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Detailed measurements of the field and temperature dependent ac susceptibility and 

resistivity have been made for several bond-disordered systems. Analysis of the sus- 

cept ibility data shows the influence of disorder and spinsrbit induced anisotropy. 

Mode1 calcdations of the temperature dependence of the resistive anisotropy mea- 
s ured in low magnetic fields predict t hat the anisotropy should decrease ünearly 

with increasing temperature, vanishing at Tc. 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. 

SimiIar 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 

concentrat ion increases t his system develops a ferromgnet ic ground s tate at a crit- 

ical Ni concentration, xo. AC susceptibility and resistivity data show a decrease in 

Tc with decreasing Ni concentration. Detailed studies of the magnetoresistance as 

a function of concentration aliow an accurate determination of xo from experimen- 

ta1 data, and indicate a power-law dependence of sontaneous resistive anisotropy 

(SRA) on reduced concentration, as noticed previously near xo in Pd-based alloys. 

The SRA is essentiaily the difference in resistivity with a magnetic field applied 

parallel and perpenàicular to the current, extrapolated to zero field. 

Magnetic and transport measurements were done on YNi2B2C 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 Tc 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 magnetoresistaoce were done in 

naturally layered Ce(Fel,Ru& and Gd21n in the vicinity of their antifemmagnetic 
to ferromagnetic phase transit ion. The suppression of the ant iferromagnetic s tate by 

applied fields causes a giant magnetoresistance (GMR) in t hese alioys. At tempts 
are made to correlate the behaviour of the magnetisation and magnetoresistance 

using a mode1 successful in the interpretation of GMR in granular systems. 
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Chapter 1 

Introduction 

The metallic elements with partidy fiiled 3d and 4d sheüs are commonly referred 

to as the transition metals. These elements show a wide range of magnetic proper- 

ties, including diamagnetism, ferrornagnetism and antiferromagnetism. When these 

elements are alloyed with materials from their own or other groups, the resulting 

materials exhibit a diverse spectrurn of magnetic and transport properties. This 

study examines several such materials, and attempts to relate the magnet ic and 

transport phenornena found to the magnetic structure present at the rnicroscopic 

level. 

Magnetically ordered materials are interesting from both a fundamental and an 

applied perspective; this thesis focusses on the former aspect. A complete uncler- 

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 mode1 and understand than a fully interacting system. 

This has not proved to be true in reality. Despite these difficulties, the additional 



complications accompanying the presence of both a spin (3) and orbital ( E )  corn- 

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 

essentidy 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 aciditional 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 characteris t ics 

of systems with orbital moments. 

Diamagnetic atoms have no rnagnetic moment in zero field, i.e. J? = 3 = 0, 

the most cornmon 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 diamgnet, x = #, is thus negative. In general, 

the diamagnetic susceptibility is very small, and has only a slight temperature 

Atorns for which # O and/or + O have a permanent rnagnetic 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 rnagnetisation of the system is zero. When a magnetic field is applied, the 

moments tend to line up parallel to the field to reduce their rnagnetic energy. The 

susceptibility of a paramagnet is normally small and positive, and obeys Curie's 

law, 

More interesting resiilts are obtained in the case in which the moments interact. 

The interaction may dign the moments parailel to each other resulting in ferro- 

magnetic ordering, or antiparallel to each ot her y ielding antiferromagnet ism. The 

moments may dso form more cornplex arrangements, such as spin-glas or spin 

density wave states. A number of models developed to describe these systems are 



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 a p  

plied field Ha, but also by another field, usually orders of magnitude larger, thus 

account ing for the presence of magnet ic ordering at relatively high temperat ures. 

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 materid is sufnciently large to overcome the coupling between 

moments, and the system becomes paramagnetic. The behaviour of the susceptibil- 

ity in this regime, according to rneari field theory, is described by the Curie-Weiss 

where 8, the Curie temperature, is proportional to the mean field. The Weiss model 

c m  also describe an antiferrornagnet which consists of two sublattices with mag- 

netisations in opposi te directions [Il. In mean field t heory, the ant iferromagnet also 

obeys the Curie-Weiss law in the paramagnetic regime, witb a 8 that is negative 

instead of positive. Although this model is simple to understand, and can be solved 

exactly, its predictions do not always agr3e well with experiment. For this rea- 

son it became necessary to develop more complex models which take into account 

interactions on a srnaller 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 Harniltonian for the system 

must be considered. Heisenberg[3] proposed that, giveii the strength J, of the 

exchange interaction between two moments & and 4 the magnetic Harniltonian 



for a system in an applied field 8, is 

A positive value for J i j  favours parallel spin arrangement, i.e. ferromagnetism, while 

a negative J i j  favours antifenomagnetic 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 aliows for the presence of disorder in Si and Jij ,  

soiution of the model generaliy depends on the presence of some degree of order 

in the system. Although mmy magnetic systems are ordered, with the magnetic 

moments placed at equivalent lattice sites in the crystal, recent interest has been 

focused on bond-disordend magnets. In these systems, a given moment can feel 

widely varying interactions with neighbouring moments due to inhomogeneities and 

statistical fluctuations wit hin the material. This cornpetition 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 system 

exhibit a spin-glas state, t hey nevert heless show a variety of interest ing propert ies, 

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 systern 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 



is increased furt her, the systern evolves to a ferromagnetic ground state at some 

critical concentration value, q, with perhaps an intermediate mictomagnetic phase 

for concentrations slightly lower than x0[4] This type of concentration dependent 

behaviour is known as a percolation transition. The concentration dependence of 

several properties of these rnaterials in the vicinity of this transition are well known, 

however recent studies of U F e  and &Ni doys near the critical concentration[5, 

61 suggested for the fùst time a power-law dependence of the zero temperature 

spontaneous resistive anisotropy as a hinction 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 phenornenon. 

Although large Ni concentrations (-50%) are required to induce a ferromagnetic 

ground state in a copper rnatrix, only 2% Ni is needed in Pd[6]. A recently discov- 

ered family of superconductors, based on YNi2B2C [8] have large Ni concentrations, 

raising interest ing questions regarding the magnet ic state of Ni in t his material. 

Normally, magnet ic impurit ies suppress superconduct ivity by breaking the current- 

carrying Cooper pairs. These rnaterials, 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 t hat seen in giant magnetoresistance (GMR) mult ilayer systems , whose 

properties change dramatically with changes in the non-magnetic layer thickness 

[IO]. Systems with giant rnagnetoresistance(GMR) have attracted grest interest 
in ment 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 rnaterials. Anabsis of scattering mechanisms in these materials is complicated 

by the presence of interfacial scattering. Some naturdy layered compounds also 

exhibit large magnetoresistances, and are attractive due to their natural layering 

which makes them easy to prepare and elirninates the analysis problems caused 

by interfacial scattering. A number of CeFe* pseudo-binaries have been shown to 

exhibit ferromagnetic to ant iferromagnetic transit ion at which a giant magnetore- 

sistance can occur [Il, 121. Our study of doped CeFe* concentrates on the detailed 

behaviour of the rnagnetisation and magnetoresistance of two samples of composi- 

tion Ce(Fel,Ru&, with x =0.07 and 0.08. Another layered intermetallic, Gd21n, 

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 grandar systems. 

Finally, we present a detailed study of the high field magnetoresistance of QFe 

and &Co alloys containing only small amounts of Fe and Co. Cr is an antifeno- 

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[l3]. 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 ciifference in magnetic states in 

t hese alloys. 



Chapter 2 

Theoret ical 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[l], 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 al1 i, j. In its most general form, (1.3) can be rewritten in 

component notation, 

, where a labels the spin components, which are of dimension n=l for the Ising 

model. This model can be solved exactly on a one-dimensional lattice, aud exhibits 

no phase transition. Onsager solved this model for a two dimensional lattice with 

nesrest-neighbour spin interactions [14], and showed that a second order phase 

transition h m  a paramagnetic to a ferromagnetic ground state occurs at a finite 



critical temperature, Tc. Phase transitions are generdy classineci according to 

Ehrenfest's scheme [15]; if the mth derivative of the Gibbs free energy diverges, the 

transition is an 'mth 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=oo) model, in which the spins can Lie in any position along the surface of a sphere. 

Various numerical approaches such as renomlisation group methods, Monte Carlo 

simulations, and series expansion techniques have been appüed 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 

Experimentaily, it hm 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 cornrnonly expressed in 

ternis of a reduced temperature, 

where Tc is the transition temperature. Typical asyrnptotic power Iaws observed in 

the critical region of magnetic systems are [15], 



Table 2.1 : Theoretical and Experimental Critical Point Exponents. 

where CH is the specific heat, M and x are, respectively, the magnetisation and 

susceptibiüty, and E is the spin-correlation length. The spin correlation length is 

a measure of the correlation between spins i and j and varies as e-'ij/€. The di- 

vergence of t at the critical point thus implies the existence of long-range order. 

The exponents listed above are, in principle, straightforward to determine experi- 

rnentally, and have been found for many different systerns. Typical exponent values 

for mgnetic systerns are shown in Table 2.1. The Heisenberg and Ising model 

predictions for the exponents described above hwe 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, cordhming 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 systerns. For this reason, a number 

of different approaches have been adopted in an attempt to describe the critical 

behaviour. 

b 
3 

4.78 
1 

4.80 
3-6 

7 
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1.31 
1.386 

Mean Field Theory 
3D Ising 

3D Heisenberg 

P 
0.5 
0.326 
0.365 

Experimental 0.2-0.4 1 l.Ck1.4 



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 estabüshes relationships between the various exponents 

and experimental variables. The basic assumption made is that the thermodynamic 

potentials are generaüsed homogeneous functions of their arguments. The definition 

of a generalised homogeneous function, f (x, y), is t hat for al1 A, [l5] 

Although there is no physical basis for this hypothesis, it has been justified, albeit 

in a somewhat non-ngorouç manner by Kadanoff[lG]. Kadanoff considered the Ising 

mode1 (n=l) on a lattice in d dimensions, with lattice constant a and spin Si = f 1. 

The Hamiltonian for an Ising system in an applied fieId, H, is 

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. As t -r O, h -r 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 ceH, aU the spins 

are aligned. Thus, as t approaches 0, a < La « E ,  and the lattice cm be redrawn, 

with each ce11 becoming a lattice site with 'cell spin' of *L~. Since this depends on 

» La, this procedure is valid only near the critical point (t = O, h = H/kBT = 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, 

il = LPh 

t'= LQt 

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 



the change in scale king reflected in t heir arguments, i.e. 

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 

The magnetisation can be found frorn the Gibb's potential using the thermodynarnic 

reIat ions hip 

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

of (2.16) can be written as 

X~ 
BG(Aat, P h )  aG( t ,  h) 

B(Abh) 
= X 

ah 

or, rearranging, 

M ( A ~ ~ ,  ~ ~ h )  = M ( t ,  h) 

This relationship is often called the magnetic equation of state. Setting h=O and 

X = t-l/a in (2.19) gives 

Since M (1,O) is a constant, a final expression identical to that in (2.4) is obtained, 

with the exponent p given by 
1-6 f l = -  

a 
This derivation can be repeated in the limit t -, O- with X = (-t)-'la, to give 

f if  = B. rii 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 = O, h # u gives a value for 6 (as defined in equation. 2.6) in 

terms of the exponent b, 
b S = -  

1 - b  



It is also straightforward to solve for 7 using the zero field susceptibiüty, obtained 

from the derivative of (2.19) with respect to h, and following the same argument 

used for the zero field magnetisation, resulting in 

Parallel arguments can also be used for the specific heat, CH = T (g) and the 

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

1 

Since the scaling hypothesis only involves the two exponents, a and O, only two 

exponents are needed to find all the others. One important relationship between 

the magnetic exponenets is the Widom equality[lf], 

Also, from (2.2 1) and (2.23), one sees that y +O = bla. Using this and the magnetic 

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

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

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

This result can be rewritten in terms of its field dependence as, 

In (2.28) and (2.29), F (A) is the derivative of F (A). The susceptibility of a 

ferromagnet measured in fixed field is observecl to have a maximum as a function of 



temperature at sorne temperature t,. Rom equation 2.29 it can be seen that àny 

universal feature in the susceptibility, such as a maximum or minimum, wiU 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, 

For constant h/t~+@, one cm relate the magnitude of the peak susceptibility, x,, 
to the peak t emperat ure us ing equation 2.28, t hus , 

Also, considering the variation of the peak susceptibility as a function of field, from 

(2.29), gives 

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 > l), and moves upwards in temperature. This general behaviour has 

been verified experimentally [19]. nom experimental data, one can thus determine 

values for ail the exponents using the power law relationships denved above. Only 

two independent exponents are required to solve for the entire set. A linear extrap 

olation of Tm versus H'/(T+@) to zero gives a e s t  estimate for Tc, 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=O, h=O), 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, 211. 



2.1.3 Sherrington-Kirkpatrick Model 

The mean field model described earlier applies only to ordered systerns with uni- 

formiy distributed spins. The problem of how to describe a system with spins 

distributed at random lattice sites or on a random lattice is extremely cornplex. 

This situation occurs in amorphous and dilute magnetic systems. Various mod- 

els have been proposed which apply certain approximations to make i t  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 mapetisation is zero. In dilute systems, the exchange coupling is 

indirect , and is described by the oscillatory RKKY interact ion[23]. This interaction 

is c m e d  by the polarisation of the conduction electrons by localised moments, and 

is predicted to vary as 
cos(2kFr) 

J(r) r3 

Thus, depending on the separation r of any two spins, the interaction between t hem 

may be ferromagnet ic or antiferromagnetic. Based on the RKKY interaction, Ed- 

wards and Anderson postulated that a site-disordered spin-glas 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 ailowing the Gaussian to be centred about some point, 

JO, with a distribution width of J. The magnitude of JO gives the strength of the 

interaction, while its width governs the amount of disorder. A perfect ferromagnet 

would have JO > 0, J = O, while a spin glas would have g = JO/ J c 1. The average 

free energy of the system was obtained using the 'repiica 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. Typicaliy, 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- 



Figure 2.1: Spin arrangements for various site disordered system. (a) paramagne t 
(b) ferromapet (c) spin-glass [l8] 

tems, as weii as postulateci order parameten m and q, which are defued as 

The symbol OT denotes an average over thermal fluctuations, while O J  is an average 

over the exchange distribution. Obviously q is an appropriate order parameter 

to choose for a spin-glas, and n (which is equivalent to the magnetisation) is a 

good order parameter for ferromagnetism Shemngton 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-behawd at low temperature. 

Sout hem[25] solved this mode1 using an effective field approach instead of the replica 

method. The expressions obtained for m and q =te the same as those of Sherrington 

and Kirkpatrick for S=1/2, however the thermodynamic potentiels are well-behaved 

at a11 tempemtures. The expressions for m and q were later generalised to a system 

of arbitrary spin S, by Roshh et al. [26] 

Here, ha = gps H and Bs(x), the Brillouin function for spin S is given by [l] 



Jd' 
Figure 2.2: Phase diagram predicted by the Shemngton-Kirkpatrick model [24] 

The spin S Ising model has 2S+1 possible values for Si, i.a, Si = -S, -S+ 1,. . . , S. 

A phase diagram can be obtained for this model as a function of r)  = Jo/J and T. 

The phase diagram found by Sherrington and Kirkpatrick is shown in Figure 2.2. 

For small q the system is a spin-glass at low temperature TI J, as would be expected; 

however, as the temperature is increased the system undergoes a transition to a 

paramagnetic state. For r) H.25 the low temperature state is ferromagnetic, with 

a high temperature paramagnetic state. For 1 5 r)  5 1.25, the model predicts the 

existence of t hree s tates, paramagnetic, ferromagnet ic and spin-glas respectively, 

as the temperature is lowered. The transition temperature from the paramagnetic 

to ferromagnetic state is proportional to JO, and the temperature for transition 

to the spin-glass state is proportional to J. Mode1 calculations of the temperature 

dependence of the susceptibiiity in the ferromagnetic regime in a variety of applied 

fields[2?] show that although the peaks obey the field and temperature dependences 

preàicted 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. 



2.2 Electronic Transport 

2.2.1 Introduction 

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

sponding current density, ;, is given by Ohm's law, 

In general, the conductivity, o, and the resistivity, p, are tenson, whose components 

vary fkom matenal to material. Since a perfect lattice will not scatter conduction 

electrons[28], 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, pi, and scattering £iom lattice phonons, pl. 

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. 

= pi(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 rnetal the phonon cornponent 

is proportional to T5 at low temperatures and linear in T at high temperatures. 

Matthiessen's rule is generally obeyed quite weil, however the addition of consider- 

able amounts of ailoying impurities cm cause deviations from this rule[31]. Mag- 

netic impurities cause drastic deviations £tom Matt hiessen's rule, wit h the addit ion 

of a magnetic term, p,, to the resistivity. At low temperature, at which the phonon 

term is negligible compared to the magnetic term, Matthiessen's rule, with al1 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 d e  is generally not valid. In general, 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 Ta or l?I2. A change in ordering is generaliy indicated by the 



presence of an anornaly of some sort in the resistivity in the vicinity of the critical 

temperature. At temperatures sutliciently high to destroy any magnetic order, i.e. 

in the paramagnetic regime, becornes constant and the resistivity shows only 

the temperature dependence of the phonon tem. A number of models have been 

developed to explain the behaviour of p,, and wili be described in the folowing 

sections. 

When a rnagnetic field is applied to a material, the electron paths are altered due 

to the Lorentz force, q(üx 2). 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 c m t u r e  induced by the applied 

field. For materials in which the Lorentz effect is important, the resistivity with 

the magnetic field paralel to the current, pi,, is less than that with the field applied 

perpendicular to the current, p l .  Kohler [33] proposed that, for an interna1 field, 

B, and residual resistivity, po, the measured magnetoresistance, Ap = p(B) - PO, is 

a universal function of the ratio BI@, 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 po 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 localiseci and itinerant models, as surnrnarised below. 



2,2.2 Localised Models 

Locaüsed models are based on the picture of conductioo electrons scattering from 

moments localised at some or ail of the lattice sites. This model is applicable to 

rareearth metals, whose 4 f valence electrons lie weli within the outer shells. The 

validity of this model is questionable for transition metal elements which have d- 

s heiis t hat 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. Cornpetition between this effect and the phonon 

term (which decreases with decreasing temperature) causes a minimum in p(T) 

often observed in the liquid helium temperat ure range. 

As the magnetic impurity concentration is increased further, the moments begin 

to interact. At high temperature, such systems rernain 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 i? 

with the local moment 3. If the interaction constant between the two moments is 

J , the paramagnetic contribut ion has been s hown[36] to be, 

wit h kF 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 Tc, and the transverse scattering channels freeze out, decreasing p,. This 

causes an abrupt change in the slope of p(T) at Tc. De Gennes and Friedel [36] 

proposed that in this region, p,,, a i', where i? is the spin-spin correlation function. 

Fisher and Langer (371 subsequently showed that this implies a peak in dp/dT at  

Tc, with dp/dT exhibiting the same critical behaviour as the specific heat. The 

slow dropoff of dp/dT above Tc which is observed in some systems is attributed to 



localised spin clusters which persist to some temperature above Tc. 
A system with an antiferromagnetic ground state shows remarkably different 

scattering behaviour. On approaching the Néel temperature, TN, kom above, an 

increase in the magnetic scattering is obsewed This behaviour is cornmon among 

the rare-earth metais 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' boudaries cause a decrease in 

the effective nurnber of conduction electrons at the FeMni 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 TN can be 

given by 138, 391 

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

magnetic rare earths, as weil as in chromium which has a spin-density wave state 

whose wave-vector is incornmens urate wit h the latt ice. 

The theory of magnetoresistance has ako been thoroughly investigated for Io- 

caiised models. The scattering Hamiltonian describing the interaction of conduction 

electrons with the magnetic atorns consists of several terms [40]. 

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

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. aL and a2 are the cre- 

ation and annihilation operators for electrons with wave vectors and z. Rom 

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 t e m  are isotropie in a polycrystaliine material, an anisotropy will 



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 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 dehed  as [41] 

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

moment at the magnetic site and a (intemal) field to align the spins. In the limit 

V»D, J the anisotropy is given by [40] 

For temperatures much greater than the field, i-e. T » pBH/kB,  (S:) = S(S+1) 
3 ' 

and no anisotropy exists. As the temperature is decreased, (Sz) increases, and an 

anisotropy is observed. 

Fert et al.[40] studied the SRA in noble metals containing srnall amounts of rare- 

earth impurities, and found that the magnitude and sign of the SRA observed was 

consistent with lomlised 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, confuming 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 demity 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 propos.3d by Mott 

[42], which considers the s and d bands to be divided into spin-up and spin-down 



sub-bands which mnduct in parallel. This can be justified to an extent by consid- 

enng 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 t hus have 

different conductivities. Mott's original mode1 has been modified[40, 41, 43, 441 to 

include the effects of spin-flip scattering between sub-bands, due to the spin-orbit 

interaction and spin-wave scattering at low temperat ure. In transition metals , the 

conduction is modeled in terms of an isotropic s - s scattering, p,~ = p,.~ , and an 

anisotropic s - d scattering psdl # p d ~ .  Within a given subband, the resistivities 

are considered to act in series[43], an extension of Matthiessen's rule. The total 

resistivity for each sub-band is then, 

If the spin-flip scattering is characterised by a resistivity ptl' the total resistivity of 

the system[4l] is 

To find the rnagnetoresistive anisotropy in this system, the contribution from each 

term must be considered. Since the anisotropy is due to spin-orbit coupiing, XE 9, 
which is zero in the s bands (z = O), the s - s scattering shows no anisotropy. 

Al1 contributions must corne fiom s - d and spin-flip scattering. A second-order 

perturbation theory approach to the scat tering gives an approximate expression 

for the anisotropy in the presence of only the exchange field, H,, between the 

moments[43, 451. 
AP -- - 7lDdl - psdf12 
PO PTPJ + P ~ P T  + ~ 1 )  

Here, 7 cc A2/(K2 f Hk), for a cubic system. The 

(2.49) 

crystalline field anisotropy 

K is included to prevent the expression from diverging when H, -, O as T-, 

Tc. The behaviour of this function is not obvious, due to the large nurnber of 

parameters present. However, the anisotropy will vanish in the non-magnetic regime 



due to the equality of the spin-up and spin-down resistivities when H, = O. In 

the magnetic regime, H, #O, and thus an anisotropy wiil be present for X # O. As 

the temperature approaches Tc frorn below, H, goes to zero. A Taylor expansion 

of p d ~ , ~  near Tc gives, to b t  order, p s d ~ , i  = psd f sHez, where s is the first 

derivative of psd with respect to field. In this ümit, assuming the denominator of 

(2.49) to be relatively constant near Tc, the fractional anisotropy is proportional to 

ys2H&. Since, in mean-field theory, H ,  cc (M), which in turn is proportional to 

(1 -T/T=) ' i2  , the anisotropy near Tc is expected to vsry linearly wit h temperat ure. 

The itinerant model contains many unknowns, without which the detailed be- 

haviour in the vicinity of Tc can not be calculated. Some of these parameters can be 

detennined experimentaliy from rneasurements of the resistivity in ternary alloys as 

a function of the concentration of the two magnetic impurities[46, 471. h m  these 

data, a value for the resistance ratio a = pl/pT can be found for a given magnetic 

material. With further assurnptions, 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. 

In summary, although the itinerant model may be more appropriate than the 

localised model for transition metais whose d-bands are not weli-localised, model 

predictions cm not be compared to experimental results without making a number 

of major approximations. Nevertheless, this model bas shown some success in mod- 

eling the behaviour of SRA in transition metai 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 di lute transit ion 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 



Figure 2.3: M(H) for (a) Type 1 and (b) Type II superconductors (281 

a collective ground state which exhibits no resistance to current flow. As weil as 

having zero resistance, this state exhibits interest ing magnet ic properties. Typical 

M(H) plots are shown in figure 2.3 for both Type 1 and Type II superconductors. 

Type 1 su~ermnductors, generally pure metals such as lead, are perfectly diamag- 

netic (:H-AM) ~p to some critical applied field, &, 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 bl, at  which portions of the material becorne normal. The superconducting 

state persists up to some larger field Hd in a 'vortex' state, with cores of normal 

material embedded in the superconducting matrix. Above & 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 wrtices, aithough it is also influenced by 

size effects-as the sample sizie 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, 481. 



The electromagnetic properties of a superconductor can not be obtained by 

applying Maxwell's laws to a systern with zero resistivity. H. London and F. London 

[49] showed that Maxwell's laws require 

which is satisfied for any time-independent field and curent density. In the above 

equation n, is the density of (superconducting) electrons. On the transition to the 

superconduct ing st ate a perfect conductor would t hus merely induce surface cur- 

rents to oppose any change in internal flux, and not expel any pre-existinp internal 

field. The appropriate behaviour for a superconductor can be obtained by applying 

the constraint .. 

Maxwell's equations then give equations for the behaviour of and T, showing that 

flux and current are surface phenornena which decrease exponentially with depth. 

The characteristic penetration depth is given by X = c&i)1'2. The surface cur- 

rents induce flux which completely screens the interior from any external fields. As 

T 4 Tc, or H 4 H,, the density of superconducting electrons drops to zero, and 

flux penetrates the entire sample. For TeTc,  n, approaches the total density of 

conduction electrons. Alt hough the London result reproduces some of the observed 

experimental behaviour, it does not explain the origin of these effects, which lies 

at the microscopie level. In 1957, Bardeen, Cooper and Schrieffer (BCS) [50] for- 

mulated a t heory which successfully explained the nature of the szperconducting 

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 Tc, all the electrons are in the unbound state. The 

application of sufficiently large fields and currents also induces pair breaking effects. 



BCS t heory also predicts the temperature dependence of a number of experimental 

observables. An exponential dependence of Tc on the attractive potential V and 

the electron density of states N(EF),  is obtained 

This implies that no matter how small the attractive potential is, a superconducting 

state always exists at sufficiently low temperatures. In the superconducting s t ate 

an energy gap, A, often exists at the Fermi surface, and can be measured using 

opt ira1 photon absorption techniques. The temperat ure dependence of the energy 

gap and the critical field in the vicinity of Tc are given by 

The penetration depth, A, of the flux into the surface and the coherence length, 

C, 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 

n(T), a mesure of the  quality of a superconductor, is defined as 

For Type 1 superconductors, K c 1, whereas in Type II superconductors K. > 1. In 

Type II superconductors, rl is related to the measured critical fields as [5 11 

The coherence length can be related to Ha in term of the universal flux quantum 



Another parameter which characterizes the usefdness of a superconductor is the 

critical current density Jc. 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 Ampère'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 A.2 Irnpurit ies in Superconductors 

The addition of impurities to a superconductor has the effect of introducing ad- 

ditional pair-breaking mechanisms. This decreases the strengt h of the attractive 

potential, and t hus reduces the critical temperature for the superconducting tran- 

sition, with the addition of signifiant amounts of impurities eventually destroying 

the superconducting state altogether. The sensitivity of Tc to impurity concentra- 

tion depends strongly on whether the impurity is rnagnetic or non-magnetic, since 

different types of scattering result. 

Severai 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 hybridhation of the impurity d-bands with the host's s- and p 

bands is suficient to ensure no local moment exists at the impurity site. In this 

case, Andenon[54] showed that the scattered wve-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, b, for the destruction of superconductivity, the critical temperature 

is inversely proportional to the impurity concentration, c. The rate of decrease in 

Tc is strongly dependent on the density of states, Ni(EF) ,  of the impurity electrons 

at the Fermi surface. impurities with low Ni(EF) have only a small effect on Tc- 
The decrease of Tc from the pure host critical temperature, Td, as given by Kaiser 



can be expressed as[57] 

w here 

Uc is the intra-impurity Coulomb repulsion between spin-up and spin-down elec- 

trons, g is the BCS coupling constant, and 21 + 1 is the orbital degeneracy of the 

impurïty atom. This result has had some success in modeling the reduction of Tc 

in various sys t em wi t h non-magnetic impuri ties [58]. 

With the introduction of magnetic impurities into a superconductor, a number 

of other pair-breaking mechanisrns 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 t heory descri bing the effect s of paramagnet ic (non-interact ing) im- 

purities on superconducting ailoys, which assumes that the interaction between the 

local moment 9 and the electron spins Z is the exchange interaction, ilid=? JS Z, 

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 Tc in this mode1 is given by [60] 

where 9 is the digamma function. This result predicts strikingly different behaviour 

from the non-magnetic case (equation 2.6 1) near n,, with the reduction in Tc being 

linear with the impurity concentration. The predictions of this model have slso 

been ver ified expen mentally. 



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 dloy preparation was the same 

for al1 the materials. High purity starting materials were weighed out in the a p  

propriate stoichiometric ratios, and then melted together in an argon arc-furnace. 

Any melting losses were recorded, and the ingot was then ioverted and remelted 

several times to insure homogeneity. The resulting button was then used to prepare 

the specimen for measurement. Sampies used for transport measurements were in 

the form of bars, of dimensions typically (40 x 2 x 0.2) mm3, while those used for 

susceptibiiity measurements were (16 x 2 x 0.2) mm3 with the edges rounded so 

as to approximate an ellipsoid. The method of preparing these bars depended on 

the ductility of the material, as weli as the h a 1  structural state desired. A brief 

surnmary of the starting rnaterials and the technique followed for each alloy is given 

below. The specific metailurgical methods are described in detail in the following 

section. 

3.1.1 Alloy Preparation 

0 &Fe: The Pt + 10 at.% Fe sample was prepared using starting rnaterials 

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 



to remove possible surface contamination. The specimen was then annealed 

in vacuum (10-~ mmHg for 72 hours at 950°C), and quenched in water. 

w o :  The Pd + 3 at.% Co sarnple was made using 99.999% pure Pd wire and 

99.998% pure Co sheet. The ingot was mld 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 10000C, and water quenched. 

&Zr: The amorphous &Zr samples were prepared at McGill University[Gl]. 

Ribbons of length 1 m, width 1-2 mm and thickness of 10-20 pm 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 verifieà by x-ray diffraction and differential scanning 

calorimetry [6 1, 621, and crystauine 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 aUoys: Large ingots of 45 and 55 at .% Ni in Cu were prepared from high 

purity start ing materials using convent ional arc-melt ing techniques. T hese 

ingots were rolled and cut into smaller pieces with scissors. Appropriate mix- 

tures of the two ailoys were used to prepare alloys of intermediate concentra- 

tions. After cold-roiling and cutting, the samples were annealed at 950°C in 

an argon atmosphere for 48 hours and quenched in icewater. 

Y-Ni-BC superconductors: The alioys were prepared in button form using 

the arc-melting technique. Start ing materials were 99.9% pure Y, 99.95% 

pure Ni, 99% pure B, 99.98% pure Fe and specpure C. Al1 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 



me tal. Bar-s haped samples for resist ivity measurements were chill-cas t from 

the buttons, or cut using a diamond saw. Measurements were perfomed on 

these samples both prior to and after a 12 hour anneal at 1000° C. 

Ce(Fei,Ruz)a, x = 0.07, 0.08: These samples were prepsred by Roy and 

Coles[l2]. The alloys were prepared by argon arc-melting with starting ma- 

terials of at  least 99.99% purity. The aiioys were cast into bars with square 

cross-sections. A complicated annealing sequence, found by trial and error to 

give the best sarnples[l2], 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 C 15 Laves-phase s t rue t ure. 

a Gd21n: The Gd& 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. 

a &Co, m e :  Samples were prepared with 1.3, 2.5,5 and 10 at.% Fe in Cr and 

2.5,5 and 8 at.% Co in Cr. The &Co a n d m e  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=95WC for 48 hours. 

3.1.2 Metallurgical Techniques 
Cold Rolling 

Materials which are malleable can easily be cold mlled into sheets. The button, 

weighing 1-2 grams, was placed between protective sheets of Melinex, and its thick- 

ness was graduaily reduced by successive passes through adjustable roilers. When 

the resultant sheet was of the desired thickness, samples could be cut from it using 



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 

grarns, which were t hen eut using electric-discharge machining (ED M)-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 electricaiiy grounded metailic 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 cornplex cuts may easily be made 

using an appropriately shaped blade. For short or shallow cuts (up to 1 cm) 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 b ras  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 , i t was difficult to clamp 

it f i d y  in place. Thus, slight movements of the sample due to pressure, heating 

and lubrication from the dielectric resulted in irregularb shaped bars. This made 

it difficult to accurately evaluate demagnetisation and form factors for the samples. 

Also, this method was extremely time consuming, tequiring a minimum of two days 

to cut one bar from the ingot. 



Diamond Saw 

Due to the non-uniformity of the samples produced and the tirne 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 318 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 M y  to a base 

clamped in the required position, sample aügnment was easier than with EDM. 

This technique produced beautiful specimens with only a few hours cutting time. 

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 &en 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 mide 

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 halva of the mold bolted together and seal with vacuum grease. The top 

of the mold had a shailow cone machined in its center. During the casting process, 

the ingot set 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 fumace. The mold was cooled in part by contact 

wit h 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 cirilied into the base was alignecl with the slot in the mold and provided access 
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Figue 3.1: ChiU-casting inolcl ancl base. Scale is as indicated above. 



Figure 3. ~ ~ u m ~ i n ~  arrangement for chiil-casting 

for a copper pumping line which lead from the base to one of the ports on the arc 

furnace. This provided a v8cuum line leading from the top of the copper mold to a 

pumping station outside the furnace. The pumping system was arranged as show 

in Figure 3.2. A solenoid-activated valve directly outside the furnaœ 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 

çhamber was evacuated, valve B was closed to avoid contamination of the pump 

when valve A was opened. Wheo 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 onethird 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 soiidify. If 

the vacuum was too low, the material dida't flow due to surfaœ 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 

dom. 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 

the length of the sample desired, 

the metal from collecting in the 

mold. This a l i o d  the metal to flow freely for 

but impeded the flow at the bottom, preventing 

base. After disassembly the copper shim could 



quickly be cut from the sample using EDM (around 5 minutes). Other parameters 

which had to be optimised were the depth of the dot, the dope of the cone, and 

the amount of starting material used. We found that the molten metal wodd not 

flow into the mold for a slot thickness less than 1 mm, which js about 5 times our 

usuai 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 (- lg), much Iess than the 15g ingots which were needed 

for the previous methods which greatly reduces rnatenal costs. With t h e  technique 

perfected, it was possible to produce long, thin, perfectly shaped bars from an ingot 

in minutes. 

Melt-Spinning 

The &Zr samples were prepared in an amorphous state. To do this, the molteo 

metal must be cooled so rapidly that it has no time to form an ordered crystaliine 

state. These sarnples were prepared at McGill University by J.O. Strom-Olseu et 

a1.[62]. The alloy was made using the standard technique in an argon arc furnace, 

and ômorphous 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, cooüng at a rate of 105 degrees per second. The resulting 

thin, brittle ribbons could be cut into the appropriate lengths with scissors. 

Electropolishing 

The samples produced by chili-casting were too thick to be mounted in our resistiv- 

ity apparatus, so the thickness was reduced using an electropoüshing 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- 

shed thickness. The optimum values of voltage, current density and electrolyte for 

most alloys are tabulated in metallurgical handbooks , such as Ttiompson-Russell 



and Edington's book on electron microscope techniques[66]. Electrolytic techniques 

were also used to introduce hydrogen into the lattice of the fiZr samples. 

3.2 AC Resistivity and Magnetoresistance Mea- 
surernent s 

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 mgnetic 

field ranges required. The mesurement technique and principles are discussed 

below, along with descriptions of the various cryostats. 

3.2.1 Measurernent 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. 

For our study it is necessary to be able to measuse srnall 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 

t his 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 Strom-Olsen[67]. A 37 Hz oc current is supplied 

to the sarnple using a General Radio 1311A audio oscillator. The signal generator 

also provides the reference signal for a Princeton Appbed Research HR8 lock-in 



amplifier and a Kelvin-Varley DP1211 potentiometer. In order to measure small 

changes in the sample voltage, an initial voltage, Vo , 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 prirnary coi1 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 reasonab!e 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. Norrnally this nieant that the sample was cooled below its critical 

temperature in zero magnetic field. The electronics system was then tuned, and the 

initial voltage, Vo, was read by opening switch A in figure 3.3, removing the back-off 

signal. A was closed again, and the lock-in amplifier stvitched to an appropriate 

sensitivity. It was then possible to measure smaU changes in the signal due to 

changes in the temperature, Ap(T), or to changes in applied field, A p ( 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 -rd. 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 fkom 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 resist ivity. 

The experimental geometry for magnetoresistance studies is s hown in figure 3.4. 

The current, 1, flows down the length of the sample. The magnetic field was applied 

either parallel (HI,) or perpendicular (HI) 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 oc resistivity measurement system [63]. 



Figure 3.4: Drperimental geometry for magnetoresistance measurements. 

rotating the magnet which applies the field. 

In the measurernents described above, the h g e  in voltage, AV, was measured. 

For situations in which the fiactional change in p(H,  T) was required, no form-factor 

conversion is needed, since both numerator and denominator are multipiied by the 

same fsctors, i.e. Ap/po = AV'K. Only variations in measuring current had to 

be taken into account. For this reason, measurements of tractional changes could 

be found to an accuracy of 1 part in los. Absolute measurements of p(H,  T) could 

have errors as high as 10% due to form factor inaccuracies and other systernatic 

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 describecl 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-Ftee High Conductivity (OFHC) copper. Each end of the sample 

w t s  on two knife edge contacts, the inner one for voltage, and the outer for current 

connections. These copper knife edges are electric~ily insulated h m  each other 

and from the copper base by layers of highly permeable cigarette paper soaked in 

40 



General Electnc 7031 varnish (GE varnish). This w i s h  is known to have good 

thermal conductivity dom to low temperatures. The samples are clamped to the 

knife-edges wit h a fibreglass yoke which is screwed d o m  at either side of the sarnple, 

ensuring not only that the sample remins 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 sarnple could result in the field and curent not having the 

desired relative orientation. For temperature measurement and control, a Lakeshore 

Cryogenics CG1500 calibrated carbon-glas resistor is used in conjunction with a 

Lakeshore Mode1 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 mistance 25 R at 77K is wound around the block. A pin is inserted 

through a hole drilled through the centre of the samph block, perpendicular to ita 

plane. The sample block can be rotated about this axle using a lever a m ,  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 bom 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 wiU be 

absorbed by the heliurn 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 p a s  through radid bore holes to the edge of 

the sample block. If the wires must run around the block, they are secured with 

Ge vaniish inside a narrow groove which runs along the edge of the block. After 

the sarnples 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 h m  the top to the bottom of the cryo- 

stat, where it is soldered to a double-wailed 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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Figure 3.5: Saniple block for the SRA system. 



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 c m  be controiled. 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 drilied in them d o m  their length to allow free circulation 

when irnmersed in liquid helium. The solenoid is connected to the power supply 

through two lead-coated bras tubes, which run from the top of the cryostat to 

an insulated connecter on the lower flange which is connected to the solenoid via 

insulated wires. The Pb coating becomes superconducting at iiquid heiium tem- 

peratures. These l a d s  also have holes drilled in them to facilitate circulation, and 

are coupled to the helium return line, so that He4 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 nurnber of thin 

copper plates are soldered to the outside of the stainless steel tube, between the 

tube and the wali of the heliurn dewar. These act as radiation shields for heat , but 

allow free passage of gas through a nurnber of holes. They also act as stabilizers, 

preventing the system from vibrating inside the dewar. This entire unit sits inside 

a heiium 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 iiquid 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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Figure 3.6: Close-up of the SRA cryostat. Scale is as indicated in the figure. 



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 rnagnet ic field is 

vertical, as is that of the superconducting solenoid. These coüs 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 Mode1 

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 alignrnents in a k e d  field at various temperatures. On rotating the 

sample block, however, the sample temperat ure unfortunately changes slightly due 

to the proximity of the samples with the walls of the inner can when in the perpen- 

dicular orientation (5 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 rneasurements, 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 stabiüsed. 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 sorne 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 sarnple block remains fixed. This 

system is described in some detail below. 

3 -2.3 Low Field Resistive Anisotropy (LFRA) System 

This system (modified by myseü and X. Qi), was used for zero field resistivity 

and LFRA measurements, and operates on the same basic principles as the SRA 

cryostat, exœpt that the sample block remsins ôxed and the magnet rotates. The 

sample block consisted of three layers rnachined from OFHC copper, each of which 
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held two sarnples of the same dimensions as for the SRA cryostat. These six samples 

were clamped to voltage kni fe-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 

R, 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 

temperat ure could be measured in several ways. A calibrated Lakes hore Cryogeniçs 

CG-2000 carbon-glas 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 wit h a gas t hermometer (below 4K temperatures 

were determined from the helium bath vapour pressure. A fixed volume of helium 

gis 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 sarnple space, 

was thus in good thermal contact with the samples. A change in sample temperaturz 

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 Vina1 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 veiy slow to alIow the pressure to corne 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 



easily maintained. The temperature was calculated from the vapour pressure of the 

helium bath, which was measured using a Datametrics Type 590 Barocell. 

The sarnple 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 sample 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 purnping 

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 

t hrough which the wires were passed. These feedt hroughs 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 purnping line were sealed with 

an O-ring and coupüng. Outside the cryostat, the wires were fed through protective 

plastic t ubing 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 

controiling the thermal contact between the sarnple 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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Figure 3.8: Sample block for the LFRA system. 



\vas 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 cimies the 

Helmholtz pair and its power supply. The Helmholtz pair has a radius of 20 cm and 

coi1 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 determinecl 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 t hrough 3600, to align exact ly with the sample direction. This 

system is thus more flexible than the SRA system, as it permits correction for 

sample rnisalignment. 

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 difncult 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 cm. The cryostat 

arrangement is shown in fi,we 3.10. 

This system was used in both the longitudinal (field psrallel 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 . A fter longitudinal measurernents were complete, the sarnples were cut t O 
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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. Pieœs of indium were placed on the voltage 

knife-edges to maintain good contacts: a c o m n  problem in the case of brittle, non- 

maileable samples which can not be clamped tightly was t hat 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 successfuily, or wee 

pieces obtained originally for suscept ibility meas urements. New sample holcleis 

compatible with the longitudinal sample probe were designed @y 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 pieœ of rnylar of the appropriate length for the sample length. These three 

bottom pieces are glued together with GE vsrnish. 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 prïnted circuit board using a FeCb 

solution. The current leab are soldered to each side of the lower Cu plate. The 

lower plate is electricaily mnnected to the upper platefcircuit board by the screws 

which hold the two together, as shown in figure 3.11. Contacts are improved with 

smali amounts of indium on the knife-edges. 
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Figure 3.12: Block diagram of the cc susceptometer[63] 

3.3 Magnetic Susceptibility Measurement 

3.3.1 Susceptometer 

In this study the real part of the oc 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 osciliators, 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 

osciliators, causing a change in the inductance of the mil. 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 detsiled circuit 

àiagram 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 s tability. 



Figure 3.13: Detailed circuit diagram for the oc susceptometer [68]. 



3.3.2 AC Susceptibility Cryostat 

In this system[69], the osciilator coils are mounted around the narrow tail of a 

liquid heliurn 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 de biasing fields of up to 1000 Oe. The sample block and cryos tat 

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 oc driving field. A germanium resistor and a Au+0.03% 

Fe-chromel therrnocouple are also inserted into this braid süghtly above the Sam- 

ple. A distance of several centimetres was rnaintained between the sample and the 

thermocouple, since the thermocouple could give a slight contribution to the mag- 

net ic susceptibiiity. Temperat ures 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 warrning 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 Iiquid nitrogen dewar mounted around the heiium dewar was used to provide 

thermal isolation and cooling for the coils. 

Two types of measurements were taken using tbis equipment. One was the 

temperature dependence af the susceptibiiity in fixed applied magnetic fields; the 

second was the field dependence of the susceptibility at a k e d  temperature. The 

routine followed for the temperature sweeps was to cool the specimen from above its 

cntical temperat ure 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 Eart h's 



magnetic field while cooling. Then, a constant biasing field was applied with the 

same solenoid, and the sample was w m d  slowly to above Tc. 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, wit h the lower rate corresponding 

to lower temperature ranges. Since the thennocouple 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 temperat ures for difierent biasing fields being s hifted rnarginally from each 

other. In general, out of 30 or so temperature sweeps measured, 2 or 3 were shifted 

from the rat .  The high temperature (T>Tc) paramagnetic region of al1 curves 

should overlap (since the biasing fields are so low), so these curves were corrected 

by introducing small temperat ure s hifts. 

For the measurement of hysteresis loops, the sample temperature was stabilised. 

Then, a saw-tooth function was generated by a Stanford Research Systems Mode1 

DS335 function generator, and amplified with a HP6824A dc power supply amplifier 

to a maximum current of 1A. This signal was used to cirive 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 fuli loop to set the 

initiai 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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Figure 3.14: The cryostat and sample arrangen~nt for the ac susceptometer [69]. 



A zero reading was obtained by withdrawing the sample from the top pick-up coi1 

such that the Cu braid alone remained in the coils. The zero reading drifted signifi- 

cantly during measurement of s d l  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 Correct ion 

A small background contribution is present in a.li 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 significaot contribution to s m l l  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. 

Calibrat ion 

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 caiibration 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 Gd2O3 powder. The 

powder was packed into tubes of Msying radius and length, and the susceptometer 

output was recorded with the sample at liquid nitrogen temperature (7710. The 

act ual susceptibility (in emu/g-Oe) could t hen be calculated using the Curie- Weiss 

law , 

where N is the number of Gd atoms per gram, peff=(7.7W0.04)ps, and 0 = - l3I< 

for antiferromagnetic GQ03 [70]. The measured signal depends on the mass of the 



specimen measured, i.e. 

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 c and L, such that ['ll] 

This calibration factor determines the absolute susceptibility to an accuracy of f 

5%, however relative susceptibility values can be measured to approximately 1 part 

in IO4. 

Demagnet isat ion Correction 

The measured susceptibility, x,, after calibration is 

however the true susceptibility is defined as 

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

from the external field, by the following expression, 

where N is the demagnetisation factor for the sample. The true susceptibility cm 

be calculated from the measured susceptibility using the chain rule and equation 

3.6, leading to 

The demagnetisation factor for the specimen was estimated by approximating the 

sample by an ellipsoid whose axes are given by the sample dimensions. This a p  

proxirnation is sornewhat crude, but is expected to give an upper limit for the de- 

magnet isation factor[lB]. The volume demagnet isat ion factors, in cm3/emu, were 



calculated numericdy using the appropriate elliptic integrals[72], and were con- 

verted to rnass 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 dernagnetisation factor was also used to calculate the interna1 

field from (3.6), wit h the magnetisation calculated by numerically integrating the 

susceptibility as a function of field at a fixed temperature. 

As cm be seen fkom 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 magnet isation 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 

demagnetisat ion limited, proviàing a method of estimating the demagnetizing factor 

of the sample. 

3.4 Magnetisation Measurements 

Magnetisation measurements were done by Dr. Gwyn Wiliiams at Michigan State 

University using two commercial SQ WID-based magnetometers (Quantum Design 

MPMS-2, MPMS-5). The MPMS-2 cryostat can only perform dc magaetisation 

measurements, while the MPMS-5 system can also be used for ac susceptibility 

measurements. In the dc measurements, the sample was pulied through three 

counter-wound measuring mils 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 corn 

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 nurnber of driving fields and frequencies. 

The static applied field is variable from 0.1T (MPMS-2) and 0-5.5T (MPMS-51, 



Figure 3.15: Measurement configuration in the SQUID magnetometer [73]. 

with residual fields of 5-7 Gauss and less than 0.1 Gauss respectively. Measurements 

were performed at temperatures ranging fkom 2K up to around 200K. Prior to each 

run, the sample was warmed above Tc, 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 

fked 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 sarnple 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 verticaliy during the 

measurement procedure. Before beginning measurements, the sample height was 

optimised automatically to provide the maximum signal. For dc measurements a 

64step, 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 unloddng when the slew rate of the signal is so large. 



Chapter 4 

Spin-Orbit Coupling in 
Bond-Disordered Systems 

4.1 Review 

As discussed previously, bond-disordered systems often exhibit strikingly different 

behaviour fiom ordered crystalline rnaterials. Dilute and amorphous alloys are 

two distinct systems which exhibit bond disorder. In dilute alloys, bond disorder 

is caused by the addition of small a~nounts 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-glas 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-crystdline arrangement of atoms. The mo- 

ments feel random exchange fields based on t heir 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, 771 



Amorphous Alloys 

Due to the presence of both chernical 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 wiil occur only when 

the exchange interaction between moments is large enough to overcome the strong 

random local anisotropies. Ferromagnetic ordering is mmmon 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 

aoisotropies[75]. This review is limited to ferromagnetic transition metal-based 

aniorphous ailoys, with general formula T,MI-,, with T=Fe, Ni, Co and M=a 

metal? the type exarnined in this study. 

T,M1-, aloys are non-magnetic up to some criticai concentration, xc, above 

which the system has a low-temperature ferromagnet ic ground s tate. In general, 

x, 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. Smli  changes in separation can thus produce antiferromagnetic rather than 

ferromagnetic exchange[75]. As a result Fe-based alloys are weaker ferromagnets, 

wit h lower moment values than the correspondhg Co alloy with the same solute 

concentration. As wel, as the Fe concentration increases above xc, the moment 

increases initially, but then decreases again. In this decreasing region, the broad 

distribution of Fe-Fe exchange-bonds leads to fnistration which can result in a spin- 

glas state at low ternperatures. In amorphous &Zr[78], for example, as well as in 

Y-Fe[?5], the spin components perpendicular to an applied field freeze in random 

direct ions, 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 faiis below that of a crystalline 



Figure 4.1: A cornparison of the hyperfine fields in amorphous and crystalline FeF2 
[751 

alloy of the same composition, due to the presence of exchange disorder. This 

behaviour is shown in figure 4.1 for FeF2. The critical temperature, Tc, dependç 

strongly on the exchange disorder as well as the spin value of the transition metal. 

In general, fluctuations in exchange will increase Tc, as long as the coupling rernains 

femmagnet ic. Thus, Co-based amorphous systems have higher crit ical tempera- 

tures than their crystalline counterparts, while Fe-based alloys, in which exchange 

fluctuations induce antiferromagnetic coupling, show a decrease in Tc as compared 

to crystalline alioys of the same concentration[75]. In both systems, however, Tc 

decreases monotonically as the solute concentration increases. 

The critical exponents of a system are based on experimentally measured macro- 

scopic propert ies. Any dinerences found between the exponents of cryst alline and 

amorphous systems will be caused by the local exchange fluctuations. Ln general, 

however, crystalline and amorphous systems have the same asymptotic exponents (751, 

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 Tc, the critical fluctuations are 

long-range, making the local fluctuations in the system insignifiant. The effects of 
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Figure 4.2: The dective susceptibility exponent, (t) , in &Zr [76] 
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disorder can be seen, however, in the Kouvel-Fischer effective susceptibility expo- 

nent, (T) = -d ln ~ / d  ln t, which, plotted as a function of temperature, exhibits 

a non-monotonic behaviour, as shown in figure 4.2 for &Zr. 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 resclt of disorder. 

Due to the la& of crystaliine order, amarphous systems have very high resid- 

us1 resis tivities, 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 )  = $pII(H) + !p l (H) ,  is strongly depen- 

dent on the system under study. in general, the anisotropy in the magnetoresistance 

is very smali, and is due to the presence of spinabit 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 9 in these systems, indicating that the 

dominant scattering mechanism present is side-j ump scattering [4l]. The normal 

contribution to the Hall effect is much srnalier than the spontaneous Hall effect, 

since the Lorentz force has little effect in a system with a short electron mean free 

pat h. 
Magnetocrystalline anisotropies are low in T-M systems, and are generally only 
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observed in systerns 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 smali 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 

mot her. 

This review shows that a number of material properties are affected by changes 

in the bond-disorder of an alloy. Presumably then, meassurement of such a property 

in samples prepared under slightly dioerent conditions, or with slightly Merent 

concentration, should be capable of characterizing the change in disorder. In this 

study, we wiU attempt to show that the resistive anisotropy is an extremely sensitive 

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

Dilute Alloys 

The dilute materials of interest in this study belong to a class of materials in which 

the impwity moments are close enough to interact, either through indirect RKKY 

exchange or t hrough direct magnet ic exchange. Indirect exchange often leads to 

spin-glass states at low temperature, due to the codicting exchange interactions 

felt by the randornly-spaced moments. This is typical in noble metal matrices with < 
10 at.% magnetic impurities. If the rnatrix 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 vicinity 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 chah 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 pB) of some gant moment systems, fiom [77]. 

created[77]. The rernainder 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[4 11, the P t-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 atm% in Pt to form a ferromagnetic ground 

state[41]. Mn impurities (with antiferromagnetic direct exchange), induce a spin- 

glas ground state in both hosts, except at very low concentrations in Pd, where it is 

weakly ferrornagnetic[8 11. Figure 4.3 compares the magnetic moment as a funct ion 

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 



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, 771. 

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 c  

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 d p / d T  vs 

T curve, which has the same behaviour as the specific heat anomaly, as predicted 

by Fisher and Langer[37]. An applied rnagnetic field induces a negative isotropic 

magnetoresistance in al1 but the systems witb 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 Hal voltages, support the conclusions of SRA 

measiirements. The Hall angle is zero in dilute EgFe, indicating the absence of an 

orbital moment at the Fe sites, but is non-zero for M o ,  U N i ,  &Co and &Fe[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 UNi ,  again due to the presence of an orbital 

moment [77]. Diffuse neutron scattering experiments have shown t hat 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 1 2ps alt hough the bare impurity moment 

has a magnitude of only 3-4 ps[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 t hose of the 

amorphous &Zr system, it may be possible to obtain some information about the 

dependence of these systems on bond-disorder, and the behaviour of the resistive 

anjsotropy in bond-disordered crys talline mat erials. 



As indicated in the 

ity on temperature 

Calculat ions 

sbove review, measurements of the dependence of the resistiv- 

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 

sys tems [Z], the transport properties, and specificaliy the resis tive anisotropy are 

not as well understood. In an effort to understand the variation of the low field 

resistive anisotropy (LFRA) wit h temperat ure and bond-disorder, calculat ions were 

made based on the Sherrington-Kirkpatrick (SK) rnodel discussed in section 2.1.3. 

In this model, moments are Iocated at each lattice site, but are assurned to have 

a Gaussian exchanp dis tribution. O ne can numerically solve the result ing coupled 

equations for m = ( (Sz)T)J  and q = ( (S=);)J .  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 rn 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, g and ~ [ 2 7 ] .  The same program was extended 

to include calculations for the LFRA. 

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

portional to the quadrupolar operator, 

To calculate the LFRA, it was necessary to obtain values for ((Sz)T) J as a function 

of temperature, assumiog the ratio 6 to be constant. The temperature average can 

be obtained using Boltzmann statistics. 

In t his equatiou the energy prefactor a is equal to gpBH, and the denorninator, 2, 



in (4.2) is a finite geometrical progression, and can be rewritten as, 

s sinh ( y 9 )  
= C ëkSi = 

si=-s sinh (*) 
with h. = a/kBT. DifFerentiation of (4.3) yields an expression for (Sz)T of, 

(s% = S(S + 1) - SBS(Sxi) mth (7) 
Bs is the Brillouin function and xi = &(Jorn+ Jql/*a+ha), for a distribution with 

first and second moments JO and J, and applied field ha = gpsH,. To obtain the  

site average () J ,  equation 4.4 is integrated over the variable ai, once m and q have 

been calculated self-consistently as described.earlier. I =< < Sz >T> J  -S(S+ 1 )  13 ,  

is similar to the integrals for m and q, 

Calculations were done for representative values of q = 9, S and applied field 

These results are displayed in as a function of reduced temperature, t' = T;. 

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 I )  values in ferromagnetic 

(q > 1) systems. These results were all calculated for a low applied field of 50 

Oersteds. In al1 cases the quadrupolar operator is zero for temperatures greater 

than Tc, and approaches a lirniting 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 q and spin values. Essentially no change in the anisotropy results 

from order-O f-magnit ude changes in field, indicat ing t hat the prirnary purpose of 

the smaU 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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Figure 4.4: Spin dependence of the quadrupolar operator for q = 2. Spin values are 
as labellecl, in units of /&B. 



Figure 4.5: Spin dependence of the quadrupolar operator for q = 3. Spin values are 
as Iabelled, in units of PB.  



Figure 4.6: Field dependence of the quadrupolar operator for r) = 3, S=l. Field 
values lue as labelled, in units of g p ~ H / k s T .  k = IO-' corresponds roughly to an 
applied field of 10 Oe, while ha = 10-2 is 105 Oe. 



Figure 4.7: Field dependence of the quaclrupolar operator for 7)  = 3, S=3.5. Field 
values are as labelled, in units of gpB H/kBT.  ha = 10-6 corresponàs roughly to an 
applied field of 10 Oe, while ha = 10-~ is los Oe. 



The most interesting results obtained from t hese calculations are presented in 

figures 4.8 to 4.10. These figures show the variation in the ealculated anisotropy for 

a number of fked spins as the degree of bond àisorder changes. In the ferromagnetic 

case (q > 1) the anisotropy increases monotonically as temperature is lowered below 

the critical temperature, and saturates at low temperatures. Near Tc however, the 

curves have a linear temperature dependence, with the change in r ]  resulting in a 

change in the slope of the line. In the spin-glas regime, the anisotropy shows corn- 

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 mode1 to accurately reproduce the behaviour of the complex spin- 

glas  state. Concentrating only on the disorder dependence of the ferromagnetic 

systerns, one cm clearly see that at low temperature, the anisotropy approaches a 

common value of S(2S-1)/3, independent of q, and as the'bond disorder increases 

(II decreases) the slope of the lineu temperature dependence of the anisotropy near 

Tc 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 Tc. To verify these hypotheses, a number 

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

4.3 Amorphous &Zr 

Transport and ac suscept ibility measurements were performed on samples cut from 

melt-spun ribbons of FeslZrs, prepared as described in Section 3.1. Measurernents 

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 srnail amount of hydrogen 

was introduced electrolyt ically. These data were t hen compared to earlier results. 



Figure 4.8: 1 clependence of the quadrupolar operator rw H=50 Oe, S=1. 7) val'ues 
are as labellecl. 
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Figure 4.9: i) dependence of the quadrupolar operator for H=50 Oe, S=2. r) values 
are as labellecl. 



Figure 4.10: dependence of the quadrupolar operator for H=50 Oe, S=3. r)  values 
are as labelled. 



4.3.1 AC Susceptibility Measurements 

A detailed study of the ac susceptibility of FesiZr9+H was done in the region of 

the paramagnetic to ferromagnetic phase transition. Fegi Zrg is re-entrant, hav- 

ing a second transition £rom 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 mode1 calculations are vsiid. Magnetic susceptibility measurements 

cm 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 Fesi Zrg+ H sample is s hown in figure 4.11. The susceptibility rises 

sharply as the temperature is lowered through Tc, going through a sharp pe& at 

a temperature slightly below Tc. 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 ( s e  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 clependence of the susceptibility for FegzZr9+H in a number of srnall 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 forrn of a plateau, with a clear critical peak emerg- 

ing at an applied field of 25 Oersteds. The inability of srnail 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 U F e  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(631. 

Figure 4.13 shows the beliaviour of the critical peak as the biasing field is in- 
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Figure 4.11: Temperature dependence of the zero field oc susceptibility in 
Feg,Zrg+H. 
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Figure 4.12: Temperature dependence of the oc susceptibility in FeolZrs+H in a 
niiiiil~er of stiiall static biasing fields, as labellecl, in Oe. 



creasecl iurther. As predicted by scaüng 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, Tm, and amplitudes, x,, from the data, 

scaling fits were done to determine values for the critical exponents (y + 0) and 

6. An initial estimate for Tc was obtained by plotting the peak temperature as a 

function of p.571, where 0.571 is the 3D Heisenberg mode1 prediction for l/(.y+P). 

A linear fit to these data at low field (points 3-15 in this case) gave an estimate for 

Tc, as shown in figure 4.14. The error bars at low field result priaarily 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 caiised 

by a iow signal to noise ratio. The temperature intercept, 205.7(2) K, was used as 

an initial estimate of Tc, from which the reduced temperature t, = (Tm - Tc)/Tc 

was calculated and plotted as a function of internd 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-calied 

'cross-over exponent', y + p 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 7 

was found using equation 2.31, which relates X, to &. This plot also depends on 

the value chosen for Tc. The final value of 7 found by fitting points 3-15 to equation 

2.31 (figure 4.16), is 7 = l . l8( l ) ,  substantially lower than the 3D Heisenberg pre- 

diction of 1.386, however, the value of y +b of 1.75(1) is in excellent agreement wit h 

the 3D Heisenberg predictions. The above plots were iterated with small changes in 

Tc until agreement is reached, wit h the final TC=2O5.8f 2 K. The error in Tc results 

from the scatter in data points as weU as from the emor 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 y was found from the zero field susceptibility data 



Figure 4.13: Behaviour of the critical peaks in FeolZr9+H with larger applied fields, 
as labelled, in Oe. The dotted üne represents the cross-over Line, a fit to x,* oc tz. 





Figure 4.15: Cross-over plot for Fe9,Zr9+H. The solid line is the best fit to the 
linear region, with a dope of l/(7 + /3) = 0.56(1). 



using the relation, 
dlnx y*(t) = -- 
d h l t  

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

ature. The effective y 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 systerns with large amounts of dis- 

order. The decrease of the exponent below the Heisenberg value as t + O and the 

low value of the asymptotic y can be explainecl by the fact that the zero field sus- 

ceptibility does not reach the demagnetisation lirnit , t hus decreasing the low t dope 

of the 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 6 was f o n d  using equation 2.32. The peak susceptibility was plotted 

against interna1 field on a log-log scale, as shown in figure 4.18. There is little 

curvature evident in this plot, so aU data points could be fit to a straight line, 

yielding 6 = 4.8(1), in perfect agreement with 3D Heisenberg predictions. 

In conclusion, t his system behaves magnet ically as a 'good' ferromagnet, wit h 

asymptotic exponent values close to 3D Heisenberg values. The effects of disorder 

can be seen in the behaviour of y*(t), as weil as in the slight curvatwe in the other 

exponent plots. An estimate of the coercivity of the rnaterial 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, io 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 



Figure 4.16: The reduced peak temperatures plotted versus the peak susceptibility. 
The best fit line gives a value for 7 of 1.18(1). 



Figure 4.17: x(0,T) plottecl as a function of reduced temperature on a log-log scale. 
The inset shows y8(t)  plottecl as a function of reduced temperature. 



Figure 4.18: The peak suscep~ibility plotted as a function of interna1 field (Oe). 
The best fit Line gives 6=4.8(1). 





section 3.2.1 was rinabie to completely remove this constant portion, making it 

impossible to tune the circuit to the sample resistance. The zero offset adjustmeot 

on the lock-in amplifier was consequently used to back-off the residual resistivity. 

The phase was àdjusted for a maximum output signal, assuming that the resistive 

portion was much lôrger than the out-of-phase signal. Measurements were taken 

from 150 to 220 K, with the observed anisotropy vanishing near 210 K. The LFRA 

rneasured in 60 Oe is plotted in figure 4.20 as (pli (H, T) - ~ L ( H ,  T))/po, assurning 

that the residual resistivity is appraxirnately temperature independent, as in ail 

arnorphous alloys. At al1 fields, the anisotropy is zero above 220K, and increases 

linearly as the teinperature is ciropped below Tc. Figure 4.21 shows a cornparison 

between the data acquired in different fixed fields. Near Tc the points aU faIl on a 

line of the same slope. Perforrning a fit of the LFRA as a function of T/Tc in the 

linear portion of the curve (using the 60 Oersted nui), yields a slope of (21f l)x104. 

As the temperature decreases further below Tc, the c w e s  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 dornain size. The model cakulations 

described in the previous section are based on an ideal, single-domain ferromagnet. 

ln order for this model to be applied to a real system, the material mu t  be single- 

domain at l es t  over the mean free path of the conduction electrons. The increase 

in magnetic hardness (coercivity) as temperature decreases may result in smaller 

dornain sizes, as the low applied field becomes incapable of rotating and moving the 

domain walls. If the applied field is increased, the dornain size wili remain larger 

than the mean free path down to lower temperature. Examining the region near Tc, 
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. 

In conclusion, ac susceptibility measurements on hydrogenated FeglZr9 show it to 

be a good ferromagnet, with critical exponents in agreement with 3D Heisenberg 
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Figure 4.20: Temperature dependence of the LFRA in FegiZrg+H with H=60 Oe. 
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Figure 4.21: Coniparison of the temperature dependence of the LFRA in FeglZrg+H 
wit h various applied fields (in Oe). The superiniposed lines are guides for the eye. 



Table 4.1: Fitting Parameters for the LFRA in FeZr. 

I I LFRA I Xnc 

model predict ions. 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 

iinrnediately below Tc, in agreement wit h rnodel calculations, ait hough it exhibits 

stronger field dependence than predicted with the SK model, likely due to technical 

consideratioos. This data can be compared to measurements by H. Ma[82] of the 

LFRA of FegiZrg, FegoZrlo and Feg0ZrIo+ H in the remanent field of an  electro- 

magnet (approximately 60 Oe). Ma's data also show a linear dependence of the 

anisotropy near Tc, which was also fit to the equation Aplp = -A(T/Tc). The in- 

troduction of hydrogen to the amorphous structure has the effect of increasing the 

average atornic spacing. This has been shown to increase the critical temperature 

for ferromagnetism[82] as cm be seen in Table 4.1, and to decrease the temperature 

for transition to the spin-glass state, Tf. n o m  the SK model, Tf oc J and Tc oc 

JO [18], so hydrogenation apparently increases the ratio 11 = 9, 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 vaüd, since 



the amount of hydrogen introduced was deliberately kept small, with a change in Tc 
of less than IO%, compared to the change of 100% for complete hydrogenation[82]. 

The parameters found in these samples fiom susceptibiiïty and LFRA measurement 

are listed in Table 4.1 for cornparison. Obviously as Tc 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. 

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 Tc, 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 Tc, in an attempt to verify that the agreement between the mode1 

calculations and the &Zr data is universal to disordered systerns. 

4.4.1 AC Susceptibility Measurements 

Temperature Sweeps 

Measurements of the ac susceptibility were done in the temperature range 150 to 

200 1< in a number of static biasing fields. Figure 4.22 shows the zero field suscep 

tibility as well as the susceptibility in a nurnber 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. Interna1 fields of 15 

Oe. were required to suppress the background contribution sufficiently to cause the 

emergenoe of a critical peak slight ly above li'OK, another indication of the high mer- 

civity of this material. The ac susceptibility measured in a nurnber of higher fields 
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Figure 4.22: ac susceptibility nieasurements of PtgoFelo in zero field and a nurnber 
of static interna1 fields, as labelled, in Oe. 
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Figure 4.23: ac susceptibility measurements of PtgOFe10 in a number of static 
intemal fields, as labellecl, in Oe. The dashed line is the cross-over line, a fit to X, a 



is shown in figure 4.23. Peak susceptibility and temperature values were extracted, 

and fits for the asymptotic exponents attempted as for FeszZr9+H . An approx- 

irnate Tc was found by fitting Tm versus e."', with the result Tc=172.76(1)K 

shown with the data in figure 4.24. Using this value for Tc, plots were done to 

obtain the exponents 7 and y + P,  as explained previously. With the final value for 

Tc of 172.8&1.5K, thecross-over exponent was found to be y + ,B =1.76(1), with 

y=1.31(2) (figures 4.25 and 4.26). The fits were made to al1 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 7 + P and 

y 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 characteris tic 

peaked structure is evident in ~ ' ( t )  , indicating the presence of signifiant bond- 

disorder. The low t value of 7*(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,  y*(t) approaches the mean field value of 1. The '&plot' in figure 4.28 shows 

a little curvature at  high field, which is comrnon in exponent plots in disordered 

systems[80]. Rom this plot, 6 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 d 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 estirnates of the coercive field, as described for &Zr (Section 4.3.1). The 

coercive force, plotted in figure 4.29 as a function of temperature, is zero above 

172(1) K, providiog another estirnate of Tc, which is in good agreement with that 

determined from the scaüng analysis. Below Tc, Hc(T) increases rapidly, a be- 

haviour consistent with the presence of anisotropy arising from spin-orbit coupling. 





Figure 4.25: The reduced peak temperatures plotted versus Hi for PtsoFeio. The 
best fit line gives a value for l/(r + p) = 0.567(8). 



Figure 4.26: The reduced peak temperatures plotted versus the peak susceptibility 
for PtWFelo. The best fit üne gives a value for 7 of 1.31(2). 



Figure 4.27: 7*(t) for PtwFelo plotted as a function of reduced temperature with 
T,=172.75 K. 



Figure 4.213: The peak susceptibility plotted as a function of interna1 field for 
PtgoFelo. The best fit line gives 6=3.8&0.01. 





4.4.2 Transport Measurements 

Measiirements 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 

dope (a peak in dp/dT) at Tc=170*2.5K. The error incorporates the uncertainty 

in the absolute temperature, as well as scatter in the data itself. This estimate 

for Tc is in good agreement with those obtained from susceptibility measurernents, 

which were measured in a different cryostat with different thermometry. Above Tc, 
dp/dT drops rapidly to a value of 39.5 no-cm/K, in agreement with that for pure 

Pt [KI]. 

Magnet oresistance 

Measurements of the longitudinal (pl,) and transverse (p l )  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 f 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, (plI + 2pL)/3 is negative, indicating that the system 

is not completely ordered rnagnetically at 4.2K. 

Low Field Resistive Anisotropy 

Measurements of the LFRA in PtWFeio were measured as a function of temperature 

in the vicinity of Tc in a number of fixed fields. A typical curve is shown in figure 

4.32. This curve is a plot of (pli (T) - pL(T))/p(T) versus temperature, using the 

measurements of p(0, T) obtained previously. 

The LFRA is zero above l7Of lSK, giving another estimate for Tc which agrees 

quite well with our previous estimates. Below Tc, the LFRA increases linearly as in 

&Zr; 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 &Zr. This hypothesis is also supported by the data in 

figure 4.33, a silmmary of the LFRA in difFerent fixed fields. The LFRA saturates 



Figure 4.30: The resistivity and its temperature derivative for PtwFelo. The peak 
in dp/dT is at 170f 2.5K 



Figure 4.31: Magnetoresistance of PtsoFelo at 4.2K. 
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Figure 4.32: Low field resistive anisotropy of PtooFelo in a static biasing field of 60 
Oe. 



Figure 4.33: Cornparison of the LFRA in PtpoFelo in a nurnber of static biasing 
fields, as labeiled, in Oe. 



at higher anisotropy and lower temperatures in the higher appiied fields, when the 

magnetic energy is able to overcome the anisotropy energy to lower temperatures. 

Near Tc, however, al1 the c w e s  fall on approximately the same line, allowing the 

determination of Tc, and a unique slope. 

Measurements of the oc susceptibility of PtsoFeio 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 Tc, in agreement with mode1 predictions with deviations due to technical 

considerations at lower temperature. 

xoe(H ,T) was measured for the Pd&03 sample to characterize its crit ical behaviour, 

and to obtain values for the coercivity, as in &Fe. Various transport measurements 

were completed to supplement the information obtained from the magnetic mea- 

surements. 

4.5.1 AC Susceptibility Measurements 
Temperat ure 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 d8erent driving fields, 35 and 50 

mOe m. There is some structure in the Hopkinson peak below Tc 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 



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 higb field behaviour is 

shown in figure 4.36. These data were measured using a driving field of 35 mOe. 

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 Tc was found, with the linear fit shown in figure 4.37. The 
*6p 

low field points have large errors, due to the large background present at these fields, 

and the resulting lack of definition of the criticsl peak. Th& peaks at higher fields 

are better defined, but are further from the critical point. This causes problerns in 

the aoalysis for the critical exponents, as can be seen in the now farniliar log-log 

plots. The fit for the low-field 7 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 7 = 1.0(1), although the 3D Heisenberg 

value for 7 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/(7 +0)=0.57(1). y*( 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,  +y*(t) approaches a niean 

field value of 1. The 6 plot also shows significant cwature, with a low field fit of 

6=3. l f  0.1, much lower t han the 3D Heisenberg value of 4.8. The curvature present 

suggests an increase in the effective 6 at lower fields; if it were possible to determine 

critical peaks at lower field, a more appropriate value for 6 might be found. 

Coercive Field 

Measurements of the coercive field were completed as a function of temperature 

below Tc. A typical butterfly plot is shown in figure 4.42. The values for Hc(T) 

are plotted in Qure 4.43. As in the previous sample, Hc(T) increases rapidly below 

Tc. Coercive field measurements give a value for Tc of 137f lK, in good agreement 
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Figure 4.34: The zero field oc susceptibility of PdsrCos in two ac measurement 
fields, as labelled. 
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Figure 4.35: ac susceptibility tiieasurernents of Pd97C03 in zero field and a number 
of static interna1 fields, as labelled, in Oe. 
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Figure 4.36: ac susceptibility measiuements of Pd97C03 in a nurnber of biasing 
fields, às labeiied, in Oe. 



Figure 4.37: The peak temperatures plotted versus H(mS7l for Pdg7Co3- The best fit 
line gives a value for Tc of 136.8(1)1<. 



Figure 4.38: The peak susceptibiüty plotted versus the reduced peak temperature 
for Pd&03 The best fit üne gives a value for 7 of 1.0(1). The dotted line indicates 
the 3D Heisenberg prediction for 7. 



Figure 4.39: The rediiced peak temperatures plotted versus Hi for Pdg7Co3. The 
solid Line shows the Heisenberg value for l/(y + P)=1.75, while the dotted iine is 
the mean field, l/(r + P)=0.57. 



Figure 4.40: x(0,T) plotted as a function of reduced temperature on a log-log scale. 
The inset shows ~ ' ( t )  plotted as a function of reduced temperature. 



Figure 4.41: The peak susceptihility plotted as a function of intemal field. The 
best fit üne gives 6=3.1(1). 
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Figure 4.42: The field dependence of the cc susceptibility of PdorCo3 at T=77K. 



with that from the temperature sweeps. The presence of spin-orbit coupling can be 

inferred from the strong temperature dependence of the anisotropy (HJ. 

4.5.2 Transport Measurements 

The temperature dependence of the resistivity of Pdg7C03 is shown in figure 4.44. 

The sharp change in dope at l36f $K gives a value for Tc in agreement with the 

suscept ibiüty rneasurements. The derivative of the resistivity has a peak at Tc, and 

drops rapidly above Tc to a value of 5nn-cm/K, slightly smaUer than that for pure 

Pd at the same temperature[83]. 

Magnetoresistance 

The field dependence of the resistivity of Pdg7C03 at 4.2K in the longitudinal and 

transverse configurations is shown in fi,we 4-45. As in PtgoFeio, the average mag- 

netores is tance is negat ive, indicating the presence of some magnetic disorder. The 

curves saturate at low field, giving an estimate for the SRA of A p l p  = 1.70(5)%, 

in good agreement wit h 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 ( p i l ( H , T )  - 
pL(H,  T))/p(O, T). The LFRA is non-zero below Tc=137(1)K, a value for Tc in ex- 

cellent agreement with the other methods. Below Tc the anisotropy shows similar 

behaviour to that in the PtwFelo, saturating at low temperatures. A cornparison 

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. 
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Figure 4.43: The temperature dependence of the coercive field in Pdo7Co3 . 
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Figure 4.44: The resistivity and its temperature derivative for Pd9&03 . The peak 
in dp/ctT is at 136f:K. 



Figure 4.45: The mgnetoresistance of Pd97C03 at 4.2K in the longitudinal (pl i) and 
transverse (pL) modes. 
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Figure 4.46: Low field resistive anisotropy of Pd9&03 in a static biasing field of 60 
Oe. 
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Figure 4.47: Coinparison of the LFRA in Pdg7C03 in a number of static biasing 
fields, as labelled, in Oe. 



The Pd&03 sample shows the presence of large amounts of disorder. This dis- 

order, in conjunction with the high anhotropy 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 typ.ica1 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 al1 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 & Z r  to PdS7C03 

indicates increasing effects of disorder on the rnagnetic properties of the materials. 

Transport properties dso confirm the transition to ferromagnetism, and the pres- 

ence of an anisotropy in the low field magnetoresistance in this regime indicates 

the existence of au orbital moment, and thus spin-orbit coupling, at the magnetic 

site. The LFRA in various &Zr samples reproduces very well the temperature and 

bond-disorder dependent behaviour predicted by the model calculations in section 

4.2. Pd9&03 and Ptw Felo also exhibited a linear temperature dependence of the 

LFRA in the vicinity of Tc, however, the LFRA shows considerable curvature at 

relatively high T/Tc. The model aliows for curvature only at low temperature, and 

virtuaily no dependence on field. AU three systems show strong fieid dependence of 

the LFRA ôt low temperature, which we propose may be due to the finite dornain 

sizes, which at low temperatures become srnaller than the mean free path of the 

conduction elect rom. The stronger curvat ure in the crys t alline systems supports 

this proposal, since these materials have longer electron mean free paths, and their 



resistivities will thus show a stronger dependence on domain sizes. 

In conclusion, the SK mode1 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 Tc, 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 exarnining srnail changes in bond-disorder within a 

sys tem. 



Chapter 5 

Percolation Transition in CuNi 

5.1 Review of Previous Results 

When nickel is added to a copper matrix, an inhom~geneous ferromagnetic state 

evolves at a critical nickel concentration, xo, slightly less than 50 at.%[4]. Although 

Fe and Co atoms generaliy exhibit magnetic moments in isolation, Ni does net[?]. 
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 ferrornagnetic ground state. 

C U ~ ~ ~ - ~ N ~ ,  forms a binary solid solution, in which Cu and Ni atoms are randornly 

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, 901. 

These calculatims find that a minimum of 8 Ni nn (out of a possible 12 m in an fcc 

Iattice) are required for moment formation in Cu. As x increases, the probabiIity 



of a cluster with 8 or more nearest neighbours increases, and thus the number of 

magnet ic clusters increases, decreasing the inter-clus ter spacing. Adjacent clus ters 

begin to interact, at fust indirectly, and then directly as clusters overlap. At the 

percolation t hres hold, an infinite chain of ferromagnetic clus ters exists, forming an 

inhomogeneous ferromagnet ic s tate. 

The theoretical prediction of the existence of magnetic nickel clusters is sup  

ported by various experimental results for C U ~ ~ - ~ N ~ ,  alloys. Magnetic measure- 

ments of the paramagnetic doys (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 st udies for concentrations near xo show 

the presence of large magnetic clusters with giant moments as large as 10-12 ps, 

and polarisation clouds whose dimensions are larger than those of the measured 

chemical clusters[92]. As weil, measurements of the specific heat of CuNi alloys in 

the ferromagnetic concentration regime show the addition of a temperat ure inde- 

pendent contribution to the normal electronic (o: T) and phonon (a T3) induced 

specific heats [93], i.e. 

% = A + T T + P T ~  (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. 

Estirnates of the critical Ni concentration (xo) for ferromagnetic ordering in Cu 

range from 43-48 at.% Ni[4, 91, 92, 93, 94, 95, 961. This scatter is due to the sensi- 

tivity of this system to heat treatment[97, 981. Samples quenched from 900-1000°C 

show minimal chemical clustering, and t hus low magnetisat ions. Subsequent heat 

treatments at temperatures below 600 OC result in increased chemical clustering, 

reflected in increased critical temperatures and magnetic moments [96,97, 981. Low 

temperature heat treatments also broaden the measured x(T) 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 materiall97, 981. 



Thus only a critical concentration mnge can be specified in this system, since sam- 

ples made under differing conditions show varying results. The annealing process 

iollowed in this study was chosen specifically to minimize this problem. Such met- 

allurgical problerns 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 mgnetic response at high temperature is the sum of a paramagnetic Curie- 

Weiss term and a temperat ure independent Pauli susceptibility. Calculations of the 

chwacteristic temperature, 8, in the equation 

show an  interesting trend as a function of Ni concentration. At very low x the Curie- 

Weiss term is negligible, since the probability of a magnetic cluster existing is very 

small. As x increases, the Curie-Weiss term becomes measurable, and yields a neg- 

ative value for 8, consistent with antiferromagnetic exchange coupling. At higher 

nickel concentrations, O becomes positive, passing through zero at x - xo[91]. This 

result sugges ts t hat interactions between elusters are antiferromagnetic at large 

separations, caused perhaps by RKKY exchange. As x increases and the cluster 

separat ion decreases, the exchange becomes ferromagnet ic due either to direct ex- 

change or to overlap of the polarisation clou& 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, p(T) 

has a normal, metallic temperature dependence, viz., oc T5 at low T and a T at 

higher T. As x increases, a low temperature minimum develops, consistent with the 

Kondo effect due to conduction electron scattering from the cluster moments. At 

larger x, this minimum moves to lower T, and vanishes as the p(T) curves develop 

a typical fernomagnetic structure[97, 100, 1011, similar to that observed in disor- 

dered alloys and shown in Chapter 4. At high temperature, T>Tc, 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 gradua1 



decrease of the paramagnetic cluster moments as T+625K, the Curie temperature 

of pure Ni[102]. 

The transition from ferromagnetic to anti ferromagnetic coupling as x decreases 

through x, raises the possibility of a mictomagnetic regime at intermediate con- 

centrations due to fiutration caused by cornpetition between ferromaguetic and 

antiferromagnetic exchange. A mictornagnet 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 a1.[103] find that a 48% Ni sample exhibits x,(H,T) 

curves sirnilar to those seen in the spin-glass regime of &Fe, and suggest that 

this sample is mictomagnetic. Claus et a1.[104] postulate a mictomagnetic state 

for concentrations irnrnediately 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, (x - xo)/xo[4]. For example, the saturation magnetisation is 

proportional to ( (X-X~) /X~)~ /* ,  while the initial susceptibility has critical exponent 

of - 1. Detailed measurements of the spontaneous rais tive anisotropy (SRA) at low 

temperature as a function of x in aFe[5] and EgNi[6] alloys were interpreted as 

suggesting t ha t  the SRA also exhibits a percolation controlled critical behaviour, 

Although both of these systerns fit the behaviour in equation 5.3 well, they have 

remarkably difTerent exponents, with A - 1 in U F e  and A - 2 in UNi.  To verify 

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

percolat ion transit ions, despite the different exponents exhibited, measurements of 

similar systems with magnet ic impurit ies are necessary. 

In this study, detailed ac susceptibility measurements have been dooe on a series 

of CuNi ailoys to characterize the evolution of the rnagnetic state with increasing Ni 

concentrat ion. Detailed magnetoresistance measurements have also been done t O 

determine whether the SRA shows critical behaviour at the percolation threshold. 



Finally, studies of the low field resistive anisotropy were done before and after aging 

the samples. Cornparison 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 C~~~~-~Ni , sa rnp les  measured in this study range in concentration from 

x=45 to x=55. After sarnple 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 fiorn one sample 

to the next, however, due to the extreme sensitivity of t his system to heat treat- 

ment, some variation in final state was noticeable even in sarnples 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 srnail, but 

may cause some scatter in the results, as wiil 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, foilowed by 

the transport measurements. Finaliy 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 (x,(H,T)) was measured as 

described in Section 3.3 for all 16 samples. From these data, quantitative analysis 

was performed using the scaliag relations (Section 2.1.2) to give values for the 

critical exponents, 7, y+B , and 6, 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 exarnined only for 3 representative samples. 

Plots of the data and analysis for the remainder of the sarnples appear in Appendix 

A. 



General Features 

The general behaviour of x,(H,T) in the higher concentration samples is very sim- 

ilar to that seen in the disordered compounds, &Zr, &Fe and m o ,  discussed in 

Chapter 4. As the temperature decreases towards Tc, the zero field susceptibility 

increases rapidly, reaching a maximum (the Hopkinson peak) at a temperature, TH, 

siightly lower than Tc- Below this temperature the susceptibility drops rapidly, an 

effect at tributed to the temperat ure dependence O t the coercivity of the sys tem. 

The height of the Hopkinson peak is only 0.35 emu/g-Oe in the 55 at .% Ni sample 

(les t han one-tent h of the demagnetisation limited value, N-l) , 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 sarnple as an ellipsoid, and 

performing elliptic integrak. 

The higher concentration samples were magnetically quite hard, requiring a p  

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 appiiecl field was 

increased, as predicted by the scaling relationships. Rom critical peaks such as 

those in figure 5.2, one can extract values for X, and Tm to use in the scaling 

relationships. The critical temperature was estimated by plotting the peak tem- 

perature as a function of q e S 7 '  (0.571 being the 3D Heisenberg value for 1 / (7 + P 
) )  This plot is quite linear, as  demonstrated in figure 5.3, with only the first two 

points (Hi=40 and 50 Oe) falling slightly off the üne. 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 Tm. A straight 

line fit to these data gave an iotercept of T,=78.4 K. Using this value for Tc, the 
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Figure 5.1: The temperature dependence of the cc susceptibiiity in fked biasing 
fields as labelled, in Oe, for the x=0.54 sample. 
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Figure 5.2: The temperature dependence of the ac susceptibiiity in fixed biasing 
fields as labeiied for the x=0.54 saniple. The dotted line represents the crossover 
line. xttL oc t;:. 



Figure 5.3: Peak temperature as a function of interna1 field to the power of 0.571 
for Cuiao-,Ni,with x=0.54. The superitnposed Line represents a fit to the data with 
T,=78.4. 



effective 7 ,  r*(t) = -d ln(x(0, t ) ) / d  ln(t)) was found by fitting a curve to the zero 

field susceptibility for t >O and differentiating to find the local slope, i.e. y*(t) . 
This is demonstrated in figure 5.4, in which ~ ( 0 ,  T) is plotted against t on a log-log 

scale for x=0.54, with the inset showing the derivative. The derivative has the peak 

structure cornmon in systems with disorder, as discussed in Chapter 4. At low t, 

y*(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 lirnited value, 

as discussed earlier (section 4.3.1). A fter going t hrough a peak at a reduced temper- 

ature slightly higher tban 0.1, the effective 7 fails 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 &Fe and UCo,  the height of the peak in y8( t )  is 

larger here, reaching a value of 4 in this sample. Values for the cross-over exponent, 

y + ,û, and the zero-field susceptibility exponent, 7, were also found for the 54 atm% 

sample, as in Chapter 4. Figure 5.5 is a plot of reduced peak temperature, k, as a 

function of internai 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 dope 

of l/(y + ,û )=0.57(3) is consistent, within scatter, to the data. The asymptotic y 

was found similady, 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 

consis tent wit h y= 1.386(60), as predicted by the 3 D Heisenberg model. 

The '6 plot' (figure 5.6) for the x=0.54 sample shows Little curvature, and a 

straight line fit gives a value for 6=4.2f 0.1, slightly lower than tbat of 4.8 predicted 

by the 3D Heisenberg rnodel. This low value is likely due to the high coercivity 

of this sarnple, which again prevents true asyrnptotic field dependence from being 

determined by obscuring the low-field critical peaks. A hypothetical fit of the low 

field data with a 5= 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 PtsoFelo 

and Pd97C03, so that only points at low biasing fields are fit to a straight line, as 



Figure 5.4: The zero field susceptibility as a function of reduced temperature for 
the 54 xt.% Ni sample. The inset shows the calculated effective exponent, ~'( t ) .  



Figure 5.5: Reduced peak temperature as a function of interna1 field for z=0.54. 
The superimposed line represents the 3D Heisenberg prediction, l/(y + P)=0.571. 



Figure 5.6: Peak susceptibility as a function of reduced peak temperature for the 
54 at.% Ni sample. The superimposed line represents the 3D Heisenberg value for 
y=l.386. 



Figure 5.7: Peak susceptibiiity as a function of interna1 field for the 54 at.% Ni 
sample. The solid line represents a fit to the data with 6=4.2(1). The dashed line 
shows a fit calculated using the 3D Heisenberg exponent, 6=4.8. 



Figure 5.8: The temperature dependence of the ac susceptibility in fixed biasing 
fields as Iabeiled, in Oe, for the x=49.5 siimple. The dashed line represents a fit to 
the cross-over: line, x,,, cc tG7 



the exponents represent the asymptotic behaviour (i.e. H+ O, t 4 O). This sample 

is magnet ically softer t han the higher concentration samples, allowing crit ical 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 Tc=29.4(2) (figure 5.9), the effective 

y plotted in figure 5.10 shows the peaked structure associated wit h bond-disorder, 

with a peak height of-3.8. The value found for Tc is only marginally above the 

temperature, TH, at which the Hopkinson peak has its maximum. Traditionally, 

Tc is taken to be the temperature of the inaection point on the x(0,T) plot. In 

the higher concentration range, this inflection point agrees well with the value of 

Tc found from detailed analysis of the critical behaviour, however as the concentra- 

tion is decreased, the critical temperatw moves closer to TH. This trend was also 

noticed in the dilute U M n  system as a function of increasing Mn concentration 

(i.e. towards the Lirnit of ferromagnetic instability)[l05], and could potentially be 

a feature cornmon to systems with ferromagnetic percolation transitions. The 

cross-over plot, shown in figure 5.1 1, 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 t ,  fall below this line, consistent with 

the increase of ~ ' ( t )  outside the critical regime seen in figure 5.10. This increase 

in y*( t )  can also be seen in the y plot (figure 5.12), the low t slope of which can be 

fit well with the 3D Heisenberg 7=1.386. At high t ,  however, the slope increases 

dramatically, consistent with the increase in the calculated ~ ' ( t )  shown in figure 

5.10. 

The slope of the 6 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 tban the 3D Heisenberg value, due 

possibly to the presence of a considerable technical background in the lower field 

rum. This larger background could be caused by an increaçe in coercivity of the 

sample (although only smaU fields are required to resolve the critical peaks), or 

alternatively codd 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. 



Figure 5.9: Peak temperature as a function of interna1 field to the power of 0.571 
for Culoo-,Ni,with 2=49.5. The superimposed line represents a fit to the data with 
Tc=29.4(2). 



Figure 5.10: The zero field susceptibiiity as a function of reduced temperature for 
the 49.5 at.% Ni sainple. The inset shows the calculated effective exponent, 7*(t). 



Figure 5.11: Reduced peak temperature as a function of interna1 field for x=49.5. 
The siiperimposed Line represents a fit to the data with l/(y + ,0)=0.571. 



Figiue 5.12: Peak siiçceptibility as a fiinction of reduced peak temperature for 
the 49.5 at.% Ni sample. The superimposecl line represents a fit to the data with 
y= 1.386. 



Due to the rapid suppression of the susceptibility with appüed 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 anneàled in the same tube showed ciifFerences in critical behaviour, due to the 

sensitivity of the alloy to quench rate [98]. Although this large value for the low 

field 6 may be due t o  changes in the magnetic behaviour, it can most likely be 

attributed to technical effects, particularly in those systems for which 6 < O (see 

later dicussion). Similady hjgh values for hf were observed previously in the U G d  

system[l06], which also has low field 6'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 siniilar to the U G d  system. 

The samples with the three lowest Ni concentrations, x=45,45.5, and 46, showed 

anornalous 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 oc 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 scaiing 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. Ln the following plots, the open spbo l s  represent 

those peaks which do not appear to obey the scaling relations. 

The anomalous behaviour of the first few peaks cm be seen clearly in the Tc 
plot (figure 5.15). The k t  few points (open symbols), at very low field, remain at 

approximately constant T, however at higher field Tm increases as expected, giving 

a value for Tc=5.67 K, with a second change in curvature at even higher field, as 

seen in the mie concentrated materials. 7*(t) (figure 5.16) stili shows the peaked 

behaviour, however the peak location has moved to high temperature (t > 1). 



Figure 5.13: Peak susceptibility as a function of interna1 field for the 49.5 at.% 
Ni sa~iiple. The superiitiposed lines represent fits to the data with &,=8.4(3), and 
&,=3.0(1) 
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Figure 5.14: The temperatiue depencience of the ac susceptibility in low biasing 
fields as labelled, in Oe, for the x=46 sample. 



At lower Ni concentration, yk(t) decreases, to less than 2 in the 45 at% sample, 

a value sirnilar 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 

y (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 ~ ' ( t )  

with t, as seen in figure 5.16. The '&plots' for these lower concentrations show the 

opposite curvature to t hat observed in the higher concentration samples, i.e. the 

low field slope is smaller t han the high field slope. Figure 5.19 illus trates this for the 

3-46 samples, with fits of hf=l .69(2)  and 6hf=3.70(5). bhf is sirnilar to that seen in 

the intermediate concentration ranges, however the low value of hf 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 crit ical temperat tue moves progressively closer to TH, probably causing an 

overlap at low concentration. Whermore, the lower concentration samples may 

be more sensitive to small Merences 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 flwtuations of cluster size as x + xo as observed 

by neutron scattering measurements[92], could contribute to this effect. In these 

low concentration samples, the susceptibiüty shows features consistent wit h the 

presence of cntical 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 wiU 

be discussed in the following section. 

Cornparison and Discussion 

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

from plots of various parameters as a function of concentration. Figure 5.20, in 



Figure 5.15: Peak temperature as a function of interna1 field to the power of 0.571 
for C ~ ~ ~ ~ , ~ N i , w i t h  z=46. The superimposed line represents a fit to the data with 
T,=5.67(3). 



Figiire 5.16: The zero field susceptibility as a function of reduœd temperature for 
the 16 at.% Ni sample. The inset shows the calculated effective exponent, y8(t). 



Figure 5.17: Reduced peak temperature as a function of interna1 field for x=46. 
The superimposed line represents a fit to the data with l/(r + P )=0.571. 



Figure 5.18: Peak susceptibiüty as a function of reduced peak temperature for the 
46 at.% Ni sample. The superimposed line represents a fit to the data with 7=1.386. 



Figure 5.19: Peak susceptibility as is ffiinction of interna1 field for the 46 at.% Ni 
saniple. The superimposed lines represent fits to the data with 61f=1.69(2), and 
bhf =Y. 70 (5). 



which the zero field ac susceptibility is plotted as a function of temperature for 

the Cuioo-,Ni,samples, illustrates the evolution of ferromagnetism with increasing 

Ni concentration. For clarity, not all of the curves are shown. The ferromagnetic 

state obviously becornes more stable with increasing x, since both Tc and the peak 

height increase essentially monotonically with Ni concentration. The small variation 

in Xm evident from 4740% Ni is slightly larger than the absolute uncertainty in 

the susceptibility, and is likely due to slight clifferences 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 4 / 2 0  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 sirnilar data for U N i  near the critical 

concentration (extracted from data published by Wang et al. [107]). The U N i  

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 Cuioo-ZNi, 

system. These data show surprisingly good agreement, including the small initial 

increase with decreasing concentration from 5 to 4.5 at.% Ni in Pd (cl. 5554% 

here). X, then ùrops rapidly to a plateau regime, which is terminated by an abrupt 

&op at 2.4 at .% Ni-irnmediately above the critical concentration xo =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 rnight infer that the magnetic behaviour 

in these two system 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 Tc as deduced from susceptibility data are surnmarised in 

Table 5.1, along with various exponent values; T=(X) is plotted in figure 5.22. Tc 
increases essentially monotonically wit h increasing concentration, fitting weU to a 

linear dependence for x 146, with a slope % - 8.6 K/at.% Ni, considerably lower 
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Figure 5.20: Temperature dependence of the zero-field oc susceptibility in 
Cuioo-,Ni, with x as labelled. 



Figrue 5.21: The height of the Hopkiuson inaximum as a function of Ni concentra- 
tion. The inset shows siinilar data for uNi[107]. 



Table 5.1: Sumrnary of Temperature Dependence of Susceptibility Peaks in 
Cu100-zNiz 

than that of 30K/at.% Ni found by Ododo and Coles[4], using primarily data with 

x >50. These authors suggest that the cvvature 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 'rnictomagnetic' region 

corresponds to the plateau in the X-(2) plot. The cross-over exponent (Table 

5.1), however, shows little evidence of a change in state at x=50, having instead 

an approximately constant value of 1.75. The asymptotic 7 also seems consistent, 

within error, with the 3D Heisenberg value except at intermediate (x = 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 proxirnity of the x=45 sample to the critical concentration. .ym(t) 

is plotted as a function of Ni concentration in figure 5.23. The peak in 7* moves 



Figure 5.22: Tc as a function of Ni concentration as deterrnined from ac suscep 
tibility data. The dashed line indicates a fit to TC(z) (x 2 46) with dT,/dx=8.6 
K/at .% Ni. 



Table 5.2: Sunimary of Delta Plot Resuits for the Cuioa-,Ni,samples 

to higher reduced temperature as x decreases, similar to the trend observed in the 

MNi system. The peak value of y* shows no consistent trend, although it does 

decrease rapidly as x + 45. In U N i ,  the maximum in 7' was largest around 3 

at.%, which is close to the upper end the 'plateau' regime of its ~ ~ ( 2 )  plot. The 

considerable scatter in figure 5.23(a) does not preclude a peak in y%(t) around 

x=49, at approximately the end of the plateau in this system. 

Table 5.2 üsts the values for the high and low field 6 and the coercive force for 

the sample, as determined from 'butterfly' plots measured at 4.2K (1.5K for x=45 

and 45.5). Figure 5.24 shows the dependence of Hc on the concentration, with the 

inset showing a typical 'butterfly' cuve for the 49.5 at% Ni sample. H,(x) decreases 

to approximately zero at 45 at.% Ni, another indication that xo - 45. 

Some trends can also be observed in the values of 6. The low-field slope of the b 

plot shows a non-uniform increase with decreaçing x, approaching very large values 
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Figure 5.24: Coercive force as a function of concentration for the CuNi system. 
These valiies are estiinatecl frotu butterfly loop, as explained in the text. The inset 
shows a biitterfly loop for the x=49.5 ut.% Ni sample at 4.2K. 



in the range 48-49 at%Ni-in fact, for these samples the dope of the &plot, $ - 1, 

is greater than 1, i.e. 6 < O, which is unphysical. This result is likely due to the 

large background contribution to the low field data which obscures the tnie low field 

behaviour. The scatter in the 6ir 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%, 61f increases to 3D Heisenberg values, 

and then drops suddenly to 2 due to the anomalous behaviour of the low field da ta  

in the three lowest concentration samples. By contrast, o$Ni showed a continuous 

decrease in 6is with decreasing x 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 metailurgical complications. 

For x = 55, 54 a n d  53, there is no significant curvature in the 6 fit, and ail points 

can be fit, to give a value for 6 which increases from 3.3 to 4.8 (the 3D Heisenberg 

prediction) at 53 at.%. Below 53%, the curvatwe present greatly reduces 6h ,, wit h 

several of the samples having & of 3, the mean field value. There is, however, no 

noticeable trend in these values, although cornparison with the H=(X) plot indicates 

that there may be correlations between bhf and the changes in the coercive force. 

6hf shows no consistent trend with x, as was also found in aNi[6]. 

In summary, the CuNi system shows many sirnilarities to the U N i  system, with 

the general features of the ac susceptibility in both systems indicative of a second 

order paramagnet ic to ferromagnetic phase transition. The detailed behaviour is 

more complicated in CuNi, however, due possibly to the àifficulties 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 problerns 

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. 



Table 5.3: Summary of Residual Resistivity and Fonn Factors for Cuiw,Ni, 

5.2.2 Transport Measurements 
Residual Resist ivity 

Resistance measurements were taken at fked temperatures of 1.5 and 4.2K in fields 

of up to 30 kOe in the SRA cryostat (Section 3.2.2). Sarnple dimensions were 

measured and used to calculate the form factors, as done previously. Using these 

form factors and initial voltage measurements, values for po were obtained, as listed 

in Table 5.3. The large errors of I 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 approxirnately with previously published 

results[4, 97, 100, 1011. 

po(pQ-cm) 
44(2) 

' x (at.% Ni) form factor (10"cm) 
45.0 1 -08 



Magnetoresistance and Spontaneous Resistive Anisotr opy 

To avoid errors resulting from uncertainties in forrn factor, the fract ional rather 

than the absolute magnetoresistance was calculated. This rnagnetoresistance is 

shown in figure 5.25 both as a function of applied field, H, and induction B(= H + 
47rM- NM) for the 55 at.% sample. Magnetisation data were obtained from pre- 

vious publis hed work[4, 941. O bviously the correct ion is negligible, csusing s hifts 

srnaUer than 1% at high field. Thus extrapolations to H=O are essentially equiv- 

alent to extrapolations to B=O in this sample, with both branches (parallel and 

perpendicular) extrapolating to B-O at H=O. Sirnilar plots were done for the 50 

and 45 at.% samples, for which conversion nom applied field to induction also re- 

sulted in insignificant changes. The rnagnetoresistance data are thus plotted as a 

function of applied field rat her t han induction in the following figures. Figure 5.26 

compares the magnetoresis tance for two representative samples, wit h 45 and 55 

at.% Ni. These data were measured at 1.5 K, the lowest measuring temperature. 

The magnetoresistance plots for the rernaining samples are shown Appendix A. At 

al1 concentrations, pl1 > pl ,  in contrast to the U N i  system, in which p l  > p11[6], 

and in agreement with measurernents by Kaul[l08] for samples with more tban 70 

at .% Ni. The isotropic magnetoresistance, @pl + pli) /3 is negative, consistent wit h 

the reduction of spin-disorder scattering by a magnetic field. At the highest Ni 

concentration (55%), pi1 increases initially at low field, followed by a linear decrease 

for fields greater than 400 Oe. p l  has a sudden decrease foilowed by a ünearly 

decreasing region above 400 Oe, as in the parallel configuration. The slope of this 

linear region remains large as x 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, 1.5I<«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 rnagnetoresistance curves, using equation 2.44 viz., 



Figure 5.25: Magnetoresistance a frinction of applied field (circular symbois) 
and induction (triangular symbols) for the 55 at.% sample, as measured at a fixed 
temperature of 1.5 K. 



Figure 5.26: A cornparison of the magnetoresistances at 1.5 K for the 45 and 55 
z~t.% saniples, as labelled. The cimes for x = 0.45 have been offset by 0.6% for 
clarity. 



In the PtsoFeio and PdsrCo3 samples discussed in Chapter 4, the 'mgnetoresis- 

tance saturates at high field and the SRA cm be obtained by simple extrapolation 

of the high field data back to B=O (or equivalently H=O in t hese systems). This high 

field extrapolation is the traditional method of obtaining values for the SRA [4 11, 

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.ûû46(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 sbpe of 

the curves in conjunction with the smali 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=O for both Apll (H)/po and A p L ( H ) / p o .  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 dope between Lines is small, the slope itself is large, causing a significant 

difference in the SRA determined at H=O: 0.05% and 0.07%; the difference be- 

tween which is greater than the SRA in the lowest concentration sarnples. Thus, as 

x + xo, the extrapolation method can not reliably determine the magnitude of the 

SRA, and, indeed, a t  the lowest concentrations can not even correctly determine 

the sign of the anjsotropy. A second method of determining the anisotropy is to 

plot the difTerence 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. BII (H)=BL(H) EH. 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=O, 

gives Ap/po=0.06(1) %, in good agreement with the estirnates 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=O, 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 x < xo due to field-induced polarisation. 



Figure 5.27: The magnetoresistance as a function of field at 1.5 K for the 55 at.% 
Ni saiiiple. The dashed lines illustrate the extrapolation method w d  to obtain the 
spontaiieous resistive anisotropy (SRA). 



Figure 3-28: (a) The magnetoresistance in the 47 at.% Ni sample at 1.5 K. The two 
sets of lines are both goocl fits to the high field data, giving different values for the 
SRA. (b) The anisotropy in nuqptoresistance as a function of field at 1.5 I< for 
the 47 at.% Ni saxiiple, showing the extrapolation method used to obtain the SRA. 



For the low Ni concentration sarnples, a new technique for finding the SRA is thus 

required. The sirnilarity of the magnetic properties of this system to those in the 

PdNi system suggest that cornparison of their magnetoresistances may help solve - 
the problem. Although the sign of the anisotropy is different in these two system, 

i.e. pi1 c p l  in MNi, 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[ô]. Thus, the U N i  system exhibits the same dif- 

ficulty in obtaining accurate estimates of the SRA in the vicinity of xo. In U N i ,  

a minimum in pl1 (H) was observed at some value of applied field, Hm; this field 

approached zero as x + xo. The anisotropy at this field was obsemed to give SRA 

values in good agreement with values obtained using the traditional technique in 

the concentration range over which the latter is valid[l07], supporting the relia- 

biüty of the estimates based on Ap(H,). A correspondhg feature exists in pl1 in 

C U ~ ~ ~ - ~ N ~ ~ ,  namely the presence of a maximum at a field, Hm, which also exhibits 

the desirable property of decreasing to zero at 20, so that estirnates based on it 

are made in progressively decreasing fields as x -t xo, thus minirnising potentially 

perturbing effects of externally applied fields. The maximum in pII(H) can be seen 

clearly in figure 5.29, the low field magnetoresistance in the 47% sample. Hm 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 Hm as x -t xo, 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 al1 three estimates agree within error, although generaily the value obtained 

using the ~ m u m  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 sarnple to sample, the SRA found using 

the third method decreases monotonically wit h Ni concentration. Thus, the latter 



Figure 5.29: The low field portion of the 47 at.% Ni magnetoresistance data, clearly 
s lioiiri ng the inmcimuin in . 



Table 5.4: Su- of SRA Data in Culoo,Ni,, found using A: conventional 
extrapolation techniques, B: clifference extrapolation and C: anisotropy at Hr. 



method probably provides a more reliable estimate of the SRA over the entire range 

of x. The SRA obtained using this technique are plotted versus concentration in 

figure 5.32. As in EgNi[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 20, with the oc susceptibility analysis 

suggesting an xo slightly less than 45 at.% Ni. This is supponed by a cornparison of 

the low field magnetoresistance at fixed temperatures of 1.5 and 4.2K for the lowest 

x 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 

t here 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 vdues 

for XO, with x0=44.5 giving the best fit, in our opinion. This is illustrated in fi,we 

5.33 which plots the SRA as a function of reduced concentration on a log-log scale. 

The data at high Ni concentration deviates süghtly from the linear behaviour, as 

rnight be expected so far from the critical region. One must aiso take into account 

the fact that, since the SRA is expected to be temperature dependent, especially 

in the vicinity of Tc, the measured anisotropy at 1.5K rnay not accurately reflect 

the true anisotropy at T=O. This consideration is important for those samples 

with TC 10K. Thus, the lower x data may have a slightly smaller SRA than the 

true, T=O, values, suggesting t hat the critical concentration may be süghtly lower 

than that suggested from the data at these concentrations. Fitting equation 5.3 

to al1 data points (equivalent to decreasing xo) yields A=2.0(1), while fitting only 

the points at lower concentration gives A=2.2(1). The low x fit should be more 

appropriate, considering the asymptotic nature of (5.3). Tbese values for A are in 

excellent agreement with that of 2.25 found for m i [ 6 ] .  This agreement suggests 

that the SRA near the percolation concentration exhibits critical behaviour, with a 

universal exponent h - 2 for those alloys with an  orbital moment. As discussed in 

Section 4.1, dilute U F e  moments have no orbital moment at the impurity site, and 



Figure 5-30: The low field magnetoresistance in the 45.5 at.% Ni at fued tempera- 
t u e s  of (a) 1.5 I< ancl (b) 4.2K. 



Figure 5.31: The low field mgnetoresistatice iti  the 45 at.% Ni at fixed temperatures 
o f  (a) 1.5 I< ancl (ù) 4.2K 
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Figure 5.32: The SRA at 1.5 K as a function of Ni concentration. 



Figure 5.33: The SRA at 1.5 I< as a function of reduced concentration, with q44.5. 
The solid line is a fit t@ equation 5.3 with A=2.2, while the dashed Une has A3.0. 



the SRA observed is due to spin-orbit coupling in the exchange-spli t Pd d-bands [5].  

Furt her st udies on the percolat ion transition in ot her alloy systerns, perhaps wit h 

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 weil below Tc (5 0.9Tc), these data were collected using the foliowing 

met hod: the temperature was s tabilised at the lowes t measuring temperature, and 

the absolute voltage across the sample (Vo) was measured. A field was then applied 

(- 100 Oe), 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 cos2 O ,  where 0 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=VII-VL. 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) sirnply 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 

As usual, this was calculated from the measured data using Ap(T)/po = A V / b ,  

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 



from the sample dimensions. These data were taken using a different ciyostat 

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)/&(T) are discussed for 

three representative sarnples in the following section. The rernainder of the data 

can be found in Appendur A. Figures 5.34 and 5.35 show the data for the 55 at.% Ni 

sample. p ( T )  has ô 'knee' at Tc, 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. AplAT, and has a low temperature plateau 

followed by a sharp decrease above Tc, rather than the peaked structure seen in the 

samples in Chapter 4. The temperature at which this dropoff begins is taken to 

be Tc, giving a value for Tc 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 mode1 calculations 

shown in Section 4.2, the LFRA (figure 5.35) decreases linearly with increasing 

temperature, although some curvature is present near Tc. A linear fit of the low 

temperature region gives a temperature intercept of Tc=84.8f K, higher than t hat 

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 Tc from the 

LFRA data, and the linear fits are done over ranges which allow best agreement with 

Tc from ac susceptibility. An intermediate temperature regime (0.6-0.85 Tc) is thus 

used to obtain the straight line fit for Tc. 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 Tc), which msy 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 Tc estimates, a line is fit to the 

tail region, and Tc is taken to be the temperature at which the two lines intersect, 



Temperature (K) 

Figure 5.34: p(T) for the 55 at.% Ni satnple. The inset shows the temperature 
derivative of the resistivity, with TC=83.1(8)I<. 



Temperature (K) 

Figure 5.35: The low field resistive anisotropy (LFRA) for the 55 at.% Ni sample. 
The siiperiniposed Iines give Tc =84.8f 1 K. 



givingT, muchcloser to that ofthep(T). Similarcwes areshown for the 50and 

46 atm% 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 Tc, 

as seen in previous resistivity measurements for samples with x .- xo [log], again 

indicating xo - 45. AS well, the slope of the resistivity seems to decrease smoot hly 

with increasing temperat ure from the lowest measuring temperature, thus allowing 

no estimte of Tc from the behaviour of the derivative. On average, the values of 

Tc found in the CuNi system are in agreement with t hose found from susceptibility, 

indicating a good agreement between the thermometry in the two cryostats. 

After Tc was deterrnined in the rnanner described above, the data were plotted 

as a function of reduced temperature t = T/Tc to allow comparison between the 

anisotropy for different Ni concentrations. A comparison for three samples (x=55, 

50 and 47) is shown in figure 5.41. Obviously the anisotropy at a fixed reduced 

temperat ure decreases wit h decreasing nickel concentration, and thus the dope of 

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

eauat ion, 

The values of Tc found using both p(T) and the LFRA are sumrnarised in Table 

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 x=0.45. Rom 

the mode1 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 TZT,, i-e. in the tail regime. An attempt to obtain 

a value from Tc from the anisotropy data gives a value for Tc of 3.8K, twice that 

found fiom suscept ibility data. 

The LFRA data fits well to a straight line at low temperature, showing little 

evidence of the curvature observed in t bis r@me in Pd&03 and PtgO Felo, which 

was attributed to dornain effects (Sections 4.4 and 4.5). Since the residual resistivity 
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Figure 5.36: p(T) for the 50 st.% Ni sample. The inset shows the temperature 
derivative of the resistivity, with Tc=31.5(8)I<. 
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Figure 5.37: The low field resistive anisotropy (LFRA) for the 50 at.% Ni sample. 
The superimposed iines give TC=33.4f lK. 
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Figure 5.38: p(T) for the 46 at.% Ni saniple. The inset shows the temperature 
cleriviitive of the resistivity, with Tc=7.2(5)1<. 
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Figure 5.39: The low field resistive anisotropy (LFRA) for the 46 at.% Ni sample. 
The siiperiinposed lines give Tc =8.2(5)1<. 





Figure 5.41: The LFRA as a function of reduced temperature for 3 Ni concentra- 
tions, i~ labelleci. 



Table 5.5: Variation of Tc and the slope A as obtained from LFRA measurements. 

x Tc(K) from p(T) Tc(K) from LFRA 
45.0 - 3.8(10) 



in t his system is approximately the same as in the latter system, the mean free path 

of the conduction electrons wiU 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 PtgoFelo 

at temperatures much higher than 4.2K (in general I& decreases with increasing 

temperature). This suggests that the curvature observed a t  low temperature in 

PtgOFelo and PdgTCo3 is indeed an artifact due to the domain size becoming 

srnaller than the mean free path a t  low temperature. 

In summary, then, the LFRA in CuNi agrees weIl 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 concentrat ion xo slightly less than 45. 

5.2.3 Effects of Aging on Culoo-ZNi, 

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[l09]. Detailed studies of sample properties 

as a funct ion of annealing temperature, t ime, quench rate, cold-working and irra- 

diation have been done by vaxious 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 a t  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 a t  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, Tc generaliy increases 

after aging[97]. This study attempts to find the effects of srnall 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 



for small changes in the sarnple state, since the mode1 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 susceptibiüty was used as a sensitive probe of changes 

in Tc. 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 1 +i+2+4 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 ali the samples, roughly equivalent to the changes in 

the &Zr  samples after partial hydrogenation. 

The resistivity samples were subjected to the same annealing treatrnent 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 sufnciently 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 ZOO0 C (plotted as a fraction of the initial temperaturefsusceptility for the as- 
quenched sample). Sample 1 was annealed for 8 hours total, with quenches afler 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 panuneters afier the 
initial quench for sample 1 .  



Table 5.6: Change in peak temperature of the 40 Oe ac susceptibility with aging in 
C U ~ ~ ~ - ~ N ~ ~ .  

temperatures to study the behaviour of the 45 at.% Ni sample, however, good data 

were obtained for the remaining 5 samples. Tc 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 cornparison. Again, the value of Tc 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 Tc- 

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 Tc 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/Tc, as done in the previous section. Fitting this data to equation 

5.6, values for the dope A were obtained. In general A does not change after aging 

(figure 5.43-5.47), except in the lowest concentration samples. This sugges ts t hat 

although the critical temperature has increased (which in the mode1 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 atorns are forming clusters, there has been no 

x 
45.0 
46.0 
47.0 
48.0 
50.0 
55.0 

anneal time at 200°C 
2 hours 

Tp(K) 
4.83 

Td(K) 
5.0 

6.85 
10.6 
22.4 
38.3 
82.5 

m 

2 hours 
2 hours 
2 hours 
2 hours 

2+4 hours 

7.10 
11.6 
23.6 
39.6 
85.6 



Talde 5.7: Change in Tc with aginging in Cuiaa-,Ni,, as determined from transport 
ineàsiirenients 

noticeable change in the bond-disorder on the length sale  set by the resistivity 

measurements. The ac suscept ibility measurements of the aged samples support 

t his proposal, showing little change in peak height, indicating very small changes in 

overali magnet ic moment. This agreement once again suggests that measurements 

of the LFRA may successfully indicate changes in the overail bond-disorder of a 

material on the length sale  of resistivity measurements. 

5.3 Conclusion 

In conclusion, ac susceptibility measurements showed the Cuim-,Ni, 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 

iadicated by the magnetic hardness of the samples, which demeases with decreasing 

Ni concentration. General trends in the susceptibility data showed that this system 

is very similar to the U N i  system, and cornparison 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 reduœd concentration (with a crit- 

ical concentration of 44.5% Ni) and the exponent A was found to be the same as 

in UNi. This suggests that this exponent value may be universal for systems with 



Figure 5-43: The LFRA as a function of recluced temperature before and d ~ e r  aging 
for 1=4G, as labelleci. The solid ünes 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 sanipie. 



Figure 5.44: The LFRA as a fiinction of reduced temperature before and after aging 
for x=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. 



Figure 5.45: The LFRA as a function of recliiced temperature before and after aging 
for r=48, as labelleci. The soüd line is a fit to eguation 5.6, with the same value of 
A tiefore aiid after aging. The solid circles are for the as-quenched samples, while 
the sqiiiire symbols denote the aged satnple. 



Figure 5.46: The LFRA as a function of reduced temperature before and after aging 
for x=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 syinbols denote the aged sample. 



Figure 5.47: The LFRA as a function of reducecl temperature before and after aging 
for x=55, as labelied. 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 sqiiiwe symbols denote the aged sample. 



orbital moments. Further studies of the SRA in materials with dilute Co impurities 

would be interesting, however these wodd be dificult due to the low concentration 

of Co required for femmagnetism. Measurements of resistivity and LFRA found 

values for Tc in Cuioo,Ni, which agree within error with t hose from susceptibility, 

and suggest that the percolation transition is siightly 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 t hat any changes in the 

disorder present in the system are not noticeable on the length scale of resistivity 

measurement S. 



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 interesthg questions regarding the role of Ni in a family 

of alloys with formula (RC), (NiB),, where R=rare earth. The rnagnetic prop 

erties of these materials depends on the specinc rare earth and on the interlayer 

spacing. A nurnber of the m=l, n=2 compounds are superconducting, with R=Lu 

having a Tc of 16.6 K [8], rernarkably high for an intermetauic compound contain- 

ing Ni. The substitution of Pd in the Ni site enhances Tc slightly; the compound 

YPdSB3Cz has Tc=23K, equal to the highest Tc previously recorded for an inter- 

metallic compound[llO]. As discussed in Chapter 2, the presence of magnetic atoms 

in superconductors generally suppresses Tc substantially due to pair breaking ef- 

fects, however the substitution of Ni for Pd results in only a slight decrease in Tc. 

Speculation has thus arisen as to whether Ni plays some role in the superconduct- 

ing process, or whether this high Tc 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 RNi2B2C and the effects of substitution in the 

various sites. 

The RNi2B2C family h a .  a body-centred tetragonal crystal structure (I4/mmm) 

with alternathg NizB2 and RC layers stacked along the c axis[lll, 1121, and sta- 

biiised by vertical B-C-B interlayer bonds. The unit cell, containing two formula 



Figure 6.1: Projection on the ac plane of the tetragonal crystal structure of RNi2B2C 
and RNiBC, from [9]. 

units, is shown in figure 6.1. The Tc's of various borocarbide superconductors are 

listed in Table 6.1. Of the series RNi2B2C, R=Lu has the highest T c  of 16.6K[8], 

slightly higher than t hat of YNi2B2C. The substitution of some rnagnetic rare earths 

such as holmium and erbium depresses Tc 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-eart h 4 f electrons and the conduetion electrons. Interestingly, YbNihC has 

recently been shown to be a heavy fermion system, however it is not superconduct- 

in,- down to O.MK[ll3]. 

Various measurements have established that YNi2BzC is a Type II supercon- 

ductor of conventional BCS eharacter, i.e. the superconductivity is due to electron- 

phonon interactions. Many results have been publis hed, wit h specific heat [ll2, 1 19, 

1201, magnetic[52, 112, 1211 and transport [8, 1221 measurements giving values for 

various parameters of the superconducting state. The scat ter present in published 

values of Tc, bl and Ha suggests that these may be sensitive to sample quality 

and preparation technique, making it important for a complete set of data to be 

obtained h m  one sample. 

The high Tc found in this material has been attributed primarily to the presence 



Table 6.1: Superconducting Properties of Rare Earth Borocarbides 

of a sharp peak in the density of states at the Fermi level, as shovm by banc 

structure calculations 11231. The large contribut ion 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 nurnber 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 Tc. This has 

been verified experimentally, with substitutions of the transition metal elements 

Ru, Fe and Co at the Ni site causing a drarnatic suppression of Tc[124, 125, 1261. 

A number of the measured Tc's in mi1-,M.B2C are plotted as a function of 

x in figure 6.2. Bud'ko et al. [lX] find that Tc(2) decreases linearly as a function 

of dopant concentration a t  relatively low concentration, with extrapolated critical 

concentrations of x0=0.08, 0.095, and 0.14 for Ru, Fe and Co respectively. The Tc's 

observed upon Fe, Ru and Co substitution agree well wit h suppression of Tc due to 

changes in the density of states a t  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 Tc, as wiii 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- 



Figure 6.2: Effects of doping a t  the Ni sitéon the critical temperature in YNi2B2C 
superconduc t ors [l2$. 

mine whether Fe and Co substitutions act as magnetic scattering sites or as simple 

impurities in YNbB2C. In a recent detailed study of Y(Nii-,Coz)2B2C, Hoellworth 

et a1.[12q find that at high Co concentrations T=(X) is not weli-described by a 

straight line, and fit their data to the BCS equation for Tc a BD ex.[-~/N(EF)V], 

as described earlier in Chapter 2 (equation 2.52). Values for BD and N(EF)  were 

calculated h m  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 Tc are not due to magnetic 

scattering effects. Schmidt et al. [l26] also find a non-linear decrease in Tc 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 Ni(Ep) and Ueff from this fit 

are close to the static Hartree-Foch criterion for magnetism (Ni(EF)Ueff r l ) ,  i.e. 

the impurities are almost magnetic. Measurements of the static magnetic suscep 

tibility, however, showed no change in paramagnetic moment as a iunction of Co 

concentration, and thus Schmidt et al. conclude that the change in Tc is not caused 

by magnetic pair-breaking effects of possible moments at the cobalt irnpurity sites. 



Samples of YNi2B2C were prepared in button form as described in Chapter 3. These 

polycrystaliine samples could be measured in button form for oc susceptibility mea- 

surements, however bar-shaped samples were required for transport measurements. 

These bars were produced by cm-casting followed by an anneal at 1000° C. The 

annealing process was found to elevate Tc, as weli as changing other sample prop 

erties, as will be discussed later. X-ray powder diffraction spectra of the arc-melted 

but tons before and after anneaüng show little change, with the pattern indexing to 

the I4/mmm structure with a=3.535 l(6) A and c=10.5598(26)& in good agreement 

with the structure published by Siegrist et al.[lll]. 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 ThCr2Si2 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 Measurement s 

AC Susceptibility 

The zero field oc susceptibility of the arc-melted buttons was measured in the c r y e  

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 cornparison. Both samples are perfect diamagnets at low temper- 

ature, with a rnass 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, 1121. The 

transition widt b, 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 



Figure 
2 9 (degree) 

6.3: X-ray powder diffraction spectra of YNi2B2C chiU-cast bars (a) as 
cast;(b) annealed. The lines are indexed as in (b) to the I4/mngn structure. 



after annealing, au indication of an increase in sample homogeneity. Measurements 

of the chill-cast bars show a significant depression of Tc from that found in the 

buttons: even after annealing Tc 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 matenal 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 Tc between cryostats or with Irequency, a re- 

sult which verifies the accuracy of the thermometry in the two cryostats-absolute 

temperatures measured in difTerent systerns rnay have errors as large as 1 %. The in- 

phase(xl) and out-O f-phase ()(") component of the zero-field suscept ibility measured 

at  5 Hz in the annealed specimen are reproduced in figure 6.6. X' shows a n  onset 

of superconductivity at 14.2K, with x'' exhibiting an anomaly at a temperature 

slightly below the onset, as observed in some high-Tc superconductors. 

Magnet isat ion 

The field dependence of the magnetisation was measured in fields of up to 5.5 Tesla 

at  a number of k e d  temperatures between 2K and Tc 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 HC1 and Hn can be 

extracted from the rnagnetisation data. In an ideal Type II superconductor, HCl is 

the field at which the sample is no longer perfectly diamagnetic (Le. H# -47rM). 

Above Hcl the magnetisation increases, and becoming zero at H=Hd. In these 
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Figure 6.4: Zero field ac susceptibility memurement of the arc melted buttons of 
YNi2B2C (a) as cast;(b) annealeci. 
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Figure 6.5: Zero field oc susceptibility nieasurement of the çhiii-cast samples of 
YXi2B2C (a) as ~&;(b) anneded. 
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Figure 6.6: Zero field ac susceptibility tneasurenient in 5 Hz of chill-cast and an- 
nealed YNi2B2C (ripper) in-phase susceptibility; (lower) out-of-phase susceptibility. 



Figure 6.7: Magnetisiition as isa function of increasing and decreasing field in the 
iISs-c.iist bar of YNi2R2C at fixeci teniperatures of (a) 1.95 K (b) 9.7 K. 



Figure 6.8: Magnetisation as a function of increasing and decreasing field in the 
imiiealecl bar of YNi2B2C at fixed temperatures of (a) 1.95 K (b) 11.5 K. 



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-uni form 

field inside the sample (caused by a non-uniform demagnetizing field) which induces 

certain areas to enter the 'vortex' state before others, causing the gadual, 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 11 

behaviour. Estimates of b1 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 show in figure 6.9, and HC1 can be taken to be the turnover 

point between the superconducting and the vortex state. The data obtained wing 

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 HcI(T) is roughly constant with temperature. 

In both samples HCI(T) increases as the temperature is lowered below Tc, and 

appears to bend over slightly toward saturation as the temperature goes to zero. 

Neither set of data, however, follows the 1 - (T/Tc)2 behaviour predicted for a 

BCS superconductor. HC-(T) is significsntly 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 publis hed values [52, 1271. 

By definition, Hd is the field at which the magnetisation becomes zero, and 

can be estimated by a linear interpolation of the data to M=O. The presence of a 

srnall paramagnet ic contribution to this data compücates 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 oc (H - Ha), and the London equation, M 

oc ln (&) , fail due to the presence of curvat ure in M vs. H and M vs. ln(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 can be deduced from the field at  which the 



Figure 6.9: A fit of the magnetisation as a function of increasing field in the annealed 
lm of YNi2B2C at fixeci temperatrres of (a) 1.95 I< (b) 11.5 K to that expected for 
H 11 ideal Type I I  s uperconductor. 
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Figure 6.10: Estimates of HCl (T) in the as-cast bar of YNi2B2C; the lower data is 
estimated from the point of deviation froin linear behaviour, the upper from fits as 
in figure 6.9, as described in the text. 
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, g r  6 . 1  Estitmtes of H,, (T) in the chill-cast and annealed bar of YNi2B2C; 
r he lowr data is estimatd frotii the point of deviation from linear behaviour, the 
iipper froin fits as in fig 6.9, as clescribad in the text. The dashed lines show a fit 
CO the predicted BCS behaviour, kI (T) a I-(T/T,)~. 



dope exhibits an anomaly (at high field). Again, Hn(T) is larger in the annealed 

sample t han in the unannealed sample, as can be seen in figures 6.12 and 6.13. 

In contrast with the predictions of BCS theory, Hp(T) does not saturate as T+O, 

in fact, the slope seems to increase as the temperature decreases, an effect which 

also been noticed in some high-Té superconductors. Although Prozarov et al. saw 

saturation in Hn (T) as temperat ure went to zero[52], other experimentalists found 

that Ha(T) showed no sign of saturating[l21, 1271, in agreement with our results. 

Our values of Ha(T) obtained from magnetisation measurement for the unannealed 

sample are in general lower than t hose obtained by other groups, however t hose for 

the annealed sample are comparable to previous results[52, 112, 121, 1271. 

Transport Measurements 

Transport measiuements were done in the high field magnetoresis tance cryostat 

described in Section 3.2, with the magnetic field appüed parallel to the ac rneasuring 

current along the longest sample dimension, as for the rnagnetisat ion measurements. 

The use of the same sarnple for both magnetisation and resistivity measurements 

allows direct comparison between data taken at the same value of appüed 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, a s  does the increase in Tc. The 

as-cast sample bas an onset of superconductivity at 11.0 K (rnidpoint 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>Tc) of 2 16.6 PO-cm is much higher than the value of 2.5pR- 

cm measured by Cava et a1.[8]. This wide variation in normal state resistivities is 

not uncornmon in high-Tc superconductors. In fact , reported resistivities for the 

borocarbide YPd5B3C0.3 range from 6-80 pncm [8, 1271. 

The field dependence of the magnetoresistance at fixed temperatures below Tc is 
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Figure 6.12: Estimates of &(T) in the as-cast bar of YNi2B2C: (@ 10% restoration 

of p(0,T); (m) peak in dpfûH; (A) M=O; (v) sudden change in dM/dH. 



Temperature (K) 

Figure 6.13: Estimates of q2('T') in the chill-cast and annealeci bar of w B 2 C :  (q 
10% restoration of p(0,T); @) peak in dp/âH; (a) Me, ($ sudden change in dM/dH. 
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Figure 6.14: Cornparison of the zero field resistivities in the as-cast sample and the 
annealed sample , as labelled. 



surnmarised 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>Hû. The 

transition width (in field) for the restoration of p(H, T) to its normal state value of 

p(0, T 2 Tc) increases gradudly with decreasing temperat ure, although the most 

ciramatic effect observed is the sharp increase in b ( T )  as T decreases. Hcl(T) 
is typically estimated from p(H, T) data using one of two methods: (i) Ha(T) is 

taken to be the field which restores p ( H , T )  to 10% of its p(0,T 2 Tc) value, or 

(ii), Hd(T) is taken as the field which restores p(H, T) to 50% of its p(0, T 2 Tc) 

value. This second approach is essentiauy equivalent to taking the field at which 

p ( H ,  T) has a maximum dope in these data. To allow direct cornparison, these 

values are plotted with the estimates of b ( T )  £rom the magnetisation data in 

figures 6.12 and 6.13. The estirnates of Hd(T) from resistivity measurements are 

higher than those taken from magnetisation measurements, however the same lack 

of saturation at low temperature is obsemed in both sets of curves. As seen in the 

magnetisation data, Ha(T) is higher in the annealed sample than in the as-cast 

bar. The magnitude of Ha(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 ot her groups[52, 1271. 

Superconducting Parameters: A, E and J, 

Superconductors are generally evaluated using a nurnber of parameters, two of which 

are the skin-depth A, the correlation length E.  The ratio of these two parameters 

gives the Ginzburg-Landau parameter n. Estirnates for X and E can be found from 

the b ( T )  and Hn(T) data, in the following manner. K can be obtained using 

equation 2.57[52]. 

Rom the two sets of H,..(T) (magnetisation and resistivity), two values for n(T) 

were found, with errors arising h m  the spread of Ha(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 
YNilBzC at a number of fixeci tempenitiues, as labelled. 
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Figure 6.16: Resistivity as a function of increasing field in the annealed bar of 
YNi2B2C at n nimber of fixeci temperatiues, as labelled. 



Table 6.2: Superconducting Parameters of YNi2B2C Chill-cast Bars. 

using equation 2.58, 

Parame ter 
K (magnetisation HC1) 

n (magnetoresis tance Hcl) 
C 
A '  

The spread in c(T) 

of X values (found 

resulting from the different Ha(T) values gives rise to a range 

using A = K ( ) .  The values derived for these parameters are 

As-cast sample 
8 i ~ 2  
6&1 

(0.7-1.1)x10-6~m 
(4.2-6.6)~10-6cm 

summarised in Table 6.2 for bot h samples. The estimates for X in both sarnples are 

lower than those measured by Prozarov et a1.[52], but the E values are similar. This 

means that the value for K in these chill-cast samples is lower than that measured 

by Prozarov et al. 

Another important parameter in evaluating the pract icality of a superconductor 

is its critical current density, Le. the maximum current it can carry without going 

normal. This can be evaluated from the sarnple geometry and magnetisation mea- 

surements, using the Bean mode1[53]. This mode1 assumes that the critical curent 

can be induced by any em/, no matter how srnall. 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 appiied field,which decreases linearly with depth, 

by Ampere's law. Assuming the sample to be a semi-infinite slab of thickness D, 

Jc c m  be calculated from the irreversible magnetisation, the Merence between the 

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

A nnealed sample 
lOk2 
4&2 

(0.6-0.9)~10-6~m 
(4.8-7.2)~10-6~m 

The factor of 20 arises from the combination of constants from Ampere's law. 
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Figure 6.17: Jc as n function of field in the as-cast bar of YNi2B2C at a number of 
fixecl temperat ures , as labelled. 



Figure 6.18: J, as a function of field in the annealed bar of YNi2B2C at a number 
of fixed tetiiperatures, as labelled. 



A number of the Jc curves are shown in figures 6.17 and 6.18 for the chill- 

cast sarnples 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, 1121. The maximum in 

the Jc vs H plot reflects the large value of bl in these materials. The increase 

in J, after anneaüng is not understood, since removing defects typically bcreases 

the reversibility of the magnetisation and thus decreases the critical current. We 

suggest t hat the combinat ion of chiil-casting followed by annealing has introduced 

some type of defect structure which enhances the critical current density (c.f. high 

Tc oxide superconductors [1 291) , and thus the practicality of this superconductor. 

A number of studies have been done on the effects of Co substitution in the Ni 

site of YNi2B2C, 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(Nil-,F%)2B2 with x=0, 0.01, 

0.03, 0.05 and 0.07 showed a ünear decrease in TJx) with increasing x, as did 

their low x Co doping. Extension of these measurements to higher Co doping by 

Hoellworth et a1.[125] and Schmidt et d.[126], as detailed in the review, showed 

curvature developing in the Tc(x) plot as x approached the critical concentration 

for the mmplete suppression of supercooductivity, 20. For this reason, we prepared 

a series of Y(Nil-,F~)2B2C, with O 5 x 5 0.1, to determine whether the behaviour 

of TJx) follows the same pattern as the Co data, or whether it rernains linear to xo 

as suggested by Bud'ko et al. Since chill-casting the samples causes large changes 

in the properties of the parent cornpound, as described in the previous section, the 

doped samples were prepared by cutting bars from the arc-melted button wiLii a 

diamond saw. The resulting samples displayed exactly the sarne properties as the 

buttons from which they were cut, allowing direct cornparison with the results of 

Bud'ko et al. 



6.3.1 AC Susceptibility 

T,(x) was determined from oc susceptibiiity measurements. Figure 6.19 shows a 

cornparison of the zero field X, data for x=0.01, 0.02, 0.05 and 0.1. As x in- 

creases, Tc clearly drops rapidly, and the transition width AT increases steadily. 

TJx = 0.1) is well below 4.2K, suggesting that the critical concentration xo of 

Fe is slightly above 0.1. Rom figure 6.19 it cm also be seen that the amount of 

diamagnetic shielding decreases as x increases, ranging from lûO% shielding for the 

parent compound (as shown in the previous section) to only 90% for x=0.1. A siight 

temperature dependent paramagnetism also develops with increasing x, as can be 

seen in figure 6.20, a plot of x,(H,T) in the x = 0.01 sample, suggesting that 

the Fe impurities do indeed have magnetic moments. Values for Tc were extracted 

from these data using two methods: firstly by taking the onset temperature of the 

&op in the zero field susceptibility, and secondly as the temperature at which the 

maximum in d ~ ( 0 ,  T)/dT occurs. These Tc(x) 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 

Tkansport 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/dx=3-4yR-cm/at.% Fe. 

This can be seen in figure 6.2 1, which compares p(0, T) for the x=0, 0.02 and 0.05 

compounds. Values for Tc were taken from these data in the same manner as from 

the xac(07T) 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 Tc is 

plotted for the x = 0.02 and x = 0.05 samples in figures 6.22 and 6.23 respectively. 

As in the parent compound, the critical field Hp drops dramatically as T goes to 
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Figure 6.19: A cornparison of the zero field X, for Y(Nil,Fe&B2 with 
x=0.01, x=0.02, x=0.05 and x=0.1. 
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Figure 6.20: x,(H,T) for Y(Nit-,Fe&Ba with x=0.01 in a number of fixed static 
biasitig fields, h-om right to left: 0, 100, 500, 750 and 1000 Oe.. 
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Figure 6-52: p(H,T) for Y(Nil-,F&B2 with x=0.02 at a number of fixed temper- 
attires, as labellecl. 
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Figure 6.23: p(H,T) for Y(Nil-,Fe.)2B2. with x=0.05 at a number of fuced tem- 
perat lires, as labelleci. 



T;. Ha (T) shows no indication of saturating at zero temperature, as was observed 

in the parent cwnipoutld. Values for Ha(T) are compared for these two sarnples in 

figure 6.24, with the values extracted h m  the p(H,T) curves as previously. Hd(T) 

is much larger in the x=0.02 sample than in the x=0.05 sample, however the Ha(T) 

and Tc values in the x=0.02 sample are comparable to those in the chill-cast bar of 

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

6.3.3 Suppression of Tc 

The various values of T=(X) found from o u .  data are plotted in figure 6.25 along wit h 

those published previously by Bud'ko et al. [l24]. 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 hehaviour. The dashed line 

models the behaviour of the Fe impurities as non-magnetic scattering centres while 

the solid line is a fit to scattering fkom paramagnetic impurities. m i l e  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 x is replaced by the concentration c 

in atomic percent, where c = 213. A discussion of the results of the two model fits 

is below. 

The dashed Iine is a fit to the Kaiser scattering model, as done by Schmidt et 

a1.[126] for Co doping. The data is fit to equations 2.59-2.61, with N(EF)=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 Ueff=2x106 eV and Ni(EF) = 

0.6~10-~ stateslev atom spin. These results are obviously bizarre, with the low 

density of states and very high U, yielding Ni(EF) U, > 1, i.e. the static Hartree- 

Fock criterion for magnetism is satisfied. Thus, although this equation, which as- 

sumes non-magnet ic impurit ies, fits the data fairly well, the fitt ing results sugges t 

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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Figure 6.24: Estilnates of Ha(T) in Y (Nii-,FeJ2B2 with x=0.05 (bottom curves) 
and x=0.02 (top curves); In each set of curves, the lower data is estimated from the 
10% restoration of p(0, T) while the upper is hom the temperature of the peak in 
cip/dH. 
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Figure 6.25: Tc as a fiinction of Fe concentration for Y(Nil.xFex)2B2. The open 
symbols are estimates of Tc h m  Bud'ko et ai.[124], while the solid symbols are from 
the current study: estimated fiom (a) susceptibility onset, (m) maximum in d~/dT. (A) 
resistivity ~ n s e t , ( ~  )maximum in dpIdT. 



2.62) for the suppression of Tc by paramagnetic impurities, namely, 

Td is 15.6K, Tc for the parent compound, and 8 is the digamma function. A fit to 

this curve gives a critical concentration ~ = 3 . 5  at.% (x=0.105), and the cunmture 

of this fit at high c seerns 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 scat tering equally well, wit h perhaps a leaning towards magnetic scattering 

based on the high c curvature. Measurements are inconclusive, as Bud'ko et al. 

claim[124] (based on unpublished Mossbauer data) that the Fe impurities have no 

moment, however our data suggest that Fe may cany a moment in Y (Nil-=Fe& B2 

6.4 Conclusion 

In conclusion, YNi2B2C is shown to exhibit properties of an imperfect Type II  

superconductor. Preparing the samples using the chiU-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 

msgnetisation is also enhanced after annealing, a result which usually arises from an 

increuse rather than a decrease in the inhomogeneity of the sarnple. We suggest that 

this contradiction indicates the formation of some type of stable defect structure 

during the annealing process, which increases the irreversibiiity considerably, greatly 

improving the current canying capacity of the material. 

Finaliy, the effects of Fe doping at the Ni site on the suppression of Tc show 

t hat , in contradiction to previously published work[l24], the Fe impurit ies may 

carry rnagnetic 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 Mossbauer study of t hese mate- 

rials, needs to be done in order to state condusively whether or not such a moment 

exists. 



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, t his small positive magnetoresis tance may be overwhelmed by larger 

effects due to changes in the magnetic structure with applied field. For exarnple, 

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 magnet ic mult ilayer sys terns. 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 A p l p = ( p ( H )  - p(0) ) / p ( H ) ,  rather 
than Ap/p=(p (H)  - p(O))/p(O) as done here. This method dows values of > I O %  to be reported. 



exchange coupling[iO]. If neighbouring magnetic layers are aligned antifemmag- 

neticaily, the resistance of the material is large, since both spin-up and spin-dom 

electrons will be scattered as they p s s  through the layers. When a magnetic field 

is applied to the material, magnetizing ail 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 

onIy 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 

layerssince 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[lO]. 

Manganese perovskites, with general formula A,BI,MnQ3 (A=La, rare eart h, 

B= Ca, Mg, Pb etc.) also show giant magnetoresistance[l30]. These rnaterials have 

field induced met al-insulator transit ions, and can exhibit changes in resistance as 

high as 1000% wit hin t his region. The rnagnetic structure in these compounds can 

be very complicated, causing a cascade of transitions to occur as a function of a p  

plied field. This results in very complicated relationships between the magnetisation 

and magnetoresistance. 

Some intermetallic compounds have a naturally layered magnetic structure, ex- 

hibit ing bot h antiferromagnetic and ferromagnetic ordering as a function of tem- 

perature, combined with metamagnetic behaviour, in which the transition to the 

ant i ferromagne tic s tate is suppressed by an applied magnet ic field. Large magne- 

toresistances are observed in a number of these rnaterials, part icularly in the region 

of the metamagnetic transition. These rnaterials are particularly interesting since 

they are naturally layered, and thus are quickly and easily prepared and have no 

interface scattering effects to compiicate the analysis of the results. The present 

study focuses on the magnetoresistance and the rnagnetisation near the metamag- 

netic transition in two such layered rnaterials: doped CeFe* and Gd&. 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 phenornenon in these 



compounds as well as multilayer and perovskite systems. 

CeFe2 is a cubic Laves phase compound which orders ferrornagnetically at low 

temperature. This compound is interesting due to its low critical temperature of 

237K and low moment per Fe atom of 1 .2pB-strikingIy smaller than t hose for ot her 

RFez (R=rare earth) compounds[l3 11. This, as well as the presence of a small 

anomaly in the low temperature ac susceptibility[l32] suggests an instability in the 

ferromagnetic structure of CeFe*. hdeed, neutron diffraction measurements[l33] 

have shown the presence of some canting in the spin structure at low tempera- 

ture, indicating a tendency towards antiferromagnetic ordering. Neutron Wraction 

studies also indicate the existence of a smail moment at the Ce site, aligned antifer- 

rornagnetically with the Fe moment. Band structure calculations suggest that the 

srnall Fe moment is the result of the hybridisation of the Ce 4 f electrons with the 

Fe 3d electrons [l34]. This is supported by the abnormally large value of the specific 

heat coefficient 7 (approximately four t imes larger t han t hat for YFe2 [135]), typical 

of systems ivith such hybridisation. Neutron diffraction analysis based on t hese 

band structure calculations gave a moment per Fe atom of 1.1(3)pB, in excellent 

agreement wi t h the measured moment [Ml. The presence of hybridisat ion sugges ts 

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 des troying the ferromagnet ism. 

A large nurnber of these doped compounds have been studied, with general compo- 

sition Ce(Fel-,M,)2, and M=Co, Pd, Ru, Rh, and Al, fm example. The addition 

of Co, Al and Ru has been shown to destabilize the lattice, suppressing Tc and 

destroying ferromagnetism at low temperature.. 

Neutron diffraction studies of ce(Fe ,C~)~ ,  with less than 30% Co substitution, 

indicate a transition from ferromagnetic to antiferromagnetic ordering at low tem- 

perature, accompanied by a rhombohedral distort ion of the crystal lat tice[l36, 137, 

1381. Alloys with more than 30 percent cobalt substituted in the iron sites remain 

ferromagnetic d m  to helium temperatures. No moment was detected at the cerium 

sites in any of these alloys. Neutron diffraction and Mossbauer measurements[l39] 



for those compounds with l e s  than 30% Co substitution show a continuous reori- 

entation of the moments from the [100] direction in the ferromagnetic state to the 

[Il 11 direct ion in the antiferromagne~ic s tate. The ant iferromagnet ic s tate consis ts 

of layers of ferromagnetically aligned Fe spins in (1 1 1)-type planes, with antiferro- 

rnagnet ic coupling between adjacent layers. In the transition region bet men t hese 

two s tates, competit ion between the ferromagnet ic and ant iferromagnet ic compo- 

nents results in a canted spin arrangement. Tc and TN are indicated by anomalies in 

specific heat [l35] and resist ivity[l40] measurements. The resistivity measurements 

show a change in slope at Tc, as expected at a paramagnetic to ferromagnetic tran- 

sition. At TN 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, 391. On cooling, the rnagnetisation and ac suscepti- 

bility increase abruptly at Tc followed by a rapid decrease at TN, wit h TN drarnat- 

ically suppressed by the application of large rnagnet ic fields [l40]. Sufficient ly 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 TN, the field, Hm, required to drive this metamagnetic 

transition drops monotonically to zero. 

Ce(Fel-,Al& alloys also show the presence of an antiferromagnetic phase at low 

temperature. Neutron diffraction studies[l38] indicate that the transition to the an- 

tiferrornagnetic state consists of a continuous spin reorientation, with competit ion 

between ferromagnet ic and antiferromagnet ic components leading to a gradua1 t ran- 

sition. The coexistence of ferromagnetic and antiferromagnetic components extends 

over a much larger temperature range in the aluminum-doped ailoys than for the 

cobalt-doped dloys. Substitutions of x=O.OJ and 0.02 Al do not result in the corn- 

plete suppression of ferrornagnetism at low temperature[l38]. Wit h x=0.035 Al, the 

two competing states coexist for alrnost 70K, with the system becoming antiferro- 

magnet ically ordered below 50K[138, 1411. Detailed magnetisat ion and transport 

measurements have been done by Rsdba et al. [XI] on Ce(FeoazAb.o&, showing 

t hat the ferromagnetic and anti ferromagnetic transitions are so close t hat the fer- 



romagnet ic state is barely established before the onset of antifemrnagnetism, in 

agreement wit h neutron diffraction results [l38]. The proximity of the two transi- 

t ions results in cusplike M(T) and x(T) curves. Alloys wit h more than 8% Al in the 

Fe sites have a direct transition from a paramagnetic high temperature state to an  

antiferromagnetic ground stata[138, 1391. Measurements of M(H) , the field depen- 

dence of the magnetisation, at h e d  temperatures in a number of samples[lll, 1431 

show that the field, Hm, necessary to induce the transition to the ferromagnetic 

state decreases almost linearly as the temperature increases to TN. In addition, 

rneasurements by Radha et a1.[143] on x=0.08 Al inùicate the presence of a large 

(up to 10%) magnetoresistance in the temperature region (8G150K) in which the 

FM and AFM regimes overlap. At high temperature (T>TN) 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[l2] show that samples with x=0.01 and 0.033 Ru substitution do 

not have well-developed antiferromagnetic ground states, but those wit h higher 

Ru concentrations (up to around x=0.08) have a ferromagnetic regime followed 

by a transition to a low temperature antiferromagnetic regime. Compounds with 

x >0.08 show behaviour sirnilar to that of the x =0.08 Al sample with strong overiap 

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[i2] for sarnples in the inter- 

mediate concentration range, 0.033s s < 0.08, show a change in slope at the tem- 

perat ure of the paramagnet ic- ferromagnet ic transit ion. At  lower temperat ures , 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.[ll], on samples with x=0.07 

and 0.08 determined critical temperatures in good agreement with those measured 



Figure 7.1: Phase diagram of the Ce(Fei-.Ruz)i system (711. 

previously by Roy and Coles. The zero field susceptibility increases rapidly as the 

temperature decreases towards Tc , and then drops sharply badc to zero as the 

temperature is lowered further through TN. The existence of a peak in the non- 

linear susceptibility near the lower transition at 115K in the x=0.07 sample and 

a possible peak at 124K in the x=0.08 sample, are characteristic of peaks found 

at the lower transition of rentrant spin-glass systerns, suggesting a similarity in 

the dynarnics of these transitions. Detailed measurements of the field and temper- 

at ure dependent resist ivity and rnagnetisation, 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. 

Gd2 In, another layered intermetallic, has a more complex magnet ic structure 

than the doped CeFe*. The hexagonal ce11 (symmetry 63/mmc) consists of a layered 

ABACA structure stacked along the c axis as shown in figure 7.2[64, 1441. The A 

layers consist of only Gd atoms placed at the ceil corners. The crystallographically 

inequivslent B and C layers each contain one Gd and one In atom located inside the 

unit c d .  The Gd moments in ditferent layers are located in dinerent environments, 

a much more complicated situation than in doped CeFe*, in which al1 Fe atorns lie 

in identical sheets. 



Figure 7.2: Layered erystal structure of Gd&, from [144]. 

Published magnetisation(64, 145, 146, 1471 and resistivity [64] data are very sim- 

ilar to those seen in the doped CeFe2, and indicate that this system also undergoes 

two magnetic phase transitions. At high temperature the system is paramagnetic 

wit b ferromagnetism developing as the temperature is lowered through l9OK. At 

-100K, Gd& undergoes a further transition to a low temperature state, the struc- 

ture of which is currently unkaown. 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 obsewed in the CeFe2. The a p  

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, 1471. Al- 

though the magnetic structure of the doped CeFe2 compounds is well known, there 

continues to be some disagreement as to the structure of the two low temperature 

states in Gd21n. Neutron scattering experiments to ascertain the magnetic struc- 

ture for Gd2h 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- 

ta1 structure and other arguments. Mossbauer spectroscopy of lI9Sn substituted at 



the In sites[148] was interpreted as showing ferromagnetic coupling in both the low 

temperat ure regimes. Tm2 In, crystallographically equivalent to Gd2 In, 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& [64]. However, low field 

magnetisation measurements in Gd& show a low-field limïted slope, which Jee et 

al. [147] interpret as indicating a spiral magnetic structure as found in MnSi[149] for 

the intermediate temperature phase, rather than the simple Tm& structure. The 

decrease in magnetisation at lûûK suggests a loss of ferromagnetism, indicating 

that the low temperature state has at l e s t  partial antiferromagnetic coupling. The 

simplest structure possible is one similar to doped CeFe*, Le. ferromagnetic intra- 

planar coupling with antiferromagnetic interplanar coupiing. Since the Gd moments 

in different layers have different environments, t his structure would result in a ferri- 

magnetic rather than an antiferromagnetic state[64]. McAlister's measurements of 

the low temperature magnetisation of Sm21n[150], a ferrimagnetic compound with 

exactly the same crystal structure as Gd&, show a very different temperature de- 

pendence of the magnetisation than that measured in Gd21n[64], suggesting that 

Gd& 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(Fel-,Ruz)2, for which the magnetic structure is 

knom, in the hope that information about the magnetic ordering in Gd& can be 

gained. 

Magnetic and transport measurements were taken on the C e ( F ~ . ~ ~ F t u o . ~ ~ ) ~  and 

Ce(Feo.s2R~.os)a samples used in a previous oc susceptibility study by Wang et 

al[ll]. For convenience these samples will be referred to within this section as simply 

7% and 8%, respect ively. Magnet isation and magnetoresist ance measurements were 

performed with the biasing field applied along the longest sample dimension in alI 



cases. The use of the same sample in both magnetisation and magnetoresistance 

measurements means t hat , at a given external field, Ha, the interna1 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 rnagnetisation 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 weU with those measured previousiy by Roy and Coles on pieces 

cut from the same sarnple[l2]. The absolute values of the resistivities are, however, 

lower than those found by Roy and Coles, likely due to the aonealing procedure 

followed by Wang et al. [l l] , as described earlier (section 3.1.1). The transition from 

paramsgnetism to femmagnetism is indicated by a change in slope of the resistivity 

at Tc . 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 Tc 

has a peak at l55f 2K, in good agreement with the Tc of l52f l.5K estirnated from 

s uscept ibility measurements. The zero field oc susceptibiüty measured by Wang et 

al.[ll] has been superirnposed on the resistivity data to provide a direct cornpar- 

ison of the agreement between the two measurements. The vertical arrows in the 

figures indicate the values of Tc and TN 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[ii]. Estimates of the transition temperatures, Tc and TN, from the same 

features in the 8% sample are (131Il)K and (l26f 2)K, in good agreement with 

the susceptibility estirnates of (l31.3f 1.3)K and 123-124K, respectively. In the 

7% sample, the low temperat ure resistivity anomaly stretches over 10K, whereas 

in the 8% sample, the resistivity rises over an interval of only 6K. This difference 



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 Tc and TN 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 sirnilar 

effects on the resistivity in both samples (lower cmes  in figures 7.3 and 7.4). The 

temperat ure 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 regirne 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 TN, are sumrnarised 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 magnetoresis tance exists, consistent 

with the field induced reduction of thermal magnons (i.e. the reduction of spin- 

disorder scattering). Well below TN (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 saturat ing 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 TN, the metamagnetic 

field becomes larger, until at low temperature the transition can not be driven by 

the lergest avdlable 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 CeFe2 (1431. Figure 



Figure 7.3: The resistivity of Ce(Feo.93R~b.01)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[ll], with the 
vertical arrows indicating the transition temperatures found from the susceptibility 
anaiysis. 
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Figure 7.4: The resistivity of Ce(Feo~92Ruo.os)z as a function of temperature in zero 
applied field (upper curve) and in a static biasing field of 72 kOe (lower curve). The 
siiperiniposed dashed curve is the experimental ac susceptibiüty is zero field[ll], 
wit li the vertical xrrows indicating the transition temperatures found from the sus- 
ceptibility analysis. 
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Figiue 7.5: The magnetoresis tance of C ~ ( F Q . ~ ~ R U O J J ~ ) ~ ,  expressed as the ratio 
Ap/po, at a number of fixed temperatures; (a) 1 14.1 K, (b) 107.5 K, (c) 1 O 1.7 K, 
(d) 95.3 K, (e) 90.6 K, (f) 84.0 K, (g) 78.2 K, (h) 72.6 K, and (i) 67.0 K. 
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Figure 7.6: The niagnetoresistance of Ce(Feo.02Rmm)2, expressed as the ratio 
A p / p o ,  at a number of fixed temperatures;(a) 129.2 K, (b) 125.8 K, (c) 120.6 K, 
(ci) 117.3 K, (e) 110.9 I< and (g) 98.5 K. 



7.7 shows a typical magnetoresistance loop for the 7% sample, measured firs t 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, Hhys (T) , and the tem- 

perature dependence of the maximum loop width, AHhys(T). A summary of these 

data for the two samples are plotted in figures 7.8 and 7.9. in both samples Hbys(T) 

and AHh,(T) decrease as the temperature approaches TN h m  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[ll]. 

The hysteresis itself, AHh,(T), does not vanish completely until slightly above TN. 
The flattening in AHhys(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(Fel_,R~)a and 

Ce(b.92Ruo.os)2 are shown in figures 7.10 and 7.11 at a number of fixed temper- 

àtures near TN. After a sharp initial increase, the reason for which is not fuliy 

iinderstood, the low temperature M(H) curves (67.0 K, the lowest temperature 

c w e  in figure 7.10, for example), exhibit a Iow field plateau region with essentially 

zero slope. When the applied field reaches the metamagnetic field, the rnagnetisa- 

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 tonrard TN, the field required to induce the 

metamagnetic transition decreases monotonically. At temperatures above TN, the 

magnetisation has a large low-field slope but flattens out a t  higher field. In this 

ferromagnet ic regime the magnetisation does not sat urate to the highest measuring 

field, however exknpolation of the magnetisation at these temperatures to l/H=O 

(i.e. H=m) can be done to estimate the saturation moment in these samples. This 
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Figure 7.7: The inagnetoresis tance of Ce(Feoos Ruo.oi)î ,at a fixed temperature of 
78.2 K, measured in increasing followed by decreasing field, with the path of the 
loop inciictlted by the arrows. 



Temperature O<) 

Figure 7.8: The tetnperature dependence of the onset field for hys teresis, Hhys(T), 
irncl the w7idth of the hysteresis loop, AHh,(T), in Ce(Feo.93Ruoa7)2. 
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Figure 7.9: The tetriperature dependence of the onset field for hysteresis, Hh,(T), 
ancl the width of the hysteresis loop, AHh,(T), in Ce(Feo.ezR~o.os)a. 
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Figure 7.10: The magnetisation of C ~ ( F Q - ~ ~ R % ~ ~ ) ~  at a number of fixed ternpera- 
tiires. froin left to right: 103.8 K, 101.7 K, 97.2 K, 95.3 K, 89.7 K, 85.2 K, 83.9 K, 
78.2 K, 72.6 1< and 67.0 K. 
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Figiiie 7.1 1: The magnetisatioii of Ce(Feo.92Rb.08)2 at a number of tixed tempera- 
tures, froin left to right: 123.0 1<, 121.5 K, 114.0 K, 105.0 K, 96.2 K, 91.2 K, 86.2 
IC and 81.2 K. 



technique yields a moment per formula unit of 2 . 2 5 ~ ~  for the 7% and 2 . 1 ~ ~  in the 

8% sample, both lower than the 2 . 4 ~ ~  per formula unit measured for the parent 

compound. This result supports the existence of a destabilizing influence of the 

dopant on the CeFel ferromagnetic state. 

An interesting feat ure of the magnet isation 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 Hm. This behaviour is also evident in the 

low field magnet isation of Ce(Feo.92Ab.os)2 [143], and Ce(Feo.80Coo.20)2 [MO]. 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 [l2] 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 metamapet ic field on temperature for Ce(Feo.92Ah.os)2 [143], es- 

timating H,. from the field at which the magnetoresistance fist 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 msgnetisation or 

magnetoresistance data has the largest slope. To determine t his, the magnetisation 

and magnetoresistance data (in the form of Ap/po) were fit using a routine which 

selects the best fit fkom 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 dope of the magnetoresis tance and magne t isation 

curves is constant below TN, dropping off rapidly in the ferromagnetic regime in 
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Figure 7.12: The low field rnagnetisation of Ce(Feo,93R~o.a7)2 at a number of fmed 
tetiiperitures around the metatnagnetic transition, TN -1 l5K.; (a) 109.0 K, (b) 
1 1 0  1 ,  (c) 114.0 I< and (d) 116.8 I<: note the disappearance of the low field 
anom~ly  above TN. 



Figure 7.13: The derivatives (upper) l / p o ( d A p / d H )  at a number of 6xed temper- 
iitures: (a) 114.1 1<, (b) 107.5 I<, (c) 101.7 K, (d) 95.3 K, (e) 90.6 K, (f) 84.0 K, 
(g) 78.2 I< and (h) 72.6 K; and (lower) dhl/dH at a nurnber 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) 78.2 K 
and (h) 72.6 I< Ce(Feo-93Ruo.07)2. 
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Figure 7.14: The derivatives (upper) 1 /po(dAp/d H) at temperatures oE (a) 129.2 
K, (b) 124.5 K, (c) 120.6 K, (ci) 117.3 K, (e) 110.9 K and (g) 98.5 K.and (lower) 
dM/dH at temperatures of ;(a) 129.2 I<, (b) 125.8 K, (c) 120.5 K, (d) 117.3 K, (e) 
110.8 I<, ( f)  105.0 1< and (g) 98.9 1< for Ce(Fe~.~~Rib.~&.  



Table 7.1: Fitting Parameters for Hm versus T Phase Diagrams in Ce(Fel-,Ru& 

L 1 I I L I 

MR=magnetoresis tance; MG=magnet isat ion 

' Estimate type 
MR onset 

MR derivative 
MG onset 

MG derivat ive 

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 Hm versus T phase diagrarns for 

the two samples (figures 7.15 and 7.16). Not onb is t here a merence between the 

estimates of Hm 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 Hm versus T 

curves are al1 roughly linear, with some curvsture 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, Hm = a(TN - 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(Feo.92Alo.os)2 [Ml, and similar to 

the 1.6 kOe/K found for C ~ ( F ~ O . ~ ~ C ~ ~ ~ ~ ~ ) ~  [140]. These linear fits can also be used 

to give estimates for SN, as tabulated in Table 7.1. For the 7% sample the H,(T) 
curves deduced from the position of maximum slope in the magnetoresistance give 

values for TN close to those found from susceptibility and zero field resistivity mea- 

surements, whereas the magnet isation results are further off. This suggests t hat 

magnetoresistance rnay be a more sensitive probe of interna1 structure than mag- 

netisation measurements. The 8% data shows considerably more scatter than the 

7% data, ükely a consequence of the proximity of TN and Tc in the former material. 

Ce(Fe.92 Rb.os)a 
a(kOe/K) 

1.7 

C@'~udb.oi)2 

1.7 
1.1 
1.3 

TN(K) 
120 

a(kOe/K) 
1.6 

TN(K) 
115 

129 
125 
127 

115 
107 
112 

2.2 
1.3 
1.5 
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Figure 7.15: Hm-T phase diagram for C ~ ( F Q . ~ ~ R U ~ . ~ ~ ) ~  The left axis corresponds 
to H,n(T) estiniates from magnetoresistive data, while the right corresponds to the 
iuagnetisation data. 
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Figure 7.16: Hm-T phase diagrain for Ce(F~ . . rzR~as )a .  The left axis corresponds 
to H,(T) estimates from magnetoresistive data, while the right corresponds to the 
magnet isation data. The lines are guides to the eye. 



In fact, some of the estimates for TN are almost as high as Tc in the 8% sample. 

In summary, the magnetoresistance and magnetisation data in doped CeFe2 show 

many sirnilarities to systerns with Al and Co doping. A giant magnetoresistance 

is found in the vicinity of the metamagnetic transition, due to the clramatic 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. 

Detailed magnetisation and resistance measurements were done on the Gd21n sam- 

ple using the same measurement conditions as for the Ce(Fei-,Rh), systerns. The 

specimen used in both the rnagnetisation and magnetoresistance measurements was 

cut from a sample prepared earlier by McAlister[64], and was also used in a previous 

ae susceptibility study[l51]. 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 Gdz In is reproduced in figure 7.17, as well as the 

resistivity measured in a fixed static biasing field of 72 kOe applied dong t h e  longest 

sample dimension. The zero field ac susceptibility data measured previously in the 

same sampleIl5 11 is included to allow direct cornparison between features. The gen- 

eral features of p(0,T) are sirnilar to those observed in the doped CeFe2 samples, and 

to t hose measured previously by McAiister [64]. The paramagnetic to ferromagnetic 

transition is indicated by the knee in p(0,T) near 19OK. The temperature derivative 



of this resistivity (shown in the inset, figure 7.17(b)) has a peak at Tc=186.511K, 

in excellent agreement with the value of 187flK (indicated by the vertical mow 

in figure 7.17) determined by an analysis of the critics1 behaviour of the magnetic 

suscept ibiüty[151]. At lower temperat ures the resistivity begins to rise sharply, be- 

gianing at a temperature of 96f  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 (96f 1 K) of the sharp 

drop in ac susceptibility with decreasing temperature, and with the peak in the 

coefficient a2 (H) of the non-linear ac suçceptibility[l54]. McAlister[64] previously 

obtained an estimste for the metamagnetic transition temperature, Tm=99.5f 1 K, 

based on the anomaly in the temperat ure derivat ive of the resist ivity nesr the lower 

transition. The 72 kOe biasing field completely suppresses the ant iferromagnet ic 

state, as shown in the lower curve in figure 7.17. The applied field decreases the 

resistivity at al1 temperatures, although the magnetoresistance is much srnaller 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 c w e s  in the vicinity of Tm is sum- 

marised in figure 7.18. Within the ferromagnetic regime (for example, curve (a)), 

the magnetoresistance is srnail (- 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 sren in Ce(Fel-,Ruz)2: alter a low field plateau, the 

magnetoresistance has an abrupt drop-off at Hm, 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 frorn 4.2K towards the meta- 

magnetic transition temperature, the field required to àrive the transition decreases, 

as was observed in the doped CeFe2. The detailed behaviour of these plots wiIl be 

discussed later. 

The doped CeFe2 samples measured previously[l43, 152, 1531 show a large hys- 

teresis in the magnetoresistance within the antiferromagnetic regime. A similar 



Figure 7.17: The resistivity of Gd21n measured in fked biasing fields of zero(upper 
curve) and 72 kOe (lower cime). loset (a) shows the low temperature anomaly in 
the resistivity on a larger scile, while inset (b) shows the resistivity derivative at 
the upper transition, yielding a value for Tc of 186.5iiO.lK. 
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Figure 7.18: Magnetoresistive curves for Gd& at a nurnber of 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. 



magnetoresistance loop in Gd21n at a fixed temperature of 4.2K is shown in fig- 

ure 7.19. This cuve, however, shows extremely srnall hysteresis-the loop width 

is only 1 kOe, compmd to p a t e r  than 6 kOe in the Ce(Fei-xRp)2 samples at 

considerably higher temperatures. The lack of signincant hysteresis in this com- 

pound could be due to the lack of an orbital moment at the Gd site, and thus the 

absence of spin-orbit coupüng in the material. This would greatly reduce the crys- 

talline ariisotropy, and thus the hys teresis, since hysteresis measures primarily the 

coercivity of a material. Altematively, differences in magnetic structure between 

Gd& and Ce(Fel-xR~)2 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 Tm, 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 CeFe2[143, 152, 1531, 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 CeFe2. In 

Gd2 In, however, t his linear region has a measurable slope even at 4.2 K (inset figure 

7.21). This dope increases with increasing temperature, similar to that seen in the 

Lao,5C~.sMn03 perovskite system[l30], whereas in the Ce(Fel-,Ruz)2 samples t his 

region remains almost completely flat below Tm. 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 

detaïi 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 correlatioos on a 
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Figure 7.19: Hysteresis in the magnetoresistance in Gd& at a fixed temperature 
of 4.2 IC. 



longer lerigth scale t han the magnetoresistance, suggesting t hat saturation should 

be apparent in the magnetisation at fields higher than the 50-60 kOe required for 

the magnetoresistance. As in the previously discussed materiais, 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 initiaily, and 

then approaches saturation at high field, exhibiting none of the low field structure 

associated with the low temperature regirne. A number of curves measured in the 

ferromagnetic regime are plotted in figure 7.22. As Jee et al. [IN] obsemed, these 

curves seern to have a iïmiting low field slope, with different temperature data lying 

on the same line. Calculation of the dernagnetisation factor for this sample give 

N-1.2 g-Oelernu, consistent with a low-field ümited slope of 1/N=0.86 emu/g-Oe. 

This slope is higher than the observed limiting dope of 0.6 emu/g-Oe; however, the 

non-uniformity of the sample causes inaccuracies in the calculated demagnet isation 

factor, as weU as inducing non-uniform interna1 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 0.5x104 

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 pararnagnet with substantial exchange enhancement. 

These slopes are thus more likely to originate from some non-coliinearity in the Gd 

spin configuration rat her t han from band stnict ural sources. Althougb the high field 

magnetisation in these plots does not saturate, a value for the saturation moment 

can be obtained by extrapolating the data to l/H=O. The moments obtained in 

this rnanner decrease from approximately 7.2 ps/Gd at 4.2K tû 5.5pB/Gd at 140K. 



Figure 7.20: Magnetoresistance in G&ln 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 
cliirity. The magnetisation at 21<, in the inset, shows no evidence of saturation. 
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Figure 7.21: Mag~ietisation of Gd& at a nuniber of fked temperatures, from left 
tu right: 99, 97, 95, 93, 91, 89, 87, 85, 80, 75 and 15 K. The inset shows the 
iiiagnet isation meàsured at 4.2 K. 



Figure 7.22: Magnetisation data for Gd& in fixed temperatures of (from top to 
bottoiii) 101 K, 103 K: 105 K and 1401<. 



The former value is slightly higher than that expected from the Gd moment. These 

values are comparable to moments of 6-7.5pB/Gd atom, found earlier(64, 1471. 

7.3.3 Temperature Dependence of Hm 

Values for the metamagnetic field as a fwiction of temperature were extracted from 

the data using the same procedure as for the doped CeFe2 samples analyzed in the 

previous section. Figure 7.23 shows the slope of the rnagnetoresistance and magneti- 

sation curves. As observed in the doped CeFe* samples, the point of maximum slope 

moves to lower field as the temperature approaches Tm from below. The magnetore- 

sistance derivatives are shown in figure 7.23(a) at a number of temperatures close to 

Tm. This plot shows more structure than similar plots for Ce(Fel-,Ru&[l52, 1531. 

In the latter materids, the maximum slope remained approximately constant for 

temperatures below Tm, and then dropped rapidly to zero as the temperature was 

raised above Tm. In Gd&, the maximum dope increases smoothly with temper- 

ature until z93K, at which point it begins to drop smoothly to zero as the tem- 

perature increases further. The presence of this anomaly in Gd& suggests some 

intrinsic difference in the transition mechanism in the two layered systerns, perhaps 

the result of a spiral antiferromagnetic structure in the Gd&. It is interesting to 

note that the temperature at which the maximum slope is the largest (93f 1 K) is 

close to the temperature at which the anomaly in the zero field resistivity (figure 

7.17(a)) reaches its larges t value. 

The magnetisation derivatives in figure 7.23(b) show that, at a given tempera- 

ture, Hm is srnalier in the rnagnetisation data than in the rnagnetoresistance data, 

as observed in the previous compounds. Again, however, the variation of the max- 

imum slope with temperature is dinerent t han in the sys tems measured previously. 

In Ce(Fel-,Ru=)2 [l52, 1531, the maximum slope of the magnetisation data was con- 

stant at low temperatures and dropped süghtly as the temperature approached Tm. 

Gd2h shows remarkably different behaviour-t he maximum slope of the magnet i- 

sation curves in creases s teadily wi th temperat ure, approaching the ferromagne t ic 

Lirniting dope of 0.6 emu/g-Oe at 4.2K. This change in behaviour is another indi- 



Fipire 7-23: Derivat ives of Ap/po(H) (upper curves) at fuced temperatures: (a) 98.8 
I<, (b) 96.0 K, (c) 92.7 Ki (d) 90.2 1<, (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 I<, (e) 87 Ki (f) 85 1< and (g) 80 K. 



cation that the magnetic ordering in Gd2h may not be the same as in the previous 

layered compounds. 

The estimates of Hm from the two sets of data are surnmarised in figure 7.24. 

The H,(T) phase diagram deduced fiom the magnetisation data is approximately 

linear, with the values of H, found using the two methods described previously 

lying on approximstely the same line. In general these data, when corrected for 

demagnetizing effects agree well with values of Hm deduced from previously pub- 

lished msgnetisation data[64, 147). Fitting this data to the equation a(T - Tm) 

yields a value for Tm=94f lK, with a slope of 0.09 kOe/K. The magnetoresistance 

data show a larger difference between the two sets of estirnates for H,(T),as weil 

as greater curvature than the magnetisation data. H,(T) as derived from the peak 

dopes of the magnetoresistance plots is nevertheless sufnciently ünear to allow a fit 

to be done. This fit yields a =0.15 kOe/I< with a value for Tm=96f lK, the latter 

temperature in excellent agreement with the onset of the anomaly in the zero field 

resistivity and the rnidpoint of the lower transition in the ac susceptibility[l51]. 

The values of a found in Gd& are an order of magnitude lower than those found 

in doped CeFe2[152, 1531, which is not surprising since the metamagnetic fields in 

Gd& are dso mucb lower than in the other layered systems. The dinerence in Hm 
between these systerns suggests that the two systems have different spin ordering. 

7.4 Summary and Cornparison 

The general behaviour of the magnetisation and magnetoresistance in the vicin- 

ity of the metamagnetic transition of Ce(Fel-,Rh)? and Gd2h are rernarkably 

similar. The detailed behaviour in the transition region is quite ditferent in these 

systems, however, suggesting an intrinsic difference in the magnet ic structure of the 

low temperature states in t hese 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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Figure 7.24: H-T phase diagram for Gd&. The left axis corresponds to the H,(T) 
estimates boom magnetoresistive data, while the right corresponds to those from the 
magnetisation data Linear fits to the data near Tm are shown as weli as the low 
tempera t ure curvatiire. 



of the giant magnetoresistance process. 

It inerant models have been used to success fully reproduce the general behaviour 

of the magnetoresistance in magnetic multilayer sys tem,  ait hough t hey 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 rnechanics of such systems are quite difierent 

than in both multilayers and intermetallics. The s-f model predicts the following 

relations hip between Ap(H, T) = p(0,  T) - p(H,  T) and (S,) ocM(H ,T) [155]: 

where A = :G depends on the detailed band structure (0 is atomic volume, 

m' is the conduction electron effective mass, and EF is the Fermi energy), c is the 

atomic fraction of scattering sites, and a = W. 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 t hus a value of (S,) scaled to the total rnagnetisation was used. The measured 

magnetoresistance as well as three àifferent fits to equation 7.1 are shown at tem- 

perat ures below Tm in figures 7.25-7.27 for the three systems exarnined respectively. 

The different fits in each of these figures utilize three difTerent estimates of the field 

Hi: (a) Hi=H,; (b) (c) Hi=H,+kBTm/p~; and (c) Hi=Ha+X(Sz), with the molecular 

field constant A = kBTm/pB. The above fits are obtained using a routine which 

minirnizes 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. hstead of 

choosing values of 1 JI and IV1 which rninimize the deviations between the rneasured 

data and the fit, 1 JI and IV1 were chosen to obtain the correct overali change in 



Table 7.2: Fitting Parameters for s - f model 

minimise deviations I match Ap 

Ap(H,  T). Cumes (b) and (c) in t hese figures reproduce the field dependence of the 

resistivity very well although in ail of thesse samples, the calculated curves begin to 

drop at a field lower than in the measured magnetoresistance, due to the ciifference 

in Hm given by A p ( 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 substantidy difierent from 

tbat of the total magnetisation. The values of 1 JI and IV1 found using these various 

approaches are compared in table 7.2. In general, the fit to using Hi=Ha requires 

large values of 1 J 1, while srnaller 1 J 1 are obtained using the Iarger fields, as would 

be expected from the equation. The two different fitting methods resulted in large 

changes in the magnitude of 1 JI in the doped CeFe2 samples but not in Gd& a 

result most likely due to the smaller metamagnetic fields and thus srnaller deviations 

in the latter material. The values for IV1 remain fairly constant for all samples, as 

it is the least important fitting psrameter. 

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 supemone gaps on the Fermi surface at TN, decreasing the 
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Figure 7.25: Fits to the inagnetoresistiince in Ce(F~.prRuo.o& at a fixed temper- 
ature of 83.9 1< tising the s-f model, and minimizing the deviations between the 
fit and the nieasured magnetoresistance. The fits labelled (a),@) and (c) are as 
described in the text. 
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Figure 7.26: Fits to the tni~gnetoresistance in Ce(Feo.02R~s)2 at a fixed temper- 
atwe of 110.9 K using the s-f niodel, and minirnizing the deviations between the 
fit and the tneilsured magnetoresistance. The fits labellecl (a),@) -and (c) are as 
descrikd in the text. 
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Figure 7.27: Fits to the magnetoresistance in Gd& at a fixed temperature of 
40 1< using the s-f inodel, and miniinizing the deviations between the fit and the 
iiieûsiiiwl iiiagnetoresistance. The fits Iabelled (a),(b) and (c) are as described in 
the text. 
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Figure 7.28: Fits to the magnetoresistance in C e ( F ~ . o s R ~ . o &  at a fked tempera- 
ture of 83.9 K using the s-f model, and matching the overall change in the measured 
tnagtietoresistance. The fits labelled (a),(b) and (c) are as described in the text. 
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Figiw 7.29: Fits to the rimgnetoresistance in Ce(F~.~2Ruo.08)a at a fixed tem- 
peratiire of 1 10.9 K using the s-f tnodel, and matching the overaii change in the 
meaurd magnetoresistance. The fits labelleci (~),(b) and (c) are as described in 
the text. 
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Figure 7.30: Fits to the magnetoresistance in GdzIn at a fixed temperature of 40 
I< using the s-f niodel, and niiitching the overall change in the measured magne- 
toresistance. The fits labellecl ( x ) , ( b )  and (c) are as described in the text. 



number of current canying electrons and thus increasing the resistivity significantly 

from that in the ferromagnetic state, as in equation 2.42, viz, 

where, pi(T), R(T) and p,(T) are the irnpurity, 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 t hese considerations , in the doped CeFe2 samples this transition also involves a 

distortion of the crystal lattice, which would also affect the band structure. The 

s- f mode1 discussed above is dependent on the detailed band structure of the mate- 

rial, and assumes this structure (and thus the constant A, amongst others) rernains 

constant throughout, which is probably not the case in these intermetallics. Re- 

cently, Antonov et a1.[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 perovs kite materiais. They 

find a 26% reduction of the Fermi surface at  the transition from ferromagnetism 

to ant iferromagnet ism, which in itself would introduce a giant magnetoresis tance. 

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(O), they obtain magnetoresistances in 

semi-quantitative agreement with experirnental results. Although the behaviour of 

the resistance as a function of field can not be so easily cdculated, 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 stiU difficuit to appreciate how large changes in 

the magnet isation, surely reflecting changes in suhlatt ice magnetisation correlated 

with modincations in the band structure, can occur at fields which are substantially 

different from those inducing changes in the resistivity if the latter are also àriven 

by band structure modifications. 



In conclusion, small differences in behaviour in the vicinity of the lower transition 

support the hypothesis that the low temperature structure in Gd& is different 

£rom the simple antiferromagnetism present in doped CeFez-a result of the more 

complicated crystallographic structure of Gd&. Despi te the inabilj ty of a localised 

mode1 to describe the behaviour of these systems in the transition regions, band 

structure calculat ions may yield an explanat ion of the magnetoresistive behaviour 

in these intermetallic systems. 



Chapter 8 

Conclusion 

Although extensive experimental and theoretical work has been done on the effects 

of exchange bond disorder on rnagnetic ordering[80, 1571, the principal focus of this 

work has been on magnetic, rather than transport properties. Fùrthermore much 

of the experimental work that has been done concentrated on systems in wbich 

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 ut 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. lndeed in a great many systems experiments suggest that the 

asyrnptotic 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 h t  is the infiu- 

ence of an orbital component in the total impurity moment, the presence of which 

renders the above approaches-particularly ac susceptibility s t udies-ineffect ive. 

Spin-orbit coupling induces coercivity in the material, which obscures the emerging 

critical peaks and precludes observation of the  true asyrnptotic behaviour of the 

exponents. As well, since estimates for the critical temperature are made from the 

low field susceptibility behaviour, substantial error exists in Tc 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 



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 orbitd 

moment), and the coefficients descnbing this dependence, have been shown con- 

clusively to give information on the underlying bond-disorder. Using the low field 

resistive anisotropy, however, one cm obtain the relative amounts of disorder in a 

series of dloys, and, if the absolute disorder in one of these samples is known, i.e. 

the ratio q = J o / 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 t hese es tirnates, so the techniques introduced here remain comparative. Sec- 

ondly, the unusual critical behaviour of the zero temperature spontaneous resist ive 

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-spüt band 

structures. This is supportecl by previous measurements on uFe[5] and uNi[6] 

alloys which exhibited different exponents. Experimental measurements of the con- 

centration dependence of the SRA in other systerns with orbital moments would 

help to verify this suggestion, however difficulties could arise due to the extremely 

low critical concentration of, say Co-impurity systerns, making reiiable estimates 

for the reduced concentration (x - xo)/xo very difficult to obtain near XO. 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 Tc for its 

class of materials. We were interested prirnarily in the role of Ni in this material, 

since it was unclear whether the high Ni-concentration placed it above or below 

the femrnwetic 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 



below the ferromagnetic percolation t hreshold for nickel. This study was motivated 

principally by our work on the anisotropy in transport properties of Ni substituted 

systerns. 

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 

systerns which exhibit a colossal magnetoresistance and are the subject of rnuch 

recent activity. We have demonstrated that the s-f mode1 may not be appropri- 

ate for describing t his reorientat ion transition, and suggest t hat band-struct ural 

changes associated with the metamagnetic transition are of principal importance in 

these systems. A similar conclusion rnay be reached in the perovskite materials, in 

which the colossal magnetoresistance is associated with a metal-insulator transition, 

presumably an indication of significant band-s truct ural changes. Indeed recent mea- 

surements in perovskites substituted with Mg and Ca have shown that whereas both 

exhibit second order (cont inuous) pararnagnet ic to ferromapet ic phase transit ions 

on cooüng[158], the former sys tem displays insuiating/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 sys tem displays the larges t fractional magnetoresis tance at Tc while the 

latter displays little field dependence in the resistivity near Tc, 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 muitilayer materials studied here. 
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Appendix A 

Cul-,Ni,: Data Appendix 
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Figure A. 1: The temperature dependence of the oc susceptibity in k e d  biasing 

fields as labelleci, in Oe, for the z=0.55 sample. The dashed line represents the 

crossover line, as discussed in the text. 



Figure A.2: Peak temperature as a function of interna1 field to the power of 

0.571 for Cuioo-,Ni.with 24.55 .  The superimposed line represents a fit to the 
data with TC=83.2K. 



Figure A.3: The zero field susceptibility as a function of reduced temperature 

for the 55 et.% Ni sample. The inset shows the calculated effective exponent ,7'(t) - 



Fie,oure A.4: Reduced peak temperature as a function of interna1 field for z=0.55. 

The superimposed line represents the 3D Heisenberg prediction, l/(r + 8)=0.571. 



Figure A.5: Peak susceptibility as a function of reduced peak temperature for 

the 55 at.% Ni sample. The superimposeci line represents the 3D Heisenberg value 
for y=1.386. 



Figure A.6: Peak susceptibity as a function of interna1 field for the 55 at.% Ni 

sample. The solid line represents a fit to the data with 6=3.3(1). The dashed line 
shows a fit calculated using the 3D Heisenberg exponent, 6=4.8. 
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Figure A.7: The temperature dependence of the oc susceptibility in fixed biasing 
fields as labelled, in Oe, for the x=0.53 sample. The dotted line represents the 
crossover line, as discusçed in the text. 



Figure A.8: Peak temperature as a function of interna1 field to the power of 

0.571 for Cuioo-,Ni,with 24.53.  The supenmposed line represents a fit to the 

data with TC=62.8K. 



l fi l I l I I  I 1 l l l l I I I  L I I I  I l I I  

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, r*(t). 



Figure A.10: Reduced peak temperature as a function of interna1 field for 

2d .53 .  The superimposed line represents the 3D Heisenberg prediction, l/(7 + 
@)=0.571. 



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 7=1.386. 



Figure A.12: Peak susceptibility as a function of interna1 field for the 53 at.% 

Ni sample. The solid line represents a fit ta the data with 6=4.2(2). 
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Figure A.13: The temperature dependence of the ac susceptibiity in fixeci bias- 

ing fields as labelled, in Oe, for the 2 4 . 5 2  smple. The dotted Une represents the 

crossover line, as discussed in the text. 



Figure A.14: Peak temperature as a function of interna1 field to the power of- 
0.571 for Cul~,Nizwith 2 4 . 5 2 .  The superimposeci line represents a fit to the 

data with Tc=55.4K. 



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, y*(t). 



Figure A.16: Wuced peak temperature as a function of interna1 field for 

z=0.52. The superimposed line represents the 3D Heisenberg prediction, l/(r + 
0)=0.571. 



Figure A.17: Peak susceptibiity as a function of reduced peak temperature for 

the 52 atm% Ni sample. The superimposed line reptesents the 3D Heisenberg value 
for 7=1.386. 



Figure A.18: Peak susceptibility as a function of interna1 field for the 52 at.% 

Ni sample. The solid iine represents a fit to the data with 6=3.18(1). 
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Figure A.19: The temperature dependence of the ac susceptibility in fixeci bias- 

ing fields as labelied, in Oe, for the z=0.51 sample. The dotted üne represents the 

crossover line, as discussed in the text. 



Figure A.20: Peak temperature as a function of interna1 field to the power of 

0.571 for C ~ ~ ~ - . N i = ~ i t h  24.51. The superimposed line represents a fit to the 

data with T,=39. II<. 



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, 7*(t). 

The kink in the zero field data at high temperature is not uoderstood. 



Figure A.22: Fkduced peak temperature as a function of interna1 field for 

2=OS 1. The superimposed line represents the 3D Heisenberg prediction, 1 /(r + 
fl)=û.S?l. 



Figure A.23: Peak susceptibility as a function of reduced peak temperature for 

the 51 at.% Ni sample. The superimposed iine represents the 3D Heisenberg value 

for 7=1.386. 



Figure A.24: Peak susceptibiiity as a function of intenial field for the 51 atm% 

Ni sample. The solid line represents a fit ta the high field data with 6=1.98(2). 

The dashed üne shows a fit to the low field data using the 3D Heisenberg exponent, 

6=4.8(i). 



Figure A.25: The temperature dependence of the oc susceptibility in fixed bias- 
ing fields as labelled, in Oe, for the 24.50 sample. The dotted line represents the 

crossover line, as discussed in the text. 



Figure A.26: Peak temperature as a function of interna1 field to the power of 

0.571 for Cuim-,Ni=with 24.50. The superimposed line represents a fit to the 

data with TC=33.3K. 



Figure A.27: The zero field susceptibiiity as a funetion of reduced temperature 

for the 50 at.% Ni sample. The inset shows the calculatecl effective exponent, y*(t). 



Figure A.28: Wuced peak temperature as a function of interna1 field for 

z=0.50. The superimposecl iine represents the 3D Heisenberg prediction, l/(7 + 
8)=0.571. 



Figure A.29: Peak susceptibiity as a function of reduced peak temperature for 

the 50 at.% Ni sample. The superimposeci iine represents the 3D Heisenberg value 

for y=1.386. 



Figure A.30: Peak susceptibility as a hinetion of intemal field for the 50 at.% 

Ni saniple. The solid line represents a fit to the high field data with 6=3.0(1). The 
dashed line shows a low field fit yielding 6=10.2(4) 
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Figure A.31: The temperature dependence of the ac susceptibility in nxed bias- 

ing fields as labelled, in Oe, for the x=0.49 sample. The dotted üne represents the 

crossover line, as discussed in the text. 



Figure A.32: Peak temperature as a hinction of intemal field to the power of 

0.571 for C ~ ~ ~ ~ - ~ N i = w i t h  x=0.49. The superimposeci line represents a fit to the 

data with TC=22.2K. 



Figure A.33: The zero field susœptibiüty as a iunction of reduced temperature 

for the 49 at.% Ni sample. The inset shows the calculated effective exponent , ~ ' ( t ) .  



Figure A.34: Rduced peak temperature as a function of interna1 field for 

~ 0 . 4 9 .  The superimposeci line represents the 3D Heisenberg prediction, 1 /(r + 
P)=0.571. 



Figure A.35: Peak susceptibility as a function of redued p m k  temperature for 

the 49 at.% Ni sample. The dashed line represents the 3D Heisenberg value for 

7=1.386, while the solid line is the k t  fit, with 7=1.88(1). 
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Figure A.36: Peak susceptibility as a function of interna1 field for the 49 at.% 

Ni sample. The lines represent fits to the data with 6if < O and &=3.00(8). 
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Figure A.37: The temperature dependence of the oc susceptibility in fixed bi- 
asing fields as labeiied, in Oe, for the x=0.485 sample. The dotted line represents 

the crossover line, as discussed in the text. 



Figure A.38: Peak temperature as a function of interna1 field to the power of 

0.571 for CulOo-=NiZwith z=0.485. The superimposed line represents a fit to the 
data with TC=25.1K. 



Figure A.39: The zero field susœptibiiity as a function of reduced temperature 
for the 48.5 at.% Ni sample. The inset shows the calculateci effective exponent, 

r*(t) 



Figure A.40: Reduced peak temperature as a huiction of interna1 field for 

x=0.485. The superimposeci h e  represents the 3D Heisenberg preàiction, l/(7 + 
@)=0.571. 



Figure 14-41: Peak susceptibility as a function of reduced peak temperature for 

the 48.5 at.% Ni sample. The superimposed bue represents the 3D Heisenberg value 
for 7=1.386. 
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Fiove A.42: Peak susceptibility as a function of interna1 field for the 48.5 at.% 

Ni sample. The lines represent fits to the data with 4, < O and &=3.73 (5). 
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Figure A.43: The temperature dependence of the ac susceptibility in fixeci bias- 

ing fields as labeued, in Oe, for the x4.48  sample. The dotted line represents the 
crossover line, as discussed in the text. 



Figure A.44: Peak temperature as a function of interna1 field to the power of 

0.571 for Culoo,Nizwith 24.48. The supenmposed line represents a fit to the 
data with Tc=20.1K. 



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, 7*(t). 



Fi-oure A.46: Reduced peak temperature as a function of interna1 field for 

x=0.48. The superimposed line represents the 3D Heisenberg prediction, l/(r + 
P)=0.571. 



Figure A.47: Peak susceptibility as a function of reduced peak temperature for 

the 48 at.% Ni sample. The superimposed üne represents the best fit for 7=1.16 (6). 



Figure A.48: Peak susceptibllity as a function of interna1 field for the 48 at-% 

Ni sample. The iines represent fits to the data with 6i1 = 8.6(6) and bh, = 2.13(2). 
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Figure A.49: The temperature dependence of the ac susceptibility in fixed bi- 

asing fields as labelleci, in Oe, for the z=0.475 sample. The dotted line represents 

the crossover line, as discussed in the text. 



Figure A.50: Peak temperature as a functiou of interna1 field to the power of 

0.571 for C ~ ~ ~ - . N i ~ w i t h  24.475. The superimposed line represents a fit to the 

data with Tc=13.11C 



Figure A.51: The zero field susceptibiüty as a function of reduced temperature 

for the 47.5 at.% Ni sample. The inset shows the dculated effective exponent, 

r' (t)= 



Figure A.52: Reduced peak temperature as a huiction of intemal field for 

x=0.475. The superimposed line represents the 3D Heisenberg prediction, l/(r + 
P)=O.Sïl. 



Figure A.53: Peak susceptibiity as a function of reduced peak temperature for 

the 47.5 at.% Ni sample. The superimposed iine represents the 3D Heisenberg value 
for 7=1.386. 



Figure A.54: Peak susceptibility as a function of interna1 field for the 47.5 atm% 

Ni sample. The lines represent fits to the data with b1 = 12(1) and &,=3.7(1). 
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Figure A.55: The temperature dependence of the ac susceptibility in h e d  bias- 
ing fields as labelled, in Oe, for the x=0.47 sample. The dotted line represents the 

crossover line, as discussed in the text. 



Figure A.56: Peak temperature as a function of interna1 field to the power of 
0.571 for Culoo-.Ni,with 24.47. The superimposed line represents a fit to the 
data with TC=9.8K. 



Figure A.57: The zero field susœptibility as a function of reduced temperature 

for the 47 at.% Ni sample. The inset shows the elcuisteci effective exponent, 7*(t). 



Figure A.58: Reduced peak temperature as a functîon of interna1 field for 

~=0.47. The superimjmsed iiïie represents the 3D Heisenberg prediction, 1 /(7 + 
P)=0.571. 



Figure A.59: Peak susceptibility as a huiction of reduced peak temperature for 

the 47 at.% Ni sample. The superimposed line represents the 3D Heisenberg value 
for 7=1.386. 



Fio- A.60: Peak susceptibiüty as a function of intemal field for the 47 atm% 

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 , 6=4.8(3). 
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Figure A.61: The temperature dependence of the ac susceptibility in fwed bi- 
asing fields as labeiied, in Oe, for the 2 4 . 4 6 5  sample. The dotted line represents 
the crossover h e ,  as discussed in the text. 



Figure A.62: Peak temperature as a function of interna1 field to the power of 

0.571 for Culao,Nizwith 24.465. The superimposed line represents a fit to the 

data with TC=8.lK. 



Figure A.63: The zero field susœptibility as a function of reduced temperature 

for the 46.5 at.% Ni sample. The inset shows the calculated effective exponent, 

TV)* 



Fimure A.64: Reduced peak temperature as a function of interna1 fiejd for 

x=0.465. The supenmposed Une represents the 3D Heisenberg prediction, l/(7 + 
/3)=0.571. 



Figure A.65: Peak susceptibility as a hinction of reduced peak temperature for 
the 46.5 at.% Ni sample. The superimposeci üne represents the 3D Heisenberg value 

for 7=1.386. 



Figure A.66: Peak susceptibility as a function of interna1 field for the 46.5 at.% 

Ni sample. The hes represent fits to the data nit h 4 = 5.8(2) and tihf =3.56(5). 



Figure A.67: Peak temperature as a function of interna1 field to the power of 

0.571 for C ~ ~ ~ - . N i , w i t h  z=0.455. The superimposed üne represents a fit to the 

data with Te=4.2K. 



Figure A.68: The zero field susceptibility as a function of reduced temperatiue 
for the 45.5 at.% Ni sample. The inset shows the calculateci effective exponent, 

m- 



Figure A.69: Reduced peak temperature as a function of interna1 field for 

1-0.455. The solid line répresents the best fit, 1 /(r + P)=û.48(2), and the dashed 
line is the 3D Heisenberg prediction, l/(r + 0)=0.571. 



Figure A.70: Peak susceptibility as a function of reduced peak temperature for 

. the 45.5 at.% Ni sample. The superimposed üne represents the 3D Heisenberg value 
for 7=1.386. 



Figure A.71: Peak susceptibility as a function of interna1 field for the 45.5 at.% 

Ni sample. The lines represent fits to the data nith 6if = 2.00(4) and &=3.00(2). 



Fieme A.72: Peak temperature as a function of interna1 field to the power of 

0.571 for C ~ ~ ~ - ~ N b w i t h  x=0.45. The superimposed line represents a fit to the 

data with Tc=1.7K. 



Figure A.73: The zero field susceptibiiity as a function of reduced temperature 

for the 45 at.% Ni sample. The inset shows the calculated effective exponent, ~ ' ( t ) .  
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Fiove A.74: Reduced peak temperature as a function of interna1 field for 
z=0.45. The superimposed line represents the 3 D Heisenberg prediction, l/(y + 
/3)=0.571. 



Fture A.75: Peak susceptibility as a function of redueed peak temperature for 

the 45 at.% Ni sampie. The dashed Une repments the 3D Heisenberg value for 

7=1.386, while the solid iine represents the bert fit, 7 = 1.00(5). 



Figure A.76: Peak susceptibiiity as a function of interna1 field for the 45 at.% 

Ni sample. The lines represent fits to the daia wïth 6i1 = 1.47(2) and 6h,=3.00(1). 
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Figure A.??: Magnetoresistance as a function of applied field for the 54 at.% 

sainple, as measured at a fhed temperature of 1.X. 



Figure A.78: Magnetoresistance as a function of applied field for the 53 at.% 

sample, as measured at a fked temperature of 1.5K. 



Figure A.79: Magnetoresistance as a function of applied field for the 52 at.% 

sample, as measured at a fixed temperature of 1.5K. 



FiDwe A.80: Magnetoresistance as a funetion of applied field for the 51 at.% 

sample, as measured at a fixed temperature of 1.5K. 



Figure A.81: Magnetoresistance as a function of appüed field for the 50 at.% 

sample, as measured at a h e d  temperature of 1.5K. 



Figure A.82: Magnetoresistance as a function of applied field for the 49.5 at.% 

sample, as measured at a fked temperature of 1.5K. 



Figure A.83: Magnetoresistance as a function of applied field for the 49 at.% 

sample, as measured at a fixed temperature of 1.5K 



Figure A.84: Magnetoresistance as a function of applied field for the 48.5 at.% 

sample, as w u r e d  at a fixed temperature of 1.5K. 



Figure A S :  Magnetoresistance as a function of appiied field for the 48 at.% 

sample, as me8~ured at a fixeci temperature of 1 . X  



Fiogre A.86: Magnetoresistance as a function of applied field for the 47.5 at.% 

sample, as measured at a fixed temperature of 1. SI<. 



Figure A.87: Magnetoresistance as a function of applied field for the 46.5 at.% 

sample, as measured at a fixed temperature of 1 . X  



Figure A.88: Magnetoresistance as a function of appüeà field for the 46 atm% 

sample, as measured at a fixed temperature of 1.5K. 



Figure A.89: Magnetoresistance as a function of applied field for the 45.5 at.% 

sample, as measured at a iixed temperature of 1 . K  



Figure A.90: Magnetoresistance as a function of applied field for the 45 at.% 

sample, as measured at a fixed temperature of 1 . K  
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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 Tc==82.5(8)1<. 
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Figure A.92: The low field resistive anisotropy (LFRA) for the 54 at.% Ni 

sampie. The superimposeci iines gWe T,=86(1) 1<. 
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Figure A.93: p(T) for the 53 at.% Ni sarnple. The inset shows the temperature 

derivative of the resistivity, with Tc=68.3(8)K. 
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Figure A.94: The low field resistive anisotropy (LFRA) for the 53 at.% Ni 

ssmple. The superimposed lines give Tc=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, wit h TC=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 gïve 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 

defivative of the resistivity, with Tc=40.6(7)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 Tc=28.8(6)K. 
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Figure A.lOO: The low field resistive anisotropy (LFRA) for the 49.5 at.% Ni 
sample. The superimposed lines give Tc=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 Te=22.4(6)K. 



Figure A.102: The low field resistive anisotropy (LFRA) for the 49 at.% Ni 

sample. The super imposed 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 TC=23.0(5)I<. 
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Figure A. 104: The low field resistive anisotropy (LFRA) for the 48.5 at.% Ni 

sample. The superimposeci 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 TC=19.6(5)K. 



18 20 22 

Temperature (K) 

Figure A.106: The low field resistive anisotropy (LFRA) for the 48 at.% Ni 

sample. The superimposed lines give Tc=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,=ll.g (10) K. 
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Figure A. 108: The low field resistive anisotropy (LFRA) for the 47.5 at.% Ni 

sample. The superimposeci 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 Tc=10.3(5)K. 
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Figure A.110: The low field resistive anisatropy (LFRA) for the 47 at.% Ni 

sampIe. The s uperimposed lines give T,=10.4 (7) K. 
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Figure A.111: p(T) for the 46.5 at.% Ni sample. The inset shows the tempera- 

ture derivative of the resistivity, with TC=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 superirnposed 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 fatures. 
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Figure A.114: The Iow field resistive anisotmpy (LFRA) for the 45.5 at.% Ni 

sample. The superimposed lines give T,=5.6(10) K. 



Figure A. 115: p(T) for the 45 at.% Ni sample. The inset shows the temperature 
derivative of the resist ivity, which exhibits no critical features. 





Temperature (K) 

Figure A. 117: p(T)  for the 55 at.% Ni sample after aging. The inset shows the 

temperature derivative of the mis tivity, with Tc=86.4(8)K. 
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Figure A.118: The low field resistive anisotropy (LFRA) for the 55 atm% Ni 

sampie after aging. The superimposed lines give Tc=87.5(8)K. 
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Figus A. 121: p(T) for the 48 at.% Ni sample after aging. The inset shows the 

temperature derivative of the resistivity, witb T,=19.5(5)1<. 
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Figure A.i.12 The low field resistive anisotropy (LFRA) for the 48 at.% Ni 

sarnple after aging. The supaimposed lines give T,-ZlA(S)K. 
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Figure A.123: p(T)  for the 47 at.% Ni sample alter aging. The inset shows the 

temperature derivative of the resistivity, with Tc**~(S)K. 
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Figure A.124: The low field resistive anisotropy (LFRA) for the 47 at.% Ni 

sample afler aging. The superimposed lines give Tc=l 1.3(5)K. 
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Figure A.125: p(T) for the 46 et.% 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 atm% Ni 

sample &er aging. The superimposeci lines give Tc=8.6(3)K. 



Appendix B 

SRA in Dilute Cr Alloys with Fe 
and Co 

B.l  Review 

Cr is an antiferrornagnet wbose ground s tate consis ts of a spin density wave (S D W) 

s tahiliseci by Wrtni surface nesting, wit h a wave vector incommensiirirte with t ha 

lattice[l:3]. The addition of iiiipurities 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 SD W structure. Non-magnetic transition inetal elements iso- 

electronic with Cr result in only a slight clepression of the Néel temperatire when 

addecl to Cr, since only scattering effects need be considered. In general, the addi- 

tion of elenlents with higher electron concentration than Cr stabilise the SDW and 

increilse TN, 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 TN), but the SDW electrons 

are strongly scattered from the magnetic moments of these iuipurities, causing de- 

pairing and destabiüsation of the SDW (decreasing TM). Magnetic susceptibility 

measurements iadicate that both Fe and Co have local moments in a Cr host(1571, 

however, while QFe shows a paramagnetic susceptibility at al1 tetnperatures, &Co 

only has a paramagnetic moment for temperatures above TN, indicating that the 

Co iiioiuents tnay be coiipled into the SDW in the low temperature state. This is 



siipportecl by mesurements of the inagnetisation and t~iagnetoresistance iri t hew 

twvo alloys: &Fe has a s trong field dependent rwgnetisation and magnetoresis tance, 

ivhile those in %Co are inuch weaker. Mossbauer spectra of &Fe alloys also indi- 

wte the pcesence of a local moments below TN, however they suggest that l~elow 

TN a large fraction of these moments are coupled into the SDW[13]. The difference 

between the behaviour of Fe and Co impurities is dficrilt to explain. We suggest 

that this difference may be linked to an orbital coniponent in the total impiuity 

moment. As discmsed previously, the presence of an orbital moment can I)e de- 

duced from measurements of non-zero spont aneous resis tive anisotropies (SRA) in 

a tnaterial. This stndy rneaswes the magnetoresistance of several &Fe and Q C o  

alloys in an attempt to determine whether such a moment cloes exist in either of 

t hese systeins . 

B.2 Data 

Crl-,Fe, samples 

x=0.08, 0.05 and 

and Analysis 

with x=0.1, 0.05, 0.025, and 0.13 ancl Crl,,Co, samples with 

0.025 were prepared as described in section 3.1.1 of the text. 

The magnetoresis tance was irleasured in bot h longitudinal and transverse tnodes in 

fields of up to 3T in the SRA system (section 3.2.2) and up to IOT in the high field 

inaguetoresistance system (section 3.2.4). 

Using previously publis hed rnagnetizat ion data(158, 1591, the applied field wns 

converted to induction, usiug B=b+4rM-NM, where N is the deniagnetisation 

factor calculated as described in Section 3.3.3. The magnetoresis tance (M R) of pure 

Cr is extrcmely large (as s hown in figure B. 1) , in agreement with previous data[lôO], 

as is the anisotropy, plotted in the inset of Figure B.1. This strong MFL in pure 

Cr tneans that in order to find the msgnetic contribution to the magnetoresistance 

in the alloys, this orbital contribution from the host must be removed. This is 

doue using Kohler's rule, which states that the inagnetoresistance in a system is a 

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



Figure B.1: The longitudinal (pi), and transverse (p l ) ,  magnetoresistances of pure 
Cr at 4.2K as a function of interna1 field. The inset shows the anisotropy (pl,-pL)/po 
expressed in percent. 



The effect of this correction is cleinonstratecl for the MR in the 2.5 at% Fe si~iiil~le 

at 4.2K in figure 8.2, which sliows the data before ancl after correction. Althoiigh 

t lie iincorrected chta appear to have saturatecl, or t i und  upwards at high field, the 

corrected data show a strong negative magnetoresistance at aU fields. The 1.3% 

Fe sample has MR curves with a strange shape (Figure B.3)) resulting frotn the 

cornpetition between the host and the magnetic contributions to the MK. Due to 

their large residual raistances, the 5 and 10% Fe samples are affecteci vely little 

by the correction, (Figures 8.4 and B.5), and the transverse and longitiiclinal inlig- 

netoresistances are both strongly negative, wit h little anisotropy between the two 

modes. The magnetoresistance at 2K is very similar, wit h slightly larger anis0 tropy, 

and are not shown here. The anisotropy between the longitudinal and transverse 

magnetoresistances nt 2K are plotted in Figure B.6 as a function of interna1 field. 

Obviously the anisotropy is small et al1 concentrations, and extrapolations to B=O 

resiilt in  very small SRA values. 

Similar plots are shown for the Co data. The MR in the 5% Co satiiple is shown 

before and after correction in figure 8.7. The correction results in a weak negative 

logit iidinal magnetoresis tance, consis tent wit h previously published clata[157]. Fig- 

ures 8.8 and B.9 show the correctecl magnetoresistance in the 2.5 and 10% Co satri- 

ples at 2I<, and the corresponding anisotropies are plotted in figure B.lO. Althoiigh 

the anisotropy beconies more strongly negative with increasing Co concentration, 

the SRA is still very srnall in this system. 

Estimates of the SRA as a function of impurity concentration rue shown in figure 

B. 1 1 (wit h error h r s  arising primarily from uncertainties in po) , dong wi th previ- 

ously priblished SRA values for a number of transition metal-Fe, Ni, Co alloys [lG 11. 

The SRA in the m o ,  U N i ,  &Co and &Fe sys terns approaches a non-zero plateau 

region as the impurity concentration decreases, consistent with the presence of an 

orbital moment at the impurity sites. In UFe, however, which does not have an 

impurity moment, the SRA approaches zero at zero Fe concentration. The &Fe 

and QCo SRA estimates are aiso very s tnall, and within the error bars shown seem 

to indicate that neither of these systerns has an orbital contribution to its total 



Figure B.2: (a) The rneasureci pl and p r  for the 2.5 at.% Fe sample at 4.2K. (b) The 
magnetoresistance in (a) after correction. The residual resistivity for t his sample is 
in good agreement wit h previous estirnates [l5q. 
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Figure 8.3: The corrected pl1 and p l  for the 1.3 at.% Fe sample at 4.2K. The residual 
resistivity for this sample is in good agreement with previous estimtes[l57]. 
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Figure B.4: The mrrected pi and p~ for the 5 at.% Fe sample at 4.2K. The residiial 
resistivity for this sample is in good agreement with prwious estimates[l57]. 



Figure B.5: The corrected pi and p l  for the 10 at.% Fe sample at C.2K. The residual 
resistivity for this sample is in good agreement with previous estimates[l57]. 



Figurcl R.6: The anisotropies (pl-pl)/& in percent for the 1.3, 2.5, 5 and 1U at.% 
Fe samples at 2K. The error bus shown result pnmanly from uncertainties in po. 



Figure B.? (a) The tne~sured pl and p l  for the 5 atm% Co sample at 2K. (b) The 
inagnetoresis tance in (a) after correction. The residual resistivity for t his sample 
is slightly lower than previous estirnates [160], indicating that the true composition 
may be lower. 



Figure B.8: The correcteci pl and p l  for the 2.5 at.% Co sample at 2K. The residual 
resistivity for this sample is süghtly lower than previous estimates [160], indicating 
that the true composition may be lower. 
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Figure B.9: The corrected pl and p l  for the 8 at.% Co saniple at 2 K. The residual 
resist ivity for this sample is slightly lower t han previous estimates [160], indicating 
that the true composition may be lower. 



Figure B.10: The anisotropies (pl[-pL)/po in percent for the 2.5, 5 and 8 at.% Co 
samples at 2K. The error bars shown result pnmariiiy from uncertainties in PO. 



niagnetic moment. 

B.3 Conclusion 

In silmmary, the magnetoresistances in the &Fe and QCo 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 cbapter 2, the existance of a non-zero SRA 

depends both on the existence of an  orbital moment and on the presence of a po- 

Iarising field strong enough to aiign the orbital moments. The SRA data indicate 

that neither of these impurities have orbital contributions to the magnetic moment, 

iinless 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 &Fe this coupling might be weaker than in ÇECo, resiilting 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-SD W coupling exists, the ineasurements of the SRA in these alloys 

indicates that neitheï the Fe or the cobalt have orbital contributions to their total 

~iioments when in a Cr host. 



congrc&ation (at %) 

Figure B.ll: The SRA as a function of concentration in Q F e  and çLCo, as well as 
values for UCo , =Ni, MFe, &Co and &Fe[lG l] . 




