
DEDICATION 

This thesis is dedicated to the 

memory of my father. 



1 

ELECTRON SPIN RESONANCE STUDIES 

OF SO1E MAGNETIC ALLOYS 

Thesis submitted for the Degree of Doctor 

of Philosophy of the university of London 

by 

RICHARD EAT ZLTON TAYLOR 

Physics Department 
Imperial College of Science and Technology 
London Sr 

October 1972 



2 

ABSTRACT 

A study has been made of the :-band esr behaviour of a number of 

dilute alloys and intermetallic compounds containing s-state ions between 

300K and 1.7K. 

A large negative g-shift has been observed in the most dilute alloys 

of Gd in Pd (to 1.77); the g-shift reducing at higher concentrations of 

Gd as the Pd d-band is filled. A positive g-shift has been observed in 

the Pd-Mn (to 2.15) and LaAl2-Gd systems. The sign of the g-shifts has 

been related to theory. The temperature dependence of the g-value and 

linewidth in Pd-Gd and Pd Mn alloys has been interpreted in terms of the 

effect of the increase in demagnetising fields in the particles of the sample 

at the onset of ferromagnetic order. The esr measurements in Pd -nn show a 

form consistent with an increasing magnetisation in a field of 3KGauss at 

concentrations above 3atra Eh, in contrast to the results of static 

susceptibility measurements. 

Comparison of the present results with previous data suggests that 

in these dilute alloys there may be a frequency dependent contribution to 

the residual linewidth. 

The g-value and temperature dependence of the linewidth has been 

measured for a number of compounds. Characteristic forms of behaviour 

have been distinguished for ferromaenets (including GdAl2, GdPt2, GdCup 

EuPd2, EuPd and Pd2MnSn) and antiferromagnets (including GdAg3, GdCu2, 

GdB6, GdB4, GdZn12, Gd2Zn17  and "GdCu4"). In the last five antiferromagnets 

an increase in linewidth at temperatures far above the Neel point has been 

observed and tentatively interpreted in terms of an extended regime of 

short-range order. For a number of the compoundsl ordering temperatures have 

been predicted from the esr results. 
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The compound GdPd3  showed anomalous behaviour possibly characteristic 

of metamagnetism. Compounds of Lh in Zn showed completely anomalous esr 

behaviour. 



4 

ACTUT0'.71MGELENT.S  

I would first like to thank sincerely Prof. B. R. Coles for his 

continual advice, help and interest throughout the course of this work, 

which was carried out under his supervision. I an also grateful to 

Dr. D. Griffiths for teaching me how to use the present apparatus and for 

his advice on many aspects of experimental technique. 

Many other members of the Metal Physics Group, both past and 

present, have been of great help to me. Much of the work in this thesis 

has been carried out in conjunction with other members of the research 

group, who have made other measurements on the sane alloys. I would 

specially like to thank Dr. H. E. N. Stone for his considerable 

metallurgical advice and assistance, Dr. I. R. Nerris of the University of 

Birmingham for supplying me with a number of alloys and Drs. A. M. Stewart, 

N. Rivier and A. P. Murani for valuable discussions. 
Finally,I would like to thank Chris Meyer for typing the thesis and 

my wife for not only putting up with me whilst the thesis was being 

written, but also for teaching me (I hope) the rudiments of punctuation. 

The work was carried out under an SRC Studentship. 



5 

CONTEETS 

Page No. 

	

ABSTRACT 	 2 

ACKNOWLEDGEMENTS 

	

CONTENTS 	 5 

GENERAL INTRODUCTION 	 9 

CHAPTER 1 - THEORY OF THE ISOLATED IMPURITY ATOM 	11 
IN A METAL 

	

1.1 	Formation of a Moment 	 12 

	

1.2 	Conduction Electron - Local Moment Exchange 	20 

	

1.3 	Divergence of Perturbation Theory - The 
Rondo Effect 	 31 

CHAPTER 2 - INTERACTIONS BETWEEN MOMENTS AIM MAGNETIC 
ORDERING 	 34 

	

2.1 	Interactions Between Moments via the 	34 
Conduction Electrons 

	

2.2 	Interactions Between Neighbouring Magnetic 
Atoms - Local Environment Effects 
	

38 

	

2.3 	Interactions in Disordered Systems 
	

43 

	

2.4 	Magnetic Ordering 
	

47 

OTTAPTER 1 - PREVIOUS WORK AND REVIEW CF MAGNETIC 
ORDERING IN MEL:WALLIO COMPOUNDS AND 
SOLID SOLUTION ALLOYS 	 55 

	

3.1 	Intermetallic Compounds 	 55 
E1.1 Rare Earths 	 55 
b Transition Metals 	 66 

	

3.2 	Solid Solution Alloys 	 71 
(a) Bound State in Exchange Enhanced 	72 

Transition Metal 
(b) Virtual Bound State with Good (3d) 

Moment in Enhanced Transition Metal 	74 
(c) Virtual Bound State with Good (3d) 

Moment in a Simple Metal 	 79 
(d) Some Other Interesting Systems 	81 



6 

CHAPTER 4  - THEORY OF PLECTRON SPIN RESONANCE 	84 

	

4.1 	Basic Theory 	 84 

	

4.2 	Longitudinal Relaxation 	 84 

	

4.3 	The Bloch Model 	 87 

	

4.4 	The Spin Rnmiltonian 	 91 

	

4.5 	The g-shift and Linewidth of Ions in Metals 	94 
a First Order and Second Order g-chift 	94 
b Indirect g-shift 	 96 
c Hasegawa's Treamtnet - the esr 

Bottleneck 	 96 
(d) Extensions of Hasegawa's Work 	101 

	

4.6 	Hyperfine Splitting 	 102 

	

4.7 	Residual Linewidth 	 103 

	

4.8 	Ferromagnetic and Antiferromagnetic 
Resonance 	 106 
a Ferromagnetic Resonance 106 
b Antiferromagnetic Resonance 	108 
c Theories and Measurements just above 

the Critical Temperature 	109 

CHAPTER 5  - EXPLMIMMTAL REVIEW OF ESR OP IONS IN 
METALS 
	

112 

	

5.1 	Rare Earth s-state Ions 	 112 

Ha  Rare Earth Intermetallic Compounds 	113 
Intermetallic Compound Hosts with 

Pure Rare Earths 	 112 

Rare Earth Impurities 	116 

fH Rare Earth Ions in Other Hosts 	127 
Gd in Y, Lu, Sc and La 125 
Rare Earths in Pd and Pd Binary Alloys 	122 

	

5.2 	Transition Metal s-state Ions 	129 
a Mn in Cu, Ag and Au 	 129 
b Mn in Pa 	 135 
c Mn in Zn, Mg and Al 	 136 
d Other Transition Metals 	137 

	

5.3 	Non s-state Resonances 	 137 

	

5.4 	Transmission Electron Spin Resonance 	142 

CHAP is 6  - 102ALLURGY 	 145 

	

6.1 	General Alloying Theory 	 145 
a Size Factor 	 145 
b Electron Concentration 	146 
c Electrochemical Factor 
	146 

	

6.2 	Purity of Materials 
	

147 
6.3 Furnaces 	 148 



7 

CHAPTER 6  - (Continued) 
6.4 	Metallurgical Examination of Samples 	148 

a rbtallocTaphic Examination 	148 
b Hardness 	 149 
c "Wet" Analysis 	 149 
d Electron Microprobe Analysis 	149 
e X.-Bay Analysis 	 149 

6.5 	The Intermetallic Compounds 	149 
a Ag-Gd 	 149 
b Al-Gd 	 150 
c Au-Mn 	 153 
d B-Gd, Tb, Er 	 154 
e Cu-Gd 	 156 

In-Gd 	 160 
g Pd-Eu 	 161 
h Pd-Gd, Er, Yb 	 161 

Pt-Gd 	 162 
j Zn-Gd, Er 	 165 
k Zn-rn 	 166 

Pd2rnSn 	 167 

6.6 	Dilute Solid Solutions 	 168 
a Pd-Gd and Pd-Ni-Gd 168 
b Pd-En 	 169 
c 

Rh-Mn 	 171 
Zn-rn 	 170 

CHAPTER 7  - APPARATUS MD EXPERIMENTAL la'rilIOD 
	

172 

7.1 	The ESR Spectrometer 
	

172 

7.2 Thermometry 
	

175 
7.3 	Measurement of ra,metic Field 
	

177 
7.4 	The Resonant Cavity 
	

178 

7.5 Sensitivity 
	

182 

7.6 	Possible Improvements in Sensitivity 
	

187 

7.7 	Preparation of Specimens 
	

190 

7.8 	Experimental Procedure 
	

191 

7.9 	Shape of Lines - Corrections 
	

195 

CHAPTER 8 - RESULTS AND THEIR IMRPRETATION 	198 

8.1 	Gd in Dilute Solid Solutions 	198 
a Pd-Gd 	 198 
b Pd-111-Cd 	 203 
0 Lal12Gd 	 204 

8.2 	Solid Solution Alloys Containing Mn 	210 
(a) Pd-Mn 	 210 
(b) Other Solid Solution Alloys Containing Mn 	216 



8 

CHAPTER 8 - (Continued) 

	

8.3 	Intermetallic Compounds - Results and 
Discussion 	 227 
(a) Ag3Gd 	 227 
(b) GdAl2 	 228 
(c) GdB6  and GdB4 	 230 
(d) Cu2Gd, "Cu4Gd" and Cu6Gd 	233 
(e) GdIn3 	 235 
(f) Pd2Eu and PdEu 	 235 
(g) Pd3Gd, Yb 	 236 
(h) The Pt-Gd Compounds 	239 
(i) Zn12Gd and Zn17Gd2 	 241 
(j) Au3Mn 	 243 
(k) Pd2Man 	 243 
(1) Zn13Mn and "Znlopn" 
	

244 

	

8.4 	Interinetallic Compounds - Conclusions 	265 

 

LBLNCES 267 • Di  

 

APPENDIX 1 - Search for a Ce Resonance 	281 

APPENDIX 2 - Summary of Magnetic and Structural. Data 
on Intermetallic Compounds 	284 

APPENDIX 3 - The Korringa Relation and Relaxation Times 	296 

APPENDIX 4  - Directory of ESR of Ions in Metals, 	298 

APPENDIX5 - Correction Curves for ESR Lines 	305 



9 

GENMAL INTRODUCTION 

The magnetic behaviour of alloys presents many interesting 

experimental and theoretical problems and it is often said that a study of 

the magnetic properties of alloy systems may give an insight into the 

origins of magnqtism in pure transition metals. 

In this thesis both dilute solid solutions, in which the magnetic 

ions are well localised, and intermetallic compounds where the ions are 

periodic in the lattice, are studied by the technique of electron spin 

resonance (esr). This technique has been extensively used in the past for 

studying the interaction between a localised moment and the conduction 

electrons and for identifying the crystal field split ground state of 

non-s-state ions. In the present work, although a few attempts have 

been made to observe resonances from Er and no in a number of intermetallic 

compounds and from the Cell' ion in a number of hosts, the greater part of 

it has been concerned with identifying the characteristic behaviour of 

Gd, Eu2+ and Mn ions with the onset of magnetic order. 

In the first two chapters an outline is given of the general theory of 

the formation of moments, the interaction of magnetic ions with the conduction 

electrons and the various forms of interaction between the local moments 

which lead to a magnetically ordered state at low temperatures. In chapter 

3, a brief survey of the behaviour of a number of alloys is reviewed, with 

particular reference to the systems studied in this thesis. 

Chapters 4 and 5 are devoted to electron spin resonance. In the 

first, the general theory of esr is presented and then applied to the more 

complicated situation rhere the behaviour of the magnetic ion is modified 

by the role of the conduction electrons - the well-known phenomenom of 

bottlenecking. In chapter 5, a comprehensive survey is presented of 

previous esr measurements of ions in metals. 
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In chapter 6, the preparation of the alloys used for the measure-

ments in this work is described and the metallurgy of a number of systems 

such as Cu-Gd and Pt-Gd, which have been of particular interest, are 

discussed in some detail. The penultimate chapter contains a description 

of the spectrometer, a brief discussion of sensitivity in esr spectrometers 

and a number of suggestions for improvements to the present apparatus. 

Finally, the results on the alloys are presented and discussed system-

atically and a number of suggestions made for future extensions of the 

present study. 
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THEORY OF THE ISOLAihT IgPURMY ATOM IN' A METAL 

In thin chapter various models will be outlined which attempt to 

explain how a magnetic moment may be formed on a single solute atom 

dissolved in a metallic host. The interaction of the magnetic impurity 

with the conduction electrons of the matrix will then be discussed. 

When a magnetic atom is dissolved in a metal, two situations may 

occur. If the energy of the orbitals responsible for magnetism lie well 

below the range of energies of the conduction band, the local moment 

maintains its free ion character - interacting little with the conduction 

electrons - and the magnetic moment of the ground state is given by Mind's 

rules (1.1). This configuration is generally expected to occur for the 

rare earths and is known as a real bound state. Band structure calcula-

tions (1.2) on Gd, for example, show that the 4f state responsible for 

the magnetism is about 005 eV wide and 11 eV below the conduction band. 

The 3d transition metals and some rare-earths in certain hosts, 

such as Ce in Y (1.3), Eu in Au (1.4), Yb in Au-Ag (1.5) and Pr in 

ZrB12 (1.6),have magnetic orbitals which lie within the range of conduction 

band energies and here the idea of the bound state breaks down. Matthias 

et al (1.7) dissolved Fe in second row transition metals and their alloys 

and found large variations in magnetic moment and, indeed, no moment at 

all in some cases. 

Reviews of the problem of moment formation have been given by 

Anderson (1.8) and Heeger (1.9). 
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1.1 	Formation of a Moment 

Friedel (1.10) began the theoretical interpretation of the complex 

foris of behaviour illustrated above, by introducing the concept of the 

Virtual Bound State. He considered the scattering of conduction electrons 

by a spherically symmetric potential V(r), representing the impurity atom, 

and analysed the free electron wave functions in terms of spherical 

harmonics and their associated phase shifts 
11.  An expression was 

first obtained for the screening charge, 6)0;  per unit K, inside a 

sphere of radius R. At large R: 

tin  . 	lam' (2 
 22

12, 4::„(2 1 + 1)15  sin)? sin (2Kr + )71  - 11T) 2rdK1
0  

	 1.1 

Integration up to 5 for the total charge locally displaced by the 

impurity potential, and considerations of charge neutrality in the matrix 

give the Friedel sum. rule: 

Z = 	 (2 1 4-1) 17, (Er)  	1.2 

where Z is the excess impurity charge. 

If an impurity potential is initially strong enough to accept an 

lth bound state, but is then progressively reduced in strength, the energy 

of the lth state increases in energy and merges into the continuum of 

.extended states. Here it resonates with the lth component and broadens 

in energy to form a virtual bound state. When the initial bound state 

lies close to the Fermi surface, it has a large scattering cross-section 

and makes a large contribution to properties which depend on the density 

of states at the Fermi surface. Friedel was able, using this concept, to 

account for the peak in the residual resistivity of transition metal 

impurities in Al, on moving across the transition series. 
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Friedel also considered the circumstances under which a virtual 

bound state would split into two halves under the influence of exchange 

correlation. He obtained the condition 

p Q E 	w   1.3 

for this to occur; where p is the number of electrons or holes in the 

d-state, 6E is the exchange energy per electron and w the width of the 

virtual state defined from the phase shift against energy relation of 

the state. 

Blandin and Friedel (1.11) justified this result in a more detailed 

calculation and showed that it predicts quite well the distribution of 

magnetised states in simple'metal - transition metal alloys. A split 

virtual state leads to two separate peaks in the residual resistivity as 

each half crosses the Fermi level. 

The ideas of Friedel were quantified and developed by Anderson (1.2) 

into what is now generally known as the Friedel-Anderson theory. Anderson 

considered the case of an orbitally non-degenerate d-impurity in a simple 

metal using a self-consistent Bar-tree-Pock treatment. The Hamiltonian 

contains four terms: 

H  = H& Hod Ube
I 
 11(11 

A 
d 

The first two terms, Hok  and Hod  are the unperturbed Hamiltonians of 

the free electron system. The third term, Undl ndf represents the term 

for the repulsive energy amongst the d -electrons of opposite spin, where 

U is the direct Coulomb energy between electrons and is defined by 

2  U = 	I 'Oci (ri) I 2 7
3.2  I d  (r2) I 2  d 1: id Z7 2  

1.4 

1.5 
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and nd1 ndt are the number operators for electrons with spin down and 

spin up in the localised level. This term tends to favour the occupation 

of the state by electrons of a particular spin and gives a tendency towards 

magnetism. If an electron with spin up occupies the singly degenerate 

d-state with energy E below the Fermi level, the energy of a d-electron 

with spin down will be E + U. If this energy lies above the Fermi level, 

it will be empty and the impurity will be magnetic. 

The last term in the Hamiltonian represents the interaction between 

the d-electrons and the conduction electrons. This is known as the 

admixture term and leads to broadening of the impurity state. It may be 

thought of as a hopping process where the band electrons hop on to the 

impurity and stay there for a time r before hopping off - the broadening 
is then h/ t = A. This mixing term tends to favour the transfer 

on to the impurity of an electron of opposite spin to the one already 

there and competes with the coulomb term. The energy of the spin-up 

state is raised to E + IJC5n and the spin-down state is lowered in energy 

to E + U - ITSn, where S n is the number of electrons transferred from 

the up to the down state. These ideas are shown in fig. (1.1) 

A4  

P4 
Fig. 1.1  
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Using a Green's function technique, Anderson obtained a solution for the 

density of the d-states: 

	

Pdcr (E)  = 
	

7r (E - E cr y + A 2   1.6 

which is of Lorentzian form; the width iN is given by: 

Tr < vka2  > p (EF )  

where <1,/ /e is the matrix element associated with the s - d interaction 

between localised and band states. ECr  is the centre of the extended state 

of spin 0 at 	ncrlg. In order to determine the number of d-electrons 

of a given spin, (1.6) is integrated up to EF, and for self consistency 

the two equations 

ndt> 	cot-1 
	U< n ( 	e14> 

) 
1.8 

<nd4> 	cot-1  ( E EF TI<nA> 
 ) 

must be solved simultaneously. Anderson introduces two dimensionless 

parameters 

1.7 

 

1.9 

 

and plotting these against each other (fig. (1.2))s magnetism is found to 

be possible within the shaded area. 

Fir. 1.2  

1.0 
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Conditions are most favourable for the existence of magnetism when x = 

i.e, when the levels are symmetrically placed about the Fermi level. 

When x = 1 the condition for magnetism is that 

A < 

 

1.10 

 

This is similar to equation 1.3 in Friedel's analysis. 

For the iron group U "-10 eV,I(E) r%"1  0.2 eV 1, <I/2> r•-' 1 eV and thus 

7I-6 
N 0.2 

magnetism is thus likely. 

Anderson (in an appendix) extended the physically rather unreal 

single added orbital model presented here, to the more realistic case of 

a degenerate d-level. The Hamiltonian takes the same general form as 

1.4 above, bat allowance is made for the repulsion of electrons with 

parallel spins but different orbits, and the reduction of this repulsion 

by the effects of an atomic exchange integral: 

2 / 
=.1 	*(1)/D2*(2) -- 1)1(242(1)dt-1dt:2  

12 

which is eh.,1 - 2 eV. 

Yosida et al (1.13) and Klein and Heeger (1.14) showed that the new 

Hamiltonian may be solved to obtain a condition 

U + 4J N, 
TrA 

for the existence of magnetism at the most favourable position of the 

1.12 

virtual state with respect to the Fermi level. The condition implies 

that the effect of a degenerate d-level is to increase the likelihood of 

a magnetic state forming. 
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In the same analysis, the condition for quenching of the orbital 

angular momentum is found by Yosida et al to be 

TT J 
7r-L1 

The Anderson model and its extension to the non-degenerate case 

assume that any crystal field splitting is less than the virtual level 

width, and the effects of spin - orbit, orbit - orbit and d d interactions 

in the host are neglected. 

From the conditions above, Yosida et al estirkted a value of 

U 	r■J5 - 7 eV, i.e., Ur"3 - 4 eV for d impurities in simple metals. 

This reduction of the value for U from the higher value quoted above 

assumed by Anderson, is attributed to screening of the Coulomb integral 

by conduction electrons. It clearly implies a tendency away from 

moment formation. 

Wolff 	and Clo:ston (1.16) treat the conduction electron 

impurity system as a scattering problem where the impurity is represented 

by a potential which scatters electrons from states of a single band. 

The wave function is expanded in terms of Wannier functions derived from 

a single band, i.e., 

= td 	Um (Ri) am (r Ri) 	1.14 
Ri  

It is assumed that V has no matrix elements between Wannier functions 

from different bands and that there is no matrix element of the potential 

for Wannier functions centred on neighbouring atoms, i.e., 

‹: an  (r - Ri) 1 V 1 ani  (r - Rj)>= 

Vnn 8 nni S (Ri Ro) S (RJ Ro) 	 1.15 

.where
o is the impurity site. 
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Wolff finds that the amplitude of the Wanner function centred on 

the impurity site is given by 

e 	iK.R0 U (R ) = m o 	1 - V Pm  (E) 	iiTymm pm(E) 	 

where V is the matrix element of V between states within the band and mm 

fp
m(E) is the density of states of the band. Fm(E) depends on pm(E) 

as shown in fig. (1.3) 

   

Fm  (E) 

 

   

Pig. 10 

.1 The amplitude of I U (R
0
)1 2  is a maximum when [1 - V F 	(E).] = 0. 

m 	 MM M 

If the energy E0  lies within the band, UnfRo) has a resonance maximum 

and Clogston shows that a virtual state has been created at E0. If the 

energy of Bo  lies below the bottom of the band (i.e., for increasing V) 

m(E) is zero, UM  (R 0) is infinite and a bound state is obtained. 

If a small spin dependent potential (of the same form as Anderson's) 

is added to V, giving potentials for up and dorm spin V + AVT and 

' V + AV4 , two simultaneous equations are obtained for Tit (%) and 

U4 (R
o
) and these are used to calculate the Hartree-Foch field of the 

impurity. Expressions for Alrf and Lsiri are obtained and solved 

graphically for small AV/V. It is shown that the criterion for 

1.16 
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magnetism is of the form: 

U 

71'V (E) Fl 	A2 

F(E) d  where U is the Coulomb integral between different spins and F = dE • 

The Wolff-Clogston model is best suited to problems involving transition 

metals dissolved in other transition metals (e.g., Fe in no) where the 

impurity state can be regarded as a superposition of band states. 

Rivier (1.17) has shown that the Anderson and Dolff-Clogston models are 

essentially the same. 

Both of these models use a Hartree-Fock approximation to treat the 

problem, assuming that the repulsive potential of a spin-up electron in 

a given orbital is proportional to the average number of spin-down 

electrons in the same orbit. This assumption is equivalent (1.9) to 

saying that the lifetime (--) of an electron on the impurity site is 

shorter than the time required to 'obtain information' on the occupation 

of the other spin states (t) 

i.e., that 	4:1 

This suggests that the Hartree-Fock approximation is only valid in the 

non-magnetic limit. 

Electron correlation effects, which take into account the possibility 

that the spin-down electron 'recedes' from the orbit as the spin-up 

electron jumps into it, have been considered by Schrieffer and Mattis (1.18) 

for the case where the number of electrons (or holes) occupying the virtual 

level is less than 0.3. In this limit, for non-degenerate orbitals, 

they predict that the effective Coulomb interaction U will be such that 

even for infinite U, the virtual state may not be magnetised. 

A2 	E0)2 

1.17 
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A further difficulty with these simple models is that an unphysically 

sharp boundary is predicted between the magnetic and non-magnetic states. 

The important concept of localised spin fluctuations overcomes this problem 

(1.17, 1.19). Starting from the extreme non-magnetic virtual bound state 

in the Friedel-Anderson model (i.e., U<;:rA), at finite temperatures the 

populations of spin-up and spin-down electrons will fluctuate r.,,ET in 

energy about the Fermi level. As the magnetic limit is approached (i.e., 

Tr---+-7rA), correlations increase the fluctuation amplitudes and lifetimes, 

i.e., the localised spin fluctuation lifetime, 1:LSD,. The observation 

of a magnetic state requires the time of the experimental 'probe' to be 

short compared with I: LSI" 
	 1, 

Caplin and Rizzuto (1.20) have measured the low temperature impurity 

resistance of dilute AlMn and AlCr alloys, which are non-magnetic in the 

Friedel-Anderson sense, and correlated these measurements with the high 

temperature enhanced Pauli susceptibility using the spin fluctuation 

concept. 

1.2 	Conduction Electron - Local Moment Exchanre 

The interaction between localised moments and the conduction electrons 

may be 'written in the form (1.21) 

nEx  =   1.18 

where S is the spin of the local moment and s is the spin of the conduction 

electron, provided that the impurity is well localised and that the direct 

interaction between impurity atoms is small. 

If the conduction electron wavefunctions are represented by plane 

waves and the interaction potential is Coulombic, the exchange integral 

in 1.18 may be written 

/ 
J(K,K1) 	* 	(ri) 	,.(r2) e J-..11drldr2 

I .L00 	12 
1.19 
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A number of further approximations are usually made. The full range 

of the Coulomb potential will be reduced by screening effects, and thus the 

potential is often taken as a delta function and in this case, J(K,K') 

depends only on the magnitude of (K- K') = q. In the interpretation of 

experimental results, it is often further assumed that J(q) may be taken 

as a constant. Kaplan and Lyons (1.22) have shown that anisotropic 

terms may also be important. 

In rare-earth ions, the total angular momentum J is a good quantum 

number and de Gennes (1.23) suggested that the effects of orbital angular 

momentum may be included in 1.18 by replacing S by its projection on J, 

i.e., by (g - 1)J, where g is the Lande factor. Liu (1.24) has shown 

this approximation to be valid if 

(i) the conduction electrons are s-like so that their wave functions are 

spherically symmetric and 

(ii) that the wavelength of the conduction electron is large compared with 

the size of the 4f shell. Since the radius of the 4f shell rN,  0.4 and a free 

electron estimate of the conduction electron wavelength is r.) 0.7R, it 

may be seen that this condition is not well obeyed. 

Zener (1.25) suggested from a first order perturbation calculation 

of the energy of the system, that the energy of the conduction electrons 

with spin parallel to the local moment is lowered with respect to those 

of spin antiparallel, thus depopulating the latter across the Fermi 

surface. The result is a uniform polarisation of the conduction band. 

Yosida (1.26), following a similar treatment by Ruderman and Kittel 

(1.27) for the conduction electron - nuclear spin system, showed that if 

the-first order perturbation of the conduction electron wavefunction is 

included, the spin polarisation oscillates with rapidly decreasing amplitude 

as a function of distance from the impurity. Yosida obtained an expression 

for the spin density of up and down spins at r from an impurity of spin up 
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.co 3 

P+ (r) 10  I 1 ± is-9 J(q)f(q)0A 

0 

Leigr 
e i3Fil dq.  

using the J(q) and free electron approximations, where 2r. is the mean 

conduction electron density, N the number of lattice sites and f(q) the 

susceptibility function is given by 

1.20 

f(q) = 1 + 
41r 

2 
 - q2I 

1 2KF 	q  n 	I  - q I 

 

1.21 

 

This quantity, sometimes known as the Lindhardt function, is related to 

the susceptibilityX(q) by 

)((q)  = )( PAULI f(q) 	 1.22  

for a free electron gas, where 

2 
PAULI = 21,.B  f) (EF) 

The form of .)(  (q) for a free electron gas is shown in fig. (1.4) 

Pig. 1.4 

K r  
a 

The susceptibility function for a general matrix is given by Wolff (1.28) 

for a single band as 

1.23 

f(K (1) - f(K) 
E(K + (I):7D 

 

1.24 
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Mere f(K) and E(K) are the occupation number and band energy of the 

state K, 1.24 may peak at q 0. 

Returning to the analysis of Yosida, if the further approximation 

that J(q) = J is made, integration of 1.20 gives 

(r) = /00  [1 ; l'EficTL8 	sz F (25d 	 1.25 

where 2n is the total number of conduction electrons. The function F(x) 

is given by 

F(x) - x cos x - sin x 
x4 

 

1.26 

 

and the result is known as the RXKY (Ruderman, Kittel, Kasuya, Yosida) 

polarisation. 

In the equation 1.25, p+ (r)--+00 as 	This singularity is 

in contradiction to the observed densities at the local moment nucleus 

which are normally about an order of magnitude greater than the spin 

density at nearest neighbours, pm, (1.29). If better approximations 

for 3(q) are used, the singularity is removed. Since f(q) decreases 

abruptly near q = 2KF  Yosida considered the approximation 

. J(q) f(q) = 2J for q< 2XF  

= 0 for q> 2XF  

in order to give a heavier weighting to ion q components. One then 

Obtains: 

(r) =/00  [1 ; 	J S2  F(25r) 2KFr 	1.28 

which has a finite value at r = O. Overhauser (1.30) approximated the 

exchange integral by the atomic form factor: 

1.27 
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jFF(q)  = 	ei"  I tOC ()) 2dr 	
1.29 

and this is estimated to give fin/po nal03. 

The analysis above assumes that the conduction electrons have an 

infinite mean free path. De Gennes (1.31) attempted to take this into 

account by introducing an exponential decay which is written as exp(-R/2) 

where i■ is the conduction electron mean free path. This may be introduced 

as a multiplying factor in the equations above. 

Watson and Freeman (1.29) evaluated J(K,K ) for a Gd local moment 

and conduction electrons treated as orthogonalised plane waves. They 

found that for Gd, the exchange integral is well approximated by J(q). 

The form of the spin density obtained in this approximation was found to 

be different from that obtained in the RKKY expression. They found that 

although the average density is positive (Zener term) and oscillations 

are observed for large values of r, the bulk of the positive density is 

concentrated, not at the nucleus, but about 12 away. In a subsequent 

paper (1.32)5a more detailed analysis of the validity of the J(q) approxima- 

tion is given for Gd and it is shown that for Fe, the J(q) approximation 

has little validity. 

All the calculations up till now have assumed a susceptibility 

appropriate to a non-interacting free electron gas. This approximation 

is clearly quite unjustifiable in most host metals and good agreement with 

experiment is thus unlikely. Wolff (1.28) suggested that the effect of 

electron - electron interactions in the conduction band of the matrix 

gives rise to an enhancement of the susceptibility. This was calculated 

in the random phase approximation as: 

X pj(q) - 	
(C1 )  

1 I X (q) 

3..30 
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where )(EUH(q) is the observed susceptibility, X(q) is the susceptibility 

associated with a non-interacting host with the same density of states at 

the Fermi surface, and I is the exchange enhancement constant of the 

matrix band. 

Pd is the best known exchange enhanced metal with an enhancement eN,10. 

Rh, Pt ( r■1 2) and the compounds LaRu2, 1113Ga, LaNi5  are others. 

Giovannini et al (1.33) considered the effect of the enhanced 

susceptibility on the spin polarisation for various values of the factor, 

above. They obtained an increase in both the amplitude and the range 

of the spin polarisation over the free electron RIM form and used their 

results to account for the g-shift and line-broadening due to rare-earth 

impurities in a Pd-Gd host (see ch. 5). Watson and Freeman (1.28) 

calculated the form of the conduction electron polarisation for a seven-

fold enhancement of the host susceptibility and obtained qualitatively 

similar results. A sketch of their results is shown in Eg. (1.5). 

X KF  = 0.5 

r 1 	z 	3 	4 
unenhanced  

5 6 

enhanced sevenfold Fig. 1.5  

The true exchange integral between the conduction electrons and local 

moments is positive in sign (equation 1.19). However, the total exchange 

integral measured by experiment contains other contributions which often 

give rise to negative coupling and the sign and value of the final exchange 
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parameter, J, will depend upon the relative magnitudes of the various 

contributions for a given alloy system. 

The admixture term in the Anderson Hamiltonian (equation 1.4) 

is one possible source of a negative contribution. Schrieffer and 

Wolff (1.34), following the ideas of Anderson (1.12), Kondo (1.35) and 

de Gennes (1.31). showed that the mixing term could be written in the 

magnetic limit as: 

J 	
IVkd I

2  II 

max 	Ed (Ed + 

with the usual notation; energies being measured from EF. This interband 

or covalent mixing is expected to be fairly small for the well-localised 

f-electrons in rare-earths and their alloys. 

Watson et al (1.36) considered the contribution from this mechanism 

for a Gd3+  ion interacting with orthogonalised plane waves. They believed 

that the dominant source of interband mixing involves the spherical 

potential matrix element connecting the 4f shell and the f-like component of 

the conduction band. The mixing term should thus be greatest for a 

matrix with maximum f-character at the Fermi surface. Their calculations 

suggested that for rare-earths, the mechanism might possibly be large 

enough to outweigh the direct exchange contribution and give a negative 

value for J. Shaltiel et al (5.8) suggested that the mixing between the 

f-electrons and the d-band of the host may be the most significant contribu-

tion to a negative total exchange. 

Whilst these effects may make some contribution, on a priori grounds 

we would not expect the large, negative g-shifts which have been reported 

for Gd in a number of hosts, e.g., Gd in Pd (see ch. 5). 	In Gd, the 4f 

configuration is extremely stable and the energy denominators in the 

treatment of interband mixing (1.36) may be iv 10 eV (1.2). A further 

possible mechanism may be that (1.37), in transition-like hosts, d s 

1.31 

7 



27 

hybridisation leads to a polarisation of the s-band antiparallel to the 

magnetisation of the d-band. If the d-band susceptibility is high, as 

in exchange enhanced hosts, and there is a true exchange of positive sign 

between the s-electrons and the 4f shell, a large negative g-shift might be 

observed. The antiparallel coupling between the s and d-bands is 

observed in pure ordered transition metals, where neutron diffraction 

experiments show negative areas of magnetisation between the atoms (1.38, 1.39, 

1.40). Phillips (1.41) has found a negative conduction electron polarisation 

(i.e., 5s antiparallel to 3d and 4d moments) in Pd-Fe alloys, which he 

estimated as -1.9 - 0.8 
	

per Fe atom. 

Recently, Campbell (1.42) has suggested a further possibility. 

He argues that the f-electron spin of the rare-earth may create a positive 

local d-moment through f - d exchange and that d - d interactions with 

other d-moments are then important as in transition metals. The discussion 

essentially treats the rare-earth 5d electrons as equivalent to those of 

a first half transition metal and uses the idea (2.9) that alloys of 

transition metals in the same half of the transition series give a positive 

d d coupling (e.g., NiCo), whilst those from opposite halves give 

negative antiferromagnebism (e.g., NiCr). 

The local moment-conduction electron exchange is reflected in a 

number of experimental properties of alloys. Peter et al (1.43) showed 

clearly that, neglecting the effects of the esr bottleneck discussed 

in chapter 4, the g-factor and moment should be enhanced by the same amount. 

Neutron diffraction measurements enable a determination not only of the 

total moment but also its spatial extent (1.44). 

The exchange interaction also leads to a spin dependent:electron 

scattering mechanism which contributes to the resistivity (1.31) and leads 

also to a reduction in the transition temperature, Tc, for superconductivity 

(1.45) as magnetic ions are added to a pure superconductor. In these two 

cases, the exchange integral appears as J2and thus no direct indication 
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of the sign of the conduction electron polarisation can be obtained. 

Furthermore, the values obtained from resistivity and depression of T0  

measurements depend upon J(q) for all K and q and it is not permissible 

to compare them numerically with the value Jitl o  (q = 0) obtained from 

.e-shift and static susceptibility measurements. This has been stressed 

by Peter et al (1.43). In fact, the main contribution to the resistivity 

is expected to come from the region qr., 25 and Watson and Freeman (1.29) 

showed that J(q) may change sign between q = 0 and q =  	This This may 

account, for example, for the negative exchange constant suggested by the 

resistance minimum in the Cu-Lin system, compared with the small positive 

g-shift in the esr work (see ch. 4). 

Nmr measurements also provide a useful tool in the study of the 

exchange interaction, but again, the value may not agree with those 

found from static susceptibility and g-shift measurements, since in 

nmr the conduction electron polarisation is usually measured at the 

non-magnetic site (e.g. Al in GdAl2). 

In table 1.1, below, effective moments Peff' 
ferromagnetic moments 

(where appropriate),IA , and g-values are listed for a number of 

intermetallic compounds. Gd3+ ions only have been considered in order 

to avoid the complicating effects of the crystal field and only compounds 

where the partner element is not contributing to the total moment are 

considered. 
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TABLE 1.1 

Compound Peff /4 
g Compound Peff  il g 

Gd3  7.94 7.o 1.995 GdNi 8.1 7.4 

GdA1 8.52 7.0 - GdNi2 7.82 7.1 - 

GdAl2 7.92 - 1.985x  GdNi3 - 6.55 - 

0/113  8.29 - - GdNi5 
7.9 6.1 1.94 

GdIn 8.1 - - GdRu2 - 6.35 - 

GdIn3  8.2 - - GdRh2 - 6.80 1.97 

GdSi2 7.8 - - GdP4:13  8.6 - 2.04x  

GdGe2 8.1 - - GdOs2 - 6.7 - 

GdSn3  8.0 - - GdIr2 6.8 6.83 1.985 

GdCu 8.6 - - GdPt2 8.1 6.77 2.03x  

GdCu2  8.4 6.0 2.013' GdZn - 6.7 

Gdeu4  - - x 2.01 GdZn2 8.48 - - 

GdCu5  - - 2.009x  GdZn 12 8.40* - 1.98x  

GdAg 8.2 - - Gd Zni  2 	7 7.84* - 1.995' 

GdAu 7.92 - - GdCu6  - - 2.03' 

Values are taken  f rom reference (1.43) and (1.46) except 

x 	this work 

Stewart (2.4) 
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A clear pattern emerges from this data in good agreement with the 

model of Coles et al (1.37): partners of Gd with simple metal character 

tend to give enhanced moments and positive ;-shifts, whilst those with 

transition metal character seem, in general, to give reduced moments and 

negative g-shifts. 

In solid solution alloys, work on the Pd-Gd system indicates, for 

low concentrations of Gd, a reduction in the ferromagnetic moment of about 

20A (3.40, the two values in figs. 2(b) and 2(c) in this reference differ 

by r.4%; an average has been taken) and a reduction in the paramagnetic 

moment of 225 (5.8). Guertin and Foner (3.44) find a reduction in the 

saturated moment of about 85 (see ch. 8). 

Alloys of the form LaxGdi_xAl2  have been investigated by a number of 

workers. Maple and Fisk (1.47) found an effective moment 4 - 7% above 

the free ion value and observed no resistance minimum. Cooper (1.48) 

and Maple (1.49) have measured the depression of Tc  in LaAl2  on addition 

of Gd and found good agreement with the expression of Abrikosov and Gorkov 

(1.45). Their results lead to values of J = 0.073 eV and 0.084 eV 

respectively. The esr measurements of Lowin (5.24) and those obtained in 

this work also confirm the positive sign of J in these alloys. The pure 

compound GdAlvas shown in the table, gives an enhanced moment but an 

anomalous negative g-shift and Knight shift (5.6, 5.26). 

Alloys of Gd with Y, Lu, Sc and La seem to give enhanced moments. 

Finnemore et al (3.70) investigated Gd in La and for concentrations of 

more than 15 Gd,reported a moment enhanced by 6%, whilst GdY and GdLu 

(1.50, 1.51) both show moments enhanced by about Z. The Gd Sc system 

shows an even greater increase in moment (to 305) at low concentrations (1.52). 
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The g,-values are also positive (5.3, 5.29, 5.30). 	These alloys do not 

seem to obey* the simple rule above so well, since Y, Sc, Lu and La are 

transition-like metals with considerable d-caracter at the Fermi surface. 

Their behaviour is predicted, however, on the model of Campbell, since the 

induced d-moments couple ferromagnetically. It seems probable, in 

conclusion, that both d - d interactions and s - d mixing terms are importeld 

in determining the sign of J and it is difficult to predict which is 

likely to predominate in a given alloy system. 

1.3 	 pi.zeimaceg22r-LT.212heo- 

The Kondo Effect 

A first order Born approximation of the resistivity (1.26) using an 

isotropic exchange Hamiltonian for the local moment - conduction electron 

exchange, leads to a temperature independent contribution to the resistivity 

and does not explain the phenomenon of the resistance minimum observed at 

low temperatures in many alloys and reviewed by Van Den Berg (1.53). 

Kondo (1.35) made the first step in understanding the phenomenon, 

by going to second order in the Born approximation. This involves 

processes which consist of two events, such as: 

(i) An electron in state K
+ 
is scattered to an unoccupied state q 

 

and then to a final state TC.4. 

. 
(ii) An occupied state q

+  - is scattered to Ki+  and then K+  "fills up" 

the state q + which is empty, 

and similar scattering sequences which allow transitions from K
+ 
to 

K to K/  and K to le. 

Summing the total transition probabilities over the impurities leads to 

an expression for the magnetic resistivity: 
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1°11  = 	po  ( + 4J  e 	) In 	) 

where o - 	 

	

_ 2T1 p (Edmo 	j2s + 1) 
P ZNe2ti 

is the first Born scattering term, p(E) is the density of states and 

De.aFt  and Z the number of conduction electrons per atom. 

The second term diverges logarithmically as T--. 0 and leads to an 

infinite resistance at T = OK. The term arises from the treatment of 

the problem as a many body effect, through the interference between single 

electron and two electron scattering processes. For negative J, the second 

term combined with the phonon term (10e T5) gives rise to the observed 

resistance minimum. For positive J, however, the resistance does not 

show a minimum and continues to decrease. Such behaviour has possibly 

been observed in Y-Gd and Y-Tb alloys by Sugawara (1.54). Logarithmic 

terms also appear in other physical properties (1.55), including the esr 

g-shift (ch. 4), when higher order terms are considered. 

Perturbation calculations to infinite order diverge at a temperature 

TK' 
given by: 

D exT ( I,T I p
1 

(Er) 
)  	

1.31 

for negative J. This defines the Kondo temperature of the system. 

Considerable theoretical work has been aimed at removing the divergence 

and calculating the form of the resistivity below Tr  This work is reviewed 

by Kondo (1.55). 

One particularly interesting idea was that of Nagaoka (1.56), who 

suggested that below Tic, a singlet state is formed with a conduction 

electron 'cloud' polarised to compensate the impurity moment as the tempera-

ture is lowered. Rivier and Zuckermann (1.37) demonstrated the physical 

equivalence between this concept and the more general picture of a dilute 

1.32 
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alloy, non-magnetic in the Friedel-Anderson sense, but where localised spin 

fluctuations ere important. 

The effect of second order scattering terms on the RKKY suin polarisa-

tion has been investigated by Fullenbaum and Falk (1.50. The correction 

term is proportional to In 21Cpr and calculations show that the term 

leads to a correction r-,  10 - 20% at most to equation 1.25 . 	Considering 

the other approximation inherent in the IIKKY treatment, this latter 

contribution may be ignored. 

Finally, it should be pointed out that Kondo effects are not to be 

expected in magnetically ordered systems. Eere the large exchange field 

inhibits the free motion of the spin and tends to prevent Kondo 

scattering. The same is true of a large external magnetic field. 
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CHAPTER 2  

INIERACTIONS BET= mu= AND I,ThcNETIC ORDERING 

In this chapter, various mechanisms for the coupling between magnetic 

moments will be outlined with reference to their relative importance for 

3d transition metal alloys and raze-earth alloys. Conduction electron 

modulated exchange interactions are considered in the first section of 

the chapter, whilst in the second, the interactions between neighbouring 

3d atoms and the effects of local environment on moment formation will be 

discussed. In section 2.3, interactions in disordered systems are 

treated and in the last section,models which seek to account for magnetic 

ordering and its consequences are described. 

2.1 	Interactions betreen Moments via the Conduction Electrons  

The RKYY spin polarisation leads to a coupling between two ions 

of spin S1  and S2  at a distance R, the energy of which may be written 

9Trz2J2 
E}acr  - 	F (2KF.R) Sl.g2  

and a rough estimate for CuMn nearest neighbours gives ERaye," 3 x lo 4  eV. 

For rare-earths, S1 and S2  will be replaced by (g1 - 1 
and 

(g2  - 1)7.2. When the ionic species are the same and including spin - 

orbit coupling, the total energy of coupling between all the ions in the 

lattice is 

911..z2j2(g i) _.2 
2 J EF 

1* 

2.1 

F(2KF(Rij) J..J 	 2.2 
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and using the molecular field model (1.31), the paramagnetic Curie 

temperature, 8 is given by 

e = - ( 	) (6 - 1)2  J(J 1) x 

F (7
e

r  R. 
 32) i*J 

The function (g - 1)2J(J + 1) = G is commonly known as the de Gennes 

function and from 2.3 it is apparent that for Heisenberg exchange coupling 

between spins, the values of e across the rare-earth series for alloys of 
the same structure should follow the vaaiation of this quantity, so long as 

J is constant. 

The lattice sum in the equation 2.3 has been evaluated for various 

intermetallic compounds. Buschow et al (2.1) evaluated it for GdAl2  

at both rare-earth and Al sites and measured e in compounds of the form 
GdxR,...xAl2, where R is Y, La or Th. The effect of adding Y and La to 

GdAl2  is to introduce voids in the summation, whilst addition of Th also 

increases 5. By observing the variation of e with KF, the location 
Kr  for the compound was estimated. In further papers (2.2, 2.3),the 

dependence of the exchange integral on KF  for a number of rare-earth 

compounds (GdAl, GdAl3 
and GdCu) was investigated using nmr and susceptibility 

measurements to obtain consistent values of J and Kr. A change in sign 

of J was observed in the vicinity of Kr  = 1.3 1 -1, which agrees with 

the prediction of Watson et al (1.35) that interband mixing becomes the 

dominant contribution to J at large Xp. The analysis treats the problem 

from a free electron point of view, however, and ignores effects due to 

Brillioun -ones which cause the Fermi surface to become far frot spherical. 

Stewart (2.4) has recently pointed out that the results of De Wijn et al 

(2.3) for J imply that the paramagnetic moment of GdAl3  should be reduced 

by 2er. from the free ion value, whereas the moment in fact is increased 

by 115f, (see Table 1.1). Furthermore, we note that similar analyses to those 

2.3 
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above on GdZn
2 by Debray et al (2.5) and for. GdNi5 

by Burzo and Ursu 

(5.14) do not fall on the curve of J v KF  plotted by Buschow et al. 

Blandin and Friedel (1.11) considered a coupling mechanism between 

etised virtual bound states. Since the phase shifts of spin-up and 

spin-down scattered electrons is different, an oscillating spin polarisa-

tion will be obtained at large distances, given by 

S (r) = 	Pip+  (r) - AA/2-(r)] 	2.4 

Following the analysis of Friedel above for 1 = 2, 

KF  

47r2r3 fo 	
2 	2 

Af) 	= 	sin12 sin (2 .r +2 ) 2rdK .... 2.5 

Blandin and Friedel considered the limiting case when the virtual state is 

completely split, with spin-down electrons below the Fermi energy and 

spin-up electrons above, i.e., A/0 = 0. If we approximate the form 

of 92  to a function centred at Kol  which increases from 0 to IT over a range 

Ki, we can perform the integral in 2.5 to give 

S(r) - 	5 	sin Kir cos -  Kor 

41T
2
r
3 	K1r 

and the energy of coupling between two spins separated by R is then 

Pk, = 2S (R) VA P 	  2.7 

where VA is the atomic volume and F is a parameter rsaJ. A rough estimate 

for Mn nearest neighbours, assuming Ve4 10 23cm3, Kor.../0.4 x 10 8cm, 

Kir,' 0.1 x 10 8cm, gives %41,"./ 7 x 10 3 eV. Although the polarisation 

in this mechanism is stronger than in the RKKY result, it decreases more 

rapidly (as lir4). 

Caron (2.6) considered a further mechanism which leads to coupling 

between virtual bound states. In this model, a conduction electron is 

resonantly scattered from each virtual state in tu/n. 

2.6 
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After scattering from the first virtual state, the wavefunction of 

the conduction electron may be written for large r as 

(r):= exp(Mr) exP 	(iXT)  K 	exp 

2.8 

' where i 
e 
 is the phase shift for spin te. The mixing between the conduction 

electrons and the d -electrons of the second impurity is characterised, not 

by a plane wave matrix element as in the Anderson model, but by a term 

v id 	v 	[exp(iic R exP(iKR)  exp (i 1,,cri ) sin 4)(3-'1 < .d- 1 2 2 	Kd2 	- 	KR 

2.9 

   

where R is the separation between the solute atoms. The expression gives 

rise to a different width and a displacement of the virtual state at the 

second impurity. Using a Green's function calculation within a Hartree-

Pock treatment, Caroli obtains an expression for the energy of interaction 

between virtual states, Ec, given by 

2.10 

for the non-degenerate case and where T 

In an appendix, Caroli shows that for degenerate d-orbitals,equation 

2.10 is multiplied by a factor (2 1 + 1)2e  2.  

Equations 2.9 and 2.10 are only valid when 191). 1 and y ?. EFM 1  

in which case the asymptotic form in 2.8 is a valid approximation. 

EC (R) 	
EP 

 

0, cos(21CpR + ce 

Ti ein 2  (KFR)3  

For CiMn, %R 4 and Ep/A na 7 and thus the conditions are not met. 
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/ 	. Caroli derives a more complex expression for the coupling energy E c  in the 

regime l< KFR<EF/6 and shows that for CuMn nearest neighbours 

E/ 'N.' 4 x 10 2 eV 

The simpler formula, 2.10, is a fairly good approximation, however, 

giving 

E r•-1 7 x 10-2 eV 

The Caroli mechanism thus gives a coupling energy for CuMn nearest neigh-

bours which is some two orders of magnitude greater than the MY result. 

For rare-earth impurities in a real bound state, however, the interaction 

will be negligible since sin 	0 and in this case the RI= interaction 

is the most important. Caroli obtained good agreement with the observed 

values of e for the Heusler alloys CupX, where X = Al, Sn and In,by 
performing the lattice sum in the expression 

0--6' sin it °- sin 	x 

cos (25R +0.3-+ (fre ) 

(KR)3 

and fairly good agreement for MnAu2  and Ehiluir  A similar calculation 

by Dunlop (2.7) for Zn13M.n is described in ch. 3. 

2.2 	Interactions Between Neighbouring Magnetic Atoms - 
Local Environment Effects 

Alexander and Anderson (2.8) considered the interaction between a 

pair of neighbouring non-degenerate d ions in a simple metallic host. 

The total Hamiltonian for the system was written in the sane form as that 

used by Anderson (equation 1.4) for the single added orbital problem, but 

with the addition of a term Hy  which contains a transfer integral, V12, 

between the two d-states, i.e.: 

2.11 
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2.12 

and 

vr
12 

. v
21
* Jr** (042(r) Her 	  2.13 

where Eo is the self energy of the localised states in the absence of 

interactions. 

Following the same lines as the treatment of Anderson, using a 

Green's function technique and within the Hartree-Foci approximation, 

they examined the effect of the direct coupling through V12  in a number 

of limiting cases. When the levels are symmetrically disposed about the 
2 

Fermi level!  anantiferromz 	
Vnetic coupling (e, 12 ) was found to exist. 

U 
When one of the two (single impurity) virtual levels is much closer to 

the Fermi surface than the other, however, a parallel alignment is 

favoured. Furthermore, it was found that in the case of antiferromagnetic 

coupling, the criterion for magnetism derived for the single impurity 

problem was made more stringent (accounting perhaps for the relatively 

small number of metallic antiferromagnets), whilst the condition for 

magnetism in the case of ferromagnetic alignment became less stringent. 

Moriya (2.9) extended this work to the more realistic case of five-

fold degenerate d-orbitals and his results are summarised in fig. (2.1), 

where the exchange energy in units of - 72 
V2 
1 is plotted against the number 

of localised d-electrons on the first atom, for several values of the 

number of localised d-electrons on the other impurity. In the case 

shown here, U 4J = 10A , but the results are not altered qualitatively 

for different values of these parameters. 

The figure shows that atoms with nearly half-filled d-shells have a 

tendency towards nearest neighbour antiferromagnetic couplings, but that 

as the number of d-electrons increases, there exists an increasing tendency 

towards ferromagnetism. 
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FiR. 2.1 

Moriya used this to account for the ferromagnetism of Fe, Co and Ni 

compared with the antiferromagnetism of the middle row elements Cr and 

The estimted exchange energies for these 3d metals compared fairly well 

with the observed ordering temperatures. The properties of the alloys 

between these elements were also found to be in good agreement with the 

predictions of the theory. 

Moriya went on to consider the case where one of the two atoms is 

non-magnetic when isolated, but which is polarised magnetically due to 

interaction with the neighbouring magnetic ion, and concluded that atoms 

with nearly half-filled d-shells have a tendency to be polarised anti-

ferromagnedcally, whilst those with nearly full d-shells have a preference 

for ferromagnetic polarisation. Likewiseta magnetic ion with a nearly 

half-filled d-shell tends to polarise neighbours antiferromagnetically, 

whilst one with a nearly full d-shell prefers ferromagnetism. This 

principle is used qualitatively to explain, for example, the different 

behaviours of Fe and Cr in Pd. 

Jaccarino and Walker (2.10) suggested from nmr experiments on the 

Pd-Rh-Co system that the formation of a localised moment depends 

crucially upon the local atomic environment of the impurity, i.e. that a 

moment on a particular site will only be stabilised if there are more than 
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Z nearest neighbours of a particular type. Kim (2.11) considered this 

suggestion in more detail using the same Hamiltonian as Alexander and 

Anderson, but extended to finite concentrations, and including the 

Coulomb interaction between the host conduction electrons. 

When other imourities are present, the density of states at 

theithimpurityismodifiedfrom 1( 	
and the condition that 

nearest neighbours may stabilise a moment on an otherwise non-magnetic 

impurity may be written 

II. P.°((".11)11tIri f"o);›  1 
	 2.14 

which can be re-written for the case where the impurity state is close to 

the Fermi  level, in the form 

U. 	U. 
1— < 1 but 	

1 	
) 1 	 2.15 

7TH ° IT 'A. ° + S 121 N i 	 ‘ 1 	il 
where the width of the impurity state has changed from A.°  to Li°  4.. 1 

This change in width, SAi , consists of three components resulting 

from different contributions to the interaction energy. 

i.e. 	SPi 	S 	(1) + gA (2) + sL (3) 	 2.16 

s)/\
i
(1)  comes from the indirect inter-impurity interaction through the 

host conduction electrons (2.6) and is given by 

S 	(1)ft. 71-11. 2 x  Lspl 	 2.17 
A I 

where bp is the change of density of states of the host conduction 

electrons at the ith impurity site due to the surrounding impurities. 

It can be either positive or negative. Kim shows that ,')Ai(1)  may be 
written: 
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o!i(1) 1 	cos (2KpRij.) 

0 	, 2 	9 Ai 

74- L 	niJ 

Or for Z. nearest neighbours on a simple cubic lattice, lattice constant, d 

2.18 

cos (2V) 4Z.  
1 (21 

 

2.19 

  

i(2) is the contribution due to the direct transfer interaction 

between impurities and is always positive. Making the assumption that 

each virtual level is half full, we may write 

(2) . V 2 	1 
7-. iJ 	.6 j*L  

If we further assume that V = V for nearest neighbour pairs and zero 

otherwise, and that AT° = 6(1, then 

2.20 

coN (2) V 
o 	

= Z
i 
( Ao 

)2 	  2.21 

Kim shows from a rough numerical approximation, that either SAi(1) 

or sni(2) may be dominant in a Given alloy system but that SL i(3)' 

which is a cross term, may be neglected. Assuming SA
i
(1) 7! SL\.(2) 

he shows that the results of Jaccarino and Walker on 	Co in PdxRh1-x 

may be understood on the basis of the above theory. Beck (2.12) has 

discussed the role of local environment effects in the Fe-Al, Au-V and 

Cu-Ni alloy systems. 

For alloys like Pd-Ni, where the Ni atoms do not have a local moment 

and the alloy is not ferromagnetic at any temperature below a critical 

concentration (3.67), Kim showed, by calculating the susceptibility of 
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the host metal and localised states within a Hartree-Fock approximation, 

that the formation of a moment on the Ni site and the onset of magnetic 

order of the entire alloy should occur at the same impurity concentration 

(or temperature). 

Finally, it should be stressed again that the models presented in 

this section rely upon a Hartree-Fock approximation for their solution 

and, as was emphasised in ch. 1 for the single ion problem, the approxima-

tion may drastically alter the conditions for magnetism. Furthermore, 

the omission of the effects of Localised spin fluctuations may lead to 

unpbysically sharp transitions. 

2.3 	Interactions in Disordered Systems 

The fact that the interactions between moments in a metal, in general, 

fluctuate in sign and magnitude as a function of separation of the impurity 

atoms, leads in random alloys to a continuous statistical distribution of 

internal field P(H,T). Narshall (2.13) first considered the effects of 

this distribution in relation to the specific heat data in the Cu-n. 

system obtained by Zimmerman and Hoare (2.14). The alloys exhibited a 

large excess specific heat comnared to pure copper and they found this 

excess to be independent of I Sn concentration and to increase linearly 

with temperature. By analogy with the work of Eittel and Abrahams (4.18) 

on the dipolar linewidth in magnetic resonance, /iarshall concluded that 

P(H,T) should be of cut-off Lorentzian fora with a width proportional to 

conceatration. At low temperatures, he suggested that correlations 

between spins would lead to a dip in the Lorentzian at H = 0. The excess 

specific heat is a consequence of the fact that there is a substituted 

number of Nn spins which remain unaligned (i.e., see a low effective 

field) and the mechanism predicts the observed temperature and concentration 

dependence. 
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Klein and grout (2.15, 2.16) extended and justified more rigorously 

the ideas of .:arshall. They showed, using an Ising model and writing 

the partition function for a single spin in terms of the probability 

distribution of the effective field that, neglecting spin correlations, 

the distribution function is indeed a Lorentzian with a width proportional 

to concentration. However, they find that if they exclude the contribution 

of impurities closer to the origin than the lattice parameter, the distri-

bution becomes a Gaussian with a width proportional to concentration. 

Klein and Brent then correct for spin correlations in the limit as 

T-40 and assume that impurities are fully or partially correlated to the 

spin chosen as origin, if they are located within some correlation sphere 

of radius RC. If they lie outside this radius they are screened by the 

intermediate spins. They show, that 

Rc(0) c= 0.50-1/3 d 

where d is the lattice parameter and 0 the percentage of sites occupied 

by impurities. LE the concentration decreases therefore, the correlation 

radius becomes larger and the averaie number of spins is kept constant 

(nom 3.3 including the central spin). The solid may thus be pictured as 

being composed of small inter-related clusters of interacting spins. 

The effective field, H01  at the origin is given by the convolution 

of the probability distributions P(111) and P(H2) from correlated and 

uncorrelated regions respectively. Klein (2.16) suggests that the 

character of P(Ho
) is primarily determined by P(H1) and that the outside 

region P(H2) provides the spread in fields which changes P(Ho) from a 

discreet to a continuous function. 

2.22 
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The concentration and temperature dependence of P(Ho
) may be visualised 

by subdividing the correlated volume into three regions, the region 

furthest from the origin, O,contributing the smallest fields (fig. (2.2)). 

(a) 

(6) 

Fig. 2.2 

As the concentration is increased, the correlation radius decreases 

according to equation 2.22 and the normalised P(H) curve takes the form (b). 

Similarly, as the te::perature is raised, the weakly correlated spins at 

a distance.--eRc  from the origin become randomised first, decreasing RC, 

and again leading to a distribution of the form (b). The effect of an 

external field (dotted) is to introduce an asymmetry into the distribution, 

due to magnetisation of the spins surrounding the one located at the origin. 

Klein (2.17) has computed the form of P(H0) for a number of concentrations 

and temperatures and the distribution appears to give good agreement with 

the low temperature specific heat data. 

Liu (2.18) has criticised Klein and Brout's model on two counts: 

(1) For high concentrations (greater than about 4), correlation functions 

beyond the two skin term should be included. 
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(2) Klein and Brout argue that as the temperature is increased, the 

most probable field (i.e., Pte) moves to higher values. Liu suggests 

that as the temperature increases, it is equally possible that the screening 

of the intermediate spins is reduced, the value of RC  is increased and thus 

the most probable field decreases. 

Early nssbauer work (2.19) seemed to support Klein and Brout's 

hypothesis whilst later work favours that of Liu (2.20). 

Liu reverts to a semiquantitative analysis similar to Marshall's (2.13). 

He takes a distribution of the form 

a 	a 
H H . P(H)  = (H - b)2  + C2 	(H + b)2  + C2  

0 	 H HC  

2.23 

where a is a not Malising factor, b is the value of the most probable 

field and C is the width of the distribution. The factor b is taken to 

vary with temperature in the same way as the reduced average magnetisation 

per spin, whilst C is assumed temperature independent. Both parameters 

have a complicated concentration dependence. At low concentrations, 

however, a linear relation is assumed for both parameters. Using equation 

2.23, Liu is able to predict the form of the specific heat and susceptibility 

with varying temperature and concentration, and also accounts for the 

effect of an applied field on the specific heat. 

The situation outlined, where true long range order does not appear 

to exist but where, at high enough concentrations, interactions lead to 

correlations between moments at low temperatures, has been termed by 

Coles "magnetic glass behaviour". In simple metal hosts such systems 

show little net spontaneous magnetisation and interactions of both signs 

are probably present. Perhaps the most interesting property of the 
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magnetic glass state is that cooling in an external field appears to 

"freeze in" a moment when the field is reduced to zero at low temperatures. 

This indicates the presence of "loose" spins (already postulated to account 

for the specific heat data). This effect, along with the broadness of 

susceptibility and resistance anomalies, seems to offer some criterion for 

the existence of magnetic glass behaviour. At present, the central 

question of the differences between these materials and true long range 

ordered systems has not been answered. The theories of Klein, Brout, 

Marshall and Liu have some success in explaining some experimental 

Observations, but it should be stressed that this complex magnetic state 

is far from understood. For example, it is not justifiable to assume 

that low-lying excitations can be described in terms of the rotation 

of individual moments against their internal fields. The esr results of 

Griffiths (5.49) on the Cu Tan system, point clearly to the existence of 

more complex excitations. 

Some further experimental manifestations of magnetic glass behaviour 

will be given in ch. 3. 

2.4 	kgpetic Orderinc; 

As the temperature is lowered, the interactions described above lead, 

for the alloys discussed in this thesis, to a spontaneously magnetised state. 

The simplest model whicli accounts for the ferromagnetically ordered 

state is the Weiss molecular field model. Here, a single magnetic ion 

is considered and the effect of the other ions in the crystal is replaced 

by an effective field, HE, proportional to the magnetisation. The single 

atom Hamiltonian has the form 

2 z J 	y 

N 2  -e
= 	

v 
/12  

where 

Hi = - giA S 

2.24 
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This straightforward model is able to predict the spontaneous 

magnetisation, its temperature dependence, the high temperature form of 

the susceptibility (Curie-Weiss law) and predicts a change in specific 

heat at the ordering temperature. It fails, however, in predicting that 

the magnetic specific heat should vanish above the Curie temperatureland 

the wrong temperature dependence of the low temperature magnetisation is 

Obtained. The theory predicts that near the Curie point, the magnetisa- 

. 
tion should vary as (T0  - T)N  where N = i, whereas experimentally N = 1/3 

has been obtained. 

Various attempts have been made to improve the Weiss model by 

including some of the properties of the S.S interaction between spins. 

In the Oguchi method (2.21), the exchange interaction between a pair of 

atoms is considered explicitly and the effect of all the other atoms is 

then replaced by an effective field, again proportional to the magnetisation. 

In this case, the pair HPriciltonian is written 

Ho  = 	- gp(Siz  S jz) H 	 2.25 

where H includes the applied field. 

This model leads to slLghtly lower transition temperatures than the 

Weiss model and predicts that the internal energy of the sample may be 

reduced by short range order above the Curie point.. Whereas the Weiss 

theory predicts 0/Tc  = 1, the Oguchi theory allows ()/Tc? 1 (1.05 and 

1.03 for simple cubic and body centred cubic lattices respectively). Like 

the Weiss modellit again fails to predict the correct behaviour of the 

magnetisation at low temperatures or in the vicinity of the Curie 

temperature. 
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These theories may be refined by lifting the restriction that the 

effective field should be proportional to the magnetisation. In the 

constant coupling approximation, He  is taken to be a general function of 

the magnetisation and temperature and is determined through a self- 

consistency condition. 	In the Bethe - Peierls - Weiss (B-P-W) theory, 

attention is focussed on a cluster of atoms consistin: of an arbitrary 

central atom of spin So  and its z nearest neighbours of total spin 5  which are 

acted upon by an external field from all the other atoms. It is assumed 

that there are no interactions between the z shell atoms, and the cluster 

Hamiltonian is written: 

HC1 = - no.Si  - glAHoSoz  - gliB131z 
	2.26 

The consistency condition that the average moment of the central 

atom is the same as the average moment of the atoms in the shell, allows 

the magnetic properties to be evaluated. The B-P-TI method is not applicable 

much below the Curie temperature and at low temperatures, indeed, an 

anti-Curie point is predicted. 

The behaviour of ferromagnets above T may also be investigated 

using series expansions of the partition function in ascending negative 

powers of T, from which the corresponding rapidly-convergent series for 

susceptibility and magnetic specific heat may be derived. The calculations 

include the entropy of the short range order above T and they predict 

that near the Curie point X0C (1 - Tc/T)-4/3. This line of approach 

has been reviewed by Domb (2.22)l and by Domb and Laederna (2.23) with an 

emphasis on the experimental results. 
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At very low temperatures, where the mo, netisation decreases much 

more rapidly with increasing temperature than the molecular field theory 

predicts, a decrease in ma3netisation may be achieved by creatinE, a long 

, wavelength spin wave which requires an eneranJJS a IC2 vhere k is the 

wavenuMber and a is the distance between neighbouring spins. This compares 

with an energyfv2zJS required to flip a single spin. Thus, at low 

temperatures, spin wave theory (for example 2.24) is required to ac ount for 

the temperature dependence of the low temperature magnetisation. 

Fig. (2.3) shows the ranges of temperature over which the various 

approximations are valid. 

After ref. 
2.24 

FIX 

2.0 

T/Tc, 

mid 	 

(a) Spin-wave methods 

(b) Cluster (effective field) approximations 

(c) Series expansion methods 

Fig. 2.3 

In the simplest treatment of the antiferromagnetic state, the 

lattice is split into two sublattices, A and B, such that atoms on A 

have nearest neighbours on B only and vice versa. Two molecular fields, 

(a) 	 
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HA  and 153,must therefore be included in the theory. The results of this 

treatment predict a Curie-Weiss law for the susceptibility above TIT, with 

TN - 0 . This clearly contradicts the experimentally obtained results 

for many antiferromagnets (see ch. 4 and ch. 8). 

The theory may be improved in two ways: structures such. as the fcc 

lattice cannot be split into two simple sublattices and the theory must be 

extended to an n-sublattice system; furthermore, exchange beyond nearest 

neighbours should be included. Smart (2.21) shows that in this generalised 

theory, e) (which is determined by the strength of the exchange interactions) 

is given by 

N1  

2s_cgi- 1) 
Zm Jm   2.27 

3K 
m = 1 

where Z
m 
is the number of the mth nearest neighbours, Jm is the exchange 

interaction between mth neighbours and N'is the number of pairs for which 

Jm  =k O. Smart goes on to show that consideration of second nearest 

neighbours for a bcc lattice requires the lattice to be divided into four 

sublattices, whilst the fcc structure must be split into eight. In 

this way, value of — from +1 to -3 in the first case, and +1 to -5 TN  

in the second, may be achieved. The various types of order may be 

predicted by plotting ()/Tc,17  against J1/32. 

Antiferromagnets may also be treated in the Oguchi, constant coupling 

and B-P-17 approximations. One interesting point which emerges from the 

constant coupling treatment (2.24) is that for S = 11  the entropy changes 

occurring above TN. are 0.496 kin 2 and 0.257 kln 2 per ion for the simple 

cubic and bcc lattices respectively whilst, for the ferromagnetic case, 

the equivalent figures are 0.314 kin 2 and 0.199 kin 2, suggesting that 

short range order persists over a greater temperature regime above TN 
than 

above T . 
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The arguments above have all led to the prediction of collinear 

structures. Some materials, however, exhibit spiral ordering or 

helimagnetism. If we specify each magnetic lattice point by a vector 

R from an arbitrary magnetic site: 

R = nal  + ma2  + 1a3 

below the ordering temperatureothe expectation value of the spin at R' 

will be given by 

<:-> '44 28 
 (8 + 1) 
3kT 	jRAR> 	 

2.28 

R/ 

for an s-state ion, and if we assume that, in general, the ordering may be 

described by 

R/ 
\> = eia'4 so 	 2.29 

where So 
 is the average of the spin operator at the origin and a is a 

characteristic wavevector, the moment remains the same in magnitude but 

rotates in a spiral on advancing from one moment to the next. 

Substituting 2.29 into 2.28 we obtain, 

( 2S (S+1 --  

 

- R). J e 	) 5-0 = o  RR 

 

2.30 
R* Ri  

 

which defines a transition temperature TO IN  given by 

T 
	2S (S 1)  J*(q)  C,N 	3k 
	 2.31 

where J*(q) = 	J ile
icAR - R) 	 2.32 

Ri*R 

and the ordering then occurs for the value Q.  which makes J*(q) a maximum, 
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since this minimises the energy (e.v - Ej*(q)S ) for the spiral structure 

of N atoms. When J*(q) is replaced by J*(o), equation 2.31 gives an 

expression for 19 . 

Smart (2.21) has applied the general molecular field treatment to a 

body centred tetragonal lattice. He considers an exchange interaction 

between centre and corner atoms (J1) and between the body centred atom 

and nearest neighbours along the x- and z-axes (J2  and J3). He finds, by 

calculating J*(q), one ferromagnetic mode, three antiferromagnetic modes 

and an incommensurate spiral. Both Mn02  and MnAu3  have a body centred 

tetragonal lattice and show helical ordering. 

The heavy rare-earth metals exhibit exotic forms of spiral ordering 

in some temperature regims(2.25) and here the effects of anisotropy 

are important. The subject of ordering in the pure rare-earth metals 

has been reviewed by Elliott (2.26) and Yosida (2.27). 

In metallic systems the interactions are long range via the BKKY 

mechanism. Mattis and Donath (2.28) investigated the modes of ordering 

of a simple cubic lattice assuming the free-electron RKKY model with a 

delta function s - f interaction. They found that as the product Kra 

is increased, the initial ferromagnetic state is replaced by two 'anti-

ferromagnetic' structures at Kra = 0.571- and 0.77r and a final 'true' 

antiferromagnetism at Kra > 0.8571-. Fedro and Arai (2.29) have pointed 

out, however, that these predictions depend critically on the assumed 

q-dependence of the s - f exchange interaction. 

Uhen a material becomes magnetically ordered, a new exchange field 

will act on the conduction electrons and this has a symmetry different 

from the lattice, i.e., the electrons will move in a potential which is 

the sum of the crystalline Coulomb potential and the ordered periodicity 

of the magnetic lattice. The new periodicity leads to a Brillioun zone 
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structure for the conduction electrons known as superzones, wil,h splittings 

proportional to magnetisation. Slater(2.3) first considered such a 

possibility for a row of atoms which order in a simple antiferromagnetic 

structure, with alternate spins up and down. In such a case, if the 

first Brillioun zone is initially half full, the effect of ordering 

through the formation of superzone band gaps would be to form an insulator. 

The idea was extended to real alloy systems by Coles (2.31) who suggested 

that if the resistivity is written, as a crude approximation, in the form 

F . (PA  + Ps  + PT) F 

where PT' PA 
and P represent the perturbation produced by the thermal 

and atomic disorder of the lattice and the perturbation due to disordered 

spins respectively, the effect of an energy discontinuity would be to 

decrease the factor, F, which represents the 'freedom' of the conduction 

electrons and depends upon the number of carriers, their effective mass 

and the number of states to which they can make transitions. 

The idea was used by Coles to interpret the form of the resistance 

data in Au-Mn compounds. 

Elliott and Wedgwood (2,32), applied the idea of superzones to the 

heavy rare-earths and were able to account quantitatively for the 

variation of ordering wavevector with temperature. 

2.33 
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CHAPTER 3 

PREVIOUS WORK 'AND RiNIE17 OP 1.TAG17,11TIC ORDERING 

IN INTETC TrJJLIC COLTOUNDS 12.7D SOLID SOLUT.ION ALLOYS  

In this chapter an account of previous experimental work on the 

systems studied in this thesis will be presented (with the exception of 

esr results which appear in ch. 5). The chapter is divided into two 

parts: the first deals with intermetallic compounds, whilst in the 

second a more General review of the onset of order in dilute solid 

solutions is given. 

3.1 	Intermetallic Compounds  

(a) Rare Earths  

Some data has already been discussed in relation to the sign of the 

exchange coupling between the conduction electrons and local moments in 

rare earth intermetallic compounds. Many of the references drawn upon 

in this section have been taken from the comprehensive review of the subject 

given by Taylor (1.46). A summary of much of the magnetic data appears 

in Appendix (2). 

The rare earth dialuminides were first investigated by Williams 

et al (3.1) who reported that the alloys are ferromagnetic with the 

exception of those of La, Lu and Yb. They reported from susceptibility 

measurements that GdAl2 
orders at 176K and that the values of T across 

the series follow the de Gennes function quite closely (as do those of 0 ).  

Mader and Vallace (3.2) deduced from their susceptibility measurements 

that Eu in EuL12 
is divalent (confirming the ear measurement cf Jaccarino 

et al (5.6)) and found TIT = 15K, 0,- OK with deviations from Curie-Weiss 
law behaviour at about 40K. They suggested that the existence of two 
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forms of antiferromagnetism below 40K may be responsible for this 

behaviour. Eu112  was found to be a metamagnet, a field of 10KCauss 

being required to disrupt the antiferromagnetic order. 

Nereson, Olsen and Arnold (3.3) studied the Dy, Nd and Pr compounds 

by neutron diffraction and confirmed the ferromagnetic behaviour at low 

temperatures. In MyAl2  they observed extra peaks at temperatures below 

24K and suggested that the compound showed weak helical antiferromagnetism 

in addition to the ferromagnetism. 

The results of resistivity measurements on GdAl2 
are in 

dibaereement. Llydosh et al (3.4) found a sharp break in their plot of 

resistivity against temperature at 150K, with deviations from high-

temperature linearity at about 180K. Van Daal and Buschow (3.5), however, 

observe a'sharp change of slope in their data at 173K. 

Deenadas et al (3.6) measured the specific heat of the Gd dialuminide 

and found a broad bump, quite unlike a .?■-anomaly, with a maximum at about 

153K and a tail extending to about 180K. They suggested that the 

transition in GdAl2 may be only weakly co-operative. 

Recently, Hacker et al (5.12) have made careful susceptibility 

measurements on GdAl2 
close to the Curie temperature. They found 

deviations from linearity in 1/X v T below 190K and)between 170K and 

180K, fitted the inverse susceptibility to the form 

)( -1 ce 	(T Tc) 1.03 

where T was identified an 167.8 - 0.6K. 

The mttenetic properties of the equiatomic rare earth aluminium 

compounds were first studied by Kissell and Wallace (3.7), who found 

that PrAl and ITdA1 were antiferromagnetic, whilst Cep 1 was metamagne tic, 

with a critical field of about BKGauss. Barbara et al (3.8) extended 

these measurements to other rare earths and showed that all the eoui-

atomic compounds arc cntiferromagnetic with the exception of HoA1, which 

is a ferromagnet. GdAl orders at 42K' with Q = 85K, but shows a pronounced 
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'kink' at about 200K in the plot of 1/)( v T. The authors, by X-ray 

diffraction, found no sign of second phase, although the temperature at 

which the kink appears is suspiciously close to the ordering temperature 

of the metallurgically stable dialuminide. TbAl shows deviations from 

the Curie-Weiss law at about 2TN, 	b but shows no sign of a 'kink'. The 

values of e and TN  show no systematic variation across the rare-earth ' 

series. 

The magnetic structure of the compounds has been elucidated by 

Beale et al (3.9) in a number of neutron diffraction studies. They 

showed that the Ho, Er, Tm, Tb and Nd compounds all order into similar 

non-collinear structures. Only the structures for TbAl and KdAl, 

however, are identical. 

Eagnetostatic measurements on the RA1
3 
compounds by Buschow and 

Fast (3.10), show that NdAl
3 
and ErA1

3 
are ferromagnetic, whilst HoAl3, 

DyAl
31 
 TbA1

3 
and GdA1

3 
are antiferromagnetic. The remaining compounds 

show no signs of order. The Neel temperature for the Gd compound is 17K 

with e = -89K and it appears to obey a Curie-Weiss law to within a few 

degrees of the ordering temperature; however, no data is given for 

T 55K and thus deviations beginning at higher temperatures would not be 

immediately apparent. The varying forms of magnetic order taken up by 

these compounds may be understood from the changes in atomic structure cn 

moving across the rare earth series (Appendix (2)). 

Eu forms a further compound EuA14  and magnetic measurements on this 

have been made by Wernick et al (5.9) and Mader and Wallace (3.2). The 

Eu is divalent with an effective moment of 8.021(1/3  and the com.2ound 

orders antiferromagnetically at 13K with e= 12K. The plot of 1/X v T 

shows a kink at about 40K, somewhat reminiscent of that observed in GdAl. 

The compound has, in fact, been found to be metamagnetic with a change to 

ferromagnetic order setting in at applied fields greater than about 

15KGauss. 
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The Wn, compounds have been studied by Buschow et al (3.11), who 

found that the Ce, Nd, Sm, Gd, Tb, Dy and Ho compounds order antiferro-

magnetically with Tn. and B , following  the variation of the de Gennes 

function. GdIn
3 
orders at 45K with 0 = -85K and follows a Curie-Weiss 

law down to its ordering  temperature with no sign of significant deviations. 

Nereson and Arnold (3.12) made neutron diffraction measurements on TbIn
3 

and loIn3. By measuring  the intensity of the largest magnetic peaks as a 

function of temperature, they found values of the ordering  temperatures 

to within 1K of those found by Buschow et al but, in addition, found 

evidence of some short range order above the Neel point in both compounds, 

extending  for perhaps 5K in the case of Tbin3, where T
N = 37K. 

A considerable amount of experimental data is available on the 

equiatomic compounds of rare-earths with the noble metals. Walline and 

Wallace (3.13) plotted 1/X v T for GdCu, and found deviations from 

Curie-Weiss behaviour at about 170K. No sharp increase in 1/X was 

observed at any temperature below this, but the authors suggested that 

antiferromagnetic order sets in at 41K (o. -26K). De Wijn et al (3.14), 

however, find small deviations in the inverse susceptibility at about 1001: 

but of opposite sign to those of Walline and Wallace. Their low tempera-

ture data loo's similar, however, with a possible TI N 40K. They find 

e = -75K. The deviations, it is suggested, may be due to instability 

of the CsC1 structure at low temperatures. The susceptibility measurements 

of Pierre (3.15), however, led him to quote values of Tn. = 140K and 

G = -70 ± 10 and neutron diffraction and X-ray measurements at low 

temperatures showed only pure CsC1 phase. Pierre's value of Tr  is further 

supported by the resistivity measurements of Chao (3.16), who claims that 

CuGd orders antiferromognetically at 135K7-145K, there there is a pronounced 

change in slope of the resistivity. 
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There is somewhat better agreement for the RAg  compounds. Walline 

and Wallace (3.13) find a 'kink' in the inverse susceptibility (rather 

like that in GdA1) at about 200K, and find a value of 138K for TN  with 

6 = -84K. Pierre and Pauthenet(3.17) likewise find deviations from 

Curie-Weiss behaviour at about 175K and suggest values of TN  = 150 t 

and e = -70 t 5K. Chao (3.16) again finds a change in slope of the 

resistivity, this time at 137K--140K. 

The values of both 9 and TN for the RAg  and RCu compounds follow 
/ 

the factor (g  - 1)
2  JkJ + 1) closely and the absolute values for the 

heavy rare earths correspond, despite a difference in la'_tice parameter 

N 5%. 

Cable et al (3.18) performed neutron diffraction experiments on TbCu, 

ErCu and TbAg  and found an antiferromagnetic structure in which adjacent 

(110) planes of moments are oppositely aligned. 

Kissell and Wallace (3.7) performedfnagnetostatic measurements on 

the RAu series and reported a Neel temperature for GdAu of 30KT-40K 

and 0 = + 29K, with deviations from the Curie-Weiss law at about 80K. 

Other rare earth compounds, e.g., TbAu (TN  = 43K) also show deviations 

and these were explained away as crystal field effects, without reference 

to the GdAu result. Chao's resistivity measurements (3.16) showed a 

change in slope at about 45K for GdAu. 

Far less magnetic data is available on the more dilute rare earth - 

noble metal compounds. 	Sherwood et al (3.19) reported that the RCu2  

compounds, with R = Gd, Tb, Dy, Ho and Er, showed metamagnetic behaviour 

in fields up to 80KGauss. GdCu2 orders antiferromag
netically in 

zero field at 41K (note the similarity of this value to the anomalous 

GdCu result of Walline and Wallace above) and its moment at 4.2K increases 

steadily to 611B  for a field of 80KGauss. The values of TN 
do not vary 

in any systematic ray across the series and no values of 0 are quoted. 

Ot 
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Brun et al (3.20) have performed neutron measurements in zero field on 

TbC112  (TN  = 54K, Hcrit  = 22KGauss at 4.2K). They find that Tb moments 

in an a - c plane form a collinear configuration in which two-thirds of 

them point along + a (sublattice A) and one third along - a (sublattice B), 

with a reversal in adjacent planes. The moments on sublattice A were 

found to decrease faster than those on sublattice 3 with a ratio ^/1:2 

at TN. A molecular field model was used together with the effects of a 

strong anisotropy field, to explain the results. 

Williams (3.21) has measured the susceptibility of the compound 

Ag
3
Gd and finds TN = 35K, 

	-10K. The compound appears to follow a 

Curie-Weiss law quite close to T.V. 

Busc:Iow et al (3.22) studied RCu5 - compounds of the cubic AuBe5  

structure but, unfortum, tely, not the Gd compound. Tb and Dy were 

found to be antiferromanetic and those of Ho, Er and Tm were found to be 

ferromagnetic, all with transition temperatures below 20K. DyCu
5 
showed 

metamagnetic behaviour. 

The compounds of the form RPd
3 
show a striking contrast in behaviour 

to the isostructural RIn
3 
compounds above. The measurements of Gardner 

et al (3.23) indicate that only the Gd compound definitely orders 

magnetically above 2K. 	It is possible that TbPd
3 

orders at 2.5 - 1.0K 

where the inverse susceptibility becomes almost constant, but this can be 

attributed equally well to crystal field effects. Bucher et al (3.24) 

report that the Pr and Tm compounds order at 1.05 and 0.20K. The inverse 

susceptibility of Pd
3
Gd shows no significant deviations from Curie-Weiss 

behaviour down to its ordering temperature of 7.5 - 0.5K (0 = 1.5 - 1.0K). 

The compound, in fact, is a metamagnet. 	The magnetisation at 1.5K is 

linear in field to 7KGauss, where it increases sharply by 50:;;)and then 

increases lineary again at higher fields until saturation is achieved at 

about 261:Gauss. 
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In these compounds,thernagnetic interactions are weaker than the 

effect of the crystal field in the non-s-state ions and Gardiler et al 

suggest that the low exchange interaction is connected with the band 

structure of the compounds. YPd3, LaPd3  and LuPd3  are diauagnetic and 

this indicates that the d-band of the Pd atoms is full, giving rise to a 

low density of states at the Fermi surface. 

Hutchens et al (3.25) have made susceptibility and resistivity 

measurements on the RPd
3 
compounds. They suggest that Pd

3
Gd orders 

ferromagnetically at 7K, (although the resistivity anomaly at this 

temoerature seems to argue strongly for antiferromagnetism). They find 

no evidence of ordering in the other compounds above 4K. 

Harris and Longvzorth (3.26) have performed Mbssbauer and susceptibility 

measurements on compounds of Eu with Pd. On the Pd rich side of the 

phase diagram, they find that Eu is trivalent in Pd
5
Eu and Pd

3
Eu
' 
in 

agreement with the work of Gardner et al. However, the results suggest 

that Eu is divalent in Pd2
Eu and the equiatomic compound PdEu. The 

Pd2
Eu compound shows a linear variation of 1/X v T in the range 100 - 300K 

with 0 ^, 80K and an effective moment close to the free ion value, in 

agreement with the work of Wickman et al (3.27). The PdEu sample, however, 

shows deviations from Curie-Weiss behaviour at temperatures below 170K. 

Both compounds are magnetically ordered at 4.2K, but the form of the order 

and ordering temperatures are not given. Long-worth (private communication) 

has recently investigated the temperature dependence of the 1,13ssbauer 

spectrum of PdEu and concludes that the compound orders ferromagnetically 

at about 48K. 

The Laves phase compounds of Pt with the rare earths were investigated 

by Crangle and Ross (3.28), who found them to be ferromagnetic at low 

temperatures. The Curie temperature of GdPt2  was estimated to be 37 

from an Arrott plot (1-1/M v 2) and the values of TC 
 across the series 

- 

followed the de Gennes function. Wallace and Vlasov (3.29) found 



62 

rather higher values of Tc.GdPt2' 
for example, was reported to order at , 

46.5K with 0 = 32K. These measurements were, however, performed in a 

field of 19KGauss. No deviations from Curie-Weiss law behaviour were 

detected above Tc. 

Nereson and Arnold (3.14) performed neutron diffraction measurements 

on TbPt
3 

and DyPt
3 
which were reported to h&ve a Cu

3
Au structure. 

They obtained values of Tu. = 20.5 1: 0.5K and 13.2 t 0.3K respectively 

and, as in the case of the Rin
3 
 compounds, they Observed short range order 

above the Neel point, extending in TbPt
3 
to about 26K. The compounds 

order with moments aligned in opposite directions in adjacent (111) 

magnetic planes. 

Debray et al (3.30) have measured the susceptibility of compounds 

of the form RZn2. They find that the Ce, Sm, Eu, Tb and Ho compounds 

order antiferromagnetically whilst the Nd and Gd compounds are ferromagnetic. 

The shape of the II- II curve, which is concave upwards for fields below 

5KGauss, suggests, however, that GdZn2  may be a metamagnet. The inverse 

susceptibility shows considerable deviations from linearity beginning at 

about 100K and, finally, shows a transition to an ordered structure at 68K 
( -- 70K). The authors point out the deviations, but only suggest 
that they may "be due to the exchange interaction", which does not seem 

to be particularly helpful. TbZn2  shows similar behaviour and this 

has the distinction of apparently ordering into two different antiferro- 

magnetic modes at 55K and 25K. EuZn2  is interesting in that its inverse 

susceptibility appears to show a gradual chime of slope, from that 

associated with a Eu3+  ion at room temoerature, to a E2+  state close 

to 20K, where it orders. 

The dilute compounds RZn12  and R2Zn17  have been investigated by 

Stewart (2.4). Susceptibility measurements on theZn17 
compounds 

showed that when R is Gd or Tb, antiferroroagnetism is found at low 

temperatures, whilst for R = Dy, Ho, Er or Tm no ordering is found. down to 
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2K. Gd2Zn17 
shows sizeable deviations (fig. (3.1)) from Curie-Weiss law 

behaviour, from just about 30K and orders at about 10K (0 = -53K). 

Tb2Zn17 
shows similar deviations at 90K, well above its ordering 

temperature of 28K, (0 = -17K). The large difference between the values 

of 0/TN 
in the two compounds may mean that the final modes of order are 

different. 

Stewart measured both the susceptibility and resistivity of the 

Ian12 
compounds. GdZn12 

follows a Curie-V:eiss law only down to 50K 

where deviations begin (fig. (3.1)). 	The compound orders at 16K 

(E) = -58K.) The resistance data suggest a value of TN  = 15.25K and 

the magnetic resistivity obeys a power law p 	1) 0  = AT' below TN, 

where ro  is the residual resistivity and n",  3/2. For a conventional 

antiferromagnet, a value of nr'-'4 is expected. TbZn12 shows similar 

results with departure from linearity in the inverse susceptibility at 

about 60K, some 46K above the Neel temperature (6 = -38K). The 

resistivity again follows a T
3/2 power law below TN. 

Neutron diffraction measurements on TbZn12 
suggest that the type of 

order is not simple (e.g., spins at the corner of the tetragonal lattice 

with spin up, centre spin down). The absence of exponential behaviour 

in the resistivity (suggesting the absence of an energy gap in the spin 

wave spectrum) has led Stewart to suggest that the ordered structure may 

be an incommensurate s:Aral. 

Coles and Griffiths (3.31) measured the suscePtibility of the 

compound GdB6  and established that it ordered antiferromagnetically at 

13K with e = -60K. Deviations from Curie-Weiss law behaviour were 

observed at a temperature ,̂1001 (fig. (3.2)). 	Resistance measurements 

in a further paper by Coles et al (3.32) confirmed the value of TN  found 

above and showed similar anomalous behaviour between 14K and 80K where the 

value of the resistance is lower than the curve exuected in the absence of 

ordering. 
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Fisk (1.6) has made a thoro rf• study of the rare-earth hexaborides 

and has found that, with the exception of EuB6, they order antiferromagnet- 

ically and that the Curie-Weiss e's follow the de Gennes function well. 

The values of TN, however, do not, and Fist suggests that this may be 

due to anisotropic exchange. 

The striking deviations in the inverse susceptibility above TN  

were also observed in TbB6  where, like the Tb2Zn17  compound above, 

E)/TN is much lower (ry -1.5) than its Gd counterpart. Fisk smeculated 

that the deviations may be due to the formation of superzone band gaps. 

This will be discussed in greater detail in ch. 8. 

Westrum (3.33) reports a 11 -anomaly in the specific heat of 

GdB6 at 16K and a Schottky anomaly at 30K, which is best fitted with an 

upper level about 60cm
1 above the ground state. He was unable to offer 

an explanation for this latter effect. 

The compound Eu36  is particularly interesting. The Eu is divalent 

and the compound is a semiconductor. It is the only hexaboride which is 

ferromagnetic and Fisk (1.6, 3.34) finds T = SK,e = 9K. He accounts 

for this anomalous behaviour using a modification of the IKKY interaction 

suggested by Bloembergen and Rowland for semiconductors. 

The heavy rare-earth tetraborides all order antiferromagnetically 

and Fisk found an ordering temperature of 42K for GdB4 with 0 = -60K. 

The values of 6 again follow the variation of the de Gennes function 

in contrast to the values of TN 
which show no systematic variation. 

(b) Transition Metals 

The compound Au3:11 Las shown by Meyer (3.35) to be antiferromarmetic 

with a Neel temperature of 145K, Gr4  200K. The 	ion carries a moment 

of 4.211B. Deviations from Curie-T:eiss behaviour appear to see in at 

250K - 300K (3.36). 

The Heusler alloys have been studied extensively by Webster and 
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Tebble (3.37) using neutron diffraction and susceptibility measurements. 

Pd2
MhSn, the compound studied in this work, orders ferremagnetically at 

189 - 3K with 0 = 201 - 3K and the En ion carries a moment of 

4.23 0.071.1B. 	The inverse susceptibility obeys the Curie-Weiss law 

to about 240K, below which deviations from linearity set in. Pd2MnIn 

is antiferromagnetic with TN  = 142 3K. Neutron diffraction measurements 

suggest a magnetic structure similar to that of MnO, with adjacent (ill) 

planes coupled antiferromagnetically, but with the Mn atoms within each 

plane aligned parallel to each other. It is interesting to note that, 

in this case, 0/TN  rv+ 1/3. Deviations from Curie-Weiss behaviour do 

occur at about 220K, but the neutron diffraction results indicate a small 

amount of random atomic disorder for this compound (ch. 6). Webster (3.38) 

has recently reviewed the metallurgy and magnetism of the Heusler alloys. 

Nakagawa et al (3.39) investigated the magnetic properties of 

various dilute Zn-Eh intermetallic compounds containing from 15 - 

En. The susceptibility of the e phase, which has an hap structure and is 
stable at temperatures above 400C, 	fitted to a Curie Weiss law for a 

number of compositions in its phase field, over temperature ranges from 

570K to 960K. The 15% alloy had a Curie temperature of 260K (€) = 150) 

and the Mn carried a moment of 3.611B. As the concentration of Lin was 

increased, 0 decreased almost linearly to a value of -190K at 35% whilst 

the moment on the Eh ions increased to 4.3,L.LB  for a 25% alloy, thereafter 

showing no further increase. The al  phase, which has a Cu
3
Au structure, 

was found to have 8. 110K and a moment of 3.7/1B, ordering antiferro- 

magneically at 150K. The I phase containing 	Mn has 0 = 7CK and a 

moment of 5.411B. 

Dunlop (2.7) has recently made a careful study of the magnetic 

properties of the phase Zn13T compounds where T is En, Fe or Co. 

Susceptibility measurements on the compounds show a gradation of magnetic 

behaviour. CoZn13  has a -temperature independent diamagnetic susceptibility, 
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whilst FeZn13 
shows enhanced Pauli paramagnetism. MnZn13, the compound 

studied here, obeys a Curie-Weiss law from room temperature to about 120K, 

below which deviations from linearity set in (fig. (3.3)). The high 

temperature data give e 	36.5K and an effective moment of 

1.82 - 0.0511B. A plot of marnetisation against temperature in 7KGauss 

suggests that the compound orders (perhaps between 10K and 30K) and an 

Arrott plot indicates an ordering  temperature of 22.9 t 0.3K. A magnetisa-

tion curve at 4.2K leads to an (almost) saturated moment of 0.3/113  at 

8KGauss. This behaviour contrasts with that of 1:110.05Fe0.95Zni3, where 

5% of the Fe atoms in FeZn13 have been replaced by Mn atoms. In this 

case, the full paramagnetic moment for dilute alloys of Nn in Zn (4.0 8) 

is observed and the compound follows a Curie law down to 20K. 

Specific heat measurements were also made, and below 3.5K the data 

from all three compounds could be fitted to C = T T +11113. A spin-wave 

- contribution to the value of )' (62.3mi.mole-1 1  .K ) for Zn
13
/in was not 

ruled out. 

The resistivity of Zn13
En follows a T3/2 beahviour (like GdZn._2  ) 1 

at low temperatures, whilst at higher temperatures it obeyed a power 

law (to 19K) 

p o  = 0T3/2 + DT
7/2 

The magneto resistance is large and negative and, when plotted 

against temperature, peaks sharply at 20K. 

The substituted :al0.05Fe0.95
Zn
13 

compound shows a resistance 

minimum at 19K with-a logarithmic temperature dependence from 14K to 

below wlich a maximum is observed. The position of the minimum 

corresponds with the position of the minimum found by Collings et al (5.60) 

in Zn 0.4at,". 1- . 
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Preliminary neutron diffraction data on a polycrystalline sample of 

Zn13
En does not show extra lines at low temperatures which might be 

associated with antiferromagnetic or spiral ordering. 

Dunlop performed the sum in the Caroli interaction (2.6) to a radius 

of 502 as a function of forr various values of kr  and found the best 

agreement with the observed value of 0 for a virtual bound state containing 

six electrons. It was suggested that the low paramagnetic and ordered 

moments, compared with the substituted alloy, indicates that the trans-

lational symmetry of MnZn13 
modifies the virtual bound state by increasing 

the overlap between the spin j' and spiny halves. The broadening of the 

halves of the virtual bound state was attributed to coherent hybridisation 

between the conduction electrons and d-electrons. 

3.2 	Solid SolulionAIIsys 

It would be beyond the scope of this thesis to attempt to summarise, 

in any detail, the vast amount of experimental data which has been 

collected on all dilute alloy systems. In this section will be presented 

a broad classification of the various situations which occur when a 'solute' 

atom is dissolved in host metals of various character, plus a more detailed 

review of experimental work on those sections of the classification of 

direct relevance to the work in this thesis. The chapter concludes 

with a brief discussion of a few other 'interesting' systems. 

The classification shown in fig. (3.4) has been formulated by Coles. 

The types of solute configuration have been discussed in some detail in 

ch. 1, but some comments are required on the types of solvent labelled 

A - D. 

ROW A shows alloys with hosts- in which the Fermi surface is mainly 

s-like and is fairly well represented by a nearly free electron model. 

B-type solvents are unenhanced transition metals with a large density of 

states at the Fermi surface, due to the presence of an unfilled d-band. 
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Row C contains exchangelenhanced transition metals, discussed above, 

whilst Row D is made up of hosts which are similar in character to those 

classified under B, but whose bang; structure is such that X (a) favours 

com)lex forms of magnetic behaviour. For exa:;.ple, Y, Sc and La may be 

considered as 'rare-earths without 4f electrons' and addition of a little 

rare-earth solute does not perturb the band structure to any marked 

extent. As in the pure rare-earth metals)the local Llf moment establishes 

helimaEnetism due to the strong response of X (q) at a particular value 

of q. 

It should, of course, be emphasised that the 'dilute alloy map' 

represents only dilute systems and does not include the considerable 

modifications of behaviour which may be observed with increasing 

concentration; furthermore, its rather artificial boundaries are in no 

sense rigid. The three sections which are of most relevance to the 

dilute alloy work in this thesis are A2, Cl and C2. Experimental work on 

alloys within these suctions will now be reviewed in greater detail. 

(a) Cl: Bound State in Exchange Enhanced Transition Metal  

The archetypal alloy system in this category is, of course, 

Gd in Pd. 

Crangle (3.40) performed mailmetisation measurements on alloys contain-

ing between 1 and 10at5 of Gd and reported that all concentrations within 

this range exhibited ferromagnetism. The Curie temperatures, as a 

function of concentration, are shown in fig. (3.5): The reported values 

of the saturation and paramagnetic moments have been discussed in ch. 1. 

Resistivity measurements on concentrations of 0.5 -- 3g Gd were made 

by Sarachik and Shaltiel (3.41) and showed no sign of any sharp transition 

which could be associated with the onset of ferromagnetic order and no 

sign of a Kona() anomaly. On the other hand, more recent resistivity 

measurements by Chen et al (3.42) have shown a discontinuity of slope 
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in 1 at Pd-Gd and Pd-Nd alloys at 2.4K and 3.5K respectively, the former 

value being in good agreement with Crangle's data. The authors 

point out, however, that no signs of ordering are manifested in 

susceptibility measurements on Pd-ild and the behaviour of the incremental 

resistivity below these 'transition' temperatures exhibits a logarithmic 

temperature dependence. If the measurements are to be interpreted as a 

Kondo anomaly, the sign of the exchange integral relevant to resistivity 

measurements must be positive. 

Bellarby and Crangle (3.43) measured the specific heat of three 

PdGd alloys containing 3.0, 5.0 and 7.7a4L Gd between 1.5K and 60K. 

A broad peak was observed at 2.2K, 2.8K and 3.01C respectively. The 

magnetic entropy was found to correspond to a spin of 2.75 0.4 on each 

Gd, ion; the difference from the value of 3.5, it was suggested, might be 

attributed to the negative polarisation of the Pd4d band. 

(b) C2: Virtunl Bound State with Good 3d 	in Enhanced 

Transition Metal 

e.g. Pd-Fe, Co, Mn. 

The Pd-Fe system has been the subject of considerable research 

since the early work of Crangle (3.45) who showed that ferromagnetism in 

the system persists to very low Fe concentrations and that, indeed, 

extrapolation of the curve of Curie temperature against concentration (which 

has a remarkably large slope of 30 - 40K per at% Fe) appeared to pass 

through the origin. The magnetic moment per Fe atom was also found to 

be larger than could be associated solely with the Fe 3d electrons, 

reaching 701 B/atom at 1.254o Fe. Crangle suggested that nearest 

neighbour Pd atoms were polarised ferromagnetically with a moment of 

0.4/AB/atom. 
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Cable et al (3.46), from a combination of magnetisation and diffuse 

neutron scattering on 3a-t and 7at Fe in Pd alloys, deduced that if all 

Pd atoms carried the same moment, the 3d moment associated with the Fe 

atoms in both alloys would be 3.0 t 0.211B, whilst that associated with 

the Pd atoms would be 0.15 ± 0.01m3  and 0.26 I 0.021-113  for the 3 and 

7at5t alloys respectively. 

Following their development of the technique of long wavelength 

diffuse elastic neutron scattering, through which the spatial distribution 

of moments may be determined, Low and Holden (3.47) showed that in a 

0.25at;; Pd-Fe alloy, a polarisation cloud existed with a radial extent 

of more than 10R, affecting several hundred Pd atoms. The moment on 

individual nearest neighbour Pd atoms was estimated to be ry 0.0511 B.  
Veal and Rayne (3.48) measured the specific heat of a number of 

Pd-Fe alloys containing from 0.09 to 0.72atc,f, of Fe and found a gentle 

wedge shaped magnetic peak at temperatures rather lower than is suggested 

by the magnetisation data of Crangle. an entropy corresponding to a 

spin of 1.1 was deduced, which is in fair agreement with the single 

measurement of Coles et al (3.49) (0.19atO who preferred a value of 1.5 

for the spin. The value of the Curie temperature for this alloy was in 

good agreement with Veal and Rayne's data and with resistance measurements 

on 0.1at and 0.5at% alloys, which showed a sharp discontinuity at 

temperatures corresponding to the peak in the specific heat. The 

values of Tc 
deduced from all the measurements are shown in fig. (3.6), 

including the sharp anomalies found in the incremental resistivity by 

Williams and Loram (3.50) for concentration of up to 0.9at%. 	Their 

results show agreement with the theoretical prediction that tipcC T
3/2 

7 

well below T in random ferromagnets. 
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Ferromagnetic resonance in a 2.2at alloy reported by Bagguley et 

al (3.51) gave g = 2.16 ±0.04 and suggested a value of TO  (derived 

from a maximum in the linevidth) of ^J 85K, in good agreement with 

Crangle's data. 

At concentrations below about 0.2at%, Crangle and Scott (3.45) 

claimed that there was a reduction in the moment per Fe atom. They 

suggested that the long range ordering arises because the polarisation 

clouds of adjacent solute atoms overlap and thus interact ferromagnetically; 

at low enough concentrations, however, some complexes become isolated and 

cease to be coupled to the magnetisation of the whole specimen and thus a 

drop in moment is observed. At high temperatures the moment is again 

reduced but, in this case, solute atoms compete with each other for 

solvent and there is insufficient to complete each polarisation cloud. 

Recently, Chouteau and Tournier (3.52) have extended measurements 

of the magnetisation of Pd-Fe alloys to concentrations as low at 69ppm, 

at temperatures down to 0.05K and in fields of up to 35KGauss. They find 

a mean value for the moment per Fe atom below 0.2a-t,% of 1011B  and en 

effective moment of 1311B. Below about 0.1at,'.17e, Tc  appears to be 

proportional to the square of the concentration whilst at higher concentra-

tions a linear relation is obeyed. ExLrapolation of this linear regime 

leads to a 'critical concentration' corresponding to an average Fe-Fe 

separation of 15 - 204. Chouteau and Tournier suggest that this may 

mark the onset of antiferromagnetic interactions at very low concentrations. 

It is interesting to speculate whether, at low enough temperatures and 

concentrations, the statistical nature of the alloy will, in fact, lead 

to magnetic glass behaviour. 
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The Pd-Co system is very similar to Pd-Fe in its magnetic properties. 

Bozorth et al (3.53) showed that a 0.1at,Co in Pd alloy is a ferromagnet 

below 71, and measured a saturation moment of 10.5/tin  per Co atom. The 

curve of Curie temperature against concentration is broadly similar to 

that of Pd-Fe, with a slightly greater slope (^a 50K/'at o below 2aW0). 

The neutron diffraction work of Low and Holden (3.47) showed the same 

polarisation clouds as in Pd-Fe, with similar radial extent. One point 

of interest arises from the specific heat measurements of Boerstel (3.54) 

and the resistivity measurements of Williams (3.55a) in that both 

measurements show less well defined magnetic transitions than the Pd-Fe 

data. The specific heat peaks are rather broader, and the discontinuity 

in the incremental resistivity much less sharp. The transition temperatures 

indicated by esr (3.51) and magnetisation data are, again, higher than 

those derived from the specific heat and resistivity. 

Pt-Fe (3.45) atoms (as might be expected) show only a relatively 

small increase in moment per solute atom at low concentrations. 

Rather surprisingly, whilst its Fe and Co counterparts have received 

considerable attention, the Pd-Iln system has been relatively neglected. 

Sarachik and Shaltiel (3.56) measured the resistivity of 0.5, 1.0 and 

2.Oat% alloys and found sharp transitions, suggesting ferromagnetism, 

at 1.4, 4.0 and 5.5K respectively. This behaviour was reproduced by 

Williams and Loran (3.55b) who found a linear regime below T0, followed 

by T3/2 behaviour at low temperatures. The measurements suggest that 

dT /dc is a decreasing function of concentration in contrast to Pd-Co 

and Pd-Fe. 

Rault and Burger (3.57) confirmed the ferromagnetic behaviour at 

low Mn concentrations by magnetisation and susceptibility measurements. 

They found that the Curie temperature increased as a function of concentra-

tion up to 2.5% Mn, but then decreased as the concentration was further 

increased. Above about 8at% the alloys were found to be antiferromas,netic. 



78 

They suggested that the behaviour of the system is similar to that of 

Pd-Fe and Pd-Co but that antiferromarmetic 	interactions on the 

model of Moriya (2.9) begin to dominate, as the likelihood of nearest 

neighbour 	atoms is increased. The authors also added hydrogen to 

their alloys and found that, for concentrations of less than 8a,-*% the 

ferromagnetism was reduced whilst, for the higher concentration, the 

paramagnetic susceptibility was strongly increased. This latter observa-

tion is difficult to explain. 

Boerstel (3.54) measured the excess specific heat of five Pd-idn 

alloys containing from 0.0,2,atr,,  to 2.45at;':, Idn, both in zero field, and in 

fields of up to 27KGauss. For the higher concentrations with peaks within 

the temperature range of the measurements, a rather remarkable cusped peak 

is observed in zero applied field, which looks intermediate in character 

between the peaks in Pd-Fe and Pd-Co and a true X -anomaly. Boerstel 

points out that no similar peak has ever previously been reported in a 

dilute alloy. The temperatures at which the peaks occur are compounded 

with the other measurements on the system in fig. (8.14); main, the 

specific heat data indicates lower values of Tc. Application of a magnetic 

field of 27(21. broadens out the cusp and moves the peak to higher tempera- 

tures (from 4.51 to 9.5K for a 1.35at alloy). 	The total entropy 

associated with the magnetic transition was found to correspond to a 

mean spin") 2.35 t 0.1. 

Sarachik and Shaltiel (5.56) quoted a Private communication which 

ascribed a moment of 5.61.1B  per Mn atom to a Pd2Mn alloy, and this agreed 

well with the value of 6.3N obtained for the effective moment by Shaltiel 

et al (5.8). Accordingly, it was long considered that the moment of Mn in 

Pd is close to the free ion value. Very recently, however, Star et al 

(3.58) have reported that 	in Pd has a 'giant' moment of 7.511B  per :al 

atom for concentrations of less than 0.5at. 	The fields of up to 

210KGauss were, at 4.2K, insufficient to saturate alloys with Mn concentrations 

about 0.5at5L 
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(c) A2: Virtual Bound State with Good 3d Moment in a Simple Metal 

This constitutes one of the most widely studied groups of alloys and 

includes, for example, Mn in Cu, Ag and Au; Fe in Au and Mn in Zn. 

Owen et al (5.45) measured the static susceptibility of a number 

of alloys of Mn in Cu with concentrations from 0.03 to ll.lat%, and 

found maxima in the susceptibility indicative of antiferrommetism. 

These maxima became increasingly broad as the concentration was increased 

and, for a 5.6at% alloyy the authors were only able to define a transition 

region, extending from 3017 to 60K. Extrapolation of the inverse suscepti-

bility from the Curie-Weiss region gave positive intercepts on the 

temperature axis and the authors reported that, for the 1.4 and 5.6a-L-G' 

alloys, a spontaneous magnetisation was observed at 4K, whose magnitude 

depended on the magnetic field in which the alloy vas cooled. 

Kouvel (3.59) investigated this latter effect in some detail for 

both Cu D1 and Ag-Mn alloys with concentrations above 5;:. 

Alloys cooled in zero field to 1.8K showed very little remanence 

but, with increasing temperature, the remanence and magnetisation passed 

through maxima, the temperature of which was a linear function of 

concentration. However, if the samples were cooled in a magnetic field 

the behaviour was greatly changed, with the appearance of a thermoremanent 

magnetisation and a hysteretic magnetisation curve displaced along the 

field axis. The assymetry and thermoremanence decreased with increasing 

temperature and became zero when the hysteresis losses went through a 

maximum; these, in turn, decreased to zero in the region of the 

susceptibility maximum. The largest values of the remanent magnetisation 

were observed for concentrationsry 12at;:,indePendent of the size of the 

field in which the alloys were cooled. Kouvel proposed a model to explain 

this behaviour, in which the net moments of clusters of antiferromagnetically 
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aligned, nearest neighbour fln atoms, are alined antiparallel in the 

absence of an applied field, but where the effect of field cooling is 

to 'lock' the moments of the clusters to the field direction. 	Strong 

local anisotropy then maintains this metastable configuration at low 

temeeratures, even when the applied field is removed. Kouvel also 

measured the resistivity of the samples between 4.2 and 700K and found a 

drop in resistivity at low temperatures and a gradual transition to a 

linear behaviour at higher temperatures. The region of transition (and 

the rather arbitrary value of transition temperature defined by Kouvel) 

are far higher than those indicated by the susceptibility measurements of 

Oven et al, and increase at a rate of about 1CK per at 

The magnetic specific heat discussed in ch. 2 shows a very broad 

peak at temoeratures roughly corresponding to the susceptibility peal:. 

The Au-Fe system also seems to show a region of complex magnetic 

character. The magnetisation measurements of Crangle and Scott (3.45) 

showed normal ferromagnetic behaviour above about 12 Fe but, below this 

LI concentration, Plots of — v 112  suggested that no finite Curie temperatures 

could be defined. They suggested that the Curie temperatures reported 

by Borg et al (3.60) from nissbauer measurements on alloys with concentrations 

from 0.84 to 11.5at were, in fact, associated with short range magnetic 

effects in the vicinity of the absorbing Fe nucleus. 

The susceptibility measurements of Lutes and Schmit (3.61) and 

Cannella et al (3.62) show broad peeks in the susceptibility for low 

concentrations whilst, at higher concentrations, the peaks become sharper, 

until above about 12 - 15 the susceptibility rises slowly at low 

temperatures and then falls quite sharply, suggestive of a ferromagnetic 

transition. 	The resistance data of i.:ydosh et al (3.63) is similar to 

that for Cu-Yea at low concentrations with a broad transition region. 

The 'ordering' temperature rises at about 4K per aC up to about 12at, above 

which the slope increases to about 15K per at. Below 12at the susceptibility 
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and UBssbauer measurements indicate lower values of the ordering te7iperature 

than the resistivity data (as in Cu-En), but there is a smaller discrepancy, 

(in the case of Au-Fe the maximum in dr/dT is used to define the transition 

temperature). 

Since the behaviour of Au-Fe at high concentration (> 125) is 

ferromagnetic, whilst Cu-En takes on increasing antiferromagnetic character, 

a comparison of the concentration dependence of the various properties is 

not exnected to show parallel behaviour. 

It would appear that no field cooling experiments have been reported 

on the Au-Fe system. 

The behaviour of the Zn-Mn system is limited by the restricted 

solubility of Mn in Zn (ch. 6). 	Collings et al (3.64) suggest from 

susceptibility data that a 0.45 alloy shows signs of antiferromanetic 

order at about 6K. Alloys containing less than 0.2at5 showed Curie-"Weiss 

behaviour to the lowest temperature at which measurements were made (ev 3K). 

An effective moment of 4.0f113  was deduced, corresPonding to S = 3/2. 	The 

same authors showed that Zn-Mn alloys show a Rondo effect with a resistance 

minimum at about 20K in a 0.4atc,,L alloy. 

Martin (3.65) examined the specific heat of alloys containing 

from 0.02 to 0.2at% Mn, in the temperature range 0.4K to 30K. The 

measurements show maxima in the magnetic contribution to the specific 

heat, the temperature of which (about 2K for a 0.1at5 alloy) increases 

linearly with increasing concentration. The associated entropy indicates 

a spin of 3/2 for the Mn atoms. 

(d) 	Some Other Interastinr-  Systems 

Murani and Coles (3.66) have studied the systems Rh-Fe and Rh-En 

(B3). For concentrations above Sat; . Fe, susceptibility maxima are found 

which are rather like those in Au-Fe at lower concentrations. Field 

cooling shifts the M - H plot from the origin, as in Cu-En. In the 
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dilute limit, the incremIntal resistivity falls anomalously at low 

temperatures whilst at concentrations in excess of about Sato, minima 

are observed at temperatures roughly corresponding to the susceptibility 

peak. 

The slow rate of increase of the 'ordering' temperature at low 

a 	concentrations suggests that there is some tendency towards a delay in the 

onset of maEnetic order. The authors suggest that, at low temperatures, 

isolated solute atoms are non-magnetic, but are capable of spin fluctuations 

of increasing lifetime as the temperature is raised. The fluctuations 

are stabilised by interactions at higher concentrations, leading to 

behaviour resembling that of solutes which possess a magnetised virtual 

bound state. 

Rh-Mn shows similar behaviour in all respects except that resistivity 

minima are not observed at high concentrations. Both alloy systems give 

an anomalous positive magnetoresistivity. 

Unlike the Pd-Fe and Pd-Co systems, the Pd-Ii system roquires a finite 

concentration of solute atoms before ferromagnetism is stabilised. Tari and 

Coles (3.67) have recently shown, by fitting the resistance data at liquid 

T helium temperatures to the expression /)--100  = AI and plotting the 

coefficient A against concentration, that the para to ferromajnetic 

transition occurs at a critical concentration of 2.32 17  0.03W. Below 

this concentration, spin-spin correlation lifetimes increase as the 

concentration increases. Certain properties of the system Lre well 

described in terms of low frequency spin fluctuations or paramagnons 

which scatter the conduction electrons. The effects have been describe: 

by Lederer and !ails (3.68) in terms of a model in which addition of 

Ni to Pd produces a localised exchange enhancement in the Ni cell. 

This model leads to a prediction that p— fo = AT
2  , with the 

coefficient A linear in susceptibility X. Such behaviour has been 

Observed by Schindler et al (3.69). 
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The solubility of rare earths in Cu, Ag and Au is probably too low 

to allow magnetic glass behaviour. There does, however, exist some 

evidence to suggest that such behaviour may occur in the system 

La
1 - x

Gd
x
Al
2' 

where Maple (.149) has found that, below about 12041d, 

the 'ordering' tenaerature no longer decreases linearly with decreasing 

concentration. 	In La-Gd, Finnemore et al (3.70) observe a maximum in 

the susceptibility similar to those in Cu-Mh and report that the 

superconducting transition temperature intersects the curve for magnetic 

'ordering' at 0.5K and latc;Gd. 	The coexistence of an 'ordered' state 

and superconductivity has also been reported in the Cel..x.GdxRu2  and 

La1_xCdx0s2  systems (see p.629, Taylor review article 1.46). 	It would 

clearly be of great interest to investigate these systems in greater. 

detail to determine whether Cu-Mn type behaviour is exhibited. 
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CIU2TER 4 

TBEORY OF ELECTRON  SPIN .1cESOITAITOE 

4.1 	 Basic Theory- 

The application of a magnetic field Ho to an ion of magnetic 

moment $t produces an interaction energy 1.110; the Hamiltonian for 

the system is thus: 

H= -g. H0 	  

For an ion with angular moment Jt 

itL = 	= 1-147  	4.2 

where 	gj is the Lande g-factor 

et 
/AB  is the Bohr Maoaeton (Ec) 

is the gyromagletic ratio. 

If H-0  is taken along the z-direction, then 

H = gjfivTzHo  

For a transition AJz  = t 1 

= gjp,BH0  

To obtain absorption of electromagnetic radiation of frequency CO , the 

condition 

= AE  = gJilBHO = 

has to be satisfied. 

It is thus clear that if the value of tw (or more conveniently, 

the field H0) is varied, absorption of energy will occur between a pair 

of energy levels when the resonance condition 4.5 is satisfied. 

4.1 

4.3 

4.4 

4.5 

4.2. 	Longitudinal Relaxation 

Consider a system of spins with S = L. The energy level diagram 

for this system is shown in fig. (4.1). 
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S = 11
'2 A 

a 

SZ =   N
I 

Let N
2 
be the number of spins in the 

higher enerr,,  level (antiparallel to 

the applied field) and N1  the number in 

the lower level. ApDlication of a 

micro"ave field will cause the 

populations N
1 and N2 

to change as 

transitions between the energy levels 

are induced. If the probability of inducing an upward transition is 

denoted by W12  and a downward transition by W21, we may write 

N
1 = NW

21 
-V12 at 

If the transition probabilities are equal to W 

dN 

dt 	= YKR-2  - Nj.) 

and putting 

N = N
1 
+

'2 

n = N
1 
- N

2 

equation 4i7 reduces to 

dn = -2Wn dt 

If n(0) is the initial population difference, after time t 

n = n(0)e-2Wt  

Thus an initial population difference will disappear and the resonant 

absorption of energy will eventuallj stop. 

We postulate3thereforelthat transitions between N1  and N2  may be 

induced by a coupling of the spins to an energy 'reservoir' at temperature T, 

which tends to establish a population difference between the energy levels 

corresponding to the reservoir temperature. In this case there will be a 

preference for downward transitions. If the probability of this mechanism 

4.6 

4.7 

4.8 

4•a  

4.10 
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incuding an upward transition is VT and a downward transition V
'e vie 

may write for the rate equations in this case: 

dN1 2 _ + ----I-- 
dt 	2We ; 111t la 

When thermal equilibrium is achieved with populations N
1°  and N °  

0 N 2 	W
a 	-8EAT 

N1
0 = W

e 
= e  

Substituting  4.8 in 4.11 gives 

dt = NOV - Na) - n(Zie + Na) 	 4.13 

and this may be re-written in the form 

do = n0  -n 
dt 	T1  

W  - W  where no  = N (}Ile wa  
e a 

- 	(We + 17a) T1 

T1 is termed the "spin-lattice relaxation time" or "longitudinal relaxation 

time". 	The solution to 4.14 is: 

n = n0 + Ae-t/T1 	  4.16 

*here no  is the thermal eauilibrium population difference and T
1 

may be 

seen as the characteristic time associated with the approach to thermal 

equilibrium. 

4.11 

4.12 

do 

4.14 

4.15 

• 
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for d The two rates for
dt 
 may be combined to give the transition rate for both 

' 

thermally induced transitions and those induced by the microwave field. 

	

do 	no  n 

	

= -21711+ dt 	T1  

so that in the steady state: 

n0  11 
1 + 24111 

It may be seen from this analysis that if 2UT1<:‹ 1 the system will 

absorb more power, P, as the amplitude of the incident radiation is 

increased. LS
1 

1, however, the Power absorbed will level off and 

saturation is reached. 

4.3 	 The Bloch Model  

The model proposed by Bloch (4.1) for nuclear magnetic resonance 

described the interaction of an assembly of interacting moments in the 

presence of a magnetic field and is equally relevant to the case of electron 

spin resonance. Before describing and solving the phenomenological 

equations proposed by Bloch, a simple picture of the resonance process 

will be sketched in terms of an analogy with the classical mechanical 

system of a spinning top or gyroscope. 	Slichter (4.2) has shown in a 

rigorous quantum mechanical description that the expectation value of the 

moment follows the classical eouations of motion, whilst the instantaneous 

value is subject to normal uncertainty relations. 

If energy is to be coupled into a precessing top, a torque is an-oiled 

in the direction of the locus of the motion. In the case of an electron 

precessing about a static magnetic field, energy is coupled by a correctly 

phased, circularly polarised, magnetic field perpendicular to the axis 

4.17 

4.18 



88 

of the static field. For maximum torque, the rotating magnetisation 

should lag 900  behind the rotating field. 

If the frequency of the rotating field, C0  , is held slightly lower 

than that of the precessional frequency of the magnetisation, u)01  the 

angle of 900  is reduced as the magnetisation catches uo with the rotating 

field, and the torque is reduced to zero when the angle between them 

becomes zero. 	Subsequently, the magnetisation overtakes the rotating 

field and energy is transferred in the opposite direction. Thus, over 

many rotations no net transfer of energy takes place. This situation is 

altered, however, by a second relaxation mechanism known as the transverse 

relaxation time, T2. This has the effect of de-phasing the rotating 

moments and destroying their coherence. 	If this process occurs before 

the magnetisation can catch up with the rotating field, it is clear that 

a transfer of energy from the microwave field to the spin system is 

achieved, i.e. if 

CO0  - W < 1/T2 	  4.19 

there is a net energy transfer. 

T
2 
thus determines the lineridth of the esr signal. 

The moment will thus precess, on average, at an angle which is less 

than 900  behind the rotating field and this angle will be determined by 

the frequency difference 1000  - col . 	Fig. (4.2(a)) shows the amplitude 

and phase relative to the rotating field of the net rotating moment. 

     

-90 

—180 

    

    

    

CO, 	 C.0 

Fig (4.2(a)) 
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Fig (4.2( b)) 

  

A complex susceptibility (for low amplitude rotating fields) may be 

defined: 

x = 	x" 
where X represents a component of susceptibility in phase with the rotating 

field and X 	a quadrature component. The variation of these two 

components as a function of frequency is shown in fig. (4.2(b)). The 

in-phase term )(1  gives no torque and is thus not normally observed (see 

ch. 7). 

The ideas above were formulated by Bloch into a set of equations. 

He proposed that the marneLisation of the paramagnetic system, LI, decays 

from an initial non-equilibrium magnitude and orientation towards an?_ 

equilibrium value LL  and assumed an exponential form for this decay, thus: 

- 0 Z 
dt 	T1  

+ (LI A H)z  

dM 	M 

dt =(14  A H)x 	7.11C  
12 

dM 

dt 	= 	(LI A H) 
y 	T2  

where H(t) = Ho  + Ei(t) 

4.20 

4.21 

4-" 22 • 



90 

H
1 
 (t) is the magnetic component of the microwave field and is small 

enough compared to H0  to be regarded as a perturbation. 

The solutions to these equations are obtained most simply by 

transforming into a frame of reference rotating with the microwave field, 

i.", at frequency 6)- Pahe  (4.3)  shows that in such a frame the 

effective static field is given by 

B:eff = H0  -   4.23 

and the equations then become (with primes indicating the rotating 

frame): 

dt1 

dt 

/ 

dt 

W M/  Hi  

= 	M / H y eff T2 

dLi Y = ; 	H dt  [ ,1 	.1  - 	- x IIeff 

	

	 4.24 T
2 

Solving these equations and re-transforming back to the laboratory frame 

gives:- 

(WO -  t"))  T2  
XI= 	2 

(J)
0 
T
2 	2 2 

1 (W-  (40) 22 
4.25 

A = 
1 

  

4.26 

   

1 (u) -(A)
a
)2T

2
2 

  

The average rate, A, at which energy is absorbed per unit volume by the 

sample from the Hi field may be written: 

co  I 2 7TAJ 	dLI 
A 	

-1 	
H. — dt 

27 	- dt 
0 
v g 2 cu 	H1

2 
 4.27 
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and this leads to 

= CO 	1/T2 	 4.28 0 

for the half-power points. 

Thus the half-width at half-power of the Lorentzian line may be written 

	

LLO 	= 1/T2 = 1. 6 H2 	 4.29 

and this is related to the full width of the experimentally observed 

	

derivative line, 	H (see fig. (7.6)) by 

H 
2A1L 

p  

 

4.30 

 

  

32 

Peke (4.3) shows that when the amplitude of the microwave field is not 

small enough to be regarded as a perturbation, an extra term )H
1
T
1
T
2 

is added to the denominators of equations (4.25) and (4.26). 	In the 

limit of very large H, 

2 vil 
A 	ci.) 11 = Lim 2 	, 
max 	1-11-400 

 

4.31 

 

This is known as the saturation limit. 

4.4. 	The Spin Hamiltonian 

The complete Hamiltonian for a free ion in a magietic field may be 

written as a sum of a number of terms of decreasing. energy: 

H = Hl  + H2 	 
H6 	 

We will consider each of these terms individually. 

Hi  represents the part of the Hamiltonian which is spin-independent 

(thus it does not contribute to the spin Hamiltonian). 

4.32 



It may be written in the form: 

H = 	' P

2 	
Le
2
)

-  
1 	2mo 	r.)  

and has an energy (V 105cm-1.• 

The two terms H2 and H3 
vary in magnitude depending upon the ion 

under consideration. H2  is the term due to the crystal field of the 

neighbouring ions and in the first transition series, where the magnetic 

3d electrons lie on the 'outside' of the ion, the crystal field interactions 

are 0̂  104  cm-1  . However, in the rare-earth series where the magnetic 4f 

shell is screened by the 5s and 5p electrons, this energy is reduced by 

about two orders of magnitude. H3  is the contribution from the couoling 

of the orbital and spin moments and may be represented by a term 	L. S; 

it has a magnitude A-0  10
2 
- 10

3
cm
-1
. 	In the transition metal series the 

large crystal field must be considered first, the orbital moment is ouenched, 

and the magnetic properties are due almost entirely to the spin. 

However, in the rare-earth series the reverse order obtains. J is a 

good quantum number and at low temperatures in these ions the effect of 

the crystal field is to raise the (2J + 1) fold degeneracy. Williams 

and Hirst (4.4) and Murani (4.5) have measured the effects of the crystal 

field on rare-earth metals in Au and Ag through the deviation of the magnetic 

susceptibility from the Curie-Weiss law at low temperatures and from 

resistance measurements. Williams and Hirst elucidated the lowest 

lying crystal field levels and the values of the crystal field parameters 

C4  and C6. In cubic crystals, there are eight possible levels into which 

the ground state may be split and these are labelled f71 	 
r78. 

Ions with integral J can split into states 111  to fl 5  and those with 

half integral J (which obey Kramer's theorem) can split into states 

6  to /18. The allowed splittings are determined from symmetry 

considerations using group theory. Resonances from the 117  ground state 

 

e2 
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4.33 
i< k 
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in Dy, Er and Yb have been reported and recently a resonance has been 

Observed from the fl6  quartet level of Dy in Au, using a single crystal. 

These measurements are described in ch. 5. 10 resonances have so far 

been observed for integral J, though the [1
4 

and ri5 triplet states 
may produce a resonance. ( f, and P 2  are singlets; 113  has no 
Zeeman splitting). Pr may be a candidate for a resonance from an integral 

J ion. 
MO. 

2+ 
The ions 	, Fe3+, Gd 3+ and Eu2+ 	

constitute a soecial case from 

the point of view of crystal field theory, as they have no orbital momentum. 

In the case of Gd, the crystal field splittings are n/0.1 - lam I only 

(4.6). 
The term H4  in the Unmiltonian is the Zeeman term mainly responsible 

for paramagnetism and may be written 

H4  = 	+ 2S) 	  4.34 

for an ion with angular momentum. For a field ^#30.auss, a splitting 

PJ 0.5 cm 1 is expected. 

H5  is that part of the Hamiltonian which represents the exchange 

between the local moment and the conduction electrons and is discussed 

in detail in ch. 1. The discussion so far in this chapter has been 

concerned with general theory equally applicable to insulators doped with 

a paramagnetic ion or to a magnetic impurity in a metal. The term 

containing H5  relies explicitly on the metallic nature of the host. 

H6  is the term representing the interaction of the magnetic ion 

with the magnetic moment of the nucleus and is 4̂ 10
2
cm

1
. This term 

is not imoortant from the Point of view of the present work, but some 

reference will be made to its recent observation in a metallic host and 

to its apparent absence in other cases. The interaction may be written 

• * in a metallic host 
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in the form: 

H6  . A I.s 

The nuclear moment is space quantised and may take up (21 + 1) 

orientations, where I is the nuclear spin quantum number. Thus, for 

example, a nucleus with I = 3/2 will split a doublet ground state into 

four components for each value of mj  and thus the selection rule 

6m2  = 0, will give four equally spaced hyperfine satellites about the 

central esr line. 

There may be further contributions to the total Hamiltonian, 

equation 4.32, such as a term from nuclear Zeeman splitting and the term 

responsible for diamagnetism. These terms will give rise to splittings 

of less than 10-3cm 1 and are unimportant here. 

Although the splittings have been quoted in this section as an 

absolute value, in esr it is conventional to express the energy splitting 

as an effective g-value, which regards all splittings as though they 

derived from the interaction between the spin and the applied field, i.e., 

Heff = -geff 

and for single crystal measurements geff  is a tensor. 

4.5 	The a:Shift and Linewidth of Ions in Metals 

(a) First Order and Second Order g-Shifts 

Owen, Browne, Knight and Mittel (5.46) used a simple molecular 

field theory to obtain the g-shift of magnetic ions in a metallic host 

and their simple derivation will be used here. 

We suppose that a d or f shell is present in a matrix of Pauli 

susceptibility )cs  (equation 1.23). If A is the molecular field coefficient 

for the local moment conduction electron interaction, Ms  is the magnetisation of 

the conduction electrons and Md the magnetisation of the localised moment 

4.35 

4.36 
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at a specific field and temierature, 

Ms 	)( s
(H d)  	4.37 

-x 	J(0)  

/aB 
• 4.38 

= d
H 

The field acting on the d shell (say), Bat  is given by 

Hd  = H (1 + )1)Cs 	A2)(s)(a) 	 4.39 

and thus from the resonance condition 

geff = 	(1  + )1)C 	2)(sXd)  0 

we get a first order g-shift: 

gl  = J(0) p (EF) 	  4.41 

and a second order shift: 

A g2 	j2(0)  2?(EF)s(s + 1) 
4.42 3kT 

where C is the concentration of impurity. 

A rough calculation shows that the ratio of the second order to first 

order shift for Pi:, Mn in Cu at 100K would be my  1. In fact, in Cu-14n 

the second order g-shift was not observed. Mittel and latchell (4.7) 

argued that the shift should be observable if the spin lattice relaxation 

time of the conduction electrons, TsL, was shorter than the relaxation 

time, Tds' 
 due to s - d exchange. Yosida (1.26), however, argued that 

the shift can never be seen since the conduction electron polarisation by 

the d-shell follows the murnetisation of the d electron spin adiabatically, 

so that the effective field )12)( " (t) cannot produce a torque on 1.7-a(t). s"d  

No second order g-shift has been identified in esr measurements to date. 

where 2 , 

4.40 
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(b) Indirect  g- shift 

A number of measurements have been made which involve the additional 

g-shift of Gd ions due to the addition of other rare-earth ions. The 

contribution of the second rare-earth may be analysed in the same way 

as the direct g-shift above and, assuming no second order g-shift, 

equation 4.39 becomes 

HGd = H (1 + ?Xs 
 +;\372V(E.11) . 	4.43 

and this leads to an extra shift: 

J (0) 	J (0) 

g3 = 	x X < 
gPB 

where XR.E' 
J
2
(0) and X2 

are appropriate parameters for the second 

ion and 

(gj  - 1) gj2/t1/32  J(J + 1) 
( Sz) 

3kT 

thus this shift is inversely proportional to the temperature and, because 

of the term (g.1  - 1), this g-shift is expected to be negative for the 

light rare-earths and positive for the heavy rare-earths. 

(c) Hasezawa's Treatment  - the esr Bottleneck  
Hasegawa (4.8) studied the problem of why g-shifts are not observed 

in some systems,and obtained expressions for the g-shift and linewidth in 

terms of the strength of the thermal contact between local moments, 

conduction electrons and the lattice as illustrated in fig.(4.3) 

4.44 

4.45 

sL 

-11,1- 4.3  
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He considered phenomenological equations of the Bloch form: 

Isis 	
+N 71. 	1 	-1 	 1 	rd.  = 1ms A 	) - 	( - ) TsL 	Tsd 	Tds 

4.46 

and 

• 

	

Md = 0 Md  A (H +A m 	m - 	lid 	 4.47 
sd s T s m 'Lds 

where Tsd and Tds 
are the relaxation times from the conduction electrons 

to the d-cores and vice versa via s - d exchange, Ms  is the final value 

towards which the relaxation M5 Proceeds,and he assumed that in equilibrium 

each magnetisation Ms and Md has a definite value LI° and Mc satisfying  a 

law of detailed balance: 

LI 0 	1,1 0  s 	d 	
4.48 Tsd 	Tds 

Only in equilibrium does Ms = S. 

Solving these equations Hasegawa showed that the g-shift should correctly 

be written: 

iS6  = 60 

	

(1 + 	+ ( 
sL sd)2  

and the broadening: 
0 Tsd (Tsd 

(1 + 	:1 ' Tsd 	TsL + TsL ... 	4.50 
ds T2eff = 2 

(1 + 	

2 

 + ( -A 	T ) 
Ts 	d sd L  

and - B 
Tleff T

sL + 
Tsd 	T

ds 	Tds 

where B is termed the bottleneck factor. 

1 	Tsd 	1 
4.51 
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The values of Ag, T2 and T, are thus dependent upon the relaxation 

times. Tad and Tds may be obtained by considering the exchange coupling 

between d and s electrons and using the Golden Rule for transition 

probabilities. At temperatures greater than a fraction of a degree 

Kelvin (4.9, 410) 

Ads 	2 7T 
2(p(EF)(J))2 kT 

'sd - 	2(?(EF)(J) )c 3 S (s 1)  	4.53 

These expressions, derived initially for nuclear relaxation, awl 

known as the Korringa and Overhauser rates respectively. Orbach (4.17) 

quotes expressions which are valid for the extreme low temperature limit. 

The expressions above, 4.49 and 4.50, may be evaluated for two 

limiting cases: 

(1) TsIr-!<Ts d 

In this limit the full g-shift should be observed and the linewidth 

AH is given by 

8H = 	8ds = g 
	

(8 g)2T 	 4.54 
k 

sr-B 

This is known as the Korringa or unbottlenecked limit and equation 4.54 

is known as the Korringa relation. It is plotted in Appendix 3(a). 

A number of assumptions are made in usirvo. equation 4.54 as it 

stands: 

(a) We assume that the Korringa relaxation mechanism is the only 

source of line broadening. In practice, the residual linewidth 

(see below) is normally subtracted from AR and the slope of the 

d
dT
AH 

temperature in the paramagnetic regime — is measured. 

I 

 

1 
Tds 

 

and 1 
Tsd 

4.52 
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(b) Moriya (4.12) showed that in an exchange enhanced host, the 

full enhanced g-shift is obtained but the relaxation is less strongly 

effected. The enhancement factor for the relaxation is an averae of 

[1 - I X 1:  (q)] -1 over all q which span the Fermi surface. I\arath 

(4.13) shows that the correct form of the Korringa relation for an 

exchange enhanced host i$: 

k7T IA  
44 g)2  K(CC) 	 

1 

	

dT 	g 	l 
SPB 

where 	Y(CC) = 1-(1  —cc) 	2  

	

1 - 	f(ci 

and 	OC = I Xs  

(c) Even in the case of an unenhanced host, the assumption is 

made that the relaxation, like the g-shift, measures J(q = 0). 

Peter et al (1.43) have pointed out that this is not necessarily 

true. 

We must conclude from these remars that eauations 4.54 and 4.55 

are only likely to be obeyed approximately and it is not surprising that 

in the present work, even for alloys which are expected to be fairly 

free electron-like, the Korringa relation is not rigorously obeyed. 

(2) 	Tsd 

Here the g-shift is not normally observed for s-state ions, 

being reduced from the full value by a factor (TsdiTsL)2. 

The linewidth is given by 

11 
 

AH = 	 '71 1  
T
ds 

T
sL 

and since from equation 4.52 and 4.53 

 

T 
So . 

T
ds 

k T  
C 

 

7.57 
• S 5 + 1 

 

4.55 

4.56 
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we note that the linewidth in this limit is inversely proportional to the 

concentration of the magnetic ion and this is a useful means of identifying 

bottlenecking in a solid solution alloy system. 

The behaviour outlined above may be pictured in a simple way. In 

order to maintain thermal equilibrium with the lattice, the local 

S 
	moment attempts to couple some of its energy to the lattice via the conduc- 

tion electrons. When the conduction electron - lattice relaxation rate 

is large enough, the linewidth is governed only by the rate at which the 

local moment can transfer enerEy to the conduction electrons and the 

unbottlenecked (Korringa) behaviour is observed. 	If, however, the 

conduction electron - lattice relaxation rate is small, energy "piles up" 

in the spin system and the resonance frequency is that of the coupled 

system. 

If the concentration of the local moment is increased, the bottleneck 

becomes stronger since there is more energy to be coupled out; however, 

if impurity atoms are added, the bottleneck may be eased by increasing 

the conduction electron - lattice relaxation rate. 	These effects and 

their consequences will be further described in the experimental review 

below. 

In summary, we may thus expect to identify a bottlenecked system 

from the following observations: 

1. The g-value for an s-state ion will be close to g = 2; any increase 

or reduction in the effective magnetic moment from the free ion value as 

indicated by static susceptibility measurements (ch. 1) will not be 

observed in the g-value. For a bottlenecked system the value of J, d  

or Js f  calculated from the g-value will be underestimated. 

2. The slope of linewidth v temperature deduced from the Korringa relation 

using a 'reasonable' value of J will be much lower than predicted, allowing 

where necessary for the effects of exchange enhancement. 
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3. The linewidth at a given temperature will be inversely Proportio,Ial 

to the concentration of the magnetic impurity. 

4. Addition of non-mu.rmetic impurities will broaden the line at a 

Liven temperature. 

(d) Extensions of Hasevia's Work 

Peter et al (1.43) carried the molecular field treatment to its 

completion by introducing not only lattice relaxation to the instantaneous 

local field, as in Hasegawa's work, but they also introduced relaxation 

to the instantaneous local field for the localised - conduction electron 

exchange relaxation. Their equations of motion were also desiEned to 

include the ion - lattice relaxation explicitly and to satisfy the 

condition that the energy absorption must be positive definite (which, 

they showed, Hasegawa's equations did not). Despite these refinements 

to the model, equations 4.49-E0 4.57 give essentially correct answers. 

Apart from the two limits explored above, there also exists an 

intermediate regime where so-called "dynamic effects" are expected 

(see Appendix 3(b)) to occur. This regime was investigated experimentally 

and theoretically by Cottet et al (5.19) and Davidov and Shaltiel (5.21). 

They found that when Asd 
 is of the same order of magnitude as A 	the 

g-shift is reduced from its full unbottlenecked value, as either the 

concentration is increased or the temperature reduced. Davidov and 

Shaltiel in their work on Gd doped Laa5  (the results of which are 

presented in the experimental review) derive an expression of the form 

(Lsa )2 A g0  
g = 	 4.58 

( A X.11)2  + (8sL + 	so,. )2  

to describe the dynpmic behaviour. It is also observed that the effects 
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are field dependent, the shift being reduced in high external fields 

(corresponding to Q-band measurements for example). 

Recent theoretical worL-  has been reviewed by Dupraz et al (4.14). 

The problem has been treated from a microscopic point of view using 

Green's function techniques. A particular result of interest has been 

the prediction of a Kondo g-shift (4.15) in the unbottlenee:ed limit 

such that 

ti (i(3-,),T)2  11 - In 1 7ria 1]  	4.59 

The effect will be small; a rough calculation suggesting that, typically 

i Q,,(2) 	fA(2)] 2 x lo-3 
g 	4.2.1( 	I g 	j 1K 

ti 

There have been no reported observations of such a shift, but the best 

candidate would presumably be a non s-state ion in a host where Jsf  is 

large and negative (e.g., Yb in Au). 

4.6 	H7perfine Splitting  

If the nucleus has a net magnetic moment, a hyperfine structure is 

normally observed in the ear of ions in crystals. Until recently (5.64) 

hyperfine structure had never been observed for an ion in a metallic 

environment; hyperfine structure was, for example, absent in the 

resonance line obtained from single crystals of 	in Cu, even though 

the central linewidth was much narrower than the predicted splitting (5.4S). 

Barnes et al (4.16) have attempted to explain this behaviour. ' 

Adopting the molecular field equations of Cottet et al (5.19), they 

add to the effective field acting on the moments a further term which 

arises from their own nuclei, and solve the resulting equations for 

the simplest case of I = z (i.e., hyperfine field either parallel or 

antiparallel to the applied static field.) The results are then generalised 
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to arbitrary nuclear spin. 

Three regions of interest are identified: 

1. In the case of weak exchange coupling (i.e., the unbottlene&ed 

regime), hyperfine splittings are predicted with the same character as 

those of an ion in a crystal. 

2. In the opposite (bottlenecl:ed) limit of large exchange coupling 

such that WEI, 	ads, where CO B2  is the electronic hyperfine splitting 

frequency, it is predicted that hyperfine structure will be suppressed. 

3. This region corresponds to sufficiently large values of the exchange 

coupling for a resonance bottleneck to obtain, but where ay ds 
Here they predicted that hyperfine structure should be observed, but with 

the width of each hyperfine component reduced from the value which would 

[  21  be observed for the same ion in an insulator, by a factor of (2I+1) 
1).) 

It is suggested that the recent observations correspond to region 1, 

but that in other systems (e.g. Cu-1,1n) which are well bottlenecl:ed, 

the reduction of A ds  at very low temperatures (<1K) might enable at 

least partially resolved hyperfine structure to be observed. This would 

allow an estimate of the exchange coupling to be made, even in the presence 

of bottlenecking. 

4.7 	Residual Linewidth 

In the sections above,exoressions have been derived for the temperature 

dependent part of the esr linewidth. In addition to this, there is 

normally a resickal linewidth, which is defined as the value of ,NH at T = OK, 

extrapolated from the high temperature data. Thus, in the paramagnetic 

regime, the linewidth can often be expressed in the form: 

AH = A BT  	4.70 

Any contribution to the linewidth from inhomogenous broadenimg• may 

contribute to the T = Gib linewidth. In the analysis above, a single 
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value of the magnetic field for resonance has been assumed but, in fact, 

this field is only the average of the local fields, Hi, which are experienced 

by the individual ions. The lineshape is therefore an envelope of the 

individual resonance lines from each ion. The spread in the values of 

thelocalfieldsseenbytheionsisgivenbythe<11.2> , which is 

• 
	 called the second moment of H.. 

The sources of this broadening may be due to a number of factors. 

In very narrow lines of the order of one Gauss or less, such as are 

observed for free radicals, inhomogeneities in the static field or 

modulation broadening may be of importance, but in the case of ions 

in metals three sources of residual linewidth are expected to be important: 

1. Unresolved fine or hyperfine structure. 

2. Variations in the local field due to defects in the lattice. 

In this case the residual linewidth increases monotonically with 

the concentration of defects, but may be reduced by a suitable anneal. 

3. The effect of interactions between ions. 

Van Vlech (4.17) showed that the exchange interaction between 

ions does not contribute to the second moment since the total spin 

commutes with it, but that it enters the fourth moment <11.4> 

There will be a residual width due to dipole - dipole interactions 

between impurities, and the effect of the exchange narrowing is to 

modify the Gaussian dipolar line into the form of a Lorentzian. 

A theory of the residual linewidth_ due to interactions between 

impurities in a metallic host has yet to be developed. In addition 

to the dipolar width and the direct exchange contribution, the effect 

of the conduction electron modulated exchange and the screening of the 

dipolar width by the ccnduction electrons will have to be included. 

Using the expression derived by Van 'neck (4.17) for a lattice of 

spins in a oowder sample: 
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<AH2  > = 0.6 s(s + 1) g2/1332 	rid-6 	4.71 

where 
r..is 

 the separation of the ith and Jth ion, a very rough calcu-

lation for the unscreened dipolar width of 1;. Gd in Pd would suggest a 

value of several hundred Gauss. 

In a more rigorous analysis of dipolar width for randomly sited 

impurities, Mittel and Abrahams (4.18) suggested that for concentrations 

in excess of about 10;:, the residual linewidth is Proportional to f2, where 

f is the fractional occupation of the lattice points by the ions. For 

concentrations of less than about 	the width is proportional to f. 

Anderson and Weiss (4.19) introduced the "random frequency modulation" 

model for exchange narrowing. It is assumed in this model that a 

magnetic ion absorbs a single frequency U3 
o 
 which varies over a distribu-

tion tion 03p, determined by the dipolar local field, but which varies randomly 

in time at a rate, (fie, determined by the exchange interaction. They 

derived a linewidth (in terms of frequency) of 

2 

w = 0 W
n4.72 

W e 

/ 

A further mechanism for residual linewidth which may be of some 

importance for 3d ions was suggested by I:icElroy and Heeger (5.52). 

They proposed that the admixture of conduction band wave functions into 

the localised 3d impurity function described by Friedel and Anderson 

(ch. 1) allows the localised d-spin to be sensitive to the spin-orbit 

interaction at distant impurity sites, leading to a non-vanishing 

relaxation to the lattice via this interaction even at T = GK. Being 

a wave function effect, it might be expected to be temperature independent 

and proportional to the spin-orbit spin flip scattering cross-section 

2 
of the impurity atoms and to the average admixture matrix element 	. 
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The interaction above was represented by the matrix element, 

(.01AL.s a4> 
< dot) Vi hf> <kir 'A L.s ) 124> 	r V I d°4 	.... 	4.73 

d°' and t  i d /rand Ed
o are the unperturbed wave function and energy for a 

pure d-orbital on a ii1 ion in the metal. 

Using  the Golden Rule: 

=   <at IXL.S d 4-> 2  pd(E) 

and in the approximation that pd.  is given by a Lorentzian distribution 

and that the K-states are Bloch functions, they obtained 

kki 
	

(Ed°  - 	) (Ed° Ek)  

18H PN) 2. res 

2 
'WU 

 
N. 

K a AD .1„ \27 	T L  
F rs

( 
 ''411 ' 	2  

 

4.74 

 

where a is the lattice spacing  and Ni is the number of impurity atoms. 

4.8 	Ferromarnetic  and Antiferromapnetic Resonance 

The work in this thesis is primarily concerned with paramagnetic 

materials but measurements have been made below the ordering  teaperature 

in many cases. In this section the basic theory of ferromagnetic and 

antiferromagnetic resonance will be presented, followed by an outline 

of some esr measurements which have been made in the transition regime 

between the paramagnetic and magnetically ordered states. 

(a) FerromaLpetic Resonance 

The field for resonance in a ferromagnet was first treated by 

Kittel (4.20). He considered a specimen of a cubic ferromagnetic 

insulator in the form of an ellipsoid. Components of a demagnetisation 
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field N ,'N NZ  were introduced to relate the components of the 
x y  

internal field Hi  to the applied field H, 

3a i  = H - NM. etc. x 	x 
 

x x 

Solution of the equations of motion led to the ferromagnetic resonance 

frequency 

2 	 2 -v (J30= ° [Ho (NY - 	mible (11X - 11z)  Id 	 4.75 

for the frequency of the uniform mode, where all the moments precess 

together with frequency630. 

If we consider the demagnetisation factors explicity for various 

geometries: 

for a sphere, N = N = N x y z 

so 00 = - rHo 

for a flat plate with Ho 
perpendicular to the plate, Nx  = Ny  = 0, 11 = 47r 

so CO = o 
47m) 	 4.77 

or for a flat plate with Ho  parallel to the surface in the xz 

N = N
z 
 = 0, N = 411-  x  

so 0Oo = [ H0 (Ho  + 47r10] 4.78  

For most samples the conditions derived above are too simple since 

they do not include the effect of anisotropy. nttel replaced the 

effects of the anisotropy energy by en equivalent magnetic field which 

can be c,ritten into the equatiom of motion as an effective demagnetisation 

factor, Ile. 

The resonance condition then becomes: 

CA.?)  = 	(Hz  + (Ny  + N; - Nz) 
	

(H
z 
+ (N + N 

x  e 
 - N )11) 

x 	z z 

4.79 

4.76 
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and the values of the demagnetisation factors Nxe and Nye  are determined 

for each experimental situation. For a sphere, if the anisotropy 

energy density is of the form Ksin2e where e is the an le between the 
magnetisation and the Z-axis, the ferromagnetic resonance frequency is: 

CO = W(Ho + HA) 

• 
where 	HA 	U 

In the case of a powder sample the demagnetisation factors will 

run over all values, depending upon the shapes of the individual particles, 

and some average shift will be expected. The linewidth will become the 

envelope of the shifted lines and thus might be expected to becou.e 

extremely broad. 

(b) Antiferromaonetic Resonance 

The theory for resonance below the Neel point was established by 

Nagayima and Kittel)and Helfer in 1951 (4.21). 

Keller and Mittel considered a uniaxial antiferromagnet with spins 

on two sublattices in the presence of an anisotropy field HA. Using 

the molecular field approximation and solving the equations of motion, 

they obtained a value of the antiferromagnetic resonance frequency 

0 
— Ho {

HA 
(HA  + 2H_.) 2 
	

4.80 

When the exchange field is much greater than the anisotropy field HA, 

4.80 reduces to 

°3°  = Ho  It (2HAHE)2 	  4.81 

In antiferromamet
4G 

so the shift (2HA E  H. )2  is expected to be ry 100KGauss (280 Gc/s). 
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acept in cases where the anisotropy field or exchange field is very 

small and the shift is less than 2KGauss, antiferromEgnetic resonance 

would not be observed with the present anparatus. 

(c) Theories and Measurements just above the Critical Temner2ture 

(i) Antiferromarmet 

Various attempts have been made to describe theoretically the 

temperature dependence of the linewidth ..hove TN, due to the effects 

of short range magnetic order. iIori and Kawasaki (4.22) find the 

esr linewidth for a uniaxial antiferromagnet near the Neel point to 

be given by 

3 
T 

LH = (SH)oo 

where (A11)00 is the high temperature limit. 

Mori (4.23) using an improved approximation suggested 

that 

C__ 	p II OC ( 	) 4.83 

where = = const ( T - T 
IT 

and Kawasaki (4.24) obtains 

LJ 	(T - TN) -P 	 4.34 

where p = 5/3. 

aperimentally, raxwell and McGuire (4.25) investigated 

the antiferromarmets Cr203, /in°, MnTe and MnSe above TN and found 

that whilst the g-value remained roughly constant over the whole 

paramagnetic regime, the linewidth broadened well above TN. In 

MnO, thetemperature T 	at which the increase in linewidthQiinin 
set in, is nearly four times the ordering temperature. The results 

are summarised in Table 4.1. 

4.62 
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TABLE 4.1  

Structure IOTN  T
N  T  Diimin/TIT 

       

In the limited number of results displayed here, we notice 

that T6Hrain/Til  is lc'rgest where RTTN  is largest. Zimmerman 

et al (4.26) studied a single crystal of CuC12.2H20 (TN  = 4.34-Z) 

and observed signs of broadening at 20K. They identified two 

temperature regimes. From 4.34 to 4.8K the data was fitted to a 

curve of the form predicted by Kawasaki (above) but the value of the 

index,p, was found as 0.58 - 0.07 for each axis; this temperature 

regime was identified with the existence of critical fluctuations. 

The regime bove 4.8K was associated with short range order. 

Zimmermf.n et al argued that the broadening of the line below 20K 

is caused by the decrease in the fluctuation frequency, We, on 

the model of Anderson and Weiss, above, by the short range order. 

The consequent reduction in exchuige narrowing leads to a broadened 

line. 

Seehra and Castner (4.27) examined the critical broadening 

in 1,InF2  up to 2TN  (TN  = 67.4K). They were able to fit their 

linewidth data to Kawasaki's expression with p = 1.20. 
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Battles (4.28) has recently atteJoted to fit MIS and 3.;110 

linewidth data to the expressions above, and obtains a good fit to 

equation 4.84 from about Tit  + 10X to TN  + 100K for both compounds, 

with p = 0.75. He obtained, however, the best fit to an 

expression 

CT 6 H = T T
N 

for T> Ty  + 101 with C = 80 for linS and 280 for la10. 

(ii) Ferromagnets 

The position with respect to short range order in the esr 

linewidth of ferromagnets above T
C, is far less clear. 

Particularly in powder measurements, the demagnetisation corrections 

are difficult to determine and tend to mask the true behaviour. 

Salamon (4.28) has followed the ferromagnetic resonance of Hi into 

the paramagnetic regime and claims to have identified a regime 

from T
0 
 + 30K to T + 66x where the change in slope of the linewidth 

may be fitted to an expression of the form 4.84 . However, no 

satisfactory theory has yet been Proposed which correctly predicts 

the change of linewidth above T0. 

4.85 

0 
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CIIAPrii_R  5  

EXPERT 2ITTAL M71E17 OF ESR OF IONE DI LETALS 

There has been no experimental review of the esr of magnetic ions 

in metals since the article of Peter et al published in 1968 (1.43), 

in which an account was given of the results of all previous investiga-

tions. In the pres nt work, an attempt Iris been made to review all 

experimental work on the esr of ions in metals published up till April 

1972 and a comnrehensive list of papers appears in Appendix 4, classified 

by magnetic impurity and by host matrix. The survey is divided, raher 

arbitrarily, into sections dealing with s-state rare-earth ions, transition 

metal ions and non s-state ions and each of the sections is subdivided 

according to the type of host. In the final section of the chanter the 

technisue of transmission electron spin resonance (tesr) is discussed. 

5.1 	Rare-Earth S-State Ions  

(a) Pure  Rare Earth Ions  

The first observation of paramagnetic resonance in Gadolinum 

metal was reported by Kip (5.1), working with a small disc of metal. 

He found a paramagnetic g-value of 1.95 0.03 (c.f. g-= 1.995 in 

insulators). A g-shift was observed to set in at about 50C and moved 

continuously to lower fields as the sample became ferromagnetic 

(T0  = 16C). The half-power, half-width also showed an increase from 

about 400 Gauss at 40C to more than 2K-Gauss at OC, below which temperature 

the line was too broad for further measurement. 

Chiba and Nakamura (5.2) extended the work in the paramagnetic 

regime to 600C and found a linear relation between linewidth and 

temperature above about 350C. A teinerature independent g-value of 1.97 

was found. Popplewell and Tebble (5.3) in their work on the Y-Gd 
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system (see below), obtained a value of g = 1.96 ± 0.03 for the g-value of 

pure Gd in the paramagnetic regime, but were unable to quote a value below 

the Curie temperature because of uncertainty over demagnetisation corrections. 

Careful work above and below T using a single crystal enabled 

Rodbell and Iloore (5.4) to obtain a g-value of 1.94 0.02 for the 

paramagnetic regime and a value of g = 2.00 .! 0.02 below T. 

Europium metal, which is known to order in a complex antiferromagnetic 

arrangement with a Neel temperature of 94K, was investigated by Peter 

and Uatthias (5.5). Between room temperature and 1207 they found 

g = 1.985 0.015 and 201 = 1300 Gauss. Below 120K, however, the 

line was found to 'broaden and disappear'. Thelfree ion' g-value for 

Eu is 1.993. 

(b) Rare-Earth Intermetallic Compounds 

Peter and Matthias (5.5) made the first observation of resonance 

in an intermetallic compound in their work on GdIr2. They failed to 

observe a resonance in EuIr2 and considered this to be evidence that Eu 

is trivalent in this compound. They extended this work (5.6) to the 

compounds EuAl2  and GdAl2  between 100K and 300K. Allowing for admixture 

of the real and imaginary parts of the susceptibility (see ch. 7) and 

for demagnetisation corrections, they arrived at a value of till = 900 30 

Gauss for the half power width of the line and g = 1.982 ± 0.003 (Jey -0.03 eV) 

in the case of GdAl2. For EuAl2 they found g - 1.994 - 0.003 at 300K, 

which is close to the Eu free ion value. In corresponding nmr measure- 

ments on (R.E)A12 
alloys, they observed Knight shifts consistent with a 

negative exchange interaction but wach varied in magnitude across the 

series. This was the first measurement of the sign of conduction 

electron Polarisation in a magnetic metal. Neither the inconstancy of 

the nmr data nor the sign of the exchange was explained. Pater (5.7), 

however, showed that addition of other rare-earths to GdAl2  led to a 

broadening of the line due to RKKY interactions between the imourities 
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and the Gd ions and found that the line broadenings had the same relative 

values as the shifts in the nmr work. 

Shaltiel et al (5.8) in the course of their extensive work on 

resonance in s-state ions, measured the g-value and linewidth of the two 

CaCu
5 

structure compounds, GdNi
5 
and GdCu

5 
at 78K and 651 respectively. 

They obtained a g-value of 1.942 0.007 and /11-1 = 905 t 90 Gauss for the 

Ni compound and g = 2.009 t 0.007, /1H = 875 Gauss for the Cu compound. 

They did not investigate the temperature dependence. The negative g-shift 

in the GdNi5  compound was interpreted as being due to the high density of 

states in the almost full d-band of this compound, whilst the positive 

shift in GdCu
5 

was ascribed to true atomic exchange. 

The compound EuA14  was investigated by Wernick et al (5.9). 

Their magnetisation measurements at 4.2K showed that the compound was a 

metamagnet undergoing a transition to ferromagnetism at a field of about 

15KGauss. A plot of 1/X v T suggests antiferromagnetism at temperature 

below 61( but 0 = 14K. Esr measurements were made between 1.8K and 

295K and a high temperature g-value of 1.995 It 0.04 with half-width at 

half-power of 430 Gauss was obtained. The resonance was followed below 

the nominal ordering temperature and at 1.8K the line had broadened to 

over 3KGauss. 

Vijayaraghavan et al (5.10) performed nmr measurements on compounds 

of the form (R.E)Pt2 
and (R.E)Pt5, where (R.E) = Ce, Pr and ild. 	They 

obtained different Knight shifts from the inequivalent Pt sites in the 

(R.E)Pt5  compounds. All the values of J obtained from these measure-

ments were positive, but this was found to be in disagreement with the 

negative value obtained fraa esr en Pt2Gd, where a g-value of 

1.873 - 0.007 (corrected for lineshape and demagnetisation) was obtained. 

However, Davidov and Shaltiel (5.11) contradicted this latter result, 

obtaining a large positive shift (g = 2.032). These latter authors also 

measured the g-value of the compounds Gd1.12, GdRh2, Gain2  and GdIr2  and 
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found negative g-shifts for these, the value for GdAl2  agreeing well with 

the previous measurement (5.6). In nmr experiments on the same compound 

they distinguished between two hyperfine fields: the first resulting from 

the polarisation of the conduction band due to the Gd ion of the same 

nucleus,and the second from the conduction electron polarisation arising 

from the same ions, estimating this second contribution to be "41V° of 

the first. Allowing for core polarisation, they obtained fairly good 

agreement between the relative values of the hyperfine field and esr 

g-shifts, and they also accounted for the positive g-shift in GdPt2  by 

assuming that, as in LaPt2, the d-band is full in this compound. 

Very recently Hacker et al have obtained a value of g = 1.984 0.003 

for GdAl
2 

at room temperature, in excellent agreement with the results 

above. 

Okuda and Date (5.13) measured what they presumed to be a dilute 

solution of Gd in Cu. The form of their results, and the fact that the 

data did not change with concentration, suggests that the resonance was, 

in fact, due to an intermetallic compound. Comparison with the data 

on Cu6Gd obtained in this work further confirms this view. They found 

that the g-value was constant at the room temperature value (not quoted) 

down to about 60K where the field for resonance shifted to lower values. 

At about 10K the shift was f•-0  2.5KGauss. The linewidth data were linear 

at high temperatures with a slope of about 5G.K-1. A fairly sharp 

minimum in the linewidth was found at 50K and the line subsequently 

broadened to about 2KGauss at 10K. 

The temperature dependence of the g-value and linewidth in the 

compound Gda5  has been investigated by Burzo and Ursu (5.14) between 

100K and 300K. They found a g-value of 1.944 - 0.006 (in good agreement 

with Shaltiel et al (5.8)) which was temperature independent, and obtained 

a value of 6.40.K-1  for the high temperature slope of the linewidth. 

A value of it(cie ) in equation 4.55 of 0.1 was assumed to bring the measured 
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values of Ag and diNH/dT into good agreement. 

Esr measurements on the compound GdB6  were first performed by 

Coles et al (5.15) and, more recently, Miller and Hacker (5.16) have also 

measured this compound. Coles et al found a g-value of 2.01 at both room 

temperature and 77K and a 20;:, broadening in the linewidth between these 

• 
	 teimeratures. At 4.2K they did not observe a resonance. Miller and 

Hacker used a computer fit of Lorentzian dispersion and absorption 

components to correct their g-value and obtained values of 1.994, 

1.992 and 1.S'52 at 77K, 195K and 295K respectively, with half-power 

linewidths of 733, 609 and 630 Gauss at the same temperatures. 

(c) Intermetallic Com-)ound Hosts with Rare-Earth Impurities  

Shaltiel et al (5.8) substituted 5 mole Gd on the A sites of the 

compounds of stoichiometry AB5  listed below. They observed negative 

g-shifts at 20K in all the compounds except LaPt
5 
and YCu

5
. The largest 

shifts were obtained in the compounds containing Ni. 

C H 

+ 
LaNi

5 
1.877 - 0.007 550 -1--  34 

YNi
5 

1.90o it 525 It 

ThNi
5 

1.913 It 525 ,, 

UNi
5 

1.953 I' 470 ti 

T11Ir
5 

 1.973 it 640 ft 

YCu5  2.000 ft  350 

LaPt
5 

2.022 860 

As the signs of the g-shifts in Y1;i
5 
 and YCu

5 
were opposite, the two 

compounds were alloyed. At the composition yri
4 5  Cu0 5 

 a maximum in 

the g-shift and a minimum in the linewidth were obtained, but as extra 

Cu was added the g-value moved back to g = 2. The addition of other 

Rare-Earths substituted on the A sites gave an increase in g-shift for 

4 	elements to the right of Gd in the rare-earth series and a decreased E-shift 
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for those to the left. 

A plot of iinewidth against temoerature for 2atc; Gd dissolved in 

the compound T3Pd
3 

gave a linear relation between about 60K and 240K 

with a rapid broadening at low temperatures. It was concluded that this 

increase in linewidth was due to magnetic ordering. The g-value increased 

from 2.02 at 300: to 2.10 at 4.2K. 

A number of conclusions were drawn from the above observations: 

1. The similarity of the (Ni-Cu)5  La g-shift measurements with measure-

ments in the (Pd-Ag), (Pd-Rh) - Gd systems suggested that LaITi5, YNi
5 

and Pd are very similar hosts. 

2. It was observed that when the trivalent La and Y in the NI
5 
compounds 

are replaced by tetravalent Th and hexavalent U, the g-shifts are reduced. 

This was attributed to filling of the d-band. 

3. It was also observed that when Ni was re-)laced by Ir and Pt, smaller 

g-shifts were obtained. This decrease Las explained by the fact that 

these elements are the 5d analogs of Co and Ni and show only weakly 

enhanced paramagnetism in the elemental state. 

4. The large negative g-shifts were explained on the basis of the d-f 

interaction mechanism discussed in ch. 1. The small positive shifts 

observed for the other compounds were taken as an indication that in 

these alloys, 'true' s-f exchange was stronger than d-f exchange. 

In a further paper,Shaltiel et al (5.17) made a systematic investi-

gation of the sign and magnitude of the g-shifts of 1 - 5% Gd substituted 

into AB
2 
Laves phase compounds on the A site, where A = Sc, Y, La, Th, 

U and Zr. The B sites were occunied by 4d and 5d elements with en almost 

full d-band (Pa, Rh, Ir and Pt). The g-shifts are shown below: 

4 
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ZrRu
2 	

-0.02 	LaRh
2 	-0.01 

ScRu
2 	-0.05 	Lair2 	-0.02 

YRu2 	-0.06 	LaPt
2 	+0.01 

CeRu2 	-0.03 	La0.5 0.85Ru2 	-0.07 

ThRu2 	-0.03 	Lai12 	0.00 

LaRu2 	-0.13 

When these g-values are plotted as a function of increased filling of the 

B element d-band, i.e. Ru/Os, Eh/Ir and Pt, a trend from large negative 

g-shifts to small positive shifts becomes clear. 

Both esr and nmr experiments (5.18) were carried out on the 

Lal_xThxRu2  system with 1 at;:,  Gd substituted on the La site. 	The 

g-shifts and Knight shifts, K, were found to vary with x at 20K, both 

showing a minimum shift at a composition x = 0.5. A linear relation 

was found to exist between both AG and K and between K and the suscepti-

bility of the x = 0 compound as the temperature was varied. From these 

measurements a value of -0.05 eV was estimated for the effective exchange 

between the Gd f-electrons and the d-band. 

Cottet et al (5.19) investigated compounds of the form Lai-x(R.E)xRut  

by susceptibility and esr measurements. On substituting 	Gd, they found 

that the alloy became ferromagnetic at 9.5K with 6 = + 16K. Addition 

' of Tb and Pr to the Gd alloy increased the susceptibility in the first case 

and reduced it in the second. Esr on the Gd alloy showed some temperature 

dependence, exhibiting a broad minimum at about 25K, where g = 1.88. 

Addition of 	Pr shifted this curve to lower values of g and addition 

of 	Tb shifted it to higher values. The increase in linevidth and 

shift back towards g = 2 in the ferromagnetic regime was attributed to 

dynamic effects. 

4 
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Davidov et al (5.20, 5.21) looked at compounds of the sane form 

containing 0.5, 1.0, 3.0 and 102, Gd, and the compound LaNi5  with additions 

of 0.1, 1.0, 2.0 and 5 Gd. 	In the first case they found that for 

concentrations of 3.0 and 10, there was, again, considerable temperature 

dependence of the g-value, their results being broadly similar to those of 

• 	Cottet et al. At loss concentrations they found that tAg was almost 

temperature inde-)endent and equal to -0.15. 	On the addition of l of 

Pr to a 0.25 Gd alloy the additional g-shift varied approximately as 

1/T, indicating that the g-shift was Proportional to the Pr susceptibility. 

The g-shift results for the LalTi5-Gd alloys are shown in fig. (5.1) . 

The main features of the results are as follows: 

(l) 
	

For Gd concentrations of less than lc, the g-shift was almost 

temperature independent but for higher concentrations a shift back to 

g = 2 sets in at temperatures increasing with increasing concentration. 

(2) The linewidth displayed a strong concentration dependence increasing 

from 100 Gauss at the lowest concentration to about 600 Gauss at 

and then flattening out. There was also a large field effect; measure-

ments at X-band ( P43E:Gauss) giving a linewidth of about half that at 

Q-band (14=auss). 

(3) The g-shift measurements also showed a pronounced field effect. 

- The g-shift was greater at X-band and the largest differences were observed 

for high concentrations. 

Dynamic effects were  again invoked to explain this behaviour as 

described in ch. 4 and ch. 8. However, the increase in linewidth with 

concentration and field was not explained by the above theory; instead it 

was assumed that local clusters of Gd ions resulted in inhornogenous 

broadening, with exchange narrowing at higher concentrations. 
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Davidov et al (5.22) also investigated the system Gd1Zrl_xZn2  

(x = 0.06, 0.05 and 0.03). 	Susceptibility measurements on the compound 

containing 6% Gd gave TO  = 20K and 0 = 23K. The esr measurements 

showed a broad maximum in the linevidth at 40K decreasing to a minimum 

at 6CK, with a high temperature slope of 3G.1,
,-1 

 . A negative g-shift was 

Observed with a maximum at 30K and a shallow minimum at 50K, decreasing 

asymptotically at higher te.gperatures. Fairly good correspondence was 

Obtained between the shEa)e of the curves of g v T and All v T for different 

concentrations, although for lower concentrations the absolute value of 

the linewidth was less and the minimum in the g-value more pronounced. 

They claim that a fairly good fit to the data above 20K may be obtained 

by consideration of dynamic effects. 

Schafer et al (5.23) observed the resonance of from 0.3 to 92; 

Gd in the compound U12. They observed no measurable g-shift and found 

that iSH varied linearly with temperature, with a slope inversely proportional 

to the Gd concentration. 	They took these observations, and the fact that 

addition of Th increased the slope of the linewidth, as a strong indication 

that the system was well bottlenecked. 

Lowin (5.24) has recently Obtained a g-value of 2.045 1: 0.015 for 

Lall
2 

- 0.5 atc,1, Gd at 4.2K and this is in disagreement with the negative 

value of LE observed for these alloys in previous work (5.0. The slope 

of the linewidth with temperature was found to be 42 - 5 G.K
-1. 

Finally, Davidov et al (5.25) have reportcd measurements on compounds 

of the form UxTh1-xPd3 
which they believe may indicate the existence of 

a spin compensated state in the system. 	Susceptibility data en the com- 

pounds show a number of anomalies which could possibly be explained, it 

was suggested, by crystal field splittings, band structure considerations, 

the antiferromagnetic alignment of U atoms or the existence of a spin 

comoensated state. Esr measurements on a U 	Pd compound 
xTh 0.94-xG°10.06 3 

showed no linearity between iSg and when the temperature was varied, 
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but did show linearity at constant teperature as the Uranium concentration 

was varied. These esr data were shown to be incompatible with the first 

three hypotheses, but it was claimed that the existence of a spin 

compensated state of the Uranium could explain both the susceptibility 

and the esr data. 

(d) Rare-Earths in Pd and Pd Binary Alloys  

The first observation of resonance in the much studied Pd-Gd system was 

made by Peter et al (5.26a). 	They found g = 1.887 t 0.007 for 3.2:, Gd 

in Pd at 20K and plotted the linewidth against temperature at different 

frequencies. At high teTAperatures a linear relation was observed with 

a slope of about 5 G.K-1 for 1% and XL Gd in Pd at all frecuencies. At 

10K, 12K and 20z they found broad minima for the 	alloy at 9 Gc/s, 

the 	at 12 Geis and the 3L at 50 Gc/s respectively, with strong broadening 

in the higher concentration alloys, from about 600 Gauss at the minimum 

to 1800:; Gauss at 2K. 

On dissolving Gd in a number of hosts from nure Rh(g = 1.89 0.007) 

through Rh-Pd and Pd-Ag alloys to pure Ag (g = 1.995 ± 0.007) i.e. 

effectively varying the atomic number of the host from 45.0 (pure ph) to 

47.0 (pure Ag), they found a strong minimum in the g-value measured at 

20K and 78K, and a peak in the linewidth at a host atomic number slightly 

on the Ph side of pure Pd. This minimum corresponded well with peaks 

in the electronic specific heat and susceptibility obtained by Budworth 

et al (5.26b). 	In a further paper (5.27), Peter et al discussed the 

effect of adding other rare-earths to the Pd-Gd host. They found that 

the addition of the light rare-earths increased the g-shift, whilst 

addition of heavy rare-earths decreased it. They also showed from 

susceptibility measurements of Tb in Pd and Pr in Pd, that the g-shift 

was proportional to the susceptibility of the added rare-earths. The 

measurements suggested that the range of the polarisation in Pd was far 

greater than the range of the PZKY polarisation in simple unenhanced 

hosts (see ch. 1). 
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Shaltiel et al (5.0 extended their Previous work by adding 

small concentrations of Tb, Sm, Pr and Ce to a Pd 3 Gd alloy and 

measuring the g-shift as a function of temperature. Below about 20K 

the g-value of the alloy containing Tb shifted to 2.10, whilst that of 

the Pr alloy dropped to 1.75. The Sm and Ce doped alloys showed anomalous 

behaviour; the Sm behaved as though it were a heavy rare-earth giving a 

g-value of 2.00 at 2K, whilst no additional shift was observed in the case 

of Ce. The g-value of Gd in Pd was found to be approximately concentration 

independent over the range 1 to 3% Gd, but addition of Tb and Nd to an 

alloy containing 	Gd gave a g-value which increased with increasing Tb 

content and decreased on the addition of Nd. 

When Ni was added to a Pd 	Gd alloy, the g-shift and linewidth 

were found to increase linearly with the concentration of Ni. No separate 

resonance from the Ni ions was observed. 	Concentrations of up to 0.3;"' 

Fe and Co were also added and in the case of Co impurities, the g-shift at 

20K increased from the value observed for Gd in pure Pd but became smaller 

than the Pd-Gd g-shift as the temperature was lowered. The first effect 

was attributed to an increase in the Pauli susceptibility (as in the Ni case), 

whilst the second effect suggested a negative sign for the exchange 

interaction between the Co ion and the conduction electrons. No resonance 

from Co was observed. The measurements on alloys containing Fe were 

hampered by a strong Fe ferromagnetic resonance signal. 

Resonance was also observed from 	Gd diluted in a series of Pd-U 

hosts containing up to 20j U. On the addition of U the g-value increased 

to g = 2, reaching this value at 9% U, at which concentration there is 

also a minimum in the Pd-U susceptibility data. ':ihen the Pd-U g-shift 

data were plotted on the same electron concentration scale as Pd-Ag, the 

two sets of values were found to correspond. The linewidth in the 

Pd-U-Gd system was found to be fairly independent of concentraAon up to 

about (.7; but then increased rapidly from 400 Gauss to 1200 Gauss at 15. 
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'Shaltiel (5.28) further investigated the effect of filling the Pd 

d-band by hydrogenating a Pd-Gd alloy. In a short note he confirmed that 

in this case the g-value returned to g = 2. Addition of other rare-earths 

gave no extra shift. 

Higher concentrations of Gd in Pd (4.4 - 6.2) were found by Harris 

et al (5.29) to give constant g-values of 1.86 ± 0.03 in the paraangnetic 

regime. 

Cottet and Peter (5.30, 5.31) have worl,:ed extensively on the Pd-Gd 

and binary Pd-Gd systems. They find that at 04 the g-value of Gd in 

Pd is temperature independent at g = 1.70 and that this increases linearly 

with concentration to 1.80 at 2.5 Gd in Pd. 	Cottet (5.30) plots a 

family of curves for AH v T and g v T for concentrations of 0.1, 0.4, 

0.6 and lat:/. Gd in Pd (fig. (5.2)). 	In the high temperature regime 

()30K) the linewidth increases linearly with a slope of about 6G.K 1 

and each curve shows a fairly weak minimum between 10K (0.15) and about 

30K (1.0). Above about 0.40 the g-value shows a slight curvature 

towards higher g-values at low temperatures. 

Addition of Ni or Rh to the Pd host gave an increased g-shift to 

g"-'1.73 for 1,'L Ni or 2-5-;:).  Rh. 	It was found that for Pd alloys doped 

with Cr, Pt and Ag, where the susceptibility of the host is lower than in 

pure Pd, the g-value was proportional to the host susceptibility at 4.2K. 

The same was also true for III doped alloys where the susceptibility is 

higher than pure Pd, but here a new constant of proportionality vas 

found. In the case of Rh this Proportionality '"as no longer observed. 

Uhen, however, the g-shift was plotted aLainst the high temperature 

susceptibility (250:), simple proportionality was observed for all the 

systems. They suggested that both Ni in Pd and ' Rh in Pd are partially 

localised and that the te:qp,rature independent part of these solutes in 

Pd corresponds to the de-localised part of the susceptibility which largely 

controls the g-shift. The localised part influences the linewidth and 
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here it was found thit whilst addition of Ni and Rh broadened the line 

considerably, addition of Pt and Ag had little effect. 

Praddaude and Gartner (5.32) measured the g-values of 0.2 - 

Gd in Pd using snecimens in the form of thin plates. Their lowest 

Observed g-value was 1.826 and they suggested that the lower values of 

Cottet and Peter were obtained on the basis of powder work where demagnetisa- 

tion corrections are more difficult to apply. 

Very recently,Shaltiel et al (5.33) have completely resolved fine 

structure in the spectrum of Gd in single crystals of Pd at a concentra- 

tion of 430  ppm at 1.47K. They exhibited resonance data showing a 

decrease in resolution with increasing concentration and temperature. 

A sample of 1300 ppm Gd was partially resolved and the g-value was found 

to be 1.806 ±0.005 for the central line. 	The slope of the linewidth 

at high temperatures was larger (at 9.3 - 0.5 G.K
-1

) than the figure for 

powder samples quoted by Cottet (5.30). 

(e) Gd iiiLL ISc and La 

Popplewell and Tebble (5.3) measured the g-value of Gd-Y alloys 

containing from 3.7at;' Gd to pure Gd, in eleven concentration steps. 

The g-values were found to be concentration dependent ranging from 1.96 ±0.03 

at pure Gd to 2.13 ± 0.05 for the 3.7at alloy, passing through the free- 

ion value at about 30at;'', Gd. 	They observed that cooling through the 

Curie point broadened the line until the width became indeterminate some 

100K below T and the line was shifted to lower fields. 	In the alloys 

with concentrations between 25 and 605 Gd, where in addition to ferromagnetic 

order there exists a regime of antiferromagnetic order, two lines were 

observed. One of these lines broadened and disappeared above 7, whilst 

the other appeared to be a ferromeLnetic resonance. They suggested that 

these double lines were due to ferromagnetic clusters of Gd. For a 64'7, alloy 

at high temperatures a slope of about 15 G.1:
-1 as observed in the linewidth 
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and a minimum was found about 40K above T0. 

In further papers (5.29, 5.34) they alloyed Gd in Lu, Sc and La 

as well as Y. In the Lu-Gd system the g-value in the paramagnetic 

regime b:Dcomes positive at 8 Gd and, for the lowest concentration 

measured (8.3at%), is equal to 2.015 0.01. 	The linewidth again 

• exhibited a minimum some 40K above the paramagnetic Curie point for an 

alloy containing 70 Gd and continued to broaden below T.  The large 

positive g-shift (to 0.13) quoted above (5.3) for small concentrations 

of Gd in Y was revised in the present work to a figure closer to the 

free ion value, and the g-value for an alloy containing 8% Gd was given as 

1.998. The g-values for dilute Gd in La and Sc were both quoted as being 

equal to the Gd free ion value. 

Cottet (5.30) investigated the behaviour of alloys of Y, La and Sc 

containing less than 2% Gd. 	He auoted the following g-values at 4.2K: 

Y-Gd 2.04 - 0.02 

La-Gd 2.03 ± 0.02 

Sc-Gd 2.00 - 0.02 

A plot of di.lEAT against concentration in the paramagnetic regime 

showed an increase in dali/dT at low concentrations in all three systems, 

- but was particularly large in Y-Gd (from 35 G.K 1 at 2 to 100 G.K 1  at 

0.2z;). 	Plots of LVa against teaperature for 4.2 and 3.55 Gd in Y 

showed a broad minimum at 30K and 20K respectively, with strong broadening 

of the lines at low temperatures. The temperatures of the minima in 

these alloys correspond quite well with the Curie temperature. Cottet 

concluded from the absence of appreciable g--shift and the behaviour of 

daVdT V concentration that the Y-Gd system was well bottlenecked and 

that the other two systems were Partly bottlenecked. 
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Addition of XL Ce to an Y 1, Gd alloy gave a g-value of 2.12 ±0.02 

at 4.2K which moved towards g = 2 as the Kondo te,anerature of the Y-Ce 

system was approached. Cottet suniised that this may have been a 

manifestiation of the Kondo effect in esr. 

Recently, Salamon (5.35) has observed resonance in a single crystal 

of 500 ppm Sc in Gd and found that the g-value varied from 1.988 to 2.07 

with orientation end that the linewidth passed through a minimum at an 

angle of approximately 60°  between the 12 field and the 0-axis. 

Salamon attempted to explain his results in terms of an anisotrooic g-value, 

whereas Tao et al (5.40) suggest that the results are better interpreted 

in terms of unresolved fine structure. 

(f) Rare-axth Ions in Other Hosts 

  

Nakamura et al (5.36) prepared a series of alloys containing 0.15, 

0.44 and 0.5at.;L Gd in Ag and found that the linewidth was linear with 

temperature down to the lowest temperatures, with a slope of 4 G.K
-1 

for the low concentration alloy. The g-value for all the alloys was 

close to the Gd free ion value. Addition of Al was found to increase 

strongly the slope of the linewidth and to increase the g-values. These 

observations were attributed to the breaking of the esr bottleneck by 

the impurities. 

The g-values obtained above agreed quite well with the single 

Ag 0.SatiL Gd alloy examined by Coles and Griffiths (5.37) in their paper 

on Er in Ag. Here they found g = 2.005 ±0.005 and L1H = 158 Gauss at 4.2K. 

Ehara (5.38) measured an alloy of 0.5at,L Gd in Mg and obtained a 

g-value of 2.03 ±0.005 with a linewidth of 260 ± 30 Gauss, at 4.2K. 

It was suggested that this positive g-shift provided evidence for the 

interpretation of the behaviour of the incremental resistivity (which 

shows a logarithmic increase with increasing temperature) in terms of a 

Kondo effect with positive J. Williams (5.39) has, however, emphasised 

once acain the dangers of comoaring the sign of J obtained in different 

measurements. 
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Tao at al (5.40) have recently observed the resonance of 500 ppm of 

Gd in a single crystal of 	at 1.4N: and 4.2K measured at both I-band 

and Q-band. They report strongly anisotropic g-values which are temperature 

dependent and negative at 1.4K for all angles. This appears to cast some 

doubt on Ehara's result. As in the case of Salmon above (5.35), a 

• minimum in the linewidth is observed and ers-1 2.0 for an angle of about 

60°  between the field and the 0-axis. They propose that both their 

results and those of Salamon may be best described in terms of unresolved 

fine structure. 

The sign of the g-value for Gd in Mg is further confused by the 

report of Burr and Orbach (5.41) of a positive g-value for both Gd and Eu 

in Mg. They declined to give a precise value, however, "due to deviations 

from Dysonian lineshane". 

The first resolved fine structure of a localised moment in a metal 

was observed by Chock et al (5.42) in single crystals centaining 1009 

300 and 150 ppm of Gd in Au. At 4.2K they observed a single line at all 

angles, but with considerable angular variation of the linewidth. At 

1.4K, however, they resolved fine structure at certain angles. The 

resonance position of the "line" at 1.4K also showed an angular variation 

of 30 1.  5 Gauss. For minimum linewidth a g-value of 2.05 It 0.01 was 

found, which is equal to that obtained from powder samples of the same 

concentration. At the angle for minimum linewidth they were able to 

fit the line to a form A(C) + BT where B = 8 G.k-1  which again is the 

same as powder samnles. The value of A (17 - 3 Gauss) at 150 ppm 

was, however, larger by a Tactor of four for powders of the same concentra-

tion. The observed resonance did not display the character exnected for 

resolution of the seven Gd fine structure lines and a theory of line 

narrowing from spin - spin couplings and localised conduction electron 

exchange was outlined. Addition of 1 - 	Pt increased the value of A 
• 	

and decreased B, thus suggesting that the s:,stem was not bottlenecked, 

despite a small increase of B with decreasing concentration. 
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Recently, Davidov et al (5.43) have observed the resonance of a number 

of rare-earths in Th, including Gd. For the Gd alloy they found that 

both splat-cooled and powder alloys with concentrations of from 95 - 1300 -D-Dm 

of Gd obeyed a relationship A(C) + BT with B = 31 + - 5 G.K-1  . The alloys 

had g-values of 2.01 t 0.01. 

Finally, we consider the work of Schafer et al (5.44) who dissolved 

up to 144, Eu in Yb. A signal was observed from 1.6K to 77K and measurements 

were made at both X-band and Z.-band. A value of g = 1.970 t 0.005 was 

obtained at all temperatures and the alloys all showed the some slope 

24 G.K-1 in the linewidth above about 30K, below which the alloys 

ordered. Good correspondence was obtained between the values of J 

calculated from the g-shift and from the temperature dependence of the 

linewidth. 

5.2 	Transition :etal S-StrIte  Ions 

(a) Eh in Cu, Ag and Au 

The first observation of an impurity resonance in a metal was made 

by Owen et al (5.45, 5.46) on Mn in Cu. They observed resonance from 

alloys containing from 0.07% to 11.1% Eh at 2K, 4K, 77K and 215K. They 

also studied an alloy of 4.2% Eh in Ag. The linewidths increased with 

temperature in the paramacnetic regime and g-values for the alloys were 

all in the range g = 1.99 to 2.01, after correcting approximately for 

lineshape. 	At low ta-:coeratures in the alloys containing more than about 

1 at%Eh in Cu, they observed from susce-otibility measuremmts what 

appeared to be antiferromagnetic ordering at temperatures increasing from 

about 12K for a 1.4aC alloy to about 100K for the 11.15-f, alloy. 	In 

addition, they observed a spontaneous magnetisation at 4K from the higher 

concentration alloys, the value of which aopeared to be a function of 

the field in which the alloy was cooled. Below the 176e1 Point the ear 

line was observed to move to lower fields, the largest shift being obtained 
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in the highest concentration alloys (at 4.2K, the 5.6,; Mn alloy had shifted 

by 1170 Gauss, the 1.4,' alloy by f•-• 190 Gauss). 	These shifts were found 

to be well described by the relation: 

II = (11o
2 	

HC 	' 
) 	H = (21143

A  ) .: 

which is of the same form as equation 4.80, for antiferromagnetic 

resonance with H perpendicular to an anisotro.-)y axis. 

Measurements on a single crystal of 5.6W Mh in Cu showed the line 

to be isotropic to within t 30 Gauss in the (ill) and (110) planes. 

Field cooling was also found to have a strong' effect on the esr 

measurements. Cooling the 5.6at alloy from 77K to 4K in a field of 

5KGauss shifted the line back to higher fields by 40 Gauss, compared to 

a measurement at 4K taken after cooling in zero field. Hysteresis 

effects and gradual field deoendent shifts weae also found when the alloy 

was held at 4K and the field was varied. 

The absence of an appreciable g-shift and the observed widths of the 

resonant lines was taken to indicate that the s - d exchange in the 

alloys was 1/5 - 1/10 less than might be expected for Mn in Cu. A 

molecular field model for the antiferromaffnetic resonance was presented, 

where the anisoropy field was replaced by a small molecular field arising 

from the ma,:netization of the conduction electrons. 

Shaltiel and Wernici: (5.47) observed the resonance of 2.. Mn in Au, 

Cu and Ag and confirmed the g-values obtained by Owen et al in Cu and ng. 

. 
They found a value of g = 2.005 - 0.005 in the Au-Mh alloy with a broad 

line of 725 Gauss at 20K (c.f., Cu-Mh = 140 Gauss, Ag-:.;n = 120 Gauss). 

Geschwind et al (5.46) made measurements on a 0.1at. Cu-Mn single 

crystal. They observed a line which narrowed to 40 Gauss at low 

temperatures but were unable to find evidence of hyperfine structure. 

Anisotropy in the Cu-Mh g-value was put at less than one part in four 

thousand from these measurements. 
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Griffiths (5.45), using the Present spectrometer, carefully 

investigated the behaviour of alloys containing 4at5,' and 15a.W 1n in Cu, 

as a function of their magnetic history. 

In the Cat;: alloy cooled in zero field, a well defined maximum in 

the plot of amplitude (A B) against temperature was observed at 

43 - 2K. 	At about the same temperature (50K) the linevidth showed a weak 

minimum and a lineshift became apparent. 	The more c,)ncentrated alloy 

showed similar behaviour, the corresponding temPeratures being 115 - 3K 

for amplitude and 135K for linewidth. 

The g-values and linewidths obtained by Griffiths agreed well with 

those of Owen et al except for the room temperature linewidth of the 

4at; alloy which Griffiths found to be considerably narrower than Owen's 

value, although both samples were annealed. Griffiths also found a smaller 

shift in resonant frequency for his 4at'; alloy (700 ± 20 Gauss). 

Cooling the alloys in a field of 5KGauss radically altered the 

behaviour on a subsequent warm-up run. The temperature of the amplitude 

maximum was the sane as the zero field value, but showed, in addition, a 

pronounced minimum at 21K and 60K for the 2/,-  and 1Z alloys respectively. 

There was a maximum in the linewidth at these temperatures and a reduction 

in the shift in resonant field at low temperatures. The 4at5 alloy was, 

for example, only shifted 460 ± 20 Gauss from g = 2 at 4.2K. By plotting 

the parameter (A B)(AH)2  against temPerature, it was evident that a 

1/T dependence of the signal intensity did not hold. 	The form of the 

curves for both zero and field cooled samples was similar. Using the 

expression H
2 
= H

o
2 

- 1102   used by Owen et al, Griffiths found a good 

linear relation between 70  and T for the zero field data and noticed that - 

the extrapolated value of T corresponding to H = 0 was in both oases 

close to the observed amplitude maximum. 
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Griffiths pointed out the fact that whilst these characteristic 

temperatures agree with those obtained from static susceptibility 

measurements, they are much lower than anomalies found in the resistance 

data for Cu-.71h alloys. 	The esr results were thought to support Kouvel's 

theory of ferromagneticiantiferromagnetic interactions and the characteristic 

temperatures to correspond to the onset of ferromagnetic interactions. 

, Gossard et al (5.50) studied the temperature dependence of the esr 

linewidth of 0.3 and 1.5a t';„ DI in Cu alloys from 1.4K to 240K with the 

addition of 0.01 to 0.150t; Tie, Fe, Co and la. 	They estimated, on the 

basis of the Xorrinfia formula, that the slope of the linewidth should be 

2000T Gauss compared with an observed value some two hundred times 

less for a 0.3at;f, alloy and eight hundred times less for a 1.5at';-: alloy. 

They attributed this difference to bottlenecking. 'When non-mametic 

impurities (Ti and la) were added, the linewidth was observed to broaden 

and the slope of the linewidth to increase by an amount roughly proportional 

to the impurity concentration. This was interpreted as evidence of the 

breaking of the bottleneck by increased conduction electron relaxation 

from spin - flip scattering at the impurity sites. 	hen Fe or Co were 

added, the broadening was an order of magnitude greater still and this 

was attributed to the extra relaxation involving the transfer of spin 

energy from the 	to the Fe and Co spins. Further work investigated 

the effect of Al and Mg impurities. The spin - flip scattering cross-

sections were deduced and tabulated for the various impurities. 

Okuda and Date (5.51) added iii and Al to a Cu-5. Mn alloy and 

found that the slope of the linewidth was five times greater for :a. 

They also found that in the antiferromagnetic regime, in a Cu V, Mn alloy, 

addition of Mi increased the lineshift whilst addition of Al had little 

effect upon it. 
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In a further paper (5.51), the same authors presented detailed 

measurements on alloys of 1.4, 2.0, 3.0 and 4.0 at Mn in Cu below 77K 

and the results were in good agreement with those of Owen et al and 

Griffiths. 	It iv.s observed that the concentration dependence of the 

lineshift at 4.2K was linear with a slope of 140 G.K-1  at X-band. 

They suggested that the anisotropy field originated from the nuclear spin 

of the L 55 in . 	It was shown that this field had the correct temperature 

dependence and the temperature dependence of the sublattice magnetisation 

was deduced. EEDOR experiments on 	alloys were performed and some 

effect attributable to nuclear anisotropy was observed. 

In further work on the effect of a third element they extended their 

previous work to Co, Fe, Pd, Ti and Zn, finding that the first three 

elements behaved like Ni in the antiferromagnetic regime whilst the last 

two were like Al. 

McElroy and Heeger (5.52) observed that residual linewidths in the 

Cu-'In system were unchanged for Mn concentrations of from 0.1 to 1.5at;:. and 

this ruled out 1.n-h interactions as being the main contribution. They 

found that the addition of non-mametic impurities such as Si or Al to 

a 0.lat Mn in Cu alloy increased the residual width by 72 G per c; Si 

and 30 G per (;.A1 and accounted for this by the mechanism discussed in 

ch. 4. 	In their analysis they obtained a value of Voll,r,0 1 e.g, by 

substituting the value for the spin - flip scattering time for Si, 

Obtained from a plot of linevidth against-  temperature for different Si 

impurity concentrations. 	Good agreement was obtained with the results 

from addition of Al. 
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Nakamura and Kinoshita (5.53) investigated a number of Cu-1.:n alloys 

with concentrations from 0.03 to 	and found that, below about 15 Mn 

in Cu, there was a rapid increase in linewidth for decreasing concentration, 

with a slope rather less than inversely proportional to concentration. 

They observed that the residual lin-2width was concentration independent 

for less than 12,;, Ida but decreased above this concentration. 	All their 

alloys gave g = 2.01 1-  0.01 in the paramagnetic regime. 

Gossard et al (5.54) studied the esr behaviour of Ag,-1.7n alloys and 

found good qualitative agreement with the Cu-1,.:n results. 	They worked 

with etched slabs of the material and with filed powders and observed 

that even after stress annealing, the linewidth in the filed powders 

increased at a sharper rate with temperature than in the slabs. In a 

slab containing 0.26. Mn the linewidth increased 	10 G.K-1  whilst in 

a 1.3g, alloy, the linewidth increased at 3 G.K-1, thus suggesting that the 

system is bottlenecked. Both alloys gave ges,  2 in the parcuaaLnetio 

regime and it was found (as in Cu-Lin) that the addition of non-magnetic 

impurities increased the slope of the linewidth. The spin - flip 

scattering cross-sections for Zn, Ga, Cd, Pt and Au were evaluated. 

The importance of metallurgical treatment in Cu-Lin alloys was high- 

lighted by the work of layako et al (5.55). 	They annealed their samples 

at 850C in a vacuum of l0
8 torr and claimed that this had a pronounced 

effect on the linewidth of their alloys. They found that the use of a 

vacuum of only 10
6 

torr doubled the linewidth of a 4.3/ 	in Cu alloy 

at room temperature and that bringing the vacuum up to 103 torr pushed 

the linewidth up by a further factor of about five. Differences were 

found to be much smaller at lower temperatures. Contrary to the work of 

Owen et al and Griffiths, they claimed to find pronounced maxima in 

linewidth for high vacuum annealed samples at temperatures corresponding 

to Kouvel's anomalies in the resistance (r-4 100K for 4.3 and 40K for 2.0). 
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A detailed study of the Ag-Mn system with Mn concentrations of from 

0.19 to 18at5: was carried out by Elliston (5.56). 	In the antiferro- 

magnetic regime, behaviour similar to the Cu-Mn results of Griffiths was 

observed, the reel temperatures suggested by the esr measurements again 

being considerably lower than values estimated from resistivity measurements. 

Oda and Asayarna (5.57) plotted the linewidth against temperature and 

residual linewidth against concentration for very dilute (0.05, 0.3 and 

1.5!) Mn in Cu doped with between 0.006 and O.Z Fe, ri and Co. They 

claimed that their results, using McElroy and Heeger's analysis, suggested 

the existence of an s - d quasi-bound state with high Kondo temperature 

for Co in Cu. 

Recently5 Nagashima and Abe (5.58) have opened the bottleneck in 

Cu-Mn using a different approach. They evaporated thin films of Cu-Mn 

on to thin glass plates and observed the increase in linewidth as the film 

thickness was reduced. 	They calculated a value of 0.04 as the probability 

of a spin disorientation with a surface collision. 

(b) Mn in Pd  

The first esr measurements in the Pd-Mn system were reported by 

Shaltiel and Wernick (5.47). 	They found gr./ 2.10 for a 2at.  sample at 

4.2K and 20K and a gradient in the linewidth of about 50 G.K 1. The 

linewidth at 4.2K was quoted as 680 Gauss. When 15 Pr was added to the 

alloy, the g-value increased to 2.195 whilst the addition of 0.2, Ho 

decreased it to 2.055. 	This indicated that, as in the case of Pd-Gd, the 

light rare-earths increase the .-e-value whilst addition of the heavy rare-

earths decrease it. Comparison of the values of J for the two systems 

were in fairly good agreeeent. The broadening of the line on adding the 

rare-earth was in this case much greater than for the Pd-Gd system. 
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Cottet (5.30) measured the temperature de-)endence of the linewidth 

in the paramagnetic regime for concentrations of 0.23, 0.5, 1.0, 1.5 and 2.0 

En in Pd and found a slope of 75 G.K-1 for the 	alloy, increasing slightly 

to about 90 G.K 1 
for the lowest concentration. He observed a g-value 

of about 2.12 - 0.01 for the 1.5a4 alloy at 5K and g = 2.17 for the 0.23 

alloy. 

(c) 	Mn in Zn, Lir-, and Al  

Owen et al (5.45) performed one experiment on a 0.67 Mn in Mg alloy 

and obtained a g-value of 2.02 and linewidth of 270 Gauss at 4.2K, which 

showed some si p s of Cu-lIn type antiferromagnetic behaviour below 4K. 

Single crystal measurements in this regime suggested some siEns of anisotropy. 

Collings and Hedgcock (5.59) made a thorough study of esr in a 0.6at% 

En in Mg alloy. They reported g = 2.00 t 0.01 from 70K to about 6K 

and a shift in the resonant field of 300 Gauss at 2K which was double the 

value reported by Owen et al. A temperature independent linewidth of about 

300 Gauss was reported up to 20K, with a slope of 6 G.K-1  above this 

temperature. The amplitude of the signal also gave a broad peak at 

about 6K. No change in the esr data was observed by cooling to 2.6K 

in a 3KGauss field. The same authors found no resonance for 1 a-W 

Mn in Al. 

Observation of a resonance line between 4K and 15K in a Zn 0.4at 

Nh alloy was claimed by Collings et al (5.60). A linewidth of 600 It 100 

Gauss was reported with a shallow minimum at roughly 10K. A small 

lineshift to lower field below the same temperature led them to the con- 

clusion that some form of antiferromagnetic order was present. Above 1CK 

it was stated that a g-shift was observed but no value was quoted. 

Miyako (5.61) claimed to have observed resonance from 0.5at: and 

1.0at L in Zn. A temperature independent g-value of 2.05 ±0.01 was 

reported, below 90K with a linewidth of 800 Gauss at 4.2K which broadened at 
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higher temperatures. Addition of Al and Cu impurities to the higher 

c:ncentration alloy increased the residual width and the slope of the 

linewidth. 

(d) 	Other Transition 1:.etaas 

Collings and Iiedgcock (5.59) reported the absence of any resonance 

in Al-Fe and lig-Fe alloys at 4K. 

Salmon and Feigl (5.62) claimed to have observed a resonance from 

iron in dilute Cr-Fe alloys but considerable doubt has now been cast 

upon this result. 

5.3 	Non S-State Resonances 

The first observation of a non s-state paramagnetic resonance in 

a dilute alloy was made in a Lc 0.3a-*: Er alloy by Griffiths and Coles 

(5.37) using the spectrometer described in this thesis. 	A resonance line 

with g = 6.73 1--  0.1 was obtained at 2.5K close to the value (6.78) 

observed for trivalent Er in cubic non-metallic matrices, where the 41
15
/2  

state is split by the crystal field to give a ground state doublet. 

The linewidth was observed to broaden from 60 Gauss at 2K linearly to 

160 Gauss at 14K. Over this tem3erature range the signal intensity 

((A + B)AH2T) showed little temoerature dependence. 	A 1.5at 

showed weaker temperature variation of the linowidth but had the same g-value. 

In a further paper (5.63) g-values of 6.80 0.07 were reported 

for La'  0.20at: Er and a g-value of 3.30 1-  0.10 was found for a 0.9at, 

yb in Au alloy. A g-value of 3.43 is expected for a F17  doublet of 

Yb3+  in a cubic environment. 

The linewidths for the alloys were found to be of the form A + BT, 

where A = 42 Gauss and B = 9.2 G.K 
1  
- for the Ag-Er alloy, whilst A = 370 

Gauss and B = 12 G.K
-1  for the Au-Yb, implying. J = 0.15 e.1.7: and 0.03 e.V. 

respectively. No resonances were observed in powder samples of AgDy, AgYb 

or from the ions Tm, Ho and Tb. 	The absence of a res.-.ance in AgYb 
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was attributed to a divalent state for Yb in this alloy, as was suggested 

by the Mali and weakly temperature dependent susceptibility. 

Lowin (5.28) confirmed the g-values obtained above and searched 

for further non s-state resonances in various hosts. He failed to observe 

any signal from 2,g, Tug, 2 Ho or 	Ce in LaAl2  or from Ce in the compound 

CeAl2. 

A resonance from Er in a single crystal of Mg was reported by Burr 

and Orbech (5.41). The observed signal was characteristic of a uniaxially 

distorted 117  doublet of the free ion 4115/2  multiplet, the principal 

values of the g--tensor being all = 8.90 0.1 and gi.= 5.77 - 0.1. 	They 

observed that the broadening of the line with temperature was anisotropic 

varying from 120 1: 20 Gauss in the parallel direction to 140 20 Gauss 

in the perpendicular direction at 4.2K. Analysis of these values was 

taken to suggest that the conduction electron - localised moment exchange 

interaction was isotropic with a value of 0.031 e.V. 

The first observation of hyperfine splitting of a localised moment 

in a metal was made by Chui et al (5.64) for concentrations of from 65 

to 1500ppm of Er in Agr-. They estimated a value of A1 = 75 t 10 for the 

hyperfine coupling constant, in good agreement with values for Er3+  in 

an insulator. They found that the form A + BT used by Griffiths and 

Coles fitted their linewidth data (central line) and that A was concentra- 

tion dependent. They attributed the absence of hyperfine splitting in 

the previous work as due to the larger residual linewidth together with 

the thermal contribution at the lowest temperatures (total"-,  70 Gauss 

at 2K) which caused the central line to mask the inner hyperfine lines. 

In a further paper (5.65) hyperfine splitting was observed in dilute 

Eu-Er (to 50 ppm) and Au-Yb (to 500 ppm) alloys. The value for the 

hyperfine coupling constant for ku-Er was found to be 75.5 t 0.5 Gauss 

(c.f. value of 73.8 for Er3+  in Th02), the central line gave g = 6.80 ±0.04 

and the lineridth obeyed the relation A + BT with B = 2.4 ±0.2 G.K-1. 
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The hyperfine structure in Au-Yb corresponded to the Yb171  isotope 

with I = 	and Ai  was found to be 575 t 10 Gauss (c.f. A1e-'549 for Yb 

in Ce02). The hyperfine structure from the isotope Yb
173 which has 

about the same abundance as the'fb171  (I = 5/2) was not observed and this 

vas attributed to the reduction in intensity on division between the six 

satellites. A g-value of 3.34 t 0.06 was found for the central line 

but the value of the temperature dependent contribution to the linewidth 

of 42 - 7 G.K-1 was higher by a factor of three than the value reported 

by Hirst et al (5.63) for the slightly more concentrated alloy. The 

increase in 	for both alloys over the values in insulators was attributed 

to the spin polarisation of the conduction electrons. They evaluated the 

localised moment - conduction electron exchange from the temperature 

dependence of the linewidth and using a value estimated by Shaltiel 

et al (5.18) for the 6s contribution to the hyperfine coupling constant, 

they separated out the atomic and covalent mixing contributions to J 

for both alloys. By this method, they obtained a value for the covalent 

mixing contribution in Au-Yb some twenty times larger than is theoretically 

predicted and they speculate (bearing in mind the diamagnetism of AgYb) 

that the difference in covalent mixing is due to the close proximity of 

the 4f level to the Fermi level in this alloy. 

The values quoted above have recently been corrected (5.66) in work 

on enriched samples of Er
167 

and Yb171 	The revised hyperfine constants 

were given as 75 ± 0.5 and 575 t 10 and the temperature dependence of the 

- linewidth as 2.7 - 0.5 and 40 - 10 G.K 1  respectively. 

Davidov et al (5.67) reported the resonance of Dy in Ag at concentra-

tions of from 0.098 to 15 at temperatures in the helium range. They 

obtained a value of g = 7.80 - 0.3 which is close to the value expected 

for the /
7 
 statein a cubic environment (c.f. g = 7.55 in CaF2) 	The 

linewidth follo;.ed the usual linear relationship with temperature, 

in this case L(0) = 230 Gauss for a 0.40 alloy and 130 Gauss for a 0.15:, 
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- alloy with B = 40 - 15 G.K 1. These figures give a value of J = 

+ 0.25 - 0.1 eV. No hyperfine structure was observed. 

The same authors (5.68)1in a further popersinvestigated the resonance 

of Er in Th, Rh, Pt and Cu; their results are shown below: 

C(ppm) g A B 

ThEr 100 6.84 ± 0.05 27 15 - 2 

RhEr 700 6.78 1.  0.1 63 4 - 2 

PtEr 1000 6.50 ± 0.3 500 

CuEr 200 6.86 1: 0.07 54 10 - 2 

Hyperfine structure was observed in the ThEr system but (presumably 

due to the larger residual linewidths) was not observed in the other 

alloys. A value of J = + 0.2 ± 0.05 eV was calculated for CuEr. 

The first observation of a ri8 quartet resonance was reported by 

Davidov et al (5.69) in AuDy single crystals with concentrations of 500 

and 1000 ppm Dy. The 500 ppm sample displayed two lines both exhibiting 

appreciable angular dependence in resonant field. The 1000 ppm sample 

showed only one line with angular variation similar to one of the 500 ppm 

sample lines. The data were fitted to crystal field parameters with B4/B6  

1300 t 30. This value is much larger than the value B4/B6‹ 340 (deduced 

from the work of Hirst and Williams) for a AgDy alloy and the difference 

was attributed to the larger virtual d-level width in Ag, reducing the 

contribution to B
4 
from the d-like screening electrons. 

The nearly linear increase with tenperature of the linewidth of the 

strongest line in the dilute crystal was used to evaluate J = 0.14 1: 0.05 eV. 

This value (larger than LuEr) was taken to be evidence, along with previous 

measurements (above), of the increasing tendency to covalency in moving 

across the rare-earth series from Gd to Yb. 
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A further paper by the same authors (5.70) analysed the behaviour 

of Er in various hosts, extending their previous measurements (5.60. 

Powder samples of Er in Pt gave broad lines with g = 6.5 ±0.3 as found 

previously, but splatted samples gave a narrow line at g = 5.95 ±0.05. 

Hyperfine structure was observed with AI = 75 - 2 Gauss. All concentrations 

from 250 to 1020 ppm gave a linewidth linear in temperature with B(vE3 G.K. -1. 

PdEr gave two lines in powder samples with Er concentrations from 

200 ppm to 10,000 ppm. The g-values were quoted as 7.5 ±0.5 and 

4.5 0.5. It was found that splatting reduced the intensity of the first 

line and increased the second (low g), and hydrogenation of the alloys 

caused the second line to vanish. From these observations the broad line 

in the PtEr powder samples and the g = 7.5 line in the PdEr samples were 

attributed to inter metallic compounds. 

It was argued that although the il6  level has g . 5.95, the 

associated value of the hyperfine coupling constant AI would be 12 

lower than the observed value. Since Er in seven other hosts gave a 

value of A/  less than 1.5 from the expected value, it was argued that the 

Er resonance observed in Pd must be due to the fl
7 
level but shifted 

from the free ion value of 6.78 by some 34. A plot of Gd and Er 

g-values against host (Rh, Pt, Pd) susceptibility yielded a pair of 

straight lines. The values of the g-shifts, however, do not predict 

through equation 4.55 the observed temperature dependence of the linevidth. 

These observations constitute the only tentative identification of 

a non s-state resonance in an intermetallic compound. 

Davidov et al (5.43) have also investigated Er and Dy in Th as well 

as Gd in Th reported above. 

In ThEr alloys of concentration from 40 to 2600 ppm, a linear plot 

of linewidth against temperature was again obtained with slope 14 - 3 G.K. 
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The measured 0-value of the alloys vas 6.84 0.05 (as previously 

reported for a 100 ppm sample). Hyperfine structure was resolved with 

+ A! = 75 - 2 Gauss. In ThDy alloys with concentrations of from 180 

to 3250 ppm Dy, values of g = 7.61 1.  0.1 and B = 33 t 7 G.K-1  were 

obtained. 

The temperature dependence of the linewidth was used to calculate 

J for the alleys with an assumed enhancement factor of K ( C+40.4. The 

values obtained were within the errors of the values calculated from the 

g-shift (except for ThGd) and shoved a constant value",  0.044 eV for all 

three alloys, in good agreement with values obtained from previous 

superconducting transition temperature measurements. 

5.4 	Transmission Electron Spin Resonance  

The investigations in the previous sections of this chapter have all 

made use of the reflection technique in esr. A few experiments on dilute 

alloys have, however, made use of the technique of transmission electron 

spin resonance (tear). 

In these measurements a thin sheet is held between two resonant 

cavities. At resonance, electrons in the skin depth of the surface 

exposed to an rf magnetic field develop a transverse mareletisation and, 

via a diffusion process, carry the magnetisation to the other side of the 

sample, where power is radiated into the 'receiver' cavity. 	The process 

can only occur if the diffusion length Ss  in the relaxation time T2, is 

greater than the sample thickness. This, itself, must be sufficiently 

thick that negligible power is transmitted. 

If randomly distributed dilute magnetic moments with a g-value gd  

close to the conduction electron value go  are present in the sample and 
Oa,  

if, in addition, the cross relaxation rates are larger than those to tile 

lattice (i.e. the bottleneck limit), a sine-le resonance line is observed. 
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The most important parameter in this case is the ratio )ir  of the impurity 

static susceptibility X d  to the conduction electron susceptibilityX s. 
When X' r> 1, the resonance is dominated by the local moment properties 

(i.e. at lcA; temperatures or high concentrations), but when Xr < 1, 

the conduction electron system dominates. A solution of Bloch-like 

equations, modified for diffusion and e=change (5.73) yield 

gd)   X
2 	 Cs - 8o = 	(1 4. x r-) 

1 	1 	1 X AI' T
eff

1 	
( °C obs) = T

sL 
1 4. Xr 	TaL  1 4- )(r 	5.2  

in the limit above, where go  is the observed g-value of the 'system'. 

TESR Results 

The technique was first applied to the dilute alloy problem by 

Cowan (5.71) who studied the Cu-Mn system. The g-value of an alloy 

containing 100 ppm Mn at 1.5K was found to be 2.011 ± 0.005 which is the 

same value as that obtained by conventional techniques. This result is 

not surprising since X.r> 1. No sign of hyperfine splitting was 
observed even in a 40 ppm sample. 

Schultz et al (5.72) studied the Cu-Mn system from 1.4K to 35K, 

for concentrations ranging from 13 ppm (X r(N) 3 at 1K) to 250 ppm. In 

the low concentration limit, the 6-value of 4K was 2.024 and this approached 

the pure Cu cesr value of 2.033 at higher temperatures. The more 

concentrated alloy made a fax slower approach towards the Cu value with 

increasing temperature. The results on the Cu-Mn system were found to 

be in good agreement with the simple theory above. One Ag-Mn alloy 

was also studied. In this case, whilst the general form of the behaviour 

was in accord with theory, the high temperature g-value appeared to saturate 

at a value (r" 1.999) far from the pure Ag g-value (1.983) and no explanation 

was offered for this. 

5.1 

and 
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The behaviour of the linewidth as a function of temperature for the 

alloys was also in good agreement with theoryrand Schultz and his co-

workers deduced values of TdL 
 and T

sL from their measurements. 

In a further paper, Monod and Schultz (5.73) performed tesr on 

alloys of Cu containing 4 to 36 ppm of Cr. The same form of behaviour 

for the variation of g-value with temperature was observed as in the Cu-1ln 

and both the g-value and linewidth were again in good agreement with 

theory. The value of the spin flip scattering cross-section for Cr 

obtained from the present work was in excellent agreement with the values 

Obtained previously for Ti, Ni and Lin by indirect methods (5.50, 5.51). 
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CHAPTER 6  

METALLURGY 

A wide variety of solid solutions and compounds has been 

investigated in this work. In this chapter, a brief discussion of 

alloying theory is followed by a section dealing with some of the 

experimental techniques used in the preparation and analysis of the 

samples and, finally, each alloy system studied is discussed individually. 

Appendix 2 contains structural data on many of the systems. 

6.1 	General Al1oyinp7 Theory  

The approach to the alloying behaviour of metals is still rather 

empirical, but there are some general rules relating to the solid 

solubility of one element in another and the existence and structure 

of intermetallic compounds. These classical rules of alloying behaviour 

were first enunciated by Hume-Rothery (6.1) as follows: 

(a) Size Factor 

If a solute atom is substituted into the lattice of a solvent 

atom, and there is a wide disparity in atomic "size", a significant 

strain field is set up around the solute atom and at the limit second 

phase is precipitated. flume-Rothery considered that a difference in 

atomic radii of greater than 19r,  severely restricts solubility, even 

when other factors are favourable. 

Laves (6.2) examined the ease with which different types of atom 

may be stacked to form various structures when the radii of the atomic 

species are different. 	The Laves phases (MgZn2, MgCu2, and Mg1112), 
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for example, occur for radius ratios between 1.1 and 1.4, the ideal 

theoretical ratio for close packing being 1.225. Dwight (6.3) showed 

that the major factor controlling the formation of rare-earth Laves 

phases and related structures is the ability of the partner elements to 

expand or contract so that the ideal ratio is approached. He further 

suggested that electronic factors are important in determining the 

stable structure in a given system. 

(b) Electron Concentration 

Hume-Rothery observed that in alloys of Cu, Ag and Au with 

elements such as Sn and Zn, certain structures existed with a fixed 

electron to atom ratio. 	These "magic" ratios correspond to the 

maximum number of electrons which can be contained in the first 

Brillioun one without overlapping into the second zone. In the case 

of these "electron compounds", at the point of contact of the Fermi 

sphere with the zone boundary, a new structure becomes energetically 

more favourable. The Brillioun zone of this new structure can accomo-

date a larger Fermi surface. These ideas are discussed at some length 

in most metallurgical texts. 

The extension of these ideas from simple monovalent metals to 

rare-earth and transition metal systems involves great difficulties. 

The ideas of Hume-Rothery have, houever, been extended to other systems 

(6.3, 6.4, 6.5) including the Laves Phases, and the general importance 

of the factor in more complex systems has been reviewed by Wernick (6.6). 

(c) Electrochemical Factor 

Then the difference in electronegativity between two elements is 

large, a very stable compound is usually formed and this tendency to 

compound f-imiation limits the extent of solid solution. Considerations 

of electronegativity are esentially qualitative, but an attempt to combine 

the size factor and electrochemical factor in the form of a Darken-Gurxy 
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plot has led to some success in predicting the solubility of one 

element in another. 

The factors described above operate to determine which of a variety 

of structures occur for a given alloy system, but their relative importance 

varies, and the fact that the difference in energy between various 

structural forms is often marginal, means that second order effects may 

determine the final equilibrium form. In the discussion of the alloy 

systems below, reference will be made where possible to the relaLive 

importance of these effects. It is usually most obvious when size 

. effects are of greatest importance. 

6.2 	Purity of Materials 

The purity and form of the elements used in this study are 

indicated below: 

Pd 	Johnson Mathey, Specpure powder 

Gd 	Koch-light 3N ingot 

Mn 	Koch-light 4N5 electrolytic flake 
(cleaned before use in dilute ENO ) 

Zn 	Koch-light 5N rod 

La 	Koch-light 3N ingot 

B 	 Koch-light 2N8 sponge 

Tb 	Koch-light 3N ingot 

Ag 	Koch-light 5N rod 

Au 	Johnson Mathey Specpure powder 

Al 	Johnson Mathey Specpure rod 

Cu 	Johnson Mathey Specpure rod 

Pt 	Johnson Mathey Specpure sponge and 
Engelhard 4N sponge 

In 	Koch-light 5N ingot 

Sn 	Koch-light 5N rod 

Fe 	Koch-light 4E8 wire 
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The purities are, in general, those stated by the manufacturers, 

although the Pd and lsg were analysed by emission spectroscopy in the 

Analytical Services Laboratory of Imperial College. The results show 

that impurity levels in both cases are well below 10 ppm. 

6.3 	Furnaces  
• 

An argon are furnace was used for prep ring some of the alloys. 

This type of furnace employs a water cooled hearth and tungsten electrode, 

and melting is performed, after flushing twice with clean argon gas, 

in two-thirds of an atmosphere of argon. A titanium getter is heated 

for a minute or two before each melt in order further to purify the 

atmosphere in the.  furnace. Generally, unless otherwise specified, 

nominal currents of about 80 amps are employed and the ingots held in 

the molten state for about thirty seconds before turning over and 

remelting a number of times. In some cases, the alloys were cast 

in situ into sticks (40mm x approx. 2mm in diameter) using' a suction 

device described by Stone (6.7). 

The furnaces used at temperatures below about 1200C are constructed 

from silicon carbide "Crusilite" ele:,ents and temperatures are held 

steady to about 2C by "Ether" and "Eurotherm" controllers, calibrated 

against a Pt - Pt 13 at. % Rh thermocouple. 

6.4 	Metallurgical Examination of Samples 

A number of techniques were used to check the composition, 

homogeneity and structure of the samples. 

(a) Metallographic Examination  

Samples were set in mounting plastic and ground and polished on 

successive grades of emery paper until all surface scratches were 

removed. They were then etched and examined under magnifications of 

• 	 up to x400. This enabled amounts of second phase and grain size to be 

estimated. 
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(b) Hardness 

Measurements were made using a Vickers microhardness tester. 

Several indentations across a specimen allow areas of second phase to 

be confirmed and homogeneity to be checked. With suitable standards 

a rough estimate of composition in dilute systems may sometimes be made. 

(c) "Vet" Analysis  

Quantitative chemical analysis was performed on Zn-Mn alloys by the 

Analytical Services Laboratory of Imperial College and on the Pt-Gd 

intermetallic compounds by Dr. I. R. Harris at the University of 

Birmingham. 

(a) PS...926ron-cr....227011Lasis2,--- 

In this form of analysis, an electron beam a few microns in diameter 

is moved across the surface of the sample; from the characteristic 

X-rays emitted, the elements present in the sample may be determined. 

From variations in intensity, homogeneity may be checked. 

(e) X-ray Analysis  

X-ray powder patterns of a number of the intermetallic compounds 

were obtained. By comparison with published data, the prese,ice of 

specific phases of a given atomic structure could be checked. 

6.5 	The Intermetallic Compounds 

(a) Ag-Gd  

Steeb et al (6.8) found that there existed two silver rich phases 

in this system, correspondi_Ig to compositions Ag3Gd and Ag2Gd; the 

Ag3Gd compound melts congruently at a temperature in the region of 900 

to 940C. 

Gschneider (6.9) confirmed the existence of these Phases, but 

preferred a true stoichiometry of Ag51014  for the dilute phase. 

• 



150 

The "Ag
3
Gd" sample investigated in this work was prepared by 

arc-melting the starting materials. A fairly large weight loss 

(^-,3%) was observed. The ingot was etched with a mixture of equal 

proportions of NH
4
OH and H202 and the observed microstructure closely 

resembled fig. (c) and (d) in the paper of Gschneider et al, showing a 

two phase structure. The majority phase ("'8O) was shown by electron 

probe analysis to be the required phase; the rest appeared to be a 

eutectic mixture. 

Steeb et al originally suggested that the compound took up the 

Ag3Pu structure type which has a hexagonal unit cell containing 64 atoms. 

Gschneider et al, however, believe that, whilst the structure is hexagonal, 

it is a new stricture type which they call Ag3.6Gd. McLlasters et al 

(6.10) find a similar structure in the Au-Gd system. Full structural 

details are yet to be published. 

(b) Al-Gd 

An X-ray diffraction and therraoanalytical investigation of the 

rare-earth aluminium system was carried out by Buschow and Van Vucht (6.11). 

Their phase diagram (fig. 6.1) shows the presence of three internetallic 

compounds on the Al-rich side: Gam, GdAl2  and Galy  

Samples of GdAl2  were prepared by melting the Gd and Al together 

in the arc-furnace. The resulting ingots were exceedingly brittle 

and shattered on re-melting, thus making the estimation of weight losses 

impossible. The compound melts congruently at 1500C and is the most 

stable phase in the system; it can thus be easily prepared as single 

phase. This was confirmed by electron probe and metallographic analysis. 

GIA12  has the cubic MgCu2  Laves phase structure with space group Fd3m. 

Attempts to make the other two compounds in the system were less 

successful. A number of GdAl ingots were arc melted and various heat 

treatments were given. The best specimen was obtained by annealing 
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the ingot for three days at 750C. Examination under the microscope 

revealed a white matrix (P,-,70) with darker areas. Electron probe 

analysis suggested that the white majority phase was indeed the 

monoaluminide but that the darker areas were Al rich and probably the 

dialuminide. Unfortunately, no useful data could be obtained from 

this sample since the esr signal from GdAl2  is extremely strong. A 

few filings were in fact taken from the ingot (which was not very 

brittle) and mounted in the esr spectrometer; a room temperature sweep 

showed a slightly distorted GdAl2  signal: 

The monoaluminide has an orthorhombic lattice (6.12) and is classified 

as of the ErAl structure type (space group Pmma), the structure of which 

is not known. It may be transformed by suitable heat treatment to a 

metastable modification (CLA1 type). 

A number of attempts were also made to form the trialuminide, but 

this was not formed as majority phase. Visual and electron probe 

analysis of these samples showed a mixture of three phases: a majority 

of GdAl2' 
perhaps 20 - 30./0 of GdA13 

and what appeared to be pure Al. 

Runnals and Boucher (6.13) claim the existence of a further Al 

rich phase at composition GdA1
4 

which decomposes by a peritectoidal 

reaction at about 400C to form a-Al and GdA13. Buschow and Van Vucht 

(6.11) maintain, however, that the (R.E)A14  (they prefer (R.E) 3A111)  
phase only exists for La, Ce, Pr, lid and Sm. 

The structure of the (R.E)A1
3 
compounds has a number of forms. 

Up to and including Gil), the hexagonal Ni3
Sn type structure is formed 

(6.13) with space group P63/mmc, but the heavier rare earths take up a 

variety of different structures (see Appendix 2). This wide variety of 

structural forms, on moving across the rare earth series, suggests that 

atomic size is of great importance in deciding the stability of structures 

in these systems. 
i 
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(c) Au-Mn 

The Au rich end of the Au-Mn phase diagram is shown in fig. (6.2) 

This is reproduced from "The Constitution of Binary Alloys" by Schunk 

(6.14). Between the stoichiometry Au31In and the Au richest compound 

cK-Au
4
rn
' 

there exist two intermediate phases and this has led to 

considerable confusion in the literature. The phase referred to by 

Viatanabe (6.15) as Au
3
Eh, for example, has since been shown to be the 

O( - 	which forms peritectoidally at about 21211n. 

Morris et al (6.16, 6.17), in X-ray diffraction studies, distinguished 

three alloys at the composition Au
3
Mn. They formed the disordered face 

centred cubic alloy by quenching rapidly from 7000, a metastable ordered 

structure produced by an anneal of a few minutes at 4450 followed by 

quenching, which they labelled Au
3
Mid, and a stable ordered structure 

formed after a long anneal at 4450, which they called Au3MnII. 

Because of the complexity of the system, a number of alloys were 

prepared in this work. The disordered phase was prepared by arc-melting 

the components (a small (,-'0.Z) wei-ht loss being observed) and 

homogenising the ingot for five days at 8500, followed by a rapid quench. 

The resulting alloy was not brittle and hardness measurements further 

suggested that the solid solution had been retained. X-ray diffraction 

data was obtained on this sample and the lines observed corresponded 

to the data for the disordered structure given by Morris et al (6.17). 

Some very faint super-lattice lines were observed. 

The ordered phase was formed by again arc-melting the elements and 

then annealing for three days at 550C. This sample was fairly brittle 

and much harder (ry200 on the Vickers scale compared with --.70 for the 

disordered structure). The X-ray diffraction data showed strong super-

lattice lines. Comparison with the data of Morris et al (6.17) suggested 
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that a mixture of the Au3LinI and Au3MnII forms were present. 

The stable Au3MnII phase is a tetragonally distorted modification 

of the face-centred cubic (Au) structure, whilst the metastable Au3unl  
compound, which transforms at room temperature slowly back to the 

Au
3
IIIII structure, appears to be orthorhombic. Liorris and Hughes 

were unable to distinguish between a 2 x 4 x 1 superlattice cell or a 

1 x 1 x 10 cell for the stable compound. 

(d) B - Gds  Tb, Er 

All the rare earths form isostructural hexaborides and tetraborides. 

These interstitial compounds are metallic and highly refractory. 

Some of the measurements made in this study were performed on 

samples prepared by Dr. Z. Fisk, but the majority of the work was 

performed on samples of Gd34, GdB6, TbB4, TbB6  and ErB4  prepared in 

this laboratory. 

All the borides were prepared by arc-melting. Tetraborides were 

prepared fairly easily by this technique and microscopic, X-ray and 

electron microprobe analysis on the as-cast ingots suggested that they 

were all better than 90 single phase. The light blue-greyish ingots 

were heavily faceted and hardness measurements were variable but gave 

values of about 2000 on the Vickers scale. No estimate of weight loss 

was made as the samples splattered on re-melting. 

The tetraborides appear to be the most stable of the rare earth 

borides and preparation of the hexaborides was more difficult. Initial 

attempts to prepare them by arc melting stoichiometric proportions of 

the rare earth metal and boron sponge in a pile on the arc-furnace hearth, 

using currents of up to 150A, in general proved unsuccessful. Finally, 

a procedure was adopted in which an excess of boron (20 - 300 was used 

and the elements pressed into a pellet, using a hardened steel die. 

a 
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The samples were then arc-melted about four times at increasing currents 

up to 170A, turning over after each melt. Some of the excess boron 

was lost on pressing and melting but Fisk (1.6) showed that using even 

quite large excesses (to composition (R.E)B9) had no effect on megnetic 

data. Comparison of esr data obtained in this work on samples formed 

with different amounts of excess boron further supported this view. 

Visual examination of the Gd and Tb hexaborides indicated three 

phases: a whitish phase normally present in very small quantities which 

microprobe analysis suggested was the diboride:  the tetraboride and the 

shiny blue hexaboride. Samples of GdB6  were prepared with 5 = 12,1, 

second phase, whilst the best that could be done with the TbB6  was about 

10 - 15(/': second phase. 	Attempts to form Er36  as- majority phase were 

unsuccessful. The hardness of the hexaborides lay in the range 

3000 - 500: on the Tickers scale. 

The 3 gram samples of the Tb borides, used in the neutron diffraction 

experiments, were prepared from the separated isotope B11 obtained in 

sponge form from 20th Century Electronics and quoted as being 95i., B11. 

The hexaboride structure can be conceived as a CsC1 type structure 

with a rare earth atom replacing the Cs ion, and a B6  octahedron in 

place of the chloride ion. The structure type is CaB6  with space 

group Pm3m. 

Longuet-Higgins and Roberts (6.18) considered, using molecular 

orbital theory, how many electrons were required to bond the octahedra 

of boron atoms to the rare earth. They showed that twenty electrons 

were required. The boron atoms can supply eighteen, so the rare earth 

must provide the remaining two. The remaining electron thus gives 

rise to the metallic properties of the hexaborides. 

a 
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The tetraborides have a tetragcnel ThB4  structure (6.19) with 

sixteen atoms per unit cell and space group P4/Mbm. The structure is 

rather complex, being essentially a combination of the CaB6  structure 

and the A1B
2 
 structure, with a three dimensional network of boron atoms 

formed among the metal atoms. Lipscodb and Britton (6.20) suggest that, 

in the rare earth tetraborides, the same type of bonding scheme operates 

as in the hexaborides, and that the rare earth again contributes two 

electrons to stabilise the boron network. 

(e) Cu-Gd 

No phase diagram has yet appeared for the Cu-Cd system and there is 

some disagreement as to the existence of a number of phases reported in 

the literature. 

The existence of the compound Cu2Gd is well established and analogs 

exist for all the rare earth metals. It forms congruently from the 

melt at about 900C in the case of Gd. In this work, the compound was 

formed by arc-melting the components. The resulting alloy was exceedingly 

brittle, making the estimation of weight losses impossible. Metallograohic 

examination showed the alloy to be almost entirely single phase. 

This compound crystallises in the CeCu2  type structure (6.21) 

which is orthorhombic with space group Imma. Each Ce atom has four 

nearest neighbours with a Ce-Ce distance greater than 3R. 

In the Pr-Cu (fig. (6.3)) (and La-Cu) system (6.22) there exist 

two further compounds: PrCu
41 
 which forms peritectically at 824C and 

PrCu6, which melts congruently at 9260. Buschow (6.23) has investigated 

the Er-Cu system in some detail and his tentative phase diagram is shown 

in fig. (6.4). He finds three compounds beyond LrCu2: ErCu5, which 

forms peritectically at 1005C, and two unidentified compounds which he 

calls CuxEr and Cu Er, both existing at about 20 at. 'S Er. The Cu rich 

compound (Cu Er), he believes, is formed congruently from the melt at 

1010C, whereas the CuxEr compound is formed peritectically at 940C. 
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He finds no evidence for the existence of a phase with composition CutsEr. 

These striking differences between light rare-earth-Cu and heavy 

rare-earth-Cu phase diagrams suggest that size effects are probably a 

large fact_r in the determination of the structural forms in the rare-

earth-Cu series. The position of Gd in the middle of the series means 

that it lies in the transition region for various structures. 

Loriarty and Baenziger (6.24) identified a compound Cu4Gd 

and suspected the presence of Cu
5
Gd and Cu6Cd. Buschow et al (6.25) 

found by X-ray diffraction the existence of two structure types for the 

(R.E)-Cu
5 
alloys. For Tm, Er, Ho and Dy the compounds crystallise 

in the AuBe
5 

structure type which is cubic with space group F43m, but 

for the compounds of Gd, Tb, Dy and Y the hexagonal CaCu
5 

structure, 

space group P6/maim, was observed in addition. Buschow and Van Der Goot 

(6.26) in a further paper, confirmed the existence of the (R.E)-Cu6  

phase for Pr, MI  Sm and Gd and showed that it had the Orthorhombic CeCu 

structure described by Cromer et al (6.27). This structure has space 

group Pnma and is closely related to the CaCu
5 
structure; there are 

no Ce-Ce nearest neighbours. Buschow found no such phase for Tb and Dy. 

In this work attempts have been made to form compounds at compositions 

Cu6Gd, Cu5Gd and Cu4Gd. The possible existence of the various rare-earth-Cu 

phases is summarised in fig. (6.5). 

Sample (1): This was arc-melted at composition Cu6Gd and the ingot 

homogenised at 750C in vacuo in an etched silica tube. The ingot was 

etched in dilute BF and both metallographic and electron probe analysis 

suggested the presence of two phases, the latter indicating a mixture 

of Cu6Gd and Cu5Gd (rsa700 stoichiometries. An esr run on this sample 

confirmed this view, a mixture cf two signals being observed below 77K 

with a single line at higher temperatures which did not correspond to the 

line obtained from a sample of fairly single phase Cu6Gd (Sample (2)). 

6 
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Sample (2):  A Darken-Gerry plot suggests that the solubility of the 

rare earths in Cu is negligible and therefore an attempt was made to 

form the Cu6Gd phase by arc-melting amounts of starting materials 

corresponding to a structure CusGd. This alloy (and subsequent alloys 

formed in this way) gave low (",0.5%) weight losses on melting and were 

quite brittle. Examination under the microscope suggested that the 

alloy was over 90 single phase and electron microprobe analysis confirmed 

that this phase was of approximLte composition Cu6Gd. 

Sample (3):  This sample was formed by arc-melting at composition Cu
4
Gd. 

The ingot was annealed in vacuo in a silica tube for fourteen days at 

700C. It appeared about 905 single phase on examination under the 

microscope, and, for three alloys prepared in this way, the electron 

microprobe analysis suggested a nominal concentration which would 

correspond to a compound with stoichiometry Cu3.8Gd; it confirmed the 

existence of small inclusions of second phase. The sample was not very 

brittle. 

X-ray analysis confirmed that Sample (2) had the CeCu6  structure 

reported by Buschow. No structural details are available for the 

compound GdCu4  and Sample (3) did not give a sharp X-ray powder pattern. 

It was also not possible to determine whether the predominant phase in 

Sample (1) was of the AuBe
5 

or CaCu
5 
structure type. 

(f) In-Gd 

The 'most probable' phase diagram for Ce-In and Pr-In is given in 

Hansen (6.28) and this shows that the compounds most dilute in rase-earth 

form congruently at composition (R.E)-In
3' 

This is confirmed for Gd by 

Moriarty and Baenziger (6.24). 

4 
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The compound was prepared by arc-melting the constituents. A 

weight loss of about 2% was obtained for both the compounds produced. 

Examination under the microscope revealed fairly large grains of 

inte=etallic compound with a little second phase deposited in the grain 

boundaries. Both the alloys prepared in this way were rather less 

brittle than the majority of intermetallic compounds and one of the 

alloys was stress annealed for two hours at 250C in an etched pyrex tube 

in vacuo, after crushing. 

The compound has been shown (6.29) to crystallise in the cubic 

Cu 
3
Au type structure, space group Pm3m. 

(g) Pd-Eu 

Measurements were made on two compounds in the PdEu system: 

PdEu and Pd
2Eu. Harris and Longworth (3.26) have shown that the Eu 

is in a divalent state in both these comnounds. The alloys were supplied 

by Dr. I. R. Harris of the University of Birmingham who prepared them by 

arc-melting. Chemical analysis and metallographic exsminction showed 

the two alloys of the appropriate compositions, although susceptibility 

measurements on the Pd-Eu phase have indicated the presence of some 

second phase (G. Longworth, private communication). 

X-ray diffraction data of Harris shows that Pd
2Eu takes up the 

MgCu
2 structure Laves phase. The structure of PdEu is, however, not 

known. 

(h) Pd-Gd, Er, Yb  

These alloys were again prepared by Dr. I. R. Harris. The 

measurements in this work were made on the materials prepared for the 

magnetic measurements of Gardner et al (3:23). 

The three compounds measured, Pd3Gd, Pd3Yb, and Pd3Er, were all 

prepared by arc-melting the elements and homogenising them at 900C for 

one week. The compounds are shown to form congruently at temperatures 
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in excess of 1400C from an approximate form of the (R.E)-Pd phase diagram 

given by Gardner et al. The Pd
3Gd and Pd3Er were extremely brittle and 

appeared single phase under the microscope. 

The Pd
3Yb sample, however, was not brittle (no magnetic measure- 

ments were published for this sample). Further attempts were made to 

form this compound as single phase in this laboratory, but without 

success. On early attempts it was found that large arc furnace 

currents (%,120A) were required to fuse the elements and that they then 

tended to separate again on further melting. The large currents were 

leading to considerable volatalisation of the Yb metal and therefore a 

number of melts were made with compositions up to 35 at.% Yb to try to 

allow for loss. None of the alloys was brittle and they showed a 

Vickers hardness nearer the value expected for a solid solution. 

Electron probe analysis showed a wide variation of concentration (as 

much as 10 - 19,0 across the sample and averagely low levels of Yb for 

each of the two samples analysed by this aethod. Examination under the 

microscope failed to reveal any features, although a variety of etching 

reagents were tried. 

Harris and Raynor (6.30) showed that all the Pd
3
(R.E) compounds 

crystallise in the AuCu3 structure. 

(i) Pt-Gd 

ESR measurements were made on the intermetallic compound Pt2Gd,  

which was formed by arc-meltinr the starting materials, the Pt sponge 

being first melted into a small button. Weight losses were not 

measurable due to the extreme brittleness of the compound. Visual and 

electron probe analysis showed the alloys melted at this composition 

to be single phase. Attempts were also made to prepare the compound 

GdPt3, the aKistence of which was reported by Moriarty and Baenziger (6.24). 
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The compound produced at this composition also appeared to be single phase 

and was again very brittle. X-ray diffraction measure.aents were made 

by Dr. I. R. Harris on both compounds and he found tht the so-called 

Pt
3
Gd was, in fact, the same phase as the Pt

2
Gd, both giving sharp 

X-ray lines corresponding to the flgCu2  Laves phase structure but with a 

difference in lattice parameter "114. The value of the lattice 

parameter for the 'true' Pt
2
Gd compound agreed well with previous 

work (6.24). 

Harris (6.31) reported similar behaviour in a number of light 

rare-earth-Pt compounds and investigated the variation of a-spacing with 

concentration in the Pt-Ce alloys. A similar analysis has been carried 

out in the case of Pt-Gd for concentrations from 20 Gd (Pt4Gd) to 35 Gd 

(Pt1.85Gd)  and the results are shown in fig. (6.6) along with the 

results for the Ce compounds. The values of the a-spacing obtained at 

296K in the "arc-melted" condition are shown below: 

Atomic % Gd 

35.0 

a-spacing 

(j.. 0.00050 

7.6359 

Previous Work 

33.3 (GdPt2) 7.6348 1.6349 (6.24) 

31.0 7.6245 

30.0 7.6166 

28.0 7.5928 

25.0 (GdPt3) 7.5597 7.577 (6.31) 

23.0 7.5496  

21.0 7.5525 

20.1 7.5524 

It can be seen that there is a significantly steeper variation 

of a-spacing with composition in the case of the Gd-Pt alloys and the 

4 	 alloy at stoichiometric composition GdPt, appears, rather surprisingly, 
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to lie within the two phase region. It appears that the limits of the 

Laves phase are at 24.2 and 31.8%Gd, compared with 24.3 and 34.5%  Ce 

for the Ce-Pt alloys. Harris has found that rare-earths heavier than 

Gd have a Cu
3
Au structure in the arc-melted condition. 

It is surprising thal. the Laves phase for the (R.E)Pt2 alloys 

should exist over such a wide range of comoosition since, in other 

systems such as the (R.E)Al2  alloys, the Laves phase exists over a very 

limited range of compositions. It would appear that, in the system 

investigated here, the smaller Pt atoms are occupying rare-earth sites; 

this would explain the redaction in a-value as the alloys become Pt rich. 

This suggestion might be confirmed by measurements of absolute density 

and these are now proceeding. 

Zn-Gd Er 

Measurements were made on three dilute 2h-Gd intermetallic compounds: 

Zn12Gd, Zn12Er and Zni7Gd2. These alloys were prepared by Stewart (2.4 ) 

and a detailed discussion of the Zn-Gd system is given by him. 

The compounds richest in Zn are formed peritectically at about 

750C from the Zn rich melt and the (R.E)2Zn17 
compounds. Stewart 

prepared these alloys by heating the elements in vacuo in pyrex for 

three wee :m at 500C. Extensive analysis showed the Zn12Gd and Zn12Er 

compounds to be almost entirely single phase. 

The (R.E)Zn12 
compounds have a body-centred tetragonal ThLin12 

lattice, 

space group I 4/mime. Each rare-earth atom is surrounded by four Zn atoms 

at 3.12 and eight Zn atoms at 3.2a, with a further eight at 3.4a. The 

rare-earth ions are never nearest neighbours and the distance between any 

pair is not less than 5i. 

The (R.E)2  7 compounds exist in two structural forms: the 

rhombohedral Th2
Zn
17 

type structure, when formed from the melt, and the 

Th2Ni17 
structure, when formed by prolonged heating between 420 and 600C. 
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Stewart prepared the Th2Zn17  compounds which form congruently from 

the melt by heating the pure metals in an evacuated silica tube for ten 

hours at 10700 and quenching in air. The 
Gd2Zn17 sample vas again 

almost entirely sin-le phase. 

The Th2Zni7  structure has space group 35a. No magnetic atoms are 

nearest neighbours and they are again separated by at least 54. 

Size effects (6.32) seem to be the primary consideration in the form 

of structure exhibited by these compounds. 

(k) 	 

Measuremmts were made on a number of2,n-lOn intermetallic compounds 

which were prepared by Dr. J. B. Dunlop. A detailed discussion of the 

system and the preparation of the alloys is given by him (2.7 ). 

The compounds richest in Zn (t -phase)have a composition lEn
131  

where 11 is Mn, Fe and Co. These are forded peritectically. Dunlop 

prepared the compounds by dissolving the transition metal at a temperature 

50C above the relevant liquidus and quenching in cold water. The alloys 

were then annealed at temperatures below the peritectic for three or 

four weeks and slowly cooled. The FeZn
13 alloy was held at 5000 and 

the Zn
13Mn alloy was annealed at 420C. Examination under the microscope 

showed the Fe and Co compounds to be fine grained and single phase, whilst 

the Zn13 compound showed up to 5 second phase, which microprpbe analysis 

showed to be solid solution. X-ray analysis was used to confirm that 

the structures were r)-phase. 

The compounds have a monoclinic structure with space group C2/m. 

This structure may be visualised as a transition metal atom surrounded 

by twelve Zn atoms at the vertices of a slightly distorted icosahedron, 

and these are linked together to form chains parallel to the c-axis, 

which are packed in a hexagonal array 	extra Zn atoms between the chains. 
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The transition metal atoms are never nearest neighbours and are separated 

by a minimum of 5R. 

Runs were carried out on Dunlop's samples (135) and (1334). 

The s-phase was also formed in the2n-Mn system. This is more 

concentrated than the t phase compound and has a composition equivalent 

to Zn10En. The specimen was prepared in the same way as the Ic-phase 

compound, the final anneal again being carried out at 420C. Microscopic 

examination showed the alloy to be almost single phase. 

The structure is exceedingly complex with a hexagonal unit cell 

containing about 550 atoms. 

A run was also carried out on an alloy of composition Ign 0.05Fe0.95Zn13' 

where 5% of the Fe atoms have been replaced at random by Mn atoms. 

The alloy was prepared in exactly the same way as the Zn
13
Fe compound. 

Examination under the microscope showed this alloy to be single phase. 

(1) pd.  YInSn 

This ternary Heu.sler alloy was made by arc-melting the elements in 

stoichiometric proportions. There was a 2.50 weight loss for the first 

alloy prepared in this way and examination in the as-cast state showed 

the alloy to be a 50% mixture of two phases. Following the procedure 

of Webster and Tebble (3.3/), the ingot was annealed for twenty-four 

hours at 8000 and then quenched. Metallographic examination shoved 

roughly the same proportion of the two phases but with a coarser structure. 

A second alloy was arc-melted and this time, using a low value of 

arc current (nominally 70 amps), the losses were less than 0.5,%. 

Examination of this ingot, both under the microscope and by electron 

probe analysis, showed that it was about 95;', single phase with a few 

specks of second phase. 
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X-ray and neutron diffraction analysis of PditinX (X = Sn, In, Sb) 

Heusler alloys show that the structure of the In compound is very 

sensitive to heat treatment. The Sn alloy is well ordered with only a 

slight amount of random disorder, irrespective of heat treatment. 

The structure is best described in terms of four interpenetrating 

fcc sublattices. There are no nearest neighbour n1 atoms, which are 

separated by „6.4. 

6.6 	Dilute Solid Solutions  

(a) Pd-Gd and Pd-Ni-Gd 

Solid solutions were prepared by arc-melting. Samples with con-

centrations from 0.02% to 7% Gd were prepared in this way with no second 

phase visible. Harris (6.33) estimated that the solubility limit of 

Pd-Gd solid solution was 11.3% at 900C. This seems large, since the 

ratio of the atomic radii is ,/30-,% Harris suggests that this enhanced 

solubility can be attributed to the expansion of the Pd lattice by 

filling of the 4d states by the solute valency electrons. This would 

suggest a much more open lattice than that expected from a simple 

substitutional solid solution. 

Losses on melting were in general very small ( ,̂0.1%) but electron 

probe analysis suggested that, especially in alloys containing less than 

0.5 at.% Gd, compositions were considerably less than nominal and that, 

even after re-melting five or six times, there existed considerable 

heterogeneity. This latter result is in disagreement with the work of 

Cottet (5.30) who did not apparently homogenise his alloys. 

For concentrations of less than 4 at. a master alloy was prepared 

and diluted with excess Pd. The alloys were then homogenised in a 

vacuum of 10-5  torr in a clean silica tube for periods in excess of two 

days. Analysis showed that the alloys prepared in this way were fairly 

homogenous. Before filing, the alloys were cleaned in aqua regia to 



169 

which had been added a few drops of 
H202. 

They were then filed and 

stress annealed at 3000 for 2 - 3 hours (although subsequent runs showed 

that, at least for alloys with concentrations less than 0.55 Gd, this 

anneal had no effect on the ear linewidth). 

Satisfactory results were obtained on alloys of 4 at.% and 0.25 at.% 
but in experiments on a 0,04/u sample the 'true' signal was superimposed 

on a broad background signal. Careful analysis of the 0.25at.% 

trace showed some signs of this background but at very low levels 

compared to the 'true' signal. Cottet observed no such effect in his 

work on similar concentrations and it was concluded that the effect must 

be due to contamination. 

No significant levels of impurity were found in the Pd powder; runs 

were also performed on specimens which had not been stress annealed and 

these showed comparable levels of contamination. It was finally found 

that when samples were homogenised in Alumina crucibles instead of silica 

tubes, no background 'signal' was observed. 	This suggests that the 

effects observed were due to the reaction of the silica glass with the 

Gd in the sample, giving what in the light of subsequent experience 

appeared to be a ferromagnetic resonance. A number of Gd-Si intermetallic 

compounds are ferromagnets with high Curie temperatures. 

The Pd-Ni-Gd alloy was formed by arc-melting Ni into the 0.4 at.% 

ingot of Pd-Gd and homogenising again at 12000 in an Alumina crucible 

prior to filing and stress annealing. 

(b) Pd-rn 

Alloys of 0.4, 0.9, 2.3, 2.5, 3.7, 4.5, 6.0, 7.0, 8.6, 12 and 20 at.% 

Mn in Pd were prepared by arc-melting. Only very small (typically r■,0.2%) 

weight losses were experienced. 

The ingots were then homogenised at about 8000 for 3 - 4 days and 

quenched. This te.Lperature is somewhat less than might be expected 

from consideration of the Pd-Mn phase diagram (6.20, which would suggest 
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higher temperatures fv1200 - 1300C. The lower temperature is chosen to 

maintain a balance between adequate homogenisation and the avoidance of 

loss from the surface of the ingot, which may occur at high temperatures, 

leading to a Mn depleted surface layer. 

After quenching, ingots were etched in aqua regia and the surface 

layer filed off with a clean file kept only for this purpose. 

Metallographic examination of the samples showed that all but the 

most concentrated alloy were single phase. The phase diagram suggests 

that the solubility of 	in Pd at 1000C is .-‘,28,"L Electron probe 

analysis confirmed the nominal concentrations and shoved good homogeneity. 

After filing, the alloys were stress annealed for three hours at 

350C. 

(c) 

A number of experiments were performed on dilute alloys of Mn in Zn. 

Phase diagrams (6.28) indicate that the maximum solubility of 	in Zn is 

at.%. 

Sample CO: This sample was a nominal 0.4 at.% Mn in Zn and was obtained 

from Dr. A. D. Caplin. The ingot was etched in dil. HNC
3
, filed and 

stress annealed at 150C for two hours. 

Sample Lai: This sample was prepared by sealing the elements in an 

etched pyrex tube and holding it at 510C for one hour, shaking regularly. 

The sample v.as quenched and re-sealed prior to homogenisation for two 

days at 400C (falling to 3300) and again quenched. Hardness measurements 

showed a Vickers hardness of 550, compared to 35 for pure Zn. Yetallo-

graphic examinations showed no sign of second phase. 

Samples (32.12.hd  (311:  These samples were nominally 0.4 at.5 Rh and were 

obtained from Dr. C. Rizzuto of the University of Genoa. The alloy was 

homogenised for two days at 4000 in an etched pyrex tube in vacuo. 

After filing, Sample (3a) was stress annealed for two hours at 180C. 

• 	
Sample(3b) was not stress annealed. 	Hardness measurements again gave a 
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value ^050 and measurements of the resistance ratio gave R273/R4.2  ^,d2.31 

which is close to the value expected for the nominal concentration. 

Samples  (4a) and (4b):  A nominal Zn0.1 at.01In alloy was also obtained 

from Dr. C. Rizzuto. They were heat treated in exactly the same way 

as Samples (3a) and (3b). 

* 
	

(d) Rh-Mn 

Alloys of 5 and 10 at.;! Mn in Rh were obtained in powder form from 

Dr. A. P. Yurani. 
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CHAP.TM. 7  

APPARATUS AND IMPEREf-3UTAL LETHOD 

7.1 	The ESR Spectrometer 

The spectrometer was built by Dr. D. Griffiths and is a conventional 

homodyne X-band reflection spectrometer. A plan of the apparatus is 

shown in fig. (7.1). 

Microwave power is supplied by an R9669 I. -Varian tunable hlystron. 

This operates at S950 Mc/s and supplies about 25mW of microwave power. 

This is fed through an isolator and wavemeter to a hybrid Tee, where the 

incident power is split equally between the balance arm and the cavity 

arm. The cavity arm waveguide is coupled by a circular fixed iris to 

the microwave cavity which is positioned between the poles of the 

electromagnet. The amplitude and phase of the microwaves in the balance 

arm may be adjusted by means of an attenuator and variable short circuit. 

This "bucking" signal and the reflected power from the cavity re-combine 

in the hybrid Tee and pass to an AEI type CS10B receiver crystal via. a 

directional coupler. Another detector crystal and a variable screw 

probe in this arm enable the power reflected from the crystal to be 

minimised. 

The output from the detector is fed through a matching transformer 

into a low-noise head amplifier and then through a cascade of wide band 

amplifiers. The signal is finally passed through a tuned 5.1 Kcis 

amplifier and a. phase sensitive detector. The amplifier chain yields a 

maximum final gain 7. The output is traced on a Honeywell x-t pen 

recorder with a chart speed of 0.085 can/sec. 

ft 
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The klystron frequency is locked to the cavity frequency by an 

automatic frequency control (AFC) loop. A little of the reflected 

signal is coupled into the AFC loop and detected by an AEI type CSB4 

diode; this signal is amplified and passed through a phase sensitive 

detector and DC amplifier feeding back to the klystron reflector, which 

is modulated by a 200 Kcis oscillator. 

A magnetic field of up to about OKGauss, with a pole gap of 6i-cm, 

is achieved with a Newport type D electromagnet, operating from a 2kw 

Wareham magnet power supply (type 0298). The field is homogenous over 

a wide area; a 3KGauss field (corresponding to g = 2) at the centre of 

the pole-faces decreases by only 2 Gauss at a distance of 7cm from the 

centre of the pole-faces. The field is swept by a unit which sweeps 

from zero to full field in settings of i-minute to 16 minutes. On the 

settings used in a typical esr sweep, the unit is linear in both directions 

of the sweep to 1%. 

The field is modulated at 5.1 Kcis by a pair of Helmholtz coils 

driven by a Quad II power amplifier. Variable settings of the modulation 

amplitude are available with a maximum of 15 Gauss. Since this amplitude 

is small compared with a typical linevidth, the pen recorder traces the 

derivative curve. 

7.2 	 Thermometr2 

Temperatures below 4.2K were generally measured by recording the 

helium vapour pressure with a mercury manometer. Below about 2K, oil 

pressure readings were taken. An Allen-Bradley 50. carbon resistor 

was also used on occasions in this temperature range and was calibrated 

against the manometer readings. 
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Temperatures from 4.2K to room temperature were measured using a 

Au 0.03/J Pe-Chromel thermocouple (annealed) referenced to room temperature. 

Below 77K the calibration curve of Rosenbaum (7.1) was employed, whilst 

about 77K the data of Berman (7.2) was used. 

During the course of the work on the Pd-Mn system (see Ch. 8), a 

discrepancy between the measured temperature and the actual temperature 

of the sample was suspected between 4K and about 12K. Since this 

temperature regime is of particular interest in the work on the Pd-Mn 

and Pd-Gd dilute alloy systems, it was decided to investigate the effect 

carefully. 

A number of measurements (5.36) have shown that for a dilute system 

of Gd in Ag, the linewidth is linear with temperature end, for a 0.2 at.;fc 

- sample, should have a slope of 4 Gauss K 1  . The linewidth behaviour 

of this system is thus useful for checking thermometry in this temperature 

range. 

A small ingot of nominal Ag 0.2 	Gd was prepared by arc-melting 

the constituents and annealing the ingot for five days at 670C in a clean 

silica tube. Microprobe analysis confirmed the nominal concentration 

and microscopic examination showed the ingot to be over 90$ single phase. 

Two runs were performed on this sample and the results are shown in 

fig. (7.2). In the first case the heater used to boil off the liquid 

helium was left running at a low setting during the warm up and, in the 

second experiment, a 'free' warm up took place. 	It is noticeable that, 

in the first case, there is a pronounced deviation from straight line 

behaviour, suggesting that a nominal temperature of 7K corresponds in 

fact to a temperature of nearer 5K. In the second case, the discrepancy 

appears to be about half this value. 

• 
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The effect may be understood by reference to fig. (7.3). mien the 

helium level is above the cone joint, the sample and thermocouple are 

at the same temperature; however, as the level of the helium drops to 

the bottom of the cavity and the warm up begins, there exists a temperature 

gradient up the cavity, causing the thermocouple to register a higher 

temperature than the actual temperature of the sample. Extra local 

heating from the heater used to boil off the helium accentuates the 

effect. A further run on this specimen was made with the heater hanging 

below the cavity in the helium. In this way, cold helium gas could be 

boiled off in short bursts to even out the thermal gradient. This 

appeared to give a slight improvement, but there remains an uncertainty 

of as much as -11: on points in this temperature regime. In practice, 

the warm-up points from LIK to about 15K have been obtained without the 

use of the heater. 

7.3 	Yeasurer.lent of nIgnetic Field  

Lorin (5.24) monitored the magnetic field during a sweep by measuring 

the potential across a standard resistor in series with the magnet, and 

periodically calibrated the field in terms of current, using an nmr 

apparatus. 

During the present experiments the magnetic field is measured using a 

Bell 620 Gaussmeter, with Hall probe mounted close to the dewars. 

The field was monitored on a Solartron =420.2 digital Voltmeter. 

Field calibration marks were obtained using a chart marking facility 

designed and built by D. Griffiths (7.3). This device closes a relay 

circuit within a millisecond or so of the start of the first counter 

display period, which contains an initiating digit, and causes the 

pen recorder to "blip". 

• 
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These reference points are then calibrated in terms of the magnetic 

field, using proton resonance in rubber. The pi-1r frequency is adjusted 

to beat with ane of a series of standard crystal oscillators and, 

when beats are achieved, the magnetic field is swept until the proton 

resonance is Observed on an oscilloscope. This process is repeated 

three or four times in each run and on each occasion five crystal 

oscillators are used. 

Comparison of the proton nmr unit with a commercial instrument, 

using a Lithium resonance, gave agreement at 3KGauss to within 1 Gauss. 

The zero stability and full scale deflection calibrations of the Gaussmeter 

and voltmeter do not drift by more than one part in a thousand during a 

run and, allowing for the manufacturer's specification for the probe 

itself, the present system should measure a field of 3KGauss to within 

about 8 Gauss. 

7.4 	The Resonant Cavity  

The original cavity built for the spectrometer consisted of a 

rectangular TE102  mode cavity made of thinned brass waveguide, cast in 

araldite for thermal mass. Samples were inserted in a side tube and 

could be changed at low temperatures through an air-lock device. This 

enabled runs to be performed on a number of samples without returning to 

room temperature, but had the great disadvantage that impurities tended 

to build up in the cavity giving a background signal. 

Login (5.24) discussed in detail the factors influencing the choice 

and design of cavities. He concluded that the most suitable for use 

with the present system was a cylindrical TE112 
mode cavity. 

• 
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The first such cavity built for this rig was fabricated by 

Dr. L. L. Hirst. It was formed by electroplating gold on an aluminium 

mandril and casting this in araldite, before dissolving away the aluminium 

with sodium hydroxide. This produced a cavity fairly free from extraneous 

signals and a high unloaded quality factor, Q 	7000), but it was 

found that on thermal cycling the araldite tended to crack. 

The cavity used at present was constructed by Lowin. Naval brass 

(which is relL tively free from both m.gnetic and superconducting impurities) 

was machined to give walls 8 thou thick. This was etched and cast in 

araldite. 	It gave an unloaded Q ----6000 and withstood repeated thermal 

cycling. A number of checks were made during the course of the present 

work (apart from negative results) to ensure that no appreciable level 

of extraneous impurity had built up to produce background signals. 

Runs were performed on filed, arc-melted Ag-Au alloys and at no time 

was a significant background signal observed at any temperature. 

There is another type of signal which is not due to the sample and 

this arises from the currents induced in the walls of the cavity by the 

modulation. 	These currents interact with the static DC field and thus 

cause mechanical vibrations of the cavity walls. This "Wall-breathing" 

signal, as it is called, being at the modulation frequency, is within 

the band-pass of the narrow band amplifier and phase sensitive detector 

and yields a signal whose amplitude increases monotonically with field, 

thus causing a continuous shift in baseline. 

Fie. (7.4) shows how a disnersion signal may be mixed with an 

absorption signal and how the spectrometer responds to fluctuations in 

frequency which are fester than the response time of the APO. 
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represents the bucking signal from the klystron and V
R 
the 

signal reflected from the cavity. VD  is the resultant reaching the 

detector. The absorptive part of the signal causes the vector VR  to 

move radially, whilst the dispersive component causes VR  to move round 

the circumference of the circle that VR describes as the frequency 

is varied. 	To set the spectrometer such that the absorptive part of the 

signal only is observed, VD  is made perpendicular to the circumference 

(i.e., 0 = 0). 	In this configuration the variation of V
R 

due to an 

absorption signal has a first order effect on the length of VD, whilst a 

small dispersion signal only has an effect to second order. If the 

dispersion signal were required, VD  would be set tangential to the 

circle (dotted). 

If a frequency drift occurs during the course of an experiment, the 

tip of VD  moves round the circle, 0 increases, and the dispersion signal 

is no longer fully suppressed. From Fig. (7.4) it may be seen that 

fluctuations in frequency modulate VD  with full force, in the case of 

the dispersion signal, but have no effect to first order on the absorption 

signal. We thus see that a small frequency drift, (typically a few Kcjs 

in the course of an experiment), may have an inordinately large effect 

upon the total noise level arising from fluctuations in frequency. 



In the case of "wall-breathing", the fluctuations may be reduced by 

a proper alignment of the cavity with respect to the DC field. Feher (7.4) 

Observed that 'squeezing' the broad face of a TE10  mode rectanular 

cavity increases the frequency, whilst 'squeezing' the narrow face reduces 

it. Thus two positions (1800  apart) may be found for the magnet at 

which the effects cancel. A similar mechanism seems to exist for a 

cylindrical TE112  mode cavity, but the effects appear to be smaller. 

Lowin (5.24) made measurements on the cylindrical cavity used in 

these experiments both before and after casting in araldite. Be observed 

that the signal from "wall-breathing" was reduced by a factor of ten 

after 'potting'. Be plotted the amplitude of the "wall-breathing" 

signal at a constant field against the bucking signal phase for a number 

of orientations of the magnet and found, at unfavourable magnet orienta-

tions, a sine curve for the dispersive phase signal; in addition, he 

found a small signal which appeased to be independent of magnet angle, 

but which was reduced by potting. Davin suggested that some mechanism 

involving the modulation of the coup ling of the cavity to the feed wave 

guide, by changes in radiation losses through the iris or by changes in 

losses at the cone joint, may be responsible. 

The effect of "wall-breathing" was reduced in These experirn:nts by 

the simple expedient of fixing a copper tube on the tail of the helium 

dewar in a position below the cone joint, but well clear of the specimen. 

Measurements with a search coil showed that the shield reduced the 

modulation by a factor of t.bout twenty. When the copper tube was 

positioned round the feed wave guide a smell reduction in "wall-breathing" 

signal was observed, but as it was lowered to cover the iris and cone 

joint a reduction by a factor of almost two was achieved. 	The presence 

of the shield had no effect on the shape or position of the resonance lines 

from the samples. 
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7.5 	Sensitivitz 

The sensitivy of an esr spectrometer is usually quoted as the 

minimum number, min,  of spins detectable under certain conditions. 

The following factors must be considered: 

(a) Microwave frequency: 

• 
	 Feher (7.4) shows that: 

N 	1 
min - iT772 

where 03 is the microwave frequency of the system. 

This relation means that, theoretically, a Q-band spectrometer should 

be capable of detecting about eighty times fewer spins than an X-band 

soectrometer. In practice, however, this is compensated by the larger 

amount of sample used at X-band, the increased performance of the micro-

wave components at the lower frequency, and the use of lover magnetic fields. 

(b) Microwave power: 

The signal is proportional to the square root of the power, P, 

incident on the sample, (7.4), the limit being set by the occurrence of 

saturation at high power levels, with consequent saturation broadening. 

(c) Cavity quality factor and filling factor: 

L1QL, the change in the loaded Q of the cavity due to paramagnetic 

absorption is given by (7.4): 

A QL  ---- 4 Tr X1111 Q02  	7.2 

where Q0  is the unloaded cavity Q and 1) is the filling factor, which 

is very approximately equal to the ratio of sample volume to cavity volume. 

This, for the greatest sensitivity, Qo  should be as high as possible. 

The amount of sample (and hencel ) in the present system is determined 

by the conditions for optimum matching of the cavity and feed waveguide. 

7.1 
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(d) Temperature: 

The size of the signal is a function of temperature in two Vi ays. 

The first of these is through the relative population of the energy 

levels of the system. 

In the case of a doublet, the signal amplitude, A, is proportional to 

the population difference n, - n2  between levels, and has the form: 

n1  - n2  
) A = A

o 
(ni 	

4. n2 
 

1 - exp ( =T:}a-+9-  

[ 

where Ao 
is the signal amplitude as T-÷ 0. 

For energy levels separated by LIE e,, 1/3 am-1  (i.e., 6 x 10-24  J) 

and since k ti  1.4 x 10-23 J.K-1, for values of T greater than a degree 

or tyro, the exponential term above may be expanded in a power series and 

the sensitivity is inversely proportional to temperature. 

The second effect is due to the change in Q of the cavity. 

go  oC 

and S OC p a 

where S is the microwave skin depth and () the resistivity of the cavity 

walls. 

For pure copper: 

P300  
r11  1000 and 30 

p4.2 	Q4.2 

For brass: 

/3 300 	Q aL D r•-,  1.7 and 	r-' 1.3 
() 4.2 	Q4.2 

Thus for a cavity with pure metals walls (e.g. the cavity fabricated 

by Hirst), the effect of temperature is very great, but for brass is far 

less significant. 

= Ao 1 + exp 
7.3 
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(e) Time constant: 

Sensitivity is proportional to the square root of the ultimete time 

constant, 	, of the electronics. With the usual time constant setting 

of the system, a recording band width of -27 c/s is employed. 

The effect of the time constant on the line is discussed again in 

4t 
	 section (7.9). 

(f) Modulation: 

Signal size is directly proportional to the amplitude of the 

modulation AHmod. Increase in the amplitude is restricted by the 

condition that it should be small compared to the linewidth. If this 

condition is not observed, modulation broadening sets in and the true 

derivative signal is not obtained. This sets a maximum of about 

15 - 20 Gauss for the modulation in resonances from metals where typical 

linewidths are of the order of 100 - 500 Gauss. 

(g) Linewidths 

The number of spins present is equal to the area beneath the absorp-

tion curve. For the same number of spins, it is clear that a narrow 

signal should have greeter amplitude than a broad sisal. For the 

derivative signal, the sensitivity is proportional to the inverse sauare 

of the linevidth. A common intensity plot is (A + B) AB? v T, where A 

and B are defined in fig. (7.6). 

(h) Signal to noise ratio: 

The sensitivity is a function of the number of spins divided by the 

signal to noise ratio of the line. The factors influencing the noise 

level will be discussed in section (7.6) below. 

A number of results have been analysed (table 7.1) with a view to 

Obtaining a rough figure for the sensitivity of the present apparatus. 

4 
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The I= sample was crystallised from Benzene solution to avoid deteriora-

tion of the sample (7.4) and measurements were made at room temperature 

to avoid the considerable distortion of the line due to antiferromagnetic 

ordering in DPPH at low temperatures and to enable a larger and more 

manageable crystal to be used. The modulation was reduced for the 

measurement on DPPH by using the copper shield described above. 

Bearing in mind the discussion above, a suitable formula for the 

sensitivity of the system (P, r and (1 fixed) is: 

(no. of spins)( L\ Emod.) 4.2 
Sensitivity = 

   

7.4 
(S/N) 6112 	Tobs 

  

  

where Tobs 
is the temperature at which the measurement is made. 

Extrapolating from the data in Table 7.1 to a signal to noise ratio 

of about five, which might be considered the smallest value at which a 

signal could be identified, the minimum number of ions detectable for 

a linewidth of (say) 200 Gauss at 4.2K would be 	x 1014. 

4. 
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TABLE 7.1  

Pd0.1Gd 

 

Cu5Mh 
Diphenyl 

Picryl Hydrazil 
(DPPHJ  

   

Temperature 
	

4.2 	300 	300 

• Quantity of 
sample 	r°10 -2gm 	r,J7.5 x 10-3cm 

Radius of 
particles 	N 4 x 103cm 	4 x 103an Awl 

Surface Area 
(.13-Y. ‘ 	 P4 0.3cm2  ‘2r/ 	^..' 0.45cm2  

Resistivity 	0.4/1.11. cm 	111-1 cm 	- 

Skin depth 
(lOGc/s) 	3 x 10-5cm 	2.2 x 10-4cm 	- 

• No. 8f ions in 
skin depth 	1015 3 x 1017 3.2 x 1016  * 

- 

41 3000 3000 3000 

Power 250 25mW 25mW 

1; 	1 	1 	1 

1010 	r,„ 
1.8 x 10

10 	r,./ 3 x 1010  Sensitivity 	p.., 1.4 x 10 

* deduced from volume of monoclinic single crystal measured under a 
microscope. 

0 ratio 70 20 300 

L\ H 125 420 3 

81-Tmod 15 15 0.2 

• 
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7.6 	Possible Improvalents in  Sensitivity.  

For the work in this thesis, the present spectrometer has, in general, 

been sufficiently sensitive to give lines with a good signal to noise 

ratio. There are, however, cases such as measurements in the extreme 

dilute 1ir1t, resolution of hyperfine structure and searches for non-

S-state resonances where extra sensitivity might be desirable. In 

this section, Possibilities for achievins -Lis will be described and 

discussed: 

(a) Improved siLnal to noise ratio of the microwave components and 
electronics 

Torrey and Uhitmer (7.5) showed that PH, the noise power at the 

output of the detector in an esr system, may be written: 

PN 	+ PA:2  + t - 1) lel 611 
	

7.5 

where G is the conversion gain of the detector and is 

directly proportional to its efficiency; 

Pik  is the noise figure at the output of the detector due 

to the microwave source; 

t is the noise temperature of the detector, and 

FAI1P is the noise figuxe of the amplifier. 

The relative importance of the terms in the expression above 

depends upon the level of microwave power at the detector (i.e., size of 

the bucking signal). This has been discussed in some detail by 

Wilmshurst (7.6). 
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For low levels of bucking signal, the noise contribution from the 

amplifiers is the chief contribution to the noise in the system. At 

higher levels of microwave drive, the detector efficiency increases but 

the effect of crystal flicker (1/f) noise and, to a lesser extent, 

klystron noise, becomes important. There is, thus, an optimum value for 

the microwave drive which gives the best signal to noise ratio for a 

given system and Nilmshurst (7.6) states that in practice this coincides 

with the transition point between the square law and linear regions of the 

detector crystal characteristic. 

In the light of these remarks, specific possibilities for improved 

performance will be considered: 

4) The detector crystal: 

This is probably the main source of noise in the present 

system and this is largely 1/f noise. There is an advantage, 

therefore, in using modulation at the highest possible frequency, 

subject to the conditions:that the modulation has to penetrate the 

cavity walls and that RP heating should be minimised to achieve a 

fairly slow warm up. 

New generations of low noise crystals, such as the Mallard BAV 

22, are now available and replacement of the present crystal with 

a low noise diode would probably be a relatively simple and useful 

modification. 

(ii) The klystron and power supply: 

The klystron is not a perfectly coherent, monochromatic source 

of radiation; its output contains a sharp peak superimposed on a 

broad background that extends for tens of megacycles. There appears 

to be little, however, published about the magnitude of klystron 

noise. The noise generated by a klystron is particularly sensitive 

to fluctuations in the reflector voltage and, to a lesser extent, in 

the accelerator voltage. Experience gained in modifying the 

smoothing circuits in the present power supply, which were found 
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to have a figure of merit eN-40 at 50 cis, suggests that some 

improvement could be gained from this source. 

(iii) 'Magic' hybrid Tee: 

One factor which was not considered in equation 7.5 was the 

effect of the magic tee. This splits the incident power between 

• 

	

	
the cavity and load and the reflected power between the signal 

source and detector; in doing so, it reduces the power reaching 

the detector by a factor of four. Replacement of the hybrid tee 

by a microwave circulator would avoid this loss. 

(b) Improved performance of the cavitz 

A higher Q cavity could be fabricated using the method described 

below employed by Hirst. New types of araldite hcve recently been 

developed for potting superconducting magnets and these are reported 

to survive rapid and frJquent thermal cycling (J. Good, Private 

Communication). 

Alternatively, a silvered glass cavity could be employed. Feher 

(7.4) used such a cavity and claimed a high Q combined with a very small 

"Wall-breathing" signal 

The use of a pure metal conducting surface in the cavity would, as 

pointed out in section (7.5), restrict the use of the cavity to a 

limited temperature range, unless corrections were made for changes in 

Q with temperature. Fabrication of an improved cavity would also 

provide an opportunity to improve the thermometry of the system by, 

perhaps, building a thermocouple into the wall of the cavity. 

One final useful modification might be to replace the present 

fixed iris with a variable device, thus enabling the cavity to be 

more conveniently and efficiently matched. Such devices can introduce 

extra noise into the system through the effect of vibrations, but a 

number of fairly rigid designs, which can be used at 4.2K, have been 

described in the literature (e.g., 7.7). 
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7.7 	Preparation of Specimens 

The dilute alloy specimens are prepared from etched ingots of 

about 1 gm. wt. They are held firmly in the end of a clean copper 

tube with methacrylate (MP 1844) mounting plastic and filed under 

high purity toluene or acetone, using a small stub file which is used 

once only. The first filings from each ingot are discarded in oraer 

to avoid including in the final sample any oxide layer or loose particles 

from the file. About 200 - 300 mums of filings are collected and the 

acetone decanted until only enough remains just to cover the sample. 

A small magnet is used to pick out any pieces of ferromagnetic material 

introduced from the file. The filings are then transferred to a quartz 

Ube with a specially drawn neck which has previously been etched for a 

day in aqua-regia and run through with hydrofluoric acid. The tube is 

then pumped out, using a rotary pump and, when the acetone has completely 

boiled off, an ultimate pressure of about 10 5  torr is achieved with a 

diffusion pump and liquid nitrogen trap. The filings are annealed under 

vacuum to remove stresses caused by the cold working and are quenched 

by applying a wet cloth to the tube, before being shot into warm 

Apiezon l&-grease and mixed in well using a piece of etched copper wire. 

The filings are thus exposed to air for less than five seconds during 

the whole preparation. 

Care is taken during filing to avoid any shavings of the mounting 

plastic from contaminating the samples. A preliminary experiment on 

a Au-As alloy, deliberately contriminated with mounting plastic, gave no 

detectable signal at room temperature 77K or 4.2K. 

Microscopic examination of the filings shows a wide distribution of 

shapes, and particle sizes are in the range 50 - 100 microns. 
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The preparation of samples from intermetallic compounds is simpler 

since these are in general brittle. Samples of about 250 mgrs are placed 

under acetone in an etched agate or glass mortar and pestle and are 

crushed into a fine powder. These are then transferred to the quartz 

glass tube and the acetone boiled off before shooting into the vacuum 

grease. The brittleness of the samples suggests that no stress anneal is 

necessary for intermetallic compounds and subsequent work confirmed this. 

Microscopic examination of the powders formed in this way showed 

that there existed a wide variety of particle shapes. About 90,-; of the 

particles were f•-/10 microns, with a few in the range of 50 - 100 microns. 

7.8 	Experimental Procedure 

The filings in their grease are attached •Aci4 from the bottom of 

the resonant cavity and aligned with the narrow face of the feed waveguide, 

so as to be located in maximum microwave magnetic field. The amount of 

sample used is carefully adjusted to leave the cavity slightly undermatched 

at room temperature, thus allowing critical coupling to be achieved at 

low temperatures. A crystal of DPPH is added as a g = 2 marker. 

A good vacuum seal between the cavity and waveguide is achieved by 

using a well-greased cone joint, and the cavity arm evacuated. The two 

dewars are fitted and the interspace flushed three or four times with 

nitrogen gas before being evacuated with a diffusion pump. The pumping 

rate is adjusted (using a needle valve) to obtain a steady pressure of 

about 0.1 torr. This ensures that, when the outer dewar is filled with 

liquid nitrogen, the cool down rate is sufficiently slow (about two hours) 

to avoid cracking of the cavity araldite. A few torr of helium exchange 

gas is then admitted to the cavity arm and liquid helium transferred to 

the inner dewar. 
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The klystron is first tuned to the resonant frequency and the cavity 

matching checked. This is achieved 132; fully inserting the attenuator in 

_the bridge arm to give no drive power except from the cavity. A 50 cis 

modulation is then applied to the klystron reflector, thus sweeping the 

klystron frequency over a complete mode. If the frequency is far from 

the resonant value, power is just reflected from the cavity iris and the 

normal klystron mode (fig. (7.5a)) is observed. Both mechanical and 

electrical fine tuning are then used to bring the klystron near to the 

cavity frequency (fig. (7.5b)). This is measured on the wavemeter and 

converted to frequency from standard tables supplied with Sanders TEle  

0.9" x 0.4" waveguide. 

The 200 kc/s AFC modulation is applied to the klystron, adjusted in 

ampltudel  and the resultant signal monitored by the detector crystal. 

The klystron electrical fine control is then again adjusted until the 

klystron is precisely tuned to the cavity. Finally the AFC loop is closed, 

thus locking the klystron frequency to the cavity frequency. 

The bucking signal is then adjusted in amplitude and phase by means 

of the attenuator and short circuit to give a 400 kc/s signal only, at the 

detector, corresponding to the absorption phase alone. At the same tine, 

the receivercrystal current is adjusted to a value of 1.1FLA which 

gives the best signal to noise ratio for the detector. Reflected power 

at the crystal is minimised by adjusting the variable screw probe in this 

arm. 

A trial sweep is r_ade and the gain, amplifier time constant and sweep 

rate are fixed. The field is held at a high value and the magnet rotated 

to minimise the offset due to "wall-breathing". 

Several sweeps are made at 4.2K. Lower temperatures (to 1.5K with 

two pumps) are achieved by pumping on the helium and the use of a 

manostat alloys the temnertture to be held steady at intermediate values. 

4 
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After the pump down, the pressure is allowed to return to atmospheric 

pressure and the remaining helium boiled off with the heater. In a 

typical run, a warm up to 77K takes about two hours, allowing numerous 

sweeps to be made with typical temperature drifts during the course of a 

sweep of less than ;TIC. 

In cases where the signal may be followed to temperatures above 

liquid nitrogen, control of the interspace pressure enables the cooling 

rate from room temperature to be made slow enough for measurements to be 

made in this temperature regime. Pumping on the liquid (and solid) 

nitrogen allows extra points to be taken down to about 55K. In this way, 

an adequate number of sweeps may be made in the whole range from room 

temperature to 1.5K. 

Over the course of the experimental work described in this thesis the 

apparatus performed with great reliability. A number of minor modifications 

and repairs were made to the wide band amplifiers and to the klystron and 

its power supply. Since a number of the faults which developed were 

intermittent, two pieces of simple test apparatus were built, in order 

to check the integrity of the system between runs and, hence, to allow 

greater confidence in the intercomocrison of data taken at different times. 

The gain of the amplifier chain is checked before each run using a 

transformer system which was built for this purpose. This consists of two 

small screened transformers in series, giving voltage ratios of approxi-

mately 103:1 and 10
6:1 at the two outputs. By injecting a standard 

signal from an oscillator, the constancy of the output from the amplifier 

chain can be checked. 

The amplitude of the high frequency modulation is also checked before 

runs using a small search coil of about 400 turns of 38swg copper wire, 

mounted on a plastic rod. 
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4 

7.9 	Shane of Lines - Corrections 

Three parameters are measured from the derivative esr line; the 

linewidth, /..)1, the resonant field, Bx, and amplitude A + B (fig. (7.6)). 

The shape of lines in metals was investigated theoretically by 

Dyson (7.8) and his work confirmed experimentally by Feher and Kip (7.9). 

Dyson introduced three important parameters into his theory: TD, the time 

it takes for an electron to diffuse through the skin depth S , the time 

TT  taken by an electron to traverse the sample, and the spin-spin 

relaxation time, T2. 

For very small particles where TT  4' TD, the microwave field is not 

phase shifted in the skin depth and the absorptive part of the susceptibility 

only is observed. In this case the power absorbed, P 

2 
W 

4 	(V) upo  XoT2  

where V is the sample volume and H1  the amplitude of the EP magnetic field; 

)(10  is the paramagnetic part of the static susceptibility and OD
o the 

resonant frequency. This is a Lorentzian line shape and the derivative is 

plotted in fig. (7.7). A/B = 1 in this case. 

As the particle size increases with respect to the skin depth, 

a XI  an increasing fraction t3 of the dispersive (dotted) component 	is 

mixed in and then 

dx 	(t xl)a 

+ (w - wo)2x T22 
7.6 
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In the present experiments, the skin depth is about two orders of magnitude 

less than the particle size and for fixed paramacnetic impurities 

distributed throughout the volume of the metal, we are in the limit: 

TT 	TD 	T2  

In this case ,/3 = 1 and Feher and Kip show that the line shape ratio 

should be 2.55. 

Owen et al (5:$5) have shown that, for A/B = 2.55, the centre of 

the true resonant absorption, Ex true' is given approximately by, 

ob 	s 
x true = x obs - 	3 

and the peak to peak linewidth AH by 

1.25  
AH = /T2  	  7.9 

where 	is the free spin gyromagnetic ratio. For All r-,200 Gauss this 

gives T2r,0 3.5 x 10-10  sec. 

The true linewidth is given by 

rue . 0.9 A Hobs 

This analysis assumes that the spectrometer has been correctly tuned 

to the absorptive part of the signal but, due to drifts (section 7.4), this 

is not always the case and the peak heights ratio A/B is in practice some-

times observed to be less than 2.55. 

A procedure for obtaining the true values of Ex  and Ail has been 

devised and is shown in appendix 5 . By measuring the value of A/B from 

the trace, the corrections may be read from the graph. The calculations 

were performed by Dr. D. Griffiths. 

The correction system assumes a Lorentzian line and this assumption 

was checked against a number of lines from different samples and found 

to hold well. The corrections used in this wark are referenced to the 

observed centre of the line, which can be measured accurately, whereas 

those used by Peter et al (5.160) were referenced to the first max5mum, 

AH 
7.8 

7.10 
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which in broad lines is difficult to measure with precision. Baseline 

drifts, which are troublesome in measurements on weak signals, can give 

a false value of A/B, and for a brood line this is a major source of error 

in the quoted g-value. 

A second important correction has to be made to allow for the effect 

of the time constant of the final stage of the amplifier chain, if this 

is significant compared with the time taken to sweep through the line. 

If the input to the final amplifier is V(H) and the observed signal 

Vi(a), 1: is the time constant and I the chart speed, we may write 

V(B) = Vi(H) + t R d/dH V I(H) 	 7.11 

Solving this using the conditions that V(Hx) . 0 and that near Ex, 

V (H) is linear in H we get, 

I 	H = H 
	

C 	  7.12 

where C 	R 

Thus, the true centre of the line corresponds to a point 

above or below the observed value, depending on the direction of sweep. 

This factor is determined experimentally by disrlaying a signal at 

a set value of the field and rapidly switching off the modulation. The 

time taken to decay by a factor of he (i.e., 0.63 x amplitude) is then 

measured. This correction is only valid if the value of C is considerably 

less than the value of LSH. Since in practice C/ oH rs-l/40 this condi-

tion is amply satisfied. 

• 
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CHAPTER 8  

RESULTS AND THEIR INTEMPTETATION 

8.1 	Gd in Dilute Solid Solution 

(a) Pd-Gd 

Figs. (8.1) to (8.4) show the temperature dependence of the g-value 

and linewidth of 0.2, 0.4, 4 and 604 Gd in Pd and the low temperature 

g-value of 0.1 and 0.024g Gd in Pd. Data on the two higher concentrations 

have been obtained up to 77K, but at lower concentrations the reduced 

intensity of the signal, combined with the fairly rapid warm up rate in 

the temperature regime around 30 - 40K, has confined measurements to 

lower temperatures. The values of g (in the paramagnetic regimes), 

dAll/dT, the minimum in the linewidthABnin, and the residual linewidths 

&Ur
es 

are presented in table (8.1). 

TABLE 8.1 

Alloy 	gPM 	
dAHAT 	. 

min 	
H
res 

Pd6Gd 1.95 ± 0.01 r.d 7.5 600 500 

Pd4Gd 1.93 ± 0.01 "i 9 530 400 

+ 
Pd0.4Gd 1.82 - 0.01 r,-,  12 200 50 

Pd0.2Gd 1.795 ± 0.005 - 190 - 

Pd0.1Gd 1.77 - 0.07 - 120 - 

Pd0.02Gd 1.77 - 0.02 

The high temperature g-values have been corrected for demagnetisation 

effects (where appropriate) and by the lineshape factor (A.5(a)). The 

relatively large error put on the 0.025 alloy g-value is due to the distorted 

signal obtained in this case (see ch. 6). 
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The form of the data in figs. (8.1) to (8.4) is in broad agreement 

with the low concentration data of Cottet (5.30, see fig. (5.2)) and the 

higher concentration data cf Peter et al (5.26). The curves of Qg v T 

show an upturn at low temperatures for concentrations in excess of 0.2at;'., 

and the magnitude of this upturn increases with increasing concentration 

0 	
of Gd, giving an effective g-value of about 2.45 at 1.7K in the 48.-b5 

and 6at!r, alloys. Using the 11- H plots of Crongle (3.45) for a 7.2% 

alloy, which orders ferromagnetically at 5K, and applying an average de- 

magnetisation factor e.JTM at 3KGauss, we obtain the crosses in fig. (8.4). 

These are in fairly good agreement with the experimental results. This 

suggests that the increase in g-value at temperatures more than twice T 

is a result of neasureaent in a finite magnetic field (see fig.(2.3)). 

The increase in the lineridth in this temeerature regime may be explained 

in a similar ray. The line will be inhomogenously broadened as a 

result of the distribution of demagnetising factors among the particles 

of the powder which, as described in ch. 7, show a wide distribution of 

shapes and sizes. It is noticeable that the linewidth begins to broaden 

at rather higher temperatures than the temperatures at which the g-values 

begin to increase. This nay indicate the presence of short-range order 

in the alloyg (see 8.2 and 8.3(g)). 

Peter et al (1.43) saggested that the shaoe of these curves may be 

explained in terms of dynamic effects in the ear bottlenee, and a fit 

to the present data can indeed be made, over a limited temnerature range, 

using the formula of Davidov and Shaltiel (equation 4.58). The g-shift 

obtained using this formula, however, can never change sign for an alloy 

of a given concentration and thus the expression cannot account for the 

low temperature g-shifts in the 4at: and 6?..-t alloys, where &g becomes 

positive. 	It seems relevant to question also the analysis of Davidov 

and Shaltiel (5.21) with respect to the LaMi5  - Gd system (fig. (5.1.)), 

since the ordering tenDeraure for these alloys was not determined. 
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We know that the compound GdNi5  orders ferromagnetically at 27K and there-

fore we might expect that LaNi
5 
- 5;',Gd would, very approximately, order 

at about 1.5K. Bearing in mind that the Q-band measurements of Davidov 

and Shaltiel were performed in an applied field of 14KGauss, it seems 

feasible that demagnetisation effects might become important at 12 7 15K 

where the upturn in g-value is observed. The behaviour of the alloy is 

rather similar to that of the late Gd in Pd (Tea 2K) alloy measured by 

Cottet at Q-band. The form of the frequency dependence of the linewidth 

and g-value at 4.1K in LaNi5  - Gd might also be accounted for in terms 

of demagnetisation effects, since the inhomogenous broadening is likely to 

be greater in higher measuring fields, where a wider range of demagnetising 

fields will be present in the powder. The interpretation of the frequency 

depeindence of the linewidth data is, however, open to some doubt since the 

frequency dependence of the residual linewidth may be an important factor 

(see below). Davidov and Shaltiel were only able to account for their 

linewidth data in terms of clustering effects. 

The behaviour of the LaRu
2 
- Gd system has also been explained on 

the basis of the existence of dynamic effects (5.20). In this system 

it is known that an alloy containing 6at,-; Gd orders ferromagnetically at 

9.5K and an upturn in the g-value of a 3at Gd alloy is observed ate.,  20K 

in a field of 12KGauss. 

It is impossible, of course, to state with certainty that dynamic 

effects are not present in the Pd-Gd or other systems. Such a statement 

could only be justified if Td - H plots were available at a number of - 

concentrations and temperatures in each system and if g-shift measurements 

were made on a specimen in a form such that a precise demagnetisation 

field could be defined. 
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Various models have been discussed in ch. 1 which seek to explain 

the large negative g-shifts observed in the dilute Pd-Gd alloys. At 

the lowest concentration of Gd a g-shift has been observed of 0.225 and 

this leads, using equation 4.41 and the value of the Pd susceptibility of 

9 x 10
6 

emu per cc quoted by Peter et al (5.26), to a value Jeff  = -0.018 eV. 

• The values of the g-shifts obtained in this work are in good agreement with 

those obtained by Cottet, but in disagreement with the recent results of 

Praddaude and Gartner (5.32) (who obtained --41--E 	-.0% for a O.2at,g 
alloy). Particularly puzzling is their remark that the discrepancy tiny  

be due to incomplete inclusion of demagnetisation effects in other work, 

since not only would this tend to increase the discrepancy but, 

for such low concentrations, such effects are negligibly small at X-band 

• (less than 2 Gauss). The observed shift of -12:r found in this work is 

much less than the reduction in the paramagnetic and saturation moments 

obtained by Shaltiel et al (5.8) (22A and Crangle ( r•1240 (3.40). 

However, the recent work of Guertin and Foner (3.44) indicates a reduction 

of only 7 - 	independent of concentration. The discrepancy between 

this value and that of Crangle, whose magnetisation data on the 7a.W alloy 

at 1.7K look well saturated at fields of from 5KGauss to 20KGauss, is 

puzzling. 	One possibility might be that the Pd host is itself contributing 

an extra moment at the high field (150KGauss) used by Guertin and Foner; 

however, this possibility appears to be ruled out by the work of Miner 

et al (3.71) who showed than the magnetisation of Pd at high fields is 

given by 

Iii = X H (1 pH2) 

up to 325KGauss at 4.2K with /3 = 6 x 10-14  Gauss-2. 

If we accept the value obtained by Crangle and by Shaltiel et al, 

one intriguing possibility might be that a second order g-shift (equation 4.42) 

is present. For J < 0 this will tend to decrease the negative g-shift, 
• 	 since Lig2 cC J2.  A second order shift might also explain the reduction 
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in D g on increasing the Gd concentration, since 6,g20C C. Two facts 

argue strongly against such a proposition, however: 

1. We might expect considerable temperature dependence of the g-value 

for a given alloy in which second order effects are important, since 

Ag20C 1/T, and such effects are certainly not observed in either 

Pd 	Gd or Pd 6at% Gd in the paramagnetic regime. 

2. Cottet (5.30) has added Lu to a 0.1atr, Gd in Pd alloy and finds 

that the g-shift continues to decrease with increasing Lu content. If 

a second order g-shift were responsible for the reduction in Ag, addition 

of Lu might be expected to produce no change in g. The reduction in Pig 

would appear to be a consequence of the filling of the Pd d-band. 

The work of Budworth et at (5.26) shows that Ag fills the d-band 

of Pd at a concentration of about 60,/,,, whereas the De Haas Van Alphen 

experiments of Vuillemin and Priestly (3.72) suggest that there are fv0.36 

holes in the Pd d-band. These results indicate that the naive rigid band 

model is, even for Ag, far from satisfactory. Addition of Lu, which has 

21 b1 14516- a configuration 4f 	increased the g-value of Gd in Pd at about 

three times the rate for Ag (fig. (8.5I) and this suggests that if a rigid 

band model is applied for the addition of Ag, it is equally applicable 

for Lu. Addition of Gd, however, appears to increase the g-value rather 

faster than Lu at low concentrations, showing distinct curvature, but when 

6atl, Gd has been added, the g-value falls on the Lu curve. It is difficult 

to account for this behaviour; we only note that complications arise in 

comparing Gd and Lu since the atomic radius of the latter is smaller by 

r•,4*/, and thus addition of Lu may have the effect of increasing NI?  for 

the conduction electrons and increasing the width of the d-band. 

As the concentration is increased, the temperature dependence of the 

linewidth appears to decrease. The slope of the lowest concentration 

alloys is difficult to e stimate, but the slope of the 0.4atr, alloy is 

certainly greater than the value of 6G.R-1  obtained by Cottet, whose 
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measurements suggest a decrease in slope from 6G.K 1 for a 0.6a-big alloy 

to about 4G.K-1 for a latS alloy. As discussed in ch. 4, we cannot use 

the simple Korringa form for an exchange enhanced host but must include a 

factor K(C() (equation 4.55). 	In this case, assuming from the large 

g-shift that the system is not bottlenecked, we obtain X(M)r,-,  1/60 for 

the 0.4at alloy, reducing as f)(Er) is reduced, to about 1/8 for the 

6atg,  alloy. 

One further interesting fact emerges from the linewidth data. 

We note from fig. (5.2) that the values of the minimum linewidth observed 

by Cottet are about twice the values obtained in this work. To check 

that this was not a metallurgical difference (Cottet did not homogenise 

his alloys), the 0.2at., alloy used in the present work was measured by 

the Geneva groups  and Q-band and the difference in linewidths confirmed. 

Careful analysis of the data suggests that the residual linewidth in these 

alloys is frequency dependent. No explanation can be offered for this 

behaviour but we note that similar behaviour has been found by Bagguley 

et al (3.51) in their work on the PdFe alloys; here it was noticed that a 

plot of linewidth against temperature has the same form but with absolute 

values scaled by a factor equal to the square root of the ratio of the 

frequencies (fields) at which the measurements were made. The same would 

appear to be approximately true in the present case. One measurement 

made by Peter et al at 50 Geis on a 3at% Pd-Gd alloy (fig. (8.50 rather 

surprisingly falls on the 9 Gc/s curve. 

(b) Pd-Ni Gd 

The effect of adding 1.3at Ni to the Pd0.4Gd alloy was investigated 

and at 4.2K a g-value of 1.72 ± 0.02 (c.f. PdO.4Gd = 1.62) and /NH = 550G 

was obtained. This result is consistent with the g-values found by Cottet 

for Gd in Pd-Ni alloys containing up to lat;." Ni (5.30) and with the idea 

that addition of Ni 'drives' the Pd towards ferromagnetism. From the data 

0 	above, it cannot strictly be claimed that a Gd content of 0.4at acts 
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merely as a 'probe' of the host alloy behaviour and such a claim could 

certainly not be made for the 3 Gd used by Shaltiel et al (5.8) in their 

experiments, since this concentration of Gd will appreciably alter the 

band structure of the host. The concentration used in this work did, 

however, allow a limited warm-up to be made to about 15K and despite the 

reduction in amplitude of the signal, it appeared that the alloy showed 

similar temperature dependence to the original Pd0.4Cd alloy. The absence 

diSH
'  

ofasharplyincreasedslope,-(as in Cu-nn) on the addition of 
dT  

impurity, lends further support to the contention that the Pd-Gd system is 

unbottlenecked. Cottet (private communication) has found no increase 

inl d2  for alloys doped with other non-magnetic impurities. 

(c) LaAl2  - Gd 

From twelve sweeps at 4.2K on the LaAl2  - 0.45a- d alloy investigated 

by Lowin (5.24) a g-shift of + 0.027 ±0.01 was obtained. 	This is less 

than his value of 0.055 ±0.015, obtained without the nmr field calibration 

facility (which is crucial to the accurate determination of g-shifts). 

Furthermore, it would appear that Loran applied the simple 611/3 lineshape 

correction factor which is valid only for lines with A/B = 2.55. More 

realistic corrections for L/B4( 2.55 lead to smaller positive g-shifts. 

The present result shows unequivocally that the shift is positive, contrary 

to the earlier work of Shaltiel et al (5.8) who found a negative g-shift. 

It is, however, in agreement with the static susceptibility results of 

Maple and Fisk (1.47). Using the measured susceptibility (corrected for 

core diamagnetism) of 150 x 10 6 emu per mole obtained by Maple, a value 

0 

of Jeff = + 0.017 eV is obtained. 

In the present work, the temperature dependence of the linewidth 

was not investigated but using the value of 	
- 

1-4211  42 5 G.K-1  obtained dT  

by Lowin, the simple Korringa relation (equation 4.54) predicts 

Ag = 0.040 which is rather higher than the value obtained in this work. 

The result seems to imply K (DC)  'vl and that exchange enhancement is not 

important for LaAl2- 
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8.2 	Solid Solution Alloys containint, Yn 

(a) Pd-Mn 

The esr study of the Pd-Mn system has been carried out in conjunction 

with Mr. A. Tari who has measured the resistivity of a number of Pd-Mh 

alloys, and Dr. H. Jamieson who has made susceptibility and magnetisation 

measurements. The esr runs in which a signal was observed are plotted in 

fig.s (8.6) to (8.13) and important data are summarised in Table (8.2). 

The values of the slope of the linewidth against temperature show no 

systematic variation with concentration and yield an average value of 

52 - 7G.K. This is in good agreement with the result for the 2at;', 

alloy measured by Shaltiel and VTernick (5.47) who obtained dA II = 51G.K-1. dT 

Cottet (5.30) investigated alloys containing up to 2at-: Mn and found no 

systematic variation with concentration, but values ranging from about 

60 to 750.K-1. 

Probably the most notable aspect of the results is the large Positive 

g-value of 2.15 ± 0.01 which leads, using the value of the susceptibility 

of pure Pd given by Peter et al (5.26), to a value of J = Y 0.012 t 0.001 eV. 

The g-value is in excellent agreement with the value obtained by Cottet 

(2.14) but is rather higher than that of ernick and Shaltiel (2.10). 

The large positive value of Lle may be explained by the theory of Coles 

et al (1.37) or by that of. Campbell (1.42). 	In the former model, we 

argue that as the Mn ion is expected to form a Virtual Bound State, the 

admixture term in the Anderson Hamiltonin will lead to a negative 

coupling between the 	moments and the conduction electrons; d-s 

hybridisation in Pd as in Pd-Fe (1.41) will then lead to a polarisation 

of the s-band antiparallel to the rignetisztion of the d-bard. 

The sign of the g-shift is in agreement with the sign of the enhance-

ment of the moment from static susceptibility measurements, but is far 

less than the value of the saturation moment (7.5/1B  per atom) obtained in 

the high field work of Star et al (3.58). It is, however, in fairly 
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good agreement with the values obtained by Shaltiel et al (-1- 11.50 

and Sarachik and Shaltiel (+ 120. Taking these latter values we again 

note the curious. fact that the g-value is enhanced by about half the amount 

obtained from static susceptibility measurements (c.f. LaAl2  and Pd-Gd) 

C 
1•■■••••••■••• 

dilii 

Pd-En DATA TABLE 8.2 

Tg g AEI . min 
T Olamin  dT 

--- 

0.6 5o 250 2 2 2.15 ± 0.02 

0.9 62 265 3.75 1.-  1.0 2 2.14 ± 0.01 

2.3 55 315 7.75 ± 1.o 5 1: 1 2.13 ± 0.01 

2.5 57 33o 8.75 ± 1.0 - 2.15 ± 0.01 

3.751  40 375 9.5 ± 1.0 7 1: 1 2.14 t 0.02 

4.6 47 500 7.5 t 1.0 6 ± 1 2.16 t 0.02 

6.0 52 720 8 t 1.o +  8 - 1 2.16 t 0.02 

7.0 - 1000 8.5 - 
+ 1.5 + 9 - 1 2.17 1. 0.03 

Av. 52 t 7+ Av.2.15 - 0.01 

Using the simple form of the Korringa relEtion (4.54), we obtain 

d H 	 -1  a value of 	from the measured value of Qg of about 5500.K 

This suggests, as expected, that exchange enhancement is pres-:nt and we 

obtain a value of K (0(),"-d 1/10 from equation 4.55. 

The residual lineviidth shows no systematic variation with concentration 

and an average value nillOG is obtained. It is apparent from fie. (0.8) 

that in the 2.3at% alloy, which was the first measured in the Pd 5n series, 

a small negative residual linewidth is obtained by extrapolating the high 

temperature data. This seems quite unphysical. It was at this stage 

that the thermometry experiments on the Ag-Gd alloy described in ch. 7 

were carried out. It is clear from fig. (8.8) that to obtain even a zero 

intercept in the 2.3. data, all points from 6: to 13K would have to be 
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shifted to lower temperatures by more than 2.5K. This is a greater dis-

crepancy in the measured temperature, extending over a much 6xecter tempera-

ture regime, than was found in the Ag-Gd experiment. A further run on a 

2.5at% alloy allowing a 'free' warm-up from liquid helium temperatures, 

which reduced the discrepancy in Ag-Gd, led to similar data with, again, 

• 
	 a small negative intercept on the linewidth axis. Negative residual 

linewidths have also been observed for a number of intermetallic compounds 

(see 0.3(j), (1)). 

It is possible that there is again a frequency de-,:endence of the 

residual linewidth, since Cottet working at 35 Gc/s found a non-systematic 

variation in All res from 200 - 650G with an average value of about 400G 

and Vernick and Shaltiel obtained Alires 500G at 50 Gc/s in their 

2atj!! alloy. 

Neither of the previous esr investigations of the Pd-15n system 

mention the effect of magnetic ordering. Cottet plots a series of 

straight lines through his linewidth data for temperatures down to 4.2K 

which, on the basis of this worl:, is not justified. It may be seen from 

figs. (8.7) to (6.13) that there is a well defined minimum in the linewidth 

and an upturn in g-value for all concentrations above 0.6atg. This we 

identify, as in Pd-Gd, with the increase in demagnetising fields as 

magnetic order sets in and the magnetisation increases. 	These fields, 

again, both shift the position of the centre of the line and inhomogenously 

broaden it. In fig. (6.15) the temperature, T ONnin, of the linewidth 

minimum and the temperature, Tg, at which the g-value begins to show an 

increase, are plotted a, ainst concentration. Both T8 . and Tg increase 

with increasing concentration below about 2.5at where the alloys are 

ferromagnetic at low temperatures, although it is noticeable that 128Pmin 

rises more steeply than Tg. This may be due to the Presence of short 

range order, which tends to broaden the line without shifting it. 

4 
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These values seem to correspond fairly well with the concentration 

dependence of the Curie temperatures of the alloys as indicated by specific 

hest (3.54), resistivity (3.55(b) and 3.56) and susceptibility (3.57) 

measurements which are shown in fig. (8.14). As in Pd-Fe and Pd-Cop 

the specific heat and resistivity measurements seem to indicate rather lower 

values of the Curie temperature than the susceptibility data. The 

transition temperature in the Pd-En system below about 2 En increases 

at about 3 - 4K per at compared with the values of 30 - 60K per a-b, 

found for Pd-Fe and Pd-Co; this seems to imply that the strength of the 

interactions is much less in Pd-En. The change of slope of the resistivity 

is very sharp at these concentrations and as discussed in ch. 3, Boerstel 

(3.54) finds cusped peaks in the specific heat. 	This latter observz.tion 

suggests that the matrix is far more uniformly polarised than either Pd-Fe 

or Pd-Co where a broad scale of interaction strengths leads to far more 

rounded peaks. The disagreement as to the moment per Mn atom does not 

enable us to say whether the Polarisation is relatively strong, as the 

results of Star et al (3.58) would suggest, or fairly weak, as suggested 

by those of Sarachik and Shaltiel (3.56) and Shaltiel et al (5.8). 

Neutron diffraction measurements are being Performed at present by 

Prof. B. R. Coles et al to determine the form of the polarisation. 

Above about 2.5 Mn, the ordering temperature indicated by the 

resistivity measurements of Tari begins to drop. As the concentration 

is increased, the point at which the slope of the resistivity changes 

becomes progressively less well-defined, until above about 4.1,'/, the resis-

tivity becomes a fairly smooth function of temperature and it is no longer 

possible to determine a transition Point. Jamieson, from an Arrott plot, 

finds an ordering temperature of 1.25K for a 4.65.. alloy and this is in 

good agreement with an extrapolation of the lover concentration resistivity 

results. Above about 5 - 6% En the susceptibility shows a broad peak at 

• low temperatures and the temperature at which this peak occurs increases 
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with increasing concentration. This is in agreement with the data of 

Rault and Burger (3.57). 

The esr data behave quite differently at these concentrations. 

Even allowing for the large error bars on the values of T40,.min  and Tg, 

there is no indication of a drop in these values with increasing 

concentration. The value of 	appears to remain fairly steady at 

about 8.51 between 2.5% and 75 rn. The linewidth at which the minimum 

in AH occurs, L1Hin , can be seen from fig. (8.16) to increase with 

concentration at an increasing rate, and indeed no resonance was observable 

for an 8.Z alloy. No signal was found in alloys containing l2at% and 

20at%En. 

The decrease in 'ordering' temperature obtained from the susceptibility 

data and the decrease in the magnetisation at 61(Gauss measured at 4.2K, 

found by Rault and Burger for concentrations above ^4347.1  may be 

understood in terl:,s of the increasing probability of }in atoms to become 

nearest neighbours as the concentration is increased, leading, on the 

model of roriya (2.9)pto antiferromagnetic coupling between them through 

direct exchange. The probability of any rh atom having another Mn atom 

as its nearest neighbour at a concentration of 	is about 0.12, which 

rises to 1--.1 0.50 at 5atc;": 2,:n. 	We may thus say that at low concentrations 

the Mn atoms tend to couple ferromagnetically via the surrounding spin 

polarisation clouds, as in Pd-Fe and Pd-Co, but as the concentration of 

En is increased, an increasing antiferromagnetic contribution appears, 

until at above about 5 - 	Mn the antiferromagnetic coupling between 

En nearest neighbours predominates. 

It is very difficult to interpret the behaviour of the character-

istic temperatures obtained from the esr measurements. Jamieson has 

determined the magnetisation of a 4.5at% alloy at 4.2K, 3.7K and 1.7K 

in a field of am and obtained magnetisations of 2.12, 2.36 and 2.86 emu 

per gm respectively. If we use these values and again assume an average 
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demagnetisation correction ,,Tru, we obtain fairly good agreement with the 

observed g-values. However, the magnetisation drops with increasing 

concentration whilst the g`-shift  continues to increase. Jamieson finds a 

magnetisation of 1.58 emu per gm for a 6.5at%Ila alloy in a field of 3KG 

at 1.7K, whilst the g-value of the 6atlg alloy reaches 2.55 at 1.8K, which 

a 	 corresponds in the crude approximation above to a magnetisation '' 12 emu 

per gm. 	This behaviour is summarised in fig. (8.17). 	It thus appears 

that the esr measurements show a form which is "consistent with increasing 

ferromarnetic behaviour with increasing concentration. 

Jamieson has investigated the effect of field cooling on the alloys. 

No field cooling effects were found in the 4.5atc;: 	alloy,but the 6.5at 

alloy, when cooled in 5KGauss, gave a 'frozen-in' moment at low temperatures, 

similar to that observed in Rh-Fe and Rh-fin by Murani and Coles (3.66). 

The Y - H plot at 4.2K showed no asymmetry, as is shown in Cu En alloys, 

but did show some hysteresis and time dependent remanence. An alloy 

containing 10.5at% Mn showed, on field cooling, signs of asymmetry in its 

/d - H plot. Field cooling experiments have also been performed in esr. 

The alloys of 4.6, 6, 7, 8.5 and 12at%rn were cooled to 1.7K in a 

field of 5KG and the results compared with alloys cooled in zero field. 

In no case was there any significant difference in the g-value, linewidth, 

amplitude (A + B), or intensity (A + B) iSH2, either at 1.7K or in the 

subsequent warm-up (e.g. fig (8.77)). 

This negative result is to be compared with the results of Griffiths 

(5.49) in the Cu-Mn alloys, where gross effects in all the above properties 

were observed on field cooling. Since the esr behaviour in Cu-Mn is not 

understood, it is clearly rather difficult to interpret the present 

negative results. In Cu-rn, however, competing interactions exist 

through the RICA polarisation, which for the simple matrix Gives rise to 

both ferromagnetic and antiferromagnetic couplings of the Mn moments as 
• 	 well as the tendency towards antiparaliel alignment of Mn atoms arising 



216 

from the direct exchange between nearest neighbours. In Pd-Mn however, as 

discussed above, the conduction electron modulated part of the exchange is 

expected to lead predominantly to parallel cowling between moments 

(except in the lowest concentrations). This constitutes a fundamental 

difference in the two materials. 

(b) Other Solid Solution Alloys containing_  

In order to try to gain more information about the effect of field 

cooling on the esr behaviour of various systems, experiments were carried 

out on alloys of Rh5% Mn and RhlOat% En. As discussed in ch. 3, these 

alloys show small displacements of their hysteresis curves and frozen-in 

moments when cooled in a field. The exchange enhancement of the Rh 

matrix seems to play little or no part in the onset of order and above 

about 3 at% the magnetic properties show similar behaviour to those of 

Cu-Mn and Au-Fe at lower concentrations. No esr signal was, however, 

observed from either sample when cooled in zero field or 5KG. Recently 

Dr. A. P. Hureni has failed to detect a resonance, using the present 

spectrometer, in a 15% alloy cooled in zero field. 

The Pt-ni system would be an extremely interesting system to investi-

gate. No esr data havebeen published as yet. 

Experiments on the 2111-Mh solid solutions are discussed in the section 

below on Znip and &alp (8.3(1 )). 

44 
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8.3 	Intermetallic Compounds - Results and Discussion 

The original motivation for the present study of the esr behaviour 

of intermetallic compounds containing s-state ions was to gain more informa- 

tion on the anomalous magnetic behaviour, described in ch. 3, exhibited 

by the compounds GdE, 6  GdB4, GdZn12  and Gd2Zni7. This original work 

has led to a more extended study of the characteristic esr behaviour of 

other compounds containing Gd, Eu2+ or Mn in the vicinity of their Neel 

or Curie temperatures. In addition, the value of the g-shift and the 

high temperature slope of the linewidth have been compared with the 

values of the moment deduced from static susceptibility measurements and 

the sign of the g-shifts, compared with theory. 

(a) ./1g3Gd, 

I The esr results for this compound are shown in fig. (8.18). At 

temperatures above about 60K, a temperature independent g-value of 

g = 2.00 It 0.02 is obtained. The large error quoted on this value 

reflects the large linewidth and the consequent uncertainty in the correc- 

tion factor discussed in ch. 7. We note that in the Ag 0.2 Gd alloy 

measured in this work and discussed in ch. 7, a value g = 1.995 t 0.005 

was obtained, in good agreement with the results of Nakamura et al (5.36) 

and Griffiths and Coles (5.37) and with the value for the compound quoted 

here. 	In the model of Coles et al (1.37) for the sign of J 'e would 

expect llg > 0 for this compound and, whilst the error is such that no 

definite cmclusions can be drawn as to the sign of Ag in this case, 

the result is not inconsistent with a positive g-shift. The high 

temperature linewidth shows a slope off,/ 0.7G. K-1 and this agrees well 

with the proximity of the observed g-value to the Gd free ion value. 

At about 70: the linewidth shows a minimum and at lower temperatures 

broadens rapidly; the centre of the esr line also shifts to lower fields. 
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This behaviour, commencing at about 2TN, we associate with the onset of 

magnetic order. Below the Neel temperatdre (35K) no signal is 

observable. 

(b) GdAl2  

Pig. (8.19) shows the esr results on the compound GdAl2. 	Two 

samples were, in fact, measured and they gave almost identical results. 

In the paramagnetic regime above about 200K, the corrected g-value 

is 1.989 - 0.005 and this is in fair agreement with the value obtained 

by Peter et al (5.6, 5.26) of 1.982 and with the recent work of Hacker 

et al (5.12) who quoted a room temperature g-value of 1.984. These 

results appear to confirm a negative g-shift for this compound, which is 

rather surprising since, as discussed above, the g-shift of Gd in LaAl2 

is unequivocally positive; the sign of 6g is, furthermore, in disagreement 

with the predicitions of the theory of Coles et al. At 300K, demagnetising 

effects are expected to be negligible (5.26) and above 200K in the present 

study the g-value is temperature independent. One possible explanation 

for the negative g-shift may be that the large concentration of Gd in this 

compound complicates the band structure by conferring to it considerable 

d-character. Use of a free electron picture gives Er  = 5.1 eV for 

GdAl2' 
assuming three conduction electrons per lattice site, and leads, 

using the measured g-shift and equation 4.41, to a value J = -0.02 eV. 

The linewidth in the paramagnetic regime has a slope of 2.1 G.
-1. 

This is in good agreement with the value of 2.3 G.K
-1 quoted by Peter et 

al and is in fairly good agreement with the value predicted by the 

Korringa relation, 4.54. The absolute value of the linewidth at 295K 

is 517 - 25 Gauss, and the value of 445 - 20 Gauss at 260K is again in 

excellent agreement with the data of Peter et al who quoted a value of 

500 Gauss for the half-width at half-power. 

rt 
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Below about 200K the resonant field begins to shift to lower values 

and the line broadens. The susceptibility and resistivity measurements, 

discussed in oh. 3, all quote values for the Curie temperature of GdAl2  

between 150K and 180K, with the most careful measurement (3.6) suggesting 

T = 167.8K. The behaviour of the resonant field and linewidth is thus, 

as in the Pd-Gd alloys discussed above, to be associated with the 

transition to ferromagnetism. If the magnetisation data of Hacker et al 

for GdAl2 
in 3KGauss are used, a fairly good fit to the experimental 

points for Ex  may be obtained by using a demagnetising factor FM, with 

F ni2.7 in this case. These points are shown as solid triangles in 

fig. (8.19). In comparing the value of 2.7 used here, with the value 

it used to fit the resonant field data for Pd-Gd, it should be borne 

in mind that the powders for the two samples were produced in entirely 

different ways, and it is thus not surprising that the factor, F, should 

be different in the two cases. 

Because of the crudeness of the estimated demagnetisation factor, 

it is clearly impossible to make any menningful coaments about the g-value 

in the ferromagnetic regime. In order to obtain g-values below 200K, small 

regular shaped specimens such as discs or plates (with a consequent loss 

of surface and thus intensity) would have to be fabricated and a careful 

analysis of the demagnetisation corrections at different orientations 

made, as in the work of Rodbell and Moore on pure Gd (5.4). 

We note that if we identify the temperature at which the linewidth 

begins to broaden by T AEmin  and the temperature at which the shift in 

resonant field begins by Tg, 

T/lain 	Tg  "NJ 
TC 	 TC  

1.2 
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(c) GdB, and GdB4  

Fig. (8.20) shows the esr data for GdB6. The g-value remains 

constant between 70K and 300K at a value of 2.00 t 0.01 and this value 

is in excellent agreement with the results of Coles et al (5.15) and Miller 

and Hacker (5.16). A figure of 334 15 Gauss is obtained for the 

linewidth at 298K and this is found to broaden to 425 t 20 Gauss at 77K, 

again in good agree.lent with the previously obtained fixed temperature 

data. 

No previous esr data have been published for GdB4. The g-value 

(fig. (8.21)) at 300K is 2.10 t 0.03 and the linewidth broadens from 

1143 - 55 Gauss at room temperature to 6bout 1600 Gauss at 77K. The 

rather large error bar on the g-value for this compound reflects the 

fact" that the GdB4  line was both broad and of fairly low amplitdue; 

lineshape corrections are thus difficult to determine with accuracy. 

A stress annealed sample of GdB4  gave precisely the same linewidth and 

g-value. 

The increase in the g-value over the free ion value obtained for 

GdB6 is in quite good agreement with the slight increase of the effective 

moment reported by Fish (1.6). The g-value of GdB
4 

is enhanced by 

whilst the effective moment is close to the free ion value. 

The N6e1 temperatures of GdB6  and GdB4  are 14K and 42K respectively 

(1.6) and once again, as in the case of Ap.3  . Gd. no signal is observed below „ 

these temperatures. Above TN the linewidth broadens with decreasing 

temperature for both compounds, and in both cases there is also an 

apparent shift in the resonant frequency. Unlike JLg3Gd, however, it is 

impossible to say from the data whether the decrease in Ex  constitutes 

a genuine shift to lower resonant fields on approaching TN, or whether it 

merely reflects an incomplete lineshape correction in this region of rapid 

line broadening. 

I 



231. 

The most remarkable aspect of the present results is the increase in 

linewidth which sets in at temperatures of about seven times TN  in the 

case of Gd16  and four times T1 for GdB4. The explanation of this 

behaviour must be related to the anomalies shown by the compounds in their 

other properties above TN. 	As discussed in ch. 3, GdB6  (3.31, 3.32) 

shows deviations from Curie-Weiss behaviour (fig. (3.2)) at about 80 - 1001, 

its resistivity shows a larger temperature dependence than is expected 

in this temperature regime, the specific heat shows an anomaly at 301 and 

0/TN -4 whereas 8/TN -1 for DyB6' TbB6 shows similar, but less 

marked, behaviour. GdB
4 

shows deviations from Curie-Weiss behaviour 

at about 601 and measurements of the resistivity of the heavy rare earth 

tetraborides made in conjunction with this study by Fisk, are shown in 

fig.i(8.22). The resistivity of GdB4  clearly shows a similar form to 

GdB6  above TN. 

These effects cannot, of course, be attributed to the crystal field, 

since in Gd compounds the crystal field splitting is expected to be 

Pa  0.1 - 1K. Measurements by Fisk (1.6) of Gd in 116  support this view, 

showing Curie-Weiss behaviour to 1.51. Fisk suggested that the free 

energy of simple long-range order in GdB6  may be adversely affected by 

its effects on the conduction electron configuration. With one free 

electron per unit cell, the first Brillioun zone is half full and Mattis 

and Donath (2.28) showed that the simple Neel type antiferromagnetism 

is expected to occur on a free electron model for this electron concentration. 

When or.:erinr occurs at a temperature ti 18i, an energy gap develops and 

splits each zone in half. The size of the gap is given approximately by 

J (g - 1) Jz  (2.32), which is largest for s-state ions and ,- 0.25 eV - 

for GdB6. These superzone band gaps might significantly modify the 

conduction electron energy spectrum and the RICKY interaction and prevent 

the ordering from going to completion. At 141, it is suggested, the 

compound orders into an alternative spin structure. Fisk suggests that 

similar effects may occur in GdB
4. 
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An alternative explanation might be that the tendency to reduce 

magnetic entropy by short-range order is much greater than to reduce it 

by long range order, over the temperature regime in which anomalous behaviour 

occurs. MnO orders antiferromagnetically at 116K, but neutron scattering 

still shows the presence of short-range order at room temperature. As 

discussed in ch. 4, a number of antiferromagnetic insulators, including 

MnO, show an increase in esr linewidth at temperatures several times TN  

and in a number of cases— 	is correspondingly high. 
TN 

 

The linewidths of a number of the insulators discussed in ch. 4 were 

found to be well described in the short-range order regime by the expression 

of Kawasaki (4.24), although-values of jp) ranging from- to 6/5 were 

observed, as against the theoretical value of 5/3. Plots of in (T - 

v 	- BT) for the present data are shown in fig. (8.23b). In the 

case of GdB6, a reasonable straight line fit may be made to the limited 

number of points available between 25K and 78K and Ipl 	1.4. 	The data 

for GdB4  likewise gives a reasonable fit between 66K and 122K with 10-- 1.6. 

It is not clear how significant these results are since, of course, data 

fitted to a logarithmic relation over only one decade must always be 

treated with considerable reservation; it is, however, extremely difficult 

to measure accurate values of the linewidth for T < T 	10, where the 

lines are so broad. The temperature also drifts during the course of 

a sweep. 

The behaviour of these compounds above their ordering temperatures 

will finally only be clearly elucidated by neutron diffraction measurements. 

The common Gd and B isotopes have very high neutron absorption cross-sections 

and thus experiments can only be performed on samples of Tb borides pre-oared 

from the Bli  isotope (see ch. 6). It might well be argued that in the 

Tb compounds, crystal field effects may be important, but the similarity 

between the magnetic properties of the Tb and Gd borides suggests that the 

mechanisms causing the bizarre behaviour may be the same. The effect of 
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crystal fields in the non s-state ions might possibly lead to a suppression 

of some of the short-range order and this may account for the fact that 

the observed effects are largest in the s-state ions. Preliminary neutron 

diffraction experiments show fairly strong magnetic peaks at 4.2K in 

TbB31
16' 

and from these it is hoped to elucidate the hitherto unknown 

magnetic structure of the hexaborides. 

No signal was observed from a sample of ErB4  at 4.2K. 

(d) Cu2Gd, "Cu4Gd" and Cu6Gd 

The data for the Cu2
Gd compound is shown in fig. (8.24). The 

g-value in the paramagnetic regime between 60K and 300K is constant at 

+ 
2.013 - 0.005 and the positive g-shift is in good agreement with the 

prediction of the theory of Coles et al, despite the rel.'s:Lively high 

concentration of Gd (c.f. GdAl2). Using a free electron model and 

assuming five conduction electrons per formula unit, values of EF  = 6.5 eV 

and Jeff 
= +0.016 eV era obtained. The linewidth in the paramagnetic 

, 
regime has a slope of 2.5 G.L. compared to a valuers' 6 G.K -1  deduced 

from the Korringa relation. The increase in the g-value over the free 

ion value (e'-' 1,0 is rather less than the enhancement of 6% found from 

susceptibility measurements (3.19). 

At low temperatures the esr measurements confirm thatthe compound 

orders antiferromagnetically. The linewidth shows a minimum at 

T AHmin 651; and below this temperature the line broadens very rapidly. 

The lowest temperature at which a resonance is observed is 37 - 1K, where 

2KGauss. This suggests that the value for TIT  quoted by Brun and 

Felchner (3.20), 41K, may be a little high. The apparent shift in the 

resonant field could again be due to the incomplete inclusion of the line-

shape correction. 
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Assuming a value of TN  40K, we note that
n
/T
N 	

1.6, which 

is fax less than the values obtained for the borides above. Some short-

range order (ch. 2)is, of course, expected and in this case, like Ag3Gd, 

its extent is quite unexceptional. This compound is one of the few in 

which the magnetic structure is known (3.20), but in the absence of 

comparable data for the compounds which show the anomalous behaviour, 

there is no possibility at present of correlating the observed extent 

of the 'pseudo ordering' with magnetic structure. 

No magnetic or structural data are available for the compound 

containing about 20,/, Gd and labelled "Cu4Gd" and this provides an 

opportunity to predict the magnetic behaviour from the esr data. The 

results are shown in fig (6.25). 

Between 40: and 160K, the g-value remains constant at 2.01 t 0.01, 

with the expected positive g-shift. The slope of the linewidth at high 

temperature is 4.5 - 2.5 G.K 1; the large error bar on this value 

reflects the broad and weak signal obtained at temperatures much above 

100K. Substituting; the measured g-shift into the Korringa relation 

suggests a value for the slope ^J5 G.K 
1 
 i 7  n good agreement with the value 

above. 

By 'comparison with the previous compounds, the form of the esr data 

would suggest that this compound orders antiferromegnetically at TN r' 15K. 

The linewidth shows a minimum at a temperature T Emin
f`a  50K and thus, in 

ii  

this case, 
	 TTT 

r•-• 3.5, which is similar to the value found for 

GdB4. 	These esr results suggest that "Cu40d." may also exhibit anomalous 

magnetic behaviour above TN, and a sample is at present being prepared for 

measurements of its resistivity and susceptibility. 
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The interesting behaviour shown by "Cu4Gd" led to interest in the 

magnetic properties of the compounds at the copper rich end of the system. 

The ear data for the compound Cu6Gd is shown in fig. (8.26). Again, no 

other magnetic data are available. 

The corrected g-value for the compound is constant above 60K with a 

g-value of 2.025 - 0.010, and an a free electron model we obtain 	= 6.3 eV 

and Jeff = +0.007 eV. The slope of the high temperature linewidth is 

r,a 7 G.:-1 which is about three times less than the value predicted by 

the Korringa relation using the measured value of g. 

By analory with the result for the GdAl2  compound, using the value 

A Hiain  
ra 1.2 found in that case, Cu?Gd would appear to order TN' 

ferromametically at T = 45 - 50 K. 

(e) GdIn
3 

The susceptibility measurements on this compound (3.11) suggested 

that there were no significant deviations from Curie-',:eiss behaviour aLove 

T
N 
and neutron diffraction experiments (3.12) confirmed the absence of an 

appreciable range of short-range order in TbIn3. 

Unfortunately, both the samples of GdIn
3 
gave only low amplitude 

signals with linewidths at 295: and 77K in excess of 2.51:Gauss. These 

widths were not reduced by stress annealing the samples and no useful data 

could be obtained . 

(f) Pd2Zu and PdEu 

The results of the measurements on the Pd2Eu compound are shown in 

fig. (8.27). 	Between 120K and 3001: the corrected g-value is 2.01 -2: 0.01 

and the positive g-shift is consistent with the idea that the Pd d-band 

is full in this compound. The linewidth at room temperature is 

430 - 20 Gauss and the lineLidth has a slope of 0.6 G.K-1, which is a 

factor of four or five less than the value predicted by the unenhanced 

Korxinga relation. 
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The shift of the resonant frequency to lower fields and the increase 

in the linewidth below about 100K, closely resembles the behaviour of 

GdAl
2 at somewhat higher temperatures, and it is thus to be concluded 

that Pd
2Eu is ferromagnetic at low temperatures. If we assume a factor 

1.2, as in GdAl2, a Curie temperature of N  80K is obtained 

0 
	 which is in excellent agreement with the values of the Curie-Weiss 

obtained by Ydckman et al (3.27) and by Earris and Longworth (3.26). 

The PdEu compound gave, below about 100K, a distorted signal which 

would appear to be attributable to the second phase (probably Pd2Eu) 

reported to be present in the sample by Lon worth. At higher 

temperatures, however, a good single resonance was observed with a g-value 

of 2.007 - 0.01C and a linewidth at room temperature of 740 - 35 Gauss. 

The slope of the linewidth is r•-i 0.8 G.1L-1  which, again, is rather smaller 

than the value predicted by the simple Korringa relation. 

Below 100E, despite the complicating effects of the second phase, 

there does appear to be a'oroadening of the original signal and this 

is not inconsistent with the recent results of the /15ssbauer study of 

Longworth which suggests that the compound becomes ferromagnetic at 

about 50K. 

(g) Pd3Gd, Yb  

The esr results on the Pd
3
Gd compound are shown in fig. (8.28). 

The corrected g-value is constant from about 15K to 77K and equal to 

2.04 - 0.01. 	Above 77K the intensity of the signal becomes too weal: 

to ascribe a g-value. The linewidth shows a slope in the paramagnetic 

regime of 6 G.K-1  and at 78K the line is 1450 t 50 Gauss broad. As in 
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the Pd-Eu compounds, the positive sign of the g-shift suggests, in agreement 

with other observations described in ch. 3, that the d-band in this compound 

is full. The measured g-shift suggests, once again, a larger slope 

t 
(r"" 40 G.K-l) than is observed, but agrees well with the enhancement of 

the paramagnetic moment reported by Gardner et al (3.23) and Hutchens 

et al (3.25). 

The behaviour of the compound close to the ordering temperature is 

puzzling. The previous magnetic data suggest strongly that, at low 

fields, the compound is an antiferromagnet with TN  = 7.5K and on the 

basis of the other work in this thesis on antiferromagnets, we might have 

expected a shift in resonant frequency and broadening of the line at„ 

(in the absence of deviations from Curie-Weiss behaviour in the inverse 

susce-btibility)yabout 2T1. and no signal below 7.5r. 	The shift in 

resonant field and line broadening from about 2TN  are observed, but the 

resonance may be followed to the lowest temperature of 1.8K. 

The clue to this behaviour may lie in the fact that Pd
3
Gd is in 

fact a metamagnet; fairly low fields r'a 6 - 7KGauss being required to 

produce a transition from antiferromagnetic to ferromagnetic order. 

Very siailar behaviour was observed in EuA1
4 
by Wernick et al (5.9). 

Here, a signal was reported at 1.8K, about 4K below the Heel point for the 

compound and, again, the esr measurements were made in a field close to 

the critical field for a transiticn from antiferromagnetism to 

ferromagnetism (f-- 15EGauss). 

The esr data obtained in the present experiments showed no anomalies 

at 7.5K, a single resonance line being observed with no pronounced 

changes in intensity or shape. 
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The interesting behaviour of Pd
3
Gd and EuAl

4 
suggests a number 

of experiments: 

(i) An investigation of the behaviour of EuA1
4 
at X-band. It would be 

interesting to see whether in a field of 3KGauss (e-,  1/5 Hcrit) 'normal' 

antiferromagnetic behaviour was shown in esr. 

• 
	 (ii) A study of other systems which show metamagnetic properties in low 

fields, such as GdZn2  (3.30) and Eu412  (3.2, 5.6), with a view to establish-

ing a relationship between the type of esr behaviour close to the ordering 

temperature and the ratio of measuring field to critical field. 

(iii) An investigation of the effects of cooling the samples in fields of 

various strengths. A sample of Pd
3
Gd cooled in 5KGauss showed exactly 

the same esr behaviour as the zero field cooled sample. 

4 

The work of Hutchens et al suggests that the compound Pd
3
Yb does not 

order above 1.8K and thus this intermetallic compound appears to be a 

good candidate for the possible observation of a non s-state resonance. 

The measurements on Pd
3
Yb have to date, however, been plagued by the 

problems of metallurgy outlined in ch. 6. Initial work on what was 

presumed to be the compound, gave what appeared to be a weak resonance 

which remained almost unchanged between 4.2K and 20K with g ti 3. This 

is not far from the g-value of Yb in Au renorted by Hirst et al (5.63) 

where g = 3.30. 	To check whether this 'signal' was, in fact, due to 

solid solution of Yb in Pd, the sample of 140 (nominal) Yb in Pd was 

investigated and a similar line of much the same intensity was observed. 

A run on the 'empty' cavity loaded with a Au-Ag specimen showed that the 

effect was not due to contamination of the cavity. 

• 
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No conclusions can, at present, be drawn about the origin of this 

line but further investigation, when samples of good metallurgical 

quality are available, is clearly warranted. 

(h) The Pt-Cd compounds 

The g-value of Pt2Gd (fig. (8.29)) is constant above about 60K 

at g = 2.023 ± 0.005. This value is in good agreement with the results 

of Davidov and Shaltiel (5.11) and with the susceptibility measurements 

of Wallace and Vlasov (3.29), which suggest a paramagnetic moment for the 

compound about 2,,L above the free ion value. The present measurement 

flatly contradicts the results of Vijaraghavan et al (5.10) who observed 

a large negative g-shift for Pt2Gd. Substitution of the observed 

g-shift in the Korringa relation suggests a slope of about 17 G.K 1  

for the linewidth at high temperatures, which is rather higher than the 

value of 6 - 7 G.X 1  observed. 

As discussed in ch. 6, there exists a considerable range of compo-

sition over which the Laves phase compounds are formed, and measurements 

were made on compounds containing 28at% and 25at% Gd, corresponding to 

stoichiometries "Pt
2.57Gd" 

 and "Pt
3
Gd". 	The results for the "Pt

3
Gd" 

compound are shown in fig. (8.30) and the principal values of interest 

summarised in table 8.3. The g-values for all three compounds are very 

nearly the same but there is an appreciable variation in the values of the 

linevidthat77K.Theslopeofthelinew r the "Pt
2.57

Gd" 

compound, has a greater uncertainty than the others since fewer points 

were taken at high temperatures. 
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TABLE 8.3 

Tg 

 

TAHmin 

 

Li Btu  

   

at\ H 
dT 

         

Pt
2Gd (3V 57 t5 70± 3 858 ± 45 2.023 6.2 ± 0.5 

Pt
2.57

Gd (285) 56 ± 5 66 t 3 710 ± 35 2.028 7.5 t 1.c 

Pt
3
Gd (25) 52 - 5 58 ± 3 774 ±40 2.022 6.6 t 0.5 

All three compounds show the behaviour expected for a transition to 

a ferromagnetic state at low temperatures. By analogy with the GdAl2  

compound discussed above, the data would suggest an ordering temperature 

of r,-,55K for the Pt
2
Gd compound. This is rather higher than the value 

obtained by Crangle and Ross for Pt2Gd (3.28) of 371 in zero field, but 

is coser to the value of 47K obtained by Wallace and Vlasov. 

Careful analysis of the data for the three alloys suggests, in fact, 

that there may be a reduction in the ordering temperature on moving 

towards the Pt rich end of the phase field. 	It is difficult to deduce 

this fact from the data with any certainty, but the temperature at which 

the linewidth begins to broaden appears to decrease steadily as the 

concentration of Gd is decreased. The data for the "Pt3Gd" compound would 

suggest an ordering temperature of perhaps 45K. The temperature at which 

the centre of the resonance line begins to shift to lower fields, Tg, 

does not show such stroll!" concentration deendence, although it may show 

some, and it is consistently lower than T
LS Win

. Values of Tg < T taain  

have also been found in the Pd-Gd and Pd-Mn dilute alloy systems and 

possibly exist in Cued and GdAl2. This may be a manifestation of 

the short-range order above the Curie temperature in these alloys. 
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In principle (2.1, 2.2., 2.3)r it is possible to calculate the 

expected variation of TO  by computing the lattice sum in the RKKY formula 

(2.3) and then considering the effect of introducing random voids in the 

sum, on replacing Gd atoms by Pt atoms. As discussed in some detail in 

ch. 2, however, this approach seeks to explain quantitatively fairly small 

changes on the basis of a theory which is far from rigorous. A 

computation of this sort has therefore not been attempted. 

In order to investigate the effects described above by more 

conventional methods, resistivity and susceptibility specimens of the 

samples have been prepared. 

(i) Zal1aqi_Laq_721217Gd2 

I
The Gyni7  compound (fig. (8.31)) gives a constant g-value between 

about 30K and 300K of 1.995 ± 0.005, which is close to the free ion value 

and in good agreement with Stewart's (2.4) value for the reduction in the 

paramagnetic moment from the free ion value (r -0.M. The linewidth 

above about 100K has a slope of 0.3 G.K-1  with tVa 308 ± 15 Gauss at 

room temperature. The observed value of the slope is consistent with the 

g-shift through the simple Korringa relation. 

GdZn12  has g = 1.980 ±0.005.from 3010 to 300K (fig. (8.32)). 	This 

unequivocally negative g-shift is surprising since, for a simple metal 

such as Zn, we might expect a positive g-shift and Stewart (2.4) in fact 

does obtain an increase of about 	in the paramagnetic moment over the 

free ion value from his susceptibility measurements. Application of the 

Korringa formula to the g-value result would suggest a high temperature 

slope in the linewidta of about 6 G.K
1, but in practice, the line 

broadens from 190 10 Gauss at 77K to 250 - 12 Gauss at 295K giving a 

slope. 0.25 G.K-1, some twenty-five times smaller. Even if the 

comnound is fairly severely bottlenecked, this does not account 

(equation 4.49) for a change in sign of &g, and the discrepancy between 



242 

the sign of Zig and flp remains extremely puzzling. 

Both compounds are interesting from the point of view of their 

magnetic ordering bohaviour. Both compounds are antiferromagnetic at 

low temperatures, both show striking deviations from Curie-Weiss behaviour 

el (fig. (3.1)) and both give values of r7---)> 1. 	Stewart obtained a 
iN 

value of T = 107 for Gd2Zn17 and the lowest temperature at which an esr 

line could be identified was 11X, where AII,-- 1400 Gauss. Above this 
temperature the line narrows, showing a weak minimum at 90 - 100K; this 

suggests that ordering effects are observed in the esr linewidth at a 

temperature of about ten times the nominal ordering temperature. 

Deviation from Curie-Weiss behaviour becomes apparent at about three times 

the No-el temperature. The resonant field appears to shift to lower 

values at 20 - 30X, although the fairly small apparent shift can, again, 

be accounted for by a very small overestimate of the lineshape correction 

factor. 

GdZn
12 

shows entirely parallel behaviour. Stewart obtained 

TN  = 167 and no esr signal is observed below about 17, where the line 

is ,--,700 Gauss wide. 	In this case, the line begins to broaden at 

tiHmin r'a 5) compared with a temperature .,J CIS at which 
TN  

departures from linearity in the inverse susceptibility are observed. 

It is again possible that the resonant field is shifted to lower values 

below 307. 

The results described abow.! for the Gd-Zn compounds are very similar 

to those of the Gd-B compounds and we might expect that the mechanism 

responsible for the anomalous behaviour above TN, whether it is the 

effect of short-range order, the formation of superzone boundaries, or 

some other mechanism, is the same in both cases. The magnetic structures 

of the (R.E)2Zn17  and (R.E)Zni2  compounds are not known. 	In fig. (8.23a), 

ln(T - TN) has been plotted a
gainst in(AH -ET) for the compounds, and 
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with the reservations 0:1Pressed for the sae plot in the case of the 

borides, we note that a reasoneble straight line fit is obtained between 

TN  + 2 and TN  + 30 for GdZn12  with Ipi = 0.7 and between TN  + 5 and 

TN  + 52 for Gd2Zn17  with Ipl = 1.1. 

No signal was observed from a sample of Zn12Er (TN. = 2.9, e = 3) 
at 4.2K or 77K. 

)-.LKn 

Very few intermetallic compounds containing 	order antiferromaneti- 

cally at sufficiently low temperatures for the ertent of line broadening 

above TIC  to be observed. Au3
En orders at 145K and appears to show 

deviations from Curie-47eiss behaviour at about 250IL. 	It was thus hoped 

to clompare the esr behaviour of this compound with that of the Gd anti-

ferromagnets. 

Both of the samples Prepared in this study (ch.6) showed fairly 

strong superlattice lines in their X-ray diffraction data but, 

unfortunately, no esr signal was observed betveen room temperature and 77X 

in either case. 

(k) Pd2
7,:nSn  

This compound was investigated to compare the behaviour of a transi-

tion metal ferromagnet with the behaviour of the rare-earth compounds 

and, also, in the hope that some light might possibly be shed on the 

behaviour of the Zn13
:n compound discussed below. 

In fact, the esr behaviour of Pd2.inSn (fig. (8.33)) appears to be 

parallel to that of GaL12 
and the other ferremagnets described above. 

The line again broadens inhomogenously below 220K and the centre of the 

line shifts to lower fields at about the same teelperature. As in 

GdAl2
: 

Tg 

TC  
1.2Tc 
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A constant corrected g-value above 220K of 2.013 It 0.005 was obtained 

and this leads to a predicted slope of the linewidth of t 7 G.K , compared 

to an observed slope Iv 4.5 G.K-1. It is interesting to note that in 

this compound, the high temperature linewidth extrapolates unequivocally 

to a large negative linewidth at T = OK ea -800 Gauss. Similar negative 

intercepts were observed in some Pd-Mn dilute alloys (above) and no explana-

tion can be offered for this result. 

(1)' Zn MI and Zn Mn 13--- — 

The esr results on the Zn-bin alloys are the most puzzling of all 

the'results in this thesis. They do not appear to fit in with the typical 

esr' behaviour of either ferromagnets or antiferromag nets. 

The results of the runs on the -phase, Zn13 	
are shown in 

fig. (8.34). 	Sample 1 corresponds to Dunlop's sample 1334 and sample 2 

to his sample 135 (2.7). 	They both show similar behaviour, the esr 

signal first appearing between 120K and 150K with gr./ 2 and shifting mono-

tonically to g"., 3 at liquid helium temperatures. There is a difference 

in the absolute value of the linewidth of the two samples ti 10 - 155, 

but the general behaviour is the same, with what appears to be a weak 

maximum at 30 - 40K, which is rather higher than the ordering temperature 

of 20K obtained by Dunlop from the Arrott plot and peak in the magneto-

resistivity. 

It might be argued that the form of the temperature dependence of 

the resonant field is fairly similar to that of a conventional ferromagnet 

with TO N 100 - 120K, but if the value of 1.8 emu per gm obtained by 

Dunlop is used to calculate the value of the demagnetising field at 

4.2K, only about 20-if, of the observed shift can be accounted for, even 

assuming a factor F = 411-  • Furthermore, the linewidth does not show the 

temperature dependence normally associated with ferromagnets (c.f. Pd2MnSn). 
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In an attempt to cast more light on the rather bizarre behaviour of 

this compound, esr runs were Perforaed on solid solutions of Mn in Zn 

containing 0.1 and 0.4at Mn. No signals were observed at 4.2K from any 

of these alloys in either the annealed or unannealed states (see ch.6). 

This negative result contradicts the previous measurements of Collings et 

0 	
al (5.60) and Eiyako (5.61), althouEh the latter result must be treated 

with some caution since the stated concentrations of Mn (0.5at and 

1.0at',0 are above the solubility limit of 0.4at. 	This negative result 

obtained in this work suggests that local environment effects (i.e., 

the surrounding Zn atoms) may be an important factor in the observation 

of a resonance in Zn
13Mn. However, a run on the alloy Zn 13( 

 
Fe0.95Mn0.05)  

in which En atoms have the same local environment of Zn atoms as the 

Zn13
Mn, also failed to produce a signal at 77K, 4.2K or 1.7K. 

No magnetic data are available on the S -phase compound ZnloMn, 

but it was hoped, again, that its resonance behaviour would provide clues 

to the Zn13En result. It has, in fact, created more problems. 	The data 

(fig. (8.35)) for the shift in the resonant field look quantitatively 

similar to that of the more dilute compound, although the shift is only 

about half the value obtained in the latter compound. The temperature 

dependence of the linewidth is however quite different; a minimum being 

found at 200K with a slope at higher temperatures e-1 4 G.K-1 (extrapolating 

once again to a residual linewidth n. -600 Gauss at T = OK). Below the 

minimum in /H, the linewidth increases monotonically from 220 ± 12 Gauss 

at 200K to 1000 - 50 Gauss at 30K. At lower tem2,eratures the signal is 

distorted by what appears to be a signal from second phase (perhaps 

Zn13En). 

The esr data for Zn10 shows the broad features expected for a 

ferromagnet with T (N1160 - 180K; however, compared with the data for 
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Pd
2
T.InSnI  the transition appears far less sharp with a much flatter increase 

in A H and reduction in H
x with decreasing te:nnerature. It will clearly 

be of interest to measure the other magnetic properties of this alloy and 

to see if the g-shift at low temperatures can be simply accounted for by 

the magnetisation in 3KGauss. 

The form of the order in these alloys will probably only be resolved 

when neutron diffraction measurements can be made on single crystals. 
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FIG 8.26 
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FIG 8.28 Pd3Gd 
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8.4 	Intermetallic Compounds - Conclusions 

It is clear from 8.3 that the general trends of behaviour in esr 

associated with different types of magnetic order may be distinguished 

fairly readily: 

1. Compounds which undergo a transition to ferromagnetic order show a 

shift in resonant field which, very approximtely, seems to follow the form 

of the magnetisation of the sample at the field in which the measurements 

are made. Furthermore, the linewidth broadens inhomogenously due to the 

distribution of demagnetising factors for the different particle shapes 

in ;the powder. 	In an ad-hoc way, the temperature at which the compound 

orders in zero field may be identified with a temperature r`a 0.8 - 0.9 

times the temerature at which the line begins to broaden and the resonant 

field to decrease. 	The compounds GdAl2, GdPt
2
, EuPd2,A EuPd and Pd2I,InSn 

behave in this way. 

2. Compounds which order antiferromagnetically do not give on esr signal 

below TN. 	It has been observed that, whereas in some compounds (e.g., 

Ag3Gd, Cu2Gd) the esr linewidth begins to broaden at a temperature less 

than twice Tiv, in other compounds (e.g., Gd736, GdB4,GdZn12, Gd2Zn17  and 

"Cu4Gd") the linewidth begins to broaden at temperatures of un to ten 

times the heel temperature. These compounds also appear to show anomalous 

behaviour above TN in their inverse susceptibility and resistivity, although 

the effects in these properties are usually less drastic than in the esr 

linewidth and are usually observed over a more limited temperature range, 

frequently 	1. The behaviour has been tentatively identified 
IN 

with the presence of an extended regime of short-range order in these 

compounds, but could possibly be due to the formation of superzone band 

gaps at a temperature r,,181. 	Other compounds which may also exhibit this 

behaviour would appear to be GdAl, GdAg, GdAu, GdCu, GdZn2, EuAl2  and Possibly 

GdAl3 (see ch. 3). 
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3. The compound Pd3Gd, whilst shoving clear signs of antiferromagnetism 

in its inverse susceptibility and resistivity, does give an esr signal 

below TH. 	It is suggested that this prope::•ty may be common to other 

compounds which are known to be metamagnetic, with a transition to 

ferromagnetism in critical fields comoarable wi-th the field used in the 

esr experiment. It would be interesting toinvestigate EuA14, Euld2  

and GdZn2 with a view to examining this suggestion. 

4. The esr behaviour of Zn1311n and Znip does not fall clearly into 

any of the above categories. It is possible that ZnioMn is ferromagnetic 

but Zn13 shows completely anomalous behaviour. 

I 
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APPFLIMIK 1 

Search for a Cerium  Resonance 

The Ce3+ion has a configuration ---- 6S
2
4f
1 and application of Hund's 

rule leads to a value J = 5/2. This manifold is split by a cubic or 

octahedral crystal field into a 07  doublet and a [18  quartet, and the 
tables of Lea et al (A.1) suggest that for a crystal field of octahedral 

symmetry, the /717  state is lowest with g = 1.45, whilst for a cubic crystal 

field the quartet is the ground state. 

White et al (A.2) from static susceptibility measurements on CeAl2  

deduced that in this compound the p7 doublet is the ground state and this 
contention is supported by the specific heat measurements of Hill and 

Da Silva (A.3). Lowin (5.24) searched for an esr signal at helium tempera-

tures in both CeAl2 and LaAl2 
with 0.V.c. of the La atoms replaced by Ce, 

but was unable to detect a resonance. This is not surnrising, since 

although the /1
7 

doublet may be lowest in these alloys, the appearance of 

a well-defined Konao anomaly in the resistivity (A.4) would suggest that the 

exchange integral between the 4f moment and the conduction electrons is 

large. From his neutron diffraction data on CeAl2, Rainford (A.5) 

estimates a spin-lattice relaxation time ry 4 x 10-13 secs. at T = OK, which 

is equivalent to a linewidthry 105 Gauss. 

In this work, the possibility of observing a Ce resonance in a number 

of other compounds and solid solutions has been explored. The lattice 

parameter of YA12 
is r../3.Z, smaller than that of LaAl2 and thus we might 

expect that the Ce ion in this case will be under greater pressure. The 4f 

level will thus be squeezed closer to the Fermi level, mixing with the 

conduction electrons will increase and there will be a tendency towards 

an even broader line than in the LaAl2 - Ce case. 
	Indeed, no resonance 

line was observed at 1.7K from an YA12 
alloy containing 34 Ce. 
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Murani (A.6) has recently shown that in Au-Ce alloys, there is no 

detectable .condo effect in the resistivity and the nuclear orientation 

study of Flouquet (A.7) suggests that in these alloys the r 7 state is 

lowest. Unfortunately, no signal was observed at 1.6K from the alloy 

prepared by Murani, diluted to 300 ppm Ce. 

Although no clear experimental evidence exists to suggest that the 

f17  state is lowest, an attempt was made to observe resonance in the 

alloys: 

1. CeIn3 
2. Lain3 - 	Ce 

and 	3. Rh 0.lat5 Ce 

but again without success. 

It is clearly of interest to continue searching for a resonance from 

the Ce3+ ion in any compounds or solid solutions in which the P7 state is 

known to be lowest and where the value of the local moment - conduction electron 

exchange is small. 	It would be interesting to use single crystals of 

materials containing Ce, in the hope of observing resonance from a P8  

quartet ground state as observed in AuDy by Davidov et al (5.69). Extension 

of the present measurements to the He3  range would also increase the 

probability of observing a Ce resonance and the Au-Ce alloy would be an 

ideal candidate for such an investigation. 
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APPENDIX 2 

Strnmam  of Magnetic and CrystalloEranhic 
Data on Intermetallic Comnounds 

TABLE A.1 	Ionic properties of the rare-earths of importance to their magnetic 
behaviour. 

0 0 0 0 

0.86 2.54 0.17 2.14 

0.8 3.58 0.80 3.20 

0.73 3.62 1.84 3.28 

0.6 2.68 3.2 2.40 

0.286 0.84 4.54 0.72 

0 0.0 0 

2 7.94 15.75 7 

1.5 9.72 10.5 9 	- 

1.33 10.63 7.08 10 

1.25 10.6 4.5 10 

1.2 9.59 2.55 9 

1.17 7.57 1.17 7 

1.14 4.54 0.32 4 

0 0 0 0 

lid 

* 	I 
Pm3+ 

No. of 
4f elec- Ground 

Ion trons state S L J g g,P(J+1) (g-1)2J(J+1) gJ 

La3+  

Ce3+  

Pr3+  

3+ 

0 150  0 0 0 

1 2F5/2 0.5 3 2.5 

2 3114  1 5 4 

3 

41 
9/2 1.5 6 4.5 

4 51
4 

2 6 4 

5 
6115/2 2.5 5 2.5 

6 7F0  3 3 0 

7 
8Q 
'7/2 3.5 0 3.5 

8 7F6 3 3 6 

9 
6u  
"15/2 2.5 5 7.5 

10 5
18  6 8 

11 41
15/2 1.5 6 7.5 

12 3H  
6 1 5 6 

13 2F7/2 0.5 3 3.5 

14 1
50  0 0 0 
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* 

Comp'd 

TABLE A.2 

Structure 

System 	Type 

RA1 System 

a b c Peff 
TC TN 

LaAl Ortho CeAl 5.809 7.734 9.531 
CeAl Ortho CeAl 5.670 7.680 9.270 2.34 4 9 
PrAl Ortho ErAl 5.745 5.964 11.771 3.58 11 20 

NdAl Ortho ErAl 5.729 5.940 11.723 3.53 -4 29 

SmAl Ortho ErAl 5.678 5.899 11.622 
GdA1 Ortho ErAl 5.656 5.888 11.527 8.52 85 42 
Tb11 Ortho ErAl 5.621 5.834 11.370 10.1 24 72 

DyAl Ortho ErAl 5.604 5.822 11.369 11.1 17 20 

HoAl Ortho ErAl 5.621 5.801 11.339 11.3 17 7.1 26 

ErAl Ortho ErAl 5.570 5.801 11.272 10.1 28 13 

TmA1 7.7 -2 10 

Yll Ortho CrB 3.884 4.385 11.522 

ErAl type 

Structure unknown 

TABLE A. 	RA12  System 

Pmma 

LaAl2  Cubic IJECu2  8.131 

CeAl2  Cubic LleCu2  8.047 2.5 2 

PrAl2  Cubic MgCu2  8.015 33 

NdAl2  Cubic I, 	Cut  7.987 3.1 61 2.5 66 

SmAl2  Cubic MgCu2  7.926 123 

EuAl2  Cubic MgCu2  8.110 7.88 0 15 

GdAl2  Cubic MgCu2  7.887 7.92 180 7.0 170 

TbAl2  Cubic MgCu2  7.850 9.82 108 8.1 114 

DyAl2  Cubic MgCu2  7.821 9.7 68 9.1 58 

HoAl2 Cubic MgCu2  7.802 7.86 27 

EtAl2  Cubic MgCu2  7.780 9.56 16 7.6 14 

TmAl2  Cubic 711eCu2  7.760 4.69 8 

MgCu2type 	Fd3m 	z = 8 

(0, 09 0); (0/ i79 -1); (I, 091); (1'9 f 0) plus 

8  Mg (Of  0/ 0)9 (14-9 sf i) 

16  Cu GI Z9 Z); (1,2,, ;9 la; 	t, Z); 	i9 W 
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Structure 

Comp'd System Type a b 	c Peff e l' TC  TN 

TABLE Atl 	RA1 System 
3 

LaA13 	
Hex Ni3Sn 6.662 4.609 

CeA13 
Hex Ni3Sn 6.545 4.609 2.63 -46 

PrA1
3 

Hex Ni3Sn 6.504 4.604 3.74 -14 

NdA1
3 

Hex Ni3Sn 6.472 4.606 4.11 +5 
• SmA13 

Hex Ni3Sn 6.380 4.597 
GdAl

3 
Hex Ni3Sn 6.320 4.592 8.29 -89 17 

TbA13 Hex BaPb
3 

6.175 21.160 10.0 -64 21 

DyA1
3 

Rhomb HoA1
3 

6.080 35.940 10.05 -51 23 

(Hex-
index) 

HoA1
3 

Rhomb 

(Hex-
index) 

HoA1
3 

6.052 35.93o, 10.89 -26 0 . 

ErA13  Cub lc Cu3Au 4.215 9.87 +6 6.2 21 

TmA13  Cubic Cu3Au 4.200 7.88 -19 

YbA13  Cubic Cu3Au 4.202 4.62 -300 

Lull
3 

YA1
3 

 Hex- Ni3Sn 6.28 4.58 

Rhomb BaPb
3 6.194 . 	21.138 

(Hex-
index) 

Ni3Sn type 	P63/mmc 	
z . 2 

2 Sn (1/3, 2/3, ); (2/3, 1/3, i) 

6 Ni (x, 2x, j);  UR, a, ;0;  (x,2, i) (2x,  x, 0;  01, x, 0 

TABLE 4,2 

Elia
4 

Tetra- BaAl
4 4.398 	11.170 8.02 	6 

gonai 

BaA14 type 14  /mmm 

(0, 0,  0);  (, 1, 1) plus 

2 Ba (0, 0, 0) 

4 Al (1) (0, a, i); 	0, -D 
(2) (o, 0, z); (0, 0, -E) 

z = 2 

z = 0.38 
• 
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Comp'd 

Structure 

System 	Type a 	b c 	Peff 
r".  

I ii 

TABLE A.6 RInSystem 

Lain
3 

 

3 

Cubic 	AuCu3  

CeIn
3 

Cubic 	AuCu3  4.688 2.70 -62 2.70 10 

2.54 -46 

PrIn3  Cubic 	AuCu3  4.671 3.58 -10 

* NdIn
3 

Cubic 	AuCu3  4.653 3.62 -17 7 

SmIn
3 

Cubic 	AuCu3  4.627 

GdIn3  Cubic 	AuCu3  4.607 8.20 -85 45 

TbIn3  Cubic 	AuCu2  4.588 10.05 -62 36 

DyIn3  Cubic 	AuCu3  4.579 10.78 -35 23 

H01n3  Cubic 	AuCu3  4.573 10.65 -18 11 

Erin
3 

 Cubic 	AuCu3  4.564 9.75 -10 6 

TmIn
3 

Cubic 	AuCu3  4.548 7.6 -6 

1bIn3  Cubic 	AuCu3  4.611 

11,  
LuIn3   AuCu3  4.544 

YIn3  Cubic 	AuCu3  4.592 

AuCu
3 
type 	Pm3m 	z = 1 

Au (0, 0,0) 

3 Cu 	0); (', 0, 1); (0, 	11) 

TABLE A.7 RCu System 

CeCu Ortho Fein 7.30 4.30 6.36 
Smell Cubic CsC1 3.528 
GdOu Cubic CsC1 3.502 8.6 -70 140 
TbCu Cubic CsC1 3.480 9.7 -22 117 
DyCu Cubic CsC1 3.461 10.7 -26 64 
HoCu Cubic CsC1 3.445 10.6 -18 28 
ErCu Cubic CsC1 3.432 9.6 -12 15 
TmCu Cubic CsC1 3.414 7.5 -5 9.5 
LuCu Cubic CsC1 3.390 
YCu Cubic CsC1 3.477 

CsC1 type 
	Pm3m 	 z = 1 

Cs (0, 0,0) 

01  L, 



Structure as RCu System 

Structure 

Comp'd 	System 	Type a b c Peff 

TABLE A.8 	RAg System 

LaAg 	Cubic 	CsC1 3.766 
CeAg 	Cubic 	CsC1 3.739 2.51 
PrAg 	Cubic 	CsC1 3.739 3.44 
NdAg 	Cubic 	CsC1 3.715 3.53 
SmAg 	Cubic 	CsC1 3.673 
GdAg 	Cubic 	CsC1 3.648 8.2 

TbAg 	Cubic 	CsC1 3.625 10.15 
DyAg 	Cubic 	CsC1 3.608 10.45 
HoAg 	Cubic 	CsC1 3.592 10.3 
ErAg 	Cubic 	CsC1 3.574 9.2 
TmAg 	Cubic 	CsC1 3.562 7.15 
LuAg 	Cubic 	CsC1 3.541 
YAg 	Cubic 	CsC1 3.617 

Structure as RCu System 

TABLE A.9 	RAu System 

PrAu 	Cubic 	CsC1 3.68 
NdAu 	Cubic 	CsC1 3.659 
SmAu 	Cubic 	CsC1 3.621 
GdAu 	Cubic 	CsC1 3.601 7.92 

Ortho 	CrB 4.522 10.826 4.734 
TbAu 	Cubic 	CsC1 3.576 9.54 
DyAu 	Cubic 	CsC1 3.555 10.22 

HoAu 	Cubic 	CsC1 3.541 10.50 

ErAu 	Cubic 	CsC1 3.527 9.42 

TmAu 	Cubic 	CsC1 3.516 7.32 

LaAu 	Cubic 	CsC1 3.497 
YAu 	Cubic 	CsC1 3.559 

e 	TC TN 

	

-20 	0.95 

	

2 	1.55 14 
-3 22 

-70 150 

-36 106 
-23 63 
-17 33 
-9.5 21 
-7 9.5 

29 31 

23 40 
7 14 

0 10 

-4 	13-19 

-5 	8-19 
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Structure 

Comp'd System Type a b 	c Peff 
T 	T. C 	N 

TABLE A.10 	RCu2  System 

LaCu2  He A1B2 4.348 3.818 

CeCu2 Ortho CeCu2 4.435 7.057 7.475 0.8 

PrCu2  Ortho CeCu2 4.400 7.024 7.435 3.51 2.3 

NdCu2  Ortho CeCu2  4.387 7.000 7.420 3.56 1.9 

SmCu2  Ortho CeCu2 4.360 6.925 7.375 0.1 

EuCu2  Ortho CeCu2 4.434 7.250 7.553 7.4 5.8 

GdCu2 Ortho CeCu2 4.320 6.858 7.330 8.4 6.0 41 

TbCu2 Ortho CeCu2 4.310 6.825 7.320 9.8 7.4 54 

DyCu2  Ortho CeCu2 4.300 6.792 7.300 10.75 8.7 24 

HoCu2 Ortho CeCu2  4.280 6.759 7.290 10.5 9.2 9 

ErCu2  Ortho CeCu2 4.275 6.726 7.265 9.35 5.6 11 

TmCu2 Ortho CeCu2  4.266 6.695 7.247 7.49 4.2 

YbCu2 Ortho CeCu2  4.286 6.894 7.382 

LuCu2 Ortho CeCu2 4.245 6.627 7.220 

Yeu2 Ortho CeCu2 4.305 6.800 7.315 

CeCu2  type 	Imrna 	z = 4 

(0, 0, 0); 	plus 

4 Ce ±(0, *, x), 	x = 0.54 

8 Cu I (0, y, z); 	±(0, 

TABLE A.11 	RAg3  System 

y, E), y = 0.05, 	z = 0.16 

LaAg3  Hex 	Pukg3  12.848 9.487 

CeAg3  Eex 	PuAg3  12.753 9.401  

PrAg3  Hex 	PuAg3  12.719 9.401 

NdAg3  Hex 	PuAg3  12.726 9.389 

SmAg3  Hex 	PuAg3  12.619 9.280 

GdAg3  Hex 	Pul,g3  12.613 9.226 

TbAg3  Hex 	PuLg3  12.628 9.272 

DyAg3  Hex 	PuAg3  12.644 9.270 

HoAg3  Hex 	PuLg3  12.554 9.210 

ErAg3  Hex 	PuAg3  12.463 9.155 

Tralg3  Hex 	PuAg3  12.553 9.203 

dr. YAg
3 

Hex 	PuLg3  12.526 9.190 

Structure unknown 



(0, 	0, 	0); (0, "- 21 1); 
4 Au (0, 0, 0) 

4 Be (1) 4$ 4 
(2) (X, XI X (x, 	5!, 

of M 
	

4- 0) plus 

50; (57-, x, X); (7, X, x), 	x 

8.108 5.102 10.160 

8.101 5.081 10.140 

8.092 5.062 10.105 

8.060 5.034 10.049 

8.040 5.009 9.995 

8.115 5.078 10.122 

TABU, A.13 RCu6  System 

CeCu6  

PrOu6  

NdCu6  

SmCu6  

GdCu6  

YCu6  

Ortho 

Ortho 

Ortho 

Ortho 

Ortho 

Ortho 

Ce0u, 

CeCu6  

CeCu6 , 
CeCu6 
CeCu6  

CeCu6 

CeCu6  type 

4 Ce I (m,  

/ 4 tA.1 -+ 1p, 
4 Cu t (r, 

4 Cu t (t, 

4 Cu - 

▪ 

(v, 

8 Cu - (x, 

Pnma 

4/ n); 

49 la); 

4f s); 

4, u); 

49 w); 

Y1 z); 

290 

Structure 

Comp'd System Type a 
	

Pelf e iLL  

TABLE A.12 RCu
5 
System 

_ Odell)  CUbic  AuBe
5 

7.06 

TbCu5  Cubic AuBe
5 

7.041 

DyCu5  Cubic AuBe
5 

7.027 

HoCu5  Cubic AuBe
5 

7.016 

ErCu5  Cubic 7.003 

TmCu5  Cubic AuBe
5 

6.991 

9.6 2 15 

10.9 2 6.5 7 
10.8 0 7.6 

9.7 0 7.3 

7.4 0 4.9 

AuBe5  type 
	P43m 	 z = 4 

n) 

z = 4 

m = 0.2604 ± 1 n = 0.4353 ± 1 

q.) p = 0.1470 	3 q = 0.1419 ± 3 

s) r = 0.3172 t 3 s = 0.7448 t 3 

u) t = 0.0617 ± 3 u = 0.9021 ± 3 

w) v = 0.4020 I 3 w = 0.9645 t 3 

z); t 	+ y, 
	

t 	- Xf y, 

	

y = 0.0046 4 
	z = 0.1904 - 

▪ 

2 

TABLE A.14 

EuPd2 
Cubic YECu2 
	 7.6 	 00 

Structure as EA12 
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Structure 

Comp'd System Type a eff 

TABLE A.15 RPd
3 
System 

LaPd3  Cubic AuCu3  4.235 

CePd3  Cubic AuCu3  4.136 

PrPd3  Cubic AuCu3  4.138 

NdPd3  Cubic AuCu3  4.130 3.4 -7 

SmPd3  Cubic 1.uCu3  4.105 3.4 1 

EuPd3  Cubic AuCu3  4.095 

GdPd3  Cubic AuCu3  4.090 8.6 19 5.4 7.5 

TbPd3  Cubic AuCu3  4.077 2.0 

DyPd3  Cubic AuCu3  4.068 10.1 2 5.2 

HoPd3  Cubic AuCu3  4.064 

ErPd3  Cubic AuCu3  4.056 

TmPd3  Cubic AuCu3  4.040 

YbPd3  Cubic  AuCu3  4.040 

LuPd3  Cubic AuCu3  4.022 

YPd
3 

Cubic AuCu3  4.074 

Structure as Rin3 

TABLE L.16 RPt2 System 

LaPt2  Cubic :,:geu2  7.774 

CePt2  Cubic MgCu2  7.723 

PrPt2  Cubic MgCu2  7.709  3.43 0 1.67 13.5 

NdPt2 Cubic MgCu2  7.694 3.60 0 2.11 10 

SmPt 2 Cubic MgCu2  7.662 

EuPt 2 Cubic MgCu2  7.731 7.9 105 

GdPt2  Cubic MgCu2  7.637 8.10 32 6.77  50 

TbPt2 Cubic MgCu2  7.613 9.61 17  7.08 26 

DyPt2  Cubic LlgCu2  7.597 10.58. 7 7.34 25 

HoPt2 Cdbic MCu2  7.586 10.60 2 8.88 19  

ErPt2 Cubic MgCu2  7.570 9.50 1 7.48 15  

YPt2 Cubic LlgCu2  7.590 

Structure as Rh12 
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Structure 

Comp'd 	System 	Type 

TABLE A.17 	B7n2  System 

a 

4.689 

4.461 

4.619 

4.599 

4.552 
4.728 

4.513 

4.492 

4.477 
4.460 

4.48 

4.433 

4.573 

4.416 

8.927 

8.898 

8.884 

8.877 

8.868 

8.863 

8.852 

8.848 

4/mmm 

7.638 

7.539 

7.474 

7.409 

7.299 
7.650 

7.214 

7.142 

7.090 

7.042 

6.984 

6.944 

7.325 
6.866 

7.593 
7.501 

7.533 

7.566 

7.590 
7.655 

7.606 

7.595 

7.600 

7.612 

7.610 

7.604 
7.569 

7.600 

5.215 

5.210 

5.20o 

5.198 

5.195 

5.193 

5.190 

5.186 

z = 2 

Pelf 

2.25 

3.56 

3.40 

8.48 
9.62 

9.71 

0.7 

8.4 
10.1 

9.7 

24 

14 

28 

45 

70 

58 

26 

-36 

-58 

-38 

3 

1.82 

TC  

24 

TN 

7 

45 
23 

20 

68 

55 
25 

12 

16 

16 
14 

2.9 

LaZn2 	Ortho 	CeCu2  

CeZn2 	Ortho 	CeCu2  

PrZn2 	Ortho 	CeCu2  

NdZn2 	Ortho 	cecu2  

SmZn2 	Ortho 	CeCu2  

EuZn2 	Ortho 	CeCu2  

GdZn2 	Ortho 	CeCu2 
TbZn2 	Ortho 	CeCu2 

DyZn2 	Ortho 	CeCu2  

HoZn2 	Ortho 	cecu2  

ErZn2 	Orth? 	CeCu2  

TmZn2 	Ortho 	CeCu2  

YbZn2 	Ortho 	CeCu2  

LuZn2 	Ortho 	CeCu2  

Structure as RCu2 

TABLE A.18 	RZn12  System  

Tetra- Thl.:1112 SmZ1112  
gonal 

Th n12 GdZn12 
Is ThZn12  TbZn12 

Th 1n12 BYZI312 
II HoZn. 	ThMn12 - 12 
11 ThYn12 ErZn12 
11 	 ThMn12  TmZn12 
11 Thl,!n12 LuZn12 

Th n12 type 

1); 
cl  o); 

(R, 	0); 

(0, 0, 0); (11  1, i) plus 

2 Th (0, 0, 0) 

8  Mn (1 (it it M i);(,4s i) 
co, x, 0?; 01  a, 0 
U7 xi ) 0  ; 	0  

x = 0.36 
x = 0.23 



TABLE A.19 R2Zn17  System 

Gd2Zn17 Rhomb 

Tb2Zn17 Rhomb 

• Dy2Zn17  Rhomb  

Ho2Zn17 Rhomb 

Er2Zn17  Rhomb 

Tm2Zn17 Rhomb 

Th21ll17  8.994 

" 	8.977 
8.967 

8.956 

8.942 

It 	8.937 

293 

Structure 

Comp'd System Type a b 	c Peff IC 	T, 

13.169  7.84 -63 10 

13.161 9.84 -11 28 

13.139 11.01 

13.133 10.08 
13.118 9.63 

13.110 7.64 

Th211i17 	R3m 	z = 2 

6 Ni (1) (, 0, 0); (0, 	0); 	1, 0); (1, 4, 0); (I, 1, D; (-1, 0, I-); (0, 

12 Ni (2) ▪ (• x, 0, 1);  t (0, x, 0;  t (x, x  ;;;), 	(x, 0, i); 	(C, x, 0; 

(R, 	x = 1/3 

12 Ni 	

▪ (

• x, 2x, 0); • (x, x, 0); t (2x, x, 0); t (x, 2x, '); 4  (x, x, 1); 

▪ (x, 2x, 1) 	x = 1/6 

4 Ni (4) ± (, 2/3, z);  ± (1/3, 2, 	z) 	z = 0.11 

2 Th (1) ± (0, 0, i) 

2 Th (2) I (1/3, 2/3, Z) 

TABLE A.20 EB6 System 

LaB6 	Cubic 

CeB6 	Cubic 

PrB6 	Cubic 

N06  Cubic 

EuB6 	Cubic 

GdB6 	Cubic 

TbB6 	Cubic 

17136 	Cubic 

HoB6 	Cubic 

CaB6 
CaB 6 

4.154 
4.139  2.49 -76 3 

CaB 6 4.130 3.59 -66 7 

CaB 6 4.125 3.54 -42 8.6 

CaB 6 4.178 8.7 9 

CaB 6 4.111 8.01 -55 14 

CaB 6 4.102 9.43 -35 23 

Ca36 
CaB6 

4.098 

4.097 

10.63 -21 21 

6 

CaB6  type 	Pm3m 	z = 1 

Ca (0, 0, ) 

6B (x, it D; 	xt i); (1, 2, x); (7C, 
	A; U, x, 	(1, ?3, -i) 

	x = 0.207 



Mono-
clinic 

tt 

13.31 

13.42 

7.54 

7.61 

4.99 

5.06 

fl 13.48 7.66 5.13 1.8 

CoZn13  

FeZn_ - 13 

MhZin
13 

36 
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Structure 

Comp'd System Type a b 	c P
eff 
	Tc T1 

TABLE A.21 RB
4 

System 

GdB
4 

Tetra- UB
4 

7.144 
gonal 

TbB
4 	

II 	 DB
4 	

7.118 

•  D 	11 yB4 	M3
4 	

7.101 

HoB4 	u 	UB
4 	

7.075 

ErB
4 	

u 	7313
4 	

7.071 

Tri0
4 	

11 	UB
4 

7.92 -60 42 

9.72 -36 43 

10.6 -21 22 

10.6 -15 8 

9.6 -20 17.3 

12.8 

UB
4 
type 
	

P4/mbm 
	

z = 4 

4U 	(u, A- 	u, 0); 1-  (1 - u, u, 0) 	u = 0.31 

0, v); ± (, 	v), 	v = 0.214 

17, i); 	17/ vi, D, 	w = 0.086 

y, 1); 	 x, 	y, 	1-  (It x, -7i); 1.  G- 	x, 
x = 0.174 	y = 0.042 

TABLE A.22 	Pd2MnX System 

6.380 

6.373 

6.424 

Fm3m 

.23 

4.23

4  

4:4 0 4  

189 

247 

142 
Pd2MnSn 	Cubic 	Heusler 

Pd2MnIn 	Cubic 	Heusler 

Pd2MnSb 	Cubic 	Heusler 

Heusler (AlCup) type 

4 Pd (1) (0, 0, 0); (0, 1, 1); (j,  0, ); (1-, :12, 0) 

fr 4 
Pd (2) (1-1 i/ ); U, 01 0); (0/ 	0); (0, 0, D 

4B (1) -2: (0, 

• (2) (w,  

8B (3) ± (x,  

,1, 4 sn a, -'.- 9*  e-  I, -0; 4, 4 , 

(1,1, 

II 
C4-, 4, 

;L\. 
4/7 (-'1, 

4-, 

1 ..._ 
4, 

4 

- ,i_. 
4I, 

TABLE A.23 Zn13M System 

CoZn
13 
	C2im 	 z = 2 

For an approximate structure see P.J. Brown, Acta Cryst., 15, 608, 1962 and ref (2.7) 
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Much of the magnetic data in these tables has been taken from 

Appendix II of "Intermetallic Pare-Earth Compounds" by K. N. R. Taylor 

(1.46). The structural data has been collected from "A Handbook of 

Lattice Spacings and Structures of Metals and Alloys", Vol. 2, by W. B. 

Pearson, Pergamon, 1967, and from references quoted in ch. 6. 

04$ 
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d  AoT HK- • (G 1) 	APPENDIX 3  
100 	  

• 

100 

50 
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10 

1010 

1 

4 

1 
001 	0.05 041 

1g 

FIG A 3a KORRI NGA RELATION 

1o8 

• 
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FIG A.3 b 
Alter Ref 5.30 

n(E)(Jsi) 

Tds  
Ta 
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- I  

5.24 

- 

5,21 

5.37 

5.67 

5.69 

5.43 

5.37 

5.63 

5.24 

5.64 

5.65 

5.66 

5.68 

5.41 

APPENDILA 

ESR OF IONS IN 1JETALS 

Classification by Liagnetic Impurity and Host Matrix 

(papers published prior to April 1972) 

riPuRITY HOST YEAR REF. 

Ce Au 72 This Work (-ve) 

tt  LOO 70 Lorin (-ve) 

rr 
2 

Lain3 72 This Work (-ve) 

RA12 
70 Lowin (-ve) 

RIn3 72 This Work (-ve) 

11 Rh 72 This Work (-ve) 

YA12 72 This Work (-ve) 

Dy Ag 66 Griffiths, Coles (-ve) 

tit Ag 71 Davidov et al 

11 Au 72 Davidov et al 

si Th 72 Davidov et al 

Er Ag 66 Griffiths, Coles 

If 

11 

Ag 

Ag 

68 

70 

Hirst et al 

Lowin 

II Ag 70 Chul et al 

II Au 71 Tao et al 

tf  Au 72 Chock et al 

11  Cu 71 Davidov et al 

it Mg 67 Burr, Orbach 

4 

5. 
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fo 

5. IMPURITY HOST YEAR REP 

5.70 Er Pd 72 Davidov et al 

5.68 rt Pt 71 Davidov et al 

5.70 tt Pt 72 Davidov et al 

1 5.68 .ft Th 71 Davidov et al 

5.43 II  Th 72 Davidov et al 

5.68 If Rh 72 Davidov et al 

- it RB
4 

72 This Vork 	(-ve) 

- ii RZ1112  72 This Work 	(-ve) 

5.5 Eu Eu 60 Peter, Matthias 

5.6 	I ti RA12 60 Jaccarino et al 

5.5 tt RIr2 60 Peter, Matthias 	(-ve) 

5.7 11 RA12 
61 Peter 

5.7 ft 
115'62 

61 Peter 

5.9 11 RA1
4 

67 Wernick et al 

5.41 Mg 67 Burr, Orbach 

5.44 it Yb 68 Schafer et al 

It  Pd2R 72 This Work 

PdR 72 This Work 

5.59 Fe Al 62 Collings, Hedgcock (-ve) 

5.59 tt Mg 62 Collings, Hedgcock (-ve) 

5.62 n Cr 68 Salamon, Feigl (doubtful) 

5.26a Gd Ag 62 Peter et al 

5.37 It Ag 66 Griffiths, Coles 

5.36 it Ag 70 Nakamura et al 

- II Ag 72 This Work 



300 

V 

5. 

5.26a 

5.42 

5.1 

5.4 

5.2 

5.26a 

5.34 

5.30 
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5.29 

5.34 

5.47 1 

5.40 

5.38 

5.26a 

5.8 

5.31 

- 

5.32 

5.30 

5.33 

- 

5.26a 

5.30 

5.34 

5.30 

5.35 

5.43 

5.3 

IMPURITY HOST YEAR REF. 

Gd Au 62 Peter et al 	(-Ye) 

it Au 71 Chock et al 

II  Gd 53 Kip 

n Gd 64 Rodbell, Moore 

11 Gd 70 Chiba, Uskamura 

it Ir 62 Peter et al 	(-ye) 

it La 66 Harris et al 

" La 71 Cottet 

11 La 72 This Work 

it Lu 65 Harris et al 

II  Lu 66 Harris et al 

it Mg 67 Burr, Orbach 

it Mg 71 Tao et al 

If Mg 71 Ehara 

" Pd 62 Peter et al 

n Pd 64 Shaltiel et al 

ir Pd 70 Cottet, Peter 

It  Pd 70 Coles et al and This Work 

11 Pd 71 Praddaude, Gartner 

it Pd 71 Cottet 

11 Pd 72 Shaltiel et al 

If  Pd 72 This Work 

11 Pt 62 Peter et al 	(-ye) 

it Pt 71 Cottet 

ii Sc 66 Harris et al 

ii Sc 71 Cottet 

0 Sc 71 Salamon 

11 Th 72 Davidov et al 

II Y 63 Popplewell, Tebble 
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5. IMPURITY HOST YEAR REF 

5.29 Gd Y 65 Harris et al 

5.34 II Y 66 Harris et al 

5.30 II Y 71 Cottet 

5.26a II Ag-Pd 63 Peter et al 

5.31 tl Ag-Pd 71 Cottet, Peter 

5.30 tt Ag-Pd 71 Cottet 

5.31 n Cr-Pd 71 Cottet, Peter 

5.30 It Cr-Pd 71 Cottet 

5.28 11 H-Pd 63 Shaltiel 

5.19 It Ni-Rh 68 Cottet et al 

5.3i It Ni-Pd 71 Cottet, Peter 

5.30 It Ni-Pd 71 Cottet 

- n Ni-Pd 72 This Work 

5.30 tt Pt-Pd 71 Cottet 

5.31 It Pd-Rh 71 Cottet, Peter 

5.30 n Pd-Rh 71 Cottet 

5.26a n Pd-Rh 62 Peter et al 

- it R
Ag
3  72 This Work 

5.6 II RA12 60 Jaccarino et al 

5.8 It RA12 64 Shaltiel et al 

5.8 It RA12 64 Shaltiel et al (LaAl2  - Gd) 

5.11 to RA12 68 Davidov, Shaltiel 

5.23 it RA12 
70 Schafer et al (YA12-Gd) 

5.24 11 RA12 71 Lowin (LaAl2-Gd) 

- n RA1
2 70 Coles et al (LaAl2-Gd) 

5.12 II RA12 72 Hacker et al 

- n RA12 72 This Work 

5.15 it 
RB6 62 Coles et al 

5.16 ti 
13:136 71 Ililler, Hacker 
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5. IMPURITY HOST YEAR RZT. 

Gd TB6 71 Fisk et al (This Work) 

- 11 RB 71 Fisk et al (This Work) 

11 RC4u6 72 This Wolk 

5.26a ti RCu
5  

62 Shaltiel et al(Y/LaCu5-Ni) 

- II RCu 
4 

72 This Work 

- 11 Reu2 72 This Work 

- II RIn2 72 This Work 

5.5 it RIr2 
60 Peter, Matthias 

5.8 ti RIr2 64 Shaltiel et al (LaIr2-Gd) 

5.11 11 RIr2 
68 Davidov, Shaltiel 

5.11 it lUn2 68 Davidov, Shaltiel 

5.8 	I il RNi5  64 Shaltiel et al (NiCu5/Y, La) 

5.11 ii RNi
5 

68 Davidov, Shaltiel (LaNyd) 

5.14 ii 
nNi5 

71 Burzo, Ursu 

5.8 It RPt2 64 Shaltiel et al (LaPt2-Gd) 

5.10 II RPt2 68 Vijayarhachavan et al 

5.10 it Tat2 68 Vijayarhaghavan et al 

5.11 II BA2 68 Davidov, Shaltiel 

- il 
RPt2/3 Workk 

5.8 11 RPt5  64 Shaltiel et al (LaPt5-Gd) 

- it RPd 3  72 This Work 

5.8 it RRh2 64 Shaltiel et al (LaTh2-Gd) 

5.11 II RRh2 
68 Davidov, Shaltiel 

5.8 rt RRu2  64 Shaltiel et al (Sc, Y, Ce, La-Gd) 

5.18 n RRu2 65 Shaltiel et al (LaRu2-Th-Gd) 

5.19 It RRu2 68 Cottet et al (LaRu2-Gd) 

5.20 II RRu2 69 Davidov et al (LaRu2-Gd) 

5.8 II 
MI5 64 Shaltiel et al 

5.8 1, UPd3  64 Shaltiel et al 
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5. IMPURITY HOST YEAR REF. 

5.59 Mn llg 62 Cosines, Hodgeock 

5.47 
It  Pd 64 Shaltiel, Wernick 

5.30 u Pd 71 Cottet 

- ft  Pd 72 This Work 

It. 5.60 It Zn 62 Collings et al 

5.61 ft Zn 70 Miycko 

Zn 72 This Work 	(-ve) 

- u Zn13T 70 Caplan et al and This Work 

- u Zn10T 72 This Work 

- u Zn13Fe  72 This Work 

5.24 Tm LaA19  71 Lowin 

5.63 Yb Au 68 Hirst et al 

5.24 II  Au 71 Lowin 

5.65 u Au 71 Tao et al 

5.66 ft  Au 72 Chock et al 

5.73 Cr Cu 63 Monod, Schultz 

5.72 Mn Cu 67 Schultz et al 
TESR 

5.72 Mn As 67 Schultz et al 

5.71 Mn Cu 67 Cowan 	. 
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g shifts of Gd in dilute alloys 

Abstract. Electron paramagnetic reson,..nce data for 0.45%, Gd in LaAl, are repartee. 
:fig is found to be 4-0.027, and the linewidth 102 ± 15 -,-(45 = 5)T Oe where T is the 
absolute temperature. The neeative g shift for Gd in Pd is ascribed to a negative d-s 
interband effective exchange in Pd and a positive 4f-conduction electron exchange. 

It is now well known that the effective exchange interaction (Jeff) between the local 
moment on a solute at,lin and the conduction electrons of the host metal contains contri-
butions of both signs, the positive one from true exchange and the negative one from the 
mixing of local state and conduction electron states. (The latter, Jm ix, was first sue tested 
by Anderson and Clogston (19611. de Gennes (1962) and Kondo (1962) and is discussed in 
detail by Watson et al. (1965). It has also been recognized that this is a one-atom analogue 
of the interband mixing which in pure transition metals leads to an antiparaliel polarization 
of the conduction electrons directly visible in the neutron scattering (Shull and Yamada 
1962) and Mossbauer effect in pure iron. although complicated in the latter by core polariza-
tion effects). The role of this negative contribution is clearly seen in dilute alloys of 3d 
elements in simple hosts, especially in the prominent resistance minima which require for 
their explanation (Kondo 1964) a neaative effective interaction, and where strong mixing 
and fairly broad virtual states are to be expected. The exact manner in which Jeff manifests 
itself in a particular property is, however, variable: and it has been emphasized, especially 
by Peter et al. (1967), that many properties involve averages. sometimes complicated ones. 
of the wave-vector dependence Ji ff 	although the direct g shift of the epr of the solute 
atom depends only on the value for q = 0. The observation, therefore, of well defined 
negative g shifts for Gd in such hosts as Pd. LaRt12, LaNi5  (for references, see the review by 
Peter et al. 1967) seems to imply the dominance of 4f-conduction electron mixing or virtual 
mixing effects. 

On a priori grounds, however, such a dominance would scarcely be expected for Gd 
atoms in simple hosts. since the 4f 7  configuration for this atom is extremely stable, and the 
energy denominators in the usual perturbation theory treatments off mix  will be very large 
(=10 eV). We present here evidence, supplementing that already available, that for some 
simple hosts, A; and Jar have the positive sign to be expected from the dominance of true 
exchange, and a suggestion for the origin of the negative Ag observed in the above-men-
tioned hosts that does not involve large 4f-conduction electron mixing. 

We have studied the epr of a homogeneous single-phase sample of the Laves phase inter-
metallic compound LaAl, in which 0.45 at. ° ` of the La has been replaced by Gd.t The 
techniques were those described previously (Griffiths and Coles 1966) except that the 
brittleness of the material made it possible to prepare powder specimens by grinding and 
unnecessary to give them subsequent anneals. In contrast to previous reports of zero g shift 
in somewhat more concentrated alloys (Shaitiel et al. 1964) we find 3; = +0.027 — 0.01 
and a linewidth AH at 4.2 K of 292 = 5 ae varying,  at lower temperatures. down to 1.8 K. 
as a ± bT, where a is 102= 15 Oe and b is 45 5 Oe 

In the simplest treatments of the g shift due to xe, the conduction electron susceptibility 
(Yosida 1965), one obtains .1; = JH ff  N(E)F where .V(E)r is the density of states at the 
Fermi surface, and this remains valid more generally if 	is substituted for N(E)F 
where [LB is the Bohr magneton. The measured susceptibility (corrected for core diamag- 
netism) of LaAI, is 150 	10-6  e.m.u. mole-1  (Maple 1969), and this leads to a J value of 
about +0.017 eV. The temperature dependence of the linewidth is in good agreement with 
the Korringa (1950) relationship, gii1331/ 21-rkT = (S,g)2, which predicts a g shift of 0-031; 

1-  We are grateful to Dr M. B. Maple of University of California, La Jolla and Dr J. R. Cooper 
for the provision and metallurgical evaluation of this alloy. 
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and this seems to imply (Peter et al. 1967) that exchange enhancement does not play an 
important part in xe  for LaAl2. For other LaAk-Gd alloys Maple and Fisk (private com-
munication) have detected no resistance minimum and an enhanced effective moment per 
Gd atom; these observations support a positive sign for Jeff. 

For Gd in Pd, however, the g shift first observed by Peter et al. (1962) is large 	0.12 for 
Pd97Gd3) and unambiguously negative. (Since this amount of Gd, like comparable amounts 
of Lu, (Shaltiel et al. 1964) will significantly reduce the d-band susceptibility of the host 
palladium, for more dilute alloys one expects even larger shifts; and such increases. on 
dilution, have been observed by Cottet (to be published) and (to g = 1.79 at 0.25 	Gd) by 
two of the present authors (Griffiths and Taylor, to be published).) In the light of previous 
remarks, however, the sign remains puzzling, even if the mixing postulated is with the 
d-band of palladium, as suggested by Shaltiel et al. (1964). We suggest that this difficulty 
can be overcome if it is accepted that d-s hybridization leads in palladium as in iron to a 
polarization of the s-band antiparallel to the magnetization of the d band, so that a large 
d-band susceptibility combined with a true, positive exchange between the s electrons and 
the 4f 7  shell of the Gd atoms produces the negative g shift observed. A similar argument 
could hold for LaRue-Gd and for GdNi, (note that Ag for GdCu;  is positive). When 
present in large concentrations in stoichiometric compounds with nontransition elements 
(e.g. GdAl2) and in pure gadolinium metal the band structure may he complicated by the 
d-like character conferred by the Gd atoms themselves: this factor and the large mag-
netizations of such materials make the interpretation to be given to their g shifts very 
uncertain. 

Helpful discussions with Dr H. Cottet, Dr Z. Fisk and Mr A. M. Stewart are gratefully 
acknowledged. 
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SUSCEPTIBILITY AND RESISTIVITY 
OF C-PHA SE ZINC-TRANSITION METAL COMPOUNDS 

A. D. CAPLIN, J. B. DUNLOP and R. H. TAYLOR 
Physics Department, Imperial College, London S. W. 7. England 

Résumé. — Les phases C des composes Zni3Mn, Zni3Fe et Zni3Co sont bien ordonnees. La distance entre les ions 
de transition est — 5 A. L'ion Mn porte un moment magnetique alors que les ions Fe et Co n'en portent pas comme 
dans les solutions correspondantes dans Zn. En dessous de 20 °K, Zni3Mn s'ordonne et est faiblement ferromagnetique. 
On observe un fort signal en R. P. E. et le facteur g passe de la valeur 2,0 a 200 OK a la valeur 3,0 en dessous de 4° K. 
A basse temperature la resistivite de Zn 13Fe et Zni3Co varie considerablement avec la temperature, indiquant un pheno-
mene de diffusion des electrons. 

Abstract. — The C-phase compounds Zn 13Mn, Zni3Fe and Zni3Co are crystallographically well-ordered with 
5 A between transitional ions. Mn carries a moment but Fe and Co do not, just as in the corresponding dilute solid 

solutions in Zn. Below 20 °K Zni 3Mn orders and is weakly ferromagnetic ; a strong e.p.r. signal is observable and the 
g-factor increases from 2.0 at 200 °K to 3.0 below 4 °K. There is strong temperature-dependence of the resistivities of 
Zni3Fe and Zn 13Co at low temperatures, indicative of electron-electron scattering. 

The dilute transitional impurity dissolved in a free-
electron-like solvent, and the pure transition metal 
itself, represent two limiting cases in the theory of 
magnetism. An intermediate situation which, by 
combining the localized nature of the former problem 
with the periodicity of the latter, should prove ame-
nable to understanding, is provided by the ordered 
(-phase compounds Zn13X, where X can be Mn, 
Fe or Co. Brown [1] has shown that in these materials 
the transition ions are well-separated 	5 A) and 
each is surrounded by a slightly distorted sphere of 
zinc atoms. 

The high temperature susceptibility of (-Mn fits 
a Curie-Weiss law (Fig. 1) with peff  = 1.82 juB, 
0 = 36 °K and xo  = 0.53 x 10-6  emu/g. It orders 
ferromagnetically at about 20 0K (deduced from a 
plot of HIM versus M2  [2]) with a saturation moment 
of only 0.3 ftB  per Mn ion (Fig. 2). Our e. p. r. expe-
riments (at X-band on powder samples) show a strong 
signal below 200 °K, with g = 2.0 down to 150 °K, 

and an increasing positive g-shift at lower tempera-
tures (Fig. 3) ; no correction for demagnetizing fields 
has been made, for at most it would account for 20 % 
of the observed shift. The susceptibilities of (-Fe and 
(-Co are small and almost temperature-indepen- 

.--•'-.... Co 145 
Co 149 	 ./.--- -- 

 ' 

Fe 12.16 	E-- 	• 	
-------•""--. X WA +AEL)14i4  
---• 	 T-36 . 	---• 

Fe 126 	 .--• 
...-: 	 Rm= i.82 

,' 	• . ....• 

-0.2 	 L__ 
100 
	 200 

T deg K 

Fig. 1. — Magnetic susceptibilities of the C-phase Mn, 
Fe and Co compounds ; note the ten-fold scale expansion 
below the axis for C-Co. The Curie-Weiss plot for the C-Mn 

data is a best fit to the points above 150 °K. 

Erratum : The symbols for Co alloys and the symbols for 
Fe alloys have been inadvertently interchanged in the figure. 

dent (Fig. 1) ; the (-Fe samples show considerable varia-
bility, but are distinctly more paramagnetic than 
(-Co, whose susceptibility is about equal to that of 
pure Zn (- 0.1 x 10-6  emu/g). 

The room temperature resistivities of these com-
pounds are high : about 90, 30 and 20 pflcm for 
(-Mn, (-Fe and (-Co respectively, but our samples 
had quite good resistance ratios, generally between 
10 and 30. Their resistivities are strongly temperature-
dependent at low temperatures (Fig. 4) ; that of 
(-Mn is very exactly proportional to T312, but with 
some additional term near the magnetic transition. 
The temperature dependence of (-Fe and (-Co is 
between T 2  and T3. The magnetoresistance of (-Mn 
is large and negative, and peaks at a temperature 
close to that of the magnetic transition (Fig. 2). 

Our contention that in the compound the magnetic 
state of each ion is determined by the local environ-
ment is supported by the close correlation of magnetic 
properties with the corresponding dilute solution 
in zinc : in solution Mn, Fe and Co are respectively 
magnetic, on the borderline, and nonmagnetic [3] ; 
even the irreproducibility of (-Fe is mirrored by the sen-
sitivity of the dilute solution to sample treatment [4]. 
It therefore seems reasonable to think of the tran-
sition ion in the compound as forming a virtual bound 

s 0 emu/g 10-3  
X-X0 FIG. 2. — Magnetization curve of a C-Mn sample at 4.2 OK. 
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state (v. b. s.), with the implication that s-d hybridi-
zation, and not d-d overlap, is the important inter-
action. The increased paramagnetism of c-Fe with 
respect to t;-Co, which corresponds to an additional 
density of states of — 10 states/eV per Fe, may be 
attributable to exchange enchancement of the v. b. s. 
as the magnetic regime is approached. The extraor-
dinarily large g-shift and small saturation moment 
of c-Mn are more difficult to understand. 

• S Mn 135 

• S Mn 136 
H.7kG 

0-5 

-e ?„, 
pncm 

0 
3 

2 
DH w°  

gausS 

T deg K 

FIG. 3. — Magnetization, magnetoresistance, e.p.r. g-value and 
e.p.r. line width of the (-Mn compound as a function of tem-
perature. The indicated transition temperature 7'e is that deter-

mined from an Arrott plot [2]. 

If these materials were not ordered the resistivity 
would be large at all temperatures, about 110, 105 
and 50 pflcm respectively [5] ; at T = 0 the resistivity 
of a perfectly ordered sample vanishes because, to 
think in virtual bound state terms, the strong scatte-
ring at each transitional ion is repeated from unit 
cell to unit cell and is therefore non-dissipative. The 
T312  behaviour of c-Mn no doubt represents scattering 
by spin excitations ; the temperature-dependence of the 
resistivity of c-Fe and C.-Co is too large and too slow to 
be a phonon term, and it is more likely that it corres- 

ponds to the onset of incoherent scattering : at finite 
temperatures the occupancy of the v. b. s. fluctuates, 
consequently the scattering phase shift is no longer 
quite the same in every unit cell, and a finite resis-
tivity appears. This description is essentially equiva-
lent to that of electron-electron scattering in a pure 

5 10 	50 
T deg K 

FIG. 4. — Temperature-dependent part of the resistivity for 
the (-phase Mn, Fe and Co compounds. The resistivity of pure 

Zn is also shown for purposes of comparison. 

transition metal, but in a situation in which it would 
be inappropriate to speak of a d band. 

We would like to thank Dr H. E. N. Stone for his 
invaluable metallurgical advice and assistance. This 
work has been performed during the tenure of S. R. C. 
studentships by two of us (J. B. D. and R. H. T.), 
and with S. R. C. financial support. 
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Anomalous magnetic behaviour of gadolinium borides 

Z.FISKt, R.H.TAYLOR and B.R.COLES 
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6th August 1971 

Abstract. GdB0 and GdB4 have Neel temperatures (TN) much lower than those ex-
pected from a comparison with the Tb and Dy compounds. Magnetic susceptibility, 
electrical resistivity and esr measurements reveal anomalies in the vicinity of the ex-
pected TN. We suggest that a significant amount of short range order sets in between 
here and the observed TN. 

Both the paramagnetic Curie—Weiss temperatures, 0, and the magnetic ordering tempera-
atures of metallic, heavy rare earth compounds are in many cases approximately proportional 
to the de Gennes' factor G = (g — 1)2  J (J + 1), where g is the Lande g factor and J the 
total momentum of the f electron configuration. We see from table 1 that 0 cc (g — 1)2  
J (J + 1) for both the hexa- and tetraborides of Gd, Tb, and Dy, while TN is not. The ratio 
0/TN is determined by the particular type of spin ordering in the antiferromagnetic state, 
and we ask why DyB6 and DyB4 can order in a spin arrangement such that 0/TN = — 1 
while GdB6 and GdB4 cannot? One expects ordering at the highest possible temperature. 

Table 1. Data on rare earth hexa- and tetraborides 
Boride f configuration TNt Neff (11B) Of G 

(K) Calc Exp (K) 
GdBe f7  17.5, 14t 7.94 8.01 —55 15.75 
TbB6 f8  23 9.72 9.43 —35 10.5 
DyB6 f 9  21 10.6 10.63 —21 7.08 
GdB4 f7  42 7.94 7.92 —60 15.75 
Tb134 f8  43 9.72 9.72 —36 10.5 
DyB4 f9  22 10.6 10.35 —21 7.08 

:TN for hexaborides from Matthias et al. (1968); 0 for hexaborides from Paderno et al. (1967). 
Tetraboride data from this study; 0 for tetraborides agree reasonably with data of Paderno and 
Pokrzywnicki (1967). 

:Value from Coles et al. (1962); also found in this study. 
The trivalent rare earths form metallic hexaborides which theory (Longuet-Higgins and 

Roberts 1954) and experiment (Johnson and Daane 1963) show to have one conduction 
electron per rare earth atom. We might expect the RKKY interaction to be responsible 
for the magnetic interactions in the rare earth hexaborides, and experiments on the rate of 
depression of the superconducting transition temperature of isostructural YB6 by rare 
earth impurities (Fisk et al. 1969) show that the f electron—conduction electron interaction 
is strong enough to account for the observed values of 0. A simple free electron model 
calculation shows that the RKKY interaction will be antiferromagnetic between nearest 
neighbours in the hexaborides. 
f Now at The James Franck Institute, University of Chicago, 5640 Ellis Ave, Chicago, Illinois 
60637, USA. 
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The measurements of Coles et al. (1962) of the temperature dependence of the magnetic 
susceptibility and the electrical resistivity of GdB6 show deviations from Curie—Weiss 
behaviour and a larger temperature dependence of the electrical resistivity than expected, 
both effects already noticeable at about 70 K, far above the sharp kinks in those properties 
at 15 K normally associated with TN. Furthermore the measurement of Westrum (1968) of 
the specific heat of GdB6 has, in addition to a A anomaly at 16 K, what appears to be a 
Schottky anomaly at 30 K. No explanation has been advanced to explain this latter; crystal 
field splitting of the Gd f7  configuration being expected to be much too small to account for 
it. We note that measurements we have performed on the susceptibility of Gd impurities in 
YB6 show Curie—Weiss behaviour to 1.5 K in agreement with the above expectation. 

The results of our esr measurements on GdB6 are shown in figures 1 and 2. We observe 
that the linewidth (iH) begins to show considerable temperature dependence in the same 
regions where the anomalies in the magnetic susceptibility and electrical resistivity are 
observed. The g value also shows slight temperature dependence, but in this temperature 
range the lineshape correction factor is large. 

Figure 1. Temperature dependence of the esr linewidth (oH) of GdB6 (IL and GdB4 
( 0). Correction has been made for lineshape. 

The situation for the heavy rare earth tetraborides is similar. In this case, 0 cc G and 
0/TN ^ — 1 for TbB4 and DyB4 but not for GdB4. Figure 3 gives our data for the elec-
trical resistivity of these borides. We see that GdB4 behaves anomalously in the vicinity of 
70 K. Measurements we have made of the magnetic susceptibility of GdB4 show deviations 
from Curie—Weiss behaviour around 60 K and that at TN the susceptibility is 0.93 of the 
value expected by extrapolation from above this temperature. Our esr data for GdB4 is 
plotted in figures 1 and 2, and again the linewidth shows considerable temperature de-
pendence in this region. 

Susceptibility data for RE-Al compounds and for dilute intermetallic RE-Zn compounds 
(Stewart 1970) seem to manifest a similar tendency. 

We suggest that these anomalies can be explained if the tendency to reduce magnetic 
entropy by short range order is much greater than that to reduce it by long range order in 
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Figure 2. Temperature dependence of the esr resonant frequency of GdB6 (I) and 
Gd134(11). Correction has been made for the lineshape and finite sweep speed but not 
for the demagnetizing factor. For GdB6: g value at 300 K = 2.00 ± 0.01, at 77 K = 

2.00 ± 0.01. For GdB4: g value at 300 K = 2.10 ± 0.03. 
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Figure 3. Temperature dependence of the electrical resistivity of GdB4( •), TbB4 (0) 
and DyB4(+). The absolute value of the resistivity was not determined. The data are 

normalized by the slope at 250 X and the residual term has been substracted. 



these gadolinium compounds. It is well known that in some nonmetallic compounds 
(eg MnO) the crystallographic features, in conjunction with orbital occupation and super-
exchange interaction mechanisms, cause an anomalously small reduction in internal energy 
for the long range ordered state. This results in an extended temperature regime (approxi-
mately between TN and 101) where the free energy favours only short range ordering. This 
order is easily visible in neutron scattering at room temperature in MnO although TN is 
116 K (0 is —610 K). 

Conceivably, the free energy of simple antiferromagnetic long range order in GdB6 is 
adversely affected by its effects on the conduction electron configuration. For its simple 
cubic rare earth metal lattice with one conduction electron per Gd atom the simplest 
Neel type ordering (NaC1 type magnetic unit cell, 0/TN — 1) is expected (Mattis and 
Donath 1962) to occur for ordering by the RKKY type interaction via free electrons. The 
consequent splitting of the conduction electron Brillouin zone might significantly modify 
both the conduction electron energy spectrum and the RKKY interaction; if the new zone 
gaps were large enough we would have a semiconductor and no normal RKKY interaction. 
These gaps would be largest for the rare earth element with largest spin. We speculate that 
the long range ordering that finally occurs below 14 K in GdB6 is to some alternative spin 
structure. 

The situation is more complicated for the tetraborides. The crystal structure is tetragonal 
with four formula units per unit cell. It is thought that in this case also there is one con-
duction electron per rare earth atom (Lipscomb and Britton 1960). An argument similar to 
that used for GdB6 applied to GdB4 could explain the anomalies observed. The tetraborides 
TbB4 and DyB4 order with 0/TN — 1. The parallel between the compounds which one 
sees in the table suggests that similar explanations may account for GdB4 and GdB6. 

We thank R. Harris, B. T. Matthias and A. M. Stewart for many useful discussions and 
UKAEA (Harwell) for financial support of the programme of which this work forms a part; 
one of us (RHT) held an SRC studentship during the course of this work. 

Note added in proof Recent studies of the esr linewidth of MnO above TN (BATTLES, J. W., 
1971, J. appl. Phys., 42, 1286,) show the excess broadening we would expect from the 
above observations; well above TN it is probably only a matter of nomenclature whether 
one speaks of short range order or long-lived critical spin fluctuations. 
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