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Abstract 

Single c r y s t a l s of 5N and 4N pure Ni and a series of NiV 
a l l o y s up t o 6 . 72 at % V were grown and cut i n t o spheres and 
blocks f o r anisotropy, magnetization and r e s i s t i v i t y measure
ments. Measurements of the f i r s t anisotropy constant of these 
c r y s t a l s were made between 4*2 and 300K using a torque magnet
ometer. A l l the measurements were performed when the magnetic 
f i e l d of up t o 11 kOe could r o t a t e i n a. (001) plane. Corrections 
f o r the e f f e c t of the higher order constant on the torque curves 
were found t o be necessary i n the case of pure Ni and 0.9$f a l l o y . 
Using a Faraday balance the magnetizations of the c r y s t a l s of 
higher vanadium content were measured from 77K t o room temperature* 
Values of M at 4»2K were measured t o check the v a l i d i t y of the 
e x t r a p o l a t i o n of these r e s u l t s t o OK. Using a D.C« method i t was 
possible t o measure the values of the r e s i s t i v i t y of these samples 
from 4»2K t o room temperature. I n a d d i t i o n c r y s t a l s of Ni Mo 
w i t h 1 a t % Mo and of NiV w i t h 12 .5 at % V were grown and t h e i r 
r e s i s t i v i t i e s were measured from 4«2K t o room temperature. 

Using the r e s u l t s from anisotropy measurements i t was 
possible t o show t h a t v a r i a t i o n s o f temperature or of concentration 
a f f e c t the f i r s t anisotropy constant i n a. s i m i l a r manner. This 
i s i n good agreement w i t h the r e s u l t s on Ni Mo of Hausmann and 
Wolf ( 1 9 7 1 ) . 

The r e s u l t s from anisotropy and r e s i s t i v i t y measurements 
were combined t o check whether the hypothesis suggested by 
Hausmann (1970) were t r u e . This was found not t o be so even 

though the r e l a t i o n s h i p was examined f o r a wide range of temper
a t u r e . 



Combining the r e s u l t s of anisotropy and r e s i s t i v i t y measure
ments i t has been found t h a t there i s f u r t h e r support f o r the 
suggestion by Franse et a l . (1973) of a l i n k between temperature 
v a r i a t i o n of anisotropy and the m i n o r i t y s p i n r e s i s t i v i t y i n 
accord w i t h the work of Furey. There remains some doubt about 
the correctness o f the method of d i s t i n g u i s h i n g between m a j o r i t y 
and m i n o r i t y s p i n r e s i s t i v i t i e s . 

The temperature v a r i a t i o n of K]_ and M was also examined 
and the value o f n found i n equation K(T,C) = K(0,C) ( M(T)/M(0) ] 

i n the case of NiV c r y s t a l s i s less t h a n t h a t f o r pure Ni and 
i t decreases as the c o n c e n t r a t i o n i s increased. 
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CHAFTER ONE 

In t r o d uct ion 

1.1 Ferrom^net ism 

Ferrom^gnetism i s one of the important subjects i n 
s o l i d s t n t e physics and several models f o r d e s c r i b i n g i t s 
theory have been given, some of the most basic and important 
of them w i l l be explained below. 

1.1.1 • The "'Zeiss Model of Ferrompgnetism 

The f i r s t snd i n many w?ys the most i l l u m i n a t i n g was 
t h a t of Weiss (1907)• The task of a theory of ferromagnetism 
at t h a t time was t o e x p l a i n (1) the existence of spontaneous 
magnetization below a c e r t a i n temperature T c c a l l e d the Curie 
temperature, and (2) the passage from n e g l i g i b l e t o t a l magnet
i z a t i o n t o s - t u r a t i o n magnetization upon a p u l i c a t i o n of a 
small e x t e r n a l f i e l d H. To account f o r t h i s behaviour, 
V7eiss put forward two hypotheses. 
i ) Below T c a ferromagnet i s composed of small spontaneously 
magnetized regions c a l l e d domains. 'Then the magnetic moments 
of these i n d i v i d u a l domains take d i f f e r e n t d i r e c t i o n s , the 
o v e r a l l sample magnetization w i l l be much smaller than i f 

the sample were composed of a s i n g l e domain. As a consequence 
the passage t o large sample magnetization can be produced by 
a. r e l a t i v e l y we»k e x t e r n a l f i e l d H, which need only a l i g n the 
already magnetized domains. 
i i ) Egch domain i s spontaneously magnetized because a very 
s t r o n g "molecular f i e l d " of o r i g i n unknown t o ."Zeiss, tends t o 
a l i g n the i n d i v i d u a l Ptomic magnetic moments w i t h i n the domains 
These two hypotheses c?n £ive_a general explanation of most of 

( 2 2 MAY 1975 



the phenomena i n ferromagnetism. Nov; i f we consider the 
i n t e r a c t i o n which tends to a l i g n the atomic dipoles p a r a l l e l 
as equivalent t o an i n t e r n a l f i e l d H m then by thermal a g i t a 
t i o n of the atoms we can mi s o r i e n t t h e i r d i r e c t i o n s and 
reduce the e f f e c t of Hm. The temperature at which the therma 
a g i t a t i o n can destroy the spontaneous magnetization i s c a l l e d 
the ferromagnetic Curie temperature T c. 

For over a au a r t e r of a century i n d i r e c t experiments showed 
the usefulness of these t h e o r i e s . Today there i s a great 
deal of evidence t h a t both domains and molecular f i e l d r e a l l y 
do e x i s t , although t h e i r o r i g i n i s s t i l l the subject of 
t h e o r e t i c a l research. 

A d i s c u s s i o n of the theory of domains has been given by 

K i t t e l (1949 )• For common ferromagnetic materials estimations 
7 

of the /Zeiss f i e l d obtained i n t h i s way y i e l d values of /v 10' oe 
too large t o be of simple d i p o l e o r i g i n . The source of the 
e f f e c t i v e f i e l d cannot t h e r e f o r e be due t o simple magnetic 
i n t e r a c t i o n s between atomic moments. An exolanation i n 
quantum mechanical terms was suggested by Heisenberg. 
1.2 The Keisenberg Model of Ferromagnetism 

Heisenberg's (1928) theory of ferromagnetism i s based 
on the H2 molecule and i t was shown by t h i s theory t h a t the 
o r i g i n of the ••Jeiss molecular f i e l d i s the r e s u l t of quantum 
exchange i n t e r a c t i o n s . 

As exoerimentally electrons have always antisymmetric 
wave f u n c t i o n s (considering Pauli's exclusion p r i n c i p l e ) 
so the wave f u n c t i o n s of the two electrons i n hydrogen atoms 
are 



t(0(2)+4>, : 2 ) < b ( , ) ] f < 0)* (-2)-Xtt)XX') 

~t- = B 
1 

<))(') 4 ^ ( 4 ) - ^ u ) ^ «.o 

d . i ) 

(1.2) 

J 
vrhere ^ i s the wave f u n c t i o n of the two electrons t o have 
a n t i p a r a l l e l spins and f o r those whose spins are p a r a l l e l , 
A and B are normalized f a c t o r s , {}) i s the one-electron 
r a d i a l wave f u n c t i o n when e l e c t r o n 1 i s i n s t a t e (a) and 
s i m i l a r l y f o r <p (ij and ^ ( i ) and (0 , X^O) i s the spin 
wave f u n c t i o n f o r e l e c t r o n 1 i f i t s magnetic moment i s 
p a r a l l e l t o the magnetic f i e l d H, applied i n z - d i r e c t i o n , and 
^(0 i s when i t s magnetic moment i s a n t i p a r a l l e l , s i m i l a r l y 

f o r % ti) and r U ) . 
Consider an i n t e r a c t i o n between these 2 - electro n s , 

the Hamiltonian i s given by 

H e 
12 rab r12 r l b r2a. (1.3) 

where r g ^ i s the distance between n u c l e i , r^j> between 
e l e c t r o n s , and r ^ t , and r 2 a are distances between a. given 
nucleus and the e l e c t r o n on the other atom. So the t o t a l 
energy of the system i s 

E s J / ^ f j r (1.4) 
and so using and ^ we get 

E 1 = A ( k 1 2 + J 1 2 ) (1.5) 

E 2 " B ( K12 " J12 (1.6) 
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where 

(1.7) 

K]_2 i s the average coulomb i n t e r a c t i o n energy and J-^ i s 
c a l l e d t he exchange i n t e g r a l . 

I n the case of H"2 - molecule J-^ i s negative, E2 

and so i n the ground s t a t e , s p i n s are a n t i p a r a l l e l , S = 0, 
i . e . non magnetic. I n order t o have spins p a r a l l e l , i . e . ^ 
s t a t e , we should have E2 <^ E^, i . e . J]_2 should be p o s i t i v e 
thus g i v i n g ferromagnetism. Heisenberg (1928) showed t h a t 
the energy E can be w r i t t e n as 

E = constant - 2 S]_° S2 

The t o t a l energy thus contains an exchange term which corres
ponds t o a d i r e c t c o upling between two spins. I n general f o r 
two atoms having spins Sj_ and Sj the exchange term i s 

Wii = 2 J.. S^S, 
1 J 1 J - 1 - J (1.8) 

S l a t e r (1930) has point e d out t h a t i n order t o have J ^ j 
p o s i t i v e , i . e . ferromagnetism, the r a t i o r a 1 = ) / r 0 where r 0 

i s the o r b i t a l r a d i u s , should be l a r g e r than 3 but not much 

l a r g e r . These r a t i o s f o r some ma t e r i a l s are given below: 

M a t e r i a l Ni Fe Co Gd Mn Cr 
rab/ ro 3.94 3.26 3.64 3.1 2 094 2.60 

i n which Mn and Cr are not ferromagnetic. 

1*3 Band Model Theories of Ferromagnetism 

I n the Heisenberg theory the electrons responsible f o r 
ferromagnetism are l o c a l i z e d at t h e l a t t i c e p o i n t s , whereas 
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the electrons i n metals or a t l e a s t those from the outer 
s h e l l s of the atoms are not l o c a l i z e d and a band theory 
approach might be expected to be more appr o p r i a t e . 
Theories a s c r i b i n g the ferromagnetic behaviour t o mobile 
ele c t r o n s or holes i n u n f i l l e d bands were developed by 
Sl a t e r (1936) and St oner (1938). The L's and 3d bands 
overlap r e s u l t i n g i n an incomplete f i l l i n g of the 3d band. 
The exchange co u o l i n g causes alignment of the 3d - e l e c t r o n 
spins, but i t i s possible t o ex p l a i n the n o n - i n t e g r a l character 
of the r e s u l t i n g moment per atom. This provides good agree
ment w i t h measurements f o r Mi, but less s a t i s f a c t o r y f o r Fe 
and extension t o cover 4 f electrons i n r a r e earths y i e l d s 
u n s a t i s f a c t o r y r e s u l t s . An a l t e r n a t i v e approach i s the 
Vonsovky (1946) model i n which the 3d electrons are l o c a l i z e d 
at the l a t t i c e p o i n t s and the Keisenberg exchange i n t e r a c t i o n s 
between the 3d s h e l l s of neighbouring atoms ali g n s . t h e spins 
of the 3d s h e l l s . This w i l l produce an i n t e r n a l f i e l d which 
i n t e r a c t s w i t h the Us - conduction e l e c t r o n s . The r e s u l t of 
t h i s i n t e r a c t i o n gives more conduction electrons to have spins 
p a r a l l e l than a n t i p a r a l l e l to the spi n d i r e c t i o n of the 3d 

e l e c t r o n s , i . e . the conduction electrons become p o l a r i z e d . 
The moment due t o t h i s p o l a r i z a t i o n w i l l add to that due t o the 
3d electrons again e x p l a i n i n g the n o n - i n t e g r a l moment per 
atom. There are i n d i c a t i o n s t h a t t h i s model may apply t o 
m e t a l l i c Fe. Zener (1951) r e a l i z e d t h a t the 3d exchange 
coupling could be i n d i r e c t v i a the conduction e l e c t r o n s , which 

would again become p o l a r i z e d . This theory has been consider- % 

ably developed by Rudermann, K i t t e l , Kasuya and l o s i d a and 
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applied t o the heavy rare earths. 
Considerable development of these energy band t h e o r i e s 

of ferromagnetism has taken place i n recent years. By the 
use of the A.P.'.\T. method and computer programmes c a l c u l a t i o n s 
of the shapes of the energy bands of ferromagnetic metals 
have been made which agree w e l l w i t h experiment, Mattheis 
(I964) ând Connolly (1967). This work i s described very 
c l e a r l y by S l a t e r (1968) and by S l a t e r et a l (1969). I n 
a l l these t h e o r i e s the exchange co u p l i n g i s an i s o t r o p i c one 
so t h a t t r e y give no account of the a n i s t r o p i c magnetic prop
e r t i e s found i n s i n g l e c r y s t a l s . 

1.4 Ferromagnetic C r y s t a l l i n e Phenomena 

The t h e o r i e s which have been b r i e f l y o u t l i n e d provide 
a s a t i s f a c t o r y general explanation of the phenomena of 
ferromagnetism, but two important exceptions t o t h i s e x i s t 
of which there are, as yet , no completely s a t i s f a c t o r y quant
i t a t i v e explanations, namely magnetocrystalline anisotropy 
and m a g n e t o s t r i c t i o n . K e f f e r (1966) has c o l l e c t e d and 
discussed most of the theories i n t h i s f i e l d and other r e l a t e d 
phenomena. 

1.4.1 Magneto c r y s t a l l i n e Anisotropy 

The anisotropy energy or the magnetocrystalline energy 
of a ferromagnetic c r y s t a l acts i n such a way t h a t the magnet
i z a t i o n tends to be d i r e c t e d along c e r t a i n d e f i n i t e c r y s t a l l -
ographic axis which are c a l l e d easy d i r e c t i o n s , whereas the 
d i r e c t i o n s along which i t i s most d i . ' f i c u l t t o magnetize the 
c r y s t a l are c a l l e d hard d i r e c t i o n s . The anisotropy energy 
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i s defined as the work reouired t o make the magnetization be 
along a c e r t a i n d i r e c t i o n compared t o an easy d i r e c t i o n . 
Using the r e s t r i c t i o n s imposed by cubic symmetry i t i s possible 
t o show t h a t the anisotropy energy may be represented by an 
e m p i r i c a l expression of the form, 

Ea(°<) = K2 (3) +K?P+K3 ( 3 2 ) +K4SP-rKc;S3+K£P2+ ( 1 . 9 ) 

where % % 
S- ̂ tft+fil ™d P- and * , , ^ 
are the d i r e c t i o n cosines of the magnetization with respect 
t o the c r y s t a l axes and K]_, ^ . . . . e t c . are the f i r s t and 
second... anisotropy constants o f cubic c r y s t a l . 
E^ f o r hexagonal c r y s t a l s can be expressed using polar co
ordinates as derived by Mason (1954) and Bozorth (1954) as 
a s e r i e s of the form, 

S ^ I ^ sin ? i9 + K ? s i n 4 Q +K3 s i n 6 Q + s i n ° 0 cos°^> +••••(!. 10) 

where Q and are the angles between magnetization and 
the hexagonal c - axis and between the p r o j e c t i o n of the 
magnetization on the basal plane and an a - axis r e s p e c t i v e l y . 
These expressions are purely e m p i r i c a l and the anisotropy 
constants should be measured by experiment. I n t h i s work the 
experiments are r e s t r i c t e d t o the (001) plane of face-centred 
cubic c r y s t a l s of Ni and NiV , so i n t h i s plane equation 
( l ) reduces t o 

E A ( o < ) = Kx s i n 2 G cos 2 Q + K3 s i n 4 0 cos 40 + (1 .11) 

since 
/ 2 9 

<* = Cos0 and <^2 = s i nO , = 0, 3(CCl ) « s i n 8 cos'Q, 
3 P (001) = 0 

e i s the angle between magnetization and flOO) d i r e c t i o n . 
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1.4-2 M a g n e t o s t r i c t i o n 

This phenomenon, i n which the dimensions of a. ferromagnetic 
sample w i l l change i f i t s magnetization v a r i e s , i s a l l i e d t o 
magnetocrystalline anisotropy; i n a system e x h i b i t i n g the 
l a t t e r the t o t a l l a t t i c e energy i s reduced by the development 
of a magnetization r e l a t e d s t r a i n . Linear m a g n e t o s t r i c t i o n , 
X, i . defined as the change or len g t h pen u n i t length ^ 

and the d i r e c t i o n of measurement must be s p e c i f i e d . A 
v a r i e t y of techniques have been developed f o r the measurement 
of the s t r a i n i n c l u d i n g mechanical, o p t i c a l and e l e c t r i c a l 
methods. R e s i s t i v e s t r a i n gauges are f r e q u e n t l y found t o 
be a convenient means of measurement. I n the case i n which 
magnetization saturates \ i s c a l l e d s a t u r a t i o n m a g n e t o s t r i c t i o n , 
\ ^ , and i t s values i n 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 d i r e c t i o n s 

are shown by \ (100) a n c ^ ^ ( 1 1 1 ) e t c * ^ o r 3 c u b i c c r y s t a l 
an adequate expression f o r the magnetostrictive s t r a i n measured 
i n a d i r e c t i o n whose d i r e c t i o n cosines r e l a t i v e t o the cubic 
axes a r e / ^ l >y?2 y$3» i s i n t n e f° r m» 

i n which °( j > 0(2 > 0(3 a r e s s defined ^ n ^he previous s e c t i o n . 
This equation i s u s u a l l y convenient f o r the analysis of 
experimental measurements, Chikazumi (1964). A u s e f u l survey 
of the theory of mag n e t o s t r i c t i o n i n other types of c r y s t a l s 
i s given by Callen and Callen (1965)• 



CHAPTER 2 

A Review of Ma g n e t o c r y s t ^ l l i n e Anisotropy 

2.1 The O r i g i n of Magnetocrystalline Anisotrooy 

The o r i g i n of the anisotropy i s believed t o be the 
r e s u l t of the combined e f f e c t s of the spin - o r b i t i n t e r a c t i o n 
and the incomplete quenching of the o r b i t a l angular momentum. 
I n other words, the magnetization of the c r y s t a l sees the 
c r y s t a l l a t t i c e through the agency of the o r b i t a l motion of 
the e l e c t r o n s . 

Van Vleck (1937) considered the anisotropy to o r i g i n a t e 
from an i n d i r e c t coupling between nearest neighbour spins 
i and j . Then he expanded the e f f e c t i v e coupling energy 
i n t o a d i p o l e - d i p o l e term i n t o a d i p o l 

n D 
LJ 

plus a ouadrupole - quadrupole term 

# Q - ? J \i t u (Bi • £ / <-3J • T i j ) 2 (2-2) 

where D^j and Q^j are temperature independent coupling 
constants and f ^ j connects nearest neighbours. 

This s p i n - o r b i t coupling has the e f f e c t of making the 
spin v e c t o r s , responsible f o r the ferromagnetism, s e n s i t i v e 
t o the a n i s o t r o p i c e l e c t r o s t a t i c forces t h a t e x i s t w i t h i n the 
l a t t i c e . This occurs because the spin i n t e r a c t s w i t h the 
o r b i t a l motion and the o r b i t a l motion i s c o n t r o l l e d by the 
l a t t i c e due t o e l e c t r o s t a t i c f i e l d s and overlapping o r b i t a l 
wave f u n c t i o n s of neighbouring atoms, t h a t i s : 

( s p i n ^ — — ( o r b i t ) i — ( c r y s t a l l i n e f i e l d ) — ( o r b i t — (spin 
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I t i s also worthwhile t o mention t h a t i n a dipole -
d i p o l e model anisotropy e x i s t s only when the second approx
imation of p e r t u r b a t i o n theory i s used, otherwise the e f f e c t 
i s too small t o be worth c o n s i d e r a t i o n , end the quadrupole -
auadrupole model i s g e n e r a l l y possible only i f the s p i n quan
tum numbers of the atoms are greater than ^ / 2 . I n both 
models a Weiss molecular f i e l d was used to represent exchange 
i n t e r a c t i o n . 

Another approach was t r i e d by Brooks (1940 ) using the 
" c o l l e c t i v e e l e c t r o n " or " I t i n e r a n t " model of Stoner and 
S l a t e r instead of the He.isenberg l o c a l i z e d e l e c t r o n model as 
t r i e d by Van Vleck. He represented the exchange energy as a 
Weiss i n t e r n a l f i e l d and the spin - o r b i t coupling as a. 
p e r t u r b a t i o n . He then put these ideas on a ouantative basis 
by considering the form of the d - bands i n cubic c r y s t a l s , 
i n which, the overlapping of the d s h e l l s i s small and so a 
Bloch approximation of t i g h t binding was reasonably acceptable. 
These basic c a l c u l a t i o n s of Brooks have been used i n recent 
years t o c a l c u l a t e and i n t e r p r e t the anisotropy energy of Ni 
and Fe , Furey (1967) and Franse ( I 9 6 9 ) . The wave functions 
used t o describe the s t a t e of a 3d - e l e c t r o n i n t h i s model 

represents l a t t i c e p o i n t s , and N the t o t a l number of atoms. 

n 

^ n (1T,K) g % x p ( i a } -K) <p 9 N n 
the l a t t i c e constant, V where a i s is 

were 

i) r (2.3) 

a vector which 

4> nS are the atomic wave f u n c t i o n s and are s o l u t i o n s of the 

eigen value eouation 

U(r) d ) ( r ) = S<p(r) 0 / re U(r) • ?m + <vhe 
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i s the atomic p o t e n t i a l . These s o l u t i o n s which correspond 
t o 5 - f o l d degenerate 3d l e v e l of the i s o l a t e d atom are 

4 > ( r ) - t ^ A T T ) 1 7 2 ^ f ( r ) , < f c ( r ) = V/kTC)1'2 Z%£ ( r ) , 
4 

(£<rl . (IS l 1 ^ % ( D , ^ ( r ) = ( 1 5 / x 5 T ) ^ ^ ) f ( r ) > 

<p5ir) - ( 1 5 / 1 6 T T ) 1 / 2 (-?ZZ- ; r ' ' ) f ( r ) 
r 

where f ( r ) i s the normalized r a d i a l f u n c t i o n of the i s o l a t e d 
atom. Brooks,by assuming t h a t f o r n i c k e l the bands constructed 
from <J)-l 9 ^2 ^ 3 o r b i t a l s are w e l l apart from ) (p^ 

bands, could c a l c u l a t e the anisotropy energy from ( j^foand ^-i 
o r b i t a l s . He then by using f o u r t h order p e r t u r b a t i o n theory 
f o r a number of K points of the B r i l l o u i n Zone and summation 
of t h e spin - o r b i t energy c o r r e c t i o n over a l l occupied states, 
found the r i g h t order of magnitude and the r i g h t sign f o r 
K]_ of Nj_ , but because states over a large region of the zone 
c o n t r i b u t e d t o the anisotropy energy he could not f i n d a strong 
temperature dependence f o r K-̂. 

Even though i n Brooks' model anisotropy of the r i g h t 
magnitude and s i g n f o r i r o n and n i c k e l appears i n the 4th 

approximation, t h e r e i s no sharp change i n anisotropy as the 
l a t t i c e passes from face - t o body-centred cubic i n Fe - Ni 
a l l o y s . Also the temperature dependence of the anisotropy 
i s not described at a l l by t h i s model. Fletcher (1954) has 
developed Brooks' ideas and corrected some minor errors i n 
hi s treatment. Using h i s own data,Fletcher (195?), f o r the 
energy d i s t r i b u t i o n of d electrons i n ferromagnetic n i c k e l 
he found a value of 5 x 10? erg cm -3 f o r Ki at 0 K. This 
was two orders of magnitude greater than the e a r l i e r estimate 
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of Brooks, 10 - 10 erg cm"-', which had agreed w e l l w i t h the 

a v a i l a b l e experimental data. 

Carr (1957) by using a v i r i a l theorm and p e r t u r b a t i o n 

theory explained the anisotropy energy i n terms of Coulomb 

energy alone. He found one of the basic mechanisms f o r 

anisotropy arises from the i n t e r a c t i o n between the charge 

d i s t r i b u t i o n about a l a t t i c e s i t e and the c r y s t a l l i n e p o t e n t i a l 

of the l a t t i c e , which i s d i f f e r e n t from Van Vleck's mechanism. 

He was not able t o make numerical estimates of the size of the 

anisotropy constants, but using Hartree fun c t i o n s he showed 

t h a t they should be of the c o r r e c t order of magnitude t o agree 

w i t h experimental r e s u l t s . Slonczewski (1962) has pointed 

out t h a t i n the c a l c u l a t i o n s of Brooks and Fletcher an inte. -

g r a t i o n i s made of the s p i n - o r b i t energy over the occupied 

st a t e s of the B r i l l o u i n Zones,but t h a t changes i n occupation 

of the states due t o the spin - o r b i t p e r t u r b a t i o n are neglected 

He showed t h a t t h i s omission was very important and t h a t a f t e r 

making allowances f o r i t the r e s u l t s of Fletcher would be 

reduced, by a f a c t o r of about 200 which would lead t o much 

b e t t e r agreement w i t h experimental r e s u l t s . 

Furey (1967) has c a l c u l a t e d the anisotropy energy f o r n i c k e l 

u s i n g improved energy bands, i n which he has considered the 

h y b r i d i z a t i o n between 3d - bands and the conduction bands 

f o l l o w i n g Hodges et a l ( I 9 6 6 ) . The main p r i n c i p l e of h i s 

work i s t h a t only s p e c i a l points i n the B r i l l o u i n zone c o n t r i 

bute s t r o n g l y to the magnetic anisotropy and these l i e i n 

regions of the zone where there would be degenerate bands 

w i t h o u t the s p i n - o r b i t i n t e r a c t i o n . These points are s i t 

uated on f 1 - X and P - L d i r e c t i o n s of the f i r s t zone. 
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Fig. ( 2 . 1 ) F i r s t B r i l l o u i n 
Zone of fee Ni showing f ~x 
and f - L d i r e c t i o n s 
( a f t e r Furey 1967). 

Mori 1969 also has used energy band shapes obtained by 
Yamashita et a l (1963) t o c a l c u l a t e the anisotropy energy 
of n i c k e l and i r o n . A b i g discrepancy w i t h Furey i n the 
case of n i c k e l i s t h a t the c o n t r i b u t i o n s of degenerate states 
to the anisotropy energy are less important, even though 
experimental evidence at low temperature (Franse, 1971) 

supports the work of Furey» 

Recently Kondorskii e t a l (1973) 1 by using band structure's 
and Fermi surface shapes,have given a development of the theory 
of magnetic anisotropy of n i c k e l , the values f o r K]_ obtained 
from t h i s theory are i n good agreement w i t h the experimental 
r e s u l t s f o r the l i q u i d helium temperature range. They used 
the same basic approach as t h a t used by Furey. 

1 

K W 



-14-

CHAPT5R 3 
A Review of Temperature dependence 

of Magnetic Anisotropy 

3«1 Temperature Dependence of Magnetocrystalline Anisotropy 

The theory of the temperature dependence of magneto-
c r y s t a l l i n e anisotropy of cubic c r y s t a l s has had a very 
complicated h i s t o r y . The f i r s t attempt at a t h e o r e t i c a l 
model was due t o Aukulov (1936) who suggested a c l a s s i c a l 
treatment of single spin =>nisotropy, assuming t h a t each spin 
has »n i n t r i n s i c d i r e c t i o n dependent energy which arises by 
i n t e r a c t i o n w i t h the i n t e r n a l magnetic f i e l d of atoms Using 
simple c l a s s i c a l arguments he showed 

where m(T) i s the reduced magnetization M(T) and S'm(T) = 
H g T 

1 - m(T). 
This r e s u l t applies only at temperatures s u f f i c i e n t l y low-" t h a t 

the tenth power law. 
After t h a t « s e r i e s of experimental tes t s , e . g . Bozorth 

7 1—1 

(1937) and Brukhatov e t a l (1937),was done g i v i n g r e s u l t s 
which r-'nged from complete agreement t o o u t r i g h t c o n t r a d i c t i o n . 
Amongst a l l these confusions several important extensions of 
the theorem were achieved. Van Vleck (1937) employed a 
molecular f i e l d treatment of the excr ange i n t e r a c t i o n i n a 
H°miltoni~n which contained pseudo - d i p o l - r and pseudo -
quadrupol^r terms representing s p i n - o r b i t and c r y s t a l f i e l d 

Ki(T) [11) 0 dm( T ) (3.1) i 1 n 1-10 1-1 K0) K x (0 ) 

S--.ri'fC C± [m(T)J 10 

This was the f i r s t and simplest d e r i v a t i o n of 
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i n t e r A c t i o n s . The -pseudo - d i p o l a r term gives a second 
power law w h i l e the -pseudo - quadrupolar term leads t o a 
s i x t h power law s h i f t i n g t o a f i f t h power w i t h increasing 
temperature. Both disagree w i t h Aukulov T s t e n t h power 
theorem. The reason why Van Vleck obtained too weak a 
temoer ature dependence was th°t i n considering the temperature 
dependence of the anisotropy t o be caused by s t a t i s t i c a l dev
i a t i o n of 3^ =>nd Sj from maximum alignment he employed a 
molecular f i e l d model thereby n e g l e c t i n g the c o r r e l a t i o n i n 
the alignment of neighbouring spins*Zener (1954) cy general
i z i n g the Akulov te n t h power law t o a j | ( \ + l ) / 2 power 
law revived i n t e r e s t i n the subject. Zener assumed that,, 
( i ) the temperature dependence of magnetocrystalline anisotropy 
•"•rises s o l e l y from the l o c a l d e v i a t i o n i n the d i r e c t i o n of 
magnetization and ( i i ) the l o c a l d e v i a t i o n i n an elementary 
r e g i o n i s the r e s u l t a n t of a very l a r g e number of independent 
d e v i a t i o n s . The e f f e c t of these l o c a l deviations,which could 
be reoresented by a random walk function,noon the magnetic 
anisotropy was most conveniently expressed by representing 
the magnetic energy as a series of surface harmonics. 
He a r r i v e d at a power law r e l a t i o n s h i p f o r the c o e f f i c i e n t C 
associated w i t h the J£ ' n order harmonic as 

°_5 < T ' f n-(T) -|^( ? + 

\ M_ (0) ^ ( 3 . 2 ) 

He compared the r i g h t hand side of t h i s ecuation w i t h the 

r a t i o K(T) obtained from experimental measurements f o r 
KTOJ 

i r o n and found a good agreement w i t h jj = 4 f o r and 
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f o r Ko• I n the case of n i c k e l the *» ft i sot ropy decreases 
much more r a p i d l y and so Zener fs c l a s s i c a l assumptions would 
not seem t o be a p p l i c a b l e . Keffer (1955) took a middle path 
between the Zener and Van Vleck t h e o r i e s and by choosing quad-
rupole - nuadrupole coupling of Van Vleck found t h a t at low 
temperature pseudo - quadrupolar i n t e r a c t i o n would give a 
t e n t h power law, changing r a p i d l y t o the Van Vleck s i x t h power 
on i n c r e a s i n g the temperature. He was the f i r s t t o p oint out 
t h a t t h i s change over corresponded, t o a change i n the degree 
of c o r r e l a t i o n between neighbouring spins: f o r high c o r r e l 
a t i o n a t e n t h power lav/ would be expected, but low c o r r e l 
a t i o n would form a s i x t h power. He also r e d e r i v e d the Zener 

mechanism and molecular f i e l d theory. Brenner (1957) by 

choosing a conventional Boltzrmann d i s t r i b u t i o n instead of 

Zener's random walk f u n c t i o n found a reasonably good agreement 

w i t h the measured temperature dependence of the f i r s t aniso

t r o p y constant f o r n i c k e l f o r T/iQ^>0,3, where Q i s the 

Curie temperature. He also pointed out t h a t the i n t r i n s i c 

shape of the anisotropy energy surface might w e l l change w i t h 

temperature due t o changes i n spin - o r b i t coupling w i t h 

increased l a t t i c e v i b r a t i o n and thermal expansion. Carr (1953) 

by using a Langevin f u n c t i o n adjusted t o f i t the measured 

magnetization curve derived .ZenerTs tenth power lav/ f o r i r o n . 

He also, by using Zener 1s r e s u l t s and w i t h the postulate t h a t 

the i n t r i n s i c anisotropy v a r i e s w i t h thermal expansion, found, 

good agreement w i t h experimental r e s u l t s f o r c o b a l t . For 

n i c k e l he assumed t h a t , since the s t r u c t u r e had cubic symmetry, 

1)/? g e n e r a l i z a t i o n , using the c l a s s i c a l s i n g l e ion 
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a t e n t h power law would be obeyed as was found t o be so f o r 
i r o n , but by analogy w i t h c o b a l t he included an emp i r i c a l 
f a c t o r t o allow f o r l a t t i c e expansion g i v i n g the expression 

K X(T) = K L ( 0 , 0 ) (1-1.74 - J — ) ( W j _ ) 1 0
 {. 3 ) x 1 T c M(0) 1 3 , 3 ' 

I n which K-j_(0,0) i s the f i r s t anisotropy constant of n i c k e l 
f o r zero temperature and zero s t r a i n and T c i s the Curie 
temperature. Van Vleck (1959) by presenting a spin Hamiltonian 
or e f f e c t i v e p o t e n t i a l of the type V = atS-^ + Sy^ + ) + c ' 

has discussed the cubic anisotropy. The constant c i s included 
t o make V average to zero when a l l Zeernan components are weighted 
e q u a l l y . The matrix elements of V have the s t r u c t u r e of a 
s p h e r i c a l harmonic of cubic symmetry and degree n = 4> so V 
i s c a l l e d "octopolar p o t e n t i a l " . He has then used t h i s theory 
i n the l i m i t of high neighbouring c o r r e l a t i o n and found a 
ten t h power law, which again was not apo l i c a b l e to the case of 
n i c k e l . K e f f e r and Oguchi (1960) have reevaluated Van Vleck's 
second order p e r t u r b a t i o n theory of d i p o l a r - type anisotropy 
i n cubic ferromagnets. Then by g i v i n g a p h y s i c a l p i c t u r e of 
the o r i g i n of d i p o l a r - type i n the form of precession of spin 
vectors about the axis of q u a n t i z a t i o n and because of strong 
c o r r e l a t i o n between d i r e c t i o n s of them at low temperature, 
they could obtain a t e n t h power law. Callen & Callen (I96O) 

have also given a p i c t o r i a l d e s c r i p t i o n of the decrease of 
the f i r s t anisotropy constant of cubic m a t e r i a l s w i t h increas
i n g temperature. The physical o r i g i n of t h i s decrease i s 
because of wide angular d e v i a t i o n of the i n d i v i d u a l spins from 
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t h e i r average d i r e c t i o n s as the temperature increased. 
As i n f i g . (3.1) at higher temperatures the i n d i v i d u a l spins 
sample the anisotropy over a wider angle, and the average 
energy becomes more nearly i s o t r o p i c . I n f i g . ( 3 * 1 ) the 
energy at A • i s greater than the zero temperature value at 

B / 
B / 

/ 

i \ 

A ' i 

\ 

i 

3.1 Temperature dependence of anisotropy energy Fie 

A (Easy D i r e c t i o n ) , whereas the energy i n the hard d i r e c t i o n 
i s g r e a t e r at zero temperature (B)'.than at temperature T, (B ). 
I n another paper Callen and Callen (1966) by a quantum mech
a n i c a l treatment obtained oener's $ l ) / 2 law at low temp
era t u r e s . Also by using a Boltzmann d i s t r i b u t i o n f u n c t i o n 
f o r t h e d e v i a t i o n s of the spins from the mean d i r e c t i o n s they 
extended t h i s theory t o a r b i t r = r y temperatures. 
Hubert (196$) assumed t h a t the major c o n t r i b u t i o n t o the 
anisotropy of the magnetization, i n the s p e c i a l case of n i c k e l 
w i l l a r i s e from an o r b i t a l c o n t r i b u t i o n r a t h e r than a coin 



c o n t r i b u t i o n . The main e f f e c t of spin - o r b i t i n t e r a c t i o n 
was considered to be to introduce anisotropy i n the o r b i t a l 
c o n t r i b u t i o n t o energy and magnetization. He then by consid
e r i n g an e f f e c t i v e f i e l d K_ c o l l i n e a r to M„ has represented 

o o 
the i n t e r a c t i o n of the spin system on the Quenched o r b i t a l 
moments through spin - o r b i t , i n t e r a c t i o n . For simple c r y s t a l 
d i r e c t i o n s where MQ and MT , which are the snin and 
o r b i t a l c o n t r i b u t i o n s t o the magnetization r e s p e c t i v e l y , 
are c o l l i n e a r he assumed t h a t : 

K L = a H s + b H s
3 + (3-4) 

and the corresponding energy would be 

W- - \ - ^ - I b H^ + (3.5) 

Due t o cubic symmetry, 3 i s a constant and b has a value t h a t 
may depend on the d i r e c t i o n of Hg =nd leads t o anisotropy of 
Mj. Aubert has shown t h a t t o f i r s t order 

/ W \ 
H s = - 4 ^ T S T T ) ' (3.6) 

1 4 3 i n which & ?« = - — BH„ and = BHa are the d i f f e r e n c e s 
4 a b 

i n energy and magnetization r e s p e c t i v e l y between <^lll^>and<^lCC^> 
d i r e c t i o n s and B i s the d i f f e r e n c e i n b i n the two d i r e c t i o n s . 
He has then, by using eouation (3*6) and experimental r e s u l t s , 
found t h a t Hg w i l l vary as t e n t h power of M , t o t a l magnet
i z a t i o n (MT + M Q), and so £>• Vf varies as f o r t i e t h power of M 

•*-J ; 
which i s a reasonable approximation t o the experimental r e s u l t s 

over 3 l i m i t e d range of low temperatures* Mori (I969) has 
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c a l c u l a t e d the low temper-tare values of and Kp f o r i r o n 
and n i c k e l using bond s t r u c t u r e s due t o Yamashita et a l (1966). 
He aoolied p e r t u r b a t i o n theory t o c a l c u l a t e the c o n t r i b u t i o n s 
f o r those ooints i n the B r i l l i o u n 2one v/here the o r b i t a l angular . 
momentum i s quenched and showed t h a t where t h i s i s not so the 
c o n t r i b u t i o n s were very small. To c a l c u l a t e the temperature 
dependence he determined s p l i t t i n g between plus and minus spin 
bands t o agree w i t h the experimental r e s u l t s on the temperature 
v a r i a t i o n of the spontaneous magnetization and then r e c a l c u l a t e d 

and Kg making allowance f o r the Fermi d i s t r i b u t i o n . The 
r e s u l t s were very s a t i s f a c t o r y f o r i r o n , but did not agree so 
w e l l i n the case of n i c k e l . Hausmann (1970) has given a 
general d e r i v a t i o n of t e n t h power lav/ f o r the anisotropy constant 

of cubic f e r r o - and ferri-magnets, using spin wave and 
ferromagnetic resonance theory. He then found f o r low temp
eratures t h a t : 

where K^y, the anisotropy constant i n a s t a t e of vacuum of 
magnons, does not depend on the temperature. Yang et a l (1973) 
have extended previous work (Yang 1971) on hexagonal c r y s t a l s 
t o cubic c r y s t a l s and applied the r e s u l t s t o a co n s i d e r a t i o n 
of the temperature v a r i a t i o n of K-̂  f o r i r o n and n i c k e l . 
They found i t necessary t o e s t a b l i s h c o e f f i c i e n t s i n an 
expression by comparison wit h experimental r e s u l t s and t o t h i s 
extent the work i s e m p i r i c a l . Very good f i t t i n g w i t h the 
measured r e s u l t s was however achieved. 

K, ( T K IV 10 
M(0 M T ) 

M(0) (3.7) 
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3*2 Empirical Formulae Representing- Temperature 
Dependence of Magnetic Anisotropy of Nic k e l 

As mentioned i n the previous s e c t i o n the M̂" - Law 
was not applicable t o the case of n i c k e l and usu a l l y some 
e m p i r i c a l formulae w i t h o u t any t h e o r e t i c a l background have 
been used t o represent the temperature dependence of the 
anisotropy of n i c k e l . I n t a b l e (3*1) some of these formulae 
have been given. As can be seen from t h i s table a v a r i e t y 
of expressions have been proposed t o describe the v a r i a t i o n 
of K(T) w i t h temperature and magnetization. Some of these 
are e n t i r e l y empirical,such as t h a t due t o Brukhatov,while 
others attempt t o include t h e o r e t i c a l p r e d i c t i o n s u sually i n 
the form of a mx power law f a c t o r . The exponential expressions 
in c l u d e an a r b i t r a r y temperature which i s not r e l a t e d t o any 
simple parameter of the m a t e r i a l and v a r i e s between 100K and 
169K depending on the i n v e s t i g a t o r . I t i s not clear why these 
temperatures should be used and no s a t i s f a c t o r y t h e o r e t i c a l 
model has been advanced t o account f o r them. The power n 
involved also v a r i e s between 1.5 and 2.0 again without any 
c l e a r reason. Other workers have introduced an m* law combined 
us u a l l y w i t h a dependence on the r a t i o of temperature t o the 
Curie temperature. Here again there are numerical d i f f e r e n c e s 
i n the values of x chosen and i n the way i n which T/Tc i s 
introduced. The work of Yang i s unique i n i t s replacement of 
these forms by one using hyperbolic Bessel f u n c t i o n s and i s of 
a s e m i - t h e o r e t i c a l nature. 

I t i s not at present obvious t h a t these r e l a t i o n s are a l l 

approximations t o one more adequate expression. Each has i t s 



-22-

range of v a l i d i t y as a means of representing measured values, 
but only l i m i t e d i n s i g h t i n t o the processes involved may be 
obtained o 
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CHAPTER 4 

Mean Free ? t h and Anisotropy 

4 , 1 M.f.p. of conduction electrons and Kj of Ni 

As mentioned i n the previous chapter none of the th e o r i e s 
could give a power law which agreed w i t h the experimental 
r e s u l t s i n the case of n i c k e l . The purpose of t h i s chapter 
i s t o describe some of the possible i n t e r p r e t a t i o n s of t h i s 
anomalous temperature dependence of the f i r s t anisotropy constant 
of n i c k e l and i t s d e v i a t i o n from the t e n t h power law. This 
anomaly can be caused by: 

(1) magnon-magnon i n t e r a c t i o n . 
(2) thermal expansion of the l a t t i c e . 
(3) assuming t h a t the amisotropy energy of a c r y s t a l i s due t o 

the i n d i r e c t a n i s o t r o p i c exchange. 
I t has been found t h a t (1) and (2) have a very small e f f e c t 

on the temperature dependence of the f i r s t anisotropy constant 
at low temperature. This can be seen when the M-^-Law i s v a l i d 
f o r i n s u l a t o r s e.g. haematite, cobalt f e r r i t e e t c . 

I n the case (3) as i t has been shown by M a t t i s (1965) t h a t , 
the i s o t r o p i c i n d i r e c t exchange depends on the mean f r e e path of 
the conduction e l e c t r o n s ; the same mechanism should be a p p l i c 
able t o a n i s o t r o p i c exchange. As the mean f r e e path of the 
conduction e l e c t r o n s depends s t r o n g l y on temperature, thus t h i s 
mechanism may be u s e f u l t o describe the anomaly of n i c k e l . 
The f o l l o w i n g Q u a l i t a t i v e arguments are given t o support t h i s 
hypothesis. 
1 - The mean f r e e path of the conduction e l e c t r o n s can be 
reduced by the a d d i t i o n of i m p u r i t y atoms. A s i m i l a r r e d u c t i o n 
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C a n also be seen i n the magnetic snisotropy constant K-̂  of 

n i c k e l when i m p u r i t y atoms are added t o nickel,Franse e t a l 

(1968 , 1 9 7 3 ) . 

2 - T.he mean f r e e path o f conduction electrons w i l l be changed 
by o r d e r i n g processes i n a l l o y s . This has been experimentally 
found by Hausmann e t a l ( 1 9 7 1 ) , when they measured the e l e c t r i c a l 
r e s i s t i v i t y and the f i r s t anisotropy constant of Ni^Fe mono-
c r y s t a l l i n e spheres a f t e r several heat treatments. The r e s u l t s 
of these measurements upon the e l e c t r i c a l r e s i s t i v i t y and the 
f i r s t anisotropy constant showed t h a t both r e s i s t i v i t y and 
anisotropy change s t r o n g l y d u r i n g the same stage of the ordering 
process. S i m i l a r e f f e c t s had been p r e v i o u s l y observed by 
Bozorth et a l (1953) using the same m a t e r i a l . 
3 - Hausmann (1970) has suggested t h a t the dependence o f on 
co n c e n t r a t i o n i n a d i l u t e b i n a r y a l l o y can be represented by an 
expression of the form 

Ni Me N i , , v , 
K ] — = K x ( 1 -e><Me Cjfe) ( 4 . 1 ) 

where C M e i s the small c o n c e n t r a t i o n of the a l l o y i n g metal and 
°^Me i s a constant c h a r a c t e r i s t i c of the metal. A s i m i l a r 
r e l a t i o n holds f o r the e f f e c t on r e s i s t i v i t y w i t h 

Ni Me Ni , /) 

where / ^ y ^ i s another constant. Using measurements on Ni Fe 
and Ni Co a l l o y s he has shown t h a t o^Cz-yS % suggesting a 
s i m i l a r mechanism f o r both e f f e c t s . 

4 - On the basis of t h i s s i m i l a r i t y Hausmann has also c a l c u l a t e d 
the temperature c o e f f i c i e n t of anisotropy from measured values 
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of the temperature c o e f f i c i e n t of r e s i s t i v i t y and found 

reasonable agreement w i t h the measured value. 

I t should be pointed out t h a t the r e s u l t s discussed i n 3) snd 

4) above are based on measurements at room temperature only 

and might not have any general v a l i d i t y . 
Hausmann and Wolf (1971) wrote equation ( 3*7 ) f o r 

n i c k e l , assuming t h a t the d e v i a t i o n from the t e n t h power lav/ 
can be caused by temperature dependence of K-̂ y, as f o l l o w s 

K X(T) » K 1 V ( T ) M(T) v.10 
M(0) t « o (4.3) 

where Q i s the Curie temperature. Then by applying the 
hypothesis previously described, they r e l a t e d K-̂ y t o the mean 
f r e e path of the conduction e l e c t r o n s , f o r small concentrations 
Cj_ < ^ \ 1 and Tow temperatures T<^\ 8 , as f o l l o w s , 

K i y ( T , C ±) & K i y <T> C i > (4.4) 

where \ i s the mean f r e e path of the conduction e l e c t r o n s . 
S t r i c t l y t h i s i s not the same mean f r e e path as t h a t which 
determines the r e s i s t i v i t y as pointed out by Hausmann e t a l 
(1971) but the d i f f i c u l t y can be circumvented i f Matthiessen's 
r u l e i s obeyed and the e f f e c t of v a r i a t i o n of temperature and 
co n c e n t r a t i o n represented by separate terms, 

AN1 Me (T.Ci) - V (T) • > M e ( C i ) (4.5) 

They then by using e m p i r i c a l .... r e s u l t s f o r K(T) and M(T) from 
Hofmann ( p r i v a t e communication) and Kaul e t a l (1969) found the 
f o l l o w i n g experimental formula f o r pure n i c k e l . 
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% ( T , . V o , e
l T ° ' a - 6 ) 

To i n t e r p r e t equation ( 4 . 6 ) they used the h y p o t h e t i c a l equation 

(4.4) and so the f o l l o w i n g exponential form of equation was 

w r i t t e n i n a s i m i l a r form t o ( 4 . 6 ) . 

1 1 
% ( X* ) - K x ( o ) e (4.7) 

I t i s obvious t h a t X should be a concen t r a t i o n and temperature 

independent l e n g t h . Using equations ( 4 . 5 ) and (4«7) the 
f o l l o w i n g expression f o r an a l l o y was obtained, i n which the 

Ni Me 
temperature and co n c e n t r a t i o n p a r t s of K^y are now separated. 

Ni Me Ni - w \ l p ( C ± ) 
K~ (T, Ci) = K 1 V (T) e (4 .8) 

N i Ni - % ( T ) V"1 

where K^y (T) = K^y (0) Ni . As ^ i s p r o p o r t i o n a l 

t o the c o n c e n t r a t i o n of the a l l o y i n g atoms so: 
-1 

X v i e 5 
I n which the constant p r o p o r t i o n a l i t y has been chosen 

Ni Me 
f o r convenience. Using equation (4*3) (T, C^) can 
be w r i t t e n as f o l l o w s , 

f M ^ M e ( T , C i ) M N i ( 0 ) ] 
1 (T,Ci) „ K± (T) ̂  ^ M e ( 0 ) C . ) M N i ( T ) ^ 
Ni Me Ni 

10 

exp-Jj<C. 

(4.10) 

and f o r low temperatures and small concentrations t h i s 
approximates t o 

M e ( T ) C i ) = K l
N i ( T ) exp C. ) (4.11) 

i 

Where a b i n a r y a l l o y i s involved the summation i s of course 
unnecessary. 
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Hausmann and Wolf (1971) from the experimental r e s u l t s on 
Ni Mo a l l o y s found an exponential form of v a r i a t i o n i n a. 
good agreement w i t h (4 .11) . This f a c t o r i z a t i o n of K-j_ i n t o 
p u r i t y dependent and temperature dependent terms would also 
appear t o be reasonable from the experimental r e s u l t s on 
n i c k e l samples of d i f f e r e n t p u r i t y Hofmann et a l (1970). 

Kortekaas et a l (1972) by using n i c k e l samples c o n t a i n i n g 
from .1 t o 1 atomic percent of Cu, Co and Fe showed t h a t a 
r e l a t i o n i n the form of (4.11) would give a. c o r r e c t represent
a t i o n of the e f f e c t of i m p u r i t i e s at 4«2°K and 77°K. From 
t h e i r r e s u l t s they c a l c u l a t e d values of o< f o r the three a l l o y s . 
They also i n v e s t i g a t e d a t e r n a r y a l l o y (Ni + 0.45% Cu + 0.45$ 

Co) and found t h a t the e f f e c t o f Cu and Co i m p u r i t i e s were 
a d d i t i v e as i n Equation 4*11 contrary t o expectations from a. 
r i g i d band model. 

Franse et a l (1973) have used the idea of the mean fr e e 
path of the conduction e l e c t r o n s t o check the r e l a t i o n between 

and r e s i d u a l r e s i s t i v i t y . According t o Furey (1967) 

the anisotropy energy of n i c k e l i s very s e n s i t i v e t o t h e shape 
and the occupation of the 3d m i n o r i t y bands near the Fermi l e v e l . 
F a r r e l l and Greig (1968) have s p l i t the r e s i d u a l r e s i s t i v i t y 

up i n t o f*(f) a n d £{y • I n t h i s P 3pe r f o r most of 
the a l l o y s j f ( t ) i s determined t o a large extent by the enhanced 
s c a t t e r i n g p r o b a b i l i t y of the m i n o r i t y s p i n conduction electrons 
due t o the high d e n s i t y of vacant d - st a t e s i n the spin ^ 
m i n o r i t y d - band. They describe how the values of the m i n o r i t y 
e l e c t r o n r e s i s t i v i t y j f ( t ) c s m D e c a l c u l a t e d from r e s i s t i v i t y 
measurements a t low and room temperatures on a d i l u t e a l l o y and 
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t h e pure metal. They define a parameter A which represents 
the d e v i a t i o n from Matthiessen fs r u l e as 

A - ( f - f ) - i f ~ f > (4.12) 
i*- ° a l l o y *~ " pure metal 

where i s the measured value at room temperature and f* 
i s the r e s i d u a l , low temperature, r e s i s t i v i t y * They then 
show t h a t simultaneous s o l u t i o n of the f o l l o w i n g two equations 
w i l l give f> and fQi*) > t h e m i n o r i t y and m a j o r i t y 

r e s i s t i v i t i e s r e s p e c t i v e l y 

p M A W £ . A - k ^ d M 

t h i s treatment assumes t h a t at room temperature the d e v i a t i o n s 
are dominated by sp i n mixing. 

Following the suggestions by Furey and F a r r e l l e t a l , 
Franse et a l have compared o(. values from anisotropy measure
ment w i t h the y ( f ) values from r e s i s t i v i t y measurements and 

o 

have found t h a t o< increases i n the s e r i e s Pd, Cu, Co, Fe and 
Cr and t h a t f i ^ ) also increases, though not i n exact 
p r o p o r t i o n , except f o r the case of Cu where the value of f * ( j ) 

i s anomalously h i g h . They then conclude t h a t a r e l a t i o n between 
the s - d s c a t t e r i n g of the m i n o r i t y s p i n electrons and the 
anisotropy energy cannot give a p e r f e c t c o r r e l a t i o n between o( • 
and values. I n the case of Ni Pd and Ni Cu they have 
mentioned t h a t S - S s c a t t e r i n g i s probably not n e g l i g i b l e . 
I n a d d i t i o n the anisotropy energy and the S - d s c a t t e r i n g 
of m i n o r i t y e l e c t r o n s may not be f u l l y determined by the same 
energy s t a t e s . They conclude t h a t the s i m i l a r i t y i n the 
temperature and co n c e n t r a t i o n dependences of and j f 3 £"f^ 
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values could a r i s e from a d i m i n i s h i n g sharpness of band shape 
and Fermi l e v e l , due t o s c a t t e r i n g on i m p u r i t i e s or thermal 
e x c i t a t i o n . 
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CHAPTSR 5 

Growth, c u t t i n g , p o l i s h i n g and o r i e n t a t i o n of c r y s t a l s 

5#1 Specimen Preparation 

Single c r y s t a l s of n i c k e l and n i c k e l - vanadium a l l o y s 
(Pearson et a l , 1951) were grown by the Bridgeman technique, 
Rothery ( 1 9 6 1 ) , Hanson ( 1 9 5 8 ) . The c u t t i n g and p o l i s h i n g 
of the c r y s t a l s i n t o the form of spheres and t h e i r o r i e n t a t i o n 
by x-ray methods w i l l be described i n the f o l l o w i n g sections. 

5 . 1 . 1 Bridgeman Method 

N i c k e l rods of 9 9 * 9 9 A p u r i t y were purchased from Metals 
Research Limited and vanadium tu r n i n g s of 99»8^ : p u r i t y were 
purchased from Koch - Li g h t Laboratories L i m i t e d . Before 
using n i c k e l rods i t was found b e t t e r to give them a wash i n 
concentrated n i t r i c acid followed by one i n a l c o h o l and s i r 
d r y i n g . Also vanadium tu r n i n g s were washed i n very d i l u t e 
n i t r i c acid and then i n a l c o h o l f o l l o w e d by d r y i n g i n a i r . 

The c r u c i b l e s i n which melting took place were of high 
p u r i t y r e c r y s t a l l i z e d alumina (ALpO^) from Thermal Syndicate 
L i m i t e d . They were of i n t e r n a l diameter 12.7 mm, w a l l t h i c k 
ness 1 mm, and length I 9 O . 5 I mm. The base of the c r u c i b l e 
tapered at an angle of 60°. Inside of the c r u c i b l e s were 
a l l washed by acetone and d r i e d by a i r . 

A f t e r loading the c r u c i b l e w i t h appropriate weighed 
q u a n t i t i e s of the metals i t was then placed i n a s i l i c a support 
i n s i d e a water - cooled m e l t i n g chamber made of pyrex glass 
shown i n Fig. ( 5 . 1 ) . A flow of high p u r i t y argon gas was 
maintained around the c r u c i b l e d u r i n g the whole c r y s t a l growth 
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process. The argon was d r i e d by passing f i r s t through 
concentrated s u l p h u r i c acid and then over phosporous pent-
oxide. Gas was allowed t o flow f o r one hour before s t a r t i n g 
t o melt. The whole assembly of c r u c i b l e i n melting chamber 
was capable of being moved v e r t i c a l l y i n s i d e the output c o i l 
of an i n d u c t i o n furnace. To make use of the Bridgeman method 
a motor d r i v e n c o o l i n g system was designed which was able t o 
lower the m e l t i n g chamber at two d i f f e r e n t speeds, one w i t h 
4*6 cm/hour and the other w i t h 1 .14 cm/hour. The bottom of 
the m e l t i n g chamber was kept on a p l a t f o r m . The p l a t f o r m 
was attached t o a rod which had 16 threads per centimetre on 
which was threaded a p u l l e y d r i v e n from an e l e c t r i c motor. 
This system served t o d r i v e the p l a t f o r m down. An i n d u c t i o n 
furnace from Stanelco Limited w i t h the frequency of LOO kHz 
and power output 12-15 k'J was used f o r heating and melting, 
Simpson ( I 9 6 O ) . 

For checking the temperature an o p t i c a l pyrometer was 
used. Fig. ( 5 « 1 ) shows d e t a i l s of the melting chamber 
which has been made of b o r o s i l i c a t e glass (pyrex) and contains 
a r e c r y s t a l l i z e d alumina c r u c i b l e and s i l i c a c r u c i b l e holder 
through the top of which l i g h t can emerge f o r o p t i c a l temp
erature measurements, Walker et a l . ( 1 9 4 9 ) . Melting of 
the charge was achieved by i n c r e a s i n g the power output of 
the generator u n t i l the temperature i n s i d e the c r u c i b l e was 
observed t o be at l e a s t 1500°C. This temperature was maint
ained f o r sbout h a l f an hour t o ensure homogeneity. The 
motor was then switched on and lowering of the c r u c i b l e from 
the hot zone took about 12 hours-on the slow speed ( 1 . 14 cm/ 
h o u r ) . The generator was then switched o f f and the argon gas 
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flow continued f o r some hours before opening the melting 

chamber to remove the c r u c i b l e . 

5 .1 .2 . Czochralski Method 

Two samples, lfc V and 5f V , were prepared by-
Mr. T.B". Brown. Cavandish Laboratories, Cambridge U n i v e r s i t y , 
using the Czochralski technique. The equipment was s i m i l a r 
t o t h a t which was used f o r the growth of d i s l o c a t i o n f r e e 
copper c r y s t a l s . The length and the diameter of the c r y s t a l s 
were approximately 25 mm and 8 mm r e s p e c t i v e l y . 

5 .1 .3 . Cutting & P o l i s h i n g 

A f t e r breaking the c r u c i b l e t o remove the ingot a 
conventional method of mechanical p o l i s h i n g was c a r r i e d 
out by using successively f i n e r grades of emery paper (0/0, 

2/0> 3/0, 4/0) followed by diamond paste on a r o t a t i n g wheel 
w i t h grades (6/3, 3 /2 , l / l / 4 ) micron. I t was found t h a t 
f o r seeing the g r a i n boundaries, even though other methods 
were used (Popkova et a l , 1974), i t was b e t t e r t o etch the 
c r y s t a l i n hot n i t r i c acid f o r about f i v e t o ten minutes. 

For c u t t i n g the c r y s t a l s an e l e c t r i c a l discharge machine 

(E.D.M.) from Metals Research was used. By t h i s machine and 

using d i f f e r e n t types of t o o l s , e i t h e r a t h i n phosphor-bronze 

shim or continuously moving s o f t t i n n e d copper wire of .457 mm 

diameter f o r c u t t i n g a re c t a n g u l a r block from an in g o t , a 

copper f l a t t o o l f o r t u r n i n g a c y l i n d e r from t h i s rectangular 

block and a copper hollow c y l i n d e r t o o l f o r t u r n i n g a sphere 

from a c y l i n d e r . F i g. (5.2) shows the basic techniaue f o r 

c u t t i n g spheres. 
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When the sphere was obtained i t was u s u a l l y found t o 
be not qu i t e s p h e r i c a l and s p h e r i c i t y could be improved by 
using a technique f o r mechanical p o l i s h i n g , (Gray et a l , 1969) 

i n which two rods of cooper, whose diameters were nearly equal 
t o three quarters t h a t of the sphere were d r i l l e d to form pipes. 
One pipe was r o t a t e d i n a lat h e whereas the other pipe was 
worked by hand and the specimen held between them. The second 
pipe could move the specimen i n a random manner and a diamond 
paste was a p p l i e d f o r p o l i s h i n g . Grades of diamond pastes 
were ( 6 / 3 , 3 / 2 , l / l / 4 ) micron succesively. Af t e r using the 
f i n e s t diamond paste and checking the s p h e r i c i t y by a micro
meter t o i .004 mm the sphere was ready f o r e l e c t r o p o l i s h i n g . 

For t h i s the sample, which acted as anode was held by 
a p a i r of s t a i n l e s s s t e e l tweezers. The ends of the tweezers 
were prot e c t e d by a non-conducting adhesive (Durofix) except 
f o r the contact p o i n t s f o r hol d i n g the sample. The cathode 
was a s t a i n l e s s s t e e l sheet and the e l e c t r o l y t e was 100 cc 
methanol w i t h 1 cc p e r c h l o r i c acid d i s o l v e d i n i t , which was 
kept i n dry ice ( s o l i d CO2), Hookins et a l (1965). The 
cur r e n t passing through the c i r c u i t was about 10 m.A. The 
specimen was gripped i n the tweezers and held i n the e l e c t r o 
l y t e f o r about twenty seconds. I t was then removed, placed 
i n a d i s h and picked up again i n the tweezers, g r i p p i n g along 
a d i f f e r e n t diameter. The process was repeated about twenty 
times i n an attempt t o o b t a i n as uniform a p o l i s h as possible. 
X-ray back r e f l e c t i o n photographs e a s i l y showed whether the 
e l e c t r o p o l i s h i n g was complete or not. 

By using a t r a v e l l i n g microscope and focusing the l i g h t 
at the edge of the soheres i t was possible t o measure t h e i r 
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diameters. Table ( 5 * 1 ) shows the r e s u l t s of measurements. 

TABLK ( 5 . 1 ) 

Values f o r diameters of spheres and percentage of 
vanadium from analysis ( A l l a l l o y s were made using 
N i ( 9 9 . 9 9 $ ) 

Sample Ni ( 9 9 . 9 9 9 # ) Ni ( 9 9 . 9 9 $ ) -.98 at % V 2 . 7 1 at % V 
mm 

Dia
meter 

4 . 2 0 8 t .003 4 . 4 7 - .004 3 .654 - .003 5.66 t .004 

Sample 3 .-92 f t i v Si 14 at f V 6 .72 at %V 

Diameter 
, mm 4.97 - 004 4.8 1 .003 4 . 39 ± .004 

5.2 O r i e n t a t i o n of Single Crystals 

The o r i e n t a t i o n of s i n g l e c r y s t a l s was performed by a 

Lsue back r e f l e c t i o n method. For t a k i n g the photographs a 

po l a r o i d XR-7 system was used which was very u s e f u l f o r red

ucing the time required f o r o r i e n t a t i o n of the sample. The 

specimen was mounted, using Durofix glue, on the top of a 

small brass rod, which was clamped on top of a goniometer. 

The length and diameter of the brass rod was chosen i n such 

a way, f i r s t l y would keep the specimen i n the x-ray beam, 

when r o t a t i o n was r e q u i r e d , and secondly would be easy f o r 

mounting and dismounting the sample by using d u r o f i x glue. 

The f i r s t photograph u s u a l l y showed a random o r i e n t a t i o n . 

Then as the specimen - f i l m distance was chosen t o be thr e e 
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centimetres a Wolf net reference was used t o study the 
random o r i e n t a t i o n . Then by r o t a t i o n s i n the goniometer 
the second photograph was taken which was nearer to the 
des i r e d c r y s t a l l o g r a p h i c d i r e c t i o n . This was done f o r 
s e v e r a l other photographs by appropriate r o t a t i o n s on the 
goniometer t i l l the desired d i r e c t i o n was found. I t was 

necessary t o r o t a t e the c r y s t a l on the goniometer through 
ISO t o check t h a t the c r y s t a l was a single one. 

Af t e r o r i e n t a t i n g the sample a technique was designed 
f o r t r a n s f e r r i n g the sample w i t h the same o r i e n t a t i o n to a 
sample holder which f i t t e d i n t o the apparatus f o r torque 
measurements. The sample holder was mounted i n a s p e c i a l 
bracket t h a t could s l i d e along the t r a c k on which the gonio
meter was mounted on the x-ray generator. • I t was brought 
i n t o contact with, the sample and Durofix glue applied. 
When t h i s had set the previous bond between the sample and 
the goniometer was removed by d i s s o l v i n g w i t h acetone. This 
allowed only a very small d i s o r i e n t a t i o n t o take place and a 
f u r t h e r check was made by mounting the sample holder i n the 
goniometer and t a k i n g another Laue back r e f l e c t i o n photograph. 
When using samples mounted t o r o t a t e about the [ l O o ] d i r e c t i o n 
any appreciable m i s o r i e n t a t i o n could be r e a d i l y detected by 
the appearance of other components than those p r o p o r t i o n a l to 
s i n 4© ^nd s i n £0 i n the torque curves. I t i s worthwhile 
t o mention t h a t a s u i t a b l e x-ray tube f o r n i c k e l and Ni - V 
a l l o y s c r y s t a l s was a Cu - tube which worked wit h about 
800 W (25 kV snd 32 mA) and the time exposure f o r the po l a r o i d 
system was about U minutes. Some exposures were made using 
Kodak Crystalex and Kodirex f i l m s and here the exposure time 
was about 10 minutes. 
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5•3 Specimens Used For R e s i s t i v i t y Measurements 

After c u t t i n g the ingots grown by the Bridgeman method 
t o give rods s u i t a b l e f o r the production of spheres there 
remained a number o f o f f - c u t s of non-rectangular cross-section. 
By using a diamond wheel the surfaces of these o f f - c u t s were 
made nearly p a r a l l e l and f u r t h e r mechanical p o l i s h i n g using 
diamond paste down t o l/k M made them very nearly p a r a l l e l . 

These rods were then s u i t a b l e f o r r e s i s t i v i t y measurements. 

5•3•1 Annealing 

The samples which were cut and polished f o r r e s i s t i v i t y 
measurements were then annealed i n order t o remove any damage 
or defect from c u t t i n g and p o l i s h i n g . For t h i s purpose a 
muffle furnace through which a fused s i l i c a tube could pass 
was chosen. The samples were kept i n s i d e an alumina boat 
which was placed i n s i d e t h i s tube. Before s t a r t i n g to heat 
the specimen pure argon gas which was d r i e d by passing through 
concentrated s u l p h u r i c acid was allowed t o pass through the 
s i l i c a tube f o r h a l f an hour. Then the furnace was heated 
t o 900°C and held at t h i s temperature f o r about two hours 
and subseouently cooled at a r a t e which d i d not exceed 100°C 
per hour. For some of the samples the d i f f e r e n c e between 
r e s i s t i v i t i e s at 0°C before and a f t e r annealing has been given 

A M made them t o 1 

i n t a b l e (5 .? ) . 
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TABLE (5 .2 ) 

E f f e c t of annealing on Ni & NiV a l l o y r e s i s t i v i t i e s at 0°C. 

SAMPLE J^(ohm-cm) 
BEFORE ANNEALING 

f(ohm-cm) 
AFTER ANNEALING 

PURE Ni ( 9 9 . 9 9 ? ) 6 .12 x 10 - 6 5.83 x 10" 6 

2 .71 at i 7 17.37 x 10 - 6 16 .58 x 10- 6 

3.92 a t ^ V 24 .76 x 10 - 6 2 1 . 7 9 x 10-6 

6 .72 at JE V 37.3 x 10~ 6 36 .16 x 10- 6 

5 . 3 . 2 Four-Point Probe Methods and Related Measurements 

I t was found t h a t copper electrodes were s u i t a b l e f o r 

Ni and N i - 7 a l l o y s . These electrodes were spot welded t o 

the broad fsce of each sample using a H i r s t spot-welding 

machine. I t was found t h a t a high voltage and a short time 

of welding could give the best r e s u l t . I n the preparation 

of each sample an attempt was made to have as large a separation 

between the ends of the specimen, the c u r r e n t probes, and the 

voltage probes as possib l e . I n Fig. ( 5 . 3 ) the d i s p o s i t i o n 

of the leads are shown and the corresponding dimensions f o r 

each sample are shown i n t a b l e (5*3) as measured by a t r a v e l l i n g 

microscope. 
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Fig. (5 .3 ) The d i s p o s i t i o n of the leads 

TABLE (5.3) 

Dimensions of the rect a n g u l a r samples 

» 1 1 1 

Sample a mm b mm g mm S mm f mm 

Ni(99.99) 2.094 i .016 1.103 ± .003 14.78 8.25 13.01 

0.95 at % V 2.534 ± .015 1.187 ± »01S 20.15 10.05 15.93 

2.71 at f V 1.858 ± .011 0.859 ± .007 17.06 9.66 14.02 

3.92 At % V 2.213 ± .01c 1.070 ± .013 14.08 7.74 12.20 

5.14 at f. V 2.073 ± .007 1.123 ± .002 17.09 6.58 13.14 

6.72 at % V 2.223 - .007 1.448 ± .003 15.48 8.61 12.72 

Ni(99.999) 1.633 ± .015 0.860 ± .007 13.06 6.35 10.83 

12.5 3t $ V 2.904 ± .01c 1.416 * .005 35.01 13.76 25.43 

1.02 at fW 3.336 ± .005 1.312 ± .009 31.50 15.28 25.18 

+ .01 
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5.3*3 Ni Mo Alloy 

A NjMo a l l o y w i t h 1 at ft Mo was grown, using the Bridgeman 

technioue. This was then cut i n t o blocks f o r r e s i s t i v i t y 

measurements and annealed as described i n s e c t i o n ( 5 » 3 ) • The 

Ni used was as s t a t e d i n s e c t i o n ( 5 * 1 « 1 ) whereas the Mo was of 

99»9f p u r i t y from Mullard (Blackburn) L t d. The analysis of 

t h i s sample was performed at Newcastle U n i v e r s i t y . The 

dimensions of t h i s sample are also given i n ta b l e ( 5 « 3 ) » 

5.4 Analysis of Samples 

El e c t r o n probe microanalysis of the samples was c a r r i e d 

out on o f f - c u t s at Newcastle U n i v e r s i t y . Measurements at 

d i f f e r e n t p o i n t s on the samples showed no appreciable d i f f e r 

ence i n composition, thus proving the adequacy of the precautions 

taken t o ensure good homogeneity. The vanadium concentrations 

i n pure Ni (99*99) were those which have been mentioned i n 

t a b l e ( 5 . 3 ) . 

5.5 ( 9 9 . 9 9 9#yPurity Ni 

During the course of the work i t was r e a l i z e d t h a t i t 

would be valuable t o have measurements on 5N p u r i t y Ni c r y s t a l s 

f o r comparison w i t h the work of Franse ( 1969) . A supply of 

5N p u r i t y n i c k e l was bought from Johnson MattheyLtd and by the 

Bridgeman technique a s i n g l e c r y s t a l was grown and t h i s was 

then c u t , using the spark machine, i n t o a. sphere and a block 

f o r magnetocrystalline anisotropy and r e s i s t i v i t y measurements 

r e s p e c t i v e l y . The dimensions of the sphere and block have 

been given i n t a b l e s ( 5 . 1 ) and (5*3) r e s p e c t i v e l y . The block 

was annealed as described i n s e c t i o n ( 5 • 3 • 1 ) 
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CHAPTER 6 

Methods f o r Determining; t h e Mqgnetocrystalline 
Anjsotropy Energy 

Experimental measurements of the magnetocrystalline 
anisotropy constants may be made by a v a r i e t y of methods. 
The f o l l o w i n g are the p r i n c i p a l methods t h a t have been used. 

6 .1 Ferromagnetic Resonance 

I n t h i s method the motion of the f e r r o m a g n e t i c a l l y 
coupled elementary magnetic moments i n a magnetic f i e l d i s 
studie d . The equation of motion gives a precession frequency 

demagnetizing f a c t o r s can e a s i l y be c a l c u l a t e d and mounting 
i t i n a resonant c a v i t y which can be placed i n a magnetic 

r a d i o frequency magnetic f i e l d are perpendicular i t i s possible 
t o obtain c o n d i t i o n s of resonance between the precession 
frequency and r a d i o frequency. This resonance frequency, wr, 
w i l l be obtained by a f i x e d microwave frequency and a l t e r i n g 
the D.C. magnetic f i e l d u n t i l the precession frequency i s 
equal t o t h a t of the microwaves. I n an anisotropic c r y s t a l 
the resonance frequency depends on the d i r e c t i o n i n which 
the magnetic f i e l d i s applied, the expressions f o r w r i n v o l v i n g 
f u n c t i o n s of the anisotropy constants. From a series of 
measurements w i t h f i e l d s i n 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 d i r e c 
t i o n s these expressions may be solved t o y i e l d values of K-j_ 

and Kj>. Such r e l a t i o n s were f i r s t derived by K i t t e l (1949) 

and are described by Morrish (1965). A review f o r hexagonal 

gf* He/* w Using a convenient sample i n which the 

f i e l d i n such a way t h a t the steady magnetic f i e l d and the 



- 4 3 -

c r y s t a l s has been given by Welford (1974)* Results obtained 

by t h i s method have not always been i n agreement w i t h those 

obtained by torque magnetometry. Franse ( I 9 6 9 ) has used 

t h i s method t o evaluate anisotropy constants of Ni and some 

Fe a l l o y c r y s t a l s . The expressions which he used f o r the 

resonance frequencies i n 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 d i r e c t i o n s 

included terms ommitted by previous workers and led t o values 

of K]_, K2 and K3 which are i n good agreement w i t h torque 

measurements. For example he obtained a value f o r K]_ at 

77°K f o r pure n i c k e l of ( -34 - 3) x 1 0 + / F ergs cm"^ compared 

w i t h ( - 3 4 . 2 - 1 ) x 1 0 + ^ erg cm"^ from torque measurements. 

However i t should be noticed t h a t the accuracy of the f e r r o 

magnetic resonance r e s u l t s i s less than t h a t of torque measure

ments e s o e c i a l l y i f a large sample i s used and also i t i s not 

possible t o obtain and make a d e t a i l e d study of higher order 

constant c o n t r i b u t i o n s t o the magnetocrystalline anisotropy. 

6 .2 Magnetization Curves 

I n t h i s method the work re q u i r e d t o sat u r a t e the magnet

i z a t i o n M of the sample i n 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 d i r e c 

t i o n s i s comoared. This work f o r a change of M from zero t o 

s a t u r a t i o n Ms i s equal 

which i s the area between the magnetization curve and the M a x i s . 

Here H e i s the e f f e c t i v e f i e l d a c t i n g on the sample. By 

using a. symmetrical sample and enough a v a i l a b l e f i e l d t o 

achieve s a t u r a t i o n despite the e f f e c t s of demagnetizing 

f i e l d s then the d i f f e r e n c e between W'S f o r d i f f e r e n t c r y s t a l l o -

M 
W He dM 

o 
( 6 . 1 ) 
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graphic d i r e c t i o n s i s j u s t the d i f f e r e n c e of the anisotropy 
energy E a f o r these d i r e c t i o n s . By determining E a i n three 
c r y s t a l l o g r a p h i c d i r e c t i o n s i t i s possible t o c a l c u l a t e the 
values of K-^ and f o r a cubic c r y s t a l . This method 
compared w i t h other methods has some disadvantages e.g. i t 
requ i r e s l a b o r i o u s p l o t t i n g of magnetization curves and the 
a p p l i c a t i o n of a demagnetizing c o r r e c t i o n . D e t a i l s are 
given by Z i j l s t r a ( 1 9 6 7 ) . 

6.3 I n e l a s t i c Neutron S c a t t e r i n g 

By using mono-energetic neutrons f o r bombarding a 
c r y s t a l , spin waves can be exc i t e d w i t h the wave vector j | 
and the amount of energy t h a t they absorb i s equal t o : 

<K w (£) » - n 2 ( k j - k j ) 

i n which and k_2 sre the wave vectors of the i n c i d e n t and 
sc a t t e r e d neutrons r e s p e c t i v e l y and can be measured by using 
a c r y s t a l spectrometer. By measuring maxima i n i n t e n s i t y 
of the scatter e d neutrons the magnon d i s p e r s i o n r e l a t i o n can 
be p l o t t e d , from which the value of'n w(0) = £(Q) obtained by 
e x t r a p o l a t i o n t o ̂  = 0 can be evaluated. This value of 
£.(0) can be expressed i n terms of magnetocrystalline anisotropy 
constants and so i s u s e f u l t o measure these constants. This 
can be done by applying f i e l d s along 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 
d i r e c t i o n s . Hausmann (1970) obtained the f o l l o w i n g expression 
which r e l a t e s £.(0") t o the f i r s t anisotropy constant, f i e l d K, 
magnetization M and S = o(o^ • A r - < v c ( ^ - \ r o ( c / as described 

1 2. 1 3 2_ 3 
i n chapter one. 

£(0) - J ^ B H - 10 ] T < S " 5 ) (6.3) 
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I t should be noticed that£,(0) i n h i s case was found from 
ferromagnetic resonance and not by t h i s method, but f o r 
presenting t h i s expression i n terms of K]_ the method o f 
measurement i s not important. 

6 .4 Torque M^gnetometry 

The mechanism and basic p r i n c i p l e of t h i s method i s as 
f o l l o w s . The torque produced i n a c r y s t a l w i t h i n t e r n a l 
magnetization M, by an e x t e r n a l applied f i e l d H i s given by 

L = M X H. I f the c r y s t a l i s a n i s o t r o p i c t h i s w i l l be 
balanced by a mechanical torque c o u p l i n g the o v e r a l l moment 

system t o the c r y s t a l l a t t i c e and i s given by L A = " ~ ^ r ~ ^ — • 
To achieve e q u i l i b r i u m of a c r y s t a l i n a magnetic f i e l d a. 
counter-torque equal and opposite t o t h i s must be applied. 
Using equation (1.11) the f o l l o w i n g expression f o r L A i n the 
(001) plane i s obtained 

This equation i s used as a basis f o r analysis of torque curves. 
For the other c r y s t a l l o g r a p h i c planes there are other expressions 
B r a i l s f o r d (1966). Franse (1969) has given the expressions 
f o r (110) and (111) planes as f o l l o w s : 

L A . - s i n 2 0 cos 2 Q (K x + \ s i n 2 2 Q +....) 

( 6 . 4 ) 

1 
K, + ( « K 2 + 2K 3) sin^Q 

j^-P + q / 2 ^ / b MH + s i n 6 8 + L A(111) 

L A (110) 4 s i n 2 9 ( 1 + 3 cos 2 0 ) 

( 6 . 5 ) 

(6.6) 

i n which P = -13 
1 K 2 + 

972 
1 K 4 ..., q = Ki + L k 2 + * K 3 + 9 

•.., 
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R = - K x + - K2 (1 + g cos 60) - I " K 3 (5 + 4 cos 60) + ..., 
Corresponding expressions may be obtained f o r c r y s t a l s of 
d i f f e r e n t symmetry. 

The shape of the sample i n t h i s method i s important, 
i t must have at l e a s t c y l i n d r i c a l symmetry. For c r y s t a l s 
where the amount of anisotropy energy and the magnetization 
are not very high,a sample i n the shape of a sphere i s qu i t e 
convenient. I n the case of hexagonal c r y s t a l s such as rare 
earths f o r which the magnetocrystalline anisotropy and the 
magnetization are q u i t e h igh the e f f e c t of demagnetizing f i e l d s 
would be large f o r a sphere and so samples i n the shape of a 
disc which has a lower demagnetizing f i e l d should be used. 
These samples should be located accurately between the poles 
of an electromagnet t o avoid the e f f e c t of f i e l d inhomogeneity. 
Then the amount of toraue which i s exerted on the sample, f i x e d 
i n a magnetic f i e l d , can be measured by applying a counter -
torque t o r e s t r a i n the c r y s t a l from t u r n i n g when the f i e l d 
i s r o t a t e d . 

The f o l l o w i n g ways have been used f o r producing t h i s 
counter - torque. 
1 - A suspension wire i n which a t o r s i o n a l s t r a i n i s produced 
may be employed. Care must be taken t o avoid i n s t a b i l i t y and 
damping systems are o f t e n employed. Several i n v e s t i g a t o r s 
have used f l e x i b l e cages, i n s p i t e of the f a c t t h a t t h i s 
reduces the s e n s i t i v i t y of the system, instead of w i r e . 
By using s t r a i n gauges, Tajima (1971) or a v a r i a b l e t r a n s 
former, Aldenkamp et a l (1960), or a v a r i a b l e c a p a c i t o r , 
Alberts et a l (1971), i t i s possible t o measure the d i s t o r t i o n 
of the cage. 
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2 - A c u r r e n t c a r r y i n g c o i l l y i n g i n a magnetic f i e l d may 
be used t o produce a counter torque. Some i n v e s t i g a t o r s 
have used a separate c o i l l y i n g i n the f i e l d of a permanent 
magnet and r i g i d l y connected t o the sample. This system 
may be combined w i t h a simple servo system and made t o balance 
a u t o m a t i c a l l y e.g. Penoyer (1959)> Corner et a l ( 1 9 6 2 ) . 

A l t e r n a t i v e l y the c o i l may l i e close t o the sample and the 
torque be produced by the i n t e r a c t i o n s of the current i n the 
c o i l and the magnetic f i e l d t h a t i s also being applied t o 
the sample e.g. Rhyne & Clark ( 1 9 6 7 ) . 

6•5 Choice of the Method of Determining Anisotropy 
Constants 

One of the most convenient methods f o r measuring 
anisotropy constants i s by the torque magnetometer. The 
system can be made t o record torcue curves automatically 
thus p e r m i t t i n g r a p i d and r e l i a b l e measurements t o be made. 
A torque magnetometer of adequate s e n s i t i v i t y , but r e q u i r i n g 
some m o d i f i c a t i o n s , was a v a i l a b l e i n the l a b o r a t o r y so t h i s 
was used f o r the present measurements and the system i s f u l l y 
described i n the f o l l o w i n g chapter . 
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CHAFTER 7 

The Apparatus 

For the present work i t was necessary t o measure the 
magnetocrystalline anisotropy, magnetization and e l e c t r i c a l 
r e s i s t i v i t y of the samples; f o r each a d i s t i n c t apparatus 
was used as f o l l o w s . 

7•1 Torque Magnetometer 

One of the most convenient methods of measuring the 
anisotropy constants i s by using a torque magnetometer i n 
which a s i n g l e c r y s t a l of the m a t e r i a l under i n v e s t i g a t i o n 
i s suspended i n a magnetic f i e l d , the torque due t o the magnetic 
f i e l d being measured. The d i r e c t i o n of the magnetic f i e l d 
may be v a r i e d and a simple servo system enables the sample t o 
be held i n a f i x e d p o s i t i o n , i . e . prevented from r o t a t i n g . 
This ' T n u l l M p o s i t i o n can be maintained by a c u r r e n t which i s 
fed t o the c o i l of a moving c o i l galvonometer t o which the 
specimen has been r i g i d l y attached. The r e s u l t i n g counter -
toroue due t o t h i s c u r r e n t would be s u f f i c i e n t t o hold the 
specimen back i n the n u l l p o s i t i o n . The necessary feed-back 
can be provided by the use of a m i r r o r attached to the specimen 
mounting and by s h i n i n g a beam of l i g h t onto the mi r r o r from 
a f i x e d lamp, the r e f l e c t e d beam i l l u m i n a t i n g a p a i r of photo-
t r a n s i s t o r s , the d i f f e r e n c e s i g n a l from which i s am p l i f i e d and 
fed back t o the counter-torcue c o i l . S uitable c a l i b r a t i o n 
of the counter-torcue c o i l supplies a measurement of the torque 
produced on the specimen. 
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The torque magnetometer used f o r the present work was 
constructed o r i g i n a l l y by Rcre (1961) and several m o d i f i c a t i o n s 
have been made by Bly (1967) and 7/elford (1974). For the 
present work some extra m o d i f i c a t i o n s were made e s p e c i a l l y 
f o r using l i a u i d helium, the o r i g i n a l design being s u i t a b l e 
only f o r measurements down t o 77K. Fig- (7*1) shows a. 
general view of the torque magnetometer. 

7 .1 .1 The Electromagnet 

This was f i r s t constructed by Roe (1961) and i s of 
conventional design. The c o i l s are c a r r i e d on the pole 
pieces and are water cooled, the c o o l i n g water f l o w i n g i n 
a closed system c o n t a i n i n g a pump and heat exchanger. . The 
maximum f i e l d obtainable w i t h a gap o f 5«07 centimetres 
and a power d i s s i p a t i o n of LO kW, 11.6 kOe. Magnetic f i e l d 
was measured using a fluxmeter and a c a l i b r a t i o n curve of 
cu r r e n t versus f i e l d was p l o t t e d . Fig. ( 7 . 2 ) . For most of 
the measurements a cu r r e n t of 80 amps, was enough t o give a 
s u f f i c i e n t f i e l d , 8 kOe, t o saturate the specimens used. 
The f i e l d was uni f o r m to w i t h i n - l/2f over a volume of 3 cm^ 
at the centre of the pole gap. The electromagnet could run 
on a r a i l w a y t r a c k and could r o t a t e on a c a l i b r a t e d base, 
r o t a t i o n being l i m i t e d t o 200° because of the c u r r e n t cables 
and c o o l i n g water hoses • attached t o i t . An accuracy about 
+_ 1/2° i n r o t a t i o n could be achieved. Fig. (7 .2) shows the 
c a l i b r a t i o n of the magnet a f t e r a s l i g h t increase i n the 
separation of the pole pieces t o allow f o r a double dewar 
system. 
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7 .1 . 2 L i o u i d Helium M o d i f i c a t i o n 

As mentioned p r e v i o u s l y the o r i g i n a l apparatus was not 

s u i t a b l e f o r l i a u i d He measurements and the f o l l o w i n g m o d i f i 

c a t i ons were found t o be necessary 

1 - a. s l i g h t increase i n the separa t ion o f the pole pieces 

i n order t o l o c a t e the new n i t r o g e n and he l ium dewars between 

them. 

2 - the c o n s t r u c t i o n of an adapter through which passed a 

demountable l i a u i d he l ium syphon t o al low the attachment of 

t he new hel ium dewar t o the o ld pa r t o f the apparatus. 

3 - the b u i l d i n g of a new vacuum system i n order t o f l u s h 

the system w i t h he l ium gas b e f o r e commencing measurements. 

4 - the a d d i t i o n o f a new hel ium gas pipe t o get r i d of the 

gas b o i l i n g f rom l i a u i d he l ium d u r i n g o p e r a t i o n . 

7 . 1 • 3 Specimen Holder 

The specimen ho lder forms the lower pa r t of the r i g i d 

rod i n F i g . (7*1) ?nd more d e t a i l s of i t can be seen i n 

F i g . (7»3)» Tie m a t e r i a l used f o r the specimen holder i s 

3/o f t d iameter t u f n o l r o d . The upper p o r t i o n i s screwed at the 

top t o a s t a i n l e s s s t e e l tube w i t h outer diameter 0.125" and 

63 cm of l e n g t h . The lower p a r t of the specimen holder can be 

i n s e r t e d i n t o the upper p a r t and a brass grub screw passing 

through i n a groove cu t i n the bot tom side of the upper s ec t i on 

can ho ld i t q u i t e f i r m l y . The lower suspension ligament i s 

so ldered i n t o a brass f i t t i n g at the lower end o f the specimen 

ho lde r and i t s o the r end soldered i n t o a brass s l u g which 

can be a t tached t o a vacuum jacke t tube . The thermo-couple 

leads pass down i n s i d e the specimen holder and the j u n c t i o n 
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has a the rmal con tac t w i t h the sample which i s cemented 

t o the top o f t he lower p a r t o f the sample h o l d e r . 

I t i s wor thwhi l e t o mention t h a t a l l these par ts i n c l u d 

i n g the s t a i n l e s s s t e e l tube have been covered by a s t a i n l e s s 

s t e e l vacuum j acke t tube on which a heater w i r e i s wound and 

could be used t o g ive d i f f e r e n t temperatures by passing a 

c u r r e n t through i t . The lower end o f t h i s tube to which the 

brass s l u g i s at tached i s covered by an end-c? ;p w i t h an 

o - r i n g sea l so t h a t the tube may be evacuated and the top pa r t 

o f i t can be fas tened by 3 screx^s t o a r i g i d brass f l ange 

w i t h o - r i n g s ea l through which the s t a i n l e s s s t e e l suspension 

tube passes. These 3 screws have a very impor tan t r o l e f o r 

c e n t r a l i z i n g the specimen between the electromagnet poles us ing 

a s p e c i a l gauge f o r t h i s purpose. 

7«1•4 C a l i b r a t i o n of the Magnetometer 

Even though both electromagnet and magnetometer were 

c a r e f u l l y c a l i b r a t e d by T e l f o r d (1974)> i t was found necessary 

t o r e c a l i b r a t e them again because of two reasons: 

1 - due t o the change o f the separa t ion o f the pole pieces 

of electromagnet which was made t o a l l ow the i n s e r t i o n of 

a new dewar system capable of reaching a temperature of 4.2 K. 

2 - because o f changing the o p t i c a l system and the p o s i t i o n i n g 

of the counte r - to roue c o i l . The r e c a l i b r a t i o n was done by 

us ing a f l u x meter and a. c u r r e n t c a r r y i n g c o i l o f known 

dimensions. A c o i l o f N = 12 tu rns of .11 mm diameter 

copper w i r e was wound on a c y l i n d r i c a l T u f n o l former o f cross 

s e c t i o n a l area A. and then was at tached t o a ho lder by 2 screws. 

The c o i l ho lde r then was a t tached t o the upper par t o f the 

sample holder i n place of the lower s e c t i o n . The s ize o f 
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the c o i l diameter and c o i l holder was so chosen t h a t the 
c o i l could hang as near the cen t re o f the electromagnet 
as p o s s i b l e . The suspended system -was made t o hang v e r t i c a l l y 
by a t t a c h i n g a s u i t a b l e weight at the lower end. 

Currents I between 0.4 and 0.7 amps were passed through 

the c o i l and were measured us ing a standard res is tance and 

a d i g i t a l v o l t m e t e r . Torque curves were then p l o t t e d on 

the x - y recorder f o r 2 d i f f e r e n t c u r r e n t s through the 

e lec t romagnet . The corresponding f i e l d s were at the same 

t ime measured by a f l u x meter. 

The ampli tude of the torcue curve V obtained w i t h a 

f i e l d B was measured on the recorder t r a c e . Thus BAIN = kV 

and the constant k could be eva lua ted . The mean value f rom 

15 de t e rmina t ions was k = 7*32 - 0.02 e r g / m v o l t » 

F i g . (7»4) shows a simple servo system f o r automatic balanc

i n g and torque r e c o r d i n g . 

7 .2 Choice o f Method f o r R e s t i v i t y Measurements. 

As i t was necessary t o have absolute values of e l e c t r i c a l 

r e s i s t i v i t y . f o r d e f i n i t e temperatures a. D-C method was employed. 

A constant c u r r e n t o f about .5 amps f rom a power supply was 

passed through a one ohm standard res i s tance and the specimen. 

The vo l t ages across the p o t e n t i a l leads on the specimen and 

the s tandard res i s tance were measured by us ing a d i g i t a l v o l t 

meter . For e l i m i n a t i n g the e f f e c t s o f p o l a r i t y a r eve r s ing 

swi tch was used. As i n some experiments i t was convenient 

t o use more than one sample and a l so at the same time i t was 

necessary t o measure a thermocouple v o l t a g e , a r o t a r y change 

over swi t ch was employed. I t was a lso necessary t o heat up 
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the c r y s t a l t o 300°K at a r a t e of less than 1.25°K per 

minute t o ensure good thermal e q u i l i b r i u m . 

7.2.1 Apparatus f o r R e s i s t i v i t y Measurements 

F i g . (7.5) shows cryos ts t which was used f o r r e s i s t i v i t y 

measurements and was made o r i g i n a l l y by Altunbas (1975)• 

I n genera l i t works f o r r e s i s t i v i t y measurements f r o m 1.3 K 

t o 300°K. I t ' i s poss ib le t o accomodate a maximum of f o u r 

samples on a copper heat s ink to ensure u n i f o r m temperature. 

Each sample has a separate p a i r of p o t e n t i a l leads, whereas 

by connect ing the specimens i n se r i es a s i n g l e p a i r o f cu r ren t 

leads can be used. For the present measurements the s h i e l d i n g 

can Was removed so t h a t the specimens were i n i t i a l l y immersed 

i n l i o u i d h e l i u m . *s t h i s evaporated and the l e v e l f e l l the 

specimen temperature began t o r i s e above 4«2°K and readings 

were taken a t i n t e r v a l s o f temperature up t o 77°K. To achieve 

temperature i n the range 77-300°K a smal l heater wound on the 

outs ide o f the heat exchanger can was used. By s u i t a b l e 

c u r r e n t th rough t h i s any temperature i n the range could be 

ob ta ined . The temperature o f the samples was measured using 

a c a l i b r a t e d Cu - (AuFe) thermocouple f o r the range of 4 . 2 ° -

77° and a c a l i b r a t e d Cu - constantan thermocouple f o r the 
o 

range of 77 - 300 K. These were at tached t o the copper 

b lock on which the specimens were mounted. 
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7 • 3 Ma g ne t i z a t i o n Me a s ure me n t s 

A v a r i e t y o f techniques has been developed and used t o 

measure the magne t iza t ion o f a specimen, see Bates (1963). 

Amongst these the v i b r a t i n g sample magnetometer and Faraday 

balance magnetometer are very commonly used. 

7«3•1 V i b r a t i n g Sample Magnetometer 

I n t h i s method a sample o f magnetic m a t e r i a l i s v i b r a t e d 

i n a u n i f o r m a p p l i e d f i e l d us ing a loudspeaker movement. The 

v i b r a t i o n creates an o s c i l l a t i n g magnetic f i e l d which induces 

vo l tages i n a p a i r o f s t a t i o n a r y d e t e c t i o n c o i l s . Carr ied on 

the same v i b r a t i n g system, bu t l y i n g ou ts ide the magnetic f i e l d , 

a sma l l permanent magnet or a l t e r n a t i v e l y a sma l l c o i l c a r r y i n g 

a c u r r e n t a lso v i b r a t e s i n s i d e a s i m i l a r p a i r of d e t e c t i o n c o i l s . 

Var ious arrangements are poss ib le i n which the vol tages f rom 

the two p a i r s of d e t e c t i o n c o i l s may be balanced agains t each 

o the r and the magnetic moment o f the sample r e l a t e d t o t h a t of 

the permanent magnet or c u r r e n t c a r r y i n g c o i l . By v a r y i n g 

the magnetic f i e l d i t i s poss ib le t o measure the magnetic moment 

o f the sample as a f u n c t i o n o f magnetizing f i e l d and w i t h , 

s u i t a b l e arrangements, tempera ture . I t i s a lso poss ib le t o 

measure magne t iza t ion M along any c r y s t a l l o g r a p h i c d i r e c t i o n by 

a t t a c h i n g the sample so as t o v i b r a t e i n a des i red d i r e c t i o n . 

The accuracy o f t h i s method can be very h igh and depends very 

much on accurate c a l i b r a t i o n o f the apparatus. Foner (1956) 

measured the magnetic moment o f a n i c k e l c r y s t a l sphere of 1.2 mm 

diameter w i t h an accuracy of 0.5$. Danan et a l (1963) and 

Kaul (1969) by using m o d i f i c a t i o n s o f the Foner-type of v i b r a t i n g 
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sample magnetometer have measured the magnet iza t ion of Ni 

w i t h an accuracy o f 0 .1 C / . I n a s i m i l a r f a s h i o n i t i s possible 

t o make a magnetometer i n which the sample i s f i x e d and the 

c o i l w i l l v i b r a t e . This was developed by Smith (1956) and i s 

c a l l e d the v i b r a t i n g c o i l magnetometer. The d i f f i c u l t i e s 

connected w i t h t h i s method are t h a t i t needs an extremely 

u n i f o r m magnetic f i e l d and t o a l low f o r departures f rom t h i s 

i s very d i f f i c u l t as the f i e l d n o n u n i f o r m i t i e s are f u n c t i o n s of . 

the app l i ed f i e l d s . 

7•3•^ Faraday Balance Magnetometer. 

I n t h i s method the magne t i za t ion i s measured by measuring 

the magnetic f o r c e a c t i n g on a specimen when placed i n a. non

u n i f o r m magnetic f i e l d . This i s no t so accurate as the previous 

method and e s p e c i a l l y f o r an a n i s o t r o p i c sample the amount of 

e r r o r may inc rease , T"Jolf (1957)* However i n the course of the 

present work i t was found necessary t o measure the value of 

„)il of some NiV s i n g l e c r y s t a l s t o be able t o compare the 
M (0) — 

v a r i a t i o n w i t h temperature o f t h i s r a t i o w i t h corresponding 

changes i n the f i r s t an iso t ropy constant . As the c o n s t r u c t i o n 

o f a Faraday balance was i n progress i n the l abo ra to ry i t was 

dec ided , even though not so accurate as a v i b r a t i n g sample 

magnetometer, t o use t h i s system f o r measuring magnet iza t ion . 

The ope ra t i on and d e t a i l o f the c o n s t r u c t i o n w i l l be discussed 

i n the next s e c t i o n s . 

7•3•3 C o n s t r u c t i o n 

This was designed and cons t ruc ted i n the l abo ra to ry f o r 

measurement o f the magne t iza t ion o f samples of some ferromagnet ic 
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powders* The work was t o be c a r r i e d out a t room temperature 

and only changes i n s a t u r a t i o n and remanence were r e q u i r e d . 

I t was decided t h a t i t would be wor thwhi le t o use t h i s t o 

measure the v a r i a t i o n o f magne t i za t ion w i t h temperature f o r 

the -NiV a l l o y s o f h i g h vanadium c o n c e n t r a t i o n . R e l i a b l e 

measurements f o r pure Ni were a l ready a v a i l a b l e f rom the work 

o f Kaul ( 1 9 6 9 ) . 

7 .3»4 P r i n c i p l e of Operat ion 

A Faraday balance magnetometer uses a balance to measure 

the amount of f o r c e which w i l l be exer ted on a sample when i t 

i s l o c a t e d i n a non-un i form f i e l d . This f o r c e i s p ropor t iona l 

t o f i e l d g r a d i e n t dH , i n which Z i s the v e r t i c a l d i r e c t i o n . 
dZ 

F Z = R Z - | f - ( 7 . 1 ) 

R Z i s c a l l e d the d ipo l e moment i n the Z - d i r e c t i o n , Z i j l s t r a 

(1967)> snd i s g iven by: 

R z " m X H z ( 7 . 2 ) 

where m i s the mass o f the sample and % i s the s u s c e p t i b i l i t y 

per u n i t mass, thus equat ion ( 7 . 1 ) can be w r i t t e n as f o l l o w s : 

dH Z 

I n the Faraday balance cons t ruc ted i n the l a b o r a t o r y the 

weigh t o f the sample i s counterbalanced and an e l e c t r o n i c 

balance then measures the magnetic f o r c e on the sample. This 

i s p r o p o r t i o n a l t o the c u r r e n t I f l o w i n g i n a b r idge c i r c u i t 

associa ted w i t h the balance, i . e . F z = —^— where A i s a 

constant f o r the system. Then f rom equa t ion ( 7 . 3 ) } 
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Am Hz d Z -

I f the sample l i e s at a f i x e d p o i n t i n a constant f i e l d the 

g r a d i e n t w i l l be constant and so equa t ion (7*4) can be w r i t t e n 

as f o l l o w s : 

X = miq C (7.5) 

i n which 

d Z 

Using a s u i t a b l e sample of known magnetic c h a r a c t e r i s t i c s 

i t i s poss ib le t o c a l c u l a t e the constant C. As the magnetiza

t i o n o f a sample i s equal to^C HZ s 0 equa t ion (7*4) w i l l g ive 

the f o l l o w i n g f o r M 

M = T i f - t ^ ) 1 - -i - C (7-7) 

I f the f i e l d i s increased i t should be poss ib le t o measure M 

as a f u n c t i o n o f H^, but u n f o r t u n a t e l y (dH^/dZ) w i l l a l so vary 

and allowance must be made f o r t h i s . I n p r a c t i c e i t i s found 

b e t t e r t o use an ex t ra constant g rad ien t c o i l g i v i n g an a d d i t 

i o n a l g r a d i e n t dH_z and equa t ion (7.7) may then be w r i t t e n , 

~dZ~ 

m - _ i L ( £ ^ + d H z r 1 

mA dZ dZ (7.8) 

i n which I and I are the balance cur ren t s w i t h o u t and w i t h 

c u r r e n t f l o w i n g i n the e x t r a g r ad i en t c o i l r e s p e c t i v e l y . I t 
dH 

i s obvious t h a t by e l i m i n a t i n g ( _ _ i L _ ) f r om equations (7*8) 
dZ 

and { 7 . 7 ) the value of M i s given by , 

M . I=-I ( 4 _ ^ 2 ) " 1 = Jbl'(C ) ( 7 # o ) m dzi m \ ( • , / 



Again by us ing a s u i t a b l e sample f o r which the value of M i s 
(JH"7 —1 

known i t i s p o s s i b l e t o f i n d the constant C - (A - r™-) • 
dZ 

7«4 D e s c r i p t i o n of the Apparatus 

The apparatus used i n general has been made i n four main 

p a r t s . 

7»4«1 Solenoid 

The magnet used f o r producing the necessary f i e l d was an 

o i l cooled pancake wound s o l e n o i d . By passing a constant 

c u r r e n t f r o m a B r e n t f o r d S t a b i l i z e d DC supply through the magnet 

i t was poss ib le to produce a maximum f i e l d of 9 'kOe. The 

magnet was mounted on a meta l framework and v e r t i c a l movement 

was obtained by u s i n g an o i l - j a c k e d system t o any des i red h e i g h t . 

The magnetic c h a r a c t e r i s t i c o f the so leno id had been e x t e n s i v e l y 

i n v e s t i g a t e d by Mundel l (1975) snd h i s c a l i b r a t i o n curves were 

used f o r the present work . 

7»4»'2 Balance 

An e l e c t r o n i c m i c r o f o r c e balance, Mark 2CT5 f r o m C . I . 

E l e c t r o n i c s L t d . was used w i t h a measuring head which could be 

sealed i n s i d e a. glass envelope i n case evacuat ion was needed. 

The balance arm, made o f aluminium and bery l iu ra copper, c a r r i e s 

a s h u t t e r which l i e s between a lamp and a p a i r o f s i l i c o n 

p h o t o r e s i s t o r s . A movement c o i l , f r e e t o r o t a t e i n the f i e l d 

o f a permanent magnet when a cu r r en t passes through i t s w ind ings , 

i s f i x e d e x a c t l y a t the cent re o f the arm. This forms a simple 

servo system which enables the balance arm t o be r e t a i n e d at a 

f i x e d p o s i t i o n . Any movement causes an unbalance i n the output 

c u r r e n t s o f the photo r e s i s t o r s , the d i f f e r e n c e i n which i s f e d 

back t o the movement c o i l and the balance r o t a t e d . The movement 

produced by t h i s ba l anc ing c u r r e n t i s d i r e c t l y p r o p o r t i o n a l t o 

the c u r r e n t so t h a t changes i n load on the arm are measured as 

changes i n movement c o i l c u r r e n t . 
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To f a c i l i t a t e the l o a d i n g o f the balance i t was found 

reasonable t o loca te the head on a t r o l l e y which could move 

i t i n a h o r i z o n t a l d i r e c t i o n . The pan i n which weights should 

be l oca t ed t o counterbalance the specimen weight i s shown i n 

f i g ( 7*6 ) and the sample could be loaded i n s i d e a sma l l 

quar tz bucke t . Th i s could then be hung, us ing a. glass f i b r e 

or o ther non-magnetic suspension i n a non-magnetic specimen tube 

made o f a c o p p e r - n i c k e l a l l o y . This tube could be f i x e d t o 

the head o f the balance through a vacuum t i g h t s e a l . The 

samples used were i n the shape of spheres, described i n chapter 

5, and t h i s was then convenient f o r the measurements as they 

could f r e e l y r o t a t e i n s i d e the bucket u n t i l an easy axis [ i l l ] 

o f the c r y s t a l became a l i gned w i t h the magnetic f i e l d . I n 

t h i s case the a p p l i e d magnetic f i e l d r e q u i r e d to sa tu ra te the 

sample was i n the order of4»5 kOe.This was somewhat h igher 

than t h a t expected f rom demagnet izat ion cons ide ra t i ons , the 

demagnetizing f a c t o r of the sphere being taken as 4lT . 

7»4»3 E l e c t r i c a l c o n t r o l cab ine t 

This i s designed to c o n t r o l the change i n the cu r r en t 

due t o unequal i l l u m i n a t i o n on the p h o t o r e s i s t o r s and i s 

connected t o the movement c o i l through a mul t i -way cab le . The 

complete c i r c u i t i n t h i s u n i t i s used t o ampl i fy the c u r r e n t 

o f the p h o t o c e l l s t o g ive zero adjustment and also t o provide 

range s w i t c h i n g f o r d i f f e r e n t w e i g h t s . I n a d d i t i o n t o these 

the re i s p r o v i s i o n f o r an output f o r use w i t h an x -y recorder or 

t o p rov ide feed-back i n automatic c o n t r o l a p p l i c a t i o n s . Usual ly 

t h i s output i s connected v i a a. matching c i r c u i t t o an x - y recorde 

This i s necessary because the DC output f rom the balance has 

some noise due to pan swing, v i b r a t i o n , a i r cu r ren t s e t c . and 
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these can be reduced by us ing the u n i v e r s a l matching c i r c u i t . 

Th i s system has th ree c o n t r o l s . 

1 ) R a t i o , t o g ive a s u i t a b l e se lected output t o the recorder 

th rough a 5000 ohm re s i s t ance and a p o t e n t i a l d i v i d e r . 

2) Set Gain, t o p rov ide a c a l i b r a t i o n f a c i l i t y f o r the recorder . 

3) Damping, t o reduce the noise l e v e l measured by the recorder 

by a v a r i a b l e damping. 

The x -y recorder could be used i n two ways. I n each case the 

y - d e f l e c t i o n was f ed f r o m the output of the e l e c t r i c a l c o n t r o l 

cab ine t as descr ibed above. The x - d e f l e c t i o n could e i t h e r be 

c o n t r o l l e d by a vo l t age de r ived f r o m the so leno id c u r r e n t , g i v i n g 

x C ( H , or by the e . m . f . f r om a thermocouple placed close to the 

sample g i v i n g x = f ( T ) . The f i r s t arrangement i s most s u i t a b l e 

f o r i s o t h e r m a l experiments and the l a t t e r f o r measurements at 

cons tant f i e l d . 

7»4»4 Cryos ta t 

As a l ready mentioned the main reason f o r us ing t h i s apparatus 
M f T) 

was t o o b t a i n the v a r i a t i o n o f —-—- w i t h temperature , f r om L,2K 
M(0) 

t o room tempera ture . I t was thus necessary t o design a c r y o s t a t 

system f o r t h i s purpose. As was mentioned i n s ec t i on (7«3»4) 

f o r M measurements i t i s necessary to have an ex t ra g rad ien t 

f i e l d and t h i s was obtained by w i n d i n g a s u i t a b l e c o i l on the 

He - dewar us ing a mixed acetone - d u r o f i x adhesive f o r r i g i d i t y 

o f the c o i l . The c o i l was f e d f rom a DC s t a b i l i z e d 24V supply . 

I n a d d i t i o n a vacuum system t o p rov ide a good vacuum before 

f l a s h i n g w i t h the gas was used. The gas from the l i o u i d He 

b o i l i n g could f l o w aw^y through an exhaust pipe l i n e at tached 

t o the system. The syphon system was a commercial demountable 



FIG.(7-6) Schematic arrangement of Faraday Balance Magnetometer 
Details of vacuum, gas handling and electronic circuit not shown. 
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u n i t s u p p l i e d by Thor Cryogenics . The temperature was 

measured u s i n g a copper-constantan thermocouple attached to 

the bottom o f the specimen tube which was loca ted i n the l i q u i d 

He d ewar F i g . ( 7*6 ) . 
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CHAPTER 8 

Analysis of the r e s u l t s 

I n t h i s chapter the ana ly s i s o f t o rque , r e s i s t i v i t y and 

magne t i za t ion measurements w i l l be discussed. 

8 .1 Analysis of Torque Measurements: 

8 . 1 .1 The E f f e c t o f Sample Mis o r i e n t a t i o n 

As a l ready mentioned (chapter 6 ) , a l l the measurements 

were performed i n a (001) p lane , i n which only t h e K]_ and 

components of magne toc rys t a l l i ne an i so t ropy energy were impor t 

an t . A t y p i c a l torque curve i n t h i s plane has been shown i n 

F i g . ( 8 . 1 ) , f o r a sample which had been a l igned by X-ray Laue 

photographs so t h a t the ax i s o f r o t a t i o n was w i t h i n i _L 

degree o f a [j-00j d i r e c t i o n . Er rors o f o r i e n t a t i o n g rea t e r 

than t h i s were found t o produce no t i ceab le asymmetry i n the 

t o r q u e s . The i n f l u e n c e of the Ko component was too smal l t o 

be observed by simple i n s p e c t a t i o n of the curves . Franse et a l 

(1968) have c a l c u l a t e d the i n f l u e n c e of angular d e v i a t i o n s on 

the torque curves i n a l l t h ree c r y s t a l l o g r a p h i c d i r e c t i o n s f o r 

cubic m a t e r i a l s . They showed t h a t , f o r the (001) plane, i f 

the angle between the normal t o the (001) plane and the r o t a t i o n 

ax i s of the c r y s t a l i n the magnetic f i e l d i s l ess than 2 ° the 

asymmetry produced was w i t h i n t h e i r exper imenta l accuracy. 

U n f o r t u n a t e l y t h i s was not t r u e i n our case and a d e v i a t i o n of 

even 1 . 5 ° could g ive a n o t i c e a b l e d i f f e r e n c e i n the fo rm of the 

curves . For t h i s reason g rea t care was taken i n specimen 

al ignment r a t h e r than a t t e m p t i n g to apply c o r r e c t i o n s as 
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sugges ted by Franse e t a l . 

g . 1 . 2 S h e a r i n g E f f e c t 

The f i e l d a t w h i c h t o r q u e c u r v e s were r e c o r d e d was n o t 

enough t o a l i g n t h e m a g n e t i z a t i o n v e c t o r M i n t he c r y s t a l 

p a r a l l e l t o t h e f i e l d . T h i s i s due t o the a p p l i e d f i e l d b e i n g 

i n a d e q u a t e t o overcome t h e t o r q u e on M due t o the v a r i a t i o n o f 

a n i s o t r o p y energy w i t h ang le excep t when H i s c l o s e t o an easy 

d i r e c t i o n . T h i s can be e a s i l y seen f r o m a. compar i son o f curves 

a t h i g h and low f i e l d s f o r a t y p i c a l sample F i g , ( 8 . 2 ) . 

The s h e a r i n g i s much more pronounced f o r the l o w e r f i e l d c u r v e . 

S i m i l a r l y , cu rves f o r a g i \ ren f i e l d and sample show more shea r 

i n g a t low t e m p e r a t u r e s where the m a g n o c r y s t a l l i n e a n i s o t r o p y 

ene rgy i s g r e a t e r « I t i s o b v i o u s t h a t a n g u l a r d e v i a t i o n between 

e x t e r n a l f i e l d and t h e m a g n e t i z a t i o n has a. z e ro v a l u e when the 

f i e l d i s i n t h e easy d i r e c t i o n ( t o r q u e i s z e r o ) and has a 

maximum v a l u e i n t h e h a r d d i r e c t i o n ( t o r q u e i s maximum). A 

d e t a i l e d e x p l a n a t i o n and s e v e r a l methods o f s h e a r i n g e f f e c t 

c o r r e c t i o n has been g i v e n by W e l f o r d (1974)* 

&»1»3 C o r r e c t i o n f o r shear 

I t was f o u n d c o n v e n i e n t t o use a g r a t i c u l e f o r c o r r e c t i o n . 

For t h i s purpose t o r q u e c u r v e s were p l o t t e d on an x - y r e c o r d e r 

i n such a way t h a t a r o t a t i o n o f 1 3 0 ° co r re sponded t o l £ cm. 

a l o n g t h e x - d e f l e c t i o n . T h i s p e r m i t t e d t he use o f an o r d i n a r y 

g r a t i c u l e i n w h i c h one degree o f r o t a t i o n co r re sponded t o one 

m i l i m e t e r o f t h e g r a t i c u l e . The i n c l i n a t i o n o f t h e g r a t i c u l e 

was f o u n d such t h a t the p o i n t s on one c y c l e o f t h e c u r v e , M and 

N, had a two f o l d symmetry w i t h r e s p e c t t o t h e g r a t i c u l e l i n e 

w h i c h passes e x a c t l y t h r o u g h t h e h i g h e s t p o i n t o f t h e maximum 
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or t h e l o w e s t p o i n t o f the minimum o f t h e c y c l e (F ig .8 . .3)* 

Then t h e r e a d i n g o f t h e o r d i n a t e o f each p o i n t on t h e c u r v e 

was t h e d i s t a n c e MJ between t h a t p o i n t and t h e l i n e FG p a s s i n g 

t h r o u g h t h e c u r v e . The c o r r e s p o n d i n g ang le was r ead a t p o i n t 

J . The l i n e FG s h o u l d f i r s t l y be p a r a l l e l t o t h e l i n e s AB 

and CD j o i n i n g maxima and minima o f t h e c u r v e and second ly 

s h o u l d have e q u a l d i s t a n c e s f r o m t h e m . However s i n c e t h e angle 

o f shear was neve r g r e a t e r t h a n about 6 ° i t was found t o be 

more c o n v e n i e n t t o measure MJ t h a n MJ, t h e e r r o r so i n t r o d u c e d 

b e i n g l e s s t h a n 0 . 6 $ and w e l l w i t h i n t h e o v e r a l l accuracy o f 

measurement. T h i s p r o c e d u r e was adop ted whenever a f u l l 

F o u r i e r a n a l y s i s r e q u i r e d a s e r i e s o f t o r q u e and ang le v a l u e s . 

I n a l l o t h e r cases the d i s t a n c e PQ was measured on t h e t o r q u e 
K 3 

c u r v e and used i n t h e c a l c u l a t i o n o f o r (K _̂ + ) . These 
4 

o r d i n a t e s and t h e i r c o r r e s p o n d i n g ang les were t a k e n as c o r r e c t e d 

r e a d i n g s f o r t h e c o n s t r u c t i o n o f an unsheared c u r v e . They 

f o r m e d t h e d a t a t h a t was s u p p l i e d t o t h e computer*. 

8 . 1 . 4 C a l c u l a t i o n o f the (K]_ + __ ) c o e f f i c i e n t 
4 

As a l r e a d y m e n t i o n e d t h e t o r q u e i n t h e (001) p l ane can 

be w r i t t e n as f o l l o w s 
K x K K 

L(ooi) " ~ + ~ ] s i n 4 9 + i f " S i n 8 9 

The e f f e c t o f i s so s m a l l t h a t i n a t o r q u e c u r v e such as 
16 

F i g « ( 3 . 1 ) i t w o u l d h a r d l y be o b s e r v e d . I t i s o b v i o u s t h a t 
K 3 

a t 0 = 2 2 . 5 ° t h e e f f e c t o f t h e component i s ze ro and 
16 

( 8 . 1 ) w i l l r educe t o 

K l K3 
L , , = - ( - I T ) ( 8 . 2 ) 

(001) 2 8 



- 6 5 -

T h i s i n f a c t i s t he a m p l i t u d e o f t he t o r q u e c u r v e s i n the (001) 

p l a n e . To measure t h i s q u a n t i t y i t was f o u n d more c o n v e n i e n t 

t o measure t h e v e r t i c a l d i s t a n c e be tween two l i n e s j o i n i n g 

maxima and minima o f t h e s e c u r v e s ; t h i s d i s t a n c e o f cou r se 
K 

i s p r o p o r t i o n a l t o t he v a l u e o f ( K j + _ £ _ ) . As ment ioned i n 
4 

t h e p r e v i o u s s e c t i o n t h i s v a l u e o f (K-j + i s e x a c t l y 
4 

c o r r e c t e d f o r shear and so t h i s p r o c e d u r e was f o l l o w e d f o r most 

o f t h e measurements . However, f o r t h e pure N i and Q»9&% N i V 

a l l o y a f e w cu rves a t low t e m p e r a t u r e s were s u b j e c t e d t o a f u l l 

F o u r i e r a n a l y s i s i n v o l v i n g 32 p o i n t s i n 1 3 0 ° , t o o b t a i n v a l u e s 

o f K3 w h i c h 'would be used w i t h t he above r e s u l t s f o r t h e 

c a l c u l a t i o n o f K ^ . 

8 . 1 . 5 C a l c u l a t i o n o f K-j c o e f f i c i e n t . 

The e f f e c t o f ~~-— i n e q u a t i o n ( 3 . 1 ) i s t o o s m a l l t o be 
16 

measured i n a s i m p l e way . A u b e r t (1963) by u s i n g e x t r a p o l a t i o n 

methods f o u n d a n e g a t i v e v a l u e f o r K^ , w h i c h had never been 

measured b e f o r e f o r n i c k e l . Franse (1969) by u s i n g e x t r a p o l 

a t i o n methods and a c u b i c harmonic d e s c r i p t i o n o f t o r q u e curves 

f o u n d the same s i g n f o r C o n t r a r y t o t h e s e r e s u l t s Tokunag 

e t a l (1972) f o u n d a p o s i t i v e v a l u e o f K - j , u s i n g F o u r i e r a n a l y s i s 

I n t h e p r e s e n t w o r k a l e a s t squares r e g r e s s i o n programme, 

d e s c r i b e d i n Appendix ( 1 ) , was used and t h e v a l u e s o f f o u n d 

t o be n e g a t i v e . The e r r o r s f r o m the se d e t e r m i n a t i o n s were 

somewhat g r e a t e r t h a n those o f F r a n s e ' s r e s u l t s . T h i s may 

be due t o t h e f a c t t h a t Franse used a f i e l d o f 1 3 . 1 kOe compared 

w i t h 11 kOe i n t h e p r e s e n t w o r k * T h i s w o u l d g i v e curves w h i c h 

r e q u i r e d a s m a l l e r s h e a r i n g c o r r e c t i o n and have l e s s e r r o r i n 
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making t h i s . H o f m a n n e t a l ( 1 9 7 0 ) u s e d o n l y 6 .?8 kOe and did n o t 

a t t e m p t t o e s t i m a t e K - j , b u t used F r a n s e ' s v a l u e s f o r pure 

n i c k e l . Va lues o f K-^'s f o r some t e m p e r a t u r e s have been g i v e n 

i n t a b l e ( 8 . 1 ) i n w h i c h F r a n s e ' s v a l u e s a re a l s o shown f o r 

c o m p a r i s o n . 

As can be seen f r o m t a b l e ( 8 . 1 ) t h e e r r o r s on K-̂  i n t h e 

case o f 5N and 4N m a t e r i a l s a re q u i t e l a r g e so i t was d e c i d e d 

t o combine these two r e s u l t s w i t h F r a n s e ' s r e s u l t s u s i n g t h e 

f o l l o w i n g s t a t i s t i c a l p r o c e d u r e t o dec rea se t h e e r r o r s . 

1 ) V a l u e s o f K-̂  o b t a i n e d on 5N m a t e r i a l by Franse and on 

b o t h 5N and m a t e r i a l i n t h e p r e s e n t i n v e s t i g a t i o n were 

p l o t t e d a g a i n s t t e m p e r a t u r e , the c o n f i d e n c e i n t e r v a l s o f each 

measurement b e i n g i n d i c a t e d . 

2 ) A smooth c u r v e was drawn by eye t o pass t h r o u g h a l l t he 

c o n f i d e n c e i n t e r v a l s . I t was n o t i c e d t h a t t h e magni tude o f 

t h e e r r o r a l s o appeared t o f o l l o w a smooth c u r v e f a l l i n g as 

t h e t e m p e r a t u r e r o s e . 

3) The o b s e r v a t i o n s were s p l i t i n t o f o u r groups and a p o o l e d 

e r r o r e s t i m a t e ( R . M . S . ) a p p l i c a b l e a t t h e mean t e m p e r a t u r e o f 

t h e g r o u p was c a l c u l a t e d . 

4 ) A w e i g h t e d mean square d e v i a t i o n f r o m the drawn c u r v e was 

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

w e i g h t s « 

5) A new e r r o r e s t i m a t e c o u l d t h e n be made f o r each o f the 

g r o u p mean v a l u e s , e q u a l t o the g r o u p w e i g h t m u l t i p l i e d by the 

square r o o t o f the w e i g h t e d mean square d e v i a t i o n f o r a l l e l e v e n 



FIG. ( 8 - 4 ) Temperature Dependence of K 3 Before 

Statistical Treatment . 
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F I G . (8-5) Temperature Dependence of K of Pure 
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p o i n t s . 

6 ) F i n a l l y when the r e v i s e d c o n f i d e n c e i n t e r v a l s were 

e r e c t e d a t t h e . g r o u p mean T v a l u e s , smooth c u r v e s were drawn 

t h r o u g h t h e upper p o i n t s and l o w e r p o i n t s r e s p e c t i v e l y t o g i v e 

a c o n f i d e n c e l e v e l f o r t h e c u r v e . Th i s p r o c e d u r e i s shown 

i n t a b l e ( 8 . 1 ) and t h e i n i t i a l and f i n a l r e s u l t s a re d i s p l a y e d 

i n f i g . ( 8 . 4 ) and ( 8 . 5 ) r e s p e c t i v e l y . 

Tab l e ( 8 . 1 ) The Procedure o f S t a t i s t i c a l T r e a t m e n t . 

Group T • 1 (-K3 

( e r g / 

t er. ) x i o - 4 

cm~ 3) 
f o r 
each 
g roup 

-K3X10- 4 

' e s t i m a t e 
M0 Au tho r 

K 

f o r 
each 
g roup 

e rg /cm-3 

1 4*2 34.0 i 6 . 0 33 1 FRAN SB 

10 3 0 . 9 i 7 . 4 31 .5 2 p r e s e n t 
w o r k 

16 2 9 . 2 i 7 . 3 6 . 0 7 1 6 .784 30 3 

20 3 1 . 0 ± 2 . 0 29 4 FRAMSE 

2 37 

29 

27 .5 i 

2 4 . 5 i 

9 . 6 

7 . 3 
8 . 5 4 1 9 .543 

25 

2 6 . 5 

5 

6 

p r e s e n t 
work 

3 77 1 6 . 4 - 1.0 17 7 FRANSE 

8 1 

77 

1 6 . 7 i 

1 9 . 0 t 
5.3 

4 . 5 

4 . 0 3 4 4 . 5 0 7 16 

17 

8 

9 

p r e s e n t 
work 

4 195 

164 

1 . 0 : 

1.8 t 
2 . 0 

113 
.895 1.000 

1 

2 . 2 

10 

L I 

FRANSE 

p r e s e n t 
w o r k . 



F I G . ( 8 - 6 ) Temperature Dependence o NiY of 
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T h i s p r o c e d u r e w i l l g i v e much r educed e r r o r s f o r pure n i c k e l 

r e s u l t s as f o l l o w s 

Tab le ( 3 . 2 ) Va lues o f K3 f o r pure N i 

Group T°K - ( K 3 1 6̂  )x 10"^ e r g cm" 

1 1 2 . 6 31 .4 - 1.6 

2 33.O 2 5 . 6 t 2 .3 

3 7 3 . 3 1 6 . 2 t 1 . 1 

4 179 .5 1.50 - 0 .24 

These v a l u e s were t h e n used t o c a l c u l a t e v a l u e s o f K-i f r o m t h e 

a m p l i t u d e s o f t o r q u e cu rves as d e s c r i b e d i n s e c t i o n ( 8 . 1 . 4 ) . 

The c o r r e s p o n d i n g v a l u e s o f K.. and t h e i r s t a n d a r d d e v i a t i o n s 

a t some t e m p e r a t u r e s a r e shown i n t a b l e ( 8 . 3 ) . 

For t h e O.98 a t f N i V a l l o y i t was no t p o s s i b l e t o f o l l o w 

a s i m i l a r p rocedu re s i n c e o n l y one s e t o f measurement o f Ko was 

a v a i l a b l e . These a re shewn i n F i g . ( 8 . 6 ) and t h e i r v a l u e s as 

used f o r c o r r e c t i o n o f K-j_ w i t h t h e i r c o r r e s p o n d i n g e r r o r have 

been g i v e n i n t a b l e ( 8 . 3 ) . 
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Tab le (8 .3) Va lues o f K 1 and K 3 f o r pure N i and NiV 
a l l o y s c o n t a i n i n g 0.98 a t $ V . The v a l u e s 
o f F r a n s e ' s r e s u l t s on pure N i are a l s o g i v e n . 

SPECIMEN T°K 
. 

( - K x - _ £ ) x l 0 -

e r g cm"3 

4 - K 3 x l 0 - ^ 
-3 

e r g cm J 

- K xlO" 

e r g cm* 

-4 

-3 
Auth or 

99-999# 
/ r i . \ 

296 0 
+ 

0 . 1 5 .7 i 0 . 1 FRANSE 
( N i ) 

5 .7 i 0 . 1 
(.1968) 

195 1.0 
+ 

0 .4 2 4 . 8 i 0 .8 Tt 

77 16.4 + 1.0 84 .5 * 1.0 ft 

20 3 1 . 0 + 2 . 0 116 .5 ± 1.0 ft 

4 . 2 3 4 . 0 + 6 . 0 121 .7 + 1 .0 ft 

99.9995? 77 83 .1 1.0 1 7 . 0 
+ 

1.0 8 3 . 9 - 1 .1 p r e s e n t 
( N i ) work 

37 114.5 + 1.0 25.O + 2 . 0 108.2 ± 1 .1 it 

16 120.0 + 1.0 3 0 . 0 i 2 . 2 112.53± 1.12 ft 

99.99$ 64 36.6 + 0 . 2 2 . 5 + 0 . 4 ' 3 6 . 0 ± 0 .2 tt 

( M i ) 
36 .6 2 . 5 3 6 . 0 ± 

31 8 3 . 0 + 0 .3 15 .3 + 1.2 79.0 i 0 .9 tt 

29 112.0 + 0 .3 2 5 . c ± 2 . 1 1 0 5 . 7 i 1.0 tt 

10 119.0 + 0 .9 3 2 . 0 + 2.2 111 .0 ± 1.0 n 

0 .98 a t 124 39.2 + 0 .3 4 .3 
+ 0 . 8 3 3 . 1 - 0 .4 tt 

fo V fo V 
100 47.9 + 0 .6 5 .0 + 1.0 46.7 - 0 .6 tt 

77 57 .9 ± 0 .6 3 .3 1.2 55 .8 t 0 .7 ?t 

10 7 5 . 4 + 0 .6 20 .5 + 
3.5 70 .3 - 1 .1 ti 
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C o r r e c t i o n s f o r measurements be low 1? K c o u l d o n l y be a p p l i e d by 

e x t r a p o l a t i n g t h e v a l u e s o f shown i n t a b l e ( 8 . 2 ) . Va lues o f 

K}_ and a t U.2° K o b t a i n e d by t h i s method were ( -116 . 7 - 1*1) 

x lcA e r g cm""3 and ( " 3 2 . 8 i 2 . 2 ) x 10^ e rg cm~^ r e s p e c t i v e l y 

compared w i t h v a l u e s due t o Franse o f ( - 1 2 1 . 7 - 1 .0 ) x 10^ 

e r g cm"^ and ( -34 - 6 ) x 10^ e r g cm~^, a l l b e i n g measured on 5N 

p u r i t y m a t e r i a l . 

8 •1 •6 E s t i m a t e o f E r r o r s ( A n i s o t r o p y r e s u l t s ) 

The e r r o r s men t ioned i n t a b l e ( 8 . 3 ) have d i f f e r e n t sources 

w h i c h can be summarised as f o l l o w s 

1 - E r r o r due t o t h e shea r o f t h e t o r q u e cu rves and i n r e a d i n g 

t h e c u r v e s . 

T h i s e r r o r as men t ioned can be r educed by u s i n g the 

p r o c e d u r e i n s e c t i o n (8". 1 .3 ) and t h e r e a d i n g o f the c u r v e s f o r 
Ko 

measu r ing ( K i + _ ) can have ± 1 mm e r r o r w h i c h w i t h o t h e r 
4 

e r r o r s has been shown i n t a b l e ( 8 . 3 ) . 

2- E r r o r s i n t h e c a l i b r a t i o n o f t h e t o r q u e magnetometer . 

T h i s has a l s o been i n c l u d e d i n t a b l e ( 8 . 3 ) and was f u l l y 

d e s c r i b e d i n c h a p t e r ( 7 ) . 

3 - E r r o r s i n t h e ( x - y ) r e c o r d e r c a l i b r a t i o n . 

A P h i l i p s x - y r e c o r d e r t y p e PM 8120 w i t h 0 .2 5^ e r r o r o f f u l l 

s c a l e d e f l e c t i o n was u s e d . 

4 - E r r o r s i n measu r ing t h e volume o f t he samples . 

These w e r e c a l c u l a t e d u s i n g t h e d a t a f r o m t a b l e (5»l)> and 

were c o m p a r a t i v e l y s m a l l o f t h e o r d e r o f . 1 5 $ . 

5 - E r r o r s i n t h e measurement o f t e m p e r a t u r e s . 
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On t h e who le t e m p e r a t u r e range t h e accu racy o f measurement was 

about t 1 ° K. 

8 .2 A n a l y s i s o f R e s i s t i v i t y Measurements 

The r e s i s t i v i t y measurements were c a r r i e d o u t by t he 

D.C. method and so the r e s i s t i v i t y i s e q u a l t o 

P . (R _ 4 _ ) ( £ _ b } = (P) (Q) (3.3) 

I n w h i c h a and b a re the w i d t h and t h i c k n e s s o f t h e sample 

r e s p e c t i v e l y , } i s t h e s e p a r a t i o n o f t h e p o t e n t i a l l e a d s , 

Rs i s a s t a n d a r d r e s i s t a n c e (one ohm) i n s e r i e s w i t h t he 

spec imen, Vg and V a re t h e v o l t a g e s ac ros s R3 and t h e p o t e n t i a l 

l e ads r e s p e c t i v e l y . The e r r o r s due t o t h i s measurement w i l l 

be as f o l l o w s . 

3 . 2 . 1 Random E r r o r 

As can be seen f r o m f i g s . (9»6) and (9*7) t he measured 

p o i n t s are o n l y s l i g h t l y s c a t t e r e d about a. smooth cu rve showing 

t h a t t he e f f e c t s o f random e r r o r are s m a l l . As a l l random e r r o r s 

c o n t r i b u t e d t o t h e s c a t t e r o f p o i n t s i t has n o t been c o n s i d e r e d 

necessa ry t o show e r r o r b a r s on t y p i c a l measurements, t h e s c a t t e r 

b e i n g an i n d i c a t i o n o f t h e i r e f f e c t s . 

3 . 2 . 2 S y s t e m a t i c E r r o r 

T h i s can a r i s e f r o m t h e f o l l o w i n g s o u r c e s , 

i ) E r r o r s i n Q. 

The measurement o f d i m e n s i o n s and e s t i m a t i o n o f e r r o r s were 

d e s c r i b e d and the r e s u l t s t a b u l a t e d i n t a b l e (5»3)» I n t a b l e 

( 8 . 4 ) t h e v a l u e and t h e e r r o r o f Q i n e q u a t i o n (3.3) has been 
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g i v e n f r o m w h i c h i t can be seen t h a t any e r r o r due t o t h i s 

cause i s o f t he o r d e r o f ~ If* 

i i ) E r r o r s i n P. 

These a re a l s o s m a l l , because t h e v a l u e o f RQ was 1 . 0 0 0 0 - 0 . 0 0 0 1 

and t h e v a l u e s o f V and V ^ were measured by a S o l a r t r o n t y p e 

A200 d i g i t a l v o l t m e t e r w i t h 2 m i c r o v o l t s r e s o l u t i o n and i n any 

case o n l y r a t i o s o f these v o l t a g e s a re i n v o l v e d . 

i i i ) E r r o r s due t o p o s i t i o n i n g o f e l e c t r o d e s on sample 

I t has been shown by Stephens e t a l ( 1 9 7 1 ) t h a t E q u a t i o n ( 8 . 3 ) 

e q u a t i o n ( 8 . 3 ) and d i s t h e s e p a r a t i o n o f n e i g h b o u r i n g c u r r e n t 

and p o t e n t i a l l e a d s . Va lues o f F were c a l c u l a t e d f o r some 

r e p r e s e n t a t i v e specimens and are t a b u l a t e d i n t a b l e ( 8 ; 4 ) . I t 

can be seen t h a t i n a l l cases F i s v e r y c l o s e t o u n i t y . 

i v ) E r r o r s due t o t h e t e m p e r a t u r e r e a d i n g . 

Tempera tu re was measured u s i n g s u i t a b l e the rmocoup les i n 

d i f f e r e n t ranges as d e s c r i b e d i n c h a p t e r ( 7 ) and u s i n g t he 

p r e v i o u s l y m e n t i o n e d d i g i t a l v o l t m e t e r . Checks on the c a l i b r a 

t i o n o f t h e t h e r m o c o u p l e s used were made a t 7 7 K and 4 * 2 ° K. 

The maximum e r r o r i n r e a d i n g t e m p e r a t u r e c o u l d n o t exceed - 1°K. 

I n t a b l e ( 8 . 4 ) o n l y r e s u l t s f o r f o u r t y p i c a l samples are g i v e n . 

Samples i n t he f i r s t t h r e e rows a r e o f p a r t i c u l a r impor tance 

f o r t h e r e s u l t s i n c h a p t e r ( 9 ) • I t can be seen t h a t the p r i n c i p a l 

source o f e r r o r i s i n t h e measurement o f sample s i z e Q. 

i s an a p p r o x i m a t i o n v a l i d i f m t h e f o l l o w i n g 

more g e n e r a l e x p r e s s i o n 

2Tf d )+ _P_ exp(-JLd) (3 .4) f = P Q F = P Q 1 ( £ _ exp ( 
IT 

I n w h i c h a, b , P, Q and J a re t h o s e d e s c r i b e d and shown i n 
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Table (8.4) D i f f e r e n t sources of errors i n r e s i s t i v i t y -
measurements . 

Sample F P(ohms) Q (m m) 

4N PURS Ni 

0.93 st i V 

1.02 at f Mo 

6.72 at f V 

1.00037 

0.999998 

0.999999 

1.0017 

1.0000 - .0001 

1.0000 t .0001 

1.0000 1 .0001 

1.0000 t .0001 

0.236 - 0.002 

0.299 - 0.005 

0.286 1 0.002 

0.211 - 0.003 

8.3 Analysis of Magnetization Measurements 

A value of 55*01 t 0.05 e.m.u./gram f o r the sa turat ion 

magnetization of n i c k e l at 290K from Aubert (1968) was used 
J 

f o r c a l i b r a t i o n of the apparatus. The value of ( I - I ) i n 

equation (7*9) at t h i s temperature, using a Ni sample of 4N 

pu r i t y and of mass 418 mĝ  corresponded to a d e f l e c t i o n of 

58 ± 2 mm on the x-y recorder. This error was mainly due to 

the v i b r a t i o n of the apparatus. From t h i s f i g u r e a value f o r 

C of 792 i 27 e .m.u . /vo l t was obtained, equation (7 .9 ) . 

This then was used f o r the measurement of M f o r other samples 

and at d i f f e r e n t temperatures. As i n ca l cu la t ing the value 

of C the main er ror - 3*4^ was due to the reading of ( I - I ) , 

so i n making measurements on another sample a fu r the r error of 

the order of £ 3*49?' w i l l be obtained. Combining these, a. 

t o t a l e r ror on M of about t 5f w i l l r e s u l t . No attempt was 

made to include errors due to the mass of the samples, x-y 

recorder c a l i b r a t i o n or the er ror of - 0.1$ from Aubert's 
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r e s u l t , as these were qui te small compared wi th the above 

e r ro r s . For a. s imi l a r reason, and also because of the 

minute change o f M wi th temperature, the e r r o r due to the 

temperature reading was also ignored. 

I t would have been possible to reduce the e f fec t s of 

v i b r a t i o n by increasing the balance damping. Unfortunately 

t h i s also had the e f f e c t of increasing the balance response 

t ime. Measurements of M were being taken as the apparatus 

warmed up from 77K and f u r t h e r increase of response time would 

have prevented the balance from fo l lowing the changes i n 

magnetisation at a s u f f i c i e n t l y rap id ra te . Further a t ten t ion 

to t h i s problem would be worthwhile. The mass of the spherical 

samples used i n determing of M have been given i n table (8.5) 

Sample Ni 
•(99.99) 

0.93 at 
% V 

2.71 at 
fc V 

3.92 at 
fc V 

5.14 at 
% V 

6.72 at 
$ V 

mass 
+ 0.5 
mg 

41S mg 220 mg S50 mg 575 mg 505 mg 390 mg 

Table (8.5) Mass of the Spherical Samples 
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CH4PTER 9 

Results 

In t h i s chapter the resul t s of magnetocrystalline 

anisotropy, r e s i s t i v i t y and magnetization measurements w i l l 

be described. 

9 .1 .1 K]_ resul t s 

The values of as measured/ and tabulated i n chapter 

(6) w i t h the other resul t s f o r 2 .71, 3.92, 5.14, and 6.72 

at ft _Ni V a l loys f o r a series of reasonably spaced temperatures 

are given i n table (9«l) flnd they are shown i n f igures (9»l) 

and (9«2) . In the case of Ni V al loys of concentration 

greater than 0.93 at % V the correc t ion was found to be 

unnecessary. 

9«1«2 Calculat ion of n using K]_(T) values. 

Values of KT(T) read at various temperatures from the 

smoothed curves of Figures (9«1) snd (9*2) were then used 

f o r ca l cu la t ing n i n a s imi l a r expression t o equation (4» 6 ) as 

fo l lows„ 

Kx (T,C) = ^ ( 0 , 0 exp (- - ^ ) n ( 9 . D 
o 

where (0,C) is an extrapolated value of anisotropy constant 

at OK and T Q i s a constant. For convenience the value of T 0 

was chosen to be 100 K and using a. very simple programme 

(Appendix 2) the values of K]_(T) from 4.2 K to room temperature 

were fed i n t o the computer to f i n d the value of n . This was 
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found to be more convenient i f equation (9*1) be w r i t t e n 

as f o l l o w s . 

Ln Ln 
K!(0,C) 

> i ( T F C ) 
= n Ln 

I 100 J 
constant (9*2) 

The values of n from t h i s programme are shown i n table (9 .2 ) , 

and the average value of n f o r each sample to obey equation 

(9*1) found to be 1.49 - 0.02 i n good agreement wi th the 

resu l t s f o r Ni Mo al loys of Hausmann et a l (1971)• 

Table (9.2) D i f f e r e n t values of n i n equation (9.1) 

f o r d i f f e r e n t Ni and MiV al loys 

Sample 5N(Ni) 4N(Ni) o. 3.92/'V 5 .14p 6.72'fV 

n 1.47 1.43 1.46 1.47 1.51 1.49 1.63 

9.1.3 Results from equation (9*1) 

Using n = 1.5} as a good approximation wi th the value of 

1.49 i n the previous sect ion, values of Ln K]_ (T,C) against 

T n were p l o t t e d , using equation (9*1) i n the f o l l o w i n g form. 

^ - - J .5 
^(T . O / i Q O O = Ln ( K I ( 0 , C ) / 1 0 0 O ) " {^q) ' (9-3) 

where the f a c t o r 1000 has been chosen only f o r convenience i n 

drawing the graphs. A least squares programme (Appendix 3) 

was w r i t t e n t o give the best l i ne passing through the available 

po in t s . I n the case of 6.72 at % V a l loy only the data from 

4.2 to 210 K were used, t h i s was due to the f a c t , that f o r t h i s 

sample,measurements of K^(T,C) f o r higher temperatures were 
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too small to give a r e l i a b l e r e s u l t . Figure (9»3) shows 

values of Ln (K x ( T , C ) / 1 0 0 0 ) p lo t ted against ( T / i o o ) 1 ' 5 . 

The di f ferences i n the resul ts i n the case of 5N-and 4N pur i ty 

Ni samples are too small to be shown (Fig . (9*3))• For a 

s imi l a r reason no attempt has been made to show the error bars 

on these graphs. As can be seen from f i g . (9«3 ) the values 

f o r each sample l i e close to a s t r a i gh t l i ne which can be 

extrapolated to give values of Ln (K-^(0,C)/i000)• 

9.1.4 Calcula t ion of < ' i n equation ( 4 » H ) f o r NiV alloys 

As already mentioned, Hausmann and Wolf (1971)» by 

assuming tha t i t i s possible to separate the reciprocal mean 

f r ee path of the conduction electrons i n N i - r i c h binary a l loys 

i n t o temperature and concentration dependent components, derived 

an expression f o r the f i r s t anisotropy constant, a t low temper

ature T and small concentration C of the second element, as 

fo l lows * 
NiMe Ni 

K - f - (T,C) = Ki (T) exp (-<XC) (9.4) 

where o( i s a constant f o r a pa r t i cu l a r metal Me. 

This expression at T = 0 can be w r i t t e n as fo l lows 

NiMe Ni 
Kl- tO,C) = K 1

W 1 ( 0 ) exp (- o(C) (9.5) 

or Ln NiMe 
Kl ( °> C ) / 1000 = Ln K 1

N l ( 0 ) / 1 0 0 0 - * C (9.6) 

In which K ] _ N i (0 ) i s the value of f o r pure Ni at T = 0 and 

K x — M e ( 0 , C ) are the values of K (T,C) at T - 0. The values of 

Ln K]_ (0,C)/]_oooj obtained from the data shown i n f i g (9*3) are 

shown i n f i g . (9.4) p lo t ted against concentration C. This 



shows a l i nea r graph from which a value o f M may be obtained. 

In the case of the NiV resu l t s the value of was found to be 

O.36 (at f:)~ , which can be compared wi th the resul ts of 

Kortekaas et a l (1972) f o r Cu, Co and Fe alloyed with n i c k e l . 

This w i l l be discussed i n sect ion (9*4)» 

9.1.5 Calcula t ion of oi f o r NjMo al loys 

Hausmann and Wolf (1971) by using available resul ts from 

Hofmann obtained s imi l a r resul t s f o r NiMo samples to those i n 

f i g ( 9 . 4 ) . I t was considered desirable , f o r comparison wi th 

other avai lable resu l t s f o r c>(, to calculate the value of oi 

f o r Mo i n n i c k e l . The only available source of resul ts to 

do t h i s was f i g . ( 3 ) from Hausmann and Wolf ' s paper (1971)* 

Using the data from t h i s f i g u r e the value of /X was found to be 

0.42 (at TO" 1 . 

9.1.6 Var i a t ion of K-^yfT) w i t h temperature 

As was mentioned i n chapter (4) Hausmann and Wolf (1971) 

suggested tha t K]_y i s temperature dependent i n the f o l l o w i n g 

way when the temperature i s w e l l below the Curie temperature, 

K 1 V ( T ) = K l ( T ) (_M2j_) ( 9 i 7 ) 

I n an attempt to invest igate whether a s imi l a r exponential 

dependence on temperature is v a l i d f o r K^y as has been shown 

t o apply f o r a series of calculat ions were performed, using 

the avai lable resu l t s f o r K^(T) from the present work and M(T) 

resu l t s from Kaul et a l (1969). This was t r i e d fo r 5N and 4N 

p u r i t y Ni and the values of K 1 V ( T ) f o r a range of temperatures 
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from 4»2K t o room temperature were fed to the computer to 

give the value of n as mentioned i n sect ion (9*1.2). The 

values obtained from t h i s programme were not exactly 1*5, as 

obtained by Hausmann and '/JoIf ( 19715 5 and instead the values 

of 1.417 ± 0.020 and 1.421 ± 0.020 were found respectively f o r 

5N and 4N p u r i t y Ni samples which gives an average of n = 1.42 

instead of n = 1.5 as found f o r K]_(T), Then by using an 
f • Ni , v 

exponential form of f u n c t i o n the values of Lnl-K-^y /10. J were 
1»42 

p lo t t ed againstj^T/j_QQ 1 * f > o r hoth 4N and 5N pur i ty Ni 

crys ta ls and the resul t s have been shown i n f i g . ( 9 » 5 ) « I t 

seems from t h i s f i gu re that the v a r i a t i o n of the f i r s t anisotropy 

constant of n i cke l i n the magnon vacuum state fol lows the same 

sort of law which was suggested by Hausmann (1970) and found to 

apply to K n ( T ) . Also i t should be noticed that the value of 

n = 1.42 found f o r Kiy(T) i s d i f f e r e n t f rom n = 1.5 which was 

used by Kausmann and Wolf (1971) f o r the same purpose. This 

would be expected because the values of K-j_y(T) a r e a t a l l 

temperatures higher than the values of K-j_(T); when the temp

erature i s raised the d i f fe rence increases and i f the v a r i a t i o n 

i s capable of being represented by an exponential law then the 

values of n must be smaller. This can be seen f r o m the values 

of K-^T) and K 1 V ( T ) fo r some temperatures i n table (9 .3 ) . 

T° K 10 30 50 70 90 130 

• H 
- K 1 ( T ) x l 0 - 4 111.7 105.3 97.5 87.3 74.6 52.2 

5s 
-4 -K 1 V (T)xlQ- 4 111.9 106.9 100.1 91.2 79.8 59.6 

•H 
-^ (Dxio-^ 114.7 109.0 101.7 91.5 75.6 53.2 

S3 

V '• • 

- % V ( T ) x l 0 - 4 i i ' , 0 11C.0 104.4 95.8 30.9 60 0 7 

Table (9.3) The values of Kyy(T) and K X (T) i n erg cm"3 f o r 
NI c rys ta l s ofTwo grades of p u r i t y . 



FIG.0-6) Temperature Variat ion of Resistivity 

of Ni and NiV Alloys. 
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T° K 170 210 250 270 290 

•H 
-K 1(T)xlO- /+ 32.0 IS.3 10.6 3 .0 6.0 

- K l v ( T ) x l O " 4 40.3 25.I 16.6 13.3 11.4 

•H 
"K 1(T)xlO-^ 33.0 13 .7 10.3 3.4 6.3 

- K l v ( T ) x l O ~ 4 40.3 25.6 16.9 14.5 11.9 

Table (9.3) - continued-
The values of K 1 V ( T ) and K^T) i n erg cm"3 f o r Ni 
c r y s t a l s of two grades of p u r i t y , 

9.2 R e s i s t i v i t y Results 

9*2.1 R e s i s t i v i t y measurement from 4«2K t o room temperature 

The r e s i s t i v i t y of each sample was measured from 4«2K t o 
300K. The r e s u l t s have been p l o t t e d i n Fig. (9.6) from which 
i t can be seen t h a t the random e r r o r i s small. I n the case 
of pure n i c k e l and the 0.93 at % V sample the curves showed the 
usual temperature v a r i a t i o n of a t y p i c a l metal whereas f o r the 
r e s t of the samples i t can be seen t h a t there i s an anomalous 
e f f e c t about 12OK. The values of f and some values of J°(T) are 
given i n t a b l e (9*4)• For the sample compositions which show 
the anomalous behaviour the v a l i d i t y of the f values and others 
below 120K may be i n some doubt; the cause of the anomaly i s 
not understood. As the main i n t e r e s t of t h i s work i s t o t e s t 
the v a l i d i t y of the hypothesis, suggested by Hausmann (i970) 

and discussed i n chapter ( 4 ) , i t was found t o be more acceptable 
not t o concentrate on the e l u c i d a t i o n o f the anomaly. However, 
i t i s of i n t e r e s t t o record t h a t , the r e s i s t i v i t y of a NiV sample 
c o n t a i n i n g 12.5 at f V and made from the same m a t e r i a l was measured 
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FIG.19-7) Temperature variation of resistivity of 

1 at % Ni Mo and 12-5 at % Ni Y al loys. 



from 4«2K t o room temperature and the r e s u l t s are p l o t t e d 
against temperature i n f i g . (9*7)• For an a l l o y of t h i s 
composition the Curie temperature i s w e l l below room temperature. 
As can be seen from f i g . (9»7) the previous anomaly which as 
shown i n f i g . (9«6) has completely vanished and instead there 
i s a d i s c o n t i n u i t y of slope a t about 105K, which shows the w e l l . 
known change of slope of a Curie temperature anomaly. This 
r e s u l t can be important, because i t suggests t h a t the mentioned 
anomaly at about 120K can not be seen when the a l l o y i s para
magnetic at t h i s temperature. The slope of the r e s u l t s f o r 
the 12.5 at f V a l l o y i n the ferromagnetic p a r t i s less than i n 
the paramagnetic p a r t i n agreement w i t h Gautier et s i (1972) . 

However the anomaly noticed i n the present work i n the f e r r o 
magnetic p a r t was not mentioned by Gautier or other i n v e s t i g a t o r s 
e.g. Arajs (1964) . 

9 .2 .2 R e s i s t i v i t y o f NiMo c o n t a i n i n g 1.02 at % Mo 

As mentioned i n chapter (4) Franse et a l (1973) have 
proposed a r e l a t i o n between 0̂  and r e s i d u a l r e s i s t i v i t y P • 

-'o 

Since i n s e c t i o n (9«1»5) the value of c( could e a s i l y be obtained 
from anisotropy measurements of NiMb a l l o y s , i t was decided t o 
measure the r e s i s t i v i t y of NiMo containing 1.02 at f Mo t o 
get thefty) and ^ t ) mentioned i n chapter ( 4 ) . The r e s u l t s of 
such measurements have been p l o t t e d i n f i g . ( 9 * 7 ) and some 
t y p i c a l values of r e s i s t i v i t y at various temperature has been 
given i n t a b l e (9»4)» As can be seen from f i g . (9»7) the 
anomalous e f f e c t mentioned i n s e c t i o n ( 9 .2 .1 ) can not be observed 
on such a curve. 
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9*3 Combination of the R e s i s t i v i t y and_Anisotropy r e s u l t s 
t o check the v a l i d i t y of H.^usn-nn' s hypothesis 

As mentioned i n chapter (4) the snisotropy and r e s i s t i v i t y 
f o r small concentrations can be expressed as f o l l o w s . 

K 1 K/ 1 < l - * M a Sle ) ( 9 . 8 ) 

NiMe Mi / n .A C \ ( 9 . 9 ) 

Using the f o l l o w i n g equation 

K Ni 
dK3 

dT 

NiMe dK- NiMe 
K xNi dy>NiMe 

and w r i t i n g equation (9«8) as f o l l o w s 

NiMe Ni K - - KX 

NiMe 

dT 

NiMe Ni 
Me Ni /> 

/ A 3 

( 9 . 1 0 ) 

( 9 . 1 1 ) 

Hausmann a r r i v e d at the f o l l o w i n g expression which r e l a t e s 
anisotropy measurements t o r e s i s t i v i t y results.? 

NiMe ^/ 
d K l ~ , NiMe 

Ni dT Kl 

i n which 
N i K NiMe 

K l " 1 

Ni dT (9.12) 

However i t i s b e t t e r t o 
Me 

use equation ( 9 . 4 ) instead o f equation ( 9 . 8 ) i n the d e r i v a t i o n 
of a s i m i l a r expression. Equation ( 9 * 8 ) i s an approximate 
form of equation (9»4) which i s v a l i d whenoxf,, C,.. i s small* 

1 Me Me 
Using the exponential form the same r e s u l t i s found f o r the 
r i g h t hand side of equation ( 9 . 1 2 ) , but the l e f t hand side i s 
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d i f f e r e n t . For t h i s d e r i v a t i o n equation (9«10) should be 

w r i t t e n as f o l l o w s . 

N i M e
 d f i i i M e 

(9.13) 
d K ^ e dK 1 

KjEL^ dT F^JMe djoNiMe dT 

and using equation (9*9) equation (9«4) can be w r i t t e n 

K l 
"e Ni 

K]_ exp -v.. 

ans so by simple algebra 
NiMe dK i — -
NiMe 

^NiMe _ ^ N i | 
(9.14) 

Ni 
NiMe 

(9-15) 

and so using equation (9«15) equation (9*13) can be w r i t t e n 
as f o l l o w s 

dK. NiMe 

i n which 

K^NiMe 

o( = 

dT 

Ln 
K (T) 

'Me j^^NiMe ( T j C ) 

NiMe 

dT 
( 9 . 1 6 ) 

I t has been 

pointed out e.g. E l l i o t t and Gibson (1974) p«313» t h a t 
Equation (9*9) i s not s t r i c t l y a pplicable t o a l l o y s and t h a t 
a more adequate expression takes the form 

,o NiMe ^ N i f . a ,„ o * l 
f — = f [ l + / ( C " C^)J (9 . 17 ) 

By s i m i l a r c a l c u l a t i o n s the corresponding e q u a t i o n t o (9.16) 

NiMe 
has the f o l l o w i n g form. 

NiMe 
1 d K r - d M Me 

K NiMe dT /?Me / Ni 
(F) dT ( 9 .IS) 
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i n which an a d d i t i o n a l f a c t o r F appears where 

F = 1 - 4 

N-l / 2 

(9.19) 

The e f f e c t of t h i s f a c t o r on the r i g h t hand side of equation 
(9 .1$) i s small and so not important, e.g. F f o r T = 50K f o r 
NiV a l l o y c o n t a i n i n g 0.98 at 1< V i s about 1.020 and so the 
value of r i g h t hand side f o r t h i s temperature w i l l increase 
from 23 x 10"^ t o 2S.56 x lO"^ ( d e g ) " 1 which i s not ver y 
d i f f e r e n t i n comparison w i t h other v a r i a t i o n s . This i s not 
s u r p r i s i n g since the a l l o y s used had low concentrations of V. 
The r e s u l t s obtained f o r some t y p i c a l temperatures f o r d i f f e r -
ent (samples have been given i n t a b l e (9«5)» i n which r i g h t 
hand side (r.h . s . ) and l e f t hand side ( l . h . s . ) of equation 
(9 .16) has been compared. The values i n t a b l e (9*5) are 
d i v i d e d by o( i n order t o compare anisotropy r e s u l t s w i t h 
r e s i s t i v i t y measurements. 
The values o f d./° and dK have been measured from the 

dT " dT 
experimental curves and the values of ex"' and ft have been 
c a l c u l a t e d from the measured values of K-^(T) andj° (T) 
r e s p e c t i v e l y » 

9«4 C a l c u l a t i o n of f o r 1 at f NiV and NiMb 
allocs 

I n chapter (4) i t was described haw the values of f*y) 
and J^CM ) m i n o r i t y and m a j o r i t y r e s i s t i v i t i e s can be 
c a l c u l a t e d from the f o l l o w i n g two equations 

P ~ — r-T— (9.20) 
K / i t ) + 
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(9.21) 

i n which the values o f and f* , described i n chapter {!+), 
can he c a l c u l a t e d from experimental r e s i s t i v i t y r e s u l t s on 
pure n i c k e l and corresponding a l l o y s . From these two equations 
the f o l l o w i n g r e s u l t s w i l l o b t a i n f o r ffyand j ^ i ) -

(9.22) 

From measurements on NiV and NiMo a l l o y s of approximately 
1 at f V and Mo content the values of ^ ( t ) and /̂ (V) have been 
obtained by the s o l u t i o n of these equations (9.22). F a r r e l l 
and Greig suggest t h a t i n the e v a l u a t i o n of /\ room temperature 
values of should be employed since at t h i s temperature spin 
mixing i s dominant. I n an attempt t o t e s t the v a l i d i t y of 
t h i s suggestion a s e r i e s of evaluations were c a r r i e d out using 
J values at v a r i o u s temperatures. The r e s u l t s of these 
computations are shown i n Figures (9«3) and (9.9) where i t can 
be seen t h a t f o r the NiV a l l o y s the v a r i a t i o n of ̂ (-^and j ^ ( ^ ) 
are small above a temperature of about 180K. The r e s u l t s f o r 
the NiMo a l l o y s do not, however, show s a t u r a t i o n a t so low a 
temperature, the aphs shox*/ing an appreciable gradient 
even at 300K. Values f o r NiV may be considered reasonably 
w e l l founded while those f o r .NiMo a l l o y s are probably s l i g h t l y 
l e s s r e l i a b l e . The f (t) value f o r NiV a l l o y i s (13-7 1 0.5)xlCT 6 

ohm cm. w h i l e t h a t f o r NiMo a l l o y i s 7.3 x 10~° ohm cm. which 
i s not l i k e l y t o be more than about 0.3 x 10-6 c m # g r e a t e r 
than an u l t i m a t e s a t u r a t i o n value. These and correspondingp(4-J 

0 
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values along w i t h values given by Franse et a l (1973) are given 

i n t a b l e ( 9 . 6 ) along w i t h values of c< from anisotropy measure

ment on a range of Ni based alloys.The choice of which s o l u t i o n 

t o equations ( 9 » 2 2 ) t o associate w i t h f^W) f o r Mo has been made 

on the same basis as suggested by F a r r e l l a n d Greig (19'6S). 

This i s j u s t i f i e d by the s i m i l a r i t y of the outer e l e c t r o n 

s t r u c t u r e between Mo (4<i » 5s) and Cr (3d 4 s ) . 

9»5 Magnetization Results and t h e i r connection w i t h the 
Anisotropy Measurements. 

The values o f M, using a value of (792 ± 27) e.m.u./volt f o r 

the c a l i b r a t i o n of the system, were obtained from 77K t o room 

temperature. These are shown i n Fig. ( 9 . 1 0 ) w i t h smoothed curves 

drawn through them. The changes i n M f o r the pure Ni and low 

vanadium c o n c e n t r a t i o n samples over t h i s temperature range were 

only of the order of the experimental u n c e r t a i n t y , but t h a t f o r 

3*92^, 5«14$ 3 n d 6 . 7 2 ^ vanadium content showed a reasonable 

degree of v a r i a t i o n . Values of M read from the smoothed curves 

f o r some temperatures have been given i n t a b l e (9» 7 ) « 
1.5 

Using a f u n c t i o n of the form M(T) - M(0) (1~AT " ), Weiss 

(1937)> and t a k i n g values of M(T) between 77K and 170K from the 

smoothed curves a mean value of M(0) was c a l c u l a t e d . The 

e r r o r on the c a l c u l a t i o n s of these mean values of M(0) was very 

much less than 5 f , However, the values of M (4 .2 ) were measured 

f o r 5*14$ and 6.72?L vanadium content a l l o y s . These are shown 

i n F i g . ( 9 . 1 0 ) and w i t h i n experimental e r r o r agree w i t h the 

r e s u l t s f o r the above e x t r a p o l a t i o n . The values of Ln(M(T)/M(0) ) 

f o r 3«92%, 5»lkf and 6 . 7 2 ^ vanadium content a l l o y s were 
c a l c u l a t e d and were compared w i t h corresponding values of 
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Table ( 9 . 6 ) values of c<; ? ( a t f ) " 1

1 £ ; £(t) andjf M , ^ ^ 

Alloy oL. 
i f £<•) 

Ni - Pd 0.01 x 0.15 + 0 . 3 0 + 0 . 3 0 + 

Ni - Cu o . n x 0 . 7 7 + 3 . 6 + 0 . 9 3 + 

Ni _ Co 0 . 2 5 X 0 . 1 4 + 0.15* 2 . 0 + 4 .5 0 . 1 5 + O.15* 

Ni - V O.36 3.7? 4 . 2 + 13 .7 14.1 + 5.1 6 . 0 + 

Ni - Fe 0 . 3 7 X 0 . 3 9 + 0 . 3 3 * 3 . 3 + 7 . 0 * 0 . 4 5 + O.35* 

Ni - Mo O.42 5.6 7 .3 24 

Ni - Cr 4.3 + 4 . 9 * 5.3 + 7 . 0 * 23 + 16* 

Ni _ T i 3 - 3 + 12. 3 + 

4 . 5 + 

Ni * Mn 0 . 7 9 + 5 . 0 7 + 0 . 9 3 5 + 

}? Measurements Fert and Campbell (1971) 

x Measurements Franse et al (1973) 

+ Measurements F a r r e l l and Greig (1963) 

present work unmarked. 
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Ln(K-^(T)/K-j (0)) from anisotropy measurements. These were 
p l o t t e d and a smooth curve passed through them. To i n v e s t i g a t e 
what s o r t of r e l a t i o n i s obeyed between reduced anisotropy and 
reduced magnetization a set of c a l c u l a t i o n s was performed t o 
evaluate n assuming a simple power r e l a t i o n of the form: 

As i n t h i s r e l a t i o n the value of n i s temperature dependent i t 

was decided t o evaluate n from the f o l l o w i n g r e l a t i o n 

This value could then be obtained by measurement of the slopes 
of t h e above curves at p a r t i c u l a r temperatures. The r e s u l t s 
of t h i s e v a l u a t i o n has been shown i n f i g . ( 9 « 1 1 ) » To show the 
d i f f e r e n c e between the v a r i a t i o n of n from the above and those 
of 5N and 4N pure Ni a set of c a l c u l a t i o n s was performed, using 
the measured r e s u l t s on M from Kaul e t a l . (1969)* These 
combined w i t h anisotropy r e s u l t s from the present work t o give 
the v a r i a t i o n of n w i t h respect t o temperature, using the same 
procedure as used f o r NiV a l l o y s . The r e s u l t s of these deter
minations have also been shown i n f i g . ( 9 « 1 1 ) f o r comparison. 

K X(T) 'M(T) 
K, 0 M(0) 

n = ^ LnCK^Tj/KifO.))/ ~b Ln(M(T)/M(0)) 



- 9 4 -

M a t e r i a l TK 0 10 30 50 70 90 

6 .7? a t f V M ( e . m . u . / g r a m ) 26 .75 2 6 . 7 0 2 6 . 4 0 2 6 . 2 0 25 .90 25 .70 

5.14 a t % V M ( e . m . u . / g r a m ) 33 .63 33 .60 33 .50 33.35 33 .20 32 .90 

3.92 a t f V M ( e . m . u . / g r a m ) 4 0 . 3 7 4 0 . 3 40 .25 40 .15 4 0 . 0 0 39.80 

M a t e r i a l TK 110 130 150 170 190 

6 .72 a t f V M ( e . m . u . / g r a m ) 25 .40 2 5 . 0 0 24.55 23 .90 2 3 . 1 1 

5.14 a t f V M ( e . m . u . / g r a m ) 32 .70 32 .50 32.25 32 .00 31 .70 

3.92 a t % V M ( e . n u u . / g r a m ) 39 .60 39.35 39 .10 33 .80 38 .50 

. — . _ 
M a t e r i a l TK 210 230 250 270 290 

6 .72 a t f V M ( e . m . u . / g r a m ) 2 2 . 0 0 2 0 . 5 0 18 .40 15.55 1 2 . 7 0 

5.14 a t fc V M ( e . m . u . / g r a m ) 31 .20 30 ,50 29 .70 28 .50 2 7 . 0 0 

3 .92 a t % V M ( e . m . u . / g r a m ) 38 .10 3 7 . 4 0 36 .40 35 .80 34 .50 

Tab l e ( 9 . 7 ) V a l u e s o f M f o r some MiV c r y s t a l s a t d i f f e r e n t 
t e m p e r a t u r e s . The r e s u l t s f o r pure N i have 
been t a b u l a t e d by K a u l e t a l . ( 1 9 6 9 ) . 



CHAPTER 10 

D i s c u s s i o n 

10*1 The mean f r e e p a t h of. . . the c o n d u c t i o n e l e c t r o n s and 
t h e f i r s t a n i s o t r o o y c o n s t a n t o f Ni 

I n c h a p t e r (.'+) some idea s o f how t h e mean f r e e p a t h o f 

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

can be r e l a t e d were r e v i e w e d . I n t h i s s e c t i o n by u s i n g t h e 

f a c t t h a t t h e mean f r e e p a t h o f the c o n d u c t i o n e l e c t r o n s i s 

t e m p e r a t u r e and c o n c e n t r a t i o n dependent / v ( T , Cj_) some o f 

t h e r e s u l t s g i v e n i n c h a p t e r (9) w i l l be d i s c u s s e d . As 

a l r e a d y men t ioned Hausmann and W o l f (1971) sugges ted t h a t 

t h e f o l l o w i n g f o r m u l a f o r l o w t e m p e r a t u r e s T and s m a l l concen

t r a t i o n Cj_ can be o b t a i n e d u s i n g an argument based on t h e 

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

t h e mean f r e e p a t h o f t h e e l e c t r o n s . 

NiJfe (T , C t ) - K / i ( T ) exp {-y<± C*) K ( 1 0 . 1 ) 

The t e r m c o n t a i n i n g C\ i n w h i c h o<^ i s a. c o n s t a n t i s due 

t o t h e f a c t t h a t t h e mean f r e e p a t h o f c o n d u c t i o n e l e c t r o n s 

i s p r o p o r t i o n a l t o I t s h o u l d be n o t i c e d t h a t t h e 

t e m p e r a t u r e dependence o f t h e mean f r e e pa th i s a l s o i n c l u d e d 

i n t h e t e r m K ^ ^ ( T ) i n t h i s f o r m u l a . For a s e r i e s o f measure

ments on N i and N i V a l l o y s t h i s f o r m u l a was examined and a 

good agreement w i t h t h i s s u g g e s t i o n was o b t a i n e d F i g . ( 9 « 3 ) » 

Compar ing t h e p r e s e n t r e s u l t s and those o b t a i n e d f o r NiMo and 

NiCu , W i l l i a m s and B o z o r t h ( 1 9 3 9 ) , a l l o y s shows t h a t t h e 

f a c t o r i z a t i o n o f t h e t e m p e r a t u r e and the c o n c e n t r a t i o n depend

ence o f t he f i r s t a n i s o t r o p y c o n s t a n t o f N i a l l o y s i s c o n s i s t -
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e n t w i t h t h e s u g g e s t i o n t h a t the v a r i a t i o n o f t h e mean f r e e 

p a t h o f t h e c o n d u c t i o n e l e c t r o n s i s an i m p o r t a n t f a c t o r 

c o n t r o l l i n g measured v a l u e s o f a n i s o t r o p y c o n s t a n t s . A l s o 

f r o m t h e measurements on N i Mo i t can be seen t h a t t h e r e i s 

a good s i m i l a r i t y be tween t h e p r e s e n t measurements and t hose 

p e r f o r m e d by Hausmann and W o l f (1971)* L o o k i n g back a t t h e 

r e s u l t s f o r NiV a l l o y s shown i n F i g s . (9*3) and ( 9 « 4 ) and t h e 

r e s u l t s f o r N i M ° a l l o y s shown i n F i g s . (2) and (3) f r o m 

Hausmann and W o l f ' s pape r i t can be seen t h a t the e f f e c t o f 

t e m p e r a t u r e T on t h e f i r s t a n i s o t r o p y c o n s t a n t K-̂  (T) o f N i 

i s t h e same as t h e e f f e c t o f c o n c e n t r a t i o n Cj_ on t h i s c o n s t a n t . 

Compar ing t he se t w o s e t s o f r e s u l t s a l s o sugges t s t h a t the 

v a r i a t i o n o f Ln (K]_(T)) w i t h r e s p e c t t o t h e t empe ra tu r e s obeys 

t h e same l aw i n t h e f o r m o f { — ) . I t i s w e l l known 
100 

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

a t u r e b o t h l e a d t o a r e d u c t i o n o f e l e c t r o n mean f r e e pa ths i n 

m e t a l s . A l s o f r o m t h e p r e s e n t measurements and t h e r e s u l t s 

o f Hausmann and W o l f i n c r e a s e i n c o n c e n t r a t i o n or i n t e m p e r a t u r e 

w i l l each e f f e c t t h e f i r s t a n i s o t r o p y c o n s t a n t i n t h e same 

way* T h i s g i v e s a b a s i s f o r t h e b e l i e f t h a t t h e r e s h o u l d 

be a r e l a t i o n be tween t h e e l e c t r o n mean f r e e p a t h \ ( T , C j _ ) 

and t h e f i r s t a n i s o t r o p y c o n s t a n t K]_ ( T , Cj.) o f N i . The 

mechanism by w h i c h t he t e m p e r a t u r e i s t h o u g h t t o a f f e c t 

a n i s o t r o p y has been d e s c r i b e d by s e v e r a l i n v e s t i g a t o r s and 

was r e v i e w e d i n c h a p t e r ( 3 ) . A l so t h e e f f e c t o f i m p u r i t y 

c o n c e n t r a t i o n on a n i s o t r o p y may be due a t l e a s t i n p a r t t o 

c o n d u c t i o n e l e c t r o n s p i n d e v i a t i o n s produced by s c a t t e r i n g by 

i m p u r i t y a toms . However, a t t h i s s t a g e i t i s n o t i n t e n d e d 

t o d i s c u s s f u r t h e r a p o s s i b l e mechanism f o r t h e e f f e c t o f 



97-

i m p u r i t y c o n c e n t r a t i o n , b u t m e r e l y t o draw a t t e n t i o n t o t h e 

e v i d e n c e f o r s i m i l a r i t y o f e f f e c t s o f c o n c e n t r a t i o n and temp

e r a t u r e . F u r t h e r a t t e n t i o n w i l l be g i v e n t o t h e q u e s t i o n 

o f a mechanism a f t e r t h e r e s i s t i v i t y r e s u l t s have been d i s c u s s e d 

i n s e c t i o n ( 1 0 . k ) * 

10.2 Magnon Vacuum S t a t e A n i s o t r o p y C o n s t a n t . 

A n o t h e r i n t e r e s t i n g concep t d i s c u s s e d by Hausmann (1970) 

and used t o d e s c r i b e t h e anomalous t e m p e r a t u r e dependence o f 

K i o f N i i s t h e i d e a o f t h e energy o f t h e e l e c t r o n s i n t h e 

s t a t e o f vacuum o f magnons Ey w h i c h c o n s i s t s o f an i s o t r o p i c 

p a r t and an a n i s o t r o p i c p a r t as f o l l o w s : 

E v = E / + E y a (10.2) 

The a n i s o t r o p i c p a r t Ey can be expres sed u s i n g e q u a t i o n ( 1 . 9 ) 

and n e g l e c t i n g h i g h e r o r d e r t e r m s , a s , 

Ey* - V( - MH + K 1 V (S - I )) (10.3) 
j 

i n w h i c h M, H and V a re m a g n e t i z a t i o n , e x t e r n a l f i e l d and 

t h e volume o f t he sample r e s p e c t i v e l y . r e p r e s e n t s t he 

f i r s t a n i s o t r o p y i n t he magnon vacuum s t a t e i n a. c u b i c c r y s t a l 

andt can be r e l a t e d t o the f i r s t a n i s o t r o p y c o n s t a n t and t h e 

m a g n e t i z a t i o n as f o l l o w s : 

h (T) . K 1 V ( 1 - 10
 K % f T ) ) (10.4) 

where i n t h i s g e n e r a l f o r m o f M 1 0 l aw K v i s t e m p e r a t u r e 

i n d e p e n d e n t . T h i s s i m p l e power l a w i s n o t however obeyed 

f o r M and e q u a t i o n ( 1 0 . 4 ) w o u l d t h e r e f o r e i m p l y t h a t K-^y must 

i t s e l f be t e m p e r a t u r e dependen t . I n s e c t i o n ( 9 « 1 » 6 ) t h e 



r e s u l t s o f an i n v e s t i g a t i o n o f t h i s were p r e s e n t e d and i t 

was f o u n d t h a t a s i m i l a r b e h a v i o u r t o t h a t o f o c c u r r e d , 

f i g (1) o f Hausmann and W o l f ' s paper , and the r e s u l t s were 

p l o t t e d i n F i g . ( 9 * 5 ) » I t i s d i f f i c u l t t o see how K-^y s h o u l d 

be a f u n c t i o n o f t e m p e r a t u r e r e l a t i n g as i t does t o a d e f i n e d 

s t a t e . However , i t i s o n l y a s i m p l e concep t i f the 1 0 t h 

power law i s t r u e and e q u a t i o n (10.J+) r e p r e s e n t s t h e e f f e c t o f 

t e m p e r a t u r e as a s e p a r a t e f a c t o r . I t s h o u l d be n o t i c e d t h a t 

e q u a t i o n ( 1 0 . 4 ) i s d e r i v e d by o m i t t i n g h i g h e r o r d e r te rms i n 

t h e a n i s o t r o p y e x p r e s s i o n . I t may be t h a t t h e i n c l u s i o n o f 

t h e s e w o u l d y i e l d a more r e a l i s t i c e x p r e s s i o n w h i c h w o u l d be 

s a t i s f a c t o r y f o r N i as w e l l as t h e o t h e r f e r r o m a g n e t i c t r a n s i 

t i o n m e t a l s . 

10 .3 The v a l i d i t y o f Hausmann's H y p o t h e s i s 

A c o m p a r i s o n o f t h e v a l u e s o f r i g h t hand s i d e ( R . H . S . ) 

and l e f t hand s i d e ( L . H . S . ) d e r i v e d f r o m e q u a t i o n (9*16) and 

g i v e n i n t a b l e ( 9 « 5 ) seems t o be n o t i n a good agreement w i t h 

t h e s u g g e s t i o n s o f Hausmann ( 1 9 7 0 ) . As can be seen f r o m t h i s 

t a b l e , even t h o u g h a more r e a l i s t i c f o r m u l a f o r r e p r e s e n t i n g 

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

was u s e d , t h e r e i s n o t good agreement . I t was a l s o shown 

t h a t a more s o p h i s t i c a t e d f o r m u l a f o r r e s i s t i v i t y has a. v e r y 

s m a l l e f f e c t on t h e r e s u l t s , E l l i o t and Gibson ( 1 9 7 4 ) . 

A n o t h e r i m p o r t a n t p o i n t i s t h a t i n t h i s w o r k a s e r i e s o f 

measurements was p e r f o r m e d t o check t h i s h y p o t h e s i s o v e r a 

l a r g e range o f t e m p e r a t u r e s , see t a b l e ( 9 * 5 ) . I t seems f r o m 

t h i s t t a b l e t h a t t h e r e i s a b e t t e r compar i son a t low t empe ra tu r e s 



t h a n h i g h t e m p e r a t u r e s * T h i s may be due t o t h e f a c t t h a t 

e q u a t i o n ( 9 » 4 ) w h i c h was used f o r t h e e x p r e s s i o n o f K^(T,Cj_) 

was an a p p r o x i m a t e e q u a t i o n w h i c h was s u i t a b l e f o r low t emp

e r a t u r e s and s m a l l c o n c e n t r a t i o n s . Where t h i s i s no l o n g e r 

a r e a s o n a b l e a p p r o x i m a t i o n t he e x p r e s s i o n can a l s o be c o r r e c t e d 

by t h e use o f measurements o f t h e m a g n e t i z a t i o n s o f these 

c r y s t a l s . T h i s l e a d s t o t h e same e q u a t i o n as ( 9 » l 6 ) , b u t 

t h e v a l u e o f o(- i s d i f f e r e n t and i s g i v e n b y : 

+ A i 1~ Ln 
C i 

k l 
NiTA ( 1 0 . 5 ) 

i n w h i c h an e x t r a t e r m A i s e q u a l t o 

Ln 
N i 

10 
T , C i ) M " X ( 0 ) 

M l 2 i ^ ( 0 , C i ) M w : L ( T ) 
( 1 0 . 6 ) 

As a t any p a r t i c u l a r t e m p e r a t u r e t h e r a t i o o f M - ^ 1 ( T , G ^ ) / 

M ^ ^ t O j C i ) i s a lways s m a l l e r t h a n M N i ( T ) / M N l ( 0 ) so t e r m i n 

square b r a c k e t s i n e q u a t i o n 10*6 i s l e s s t h a n one and hence 

t h e v a l u e o f A i n e q u a t i o n ( 1 0 . 6 ) i s n e g a t i v e . U s i n g e q u a t i o n 

( 1 0 , 5 ) t h i s l e a d s t o v a l u e s o f oC- s m a l l e r t h a n those o b t a i n e d 

i n c a l c u l a t i n g t h e v a l u e s o f ( L . H . S . ) and ( R . H . S . ) . From 

t a b l e (9*5) i t i s o b v i o u s t h a t o n l y i n t h e case o f t he 2 . 7 1 a t °t 

V sample a t 30 and 50K and the 3 .92 a t % V sample a t 30 , 50 

and ?0K i s t h i s a p p l i c a b l e . For a l l o t h e r c o m p o s i t i o n s and 

t e m p e r a t u r e s t h e e f f e c t o f t h e c o r r e c t i o n i s t o make t h e 

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

e q u a t i o n sugges t ed by Hausmann i s n o t g e n e r a l l y v a l i d and the 

agreement f o u n d by h i m u s i n g o n l y room t e m p e r a t u r e r e s u l t s 

f o r NiFe and NiCo i s n o t a s u f f i c i e n t s u p p o r t f o r the accuracy 
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FIG. (10-1 ) la) The variation of 
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lb) The variation of oi\ with 

respect to the atomic No 

Values for Ni Mo shown by symbol • 
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alloys. The values for Ni Mo are shown by symbol • 
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o f t h e e a u a t i o n . I t i s perhaps n o t t o o s u r p r i s i n g t h a t 

t h e e q u a t i o n s h o u l d be f o u n d t o be i n a d e q u a t e . I t i s based 

on e m p i r i c a l e x p r e s s i o n s f o r a n i s o t r o p y and r e s i s t i v i t y and 

i t does n o t i n c l u d e t h e c o n s i d e r a t i o n o f any mechanism t o 

connec t v a r i a t i o n s o f one w i t h t h o s e o f the o t h e r . A more 

adequate t r e a t m e n t must a w a i t t h e deve lopment o f t h i s aspec t 

o f t h e o r y and some s u g g e s t i o n s about the way i n w h i c h t h i s 

m i g h t be done a re made i n s e c t i o n ( 1 0 . 4 ) . 

1 0 , 4 M i n o r i t y S p i n R e s i s t i v i t y and Magnet ic A n i s o t r o p y 

The v a l u e s o f j P , ( t ) , g ( 4- ) and t a b u l a t e d 

i n t a b l e (9*6) have been p l o t t e d a g a i n s t t h e a tomic number 

f o r Vfc i m p u r i t i e s i n n i c k e l i n f i g u r e s ( 1 0 . 1 ) and ( 1 0 . 2 ) . 

As can be seen i n t h e r e s u l t s o f P t he v a r i a t i o n i s q u i t e 

smooth f r o m Cu t o Mn and a f t e r t h a t t h e r e i s a sudden change 

t o h i g h e r v a l u e s i n t h e case o f C r , V and T i . The e f f e c t 

has been d i s c u s s e d by F r i e d e l (1953 , 1963) i n t h e f o l l o w i n g 

way; 

As Cu, Co, Fe and Mn have n u c l e a r charges w h i c h d i f f e r 

f r o m t h o s e o f t h e m a t r i x N i t h e y m i g h t be expec t ed t o produce a 

p e r t u r b a t i o n t o s u b t r a c t a bound s t a t e f r o m the f u l l h a l f o f 

t he d band and move i t t o w a r d s h i g h e r e n e r g i e s . I n t h e case 

of t h e s e e lements however , i t w o u l d appear t h a t t h e change i n 

energy p roduced was n o t enough t o move the s t a t e t h r o u g h t h e 

Fe rmi l e v e l , b u t when t h e i m p u r i t y e lement i s f u r t h e r away i n 

a tomic number f r o m t h e m a t r i x e lement N i t h i s d i f f e r e n c e be tween 

n u c l e a r cha rges would be s u f f i c i e n t l y h i g h t o ach ieve t h i s . 

I n t h e s e r i e s Cr , V and T i i n w h i c h t he d i f f e r e n c e i n Z i s 

e q u a l t o - 4 , ~5 and -6 r e s p e c t i v e l y t he p e r t u r b a t i o n i s q u i t e 



l a r g e and so t h e bound s t a t e w i l l pass t h r o u g h t h e Fe rmi 

l e v e l . T h i s s t a t e w i l l t h e n empty i t s e l f i n t o t he o t h e r 

h a l f o f t h e d - band w i t h o p p o s i t e s p i n d i r e c t i o n : see F i g . 

( 1 0 . 3 ) • Owing t o t he degeneracy o f t he d - band i t may 

accommodate t h e maximum v a l u e o f 5 e l e c t r o n s per atom i n i t . 

As t he s p i n s o f t h e s e e l e c t r o n s a re i n t h e o p p o s i t e d i r e c t i o n 

so the n e t cha rge i n ^ w o u l d be 1 0 y & i n t h i s p r o c e s s . 

I n t h e case o f Cr w h i c h has an anoma lous ly h i g h moment t h e 

d5 s t a t e has o n l y p a r t i a l l y been e m p t i e d and t h i s can i n t u r n 

be due t o t h e b r o a d e n i n g o f t h e d^ l e v e l i n t o a v i r t u a l l e v e l , 

t h r o u g h resonance w i t h t he c o n d u c t i o n band* Tha t i s why i n 

F i g u r e ( 1 0 . 2 ) , a l a r g e r e s i s t i v i t y f o r Cr can be seen* 

3 d m 
3d(*) 

y 
y 
y 
y 

Bound state 3 d m y i 
y I 

4 £ y 
I 
! 
I 

! 

F i g . ( 1 0 . 3 ) I l l u s t r a t i o n o f V i r t u a l bound s t a t e ( a f t e r 
F r i e d e l ) . 
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The same mechanism may a p p l y i n t h e case o f r e s i s t i v i t y 

o f V and T i as has been shown i n F i g . ( 1 0 . 2 ) . 

I n t h e case o f t h e v a l u e s t he change i s n o t so s h a r p , 

even t h o u g h a t ' Cr a maximum i n o -̂ i s o b s e r v e d . L o o k i n g 

back t o t h e c u r v e f o r f {1) F i g . (10.1) i t i s seen t h a t t he 

s h a r p r i s e appears be tween Cr and V . T h i s i s a consequence 

o f f o l l o w i n g F a r r e l l and G r i e g (1968) i n d e c i d i n g on t h e i d e n t i 

f i c a t i o n o f t he components ^ ( t ) and f { \ ) o f j 3 • I n t he 

s o l u t i o n o f e q u a t i o n s (9*20) and (9*21) i t i s n o t p o s s i b l e t o 

d i s t i n g u i s h t h e components w h i c h appear mere ly as t w o s o l u t i o n s 

o f t h e e q u a t i o n s . F a r r e l l a n d G r e i g (1968) chose t o a s s o c i a t e 

t h e l a r g e r s o l u t i o n w i t h t h e P ( t ) ( m i n o r i t y ) component f o r 

Cu, Co, Fe, Mn, V and T i , b u t t o o k the s m a l l e r s o l u t i o n f o r 

p ( t ) i n t h e case o f C r . T h i s c h o i c e was based on t h e i r 

knowledge o f t h e r e l e v a n t band shapes and p o s i t i o n s o f the 

bound s t a t e and s u p p o r t e d by t h e r e s u l t s o f some thermopower 

measurements . They s u g g e s t t h a t i n t h e case o f Cr t h e bound 

s t a t e is d e r i v e d f r o m t h e 3d ( v ) band and t h a t i t l i e s above 

t h e Fe rmi l e v e l . However, i n t h e case o f V and T i t hey c l a i m 

t h a t t h e bound s t a t e i s d e r i v e d f r o m t h e 3d ( 1* ) band and 

s i n c e i t l i e s w e l l above t h e Fe rmi l e v e l has a s m a l l e r i n f l u e n c e 

on r e s i s t i v i t y t h a n t h a t i n C r . I t i s n o t c l e a r why t h i s s h o u l d 

be so and t h e p o s s i b i l i t y o f V and T i b e h a v i n g i n a s i m i l a r way 

t o C r , as i n d e e d was sugges ted by F r i e d e l , i s w o r t h e x a m i n i n g . 

T h i s i n v o l v e s i n t e r c h a n g i n g the v a l u e s f o r P ( 4" ) and j ^ ( ^ ) 

shown i n t a b l e (9-6) i n t h e case o f V and T - , The r e s u l t s 

o f t h i s change i s shown i n F i g . (10.4) where i t can be seen 

t h a t t he and P ( t ) c u r v e s are o f c l o s e l y s i m i l a r f o r m . 
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I f t h i s i s f o l l o w e d t h e r e s u l t s g i v e a good degree o f 

s u p p o r t t o t he s u g g e s t i o n s o f Franse e t a l (1973) as 

d i s c u s s e d i n c h a p t e r ( 4 ) • I t w o u l d b r i n g i n t o agreement 

t h e r e s i s t i v i t y measurements and t h e i deas o f Furey (1967) 

on the o r i g i n o f t h e magnet ic a n i s o t r o p y o f N i . 

10 .5 D i s c u s s i o n o f M a g n e t i z a t i o n Measurements 

The main p u r p o s e o f p r e s e n t work was t o i n v e s t i g a t e t h e 

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

a n i s o t r o p y c o n s t a n t o f Ni w h i c h d i f f e r s f r o m o t h e r f e r r o m a g n e t i c 

t r a n s i t i o n m e t a l s w h i c h obey an o r d i n a r y M^ - lav*'. T h i s has 

been d i s c u s s e d i n t e rms o f e f f e c t s due t o changes i n t h e mean 

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

i n e l e c t r i c a l r e s i s t i v i t y , b u t i t was a l s o c o n s i d e r e d w o r t h w h i l e 

t o measure t h e m a g n e t i z a t i o n o f some NiV c r y s t a l s t o see what 

k i n d o f l aw w o u l d be a p p l i c a b l e t o t hem. The r e s u l t s o f t h i s 

i n v e s t i g a t i o n have a l r e a d y been shown i n f i g . ( 9 » l l ) « I t can 

be seen f r o m t h i s , t h a t t h e v a l u e s o f n f o r t he se a l l o y s are 

d e f i n i t e l y l e s s t h a n t h o s e o f pure N i and as t h e c o n c e n t r a t i o n 

i s i n c r e a s e d t h e v a l u e s o f n i s d e c r e a s e d . Ano the r i n t e r e s t i n g 

r e s u l t i s t h a t t h e v a l u e o f n passes t h r o u g h a maximum and a t 

v e r y low t e m p e r a t u r e s t e n d s towards a v a l u e between 10 and 15 ^ 

t h e v a r i a t i o n i n t h e v a l u e o f n showing a maximum a t about 130K 

and t h e n f a l l i n g a g a i n w i t h r i s i n g t e m p e r a t u r e . I t i s n o t 

p a r t i c u l a r l y s u r p r i s i n g s i n c e the 1 0 t h power law i s n o t expec ted 

t o h o l d f o r t e m o e r a t u r e s w h i c h are more t h a n a f a i r l y s m a l l 

f r a c t i o n o f t h e C u r i e t e m p e r a t u r e . The v a l u e s o f n f o r 5N and 

4N pure N i do n o t show such a peak and seem t o r e m a i n c o n s t a n t 

a t low t e m p e r a t u r e s w i t h a v a l u e o f s l i g h t l y over 6 0 . There 
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i s no r e a l i n d i c a t i o n o f a t endency t o f a l l a t low t e m p e r a t u r e s 

as i n t h e a l l o y s . C l e a r l y f u r t h e r i n v e s t i g a t i o n i s r e q u i r e d f o r 

t h e 0.98f and 2.Jlf vanad ium c o n t e n t a l l o y s so t h a t r e l i a b l e 

v a l u e s o f n may be c a l c u l a t e d f o r t h e s e . I t s h o u l d t h e n be 

p o s s i b l e t o observe how the l o w t e m p e r a t u r e v a l u e s o f n v a r y 

w i t h c o m p o s i t i o n and f o r wha t c o m p o s i t i o n t h e peak b e g i n s t o 

d e v e l o p . Whether t h e r e i s a r e l a t i o n between t h e s e peaks and 

t h o s e , w h i c h we re obse rved a t abou t 120K i n the r e s i s t i v i t y 

measurements on these a l l o y s and are d i s c u s s e d i n c h a p t e r (9), 

i s w o r t h y o f f u r t h e r i n v e s t i g a t i o n . I n t he case o f pure N i no 

peak i s f o u n d and t h e r e s i s t i v i t y / t e m p e r a t u r e c u r v e shows no 

anomaly . Should such a c o n n e c t i o n be f o u n d i t wou ld g i v e a. 

f u r t h e r l i n k be tween a n i s o t r o p y and r e s i s t i v i t y v a r i a t i o n s . 

10.6 C o n c l u s i o n s 

The a im o f t h e p r e s e n t w o r k was p r i m a r i l y t o i n v e s t i g a t e 

t h e anomalous t e m p e r a t u r e dependence o f t he f i r s t a n i s o t r o p y 

c o n s t a n t o f N i and t o t e s t f u r t h e r s u g g e s t i o n s w h i c h were g i v e n 

by s e v e r a l i n v e s t i g a t o r s , c h a p t e r (4)> t o r e l a t e anomaly t o the 

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

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

c o n s t a n t o f N i and NiV a l l o y s gave a good s u p p o r t f o r such a. 

c o n n e c t i o n and showed t h a t t h e w o r k of Hausmann and W o l f (1971) 

i s a l s o a p p l i c a b l e f o r NiV a l l o y s . A l so t h e c a l c u l a t i o n s on 

t h e magnon vacuum s t a t e c o n s t a n t K-j-y showed a. s i m i l a r r e s u l t t o 

Hausmann and W o l f ' s b u t w i t h a d i f f e r e n t v a l u e o f n . F u r t h e r 

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

ments i n d i c a t e s , i f t h e changes i n i d e n t i f i c a t i o n o f £ ( t ) and 

f ( ^ ) can be j u s t i f i e d , t h a t a mechanism may e x i s t w h i c h can 



- 1 0 5 -

e x p l a i n the l i n k be tween the f i r s t m a g n e t o - c r y s t a l l i n e a n i s o t r o p y 

c o n s t a n t o f N i and the mean f r e e pa th o f t h e c o n d u c t i o n e l e c t r o n s 

T h i s i n f a c t i s i n l i n e w i t h t h e t h e o r y o f a n i s o t r o p y o f Furey 

(1967) » w h i c h has r e c e n t l y r e c e i v e d f u r t h e r t h e o r e t i c a l s u p p o r t 

f r o m Kondorsky (1974)* A c c o r d i n g t o t h i s t h e main c o n t r i b u t i o n s 

t o t h e a n i s o t r o p y energy o f N i a r i s e f r o m s c a t t e r i n g processes 

i n t h e 3d m i n o r i t y energy s t a t e s w h i c h a re c l o s e t o the Fermi 

l e v e l near t h e p o i n t X i n t h e B r i l l o u i n Zone. I n t h e i r t r e a t 

ment o f t h e r e s i s t i v i t i e s o f d i l u t e Ni a l l o y s F a r r e l l e t a l . 

(1968) and F e r t e t a l . (1971) have a l s o shown t h e va lues o f 

P ( m i n ) t o be d e t e r m i n e d t o a l a r g e e x t e n t by t he s c a t t e r i n g 

o f t h e m i n o r i t y s p i n c o n d u c t i o n e l e c t r o n s i n t h e m i n o r i t y 3d 

energy s t a t e s . T h i s means t h a t an i n t e r p r e t a t i o n based on 

t h i s t y p e o f band t h e o r y approach may be t h e c o r r e c t one . 

The a n i s o t r o p y and r e s i s t i v i t y measurements have a l s o been 

used t o t e s t t he g e n e r a l v a l i d i t y o f Hausmann's r e l a t i o n between 

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

and t h e r e s i s t i v i t y P w i t h t e m p e r a t u r e . These i n d i c a t e t h a t 

t h e r e l a t i o n i s n o t g e n e r a l l y v a l i d and i t w o u l d perhaps be 

r a t h e r s u r p r i s i n g i f i t were c o n s i d e r i n g t h e v a r i o u s f a c t o r s 

i n v o l v e d i n v a r i a t i o n o f K-̂  and j> ove r a l a r g e t e m p e r a t u r e range 

T h i s c o n c l u s i o n does n o t , however , t h r o w any l i g h t on t he p r i n c 

i p a l mechanism f o r v a r i a t i o n o f these q u a n t i t i e s . 

An i n v e s t i g a t i o n o f t h e v a r i a t i o n o f t h e f i r s t a n i s o t r o p y 

c o n s t a n t w i t h m a g n e t i z a t i o n has i n d i c a t e d t h a t a t low t e m p e r a t u r e ; 

t h e r e s u l t s f o r t h e more c o n c e n t r a t e d NiV a l l o y s f o l l o w a power 

l a w w i t h n a p p r o a c h i n g 10 i n c o n t r a s t t o pure N i , I t was a l s o 

f o u n d t h a t t h e v a l u e o f n v a r i e s w i t h t e m p e r a t u r e and, i n t he 

t e m p e r a t u r e range o f i n t e r e s t , i s a lways l e s s t h a n the v a l u e 
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f o r pure N i . A p a r t i c u l a r l y i n t e r e s t i n g o b s e r v a t i o n i s t h a t 

n passes t h r o u g h a peak a b o u t 120 - I3OK. I t may no t be 

m e r e l y c o i n c i d e n c e t h a t t h i s peak o c c u r s a t a t e m p e r a t u r e c l o s e 

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

e r a t u r e c u r v e s o f NiV o f h i g h e r vanadium c o n t e n t t h a n 1 a t 

T h i s may be due t o oxygen c o n t a m i n a t i o n o r t o some more f u n d a 

m e n t a l e f f e c t , b u t t h i s has n o t been e s t a b l i s h e d f r o m t h e p r e s e n t 

w o r k . 

10.7 S u g g e s t i o n s 

I t i s c l e a r t h a t a l t h o u g h t h e p r e s e n t w o r k has enab led 

some c o n c l u s i o n s t o be drawn t h e r e i s s t i l l room f o r f u r t h e r 

i n v e s t i g a t i o n . o f a number o f a s p e c t s . The f o l l o w i n g appear t o 

be u s e f u l l i n e s f o r f u r t h e r d e v e l o p m e n t . 

1) L o o k i n g back a t t h e r e s u l t s o b t a i n e d i n f i g . (10.3) f o r e * 

v a l u e s s u g g e s t s t h a t f u r t h e r a n i s o t r o p y measurements on N i Mn 

and N i T i a l l o y s a re needed i n o r d e r t o check w h e t h e r t h e v a l u e s 

o f <?< c o r r e s p o n d i n g t o N i Mh and N i T i w i l l l i e on the cu rve o f 

f i g .(10.3) o r n o t . 

2) C o n s i d e r i n g f i g s . (10.1) and (10.3) f o r m i n o r i t y s p i n 

r e s i s t i v i t y s u g g e s t s t h a t a f u r t h e r i n v e s t i g a t i o n , b o t h t h e o r e 

t i c a l and e x p e r i m e n t a l , w o u l d be v a l u a b l e t o d e c i d e w h e t h e r the 

c h o i c e o f s p i n - m i n o r i t y and s p i n - m a j o r i t y r e s i s t i v i t i e s adopted 

by F a r r e l l and G r i e g (I96S) i n t h e case o f V and T i i s r i g h t . 

I f t h e s u g g e s t i o n t h a t t h e s p i n - m i n o r i t y r e s i s t i v i t y i n t h e case 

o f V i s t h e s m a l l e r component (as a l s o s u p p o r t e d by F e r t and 

Campbe l l (1971)) t h e n i t may be t h a t t he same a p p l i e s i n t h e case 

o f T i as sugges t ed i n s e c t i o n (10.4). T h i s r e q u i r e s f u r t h e r 

s t u d y , b u t i f i t i s f o u n d t o be c o r r e c t g i v e s good s u p p o r t f o r 
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t h e p r o p o s a l o f Franse e t a l . ( 1 9 7 3 ) . 

3) As t h e r e are s e v e r a l ways t o change t h e mean f r e e p a t h 

o f t h e c o n d u c t i o n e l e c t r o n s i t wou ld be v e r y i n t e r e s t i n g and 

s t r o n g l y t o be recommended t o c a r r y o u t e x p e r i m e n t s i n w h i c h 

t h e mean f r e e p a t h i s cha rged by i r r a d i a t i o n ( e . g . u s i n g n e u t r o n s ) 

i n a p u r e N i c r y s t a l . The e f f e c t o f i r r a d i a t i o n can t h e n be 

examined by measurements on b o t h r e s i s t i v i t y and the f i r s t 

a n i s o t r o p y c o n s t a n t K-,. These t h e n can be compared w i t h t he 

v a l u e s o b t a i n e d f o r t h e s e t w o q u a n t i t i e s b e f o r e i r r a d i a t i o n . 

I t w o u l d be d e s i r a b l e t o g i v e a s e r i e s o f doses o f r a d i a t i o n t o 

t h e samples and t o measure K-j_ and J 3 a f t e r each measured dose . 

The r e s u l t s on 5N p u r i t y N i f o r b o t h r e s i s t i v i t y and a n i s o t r o p y 

f r o m J+.2K t o room t e m p e r a t u r e w h i c h are r e c o r d e d i n t a b l e s (9*1) 

and' ( 9 » 4 ) can be used as a s t a n d a r d c o m p a r i s o n . Recent work 

by A l l i a e t a l . (1974) has shown t h a t t h e r e i s a l ^ r g e change i n 

a n i s o t r o p y when N i c r y s t a l s a re bombarded by n e u t r o n s i n t h e 

presence o f a. magne t i c f i e l d . I t i s d i f f i c u l t t o i n t e r p r e t 

t h e i r r e s u l t s u n l e s s i n f o r m a t i o n i s a v a i l a b l e on t h e changes i n 

a n i s o t r o p y p roduced by i r r a d i a t i o n i n t h e absence o f a f i e l d and 

t h i s i s a n o t h e r good r e a s o n f o r c a r r y i n g o u t t h e measurements 

sugges t ed above . 

Hausmann e t a l . (1971) have s t u d i e d t h e e f f e c t o f o r d e r i n g 

on t he f i r s t magnet ic a n i s o t r o p y c o n s t a n t and r e s i s t i v i t y o f 

N i ^ Fe c r y s t a l s and have f o u n d a. s t r o n g c o r r e l a t i o n between the 

changes i n t h e s e two q u a n t i t i e s i n d i c a t i n g a common mechanism. 

I t w o u l d be i n t e r e s t i n g t o make s i m i l a r measurements on MiV and 

and o t h e r d i l u t e N i a l l o y s . 



- 1 0 2 -

4 ) By u s i n g a more s e n s i t i v e magnetometer , e . g . a v i b r a t i n g 

sample magnetometer , a s e r i e s o f m a g n e t i z a t i o n measurements on 

NiV and N i Mo a l l o y , f o r w h i c h e x p e r i m e n t a l measurements o f t he 

f i r s t a n i s o t r o p y c o n s t a n t are a v a i l a b l e , s h o u l d be made i n 

o r d e r t o f i n d t he e f f e c t o f i n c l u s i o n o f t h e t e r m i n square 

b r a c k e t s i n e q u a t i o n ( 4 . 1 0 ) w h i c h was n e g l e c t e d a t low t emper 

a t u r e s and s m a l l c o n c e n t r a t i o n s . T h i s s h o u l d p r o v i d e a. method 

o f o b t a i n i n g more r e l i a b l e v a l u e s o f t h e c o e f f i c i e n t • 

Improvement i n t h e a c c u r a c y o f measurement o f M(T) w o u l d 

e n a b l e a b e t t e r t e s t t o be made o f how t h e f i r s t a n i s o t r o p y 

c o n s t a n t K]_(C,T) f o r t h e s e a l l o y s v a r i e s w i t h m a g n e t i z a t i o n M ( T ) . 

T h i s was t r i e d o n l y f o r the NiV a l l o y s w i t h h i g h e r vanadium 

c o n t e n t and the r e s u l t s a re shown i n F i g . ( 9 * 1 1 ) • The r e s u l t s 

c o u l d be used t o d e t e r m i n e t h e v a l u e o f n i n a power law f o r 

l o w e r vanad ium c o n c e n t r a t i o n s . I t w o u l d be i n t e r e s t i n g t o 

know w h e t h e r t h e v a l u e o f n shows a s i m i l a r v a r i a t i o n w i t h temp

e r a t u r e p a s s i n g t h r o u g h a peak o r t ends t o w a r d s t he c u r v e f o r 

p u r e N i as t h e vanad ium c o n t e n t dec rea se s . A l so i t i s p o s s i b l e 

by t h e r e l a t i o n o f K ( T ) = K j y C T ) ( M { T ) / M ( 0 ) ) 1 0 t o f i n d how the 

v a l u e o f K j y ( T ) f o r t h e s e a l l o y s v a r i e s w i t h r e s p e c t t o t emper 

a t u r e . 

5) F u r t h e r c o n s i d e r a t i o n s h o u l d be g i v e n t o the e f f e c t o f 

i n c l u d i n g t h e h i g h e r o r d e r t e r m s i n the d e r i v a t i o n o f t he 

t e n t h power l aw f o l l o w i n g Kausmann's method ( s e c t i o n 1 0 . 3 ) . 

6 ) E x p e r i m e n t s on r e s i s t i v i t y and a n i s o t r o p y c o u l d u s e f u l l y be 

p e r f o r m e d w i t h t h e samples under u n i f o r m p r e s s u r e s . The e f f e c t 

o f p r e s s u r e on t h e a n i s o t r o p y o f Mi and Fe has been s t u d i e d by 

Franse (1969) and a r e v i e w o f the e f f e c t s on t h e r e s i s t i v i t y o f 
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some methods has been g i v e n by Me?den ( 1 9 6 6 ) . I n t e r p r e t a t i o n 

o f t h e r e s u l t s m i g h t , however , be r a t h e r d i f f i c u l t owing t o 

t h e changes i n band s t r u c t u r e t h a t w o u l d u n d o u b t e d l y t a k e p l ace 

unde r p r e s s u r e * 
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Phys i c s and E l e c t r o n i c s has been most v a l u a b l e . I have been 

g r a t e f u l a l s o f o r h e l p by M r . T. Brown ( U n i v e r s i t y of Cambridge) 
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APPENDIX 1 

Programme used f o r e v a l u a t i o n o f 

E q u a t i o n ( 8 . 1 ) can be w r i t t e n as f o l l o w s : 

Y i = A s i n 4 ( © i + D) + B s i n + D) + E± f i = l , . . . n ( A l 

i n w h i c h s u b s c r i p t i d e s c r i b e s a p a r t i c u l a r t o r q u e r e a d i n g o u t 

o f t h e s e t o f n such r e a d i n g s i n a I S O 0 r o t a t i o n , D i s an unknown 

s y s t e m a t i c e r r o r i n t h e measurement o f angle and t h e E]_, . . . . . . 

E n a re n i n d e p e n d e n t n o r m a l d e v i a t i o n s w i t h mean zero and va r i ance 

These e q u a t i o n s are c o n v e n i e n t l y summarized i n t h e m a t r i x 

f o r m o f e q u a t i o n s as f o l l o w s : 

Y = X/P+ E 

s i n ^ O x + D ) s i n S ^ + D ) 

E 
2 

where 

I A 

Y = X = 

Y n-1 
Y n s i n 4 ( 8 n + D ) s i n 8 ( 9 n + D ) S n 

Then, f o r each f i x e d D, t h e v a l u e o f y3 t h a t m i n i m i s e s t he e r r o r 

sum o f squares 

S = (Y - 1/0 ) T ( Y - JL/3) 

i s g i v e n by 
A 

1 „T = (x L x) 
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where T denotes t r a n s p o s i t i o n of a m a t r i x . See f o r example 

M a r t i n ( 1 9 7 1 ) . 

I t i s a l s o w e l l known t h a t 

E ( / 7 ) - E 

v a r i a n c e ( ) - E ( / ? - / ? ) ( f i - / 3 ) T = / (xh)'1 

and t h e m i n i m i s e d sum o f squares i s 

(n - 2 ) £ 2 = (Y - X / ) T ( Y - X / ? ) 

The f a c t o r ( n - 2 ) o c c u r s s i n c e i n t h i s p r o b l e m t h e r e are o n l y 

two degrees o f f r e e d o m . 

Now, t h e most p r o b a b l e e s t i m a t e o f D may be o b t a i n e d by 
2 

m i n i m i s i n g ^ ~ w i t h r e s p e c t t o D. However, s i n c e we a r e 

i n t e r e s t e d i n o b t a i n i n g t h e most e f f i c i e n t e s t i m a t e o f B we 

choose t o m i n i m i s e v a r i a n c e B w i t h r e s p e c t t o D. T h i s was 

c a r r i e d o u t by a d i r e c t s ea r ch p rocedure f o l l o w e d by a b i n a r y 

-chop t o l o c a t e t he minimum. T h i s p rocedure was used and t h e 

programme c a l l e d (Regress ) has been g i v e n b e l o w . 



- 1 1 8 -

1 r e g r e s s 
1 COMMON Y ( 5 0 ) , T H E ( 5 0 ) , X A ( 5 0 ) , X B ( 5 0 ) 
2 R E A D ( 5 , 1 0 1 ) W 
3 DO 1 l = l , N 
k 1 R E A D ( 5 , 1 0 0 ) Y ( 1) 
5 1 0 0 F O R M A T ( F 6 . 2 ) 
6 DO 2 l = l , N 
7 2 R E A D ( 5 , 1 0 2 ) T H E ( I ) 
8 102 F O R ; ; A T ( F 6 . 2 ) 
9 1 0 1 F O R M A T ( 1 2 ) 

1 0 DO 3 l = l , N 
1 1 3 T H E ( I ) = T ! I E ( I ) / 5 7 . 2 9 5 7 8 

1 1 . 6 D E L = . 0 0 0 1 
1 2 D = 0 . 0 
1 3 C A L L R E G ( N , 3 E T A , 3 E T 3 , A , B , C , D ) 
lk V=C 
1 5 D=D+DEL 
1 6 11 C A L L R E G ( N , B E T A , B E T 3 , A , 3 , C , D ) 
1 7 VNU=C 
1 8 I F ( V N U . G T . V ) GOTO 1 0 
1 8 . 5 V=VNU 
1 9 D=D+DEL 
2 0 GOTO 11 
2 1 1 0 DUP=D 
2 2 D=D~DEL 
2 3 1 3 C A L L R E G ( N , 3 E T A , B E T 3 , A , B , C , D ) 
2k VNL = C 
2 5 - I F ( V N L . G T . V ) GOTO 1 2 
2 5 . 5 V=VNL 
2 6 D=D-~DEL 
2 7 ' GOTO 1 3 

• 2 8 1 2 PLO = D 
2 9 1 6 D = 0 . 5 * ( D U P + D L O ) 
3 0 C A L L R E G ( N , S E T A , 8 E T 3 , A , 3 , C , D ) 
3 1 l F ( V N U ~ C . G . T . V N j L ~ C ) GOTO lk 
3 2 DLO=D 
3 5 1 7 I F ( A B S ( D U P - D L O ) . L T . 0 . 0 0 0 0 1 ) GOTO 1 5 
3k GOTO 1 6 
3 5 1 4 DUP=D 
3 6 GOTO 1 7 
3 6 . 5 1 5 CONTINUE 
3 7 W R I T E ( 6 , 1 0 8 ) 
3 8 U i U T E ( 6 , 1 0 5 ) 3 E T A , A 
3 9 W R I T E C 6 , 1 0 6 ) 3 E T B , C 
3 9 . 5 V / R I T E ( 5 , 200 ) D 
3 9 . 6 2 0 0 F G R M A K / E 2 0 . 5 ) 
kO W R I T E ( 6 , 1 0 7 ) B 
kl 1 0 8 F O R U A T ( / 2 5 H 6 S C O N F I D E N C E INTERVALS) 
k2 105 FORMATCA! ! A = E 1 3 . 5 , i * H + / - - E 1 U . 5 ) 
kl 1 0 6 F U R M A K A H 3= E13.5 ,1»H + / - E 1 U . 5 . ) 
kk 1 0 7 F O R M A T C / l l U C Q R R E L A T I O N E 1 6 . 5 ) 
kS STOP 
Ufi END 
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1*7 SUBROUTINE R E G ( M , 3 E T A , 3 E T B , A , 3 , 0 , 0 ) 
1*8 COililON Y ( S 0 ) # T i ! £ ( 5 0 ) , X A ( 5 0 ) , X 3 ( 5 0 ) 
1*9 DO 3 1=1,N 
50 XA( 1 ) = 3 h J U . 0 * ( T ! ! E ( 1 ) + D ) ) 
51 3 XLJC 1 )=3 1.JC S - 0*CTHEC 1 ) + D ) ) 
52 SAA=0 .0 
53 S A 3 = 0 . 0 
5h 3 3 3 = 0 . 0 
55 S Y A = 0 . 0 
55 3 Y 3 = 0 . 0 
57 DO 5 1 = 1,N 
58 3 A A = 3 A A + X A ( 1 ) * X A ( 1 ) 
59 3 A B = 3 A B + X A ( I ) * X B ( 1 ) 
60 S 3 B = S B B + X 3 ( I ) * X 3 ( 1 ) 

.... 61 SYA = 3 Y A + X A ( 1 ) * Y ( 1 ) 
62 5 SYG = 3Y3 + X B ( I ) * Y ( I ) 
63 D E T = S A A * S C i 3 ~ S A B * S A 3 
65 101* F 0 R U A T U E 1 5 . 5 ) 
66 A = S B 3 / D E T 
67 B=~SA3/DET 
68 C = 3 A A / D E T - -

69" 3 E T A = A * 3 Y A + 3 * S Y 3 
70 3 E T 3 = B * S Y A + C * S Y B 
71 3 - 0 . 0 
72 DO fi 1=1,N 
73 Z = Y( l i ) - 3 E T A * X A ( l i ) - B E T B * X B ( ! ) 
71* 5 s=s+z*z 
75 S = S / ( v i ~ 2 ) 
76 A = S Q R T ( A * S ) 
77 C = S O . R T ( C * S ) 
78 B = B / ( A * C ) 
79 RETURN 
80 END 

END OF F I L E 
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APPENDIX 2 

Programme used f o r e v a l u a t i o n o f n 

E q u a t i o n (9*1) can be w r i t t e n as f o l l o w s 

Ln K i ( T , C ) = L n K l ( 0 , C ) - ( T / T 0 ) n 

Then c h o o s i n g a v a l u e o f T 0 - 100 f o r conven ience and a g a i n 

t a k i n g l o g s o f b o t h s i d e s t h e above e q u a t i o n can be w r i t t e n 

as f o l l o w s : 

Ln Ln K X ( 0 , C ) / K 1 ( T , C ) - n L n ( T / 1 0 0 ) + c o n s t a n t . 

The e q u a t i o n i s t h a t o f a s t r a i g h t l i n e and the s l o p e o f t h i s 

l i n e g i v e s t he v a l u e o f n . To do t h i s f o r each v a l u e o f T 

t h e c o r r e s p o n d i n g v a l u e o f K]_(T,C) was f e d i n t o t h e computer 

and a l e a s t sauaresprogramme was w r i t t e n t o g i v e t h e b e s t l i n e 

t h r o u g h t h e a v a i l a b l e p o i n t s . The programme f o r c a l c u l a t i o n 

o f n f o r a NiV a l l o y c r y s t a l c o n t a i n i n g o f 6 .72 a t % V has been 

shown b e l o w . I n t h i s A = tt, X = T , Y - ^ ( T . C ) , K 1 ( 0 , C ) = 9*05, 

B = c o n s t a n t , X ( I ) = L n ( T / l O O ) and Y ( I ) = L n L n [ K i ( O s C ) / K ^ T , 
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1 DIMENSION X ( 5 0 ) , Y ( ? n ) . . ' . 
2 • DAT* X / U . \ l " . , , ^ w ? n . , / 7 S , / 7 7 . , / 3 n . , , 7 i n . , / 
* 1 1 * 0 . , ^ * n . , / 1 7 r . , / ? i r » . , , ? l o . A 
t| DATA Y / n w / ? . P / F . 7 . P / / 5 . r ; / ' # 5 . \ « i . > V , i i . ? i B ^ . ' » j R 
* i l . ^ / V . * , ? , . V ? , . * 1 , . V*5,."V5V 
k K=n . 
7 suMX=n. 0/ 
8 SUMY=n.O/ 

10 C I I M V Y s O , 

* J HO m l = l , K . . 
i? x n >=aL nnrxri v 1 ' . ' 0 . ^ 
I T Y ( l )=*LOGf M.OGfo. 'y: /Y( ? ) ) ) 

<?UMX=?ur,x+x( I •) 
15 SUMY«?l'MY+Yf! ^ • -
IP SUMXY=S!'VXY + Xn H Y ( f ) 
17 < ; u ^ x Y = Q ' ' M v v + y c n **? 
18 10 CONTIMUE 
10 DENOM='<* cM»'yY..cijvy**? 

A=f K*9 f 'V Y Y-SU M X*S" , - *V} /HFNOM 
R = r ^MMY*<;i!MY"Y-'St|MY*?llMXY^ /HCMf lM 
W l̂ TE ( P / 7 ) ^ / ^ 

1 c O R M A T ( / ? n x /

 l A = « , F 1 , . 5 / / ? n X , l 3 = ,

/ E 1 ? . f i / ) 
STOP 
END 



A P P E N D I X 3 

Programme used f o r e q u a t i o n ( 9*3 ) 

U s i n g T 0 = 100 and n = 1.5 e q u a t i o n (9*1) w i l l be w r i t t e n as 

f o l l o w s : 

L n f K 1 ( T , C ) /lOOo] = L n [ K i ( 0 , C ) /lOOo] - ( T / l O O ) 1 * 5 

T h i s i s a s t r a i g h t l i n e o f t h e f o r m 

Y ( I ) = A X ( I ) + B 

and a l e a s t squares programme was used f o r t he b e s t l i n e t o 

pass t h r o u g h t h e a v a i l a b l e r e s u l t s . A t y p i c a l programme i n 

t h e case o f a. NiV a l l o y w i t h 6 .?2 a t f V has been g i v e n below 

i n w h i c h X « ( T / 1 0 0 ) 1 « 5 and Y - L n [ ^ ( T . C ) /1000 J . 

The v a l u e o f A f r o m t h i s programme g i v e s t h e s l o p e o f t h i s l i n e 

whereas t h e v a l u e o f B g i v e s t h e b e s t v a l u e f o r L n £ K-j_(0,C)/lOCC 

w h i c h was used i n s e c t i o n ( 9 * 1 . 4 ) f o r c a l c u l a t i n g t h e v a l u e o f o( 
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a l . ' l G O 

1 IMPLICIT R£AL*4 (A~ i i , 0 - Z ) 
2 DlllEiJC I. ON X ( i *0 ) ,Y ( i *0> 
3 DATA X / . 00S5, . 032 , . lok, . 353 , . 525 , . 6 7 6 , . 85U , 1 . 153, 1.1*82, 
It 11 . 83 7, 2 . 216 , 2 . u l 9 , 3.0143/ 
5 DATA. Y A . 5 ,2* . 2*8,1*. 3 3 , I*. 2 , 3 . 9 7 , 3 . 8 7 , 
6 1 3 . 7 5 , 3 . ! i 5 , 3 . , 2 . 6 , 2 . 1 , 1 . 6 2 , 1 . 1 / 
7 K=13 
8 3UiiX=0.0 
9 SUMY=0,0 

10 3Ui iXY=0 .0 
11 SUI'.XX = 0 .0 
12 3u." iXI=0 .0 
13 Jul iX 1=0.0 
If* DO 10 l = l , K 
15 3UMX=SUMX+X(1) 
16 3UMY=SJiJY + Y( ! ) 
17 SUMXY-3UMXY+XCI )*Y( I ) 
18 3UMXX=3UMXX+X(I)**2 
19 10 CONTINUE 
20 ' D E WOM= K* 3 UttXX ~ 3Li.' IX * * 2 
2 1 A«U*SUMXY~SUMX*3UMY)/DEN0M 
22 J : ( OJ. I ' * o'J! I A A " " O : . I i«* jo. I A 1 ) / Oii'.'i 01 i 
23 W RIT E ( 6 1 ) A 3 
2t* 1 FORMATc ' ' * ' /2OX, ' A = ' , L12 .G /20X , ' 3 = ' , E12 .6 ) 
25 END 

ND OF FILE 


