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Abstract

Detailed measurements of the field and temperature dependent acsusceptibility and
resistivity have been made for several bond-disordered systems. Analysis of the sus-
ceptibility data shows the influence of disorder and spin-orbit induced anisotropy.
Model calculations of the temperature dependence of the resistive anisotropy mea-
sured in low magnetic fields predict that the anisotropy should decrease linearly
with increasing temperature, vanishing at T.. The slope of this decrease is pre-
dicted to vary inversely with the degree of disorder present in the system. These
calculations are compared to measurements of the anisotropy in these systems.

Similar measurements have been done on a series of 16 CuNi alloys, with con-
centrations between 45 and 55 at.% Ni, before and after aging. As the nickel
concentration increases this system develops a ferromagnetic ground state at a crit-
ical Ni concentration, £o. AC susceptibility and resistivity data show a decrease in
T. with decreasing Ni concentration. Detailed studies of the magnetoresistance as
a function of concentration allow an accurate determination of z, from experimen-
tal data, and indicate a power-law dependence of sontaneous resistive anisotropy
(SRA) on reduced concentration, as noticed previously near z, in Pd-based alloys.
The SRA is essentially the difference in resistivity with a magnetic field applied
parallel and perpendicular to the current, extrapolated to zero field.

Magnetic and transport measurements were done on YNi;B,C superconductors
with partial Fe substitution at the Ni site. The strong dependence of supercon-
ducting properties on material preparation technique suggests the presence of a
defect structure which enhances the critical current density in the superconducting
state. The depression of T. caused by Fe-doping is fitted to models of magnetic
and non-magnetic scattering to ascertain the magnetic state of Fe in this material.

Finally, detailed studies of magnetisation and magnetoresistance were done in
naturally layered Ce(Fe;_.Ru;), and Gd,In in the vicinity of their antiferromagnetic
to ferromagnetic phase transition. The suppression of the antiferromagnetic state by
applied fields causes a giant magnetoresistance (GMR) in these alloys. Attempts
are made to correlate the behaviour of the magnetisation and magnetoresistance
using a model successful in the interpretation of GMR in granular systems.
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Chapter 1

Introduction

The metallic elements with partially filled 3d and 4d shells are commonly referred
to as the transition metals. These elements show a wide range of magnetic proper-
ties, including diamagnetism, ferromagnetism and antiferromagnetism. When these
elements are alloyed with materials from their own or other groups, the resulting
materials exhibit a diverse spectrum of magnetic and transport properties. This
study examines several such materials, and attempts to relate the magnetic and
transport phenomena found to the magnetic structure present at the microscopic
level.

Magnetically ordered materials are interesting from both a fundamental and an
applied perspective; this thesis focusses on the former aspect. A complete under-
standing of magnetic ordering is difficult to achieve, as it is a true many-body effect
(the magnetic entities involved are fully interacting). The dilute alloy problem—in
which the behaviour of isolated (non-interacting) moments in a non-magnetic host
are studied-was initiated on the assumption that it was less complicated. However
a complete understanding of the conditions under which even a single impurity
develops a stable magnetic moment are still not fully resolved. Increasing the im-
purity concentration beyond the dilute limit leads to interactions which eventually
produced a magnetically ordered ground state, the characteristics of which might
be expected to be easier to model and understand than a fully interacting system.
This has not proved to be true in reality. Despite these difficulties, the additional
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complications accompanying the presence of both a spin (5") and orbital ([-;) com-
ponent to the total moment at an impurity site are beginning to be addressed.
The experimental manifestations of the presence of an orbital contribution at an
essentially isolated impurity site are well established; its influence on the ordering
process are not. This thesis presents an investigation of the effect of an orbital
moment primarily on the transport properties of an ensemble of such moments in
systems which have a magnetically ordered ground state. Although a complete un-
derstanding of the influence of this additional degree of freedom is unlikeiy to be
achieved over the time scale of some 4-5 years, it has nevertheless be possible to
obtain some general results which appear to represent some general characteristics
of systems with orbital moments.

Diamagnetic atoms have no magnetic moment in zero field, i.e. I = § = 0,
the most common situation among the elements. When a field is applied to these
atoms, a moment is induced antiparallel to the applied field, following Lenz’s law.
The magnetic susceptibility of a diamagnet, x = %, is thus negative. In general,
the diamagnetic susceptibility is very small, and has only a slight temperature
dependence(1].

Atoms for which L # 0 and/or § # 0 have a permanent magnetic moment.
If the moments are non-interacting, the system is paramagnetic. In zero applied
field, the moment orientations are random and fluctuate with time, so that the
net magnetisation of the system is zero. When a magnetic field is applied, the
moments tend to line up parallel to the field to reduce their magnetic energy. The
susceptibility of a paramagnet is normally small and positive, and obeys Curie’s

law,

%
== (1.1)

More interesting results are obtained in the case in which the moments interact.
The interaction may align the moments parallel to each other resulting in ferro-
magnetic ordering, or antiparallel to each other yielding antiferromagnetism. The
moments may also form more complex arrangements, such as spin-glass or spin
density wave states. A number of models developed to describe these systems are

2



discussed below.

Early attempts to understand systems of interacting moments led to the molecu-
lar or mean field model, originated by Weiss[2]. He noticed that in a ferromagnetic
material the moments respond as though they are acted on not only by the ap-
plied field H,, but also by another field, usually orders of magnitude larger, thus
accounting for the presence of magnetic ordering at relatively high temperatures.
This molecular field, which is assumed to be proportional to the magnetisation,
arises from the other magnetic moments in the system. At high temperature, the
thermal energy of the material is sufficiently large to overcome the coupling between
moments, and the system becomes paramagnetic. The behaviour of the susceptibil-
ity in this regime, according to mean field theory, is described by the Curie-Weiss
law [1],

C

=T_¢ (12)

where @, the Curie temperature, is proportional to the mean field. The Weiss model
can also describe an antiferromagnet which consists of two sublattices with mag-
netisations in opposite directions [1]. In mean field theory, the antiferromagnet also
obeys the Curie-Weiss law in the paramagnetic regime, with a @ that is negative
instead of positive. Although this model is simple to understand, and can be solved
exactly, its predictions do not always agree well with experiment. For this rea-
son it became necessary to develop more complex models which take into account
interactions on a smaller length scale.

The mean field model as described above is purely classical, and assumes a
homogeneous environment for each spin, a situation which does not normally occur
in a real material. The origin of the magnetic exchange interaction is quantum
mechanical, and is a direct consequence of the Pauli exclusion principle. To develop
an exact, quantum mechanical model of magnetism, the Hamiltonian for the system
must be considered. Heisenberg[3] proposed that, given the strength J;; of the
exchange interaction between two moments S; and S; the magnetic Hamiltonian
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for a system in an applied field H, is
==Y 18-85 —-H-38 (1.3)
i#£f i

A positive value for J;; favours parallel spin arrangement, i.e. ferromagnetism, while
a negative J;; favours antiferromagnetic ordering. The Heisenberg model can not
be solved exactly for a three dimensional lattice, however numerical solutions and
approximations have been made to this model to obtain expressions for the critical
temperature and the dependence of magnetisation on applied field and temperature.

Although the Heisenberg model allows for the presence of disorder in S; and Jj;,
soiution of the model generally depends on the presence of some degree of order
in the system. Although many magnetic systems are ordered, with the magnetic
moments placed at equivalent lattice sites in the crystal, recent interest has been
focused on bond-disordered magnets. In these systems, a given moment can feel
widely varying interactions with neighbouring moments due to inhomogeneities and
statistical fluctuations within the material. This competition between moments can
cause magnetic frustration, particularly at low temperatures where the magnetic
energy is the dominant energy term. This can result in a spin-glass state, which
consists of randomly frozen magnetic moments. Although not all disordered systems
exhibit a spin-glass state, they nevertheless show a variety of interesting properties,
which depend on the degree of disorder present.

In part, the present study will attempt to show that the resistive anisotropy
(the difference in the resistivity measured with the applied field parallel and per-
pendicular to the measuring current) measured in low fields (LFRA), a property
which has not previously studied in detail, can be used as a tool for estimating the
amount of disorder present in a magnetic system, and also as an alternative means
of evaluating the critical temperature. It will be particularly interesting to study
the evolution of the resistive anisotropy in a system in which the magnetic ordering
is changing due to changes in concentration of the magnetic impurity.

In the copper-nickel system, when Ni is introduced into the non-magnetic Cu
host, a paramagnetic system with spin clusters develops. As the nickel concentration

4
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is increased further, the system evolves to a ferromagnetic ground state at some
critical concentration value, zo, with perhaps an intermediate mictomagnetic phase
for concentrations slightly lower than z,[4]. This type of concentration dependent
behaviour is known as a percolation transition. The concentration dependence of
several properties of these materials in the vicinity of this transition are well known,
however recent studies of PdFe and PdNi alloys near the critical concentration(5,
6] suggested for the first time a power-law dependence of the zero temperature
spontaneous resistive anisotropy as a function of concentration, although the two
alloys systems have different exponent values for this apparently critical behaviour.
In this study, detailed measurements of the resistive anisotropy in CuNi are done, in
an attempt determine whether this critical behaviour near the percolation threshold
is a universal phenomenon.

Although large Ni concentrations (~50%) are required to induce a ferromagnetic
ground state in a copper matrix, only 2% Ni is needed in Pd[6]. A recently discov-
ered family of superconductors, based on YNi;B,C [8] have large Ni concentrations,
raising interesting questions regarding the magnetic state of Ni in this material.
Normally, magnetic impurities suppress superconductivity by breaking the current-
carrying Cooper pairs. These materials, however, have a critical temperature of
15K, which is high for an intermetallic superconductor. In an attempt to determine
the role of Ni in the superconducting process, a comprehensive investigation of the
magnetic and transport properties of the parent compound was done, as well as
measurements on a series of alloys with partial substitution of Fe at the Ni sites.

The layered borocarbide compounds mentioned above show a very strong de-
pendence of magnetic properties on the interlayer spacing[9]. This variation is rem-
iniscent of that seen in giant magnetoresistance (GMR) multilayer systems, whose
properties change dramatically with changes in the non-magnetic layer thickness
[10]. Systems with giant magnetoresistance(GMR) have attracted great interest
in recent years due to their potential applications in the magnetic recording in-
dustry. Most GMR systems which are currently under investigation are magnetic
multilayers, which consist of alternating sputtered layers of magnetic and nonmag-



netic materials. Analysis of scattering mechanisms in these materials is complicated
by the presence of interfacial scattering. Some naturally layered compounds also
exhibit large magnetoresistances, and are attractive due to their natural layering
which makes them easy to prepare and eliminates the analysis problems caused
by interfacial scattering. A number of CeFe; pseudo-binaries have been shown to
exhibit ferromagnetic to antiferromagnetic transition at which a giant magnetore-
sistance can occur [11, 12]. Our study of doped CeFe; concentrates on the detailed
behaviour of the magnetisation and magnetoresistance of two samples of composi-
tion Ce(Fe;..Ruz)2, with £ =0.07 and 0.08. Another layered intermetallic, GdzlIn,
with similar magnetic behaviour is also examined. It is hoped that such detailed
studies may give insight into the fundamental mechanism of the GMR phenomenon
in these as well as multilayer and granular systems.

Finally, we present a detailed study of the high field magnetoresistance of Crke
and CrCo alloys containing only small amounts of Fe and Co. Cr is an antiferro-
magnet with a spin density wave (SDW) ground state. Previous results have shown
that although both Co and Fe have local moments in these alloys, the Co moments
seem to couple into the SDW structure, while the Fe moments do not{13]. Mea-
surements of the anisotropy in the magnetoresistance were completed in an attempt
to link this behaviour to the presence or absence of orbital moments at the local
impurity sites, thus giving an explanation for the difference in magnetic states in

these alloys.



Chapter 2

Theoretical Background

2.1 Models for Magnetic Systems

Although the mean field model described in the introduction is too crude to account
for the complex behaviour of real systems, the Heisenberg model is too complex to
be solved exactly, even for an ordered three dimensional lattice. In order to obtain
some theoretical understanding of experimental results, several approximations and
simplifications have been applied to the Heisenberg model. As well, models starting
from completely different approaches have been suggested. Those results which are
relevant to the materials studied are discussed briefly below.

One simplification of the Heisenberg model is the Ising model[1], which assumes
the spins to be only one dimensional, so that the moments can point only parallel or
antiparallel to the applied field direction. As well, the exchange constant is assumed
to be a constant for all 7,5. In its most general form, (1.3) can be rewritten in
component notation,

n n
H=-3(3 J55055) = (X HSY)
i#j a=1 i a=1
, where a labels the spin components, which are of dimension n=1 for the Ising
model. This model can be solved exactly on a one-dimensional lattice, and exhibits
no phase transition. Onsager solved this model for a two dimensional lattice with
nearest-neighbour spin interactions [14], and showed that a second order phase
transition from a paramagnetic to a ferromagnetic ground state occurs at a finite

7



critical temperature, T.. Phase transitions are generally classified according to
Ehrenfest’s scheme [15]; if the m*® derivative of the Gibbs free energy diverges, the
transition is an ‘m*® order transition’. The Ising model has not been solved exactly
in three dimensions. Other variations of the Heisenberg model are the planar (n=2)
model, in which the spins only have projections in the x-y plane, and the spherical
(n=00) model, in which the spins can lie in any position along the surface of a sphere.
Various numerical approaches such as renormalisation group methods, Monte Carlo
simulations, and series expansion techniques have been applied to these models in
an attempt to determine their behaviour, and compare them with experimental

data on real systems.

2.1.1 Critical Point Exponents

Experimentally, it has been noted that a number of physical properties seem to
exhibit power law dependences on external variables in the vicinity of a phase
transition. The temperature dependent relationships are commonly expressed in

terms of a reduced temperature,
T-T.
T = ] (2' 1 )
[+
where T, is the transition temperature. Typical asymptotic power laws observed in

the critical region of magnetic systems are [15),

t=

ey oct™® (t >0) (2.2)
ey o« (=)™ (t <0) (2.3)
M o t? (t > 0) (2.4)
M xt? (t <0) (2.5)
M o hf (t =0,h — 0) (2.6)
x oct™ (t > 0) (2.7)
x oct™ t <0) (2.8)
Eoct™ (t>0) (2.9)
Eoct™ (t <0) (2.10)
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Table 2.1: Theoretical and Experimental Critical Point Exponents.

_ B v 6
Mean Field Theory | 0.5 1 3
3D Ising 0.326 1.31 |4.78

3D Heisenber; 0.365 | 1.386 | 4.80
Experimental 0.2-0.4}11.0-1.4| 3-6

us

where ¢y is the specific heat, M and x are, respectively, the magnetisation and
susceptibility, and £ is the spin-correlation length. The spin correlation length is
a measure of the correlation between spins i and j and varies as e~"/¢. The di-
vergence of £ at the critical point thus implies the existence of long-range order.
The exponents listed above are, in principle, straightforward to determine experi-
mentally, and have been found for many different systems. Typical exponent values
for magnetic systems are shown in Table 2.1. The Heisenberg and Ising model
predictions for the exponents described above have been approximated numerically
for a 3-dimensional lattice. Numerical results seem to indicate that the exponents
calculated are only dependent on the spin symmetry and the dimensionality, d, of
the system, suggesting that these exponents are independent of short-range details
of the system. These exponents are tabulated in Table 2.1, as well as the values
predicted by the mean field model. Although the mean field model can be solved
exactly, it does not in general give exponent values which agree with experimental
results, confirming that this model is too simplistic.

Although critical point exponents can be calculated numerically with the more
complex models, these models give little insight into the behaviour of the system
in the critical region, especially in disordered systems. For this reason, a number
of different approaches have been adopted in an attempt to describe the critical

behaviour.



2.1.2 Scaling Theory

Scaling theory is an approach, based completely on a heuristic argument, which dif-
fers from the models described above in that it does not attempt to derive values for
the exponents, but merely establishes relationships between the various exponents
and experimental variables. The basic assumption made is that the thermodynamic
potentials are generalised homogeneous functions of their arguments. The definition
of a generalised homogeneous function, f(z,y), is that for all A,[15]

FO°z, \y) = Af(z,y) (2.11)

Although there is no physical basis for this hypothesis, it has been justified, albeit
in a somewhat non-rigorous manner by Kadanoff{16]. Kadanoff considered the Ising
model (n=1) on a lattice in d dimensions, with lattice constant a and spin S; = 1.

The Hamiltonian for an Ising system in an applied field, H, is
=~-JY SiS;—HY_S: (2.12)
i i

The system is then rescaled by a factor of L, by dividing the lattice into cells of
side La, where L is an integer greater than or equal to one. Ast — 0,h — 0, the
correlation length of the system increases, becoming much larger than the size of
an individual cell. One can thus assume that within any given cell, all the spins
are aligned. Thus, as t approaches 0, a < La <« €, and the lattice can be redrawn,
with each cell becoming a lattice site with ‘cell spin’ of £L?. Since this depends on
€ > La, this procedure is valid only near the critical point (¢t =0, h = H/kgT = 0).
The Hamiltonian can then be written in the same form for the new lattice, but with
a redefined exchange interaction (or equivalently t) and reduced field, h, with p and

q arbitrary numbers,
h = LPh (2.13)
t= L% (2.14)

Since the Hamiltonian is of the same form in the renormalised system as for the
original system, the thermodynamic potentials will also be of the same form, with

10
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the change in scale being reflected in their arguments, i.e.
G(t, h) = L*G(t, h) (2.15)

The initial step in the description of the critical behaviour is to require the Gibb’s
function to be a generalised function of t and h, with exponents a and b, such that

G(A°t, \°h) = AG(t, h) (2.16)

The magnetisation can be found from the Gibb’s potential using the thermodynamic

relationship 86 )
L,

Oh
Using the definition of a homogeneous function given in equation 2.11, the derivative

M(t,h) = (2.17)

of (2.16) can be written as

AG(A°t, A°h) 0G(t,h)
b — ) _
A B03°h) A ETA (2.18)
or, rearranging,
AT M (A%, A°h) = M (t, h) (2.19)

This relationship is often called the magnetic equation of state. Setting h=0 and
A =t~1a in (2.19) gives

M(t,0) = A1 M()\%,0) = £ M(1,0) (2.20)

Since M (1,0) is a constant, a final expression identical to that in (2.4) is obtained,
with the exponent 3 given by

1-b
ﬂ=—a—- (2.21)

This derivation can be repeated in the limit ¢ — 0~ with A = (—¢)~1/2, to give
B' = B. In the scaling approach, in fact, all of the primed exponents are identical to
their unprimed equivalents. Applying the same approach to the magnetic equation
of state in the limit ¢t = 0, s # U gives a value for § (as defined in equation. 2.6) in

terms of the exponent b, b

11



It is also straightforward to solve for y using the zero field susceptibility, obtained
from the derivative of (2.19) with respect to h, and following the same argument
used for the zero field magnetisation, resulting in

oh-1
T a

(2.23)

Parallel arguments can also be used for the specific heat, cy =T (%G;)H and the

correlation length to obtain values for a and v for a d-dimensional system.

a=2-— (2.24)

—a |~

v=— (2.25)

Since the scaling hypothesis only involves the two exponents, ¢ and b, only two

exponents are needed to find all the others. One important relationship between
the magnetic exponenets is the Widom equality[17],

T=8(6-1) (2.26)

Also, from (2.21) and (2.23), one sees that Y+ 3 = b/a. Using this and the magnetic

equation of state, a useful expression for the magnetisation can be derived,

M(t,h) =t M(1,t™%°h) = t°F (n%) (2.27)

where F is a homogeneous function of field and temperature. The susceptibility is

the derivative of the magnetisation with respect to field; therefore[18],

A )
— (1B\(4—(1+8 -
X = (t )(t (r+ ))F (t‘YTﬁ) =t 'F (m) (228)
This result can be rewritten in terms of its field dependence as,
v W™ . [ h h
x = h7 (tws) F (tm) = WG (tm) (2:29)

In (2.28) and (2.29), F (t—.,'iw) is the derivative of F (F’-‘FF) The susceptibility of a
ferromagnet measured in fixed field is observed to have a maximum as a function of

12
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temperature at some temperature ¢,,. From equation 2.29 it can be seen that any
universal feature in the susceptibility, such as a maximum or minimum, will occur
at a constant value of the argument of G in different fields. This requirement gives
an expression for the peak temperature t,, in terms of the field,

tm OC R7HF (2.30)

For constant h/t)}?, one can relate the magnitude of the peak susceptibility, Xm,
to the peak temperature using equation 2.28, thus,

Xm & 87 (2.31)

Also, considering the variation of the peak susceptibility as a function of field, from
(2.29), gives
= h 1-8
Xm = h7#8 G (fo’) o« hT (2.32)

The last relationship utilizes the Widom equality. Equations 2.31 and 2.32 suggest
that on increasing the applied field, the peak in the susceptibility decreases in am-
plitude (6 > 1), and moves upwards in temperature. This general behaviour has
been verified experimentally [19]. From experimental data, one can thus determine
values for all the exponents using the power law relationships derived above. Only
two independent exponents are required to solve for the entire set. A linear extrap-
olation of T,, versus HY(+A) to zero gives a first estimate for T., which can then
be varied slightly to provide optimum agreement between exponents.

Scaling theory is extremely versatile, since it does not predict exponent values,
and is thus independent of the specific system being investigated. This allows it to
be applied to a wide variety of situations. It must be remembered, however, that
these expressions are valid only close to the critical point (t=0, h=0), and thus,
due to experimental limitations, measured exponents may not be accurate. Plots
of these exponents as a function of field and temperature often are non-constant
outside the critical region. Corrections to the scaling laws can be made by including
higher order terms in the postulated power law dependences[20, 2i].
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2.1.3 Sherrington-Kirkpatrick Model

The mean field model described earlier applies only to ordered systems with uni-
formly distributed spins. The problem of how to describe a system with spins
distributed at random lattice sites or on a random lattice is extremely complex.
This situation occurs in amorphous and dilute magnetic systems. Various mod-
els have been proposed which apply certain approximations to make it feasible to
study the behaviour of the system. In 1975, Edwards and Anderson[22] studied
the problem of a spin-glass, in which the spins are frozen into random orientations
and the total magnetisation is zero. In dilute systems, the exchange coupling is
indirect, and is described by the oscillatory RKKY interaction[23]. This interaction
is caused by the polarisation of the conduction electrons by localised moments, and
is predicted to vary as

oc S5(2ErT) (2.33)

JI(r)
Thus, depending on the separation r of any two spins, the interaction between them
may be ferromagnetic or antiferromagnetic. Based on the RKKY interaction, Ed-
wards and Anderson postulated that a site-disordered spin-glass could be modeled
by a random infinite-range exchange bond distribution for moments placed at each
site in a regular lattice. They chose this distribution to be a Gaussian centred on
zero. Sherrington and Kirkpatrick[24] later extended this model to include other
types of magnetic ordering by allowing the Gaussian to be centred about some point,
Jo, with a distribution width of J. The magnitude of J; gives the strength of the
interaction, while its width governs the amount of disorder. A perfect ferromagnet
would have Jp > 0,J = 0, while a spin glass would have n = Jy/J < 1. The average
free energy of the system was obtained using the ‘replica trick’ solution, from which
various properties of the system could then be derived.

In studying a system with phase transitions, one generally examines the be-
haviour of ‘order parameters’ of the system. Typically, these order parameters
are observables which are non-zero only in the ordered phase. Figure 2.1 shows
schematic spin arrangements for paramagnetic, ferromagnetic and spin-glass sys-
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Figure 2.1: Spin arrangements for various site disordered systems. (a) paramagnet
(b) ferromagnet (c) spin-glass[18]

tems, as well as postulated order parameters m and ¢, which are defined as

m = ((Si)T)s (2.34)
¢ = {(S:)F)s (2.35)
The symbol ()1 denotes an average over thermal fluctuations, while ) ; is an average
over the exchange distribution. Obviously ¢ is an appropriate order parameter
to choose for a spin-glass, and m (which is equivalent to the magnetisation) is a
good order parameter for ferromagnetism. Sherrington and Kirkpatrick derived
expressions for m and q in a spin ; Ising system([24]; however, the thermodynamic
potentials found using their approach are not well-behaved at low temperature.
Southern[25] solved this mode! using an effective field approach instead of the replica
method. The expressions obtained for m and q were the same as those of Sherrington
and Kirkpatrick for S=1/2, however the thermodynamic potentials are well-behaved
at all temperatures. The expressions for n and g were later generalised to a system
of arbitrary spin S, by Roshko et al. [26]

m= —\/12—-? /_ : SBs [k%(‘fom +Jg'a + h..)] e~ 2da (2.36)
g= _\/12_;_ j_ : SB2 [EB%-,(J.,m + Jg % + h,.)] e~do (2.37)
Here, h, = gugH and Bs(z), the Brillouin function for spin S is given by [1]
2541 25 +1 1 z
Bs(e) = =55 ooth (5~=) - z5b (55) (2.3
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Figure 2.2: Phase diagram predicted by the Sherrington-Kirkpatrick model [24]

The spin S Ising model has 2S+1 possible values for S;, i.e., S; = -S,-S+1,...,S.
A phase diagram can be obtained for this model as a function of n = Jo/J and T.
The phase diagram found by Sherrington and Kirkpatrick is shown in Figure 2.2.
For small 7 the system is a spin-glass at low temperature T'/J, as would be expected;
however, as the temperature is increased the system undergoes a transition to a
paramagnetic state. For n >1.25 the low temperature state is ferromagnetic, with
a high temperature paramagnetic state. For 1 < n < 1.25, the model predicts the
existence of three states, paramagnetic, ferromagnetic and spin-glass respectively,
as the temperature is lowered. The transition temperature from the paramagnetic
to ferromagnetic state is proportional to Jo, and the temperature for trausition
to the spin-glass state is proportional to J. Model calculations of the temperature
dependence of the susceptibility in the ferromagnetic regime in a variety of applied
fields[27] show that although the peaks obey the field and temperature dependences
predicted by scaling theory, the critical exponents derived have mean field values.
Thus, this model provides a qualitative method of predicting the behaviour of a
disordered system in the vicinity of its critical temperature.
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2.2 Electronic Transport

2.2.1 Introduction

When an electric field E is applied across a metal, a current will flow. The corre-

sponding current density, 7, is given by Ohm’s law,

—

j=cE=p"'E (2.39)

In general, the conductivity, o, and the resistivity, p, are tensors, whose components
vary from material to material. Since a perfect lattice will not scatter conduction
electrons[2§], a finite resistivity implies the presence of disorder. In a non-magnetic
material, the disorder scattering can be separated into two contributions: scatter-
ing caused by impurities and defects, p;, and scattering from lattice phonons, p;.
Matthiessen[29] hypothesised that these two contributions are independent of each
other, so that the total resistivity can be expressed as the sum of the two terms,
i.e.

p(T) = pi(T) + p(T) (2.40)
For low impurity concentrations the impurity term is generally taken to be temper-
ature independent. Bloch[30] showed that in a pure metal the phonon component
is proportional to T® at low temperatures and linear in T at high temperatures.
Matthiessen’s rule is generally obeyed quite well, however the addition of consider-
able amounts of alloying impurities can cause deviations from this rule(31]. Mag-
netic impurities cause drastic deviations from Matthiessen’s rule, with the addition
of a magnetic term, pn,, to the resistivity. At low temperature, at which the phonon
term is negligible compared to the magnetic term, Matthiessen’s rule, with all three
components included, agrees well with experimental data. The same result is also
true at high temperatures, where the phonon term dominates. At intermediate
temperatures, however, Matthiessen’s rule is generally not valid. In general, pn, de-
pends on the type of magnetic order present in the system. At low temperature the
conduction electrons are scattered from magnons, for example, giving p,, a temper-
ature dependence of T2 or T%2. A change in ordering is generally indicated by the
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presence of an anomaly of some sort in the resistivity in the vicinity of the critical
temperature. At temperatures sufficiently high to destroy any magnetic order, i.e.
in the paramagnetic regime, p,, becomes constant and the resistivity shows only
the temperature dependence of the phonon term. A number of models have been
developed to explain the behaviour of p,,, and will be described in the following
sections.

When a magnetic field is applied to a material, the electron paths are altered due
to the Lorentz force, q(¥'x §). At low temperatures, this will cause a small increase
in the resistivity for a field applied perpendicular to the measuring current. A Hall
voltage is also induced in the direction perpendicular to the current flow and the field
direction. As the temperature of the system increases, electron-phonon scattering
tends to reduce the effects of the applied field, as does impurity scattering. Smit[32]
found that Lorentz scattering is appreciable only if the electron mean free path is
on the order of, or greater than, the radius of curvature induced by the applied
field. For materials in which the Lorentz effect is important, the resistivity with
the magnetic field parallel to the current, py, is less than that with the field applied
perpendicular to the current, p,. Kohler [33] proposed that, for an internal field,
B, and residual resistivity, po, the measured magnetoresistance, Ap = p(B) — po, is
a universal function of the ratio B/po, independent of the nature of the impurity.
Schwerer and Silcox [34] later showed that Kohler’s law holds only for materials for
which a change in pg due to impurities has no effect on the crystal structure of the
material, as might be expected.

The addition of magnetic impurities can have a variety of interesting effects on
the magnetoresistance, in some cases causing a relative change in the resistivity
of greater than 100%. The field and temperature dependence of the resistance in
a system can give information on the type of magnetic structure present. The
interpretation of the field and temperature dependence of the resistivity has been
attempted using both localised and itinerant models, as summarised below.
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2.2.2 Localised Models

Localised models are based on the picture of conduction electrons scattering from
moments localised at some or all of the lattice sites. This model is applicable to
rare-earth metals, whose 4 f valence electrons lie well within the outer shells. The
validity of this model is questionable for transition metal elements which have d-
shells that are not as well-localised.

In the dilute limit in which the impurity moments are non-interacting, Kondo
[35] showed that a minimum in the resistivity is expected at low temperature, where
magnetic scattering dominates the phonon scattering. A high-order perturbation
theory study of the spin-flip scattering of conduction electrons by the localised
moments shows that the scattering cross-section increases with decreasing temper-
ature at very low temperature. Competition between this effect and the phonon
term (which decreases with decreasing temperature) causes a minimum in p(7)
often observed in the liquid helium temperature range.

As the magnetic impurity concentration is increased further, the moments begin
to interact. At high temperature, such systems remain paramagnetic, with moments
fluctuating randomly. In this region the magnetic contribution to the resistivity is
a large, constant value caused by the interaction of the conduction electron spins &
with the local moment 5. If the interaction constant between the two moments is
J, the paramagnetic contribution has been shown(36] to be,

_ ’C;:'(’ITI.J)2
Pm = WS(S-*- 1) (2.41)

with kr being the Fermi wave-vector and z the impurity valency. If a ferromagnetic
ground state exists, the moments begin to align as the temperature is decreased
through T., and the transverse scattering channels freeze out, decreasing pn,,. This
causes an abrupt change in the slope of p(T) at T.. De Gennes and Friedel [36]
proposed that in this region, p, oc I', where I is the spin-spin correlation function.
Fisher and Langer [37] subsequently showed that this implies a peak in dp/dT at
T,, with dp/dT exhibiting the same critical behaviour as the specific heat. The
slow drop-off of dp/dT above T, which is observed in some systems is attributed to
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localised spin clusters which persist to some temperature above T..

A system with an antiferromagnetic ground state shows remarkably different
scattering behaviour. On approaching the Néel temperature, Ty, from above, an
increase in the magnetic scattering is observed. This behaviour is common among
the rare-earth metals whose ground states are often helical spin arrangements. If
the periodicity of the spin arrangement is different from that of the lattice, gaps
are induced on the Fermi surface. These ‘superzone’ boundaries cause a decrease in
the effective number of conduction electrons at the Fermi surface, and thus increase
the resistivity. The induced energy gap can be shown to be proportional to the
sublattice magnetisation M(T) [38]. If the reduction of the Fermi surface area is
characterised by a parameter g, the enhancement of the resistivity at T can be

given by [38, 39]

pi(T) + ou(T) + pm(T)
™ =

Sharp changes in the resistivity at the Néel temperature are observed in antiferro-

(2.42)

magnetic rare earths, as well as in chromium which has a spin-density wave state
whose wave-vector is incommensurate with the lattice.

The theory of magnetoresistance has also been thoroughly investigated for lo-
calised models. The scattering Hamiltonian describing the interaction of conduction
electrons with the magnetic atoms consists of several terms [40].

S(S + 1)
3

The first term represents the Coulomb interaction of the conduction electrons with

Heacatt = V+J(E-§)—k£2 ((ST-E)(S‘-E')- k’i&) +] alag (2.43)
F

the shielded ion cores, and the second is the familiar exchange Hamiltonian. A mul-
tipole expansion of the electric charge distribution shows that the first non-negligible
contribution is the quadrupolar term, since in a central field electric dipole moments
are zero. In the last term, D is the quadrupolar moment. a%, and a; are the cre-
ation and annihilation operators for electrons with wave vectors ¥ and k. From
the scattering Hamiltonian the resistivity can be derived for fields applied at a par-
ticular angle to the current direction. Smit[32] deduced that, since the Coulomb

and exchange terms are isotropic in a polycrystalline material, an anisotropy will
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exist in the magnetoresistance only if there is spin orbit coupling in the material.
The presence of spin-orbit coupling causes the non-spherical quadrupole moment D
to rotate with the spin S when the field direction is changed, and thus a different
scattering cross-section is presented to the conduction electrons as the field direc-
tion varies with respect to the current direction. Such effects are investigated by
measuring the spontaneous resistive anisotropy(SRA), which is defined as [41]

A . B) —p.(B

= (244

In order for an SRA to exist, therefore, there must be both a non-zero orbital

moment L at the magnetic site and a (internal) field to align the spins. In the limit
V>>D,J the anisotropy is given by [40]

—i—o’i - ((sf) Gk e l)) (2.45)
For temperatures much greater than the field, i.e. T > ugH/kp, (S?) = ﬂ%ﬂ,
and no anisotropy exists. As the temperature is decreased, {S?) increases, and an
anisotropy is observed.

Fert et al.[40] studied the SRA in noble metals containing small amounts of rare-
earth impurities, and found that the magnitude and sign of the SRA observed was
consistent with localised model predictions, i.e. the sign of the anisotropy changed
when the sign of the rare earth quadrupolar moment changed, and vanished at high
temperatures, confirming that this model is appropriate for rare-earth elements. In
transition metals, however, the moment-bearing d-bands are hybridised with the
s and p bands, and thus have a significant density of states at the Fermi surface.
The d electrons can thus be quite delocalised and their scattering behaviour may
be better understood using an itinerant model.

2.2.3 Itinerant Models

The itinerant electron approach is based on the two-band model propossd by Mott
[42], which considers the s and d bands to be divided into spin-up and spin-down
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sub-bands which conduct in parallel. This can be justified to an extent by consid-
ering the electronic band structure. The presence of an exchange field shifts the en-
ergies of the spin-up and spin-down bands with respect to each other. At the Fermi
surface, the two sub-bands no longer have the same density of states, and thus have
different conductivities. Mott’s original model has been modified[40, 41, 43, 44] to
include the effects of spin-flip scattering between sub-bands, due to the spin-orbit
interaction and spin-wave scattering at low temperature. In transition metals, the
conduction is modeled in terms of an isotropic s — s scattering, pss; = psst , and an
anisotropic s — d scattering p,q; # psar- Within a given sub-band, the resistivities
are considered to act in series[43], an extension of Matthiessen’s rule. The total

resistivity for each sub-band is then,

PL = Pasy + Psd) (2.46)
Pt = Psst + Paay (2.47)

If the spin-flip scattering is characterised by a resistivity p;;, the total resistivity of
the system[41] is
_ Py tou(pr+ o) (2.48)
pr+pL+4pyy
To find the magnetoresistive anisotropy in this system, the contribution from each

term must be considered. Since the anisotropy is due to spin-orbit coupling, AL - S,
which is zero in the s bands (I = 0), the s — s scattering shows no anisotropy.
All contributions must come from s — d and spin-flip scattering. A second-order
perturbation theory approach to the scattering gives an approximate expression
for the anisotropy in the presence of only the exchange field, H.;, between the
moments[43, 45].

8o _Absas — poarl’ (2.49)
po P+ pilor +py)
Here, v o< A2/(K? + HZ), for a cubic system. The crystalline field anisotropy
K is included to prevent the expression from diverging when H., — 0 as T—
T.. The behaviour of this function is not obvious, due to the large number of

parameters present. However, the anisotropy will vanish in the non-magnetic regime
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due to the equality of the spin-up and spin-down resistivities when H.; = 0. In
the magnetic regime, H.. #0, and thus an anisotropy will be present for A # 0. As
the temperature approaches T, from below, H., goes to zero. A Taylor expansion
of psdp,, near T. gives, to first order, p.dr,; = psa + sH.z, where s is the first
derivative of p,s with respect to field. In this limit, assuming the denominator of
(2.49) to be relatively constant near T,, the fractional anisotropy is proportional to
vs®H2,. Since, in mean-field theory, Her oc {M), which in turn is proportional to
(1~T/T.)'/2 , the anisotropy near T, is expected to vary linearly with temperature.

The itinerant model contains many unknowns, without which the detailed be-
haviour in the vicinity of T, can not be calculated. Some of these parameters can be
determined experimentally from measurements of the resistivity in ternary alloys as
a function of the concentration of the two magnetic impurities[46, 47]. From these
data, a value for the resistance ratio & = p;/p; can be found for a given magnetic
material. With further assumptions, the expression for the SRA can be expressed
in term of a, which then gives reasonable agreement to SRA values in a number of
transition metal systems.

[n summary, although the itinerant model may be more appropriate than the
localised model for transition metals whose d-bands are not well-localised, model
predictions can not be compared to experimental results without making a number
of major approximations. Nevertheless, this model has shown some success in mod-
eling the behaviour of SRA in transition metal systems and giant magnetoresistance
in magnetic multilayers. The localised model, which is significantly simpler in form,
is more easily fit to data, and has shown some success in modeling the behaviour

of some dilute transition metal and rare-earth ferromagnets.

2.3 Superconductivity

2.3.1 Superconducting Properties

Superconducting materials are of great experimental and theoretical interest, due
to their unique properties. As these systems are cooled conduction electrons form
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Figure 2.3: M(H) for (a) Type I and (b) Type II superconductors (28]

a collective ground state which exhibits no resistance to current flow. As well as
having zero resistance, this state exhibits interesting magnetic properties. Typical
M(H) plots are shown in figure 2.3 for both Type I and Type II superconductors.
Type I superconductors, generally pure metals such as lead, are perfectly diamag-
netic (H=-41M) up to some critical applied field, H, at which the superconducting
state is destroyed and the material reverts to its normal state. The total exclusion
of flux in the superconducting state is called the ‘Meissner effect’. Type II super-
conductors, which are primarily alloys, show the same behaviour up to a critical
field H,, at which portions of the material become normal. The superconducting
state persists up to some larger field He; in a ‘vortex’ state, with cores of normal
material embedded in the superconducting matrix. Above Hc, the entire system
is normal, and the magnetisation is zero. On decreasing the field, the magnetisa-
tion exhibits some hysteresis. This irreversibility is largely due to the presence of
defects which pin the superconducting vortices, although it is also influenced by
size effects—as the sample size increases, the area of the loop also increases. The
superconducting state can also be destroyed by the application of large currents. A
brief discussion of the theoretical basis for these properties is given below: a more
detailed review can be found in most introductory condensed matter textbooks, for
example[28, 48].
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The electromagnetic properties of a superconductor can not be obtained by
applying Maxwell’s laws to a system with zero resistivity. H. London and F. London

[49] showed that Maxwell’s laws require
(V x j+ = —B) (2.50)

which is satisfied for any time-independent field and current density. In the above
equation n, is the density of (superconducting) electrons. On the transition to the
superconducting state a perfect conductor would thus merely induce surface cur-
rents to oppose any change in internal flux, and not expel any pre-existing internal
field. The appropriate behaviour for a superconductor can be obtained by applying
the constraint

e2
Vxj= ——1;?3 (2.51)

Maxwell’s equations then give equations for the behaviour of B and 7, showing that
flux and current are surface phenomena which decrease exponentially with depth.
The characteristic penetration depth is given by A = (47":2'5!’) 1/2. The surface cur-
rents induce flux which completely screens the interior from any external fields. As
T — T., or H — H_, the density of superconducting electrons drops to zero, and
flux penetrates the entire sample. For T<T,, n, approaches the total density of
conduction electrons. Although the London result reproduces some of the observed
experimental behaviour, it does not explain the origin of these effects, which lies
at the microscopic level. In 1957, Bardeen, Cooper and Schrieffer (BCS) [50] for-
mulated a theory which successfully explained the nature of the superconducting
state. They proposed the presence of a weak attractive electron-electron potential,
mediated by a slight overscreening (caused by lattice vibrations) of the Coulomb
potential. At low temperature, this electron-phonon interaction is strong enough to
form bound pairs of electrons having opposite spin, and equal but opposite wave-
vectors. These bound pairs are able to propagate collectively through the medium
with no resistance. As the temperature is increased, thermal energy causes the pairs
to dissociate, and finally, at T, all the electrons are in the unbound state. The
application of sufficiently large fields and currents also induces pair breaking effects.
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BCS theory also predicts the temperature dependence of a number of experimental
observables. An exponential dependence of T. on the attractive potential V' and
the electron density of states N(EF), is obtained

keTc = 1.14kwpe™ /N ERV (2.52)

This implies that no matter how small the attractive potential is, a superconducting
state always exists at sufficiently low temperatures. In the superconducting state
an energy gap, 4, often exists at the Fermi surface, and can be measured using
optical photon absorption techniques. The temperature dependence of the energy
gap and the critical field in the vicinity of T, are given by

A(T) _Ty? ,
A 1.74 (1 7 ) 2 (2.53)
H.(T) _ T
H.(0) 1= (Tc) (254)

The penetration depth, A, of the flux into the surface and the coherence length,
¢, can be calculated from experimentally derived parameters. The coherence length
is a characteristic length over which the density of superconducting electrons is
constant—even in a non-uniform applied field. A good superconductor has a low
penetration depth and a high coherence length. The Ginzburg-Landau parameter

«(T), a measure of the quality of a superconductor, is defined as

K(T) = :C\T(;% (2.55)

For Type I superconductors, k < 1, whereas in Type II superconductors k > 1. In
Type II superconductors, « is related to the measured critical fields as [51]

_H(T)
K= _\/§Ha (2.56)
, 192
or, b2 Ha(T) _n(s(T)) +0.5 .
Ha(T) 2RX(T) (257)

The coherence length can be related to Hy, in terms of the universal flux quantum
@ = 2g2(2]

1 &
2= &) (2.58)
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Another parameter which characterizes the usefulness of a superconductor is the
critical current density J.. This is the maximum current density which a supercon-
ductor can conduct without going normal. The critical current is obviously related
to the critical field, since a current induces a field in a conductor. Using a simple
model based on Ampére’s law and the sample geometry, Bean[53] showed that the
critical current density can be calculated from the irreversible magnetisation—-the
difference between the magnetisation in ascending and descending branches of the
M(H) curves.

2.3.2 Impurities in Superconductors

The addition of impurities to a superconductor has the effect of introducing ad-
ditional pair-breaking mechanisms. This decreases the strength of the attractive
potential, and thus reduces the critical temperature for the superconducting tran-
sition, with the addition of significant amounts of impurities eventually destroying
the superconducting state altogether. The sensitivity of T. to impurity concentra-
tion depends strongly on whether the impurity is magnetic or non-magnetic, since
different types of scattering result.

Several theories have been proposed to explain the effects of the introduction
of transition metal impurities into superconducting hosts. One possibility is the
case in which the hybridisation of the impurity d-bands with the host’s s- and p-
bands is sufficient to ensure no local moment exists at the impurity site. In this
case, Anderson[54] showed that the scattered wave-functions can be expressed as
a superposition of plane wave states. In a BCS superconductor, electrons occupy
pairs of states, which scatter from the impurity. Kaiser[55] extended work done
previously on this model [56], deriving equations which predict that near the critical
concentration, n., for the destruction of superconductivity, the critical temperature
is inversely proportional to the impurity concentration, c. The rate of decrease in
T, is strongly dependent on the density of states, N;(Er), of the impurity electrons
at the Fermi surface. Impurities with low N;(Er) have only a small effect on T..
The decrease of T, from the pure host critical temperature, T, as given by Kaiser
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can be expressed as[57]

T\ _ _(a+B)e
to (T.E) — g(1-Be) (2.59)
where
_ Ni(EF)
o= N(Er) (2.60)
_ _Ni(EF)*Uess
b= @+ 1N (ED (2.61)

Ueys is the intra-impurity Coulomb repulsion between spin-up and spin-down elec-
trons, g is the BCS coupling constant, and 2/ + 1 is the orbital degeneracy of the
impurity atom. This result has had some success in modeling the reduction of T,
in various systems with non-magnetic impurities [58].

With the introduction of magnetic impurities into a superconductor, a number
of other pair-breaking mechanisms must be considered, in particular the effects of
spin-scattering on the electrons in the Cooper pairs, the effects of the exchange field
on the energies of the bound spin-up and spin-down electron pairs, and the effect
of the local magnetic field on the electron paths. In 1960, Abrikosov and Gorkov
[59] developed a theory describing the effects of paramagnetic (non-interacting) im-
purities on superconducting alloys, which assumes that the interaction between the
local moment S and the electron spins & is the exchange interaction, H;=2JS - 3,
introduced previously. The effect of the magnetic impurities on the BCS potential is
treated in the first Born approximation, and a second-order phase transition from
normal to superconducting state is predicted in zero field. The model also pre-
dicts the existence of gapless superconductivity within a certain range of impurity
concentration. The concentration dependence of T, in this model is given by [60]

n(72) = (3) - ¥ 3+ ) (262
where V¥ is the digamma function. This result predicts strikingly different behaviour

from the non-magnetic case (equation 2.61) near n., with the reduction in T, being
linear with the impurity concentration. The predictions of this model have also

been verified experimentally.
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Chapter 3

Experimental Methods

3.1 Sample Preparation

Due to the metallurgical diversity of the materials studied, a variety of techniques
were necessary to produce the samples. The initial alloy preparation was the same
for all the materials. High purity starting materials were weighed out in the ap-
propriate stoichiometric ratios, and then melted together in an argon arc-furnace.
Any melting losses were recorded, and the ingot was then inverted and remelted
several times to insure homogeneity. The resulting button was then used to prepare
the specimen for measurement. Samples used for transport measurements were in
the form of bars, of dimensions typically (40 x 2 x 0.2) mm?®, while those used for
susceptibility measurements were (16 x 2 x 0.2) mm® with the edges rounded so
as to approximate an ellipsoid. The method of preparing these bars depended on
the ductility of the material, as well as the final structural state desired. A brief
summary of the starting materials and the technique followed for each alloy is given
below. The specific metallurgical methods are described in detail in the following

section.

3.1.1 Alloy Preparation

e PtFe: The Pt + 10 at.% Fe sample was prepared using starting materials
of 99.99% purity. After alloy preparation, the sample was cold rolled to the

desired thickness. After rolling, a sample was cut from the sheet, and etched
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to remove possible surface contamination. The specimen was then annealed
in vacuum (10~° mmHg for 72 hours at 950°C), and quenched in water.

PdCo: The Pd + 3 at.% Co sample was made using 99.999% pure Pd wire and
99.998% pure Co sheet. The ingot was cold rolled and cut, after which it was
etched briefly to remove surface contamination. Prior to measurement, the

sample was annealed for 30 hours in vacuum at 1000°C, and water quenched.

FeZr: The amorphous FeZr samples were prepared at McGill University[61].
Ribbons of length 1 m, width 1-2 mm and thickness of 10~20 um were pre-
pared by dropping the molten metal onto a copper wheel rotating with a
tangential speed of 50 m/s in an argon atmosphere. The amorphous qual-
ity of the ribbon was verified by x-ray diffraction and differential scanning
calorimetry [61, 62], and crystalline phases were found to be present at less
than 1%, the lower limit of detection of the methods used. A small quan-
tity of hydrogen was introduced into one of the samples by an electrolytic

process[63].

CuNi alloys: Large ingots of 45 and 55 at.% Ni in Cu were prepared from high
purity starting materials using conventional arc-melting techniques. These
ingots were rolled and cut into smaller pieces with scissors. Appropriate mix-
tures of the two alloys were used to prepare alloys of intermediate concentra-
tions. After cold-rolling and cutting, the samples were annealed at 950°C in
an argon atmosphere for 48 hours and quenched in ice-water.

Y-Ni-B-C superconductors: The alloys were prepared in button form using
the arc-melting technique. Starting materials were 99.9% pure Y, 99.95%
pure Ni, 99% pure B, 99.98% pure Fe and specpure C. All materials were
weighed out in stoichiometric quantities, with an excess 2-4% of Y included
to compensate for its expected preferential melting loss. The carbon, boron
and yttrium were wrapped in the Ni or Fe foil to limit melting losses and
to melt the carbon and boron indirectly through contact with the molten
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metal. Bar-shaped samples for resistivity measurements were chill-cast from
the buttons, or cut using a diamond saw. Measurements were performed on
these samples both prior to and after a 12 hour anneal at 1000° C.

e Ce(Fei—-Ru;)2, £ = 0.07, 0.08: These samples were prepared by Roy and
Coles[12]. The alloys were prepared by argon arc-melting with starting ma-
terials of at least 99.99% purity. The alloys were cast into bars with square
cross-sections. A complicated annealing sequence, found by trial and error to
give the best samples[12], was followed: 2 days at 600° C, 5 days at 700°C,
2 days at 800°C and 1 day at 850°C. Metallographic analysis showed that
impurities were present at less than 5%. X-ray diffraction showed that these
samples have the C15 Laves-phase structure.

e GdzIn: The GdzIn sample was prepared by McAlister[64] by argon arc-melting
using 99.9% pure Gd and 99.999% pure In. The resultant brittle button was
cut into pieces suitable for resistivity measurements. X-ray powder diffraction
showed that the alloy was single phase, with the filled NiAs structure.

e CrCo, CrFe: Samples were prepared with 1.3, 2.5, 5 and 10 at.% Fe in Cr and
2.5,5and 8 at.% Co in Cr. The CrCo and CrFe were prepared from high purity
starting materials (Cr 99.99% pure, Co specpure, Fe 99.99% pure) in large 15
gram ingots, using successive dilution from the highest concentration alloys.
Samples were cut from these ingots using a spark cutter and a diamond saw.

The samples were annealed in argon atmosphere at T=950°C for 48 hours.

3.1.2 Maetallurgical Techniques

Cold Rolling

Materials which are malleable can easily be cold rolled into sheets. The button,
weighing 1-2 grams, was placed between protective sheets of Melinex, and its thick-

ness was gradually reduced by successive passes through adjustable rollers. When
the resultant sheet was of the desired thickness, samples could be cut from it using
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a razor blade knife or a pair of scissors. Any strains induced by cold working were
removed by a subsequent anneal, the details of which were highly alloy dependent.

Electric-Discharge Machining

Some of the prepared alloys were extremely brittle and thus could not be rolled
into thin sheets. These materials were prepared in large ingots weighing 10-15
grams, which were then cut using electric-discharge machining (EDM)-also known
as spark cutting. The ingot itself took up to one week to produce, since it had
to be shaped from a round button to a cylinder 4 cm long by cutting the button
lengthwise, overlapping the pieces and joining them by remelting, with the entire
process repeated several times. The button was clamped to a base inside a vat of
oil or kerosene, which acted as a dielectric and coolant. The base was placed at
a potential of a few hundred volts. An electrically grounded metallic blade moved
toward the sample, causing a spark to jump between the two metals, melting some
of the sample away. In this procedure the blade never touches the sample, making
EDM an important method in cases where the sample is sensitive to contamination.
Also, the cut is the shape of the blade, so that complex cuts may easily be made
using an appropriately shaped blade. For short or shallow cuts (up to 1 ¢m) a tool
with a Cu blade was used. The blade was a sheet of copper about one-quarter of
a millimetre thick, which was clamped and stretched between two end pieces. For
longer and deeper cuts, a moving wire blade was used. The wire was 1/4 mm thick,
made of high-tensile brass by Kentron. The wire ran between two spools, and was
driven at a constant speed by an electric motor. The primary difficulty with this
technique was that, due to the irregularity of the final ingot, it was difficult to clamp
it firmly in place. Thus, slight movements of the sample due to pressure, heating
and lubrication from the dielectric resulted in irregularly shaped bars. This made
it difficult to accurately evaluate demagnetisation and form factors for the samples.
Also, this method was extremely time consuming, requiring a minimum of two days
to cut one bar from the ingot.

32



R A A et

Diamond Saw

Due to the non-uniformity of the samples produced and the time consumed by
spark-cutting, it was decided to use a diamond saw to cut some of the samples.
The blade was a metal wheel with a cutting edge 3/8 of a millimetre thick, coated
with diamond powder. Since this blade was wider than the EDM blade, more
material was wasted, however, since the ingots could be waxed firmly to a base
clamped in the required position, sample alignment was easier than with EDM.
This technique produced beautiful specimens with only a few hours cutting time.

Chill-Casting

While the last two methods described above were capable of producing appropri-
ately shaped specimens of brittle materials, they were expensive both in terms of the
amount of materials and preparation time required. Also, the fifteen gram ingots
were so large that a completely homogeneous alloy was difficult to obtain. For these
reasons we decided to spend some time trying to develop a casting method to form
small buttons into rods of the appropriate dimensions. The basic technique has
been described by H.E.N. Stone[65], however, several modifications had to be made
to these plans in order to produce our desired sample shape. The mold consisted
of a solid copper cylinder of radius 24 mm and height 70 mm. The mold was cut
in half lengthwise, the surfaces carefully machined and then a rectangular slot was
machined down the centre of one half, from top to bottom, as shown in Figure 3.1.
The two halves of the mold bolted together and seal with vacuum grease. The top
of the mold had a shallow cone machined in its center. During the casting process,
the ingot sat in the cone, the slope of which caused the molten material to flow
downwards towards the slot. The bottom of the mold bolted on to a base which sat
on the copper hearth of the arc furnace. The mold was cooled in part by contact
with the water-cooled hearth of the furnace, but also relied on its large mass to pre-
vent overheating. The top of the base was sealed against the mold with an o-ring. A
hole drilled into the base was aligned with the slot in the mold and provided access
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Figure 3.1: Chill-casting mold and base. Scale is as indicated above.
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Figure 3.2: Pumping arrangement for chill-casting

for a copper pumping line which lead from the base to one of the ports on the arc
furnace. This provided a vacuum line leading from the top of the copper mold to a
pumping station outside the furnace. The pumping system was arranged as shown
in Figure 3.2. A solenoid-activated valve directly outside the furnace isolated the
mold from the pumping system while the button was being melted. Prior to the
melt, a mechanical pump was used to evacuate a large cylinder. After this vacuum
chamber was evacuated, valve B was closed to avoid contamination of the pump
when valve A was opened. When the ingot was melted, the solenoid valve was
opened and the molten metal subjected to a sudden vacuum which pulled it into
the mold. The arc furnace was maintained at one-third of an atmosphere of argon
during the melt. While simple in principle, this method was difficult to optimize
due to the large number of parameters which could be varied. If the vacuum was
too high, the molten metal flowed so rapidly that it didn’t have time to solidify. If
the vacuum was too low, the material didn’'t flow due to surface tension. Also, the
success of the casting was sensitive to the time taken to melt the sample, since for
longer melting times the mold will be too warm to solidify the metal as it passes
down. Opening the solenoid as soon as the metal was molten gave the best results.
To get a uniform sample with no voids, it was necessary to put a copper restricting
shim in the lower portion of the mold. This allowed the metal to flow freely for
the length of the sample desired, but impeded the flow at the bottom, preventing
the metal from collecting in the base. After disassembly the copper shim could
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quickly be cut from the sample using EDM (around 5 minutes). Other parameters
which had to be optimised were the depth of the slot, the slope of the cone, and
the amount of starting material used. We found that the molten metal would not
flow into the mold for a slot thickness less than 1 mm, which is about 5 times our
usual sample thickness. The optimum cone angle was found to be about 5 degrees.
The ideal initial ingot consisted of approximately twice as much starting material
as needed to fill the mold (~ 1g), much less than the 15g ingots which were needed
for the previous methods which greatly reduces material costs. With the technique
perfected, it was possible to produce long, thin, perfectly shaped bars from an ingot

in minutes.

Melt-Spinning

The FeZr samples were prepared in an amorphous state. To do this, the molten
metal must be cooled so rapidly that it has no time to form an ordered crystalline
state. These samples were prepared at McGill University by J.O. Strém-Olsen et
al.[62]. The alloy was made using the standard technique in an argon arc furnace,
and amorphous ribbons were obtained from this alloy using the melt spinning tech-
nique. The alloy was melted (in argon atmosphere), and dropped on a rapidly
spinning copper wheel which was maintained at liquid nitrogen temperature. The
metal then solidified, cooling at a rate of 10° degrees per second. The resulting
thin, brittle ribbons could be cut into the appropriate lengths with scissors.

Electropolishing

The samples produced by chill-casting were too thick to be mounted in our resistiv-
ity apparatus, so the thickness was reduced using an electropolishing technique. The
sample was placed in an electrolyte, and connected to the anode of a power supply.
A cathode of a suitable metal was placed an appropriate distance from the sample
in the electropolishing tank, and voltage was applied to etch the sample to the de-
sired thickness. The optimum values of voltage, current density and electrolyte for
most alloys are tabulated in metallurgical handbooks, such as Thompson-Russell
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and Edington’s book on electron microscope techniques[66]. Electrolytic techniques
were also used to introduce hydrogen into the lattice of the FeZr samples.

3.2 AC Resistivity and Magnetoresistance Mea-
surements

The resistivity measurements in this study were taken using a high sensitivity ac
difference technique. The measuring electronics were the same for all samples, but
different cryostat systems were used, depending on the temperature and magnetic
field ranges required. The measurement technique and principles are discussed
below, along with descriptions of the various cryostats.

3.2.1 Measurement Technique

The conventional approach for measuring the resistivity of a material is the 4-probe
dc technique. In this method one measures the current and the potential drop
across the sample and obtains the resistance, R, using Ohm’s law. The resistance,
however, is not specific to the material measured, since it varies with the length,
L, and cross-section, A, of the specimen. Normally, one quotes the resistivity, p, of
the sample, which is obtained by multiplying the resistance by a form factor which

removes the dependence on the sample’s shape.

A
p=RT (3.1)

For our study it is necessary to be able to measure small changes in voltage
superimposed on a much larger voltage signal. DC methods tend to be sensitive to
thermal emf’s and contact impedances when such small values are measured. For
this reason an ac technique is used which allows measurement of differences as small
as a few parts per million of the output signal. The electronics for this system is
described in detail by Muir and Strém-Olsen[67]. A 37 Hz ac current is supplied
to the sample using a General Radio 1311A audio oscillator. The signal generator
also provides the reference signal for a Princeton Applied Research HR8 lock-in
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amplifier and a Kelvin-Varley DP1211 potentiometer. In order to measure small
changes in the sample voltage, an initial voltage, V,, tapped off the Kelvin-Varley
divider, is subtracted from the sample voltage, so that the small difference can be
amplified, and high accuracy obtained. A variometer is also placed in the circuit
to remove the effects of stray capacitances and inductances in the system. This
variometer consists of a primary coil of 150 turns and two secondary coils of 250
and 10 turns, allowing coarse and fine adjustment of the out of phase signal. In this
manner, the lock-in can be adjusted to be completely in phase with the reference
signal, so that any reasonable changes in the quadrature component will not affect
the output signal. A detailed circuit diagram is shown in figure 3.3.

The basic measurement procedure was as follows. The sample was placed in the
cryostat, and the system brought to the appropriate initial field and temperature
conditions. Normally this meant that the sample was cooled below its critical
temperature in zero magnetic field. The electronics system was then tuned, and the
initial voltage, Vy, was read by opening switch A in figure 3.3, removing the back-off
signal. A was closed again, and the lock-in amplifier switched to an appropriate
sensitivity. It was then possible to measure small changes in the signal due to
changes in the temperature, Ap(T’), or to changes in applied field, Ap(H). For
magnetoresistance measurements, the output of the lock-in and the current of the
magnet power supply were read using two HP34401A multimeters. The data was
collected using a computer with a GPIB card. For measurements taken as a function
of temperature, data was collected automatically, except in those cryostats without
an electronic temperature output. After the sample was removed from the cryostat,
the form factor was measured using a Picker traveling microscope. Errors in this
value could be as large as 5%, depending on sample uniformity. Using this form
factor, voltage measurements could be converted to resistivity.

The experimental geometry for magnetoresistance studies is shown in figure 3.4.
The current, I, flows down the length of the sample. The magnetic field was applied
either parallel (H;) or perpendicular (H.) to the direction of the current, as shown.
The change in field direction was obtained either by rotating the sample or by
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Figure 3.3: Detailed circuit diagram of ac resistivity measurement system [63].
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Figure 3.4: Experimental geometry for magnetoresistance measurements.

rotating the magnet which applies the field.

In the measurements described above, the change in voltage, AV, was measured.
For situations in which the fractional change in p(H,T') was required, no form-factor
conversion is needed, since both numerator and denominator are multiplied by the
same factors, i.e. Ap/pp = AV/Vp. Only variations in measuring current had to
be taken into account. For this reason, measurements of fractional changes could
be found to an accuracy of 1 part in 10%. Absolute measurements of p(H, T) could
have errors as high as 10% due to form factor inaccuracies and other systematic

errors inherent in the ac technique.

3.2.2 Spontaneous Resistive Anisotropy (SRA) System

The apparatus on which the SRA was measured was made previously by Dr. H.P.
Kunkel, but has not been described in detail. This system has a sample block capa-
ble of rotating through 90 degrees, so that measurements with the field parallel and
perpendicular to the sample current can be taken easily. Four samples are mounted
in series on this block, two on each side, as shown in figure 3.5. The block is roughly
circular, with a diameter of 4.8 cm and a thickness of 0.4 cm, and is machined from
a slab of Oxygen-Free High Conductivity (OFHC) copper. Each end of the sample
rests on two knife edge contacts, the inner one for voltage, and the outer for current
connections. These copper knife edges are electrically insulated from each other
and from the copper base by layers of highly permeable cigarette paper soaked in
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General Electric 7031 varnish (GE varnish). This varnish is known to have good
thermal conductivity down to low temperatures. The samples are clamped to the
knife-edges with a fibreglass yoke which is screwed down at either side of the sample,
ensuring not only that the sample remains in good electrical contact with the knife-
edges, but also that the sample does not move when subjected to thermal cycling.
Any movement of the sample could result in the field and current not having the
desired relative orientation. For temperature measurement and control, a Lakeshore
Cryogenics CG1500 calibrated carbon-glass resistor is used in conjunction with a
Lakeshore Model 520 temperature controller. The resistor is inserted directly into
the sample block to reduce the possibility of thermal gradients between the samples
and the thermometer. To provide warming power, a heater made of Cupron wire
with nominal resistance 25 §2 at 77K is wound around the block. A pin is inserted
through a hole drilled through the centre of the sample block, perpendicular to its
plane. The sample block can be rotated about this axle using a lever arm, which
leads upwards and through the top of the cryostat. The current and voltage wires
are twisted together to reduce noise pickup, and lead down from a sealed 17-pin
connector through 3/8” diameter thin walled stainless steel tubing. They exit the
stainless steel tubing several inches from the bottom, and are thermally anchored by
being wrapped around the tubing several times and glued down with GE varnish,
ensuring that any heat passing down the leads from the top of the system will be
absorbed by the helium bath, and thus not transferred to the sample block. Below
this thermal anchor, the wires divide into two bundles, which enter the supporting
arms, exiting near the pivot points to pass through radial bore holes to the edge of
the sample block. If the wires must run around the block, they are secured with
Ge varnish inside a narrow groove which runs along the edge of the block. After
the samples have been mounted on the block, the probe is lowered into the cryostat
and sealed at the top with an o-ring and screws. The probe sits inside a stainless
steel tube 5 cm in diameter, which extends from the top to the bottom of the cryo-
stat, where it is soldered to a double-walled copper sample can 6.2 cm in diameter
with an adaptive flange. A copper plate is soldered to the bottom of the inner can
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to seal it off. The space between the two walls of the can serves as the isolation
space: by varying the amount of exchange gas in this space, the thermal contact
between the inner can and the cooling liquids can be controlled. For this purpose, a
pumping line/He gas inlet is provided with connections to mechanical and diffusion
pumps. The sample can is centred in the bore of a superconducting solenoid. The
solenoid is 25 ¢cm long with a bore of 6.55 cm, and is capable of providing an axial
field of up to 3 Tesla. The magnet is hung from the adaptive flange which is hard
soldered to the stainless steel tube immediately above the sample can. A close-up
view of this arrangement is shown in figure 3.6. Additional support rods run from
this ring to the top of the cryostat. These support rods are made of stainless steel
tubing, and have holes drilled in them down their length to allow free circulation
when immersed in liquid helium. The solenoid is connected to the power supply
through two lead-coated brass tubes, which run from the top of the cryostat to
an insulated connector on the lower flange which is connected to the solenoid via
insulated wires. The Pb coating becomes superconducting at liquid helium tem-
peratures. These leads also have holes drilled in them to facilitate circulation, and
are coupled to the helium return line, so that Hey4 boil-off can be used to cool the
leads and preserve liquid helium. The persistent switch of the solenoid is connected
to an electrical feed-through outside the cryostat by thin (36 gauge), insulated Cu
wires which run through one of the support rods for cooling. A number of thin
copper plates are soldered to the outside of the stainless steel tube, between the
tube and the wall of the helium dewar. These act as radiation shields for heat, but
allow free passage of gas through a number of holes. They also act as stabilizers,
preventing the system from vibrating inside the dewar. This entire unit sits inside
a helium dewar with inner diameter of 10 cm. A port at the top of the cryostat al-
lows a liquid helium transfer tube to be inserted. The transfer tube can be lowered
into the system, and mates with a funnel arrangement immediately above the Cu
flange. The liquid passes from the funnel through the support ring, directly cooling
the solenoid. The top of the cryostat has various pumping lines attached as shown
in figure 3.7. The helium dewar is suspended inside a larger liquid nitrogen dewar
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which is supported at the bottom and sides. A Helmholtz pair is positioned around
the nitrogen dewar, so as to be centred about the sample block. Its magnetic field is
vertical, as is that of the superconducting solenoid. These coils are used to back-off
the earth’s magnetic field, and to produce small magnetic fields for low field resis-
tive anisotropy (LFRA) measurements. It was calibrated using an F.W. Bell Model
615 Gaussmeter, and was found to provide a field of 41.52 Oe/A to a maximum
current of 3 Amps. In LFRA measurements, the sample is rotated from parallel to
perpendicular alignments in a fixed field at various temperatures. On rotating the
sample block, however, the sample temperature unfortunately changes slightly due
to the proximity of the samples with the walls of the inner can when in the perpen-
dicular orientation (< 2 mm gap). For temperatures at which dp/dT is large, this
can cause significant errors in the measured anisotropy. Average anisotropy val-
ues are obtained by quickly rotating the samples back and forth and taking several
readings. SRA measurements, in which the field is varied with the sample at a fixed
temperature in one orientation are not as subject to temperature changes, as the
sample is only rotated at one point, after which the temperature is stabilised. In
LFRA measurements, however, the anisotropy is measured as a function of temper-
ature, and not field. This means that the temperature is stabilised at some value,
and the sample orientation is changed to measure the anisotropy. If the tempera-
ture changes while the sample is rotated, this will cause an error in the anisotropy.
To improve the LFRA data, we decided to modify another cryostat used previously
to measure DC resistivity as a function of temperature by designing and building
a Helmholtz pair which can be rotated while the sample block remains fixed. This

system is described in some detail below.

3.2.3 Low Field Resistive Anisotropy (LFRA) System

This system (modified by myself and X. Qi), was used for zero field resistivity
and LFRA measurements, and operates on the same basic principles as the SRA
cryostat, except that the sample block remains fixed and the magnet rotates. The
sample block consisted of three layers machined from OFHC copper, each of which
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held two samples of the same dimensions as for the SRA cryostat. These six samples
were clamped to voltage knife-edges using fibreglass yokes, however the current
connections were made by soldering wires to each sample, to connect them in series.
The layers were soldered one above the other to a copper support to form the sample
block shown in figure 3.8. A heater wire, with room temperature resistance of 500
2, was wrapped around this support, but was electrically insulated from it with
GE varnish and cigarette paper. Temperature control was achieved using an Allen-
Bradley carbon resistor as a sensor in one arm of a Wheatstone bridge circuit, and
a reference resistance in the other arm. The carbon resistor was inserted into a
slot machined in the central layer of the sample block. The out-of-balance signal
from the Wheatstone bridge determined the current supplied to the heater. The
temperature could be measured in several ways. A calibrated Lakeshore Cryogenics
CG-2000 carbon-glass resistor was embedded in a hole in the sample block as shown.
It was in good thermal contact with the samples, and was used over the temperature
range from 4-300 K, in conjunction with a gas thermometer (below 4K temperatures
were determined from the helium bath vapour pressure. A fixed volume of helium
gas was admitted into the gas thermometer bulb, which was directly above the
sample block, as shown in figure 3.9, and, aided by exchange gas in the sample space,
was thus in good thermal contact with the samples. A change in sample temperature
resulted in a change in pressure of the gas in the bulb. The bulb was connected
to a Pennwalt pressure gauge by means of a continuous capillary tube, and the
temperature in the sample space was then calculated from the pressure, using the
ideal gas law with low-order Virial corrections. The temperature was assumed to
vary linearly along the length of the tube from the sample temperature to room
temperature. The drawback of using a gas thermometer is that measurements are
necessarily very slow to allow the pressure to come to equilibrium along the capillary
tube. The gas thermometer is also sensitive to variations in atmospheric pressure
and room temperature, which must be recorded and corrected for. Measurements
below 4.2 K were taken, if possible, on cooling (i.e. on pumping the He bath),
since equilibrium between the bath temperature and the vapour pressure are more
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easily maintained. The temperature was calculated from the vapour pressure of the
helium bath, which was measured using a Datametrics Type 590 Barocell.

The sample block was suspended by three thin-walled stainless steel tubes from
a supporting frame. One of the support tubes served both as a pumping line for
this sampie chamber and as an access port for the wires. Thirty-four wires of 36
gauge copper were inserted in a fibreglass sheath, and passed through the pumping
line. A few inches above the sample block, these wires were wrapped around a
large, OFHC copper thermal anchor, and secured with GE varnish. The wires then
passed back through the pumping line into the sample can. Here they were wrapped
around the gas thermometer bulb and then around anchor pegs on the block. The
appropriate number of wires were fed through fibreglass sleeves down each side of the
Cu block, exiting at the desired layer. Wires which ran along the edges of the block
were fastened down with GE varnish to prevent breakage or potential grounding
problems. A few spare wires were run down the side and taped to the bottom of
the block. At the top of the cryostat, the sample space pumping line branches;
one arm goes to the pumping system, the other separates into three feedthroughs
through which the wires were passed. These feedthroughs were stainless steel disks
with 12 holes drilled through each. A wire was passed through each hole, and the
hole sealed with epoxy. The feedthroughs into the pumping line were sealed with
an o-ring and coupling. Outside the cryostat, the wires were fed through protective
plastic tubing into a box where the necessary electrical connections were made.

To provide thermal stability, a sample can was sealed around the block using
an indium o-ring, after which a second can, concentric with the sample can, was
sealed to an upper support using Wood’s metal. The isolation space inside this
second can was pumped through the central support pipe, providing a method of
controlling the thermal contact between the sample space and the bath. The gas
thermometer line runs through the center of the central support pipe and continues
unbroken to the gauge. The third support tube is a guide for the liquid helium
transfer tube (through the radiation shields) and ends in a funnel, allowing the
efficient transfer of helium to the bottom of the cryostat. A liquid helium dewar
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was then raised around these cans, and sealed to the top of the supporting plate
with an o-ring seal. A nitrogen dewar was suspended from a board attached to the
upper frame. The bottom of this dewar was supported by a cart which carries the
Helmbholtz pair and its power supply. The Helmholtz pair has a radius of 20 cm and
coil separation of 20.5 cm and was positioned so the sample block is centred in the
magnet. The magnet produces a maximum field of 130 Oe, and has a calibration
factor of 13.1 Oe/A as determined using an F.W. Bell Gaussmeter. The coils were
mounted vertically on a disk supported by 23 half inch ball bearings which allow
the magnet to rotate through 360°, to align exactly with the sample direction. This
system is thus more flexible than the SRA system, as it permits correction for
sample misalignment.

The LFRA cryostat allows accurate measurements of resistivity in zero field and
in fixed fields of up to 130 Oersteds. Although the previous (SRA) system is also
capable of measuring the zero field resistivity, it is more difficult to obtain a wide
range of temperatures due to the large heat sink provided by the superconducting
solenoid. Any temperature from 1.5 to 300 K can easily be obtained in the LFRA

system, and warming and cooling rates are easy to maintain.

3.2.4 High Field Magnetoresistance System

If the magnetoresistance does not saturate in the maximum applied field of 3 Tesla
available in the SRA system, it is necessary to use the high field magnetoresistance
system, which has a superconducting solenoid capable of producing fields of up
to 10 T. This system has been described in detail previously [63]. Temperature
was controlled as described for the LFRA system above, and measured using a gas
thermometer, whose bulb lies in direct contact with the sample can. The cryostat
arrangement is shown in figure 3.10.

This system was used in both the longitudinal (field parallel to current) and
transverse mode in this study. Due to the narrow bore of the magnet, the samples
measured in the transverse mode must be less than half the length of our normal

samples. After longitudinal measurements were complete, the samples were cut to
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Figure 3.9: Cryostat for the LFRA system.
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Figure 3.11: Sample mount for the high field magnetoresistance system.

the appropriate lengths for the transverse probe. In this system, the samples were
again clamped to a set of voltage contacts, with current connections made by wires
soldered to the ends of the samples. Pieces of indium were placed on the voltage
knife-edges to maintain good contacts: a common problem in the case of brittle, non-
malleable samples which can not be clamped tightly was that the contacts opened
on cooling. A number of the samples measured were very short, since they were
cut from brittle materials which could not be rolled or cast successfully, or were
pieces obtained originally for susceptibility measurements. New sample holders
compatible with the longitudinal sample probe were designed (by Dr. X.Z. Zhou)
for these shorter samples. In these new sample holders the voltage knife-edges
are mounted on two small pieces of Cu. The knife-edges are insulated from the
Cu plates using cigarette paper and GE varnish. The copper plates are separated
by a piece of mylar of the appropriate length for the sample length. These three
bottom pieces are glued together with GE varnish. Printed circuit connections on a
fibreglass plate clamp down on top of the sample to provide current to the sample.
This printed circuit was made by etching a printed circuit board using a FeCly
solution. The current leads are soldered to each side of the lower Cu plate. The
lower plate is electrically connected to the upper plate/circuit board by the screws
which hold the two together, as shown in figure 3.11. Contacts are improved with
small amounts of indium on the knife-edges.
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3.3 Magnetic Susceptibility Measurement

3.3.1 Susceptometer

In this study the real part of the ac susceptibility, x = ‘;—;’,’- was measured using a
phase-locked magnetometer [68]. A block diagram of this device is shown in figure
3.12. The system contains two matched LC oscillators. An ac signal is supplied
to the oscillators, producing a magnetic field in the coils, typically 50 mOe rms or
less, at a frequency of 2.4 kHz. The sample is placed in the coil of one of these
oscillators, causing a change in the inductance of the coil. The signals of the two
oscillators are compared by a phase detector, which produces an output voltage
proportional to the relative shift in the signals’ phase. This signal is amplified and
fed back to the sample coil through a voltage controlled reactance which controls
the frequency of the oscillator. This correction signal, which is proportional to
the sample’s susceptibility, is the output of the susceptometer. A detailed circuit
diagram is shown in Fig 3.13. The details of this system have been described
previously [69]. The coils were maintained at liquid nitrogen temperatures during
measurement to provide stability.
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3.3.2 AC Susceptibility Cryostat

In this system[69], the oscillator coils are mounted around the narrow tail of a
liquid helium dewar. Concentric with these solenoids are another two coils with
calibration factors of 215 Oe/A and 196 Oe/A which can be used individually or in
series to provide dc biasing fields of up to 1000 Oe. The sample block and cryostat
are as shown in figure 3.14. The sample was placed in a bundle of copper wires
soldered to the tip of a machined OFHC Cu block. The copper braid provides
good thermal contact between the sample and the temperature sensors, while al-
lowing penetration of the ac driving field. A germanium resistor and a Au+0.03%
Fe-chromel thermocouple are also inserted into this braid slightly above the sam-
ple. A distance of several centimetres was maintained between the sample and the
thermocouple, since the thermocouple could give a slight contribution to the mag-
netic susceptibility. Temperatures below 30K were measured using the calibrated
germanium resistor, and above 30 K using the thermocouple.

The Cu braid extends through both pick-up coils, and the sample was placed
in the braid so as to be centered in the upper oscillator coil. After the probe was
inserted into the susceptometer, the sample position was optimized by means of a
screw, which raised and lowered the sample rod until the signal was maximized. A
nichrome heater wound around the block provides warming power to the system.
The sensor and heater wires pass through the rod onto which the block is soldered,
and connect to the exterrnal circuit at a feedthrough attached to the top of the rod.
A liquid nitrogen dewar mounted around the helium dewar was used to provide
thermal isolation and cooling for the coils.

Two types of measurements were taken using this equipment. One was the
temperature dependence of the susceptibility in fixed applied magnetic fields; the
second was the field dependence of the susceptibility at a fixed temperature. The
routine followed for the temperature sweeps was to cool the specimen from above its
critical temperature in zero field. A specially designed constant current supply was
used with the 215 Oe/A solenoid, to back off the vertical component of the Earth’s
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magnetic field while cooling. Then, a constant biasing field was applied with the
same solenoid, and the sample was warmed slowly to above T.. A second solenoid
could connected in series to the first, to provide a total calibration of 401 Oe/A. The
susceptometer output and the temperature sensor reading were measured on two
HP3400A DMM'’s, which are GPIB accessible. The data was recorded by computer,
and subsequently analyzed. A warming rate of 0.01-0.3 K/min was maintained,
depending on the temperature range measured, with the lower rate corresponding
to lower temperature ranges. Since the thermocouple was some distance from the
sample, slight temperature gradients could occur. This was especially true at high
temperatures, at which large heater currents had to be used. This could result
in the temperatures for different biasing fields being shifted marginally from each
other. In general, out of 30 or so temperature sweeps measured, 2 or 3 were shifted
from the rest. The high temperature (T>>T.) paramagnetic region of all curves
should overlap (since the biasing fields are so low), so these curves were corrected
by introducing small temperature shifts.

For the measurement of hysteresis loops, the sample temperature was stabilised.
Then, a saw-tooth function was generated by a Stanford Research Systems Model
DS335 function generator, and amplified with a HP6824A dc power supply amplifier
to a maximum current of 1A. This signal was used to drive the solenoids, thus
applying a magnetic field which increased and then decreased, driving the sample
around a hysteresis loop. Normally we were are uninterested in the virgin curve
for these materials, so we drove the sample around at least one full loop to set the
initial state before beginning data acquisition. The current through the solenoid
was measured across a 1 Q standard resistor by a HP3400A DMM and data was

collected by computer.
3.3.3 Corrections to Susceptibility Data
Zero Correction

The susceptometer measures only changes in the signal and not the absolute value
of the signal itself. It was thus necessary to take zero readings during the sweeps.
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A zero reading was obtained by withdrawing the sample from the top pick-up coil
such that the Cu braid alone remained in the coils. The zero reading drifted signifi-
cantly during measurement of small signals, and it was then necessary to take more
zero readings (as often as every degree). A linear interpolation was done between

sequential zeros to provide a continuous zero reference.

Background Correction

A small background contribution is present in all readings, due to magnetic con-
tributions from the copper braid, temperature sensors and sample block. In order
to correct for this background, which is a significant contribution to small signals,
a background measurement was taken with the sample removed, over the entire
temperature range studied. Zero readings were taken again with the sample rod
extracted the same distance as previously. This background was then subtracted

from the measured voltage before any conversions are done.

Calibration

To obtain the true susceptibility, it was necessary to calibrate the susceptometer,
since the output of the susceptometer is merely a voltage signal proportional to
the susceptibility of the sample. The simplest calibration method is to measure a
material with a well-known susceptibility and find the correct conversion factor. In
this case, the susceptometer was calibrated using 99.999% pure Gd;O3 powder. The
powder was packed into tubes of varying radius and length, and the susceptometer
output was recorded with the sample at liquid nitrogen temperature (77K). The
actual susceptibility (in emu/g-Oe) could then be calculated using the Curie-Weiss

law,
— N Iigff
X = 3%a(T - 6)

where N is the number of Gd atoms per gram, ptesr=(7.70+£0.04)up, and 8 = —13K

(3.2)

for antiferromagnetic Gd,O3 [70]. The measured signal depends on the mass of the
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specimen measured, i.e.

cV
X=— (3:3)

where V is the susceptometer output in volts, and c is the appropriate calibration
factor. It was found that changes in the radius of the sample had little effect on
the calibration factor, but that changes in the length of the sample, L, generated a
linear relationship between ¢ and L, such that[71]

¢=(0.16 emu/V-Oe-mm)L +4.5 emu/V-Oe
This calibration factor determines the absolute susceptibility to an accuracy of +
5%, however relative susceptibility values can be measured to approximately 1 part
in 101
Demagnetisation Correction

The measured susceptibility, xm, after calibration is

aM
Xm - dHa 3 (3.4)
however the true susceptibility is defined as
dM
Xt = I (3.5)

where H; is the internal field of the specimen. The internal field can be derived

from the external field, by the following expression,
H;=H,-NM (3.6)

where N is the demagnetisation factor for the sample. The true susceptibility can
be calculated from the measured susceptibility using the chain rule and equation

3.6, leading to

= _—Xm

The demagnetisation factor for the specimen was estimated by approximating the
sample by an ellipsoid whose axes are given by the sample dimensions. This ap-
proximation is somewhat crude, but is expected to give an upper limit for the de-

magnetisation factor[18]. The volume demagnetisation factors, in cm®/emu, were
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calculated numerically using the appropriate elliptic integrals[72], and were con-
verted to mass demagnetisation by multiplying by the density of the sample. This
then gave the true susceptibility in units of emu/g-Oe, which is independent of
sample size. The demagnetisation factor was also used to calculate the internal
field from (3.6), with the magnetisation calculated by numerically integrating the
susceptibility as a function of field at a fixed temperature.

As can be seen from equation 3.7, the true susceptibility diverges as the measured
susceptibility approaches the demagnetizing limit, x, = 1/N. For small N, this
requires large changes in magnetisation in response to the driving field. Strong local
anisotropies can inhibit the rapid variation of M, leading to a true susceptibility
value which does not diverge at T.. DC susceptibility measurements are often
demagnetisation limited, providing a method of estimating the demagnetizing factor

of the sample.

3.4 Magnetisation Measurements

Magnetisation measurements were done by Dr. Gwyn Williams at Michigan State
University using two commercial SQUID-based magnetometers (Quantum Design
MPMS-2, MPMS-5). The MPMS-2 cryostat can only perform dc magnetisation
measurements, while the MPMS-5 system can also be used for ac susceptibility
measurements. In the dc measurements, the sample was pulled through three
counter-wound measuring coils in the presence of a static magnetic field. In the
ac measurements, the sample was located in the plane of one of the pickup coils,
and a small tickling field was applied. This system measures not only the com-
ponent of the susceptibility which is in phase with the tickling field, but also the
out-of-phase component, which is a measure of energy losses in the sample. The
home-built susceptometer described in section 3.3 is only capable of measuring the
in-phase (real) susceptibility. Susceptibility measurements in the MPMS systems
can be performed in a number of driving fields and frequencies.

The static applied field is variable from 0.1T (MPMS-2) and 0-5.5T (MPMS-5),
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with residual fields of 5~7 Gauss and less than 0.1 Gauss respectively. Measurements
were performed at temperatures ranging from 2K up to around 200K. Prior to each
run, the sample was warmed above T,, and then cooled to the next measuring
temperature in zero field to ensure a consistent magnetic ground state and thus
history independence. Measurements of magnetisation and susceptibility were done
both as a function of temperature at a fixed field, and as a function of field at a
fixed temperature. The measurement configuration is shown in figure 3.15(73]. The
sample is mounted in a plastic straw secured to the brass tip of a hollow stainless
steel sample rod. The straw is sewn through with cotton thread, so that the sample
is vertical and centred in the plane of the pick-up coils. The top of the sample
rod is attached to a stepping motor which moves the sample vertically during the
measurement procedure. Before beginning measurements, the sample height was
optimised automatically to provide the maximum signal. For dc measurements a
64-step, 4 cm scan was adopted. A smaller number of steps resulted in a decreased
magnetisation measurement in samples with large magnetisation. This decrease
was likely due to the SQUID unlocking when the slew rate of the signal is so large.
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Chapter 4

Spin-Orbit Coupling in
Bond-Disordered Systems

4.1 Review

As discussed previously, bond-disordered systems often exhibit strikingly different
behaviour from ordered crystalline materials. Dilute and amorphous alloys are
two distinct systems which exhibit bond disorder. In dilute alloys, bond disorder
is caused by the addition of small amounts of magnetic impurities randomly dis-
tributed throughout the crystal lattice sites of a non-magnetic host. The exchange
mechanism is generally of indirect RKKY nature, with sign and magnitude which
vary with moment separation. A given moment thus feels different, often conflict-
ing, effects from the other moments present. In some cases, this frustration leads to
the formation of a spin-glass state,freezing the moments in random directions[74].
Amorphous materials are formed by the rapid cooling of a molten alloy, such that
the liquid freezes into a random, non-crystalline arrangement of atoms. The mo-
ments feel random exchange fields based on their separation from other moments. A
brief summary of experimental results on disordered systems is given below. More
detailed discussions can be found in a number of reviews[41, 75, 76, 77]
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Amorphous Alloys

Due to the presence of both chemical and structural disorder in amorphous systems,
magnetic moments feel not only the influence of exchange disorder, but disordered
electric fields as well[75]. In these systems, magnetic ordering will occur only when
the exchange interaction between moments is large enough to overcome the strong
random local anisotropies. Ferromagnetic ordering is common in transition metal-
based systems, while rare earth-based systems often exhibit more complex order-
ing, such as ferrimagnetic and canted magnetic structures, due to their stronger
anisotropies[75]. This review is limited to ferromagnetic transition metal-based
amorphous alloys, with general formula T.M;_,, with T=Fe, Ni, Co and M=a
metal, the type examined in this study.

T:M;-. alloys are non-magnetic up to some critical concentration, z., above
which the system has a low-temperature ferromagnetic ground state. In general,
z. is lowest in Co-based alloys and is largest in Ni-based systems, implying that
the Co-based systems are more strongly magnetic than the others. Band structure
studies show that the Fe d-band is more strongly hybridised with the M(sp)-bands
than the Co d-band, causing Fe to be more sensitive to changes in the moment sepa-
ration. Small changes in separation can thus produce antiferromagnetic rather than
ferromagnetic exchange[75]. As a result Fe-based alloys are weaker ferromagnets,
with lower moment values than the corresponding Co alloy with the same solute
concentration. As well, as the Fe concentration increases above z., the moment
increases initially, but then decreases again. In this decreasing region, the broad
distribution of Fe-Fe exchange-bonds leads to frustration which can result in a spin-
glass state at low temperatures. In amorphous FeZr[78], for example, as well as in
Y-Fe[75], the spin components perpendicular to an applied field freeze in random
directions, leaving only longitudinal spin ordering.

The temperature dependence of the magnetisation is a good indication of the
exchange coupling strength. Plotted as a function of reduced temperature, the

spontaneous magnetisation of an amorphous alloy falls below that of a crystalline
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Figure 4.1: A comparison of the hyperfine fields in amorphous and crystalline FeF,
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alloy of the same composition, due to the presence of exchange disorder. This
behaviour is shown in figure 4.1 for FeF,. The critical temperature, T., depends
strongly on the exchange disorder as well as the spin value of the transition metal.
In general, fluctuations in exchange will increase T, as long as the coupling remains
ferromagnetic. Thus, Co-based amorphous systems have higher critical tempera-
tures than their crystalline counterparts, while Fe-based alloys, in which exchange
fluctuations induce antiferromagnetic coupling, show a decrease in T, as compared
to crystalline alloys of the same concentration[75]. In both systems, however, T,
decreases monotonically as the solute concentration increases.

The critical exponents of a system are based on experimentally measured macro-
scopic properties. Any differences found between the exponents of crystalline and
amorphous systems will be caused by the local exchange fluctuations. In general,
however, crystalline and amorphous systems have the same asymptotic exponents(75],
consistent with the Harris criterion [79], which states that local disorder should have
no effect on the critical exponents, as long as the specific heat exponent, a, is neg-
ative. The unimportance of the local exchange fluctuations can be rationalised by
considering the critical state of the system. Near T, the critical fluctuations are
long-range, making the local fluctuations in the system insignificant. The effects of
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Figure 4.2: The effective susceptibility exponent, v*() , in FeZr [76]

disorder can be seen, however, in the Kouvel-Fischer effective susceptibility expo-
nent, v*(T) = —dIn x/dInt, which, plotted as a function of temperature, exhibits
a non-monotonic behaviour, as shown in figure 4.2 for FeZr. The peak observed in
this exponent has been noted in a number of disordered systems(80], and indicates
that as one moves away from the critical point, the effective exponents change in
value as a result of disorder.

Due to the lack of crystalline order, amorphous systems have very high resid-
ual resistivities, which are relatively temperature independent. This disorder also
results in a highly isotropic zero field resistivity. The magnitude and sign of the
isotropic (average) magnetoresistance, p(H) = 1py(H)+3p, (H), is strongly depen-
dent on the system under study. In general, the anisotropy in the magnetoresistance
is very small, and is due to the presence of spin-orbit coupling in the system. The
spontaneous Hall effect, which is a measure of asymmetric scattering from the local
moments, is found to be proportional to p? in these systems, indicating that the
dominant scattering mechanism present is side-jump scattering[41]. The normal
contribution to the Hall effect is much smaller than the spontaneous Hall effect,
since the Lorentz force has little effect in a system with a short electron mean free

path.
Magnetocrystalline anisotropies are low in T-M systems, and are generally only
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observed in systems in which small amounts of short-range order exist [75]. Proper-
ties such as magnetostriction and coercivity are strongly dependent on anisotropies
and local strains. A large positive magnetostriction is found in Fe-based systems
whereas in Co-based alloys it is small and negative, again accentuating the sensi-
tivity of the iron moments to small changes in environment. The coercive force and
the transition temperature have been found to be strongly dependent on sample
preparation techniques, and thus can not easily be compared from one system to
another.

This review shows that a number of material properties are affected by changes
in the bond-disorder of an alloy. Presumably then, measurement of such a property
in samples prepared under slightly different conditions, or with slightly different
concentration, should be capable of characterizing the change in disorder. In this
study, we will attempt to show that the resistive anisotropy is an extremely sensitive

probe of bond-disorder by measurements of amorphous H-doped FeZr samples.

Dilute Alloys

The dilute materials of interest in this study belong to a class of materials in which
the impurity moments are close enough to interact, either through indirect RKKY
exchange or through direct magnetic exchange. Indirect exchange often leads to
spin-glass states at low temperature, due to the conflicting exchange interactions
felt by the randomly-spaced moments. This is typical in noble metal matrices with <
10 at.% magnetic impurities. If the matrix is ‘nearly magnetic’ such as Pd and, to a
lesser extent, Pt, the presence of a local moment can cause polarisation of the matrix
conduction band in the vicirity of the moment, resulting in a ‘giant moment’ system,
with moments much larger in magnitude than that of the bare impurity. These
giant moments are spread out in polarisation clouds which encompass many atoms,
and therefore begin to interact directly at a low impurity concentration. As the
impurity concentration is increased above the ‘percolation limit’, the concentration
at which an unbroken near-neighbour chain of magnetic moments exists throughout
the medium, a magnetically ordered, if somewhat inhomogeneous ground state is
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Figure 4.3: Magnetic moment (in ug) of some giant moment systems, from [77].

created[77]. The remainder of this review will concentrate on the properties of the
giant moment systems based on Pd and Pt, which were investigated in this study.

Pd and Pt-based alloys with Fe, Ni and Co impurities have ferromagnetic ground
states above a certain critical impurity concentration. Since Pt is not as strongly
exchange-enhanced as Pd[41], the Pt-based alloys have smaller moments, and re-
quire a minimum solute concentration of ~1 at.% in order to achieve ferromagnetic
ordering. Ni, which does not exhibit a moment in isolation, requires a critical con-
centration of ~2 at.% in Pd and ~42 at.% in Pt to form a ferromagnetic ground
state[41]. Mn impurities (with antiferromagnetic direct exchange), induce a spin-
glass ground state in both hosts, except at very low concentrations in Pd, where it is
weakly ferromagnetic[81]. Figure 4.3 compares the magnetic moment as a function
of impurity concentration in a number of giant moment systems [77]. The average
moment per impurity decreases at high impurity concentration due to overlap of
the polarisation clouds.

The transition to the ferromagnetic state can be gradual due to the distribution
of exchange coupling in these systems. The specific heat in the giant moment sys-
tems exhibits an anomaly at the critical temperature[75]. The change in magnetic
specific heat, AC, has a gradual, wedge-shaped peak, which, with the application
of a magnetic field, moves to higher temperature. At low concentration, the critical
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temperature is found to be proportional to the concentration, but this dependence
levels off at higher concentration, due to the decrease in average moment[41, 77].

The resistivity in these giant moment systems is generally larger than in noble
metal systems, due to a combination of additional (s to d) scattering channels and
enhanced coupling to local moments. As the temperature is decreased through T.
in giant moment systems, a sharp change in slope of the p(T") curve is observed, in
agreement with the prediction of section 2.2.2. This causes a peak in the dp/dT vs
T curve, which has the same behaviour as the specific heat anomaly, as predicted
by Fisher and Langer{37]. An applied magnetic field induces a negative isotropic
magnetoresistance in all but the systems with Ni impurities[41]. The SRA, how-
ever, is non-zero for Fe, Co, and Ni systems, indicating the presence of spin-orbit
coupling at the impurity sites. Measurements of the Hall angle, related to the ra-
tio of the spontaneous and normal Hall voltages, support the conclusions of SRA
meastrements. The Hall angle is zero in dilute PdFe, indicating the absence of an
orbital moment at the Fe sites, but is non-zero for PdCo, PdNi, PtCo and PtFe[41].

Mossbauer studies of the various giant moment systems indicate that the giant
moments persist into the paramagnetic regime. The measured hyperfine field has
a positive contribution in PdCo and PdNi, again due to the presence of an orbital
moment[77]. Diffuse neutron scattering experiments have shown that the matrix
around the impurity is indeed polarised, up to a distance of ~ 10 A from the
impurity, creating a local moment of up to 12ug although the bare impurity moment
has a magnitude of only 3—4 up[76).

The presence of spin-orbit coupling in these dilute alloy systems, suggests that
measurements of the resistive anisotropy are also possible in these systems. By
comparing magnetic and transport measurements in these systems to those of the
amorphous FeZr system, it may be possible to obtain some information about the
dependence of these systems on bond-disorder, and the behaviour of the resistive

anisotropy in bond-disordered crystalline materials.
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4.2 Model Calculations

As indicated in the above review, measurements of the dependence of the resistiv-
ity on temperature and magnetic field can give important information about the
magnetic properties of a material. Although model calculations of the behaviour of
the magnetisation and magnetic susceptibility have been done for bond-disordered
systems[27], the transport properties, and specifically the resistive anisotropy are
not as well understood. In an effort to understand the variation of the low field
resistive anisotropy (LFRA) with temperature and bond-disorder, calculations were
made based on the Sherrington-Kirkpatrick (SK) model discussed in section 2.1.3.
In this model, moments are located at each lattice site, but are assumed to have
a Gaussian exchange distribution. One can numerically solve the resulting coupled
equations for m = ((S:)r)s and ¢ = ((S:)3)s. Numerical integration of equations
2.36 and 2.37 was performed using Gauss-Legendre quadrature in conjunction with
Newton’s method, starting with initial guesses for m and q. The calculated values
were substituted back into the equations, and the process is iterated until the values
converge. Calculations based on this model have been done previously for the field
and temperature dependence of m, q and x[27]. The same program was extended
to include calculations for the LFRA.

As shown in Section 2.2.2, the resistive anisotropy in a localised model is pro-

portional to the quadrupolar operator,

22 2 (sn- S5, (@)

To calculate the LFRA, it was necessary to obtain values for {(S2)r), as a function
of temperature, assuming the ratio -3- to be constant. The temperature average can
be obtained using Boltzmann statistics.

(52) _ z:Si Size-aSi/kBT _ _1__(!2_
2T = T eaSi/keT  — Z dh?

Z (4.2)

In this equation the energy prefactor a is equal to gugH, and the denominator, Z,
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in (4.2) is a finite geometrical progression, and can be rewritten as,

S inh 2541y .
Z= Y ems= 125 (%5 _ ) (4.3)
S;=—-S Siﬂh (,-;.')
with h; = a/kgT. Differentiation of (4.3) yields an expression for (S?)r of,
(837 = 5(8 + 1) — SBs(Sz;) coth (%) (4.4)

B, is the Brillouin function and z; = ;;—T(Jom+ Jq?a+h,), for a distribution with
first and second moments J; and J, and applied field h, = gugH,. To obtain the
site average (), equation 4.4 is integrated over the variable a;, once m and g have
been calculated self-consistently as described-earlier. / =<< S§2 >7>, —S{S+1)/3,
is similar to the integrals for m and gq,

I= —\/12_? I dage=eir2 [_25_('s3_+_1_) _ $Bs(St;) coth (%)] (4.5)

Calculations were done for representative values of = %,‘1, S and applied field
as a function of reduced temperature, t’ = % These results are displayed in
the following figures. Figures 4.4 and 4.5 show the variation of the quadrupolar
operator as a function of the spin, S, for two different 7 values in ferromagnetic
(n > 1) systems. These results were all calculated for a low applied field of 50
QOersteds. In all cases the quadrupolar operator is zero for temperatures greater
than T., and approaches a limiting value dependent on S at zero temperature.
The higher spin values show a greater degree of curvature at low temperature, and
saturate at progressively lower temperatures as the spin value increases.

The field dependence of the calculated anisotropy is shown in Figures 4.6 and
4.7, for fixed n and spin values. Essentially no change in the anisotropy results
from order-of-magnitude changes in field, indicating that the primary purpose of
the small applied field is simply to provide an alignment axis for the spins. The one
effect of large applied fields is to cause the anisotropy to vanish at slightly higher

temperatures, since larger thermal energy is needed to overcome the effective field.
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The most interesting results obtained from these calculations are presented in
figures 4.8 to 4.10. These figures show the variation in the calculated anisotropy for
a number of fixed spins as the degree of bond disorder changes. In the ferromagnetic
case (n > 1) the anisotropy increases monotonically as temperature is lowered below
the critical temperature, and saturates at low temperatures. Near T, however, the
curves have a linear temperature dependence, with the change in 7 resulting in a
change in the slope of the line. In the spin-glass regime, the anisotropy shows com-
plex behaviour, which is not presently understood. The latter curves are not shown
here, as they have large negative anisotropies. This may simply reflect the inability
of this mean-field model to accurately reproduce the behaviour of the complex spin-
glass state. Concentrating only on the disorder dependence of the ferromagnetic
systems, one can clearly see that at low temperature, the anisotropy approaches a
common value of $(2S-1)/3, independent of 7, and as the bond disorder increases
(n decreases) the slope of the linear temperature dependence of the anisotropy near
T. decreases. This suggests that measurements of the anisotropy near the critical
temperature may be a sensitive probe of the relative disorder in a system. If the
absolute disorder of a reference sample is known, quantitative estimates for the
disorder in related samples can be obtained. As well, the temperature intercept of
the data can be used as another check on the critical temperature of the system,
since the anisotropy should vanish above T.. To verify these hypotheses, a number

of bond-disordered systems were studied, as described in the following sections.

4.3 Amorphous FeZr

Transport and ac susceptibility measurements were performed on samples cut from
melt-spun ribbons of FegZrg, prepared as described in Section 3.1. Measurements
on the sample in its as-spun state have been reported previously[82]. With the aim
of discovering the effect of a slight change in bond disorder in the same specimen,
these measurements were repeated on the sample after a small amount of hydrogen
was introduced electrolytically. These data were then compared to earlier results.
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4.3.1 AC Susceptibility Measurements

A detailed study of the ac susceptibility of Feq,Zro+H was done in the region of
the paramagnetic to ferromagnetic phase transition. FeqZrg is re-entrant, hav-
ing a second transition from the ferromagnetic state to a spin-glass state at low
temperature[82]. Here only the upper transition was studied, as it is in this re-
gion that our model calculations are valid. Magnetic susceptibility measurements
can give an accurate value for the transition temperature, as well as values for the
critical exponents of the system. The exponent values provide information on the
magnetic interactions present.

The raw data was analysed as described in Chapter 3 to produce curves of the
true ac susceptibility versus temperature in various static biasing fields. The zero
field data for the Feq;Zro+H sample is shown in figure 4.11. The susceptibility rises
sharply as the temperature is lowered through T., going through a sharp peak at
a temperature slightly below T.. This Hopkinson peak results from technical con-
tributions to the susceptibility, such as anisotropy and domain wall effects, and is
not a true critical peak. The susceptibility does not approach its demagnetisation
limit of 1/N (see equation 3.7), indicating the presence of substantial anisotropy, as
discussed in Section 3.3.3. To observe true critical peaks, static biasing fields were
applied which reduce the technical background. Figure 4.12 shows the tempera-
ture dependence of the susceptibility for Feq;Zrg+H in a number of small biasing
fields. As the applied field was increased, the background peak was dramatically
suppressed in height and temperature, until at a field of 10 Oersteds the critical
peak can be seen emerging in the form of a plateau, with a clear critical peak emerg-
ing at an applied field of 25 Oersteds. The inability of small fields to resolve the
critical peak is an indication of strong local anisotropy, usually resulting from the
presence of spin-orbit coupling. Materials such as PdFe which do not have orbital
moments at the magnetic site at low Fe concentration, typically require fields on
the order of only 0.5 Oersted to bring out the critical structure[63].

Figure 4.13 shows the behaviour of the critical peak as the biasing field is in-
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creased further. As predicted by scaling theory (equation 2.30), the critical peak
moves upwards in temperature and decreases in magnitude as the applied field in-
creases. By extracting peak temperatures, T,,,, and amplitudes, X, from the data,
scaling fits were done to determine values for the critical exponents (v + 8) and
8. An initial estimate for T. was obtained by plotting the peak temperature as a
function of H%5"!, where 0.571 is the 3D Heisenberg model prediction for 1/(y+ 3).
A linear fit to these data at low field (points 3-15 in this case) gave an estimate for
T., as shown in figure 4.14. The error bars at low field result primarily from uncer-
tainties in correctly assessing the peak position due to the size of the background
contribution, while those at high field are due to scatter in the data points caused
by a low signal to noise ratio. The temperature intercept, 205.7(2) K, was used as
an initial estimate of T,, from which the reduced temperature t,, = (T}, — 7.)/T:
was calculated and plotted as a function of internal field on a log-log scale. As
can be seen in figure 4.15, there is some curvature in the plot at high field values,
although the low field data is quite linear. The asymptotic value for the so-called
‘cross-over exponent’, v + [ was obtained in this case by fitting points 3-15 to a
straight line. The cross-over line represents the line at which the system passes from
field-dependent to temperature-dependent behaviour. An independent value for «y
was found using equation 2.31, which relates x,, to t,,. This plot also depends on
the value chosen for T.. The final value of y found by fitting points 3-15 to equation
2.31 (figure 4.16), is v = 1.18(1), substantially lower than the 3D Heisenberg pre-
diction of 1.386, however, the value of v+ 3 of 1.75(1) is in excellent agreement with
the 3D Heisenberg predictions. The above plots were iterated with small changes in
T, until agreement is reached, with the final T,=205.8+2 K. The error in T, results
from the scatter in data points as well as from the error in measuring the absolute
temperature. Due to calibration errors and systematic errors, the absolute temper-
ature can be incorrect by as much as 1%, although relative temperature values are
Very accurate.

The Kouvel-Fisher effective v was found from the zero field susceptibility data
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using the relation, il

. X
t) = ———=
1) ===

which was calculated and is plotted in figure 4.17 as a function of reduced temper-

(4.6)

ature. The effective v starts at a low value and rises to a peak at t ~ 0.07, before
dropping at high temperature toward the mean field value of 1. As mentioned in
section 4.1, this peaked behaviour is typical of systems with large amounts of dis-
order. The decrease of the exponent below the Heisenberg value as ¢t — 0 and the
low value of the asymptotic v can be explained by the fact that the zero field sus-
ceptibility does not reach the demagnetisation limit, thus decreasing the low ¢ slope
of the x versus t curve. This is again an indication of the presence of anisotropy in
the system, due to spin-orbit coupling at the Fe sites.

A value for § was found using equation 2.32. The peak susceptibility was plotted
against internal field on a log-log scale, as shown in figure 4.18. There is little
curvature evident in this plot, so all data points could be fit to a straight line,
yielding § = 4.8(1), in perfect agreement with 3D Heisenberg predictions.

In conclusion, this system behaves magnetically as a ‘good’ ferromagnet, with
asymptotic exponent values close to 3D Heisenberg values. The effects of disorder
can be seen in the behaviour of v*(t), as well as in the slight curvature in the other
exponent plots. An estimate of the coercivity of the material at T=77 K (within
the ferromagnetic region) was taken from a ‘butterfly’ plot of susceptibility as a
function of applied field (figure 4.19). This essentially represents the local slope of
the hysteresis loop for the material. Assuming that the region of highest slope in
the hysteresis loop is at the coercive field, the separation between the peaks in the
‘butterfly’ plots is twice the coercive force, which for this material is 0.2 Oe at 77K.

4.3.2 Low Field Resistive Anisotropy

LFRA measurements were performed using the SRA apparatus described in section
3.2.2, in small biasing fields of 15, 30, 60, 90 and 120 Oersteds. Due to the large
residual resistivity of these amorphous ribbons the back-off system described in
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section 3.2.1 was unable to completely remove this constant portion, making it
impossible to tune the circuit to the sample resistance. The zero offset adjustment
on the lock-in amplifier was consequently used to back-off the residual resistivity.
The phase was adjusted for a maximum output signal, assuming that the resistive
portion was much larger than the out-of-phase signal. Measurements were taken
from 150 to 220 K, with the observed anisotropy vanishing near 210 K. The LFRA
measured in 60 Oe is plotted in figure 4.20 as (py(H,T) — p(H,T))/po, assuming
that the residual resistivity is approximately temperature independent, as in all
amorphous alloys. At all fields, the anisotropy is zero above 220K, and increases
linearly as the temperature is dropped below T.. Figure 4.21 shows a comparison
between the data acquired in different fixed fields. Near T. the points all fall on a
line of the same slope. Performing a fit of the LFRA as a function of T/T. in the
linear portion of the curve (using the 60 Oersted run), yields a slope of (21+1)x10~4.
As the temperature decreases further below T., the curves become distinct, with
a higher resistive anisotropy as the field is increased. This suggests that the field
dependence is due to technical effects, such as domain size. The model calculations
described in the previous section are based on an ideal, single-domain ferromagnet.
In order for this model to be applied to a real system, the material must be single-
domain at least over the mean free path of the conduction electrons. The increase
in magnetic hardness (coercivity) as temperature decreases may result in smaller
domain sizes, as the low applied field becomes incapable of rotating and moving the
domain walls. If the applied field is increased, the domain size will remain larger
than the mean free path down to lower temperature. Examining the region near T,
we can see that the tail of the curve is also more sensitive to field than predicted by
the model, with the temperature intercept moving progressively higher as the field

is increased.

4.3.3 Summary

In conclusion, ac susceptibility measurements on hydrogenated Feq;Zry show it to
be a good ferromagnet, with critical exponents in agreement with 3D Heisenberg

92



0.07

| | 1 I 1 L ] |

60 QOersted

0.06

0.05

0.04

0.03

(P"-P _1_)/ Po (%)

0.02

0.01

0.00

I 1 1 1 I I L
140 150 160 170 180 190 200 210 220 230

Temperature (K)

Figure 4.20: Temperature dependence of the LFRA in Feg;Zro+H with H=60 Oe.

B A LA o o lias s e

93



0.08

A * 150e

0.07

0.06

0.05

0.04

0.03

(p"—p .L)/ Po (%)

0.02

0.01

0.00

160 170 180 190 200 210 220 230
Temperature (K)
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Table 4.1: Fitting Parameters for the LFRA in FeZr.

LFRA Xac
Sample | T.(K) | 10°A | T.(K) ) Y+
Feq: ZTo 203 | 16(1) | 200 [4.85(2) [ L.75
Fea:Zro+H | 210 |21(1) ]| 206 | 4.8(2) | 1.75
FegoZr10 235 |19(1) | 237 |[4.55(2)]| 1.75
FegoZri9+H 260 23(1) - -

model predictions. Some bond disorder is indicated by the behaviour of the effective
exponents outside the critical region. The failure of the zero field susceptibility to
reach its demagnetizing limit, as well as the large fields required to suppress the
background indicate the presence of magnetocrystalline anisotropy, likely due to
spin-orbit coupling. A non-zero LFRA is observed, confirming the presence of an
orbital moment at the Fe sites. This LFRA has a linear temperature dependence
immediately below T, in agreement with model calculations, although it exhibits
stronger field dependence than predicted with the SK model, likely due to technical
considerations. This data can be compared to measurements by H. Ma[82] of the
LFRA of Feq1Zro, FegoZrio and FegoZrjo+ H in the remanent field of an electro-
magnet (approximately 60 Oe). Ma’s data also show a linear dependence of the
anisotropy near T., which was also fit to the equation Ap/p = —A(T/T¢). The in-
troduction of hydrogen to the amorphous structure has the effect of increasing the
average atomic spacing. This has been shown to increase the critical temperature
for ferromagnetism|[82] as can be seen in Table 4.1, and to decrease the temperature
for transition to the spin-glass state, T;. From the SK model, Ty oc J and T, o
Jo[18], so hydrogenation apparently increases the ratio n = £, thus decreasing the
bond disorder. The model calculations in Section 4.2 would then predict that the
slope, A, should increase with the addition of hydrogen, which is indeed observed.
This calculation makes the assumption that the addition of hydrogen has no effect
on the ratio (D/V) in equation 4.1. This assumption is believed to be valid, since
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the amount of hydrogen introduced was deliberately kept small, with a change in T,
of less than 10%, compared to the change of 100% for complete hydrogenation(82].
The parameters found in these samples from susceptibility and LFRA measurement
are listed in Table 4.1 for comparison. Obviously as T. increases, A also increases.
Thus, based on these results, measurements of the LFRA are shown to be sensitive

to the relative amount -of bond disorder present in the system.

4.4 PtgoFelo

Detailed ac susceptibility and transport measurements were done on an alloy con-
sisting of 10 at.% Fe in Pt. Measurements of x(T) were performed in various static
biasing fields, and the field dependence of the susceptibility was measured at a
number of fixed temperatures. From the butterfly loops, values for the coercive
force H.(T) were obtained. The zero field resistivity and its temperature deriva-
tive were also measured over a wide temperature range around T., and SRA values
were obtained from the longitudinal and transverse magnetoresistances. Finally,
measurements of the resistive anisotropy in low field were completed over a temper-
ature range near T,, in an attempt to verify that the agreement between the model

calculations and the FeZr data is universal to disordered systems.

4.4.1 AC Susceptibility Measurements

Temperature Sweeps

Measurements of the ac susceptibility were done in the temperature range 150 to
200 K in a number of static biasing fields. Figure 4.22 shows the zero field suscep-
tibility as well as the susceptibility in a number of small biasing fields. As in the
FeZr sample, the zero field susceptibility does not reach its demagnetizing limit of
15 emu/g-Oe., indicating the relative hardness of the material. Internal fields of 15
Oe. were required to suppress the background contribution sufficiently to cause the
emergenoe of a critical peak slightly above 170K, another indication of the high coer-
civity of this material. The ac susceptibility measured in a number of higher fields
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Figure 4.22: ac susceptibility measurements of PtgoFeyq in zero field and a number
of static internal fields, as labelled, in Oe.
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is shown in figure 4.23. Peak susceptibility and temperature values were extracted,
and fits for the asymptotic exponents attempted as for Feq1Zro+H . An approx-
imate T. was found by fitting T, versus H}*"!, with the result T,=172.76(1)K
shown with the data in figure 4.24. Using this value for T., plots were done to
obtain the exponents 7y and -y + 3, as explained previously. With the final value for
T. of 172.8+1.5K, the cross-over exponent was found to be ¥ + 8 =1.76(1), with
v=1.31(2) (figures 4.25 and 4.26). The fits were made to all except the first point,
which has a large error due to the large background contribution at low field. The
effective exponent y*(t) is plotted in figure 4.27. Although the values of v + 3 and
~ are close to the 3D Heisenberg values of 1.75 and 1.386, significant amounts of
curvature are present in the plots away from the critical region. The characteristic
peaked structure is evident in y*(t) , indicating the presence of significant bond-
disorder. The low ¢ value of v*(¢t) is well below the 3D Heisenberg value, due to
the failure of the zero field susceptibility to reach its demagnetizing limit. At high
t, v*(t) approaches the mean field value of 1. The ‘6-plot’ in figure 4.28 shows
a little curvature at high field, which is common in exponent plots in disordered
systems(80]. From this plot, § was found to be 3.8(1), significantly lower than the
Heisenberg value of 4.8. The curvature evident in figure 4.28 suggests that if we
were able to obtain critical peaks to lower field values, the effective value for § would

be increased, although perhaps not to the 3D Heisenberg value.

Coercive Force

Butterfly loops were measured at a large number of temperatures from 120-170K,
to provide estimates of the coercive field, as described for FeZr (Section 4.3.1). The
coercive force, plotted in figure 4.29 as a function of temperature, is zero above
172(1) K, providing another estimate of T., which is in good agreement with that
determined from the scaling analysis. Below T., H.(T) increases rapidly, a be-
haviour consistent with the presence of anisotropy arising from spin-orbit coupling.
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Figure 4.26: The reduced peak temperatures plotted versus the peak susceptibility
for PtgoFeyo. The best fit line gives a value for v of 1.31(2).
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Figure 4.28: The peak susceptibility plotted as a function of internal field for
PtgoFejo. The best fit line gives 6=3.8+0.01.
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105



4.4.2 Transport Measurements

Measurements of the resistivity and its temperature derivative were taken between
110 and 200 K, and plotted in figure 4.30. The resistivity shows an abrupt change in
slope (a peak in dp/dT) at T.=170+2.5K. The error incorporates the uncertainty
in the absolute temperature, as well as scatter in the data itself. This estimate
for T, is in good agreement with those obtained from susceptibility measurements,
which were measured in a different cryostat with different thermometry. Above T,
dp/dT drops rapidly to a value of 39.5 nQ?-cm/K, in agreement with that for pure
Pt[83].

Magnetoresistance

Measurements of the longitudinal (p;) and transverse (p,) magnetoresistance at 4.2
K are shown in figure 4.31. Both curves saturate at fields above 250 Oe, making an
estimate of the SRA straightforward. Extrapolation to zero field gives an SRA of
(1.44 £ 0.02)%, higher than the value of 0.7% reported previously for a lower con-
centration sample[84], but similar to the ~1% reported for a 16 at.% Fe sample[85].
The average magnetoresistance, (py+2p.)/3 is negative, indicating that the system
is not completely ordered magnetically at 4.2K.

Low Field Resistive Anisotropy

Measurements of the LFRA in PtgoFe;q were measured as a function of temperature
in the vicinity of T. in a number of fixed fields. A typical curve is shown in figure
4.32. This curve is a plot of (py(T) — pL(T))/p(T) versus temperature, using the
measurements of p(0,T") obtained previously.

The LFRA is zero above 170£1.5K, giving another estimate for T, which agrees
quite well with our previous estimates. Below T., the LFRA increases linearly as in
FeZr; however, as the temperature is decreased further, the curve begins to saturate.
This effect could be due to the same domain size effects which may be the cause of
the variation with field in FeZr. This hypothesis is also supported by the data in
figure 4.33, a summary of the LFRA in different fixed fields. The LFRA saturates
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Figure 4.30: The resistivity and its temperature derivative for PtgoFe,o. The peak
in dp/dT is at 170+ 2.5K.
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Figure 4.31: Magnetoresistance of PtgoFe;o at 4.2K.
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at higher anisotropy and lower temperatures in the higher applied fields, when the
magnetic energy is able to overcome the anisotropy energy to lower temperatures.
Near T., however, all the curves fall on approximately the same line, allowing the

determination of T,, and a unique slope.

4.4.3 Summary

Measurements of the ac susceptibility of PtgoFe o show strong evidence of the pres-
ence of an orbital moment at the Fe site. The presence of significant disorder is also
obvious from the behaviour of the effective exponents outside the critical region.
The resistivity shows evidence of a transition to a ferromagnetic ground state as
the temperature is lowered through 170 K. Magnetoresistance measurements show a
positive SRA, an indication of spin-orbit coupling. The LFRA is linear in the vicin-
ity of T., in agreement with model predictions with deviations due to technical

considerations at lower temperature.

4.5 Pd97003

Xac(H,T) was measured for the Pdg7Cos sample to characterize its critical behaviour,
and to obtain values for the coercivity, as in PtFe. Various transport measurements
were completed to supplement the information obtained from the magnetic mea-

surements.

4.5.1 AC Susceptibility Measurements

Temperature Sweeps

A detailed study of the temperature dependent susceptibility was done in zero
field and a number of static biasing fields. Figure 4.34 shows the behaviour of the
susceptibility in zero field measured with two different driving fields, 35 and 50
mOe rms. There is some structure in the Hopkinson peak below T. in the 35 mOe
run, which is significantly decreased in the 50 mOe run. This structure is likely

due to the presence of weak domain wall pinning which is overcome in the larger ac
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field. The effect of small static biasing fields is shown in figure 4.35. A field of 60
Gauss was needed to detect a critical peak, which is an indication of the presence
of considerable anisotropy, as discussed previously. The high field behaviour is
shown in figure 4.36. These data were measured using a driving field of 35 mQOe.

The critical peak heights and temperatures were extracted from this data, and
the critical point exponents determined using the analysis method given previously.
The initial estimate for ‘ch was found, with the linear fit shown in figure 4.37. The
low field points have large errors, due to the large background present at these fields,
and the resulting lack of definition of the critical peak. The peaks at higher fields
are better defined, but are further from the critical point. This causes problems in
the analysis for the critical exponents, as can be seen in the now familiar log-log
plots. The fit for the low-field <y is shown in figure 4.38. A large amount of curvature
can be noted in this plot, an indication of significant disorder and anisotropy. A fit
to the first 10 field points gave a value for v = 1.0(1), although the 3D Heisenberg
value for 7y also seemed to fit quite well, within the considerable scatter. The same
problem is apparent in the cross-over plot, figure 4.39, which gives a best-fit of
1/(y+ B)=0.57(1). ~*(t) was determined by taking the derivative of the zero field
curve. Again the peaked structure which is a signature of bond disorder is present
in figure 4.40. At low temperatures, y*(t} drops well below 1.386, an indication of
the presence of anisotropy, as stated previously. At high t, v*(t) approaches a mean
field value of 1. The § plot also shows significant curvature, with a low field fit of
6=3.11£0.1, much lower than the 3D Heisenberg value of 4.8. The curvature present
suggests an increase in the effective § at lower fields; if it were possible to determine

critical peaks at lower field, a more appropriate value for § might be found.

Coercive Field

Measurements of the coercive field were completed as a function of temperature
below T.. A typical butterfly plot is shown in figure 4.42. The values for H.(T)
are plotted in figure 4.43. As in the previous sample, H.(T) increases rapidly below
T.. Coercive field measurements give a value for T, of 137+ 1K, in good agreement
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Figure 4.34: The zero field ac susceptibility of Pdg;Co; in two ac measurement
fields, as labelled.
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Figure 4.35: ac susceptibility measurements of Pdg7Co; in zero field and a number
of static internal fields, as labelled, in Oe.
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Figure 4.37: The peak temperatures plotted versus H35" for Pdg7Cos. The best fit
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Figure 4.38: The peak susceptibility plotted versus the reduced peak temperature
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the 3D Heisenberg prediction for =.
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Figure 4.41: The peak susceptibility plotted as a function of internal field. The
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Figure 4.42: The field dependence of the ac susceptibility of Pdg7Cos at T=77K.
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with that from the temperature sweeps. The presence of spin-orbit coupling can be

inferred from the strong temperature dependence of the anisotropy (H.).

4.5.2 Transport Measurements

The temperature dependence of the resistivity of Pdg7Coj; is shown in figure 4.44.
The sharp change in slope at 1367]K gives a value for T, in agreement with the
susceptibility measurements. The derivative of the resistivity has a peak at T, and
drops rapidly above T, to a value of 5nQ-cm/K, slightly smaller than that for pure

Pd at the same temperature[83].

Magnetoresistance

The field dependence of the resistivity of Pdg7Cos at 4.2K in the longitudinal and
transverse configurations is shown in figure 4.45. As in PtgoFeyo, the average mag-
netoresistance is negative, indicating the presence of some magnetic disorder. The
curves saturate at low field, giving an estimate for the SRA of Ap/p = 1.70(5)%,

in good agreement with previous results[86].

Low field resistive anisotropy

The LFRA was measured as a function of temperature in fields of 30, 60, 100 and
125 Oe. The 60 Oe curve is shown in figure 4.46, again plotted as (oy(H,T) —
pL(H,T))/p(0,T). The LFRA is non-zero below T.=137(1)K, a value for T, in ex-
cellent agreement with the other methods. Below T, the anisotropy shows similar
behaviour to that in the PtgoFe o, saturating at low temperatures. A comparison
between the different field sweeps (figure 4.47) shows additional similarities, sug-
gesting that in this sample as well, the anisotropy induced by spin-orbit coupling
could be large enough to dominate the magnetic energy at low temperature, thus
decreasing the observed LFRA.

122



H, (Oe)

50

. ——— . .
ol K -
30 | . . _
20 | " _
o | .
N
70 80 90 100 110 120 130 140

Temperature (K)

Figure 4.43: The temperature dependence of the coercive field in Pdg7Cos .
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Figure 4.44: The resistivity and its temperature derivative for Pdg;Cos . The peak
in dp/dT is at 136%3K.
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Figure 4.45: The magnetoresistance of Pdg7Cos at 4.2K in the longitudinal (p;) and
transverse (p,) modes.
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Figure 4.46: Low field resistive anisotropy of Pde7Coj in a static biasing field of 60
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4.5.3 Summary

The Pdg;Cos sample shows the presence of large amounts of disorder. This dis-
order, in conjunction with the high anisotropy complicates the evaluation of the
true critical exponents. In fact, from the susceptibility data, we conclude that 3D
Heisenberg or mean field exponents are equally likely. The resistivity measurements
show the structure typical for the transition to a ferromagnetic state. Magnetore-
sistance and LFRA measurements confirm the existence of an orbital moment at

the Co sites.

4.6 Conclusion

Susceptibility measurements show that all of the bond-disordered systems measured
above have a transition to a ferromagnetic state from the paramagnetic state as the
temperature is reduced. The presence of spin-orbit coupling at the magnetic sites
is deduced from the coercivity and its rapid increase with decreasing temperature.
The presence of increasing curvature in the exponent plots from FeZr to Pdg7Cos
indicates increasing effects of disorder on the magnetic properties of the materials.
Transport properties also confirm the transition to ferromagnetism, and the pres-
ence of an anisotropy in the low field magnetoresistance in this regime indicates
the existence of an orbital moment, and thus spin-orbit coupling, at the magnetic
site. The LFRA in various FeZr samples reproduces very well the temperature and
bond-disorder dependent behaviour predicted by the model calculations in section
4.2. Pdg7Cos; and PtggFe;o also exhibited a linear temperature dependence of the
LFRA in the vicinity of T., however, the LFRA shows considerable curvature at
relatively high T/T.. The model allows for curvature only at low temperature, and
virtually no dependence on field. All three systems show strong field dependence of
the LFRA at low temperature, which we propose may be due to the finite domain
sizes, which at low temperatures become smaller than the mean free path of the
conduction electrons. The stronger curvature in the crystalline systems supports

this proposal, since these materials have longer electron mean free paths, and their
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resistivities will thus show a stronger dependence on domain sizes.

In conclusion, the SK model successfully predicts the general trends in the tem-
perature and bond disorder dependent behaviour of the low field resistive anisotropy
in the immediate vicinity of T, in bond-disordered systems. Although the LFRA
is more strongly field and temperature dependent than expected, the change in the
LFRA with changes in bond-disorder are as modeled. This allows the LFRA to be
used as a sensitive method of examining small changes in bond-disorder within a

system.
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Chapter 5

Percolation Transition in CulNi

5.1 Review of Previous Results

When nickel is added to a copper matrix, an inhomogeneous ferromagnetic state
evolves at a critical nickel concentration, 2y, slightly less than 50 at.%[4]. Although
Fe and Co atoms generally exhibit magnetic moments in isolation, Ni does not[7].
Several theories have been postulated to explain this behaviour of nickel, such as
the presence of interconfigurational fluctuations[87]. Another hypothesis is that,
despite the failure to satisfy the static Hartree-Fock criterion for moment devel-
opment, localised spin fluctuations exist due to local exchange[88]. In the giant
moment systems discussed in Chapter 4, a minimum Ni concentration of 2.3 at.%
in Pd or 42 at.% in Pt is required to induce a ferromagnetic state. Cu is not as
polarizable as Pd, in that it exhibits no exchange enhancement effects, and thus re-
quires a substantially larger Ni concentration to form a ferromagnetic ground state.
Cuy00—:Ni, forms a binary solid solution, in which Cu and Ni atoms are randomly
placed at sites on a face-centred cubic (fcc) lattice. Statistical fluctuations can
result in pairs, triplets and other groupings of Ni atoms, the relative numbers of
which depend on the Ni concentration. Assuming a critical number of nickel nearest
neighbours (nn) to ensure a Ni moment, statistical models can be fit to experimen-
tal measurements of magnetic properties as a function of Ni concentration[89, 90].
These calculations find that a minimum of 8 Ni nn (out of a possible 12 nn in an fcc

lattice) are required for moment formation in Cu. As z increases, the probability
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of a cluster with 8 or more nearest neighbours increases, and thus the number of
magnetic clusters increases, decreasing the inter-cluster spacing. Adjacent clusters
begin to interact, at first indirectly, and then directly as clusters overlap. At the
percolation threshold, an infinite chain of ferromagnetic clusters exists, forming an
inhomogeneous ferromagnetic state.

The theoretical prediction of the existence of magnetic nickel clusters is sup-
ported by various experimental results for Cujgo—-Nir alloys. Magnetic measure-
ments of the paramagnetic alloys (low nickel concentration) show a rapid increase
in susceptibility with increasing Ni concentration, suggesting the existence of su-
perparamagnetism [91] due to the presence of large cluster spins which act as a
single giant moment. Neutron diffraction studies for concentrations near zo show
the presence of large magnetic clusters with giant moments as large as 10-12 ug,
and polarisation clouds whose dimensions are larger than those of the measured
chemical clusters[92]. As well, measurements of the specific heat of CuNi alloys in
the ferromagnetic concentration regime show the addition of a temperature inde-
pendent contribution to the normal electronic (< 7') and phonon (o T°) induced
specific heats[93), i.e.

cp = A+~T+ BT (5.1)

This term is consistent with thermal excitations of cluster moments and its magni-
tude is proportional to the concentration, i.e. proportional to the number of cluster
moments present in the system.

Estimates of the critical Ni concentration (zo) for ferromagnetic ordering in Cu
range from 43-48 at.% Ni[4, 91, 92, 93, 94, 95, 96]. This scatter is due to the sensi-
tivity of this system to heat treatment[97, 98]. Samples quenched from 900-1000°C
show minimal chemical clustering, and thus low magnetisations. Subsequent heat
treatments at temperatures below 600 °C result in increased chemical clustering,
reflected in increased critical temperatures and magnetic moments [96, 97, 98]. Low
temperature heat treatmeunts also broaden the measured x(7T") peaks, due to the re-
sultant large distribution of cluster sizes throughout the material[99]. Changes in
the quench rate have also been found to alter the properties of the material[97, 98].
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Thus only a critical concentration range can be specified in this system, since sam-
ples made under differing conditions show varying results. The annealing process
followed in this study was chosen specifically to minimize this problem. Such met-
allurgical problems notwithstanding, a number of trends as a function of Ni con-
centration can be noted in this system.

Measurements of x..(T) and M(H,T) have been interpreted as showing that
the magnetic response at high temperature is the sum of a paramagnetic Curie-
Weiss term and a temperature independent Pauli susceptibility. Calculations of the

characteristic temperature, 8, in the equation

show an interesting trend as a function of Ni concentration. At very low z the Curie-
Weiss term is negligible, since the probability of a magnetic cluster existing is very
small. As z increases, the Curie-Weiss term becomes measurable, and yields a neg-
ative value for 6, consistent with antiferromagnetic exchange coupling. At higher
nickel concentrations, # becomes positive, passing through zero at z ~ z,[91]. This
result suggests that interactions between clusters are antiferromagnetic at large
separations, caused perhaps by RKKY exchange. As z increases and the cluster
separation decreases, the exchange becomes ferromagnetic due either to direct ex-
change or to overlap of the polarisation clouds within the first node of the RKKY
exchange interaction. This is supported by measurements of resistivity as a function
of temperature for a number of concentrations. At very low Ni concentration, po(T)
has a normal, metallic temperature dependence, viz., o T° at low T and o< T at
higher T. As z increases, a low temperature minimmum develops, consistent with the
Kondo effect due to conduction electron scattering from the cluster moments. At
larger z, this minimum moves to lower T, and vanishes as the p(T) curves develop
a typical ferromagnetic structure[97, 100, 101}, similar to that observed in disor-
dered alloys and shown in Chapter 4. At high temperature, T>>T,, the resistivity
has a high temperature minimum, due likely to competition between the increasing
phonon term and the decrease in spin-disorder scattering caused by the gradual
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decrease of the paramagnetic cluster moments as T—625K, the Curie temperature
of pure Ni[102].

The transition from ferromagnetic to antiferromagnetic coupling as = decreases
through z, raises the possibility of a mictomagnetic regime at intermediate con-
centrations due to frustration caused by competition between ferromagnetic and
antiferromagnetic exchange. A mictomagnet is similar to a spin-glass, except that
magnetic clusters take the place of the randomly frozen single moments in the spin-
glass state. Boghossian et al.[103] find that a 48% Ni sample exhibits x..(H,T)
curves similar to those seen in the spin-glass regime of AuFe, and suggest that
this sample is mictomagnetic. Claus et al.[104] postulate a mictomagnetic state
for concentrations immediately below 46 at% Ni, based on the sudden decrease in
maximum amplitude of the ac susceptibility data below this concentration.

In percolation-type transitions, such as may be observed in the CuNi system, a
number of properties have been shown to exhibit a power law dependence on the
reduced concentration, (z —xo)/2o[4]. For example, the saturation magnetisation is
proportional to ((z—zo)/zo)/2, while the initial susceptibility has critical exponent
of —1. Detailed measurements of the spontaneous resistive anisotropy (SRA) at low
temperature as a function of z in PdFe[5] and PdNi[6] alloys were interpreted as
suggesting that the SRA also exhibits a percolation controlled critical behaviour,

A — pN\A
(_p.) o (I zo) (5.3)
Although both of these systems fit the behaviour in equation 5.3 well, they have

remarkably different exponents, with A ~ 1 in PdFe and A ~ 2 in PdNi. To verify

that this power law-type critical behaviour of the SRA is a universal feature in

ie.

percolation transitions, despite the different exponents exhibited, measurements of
similar systems with magnetic impurities are necessary.

In this study, detailed ac susceptibility measurements have been done on a series
of CuNi alloys to characterize the evolution of the magnetic state with increasing Ni
concentration. Detailed magnetoresistance measurements have also been done to
determine whether the SRA shows critical behaviour at the percolation threshold.

133



e AP HRLT PRV AEER T ASERRATR AT

‘. L

Finally, studies of the low field resistive anisotropy were done before and after aging
the samples. Comparison of these results gives important information on the effects

of aging on the bond-disorder in the material.

5.2 Experimental Results and Discussion

The sixteen Cujgo-zN i;samples measured in this study range in concentration from
r=45 to £=55. After sample preparation as described in Section 3.1, the samples
were annealed in argon atmosphere for 48 hours at 950°C and quenched into ice-
water. The quench rate was maintained as constant as possible from one sample
to the next, however, due to the extreme sensitivity of this system to heat treat-
ment, some variation in final state was noticeable even in samples of the same size
and concentration annealed together. This result could be due to slightly different
quench rates for samples at different locations in the tube. This effect is small, but
may cause some scatter in the results, as will be discussed later.

For the purpose of clarity, the experimental results have been divided into three
sections. The detailed ac susceptibility results will be discussed first, followed by
the transport measurements. Finally a brief study on the effects of aging on the

LFRA measurements will be presented.

5.2.1 AC Susceptibility Measurements

The field and temperature dependent ac susceptibility (xe.(H,T)) was measured as
described in Section 3.3 for all 16 samples. From these data, quantitative analysis
was performed using the scaling relations (Section 2.1.2) to give values for the
critical exponents, v, Y+08, and §, as well as the critical temperature. The trends in
these values as a function of Ni concentration will be described in detail, however the
detailed behaviour of x..(H,T) will be examined only for 3 representative samples.
Plots of the data and analysis for the remainder of the samples appear in Appendix
A.
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General Features

The general behaviour of x,.(H,T) in the higher concentration samples is very sim-
jlar to that seen in the disordered compounds, FeZr, PtFe and PdCo, discussed in
Chapter 4. As the temperature decreases towards T, the zero field susceptibility
increases rapidly, reaching a maximum (the Hopkinson peak) at a temperature, T,
slightly lower than T.. Below this temperature the susceptibility drops rapidly, an
effect attributed to the temperature dependence of the coercivity of the system.
The height of the Hopkinson peak is only 0.35 emu/g-Oe in the 55 at.% Ni sample
(less than one-tenth of the demagnetisation limited value, N=!), and decreases in
amplitude essentially monotonically with decreasing Ni concentration. This trend
will be discussed in more detail later. As discussed earlier (Section 3.3.3) the de-
magnetisation factor was obtained by approximating the sample as an ellipsoid, and
performing elliptic integrals.

The higher concentration samples were magnetically quite hard, requiring ap-
plied fields on the order of 40 Oe to suppress the background contribution suffi-
ciently to allow observation of critical peaks. Above this field, the Hopkinson peak
was rapidly depressed both in height and temperature, and the non-critical (regu-
lar) contribution became negligible. This behaviour is shown in figure 5.1 for the
54 at.% Ni sample. With the background contribution removed, the critical peak
decreased in amplitude and moved to higher temperature as the applied field was
increased, as predicted by the scaling relationships. From critical peaks such as
those in figure 5.2, one can extract values for xm and Tm to use in the scaling
relationships. The critical temperature was estimated by plotting the peak tem-
perature as a function of H?-5! (0.571 being the 3D Heisenberg value for 1/(y + 8
)). This plot is quite linear, as demonstrated in figure 5.3, with only the first two
points (H;=40 and 50 Oe) falling slightly off the line. This deviation at low field
is understandable, since the large background contribution present at these fields
distorts the critical peak, causing errors in the estimated value of Tp,- A straight
line fit to these data gave an intercept of T.=78.4 K. Using this value for T,, the
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Figure 5.1: The temperature dependence of the ac susceptibility in fixed biasing
fields as labelled, in Oe, for the £=0.54 sample.
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Figure 5.3: Peak temperature as a function of internal field to the power of 0.571
for Cujgo—zNi,with =0.54. The superimposed line represents a fit to the data with
T.=78.4.
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effective v, v*(t) = —dIn(x(0,t))/d1n(t)) was found by fitting a curve to the zero
field susceptibility for ¢ >0 and differentiating to find the local slope, i.e. y*(t) .
This is demonstrated in figure 5.4, in which x(0, T’} is plotted against ¢ on a log-log
scale for £=0.54, with the inset showing the derivative. The derivative has the peak
structure common in systems with disorder, as discussed in Chapter 4. At low t,
v*(t) falls below the value of 1.386 predicted by the 3D Heisenberg model, due to
the failure of the zero field susceptibility to reach its demagnetisation limited value,
as discussed earlier (section 4.3.1). After going through a peak at a reduced temper-
ature slightly higher than 0.1, the effective v falls toward the mean field value of 1
at high temperature (not shown in this figure). Although this behaviour is similar
to that seen, for example, in PtFe and PdCo, the height of the peak in *(t) is
larger here, reaching a value of 4 in this sample. Values for the cross-over exponent,
v + 3, and the zero-field susceptibility exponent, v, were also found for the 54 at.%
sample, as in Chapter 4. Figure 5.5 is a plot of reduced peak temperature, t,,, as a
function of internal field on a log-log scale. The data is quite linear, with only the
first two points falling off the line, and a line with the 3D Heisenberg predicted slope
of 1/(y + B )=0.57(3) is consistent, within scatter, to the data. The asymptotic -y
was found similarly, fitting a straight line to the peak susceptibility as a function
of peak reduced temperature on a log-log scale, as in figure 5.6. These data are
consistent with y=1.386(60), as predicted by the 3D Heisenberg model.

The ‘6 plot’ (figure 5.6) for the £=0.54 sample shows little curvature, and a
straight line fit gives a value for §=4.240.1, slightly lower than that of 4.8 predicted
by the 3D Heisenberg model. This low value is likely due to the high coercivity
of this sample, which again prevents true asymptotic field dependence from being
determined by obscuring the low-field critical peaks. A hypothetical fit of the low
field data with a é= 4.8 is shown by the dashed line in the plot to be a reasonable
approximation of the data at very low field.

Figures 5.8 through 5.13 show the corresponding plots for a sample with 49.5
at.% Ni. The exponent plots show considerable curvature, as did those for PtggFe;o
and Pdg7Cos, so that only points at low biasing fields are fit to a straight line, as
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Figure 5.4: The zero field susceptibility as a function of reduced temperature for
the 54 at.% Ni sample. The inset shows the calculated effective exponent, y*(t).
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Figure 5.5: Reduced peak temperature as a function of internal field for z=0.54.
The superimposed line represents the 3D Heisenberg prediction, 1/(y + 8)=0.571.
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Figure 5.7: Peak susceptibility as a function of internal field for the 54 at.% Ni
sample. The solid line represents a fit to the data with §=4.2(1). The dashed line
shows a fit calculated using the 3D Heisenberg exponent, §=4.8.
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the exponents represent the asymptotic behaviour (i.e. H— 0, ¢t — 0). This sample
is magnetically softer than the higher concentration samples, allowing critical peaks
to be observed in fields of only 7 Oe. Fits for the other exponents gave reasonable
values for data in the range 7-50 Oe. With T.=29.4(2) (figure 5.9), the effective
v plotted in figure 5.10 shows the peaked structure associated with bond-disorder,
with a peak height of 3.8. The value found for T. is only marginally above the
temperature, Ty, at which the Hopkinson peak has its maximum. Traditionally,
T. is taken to be the temperature of the inflection point on the x(0,T) plot. In
the higher concentration range, this inflection point agrees well with the value of
T, found from detailed analysis of the critical behaviour, however as the concentra-
tion is decreased, the critical temperature moves closer to Ty. This trend was also
noticed in the dilute PdMn system as a function of increasing Mn concentration
(i.e. towards the limit of ferromagnetic instability){105], and could potentially be
a feature common to systems with ferromagnetic percolation transitions. = The
cross-over plot, shown in figure 5.11, has a linear region extending from approxi-
mately 7-50 Oe, whose slope is equal to the 3D Heisenberg value (0.571) within the
considerable scatter. At higher fields, the ¢,, fall below this line, consistent with
the increase of ¥*(t) outside the critical regime seen in figure 5.10. This increase
in v*(t) can also be seen in the v plot (figure 5.12), the low ¢ slope of which can be
fit well with the 3D Heisenberg y=1.386. At high t, however, the slope increases
dramatically, consistent with the increase in the calculated v*(t) shown in figure
5.10.

The slope of the é§ plot decreases steadily with increasing field. Two lines can
be drawn on the plot (figure 5.13) yielding low field and a high field values for 6.
The low field 6 of 8.4(3) is considerably higher than the 3D Heisenberg value, due
possibly to the presence of a considerable technical background in the lower field
runs. This larger background could be caused by an increase in coercivity of the
sample (although only small fields are required to resolve the critical peaks), or
alternatively could be due to the smearing of the transition caused by variations

in local environment within a macroscopic sample or from one sample to the next.
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Figure 5.9: Peak temperature as a function of internal field to the power of 0.571
for Cuygo-Niywith £=49.5. The superimposed line represents a fit to the data with
T:=29.4(2).
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Figure 5.10: The zero field susceptibility as a function of reduced temperature for
the 49.5 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure 5.11: Reduced peak temperature as a function of internal field for z=49.5.
The superimposed line represents a fit to the data with 1/(y + 8)=0.571.
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Figure 5.12: Peak susceptibility as a function of reduced peak temperature for
the 49.5 at.% Ni sample. The superimposed line represents a fit to the data with
v=1.386.
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Due to the rapid suppression of the susceptibility with applied field, several pieces
of sample had to be inserted in the susceptometer to give high signal-to-noise ratios
at high field. As discussed above, even samples cut from the same piece of material
and annealed in the same tube showed differences in critical behaviour, due to the
sensitivity of the alloy to quench rate [98]. Although this large value for the low
field § may be due to changes in the magnetic behaviour, it can most likely be
attributed to technical effects, particularly in those systems for which § < 0 (see
later dicussion). Similarly high values for §;y were observed previously in the PdGd
system{106], which also has low field &’s of 10 or higher due to large amounts of
curvature in the exponent plots. The high field data were fit quite well with a mean
field 6=3, again similar to the PdGd system.

The samples with the three lowest Ni concentrations, x=45, 45.5, and 46, showed
anomalous behaviour in that only one peak in x..(H,T) was observed, in fields of
up to 1000 Oe. Fig 5.14 shows the evolution of the ac susceptibility peak in small
fields for the 46 at.% sample. An internal field of 0.5 Oe decreased the Hopkinson
peak amplitude and broadened it, however the peak remained at approximately the
same temperature as in the zero field run. The same behaviour was evident in fields
of 1 and 2 Oe. As the internal field increased above 5 Oe, the peak temperature and
magnitude appeared to follow scaling predictions. At no point, however, does one
see the evolution of a critical peak as seen in the higher concentration samples, for
example in figure 5.8. We then examined the behaviour of the critical exponents, on
the assumption that the observed peaks originate from critical fluctuations rather
than technical contributions. In the following plots, the open symbols represent
those peaks which do not appear to obey the scaling relations.

The anomalous behaviour of the first few peaks can be seen clearly in the T,
plot (figure 5.15). The first few points (open symbols), at very low field, remain at
approximately constant T, however at higher field T,, increases as expected, giving
a value for T,=5.67 K, with a second change in curvature at even higher field, as
seen in the rnore concentrated materials. y*(t) (figure 5.16) still shows the peaked
behaviour, however the peak location has moved to high temperature (¢ > 1).
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Figure 5.13: Peak susceptibility as a function of internal field for the 49.5 at.%
Ni sample. The superimposed lines represent fits to the data with 6;,=8.4(3), and
Onr=3.0(1)
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At lower Ni concentration, 7% (t) decreases, to less than 2 in the 45 at% sample,
a value similar to that seen in a number of other disordered systems, including
those in Chapter 4. The plots for the cross-over exponent and the asymptotic
7 (figures 5.17 and 5.18) show curvature as in the previous sample, with low field
slopes consistent with 3D Heisenberg predictions. The disagreement of the high
field/temperature data with the 3D Heisenberg values suggests an increase in y*(t)
with ¢, as seen in figure 5.16. The ‘6-plots’ for these lower concentrations show the
opposite curvature to that observed in the higher concentration samples, i.e. the
low field slope is smaller than the high field slope. Figure 5.19 illustrates this for the
z=46 samples, with fits of §;;=1.69(2) and ny=3.70(5). dxs is similar to that seen in
the intermediate concentration ranges, however the low value of &; is anomalous.
One possible reason for this is that, at low fields, the observed peak could be a
superposition of both the Hopkinson and the critical peak, each with a different field
and temperature dependence. As noted above, as the nickel concentration decreases
the critical temperature moves progressively closer to Ty, probably causing an
overlap at low concentration. Furthermore, the lower concentration samples may
be more sensitive to small differences in quench rate, and the observed smearing
of the two peaks into one broad peak could also be caused by the approximately 8
different pieces of sample used exhibiting slightly different susceptibilities. Along
similar lines, the presence of large fluctuations of cluster size as z — zo as observed
by neutron scattering measurements[92], could contribute to this effect. In these
low concentration samples, the susceptibility shows features consistent with the
presence of critical fluctuations at a second order phase transition, although here
only one broad peak in x,.(H,T) is observed.

The detailed behaviour and trends in exponents for the individual samples will

be discussed in the following section.

Comparison and Discussion

Changes in the magnetic state as a function of concentration can often be deduced

from plots of various parameters as a function of concentration. Figure 5.20, in
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Figure 5.15: Peak temperature as a function of internal field to the power of 0.571
for Cuy00—zNizwith £=46. The superimposed line represents a fit to the data with
T.=5.67(3).
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Figure 5.16: The zero field susceptibility as a function of reduced temperature for
the 46 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure 5.18: Peak susceptibility as a function of reduced peak temperature for the
46 at.% Ni sample. The superimposed line represents a fit to the data with y=1.386.
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Figure 5.19: Peak susceptibility as a function of internal field for the 46 at.% Ni
sample. The superimposed lines represent fits to the data with §,=1.69(2), and
8r=3.70(5).
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which the zero field ac susceptibility is plotted as a function of temperature for
the Cuyg9—-Nirsamples, illustrates the evolution of ferromagnetism with increasing
Ni concentration. For clarity, not all of the curves are shown. The ferromagnetic
state obviously becomes more stable with increasing z, since both T, and the peak
height increase essentially monotonically with Ni concentration. The small variation
in xm evident from 47-50% Ni is slightly larger than the absolute uncertainty in
the susceptibility, and is likely due to slight differences in quench rate, which cause
inconsistencies between samples. The height of the Hopkinson peak in the zero field
ac susceptibility is examined in more detail in figure 5.21. x,, increases rapidly
between 50 and 54 at.% Ni, and drops slightly above 54 at.%. The peak height
in the region between 47 and 50% Ni is essentially constant, but falls precipitously
below 47 at.% Ni. x,, in the 45% sample is only ~1/20 of that at 55% Ni. This
latter decrease suggests a critical concentration only slightly lower than 45%. For
comparison, the inset of Figure 5.21 shows similar data for PANi near the critical
concentration (extracted from data published by Wang et al. [107]). The PdNi
system is not as sensitive to preparation technique as the CuNi, and is thus a
good benchmark against which to compare the trends observed in the Cujgo—zNiz
system. These data show surprisingly good agreement, including the small initial
increase with decreasing concentration from 5 to 4.5 at.% Ni in Pd (c.f. 55-54%
here). xm then drops rapidly to a plateau regime, which is terminated by an abrupt
drop at 2.4 at.% Ni-immediately above the critical concentration z,=2.25-2.3[6].
The peak susceptibility, however, is approximately an order of magnitude lower in
the Pd based system than in CuNi, scaling approximately with the ratio of their
respective Ni concentrations. From this we might infer that the magnetic behaviour
in these two systems is rather similar, likely a percolation-type transition in both,
and indicates a critical concentration for Ni in Cu of slightly less than 45 at.%.
The final values of T, as deduced from susceptibility data are summarised in
Table 5.1, along with various exponent values; T.(z) is plotted in figure 5.22. T.
increases essentially monotonically with increasing concentration, fitting well to a

linear dependence for z >46, with a slope % ~ 8.6 K/at.% Ni, considerably lower
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Table 5.1: Summary of Temperature Dependence of Susceptibility Peaks in

Cuyo-2zNig
at.% Ni | T.(K) v+ 8 ¥ Y | tm
45.0 1.7(3) | 1.75(3) | 1.00(5) | 1.5 1.5
45.5 4.2(1) 2.1(1) ]1.39(10) | 6.4 | 1.16
46.0 5.6(1) |1.75(20) | 1.39(10) | 5.0 | 1.15
46.5 | 8.1(2) | 1.75(30) | 1.39(20) [ 3.0 [ 0.60
47.0 9.8(2) |1.75(20) | 1.39(10) [ 4.2 ] 1.6
47.5 13.1(3) | 1.75(20) | 1.39(10) | 4.2 | 0.59
48.0 20.1(4) | 1.75(20) | 1.16(6) | — | —
48.5 25.1(6) | 1.75(10) | 1.39(20) | 7.3 | 0.56
49.0 22.2(6) | 1.75(10) | 1.8(1) |5.9] 059
49.5 29.4(6) | 1.75(20) | 1.39(10) | 3.7 | 0.27
50.0 | 33.3(7) | 1.75(30) | 1.39(10) | 4.8 | 0.34
51.0 39.1(8) | 1.75(70) | 1.39(20) | 5.4 | 0.23
52.0 |55.4(11) | 1.75(7) | 1.39(5) | 3.8 | 0.12
53.0 | 62.8(13) | 1.75(20) | 1.39(10) | 2.7 | 0.06
54.0 | 78.4(20) | 1.75(10) | 1.39(6) [ 4.0 0.11
55.0 | 83.2(20) [ 1.75(20) | 1.39(10) | 2.6 | 0.06

than that of 30K/at.% Ni found by Ododo and Coles[4], using primarily data with
z >50. These authors suggest that the curvature evident below 50 at.% Ni is due
to mictomagnetic contributions to the magnetic state at low concentration, which
do not vanish completely until above 50 at.% Ni. This ‘mictomagnetic’ region
corresponds to the plateau in the Xmq.-(z) plot. The cross-over exponent (Table
5.1), however, shows little evidence of a change in state at z=>50, having instead
an approximately constant value of 1.75. The asymptotic -y also seems consistent,
within error, with the 3D Heisenberg value except at intermediate (z = 0.48, 0.49)
and low concentration (45 at% Ni). The sudden drop from the 3D Heisenberg
exponent to the mean field value of 1 between 45.5 and 45 at% Ni, indicates,
perhaps, the proximity of the z=45 sample to the critical concentration. ()
is plotted as a function of Ni concentration in figure 5.23. The peak in y* moves
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Table 5.2: Summary of Delta Plot Results for the Cuygo—-Nizsamples

at.% Ni Oiz Ony | He(Oe)
45.0 | 1.47(2) | 3.00(1) | 0.29(2)
45.5 | 2.00(4) | 3.00(2) | 0.11(2)
46.0 | 1.69(2) | 3.70(5) | 0.49(2)
46.5 5.8(2) | 3.56(5) | 0.54(2)
47.0 4.8(3) [ 3.8(1) | 0.82(2)
47.5 12(1) | 3.7(1) | 1.5(2)
48.0 8.6(6) | 2.13(2) | 1.3(2)
48.5 — 3.73(5) | 0.86(2)
49.0 — 3.00(8) | 1.1(2)
49.5 8.4(3) | 3.00(8) | 1.1(2)
50.0 |10.2(4) | 3.00(7) | 1.1(2)
51.0 |4.80(6) | 1.98(2) | 1.0(2)

52.0 — | 3.18(1) | 0.91(5)
53.0 — | 4.2(2) | 0.86(5)
54.0 — | 417(5) | 1.3(2)
55.0 — 13.25(9) | L.7(2)

to higher reduced temperature as x decreases, similar to the trend observed in the
PdNi system. The peak value of 4* shows no consistent trend, although it does
decrease rapidly as z — 45. In PdNi, the maximum in v* was largest around 3
at.%, which is close to the upper end the ‘plateau’ regime of its xm(z) plot. The
considerable scatter in figure 5.23(a) does not preclude a peak in 7% (t) around
=49, at approximately the end of the plateau in this system.

Table 5.2 lists the values for the high and low field § and the coercive force for
the sample, as determined from ‘butterfly’ plots measured at 4.2K (1.5K for z=45
and 45.5). Figure 5.24 shows the dependence of H. on the concentration, with the
inset showing a typical ‘butterfly’ curve for the 49.5 at% Ni sample. H.(z) decreases
to approximately zero at 45 at.% Ni, another indication that = ~ 45.

Some trends can also be observed in the values of §. The low-field slope of the §

plot shows a non-uniform increase with decreasing z, approaching very large values
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Figure 5.23: (a) ¥,(t) as a function of Ni concentration for Cu;g0_Ni;. (b) The
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in the range 48-49 at%Ni-in fact, for these samples the slope of the é-plot, 3 — 1,
is greater than 1, i.e. § < 0, which is unphysical. This result is likely due to the
large background contribution to the low field data which obscures the true low field
behaviour. The scatter in the 85 values corresponds roughly to the abrupt changes
in the coercive force, although the latter changes may also be influenced by changes
in sample preparation conditions. Below 48%, &;¢ increases to 3D Heisenberg values,
and then drops suddenly to 2 due to the anomalous behaviour of the low field data
in the three lowest concentration samples. By contrast, PdNi showed a continuous
decrease in &y with decreasing z from ~ 4.1 at 5% Ni to ~ 2.7 at the lowest
ferromagnetic concentration[63]. We suggest that the large variation observed in
the present system may be an artifact due to additional metallurgical complications.
For z = 55, 54 and 53, there is no significant curvature in the § fit, and all points
can be fit, to give a value for § which increases from 3.3 to 4.8 (the 3D Heisenberg
prediction) at 53 at.%. Below 53%, the curvature present greatly reduces 8y, with
several of the samples having 8, of 3, the mean field value. There is, however, no
noticeable trend in these values, although comparison with the H.(z) plot indicates
that there may be correlations between 8,5 and the changes in the coercive force.
Onys shows no consistent trend with z, as was also found in PdNi[6].

In summary, the CuNi system shows many similarities to the PdNi system, with
the general features of the ac susceptibility in both systems indicative of a second
order paramagnetic to ferromagnetic phase transition. The detailed behaviour is
more complicated in CuNi, however, due possibly to the difficulties in sample prepa-
ration discussed earlier. The 48% sample, in fact, shows a number of anomalous
exponents, as can be seen from Tables 5.1 and 5.2, suggesting additional problems
with this sample. Nevertheless, the overall trends in the general behaviour as well
as in specific features of the susceptibility data indicate a change in the system
slightly below 50 at.% Ni, with a complete loss of ferromagnetic character close to
45 at.% Ni.
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Table 5.3: Summary of Residual Resistivity and Form Factors for Cijg9-Nix

z (at.% Ni) | form factor (10~°cm) | po(u2—cm)
5.0 1.08 44(2)
45.5 1.18 43(2)
46.0 1.38 44(2)
46.5 1.36 22(2)
47.0 1.06 37(2)
475 1.36 38(2)
48.0 1.59 43(2)
485 1.25 42(2)
49.0 1.68 42(2)
49.5 0.752 40(2)
50.0 1.47 42(2)
51.0 1.26 42(2)
52.0 0.429 38(2)
53.0 1.46 20(2)
54.0 1.32 39(2)
55.0 1.27 39(2)

5.2.2 Transport Measurements
Residual Resistivity

Resistance measurements were taken at fixed temperatures of 1.5 and 4.2K in fields
of up to 30 kOe in the SRA cryostat (Section 3.2.2). Sample dimensions were
measured and used to calculate the form factors, as done previously. Using these
form factors and initial voltage measurements, values for go were obtained, as listed
in Table 5.3. The large errors of &+ 5% are due both to uncertainties in form
factor and to systematic errors inherent in the ac measuring technique. Overall,
the residual resistivity seems to be decreasing with increasing nickel concentration
(averaging out the scatter), as expected in this composition range[4]. The mag-
nitude of the residual resistivity agrees approximately with previously published
results[4, 97, 100, 101].
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Magnetoresistance and Spontaneous Resistive Anisotropy

To avoid errors resulting from uncertainties in form factor, the fractional rather
than the absolute magnetoresistance was calculated. This magnetoresistance is
shown in figure 5.25 both as a function of applied field, H, and induction B(= H +
4mM~— NM) for the 55 at.% sample. Magnetisation data were obtained from pre-
vious published work[4, 94]. Obviously the correction is negligible, causing shifts
smaller than 1% at high field. Thus extrapolations to H=0 are essentially equiv-
alent to extrapolations to B=0 in this sample, with both branches (parallel and
perpendicular) extrapolating to B=0 at H=0. Similar plots were done for the 50
and 45 at.% samples, for which conversion from applied field to induction also re-
sulted in insignificant changes. The magnetoresistance data are thus plotted as a
function of applied field rather than induction in the following figures. Figure 5.26
compares the magnetoresistance for two representative samples, with 45 and 55
at.% Ni. These data were measured at 1.5 K, the lowest measuring temperature.
The magnetoresistance plots for the remaining samples are shown Appendix A. At
all concentrations, gy > py, in contrast to the PdNi system, in which p; > p[6],
and in agreement with measurements by Kaul[108] for samples with more than 70
at.% Ni. The isotropic magnetoresistance, (2p1 + p;)/3 is negative, consistent with
the reduction of spin-disorder scattering by a magnetic field. At the highest Ni
concentration (55%), py increases initially at low field, followed by a linear decrease
for fields greater than 400 Oe. p, has a sudden decrease followed by a linearly
decreasing region above 400 QOe, as in the paralle! configuration. The slope of this
linear region remains large as z decreases and the anisotropy (i.e. the separation
between the two curves), decreases rapidly, until, at 45% Ni, there is no measur-
able anisotropy at 4.2K, and only a very small anisotropy at 1.5K. For the higher
concentrations, 1.5K«T,, and thus the data at 4.2K differs very little from that
at 1.5K, and is not shown here. One can find values for the spontaneous resistive
anisotropy from the magnetoresistance curves, using equation 2.44 viz.,

Ao _ (B =p.(B)
Po '13%( 3(op +2p1) ) (54)
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Figure 5.26: A comparison of the magnetoresistances at 1.5 K for the 45 and 55
at.% samples, as labelled. The curves for z = 0.45 have been offset by 0.6% for
clarity. 4
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In the PtgoFejp and Pdy7Cos samples discussed in Chapter 4, the magnetoresis-
tance saturates at high field and the SRA can be obtained by simple extrapolation
of the high field data back to B=0 (or equivalently H=0 in these systems). This high
field extrapolation is the traditional method of obtaining values for the SRA[41],
and works well for the 55 at.% Ni sample, as demonstrated by the dashed lines
in figure 5.27, giving an SRA of Ap/po=0.0046(1) or 0.46%. This extrapolation
method remains appropriate and yields accurate values for the SRA in nickel con-
centrations as low as 49%. Below this concentration the large high field slope of
the curves in conjunction with the small anisotropy results in large errors in the
extrapolated SRA, as demonstrated for the 47 at.% Ni sample in figure 5.28(a).
The two sets of lines shown in this plot represent slightly different extrapolations
to H=0 for both Ap,(H)/po and Ap, (H)/po. One is the best fit to the high field
points, while the other slope is within error of the first. Although the difference
in the slope between lines is small, the slope itself is large, causing a significant
difference in the SRA determined at H=0: 0.05% and 0.07%; the difference be-
tween which is greater than the SRA in the lowest concentration samples. Thus, as
T — Tg, the extrapolation method can not reliably determine the magnitude of the
SRA, and, indeed, at the lowest concentrations can not even correctly determine
the sign of the anisotropy. A second method of determining the anisotropy is to
plot the difference between the MR in the two modes as a function of field. This
direct subtraction of the two magnetoresistances is valid, since in these samples the
demagnetisation corrections are negligible, i.e. By(H)~B,(H)~H. Since the two
curves are essentially parallel in the high field region, these data (shown in figure
5.28(b) for the 47% sample) yield a curve which, through extrapolation to H=0,
gives Ap/po=0.06(1)%, in good agreement with the estimates obtained using the
two curve extrapolation method. As the concentration decreases yet further, even
this method develops considerable errors. As well, notwithstanding the extrapola-
tion to B=0, the large applied fields can enhance the intrinsic polarisation of the
system, significantly increasing the measured SRA. Thus, a non-zero anisotropy
may be observed at high fields even for z < x4 due to field-induced polarisation.
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Figure 5.27: The magnetoresistance as a function of field at 1.5 K for the 55 at.%
Ni sample. The dashed lines illustrate the extrapolation method used to obtain the
spontaneous resistive anisotropy (SRA).
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Figure 3.28: (a) The magnetoresistance in the 47 at.% Ni sample at 1.5 K. The two
sets of lines are both good fits to the high field data, giving different values for the
SRA. (b) The anisotropy in magnetoresistance as a function of field at 1.5 K for
the 47 at.% Ni sample, showing the extrapolation method used to obtain the SRA.
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For the low Ni concentration samples, a new technique for finding the SRA is thus
required. The similarity of the magnetic properties of this system to those in the
PdNi system suggest that comparison of their magnetoresistances may help solve
the problem. Although the sign of the anisotropy is different in these two systems,
i.e. py < py in PdNi, the magnetoresistance in the two systems exhibits a similar
rapid decrease in anisotropy coupled with a rapid increase in the high field slope
with decreasing Ni concentration[6]. Thus, the PdNi system exhibits the same dif-
ficulty in obtaining accurate estimates of the SRA in the vicinity of zp. In PdNi,
a minimum in p; (H) was observed at some value of applied field, Hp,; this field
approached zero as £ — xo. The anisotropy at this field was observed to give SRA
values in good agreement with values obtained using the traditional technique in
the concentration range over which the latter is valid[107], supporting the relia-
bility of the estimates based on Ap(H;n). A corresponding feature exists in py in
Cuy00-zNiz, namely the presence of a maximum at a field, H,,, which also exhibits
the desirable property of decreasing to zero at z, so that estimates based on it
are made in progressively decreasing fields as £ — zo, thus minimising potentially
perturbing effects of externally applied fields. The maximum in p;(H) can be seen
clearly in figure 5.29, the low field magnetoresistance in the 47% sample. H,,, drops
from ~400 Oe at 55 at.% Ni to ~5 Oe at 45 at.% Ni. This means that the per-
turbing effects of the external field are minimal near H,, as x — zo, allowing the
presence of an SRA to be accurately deduced using this alternate method.

The values of the SRA obtained using these three methods are listed in Table
5.4 as a function of nickel concentration. At high concentrations the values obtained
from all three estimates agree within error, although generally the value obtained
using the maximum in the parallel magnetoresistance is lower than that obtained
using the conventional technique, a reassuring result as it is expected generally
that measurements at larger fields will show larger anisotropies, due to externally
enhanced spin polarisation. Also, although the first two methods (A and B in
Table 5.4) exhibit considerable scatter from sample to sample, the SRA found using
the third method decreases monotonically with Ni concentration. Thus, the latter
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Table 5.4: Summary of SRA Data in Cuygo_.Ni;, found using A: conventional
extrapolation techniques, B: difference extrapolation and C: anisotropy at HJ*.

at.% Ni| A (%) | B(%) | C(%)

45.0 0.0011(4)
455 - = | 0.0034(4)
46.0 - ~— | 0.015(2)
46.5 - — | 0.033(2)
47.0 — | 0.06(4) | 0.030(3)
475 ~ | 0.10(5) | 0.056(2)
480 ~ | 0.11(6) | 0.084(2)
485 ~ [0.14(2) | 0.11(1)

49.0 | 0.14(1) | 0.14(1) | 0.13(1)

495 | 0.22(1) [ 0.22(1) | 0.16(1)

50.0 | 0.17(1) | 0.17(1) | 0.16(1)
51.0 | 0.23(2) | 0.22(2) | 0.20(1)
52.0 | 0.31(2) | 0.30(2) | 0.23(1)
53.0 | 0.36(2) | 0.36(2) | 0.35(1)
54.0 | 0.45(2) | 0.46(2) | 0.43(1)
55.0 | 0.46(2) | 0.48(2) | 0.46(1)
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method probably provides a more reliable estimate of the SRA over the entire range
of z. The SRA obtained using this technique are plotted versus concentration in
figure 5.32. As in PdNi[6] the rapid decrease of the SRA with concentration is
consistent with a power law dependence on the reduced concentration. Clearly,
fitting equation 5.3 requires knowledge of zo, with the ac susceptibility analysis
suggesting an z slightly less than 45 at.% Ni. This is supported by a comparison of
the low field magnetoresistance at fixed temperatures of 1.5 and 4.2K for the lowest
r samples (figure 5.30 and 5.31). While the 45.5% sample has a clear anisotropy
at both measuring temperatures, the 45% sample shows no difference between the
parallel and perpendicular magnetoresistance in low field at 4.2K, however at 1.5K
there is an anisotropy. This indicates clearly that the 45% sample is ferromagnetic
at 1.5K but not at 4.2K, suggesting that the critical concentration is only slightly
lower than 45. The SRA data were fit to equation 5.3 using a number of values
for zo, with Tp=44.5 giving the best fit, in our opinion. This is illustrated in figure
5.33 which plots the SRA as a function of reduced concentration on a log-log scale.
The data at high Ni concentration deviates slightly from the linear behaviour, as
might be expected so far from the critical region. One must also take into account
the fact that, since the SRA is expected to be temperature dependent, especially
in the vicinity of T., the measured anisotropy at 1.5K may not accurately reflect
the true anisotropy at T=0. This consideration is important for those samples
with T< 10K. Thus, the lower z data may have a slightly smaller SRA than the
true, T=0, values, suggesting that the critical concentration may be slightly lower
than that suggested from the data at these concentrations. Fitting equation 5.3
to all data points (equivalent to decreasing zo) yields A=2.0(1), while fitting only
the points at lower concentration gives A=2.2(1). The low z fit should be more
appropriate, considering the asymptotic nature of (5.3). These values for A are in
excellent agreement with that of 2.25 found for PdNi[6]. This agreement suggests
that the SRA near the percolation concentration exhibits critical behaviour, with a
universal exponent A ~ 2 for those alloys with an orbital moment. As discussed in

Section 4.1, dilute PdFe moments have no orbital moment at the impurity site, and
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Figure 5.30: The low field magnetoresistance in the 45.5 at.% Ni at fixed tempera-
tures of (a) 1.5 K and (b) 4.2K.
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Figure 5.31: The low field magnetoresistance in the 45 at.% Ni at fixed temperatures
of (a) 1.5 K and (b) 4.2K.
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the SRA observed is due to spin-orbit coupling in the exchange-split Pd d-bands[5].
Further studies on the percolation transition in other alloy systems, perhaps with

Co as the impurity, need to be done to reinforce this claim.

p(T) and the Low Field Resistive Anisotropy

The temperature dependence of the resistivity and the low field resistive anisotropy
(LFRA) were measured in the LFRA cryostat described in section 3.2.3. Starting at
a temperature well below T, (< 0.9T,), these data were collected using the following
method: the temperature was stabilised at the lowest measuring temperature, and
the absolute voltage across the sample (Vo) was measured. A field was then applied
(~ 100 QOe), and the magnet was rotated so as to obtain the highest voltage output.
This ensures that the magnetic field is parallel to the current (the longest sample
dimension), based on models in which the anisotropy varies as the quadrupolar
operator, i.e. oc cos®#, where 6 is the angle between the current and field directions.
The voltage at this angle was recorded, after which the magnet was rotated by 90
degrees, so as to have the field perpendicular to the measuring current, and the
voltage was recorded once more. Due to noise, two rotation averaging was employed
to obtain the anisotropy AV=V —V,. The temperature was then stabilised at
a slightly higher temperature, and the change in voltage with temperature was
measured on the most sensitive scale capable of accomodating the change. This
allowed accurate determination of Vo(T) simply by adding these small changes.
The anisotropy was measured at the new temperature, and the temperature was
increased once more. This process was repeated until the anisotropy vanishes for
temperatures above the critical temperature.
By definition the LFRA is given by
Ap(T) _ pi(T) — pu(T) (5.5)
Po po(T)

As usual, this was calculated from the measured data using Ap(T)/po = AV/V,,
thus avoiding problems due to inaccuracies in form factor. The absolute resistivity
po(T) was obtained by multiplying Vo(T) by the appropriate form factor, calculated
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from the sample dimensions. These data were taken using a different cryostat
from that used to obtain the residual resistivities, and, since data were, in general,
not taken at 4.2K, no attempt was made to compare the absolute value of the
resistivities found in the two systems. p(T) and Ap(T)/po(T) are discussed for
three representative samples in the following section. The remainder of the data
can be found in Appendix A. Figures 5.34 and 5.35 show the data for the 55 at.% Ni
sample. p(T') has a ‘knee’ at T, characteristic of a paramagnetic to ferromagnetic
transition. The derivative of p(T') (inset of figure 5.33) was calculated using a
point-to point difference method, i.e. Ap/AT, and has a low temperature plateau
followed by a sharp decrease above T, rather than the peaked structure seen in the
samples in Chapter 4. The temperature at which this drop-off begins is taken to
be T, giving a value for T, of 83.1(8) K in the 55% sample, within error of that
found from ac susceptibility data (83.2 K). As predicted by the model calculations
shown in Section 4.2, the LFRA (figure 5.35) decreases linearly with increasing
temperature, although some curvature is present near T.. A linear fit of the low
temperature region gives a temperature intercept of T,=84.8%+K, higher than that
obtained from p(T). Since both sets of data were obtained simultaneously under
the same conditions of field and temperature in the same cryostat, the difference
between these temperatures is taken to be the error in the estimate of T, from the
LFRA data, and the linear fits are done over ranges which allow best agreement with
T, from ac susceptibility. An intermediate temperature regime (0.6-0.85 T,) is thus
used to obtain the straight line fit for T.. These estimates, however, fail to take into
account the clear presence of the high temperature ‘tail’ evident in these figures.
Such tails most probably arise from short range order (generally associated with a
decreasing coherent length above T.), which may have an enhanced profile in this
system due to the metallurgical difficulties involved. This ‘tail’ in the data is more
pronounced than that observed in the disordered compounds in Chapter 4, perhaps
reflecting inhomogeneities over the length of the sample. To compensate for the
biasing effects of short range order, particularly on T, estimates, a line is fit to the
tail region, and T, is taken to be the temperature at which the two lines intersect,
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Figure 5.34: p(T) for the 55 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T.=83.1(8)K.

185



A M

0.10

0.08 -

0.06 |-

Ap/py (Vo)

0.02

0.00 |-

65

70

75

Temperature (K)

95

Figure 5.35: The low field resistive anisotropy (LFRA) for the 55 at.% Ni sample.

The superimposed lines give T, =84.8+1 K.
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giving T, much closer to that of the p(T). Similar curves are shown for the 50 and
46 at.% samples (figures 5.36-5.39). The resistivity data in the 45 and 45.5 at.%
Ni samples (figure 5.40) show evidence of a slight decrease in resistivity above T,
as seen in previous resistivity measurements for samples with z ~ z,[109], again
indicating zo ~ 45. As well, the slope of the resistivity seems to decrease smoothly
with increasing temperature from the lowest measuring temperature, thus allowing
no estimate of T, from the behaviour of the derivative. On average, the values of
T, found in the CuNi system are in agreement with those found from susceptibility,
indicating a good agreement between the thermometry in the two cryostats.

After T. was determined in the manner described above, the data were plotted
as a function of reduced temperature t = T/T, to allow comparison between the
anisotropy for different Ni concentrations. A comparison for three samples (z=>55,
50 and 47) is shown in figure 5.41. Obviously the anisotropy at a fixed reduced
temperature decreases with decreasing nickel concentration, and thus the slope of

the linear region also decreases with . The data were fit, as in chapter 4, to the

% =- G;) . (5.6)

The values of T, found using both p(T") and the LFRA are summarised in Table

equation,

5.5, along with the slopes A found from the fits. The slope, A, increases with
increasing Ni concentration from a value of approximately zero for z=0.45. From
the model calculations in Chapter 4, the increase in the slope implies a decrease
in the amount of bond-disorder, as would indeed be expected with the addition of
Ni to the system. Although we were not able to attain low enough temperatures
to observe the evolution of the anisotropy with temperature in the 45% sample,
the data are consistent with T>T,, i.e. in the tail regime. An attempt to obtain
a value from T. from the anisotropy data gives a value for T, of 3.8K, twice that
found from susceptibility data.

The LFRA data fits well to a straight line at low temperature, showing little
evidence of the curvature observed in this regime in Pdg;Co; and PtggFe,o, which
was attributed to domain effects (Sections 4.4 and 4.5). Since the residual resistivity
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Figure 5.36: p(T) for the 50 2t.% Ni sample. The inset shows the temperature

derivative of the resistivity, with T.=31.5(8)K.
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Figure 5.37: The low field resistive anisotropy (LFRA) for the 50 at.% Ni sample.
The superimposed lines give T.=33.4+1K.
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Figure 5.39: The low field resistive anisotropy (LFRA) for the 46 at.% Ni sample.
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Table 5.5: Variation of T, and the slope A as obtained from LFRA measurements.

z | T(K) from p(T) | T.(K) from LFRA | A (10-3)
5.0 - 3.8(10) 0.0684
455 — 5.6(10) 0.169
46.0 7.2(5) 8.2(5) 0.303
6.5 9.3(5) 10.5(6) 0.429
47.0 10.3(5) 10.4(7) 0.444
475 11.9(10) 14.6(20) 0.627
48.0 19.6(5) 20.2(8) 0.957
485 23.0(5) 23.9(3) 1.14
9.0 22.4(6) 24.8(9) T.11
195 78.8(6) 30.4(9) 1.58
50.0 31.5(7) 33.4(10) 143
51.0 40.6(7) 40.4(10) 2.17
52.0 55.0(3) 57.9(10) 2.46
53.0 68.3(3) 67.6(10) 3.60
54.0 82.5(8) 86.0(10) 3.62
55.0 83.1(3) 84.8(10) 4.59
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in this system is approximately the same as in the latter system, the mean free path
of the conduction electrons will be similar. The coercive force at 4.2K ranges from
0.1-1 Oe in the CuNi samples, much lower than the values of 5 Oe found in PtgoFe;q
at temperatures much higher than 4.2K (in general H. decreases with increasing
temperature). This suggests that the curvature observed at low temperature in
PtogFelo and Pdg7;Cos is indeed an artifact due to the domain size becoming
smaller than the mean free path at low temperature.

In summary, then, the LFRA in CuNi agrees well with the model predictions
in Ch. 4. Critical temperatures from the resistivity and the low field resistive
anisotropy data agree well with those found from susceptibility data, suggesting a

critical concentration z; slightly less than 45.

5.2.3 Effects of Aging on Cu;g_.Ni,

As discussed in the review, the properties of CuNi alloys have been shown to be
strongly dependent on the heat treatment and quench rate of the specimens. As
well, a sample aged for 3 years at room temperature was shown to exhibit a con-
siderable change in transport properties[109]. Detailed studies of sample properties
as a function of annealing temperature, time, quench rate, cold-working and irra-
diation have been done by various groups. In general, it is agreed that samples
quenched from high temperature (> 600°C) have a random distribution of nickel
atoms. Over long periods of time at room temperature and during low temperature
heat treatments, the Ni atoms tend to cluster together. Hedman and Mattuck[97]
suggest that annealing at 200°C causes clustering to occur at a slow but measur-
able rate, while at higher temperatures the clusters quickly reach an equilibrium
size. Although the ac susceptibility and resistivity have been shown to depend in
a complicated manner on annealing time and temperature, T, generally increases
after aging[97]. This study attempts to find the effects of small changes in cluster
size on the low-field resistive anisotropy, and relate these changes to changes in the
bond-disorder by comparisons to model predictions.

Direct comparisons between as-quenched and aged specimens are only realistic
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for small changes in the sample state, since the model in Chapter 4 assumes no
significant changes in the band structure, as discussed in section 4.3.2. For this
reason, it was initially decided to age the specimens at room temperature alone, so
as to have more control over the aging process (after the specimens were quenched
from the 900°C anneal, they were maintained at liquid nitrogen temperature to
reduce aging effects). -

For this aging study, the ac susceptibility was used as a sensitive probe of changes
in T.. Temperature sweeps in zero field and 40 Oe were done on the specimen in its
as-quenched state, after which the specimen was removed to sit at room temperature
for a certain period of time, and remeasured. None of the specimens showed any
measurable aging at room temperature after periods of up to 1 week, so it was
decided to try a low temperature anneal at 200°C. After being aged for a certain
length of time, the samples were removed from the furnace and allowed to cool at
room temperature. These slow cools proved to be irreversible. This is clearly shown
by the data in figure 5.42(a), which plots the evolution of the 40 Oe temperature
sweep in the 48% sample for successive anneals of 1414244 hours (with a slow cool
after each). The total change in the peak temperature after 8 hours total aging is
less than that shown in figure 5.42(b) for a virgin samples annealed for 2 hours.
The only effects of a further anneal after a slow cool had been done were to broaden
slightly the susceptibility peak and to decrease slightly the peak amplitude. Table
5.6 lists the temperatures of the peak in the 40 Oe susceptibility data for the six
aged samples, before and after treatment, as well as the aging treatment followed.
The six samples examined (55, 50, 48, 47, 46 and 45 at.% Ni) covered the entire
concentration range studied, however little difference in the effects of aging as a
function of concentration was observed. The change in peak temperature after the
anneal was less than 10% in all the samples, roughly equivalent to the changes in
the FeZr samples after partial hydrogenation.

The resistivity samples were subjected to the same annealing treatment as for
the susceptibility samples, and the low field resistive anisotropy was measured in

the same manner as previously. Once more we could not attain sufficiently low
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Figure 5.42: The evolution of the peak temperature (upper graph) and susceptibility
(lower graph) for x=0.48 in a fixed field of 40 Oe, as a function of total time annealed
at 2000 C (plotted as a fraction of the initial temperature/susceptility for the as-
quenched sample). Sample 1 was annealed for 8 hours total, with quenches after each
time period shown. Sample 2 was annealed only once, for 2 hours and quenched.
The irreversibility of a quenching is shown by the plateau in both parameters after the
initial quench for sample 1.
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Table 5.6: Change in peak temperature of the 40 Oe ac susceptibility with aging in
CulOO—zNiI.

z | To(K) | anneal time at 200°C T/(K)
45.0| 4.83 2 hours 5.0
46.0| 6.85 2 hours 7.10
470 10.6 2 hours 11.6
48.0| 224 2 hours 23.6
50.0| 38.3 2 hours 39.6
55.0 | 82.5 2+4 hours 85.6

temperatures to study the behaviour of the 45 at.% Ni sample, however, good data
were obtained for the remaining 5 samples. T, estimates were obtained from plots
of p(T) and from linear fits to the LFRA. The values found using these two methods
are summarised in Table 5.6, with the data on the as-quenched specimens included
for comparison. Again, the value of T. as obtained from the LFRA data is within
error of that obtained from p(T). After aging, the 46% sample shows the same
behaviour at high temperature as the 45 and 45.5% samples before aging, i.e. a
decrease in resistivity and no evident ‘kink’ in the curve from which to obtain T..
Due to uncertainties in form factors, no effort is made to compare the magnitude
of the residual resistivities before and after aging. The p(T") curves are very similar
to those in section 5.3.2, and can be found in Appendix A.

Using the values of T, listed in Table 5.6, the LFRA data obtained before and
after aging can be compared on the same graph by plotting as a function of reduced
temperature T/T,, as done in the previous section. Fitting this data to equation
5.6, values for the slope A were obtained. In general A does not change after aging
(figure 5.43-5.47), except in the lowest concentration samples. This suggests that
although the critical temperature has increased (which in the model in Chapter
4 implies an increase in the first moment Jo of the exchange distribution), there
is no overall change in the bond-disorder of the system, as determined by this

technique. Thus, although the Ni atoms are forming clusters, there has been no
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Table 5.7: Change in T. with aging in Cuygo—-zNiz, as determined from transport

measurements
_as-quenched aged
z | T(K) p | T(K) LFRA T A(10~%) | T.(K) p | T.(K) LFRA | A(10-9)
46| 7.2 8.2 0.30 - 8.6 0.33
47| 103 105 0.44 9.8 11.3 0.43
48] 196 20.2 0.96 19.5 21.4 0.96
50| 3L.5 334 1.4 3.1 35.2 1.4
55| 831 84.8 46 86.4 87.5 46

noticeable change in the bond-disorder on the length scale set by the resistivity
measurements. The ac susceptibility measurements of the aged samples support
this proposal, showing little change in peak height, indicating very small changes in
overall magnetic moment. This agreement once again suggests that measurements
of the LFRA may successfully indicate changes in the overall bond-disorder of a

material on the length scale of resistivity measurements.

5.3 Conclusion

In conclusion, ac susceptibility measurements showed the Cu;go—Niz samples mea-
sured to be ferromagnetic, with the presence of considerable disorder indicated by
curvature in the exponents. The presence of an orbital moment at the Ni site was
indicated by the magnetic hardness of the samples, which decreases with decreasing
Ni concentration. General trends in the susceptibility data showed that this system
is very similar to the PdNi system, and comparison suggests a critical (percolation)
concentration near 45 at.% Ni. This conclusion is supported by measurements of
the magnetoresistance as a function of concentration, from which we were able to
deduce a power law dependence of the SRA on reduced concentration (with a crit-
ical concentration of 44.5% Ni) and the exponent A was found to be the same as
in PdNi. This suggests that this exponent value may be universal for systems with
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fFizure 5.45: The LFRA as a function of reduced temperature before and afier aging
for 2=46, as labelled. The solid lines are fits to equation 5.6, with slightly different
values for A before and after aging. The solid circles are for the as-quenched samples,
while the square symbols denote the aged sample.
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Figure 5.44: The LFRA as a function of reduced temperature before and after aging
for =47, as labelled. The solid line is a fit to equation 5.6, with the same value of
A before and after aging. The solid circles are for the as-quenched samples, while
the square symbols denote the aged sample.

201



0.04 , , ,

0.03

0.00

0.6

Figure 5.45: The LFRA as a function of reduced temperature before and after aging
for z=48, as labelled. The solid line is a fit to equation 5.6, with the same value of
A hefore and after aging. The solid circles are for the as-quenched samples, while
the square symbols denote the aged sample.
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Figure 5.46: The LFRA as a function of reduced temperature before and after aging
for =50, as labelled. The solid line is a fit to equation 5.6, with the same value of
A before and after aging. The solid circles are for the as-quenched samples, while
the square symbols denote the aged sample.
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Figure 5.47: The LFRA as a function of reduced temperature before and after aging
for =35, as labelled. The solid line is a fit to equation 5.6, with the same value of
A betore and after aging. The solid circles are for the as-quenched samples, while
the square symbols denote the aged sample. '
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orbital moments. Further studies of the SRA in materials with dilute Co impurities
would be interesting, however these would be difficult due to the low concentration
of Co required for ferromagnetism. Measurements of resistivity and LFRA found
values for T, in Cuyg0—Nir which agree within error with those from susceptibility,
and suggest that the percolation transition is slightly below 45%. The slope of the
LFRA as a function of reduced concentration was found to increase rapidly with in-
creasing Ni concentration, which suggests a decrease in bond-disorder. After aging,
however, the slope of the LFRA did not change, indicating that any changes in the
disorder present in the system are not noticeable on the length scale of resistivity

measurements.
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Chapter 6

Superconductivity in Borocarbides

6.1 Review

As discussed in Chapter 5, Ni does not exhibit a magnetic moment in isolation.
This property of Ni raises interesting questions regarding the role of Ni in a family
of alloys with formula (RC),,(NiB)n, where R=rare earth. The magnetic prop-
erties of these materials depends on the specific rare earth and on the interlayer
spacing. A number of the m=1, n=2 compounds are superconducting, with R=Lu
having a T, of 16.6 K [8], remarkably high for an intermetallic compound contain-
ing Ni. The substitution of Pd in the Ni site enhances T, slightly; the compound
YPdsBsC, has T.=23K, equal to the highest T, previously recorded for an inter-
metallic compound[110]. As discussed in Chapter 2, the presence of magnetic atoms
in superconductors generally suppresses T. substantially due to pair breaking ef-
fects, however the substitution of Ni for Pd results in only a slight decrease in T..
Speculation has thus arisen as to whether Ni plays some role in the superconduct-
ing process, or whether this high T, is produced primarily by the high frequency
phonons associated with the light B and C constituents. This review section con-
centrates on the 1-2 compounds RNi;B,C and the effects of substitution in the
various sites.

The RNi;B,C family has a body-centred tetragonal crystal structure (I4/mmm)
with alternating Ni;B; and RC layers stacked along the c axis[111, 112}, and sta-
bilised by vertical B-C-B interlayer bonds. The unit cell, containing two formula
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Figure 6.1: Projection on the ac plane of the tetragonal crystal structure of RNi;B,C
and RNiBC, from [9).

units, is shown in figure 6.1. The T.’s of various borocarbide superconductors are
listed in Table 6.1. Of the series RNi;B,C, R=Lu has the highest T. of 16.6K[8],
slightly higher than that of YNi;B,C. The substitution of some magnetic rare earths
such as holmium and erbium depresses T, only slightly from that of R=Lu, how-
ever the presence of R=Dy, Ce, Gd and Sm completely destroys superconductivity.
The small effect of the former substitutions suggests a weak coupling between the
rare-earth 4 f electrons and the conduction electrons. Interestingly, YbNi;B,C has
recently been shown to be a heavy fermion system, however it is not superconduct-
ing down to 0.34K[113].

Various measurements have established that YNi;B,C is a Type II supercon-
ductor of conventional BCS character, i.e. the superconductivity is due to electron-
phonon interactions. Many results have been published, with specific heat{112, 119,
120], magnetic[52, 112, 121] and transport(8, 122] measurements giving values for
various parameters of the superconducting state. The scatter present in published
values of T¢, Ha and H.; suggests that these may be sensitive to sample quality
and preparation technique, making it important for a complete set of data to be
obtained from one sample.

The high T, found in this material has been attributed primarily to the presence
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Table 6.1: Superconducting Properties of Rare Earth Borocarbides

—

Compound T, Reference(s)
YPd;B;C, | 22.6-23K | [110, 114]
ThPd,B,C | 145K [115]
ThPt.B,C 6.5K [115]
LuNi;B,C | 166K [8]
YNi;B,C |15.2-15.6K | [8, 112]
TmNi,B,C | 11.0K [8, 117]
EI‘NiszC 10.5K [8, 118]
HoNi,B,C 8.0 [8]
ThNiB.C 6.0K [115]

of a sharp peak in the density of states at the Fermi level, as shown by band
structure calculations[123]. The large contribution to this peak from the nickel
3d bands suggests that the superconducting state will be sensitive to substitutions
of different transition metals in the Ni site. As the number of valence electrons
varies, the Fermi energy moves away from the peak (using a rigid band approach),
decreasing the density of states of the system, and thus decreasing T.. This has
been verified experimentally, with substitutions of the transition metal elements
Ru, Fe and Co at the Ni site causing a dramatic suppression of T.[124, 125, 126].
A number of the measured T.’s in YNi;_,M.B,C are plotted as a function of
z in figure 6.2. Bud’ko et al.[124] find that T.(z) decreases linearly as a function
of dopant concentration at relatively low concentration, with extrapolated critical
concentrations of 0=0.08, 0.095, and 0.14 for Ru, Fe and Co respectively. The T.’s
observed upon Fe, Ru and Co substitution agree well with suppression of T, due to
changes in the density of states at the Fermi level. Bud’ko et al. also note that chem-
ical pressure due to changes in lattice parameter and bond angle upon substitution
of impurities will affect T,, as will the decrease in the normal electron mean free
path[124]. As discussed previously, Fe and Co impurities generally bear magnetic

moments, even when dissolved in a non-magnetic host. It is interesting to deter-
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Figure 6.2: Effects of doping at the Ni site on the critical temperature in YNi;B,C
superconductors[124].

mine whether Fe and Co substitutions act as magnetic scattering sites or as simple
impurities in YNi;B2C. In a recent detailed study of Y(Ni;—-Co.)2B2C, Hoellworth
et al.[125] find that at high Co concentrations T.(z) is not well-described by a
straight line, and fit their data to the BCS equation for T. o< p exp[—1/N(Er)V],
as described earlier in Chapter 2 (equation 2.52). Values for #p and N(EFr) were
calculated from magnetic and specific heat measurements, with V, the interaction
potential, taken to be constant. The data is in excellent agreement with the equa-
tion, suggesting that the primary effects of the Co on T, are not due to magnetic
scattering effects. Schmidt et al.[126] also find a non-linear decrease in T, with Co
concentration, and fit this to Kaiser’s equation for scattering from non-magnetic
d-states, as in equation 2.59. The values obtained for N;(Er) and Uy, from this fit
are close to the static Hartree-Foch criterion for magnetism (N;(Er)U.ss 2>1), ie.
the impurities are almost magnetic. Measurements of the static magnetic suscep-
tibility, however, showed no change in paramagnetic moment as a function of Co
concentration, and thus Schmidt et al. conclude that the change in T, is not caused
by magnetic pair-breaking effects of possible moments at the cobalt impurity sites.
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6.2 YNi,B:C

Samples of YNi;B2C were prepared in button form as described in Chapter 3. These
polycrystalline samples could be measured in button form for ac susceptibility mea-
surements, however bar-shaped samples were required for transport measurements.
These bars were produced by chill-casting followed by an anneal at 1000° C. The
annealing process was found to elevate T., as well as changing other sample prop-
erties, as will be discussed later. X-ray powder diffraction spectra of the arc-melted
buttons before and after annealing show little change, with the pattern indexing to
the I4/mmm structure with a=3.5351(6)A and ¢=10.5598(26)A, in good agreement
with the structure published by Siegrist et al.[111}. There was no evidence of any
impurity phases in our x-ray spectra. The diffraction patterns for the as-cast and
annealed bars are shown in figure 6.3(a) and 6.3(b), with the reflections indexed
to the filled ThCr.Si, structure as in 6.3(b). The effect of annealing on the cast
samples is to decrease slightly the background in the diffraction spectrum, presum-
ably due to the removal of strains induced during the casting process. A variety
of measurements were then done on these samples to find a set of superconducting

parameters and to determine their dependence on preparation technique.

6.2.1 Magnetic Measurements
AC Susceptibility

The zero field ac susceptibility of the arc-melted buttons was measured in the cryo-
stat described in section 3.2.2, using a 30 mOe rms driving field at a frequency of
2400 Hz. The results for the unannealed and annealed samples are plotted together
in figure 6.4 for comparison. Both samples are perfect diamagnets at low temper-
ature, with a mass susceptibility of —0.137 emu/g-Oe. The onset temperature for
superconductivity is raised by the annealing process from 14.6 to 15.3K, with the
latter value in good agreement with previously published values of T,[8, 112]. The
transition width, characterised by the temperature over which the susceptibility
drops from 90% to 10% of its high temperature value, decreases from 0.9 to 0.7K
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Figure 6.3: X-ray powder diffraction spectra of YNipB2;C chill-cast bars (a) as
cast;(b) annealed. The lines are indexed as in (b) to the [4/mmm structure.
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after annealing, an indication of an increase in sample homogeneity. Measurements
of the chill-cast bars show a significant depression of T, from that found in the
buttons: even after annealing T, is lower than in the buttons. This result, demon-
strated by the susceptibility data in figure 6.5, suggests that the casting procedure
may introduce defects to the material which act as additional pair-breaking scat-
tering centres. The annealing procedure increases the onset temperature for the
superconducting state from 10.9 to 14.2K, a much larger change than was observed
in the buttons. As in the buttons, the 10-90% transition width decreases slightly
after annealing, with AT dropping from 0.8 to 0.7K. The zero field susceptibility
of the cast bars was measured at a wide range of driving field frequencies—5 and
1500 Hz in the Quantum Design Magnetometers, and at 2400 Hz in the home-built
system. No change was observed in T, between cryostats or with frequency, a re-
sult which verifies the accuracy of the thermometry in the two cryostats—absolute
temperatures measured in different systems may have errors as large as 1%. The in-
phase(x’) and out-of-phase(x”) component of the zero-field susceptibility measured
at 5 Hz in the annealed specimen are reproduced in figure 6.6. x’ shows an onset
of superconductivity at 14.2K, with x” exhibiting an anomaly at a temperature
slightly below the onset, as observed in some high-T. superconductors.

Magnetisation

The field dependence of the magnetisation was measured in fields of up to 5.5 Tesla
at a number of fixed temperatures between 2K and T. in the chill-cast samples.
To minimize the demagnetisation corrections, the biasing field was applied along
the longest sample dimension. Typical M(H) plots measured for the two samples in
increasing and decreasing field are shown in figure 6.7 and 6.8. The general features
of M(H) are those of an imperfect Type II superconductor, with a large irreversibility
due to flux pinning at defect sites. Values for the critical fields H,; and H., can be
extracted from the magnetisation data. In an ideal Type II superconductor, Hc; is
the field at which the sample is no longer perfectly diamagnetic (i.e. H# —47M).

Above H. the magnetisation increases, and becoming zero at H=H.. In these
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samples, however, M(H) deviates from linear at significantly lower fields than at the
minimum in the magnetisation. This could be due to the presence of a non-uniform
field inside the sample (caused by a non-uniform demagnetizing field) which induces
certain areas to enter the ‘vortex’ state before others, causing the gradual, rounded
transition observed in our data. This non-linear behaviour could also be caused by
defects in the system which change the response of the material from ideal Type II
behaviour. Estimates of H¢y can be obtained by interpolation of the data to find the
field at which the magnetisation deviates from the linear diamagnetic behaviour.
Alternatively, the data can be fit to the expected behaviour of an ideal Type II
superconductor, as shown in figure 6.9, and H,; can be taken to be the turnover
point between the superconducting and the vortex state. The data obtained using
these two approaches are plotted in fig 6.10 and 6.11 for the as-cast and annealed
samples respectively. As expected, the second estimate is higher than the first,
however the ratio of the two values of H(T') is roughly constant with temperature.

In both samples H. (T) increases as the temperature is lowered below T., and
appears to bend over slightly toward saturation as the temperature goes to zero.
Neither set of data, however, follows the 1 — (T'/T;)? behaviour predicted for a
BCS superconductor. H;(T) is significantly higher in the annealed sample than
in the as-cast sample, and both sets of data are enhanced by factors of 2-20 from
previously published values[52, 127].

By definition, H., is the field at which the magnetisation becomes zero, and
can be estimated by a linear interpolation of the data to M=0. The presence of a
small paramagnetic contribution to this data complicates analysis, as it affects the
zero crossing point, and subtraction of the paramagnetic component is error-prone
due to the small field dependence of M(H) in this regime. Extrapolations based
on the Ginzburg-Landau relation, M « (H — Hx), and the London equation, M
x In (-H—’;-), fail due to the presence of curvature in M vs. H and M vs. In(H)
plots. At the transition from the vortex state to the normal state, the slope of
the magnetisation should change abruptly. By plotting the local field derivative
of the measured M(H), values of Hy, can be deduced from the field at which the
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Figure 6.9: A fit of the magnetisation as a function of increasing field in the annealed
bar of YNi2B,C at fixed temperatures of (a) 1.95 K (b) 11.5 K to that expected for
an ideal Type Il superconductor.
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Figure 6.10: Estimates of H.;(T) in the as-cast bar of YNi;B,C; the lower data is
estimated from the point of deviation from linear behaviour, the upper from fits as
in figure 6.9, as described in the text.
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slope exhibits an anomaly (at high field). Again, He(T) is larger in the annealed
sample than in the unannealed sample, as can be seen in figures 6.12 and 6.13.
In contrast with the predictions of BCS theory, H,(T) does not saturate as T—0,
in fact, the slope seems to increase as the temperature decreases, an effect which
also been noticed in some high-T. superconductors. Although Prozarov et al. saw
saturation in H,(T) as temperature went to zero[52], other experimentalists found
that He(T) showed no sign of saturatingf121, 127}, in agreement with our results.
Our values of H(T) obtained from magnetisation measurement for the unannealed
sample are in general lower than those obtained by other groups, however those for

the annealed sample are comparable to previous results[52, 112, 121, 127).

Transport Measurements

Transport measurements were done in the high field magnetoresistance cryostat
described in Section 3.2, with the magnetic field applied parallel to the ac measuring
current along the longest sample dimension, as for the magnetisation measurements.
The use of the same sample for both magnetisation and resistivity measurements
allows direct comparison between data taken at the same value of applied field.
The temperature dependence of the resistivity of the as-cast and annealed samples
are compared in figure 6.14. The large decrease in the normal state resistivity after
annealing indicates a significant reduction in defects, as does the increase in T.. The
as-cast sample has an onset of superconductivity at 11.0 K (midpoint 10.2 K), while
the annealed sample has an onset of 14.2 K (midpoint 13.9 K). These temperatures
agree well with those found from susceptibility data. The transition in the annealed
sample is very sharp, with AT=0.3K, as opposed to 0.7K in the as-cast sample,
again reflecting the reduction of defects in the material after annealing. The normal
state resistivity p(T>T,) of ~ 16.6 uQ2-cm is much higher than the value of 2.5uQ-
cm measured by Cava et al.[8]. This wide variation in normal state resistivities is
not uncommon in high-T. superconductors. In fact, reported resistivities for the
borocarbide YPdsB3Co 3 range from 6-80 uf-cm (8, 127).

The field dependence of the magnetoresistance at fixed temperatures below T, is
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Figure 6.12: Estimates of H.(T) in the as-cast bar of YNi»B,C: (#) 10% restoration
of p(0,T); (®) peak in dp/dH; (&) M=0; (¥) sudden change in dM/dH.

223



90

T T T T 7 ! !
80 a [ ) -
70 |- B
[ J

60 |- v B
® oL . .
¢ .
o 40 |- . 7
s . a v

30 |- . ’ -

a . o
. a v
20 | . . B
[ ]
. A ®
io L . v —
A ®
[ v
0 I | 1 | ! I 1
0 2 4 6 8 10 12 14
Temperature (K)

Figure 6.13: Estimates of Hc(T) in the chill-cast and annealed bar of YNi,;B,C: (®)
10% restoration of p(0,T); (@) peak in dp/dH; (%) M=0; ( ) sudden change in dM/dH.

224



S W e R RS R

AR

30 T Y T
ease s a a - ™ a - .
25t ol
as-cast /.‘
[
"
M
20 | a .
E ™
? [
g ® %0 00 ¢ 8 o
= 15} - ..‘ "
2 - annealed :
>
2 a ™
2 ®
S 10} . . 4
(-4
. .
.
. .
- [ ]
5| . : ~
. °
. .
0o e o ‘J. Jo 'Y e o o o |. oo o o ..j| -
8 10 12 14 16

Temperature (K)

Figure 6.14: Comparison of the zero field resistivities in the as-cast sample and the
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summarised in Figures 6.15 and 6.16. In each case, the sample is superconducting
at low field, and the resistivity rises towards its normal state value for H>H.,. The
transition width (in field) for the restoration of p(H,T') to its normal state value of
p(0,T > T.) increases gradually with decreasing temperature, although the most
dramatic effect observed is the sharp increase in Ho(T) as T decreases. He(T)
is typically estimated from p(H,T) data using one of two methods: (i) Hp(T) is
taken to be the field which restores p(H,T) to 10% of its p(0,T > T.) value, or
(ii), He(T) is taken as the field which restores p(H,T) to 50% of its p(0,T > T)
value. This second approach is essentially equivalent to taking the field at which
p(H,T) has a maximum slope in these data. To allow direct comparison, these
values are plotted with the estimates of H(T) from the magnetisation data in
figures 6.12 and 6.13. The estimates of Hp(T) from resistivity measurements are
higher than those taken from magnetisation measurements, however the same lack
of saturation at low temperature is observed in both sets of curves. As seen in the
magnetisation data, He(T) is higher in the annealed sample than in the as-cast
bar. The magnitude of He2(T) from resistivity data in the annealed sample agree
well with those found, also from resistivity measurements, by Takagi et al.[122], but
are higher than those found by other groups[52, 127].

Superconducting Parameters: ), £ and J,

Superconductors are generally evaluated using a number of parameters, two of which
are the skin-depth A, the correlation length £. The ratio of these two parameters
gives the Ginzburg-Landau parameter x. Estimates for A and £ can be found from
the Ha(T) and Ho(T) data, in the following manner. x can be obtained using

equation 2.57[52].
H,y(T)  In(x(T)) +0.5

o) 200) oD
From the two sets of H, (T) (magnetisation and resistivity), two values for «(T)

were found, with errors arising from the spread of He(T) values. £ was then found
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Figure 6.15: Resistivity as a function of increasing field in the as-cast bar of
YNi,B2C at a number of fixed temperatures, as labelled.
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Figure 6.16: Resistivity as a function of increasing field in the annealed bar of
YNi;B,C at a number of fixed temperatures, as labelled.
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Table 6.2: Superconducting Parameters of YNi;B,C Chill-cast Bars.

Parameter As-cast sample Annealed sample
x (magnetisation H) 812 10+2
k (magnetoresistance H,) 6+1 4+2
'3 (0.7-1.1)x10—6cm | (0.6-0.9)x10—6cm
A (4.2-6.6)x10—6cm | (4.8-7.2)x10—6cm

using equation 2.58,

éo 1/2
0= () )
The spread in &£(T) resulting from the different Ho(T) values gives rise to a range

of A values (found using A = k£). The values derived for these parameters are
summarised in Table 6.2 for both samples. The estimates for A in both samples are
lower than those measured by Prozarov et al.[52], but the £ values are similar. This
means that the value for « in these chill-cast samples is lower than that measured
by Prozarov et al.

Another important parameter in evaluating the practicality of a superconductor
is its critical current density, i.e. the maximum current it can carry without going
normal. This can be evaluated from the sample geometry and magnetisation mea-
surements, using the Bean model[53]. This model assumes that the critical current
can be induced by any emf, no matter how small. Thus, the sample will have a
uniform critical current density, J., which penetrates into the sample to a depth
determined by the value of the applied field,which decreases linearly with depth,
by Ampere’s law. Assuming the sample to be a semi-infinite slab of thickness D,
Jc can be calculated from the irreversible magnetisation, the difference between the

magnetisation in the ascending and descending branches of the magnetisation data,

(6.3)

The factor of 20 arises from the combination of constants from Ampere’s law.
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Figure 6.17: J. as a function of field in the as-cast bar of YNi;B2C at a number of
fixed temperatures, as labelled.
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A number of the J. curves are shown in figures 6.17 and 6.18 for the chill-
cast samples before and after annealing. Since the annealed sample had a larger
irreversibility in the magnetisation, it also has a larger critical current density,
some 2-5 times larger than previously published data[52, 112]. The maximum in
the J. vs H plot reflects the large value of H¢; in these materials. The increase
in J. after annealing is not understood, since removing defects typically increases
the reversibility of the magnetisation and thus decreases the critical current. We
suggest that the combination of chill-casting followed by annealing has introduced
some type of defect structure which enhances the critical current density (c.f. high

T. oxide superconductors(129]), and thus the practicality of this superconductor.

6.3 Y(Nil_mFex)ng

A number of studies have been done on the effects of Co substitution in the Ni
site of YNi;B,C, concluding that the Co acts as a simple impurity rather than a
magnetic scattering centre. The effects of Fe doping have not been analyzed in as
much detail. Measurements of Bud’ko et al. on Y(Ni,_.Fe;).B, with z=0, 0.01,
0.03, 0.05 and 0.07 showed a linear decrease in T.(z) with increasing z, as did
their low z Co doping. Extension of these measurements to higher Co doping by
Hoellworth et al.[125] and Schmidt et al.[126], as detailed in the review, showed
curvature developing in the T.(z) plot as  approached the critical concentration
for the complete suppression of superconductivity, zo. For this reason, we prepared
a series of Y(Nij— Fe;)2B2C, with 0 < z < 0.1, to determine whether the behaviour
of T.(z) follows the same pattern as the Co data, or whether it remains linear to z,
as suggested by Bud’ko et al. Since chill-casting the samples causes large changes
in the properties of the parent compound, as described in the previous section, the
doped samples were prepared by cutting bars from the arc-melted button wiih a
diamond saw. The resulting samples displayed exactly the same properties as the
buttons from which they were cut, allowing direct comparison with the results of
Bud’ko et al.
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6.3.1 AC Susceptibility

T.(z) was determined from ac susceptibility measurements. Figure 6.19 shows a
comparison of the zero field x.. data for z=0.01, 0.02, 0.05 and 0.1. As z in-
creases, T, clearly drops rapidly, and the transition width AT increases steadily.
T.(z = 0.1) is well below 4.2K, suggesting that the critical concentration z, of
Fe is slightly above 0.1. From figure 6.19 it can also be seen that the amount of
diamagnetic shielding decreases as z increases, ranging from 100% shielding for the
parent compound (as shown in the previous section) to only 90% for £=0.1. A slight
temperature dependent paramagnetism also develops with increasing z, as can be
seen in figure 6.20, a plot of x..(H,T) in the z = 0.01 sample, suggesting that
the Fe impurities do indeed have magnetic moments. Values for T. were extracted
from these data using two methods: firstly by taking the onset temperature of the
drop in the zero field susceptibility, and secondly as the temperature at which the
maximum in dx(0,7)/dT occurs. These T.(z) are plotted in figure 6.25 with the
data obtained from transport measurements on a number of these specimens, as

described in the following section.

6.3.2 Transport Measurements

Transport properties were also measured for a number of these doped compounds.
These measurements show that the presence of Fe impurities at the Ni site not only
decreases the temperature at which the sudden drop in resistivity occurs, it also
increases the resistivity in the normal state, at a rate of dp/dz=3-4u2-cm/at.% Fe.
This can be seen in figure 6.21, which compares p(0, T') for the =0, 0.02 and 0.05
compounds. Values for T, were taken from these data in the same manner as from
the xqc(0,T) plot, namely (i) the temperature of the onset of the drop in resistivity
and (ii) the temperature of the peak in dp/dT.

The magnetoresistance measured at a number of fixed temperatures below T, is
plotted for the £ = 0.02 and z = 0.05 samples in figures 6.22 and 6.23 respectively.
As in the parent compound, the critical field H, drops dramatically as T goes to
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T7. He(T) shows no indication of saturating at zero temperature, as was observed
in the parent compound. Values for H,(T) are compared for these two samples in
figure 6.24, with the values extracted from the p(H,T) curves as previously. Ho (T}
is much larger in the z=0.02 sample than in the z=0.05 sample, however the H(T)
and T. values in the 2=0.02 sample are comparable to those in the chill-cast bar of

the parent compound, suggesting perhaps a similar amount of disorder scattering.

6.3.3 Suppression of T,

The various values of T.(z) found from our data are plotted in figure 6.25 along with
those published previously by Bud’ko et al.[124]. In general our data agree quite
well with the previous results, and have less scatter. The dashed and solid lines in
figure 6.25 are fits to two different types of scattering behaviour. The dashed line
models the behaviour of the Fe impurities as non-magnetic scattering centres while
the solid line is a fit to scattering from paramagnetic impurities. While neither
line appears to fit the data well, the solid curve is perhaps a better fit in the high
concentration regime. Note that in this figure z is replaced by the concentration ¢
in atomic percent, where ¢ = z/3. A discussion of the results of the two model fits
is below.

The dashed line is a fit to the Kaiser scattering model, as done by Schmidt et
al.[126] for Co doping. The data is fit to equations 2.59-2.61, with N(Er)=0.34
states/eV atom spin and g=0.27 (the BCS coupling constant) from previously pub-
lished data[128]. This fit returns parameters of U.;;=2x10° eV and Ni(Er) =
0.6x107° states/eV atom spin. These results are obviously bizarre, with the low
density of states and very high U.;, yielding Ni(Er)Uess >1, i.e. the static Hartree-
Fock criterion for magnetism is satisfied. Thus, although this equation, which as-
sumes non-magnetic impurities, fits the data fairly well, the fitting results suggest
that this model is not a good representation of the data, and that the impurities
may have paramagnetic moments in direct contradiction of the model assumptions.

The solid line is a fit to the Abrikosov-Gorkov equation in Chapter 2 (equation
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2.62) for the suppression of T. by paramagnetic impurities, namely,

n(2) - (5 -+ 3+ 22

Ty is 15.6K, T, for the parent compound, and ¥ is the digamma function. A fit to
this curve gives a critical concentration ¢o=3.5 at.% (z=0.105), and the curvature
of this fit at high c seems to better fit the data than the Kaiser model, shown by
the dashed curve. Our data seem to fit the theory for non-magnetic and magnetic
impurity scattering equally well, with perhaps a leaning towards magnetic scattering
based on the high ¢ curvature. Measurements are inconclusive, as Bud’ko et al.
claim[124] (based on unpublished Méssbauer data) that the Fe impurities have no
moment, however our data suggest that Fe may carry a moment in Y(Ni;~.Fe;)2Bo.

6.4 Conclusion

[n conclusion, YNi;B,C is shown to exhibit properties of an imperfect Type II
superconductor. Preparing the samples using the chill-casting process introduces
defects in the structure which suppress the superconducting state. After annealing,
the superconducting state is enhanced and the normal state resistivity is decreased
substantially, suggesting a decrease in the defects. However, the irreversibility in the
magnetisation is also enbhanced after annealing, a result which usually arises from an
increaserather than a decrease in the inhomogeneity of the sample. We suggest that
this contradiction indicates the formation of some type of stable defect structure
during the annealing process, which increases the irreversibility considerably, greatly
improving the current carrying capacity of the material.

Finally, the effects of Fe doping at the Ni site on the suppression of T, show
that, in contradiction to previously published work[124], the Fe impurities may
carry magnetic moments. The existence of such a moment is supported by the
susceptibility measurements of the doped samples, in which a slight paramagnetic
susceptibility is observed. Further work, possibly a Massbauer study of these mate-
rials, needs to be done in order to state conclusively whether or not such a moment

exists.
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Chapter 7

Giant Magnetoresistance in
Layered Intermetallics

7.1 Review

The application of a magnetic field to a metal changes its resistivity slightly, due to
the action of the Lorentz force on the conduction electrons. In magnetically ordered
materials, this small positive magnetoresistance may be overwhelmed by larger
effects due to changes in the magnetic structure with applied field. For example,
the materials studied in Chapter 4 show a negative isotropic magnetoresistance
caused by the alignment of spins along the field direction, and thus a reduced spin-
disorder scattering. Recently, field-induced resistivity changes of more than 100%!
have been observed in magnetic multilayer systems. These materials have become
the focus of a great deal of research, due to their potential applications in the
magnetic recording industry and elsewhere.

Magnetic multilayers are formed by the successive deposition of magnetic and
non-magnetic layers on a substrate using molecular beam epitaxy (MBE) or sputter-
ing techniques. The relative orientation of the magnetisation in adjacent magnetic
layers is a function of the thickness of the intermediate non-magnetic layer. This
separation dependence has been explained using an extended version of RKKY

!Some authors calculate the magnetoresistance ratio using Ap/p=(p(H) — p(0))/p(H), rather
than Ap/p=(p(H)— p(0))/p(0) as done here. This method allows values of >100% to be reported.

243



g

exchange coupling[10]. If neighbouring magnetic layers are aligned antiferromag-
netically, the resistance of the material is large, since both spin-up and spin-down
electrons will be scattered as they pass through the layers. When a magnetic field
is applied to the material, magnetizing all layers along the field direction, an abrupt
decrease in the resistivity occurs, since only one spin channel is scattered substan-
tially in this configuration. The magnitude of the magnetoresistance depends not
only on the ordering of the layers and the coupling between the layers but also
depends in a complicated manner on the roughness of the interface between the
layers—since the layers are only on the order of 10-100 A thick, interfaces consti-
tute a non-negligible fraction of the volume. This complicates the analysis of the
mechanics of the scattering{10].

Manganese perovskites, with general formula A;B;_,MnO; (A=La, rare earth,
B= Ca, Mg, Pb etc.) also show giant magnetoresistance[130]. These materials have
field induced metal-insulator transitions, and can exhibit changes in resistance as
high as 1000% within this region. The magnetic structure in these compounds can
be very complicated, causing a cascade of transitions to occur as a function of ap-
plied field. This results in very complicated relationships between the magnetisation
and magnetoresistance.

Some intermetallic compounds have a naturally layered magnetic structure, ex-
hibiting both antiferromagnetic and ferromagnetic ordering as a function of tem-
perature, combined with metamagnetic behaviour, in which the transition to the
antiferromagnetic state is suppressed by an applied magnetic field. Large magne-
toresistances are observed in a number of these materials, particularly in the region
of the metamagnetic transition. These materials are particularly interesting since
they are naturally layered, and thus are quickly and easily prepared and have no
interface scattering effects to complicate the analysis of the results. The present
study focuses on the magnetoresistance and the magnetisation near the metamag-
netic transition in two such layered materials: doped CeFe; and GdzIn. An attempt
is made to correlate the behaviour of these two properties in the vicinity of this tran-
sition, an important step in the understanding of the GMR phenomenon in these
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compounds as well as multilayer and perovskite systems.

CeFe, is a cubic Laves phase compound which orders ferromagnetically at low
temperature. This compound is interesting due to its low critical temperature of
237K and low moment per Fe atom of 1.2up-strikingly smaller than those for other
RFe; (R=rare earth) compounds[131]. This, as well as the presence of a small
anomaly in the low temperature ac susceptibility[132] suggests an instability in the
ferromagnetic structure of CeFe;. Indeed, neutron diffraction measurements[133]
have shown the presence of some canting in the spin structure at low tempera-
ture, indicating a tendency towards antiferromagnetic ordering. Neutron diffraction
studies also indicate the existence of a small moment at the Ce site, aligned antifer-
romagnetically with the Fe moment. Band structure calculations suggest that the
small Fe moment is the result of the hybridisation of the Ce 4 f electrons with the
Fe 3d electrons[134]. This is supported by the abnormally large value of the specific
heat coefficient v (approximately four times larger than that for YFe;[135]), typical
of systems with such hybridisation. Neutron diffraction analysis based on these
band structure calculations gave a moment per Fe atom of 1.1(3)ug, in excellent
agreement with the measured moment[133]. The presence of hybridisation suggests
that the magnetic structure may be strongly dependent on the occupancy of the Fe
site. Substitution of other transition metals at the Fe site is found to destabilize
the ferromagnetic state, in some cases completely destroying the ferromagnetism.
A large number of these doped compounds have been studied, with general compo-
sition Ce(Fe;-zM;)2, and M=Co, Pd, Ru, Rh, and Al, for example. The addition
of Co, Al and Ru has been shown to destabilize the lattice, suppressing T. and
destroying ferromagnetism at low temperature.

Neutron diffraction studies of Ce(Fe,Co),, with less than 30% Co substitution,
indicate a transition from ferromagnetic to antiferromagnetic ordering at low tem-
perature, accompanied by a rhombohedral distortion of the crystal lattice[136, 137,
138]. Alloys with more than 30 percent cobalt substituted in the iron sites remain
ferromagnetic down to helium temperatures. No moment was detected at the cerium
sites in any of these alloys. Neutron diffraction and Mé&ssbauer measurements[139]
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for those compounds with less than 30% Co substitution show a continuous reori-
entation of the moments from the [100] direction in the ferromagnetic state to the
[111] direction in the antiferromagnetic state. The antiferromagnetic state consists
of layers of ferromagnetically aligned Fe spins in (111)-type planes, with antiferro-
magnetic coupling between adjacent layers. In the transition region between these
two states, competition between the ferromagnetic and antiferromagnetic compo-
nents results in a canted spin arrangement. T, and T are indicated by anomalies in
specific heat[135] and resistivity[140] measurements. The resistivity measurements
show a change in slope at T, as expected at a paramagnetic to ferromagnetic tran-
sition. At Tpx the resistivity rises sharply as antiferromagnetic ordering sets in,
reminiscent of the effects of superzone boundaries in antiferromagnetically ordered
rare earths (section 2.2.2)[38, 39]. On cooling, the magnetisation and ac suscepti-
bility increase abruptly at T, followed by a rapid decrease at T, with T dramat-
ically suppressed by the application of large magnetic fields[140]. Sufficiently large
applied fields pull the layers from antiparallel to parallel arrangements, producing
a sudden increase in M(H) as the system becomes ferromagnetic. As the temper-
ature is increased toward Ty, the field, H,,, required to drive this metamagnetic
transition drops monotonically to zero.

Ce(Fe,—zAl;)2 alloys also show the presence of an antiferromagnetic phase at low
temperature. Neutron diffraction studies[138] indicate that the transition to the an-
tiferromagnetic state consists of a continuous spin reorientation, with competition
between ferromagnetic and antiferromagnetic components leading to a gradual tran-
sition. The coexistence of ferromagnetic and antiferromagnetic components extends
over a much larger temperature range in the aluminum-doped alloys than for the
cobalt-doped alloys. Substitutions of z=0.01 and 0.02 Al do not result in the com-
plete suppression of ferromagnetism at low temperature[138]. With 2=0.035 Al, the
two competing states coexist for almost 70K, with the system becoming antiferro-
magnetically ordered below 50K[138, 141]. Detailed magnetisation and transport
measurements have been done by Radha et al.[143] on Ce(Feg92Alo.0s)2, showing
that the ferromagnetic and antiferromagnetic transitions are so close that the fer-
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romagnetic state is barely established before the onset of antiferromagnetism, in
agreement with neutron diffraction results[138]. The proximity of the two transi-
tions results in cusp-like M(T) and x(T) curves. Alloys with more than 8% Al in the
Fe sites have a direct transition from a paramagnetic high temperature state to an
antiferromagnetic ground state{138, 139]. Measurements of M(H), the field depen-
dence of the magnetisation, at fixed temperatures in a number of samples[141, 143
show that the field, H,, necessary to induce the transition to the ferromagnetic
state decreases almost linearly as the temperature increases to Ty. In addition,
measurements by Radha et al.[143] on z=0.08 Al indicate the presence of a large
(up to 10%) magnetoresistance in the temperature region (80-150K) in which the
FM and AFM regimes overlap. At high temperature (T>Ty) the magnetoresis-
tance decreases, with the resistivity showing only a small negative field dependence
consistent with the reduction of spin-disorder scattering due to field induced spin
alignment in a slightly disordered ferromagnet.

Detailed measurements have also been done on Ru-doped CeFe,. Studies by
Roy and Coles[12] show that samples with £=0.01 and 0.033 Ru substitution do
not have well-developed antiferromagnetic ground states, but those with higher
Ru concentrations (up to around z=0.08) have a ferromagnetic regime followed
by a transition to a low temperature antiferromagnetic regime. Compounds with
z >0.08 show behaviour similar to that of the z =0.08 Alsample with strong overlap
of the regimes, and thus a loss of ferromagnetic character as the Ru composition
increases. Figure 7.1 shows a phase diagram of the Ru doped system as deduced
from a number of studies.

Temperature dependent resistivity measurements{12] for samples in the inter-
mediate concentration range, 0.033< z < 0.08, show a change in slope at the tem-
perature of the paramagnetic-ferromagnetic transition. At lower temperatures, the
resistivity rises sharply to a peak and then decreases once again, the now-familiar
behaviour at a transition to an antiferromagnetic state. Detailed linear and non-
linear ac susceptibility measurements by Wang et al.[11], on samples with z=0.07
and 0.08 determined critical temperatures in good agreement with those measured
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Figure 7.1: Phase diagram of the Ce(Fe;—.Ru.), system [71].

previously by Roy and Coles. The zero field susceptibility increases rapidly as the
temperature decreases towards T. , and then drops sharply back to zero as the
temperature is lowered further through Ty. The existence of a peak in the non-
linear susceptibility near the lower transition at 115K in the z=0.07 sample and
a possible peak at 124K in the £=0.08 sample, are characteristic of peaks found
at the lower transition of reentrant spin-glass systems, suggesting a similarity in
the dynamics of these transitions. Detailed measurements of the field and temper-
ature dependent resistivity and magnetisation, as done for the Al-doped samples,
are needed for these samples to determine the behaviour of these features in the
region of the metamagnetic transition,and to search for the presence of a giant
magnetoresistance.

GdzIn, another layered intermetallic, has a more complex magnetic structure
than the doped CeFe,. The hexagonal cell (symmetry 6;/mmc) consists of a layered
ABACA structure stacked along the c axis as shown in figure 7.2(64, 144]. The A
layers consist of only Gd atoms placed at the cell corners. The crystallographically
inequivalent B and C layers each contain one Gd and one In atom located inside the
unit cell. The Gd moments in different layers are located in different environments,
a much more complicated situation than in doped CeFe;,, in which all Fe atoms lie
in identical sheets.
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Figure 7.2: Layered crystal structure of GdzIn, from [144].

Published magnetisation[64, 145, 146, 147] and resistivity [64] data are very sim-
ilar to those seen in the doped CeFe;, and indicate that this system also undergoes
two magnetic phase transitions. At high temperature the system is paramagnetic
with ferromagnetism developing as the temperature is lowered through 190K. At
~100K, GdzIn undergoes a further transition to a low temperature state, the struc-
ture of which is currently unknown. The low temperature transition is identified by
a sudden drop in magnetisation and by a sudden increase in the zero field resistivity
as the temperature is lowered to below 100K. The ac susceptibility also drops in
this temperature regime (although not to zero) as observed in the CeFe,. The ap-
plication of a small magnetic field suppresses this transition to lower temperatures,
while a moderately large field can completely remove the low temperature state,
indicating that the low temperature state is metamagnetic[64, 145, 146, 147]. Al-
though the magnetic structure of the doped CeFe; compounds is well known, there
continues to be some disagreement as to the structure of the two low temperature
states in GdaIn. Neutron scattering experiments to ascertain the magnetic struc-
ture for GdzIn have not been done, due to the large absorption cross-section of Gd
for thermal neutrons. Certain conclusions can however be made based on the crys-
tal structure and other arguments. Méssbauer spectroscopy of 1*9Sn substituted at
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the In sites[148] was interpreted as showing ferromaguetic coupling in both the low
temperature regimes. TmyIn, crystallographically equivalent to Gd,lIn, is known to
be ferromagnetic at low temperature, with all the Tm moments lying in the basal
plane, which suggests a similar ferromagnetic state in Gd,In [64]. However, low field
magnetisation measurements in GdzIn show a low-field limited slope, which Jee et
al.[147] interpret as indicating a spiral magnetic structure as found in MnSif149] for
the intermediate temperature phase, rather than the simple TmzIn structure. The
decrease in magnetisation at 100K suggests a loss of ferromagnetism, indicating
that the low temperature state has at least partial antiferromagnetic coupling. The
simplest structure possible is one similar to doped CeFe,, i.e. ferromagnetic intra-
planar coupling with antiferromagnetic interplanar coupling. Since the Gd moments
in different layers have different environments, this structure would result in a ferri-
magnetic rather than an antiferromagnetic state[64]. McAlister’s measurements of
the low temperature magnetisation of SmyIn[150], a ferrimagnetic compound with
exactly the same crystal structure as Gd,In, show a very different temperature de-
pendence of the magnetisation than that measured in GdzIn[64], suggesting that
GdzIn does not have this simple structure. McAlister suggested instead a spiral
antiferromagnetic structure{64], with the Gd moments lying in or out of the basal
plane. The detailed magnetisation and magnetoresistive data taken in this study
will be compared with those of Ce(Fe,_;Ru;),, for which the magnetic structure is
known, in the hope that information about the magnetic ordering in Gd;In can be

gained.

7.2 Ce(Fe,_,Ru;),, =0.07, 0.08

Magnetic and transport measurements were taken on the Ce(Feqg3Rugg7)2 and
Ce(Feg92Ruggs); samples used in a previous ac susceptibility study by Wang et
al[11). For convenience these samples will be referred to within this section as simply
7% and 8%, respectively. Magnetisation and magnetoresistance measurements were
performed with the biasing field applied along the longest sample dimension in all
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cases. The use of the same sample in both magnetisation and magnetoresistance
measurements means that, at a given external field, H,, the internal field will be the
same in both sets of data. Magnetoresistance measurements were done in the high-
field cryostat described in section 3.2.4. Magnetisation measurements were taken
with the SQUID magnetometer (Section 3.4), using a 64 step, 4 cm scan. Due to
the large magnetisation of these samples, attempts to decrease the step number
caused the SQUID to unlock because of the resulting high slew rate.

7.2.1 Resistivity and Magnetoresistance

Figures 7.3 and 7.4 show the temperature dependence of the zero field resistivities
of the 7% and 8% samples respectively. In both cases the general features of the
resistivity agree well with those measured previously by Roy and Coles on pieces
cut from the same sample[12]. The absolute values of the resistivities are, however,
lower than those found by Roy and Coles, likely due to the annealing procedure
followed by Wang et al.[11], as described earlier (section 3.1.1). The transition from
paramagnetism to ferromagnetism is indicated by a change in slope of the resistivity
at T. . A sudden rise in resistivity at a lower temperature indicates the onset of
antiferromagnetism. For the 7% sample, the temperature derivative of p(T) near T,
has a peak at 155+2K, in good agreement with the T, of 152+1.5K estimated from
susceptibility measurements. The zero field ac susceptibility measured by Wang et
al.[11] has been superimposed on the resistivity data to provide a direct compar-
ison of the agreement between the two measurements. The vertical arrows in the
figures indicate the values of T, and Ty derived from the susceptibility data. The
onset of the sharp increase in resistivity occurs at approximately 116K, close to
the temperature (112-115K) at which a peak in the non-linear susceptibility was
observed[11]. Estimates of the transition temperatures, T, and Ty, from the same
features in the 8% sample are (131+1)K and (126+2)K, in good agreement with
the susceptibility estimates of (131.3+1.3)K and 123-124K, respectively. In the
7% sample, the low temperature resistivity anomaly stretches over 10K, whereas
in the 8% sample, the resistivity rises over an interval of only 6K. This difference
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in transition width could indicate that the ferromagnetic state in the 7% sample
is more stable than in the 8%, likely due to the proximity of T, and Ty in the
8% compound-ferromagnetic order is barely established before the onset of anti-
ferromagnetism. The application of a static biasing field of 72 kOe has similar
effects on the resistivity in both samples (lower curves in figures 7.3 and 7.4). The
temperature of the lower transition is greatly suppressed—-by 38K in the 7% sample
and by 15K in the 8%. At temperatures below this transition, a slight positive
magnetoresistance is observed, consistent with that expected due to the Lorentz
force. A large negative magnetoresistance is exhibited in the region of the anomaly
in the zero field resistivity and persists well into the ferromagnetic regime. The
magnetoresistance in the ferromagnetic regime amounts to 2.2% in the 7% sample
and as much as 5% in the 8% sample. This negative MR is due to a decrease in
spin-disorder scattering caused by the ordering of magnetic moments by the applied
field, and persists up to the highest measuring temperature (~ 200K) attainable in
this cryostat with the superconducting magnet in persistent mode at full field.
The magnetoresistance was measured at a number of fixed temperatures between
1.5 and 150K in fields of up to 84 kOe. Several of these curves, for temperatures in
the vicinity of Ty, are summarised in figures 7.5 and 7.6, for the 7% and 8% samples
respectively. The trends in both samples are the same. Above the Néel temperature
(figure 7.6(a), for example) a small, negative magnetoresistance exists, consistent
with the field induced reduction of thermal magnons (i.e. the reduction of spin-
disorder scattering). Well below Ty (figure 7.6(g)) the resistivity goes through an
initial plateau region, before dropping sharply at the metamagnetic field (the field
necessary to induce the transition to ferromagnetism), and saturating at high field.
The magnetoresistance is largest (as much as 20%) in the vicinity of the peak in the
zero field resistivity. As the temperature is decreased below Ty, the metamagnetic
field becomes larger, until at low temperature the transition can not be driven by
the largest available field. This behaviour will be discussed in more detail later.
The presence of considerable hysteresis was observed in the magnetoresistance

of both samples, as was noticed previously in the Al-doped CeFe;[143]. Figure
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Figure 7.3: The resistivity of Ce(Feg.93Ruq.07)2 as a function of temperature in zero
applied field (upper curve) and in a static biasing field of 72 kOe (lower curve). The
superimposed dashed curve is the true ac susceptibility in zero field[11], with the
vertical arrows indicating the transition temperatures found from the susceptibility

analysis.
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Figure 7.4: The resistivity of Ce(Fepo2Ru0.08)2 as a function of temperature in zero
applied field (upper curve) and in a static biasing field of 72 kOe (lower curve). The
superimposed dashed curve is the experimental ac susceptibility is zero field[11],

with the vertical arrows indicating the transition temperatures found from the sus-
ceptibility analysis.
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Figure 7.5: The magnetoresistance of Ce(Feg.e3Ruo.07)2, expressed as the ratio
Ap/py, at a number of fixed temperatures; (a) 114.1K, (b) 107.5 K, (c) 101.7 K,
(d) 95.3K, (e) 90.6 K, (f) 84.0K, (g) 78.2K, (h) 72.6 K, and (i) 67.0 K.
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Figure 7.6: The magnetoresistance of Ce(Feqg2Rugs)2, expressed as the ratio
Ap/po, at a number of fixed temperatures;(a) 129.2 K, (b) 125.8 K, (c) 120.6 K,
(d) 1173 K, (e) 110.9 K and (g) 98.5 K.
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7.7 shows a typical magnetoresistance loop for the 7% sample, measured first in in-
creasing and then decreasing field. The loops for the 8% sample are similar, and are
not shown here. Two types of data were extracted from these hysteresis loops: the
dependence of the onset field for hysteresis with temperature, Hyys(T), and the tem-
perature dependence of the maximum loop width, AHyys(T). A summary of these
data for the two samples are plotted in figures 7.8 and 7.9. In both samples Hyy(T)
and AHyys(T) decrease as the temperature approaches Ty from below. The onset
of hysteresis occurs at zero field for temperatures above 108K in the 7% sample and
above 117K in the 8% sample, slightly lower than their Néel temperatures of 112-
115K and 124K respectively, as determined from ac susceptibility measurements{11].
The hysteresis itself, AHyys(T), does not vanish completely until slightly above T .
The flattening in AH,y(T) observed at low temperature is likely caused by the
inability of the highest applied field to saturate the magnetoresistance.

7.2.2 Magnetisation

The field dependence of the magnetisation was measured in fields of up to 55
kOe at fixed temperatures from 2 to 200K. M(H) curves in Ce(Fe;_.Ru;), and
Ce(Feo.92RU0.08)2 are shown in figures 7.10 and 7.11 at a number of fixed temper-
atures near Tn. After a sharp initial increase, the reason for which is not fully
understood, the low temperature M(H) curves (67.0 K, the lowest temperature
curve in figure 7.10, for example), exhibit a low field plateau region with essentially
zero slope. When the applied field reaches the metamagnetic field, the magnetisa-
tion again rises sharply as the system becomes ferromagnetic. At high field, the
magnetisation levels off, but does not saturate to the highest available measuring
field. As the temperature increases toward Ty, the field required to induce the
metamagnetic transition decreases monotonically. At temperatures above Ty, the
magnetisation has a large low-field slope but flattens out at higher field. In this
ferromagnetic regime the magnetisation does not saturate to the highest measuring
field, however extrapolation of the magnetisation at these temperatures to 1/H=0

(i.e. H=00) can be done to estimate the saturation moment in these samples. This
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Figure 7.7: The magnetoresistance of Ce(Feqg3Rug07)2,at a fixed temperature of

78.2 K, measured in increasing followed by decreasing field, with the path of the
loop indicated by the arrows.
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Figure 7.11: The magnetisation of Ce(Feg.g92Rugs)2 at a number of fixed tempera-
tures, from left to right: 123.0 K, 121.5 K, 114.0 K, 105.0 K, 96.2 K, 91.2 K, 86.2
K and 81.2 K. ‘
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technique yields a moment per formula unit of 2.25up for the 7% and 2.1up in the
8% sample, both lower than the 2.4ug per formula unit measured for the parent
compound. This result supports the existence of a destabilizing influence of the
dopant on the CeFe; ferromagnetic state.

An interesting feature of the magnetisation is the anomalous behaviour at very
low fields within the antiferromagnetic regime. As shown in figure 7.12 for the 7%
sample, the magnetisation has a high initial slope, then flattens out to a plateau
before once again increasing sharply at Hy,,. This behaviour is also evident in the
low field magnetisation of Ce{Fep 2Alp.0s)2 [143], and Ce(Feq.80C00.20)2[140]. Radha
et al. suggest that the large low field slope may be due to the presence of a slight
impurity phase in the Al doped sample. X-ray diffraction measurements on the Ru
samples[12] show no presence of an impurity phase, however, suggesting that this

behaviour may be due to some aspect of the antiferromagnetic ordering.

7.2.3 Temperature Dependence of the Metamagnetic Field

Both the magnetisation and magnetoresistance data show the presence of a meta-
magnetic transition induced by large applied fields. Radha et al. determined the
dependence of the metamagnetic field on temperature for Ce(Feg o2Alg.0s)2 [143], es-
timating Hy, from the field at which the magnetoresistance first becomes negative,
or the field at which the magnetisation begins to increase sharply above the plateau
region. This description is somewhat qualitative. A more quantitative method
would be to take as the metamagnetic field, the field at which the magnetisation or
magnetoresistance data has the largest slope. To determine this, the magnetisation
and magnetoresistance data (in the form of Ap/po) were fit using a routine which
selects the best fit from a base of some 3000 equations. The resulting functions
were differentiated with respect to field, and plotted in figures 7.13 and 7.14 for
the 7 and 8% samples. These curves show distinct peaks from which the metam-
agnetic field can be found. The derivatives in figures 7.13 and 7.14 indicate that
the magnitude of the maximum slope of the magnetoresistance and magnetisation

curves is constant below Ty, dropping off rapidly in the ferromagnetic regime in
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Figure 7.12: The low field magnetisation of Ce(Fegg3Rug 7). at a number of fixed
temperatures around the metamagnetic transition, Ty ~~115K.;(a) 109.0 K, (b)
1110 K, (c) 114.0 K and (d) 116.8 K: note the disappearance of the low field
anomaly above Ty.
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Figure 7.13: The derivatives (upper) 1/po(dAp/dH) at a number of fixed temper-
atures: (a) 114.1 K, (b) 107.5 K, (c) 101.7 K, (d) 95.3 K, (e) 90.6 K, (f) 84.0 K,
(g) 78.2 K and (h) 72.6 K; and (lower) dM/dH at a number of fixed temperatures:
(a) 114.1 K, (b) 107.5 K, (c) 101.7 K, (d) 95.3 K, (e) 89.7 K, (f) 83.9 K, (g) 782K
and (h) 726 K Ce(FeoiggRllo,o',v)g.
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Figure 7.14: The derivatives (upper) 1/po(dAp/dH) at temperatures of: (a) 129.2
K, (b) 124.5 K, (c) 120.6 K, (d) 117.3 K, () 110.9 K and (g) 98.5 K.and (lower)
dM/dH at temperatures of ;(a) 129.2 K, (b) 125.8 K, (c) 120.5 K, (d) 117.3 K, (e)
110.3 K, (f) 105.0 K and (g) 98.9 K for Ce(Fep.92RU0,08)2- '
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Table 7.1: Fitting Parameters for H,;, versus T Phase Diagrams in Ce(Fe;_ Ru.),

| Ce(FeggsRupo7r)2 | Ce(Feps2Ruo.0s)2
Estimate type | a(kOe/K) | Tn(K) | a(kOe/K) | Tn(K)
MR onset 1.6 115 1.7 120
MR derivative 1.7 115 2.2 129
MG onset 1.1 107 1.3 125
MG derivative 1.3 112 1.5 127

MR=magnetoresistance; MG=magnetisation

both samples. It is also apparent that at any given temperature, the magnetisation
data yield considerably lower metamagnetic fields than the corresponding magne-
toresistance data. This behaviour is reflected in the H,, versus T phase diagrams for
the two samples (figures 7.15 and 7.16). Not ouly is there a difference between the
estimates of H,, obtained via the two methods described above (i.e. using the onset
field and the derivative), but there is a large difference between the metamagnetic
fields found from the magnetisation and magnetoresistance data. The H,, versus T
curves are all roughly linear, with some curvature evident in the magnetoresistance
data in the 7% sample and in the magnetisation data in the 8% sample. When
fit to a linear temperature dependence, H,, = a(Ty — T), best fit slopes of 1.1-1.7
kOe/K are found for the 7% sample and 1.3-2.2 kOe/K for the 8% samples. These
are larger than the estimates of 0.9 kOe/K in Ce(Feo92Alo.08)2[143], and similar to
the 1.6 kOe/K found for Ce(Feg g0C00.20)2 [140]. These linear fits can also be used
to give estimates for Ty, as tabulated in Table 7.1. For the 7% sample the Hy,,(T)
curves deduced from the position of maximum slope in the magnetoresistance give
values for Ty close to those found from susceptibility and zero field resistivity mea-
surements, whereas the magnetisation results are further off. This suggests that
magnetoresistance may be a more sensitive probe of internal structure than mag-
netisation measurements. The 8% data shows considerably more scatter than the
7% data, likely a consequence of the proximity of Ty and T, in the former material.

267



T T T T T T T T 80
80 |-
a 4 60
Y K
60 |- M
a7 4 40
. v
z . 3
2 . . e
E * - —'20\’&
:n 40 - - ‘ . v ﬂ:
[ ]
[ ] v
- LIV 4
L) a v e
< . tas o . 40
20 |- . .
o a
¢ - 4 -20
..
0k
1 1 | 1 1 1 L L

S0 60 70 80 S0 100 110 120 130 140
Temperature (K)

Figure 7.15: H,,-T phase diagram for Ce(Feg¢3Rug07)2. The left axis corresponds
to H,n(T) estimates from magnetoresistive data, while the right corresponds to the
magnetisation data. :
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Figure 7.16: H,,-T phase diagram for Ce(Fegg2Ruggs)2. The left axis corresponds
to H.,(T) estimates from magnetoresistive data, while the right corresponds to the
magnetisation data. The lines are guides to the eye.
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In fact, some of the estimates for T are almost as high as 7. in the 8% sample.

7.2.4 Summary

In summary, the magnetoresistance and magnetisation data in doped CeFe, show
many similarities to systems with Al and Co doping. A giant magnetoresistance
is found in the vicinity of the metamagnetic transition, due to the dramatic sup-
pression of this transition by applied fields. Plots of H,,(T) show a large difference
between the corresponding magnetic and transport characteristic fields, however the
temperature dependence is similar in these sets of data. This suggests that it may
be possible to relate the behaviour of the magnetoresistance and the magnetisation

at the metamagnetic transition.

7.3 Gngn

Detailed magnetisation and resistance measurements were done on the Gd,In sam-
ple using the same measurement conditions as for the Ce(Fe,_;Ru,), systems. The
specimen used in both the magnetisation and magnetoresistance measurements was
cut from a sample prepared earlier by McAlister[64], and was also used in a previous
ac susceptibility study[151]. The use of the same specimen for both transport and
magnetic measurements ensures that data at the same applied field in both sets of

data can be compared directly.

7.3.1 Resistivity and Magnetoresistance

The zero field resistivity, p(0, T'), of GdzIn is reproduced in figure 7.17, as well as the
resistivity measured in a fixed static biasing field of 72 kOe applied along the longest
sample dimension. The zero field ac susceptibility data measured previously in the
same sample[151} is included to allow direct comparison between features. The gen-
eral features of p(0,T) are similar to those observed in the doped CeFe; samples, and
to those measured previously by McAlister[64]. The paramagnetic to ferromagnetic
transition is indicated by the knee in p(0,T) near 190K. The temperature derivative
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of this resistivity (shown in the inset, figure 7.17(b)) has a peak at T.=186.5£1K,
in excellent agreement with the value of 187+1K (indicated by the vertical arrow
in figure 7.17) determined by an analysis of the critical behaviour of the magnetic
susceptibility[151]. At lower temperatures the resistivity begins to rise sharply, be-
ginning at a temperature of 96+1K and peaking at approximately 93 K, as can be
seen more clearly in inset (a) of figure 7.17. The onset temperature of this resis-
tive anomaly is in exact correspondence with the midpoint (96+1K) of the sharp
drop in ac susceptibility with decreasing temperature, and with the peak in the
coefficient a,(H) of the non-linear ac susceptibility[154]. McAlister[64] previously
obtained an estimate for the metamagnetic transition temperature, T\,,=99.5+1K,
based on the anomaly in the temperature derivative of the resistivity near the lower
transition. The 72 kOe biasing field completely suppresses the antiferromagnetic
state, as shown in the lower curve in figure 7.17. The applied field decreases the
resistivity at all temperatures, although the magnetoresistance is much smaller in
the ferromagnetic regime than at low temperatures.

The field dependence of the resistivity was measured at 15 fixed temperatures
between 1.5 and 120K. The behaviour of these curves in the vicinity of T, is sum-
marised in figure 7.18. Within the ferromagnetic regime (for example, curve (a)),
the magnetoresistance is small (~ 6%) and negative, consistent with a field-induced
decrease in spin-disorder scattering. At 4.2 K (figure 7.19), the magnetoresistance
saturates at a large negative value (29%) at high field. The general features of the
curves are similar to those seen in Ce(Fe;—zRuz)z: after a low field plateau, the
magnetoresistance has an abrupt drop-off at Hy,, followed by a slowly decreasing
high field region. At 1.5 and 4.2K this magnetoresistance saturates abruptly at
fields of 50-60 kOe. As the temperature is increased from 4.2K towards the meta-
magnetic transition temperature, the field required to drive the transition decreases,
as was observed in the doped CeFe,. The detailed behaviour of these plots will be
discussed later.

The doped CeFe; samples measured previously[143, 152, 153] show a large hys-

teresis in the magnetoresistance within the antiferromagnetic regime. A similar
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Figure 7.17: The resistivity of Gd,In measured in fixed biasing fields of zero(upper
curve) and 72 kOe (lower curve). Inset (a) shows the low temperature anomaly in
the resistivity on a larger scale, while inset (b) shows the resistivity derivative at
the upper transition, yielding a value for T. of 186.5x0.1K.
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Figure 7.18: Magnetoresistive curves for Gd,In at a number of fixed temperatures
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magnetoresistance loop in GdzIn at a fixed temperature of 4.2K is shown in fig-
ure 7.19. This curve, however, shows extremely small hysteresis—the loop width
is only 1 kOe, compared to greater than 6 kOe in the Ce(Fe;_ Ru;), samples at
considerably higher temperatures. The lack of significant hysteresis in this com-
pound couid be due to the lack of an orbital moment at the Gd site, and thus the
absence of spin-orbit coupling in the material. This would greatly reduce the crys-
talline anisotropy, and thus the hysteresis, since hysteresis measures primarily the
coercivity of a material. Alternatively, differences in magnetic structure between
Gd.In and Ce(Fe;_.Ru;); could be responsible for this disparity, by influencing the
amount of hysteresis associated with the metamagnetic transition.

7.3.2 Magnetisation

The field dependence of the magnetisation was measured at a number of fixed tem-
peratures from 2 to 140K in applied fields of up to 55 kOe. Figure 7.21 reproduces
those curves measured in the vicinity of T,,, and the inset shows a typical low
temperature magnetisation curve. The low temperature magnetisation has a rapid
initial increase, similar to that observed in doped CeFe,[143, 152, 153], which is
not completely understood at present. As the field increases further, the magneti-
sation appears to approach saturation temporarily, as seen in the doped CeFe,. In
Gd;In, however, this linear region has a measurable slope even at 4.2 K (inset figure
7.21). This slope increases with increasing temperature, similar to that seen in the
Lao.sCap.sMnO; perovskite system[130], whereas in the Ce(Fe;—.Ru.), samples this
region remains almost completely flat below T,,. As the field is increased further,
the linear region is terminated by an abrupt increase in magnetisation as the sys-
tem becomes ferromagnetic. Once in the ferromagnetic state, the magnetisation
levels off once more, but does not completely saturate to the highest available mea-
suring field, even at the lowest measuring temperature of 2 K, as shown in more
detail in the inset in figure 7.20. The failure of the magnetisation to reproduce
the complete saturation evident at and below 4.2 K in the magnetorestance data
(figure 7.20) is not unexpected, since the magnetisation measures correlations on a
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Figure 7.19: Hysteresis in the magnetoresistance in GdzIn at a fixed temperature
of 4.2 K.
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longer length scale than the magnetoresistance, suggesting that saturation should
be apparent in the magnetisation at fields higher than the 50-60 kOe required for
the magnetoresistance. As in the previously discussed materials, the field needed
to induce the transition decreases with increasing temperature, as can be clearly
seen in figure 7.21. At temperatures above the transition (eg. 99 K, the highest
temperature curve in figure 7.21), the magnetisation increases sharply initially, and
then approaches saturation at high field, exhibiting none of the low field structure
associated with the low temperature regime. A number of curves measured in the
ferromagnetic regime are plotted in figure 7.22. As Jee et al.[147] observed, these
curves seem to have a limiting low field slope, with different temperature data lying
on the same line. Calculation of the demagnetisation factor for this sample give
N~1.2 g-Oe/emu, consistent with a low-field limited slope of 1/N=0.86 emu/g-Oe.
This slope is higher than the observed limiting slope of 0.6 emu/g-Oe; however, the
non-uniformity of the sample causes inaccuracies in the calculated demagnetisation
factor, as well as inducing non-uniform internal fields. For this reason we can not
state definitively that our data are not demagnetisation limited in this region. As
well, data taken in the same temperature range by McAlister[64] on a spherically
shaped sample are clearly demagnetisation limited at low field, suggesting that the
low field behaviour is due to demagnetisation constraints rather than the structural
considerations cited by Jee et al., especially considering that our limiting slope is
an order of magnitude larger than that found by these latter authors.

The high field slope of the M(H) plots is large, the average slope (estimated
between 4.5-5.5T) decreasing from 2x10~* emu/g-Oe at 140 K to some 0.5x10~*
emu/g-Oe at 2 K. This latter value is an order of magnitude larger than that of Pd, a
well-known example of a Pauli paramagnet with substantial exchange enhancement.
These slopes are thus more likely to originate from some non-collinearity in the Gd
spin configuration rather than from band structural sources. Although the high field
magnetisation in these plots does not saturate, a value for the saturation moment
can be obtained by extrapolating the data to 1/H=0. The moments obtained in
this manner decrease from approximately 7.2 up/Gd at 4.2K to 5.5u5/Gd at 140K.
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Figure 7.20: Magnetoresistance in GdzIn at fixed temperatures of 1.5 and 4.2K,
showing clearly the high field saturation. The 4.2 K data is offset by 0.05 for
clarity. The magnetisation at 2K, in the inset, shows no evidence of saturation.
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Figure 7.21: Magnetisation of GdzIn at a number of fixed temperatures, from left
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magnetisation measured at 4.2 K.
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The former value is slightly higher than that expected from the Gd moment. These
values are comparable to moments of 6—7.5u5/Gd atom, found earlier[64, 147].

7.3.3 Temperature Dependence of H,,

Values for the metamagnetic field as a function of temperature were extracted from
the data using the same procedure as for the doped CeFe; samples analyzed in the
previous section. Figure 7.23 shows the slope of the magnetoresistance and magneti-
sation curves. As observed in the doped CeFe, samples, the point of maximum slope
moves to lower field as the temperature approaches Ty, from below. The magnetore-
sistance derivatives are shown in figure 7.23(a) at a number of temperatures close to
T,». This plot shows more structure than similar plots for Ce(Fe;_ Ru;);[152, 153].
In the latter materials, the maximum slope remained approximately constant for
temperatures below T,,, and then dropped rapidly to zero as the temperature was
raised above T,,. In Gd;In, the maximum slope increases smoothly with temper-
ature until ~93K, at which point it begins to drop smoothly to zero as the tem-
perature increases further. The presence of this anomaly in Gd;In suggests some
intrinsic difference in the transition mechanism in the two layered systems, perhaps
the result of a spiral antiferromagnetic structure in the GdzIn. It is interesting to
note that the temperature at which the maximum slope is the largest (93+1K) is
close to the temperature at which the anomaly in the zero field resistivity (figure
7.17(a)) reaches its largest value.

The magnetisation derivatives in figure 7.23(b) show that, at a given tempera-
ture, H,, is smaller in the magnetisation data than in the magnetoresistance data,
as observed in the previous compounds. Again, however, the variation of the max-
imum slope with temperature is different than in the systems measured previously.
In Ce(Fe,_.Ru;)2[152, 153], the maximum slope of the magnetisation data was con-
stant at low temperatures and dropped slightly as the temperature approached Tr,.
GdzIn shows remarkably different behaviour-the maximum slope of the magneti-
sation curves increases steadily with temperature, approaching the ferromagnetic
limiting slope of 0.6 emu/g-Oe at 4.2K. This change in behaviour is another indi-
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Figure 7.23: Derivatives of Ap/po(H) (upper curves) at fixed temperatures: (a) 98.8
K, (b) 96.0 K, (c) 92.7 K, (d) 90.2 K, (e) 87.9 K, (f) 84.6 K and (g) 81.3 K and
M(H) (lower curves) at a number of fixed temperatures: (a) 95 K, (b) 93 K, (c) 91
K, (d) 89 K, (e) 87 K, (f) 85 K and (g) 80 K.
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cation that the magnetic ordering in GdzIn may not be the same as in the previous
layered compounds.

The estimates of H,, from the two sets of data are summarised in figure 7.24.
The H(T) phase diagram deduced from the magnetisation data is approximately
linear, with the values of H,, found using the two methods described previously
lying on approximately the same line. In general these data, when corrected for
demagnetizing effects agree well with values of H,, deduced from previously pub-
lished magnetisation data[64, 147]. Fitting this data to the equation a(T — T.,)
yields a value for T,,=94%1K, with a slope of 0.09 kOe/K. The magnetoresistance
data show a larger difference between the two sets of estimates for H,,(T),as well
as greater curvature than the magnetisation data. Hn,(T) as derived from the peak
slopes of the magnetoresistance plots is nevertheless sufficiently linear to allow a fit
to be done. This fit yields a =0.15 kOe/K with a value for T,,=96x1K, the latter
temperature in excellent agreement with the onset of the anomaly in the zero field
resistivity and the midpoint of the lower tramsition in the ac susceptibility[151].
The values of a found in GdyIn are an order of magnitude lower than those found
in doped CeFe[152, 153], which is not surprising since the metamagnetic fields in
GdzIn are also much lower than in the other layered systems. The difference in H,,

between these systems suggests that the two systems have different spin ordering.

7.4 Summary and Comparison

The general behaviour of the magnetisation and magnetoresistance in the vicin-
ity of the metamagnetic transition of Ce(Fe;_ Ru;), and Gd;In are remarkably
similar. The detailed behaviour in the transition region is quite different in these
systems, however, suggesting an intrinsic difference in the magnetic structure of the
low temperature states in these systems. Despite these differences, it is interesting
to investigate the mechanism of the metamagnetic transition by attempting to re-
late the behaviour of the magnetisation and magnetoresistance in this regime. An
understanding of how these properties relate could lead to a better understanding
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temperature curvature.
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of the giant magnetoresistance process.
Itinerant models have been used to successfully reproduce the general behaviour
of the magnetoresistance in magnetic multilayer systems, although they are un-
able to explain the detailed behaviour in the vicinity of the transition. Attempts
to correlate the behaviour of the magnetoresistance and the magnetisation in the
transition region using a localised s-f model have shown some success in granu-
lar GMR systems[85], although the mechanics of such systems are quite different
than in both multilayers and intermetallics. The s-f model predicts the following
relationship between Ap(H,T) = p(0,T) — p(H,T) and (S.) «M(H,T) [155]:
g) + 4V2J%(8S.)?
2/ " V24 J2[S(S +1) — (S.)tanh (§)]

where A = 2% depends on the detailed band structure (Q is atomic volume,

(7.1)

Ap(H,T) = Ac [J2(Sz) tanh (

m* is the conduction electron effective mass, and Er is the Fermi energy), c is the
atomic fraction of scattering sites, and a = ﬂﬁg%’i. To fit equation 7.1 to our GMR
data, we used the value Ac=200, a reasonable estimate for the present materials.
Since these systems are not ferromagnetic at low temperature, the sublattice mag-
netisation should be used in the calculation. These data, however, are not available,
and thus a value of {S.) scaled to the total magnetisation was used. The measured
magnetoresistance as well as three different fits to equation 7.1 are shown at tem-
peratures below Ty, in figures 7.25-7.27 for the three systems examined respectively.
The different fits in each of these figures utilize three different estimates of the field
H;:(a) H;=H,;(b) (¢) Hi=Ha+kpTm/pe; and (c) Hi=H,+A(S:), with the molecular
field constant A = kgT,,/up. The above fits are obtained using a routine which
minimizes the deviation between the measured and fit Ap(H,T). However, since
the magnetisation data begins to change at fields lower than in the magnetoresis-
tance data, the deviations in the transition region become very important, and the
overall change in resistivity can not be reproduced.

An alternative approach was taken in the fits of figures 7.28-7.30. Instead of
choosing values of |J| and |V| which minimize the deviations between the measured

data and the fit, |J| and |V| were chosen to obtain the correct overall change in
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Table 7.2: Fitting Parameters for s — f model

Sample H; minimise deviations match Ap
| J] VI J] VI
Ce(Feo.03Rug.07)2 H, 1.45eV |0.05eV | 1.41 eV [0.31 eV

He+Hpox 022eV |0.19eV {0.34eV | 0.11 eV
Ho+)(S.)| 0.24eV ]0.14eV[033eV|0.10eV
Ce(Feg.02RU0 08)2 H, 1.61eVeV |0.07eV | 1.05eV | 0.15eV
Ho+Hpmot 0.21eV |0.18e¢V |0.30eV [0.11eV
Ho+X(S:) 0.24eV }0.13eV [0.30eV |0.10eV
GdzIn H. 045eV [0.11eV [033eV |0.12eV
Ho+Hpno 0.13eV |0.11eV 1 0.13eV | 0.12eV
Ho+X(S;)| 0.13eV ]0.12eV |0.13eV |0.11eV

Ap(H,T). Curves (b) and (c) in these figures reproduce the field dependence of the
resistivity very well although in all of these samples, the calculated curves begin to
drop at a field lower than in the measured magnetoresistance, due to the difference
in H,,, given by Ap(H,T) and M(H,T). Knowledge of the sublattice magnetisation
might improve this fit, although it is difficult to understand how the sublattice
magnetisations could have a field dependence which is substantially different from
that of the total magnetisation. The values of |J| and |V| found using these various
approaches are compared in table 7.2. In general, the fit to using H;=H, requires
large values of |J|, while smaller |J| are obtained using the larger fields, as would
be expected from the equation. The two different fitting methods resulted in large
changes in the magnitude of |J| in the doped CeFe; samples but not in GdzIn, a
result most likely due to the smaller metamagnetic fields and thus smaller deviations
in the latter material. The values for [V| remain fairly constant for all samples, as
it is the least important fitting parameter.

The failure of this model to relate the MR to the magnetisation is likely a result
of the change in ordering from antiferromagnetic to ferromagnetic ordering as a func-
tion of applied field. As discussed previously, the transition to antiferromagnetism

results in the opening of superzone gaps on the Fermi surface at Ty, decreasing the
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Figure 7.25: Fits to the magnetoresistance in Ce(Feg93RU0.07)2 at a fixed temper-
ature of 83.9 K using the s-f model, and minimizing the deviations between the
fit and the measured magnetoresistance. The fits labelled (a),(b) and (c) are as
described in the text. '

286



110.9K

(b)

(a)

-14 L ! | I 1 1 !
0 10 20 30 40 50 60 70 80 90

Applied Field (kOe)

Figure 7.26: Fits to the magnetoresistance in Ce(Feg92Ru00s8)2 at a fixed temper-
ature of 110.9 K using the s-f model, and minimizing the deviations between the
fit and the measured magnetoresistance. The fits labelled (a),(b) and (c) are as
described in the text.
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Figure 7.27: Fits to the magnetoresistance in GdpIn at a fixed temperature of
40 K using the s-f model, and minimizing the deviations between the fit and the
measured magnetoresistance. The fits labelled (a),(b) and (c) are as described in
the text.
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Figure 7.28: Fits to the magnetoresistance in Ce(Feg 93Rugo7)2 at a fixed tempera-
ture of 83.9 K using the s-f model, and matching the overall change in the measured
magnetoresistance. The fits labelled (a),(b) and (c) are as described in the text.
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Figure 7.29: Fits to the magnetoresistance in Ce(Fepg;Rugs)2 at a fixed tem-
perature of 110.9 K using the s-f model, and matching the overall change in the
measured magnetoresistance. The fits labelled (a),(b) and (c) are as described in
the text.
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Figure 7.30: Fits to the magnetoresistance in Gd;In at a fixed temperature of 40
K using the s-f model, and matching the overall change in the measured magne-
toresistance. The fits labelled (a),(b) and (c¢) are as described in the text.
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number of current carrying electrons and thus increasing the resistivity significantly
from that in the ferromagnetic state, as in equation 2.42, viz,

pi(T) + pu(T) + p(T)

p(T) = T gM(T) (7.2)

where, p;(T'), pi(T) and pm(T’) are the impurity, phonon and magnetic contributions
to the resistivity and M(T) is the sublattice magnetisation. The factor g is related
to the decrease in the Fermi surface, and is zero in the ferromagnetic state. As well
as these considerations, in the doped CeFe, samples this transition also involves a
distortion of the crystal lattice, which would also affect the band structure. The
s— f model discussed above is dependent on the detailed band structure of the mate-
rial, and assumes this structure (and thus the constant A, amongst others) remains
constant throughout, which is probably not the case in these intermetallics. Re-
cently, Antonov et al.[156] have completed first-principles calculations of the band
structure in a single crystal of UNiGa, an intermetallic which has a colossal mag-
netoresistance such as seen in the previously mentioned perovskite materials. They
find a 26% reduction of the Fermi surface at the transition from ferromagnetism
to antiferromagnetism, which in itself would introduce a giant magnetoresistance.
As well, they find considerable changes in the shape of the Fermi surface which
also contribute to the overall change in resistivity. By calculating the resistivity
in both states, and setting the resistivity in the ferromagnetic state equal to p(H)
and that in the antiferromagnetic state to p(0), they obtain magnetoresistances in
semi-quantitative agreement with experimental results. Although the behaviour of
the resistance as a function of field can not be so easily calculated, these results
suggest that the mechanism for the giant magnetoresistance in intermetallics may
be better understood by studying the changes in band structure, and their varia-
tion with field. Nevertheless, it is still difficult to appreciate how large changes in
the magnetisation, surely reflecting changes in sublattice magnetisation correlated
with modifications in the band structure, can occur at fields which are substantially
different frem those inducing changes in the resistivity if the latter are also driven

by band structure modifications.
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In conclusion, small differences in behaviour in the vicinity of the lower transition
support the hypothesis that the low temperature structure in GdyIn is different
from the simple antiferromagnetism present in doped CeFe;-a result of the more
complicated crystallographic structure of GdzIn. Despite the inability of a localised
model to describe the behaviour of these systems in the transition regions, band
structure calculations may yield an explanation of the magnetoresistive behaviour

in these intermetallic systems.
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Chapter 8

Conclusion

Although extensive experimental and theoretical work has been done on the effects
of exchange bond disorder on magnetic ordering[80, 157}, the principal focus of this
work has been on magnetic, rather than transport properties. Furthermore much
of the experimental work that has been done concentrated on systems in which
impurity moments were treated as having no orbital moments. In systems which
undergo ferromagnetic ordering, many measurements suggest that disorder is an
irrelevant scaling field at the critical point, in agreement with the Harris criterion,
but that this disorder manifests itself in the variation of effective critical exponents
away from this point. Indeed in a great many systems experiments suggest that the
asymptotic critical exponents are those given by the 3D Heisenberg model. Much
of this evidence is provided by ac susceptibility results.

This thesis concentrates on two particular problems. The first is the influ-
ence of an orbital component in the total impurity moment, the presence of which
renders the above approaches—particularly ac susceptibility studies—ineffective.
Spin-orbit coupling induces coercivity in the material, which obscures the emerging
critical peaks and precludes observation of the true asymptotic behaviour of the
exponents. As well, since estimates for the critical temperature are made from the
low field susceptibility behaviour, substantial error exists in T, found using these
data. New approaches have to be introduced, therefore, to investigate the influence
of bond disorder on systems with orbital moments. We have demonstrated two
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such approaches here. Firstly the temperature dependence of the low field resis-
tive anisotropy (the existence of this anisotropy relies on the presence of an orbital
moment), and the coefficients describing this dependence, have been shown con-
clusively to give information on the underlying bond-disorder. Using the low field
resistive anisotropy, however, one can obtain the relative amounts of disorder in a
series of alloys, and, if the absolute disorder in one of these samples is known, i.e.
the ratio n = Jp/J, quantitative estimates for the disorder can be found. Although
estimates of the disorder in these systems can be obtained in principle using the
ratio of the critical temperatures for the paramagnetic to ferromagnetic transition
and the ferromagnetic to spin-glass transition, these latter temperatures can not
be conclusively defined, partly for the reasons outlined above; this introduces error
into these estimates, so the techniques introduced here remain comparative. Sec-
ondly, the unusual critical behaviour of the zero temperature spontaneous resistive
anisotropy has offered evidence on a universality class of the exponent which gov-
erns the concentration dependence of this effect near a ferromagnetic percolation
threshold. This exponent appears to depend on whether an orbital moment ex-
ists at the magnetic site, as opposed to effects originating in exchange-split band
structures. This is supported by previous measurements on PdFe[5] and PdNi[6]
alloys which exhibited different exponents. Experimental measurements of the con-
centration dependence of the SRA in other systems with orbital moments would
help to verify this suggestion, however difficulties could arise due to the extremely
low critical concentration of, say Co-impurity systems, making reliable estimates
for the reduced concentration (z — 20)/zo very difficult to obtain near zp. Cur-
rently no theoretical prediction for this exponent exist; it is hoped that the present
work will act as a stimulus for further theoretical effort on this problem. In addi-
tion, measurements were done on a new superconductor which has a high T, for its
class of materials. We were interested primarily in the role of Ni in this material,
since it was unclear whether the high Ni-concentration placed it above or below
the ferromagnetic percolation threshold. Studies of the parent compound and of
the effects of Fe substitution at the Ni site lead us to conclude that this system is
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below the ferromagnetic percolation threshold for nickel. This study was motivated
principally by our work on the anisotropy in transport properties of Ni substituted
systems.

The second aspect of this work concentrated on giant magnetoresistance. In
particular we studied this effect in systems which exhibit a single reorientation
transition rather than the cascade of transitions that appears to occur in perovskite
systems which exhibit a colossal magnetoresistance and are the subject of much
recent activity. We have demonstrated that the s-f model may not be appropri-
ate for describing this reorientation transition, and suggest that band-structural
changes associated with the metamagnetic transition are of principal importance in
these systems. A similar conclusion may be reached in the perovskite materials, in
which the colossal magnetoresistance is associated with a metal-insulator transition,
presumably an indication of significant band-structural changes. Indeed recent mea-
surements in perovskites substituted with Mg and Ca have shown that whereas both
exhibit second order (continuous) paramagnetic to ferromagnetic phase transitions
on cooling[158], the former system displays insulating/superconducting behaviour
on cooling over the entire range examined, while the latter system undergoes a
metal-insulator transition near the magnetic phase transition. Furthermore, the
former system displays the largest fractional magnetoresistance at T. while the
latter displays little field dependence in the resistivity near T,, with the magnetore-
sistance peaking well below the metal-insulator/magnetic phase transition temper-
ature. These results indicate an even more complicated interplay between magnetic
phase change and transport properties in substituted perovskites compared with

the natural multilayer materials studied here.
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Figure A.1: The temperature dependence of the ac susceptibility in fixed biasing
fields as labelled, in Oe, for the £=0.55 sample. The dashed line represents the

crossover line, as discussed in the text.
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Figure A.6: Peak susceptibility as a function of internal field for the 55 at.% Ni
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shows a fit calculated using the 3D Heisenberg exponent, 6=4.8.
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Figure A.7: The temperature dependence of the ac susceptibility in fixed biasing
fields as labelled, in Oe, for the z=0.53 sample. The dotted line represents the

crossover line, as discussed in the text.
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Figure A.8: Peak temperature as a function of internal field to the power of

0.571 for Cuygo—Ni;with £=0.53. The superimposed line represents a fit to the
data with T.=62.8K.
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Figure A.9: The zero field susceptibility as a function of reduced temperature
for the 53 at.% Ni sample. The inset shows the calculated effective exponent, *(t).
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Figure A.10: Reduced peak temperature as a function of internal field for
2=0.53. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.11: Peak susceptibility as a function of reduced peak temperature for
the 53 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for y=1.386.

316



Woae”? CRYIRLLET e Sl

0.010

0.006

0.004

X nax (€MU/g-Oe)

0.002

0.001

1 I | | 1 L1
40 60 80100 200 400 600 1000

H, (Oe)

Figure A.12: Peak susceptibility as a function of internal field for the 53 at.%
Ni sample. The solid line represents a fit to the data with §=4.2(2).
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Figure A.13: The temperature dependence of the ac susceptibility in fixed bias-

ing fields as labelled, in Qe, for the z=0.52 sample. The dotted line represents the
crossover line, as discussed in the text.
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data with T.=55.4K.
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Figure A.15: The zero field susceptibility as a function of reduced temperature
for the 52 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure A.16: Reduced peak temperature as a function of internal field for
z=0.52. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B#)=0.571.
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Figure A.17: Peak susceptibility as a function of reduced peak temperature for
the 52 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for y=1.386.
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Figure A.18: Peak susceptibility as a function of internal field for the 52 at.%
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Figure A.19: The temperature dependence of the ac susceptibility in fixed bias-
ing fields as labelled, in QOe, for the z=0.51 sample. The dotted line represents the
crossover line, as discussed in the text.
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Figure A.20: Peak temperature as a function of internal field to the power of
0.571 for Cuygo—zNirwith £=0.51. The superimposed line represents a fit to the

data with T.=39.1K.
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Figure A.21: The zero field susceptibility as a function of reduced temperature
for the 51 at.% Ni sample. The inset shows the calculated effective exponent, v°(t).
The kink in the zero field data at high temperature is not understood.
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Figure A.22: Reduced peak temperature as a function of internal field for
£=0.51. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
3)=0.571.
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Figure A.23: Peak susceptibility as a function of reduced peak temperature for
the 51 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for v=1.386.
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Figure A.24: Peak susceptibility as a function of internal field for the 51 at.%
Ni sample. The solid line represents a fit to the high field data with §=1.98(2).
The dashed line shows a fit to the low field data using the 3D Heisenberg exponent,
6=4.8(1).
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Figure A.25: The temperature dependence of the ac susceptibility in fixed bias-
ing fields as labelled, in Oe, for the £=0.50 sample. The dotted line represents the

crossover line, as discussed in the text.
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Figure A.26: Peak temperature as a function of internal field to the power of
0.571 for Cuye0--Niwith £=0.50. The superimposed line represents a fit to the
data with T.=33.3K.
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Figure A.27: The zero field susceptibility as a function of reduced temperature
for the 50 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure A.28: Reduced peak temperature as a function of internal field for
z=0.50. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
p)=0.571.
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Figure A.29: Peak susceptibility as a function of reduced peak temperature for

the 50 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for v=1.386.
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Figure A.30: Peak susceptibility as a function of internal field for the 50 at.%
Ni sample. The solid line represents a fit to the high field data with §=3.0(1). The
dashed line shows a low field fit yielding §=10.2(4)
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Figure A.31: The temperature dependence of the ac susceptibility in fixed bias-

ing fields as labelled, in Oe, for the =0.49 sample. The dotted line represents the
crossover line, as discussed in the text.
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0.571 for Cuygg—Nizwith 2=0.49. The superimposed line represents a fit to the
data with T.=22.2K.
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Figure A.33: The zero field susceptibility as a function of reduced temperature
for the 49 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure A.34: Reduced peak temperature as a function of internal field for
z=0.49. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.35: Peak susceptibility as a function of reduced peak temperature for
the 49 at.% Ni sample. The dashed line represents the 3D Heisenberg value for
v=1.386, while the solid line is the best fit, with y=1.88(1).
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Figure A.37: The temperature dependence of the ac susceptibility in fixed bi-
asing fields as labelled, in Oe, for the £=0.485 sample. The dotted line represents

the crossover line, as discussed in the text.
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Figure A.38: Peak temperature as a function of internal field to the power of
0.571 for Cuygo—Ni,with £=0.485. The superimposed line represents a fit to the
data with T.=25.1K.
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Figure A.39: The zero field susceptibility as a function of reduced temperature
for the 48.5 at.% Ni sample. The inset shows the calculated effective exponent,
7°(t)-
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Figure A.40: Reduced peak temperature as a function of internal field for
2=0.485. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.41: Peak susceptibility as a function of reduced peak temperature for
the 48.5 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for y=1.386.
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Figure A.42: Peak susceptibility as a function of internal field for the 48.5 at.%
Ni sample. The lines represent fits to the data with &, < 0 and 8,,=3.73(5).
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Figure A.43: The temperature dependence of the ac susceptibility in fixed bias-
ing fields as labelled, in Oe, for the 2=0.48 sample. The dotted line represents the

crossover line, as discussed in the text.
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Figure A.44: Peak temperature as a function of internal field to the power of
0.571 for Cujpo-=Ni;with 2=0.48. The superimposed line represents a fit to the
data with T.=20.1K.
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Figure A.45: The zero field susceptibility as a function of reduced temperature
for the 48 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure A.46: Reduced peak temperature as a function of internal field for
2=0.48. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.47: Peak susceptibility as a function of reduced peak temperature for
the 48 at.% Ni sample. The superimposed line represents the best fit for y=1.16(6).
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Figure A.48: Peak susceptibility as a function of internal field for the 48 at.%
Ni sample. The lines represent fits to the data with &;; = 8.6(6) and &xy = 2.13(2).
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Figure A.49: The temperature dependence of the ac susceptibility in fixed bi-
asing fields as labelled, in Oe, for the =0.475 sample. The dotted line represents

the crossover line, as discussed in the text.
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Figure A.50: Peak temperature as a function of internal field to the power of
0.571 for Cuyg9-Nizwith 2=0.475. The superimposed line represents a fit to the
data with T.=13.1K.
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Figure A.51: The zero field susceptibility as a function of reduced temperature
for the 47.5 at.% Ni sample. The inset shows the calculated effective exponent,
7*(t)-
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Figure A.52: Reduced peak temperature as a function of internal field for
2=0.475. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.53: Peak susceptibility as a function of reduced peak temperature for
the 47.5 at.% Ni sample. The superimposed line represents the 3D Heisenberg value

for y=1.386.
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Figure A.54: Peak susceptibility as a function of internal field for the 47.5 at.%
Ni sample. The lines represent fits to the data with &, = 12(1) and 8,,=3.7(1).
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Figure A.55: The temperature dependence of the ac susceptibility in fixed bias-
ing fields as labelled, in Oe, for the £=0.47 sample. The dotted line represents the

crossover line, as discussed in the text.
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Figure A.56: Peak temperature as a function of internal field to the power of
0.571 for Cujpo—Niywith 2=0.47. The superimposed line represents a fit to the
data with T.=9.8K.
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Figure A.57: The zero field susceptibility as a function of reduced temperature

for the 47 at.% Ni sample. The inset shows the calculated effective exponent, 7*(t)-
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Figure A.58: Reduced peak temperature as a function of internal field for
£=0.47. The superimposed liie represents the 3D Heisenberg prediction, 1/(y +
B)=0.571.
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Figure A.59: Peak susceptibility as a function of reduced peak temperature for

the 47 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for v=1.386.
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Figure A.60: Peak susceptibility as a function of internal field for the 47 at.%
Ni sample. The solid line represents a fit to the high field data with 6=3.8(1). The
dashed line shows a fit calculated using the 3D Heisenberg exponent, §=4.8(3).
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Figure A.61: The temperature dependence of the ac susceptibility in fixed bi-
asing fields as labelled, in Oe, for the £=0.465 sample. The dotted line represents
the crossover line, as discussed in the text.

366



(A sl ek Lo g

15

13 |-

T, (K)

1t

1

46.5 at.% Ni

10

20

0.571
Hi

30

40
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Figure A.63: The zero field susceptibility as a function of reduced temperature
for the 46.5 at.% Ni sample. The inset shows the calculated effective exponent,
7°(t).
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Figure A.64: Reduced peak temperature as a function of internal field for
2=0.465. The superimposed line represents the 3D Heisenberg prediction, 1/(y +
$3)=0.571.
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Figure A.65: Peak susceptibility as a function of reduced peak temperature for
the 46.5 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for v=1.386.
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Figure A.66: Peak susceptibility as a function of internal field for the 46.5 at.%
Ni sample. The lines represent fits to the data with & = 5.8(2) and 6,;=3.56(5).
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Figure A.67: Peak temperature as a function of internal field to the power of
0.571 for Cuyeg—=Ni with £=0.455. The superimposed line represents a fit to the
data with T.=4.2K.

372



H \ T —rrrrrj T T 1 T T 1TTT]
) Tt ot teel. 455a%Ni
.....
L ‘0-. _
0.010 - N :
L ('S i
S
L e 4
? i a T
< i 6 - - :
bo [ ]
E - Y
5 o 4k _ :
= Y -
S i > . -]
% 2 | i
=
] 0 l T
0.5 1.0 1.5 *
t )
0.001 | ' 1 1 1 1191 1 1 1.1 319121
0.01 0.10 1.00
t

Figure A.68: The zero field susceptibility as a function of reduced temperature

for the 45.5 at.% Ni sample. The inset shows the calculated effective exponent,
7*(t)-
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Figure A.69: Reduced peak temperature as a function of internal field for
=0.455. The solid line répresents the best fit, 1/(y + §)=0.48(2), and the dashed
line is the 3D Heisenberg prediction, 1/(y + §)=0.571.
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Figure A.70: Peak susceptibility as a function of reduced peak temperature for

the 45.5 at.% Ni sample. The superimposed line represents the 3D Heisenberg value
for y=1.386.
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Figure A.71: Peak susceptibility as a function of internal field for the 45.5 at.%
Ni sample. The lines represent fits to the data with &, = 2.00(4) and 8,,=3.00(2).
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Figure A.72: Peak temperature as a function of internal field to the power of

0.571 for Cuygo—Nizwith £=0.45. The superimposed line represents a fit to the
data with T.=1.7K.
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Figure A.73: The zero field susceptibility as a function of reduced temperature
for the 45 at.% Ni sample. The inset shows the calculated effective exponent, v*(t).
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Figure A.74: Reduced peak temperature as a function of internal field for
z=0.45. The superimposed line represents the 3D Heisenberg prediction, 1/(y +

3)=0.571.
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Figure A.75: Peak susceptibility as a function of reduced peak temperature for
the 45 at.% Ni sample. The dashed line represents the 3D Heisenberg value for
7=1.386, while the solid line represents the best fit, v = 1.00(5).
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Figure A.76: Peak susceptibility as a function of internal field for the 45 at.%
Ni sample. The lines represent fits to the daia with §; = 1.47(2) and 6,,=3.00(1).
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Figure A.77: Magnetoresistance as a function of applied field for the 54 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.78: Magnetoresistance as a function of applied field for the 53 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.79: Magnetoresistance as a function of applied field for the 52 at.%
sample, as measured at a fixed temperature of 1.5K.

385



(p(H)-p(0))/p(0) (%)

-1.2 L I | ] l I

0 5 10 15 20 25 30 35
H, (kOe)

Figure A.80: Magnetoresistance as a function of applied field for the 51 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.81: Magnetoresistance as a function of applied field for the 50 at.%
sample, as measured at a fixed temperature of 1.5K.

387



(p(H)-p(0))/p(0) (%)

0 s 10 15 20 25 30 35
H, (kOe)

'
-
()

Figure A.82: Magnetoresistance as a function of applied field for the 49.5 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.83: Magnetoresistance as a function of applied field for the 49 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.84: Magnetoresistance as a function of applied field for the 48.5 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.85: Magnetoresistance as a function of applied field for the 48 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.86: Magnetoresistance as a function of applied field for the 47.5 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.87: Magnetoresistance as a function of applied field for the 46.5 at.%
sample, as measured at a fixed temperature of 1.5K.

393



0'2 I i 1 L 1 |

(p(H)-p(0))/p(0) (o)

-1.0 ] | ] | | L

0 5 10 15 20 25 30 35
H, (kOe)

Figure A.88: Magnetoresistance as a function of applied field for the 46 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.89: Magnetoresistance as a function of applied field for the 45.5 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.90: Magnetoresistance as a function of applied field for the 45 at.%
sample, as measured at a fixed temperature of 1.5K.
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Figure A.91: p(T) for the 54 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, giving T.=82.5(8)K.
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Figure A.92: The low field resistive anisotropy (LFRA) for the 54 at.% Ni
sample. The superimposed lines give T.=86(1) K.
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Figure A.93: p(T) for the 53 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T,=68.3(8)K.
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Figure A.94: The low field resistive anisotropy (LFRA) for the 53 at.% Ni
sample. The superimposed lines give T,=67.6(10) K.
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Figure A.95: p(T') for the 52 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T.=55.0(8)K.
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Figure A.96: The low field resistive anisotropy (LFRA) for the 52 at.% Ni
sample. The superimposed lines give T.=57.9(10) K.
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Figure A.97: p(T) for the 51 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T.=40.6(7)K.
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Figure A.98: The low field resistive anisotropy (LFRA) for the 51 at.% Ni
sample. The superimposed lines give T.=40.4(10) K.
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Figure A.99: p(T) for the 49.5 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T.=28.8(6)K.
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Figure A.100: The low field resistive anisotropy (LFRA) for the 49.5 at.% Ni
sample. The superimposed lines give T.=30.4(9) K.
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Figure A.101: p(T) for the 49 at.% Ni sample. The inset shows the temperature

derivative of the resistivity, with T.=22.4(6)K.
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Figure A.102: The low field resistive anisotropy (LFRA) for the 49 at.% Ni
sample. The superimposed lines give T.=24.8(9) K.
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Figure A.103: p(T) for the 48.5 at.% Ni sample. The inset shows the tempera-
ture derivative of the resistivity, with T.=23.0(5)K.
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Figure A.104: The low field resistive anisotropy (LFRA) for the 48.5 at.% Ni
sample. The superimposed lines give T.=23.9(8) K.
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Figure A.105: p(T') for the 48 at.% Ni sample. The inset shows the temperature

derivative of the resistivity, with T.=19.6(5)K.
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Figure A.106: The low field resistive anisotropy (LFRA) for the 48 at.% Ni
sample. The superimposed lines give T.=20.2(8) K.
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Figure A.107: p(T) for the 47.5 at.% Ni sample. The inset shows the tempera-
ture derivative of the resistivity, with T.=11.9(10)K.
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Figure A.108: The low field resistive anisotropy (LFRA) for the 47.5 at.% Ni
sample. The superimposed lines give T.=14.6(20) K.
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Figure A.109: p(T') for the 47 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, with T.=10.3(5)K.
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Figure A.110: The low field resistive anisotropy (LFRA) for the 47 at.% Ni
sample. The superimposed lines give T.=10.4(7) K.

416



1 ] 1 I 1 1 1
29.56 |- ) . _
29.54 | . 1
2952 | - . g n -
’é“ . | T
(3) % . ® .
d 2950 1 0.015 [ pom— |
2 ¢ —~ '
a f E -
29.48 |- ;
T 0.010 | . -
G
2946 | o S :
. 55 0.005 - |
. =
29.44 |¢
0.000 - !
29.42 I 1 L ! I 1 1

Temperature (K)

Figure A.111: p(T') for the 46.5 at.% Ni sample. The inset shows the tempera-
ture derivative of the resistivity, with T.=9.3(5)K.
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Figure A.112: The low field resistive anisotropy (LFRA) for the 46.5 at.% Ni
sample. The superimposed lines give T.=10.5(6) K.
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Figure A.113: p(T) for the 45.5 at.% Ni sample. The inset shows the tempera-
ture derivative of the resistivity, which exhibits no critical features.
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Figure A.114: The low field resistive anisotropy (LFRA) for the 45.5 at.% Ni
sample. The superimposed lines give T.=5.6(10) K.
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Figure A.115: p(T') for the 45 at.% Ni sample. The inset shows the temperature
derivative of the resistivity, which exhibits no critical features.
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Figure A.116: The low field resistive anisotropy (LFRA) for the 45 at.% Ni
sample. The superimposed lines give T.=3.8(10) K.

422



1 | ) 1
354 | .
35.2 p— e ¢ -
350 | K i
34.8 |- .° 70 80 90 1007
,g 246 | K |?\. T 1 ]
, . A
& o005} R N 4
3 344 % . ~
Q ..o. o : \
342 L . &
e Z 0.04 \
340 = | . i}
2 \ .
338 | < \
33.6 B 0_03 | 1 ] | -
1 1 1 1
70 80 90 100

Temperature (K)

Figure A.117: p(T) for the 55 at.% Ni sample after aging. The inset shows the
temperature derivative of the resistivity, with T.=86.4(8)K.
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Figure A.118: The low field resistive anisotropy (LFRA) for the 55 at.% Ni
sample after aging. The superimposed lines give T.=87.5(8)K.
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Figure A.119: p(T) for the 50 at.% Ni sample after aging. The inset shows the
temperature derivative of the resistivity, with T.=31.1(6)K.
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Figure A.120: The low field resistive anisotropy (LFRA) for the 50 at.% Ni
sample after aging. The superimposed lines give T=35.2(6)K.
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Figure A.121: p(T') for the 48 at.% Ni sample after aging. The inset shows the
temperature derivative of the resistivity, with T.=19.5(5)K.

427



0.035

0.030

0.025

0.020

0.015

Aplpy (%)

0.010

0.005

0.000

Temperature (K)

Figure A.122: The low field resistive anisotropy (LFRA) for the 48 at.% Ni
sample after aging. The superimposed lines give T;=21.4(5)K.
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Figure A.123: p(T) for the 47 at.% Ni sample after aging. The inset shows the
temperature derivative of the resistivity, with Tc=9.8(5)K.
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Figure A.124: The low field resistive anisotropy (LFRA) for the 47 at.% Ni
sample after aging. The superimposed lines give T,=11.3(5)K.
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Figure A.125: p(T) for the 46 at.% Ni sample after aging. The inset shows the
temperature derivative of the resistivity, with no critical behaviour.
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Figure A.126: The low field resistive anisotropy (LFRA) for the 46 at.% Ni
sample after aging. The superimposed lines give T.=8.6(3)K.
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Appendix B

SRA in Dilute Cr Alloys with Fe
and Co

B.1 Review

Cr is an antiferromagnet whose ground state consists of a spin density wave (SDW)
stabilised by Fermi surface nesting, with a wave vector incommensurate with the
lattice[13]. The addition of impurities to the Cr lattice not only introduces scatter-
ing centres for the electron pairs in the SDW, but can also change the Fermi surface
and thus modify the SDW structure. Non-magnetic transition metal elements iso-
electronic with Cr result in only a slight depression of the Néel temperature when
added to Cr, since only scattering effects need be considered. In general, the addi-
tion of elements with higher electron concentration than Cr stabilise the SDW and
increase T x, while those with lower concentration destabilise the SDW. Alloys with
magnetic impurities, such as Fe and Co, are more difficult to understand, since
not only does the Fermi surface change (increasing Tx), but the SDW electrons
are strongly scattered from the magnetic moments of these impurities, causing de-
pairing and destabilisation of the SDW (decreasing Tx). Magnetic susceptibility
measurements indicate that both Fe and Co have local moments in a Cr host[157],
however, while CrFe shows a paramagnetic susceptibility at all temperatures, CrCo
only has a paramagnetic moment for temperatures above Ty, indicating that the

Co moments may be coupled into the SDW in the low temperature state. This is
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supported by measurements of the magnetisation and magnetoresistance in these
two alloys: CrFe has a strong field dependent magnetisation and magnetoresistance,
while those in CrCo are much weaker. Mdssbauer spectra of CrFe alloys also indi-
cate the presence of a local moments below Ty, however they suggest that helow
Ty a large fraction of these moments are coupled into the SDW[13]. The difference
between the behaviour of Fe and Co impurities is difficult to explain. We suggest
that this difference may be linked to an orbital component in the total impurity
moment. As discussed previously, the presence of an orbital moment can be de-
duced from measurements of non-zero spontaneous resistive anisotropies (SRA) in
a material. This study measures the magnetoresistance of several CrFe and CrCo
alloys in an attempt to determine whether such a moment does exist in either of

these systems.

B.2 Data and Analysis

Cr,_.Fe; samples with z=0.1, 0.05, 0.025, and 0.13 and Cr;_Co, samples with

=0.08, 0.05 and 0.025 were prepared as described in section 3.1.1 of the text.
The magnetoresistance was measured in both longitudinal and transverse modes in
fields of up to 3T in the SRA system (section 3.2.2) and up to 10T in the high field
magnetoresistance system (section 3.2.4).

Using previously published magnetization data{158, 159], the applied field was
converted to induction, using B=H,+47M—NM, where N is the demagnetisation
factor calculated as described in Section 3.3.3. The magnetoresistance (MR) of pure
Cr is extrcmely large (as shown in figure B.1), in agreement with previous data[160],
as is the anisotropy, plotted in the inset of Figure B.1. This strong MR in pure
Cr means that in order to find the magnetic contribution to the magnetoresistance
in the alloys, this orbital contribution from the host must be removed. This is
done using Kohler’s rule, which states that the magnetoresistance in a system is a

universal function of the induction and the residual resistivity, i.e.

Ap _ f (E) (B.1)
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Figure B.1: The longitudinal (p), and transverse (p, ), magnetoresistances of pure
Cr at 4.2K as a function of internal field. The inset shows the anisotropy (o-pL)/ Po
expressed in percent.
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The effect of this correction is demonstrated for the MR in the 2.5 at% Fe sample
at 4.2K in figure B.2, which shows the data before and after correction. Although
the uncorrected data appear to have saturated, or turned upwards at high field, the
corrected data show a strong negative magnetoresistance at all fields. The 1.3%
Fe sample has MR curves with a strange shape (Figure B.3), resulting from the
competition between the host and the magnetic contributions to the MR- Due to
their large residual resistances, the 5 and 10% Fe samples are affected very little
by the correction, (Figures B.4 and B.5), and the transverse and longitudinal mag-
netoresistances are both strongly negative, with little anisotropy between the two
modes. The magnetoresistance at 2K is very similar, with slightly larger anisotropy,
and are not shown here. The anisotropy between the longitudinal and transverse
magnetoresistances at 2K are plotted in Figure B.6 as a function of internal field.
Obviously the anisotropy is small at all concentrations, and extrapolations to B=0
result in very small SRA values.

Similar plots are shown for the Co data. The MR in the 5% Co sample is shown
before and after correction in figure B.7. The correction results in a weak negative
logitudinal magnetoresistance, consistent with previously published dataf157]. Fig-
ures B.8 and B.9 show the corrected magnetoresistance in the 2.5 and 10% Co sam-
ples at 2K, and the corresponding anisotropies are plotted in figure B.10. Although
the anisotropy becomes more strongly negative with increasing Co concentration,
the SRA is still very small in this system.

Estimates of the SRA as a function of impurity concentration are shown in figure
B.11 (with error bars arising primarily from uncertainties in po), along with previ-
ously published SRA values for a number of transition metal-Fe, Ni, Co alloys[161].
The SRA in the PdCo, PdNi, PtCo and PtFe systems approaches a non-zero plateau
region as the impurity concentration decreases, consistent with the presence of an
orbital moment at the impurity sites. In PdFe, however, which does not have an
impurity moment, the SRA approaches zero at zero Fe concentration. The CrFe
and CrCo SRA estimates are also very small, and within the error bars shown seem
to indicate that neither of these systems has an orbital contribution to its total
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Figure B.2: (a) The measured gy and p; for the 2.5 at.% Fe sample at 4.2K. (b) The
magnetoresistance in (a) after correction. The residual resistivity for this sample is
in good agreement with previous estimates[157).
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Figure B.3: The corrected pj and p, for the 1.3 at.% Fe sample at 4.2K. The residual
resistivity for this sample is in good agreement with previous estimates[157].
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Figure B.4: The corrected pj and p,. for the 5 at.% Fe sample at 4.2K. The residual
resistivity for this sample is in good agreement with previous estimates[157].
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Figure B.5: The corrected py and p, for the 10 at.% Fe sample at 4.2K. The residual
resistivity for this sample is in good agreement with previous estimates[157].
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Figure B.6: The anisotropies (py-p1)/po in percent for the 1.3, 2.5, 5 and 10 at.%
Fe samples at 2K. The error bars shown result primarily from uncertainties in go.
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Figure B.7: (a) The measured py and p, for the 5 at.% Co sample at 2K. (b) The
magnetoresistance in (a) after correction. The residual resistivity for this sample
is slightly lower than previous estimates [160], indicating that the true composition
may be lower.
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Figure B.8: The corrected py and p, for the 2.5 at.% Co sample at 2K. The residual
resistivity for this sample is slightly lower than previous estimates [160], indicating
that the true composition may be lower.
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Figure B.9: The corrected py and p; for the 8 at.% Co sample at 2K. The residual
resistivity for this sample is slightly lower than previous estimates [160], indicating
that the true composition may be lower.
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Figure B.10: The anisotropies (py-p.)/po in percent for the 2.5, 5 and 8 at.% Co
samples at 2K. The error bars shown result primariliy from uncertainties in po.
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magnetic moment.

B.3 Conclusion

In summary, the magnetoresistances in the CrFe and CrCo systems are quite differ-
ent, supporting the claim that the Fe moments are not coupled to the SDW while
the Co moments are. As discussed in chapter 2, the existance of a non-zero SRA
depends both on the existence of an orbital moment and on the presence of a po-
larising field strong enough to align the orbital moments. The SRA data indicate
that neither of these impurities have orbital contributions to the magnetic moment,
unless the Fe and Co orbital moments, these are coupled so strongly to the SDW
that the large applied fields can not align them. If this were the case, this coupling
might be weaker in CrFe this coupling might be weaker than in CrCo, resulting in
the different features noticed, ie. that the Fe moments do not appear coupled to
the SDW while the Co moments do. In conclusion, unless this postulated strong
orbital moment-SDW coupling exists, the measurements of the SRA in these alloys
indicates that neither the Fe or the cobalt have orbital contributions to their total

moments when in a Cr host.
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Figure B.11: The SRA as a function of concentration in CrFe and CrCo, as well as
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