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ABSTRACT 

Interaction effects between solute atoms in some 

alloy systems have been - studied by magnetisation, susceptibility 

and resistivity measurements. 	The design and construction of 

a vibration magnetometer built for the magnetisation and 

susceptibility measurements is described in detail. 	The 

resistance measurements were made using standard potentiometric 

techniques. 

The systems investigated are the Rh based alloys of 

Fe and Co and the gold-rare earth alloys. 

Measurements on Rh-Fe alloys have been made to study 

the effect of the formation of the quasi-bound state on the 

onset of magnetic order in the alloys. 	This onset is indicated 

by clearly defined maxima in the susceptibility and anomalies in 

the resistance near the temperatures of the maxima for alloys 

with more than 3 at.% Fe. 	Cooling the alloys in a magnetic 

field produces displaced magnetisation curves indicating a 

distribution of internal fields that can be disturbed by an 

applied external field. 	The high temperature susceptibility of 

the alloys is interpreted in terms of a large temperature 

independent contribution and a temperature dependent term obeying 

Curie law. 
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The iso-electronic alloy system Rh-Co has been 

investigated with Co concentrations up to a maximum of 11 at.%. 

No sign of magnetic order has been observed down to 1.6°K. 

There is a large increase in the total susceptibility of the 

alloys due to the addition of Co. 	This behaviour is similar 

to that found in Rh-Fe alloys but the temperature dependence is 

much weaker. 

Measurements on some fairly concentrated gold-rare 

earth alloys have been made in a search for the effect of 

interactions between solute atoms on the magnetic properties 

of the alloys. 	The measurements reported here show that 

interaction- effects in these alloys with concentrations of 

rare earths within the solubility limit are rather weak. 	An 

interpretation of the susceptibility in terms of the crystal 

field splitting of energy levels is given. 	The low temperature 

resistivity of the alloys has been interpreted in terms of the 

temperature dependent s-f scattering from the crystal field 

split energy levels. 
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INTRODUCTION  

The study of magnetism in metals is an important tool 

for the investigation of the electronic structure of metals, 

the properties and behaviour of electrons in metals and their 

interactions with each other. Magnetic order in pure metals, 

such as the 3d transition series elements, is a complex pheno-

menon because of the nature of the various types of interact-

ions involved. In fact, the magnetism of some classical ferro-

magnets, iron for example, is still not well understood (Herring, 

Magnetism, Rado & Suhl (Editors) vol.2) 

Dilute alloys in principle, provide situations which are 

in some ways simpler. The investigation of systems in which a 

small concentration of magnetic atoms is dissolved in a non-

magnetic host matrix can lead to very useful information about 

the magnetic properties of the isolated magnetic atom and its 

interactions with the conduction electrons. Many interesting 

effects have been observed in dilute alloys which have led to 

considerable theoretical understanding of their electronic 

structure. However, some of the observedphenomena in dilute 

alloys are still not well understood. 

Progress towards an understanding of magnetism can be 

made through the study of systems in which the concentration 
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of the magnetic solute atoms is systematically varied. For 

instance, the manner in which magnetic order occurs as a 

function of concentration not only provides useful information 

about the possible mechanisms of interactions between the atoms, 

but is also related to the magnetic state of the atoms in the 

dilute limit, and the electronic structure of the host metal in 

which it is dissolved. 

A classification of the various alloy systems according 

to the nature of the host matrix and the magnetic state of the 

solute atom in the dilute limit has been attempted. The experi-

mental investigation has been made with a view to studying inter-

action effects between solute atoms in a few alloy systems 

representing particular members of the above classification. 

Chapter 1 reviews some theories of dilute alloys and the 

expressions derived by various authors for the magnetic suscepti-

bility and the electrical resistivity for these. The effect of 

the crystal field of the lattice on the properties of dilute 

alloys is discussed in Chapter 2. The basic mechanisms of 

interactions between solute atoms and the resulting modification 

of the susceptibility and the electrical resistivity are examined 

in Chapter 3. In Chapter 4, a survey of the some of the existing 

experimental data classified according to the nature of the host 

matrix and the magnetic state associated with the solute atom is 
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given. In Chapter 5 the vibration magnetometer built for the 

magnetisation and susceptibility measurements is described. 

Experimental details' are also included in this chapter. The 

results of measurements on Rh - Fe and Rh - Co alloys are 

presented and discussed in Chapter 6, and gold-rare earth alloys 

are similarly treated in Chapter 7. 
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CHAPTER I_ 

LOCALISED MOMENTS OF SOLUTE. ATOMS IN  
DILUTE ALLOYS  

Introduction  

The state of magnetisation of a given isolated solute 

atom in an alloy is a function both of the nature of the sol-

vent matrix and the type of magnetic shell of the free atom. 

In the case where the unfilled shell is well localised and 

tightly bound, the effect of the matrix on the state of mag- 

netisation of the solute is small. 	The 3d transition series 

atoms,, however, show large variations in their magnetic pro-

perties when in solution in a metallic matrix due to the large 

interaction between the extended 3d wave function and the 

conduction electrons. 	Matthias et al (1) investigated the 

magnetisation of iron dissolved in various second row transition 

metals and their alloys. 	They found large variations in the 

magnetic moment per dissolved Fe atom as the electrons per atom 

ratio of the matrix was varied. 	Iron atoms were in fact found 

to carry no magnetic moment in certain solvents: 	This remark- 

able behaviour led to two different models being proposed to 

explain the effect. 	One of these was by Anderson (a), the other 
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was the treatment of Wolff (3) and a similar one by Clogston 

(4). 

Both these models are based an the earlier ideas of 

virtual bound state proposed by Friedel (5), who used them 

to explain the residual resistance of some alloys containing 

the first-row transition element solutes, 

Friedel Virtual Bound State 

Friedel considers the scattering of conduction electrons 

from a potential V(r) presented by the impurity atom having 

an excess charge Z. 	The incident free electron wave functions 

are analysed in spherical harmonics.. 	The effect of the 

scattering in terms of the phase shifts II of the radial parts 

of the kth  harmonics is calculated by solving the SchrOdinger 

equation and applying boundary conditions on the surface of a 

large sphere of radius R. 	From the resultant scattered wave 

function, the screening charge per unit k within the sphere is 

found to be 

(0  
d c))41-rr2dr 

2 = T. 

IL 

I 	d ,r, it 
( 2,t+1 	

, sin 	x—  
dk k 

    

cos(2kR+ 
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• where the degeneracy of 
nth spherical:_ component is taken into 

consideration. 

Integration of this expression for all k vectors up 

to kF  gives the total screening charge within the sphere, 

which, from neutrality condition, must be equal to Z, the excess 

impurity charge.. The oscillatory term gives a negligible con- 

tribution, hence the result becomes 

(21. 	1)/1
1,
(k 
	

1.2 

This can be interpreted in terms of a shift in the density 

of states of each ,Lth  component by an amount proportional to, 

d1 (E)/dE. 	The density of states is non-uniform and has a 

peak for a certain energy E where 

Z(21_ + 1)ciArk L(E)IciE 

is large.. 	This represents a virtual bound state and is loc- 

alised about the impurity. 

Friedel (5) qualitatively considers the possibility 

that the virtual bound state will split into two halves of 

opposite spin directions due to the exchange energy within the 

state. 	The splitting can only occur if the energy gain from 
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the splitting is more than the width W of the state. 	If p 

is the number of electrons in the d state and E is the aver-

age energy gained when two d electrons are in the same spin 

state, then the condition for splitting is 

pAE7W 	 1.3 

This is the same result as that obtained by a detailed 

calculation by Blandin and Friedel (6). 

Anderson Model  

Anderson (2) treated the problem by considering a sim-

plified case of a single localised d level of the impurity 

with an energy somewhere in the conduction band of the host 

matrix. 	An interaction V
kd 

between the conduction electrons 

and the d state causes the latter to broaden in energy and form 

a virtual bound state. 	The repulsive energy between the up 

and down state electrons causes the level to split into two halves. 

The relative magnitude of the splitting and width W of the level, 

and the position of the latter relative to the Fermi sea det-

ermines whether the state becomes magnetised or not. 

The Anderson Hamiltonian H can be written as 
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H = H
k 

+ H
d 
+ H

kd 

where 

Hk = 	ek aka aka a+ a ka 
k,o- 

is the energy of the free electrons of the conduction band 

c  
HA 	A  -Zo C C +uc+ c e du. du .  U.  -dT -0 - 	- 1 a  , 

is the energy associated with the single d orbital, U is the 

repulsion energy between the up and down spin electron, which 

keeps them apart and 

Hkd kir Ukd  (aka ccia. + Cdo- akd 
	1.6 

In the above second quantisation notation aka, aka  are the 

creation and annihilation operators for the conduction electrons, 

Cde Cdu those for the d level.. 

Hkd represents the energy of interaction between the 

conduction electrons and the d level. 	This mixing causes the 

d level to broaden to form a virtual bound state. 	The state 

has a lifetimeIT,which is related to the broadening L by ti. 1/e 

Anderson solved the Hamiltonian in the Hartree Fock 

self consistent field approximation. 	Using the single particle 

i.4 

1.5 



Green's function 

G( E + is) = 	
1  

+ is 	H) 

solution for the density of the d state gives 
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1.7 

1.8 

 

Ecr) 2+  A 2  ('i-- 

where the width A = Tr<V2>av 	VE)' is the modified 

density of states of the conduction electrons and E
cr 
 is the 

energy of the spin state V. 	Integration of this up to the Fermi 

energy gives the average number of electrons per spin state 

given by the two equations 

<1 
d+ 	

1 cot- 

and 
E 	+ U d+> 

1 cot-1 <n
d
> 	A 1.9 

If these two equations are solved simultaneously-l it 

is found that when the parameter U/A< 1 there is only one solu- 

tion possible giving (rid;›, 4c1;› 	For Uk,,>1, however, 

solutions giving <('nd+: / d-> are also possible. 
	This is, 

therefore, the condition for the state to be magnetised. 	The 

+ U 

A 
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EF —E 
other condition assumed to exist is that 04 < 1 

This means that the energy E of the unperturbed d state must 

not be more than an amount U below the Fermi level. 

Wolff-Clogston Model  

Friedel's ideas have been used in another approach to 

the problem of localised moments in the treatment of Wolff (3) 

and a similar one by Clogston (4), 	The problem is treated 

as a scattering of Bloch waves from a single impurity repre— 

sented by a potential V. 	The impurity electrons are assumed 

to be part of the conduction band. 

The treatment of Slater and Koster (7) is followed, 

where the total wave function is expanded in terms of Wannier 

functions constructed from a single band. 

1 U(R.
1
) a

n 
 (R o 
	1 - R.) 1.10 

 

Ri  

Further, the potential V is assumed to have no matrix 

elements between Wannier functions from different bands or those 

centred about any other site except the impurity. 	That is 

{1,:
a (R -R.)) Via (R -R.);› 	Vnn, Snn, S(Ri  -R0),c(Rj  -R0? 1.111 _ 
n o 1 	n' o j 



The solution for Tis given by the equation 

21 

r 	 
ktm 	LEm(k) - Ho  + is 

  

V 1 . 12- 

  

This formulation leads to a solution for the amplitude 

U(R0), which has a large value for a certain energy Eo. 	If 

E
o 

is outside the band in question, U(Ro
)--4 	one gets a 

real bound state.. 	If, however, E0  is within the band, U(R0) 

has a resonance maximum. 	This is the origin of the virtual 

bound state. 	Wolff proceeds from this idea to include in V, 

the potential UMnl in the same way as Anderson. 	He considers 

the same band structure as used by Slater and Koster, namely 

E(k) = 2€(1) [Cos(kx
a) + cos(k a) + cos(kza)] 	1.13 

and arrives at two simultaneous equations for the amplitudes 

Ut(P0) and U4  (R0). 	The effect of these, in the Hartree-Fock app- 

roximation, on the impurity field is calculated. 	Expressions for 

the potentials 81/.1, and 614 are obtained, and conditions for sol— 

utions with 81/4, f 814 are examined. 
	Apart from the initial 

approach to a virtual bound state, the treatment is similar to 

Anderson's. 
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The Kondo Effect  

An important development in the theory of dilute alloys 

was made by J. Kondo (8). 	He assumed a localised moment to 

exist, characterised by a spin S.. This interacts with the 

conduction electrons through an exchange interaction of the 

form 

ex 
	- JA. S 	s(o) 
	1.14 

where s(o) is the spin density of the conduction electron at 

the impurity site, J is the strength of the interaction, andJ1 

is the atomic volume. 	This Hamiltonian has been used earlier 

by Zener (9) Kasuya (10) and Yosida (1i), in treatment of the 

indirect interactions between solute atoms. 

Kondo calculated the effect of this interaction on the 

scattering amplitude of conduction electrons inthe second Born 

approximation, taking Pauli principle into account in the inter- 

mediate states of the second order terms. 	The author shows 

that two types of scattering processes can arise. 	One is a 

single electron scattering process and the other is a two electron 

scattering process. 	The interference between these two pro- 

cesses leads to a divergent scattering amplitude. 
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The first process is where a conduction electron with 

spin up, denoted by k+, is scattered to an intermediate state 

q_. The z-component of the spin of the solute Etom is 

increased by one unit in the process. The electron is then 

scattered into the final state 	and the solute atom spin 

flips back to its original state. This process contributes 

to the scattering amplitude by an amount 

j2vc  

N 

( 1 - fq) + - 
S s 	1.15 

(Ek- eq) 

where Vc  is the volume of the Wannier cell, J is the interaction 

constant, S+  and S-  are the raising and lowering operators 

for the spin state of the solute atoms, fq  is the Fermi function 

andA 	Eq  are the energies of the initial and the intermediate 

states of the conduction electron. 

In the second type of scattering process a background 

electron in the state q_ is first scattered to a state k:, and 

lowers the spin state of the solute atom by one unit. A.second 

electron, in the state lc+, now scatters from the solute atom, 

ends up in the state q and the solute atom flips back to its 

original spin state. This process gives rise to the scattering 



S S+ 	1.16 
(£k +£q 	Ek) 

J2Vc f 
q 

amplitude given by 
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If the scattering is elastic then the initial and 

the final states k and k' have the same energy, that is 

k =  Eki 
	The sum of the two scattering amplitudes gives: 

J
2
Vc 1  

E k - E q -÷ 

f [S-

Ek q 

 

1.17 

 

The first term is the usual result for the scattering 

amplitude in the second Born approximation. 	The second term 

gives a non-zero contribution because the spin operators S 

and S-/-  do not commute. 	At T=O, the summation can be easily 

performed 

EF 
f 
—2-- 	v (E F) L rk  -c q 

  

E -E dE  - -2.)(EF )In 
E-E. 	E k 

	F 1.18 

 

J 0  

 

This is the logarithmic divergence found by Kondo.. A proper 

calculation shows that this gives rise to a N('o)Jc Ln (T)' term 

in the resistance. 
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For negative J, the magnetic contribution to resist-

ance increases with decreasing temperature which combinedwith 

the phonon contribution gives a minimum in the total resistance 

at some temperature Tmin. 	This result explained the long 

standing anomaly of the resistance minimum found in many alloys 

(1?). 

The s-d interaction Hamiltonian was further investig-. 

ated by several people (12), (15),;  (14) who found that this 

interaction could lead to a bound state between the localised 

impurity and the conduction electrons below a temperature 

T
k 

=-T
F exp(1/1JI?) if the coupling of the local spins to the 

conduction electrons spins is antiparallel. 	This antiferro- 

magnetic coupling of the conduction electrons leads to a spin 

compensation of the local moment. 

The equivalence between the Anderson Hamiltonian and  

the s-d interaction Hamiltonian used by Kondo has been demon- 

strated by Schrieffer and Wolff (15). 	They have shown that 

when U/N >> 1 the Anderson Hamiltonian can be transformed 

into a form similar to s-d interaction Hamiltonian. 	They 

consider the Hamiltonian H as made of two parts 

H = Ho- Hkd- 
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where H consists of H
k 

+ H
d
t the Hamiltonians for the 

conduction band and the dstates respectively;and Hkd  is the 

Hamiltonian representing the mixing between the conduction 

electrons and the localised d state. 	H is transformed to 

H where 

H = e8  HCs  

= Ho  + [Hi  + [Hots] 	[111 ] + 	951 	2 + 1  RHots],sil 1.19 {  

and S is chosen such that 

H1 + [1-1ot  S1 	
= 0 

which eliminates H
1 to first order from H. 

	The leading inter-

action term in the resultant Hamiltonian is H2 where 

H2 	= -2, [Hi  , S1 

This term is second order in H1. 
	It can be expressed as a 

sum of four terms, the important one of these being an exchange 

term whose interaction constant, for k & k!=k
F' 

is given by 

  

2 	U  
E
d 
 (.8 

d
+ u) 

 

jkF
k
F 	

Jeff 

 

I_.20 

   

which is negative, representing an antiferromagnetic exchange 

between the conduction electrons and the d state spin. 	This 
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antiferromagnetic J
eff 

 arisingfrom  V
kd 

had been pointed out 

earlier by a number of workers including Kondo, de Gennes, 

Anderson and Clogston. 

Doubts on the validity of the Hartree Fock treatment  

of Anderson Hamiltonian have been raised by Schrieffer and 

Mattis (18). 	They argue that under the condition 11/1-,  > 

it is unreasonable to consider one electron as interacting 

with an average number of others, and that correlation effects 

must be taken into account. 	When the interaction time t/V 

is smaller than the time A4-1 	required for electrons to hop 

on or off the impurity, an electron on the impurity feels the 

instantaneous potential of the particular ionization state 

of the impurity at the time. 	These large fluctuationsposs- 

ible in the Hartree-Fock approximation are physically unreas-.  

onable. 	Correlation effects which keep the charge state of 

the ion neutral are important. 	These have the effect of 

keeping electrons apart in the unpolarised state. 	The add= 

itional energy upon spin polarization is therefore smaller 

than that calculated in the Hartree-Fock approximation. 
	They 

find that for a single, partly occupied d state orbital, the 

correlation energy tends to prevent the appearance of a moment: 



However, if there are two or more degenerate localised d 

orbitals on the impurity with probability of occupation by 

two or more electrons, (so that Hund's rule is operative)) 

the localised moment formation is easier. 

Expressions based on the theoretical models for 

localised moment have been derived by many authors for mac—

roscopic properties like magnetic susceptibility, electrical 

resistivity, specific heat, thermo power, etc. 	Some 

expressions for magnetic susceptibility and electrical res-

istivity are reviewed below. 

Magnetic Susceptibility  

Scalapino (19) has used Anderson's single non-degenerate 

d orbital model to derive an approximately Curie-Weiss behaviour 

of the susceptibility. 	The H
kd 

term in the Hamiltonian is 

treated as a perturbation in calculating successive order terms 

in the expansion of the free energy 

kT InZ 
	 1.21 
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where Z is the partition function. 	The susceptibility is 

given by 

= --02F/3H2X 
H=0 

The zero order susceptibility is 

)(,° 	+ AZ AT 

1.22 

1.23 

where % is the temperature independent conduction 

band contribution and V/kT is the contribution from a non- 

interacting impurity. 	The lowest order correction is from a 

term second order in V. 	This gives 

%
(2) 	(ke/kT) N(o)J • ti 

1.21+ 

where N(6) is the density of states at the Fermi level and J 

is the exchange interaction constant given by Eq. 1.20. 

The next order correction is a term fourth order in V. 

This gives a contribution 

7, ) 
= -- (1, 	[N(o)J] 2  Ln (kT/W) 	1.25 

The terms up to fourth order in V give a total con-

tribution to 7" of 
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= 2V + Ae/kT {1 + N(o)J + EN(o)J12  
P.  znA 1.26 

Scalapino argues that if higher order terms of the form 

,(2/kT N(o)J [N(o)J Qn (kT/W)] n  

are included, the susceptibility can be written as 

2V 	N(o)J  
P +A/kT {

1 	1-N(o)J kn (kTAV) 

The solution diverges when 

kT = W exp (1/N(o)J) (where W rzkTF) 

giving an unphysical result. 

1.27 

1.28 

By substituting Eq. 1.28 in Eq. 1.27 the result can be 

rewritten as 

(X/  + A42/kT [1 - 1/),n (T/Tk)] 	1.29 

The susceptibilities given by Eq. 1.26 and Eq. 1.29 

are shown in Fig. 1 for a few parameters N(o)J and Tk. 	It 

appears that Eq. 1.26 is qualitatively in better agreement with 

the type of susceptibility behaviour observed in systems like 

Cu-Fe (26) and Rh-Fe (25) than Eq. 1.29. 
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Fig.1 Inverse Susceptibility vs Temperature given by Eq.1.26 and Eq.1.29 
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Yosida and Okiji (20) have calculated the temperature 

dependence of a localised moment in the s-d interaction model 

using Rayleigh-Schroedinger perturbation theory. 	The moment 

<S 
z> 

is expanded in terms of the s-d perturbation 

+<s j2) ,Ks z>.(3) + <sjk) 	1.30 

where zeroth order term is S
zl and first order term vanishes.. 

The second order term is calculated to be 

= 2Sz(W2N)
2  In (kT/D) 	1.31_ 

where 'c)  = N(o) the density of states, and J/2N s Jeff 

The first two terms therefore give a total contrib- 

ution of 

)=. S- (1 	2(W2N)2  In (kT/D)) z 1.32 

Inclusion of.contributions from all the other terms gives 

<Sz> = Sz[l - N(o)J + N( o)J 	+ N(o)J In (IcT/D))+  .•] 
2  

Sz 	2N [1 - 	(I - 1/ [1 - C4-3"  In (kT/D)]] 	1.33 

This result shows that the average z component of the 

moment is reduced. 	However it is not clear what form of sus-

ceptibility behaviour can be obtained from this analysis. 
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Nagaoka (12) has attempted to analyse the Kondo problem 

by using an equation of motion method employing a decoupling 

schenefor double time Green functions. 	He has derived an 

expression for 'X/ for the case where the g factors of the 

local moments and conduction electrons are equal.. 	It is given 

by 

= (g2)4/3T)[S(S + 1) (1 + r/2) 4..‹s • se>] 	1.34 

Hamann  (13) has evaluated this expression and finds 

that for T 	Tx  

	

= 	xi o  [1 - 	(2T/Tio] 	 1.35 

where %' = C/T is the susceptibility of the free spin. 

Another calculation of the susceptibility has been 

made by M, S. Fulienbaum and D. S. Falk  (23)., using the 

s-d interaction model, They calculate the free energy F 

of the system to; order J2. 	Again the second derivative of 

F with respect to field H gives 

2 
2gQ13  S(S1-12) 

(J)--7v(0) 	(JVI1) 	 
3kT 

TrkT)1 
1+
Jeg  An (— 
2N 

2VD I 

 

1.36 .  

  

This can be rewritten as 

  

T [1+2(JT/N) (J?/N)2  tn g 1.37 
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Apart from the differences in the various expressions 

for the high temperature magnetic susceptibility there is a 

divergence of view among many authors about the behaviour of 

susceptibility at temperatures approaching zero. 	Some 

authors 	(21), (22) have suggested that the moment should 

be completely compensated so that the initial susceptibility 

at T=0 is finite. 	(A value of % = )t 2/3kTK  has been suggested 

(22).) Others (21) argue that as the moment is continuously 

reduced, the susceptibility increase will still diverge at 

T=0. 	Measurements on Mo-Co) (25) and Cu-Fe (26) are shown to 

support this view, but those on Rh-Fe and Ir-Fe (25) are thought 

to indicate a finite susceptibility. 

Electrical Resistivity  

An expression for resistivity having a logarithmic 

divergence was first derived by J. Kondo (8) as mentioned pre-- 

viously. 	The total resistivity of a dilute alloy is shown 

to be 

= 	sA c% (1 + (3zJ/€F) 	T) 	1.38 

where 1 L is the lattice term' 
 2 A is the potential scattering 

N 

• by the impurity. 	M  is the spin dependent magnetic scattering 
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c is the concentration of impurities, z the number of 

conduction electron per atom and EF is the Fermi energy. 

Subsequently more refined treatments of the Kondo 

problem have been attempted. 	Expressions showing an increase 

of resistance with decreasing temperature are obtained but 

the divergence at T=0 has been removed. Hamann (12) shows that 

   

the expression for magnetic contribution to resistance Lis 

Trb  {1-6 (T/T 
K. 

p ) An (T/T)-1-s(s+1 )11-21 
ne

2
2k
F 

1.39 

where the symbols have the usual meaning. 

Recently a series of articles have been published by 

Suhl (27) and others (29), (30) reporting calculation of res- 

istivity and susceptibility for dilute alloys. 	They use the 

standard many body perturbation theory applied to a model of a 

degenerate electron gas described by a Hamiltonian consisting 

of kinetic energy, Coulomb interaction and structureless:impurity 

potential V. 	This is similar in some ways to the Wolff model 

of local moment formation but the treatment is beyond the 

Hartree-Fock approximation. The authors have published graphs 

of the resistivity and susceptibility which have been redrawn 

in Fig.. 2 in familiar co-ordinates. 	These clearly show that 

the observed behaviour of dilute alloys can also be explained 

by a model different  from Kondo's s-d interaction.. 
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Fig.2 Resistivity and Inverse Susceptibility vs Temperature (After Suhl & Others) 
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CHAPTER 2  

THE EFFECT OF CRYSTALLINE FIELDS  
ON THE PROPERTIES OF DILUTE ALLOYS  

1. 3d Transition Series Atoms  

The magnetic moment of a 3d transition series solute 

atom in a metallic matrix is considered to be due to the diff-

erence in the spin angular momentum of the two spin states 

of the virtual bound level. 	The orbital angular momentum 

of the d state is quenched so that only the spin angular mom- - 

entum contributes to the moment. 	This assumption is found to 

be valid to a good approximation in most cases. 	Anderson (2))  

in his treatment of the localised magnetic states in metals)  

has pointed out that this quenching of the orbital angular 

momentum is the result of the interaction of the d state with 

the band electrons. 	In the discussion of the orbitally degen-

erate localised level, he has derived the condition for the 

Hartree fields for the two orbitally degenerate states to become 

different, and has suggested that the quenching of the orbital 

angular momentum results under certain conditions. 
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Even in the absence of the s-d interactions as say in 

insulators, the large crystal fields experienced by the exten-

ded d state wave functions can lead to quenching of the orbital 

angular momentum. 	In such systems the crystal field energies 

are about two orders of magnitude larger than the spin-orbit 

interaction so that the L-S coupling breaks down. 	The crystal 

field lifts the degeneracy of the 3d state, often leaving an 

orbitally non-degenerate ground state with the result that the 

orbital angular momentum is quenched. 	This can be understood 

in terms of the following argument. 

The Hamiltonian for the system is real, so that in the 

absence of a magnetic field the wave function for the non- 

degenerate groundstate is real. The expectation value for the 

z component of the angular momentum Lz  is 

	

<Lz> 	I Lzi o> 	 2.1 

where 0 is the orbitally non-degenerate ground state described 

by the wave function Uo, and the angular momentum operator is 

given by 

"a 

	

= 	(x ay   - y ax 2.2 



ko 

Now 

<° I Lz 1 0> 1  Uo 	x x--  - v--  Uo d't 	2.3 

All the quantities inside the integral are real so 

that<Lz> is a pure imaginary quantity unless the integral 

vanishes. 	But <Lz) must be real, the integral must therefore 

vanish, and <I,› =0. Similarly it can be argued that 

<011,x1 o> 	<0ILy10 = a 

Hence the orbital angular momentum is quenched. 

The spin-orbit interaction will of course mix in some 

orbital angular momentum into the state with the result that 

the magnetic moment cannot be simply described by a quantum 

number S with a g value of 2. The difference of the g value 

from 2 is a measure of the orbital angular momentum component. 

in the state. 	Application of a magnetic field also causes a 

g shift proportional to the field due to an admixture of the 

higher states into the ground state, resulting in a small net 

circulation of charge in the state. 	In a metal, of course, 

the applied field produces a g shift due to the polarisation 

of conduction electrons which interact with the local moment.. 
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2. The Rare Earth Atoms  

The 4f shell of a rare earth atom is well localised 

and tightly bound inside the ion core, hence considerable 

shielding from interactions with the matrix is provided by 

the outer closed shells of electrons. 
	The interaction bet-

ween the 4f shell electrons and the conduction band of the 

matrix is smaller than the s-d interaction between the 3d state 

and the conduction electrons. 	The L-S coupling is, however, 

stronger in the rare earth atoms than in the 3d transition series 

atoms because of the greater charge on the nucleus.. The effect 

of the crystal field of the matrix on the magnetic shell of the 

rare earth is also smaller than on the 3d shell of the first 

transition series atoms. 	In a non-metallic matrix, the crystal 

field is normally regarded as arising from the charge sources 

on the lattice sites surrounding the ion. 	These charges are, 

however, screened by the conduction electrons in a metal so 

that the origin of the crystal fields in a metal is not very 

obvious. 	The magnetic properties such as the magnetic suscept-.  

ibility (72), (67) and electron spin resonance (134) of gold 

and silver-rare earth alloys are explained quite well by the 

crystal field theory. 	However, the crystal field parameters 

(see below) required to explain the observed effects are very 
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much larger than obtained by calculations assuming point charge 

sources. 	The signs of the parameters,too,do not agree with the 

point charge model. 

A conjecture on the possible origin of the crystal fields 

in metals has been made by Orbach (147). 	He suggests that the 

d wave functions of the Bloch states carry the symmetry of the 

lattice. 	The polarisation resulting from the overlap of the (I 

states with the f shell gives rise to the crystal fields observed..  

Coles (135) and Doniach (136) have recently suggested that the 

conduction electrons can couple the symmetry of the matrix to 

the magnetic shell througha mixing interaction Vki., similar to 

Anderson's V
kd 

interaction (2). 	The actual mechanism giving 

rise to the crystal field in Doniach's work is, however, different 

from that considered by Anderson in the quenching of the orbital 

angular momentum of the virtual bound state.. 

The Hamiltonian for Rare Earths3 

The Hamiltonian for a rare earth atom in a crystal 

lattice in the absence of a magnetic field can be written in 

the non-relativistic approximation as 
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i pi2 
_2

2_ Ze2   + L S 
2m ri 	r.. 

i$j 
i/j 

 

H 2.4 

  

where the first term is the kinetic energy of the electrons, 

the second is the coulomb interaction energy of the electrons 

with the nucleus. 	The third term is the electrostatic repulsion 

between the electrons. 	The fourth term is the spin-orbit inter- 

action. 	It is assumed that Hund's rules are obeyed in determining 

the angular momentum quantum numbers L and S. The spin orbit 

coupling is sufficiently strong so that the quantum state of the 

atom, is defined by the total angular momentum quantum number J. 

The last term V is the crystal field interaction energy9  in the 

absence of which the eigen-states of the ion are 2J+1 fold degen= 

erate and are denoted by the eigen vectors 1,11J. 	The crystal 

fihld [V]is treated as a perturbation to the free ionic energy, 

with spin-orbit as the main first order interaction. 

In a metallic matrix the exchange and the mixing inter-

action between the conduction electrons and the 4f shell are also 

present and must be formally included in the Hamiltonian. 	The 

exchange interactions  however, does not modify the observed 

crystal field effects. 	The mixing interaction Vkf may be thought 

of as included in the crystal field potential [y] . 	It has 
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also the effect of broadening the energy levels of the ion, 

but this does not affect the quantitative behaviour of the ion 

calculated from crystal field theory assuming no such broad-

ening. 

The Treatment of the Crystal Field Interaction  

The usual treatment of the crystal fields assumes that 

the electrostatic potential V at the ion site is due to charge 

sources on lattice sites surrounding the ion. 	Since the charge 

sources are external to the ion$  the potential satisfies the 

Laplace equation 

72V :-...- 07: 
	 2.5 

The solutions of this equation are the generalised 

Legendre polynomials. 	The potential V can therefore be expan-

ded in terms of the polynomials as 

-n 

m=n k 

A
n 

rn'Ym (9
k/ 
0 ) n   

2.6 

The number of terms in the expansion is limited to terms up 

to n=6, for the rare earth atoms. 	This is because the wave 

functions of the 1+f orbital are also expressed in terms of the 



spherical harmonics as 

T.  = A R(r) YIZ (0,0) 

where R(r) is the radial part of the wave function and Yrn(0,90 

is its angular dependence, A is a normalisation constant. 

The matrix elements of the interaction are of the form 

A: I Vmn I Vi"› 
which are zero for all Vm  with n>21.. 

The symmetry of the crystal field reduces further the 

number of terms in the expansion. 	The requirement of invar-

iance of the matrix elements under inversion (x->-x, y->-y, 

eliminates all terms with odd n. 	This is because the product 

* 
/ remains unchanged through inversion, whereas the pot— 

ential V = 	Vm changes sign. 	Similarly, other cubic symmetry 
n,m 

operations remove some of the terms with other n values. 

Neglecting the term with n=0, which is constant and shifts all 

the levels of a given configuration by the same amount, the, 

cubic crystal field potential can be written as (137) 

14 v0 	l(r7(11-1(v4 	v-411 
V = -D 	 9 -4 7 -'2 %-4 	-4 ' 	+ D6  

8 o 	i 	-4-  Y6  + -014) (Y46+y6  ) 
- 	

2.8 
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2.7 



where D  - Ze
2
r  

4 
a
5(4W9)2  

1+6 

and D6 - Ze
2
r
6  

a7(471V1.3)2  2.9 

where Z is the effective nuclear charge and a is the Bohr radius. 

An analysis of the crystal field interaction was first 

attempted by Bethe (138), who showed that group theoretical 

arguments can be used to predict the multiplicities of the 

various crystal field split levels. 	A basis for the quantit-

ative calculations has been laid down by Stevens (139) who dev-

eloped an operator equivalent technique in which the terms in 

the expansion of the electrostatic potential are replaced by 

suitable angular momentum operators which transform in the same 

manner. 	Lea, Leask and Wolff (140) have published the results 

of their computer calculations of the crystal field levels for 

the whole series of rare earth atoms. 	They have calculated 

the eii),-en states and eigen values of the crystal field split 

levels as a function of two parameters which define the magnitude 

of the crystal field energy. 	They write the electrostatic 

potential as 
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= 	al0 + 5O4) + n 6  
in° - 21061 
	

2.10 

where the terms in the Hamiltonian are given by their operator 

equivalents as 

, 	‘ 04  = 35J
4 -[*),T(J+1)-251J2  -,70-  01-1)+3J2 -1-1)2  

0 = I 
z‘( 

	

211f1- 	ui. 	0...) 

06 = 231Jz  - 105 DJ(J4-1)-7], +[105J2(J+1)2 	525J(J+1)+294P2  0 

- 5J3(J+1)3+40J2(J+1)2-60J(J+1) 

6 

4 J(J+1)-3*J4  + 4  )4-4:0-44  ) 111J: -J(J+1) -38] 

	

06 	will,'2 
- 

2.11 

The coefficients B4 
and B

6 
are linear functions of <rk> 

and<r6.)ithe mean fourth and sixth powers of the radii of the: 

magnetic electrons. 	These quantities are difficult to cal- 

culate exactly, hence they are used as parameters in the calr-- 

culation. 	The magnitudes and signs of B4  and B6  control the 

overall splittings of the levels. 

The calculation of the crystal field levels is fairly 

straightforward. 	Using as the basis functions the set of 

degenerate eigen-states IJ,J> of the free ion, the (2J+1)x(2J+1) 
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matrix is written down. 	The matrix elements have been tabu- 

lated by Stevens (139), and Elliot and Stevens (141). 	The 

form of the Hamiltonian suggests that only the states with J
z 

values different by 4 are coupled by the interaction. 	The 

matrix is diagonalised on a computer to obtain the eigen states 

and the eigen values. 	(An I.B.M. share program subroutine 

'Mitres' is used for the diagonalisation). 	The splittings 

and degeneracies of the various levels and especially of the 

ground state is found to follow two distinct patterns depending 

on whether the angular momentum J is integral or half integral. 

The effect of the crystal field on an S state ion (orbital 

angular momentum L=0) is very small. 

Half Integral J  

The crystal field splitting of energy levels of an ion 

with an odd number of electrons obeys Kramer's theorem (142) 

which states that, 'there will always be at least a two-fold 

degenerate state in the presence of electric fields of any 

symmetry, provided the ion has an odd number of electrons. 

Wigner (11+3) has shown that this is the direct result of the 

invariance of the Hamiltonian under time reversal (in the absence 

of magnetic fields).. 	If K is a time reversal operator such that, 



1+9 

KH(r,2„ s)K-1 	H(r,-327s) 	2.12 

and 	and 	K are the wave functions corresponding to 

H(r,a,$) and H(r1-2:1-s). 	Then it can be shown that yo and 
r

' 
 

are necessarily independent when n, the number of electrons 

in the shell, is odd. 	Hence the energy states corresponding 

to? and 7' are always degenerate. 

The eigen-vectors describing the sub-levels transform 

in the same way as the irreducible representation Pi  of the 

cubic group, where i can take the values 6, 7, 8 as in Bethe's 

notation. 	These representations have the degeneracies 2,2 

and 4 respectively. 

Integral J 

When an ion has an even number of electrons, the cubic 

field gives rise to a series of sub levels which have the symm-

etry of the irreducible representations i, i=1, 2, 3, 4 and 5 

of the cubic group. 	In crystal fields of such high symmetry, 

the ground state may often be degenerate. 	However, there is 

a restriction on the degeneracy of the ground state as given 

by the Jahn-Teller theorem (144). 	This states that 'with the 

exception of linear molecules and systems which have Kramer's 

degeneracy, a degenerate ground state is not stable and the 
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degeneracy is removed by the displacement of the neighbouring 

nuclei' (which lowers the symmetry of the field). 	The physical 

reason for this effect is simple. 	If a perturbation removes 

the degeneracy by splitting the levels, one of the levels will 

have a lower energy than the unsplit level (since the centre 

of gravity of the levels must be unchanged). 	Hence, there will 

be a tendency for the ion to assume the lowest energy state by 

distortion of its environment. 

S State Ions  

For ions such as Gd3+ and Eu
2+ 

which have an exactly 

half-filled f shell, the ground state is an orbital singlet 

(L=0). 	The degeneracy of the energy levels of such ions can 

not be removed by the crystal field or the spin orbit interaction 

alone. 	Van Vleck and Penney (148) have suggested that higher 

order perturbation involving simultaneously the crystal field 

and the spin-orbit coupling are necessary to split the S state. 

An overall splitting of about 0.1°K has been suggested for 

Gd (137). 
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The effect of the crystal field splitting of energy 

levels of rare earth ions will manifest itself in the modif-

ication of the 'normal' behaviour of many macroscopic prop-

erties including the magnetic susceptibility and the electrical 

resistivity of alloys containing them. 	The magnetic suscept- 

ibility shows departures from a Curie law which is observed 

in dilute alloys such as Au-Gd containing the S state ion. 

Also there is an extra contribution to the electrical resistance 

due to the inelastic scattering between the crystal field split 

levels. 	These two properties of the alloys are discussed below. 

Magnetic Susceptibility  

The contribution to the magnetic susceptibility of an 

ion is from two sources, the permanent magnetic momentAl. of 

the various states of the ion and the induced moments due to 

the applied magnetic field. 

Application of a magnetic field causes the polarisation 

of a level. 	The polarisabilityc< is given by 

c(. 	
,2,2 I  <iljzi >I  2  

(E.-E.) 1 
3 

The magnetic moment,(, of a state is 

2.13 
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= 14(tB 
	 2.14 

If the energies of the various states areEil  then the 

partition function Z is 

Z = 	exp(Ei/kT) 
	2.15 

The susceptibility is then (145) 

exp 	) 7c= 
z1 	i>12  

B 	
kT 

24<i1jz1i)d2 	) 

  

exp(-Ei/kT)s" 	2.16 

The second term is often referred to as the Van Vleck suscept-

ibility. 

Having obtained all the eigen-states and eigen-values 

by the diagonalisation of the crystal field Hamiltonian, this 

expression is used in the computation of the susceptibility.. 

For high temperatures the expression can be simplified further. 

The departures of the susceptibility from a Curie law can be 

expressed as 

% 

	

	 2.17 
T+ 

where A is a pseudo Curie-Weiss constant which is in fact a 
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function of 	temperature. 	It will be zero at temperatures 

very high compared to the overall splitting of the energy 

levels of the ion. 	At temperatures of the order of the crystal 

field splitting, A can be finite. 	At very low temperatures, 

when only the ground state has a finite Boltzmann probability 

of occupation, A again becomes very small. 

If the ground state of an ion is a well isolated non-- 

magnetic singlet, the contribution to the susceptibility from 

the first term in Eq. 2.15 is small. 	The second term called 

the Van Vleck term, gives the major contribution and the temp-

erature dependence of % is fairly small. 

Electrical Resistance  

A recent calculation of the resistivity due to s-f 

interaction in dilute rare earth alloys has been given by 

Hirst (146). 	The Hamiltonian for the interaction is written 

as.  

Hs-f = Vc 	2(gJ-1)  'Tex J's 
	2.18 

where Vc 
is the spin independent coulomb scattering term, Jex 
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is the exchange interaction constant, gj  is the Lande g-factor 

for the free ion, J is the total angular momentum of the ion 

and s is the spin of the conduction electron. 

The resistivity is calculated using the Boltzmann equation. 

Suppose f(k,m) describes the distribution function for the 

electron of wave-vector k and z-component of angular momentum 

m(=Ii),the rate of bhange of f(k,m) with time due to interaction 

of the electrons with the rare earth ions is given by 

f (k,m) 	. 1 c(132kTr;3  ..1(k;m' ; k,m)f k ', m 0 ri—f (k,m)] -?, t 	 I 
coil. 	tn. 

— W(k,m ; k;m)f(k,m) ic—f(k;ri)i 	2.19 

where the transition rate W(kl m ; k:m ' ) is given by the time 

dependent perturbation theory 

w(k lm.k;mr) 	c <k,m,i1Hs_fl 	exp(,-Ei/kT), 

 

x g(E 	- E 	4- 	) 
k,m k:m' 

2.20 

where Aiti, is the energy difference between the core states 

due to the crystal field splitting. 	Many of the core states 

are degenerate so that the A,,1 , are zero for these. 	In the  
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presence of an external magnetic fields  the ai I  also include 

the splitting due to the field. 	The energy of the conduction 

electrons Ekm is given by i 
 

Ek ,m = Ek 	2111PR 
	

2.21_ 

The current relaxation rate for the collisions is 

2.22 

coll. 

The calculation yields 

2m- x(1)pse &I:L.1_, 3  (1-1)  
Ti E kir Lrrr 

2.j_ 
kT  
it 

—3--  exp(Ei/kT) 

Vis i',/kT _11 1' X y 

M 
1<k'im 	I k ,m 

2.23 

where I = cos(k,E), and £ is the applied electric field. 	N(1) 

is the density of states for one spin direction. 	The author 

considers the interference between the exchange and the poten--

tial scattering to be negligible and obtains the expression 

for the resistivity 

, • 	,2 
clkgj-1) ma.g 

ii 

exp(Ei/kT) 
isii/kT  

mr 
alf<ra l li t iti•SiMs

•
iA2 

2.24- 
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_ 

 

ar 	(1) Nr 	(2JeX)2  2.25 
zNve 

and m* is the effective mass of the conduction electrons Nv 

is the atomic density of the lattice in cm-3. 	If kT is very 

much greater than the overall crystal field splitting then 

%lag 	cR(gj-1)2  J(JA-1)/4 	2.26 

In the case where the ground state of the ion is a well isolated 

non-magnetic singlet, the inelastic spin scattering will be 

small. 	It will be small even for amagnetic ground state prov- 

ided it is well isolated from other energy levels. 	In this 

case, the probability of scattering into the other states will 

be small. 
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CHAPTER 3  

BASIC MECHANISMS FOR INTERACTIONS 
BETWEEN SOLUTE ATOMS  

Introduction 

The scattering of conduction electrons from the 

potential presented by a solute atom produces charge density 

oscillations of decreasing amplitude but fairly long range, 

as was shown by Friedel (5). 	The magnetic moment on the atom 

also introduces further scattering of conduction electrons 

through spin-spin or exchange interaction resulting in a spin 

polarisation of the band electrons, A second solute atom 

situated within the range of the spin polarisation set up will_ 

be influenced by the quantum state of the first atom. 	There 

is thus a resultant correlation between the spins of the two 

atoms, and is the main mechanism for interactions between 

-solute atoms in dilute alloys. 

Ferromagnetic coupling between atomic moments through 

a uniform polarisation of conduction electrons induced by 

exchange interaction with the atomic moment was suggested by 

Zener ,(9). 	A similar uniform polarisation of conduction 

electrons through interaction with nuclear spins was treated 

much earlier by Frohlich and Nabarro (52), 
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Kasuya (10) investigated the interaction between Loc-

alised d electron spins on a solute atom and conduction electrons 

to second order perturbation, which gave a coupling between 

the atomic moments. 	This result was similar to that of 

Ruderman and Kittel (33) who had investigated the nuclear 

moment-conduction electron interaction to second order and 

explained the anomalous broadening of nuclear magnetic reson-

ance linesin metals due to the indirect coupling of nuclear 

spins. 

The s-d exchange interaction with the resultant 

oscillatory spin polarisation of conduction electrons was 

treated in detail by Yosida 	He considered the first 

order perturbation to the free electron wave function which 

is written as 

° °k ' E 	' k - E
k  

where 0°  is plane wave (1/V)7 eih.L. and H kk' is the s-d inter- 

action-Hamiltonian given by 

kk' 
	- J(k,k') S-T 
	3.2 

where J(k,k') is the exchange interaction constant which 

is a function of the wave vectors k and 

Pfk 
	01)c  Hkk' 3.1 
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J(k,k') 
	

Vid(1)°41:)c(r2)1v(EVE2TWE2)‹t(E1)› 	3.3 

where q, is the localised wave function on the solute atomic 

site. 	V(r1/ r2 
 ) is the interaction potential which is usually 

the coulomb potential e
2
/r12. 	If V(r1,r2) is approximated 

by a delta function, then J(k,k') becomes 

J(k,k') = jdr1  dr 20  \V* (r1  ) ei-1S-.112 cr(r -r ) 	(r ) 1 2 d -a 3.4 

• 1)* 
= 	$d.r \l/* (r) 	(r) e 

i(k k 1. 
d 	d — 

Thus J(k,k') depends only on the magnitude of (k-k') 

and is written as J(k-k') or J(9). 	If, however, V(r1,r2) is 

the coulomb potential e2/r12, it is not accurate to consider 

J(k,k') as a function of the magnitude of (k-k'). 

In a real situation, of course, the range of the poten- 

tial V(r1,r2) is much shorter than that of the coulomb potential, 

e2/1.12  because of the screening of the latter by other electrons... 

The approximation J(k,k') = J(k-k') is therefore not so bad 

and is generally assumed. 

The polarisation of the conduction electrons spins 

is easily obtained from the first order perturbed wave function. 



6o 

It can be written as. 

+(r) = 1 0t1:1:8.R3N. dq J(q)f(q)Sz  [e. xp(i_m12)+ex-to(-ia•r)11 

0 	 3.5 

where Ito 
is the mean conduction electron density, N the 

number of lattice points, EF  the Fermi energy and f(q) is the 

susceptibility function, also known as the dielectric function 

or Lindhard function and is given by 

- 2kF+q 
2kF-q 

The first derivative of the function has a pole at 

q=2kF  which is the result of the sharpness of the Fermi surface. 

The exact form of the final expression after integ-

ration over q, depends on the assumed variation of J(q) with q. 

If J(q) is taken constant, equal to J(o), the result for the 

spin density becomes, 

0 1 F 10 ( J(0)eF(2kFr) 	3.7 

where the function F(x) is defined as 

x cos x - sin x 	3.8 
x 

2 2 

f(q) = 1 + 4kFq 
	In 3.6 
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The same function has been obtained by Friedel in his 

potential scattering calculation. 	It was also obtained by 

Ruderman and Kittel (33). 

The result 3.7 is known as the R.K.K.Y. spin polar- 

isation. 	The spin density _1.(r) --> 00  as 	r—>.0 which 

is the direct result of assuming J(q)=J(o) for all values of 

q. 	However, J(q) must decrease with increasing q.. Yosida 

therefore considers the approximation 

J(q)f(q) = 2J(o) for q < 2kF  

0 	for q -> 2kF  

and obtains for spin polarisation 

= to C 
6 5  J(0)szk2kFr)2kFr] 3 n 

3.9 

which has a finite value at r=Rn  

The interaction energy between two solute atoms coupled 

through R.K.K.Y. interaction is given by 

2 
E(R) = I8d 	S

1 
 'S
2 
 F(2kFR) 

F 

In the derivation of the R.K.K.Y. spin polarisation, 

the conduction electron states are considered as plane waves. 

The conduction electrons therefore have an infinite mean free.". 
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path. 	In a real case, however, this will not be so because 

of the normal scattering of conduction electrons by impurities,. 

defects, phonons and similar causes. 	In an equivalent sense, 

the result of the scattering is to smear out the Fermi surface 

which is assumed to be sharp in the above derivation. 	De Gennes 

(31) has considered the magnetic order in the rare earth metals 

through R.K.K.Y. interaction and points out that as the temp-

erature is increased from a very low value the interaction 

between the atoms will be modified by the scattering of conduc- 

tion electrons from the spin-waves, with the result that the 

wavelength of the spiral ordered structure will change. 	In 

general, the R.K.K.Y. interaction will be modified by all scatt-

ering processes which reduce the mean free path of the electrons. 

Overhauser (35) in his spin density wave treatment of 

the local moment-conduction electron interaction has considered 

the form factor approximation for J(q).. From Eq. 3.4 it 

follows that J(q) can be written as J(o)f(q), where f.(q) is 

the atomic form factor which is the Fourier transform of the 

finite spatial distribution of the localised spin. 	If this 

form factor approximation is used in the evaluation of Eq. 3.5, 

a spin polarisation of a different form from the two results 

quoted above is obtained; 
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Watson and Freeman (36) have evaluated J(q) by treating 

the exchange integral between a 4f wave function of a Gd atom and 

orthogonalised plane waves localised on the Gd site representing 

the conduction electrons. 	They restricted the range of q to small 

values by considering scattering in the region around the Fermi 

surface (small q values determine the spin density at a distance 

from the atom). 	The form of the spin polarisation they obtain is 

quite different from R.K.K.Y. or that obtained using the form 

factor approximation. 	The maximum in the spin density is at about 
0 

2A units from the solute atom and not at the centre of the atomic 

site as in the R.K.K.Y. and the form factor approximations. 

All the above calculations assume a simple form for the 

susceptibility function f(q) for the non-interacting electron gas, 

(Eq. 3.6). 	This approximation is in general not valid. 	The form 

of f(q) for most real metals is very much different from that for 

a free electron gas so that the actual spin polarisation will also 

be different. 

Overhauser and Stearns  (55) examined the possible forms of - 

the susceptibility function which would explain the hyperfine fields 

at the non-magnetic solute atom sites in a matrix of Fel  as observed' 

in the experiments of Stearns and Wilson (56), The form of the 

susceptibility function 'Mg) which gave the best agreement with 

experimental results was 

x(q) = xo (q )  c(xp 3.10 
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where r)(,o(q) is the susceptibility function for the free-

electron gas (related through constants to f(q)) ricp  is the 

Pauli paramagnetic susceptibility, ok and 5 are constants having 

the values, o( = 1.7 and F> = 3.25- 

Strong exchange interactions in the conduction band of 

the matrix gives rise to a large enhancement of the suscept— 

ibility. 	This has been calculated in the random phase app-

roximation (57) to be 

X0  q)  
1-I9c

o
(q) 

where I is the exchange interaction constant of the matrix band. 

Giovannini et al (37) considered the effect of the enhanced 

susceptibility on the range of the conduction electron spin 

polarisation. 	They obtain a large amplitude and a greatly 

increased range of polarisation which are functions of the 

exchange enhancement factor of the matrix. 	For no enhancement 

in the band, the usual R.K.K.Y. result is obtained. 

Kim and Schwartz (38) have calculated the spin polar—

isation as a function of the magnetisation (n -n )/2n of the 
+ - 

matrix.. They find a very long range of polarisation and a 

large amplitude, both increasing with the magnetisation - a 

result somewhat similar to that of Giovannini et al (37) 

3.11. 
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Magnetic Coupling Between Virtual Bound State Moments  

In the preceeding discussion J(k,k') is assumed to 

be the simple exchange integral between a localised moment 

and the plane wave electron states. 	While this approximation 

is valid for the case of the rare earth ions with a well 

localised real bound magnetic state, it does not seem a reas-

onable approximation for the case of a magnetised virtual 

bound state. 	The exchange integral as expressed by Eq. 2 

is a positive quantity. 	In many situations the sign of the 

interaction is often found to be negative. 	Schrieffer and 

Wolff (15) have shown that the Anderson Hamiltonian is equiv-

alent to the s-d interaction Hamiltonian, where the interaction 

constant J(k,k') is of the form: (c.f. Eq. 1.20) 

J(k,k') 2 	 
2IV

kd
I 

 
E
d
(E

d 
+ U) 

This expression is valid for scattering in the region around 

the Fermi sphere (k & k' cfkF). 	The energy Ea  is negative 

(measured with respect to the Fermi level) so that when U>Ed  

the exchange parameter is negative. 	It has also a large mag- 

nitude because of the large mixing term V
kd
. 	Two different 

treatments of the magnetic interactions between solute atoms 

possessing virtual bound state moments have been put forward.. 
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One of them is by Blandin and Friedel  (6) and the other is 

the treatment of Caroli (40). 

Blandin and Friedel (6) consider that when a virtual 

bound state is magnetic, the phase shifts for the spin up 

and spin down scattered conduction electrons will be different.. 

This gives rise to a spin density which oscillates in sign 

at large distances, and provides a mechanism for interactions 

between the solute atoms. 

If one of the virtual states, say the spin down state 

is well above the Fermi surface, so that only the spin up 

state is occupied, then the phase shift 	Now if only 

the 1=2 phase shift for the spin up electrons is assumed to; 

be non-zero, then the polarisation is given by 

k
F 

5 sin Y1 
i 2 

sin (2kr + Y) 2) dk 	3.12 
2T12r2  

0 

where112  is a function of k, and varies rapidly from o to Tf 

within a short range of k. 	The form of Ac)+  obtained depends 

on the assumed variation of '12  with k. 	If 12  varies from 

o to TI linearly within a range k
1 
about k

o
, the centre of the 

state, and if kF  lies above the top of the state of spin up 

then 
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5 	sin k
1r cos 2kor 

'3 	k
1
r + Tr  4111- 

3.13 

This polarisation is much larger than the R.K.K.Y. 

result, but it decreases as 1/r4 at large distances, so that 

it falls to zero more rapidly than the R.K.K.Y. polarisation. 

The energy of interaction between two solute atoms on this 

model is 

2VA A? (n) AF 	 3.14 

where VA is the atomic volume and L\F is the s-d exchange 

energy which is of the order of the interaction constant J. 

A mechanism of interaction between solute atoms within 

the Friedel-Anderson model of localised moments has been 

suggested by Caroli (40). He considers two solute atoms 

    

at a distance R from each other which couple through a double 

resonance scattering of conduction electrons from the two 

sites. 	The wave function, at a large distance r,of an electron 

of spin o and wave vector k after scattering from one solute 

atom is given by 

o 
ikr io  

° e 	+ e 	 e ° sin 0 
Tk° (r) 	kr 

3.15 

where 
	

is the phase shift produced. 



cos(2k Rfe.+0(7) 
sin OT sin 6 	F 1 2/ E. (R) = int ' 

 

cr (kFR)3  
3.17 
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The electron is then scattered from a second solute 

atom. 	This interaction is treated exactly by the Anderson 

model, but the matrix element Vkd  at the seconri. site<k1VId> 
2 

is replaced by <\k}<criVida°->which therefore becomes 

ikR 
d  Vk 	

e 
sin 00) 

2 	kR 3.16 

The calculation yields an interaction energy Eint(R) 

between the two solute atoms given by 

This has been simplified further to give 

25 	2 cos(2k R + 20) 

	

(R) 	E 	0 	 

	

Eint(R) 	2T1 F sin  
(kFR)

3 21.112 3.18 

2 are the unit spin vectors. 

For Cu-Mn alloys, if the 'typical values EF 
--1-17eV and 

= 1T/5 are assumed, the result becomes 

where u 

Eint(R) = 9.6 
cos(2kFR + 2TV5) 

(kFR)3  
1.11.11

2 
(eV) 3.19 
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This may be compared with the energy obtained from 

the R.K.K.Y. interaction where, for Cu-Mn alloys J.0.2 eV 

and TI:=1 have been assumed. 

Eint(R) = 7.7x10
-2 

cos(2kFR) 

(kFR)3  
u
1 
 .112  (eV) 3.20 

This is roughly two orders of magnitude smaller than qp.roiils_. 

Treatment of Interaction  

It is clear from the above discussion that the actual 

magnitude of the interaction between two solute atoms through 

the medium of the conduction electrons depends very much on 

the type of the magnetic state of the solute atoms. 	However, 

all interactions considered above fluctuate in sign as a fun- 

ction of the distance between the solute atoms. 	The oscill— 

atory nature of such interactions can lead either to ferro— 

magnetism or antiferromagnetism in the alloys. 	The type of 

magnetic order produced depends on the type of interaction 

between the solute atom and conduction electrons, and on the 

number of conduction electrons per magnetic atom. 	Mattis (58) 

has calculated the stability condition for ferromagnetism and 
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antiferromagnetism assuming R.K.K.Y. interaction (J(q)=J(o), 

a constant). 	He finds that ferromagnetism and antiferro- 

magnetism appear alternately as the number of cDnduction 

electrons per atom increases. 

Fedro and Arai (39) have considered various forms of 

J(q) and determined stability conditions for various types 

of magnetic order as a function of kFa, which is related to 

the number of electrons per magnetic atom. • They find that 

the magnetic ordering patterns are very similar for the cases 

where J(q) is constant (R.K.K.Y.) and where J(q) has the atomic 

form-factor dependence (Overhauser). 	A marked difference is 

found for the case where J(q) calculated by Watson and Freeman 

(36) is assumed. 	In this case the authors find that only 

ferromagnetism appears for all values of kFa.. 

The type of magnetic order produced and its onset as 

a function of temperature are in general difficult properties 

to explain. 	In most random solid solution alloys the onset 

of magnetic order is not sharpl as evidenced by a broad maximum 

in the susceptibility of the alloys. 	This fact is corroborated 

by the high temperature persistence of the excess specific 

heat suggesting that spin-spin correlation persists well above 

the broad ordering region. 	Any anomaly in the electrical 
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resistance associated with magnetic order is also broadened 

out over a finite temperature range. 

Many attempts have been made to derive useful theories 

to explain the observed effects quantitatively, but none of 

them have proved completely satisfactory. 	Perhaps the most 

useful theory for such alloy systems is the distribution of 

effective field theory due to Marshall (4 1). 

In order to explain the low temperature specific heat 

behaviour of alloys of Mn dissolved in Cu (59) and Ag (60), 

Ac = constant, independent of concentration as T-0- 0), 	Marshall  

proposed the existence of a distribution of internal fields 

P(H,T) acting on the solute atoms. 	He argued that the R.K.K.Y. 

type of coupling between solute atoms in a random alloy will 

lead to a distribution of internal fields of varying magnitude 

and sign. Hesugg 5ted that the distribution P(H,T) would be 

Lorentzian in shape with suitable cut-off limits and having a 

width proportional to concentration. 	This was thought to be 

so in analogy with the line shape of nuclear magnetic resonance 

in a dilute sample of randomly distributed nuclear spins coupled 

to each other via magnetic dipole-dipole interactions. 	He 

argued that a Gaussian distribution was not possible as it 

predicts a width proportional to the square root of the con—

centration. 
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Klein and Brout (42) and Klein (43), have adopted 

Marshall's ideas to develop a statistical theory of inter— 

actions in Cu-Mn type of alloy systems. 	They have used the 

Ising model for the solute atom moment, and interaction through 

P.K.K.Y. spin polarisation is assumed. 	The authors (42), 

first demonstrate that by considering the partition function 

for a single spin and neglecting all correlations between the 

spins, the field P(H) seen by the impurity at the origin due 

to all other impurities distributed randomly through the alloy 

is a Lorentzian with a width proportional to concentration, in 

agreement with Marshall's arguments.. The authors further 

show that by excluding the possibility of any two spins coming 

closer than the nearest neighbour distance, the distribution 

function becomes a Gaussian with a width also proportional to 

the concentration. 

In their statistical calculation of P(H) the authors 

consider the two particle correlation functions  \ 1  3 

They expand the partition function diagrammatically in a power 

series in solute concentration, and perform averages over the 

spin as well as the spatial configurations. 	This is the well 

known linked cluster expansion method due to Brout (45), The 

main result of the analysis is that the field H
0 
 at a given 

solute atom is made up of two parts H
a  H1 

+ H
2 

where H
1 
is 



(a) 

P(H) 
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H 

Fig.4 Correlation Volumes and P(H) Distributions (After M.W.Klein) 



71+ 

the field from the spins within a volume of radius Rc around 

the solute atom, which are strongly correlated to it and H2 

is the field due to spins outside this region. 	The total 

field distributipn P(Ho) is the convolution of the probability 

distributions P(H
1 
 ) and P(H2.  ). 	The form of the probability 

distribution P(H
o
) and the correlated region of spins contrib- 

uting to it are shown in Fig. 4. 	The correlated volume is 

divided into three regions. 	The outside region contributes, 

the lower fields around H0=0, whereas the inside region gives 

rise to the higher field tail of the P(H) distribution.. As 

concentration is increased the correlation volume becomes 

smaller,Fig. 4 (c).The average number of spins within the corr- 

elated volume remains constant independent of the concentration. 

The corresponding P(H) is shown in Fig. 4 (d). 	The effect of 

increasing the temperature is the same as that of increasing 

the concentration, the P(H) function again changing from that 

in Fig. 4 (b) to Fig. 4 (d). 

The actual forms of the P(H) distribution for various 

alloys were calculated on a computer by Klein (43). 	These 

were used in the calculations of the low temperature specific 

heats of Cu-Mn, Cu-Fe and Cu-Co alloys, which were all shown 

to be in good agreement with the measured values. 
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S. H. Liu  (46) has criticised the Klein and Brout treat- 

ment of the effective field theory of dilute magnetic alloys. 

The author believes that their theory is only applicable to 

solute concentrations of less than I at. % because of the treat- 

ment of the partition function in terms of the two spin correlation 

function. 	In order to treat larger concentrations and carry 

out the analysis at finite temperatures and external magnetic 

fields, the author suggests that Marshall's phenomenological,  

theory is the most suitable. 	He assumes a symmetric distribu—

tion of effective fields about the origin of the form 

P(H) 	2a 2 	2 
a  for H<H 

(H-b) + c 	(H+b) + c 

= 0 	for H H
c 
	 3.21 

where H
e 
is some cut off limit of the Lorentzian which is 

necessary to keep the moments of the distribution finite, a is 

a normalisation constant, b is the value of the field about 

which the distribution is peaked and c is the width of the peak, 

representing the fluctuation of the effective field about the 

most probable value b. 	c is assumed to be temperature indepen- 

dent for a given alloy. 	It is thought to increase with increasing 
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concentration when the latter is large enough to sustain long 

range order. 	The variation of b with temperature is assumed 

to be of the form 

3.22 

where b
o 
is proportional to the concentration and 

oo 
P(H) Bs(pH)dH 
	3.23 

Here Bs(pH) is the Brillouin function for spin S. 	This is the 

major point of difference of this theory from that of Klein 

and Brout (42). 	The latter theory predicts that the most prob-

able field shifts to higher values as the temperature-is raised, 

whereas the above dependence of b is exactly the opposite.. 

Early Mossbauer measurements on Cu-Fe (47) were thought to support 

Klein and Brout's ideas, but the later work of Gonser et al (48) 

shows the opposite behaviour in agreement with Liu's assumption. 

Despite this main difference between the two treat-

ments of the effective field theoriesit seems to be the most 

promising one for random solid solution alloys. 	The theory  

has so far mainly been used to explain the specific heat results: 
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and the line shape of the Mossbauer spectrUm of some alloys, 

Recently, however, Harricon and Klein (49) have examined the 

effect of internal fields on the resistivity of dilute concen-

trations of magnetic impurities in non magnetic metal hosts, 

They find that the effective field distribution obtained from 

the low temperature specific heat measurements gives the slope 

of the low temperature resistivity against temperature in good 

agreement with experiment. 	They also find a maximum in the 

resistivity at higher temperatures arising from the suppression 

of the Kondo 1nT term by the presence of internal fields. 

S.. D. Silverstein (50) has also investigated the effect of 

internal field distribution P(H) on the resistivity of dilute 

alloys. 	He obtained an expression for the maximum in the 

resistivity which is in good agreement with experiment if a 

Gaussian field distribution with a width proportional to con- 

centration is assumed. 	A cutoff Lorentzian with a width 

proportional- to concentration gives the wrong concentration 

dependence of the maximum. 
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The effect of interactions on the magnetic susceptib-

ility and electrical resistivityl expressed in analytic forms 

by various authorsj is considered below. 

Magnetic Susceptibility  

The susceptibility behaviour for interacting solute 

atoms in random solid solution alloys cannot be interpreted 

by a simple Curie-Weiss law. 	The Curie temperature 8 obtained 

from such an interpretation is usually unrelated to the temp- 

erature where the magnetic order appears. 	For instance, in 

the alloys of Mn in Cu the higher temperature paramagnetic 

susceptibility gives, positive 9 values (51) despite the fact 

that antiferromagnetic order appears at low temperatures. 

De Gennes (31) has shown that for the case of rare earth 

solutes the R.K.K.Y. coupling leads to a Curie temperature given 

by 

3T-12,2 	2 
kg 	= 	jex(gJ -1)2 j(j+1  F(2kF 

 R..) 

i/j 

3.24 

where Z is the number of valence electrons per atom, J is the 

total angular momentum, gj  is the Lande g factor. 	The sum 

EF(2k R..) is difficult to perform except in the case of ordered 
F ij 

i/j 

structures. 
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Blandin and Friedel (6) have derived a high temperature 

series expansion for susceptibility in powers of 1 — using a 

statistical method due to Opechowski (52) the coefficient of 

1 term is taken as the Curie temperature Q which becomes 
T2 

s(S+1)  
3k 	nm 

n/M 

where J is the interaction energy between two spins at n and 
nm 

 

m in the R.K.K.Y. model. 

If ensemble average over the possible impurity positions 

Rn is performed, onagets (53) 

Jnm = c 	Jnm 	c Jq=o 
	3.26 

n'm 	all sites 
n'm 

where c is the concentration of the solute atoms and Jq=o is 

the q=o component of the Fourier transform of Jnm* Hence the 

Curie temperature is given by 

cS(S+1) j 
3k 	q=o 

3.27 

An expression for susceptibility within the P(H) field 

distribution model has been derived by Liu (46). 	He considers 
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the following situation. 	If the internal field at a given 

site is H and an external field He 
 is applied then the total 

field H
1 
 is given by 

1 1111 

H 	H + H 
—1 — —e 

1 

12  
=H2+H2+2HHe cos (;) 

3..28 

3.29 

G is the angle between H and He. 	If d is the angle between 

H and He, then the magnetisation c in the direction of H is 1 	 et 	 e 

given by 

co 
cr 	= cNS f Pl(R)d 	P(I)BS  (I3H1  )cos.AdH 	 3.30 

0 

where P1(ft) is the angular distribution function for the int— 

ernal field c is the concentration, N is the number of atoms 

per gln (per cc), S is the spin angular momentum, and BS  (RH) 

is the Brillouin function which can be approximated by tanh(ipH). 

The susceptibility %-is given by 

.scr 
	

3.31 
-3He  He0 

After differentiation of G-  and a little calculation 	is 

found to be 
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oo 

= cNS .). P(H) 2psech2Q- 	cos2  Q 44H-itanh(irt)(1-<os2OH 
o 3.32 

where 

<cosng> = S pl crOcosnQdg 

and <cos Q> = 0 is assumed for antiferromagnetic distribution 

of internal field H. 	Furthermorel for dilute alloys a random 

distribution of H may also be assumed which gives <cos2Q)>= 1. 

<cos Q> may in facthave a finite value and <cos20)› will then 

also be different from 1. 

Electrical Resistance  

The s-d interaction between the conduction electrons 

and the localised moment leads to an increase in the resistance 

because of the increased scattering as was shown by Kasuya (9). 

Yosida (54) included interaction behaviour solute atoms in the 

molecular-field approximation and obtained a temperature depend-

ent resistivity which was in agreement with that observed in 

Cu-Mn alloys with more than 1 at % Mn. 	For the lower concen- 

tration alloys a minimum in the resistance occurs at a temper- 

ature above the maximum. 	Yosida could, however, only explain 

the monotonic decrease in the resistance below the maximum. 

The minimum in the alloys was of course explained later by Kondo (16). 
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Harrison and Klein (49) considered in detail the 

effect of internal field distribution and the Kondo scattering 

on the resistance of the alloys and obtained satisfactory 

agreement with experiment.: Silverstein (50) has also consid— 

ered the same problem.. 	Using the method of Yosida (54) the 

author writes down the total collision integral given by the 

sum of elastic and inelastic contributions as 

( fk° 11 
t 	= cS(S+1)A(c)E 

coil. 

where 
o 

/ ztanh AlBgH 2kT 	
P(H)tanhi  

	

2kT 	
B
S\ kT / 

-Co 

and 

    

(2m)  
1 	

311,  )fk0 Eki 
A(Ek) = 

	uk)j2 
2T1t4  N 	7L,c )E 

1- 
21J1 
N 

(1-2fk1  

 

k1  k 

 

    

also, c is the concentration,S the spin angular momentum. 	The 

other quantities have the usual meanings.. 

Using the above collision integral in the Boltzmann 

equation and solving for 0(E
k
) the spin contribution to the 

resistivity is calculated to be 
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( const + 	T) 3.34 

   

where z=no.of conduction electrons per atom. . 

	

?m(T) = 	in(°°) [1 -- ztanh(AlgH/2kT )/S(S+1)] 

and 

	

= 	31TmJ2  S(S+1)V/2Ne2t f. F  

Silverstein has used this result to explain the con-

centration dependence of the resistivity maxima in Cu-Mn alloys. 
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CHAPTER 4- 

A SURVEY OF SOME ALLOY SYSTEMS- 
SHOWING MAGNETIC INTERACTIONS  

The various types of interactions between solute atoms 

in an alloy can be divided into four general classes according 

to the nature of the magnetic state of the solute atoms. 

Magnetic states which are commonly encountered in dilute alloys_ 

are:- 

(1) Real local bound state with a well defined free ionic 

magnetic moment. 

(2) Magnetised virtual bound state where the magnetic moment 

is well defined, but is usually different from the free 

ionic value. 

(3) Nagaoka spin compensated state where the magnetic moment 

is reduced through anti-parallel coupling with the con—

duction electrons. 

(4) Unmagnetised virtual bound state which has no effective 

magnetic moment (in Friedel-Anderson sense).. 

It is perhaps important to point out that the groups 

(2), (3) and (4) may be regarded as members of one general class 
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where the difference is only of degree of spin compensation. 

For example, an unmagnetised virtual bound state may be reg—

arded as a spin compensated state with a very high Kondo 

temperature '1k, whereas the magnetised virtual bound state 

with well defined moment can be thought of as a system with 

very low Kondo temperature. 	It may also be remarked that since 

no examples of a spin compensated state are known for a real 

bound state, the phenomenon of a-spin compensated state should 

be regarded as a property of the virtual bound state. 	It 

may be argued, however, that s-f interaction between a real 

bound state and the conduction electrons is usually ferro-

magnetic (positive J) so that no spin compensation will occur.. 

In any case, the s-f interaction is rather weak so that even 

for antiferromagnetic coupling (-veJ))the Kondo temperature 

will be very small.. 

Although the classes (2),,(3) and (4) are a little 

artificial in the above sense, it is instructive to consider 

them separately, at least for the present purpose of distin-

guishing between various types of solute-solute interactions 

and the resulting magnetic order. 	We first consider a few 

general properties of each system. 
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(1) Real Bound State  

The magnetic moment for a real bound state is well: 

defined and essentially the same as the free atomic one. 

The examples of such impurity states occur for the atoms of 

the rare earth series which have their partially filled mag- 

netic 4f shell well localised and tightly bound. 	Because 

of this, the mixing with the conduction band of the general 

matrix is small. 	The main perturbation to the moment of 

the ion is from the crystalline field of the matrix in which 

it is situated. 	In the rare earth atoms L-S coupling is 

strong, so that Hund's rule is obeyed and J is a good quantum 

number. 	The effect of the crystalline field is partially 

to lift the degeneracy of the J multiplet and give rise to a 

series of sub-multiplets of lower degeneracies, occupying a 

spectrum of discrete energies. 	The eigen states of each 

multiplet can be expressed as a linear combination of some of 

the eigen states IJ,J7> of the free ion, the coefficients dep-

ending on the crystal field parameters, which also determine 

the total amount of splitting of the levels. 	Crystalline 

field splitting may affect the onset of magnetic order in two 

ways. 

If the rare earth atom has an even number of electrons 
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(Integral J), the crystal field split ground state may be a 

non-magnetic singlet separated from the next level by an 

energyA 	Trammel 1,61) and recently Cooper (62) have shown 

that for such a system there is a threshold value of the 

ratio of exchange to crystal field energy for magnetic order 

to occur even at T = 0°K. 	They demonstrate this by consid-

ering a situation where the second excited level is also a 

singlet. 	Cooper's argument is as follows:- 

If 10> and 11> are the two singlet levels such that 

lJzi 0> = <1I Jzi 1> = 0 

and 

<01Jzi 1> = o( 

Then the susceptibility 2<  of the system is given by 

where 

2c  = 2g2p2.(2 

A 

A 	1 
r 	kT 

tanh 2T 

If exchange interaction between the atoms is included 

using the molecular field approximation, the expression for 

can be written as 



1 	A 1  

tanh /V2T 
A 
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9C 	2g 2p 
 2 2 

 

.42 
where A = 4J(0)7er and J(0) is the exchange coupling for q=0. 

At T = 0°K the susceptibility first diverges when 

A = 1, which defines thethreshold value of J(0)/A for magnetic 

order to occur. 

Even if the ground state - of the solute atom is not a 

singlet, but a magnetic doublet, triplet or even a quartet, 

as is the case when the f shell has an odd number of electrons, 

the crystalline field has the effect of reducing the magnitude 

of the s-f coupling, and hence the effective exchange inter— 

action between the atoms. 	This can be seen by considering 

the R.K.K.Y. expression for spin polarisation due to s-f exchange 

interaction which is according to Eq. 3.9 

2 
l e±(r) = 	

1 4
E
3n) 

T v 	f 	
J(0) 	2knIr 

n 
(F(21sn r)sz  

The magnitude of this spin density depends on the z 

component of the spin S. 	If the ground state of the solute 

atom is well isolated and has an average value of the J 

component <0IJz10) 	then the z component of the spin is 
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given by 

Szav = (g - 1) KO I J I o> 

This is usually smaller than the magnitude of 	for 

the free ion. 

(2) Magnetised Virtual Bound State  

The occurrence of a virtual bound state is most common 

with the solutes of the 3d transition series. 	The formation 

of the v.b.s. is a result of large mixing with the conduction 

electrons. 	This gives rise to a large effective exchange 

interaction constant J when the virtual bound state is magnet- 

ised. 	The R.K.K.Y. exchange interaction is not strictly 

applicable to this case, although the interaction with the 

conduction electrons causes large amplitude of spin polarisation 

of the latter of the form qualitatively similar to R.K.K.Y.. 

The strong interaction with the conduction electrons leads to 

strong coupling between solute atoms, so that effects of 

magnetic interactions can be observed in some alloys down top 

the lowest practicable concentrations. 
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(3) Nagaoka Spin Condensed State  

The Nagaoka spin condensed state is characterised 

by properties similar to those of a normal magnetic state 

at temperatures above a characteristic temperature Tk, whereas 

below this temperature, the magnetic moment appears to be 

reduced due to the formation of a spin compensated state 

through a negative exchange coupling of conduction electrons 

to the local moment. 	A conduction electron spin cloud with 

a coherence length which is inversely proportional to the 

Kondo temperature and typically of the order of a few hundred 

angstrom units (for a Kondo temperature of a few degrees 

Kelvin) is thought to exist around the local moment (16),(44). 

Whether a spin cloud with such a wide range would enhance 

interactions between the atoms is not certain. 	The argument 

breaks down when carried further to a normal magnetic state 

which has a very small Kondo temperature and hence a very large 

coherence length. 	What seems probable, however, is that the 

reduced moment will lower the tendency for any onset of mag- 

netic order. 	Some evidence to support this is reviewed later.. 

(4) Unmagnetised Virtual Bound State  

The interaction properties of an unmagnetised virtual 
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bound state are very much different from all the others. 

Such systems would normally be expected to show no inter- 

action effects at all. 	However, as the concentration of 

the solute is increased a stage is often reached when the 

system develops magnetic order. 	The reason for this 

behaviour is that although conditions for the virtual bound 

state to magnetise are not satisfied, there is local exchange 

enhancement of this susceptibility at the impurity site (63). 

The coupling between the localised enhancement and the band 

electrons leads to a modification of the susceptibily of the 

alloy which becomes (64). 

% alloy (q,&) - 1)( matrix (q p)  
to ) 1 - A Ieff (w)Xmatrix 

This leads to a critical concentration 
Grit 

 for the static 

susceptibility to diverge given by 

ccrit = (ii I eff% matrix)-1  

This condition is very similar to the Stoner criterion 

for ferromagnetism in an itinerant electron system. )( matrix-

in the above formula may itself be an exchange enhanced suscept-

ibility for the pure matrix. 

Another, perhaps less likely, cause of the above 
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behaviour is the following.. When the solute atoms are alloyed 

in a metallic matrix theband structure and the Fermi level of 

the latter are changed. 	This may give rise to favourable con- 

cations for the virtual bound state to magnetise. 	A local 

moment therefore appears at the impurity site, and magnetic 

order develops as a result of interactions between these moments. 

Another explanation, based on the formation of clusters 

of solute atoms has been advanced for this type of behaviour. 

As the concentration increases the random probability for the 

number of clusters with a few solute atoms as near neighbours 

becomes significant. 	Interactions within these groups of 

atoms will induce them to magnetise 	Magnetic order is then 

a result of interactions between these clusters. 	This effect 

may be enhanced by actual chemical clustering giving rise to 

the phenomenon of superRaramagnetism.. 

In the above analysist  effect of the host matrix on the 

nature of interactions has not been explicitly considered.. 

The solvent matrix not only plays a role in the type of mag-

netic state acquired by the isolated impurity but is also 
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(often because of this) significant in determining the nature 

of interactions between the solute atoms.- The solvent hosts 

considered below are pure metals as well as ordered binary 

alloys- They can be divided into three general classes acc-

ording to the nature and properties of their band electrons, 

Each class of hosts when combined with the various impurities 

may give rise to some or all of the systems described above, 

The three classes of hosts considered here are. 

A. A simple metal like Cu, Ag, Au in which the electrons 

at the Fermi surface are mainly from the s band, the d band 

being full and below the Fermi surface. 	The effect of the 

p band on magnetic properties is usually small. 	The total 

susceptibilityof such a metal is small and diamagnetic.. 

B. Transition metals such as Nb, Mo, V which have an unfilled 

d band at the Fermi surface but with little exchange enhance- 

ment of the band susceptibility. 	The total matrix suscepti-

bility is paramagnetic due to the large density of states in 

the d band. 	Included in this group are binary alloys such as 

LaAl2, La3In and other pure metals such as La, Sc, andY. 	Rh 

and Ir may also be considered members of this class but there 
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is a small exchange enhancement of susceptibility in . 

both these metals.. 

G. Transition metal hosts with large exchange enhancement 

of susceptibility of the d band.. Well known examples of 

these are Pd and Pt. 	The binary alloy LalRu2  has also been 

suggested to have a highly exchange enhanced susceptibility 

(65). 	The exchange enhancement in such a matrix is below 

the critical value required for ferromagnetism in the itinerant 

electron model of Stoner (66). 

In order to illustrate the above analysis a few examples 

of the various classes are reviewed below from the existing 

experimental results. 	The survey is only partial and only a 

few typical systems are discussed. 

A.(1) 	Real Bound Magnetic State in a Simple Matrix 

Most rare earth solutes retain their free ionic magnetic 

moment when dissolved in Ag and Au. 	The effect of crystalline 

field on magnetic susceptibility of dilute rare earth alloys 
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has been investigated by Williams (67), Resistance measure-

ments by Bijovet et al (68) and G. de Vries and Bijovet (69) 

on some silver-rare earth alloys show a decreasing resistance 

with decreasing temperature below 4.2°K, in the case of Gd, 

Tb, Ho and Ay as solutes. 	Recent measurement by Edwards and 

Legvold (70) on Au-Gd, Au-Tb, and Au-Ho alloys show a similar 

decrease of resistance at low temperatures- However, there 

appears no logical concentration dependence of the slope of 

this resistance against temperature for any given solute. 

Also for a Au-2 at. % Ho specimen the authors (70) find a 

sharp kink in the resistance at about 6°K, which they tenta- 

tively suggest may be due to a magnetic transition. 	The 

same authors have estimated the magnitude of the s-f exchange 

constant from their data and from this calculate the Curie 

temperature in molecular field approximation to be r,, 10-3 °K. 

Susceptibility measurements on an Au-2 at. %- Ho sample reported 

in this thesis show no indication of any interaction effects, 

down to 1.6°K. 

Evidence of some interaction effects in relatively 

dilute silver-rare earth alloys has been suggested by Williams 

(67) and Williams and Hirst (71) and Hirst et al (72). 	A 

paramagnetic Curie temperature of 2°K has been reported (71) 
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in the case of a Ag 0.5 at. % Gd alloy, Measurements on an 

Au-0.5 at. % Gd specimen reported here, however, show that 

the susceptibility obeys a Curie law nearly exactly down to 

1.6°K, the Curie-Weiss 9 is perhaps smaller than .050K. 

Susceptibility measurements by Gainon et al (73) on 0.50 

at. % Eu in Au and Ag show a ferromagnetic Curie point (det- 

ermined by plotting HAY against 0" 2) of 6.5+ .5°K. 	The sol- 

ubility of the lighter rare earth atoms is rather small in 

the noble metals. 	Data of Rider et al (74) show a solubil— 

ity of Eu to be only about 1/4 at. 	The observed effect 

on susceptibility of Eu in Ag and Au may therefore be due to 

chemical clustering or formation of second phase intermetallic 

compound.. 

Measurements on some gold-rare earth alloys presented 

here seem to indicate that interaction effects are rather 

weak in these systems. 

A.(2) 	Real Bound State in a Simple Transition Metal Matrix  
and Binary Alloys 

Sugawara (75) has measured the electrical resistivity 

of various Y-rare earth alloys, and finds evidence of magnetic 

transitions in the case of Y-Gd and Y-Tb alloys. 	The lowest 

concentration alloys measured for which magnetic order was 
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found were around one per cent for both systems. 	No mag-

netic transition was observed for the 3.2 at. %Pr or 2 at. 

% of Dy,. Ho and Er in yttrium. 	Magnetic susceptibility 

measurements were made by the same author, but no details 

are given in the paper. 

Child et al (76) have made a detailed neutron diff-

raction study of heavy rare earths Tb, Dy, Ho, Er and Tm 

dissolved in yttrium. 	They deduced the transition temper- 

atures Tn from the temperature dependence of the intensity 

of one or more satellite lines. 	They found that the alloys 

ordered into an oscillatory anti-ferromagnetic structure 

similar in type to that of the parent rare earth. 	The trans-

ition temperatures T
n 
for the whole set of alloys were found 

, 
to follow a universal curve as a function of 5 = c(g-1)

2 
 J(J-1-1) 

where c is the concentration of the rare earth, g is the Land; 

g-factor and J is the angular momentun quantum number. The 

functional dependence of T on 5 was found to be 
n 
	 2/3 

Nagasawa and Sugawara (77) have measured magnetic susceptib-

ilities of a series of Y-Tb alloys with up to 3.7 at. % Tb. 

They plotted the temperatures Tn  of the maximum in the suscept- 

ibilities as a function of the parameter 	and find a deviation 
2/3 

from the 	S dependence. 	The curve makes a finite intercept 

on the 	axis indicating that a finite concentration of the 
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rare earth is required for magnetic ordering to occur. 	The 

authors have also plotted the values of Tn  derived from 

neutron diffraction on Y-Tb alloys by Child et al (76),and 

an ordering temperature derived from the susceptibility 

measurementson Y-Dy alloys by Nelson et al (78))  and show 

these lie on their curve, as distinct from then curve. 

Sugawara and Eguchi (79) have measured the low temp-

erature resistivity, magnetic susceptibility and supercon-

ducting transition temperature of alloys of Lanthanum with a 

few rare earth solutes. 	There is no indication of interaction 

effects in either the susceptibility or the resistivity meas-

urements of any of these alloys._ 

A.(3) 	Real Bound State in an Exchange Enhanced Host Matrix  

Susceptibilities of some alloys of rare earth solutes 

dissolved in palladium have been measured by Shaltiel et.al. 

(80). 	They determined 9 values from Curie-Weiss plot of 

l/(1/-1/0) against T where Vvo  was matrix susceptibility with 

Lu replacing the rare earths. 	The values of 9 obtained are 

as follows 
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Rare Earth Conc. eff. goK  

Ce 4.0 1.1 4 

Pr 2.0 3.3 -4 

Nd 3.2 3.07 -2 

Gd 3.0 6.28 +3 

Tb 1.0 8.4 0 

Ho 0.23 10.8 0 

Yb 4.o 4.54 -2 

The authors have not reported whether actual magnetic 

order was observed at low temperatures. 	Since the crystal 

field splitting can give a pseudo Curie-Weiss Q, it is diff-

icult to be certain whether the above values of Q represent 

a measure of interaction effects, except say in the case of 

Gd and perhaps Ce. 

Crangle (81) has reported the occurence of ferromag- 

netism in Pd-Gd alloys containing up to 9.7 at. % Gd. 	He 

finds that normal ferromagnetism persists in the alloys down 

to less than lat. % Gd. 	The observed moment per Gd atom 

is also found to be less than the ex-oected value of 7 Bohr 

magnetons, which is attributed to a negative spin polarisation 

of conduction electrons in the matrix. 
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Williams (67) has measured Pd-2 at. %Gd and Pd-2 

at. % Er. 	The M-H plots at the lowest temperature of 

1.7R show no sign of interaction effectS. 

H. Cottet et al (65) have measured the susceptibility 

of (La94 Gd.06
)Ru

2 
and find a ferromagnetic Curie point of 

10 t 1°K (from H/5 vs 62 plot) and a paramagnetic Curie 

temperature of 16+ 2°K: 

B.(1) 	Magnetised Virtual Bound State in a Simple Metal Host  

Alloys of Cr, Mn and Fe dissolved in the simple metals 

Au, Ag and Cu have been the subject of wide theoretical and 

experimental investigation since the discovery by Gerritsen 

and Linde (82) of resistance minimum followed at lower temp- 

eratures by a maximum in an alloy of 0.1 at. %Mn in Ag. 	The 

maximum is now understood to be due to the combination of 

Kondo's logarithmic increase in resistance (with decreasing 

temeperature) and the quenching of spin disorder scattering 

due to the onset of magnetic order which gives a decreasing 

contribution to the resistance.. The maximum has a well defined 

concentration dependence and is typically 25°K per atomic per- 

cent for Cr, Mn and Fe in the noble metals. 	The susceptibility 

of the alloys also go through a maximum at a temperature lower 
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than the resistance maximum, but there is some disagreement 

in the literature about the concentration dependence of this.. 

In fact Van Itterbeek et al (83) find no maximum -In suscept-

ibility down to 1.2°K for a concentration as high as 1.6 at. % 

Mn in Cu and Ag. 	This is in disagreement with the results 

of Owen et al (51) who find susceptibility maxima for alloys 

of similar concentration. 

Lutes and Schmit (84) have measured the susceptibility 

of various concentrations of Cr, Mn and Fe dissolved in Au 

and find well defined maxima even for alloys with 0.5 at, % Cr 

and Fe and 1 at.. % Mn. 

The magnetic order in the alloys can be disturbed by 

cooling in an applied magnetic field. 	J. S. Kouvel (85) 

observed large thermal remanant moments when Cu-Mn and Ag-Mn • 

alloys were cooled in a magnetic field to a temperature" below 

the susceptibility maximum and D. Griffiths (86) observed 

marked effects in EPR of Cu 5 at. % Mn and Cu 15 at % Mn alloys 

showing the onset of magnetic order of some sort which was modified by 

cooling in a magnetic field. 

Evidence of magnetic order is also seen in the specific 

heat measurements of these alloys where a broad maximum is 

found in the excess specific heat at low temperatures. 	Cu-Mn 
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alloys of various concentrations were measured by Zimmerman 

and Hoare (59) and Ag-Mn alloys by de Nobel and du Chatenier 

(60). Magnetic entropy was calculated by integrating  T 

over the temperature range, from which the spin degeneracy was 

found to be between 2 and 5/2. 

B.(2) 	Magnetised Virtual Bound State in a Simple Transition  
Metal and Binary Alloy Hosts  

Matthias et al (1) have measured the magnetisation at 

1 at. % Fe dissolved in Mo and Mo-Nb alloys. 	They find that 

the addition of Nb to Mo progressively reduces the magnetic 

moment on the Fe, until the virtual bound state is completely 

unmagnetised for more than 40% Nb. 	Coles C87) has measured 

the resistivity of Mo-0.65 at, %Fe and finds a maximum around 

4°K and a broad minimum around 22°K. 	This is similar to the 

behaviour of the resistance in Cu-Mn type of alloys. 	Waszink 

(88) has measured the magnetic susceptibility of the same alloy 

down to 3°K and finds no evidence of magnetic order. 	Further  

investigation of this system will prove very interesting in 

its comparison with Cu-Mn alloys. 
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B.(3) 	Magnetised Virtual Bound State in an Exchange  
Enhanced Host Matrix  

The observation of "giant moment of Fe" dissolved in 

palladium was first made by Crangle(89) since then consider-

able interest has been shown in both the experimental and 

theoretical study of such systems. 	Co too, shows a similar 

behaviour when dissolved in palladium and platinum. 	The 

phenomenon is due to the polarisation of matrix atoms around 
0 

the impurity within an average radius of around 10 A. 	This 

has been experimentally varified by Low (90).Clogston et al 

(4) studied this behaviour as a function of the electrons per 

atom ratio of the matrix and found the largest moment per iron 

atom in an alloy of Pd with about 10 at. %Rh. 

The Pd-Fe alloys show ferromagnetism for very low 

concentrations of Fe. 	The transition temperature is about 

40°K per atomic per cent Fe. 	Coles et al (92) have reported 

resistance measurements which show a rapid decrease below a 

well defined temperature To. 	Recently Williams and Loram (93) 

have made resistance measurements of very dilute Pd-Fe alloys 

in the He3 temperature range, and find a similar behaviour 

The excess specific heat of Pd-Fe alloys measured by 

Veal and Rayne (91) shows the characteristic maximum indicative 
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of magnetic order. 	The entropy calculation gives spin value 

S = 1.1+0.3 which differs very much from S = 3.7± 0.4 
deduced by Crangle (89) from magnetisation measurements. 

A similar discrepancy is observed in the Mossbauer 

experiments on Pd-Fe (94). 	The hyperfine field at an iron 

nucleus shoals the best fit to aBrillouin function with angular 

momentum quantum number J = 6. 	Using a model due to Takahashi 

and Shimizu (95),Doniach and Murani (97) have attempted to reconcile 

the two results. 	They show that besides the matrix polar- 

isation, interaction effects play an important role in produc-

ing the observed magnetisation curves. 

C.(1) 	Nagaoka Spin Compensated State in a Simple 
Metal Host  

Cu-Fel  Au-V, Cu-Co, Au-Co are some of the systems 

which belong to this class. 	Daybell and Steyert (26) have 

measured the electrical resistivity and magnetic susceptibility 

of dilute Cu-Fe alloys. 	They show that if a Kondo temperature 

o  
of 16 K is assumed for this system, the resistivity could be 

fitted to an expression derived by Nagaoka (12) and would  

also agree with his low temperature limit for the excess spec-

ific heat, although the total entropychange calculated from 
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specific heat is smaller than predicted by the theory. 	Sus- 

ceptibility behaviour, however, does not agree with that 

predicted by the theory. . The solubility of Fe in Cu 

rather low so that this is not a good system for the study 

of interaction effects. 

Susceptibility measurements of dilute Cu-Co and Au-Co. 

by Hildebrand (99) show that the results cannot be interpreted 

in terms of a meaningful Curie-Weiss law as the values of g. 

obtained were a few hundred degrees Kelvin. 	Susceptibility 

measurements down to 2°K on a 2 at., % Co in Cu alloy by Schmit 

and Jacobs (100) showed no remanance, nor did the Au 1 at% Co 

alloy measured by Lutes and Schmit (84) down to 0.50K . 

Domenicali and Christenson (102) have measured the resistivity 

of Au-Co) alloys which show a logarithmic variation above room 

temperature, but flattening off at lower temperatures in a 

manner characteristic of a spin compensated state. 	They have 

suggested a Kondo temperature of about 300°K for this system. 

Ford et al (103) have further investigated the resistivity of 

Au-Co alloys down to 0.4°K and find a further levelling off 

of the resistivity below 2°K for 3 at. % Co alloy indicating 

interaction effects. 
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Kume (104) made resistance and susceptibility meas-

urements on the Au-V system, from which he obtains a Kondo 

temperature of around 290°K. 	No sign of interaction effects 

are observed even for the 2 at. % V alloy down to 1.4°K.. 

Lutes and Schmit (101) have measured susceptibility of Au 

1 at. % V alloy which they find nearly temperature indepen- 

dent. 	No remanence was observed down to 0.5
o
K. 

Narath et, al. (105) have made N.M.R. measurements on 

Au-V alloys with up to 10 at. %. V. 	They find that the 

Knight shift at the V51 nucleus is independent of concentration 

for more than 2 at. % V and that the N.M.R. line width is 

proportional to the external magnetic field strength. 	From 

the hyperfine field of 18 k0e/ALB  they deduce a moment per 

vanadium atom of 0.081AB. 	The line width expected from ordered 

moments of this magnitude is greater than the observed value. 

The authors therefore conclude that there is no long range 

anti-ferromagnetic order in these alloys. 	Cravelling et al 

(106) find that the susceptibility of the alloys is made up 

of a temperature independent term proportional to concentration 

of vanadium atoms and a Curie-Weiss term with a concentration 

independent Curie constant. 	This behaviour is explained by 

assuming that pairs or clusters of nearest neighbour 
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vanadium atoms in the random alloy become unmagnetised as, 

they db in vanadium metal.. Since increasing the concen—

tration produces an increasing number of such clusters, the 

effective number of isolated vanadium atoms showing the Curie — 

Weiss behaviour does not change very much with concentration. 

C.(2) 	Nagaoka Spin Compensated State in Simple Transition  
Metals and Binary Alloys  

Mo-Co is perhaps one example of this system. 	Sus- 

ceptibility measurements:by Knapp (25) on alloys with up to 

1 at. % Co showed- a marked deviation from Curie-Weiss_behav- 

iour at low temperatures. 	Below 1
o
K the susceptibility also 

became slightly field dependent. 	A Curie-Weiss fit to the 

data above 4.2°K gave an intercept of 240K. 	Booth et al (108) 

have also measured the susceptibility of Mo-Co alloys between 

27°K and 300°K and obtained results similar to Knapp's. 	Brog 

et al (109) have measured resistivity of these alloys with 

up to 1 at. % Co.and find a minimum at low temperatures.. The 

resistance increase at low temperatures flattens off for higher con- 

centrations, S. Mozunder (110) has measured the resistivity of 0.5 at. 

% Mo-Co alloys down to 0.4
oK, but finds no maximum even for 

the 5 at. % Co alloy.- 
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Resistance measurements on Y-Ce alloys by Sugawara 

(79) show a Kondo like minimum. Recently Sugawara et al 

(111) have extended the measurements down to He3 temperature 

range, and also made susceptibility measurements on these 

alloys with up to 2 at. % Ce. 	The resistance could not be 

fitted to any existing theory of the s-d interaction. 	The 

susceptibility shows a CUrie-Weiss behaviour with a pseudo 

9 value of -40 ±5 for all concentrations up to 2 at. % Ce. 

There is no indication of interactions between Ce atoms in 

these measurements. 

The electrical resistance of dilute Rh-Fe alloys (112) 

is very different from the usual resistance minimum behaviour 

of the Kondo systems, but the susceptibility is similar to 

the Mo-Co system, and other generally recognised spini compen- 

sated systems like Cu-Fe. 	If we regard Rh as a simple trans-

ition metal, the Rh-Fe system can be considered a member of this 

group. 	A study of interaction effects in Rh-Fe alloys is 

reported in this thesis., 

M. B. Maple and Z. Fisk (113) have investigated the 

effect on the depression of superconducting transition temperature 



109 

TC of LaAl
2 

due to additions of various rare earth solutes.. 

They find an abnormally large depression due to the addition 

of cerium, which they ascribe to the large s-f interaction 

between the conduction electrons and the 4f shell of cerium. 

There is also an additional contribution from the Kondo 

effect, as shown by the resistance minimum, which enhances 

the depression of Tc. 	Study of interaction effects in this 

system will throw further light on to the nature of the mag-

netic state of cerium in such alloys. 

C.(3) 	Nagaoka Spin Compensated  State in an Exchange Enhanced 
Matrix 

Resistivity measurements on dilute Pd-Cr alloys show 

a Kondo type anomaly (114), The Kondo temperature being of 

the order of 10°K.. W. M. Star et al (115) have also invest-

igated the resistivity, susceptibility and specific heat of 

these alloys with up to 4 at. % Cr.. The resistance behaviour 

is peculiar in that for the 4 at. % Cr alloy the rate of 

increase of resistance at low temperatures is sharper than for 

the 2 at. % Cr alloy. 	The resistance continues increasing 

down to 1
o
Kjthe lowest temperature of measurement. 	Specific  

heat results do notagree with any theoretical calculation of 

the spin condensed state. 	The authors find the susceptibility 
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behaviour difficult to interpret in terms of a Curie-Weiss 

law, as is possible for other spin condensed systems. 	It 

is difficult to be certain whether this represents a true 

Nagaoka spin condensed system or whether the observed effects 

are due to some other mechanism. 

No other examples of a spin compensated system in 

an exchange enhanced matrix have so far been suggested. 

D.(1) 	Unmagnetised V.B.S. in a Simple Metal Host  

Two well knowilexamples of this system are Cu-Ni alloys. 

Measurements by Pugh et. al (116) on Cu-Ni alloys up to 2.5 

% Ni in the range 2.5°  to 300°  showed an almost temperature 

independent susceptibility. 	A small increase at low 

temperatures was thought to be due to the presence of small quan— 

tities of iron in the samples. 	Later measurements by Ryan 

et al (117) show that Cu-Ni system becomes Ferromagnetic around 

a critical concentration of about 40 at % Ni.. The Curie—Weiss 

constant C for some alloys around this critical concentration 

was higher than expected by assuming a moment of 0.6D per Ni 

atom. 	The authors have ascribed this behaviour to formation 

of superparamagnetic clusters in the alloys. 	Measurements 

of Ni rich Cu-Ni alloys by Aheren et al (118) show a decreasing 
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magnetic moment per atom of the alloy in the manner described 

by the rigid band model. 

Van Elst et al (119) have made magnetisation measure-

ments on some Cu-Ni alloys around the critical concentration. 

The behaviour for alloys with more that 50 at. % Ni is similar 

to that found by Aheren et al (118). 	However, alloys with 

less than 40 at. % Ni show departures similar to that found 

by Ryan et al (117). 

Recent neutron scattering experiments by Hicks et al 

on Cu-Ni alloys around the critical composition show the- existence 

of large spin polarisation clouds, distributed randomly through 

the alloy. The concentration of the clouds varies linearly 

with the deviation of alloy composition from a critical value 

which the authors quote as 44 at. % Ni. 	They also find in 

these alloys a clustering effect which they believe is too) 

short ranged to be responsible for the superparamagnetic behav- 

iour suggested for these alloys (121). 	From their saturation 

magnetisation measurements at 4.2
0 
K, on alloys with more than 

46 at. % Ni the authors obtain magnetic moment U-o per atom 

which is in agreement with previous results (122). 

The differences in the observed behaviour for alloys 

around the critical concentration is probably a result of different 
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methods of alloy preparation. 	The recent minimum polarity 

theory (123) suggests the existance of nearly independent d 

sub-bands for Ni and Cu, in contrast to the rigid band model 

which is, infact, qualitatively incorrect. 	Existence of an 

independent d-band for nickel in copper rich Cu-Ni alloys• 

has been suggested' previously by Coles (124). 

Kaufmann et al (121) have also made magnetisation 

measurements on Au-Ni alloys and find a behaviour very sim- 

ilar to that in Cu-Ni alloys. 	The critical concentration 

for ferromagnetism 
	

in Au-Ni alloys is also around 40 at. % Ni. 

D.(2) 	Unmagnetised V.B.S. in Transition Metal Hosts 
and Binary Alloys 

Magnetisation measurements of Clogston et al (4) 

show that Fe does not carry a moment in Nb, V or Ruin the 

dilute limit. 	(Fe is, however, magnetic in V-Ru alloys over 

a considerable range of composition). 	D. J. Lam et al (127) 

have investigated magnetic susceptibilities and nuclear mag-

netic resonance in V-Fe alloys as a function of increasing 

iron concentration. 	The susceptibilities were measured 

between 4.20K and room temperature. 	For low concentrations 

of Fe in V the susceptibilities were essentially temperature 
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independent. 	At around 20 at. %. Fe there was an increase 

in paramagnetic susceptibility at low temperatures which 

became more pronounced at higher concentrations. 	The 

critical concentration of Fe is around 28 at. io when the 

alloy becomes ferromagnetic. and the high temperature suscept-

ibility obeys a Curie-Weiss law. 

Bucher et al (128) have measured magnetic susceptib-

ilities at 1,4°K and specific heats of some Rh-Ni alloys, and 

find the maximum susceptibility for Rh 63 at. % Ni alloy 

which became ferromagnetic at 40°K. 	The investigation was 

made with a view to observing the exchange enhancement effects so 

that the exact critical concentration for magnetic order has 

not been determined. 

N.M.R. measurements on dilute Rh-Co alloys have been 

made by Walstedt et al (129) and resistance measurements have 

been made by Mozumder (110) on the dilute alloys. 	A sus- 

ceptibility measurement on Rh it at.. % Co alloy is reported 

in this thesis but no magnetic order has been observed down 

to 1.6°K- 

D.(3) 	Unmagnetised V.B.S. in an Exchange Enhanced Matrix 

Pd-Ni is the best known example of this system. 



Susceptibility measurements by Shaltiel et al (80) show 

that in the dilute limit Ni is nonmagnetic in Pd. 	Sus-

ceptibility of the alloy is slightly larger than that of 

pure palladium. 	The authors find that for Ni concentrations 

larger than 2 at. % the susceptibility shows a Curie-Weiss 

behaviour, indicating a threshold concentration around this 

value. 	The system also becomes ferromagnetic at low temp- 

eratures. 	Schindler and Rice (132) reported resistance 

measurements of some dilute Pd-Ni alloys which they interpreted 

in terms of a concentration dependent uniform exchange enhance- 

ment model (133). 	The coefficient A of the T
2 

term in the 

resistance was found to be roughly linear in susceptibility 

X. which could not be explained by the theory. 	Lederer and 

Mills (63) proposed a model of localised exchange enhancement 

which not only gives a critical concentration for magnetic 

order (133) but explains the resistivity behaviour and gives 

the correct dependence of the coefficient A on% 
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CHAPTER 5  

EXPERIMENTAL METHOD AND APPARATUS  

THE VIBRATION MAGNETOMETER  

Introduction  

Among the direct methods available for the measurement 

of static magnetisation and susceptibility force methods have 

proved the most sensitive. 	Methods based on the principle of 

electromagnetic induction can also, in theory, be extremely sen- 

sitive. 	The development of a high sensitivity vibrating sample 

magnetometer has been reported by Foner (149). 	The principle 

of the method is the detection of the voltage induced in a suitable 

set of pick-up coils by a sample vibrating in'their vicinity, 

D. O. Smith (150) has developed a vibrating coil magnetometer. 

This method, it has been pointed out (149), is not equivalent to 

a vibrating sample method, and its performance can be very seriously 

affected by any non-uniformity of the magnetic field. 

Vibration magnetometers and other electro-magnetic 

induction techniques have the advantage of being adaptable for 
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most types of measurements on a large range of magnetic materials. 

The force methods are limited to measurements within a certain 

range of forces, and measurements in zero fields and uniform 

fields cannot be made. 	Vibration magnetometers are also in 

general much easier to use. 	The signals to be detected are audio 

frequency voltages, hence suitably designed narrow band amp-

lifiers and detectors can be used to give extremely high sensitivity. 

Very often, however, the limiting factor to the accuracy of meas-

urement is not the Johnson noise in the pick-up coils and the 

noise figure of the amplifiers, but the synchronous voltages induced 

in the pick-up coils through vibrations transmitted to them. 	A 

small coupling between the vibrating specimen and the pick-up coils, 

often indirectly through other parts of the apparatus, is difficult 

to avoid and can lead to large induced synchronous background 

signals. 

An important feature of Foner's magnetometer is that the 

sample vibration is perpendicular to the magnetic field. 	This 

eliminates the need for an extensive modification of the laboratory 

electromagnet required in some arrangements for vibrating a specimen 

or a pick-up coil in the direction of the applied field. 
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We describe here a simple, compact vibrating sample 

magnetometer, originally designed for the measurement of specimen 

magnetisations rather larger than those requiring the ultimate 

sensitivity of the best force methods, but having the advantage 

over them of allowing measurements in the zero field. 	The use 

of a piezo-electric transCucer, the bimorph, in a tuning fork 

arrangement permits sample motion in the direction of the field and 

with respect to a pick-up coil symmetrically distributed around 

it. 	The tuning fork arrangement of the bimorphs reduces the 

transmission of the vibrations to other parts of the apparatus 

so that the unwanted synchronous background is minimized. 	Null  

measurements of the magnetic moment (151) are made by passing 

a current through a coil wound around the specimen. 	The current 

at null is directly proportional to the magnetic moment and 

gives a measure of the moment in absolute units. 

The Basic Principle  

The principle of the apparatus is represented schem- 

atically in Fig. 5. 	B
1 
and B

2 
 are the two bimorph elements 

driven by an a.c. voltage from an oscillator. 	The specimen S 

vibrating in a magnetic field induces a signal in the pick-up 

coil C. 	This is amplified and detected in a suitable manner 
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119 

or the coil SH wound around the specimen is used for the 

nulling current method of measurement. 

The Bimorph Element and its Use 

The bimorph elements used in this application are in 

plate form. 	They are made from piezo-electric ceramics, in 

the present case lead zirconate titanate, two layers of which 

sandwich a thin brass plate Fig. 6.. 	The two outer surfaces 

are covered with thin silver films or other conducting material.-

The bimorphs are obtainable as square or rectangular plates from 

which strips of the required size can be cut. 	If one end of 

a bimorph strip is clamped and an alternating voltage is applied 

between the two silver electrodes the free end will vibrate at 

the applied frequency. 	The cantilever thus formed has a certain 

resonant frequency at which large amplitudes of vibration (-2 mm) 

can be obtained. 	There are other modes of vibrations of the 

bimorph, but this one is the most suitable for the present app- 

lication. 	A specimen attached to the free end of a bimorph 

strip can be made to vibrate, the amplitude depending on the fre- 

quency and the driving voltage. 	Strips of size 5 cm x 3.5 mm x 

0.175 mm were chosen for a specimen of typical weight 
	

gm• 
	An 

audio frequency oscillator with an output impedence of 1000 I/ 
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providing an output of up to 10 V (rms) gave adequate drive. 

Amplitudes of specimen movement of around one millimeter were • 

obtained. 

The reaction to vibration of a single cantilever must 

be provided at the support to which it is clamped. 	Vibrations 

would therefore be transmitted to other parts of the apparatus 

and communicated to the pick-up coils however much care is taken 

in practice in isolating them from the vibrating parts of the 

apparatus. 

If, however, two bimorphs are clamped together, both 

loaded equally so as to have the same resonant frequency, and 

made to vibrate in antiphase to each other then the reaction at 

the support is negligible. In fact the two bimorphs can vibrate 

even if suspended from a piece of cotton thread 	The bimorphs 

form a tuning fork arrangement. 	The latter is described as a 

long bar bent through 180°  about the middle. 	It has two nodes, 

N, Fig. 7., and an antinode A. The amplitude of vibration at 

the antinode is very small especially if the two nodes are close 

together. 	The point of suspension of the bimorphs is at the 

antinode, hence small amplitude of vibrations in the z direction, 

Fig. 8., will be coupled to the coil assembly through the sus- 

pension. 	This mode of vibration transmitted to the pick-up coil 
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will produce only a small amount of synchronous noise if the 

magnetic field is reasonably uniform in the vertical plane. 

The main contribution to the synchronous noise voltage 

is from a twisting mode about the suspension. 	This is produced 

if the mass on the two bimorphs is unsymmetrically distributed 

about the axis of the suspension. 	It is very difficult to 

align the bimorphs so that the mass distribution on the two is 

a mirror reflection of each other. 	The noise voltage induced 

through this node is proportional to the total field strength)  

and hence it can be quite large. 

Coil Design 

A long cylindrical specimen shape was considered to be 

the most suitable for a nulling current method of measurement,_ 

A pick-up coil of circular cross section distributed symmetrically 

about the axis of the specimen has been used in this arrangement 

and the considerations given below are limited to this geometry. 

The synchronous background voltage induced in a pick-up 

coil is proportional to the total turn area of the coil, but the 

contribution to the induced signal from a given turn in the coil 

decreases rapidly as the diameter of the turn increases. 	The 

induced signal in a given turn of the coil also varies with its 
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position relative to the specimen. 	In order to simplify 

the analysis the specimen is approximated by a thin dipole 

of length 2L. The flux change dO produced in a single turn 

of radius y placed at a distance x along the axis of the dipole 

from its midpoint due to a displacement dx of the latter is 

easily calculated to be 

 

I- 

 

 

Y
2 

Y
2 

px..../L)2±y2j3/2 

 

[(x+,02+y21 3/2 dO = 27M 

 

   

where M is the magnetic moment of the dipole. 	The synchronous 

background voltage produced in the circular turn is proportional 

to the square of the radius. 	Hence the ratio of the signal 

to background voltage is proportional to the quantity 

1  
[(x_024.y2] 3/2  

This quantity is plotted 

    

 

px+.02.4.y2] 3/2 

 

as a function of x/) for a 

few values of 	in Fig. 9, Since the thickness of the specimen 

is finite, this analysis only gives an order of magnitude estim- 

ate for the real situation. 	However, it seems clear that a 

short cylindrical coil situated at one end of the specimen will 

give the best signal to synchronous noise ratio. 
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The actual size of the coil used in the present arr- 

angement is fairly long (0.6"). 	This has the advantage of 

making the induced signal insensitive to fairly large (few 

millimeters) variations in the specimen position relative to 

the coil. 	Although this is not necessary for a nulling current 

method of measurement, it is quite useful for the measurements 

on highly magnetic materials where the nulling current method 

cannot be used and direct measurement of induced signals have 

to be made. 	For materials of very low susceptibility, however, 

where high sensitivity is required, an optimum coil design 

is essential. 

Description of the Apparatus  

The basic arrangement is quite simple (Fig. 10), C1 

is the main pick-up coil. 	C2 and C3 are dummy coils of•iden- 

tical geometry and the same turn area as C1. 	B1 and B2 are the 

two bimorph strips clamped together at C which has provision 

for electrical contacts to the silver electrodes of the bimorphs 

to be made . 	S is the suspension made of thin phosphor-bronze 

strip a few millimeters wide. SH is a specimen holder which 

is a solenoidal coil wound evenly on a thin walled glass tube. 

DW is a dummy weight for matching the resonance frequencies of 
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Fig. 10 The Basic Arrangement of the Vibrator and Pick-up Coils 
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the two bimorphs. -CH is the coil housing made out of a TuinoI 

rod:. 

Setting up Procedure  

A specimen of cylindrical shape machined to the correct 

dimensions fits inside the specimen holder. 	A lip formed by 

heating one end of the glass former in a gas flame helps to locate 

the specimen to its exact position inside the coil and prevents 

it from slipping out from that end. 	The open end can be plugged 

by a soft cork or small rubber bung; alternatively, easily rem- 

ovable glue or GE varnish is used. 	It is important that the 

specimen is fixed firmly inside the coil, as any relative motion 

between the two will cause damping of the vibration and produce 

other complex effects. 

The pick-up coil is long and cylindrical with a hole 

through the middle. 	The specimen is mounted so that half its 

length is inside the pick-up coil; some clearance around the 

specimen is necessary for its free movement. 	The slightest 

contact between the vibrating specimen and the inside of the 

pick-up coil gives a large increase in the unwanted synchronous 

background voltage. 	The specimen must be located parallel to 

the coil axis and the bimorphs must not be free to twist about 



128 

the suspension. 	The latter is therefore made of a thin phospor- 

bronze strip about 3 mm wide. 	Since the bimorphs are suspended 

from the top of the coil housing, some of the vibrations are 

transmitted to the pick-up coils. 	Fortunately the effect is 

small and can be further minimized as explained later. 	In loc- 

ating the *specimen inside the pick-up coil, the small differen-

tial thermal expansion between the material of the coil housing 

and the bimorphs must be allowed for. 	As the bimorph itself 

is made of two different materials, brass in the middle and cer- 

amic on the outside, it bends a small amount when cooled to low 

temperatures. 	This bending is generally small unless the surface 

of the bimorph is cracked or if one side of the bimorph is weaker 

than the other. 	A good bimorph, however, performs satisfactorily 

down to the lowest temperature of 1.5
o
K used here. 

The resonant frequencies of the two bimorphs must be 

matched and this can be achieved by selecting a suitable dummy 

weight DW. 	This is best done when the two bimorphs are clamped 

together in their final positions. 	To do this, the common clamp 

CI  Fig. 10)is first fixed rigidly to the body of the coil housing 

by putting a spacer between the clamp and the coil housing, 

and tying the two with a piece of wire or thread. 	The resonant 

frequency of the bimorph B1 is observed while B2 is held fixed, 
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The bimorph B2 is loaded until it has the same resonant fre-

quency as Bl. The dummy weight can be any weakly diamagnetic 

alloy or non-metallic substance. 	Use of a pure metal is not 

recommended as any eddy currents induced in it can give a large 

contribution to the signal at the pick-up coils. 

Operation 

Fig. 11 is a block diagram of the vibrating specimen 

magnetometer. 	The two bimorphs are driven by the output from 

the same oscillator divided into two channels. 	One output goes 

via a phase shifter and an attenuator, while the other is conn- 

ected directly to one of the bimorphs. 	The relative phase and 

amplitude of the driving voltages to the two bimorphs can-be 

adjusted to give the maximum amplitude of vibration and hence 

the minimum reaction of the common clamp C. 	If the bimorphs 

are well matched, however, it is only necessary to drive one of 

them and the second will follow in antiphase. 

The voltage induced in the pick-up coil is amplified 

with a low noise narrow band audio amplifier. 	The output is 

fed to a phase sensitive detector, the reference of which is 

derived directly from the oscillator. 	The output from the phase 

sensitive detector is observed Qn a centre zero ammeter, a 
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digital voltmeter, or a chart recorder.. The amplified signal 

can be observed directly on an oscilloscope connected in para-

llel with the phase sensitive detector input. 

For materials of moderate susceptibility (•J10-5  emu/gm) 

the nulling current method is ideal. 	Besides making unnecessary 

any allowance for the demagnetisation factor of the specimen, 

this method makes the measurements independent of any drift 

in gain of the amplifier and other electronic circuits used. 

A servo mechanism working off the output of the P.S.D. could be 

used to vary the current automatically. 	The use of a digital 

voltmeter and other accessories to produce digitised output on 

a paper tape will facilitate automatic recording and quick data 

processing. 

The nulling current method of measurement is impracticable 

for strongly magnetic materials because the large nulling currents 

required produce an excessive amount of heating in the coil. 

A direct measurement of the induced signal is therefore made. 

This is done in the following manner. 	A calibration signal pro- 

duced by a known current of convenient magnitude through the 

nulling coil is measured on the phase sensitive detector, when 

the applied magnetic field is zero. 	Large signals can now be 

measured in terms of the equivalent nulling currents by using 
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a calibrated voltage divider at the input to the amplifier. 

Correction due to the demagnetisation factor of the specimen 

must be made. 	This is quite small for the long thin specimen 

used. 	For strongly magnetic materials the image effects must 

also be considered. 	The image of the specimen produced in 

the high permeability material of the pole faces will give a 

contribution to the induced signal in the coil. 	In the present 

arrangement, both the specimen and the pick-up coil are in the 

mie_dle of the pole faces and are sufficiently far away from them 

for the image effects to be negligible. 

The susceptibilities of materials of high electrical 

conductivity are difficult to measure accurately because of 

eddy currents induced in them due to the non-uniformity of the 

field over the volume they displace during vibration. 	Very 

large diamagnetic contribution due to eddy currents was observed 

at 4.2°K for a specimen of pure gold, despite the fact that a 

magnetic field having a uniformity in the central volume of 1 cc 

of better than 1 part in 105  was used. 	Materials of such high 

conductivity must be laminated or powdered for measurements at 

low temperatures. 
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Screening of the Timorph 

A bimorph element is equivalent to a parallel plate 

capacitor. 	An alternating voltage applied to the two silver 

electrodes will give rise to a magnetic field in the region 

around the bimorph. 

This will induce a voltage in the pick-up coils unless 

the bimorph is screened. 	A simple way to do this is to use 

the same principle as employed in a co-axial cable. 	The 

bimorph is covered in a piece of masking tape which is painted 

on the outside with 'aquadag' silver paint. 	One of the two 

silver electrodes of the bimorph is connected to this paint and 

this forms the earthed electrode. 	The magnetic field is now 

contained within the volume of the masking tape. 

Minimizing the Induced Synchronous Noise Voltage in the  
Pick-Up Coils  

In the present arrangement, the bimorphs are suspended 

from the top of the pick-up coil housing about 7 centimeters 

from the main pick-up coil. 	The suspension is made of a thin 

phosphor-bronze strip which can transmit various modes of oscill- 

ations to the coil housing. 	The main one is a twisting mode 
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about the vertical axis giving the largest contribution to 

the synchronous noise. 	An independent suspension for the 

bimorphs would greatly reduce the amount of vibrations coupled 

to the coils, but the present method has the advantage of 

making the location of the'specimen relative to the pick-up 

coil much easier. 

The total turn-area of the pick-up coil can be rep- 

resented by an area vector A in the horizontal plane. 	This-

will be at an angle A to the magnetic field vector H also in 

the same plane, Fig. 12. 	The 

flux linked by the coil is prop- 

ortional to A.H. 	Hence the 
A 

signal induced in the coil due 

to the rotational mode of vib-

ration about the vertical axis 

will be proportional to 

Fig. 12. 

DC) 
/A TTN knAn, 	-AH sin 
— — 

This is obviously zero when 0.0. 	To set the coil in this position 

in the presence of'a sioeciten, it is necessary to separate the signal 
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from the pick-up coil into two components; the true signal 

due to the magnetisation of the specimen and the inphase com-

ponent of the synchronous background due to the vibration of 

the pick-up coil. 

It is observed experimentally that the total signal 

(true signal + synchronous background) is proportional to the 

amplitude of vibration of the specimen for a given driving 

frequency. 	Hence, the ratio of.the true signal to the synchron-

ous background signal is independent of the amplitude of vibra- 

tion, at a given frequency. 	As a function of the frequency, 

however, the relative magnitudes of the synchronous background 

signal and the true signal change in some complicated manner. 

It is found that the component of the total signal inphase with 

the specimen signal is given by the equation 

Total Signal = True signal from the specimen + 0.0) sin 9 

where A(w) is some function of the driving frequencyco, and 9 

is the angle between the magnetic field and the area vector of 

the coil. 	For small 

sin 9 
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If the total inphase signal is plotted as a function 

of the angle G for a few frequencies D..) around the resonant 

frequency of the bimorphs, a family of straight lines is obtained, 

all crossing at one point)Fig. 13. 	This point represents the 

true signal due to the specimen only. 	Actually the point of 

intersection of the lines has a small spread 	0.2°  maximum). 

The corresponding uncertainty in the signal sets the lower limit 

to the accuracy of the measurements. 	That this situation is 

real may be checked by repeating the measurements with either 

of the two dummy coils as detector. 	?While doing this the mag- 

netic moment of the specimen is bucked out with the nulling current 

found above (to avoid direct flux linkage from the specimen). 

The ?ptimum angle for these coils will of course be different 

(in practice the area vectors of the various coils could be as 

much as two degrees out of line with each other) but the corres- 

ponding signal will be zero or a very small value. 

At the optimum angle there is still a small synchronous 

component in quadrature to the specimen signal. 	This makes it 

necessary to detect only the inphase component both while setting 

up as above and making the actual measurements. 	The phase of 

the reference signal to the P.S.D. is easily set to measure the 
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inphase component by maximising the observed signal from a 

magnetic moment produced by a D.C. current through the nulling 

coil when the applied magnetic field is zero. 

The more widely used method of minimizing the synchron-

ous background voltage is to connect a dummy coil having the 

same turn area and geometry in opposite sense to the main pick-

up coil, so that there is no resultant flux linkage with the 

applied magnetic field. 	This method reduces the synchronous 

noise pick-up but does not give the best results in the present 

instance. 	This is because it is difficult to get the two area 

vectors of the coils exactly parallel. 	As mentioned above, 

they can be as much as 2 degrees out of line with each other. 

Also the angle between them will further change in an unknown 

manner due to distortions produced by temperature changes. 	As 

it is possible to get one pick-up coil aligned to the field to 

an accuracy of a small fraction of one degree, this method will 

give the least synchronous noise. 

Calibration 

The magnetic moment of the coil per unit current can 

be calculated in absolute units from the dimensions and the 
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number of turns in the coil. 	However, the accuracy of this 

procedure is not very good because of the uncertainty in 

measured dimensions of small coils. 

A more accurate method is the calibration of the null- 

ing coil by means of a specimen of known susceptibility. 	A 

specimen of pure palladium whose susceptibility was previously 

measured in a Faraday balance was used to calibrate the nulling 

coil. 	The absolute accuracy of calibration was estimated to 

be better than41%. 
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Sensitivity Limits-. 

The residual synchronous noise at the optimum align-

ment of the coil to the field vector sets the limit to the 

accuracy of measurement. 	This is found to represent an uncer- 

tainty in the magnetic moment of about 10-5  emu in a field of 

4 k0e., the specimen mass being 0.25 gm. 	This corresponds to 

an error of about 10
-8 

emu/gm in-the measurement of the sus- 

ceptibility. 	As the synchronous noise is proportional to the 

field, measurements at higher fields cannot improve the accuracy. 

The induced signal in the pick-up coil from a specimen of mag- 

netic moment 10-5emu is 2x10-7  V (p/p). 	The Johnson noise in 

the pick-up coil at room temperature (Rcoil — 3k.51.) is 7x10
-9V(rms), 

in a bandwidth of 1 cycle. 	This is further reduced by a factor 

of 5 at nitrogen temperature (Rcoil ,-,  500-51.). 	Changes in the 

susceptibility X, of 10-9 emu/gm are therefore easily detected 

at the output of the phase sensitive detector using a suitable 

time constant (--1 sec). 

The reproducibility for a given specimen (after removal 

and replacement of the specimen) is better than 0.5 %, but it is 

important to ensure that the specimen is located exactly in the 



141 

same position inside the permanent nulling coil and that 

the two are of equal length. 

Measurement as a Function of Temperature 

The elastic constants of the bimorph change with temp- 

erature. 	As the stiffness of the bimorphs increase oil cooling 

so also does the resonant frequency. 	Between room and liquid 

helium temperatures. the resonant frequency changes by as much 

as 20%. 	When making measurements as a function of temperature, 

the frequency of the driving signal to the bimorphs must be 

altered to keep in step with the resonant frequency. 

The reference signal to the phase sensitive detector 

is obtained directly from the oscillator. 	Small but finite changes 

in temperature will produce corresponding changes in the resonant 

frequency. As the latter drifts a small amount, the phase angle 

between the driving signal and specimen vibration, will also change. 

This means that the phase angle between the reference and the 

detected signal changes. 	When the temperature is varying con- 

tinuously, it is very inconvenient to have to adjust the phase 

of the reference signal or the driving frequency by small amounts 

in order to detect the inphase signal. 
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The variation of amplitude of vibration of the specimen 

and the phase angle 0 between it and the driving signal is 

shown in Fig. 14. 	The resonance has a Q-factor of around 30. 

At one cycle off resonance the amplitude is reduced by about 

half but the phase angle is in a region where it is changing 

only slowly with frequency. 	The bimorphs are therefore driven 

one cycle off resonance, on the side away from the direction of 

the drift in the resonant frequency. 	The amplitude of vibration 

is, of course, set to the required amount by adjusting the 

driving voltage. 	A change in the temperature and hence the res-

onant frequency only produces a significant change in the amp- 

litude; the effect on the phase angle is fairly small. 	It is 

now easy to correct for the frequency change, and measure only 

the inphase component by adjusting the driving frequency every 

few degrees change in temperature so as to keep approximately 

one cycle off resonance. 

Possible Improvements in the Design of the Magnetometer  

While discussing the coil design, it was pointed out 

that the optimum coil length for high sensitivity is much shorter 

than actually used here. When a nulling current method of magne-

tisation Measurement is used, any change in the position of the 

specimen relative to the coil is unimportant. Hence the use of a 

coil of optimum size is possible. 



The mass of the specimen used is rather small. 	It 

is feasible, with the help of slightly larger bimorphs, to use 

specimens four or fiv,. times the mass of the present one. 	The 

use of larger specimens will increase the 'filling factor' 

inside the pick-up coil, and improve the 'pick-up efficiency' 

of the coil. 	Let us define the filling factor as the square 

of the ratio of the diameter of the specimen to the internal 

diameter of the pick-up coil. 	A certain amount of clearance 

between the inside of the pick-up coil and the nulling coil 

is necessary for free movement. 	The nulling coil and the 

glass former on which it is wound also occupy a certain finite 

volume. 	Both these can be kept to a minimum. 	If the two 

together occupy a wall thickness ok then the filling factor 

is the quantity 

(
d+ 2c< 

where d is the diameter of the specimen 1 Clearly an improved 

filling factor results for a larger specimen. 

An independent suspension of the bimorphs from the 

pick-up coil assembly, taking care to isolate the latter as 

much as possible from any parts which may communicate the vib-

rations of the bimorphs will infact lead to the greatest 

2 
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improvement in the signal to synchronous background signal 

ratio. 	The use of any coil geometry which makes the specimen 

location relative to the coil easy or unimportant (for a nulling 

current method of measurement) will facilitate the independent 

suspension of the bimorphs..  
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THE EXPERIMENTAL DETAILS 

The Cryostat  

The cryogenic, design for a system for operation 

between room temperature and pumped helium temperature range 

(300°K to 1.5°K) is fairly simple. 	Liquid nitrogen is used 

to obtain temperatures down to 77 K after which liquid helium 

is transferred into the dewar. 	By pumping on the helium bath 

with a rotary pump temperatures down to 1.6°K are obtained. 

Temperatures above 4.2
o
K are obtained by the normal warm up 

due to the heat leak into the system which can be augmented by 

electrical heating. 

Two pyrex glass dewars with silvered walls are used, 

one of which is for liquid helium and the other for liquid 

nitrogen. 	The helium dewar has a pumping line connected to 

the interspace so that it can be flushed out with pure nitrogen 

and re-evacuated before every run. 	This is necessary because 

helium gas in the dewar diffuses through the walls and softens 

the vacuum over a period of time. 	Flushing out the interspace 

with pure nitrogen permits a very high vacuum to be obtained at 

helium temperatures as any residual nitrogen in the dewar freezes 

out at these temperatures leaving a very hard vacuum in the 

interspace. 	The nitrogen dewar interspace is permanently 

evacuated and sealed off. 
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The dewars were designed for use with the Newport 

type D magnet with 6 cm pole gap. 	The cross section of the 

tail-half of the dewar is therefore made narrow enough to fit 

between the pole faces. 	In order to obtain the maximum poss—

ible space inside the helium dewar for the magnetometer and 

the glass tube enclosing it, the dewars were made from care-

fully selected high tolerance medium wall (2.5 mm to 3.5 mm) 

glass tubes. 	An internal diameter of 35 mm for the tail 

section of the helium dewar was obtained. 	The glasS tube 

jacket covering the magnetometer was specially drawn into an 

approximately oval shape in order for it to enclose the magnet-

ometer and leave enough space inside the dewar for the liquid 

helium. 	A diagram of the cross section of the tail of the 

dewars is shown in Fig.15 

The Dewar Cap  

A cross section of the dewar cap is shown diagram— 

matically in Fig. 16 . 	It is made out of brass and consists 

of three separate pieces which facilitates dismantling and re- 

assembling. 	The central brass tube B1 is joined to a glass 

tube extension G1 which carries the coil assembly at its end. 
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Aquadag silver paint on the tube helps to screen the pick-up 

coil leads which pass through its centre and emerge at the top 

T. 	A glass to metal seal GM joins the concentric, glass tube 

G2 to a brass connector BC. 	The latter screws on to the dewar 

cap and is sealed to it by an 0-ring seal shown. 	The tube G2 

is made in two halves which join together by means of a ground 

glass joint. 	The purpose of the tube is to hold the coils 

centrally in position and to provide a cover over the specimen 

to prevent any air condensing over it during helium transfer. 

A hole in the bottom of the tube and two small ones half way up 

allow the helium to enter inside and the gas to escape out of 

it. 	This permits measurements below 4.2oK to be made while 

the specimen is immersed in a bath of helium. 	This is useful 

when the nulling current method is used for the measurements 

on highly magnetic materials. 	A completely sealed tube can 

also be used if required, to isolate the magnetometer completely 

from the helium dewar. 	The tube can be evacuated by pumping 

through the connector Cl. 	There are three more connectors on 

the side of the dewar cap which have access to the space inside 

the helium dewar. 	One of these is used for pumping on the 

helium with a rotary pump, the other provides a connection for 

the mercury and oil manometers for vapour pressure measurement 
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and the third is connected to the helium return line. 

The helium dewar is held against the dewar cap by a 

circular brass ring BR around the dewar flange. 	There is an 

0-ring seal between the flange and the dewar cap. 	The nitro- 

gen dewar fits on the outside of the helium dewar and is held 

in position by strings hooked to the dewar cap at K. 	This 

provides a very flexible mounting and reduces the risk,due to any 

slight misalignment, of stressing the dewar when wheeling the 

electromagnet in and out of position. 

There is a circular flange Ft  on top of the inner brass 

tube B1 and a corresponding one F2 on the concentric outer tube 

B2. 	The height of the inner tube relative to the dewar cap 

can be adjusted by means of the screws S. 	Two. 0-rings. bet- 

ween the brass tubes B1 and B2 which help to hold them concentric, 

provide a vacuum tight seal and also permit vertical movement 

and rotation about the vertical axis of the tube B1 and hence 

of the coil assembly. 

Helium is transferred into the dewar from a storage 

vessel by means of a helium transfer syphon which is introduced 

through the hole H. 	A section from the flanges F1 and F2 is 

cut out to enable the syphon to be introduced through H. 
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The Pick-up Coil  

The pick-up coil former is machined from a 	diameter 

Tufnol rod. The length of the former is 0.6" and the diameter 

of the hole along the axis is 0.12". About ten thousand turns 

of -f9 s.w.g. enamel coated copper wire are wound on each coil. 

Short lengths of thicker wires (46 s.w.g.) are soldered to the 

two ends of the coil as the thin wire used for winding the coil 

is easily broken while handling it. A coat of G.E. varnish is 

applied to the top layer of the coil for its protection from 

scatches. 

The Coil Housing  

This is machined to a shape similar to that shown in 

Fig.10, from a Tufnol rod of i" diameter. Three circular holes.  

drilled near one end of the rod carry the three pick-ups coils. 

A length of about 2" of the Tufnol rod is turned down to a diameter 

of 1_11 2 • This fits inside the central glass tube G1 in the cryostat. 

The leads from the coil are soldered to a set of terminals formed 

by fixing short lenghts of 26 s.w.g. copper wires near the coils. 

Thicker leads, 36 s.w.g. wires, from these terminals pass through 

a hole along the axis of the Tufnol rod and are joined to a second 

set of terminals at the top of the thinner end of the Tufnol rod. 
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The exposed terminals near the coils are covered with Q-compound. 

and the whole of the coil holder is painted with laquadai silver 

paint for electrical screening. 	A small D shaped piece of 

phosphor-bronze strip fixed to the end of the coil.holder helps 

to fix the latter inside the glass jacket. 

The Nulling Coil  

The coil former is a commercially obtained thin walled 

(o.004") pyrex glass tube of internal diameter 0.055" and length 

about 0.6". 	One end of the former is heated gently in a gas 

flame to form a lip which is useful for locating the specimen 

at a fixed position inside the nulling coil. 	A two layer null- 

ing coil, for the convenience of having both leads at one_ end, 

is wound on the former in the following manner. 

The former is gently slipped onto a piece of straight 

thin rod wrapped with a few turns of soft tissue paper. 	This 

is held in a chuck of a hand drill which is clamped in a vice.. 

A reel of 49 s.w.g. enamel coated copper wire is mounted on a 

straight rod clamped to a retort stand so that the wire can be 

easily unreeled. 	The coil winding is begun from one end. 

The thumb and the index finger of the left hand are used to 

feed the wire. 	By adjusting the angle of the feed slightly 
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away from the normal a very uniform and tightly wound layer 

can be obtained. 	When the first layer is wound (about 350 

turns) a very thin coat of G.E. varnish (one drop of G.E. 

varnish diluted with 10 cc of solvent) is applied to it. 	When 

this dries the second layer is wound on top of the first in 

the same manner. 	A thicker coat of G.E. varnish is then 

applied, and when this has dried two pieces of 46 s.w.g. wires 

are soldered to the leads. 	The soldered ends are insulated 

by painting with G.E. varnish and the leads are then wrapped 

around the coil a couple of times in a non-inductive manner. 

Another coat of G.E. varnish is then applied over the whole 

coil and allowed to dry. 	The coil is then fixed in the hole 

in the piece of thin copper strip extension on one of the bimorphs 

and glued into position by means of G.E. varnish. 

• Magnetic Moment of the Nulling Coil  

The magnetic susceptibility of the nulling coil, which 

is made of a glass former and a copper coil both of which are 

diamagnetic materials would normally be expected to be small, 

negative and roughly temperature independent. 

The susceptibility of the coil is, however, found to 

be paramagnetic and also field dependent. 	The major contribution 
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to the paramagnetiz,m is thought to be due to the impurities in 

the copper wire, because the susceptibility contribution from 

a smaller piece of glass tube, similarly manufactured, placed 

inside the coil, was found to be quite small and temperature 

independent. 

The form of the magnetisation against field for the 

nulling coil at room and nitrogen temperatures is roughly 

similar. 	At room temperature the magnetic moment increases 

approximately linearly with field for very low fields, begins 

to curve strongly above 1 kOe and reaches a maximum at 2.5 kOe. 

For higher fields, it tends to decrease slightly, 	Fig._17.• 

This behaviour may be attributed to the presence of a small 

amount of ferromagnetic impurities in the coil. 	A small hyst- 

eresis loop can be seen in the M-H plot at 77°K, Fig.17 

This becomes larger at 4.2
o
K and 1.6

oK, Fig. 17, indicating an 

increase in the amount of ferromagnetic phase with decreasing 

temperature. 

The magnetisation of the coil as a function of temp- 

erature has been measured in a field of 3.83 k0e,Fig. 18, 

which is close to the fields at which magnetisation versus 

temperature measurements on most alloys have been made. 
	This 

is done in order that corrections for the magnetic moment of 
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the nulling coil can be made with accuracy. 	(The allowance 

for the actual field used is, of course, made). 

The correctionsfor the moment of the coil at other 

fields (above 1 k0e) have been made by assuming a saturated 

ferromagnetic component equivalent to a nulling current of .035 

mA (which is observed at room'and nitrogen temperatures) and a 

paramagnetic component obtained by linear interpolation from 

the measured magnetiSation in 3.83 k0e (minus 0.035 mA). 	This 

is found to provide a correction which has a maximum error of 

-2110% at low temperatures. 	No attempt was made to obtain 

a better method of correction (say by measuring M vs T dependence 

of the coil at other fields) because fields very much different 

from 3.8 k0e were only used for magnetisation against temper-

ature measurements on highly magnetic materials due mainly to 

the necessity of keeping the nulling currents low. 	For these, 

the correction due to the moment of the coil was usually less 

than 1% of the specimen moment, so that the error due to the 

above approximation was negligible. M vs H measurements on the 

nulling coil at 300, 77, 4.2 and 1.6°K were used to obtain the 

corrections for the M-H curves of the specimen measured at these 

temperatures. 
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Magnetoresistance of the Nulling Coil  

The resistivity of a conductor in a magnetic field 

is a function of both the strength and the direction of the 

field with respect to the current flow. 	According to the 

Kohler's law, the transverse magnetoresistance of a pure 

metal in low fields is proportional to the square of the app— 

lied magnetic field. 	The increase in the resistance 

can be expressed as 

2 H 
,$) 	A 

or 

g X 	= 

where A is a constant having dimensions of (resistivity/field)
2 

There will in general be departures from this rule due 

to many causes, the important one being the presence of magnetic 

impurities, which give a negative contribution to the magneto— 

resistance. 	The whole length of the copper wire in the nulling 

coil is transverse to the magnetic field. 	The magnetoresist—

ance observed at 4.2°K is shown in Fig. 19, from which it is 

clear that Kohler's law is not obeyed.. 

The magnetoresistance of the coil must be corrected 



160 

1 	2 	3 
	

4 
	

5 
	6 	7 

	8 

Fig.19 Eagnetoresistance of the Nulling Coil 



161 

for when determining the temperature from the measured resist- 

ance in a finite field. 	Since Eq. 5 is not followed, an app-

roximate form of variation given by 

LSR x R = f(H) 

is assumed where f(H) is the observed functional dependence at 

4.2°K. 

The same functional dependence was also observed at 

20°K and was assumed to be valid at all temperatures. 	The 

correction AR to the resistance for any finite field H, and 

any temperature T is determined by interpolation using the 

curve of Fig. 19, 	If RH is the measured resistance in a field 

H then 

(RH- AR) A R = f (H) 

AR _ f(H) f(H) 

RH RH
2 

RH  

The formula gives a correction AR which is inversely 

proportional to the actual resistance RI  hence the percentage 

correction becomes quite small at high temperatures. 	The errors 

in the temperature obtained using this approximation are found 
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to be well within the accuracy of temperature measurement 

±0.1°K between 20 and 40°K). 	This fact was confirmed by 

the susceptibility measurements on an Au-Ho sample in various 

fields between 1 and 6 k0e, while the specimen was warming up 

steadily at the rate of 10°K per hour. 	The temperatures were 

obtained from the simultaneous measurement of the resistance 

1 of the coil. 	The scatter in the 5c- vs T points was no larger 

than when the susceptibility was measured using a constant 

field. 	The correction AR to the resistance above 50°K is 

negligible for all fields up to 8 k0e. 

Heating Effects in the Nulling Coil  

The upper limit to the magnetisations which can be 

measured by the nulling current method is set by the amount of• 

heating produced in the coil and the maximum tolerable error in 

the temperature of the specimen due to this. 	The heating 

effects in the coil were observed in the measurement of the mag-

netisation as a function of field of some gold-rare earth alloys 

at low temperatures. 	If the specimen (and the nulling coil) 

is immersed in a large bath of liquid helium, the maximum nulling 

currents which can be used are found to be an order of magnitude 

larger than if the specimen is above the helium in the gas. 
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F,ig.20 shows the magnetisation (in mA) as a function of field 

(k0e) of a Au-Yb specimen at 4.2°K as measured in liquid helium 

(curve a) and as measured in the helium gas (curve b). 	It is  

seen that the "departures in the two curves begin to become app- 

arent around 10 mA. 	This corresponds to a magnetic moment 

of N 10-2 emu. 	The heat dissipation in the coil (R.1.6.51) 

is about 10 4  Watt and the temperature rise is approximately 

0.15°K. 	The limit to the nulling current when the specimen is 

immersed in liquid helium was studied by comparing the magnet-

isation curves of a., Au-Ho sample obtained by the direct measure-

ment of the output signal from the pick-up coil Fig. 20(curve a) 

and by measuring the corresponding nulling current (curve b). 

The two curves begin to deviate around 120 mA of nulling current, 

which is equal to a heat dissipation of about 10
-2 

Watt. 	The 

corresponding magnetic moment is-1 10-1 emu.. 

Since the susceptibility measurements above 4.2°K are 

made in helium gas, care is taken to use low enough magnetic 

fields so that the nulling currents required to buck out the 

moment do not exceed 10 mA. 	As the temperature increases, of 

course, the heating effects become relatively less and less 

important (the fractional rise in temperature due to a given 

amount of heat dissipation becomes smaller). 	If it is required 
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to measure large magnetic moments the method of direct measure-

ment of the signals is always used. 

Electronic Circuits  

a) The Amplifier 

An audio frequency transistor amplifier we.s built for the 

amplification of the induced signals in the pick-up coil. 	A 

common emitter configuration of the transistor was used in the 

amplifying stages. 	Three such stages were connected in cascade 

separated by emitter follower stages. 	The last amplifying 

stage was partially decoupled from the common battery by means 

of a series load R' and a capacitor C to.prevent the circuit 

from oscillating due to feed back through the battery. 	The 

gain of the amplifier is controlled by a potential divider R 

at the input to the second stage. 	A maximum gain of 105  can be 

obtained from the amplifier. 

The input impedance of the amplifier is about 10 kR. 	The 

noise in the amplifier expressed as the equivalent input voltage 

is 1 V(p/p) in a bandwidth of 1000 Hz (3db points:-  20 Hz and 

1 kHz) when the source resistance is 500 St, which is the resist—

ance of the pick-up coils at nitrogen temperature. 
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The noise becomes rapidly worse with increasing source 

resistances. 	The equivalent noise voltage at the input 

increases to 2 V(p/p) at room temperature where the coil res- 

istance is 3 k12. 	A circuit diagram of the amplifier is 

given in Fig.21 . 

The noise figure for t'ie amplifier is poor (-10 db) but 

this does not limit the accuracy of the measurements as the 

sensitivity of signal detection is an order of magnitude higher 

than the level of synchronous background due to the vibrations 

transmitted to the pick-up coil 

b) The Phase Sensitive Detector  

A transistor phase sensitive detector circuit due to 

Faulkner and Harding (153) has been used. 	The circuit diagram -• 

is shown in Fig.22a. 	The circuit uses no transformers or 

chokes and the switching action is performed without saturating 

the transistors. 	The signal is fed to the point S, and a 

sinusoidal reference of about 1 V (p/p) is applied in antiphase 

at the points G and H. 	This is derived from a phase shifter 

circuit shown in Fig.22b. 	The gain of the detector can be 

varied by decoupling part of the resistance R1 with a capacitor 

C1. 	This is done in a continuous fashion by using a wire-wound 

potentiometer R1. 	Capacitors C2' and C2" are connected across 
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the resistance R2' and R2" and the output is observed across 

the points A and B. 	The magnitude of the capacity used and 

the collector resistor value determines the time constant of 

the detector. 	This can be varied by switching in different 

values of capacitors C2' and C2u. 	A centre zero ammeter is 

used to observe the output because of its convenience in the 

null method of measurement. 	The output can also be observed 

as a potential difference across a resistance R connected 

between the points A and B. 	This is done when the direct 

measurements of the induced signals in the pick-up coil are 

made. 	The output could also be observed-  on a chart recorder 

if required. 

Screening and Earthing Arrangement  

Fairly large voltages (10 V rms) are used for driving 

the bimorphs. 	In order to keep the heat leak into the cryo- 

stat to a minimum, the leads carrying the voltage to the bimorphs 

are made out of 42 s.w.g. copper wires twisted together. 

Special care is therefore taken to screen the pick-up coil and 

its leads to avoid pick-up from the driving signal. 

The coil housing is painted with aquadag silver paint.- 

A lead painted to the body of the housing emerges from the top T 
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171 

of the cryostat along with the leads of the pick-up coil 

and is there connected to one of the two leads of the coil at 

the terminal TL. 	This forms the common line to the electronic 

circuits which is finally connected to earth at the scope Fig.23. 

The glass tube G1 which is also painted with aquadag silver 

paint screens the length of the coil leads inside the cryostat 

It is separately earthed through the dewar cap by making contact 

through the screws S on the top flange. 	Care is taken to ensure 

that the silvered glass tube G1 and the body of the coil housing 

do not make an electrical contact at the point P, otherwise 

an earth loop results; similarly an electrical contact is 

avoided at the point T, 	It is difficult to justify the sep-

arate earthing for the glass tube G1, but in practice it is 

found to give the least pick-up. 

The Power Supply  

A stabilised d.c. power supply with a maximum current 

output of 15 Amps. was specially made for the magnet by Wareham 

(Measuring systems) Limited. 	This permits magnetic fields 

up to 8 kOe to be obtained with the Newport type D electromagnet 

with a 6 cm pole gap. The current can be set to a desired value 

by a ten turn helical potentiometer with the smallest graduated 
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interval of 15 mA, and having a reset accuracy of 2 parts in 

10
4 
(specification). 	It is found that the field can be 

reset to an accuracy of better than ± 1 Oe over the whole 

range. 	The stability of the power supply over a long period 

of time is excellent (specification: 0.1% over 1 hour). 	The 

best feature of the power supply is the extremely low mains 

ripple (specification: rms ripple less than 0.01% of output 

power) which permits the use of a single pick-up coil essential 

in the present method of minimizing the synchronous background 

signal. 	If the ripple and noise from the power supply were 

large, two pick-up coils connected in series opposition (to 

balance out the flux linkage of the coils to the field) would 

be necessary in order not to overload the detector circuits. 

Thermometry 

For accurate measurement of the temperature of a 

specimen, the temperature sensor must be in good thermal 

contact with it. 	The nulling coil wound around the specimen 

provides an excellent resistance thermometer satisfying this 

requirement. 	Above 250K the resistance of the copper wire is 

a strong function of temperature and hence it is a very sensitive 
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temperature sensor. 	Below 25
o
K a carbon resistance therm-

ometer has been used which is also very sensitive below this 

temperature. 	It is, however, very difficult to attach it 

directly to the specimen, hence it is mounted very close to 

it on the face of the pick up coil. 	It was checked, using a 

specimen obeying Curie Law as its own thermometer, that in the 

range 4-25
o
K where the equilibrium is provided by the helium 

gas the temperature indicated by the carbon thermometer was 

that of the specimen, within the accuracy of measurement (see 

below). 	These two thermometers are adequate to cover the whole 

temperature range (1.6 - 300°K). 

a) The Carbon Thermometer  

An Allen Bradley Carbon resistor of nominal resistance 47-52, 

at room temperature was used as the thermometer. 	These res- 

istors are very sensitive temperature sensors below 25°K where 

they exhibit a very rapidly varying resistance with temperature. 

Clement and Quinnell (152) have observed that the resistance 

of these carbon resistors can be expressed to within t0.5 per 

cent accuracy by a semi-emperical expression 

InR + InK 
R = A + 

B 
T 

where K, A and B are constants for a given resistor and must be 
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determined by calibration. 	At low temperatures (<4 K) where 

the resistance is high, the second term on the left hand side 

of the equation is small compared to the first term, and the 

resistance can be expressed to a good approximation as 

B 
InR .̂2 A + 

Hence in order to determine a good value of K, for an accurate 

calibration sufficient importance must be given to the fixed 

points at higher temperatures. 	The resistance-temperature 

characteristic of the thermometer is found to be reproducible 

(within the accuracy of measurements) over many temperature 

cycles between room and nitrogen temperatures. 	There is,  

however, a definite tendency towards a long term change in the 

R-T characteristic, so that for accuracy, the calibration is 

checked after every dozen or more temperature cycles..  

A two terminal method of resistance measurement is used. 

This is quite satisfactory because up to 25°K the resistance 

of the thermometer is high compared with the lead resistance 

The circuit diagram for the method used is shown in 

Fig. 24. 	A small potential difference set up across the 3.35  

resistor drives a current through the carbon circuit which is 

measured on a galvanometer of sensitivity 37 mm/µA and an 
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internal resistance of 4.9_51. 	The temperature range of 

measurement is split into three, so as to obtain sufficient 

sensitivity at higher temperatures. 	The first range is bet- 

ween 1.5 and 4.2°K where the resistance varies from about 

6 k32 to 53051 . 	The source voltage (across the 3.3-ftres-

istance) is set to the required value by adjusting the resist-

ance Rlt until a full scale deflection on the galvanometer is 

obtained when a standard resistance RS1 (=47,S1) is switched 

into the circuit in place of the carbon thermometer. 	The 

other two ranges are for measurements between 4.2 and 12°K and 

12 to 25°K and the corresponding source voltages are set by 

obtaining full scale deflection with standard resistances 

RS2 = 150 SI and RS3 = 68_51. 	The galvanometer deflection is 

calibrated in terms of the resistance by replacing the carbon 

thermometer with a resistance box and measuring the deflection 

as a function of the resistance. 	This is then translated 

into galvanometer deflection against temperature by means of 

the resistance-temperature calibration of the carbon thermometer. 

b) Calibration of the Carbon Thermometer  

The carbon thermometer was calibrated in the following manner. 

The resistance was measured for several temperatures between 
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1.6 and 4.2°K in the pumped liquid helium temperature range. 

The temperature was determined from the vapour pressure of 

helium using the published tables of vapour pressure against 

temperature (154). 	The resistance was also determined acc- 

urately at two other temperatures. 	These were the fixed 

points for oxygen (90.18°K) and for ice (274°K). 

For a graphical determination of the constants the quan-

tity InR+K/InR was calculated for the various temperatures 

assuming a value of K which is usually around 2. 	This  

quantity was plotted on graph paper as a function of 1/T. 	The 

points for temperatures between 1.5 and 4.2°K are always found 

to lie on a straight line for a large range of values of K 

(between 1 and 4), but this straight line generally does not 

pass through the points corresponding the oxygen point and the 

ice point. 	The best value of K is the one for which the extra-

polated straight line drawn through the points in the liquid 

helium temperature range also passes through the two higher 

temperature points. 

For accuracy, the calibration was also checked on a computer. 

A programme was written to determine the best straight line 

through the points between 1.5 and 4.2°K, using an initial guess 
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Value of K.1. 	The sum of the squares of the deviation of the 

two high temperature points (oxygen point and ice point) from 

the extrapolated straight line was calculated. 	The value of 

K was varied until this square-deviation was a minimum. The 

corresponding values of the parameters A and B for the best 

fit are also obtained. 	These parameters (K, A and B) completely 

define the R-T calibration of the thermometer which is printed 

out in tabular form by the programme. 

c) The Copper Resistance Thermometer  

The use of commercial enamel coated copper wire as a 

thermometer was first reported by Dauphinee and Preston-Thomas 

(155). 	They found a high degree of reproducibility for a 

given thermometer and the differences between a number of 

different thermometers made from the same wire in terms of the 

quantity Z. (RT-R4.2)/(2273-2
4 2) represented an error in the 

temperatures of less than 0.1°K. 

White (156) has published the tabulated values of the fun-

ction Z for copper from the above authors' data, which, he 

has suggested, gives a calibration accurate to 0.1°K for other 

thermometers of unstrained commercial copper wire having res-

istance ratios R4.2/R273  comparable with 0.01.- 
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The nulling coil used is made from 49 s.w.g, enamel 

coated copper wire. 	The coil has a resistance of 1.61J1 at 4.2°K 

and 106.23 -Rat 273°K, giving a resistance ratio of M  0.015. 

Using the published Z values, the temperatures obtained 

in the range 20-25°K were found to be in execellent agreement 

(error 	0.1°K) with those obtained from the carbon resistance 

thermomenter. 	As a further check, the resistance at the oxygen 

point was also measured. 	The temperature obtained using the pub- 

lished calibration was 0.4°K higher than the fixed value of 90.19°K. 

Since the coil is wound on a glass former it is likely that the 

differential thermal contraction between the two will produce some 

strain in the wire. 	The reproducibility of the temperatures was., 

however, better than 0.1°K over the whole range of temperature 

(25-300°K) despite the discrepancy of 0.4°K at the oxygen point. 

Since there is the observed agreement with the carbon 

thermometer in the range 20 to 25°K and the forced agreement at 273°K 

from the use of the fixed value of Z=1.0 for this temperature, it 

is obvious that the R-T characteristic of the present thermometer 

deviates a small amount in the intermediate temperature range 

from the published data. 	This deviation, is however, likely 

to be the largest at oxygen point (90.19°K) since it is geom-

etrically between 25°K and 300°K and represents a systematic 
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error of less than 0.5% which is considered to be not too 

serious. 

The resistance of the coil has been measured using the four 

terminal method of measurement. 	The potential difference across 

the coil for a given nulling current is measured using a dig-

ital voltmeter which has an input impedance of over 10 MS1.. 

The nulling current is measured as a potential difference 

across a standard resistance (using the same digital voltmeter).- 

d) Checking the Thermometery  

Having calibrated the thermometers, it is important to 

check whether the temperature they indicate is the same as 

that of the specimen. Since the nulling coil is wound around 

the specimen over its whole length, it is likely to be in good 

thermal contact with the specimen. 	The carbon thermometer, • 

however, is not mounted on the specimen and although the warm-

up rate from 4.2°K is very slow (less than 10 degrc:s per hour) 

it is possible for it to be at a slightly different temperature 

from the specimen. 

The susceptibility of a dilute Au-Gd specimen was found 

to obey Curie law accurately in the temperature region of 1.6 

to 4.2°K. 	(An outside limit to a Curie-Weiss G-is +.05°K). 

In this range, the temperature of the specimen is known accurately 
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since it is immersed in a large bath of liquid helium whose 

vapour pressure gives an accurate determination of the temp- 

erature. 	The graph of 14, against T in the range 1.6 to 

4.2°K is extrapolated to higher temperatures and from this, the 

temperatures of the specimen were obtained using the measured 

values of the susceptibility. 	These were found to agree with 

those obtained from the two thermometers within the experi- 

mental accuracy of40.05°K for T< 20°K, and +0.1°K for 20°K < T<40°K • 

At higher temperatures the accuracy of the susceptibility 

measurement is smaller so that the temperatures obtained from 

it also have a larger error. 	The accuracy around nitrogen 

temperature and above was not good enough to correct for the 

systematic difference in the resistance-temperature characteristic 

of the nulling coil mentioned above. 

Experimental Procedure  

The specimen, machined to the correct dimensions for 

a good sliding fit inside the nulling coil, is given a final 

etch in concentrated hydrochloric acid, washed thoroughly in 

distilled water and dried. 	Just over half its length is then 

inserted into the nulling coil. 	A thin coat of G.E. varnish 
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is applied to the exposed end by means of a clean paint brush. 

When this has dried a little, but not completely, the specimen 

is gently pushed inside the coil (using a clean needle) right 

up to the end where it is stopped at the lip of the coil 

former. 	The lip helps to locate the specimen reproducibly 

to a given position inside the nulling coil. 	The varnish dries, 

fixing the specimen firmly inside the coil. 	When the specimen 

is to be removed from the coil a small amount of G.E. varnish 

solvent (which is a mixture of toluene and absolute alcohol 

in 1:1 ratio by volume) is introduced inside the coil former. 

This softens the varnish and the specimen can be released with 

a needle pushed from the opposite end. 

Before inserting the glass tube jacket to cover the 

magnetometer, the clearance between the nulling coil and the 

inside of the pick-up coils is checked. 	This is necessary 

because the suspension of the bimorphs can be easily distrubed 

while inserting the specimen, so that the latter lies off centre 

inside the pick-up coil or even makes contact with the walls 

of the pick-up coil. 	The glass tube joins to its counterpart 

at the ground glass joint which is smeared with a little silicon 

grease to provide a vacuum tight seal.. 
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The helium dewar is then fixed into position by 

screwing the brass ring around the flange to the dewar cap. 

The clearance between the glass jacket and the tail of the 

helium dewar is small so that care is taken no to knock the 

glass jacket or bend it to one side while inserting the dewar.. 

(The whole tube bends a little at the 0-ring seal to the dewar 

cap). 	The specimen may get knocked out of alignment if this 

happens. 	It is therefore useful, after the dewar has been 

firmly screwed into position, to check for the free movement 

of the specimen. 	This is done by observing the waveform of 

the signal from the pick-up coil when the field is turned on. 

Presence of higher harmonics and non-sinusoidal waveform ind-

icate that the specimen is making a slight contact with the 

walls of the pick-up coil. 	If the specimen is seriously out 

of alignment, however, the resonance curve of the bimorphs will 

be very broad (very low Q) or the specimen may even stop vib-

rating completely. 

Using a rotary pump, the helium dewar interspace is 

pumped and flushed out with pure nitrogen about three to four 

times. 	It is finally pumped out with the rotary pump for half 

an hour and then the tap is shut off. 	The helium dewar is next 

pumped and flushed out with helium a few times. 	It is finally 
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left connected to a supply of pure helium, such as the liquid 

helium in the storage vessel, which maintains an atmospheric 

pressure of helium gas in the dewar when the latter is cooling 

to nitrogen temperature. 

The nitrogen dewar is eased into position around the 

helium dewar. 	It is suspended from the hooks on the dewar 

cap by strings attached to it around the neck of its tail. 

The height of the dewar is adjusted by means of screws which 

move the hooks vertically. 	The magnet is then wheeled into 

position. 	The magnet provides some screening against mains 

pick-up. 	It is important to check that the screening of the 

coils and the leads is good. 	If this is poor, not only is 

there a small amount of mains pick-up, but a part of the driving 

signal to the bimorphs is also observed at the output. 	The 

best way to check for the latter effect is to use the full out-

put of the driving signal at a frequency of a few hundred Hz 

and observe the output signal on a scope. 	Since the amount of 

pick-up is proportional to the frequency, use of a higher fre- 

quency enhances the observed effect. 	If the screening is good, 

any pick-up from the driving voltage is smaller than the ampli- 

fier noise (1 V p/p at the input). 	The usual source of this 

trouble is from accidental earth loops and bad contacts in the 
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earth line. 	These must be corrected before any measurements 

are made. 

The cooling begins when the nitrogen dewar is filled 

with liquid nitrogen. 	The cooling rate is slow because of 

the vacuum in the helium dewar interspace. 	It normally takes 

about two and a half hours for the specimen to cool to around 

the nitrogen temperatures such a slow rate of Cooling is essen-

tial in order not to produce stresses in the pick-up coils which 

are made of fine wire (1+1+ s.w.g.) which is liable to break very 

When the specimen has reached nitrogen temperatures 

the frequency of the driving signal is set close to the bimorph 

resonance. 	The phase sensitive detector is then set to_measure 

the inphase signal, by adjusting the phase of the reference 

signal to maximise the output due to a d.c. current in the null- 

ing coil. 	The magnetic field is then turned on to a convenient 

value, usually around 4 k0e. 	The signal from the specimen, in 

terms of the nulling current, is measured as a function of the 

magnetic field orientations with respect to the pick-up coil 

for a range of G of -2:5 degrees around the estimated optimum pos- 

ition. 	The field is then reduced to zero, another driving 

frequency close to the resonance is selected and the phase of 
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the reference signal is adjusted for the inphase signal. 	The 

same field is turned on again and another measurement of the 

nulling current as a function of the magnet angle 9 is made. 

This is repeated for two more driving frequencies. 	A graph 

of nulling current against 9 for the various frequencies is 

plotted, 	A family of straight lines intersecting at a 'common 

point' is obtained. 	See Fig. 13. 	The angle 9 corresponding 

to this is the optimum setting for the minimum synchronous noise. 

Magnetisation vs field measurements are made at nit- 

rogen temperature for several values of the field HI  both pos- 

itive and negative. 	Helium is then transferred into the dewar 

from the storage vessel. 	The transfer syphon is introduced 

through the hole in the dewar cap and is lowered inside the 

dewar down to the neck of the tail. 	The dewar is filled with 

helium to a point about two inches above the neck. 	(This rep-

resents about 1.2 litres of helium used in the transfer).- 

There are several carbon resistor depth gauges for helium at 

various heights in the cryostat but the helium can also be 

clearly seen through the slit in the silvering of the dewar. 

The magnetic field is normally turned off while helium is trans- 

ferred, unless a field cooling experiment is being done. 
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The procedure for minimizing the synchronous pick- 

up is repeated at 4.2°K. 	This is necessary because the pick-

up can distort a small amount in the relatively fast cooling 

produced during the transfer. 	The difference in the optimum 

angle G obtained at helium and nitrogen temperatures is usually 

smaller than half a degree. 

Measurements of magnetisation against field for various 

field values at 4.2°K are obtained. 	The helium return line 

to the bags is then shut off and the mercury and oil manometers 

are connected for pressure measurement. 	The temperature is 

lowered by pumping on the helium with a rotary pump. 	A manostat 

is used which controls the pumping rate such that a given ref- 

erence vapour pressure is maintained in the dewar. 	Measurements 

of magnetisation in a constant field as a function of decreas- 

ing temperature are made. 	The lowest temperature reached by 

pumping is about 1.6°K. 	Another M vs H plot is obtained at 

this lowest temperature. 	The pumping is then stopped and the 

helium is allowed to warm up. 	It takes about half an hour for 

the pressure in the dewar to return to one atmosphere. 	This 

rate can be increased and the helium warmed up a little faster 

by dissipating a small amount of electrical power in the heater 

suspended below the coil assembly. 	Usually when the pumping 
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is over and all the measurements below 4.2
o
K have been made, 

the helium level in the dewar is still a few inches above the 

specimen. 	This is boiled off to a level below the specimen 

before the warm up begins. 	The warm up rate is slow because 

the evaporating helium in the bottom of the tail of the dewar 

helps to cool the specimen. 	The normal warm up rate is about 

10°K per hour and can be increased by using the heater, which 

warms the rising helium gas. 

Magnetisation measurements are made in a constant 

field as a function of increasing temperature. 	The frequency of 

the driving signal to the bimorphs is set above the resonant value 

so that as the temperature increases and the resonant frequency 

decreases only the amplitude of the specimen vibration decreases 

by a significant amount: the phase angle between the driving 

voltage and vibration signal does not alter very much. 	The 

driving frequency is corrected by a small amount every few degrees 

rise in temperature so that it lies roughtly one cycle above the 

resonant value. 	This is easily done by observing directly the 

specimen signal on the oscilloscope (when no nulling current is 

passed through the coil) and adjusting the frequency so that the 

ratio of the amplitude of the signal observed on the scope to the 

magnetisation of the specimen in terms of the nulling current) is 
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roughly the same as at 4.2°K where the frequency was set one 

cycle off resonance by observing the frequency response. 	Temp--

eratures below 25°K are measured on the carbon thermometer. 

Measurements of the galvanometer deflection are made simultaneously 

with those of the nulling currents, 	(Any drift in the battery 

voltage in the carbon circuit is corrected for by adjusting the 

variable resistance RI', etc, (see Fig.. 24 ) to obtain a full 

scale calibrating galvanometer deflection before making the meas-

urements), 

A galvanometer deflection of 6 cm on the 'third range' 

correspons to a temperature of around 20
o
K„ When this is reached.•, 

measurements of the potential difference across the nulling coil' 

are also made using the same digital voltmeter as used to measure 

the nulling current (in terms of the potential differnce across 

a standard resistance). 

A selector switch is used to change over between the 

two resistances. 	Themtio of the p.d. across the coil to the 

nulling current obtained gives directly the resistance of 

the coil, which begins to show a strong temperature dependence 

above 20°K. 	Measurements on the carbon circuit are continued 

until a deflection of 8 cm on the galvanometer is obtained (corr-

esponding to a temperature of around 25
oK), after which only 
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the measurements of the potential difference across the coil 

are made. 	The five degree overlap between the two thermometers 

gives a check on the behaviour of the thermometers. 

The susceptibility obtained at nitrogen temperatures 

on the warm up run should agree with the previous value obtained 

before the helium transfer. 	This is nearly always so, except 

when excessive power is dissipated in the heater to speed up the 

warm up rate. 	This may produce some distortions in the pick-up 

coil and change the effective area vector of the coil from the 

optimum alignment. 	It is generally difficult to check for the 

synchronous noise at intermediate temperatures because of the 

small but finite warm up rate. 	It is therefore best to use a 

slow warm up rate whenever possible. 

The measurements between room and nitrogen temperatures 

are also made as a function of increasing temperature. 	When  

the nitrogen temperature is reached, the nitrogen dewar is emptied 

of all the nitrogen and replaced into position. 	This helps 

to give a reasonably fast warm up rate which is too slow other-

wise. 

Data Processing  

In the measurement of the susceptibility of a specimen 
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the raw data obtained are the strength of the magnetic field, 

the nulling current (measured as a p.d. across a standard res- 

istance), the carbon thermometer circuit galvanometer deflection, 

and the potential difference across the nulling coil- 

From these data the temperature is obtained first. 

Then the nulling current representing the magnetic moment of 

the nulling coil at that temperature is determined and substracted 

from the measured total value. 	Using the calibration of the 

nulling coil in terms of emu/mA the nulling current is converted 

into magnetic moment in emu. 	For a paramagnetic specimen, the 

susceptibility is obtained directly in emu/gm by dividing the 

moment by the magnetic field and the mass of the specimen. 

The temperature in the range up to 25°K  is K 	determined 

from the galvanometer deflection in the carbon thermometer circuit. 

The temperature is obtained from a graph giving the Calibration 

of deflection against temperature. 	In the range above 25°K, 

the copper resistance thermometer is used. 	The ratio of the 

p.d. across the nulling coil to the nulling current gives the 

resistance of the coil. 	The correction due to the magneto-

resistance is then determined and from the corrected value of 

the resistance the temperature is obtained.. 
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A computer programme has been written to facilitate 

data processing. 	The subroutines in the programme determine 

the various quantities by interpolation from a set of regularly 

spaced calibration values. 	Lagrange's three point interpolation 

formula has been used.. This is given by 

F(x+p) =- 212±11  F(x-A)-1-(1-1-1).2)F(x)-1- P(131-11  F(x+A) 2 

where A. is the interval_in x of the tabulated calibration values. 

The data are punched out on cards. 	In the first column the 

number 1, 2 or 3 is punched.  to indicate the temperature range 

of the carbon circuit. 	If it is a blank, the temperature is 

determined from the coil resistance. 	In the next four blocks 

of Format F10.3 are punched the magnetic field, the nulling current, 

the galvanometer deflection and the p.d. across the coil, in 

that order. 	A table giving the raw data, the various corrections 

made, and the final susceptibilities and temperatures is finally 

printed out. A rough graph in the grid 120x55 of susceptibility 

against temperature is also printed. 
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CHAPTER 6  

EXPERIMENTAL RESULTS AND DISCUSSION OF  

SOME RHODIUM BASED ALLOY SYSTEMS  

A.. The Ph-Fe Alloy Systen  

Introduction  

The magnetic susceptibility behaviour of dilute Rh-Fe 

alloys (25)(88) is very similar to that found in many systems 

such as Cu-Fe (26), showing the Kondo effect. 	This behaviour 

in the Rh-Fe alloys has been interpreted in terms of spin 

compensation of the moment on the iron atoms resulting from 

their interaction with the conduction electrons of the matrix 

(25). 	The anomaly in the specific heat (92) is also similar 

to that found in systems undergoing spin compensation and is 

thought to be further proof of the formation of the quasi— _ 

bound state. 	One major difference from the 'simple! Kondo 

systems, however, is in the electrical resistivity behaviour 

of dilute Rh-Fe alloys (87), where instead of the usual resist-

ance minimum characteristic of the Kondo systems, an almost 

opposite behaviour of rapidly falling resistance with decreasing 

temperature is found. 

The present investigation of the Rh-Fe alloys was 
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carried out with a view to studying the effect of the mechanism 

causing the continuous reduction of the moment)as interpreted 

from the susceptibility behaviour, on the onset co! magnetic 

order in the alloys as the concentration of iron atoms was 

increased, alias been frequently suggested that the effect of 

the internal field on the solute atoms due to interactions 

between them would tend to break down the spin condensed state. 

It was hoped that the present study would confirm such an effect, 

and shed further light on the nature of the magnetic state 

associated with the iron atom dissolved in rhodium. 	Unfortu—

nately no clear conclusion to this effect can be reached from 

the results presented below. 	There is, however, a possible 

interpretation of the susceptibility results in terms of the 

recent computer calculations of Levine and Suhl (29).- 

Sample Preparation  

Five different alloys with concentrations of iron between 

1 and 15% have been studied. 	The solubility of Fe in Rh 

extends to beyond 25% Fe, so that the alloy preparation is 

fairly simple. 

The alloys were prepared by arc melting the required amounts 

of Rh sponge of purity 99.99% (obtained from Johnson Matthey 
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& Company) and Fe rod of purity 99.998 	(obtained from NPL, 

Teddington) on a water cooled copper hearth in a 1 atmospheric 

pressure of argon. 	The mass of the alloys was usually between 

6 and 7 gm. 	The sponge was compressed using a pressure of 

10 tons per square inch in order to avoid particles being blown 

away by the arc. 	The alloys were melted and remelted about 

6 times in a circular cavity in the copper hearth and then moved 

into a long narrow groove 3/8" wide and melted once more. 

The ingots which were 0.7" long were first slit length- 

wise using a carborundum wheel in a fast slitting machine to 

obtain pieces with square cross-section of side 	0.07".. The 

alloys were extremely hard and impossible to machine into the 

required cylindrical shape by the usual methods. 	They were 

instead gently filed down while rotating them in a lathe. 	A 

collet and a counter support were used to hold the specimen in 

the lathe. 	Care was taken not to apply uneven pressure on the 

specimen while filing as the alloys were fairly brittle and 

broke easily. Between 8 and 10 hours of continuous filing 

was required to reduce each specimen to cylinders .055" in diam- 

eter. 	It was possible to obtain specimen of fairly uniform 

cross section (-11 .001") over their whole length of P. 	The 

side cuts from the main ingot were analysed on an electron mic-

roprobe analyser for the determination of homogeneity and 
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concentration. 	The latter were usually well within 10% of 

the required values. 	The same specimens were used both for 

the magnetisation and the resistance measurements. 	No ann— 

ealing heat treatments were given to the specimen after arc 

melting. 
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Rh 0.9% Fe  

The magnetisation of the alloy as a function of field.  

upto 8 kOe has been measured at 77 and 4-2oK, Fig. 25. 	The 

magnetisation in a constant field of 3.65 kOe has also been 

measured as a function of increasing temperature from 1.6°K 

.upwards. 	The susceptibility (ratio of magnetisation to field) 

shown in Fig.,26 ..is in agreement with results obtained by 

1  
"X.-7/Rh 

is shown in Fig. 27 . 	It is clear that a Curie Weiss law is 

not obeyed over the whole temperature range. 	A straight line 

through the higher temperature points give an intercept of -491:5°K. 

Waszink has found a similar result (Gi = -41°K) and has shown 

Knapp (25) and Waszink (88), A plot of against T 

that by taking off a temperature 

contribution of 1.08x10-6 emu/gm  

independent matrix susceptibility 

from the measured values, the' 

Curie-Weiss fit can be extended to lower temperatures and a 

Curie-Weiss intercept of -?-15°K obtained. 	The present results 

are in reasonable agreement with this observation (9 = -15.46 

for X,matrix = 1,10x10-6  emu/gm). 	Results of least squares 

fits to the Curie-Weiss law and other susceptibiltiy formulae 

are discussed later. 
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Rh 2.86% Fe  

A linear relatIron between magnetisation and field is 

found at 77°K)but there is a slight curvature in she M-H plot 

at 4.2°K Fig. 28. 	The magnetisation measured in a.constant 

field of 3.65 kOe is plotted in Fig. 29. in which a clearly 

defined maximum with a peak at 2.8°K can be seen. 	The resist- 

ivity of the alloy as a function of temperature is shown in 

Fig. 3° • 	A closer examination of the resistivity in the region 

between 1.6 and 4.2°K has been made, Fig. 31. 	It is possible 

to draw a small kink through the data points around 2.8°K. 

There is, in any case, a definite change of slope around 3°K 

which can be taken as due to the onset of magnetic order, in 

agreement with the magnetisation results. 

1  A plot of against T is shown in Fig. 32. A 
7"(- 7/Rh 

straight line through the high temperature points gives an 

intercept of -85±7°K. 	By subtracting off a larger temperature 

independent susceptibility contribution the Curie-Weiss law can 

be extended to lower temperatures, but as found in the case of 

Rh 1% Fe alloy, no matrix correction term can give a Curie-Weiss 

fit over the whole temperature range... 
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Rh 4.95% Fe  

The field dependence of the magnetisation of the alloy 

at 4.2°K is non-linear and has a small amount of hysteresis 

Fig. 33. 	The magnetisation measured in a field of 3.65 kOe 

from 1.6°K upwards shows a well defined maximum with a peak at 

6.8°K. 	A thermoremanent moment is induced in the specimen if 

it is cooled in a magnetic field to a temperature below the 

maximum in the 'susceptibility'. 	Fig. 34. also shows the mag-

netisation measured in a field of 3,65 k0e after cooling the 

specimen to 1.6°K in a field'of 8 k0e. 	The result of field 

cooling can also be seen in the displaced M-H curve, Fig. 33, 

which is measured at 1,6°K. 	The thermorenanent moment decreases 

with increasing temperature going to zero at the temperature of 

the maximum. 

There is a marked change of slope in the electrical res-

istivity against temperature curve at around 7°K which provides 

further evidence for the onset of magnetic order Fig. 35. 	A 

7"--X1
Rh is shown in Fig.36 in which a straight line 

through the higher temperature points gives a Curie-Weiss intercept 

of 1231:10°K. 

plot of 	1  



208 
I 

1-a
j  

M
AG

N
ET

I S
AT

IO
N

 e
m

u/
g

m
  ÷

  9
. 21

  x
  1

  0
-

2 )  

O
.  

\\
N

 	
r\.)

  
0
  

.
 

.
 

- 

- 

04,;> 
CO 

b• 

(t) 	9, 

tea, 	A,  0 	 .c, 
Oo 	'zy 

._  

(.1 

• 

- 

- 

40 
G 

I 	I --8.0 —6'.0 —4.0 —2.0 2.0 	4.0 6.0 8.0 

FIELD ( kOe 

—0.2 — _ 

—0.4— _ 

-0.8 — - 

— '-'1 .0 	- - 

1 1 1 1 1 1 1 

Fig.33 Magnetisation vs Field for Rh 4.95% Fe Alloy 



Cooled 
in zero 
field 

0 

LC1 
V) • 

0 
0 • 

C.f)••  
H rx1 

H

9  

9 

Rh 4.95% Fe 

13.0 

12.0 

11.0 

10.0 

9.0 

8.0 

7.0 

6.o 

Cooled in 8 k0e 

TEMPERATURE ( °K ) 

10 	20 	30 	40 	50 	60 	70 	80 	90 	100 
Fig.34 'Susceptibility vs Temperature of 4.95% Fe Alloy 



2 	4 	6 	8 	10 	12 	1416 
Fig.35 Excess Resistivity vs Temperature for Rh 4.95

,,, 
 Fe Alloy 

7.40 

7.38 

7.36 

7.34 

7.32 

7.30 

7.28 

7.26 

18 20 



20 	40 	60 	80 	100 	120 	140 

Fig. 36 Curie Weiss Plot for Rh 4.95% Fe Alloy 

160 180 200 

0.40 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 



212 

Rh 10.87% Fe  

Fig. 37 shows the magnetisation of the alloy against 

applied field at 4.2°K. 	Cooling the specimen in a magnetic 

field of 8 k0e down to'4.20K produces a displaced magnetisation 

curve which is also linear and parallel to the non-field cooled 

one. 	There is a marked absence of any hysteresis in either 

curves. 	The reason for this is that the magnetisation vs, 

field measurements are made well below the ordering temperature 

of 24°K (Fig. 38 ) where most of the spins are well locked 

into the ordered state. 	Fig. 38 also shows magnetisation of 

the alloy measured in a field of 3.65 k0e as a function of increas- 

ing temperature after cooling the alloy to 4.2
o
K in fields of 

4 and 8 k0e. 	The thermal remanent moment decreases steadily 

and goes to zero at the temperature of the maximum in the sus- 

ceptibility. 	The resistance of the alloy goes through a minimum 

at about the same temperature Fig. 39. A plot of." Rh 

against T is shown in Fig. 40. 	The Curie-Weiss intercept for 

this alloy is 270-1-20°K, 
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Rh 15.35% Fe  

The field dependence of the magnetisation of the alloy 

at 4.20°K is very similar to that found in the Rh 10.87% Fe 

alloy. 	Fig. 41 . 	The effect of field cooling is again to 
si 

produce a displaced magnetisation curve parallel to the non- 

field cooled one. 	A broad maximum in the 'susceptibility' 

with a peak at about 48°K is observed when measured without 

field cooling, Fig. 42. 	The approximately linear decrease in 

the thermoremanent moments induced by field cooling the alloy 

in 4 and 8 k0e extrapolate to meet the non-field cooled curve 

at a temperature approximately 10
ol
<below the temperature of the 

maximum in the 'susceptibility'. 	In fact, the magnetisation 

curve obtained after field cooling the alloy in 8 k0' appears 

to go through a shallow minimum. 	It is interesting to note 

that the resistivity of the alloy also goes through a minimum 

at about the same temperature and not at the temperature of the 

maximum as found in the case of the Rh 10.87% Fe alloy. 
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DISCUSSION  

If the temperature of the maximum in the susceptibility 

is taken as a measure of the interaction energy between the solute 

atoms, then the variation of this temperature gives an indication 

of the concentration dependence of interaction energy between 

solute atoms in the alloys.. 

In the dilute limit, with concentrations upto 1% Fe, 

Knapp (25) has reported that the-susceptibility contribution from 
• 

each iron atom is independent of their total concentration dour to 

0.4 °K. If this is so, it follows that there is no tendency towards 

the onset of magnetic order in the 1% Fe alloy down to 0.4°K, A 

graph of Tmax  against concentration is shown in Fig. 	which a 

bar showing the upper limit of 0.4°K for the 1% Fe alloy is also 

included. 	It is clear that the onset of magnetic order is inhibited 

at the lower concentrations. 	This behaviour may be considered to 

be intermediate between those found in Cu-Mn alloys on the one hand 

and in systems such as Cu-Ni on the other. 	In the former type where 

the moment on the solute atoms is well defined, magnetic order is 

observed down to the lowest concentrations. 	In Cu-Ni type of alloys, 

however, where the solute atoms carry no magnetic moment in the 

dilute limit, large concentrations are required before any magnetic 

order is observed. 
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In Rh-Fe alloys Tmax  varies as a much higher power 

of the concentration than in Cu-Mn or La-Gd alloys where app— 

roximately linear dependence is found. 	Whether this behaviour 

may be considered to be an indication of the breakdown of the 

quasi bound state is not clear, as the high temperature sus-

ceptibility of the alloys when fitted to a Curie-Weiss law 

give progressively larger negative Curie-Weiss intercepts G. 

If one followed the practice of regarding the 9 values as a 

measure of the Kondo temperature (44) (TK 	1/5 9-)  one 

would reach the rather unlikely conclusion that there is an 

increase in the s-d interaction energy and consequently a stronger . 

spin compensation of the moment 

As mentioned before, a Curie-Weiss fit to the data is 

not possible over the whole temperature range. 	Waszink (88) 

has shown that by subtracting from the observed susceptibilities, 

a temperature independent matrix contribution which is larger 

than the pure Rh value, the Curie-Weiss fit can be extended to 

lower temperatures and smaller Curie-Weiss intercepts 9 obtained'. 

It is interesting that the value of 15
o 

that he obtains in this 

way for the i% alloy is close to that found by Knapp using X0  4.12h  

for very dilute alloys. 	We have tried least squares fits of 

the data to a Curie-Weiss law of the form 



x -xo  = 

where%,ot C and 0 are taken as independent variables. 	Since 

no value ofoG gives a Curie-Weiss fit over the whole temper-

ature range, the effect of varying both the lower and the upper 

limit of the data points over which fitting is done was studied.. 

The best parameters obtained varied with the temperature range 

considered, but the variation caused by increasing the lower 

limit to above 20°K and keeping the upper limit constant at 

200°K was small. 	The results obtained are: 

Conc. 	Curie-Weiss 	xo Peff 
% Fe 	G°K 	emu/gmx106 	AB 

0.9% -10 ± 2 1.44 ± .02-  2.8±.1 
2.86% -26 	3 1.92 ± .03 2.65t.1 
4.95% -40 t 10 2.5 	-± 

A least squares fit to the susceptibiltiy formula (Eq. 1.29) 

- 2c.= T, ( - 

 

log(-2-) 
TK  

has also been tried. 	In the high temperature limit this expression 

is similar in form to a Curie-Weiss relation (Fig. 1 ). 	The 
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T -0 



corresponding parameters obtained are: 

Conc. 	T 
oK 	?C°  6 

% Fe 	K 	e mu/gmx10 

0.9 2.3 t .1 1.44±.02 3.1 + .04 
2.86 5.3 t .3 1.95 t .03 2.85 ± .05 
4.95 7.2 It .5 2.65 ± .1 2.65 ± .1 

If the susceptibility is calculated in the Anderson 

model to include only the terms upto the second order in the 

free energy, a formula of the type 

X- ?Co  = T (1 + (JR)2  log ,22- ) F 

is obtained (Eq.1.26). This formula has also been fitted to 

the data assuming values of TF  of 10:1000, 20,000 and 30,000°K, 

(corresponding to a Fermi energy EF of 
N  t to 3 eV), It is 

found that the effect of varying TF  on the parameters obtained 
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Peff 
AB 

is small. The results obtained assuming a TF of 10,000°
K are:: 

X/0.g 	Peff 
emu/gmx10-  

Conc. 

% Fe 

0.33 "1-.01 1.25 ± .05 4.2 It: .2 
2.86 0.36 ±.02 1.5 ±.1 4.1 ± .1 
4.95 0,36 ± .02 2.5 ± .3 3.7 ± .3 
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The mean square deviation of the data points for the 

best fit to this formula is over an order of magnitude larger 

than obtained in the previous two formulae, suggesting that the 

fit is not as good in this case. 	It is also interesting to 

note that using the relation 

TK  = TF  exp,(-1/ttiN) 

a Kondo temperature of ,--,200°K is obtained. 	This is unreas-• 

onably high, and since the formula is only valid above TK, it 

is inconsistent with the temperature range over which the fitting 

has been done. 

Recently Levine and SuhI (29) have made computer cal-

culations of the susceptibility using Wolff's model beyond the 

Hartree-Fock approximation. The results for the susceptibility 

are very similar (Figs.2&3) to those found for the Rh-Fe alloys, 

although the calculated resistivity (30) still increases with 

decreasing temperature in a manner similar to that given by 

the s-d interaction models. Hamann (34) has recently derived 

an analytic expression for the susceptibiltiy starting from the 

Anderson model and obtained results very similar to'Levine and 

SuhlTs.. 
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	1 	

against T Figs. 47, 48, 49, and 50 . 	The effective 
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(X-Rh x T 

At high temperatures all the curves are nearly parallel straight 

lines, indicating that there is a temperature independent con-

tribution to the susceptibility of the alloys which is propor- 

tional to the concentration of the solute atoms. 	Addition of 

solute atoms to a matrix usually produces changes in the band 

structure so that the matrix susceptibility may become modified. 

The total temperature independent part of the susceptibility 

of the alloy may therefore be written as 

X.Rh 

where );„Rh is the susceptibility of pure Rh)C is the concentra-

tion in % of Fe and L\% is the extra contribution per per-cent 

of iron. 

A graph of 	 against T is shown in Fig. 45. 
Conc. 

If AX,= 0.42x10-6  emu/gm//Fe 

Xo  subtracted off from the measured 
(7C -7C0) x T 

Conc. 

At high temperatures,  

is assumed and the resulting 

susceptibilities, the 

reduce to the form shown 

the susceptibilities of 

graphs of 

in Fig. 46. 

against T 

all the alloys obey Curie-Law but the moment begins to decrease 

with decreasing temperature below about 90°K for all the alloys. 

The departure from the Curie law can also be seen in the plots 



Rh 2.86% Fe 
. 	• 

0  

E 
0 
ca 

t,o 

0 

a) 

1 .6 

Rh 0.9% Fe 

• • Rh 4.95% Fe 

• 

Rh 10.87% Fe 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 
Fig.45 Graph of (x--.X.Fth) x T per at. % Fe 

TEATERATURE 	) 

20 	40 	60 	80 	100 	120 	140 	160 	180 	200 	220 



Fig.46 Graph of 0(.-1)(,0) x T per at. % Fe 

20 	40 	6o 	8o 	100 	120 	140 	160 	180 	200 Ni 
\ 0 

I 

Rh 0.9% Fe 

k 

0 

0 

0 

a) • 
54 UC74 4.1 

TEMPERATURE ( OK ) 

1.4 

1.2 

1 .0 

0.8 

0.6 

0.4 

0.2 



► ► ► 

TEMPERATURE ( OK) 

.6 

1.4 

1.2 

1.0 

0 

0.8 

Rh 0.9% Fe 

0.6 

0.4 

0.2 

20 	40 	60 	80 	100 	120 	140 _6  160 	180 	200 
Fig.47 Curie—Weiss Plot for Rh 0.9% Fe Alloy using 9C0=0.42 x 10 emu/gm/Pe 



0.8 

0.7 

0 
r 

0 

— 

0.3 

0.2 

0.1 

oK  ) TEMPERATURE ( 

0.4 

Rh 2.86% Fe 

20 	40 	6o 	80 	100 	120 	140 
Fig.48 Curie—Weiss Plot for Rh 2.86% Fe Alloy using /̂c0.0.42 x 10-6  

160 	180 

emu/gm/%Fe 

200 



	

1 	 1 	 1 	 1 	 1  

20 	40 	60 	80 	100 	120 	140 	g6o 	180 	200 
Fig.49 Curie—Weiss Plot for Rh 4.9% Fe Alloy using 7,0  . 0.42 x 10 emu/gm/%Fe 

0.6 

0.4 

0.3 

0.2 

0.1 

0. 

0.8 

0.7 

Rh 4.95% Fe 

v.) 
0 

0 

1 

TEMPERATURE ( oK ) 

e 
e 



VD 
10 

 

40 

a 

O 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

. .. 
	

TEMPERATURE ( °K 
1 	I 	I 	t 	I 	I 	1 	i 	i 	1 

20 	40 	60 	8o 	100 	120 	140 169 	180 	' 200 
Fig. 50 Curie—Weiss Plot for Rh 10.86% Fe Alloy using"A'o=0.42 x 10—v emu/gm/%Fe 



234 

high temperature moment per iron atom is also reduced as the 

concentration increases. 

The magnitude of the temperature independent susceptibi-

lity contribution A34  of 0.42x10 6  emu/gm//Fe is very much 

larger than expected from any modification of the band structure 

of the host and the resulting change in the density of states. 

It is also unlikely to be due to an increase in the exchange 

enhancement in the band, as the enhancement per iron atom is 

required to be an order of magnitude larger than the value for 

palladium atoms in the pure metal. 	There is, however, the 

possibility that it is due to a localised enhancement at the iron 

site. 	Measurements on Rh-Co alloys reported here show that 

such a large localised enhancement of the susceptibility is poss- 

ible. 	The temperature dependence of the susceptibility of 

Rh-Co is small but the temperature independent susceptibility 

corresponds toLk= 0.28x10
-6 

emu/gm/% Cn. 

The high temperature susceptibiltiy at the iron site may 

be regarded as due to two contributions. 	One is a temperature 

dependent part and obeys Curie law and the other is a temperature 

independent contribution discussed above. 	The high temperature 

susceptibility contribution from each iron atom may be written 

as 
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If the high temperature susceptibility calculated by 

Suhi is separated as above into two parts, the ratio of the 

coefficients G and L17, is found to be about 3.1x10-3(°K). 	In 

the Rh-Fe alloys, the ratio varies from 4.2x10-3(°K) for the 

1% Fe alloy to 17.5x10-3(°K) the 10% Fe alloy. 	The quantity 

.42c"/P2  
G 	eff  is of course constant for the Rh-Fe alloys (sinceWfis 

constant) and is equal to 5.4x10-4(°K). 	Since Levine & Suhl_ 

have made calculations using S = 1, this quantity for their 

case is cf: 1x10
-3
(
o
K) which is about twice the value for Rh-Fe 

alloys. 

Knapp (25) has used a two band model in a phenomenological 

theory of the resistance anomaly in the Rh-Fe alloys. 	He con- 

siders that mainly the d band electrons are involved in the 

spin condensation of the moment. 	Since most bf the current 

is carried by the s band, a ddcrease in the effective moment on 

the iron atoms due to spin compensation results in a smaller 

scattering cross section and hence the fall in the resistance 
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with decreasing temperature. 	Doniach (-i30), however, belieVes 

that the resistance anomaly in Rh-Fe alloys should be interpretable 

in terms of the spin fluctuation model, although no calculations 

have yet been made by the author to support this. 

A significant result of the present resistivity measure- 

ments is that as the concentration of Fe is increased, the res- 

istance contribution per iron atom no longer shows the concent- 

ration independence found in the dilute limit. 	Furthermore, 

the striking dilute limit temperature dependence disappears as: 

the Fe concentration increases and is replaced by smaller effects 

associated with magnetic ordering. 	The contrast between the 

resistivity behaviour of the more concentrated alloys and the 

dilute ones is clearly visible in Fig. 51 where the results of 

the measurements by Coles (87) of dilute Rh-Fe alloys are also, 

included. 
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B. The Rh-Co Alloy System 

Introduction  

The localised exchange enhancement on the Ni atom 

in Pd-Ni alloys (63) gives rise to many interesting effects 

in the macroscopic properties such as the magnetic susceptibility 

(8o), the electrical resistivity (132) and the specific heat of 

the alloys (131). 	Shaltiel et al (80) have reported that in 

the dilute limit Ni atoms are non magnetic in Pd. 	As the 

concentration of Ni was increased, however; a threshold was 

reached (--2 at.% Ni) when the alloy became ferromagnetic. 

Schindler and Rice (132) reported the observation of a T2  term 

in the electrical resistance of dilute Pd-Ni alloys, and .' 

Schindler and Nackliet (131) have reported specific heat measure-

ments which have an enhanced value for '( which is also a sensitive 

function of the concentration of Ni. 

Rh-Co is an iso-electronic alloy system similar to 

Pd-Ni where the localised exchange enhancement on the Co atoms 

would be expected to manifest itself in some properties similar 

to those found in Pd-Ni alloys. 	The uniform band enhancement 

in Rh metal is much smaller than in Pd so that the effect of the 

238 



239 

intra atomic exchange on the Co atom on the properties of the 

Rh-Co alloys is expected to be smaller. 

Measurements of the susceptibility of dilute Rh-Co 

alloys have been made by Walstedt et al (129). 	The authors 

report a weakly temperature dependent susceptibility increase 

a(Co)-20x10-4  emu/Mole, as compared to a (X,Rh  

emu/mole. 	Measurements on a dilute Rh-Co alloy by Mozumder 

(110) shows essentially temperature independent resistivity at 

low temperatures. 

Magnetisation measurements on two Rh-Co alloys are 

reported below. 	The temperature dependence of the excess 

susceptibility is found to be roughly similar. 	There is no 

indication of magnetic order down to 1.6
0
K even in the high 

concentration (Rh 11 at.% Co) alloy suggesting that a threshold 

value if any, is at a much higher concentration. 

Sample Preparation  

The Rh i% Co alloy was obtained from the Mond Nickel 2 

Co. Ltd. and the Rh 11% Co alloy was prepared in the laboratory 

using Rh sponge of purity 99.99% and Co wire of purity 99.99%. 

The same technique of sample preparation as used for Rh-Fe 

alloys was employed in this case also. 



Rh -10  Co 

Fig. 52 shows the magnetisation of the alloy measured 

at 77 and 4.2°K as a function of the magnetic field. 	A small 

temperature dependence is observed in the magnetisation 

measured in a constant field of 3.83 kOe (Fig.52). 	Since the 

susceptibility of pure Rh is temperature dependent (0.92 x 10
-6 

emu/gm at 20 K and 0.99 x 10
6 

emu/gm at 300°K) it is difficult 

to make an accurate allowance for the matrix susceptibility. 

The increase in A due to Co is calculated assuming constant 

values for the matrix term of 	0.99 x 10 6  emu/gm and 

o= 0.95 x 10-6  emu/gm. 	The results are tabulated below for 

a few temperatures where the units for A are in emu/gm x 10
-6. 

T 
	

X'Tot 
	ox 	A A . 

(D K  +.005 ('40=0.99) (` 0  0.95) 

77 1.25 0.26 0.30 

20 1.28 0.29 0.33 

10 1.315 0.325 0.365 

5 1.345 0.355 0.395 

2 1.365 0.377 0.417 

The susceptibility increase A?G at 77°K is about 

0.26 x 10
-6 

emu/gm. 	Analysis of the concentration of Co in 

240 
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the alloy is not available at present but it is thought to 

contain 1 wt.% Co (i.e.,0.9 at.% Co). 	Hence the susceptibility 

contribution of Co in Rh is ,,29 x 10
6 emu/gm. 	Walstedt et 

al (129) have reported that the susceptibility of dilute Rh-Co 

alloy is weakly temperature dependent and the increase Ovdue 

to Co is 20 x 10-4  emu/thole which is equal to 34 x 10-6  emu/gm. 

Since LW, is temperature dependent and also sensitive to the 

magnitude of the matrix term subtracted off, the small difference 

with the present result is not surprising. 
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Rh 115 Co  

The magnetisation of the alloy as a function of the 

field has been measured at 77 and 4.2°K, Fig.53 . 	The 

magnetisation has also been measured as a function of the 

temperature in a constant field of 3.65 kOe from 1.6°K upwards. 

The temperature dependence of the susceptibility is similar to 

that found for the lower concentration alloy and scales with 

it to 105 over the temperature range, as can be seen by 

comparing the following table with that for the 1-5 alloy. 

T 	2:Tot 	ZYX, 	LvA,  
o
K 	±.005 	(7/0=0.99) 	('A 0= 0.95) 

77 3.87 2.88 2.92 

20 4.15 3.16 3.2o 

10 4.245 3.255 3.295 

5 4.36 3.37 3.41 

2 4.68 3.69 3.73 

The weak temperature dependence of `x is thought to 

be a real effect due to Co, and not due to the presence of 

impurities such as iron, as both Rh and Co used were fairly 

pure. 	The iron content in the alloy required to explain the 

observed increase between 2 and 10°K is estimated to be 0.11 at.%. 
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This is too large a value to be present in the alloy. 	The 

increase ,..6:Aiat 77oK due to Co is -,i27 x 10-6  emu/gm which is 

in reasonably good agreement with the lower concentration alloy. 

The susceptibility of Rh-Co alloys is similar to the 

Rh-Fe alloys in that there is a large temperature independent 

increase due to the localised enhancement of the susceptibility 

on the Co atoms, but the temperature dependent term is much 

smaller. 	It seems that Co in Rh is near the threshold for 

showing a 'well defined' magnetic moment similar to that on 

the Fe atoms 
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CHAPTER 7  

EXPERIMENTAL RESULTS AND DISCUSSION  

OF SOME GOLD-RARE EARTH ALLOYS  

Introduction  

The simplest kind of alloy system for the study of 

interaction effects between solute atoms is one for which the 

matrix isa.simple metal and the solute atoms possess a real, 

localised, magnetic bound state. 	Alloys of rare earths diss—

olved in simple metals such as silver and gold belong to this 

class of systems. 	The R.K.K.Y. spin-polarisation set up by 

the interaction of the local moment with the conduction electrons 

is expected to be the main mechanism for interaction between the 

solute atoms. 

The electrical resistivity of dilute silver and gold-rare 

earth alloys has been measured by Bijovet et al (68) and by 

Lowin (107)._ Their results disprove the existence of resistance 

minima and maxima reported by Sugawara (98) for the Ag Gd alloys. 

It is now believed that the observed resistance minima were due 

to the contamination of the alloys by transition metal impurities. 

Observation of interaction effects between solute atoms 
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in the magnetic susceptibility of some relatively dilute rare-

earth alloys has been reported by Hirst et al (72) and Williams 

and Hirst (71). 	A paramagnetic Curie temperature -2°K has been 

reported for a Ag 0.1 at. Gd alloy (71). 	Edwards and Legvold 

(70) have measured the electrical resistivity of some moderately 

concentrated gold-rare earth alloys (upto 2 at % rare earth).. 

The authors find a decrease in the resistance below about 6°K 

for some of the alloys including one with 0.42 at.% Gd. 	However, 

the most dramatic result is for the Au 2 at.% Ho alloy for which 

the authors find a sharp decrease in the resistance below 6°K.. 

This behaviour, the authors suggest, could be due to the onset 

of magnetic order and the consequent quenching of spin disorder 

scattering. 

The present investigation was attempted with a view to 

studying in a little more detail the interaction effects reported 

by the various authors. 	Only a limited number of alloys have 

been studied owing to the nonobservation of any significant 

interaction effects upto the maximum concentration of some rare--

earth solutes within their solubility limits in gold.. The 

observed Curie-Weiss intercepts in the susceptibility are explained 

by takir,g account of the crystal field splitting of energy levels 

of the atoms which also explains the temperature dependence of 

the s-f resistivity. 



24a 

Sample Preparation  

The maximum solubilities of rare earths in gold have been 

determined by Rider et al (74). 	They are rathei low for the 

lighter rare earths but increase approximately linearly beyond 

Gd from 2  at, % Gd to 7 at.. % Yb. 

The alloys were prepared by arc melting about 2 gm -of 

pure gold with the appropriate mass of rare-earth metal on a 

water cooled copper hearth in a 3  atmospheric pressure of Argon.. 

The purity of the metals were 99.999% and 99.99% respectively 

and were obtained from Koch light laboratories Limited. 	The 

alloys were melted a total of about 6 times. The two Au-Yb alloys 

were supplied by Johnson Matthey & Company and were similarly 

prepared. 	The buttons were forged using an iron-free copper 

plate and hammer and then homogenised at 780°K for about 150 hrs.. 

They were then further hammered to obtain pieces 0.7". 	These  

were machined in a lathe to obtain small cylinders i" long and 

.055" in diameter. 	The weights of the final specimen were around 

0.36 gm. 	The same specimen was used both for the susceptibility 

and the electrical resistivity measurements. 
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Au 0.3 at. % Gd  

The field dependence of the magnetisation of the alloy 

at 4.2°K and 1.57°K is shown in Fig.54 . 	Brillouin curvature 

is clearly visible in the M-H plots which in fact agrees to 1% 

with the calculated values for BS=7/2 (H/T). 	Measurements of 

the susceptibility in the range 4.2°K to 1.6°K have been made 

while the specimen was immersed in a bath of liquid helium. 

The measurements were made as a function of decreasing temper-

atures  the latter being reduced by pumping on the helium bath 

through a manostat. 	The temperature of the specimen is determined 

accurately from the helium vapour pressure. 	A plot of 1 against 
Au 

T is shown in Fig.55 from which it is clear that the Curie law 

is obeyed quite well. 	A least squares fit of the data to a 

Curie-Weiss law gave a value of 9 of about -0.05
o
K. 	This result 

is in strong disagreement with the Curie-Weiss intercept of -2°K 

for the Ag 0.1 at. % Gd alloy reported by Williams and Hirst (71). 

These authors have also reported the presence of second phase 

intermetallic compound Ag3Gd in their more concentrated Ag-Gd 

alloys. 	There is a possibility that their observed results for 

the 0.1 % Gd alloys are due to the presence of undetected traces 

„ 1 
of the second phase in the alloy. 	Fig.56 shows a plot of W-7-TAu 

against T measured upto 77 K. 	The fact hat a Curie law dependence 
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is still observed merely confirms that the thermomentry is 

accurate. 

The concentration of the alloy calculated from the masses 

of the metals used, and allowing for the weight loss during 

melting was 0.31 at. % Gd. 	Using this value, the effective 

moment per Gd atom is found to be 7.47A1B. 	However2 if the 

theoretical value of the moment of 7.94 AB  is assumed, the cal-

culated concentration is found to be 0.274 at.,% Gds 
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Au 2.3% Yb  

The magnetisation of the alloy has been measured at 4.2 

and 2.2oK as a function of magnetic field and is shown in Fig.57. 

Measurements of the susceptibility 	of the alloy as a function 

of temperature have been made in low fields (),LBH/kT <Z1),Fig. 58 

shows a graph of .1  against. T in which the 'bump' characteristic 
2(/-Xlu 

of the crystal field splitting of energy levels can be seen very 

clearly., The apparent "Curie-Weiss" intercept 0-is -7 1
o
K  which 

is also the result of the crystal field splittings. 	Calculations 

of the susceptibility using crystal field theory in terms- of the 

coefficients C4  and C6  as variable parameters have been made. 

Using the measured susceptibilities a graph of-M-Xl‘u)x2- against temp- 

erature was plotted. 	On the same graph the calculated 7/xT values 

using various parameters were also plotted and the best values of 

C
4' 

C
6 

determined by inspection. 	Fig.59 shows that a reasonably 

good fit to the data is obtained with the parameters C4 
= -30°K 

and C6  =.6°K. 

The ground state of the crystal field split energy levels 

is the (77  doublet which is separated from the next level, the 176  

doublet, by an energy of about 90 degrees. 	The next level, the 

1 8  quartet is only 3°K higher. 	The ground state doublet has as 

'gl value of 3.4. This has been confirmed by E.S.R. measurement 

on the alloy by Griffiths and Coles (134). 



255 

0.4 

0.3 

0.2 

0.1 

I 	 I 	 I 

Au 2.3% Yb 

M 
2.2.K 

(emu/gm) 

4.2°K 

FIELD ( k0e ) 
I 	 I 	 I 	 I 

2 	3 	4 	5 	6 	7 
	8 

Fig.57 Magnetisation vs Field of Au 2.3% Yb Alloy 



20 	40 	6o 	80 	100 	120_, 
Yb Alloy 

140 
Fig.58 Curie—Weiss Plot for Au 0.3% 

0 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

180 160 



2.6 

2.4 

2.2 

2.0 

1.8 

1.6 

1.4 

1 	2 	3 4 5 6 	10 	20 	30 40 50 	100 	200 
Fig.59 Graph of (X—  2CAu) x T vs Temperature for Au 2.3% no Alloy 



258 

It is seen that the results of the susceptibility meas-

urements of the alloy can be explained quite well by the crystal 

field theory. 	There is very little in the results which can 

be attributed as being due to interaction effects between Yb atoms. 
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Au 3.9 % Yb 

Fig. 60 shows the magnetisation of the alloy measured 

as a function of the magnetic field at 4.2 and 1.6°K. 	The 

1 	plotted against T shows a inverse susceptibility 	,\, 

high temperature Curie-Weiss intercept of -7+1°K, Fig. 61. 

It is found that the susceptibility of this alloy scales quite 

well (i'1%) with that of the 2.3 % Yb alloy and also the same 

crystal field parameters, 04  = -30°K and C6  = 6°K, give a reasol- 

ably good fit to the data, Fig. 62 

Measurements of the electrical resistivity of the alloy 

between 1.6 and 20°K have also been made, Fig. 63 	shows the 

excess resistivity - ?Au  plotted as a function of temperature 

T. 	The resistance minimum and the increase in the resistance 

below 10°K is thoughtto be due to the presence of iron impurities 

in the alloy. 	Somewhat similar results for Ag-Gd alloys rep- 

orted by Sugawara (98) are now accepted as being due to the. 

presence of transition metal impurities in the alloys. 	The 

excess resistivity due to Yb atoms does not obey Mathiessen's 

rule and the increase in the resistance which becomes apparent 

above 10°K is the result of this break down, which has been invest-

igated in detail for simple alloys by Dugdale and Basinski (101). 

Accurate measurements on some gold and silver rare-earth specimens 
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specially prepared for resistivity measurements, have been made 

by Lowin (107) and are in agreement with the results of Dugdale 

and Basinski. 	These also show an increase in the excess 

resistivity with temperature in agreement with the present results.. 
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Au 2% Ho  

Graphs of magnetisation against field measured at 4.2
o
K 

and 1.6°K are shown in Fig. 64. 	The inverse susceptibility 

1  plotted as a function of temporaturc,Figs.65, 66,  
)C-X'Au 
shows a "Curie Weiss" intercept of 0.85 ±.1°K, which is the 

result of the crystalline field splitting of the energy levels 

In order to determine the parameters Cif  and C6  to explain the 

observed susceptibilities a graph of (X, 	x T was plotted 

as a function of T, Fig. 67 . 	The calculated values of ViT 

using various parameterswere plotted on the same graph and the 

best fit determined by inspection. 	For Au-Ho alloy the best 

parameters were found to be C4  = -20°K and C6  =--4°K. 

Measurements of the resistance of the alloy between 1.6 

and 20°K have been made. 	Fig. 68 shows the excess resistivity 

- \ Au plotted as a function of temperature. 	A low temperature 

decrease in the resistance below about 6°K, similar to that 

found by Edwards and Legvold (70), is also observed, but the 

magnitude of the total decrease below 6°K is K 	about a of that 

found by these authors. 	This may be due to the presence of 

small amounts of iron impurities in the present specimen which 

give a small increase in the resistance with decreasing temper- 

ature as seen clearly in the Au 4% Yb alloy. 	Although the 
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presence of iron impurities in the alloy will reduce the total 

fall in the resistance and modify the shape of the curve slightly, 

an attempt has nevertheless been made to see if the low temp—

erature decrease can be explained by the recent calculation of 

the s-f resistivity given by Hirst (146). 	Using the crystal 

field parameters obtained from the susceptibility fit, the cal-

culated s-f resistivity is found to be in reasonably good agree-

ment with the observed result if a magnitude for the s-f inter-

action constant Js-f of 0.078 eV is assumed, Fig. ‘g. 

It is not suggested, however, that this value of J
s-f 

is the 

correct one as this depends on the accuracy with which corrections 

for other contributions to the resistance in this temperature 

region suchas from iron impurities, are made. 	It is perhaps 

worthwhile to remark that by increasing the above J
s-f 

value ' 

by less than a factor of 2 the resistance decrease observed by 

Edwards and Legvold can be accounted for, although the actual 

shape of the curve is slightly different and the 'kink' observed 

by the authors (Fig.(>9 ) is replaced by a smooth but definite 

change of slope. 	The increase in the excess resistivity is 

again a result of the break down of Mathiessen's rule. 

The energy level scheme for Ho with the parameters -20
0 
K) 

4°K is found to have the non-magnetic ground state doublet T7(2) 3 
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separated by the triplet 1-7 5
(2) which is only 0.14°K higher. 

A third triplet r4(2)  is 7.6°K above the ground state. 	The 

next set of energy levels are more than 40°K higher. 	The temp- 

erature dependence of the s-f resistivity at low temperature is 

due to the change in the population of these levels each of which 

represents a different scattering cross section. 	The inelastic 

scattering between these energy levels also changes with temper— 

ature. 	Both these effects contribute to the observed temperature 

dependence. 

The magnetoresistance of the alloy in the low field has 

also been measured at 1.6°K and 4.2°K)Fig. 70. 	Using the measured 

values of magnetisation at a given field a plot of the magneto-- 

resistance against 
142 

has been obtained. 	This is also shown in 

Fig. 70. 	The small departure from a linear behaviour for the 

lower temperature set is possibly due to the small difference 

(.f.a.05°K) between the temperatures at which the resistance and the 

magnetisation of the specimen have been measured. 

The properties of the AU-Ho alloy are satisfactorily 

explained by assuming crystal field splitting of energy levels. 

The decrease in the low temperature resistance of the alloy is 

believed not to be the result of the quenching of the spin-disorder 

resistivity due to an onset of magnetic order, no sign of which 

can be seen in the magnetisation measurements of the alloy. 
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Au 1.5% Dy 

The graphs of magnetisation against field measured at 

1.6 and 4.2°K are shown in Fig.71 . 	Measurements of low field • 

susceptibilities 2C of the alloy as a function of temperature 

have also been made. 	Fig. 72 shows a plot of X 7'Au 

temperature T. 	A "Curie-Weiss" intercept of 1.1 + . 1°K is obtained 

which is seen more clearly in Fig. 73 in which the data for the 

low temperature region upto 20°K are shown. 	The parameters 

C4  and C6  have again been determined by inspecting the fits of 

(X,  -7, Au) x T vs T with respect to the calculated curves. 

The continuous line in Fig. 74 shows the calculated results 

using the parameters C4  = -30°K, C6  . 6°K which are found to 

give the closest fit to. the 

The crystal field split energy level scheme for these 

parameters is found to be a ground state doublet T
7 
 with the 

two quartets' T/ 8(1) 	r7 and 	8(2)  at energies of 2.8 and 16°K res- 

pectively above it. 	The next set of levels are the T76  doublet 

at 57.5°K and the T18(3)  quartet at 70.9°K. 

The presence of the low lying excited states T/8(1)  and 

T78(2)  close to the ground state doublet r7  would be expected 

to give a temperature dependent contribution to the s-f resistivity 

at low temperatures. 	This can indeed be seen in the measured- 

1 against 
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Fig.71 Magnetisation vs Field of Au 1.5% Dy Alloy 
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resistivity which is plotted as 	- Plu against T,Fig.75. The con- 

tinuous line through the low temperature data point is the 

calculated resistivity using the crystal field parameter -30°K, 

6°K and assuming a Js_f  . 0.054 eV. 	Here again small amounts 

of iron impurities are likely to be present so that the actual 

value of Js -f is uncertain. 	However it is not expected to be 

larger by a factor of more than two from the given value. 

Fig. 76 shows graphs of magnetoresistance against field 

and against the square of the magnetisation at 1.6 and 4.2°K.. 

The deviation from the expected linear dependence on M2  at 1.6°K 

is probably due to the difference of ^'0.05°K in the temperatures 

at which the magnetisation and the magnetoresistance have been 

measured. 
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Conclusion 

The results presented above show that the magnetic prop—

erties of the gold-rare earth alloys are dominated by the crystalline 

field effects. 	For the Au-Yb alloys the magnetic properties, even 

at low temperatures, are independent of the concentration upto 4 % 

Yb. 	The almost perfect Curie-law behaviour observed fo:r the Au-Gd 

alloy, and the failure to detect in other systems any of the effects 

which normally occur as a result of interactions between the solute 

atoms, suggest that such interactions are rather weak in these 

systems, and if present are probably masked by the larger crystalline 

field effects. 	It has also been shown that the resistance decrease 

at low temperature can be explained by assuming the crystal field 

splitting of energy levels if a proper account of both the _elastic 

and the inelastic scattering from these levels is taken. 

The values of the crystal field parameters C4  and C6  obtained 

from the susceptibility fits are rather larger in magnitude than 

obtained from the simple point charge model. 	The sign of C4  is 

also opposite to that given by the point charge model. 	It is  

interesting to note that the same crystal field parameters C . -30°K 

C
6 
 = 6°K are obtained for both Dy and Yb which are Kramer's ions 

whereas values for the non-Kramer's ion Ho are smaller (C4  = -20°K, 

C
6 
= 4°K). 	The results of Williams and Hirst (71) for Er, 
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Tm and Yb dissolved in gold yield significantly smaller parameters 

also for the non-Kramer's ion Tm. 	It would seem reasonable to 

conclude that there is a definite tendency towards smaller crystal_ 

field parameters for the non-Kramer's ions.. The effect of these 

smaller parameters is to decrease the overall splitting of the 

energy levels and also to bring low-lying magnetic multiplets 

closer to the non-magnetic ground state. 	If this distinction 

between the behaviour of Kramer'Sions and that of non-Kreimer's ions 

is found in other systems also, a theoretical examination of its 

possible sources may yield a better insight into the origin of the 

crystal fields. 
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