumference 
Debye-Scherrer X-ray camera and u s u a l l y c o b a l t r a d i a t i o n . 
The f i l m s obtained by t h i s method were analysed i n the usual 
way using a Bunn c h a r t i n c o n j u n c t i o n w i t h p r e v i o u s l y 
p u b l i s h e d ' data about the c o n s t i t u e n t metals o f each a l l o y 
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s e r i e s . Two computer programmes were used (Appendix 1,2) i n 
the s t r u c t u r e d e t e r m i n a t i o n s one simply g i v i n g smallest 
i n t e r p l a n e distances d d e r i v e d from Bragg*s lav/ sinQ=p7l/2d, 
where -0 i s angel o f incidence o f X-rays, A. i s t h e i r wave­
l e n g t h i n ft and d f o r hexagonal s t r u c t u r e - i s g i v e n by the 
f o l l o w i n g equation 
1/d 2 = 4/3 ( h 2 + hk + k 2 ) / a 2 + (1/c)? 

The o t h e r programme c a r r i e d out c a l c u l a t i o n s of the l a t t i c e 
parameters 'c', 'a 1, the a x i a l r a t i o 'c/a* and the elementa­
r y c e l l volume from a g i v e n set o f -G- and h,k„l ( r e c i p r o c a l 

• 

planes parameters known asine M i l l e r i n d i c e s ) . 
2.5 Samples f o r r e s i s t i v i t y measurement 

The samples f o r r e s i s t i v i t y measurement were cut from 
the arc melted b u t t o n s i n the form of r e c t a n g u l a r prisms 
w i t h approximate 1mm x 2mm x 10mm.dimensions.. The c u t t i n g 
was performed w i t h a h i g h speed diamond saw i n the Depart­
ment of A p p l i e d Physics a t Durham U n i v e r s i t y . The surfaces 
obtained by the saw were, s u f f i c i e n t l y . g o o d and f l a t t h a t 
o n l y f i l i n g on a f i n e emery paper was necessary t o remove 
any surface oxide l a y e r s before a p p l y i n g the e l e c t r i c a l 
c o ntacts t o the sample. Specimens v/ere taken from the centre, 
o f the b u t t o n as t h i s was considered the r e g i o n o f the 
h i g h e r homogenity; the powder needed f o r X-ray a n a l y s i s 
was a l s o obtained from t h i s area. 
2.6 Specimen dimension and contacts 

The specimens i n the form o f r e c t a n g u l a r prisms 
i i 

enabled easy a p p i c a t i o h o f the e l e c t r o d e s . The dimension, 
1a x 2 a x na (where n » 1 ) , where so chosen t o enable us. t o ' 
minimise the effect i£ s i z e and shape (1) on the 
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measured' r e s i s t a n c e ( i .e. r e s i s t i v i t y ) . The same reason, 
discussed i n (2) l i m i t s - the s u i t a b l e p o i n t s f o r a t t a c h i n g 
probes on a specimen of a g i v e n shape. The probes were 
attached 2mm from the edges 1-2mm a p a r t on each end of the 
specimen. Spot welded contacts were used as these proved 
t o be the best ones from s e v e r a l d i f f e r e n t types used i n 
p r e l i m i n a r y examinations. These i n c l u d e d arc-welded, soldered 
and u l t r a s o n i c a l y bonded contacts but i n general o n l y the 
former were c o n s i s t e n t l y r e l i a b l e . Arc welded contacts 
were made using a ' H i r s t ' r e s i s t a n c e welding machine. 
Standard thermocouple q u a l i t y copper w i r e s i n s u l a t e d w i t h 
PT-PE s i e v i n g were used as the e l e c t r o d e s . Contacts formed 
t h i s way make an i n t i m a t e contacts w i t h m a t e r i a l and so 
a v o i d a complex o f i n t e r m e d i a t e l a y e r s a t the contact which 
l e a d t o unwanted t r a n s i t i o n s . The lower faces o f the prepa­
red specimens, mounted t h r e e a t a t i m e , were glued by 
V a r n i s h (G.E«7031 s u p p l i e d by Oxford Cryogenics) t o an 
a l uminium blo c k (1.5cm x 1.5cm x 1cm) t o minimise the 
temperature g r a d i a n t along the samples. This v a r n i s h 
maintains- a good thermal contact i n the required temperature 
r e g i o n and a t the same time works as an e l e c t r i c a l y i n s u l a ­
t i n g medium between the sample and the s u p p o r t i n g aluminium' 
b l o c k . 
2.7 R e s i s t i v i t y measurement 

A con v e n t i o n a l f o u r probe D.C. method was chosen t o 
c a r r y put the measurements, the basic block scheme f o r which 
i s shown i n i n f i g 21.2. The c i r c u i t diagram of the D.C. 
power supply i s g i v e n i n f i g 2.2. A s t a b i l i s e d d i r e c t 
c u r r e n t o f the. order o f 0.1 Amp was passed through the end 
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electrodes aid the appropriate .voltage v/as measured across the 
in n e r p o t e n t i a l e l e c t r o d e s . I n the e a r l y observations a 
p r e c i s i o n (1^V) potentiometer v/as used w i t h an e x t e r n a l 
galvanometer* This proved t o be a slow and ted i o u s method 
of r e c o r d i n g . I n the m a j o r i t y of the r e s u l t s presented a 
d i g i t a l v o l t m e t e r , • 'Schlumbergen Solatron 200' was used. 
The accuracy o f the reading was 5 x 10~^mV on the ' 10mV 
sca l e . To minimise the e r r o r of the r e s i s t a n c e determined 
t h i s way c u r r e n t v/as observed f o r each 'voltage' r e a d i n g . 
For each value o f the r e s i s t a n c e R( T ) the c u r r e n t was 
reversed and the reading repeated thus e l i m i n a t i n g thermo­
e l e c t r i c e f f e c t s . The r e s i s t a n c e R^(T) r o r each temperature 
v/as then c a l c u l a t e d simply using Ohm's law: 
R.(T)= (vt + V T ) / ( l t + I T ) 
where v/as the p o t e n t i a l drop across the specimen measu­
red betv/een 'voltage' contacts f o r c u r r e n t i n + and - direc^ 

J L 

t i o n , I j c u r r e n t i n + and - d i r e c t i o n . To o b t a i n the resis ^ 
t i v i t y values the dimensions of the samples were measured 
by repeated observations w i t h a micrometer and the readings 
averaged. The distance betv/een the 'voltage' e l e c t r o d e s 
were measured w i t h a p o r t a b l e microscope w i t h a b u i l t i n 
micrometer screw t o a standard accuracy of 0.005mm. The 
r e s i s t i v i t y j^CT) a t a give n temperature i s then g i v e n by 
the w e l l known formula: 
j).(T) = R.(T) (a x, b)/L 
(a x b) being "the cross s e c t i o n o f the sample, L the 
sep a r a t i o n of the v o l t a g e e l e c t r o d e s . No c o r r e c t i o n has been 
made f o r the l e n g t h c o n t r a c t i o n v / i t h temparature.. As many 
as 600 R.(T) p o i n t s on average.have been taken f o r each 
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sample over the observed temperature r e g i o n . A computer 
program was used (Appendix 3) t o get the numerical values 
f o r j ? i ( T ) a s w e l l as the drawing o f the graphs 'J i(T) vs T. 
The computations were c a r r i e d out on the.IBM 360/67 
computer i n s t a l e d a t Durham U n i v e r s i t y . 
2.8 C r y o s t a t 

To o b t a i n any temperature, between *v2 .7 and 400°K f o r 
the time necessary t o a l l o w thermal s t a b i l i t y o f the s p e c i ­
men d u r i n g the measurements at a given temperature a 
con v e n t i o n a l c r y o s t a t was co n s t r u c t e d as i s shown i n fig2.3*. 
I t c o n s i s t s o f a. specimen chamber, helium dewar.- and n i t r o g e n 
dewar. The dewars were made from Pyrex g l a s s . The n i t r o g e n 
dewar was evacuated and permanently sealed. The i n n e r 
helium dewar i s f l u s h e d and pumped each time i t Was used to; 
remove any helium gas, which had- d i f f u s e d through the i n n e r 
w a l l i n t o the vacuum space. The tube forming the specimen 
chamber v/as made of q u a r t z . The dimensions of; the system 
are shown on the schematic diagram of .dewar system, f i g 2.3 . 
A vacuum system was att a c h e d t o the c r y o s t a t as i n d i c a t e d 
on the schematic, r e p r e s e n t a t i o n i n f i g 2.4. and 2.5. 

The purpose of the system are as f o l l o w s : 
1) To enable evacuating and f i l l i n g the i n n e r specimen 

chamber w i t h He-gas . 
2) To allow evacuating and f l u s h i n g of the helium dev/ar 

v/i t h He-gas and the c o l l e c t i o n of any He-gas b o i l e d o f f . 
3) To f l u s h and evacuate the helium dewar w a l l space and 
4) t o a l l o w pumping over l i q u i d gas= es ( n i t r o g e n and helium) 

t o a s s i s t a t t a i n i n g the d e s i r e d temperatures. 
2.9 Heater 

A heater c o i l made o f constantan w i r e , i s o l a t e d by 
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' R e f r o c i l ' sleeving, was v/ound around the aluminium f o i l 
covering the samples. The voltage f o r the heater c o i l was 
obtained from a 12-Volt filament transformer controlled by 
the c i r c u i t shov/n i n f i g 2.6. This could be manually 
controlled by the potentiometer (250jl) as w e l l as by the 
carbon r e s i s t o r sensing element placed next to the specimen. 
The manual adjustment was used to set the temperature at 
which the measurements v/ere to be made. The c i r c u i t then 
automaticaly adjusted the current to reach the chosen 
"temperature. 
2 .10 The dewar head 

The dev/ar head rested upon the top of a steel bridge 
.as shown i n f i g 2.7. To the top of the head was attached 
a brass mechanism (the height adjuster) whose function 
was to adjust the v e r t i c a l p o s i t i o n of the quartz tube 
serving as a sample chamber. The top of t h i s tube was 
f i t t e d i n t o a brass tube,, f i g 2.8 and secured to t h i s by 
a r a l d i t e to give a vacuum t i g h t seal. .The upper end of the 
sample tube was attached from the outside to the brass tube and 
sealed by an 0-ring.. The external brass tube could be 
evacuated v i a the side tube thus evacuating the helium dewar 
p r i o r to f i l l i n g w i t h helium as an exchange gas. The sample 
chamber had i t s own gas i n l e t valve on the side of the 
quartz tube as the same process has to be followed f o r t h i s 
chamber as for the inside He-dewar previous to any tempera­
ture run. 
2.11 Support of the sample 

The samples were glued,^'cj-3lo(as mentioned above) to an 
aluminium block which was attached t o a stainless s t e l 



tube. The tube covered a l l the wires from "the specimens as w e l l 
as the thermocouple wires and supported also "the sample holder and 
heater and temperature sensing element providing the . 
el e c t r o n i c temperature controller w i t h information about 
the temperature at the sample. The upper end of the stainless 
s t e a l tube was f i x e d , f i g 2.8,. by a brass mechanism to a top 
brass plate . The plate was vacuum sealed to a brass ending 
of quartz tube (sample chamber) using the O-ring, supported 
by 6 screws* The top brass plate also contained the 
vacuum lead through f o r a l l the necessary w i r i n g . 
2.12 The temperature measurements. 

I n the region between 70°K and 400°K, temperatures we 
were measured using a copper - constantan thermocouple i n 
. contact w i t h the aluminium block to Which specimens were 

attached as mentioned before. Standard thermocouple q u a l i t y 
copper and constantan wires were used, insulated with'PTFE 
sleeving and the j u n c t i o n made by melting th>e wires together 
i n a normal buns en flame.. The thermoelectric emf s were 
measured using the same d i g i t a l voltmeter as was used f o r 
the r e s i s t i v i t y measurements* 

The thermocouple c a l i b r a t i o n was checked p e r i o d i c a l l y . 
at several f i x e d points and compared w i t h the standard 
references tables. 

For temperatures below that of l i q u i d nitrogen (*~71°¥L) 

a gold-iron vs copper thermocouple was used. The gold wire,, 
available from Oxford Instruments Cryospares D i v i s i o n , has 
a small (0.2$)) i r o n a d d i t i o n , g i v i n g a thermoelectric 
power of about 10̂ mY per degree at l i q u i d helium temperature, 
compared with, the 1 h,V per degree of a copper-eonstantan 
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thermocouple. Since there are no standard tables available 
the thermocouple was c a l i b r a t e d usingmeasucemeits made-' at 
l i q u i d nitrogen (^77 0K), pumped nitrogen (3mra pressure\ 
54..5°K), l i q u i d neon (27°K) and l i q u i d helium (4.2°K),temperatures. 
A computer programme was used to f i t the observed c a l i b r a ­
t i o n points to a t h i r d degree polynomial and from the 
r e s u l t s the emf vs temperature were calculated. The c a l i ­
bration-obtained i n t h i s way i s shown i n f i g 2.9,. The 
thermoelectric power f a l l s r a p i d l y above 4.2°K (and below) 
to ~70°K. Both thermocouples were permanently attached to 
the aluminium block holding the specimens, f i g 2..10. The 
reference junctions of both thermocouples were at l i q u i d 
nitrogen. 
2.13 Temperature runs 

The usual cooling time of the apparature from the 
room temperature to the temperature of l i q u i d nitrogen 
(v77°K) was 3-4 hours. The controlled heating process 
(from 4.2°K or below that temperature to 300-400°K) took 
on average 12-15 hours. As i t was d i f f i c u l t to attain He wh.de 
cycle of cooling, and .heating (300°K-4.2oK-300oK) i n .one day 
the temperature region studied (3:00°) was usually 
measured i n three stages. This introduced a systematic 
error appearing as a.step ±i1he (j> vs T curve i n some of the 
samples measured, the o r i g i n of which i s n o t . f u l l y explaina­
ble. Changes i n the residual r e s i s t i v i t y , as w e l l as the 
random error were usually much smaller. Ah explanation 
i n v o l v i n g magnetic hysteresis or any other form of hysteresis, 

i 
» 

i s not supported by the experimental evidence and so the 
o r i g i n of t h i s systematic error remains open.. 

Temperatures below 4.2°K were, obtained by pumping on 
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the l i q u i d helium, I n t h i s wayr*2.7°K was obtainable, 
temperatures between 4.2°K and 77-100°K were.realized w i t h 
the help of the e l e c t r o n i c a l l y controDIed heater described 
e a r l i e r . Thus i t Was possible to take readings every" 0.05- • 
0.1° i n the region of very low temperatures(^20°K) and 
every degree above 20°K w i t h an accuracy b e t t e r than 0.1°K . 
Readings were taken, below 4.2°K, both on the cooling and 
heating cycles. Between 4.2°K and-80°K measurements v/ere 
made only while the sample was warming, as the temperature 
was uncontrolable otherwise . I n the temperature region 
(80°K-300°K) measurements v/ere r e a d i l y made while the sample 
was warming as w e l l as cooling. Occasionally .a mixture of 
acetone and 'dried i c e ' ( s o l i d C^) was employed to obtain 
selected temperatures between 200° and 300°K. The temperatu­
res above room temperature up to 400°K were obtained by the 
use of the heater described previously. 
2.14 Temperature equ i l i b r i u m 

Bach change of the quasi e q u i l i b r i u m temperature state-
of the sample resulted i n an increase i n the random error 
of the measurement. A very long time.was found necessary to-
reach thermal equili b r i u m when i i q u i d helium i s transfered 
to the system. This could be followed en aaeniarged p l o t of 
§ vs T (of the region 0°-40°K). By reaching the thermal 
quasi.equilibrium the random error, otherwise quite big,could be 
decreased by two' orders ofnagortude.' Thi.s enabled us to study 
changes i n the behaviour of (p vs T i n low and very low 
temperature regions Which i s very important f o r d i s t i n g u i s h i n g 
d i f f e r e n t s c a t t e r i n g mechanisms ±1 "fte alloys studied since the 
magnetic spin disorder c o n t r i b u t i o n as "the normal phonon' 
c o n t r i b u t i o n are. neg l i g i b l e : i n t h i s temperature region.. 
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EXPERIMENTAL RESULTS 
3..1 In t r o d u c t i o n 

Experimental r e s u l t s from the powder X-ray analysis 
of a l l the elements and al l o y s studied are presented and " 
discussed i n the f i r s t part of the chapter. Second part 
is;devoted to the measured r e s i s t i v i t y v a r i a t i o n w i t h 
temperature of a l l a l l o y s whose structure i s presented 
i n ; the f i r s t part.; 

I n the "both parts the r e s u l t s are divided i n t o four-
groups as four a l l o y systens have been studied, namely 
Pr-Tb, Dy-Nd, Y-Nd, Dy-La. 

. The r e s i s t i v i t y r e s u l t s are subdivided according to 
the crystsDIographic groups to which the actual samples 
belong because t h i s f a c t o r seems to be l a r g e l y respon._<. . 
s i b l e fp£ the major differences i n the r e s i s t i v i t y behaviour.. 
For each a l l o y system the behaviour at very low temperature 
is. discussed separately as t h i s i s believed to be of 
special importance in-- d i s t i n g u i s h i n g the s c a t t e r i n g 
mechanism from&theoretical point of view. 
3.2 Structure 

A l l the alloys studied, La-Dy, Pr-Tb, Nd-Py, Nd-Y, 
have been shown to possess a s t r u c t u r a l sequence w i t h 
increasing l i g h t rare earths concentration (1-4). This has 
the form hep Sm-ty'pe •> d-hex and i s s i m i l a r to the s t r u ­
cture sequence observed i n cr6ssing the rare earth group 
from Lu to La as we l l as to the sequence of pressure 
induced phase t r a n s i t i o n s , which have been reported (5,6) 
f o r the pure elements and f o r l i m i t e d number of alloys." 
Beaudry (7). repbrted the existence of two a d d i t i o n a l mixed 



d-ku 

• 

•a 

<3r 
O r 

3 

-•4 
Ori-

0 

f/^. 3.v Schematic representation of the 
crystallographic structures of the ra r e -
earth metals i n terms of three basic layers . 



•phase regions ±rtheKd-Y system. These existed over narrow 
(5^10$) concentration ranges surrounding the samarium 
phase. These are known to he a mixtures of the two adjacent 
phases," e i t h e r Sm and d-hex or Sm and hep depending on the 
a l l o y concentration. The l i n e s of the X-ray powder d i f f r a c t o -
gram are broad in- t h i s phase and the i n t e n s i t i e s very 
sensitive to concentration and to both thermal and mechanical 
treatment. Indexing of the d i f f r a c t i o n l i n e s v/as always 
very d i f f i c u l t and sometimes impossible. 

• . Very few s t r u c t u r a l c h a r a c t e r i s t i c s of light-heavy -
rare earth a l l o y s have been reported i n the press. Speight 
at a l l (8) gave d e t a i l s f o r Pr- Tb, Chatterje and Taylor (9)' 
included., s t r u c t u r a l data f o r Dy-Nd i n t h e i r discussion of 
the magnetic properties of these a l l o y s . Varied systems 
haye been studied by Lundin (10) p a r t i c u l a r l y i n the samarium 
phase. S t r u c t u r a l i p r o p e r t i e s of Y-Nd have also been published 
by ;Beaudry et a l l ( 7 ) . Properties of the La-Dy all o y s to 
our knowledge ' have been reported only f o r 10 and 20$ of 
La,1 i . e . i n hep phase.by (18). 

One of the studied structures (hep structure) has the 
smallest Volume of the p r i m i t i v e c e l l , f i g 3.1. I t i s also 
the only one w i t h simple a and c, l a t t i c e spacings corres­
ponding to these structures. I t s p r i m i t i v e c e l l may be 

i 

considered to be formed from two basic' stacking layers A 
and S. The stacking sequence being ABABA...-

The 3m-phase has- the biggest 'elementary' c e l l and 
• • i 

can be viewed i n terms of three d i f f e r e n t hexagonal stacking 
layers A,B and C ordered'in nine layers sequence ABABCBOAC... The l a t t i c e parameters a and c change di'scontinuously 
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between hep arrL-the Sm structure as w e l l as between Sm and d-hex 
st r u c t u r e . 

The d-hex structure i s formed from two hep.primitive 
c e l l s . They d i f f e r by means of a t r a n s l a t i o n symmetry being 
applied on the cen t r a l layer of the hep p r i m i t i v e c e l l . . 
Thus the d-hex structure could be viewed.in terms of three 
d i f f e r e n t hexagonal stacking layers A,B and- C ordered i n a 
four layer sequence ABAC A ... 
3.21 Praseodymiurn-Terbium system 

The values f o r the l a t t i c e parameters a, c, a x i a i 
r a t i o s c/a (c/a f o r hep, c/4.5a f o r Sm-structure, c/2a f o r 
d-hex structure) and atomic volume V determined by.means 
of X-ray powder diff r a c t o m e t r y (described i n Chapter2) are 
consistent w i t h the r e s u l t s obtained by Speight et a l l ( 8 ) . 
The changes, especialy i n a and c are somewhat bigger i n 
the d-hex phase than those obtained by these workers, thus 
g i v i n g biger values of V,the volume of the p r i m i t i v e c e l l . 
The corresponding c/a values agree w e l l w i t h those previously 
reported suggesting that there has been a s l i g h t increase 
i n I o v e r a l l c e l l size i n our materials. This may r e s u l t from 
a difference i n the puruty of the s t a r t i n g materials.. 

Examining the behaviour of a w i t h composition-in the.hep 
phase,fig32mpst of the experimental values have a negative, 
deviation from the i d e a l behaviour as represented by the 
s t r a i g h t l i n e j o i n i n g the a spacing of the .pure elements 
whereas Speight's al l o y s showed a s l i g h t p o s i t i v e deviation 
even i n the region of the hep phase. The c values, f i g . 3.2* 
seems to be consistent w i t h those of Speight i n the hep and 
Sm Iphase and show a negative deviation from the i d e a l 

i 

i . 
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behaviour as indicated i n the table 3.1. I n the d-hex phase 
they are, on average, 1-2'/s bigger than those reported by 
Speight. The behaviour of the a x i a l r a t i o c/a, f i g 3.3, i s 
s i m i l a r to that reported by Speight. I n the hep phase the 
experimental values deviate negatively from the i d e a l beha­
viour and p o s i t i v e l y i n the Sm and d-hex phase. I n the d-hex 
the r a t i o i s nearly constant. The deviations from the values 
reported by Speight are best seen by looking at the experi­
mental values f o r the atomic volume V, f i g 3.-3:;. The V values 
agree very v/ell i n hep and Sm phase but the atomic volume 
reported here i s gnater than Speight's by some 13%. 

For the explanations of these discrepencies one should 
look at the h i s t o r y of each p a r t i c u l a r specimen. I t i s known 
(11) that rare earth elements made by a d i f f e r e n t manufactu­
r e r generally show s l i g h t l y d i f f e r e n t l a t t i c e spacings. The 
alloys reported i n t h i s work have been made from rare earth 
elements supplied by Koch-Light Laboratories whereas Speight's 
a l l o y s were prepared from elements purchased from Messrs. 
Johnson, Matthey and Go. 

• Even though most of the .examined a l l o y s have been 
annealed f o r several days (or weeks;) see Chapter 2, table 
2.1, the metal f i l i n g s from these wera not ' ; annealed. 
Mechanical pressures induced when f i l i n g can induce another 
phase i n the powder s p e c i a l l y i n Mne d-hex region and -to-a smaller 
extent i n the Sm phase too as these are less stable than 
!the hep phase (12,13). Also the a d d i t i o n a l l i n e s on the X-

i i 

ray diffractogranis could be explained t h i s way,. 
- .. . This . ..all stresses the? : 
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importaribe of the use of highly pure elements and .phase-
s t a b i l i z e d specimens f o r precise crystallographic study (12). 
3.22 Neodymium-Dysprosium system 

The s t r u c t u r a l (along w i t h the magnetic and e l e c t r i c a l ) 
properties of t h i s a l l o y have "been examined i n t h i s labora- • » 
to r y ( 9 f H ) . The samples reported i n t h i s study are mostly 
i d e n t i c a l w i t h those used f o r previous., measurements and 
so t h e i r l a t t i c e spacings a, c, a x i a l r a t i o c/a and atomic 
volume V are presented only i n the summarising graph., f i g 
3.9. They generally display the same behaviour as discussed 
f o r other a l l o y s which have or w i l l be mentioned here. 
3.23 Neodymium-Yttrium system 

The values of the l a t t i c e parameters a, c, a x i a l r a t i o s 
c/a and atomic volume V measured f o r the purpose of t h i s 
study are i n reasonable agreement wi+h the values reported 
previously by Beaudry at a l l ( 7 ) . Beaudry also presented 
the phase diagram f o r t h i s a l l o y , f i g 3.4. From t h i s and 
from table 3.2 the phase boundaries are .defined i n the 
f o l l o w i n g way: Y-Y^Nd^ i s i n the hep phase. The parameter a and 
consequently the atomic volume V are - smaller by approximately 1$ 
than the alloys of - a s i m i l a r composition reported by Beaudry. 
According to the work of (7) Y^Ndg should be a mixture of 
hep and Sm-phase. When indexed (oh Bunh chart) as the hep 
phase the l a t t i c e parameters a and c seem more consistent 
w i t h a and c f o r oither compositions, than the corresponding 
a an'd c values when indexed as the Sm-phase. Y^Nd^ l i e s i n 
the next region of mixed phases showing a tendency towards 
the d-hex phase. The data reported here and i n (7) f o r d-hex 
phase agree very w e l l . The discrepancy i n the l a t t i c e 
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parameter values could again be explained i f v/e make an 
allowance f o r the d i f f e r e n t manufactures of the pure 
elements and also s l i g h t l y d i f f e r e n t thermal treatment of 
the cast samples. The al l o y s used by (7) were annealed under 
the f o l l o w i n g conditions: Y-Y^Nd^ at 950°C f o r 200 hours, 
Y^Ndj.- Nd at 900°C f o r 20 hours. The samples used i n t h i s 
work were annealed at ~700°C f o r 74 days . The X-ray appara­
tus allowed them (7)iDW02?k i n an atmosphere of inert gases,which i s 
important especially f o r l i g h t rare e ar ths , which aie subject I d easy 
oxidation; whereas t h i s work was done i n the open a i r . No 
evidence was/ found f o r oxide l i n e s however i n the present 
study. 

The experimental values of a, f i g 3.5, seem to have " 
an o v e r a l l p o s i t i v e deviation from the i d e a l curve. The 
c values, f i g 3.5, show a negative deviation fronthe ideal 
curve i n the hep phase and po s i t i v e i n both the Sm and* d-hex-
phases. The a x i a l r a t i o c/a, f i g . 3 . 6 , behaves i n the same 
way as.in Pr-Tb case, the hep phase displaying a deviation i n 
a- 'negative d i r e c t i o n while i n the Sm and.d-hex phases i t 

i i 

I s p o s i t i v e . I n the l a t t e r case c/a seems to be almost 
constant. The atomic volume V shows, f i g . 3.6, mostly a 
po s i t i v e deviation from the id e a l curve part from a part of 
the hep phase. Again this i s s i m i l a r to the r e s u l t s f o r Pr-Tb . 
described previously. 
3.24- Lanthanum- Dysprosium system 

This a l l o y has not been reported previously. From the 
behaviour of s i m i l a r a l l o y s mentioned above and elsewhere, 
it:-could be expected that t h i s a l l o y would undergo phase 
changes as the composition i s changed from La*Dy i n the 
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sequence'" d-hex •>• Sra •> hep phase. The existence of each 
d i f f e r e n t phase i s obvious (7,15) from the d i s c o n t i n u i t y of 
the c/a parameters: <1.58 ̂  f o r hep, 1 *63> f o r 3m phase 
and ^1.63 ̂ fiarthe d-hex phase,(measured i n 2). Rough phase 
"boundaries have been estimated from the X-ray powder 
diffractogramms at room temperature, see table 3.3. Dy^Lag-
La forms the d-hex phase at room temperature only when given 

2. 

a proper thermal treatment to s t a b i l i ^ e d-hex phase and thus 
abolish, the fta structure & Be bulk samples of the a l l o y s used i n ' 
t h i s study have been annealed f o r 14 days at a temperatures of 
290°C. This thermal treatment seems to be s u f f i c i e n t f o r 
the hep and Sm phases but.not f o r the d̂ -heX phase as could 
be seen fromocomparisdn w i t h the s t r u c t u r a l parameters of 
the' pure elements measured previously (16,17|1,12,9,14) as 
w e l l as w i t h other i n t e r rare earth a l l o y s . Most l i k e l y the 
mechanical stress applied when . f i l i n g could be s u f f i c i e n t 
t o induce another phase even i f the bulk sample has been 
previously annealed. The metal ( a l l o y ) , f i l i n g s require 
a d d i t i o n a l annealing especially when i n the d-hex phase. 
The: a-and c values, f i g . 3-7, vary i n a s i m i l a r way to the 
a and c values f o r Pr-Tb presented by Speight, apart from 
the d-hex phase as discussed above. The a x i a l r a t i o s c/a, 
f i g 3.8, deviate negatively i n hep phase and .follow the 
ideal' curve i n the Sm phase. They are probably, constant i n the • 
d-hex'phase as i n the i case f o r other all'Oys-mentioned above. 
3.2£ Conclusion 

i i 

I t seems to be rather a'general rule, as pointed out 
f o r the p a r t i c u l a r cases mentioned above and other r e s u l t s 
published i n l i t e r a t u r e f o r i n t e r rare earth a l l o y s , t h a t : 
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1) They, l i k e the pure elements vdthihe exeption of Ce, Eu,and 
Yb), e x i s t i n the three d i f f e r e n t crystallographic phases 
forming a sequence, from l i g h t to heavy rare earths, d-hex 
•> Sm-type ^ hep. 
2) The s t a b i l i t y of the c r y s t a l s t r u c t u r e , when subjected 
to a mechanical or thermal treatment, seems to decrease 
w i t h increasing atomic volume. 
3; I t i s consequently necessary to take-!gre'atr care to • 
thermaly s t a b i l i z e the d-hex phase as a basis f o r 
r e l i a b l e results.when the X-ray powder method i s used. This 
can be seen from the difference i n r e s u l t s f o r Y-Nd' a l l o y 
which was w e l l thermally s t a b i l i s e d (annealed f o r a long 
period) and r e s u l t s i n d-hex.phase of La-Dy a l l o y , which was 
annealed f o r a considerably shorter'period and so did not 
ensure phase p u r i t y (18). . 
4) The value of the a parameter changes discontinuoiely at 
phase boundaries. 
5) The c values l i e close to the i d e a l curve, connecting the 
c values of pure elements. 
6) The values of the a x i a l r a t i o s c/a l i e below the i d e a l 
curve i n hep phase, close to i t i n the Sm-phase and remain 
constant, at the value of the pure l i g h t elements* i n the^ 
d-hex-phase. \ 
7) The atomic volume V should closely f o l l o w the i d e a l l i n e . 
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T V r i -x a M ) c(fl) 
to 005 

c'tf) c/a 
t 0 04 

c'/a 

1 .0 3.5938 5.6837 1.5815 32-.503 
0.9 3.5972. 5.6098 1.5595 31.550 
0.8 3.6047 5.7206 1.5869 32,301 

0.7 3.6029 5.7012 1.5878 32.000 
0.67 3,6391 11.7394 5.8697 3.2259 1.6129 33.659 
0.55 3.6235 26.1237 5.8052 7.2088 1.6021 33 418. 
0.45- 3.6436 11 .7562 5.8780 . 3.2265 1.6132 37i652 
0.3 3.7050" 12.9603 6.4801 3.4980 1.7490 38.466 
0 2 3.6937 11.9415 5.9707 3.2329 1.6164 37.600 . 
0.1 3.7016 13.3244 6.6622 3.4866 .1.7432. 42.133 
0.0 3.7HO 11;9448. 5.9724 3.2216 1.6108 35.732 

Table 3.1 L a t t i c e parameters of Tb-Pr a l l o y s . 



Y xNd 1 -x 
±0-005 

C:(A) 
10 005 

c/a . 
t O O l ! 

c'/a 

1 .0 3.6259 5*7589 1.5883 32.. 450 
0.9 3.6239 5.7206 1.5785 32.500 
0.7 . 3.6377 5 .7311 1.5755 32.600 
0.6 3.6489 5.7648 . 1.5798 33.230 
0.5 3.6607 5.8046 1.5856 33.680 
0.4 3.6840 5.8295 1.58236 34.250 

3.6332 26.3565 5.8700 7.2541 1 .6120 31.400 
0.3 3.6710 26.3844. 5.8632 7.1889 1,5975 33.890 
0 3.6553 11.8197 5.9098 3.2336 1.6168 34.055 
0.2 . 3.6484 11.7609 5.8804 3.2235 1.6177 33.860 
0.0 3.6580 11.8000 5.9000 3.2260 1.6130 33.585 

Table 3.2 L a t t i c e parameters of Y-Nd a l l o y s . 

1-X a<*> 
i 0 DOS OOOi* 

c' c/a 
too; 

c'/a 

1 .0 • 3.5920 5.6550 1.5740 
0.85 3.6108 5.6860 1.5703 32.060 
0.75 3.6110 5.7150 1.5826 ^32.270 
0.6 3.6315 5.7529 1*5841 32.850 
0.5 3.6534 5.8071 1.5895 33.580 
0.4 3.6872 5.8694 1.5918 34.550 

3.6119 26.1257 5.8050 7.2379. , 1.6084 32.820 
0.31 3.6225 26.2863 5.8414 7.256.2 1.6124 . 33.190 
0.3 3*6275 26.3301 5.8510 7.2641 1.6143 33.370 
0.11 3.7896 12.2369 6.1185 3.2291 1.6145 38..141 
0.1 3.8199 12.5210 6.2605 3.2682 1.6341 59.790 
0.0 3.6445 11.8977 5.9488 3.2645 1.6323 . 34.215 

Table 3*3 L a t t i c e parameters of.La-Dy al l o y s * 
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3.3 R e s i u t i v i t y 
The r e s i s t i v i t y of the four light-heavy i n t e r - m e t a l i o 

series of a l l o y s , La-Dy, Md-Dy, Nd-Y, Pr'-Tb, have "been 
measured i n the temperature region A/2.7°-400°K using the 
experimental methods described i n Chapter 2. The r e s u l t s 
of the measurements i n the form of the r e s i s t i v i t y v a r i a t i o n 
w i t h temperature f o r the four series are described i n the 
f o l l o w i n g . The observed v a r i a t i o n s f o r the series studied 
have many features- i n common apart from some obvious 
v a r i a t i o n s which w i l l be pointed out l a t e r v/hen discussing 
each p a r t i c u l a r series. 
3.31 The general behaviour 

The hep phase: The r e s i s t i v i t y behaviour f o r a l l the 
allo y s containing heavy rare earth i n the hep structure i s 
s i m i l a r . The observations can be devided i n t o three c l e a r l y • 
distinguishable regions: 
1) 0-20°K v/here the residual r e s i s t i v i t y dominates and i n 
which the measured r e s i s t i v i t y could be regarded as tempe­
rature independanlf. 
2) ̂ 20°K- the Neel point T-̂ . This temperature region i s 
characterized by a sharp increase of the r e s i s t i v i t y w i t h 
temperature mainly due to the growth of a spin diorder 
r e s i s t i v i t y c o n t r i b u t i o n ' s , but also due to the increasing 
phonon r e s i s t i v i t y < ^ p j 1 0 n 6 a J ^ e s e t w o r e s i s " t i v i " t v contributions 
i n t h i s temperature region are very d i f f i c u l t to separate.. 
V/ithin the pattern described, • some v a r i e t y s t i l l remains 

i i 

i n the observed r e s i s t i v i t y behaviour f o r p a r t i c u l a r cases 
as shown f o r example i n fig3.10. The increase i n the a n t i -
ferromagnetic region i s not so•rapid as that found i n the 
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ferromagnetic region. Near T the r e s i s t i v i t y reaches a 
N 

maximum which is f ollov/ed by a shallow minimum covering some 
10-30° i n the temperature region i n v/hich the metal i s known 
to be i n the paramagnetic phase from magnetic measurements 
(21,1-28-9). ! t seems most l i k e l y that short range ordering i s 
responsible f o r t h i s r e s i s t i v i t y decrease. 
3) The paramagnetic phase ( T > ' J ? N ) i s c h a r a c t e r i s t i c by a 
l i n e a r increase f o r v/hich one can assume that a l l the 
temperature dependance i s associated w i t h phonon s c a t t e r i n g . 
Sphonon i s generally accepted to be l i n e a r w i t h temperatu­
re above the Debye temperature T-^ v/hich i s of the order of 
180°K f o r the metals studied(1-19,20). - The difference j>300°K 

2°K £ e n e r a H y decreases w i t h an increase of l i g h t 
rare earths content i n a l l the all o y s i n the hep phase. 

A l l the anomalies connected w i t h phase transitions are 
w e l l defined on the r e s i s t i v i t y curve and are i n general i n 
reasonable agreement wi t h those reported on the basis of 
magnetic measurements .The t r a n s i t i o n .temperatures are give^/a 
tables 3.5,. 3.7,: 3.9-, 3.1.1. 

Sm-?phase: This narrow concentration range can be 
characterized i n some of the cases i n a s i m i l a r way to the 
hep phase. Usually the r e s i s t i v i t y curve i s divided i n t o 
temperature regions. Sometimes the di v i s i o n , i s less obvious 
ahdinafew cases i t vanishes altogether, see f i g 3.11. The 
Neel point T j j , defined from the r e s i s t i v i t y as that tempera­
ture at which an anomaly or abrupt gradient change i s seen, 
does not agree w e l l w i t h the T j j observed i n the magnetic 
measurements. I n most of . the cases(T,T) . . < (T M ) , 

\ x N'resist v N mg 
suggesting some di screpancy in-the d e f i n i t i o n of .C T]jj)resist 
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which w i l l be discussed l a t e r , 
d-hex phase: The r e s i s t i v i t y v a r i a t i o n w i t h tempera­

ture i n t h i s phase could "be described as .a convex upwards 
curve from ~30°K onwards as shown i n fig.3.12 IPhis i s 
supported by measurements done by (1-1;.) up to the t r a n s i t i o n 
temperature for the majority of tie l i g h t rare earths. The low 

2 
temperature behaviour can be shown to f i t a T dependance 
and i n cosequence ̂ r e g i s d i f f i c u l t to estimate and has 
been taken here to be i d e n t i c a l with_§*(4.2°K). The difference 
i n the r e s i s t i v i t y behaviour f o r d i f f e r e n t a l l o y systems i n 
t h i s temperature region are caused by the presence or absence 
of magnetic ordering (Nd, P r ) f o r discussion see (1-37), or 
superconducting t r a n s i t i o n s (La) i n the specimens. Above 
30°K there i s no obvious anomaly on the r e s i s t i v i t y curve 
f o r any material even though the dj&/dT vs T i s not a mono-
t o n i c curve,fig.3 ,'13-1&The difference i n the overall! form 
of "the r e s i s t i v i t y v a r i a t i o n v/ith temperature, we believe, 
i s mainly dependent on the d i s t r i b u t i o n of c r y s t a l f i e l d 
l e v e l s (1-44,14, 36) i n each p a r t i c u l a r a l l o y as w i l l be 
discussed i n the l a t e r chapters. 
3.4 Specific a l l o y systems 
3.41 Praseodymium-terbium 
hep phase: The r e s i s t i v i t y v a r i a t i o n of the pure Tb and Tb 
v/ith 10$ of Pr are very s i m i l a r , f i g . 3.13. The temperature 
independant residual' r e s i s t i v i t y ' j ^ r & s of Tb covers a r e l a ­
t i v e l y wide temperature range f'v20°K, whereas j»reu of Tb^Pr^ 
as w e l l as t h e ^ r e s of other al l o y s i n the hep phase extends 
only over about 10°K. The temperature region immediate, l y 
f o l l o w i n g the temperature indepehdant Pres region i s 
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characterized by a sharp increase of r e s i s t i v i t y as a power 
law i n temperature, ocT n, the c o e f f i c i e n t s n "being given i n 
table 3.4. This behaviour continues to the temperatures 
close to the ordering temperature T,̂  and i 3 followed by 
a small region showing r e l a t i v e l y l i t t l e change i n r e s i s t i ­
v i t y u n t i l the upper temperature T ^ i s reached. Above T ^ 
there is- a shallow r e s i s t i v i t y minimum suggesting that short r a i 
order or superares effects ace important i n the paramagnetic 
region close to the ordering temperatures. The r e s i s t i v i t y 
increase i n the higher temperature region i s e s s e n t i a l l y 
l i n e a r and values of d̂ >/dT are given i n table 3.4. 

Only one t r a n s i t i o n temperature could be distinguished 
c l e a r l y on the curve of Tb^Pr^ which i s i n agreement w i t h 
the r e s u l t s of the magnetic measuremens performed on the 
same samples (1-29). The sharp gradient change near T^ becomes 
less obvious w i t h increasing Pr content and covers a much 
bigger temperature region especially i n Pr^Tbg, f i g . 3.13* 
between 85-168°K. The spin disorder r e s i s t i v i t y decreases 
very sharply w i t h composition, ;table 3.5, f i g . 5. *Generally 
the v a r i a t i o n becomes more curved below Tjj w i t h increasing 

Pr content. 
Sm-phase: On the r e s i s t i v i t y curve f o r P r ^ T b ^ can be seen 
a l l , the three regions mentioned above, f i g . 3.34. On adding 
10̂ o more of Pr the t r a n s i t i o n between the para and a n t i -
ferromagnetic phase becomes very broad and 1^ i s d i f f i c u l t 
to define from the r e s i s t i v i t y measurements. This i s perhaps 
some evidence f o r an early collapse of the long range orde­
r i n g , replaced by a short range ordering over a broad 
temperature range,"which could be a reason f o r the difference 
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between ( T w ) and (T,T)„„„ * I n the l a t t e r composition 
N'resist. x iN'raag, L 

the temperature dependent part of the r e s i s t i v i t y makes the 
smallest c o n t r i b u t i o n to the t o t a l r e s i s t i v i t y of a l l the 
all o y s i n t h i s series. The r e s i s t i v i t y curves f o r P r ^ T b ^ 
i n the Sm phase» and Pr^Tb^, i n the d-hex phase are rather 
s i m i l a r , however the sca t t e r i n g mechanisms involved should 
be d i f f e r e n t as P r ^ T b ^ i s known to be .magnetically 
ordered (TN~80°K as follows from magnetic measurements) 
while there i s no evidence i n ^ v s T observations f o r magne­
t i c ordering i n Pr^Tb^. The curvedjD- T v a r i a t i o n occurs i n 
t h i s l a t t e r case because of the presence of strong c r y s t a l 
f i e l d e f f e c t s which are comparable to or greater than the 
exchange-energy i n t h i s a l l o y . 
d-hex phase: At very low temperatures the r e s i s t i v i t y i s 
strongly temperature dependent (p ^-T11, where n>1), fig.3.15. 
The n i s biggest f o r pure Pr and decreases w i t h increasing 
Tb content but does not become constant f o r any composition 
i n the d-hex phase. .The temperature v a r i a t i o n dj>/dT increases, 
especially-.in the region of low temperatures, w i t h inceasing 
Pr concentration so that Pr forms a covering curve to a l l 
others i n t h i s phase, see fig.3.15. This i s consistent w i t h 
the changes i n the c r y s t a l f i e l d l e v e l s w i t h composition 
(1-35), discussed l a t e r . No obvious anomalies suggesting 
magnetic ordering have been detected f o r temperatures above 
2.7°K. A summary of some of the parameters derived from the 
r e s i s t i v . i t y curves j u s t described i s presented i n the 
tables 3.4, 3 5. 
3.42 Low temperature r e s i s t i v i t y 

Prom the enlarged graph of the r e s i s t i v i t y between 2.7°K 



f 

J9 

i f 

s 

t 

I 



\ \* 

O \ 

V 

\ 

o o 

<\ 

< 

\ 
X 

l l < r 
- •*> 

• o-

'.•*» * 

hs f i 
U * i 

\ • 
\ 

"4 4 
\ 

t 
J-

o 
o\ 

\ .§ 
o 
o 
o\ 
V 

4 4 

4 4 
K 

t o o of 
44 4 4 4 

4 
4*. c$58 0 

o" 0 
• 

X ! 



0 • 
« 

0 4 
< O 0 4 

• 4 

* o 

•X? 5 
•to 

° * A i 

-4 < J I * 
« . « s 

< ft 
•4 
< < 

0 - « 
• - 4 

• « • 
5i i • • < d 

0 0 4 
0 . < 

o 
o . • . « 

> £ i 0 
.Co 5: to 

0 
4 

0 4 
0 . 4 

• 4 

J : . H: • 

of 



0 

X 

I t 

\ 
< 

^ X 
\ 

e< -2J S 

x 

4 
\ 
: > 
X 
*. 

X . 

* 
X 
X 

4 

X K 
\ 

4« 
4 

4 4 
* \ 

"a 

e 

I 
>4 
4 4 

e 
01 4 

4 

- f r -

3 ..r^srV w*«»«j- "u<utf 



V. - I 

R e s i s t i v i t y vs temperature 
f o r Dy-<Nd i n hep phase. 

ose 

JWaz. - f ass 
/0̂ « i l CM"' 

2>YrWc<»- " 
2>^ Ncl 

r» 

TEHVSROTUHZ k 



and 40 lv the fo l l o w i n g features are obvious which have been 
mentioned b r i e f l y above: 
1) existence of <y x. e a(T)=constant only i n the hep phase, f i g .3.18 
2) gradual increase of <j> (T) from 2.7°K'to «v/40°K f o r a l l 
a l l o y s i n .the d-hex phase and some i n the Sm-phase,fig.3.16-1.7-- • 
5) i n the case of Pr^Tb^and'Pr^Tbg^ there i s some evidence 
f o r the existence of an anomaly between 5-10°X caused most, 
l i k e l y by some type of magnetic ordering,fig.3.17 .which, i s . 
not found i n magnetic or neutron difractio.n studies. 
3 .43 Neodymium-dysprosium 
hep phase: There i s a much bigger resemblance i n the r e s i s ­
t i v i t y behaviour f o r a l l the alloys of t h i s series i n hep 
phase than i n Pr-Tb system. They a l l f o l l o w closely the 
pattern outlined f o r the hep phase i n the introduction., f i g . 
3.-19 . A f t e r an i n i t i a l temperature region (smaller f o r 
bigger concentrations of Nd) of temperature independent 
residual r e s i s t i v i t y J r e s a temperatiare region follows where 
the r e s i s t i v i t y increases sharply w i t h the temperature u n t i l 
the magnetic ordering temperature Tjjis reached. Above T J J 

the r e s i s t i v i t y increases slowly and almost i i n e a r l y . The 
sharp r e s i s t i v i t y r i s e , caused by magnetic and phonon 
sc a t t e r i n g i s subdivided by T^ i n t o two regions ( i n Dy and 
Dy w i t h 10, 20 and 30% Nd) by an anomaly caused by the 
ferro-antiferromagnetic t r a n s i t i o n . I n Dy^Nd^ only one t r a n ­
s i t i o n i s obvious presumably T^ (the antiferro-paramagnetic 
t r a n s i t i o n ) as follows from magnetic measurements repeated 
by (1-29) .This a l l o y i s a mixture of the Sm and hep phases, I n 
a l l other alloys both t r a n s i t i o n temperatures T^ and T^ are 
w e l l .defined even though they are consequently lower.' 
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than the t r a n s i t i o n temperatures deduced from magnetic 
measurements(1-28,29 ) . The T„ i s generally lower than 

T as i s shown i n table 3.7. The temperature re l a t e d to the 
anomaly" on the r e s i s t i v i t y curve i s l i k e l y to .occur at the temperature 
at which long range magnetic ordering corpses, while i f 
the short range ordering i s strong the magnetization might 
show a maximum at temperature higher than tie T„value deduced from 
r e s i s t i v i t y measurements. The d e f i n i t i o n of T N and T Q must 
be d i f f e r e n t i n the too cases mention ed-?. (i.e.of e l e c t r i c a l and 
magnetic measurements)from both a microscopic as w e l l as 
thermodynamic point of view. 
Sm-phase: The r e s i s t i v i t y curve f o r both al l o y s i n 3m phase.,-

Dy^Wd^ and Dy^Ndg show only a continuous curvature. The ma­
gnetic t r a n s i t i o n s f o r both are extremely d i f f i c u l t t o iden­
t i f y independently, fig.3.20. The residual r e s i s t i v i t y 
region no longer e x i s t s , but instead the r e s i s t i v i t y i s .. 
temperature dependent f o r a i r temperatures measured. At 
f i r s t the r e s i s t i v i t y increases almost, l i n e a r l y , table 3.6* 
w i t h temperature up to approximately T . This i s more r e a d i -

N 
l y .visible on a lqg-log graph, f i g . 3*21 . I n the paramagne­
t i c region the increase i s slower. The curved form of the 
r e s i s t i v i t y curve might again suggest the presence of 
c r y s t a l f i e l d e f f e c t s . 
d-hex phase: The behaviour of the r e s i s t i v i t y at very low 
temperatures indicates:> the presence of an'anomaly at ̂ o^K, 
fig.3;22 ..This i s p a r t i c u l a r l y clear from the temperature 
dependance of ^{'S)/^ a s t h e r e s i s t i v i t y has approximately 

2 
a T dependence i n t h i s region i f no anomaly i s present, 
fig.3.23. Consequently the temperature region of constant 
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"rvjiiidual r e s i s t i v i t y " i s absent. A f t e r the i n i t i a l T 2 

increase, the r e s i s t i v i t y "behaviour i s governed "by the existen­
ce of discrete c r y s t a l f i e l d l e vels as w e l l as phonon scat­
t e r i n g , although f o r these al l o y s i t could not be described 
s a t i s f a c t o r i l y by any T n dependence. Contrary to the Pr-Tb 
case (T) increases w i t h the ad d i t i o n of dysprosium, and i n 
t h i s case elemental Nd does not form a covering curve but 
rather i s the lowest curve w i t h Dy^Nd^ g i v i n g the covering 
curve. 

3.44 Very low temperature region 
The graphical display i n an enlarged scale reveals c l e a r l y 
what has already been said about t h i s temperature region, 
fig.3.24-26: 
1) _J(T) i s temperature independent i n the i n i t i a l region 
f o r Dy (*13°K), DygNd1 (13°K), Dy QNd 2 (12°K), Dy ?Nd 3 (8-10°K) 
2) i n Dy^Nd^, Dy^Nd^ and Dy^Ndg there i s no such region and 
the r e s i s t i v i t y increases l i n e a r l y from the lowest tempera­
ture measured; . , 
3) ^>(T) e x h i b i t s the anomalous behaviour i n the d-hex phase 
as mentioned above. 
3.45 Neodymium-yttrium 

This system was chosen as a complementary one to 
neodymium-dysprosium system. Yttrium i s known to have many 
si m i l a r c h a r a c t e r i s t i c s w i t h the heavy rare earths. Especially 
i t c r y s t a l l i s e s i n an hep structure and forms the same 
sequence of phases when alloyed w i t h l i g h t rare earths (7) 
as those observed i n the systems already discussed. 
Yttrium i s not magnetic so that can hopefully separate the 
influences of the structure and. strong magnetic moments 
(of. Dy and Tb). - . 
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hop pho.se: The pattern of the r e s i s t i v i t y v a r i a t i o n w ith 
temperature i n t h i s phase f o r a l l compositions studied, pure 
Y, Y w i t h 10, 30, 40, 50 and 60% of Nd, i s s i m i l a r . Y gNd 1 

resembles the "behaviour of pure Y. A f t e r the i n i t i a l region 
of temperature independent residual r e s i s t i v i t y increases 
monotdnicaly i n the temperature range studied (3°-3200K). 
As the Nd content increases the §-T increase becomes slower, 
table 3.8, and the residual r e s i s t i v i t y becomes less obvious . 
The r e s i s t i v i t y of : the f i r s t three samples studied, Y,YgNd,| 

and Y^Nd^ varies w i t h a s i m i l a r power law, see table 3.8. 
This suggests th a t i n these al l o y s the temperature v a r i a t i o n 
of the r e s i s t i v i t y could be explained by normal sc a t t e r i n g 
mechanisms i n nonmagnetic t r i - v a l e n t metals. The influence 
of the magnetic atoms of Nd i s very small even though there 
are obvious differences between pure Y and the a l l o y s . I n 
the r e s i s t i v i t y v a r i a t i o n of YgNd^, Y^Nd^ and Y^Ndg the 

2 
i n i t i a l ^T -dependence i s missing, table 3.8, fig.3.27 
3m-and d-hex phases: Y^Nd^ i s a mixture of Sm and d-hex 
phases. I n the l a t t e r as w e l l as i n Y2Ndg there seems to be 
some evidence f o r the existenceof scattering fmn crystal field lev elso 
The d^/dT v a r i a t i o n . w i t h temperature i s very sensitive to 
a l l the above features, f i g . 3.44. There i s also evidence 
of magnetic ordering i n the region of very low temperatures 
s i m i l a r to the behaviour of Dy-Nd, f i g . 3 28. T h e curves of 
.Y2Ndg and Y^Nd^ resemble the Nd c^rve, fig.3.22 . 

Crystal - f i e l d e f f e c t s are obviously present i n the d-hex 
phase and are tracable i n Ŷ Ndry which i s a mixture of the 
d-hex and Sm phases. Prom the d$/dT curves the changes i n 
the r e s i s t i v i t y behaviour over' the series are obvious . 

http://pho.se
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especially i n the low temperature region. Whether .this i s 
"because of the c r y s t a l f i e l d e f f e c t s or not i s s t i l l an 
open question. From r e s i s t i v i t y measurements i t i s obvious 
th a t no long range ordering could be traced outside the 
d-hex phase. 
3.46 R e s i s t i v i t y at very low temperatures 

The residual r e s i s t i v i t y occupies a • wider•tempera­
ture range (22-24°K) f o r Y, Y w i t h 10 and 30$, fig.3.29-?30, 
10-12°K f o r Y w i t h 40, 50 and 60$ of Nd. The very low tempe­
rature r e s i s t i v i t y of Y w i t h 70% of Nd seems to be s l i g h t l y 
temperature dependent to the lowest temperature measured 
and at 80$ of Nd there i s an obvious anomaly at 2.85°K 
which i s a t t r i b u t e d to some sort of magnetic ordering", f i g . 
3.28 (most probably antiferromagnetic as i n the case of Nd). 
The anomaly i s s i m i l a r to the one observed i n case od Dy-Nd 
i n the d-hex phase but smaller. 
3.47 Lanthanum-dysprosium 

This, a l l o y i s a second complementary one to the Nd-Dy 
system where the magnetic atom Nd was replaced by nonmagne­
t i c atom La. The purpose i n using t h i s series was to trace 
any difference i n behaviour of the d-hex l i g h t rare earths 
when alloyed w i t h heavy rare earths as the l i g h t rare earths 
are known to d i f f e r one from the other more than the heavy 
rare earths do. Lanthanum was also chosen as there i s s t i l l 
considerable di s p u t a t i o n going on r e l a t i n g to the extent to 
whi,ch i t could be considered asarare earth by i t s physical 
properties. 

hep phase: The f i r s t three members of t h i s phase Dy, ^yg^La^ 

and " ^ 7 5 ^ 2 5 ( j ^ s T) have a l l the features described i n 
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L:-o "introduction•. A rather sharp increase i n the tempera-. 
UUJL^C region, ' V 1 0°K - T C,T N, where the a l l o y i s magnetically ' 
ordered. From (19 ) we know that Dy w i t h 15 and 25$ of La 
order only ferromagnetically. Near the Curie temperature 
TQjthere i s an anomaly 0 n the r e s i s t i v i t y curve of the same type 
as xhat near T N w h i c h w a s described f o r the hep phase of the 
Dy-Nd alloys. I f the r e s i s t i v i t y v a r i a t i o n w i t h temperature 
above TQ i n the paramagnetic phase i s viewed as a.power . 
lav/ (/VL,N) than from the big difference between n=0.09 f o r 
pure Dy and n=0.7 f o r the - a l l o y s i t i s obvious th a t a d i f f e r e n t 
s c a ttering mechanism should be present i n ad d i t i o n to the 
phonon sca t t e r i n g i n the case of the a l l o y s . The r e s i s t i v i t y 
v a r i a t i o n w i t h temperature of the remaining a l l o y s i n the 
hep phase (La^Dy^, La^Dy^, La^Dy^) i s rather u n t y p i c a l , f i g . 
3.31 f o r t h i s phase as there i s no anomaly above very low 
temperature arid presumably no ordering. 

The La^Dyg behaviour could be described'as 3(T)/*T N 

where n - 1 i n the temperature region studied (e.g. 4-300°K), 
whereas i n the case of La^Dy^ and La^Dy^ f o r the temperatu­
res, above 120°K n i s smaller than 1 as the r e s i s t i v i t y 
curve i s already s l i g h t l y curved suggesting that the beha­
viour resembles that of pure La. 
Sm-phase: The r e s i s t i v i t y curve of La^Dy^ and LaggDy^ , 
f i g . 3 32, i s very s i m i l a r to the one of La^Dy^, La^Dy^ but 
the n's at higher temperatures (above170°K) decrease w i t h 
increasing La concentration. 
d-hex phase: The approximation of J ( T ) C ' i ' " i s not a very good 
one i n t h i s phase as scattering mechanisms of a d i f f e r e n t 
o r i g i n and character (e.g. c r y s t a l f i e l d influence and 
mechanism- where the density of states ^(E) near Ep change) » 
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are involved. I n the case of . La and LagDy1, f i g . 3.33,- a« 
superconducting t r a n s i t i o n has been found i n the temperature 
region 4-5°K followed by a small temperature region of tem­
perature independent r e s i s t i v i t y , between a*16-20°X, equiva­
l e n t to the residual r e s i s t i v i t y i n other a l l o y s . Above. 20°K 
the r e s i s t i v i t y i s st e a d i l y increasing but the'slope' of 
increase i s decreasing, table 3.10, w i t h temperature. 

3.48 R e s i s t i v i t y at.very low temperature 
La and La^Dy^ show superconducting transitions,fig..3.34r-35 

La at 5.3-5.5°K, La gDy 1 at 4 .5-4.7°K which v e r i f i e s ' 
the assumption of the presence of both d-hex and cubic 
phase, made i n the f i r s t part of t h i s chapter and experimen- • 
t a l y observed on these specimens by (15). La w i t h 11 
and 30% of Dy show s i m i l a r pattern i n the r e s i s t i v i t y v a r i a ­
t i o n below /*5°K, fig.3.36, to the a l l o y s described above, 
but i n the temperature region measured, there i s not 

i 

s u f f i c i e n t evidence f o r superconducting t r a n s i t i o n ^ , fig.3.37.The 
"behaviour of La^Dy^ - La^Dy^ all o y s i s s i m i l a r to the 
Nd-Dy alloys i n 3m-structur&Therena±iing all o y s Lag^Dy^ - Dy, as i n 
theother alloys studied i n the hep-phase, fig.3.33,show clear 
sign of the residual r e s i s t i v i t y region. 
3.49 Conclusion 
The conclusion concerning the form of the r e s i s t i v i t y \ 
v a r i a t i o n w i t h temperature has been described to a great; 
extent i n the i n t r o d u c t i o n to the second part of t h i s chap­
t e r . Table 3.4 - 3.11 summarize-some physical parameters 
obvious from the $>(T) vs T curves. Figure 5.29 represents 
t h e j p ^ g v a r i a t i o n w ith composition f o r a l l the alloys 
studied. I n previously reported cases of C-d-Y(1-3), Gd-Lu, 
Tb-Lu(1-2) the curve was symmetric (maximum disorder was 
i-f-.'v-ihn-i. fo!- r̂ OV- ''rMH'Dlit1 t.l rm oC boU\ enpi|HvuMH;:'-) , v-., 
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the case of Er-Gd (1-2) as w e l l as i n cases presented here, 
where one element i s heavy rare earth or Y and the other i s i 
l i g h t rare earth the curve i s asymmetric. The asymmetry ; 
• seems to be smaller i n the case of Y-Jfd fthan f o r the' other systems 
measured.However, the curve f o r Gd-Y(-|-3) i s known to be • 
symmetric consequently when accounting f o r the asymmetry .in the 
Y-Nd alloys the d i f f e r e n c e s - i n the c r y s t a l structure should 
be considered i n a d d i t i o n to the d i f f e r e n t magnetic properties 
of the l i g h t 1 rare earths'. 

Figure 3 .39. presents the v a r i a t i o n s of the Neel 
and Curie temperature^ • ' w i t h composition as 
deduced from e l e c t r i c and magnetic measurements. I t does 
not f o l l o w any obvious law but c l e a r l y distinguishes the • 
d i f f e r e n t crysta]]bgraphic phases. . 

Figure 3.440-41 displays the v a r i a t i o n oT~5 g p i nw'ith the a r i t - . 
rnetic combinations of the de Gennes f a c t o r G± .where' I 
G+ = G1 ( 1 - C 2 ) + c 2G 2 ! 
Cg are °h of impurity (alloyed element), and 1 

G i = ^ i " 1 ^ J i . ( J i + O , , ; 
on a logaritmic scale.Q .„ has been sub t r a c t e d i n the ! J spin 

i 

generally accepted way, described i n (2.0) , f o r instance. ! 
Contrary to the conclusion drawn on the basis of experimen­
t a l r e s u l t s f o r heavy-heavy alloys or heavy-Y measured by 
(1-2,3) the v a r i a t i o n of 9 .„ vs G+ follows a power law 

•j spin — 
i n each phase . but i t s v a r i a t i o n i s more complicated . 
than previously thought. A l t e r n a t i v e l y the assumption 
of an e f f e c t i v e G (here G+) i s too simple to account f o r the 
observations. The simple power law could be conserved,if ; 

G < G+ would be considered f o r a l l o y s . The second explanation e j . — 

seems to be supported by the s i m i l a r i t y im the behaviour 
o.f the rare earth al l o y s and pure elements. 
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-x f r e s fSoOQK 
(10 <uSlcr»" ) 

TN1 TN2 
°k 

TN mg c r y s t a l 
s t r u c t u r e 

1 .0 0.45 10.70 7.9 223 228 220,23 0 hep 
0.9 3.93 14.70 7.5 196 - 200 hep 
0.8 3.31 9.77 3.2 168 - 180 hep 
0.7 6.46 10.87 1.1 93 - 120 . hep 
0.67 5.16 9.84 1.5 70 - Sm 
0,55 5.30 10.70 1 A 74 • - 95 Sm 
0.45 4.13 8.04 0.8 41 - Sm 
0.3 3.04 7.37 - - - 1 - d-hex 
0.2 . 1.66 7.00 - - - - d-hex 
0.1 1.36 7,. 2 6 - - - d-hex 
0.0 

i 
0.23 . 5.00 - - - d-hex 

Table 3.5 R e s i s t i v i t y and magnetic data f o r Tb-Pr a l l o y s . 

i l 
i 



Tb Pr -1 n T°K ! n .n 

1.0 18-50 2.58 5.5-200 1.39 230-300 0.36 

' 0.9, 8-130 1.47 
0.8 20-50 2.32 120-300 0.41 
0.7 • 16-55 1.72 110-300 0.70 
0.67 10-35 .1.25 60-300 0.52" 
0.55 8-40 ,1.38. 55-300 0.61 
0.45 8-40 1 .37 55-300 0.72 
0.3 10-50 1 J09 100-300 0.73 
0.2 15-60 1.22 
0.1 16-60 1.24 
0.0- 10-35 1.52 

Table 3.4 Coefficient n f o r Pr-Tb a l l o y s . 

Dy xNd 1 n T°K n T°K n 

1.0 16-80 1.54 130-180 0.97 180-300 0.09 
0.9 18-55 1.97 65- 90 1.63 200-300 0.45 
0.8 20-50 1.87 50- 82 1.46 150-300 0.53 
0.7 13-60 1.53 75-300 0.48 
0 JS 20-60 1.16 200r-300 0.60 
0.5 20-60 1.16 140-300 0.5.8 
0.4 17-55 1.27 i 80-300 0.64 
0.3 32-130 0,97 
0.2 5-50 0.60-
0.1 12-35 0.81 
.0.0 8-45 1.16 

Table 3.6 Coefficient n f o r ffd-Dy a l l o y s . 



3y xNd ! „ x j > r e s . j^OOVfs^ 
ftO&SLctn') 

TC e l TC mg AN1 
•k 

TN2 TN ms c r v s t a l 

i\* IM. mg s t r u c t u r e 

1 .0 0.89 9.52 5.0 80 85 169 180 179 hep 
0 .9 2.74 11.10 3.7 73 90 148 160 164 hep 
0.8 5.99 14.35 2 . 4 70 80 128 140 150 hep 
0.7 4.88 10.92 2.5 65 7ff 100 110 129 hep 
0.6 5.76 10.58 1.2 - - 75. 80 114 hcp+Sm 
0 .5* 3.09 .6.92 0 . 7 - - (76) - .70 Sm 
0 . 4 3.49 7.05 0 . 4 - - (60) - 63 Sm 
0 . 5 0.82 7.66 - - - 6 19 - d-hex 
0.2 0.93 7.30 - - - 6 23 - d-hex 
0.1 • 1.35 8.10 - - - 6 21 - d-hex 
0 D 1.21 6.05 - - 7 19- • 7,19 d-hex 

Table 3.7 R e s i s t i v i t y and magnetic data f o r Dy-Nd a l l o y s . 

i 



Dy xLa 1-x • ,n T°K n ' n 
i 

. 1 .0 16-80 1.54 . i 
1130-180 0.97 180-300 0.09 

0.85 8-25 1.18 45- 90 0.74 180-300 0.61 

0 .75 3-45 1.25 90-300 0.74 •• 

0.6 15-250 0.96 

0.5 20-100 1.41 100-250 0.97 
0.6 15-110 1.08 120-300 0.79 
0.3' 16-170 1.40 170-300 0.67 
0.11 8-150 1.06 
0.1 35-130 1.05 
0.0 15-55 1.78 

Table 3.10 Coefficient n f o r La^Dy a l l o y s . ' 

Y x N d 1 -x »°K n T°K n T°K n 

1.0 20-80 2.00 100-200 1.01 

0.9 25-50 2.15 55-140 1 .22 140-300 0.85 
0.7 -23-55 2.50 55-160 1.10 160-300. 0.75 
0.6 16-150 1 .24 150-300 0.85 

0.5 16-80 1.40 120-300 0.88 
0.4 15-35 1.54 35-150 1.31 150-300 0.82 

0.3 15-110 1.47 110-300 0.81 
0.2 8-30 1.13 . 40-125 0.98 125-300 0.72 
0.0 8-45 1.16 

Table 3.8 Coefficient n f o r Y-Nd a l l o y s . 



f res f 3 0 0 O K 
(lOfiJlctn') 

y c f . 
(<uja.c*»'J 

c r y s t a l 
s t r u c t u r e 

1 jO 

0.9 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.0 

2.88 
4.03 
6.09 
6 2 5 

6.39 
4*89 
4.03 
3.20 
1,21 

8.77 
8.65 
9,61 
9.71 
9.96 
8.77 
8.35 
7.04 
6.05 

0.0 
0.0 
3.0 ' 

5 . 5 

5 . 5 

5 . 7 

. 9.0 
8.6 

13.2 

hep 
hep 
hep 
hep 
hep 
hcp+Sm 
Sm+d-hex 
d-hex 
d-hex 

Table 3.9 R e s i s t i v i t y data f o r . Y-Nd a l l o y s . 



D v x L a 1 -x J res ^ O O P k J S - J 
lOcU-Acirf' 

e l TC mg T N 1 T N 2 T N mi .. c r y s t . 1 s t r . 

1 . 0 0 . 8 9 9 . 5 2 5 . 0 8 0 8 5 • 1 6 9 1 8 0 1 7 9 hep 
0 . 8 5 7 . 0 1 1 0 . 6 7 1 . 5 - 1 0 4 1 2 0 1 3 5 hep 
0 . 7 5 7 . 5 9 1 0 . 9 0 1 . 0 - 8 0 9 1 1 0 5 hep 
0 . 6 7 . 2 0 1 0 2 5 0 . 2 ( 7 0 ) - 6 8 hep 
0 . 5 6 . 1 5 8 . 8 9 ( 0 . 1 ) - - hep 
0 . 4 5 . 2 0 8 . 0 8 ( 0 . 1 ) . - - hcp+Sm 
0 . 3 3 . 8 3 7 . 1 7 - - - - - - 3m 
0 . 1 1 2 . 7 1 6 . 4 5 - - - - - - d-hex 
0 . 1 0 . 1 3 5 . 3 1 - - - - - d-hex 
0 . 0 0 . 0 3 4 . 4 0 — — — — — d-hex 

Table 3 . 1 1 " R e s i s t i v i t y and magnetic data f o r Dy-La a l l o y s . 
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C H A P T E R P O U R 

THEORETICAL PART 
4.1 Intro-duct i o n 
The e l e c t r o n i c p r o p e r t i e s o f 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 
have been examined by means o f measuring e l e c t r i c c o n d u c t i ­
v i t y over a wide temperature range. 

Any t r a n s p o r t p r o p e r t i e s .which a r i s e e i t h e r p a r t l y or 
e n t i r e l y from e l e c t r o n motion i n a s o l i d are c r i t i c a l l y 
dependent upon the v a r i o u s types o f e l e c t r o n s c a t t e r i n g me­
chanism which e x i s t w i t h i n the s o l i d s . I n normal'non-ferro­
magnetic metals these can be considered t o have two p r i n c i ­
p a l forms, namely phonon s c a t t e r i n g due t o the i n t e r a c t i o n 
o f the e l e c t r o n s w i t h thermal v i b r a t i o n s o f the l a t t i c e , 
and i m p u r i t y s c a t t e r i n g . The f i r s t o f these c o n t r i b u t i o n s 
i s Responsible f o r the l i n e a r dependence o f the observed 
r e s i s t i v i t y o f a metal on temperature a t normal temperature 
and the second appears as a small temperature independent 
c o n t r i b u t i o n t o the t o t a l r e s i s t i v i t y which i s only appre­
c i a b l e a t low temperatures and i s responsible, f o r the non-

i 

zero r e s i s t i v i t y o f a l l normal conductors a t absolute zero. 
At low temperatures ( T < T j ) e b y e ) phonon s c a t t e r i n g c o n t r i 
b u t i o n changes from a simple p r o p o r t i o n a l i t y t o the tempera 
t u r e t o a term o f the form £ p h o n o n ^ (31och-Griineisen 
equation).Each o f these s c a t t e r i n g mechanisms c o n t r i b u t e 
t o the t o t a l r e s i s t i v i t y , and i t s value a t any temperature 
may be w r i t t e n , assuming I'iatthiessen's r u l e : 
? t o t a l ~ ^residual" 1" S^phonoh ' 
where ^ ) r e s i 4 u a i j _ a -the r e s i s t i v i t y a r i s i n g from i m p u r i t y 
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s c a t t e r i n g and $ p j , o n o n i s the temperature dependent s c a t t e ­
r i n g term due t o l a t t i c e v i b r a t i o n s , the p r e c i s e dependence 
being governed by the temperature o f the l a t t i c e through the 
Bloch-Gruneisen.equation. 

I n m a g n e t i c a l l y ordered metals t h e r e i s a f u r t h e r 
c o n t r i b u t i o n t o the r e s i s t i v i t y a r i s i n g fpom d i s o r d e r o f 
the atomic moments. For a •-' • p a r a l l e l alignment 
o f a l l the moments i t s magnitude i s zero, but w i t h i n c r e a ­
s i n g d e v i a t i o n from t h i s i d e a l i z e d p i c t u r e , as happens f o r 
example, o n r a i s i n g the specimen temperature from absolute 
zero, the disorder s c a t t e r i n g increases t o a maximum constant 
value i n the. d i s o r d e r e d - paramagnetic s t a t e . 

I n a d d i t i o n t o these s c a t t e r i n g processes, any e f f e c t 
which changes the number of e l e c t r o n s a v a i l a b l e f o r conduction 
w i l l a l s o .change the magnitude of the observed r e s i s t i v i t y 

' I n t h i s chapter w i l l be presented the t h e o r y of c o n d u c t i v i t y 
i n metals e s p e c i a l l y w i t h t h r e e s p e c i f i c s o l u t i o n s of the gene­
r a l Blo.cn equation i n zero e x t e r n a l magnetic f i e l d . 

G enerally heavy r a r e earths and.alloys i n the hep phase 
are ' b e t t e r c h a r a c t e r i z e d by a s o l u t i o n o f the Bloch 
t r a n s p o r t equation where e l a s t i c s c a t t e r i n g plays the most 
important r o l e . This s o l u t i o n w i l l be described separately.' 
i n t h i s chapter. 

L i g h t r a r e earths and a l l o y s i n the d-hex phase do not 
seem t o be w e l l described by the approximation w i d e l y used 

i , 

f o r the heavy r a r e e a r t h s . Consequently the second p a r t o f 
t h i s chapter w i l l be devoted t o the theory o f e l e c t r o n s c a t t e ­
r i n g which we b e l i e v e i s t a k i n g p a r t t o q g r e a t extent i n 

http://Blo.cn


nox-raal l i g h t r a r e e a r t h s , and e s p e c i a l l y i n Pr-. 
I n the t h i r d p a r t t h i s s o l u t i o n o f the s c a t t e r i n g "which 

i s t a k i n g place i n Pr f o r example, would be extended t o 
m a g n e t i c a l l y ordered metals, e.g.Nd. 

F i n a l l y since measurements on La-Dy and some a l l o y s i n 
the Sm-phase have been 
made, a s i m p l i f i e d t heory where the c o n d u c t i v i t y i s a f f e c t e d ' 
by the abrupt changes i n d e n s i t y o f s t a t e s i n the v i c i n i t y 
of Fermi l e v e l w i l l be presented as i t i s g e n e r a l l y b e l i e v e d 
(1-11,1-4-2) t h a t s c a t t e r i n g mechanisms o f t h i s type are 
•the most important i n these casefi. 

4.2 Theory of r e s i s t i v i t y i n normal heavy r a r e earths 
I n the normal r a r e e a r t h s , the f - s h e l l i s "deeply 

b u r i e d inside.the e l e c t r o n cores, the unpaired f - e l e c t r o n s 
are l o c a l i z e d on the p a r t i c u l a r atoms. Thus i t has been 
suggested by ( 1 ) a n d (2) t h a t the r e s i s t i v i t y o f the r a r e 
e a r t h i s determined l a r g e l y by an exchange i n t e r a c t i o n 
between the conduction e l e c t r o n s and the l o c a l i z e d s p i n s . 
This i n t e r a c t i o n i s m o d i f i e d by "foe c r y s t a l f i e l d (1-33) 

* 

caused by the s t r u c t u r a l a n i s o t r o p y . • I f the exchange i n t e r - • 
a c t i o n i s s u f f i c i e n t l y s t r o n g , d i s o r d e r of the system w i l l 
produce an appreciable c o n t r i b u t i o n t o the r e s i s t i v i t y i n . 
the form of the s p i n djjorder term ( 3 ) . This i s p a r t i c u l a r l y 
t r u e f o r magnetic metals and consequentlyjfor heavy- r a r e earths 
and r a r e e a r t h a l l o y s having the hep c r y s t a l - s t r u c t u r e . 

The main d i f f e r e n c e s between the heavy r a r e earths and 
say the t r a n s i t i o n metals are t w o f o l d ; 
1) as already mentioned one i s the r e l a t i v e l y b i g sepa­
r a t i o n of 'magnetic' - 4f e l e c t r o n s belonging t o the 
d i f f e r e n t atoms. 



2) the second ii-. due t o the existence of. a b i g a n i s o t r o p y i n 
He r a r e earths vmichsignifkHiitly a f f e c t s , the t r a n s p o r t proper­

t i e s . 
I n the basal plane (001) the r e s i s t i v i t y decreases, 

w i t h temperature as the magnetic order increases, i n a way 
s i m i l a r t o t h a t observed i n ferromagnetic metals, l i k e -Fe 
and N i ( 1 1 ) , .and most of the anomalies i n the t r a n s p o r t 
p r o p e r t i e s are due t o the behaviour along the c - a x i s . 

A l l the observed a n t i f e r r o m a g n e t i c o r d e r i n g s are such t h a t 
moments .are the same f o r a l l the atoms i n a plane and a wave 
v a r i a t i o n occurs from plane t o plane along the hexagonal 
a x i s . This suggests t h a t the s t r i k i n g r e s i s t i v i t y changes 
are associated w i t h the e f f e c t of t h i s order on the cohdu-* 
c t i o n e l e c t r o n s . Since the s p i n o r d e r i n g has a p . e r i o d i c i t y 
d i f f e r e n t from t h a t o f the l a t t i c e , new B r i l l o u i n zone 
boundaries are i n t r o d u c e d p e r p e n d i c u l a r t o the c- a x i s . 

Further the model i s described which was f i r s t p u blished 
by (11) t o account f o r the r e s i s t i v i t y , behaviour o f the 
heavy r a r e e a r t h s . As i n most models where the t r a n s p o r t 
p r o p e r t i e s are described we f i r s t should l a y down s i m p l i f i i n g 
assumptions. I n our case these are: 
1) The f electrons^ are taken t o be completely . l o c a l i z e d on 
each s i t e , i n the ground m u l t i p l e t o f the t r i v a l e n t i o n w i t h 
t o t a l angular momentum J, and s p i n angular momentum S, g i ­
ven by Russell-Saunders c o u p l i n g . 
2) The conduction e l e c t r o n s are assumed t o occupy a simple 
conuuction.band w i t h energies E(E). 
3) The conduction e l e c t r o n s i n t e r a c t w i t h the magnetic ions., 
w i t h energy .. • 



h = 1/^2 •}£( 5-Kn ) s n o - ...hi 

where V i s an e f f e c t i v e exchange* energy between a conduction 
e l e c t r o n o f s p i n o- and an i o n centred a t tie' l a t t i c e p o i n t I?r 

The S - f u n c t i o n i s an approximation which gives a constant 
s c a t t e r i n g cross s e c t i o n f o r a l l a l e c t r o n . c o l l i s i o n s . 
4) The t r a n s p o r t p r o p e r t i e s are explained i n terms of a r e ­
l a x a t i o n time T(and K a t t n i e s s e n 1 s r u l e ) where 

i/<r = i / f i + i / i - p + V r s ... /2/ 

isodue t o r e s i d u a l i m p u r i t y s c a t t e r i n g and i s taken t o 
be independent o f temperature, T i s due t o phonon 3 c a t t e r i r g 
and i s giv e n by a Grunci's.en f u n c t i o n .(^>&T" a^' > T * T T } e ^ y e i 

/v T^ a t low temperatures), 'T i s due t o s p i n d i s o r d e r 
jj s 

s c a t t e r i n g v i a i n t e r a c t i o n / 1 / . (14) and ( 2 ) have shown 
t h a t i n the case discussed may be approximated as. 
i / T , ~ V 2 ( 1- ( < S > 2 / S(S+1))) • ... /3/ 
i . e . i t i s p r o p o r t i o n a l t o the d i s o r d e r i n the magnetic 
moments. S 1 could be d e f i n e d as n 
<s£> = MS. cos ( qS n + <j> ) ... /4/ .... type 1 
/ 5*\ = M'S cos ( .§3 ) 

v . — v ... /5/ ... type I I 
< S J > = M'S s i n ( q i l n ) , 
where q i s p a r a l l e l t o the c a x i s and gives a wave l i k e 
moment v a r i a t i o n along t h i 3 a x i s . For example the s t r u c t u r e 
described by /4/ occurs i n the h i g h temperature phase o f Er 
and.Tm, eq #/5/d5scribes "the h i g h temperature phase o f Tb, Dy 
and Ho etc . • 

Vjith a combination o f /4/ and /5/ e l e c t r o n s t a t e s o f 
wave v e c t o r k" are. coupled t o those o f E 1, by the m a t r i x 
elements of / l / . A s 
E!r» = MS cTT.cos ( q„ + <p) + 1/2. M'S (<7~ e x p ( - i q z ) + ^ e x p ( i q z ) ) 

" Z Z / T "~ 
o n l y the f o l l o w i n g m a t r i x elements are non-zero: 
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<£ + / i i (Jc' + > = + 1/2 VSM . ... E-E» = f + q .... /7a/ 
^ £ +| H | 5'-) = VSM1 ... K-E' = r + q ... /7b/ 

| H j i c ' + > - VSK ... = f - q ... /7c/ 
where * i s an r e c i p r o c a l l a t t i c e v e c t o r . The s p i n s t a t e s o f 
the conduction e l e c t r o n s / + ^ a r e def i n e d r e l a t i v e t o the » 
z a x i s . 

•From /7a/ i t i s c l e a r t h a t o r d e r i n g o f type I mixes 
band s t a t e s o f the sa^e s p i n p o l a r i z a t i o n . This mixing i s 
g r e a t e s t when E(E) = E(E'), i . e . 5=E»=+1/2 (£+q) ... /8/. 
This gives new zone boundaries i n each s p i n sub-band, i n a 
reduced zone p i c t u r e , which are p e r p e n d i c u l a r t o the c ax i s 
a t >1/2.;.q and the energy gap a t the boundaries i s V§M. 

Ordering o f the second type g i v e s , from /7b/ and /7c/, 
a d i f f e r e n t r e s u l t f o r two spins o r i e n t a t i o n s . There i s 
a s t r o n g mixing between j l / 2 (T+q),+^and J-1/2 Cf+q ) , - ^ 
w i t h a new zone boundary but there i s no boundary f o r the 
oth e r sub-band at t h i s p o i n t , which has a boundary a t 
+ 1/2 ( T * q ) . So t h a t i n the reduced zone boundary t h e r e i s 
plane Z=+1/2-q f o r +, spins and z=-1/2 q f o r - spins. The 

i 

energy gap i s 2VSK1 i n each case. Generally, i f both types 
o f o r d e r i n g are present, a 4x4 secular determinant i s 
i n v o l v e d ( f o r the s t a t e s | / k + 2 l , where - 2H=+('t+q) 
i s the r e c i p r o c a l v e c t o r associated w i t h the , new boundaries. The 
energy E'(k) has than form: 
E'(E) = 1/2 (E(E)+E(k+2E)+((E(ic)-E(K+2i:)) 2+V 2S 2M|) l / 2) .../9/ 
where w| = M2 + 2M'2 + 2M'(M2 + M ' 2 ) 1 / 2 ... /10/ 

• i 

and the gap A= VSM + ..." / 1 1 / so t h a t f o r the f i r s t 
type o f o r d e r i n g : M'=0, H* = M and f o r the second type 
of .ordering: M=0,' M-*=2M1,0 . Since 

is;'the expression f o r the c o n d u c t i v i t y t e nsor w i t h v being 
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trie i,roup v e l o c i t y v e c t o r riefinedasv rs/1/*f (3E/Dk) ,than i t : 
f allots t h a t the magnetic o r d e r i n g • causes a change i n the" 
energy bands by i n t r o d u c i n g new zone boundaries, and hence, 
a change i n the Fermi s u r f a c e . 

I f the s c a t t e r i n g formula /3/ i s extended t o the case 
of general o r d e r i n g f o l l o w i n g the procedure described i n (11) 
for. the.- i d e a l i z e d case of«spherical Fermi s u r f a c e , we can 
get t h e f o l l o w i n g expression f o r the r e s i s t i v i t y 
Pz°z = «. +/»T + y(1-1/2 M 2 -M'2) ... /13/ 
hx £' T + (1-1/2 M2 - M> 2) ... /H/ 

I f the new zone boundary are not very close t o the Fermi 
surface and S r~ A, then 

<5"=(«, + ft + y( 1-1/2 M 2 - M , 2 ) ) / ( 1 - f ( H 2 + M ' 2 ) 1 / 2 ) ' 
a n d ' s i m i l a r l y f o r £ y , where «and (b are parameters depend 
ding on the geometry o f the Fermi s u r f a c e ; 
4.3 R e s i s t i v i t y o f nonmagnetic c r y s t a l wilth magnetic i m p u r i t i e s 

Van Peski-Tinbergen and Dekker (5) have d e r i v e d a general 
expression f o r metal e l e c t r o n s s u f f e r i n g v a r i o u s k i n d o f 
e l a s t i c and i n e l a s t i c s c a t t e r i n g under"the f o l l o w i n g assump-
t i o n s . 
1) The m a t r i x of the v a r i o u s s c a t t e r i n g mechanisms are 
known. 

i 
2) The i n e l a s t i c s c a t t e r i n g i s based on the i n t e r a c t i o n 
between the conduction e l e c t r o n s and the magnetic impu­
r i t i e s . This i s b e l i e v e d t o giveegood q u a l i t a t i v e p i c t u r e 
even i n case ofapararaagnet. C o l l i s i o n s o f t h i s type amy or 
may not be e l a s t i c , depending i n general ai whe t h e r t h e ; c o l l i ­
s i o n proceeds w i t h o u t or w i t h s p i n f l i p . So .any energy 
t r a n s f e r between the s c a t t e r e d .electrons and s c a t t e r i n g 
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centres should be taken i n t o account. As spin-dependent 
s c a t t e r i n g i n general leads t o d i f f e r e n t r e l a x a t i o n times 
f o r conduction e l e c t r o n s w i t h magnetic quantum number mg= 
+1/2 and ms=-1/2 'plus' and 'minus' e l e c t r o n s are normally 
considered s e p a r a t e l y . But i n the case of zero e x t e r n a l . 
f i e l d these may be equated frdrn the s t a r t . 

3) A f u r t h e r assumption i s t h a t o f a s i n g l e conduction 
band f o r which the energy as a f u n c t i o n o f k ( t h e wave 
v e c t o r o f an e l e c t r o n ) i s assumed t o be o f the form 
E(k) = E Q + 4i 2k 2/2m* 
where m i s an e f f e c t i v e mass. I n thermal e q u i l i b r i u m and i n 
"the absence of e l e c t r i c , or non-uniform magnetic, f i e l d s , the 
f r a c t i o n o f the states.occupied by e l e c t r o n s i s g i v e n by 
the Fermi-Dirac d i s t r i b u t i o n f u n c t i o n : 
f 0 ( E ) = f 0(E) = (exp(( !M 2k 2/2m* + *E - E p)/KT)+1)- 1 

f o r ms= +1/2. 
4) The e l e c t r o n d e n s i t i e s n+ d i f f e r from 1/2 n (n i s the t o t a l 
e l e c t r o n d e n s i t y ) only by a term o f the order AG/Ê , which 
i s n e g l i g i b l e f o r most o f our purposes as long as the v/hole 
system i s i n thermal e q u i l i b r i u m . Though the e l e c t r o n den-r 
s i t i e s are f u r t h e r considered t o be constant . 

I n a s t a t e of s,teady e l e c t r o n c u r r e n t , under the 
i n f l u e n c e of an e l e c t r i c f i e l d F along the x - a x i s , t h e 
d e n s i t y of e l e c t r o n s corresponding t o die i s g i v e n by 
(1 /8«n?) f+(K)dE. I f e represents the charge o f an e l e c t r o n , 
the r a t e of change f + ( k ) produced by the f i e l d F x equals: 
Cdf+/»t) f i e l d= (eF x*k x/m*)(^f 0+/a:E+) ... / 1 / 
I f the r a t e o f change f + due t o s c a t t e r i n g processes can 
be,1 described by a r e l a x a t i o n time ^ + ( 2 ) , we may . w r i t e ' 
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< 8 fV»t>collision " " ( f i " fo^*± ...111 
I n a steady s t a t e the sum of / 1 / and /2/ must v a n i s h 
f ± -• f

0 + = (-eP x*k xT+)/m* (3f 0+/DE) " g+(k) ... /3/ 

Once the r e l a x a t i o n times T+ a r e known the e l e c t r i c a l 

c o n d u c t i v i t y , tf* , f o l l o w s d i r e c t l y from 0" =q: +C£ and 
6 e e+ 6 

from <Te+ = J x + / * x * ( e / F x ) J V ( 8 7 ? ) die ( f + - f Q ± ) hkx/m= 

= (-e 2/6ffm) JV7+ (3f Q+/c)E+) dE+ ... /4a/ 

This t r a n s p o r t equation could "be g e n e r a l i z e d i n terms of 

r e l e v a n t m a t r i x elements. I f P., ( k \ k"|) and P.(k\ -» k"') 
I + + j + — — 

denote t r a n s i t i o n p r o b a b i l i t i e s f o r v a r i o u s e l a s t i c and 

i n e l a s t i c p r o c e s s e s , then 
( a f / a t ) c o l l < = ( i / 8 * 3 ) J d K ; ( ^ p . C K ^ I c ; ) f + d - f ; ) + 

+ ( 1 / 8 ^ ) P d E » ( * 4 P . f ( l - f ' ) + j + — + . — 
K +) f : ( 1 - f + ) ) ... /4b/ 

I n absence of f i e l d we.can w r i t e 
f . p ^ C S ; • E + ) . - 4 p i ( K ^ S ; ) f 0 + ( i - f i + ) / f i + + ( i - f 0 + ) /5/ . 
and s i m i l a r l y f o r P j , . . I f v/e f u r t h e r c o n s i d e r only terms ) 
l i n e a r i n g and the f o l l o w i n g s i m p l i f y i n g r e l a t i o n s 

a ) fo+^ 1*" fo+ ) = " k B T O f
0 + / a E i ) / 6 / a n d 

b > f o + ( 1 " f o " ) = ~ k E T ^ - 0 + / ^ + ) ( l / ( i - f 0 + ( 1 - e x p ( ^ . / k B T ) ) ) ) 111 

where £.=Ej_ - E =-2AE +(-h2/2m (k» 2- k 2 ) and 

£.=E| - E = Ji 2/2m ( k 2 - k 2 ) than , 

u s i n g equation /3/,/6/ and /7/ we can get the f o l l o w i n g expression 

^ V » * ) c o i i . - J d k ; £ p . ( k + ^ k ; ) : ( i - k x / k x ) x 
, ( l / ( 1 - f 0 ( 1 - e x p ( - f . / k B T ) ) ) + 

\ +C1/81 5) ^ P j ( l c _ - » ^ ) ( 1 - T k x / r + k x ) x 

j • O / O - f o C - e x p C - C j / k j j T ) ) ) 3 - g + / f + ... /8/ 

d e f i n i n g the r e l a x a t i o n time of. the s c a t t e r i n g i n v o l v e d . 
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l i e i o r e another step i s ..ia"de i t i s necessary t o make f u r t h e r 
l i m i t i n g assumptions. They are the f o l l o w i n g : 
1) The t r a n s i t i o n p r o b a b i l i t i e s depend only on the magnitude 
of k"1 and k and on the angle of s c a t t e r i n g •©. 
p . ( k + ^ k;,9) = ( a f f / i t f / ^ u ^ k;,©|2 KiS(E;-E+-ei) ... hi 
I-L i s the m a t r i x element, corresponding t o a s i n g l e s c a t t e ­
r i n g c e n ter o f type i and as the number o f s c a t t e r i n g 
c e n t e r s . I f the volume element dE i n k space ie expressed as 
zV^ihedek^dk' = ( 2 l m * / * l 2 ) k'sin0d9dE> equation /8/ has the farm 

- (mk/2Ch3)(£ l K±C l c+- 2(1-cose)f=inGdk x 
( l / ( 1 - f 0 + ( 1 - e x p ( - | / k B T ) ) ) ) + 
+ f I M * * - k',©)| 2 ( 1 - ( T /Tjcos©)sined9 x J 5 0 ' J + ~ - • + 
( l / ( 1 - f 0 + ( l - e x p ( - e . / k 3 T ) ) ) ) ... /10/ 

and s i m i l a r l y f o r 1/T+. S u b s t i t u t i n g /10/ i n t o /4a/ we get 
the general . expression f o r the c o n d u c t i v i t y 

= lx+/Vx-le/?x)f (V8l?)& ( f + - f 0 + ) (Wcx/m) = 
= - ( e 2 / 6 f l 2 m ) J"k 5T+ Uf 0+/"&E+) dS+ ... / 1 1 / 

2) I n the case o f q u a s i e l a s t i c s c a t t e r i n g when the change i n 
.energy o f electrons d u r i n g a c o l l i s i o n i s small compared t o 
k-gT the numerators ( 1 - f 0 ( l - e x p ( - ^ k B T ) ) ) i n 1/cmay be o m i t t e d . 
3) The i n t e g r a l i n equation /11/may be approximated by the 
f i r s t member of the s e r i e s evaluated i n E p i f the h i g h e r 
terras o f the s e r i e s are s m a l l e r than the f i r s t one by powers 
of kgT/Ej. That i s when f ^ ^ ^ c k - ^ T , £ being the energy 
l e v e l s o f l o c a l i z e d magnetic i m p u r i t i e s . 

i 

This i s so, and the approximation i s acceptable-only 
for^heavy r a r e e a r t h e a t h i g h temperatures,and not. i n our case. 
(5) d i s e a s e d the v a l i d i t y o f t h i s s i m p l i f i c a t i o n a t very 

i 
low temperatures, and found them p l a u s i b l e i n most cases. 
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Applying the assumptions n/jde above to equation /11/ we get. 
thu w e l l known formula CT+ = (n+e /m*)T-> ... /12/ , where T-
i s 1herelaxation time i'or electrons with the Fermi energy: 

=• (m-»kp/Cif3)(? Xi|K.(k+.^: k i ) | 2 (2/(i+exp(-6./k BT))) + 
+ £ ^ i M j d c i - k + ) | 2 ( 2 / t l +exp(£i/k3T))) ... /15/ 

and kli,/v(2m*E,/«2)1/2. 

4) The equation /13/ i s applicable only i n the case of 
i s o t r o p i c s c a ttering when the term containing (C_/f ) i n 
equation /10/ would disappear on i n t e g r a t i o n and could be 
used i n our case only f o r polycrystals of l i g h t rare earths. 
4.4- R e s i s t i v i t y i n l i g h t rare erths 

Maranzana (6) and Watabe (4) f u r t h e r explored equation 
/10/ specifying the form of the matrix I»L |k+ -^k' + f. 

(6) have assumed a model consisting of a gas of charge 
• carriers, and a periodic array of spins w i t h no i n t e r a c t i o n 
between thern, that js,ia1he pararaagnetic region. I n t h i s context 
spin means the t o t a l angular momentum. I n the rare earths 
the t o t a l angular momentum r e s u l t s from the L-S coupling as 
the spin o r b i t i n t e r a c t i o n i s much bigger than the spin spin 
i n t e r a c t i o n . J i s a good quantum number. . Both Pr and Nd 
have degenerate J states,the degeneracy being p a r t i a l l y l i f t e d 
by the presence of the c r y s t a l f i e l d interaction*. 
H m a g - N l i o . f . — . 
where N i s the number of spins.present i n the c r y s t a l , H ~ 
i s the c r y s t a l field'Hamiltonian corresponding to the symme­
t r y of the s i t e of the spin. The z-axis i s taken as the 
axis of quantization of the array of spins. .Diago.nalizing 
H !„ we obtain the energy l e v e l s E„,.The charge cariers are mag ».# • m » 
described by creation, and a n n i h i l a t i o n operators,a^f, a g f i 



4» ^ i s the conduction electron wav«, vector the arrow 
indicating the d i r e c t i o n of the spins w i t h respect to. the 
z-axis. As the magnetic system i s paramagnetic the charge 
c a r r i e r s of opposite spin reside i n the same band which 
extends from -E«j to E,j ,defining Ej, » 0. The perturbation 
Hamiltonian i s the s-d Hainiltonian 
H' » -(J/N)2L exp (i(E-E')Rj x 

v z U ^ f a ^ - ag.jagj) + S + a E , i a £ t + S_a£„ta£*) 

The matrix elements of the perturbation I I 1 calculated between 
the unperturbed states defined as a product of a Slater 
determinant of kets \ z.t4)t I k" f^ . times the product of eigen-
func t i o n \~E?) r e l a t i v e to the m-th energy l e v e l of the r - t h m 
ion are: 

E
m1» ••• > E L E S s ' H ' l * ' n ' E m 1 Emr $ 

* - ( J / N j C + D e x p C i d c ^ ' ) ^ ) ^ )f£| E ^ > , ... /15/ 

^ ' i t t E
m i ••• i E ^ r f ••• > E ^ I - 1 l^»iiE

rai ••• »Emr* ••V'EmN^=-
- ( J / D e x p C K W J V ^ I s I l ^ ) . m m m / 1 6 / : . . 

= -CJ/N)exp(i(E-K')^)< E^ v/s^| E ^ ) ... /17/ 

Considering the t r a n s i t i o n p r o b a b i l i t i e s to the second 
approximation W(a •> b) = w/ 1^(a b) + W ^ ( a -> b) ... /18/ 

W< 1 )(a + D) = (2C/ir)S(E a-E b)H' a bH' b a ... /19/ 
W<2>(a 4b)-(2»/*)«V^g aCCH' a cH' c^« b aCB a-E c)-Uc.c.) /20/ 
where 

! .'. < E I ' r ! S T < E l T v - l S I I Em' r> • • • 1*1 

and s i m i l a r l y f o r V^1 ̂ (K't,m -Hc'^m1) and (iE1\m-»fc^m') 
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j'ivsrftging them over the occupation of the i n i t i a l state E , 
m 

summing over the fina.1 state and taking i n t o account that 
the states J E^^j are the same f o r every y» v,;e can w r i t e 
V ( l )(Kf|-»5?^ = (2«/ir)(JA0 2N(2 exp(-E : i/k BT))- 1 x 

e x P C - V V > f < V ^ » + V B m ' M ^ n i . \ s
B i O P ^ / 2 2 / 

etc. S i m i l a r l y i n the second approximation. Using now equation. 
/4/ and assuming i s o t r o p i c s c a t t e r i n g and the v a l i d i t y of 
Mafcthiessen's r u l e l/fg = ^/t\ + ... /23/ we get-

- ( 2 ^ ) ( J / " > 2 S ^ ( E I ? ) ( ^ exp(-E m/]c BT))~ 1 x 

'. mfm- ( ( l - f 2 ) e x p ( E m / k B T ) + f ° e X p ( E m I / k B T ) r 1 x 

( ^ • I - z / ^ m X 2 + K E m . l S J E m > | 2 ) ) ^ 
and s i m i l a r l y f o r 1/Tj: . The conductivity is then given "by 
0~~JdEk r k O f k / * V ••• /25/ 

Watabe (4) used a more precise Hamiltonian 
( s _ 1 ) ^ S ^ n exp(iq(?-R n)) +^ T J(4fi-e 2/(q 2+a 2)exp(-iq(?-R 3 ;)) = 

• g ^ (-(g-1)I(q)«Tn expCiqCr-R^)) + 

+ 2 X | s t_ 1(4« ;e) 2/(q 2
+q 2) i^™* ( I I ) e x p ( ^ ( r - l < n ) ) x 

V ^ n T ) Y?(£ R _ R )) /26/ i n 

where they accounted f o r screening by the outer shells.This 
represents the p o t e n t i a l underlined i n equation /26/. This 
enables them,at least t h e o r e t i c a l l y , to define two d i f f e r e n t 

i 

r e l a x a t i o n times i n a f i r s t approximation; one which i s 
solely ;due to c r y s t a l f i e l d a r i s i n g from an exchange type , 
of i n t e r a c t i o n the other, underlined, i s due to the quadrupole-
quadrupole screening i n t e r a c t i o n : 



= C ? ^ / 4 l l 2 - y f * ) ^ ] * ( d ^ I / f f l O ( | T ( 5 ) J 2 ( g : 1 ) 2 x 

^ K f l ^ z l t > / ) 2 + K * ' U J + | r > 2 ^j(4«-e)4(^27l)2/(q
2.,q2)2 

(4) estimated that both of these effects-are of approximately 
the same order of magnitude f o r Pr and tfd. I n Pr the scree-
ning e f f e c t i s bigger v/hile i n Nd the c r y s t a l f i e l d e f f e c t 
dominates. Because of the d i f f i c u l t y and so uncertainty i n 
subdividing the t o t a l r e s i s t i v i t y i n t o d i f f e r a n t scattering-
mechanisms i n the l i g h t rare earthsnwe have adopted the 
simpler mechanism- described above and f i r s t used by ( 6 ) . 
The c r y s t a l f i e l d e f f e c t was chosen on the basis of experi­
mental evidence (1-H f1-36) i n Pr and Nd. 
4.5 Magnetically ordered l i g h t rare earths. 

As t h i s study deals also w i t h l i g h t rare earths i n 
which the ions are magnetic and show some sort of long range 
ordering (Nd) we should altso include the theory f o r t h i s 
case. Haranzana (10) i m i t a t e d the c a l c u l a t i o n made by Kondo 
( i 5 ) f o r a periodic l a t t i c e .('simple cubic) occupied by N 
magnetic ions i n a c r y s t a l of volume V.The spins of the 
ions i n t e r a c t w i t h one another through a Heisenberg i n t e r a ­
c t i o n represented by a molecular f i e l d . 3ach. spin i s suppo­
sed t o "iiove i n the presence of the temperature dependant 
molecular field.independantly of other spins. The conduction 

i 
of the system i s accounted f o r by a Fermi sea of electrons 
r e s i d i n g i n a single band extending from -E^ to E.j w i t h a 

i 
constant density of states, i e s i m i l a r assumption to those 
i n the previous section where the conduction model f o r a 
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i 

metal w i t h magnetic impurities was described. The ]?eriiii 
i 

l e v e l i s taken as the zero energy, 3^=0. 
The i n t e r a c t i o n of the 'conduction system' ahd'magnetic 

system 1 i s presented by the w e l l known s-f Hamiitonian: 
H« = -(J/*)i§,n exp(i(k-k»)Rn) ((aj.f/a^t - ^ . 4 a k 4 ) S n B + 

+ a j . f a ^ - a + J a ^ S * ) ... /1/ 
I n order to calculate appropriate c o n d u c t i v i t i e s the 

t r a n s i t i o n p r o b a b i l i t i e s up to t h i r d order i n J are calcu­
l a t e d . Throughout the model only e l a s t i c s c attering i s con­
sidered, and processes of the type Jet -»E'4t ̂ .re neglected, 
on-.the basis of.the f a c t t h a t they are l i k e l y to contribute 
terms of the same order of magnitude and temperature depen­
dence as the terms retained. This assumption does not exclu­
de, i n second order , processes of the type l i t -> K" J -*k"'t 
and the Kondo l i k e processes. 

I f we assume the t r a n s i t i o n . p r o b a b i l i t y - t o be of the 
form given by standard perturbation theory (t^const) where 
i n the matrix element of the hamiltonian /"l/ ^ i * ' )H'J<*^ , 
the ket |o(^ represents a state given by k" vectors and the^spin 
(To? a l l conduction electrons, and by the magnetic quantum 
numbers of a l l the magnetic ions. Then the t r a n s i t i o n pro-r 
b a b i l i t y has the form: 
a) i n the f i r s t approximation 
W^k'f.kf) = ^ ( k ' J ' . k f ) = (2G/x) S • 

(-J/»)2^. m ^ . e x p C K k - k ' J C R ^ , ) ) ... /2/ 
b) i n seebnd approximation 

V ^ k ' U . k U ) * ±(-J/-^ilLi ^V nexp(i((k-k'}R 1 +(k»-k)R m+ 
i 

+ (k'.-k»)Rn)) ( (1 - f k , , ) / ( V ^ k ^ + C ' C ' ) + 
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i C - J / i l ) 3 ^ , , m 1(S(o+i)-m j !.( m m+i)) expCKCk-kOR-L+Ck'-k)!^)) 

( ( l - f k l l ) / ( E k - E k , l + i ^ + c . c . ) + ( - j / N) 3-J i ] c t l m l V n x 

expU((k-kOR1+(k»«-k)Rra+(k'-k»)Rn))(fkli/(-Ek+Ek,,^)+c.c 

+ ( - J / N > 5 ^ " ^ ( S C - t O - ^ n C ^ + l ) ) expCKCk-kORi+Ck'-kjRj) 

( f k„/(-Ek+Ek„+i^)+c. c.) 

The upper sign applies to the s c a t t e r i n g of an electron w i t h 
spin up and vice versa, the other notation i s as usual (m^-
azimuthal quantum number of 1-th spin, ( ( S ( S + 1 ) ) ^ 2 i s the 
length of the s p i n ) . 

I n averaging these terms, there would be an obvious 
difference to the Kbndq l i k e treatment as he would reasonably assume 
t h a t the magnetic im p u r i t i e s do not see one another while 
here we a r e dealing w i t h the p e r i o d i c a l l a t t i c e of magnetic 
atoms ..• In our case ,. f or example, i t should look l i k e 

<^5i . V , n e x p ^ i ( ( k " l c ' ) R l + ( l c l " l c ) V ) / > = ^ i < ' n i l m n / > e x p ( i ( k " k , ) R l + . 
+(k'-k)R n)) 

= K^n 2^ n l exp(i((k-k ,)R 1+(k*-k)R n)')= " 

= N^n y + ^ia*^ (-N+ terms containing o(k-lc'.)) = 
= N^(m-^i^) 2^ + terms containing S(k-k') ... /4/ 

From /4/ i s oovious that the p e r i o d i c i t y playes an essential 
r o l e i n t h i s c a l c u l a t i o n ac i t allows the s p l i t t i n g of 
equation /2/ i n t o a k-independent terra and a c o n t r i b u t i o n 
of the electron self energy ( o f no i n t e r e s t f o r the scatte­
r i n g ) . TViis i s not possible i f the model. introduced by (16) 
is'; employed as he assumes t h a t the magnetic atoms are d i s t r i -
b i t e d randomly throughout the l a t t i c e of the c r y s t a l . I f we 
aad a-small amount'of nonmagnetic atoms to the c r y s t a l the 
c a l c u l a t i o n would, not be appreciably altered.,Having 



averaged the t r a n s i t i o n p r o b a b i l i t y we get 
ad a) w'^k't.kt) = ^ ( k ' j . k j ) = (2€/ir)J(E J c-Bj c l) (J/i0 2N<(m-<m» 2) 

i 

ad b). W 2(k»U,ktj) = (2C/fe)5"(Ek-Skt )(-2(-J/N) 3N^(m-^n>) 2^i 

The spin independent r e l a x a t i o n time i s -obtained by summing 
iover k 1 and summing the r e l a x a t i o n times proper for electrons 
jwith spin up and spin down. F i n a l l y , the expression f o r 
|the r e s i s t i v i t y has a form: 
! i E 

(31T/2He 2)(VJ 2/Nv 2)^ (m-<m» 2> (1 + ( 2 J / j ( E ? ) / r c ) ( l n | ^ 

4.'6 Models w i t h ^(E)^constant 
So f a r we have been disciissing d i f f e r e n t physical 

models to account f o r changes of the r e s i s t i v i t y w i t h tempe­
rature along the rare earth series w i t h one o v e r a l l 
assumption that the density of states/^(E) near the Fermi 
surface i s constant. This s i m p l i f i c a t i o n i s perhaps j u s t i f -
f i e d i n the case of the heavy rare earths ( E l l i o t ' s model) and 

;those l i g h t rare earths dealt w i t h by the Maranzana model)where 
ichanges i n the density of states i s not a f i r s t order e f f e c t . 

I n the case of the anomalous rare earths t h i s assump­
t i o n i s not possible to make (1-11) as i s obvious from pressu­
re experiments. Therefore we have to consider what i s l i k e l y 
to be the effect, of a changing density of states (D^/9T) on 
the transport properties, i n t h i s caae the r e s i s t i v i t y . 

The s i m p l i f i e d model has been outlined by (17-21) as 
follows: 
jet us assume that the conduction electrons are i n the form of 

l i f-'ij t
rjenerate gas. The conductivity i s than given t>y 

IE. 
• 2 1 n Sd ) ) 
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<7-= -fo-&) (7>f0/^E) dE =C7(^) + C2 2/6)(XT) 2C>'V(B)/W 2) E^/1/ 

where 0'(2) = ( e 2 / l 2 f i 2 l i 3 ) (t(E)<v c(E)> 2N c.(E)) ... 

N Q(E) ir. the density of f i n a l states f o r sc a t t e r i n g processes 
which l i m i t the co n d u c t i v i t y , Q i s a f a c t o r containing a 
v a r i e t y of factors such as the number of defects, t r a n s i t i o n 
p r o b a b i l i t i e s etc. For s i m p l i c i t y we w i l l consider e l a s t i c 
s c a t t e r i n g only. 

I n normal metals i t i s the v a r i a t i o n of Q w i t h tempera­
ture that i s responsible f o r the usual Bloch-Gruneisen 
temperature dependance of the r e s i s t i v i t y . Departures from 
t h i s lav/ could arise from causes which we may c l a s s i f y as 
f o l l o w s i 
1) An e x p l i c i t l y temperature dependent s c a t t e r i n g mechanism 
(eg. change i n phoiion spectrum) leading t o an anomalous 
v a r i a t i o n of Q w i t h T. 
2) A v a r i a t i o n of N^(E) w i t h E so rapid"as to make the second 
term on the r i g h t -hand side of equation / 1 / s i g n i f i c a n t (19). 
3) A dependence of the band structure on temperature leading to 

i 
an anomalous.variation of N -.(E), N (E) and/or v (E) w i t h 

i X c c 
temperature. 

So f a r we have been discussing case ad1)for a few d i f -
• 

f e r e n t models suitable f o r rare earths. 
One. of the simpler models of type 2) suggested by ( 1 9 ) 

assumes tha t near the Fermi energy there are two overlaping 
bands ( f i g . 4.1). One of them, the conduction band, i s 
broad, having an e f f e c t i v e mass of the electron roughly .' 
equal to that of the free electron. The second i s assumed 

i 
to,be narrow. The density of states ^(E) i n the narrow band 
gr e a t l y exceeds that i n the conduction band at the Fermi 
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energy. Consequently N(E) i s a sensitive function of energy. 
So we may-furt her assume tha t the density of states near 
the Fermi surface N f(E) i s the only function e x h i b i t i n g a 
rapid v a r i a t i o n w i t h energy near E^. Further s i m p l i f y i n g 
assumptions are: the e f f e c t i v e mass i n t h i s narrow band 
i s so large t h a t the current i s car r i e d almost exclusively 
by electrons (or holes) i n the broad conduction band. Then 
the r e s i s t i v i t y has a form : 

^(T) = £ U i l ( T = 0 o x ) ^ . . . / 4 / 

Each prime(') denotes a d i f f e r e n t i a t i o n w i t h respect to E 
and a l l q u a n t i t i e s i n the brackets are to be evaluated at 
KF(T=0°K)' A l o n S w i t h ( 1 9 ) we have retained i n the equation 
only terms of order (N' f/N f) and have neglected terms wiDi 
(N f/Nj,^ 0jN f) and ) • I f w© f u r t h e r assume that the 
f-band i s of'standard' form, see f i g . 4 . 1 , equation 
/3/ w i l l s i m p l i f y to 
j(T) = § U ? ( o ) f T ) ( 1 - ^ / 6 ( K T / A E ) 2 ) ..." / 5 / 

AE i s the energy difference between the Fermi energy, at T=0°K 
and the edgs of iie f-band. Due to the above mentioned s i m p l i ­
f i c a t i o n , defined by N f

f/N£P> 1/frj«(0) t h e ^ ^ ^ ( o ) • T h i s 

model could be extended and improved i n d i f f e r e n t ways. 
Firsfc i t seems u n l i k e l y that i f N(E-) changes very r a p i d l y 
the band structure would remain unaffected. But as these . 
ef f e c t s are t e c h n i c a l l y d i f f i c u l t to account f o r at the same 
time then models w i t h d i f f e r e n t 'band structures' have been 
proposed'. 

'; The metal-insulator model described i n (22) s p e c i a l l y 
suitable f o r Ce assumes 
1 ) an extended band of hybridized s-̂ and d- l i k e Bloch sta­
tes, w i t h a constant density of states. 
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2) a set of l o c a l i z e d f - l i k e states w i t h an energy E^,Ef>0, 
where ^ j i g ^ ^ i s ^S a i n taken equal to zero. 
These states are h i g h l y l o c a l i z e d and correlated admitting 
only one electron per atom. The energy necessary to place 
a second electron i n the same l o c a l i z e d f - s t a t e i s one order 
of magnitude lar g e r than E, see f i g . 4.2. Fig. 4.2 shows schema­
t i c a l l y the. density of states of t h i s model. The aim of 
the model i s to account t under s i m p l i f y i n g assumptions, f o r 
the temperature dependence of the density of states of 
various c o n t r i b u t i o n s . 

I f the c r y s t a l contains N atoms, and h e ( E ) , n h ( E j , and 
n (E) are the occupation, p r o b a b i l i t i e s ' f o r conduction electrons, 
holes and l o c a l i z e d electrons respectively than we have the 
f o l l o w i n g r e l a t i o n s 
Nn a D(2)n e(E) dE ... /6/ 

Nn b S £ v h D(E)n h(E)dE ... /7/ 

n c = n b _ n a .... 7 8 / 
v/here Nn_, i s the number of occupied f - l e v e l s , D(E) i s the 
density of state.- f u n c t i o n which could be simply expressed 
( f o r instance f o r C'e) by: 
D(E) = 12N/W ... / 9 / 

12 being the number of states per ato.ni. The e x c i t a t i o n 
energy £ of a given many-electron state consists of two 
termsj E

e x
= E i + E 2 w i i e r e E i i s the sihgle-quasiparticle c o n t r i ­

bution and E2 i s the quasi-quasiparticie i n t e r a c t i o n . 
E1=i* e ED(2)ne(E)d3 + EI)(E)hj 1(E) + NEnc ... /10/ 

In> order to express E 2 we make the f o l l o w i n g assumptions: 
1 ) A l l i n t e r a c t i o n s are short range 

http://ato.ni
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.2) The i n t e r a c t i o n "between two electrons i n f levels i n the 
same atom i s considered to he i n f i n i t e l y large. ; 
3) The i n t e r a c t i o n -G of the f- e l e c t r o n w i t h e i t h e r electrons 
or holes i n the conduction hand i s assumed to be constant, 
independent of B. Then 

E 2 * -NGn c(n b-n a) .... / I I / or Eg. = -NGn2 '. .. /12/ 

I'he i n t e r a c t i o n G could also be accounte'd f o r thermodynami-
e a l l y . I f E i s the energy of one i s o l a t e d electron moving 
i n a l a t t i c e whose p o t e n t i a l i s set up by a c o l l e c t i o n , of 
n+ ions and n e u t r a l i z i n g charge, E+G would be the energy 
of the same electron i n the same l a t t i c e but w i t h ions of 
[n-1)+ charge and n e u t r a l i z i n g charge. The equilibr i u m 
values of the occupation functions N^E^Nj^E) and N are 
obtained by minimizing the expression f o r the systems 
free energy w i t h respect to them. 
The free energy 3?=E-!TS where the entropy i s given 
= - k j ' D ( E ) ( i i e ( E ) l n n e(E) + ( l - h e ( E ) ) l n ( 1 - n e ( E ) ) ) d E -

- k B tp h i K E K n ^ E j l n n h(E) + (1-n^E) ) l n ( 1-n^E)) )dE-

- N k B ( n c l n n c + ( l - n c ) l n ( 1 - n c ) ) + Nk Bn Gln(2J+1) /13/ . 

he f i r s t term' i n equation /13/ represents i t i n e r a n t 
ilectraaentropy, the second i t i n e r a n t hole entropy, the ' 
>hird l o c a l i z e d electron entropy and the f o u r t h represents 
he i o n i c spin entropy. With respect to the constrain (8) 
ire can w r i t e f u r t h e r 

L q(E) = (a" 1exp((E-E e x +2Gn c)/k BT)+1)~ 1 ... /H/ 

Lh.(E) * ( a - 1 e x p ( ( E + E e x - 2 G n c ) / k B T ) + i r 1 ... /15/ 

here- a=n c/(2J+1) (1 -n c) , n c-( 12kBT/V/) I n 
(A 1-t-expC-Q 1))(A n+1)| 
(A o+e>:p(-Q 0))(A 1i-1)| 



Ao S 1 / A 1 S *exp((E-2Gn e)/K BT), QQ = W^l^T, Q1 = W^l^T 

kg being the Boltzman f a c t o r . The eq u i l i b r i u m value of n g 

i s given by a temperature dependent i m p l i c i t equation (17) 
which depends also on the parameters of the system V/ ,W, , 
G and J. For a given temperature T (15) may y i e l d one or 
three solutions. Of..- those three solutions one i s a maximum 
and the other two are l o c a l minima so tha t numerical 
evaluation i s necessary. 

This model could be improved by a more r e a l i s t i c D(E), 
density of states f u n c t i o n , see f i g 4.3 and 4.4* or by 
adding a h y b r i d i z a t i o n tterm, mixing f and conduction states. 
This way an i n f i n i t e l y narrow f band becomes (24) a resonant 
l e v e l and the occupation of these states i s never zero, 
even at T=0. Also i n t e r a c t i o n between i t i n e r a n t q u a s i p a r t i -
cles should be taken i n t o account, as w e l l as the ef f e c t s 
of the long range part of the quas i p a r t i c l e i n t e r a c t i o n . 

The metal-semiconductor model (23) was f i r s t used (and 
developed) f o r pressure induced t r a n s i t i o n s and the 4f 
electron d e r e a l i z a t i o n - evidence comes from studies of SmTe. 

Figure 4.5 represents schematically the band pi c t u r e , 
at atmospheric pressure and room temperature, As the pressure 
increases the conduction band continuously approaches the 4f states 
as we assume tha t E f and 4f states do not move, u n t i l they 
merge which then-delocalizes the. 4f electrons. 

t 
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C H A P T E R F I V E 

DISCUSSION 
5.1 The r e s i s t i v i t y v a r i a t i o n of some l i g h t ' r a r e earths 

and light-heavy rare earth al l o y s i n the d-hex phase 
I n chapter four the M-B-W-K (4-4,6) method was d e s c r i ­

bed. This method accounts f o r the r e s i s t i v i t y v a r i a t i o n 
w i t h temperature, i n metals which are not magnetically 
ordered, but contain magnetic moments-. I t i s assumed t h a t 
strong c r y s t a l f i e l d i n t a r a c t i o n s cause a s p l i t t i n g of the 
degenerate low l y i n g electron energy states, the electrons 
concern^ being l o c a l i z e d i n the u n f i l l e d 4f s h e l l . 

The temperature v a r i a t i o n of the r e s i s t i v i t y of the 
al l o y s formed between l i g h t and heavy rare earths i n the 
d-hex phase has a common feature: a logarithmic increase 
i n ^ with, temperature., f i g . 5 . 1 which may be 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 . 

Light rare earths have non zero magnetic moment due to 
the u n f i l l e d f - e l e c t r o n s h e l l . They are magnetically 
ordered o,nly i n the region of very low temperature (Ce,Nd) 
or not at a l l ( P r ) . This indicates a rather weak exchange 
i n t e r a c t i o n which allows the c r y s t a l f i e l d to s p l i t the 4f 
electron energy l e v e l s . This plays an important role, i n the 
physical properties of l i g h t rare earths, as i s w e l l knov/n. 

The f- e l e c t r o n energy l e v e l s l i e i n the v i c i n i t y of 
("KT) the Fermi energy and overlap w i t h the conduction band.. 
f-electrons consequently i n t e r a c t strongly v/ith the conduction 
electrons and any changes i n the p o s i t i o n and p r o b a b i l i t y of 
occupation of the f - l e v e l s show up on the r e s i s t i v i t y curve. 
This was f i r s t discussed i n d e t a i l by (4-4,6) as refered to 
i n the t h e o r e t i c a l ' chapter of t h i s t h e s i s . I n the present 
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discussion Pr w i l l "be considered i n d e t a i l f i r s t since only 
f o r Pr of a i l the l i g h t rare earths i s enough information 
available f o r the M-B-W-X type of ca l c u l a t i o n s . 

Pr-Tb a l l o y s w i l l be discussed i n a s i m i l a r way to pure 
Pr. The e f f e c t of Tb "impurities' i n the Pr l a t t i c e was 
approached b a s i c a l l y i n two d i f f e r e n t ways. 
1) Since the atoms of Tb are smaller than the atoms of Pr 
we can assume tha t the Tb atoms cause a d i s t o r t i o n of the Pr 
l a t t i c e so t h a t the c r y s t a l f i e l d energy levels"~will- be s h i f t e d . 
2) Y/e also know tha t presence of Tb atom i n the Pr l a t t i c e 
above a c e r t a i n concentration i s responsible f o r magnetic # 

ordering of the a l l o y through the exchange i n t e r a c t i o n between 
Pr and Tb atoms. A s i m i l a r e f f e c t may be caused by the action 
of an applied magnetic f i e l d on Pr atoms i n the d-hex l a t t i c e . 
Consequently we have calculated the r e s i s t i v i t y of Pr i n a 
magnetic f i e l d of 400K0e Which i s s l i g h t l y smaller than the 
i n t e r n a l f i e l d necessary f o r ordering. 

NdfNd-l)y and ZJd-Y al l o y s we believe could be explained 
s i m i l a r l y i f the c r y s t a l f i e l d energy le v e l s f o r Nd were 
known. The r e s i s t i v i t y contains i n a d d i t i o n to the c r y s t a l 
f i e l d term a magnetic ordering term whose character w i l l be 
discussed as w e l l . An attemp to make an independent estimate 

i 

°^ §phonon a n d f c ? i n W d using the r e s u l t s •.from the Nd-Y 
all o y s i s discussed also. 

La and La-Dy alloys represented a d i f f e r e n t problem 
since La and La qPy are superconducting. Also the f- e l e c t r o n 
energy l e v e l s i n La l i e above Ej, which weakens the s-f 
i n t e r a c t i o n i n comparison to Pr. and Nd. An attempt has been 
made to explain La r e s i s t i v i t y . b e h a v i o u r using Jones*(2) model 
where the most rapid v a r i a t i o n w i t h temperature i s expected 

I '' from the density of states f u n c t i o n ^ ( E ) . '•• 
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5.2 Praseodymium 
P l o t t i n g l o g f ( T ) o f Pr vs 1/T gives w e l l d e f i n e d • 

s t r a i g h t l i n e s , f i g . 5 . 1 . This suggests e x c i t a t i o n s "between 
w e l l d e f i n e d energy l e v e l s w i t h an energy s e p a r a t i o n AE^ o f 
the order o f KT. This agrees remarkably w e l l q u a l i t a t i v e l y 
w i t h both the t h e o r e t i c a l assesinent o f a E ^ by Bleaney (1 —44) 
and the e x p e r i m e n t a l l y based values o f Rainford(1-5lXfig.5.2. 

The c a l c u l a t i o n s presented here are based on both the 
assesment o f the c . f . energy l e v e l s done by.(M4}~a7id- (1-51) as 
w e l l as by( 5-1). L a t e r autors (1V-5V5"1) have made an allowance f o r 
the n o n i d e a l l a t t i c e by using the c/a r a t i o s t y p i c a l f o r Pr. f 

According t o (5-1) i n zero magnetic f i e l d i n the hexagonal 
environment o n l y t h r e e out o f the nine s t a t e s are pure eigen 
s t a t e s w h i l e i n a cubic environment t h e r e are none. This i s 
c o n t r a r y t o the Ce case i n which a l l l e v e l s are eig e n s t a t e s 
and i s consequently r a t h e r e x i e p t i o n a l . A magnetic f i e l d o f 
the order o f 400k0e, a p p l i e d along the z-axis o f Pr 
i s r e q u i r e d to. order Pr,due t o the c r o s s i n g o f the nonmagnetic 
( s i n g l e t ) graund s t a t e (H=0) by an e x c i t e d magnetic s t a t e , / ^ . ^ - ^ 

I n order t o simulate t h e o r e t i c a l l y the curves f o r the 
Pr and some Pr-Tb a l l o y s we have c l o s e l y f o l l o w e d the M-B type o f 
c a l c u l a t i o n s made o r i g i n a l l y f o r Ce-Al a l l o y s . ^° c a l c u l a t e 
the expression f o r T ( 1 ) the equation/4-24/ from the t h e o r e t i ­
c a l chapter was used along w i t h the values: of the magnetic mo­
ment m.. and E.. obtained from the c a l c u l a t i o n o f c r y s t a l 
f i e l d energy l e v e l s made by (1-44,5\5 -1 ) f i6« 5.2. The conduction 
band was considered t o be o f a p a r a b o l i c form.The i n t e g r a l 
over the Fermi f u n c t i o n being-taken over 5KT(=4200°K) i n - o r d e r 
to- keep the computation time w i t h i n reasonable l i m i t s and 
al s o t o conserve-the c h a r a c t e r o f the 
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i'ermi-Dirac s t a t i s t i c s f u n c t i o n . The Fermi energy was 
assumed t o l i e jnihemiMLe of the conduction hand. As the-den­
s i t y o f s t a t e s ^ (S) we used the f u n c t i o n c a l c u l a t e d by Miron 
and L i u (1-34),fig.5.5. The r e s u l t s obtained under t h i s assump­
t i o n and undertieassumption o f ̂ (E)=/j(Ep) ( i . e . constant den­
s i t y of s t a t e s ) are very s i m i l a r . T h i s r e s u l t i s not s u r p r i s i n g 
and i s presumably due t o the r a t h e r narrow conduction band 
considered. C a l c u l a t i o n s f o r the cubic and hexagonal e n v i ­
ronments were made separately because values of and m^ 
are known only f o r the hexagonal and cubic l a t t i c e s 
r e s p e c t i v e l y . 

Obviously should we accept the assumption t h a t the r e ­
s i s t i v i t y i n the l i g h t r a r e earths has i t s main c o n t r i b u t i o n 
from aa sf s c a t t e r i n g mechanism o f the type described above 
the r e s u l t o f the proposed c a l c u l a t i o n o f ^ j ( T ) depends 
g r e a t l y on the choice o f c r y s t a l f i e l d energy l e v e l s . The 
parameters used i n t h i s t h e s i s were obtained t h e o r e t i c a l l y 
from c a l c u l a t i o n s based ona p o i n t charge model which were 
f i t t e d t o the experimental curves f o r s p e c i f i c heat and 
magnetization. Complementary t o t h i s . i n d i r e c t evidence, t h e r e 
i s also some d i r e c t i n f o r m a t i o n about t h e i r , p o s i t i o n . 

The p o s i t i o n of c r y s t a l f i e l d energy l e v e l s , t h e i r 
a n i s o t r o p y and d i s p e r s i o n r e l a t i o n s could be f o l l o w e d from 
the neutron d i f f r a c t i o n results(1-14) g r a p h i c a l y presented 
i n f i g . 1 . 1 1 . Rainford(1-51) t e n t a t i v e l y assigned the upper 
mode t o the V^ t o t r a n s i t i o n s on the cubic s i t e s , assuming 
thus t h a t the a x i a l c r y s t a l terms b 2 ( c ) i s small and not 
zero as i s commonly thought. There i s no a p r i o r i evidence 
f o r t h i s assumption and i t i s only based on the s i m i l a r i t y 
w i t h the fee Pr neutron d i f f r a c t i o n d a t a . 
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The lower branches were assigned by (1-14,51) t o the t r a n ­
s i t i o n ( l o ^ -»|-1)), between the s i n g l e t ground s t a t e o f the 
hexagonal 3 i t e s and f i r s t e x c i t e d doublet s t a t e . This assum­
p t i o n i s supported by independant magnetization measurements. 
The s p l i t t i n g o f the lower mode has been p a r t l y explained by 
d i s p e r s i o n r e l a t i o n s c a l c u l a t e d on the basis o f pseudo-boson 
th e o r y and i s p a r t l y a t t r i b u t e d t o an a n i s o t r o p i c exchange 
or e l e c t r i c quadrupole i n t e r a c t i o n . The magnitude o f the 
s p l i t t i n g i n the V M d i r e c t i o n would i n d i c a t e t h a t the 
anis o t r o p i c - i n t e r a c t i o n s i n Pr are of the same order o f 
magnitude as the i s o t r o p i c exchange. This leads t o a s i ­
m i l a r estimate o f these two i n t e r a c t i o n s i n Pr as was made 
by(4-4)on the basis o f the r e s i s t i v i t y v a r i a t i o n w i t h 
temperature measured by (1-16) using parameters (such as 
s p e c i f i c heat, r a d i u s p f .Fermi sphere e t c . ) t y p i c a l o f the heavy 
r a r e e a r t h s . I t i s ' o b v i o u s , from(l-14) experiments on Pr s i n g l e 
c r y s t a l s , t h a t the the c r y s t a l f i e l d s p l i t t i n g of the 

energy l e v e l s represents o n l y the mean, values o f aE. or E . 
c h a r a c t e r i s t i c f o r p o l y c r y s t a l i n e Pr. With regard t o the 
above d i s c u s s i o n o f c r y s t a l f i e l d s p l i t t i n g o f the cubic 
and hexagonal energy l e v e l s the f o l l o w i n g r u l e s were observed 
i n f i t t i n g the t h e o r e t i c a l curve t o the experimental one. 
a) The problem w i t h f i t t i n g a t h e o r e t i c a l curve (M-B-W-K) 
t o the experimental one (Pr) are as f o l l o w s : 
The experimental curve contains e s s e n t i a l l y more i n f o r m a t i o n 
than j u s t the c o n t r i b u t i o n due t o the c r y s t a l f i e l d 9 „ . 

i c . i . , 
i 

It.'••also i n c l u des the phonon c o n t r i b u t i o n Jphonon a n <* ^ e 

r e s i d u a l c o n t r i b u t i o n 9 r e s a^ar'*' from other p o s s i b l e terms, 
e.g. due t o quadrupole and exchange i n t e r a c t i o n (4-.4)» The 
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r e s i d u a l r e s i s t i v i t y which i s not temperature dependent is-
easy t o o b t a i n from measurements made a t 4.2°K or below. 
The phonon c o n t r i b u t i o n t o the r e s i s t i v i t y may be e s t i ­
mated ( a t l e a s t i t s lower l i m i t ) from the h i g h temperature 
behaviour i f the r e s i s t i v i t y curve i s resonably l i n e a r a t 
h i g h temperature (e.g. T > T D e ^ y e ) • For example see the r e s i s ­
t i v i t y curve o f the ht;avy r a r e earths and a l l o y s i n the hep 
s t r u c t u r e , presented i n t h i s study, (Chapter three). V/e can, 
having i n mind the Bloch-Grunei3en t h e o r e t i c a l equation f o r 
J p h o n o n ( T ) , assume t h a t l i m f d y / D l ) i s . t h e s m a l l e s t g r a d i e n t 
of the phonon c o n t r i b u t i o n i n the temperature r e g i o n ^^pg^yg 1 then 

? < T > B c a t t e r i n g = ? ( T ) t o t ~ <Jres. + ? p h o n o n ^ _ ^ w h e r e 

9< T>phonon 2 afCl^ftg/W) /2/ 
y ( x ) 

s c a t t e r i n g t J i e n repres-ent5._ :th^__resist-i3City due t o oth e r 
s c a t t e r i n g mechanismp tfor instance t h a t due t o c r y s t a l f i e l d e f f e c t s 

I n the r e s i s t i v i t y v a r i a t i o n o f Pr with' temperature, 
measured i n t h i s study, -in the temperature r e g i o n up t o 300°K 
i t i s not p o s s i b l e t o d e f i n e t h i s h i g h temperature l i m i t . 
From measurements made by(1-13)up t o ̂ 880°X i t might be pos­
s i b l e t o estimate _ 9 p n o n t h i s way since ( T ) i s almost 
l i n e a r from 450°K t o the t r a n s i t i o n temperature, g i v i n g 
Aj/dT = 5.23x10~2(^«X2. d e g " 1 ) . Even t h i s value should be v i e ­
wed w i t h some s c e p t i c i s m however because o f the nature o f 
the curve. 

i 

Another problem represents the c l a s s i f i c a t i o n and choice 
of the f i t t i n g c r i t e r i o n . What i s the c r i t e r i o n f o r a good 
f i t o f the t h e o r e t i c a l curve t o the experimental one. Karan-
zana et. aL(4-r8 ,9) as w e l l as V/atabe and Kasuya (4-4) were 
more concerned, w i t h the general form o f the r e s i s t i v i t y curve. 



no 

Assuming l o c a l i z e d energy l e v e l s w i t h a s e p a r a t i o n of the 
order o f 10°K and w i t h the Q W n n r n g e n e r a l l y governed by the 
Bloch-G-runeisen r e l a t i o n i t seema more s e n s i b l e t o be more 
concerned w i t h a f i t i n the temperature r e g i o n up t o T^ 170°K 
(V2D)than w i t h the r e g i o n approaching room temperature,300°X, 
as here there i s l i k e l y t o be a s i g n i f i c a n t phonon 
c o n t r i b u t i o n . 

ftaranzana e t . al.(4-8,9 ) were d e a l i n g w i t h a l l o y s and 
compounds o f Ge-Al where the "form o f the r e s i s t i v i t y curve i s 

Buch "that the (?,. • c o n t r i b u t i o n cannot be obtained i n the j prion. 
way described above and consequently they neglected ^OJpo^pletely 
i n order-to understand and e x p l a i n the general form of j) ( T ) . 

Watabe and Kasuya(4-4) made an allowance f o r the O . „ 
j p r i o n . 

c o n t r i b u t i o n assuming i t has the same form as the r e s i s t i v i t y 
o f La, which should be mainly due t o the phonon c o n t r i b u t i o n . 
Lanthanum i s i n many aspects s i m i l a r t o the r a r e earths 
( s p e c i a l l y l i g h t r a r e e a r t h s ) , e;g. w i t h respect t o the 
c r y s t a l s t r u c t u r e , mechanical and chemical p r o p e r t i e s e t c . 
but a t the same time i s b e l i e v e d not t o have any f - e l e c -
t r o n s and consequently has zero magnetic moment. The main 
c o n t r i b u t i o n t o the r e s i s t i v i t y should t h e n be i n the form of a 
r e s i d u a l r e s i s t i v i t y and the phonon s c a t t e r i n g . There are, 
or might be o t h e r mechanisms because a) the metal i s super­
conducting a t low temperatures and b) a t h i g h temperatures 
th e r e might be non zero occupation o f the 4 f s t a t e s which 
l i e above E-,, but v/e assume, these make a q u a l i t a t i v e l y 
s m a l l e r c o n t r i b u t u i c n t o the r e s i s t i v i t y and may be neglected. 

i The s i m i l a r i t y between La and Pr r e s u l t s i n our 
assumption (2.) t h a t JJ p ^ o n ' o f Pr might be g i v e n ^y^ty-^ 



where u i s almost constant w i t h temperature since T^ f o r La 
and Pr are close t o one another (1-20). Then -we can w r i t e 

Sc.iW - f c r < * > " - f t . ••• /»/ 
as a b e t t e r estimate ox' the s c a t t e r i n g due to the c r y s t a l f i e l d 
r a t h e r than t a k i n g J t o t W - J C i f j T ) , Which one o f 
these approaches w i l l g i v e the best f i t between the t h e o r e t i c a l 
and the experimental curves. depends i n g e n e r a l , as v/e 
see i t , on the experimental c o n d i t i o n s . The above r e l a t i o n 

i 

i s most l i k e l y t o be a good approximation p r o v i d i n g the 
m a t e r i a l used i s o f reasonable p u r i t y . I t i s generaly known 
t h a t the r e s i s t i v i t y d r a s t i c a l l y decreases w i t h p u r i t y and 
even the form o f the r e s i s t i v i t y curve could be a l t e r e d 
by a change i n p u r i t y o f the m a t e r i a l . For instance i n the case 
i n q u e s t i o n : the experimental curve o f Pr presented here i s 
s i m i l a r i n shape w i t h r e s u l t s of(1-l6b)but not w i t h (i-16a).The 
r e s i s t i v i t y o f Pr and La measured i n t h i s work l i e below 
those measured p r e v i o u s l y by ( i--|6,a,b ) presumably 
due t o having specimens a v a i l a b l e o f better p u r i t y compared 
t o the samples used t e n or f i f t e e n years ago when those 
measurements were made. Also, see d i s c u s s i o n i n Chapter two, 
d i f f e r e n c e s associated w i t h the d i f f e r e n t l a b o r a t o r i e s sup-
l y i n g the . metals i n q u e s t i o n are r e s p o n s i b l e f o r s l i g h t l y 
d i f f e r e n t p r o p e r t i e s . The need of good p u r i t y samp­
l e s i s even more obvious i n the case of the Pr and La r e s i s t i v i t y 
curves used by W-K(4-4) as a bases f o r t h e i r t h e o r e t i c a l 
d i s c u s s i o n since the La curve l i e s above the Pr one. This brought 
about unreasonably s m a l l * values 0/3/) and the whole 
d i s c u s s i o n presented by them could be viewed only as a 
q u a l i t a t i v e and not a q u a n t i t a t i v e one. The experimental 
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re s u l t s presented here enable a be t t e r s t a r t i n t h i s aspect 
since our r e s i s t i v i t y of La i 3 smaller then the r e s i s t i v i t y 
of Pr. But as i s obvious from f i g . 5.7 ,5. 10 and the f o l l o w i n g 
discussion, unambiguous approval f o r t h i s method of approach 
i s not gained i n our case e i t h e r . 

The experimental data f o r the r e s i s t i v i t y of Pr and the 
Pr-Tb system were approached i n a l l the three ways mentioned 
above. 
1) The t o t a l r e s i s t i v i t y (corrected f o r G„„) was considered 
to be mainly due to c r y s t a l f i e l d s cattering 
2) The t o t a l r e s i s t i v i t y (corrected f o r £ r e s ) was dealt 
w i t h as i f i t consists mainly of two components ̂ p h o n and 

J c * . \ W h e r e 

a) P„„«v, i s of the same form as p ,. • j pnon. j jja 
b) j ) p l l 0 n i s l i n e a r l y increasing w i t h the temperature. 
The r e s i s t i v i t y due to c r y s t a l f i e l d s c a t tering was calcula­
ted , as mentioned above, on the bases of M-B(4-6) theory f o r 
the hexagonal and cubic environments separately. An extentioh 
of the i'iatthiessen1 s r u l e was assumed 

c ub ' 
I n f i g . 5.6 -5.10 are /presented the r e s u l t s of the calcula^ 
t i o n . The t h e o r e t i c a l c o n t r i b u t i o n from the hexagonal and 
cubic environment are given separately i n f i g . 5.6 f o r a 
three l e v e l system (1-44) the t h e o r e t i c a l curve being scaled 
to the Pr r e s i s t i v i t y curve. These levels are shown i n 
f i g . 5.6, and were assumed to be eigenstates. The f i t of ( 

th6 hexagonal c o n t r i b u t i o n i n the low temperature region 
(-!160°K) i s rather good as also i s the f i t f o r the cubic 
c o n t r i b u t i o n i n the high temperature region (200-320°K) 



suggesting that the sum of the hexagonal and cubic c o n t r i ^ 
butions t o the ̂ c ^ should provide a reasonable explanation 
of the r e s i s t i v i t y behaviour of Pr. This i a presented i n 
the next f i g . 5.7 . The best f i t obtained t o the t o t a l jL.^ 
i s provided by the sum of and ^ c u^. Also shown i n the 
f i g u r e i s the t o t a l r e s i s t i v i t y corrected f o r a phonon con­
t r i b u t i o n s , e i t h e r assuming O , «"*KT or G>- . 

• j pnonon } jja 
I n a l l three of the experimental curves presented 

there i s an obvious deviation i h the low temperature region. 
I t may o r i g i n a t e from a quadrupole term which has so f a r 
been neglected or a l t e r n a t i v e l y i f Matthiessens r u l e ceases 
to be v a l i d at \ too low temperatures. The curve Q p r~£ T,g 
i s obviously not f i t t e d by t h i s t h e o r e t i c a l curve at a l l . 
Since i t cannot give a good. f i t . f o r corrected f o r 5p>,on 

we w i l l look more thoroughly at the system. 
The r e s u l t s of t h e ^ e ^ c a l c u l a t i o n f o r a l l the crys­

t a l f i e l d energy l e v e l s calculated by (1-51,5-1) are presented 
on fig.5.8 and 5.9«-c.The calculations have assumed tha t 
recombination may be neglected,as has been done i n the above 
to ensure that the form of the curve does not become subs-, 
t a n t i a l l y altered,i.e. that i t 1 s t i l l represents the c r y s t a l 
f i e l d s c a t tering f o r a given set of energy l e v e l s . Figure 
5.8 represents p^gx and £> c u t ) where recombination was 
neglected along w i t h p,, e x(^(5) =const.) and ^ l l e > . ( ^ ( E ) =f (E)) . 
Both of which give almost i d e n t i c a l r e s u l t s . Also there 
i s only a small v a r i a t i o n i n the low temperature region bet 
ween 1he curves where recombination was neglected, fig.5.8 
and was considered f i g . 5.9a-o*The sum of ̂ h e x

+ ( p c u o » ^6*5.90. 
reveals the fac t that a l l t r a n s i t i o n s between a l l possible 
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energy levels (1-51,5-1 )are considered ^ h e x is'much "bigger then 
^cub 8 0 "tna'fc fhex e s s e h t i a l l y determines the character of 
(&c.f. i n Pr. The sealed sua of J > h e x and J ) c u b from f i g . 5.9° 
to the J p r , p P r _ K f u , and p t r . - f L a i s presented i n . f i g . 
5.10. The best f i t i s obviously obtained f o r the case of 
^ p r ~^j,a« Since the t h e o r e t i c a l curve i s scaled to. the 
higher temperature--( 160°K) ,the t h e o r e t i c a l curve predicts 
a f a s t e r r i s e at low temperature than i s ac t u a l l y obser­
ved. This may be understood perhaps i f t h e . r e s i s t i v i t y 
due to quadrupole s c a t t e r i n g was considered(4-4) since t h i s 
i s believed to be strong i n the case of Pr. ?urthejj according 
to some experimental evidence, poly c r y s t a l i n e Pr i s believed 
to be ordered up to ^0°K and i f t h i s i s so then i n fig.5.10 
t h e ^ c j, should be considered only from 20°K onwards, where 
as may be seen the f i t i s good. The small deviation at high 

temperatures can be a t t r i b u t e d to the difference between 

<?Pr-phon. a n d ?La' 
The weighted sum <*j> c u b + ( & f h a x scaled as above to J>pr, 

^Pr-KT a n d'jpPr~9La i s P r e s e n" t e d- o n f i S 5.11. The f i t to any 
of the experimental curves is poor i n comparison to the f i t 
obtained i n fig-5.10 £° r^p r~§V a

 a n ( i consequently we can 
than take j ) c £ = f j 3 e x ( T ) + ^ C U 0 ( T ) « ?ig.5.12 shows the same 
c a l c u l a t i o n f o r the - energy levels used i n the above w i t h 
assumption.that the Fermi-Dirac d i s t r i b u t i o n f u n c t i o n i s 
f(T)=1 and the i n t e g r a l r e s i s t i v i t y could be expressed as 
|fcc ^ ( T ) = T ( 1 ) x constant .... /4/ 
Again the cubic c o n t r i b u t i o n i s smaller than the hexagonal. 
The|biggest deviation from the i n t e g r a l r e s u l t s , f i g . 5 . 9 , are 
obviously at low temperatures. I n the hexagonal case £l(T) 
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U: decreasing w i t h temperature, a f t e r reaching a maximum at 
A40°K. This shows the necessity, f o r carrying out a complete 
c a l c u l a t i o n f o r the case where 4E i

/ vXT. The f i t of t h i s 
curve to the experimental (j^p-Pug) values i s obviously 
worse than i n fig.5.10, mainly at low temperatures. and 
can be only regarded a3 a zero approximation to the problem. 
This conclusion i s also supported by the r e s u l t s shown i n 
f i g . 5 .13 which may be discussed(in zero approximation) i n 
a s i m i l a r way to the discussion concerning fig.5.10. 
5.3 Praseodymium-terbium i n the d-hex phase 

The temperature v a r i a t i o n of the r e s i s t i v i t y of Pr-Tb 
al l o y s i n the d-hex phase has been approached i n a s i m i l a r 
way to the casevof pure praseodymium. I n general these alloys 
do not show any evidence f o r long range ordering, but neutron 
d i f f r a c t i o n r e s u l t s (5-1,1-36) show that some short range 
order occurs. This i s a minimum f o r the 10$ Tb specimen and 
increases w i t h increasing terbium, u n t i l at 30$ Tb magnetic 
measurements show a very broad peak at 20°K i n the^-T. curve 
(fig.5.14) and deviations from a Curie Y/eiss-. behaviour f o r 
temperatures below about 70°K. This l a t t e r temperature coin­
cides w i t h the disappearance of the broad, short range order 
s a t t e l i t e peaks i n the e l a s t i c neutron sc a t t e r i n g data . 

The magnetic behaviour of the 30$ Tb specimen i s b e l i e ­
ved to r e s u l t from an assembly of ions i n which the r a t i o n of t t 
c r y s t a l f i e l d t o magnetic exchange i n t e r a c t i o n s i s very c l o ­
se to the c r i t i c a l value f o r spontaneous ordering (1'2,13). 

i . i 

I t i s known from c r y s t a l f i e l d - calculations (1 ) and 
magnetic measurements(1-51)that an i n t e r n a l f i e l d of 500K0e i s 

i -

necessary to induce the. magnetic ordering of Pr .; Consequently 
i t would- appear that i n the 30$ Tb a l l o y ;the e f f e c t of the 
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exchange in t e r a c t i o n s nay be expected to l i e s l i g h t l y 
below t h i s f i g u r e . For lower terbium concentrations the 
e f f e c t of the exchange w i l l correspond to lower f i e l d values 

• 

and i n the l i m i t the ad d i t i o n of Terbium may simply d i s t o r t 
the praseodymium c r y s t a l f i e l d r e s u l t i n g i n s l i g h t s h i f t s 
of the levels involved. Some evidence f o r t h s e f f e c t has 

already been observed (1 ) f o r .the range 5-15$ Tb using 
i n e l a s t i c neutron s c a t t e r i n g . 

I f we take the e f f e c t of the exchange interactions' i n 
the 30$ Tb sample to correspond to 400K0e,crystal f i e l d c a l ­
culations (jive the l e v e l structure shown i n f i g 5.15 f o r 
the two s i t e s . Evaluation of the temperature dependence of 
the r e s i s t i v i t y are then straightforward, and may be carr i e d 
out as f o r pure praseodymium. The r e s u l t s of t h i s c a l c u l a t i o n 
are shown i n fi g . . 5.16ab under the assumption th a t f ( T ) = 1 , 
i e neglecting the e f f e c t s of the change i n the Fermi-Dirac 
f u n c t i o n w i t h increasing temperature. 

Fig. 5.17oshows the t o t a l c r y s t a l f i e l d c o n t r i b i t i o n 
to the r e s i s t i v i t y compared w i t h the experimentally obtained 
v a r i a t i o n of the "magnetic" r e s i s t i v i t y f o r the 3P$ Tb a l l o y . 
The experimental values are given by 

?o.J " ? t o t . < 3 0 ^ " P r e s . - * f t a 

and the t h e o r e t i c a l curve i s normalized to j * c ^ at T=160°K. 
Above about 100°K the f i t i s reasonably good as might be 
expected, however below t h i s temperature the experimental 
values show a broad peak w i t h a maximum at about 30°K. This 1 

i s ; s i m i l a r t o the s u s c e p t i b i l i t y observations and we assume 
th a t t h i s a d d i t i o n a l r e s i s t i v i t y i s associated w i t h the pre­
sence of short range ordering i n the specimen. I f t h i s orde­
r i n g i s antiferromagnetic then the a d d i t i o n a l r e s i s t i v i t y 
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•can be expected to be i n excess of the c r y s t a l f i e l d only 
values because of the l o c a l superzone e f f e c t s a r i s i n g from 
the difference i n the p e r i o d i c i t y of the spin structure and 
the atomic structure of the a l l o y s . 

An examination of the r e s i s t i v i t y w i t h temperature 
f o r the 10 and 20$ terbium samples showed that the former 
i s remarkably s i m i l a r to pure praseodymium exept f o r an i n 
increase i n the residual r e s i s t i v i t y . The latter has a decrea­
sed c o n t r i b u t i o n to the magnetic r e s i s t i v i t y at a l l tempera­
tures compared wi t h pure praseodymium and i n a d d i t i o n at 
low temperatures (<40°K) shows some evidence of the e f f e c t 
of short range order. 

• I f w.e assume that there i s l i t t l e or no short range 
order i n the 10$ Tb sample, as seems l i k e l y from the neutron 
s c a t t e r i n g data, then the r e s i s t i v i t y v a r i a t i o n should be capa­
ble of i n t e r p r e t a t i o n i n the same way as pure Pr. Assuming 
th a t the Tb impurities contribute only the increase i n the 
r e s i d u a l r e s i s t i v i t y the praseodymium c o n t r i b u t i o n w i l l then 
be given by a d i l u t i o n c o r r e c t i o n to the pure Pr r e s u l t s . 
This i s shown i n fig.5.17c compared w i t h the experimental 
data and as may be seen there i s a considemble er r o r at 
low temperatures. As suggested previously, i n e l a s t i c neutron 
s c a t t e r i n g data shows tha t the magnetic e x c i t a t i o n l e v e l s 
i n Pr-Tb all o y s are sensitive to the addidtion of Tb^ the 
8-9meV and 2-4mev leve l s decreasing w i t h increasing Tb, f i g . 
5.-1̂ 1,4(13f 17) .The upper l e v e l i s known to decrease by appro-' 
xiraately 10$ while the lower l e v e l , which i s much more d i f - •' 
f i c u l t to resolve, moves to lower energies by an amount bet­
ween 10-50$. Using a set of c r y s t a l f i e l d l e v e l s t o which 
corrections of t h i s type have been made, the predicted 



r e s i s t i v i t y v a r i a t i o n moves towards the experimental form.• 
These r e s u l t s are shown i n f i g . 5 .17o,c,cfor s h i f t s of (105*, 10$ 
and (10$,50$) i n the 8-9mev and 2-4mev l e v e l s . 

I t i s evident that "by allowing f o r changes of the 
d e t a i l e d c r y s t a l structure i t i s possible to obtain a reaso­
nable understanding of the r e s i s t i v i t y v a r i a t i o n i n t h i s 
a l l o y . I n order to obtain a^xmplete f i t however, i t w i l l 
be necessary to know the changes i n a l l the l e v e l s rather 
than only the lowest two. As t h i s data i s not l i k e l y to be 
available i n the near fu t u r e from experimental observations, 
and since i t i s probably not. possible to obtain a unique ; 
set of c r y s t a l f i e l d l e v e l s to give a best f i t we have t a ­
ken' the above r e s u l t s as an i n d i c a t i o n t h a t the observed 
e f f e c t s i n d i l u t e Pr-Tb a l l o y s may be a t t r i b u t e d ; at leas t 
to a f i r s t approximation, to the e f f e c t s of changes i n the 
c r y s t a l f i e l d caused by the a d d i t i o n of Tb. I n a complete 
f i t , of course, i t will'-.also be necessary to allow f o r the 
temperature dependence of the s c a t t e r i n g from the Tb ions. 

The 20$ Tb a l l o y ^ i s obviously intermediate between the 
10 and 30$ Tb alloys and i n order to obtain a complete 
understanding of the observed r e s i s t i v i t y both the c r y s t a l 
f i e l d and the exchange i n t e r a c t i o n s must be known. This i s 
not the s i t u a t i o n at present and only crude t h e o r e t i c a l 
estimates are possible by combining the r e s u l t s of the 10 
and 30$ Tb specimens.1 Pig 5.17c shows the experimental 
data f o r t h i s a l l o y , and a v a r i e t y of predicted c r y s t a l 
f i e l d combinations* I t i s evident that there i s l i t t l e to 
choose between these curves. I n conclusion, f o r these d-hex 
structure Pr-Tb a l l o y s , the v a r i a t i o n i n the ̂ >-T curves w i t h 
concentration may be understood i n terms of a continuous 
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change i n the c r y s t a l f i e l d l e v e l s w i t h increasing terbium 
and an increasing amount of short range order i n the specimen. 
Y<nether the short range order contributes to the r e s i s t i v i t y 
through a normal term (14, 6 ) of the form 
( g - 1 ) 2 J(J+1) (or S(S+1)). 
or by means of c r i t i c a l f l u c t u a t i o n s (3 ) i s not yet clear. 
5.4- Neodymium-Dysprosium and Neodymium-Yttrium alloys i n 

the d-hex phase 
I t appears l i k e l y t h a t the r e s i s t i v i t y v a r i a t i o n of the­

se two a l l o y , systems may be considered i n terms of four 
c o n t r i b i t i o n s , the;.total r e s i s t i v i t y being written 

W 1 ' ) ° ?res + ? o . f < T > + ?o-f« T ) +j>phon.' • • • /S/ 
Again, the residual r e s i s t i v i t y i s taken as p(4.2°K) and the 
phbnon sca t t e r i n g may be approximated to by To define 
the form of the sc a t t e r i n g due to the c r y s t a l f i e l d 
i t i s necessary to know the eigenvalues and eigen functions 
describing the sublevels of the J=4 ground state of the Kd 
ion i n the a l l o y s . Unfortunately these' are not known with-
any degree of accuracy at the present time and a less deta i l e d 
understanding must r e s u l t i n consequence. The problem i s 
f u r t h e r complicated by the presence of magnetic ordering i n 
pure M which gives r i s e to the spin disorder r e s i s t i v i t y 
term ^) e._^.(T). I t i s w e l l known ttfiat t h i s c o n t r i b u t i o n v a r i e s , 
r a p i d l y w i t h temperature up to the ordering temperature 
(1V=7 °K) (15) above which i t gives an e s s e n t i a l l y constant 
c o n t r i b u t i o n to the r e s i s t i v i t y , which i n terms of the RIGCY , 
theory has a magnitude p 3_..(T>T N) = /. (s-1) J(J+1). I f we 
assume tha t the constant term can be normalized to the va­
lue obtained f o r elemental Gd, t h i s c o n t r i b u t i o n would be 
expected to be of magnitude approximately 18// Si cm. As we 
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c-:n see from fig,5.19 the t o t a l r e s i s t i v i t y i s less than 
t h i s value at 20°K, so th a t i t i s evident that the free 
electron picture i s inadequate to describe the observations 
even q u a l i t a t i v e l y . Since i t i s known (4-4) that the exchange 
i n t e r a c t i o n i s comparable to th a t of Gd,.in the d-hex s t r u ­
cture, the differences are undoubtely associated w i t h the 
differences between the r e a l i'ermi surfaces of the two e l e ­
ments (these are of course primarly concerned w i t h the two 

•di f f e r e n t structures of Gd and Nd). similar the v a r i a t i o n of . 
s"r • 

w i t h temperature gives me onanism (1-13,36)iesribed i n chapter 
4.5 where the presence of the c r y s t a l f i e l d l e vels i s taken i n ­
to account and consequently we believe t h i s model i s more 
suitable f o r the l i g h t rare earths. 

Following e a r l i e r workers (4-4, ) we can discuss the 
behaviour of Nd (and also the Nd-Dy, and M-Y al l o y s ) as 
indicated i n f i g . 5.19. Here, the spin disorder r e s i s t i v i t y 
^ J f i s shown dashed, reaching a saturation value above about 
20°K. The absolute value of the saturation value of ^ i s 
d i f f i c u l t to establish, as discussed above,.however as the 
only other temperature dependent c o n t r i b u t i o n t o the r e s i s ­
t i v i t y below 20°K w i l l arise from p p h o n ( T ) , which i s expec­
ted to be small at these temperatures we have:assumed t h a t . i t 
corresponds to a value s l i g h t l y less than (£tfc0-t~̂ es )'(20°K). 

The remaining r e s i s t i v i t y corresponds to the c r y s t a l 
f i e l d c o n t r i b u t i o n (T>20°K) and the phonon r e s i s t i v i t y . The 
l a t t e r may be taken proportional to j > L a as was done i n the 
Pr. al l o y s or a l t e r n a t i v e l y i t may be q u a l i t a t i v e l y estimated 
byiassuming that the s u b s t i t u t i o n of Y serves, merely to 
d i l u t e ^ c j. i n the d-hex phase, and extrapolating to pure Yf 

so g i v i n g an e f f e c t i v e d-hex y t t r i u m behaviour. 

http://that.it


91 

Obviously t h i s i s a long extrapolation and the r e s u l t can 

two c o n t r i b u t i o n obtained i n t h i s way are shown i n fig.5.19. 
As may be seen , the phonon c o n t r i b u t i o n d i f f e r s appreciably 
from the r e s i s t i v i t y of the pure L a , p a r t i c u l a r l y i n the mi-
raiddle temperature region, although t h i s i s probably to be 
expected i n view of the al l o y s under consideration. The 
c r y s t a l f i e l d r e s i s t i v i t y however, i s t y p i c a l of "the behaviour 
observed i n the Pr series,and for. electron scattering from 
c r y s t a l f i e l d s i n general. I f we take the knee as being a 
crude guide to the s p l i t t i n g of the f i r s t two doublet states 
i n the Krammer's ion t h i s w i l l correspond to a value of about 
100°K which i s the' correct order of magnitude f o r neodymium 
i n 'a hexagonal environment. I t must be remembered however, 
th a t 50$ of the atomic s i t e s i n the d-hex l a t t i c e have cubic . 
symmetry, f o r which the c r y s t a l f i e l d s p l i t t i n g i n metals i s 
known(1-47) to be nearer to 20°K. This W i l l be discussed l a ­
t e r i n t h i s section. 

I f we r e t u r n to the Nd-Y a l l o y s , the discussion may 
i 

be. based on equation / 5 /. The r e s u l t s of fig.3J.22: show 
th a t at low temperatures (<10°K) there i s a rapid f a l l i n 
t o t a l r e s i s t i v i t y which may be associated w i t h a magnetic 
t r a n s i t i o n , or a l t e r n a t i v e l y w i t h an increase i n c r y s t a l 

. f i e l d s c a t t e r i n g . This change i s also evident i n pure f-Td 

only be taken as a guide to t h emagnitude Jphon. These 

and i s normally associated w i t h the magnetic .ordering of 
the. cubic aites which occurs at 6°K. 

I n e i t h e r case, above t h i s temperature one can assume 
that w i t h Y d i l u t i o n , the magnitude of t h i s c o n t r i b u t i o n 

Vtot w i l l f a l l o f f as the Nd concentration, fig.5.20. 

http://fig.3J.22
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S i m i l a r l y , as has been discussed e a r l i e r i n t h i s section 
the c r y s t a l l'ield c o n t r i b u t i o n to the r e s i s t i v i t y above 
20°K w i l l be concentration dependent. Consequently, we 
may w r i t e $> t o t.(T) = ^ + x f , - f (T) + J > p h o n o n 

where ^ r e B t can be expected to depend on concentration as 
x ( i - x ) through the scat t e r i n g from the p o t e n t i a l mismatch 
i n the a l l o y system.and Js_j includes both the c r y s t a l 
f i e l d and spin disorder terms where the latter i s relevant. 
This term w i l l of course be constant at high temperatures. 

As may be seen from fig.3.22 above 120 K, Q^Q^. 

consequently the saturation value of ̂ s_£ m a y ^ e obtained 
i n the normal way by extrapolating the high temperature 
r e s i s t i v i t y v a r i a t i o n to T=0. The values obtained in' t h i s 
way are shown i n fig.5.20 f o r the e n t i r e a l l o y system, and 
as may be seen there i s an approximately l i n e a r decrease 
w i t h increasing y t t r i u m content. This decrease i n the magne 
t i c term i s very evident from the r e s i s t i v i t y r e s u l t s of 
fi©.3.22j27,where i t i s also clear that the form of f s.^(T) 
i s the same f o r a l l the series. Since those figures r e f e r 
to materials i n the d-hex, the samarium and the hep phases 
t h i s i s rather i n t e r e s t i n g as the r e l a t i v e percentage of 
cubic and hexagonal s i t e s change appreciably from one to 
another. This result, leads to two p o s s i b i l i t i e s , e i t h e r 
a) the c o n t r i b u t i o n to the t o t a l r e s i s t i v i t y from the two 
types of s i t e are i d e n t i c a l i n form and magnitude, which 
seems u n l i k e l y i n view of the r a d i c a l l y d i f f e r e n t c r y s t a l 
f i e l d s at the two environments or 

i 

b) ! the cubic s i t e s make 1) a r e l a t i v e l y small c o n t r i b u t i o n 
to the r e s i s t i v i t y and 2) t h i s c o n t r i b u t i o n reaches i t s 
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maximum value at low temperatures, The previous work on the 
?r-Tb. system suggests -&Bt 1)may he. true at least i n the d-hex 
structure and the small cubic s p l i t t i n g associated w i t h 
the neodymium ions would r e s u l t i n the conclusion under 2 ) . 

The remaining J p n o n o n term i n J> t 0^ ai shows a remarkable 
s i m i l a r i t y over most of the a l l o y system. Fig*5.21,3.44 
indicates the gradient d̂ >/dT f o r 0>15OoK i n the region i n 
which ^ p n o n o n i s believed to be the only temperature depen­
dent term and as may be seen t h i s i s constant over the 
d-hex and Sm phase region, increasing i n the hep phase to 
a maximum at pure y t t r i u m . 

To a f i r s t approximation, the gradient of a normal 
phonon c o n t r i b u t i o n t o the r e s i s t i v i t y i n the i d i r e c t i o n 
i n a metal i s given by dPi/dT dsi and i n our 

jpn Fermi surface 
case, w i t h p o l y c r y s t a l i i n e samples we have approximately 
d f p h H p o l y . ° < 1 / 5 < ^ dSCU basal + ^ d % ) c-axis> 
The r e s u l t s then suggest t h a t i n the complex hexagonal pha­
ses there i s e i t h e r r e l a t i v e l y l i t t l e change i n the. form . 
of the Fermi, surface from one structure to another, or 
a l t e r n a t i v e l y t h a t the changes which do occur are comple­
mentary, leaving the average unchanged. 

I n the simple hep structure however, ^ ^ - d S h a s a l + 

+ ̂  dS -_,,.„) evidently increases w i t h increasing y t t r i u m . 
This i s much harder to understand than the behaviour i n 
the more comlex phases, but must r e s u l t from e i t h e r 
d e t a i l e d changes i n the shape of the Fermi surface ( s

e f f ) 
due to the differences i n atomic species i n the a l l o y , and/or 

i 

t o ! the changes i n the Debye temperature across the a l l o y 
series. 
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I f we assume w i t h ( 2 ) tha t we can express the 
i 

r e s i s t i v i t y i n the zero approximation as 
^ = m*/(n*e 2T) 

and can expect • Matthiessen's r u l e to he v a l i d at high 
temperatures 1 / i r p h o n o n + V r c > f . .. - /6/ 
then the phonon c o n t r i b u t i o n may be expressed (14) by 
1/C=(NXl/4fl?h)J >|U k, kj 2 ((sin(E'-E)/*)/(E'-E)) x 

(1-W')/)!(E)) (dE«dS»/7E(E')) ... /7/ 
which a f t e r i n t e g r a t i o n and s u b s t i t u t i o n f o r U k l l c w i t h 
l ^ ' k l 2 = O T / 2 ) 2 / 3 ( ^ / N r 2 ) ( T / M k e | ) ( V 0 ( r s ) - E 0 ) 2 ... /8/ 

and neglecting-. conduction i l l any other but the conduction 
band has the form 
^ V c o n d u c t i o n ^ - ( 4 8 ^ ) V ' ( k o H B / h ) ( T ^ ) ( T 0 ( r f l ) - ! 0 ) 2 /9/ 

Prom fig:.5.20 we know, i n the zero approximation that fyc ^ 

i s zero f o r YgNd1 and Y. From fig,5*21 we know that djtydT 
i s biggest f o r Y, Y^Nd1 and smallest f o r the alloys i n the d-hex 
phase at high temperatures. From Y,YgNd1 and Y^Ndj, f i g . 5 . 2 1 , 
3.44f i t can be seen ^atia^/d!?)^^ temp d e c r e a s e s w i t h 
composition but i s almost constant w i t h temperature while 
i n the d-hex phase i n Y^Nd^ d^/dT decreases w i t h 
temperature as w e l l as w i t h composition* I f we assume that 
the ^ c f c o n t r i b u t i o n i s l i n e a r l y dependent on concentration, 
i t means that i t decreases w i t h Nd concentration. Then the 
negative c o n t r i b u t i o n to d|3/dT of Nd, NdgY2 and NcLyjfj must come 
from the ^ Q % term and djJ c ^ /dT must have a -non zero 
c o n t r i b u t i o n even at the high-temperatures. 

I n Y4>~*5 and Yg-̂ Nd the^> c f contribution i s approxima­
t e l y one h a l f of J) c £ i n Nd, f i g . 5 , 2 1 , and the dj3/dT i s 
constant above "».80°K which means that dj?/dT does not 
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contribute appreciably above t h i s temperature. I t i s i n t e ­
r e s t i n g t o notice. the difference between £>vs T of Y, 
YgNd^ and Y^Nd^ where the ̂ c ^ i s zero. Consequently the 

t o t a l r e s i s t i v i t y i s due to ̂  p^onon a n^' m a ^ ^ e & i v e n 

by e q u a t i o n / 7 , 9 / ( f o r polyvalent metals). 
. The t r a n s i t i o n matrix depends on T/Mk©pas w e l l as 

other parameters.which we assume t o be constant i n our 
case. I n a d d i t i o n to the t r a n s i t i o n matrix the t o t a l r e l a x a t i o n ' 
•time (and hence the r e s i s t i v i t y ) depends on the e f f e c t i v e den­
s i t y of the states, of the conduction slectrons, the. e f f e c ­
t i v e 'Fermi surface and the band structure. near.'the Fermi energy. 

M, the atomic weight f changes substantially'1 , from 
8 8 . 9 at Y to 1 4 4 . 2 4 at Nd which gives a 6 . 2 5 $ drop i n the 
t o t a l value of the r e s i s t i v i t y f o r every 1 0 $ increase of 
the Nd concentration. 9 j j the Debye temperature changes from 
a / 2 2 0 ° K f o r Y to 1 6 0 ° K i n Nd and., brings about an increase 
of 5 . 9 7 $ i n the r e s i s t i v i t y f o r 1 0 $ Nd increase. Consequen­
t l y these contributions p a r t i a l l y cancel and can not give the 
changes i n the r e s i s t i v i t y . The changes must then be due to 
the changing•Fermi surface and i t s e f f e c t i v e surface area. 
The form of the Y Fermi surface i s believed to be s i m i l a r 
to the other heavy rare e a r t h s . ( 1 - 1 ) . The form of the Nd 
Fermi surface i s p a r t i a l l y ."known bttt i t i s clear t h a t i t s d e t a i l s 
are c l i f f e r e n t from the Fermi surface of the heavy rare earths. 
The changes i n the e f f e c t i v e Fermi surface and/or the 
changes i n the electron band structure might explain the pohonoh • 

i - • > 

r e s i s t i v i t y behaviour of the Y-Nd series. This hypothesis 
may . be supported,by the experimental evidence( 1 - 3 ) of the 
Ziman parameter R calculated from the experimental data 
f o r the a l l o y - s e r i e s Y-Gd where i t i s found. ..that R drops : 

/ 
i 

s u b s t a n t i a l l y on going 
/ -. 
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from Y to Gd. This has been explained (1-3) by using the 
following 1 approximate equation 
R = 8.125:-:109 [ ( M e ^ J / C M j J ... /10/ 
where ^ i s the r e s i s t i v i t y due to the l a t t i c e v i b r a t i o n s 
and D the Debye radius. This equation i s equivalent to 
R-=Tna2/? ( S f r e f i / S ) 2 ... /11/ 
where na i s the number of the conduction electrons per atom 
and S and Sfree the actual and fre e - e l e c t r o n Fermi surface 
areas respectively. From /9/ and /10/ we get 
j ! / v n a 2 / 3 ( s

f r e e / S e f f ) 2 ( l ) T / M o 2 ) c o n s t ' / 1 2 / 

I n t h i s expression we can safely estimate th a t there should 
be a decrease of approximately 5$ due to the D/K© term. 
To explain the experimental r e s u l t s by ^ h o n o n e i t h e r na, 
the e f f e c t i v e number of the conduction electrons per atom, 
i s going to increase or/and the e f f e c t i v e Fermi surface. 
I n view of the s t a b i l i t y of the t r i v a l e n t state of the 
rare earth elements i t seems more l i k e l y t h a t i t i s the 
l a t t e r term which i s important i n these measurements, 
5.5 Dysprosium-neodyrnium al l o y s 

i 

As discussed previously, the alloys w i t h up to 30 -at$Dy 
c r y s t a l l i z e i n the d-hex phase. This i s i n agreement'with 
the r e s u l t s of (3-9).^ho also reported th a t there was no 
evidence f o r magnetic ordering i n t h i s phase above 4.2°K. 
The r e s i s t i v i t y observations at low temperatures however, 
show a rapid f a l l i n 'the r e s i s t i v i t y w i t h decreasing 
temperature below about 6°K.as may be seen from fig.3.26. 
The form of the r e s i s t i v i t y v a r i a t i o n below about 20°K i s 
somewhat s i m i l a r to t h a t of elemental neodymium (fig.3.26) 

i -

in'which the rapid change i n r e s i s t i v i t y at 6-7°K 
correspond? to the ordering temperature f o r the atoms on the 
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cubic s i t e s . On r a i s i n g the temperature t h i s i s followed 
by a region of low d^/dT to about 20°K above which the.. 
r e s i s t i v i t y rises: continuously and smoothly i n a manner, 
which suggests that we are observing the temperature 
dependence of the sum of a c r y s t a l f i e l d and phonon r e s i s ­
t i v i t y as was the case i n the praseodymium a l l o y s . I f we 
take the change i n slope at 20°K as being due to the d i s ­
ordering of the hexagonal s i t e s then i t would appear tha t 
the a l l o y s do i n f a c t show some evidence f o r magnetic 
ordering and th a t t h i s proceeds i n tv/o steps as i n the 
case f o r neodymium. U?he t r a n s i t i o n temperatures f o r the 
a l l o y s obtained i n t h i s way are given i n the table 3*7. 
As may be seen the upper t r a n s i t i o n temperature shows a 
s l i g h t increase w i t h increasing Dy content and at the same 
time the' e f f e c t i v e spin disorder r e s i s t i v i t y , which we 
can only define as J t o t - ^>res. i n t h i s s i t u a t i o n (^tot=J> 
at the upper t r a n s i t i o n temperature) increases appreciably. 

I n general, as we have seen, we can expect the satu­
r a t i o n value of the temperature dependent part of the 
spin disorder r e s i s t i v i t y f o r the a l l o y system to be given 
b r J sat - A ^ a - ^ \ ^ ^ l + 

where a and b r e f e r to Nd and Dy respectively, the remaning 
symbols having t h e i r usual' meaning. Since J a and ^ are 
known to be of comparable magnitude the value of 
should vary simply as the average de Gennes f a c t o r 5 f o r 
the a l l o y system. While the v a r i a t i o n i s approximately 
l i n e a r in. 5 (table 3.7), the rate of increase o f ^ r j a t w i t h 
Dyi concentration i s f a s t e r than might have been antic i p a t e d by 
scaling..to pure Nd data. Consequently i t would seem that 
•we may be involved w i t h a concentration dependence of 



98 

A(=3^.rm*/2J*q E ,) and t h e r e f o r e of ra* and/or S„ s i n c e 
J! £ 

U l i k e l y to remain c o n s t a n t . 

The r i s e i n r e s i s t i v i t y above the upper o r d e r i n g 

temperature i s s i m i l a r to t h a t observed i n the Y-Nd a l l o y s 

and presumably r e p r e s e n t s the c r y s t a l f i e l d and phonon 

c o n t r i b u t i o n s as mentioned e a r l i e r . As w i t h .the Y-Nd a l l o y s 

dj?/dT becomes co n s t a n t above about 120°K, and i f we take 

t h i s h igh temperature g r a d i e n t as an i n d i c a t i o n of the 

temperature dependence of the phonon r e s i s t i v i t y i t w i l l a l s o 

provide an i n d i c a t i o n of the behaviour of ~the—average 

c r o s s s e c t i o n of the Fermi s u r f a c e taken over a l l o r i e n ­

t a t i o n s . As f i g . 5 . 2 2 showsyd|)/dTLi_ncr^ses^&^ 

30..at# Dy f beyond which the s t r u c t u r e changes to the more 

complex Sm phase.This i n c r e a s e i n dy/dT corresponds to a 

d e c r e a s e . i n the Fermi s u r f a c e a r e a , and i t i s i n t e r e s t i n g 

to s p e c u l a t e whether or not t h i s change i s a s s o c i a t e d w i t h 

the s t r u c t u r a l change i n these m a t e r i a l s . 

_ _ i ,1m 
eir M 

Nol 

1/ 

1 

o o 
• 

Fig.5.22 

(dj)/dT) v s composition f o r Nd-Dy a l l o y s . 
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5.6 "Lanthanum-dysprosium i n d-hex ' 
5.61 Lanthanum 

As a l r e a d y s t a t e d L a i s nonmagnetic having no f - e l e -

c t r o n s . Consequently i t s r e s i s t i v i t y should "be g i v e n "by 

° ? r e s i d . + J s h o n a n O 

where we assume t h a t only ^ l 0 n o n i s temperature dependent and 

the v a r i a t i o n of J ( T ) w i t h temperature, fig.3.33, a r i s e s only 

from t h i s phonon c o n t r i b u t i o n . • 

I n order to understand t h i s behaviour l e t us to a f i r s t 

approximation assume t h a t t h e r e a r e no f - e l e c t r o n s . I t 

i s l i k e l y t h a t the Debye temperature © D w i l l change w i t h 

temperature by analogy w i t h the other r a r e e a r t h metals 

f o r which the v a r i a t i o n of ©^ w i t h temperature has been 

measured(1-20).Consequently the only temperature dependent 

p a r t of the r e s i s t i v i t y i n L a w i l l be a s s o c i a t e d w i t h the 

thermal v a r i a t i o n of the l a t t i c e and the f o l l o w i n g r e l a t i o n 

between ^>,T and © D should hold j> /T ̂ © ^ or by u s i n g thermo­

dynamics: /T = con s t . ( 1 + 2 o ^ T ) where ©f = 1/VCDV/DT) and 

Y*= (dlog© D/dlogV) = fcV/£.cv) , c y being the s p e c i f i c heat, 

3C,= (-1/V)(bV/op) i s the i s o t h e r m a l c b m p r e s i b i l i t y . 

S i n c e ^ ( T ) i s convex upwards a t high temperatures • 

the v a l u e of 2^y-should be ne g a t i v e f o r L a and from f i g , 5 . 2 3 . 
—A —1 —1 

v/ould have a v a l u e -4. to -5x10 ^ a i l c m deg . The magni­

tude, of t h i s term i s s i m i l a r to t h a t of normal m e t a l s , e.g. 

copper ( 2 ^ ^ = 1.9x10™^) although the s i g n i s d i f f e r e n t . 

S i n c e t h e r e i s s t i l l some di s p u t e about the e x i s t e n c e , 

of occupied 4 f s t a t e s i n L a i t i s i n t e r e s t i n g to c o n s i d e r 

the! s i t u a t i o n where the lo w e s t 4f s t a t e l i e s j u s t above Ep, 

the Fermi energy ( 4 ) . Then, because the d e n s i t y of s t a t e s 

f u n c t i o n w i l l have a much big g e r v a l u e n e a r E - i n the. 



100 

f-band than i t has i n the conduction band, the d e n s i t y of 

s t a t e s "^(j-J) would be the most r a p i d l y v a r y i n g f u n c t i o n -

w i t h temperature T (and c o n c e n t r a t i o n of the d i l u t i n g atom). 

Then the r e s i s t i v i t y w i l l have the form ( 2 ).: 

£ ( T ) = J)(E i (, 0,T)(1-(^KT) 2/6(3(1/^ (d /dE) ) 2 - 1 / ^ ( d 2 ^ / d E 2 ) ) ^ 

Fig.5.5 r e p r e s e n t s the d e n s i t y of s t a t e s f u n c t i o n as was 

c a l c u l a t e d by(1-30 f o r L a (and P r ) u s i n g APV/ techniques The 

f u n c t i o n has a maximum near the Fermi energy, which would 

l e a d to a decrease i n dJ/dT w i t h i n c r e a s i n g temperature 

as i s observed i n L a . 

Si n c e no t h e o r e t i c a l c a l c u l a t i o n s heve been done to 

support e i t h e r of the proposed e x p l a n a t i o n s , we cannot r u l e 

out the p o s s i b i l i t y t h a t i n pure lanthanum t h e r e a l s o e x i s t s 

a c r y s t a l f i e l d term s i n c e the 4 f s t a t e s may l i e c l o s e 

enough to the Fermi l e v e l to be occupied a t some temperatures. 

I t seems most l i k e l y t h a t a l l of these c o n t r i b u t i o n s may 

be p r e s e n t and only d e t a i f e d - c a l c u l a t i o n s w i l l a l l o w us to 

de f i n e the ext e n t of each. 

5.62 Lanthanum-Dysprosium a l l o y i n the d-hex phase 

T h i s phase i n our study i s r e p r e s e n t e d only by two 

samples L a and La^Dy^, s i n c e LaggDy^ ̂  should be d i s r e g a r d e d 

as w i l l be d i s c u s s e d below. L a and La^By^ a r e both super­

conducting w i t h a t r a n s i t i o n temperature, t a b l e 3.11t 

which suggests t h a t they are both almost e x c l u s i v e l y i n the 

d-hex s t r u c t u r e . I n the sample of LaggDy^ the supercon­

duc t i n g t r a n s i t i o n was not observed but t h i s sample l i e s 

v e r y c l o s e l y to the 3m d-hex-phase boundary and we 

susp e c t t h a t the heat treatment was inadequate to s t a b i l i z e 

the phase s t r u c t u r e . Consequently i t i s probably a mixture 

of d-hex and 3 phases, see chapter 3.24 and^; may 

be d i s r e g a r d e d . T h i s assumption i s thought 
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to be supported by the d i f f i c u l t i e s i n d e f i n i n g 
l a t t i c e parameters a and c f o r t h i s sample and t h e i r lar<je 
d e v i a t i o n s from the v a l u e s of the remaining a l l o y s of t h i s 
s e r i e s . From the behaviour of L a and La^Dy 1, fig.3.33 i t 
seems t h a t Dy behaves as i t d i d i n the Nd-Dy s e r i e s and 
i n c r e a s e s the r e s i s t i v i t y due to i t s b i g s c a t t e r i n g 
power. We can assume then t h a t the r e s i s t i v i t y of the 
a l l o y i n t h i s phase can be expressed a s : 

* f r e e + j W n o n ^ + ^ f r y - H ^ 
where ^ p n o n o n

 w e a S a i n assume to have the form of the L a r e s i s 

t i v i t y f o r a l l the a l l o y s i n t h i s phase..xiB the concent­

r a t i o n of the Dy and by ? D y - ( s - 0 i s raean"t ^ s - ^ o f 

element which i n t h i s rough estimate i s t r u e . More e x p e r i ­

mental evidence would be n e c e s s a r y to prove i t but from 

the p a r a l l e l w i t h Y-Nd a l l o y i t . seems reasonable to accept 

t h i s assumption. 

5.7 Comparison of the v a r i o u s a l l o y s e r i e s i n the d-hex 

phase 

At f i r s t s i g h t i t i s somewhat s u r p r i s i n g to f i n d t h a t 

the r e s i s t i v i t y ( y t o t a l - j ) r e Q ) o f "the P r g T b 1 to P r 7 T b 5 a l l o y s 

are lower than those of praseodymium when the s i m i l a r 

s e r i e s of Nd-Dy a l l o y s e x h i b i t a continuous i n c r e a s e i n the 

r e s i s t i v i t y w i t h i n c r e a s i n g dysprosium c o n c e n t r a t i o n . Eoth 

terbium and dysprosium might be expected to have a s i m i l a r 

behaviour when a l l o y e d w i t h e i t h e r of the l i g h t r a r e ear.th 

metals praseodymium or neodymium. 

As we have seen however, the f a l l i n r e s i s t i v i t y w i t h 

i n c r e a s i n g terbium may be understood i n terms of e l e c t r o n 

s c a t t e r i n g between the s e t of c r y s t a l f i e l d l e v e l s of the 

praseodymium i o n s , the d e t a i l e d s p l i t t i n g parameters M , E l w e 
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changing from specimen to specimen. S i n c e the ground 
s t a t e l e v e l i s a s i n g l e t a t both the cubic and hexagonal 
s i t e s , the energy gap to the f i r s t e x c i t e d s t a t e i s 
probably the most important v a r i a b l e . By a l l o w i n g t h i s 
l e v e l to decrease r e l a t i v e to the ground s t a t e we have 
been able to produce a t h e o r e t i c a l f i t to the most of 
the observed r e s i s t i v i t y v a r i a t i o n . T h i s s h i f t i n the 
p o s i t i o n of the e x c i t e d s t a t e s has a l s o been confirmed 
u s i n g i n e l a s t i c neutron s c a t t e r i n g t e c h n i q u e s . I t i s not 
ye t c l e a r whether the change i n the c r y s t a l f i e l d parameters 
a r i s e s as the r e s u l t of l o c a l d i s t o r t i o n s due to the 
s u b s t i t u t i o n of the terbium i o n s , or to the e f f e c t s of . 
i n t e r i o n i c exchange and d i p o l e - d i p o l e i n t e r a c t i o n s * 

I n the case of Pr-Tb, i t v/as assumed t h a t , because 

of the l a r g e s p l i t t i n g of the lowest i o n i c energy l e v e l s 

of the non Kramers terbium ions ( s i n g l e t ground s t a t e ) , 

to f i r s t order terbium would a c t simply as a d i l u e n t f o r -

the <j> c ^ term. I n the Nd-Dy a l l o y s however, the ground 

s t a t e of the Dy io n s i s a doublet a t both s i t e s and 

consequently s p i n f l i p s c a t t e r i n g a t these i o n s w i l l be 

s i g n i f i c a n t a t a l l temperatures. 

I t i s a l s o p o s s i b l e t h a t i n both a l l o y s e r i e s , t h e r e 

may be s i g n i f i c a n t changes i n the Fermi s u r f a c e which v / i l l 

a f f e c t the o v e r a l l behaviour of the r e s i s t i v i t y . T h i s i s 

c l e a r l y e v i d e n t i n the t r a n s i t i o n from the i-hex to the Sm 

phase where the magnitude of j>(T) f a l l s a p p r e c i a b l y f o r 

r e l a t i v e l y small ;composition changes.. To make q u a n t i t a t i v e ' 
i 

e s t i m a t e s of these changes i t i s n e c e s s a r y to make 

ob s e r v a t i o n s of dCi/dT a t temperatures f a r above those 
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a t which the c r y s t a l f i e l d e f f e c t s a r e changing w i t h 

temperature. U n f o r t u n a t e l y the p r e s e n t work was limite'd to 

T^300°K and i t i s f e l t , t h a t t h i s type of a n a l y s i s i s 

p r e s e n t l y u n j u s t i f i e d . 

The "behaviour of the Y-Nd series i s r e a d i l y understandable 

i n terms of d i l u t i o n by the y t t r i u m i o n s , and no change 

i n the c r y s t a l f i e l d i s n e c e s s a r y , to f i r s t order, because 

of the degenerate ground s t a t e of the ATd i o n s . S i m i l a r l y , the 

La-Dy alloys show an- i n c r e a s e i n ^ > ( T ) which a r i s e s s o l e l y 

from the additional s c a t t e r i n g due to the presence of the 

magnetic Dy i o n s i n the lanthanum matrix* 

5.8. Sm-phase 

I n Y-Nd a l l o y s the r e s i s t i v i t y behaviour i n t h i s 

phase, can be described i n terms of a d i l u t i o n of the 

c r y s t a l f i e l d s c a t t e r i n g from the magnetic N'd atom. The 

c h a r a c t e r of the y t t r i u m s c a t t e r i n g appears only through 

the phonon c o n t r i b u t i o n and any Fermi s u r f a c e changes. 

The form of p c f i n the Sm phase i s , , of course , g e n e r a l l y 

d i f f e r e n t from f i n the d-hex phase. T h i s way we e x p l a i n • 

t h e ( ? c . f ^Sm-phase b e i n ° T b i S S e r t h a n t n e Pc £. i n * h e d " h e x 

phase, fig.3.2.2. T h i s i s of course t r u e only i f the assump-

the magnetic, o r d e r i n g a t v e r y low temperature, which i s 

yphonon t i o n t h a t i n botli the 5m and d-hex phases, can be 

? L a expressed i n terms of The g e n e r a l e x p r e s s i o n f o r the 

r e s i s t i v i t y i n t h i s phase, as i n the d-hex phase 

can be s p l i t i n t o f o u r c o n t r i b u t i o n s : 

T + phonon r e s 
where accounts f o r the s m a l l c o n t r i b u t i o n caused by 

obvious i n Nd7Y,, f i g . 3 . 2 8 . 
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Ia-Dy i s s i m i l a r to Y-Nd i n many v/ays. I t shows 
some evidence of magnetic o r d e r i n g a t v e r y low temperatures, 
f i g . 3.36-7, which u n f o r t u n a t e l y has not y e t been con­
firmed from magnetic measurements. The t o t a l r e s i s ­
t i v i t y can be viewed as a sum of f o u r c o n t r i b u t i o n s : 

Stot< T> " J r e s + f p h o n o n W + ^ ( T ) + x ( ? ^ > D y 

Prom a comparison of ^ 0 ^ . i n the d-hex phase and i n the 

Sm phase i t i s obvious t h a t ^hQ^,-^ i n t>»« tzn-phaee i s 

l e s s than ^p^Q^n i n the d-hex phase, presumably a g a i n 

due to Fermi s u r f a c e c h a n g e s . ^ ^ has been roughly 

e s t i m a t e d and i s presented i n t a b l e 3.11 and f i g . 3 . 4 0 . 

I t i s i n t e r s t i n g to note i t s dependence on J which agrees 

w e l l w i t h the other a l l o y s s t u d i e d i n the Sm-ph&ae, 

w i t h i n the experimental e r r o r . 

I n Pr-Tb i n the Sm-phase, the e f f e c t of long range 

order (Sm-magnetic'structure) p r e v a i l s up t o the r e g i o n 

of 40-80°K, Also d e t e c t e b l e i s the i n f l u e n c e of s h o r t 

range order a t the c u b i c s i t e s , which was estimated from 

neutron d i f f r a c t i m experiments to be present up to ^350°K. 

T h i s i s , most probably,the r e a s o n f o r the n o n l i n e a r behaviour 

of the r e s i s t i v i t y above i n t h i s system. I n a d d i t i o n 

to the r e s u l t s from magnetic experiments, t h e r e i s a l s o 

sowe evidence of long range order w i t h t r a n s i t i o n tempe*-

r a t u r e a4°K. The r e s i s t i v i t y behaviour i n t h i s low tempe­

r a t u r e r e g i o n i s s i m i l a r to the behaviour of the Kd-Dy 

a l l o y s i n ( t h e d-hex phase over the same temperature 

r e g i o n . ^ . t o t c o u i a be expressed i n t h i s case by the sum 

o f s i x terms: 
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? t o t < T > '• Pres + Pphonon + P c . f . + Ps-< + 9s + Pmg. 
v;here 9 r e s s n o u l d b e "^ n e r e s i s t i v i t y v a l u e where, a c c o r d i n g 
to the t h i r d law of thermodynamics, ̂  -jQ-t becomes constant 
w i t h temperature. T h i s v a l u e may not heve been reached i n 
t h i s study* f i g . 3 . 1 7 . 

^phonon c a n m o s ^ - l i k e l y be expressed by the Gruneisen 

law f o r p o l y v a l e n t metals s i n c e the assumption of l i n e a r 

^ w i t h T a t high temperatures seems q u i t e reasonable,from f i g . 

3.H. fi) + i , we b e l i e v e , could show up i n the absence of 

long range order, e.g i n Tb^t-Pr^. The nature of p.Q f 

would be the same as i n the d-hex phase,the only d i f f e r e n c e s 

o c c u r i n g because of the d i f f e r e n t c o n c e n t r a t i o n s of the 

hexagonal and cubic environments; i n the Sm s t r u c t u r e than d-hex. 

j l j . j l » "the long range s p i n d i s o r d e r term, i s most l i k e l y ' 

governed by the RKKY i n t e r a c t i o n , where the e f f e c t i v e , 

moment and the dependence on th e . l i g h t rare..earth c o n c e n t r a ­

t i o n has not y e t been e s t a b l i s h e d . From fig.3.40-1 i t i s 

obvious t h a t _^ d e v i a t e s s t r o n g l y from v s 9 

which holds f o r the heavy r a r e earths and heavy -heavy 

r a r e e a r t h a l l o y s , j) mgis (1hemagnetic c o n t r i b u t i o n a t v e r y 

low temperatures, whose o r i g i n i s not y e t obvious. G„ _ 

i s the s p i n - d i s o r d e r c o n t r i b u t i o n from the s h o r t range 

order appearing a t the cu b i c s i t e s . T h i s should be a s t a ­

t i s t i c a l average of the r e s i s t i v i t i e s of s m a l l ordered 

c l u s t e r s of Pr-Tb i n the c u b i c c r y s t a l f i e l d , , presumably 

again, of, the RKKY type. 

Dy-Kd: Dy^Nd^ and Dy^Ndg can be compared w i t h P r ^ T b ^ 

s i n c e no long range magnetic o r d e r i n g t a k e s p i a c e i n 

t h i s a l l o y i n the Sm-phase. Consequently 
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? t o t < T > " f r e s + ft,hon°"(T) + P c . f . + ft.,. 

where the symbols have the same moaning as above. C o n t r a r y 

to Tb-Pr no magnetic t r a n s i t i o n s have been observed to the 

lowest temperature measured, but ^ t o t ^ w a s n e v e r 

constant w i t h T, suggesting t h a t ^ r e s i s 3 m a l l e r 

than the v a l u e s quoted i n tha t a b l e 3 .7. 

^phonon* w e a s S u m e i c a n ^ e d i s c u s s e d i n a s i m i l a r 
way to the Pr-Tb c a s e , as w e l l a s p - and p Q , f o r 

yC.x. j o . r • 
which we l a c k the supporting evidence from neutron 

d i f r a c t i o n experiments s i n c e Dy, due to i t s h i g h c r o s s 

s e c t i o n i s not e a s i l y s t u d i e d by t h i s technique 

Prom the high temeperature v a l u e of djJ/dT i t i s 

obvious t h a t t h e r e i s a r e d u c t i o n i n the e f f e c t i v e 

Fermi s u r f a c e a r e a , as we have a l r e a d y proposed f o r the 

Pr-Tb and Nd-Dy ..alloys. 

5 S hep -phase 

Because of t h e i r s i m i l a r i t y i n behaviour the Dy-Nd, 

.Tb-Pr and Dy-La a l l o y s may be d i s c u s s e d together.-We can 

a g a i n d i v i d e y t o t as f o l l o w s : 

ptot< T> " f r e s +?phonon< T> + f > s - f < T ) . + ? a . r . < T > ... /13/ 
where y r e g i s w e l l d e f i n e d i n most of the a l l o y s . 9 p n o n o n 

can be w e l l approximated by a l i n e a r r e l a t i o n s h i p above 

T K'which suggests t h a t the Gruneisen law i s obeyed f o r 

t h i s c o n t r i b u t i o n and consequently we can a n t i c i p a t e some 

power law f o r ^ p n o n o n
 a " t l 0™ te m p e r a t u r e s t t a b l e 3.6. 

^ i s g i v e n by the RKKY i n t e r a c t i o n , where,due to the 

presence of the l i g h t r a r e e a r t h s we should expect s u b s t a n ­

t i a l changes i n the band s t r u c t u r e , ?ermi s u r f a c e , magneto­

s t r i c t i o n e f f e c t s and consequently i n J g f f This, e f f e c t can 
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be followed from the dependence of ^ $ ^ vs G, T^ vs G 
and T K vs composition, fig.3.39-41, which a l l behave s i m i ­
l a r l y . The behaviour i s c o n s i s t e n t w i t h the o b s e r v a t i o n s 
made e a r l i e r f o r some l i g h t - h e a v y r a r e e a r t h s i n the hep 
phase as summarized i n ( 3 - 1 9 ) . 

Prom the i n c r e a s i n g high temperature v a l u e s of d̂ >/dT 

when gding from pure heavy r a r e e a r t h s towards l i g h t r a r e 

e a r t h s i n the hep phase i t appears t h a t the e f f e c t i v e 

Fermi s u r f a c e d e c r e a s e s . T h i s f i t s i n t o the observed 

behaviour i n the Sm-phase. 

^ ^ s a t u r a t i o n d e c r e a s e s w i " t h a d d i t i o n of l i g h t r a r e 

e a r t h s f a r more r a p i d l y than i t does f o r .the heavy r a r e e a r t h s 

and heavy-heavy r a r e e a r t h a l l o y s . I n L a - D y ( 3 - 1 9 ) r e p o r t e d on 

i n t e r e s t i n g behaviour of Tj- which i n c r e a s e s on adding La 

to Dy f o r the f i r s t 15 # of Lanthanum ' s u b s t i t u t i o n 

before the abrupt decrease t a k e s p l a c e i n Tj, and ^>s ̂  , 

which we saw making the study f o r a l l the La-Dy s e r i e s , f i g . 

5.24-8. I n Pr-Tb which has not been p r e v i o u s l y r e p o r t e d , 

We can trace, t h i s behaviour, namely f o r j)^ ^ , but o n l y over 

a l i m i t e d range, s i n c e only Tb^Pr^ seems to have <^s_^ = ( p s _ ^ ) ^ D ' 

I n Dy-Nd, f o r 10,20 and . 30?& of Nd no such a behaviour 

could be r e s o l v e d 'however. 

The abrupt decrease of ^ & ^ i n the hep phase i s slowed 

down i n the Sm-phase, presumably due to the abrupt changes 

i n the band s t r u c t u r e and hence the e f f e c t i v e Fermi s u r f a c e , 

due to the c r y s t a l l o g r a p h i c change. 

TJJ, the Neel temperature* behaves almost i d e n t i c a l l y 

t o ! ^ f f |f , f i g . 3.39, 5.24. Only T Q , the C u r i e temperature 

seems to be v e r y l i t t l e e f f e c t e d by a l l o y i n g . I t appears as 

i f the ferromagnetic s t a t e p r e v a i l s i n an almost unchanged 
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form u n t i l the ferromagnetic s t a t e v a n i s h e s or i s taken 

over-"by the a n t i f e r r o a m g n e t i c s t a t e which i s u s u a l l y 

connected w i t h the c r y s t a l l o g r a p h i c t r a n s i t i o n s from the 

hep to the Sm phase. 

The s p i n d i s o r d e r r e s i s t i v i t y , ] ^ and 1te Neel temperature ,Tjj 

a r e o b v i o u s l y dependent on s p i n and the t o t a l magnetic 

moment of the r a r e e a r t h atoms.j> and T^ of heavy r a r e 

e a r t h s and heavy-heavy r a r e e a r t h a l l o y s a r e w e l l d e s c r i b e d 

by the dependence on de Gennes f a c t o r ( 1 - 1 ) . j > s _ f 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 d e v i a t e from t h i s dependence, 

figs.3.40-3.41. Consequently we have t r i e d to f i n d some'para­

meter 1 as a f u n c t i o n of 8,J or G, i n figs.5.24-28, which, 

would be most s u i t a b l e f o r d e s r i b i n g these a l l o y systems.. 

The a l l o y s which do not show any s i g n of or d e r i n g , i . e . . 

Y-Nd, could be d e s c r i b e d by the f o l l o w i n g equation: 

9 r e s i s d e f i n e d i n the Y-Nd s e r i e s -^phonpn * s m o s " t 

l i k e l y a c o n t r i b u t i o n o f g p n o n o n of Y and Nd of the form: 

? p h o n o n ( T ) = « ( f ph>Y + typlAd-hcp . 
and Q i . i n t h i s s e r i e s appears to have the form: ) c . 
? c j r . * ^ P c f . W d - h e x w h e r e t^V i s p r o p o r t i o n a l to the 
c o n c e n t r a t i o n of Nd. 

From the r e s i s t i v i t y measurements La^Dy^ appears to be 

ordered up to 6°K, however magnetic s u s c e p t i b i l i t y measure­

ments show evidence f o r o r d e r i n g ( a n t i f e r r o m a g n e t i c ) up to 

68°K. C a r e f u l examination of.the ^ ( T ) behaviour shows t h a t 

any. change i n the r e s i s t i v i t y i n t h i s a r e a i s comparable to 

the, exparimental s c a t t e r and consequently the .spin d i s o r d e r 

r e s i s t i v i t y at t h i s composition-must be v e r y small(2.5-1 .O^uflcm" 

and can be d i s c u s s e d i n the same way as f o r .the other magne-

t i c a l l y ordered a l l o y s i n the hep phase, u s i n g equation/13/. 
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5.10 The r e s i d u a l r e s i s t i v i t y 

B e s i d e s the d i f f i c u l t y of e s t i m a t i n g 9„BB i n many of 
j r e s 

the a l l 0 3 s s t u d i e d , v/e t h i n k t h a t we can make, w i t h i n the. 
1 

experimental e r r o r q u i t e i n t e r e s t i n g c o n c l u s i o n s . 

From fig.5.29 i t i s obvious t h a t the. r e s i d u a l 

r e s i s t i v i t y v a r i a t i o n w i t h composition i s s t r o n g l y assyme-

t r i c w i t h a maximum on the heavy r a r e e a r t h s s i d e , which 

i s not s u r p r i s i n g s i n c e ^ r e s of the magnetic m a t e r i a l c o n t a i n s a 

s p i n - d i s o r d e r c o n t r i b u t i o n ^ s - f ( 6 -10) a r i s i n g from the 

s t a t i s t i c a l d i s t r i b u t i o n of the two types of atoms i n the 

a l l o y . The r e s i d u a l r e s i s t i v i t y r i s e s s h a r p l y i n the hep 

phase, e s p e c i a l l y so when the ferromagnetic phase i s p r e s e n t . 

I n the r e g i o n where l i g h t r a r e earths could be regarded as 

a p e r t u r b a t i o n P__„ f o l l o w s the, t h e o r e t i c a l curve, f i g 5.30 
( 8 , 9 ) . 

The Sra phase i s so narrow t h a t no d e f i n i t e statements 

can be made as to the behaviour of ^ r e s » but i t seems l i k e l y 

t h a t no abrupt change t a k e s p l a c e a n d , ^ e S i s almost 

c o n s t a n t , or perhaps shows a s l i g h t decrease to the l i g h t 

r a r e e a r t h s end. 

In' the d-hex phase, which i n our study i s r e p r e s e n t e d 

w e l l by the Pr-Tb a l l o y s a moderate i n c r e a s e t a k e s p l a c e 

w i t h i n c r e a s e i n the Tb c o n c e n t r a t i o n . The same i s most 

l i k e l y t r u e about Nd-Y, even w i t h the r a t h e r i n s u f f i c i e n t 

experimental evidence a v a i l a b l e . Nd-Dy and La-Dy behave 

anomalously. «d-Dy, owing to the form of the r e s i s t i v i t y 

behaviour w i t h temperature a t v e r y low temperatures,did 

not a l l o w us, to d e f i n e a .'proper' (p and 0 ( a t 4.2°X) 
/ J r e s / r e b 

vs composition i n the the d-hex phase i s found to be constant 
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f i n c e M-Dy orders m a g n e t i c a l l y i n the temperature range 

*v5°K. The S)„ac. quoted would not contain "the. (!>_.= „ a , - ^ ™ ^ -

) r e s ^ J, s p i n - a i s o r a e r 
term which i s present f o r i n s t a n c e in'Pr-Tb, which might 

e x p l a i n t h i s anomaly. La-Dy p r e s e n t s a ' s i m i l a r ' problem 

due to the superconducting s t a t e . 

5.1T General behaviour of the s p i n d i s o r d e r r e s i s t i v i t y 

As we have seen from fig.3.39-41 and 5.24-28 the 

or d e r i n g temperature ( T ^ ) and the magnetic c o n t r i b u t i o n s 

to the t o t a l r e s i s t i v i t y djd not show a unique dependence on 

the. a n g u l a r momentum parameters S ( b S ( 3 + 1 ) ) or G(=(g-1) • J ( J + 1 ) ) 

or averages of these f o r the two i o n s as might have been 

a n t i c i p a t e d from the observed behaviour of a l l o y s of the 

heavy r a r e e a r t h s . There i s some evidence however,that 

a l l o y s i n v o l v i n g a s i n g l e heavy r a r e e a r t h do form 

a s i n g l e curve, independent of the l i g h t r a r e e a r t h 

p a r t n e r , and. t h a t form of t h i s dependence on averages 

of S or-G a r e s i m i l a r f o r d i f f e r e n t s e r i e s . 

I f we examine the r e l a t i o n s i n xhe RKXY theory which 

g i v e and 6 p then we have; 

Js-f = ( ^ m * 2 7 I ? ) / ( 4 f H 2 q 2 Z ) J ( J + 1 ) ( g - 1 ) 2 

© p = m * / ( 6 f f 3 k B * 2 ) 7 J 2 J ( J + 1 ) ( g - 1 ) 2 ^ i < ; ( 2 j c p R n ) 

where J ( J + 1 ) ( g - 1 ) may be r e p l a c e d by l i n e a r combinations 

of the component G's on a l l o y i n g , or even combinations of 

G and 3. Assuming t h a t the combination used w i l l be the" same 

f o r both ^ s_^ and 9p,then t h i s w i l l d i s a p p e a r from the r a t i o 

Consequently, any changes i n the j ^ / ^ p r a t i o must occur as 

the r e s u l t of changes i n e i t h e r k F,m*,or<E F(2k-g,R n). ' 

7 
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As f i g u r e 5.31 shows, the magnitudes of the r a t i o s f o r a l l 

the a l l o y s s t u d i e d can be c r u d e l y d e s c r i b e d by a s i n g l e c u r ­

ve which shows a s i x f o l d decrease i n ^ny/ ep a s "kfte- l i g h t 

elements are a l l o y e d w i t h any heavy r a r e e a r t h element.. 

I t i s u n l i k e l y t h a t e i t h e r k p or F ( 2 k p R n ) w i l l 

change by t h i s amount w i t h i n a s i n g l e ' c r y s t a l l o g r a p h i c 

phase (hep as i n f i g . 5 . 3 1 ) , and the l a t t i c e parameter, 

v a r i a t i o n would suggest t h a t k v/£?(2kpR n) w i l l remain 

e s s e n t i a l l y constant because of the behaviour of ^.^(2}r.^S^) 

as a f u n c t i o n of k̂ , ( 1 6 ) . Consequently i t i s more l i k e l y 

t h a t the changes i n |J ^f/Qp. observed on a l l o y i n g , a r i s e from 

changes i n the d e t a i l s of the Fermi s u r f a c e which are r e p l a - . 

ced i n the the e f f e c t i v e mass c o n t r i b u t i o n to the r a t i o . 

On t h i s b a s i s , t h e e f f e c t i v e mass v a r i a t i o n has been 

c a l c u l a t e d u s i n g the t h e o r e t i c a l v a l u e s of .^?(2k_R ) and 
F n 

kp corresponding to the heavy r a r e e a r t h p a r t n e r of any a l l o y 

s e r i e s (17) t o g e t h e r w i t h the experimental v a l u e s of ^ ^ a n d 

T N ( t a k e n » 9 p f o r t h i s c a l c u l a t i o n ) . T y p i c a l v a l u e s of m* 

obtained t h i s way are shown on fig.5.31 f o r the average 

curve drawn through the data. While t h e r e a r e c o n s i d e r a b l e 

d e v i a t i o n s from t h i s g e n e r a l curve, p a r t i c u l a r l y f o r the 

Dy-Nd s e r i e s j i t i s e v i d e n t t h a t the o v e r a l l behaviour may 

be approximately r e p r e s e n t e d by t h i s approach. I t i s l i k e l y 

t h a t a b e t t e r f i t would be obtained by u s i n g more r e a l i s t i c 

v a l u e s f o r k ? and hence f o r ^ F ^ k ^ R ) , but u n f o r t u n a t e l y 

the e r r o r s i n v o l v e d i n t r y i n g to estimate these v a l u e s are 

v e r y g r e a t i n a view of the c a l c u l a t e d shapes of the Fermi 

s u r f a c e i n the pure elements and because as y e t ho s u c c e s s ­

f u l Fermi s u r f a c e c a l c u l a t i o n s have been performed f o r random 

a l l o y systems. 
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C H A r E R S I X 
CONCLUSION 

The r e l a t i v e values of the d i f f e r e n t s c a t t e r i n g c o n t r i ­

butions to the r e s i s t i v i t y f o r the r a r e e a r t h elements has 

been est i m a t e d by means of a study of v a r i o u s 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 . 

The r e s i s t i v i t y of the heavy rare, e a r t h s have been 

i n v e s t i g a t e d p r e v i o u s l y i n g r e a t d e t a i l and the RKKY theory 

has been used to account f o r the anomalies observed. The 

theory i s probably a l s o a p p l i c a b l e to 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 n the hep phase but our knowledge of parame­

t e r s such as the band s t r u c t u r e v a r i a t i o n w i t h s u b s t i t u t i o n 

of the l i g h t r a r e e a r t h s , the combined changes i n the 

Fermi s u r f a c e ( S g f ^ ) and the exchange i n t e r a c t i o n s i s l i m i ­

t e d e s s e n t i a l l y to guesswork . Consequently we can make, 

on the b a s i s of the r e s i s t i v i t y r e s u l t s , only q u a l i t a t i v e 

c o n c l u s i o n s i n most c a s e s . 

1.) The r a t e of change-of the e f f e c t i v e Fermi s u r f a c e w i t h i n 

one c r y s t a l l o g r a p h i c phase i s s m a l l compared to the changes 

from phase to phase, namely hep Sm'and Sm d-hex phase 

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

2) The changes of ^ e f f ( s
e f f ) w i t h ^ J ^ , and T N f o l l o w s the same 

power law w i t h i n one phase f o r a l l the a l l o y s , r e g a r d l e s s 

of the c o n s t i t u e n t atoms. 

3) The changes of the C u r i e temperatures, are s m a l l w i t h the 

exception of La-Dy, where Tq f i r s t r i s e s before f a l l i n g 

a b r u p t l y below 65$ of Dy. 

The Sm-phase r e s u l t s serves to form a bridge between the 

r e s i s t i v i t y behaviour i n the hep and d-hex phases. Some of 

/ 



113 . 

the a l l o y s , presumably w i t h J e f f ,> Jcritical» s i l 0 W o r d e r i n g 
jei'fects not u n l i k e those i n the hep phase. The a l l o y s for. 

jwhich J
e f f ^ ^ c r i t i c a l ' s n o w on-'-y c r y s t a l f i e l d and sh o r t 

range order e f f e c t s , which because of i t s s t a t i s t i c a l 
c h a r a c t e r i s d i f f i c u l t to formulate t h e o r e t i c a l l y . 

i 

The c r y s t a l f i e l d , c o n t r i b u t i o n to the r e s i s t i v i t y i s 

v e r y important to both the d-hex and Sm-phases. I t s tempe­

r a t u r e dependence has been s u c c e s f u l l y 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 case of Pr and Pr<-Tb a l l o y s i n the d-hex phase, 

where the c r y s t a l f i e l d energy l e v e l s a r e known, or can' -

be estimated. I t s t o t a l v a l u e was found comparable i n mag*-

nitude to the phonon c o n t r i b u t i o n , d e c r e a s i n g w i t h i n c r e a ­

s i n g Tb c o n c e n t r a t i o n . 

I n M, Nd-Dy and Nd-Y the c r y s t a l f i e l d c o n t r i b u t i o n 

has been estimated and found to be of the same order as i n 

•Pr c o n t r a r y to the e a r l i e r f i n d i n g s of Watabe and Kasuya.The 

v a l u e s i n c r e a s e d w i t h increasing Dy c o n c e n t r a t i o n which 

we b e l i e v e i s due to the h i g h s c a t t e r i n g power af Dy. Y t t r i u m 

|as might.be expected has "only a d i l u t i o n e f f e c t on Nd. 

Abrupt changes i n the d e n s i t y of s t a t e s i n L a near the 

Fermi l e v e l seems to account f o r the La r e s i s t i v i t y b e h a v i ­

our, which we b e l i e v e i s to a c e r t a i n extent p r e s e n t even 

i n the l i g h t r a r e e a r t h s such as F r and Nd. 

I t would be i n t e r e s t i n g to make experimental o b s e r v a t i o n s 

of the r e s i s t i v i t y , and both magnetoresistance on s i n g l e 

c r y s t a l s and c o r r e l a t e them w i t h magnetic experiments and 

t h e o r e t i c a l c a l c u l a t i o n s on the b a s i s of the pointcharge 

c r y s t a l f i e l d c a l c u l a t i o n s , which have been so f a r - u s e d to 

estimate the c r y s t a l f i e l d energy l e v e l s p l i t t i n g f o r a l l 

t h e li.r;;ht r a r e e a r t h s . 
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Appendix 1 
Programm for c a l c u l a t i n g d-values•from X-ray powder diffractogramm. 

S C LA3U-001+C) 
sfg phrU pw=hana 
*LAST SIGNON WAS: 15:51.kl 09-20-72 
USER "PIIRI*" SIGNED ON AT 16:03.58 ON 09-20-72 
1 x - r a y 

1 DIMENSION E(50),H(50),A(50),B(50),C< 90>,S<50) #f50) #G(50) 
2 READ(5,100)W 
3 READ(5/101)N 
4 WRITE(6,200) 

•- -5 DO 1 l - l , N 
6 READ(5,102)(A(I),R(I)) 
7 )»ABS(n(l)-A(l))/2 
li C( I )-3.1ii28*(E(l )/180) 

I . y S ( I ) - S I N ( C ( I ) ) 
| 10 D(I)=W/(S(I)) 
!. 11 G(l)-ALUG(D(l)) 
,-12 IK I)=G(I)/2.303 

13 WKITE(6,201X1,E(l),S(l),n<l>,G(l),HO) 
. .lh 1 CONTINUE 

15 100 I-ORRATCF10.5) 
16 101 FORMAT(I 2) 
17 200 FORHAT( ,l l/LINE I

/0X /'ANGLE l
/6X /SiN(A) ,

/GX /
,D-VALU ,

/6X,LOR 
18 102 FORMATS6. 2) 
1«J 201 FORMAT (111 ,l2/7X>F.2/6X,l:6.U/6X/",lil*,GX/F6.'«/6X,G.U) 
20 UEADC^IODM 
21 DO 2 1=1,1! 
22 READ(5,102)(A(I) /R(I ) ) 
23 E(l)-180.U-ADS(U(l)-A(l))/2 
2k C(I)=3.1U28-(3.1U28*ABS((B(I)-A(I))/360)) 

. 25 3(I)«SINCC(I)) 
26 D( I ) =17/ CSC I ) ) 
27 G(l)-ALOG(D(I)) 
28 H(l )-G< I )/2..303 

--2U WRITE(6,201X1,E(l),5(1),D(I),G(I),H<)> 
30 2 CONTINUE . 
.31 ' STOP 
32 END 

:ND OF FILE 



Appendix 3 
Programm for ca l c u l a t i n g r e s i s t i v i t y from the measure values 
of voltage and current. 

G COMPILER MAIN 07-13-72 13:41.02 PAGE 0001 
! C MANA K. 

DIVENSION V<3,1000) ,A<3,1000) ,T(3,1000),R<3.1CC0),RC(3,1000),E(3), 
3TT(3,1^00),B<3,10001 

« F<A,B,C,D,E)=E*<A+B)/(C*D) 
READ 1M3,N 

103 FORMAT ( T'») 
RE AO 102,E 

102 FORMAT I3F10.0) 
PRINT 203,E 

203 FORMATdH ,3F10.5J 
PRINT 201 

201 FORMAT< «1«, 15X,•TEMPERATURE* ,2X,'SAMPLE NOi•,15Xf•TEMPERATURE•,2X, 
5'SAMPLE N02 • 11 5X?1 TEMPERATURE 1 »2X»• SAMPLE N03M 
DO 1 1=1,N,2 
READ lOA.Vd .1 ) ,A(1,I) . V< 2 f I I , A (2 , I ) , V ( 3,1) , A ( 3,1 ) , T < 1, I ) , V ( 1 , ( I «-l 

B ) ) , A ( l , ( I + l ) ) , T < 2 , l ) . V ( 2 , U n ) ) , A < 2 , ( I + l ) ) , T < 3 , I ) , V < 3 , < I + l ) ) , A ( 3 , ( 
9T + 1 ) ) 

104 FORMAT (5X,F7.0.F8.0.5X,F7.G.F8.U,5X,F7.0,F8.G, 12X/F5.0,F7.0,F8.0, F 
15.0,F7.0.FR.O,F5.0,F7.G.F8.0,12X) 
R(1,I ) = F U I 1 . I ) ,A(1,< I + l ) ),V( 1,1) ,V(1,( 1 + 1) ) ,E(1) ) 
R(2.1 ) = F(A(2,1),A<2,<1 + 1)),V(2,I),V<2,(1 + 1)),E<2)) 
R(3,I)=F(A<3,1),A<3,<1+1)),V<3,1),V<3,(1+1)),E(3)) 

1 CONTINUE 
WRITE(6,200)(T(J,l),R{J,l),J=1,3) 
00 2 1=3,N,2 

! RC(1,I)=R(1.I)-R(1,1) 
RC(2,I)=R(2,IJ-R12.1) 
RC(3,I)=R(3.I)-R(3,l) 
WRITE(6*200)(T(J,I)»RC(J,I),J=l,3) 

2 CONTINUE 
200 F0RMAT(18X,F6.1,5X,F9.3,1RX,F6.1,5X,F9.3,18X,F6.1,5X,F9.3) 

L-N+l 
M=L/2~l 

L CALL PLTOFS«0.0,0.3,-1.0,0.3,1.0,0.5) 
CALL PLGAXS(1.0,9.5,'T {5 ) 1 ,-5 ,9.0,0.0,0.0,0.33333) 
CALL PLGAXS<1.0,0.5,'RESIST',6,9.0,90.0,-1.0t-0.33333) 

j CALL PLGGRDtl.0,0.5,3.0,9.0,9.0,0.0) 
CALL PLGGRD(10.0,0.5,3.0*9.0,9.0»9ft.O) 
CALL PLTLOGO) 
CALL PLINE(T(1,3),RC(1,3),M,6,-1,4.99.9) 
CALL PLINE(T(2,3),RC(2,3),M,6,-1,2,99.9) 
CALL PLINE(T(3,3),RC(3,3),M,6,-i,11,99.9) 
CALL PLTEND 
STOP 
END 

MORY REQUIREMENTS 0150AA BYTES 
RMINATED 4 ( 



Appendix 4. Prograrim for numerical c a l c u l a t i o n of the derivatives 
COMPILER MAIN 04-28- 73 11:21.52 P.AGE 0001 
t HANA K.. 

. DIMENSION T(3,100) ,R (3,100) ,RC (3,100) ,E(3). ,DRC(3,]^0) ,DPCU3,2 OQ) , 
IDT(3,100) 

. READ 103,N 
103 F.ORMAT U4) ' 

P-EAD !02,E 
102 FORMAT I 2F10..0) 

PRINT 2 03,J5 • • = • 
203 FORMAT ( 1H ,2F10.5) 

PRINT 201 
• 201 FORMAT ( '1 ' »15X, 'TEMPERATURE-1 ,2X, • SAMPLE' N01 • ,15X, • TEM PE R ATIJR E » , 2 X; 

5 * SAMPLE N0'2' , 15X».' TEMPERATURE ' »2X , * SAMPLE N03') 
DO ? 1=1,N, I 
READ 101,TU , I-) ,P(1 , I » ,R(2, I ) • 

" 101 FORMAT(3F10.2) 
T(2,I )=T(1 ,1.) • * 

-2 CONTINUE 
WRIT E'(6,Z00) (TlJ,V) ,R( J,l> , J=l,2) 
DO 1 I^2,N,1 , 
DO, 3 J = i t 2 , l . . . 
RC( J, I )=R( J, I )-R( J, M-t'J ) . 
I F { T ( J., I )-T ( J , ( 7-1) ) ) 5, 6", 5 

5 riRCl Jt I )=ABS( { RC ( J , I )-RC( J, ( 1-2) ) ) / I T U ,T )-T( J, ( 1-2) ) )') 
GO TO-7 ' 

6 DRCfJ,I)=0.000 
7. DTU, I<) = (T (J , I )*T( J, ( 1-2) )•> /?. 

DR CI ( J , L )•= DftC(J,T)*100 
3 CONTINUE. 
WRITER 6'",200r(:'T{ J t I ) ,PC( J't lVi J=l ,2) 
WR T TE (6 »20:0) ( DT ( J, I ), 0 RC1 ( J ", I )» J = l» 2 ) 

200 F0RMAT(18X,F6.1,5X,F9..3,18X,F6.1,5X,F9.3) . 
1 CONTINUE 

* " ' MrN 6 
CA'LL. PLTOFS( 1.0, AO. 0,0.1 * 1'. 0 ,1 .0,0.5) 
CALL PAXTS11 .b',0.5, 'TEMPERATURE* t-\l ,10.0,0.0,0 .0-, 40 .,_Q, 1 .0) 
CALL PAXISU .0,0.5., •RES IST-tVI TY'., 11 ,.lO-. 0»-90, 0 ,0 .0,1 .0,1 .0) 
CALL PLINE(T(l,3),P,C<"l'i-3) ,M, 3,-1,1 j 1) 
CALL " PL'INE ( T C-2 »3 ) •» RC (2 , 3 ) » M» 3, - 1 , ?, 1) 
CALL PLINEtDT(l,3) ,DRCUl»3t»M,3,-l ,1,1) 
CALL PLTNE(DT(2,3),DRCl(2*3)tM,3,-l,2,l) 
CALL PL TEND 

S • 

IEY015I NO END CARD 
Y PEOUIRFMENTS 0022BE BYTES 
:RY FOR PROGRAM MAIN OOOl 0000 0000 



Appendix 5a. Hexagonal envirinment., H =0 
mag* 

[3MPILER HA IN 03-29-73 18:54„53 PAGE 0001 
DIMENSION Yl(2080),Y2(2Q80 ), R (6» 302) ,C0 ( 2 ) » EN( 6) , T ( 30 21,U(3Q2) ,S<6 

11 f Y312O80) iY4(2080),V(302),ET1(2080) ,X2©(2081),X21(2081) ,X3D(2081> 
2,X31(2081) ,X40 (2081 ), X4H 2081 >, X50( 2081) , X51 ( 2Q81) 
F(J,I)=1„Q/(EXP(FL0AT(JJ/FLOATtI) ) + l,,P) 
R.EAD(5,100)C0 
READ(5i101)EN 
REAO(5,l©2)N 
READ(5,103)M 

I ' WRITE(6,214)(EN(1),EN(2),EN(3),EN(4),EN(5), EN(6),C0(l)iC0(2),N,M) 
| 204 FORMAT(1 •,8E15„5,2 J10) 

DO i 1=12, N','IO 
A=EXP(~EN(2)/I ) 
B=EXP(-EN(3)/I ) 
C=EXP(EN(2 ) / I ) 
D=EXP(EN(3)/I) 
B1 = EXP ( -EN ( 4.)' / I ) 
Cl = EXP( EN-( 4- )7 I ) 
B2=EXP(-EN(5)/I ) 
C2=EXP(EN(5)/li 
B3=EXP(-EN(6)/I) 
C3=EXP(EN( 6)'-/i ) 
E=l .6/(Io0 + A+B+'B1 + B2+B3 ) 
WRITE(6,207)( A, B* C, D, E, B l , B21B3 ,C1, C2,C3 ) 

207 FORMAT(1H ,HE10o5) 
F2 = 80«»0/C+26o0/D+32 60/C2+20o0 + 20o0/Cl + 20o0/C3 
V(I)=E*F2*C0U)/C0(2) 
WR ITE (6-, 20 6) ( F2 * V ( I ) ) 
DO 2 J=l i M 
K=J+2080 
L=-J+2080 
XGO=loO+F(Jil)*(C-lo0) 

|: x o i = i o O + F ( - j , i ) * ( c - i o O ) 
I "* X10=C + F( J, I ) * ( D- C ) 

X11-*C*F(-Jtll*{0-C) 
' X60=C+F(J,I)=MCl-C) 

X6l=C + F(-J,.I )*.(.C1-C) 
X70-C+F ( J , I) *.(,C3'*G ) 
X71=C+F(-J,1) *CC3-£) 
X20(J)=C+F(J,I)*(1.0»C) 
X30(J)=D*F(J,I)*(OD) 
X40 ( J ) =C1 + F ( J , I )•*( C-Cl ) 
X5G(J)=C3+F(J,I)*(C-C3) 

j X21(J)±C+F(-J,T)*(loQ-C) 
'* X31( J)=D+F(-J, I )*(C-D1 

X4K J )=C1 + F ( - J, I ) * ( C-Cl) 
X5KJ ) = C3 + F ( - J , I )*( C-C3 ) 

|- IF(X20( J) ) 10,7* 10 
1 7 X20(J)=X20(J-l) 
." 10 IFIX3£>(J))12,6,12 
; 6"' X30(J)=X30(J-l ) 
• 12 1F(X40(J))14,8,14 
; 8 " X40(J)=X4D(J-l ) 
14 IF(X5©(J)140,18,40 

. 18 XSOl J ) = X50 ( J - l ) 
40 Y3( J)=E*(2o0/C+8o0/D+32o0/C2+20o0/X00 + 18o0/X10 + 20o0/X2D( J) + 18o0/X3 



Appendix 5a.(cont*) 
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lQ(Jl+2QoO/X4©< J)+20o0/X50(J)+20o0/X60+20o0/X70I 
IF(X21(J>)13,42,13 

42 X21 ( J ).= X21 ( J - l ) 
13 TF(X31<J))15,80,15 
80 X31(J)=X31(J-i) 
15 IF(X41( J)U7,4i,17 
41 X41(J)=X41( J-D 
VI I F (X51( J )') 43, 44, 43 
•44 .X51 ( JJ-X51 <J-1-) 
43 Y4( J) = E*(2oO/C + 8»0/D+32,0/C2+25>oO/XGl + 18oO/Xll+20ol/X21 (A)+18oQ/X3 

11 ( J )+2.0oO/X41 ( J ) +20o3/X51 ( J ) + 20oO/X6l+20oC/X71) 
IF(ABS(Y3)}29,20,29 

20 Y3(.J)-=1«0 • 
29 IF(J-780) 3Q , 30 «31 
30 ETKJ ) = 17 0 7 6 

r " GO "TO 19 
31 ETHJ)=14 044 
19 Y1 (J 1 = C0 {2 1 *( FLOAT [ K) **0o 5 J *F ( J , I I * ( 1 , 0-F < J , HIV (Y3 (J ) * FLO AT CI I *CO 

1(1 ) )'*ET1(J ) 
IF(ABS( Y4) ) 23,22,23 

22 Y4<J)=loO 
23 IF(-,I+95Q)34,33,33 f. 33 ET1.U ) = 17o 76 

! GO TO 21 
34 ETltJ)=22»GO 

t 21 Y2<J)=C0<2 )*(+<FLOAT(L ) **»5b 5) )*!F (-J,I)*<1«0-F (-J, I ) ) / (Y4 (J1 *FL0AT < 
j II)*C0(1)>*ET1(J) 

IF ( MOD ("J * 2001 o E Q« 0 J WRITE(6.209)(Y3(J),Y4.<J),Y.1(J:),Y2(J),J) 
209 FORMAT (1H ,4E15o5,I5> 
"2 CONTINUE 

• CALL QSF(loO,Yl,Yl,2fl80) 
CALL QSF(loO,Y2,Y2,2080) 

•" WRITE(6,206)(Vlj2C801,Y2(208Dl) 
• 206 FORMAT 1 1H , 2E1 5o 5 ) • 
-•" Z12=Y1(2Q80)+Y2<2Q80) 

IF(Z12>4,5,4 
5 Z12^1o© 
GO TO 4 

' 4 Z34=YI(2G8Q)-Y2(208Q) 
U(7) = UO/Z12 

i WRITE(6,20Q)U,UU)iZ12,Z34,V(T),F2) 
1 CONTINUE 

S(lJ=5»7/U(302) 
I S(2 )=3o9/U.(152) 
j S( 3) = 2o3/U( 62) 

S(4)=5o7/V(302) 
S(5)=3o9/VU52) 
S(6l=2o 3/Vf 62) 

| DO 3 1=12,N,10 
" T(I)—FLOAT(I) 

! R ( l , I ) = U(I)*S(1) 
' R(2,I)=UU )*S12) 

! R(3,I)=U(I)*S(3) 
R(4, I )=VU )*S<4) 
P-< 5,1 ) =V( I )*S(5 ) 



Appendix 5a. (cont.) 
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R(6,I) =?V.( I ) *S( 6) 
WRITE (6,2051 { I , R ( l , I ) , R ( 2 , I ) ,R(3, I I ,R U , I ) ,R( 5,1 ) ,R (6,1 ) ) 

205 FORMAT(1H ,15X,13,10X,6E15»5 ) 
. 3 CONTINUE 

100 FORMAT 12E8o1) 
101 FORMAT(6F10»01 
102 FORMAT (14) 
103 FORMAT(16) 
200 FORM:AT(~* « ,15X , 13 , 5X,El 5„9 , 5X ,E1 5» 9 ,5X El 5o 9, 5X, El 5o9, 5X , El5.9 ) 

CALL P'LT0FS(0o0,40«.0*0o0, loO,l„0,0» 5) 
CALL PAXi.S!( lad,bo 5, ' TEMPERATURE ' ,-11 ,t0o0 ,G„0 ,OoO,40»0 ,1.0 ) 
CALL PAXIS (loO ,0o5 , 'RESISTIVITY' , 11,10oO,.9QoOrQoO , loO ,l.oO J 
CALL PLINE ( T ( l ) ,R< 1,12).,N,10,-1,4,99.9) 
CALL PLINE(T(l),R(2,12),N,i0,~l,4,99o9) 

L . CAL-L- PLINE ITM ) ,R(3,12r,"N,10,-1,4, 99d9l 
j CALL PL TEND 
I STOP j . END 

j [ 
I REQUIREMENTS 01E6E4 BYTES 
AT ED 

i 
[ 

r 

I 



Appendix 5"b. Owbie environment, H^j,^ =0. 
IMPILFP ' MAIN • "••05-01-7? ' -11:22.3? PAGE 0001 

D1MENS I ON Yl ( 2080).', Y?t ZP'801, P(6 ,802),CO t 2),EN(4),T( 8.024 , U ( 802) , S'( 6 
.-1 ) , Y3 (2032 ) , Y4 ( 2082) > V (" 30?;) , EJ1 (2 082 ), FT7 ('082 ) 
EQUIVALENCE* EN2 r'F:N( 2) ), I FN3 ».'EN( 3 ) ) » ( FN4, EN( 4) ) 

- F!d,T)=] .07(EXP(FLOAT(J)/FiOAT(I))+\ .0) . t • 
PEAD(5.f 100JC0 

,00" FPPMATT2F8.1) 
READ(5,101)EN ; 

•01- FQPMATKF1.0.G) . .. . - -. -
' ' PEADC5,10? JN" 
02 FORMAT(141 ' ' 
! READ ( 5 * 103 )M .' • ' • 
03 FORMAT(16) 

WRITE (6,?04) (EN( I ) E N ( 2 ), EN'( 3 ) ,EN (4 ) ,CO(U ,C0(2) ,N,M).. 
1204 'FQ.P.MAT ('» « ,6E3 5.5,2110) . . .. * - ' - . 
r - DO'l r=i2-,N-,io ' ' " 

A = EXP(^EN.(2)/D ' . • • , 
B = EXP (-EN( 3) / I ) 

: C=EXP(FN(?)/I) 
D'EXP(EN(3)/I) • 

" Bl =EXP(-EN(4)/T 1. • 1 - . • '.' .'• 
CI = EXP.( EN(4)./l ) ' • 

L F = l .07( 1.0+A+.B+Bl 1 •'. * 
'WRITF (6 , 2 0 7 ) (A,B,C.,D,.E,B1,C1) " 

?07 FORMAT (.1H ,7E10.5) ' -
F2 = 20..25/C+12. 5/C1 i 
V ( I ) = e*F2*.CQ I i l / CO (.?.> 
WRITE.(6,206) (F'2, V(T) )• '-•' 
DQ'2 J = 1,M - ' "': , ' • • • . . • . 
K= J+2080 ' 

i ' . L=-j+2080 • ' • 
Y3U)=E*F? 
Y4( JM=Y3( J) .-V. • • : : • ' ., ; ? . 

^ IF( J-780)30,30, 31 . .. 
[ 30 FT1 (J.T.='i 71.;76 ' . . , 
1 ' " GO TO 19 -x: , •* - • - ' ' 
-•31 ET1 ( J 1 =14. 44 * . '•• 
'. 19. Yl ("J ) =C 0 (2 ) * ('FLQAJ I *' **0.. 5')'*F ( J ,. F ) *-( 1. O-̂'F ( J i T ) ) / ( Y-3 I J ) *FLOA.T.( I ) *£0 

1( 1 jJ-r^ETH j j • • • •' . •. •'• • 
IF(ABS(Y4M23,22 ,23 • :'\ 

22 Y4I J) =l .0 • •* • " • ••: 
23 IF(-J+950)34,33,33 
\ 33 FT2(.J)=.17,76 ' -
!• GO TO 21 '• • •• '• ' • , 
• 34 ET2( J,;)=22.0O - ' 
• 21 Y2 ( J')=C0(2 )*( + ( FLOAT (L)**0 .5 ) )*F (-J, I ) * ( I .0-F (-J , J )-) AtYA-l J 1 *FI 0'A!T ( 
i. I I )*CP( 1) )*FT].( J) 

I F(M0DCJ,20qj..EQ.0) WPITE< 6,201) ( Y3 ( J) ,Y4( J) ,Y1 ( J) ,.Y2 ( J ) » J) 
i'OP FORMAT! 1M , 4E1 ̂ . 5 ,J"S ) 
? roNTiNUF ' .:• 

! " CALL QSF(1.0,Yl,Yi,2080) 
CALL QSFd .0 , Y2, Y2 »2080 ) 
WRITE (6,206 )'(Y1 (2080)', Y2 ( 2080 ) ) 

>06 FORMAT (1H ,2F-3 5.-5)' 
• Z12=Y1(2080)+Y2'(2080) 

I F ( IX2)4 , 5,4 



A p p e n d i x 5"b. ( c o n t * , ) 

O H P I L F P MAIN 0 5 - 0 1 - 7 3 ' 5 ? . : 2 2 . 3 1 . PAGE OOOft 

i 5 Z12*1.0 
GO TD 4 • 

4 Z 3 4 = Y i < 2 0 8 0 ) - Y 2 < 2 0 8 0 ) 
! . U( I ) = 1 . 0 / 7 1 2 - .. 

WR.ITB(6.?00M I , U ( I ) ,Z?.2,Z34.V< I ) , F2 ) 
1. CONTINUE .... 

S U ) ^ S . 7 / U ( 3 0 2 ) 
" S ( 2 I = 3 _ . Q / U U 5 2 ) 

: • S( 3') =2* 3/11(62-) 
i • . S ( 4 ) = 5.7/V(3.02 J . • . 

S r j 5 ) * 3 . 9 / V M 5 2 " i I S ( 6 ) = 2.3/V (6.2) . ' . 
DO 3 1=12,N,16 
T(.n=FL0AT.U \ . . ' 

: R ( !', I ) =UM ) * S ( 3 ) 
PCS i I ) =U ( I ) * S ( ? ) 
PI 3 ; I ) = U { I ) * S ( 3 ) 

| R ( 4 , I ) = V.('.l )*S(4.) 
; R( 5,7. )=V( I )*S(5.) 
! P ( 6 , I ) = V CI ).*S-(6) '-. 
I WRITE ( 6 , 2 0 5 ) ( 1 ,R(1., I.) ,R (2 » I ) ,P ( 3 , I ) , R (4 , I ) , R ( 5 , I ) , P. (-6 ,1 ) ). 
2 0 5 FORMAT Q H 1 5X-, T 3»1.0 X:, 6F1.5 .5 j' 

f 3 .CONTINUE • ' 
00 F-n'RHAT ( ' • ,15X , I 3 , 5 X , F - J 5. 9, 5X, E l 5.9, 5.X, E l 5.9, 5X, E l 5 .9 , 5X , E l 5 .9 ) 

STOP -.; • . . v; - • , 
1 END .' ' . -

IREOUl'P-FM.ENTS 013RC.E BYTES,". .' ' • 



Appendix 2. Program for c a l c u l a t i n g l a t t i c e parameters for 
, . p H 4 P hexagonal l a t t i c e from (hkl) and 9 values. 
AST SIGNON WAS: 12:_46.1Q 06-18-73 
ER "PH4R" SIGNED ON AT 04:10.05 ON 06-20-73 
1-9 
•E "-P" HAS BEEN CREATED. 
IBEP 
llMBER 
>T -P 

1 HEXS01V:PROCEDURE OPT IONS(MAIN ); 
: 2" DCL ( Gl,fi2, G3., G4.,.G5 i A (3 »3),B(3),X(3)»THET A(50 )» AO,CO,W )FLOAT; 
' 3 OCL(Y,V)FLOAT; • 
, 4 DCL ( S.'». I , J » M»N , H ( 50 ), K ( 50 ) , L ( 50-) ) F IXED BI NARY; ' 
5 DCL NAME CHAR ACTER ( 50 Y. VARY ING ; 

!•. 6 .GJM : PROCEDURE ( A,B ,X,NAi-RETUffNS I FLOAT) ; 
' 7 /* SOLVES A SET OF NA. SIMULTANEOUS EO. FOR X AX=B SEE 
8 HAWGOOO NUMERICAL ANALYSIS FOP. ALGOL VJE.RSJON..GAUSS JORDAN METHOD.*/ 
"9 DiE-ClIARE ( A ( '*•»* ) i B( + ) •» X"( * )"v:P IVQT, P I VPftQD,.MULT » COMP )FLQAT, 
10 CP I-VROW t NA) > PI VCO-L ( NA ) ? 1.? JC ? 1 A, J A, K i 10, JO, N ) FIX ED'. BI NARY ;. 
11 DCL (J)FIXED BINARY . : 
1 2 PIVPROD=l; 
13 -DO 1 = 1 TO MA; 
14 PIVROW(I'), PTVCOL(I) = I ; 
-15 END;' ' '.. . 
1 6 " D:O N-=i TO' -.NA; • 
17 . PIVOT=A(PIVRQW(N), PIVCO L ( N ) I ; 
1 8 i'0,.JO=.N; 
1 9 IA=PIvribW (N.) j. JA^P IV.C'0.L(N) ", • . 
20 D0..1 = N TO "MA. ; 
"2I-. - DO J>N TO NA:- ' " ' • • ' . ' 
22 rC^P I VRQW ( I ) ; JC=P IVCOL ( j ) ; 
2.3. COMP = A( ICf JO'.: 
24 I F ABS-,(COMP)>ABS (PIVOT) TH'E'N DO; -
25 PIVGT=eOMP; 
26. IA=IC; 10= I-; • 
27 > JA=JC; J O = J ; 
28 " END; 
29 • END; • •• - • 
30 END*; 
31 * PIVROWt10)=PIVROW(N): 
2 PI VCOL (JO)-PI VC0.L ( N) ; 

33 -PI.VROW<N')-I:A; P1VC0L(N) = J.A; 
34 Bl IA) = BUA1/(PIVOT) ; 
33 • • P I VPR_QD = P I VPROD*P I VQT ; 
p-6 DO J-N + l TO NA;-
(37 JC = PI'VCOL( J ) ; 
38 A( I A , J C ) = A ( I A i J C ) / P I V O T ; 
39 END;.' 
40 DO 1=1 TO NA ; 
1 IF I-= IA. THEN DO ; 

4:2 . MULT=A ( I , J A ) ; 
43. B ( I ) = B(I)-B(IA)*MULT; 
fkU . DO J~(N + 1 ) TO N A; 
5 . JC=.PIVCOL(J); 

..6 A ( I , J C ) = A( I , JC )-A( I A, JC )*MULT; 
4,7 . EN:D; 
ha ENip; 
? END!; 
50 END; 
1 DO 1=1 TO NA; 
2 X(PIVCOL(I)) = B(P IVROW(I ) ) ; 



Appendix 2. (corit.) 
•53 END; 
54 ... RETURN (PIVP ROD) : 
55. END GJM; 
56 GET LIST(S) f 
57 . DO 1 = 1 TO S i 
58 GET LIST (NAME) ; 
59 PUT SKIP(3) ; 
60 PUT LIST (NAME); 
61 PUT SKIP; 
62 , GET- LIST (- W H. -
'63 GET L IST(M) ; 
••64 A-03 B=0; :"' 
"65 00. J=l TO. M ; 
66. GET LIST( THETA(J),H(J),K(d),L(J)); " 

.67 THETA( J )=THETA ( J ) / ( 57 . 296 ),: 
68 Gl = H( JJ**2 + K(J.).**2 -*K(J)*H(J); . 
69 G2 =. L(J)**2 ! 
70 G3=(SIN(2*THETA(J) )")-**2; " 
71 . G3 = G3*5*.( 1 /SIN (THETA( J ) ) +17 ( THETA ( d I ) ) 
72 A ( l , l ) = A ( l i l ) *G1**2: 
73 AT( 2,1) ,A.( 1,-2) = . A( 1*2)+ G1*G2; 
74 "A(3,ll,A(l.»i!) = At 1,3)+ G1*G3; 
75 A ( 2 ,2) =A (.2,r2 ) + G2<**2 ; 
76 A (3,.2)., A (2,3) =A( 2 ,3 ) +G2*G3 V . 
77 A(3,3). = A(3»-3) +G3**2. .; 
.78 •G4=i( SIN( JH€TA ( J-)') )**2 ; 
79 B f l ) =. .B(1V + G.I-*G4 i 
80 •8(2'.),,^ B(2) >• G2*G4; 
81 .. . B(3>-= BC3); + G3*G4; . . 
82. END; -

• '83 N=3; 
84 >G5-= GJM ( A , B »"X , N j : ; 

."•85 AO = (W**2)/(3*X (1) ) ; 
86 A0- = SQRT(AO') ; 
'87 , C 0 = W> (2 * S 0;RT ( X ( 2 J;).) ; 
88 -PUT SKIP-: 
89 PUT DATA(AO)5 
90 PUT DATA(CO); PUT SKIP DATA(X)J 
91 Ŷ CO/AO; '• -
92 V=( A.0**2)*C0*(SQRT (3) )/2; -
93 PUT SKIP DATA (Y) 
94 PUT. DATA ( V).; 
95 END; 
96 END HEXSOLV ; 
OF FILE 


