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ABSTRACT

A study has been made of the l~band esr behaviour of a number of
dilute alloys and intermetallic compounds containing s-state ions between
300K and 1.7X.

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-tn (to 2.15) and Lail,-Gd systems. The sign of the g-shifts has
been related to theory. The texmperature dependence of the g-value and
linewidth in P3-G4 and Pd-ln alloys has been interpreted in terms of the
effect of the increase in demagnétising fields in the particles of the sample
at the onset of ferromagnetic order. The esr measurements in Pd-ln show &
form consistent with an increasing megnetisation in a field of 3XGauss at
concentrations zbove 3ati Mn, in contrast to the results of static
susceptibility measurements.

Comparison of the present resulis 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 ferromaznets (including GdAl,, GAPi,, GaCug,

2’
EuPd,, BuPd end PdZMnSn) and antiferromagnets (including GdAg,, GdCuy,
Gst, GdB4, Gdanz, Gd22n17 and "GdCu4"). In the last five antiferromagnets

an increase in lincwidth at temperatures far =bove the Neel point has been
observed and tentatively interpreted in terms of an extended regime of
short-range order. TFor a number of the 00mpounds,ordering temperatures have

been predicted from the esr results.



The compound Gde3 showed anomalous behaviour possibly characteristic

of metamagnetism. Compounds of lln in Zan showed completely anocmalous esr

behaviour.
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GENERAL INVTRODUCTIOR

The magnetic behaviour of alloys presents many intereéting
‘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 magnetisn in pure transition metals.

In this thesis both dilute solid soluiions, in which the magnetic
ions are well localised, and intermetallic compounds where the ions are
periodic in the lattice, sre studied by the technique of electron spin
resonance (esr). This technique has been extensively used in the past for
studyiné the interaction beiween a localised moment and the conduction
electrons and for ideﬁtifying the crystal field split ground state of
non-s-state ions. In thé present woxrlz, although o few attenpts have
been made to obsexrve resonances from Ir and Yb in @ number of intermetallic

3+

compounds and from the Ce” 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 formetion of moments, the interaction of mzgnetic ions with the conduction
electrons and the verious forms of interaction between the local moments
vwhich lead to & 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 rzsonance. In the
first, the general theory of esr is presented and then applied to the more
complicated situation where the behaviour of the mermetic 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 measuremnents of iong 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 nusber of suggestions for improvements to the present apparatus.

Finally, the resulis on the alloys axe presented and discussed system-
atically and a number of suggestions made for fubure extensions of the

present study.
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CHAPTER 1

THEORY OF THE TSOLATED INPURITY ATOM TN A METAL

In this chapter various models will be outlined which attempt to
explain how & 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 s metal, two situations may
occur. If the energy of the orbitals responsible for megnetism lie well
below the range of energies of the conduction band, the local moment
maintaing its free ion character -~ interacting little with the conduction
electrons - and the magnetic moment of the ground state is given by-Hund's
rules (1.1). This configuration is generally expected to occur for the
rare earths and is knovm as a real bound state. Band structure calcula-
tions (1.2) on Gd, for ezample, show that the 4f state responsible for
the magmetism is sbout 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-4g (1.5) and Pr in
Zr'B12 (1.6),have magnetic orbitals which lie within the range of conduction
band energies and here the idea of the bound state bresgks down. lHatthias
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 lloment

Friedel (1.10) bezen the theoretical interpretation of the complex
forius 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 aton,
and analysed the free electron wave functions in terms of spherical
harmonics and their associated phase shifis 771. An expression was
first obtained for the screening charge, llf’, per wnit K, inside a

sphere of radius R. At large R:

Af g 1r3é(2 1+ 1) ;{Fsin}?l sin (2K;+Y)l - 17T) 2rdK

L B BN IR BN O BN BN B R BN BN RN NN BN AN W ) l.l
Integration up to KF for the total charge locally displaced by the
impurity potential, and considerations of cherge neutrality in the matrix

give the Friedel sum rule:

z = ,ﬁ_% (21 +1) Y] (Bp) cevevennrnnrenienennnees L2

vhere 2 is the excess impurity charge.

| If an impurity potential is initially strong enough to accept an
1th bound steate, but is then progressively reduced in strength, the energy
of the 1th state incrsases in energy and merges into the continuum of
.extended stetes. Here it resonates with the 1th component and broadens
in energy to form a virtual bound state. TWhen 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 2ble, 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

pDNED w ecvesssesssecssssccscsssecscenes 1e3
for this to occur; whexre p is the number of electrons or holes in the
d-state, A\E is the exchange energy per electron and w the width of the
virtual state defined from the phase shift against enexgy relation of
the state. )

Blandin and Friedel (1.11) justified this result in & 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 pesks in the residunal resistivity as
each half crosses the Fermi level.

The ideas of Friedel were quantified and developed by indexrson (1.2)
into what is now genexrzlly known as the Friedel-Andexrson theory. Andexrson
considered the case of an orbitally non-degenerzte d-impurity in a simple
metal using a self-consistent Hartree-Fock treatment. The Hamiltonian

contains four terms:

H=H, + Hod

A
Q}{ +Und¢ ndl +%§d e 0e0 st es0srssssnn 1-4

The first two terms, H, and Ho are ‘the unperturbed Hamiltonisns of

ok d
the free electron system. The third term, Undl ndfr represents the term
kor the repulsive energy eamongst the d-electrons of opposite spin, where

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

2
U = J I?Sd(rl)|2 ':qzﬁéd(rz)lzdtldz—z

S0 00000t 0s0 000 1.5
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and nd.l ’ nd? 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 empiy and the impﬁrity will be megmetic.

The last term in the Hamiltonlan represents the interaction between
the d-electrons and the conduction electrons. This is known as the
admixture ferm and leads to broadening of the impurity state. It may be
thought of a2s a hopping process where the band electrons hop on to the
impurity and stay there for a time [ before hopping off - the broadening
is then h/ U =N. fhis mixing term tends to favour the transfer
on to the impurity of an electron of opposite spin to the one already
fhere and competes with the coulomb term. The energy of the spin-up
state is raised to E + U5n and the spin-dowvn state is lowered in energy
to BE+ T - USn, where 5 n is the number of electrons transferred from

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

AY 7N\ - — —_]g+und

pi Pl

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

density of the d-states:

1 A
/an'(E) T T (BE-Eg )2+ A2  erecessrcicnsss 1.6

vhich is of Lorentzian form; the width A\ is given by:

- n(vkd2>[3 OIS . {

where <de2> is the matrix element assoclated with the s -~ 4 interaction
between localised and band states. B g is thev centre of the extended state
of spincat B + nsU. In order to determine the number of d~electrons

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

the two equations

' _ E-B + % n\\[,).
<nd1‘>. -Tlr-cot,l( = a7y

It

2aescs0sans 108

1 (E-EF+U<nd/r>

, 1 -
<ndJ> = 5 cob A )
must be solved simultancously. Anderson introduces itwo dimensionless
perameters
U
y = A
® B & 68 8 8800 HO NS SeaCO OGS 1.9
(B, - E)
*r="3

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

be possible within the shaded area.

10

X o~5/

Fig, 1.2

el

10
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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.

¥hen x = 4 the condition for magnetism is that

L
A < = Cerereecnsseserseasss  1.10

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

For the iron group U ~10 eV,ﬁ(E)N 0.2 eV-l, <V2>N 1 eV and thus
ZI%QL,\, 0.2
magnetism ig thus likely.

Anderson (in an appendix) extended the physically rather unreal
gingle 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, but 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:

3 =f ?51*(1)952*(2) —;i qsl(z)(f)z(l)dflfi Ty veveenen 111

which is ~1 - 2 &V.
Yosida et 21 (1.13) and Klein and Heeger (1.14) showed that the new

Hamiltonian may be solved to obtain a condition

Tt 4d
mA

for the existence of magnetisn 2t the most favourehle position of the

2 1 ® 0 G A PSP NS NP RS EIPNLINOENOSOeea 1012

virtusl state with respect to the Fermi level. The condition implies
that the effect of a degenerzle d-level ic to increase the likelihood of

a nagnetic state forming.
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L)

In the same analysis, the condition for quenching of the orbitsl
angular momentum is found by Yosida et 21 to be

U-J
ma <1

50t +0 PV RPN ICIOIOEPIIEPILOISEREAEDSRDS 1.13

The Anderson model and ith extension to the non~-degencrate case
assume thet any crystal field splitting is less than the virtuzl level
width, end the effects of gpin - orbit, orbit - orbit and 4@ - 4@ interactions
in the hogt are neglected.
From the conditions gbove, Yosida et al estimated a value of
U+ 4TI r~5 - T eV, ice.y, U3 - 4 eV for G impurities in simple metals.
This reduction of the value for U fram the higher value quoted zbove
assumed by inderson, is attributed to screening of the Coulomb integral
by conduction electrons. It clearly implies a tendency awey from
noment formation.

Wolff (1.15) and Clogston (1.16) treat the conduction electron

impurity systen 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 VWemnier funciions derived from

a single band, i.e.,

\I/ = II-%é U (R.)a (I‘-R.) ®eer e ecereerss v 1.14
R m i’ “m i
i
It is assumed that V has no matrix elemenis between Wamnmier functions

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

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

< a, (r-R) | v ‘ a(z - RJ)>=

Vo8 O (R =R)IE (R -R) cevvrrniininiiiinis 1035

_wnere Ro is the impurity site.
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Wolff finds that the amplitude of the Wammier function centred on

the impurity site is given by

oiK-Ro
1- vam(E) + i?Tvm/Dm(E) ceceassasnes 1,16

v (Ro)

where me is the natrix element of V between states within the band and
/Dm(E) is the density of stetes of the bend. F (E) depends on /Om(E)

as shown in fig. (1.3)

Fm (E)

=TT T Tm
(=
~_ I

Fige 1.3

The emplitude of IUm(Ro) J 2 is a meximum when [1 - meFm(E)] = 0.
If the energy E_ lies within the band, T m(Ro) has a resonance maximum
and Clogston shows thet a virtual stcie has been crested at Eo. If the
energy of E_ lies below the bottom of the band (i.e., for increasing V)
/Om(E) is zero, Um(Ro) ig infinite end & bound state is obtained.

If o smell spin dependent potential (of the same form as Anderson’s)
is added to V, giving potentials for up and down spin V + AV/]\ and
V + AV}, two simultaneous equations sre obtained for UAp (Ro) and
Uy (Ro) and these are used to calculate the Hartree-Fock field of the
impurity. Expresgsions for AVT ana A Vl are obtained and solved

graphically for small AV/V. It is shown that the criterion for
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megnetism is of the form:

000'0‘.0..-00.0 1.17

U Az * (DF - Eo)2

where U is the Coulomb integral between different spins and F, = g%_n;) .

The Volff-Clogston model is best suited to problems involving transition
metals dissolved in other transition metals (e.g., Fe in lo) where the
impurity sfate can be regarded as & superpositicn of band states.

Rivier (1.17) has shown thet the Anderson and Volff-Clogston nodels are
essentially the same.

Both of these models use a Hartree-Fock approximation to treat the
problen, assuming that the repulsive potential of o spin-up electron in
a given orbital is proportional to the aversge number of spin-down
electrons in the same orxbit. This assumption is eguivalent (1.9) to
seying 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 %)

i.e., that % <1
This suggests that the Hartree-Fock approximation is only valid in the
non-magnetic limit.

Electron correlation effects, which teke into account the possibility
that the spin-dovm electron 'recedes' from the orbit as the spin-up
electron jumps into it, have been considered by Schrieffer and Matiis (1.18)
for the case vhere the number of electrons (or holes) occupying the virtual
level is less than 0.3. In this limit,; for non-degenerzte orbitals,
they'predict thet the effective Coulonb interaction E will be such thet

even for infinite U, the virtual state may not be magnetised.
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A further difficulty with these simple models is that an unphysically
sharp boundary is predicted between the magnetic and non-megnetic states.
The important concept of localised spin fluctuations overcomes this problem
(1.17, 1.19). Starting from the extreme non-megmetic virtual bound state
in the Friedel-Anderson model (i.e., UK TTA), at finite temperatures the
popula%ions of spin-up and spin-dovm electrons will fluctuate ~~ KT in
energy about the Fermi level. As the magnetic limit is approached (i.e.,
U-—+>TTZX), correlations increasse the fluctuation emplitudes and lifetimes,

i.e., the localised spin fluctuzticn lifetime, T The observation

Lswr*
of a magnetic state requires the time of the experimental 'prcbe' to be
ghort compared with Z:LSF‘

Caplin and Rizzuto (1.20) have measured the low tempersture impurity
resistance of dilute £1ln and £1Cr alloys, which are non-megnetic in the
Friecdel-Anderson sense, and correlated these measurements with the high

temperature enhanced Pauli susceptibility using the spin fluctuation

cchcept.

1.2 Conduction Electron -~ Loczl lfoment Exchange

The interaction between localised moments and the conduction electrons
may be written in the form (1.21)

HEX = ~2J8.5. eesesccsccsacseevcscssssesvess 1,18
where § is the spin of the local moment and g is the spin of the conduction
electron, provided that the impurity is well locelised and that the direct
interaction between impurity atoms is small.

If the conduction electiron wavefuncticns asre represented by plane

wvaves end the interaction potential is Coulombic, the exchange integral

in 1.18 nmey be written

2 /
) 1 iX.xo e ~iK.ry
JK.,X') = *  (r,)e="= 7P (z,) e ="=lar ax

== v j’ 100 -+ Ty, 'foc -2 =17=2

A P
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A number of further spproximations sre usually mede. The full range
of the Coulomb potentisl will be reduced by screening effects, and thus the
potentisl is often taken as a delta function end in this case, J(g,gl)
depends only on the magnitude of (g - K’) = g. In the interpretation of
experimental results, it is often further assumed that J(%) mey be taken
as a constant. K;plan and Lyons (1.22) have shown that enisotropic
terms may also be important.

In rere-earth ions, the total anguler momentum J is 2 good quentum
number and de Gennes (1.23) suggested that the effects of orbital angulax
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) hes shom
this approximation to be valid if
(i) %he conduction electrons ere s-like so that their wave functions are
sphericelly symmetric end
(ii) that thé vavelength of the conduction electron is large compared with
the size of the Af shell. Since the radius of the Af shellt\'0.4ﬁ and a free
electron estimate of the conduction electron wavelength is ~v 0.78, it
may be seen that this candition is not well obeyed;

Zener‘(l.25) suggested from 2 first order perturbation calculation
of the energy of the system, that the energy of the conduction electrons
with spin parzllel to the local moment is lowered with respect to those
of spin entiparallel, thus depopuleting the latter across the Fermi
surface. The result is 2 uniform polerisation of the conduction band.

Yoside (1.26), following a similar trestment 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 polzrisation oscilleates with rapidly decreasing amplitude
as a funciion of distance from the impurity. Yosida obtained an expression

for the spin density of up and down spins at'z from en impurity of spin up



3 »00
ft (z) =)0° { 13 -é-E;-NjJ(q)f(q)Szx
(0]

[elgz‘:'l'e-l'gg]dq‘; ®e 0000000006000 0000 1.20

using the J(q) and free electron epproximetions, where 2 /O° is the mean
conduction electron density, N the number of lattice sites and f£(q) the

susceptibility function is given by

Hp*a
£fqg) = 1+ e 1n %, =

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

I 0 6000000 0PEPeR OSSR 1.21

the susceptibility X (q) by

X() = X pporr £l@) oeeees e eeereeeenreereesenss 1,22

for a free electron gas, where

XPAULI - 2#3210(%) e eeeeeeersteetesatsaneees 1,23

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

X(9)

Fig. 1'4

t { q’/lKF

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

for a single barnd as

£(X -

] t
X(Q) = = 2/132 E E(I_{ +
K

) - £(x)
y 1.24

'E(K) Pesevesesncsone

[Jl=] Tl=}
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Where f£(K) and E(X) are the occupation number and bend energy of the
state K, 1.24 may peck at g = O.
Returning to the analysis of Yosida, if the further epproximation

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

‘Pt(g) - /Oo [1;.1_31%2 JSZF(ZKFr)] ceeenevenees 1,25

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

is given by

F(x) = xcos x4- Sinx ® € G0 OIPIISIOTOORESIOETSIOECTETOENTPEDS 1.26

X

end the result is known as the RXKY (Ruderman, Kittel, Kasuye, Yosida)
polerisstion. ‘

In the equation 1.25, f)t (r)—> 00 as r—>0. This singulerity is
in contradiction to the observed densities at the loczl moment nucleus fﬁo,
vhich are normally azbout an order of magnitude greater than the spin
density at nearest neighbours, f)NN’ (1.29). If better approximations
for J(q) are used; the singulority is removed. Since f(q) decrezpes

gbruptly near q = ZKF Yosida considered the zpproximation

. J(q) £(q) =<2J for g < 2K
| = 0 for q> 2K,

b0t essase s e RRINERS 1.27

in oxder to give a heavier weighting to low q components. One then

obtains:

+

IO”:(r) =/00[1‘ %FQJSZF(.zKFr) ZKFr:I S 1Y .

whicl: has a finite value 2t r = 0.  Overhauser (1.30) approximsted the

exchange integral by the atomic form factoxr:
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zdl—‘ scesessenernensnes 1'29

Ipgle) = J f |t @
end this is estimated to give ﬁm/ /oo ~103.

The analysis agbove eassumes that the conduction electrons have an
infinite mean free path. De Gemnes (1.31) attempted to take this into
account by introducing en exponentizl decay which is written as exp(-R/A),
where A is the conduction electron mean free path. This may be introduced
eg g multiplying factor in the equations above.

Vatson and Freeman (1.29) evalusted J(g,&’) for a Gd local moment
and conduction electrons treated as orthogonalised plane waves. They
found that for Gd, the exchange integrel is well approximsted 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 18 away. In a subsequent
peper (1.32); a more detailed analysis of the validity of the J(q) approxima-
tion is given for Gd and it #s showm thai for Fe, the J(q) approximation
has little validity.

All the calculetions 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 zgreement 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 phzse approxination as:

Xgmla) = X () 1.30

= @5 8 s S e s eEE L IOPREOEEDTIBOLEESITIOEDY

1-1X(a)
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where )(ENH(Q) is the observed susceptibility, )((q) is the susceptibility
associoted with a non-interacting host with the same density of states at
the Fermi surface, and I is the exchange enhancement consiant of the
matrix band.
Pd is the best known exchange enhanced metal with an enhancement ~ 10.
Bh, Pt (~v2) and the compounds LaRu, , I\Ti3Ga, Lal\’fi5 are others.
Giovannini et al (1.33) considered the effect of the enhanced
sugceptibility on the spin polarisation for verious values of the factor,
I, above. They obtained an increase in both the amplitude and the range
of the spin polarigation over the free electron RKXY form and used their
results to account for the g-shift and liné-bioadening 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 thevhost susceptibility and obtained qualitatively

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

Pl N % = 0

_ 1 ] ) ‘. ) ] ] P(CL.U)
2 3 4 3 6 Ei
! wnenhanced
enhanced sevenfold Fig. 1.5

The true exchenge integral between the conduction electrons and local
moments is positive in sign (equation 1.19). However, the total exchange
integral neasured by experiment conbains other contributions which often

give rise to negative coupling and the sign znd value of the final exchange
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paraneter, J, will depend upon the relative nmagnitudes of the various
contributions for’a given alloy systen.

The admixture texrm 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), Xondo (1.35) and
de Gemnes (1.31), showed that the mixing term could be written in the
magnetic limit as:

kad 12 U

mix = Ea*(ﬁaf:fa) P 4 1
with the usual notation; energies being ueasured fronm EF' This interband
or covalent mixing is expected to be fairly small for the well-localised
f-clecirons in rare-earths and their alloys.

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

3+

for a Gd~ ion interacting with orthogonalised plane waves. They believed
that the dominant source of interband mixing involves the svhexrical
potential matrix element connecting the 4f shell and the f-like component of
the conduction band. The mixing term should thus be grealest for a
matrix with meximum f-character at the Fexmi surface. Their calculations
suggested that for rare-carths, the meéhanism might possibly be large
enough to outweigh the direct exchange contxribution 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 to0 a negative total exchange.

¥hilst these effects may melke some contribution, on a prioxri grounds
we would not expect the laxge negative g-shifts which have been reported
for Gd in a number of hosis, e.g., Gd in Pd (see ch. 5). In Gd, the agT
configuration is extrenely stable and the energy denominators in the

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

possible mechanism may be thet (1.37), in transition-like hosts, d - s
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hybridisation leads to & 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., 58 entiparallel to 3d and 44 moments) in Pd-Fe alloys, which he
estimated as -1.9 = O.B}AB per Fe aton.

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 4@ - 4 interactions with
other d-moments are then important as in transition metals. The discussion
essentially treats the rare-earth 53 electrons as equivalent to those of

a first half trensition 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.z., NiCo), whilst those from oppogsite helves give
negative antiferromasnetism (e.g., NiCr).

The local moment-conduction electron exchange is reflected in a
nunber 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-factoxr and moment should be enhanced by the same anmount.
Neutron diffraction measurements enable a determination not only of the
total moment butalso its spatial extent (1.44).

The excheange interaction also leads to a spin dependent:electron
gcattering mechanism which contributes to the resistivity (1.31) and leads

glso to a reduction in the transition temperzture, T., for superconductivity

C’

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

X . 2 \ . o . .
cases, the exchange integral appears as J and thus no direct.indication
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of the sign of the conduction electron polarisation can be obtained.
Furthernore, the values obtained from resistivity and depression of TC
measurenents depend upon JK(q) for 2ll X and q and it is not permissible
to compare them numerically with the value JKF (q = 0) obtained from
g-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 qrv-ZKF end Watson and Freeman (1.29)
showed that J(q) may change sign between q = 0 and q = 2Ky. This may
account, for example, for the negative exchange constant suggested by the
resistance minimum in the Cu-~ln system, compared with the small positive
g-shift in the esr work (see ch. 4).

Inr measurenents 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.z. 41 in GdAl2).

In table 1.1, below, effective moments Peff’ ferromagnetic moments
(where appropriate),fl , and g-values are listed for a number of

cast

internetallic compounds. 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.



Compound
ca>t
GAAl

GdAl2

GdAl3

GdIn

GdIn3

GdSi2

GdGe2

GdSn3
GdCu
GdCu2

GdCu.4

GdCu5

GdAg

GdAu

Pers

T.94
8.52
7.92
8.29

8.1

7.92

7.0

7.0

TABLE 1.1

1.995

1.985%

2.013%
2,01%

2,009%

Compound

Gd,2n,

GdCU.s

eff
8.1

7.82

7.9

8.6

6.8

8.1

8.48
8.40%

T.84%

7.4
7.1
6.55
6.1
6.35
6.80

6.7
6.83
6.77
6.7

Values are talien from reference (1.43) and (1.46) except

X

*

this work

Stewart (2.4)

29

1.94

1.97
2.04%

1.085

2,03%

1.98%
1.995°
2.03%
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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 g~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
206 (3.40, the two values in figs. 2(b) and 2(c) in this reference differ
by ~4%; an average has been telken) and a reduction in the paramagnetic
moment of 22% (5.8). Guertin and Foner {3.44) find a reduction in the
saturated moment of sbout 8% (see ch. 8).

Alloys of the form LaXGd _xAl2 have been investigated by a number of

1
workers. Maple and Fisk (1.47) found an effective moment 4 - 7% above
the free ion velue and observed no resistance minimum. Cooper (1.48)

and Maple (1.49) have neasured the depression of T, in LaAl, on addition

c 2
of Gd and found good agreement with the expressicn 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 worlk also confirm the positive sign of J in these alloys. The pure
compound GdAlz,as shown in the table, gives an enhanced moment but an
anomzlous negative g-chift 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
moxe than 1% Gd,reported a moment enhanced by 6%, whilst GAY and GdLu

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

shows an even greater increase in moment (to 30%) at low concentrations (1.52).
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The g-values are also positive (5.3, 5.29, 5.30). These alloys do no%

seem to obey the simple rule above so well, since Y, Sc, Lu and lLa are
transition-like metals with considerable d-character at the Fermi surface.
Their behavicur is predicted, however, on the model of Campbell, since the
induced d-moments couple ferromagnetically. It seens probable, in
conclusion, that both @ -~ d interactions and s - 4 mixing terms are importarts
in determining the sign of J and it is difficult to predict which is

likely to predominate in a given alloy system.

1.3 Divergence of Perturbation Theoxy -

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,41eads to a temperature independent contribution to the resistivity
end 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 phenonmenon,
by going to second order in the Born approzimation. This involves
processes which congist of two events, such as:

(i) Ao electron in steste gf is scattered to an unoccupied state g’

and then to a final state Ksu

(ii) 4An occupied state gt is scattered to §f+ and then Ef “fills up"
the state q % which is emptys

and similar scattering sequences which allow tranéitions from K+ to

'+ nda & to X/~

K-, X" toX
Suming the total transition probabilities over the impurities leads fo

an expression for the magnetic resistivity:
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/OM - Fo(1+43 /O(EF)ln L) i L

where /Do - em ID (Ep)me J2§ (S+1)
2e%h

is the firet Born scattering tera, P(E) is the density of stetes and
Dz\tEF and Z the number of ccaduction 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 scatiering processes. For negative J, the second
term combined with the'phonon tern (O& Ts) gives rise to the observed
resistance minimum. For positive J, however, the resistance does not
show & minimum and continueg to decrease.  Such behaviour has possiSly
been observed in Y-Gd and Y-Tb alloys by Sugawara (1.54). Logarithmic
terms also appear in other physical properties (1.55), inﬁlading the esr
g-shift (ch. 4), when higher oxder temas are considared.

Perturbation calculations to infinite order diverge at a temperature

TK’ given by:

T, ~ D exp (IJl fol(% ) 1.31

for negative J. This defines the Kondo temperature of the systiem.
Considerable theoretical work has been aimed at removing the divergence
and calculating the form of the resistivity below QK' This work is reviewed
by Kondo (1.55).

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

suggested that below s & singlet state is formed with a conduction

x
electron 'cloud' polarised to compensate the impurity moment as the tenpera-

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

equivalence between this concept and the more general picture of a dilute
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alloy, non-maognetic in the Friedel-Anderson sense, bul vhere localised spin
fluctvetions ere importent.

The effect of secondé order scattering terms on the REKY spin polarisa-
tion has been invegtigated by Fullenbaum and Felk (1.58). The correction
" temm is proporiional to 1ln 2K r and calculations show that the term
leads to a correction ~ 10 - 20% at most to equation 1,25 . Considering
the other cuproximation inherent in the RXXY treatment, this latter
contribution may be ignored.

Finally, it should be pointed out that Kondo effects are not to be
expected in magneticelly ordered systems. Here the large exchange field
inhibits the free motion of the spin and tends to prevent Kondo

scattering. The sane is true of & large external magnetic field.



CHAPTER 2

INTERACTICHE EEIWEEN LIOMENDS AND MAGNETIC CRDERTING

In this chepter, various mechanisms for the coupling between magnetic
moments will be outlined with reference to their relative importance forx
33 transition metal glloys end rare-earth alloys. Conduction electron
nodulated exchange interactions are considered in the firsi section of
the chanter, whilst in the second, the interactions between neighbouring
33 atoms and the effects of local environment on moment formation will be
discussed. In section 2.3, intersections in disordercd systems are
treated and in the last section,models which seek to account for magnetic

ordering and its conseguences are described.

2.1 Interactions between Momenis via the Conduction Electrons

The RKXY spin polerisaetion leads to a coupling between two ions

of spin §., and S, at a distence R, the energy of which may be written

1 2

2.2
9wzl
%CY — .‘7‘ F (ZI%‘DR) §l'§2 LR R B B R B B S B R B Y B AR B AN AN 2.1

and a rough estimate for Culn nearest neighbours gives ERKFYFJ 3x 107" ev.
For rare-carths, S; and 8, will be replaced by (gi - 1);1 and
(g2 - 1){2. When the ionic species are the same end including spin -

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

lattice is

Bp

= ongii¥ (e -1,
Epay = %
i, J

i+J

F(sz(RiJ)_qi.gJ teeeeenectcanssssnranes 2.2
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and using the molecular field model (1.31), the peremagnetic Curie

temperature, 8 is given by

k& = -( él%ﬁflf ) (8 - 1)° 3(7 + 1) X

555 F (2KFR1J) tecestenannenenes 2.3

i+J

The function (g - 1)2J(J + 1) = G is comonly knomn es the de Gemnes
function and from 2.3 it is apparent that for Heisenberg exchange counling
between spins, the values of O across the rure-earth series for alloys of
the same structure should follow the variation of this quantity, so long as
J is coﬁstant.

The lattice sum in the equetion 2.3 has been evaluated for various
intermetallic compounds. Buschow et al (2.1) evaluated it for GdAl,
at both rare-eerth and Al sites and measured © in compounds of the form
deRl_xAlz, where R is Y, La ox Th. The effect of adding Y and La to
GdA12 is to introduce voids in the summation, whilst addition of Th also
increases K. By cbserving the variation of 6 with s the locetion
Kp for the compound was estimeted. In further pepers (2.2, 2.3), the
dependence of the exchange integral on KF for a number of rare-ezrth

compounds (CdAl, GdAl. and GACu) wes investigeted using nmr and susceptibility

3
measurements to obtain consistent values of J gnd KF. A change in sign
of J wes observed in the vieinity of Ky = 1.3 2 —1, which agrees with

the prediction of Wetson et 2l (1.35) that interband mixing becomes the
dominant contribution to J at large K?. The analysis itreats the problem
from a free electron point of view, however, and ignores effects due to
Brillioun zones which czuse the Fexrmi surface to beceme far fron sphericzal.
Stewart (2.4) has recently pointed out that the results of De ¥Wijn et al
(2.3) for J imply thai the paramagnetic moment of GdAl3 should be reduced

by 28% from the free ion velue, wheress the moment in fact is increased

by 45 (see Table 1.1). PFurthermore, we note that similexr anaelyses to those
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gbove on GdZn, by Debray et al (2.5) and for GdNig by Burzo and Ursu
(5.14) do not fall on the curve of J v Kp plotted by Buschow et al.

Blondin and Priedel (1.11) considered a coupling mechanism between

magnetised virtual bound states. Since the phase shifts of spin-up and
spin-down scatiered electrons is different, an oscillating spin polarisa-

tion will be obtained at large distances, given by

s() = 1 [ Ap, (r)-A/D_(r)] eeeerererees 28

Following the analysis of Friedel sbove for 1 = 2,

ATT r 2 2
(8}
Blandin and Friedel considered the limiting case when the virtual state is
completely split, with spin-down electrons below the Fermi energy end
spin-up electrons above, i.e., [Xf2_= 0. If we approximate the form

of ?72 to a function centred at Ko’ which increzses from 0 to 7V over a renge

Ki, we can perform the integrsl in 2.5 to give

S(l‘) = ""5"‘"—' SinKlr cos™ Kor evrs e et s st 2.6

47T2r3 Klr +T7

end the energy of coupling between two spins separazted by R is then

%F = ZS (R) VAF [N R N N NN RN RN ENEE NN RN 207

where VA is the atomic volume end ¥ is a parameter ~J. & rough estimate

for ¥n nearest neighbours, assuming VArv 10-23cm3, Kor\/0.4 X 10-80m,

Ky

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

~ 0.1 x lo-ch, gives B~ T x 1073 V. Although the polarisation

rapidly (as l/r4).
Caroli (2.6) considered a further mechznism vhich leads to coupling
between virtual bound stales. In this model, a conduction electron is

resonsntly scattered from each virtuwal state in turn.
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After scattering from the first virtual state, the wevefunction of

the conduction electron may be written for large r as

. ex i Xx . . o
To(e)= emp(i.z) + SBL) o (5657 in &
E LR B I BN B Y Y LB BY Y ) 2.8
" where 4):” is the phasge shift for spin o’. The mixing between the conduction
electrons and the d-electrons of the second impurity is characterised, not

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

<\trl Voldy > = VKdz[exp(iI_{.Ij + 9%2@) exp (1 ?ST) sin CPT]
vhere R is the scparetion between the solute atoms. The expression gives
rise to a different width and a ﬁisplacemen‘u of the virtuzl state at the
second impurity. TUsing a Green's function czlculation within a Hertree-
Fock trea,tment,‘ Caroli obtains an expression for the energy of :Lnteréction

between virtual states, EC, given by

| cos( ‘d :’ )
v R G et

csesrecsssenne 2,10
for the non-degenerate cese and vhere T &K /A /K]3
In an appendix, Caroli shows that for degenerate d-orbitals,equation
2.10 is multiplied by = factor (2 1 + 1)20’ 2,
Equetions 2.9 end 2.10 are only valid when XR> 1 and KR E‘F/A ;

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

For Culn, KFR'NA, 2nd EF/ A\ ~ 7 and thus the conditions are not met.
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Caroli derives a more complex expression for the coupling energy B

regime 1< KFR < E.F/A and shows that for Culn nearest neighbours

/
c

The simpler formula, 2.10, is & fairly good spproximetion, however,

BE'l.~ 4Ax 1072 oy
giving

E.~v Tx 1072 v

C
The Caroli mechanism thus gives a coupling energy for Culin nezrest neigh-
bours vwhich is some two orders of megnitude greaster than the RBEKY result.
For rare-earth impurities in a real bound state, however, the interaction
will be negligible since sin qu\J 0 and in this cese the RKKY interaction
is the most important. Caroli obtained good agrecment with the obsexrved

velues of & for the Heusler alloys CuZIénX, vhere X = Al, S5n and In,by

performing the lattice sum in the expresgion

_ 2B, i i
KBe —"éTEg'ééfchlsm O/sin(f)c’/x

K+0 oo
{
cos (ZKFR +¢°)+ 4)"-’” )
\3 L R BN BK BE BE K BN BE BN B B BN N BN NN NE WY AN ) 2'11
(Kpr)

end fairly good zgreement for Mnlau2 and }.’mAu4. A similar caleculation
by Dunlop (2.7) for Zn)Jlin ig described in ch. 3.
2.2 Interactions Between Neichbouring Mammetic Atoms -

Local DInvironment Effects

Alexander end Anderson (2.8) considered the interaction between a

pair of reighbouring non-degenerate 4 ions in a simple metallic hqst.

The total Hamilionian for the system was written in the same form as that
used by Anderson (equation 1.4) for the single added orbital problem, but
with the addition of a term H\T which conteins a transfer integral, v12’

between the two d-states, i.e.:
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Hd=Eoé(nl +n2°J)+U(n1Tnll+n2/rn2\!.)+Hv T~ 0 -

and

V12=V21*=J¢1* (2)42(?) Hdd¥ S8 0080 0ss0020sss00 0000000000000 2-13

where Eo is the self energy of the localised stztes in the zbsence of
interactions.

Following the sane lines as the treaitment of Lnderson, using a
Green's function technique and within the Hartree-Fock approximetion,

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

Vi2
of limiting cases. VWhen the levels are symmetrically disposed about the
FPermi level,an antiferrom:gnetic coupling (,\,figf ) was found to exist.
Vhen one of the two (single impurity) virtual 12§els is much closer to
the Fermi surface than the other, however, a parzllel 2lignment is
favoured. Furthermore, it was found that in the case of antiferromagnetic
coupling, the criterion.for magnetism derived for the single impurity
problem wzs msde more stringent (accountiné perhaps for the relatively
small number of metallic antiferromagnets), vwhilst the condition for
magnetism in the case of ferromagnetic aligmment became less stringent.

Moriya (2.9) extended this work to the more realistic cese of five-
fold degenerzte d-orbitals and his results are summarised in fig. (2.1),
where the exXchange energy in uwnits of - EY is plotted ageinst 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
ghown here, T + 4J = 10 s but the results zre not eltered qualitatively
for different values of these parameters.

The figure shows that atoms with nearly helf-filled d-shells have a
tendency towards nearest neighbour antiferromegnetic couplings, but thet

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

towerds ferromagnetism.
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FM

AFM

EZ\/

Fig, 2.1

Moriya used this to account for the ferromegnetism of Fe, Co and Ni
compered with the antiferromagnetism of the middle row elements Cr and Ln.
The estimated exchange energiles for these 33 metals compared fairly well
with the observed ordering temperatures. The properties of the z2lloys
between these elements were also found to be in good sgrcement with the
.predictions of the theory.

Moriya went on to consider the case where one of the two stoms is
non-magnetic when isolgted, but vhich is polarised magneticelly due to
interaction with the neighbouring magnetic ion, and concluded that ztoms
with nearly half-filled d-shells have = tendency to be polarised anti-
ferromagnetically, whilst those ﬁith nearly fuvll d-shells have a preference
for ferromsgnetic polarisction. Likewise,a magnetic ion with a nearly
half-filled d-shell tends to polarise neighbours sntiferromagnetically,
whilst one with a nesrly full d-shell prefers ferromagnetisn. This
.principle is used qualitatively to explain, for example, the different
behaviours of Fe and Cr in Pd.

Jaccarino znd Vialker (2.10) suggested from nmr experiments on the

Pd-Bh-Co system that the formetion of & localised moment depends

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

moment on a particular site will only be stzbilised if there ere more than
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% nearest neighbours of a particular type. XKim (2.11) conscidered this
sugeestion in more detail using the same Hamiltonian as Alexander and
Inderson, but extended to finite concentrations, and including the
Couwlomb interaction between the host conduction electrons.

When other impurities sre present, the density of states at
the ith impurity is modified from Pi"(o) to /Di(o), and the condition that
nearest neighbours may stabilise a moment on &n otherwise non-mggnetic

impurity may be written

0
T, /oi (0)< 1 bub Ui/Oi (0) 2 1 tevierrvenncnnnnenenes 2,14

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

the Permi level, in the form
U, U,
i < i

1 but
vA,° TR+ 24))

where the width of the impurity state has chenged from Aio to Aio + %Al

T L e 215

This change in width, % Ai’ consists of three components resulting

from different contributions to the inleraction energy.

e SA, - SDWLSA@,BAG L

% Ai(l) cones from the indirect inter-impurity interaction through the

host conduction electrons (2.6) and is given by

SAi(l).f\: Ti'vJ2 x A/OI Cereresenscarensennennsase 2,17

|
where AP is the change of density of states of the host conduction

electrons at the ith impurity site due to the surrounding impurities.
It can he either positive or negative. Xim shows that %Al(l) nay be

written:
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8Ai(1) 1 cos (2 1J)
”A—T = —“"é' 2 eresers s P e 2018
’ KF 3”4‘- RiJ

or for Zi nearest neighbours on a simple cubic lattice, lattice constant, 4

% Ai(l) cos (ZKFd)

L = 4Z

Ae i (2x,0)°

L3S 2K B BUAY I I SR N IR 2 B B IE B O B B B ) 2'19

SA:L( ) is the contribution due to the direct transfer interaction
between impurities and is always positive. Mzking the assumption that

each virtuzl level is half full, we may write

gAi(e) = 2 ijz —Al;v *® 8 8 5B E 0 2SO OH SO 2.20
T+ L J
If we further assume thet V.. = V for nearest neighbour pzirs and zero

iJ
otherwise, and that AJO = Ao, then

gAi(e) ) v,

I Z; ( AO) ceensaeserssessesetancees 2,21

Kim shows from a rough numericel gpproximation, that either SAl(l)
or SAI(Z) may be doninant in a given 2lloy system but that SAi(3),
which is a cross teru, may be neglected. Assuning SAl(l) 7> SAi(e),
he shows that the results of Jaccarino and Velker on . Co in Pd _Th,
may be understoold on the basis of the above theory. Beck (2.12) has
discussed the role of local environment effects in the Fe-4l, 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 ferromcgnetic at any teaperature below a critical

concentration (3.57 ), ¥im showed, by calculating the susceptibility of
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the host metal and localised states within a Hartree-TFock approximation,
that the formation of a moment on the Ni site and the onset of megnetic
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, es was emphasised in ch. 1 for the single ion problem, the approxime-
tion may drastically slter the conditions for magnebtism. Fartiiernore,
tﬁe omission of the effects of losalised spin f}uctuations may lead Lo

unphysically sharp transitions.

2.3 Tnteractions in Disordered Systens

The fact that the interactions between moments in a metal, in generzl,
fluctuate in sign and megnitude as a function of separation of the impurity
atoms, leads in random zlloys to a continuous statistical distribution of
internal field P(H,T). liarshall (2.13) first considered the effects of
this distribution in relation to the specific heat data in the Cu-ln
systen obtained by Zimmerman and Hoare (2.14).  The alloys exhibited a
large excess specific heat compered to pure copper and they found this
excess to be independent of MIn concentration and to increase linearly
with temperature. By analogy with the work of Kittel and Abrahanms (4.18)
on the dipolar linewidth in megnetic resonance, lMarshall 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 = O. The excess
specific heat is a consequence of the féct that there is a substituted
nutber of Im spins which remain unaligned (i.e., see a low effective

field) and the mechenism predicts the observed temparature and concentration

dependence.



44

Xlein and Brout (2.15, 2.16) extended and justified more rigorously

the ideas of :larshall. They showed, using an Ising model =nd 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 proporiional to concentration.
Xlein and Brout then correct for spin correlations in the limit as
T->»0 gnd assume that impurities are fully or partially correlated to the
spin chosen as origin, if they are located within some correlation sphere
of redius BC. If they lie outside this radius they are screened by the

interanediate spins.  They show. that

RC(O)zOQSC—l/3d GO P P S L OB ELIOEDREPEENB LIS OSEEOGISIOIOEETDS 2022

vhere 4 is the lattice parameter and C the percentage of sites occupied
by impurities. As the concentration decreases therefore, the correlation
radius beconeg larger and the average number of spins is kept.constant

(~~ 3.3 including the central spin). The solid may thus be pictured as
being composed of small inter-related clusters of interacting snins.

The effective field, Ho, at the origin is given by the convolution
of the probability distributions P(Hl) and P(Hz) from correlsted and
uncorrelated regions respectively. Klein (2.16) sugeests that the
character of P(Ho) is primexrily determined by P(Hl) and thet the outside
region P(Hz) provides the spread in fields which changes P(Ho) from a

discreet to 2 continuous function.



45

The concentration and temperature dependence of P(Ho) mey be visunalised
by subdividing the correlated volume into three regions, the region

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

(@)
P(H)
(& HIGH C,T
\ g
H

Pig. 2.2

As the concentration is increased, the correlation radius decreases
sccording to equation 2.22 and the normaliscd P(H) curve takes the form (b).
Similarly, as the temperature is raised, the wealkly correlated spins at
a dis’t:ancem’Rc from the origin become randomised first, decreasing R,
end again leading to a distribution of the fomm (b). The effect of an
externel 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(HO) for a number of concentrations
and temperatures and the distribution appears to give good agreenent 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 1%), correlation functions

beyond the two spin 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., Pmax) moves to higher values. Liu suggests
that as the temperature increases, it is equelly possible that the screening
of the intermediate spins is reduced, the value of RC is increased and thus
the most probeble field decreases.

Barly IMssbauer work (2.19) seemed %o support Klein end Brout's
hypothesis whilst later work: favours that of Liu (2.20).

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

He takes a distribution of the fomm

a a
2

i
=
N
=

P(H)

(m - b)2 +C (2 + b)2 +C

LI B A Y SRR B S A A A A A A A A I N N N ) 2023

vhere a is & nomalising 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 temperzture in the same way as the reduced average magnetisetion
per spin, whilst C is ascumed temperature independent. Both parameters

have a complicated concentration dependence. At low concentrations,
however, a linear relation is assumed for toth parameters. Using eguation
2.23, Liu is able to predict the form of the specific heat and susceptibility
with varying temperzture and concentration, and also accounts for the

effect of an epplied field on the specific heat.

The situation outlined, where true long range order does not gppear
to exist bub where, at high enough concentrations, interactions lead to
correlations between momenfs at low temperatures, has been termed by
Coles "magnetic glass behaviour". In simple metal hosts such systens
shov little net sponteneous mosmetisation 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 teuperatures.
This indicates the presence of "loose" spins {already postulated to account
for the specific heat data). This effect, along with the broasdness of
susceptibility and resistance anomalies, seems to offer some criterion for
the existence of magnetic glass behaviour. At present, the central
qguestion of the differences between these materizls and true long range
ordered systems has not been‘answered. The theories of Klein, Brout,
Hershall and Liu have soie success in explaining sone experimental
observations, but it should be siressed that this complex megnetic 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 resulis of
Griffiths (5.49) on the Cu-ln system, point clearly to the existence of
more complex excitations.

Some further experimental manifestations of uwugnetic glass behaviour

will be given in ch. 3.

2.4 Mesnetic Ordering

As the temperature is lowered, the interactions described sbove lead,
for the alloys discussed in this thesis, to a spontaneously magnelised state.
The simplest model wiiclk accounts for the ferromagneiically ordered
state is the VWeiss molecular field model. Here, a single megnetic ion
is considered and the effect of the other ions in the crystal is replaced
by en effective field, HE, proportional to the magnetisation. The single

atom Hemiltonian has the form

Hi = -g/u ai' §e ,
Where H = g—g-—l IvI =XI£ .l..'..l..'..'.'l'l...Ol‘llI' 2024

-e Nggflz -
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Tais straightforverd model is able to predict the sponteneous
megnetisation, its temperature dependence, the high temperature form of
the susceptibility (Curie-Yeiss law) and predicis a change in specific
heat at the ordering temperature. It fails, however, in predicting that
the magnebic specific heat should vanish above the Curie temperature,and
the wrong temperature dependence of the low temperature magmetisation is
obtained. The theory predicts that neer the Curie point, the magnetisa-
tion should vary as (TC - T)H where N = %, vhereas experimentally N = 1/3
has been obtlained.

Various attemvts have been made to improve the Veiss model by
including some of the properties of the 5.8 interaction between spins.

In the Oguchi method (2.21), the exchange interaction between a pair of
atoms is considered explicitly and the effect of 511 the other atoms is
then replaced by an effective field, agsin proportional to the magnetisation.

In this case, the pair Hamiltonian is written

: -JSi.SJ —g/u(SiZ-i- sJZ) H teiivereesocsreeas 2.25
vhere H includes the applied field.

This model leads to slightly lower transition tewperatures than the
Weiss model and predicts that the internal energy of the sample may be
reduced by short range order above the Curie point. Vhereas the Veiss
theory predicts G/TC = 1, the Oguchi theory allows G/TC> 1 (1.05 and
1.03 for simple cubic and body centred cubic lattices regpectively). Like
the Weiss modelyit again fails to predict the correct behaviour of the

magnetisation at lov 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 - VWeiss (B-P-V) theory,
attention is focussed on a cluster of atoms consisting of an arbitrary
central atom of spin §, and its z nearest neighbours of total spin 51 which are
acted upon by an external field from all the other atous. It is assunmed
that there are no interactions bebtween the z shell stomg and the cluster

Hemiltonian is written:

Hbl = -J§o.§i - g'/b\HoSoz - g}LHiSlZ A~ 2]

The consistency condition that the average moment of the central
etom is the same as the average moment of the atoms in the shell, allovs
the magnetic properties to be evaluzted. The B~P-W method is not appliceble
much below the Curie teperature and at low temperatures, indeed, an
anti-Curie point is predicted.

The behaviour of ferromegineis above TC may also be investigated
using series expansions of the partition function in ascending negative
povwers of T, from which the corresponding rapidly-convergent series for
susceptibility end magnetic specific heal may be derived. The calculations
include the entropy of the short renge order cbove TC and they predict
that near the Curie point )(CC.(l - TC/T)—4/3. This line of approach
has been revieved by Domb (2.22) and by Domb &nd lfiedeme (2.23) with en

emphasis on the experimental results.
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At very low femperatures, vhere the nmagnetisation decreacses much
more rapidly with increasing tenperature then the moleculer field theory
predicts, a decresse in nagmeiisation may be achieved by cxeating a long
ﬁavelength spin wave which requiresg an energy ~v JS azkz, vhere k is the
vevenumber and a is the distance betvween neighbouring spinsg. This conpares
with an enexrgy nv 2zJ5 requized to flip a single spin., Thus, at low
terperetures, spin wave theory (for example 2.24) is reguired %o scount for
the temperzture dependence of the low temperature megnetisation.

Fig. (2.3) shows the ranges of temperzture over which the verious

spproximations are valid.

After ref.
2.24

- A\
\84.‘ = (b) N _E/TE

(a) Spin-vave nethods
(b) Clucter (effective field) approximations

(¢) ©Series expansion methods

In the simplest treatuent cf the antiferromagnetic state, the
lattice is split into tvio sublsttices, A and B, such that atoms on A

have nearest neighbours en B only and vice versa. Two molecular fields,
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HA and Hﬁ,must therefore be included in the theory. The results of this

treatment predict o Curie-Veiss law for the susceptibility above T, with

b
TN = -0 . This clearly contradicts the experimentelly obitained results
for many antiferromagnets (see ch. 4 and ch. 8).

The theory may be improved in two ways: structures such as the fee
lattice cannot be split into tvio 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 generslised

theory, 8 (which is determined by the strength of the exchenge interactions)

is given by
!

¥
6=g‘3~—(3§’—-’5—-1>2 20 J0 eerererennennnnneees 2427

m=1

where Zm is the number of the mth nezrcst neighbours, Jm is the exchange
interaction betvieen mth neighbours and Nlis the number of pairs for which
Jm=# 0. Smart goes on to show thatl consideration of second nearest
nelghbours for a bee lattice requires the lattice to be diviced into four
sublattices, whilst the fcc structure must be split into eight. In

this wey, value of —%}-from +1 to -3 in the first case, and +1 to -5
N

in the second, mey be achieved. The various types of order mey be
predicted by plotting 6/7. . against J./J..
C,H 1/ 2
Mntiferromagnets may 2lso be treoted in the Oguchi, constant coupling
end B-P-V approximations. One interesting point which emerges from the
constont coupling trestment (2.24) is that for § = %, the entropy changes

ocecurring zbove T,. are 0.496 kln 2 2nd 0.257 kln 2 per ion for the simple

"
cubic and bee lattices respectively whilst, for the ferromegnetic case,
the equivalent figures are 0.314 kln 2 end 0.199 kln 2, suggesting thet

short range order persists over a greater temperzture regime :bove TN than

above TC.
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The srguments sbove have all led to the prediction of collinesr
structures. Some materials, however, exhibit spiral ordering or
helimagmetism. If we specify each megnetic lattice point by a vector

R from an arbitrary magnetic site:

ngl + mg2 + 1a3

below the ordering temperature,the expectation value of the spin at ): 4

will be given by

. 28 (8 +1) :ég ,
<’S'R,I> = 3]£T JR}{@R> s e ev e s eeNGROERIRES 2.28
RER
for an s-state ion, and if we assume that, in general, the ordering mey be

described by !

F;> c1q-RB B, eeeeeccreriiietiianiieteniinaeees 2,29

where §o is the average of the spin operator at the origin and ¢ is a

characteristic wavevector, the moment remains the same in megnitude but

rotates in a spiral on edvancing from one moment to the next.
Substituting 2.29 into 2.28 we obtain,

kT ig. (' - B) -
(m 2 S S )s, = © 2.30

R+ R

which definesg a transition temperature TC N given by
i

. _ 28 (s+1) 7*(q)

TP 8 eP LS EPOIREININSESOIOERNERIPIGEI TS 2031

. i
Where J*(q) =2 J‘RRIelq.(g -_B-) S 9 00088 0 C S LORPE Ve NHSEe RN 2.32

end the ordering thea occurs for the value ¢ which mezkes J*(q) a meximum,
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since this minimises the energy (~v - NJ*(g)S2) for the spiral structure
of N atoms. Vhen J¥(q) is replaced by-j*(o), equation 2.31 gives an
expression for 8 . . .

Smart (2.21) has applied the ceneral moleculsr field treatment to 2
body centred tetragonal lattice. He considers an exchange interaction
between centre ond corner atoms (Jl) and between the body centred atom
end nesrest neighbours along the x- znd z-axes (32 and J3). He finds, by
calculating J*(q), one ferromegnetic mode, three antiferromagnetic modes
and ezn incommensurete spiral. Both Mh02 and MnAu3 have a body centred
tetragonal latitice and show helical ordering.

The heavy rare-eaxrth metals exhibit exotic forms of spiral ordering
in some temperature regimes(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 RKKY
mechanism, Mattis and Donath (2.28) investigated the modes of ordering
of a simple cubic lattice essuming the free-electron RKKY model with a
delta function s - £ interzction. They found that as the product KFa
is increased, the initial ferromegnetic state is replaced by two fanti-
ferromesnetic' structures at KFa = 0,57V and 0.777 and a final 'true’
antiferromognetism at KFa.:>O.BSTT. Fedro and hArai (2.29) have pointed
out, however, that these predictions depend critically on the assumed
q—dependencelcf the s -~ £ exchange interaction.

Vhen = material becomes magnetically ordered, 2 new exchenge 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 eg superzones, with splittings
proportionel to mzgnetisation.  Slater(2.3) first comsidered such a
posgibility for a row of ztoms which order in s simple entiferromsgnetic
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 superztnhe band gaps would be to form an insulator.
The idea was extended to real alloy systemé by Coles (2.31) who suggested

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

P = (PA +PS + PT) F e IL S LIEOEIOEOITOIRTRIIOEEIVTEGEOIOITTEOES 2!33

where PT’ PA and PS

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

represent the perturbation produced by the thermal

spins respectively, the effect of an energy discontinuity would be to
decrease the factor, F, vhich represents the 'freedom' of the conduction
electrons ana depends upon the number of carriers, their effective mass
and the number of states to which they can mske 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 eble to account guantitatively for the

varialion of ordering wavevector with temperature.
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CHAPTER 3

PREVIOUS VIORE AND RIEVIEW CF LAGETIC ORDERING

IN INTER 7-LLIC COLPOUNDS AND SOLID SOLURICIT 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 appecr in ch. 5). The chepter is divided into two
perts: 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 Comnounds

(2) Rare Earths

Some data has slreacy been discussed in relastion to the sign of the
exchznge coupling between the conduction electrons and local moments in
rare earth intermetzllic compounds. liany of the references dravn upon
in this section have been taken from the comprehensive review of the subject
given by Taylor (1.46). 4 summary of much of the megnetic data appesrs
in Appendix (2).

The rare earth dicluminides were first investigoted by VWilliams
et al (3.1) who reported thzt the slloys are ferrom:gnetic with the
excestion of those of Lz, Iu znd Yb. They reported from susceptibility

meesurements that GAAl,. orders at 176X and thet the values of TC across

2

the series follow the ce Gennes function guite closely (as do those of 0 ).
Meder end Vallace (3.2) deduced from their susceptibility measuvrements

that Eu in EuA12 is divelent (confirming the esr measurement cf Jaccerino

et al (5.6)) and found T, = 15k, O~ oK with devistions from Curie-Weiss

N

law behaviour &t about 40K. They suggested that the existence of iwo
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forﬁs of entiferromagnetism below 40K may be responsible for this
behavicur. EuA12 was found to be a metamagnet, a field of 10XGauss
being required to disrupt the antiferromagnetic oxrder.

Nereson, Olsen and Arnold (3.3) studied the Dy, Nd and Pr compounds
by neutron diffraction and confirmed the ferromainetic behcviour at low
teaperatures. In DyAlz they observed exira pecks at temperctures below
24K and suggested that the compound showed weak helical antiferromagnetism
in addition to the ferromagnetism.

The resulvs of resistivity meesurements on GdA12 are in
disagreement. lydosh et 21 (3.4) found a sharp bresk in their plot of
resistivity acainst temperature at 150K, with deviations from high-
temperature linearity at about 18CE. Van Dazl and Buschow (3.5), however,
observe a sharp chenge of slope in theixr data at 173X,

Deenadas et a2l (3.6) measured the svecific heat of the Gd dizluminide
end found a brozd bump, quite unlike a A-anomaly, with a meximum at about
153K =2nd a tail extending to about 18CK. They suggested that the
transition in GdAl2 mey be only weakly co-opexrative.

Recently, Hacker et al (5.12) have made cereful susceptibility
measurcments on GdAl2 close to the Curie tempersture. They found
devizations from linesrity in 1/X v T below 190K and,between 170K end

180X, fitted the inverse susceptibility to the fomm

X toc (r-my 103

where T, was identified as 167.8 T o.6x.

The magnetic properties of the equiatomic rzre earth sluminium
compounds were first studied by Kissell and Vallace (3.7), who found
that Pral and IIdAl were antiferromagnetic, whilst CeAl was metamagnevic,
with a critical field of ebout 6KGauss. Barbara et al (3.8) extended
these measurenents to othexr rare ezrths and showed that all the equi-
atomic compounds are sntiferromegnetic with the exception of HoAl, which

is a ferromezgnet. GAAL oxders at 42K with Q= £5%, but shows & proncunced
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‘kink! at azbout 200K in the plot of 1/X v T. The authors, by X-ray
diffraction, found no sign of second vhase, zlthough the tempersture at
which the kinl appears ig suspiciously close to the ordering tempercture
of the metellurgically stable dialuminide. TbAl shows deviations fronm
the Curie-Weiss law at about ZTN, but shows nc sign of 2 'kink'. The
values of © and TN show no systematic varialion across the rare-earth
series.

The magnetic structure of the compounds has been elucidated by
Becle et 21 (3.9) in a number of neutron diffraction studies. They
shoved that the Ho, Er, Tm, Tb and d compounds all order into similar
non-collinear structures. Only the structures for TbAl and ldAl,
however, are identical.

lMegnetostatic measurements on the RA13 compounds by Buschow and
Fast (3.10), shov that NdA13 and TrAl. are ferromzgnetic, whilst HoAl

3 3’

DyAlB, TbA13 and GdAl3 are entiferromagnetic. The remaining compounds
show no signs of order. The Neel temperature for the G4 compound is 17X
with 8 = -89K and it appears to obey a Curie-Veiss law to within a few
degrees of the ordering tempereture; however, no data is given for

T 7 55K end thus deviations beginning at higher temperztures would not be
immediztely apparent. The verying forms of mepnetic order taken up by
these compounds mey be understooé from the changes in atomic structure <n
noving across the rare earth series (Appendix (2)).

Bu forms & further compound EuAl4 and magnetic measurements on this
heve been made by Wernick et al (5.9) and leder and Wallace (3.2).  The
Bu is divalent with an effective moment of B.OZfAB and the compound
orders antiferromcgneticzlly at 13K with 6 = 12K. The plot of 1/ X v T
shows a kink at about 40K, somevwhat 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 epplied fields grester than about

15KGauss.
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The RIn, compounds have been studied by Buschow et al (3.11), who
found that the Ce, N3, Sm, Gd, Tb, Dy and Ho compounds order entiferro-
magnetically with TN and & , follovwing the variation of the de Gennes
function. GdIn3 orders at 45K with 8 = ~85K and follows a Curie-Weiss
law down to its ordering temperature with no sign of significant deviations.
Hereson end Arnold (3.12) made neutrou diffraction measurements on TbIn3
angd HoIn3. By measuring the intensity of the lergest magnetic pesks as =z
function of temperature, they found values of the ordering temperztures
to vithin 1K of those found by Buschow et al but, in addition, found
evidence of some short range order sbove the Teel point in both compoﬁnds,
extending for perhops 5K in the case of TbIn3, vhere TN = 37K.

A considerable amcunt of experimental data is availsble on the
equiatomic compounds of rare-earths with the noble metels. Valline end
Wallece (3.13) plotted 1/X v T for GaCu, end found deviations from
Curie-Veiss behcviour at about 170K.  Ho gharp increase in 1/X was
observed at any temperature below this, but the authors-.suggested that
antiferromagnetic order sets in at 41K (8.= -26K). De Wijn et al (3.14),
however, find small deviations in the inverse susceptibility at cbout 10CI
but of opposite sign to those of Walline end ¥Walleace. Their low texmpera-
ture cdata looks similax, however, with a nossible ﬂhxv 40K, They find

‘® = ~75K. The deviations, it is suggested, may be due to instability

of the CsCl structure &t low temperztures. The susceptibility measurenents

of Pierre (3.15), however, led him to quote values of Ty = 140K and
0 = -70 ¥ 10 and neutron diffraction and X-ray nezsurements alt low

tempercetures showed only pure CsCl phase. Pierre's value of TN is further
supported by the resistivity measurements of Cheo (3.16), whe claims that
CuGd orders antiferromzgnetically at 135— 145X, where there is a pronounced

change in slope of the resistivity.
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There is somevhat better sgreement for the RAg compounds., Valline
and Vallace (3.13) find & 'kink' in the inverse susceptibility (rather
like thal in GAAl) at about 200K, aznd find 2 value of 138K for Ty with
® = -84K. Pierre and Pauthenet(3.17) likewise find deviations from

Curie-Veiss behavicur at about 175K and suggest values of T, = 150 s 3K

N
and 8 = ~70 £ 5.  Chao (3.16) agéin finds 2 change in slope of the
resistivity, this time at 137K— 140K.

The values of both @ and T, for tﬁe RAig and RCu compounds follow
the factor (g - 1)2 J(J + 1) closely and the absolute values for the
heavy rare earths correspond, despite a difference in la®tice paraneter

~ 5%.

Cable et al (3.18) performed neutron diffraction experiments on ToCu,
ErCu and ThAg and found an antiferromegnetic structure in which adjacent
(110) planes of moments are oppositely aligned.

Kissell and Wallace (3.7) performed magnctostatic measurements on
the RAu series and reported a lleel temperaturze for Gdiu of 30K— 40K
and 6 = + 29K, with deviations from the Curie-Veiss law at zboutr 80X.
Other rare earth compounds, e.g., ThAu (TN = 43K) also show deviations
and theée vwere expleined away as crystal field effectis, without reference
to the Gdiu result. Chao's resistivity mezsurements (3.16) showed a
change in slope at about 45K for Gdiu.

Far less magnetic data is zvaileble on the more dilute rare earth -
noble metal compounds. Sherwiood et al (3.19) reported that the RCu2
compounds, with R = Gd, Tb, Dy, Ho and Er, showed metamagnetic behaviour
in fielés up to E0KGauss. GdCu2 orders aniiferromasgnetically in
zero field at 41X (no‘e the similarity of this velue to the anomalous
GdCu recsult of Walline and Wallace cbove) end ils moment at 4.2K increases
steadily to 6}13 for a field of 80KGauss. The values of Ty, do not vary

in any systematic way across the series and no values of 6 are quoted.
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Brun et al (3.20) have performed neutron measurements in zero field on
ToCu, (TN = 54K, H_,., = 22KGauss at 4.2%).  They find that Tb moments
in an a - ¢ plane form a collinear configuration in which two-thirds of
.them point along - + o (sublattice 4) and one third along - a (sublattice B),
with é reversal in adjacent planes. The moments on sublattice 4 were
found to decrease faster than those on sublattice 3 with a ratio~ 1:2
at TN' A molecular f£ield model was used together with the effects of a
strong anisotropy field, to explain the resultis.
Villiams (3.21) hzos measured the susceptibility of the compound
AgBGd and finds TH = 35K, O~ -10K. The comoound anpears to follow a
Curie-Yeiss law quite close %o TN.
Busciiow et al (3.22) studied RCu5’compounds of the cubic AuBe5
structure but, unfortunately, not the Gd compound. To and Dy were
fomd to be antiferroma:metic and those of Ho, Lr and Tm were found to de
ferromagnetic, all with transition temperatures below 20H. DyCu5 gnoved
metamnagnetic behaviour.
The compounds of the form RPd3 show a striking contrast in behaviour
to the isostructural RIn3 compounds above. The measursments of Gardnex
et al (3.23) indicate that only the Gd compownd definitely orders

mecnetically cbove 24, It is possible that TbPd, orders at 2.5 b 1,.0K

3
where the inverse susceptibility becomes almost constant, but this can he
attributed equally well to crystal field effects. Bucher et al (3.24)
report that the Pr znd Tm compounds order at 1.05 and 0.20X. The inverse
susceptibility of Pd.Gd shows no siznificant deviations from Curie-ieiss
3

. . . . + A e + "
behaviour down to its ordering temperaiure of 7.5 = 0.5K (8 = 1.5 = 1.0K).
The compouné, in fact, is a metamagnet. The nzganetisation at 1.5K is
linear in field to TKGauss, where it incrcases sharply by SOﬁjand then
increases lineary acain at higher fields until saturation is achieved &t

sbout 26KGauss.
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In these compounds, the magnetic interactions are weaker than the
effect of the crystal field in the non-s-state iong and Gerdiner et a2l
suggest that the low exchinge interaction is commected with the band
structure of the compounds. YPdB, Lan3 and LuPd3 are diassgmetic and
this indicates thatlthe d-band of the Pd atoms is full, giving rise to 2
low denszity of states at the Termi surface.

Hutchens et al (3.25) have m=de susceptibility and resistivity
measurenents on the RPd3 compounds. They suggest that Pd3Gd orders
ferromagnetically =t T¥, (although the resistivity anomaly at this
temperature seenis to argue strongly for antiferronasnetism). They find
no evidence of ordering in the other compounds gbove 4K.

Harris and Lonsworth (3.26) have verformed lBssbauer and susceptibility

nmeasurenents on compounds of Eu with Pd. On the Pd rich side of the

phase diagram, they find that Eu is trivalent in Pd5Eu and PdBEu, in

ok

agreement with the work of Gardner et al. However, the results sugges
that Eu is divalent in szEu and the equiatomic compound PdEu. The
PdQEu compound shows a lineaxr variation of L/X' v T in the range 100 - 300X
with 8 ~ 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, hovever,
shows devialtions from Curie-Weiss behaviour at temperatures velow 170X,

Both compounds are megne’ically ordered at 4.2K, but the form of the order
and ordering temperatures are not given. Longvorth (private comunication)
has recently investigated the temperature dependence of the l¥ssbauer
spectrum of PdEu and concliudes 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), vwho found them to be ferromagnetic at low
temperafures. The Curie teuperature of Gd?t2 was estimated to be 37
from an Arrott plot (H/Mv %) and the values of T, across the series

followed tne de Gemnes function. Vallace snd Viasov (3.29) found
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rather higher values of TC; GdPtz, for example, was reported to order at
46.5K with 6 = 32K. These measurements weres, however, performed in a
field of 19KGauss. Ho deviations from Curie-Veiss law behaviour were
detected avove TC.

Nereson and Arnold (3.14) performed neubtron diffraction measureucats
on Tth3 and DyPt3 which were reported to hove a Cu3Au structure.

They obtained values of TN = 20.5 t 0.5K and 13.2 t 0.3X respectively

and, as in the case of the RIn, compounds, they observed short range order

3

above the Neel point, extending in Tth3 to about 26K. The compounds
order with moments aligned in opposite directions in adjacent (111)
magnetic plenes.

Debray et 2l (3.30) have measured the susceptibility of compounds
of the form Ran. They find that the Ce, Sm, Eu, Tb and Ho compounds
order antiferromacnetically whilst the d and G4 compounds are ferromagnetic.
The shape of the Il - H curve, which is concave upwards for fields below
YKGauss, suggests, however, that GdZn2 nay be a metamagnet. The inverse
suscentibility shows considerable deviations from linearity beginning =2t
about 100K and, finally, shows & transition to an ordered structure at 63K
( ©~ T0K). 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 éimilar behavicur 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 chenge of slope, from that
3+

associated with a Bu” ion at room temperature, to a Eu.2+ state close
to 20K, whexe it orders.

The dilute compounds RZn12 and R2an7 have been investigated by
Stewart (2.4). Susceptibility measurements on the Réan7 compounds

showed that when R is G& or Tb, antiferrvcmazgnetism is found at low

temperatures, whilst for R = Dy, Jo, Er or Tm no ordering is found dowm to
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K. GdyZn), shovs sizeable deviations (fig. (3.1)) from Curie-Veiss law
behaviour, from just zbout 30 and orders &t about 10K (O = -53K).
Tb22n17 shows similar deviations at 90K, well above its ordering
temperature of 28X, (6 = —ITK). The lerge difference between the values
of G/TN.in the two compounds may mean that the final modes of order are
different.

Stewart measured both the suséeptibility end resistivity of the
RZn

compounds. GdZn., follovs a Curie~ieiss law only down to 50X

12 12
vhere deviations begin (fig. (3.1)). The compound oxders at 16K

(6 = -58K.) The vesistance data sucgest a value of Ty = 15.25K and
the masnetic resistivity obeys a power law P - f)o = ATn below TN’
where f%)is the residual resistivity and n~ 3/2. For a conventional

antiferromzenet, a value of n~4 is expected. TbZn,, shows similar

12
results with departure from linearity in the inverse susceptibility at
about 60K, some 46X sbove the Heel temperature (@ = -38K). The
resistivity again follows a T3/2 power law below TN.

Neutron diffraction measurements on Tbanz 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 zbsence of exponential behaviour
in the resistivity (suggesting.the absence of an energy gep in the spin
wave spectrum) has led Stewart to suggest that the oxrdered structure may
be an incommensurate sniral.

Coles and Griffiths (3.31) measured the susceptibility of the
compound Gd36 and established that it ordered antiferromagnetically at
13K with 8 = -60K. Deviations from Curie-Vieiss law behaviour were
observed at a temperature ~ 100X (fig. (3.2)). Resistance measurements
in a further peper by Coles et al (3.32) confirmed the value of T found

above and shioved similar anomalous behavicur between 14K and 80X where the

value of the resistence is lower than the curve expected in the absence of

ordering.
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Fisk (1.6) hes made a thorough study of the rare-earth hexaborides
and has found that, with the exception of EuBé, they order éntiferromagnet-
ically and that the Curie-Veiss 0 's follow the de Gennes function well.
The values of TN’ however, do not, and Fisl: suggests that this may be
due to anisotropic exchange.

Thé striking deviations in the inverse susceptibility above T

N

were also observed in Tb36 where, like the Tb22n17 compound above,
e/ﬁh.is much lower (~ -1.5) than its Gd counterpari. Fisk speculated
that the deviations may be due to the formaliion of supexrzone band gaps.
This will be discussed in greater defail in ¢h. 8.

Westrun (3.33) repoxrts a A -anomely in the specific heat of
GdB6 at 16X and a Schottky anomaly at 30K, which is best fitted with an
uppexr level about 6Oc>m"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 hexsboride which is

ferromegnetic and Fisk (1.6, 3.34) finds T, = 6%, 0 = 9KX. He accounts

c
for this anomalous behaviour using a medification of the RXKY interaction
suggested by Bloembergen and Rowland for semiconductors.

The heavy rare-earth tetraborides 2ll order antiferromagnetically

and Fisk found an ordering temperature of 42K for GdB, with © = -507.

4

The values of B again follow the variation of the de Gemnes function

in conirast to the values of T,. whaich show no systenatic variation.
J

N

(b) Transition lletals

The compound Aujin vas shown by Meyer (3.35) to be antiferromasnetic
with a Feel temperature of 145K, 8 ~ 200K. The In ion carries a moment
of 4.2fLB. Deviztions from Curie-Weiss behaviour appear o set in at

250K - 300% (3.36).

The Heusler alloys have been studied extensively by Viebster and

N
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Tebble (3.37) using neutron diffraction end susceptibility measuremcnts.
PdZI;IrlSn, the compound studied in this work, orders ferromagnetically at
189 ¥ 3¢ with © = 201 I 3K end the m ion carries a moment of
4.23 : O.OT/.&B. The inverse susceptibility obeys the Curie-Veiss law
to a@bout 240K, below which deviations from linearity set in. szI-.InIn
is antiferromagnetic with TN = 142 I 3X. Neutron diffraction measurements
suggest a magnetic structure similar to that of KnO, with adjecent (111)
planes coupled antiferromagnetically, but with the Mn atoms within each
plane alignea parallel to each other. It is interesting to note that,
in this case, G/TNN + 1/3. Deviaticns from Curie-Weiss behaviour do
occur at about 220K, but the neutron diffraction resulis indicate a small
emount of rondom atomic disorder for this compound (ch. 6).  Vebster (3.38)
hes recently reviewed the metallurgy and mz,énetism of the Heusler alloys.
Wekagava et al (3.39) investigated the megnetic properties of
various dilute Zn-ln internetallic coupounds contvaining from 15 - 35‘;”3
Mn. The susceptibility of the € phase, which has an hep structure and is
steble at temperatures ebove 400C, .as fitted to a Curie-Veiss law for a
number of compositions in its phase field, over temperature ran;ges from
570K to $60Z., The 15 alloy had a Curie teuperature of 260I (O = 15CX)
and the ¥n carried a mcment of 3.6 /‘LB' 4is the concentration of lin vwas
increased, © decrezsed almost linearly to a value of ~190K at 35% whilst
the momen’c. on the In ions increased to 4.3/.1.3 for a 25 alloy, thereafter

showing no further increase. The d:' shase, which has a Cu.Au structure,

3
wes found to have 8 = 110X and a moment of 3.7}1.3,' ordering antiferro-
magaetically at 150X. The ¥ phase conbaining 207 Mn has 8 = 70K and a
nonent of 5.4/\13.

Dunlop (2.7) has recently made a careful study of the magnetic
properties of thez phase Zn13T compounds where T is M, Fe or Co.

Susceptibility measurements on the compounds show a gradation of marmetic

behavisur, Coan3 has a temperature independent cdiamagnetic suscentibitity,
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whilst FeZn13 shows enhanced Pauli paramasnetism. HnanB, the compound
studied here, obeys a Curie-Veiss law from room terperature to zbout 12CK,
below which deviations from linearity set in (fig. (3.3)). 'The nigh
temperature data give O = + 36.5K and an effective moment of

1.82 I O.OB}LB. A plot of masmetisation against temperature in THCGauss
suggests that the compound oxders (perhans between 10K and BOK) and an
Arrott plot indicates an ordering temperature of 22.9 g 0. 3¥. A mzpnetisa~
tion cuxve at 4.2K leads to an (almost) saturated moment of O.B/U.B at

8KGauss. This behaviour contrasts with that of in s Whers2

0.05" 0. 957713
5% of the Fe atoms in FeZn13 have been replaced by In atoms. In this
case, the full paremegnetic moment for dilute alloys of Ma in Zn (4.O}LB)
is observed and the compound follovis a Curie law dowm to 20%.

Specific heat measurcuents were also made, and below 3.5 the data
from all three compounds could be fitted to C = Yo+ ﬁ ’1’3 . A gpin-wave

1

contribution to the value of § (62.3mJ.mole” .K"l) for Zn, M was not

3
ruled out.
- s , 32 L. o pan
The resistivity of Zn13mn follows a T beahviour (like Gaunlz)
at low temperatures, whilst at higher tenperatures it obeyed a power
law (to 19K)
’ 2 2
- = CTB/ + DT7/
o .
The magneto resistance is large and negotive and, when dlotted
against temperaiure, pecks sharply at 20X.
The substituted Im e Zn. ., compound shows az resistance
¢ 0.05 70.657713 * =
ninimum &t 19X with a logarithmic iemperature desendence from 14X to TI
 below wiich 2 meximum is obsecrved. The »nositicon of the minimum

corresponds with the position of the mininum found by Collings et &l (5.60)

in Zn 0.4at .
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Preliminaxry neutron diffraction data on a polycrystalline sample of
anjmn does not show extra lines at low temperatures which might be
gssociated with antiferromagnetic or spiral ordering.

Dunlop performed the sum in the Caroli interaction (2.6) to a radius
of 502 as a function of ¢ for various values of kF and found the best
agreement with the observed value of 8 for a virtual bound state containing
six electrons. ‘ It was suggested that the low paramagnetic and ordered
moments, compored with the substituted alloy, indicates that the trans-
lational symmetry of Mnan3 modifies the virtual bound state by increasing
the overlap between the spin 4§ and spinl' halves. The broadening of the

halves of the viriual bound state was attributed to ccherent hybridisation

between the conduction electrons and d-electrons.

3.2 Solid Solution Alloys

It would be béyond the scope of this thesis to attem»t to sumarise,
in any detail, the vast amount of experimental data ﬁhich has been
collected on all dilute alloy systems. In this section will be prescnted
a broad classification of the various situations which occur when a 'solute’
atom is dissoived in host metals of various character, plus a more detailed

-review of experimenial 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' systeas.

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 coments 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 end is feirly well represented by a nearly free eleciron médel.

B-type solvents are unenhanced traasition metals with a large density of

states at the FTermi surface, due to the presence of an unfilled d-band.
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Row C contains exchcngelennsnced transition metals, discussed zbove,
vhilst Bow D is mzde up of hosts which sre similar in cheracter to those
classified under B, but whose band structure is sueh that X (a) favours
comolex forms of magnetic behaviour. For exarple, Y, Sc and La mey be
considered as 'Tere-carths without 4f electrons' and addition of g little
rare-ecxrth solute does not perturb the band siructure to any marked
extent. As in fhe pure rare-earth metels, the locel 4F moment establishes
helimagnétism due to the strong response of X (q) at a particuler value

of q.

It should, of course, be emphasised that the 'dilute alloy map'
represents only dilute systems and does not include the considersble
modifications of behaviour which mey be observed viith inecrezsing
concentration; furthermore, its rather artificisl 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 &nd C2.  Experimentel work on

alloys within these scetions will nov be reviewed in greater detail.

(2) C1: Bound Staie in Exchenge Inhanced Transition llelal

The erchetypal 2lloy system in this category is, of course,
Gd in Pd.

Crangle (3.40) performed masnetisation measurements on alloys conbein-
ing between 1 and 10zt of Gd =nd reported that all concentrziions within
this renge exhibited ferromagnetism. The Curie temperatures, as a
function of ccneentration, are shown in fig. (3.5)s  The reported values
of the scturstion and paramegnetic moments have been discussed in ch. 1.

Resistivity mecsurements on concentrations of 0.5 — 35 Gd were nad
by Sarachik znd Shaltiel (3.41) and showed no sign of any sharp trensition
vhich could be essociatcd with tﬂe onset of ferromagnetic order and no
sign of a Fondo cnonaly. On the other hand, more recent resistivity

nezsuremnents by Chen et al (3.42) have shown a discontinuity of slope
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in 1 atdl Pd-Cd and Pd-Nd alloys at 2.4K and 3.5% 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' temperaitures exhibits‘a logarithmic
temperature dependence. If the measurements are to be interpreted as a
Xondo anomely, the sign of the exchange inﬁegfal relevant to resistiviiy
meaéurements nust be positive.

Bellarby and Crangle (3.43) neasured the specific heat of three
PdGd alloys containing 3.0, 5.0 and 7.7at% Gd between 1.5K end 60K.
A broad peak was observed at 2.2X, 2.8K and 3.8X respectively. The
magnetié entropy was found to correspond to a spin of 2.75 t 0.4 on each
G4 ion; the difference from the value of 3.5, it was suggested, might be

attributed to the negative polarisation of the Pd4d bend.

(b) ©€2: Virtual Bound Stete with Good (3d) Moment in Enbenced

Transition lietal

e.g. Pd-Fe, Co, I,

The Pd-Fe system has been the subject of considerable research
sincé the early work of Crengle (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 concentraiion (wihich
has a remarkebly large slope of 30 - 40K per at? Fe) avpesred 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_%4f&zg/atom at 1.25aﬁ%»Fe. Crangle suggested that nearest

neighbour Pd atoms were polarised ferromagneiically with a moment of

O.4}kB/atom.
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Ceble et al (3.46),from a combination of megnetisation and diffuse
neutron scatiering on 3atyi and Tai:l Fe in Pd alloys, deduced that if all
Pd atoms czrried the some moment, the 3d moment associzted with the Fe
atoms in both alloys would be 3.0 z 0.2}13, whilst that associated with
the P4 atoms vould be 0.15 ¥ 0.0lf, end D.26 = 0,02l fox the 3 and
Tath alloys respectively.

Following their development of the technizue of long wavelength
diffuse elastic neutron scattering, through which the spatial distribution
of mouments 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 103, affecting several hundred Pd atoms. The moment on
individual nearest neighhour Pd etoms was estimated to be ~v 0.05}13.

Veal and Rayne (3.48) meazsured the spécific heat of a number of
Pd-Fe alloys containing from 0.0S to 0.72ati of Fe and found a gentle
wédge shaped magnetic pealt at temperatures rather lower than is suggested
by the magnetisation date of Crangle. An entropy corresponéing to a
spin of 1.1 was deduced, which is in feir agreement with the single
neasurement of Coles et al (3.49) (0.192t%) who preferred a value of 1.5
for the spin. The velue of the Curie temperzture for this alloy was in
good agreement with Veal and Rayne's data and with resistance measurcnients
on O.lats) and 0.5atsé alloys, which showed a sharp discontinuity at
temperatures corresponding to the peak in the specific heat. The

values of T. deduced from all the messurements are showm in fig. (3.6€),

C

including the sharp aznomalies found in the incremental resistivity by

Villiams and Loram (3.50) for concentration of up to 0.9at.  Their

3/2

H

results show agreement with the theoreticzl prediction that APOC T

well below T, in rendom ferromagnets.

C
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Ferromagnetic resonance in a 2.2ats élloy reported by Bagguley et
al (3.51) gave g = 2,16 T 0.04 ena suggeéted 2 value of T, (derived
from a maximun in’the linewidth) of ~ 85K, in good agreement with
Crangle's data.

At concentrations below azbout C.2atsl, Crangle and Scott (3.45)
claimed that there was a reduction in the moment per Fe atonm. They
suggested that the long renge ordering axrises because the polarigsation
’ clouds of adjacent solute atoms overlap and thus interact ferromzgnetically;
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 tenmperatures the moment is azain
reduced but, in this czsge, solute ctoms compete with each other for
solvent and there is insufficient to complete each polarisation cloud.

Recently, Chouteaun and Tournier (3.52) have extended measurements
of the megnetisation of Pd-Fe alloys to concentrations as low at 6Sppm,
at temperatures dowm to 0.05K and in fields of up to 35KGauss. They find
& mean value for the moment per Fe atom below C.2aisl of 1O}LB and en
appezrs to be

C

proportional to the square of the concentration whilst at higher concentra~

effective moment of 13}1B. Below about 0.latiFe, T

tions 2 linear reletion is obeyed. Extrapolation. of this linear regime
leads to a 'ecritical concentiation' corresponding to an avercge Fe-Fe
separztion of 15 - 20%. Chouteau and Tournier suggest that this may

mark the onset of antiferromegmetic interactions at very low concentraztions.
It is interesting to speculate whether, at low encugh temperzitures and
concentrations, the stetistical nature of the £lloy will, in fact, lezad

to magnetic glass behaviour.
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The Pd-Co system is very similer to Pd-Fe in its magnetic properties.
Bozorth et al (3.53) showed that a O.latfi Co in Pd alloy is a ferromazgnet
below T and measured s saturation moment of 10.5f§B ner Co atom. The
curve of Curie temperature ageinst concentration is broadly similar to
that of Pd-Fe, with a slightly greater slope ( ~ 50K/at% below 2atis).

The neutron diffraction work of Low and Holden (3.47) showed the seme
polarisation clouds as in rd-Fe, with similar radizl extent. One point

of interest arises from the specific heat mezsurements of Boerstel (3.54)

and the resistivity measurements of VWilliems (3.55&) in that both
measurements show less well defined megnetic transitions than the Fd-Fe

data. The specific heat peaks are rather broader, and the discontinuity

in the incremental resistivity much less sharp. The transition temperstures
indicated by esr (3.51) and magnetisation date are, agein, higher than

those derived from the specific heat and resistivity.

Pt-Fe (3.45) atoms (as might be expected) show only a relstively
small increase in moment per solute atom al low concentrations.

Rather surprisingly, whilst its Fe znd Co counterparts have received
considerable attention, the Pd-lIn system has been relatively neglected.
Sarachik and Shaltiel (3.56) measured the resistivity of C.5, 1.0 and
2.0at% alloys and found sherp transitions, sucgesting ferromacmetism,
at 1.4, 4.0 and 5.5K respectively. This behaviour vias reproduced by
Williems and Lorem (3.55b) who found a linezr regime below TC, followed
by T3/2 behaviour at low temperatures. The measurements suggest that
dTC/dc is a decreassing function of concentration in contrast to Pd—Cp
and Pd-Fe.

Rault znd Burger (3.57) confirmed the ferromegmetic behaviour at
low IIn concentretions by megnetisation end susceptibility measurementc.
They found thet the Curie temperature incressed as a function of concentre~

tion up to 2.5% In, but then decreased as the concentration was further

3 Bkt Ty BT
increased. tbove about Saﬁﬂ the alloys were found to be sntiferroncsnetic.
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They suggested that the bchaviour of the system is similar fto that of
Pd-Fe and Pd-Co but that antiferromeznetic in-ll interactions on the

nodel of lioriya (2.9) begin to dominete, as the likelihood of nearest
neighbour I atoms is increased. The authors also added hydrogen to
their alloys and found that, for concenirations of less than 8atil, the
ferromzgnetism was reduced whilst, for the higher concentration, the
paramasnetic susceptibility was strongly increased. This latter obsexrva-
tion is difficult to explain.

Boerstel (3.54) measured tﬁe excess specific heat of five Pd-lIn
alloys containing from 0.0C2t% to 2.452%5 I, both in zero field, and in
fields of up to 2THGeuss. For the higher concentrations with pealis within
the temperature range of the measurements, a rather remarkable cusped pesi
ig observed in zero applied field, which looks intermediate in character
between the peaks in Pd-Fe and Pd-Co and a true‘h.—anomaly. Boerstel
points out that no similar peak has ever previcusly 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); rain, the
specific heat data indicztes lower vzlues of TC' Application of a memmetic
field of 27XG Dbroadens out the cusp and moveg the pealt to higher tempers-
tures (from 4.5K to 9.5K for a 1.35aty alloy). The total entropy
associated with the nmzgnetic transition wag found to correspond to a
mean spine 2,35 I o,

Sarachil: and Shaltiel (5.56) quoted a private communicetion which
ascribed a moment of 5.6}13 per in atom to a Pd2n alloy, and this agzreed
viell with the value of 6'%#3 obtained for the effective moment by Snaliiel
et al (5.8). Accordingly, it was long congidered that the nmoment of Im in
Pd is close to the free ion velue. Very recently, however, Star et =zl
(3.58) have reported that in in P3d has a 'giant' moment of T.5H g per I
atom for concentrztions of less than 0.5atcl. The fields of up to
210%Gauss were, at 4.2K, insufficient to saturate alloys with iin concentrations

about 0.5ath.
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(¢) A2: Virtual Bound Stete with Good 3d ifoment in & Simole Metal

This constitutes one of the most widely studied groups of z2lloys and
includes, for example, M in Cu, Ag and Au; ¥Fe in Au and In in Zn.

Cwen et 21 (5.45) measured the static susceptibility of a number
of alloys of ¥Mn in Cu with concentrations from 0.03 to 11l.latl, and
found mexima in the susceptibility indicative of antiferrom:gnetism.

These maxina becane increasingly brozd as thelconcentration was increased
end, for a 5.6at® alloy,the authors were only atle to define a transition
region, extending from 30 to 60X, Extrapolation of the inverse suscepti-
bility from the Curie-Veiss region gave positive intercepts on the
tempersture axis and the authors reported that, for the 1.4 and 5.6atst
alloys, a spontaneous mognetisation was observed at 4, whose magnitude
depended on the megnetic field in which the alloy wag cooled.

Kouvel (3.59) investigated this latter effect in some detail for
both Cu-ln and Ag-lln alloys with concentrations above 57.

Aloys cooled in zero field to 1.8X showed very little remanence
but, with increasing temperature, the remanence and megnetisation nassed
through maxima, the temperature of which was a linear function of
concentration. However, if the samvnles were cooled in a magnetic field
the behaviour was greatly changed, with the appearence of a thermoremenent
magnetisation and a hysteretic masnetisation curve displaced along the
field axis. The assymetry znd thermoremanence decreased with increasing
temperature and became zero wien the hysteresis losses went through a
meximum; these, in tura, decreased to zero in the region of the
susceptibility maximun. The largest values of the remanent magnetisation
were observed for concentrations ~v IZatﬂ)independent of the size of the
field in which the alloys were cooled. {ouvel prodosed a model to exnlain

this behaviour, in which the net moments of clusters of antiferromzgnetically
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aligned, nearest neighbour In atoms, are aliimed antiparallel in the
absence of an avplied field, but vhere the effect of field cooling is

to 'lock' the moments of the clusters to the field direction. Strong
local anisotropy then maintains this metastable confiruration at low
tenceratures, even when the applied field is removed. Xouvel also
measured the resistivity of the samples between 4.2 and TO0K and found a
drop in resistivity at low temperctures and 2 gradusl transition to a
linear behaviour at hisher temperatures. The recion of transition (and
the rather arbitrary value of transition temperature defined by Kouvel)
are far higher than those indicated by the suscentibility measurencnis of
Owen 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 temperatures rouchly corresponding to the suscepfibility peal.

The Au-Fe systen also seems to show a region of complex megnetic
character. The magnetisation measurements of Crangle and Scott (3.45)
showed normal ferromcgnetic behaviour above about 127 Fe but, below this
concentration, plots of ~'v dz suggested that no finite Curie temperatures
could be defined. They suggested that the Curie temperatures revorted
by Borg et &l (3.60) from IMBssbauer measurenents on alloys with concentrotions
from 0.84 to 1l.5aty 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
Cennella et al (3.62) show brozd peaks in the susceptibility for low
concentrations whilst, at higher concentrotions, the peaks become sharper,
until ebove about 12 - 15% the susceptibility rises slowly at low
tenperatures end then falls quite sharoly, sugrestive of a ferromagnetic
trensition. The resistance data of iydosh et al (3.63) is similar to
that for Cu-in ot low concentrations with a broad transition regzion.

The 'orderins' ‘eumperature rises ot about AY ver at:l up to ebout 12at3l, ebove

vhich the slope increases to sbout 15K per atfl. Below 12atié the susceptibility
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and li8sgbauer measureaents indicate lower velues of the ordering temperature
than the resistivity data (as in Cu-ln), but there is a smaller discrevency,
(in the case of Au-Fe the maximum in df) /’dT is used to define the transition
temperature).

Since the behaviour of Au-Fe at high concentration (> 12%) is
ferromagnetic, whilst Cu-In takes on increasing antiferfomagnetic character,
a comparison of the concentration dependence of the various properties is
not expected to show parallel behaviour.

It would appear that no field cooling experiments have been reported
on the ALu-Fe system.

The behaviour of the Zn-ln system is limited by the restricted
solubility of In in Zn (ch. 6). Collings et al (3.64) suggest from
susceptibility data that a 0.450 alloy shows signs of entiferromagnebic
order at zbout SK. Alloys containing less than 0.2at% showed Curie-Teiss
behaviour to the lowest temperature at which measurements were made (v 3%).
An effective nomeni of 4.0}13 was deduced, corresponding to S = 3/2. The
same authors shoved thalt Zn-in alloys show a XKondo effect with a resistaace
minimum at about 20X in a O.4ats: alloy.

Martin (3.65) examined the specific heat of 2lloys containing
from 0.02 to 0.28% I, in the temperature range 0.4X to 30K.  The
neasurements show maxime in the magnetic contribution to the snecific
heat, the temperafure of which (about 2X for a 0.laty alloy) increzses
linearly with increasing concentration. The asscciated entropy indicztes

e spin of 3/2 for the in atonms.

(d) Some Other Interzsting Svystems

iureni and Coles (3.96) have studied the systems Rh-Fe and Rh-In
(33). Tor concentrations sbove 3atl Fe, susceptibility maxima are found
vhich are rather like those in 4fu-Fe et lowver concentrations. Field

cooling shifts the I - B plot from the origin, as in Cu-in. In the

-~
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dilute limit, the increm-ntal resistivity fells anomelously at low
temperatures whilst at conceatrations in excess of zbout 5atis, minima
are observed at temperatures rouguly corresponding to the susceptibiliiy
peak.

The slow rate of increase of the 'ordering' temperature =2t low
concentrations sugrsests that there is some tendency towards a delay in the
onset of magmetic order. The authors suggest that, at low temnperstures,
isolated solute atoms are non-magnetic, but are capable of cnin fluctuations
of increasing lifetime as the teupercture is raised. T™he fluctuations
are stabilised by interactions at higher concentrations, leading to
behaviour reseubling that of solutes which possess a magnetiscd virtual
bound state.

Rh-lin shows similer behaviour in all respects extept that resistivity
minina are not observed at high concentrztions. Both alloy systems give
an enomalous positive megmetoresistivity.

Unlike the Pd-Fe and Pd~Co gystems, the Pd-Hi system roquires a finite
concentrotion of colute atoms beforz ferromogmetism is stabiliped. Taori ond
Coles (3.67) have recently shown, by fitting the resistence deota at liquid
helium temperztures to the expression f)-/oo = ATH and plotting the
coefficient A against concentration, that the nara to ferromosnetic
transition occurs et a critical concentration of 2.32 gt 0.03at. Eelow
this concentration, spin-spin correlation lifetimes increase os the
concentration increases. Certein properties of the cysten cre well
described in terms of low frequency spin fluctustions or paramegnons
which scatter the conduction electrons. The effects have been described
by Lederer and !'4ils (3.68) in terms of a model in which addition of
Wi to Pd produces a localiced exchenge enhencement in the Ni cell.

This model leads to & prediction that /0-—-/00:= ATZ, with the
coefficient A lineer in susceptibility')(. Such behavicur hss been

observed by Schindler et &l (3.69).
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The solubility of recre earths in Cu, Ag and Au is probably too low
to allow magnetic glass behoviour.  There does, however, exist sone
evidence to suggest thalt such behaviour ngy occur in the systenm
Lal _ XdeAlz, wnexre laple (.149) has found that, below zbout 12st%Gd,
‘the 'ordering' temverature no longer decrezses linearly with decrcasing
concentraiion. In La-Gd, Finnemore et 2l (3.70) observe & maximum in
the susceptibility similar to those in Cu-iln and report that the.
supercouducting transition temperature intersects the curve for magnetic
Vordering' at 0.95K and latﬁGd. The coexistence of an 'ordered' state
and supercenductivity has also been revorted in the Cel_deXRu2 and
Lal_KGdXOs2 systems (see p.629, Taylor review article 1.46). It would
clearly be of great interest to investigate these systems in greater.

detail to deiermine whether Cu-iin {type behaviour is exhibited.
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THEORY OF ELECTRON SPIIT RESOUAICE

4.1 Basgic Theory

The application of a megnevic field Lo to an ion of magnetic
moment ﬂ produces an interaction energy - /._)-.I}O; the Homiltonien for
the system is thus:

H = -#u £IO 0 0 ¢80 &0 00 2 E S EENETOLNStESIE VTR IDPIORERIITEOENDBIES 4.1
For en ion with anguler moment Jh
/2' = —GJ}.LB&I = Xm e e s 20t s PRI EE IR EISEEPVYPROOESIOEOEOEARTDLES 4—.2
where gy is the Lendé g~factor ’
. 3 —e...h.
/iB is the Bohr liagneton (2mo
K is the gyromegnetic ratio.
If EC is teken along the z-direction, then
H

gﬁfLBJZHO Y .

For a trensition AJ, = T

AE = gJPBHO €P PV LE LTI LA tELIEIELIEIOEOINOLOITOROILALROSTS 4.4

To obtein absorption of electromopnetic radiation of freguency W , the
condition
hw = AB = gug, - YHI, covvniiieiiei 45
has to be satigfied.
It is thus clear that if the value of hw (or more conveniently,
the field HO) is varied, absorption of enexgy will occur between a peir

of eneryy levels when the resonance condition 4.5 is satisfied.

4.2, Longitudinal Helaxation
Consider o system of spins with S = 5. The energy level diagram
8=3

for this system is shown in fig. (4.1).
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Let Né be the number of spins in the

S, = & y N,

AE higher energy level (antiparallel to

the applied field) and H, the number in

S, = +5 . ny
the lower level. Apslication of a
microvieve field will cause the

Pig. 4.1

~populations Ni and N2 1o change as
trensitions between the energy levels
ere induced. If the probebility of inducing an upvward trensition is

denoted by W,, and a downwerd transition by Wél’ we mey write

12
an. .
_a_-_t_]; = N’z"zl- Il“’lz R R I I S I A P S R S A A 4.6

If the transition probabilities sre equal to W

an

1 af 1
d_t = ‘7(1‘2-111) 266260230 as 0P EPT PO IEPIIOLEOEITOTTSY LIE LU 407
and putiing
H = Nl + h2 18
= - 1T
n Nl L2

equation 4.7 reduces to

dn

e = - 7 ® = ¢ o 08 80 v sy L B I I I I B B R B BN BN IR B BN B J <Io
at 2¥n ceene 4.9
If n(0) is the initisl population difference, after time 1
-~ ‘—"
n = n(o)e 2.‘t LI N BN B I BN BN B I BE B BN RN R N BN AR N Y R B N B RE Y RN BN BE B BN RN R RN A 4.10

Thus an initial population difference will disenpesr and the resonont
gbsorpticn of energy will eventual%‘stop.

Vie postulaté,therefore,that transitions between Ni end N2 may be
induced by a coupling of the spins to an energy 'reservoir' at temperature T,
which tends to establich a population difference between the energy levels
corresponding to the reservoir tempercture. In this case there will be a

preference for downward transitions. If the probability of this mechanism
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incuding en upviard transition is Wa and o dovnward trensition Wé, vie

may write for the rate equations in this case:

ax
1,2 + -
. W -— - N -
dt -— . L2We+l]-lv{a ¢ 5 B & 6 OGP C O OO PSR EE SO tOE YN 4'11
Vhen thermal equilibrium is achieved with populations I 0 and N, 0

1 2

N W .
i- = E{—a- = e AE/I--L @e v e es e e s e s esIOELESTOOEOEIEETSEDS 4.12
Ni e '

Substituting 4.8 in 4.11 gives

dn . -
—a__'t- = N(‘Ve-kfa)-n(xie"'\?a) S S CeL NI IEEPELTEBBENENOGEBROEDLODPE 4-13

and this may be re-viritten in the form

dn - Dp-n
—d.._'.t- Tl S 6 & 5 OB 40 5B EO OO PN ETE SO E S OE eSS ST 4‘14
We - Wé
— T [ emere—erae—as
where ny = N (We ra )
® 5 & & O &S gt E 0SB B E NS G P ES S SO S EE e e 4‘15
-—1— T Aig
T ﬂ(‘ne""ca)

1

Tl is termed the "spin-lattice relaxation time" or "longitudinal relaxation
time". The solution to 4.14 is:

t/T

l P 9SS LS PN OLOEIIESIENEOIETIUCESESELPILOEDNTSES 4‘16

n = nO + Ae”

Yhere 2 is the thermzl equilibrium population difference and T, mey be

1

geen as the characteristic time zssociated with the approach to thermel

equilibrium.
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-

dn . . -
The two retes for at mey be combined to give the transition rate for both

thermelly induced transitions and those induced by the microwave field.

n,.-n
dn 0
E_E = "2\7}‘1"'-‘6“1_‘— 4 0 4 PGP AEPOIEPIAIEEITPIOELIADOEERESEED 4-17

n
0 P
n =1+2WT = h\'a)w' AP P EEELELOELEIEGEIIOLLOILES SO 4018

)

It may be secen from this analysis that if 2T, <& 1 the system will

1

abeorb more power, P, as the amplitude of the incident radiation is
increased. is QﬁT1~9 1, however, the nower gbsorbed will level off and

saturation is reached.

4.3 The Bloch lLiodel

The model provosed 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 end solving the phenomenological
equations proposed by Bloch, a simple picture of the resonance process
will be sketched in terms of an anslogy with the classicsl mechanical
system of o spinning top or gyroscope. Slichter (4.2) has shown in e
rigorous quantum mechanical description that the expectation value of the
noment follows the classical ecuations of motion, whilst the instentaneous
velue is subject to normal uncertainty relztions.

If energy is to be couvled into & prececsing top, a torque is anplied
in the direction of the locus of the motion. In the czge of an electron
precessing zbout a static magnetic field, energy is coupled by a correctly

phased, circularly polarised, magnetic field perpendicular to the axis
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of the static field. TFor maximum torque, the rotating mognetisation
should 1ag»90° behind the rotating field.

If the frequency of the rotating field,® , is held slightly lower
than that of the precessional freguency of the magnetisation, UJO, the
engle of 90O is reduced as the mormetisation catches up with the rotating
field, and the torque is reduced to zero when the angle between them
becomes zero. Subsequently, the mzgnetisation overtakes the rotating
field and energy is trensferred in-the opposite direction. Thus, over
meny rotations no net trensfer cf enercy takes place. This situation is
altered, however, by a second relexation mechanism known s the transverse
relaxation time, T2. Thig hss the effect of de-phasing the rotating
mnoments 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

gchieved, i.e. if
O)O-w< 1/T2 lI.l....'..’...‘...‘.IQC..IO.C..C.'O..‘ 4'19

there is a net cnergy transfer.
T2 thus determines the linewicdth of the esr signal.

The moment will thus precess, on average, at an angle which is lecs
than 90° behind the rotating field end this enele will be determined by
the frequency difference lo)o - w| . TFig. (4.2(a)) shows the amplitude

and phase relative to the rotating field of the net rotating moment.
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Fig (4.2(a))
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x‘

Fig (4-2(b)
X//

A complex susceptibility (for low amplitude rotating fields) may be

defined:

X = X b i X e 4220
vhere )(’represents a component of susceptibility in phase with the rotating
field end Xw , & quadrature component. The variation of these two
components as a function of frequency is shown in fig. (4.2(b)). The
in-phase term )(lgives no torque and is thus not normally observed (see
ch. 7).

The ideags above were formulated by Bloch into a set of egquations.
He proposed thet the megnetisation of the paremagnetic system, 1, decays
from an initial non-eguilibrium magnitude and orientation towards ani

equilibxrium value MO end assumed'an exponentizl form for this decay, thus:

arl M, - M

Y/ 0 ] y
at T + WA By
i 11
—-—-}-cu = r - ._}E se et 4021
at X(I‘-‘ A E)x T,
ant M
L _ ' o
o= Y@ By T,
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B (%) is the magnetic component of the microwave field and is small
enough compared to EO t0 be regarded as & perturbation.

The solutions to thece equations are obtained most simply by
transforning into a frame of reference rotating with the microwave field,
i.e., at frequency . Pake (4.3) shows that in such & freme the

effective static field is given by
H = H - w/x R N N R R Y I TN ST A SRR Sy T 4.23

and the equations then become (with primes indicating the rotating

frane):
/ /
anl M- U
z _ ./ (] z
el ¥ u Bt T
o y/
X _ o/ o x
& - du y Hers T,

/

Sy el ot 2y
T X[;,zzHl uxneﬁ,] T, ereenaneees  4.24

-
[

I

Solving these equations and re-transforming back to the laboratory frame

gives:~
X'-= X0 (5 g (Wo-w) 7 4.25
— 2 O 2 1+(m —UJ )2T2 2 ¢ ¢ s o0 @ P e L]
0r "2
it Xo 1
X= ——_w es e e o 4.26
2 0 "2 1 + (u) -(*)G)ZTZZ

The average rate, A, at which energy is absorbed per unit volume by the
sample from the Hl field may be written:
w [2Ww  au

—— H. e dt
T < dt
A7 o

l/
2w)(’1{12 ..... e, cee 427
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and this leads to

W= w, * L P -

for the half-power points.

Thus fhe half-width at half-power of the Lorentzian line mey be written

Aw, = 1/z, = YAE, .o 4229
= 2

and this is relsted to the full width of the experimentally observed

derivative line, H (see fig. (7.6)) by

g - 2BH

6 2 0060066000000 0800000000000880STS 4.30

w )l\
ol

" Pake (4.3) shows that when the emplitude of the microwave field is not
I)

small enough to be regarded as a perturbation, an extra term 'KLle”sz

is added to the denominators of equations (4.25) and (4.26). In the

limit of very large H1

. 2\ N
A = Lim 2w <X
max Hy 00 el
2
Xo
0 2o
= T S ¢ 2 8 502 208 PPN DB S S 2 8 2 8 5 ® 60§ 4 e oSN 4.31
1

This is known as the saturation limit.

4.4. The Spin Hemiltonien

The complete Hamiltonian for a free ion in a marnetic fielé may be
written as a sum of a number of terms of decreasing energy:

H = Hl + H2 + oo e e HG st rereennen cteersenas 4.32

We will consider each of these terms individually.
H1 represents the part of the Hemiltonian which is spin-independent

(thus it does not contribute to the spin Hamiltonian).
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It may be written in the form:

2 2 2
P Ze
Hl =2 (-é.n-;‘ - r) + é i es s e er s 00000 4033
i 0 i i<k ik

and has an energy'ﬁlloscm_1{

The two terms H2 and H3 vary in nagnitude 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
34 electrons lie on the 'outside’ of the ion, the crystal field interactions
are ™~ 1O4cm“1. Honever, in the rare-earth series where the megnetic 41
shell is screened by the 5s and 5p electrons, this energy is reduced by
gbout two orders of magmitude. H, is the contribution from the counling

3
of the orbital and spin moments and nay be reoresented by a term ‘h.g. 53
it has a megnitude v 102 - 103cm-1. In the transition.metal series the
large crystél field wnust be considered first, the orbital moment is auenched,
and the nmagnetic properties are due almost entirely to the spin.

However, in the rure-carth series the reverse order obtains. J is a
good quantum number aand at low teapexratures in these ions the effect of
the crystal field is to raise the (2§ + 1) fold degeneracy. VWilliams
and Hirst (4.4) and iurani (4.5) have measured the effects of the cxystal
field on rare-ecarth metals in Au znd Ag through the deviation of the magnetic
susceptibility from the Curie-Veiss law atv low temperatures and from
resistance measurements. Williams and Hirss elucidated thie lowest
lying crystal field levels and the values of the crystal field parameters
C4 and 06. In cubic crystals, there are eight possible levels into which
the ground state nmay be split and these are labelled r71 ceevas [18'

Tons with integral J can split into states /11 to [‘R and those with
half integral J (widch obey Kramer's theoren) can split into states
/1 ¢ to /18‘ The allowed splittings are determined from symmetry

considerations using group theory. Resonences from the [17 ground state
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in Dy, Er and Yb have been reported and receanltly a resonance has been
obsexrved from the [18 guartet level of Dy in fu, using a single crystal.
These megsurements are described in ch. 5. Yo resonances have so fer
been observed for integral‘gf though the [14 and f15 trinlet states

may produce a resonance. ( [11 and ‘f12 are singlets; [13 has no

Zeeman splitting). Pr may be a candidate for a resonance from an integral

J ion.

. . 24 + + 2+ . .
The jions In™ , Fe3 ’ Gd3 and Bu~ constitute a snecial case from

the point of view of crystal field theory, as they have no orbital momentun.

In the case of Gd, the crystal field splitiings are ~v0.1 - lcm—l only

(4.6).
The term H4 in the Hamiltonian is the Zeeman term mainly responsible
for paramasnetism and may be written
H4 = HI.-I'(I.J .(. 2§-) ® B & ¢ ¢ 0 0 PO P OO O TP AN S E N S e PP e e s 4.34

for an ion with engular momentum. For a field ~ 3KGauss, a splitting
o 5
~ 0.5 em ~ is expected.

H5 is that part of the Homiltonian which represents the exchange
between the local moment and the ¢onduction electrons and is discussed
in detail in c¢h. 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 nebal. The term
containing H5 relies explicitly on the metallic nature of the host.

H6 is the term representing the interaction of the megnetic ion

. . o . N . -2 =1 . ‘
with the masnetic moment of the nucleus and is ~ 10 “en ~. This term
is not imoortent from the point of view of the present work, buil some
reference will be made to its receat observation in a metallic host and

to its apparent absence in other cases. The interaction may be writien

¥ in a metallic host
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in the form:

H6 = AI_I_o§_ L A I I I N A WA I A AN N Y 4-35

The nuclezr moment is space quantised and nay take up (2£'+ 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 ny end thus the selection rule
[&mI = 0, will gzive four equally speced 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 tern
responsible for diamegnetism. These terms will give rise to splittings

3

of less than 10 Scm T znd are wnimportent here.

Although the splittings have been quoted in this section as an
absolute value, in esy it is conventional to express the energy splitting
as en effective g~value, which regards all splittings as though they

derived from the interaction between the spin and the gpplied field, i.e.,

Heff = -geffl‘ig.g 2P 0 E P00 ILIINBIRINGIIERGISGORLISOESOe 4030

and for single crystal measurenents Bers is a tensor.

4.5 The g-Shift and Linewidth of Tons in lLletals

(a) PFirst Order and Second Order g-Shifts

Owen, Browne, Inight and Kittel (5.46) used a simple molecular
field theory to obtain the g-shift of magmetic ions in a metallic host
and their simple derivation will be used here.

Ve sunpose that a 4 or £ shell is present in a matrix of Pauli
susceptibility )(s (equation 1.23). If A\ is the molecular field coefficient
for the local moment conduction electron interaction, MS is the megnetisation of

the conduction electrons and Md the magnetisation of the localised moment



at a specific field and temperature,

Moo= X (@ o+ N B

where 7\ = chl**

glusz ’
'.T

d XdH,

LA BB A A SN AT A IR AT RY ST Y S A A SRR N A I I )

1

The field acting on the & shell (say), Hy, is given by
2 .
By o= B+ AX, + ATX X)) eevniniiininn,
end thus from the resonance condition
2
geff = g(l + lxs +A XSXd> 0 & 3 0 O QS ¢SSP

we get a first order g-shift:

Agl J(O)/O(EF)

and a second order shifi:

Ae, _ 72(0) 2P(EF)S(S + 1) .
3T

e s ¢es et 0 ra0errence

where C is the concentration of impurity.
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4.37

4.38

4.35

4.40

4.41

4.42

A rough calculation shows4that the ratio of the second order to first

order shift for 1% !m in Cu at 100K would be ~1. In fact, in Cu-lhn

the sccond order g-shift was not observed. Kittel and Ilitchell (4.7)

argued that the shift should be observable if the spin lattice relaxation

time of the conduction electrons, TSL’ vas shorter than the relaxetion

tine, Tds’ due to s - d exchange. Yosida (1.26), however, argued that

the shift can never be gseen since the conduction electron polarisation by

the d-shell follows the msgmetisation of the 4 electron spin adiabatically,

. . . 2 . .-
so thot the effective field A Xsl.ad(t) cannot produce a torcue on md(t).

Ho second order g-shift has been identified in esr measurenents to date.
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(b) Indirect g-ghift

A number of measurcaients have been made which involve the additional
g-shift of Gd ions due to the addition of other rare-ezrth ions. The
contribution of the cecond rare-earth may be enalysed in the same way
as the direct g-shift sbove and, assuming no second order g-shift,

equation 4.39 becomes

Hy = H(L+ AX ALY X ) e 4043

and this leads to an extra shif+t:s

J3,(0) J,(0)
Ag3 = '.1;_ 2

g/le x gﬁ;z

where XH B J 2(0) and 7\2 are aporopriate parameters for the second

) LT R !

ion and

(sz> = =7 Y L

thus this shift is inversely proportional to the tempersture and, because

of the term (gJ - 1), this g-shift is expected io be negetive for the

light rare-earths and positive for the heavy rare-earths.

(¢) [Hasegava's Treatment - the esr Botileneck

Hasegawa (4.8) studied the problem of why g-shifts ere not observed
in some systens, and obteined exoressions for the g-shift and linewidth in
terms of the strength of the thermzl contact between loczl moments,

conduction electrons and the lattice as illustrated in fig.(4.3)

> T o
LOCAL ds ccupucTIon
LI0L T ELECTRQLI3
(a) <~— 1 - S) Piz, 4.3
Y TSL

A T YAV
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He considered ohenomenological eguations of the Bloch form:

s 1 - PN 1 1
Moo= ¥ A (E+AH) - 7= G, - i) - 7= + 5= 1d
s s d TsL S 8 Tsd s Tag

Y B

and
L] l 1 1
M, = Yy A (H+A) + 5= - 5-id ..., eeeaeeann . 447
sd ds
where Ts a and Tds are the relaxation times from the conduction electrons

to the d-cores and vice versa via s - d exchange, I.Is ig the final value
towards which the relaxation Ms proceeds;and he assumed that in equilibrium
each magnetisation I;IS and Md has a definite value I.IOS and Iv.ch satisfying a

law of detailed balance:

M% I‘I%
-E.'—- = _i;-.—- ® O 6 0 8 0 4 B 9 PO OSSOSO E S PO 4.48
sd ds ’

§
-
Fa
[«]

Only in equilibrium does I.IS = N

Solving thece equations Hasegawa showed that the g-shift should correctly

be written:

( Zed )
TSIL
Ag = go T d 2 2 S0 vass s s e 4.49
S .
(1 + TITS.I._,‘) + ( YA ded)

and the broadening:

T T 2
. , sd ( sd)
T m m
1 ) (1+¥Aur )° T (T 3 -
m - X .
Toert T, ° N oo 2 Tag
(1 +5=) + (¥ N u ded)
sk
mn
1 tsd 1 1
end _m = B. jroaese
Tleff_lsL+Tsd Tds Tds ® 5 & ¢ & 8 5 5 40 008 40 0 B 4.51

vhere B is termed the bottleneck factor.
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Tne values of Ag, T2 and Tl are thus dependent upon the relaxation
times. Ts a and Tds may be obtained by considering the exchange coupling
between & and s electrons and using the Golden Rule for trensition

probabilities. At temperatures greater than a fraction of a degree

Kelvin (4.9, 4.10)

—T—(-li- - Das = %}-T Z(P(EF)(J))Z KT veeeereeennenes 452

=]

end 'fl'; = Dga = 3%"— 2(/0(EF)(J)1)c%s(s+1) ceereees 4.53
S

These expressions, derived initially for nuclear relexation, are
known as the Horringa and Overhauser rates respectively. Orbach (4.17)
quotes expressions which are valid for the exireme low tempera"ture linit.

The expressions above, 4.49 and 4.50, nmay be evaluated for two
limiting cases:

1) I« T,
In this limit the full g-shift should be observed and the linewidth

DA is given by

AE = O, = X (A2 i, 4.54
ds gSHB

This is known as the Xorringa or unbottlenecized limit and equetion 4.54
is known as the Xorringa relation. It is plotted in Appendix 3(a).
A nuber of assumptions are made in using equation 4.54 as it
stands:
(a) Ve assume that the Xorrings relcxation mechenism is the only
source of line broadening. In practice, the residual linewidth
(see below) is normally subtracted from AX and the slope of the
RAY:

temperature in the paramegnetic regime a7 is measured.
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(b) lioriye (4.12) showed that in an exchenze enhanced host, the
full enhanced g-shift is obtained but the relaxation is less strongly
effected. The enhancement factor for the relaxation is an averarse of
-1 KO I ] L] > Kd \
1- IXO (q) over all g which span the Fexrmi surface. Karath
[~
(4.13) shows that the correct form of the Korringa relation for an

exchange ennanced host 1S

afig kTT 2
= Cq EEEEEREREY ] e ss N cEEPRIESONAIDNLES -
i g, (Ag)© () 4.55

2
. . =
where KX ) = Il T £(a
and X = IX

g

(¢) ©Even in the case of an unenhanced host, the assumption is
made that the relaxation, like the g-shift, neasures J(q = O).
Peter et al (1.43) have pointed out that this is not necessarily

true.

VWie must conclude from these remarizs that ecuations 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 exnected to be fairly

free electron-like, the Xorringa relation is not rigorously cbeyed.

m
(2) 2,2 7T,
Here the g-sihift is not normally observed for s-state ions,

being reduced from the full value by & factor (Tsd/TsL)z.

The linewidth is given by

1 ad
Ar = ¥ T 71—1- e, eveeveerees A.56
ds “sL

and since from equation 4.52 and 4.53

Te 3 PEIE & e iiieveeaees AT
T — 2 S S+1 C e " 26 8 8 2o 0 P
ds
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0] .

we note that the linewidth in this limit is inversely proportionzl to the
concentration of the mugnetic ion and this is a useful means of identifying
bottlenecking in a solid solution alloy sygtcm.

The behaviour outlined above may be oictured in a simple way. In
order to maintain theraszl equilibrium with the lattice, the local
moment attempts to couple some of its energy to the lattice via the conduc-
tion electrons. Vhen the conduction electron - lattice relexstion rate
ig large enovgh, the linewidth is governed only by the rste at which the
local moment can trensfer energy to the conduction electrons and the
wnbottlenecled (Korringa) behaviour is obsecrved. If, however, the
conduction electron - lattice relexetion ratle is small, energy "piles wp"
in the spin system and the resonance frequency is that of the coupled
system. |

If the concentrazion of the local moment is increzsed, the bottleneci:
beconeg stronger since there is more energy to be coupled out; however,
if impurity atoms are added, the bottleneck ney be eased by increzsing
the conduction electron - lattice relaxation rate. These effects and
their consequences will be further described in the experimental review
below.

In sumnery, we may thus expect to identify a bottlenecked systen
from the following observetionss
1. The g-value for an s-state ion will be close to g = 25 any increase
_or reduction in the effective mezgnetic moment from the free ion value as
indicated by stetic susceptibility measurements (ch. 1) will not be
observed in the g-velue. For a bottlenecked system the value of JS

-d

or JS - r calculated from the g-value will be underestimated.

2. The slope of linewidth v tenperature deduced from the Koxringa relation
using a ‘ressonable' value of J will be much lower than predicted, allowing

wnere nececsary for the effects of exchange enhancement.
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3. The linewidtn at a given temperzture will be inversely vroportiocaal
to the concentration of the megnetic impurity.
4. Addition of non-mugnetic impurities will brozden the line at a

given temperctuxe.

(d) Extensions of Heserawa's Work

Peter et 21 (1.43) corried the moleculor field treatuent to its
completicn by introducing not only lattice relexation to the instantaneous
local field, as in Hasegawa's work, but they also introduced relaxation
to the instentsneous local field for the localised - conduction eleciron
exchange relaxation. Their equations of motion were also desirned to
include the icon - 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, eguations 4.49 %0 4.57 give essentially correct ansvers.

Apart from the two limits explored zbove, there zlso exists an
intermedicte regime where so-called "dynamic effects" zre expecied
(see Appendix 3(b)) to occur. This regime was investigoted experimentsally
and thecretically by Cottet et 2l (5.19) and Davidov and Shaltiel (5.21).

They found thei when lksd is of the seme order of megnitude as the

sL’
g-shift is reduced from its full unbottleneclked value, as either the
concentration is increcsged or the termpersture reduced. Davidov end
Shaltiel in their work on Gd doped LaH15 (the results of which are
presented in the exverimental review) derive on expression of the form
2
(B )2 A &

= ceeeessaneanase 458

(AFXE? + (8 5+ A )P

u

to describe the dynemic behaviour. It is also observed thal the effects
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are field devendent, the shift being reduced in high externsl fields
(corresponding to Q-band measurements for exarple ).

Recent theoretical woxk has been reviewed by Dupraz et al (4.14).
The problem has been treated from a microscopic point of view using
Green's function technicues. A particular result of interest has been
the predicticn of a Kondo g-chift (4.15) in the unbottlenecked limit

such that

(2) 1
e (pma)P 1 [T ] 4059

The effect will be small; a rough calculation sugresting that, ty»ically

1%214-21: - I'ééﬁ('z)} w v 2E

There have been no reported observations of such a shift, but the best
candidate would presumcbly be a non s-state ion in & host vhere JSf is

large and negative (e.g., Yb in Au).

4.6 Hyperfine Svlitting

If the nucleus has a net megnetic moment, a hyperfine structure is
normally obsexrved in the esr of ions in crystals. Until recently (5.64)
hyperfine structure had never been observed for sn ion in a metallic
environnent; hyperfine structure was, for example, abeent in the
resonance line obtained from sinsle crysials of Im in Cu, even though
the central linewidth was much narrover then the nredicted splitting (5.48).

Barnes et 2l (4.16) have attempted to explain this beheviour.
Adopting the molecular field eguations of Cottel et al (5.19), they
248 to the effective field acting on the moments a further tema which
erises from their own nuclei, and solve the resulting equations for
the simplest case of I = % (i.e., hyperfine field either parallel or

antiparallel to the applied static field.) The vesulte ave then generalised
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to arbitrary nuclear spin.

Tnree regions of interest zre identified:
1. In the cdse of weak exchange coupling (i.e., the unbottlenecled
regime), hyperfine splittings ere predicted with the seme character as
those of an ion in a crystal.
2. In the opposite (bottlenecked) limit of large exchonge coupling
such that U)EF ¥4 43&3’ vhere UJEF is the electronic hyperfine splitting
frequency, it is predicted that hyperfine structure will be suvpressed.
3. This region corresponds to sufficiently lerge values of the exchange
coupling for a resonance bottlenech: to obtain, but where Cﬂﬁp/lxds > 1.
Here they predicted that hyperfine structure should be observed, but with
the width of each hyperfine component reduced from the value which would

be observed for the same ion in an insulator, by a factor of [zzégifij} .

It is suggested tha£ the recent observations correspond to region 1,

but thet in other systens (e.g; Cu~Mn) which cre well bottlenected,

the reduction of [}ds at very low temperstures (< 1K) might ensble =%

least partislly resolved hyperfine structure to be obsexved. This would
allow an estimate of the exchenge coupling to be made, even in the presence

of bottlenecking.

4.7 Residuel Linewidth

In the sections above, expressions have been derived for the temperature
dependent part of the esr linewidth. In addition to this, there is
normally a residual linewidth, which is defined as the value of QAH at T = O,
extrapolated from the high temperzture data. Thus, in the varamegmetic

regime, the linewidth can often be exvressed in the form:

AH = A+BT L R R R I I R R I N R N I N N W A 4.70
Any contribution to the linewidth from inhomogenous broadening may

contribute to the T = X linewidth. In the analysis above, & single
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value of the magnetic field for resonance has been assumed but, in fact,

this field is only the averzge of the local fields, Hi’ which are experienced
by the individual ions. The lineshape is tnerefore sn envelope of the

- individual resonance lines from each ion. The cpread in the values of

the loczl fields seen by the ions is given by the <Hi2> s Which is

called the second moment of Hi.

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 importence, but in the case of ions
in metals three sources of residual linewidth zre exvnected 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 resicduzl linewidth incrceses mopotonically with
ﬁhe concentration of defects, bul may be reduced by & suitable anneal.
3. The effect of interactions between ions.

Van Vieck (4.17) showed that the exchange interaction between
ions does not convribute to the second moment since the total spin
commutes with it, but that it enters the fourth moment <Hi4> .

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 interzctions between
impurities in a metallic host has yet to be developed. In addition
to the dipolar width and the direct exchange contribution, the effect
vof the conduction electron modulaied exchange and the screening of the
dipolar width oy the ccnduction electrons will have to be included.
Using the expression derived by Van Vlieck (4.17) for a lattice of

spins in a sowuder sample:
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(AREY = c.65(5+1) gQ/UBQ 2 rij-6 eereeieneeee 4.1
whexre rij is the separation of the ith aznd Jth ion, a very rough calcu-
lation for the unscrcened dipolar width of Liv Gd in Pd would suggest a
velue of several hundred Gauss.

In a more rigorous analysis of dipolar width for randomly sited
impurities, Kittel and Abrahams (4.18) suggested that for concentrations
in extess of sbout 10i: the residusl linewidth is proportional to f%, where
f is the fractional occupction of the lattice points by the ions. For
concentrations of less then about 155 the width is proportional to f.

Inderson end Veiss (4.19) introduced the "random frequency modulation®
model for exchange narrowing. It is assumed in this nodel that a
megnetic ion absorbs a single fregquency 030 vhich varies over a distribu-
tion Wp, determined by the divolar loczl field, but which varies randomly
in time at a rate, UJe, determined by the exchange interaction. They

derived a linewidth (in terms of frequency) of

® 0 82800 UNE P FIELLOIOEPEGISOOENISIEODTOSIETDSES 4072

j

A further mechanism for residual linewidth which may be of some
importance for 34 ions was suggested by licElroy and Heegex (5.52).
They vroposed that the admixture of conduction band wave functions into
the locslised 38 impurity function described by Friedel and Andexrson
(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 laitice via this interzction even at T = OF. Being
a wave function effect, it might be expected to be temperaiure indevenden?d
and proportional tc the spin-orbit spin flip scattering cross-section

of the impurity atomg end to the averzre admixture matrix element de?.
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The interaction above was represented by the motrix element,

Catislad) -

é alv] 1D <t A 1.8) DL [v] a4 D>
W (5° - 8/) (5,° - 8)

eese 4T3

o = O .
vhere \d ;>and kg ave the unperturbed wave function and energy for a
pure d-orbital on a ln ion in the metal.

Using the Colcéen Rule:

Nu = 1/53%"— | <&t hu.slad)) 2IOd(E)

and in the approximation that f)d is given by a Lorentzian distribution

and that the K-states are Bloch functions, they obtained !

kd N,
1

YA r~ 2.5 - 57 T
KF!i/%(EF) “F sk

res

Y A 1

where a is the lattice svacing and Ni is the number of impurity ctoms.

4.8 FPerromemetic and Jfntiferromsenetic Resonance

The wo%k in this thesis is primerily concerned with paramagnetic
materiels but mezsurements have been made below the ordering tenperature
in many cases. In this section the basic theory of ferromagnetic and
entiferromegnetic resoﬁance will be presented, followed by an outline
of some esr messurements which have been made in the transition regime
between the paramsgnetic and megnetically oxdered siotes.

(a) Ferromzymetic Resonence

The field for resonance in a ferromagnet was first treated by
Kittel (4.20). He considered a specimen of a cubic ferromcgnetic

insulator in the form of an ellipsoid. Components of a demagnetisetion
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field Nk,\N&, Nz were introduced fto relate the comoonents of the

internal field H' to the avplied field H,
i.ec, ' H = H - l‘ I& e‘tC.

Solution of the equations of motion led to the ferromagmetic resonance

frequency

2
wo = Xz[Ho+(1\Iy—NZ) M][Ho-t-(ﬂx-ﬂz) n] 4.75

for the frequency of the uniform mode, where 2ll the moments precess

together with frequency(ﬁ%.

If we consider the demagnetisation factors explicity for wvarious

geometries:

.
for a sphere, Nx = Ly = NZ

50 (,00=XH0 Ceeesriscscscessenaseesseasecncscesasnes 476

for a flat plate with Ho pervendicular to the plate, Ni = N& = C, NZ = 4TV

so ). = X(HO-A;.m) . R

()
or for a flat plate with H0 parellel to the surface in the xz plene,

N, =¥, =0, N = 4T

: . E
so W, = X[do(%3+4nhﬂ censearreansacssese 478

For most camples the conditions derived chove are too simple since
they do not include the effect of anisotropy. {ittel replaced the
effects of the anisotropy energy by an equivalent megmetic field which
can be written into the equations of motion as an effective demegmetisation

factor, 1e.

The resonance condition then becomes:

O

o

;" s e - > e - \ e P { ~
W = X[ (7, + (Ny + Ny - \TZ) mz) x (HZ + (W, + N JZ).‘IZ)J

Y A
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, . . e w € .
and the values of the demagnetisation factors Hi and Ny are determined

for each experimentzl situation. TFor a sphere, if the anisotropy
. . . .2 . s
energy density is of the foxrm Kein O vhere O is the angle between the

magnetisction and the Z-axis, the ferromagnetic resonance frequency is:

W = Y (7, + HA)
2K
where HA = 7

In the case of a powder sample the demapnetisction factors will
run over all values, depending upon the shaves of the individual particles,
and some average shift will be expected. The linewidth will tecome the
envelope of the ghifted lines and thus might be expected to become

extremely broad.

(b) Antiferromscnetic Resonance

The theory for resonance below the Neel point was established by
Nagayima and Kittel,and Keffer in 1951 (4.21).

Keffer and Xittel considercd a uniaxial antiferromognet with spins
on two sublattices in the presence of an anisotropy field HA' Using

the nolecular field approximetion and solving the equations of motion,

they obtained a value of the antviferromasrmetic resonance Ifrequency

w )
-;8-9 = HOT[HA (HA+2%)]% Y Y- o

¥hen the exchange field is much greater than the anisotropy field HA’

4.80 reduces to

Wo + 5
,x = HO-(ZH}‘;HE) sSs s er et sevseseenORteuBbeesE b 4.81

In antiferromagmnetic crystals such as Hth, Emrd 106G and HAru 1O4G

L
so the shift (ZI-IAHE)?3 is expected to be ~v 100KGauss (280 Gc/s).
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Except in cases vhere the anisotropy field or excnange field is very

)

small and the shift ie less than 2iGauss, antiferromegnetic resonance

would not be observed viith the nresent apvpersgtus.

(c)
(1)

Theories and lleasurcnents just aobove the Critical Texnerziure

Antiferronarmet

4.

Various attenpts hove been made to describe theoretically the

gy

temperature dependence of the linewidth =bove TN

of short range megnetic order. Iiori and Xawasaki (4.22) find the

, due to the effects

esr linewidth for a uniesxisl antiferromagnet near the Neel point to

be given by

ek

T

where (QAH)oo is the high temperature limit.
Mori (4.23) using an improved approximetion suggested

that

A o ( F)%I )3’15 R oY - X

where 3 = const [( T-E-‘T )]

i)

and Kewasalki (4.24) obtains |

Auoc (T -7

W

ceessssserersrecsseransarseessccse 4,84

where p = 5/3.

-
i

Experimentally, llaxwell and licGuire (4.25)' investigated
the antiferromcemets Cr203, 1n0, InTe and lnSe above TN snd found
that whilst the g-value remained roughly constaat over the whole
varamaenctic regime, the linewidlh broadened well above TN' In
10, the temperature T AHmin at which the increase in linewidth

set in, is nearly four times the ordering temperature. The resultis

are sumnarised in Teble 4.1.
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TABLE 4.1

o el

Structure T /T T petin/ Tt
o fee 116 5.3 ~ 3.5
IS fee 160 3.3 ~ 2
InTe hex 307 2.3 > 2
ImSe hex 130 ~2,3 ~ 1,6
Cr203 Complex 307 1.58 ~ 1,05

In the limited number of results displayed here, we notice
that T A Hmin/TN is largest vhere lel/’i‘H is largest. Zimmerman
et al (4.26) studied a single crystal of CuCl,.2H,0 (TN = 4434%)
and observed signs of broaééning 2t 20K. They identified two
temperature regim2s., From 4.34 to 4.8K the data was fitted to a
curve of the form predicted by Kawasali (above) but the value of the
index;p, was found as 0.58 p 0.07 for each axis; this teuperature
regime was identified with the existence of critical fluctuaticns.
The regime :sbove 4.8 vwas associated with short range order.
Zimmerman et al argued that the broadening of the line below 20X
is caused by ithe decrease in the fluctustion freguency, UJe, on
the model of Anderson and Weiss, =bove, by the short range order.
The consequent reduction in exchange narroving leads to & broadened
line.

Seehra and Castner (4.27) exanined the critical brozdening

in InF,. up to 2TN (TN = 67.4X). They were able to fit their

2

linewidth data to Kewasaki's expression with p = 1.20.
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Battles (4.28) has recently aiteasoted to fii InS and 1m0
linewidth data to the expressions above, and obtains a good fit to
equation 4.84 fron about TH + 10X to TH + 100X for both compounds,

with p = 0.75. He obtained, however, the best fit to an

expression

AI{ = ——Q_q-ll_- S 5N LS LED PO PIIBOCIIOIILIIELIPIOIETPLNEOLEEY 4-85

for T TI-‘ + 10X, with C = €0 for ImS and 280 for Lnl.

(i1) Ferromsrmets

The position with resvect to short range order in the esr
linewidth of ferromzrmets above TC, is fer less clear.
Particularly in nowder measurements, the demagnetisation corrections
are difficult to determine and tend 4o mask the true behaviour.
Salamon (4.28) has followed the ferromegaetic resonance of Mi into
the paramagnetic regime and claims to huve identified a regime
fron TC + 30K to T + 66X vhere 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 provosed which correctly predicts

the change of linewidth above TC'



112

CHAPTER 5

FXPERT:IGNTAL REVIEW OF ©SR OF IONS I LIETALS

There has been no experimental review of the esr of mugnetic 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 hos been made to review all
experimental work on the esr of ions in metels published up till April
1972 and a comprehensive list of papers appears in Appendix 4, classified
by nagnetic impuiity and by host matrix. The surveyAis divided, ra‘her
arbitrarily} into sections dealing with s-stzte rare-garth ions, trensition
metal ions and non s-gtzte ions and each of the sections is subdivided
according to the type of host. In the final section of the chanter the

technique of tronsmission electron spin resonance (tesr) is discussed.

5.1 Rare-Barth S-State Tons

(2) Pure Rare-Earth Ions

The first observation of paramagnetic resonénce in Gadolinum
metal was reported by Kiv (5.1), working with a small disc of metal.
He found & paramacnetic g-value of 1.95 t 0.03 (c.f. g-= 1.995 in
insuletors). A g-shift was observed to set in at about 50C and moved
continuously to lower fields as the samole beceme ferrom:gaevic
(TC = 16C).  The half-power, half-width also showed an increase from
gbout 400 Gauss zt 40C to more than 2XGauss at 0C, below which temperature
the line was too broad for furiher measurement.

Chiba and Hokamure (5.2) extended the work in the paromarmebic
regime to 600C and found a linear relation between linewidth and
temperature above gbout 350C. 4 temperature indevendent g-velue of 1.97

was found. Popplewell and Tebble (5.3) in their woxrk on the ¥Y-Gd
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system (see below), obtained a value of g = 1.96 p 0.03 for the g-value of

pure Gd in the paranagnetic regime, but were unable to quote a value below

the Curie texnperature because of uncertaénty over demagnetisation corrections.
Careful work above and below TC using a single crystal enabled

Rodbell end oore (5..4) to obtain a g-value of 1.94 + 0.02 for the

paramzgnevic regime and a value of g = 2.00 s 0.02 below TC.
Europium metal, wnich is known to order in a complex antiferromagihetic

arrangenent with a leel temperature of 94K, was investigated by Peter

and Hatthias (5.5). Between room teaperaturs and 120X they found

g = 1.685 T 0.015 zand AH = 1300 Gauss. Below 120K, however, the

line was found to 'broaden and disappear'. The free ion' g-value for

Eu is 1.993.

(b) Rare-Barth Intermetallic Compounds

Peter and liatthias (5.5) made the first observation of resonance
in an intemmetallic compound in their work on GdIrz. They failed to
observe 2 resonance in EuIr2 and considered this to be evidence that Zu

is trivalent in this compound. They extended tinis work (5.6) to the

compounds LEuil, and G4dAl, between 100K and 300K. Allowing for admixture

2 2
of the real and imaginary varts of the susceptibility (see ch. 7) and

+

for demagnetisation corrections, they arrived at a value of AX = 900 - 32
Gauss for the half power width of the line and g = 1.962 * 0,003 (J ~ -0.03 &¥)
in the case of GdAlz. For EuAl2 they found g - 1.994 bt 0.003 at 300X,

which is clos: to the Eu free ion value. In corresvyonding nmr measure-

ments on (R.E)A12 alloys, they observed Enight shifts consistent with a
negative exchange interaction but wiich varied in magnitude across the

series. This was the first measurement of the sign of conduction

electron polarisation in a magnetic metal. leither the inconstancy of

the nmr date nor the sign of the exchange ves explained. Peter (5.7),

however, showed that addition of other rare-cartiis to GdAl2 led to a

broadening of the line due to RXKY interactions between the impurities
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end the G4 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
lCaCus structure compounds, GdNi5 and GdCu5 at 78X and 65K respectively.
They obtained a g-velue of 1.942 = 0,007 and AH = 905 ¥ 90 Gauss for the
i compound and g = 2.009 = 0,007, A H = 875 Gauss for the Cu compound.
They did not investigate the temperature devendence. 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. was ascribed to true atomic exchange.

5

Tne compound Eubll, was investigeted by Wernick et al (5.0).

4
Their magnetisation measurensnts at 4.2X showed that the compound was a
metamagnet undergoing a transition to ferromzgnetism at a field of about
15KGauss. A plot of 1/@( v T suggests antiferromagnetism at temperature
below 6K but O = 14X. Esr measuremnents were made between 1.8X and

295K and a high tenperature g-value of 1.695 pa 0.04 with helf-width at
half-power of 430 Gauss was obtained. The resonance was followed below
the nominal ordering temperature and at 1.8 the line had brozdened to
over 3KGauss.

Vijayaraghavan et al (5.10) performed nmr measurements on compounds
gf the form (R.E)Pt2 and (R.E)PtB, where (R.E) = Ce, Pr and Hd. They
obtained different Enight shifts from the inequivalent Pt sites in the
(R.E)P“t5 compounds.  All the values of J obtained from tiese measure-
ments were positive, but this was found to be in disagreenent with the

negative value obtained froa esr cn Pi{,Gd, where a g-value of

2
1.873 b 0.007 (corrected for lineshape and demagnetisation) vias obtained.
However, Davidov end Shaltiel (5.11) contradicted this latter resnlt,

obtaining a lerge positive shift (g = 2.032). These latter authors also

mezsured the g-value of the compounds GdAlz, GdRhZ, Gdan end GdIr2 and
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found negative g-~shifts for these, the value for GdAl, agreeins well with

2
the previous measurement (5.6). In nmr experiments on the same compound
they distinguished between two hyperfine fields: the first reswlting from
the polarisation of the conduction band due to the Gd ion of the same
nucleus,and the second from the conduction electron polarisation erising
from the same ions, estimzting this second contribution to be ~15% of

the first. Allowing for core polarisation, they obtained fairly good
agreement between the relative values of the hyperfine field and esr

shifts, and they also accounted for the positive g-shift in GAPt, by

2

assuwning that, as in LaPt,, the d-band is full in this compound.

27

Very recently Hacker et al have obtained a value of g = 1.9684 = 0,003
for GdA12 at room tempercture, in excellent agreement with the results
above,

Okuda and Date (5.13) measured what they vresumed to be a diluie
solution of G4 in Cu. The form of their resultg, and the fact that the
data did not change with concentration, suggests that the resonence wes,
in fact, due Y0 an intermetallic compound. Compzrison with the data
on CuéGd obtained in this work further confirms this view. They found
that thé g-value was constant at the room temperature value (not quoted)
down to about 60X where the field for resonance shifted to'lower values.

At about 1CK the shift was ~ 2,.5KGauss. The linewidth dats were linear
at high temparatures with a slope of about 5G.K-1. A fairly shaxp
mininum in the linewidth was found at 50{ and the line subsequently
broadened to about 2KGauss ot 10=.

The temperasure denendence of the g-value and linewidth in the
compound Gdh'i5 hes been investigated by Burzo and Ursu (5.14) between
100X and 3C0X. They found a g-value of 1.944 T 0.006 (in good agreement
with Shaltiel et 21 (5.8)) vhich vwas temperature indevendent, end obtained

-1 . . .
a value of 6.4G.X ~ for the high temnerature slopve of the linewidth.

4 value of K(oC ) in equation 4.55 of 0.1 was assumed to bring the measured

4
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values of Ag and d BH/AT into good agreement.

Esr measurements on the compound GdB6 were first performed by
Coles et al (5.15) and, more recently, ililler and Hacker (5.16) have also
neasured tihls compound. Coles et 21 found a g-value of 2.01 &t both roon
temperature ond 77K and & 209 broadening in the linewidth between these
temperatures. At 4.2 tiey did nob observe a resonance. Iiller and
Hacker used a computer fit of Lorentzian disversion znd absorption
components to correct their g-value and obtcined values of 1.694,
1,862 and 1.€92 =zt 77X, 185X and 29tX resvectively, with half-powver
linevidths of 733, 609 and 63C Gauss at the same temperatures.

(¢) Intermetallic Comdound Hosts with Rare-Earth Imvurities

Shaltiel et al (5.8) substituted 5 molett Gd on the A cites of the
compounds of stoichiometry ABS ligted velow.  They observed negsiive
g-shifts ot 200 in all the compounds except LaPt5 end YCus. The lergest

shifts were obtzined in the compounds convaining Ni.

g H
Lailig 1.877 ¥ c.007 550 T 102}
Y14 5 1.500 " 525 "
Thﬂi5 1.913 " 525 "
Ui 1.953 " 470 v
&’111::5 1.973 " 640 "
YCug 2,000 " 350 o
LaPt 5 2.022 " 860 "

As the signs of the g-shifts in Yﬂis and YCu5 were opposite, the fwo
compounds were alloyed. At the composition YITi4 5Cuo 5

the g-shift and 2 mininum in the linevwidth vere obtained, but as extra

o maximam in

Cu was added the g-value moved bacl: to g = 2. The cddition of other

Rare-Earths substituted on the A sites gave an incresse in g-shiift for

elements to the right of Gd in the rure-earth series and a decreased g-shift
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for those to the left.
A plot of linewidth egsinst temperature for 2atsl Gd dissolved in

the compound TPd., gave a linear relation between cbout 60X and 24CK

3
with & rapid broadening at low tempereciures. It was concluded that this
_incresse in linewidth was due to magnetic ordering. The g-velue increczed
fronm 2.02 at 300K to 2.10 at 4.2X.

A number of conclusions were drawn from the chove observelions:
1. The gimilarity of the (ZTi—Cu)5 La g-shift measurements wiith measure-
ments in the (Pd-ig), (Pa-Bh) - Cd systems suggested that Lalli., YNi

5’ b

and Pd are very similaxr hosts.

7
1
i

2. It was observed that when the trivelent La aznd Y in the I compounds

15
are replaced by tetravelent Th and hexavelent U, the g-shifts ore reduced.
This was attributed to £illing of the d-band.

3. It was also observed that when i was reploced by Ir end P, smaller
g-shifts were obtained. This decrease vas explained by the fact that
these elements are the 5d analogs of Co and i and show only weakly
enhanced paramagnetism in the elemental state.

4. The lorge negative g-shifts were exnlained on the basis of the &-f
intersction mechanism discussed in ch. 1. The siall positive shifts
dbservgd for the other compounds were taken as an indication that in

these alloys, 'true' s-f exchange was stronger then d-f exchonge.

In a further pcpexr,Shaltiel et sl (5.17) made a systemetic investi-
gation of the sigu and megnitude of the g-shifts of 1 - 5¢ Gd substituted
into ABz Laves nhase compounds on the A sile, where A = Sc, ¥, La, Th,

U and Zzx. Trhe B sites were occupied by 4d and 53 elements with an almost

full d-band (Ru, Rz, Ir and Pt). The g-shifts are shown below:



118

ZrRu2 -0.02 LaRh2 -0.01
ScRu2 -0.05 LaIr2 -0.02
YRu2 -0.06 LaPt2 +0.01
CeRu2 -0.03 LaO.BThO.BBRuZ -0.C7
ThRu2 -0.03 LaAlz ‘ 0.C0
LaRu2 -0.13

Vhen these g-values are plotted as & function of increaged filling of the
B element d-band, i.e. Ru/Os, Rh/Ir and Pt, & trend from large negctive
g-shifts to small positive ghifts becomes clear.

Both esr and nmr experiments (5.18) were carried out cn the
Lal_xTthu2 system with 1 at¢t Gd substituted on the La site. The
g-chifts and IInight shifts, K, were found to very with x at 20%, both
showing a minimun shift at a composition x = 0.5, A linezgr relsation
was found to exist between both Qg and ¥ and between K and the suscenti-
bility of the x = 0 compound as the fempersiure vas varied. From theece
measurements a value of -0.05 eV was estimated for the effective exchange
between the Gd f-electrons and the d-bend.

Cottet et al (5.1S) investigzted compounds of the form Lal_X(R.E)XRu2
by susceptibility and esr measurements. On substituting 6% Gd, they found
that the slloy beceme ferromagnetic zt G.5K with © = + 16K.  Addition
“of Tb and Pr to the Gd alloy increased the susceptibility in the first cose
end reduced it in the second. Esr on the Gd alloy showed some temmeratuze
dependence, exhibiving a broad minimum at about 25K, where g = 1.88.
Addition of 15 Pr shifted this curve to lower values of g and addition
of 19: T shifted it to higher valuec. The increese in linewidth end
shift back touaxrds g = 2 in the ferromagnetic regime wes attributed to

dynanic effects.
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Davidov et al (5.20, 5.21) looked at compounds of the seme form
containing 0.5, 1.0, 3.0 znd 105 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 1C% *here was, again, considerable temperature

. dependence of the g-value, their results being broadly similar to those of
Cottet et al. At low concentrations thney found that [Sg was alnmost
temperature indenendent and equal to ~0.15. On the addition of 13 of
Pr to a2 0.25% Gd alloy the additional g-shift varied approximately as
l/T, indicating thet the g-shift was vrovortional to the Pr suscentibility.

The g-shift results for the Laﬁi5-Gd alloys are shown in fig. (5.1) .
The main features of the results sre as follovs:

(1) For Gd concentrations of less than 15 the g-shift was almost
temperature independent but for higher concentrations a shift back to
g = 2 sets in al temperatures increasing with increasing concentration.
(2) The linewidth dieplayed a strong concentration dependence incrzesing
from 100 Gauss at the lowest concentration to about 600 Gauss at 3
and then flattening out. There was also a large field eifect; measure-
ments at X-band ( ﬁ’3KGauss) giving a linewidth of about half that at
Q-band (1/XCauss).

(3) The g-shift measurenents also showed a pronounced field effect.

"The g-shift was greater at X-bend and the largest differences were observed
for high concentrations.

Dynamic effects were agein invoked to explain this behaviour as
described in ch. 4 and ch. 8. Hovwever, the increase in linewidth with
concentration and field was not explained by the cbove theory; instead it
was assumed that local clusters of Gd iong resulted in inhomogenous

broadening, with exchange narrowing &t higher concentrations.
(g ] =) L%
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Davidov et al (5.22) also investigated the system GdXZrl_xan
(x = 0.06, 0.05 and 0.03). Susceptibility measurements on the compound
containing 65. Gd gave T = 20K and P = 23K. The esr measurenents
shoved a broad maximum in the linewidth at 4CH decreasing to a mininum
‘at 6CK, with a high temperature slope of 3G.K-1. A negative g-shift was
observed with a maximum at 30K and a shallow minimum at 50X, decreasing
asymptotically at hirher texperatures. Fairly good correspondence vias
ébtained between the shave of the curves of g v T and AM v T for differcnt
concentrations, although for lower concentrations the absolute value of
the linewidth was less and the mininmum in the g-value more pronounced.
IThey cleim that a fairly good fit to the data zbove 20K may be obtained
by consideration of dynamic effects.

Schifer et al (5.23) observed the resonance of from 0.3 to 5%

Gd in the compound YAl They observed no mezsurable g-shift and found

o
that /AH veried linecrly with temperaiture, 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 indicetion
that the syvestem was well bottlenecked.

Lowin (5.24) has recently cbtained a g-value of 2.045 % 0.015 for
LaA12 - 0.5 atst Gd at 4.2F and this is in disagreement with the negative
value of Qg observed for these alloys in previous work (5.8). The slove
of the linewidth with temperzture was found to be 42 tyg G.K 2.

Finally, Davidov et al (5.25) have reportcd measurements on compounds
of the form UiThl—de3 vinich they believe may indicate the existence of
a spin compensated state in the systenm. Susceptibility data on the com-
pounds si:ow & nusber of anomelies which could vossibly be exvlained, it
was suggested, by crystal field svlitvtings, banc structurec considerations,
the antiferromagnetic alignment of U atoms or the existence of a spin

comnensated state. Bar neasurements on a U Th Gd P4, compound
= X 0.94=-x"0.06" "3

showed no linearity betiveen Ag and X vhen the temverature was varied,
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but did show linearity at constant tenperature és the Uranium concentration
was varied. These esr data were shovin to be incompatible with the first
three hypotheses, but it was claimed that the existence of a svin
compensated stecte of the Uranium could explain both the susceptibility

and the esr data.

(d) BRare-Eerths in Pd znd PA Bincry Alloys

The first observation of resonance in the much studied PA-C4d system was
mede by Peter et al (5.26a). They found g = 1.887 * 0.007 for 35 Ga
in Pd at 20K and plotited the linewidth ar~zinst temverature at different
frequencies. At high temmeratures a linear relction was observed with

1 for 1% and 3% Cd in P4 at all freguencies. At

a slope of about 5 G.X
10K, 12¥ and 20X they found broad minima for the 1% alloy at 9 Ge/s,

the 3% at 12 Gc/s and the 3% at 50 Gc/s reépectively, with strong broadening
in the higher concentration alloys, from sbout 600 Gauss at the minimum

to 1800.Gauss at 2X.

On dissolving Gd in a number of hosts from »ure Fh(g = 1.8¢ : 0.007)
through Rh-Pd znd 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 Bh) to
47.0 (pure Lg), they found z strong minimum in the g-velue mezsured at
20K and T8K, and a peak in the linewidth at a host ctomic number slightly
on the Eh side of »nure Pd. This mininum corresponded well with pezks
in the electronic specific heat and suscepntibility obtained by Budworth
et a1l (5.26b). In & further paper (5.27), Peter et al discussed the
effect of adding other rare-ecrths to the Pd-Gd host. They found thzt
" the zddition of the light rere-earths increcsed the g-shift, whilst
addition of hecvy rere-ecarths decrezsed it. They also showed from
susceptibility measurcemcnts of Tb in Pd and Pr in Pd, that the g-shift
was proportionel to the susceptibility of the zdded rare-earths. The
mezasuremcnts sucgested that the rense of the polerisation in Pd was far
greater than the range of the RBXXY polarisation in simple unennznced

"hosts (see ch. 1).
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Shaltiel et al (5.8) extended their vrevious work by adding
small concentrations of Tb, Sm, Pr and Ce to a2 Pd 3 Gd alloy and
measuring the g—éhift ag a function of tempercture. Below about 20X
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 anomzlous
behaviour; the Sm behaved as though it were 2 heavy rare-ezrth giving =
g-value of 2,00 at 2K, whilst no additionel shift was observed in the czsge
of Ce. The g-value of Gd in Pd was found 1o be approzimately concentrztion
independent over the range 1 to 3% Gd, but addition of Tb and 1d to an
alloy containing 2% Gd gave a g-value which increased with increasing Tb
content and decreased on the addition of Hd.

YWhen Ni was added to a P& 3% Gd alloy, the g-shift and linewidth
were found to increase linearly with the concentration of i,  No separuie
resonance from the Ni ilons was ovserved. Concentrations of up to 0.3%

Fe and Co were also added and in the case of Co impurities, the g-shift &%
20K increased from the value observed for G4 in pure Pd but became snmaller
than the Pd-GAd g-shift as the temperature was lowered. The first effect
was attributed to an increase in the Panli susceptibility (as in the Fi case),
whilet the second effect suggested a negative sign for the exchange
interaction between the Co ion znd the conduction electrons. o resonance
from Co was obzerved. The measureaents on alloys contcining Fe were
hempered by e strong Fe ferromagnetic resonance signal.

Resonance wes also observed from 2’ Gd diluted in a series of Pd-U
hosts conteining up to 207 U. On the addition of U the g-value increazsed
to g = 2, reaching this value at 9% U, at which concentration there is
also a minimum in the PAd-U susceptibility data. YWhen the Pd-U g-chift
datze were plotted on ihe sanme electron conceutration scale as Pd-Ag, the
two sets of values were found to correspond. The linewidth in the
Pa-U-Gd system wes found to be fairly independent of concentraiion up to

about ¢ but then increassed rapidly from 400 Gauss to 1200 Gauss at 15
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‘Shaltiel‘(5.28) further investigeated 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 retwrned to g = 2. Addition of other rare-earths
gave no extra suift.

.27%) were found by Harris

Higher concentrations of Gd in P3 (4.4 -

O.

O

et a1l (5.29) to give constant g-values of 1.86 3 in the paraaagnetic

regime.

Cottet and Peter (5.30, 5.31) have worked extensively on the Pd-Gd
ané binary Pd-Gd systems. They find that et 0.1% the g-value of Gd in
Pd is teaperature independent at g = 1.78 and that this increases linearly
with concentration to 1.88 at 2.55. Gd in Pd. Cottet (5.30) »nlots a
family of curves for AH v T and g v T for concentrations of 0.1, 0.4,
0.6 and lats Gd in Pd (fig. (5.2))f In the high temverature regime
‘(7 30K) the linewidth increases linearly with a slope of about 6G.K~1
and each curve shoﬁs a fairly veak minimum between 107 (0.1%) znd about
30K (1.0%0).  Kvove about 0.4% the g-valve shows a slight curvabure
towerds hicher g-values at lov temveratures.

Addition of Ni or Rh to the Pd host gave an increased g-shift to
g ~1.73 for Ll Wi or 2-5% Bh. It was found thet for Pd alloys doped
vith Cr, Pt and Ag, vhere the sdsceptibility of the host is lower than in
pure Pd, the g-value was provortional to the host susceptibiliiy at 4.2,
The szme was also true for i doped alloys vinere the susceptibility is
higher than pure Pd, bubt here a new constant of proportionality vas
found. In the case of Eh this proportionality was no longer observed.
Vthen, however, the g-chift was plotted 2

voinst the high teuperature

[

suscenptibility (250K),simple provortionalily was observed for all the
ens. They sucgested that both Wi in PG end'Fh in Pd ere partially
localised and that the terp.rature indenendent pert of these solutes in

Pd corresponds to the de-localised part of the susceptibility which lzrgely

controls the g-shift. The localised part influences the linewidta and
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here it was found thet whilst addition of i and Rh broadened the line
considerably, addition of Pt and Ag had little effect.

Praddaude and GHriner (5.32) measured the g-values of 0.2 - 25
G4 in Pd using specimens in the form of tﬁin 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 vork where demagnetisa-
tion corrections are more difficult to apply.

Very recently, Shaltiel et al (5.33) have completely resolved fine
gstructure in the snectrum of Gd in single crystals of Pd at a concentra-
tion of 430 »pm at 1.47K. They exhibited resonance data showing a
decrease in resolution with increasing concentration and tenperature.

A sample of 1300 ppm Gd was partially resolved and the g-value was found
to be 1.806 t 0.005 for the central line. The slope of the linewidth
at high temperatures was larger (=t 9.3 fos G.K-l) than the ficure for
powder samples quoted by Cottet (5.30).

(e) 64 in Y, In, Sc end La

Popplewrell and Tebble (5.3) neasured the z-value of Gd-Y alloys
containing from 3.7at}l G4 to pure G4, in eleven concentration steps.
The g-values were found to be concentration devendent ranging from 1.96 pa 0.03
at pure G4 to 2.13 : 0.05 for the 3.T7atd alloy, passing through the free-
ion value st sbout 30atii Gd. They obsexved that cooling through the
Curie point broadened the line until {he width became indeterminate sone
100X below TC and the line wag shifted to lower fields. In the alloys
with concentrations between 25 and 60% Gd, vhere in addition to ferromagnetic
order there exists a regime of entiferromagnetic order, two lines wer
obsexrved. One of these lines broadened and disappeared zbove TH vhilst
the other avpeared to be a ferromacnetic resonance. They suggested that
these double lines were due to ferromzgnetic clusters of G4, Tor a 6£% alloy

-1

at high temperatures a slope of about 15 G.X vas observed in the linewidth
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and a minimum was found about 4CH above TC.
In further pspers (5.29, 5.34) they alloyed Gd in Lu, Sc and La
as vell eg Y. In the Lu~Gd system the g-value in the paramagnetic
regime bacomes positive at 80% Gd and, for the lowest concentration
measured (8.3at:), is equal %o 2.015 £ 0.01. The linewidth again
exhibited a minimum some 4CK above the paramagnetic Curie point for an

alloy containing 70,5 Gd and continued to broaden below T The large

c*
positive g-shift (to 0.13) quoted above (5.3) for small concentrabions

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 G4 free ion value.

Cottet (5.30) investigated the behaviour of alloys of Y, La and Sc

containing less than 2% Gd. He quoted the following g-values at 4.2K:

14

Y_G'd 2 . 04

0,02
+

La"Gd 21 03 - 0002

Se-Gd  2.00 T 0.02

A plot of dllPVHT against concentration in the paramagnetic regiue
shoved an increase in dBH/AT at low concentrations in all three systeus,

1 at 2% 40 100 G.X at

but was particularly large in Y-Gd (from 35 G.X~
0.2%). Plots of N ageinst temperature for 4.2% and 3.5¢ Gd in Y

shoved a broad minimum at 30X and 20K respectively, with strong broadening
of the lines at low temperztures. The temperatures of the minima in
these alloys corresnond guite well with the Curie tenperature. Cottet
concluded from the absence of apprecizble g-shift and the behaviour of

dAH/aT V concentrotion thet the Y-Gd system was well bottleneczed and

that the other two systems were parily bottlenecked.
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Addition of 35 Ce to an ¥ 150 Gd alloy geve a g-value of 2.12 = .02

2 as the Yondo temnerature of the Y-Ce

at 4.2X which moved towafds 28
systen was guproached. Cottet surniced that this may have been a
manifestiation of the Xondo effect in esr.

Recently, Salamon (5.35) has observed resonance in a single crystal
of 500 ppm Sc in G4 and found thet the g-valve varied from 1.988 to 2.07
" with orientation cnd that the linewidth passed through a minimm 2t an
angle of approximately 60° between the DG ficld and the C-exis.
Salamon attempted to explain his results in terms of an anisotrooic g-value,
wnereas Tzo et al (5.40) sugeest that the results arz better internreted
in terms of unresolved fine structure.

(£f) Rare-Berth Ions in Other Hosts

Vakamura et al (5.36) vrevared a series of alloys coataining 0.15,
0.44 and O.Satﬁ Gd in Ag end found that the linewidtnh was linear with
temperature dovm to the lowest temperatures, with a slope of 4 G.K—l
for the low concentration alloy. The g-value for all the 2lloys was
close to the GAd free ion value. Addition of Al wes found %o increase
strongly the slope of the linewidth and to increase the g-values. These
observations were attributed to the brzaking of the esr bottleneck by
the impurities.
The g-values obtained zbove agreed quite well with the single
Ag 0.8atsi Gd alloy examined by Coles and Griffitns (5.37) in their paper
on Er in Ag. Here they found g = 2,005 t 0.005 and AH = 158 Gauss at 4.2X.
Ehara (5.38) neasured an alloy of 0.5at! Gd& in I'g and obteined 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 increasc with increasing tenperature) in terms of a
Kondo effect with positive J. Williams (5.3¢) has, however, emphasised
once zgrain the dangers of comnaring the sign of J obtained in different

measurenents.
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Tao et 2l (5.40) have recenily observed the resonance of 500 ppm of
Gd in a single crystal of ilg at 1.4K and 4.2¥ measured at both X-band
and Q-band. They report strongly enisotropic g-values which are temperature
dependent and negotive at 1.4X for all angles. This eppesrs to cast some
doubt on Ehare's result. As in the cese of Salemon zbove (5.35), a
mininum in the linewidth is observed and g~ 2.0 for an angle of about
60° between the field and the C-axis. They propose that both their
results end those of Szlamon may be best described in terms of waresolved
fine structure.

The sign of the g-value for G& in lig is further confused by the
report of Burr and Orbach (5.41) of a positive g-vazlue for both Cd and Eu
in lig. They declined to give a precise value, however, "due to deviations
from Dysonian lineshane".

The first resolved fine structure of 2 loczlised moment in a meszl
was observed by Chock et al (5.42) in single crystals containing 1000,

300 &nd 150 ppm of G4 in Au. At 4.2K they observed a single line at &ll
angles, but with considereble anguler variation of the linewidth. At
1.4K, hovever, they resolved fine structure at certain angles. The
resonance position of the "line" at 1.4I also showed an angular variation
of 30 : 5 Gaussg. For minimum linewidth a g-value of 2.05 I 0.01 vies
found, which is equal to that obtained from powder samples of the sae
concentration. At the angle for minimum linewidth they were able to

fit the line to a form 4(C) + BT where B = 8 G.k-l, which zcain is the
senme as powder samples. The value of A (17 pa 3 Gauss) at 15C pom

was, however, larger by 2 factor of four for nowders of the same concentra-
tion. The observed resonance did not display the character expected for
resolution of the seven G4 fine structure lines and a theory of line
narroving from spin - sgpin counlings end locglised conduction electron
exchange was outlined. Addition of 1 - 2. Pt increased the value of A

and decreased B, thus suggesting that the system vas not bottlenecized,

©

dessite g smell increase of B with decreasing concentration.



Recently, Davidov et al (5.43) have observed the resonsnce of a number
of rare-earths in Th, including Gd. TFor the Gd alloy they found that
both splat-cooled and powder alloys with concentrations of from 95 - 1300 oonm
of Gd obeyed a relationship A(C) + BT with B = 31 © 5 G.K™1.  The alloys
hed g-values of 2.0l & 0.01.

Finally, we consider the work of Sch¥fer et al (5.44) vino dissolved
up to 107 Eu in Yb. A siznal was observed froam 1.6K to 77K and measurements
were made at both X-band and Q-band. A value of g = 1.970 b 0.005 weas
obtained at all itemperatures znd the alloys 211 showved the same slope
~ 24 G.K-l in the linewidth above about 30{, below which the alloys
ordered. Good correspondence was obtained between the values of J
calculated from the g-shift and from the temperature deosendence of the

linewidth.

5.2 Transition lietal S-Stcote Ions

The first observation of an impurity rescnance in a mctal was nade
by Cwen et 2l (5.45, 5.46) on Iin in Cu. They obscrved rcsonance frox

alloys containing from 0.07% to 11.1% Mn ot 2K, 4K, 77K and 295K.  They

4
also studied an 2.110 r of ,.2‘9 In in ﬁ,). The linewidths increased with
/

temperature in the paramacsnetic regime gnd g-values for the alloys were

a1

all in the range g = 1.99 to 2.01, after correcting approximately for
lineshape. it low teiperatures in the a2lloys containing rore then about

1 at) Im in Cu, they obscrved from susce»tibiliily measurennts what

<l

appecred to be antiferromegmetic ordering at temveratures increasing fron
about 12% for a l.4aetil alloy to about 1COX for the 11.15) alloy. Inm
addition, they observed a spontaneous magmetisetion at 4X from the higher
concentration alloys, the value of which appecred to be a function of

the field ia which the alloy was cooled. Below the el »oint the esT

line was observed to move to lower fields, the largest shift being oviained
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in the highest concentration alloys (at 4.2%, the 5.6 im alloy had shifted
by 1170 Gauss, the 1.45: alloy by ~ 190 Gauss). These snifts were founcd

to be well described by the relation:

which is of the seme form as equation 4,80, for antiferromagnetic
regonance with I perpendicular to an anisotrony axis.

lleasurenents on z single crystal of 5.6at!’ in in Cu showed the line
to be isotropic to within I 30 Gauss in the (111) and (110) plenes.

Field cooling was also found to have a strong effect on the esr
neasurements.  Cooling the 5.6atil alloy’from TTZ to 4X in a field of
SKGeuss shifted the line back Vo higher ficlds by 370 Gauss, ccmpared to
a mezsurcucnt at AKX teken after cooling in zero field. Hysteresis
effects and gredual field desendent shifts were also found when the alloy
was lield at 4K and the field was varied.

The absence of an appreciable g-shift znd the observed widths of the
resonent lines wag tzlten to indiccte that the ¢ - d exchunzge in the
alloys ves 1/5 - 1/10 legs than nizht be exsected for I in Cu. A
molecular field model for the antiferromagnetic rescnance vas presented,
vihere the anisotropy field was réplaCed by a small molecular field arising
from the marnetication of the conduction electrons.

Sheltiel end Vernick (5.47) observed the resononce of 200 Im in 4u,
Cu and Az and confimned the g-vslues obtained by Cwen et al in Cu and A4ig.
They found a velue of g = 2.C05 : 0.C05 in the Au-in alloy with & broad
line of 725 Gauss at 20X (c.f., Cu-in = 14C Gauss, Ag-iin = 12C Gauss).

Geschwing et al (5.48) mede measurenments on a 0.latsé Cu-lm single
crystel. They observed & line wnich narroved to 40 Gauss at low
temperatures but were unsble to find evidence of hyperfine structure.

Mnisotrony in the Cu-in g-velue weas put at less than one p»ert in four

(M

thicusend from these neasuremenis

&
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Griffiths (5.49), using the vresent snectr ometer, cocrefully
investigated the behaviour of alloys containing 4atil end 15atl In in Cu,
as a function of their magnetic history.

In the 4atic alloy cooled in zero field, a well cefined nexipum in
the plot of amplitude (A + B) acainst terversiure vas observed at
43 pt 2K, AT egbout the same temperalure ()C ) the linewidth showed a weak
mlnlmum and a lineshift beceme apparent. The more c.ncentrated alloy
showed siniler behaviour, the corresponding temperstures being 115 I 3K
for amplitude and 135X for linewidth.

The g-values and linewidths obiecined by Griffiths agreed well with
those of Owen et 2l except for the room temverature linewidth of the
4atii 2lloy which Griffiths found to be considersbly narrower then Cven's
vaiue, although both samples were annealed. Criffiths also found o esmaller
shift in regonont froguency for his 4aty alloy (700 T 20 Gauss).

Cooling the zlloys in a field of 5KGauss radically sltered the
behaviour on a subseguent warm-up rTun. The temperciure of the emplitude
meximum vas the scme es the zero field vulue, but showed, in addition, a
proncunced minimm at 21X and 6CX for the 4% and 155 alloys resnectively.
There was a meximun in the linewidth at {these temperatures and a reduction
in the shift in resonant field at low temperztures. The 4at alloy was,
for examyle, only shifted 460 T 20 Gauss from g = 2 gt 4.2X. By plotiing
the parameter (A + B)([&H)z aceinst temmerature, it was evident thai e
l/T dependence of the signal intensity did not hold. The form of the
curves for both zero and field cooled sarmnles was sinmilor, Usinge the

expression H2 = Ho2 - HC2 used by Owven et zl, Griffiths found a good

T

linezxr relction between ﬂC and T for the zerc field data and notliced that
the extranolated velue of T corresponding to HC = 0 was in both cases

close to the observed amplitude meximum.
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Griffiths pointed out the fact that whilst thesge characteristic
temmeratures agree with those obtained from statvic susceptibiliﬁ&
measurements, thgy ere much lower than anomzlies found in the resistence
data for Cu-im alloys. The esr resvlts were thoucht to supnort Kouvel's
theory of ferromagnetic/antifer%omagnetic interactions and the characteristic
temveratures to correspond to the onset of ferromagnetic interactions.

Gossard et &l (5.50) studied the temperature desendence of the esr
linewidth of 0.3 and 1.5atfvxn in Cu alloys from 1.4¥ to 240X with the
addition of 0.01 to 0.15ati Tie, Pe, Co and ili. They estimated, on the
basis of the XKorringa formula, that the slove of the linewidih should be
~ 200071 Gauss compared with an observed value some two hundred times
less for a O.3at¢valloy end eight hundred times less for a 1.5aty alloy.
They attributed this difference to bottlenccling. Vhen non-maznetic
impurities (Ti and Ii) were added, the linewidth was observed to brouden
and the slope of the linewidth to increase by an anount rouphly proportional
to the impurity concentration. This was interpreted as evidence of the
breaking of the bottlenecl: by incressed conduction electron relexation
from spin - flip scattering at the impurity sites. Vthen Fe or Co vere
added, the broadening weas an order of magnitude grester still and this
was altributed to the extra relaxation involving the transfer of spin
energy from the Im to the Fe and Co spins. Further work investigated
the effect of Al and Lig impuri’ies. The spin - flip scettering cross-
sections vere deduced and tabulated for the verious impurities.

Oizude, and Dote (5.51) added i and Al to a Cu-5. Im slloy and
found that the slope of the linewidth wes five times greater for Ii.

They zlso found thzt in the sntiferromesmetic regcime, in a Cu 2% in 2lloy,

addition of Wi increased the lineshift whilst addition of Al had little

effect upon it.
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In a further pzper (5.51 the sene authors presented detailed
measurenents on alloys of 1.4, 2.0, 3.0 znd 4.0 atyl ¥n in Cu below 77X
and the resulis viere in good agreement with those of Cwen et 2l and
Griffiths. It wes observed that the concentration dependence of the

-1

linesnift at 4.2% was linear with a slope of 140 G.X ~ at X-band.

They sucgested that the anisotropy field origineted from the nuclescr snin
55

of the In It was shown that this field had {he correct temperature

derendence and the teuperciure dependence of the sublattice mogmetisation
was deduced. EIDOR experiments on Lg-In 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 i in the antiferromcgnetic regime vhilst the last
two were like Al.

licElroy =nd Heeger (5. 52) observed that residual linewidths in th
Cu-lln system viere unchanged for l1m concentrations of from 0.1 to 1.5at) end
this ruled out In-ln interczctions ag being the main contribution. They
found that the addition of non-mesmetic imvurities such as Si or Al to
a 0.laty IIn in Cu clloy increased the residuzl width by 72 G per & Si
end 38 G per ¢ Al and sccounted for this by the mechanism discussed in
chi. 4. In their analysis they obtained a valuc of VakFU 1 eV, by
substituting the value for the spin - flip scattering time for Si,
obtained from a plot of linevidth spsinst temperature for differvent Si

inmpurity concentrotions. Good sgreement was obtained with the results
38 N

from addition of Al.
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v,

Nakamura and ¥inoshita (5.53) investigated a number of Cu-in alloys
with concentrations from 0.03 to 2% 2nd found thet, below sbout 1¢ Im
in Cu, there wes a rapid increase in linewidth for decreasing concentration,
with a slope rather less than inversely provorticnal to concentration.
They observed that the residuzl lin-width wag concentration independent
for less than 150 In but dcereased above this concentration. All their
alloys gave g = 2.01 T 0.01 in the paramagnetic regime.

Cossard et al (5.54) studied the esr behaviour of Ag-ln alloys and
found good quelitative egreement with the Cu-inn resulis. They worlred
with etched slabs of the meterial end with filed powders and observed
thet even after stress annealing, the linewidth in the filed powders
increased at a sharper rate with temmerciure than in the slabs. In a
sleb containing 0.263 Lin the linewidth increased at ~ 10 G.K-'1 vhilst in
a 1.3% alloy, the linewidth increased at 3 G.K-l, thus susgesting that the
system is bottlenecied. Both alloys gave grv 2 in the paranagznetic

regime and it was found (as in Cu-lin) thai the addition of non-mametic

o

1

impurities increased the slope of the linewidth. The spin - {lip
scattering cross-sections for Zn, Ge, Cd, Pt and Au were evaluated.

The importance of metallurgical treatment in Cu-lin allcys was high-
lighted by the work of Miyako et al (5.55). They amnecled their samples
at 850C in a vecuun of 1078 torr and claimed that this had o pronounced
effect on the linewidth of their alloys. They found thet the use of a2
vacuum of only 10—6 torr doubled the linewidth of 2 4.37 Im in Cu zalloy
at roon temperature and thet bringing the vacuunm up to 10'-3 torr pushned
the linewidth up by a further factor of about five. Differences were
found fo be much smaller =t lower temperatures. Contrary to the woxl of
Oven et al and Criff{iths, they claimed to find pronounced mcxima in
linewidth for high vacuum amnealed samples at tenperatures corresponding

to Kouvel's anomelies in the resistance ( ~ 100K Tor 4.3; end 40K for 2.0:5).
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A detailed study of the Ag-Im systen with im concentrations of fxronm
v () v

0.19 to 18atsl was carried out by Elliston (5.56). In the antiferro-

b o

magnetic regime, behoviour gimilar to the Cu-lm results of Griffiths was
observed, the Heel tenperatures suggested by the esr measurements again
being considerably lower than velues estimcted from resistivity measurements.

Oda and iseyama (5.57) plotted the linewidth ageinst teuperature cnd
residual linewidth egeinst concentretion for very dilute (0.05, 0.3 and
1.5:) I in Cu doped with between 0.C06 and 0.5 Fe, i and Co.  They
claimed that their results, using leBlroy ond Heeger's analysis, suggested
the existence of an s - d quasi-bowrid stete with Ligh Kondo temverature
for Co in Cu.

Recently, Hagashima end Abe (5.58) have opened the bottleneck in
Cu-ln using a different approach. 'They evenorated thin films of Cu-iln
on to thin glass plates and observed the increase in linewidth zs the film
thiclkness was recduced. They calculated a velue of 0.04 as the probability
of a spin disorientation with & surface collision.
(v) In in Pa

The first esr measurements in the Pd-In system were renorted by
Shaltiel and Vernick (5.47). They found g~ 2.10 for a 2aty samdle at
4.2K and 20K ond & gradient in the linewidth of about 50 G.K L.  The
linewidth at 4.2X wes quoted as 680 Gauss. When 1% Pr was added to the
alloy, the g-value increesed to 2.195 whilst the addition of 0.2% Ho
decreased it to 2.055. This indicated that, as in the case of Pd-Cd, the
light rare-earths increzse the g~value whilst addition of the heavy rocre-
earthe decrease it. Comparison of the wvalues of J for the two systens
vere in fairly good sgreerent. The broacening of the line on zdding the

rare-earth was in this case much grester then for the Pd-Gd systen.
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Cottet (5.30) neasured the teunerature derendence of the linewidth

in the paromagnetic regime for concentrations of 0,23, 0.5, 1.0, 1.5 and 2.C5

Mn in Pd and found a slope of 75 Gk "+

-1

for the 2% alloy, increesing slightly
to about 90 CG.X ~ for the lowest concentration. He observed a g-value
ebout 2.12 £ 0.01 for the 1.5at! alloy at 5% and g = 2,17 foxr the 0.23%
elloy.

(¢) Un in Zn, iz and Al

Owen et al (5.45) performed one experiment on a 0.67 Im in Iz alloy
and obtained a g-value of 2.02 and linewidth of 270 Gauss at 4.2K, which
shoved some signs of Cu~lin tyoe antiferromagnetic behaviour below 4¥.
bingle crystal measurenents in this regime sucgested some signs of anisotropy.

Collings end Hedgeock (5.59) made a thorough study of esr in a 0.6atd
In in Mg 2lloy. They renorted g = 2.00 & 0,01 from 70X to cbout 6X
and a shift in the resonznt field of 300 Gauss at 2K which was double the
value reported by Owen et zl. A temperature independent linevidith of about
300 Gauss was revorted un to 20, with a slope of 6 G.K—l sbove this
temperature. The amplitude of the signzl also gave a broad peak at
ebout 6X. No change in the esr data was observed by cooling to 2.6K
in a 3XGauss field. The same authors found no resonance for 1 aié:

In in Al.

Observetion of a resonance line between 4X and 15K in a Zn O.4ete:

In alloy was claimed by Collings et al (5.60). 4 linewidth of 800 % 100
Gauss was renorted with a shellow minimunm at roughly 10K. A small
lineshift to lower field below the same temmerature led them to the con-
clusion that some form of entiferromasnetic order was precent. Lbove 1CI
it was steted that a g-shift was observed but no value was quoted.

[ 3

Idyeko (5.61) claimed to have obgserved resonance from O.Batﬂ and
ol v s . R +
1.0at% In in 2n. A temperalure indevendent g-value of 2.05 - 0.0l was

reported below SOK with 2 linewidth of 800 Gauss at 4.2K vhich brozdened at
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higher temperztures. Addition of Al and Cu impurities to the higher
concentration alloy increased the residusl vwidth and the slope of the
linewidth.

(@) Other Tronsition letals

Collings and Hedgcock (5.59) revorted the absence of any resonance
in Al-Fe and lLig-Fe alloys at 4X.

Salamon and Felel (5.62) claimed to have observed a resonance from
iron in dilute Cr-Fe alloys but considerable doubt has now been cast

Ao

upoen tvhis result.

5.3 Non S-State Resonecnces

The first observation of a non s-gtole paramagnetic resonence in
a dilute glloy was made in & L5 0.3ats Er alloy by Griffiths and Coles
(5.37) using the spectrometer described in this thesis. A resonance line
with ¢ = 6.73 £ 0.1 wes obiained at 2.5% close to the value (6.72)
observed for trivalent Er in cubic non-metallic metrices, vhere the 4115/2
state is split by the crystal field to give & ground stocie doublet.
The linewidth weas observed to broaden from 60 Gauss zt 2¥ linecrly to
160 Gouss at 14X, Over this temperzture range the signel intensity
(A + B)[}HzT) shovied 1little temﬁerature dependence. A 1.5zt samle
shoved weeker teaperzture veristion of the linewidth but had the szame g-value.
In = further poper (5.63) g-values of 6.80 & 0.07 were reported
for Lo 0.202t Er and a g-value of 3.30 T 0.20 vas founa for & 0.Satd
Yo in Au 2lloy. 4 g-value of 3.43 is expected for a.f17 doublet of
Yb3+ in 2 cubic enviromment.
The linewidths for the alloys were found to be of the fowm A + BT,

-

vhere A = 42 Gauss and B = ¢.2 G.¥ = for the Ag=Zr alloy, vhilst A = 370

Gauss and B = 12 et

for the Au-Yb, im»lying J = 0.15 e.V. cnd 0.03 e.V.
rcepectively.  No resonznces were observed in nowder samples of AgDy, AgzVb

or from the ions Tm, Ho and Th. The cbsence of a Tesonance in AYD
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was ettributed to a divalent stute for ¥b in this alloy, as was suggested
by the srall end veakly temperature dependent susceptibility.

Lowin (5.28) confirmed the g-values obtained above and searched
for further non s-stzie resonances in various hosts. He failed to observe
any signal from 2% Tm, 2% Ho or 0.9% Ce in Lafl, or from Ce in the compound
CeAlZ.

A resonance from Er in a single crystal of lg was reported by Burr
and Orbach (5.41). The observed signal was characteristic of a wniaxially
distorted [17 doublet of the free ion 4115/2 multiplet, the principal
values of the g-tensor being g, = 8.90 b 0.1 and g = 5.77 to.1. They
observed thal the broadening of the line with temperature was anisotropic
varying from 120 ¥ 20 Gauss in the perallel direction to 140 * 2C Gauss
in the perpendicular direction at 4.2K. Analysie of these values wves
taken to suggest thot the conduction electron - localised moment exchange
intersction was isotropic with a value of 0.C31 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 1500 ppm of Er in Ag . They estimated & value of A= 5 b 10 for the
hyperfine coupling consient, in good agreement with values for Er3+ in
an insulstor. They found that the form A + BT used by Griffiths and
Coles fitted their linewidth data (central line) and thet A was concentra-
tion dependent. They attributed the agbsence of hyperfine splitting in
the previous work as due to the larger residual linewidth together with
the thermel contribution ai the lowest temperciures (total ~ 70 Gauss
at 2K) which caused the central line to mask the inner hyperfine lines.

In a further peper (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 constent for fu-Er was found to be T75.5 p C.5 Gauss
(c.f. value of 73.8 for Er-' in Tho,), the central line gave g = 6.80 = C.04

+ ~1
end the linevidth obeyed the relation A + BT with B = 2.4 - 0.2 G.K ~.
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The hyperfine structure in Av-Yb corresponded to the Yb171 isotope

with I = &, and Al was found to be 575 I Gauss (c.f. 3104549 for Yb

in CeOz). The hyperfine structuvre from the isotope Yb173 which hes

gbout the seme abundance as the"fb”1 (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 : 0.06 was found for the central line

but the value of the temperature devendent contribution to the linewidth

of 42 ha T G.K-l wes higher by a factor of three than the value reported

by Hirst et 21 (5.63) for the slightly more concentrated alloy. The
increase in g{ 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 temperzture
dependence of the linevidth and using a value estimated by Shaltiel

et al (5.18) for the 6s contribution to the hyperfine coupling constant,
they separated out the ztomic and covelent mixing contributions to J

for both alloys. By this nethod, they obtained o valuwe for the covalent
mixing contribution in Au~Yb some twenty times lerger than is theoretically
predicted and they speculate (bearingiin mind the dismegnetism of AgYb)
that the difference in covelent 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 Erl67 and Ybl7l. The revised hyperfine constents
were given as T5 pa C.5 and 575 b 10 and the temperature dependence of the
linewidth as 2.7 © 0.5 and 40 ¥ 10 ¢.K™} respectively.

| Davidov et 2l (5.67) repoited the resonunce of Dy in Ag at concentra-
tions of from 0.0%% to 1% at temperstures in the helium renge. They
obtained & value of g = T.80 b C.3 which is cloze to the value expected
for the F 7

linewidth folloued the vsuzl linesr reletionship with temperature,

stete in a cubic environment (e.f. g = 7.55 in Can)‘ The

in this cese A(C) = 230 Gauss for a 0.4% alloy and 130 Gauss for a 0.15
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alloy with B = 40 b 15 G.K-l. These figures give a value of J =

+ 0.25 I 0.1 eV. o hyperfine structure was observed.
The same authors (5.68),in a further psper, investigated the resonance

of Er in Th, Rh, Pt and Cu; their results are shovm below:

C(ppm) g A B
ThEr 100 6.84 ¥ 0.05 27 1512
RhEr 700 6.78 T 0.1 63 4%2
PtEr 1000 6.50 £ 0.3 500 -
CuEr 200 6.86 ¥ 0.07 54 10%2

Hyperfine structure was observed in the ThBr system but (presumébly
due to the larger residusl linewidths) was not observed in the other
glloys. A velue of J = + 0.2 & .05 eV was calculated for CuEr.

The first observation of a r18 quartet resonznce was reported by
Davidov et al (5.69) in A4uDy single crystals with concentretions of 5C0
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 engular varietion similar to one of the 500 ppm
sample lines. The data were fitted to’crystal field paremeters with 34/36 =
1300 b 30. This value is much larger than the value 34/B6£: 340 (deduced
from the vwork of Hirst and Williems) for a AgDy alloy and the difference
wag attributed to the larger virtual d-level width in Lg, reducing the
contribution to B4 frem the d-like screening electrons.

The nearly linear increase with terperature of the linewidth of the
strongest line in the dilute crystal was used to evaluate J = 0.14 ¥ 0.05 eV.
This value (larger than iulr) was teken to be evidence, along with previous
measurements (above), of the increasing tendency to covalency in moving

across the rare-earth series from G4 to Yb.
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A further pzper by the same authors (5.70) anslysed the behaviour
of Er in various hosts, extending their previous mezsurements (5.68).
Powder samples of Er in ?t gave broad lines with g = 6.5 A C.3 as found
previously, but splatted samples gave a narrow line at g = 5.95 L 0.05.
Hyperfine structure was observed with A = 5 T 2 Gauss. 411 concentrations
from 250 to 1020 ppm gave a linewidth linear in temperature with Brv8 G.K.—l.

P3Er gave two lines in powder semples with Er concentrations from
200 ppm to 10,000 ppm. The g-values were quoted as 7.5 b 0.5 and
4.5 pa 0.5. It was found that splatting reduced the intensity of the first
line and increased the second (low g), and hydrogenation of the elloys
ceused the second line to vanigh. From these observations the broad line
in the PtEr powder semples end the g = 7.5 line in the PdBr semples were
attributed to intermetallic compounds.

It was argued that elthough the /16 level has g = 5.95, the
essociated value of the hyperfine coupling constant A would be 124
lower then the observed value. Since Er in seven other hosts gave s
value of A’ less then 1.5% from the expected value, it was srgued that the
Er resonznce observed in Pd must be due to the [77 level but shifted
from the free ion value of 6.78 by some 34%1 A plot of G4 and Exr
g-values against host (Rh, Pt, Pd) susceptibility yielded a pair of
straight lines. The valuee of the g~chifts, however, do not predict
through equation 4.55 the observed tempersture derendence cof the linewidth.

These observations constitute the only tertative identification of
g non s-state resonance in an intemetellic compound.

Davidov et al (5.43) have also investigeted Er end Dy in Th as well
as Gd in T™h reporied above.

In ThEr alloys of concentration from 40 to 2600 ppm, a linear plot

of linewidth ageinst temnpereture was agein obtained with slope 14 t 3 G.K—l.
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The measured g-value of the alloys-was 6.84 I 0.05 (as previously
reported for a 100 ppm sample). Hyperfine structurg wvas resolved with
A, = T5 z 2 Gauss. In ThDy alloys with concentrations of from 180
to 3250 ppm Dy, values of g = 7.61 F 0.1 and B = 33 ¥ 7 ¢.x™" were
obtained.

The temperzture dependence of the linewidth was used to calculate
J for the zllecys with an assumed enhancement factor of Kf'C¥}V0.4. The
values obtained were withiﬁ thé errors of the values celculated from the
g-shift (except for Tth) and shoved a constant value~ 0.044 eV for all
three alloys, in good agreement with velues obtained from previous

superconducting transition temperature measurenents.

5.4 Transmission Electron Snin Resonance

The investigetions in the previous sections of this chapter have all
made use of the reflection technique in esr. A few experimentis on dilute
alloys have, however, made use of the technique of transmission electron
spin resonence (tesr).

In these messurenenis a thin sheet is held between two resonent
cavities. At resonance, electrons in the skin depth of the surface
exposed to an rf magnetic field develop a transverse megnetisation and,
via a diffusion process, carry the nagnetisation to the other side of the
sample, where power is radiated into the 'receiver' cavity. The process
can only occur if the diffusion length 85 in fthe relaxation time Tz, is

greater than the sample thickness. This, itgelf, nmust be sufficiently

2]

thick that negligible power is transmitted.
If randomly distributed dilute nzgnetic moments with a g-value 83
clogse to the conduction electron value g_ are present in the sample and

if, in addition, the cross relaxation rates are larger than those to tie

lattice (i.e. the bottleneck limit), a single resonance line is observed.



143

The most important parameiter in this case is the ratio )(r of the impurity
static susceptibility)(d to the conduction electron Susceptibility;X's.
Vhen )(r:> 1, the resonance is dominated by the local moment properties
(i.e. at lov temperatures or high concentrations), but when )(I?< 1,

the conduction electron system dominates. A golution of Bloch-like

equations, modified for diffusion and exchange (5.73) yield

(g, - &) X .,

gs—go = (1+ XI.T L I N N I N N Y S R S PSP S Y 5-1
1 1 1 1 )<J?

md — (wAH o = + L) 5'2
T ops obs) = Tg 1+ X Tay, 1+ Xo

“in the limit ebove, whexre 8 is the observed g-value of the 'systen'.

TESR Results

The technigue 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 1.5% was found to be 2.011 pa 0.005 which is the
same value as that obtained by conventional techniques. This result is
not surprising since )(r:> 1. No sign of hyperfine splitting was
obgerved even in a 40 ppm sample.

Schultz et al (5.72) studied the Cu~}n system from 1l.4% to 35K,
for conceatrations renging from 13 pom ( X r”“ 3 at 1X) to 250 ppm. In
the low conceatration limit, the g-value of 4X was 2.024 and this approached
the pure Cu cesr value of 2.033 at higher teuperatures. The more
concentrated alloy made a far slower approach towards the Cu value with
ipcreasing teuperature. The results on the Cu-~ln systen were found to
be in good agreecnsnt with the simple theory above., One Ag-in alloy
vas also studied. In this case, whilst the general form of the behavioux
was in accord with theory, the high temperzture g-value appeared to saturzte
at a value (™ 1.999) far from the pure Ag g-~value (1.983) and no explanation

was offered for this.
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The behaviour of the linewidth as a function of temperature foxr the
alloys was also in good agreement with theory, and Schultz and his co-
workers deduced values of T L and TsL from their measuz:emen’gs.

In a further paper, Monod end Schultz (5.73) performed tesr on
alloys of Cu containing 4 to 36 ppm of Cr. The sane form of behaviour
for the variation of g-value with temperature was observed as in the Cu-lin
and both the g-value and linewidth were again in good agreement with
theory. The value of the spin flip scatteriny cross-section for Cr
obtained from the present work was in excellent sgreement with the values

obtained previously for Ti, Ni and ln by indirect methods {5.50, 5.51).
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CHAPSER 6
HETALLURGY

A wide variety of solid solutions and compounds has been
investigated in this work. In this chapter, a brief discussion of
alloying theory is folloved by a section dealing with some of the
.experimental techniques used in the preperation snd analysis of the
samples end, finally, each alloy system studied is discussed individuelly.

Appendix 2 contains structural dataz on nany of the systems.

6.1 General Alloyine Theory

The approach ito 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 snd the existence and siructure
of intermetzllic compounds. These classical rules of alloying behaviour
were first enunéiated by Hume-Rothery (6.1) as follows:

(2) Size Fsctor

If a solute atom is substituted into the lattice of & solvené
atom, and there is a wide disparity in atomic “size", a significent
strain field is set up zround the solute ztom end at the limit second
phase is precipitated. Hume-Rothery considered thet e difference in
atomic redii of greater than 1% severely restricts solubiliiy, even
vhen other factors are favoursble.

Leves (6.2) examined the ease with which different types of atom
mey be stacked to form various structures when the radii of the atomic

gpecies are different. The Laves phases (Hanz, Mglu,, and MgHiz),
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for example, occur for radius ratios between 1.1 end 1.4, thg idesl
theoretical ratio for close packing being 1.225. Dwight (6.3) showed
that the major factor controlling the ferxmetion of rare-earth Laves
phases and related structures is the ability of the partner elements to
expand ox contract so that the ideal ratio is approached. He further
suggested that electronic factors are importent in determining the
stable structure in a given systen.

(v) Electron Concentration

Hume~Rothery obsexved that in alloys of Cu, Ag and Au with
elements such as Sn end Zn, certain structvres existed with a fixed
electron to atom ratio. These "magic" retios correspond to the
meximum number of electrons which can be conteined in the first
Brillioun Zone without overlapping into the second zone. In the case
of these Yelectron compounds", at the point of contact of the Fermi
sphere with the zone boundary, a new sgtructure becomes energetically
more favoursble.  The Brillioun zone of this new structurc can accomo-
date a larger Femmi surface. These ideas sre 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 grest difficulties.
The ideas of Hume-Rothexry have, however, been extended to other systems
(6.3, 6.4, 6.5) including the Laves vhases, and the general importance
of the factor in more complex systems has been reviewed by Wernick (6.6).

(¢) Electrochemical Factor

Vhen the difference in electronegativiiy between two elements is
large, a vexry stable compound is usually formed and this tendency to
compound formation limits the extent of solid solution. Considerations
of electronegativity are esentizlly quelitative, but an attempt to combine

the size factor and electrcchemiczl factor in the form of a Darken-Gurry
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rlot has led to some success in predicting the solubility of one
element in enother.

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 forns is often merginal, means thet 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 relative
importance of these effects. It is usually most obvious when size

effects cre of greatest importance.

6.2 Purity of Neteriazlgs

The purity and form of the elements used in this study are

indiczted below:

Pd Johnson liathey, Specpure powder

Gd Xoch-light 3N ingot

Mn Koch-licht AN5 electrolytic flzke
(cleaned before use in dilute HzcoB)

Zn Koch-light 5N rod

La Koch~light 3N ingot

B Kﬁch—light 2N8 sponge

b Koch~light 3N ingot

Ag Koch-light 5N xrod

An Johnson Iathey Specpure powder

Al Johnson Kathey Specpure rod

Cu Johnson Mathey Specpure rod

Pt Johnson HNathey Specpure sponge and

Engelhard AN sponge
In Koch-light 5H ingot
Sn Koch~light SN rod

Fe Koch-1light Al8 wire
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The purities are, in general, those stated by the manufacturers,
although the Pd and Ag were analysed by emission spectroscopy in the
Analytical Sexrvices Laboratory of Imperial College. The results show

that impurity levels in both cases axe viell below 10 ppm.

6.3 | Furnsces

An argon arc furnace was used for prep:ring some of the alloys.
Thie type of furnace employs & water cooled heerth 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 furnece. Generally, unless otherwise specified,
nominel currents of bout 80 amps are employed and the ingots held in
the molten state for ebout thirty seconds before turning over and
remelting a number of times. In some ceses, the alloys were cast
in situ into sticks (40mm X approx. 2mm in diemeter) using a suction
device described by Stone (6.7).

The furnaces uzed at temperztures below zbout 1200C are constructed
from silicon carbide "Crusilite' elerents and temnpersiuvres are held
steady to ebout 2C by "Ethexr'" and "BEurotherm" controllers, calibraoted

against a Pt - Pt 13 at. % Rh thermocouple.

6.4 Metallurgicel Exaninstion of Samples

A number of techniques were used to check the composition,

homogeneity and structure of the semples.

(a) Metallogrsphic Fxamination

Samples were set in mounting plastic and ground and polished on
successive grades of emexry pzper 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

Measurenents 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. VWith suitable standards
a rough estimate of composition in dilute systems may sometimes be made.

(c) "wWei" Analysis

Quentitative chemical enalysis was performed on Zn-ln alloys by the
Analytical Services Laboratory of Imperial College and on the Pt-Gd
intermetallic compounds by Df. I. R. Harris at the University of
Birmingham.

(d) Electron Microprobe Analysis

In this form of analysis, an electron beam a few microas in diameter
is moved acrogs 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 presence of

specific phases of a given atomic structure could be checked.

6.5 The Intermetallic Compounds

(e) Ag-Gd

Steeb et al (6.8) found that there existed two silver rich phases
in this system, corresponding to compositions Ag3Gd and Ag2Gd; the
Ag3
to 940C.

G4 compound melts congruently at a temperature in the region of 9500

Gschneider (6.9) confirmed the existence of these phases, bub

preferred a true stoichiometry of Ag5lGd14 for the dilute phase.
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The "Ag3Gd" sample investigated in this work was prepared by
arc-melting the starting materials., A fairly large weight loss
(AV3%) was observed. Tne ingot was etched with a mixture of equal
proportions of HH4OH and H202 and the obsexrved microstructure closely
resembled fig. (c¢) and (&) in the paper of Gschneider et al, showing a
two phase structure. The majority phase (~80%) was showm by electron
probe analysis to be the reguired pvhase; 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 hexagonzl unit cell containing 64 atoms.
Gschneider et al, hovever, believe that, whilst the structure is hexagonal,
it is a new structure type which they call Ag3.6Gd. Heilasters et al
(6.10) find a similer structure in the Au-Gd system. Full structural
details are yet to be published.
(v) Al-Gd

An X-ray diffraction and thermoanalytical 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 interaetallic
compounds on the Al-rich sidet GdAl, GAAl, and GAAl..

2 3

Samples of GAdAl, were prspared by melting the Gd and Al together

2
in the arc-furnace. The resulting ingots were exceedingly brittle

and shattered on re-melting, thus nceking 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.
'GdA12 has the cubic MgCuQ Laves phase structure with space group Fd3m.

Attempts to make the other two compounds in the system were less

successful. A number of GAAl 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 deys at 750C. Examination under the microscope
revealed a white matrix (rv70%) with darker areas. ILlectron probe
analysis suggested that the white mejority 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 GdA12 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 temperszture sweep

showed a slightly distorted GdaAl, signall

2
The monoaluminide has an orthorhombic lattice (6.12) and is classified

as of the ErAl structure type (space group Poma), the structure of which

is not knowm. It may be transformed by suitable heat treatment to a

metastable modification (G841 type).
A number of attempts were also made to form the trialuminide, but

this was not formed as majority phase. Visual and electron probe

enalysis of these samples showed a mixture of three phases: a majority

of GdAl,, perhaps 20 - 304 of GdAl3 and what appearsd to be pure Al.
Rumels and Boucher (6.13) claim the existence of a further Al

rich phase et composition GdAl4 vhich decomposes by a peritectoidal

reaction at about 400C to form K-Al and GAAL Buschow and Van Vucnt

3.
(6.11) maintain, however, that the (R.E)Al4 (they prefer (R.E) 3Alll)
phese only exists for La, Ce, Pr, Ild and Su.

The structure of the (R.E)Al, compounds has a number of forus.

3
Up to and including Gd, the hexagonal Ni3Sn type structure is formed
(6.13) with space growp P63/hmc, but the heavier rasre eaxrths talte 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.
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(¢) Au-lin

The Au rich end of the Au-ln phase diagrem is shown in fig. (6.2)
This is reproduced from "éhe Constitution of Binary Alloys' by Schunk
(6.14). Between the stoichiometry Ad3Mn and the Au richest compound
C*LAu4mn, there exist two intermediate phases and this has led to
considerable confusion in the literuture. The phase referred to by
Vatanabe (6.15) as Au.ln, for example, has since been showm to be the

3
II r
X - phase which forms peritectoidally at sbout 21%ln.

Morris et al (6.16, 6.17), in X-ray diffraction studies, distinguished

three alloys at the composition AuBMn. They formed the disordered face
centred cubic alloy by quenching rapidly from 700C, a metastable ocxrdered
structure produced by an anneal of a few minutes at 445C followed by
quenching, which they labelled AuBMhI, and a stable ordered structure
formed after a long anneal at 445C, which they called Au.MnII.

3
Because of the complexity of the systen, a number of alloys were
prepared in this woxrk. The disordered phase was prepered by arc-melting
the components (a small (~ 0.3%) weirht loss being observed) and
4homogenising the ingot for five days at 850C, followed by a rapid quench.
The resulting alloy was not brittle and hardness meassurements further
suggested that the solid solution had been retained. X-ray diffraction
data was obtained on this gample and the lines observed corresponded
to the data for the disordered structure given by Morris et a2l (6.17).
Some very faint super-lattice lines were obsexved.
The ordered phase was forued by again zrc-melting the elements and
then annealing for three days at 550C. This sanmple wés fairly brittle
- and much harder (~200 on the Vickers scele compared with ~70 for the

disordered structure). The X-ray diffraction deta showed strong super-

lattice lines. Comparison with the date of iorris et al (6.17) suggested
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that a mixture of the Au3MhI and Au3HnII forms were present.

The stable Au3MhII phage is a tetragonally distorted modification
of the face-centred cubic (4u) structure, whilst the mebastable Au3MnI
compound, which transforus at room temperature slowly back to the
Au3MnII structure, appears to be orthorhombic. Iorris and Hughes
were unsble to disvinguish between a 2 % 4 x-l superlattice cell or a

1 x 1 x 10 cell for the stable compound.

(&) B -Gd, ™, Er
| A1l the rare earths form isostructural hexaborides and tetraborides.
These interstitial cbmpounds are metallic and highly refractory.

Some of the measurements made in this study were performed on
'samples prepared by Dr. Z. Fisk, but the zmajority of the work was
performed on samples of GdB4, GdBé, TbB4, TbB6 and ErB4 prevared in
this laboratory.

A1l the borides wexre prepared by arc—meltihg, 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 then 907 single phase. The lirht blue-greyish ingots
were heavily faceted and herdness measurerents were varizble bui gave
valueg of gbout 2000 on the Vickers scale. o estimate of veight loss
was nede as the samples spluttered on re-melting.

The tetroborides appezr 1o be the most stable of the rére earth
borides and preveration of the hexeborides was more difficult. Initial
attempts to prepsre then by src melting stoichiometric proportions of
the rare earth metal snd boron sponge in a pile on the arc-furnace hearth,
using currents of up to 1504, in general proved unsuccessfuvl. Finally.
o procedure was zdopted in vhich an excess of boron (20 - 30%) was used

end the elements pressed into a pellet, using & hardened steel die.
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The samples were then arc-melted sbout four times at increasing currents
up to 1704, turning over zfter each melf. Some of the excess boron
was lost on pressing and melting but Fisk (1.6) showed that using even
quite loxge excesses (to composition (R.E)B9) had no effect on megnetic
data. Conparison of esr data obtained in this work on samples formed
with different amounts of excess boron further supported this view.
Visual exemination of the Gd and Tb hexsborides indicated three
phases: a whitish phase normally present in very snell quantities which
microprobe analysis suggested vwas the diboride, the tetraboride and the
ghiny blue hexaboride. Samplegs of GdB6 vere prepared with 5 = 105
second phase, whilst the best that couvld be done with the TbB6 was cboul
10 - 15% second phase.  Attempts to fomm EﬁBé as:majority phase were
wnsuccessful. The hardness of the hexaborides lay in the range
3000 ~ 5007 on the Vickers scale.
The 3 grzm samples of the "™ borides, vsed in the neutron diffraction

11 obtained in

experiments, were prepusred from the seperated isotope B
sponge form from 20th Century Electronics and quoted as being 95% Bll.

The hexaboride structure can be conceived as a CsCl type structure
with a rere eaxth atom replacing the Cs ion, end a 36 octahedron in
place of the chloride ion. The structure type is CaB6 with space
grouvp Pm3m.

Longuet-Higging end Roberts (6.18) considered, vsing molecular
orbital theory, how umany electrons were required to bond the octahedra
of boron atoms to the rsre eaxrth. They showed that twenty electrons
were required. The boron atoms cen supply eighteen, so the rzre ezxrth

must provide the remaining two. The remaining electron thus gives

rise to the metallic properties of the hexgborides.
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The tetraborides have & tetrazgonsl ThB4 structure (6.19) with
sixteen atoms per uvnit cell and space group P4/mbm. The structure is
rather complex, being essentially a combination of the CaBG structure

and the AlB, structure, with a2 three dimensional network of boron atoms

2
forwed emong the metal atoms. Lipscoub and Britton (6.20) suggest that,
in the rare ezrth tetraborides, the same type of bonding scheme operates
as in the hexgborides, and that the rare earth sgain coniributes two
electrons to stabilise the boron networl:.
(e) Cu-cd

No phage disgrem has yet appearcd for the Cu-Gd system and there iz
some disagreement as to the existence of e number of phases reported in
the literzture.

The existence of the compound Cu2Gd is well established end analogs
exist for all the rare earth metals. It forms congruently from the
melt at sbout GCOC in the cese of Gd. In this work, the compound vias
formed by arc-melting the components. The resulting alloy vas exceedingly
brittle, meking the estimation of weight losses impossible. Metallograpghic
examination showed the 2lloy to be almost entirely single phese.

This compound crystallises in the CeCu, type structure (6.21)
which is orihorhombic with space group Imma. Bach Ce atom has four
necrest neighbours with a Ce-Ce distance greater than 33.

In the Pr-Cu (fig. (6.3)) (and La-Cu) system (6.22) theve exist
two further compounds: PrCu4, vwhich forms peritectically at 824C and
PrCué, vhich melts congruently at 926C.  Buschow (6.23) has investigated
the Er-Cu systen in some detail snd his tentative phase diagram is shom
in fig. (6.4). He finds taree compounds beyond IrCu,: ExCug, which
forms peritectically at 1005C, and two unidentified compounds which he
calls CuxEr and CuyEr, both existing at about 20 at.% Txr. The Cu rich

compound (CuyEr), he believes, is formed congruently from the melt atb

1010C, whereas the CuxEr compound is formed peritecticelly at 940C.
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FIG6.3 THE PR-CU PHASE DIAGRAM
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'

He finds no evidence for the existence of a phese with composition Cu6Er.
These striking differences between light rare-ezrth-Cu and heavy
rare-eerth-Cu phase diagrans suggest thal 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 trensition region for various structures.
lorierty and Baenziger (6.24) identified & compound Cu4Gd
and suspected the presence of Cu5Gd and CuéGd. Buschow et al (6.25)
found by XL-ray diffraction the existence of two structure types for the
(R.E)-Cu5 alloys. For Tm, Er, Ho =nd Dy the compounds crystallise
in the AuBe5 structure type which is cubic with space group F43ms but
for the compounds of Gd, Th, Dy and Y the hexegonal CaCu5 structure,
space group P6/mmm, wes observed in addition. Buschow and Ven Der Goot
(6.26) in z further paper, confirmed the existence of the (R.E)—Cu6
phase for Pr, Id, Sm and G4 and showed that it had the Crthorhombic CeCu6
structure described by Cromer et al (6.27). This structure has space
group Pnme and is closely related to the CaCu5 structure; there are
no Ce-Ce nearest neighbours. Buschow found no such phase for Tb and Dy.
In this work sttewpts have been made to form compounds at compositions
Cu6Gd, Cg5Gd and Cu4Gd. The possible existence of the various rare-earth-Cu
phases is summarised in fig. (6.5).
Sample (1): This wes arc-melted at composition Cu6Gd and the ingot
homogenised at T75CC in vacuo in an etched silica tube. The ingot was
etched in dilute IF and both metallographic and electron probe analysis
suggested the presence of two phases, the latter indiceting a mixture
of CugGd and CugGd (~70%0) stoichiometries. An esr run on this semple
confirmed this view, a mixture cf two signals being observed below 77K
with a single line at higher temperatures vwhich did not correspond to the

line cbtained from a sample of fairly single phase Cu6Gd (Sample (2)).
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Semple (2): A Darken-Gurry plot suggests that the solubility of the
rare earths in Cu is negligible and theref&re an attempt was made to
form the Cu6Gd phase by arc-melting amounts of starting meterials
corresponding to a structure CuBGd. This 2lloy (and subsequent alloys
formed in this way) gave low (~0.5%) weight losses on melting end were
quite brittle. ©Examination under the microscope suggecsted that the
alloy was over S0% single phase and electron microprobe analysis coufirmed
that this phase was of approxim:ie composition Cu6Gd.

Sample (3): This semple was formed by arc-melting at composition Cu4Gd.
The ingot was annealed in vecuo in a silica trbe for fourteen days at
T00C. It appeared zbout 90% single phase on examination under the
microscope, and, for three alloys prepsred in this way, the electron
microprobe analysis suggested a nominal concentration which would
correspond to a compound with stoichiometry CuB.BGd; it confixmed the
existence of small inclusions of second phase. The sample wes not very
brittle.

X-ray enalysis confirmed that Sample (2) had the CeCu6 structure
reported by Buschow. INo structural details sre availzble for the
compound GdCu, and Sample (3) did not give a sherp X-ray powder pattern.
It was also not possible to determine whether the predominant phase in
Sample (1) was of the Au‘Be5 or CaCu5 structure tyve.

(£) In-Gd

The 'most probable' phase diagram for Ce-In end Pr-In is given in
Hansen (6.28) and this shows that the compounds most dilute in rere-earth
form coﬁgruently at composition (R.E)-In3. This is confirmed for Cd by

Moriarty and Baenziger (6.24).
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The compound was prepasred by arc-melting the constituents. A
weight loss of about 2% was obtained for both the compounds produced.

Examination under the microscope revealed fairly lerge grains of
interretallic compound with a 1little 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 itwo hours at 25CC in an etched pyrex tube
in vacuo, after\crushing.

The compound has been shown (6.29) to crystallise in the cubic
Cu3Au type structure, space group Pm3m.
(g) Pd-Eu

Heasurements were made on two compounds in the Pd*Eu system:
PdZu and P& Fu. Harris and Longworth (3.26) have shown that the Eu
is in a divalent state in both these compounds. The alloys were supplied
by Dr. I. R. Harris of the TUniversity of Birminghsn who prepared them by
arc-melting., Cherical analysis and metallographic examinziion showed
the two alloys of the appropriate compositions, although susceptibility
measurements on the Pd-Eu phase have indiccted the presence of some
second phase (G. Longworth, private cormunication).

X-ray diffraction data of Harris shows that P3d,BEu talkes up the

2
I&gCu2 structure Laves phase. he structure of PdEu is, however, not
kmovm.

(h) Pa-Gd, Er, Yb

These alloys vere again prepured by Dr. I. R. Harris. The
measurenenss in this work were made on the materials prepared for the
megnetic mezsurements of Gardner et a1 (3.23).

The three compounds measured, Pd3Gd, deYb, and Pd3Er, were all
prepared by arc-melting the elements and homogenising them at 900C for

one veek. The compounds are shown to form congruently at temperatures
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in excess of 1400C from an approximzte form of the (R.E)-Pd phase diagran
given by Gardner et al. The Pd3Gd and Pd3Er were extremely brittle and
appeared single phase under the microscope.

The Pd3Yb sample, however, was not brittle (no magnetic messure-~
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 are furnzce
currents (> 1204) were required to fuce the elements and that they then
tended to separeie zcgein on further melting. The large currents were
leading to considerable volatalisation of the Yb mefal and therefore a
number of melts were made with compositions up to 35 at.% Yb to try to
allow for loss. lione of the =1loys was brittle and they showed a
Vickers hardness nearer the value expected for a2 solid solution.
Electron probe analysis showed a wide veriation of concentrsticn (es
much as 10 -~ 15¢%) across the sample and averasgely low levels of Yb for -
each of the two samples analysed by this method. Examinaiion undexr the
microscope failed to reveal any features, although a variety of etching
reagents vwere tried.

Harris and Raynor (6.30) shoved that all the Pd3(R.E) comnpounds
crystallise in the AuCu3 structure.

(1) Pt-cd

ESR measurenents were nade on the intewnetallic compound Pt,.G4,

2
which was formed by arc-melting the sterting maberials, the Pt sponge
being first melted into a small button. Veight lozzes were not
measuxrable due to the extreme britileness of the compound. Visual and
electron probe ocnalysis shoved the alloys melted at this composition

to be single phase, Attenpts were also nzde to prepore the compound

GdPt3, the sxistence of which was reported by lioriarty and Baenziger (6.24).
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The compound produced at this composition aiso appeared to be single phase
and was again very brittle. X-ray diffraction measurcaents were nade

by Dr. I. R. Harris on both compounds and he found that the so-called
Pt3Gd was, in fact, the same phase as the PtzGd, both giving sharp

X~-ray lines corresponding to the MgCu2 Laves phase structure but with a
differecnce in lattice parameter ~1.6%.  The value of the lattice
parametver for the 'true! PtzGd compound agreed well with previous

work (6.24).

Harris (6.31) reported similar behaviowr in a number of light
rare~carth-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 couucentrations from 20j% Gd (P%4Gd) to 35 Gd

(Pt Cd) and the results are showm in fig. (6.6) along with the

1.85
resulvs for the Ce compounds. The values of the a-spacing obtained at

206K in the "arc-melted" condition are shoim belows

Atomic % Gd a~spacing Previous Work

(% 0.00052)

35.0 7.6359
33.3 (Gart,) 7.6348 7.6349 (6.24)
31.0 7.6245
30.0 7.6166
28,0 7.5928
25.0 (Capt,) 7.5597 7.577 (6.31)
23.0 7.5498
21.0 7.5525
20.1 T.5524

It can be seeu thatbt there is a significantly steeper variation
of a-gpacing with composition in the case of the Gd-~Pt alloys and the

alloy at stoichiometric composition G&P%, appears, rather surprisingly,
=
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to lie within the two phase region. It appears thet the limits of the
Laves phase sre at 24.2 and 31.8%Gd4, compared with 24.3 and 34.5% Ce
for the Ce-Pt alloys. Harris has found that rare-earths heavier than
G4 hzve a Cu3Au structure in the arc-melied condition.

It is surprising thst the Laves phase for the (R.E)Ptz alloys
should exist over such a wide range of composition since, in other
systems such as the (R.E)Alz 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-carth sites;
this would explain the reduction in a~value as the alloys become Pt rich.
This suggestion might be confirmed by measurements of absolute density
and these are now proceeding.

() Zzn-Gd, Er

Keasurenents were nade on three dilute Zn~Gd intermetallic compounds:
anZGd’ anZEr and Zn17Gd2. 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 zbout
750C from the Zn rich melt and the (R.E)22n17 compounds. Stewart
prepared these alloys by heating the elenents in vacuo in pyrex for
three weelts at 500C. Extensive analysis showed the anzGd and anZEr
conpounds to be almost entirely single phase.

The (R.E)Zn12 conpounds have a body-centred tetragonal Thﬁnlz lattice,
space group I 4/mmm. Each rere-earth atom is surromnded by four Zn atoms
at 3.1% and cight Zn atoms at 3.22, with a further cight et 3.48. The
rare-earih ions are never nearest neighbours and the distence belween any
pair is not less than SX.

The (R.E)22n17 compounds exist in two structural forms: the

rhombohedral ThZZn type sbtructure, vhen formed from the melt, and the

17

Th, Ni.. structure, when formed by prolonged heating between 420 znd 600C.

27717

A
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Stewart prepared the '.[‘hQZn__L,7 compounds which form congruently from
the ﬁelt by hezting the pure netals in an evacuated silica tube for ten
hours at 1070C and quenching in air. The Gd2Z1117 sample was again
almost entirely single phase.

The ’1’112an7 structure has space group R3a. No magnetic atoms cre
nearest neighbours and they are again separated by at least Hi.

Size effects (6.32) seem to be the primary consideration in the form
of structure c¢zhibited by these compounds.

(k) Zn-Im

Heasurcnsnts were made on a number of Zn-ih intermetallic compounds
which were prcepared 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 (E-—phase) have a composition I‘.Ian3,
where M is In, Fe and Co. These are forued peritecticelly. Dunlop
prepared the compounds by dissolving the transition metal at a temperzture
50C above the relevant liquidus and quenching in cold water. The alloys
were then amealed at temperatures below the peritectic for three or
four weeks and slowly cooled. The Fean3 alloy wes held at 500C and
the an3I-.In alloy was annecled at 42CC. Examination under the microscose
shovwed the Fe and Co compounds to be fine grained and single phase, whilst
the an3Mn compound showed up to 5% second vhase, which microprobe analysis
shoved to be solid solution. X-ray analysis was used to confirm that
the structures were E-phase.

The compounds have a monoclinic structure with space group CQ/m.

This structure may be visualised as a transition meval aton surrounded
by twelve Zn atoms at the vertices of z slightly distorted icosahedron,

and these are linked together to form chailnz parallel to the c-axis,

whichh are packed in a hexagonal arrey with extra Zn atoms between the chains.
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The transition nmetal atoms are never nearest neighbours and are separated
by 2 minimum of 52.

Runs were carried out on Dunlop's samples (135) and (1334).

The 8 ~phase was also formed in the Zn-In systen. This is more
concentrated than the I; phase compound and has a composition equivalent
to anc$&n The specimen wag prepared in the some way as the I;-phase
compound, the final anneal again being carried out at 420C. Microscopic
examination shoved the alloy to be almost single phase.

The structure is exceedingly complex with a hexagonal unit cell
conbtaining about 550 atoms.

A run was also carried out on an alloy of composition i zn

0.05€0.95

vhere 5% of the Fe atoms hove been revlaced at random by In atoms.

13’

The alloy was prepared in exactly>the same way as the anBFe compourid.
Examination under the nicroscope showed this alloy to be single phase.
(1) P4,inSn

This ternary Heusler alloy was made by arc-melting the elements in
stoichiometric proporiions. There was a 2.5 weight loss for the first
alloy prepared in this way and examination in the as-cast state shoved
the alloy to be a 5C% mixture of two phases. Following the procedure
of Viebster and Tebble (3.37),Vthe ingot was ammezled for twenty-four
hours at 800C and then quenched. ¥Metallogrephic exanination sﬁoved
roughly the seme proportion of the two phases but with a coarser structure.

A secoud alloy was arc-melted and this time, using a low value of
arc current (nominally 70 zmps), the losses were less thaa 0.5%.
Examination of this ingot, both under the microscope and by electron

probe analysis, shoved that it was about 959 single phase with a few

specks of second phese.
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X-rey and neutron diffrection enalysis of P4 X (X = 8n, 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 texms of four interpenetrating
fee sublattices. There are no nearest neighbour I atoms, which are

separated by‘ﬂ/6.4ﬁ.

6.6 Dilute Solid Solutions

(a) Pd-Gd snd PA-Ni-Gd

Solid solutions were prepared by arc-melting. Samples with con-
centrations from 0.02% to 7% GA were prepered in this way with no second
phase visible. Harris (6.33) estimated thet the solubility limit of
& Pd-Gd solid solution was 11.3% at 900C. This seems large, since the
retio of the atomic redii is ~30%. Harris suggests that this enhanced
golubility can be citributed to the expansion of the Pd lattice by
filling of the 43 states by the solute valency elecirons. This would
suggest a much more open lattice than that expected from z simple
substitutional solid solution.

| Losses on nmelting were in general very suall (~0.1%) but electron
probe analysis sugeested 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
heterozeneity. This latter result is in disagreenent with the work of
Cottet (5.30) wno did not apparently homogenise his alloys.

For concentrations of less than 4 at.% a master alloy was prepared
end diluted with excess Pd. The alloys were then homogenised in a
vacuom of ZLO“5 torr in a clean silica tube for periods in excess of two
days. Analysis showed that the alloys prepered in this way were fairly

homogenous. Before filing, the alloys were cleaned in aqua regia to
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which had been added a few drons of H202.

stress amnealed at 300C for 2 - 3 hours (although subsequent runs showed

They were then filed and

that, at least for alloys with concentrations lzss than 0.5% Gd, this
anneal had no effect on the esr linewidth).

Satisfactory results were obtained on alloys of 4 at.% and 0.25 at.%
but in exneriments on = 0,02% sample the 'true' signal was superimposed
on & broed background signal. Careful enalysis of the O.25@at.%
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 similer concentretions end it was concluded that the effect nust
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 Alumine crucibles instead of silica
tubes, no background 'signal' was observed. This suggests that the
effects observed were due to the reaction of the silicz 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 ferromegnets with high Curie temperatures.

The Pd-Ni-Gd elloy was foraed by arc-melting Ni into the 0.4 at.%
ingot of Pd-Gd and homogenising egein at 12000 in an Alumina crucible
prior to filing and siress annealing.

(b) Pd-lm

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 P4 were prepered by arc-melting. Only very small (typically‘ﬁfo.zﬁ)
weight losses were experienced.

The ingets were then homogenised at zbout 800C for 3 - 4 days and
quenched. This teaperature is somewhot less than might be expected

from consideration of the Pd-¥n phase diasram (6.28), vhich would suggest



higher temperstures ~ 12C0 - 1300C. The lower tempersture is chosen to
maintain a balance between adequate homogenisation and the avoidance of

In loss from the surface of the ingot, which may occur at high temperatures,
leading to a lIn 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.

Metallogravhic examination of the samples showed that all but the
most concentrated alloy were single phase. The phase diagram suggests
that the solubility of im in Pd at 1000C iz ~28%. Electron probe
analysis confiraed the nominal concentrations and showed good homogeneity.

After filing, the alloys were stress amealed for three hours at
350C.

(c) Zn-im '

A number of experiments were performed on dilute alloys of Mn in Zn.
Phase diagrams (6.28) indicate that the maximum solubility of :n in Zn is
~0.4 at.%.

Senple (1): This sample was a nominel 0.4 at.fS Mn in Zn and was obtained

from Dr. A. D. Caplin. The ingot was etched in dil. HNC,, filed and

3’
stress annealed at 150C for two hours.

Sample Lgl: This sample was prepared by sealing the elements in an
etched syrex tube and holding it at 510C for one hour, shelking repularly.
The sample was quenched and re-seecled prior to homogenisation for two

days at 400C (felling to 33CC) and egain quenched. Herdness measurenents
showed a Vickers herdness of 550, compared to 35 for pure Zn. Iletallo-
graphic examinations showed no sign of second phase.

Samples (3a) and (3b): These samples were nominally 0.4 at.® ¥n and were

~

obtazined from Dr. C. Rizzuto of the University of Genoa. The alloy was
homogenised for two days at 4C0C in an etlched pyrex tube in vscuo.
After filing, Sample (3a) was sitress amnesled for two hours at 180C.

Sanple(3b) wae not siress ammeszled. Hardness measurements again geve a
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velue ~ 50 and messurements of the resistance ratio gave R273/R4 2’VZ.3,
whicelh is close to the velue expected for the nominzl concentration.

Samples (4a) and (4b): A nominsl Zn0.1 at.?% ln alloy was also obteined

from Dr. C. Rizzuto. They were heat itrected in exactly the same way
as Samples (3a) and (3b).
(a) Raln

Alloys of 5 and 10 at.? lin in Bh were obtained in powder form from

Dr. 4. P. Nurani.
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CHAPTIR T

APPARATUS AND IXPERTNENTAL LIETHCD

7.1 The ESR Spectrometer

The spectrometer was built by Dr. D. Griffiths and is a conventional
homedyne X-band reflection spectrometer. A plan of the apparatus is
shown in fig. (7.1).

- Microwave power is supplied by an R9689 EI-Varian tuncble klystron.
This operstes at 8¢50 Mc/s cnd 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 circnler 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 edjusted by meens of an attenuztor end variable short cirecuit.
This "bucking" sifmal and the reflected powrer from the cavily re-combine
in the hybrid Tee and pass to an AEI type CS10B receiver crystal via a
directional coupler. Another édetecior crystal and a veriable screw
probe in this axm ensble the power reflected from the crystal to be
minimised.

The output from the detector is fed through a matching trensformer
into 2 low-noise head zmplifier and then through a cascade of wide band
emplifiers. The signal is finelly passed through a tuned 5.1 Kc/s
amplifier and a »hase sensitive detector. The emplifier chain yields a
peximum final gain fVlO7. The ocutput is traced on &« Honeywell x-t pen

recorder with a chart speed of 0.085 cn sec.
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The klystron frequency is locked to the cavity frequency by an
automatic frequency conirol (AFC) loop. 4 little of the reflected
signal is coupled into the AFC loop and detected by an AEI type CSB4
diote; 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 Xc¢/s oscillator.

A magnetic fleld of up to sbout 8KGauss, with a2 pole gap of 6cn,
is achieved with a Newport type D electromagnet, operating from a 2kw
iwareham magnet power supply (type C298). 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 Tem from the
centre of the pole-faces. The field is swept by a unit which sweeps
from zero to full field in settings of #-minute to 16 ninutes. On the
settings used in a typical esr sweep, the unit is linear in both directions
of the sweep to 1¢.

The field jis modulated at 5.1 Kd/s by a pair of Helmholtz coils
driven by a Quad II power emplifier. Variable settings of the modulztion
amplitude are eveilsble with a maximum of 15 Gauss. Since this amplitude
is small compared with a typical linewidth, the pen recorder traces the

derivatlive curve.

T.2 Thernometxy

Tenperztures below 4.2K were generelly measured by reccrding the
helium vapour pressure with a mercury menometer. Below cbout 2K, oil
pressure rezdings were taken.  An Allen-Bradley 501 carbon resistor
was also used on occasions in this tempercture range and was calibrated

againsl the menometer readings.
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Temperatures from 4.2K to room temperciure were messured uging a
Au 0.03%% Pe-Chromel thermocouple (annealed) referenced to room tenmperzture.
Below 77K the calibration curve of Rosenbaum (7.1) was employed, whilst
about 77X the data of Berman (7.2) was used.

During the course of the work on the Pd-in system (see Ch. 8), a
disérepancy between the mezsured temperature and the actual temperature
of the sample was suspected between 4K and about 12K. Since this
temperature regime is of particuler interest in the work on the Pd-In
and Pd-Gd dilute alloy systems, it was decided to investigete 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.%
sample, should heve a slope of 4 Gauss Kﬁl. The linewidth behaviour
of this system is thus useful for checking thermometry in this temperature
range.

A smell ingot of nominal Ag 0.2 at.f! Gd was prepared by arc-melting
the constituents end aznnealing the ingot for five dsys at 670C in a clean
silica tube. 1NMicroprobe analysis confirmed the nominal concentration
and microscopic examination showed the ingot to be over S0% single phase.

Two runs were perforrmed on this sample and the results are shown in
fig. (7.2). 1In the first case the heater used to boil off the liguid
helium wes left running at a low setting during the warm up and, in the
second experiment, a 'free' warm up took place. It is noticeasble that,
in the first case, there is a pronounced deviation from straicht line
behaviour, suggesting that a nominzl temperature of TK corresponds in
fact to a temperature of nearer S5K. In the second case, the discrepancy

appears to be zbout half this velue.
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The effect moy be wnderstood by reference to fig. (7.3). ‘hen the
helium level is above the cone joint, the sample znd thermocouple are
at the same temperature; hovever, as the level of the helium drops to
the bottom of the cavity and the warm up beging, there exists a temperature
gradient up the cavity, causing the thermocouple to register & hicher
temperature than the actuel temperzture of the sample. Extra local
hecating from the heater used to boil off the helium accentustes the
effect. A further run on this specimen vwas 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 pradient. This
appecred to give a slight imprévement, but there remeins an uncertainty
of as much as -1¥ on points in this temperziture regime. In practice,
the warm-up points from 4K to gbout 15X have been obtzined without the

use of the heszster.

T3 Measurenent of Marmetic Field

Lowin (5L24) monitored the magnetic field during a sweep by measuring
the potential across a standard resistor in series with the mzgnet, and
periodically calibrated the field in terms of current, using en nmr
apparatus.

During the present experiments the magnetic field is measured using a
Bell 620 Gzussmeter, with Hall probe mounted close to the dewars.

The field was monitored on a Solartron 111420.2 digital Voltmeter.
Field calibration marks were obtained using a chart marking facility
designed and built by D. Griffiths (7.3). This device closes a reley
circuit within 2 millisecond or so of the start of the first counter
display period, vwhich contains an initisting 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 resoncnce in rubber. The nmr frequency is adjusted
to beat with me of a series of standard crystal oscillators and,
when beats are scchieved, the mcgnetic field is swept until the proton
resonance is observed on an oscilloscope. This process 1s repeated
three or four times in each run and on each occasion five crystal
oscillators are used.

Comparigon of the protor nmr unit with a commercial instrument,
using a Lithium resonance, gave agreement at 3KGauss to within 1 Gauss.
The zero sgtability and full scale deflection calibrations of the Gaussneter
and voltmeter do not drift by more than one part in a thousend during a
run and, alloving for the menufacturers specification for the probe
itself, the present gystem should mezsure a field of 3KGauss to within

about 8 Gauss.

7.4 The Resonant Cavity

The originel cavity built for the spectrometer consisted of a

rectangular TS mode cavity made of thinned brass wavegulde, cast in

102
araldite for thermal mass. Samples were ingserted in z 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 tuild up in the cevity giving a background signal.

Lowin (5.24) discussed in detail the factors influencing the choice

and design of cavities. He concluded that the moct 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 z2luminium
mandril and casting this in argldite, before dissolving away the aluminium
with sodium hydroxice. This produced a cavity feirly free from extraneous
signels ond a2 high wunlozded quality factor, @ (~ T000), but it ves
found that on thermal cyeling the araldite tended to creck.

The cavity used at present woas constructed by Lowin. Naval bress
(vhich is rel:tively free frow both magnetic and superconducting impurities)
was machined to give walls 8 thou thick. This was eiched and cagv in
eraldite. It gave en unloaded § ~~ 6000 and withstood repeated thermal
cycling. A number of checks were made during the course of the present
work (epart from negative results) to ensure thet no apprecisble level
of extreneous impurity hed built wp to produce background signels.

Runs were performned on filed, arc-melted Ag~Au wlloys and at no time
vas a significant baclkground signel observed ct any temperzture.

There ig another type of éignal vhicli ig not due to the sample and
this srises from the currents induced in the wells of the caviily by the
module tion. These currents interact with the static DC field end thus
ceuse mechanical vibrationg of the cavity walls. This "Wall-breathing"
signel, as it is czlled, being at the modulction frequency, is within
the band-pass of the nerrow band emplifier and phase sensitive detector
end yields a signel vhose emplituvde incresses monotonically with field,
thus causing a continuous shift in beseline.

Fig. (7.4) shows how o dispersion sitnel may be mixed with an
abgorption sigmal end how the spectrometer responds to fluctuaticns in

frequency which are fester than the response time of the AFC.
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VB represents the bucking signal from the klystron snd VR the

signel reflected from the cavity. Vb is the resvlient reaching the

detector. The absorptive part of the signel causes the vector V. to

R
move radially, whilst the disgpersive component causes Vﬁ to move round
the circumference of the cirecle that V. describes as the frequency

R

is veried. To set the spectrometer such that the gbsorptive part of the

signal only is obsexrved, V., is made perpendiculsy to the circumference

D
(ice., ® = 0). In this cnfiguration the variation of VR due to an
gbsorption signel has a first order effect on the length of V., whilst a

D

snall dispersion signal 6n1y has en effect to second oxder. If the
dispersion signel were reguired, Vb would be set tangential to the
circle (dotted).

If a frequency drift occurs during the course of an experiment, the
tip of V; moves round the circle, © increzses, and the dispersion sigmal
is no longer fully suppressed. From Fig. (7.4) it may be seen that
fluctuetions in frequency modulote V. with full force, in the case of

D

the dispersion signal, but have no effect to first order cn the ebsorption

signel. Ve thus see thai a swmall frequency drift, (tyvically a few Ke/s
in the course of an exweriment), may heve en inordinotely lcrge effect

upon the total noise level arising from fluctuctions in frequency.
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In the case of "wall-brecthing", the fluctuetions may be reduced by
a proper alignment of the cevity with respect to the DC field. Feher (7.4)
observed that 'squeezing' the broad face of g TElO node rectangulaxr
cavity increases the freguency, whilst 'squeezing' the narrow face reduces
it. Thus two positions (180O apart) may be found for the marmet et
which the effects cancel. A similcr mechanism seems to exist for a
cylindrical TE112 mode cavity, but the effects appezr to be smaller.

Lowin. (5.24) made nmezsurements on the cylindrical cavity used in
these experiments both before and after casting in sraldite. He obeerved
that the signal from '"wall-brecthing" was reduced by a factor of ten
after *potting'. He plotted the emplitude of the "wall-bresthing
signal at a constent field ageingt the bucking signal phase for a number
of orientetions of the magnet and found, at unfesvourable magnet orienta-
tions, a sine curve for the dispersive phase signal; in addition, he
found a small signal which appecred to be independent of magnet angle,
but which was reduced by potting. Lowin suggested thet some mechanism
invelving the modulztion of the coupling 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 experim.nts by
the simple expedient of fixing & copper tube on the tail of the heliun
dewar in a position below the cone joint, but well clear of the specimen.
Measurements with a search coil showed thet the shield reduced the
modulation by a factor of cbout twenty. Vhen the copper tube was
positioned round the feed wave guide a smell reduction in “wall-bresthing®
signal was observed, but as it was lowered to cover the iris and ccne
joint a reduction by a factor of almost two was achieved. The nresence
of the shield had no effect on the shape oxr position of the resoncnce lines

from the samples.
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7.5 Sensitivity

The sensitivy of an esr spectrometer is usually quoted as the
minimum number, Nﬁin’ of spins detectable under cexrtain conditionms.
The folloving factors must be congidered:
(a) Microwave frequency:

Peher (7.4) shows that:

oc 1
Nﬁin -22;772 ceesstarasseesessrtesasrens T.1

vhere W is the microwave frequency of the systen.

This relation means that, theoretically, & (Q~band spectrometer should
be capzble of detecting sbout eighty times fewer spins than an X-band
suectroneter. In practice, however, this is comzensated by the largex
amount of sample used ot X~-band, the increased performance of the micxo-
wave components at the lower frequency, snd the use of lower mognetic fields.
(b) liicrowave 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
seturstion at high power levels, with coneseguent saturation broadening.

(¢) Cavity quality factor and f£illing factors

[&QL, the change in the loaded Q of the cavity due to paremagnetic
ebsorption is given by (7.4):

i
Ag = 4TX N a® . T2

where QO is the unlozded cavity Q and T] is the filling factor, which
is very ayproximztely equal to the ratio of sample volume to cavity volune.
This, for the greatest sensitivity, Qo shouvld be as high as possible.
The amount of sample (and henceT) ) in the present system is determined

by the conditions for optimum matching of the cavity and feed waveguide.
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(a) Temperature:
The size of the sigmal is a function of temperature in two viays.
The first of these is through the relative population of the energy
levels of the system.
In the case of a dovblet, the signal amplitude, 4, is pfoportional to

the population difference n, - n, between levels, and hezs the form:

nl—n2
A = Ao("j;';;z')
o e (5 s
= 4| T i) IRRETIIPPRTPRISPPPRRR .
xp ( kT)

where Ao is the sgignal amplitude as T~ O.
For energy levels separated by AE ~ 1/3 em ™t (i.e., 6 x 10724 J)

23 J.Kﬂl, for values of T greaiter than = degree

and since k~ 1.4 x 10~
or two, the exponential term above may be exnanded in & power series and
the sensitivity is inversely proportional to tempercture.

The cecond effect is due to the change in § of the cavity.

Q. o 1/§

o
2
wnere 8 is the microwave skin depth and f) the resistivity of the cavity
walls.

For pure coppex:

Q
390~ 1000 end 539—9 ~ 30
Ps4.2 4.2
For brass:
Q
90 - ~ 1.7 end 300 ~ 1.3

Pa.2 .2

Thus for a cavity with pure metals walls (e.g. the cavity febricated
by Eirst), the effect of temperzture is very grezt, but for brass is faxr

less significant.
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(e) Time constant:

Sensitivity is proportional to the square root of the ultimcte time
canstant, U , of the electronics. With the usual time constant setting
of the system, 2 recording band width of 2 ¢/s is employed.

The effect of the time constant on the line is discussed again in
section (7.9).

(£) Hoduwlation:

Signel size is directly proportional to the amplitude of the
modulation /A Hmod. Increase in the enplitude 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. Thisg sets a maximum of sbout
15 - 20 Gauss for the modulation in resonances from metals where typical
linewidths sxre of the order of 100 - 500 Gauss.

(g) Linewidths

The number of spins present is equal to the area beneeth the absorp-
tion curve. For the same number of spins, il is clezxr that o narrow
signal should have grecter amplitude than 2 broad signal. For the
derivetive gignzl, the sensitivity is proporiional to the inverse sguare
of the linewidth. A common intensity plot is (A + B) A v T, where A
and B are defined in fig. (7.6).

(h) Signsl to noise ratio:

The sensitivity is a2 function of the number of spins divided by the

gignal to noise rotio of the line. The fectors influencing the noise

level will be discussed in section (7.5) below.

A number of results have been snalysed (table 7.1) with & view to

obtaining & rough figure for the sensitivity of the present apparatus.
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The DPPH samnle was crysizllised from 3enzene solution to avoid deteriora-
tion of the sample (7.4) and measurements were malde at room teunperature
to avoid the considersble distortion of the line due to antiferromagnetic
ordering in DPPH at low feiperatures and to enable a larger and more
manageable crystal to be used. The modulation wze reduced for the
neasurement on DPPH by using the copper shield described above.

Bearing in nind the discussion above, a suitable formula fox the

sensitivity of the system (P, U and QL fixed) iss

(no. of spins)( A Hmod.) 4.2

(s/¥) AF T

B £y

Sengitivity

obs

where Tdbs is the temperature at which the measurement is mede,

Extrapolating from the data in Table 7.1 to a signal to noise ratio
of cbout 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 2t 4.2X would be ~3 x 10L4.
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Quantity of
sample

Radius of
particles

Surfzce Area
Y
(50
Resgistivity

Skin denth
(16Ge/s)

!
Ko. of ioms in
skkin depth

S/N ratio
A=

[}Hmod

O,

Power

T

Sensitivity

T4BL

P30.1Gd

4.2
™10 “gn

~ 4 x 10 “cn

~ 0.45cn°

O.4Fﬁ. cm
3x 10-5cm

10%?

70
125
15
3000

25mW

~ 1.4 x 10

A

.1

Cunbhlin

300
~T.5 x 1073

. on
~ 4 x 10 cn

~ 0.3cm2.

1642 cm
/
2.2 x 10"4cm

3x 10t7
20
420
15
3000
25mW
1

~ 1.8 x 1070
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Diphenyl

Picryl Hydrazil

(pPPH)

300

3.2 x 107 *

300

0.2

3000

25mV7

~ 3 x 1010

¥  deduced Trom volume of monoclinic single crystal measured under a

nicroscope.
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7.6 Pogsible Improvesents in Sensitiviiy

For the work in this thesis, the present spectromeier has,. in general,
been sufficiently sensitive to give lines with a good signal to noise
ratio. Thers cre, however, cases such as measurements in the extreme
dilute limit, resolution of hyperfine structure end searches for non-
S-stote resonances where extra sensitivity might be desirable. In
this section, »nossibilities for achieving this will be described and
discussed:

(a) Improved simal to noise ratio of the microwave components znd

e e e

Torrey and Waitmer (7.5) showed thst Py, the noise power ot the
output of the detector in an esr sysien, maey be written:

Py = (G +F,n+t=-1)xTdVY P Y

where G is the conversion gain of the detector and is

directly proportionzl to its efficiency;

N is the noise figure at the output of the detector due

to the microvave source;

t is the noise temperzture of the detector, and

IUKIP ig the noise figure of the amplifier.

The relative importance of the terms in the expression above

decends uoon the level of microwave power at the detector (i.e., size of
the bucking signal). This has been discussed in some detail by

Vilmshurst (7.6).
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For low levels of bucking signel, 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, becoues important. There is, thus, an optimum value for
the microwave drive wiaich gives the best signal to noise ratio for a
given system and Wilmshurst (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 remerks, specific possibilities for impioved

pérformance will be considered:
(1) 'Tae detector crystal:

f This is probably the main scurce of noise in the present
system and this is largely l/f noise. There is an advaniage,
therefore, in using modulation at the highest possible frequency,
subject to the conditions:that the modulation has to penetrate the
cavity walls and that RF heating should be minimised to achieve a
fairly slow warm up.

New generations of low noise crystals, such as the Iullard BAV

22, are now available and replacement of the present crystal with

2 low noise diode would probably be a relatively simple and useful

modification.

(i1) 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 baclground that extends for tens of megacycles. There appears

to be little, however, published about the megnitude of klystron
noise. The noise generated by a klystron is particularly sensitive
to fluctuztions in the reflector voltage and, to 2 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 ~40 at 50 c/s, suggests that somse
improvement could be gained from this source.
(iii) 'Magic' hybrid Tee:

One factor which was not considered in equétion 7.5 was the
effect of the magic tee. This splits the incident power between
the cavity and load and the reflected nower between the signal
gource and detector; in doing so, i1t reduces the power reaching
the detector by a factor of four. Replacement of the h&brid tee
by a microwvave circulator would avoid this loss.

(b) Improved performance of the cavity

A higher § cavity could be fabricated using the method described
below employed by Hirst. Hew types of araldite have recently been
de&eloped for potting superconducting nagnets and these are revported
to survive rapid and froquent thermal cycling (J. Good, Private
Communication).

Alternatively, a silvered glass cayity could be employed. Feher
(7.4) used such a cavity and claimed a high § combined with 2 very snzll

"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, wnich can be used at 4.2K, have been

described in the literature (e.z.y T.7).
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TeT Preparation of Svnecimens

The dilute alloy specimens are prepsred. from etched ingots of
ebout 1 ga. wt. They dre held firmly in the end of a clean copper
tube with methacrylate (MHP 1844) mounting plastic and filed under
high purity toluene or acetone, using 2 small stub file which is used
' once oﬁly. The first filings from each ingot are discarded in orier
to avoid including in the final sample any oxide layer or loose perticles
from the file.  About 200 - 300 mgms of filings are collected and the
?cetone decanted until only enough remains just to cover the sample.

% small magnet is used to pick out any pieces of ferromagnetic meterial
%ntroduced from the file. The filings are then transferred to a quartsz
ube with a specially drawn necl which hzas previously been etched for a

Iay in agua~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 oressure 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 azre gquenched
by applying a wet cloth to the tube, before being shot into wamm
Apiezon li~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.

Cere is talien during filing to avoid any shevings of the mounting
plastic from contaminating the samples. A preliminzry experiment on
a Au-Ag alloy, deliberately contaminated with mounting plastic, gave no
detectable signal at room temperature TT7K or 4.2%.

Microgcopic 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 zbout 250 mgans axre placed
under acetone in an etched esgete or glass mortar and pestle and are
crushed into a fine powder. These axe 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 annezl is
necessary for intermetallic compounds and subcequent work confirmed this.

Microscopic examination of the powders formed in this way showed
that therc existed g wide vixilety of particle shapes. Lbout 90% of the

particles were n~v 10 microns, with a few in the range of 50 - 100 microns.

7.8 Experimental Procedure

The filings in their grease are attached .RC 4 from the bottom of
the resonant cevity and aligned with the narrow face of the feed waveguide,
80 as to be located in meximum microwave magnetic field.  The amount of
sample used is cerefully adjusted to leave the cavity slightly widermztched
at room teaperature, thus allowing critical coupling to be achieved at
low temperatures. A crystal of DPPH is added as a g = 2 markex.

A good vacuum seal between the cavity and waveguide is achieved by
using & well~-greased cone joint, and the cavity arm evacuated. The two
dewars are [itted and the interspace flushed three or four times with
nitrogen gas before being evacucted with a diffusion pump. The pumping
rate is adjusted (using a needle valve) to obtain a steady pressure of
ebout 0.1 torr. This ensures that, when lthe ouler dewar is filled with
liquid nitrozen, 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 by fully inserting the attenuator in

_the bridge arm to give no drive power except from the cavity. A4 50 c/s

modulation is then epplied to the klystron reflector, thus sweeping the
klystron frequency over a complete mode. If the frequency is far fron
the resonant value, power is just reflected from the cevity iris and the
normal klystron mode (fig. (7.52)) is observed. Both mechanicel and
electrical fine tuning sre then used to bring the klystron nesr to the
cevity friquency (fig. (7.5b)). This is neasured on the wavemeter and
converted to frequency from stendexrd tables supplied with Sanders TElO
0.S" x 0.4" waveguide.

The 2C0 kc/s AFPC moduletion is applied to the klysiron, adjusted in
amplFtude, end the resultent signal monitored by the detecitcr crystal.
The klystron electrical fine control is then again adjusted until the
klystron is precisely tuned to the cavity. Finally the AFPC loop is closed,
thus locking the klystron frecquency to the cevity frequency.

The bucking signel is then adjusted in emplitude and phase by neens
of the attenuator and short cirecuit to give a 400 kc/s signal only, at the
detector, corresponding to the absorption phase zlone. At the sanme time,
the receivercrystel current is adjusted to a velue of 1.1}4,& which
gives the best signal to noise ratio for the detector. Reflected pover
at the cxrystel is minimised by adjusting the verisble screw probe in this
arm.

A trizl sweep is nmade and the gzin, amplifier time constant and swveen
rate are fixed. The field is held et a high velue end the mzgnet rciated
to minimise the offset due to "wall-breathing!.

Several sweeps are mcde at 4.2F. Lower temperatures (to 1.5K with
two pumps) are zciidieved by pumping on the helium andg the use of a

manostat zllows the temper:ture to be held steady &t intermediste values.



193

After the pump down, the pressure is allowed to rcturn to atmospheric
pressure end the remaining helium boiled off with the"heater. In a
typical run, a warm up to 77X tekes about +two hours, allowing numerous
sweeps to be made with typical tempercture drifts during the course of &
sweep of less than 7K.

In cases where the signal may be followed to temperaztures above
liquid nitrogen, control of the interspace pressure encbles the cobling
rate from room temperzture to be mede slow enough for measurements to be
maﬁe in this tesmperaturc regime. Pumping on the liquid (and 501id)

! .
ni%rogen allows extra points to be taken down to zbout 58K. In this way,
| :
an%adequate number of sweeps may be made in the whole range from room
te%perature to 1.5K.

Over the ccurse of the experimentsal worl: described in this thesis the
spparatus performed with grest reliszbility. A number of ninor modificetions
and repzirs were made to the wide band amnlifiers and to the klystron and
its power supply. Since g 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 intercomvsrison of data taken &t different times.

The gain of the auplifier chain is checked before each run using e
trensformer systen which was built for this purpose. This cousists of two
emall screened transformers in series, giving voltage ratios of approxi-

3:1 and 106:1 at the two outputs. By injecting a standcrd

mately 10
signal from an oscillator, the constancy of the output from the amplifier
chain can be checked.

The amplitude of the high frogqueney medulstion is also checlzed before

runs using & small seerch coil of sbout 400 turns of 38swg copper wire,

mounted on & plastic rcd.
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T.9 Shape of Lines - Corrections

Three paremeters are measured from the derivative esr line; the
linewidth, AH, the resonant lield, H_, end amplitude & + B (fig. (7.6)).
The shape of lines in metals was investigated theoretically by
Dyson (7.8) and his work confirmed experimentzlly 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 8 , the time
TT talken by an electron to traverse the sample, and the spin-spin
relexation time, T2.
For very small particles where TT & TD, the microvave field is not
phase shifted in the skin depth and the sbsorptive pexrt of the susceptibility

only is observed. 1In this case the power absorbed, P
2

w i
4 (V)LL%)<0T2

2
I+ (w-wo) x T,

= 2 e ss0s00 000 ssRs sttt 7-6

where V is the sample volume and Hl the amplitude of the RF magnetic field;
‘Xb is the paramsgnetic part of the static susceptibility and ujo the
resonant frequency. This is a Lorentzien line shepe 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,

« v/
. . . . . d .
an increasing fraction f3 of the dispersive (dotted) component T is

mixed in and then

X= X+ UX" e T

—1= dx'_ j-x2
- ™~ =l =
II= ((a.)‘wg)TQ / N
/ N\
s AN
7 \

Fig.71.7
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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 paramegnetic impurities
distributed throughout the volume of the metal, we ere in the limit:

Tp » Ty > T,
In this case,;S = 1 and Feher and Xip show that the line shape ratio
should be 2.55.

Owen et al (545) have shown that, for A/B = 2.55, the centre of

the true resonant sbsorption, H& true’ is given approximztely by,

‘ AE

! _ _ obs

i Hx true — Hx obs 3 L I B BN IR B BN BN BN BN B BN BN N BN BN BN NN BN BN BN AN AN 2 7.8
and the pesk to peak linewidth A H by

v

1.25
. A = ¥ I,

0 ¢S P EBELN LSOO LTINS EOS SN S 7.9

where X is the free spin gyromazgnetic ratio. For AH ~200 Gauss this
gives Ty~ 3.5 x 10710 gee.

The true linewidth is given by

AH

true 0.9 ZSIHobS ceeecssessrarscssseresssneces  [.10

This anelysis assumes that the spectrometer has been correctly ftumed
40 the gbsorptive part of the signal but, due to drifts (section 7.4), this
is not always the case and the.peak heights ratio A/B ig in practice some-
times observed to be less than 2.55.

A procedure for obtaining the true values of Hi and AE heas been
devised and is shown in appendix 5 . By measuring the velue of A/B from
the trace, the corrections may be read from the gransh. The calculations
were performed by Dr. D. Griffiths.

The correction system assumes a Lorentzian line and this assumption
vwes checked zgzinst & number of lines from different sanmples and found
to hold well. The corrections uged in this work are referenced to the

observed centre of the line, which can be messured accurately, whereas

those used by Peter et al (5.26¢) were referenced to the first meximum,
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which in broad lines is difficult {to measure with precision. Baseline
drifts, which are troublesome in mezsurements on weak sigﬁals, can give
a false value of A/B, and for a brosd line this is a major source of error
in the quoted g-value.

A second imporitant correction hzs to be made to allow for the effect
oflthe 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
v/(8), T is the time constant end R the chart speed, we may write

V) = Vi) + TR a/a8 VIE) ceverrrinieien. .11

Solving this using the conditions that V(Hi) = 0 and that near E_,

v’(H) is lineer in H we get,

{ i = Hi + C .............;...................... 7.12

vhere C = T R
Thus, the true centre of the line corresponds to a point
gbove or below the observed value, depending on the direction of esweepd.
This factor is determined experimentally by disrleying a signal at
a set value of the field and rapidly switching off the modulation. The
time teken to decay by a facter of 1/e (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 AH. Since in practice ¢/ AH ~1/40 this condi-

tion is amply satisfied.
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CHAPTER 8

RESULTS AND THEIR INTERPRETATION

8.1 Gd in Dilute Solid Solution

(a) Pa-cd

Figs. (8.1) to (8.4) show the tempera‘ure dependence of the g-value
end linewidth of 0.2, 0.4, 4 and 6at® Gd in Pd and the low temperature
g-value of 0.1 and 0.02z2t% 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 {zirly rapid warm up rate in
the tempercture regime cround 30 - 40K, hos confined measurements to
lower temperztures. The values of g (in the paranzgnetic regimes),

dAH/aT, the minimum in the linewidth DH ., and the residual linewidths

QAW , are presented in table (8.1).

res
TARLE 6.1
Alloy &1 aAB/aT AE .. A 0
Pa6ca 1.95 L 0.0 ~ 75 600 500
Pa4Ga 1.93 ¥ 0.01 ~ 9 530 400
Pa0.464d 1.82 T o0.01 ~ 12 200 50
Pa0.2Ga 1.795 ¥ 0.005 - 150 -
Pa0.1G4 1.77 ¥ 0.07 - 120 -
PAC.02Ga 1.77 ¥ 0.02 - - -

The high temperzture pg-values heve been corrected for demazgnetisation
effects (where approprizte) and by the lineshape factor (4.5(2)). The
reletively large error put on the C.02% alloy g~value is due to the distorted

signel 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 brozd 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 [}g v T
show an upturn at low temperatures for concentrations in excess of 0.2zt
and the maegnitude of this upturn increeses with increasing concentration
of Gd, giving an effective g-velue of zbout 2.45 at 1.7K in the 4at
and 6at alloys. Using the 1 - H plots of Crangle (3.45) for a 7.2%
alloy, which orders ferromzgneticelly et 5K, and epplying an sverage de-
magnetisation factor ~ Til at 3XGauss, we obtain the crosses in fig. (8.4).
These are in fzirly good egreement with the experimental resulis. This
suggests that the increzse in g-value &1 temverziures more then twice TC
is e result of necsurenent in 2 finite megnetic field (see fig.(2.3)).
The increase in the linewidth in this tempersture regime mey be explained

in 2 similar wey. The line will be inhomogenously brozdened as a
result of the distribution of demezgmetising factors among the tarticles
of the powder which, as described in ch. T, show a wide distribution of
shapes and sizes. It is noticeablc that the linewidth begins o bLroaden
at rather higher temperuvures then the teaperaziures at which the g-values
begin to increase. Tais nay indicate the preseace of short-ranze order
in the alloys (see 8.2 and 8.3(g)).

Peter et al (1.43) suggested that the shape of these curves nay be
explained in teras of dyncmic effects in the esr Lottlenect, gnd a fit
to the present deta cen indeed be mcde, over a linited temnerature range,
using the formulae of Davidov and Shaltiel (equation 4.58). Tae g~shift
obtained using this formula, however, can never change sizn for an alloy
of & ziven concentrasvion and thus the expression cannot zccount for the
low teaperature g-shifis in the 4at’ and 62t7 alloys, where (g becomes

positive. It seens relevant to quection also the analysis of Davidov

and Shaltiel (5.21) with respect to the LaVi. - Gd systen (fig. (5.1.))y

5

since the oxlering temdsrature for tlese alloys was not deternmined.
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We know that the compound GdH15 orders ferromagnetically at 27X and there-
fore we misht expect that La;‘Ii5 - 5Gd 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 l4KGaqss, it seens
feasible that demagnetisation effects might become important at 12 - 15K
where the upturn in g-value is observed. The behaviour of the alloy is
rather similar to that of the lats Gd in Fd (Tcﬁv 2K) alloy measured by
Cottet at §-band. The form of the frequepcy devendence of the linewidtn
and g-value at 4.1X in LaNi5 ~ Gd might also be accounted for in terus

- of demagnetisation effeéts, gince the inhomogenous broadening is likely to
be greater in higher measuring fields, where a wider range of denagnetising
fields will be pres.nt in the powder. The interpretation of the freguency
depehdence of the linewidth dats 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 LaRu2 - Gd system has also been explained on
the basis of the existence of dynamic effects (5.20). In this systenm
it is knovm that an alloy containing 6at’ Gd orders ferromogmetically at
9.5% and an upturn in the g-value of a 3atl Gd e2lloy is observed at ~ 20K
in a field of 12KGauss.

It is impossible, of course, to state with certainty that dynanic
effects are not present in the Pd-Gd or other systenms. Such a statement
could only be justified if M - H plots wexe available at a number of
concentrations and temperatures in each system and if g-shift measurenents
wére 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 enu per cc quoted by Peter et al (5.26), to a value J pp = =0.018 eV.
The values of the g-shifts obtained in this work are in good agrcement with
those obtained by Cottet, but in disagresment wifh the recent results of
Praddaude and Gartner (5.32) (who obtained Aég ~ -84 for a 0.2at
alloy). Particularly puzzling is their remark thatbt the discrepancy may
be due to incomplete ineclusion of demagnetisation effects in other worik,
since not only would this tend to increase the discrepancy but,
for such low concentrations, such effects zre negligibly suall at X-band
(less than 2 Causs). The observed shift of -12% found in this work is
much less than the reduction in the paramagnetic and saturation moments
obteined by Shaltiel et al (5.8) (22%) and Crangle ( ~20:0) (3.40).
However, the recent wor't of Gueritin and Foner (3.44) indicates a reduction
of only 7 - 8%, independent of concentration. The discrepancy between
this value aznd that of Cransle, whose megnetisation data on the Tats: alloy
at 1.7K look well saturated at fields of from 5KGauss to 20KGauss, is
puzzling. One posgibility might be that the P4 host is itsgelf contribuiing
an extra moment at the high field (15CKGauss) used by Guertin and Foner;
however, this possibility appears to be ruled out by the work of NMiller
et al (3.71) who showed that the masnetisation of Pd at high ficlds is
given by

o= Xu @+ pH‘?)

wp to 325K0enss et 4.2% with B = 6 107 Geuss™2.

If we accent the value obitained by Crangle and by Shaltiel et al,
one intriguing possibility mizht be that a second order g-shift (equation 4.42)

is present. For J < 0 this will tend to decrease the negative g-ghift,

since ngé‘}: 32. A second order shift might also explain the reduction
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in D g on incressing the Gd concentration, since [}géoc C. Two facts
argue strongly against such a proposition, hovever:
1. We might expect considerable temperature dependence of the g-value
for a2 given alloy in which second order effects are important, since
Ag, X 1/T, end such effects ere certainly not observed in either
Pd Azt Gd or P4 batl GA in the paremagnetic rezime.
2. Cottet (5.30) has added Lu to a O.latd Gd in P4 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, additien
of Lu might be expected to produce no change in g. The reduction in A g
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 607, whercas the De Haas Van Alphen
experiments of Vuillemin and Priestly (3.72) sucgest that there are ~0.36
ﬁoles in the Pd d-band. These results indiccte that the naive rigid band
model is, even for Ag, far from satisfactory. Addition of Lu, which has
a configuration 4f145dl652, increased the g~value of Gd in P4 at sbout
three times the rate for Az (fig. (8.50) 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 rether
faster than Lu at low concentrations, showing distinet curvature, but when
6atsl G& has been added, the g-value fzlls 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
~ 4% and thus addition of Lu may have the effect of increasing KF for
the conduction electrons and increasing the width of the d-band.

As the concentration is increased, the tenperzture dependence of the
linewidth appezrs to decrease. The slope of the lowest concentration
alloys is difficult %o estimate, but the slope of the 0.4ats alloy is

certainly greater than the value of 6G.K~1 obtained by Cottet, whose
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measurements suggest a decrease in slope from 6(}.K-:L for a 0.6zt alloy
to about 4G.K-l for a la‘tf’é alloy. As discussed in ch. 4, vwe cannot use
the simple Korringa form for an exchange enhanced host but must inclule a
factor X(OX ) (equation 4.55). In this case, aésuming from the large
g-shift that the system is not bottlenecked, we obtain X(OX )ev 1/60 for
the 0.4aty alloy, reducing as P(EF) is reduced, to about 1/8 for the
6at% alloy.

One further interesting fact emerges from the linewidth data.
Wie note from fig. (5.2) that the values of the minimum linewidth observed
by Cottet are gbout twice the values obtained in this work. To check
that this was not a metallurgical difference (Cottet did not homogzenise
his alloys), the 0.2at alloy used in the present work was measured by
the Geneva groupyand Q-bend 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; hexre it was noticed that a
plot of linewidth arainst 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 tllle megsurcinenits were made. The same would
appear to be approximately true in the present case. Cne measurcment
mede by Peter et al at 50 Ge/s on & 3at® Pd-Gd alloy (fig. (8.59) rather
surprisingly falls on the 9 Ge/s curve.
(b) Pd-Hi - cd

The effect of adding 1.3ats’ Wi to the Pd0.4Gd slloy was investiga‘ced"
and at 4.2K a g-value of 1.72 ¥ 0.02 (c.f. Pd0.4Gd = 1.82) and AH = 550G
was obtained. This result is consistent with the g-values found by Cottel
for Gd in Pd-¥i alloys conteining up to lati Wi (5.30) end with the idea
that addition of Wi 'drives' the P4 towards ferromagnetism. From the data

above, it cannot strictly be claimed that a Gd content of O.4atsc acts
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merely as a 'prcbe' of the host alloy behevicur and such & 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 15X and despite the
reduction in amplitude of the signal, it appecred thet the alloy showed
similar temperature dependence to the originzl Pd0.4C4 alloy. The absence
daAH

of a sharply increzased slope, TaT

impurity, lends further support to the contention that the Pd-G3d systenm is
|

(as in Cu-!m) on the addition of

unbottlenecked. Cottet (private communication) has found no increase

. 1aAH
1n| aT

for alloys doped with other non~magnetic impurities.
(ci) LoAl, - Gd

From twelve sweeps at 4.2X on the LaAl, - 0.45at5iGd alloy investigated

2
by Lowin (5.24) & g-shift of + 0.027 £ 0.01 was obtained. This is less
than his value of 0.055 ¥ 0.015, obtzined without the nmr field czlibration
facility (which is crucial to the accurste determination of g-shifts).
Furthernore, it would appezxr thot Lowin applied the simple [}H/S lineshzne
correction factor wnich is valid only for lines with A/B = 2,55, liore
realistic corrections for 4/B < 2.55 lead to smaller positive g-shifts.

The present result shows unequivoczlly thal the shift is positive, contrary
to the earlier worlt of Shaliiel et 2l (5.8) who found a negetive g-shifi.
It is, however, in asgreement with the static susceptibility results of
Maple and Fisk (1.47). Using the measured susceptibility (correcied for
core diamagnetism) of 150 x 10-6 emu per mole cbtained by Laple, a value

of Jeff = + 0.017 eV is obtained.

In the present work, the tanpercture dependence of the linewidin

AH
arT

by Lowin, the simple XKorringa rclation (equation 4.54) predicts

=42 Y5611 obtained

. .o . , d
was not investigated but using the velue of

DNg = + 0.040 which is rather higher than the value obtained in this worls.
The result seems to imply X ((X) ~v1 and that exchange enhancement is not

impoxrtant for Laﬂlz-
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8.2 Solid Solution Allovs contzininge in

(2) PRadin

The eér study of the Pd-iIn system hazs been carried out in conjunction
with lir. A. Tari who has mezsured the resistivity of a number of Pdﬁﬁn
alloys, and Dr. H. Jamieson who has made sugceptibility and magnetisation
measuremnents. The esr runs in which a signal wes observed cre plotted in
fig.s (8.6) to (8.13) and impoffant data are swmarised in Teble (8.2).

The values of the slope of the linewidth against temperature show no
systematic veriation with concentration and yield an aversge value of
52 I 7G.K-1. This is in good agreement with the result for the 2atd
alloy measured by Shaltiel and Vernick (5.47) who obiained gé%g = 51G.K7.
Cottet (5.30) investigeted alloys containing up to 2ai n and found no
systematic veriation with concentration, bul values ranging from about
60 to T5.X L.

Probably the most noteble aspect of the results is the large positive
g-value of 2,15 I 0.0l which leads, using the velue of the susceptibility
of pure Pd given bj Peter et al (5.26), to a value of J = + 0.012 ¥ o.c01 ev.
The g-velue is in excellent agreement with the value obtained by Cotiet
(2.14) but is rather higher than that of Wernick and Shaltiel (2.10).

The large positive velue of Ag may be explained by the theory of Coles
et a1 (1.37) or by ihat of Campbell (1.42). In the former model, we
argue that as the lin ion is expected to form a Virtusl Bound State, the
almixture term in the Anderson Hamiltonizn will lezd to a negative
coupling between the in noments ané the conduction electrons; @&-s
hybridisetion in Pd as in Pd-Pe (1.41) will then lead to a polarisation
of the s-band antiparallel to the meynetiseztion of the d-band.

The sign of the g-shift is in agreecnent with the gign of the enhance-
ment of the moment from static susceptibility measuremenss, but is far
less than the velue of the scturation moment (7-5/13 per atom) obtained in

the high field work of Ster et al (3.58). It is, however, in fairly
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good agreement with the values obtained by Shaltiecl et al (+ 11.5%)
and Serachik and Shaltiel (+ 12%), Taking these latter values we agein

note the curious fact that the g-value is enhanced by cbout half the znount

obtained from static susceptibility measurements (c.f. Lakl, =nd Pa-cd)
Pd-Iin DATA TABLY 8.2
dAH

¢ ar AR in T pBmin Te 8
0.6 50 250 o 2 2.15 ¥ 0,02
0.9 62 265 3.75 £ 1.0 2 2,14 ¥ 0,01
2.3 55 315 7.5 1.0 5% 2.13 L .01
2.5 57 330 8.75 ¥ 1.0 - 2a5tom
3.75 40 375 9.5 £ 1.0 7%1 2,14 ¥ c.o2
4.6 47 500 7.5 £ 1.0 6t 2.16 ¥ 0.02
6.0 52 720 8 <10 st 2.16 ¥ 0.02
7.0 - 1000 8.5 ¥ 1.5 gt 2.17 Y 0,03

awesetgo av.2.15 ¥ 0,01

Using the simple form of the Xorringa relction (4.54), we obtain
a value of Qﬁ%}ﬁ from the measured value of g of cbout 55OG.K_1.

This suggests, as expected, thaf exchange enhencement is prese.nt and we
obtain a value of K (Ol )~ 1/10 from equation 4.55.

The residuel linewidth showe no systematic variation with concentration
and an average value ~v 110G is obtained. t is apparent from fig. (G6.8)
that in the 2.3at$% alloy, which was the first messured in the Pd-ln series,

a scall negetive residual linewidth is obtained by extrapolating the high
tempercture data. This seems quite uvnphysical. It wes at this stzge
that the thermometry experiments on the Ag-G3 alloy described in ch. T

were carried out. It is clear from fig. (8.8) that to obtzin even a zero

intercept in the 2.37 data, all points from €I to 13K would heve to be
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shifted to lower temperstures by more than 2.5X. This is a greater dis-
crepancy in the mecsured tenpersture, extending over a much grecter temvera~
ture regime, than was found in the Ag-Gd expveriment. A further run on a
2.5at% alloy allowing a 'free' warm-up from liguid helium temperatures,
which reduced the discrepancy in Ag~-Gd, led to similar data with, agein,

-a small negative intexrcept on the linewidth axis. Iegative residual
lineviidths have also been observed for a2 number of intermetzllic compounds
(see 8.3(5), (1)).

It is possible that there is spain o frequency dezendence of the
residual linewidth, since Ccttet working at 35 Gc/s found a non-systematic
veriztion in ZxHres from 200 - 650G with an average value of about 4C0G
and Vernick and Shaltiel obtained AHresN 500G at 50 Ge/s in their
2at%;alloy.

Heither of the previous esr invesltigetions of the Pd;ﬁh systenm
menvion the effect éf magnetic ordering. Cottet plots a series of
straight lines through his linewidth data for tempersitures cdown to 4.2%
which, on the basis of this woxl, is not justified. It mey be seen fron
figs. (8.7) to (€.13) that there is a well defined minimuw in the linewidth
end en upturn in g~velue for £l1 concentrations zbove 0.6at%. This we
identify, es in Pd-G&, with the increase in demegneiising fields as
magnetic order sets in and the magnetisation increases. These fields,
agein, both shift the position of the centre of the line and inhomogenously
brozden it. In fig. (€.15) the temperature, T Afmin? ©OF the linewidth
minimu and the temperziure, Tg, at which the g-value begins to show an

increase, zre plotted a; ainst concentration. Both T end Tg increzse

AHnin
with increasing concentration below gbout 2.52ti where the 2lloys cre
ferromarmetic at low temperziures, slthough it is nolicezble thatl Tl}Hmin

rises more steeply than Tg. This ray be due to the vresence of snort

range order, which tends to broaden the line without shifting it.
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These vazlues seen to co;respond fairly well with the concentration
dependence of the Curie temperetures of the alloys as indiczted by specific
hezt (3.54), resistivity (3.55(b) and 3.56) and susceptibility (3.57)
measurements which are shown in fig. (6.14). As in Pd-Fe and Pa-Co,
the gpecific heat and resistivity mecsurements seem to indicate rother lowex
| values of the Curie tempereture than the susceptibility data. The
transition tempereture in the Pd-In: system below about 2% In increases
at cbout 3 - 4K per atil compored with the values of 30 - 60K per ats
found for Pd-Fe and Pd-Co; this seems to imply that the strength of the
interactions is much less in Pd-in. The change of slope of the resistivity
is very sharp at these concentrations snd as discussed in ch. 3, Boerstel
(3.54) finds cusped pesks in the specific heat. This latter observition
sugrests that the metrix is far more uniformly polarised than either Pd-Fe
or Pd-Co where e broad scale of interaction strengths leads to far more
rounded peaks. The disagreement as to the moment per In atom does not
enable us to say whether the volarisaiion is relatively strong, as the
‘results of Star et al (3.58) would suggest, or fairly wezk, as suggested
by those of Serachik and Shaltiel (3.56) and Shaltiel et al (5.8).

Neutron diffraction measurements are being performed zt precent by
Prof. B. R. Coles et al to determine the form of the polarisation.

Above zbout 2.5 Im, the ordering tempersiure indicated by the
resistivity measurements of Tari bégins {to drop. As the concentration
isAincreased, the point at which the slope of the resistivity changes
becones progressively less well-defined, until zbove gbout 4.1% the resis-
tivity becones a fairiy smooth function of tempersture znd it is no longer
possible to determine a trensition point. Jamieson, from an Arrvott plot,
finds an ordering temperature of 1.25K for a 4.6% alloy and this is in
good egreement with en extrapolation of the lower concentration resistivity
results. Above zbout 5 - 6% ln the susceptibility shows a broad peck at

low temperstures and the temperzture =t which this peal: occurs increases
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with increasing concentration. This is in egreement with the data of
Rault and Burger (3.57).
The esr data behave quite differently zt these concentrations.
Even allowing for the laxge error bars on the values of Ti&Hmin and Tg,
there is no indication of a drop in these values with increasing
| concentration. The value of T ATimin appecrs to remain fairly steady at
gbout 8.57 between 2.5 and T% ln. The linewidth gt which the minimum
in AEH occurs, l&Hﬁin , can be seen from fig. (8.16) to increese with
concentration at an increasing rate, znd indeed no resonance was observable
for an 8.5% alloy. No signal was found in alloys containing 12at¢l and
20at% Im.

The decrease in ‘'ordering' {emperature obtained froum the susceptibility
data and the decrease in the magnetisation at 6XGauss measured at 4.2K,
found by Rault and Burger for concentrations zbove v 3atd, may be
understood in texmis of the increasing probability of In stoms to become
nearest neighbours as the concentration is increased, lezding, on the
model of lioxiya (2.9),to antiferromagnetic coupling beiween them through
direct exchange. The probability of any ln atom having enother In atom
as its necrest neighbour at a concentration of latit is about 0.12, which
rises to ~ 0.50 z% 5atit im. Ve may thus say that at low concentrstions
the In atoms tend to couple ferromegnetically via the surrounding spin
polarisation clouds, as in Pd-Fe and Pd-Co, but as the concentration of
Imn is increzsed, an increasing antiferromarnetic contribution sppears,
until at above sbout 5 - 6atd In the antiferromegnetic coupling between
ln 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 4.5zt% alloy at 4.2K, 3.7K and 1.7k
in a field of 3KG and obtéined razmetisations of 2.12, 2.36 znd 2.86 emu

per gm respectively. If we use these values and zgain zssume an average
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demagnetisation correction ~ T, we obtain fairly good agreement with the
observed g-vaiues. However, the nagnetisotion drops with increasing
concenvration whilst the g-shift continues to increase. Janieson finds a
masnetisation of 1.58 emu per gm for a 6.52t% In alloy in & field of 3KG
at 1.7K, whilst the g-value of the 6atd: alloy reaches 2.55 at 1.8K, which
corresponds in the crude approximation above to a magnetisation ~ 12 emu
per gm. This behaviour is swmarised in fig. (8.17). It thus eppears

that the esr meesurements show a form which is consistent with increasing

ferronacnetic behaviour with increasing concentration.

i

‘ Janieson has investigated the effect of field cooling on the alloys.
No i‘ield cooling effects were found in the 4.5ztf In alloy,but the 6.5atsh
allc‘Sy, vhen cooled in 5KGauss, gave a 'frozen~in' moment at low temperatures,
similer to that observed in Rh-Fe and Rh-Ma by Ilureni and Coles (3.66).
The 11 ~ H plot at 4.2K showel no asymmetry, as is shown in Cu-Ilm alloys,
but did show some hysteresis and time depcndent remanence.  An alloy
containing 10.5atf> In showed, on field cooling, sisns of asymmetry in its
¥ - H plot. Field cooling experiments have elso heen perforned in esr.
The alloys of 4.6, 6, 7, 8.5 &nd 12at‘,7.'- ln were cooled to 1.7K in =a
field of HXG anéd the resulis coupzred with glloys cooled in zexro field.
In no case was there any significant difference in the g-value, linewidth,
amplitude (A + B), or intensity (A + B) A B2, either ot 1.7K or in the
subsequent warm-up (e.g. fig (8.77)).

| This negztive result is to be compared with the results of CGriffiths
(5.49) in the Cu-ln 2lloys, where gross effects in all the zbove properiies
were observed on field cooling. Since the esr behaviour in Cu-in is not
understood, it is clearly rather difficult to interpret the present
negative results. In Cu-ln, however, comveting interactions. exist
through the REKY polarisstion, which for the simple matrix gives rise to
both ferromagnetic znd antiferromcgnetic couplings of the I moments as

well es the tendency towards antipersliel alignment of 1m atoms arising
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from the direct exchange between nezrest neighbours. In Pd-In however, cs
discussed zbove, the conduction electron modulzted part of the exchange is
expected to lead predominently to paraellel coupnling between noments

(except in the lowest concentrations). This constitutes a fundemental

difference in the two materials.

(b) Other Solid Solu‘cioﬁ Alloys containing Mn

In order to ixy to gain ﬁore information about the effect of field
cooling on the esr behaviour of vsarious systems, experiments were carried
out on alloys of Rh5% Mn and RhlOatel Mn.  As discussed in ch. 3, these
alloys show small displacements of their hysteresis curves and frozen-in
monents when cooled in a field. The exchange enhancement of the Eh
matrix seems to play little or no part in the onset of order and cbove
about 3 atf the megnetic properties show similer behaviour to those of
Cu~lln and Au-Fe at lower concentrations. Ho esr signal was, however,
observed from either sample when cooled in zero field or HXG. Recently
Dr. A. P. Jureni has failed to detect 2 resonance, using the presgent
spectrometer, in a 15 alloy cooled in zero field.

The Pt~In system would be zn extremely interesting system to investi-
gate. No esr data havebeen published as yet.

Experiments on the zp~Il solid solutions zre discussed in the section

below on Zn, .l and Zn, lin (8.3(1)).
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8.3 Internetzallic Compounds = Results snd Discusgion

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 GdB6, GdB GdZn12 and GE

Zn This original woxik

4’ 27t
has led to a more extended study of the characteristic esr behaviour of
other compounds containing Gd, Eu2+ or In in the vicinity of their Keel
or Curie temperstures. In addition, the value of the g-shift and the
high tempersture slope of the linewidth have been compared with the
values of the moment deduced from static.susceptibility neasurenents and
the sign of the g-shifts, compared with theoxy.
(2)  4zy6d

{ The esr results for this compound are shown in fig. (8.18). At
temperztures above zbout 60K, a temperature indescndent g-value of
g = 2.00 Y o.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. e note that in the ip 0.2 G4 alloy
measured in this work and discussed in ch. T, a2 value g = 1.995 I 0.C05
vas obbained, in good agreement with the resulis 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 we would
expect Ag > 0 for this compound and, whilst the error is such that no
définite ccnclusions can be drawm as to the sign of Dg in this case,
the result is not inconsistent with a positive g-shift. The nigh

. < apr. -1
tempersture linewidth shows a slope of ~ 0.7G.X

end this agrees well
he proxiaity of the obsexrved g-value to the G4 free ion value.
At about TOX the linewidth shows a winimwa end at lowexr temperatures

broadens rapidly; the centre of the esr line also shifts to lower fields.
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This behaviour, commencing at about ZTN, we associate with the onset of

megnetic order. Below the Neel temperature (3 %) no signal is

observable.
(b) gam,

Pig. (8.19) shows the esr res.lts on the compound GAAl Two

o°
samples were, in fact, measured and they gave almost identical results.

In the paramagnetic regime above about 200X, the correctsd g-value
is 1.989 s 0.005 and this is in fair agreemen’ with the value obtained
by Peter et al (5.6, 5.26) of 1.982 and with the recent worl: 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
rether surprising since, as discussed above, the g-shift of Gd in LaAl2
is unequivocally positive; the sign of Az is, furthermors, in disagrecment
with the predicitions of the theory of Coles et al. At 300K, demagnetising
effects are expected to be negligible (5.26) and above 200X in the present
study the g-value is temperature independent. One possible explanation
for the negetive g-shift may be that the large concentration of G4 in this
compound complicates the band structure by conferring to it considerable
d-character. Use of a frce electron picture gives EF = 5,1 eV for
GdAlz, assuming three conduction electrons per lattice site, and leads,
using the measured g-chift and equation 4.41, to a value J = -0.02 eV.

. . . . . -1
The linewidih in the paramagnetic regime has a slope of 2.1 G.K "

1 quoted by Peter et

This is in good agreement with the value of 2.3 G.X
al end is in fairly good agreement with the value predicted by the

{orringa relation, 4.54. The absolute value of the linewidth at 255K
is 517 ¥ 25 Gauss, and the value of 445 ¥ 20 Gauss at 260K is agein in

excellent sgrecment with the data of Peter et al who quoted a value of

500 Gauss for the half-width at half-power.
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Below about 200K the resonant field begins to shift to lower values
and the line broadens. The susceptibilit& and resistivity measurements,
discussed in ch. 3, all quoté values for the Curie temperature of GdA12
between 150K and 18CK, with the most czreful neasurement (3.6) suggesting
Tc = 167.8K. The beheviour of the resonant field and linewidth is thus,
as in the P3-Gd alloys discussed above, to be associated with the
transition to ferromagnetism. If the magnetisation data of Hacker et al
for GdA12 in 3KGauss zre used, 2 fairly good fit to the experimental
poﬁnts for Bi nay be obtained by using a demasnetising factor ¥il, with
F 4/2.7 in this case. These points are shown as solid triangles in

]
fi%. (8.19). In comparing the value of 2.7 used here, with the value
avkn' 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, ¥, should
be different in the two cases.

Because of the crudeness of the estimated demagnetisation factor,
it is clearly impossible to make any meaningful comments aboul the g-value
in the ferromagnetic regime. In ordexr to obtain g-values below 200K, srall
Aregular sheped specimens such as discs or plates (with a conseguent loss
of surface and thus intensiby) would have to be fabricated and a careful
analysis of the demagnetisation corrections at different orientations
nade, 2s in the worlk of Rodbell znd Moore on pure Gd (5.4).

Ve note that if we identify the temperature at which the linewidth
begins to broaden by Tl&Hmin and the temperature at which the shift in
resonant field begins by Tg,

Zomin A, B

T

1.2
c Ta
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(e) GdB,_and GdB,

Fig. (6.20) shows the esr data for GdB6. The g-velue remains
constant between TOX and 30CK at a value of 2,00 pa 0.01 and this wvalue
is in excellent agrcement with the results of Coles et al (5.15) and Hiller
and Hacker (5.16). A figure of 334 % 15 Causs is obtained for the
linewidth at 296K and this is found to brozden to 425 : 20 Gauss at TTK,
again in good agreenent with the previously oblained fixed temperature
data.

No previous esr data hove been published for GdB The g-value

4
(£ig. (8.21)) at 300K is 2.10 £ 0.03 and the linewidth broadens from
1143 * 55 Gauss at room tempersture to ebout 1600 Gauss at 7K.  The
rather large error bar on the g-value for this compound reflects the
facﬁrthat the GdB4 line was both broad and of fairly low amplitdue;

lineshape corrections ere thus difficult to determine with accuracy.

A stress annealed sample of GAB, gave precisely the same linewidth and

4
g-value.

The increcse 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 reporited by Fisk (1.6). The g-value of GdB4 is enhanced by ~ 57,
whilst the effective moment is close to the free ion value.

The Néel temperatures of GdB6 and GAB, are 14X and 42X respectively

4
(1.6) and once again, as in the case of 4gyGd, no signal is observed below
these temperatures. Lbove TN the linewidih brozdens with'decreasing
temperature for both compounds, and in both cases there is also an
apparent shift in the resonant frsguency.  Unlike Ag3Gd, however, it is
impossible to say from the data whether the decrease in Hi constitutes

e genuine shift to lower resonant fields on approaching TN’ or whether it

merely reflects an incomplete lineshape correction in this region of rapid

line brozadening.
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The most remarkable aspect of the present results is the increase in
linewidth which sets in at temperatures of cboubt seven times TN in the

case of GdB6 and four times TN for GdB4. The explanation of this
behaviour nmust be related to the anomeslies showm by the compounds in their
other properties sbove Ty.  As discussed in ch. 3, GdB, (3.31, 3.32)

shows deviations from Curie-Veiss behaviour (fig. (3.2)) at about 80 - 10CZ,
its resistivity shows a larger temperature dependence than is expected

in this tempercivure regime, the soecific heat shows an anomaly at 30X and
Q/TNJ\,-4 whereas e/TNnv -1 for DyBé. Tb36 shows similar, but less
marked, behaviour. GdB A shows deviations from Curie-Veiss behaviour

at about 60X and measurements of the resistivity of the heavy rare earih

tetraborides made in conjunction with this study by Fisk, are shown in
fig.£(8.22). The resistivity of GcIB4 clearly shows a similar form to

GdB6 gbove TN'

These effects cannot, of course, be attributed to the crystal field,

since in Gd compounds the crystal field splitting is expected to be

~ 0.1 - 1K. Heasurements by Fislk (1.6) of Gd in YB, support this view,
showing Curie-Veiss behaviour to 1.5K. TFisk sugrested that the free

energy of simple long-range order in GdB6 may be edversely affecied by

its effects on the conduction e}ectron corfiguration. VWith one free
electron per unit cell, the first Brillioun zone is half full and liattis

end Donath (2.28) showed that the simple Weel type antiferromegnetism

is expected to occur on a free electron model for this electron concentration.
¥hen oriering occurs at a temperature ~ |O|, an energy gap develops and
splits each zone in half. The size of the gap is given approximately by
I(g-1)3, (2.32), which is largest for s-state ions and ~ 0.25 eV

for GdBé. These superzone band geps might‘significantly meodify the
conduction electron ener;y spectrum and the RKXY interaction and prevent

the ordering from going to completion. At 12X, it is suggested, the
compound orxders into an alternative spin structure. Fisk suggests that

similer effects may occur in GdB4_
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in elternative explanation might be that the tendency to veduce
magnetic entropy by shori-range order is nuch greater than to reduce it
by long range order, over the temperature regime in which anomalous behaviour
occurs. 1m0 orders antiferromcgnetically at 116K, but neutron scattering
still shows the presence of short-range order at room temperature. As
discussed in ch. 4, a number of antiferromcgnetic insulators, including
¥n0O, show an increase in esr linewidih at temperztures several times TN
and in a number of cases -1%-' is corregpondingly high.

N

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 Kawaseki (4.24), although velues of |P| ranging from % to 6/5 were

)

observed, as against the theoretical value of 5/3. Plots of 1n (T - T
v 1n/(llH - BT) for the present data are showm in fig. (8.23b). In the
case of GdB6, a reagonable straisht line fit may be made to the limited
number of points availeble between 25K and 78X and l?lfv 1.4. The data
for GdB4 likewise gives a reasonable fit between 66K and 122K with lPiﬁv 1.6.
It is not clear hov significant these results are since, of course, data
fitted to a logarithmic relation over only one decade must always be
treated with considerable resexvation; it is, however, extrenely difficult
to measure accurate values of the linewidth for T < T + 10, vhere the
lines are so broad. The temperature also drifts during the course of
a sweep.

The behaviour of these compounds zbove their ordering temperatures
will finally only be clearly elucidated by neutron diffraction measurenents.
The comaon Gd and B isotopes have very high neutron absorption cross-sections
and thus experiments can only be performed on samples of Tb borides prenared
fron the BL 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 mecnetic 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 lons might possibly lead to a suppression
of some of the short-renge orxder and this may zceount for the fact that

the observed effects are lurgest in the s-state ions. Preliminary neutron
diffraction experiments show fairly strong mommetic peaks at 4.2K in

T8, 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 4.2¥.

(a) cu.Gd, "Cu,Gd" and Cu.Gd
[ “ |*
| The data for the Cu,Gd compound is shown in fig. (8.24). ‘he

| . . s, o
g-value in the paramagnetic regime between 60K and 300X is constant at

2.0&3 : 0.005 and the positive g-shift is in good agreemcnt with the
prééiction of the theory of Coles et 21, despite the relotively high
conéenfration of G4 (c.f. GdAlz). Using a free electron model and
assuming five conduction electrons per formula unit, values of EF = 6.5 eV
and Jeff = +0.016 eV ere obtained. The linewidth in the paramegnetic
reginme has a slope of 2.5 c.xt compared to & value v 6 ¢.X 1 deduced
from the Korringa relation. The increase in the g-value over the free
ion value (~ + 1) is rather lecs than the enhencement of 6% found from
susceptibility measurements (3.19).

At low temperatures the esr measur:zments confirm thatthe compound
orders antifexrromegnetically. The linewidth shoﬁs a minimum at
J?AHminﬂJ 65K and below this temperature the line broadens very repidly.
The lowest temperature at which 2 resonance is observed is 37 ¥ 1K, where
AH~ 2¥Gauss. This suggests that the value for TN quoted by Brun eand
Felchner (3.20), 41K, may be a little high. The apparent shift in the

resonant field could asain be due to the incomplete inclusion of the line-

shape correction.
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AHrIlin/TN ~ 1.6, which

is far less than the values obtained for the borides zbove. Some shors-

Assuming a value of TN'V 40K, we note that T

range order (ch. 2)is, of course, expected and in this case, like Ag3Gd,
its extent is quite unexcepticnal. This compound is one of the few in
which the magnetic structure is known (3.20), but in the sbsence of
comparzble date for the compounds which show the anomclous behaviour,
there is no possibility at present of correlating the observed extent

of the 'pseudo ordering' with magnetic structure.

No magaetic or structurel data are zvailable for the compound

coﬁtaining gbout 207 GA and labelled "Cu4Gd" end this provides an
opﬂortunity to predict the masmetic behoviour from the esr data. The
results are shown in fig (8.25).

Between 40 and 160K, the g-value remains constant at 2.01 ¥ o.01,
with the expected positive g-shift. The slope of the linewidth at high

1

¥ 2.5 6. "; the lerge error bar on this value

temperature is 4.5 -
reflects the broad and weak signal obtained at {enmperatures much above
100K. Substituting the measured g~shift into the Xorringa relation
suggests a value for the slope ~ D G.K-l, in good agreement with the value
above.

By comparison with the previsus compounds, the form of the esr deta
would suggest that this compound orders entiferromegnetically et ?Nru 15K,
The linewidth shows a ninimum at a temperature T AFnin™ 50K end thus, in
this csse, T . /T‘r\r3.5, vhich is similer to the value found for

Allnin’ "1
G&B4.

magnetic behaviocur cbove TN’ and o sample is at present being prepzred for

These esr results sucpest that "Cu,Ga" may elsco exhibit enomalous
o 4

measurenicnts of its resistivily and susceptibility.
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The interesting behavicur shown by "CuAGd” led to interest in the

03

megnetvic properties‘of the compounds at the copper rich end of the systen.
The esr data for the compound CucGd is showm in fig. (8.26).  Agein, no
other magnetic date ezre aveilable.

The corrected g-velue for the compound is constont above 60K with a
g-value of 2.025 ¥ ¢.010, and m a free electron nodel we obtéin EF = 6.3 eV
and Jeff = +0,C07 eV. The slope of the hirh tempwersture linewidth is
~ T G.K~1 which is zboutl three times less than the value predicted by

the Korringe relction using the neasured value of g.

By analozgy with the result for the GdAl2 compound, using the vzlue

T s
—J%§££E ~s 1.2 found in that case, CuéGd would anpezr to orxder
N

ferromasnetically at TC = 45 - 50X,
(e) .g’.@?’

The suscentibility measurements cn this compound (3.11) susgested
that there vere nc significent ceviations from Curie-Veiss beheviour sbove
TH and neuiron diffraction experimenis (3.12) confirmed the absence of an
appreciable range of shors-rznge ordier in TbIn3.

Unfortunztely, both the samdles of GdIn3 gave only low amplitude
signels with linewidths a2t 285X and 77X in excess of 2.5LGeouss. These
widths were not reduced by stress annealing the semples and no uwseful data
could be obtained.

(£) Pd,Bu znd PdBu

The results of the mezsurements on the szEu compound exre shovm in
fig. (8.27). Between 12CX znd 3COX the comécted g-velue is 2.01 = .01
and the positive g-shift is consistent with the icdea that the Pd d-bané
is full in this compound. The linewidth =t room tempercture is
430 ¥ 20 Couss end the linevidth has 2 slope of 0.6 G.K-l, waich is a

factor of four or five less then the value predicted by the unenhanced

Korringa relation.
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The shift of the resonant frequency to lower fields and the increase
in the linewicéth below zbout 100K, closely resembles the behaviour of
GdAl2 et sonevhat higher temperatures, and it is thus to be concluded
that szEu is ferromegnetic at low teuperatures. If we essume & factor
T[&Hmin/TH ~ 1.2, as in GdAl,, a Curie tempersiure of ~ 8CK is obtained

which is in excellent sgreement with the vzlues of the Curie-ileiss

obtained by Vickmen et a2l (3.27) and by Larris and Longworth (3.26).

The PdEu compound gave, below sbout 100K, a distorted signal which
would eppear to be sttribubtable to the second phase (probably szEu)
reported to be prescnt in the sample by Longwortin. At higher
tem%éreiures, however, a good single resonance ves observed with a g-value
of 2.007 t 0.01C and a linewidth at room temperzture of T40 : 35 Gauss.
The slope of the linewidth is ~ 0.8 GuK’l which, apain, is rather smaller
then the value predicted by the simple Korringa relation.

Below 100X, despite the complicating effects of the second phase,
there does appeer to be a broadening of the originel signal and this
is not inconsistent with the recent results of the li¥ssbaver study of
Longworth which suggests that the compound becomes ferromezgnetic at

about 5CK.

() Pay6a, T

The esr results on the Pd;Gd compound are shown in fig. (8.28).
The corrected g-value is constont from about 15K to T7K and equal to
2.04 I 0.01. Above TTK the intensity of the signzl becomes too wesak
to ascribe a g-vzlue. The linewidth shows a slope in the paramagnetic

-1

regime of 6 G.K ~ and at 78K the line is 1450 ¥ 50 Gauss brosd. As in
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the Pd-Eu compounds, the positive sign of the g-shift suggests, in agreement
vith other observaticns described in ch. 3, that the d-band in this compound
is full. The measured g-shift suggests, once again, a larger slope
(fv 40 G.K_l) than is observed, but agrees well with the enhancement of
the paramagnetic moment reported by Gerdner et al (3.23) and Hubchens
et al (3.25).

The behaviour of the compound c¢lose to the ordering temperature is
puzzling. The previcus mogmetic data suggest strongly that, at low

fields, the compound is an antiferromagnet with = T.5% and on the

T

N
basis of the other work in this thesis on antiferromegnets, we might hove
expected a shift in resonant frequency and broadening of the line at,

(in the ebsence of deviations from Curie-Veiss behaviour in the inverse

susceptibility ), about 2T, and no signel below T.5L. The snift in
y

N

resonant field and line broadening from sbout ZTN

resonance may be followed to the lowest tenpercture of 1.8H.

axre observed, but the

The clue to this behaviour may lie in the fact that PdBGd is in
fact a metamagnet; fairly low fields ~ 6 - TKGauss being required to
produce g transition from sntiferromagnetic to ferromasnetic ordex.
Very similar behaviour was observed in Eu,él4 by Wernick et al (5.9).
Here, a signal was revorted at 1.8K, about 4K below the lleel point fox the
compound &nd, agein, the esr measurements were made in a field close to
the critical field for a transiticn from antiferromagnetism to
ferromegnetism ( ~ 15KGauss).

The esr data obtained in the present experiments showed no anomalies

at 7.5%, 2 single rcsonance line being observed with no pronounced

chenges in intensity or shepe.
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The interesting bchaviwur of PdBGd and EuAl4 suggests a number
of experiments:
(i) An investigation of the behaviour of Eusl 4 &t X-band. It would be
interesting to see whether in a field of 3KGauss (~ 1/5 Hcrit),'normal‘
antiferromacnetic behaviour was shown in esr.
(ii) 4 study of other systems which show metamagmetic properties in low
i:ields, such as GdZn, (3.30) and BuAl, (3.2, 5.6), with a view to esteblish-
ing & relationship between the {tyove of esr bpehaviour close to the ordering
temperature and the ratio of measuring field to critical field.
(iii) An in%estigation of the effects of covling the samples in fields of
verious st:engths. A sanple of Pd3Gd cooled in HKGauss showed exactly

the same esr behaviour s the zero field cooled sample.

The work of Hutchens et zl suggests that the ccmpound Pd3Yb dces nov
order sbove 1.8K and thus this intermetallic compound appears to be a
good candidzte for the possible observation of a2 non s-state resoneance.
The measurements on Pd3Yb have to dcte, however, been pleagued by the
problems of metallurgy outlined in ch. 6. Initiel work on vwhat was
presumed to be the compound, gave what appeared to be a wealk resonance
which remained almost unchanged between 4.27 and 20K with g~ 3. This
is not far from the g-value of Yb in Au renorted by Hirst et 2l (5.63)
where g = 3.3C. To checl: whether this 'signal' was, in fact, due to
solid solution of Yb in Pd, the sample of 10 (nominel) Yb in Pd was
investigated and a similar line of much the same intensity was cbserved.
A run.on the 'empty' cavity loaded with a Au-4g specimen showed that the

effect was not due to contamination of the cavity.
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No conclusions can, at present, be drawn zbout the origin of this
line but further investigation, when samples of good metallurgical

quality are availsble, 1s clearly warranted.

(n) The Pt-Cd compounds

| The g-value of Pt,Gd (fig. (8.29)) is constant zbove about 60K
at g = 2.023 z 0.005. This value is in good agreemen® with the results
of Davidov and Shaltiel (5.11) aﬁd with the susceptibility measurements
of Wallace and Vlesov (3.29), which suggest a paramagnetic moment for the
compound about 2¢ 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 Pt Gd. Substitution of the observed

2
g-shift in the Korrings relation sugrests a slope of a2bout 17 G.K—l
for the linewidth 2t high temperatures, which is rather higher than the
value of 6 - 7 G.xL observed.

As discussed in ch. 6, there exists a considerable range df comno=-
sition over which the laves phase compounds are formed, and mezsurements
were made on compounds containing 28aty and 25atdl Gd, corresponding to
stoichiometries "Pt2.57Gd" and ”PtBGd". The results for the "PtBGd"
compound sre shown in fig. (8.30) and the principal velues of interest
summarised in table 8.3. The g-velues for sll three compounds are very
nearly the same but there is an apprecisble variztion in the values of the
linewidth at T7X. The slope of the linewidth, Qé%ﬂ’ for the “Pt2.57Gd"

compound, has a greater wncertainty than the others since fewer points

were taken at high temperziures.
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TABLE ©.3
dom
& TAmun Ay & T
Pt,Gd (337) s1ts  70%t3  esstygs  2.003 6.2 %05
Pt, ,Cd (26%) 56%T5 663 q0%35 2.0  7.5%10
Pt,Gd (25%) 5225  58%3  714f40 2,02  6.6%0.5

All three compounds show the behaviour expected for a transition to
a ferromognetic state at low temperafures. By analogy with the Gd}xl2
compound discussed above, the data wonld suggest an ordering temperature
of ~ 55X for the PtzGd compound. This is rather higher than the value

obtzined by Crangle and Ross for Pt.Gd (3.28) of 37X in zero field, but

2
is c%oser to the velue of 47K obtained by Vallace and Vlasov.

Careful analysis of the data for the three alloys suggests, in Tact,
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 déta with any certainty, but the tempersture at which
the linewidth begins to broaden appears to decrease steadily as the
concentrasion of Gd is decreased. The data for the "Pt3Gd“ compound would
suggest an ordering tenperature of ﬁerhaps 45K, The temwerature st waich
the centre of the resonance line begins to shift to lower fields, Tg,
does not show such strong concentration denendence, although it may show
some, and it is consistently lower than Télein' Values of Tg £ TLKEmin
have also been found in the PAd-Gd and Pd-lin dilute alloy systems and

possibly exist in Cu6Gd and GdAlQ. This may be a menifestation of

the short-range order above the Curie temperature in these alloys.
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In principle (2.1, 2.2., 2.3),it is possible to calculate the
expected variation of TC by computing the lattice sum in *the REKXY formula
(2.3) end then considering the effect of introducing random voids in the
sun, on replacing.Gd atoms by Pv atons. As discussed in some detzail in
ch. 2, however, this anproach seeks to explain quantitatively feirly small
changes on the basis of a theory which is far from rigorous. 4
computation of this sort hes 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)  Zn,,Gd snd 7n,

( The Gdéan7 compound (fig. (8.31)) gives a constant g-value between

(e

about 30K and 300K of 1.995 t 0.005, which is close to the free ion value
and in good agreement with Stewart's (2.4) value for the reduction in thae
paramegnetic moment from the free ion value (~ -O.7ﬁ). The linewidth
above about 100K has a slope of 0.3 G.X L with AH = 308 ¥ 15 Gauss at
roon temperature. The observed value of the slope is consistent with the
g-snift through the simple Xorringa relation.

Gazn, hes g = 1.980 ¥ 0.005.from 304 to 300X (fig. (8.32)). This
unequivocally negative g-shift is surprising since, for a simble metal
such as Zn, we night expect a positive g-shift and Stewart (2.4) in fact
does obbtain an increzse of aboub 6% in the paramagnetic moment over the
free ion value from his suscentibility measurements.  Application of the
Korringa formula to the g~value result would suggest a high temperature
slope in the linewidth of about 6 G.K-l, but in practice, the line
brozdens from 190 ¥ 10 Gauss at 77K to 250 £ 12 Gauss =t 295K giving a
slope ~ 0.25 G.K-l, some iwenty-five times smaller. Even if the

compound is fairly severely bottlenecl:ed, this dces not account

(equation 4.4¢) for a change in sign of A g, and the discrepancy between
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the sign of Ag and [\ p remains extremely vuzzling.
Both compounds are interesting from the point of view of their
megnetic ordering behavicur. Both compounds are antiferromagmetic at

low temperatures, both show striking deviations from Curie-Vieiss behaviour
101
T

. i)
value of TN = 10K for Gd22n17 and the lowest tempersture at which an esr

(fig. (3.1)) and both give values of > 1. Stewart obtained a
line could be identified was 11¥, where A ~ 1400 Gauss. Above this
temperature the line narrows, showing a weak minimum at 90 - 100K; this
suggests that ordering effects arc observed in the esr linewidth at a
temperature of zbout ten times the nominal ordering tenmperature.
Deviation from Curie-Veiss behavigur becomes apparent at about three times
the Néel temperature. The rescnant field appears to shift to lover
valu%s at 20 - 30K, althourh the fairly small apparent shift can, again,
be accounted for by a very suall overestimate of the lineshape correction
factor.

GdZn,, shows entirely parallel behaviour. Stewart obtained

12

TN = 16K and no esr signal is observed below about 17X, where the line

is ~ 700 Gauss wide. In this case, the line begins to broaden at

T .
A i :
70 - 80K (i.e.,'—--'!i,"'-'-]1 ~ 5) compared with a temperature ~ SCK at which
N

departures from linearity in the inverse susceptibility are obgserved.
It is azain possible that the resonent field is shifted to lower values
below 30X.

Tﬁe results described above for the Gd-Zn compounds are very similer
to those of the GA-B compounds and we night expect thet the mechanism
responsible for the anomalous behaviour above TN’ whether it is the
effect of short-range order, the fomation of superzone boundaries, or
some obther nechanism, is the saine in both ceases, The megmetic structures

of the (R,E)22n17 end (R.E)Zn,, compounds are not knowm. In fig. (8.232),

12

In(T - TH) has been plotted asainst In(AH -BT) for the compounds, =nd
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with the reservations epressed for the szie plot in the case of the

borides, we note that & reason:ble straigat line fit is obtained between
T+ 2 and T
H N

TN + 52 for G4

+ 30 for Gdan2 with IPI = 0.7 znd betwaen TN + 5 and

22n17 with |P] = 1.1.

Ho signal was observed from a sadple of anzEr (T,\]. = 2,9, 8 = 3)
4

at 4.2X or T7X.

(3) Augin

Very few internetallic compounds containing in order antiferromegneti-
cally at sufficiently low temperatures {or the extent of line broadening
above TN to be obsarved. Aufin orders st 145K and appears to show
deviations from Curie-iieiss behavinur et sbout 250, It was thus hoped
to compare the esr behaviour of this compound with that of the G4 anti-
ferromegnets.

Both of the samples prepzred in this study (ch.6) showed fairly
strong superlattice lines in their X-rey diffraction dazta but,
unfortunately, no esr signel vias observed between room temperature wnd 77X

in either case.

(x) Pd lnSn

This compound ves investigated to compare the beheviour of a transi-
tion metzl ferromamet with the behaviour of the rare-earth compounds
and, also, in the hopne that some light night possibly be shed on thae
behaviour of the Zn13ih convound discussed below.

In fact, the esr behaviour of P4 LnSa (fig. (8.33)) appears to be

parallel to that of Gdil, and the othex ferrcnagnets described zbove.

2
The line agsain brozdens inhonogenously below 220K and the centre of the
line shifts to lovwer £ields at a2bout the same teaperature. As in

GdAl,:

2.
T . Tg
A Znin m
0 ~ A o~ 1.2.LC
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A constant corrected g-value above 22CK of 2.013 pa 0.C05 was obtained
and this leads to a predicted slope of the linewidth of ~7 G.K-l, compared
to an observed slove ~ 4.5 G.K-l. It ig interesting to note that in
this compound, the high temperature linewidth extrapolates unequivocally
to a large negative linewidth at T = 0K~ -800 Gauss. Similar negative

intercevts were observed in some Pd-lin dilute alloys (ebove) and no explana-

tion can be offered for this result.

(1) Za, 3 ond Zn, Jin

. The esr resulis on the Zn-ln alloys are the most puzzling of all

theiresults in this thesis. They do not appear to fit in with the typical
esribehaviour of either ferromagnets or antiferromegnets.

The results of the runs on the g ~phase, Zn131\5n, are shown in
fig. (8.34). Sample 1 corrcsponds to Dunlop's sample 1334 and sample 2
to his sample 135 (2.7). They both show similar behaviour, the esr
signal first gppearing between 120K and 15CK with g~ 2 and shifting mono-
tonically to g~ 3 at liguid helium temperatures. There is e difference
in the absolute value of the linewidth of the two samples ~ 10 - 15,
but the general behaviour is the same, with what appears to be a weak
maximum at 30 - 40X, which is rather higher than the ordering temperature
~of 20X obtained by Dunlop from the Arrott plot end peak in the magneto-
resistivity.

It might be argued that the form of the temperature denendence of
the resonant field is fairly similer to that of a conventional ferromagnet

with T, ~ 100 - 120K, but if the value of 1.8 emu per gm obtained by

c
Dunlop is used to calculate the value of the demagnetising field at
4.2K, only sbout 207 of the observed shift can be accounted for, even

assuming & factor F = 470, Furthernore, the linewidth does not show the

temperature dependence noxrmally associated with ferromagnets (c.f. Pd22:'.nSn).
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In an attenpt to cast more light on the rather bizarre behaviour of
this compound, esr runs were perfor:ed on solid solutions of I in Zn
containing 0.1 and 0.4zt I, Ho signals were observed at 4.2% from any
of these alloys in either the amnealed or unannealed states (see ch.G).
This negative result contradicts the previous mezsurements of Collings et
al (5.60) and liysko (5.61), elthoush the latter result must be treated
with some caution since the stated concentrations of In (0.5at:! and
1.0atsl) are above the solubility limit of O.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..MMn. However, a2 run on the alloy Z1113(Fe 2N

13 0.95

in which Im atoms have the same local enviromment of 2n atoms as the

0.05)

anBMIl’ also failed to produce a signal at 77K, 4.2K or 1.TK.

ke i
lol\‘ln,

but it was hoped, again, tha’ its resonance behaviour would nrovide clues

: ) m
Ho magnetic data are available on the S -phese compound Zn

to the Zn,.MIn result. It has, in fact, created more problems. The data

13
(fig. (8.35)) for the shift in the resonant field look qumuti;satively
similar to that of the mc;re dilute compound, although the shift is only
about half the value obtained in the latter compound. The temnerature
dependence of the linewidth is however quite different; a mininum being
found at 200K with a2 slope at higher veuperatures ~ 4 G.K—l (extrapolating
once again to a residusl linewidth ~ -600 Gauss et T = OK). Below the
minimum in AH, the linewidth increases monotonically from 220 ¥ 12 Gouss
at 200X to 1000 ¥ 50 Gauss at 3. At lower temperatures the signal is
distorted by what appears to be a signal from seccnd phase (perhaps
Zn13un).

The esr data for anOI;En shows the brozd fectures exnected for a

ferromugnet with TC ~ 160 - 180K; however, compcxa2d with the data for
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Pd2MhSn, the transition appears far less sharp with a much flatter increase
in A H znd reduction in Hx with decreasing temperature. It will clearly
be of interest to measure the other magnetic properities of this z2lloy 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 measuremcnts can be made on single crystals.
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FIGB.34 ZnsMn (G-phase)
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8.4 Internetallic Compounds - Cenclusions

It is clear from 8.3 that the zenerzl trends of behaviour in esr
associzted with different types of magnetic orler may be distinguished
fairly readily:

1. Compounds which undergo a transition to ferromagnetic order show a
shift in resonent field which, very approximstely, seems to follow the form
of the mzgnetisation of the sample at the field in which the messurcnents
are made.  Furthernore, the linewidth brocdens inhomogenously due to the
di%tribution of demagnetising factors for the different particle shapes

in the powder. In an ad~hoc viay, rhe temperalure st which the compound

{
i

orders in zero field moy be identified with & temperature ~ 0.8 - 0.9

times the temperature at which the line begins to broaden and the resonant
4 CugGd

field to dcerease. The compounds GdAlz, GdPtz, EuszﬁkEuPd and PdZHnSn
behave in this way.
2. Compounds which order entiferromegnetically do not give en esr signal

below TH' It has been observed thet, whereag in some compounds (e.g.,
AgBGd, CuzGd) the esr linewidth begins to broaden at s temverature less

than twice T, in other coupounds (e.c., B GdB4,GGZn

127 Gd22n17 end

"CuAGd") the linewidth begins to broaden ot tempersiures of up to ten

. P
times the lieel temperature. These compoundes also appear to show anomalous

w

behavicur zbove TN in their inverse suscepvibility and resistivity, slthough

the effects in these properties crxe usuclly lecs drastic than in the esr

linewidth and cre usually cbserved over a nore limited temperature range,
o . : ns i o
frequently T >»” 1. The behoviour has been tentztively identified
N :
with the presence of sn extended regime of short-range order in these

compounds, but could possibly be due to the formetion of suverzone band
gaps et 2 tempercture ~{8l.  Other compounds which mey slso exhibit this

behavicur would sppear to be Gdil, Gdig, Gdhn, GACu, GdZn EuAJ.2 end nossibly

2,
GdAl3 (see ch. 3).
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3. The conpound Pd3Gd, vhilst showing clezr sifms of antiferromognetisn

in its inverse susceptibility and resistivity, does give an esr signal

below TN. It is suggcested that this propexty mey be common to other

conpounds which are knovm to be metemegnetic, with a trensition to
ferromagnetism in critical fields comopareble with the field used in the

esr experiment. It would be interesting toinvestigete Eull Eu.l;l2

47
and GdZn2 with a view to exemining this suggestion.

4. The esxr behaviour of Zn13Mh end andMn does not fgll clearly into
any of the cbove categories. It is possible thav anob is ferromcgnetic

but an3mn shows completely anomalous behaviour.
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APPEDIX 1

Search for g Ceriun Resonsnce

The Ce3+ion has a .configuration —— 6524f1 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 o F7 doublet end a Fs quartet, and the
tebles of Lea et al (A.l) suggest that for a crystal field of octahedral
symmetxry, the /77 state is lowest with g = 1.45, whilst for a cubic crystal
field the guartet is the ground state.

Vhite et al (A.2) from static susceptibility measurements on Ceﬁ.l2
deduced that in this compound the /77 doublet is the ground stote and this
_ contention is supported by the specific heat measurements of Hill ond
Da Silva (4.3). Lowin (5.24) searched for an esr signzl at helium tempera-
tures in both CeAl2 and LaAla

but was unable to detect & resonance. This is not surnrising, since

with 0.9% of the La atoms replaced by Ce,

although the /17 doublet may be lowest in these alloys, the appezrance of
a well-defined Kondo anomaly in the resistivity (A.4) would susgest that the
exchange integral between the 4f moment and the conduction electrons is
large. From his neutron diffraction data on CeAl,, Rainford (4.5)
estimztes a spin-lattice relaxation time v 4 x 10_13 secs, at T = OK, which
is equivalent to a linewidth v 107 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
is nv3.5% snaller than that of Lail

paraneter of YAl and thus we might

2 2

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 brozder line than in the LaA12 - Ce case. Indeed, no resonance

. e 2L
line wes observad at 1.7X from an 741, alloy containing 3% Ce.
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Murani (A6) has recenily shown that in Au-Ce alloys, there is no
detectseble Xondo effect in the resistivity and the nuclear orientation
study of Flouquet (A.?) suggests thet in these alloys the [—% stete is
lowesi. Unfortunately, no signal was obsecved at 1.6 from the alloy
prepered by lMurani, diluted to 300 ppn Ce.

Although no clear exnerimental evidence cexists to suggest that the

[17 state is lowest, an attemnt was made to observe resonance in the

alloys:
1. CeIn3
2. lalng - 3atil Ce
and 3. Rh 0.lats Ce

but again without success.

It is clearly of interest to coantinue secarching for sz resonance {ron

3+ a

ion in any compounds or solid solutions in which the | 7 gtate is

the Ce
known to be lovest and where the value of the local moment - conduction electron
exchange is small. It would be interesting to uge single crystals of

materials containing Ce, in the ﬂoPe of observing resoncnce from a 118

quartet ground state as observed in AuDy by Duvidov et 2l (5.69). Extension

of the present measurements to the He3 rance 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

Sunmary of llagmetic and Crystallographic

Data on Intermetallic Comvpounds

TABLE A.1 Tonic properties of the rare-earths of importance to their magnetic
behaviour.
No. of
4f elec- Grouand

Ion trons state 8 J g gn/I(3+1) (g—l)ZJ(J+l)
La>* 0 1s0 0 0 0 0 0

3+ 2
Ce 1 Fojp 05 2.5  0.86 2.54 0.17
prot 2 334 1 4 0.8 3.58 0.80

3+ 4
1 . .5 0. . .
Ha ’ 3 19/2 1.5 4.5 73 3.62 1.84
Pt 4 514 2 4 0.6 2.68 3.2
smt 5 61{5 5o 25 2.5 0,286 0.84 4.54
Bustomet s Tr, 3 0o 0 0.0 0
ca et T 8s7 Jo 35 .5 2 7.94 15.75
ot 8 7F6 3 6 1.5 9.72 10.5

3+ 6
Dy 9 Mg/, 2.5 7.5 1.33 10.63 7.08
HoS* 10 518 1 8  1.25 10.6 4.5
Erot 11 Lo/ 15 7.5 1.2 9.59 2.55
>t 12 g 1 6  1.17 7.57 1.17
ot 13 2F7/2 0.5 3.5  1.14 4.54 0.32
Lt 1 1 0 o 0 0 0

gd

2. 14

3.20

3.28

2.40

0.72

10

10



Structure

Comp'd Systen Type a
TABLE A.2 RAl System

LaAl Ortho Cefl 5.809
CeAl Oxtho CeAl 5.670
Pril Ortho ErAl 5.T45
NaAL Ortho BEril 5.729
SmAl Ortho Eral 5.678
GaAl Ortho Ersl 5,656
ThAl Oxtho BrAl 5.621
DyAl Ortho ErAl  5.604
HoAl Ortho ErAl 5.621
ErAl Ortho ErAl 5.570
TimAl :

TAL Ortho CrB 3.884
ErAl type Prma,
Structure unknowm

TABLE A.3 RAL, System

LaAl2 Cubic mgCu2 8.131
CeA12 Cubic IugCu2 8,047
PrAl2 Cubic MgCu2 8.015
NdA12 Cubic MgCu2 7.987
SmAl, Cubic MgCuz 7.926
EuAl2 Cubic Hg0u2 78.110
GdA12 Cubic MgCu2 7.887
ToAl, Cubic MeCu, 7.850
DyAl2 Cubic M’gCu2 T7.821
HoAl2 Cubic M',gCu2 T7.802
ErA12 Cubic Mg0u2 T7.780
TmAl, Cubic Hglu, 7.760
MgCuztype Fd3m

(O! 0, O); (Os %9 '%)! (‘;"’ 0, %.)?
8 Mg (0, 0, 0), (%, % %)

16 cu (s, & £ (&, 5 &) @

By 8

T.734
7.680
5.964
2.940
2-899
5,888
2.834
5.822
5.801
5.801

4.385

z =8

9.531

9.270
11.771
11.728
11,622
11.527
11.370
11.369
11.339
11.272

11.522

(%‘! :2, 0) plus

B)3

G %

)

v

eff

ww N
* L ]

U WU
W 0>

N

B
~NOoOH+HHOD

*r ® 8
~l+HwHHW,

* o .

3.1

7.88
7.92
9.82
9.7

9.56

11

85
24
17
17
28

61

180
108
68

16

285

MoT
7.1 26
2.5
33
2.5 66
‘ 123
7.0 170
8.1 114
9.1 58
7.86 27
7.6 14
4.69 8

1

20
29

42
T2
20

13
10



Structure

Comp'd  System

Type a

TABLE A, RA13 Systen

LaA13 Hex
Ceil 3 Hex
PrAl 3 Hex
Naal 3 Hex
SmAl3 Hex
GdAl3 Hex
TbAl3 Hex
DyAl, Rhomb
(Hex-
index)
H0A13 Rhomb
' (Hex~-
index)
ETA13 Cub%c
TmA13 Cubic
YbAl3 Cubic
LuAl3
YA13 Hex-~
Bhomb
(Hex—
index)
Ni3Sn type

2 sn (1/3, 2/3,

61 (x, 2x, 1) (&, % 4 (0 % 3) (20, % 2)s

TABLE A.5

Euil,

Tetra-
gonal

BaAl4 ty'pe

(0, 0, 0); (%, ;

2 Ba (0, 0, 0)

4 4 21g (O, jg,
2) (o, 0,

6.662

Ni3Sn

Hi3Sn 6.545
Ni3Sn 6.504
Ni3Sn 6.472
NiBSn 6.380
Ni3Sn 6.320
Ban3 6.175
HoAl3 6.080
HoAl3 6.052
Cu3Au 4,215
Cu3Au 4,200
Cu3Au 4,202
Ni3Sn 6.28
Ban3 6.194

P63/mmc

1) (2/3, 1/3, 2)

Basl, 4.398

4

I4/mmm

‘3’:); (‘1: 0, f‘_&:)
z); (0, 0, %)

eff
4.609
4.609 2.63
4.604 3.74
4.606 4.11
4.597
4.592 8.29
21.180 10.0
35.940 10.85
35.930 10.89
2.87
7.88
4.62
4.58
21.138
g = 2
3-(7 Xy 75.‘;)
11.170 8.02
7z = 2
2 = 0,38

-26

+6

-300

6.2

286
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23
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Structure

Comp'd Systen Type
TABLE £.6 RIn3 System
LaIn3 Cubic AuCu3
Celn Cubic AuCu

3 3
PrIn3 Cubic AuCu3
NdIn3 Cubic AuCu3
SmIn3 Cubic AuCu3
GdIn3 Cubic AuCu3
TbIn3 Cubic AuCu2
DyIn3 Cubic AuCu3
HoIn3 Cubic AuCu3
ErIn3 Cubic .AuCu3
TmIn3 Cubic AuCu3
YbIn3 Cubic AuCu3
Luln,  Cubic AuCuy
YIn3 Cubic AuCu3
AuCu3 type
Au (0, 0,0)

3 Cu (%ﬁ B 0)5

(%’ 0, %)5

TABLE A.7 RCu System

CeCu Oxtho FeB

SmCu Cubic CsCl
GdCu Cubic CsC1
TbCu Cubic CsCl
DyCu Cubic CsCl
HoCu Cubic CsC1
ExCu Cubic CsCl
TmCu Cubic CsCl
LuCu Cubic CsCl
YCu Cubic CsCl
CsCl type

¢s (0, 0,0)

Ci (%7 %s %)

4.688

4.671
4.653
4.627
4.607
4.588
4.579
4.573
4.564
4.548
4.611
4.544
4.592

Pm3m

(o,

7030

3.528
3.502
3.480
3.461
3.445
3.432
3.414
3.390
3.477

Pm3m

[
g

[ SE0

4.30

eff

2.70
2.54
3.58
3.62

8.20
10.05
10.78
10.65

9.75

7.6

6.36

-6

~70
=22
~26
-18
-12
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45
36
23
11

140
117
€4
23
15
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Structure
' .

Comp'd  System  Type & b c Popp 2] /Q Te Ty
TABLE A.8 RAg System

Lalg Cubic CsCl 3.766

Celg Cubic CsCl 3.739 2.51 -20 0.95

Prig Cubic CsCl 3.739 3.44 2 1.55 14

NdAg Cubic CsCl 3.715 3.53 -3 22
Smig Cubic CsC1 3.673

GdAg Cubic CsCl 3.648 8.2 -70 150
TbAg Cubic CsCl 3.625 10.15 -36 106
Dyig Cubic CsCl  3.608 10.45 =23 63
Holg Cubic CsCl 3.592 10.3 -17 33
Erhg Cubic CsCl  3.574 9.2 -9. 21
Tmig Cubic CsCl 3.562 T.15 =7 9.5
Luig Cubic CsCl 3.541

YAg Cubic CsCl 3,617

Structure 2s RCu System

TABLE £.9 RAu System

Priu Cubic CsCl 3.68

Ndaiu Cubic CsCl1 3.659

SmAn Cubic CsCl 3.621

GdAu Cubic CsCl 3.601 T.92 29 31

Ortho CrB 4.522 10.826  4.734

TbAu Cubic CsCl 3.576 9.54 23 40
Dyhu Cubic CsCl 3.555 10.22 T 14
HoAu Cubic CsCl 3.541 10.50 0 10
ErAu Cubic CsCl 3.527 9.42 -4 13-18
TmAu Cubic CsCl 3.516 7.32 -5 8-19
Latu Cubic CsCl 3.4¢

YAu Cubic CsCl 3.556

Structure es RCu System



Structure
Comp'd Systen Type
IABIE 4.10 RCu, System
LaCu2 Hex AIB2
fa
CeCu2 Ortho Ceuu2
P:r:Cu2 Ortho CeCu2
NdCu2 Ortho CeCu2
SmCu2 Oxrtho CeCu2
EuCu2 Ortho CeCu2
GdCu2 Ortho CeCu2
‘I'bCu2 Ortho CeCu2
DyCu2 Ortho CeCu2
HoCu2 Ortho CeCu2
ErCu2 Ortho CeCu2
TmCu2 Oxrtho CeCu2
YbCu2 Ortho CeCu2
LuCu2 Oxrtho CeCu2
YCu2 Ortho CeCu2

CeCu2 type

(0, 0, 0); (%, %, %) plus

4.348
4.435
4.400
4.387
4,360
4.434
4.320
4.310
4.300
4.280
4.275
4,266
4.286
4.245
4.305

Imna

4 Ce z (0, T X), x = 0.54

8 Cu z (O: Y Z)? z (0, %’* NE) E)y

DMBIE A.11  Rhg, System
LaAg3 Hex PuAg3
CeAg3 Hex PuAg3
PrAg3 Hex PuAg3
NdAg3 Hex PuAg3
SmAg3 Hex PuAg3
GdAg3 Hex PuAg3
TbAg3 Hex PuAg3
DyAg3 Hex PuAg3
HoAg3 Hex PuAg3
ErAg3 Hex PuAg3
ItnAg3 Hex PuAg3
YAg3 Hex PuAg3

Structure unknown

12.848
12.753
12.719
12,726
12,619
12.613
12.628
12.644
12.554
12.463
12.553
12.526

b c Peff
3.818
7.057  T7.475
7.024 T-435 3.51
7.000  T.420 3.56
6.925  7.375
7.250  7.553 7.4
6.858  7.330 8.4
6.825  7.320 9.8
6.792  7.300 10.75
6.759  7.290 10.5
6.726 7.265 9.35
6.695  T.247 7.49
6.894  7.382
6.627  7.220
6.800  7.315
z =4
y = 0.05, z= 0.16
9.487
9.401
9.401
$.389
9.280
9,226
g.272
9.270
6,210
9.155
9.203
9.190

0.8
2.3
1.9
0.1
5.8
6.0
7.4
8.7
9.2
5.6
4.2
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Structure

Comp'd Systen

TABLE A.12

RCu

>

GaCu, Cubic

0

ToCu Cubic

5
DyCu5 Cubic
HoCu5 Cubic
ErCu5 Cubic
TmCu5 Cubic
Au395 type
(Os 0, 0)5

430 (1) (o &

2

TABLE A.13

Type a
System
Au‘Be5 7.06
AuBe5 T7.041
AuBe5 T7.027
Au’Be5 7.016
AuBe5 7.003
AuBe5 6.991
F43m

(01 1.59 ]2')3

4 s (0, O, 0)

|

RCu6 Systen

CeCu6 Ortho
PrCu6 Ortho
NdCu6 Ortho
SmCu6 Oxtho
GdCu6 Ortho
YCu6 Oxtho

CeCu6 type
4 Ce L (m, %, n);
+

4 Cu = (p, %, )3
4cuf(z % s);
4Cu? (t, %, u);
4t (v, &, w);
8 Cut (X: Yo Z)§
TLBLE A.14

EuPd,  Cubic

Structure a2s LAl

2

Bt

CeCu.
S
CeCu6

CeCu6

CeCué

CeCu.-
o]

CeCu6

P
fV

b

1+ 14 1+ 1 1
e WS Wt

/‘\/‘\/‘\/‘\/-\'

oA

]

(:‘2: 0, ?5)9

8.108
£.101
8.092

" 8.060
8.040
8.115

|

1
B

ko]
a4 N N e bla gl

1
&)

t
b
-

s

-

+ ]
H 4
-

IRl

bt S (e

= 0.4356 = 2

¢ Per 6 M T
9.6
10.9 2 6.5
10.8 0 7.5 ?
9.7 0 7.3 ?
7‘4 o 409 ?
z =4

(%2, '3;‘“: O) plus

5.102
5.081
5.062
5.034
5.009
5.078

g; (x, %, ¥); (X, = %); (%, %y x), x =g

10.160
10.140
10.1C5
10.049
9.995
10.122
z =4
m = 0.2604 £ 1 n = 0.4353 % 1
p = 0.1470 % 3 q = 0.1419 T 3
r=0.3172 ¥ 3 s = 0.TA48 T 3
$ = 0.0617 T 3 w = 0.9021 % 3
v = 0.4020 & 3 W= 0.9845 £ 3
t:9%+ﬁ'7—5)3 t(i"'x’?’:?'*'z)
y = 0.0046 % 4 z = 0.1904 = 2
7.8 &0

i

15



Struecture

Comp'd Systen Type

TABLE 4.15 RPd3 System

Lan3 Cubic AuCu3
'CePd3 Cubic AuCu3
PIPd3 Cubic AuCu3
Hde3 Cubic AuCu3
Sde3 Cubic AuCu3
EuPd3 Cubic AuCu3
Gde3 Cubic AuCu3
Tde3 Cubic AuCu3
Dde3 Cubic AuCu3
HoPd3 Cubic AuCu3
ErPd3 Cubic AuCu3
Tde3 Cubic AuCu3
Yde3 Cubif AuCu3'
LuPd3 Cubic AuCus
. YPd3 Cubic AuCu3

Structure as RIn3 '

TABLE £.16 RPt, System

LaPt2 Cubic MgCuz
CePt2 Cubic HgCu2
PrPt2 Cubic N’gCu2

| N@Pb, Cubic  HeCu,

SmPt,  Cubic Viglu,
EuPt2 Cubic MgCu2

GdPt2 Cubic MgCu2

Tthz Cubic ‘ MgCu2

byPtz Cubic MeCu,

HoPt2 Cubic I;IgCu2

ExrPt Cubic eCu

2 2
YPtz Cubic MgCu2

Structure =g RA12

a

4.235
4.136
4.138
4,130
4.105
4.065
4.090
4.077
4.068
4.064
4.056
4.040
4.040
4.022
4.074

T.7T14
7.723
7.709

7.694

7.662
T.731
7.637

7.613
7.597
7.586
7.570
7590

eff

3.4
3.4

8.6

10.1

3.43
3.60

1.9
8.10

9.61

10.58

10.60

32
17

5.4

5.2

1.67

2.11

6.77
7.08
734
8.88

T.48

13.5

10

105
50

26
25
19
15

Te5
2.0



Structure
Comp'd System Tyne
TABLE A.17 RZn2 System
LaZn2 Oxtho CeCu2
CeZn2 Oxtho CeCu2
Pan2 Ortho CeCu2
Ndan Ortho CeCu2
SmZn2 Ortho CeCu2
EuZn2 Ortho CeCu2
GdZn2 Ortho CeCu2
TbZn2 Ortho CeCu2
DyZn2 Oxtho CeCu2
HoZn2 Oxrtho CeCu2
Ean2 Orth9 CeCu2
Toin,, Ortho CeCu,,
YbZn2 Oxrtho CeCu2
LuZn2 Oxrtho CeCu2
Structure es RCu2
ZiBIE £.18  Rin,, Systen
SmZn Tetra- Thim
12 gonel 12
Gdan2 " Tthlz
t T
‘I’b.'»?.nl2 ! 'I‘h;..nl2
Dy, " THinY 5
| 1] ¥
HoZn12 Thhnlz
Eanl2 u Tthlz
Tman2 " Tthlz
LuZn12 1 'l‘hz.fnl2
ThI'qn12 type
(0: 0, 0)5 (137 '?5'7 '}2') plu

2 ™ (0, 0, 0)

8 ¥ (1

2

2

3

a1
<r G '2:)3
Ex, 0, Gg;
- %;. 0):

I BN
“ele

~
NN

Wit O 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
8.668
8.863
8.852
8.848

O O s

AN

e we e

b ¢
7.638 7.593
7.53% 7501
T.474 7.533
T.409 7.566
7.299 7.590
7.650 7.655
T.214 7.606
7.142 7.595
T.090 7.600
T.042 7.612
6.984  7.610
6.044  T7.604
7.325  7.569
6.866 7.600

5.215
5.210
5.200
5.198
5.195
5.193
5.100
5.186
z =2
'2', 'g: ’ (':1 3.37
x, 0); (0, %
x; 0); (G X

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

non

292

1.82 24

16

16
14

2.9

0.28
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TABLE A.19 REan7 System

Gd,Za,; Hhorb Th,lii,, 8.994 13.169 7.64 —53 10
To,Zn, , Ehomb " 8.977 13.161 9.84 ~1IT7 28
Dy,Zn), Fhoub " 8.967 13.139  11.01

H02an7 Rhomb " 8.956 13.133 10.08

Er22n17 Rhomb " 8.942 13.118 9.63

Tm2an7 Rhomb " 8.937 13.110 7.64

ThZHil'Z R3m z = 2

6 Hi (l) ('?31 0, 0)5 (C" "12’ O); (?1:: :'es 0)3 (,1:: '}.: 0)3 ‘1! ’;33: ET); (l, 0, %a'): (Oy '?5! Tlf)

— + + Nt = - .
12 Ni (2) z (X, 0, %.“)5 - (Oy X, i); - (Xi Xy ':’;‘); - (=, 9: ‘3;-); p (C‘: Xy "47)5

@& %3 x=1/3

121 (3) F(x, 20 0); E(E ox, 0); T2, ox, 0) Tx, ook, 1) TR R RN
z (X, 2x, j%) X = 1/6

4  (4) T (3 2/3,2) (13,2, %-3) z = 0.11

2mm (1) %(o, 0,3

2t (2) ¥ (1/3, 2/3, %)

TABLE A.20 EB6 System

LaB6 Cubic CaB6 4.154

CeBy Cubic CaB,  4.139 2.49 -76 3
PxB, Cubic CaB,  4.130 3.5¢  -68 7
NdB, Cubic CaB,  4.125 3.54 -42 8.6
EuBy Cubic CeBy  4.178 8.7 9

GdBy Cubic CaBg  4.111 8.01 =55 14
TbBg Cubic CaBg  4.102 2.43 -35 23
DyB, Cubic CaBy 4.098 10.63 ~21 21
HoBy Cubic CeBg  4.097 6
CaB6 type Pm3m z =1

ca (0, 0, )

68 (x, %, 3)s (3 %5 2)5 (% ¥ %); (;, 5 5 (G x s (3, 3, x)  x=0.207
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TABLE A.21 RB4 Systen
GdB4 Tetra~ UfB4 T.144 T.92 -€0 42
gonal
TbB4 " UB4 7.118 9.72 -36 43
¢ DyB 4 " B 4 7.101 10.6 -21 22
HoB4 " UB4 7.075 " 10.6 -15 8
Er'B4 " UB4 7.071 9.6 -20 17.3
1l 1208
TmB4 UB4
UB4 type P4/mbm 2 =4
4u I (u, Lo+ u, 0); T(&-u u 0) u= 0.31
48 (1) T (0, 0, v); T (%, % V), v = 0.214
v
. (2) z (w, .12 + Wy 3)3 z (% - w, wy 3), w = 0.036
+ /- 1 + /4 1 1
8B (3) z (%, ¥y %) z E+x,3-7 s - (v % &) - (3 +y, 2+ % %)
x = 0.174 y = 0.042
TABLE A.22 PdéidX System
PdZMnSn Cubic Heusler 6.380 4.23 : 189
P MnIn Cubic FHeusler 6.373 4.3 142
PdéMnSb Cubic Heusler 6.424 4.40 247
Heusler (AlCuzﬂn) type Fm3m z =4

4Pa (1) (0,0,0); (0, % %) (0, %) (& % 0)
4 Pd (2) (}:! “32"’ ’?d)? (‘j?,: 0, O)? (03 11 0)3 (O’ 0, ':‘l:‘)
4 ¥n ('E‘-f" %y ';f«)? (:u ':', ’2)5 (3;! 14’.7: :‘i))s (%9 '53 :é")

4 Sn (?Ls ’Zy ';1)3 (2’! 11@! ’?f); (‘}H %7 “1::)’ (%a ‘;‘:9 ‘:1)5

TABLE 4.23 Zn, 3 Systen

Coan3 Mono- 13.31 7.54 4.99
clinic -
Fean3 " 13.42 7.61 5.06
Mthl3 n 13.48 7.66 5.13 1.8 36
1; - CoZn13 c2/m z =2

*  For an approximste structure see P.J. Brown, icta Cryst., 15, 60c, 1262 znd ref (2.7)



lluch of the mernetic data in these tables has been taken fron
Appendix II of "Intermetallic Iare~Earth Compounds" by ¥X. W. R. Taylor
(1.46). The structural data has been collected from "A Handbook of
Lattice Spacings and Structures of lLietals and Alloys", Vol. 2, by V. B.

Pearson, Pergemon, 1467, and from references quoted in ch. 0.
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FIG A3a KORRINGA RELATION
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APPENDIX 4

ESR OF IONRS IN LIETALS

Classificetion by lLisgnetic Impurity and Host liatrix

(papers published prior to Lpril 1972)

5. IMPURITY HOST YEAR REF.

- i Ce A% 72 This Work (-ve)
5.24 # Lakl, 70 Lowin (-ve)
- % " Lalng 72 This Work (-ve)
5‘21 " RAL, 70 Lowin (~ve)
- " RIn, 72 This Vork (-ve)
- o Rh 72 This Work (-ve)
- " YA, 72 This Work (-ve)
5.37 Dy Ag 66 Griffiths, Coles (-ve)
5.67 L Ag 71 Davidov et al

5.69 " Au 72 Davidov et al

5.43 " Th 12 Davidov et al

537 Er Ag 66 Griffiths, Coles

5.63 " Ag 68 Hirst et al

5.24 " Ag 70 Lowin

5.64 " Ag 70 Chui et al
5.65 " Au 71 Tao et al

5.66 " Au T2 Chock et al

5.68 " Cu 71 Davidov et al

5.41 " Mg 67 Burr, Orbach
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5. INPURITY HOST YEAR RER

5.70 Er P4 T2 Davidov et al

5.68 " Pt 71 Devidov et al

5.70 " Pt T2 Davidov et al

5.68 n Th 71 Davidov et al

543 " Th T2 Davidov et al

5.68 u Rh 72 Davidov et al

- " KB, 72 This Vork (-ve)

- t RZn, , 72 This Work (=ve)
5.5 Eu Eu 60 Peter, Matthias

5.6 { " RAl2 60 Jaccarino et al

5.5 " RIT, 60 Peter, Matthiss (-ve)

5.7 " RAL, 61- Peter

5.7 " Rig, 61 Peter

5.9 " RA14 67 Wernick et al

5.41 u g | 67 Burr, Orbach

5.44 " Yb 68 Schifer et al

- " szR T2 This VWoxk

- L PdR T2 This Work

5.59 Fe a0 62 Collings, Hedgcock (-ve)

5.59 u lg 62 Collings, Hedgcock (-ve)

5.62 o Cr 68 Szlamon, Feigl (doubtful)

5,268 Gd Ag 62 Peter et al

5.37 " Ag 66 Griffiths, Coles

5.36 " Ag 70 Nalkamura et al

- " Ag T2 This Vork



5.26a
5.42
5.1
5.4
5.2
5.262
5.34
5.30

529
5.34
547
5.40
5.38
5.262
5.8
5.31

5.32
5.30
5.33

5.26a
5.30
5.34
5.30
5435
.43
5.3

LIPURITY

Gd

BCST

Aun

Au

Ir
La
La
La
Lu

Lu

Ng

Mg
Pd
Pd
P
Pa
Pa
Pd
Pa
Pd

Pt

Sc

Sc

YEAR

62
71
53
64
70
62
66
7
72
65
66
67
T
71
62
64
70
70
1.
71
T2
T2
62
71
66
T
Yol
72
63

REF.
Peter et al (=ve)
Chock et al
Kip

Rodbell, lloore
Chiba, Nakemura
Peter et al (~ve)
Harris et al
Cottet

This Woxk
Harris et al
Harris et al
Burr, Orbach
Tao et al

Ehara

Peter et 21
Shaltiel et al

Cottet, Peter

Coles et al and This Woxrk

Praddaude, GHrtner
Cottet

Shaltiel et al

This Work

Peter et 2l (~ve)
Cottet

Harris et al

Cottet

Salamon

Davidov el 2l

Popplewell, Tebble
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2.29
2.34
5.30
5.26g,
5.31
5.30
5-3}
;o
o
sl
.o
5.30

5.30
5.31
5.30
5.26a

5.6
5.8
5.8
5.11
5.23
2.24

5.12

9.15
5.16

1]

11

Ag-Pd
Ag-Pd
Ag-Pd
Cxr-Pd
Crx-Pd
H~-Pd

Ni-Eh
Ni-Pd
Ni-Pd
Ni-Pa
Pt-Pd
Pd-rh
Pd-Fh

Pd-Fh

TEAR

65
66
71
63
ve!
71
71
71
63
68
71
71
72
71
71
71
62
72
60
64
64
68
70
71
70
72
72
62
71
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Harris et al

Harris et al

Cottet

Peter et al

Cottet, Peterx

Cottet

Cotlet, Peter

Cottet

Sheltiel

Cottet et al

Cottet, Peter

Cottet

This Work

Cottet

Cottet, Peter

Cottet

Peter et al

This Work

Jaccarino et al
Shaltiel et al
Shaltiel et al (LaA12 - ¢d)
Davidov, Shaltiel
Schifer et =l (YAlz—Gd)
Lowin (LaA12~Gd)

Coles et al (LaAlz—Gd)
Hacker et al

This Work

Coles et al

Miller, Haclier
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5. DPURITY HOST  YEAR REF.,
- Ga B¢ 71 Fisk et 21 (This Vork)
- w o EB, 71 Fisk et al (This Work)
- : " RCuG 72 This Work
- 5.26a, " RCug 62 Shaltiel et al(Y/IaCus-Ni)
- i RCu4 T2 This Work
- " RCu, 72 This Worlk
- " RIn2 T2 This Work
5.5 " RIr, 60 Peter, latthias
5.8 " RIr, 64 Sheltiel et al (LaIrZ-Gd)
5.11 " RIr2 68 Davidov, Shaltiel
5.11 " RI-&n2 68 Davidov, Shaltiel
5.8 | " Riig 64 Shaltiel et al (HiCu5/Y, La)
5.11 " RN15 68 Davidov, Shaltiel (LaNisGd)
5.14 " RNi5 71 Burzo, Ursu
5.8 " RPt,, 64 Shaltiel et al (LaPtz-Gd)
5.10 " RPt, 68 Vijayarhaghavan et al
5.i0 " BPt2 68 Vijayarhaghavan et al
5.11 " RP%, 68 Davidov, Shaltiel
- " RPty/y 72 This Work
5.8 " RPt 64 Shaltiel et al (LaPt54Gd)
- “ RPd3 T2 This Worl:
5.8 " REh, 64 Shaltiel et al (Laha-Gd)
5.11 " RRh,, 68 Davidov, Shaltiel
5.8 " RRu,, 64 Shaltiel et 2l (Sc, Y, Ce, La-Ga)
5.18 " RRu,, 65 Shaltiel et al (LaRuz-Th-Gd)
5.19 " RRu,, 68 Cottet et al (LaRuz-Gd)
5.20 oo RRu, 69 Davidov et al (LaRuz—Gd)
5.8 " i 64 Sheltiel et al

5.8 " UPd3 64 Shaltiel et al



5.

2.25
5.8

5.17
5.22

5.3']}
5.22;1

5.4‘?
|
5.47
5.50
5.56
5.59
5.8
5.46
5.45
5.48
5.50
5.49
5.53
5.51
221
5.52
5.53
5.57
5.58
5.30
5.45

IMPURTYY

Gd

i

HOSW

UThPd
3

ThRu2

ZrRu2

Zan2

R&n12

Ryany.

Az

LaAl2

Au
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu

Cu
Mg

YEAR

69
64
64
71
72
72

51
64
67
70
62
64
56
57
66
67
67
67
67
65
68
69
70
Tl

T1
57

303

Davidov el al
Shaltiel et al
Shaltiel et al
Davidov et al
This Vork

This Work

Griffitas, Coles (-ve)

Lowin (~ve)

Owen et al
Shaltiel, Vernick
Gossaxrd et al
Elliston

Collings, Hedgcock (-ve)
Shaltiel, Wernick
Owen et al

Owen et al
Geschwind et al
Gossard et al
Griffithsg

Heakamura, Xinoshita
Okuda, Date

Oda, Asecyama
llcElroy, Heeger
Halkamura, ¥Xinoshita
Oda, Asayama
Kagashima, Abe

Cottet
Owen et al



2.24

5.63

5.65
5.66

5.73
5.72
5.72
5.71

IMPURITY

11

HOST

g
Pd
Pd

Pa

Zn. JFe

LaAl,

Aun
An
Au

Au

Cu

Cu

Cu

TEAR

62
64
71

68
71
T1
72

63
67
67
67

REF.

Collings, Hedgcock

Shaltiel,
Cottet

This Work

Vernick

Collings et al

Lowin

(~ve)

al end This Work

Hirst et al

Lowin

Tao et al

Choclc et al

llonod, Schultz

Schultz et 2l

TESR

Schultz et al

Cowvan

-
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APPENDIX 5

FIG A.ba
Correction Factor For AH
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Letters to the Editor L121

g shifts of Gd in dilute alloys

Abstract. Electron paramagnetic resencice data for 0-45% Gd in LaAl, are reportec.,
Ag is found to be --0-027, and the linewidth 102 =+ 1§ ~(4> = 3)T Oc where T is the
absolute temperature. The negative g shift for Gd in Pd is ascribed to a negative d-s
interband effective exchange in Pd and a positive 4f-conduction clectron exchange.

It is now well known that the effective exchange interaction (Jorr) between the local
monient on a solute atom 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, Jmix, was first sugeested
by Anderson and Clogston (1961). de Gennes (1962) and Kondo (!962) and 1s discussed in
detail by Watson ez al. (1963). It has also been recognized that this is 4 one-atom analogue
of the interband mixing which in pure transition metals leads to an antiparaliel polarization
of the conduction chtrons directly visible in the neutron scattering (Shull and Yamada
1962) and Méssbauer etfectin pure iron. although complicated in the latter by core polariza-
tion effects). The role of this negative contribution is clearly seen in dilute allovs of 3d
elements in simple hosts, especially in the prominent resistance minima which require for
their explanation (Kondo 1964) a negative effective interaction. and where strong mixing
and fairly broad virtual states are to be expected. The exact manner in which Jerr 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 Jorr (¢). although the direct g shift of the epr of the solute
atom depends only on the value for ¢ == 0. The observation. therefore, of weil defined
negative g shifts for Gd in such hosts as Pd. LaRua, LaNi; (for references. see the review by
Peter ez 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 4f7 configuration for this atom is exiremely stable, and the
energy denominators in the usual perturbation theory treatments of Jmix will be very large
{~10eV). We present here evidence, supp]emenu ¢ that already available, that for some
simple hosts, Ag and Jerr have the positive sign to be expected from the dominance of true
exchange, and a suggestion for the origin of the nezaiive Ag observed in the above-men-
tioned hosts that docs not involve large 4f-conduction electron mixing.

We have studied the epr of a homogenecus singie-phass 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 describad prcuom]\ (Gn fiths 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 shiit
in somewhat more concentrated alloys (Shaitiel er al. 1964) we find Ag = =0-027 — 001
and a linewidth AH at 4-2 K of 292 — 5 Oc varving at lower temperatures. down to 1-8 K.
asa =+ bT, where ais 102 — 15Qe and b is 45 = 5 Qe K1,

In the simplest treatments of the g shift due to ye, the conduction electron susceptibility
(Yosida 1965), one obtains Mg = Juer N(E)r where M(E)r is the density of states at the
Fermi surface, and this remains vaiid more generally if ye,2p5 is substituted for A(E)r
where up is the Bohr magneton. The measured susceptibility (corrected for core diamag-
netism) of LaAls is 130 :< 10-% e.m.u. mole~! (Maple 1969), and this leads to a J value of
about +0-017 eV. The temperature depend;nc‘ of the linewidth is in good agrezment with
the Korringa (1930) relationship, gupA/ 2+kT = (Ag)2, which predxcts 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 evaiuation of this altoy.
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and this seems to imply (Peter et al. 1967) that exchange enhancement does not play an
important part in y. for LaAls. For other LaAl>-Gd alloys Maple and Fisk (private com-
municaticn) have detected no resistance minimum and an enhanced effective moment per
Gd atom; these observations support a positive sign for Jes.

For Gd in Pd, however, the g shift first observed by Peter er al. (1962) is large (~0-12 for
Pd,,Gd,) and unambiguously negative. (Since this amount of Gd, like comparable amounts
of Lu, (Shaltiel er 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 bzen observed by Cottet (to be published) and (to g = 1-79 at 0-25 %, Gd) by
two of the present authors (Grifliths and Taylor, to be published).) In the light of previous
remarks, howcver, the sign remains puzzling, even if the mixing postulated is with the
d-band of palladium, as suggested by Shaltiel er @/, (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 4f7 shell of the Gd atoms produces the negative g shift observed. A similar argument
could hold for LaRu:-Gd and for GdNi; (note that Ag for GdCuy is positive). When
present in large concentrations in stoichiometric compounds with nontransition elements
(e.g. GdAlz) and in pure gadolinium metal the band structure may be 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 (-PHASE 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 { des composés Zni3Mn, ZnisFe et Zn;3Co sont bien ordonnées. La distance entre les ions
de transition est ~ 5 A, L’ion Mn porte un moment magnétique alors que les ions Fe et Co n’en portent pas comme
dans les solutions correspondantes dans Zn. En dessous de 20 °K, Zn;3Mn s’ordonne et est faiblement ferromagnétique.
On observe un fort signal en R. P. E. et le facteur g passe de la valeur 2,0 4 200 °K a la valeur 3,0 en dessous de 4° K.
A basse température la résistivité de ZnisFe et Zn13Co varie considérablement avec 1a température, indiquant un phéno-

meéne de diffusion des électrons.

Abstract, — The (-phase compounds Zni3Mn, ZnisFe and Zni:Co 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 Zn:sMn 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
Zn1sFe and Zn1:Co at low temperatures, indicative of electron-clectron 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 Zn,;X, 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 py = 1.82 g,
§ = 36°K and y, = 0.53 x 107% emu/g. It orders
ferromagnetically at about 20°K (deduced from a
plot of H/M versus M? [2]) with a saturation moment
of only 0.3 ug per Mn ion (Fig. 2). Our e. p. 1. 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 9
of the observed shift. The susceptibilities of {-Fe and
{-Co are small and almost temperature-indepen-
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Fig. 1. — Magnetic susceptibilitiecs of the {-phase Mn,
Fe and Co compounds ; note the ten-fold scale expansion

below the axis for {-Co. The Curie-Weiss plot for the {-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 {-Fesamples show considerable varia-
bility, but are distinctly more paramagnetic than
{-Co, whose susceptibility is about equal to that of
pure Zn (— 0.1 x 107° emu/g).

The room temperature resistivities of these com-
pounds are high : about 90, 30 and 20 uQcm 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 7>/, but with
some additional term near the magnetic transition.
The temperature dependence of (-Fe and (-Co is
between T2 and T3. The magnetoresistance of {-Mn
is large and negative, and peaks at a temperature
close to that of the magnetic transition (Fig. 2).

T T I T T T T T T T T I T T T
0-4
2 - ] - = ®
M « CMn135 . " :
" 0-2
eMuA” 142K : In
0 -0
. }JB/Mn
i - o2
| C Jo4
PR T S NN T T N PR TR T S N W't
-5 0 5
H kG

Fic. 2. — Magnetization curve of a {-Mn sample at 4.2 °K.

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
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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 {-Fe with
respect to {-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 {-Mn are more difficult to understand.

LR et Sl Iass Saas Rt e a |

AR st bl e e S S A E

mol L + CMn 135
. [Mn 136

Al - . H:18kG

T degK

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¢ 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 uQcm respectively [5] ; at T = O tke 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
T3/2 behaviour of {-Mn no doubtrepresents scattering
by spin excitations ; the temperature-dependence of the
resistivity of {-Feand {-Co is too large and too slow to
be a phonon term, and it is more likely that it corres-

A. D. CAPLIN, J. B. DUNLOP AND R. H. TAYLOR

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 o C Mn136-1 ]
O°F L Mn1s-2 E
o [ Fef23 .
« L Fe126 ]
+ £ Co145 1
L ]
10-6.— 3
§rfo 5 ]
Qem [ > R
L o ]
i 54
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"'./
1077} 7'1/ i
A p ]
107 . e
C 1 |° 1 [ | 1 11 1.1
1 5 10 50

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.
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invaluable metallurgical advice and assistance. This
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studentships by two of us (J. B. D. and R. H. T)),
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Abstract. GdBs and GdB4 have Néel temperatures (7'x) 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 T'n. We suggest that a significant amount of short range order sets in between
here and the observed T'v.

Both the paramagnetic Curie-Weiss temperatures, ®, 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 ® o (g — 1)2
J (J + 1) for both the hexa- and tetraborides of Gd, Tb, and Dy, while Ty is not. The ratio
®/Tn is determined by the particular type of spin ordering in the antiferromagnetic state,
and we ask why DyBg and DyBy4 can order in a spin arrangement such that /Ty = — 1
while GdBs and GdB4 cannot? One expects ordering at the highest possible temperature.

Table 1. Data on rare earth hexa- and tetraborides

Boride f configuration Tnt Uett (up) et G
(K) Calc Exp K)
GdBs f7 17-5, 14} 7-94 801 —55 1575
TbBs f8 23 972 9-43 —35 10-5
DyBs fo 21 10-6 10-63 =21 7-08
GdBy f7 42 7-94 7.92 —60 1575
TbBa f8 43 972 972 —36 10-5
DyBg4 fe 22 10:6 10-35 =21 7-08

+T~ for hexaborides from Matthias et al. (1968); ® for hexaborides from Paderno et al. (1967).
Tetraboride data from this study; ® 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 YBg by rare
earth impurities (Fisk ez al. 1969) show that the f electron-conduction electron interaction
is strong enough to account for the observed values of ®. A simple free electron model
calculation shows that the RKKY interaction will be antiferromagnetic between nearest
neighbours in the hexaborides.
+Now at The James Franck Institute, University of Chicago, 5640 Ellis Ave, Chicago, Illinois
60637, USA.



The measurements of Coles et al. (1962) of the temperature dependence of the magnetic
susceptibility and the electrical resistivity of GdBs 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 7. Furthermore the measurement of Westrum (1968) of
the specific heat of GdBg 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
YBg show Curie~Weiss behaviour to 1-5 K in agreement with the above expectation.

The results of our esr measurements on GdBg are shown in figures 1 and 2. We observe
that the linewidth (AH) 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.
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Figure 1. Temperature dependence of the esr linewidth (AH) of GdBs (Il) and GdB4
( @). Correction has been made for lineshape.

The situation for the heavy rare earth tetraborides is similar. In this case, ® cc G and
®/Tx ~ — 1 for TbB; and DyB4 but not for GdBa. 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 T’y the susceptibility is 0-93 of the
value expected by extrapolation from above this temperature. Our esr data for GdBs 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 GdBs () and
GdB4(@). Correction has been made for the lineshape and finite sweep speed but not
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Figure 3. Temperature dependence of the electrical resistivity of GdB4( @), TbB4 (O)
and DyBa(+). The absolute value of the resistivity was not determined. The data are
normalized by the slope at 250 K 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 T and |®|) where the free energy favours only short range ordering. This
order is easily visible in neutron scattering at room temperature in MnO although T is
116 K (® is —610 K).

Conceivably, the free energy of simple antiferromagnetic long range order in GdBg 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
Néel type ordering (NaCl type magnetic unit cell, @/Tx ~ — 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 GdBe 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 GdBs applied to GdB4 could explain the anomalies observed. The tetraborides
TbB4 and DyB4 order with ®/Tx ~ — 1. The parallel between the compounds which one
sees in the table suggests that similar explanations may account for GdB; and GdBs.

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 Ty (BATTLES, J. W.,
1971, J. appl. Phys., 42, 1286,) show the excess broadening we would expect from the
above observations; well above T it is probably only a matter of nomenclature whether
one speaks of short range order or long-lived critical spin fluctuations.

CoLss, B. R., CoLE, T., LAMBE, J., and LAURENCE, N., 1962, Proc. Phys. Soc., 79, 84

FisK, Z., MATTHIAS, B. T., and Corenzwir, E., 1969, Proc. nat. Acad. Sci. USA, 64, 115.

JoHNsoN, R. W., and DAANE, A. H., 1963, J. chem. Phys., 38, 425.

LipscomB, W. N., and BriTTON, D., 1960, J. chem. Phys., 33, 275.

LonGuetr-Hicains, H. C., and RoBerTs, M. DEV., 1954, Proc. R. Soc. A, 224, 336.

MATTHIAS, B. T., er al., 1968, Science, 159, 530.

MATTIS, D., and DoNATH, W. E., 1962, Phys. Rev., 128, 1618.

PADERNO, YU. B., and POKRZYWNICK], S., 1967, Phys. Star. Solidi, 24, K11.

PADERNO, YU. B., POKRZYWNICK], S., and STALINSKI, B., 1967, Phys. Stat. Solidi, 24, K73.

STEWART, A. M., 1970, PhD thesis, University of London.

WESTRUM, JR., E. F., 1968, Progress in the Science and Technology of the Rare Earths, Vol. 3,
(Oxford: Pergamon) p. 459.

BR*



