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Abstract

Spin fluctuations (SF) are magnetization fluctuations in a metal. They have been

proposed as the fundamental origins of the finite temperature properties of transition

metals. This thesis presents amorphous iron-zirconium (a-FezZrloo_z) as an ideal

system in whiè to study SF. a-FezZrlOO_z transforms from an exchange-enhanced

paramagnet to a weak ferromagnet with increasing :c, while the atomic structure

remains virtual1y unchanged. T' anhancement by SF of the effective electron mass

has been studied in a-Fe",ZrlOO_ _ow temperature calorimetry. We report the first

observation of the complete quenching or suppression of SF in a metal, achievable by

either raising the temperature, or by applying a high magnetic field. This complete

quenching al10ws us to rule out the formation of super-paramagnetic c1usters, the only

other plausible explanation of the data. a-FezZrlOO_z, therefore, shows the c1earest

evidence to date of SF in the e1ectronic properties.
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Résumé

Les fluctuations de spin (FS) sont des fluctuations de magnétisation dans un

métal. Les FS ont été proposés comme les origines fondamentales des propriétés à

températures finies des métaux de transition. Cette thèse présent.e le fer-zirconium

amorphe (a-Fe",Zrloo_.) comme système idéal pour étudier les FS. a-Fe.ZrlOO_.

se transforme d'un p8.ra-aiment augmenté par un couplage d'échange à. un ferro-
"

aiment faible quand la valeur de x augmente, pendant que la structure atomique

reste presque inchangée. L'augmentation par FS de la masse effective de l'électron a

été étudiée par calorimétrie à basses températures. Ici, nous présentons la première

observation du "quenching" ou la suppression des FS dans un métal, qu'on peut

faire par augmentation de la température ou par application d'un grand champs

magnétique. Ce quenching complet nous permet d'exclure la formation des régions

super-paramagnétiques, la seule autre explication des résultats. Donc, a-Fe.ZrlOO_.

montre, jusqu'à maintenant, une preuve la plus claire des FS dans les propriétés

électroniques.
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Chapter 1

Introduction

Historically, an understanding of magnetism in solids has been approached from two

perspectives. In the local moment picture, which applies in magnetic insulators and

rare earth f-electron metals, the moments are treated as being completely localized,

each associated with one particular atom in a solid. In the completely opposite

itinerant moment picture, which applies to alkaline, alkaline earth and noble metais

in an applied magnetic field, electrons are treated as being completely delocalized and

existing in an energy band. Controversy about which picture applies in d-electron

transition metals, notably the iron group metais (Fe, Co, Ni), lasted fifty years. While

the ground state properties of the iron group metals were fillally demonstrated to be

explainable within the itinerant model, mean field theory was unable to predict finite

temperature properties. The challenge, both to experiment and to modern theories

of magnetism is to therefore explain the finite temperature magnetic properties of

d-band metais.

The failures of mean field theory can be traced to its neglect of fluctuations.

Fluctuations may affect the static mean field in a system whose response is non-linear.

Dubbed spin fluctuations (SF), magnetization fluctuations in an itinerant magnet

determine magnetic properties at all finite temperatures, particularly in weak itinerant

ferromagnets. Modern theories of d-band magnetism incorporating SF promise a

unified picture of magnetism which reduces to the itinerant or localized picture in

1



CHAPTER 1. INTRODUCTION 2

appropriate limits.

Genera1ly, measurement of static magnetic properties cannot unambiguously iden­

tify the presence of SF. Consequently, experimental evidence for the existence of SF

has come mainly from observations of the SF scattering effects on electronic proper­

ties and from neutron scattering results. Many experimental studies have investigated

weakly magnetic d-band metals, like NhAl, ZrZn2 and InSc3, often as the compo­

sition is varied slightly off that of the stoichiometric crystal. This a1lows the study

of SF as the strength of the magnetism is varied through the critical concentration

for magnetism. The conclusions of these studies are often weakened, however, by the

unfortunate necessity of comparing measurements from a perfect crystal with those

from off-stoichiometry crystals containing different numbers of defects.

We present amorphous iron zirconium (a-Fe"ZrlOO_") as an ideal system in which

to study spin fluctuations. On adding an appropriate amount of iron, this system

undergoes a transition from a nearly ferromagnetic metal into a weak itinerant fer­

romagnet. The advantage of the glassy structure of this system is that the atomic

arrangement is virtua1ly unchanged over a wide composition range. We have studied

the effect of SF scattering on the effec~; 'Te electron mass in a-Fe"ZrlOO_z by measuring

the low temperature specifie heat, Cp(T), of a-FezZrlOO_z at finely spaced intervals

of composition :z: near the critical composition of :z:c :::: 37% . These measurements

show an enhancement of the effective electron mass at low temperatures (T<5 K)

which disappears at higher temperatures (T> 7 K). We have identified this mass en­

hancement as arising due to SF. This view is supported by the observation that the

mass enhancement is greatest for samples right near the critical concentration.

Since the spin fluctuation temperature, TSF, the characteristic energy scale of SF,

is very low (~ 7 K) in a-Fe"ZrlOo-z, we are able to observe for the first time the

vanishing of the SF at higher temperatures. We also report the first observation of

the complete quenching or suppression of SF modes by high magnetic fields.

Many authors [1,2] have warned that the effect of magnetic clustering may appear

as SF effects in Cp (7') . Because, however, the SF may be completely quenched in
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one of our samples, we are abl!' to rule out the existence of magnetic c1uster formation

in this sample using thermodynamic arguments.

In Chapter 2, we present the Weiss and Stoner theories of magnetic order, and give

an account of their successes and failures. Modern theories of magnetism incorporat­

ing spin fluctuations are then discussed along with their experimental consequences.

Previous experimental work on a-FezZrlOO-z is also reviewed in Chapter 2. Fabri­

cation of a-FezZrlOo_z ribbons is discussed in Chapter 3, and a description is given

of important sample characterization techniques. Precision absolute calorimetry is

necessary to compare SF effects in different samples and a discussion of this diflicult

low temperature measurement is given in Chapter 4. Previous magnetometry results

are re-interpreted in Chapter 5, and the results of calorimetry and magnetocalorime­

try measurements are presented and discussed. Chapter 6 summarizes the important

results of this study and discusses suggestions for future work.
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Background

2.1 Local Magnetism

The simplest pieture of magnetism is that of elementary magnetic moments localized

on individual atoms in a solid. This picture is found to apply in the vast majority of

magnetic solids and many of the concepts introduced here aid in an understanding of

itinerant magnetism.

Classically, according to the Bohr-van Leewen theorem [3], magnetic phenomena

in solids should not exist at all. Quantum Mechanics is necessary for an understanding

of the fundamental origins of the elementary magnetic moments, jl, which combine

to produce a measurable magnetization, Al. The discrete eleetronic energy levels of

the free atom lead to the formation of an electronic magnetic moment, jl, which is

given by:

(2.1)

where PB is the Bohr magneton. The total, orbital and spin angular momentum of

the electrons in the atom (J, Land 5 respeetively) are calculable using Hund's rules.

The Landé factor, g(J, L, 5), is given by [4]:

(J L 5) = ! ! [5(5 +1) - L(L +1)]
9 , , 2 + 2 J(J +1) , .

4

(2.2)
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if the eleetronîc g-faetor is taken as exaetly 2.

2.1.1 Local Paramagnetism

5

In an applied magnetic field, fi, an atomic moment acquîres a magnetostatic energy,

-ft· fi = g(J,L,S)!LBJ.H. This energy, and simple statistical mechanics, allows us

to calculate the volume magnetization, M(H, T), of a gas of N isolated atoms in

equilibrium at a temperature, T.

M(H T) =.Mo (H) = g(J L S)II. JN B (g(J, L, S)!LBH)
, - 0 T ' , rB V J kBT ' (2.3)

where BJ(u) is the Brillouin funetion [4]. For smal1 fields, the magnetic volume

susceptibility, X(T), can be written in CGS units as:

X(T) = Xc(T)

xc(T)

dM g2(J, L, S)!LV(J + 1) N
- dH = 3kB T V

P~ff N
- 3kB TV

'f g(J,L,S)!LBH 1
1 : kBT «.

(2.4)

This expression is the Curie law which describes paramagnetism in any system of

non-interacting local moments at low enough fields. In a solid, if the ionization state

of the magnetic atoms is known, the Curie law can be used direetly to calculate X(T).

In paramagnetic rare earth metals, for instance, the magnetic moment of the f­

electron ion calculated by Hund's rules and equation 2.1 agrees weil with the magnetic

moment determined from the experimental1y observed Curie law [5].

In transition metal salts, d-electron wavefunctions centered about the metal ion

are extended in space, so that the ion cannot be treated as isolated. Crystal eleetric

fields from neighboring atoms, with sufficient asymmetry, cause L levels to be split

such that the ground state has L = O. In this case, J = S for the ion gives Curie

moments in good agreement with experimental1y observed susceptibilities of transition

metalsalts [6J. This suppression ofthe orbital moment, L, in d-eleetron salts is known

as orbital quenching [5].
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2.1.2 Weiss Theory of Local Magnetic Order

6

The most obvious manifestation of magnetism is ferromagnetism, which refers to the

experimental observation of a spontaneous magnetization in a solid in the absence of

an applied magnetic field. The earliest theory of ferromagnetism was the phenomeno­

logical Weiss molecular field model [5]. In this treatment, an elementary moment feels

a molecu1ar field, ÀM, proportional to the overal1 volume magnetization in addition

to the applied field H. The resu1tant effective field is:

HEFF=H+ÀM,

where À is the dimensionless molecular field constant. The magnetization is deter­

mined by assuming that the system responds to the effective field just as if it were an

external1y applied field. The actual origin of the effective field constant, À, (or for that

matter the origin of the elementary moments themselves) was unknown c1assical1y.

Estimates of À due to dipole-dipole coupling were 1000 times too smal1 compared

with observed values of ~104 [3].

The magnetization, M, of a system of interacting local moments can now be

determined simply by inserting HEFF into the expression for the magnetization of

the non-interacting system. Equation 2.3 becomes:

If H = 0 and we define u = ÀMIT, then this equation becomes:

uTT =Mo(u).

In Fig. 2.1, Mo(u) is plotted together with the straight lines, uT1À, for different

values of TI À. At smal1 values of u, Mo(u) can be approximated by xcTu while

at high values of u, Mo(u) curves over and eventual1y saturates to g(J, L, S)P,BJ.

As can be easily seen from the figure, the equation has a non-zero solution, M, for

smal1 values of T/À, or, more precisely, when uT/À < Xc(T)Tu. The ferromagnetic

ordering temperature or Curie temperature, Tc, below which there is a spontaneous
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M

g(J,L,S)~B J--

u=ÀM/T

7

Figure 2.1: Weiss moleculaI field theory offerromagnetism in a system ofinleracting local momenls.
The solid line is the non-interacting magnetization Mo(u) and the dashed Iines are uT/J. Cor differenl
values oCT/J..

magnetization, is given by:

or Tc

'\xc(Tc) = 1

_ ,\P~fJ N
3kB V'

(2.5)

using the Curie law. At Tc, M=O, but as the temperature decreases, there is a

solution for M -; 0 as shown in Fig. 2.1. As T ...... 0, U ...... 00 and the magnetization

saturates at g(J, L, S)JLBJ~ with ail moments aligned. This is a critical test of the

Weiss model, i. e. that the spontaneous magnetization at T = 0 is direetly derivable

/rom J. At finite temperatures below Tc, the spontaneous magnetization, M(T), can

be solved for numericaily and compared with experiment.

At high temperatures, there is no spontaneous magnetization, but if H -;0 then:

M = Xc(T)HEFF = xc(T)(H + '\M)
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50 that:

dM
X - dH = xa(T)f(l - ~Xc(T))

8

(2.6)

This is a more general equation which relates the non-interacting susceptibility, in

this case Xc(T), to the susceptibility of a paramagnet, X(T), in the presence of

interactions (~ # 0). Inserting the Curie susceptibility, Xc(T) from equation 2.4:

X = xc(T)f(l- TcfT)

P~ff N
X - , where Elcw = Tc.

3kB (T - Elcw ) V

(2.7)

(2.8)

This equation, called the Curie-Weiss (CW) law, is a first order correction to the

Curie law. The Curie-Weiss law accounts for the effect of interactions between local

moments on the paramagnetic susceptibility. While it strictly applies only to systems

oflocal moments, the Curie-Weiss law has been used ta parameterize the susceptibility

of virtuaIly aIl magnets above the ordering temperature. In Weiss theory, Elcw = Tc,

but experiments usually yield different, even negative, values.

Another critical test of the Weiss theory is that the ordered moment, POl at T = 0

is the same as the high temperature paramagnetic moment, PC' The ordered moment,

p., is derived from the magnetization at T = 0:

P. == limM
N
V

.T_O

The Curie moment, Pc is determined from the high temperature susceptibility:

(2.9)

(2.10)

From these definitions and equations 2.3, 2.4, 2.8, p. = pc = g(J, L, S)P.BJ, 50 that

for a Weiss local magnet, the moment ratio, Pcfp., is unity.



Weiss local moment theory correctly describes virtua1ly a1l insulating f- and d­

electron compounds. By this, we mean that the observed moment ratios are unity

and the ordered moments are given by equation 2.1. Weiss theory can also be used to

describe many rare earth f-electron metals. Here, the f-electrons, buried deep within

the atom and shielded by outer conduction electrons, behave as local moments. Weiss

theory is mean field theory which, with slight modifications, can be made to describe

magnetic ordering in many exotic magnetic structures such as anti-ferromagnetic,

ferrimagnetic or helimagnetic structures [5,7].

•
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2.1.3 Deviations from Weiss Theory

Weiss theory qualitatively describes the energetics of the magnetic phase transition

in local moment systems. By this, we mean that values of molecular field parameter,

A, taken from different measurements, agree and can be roughly used to calculate

the Curie temperature [5]. This implies that Weiss theory contains ail the ingredients

necessary to describe the thermodynamics of the phase transition. On doser exami­

nation, however, sma1l deviations of the experimenta1ly observed behaviour of M(T)

from the predictions of Weiss theory occur in two temperature regimes: at very low

temperatures and at temperatures near Tc.

At low temperatures, the spontaneous magnetization, M(T), is reduced more

quickly with increasing temperature than determined by the Weiss model which pre­

dicts that M(T) should decay exponentia1ly with temperature according to the Boltz­

mann factor (M(T) oc exp A.E/kBT). This is simply because, in Weiss theory, the

magnetization decays due to single spin f1ips (HiH). It can be shown, however, that

spreading a single spin-flip sinusoida1ly over a1l of the spins with a wavevector, if,
leads to magnetic excitations with a lower magnetic energy:

(2.11)

These excitations are ca1led spin walles or magnons. Equation 2.11 is the spin walle

dispersion relation and 'D is the spin walle stitfness. Since 1iw(if) -> 0 at if -> 0, these
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low energy excitations dominate the behaviour of M(T) at low temperatures.

At a temperature, T, spin wave populations are given by the Bose function, nB(e).

The magnetization, M(T), and specific heat, Op(T), resulting from spin wave excita­

tions are calculated as being proportional to the total number of spin waves and the

derivative of the total energy respectively.

M(O) -M(T)

Op(T)

where : nB(e)

,
ex T'i (2.12)

The prominence of the spin wave contribution at low temperatures is a consequence of

the faet that thermal excitation need not destroy the magnetization by flipping spins

completely, but merely by canting them (î /'->",.!,/<-'\J). Spin waves are, there­

fore, transverse excitations [8]. The Ti behaviour in M(T) and Cp(T), characteristic

of spin waves, has been observed in many insulating and metallic systems [5].

The second region where the Weiss mean field theory is inapplicable is near the

Curie temperature. Weiss theory prediets a second order phase transition. The effeet

of fiuetua.tions in the ma.gnetiza.tion. must be explicitly included in renormalization

group theory, which is a.ppropria.te for a. ma.gnet near the critical point. These ma.g­

netiza.tion fiuctua.tions exhibit scale invariance a.nd lea.d to power law divergences of

the thermodyna.mic quantities in tempera.ture. In particula.r [4]:

M(T) ex (Tc - T)13 T < Tc

X(T) ex (T - Tet'Y T > Tc

CH(T) ex IT - Tel-a. (2.13)

Weiss theory predicts f3 = ~ and "Y =1. Experiment, as well as more modern theories,

give f3 ~ l and "Y ~ 1.3 [4]. The Cp(T) exponent, a, observed to be or order 0.1, is not
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definable in Weiss theory, which predicts a characteristic second order discontinuity

in Cp(T) at Ta. Finite values of a, above and below Ta, are an indication of how the

phase transition is smeared out by fluctuations.

2.1.4 Exchange and Correlation

We now know that the energy which gives rise to magnetic ordering is not magnetic,

but electrostatic in origin. The molecular field arises as a subtle consequence of

the requirement that electrons must comply with the Pauli exclusion principle which

says that: no two electrons may occupy the same quantum state. Since electrons

are indistinguishable, for a system of N electrons at positions, Ti, and with spins,

Si, the square of the N-electron wave function, li[I (riS1> r2S2, T3S3 ...TNSN) 12, must

remain unchanged upon the interchange of any two elcctrons. For electrons, the

Pauli principle can be restated as : the total many-eleetron wavefunetion must be

antisymmetric with respect to the exchange of any two electrons :

Let us consider the 2-electron wavefunction describing the electrons in the hydro.

gen molecule (H2), the simplest "solid". The two electron Hamiltonian for the H2

molecule may generally be written as:

where 111 and 112 are the Harniltonians of e1ectrons #1 and #2 in the absence of

interactions between them. The ground state solutions to these terms, rPA(Tl) and

rPB (f2) are given by :

1l1rPA (Tl) = EArPA (rd

1l2rPB (T2) = EBrPB (f2).
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The two simplest approaches to the problem are to use the Heitler-London model

or the molecular orbital model. In the former ,pA (ri) and ,pB (r2) are taken as the

wavefunctions describing isolated H atoms at points A and B while, in the latter,

they are molecular orbital wavefunctions corresponding to the Ht ion with a bond

distance A - B. These two models correspond to the local and itinerant picture,

respectively, in an infinite crystal.

The interaction Hamiltonian, 1f.l ,2' contains the Coulomb interaction Hamiltonian,

e2/JT2 - 1"11, and any (presumably small) l-electron Hamiltonians which were not

included in 1f.l and 1f.2 • In order to do perturbation theory and determine the first

order effect of 1f.l ,2' we must first construct spatially symmetric and antisymmetric

2-electron wave functions. Normalized symmetric and antisymmetric combinations,

,p+(rl,T;) and ,p-(rl,T;), are constructed as:

,p±(Ti,T;) - A± [,pA (Ti),pB (T;) ±,pA (r2),pB (Ti)]

where the normalization, A±2 _ 2 [1 ± a]

and the averlap integral, a - i:,p~ (rl),pB (rd,pk (T;),pA (1"2) d3rld3r2'

The 2-electron spin states are the standard spin parallel and spin antiparallel

2-electron spinor combinations, X••iple. and X.inglet. The total antisymmetrized wave­

functions may now be written as:

- ,p+ (Ti, T;) X.ingle. (S1> S2)

- ,p- (rl,r2h:••iple,(Sl,S2)'

We now use the Hartree-Fock approximation (HFA), to deterrnine the perturbed

energies of these states. The HFA is simply first order perturbation theory applied

to the properly antisymmetrized 2-electron wavefunctions. The total energy E± of

of the iJI_ and iJI+ in the HFA is thereforej

E± = i: iJI~ 1f. iJI± d3rld3r2
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-i: \I1~ [1t l +1t2 +1tl ,2]W± d3rld3r2

= EA+EB+2A~(Q±J),

where : Q - i: <p~ (rd <pk (iS) 1tl ,2<PA (fi) <PB (i"2) d3rld3r2

and : J - i: <p~ (rI) <pk (r;) 1tl ,2<PB (rd <PA (r2) d3rld3r2'

13

There are two new terms which appear in the energy as a result of 1tl ,2' The direct

integral or Hartree energy, Q, is simply 1tl ,2 integrated over clouds of the charge

density, el<p(rW, of the unperturbed basis states. This terrn would result if we had

not antisymmetrized the wavefunctions. The exchange integral, J, has no classical

analog and occurs as a result of the antisymmetrization of the basis wavefunctions.

The energy difference between (w_), the polarized state, and (w+), unpolarized spin

states, is:

!:>.E == E_ - E+ = -2 [Q (A~ - A:) + J (A~ +A:)] .

This allows us to cast as an effective spin-spin Hamiltonian, 1tezejumge:

-J [~ lI' 82
]1tezehange - 2 + li2

if : J _ [Q (A~ - A:) +J (A~ +A:)] ,

where we have defined the exchange constant, J, which can be positive or negative.

This form of the exchange Hamiltonian is clearly diagonal in the total spin, sÏ +si,
which means that there is a solution with both spins aligned. This solution is the

ground state if J > O. It turns out that J < 0 in the hydrogen molecule, which is

therefore antiferromagnetic. In materials with high J, however, we may expect J > 0

which Jeads to ferromagnetic alignment of the spins. 1teze/.mge reveals the physical

origin of the molecular field as arising from Coulomb interactions between electrons

constrained by the Pauli principle. J is proportional to the dimensionless molecular

field parameter, .\, which may now be estimated. These estimates agree in order of

magnitude with observed values of .\ ~ 104 [3].
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Ail additional terms in the correct total energy, not accounted for by the (HFA),

we define as the con-e!ation energy. Correlation between parallel spins is explicitly

included in the HFA and is often called exchange correlation. Antisymmetrization

of the basis wavefunction explicitly keeps parallel spins spatially separated. This is

because the spatial part of W_ is antisymmetric, ( W-Wl, f2) = -W_(r2' rI))' and

so there is zero amplitude at rI = ,0'2' The inter-electronic Coulomb energy can thus

always be lowered by choosing this ferromagnetically ordered wavefunction. The HFA

is, therefore, prejudiced in favour of ferromagnetic order. The correlation energy is so

named because it must account the correlations existing between electrons of opposite

spin which also avoid each other because of Coulomb repulsion. The inclusion of the

correlation energy must correct the prejudice of the HFA. Consequently, the corre­

lation energy must work against ferromagnetic order. The correlation Halniltonian

cannot be cast as we did 1f..zc)um•• , so that the total spin is no longer a good quantum

number and the ferrojantiferromagnet wavefunctions are not static solutions. Corre­

lation is largely accounted for in a local Weiss model since the electrons are explicitly

confined to sit at separate atolnic sites, thus avoiding eac1l other completely. Proper

account of the correlation energy in a metal, however, defines the unresolved problem

in the theory of itineraat magnetism.

2.2 Itinerant Magnetism

The iron group metals (Fe,Co,Ni) are the only transition elements which are ferro­

magnetic at room temperature. In these metals, we would expeet the orbital angular

momentum to be quenched (L = 0), so that J = S. The expected ordered moment

from Weiss theoryis, therefore: -g(J,L,S)I.iiJLB = -g(S,O,S)SJLB = -2SJLB. Since

the total spin, S, is always an integer or half integer, this means that local ordered

moments ohserved in d-eleetron metals must he in integral multiples of JLB'

It is immediately evident that the local moment picture cannot be used for the iron

group metals since their ordered moments are non-integral (JLF. = 2.22JLB, JLe. =
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Figure 2.2: Rhodeo-Wo1fharth Plot for varioUJ transition Metal elements and alloy. taken from
ref. [10]. The moments Pc and p, are defined in equations 2.9 and 2.10.

l.71!LB, !LNi =0.61!LB)' Also the moment ru.tios, P,/P., exceed 1 by &S much &S 40%.

Weak ferro-magnets (e.g. Ni3AI, Zr2Zn, SC3In) u.re Il. clus of d-electron mu.gnetic

alloys with extremelylow ordered moments (~0.1!LB) u.nd high vu.lues ofp./p, (up to

10)[9] Cleu.rly the locu.l moment picture is inu.pplicu.ble in these metu.ls. Vu.lues of the

moment ra.tio u.re displa.yed in Fig 2.2 for mu.ny tru.nsition metu.l elements u.nd alloys.

This is referred to &S the Rhodes-Wolfharth plot.

In the following sections, we discuss the itineru.nt electron model, which is cu.pu.­

hIe of expla.ining the existence of non-integru.l ordered moments u.nd moment ratios

different from unity.
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2.2.1 Free electron theory

16

Electrons can always lower their kinetic energy by occupying the entire sample volume

instead of only the volume near a particular atomic site. For core electrons which

occupy filled inner shells in the atom, the negative atomic binding energy of the

electron outweighs the lowering posp~ble due to delocalization. If the binding energy

is small, however, as we may expect for electrons in outer partially filled shells, then it

may be energetically favourable for the electron to occupy the entire sample volume.

This is the case in simple metals, such as sodium, where conduction electrons are not

localized on any particular atom and can be treated as being nearly free.

In the Sommerfeld free electron model of a metal, electrons feel no potential except

that which confines them to the sample volume, V. The energy of an electron with

a wavevector, k, is then simply its kinetic energy, 1i2k2/2m, where m is the electron

mass. The volume confinement requîres that the wave vector conform to the relation:

(2.14)

... !/'iT'" bThe reciprocal lattice veetors, K = V Nk, can e defined as the wavevector states

allowed to an electron confined to the unit cell volume, VIN. Each k state can

accommodate two electrons: one with spin up (j) and one with spin down U).
In accordance with the Pauli principle, at T = 0, N electrons fill N states, starting

from that of zero energy, up to the Fermi energy, êF. In wavevector space the locus

of states with energy êF is given by 1i2k}/2m, which defines the Fermi sphere. The

Fermi wave vector, kF , is completely determined by the electron number density,

NIV, so that êF can easily be calculated and is of order kB(104 K).

Since the ni of equation 2.14 are of order 107 , we can treat the set of allowed

wavevectors as a continuum characterized by a density function. From equation 2.14,

we can calculate the number of states, t:J.,N, in the wavevector space volume element

J.3kas:
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(2.15)

The density of electron energy levels, No(e), for a gas of free electrons can thus be

written, since, by definition of eF, J;p No(e)de = N, as:

No(e) == lim (~N) = 3
2N ~ if e > 0, (zero otherwise).

âe_O L.J.e eFYe;;.
The Fermi function, f,,( e), describes how electron states are populated at a finite

temperature, T. It turns out that the only electron states whose occupations are

significantly changed from that at T = 0 are those with energies within kBT of eF.

The density of states at the Fermi level, NO(eF), is a most important quantity since

NO(eF)kBT is roughly the number of electrons which can change their energy and

therefore eontribute to measurable eleetronie properties. We note in passing that,

sinee NO(eF) oc eF1 = 2mj(h2kj.) and sinee kF is only a function of the e1eetron

density, No(eF) is proportional to the electron mass, m. Sommerfeld free eleetron

theory works surprisingly weIl, eonsidering its erudeness, and gives good order of

magnitude estimates for almost all electronie properties.

We ean derive the specifie heat, Cp(T), of a gas of non-interaeting eleetrons [4,11]

by noting that the total energy at a temperature T is:

e = l: f,,(e)No(e)ede (2.16)

where : N - l: f,,(e)No(e)de (2.17)

J,.(e) [ (e-It)r- 1 +exp kBT '

where It is the ehemieal potential and f,,(e) is the Fermi funetion. To simplify this

ealeulation, we make use of the Sommerfeld expansion [4] whieh, for any function,

H(e), is:

(2.18)
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The energy now becomes:

2
r~ ?T 2 ,

E: = J-a:> No(E:)E:dE: - ""6 (kBT) [No(E:)E:J.=I"

18

(2.19)

The conservation requirement of equation 2.17 allows us to calculate the first order

shift in the chemical potential, J.t, [4] at a temperature, T, from its value of E:F at

T = 0;

11"2 2 [N~(E:F)]
J.t=E:F-""6(kBT) NO(E:F) •

Inserting this into equation 2.19 gives:

(2.20)

(2.21)

This important relation tells us that Cp(T) is given by the c1assical value of 3kE , times

NO(E:F)kBT, the number of electron states which have their occupations significantly

different from that at T = 0, times some constants of order unity. Since, as discussed,

NO(E:F)OC m, the ratio of the measured linear coefficient, "'f, of the 10w temperature

Cp(T) to that of a free electron gas, "'fo, is universally referred to as the effective

eleetron mass, m· == "'f / "'fo.

In a crystalline system an electron feels a potential which has the periodicity of the

lattice. In this periodic potential, the free eleetron wave functions combine to form

Bloc;' states which are still itinerant and can still be charaeterized by a wavevector,

k. In this nearly free electron model [4], it can be shown that electron state ener·

gies are significantly modified from their free electron values only where the electron

wavevector is near Brillouin zone boundaries of the reciprocal lattice corresponding

to the crystal. The resulting energy dispersion curve, E:(k), has forbidden energy gaps

near Brillouin zone boundaries and so is broken up into energy bands. For Fermi

wavevectors near Brillouin zone boundaries, the potential can have a profollnd effect

on the Fermi sphere, distorting it in some cases beyond all recognition into the general
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a) b) c)
Figure 2.3: Energy level scherne describing the rnagnetic splitting of eleclron density of states a)
of an unrnagnetic rneta!, b) of an pararnagnetic or weakly ferrornagnetic rneta! and c) of a strongly
ferrornagnetic rneta!.

Fermi surface. The equations of free electron theory can be salvaged if we define an

effective band mass, mO == 1i.2 [~;r\ and an effective Fermi velocity, VF == k~~.

2.2.2 Pauli Paramagnetism

A metal can show paramagnetism without a local moment. Fig. 2.3a shows an energy

level scheme corresponding to a partially filled electron band. If we choose to distin­

guish spin, then the density ofî and ! spins in each spin sub-band, Nf(e) and NI(e),

are both ~No(e). Occ'lpying the band with N electrons then gives each sub-band

N /2 electrons. If we now apply a small magnetic field, H, then the energy of the

spin sub-bands is split by an energy 2~. From equation 2.1, each free electron has

a moment -g(J,L,S)I.i1JLB = -gn,O,~)(nJLB = -lJLB, so that ~ is simply the

Zeeman splitting, JLB H. The i electron thus acquires an additional magnetic energy

+~ and likewise the! electron acquires -~. The densities of states in the presence
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of fj. can be written:

20

= ~No(e - fj.) Rj ~ [No(e) - N~(e)fj.] if fj. ~ e

1 1
= 2No(e + fj.) Rj 2[No(e) + N~(e)fj.] if fj. ~ e

Since fj. ~ eF for the highest experimental1y accessible fields, the approximations are

valid for e near eF. These energies are the only ones for which electron occupation

changes significantly so that other energies are irrelevant to the problem.

The resulting situation is displayed in Fig. 2.3b, which shows that some of the

electrons in the i sub-band spill into the! sub-band. The number of electrons in

each sub-band (nT and nj) are now given by :

1r>cnj - 2 -00 !1'(e)No(e + fj.)de

1100

(2.22)nT - 2 -00 !1'(e)No(e - fj.)de

with: N - nT +nI.' (2.23)

Given the temperature T, equations 2.22 and 2.23, the splitting fj., No(e) and the

number of electrons N determine the three unknowns nT>nj and Il. which completely

describe the paramagnetism. The relative magnetizationj

(2.24)

can now be ca!culated by using equations 2.22 simplified by the Sommerfeld expan-

sion;

( = fj. [{oo N~(e)de - ~2 (kBT)2 Ng(p.)fj.] .

This equation is correct to order T2 and fj.. Using the chernica! potentia! (equa­

tion 2.20) gives an expression for the relative magnetization:

(2.25)
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• where : ao _ 71"2 (kB)2 [(N~(eF))2 _ (N~/(eF))]
6 NO(eF) NO(eF)

71"2

- 12T}·

21

(2.26)

Here we have implicitly defined TF, which is the effective Fenni temperature. TF

is equal to the actual degeneracy temperature, eF/kB, for a parabolic !ree eleetron

band.

The Pauli magnetic susceptibility of a gas of non-interaeting itinerant e1ectrons

can now be calculated from equation 2.25 as:

dM 2Nd(
- dH = /LB V dt!.

2 No(eF)(1 T2)
- /LB V - ao • (2.27)

This susceptibility can be derived directly !rom No(eF) and gives agreement within

~50% or so with the observed susceptibilities of ail simple sp-band metals (a1kaIi,

alkaline earth and noble metals). The discrepancy is due to negleet of eleetron­

e1ectron repulsion [4]. Since TF ~ 104 K, the temperature dependence of Xp(T) is

only a few percent over the whole accessible temperature range.

2.2.3 Stoner Theory of Itinerant Magnetic Order

The application of molecular field theory to a system of interacting itinerant electrons

is called Stoner theory[12]. While Stoner first applied it to free electrons in a parabolic

band[12], the theory can be used describe magnetic order occurring amongst electrons

associated with any arbitrary Fermi surface[13].

In order to cast Stoner theory as a mean field theory, we consider the Hubbard

Hamiltonian which is written:

'H.HUBBARD = l: 7Î~e(k)+Il: 7Î;t?Î·;j + /LBH(nt - nd,
'<1' i



where the 7Î are number operators [14]. The first term describes the electron energy

bands of a non-magnetic metal and the third term is the normal Zeeman energy. The

second term favours magnetism, since it keeps compensating pairs of T~ spins away

from the same lattice site, i. In Stoner theory, electron correlations are neglected and

the second term is approximated by: Intnj[15]. This is equivalent to a Hartree-Fock

approximation which also negleets correlations as discussed in section 2.1.4. Noting

that 4ntnj = N2 - N2(2, the Hubbard Hamiltonian may be simplified:
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" ~ IN
2

( 2)1f.HUSSARD = ~7Î,~e(k) +4"""" 1 - ( - p.sHN(.
k~

We can now define an effective fieldj

H - f;d1f.HuSSARD ~d1f.HUSSARD _ H IN /"
EFF = - = N - + ~,

dM (p.sv)d( 2p.s

where l plays the role of the molecular field constant À. The two are :elated by

À = FVjp.1· The effective field leads to a splitting:

1
~ = P.SHEFF = p.sH + "2IN(.

Let us now assume that ~ is small compared to eF. In this case wC' can use ~

as an expansion parameter as we did in the paramagnetic case. Equation 2.25 can

be improved using the Sommerfeld expansion so that it is correct to order ~2 • The

effeet of ~2 terms on p. must also be considered, and the calculation is similar to the

introducing the shift in p. due to finite T (equation 2.20). Equation 2.25 becomes [13]:

where : 'Y

In zero applied field, thenj

= for free electrons(equation 2.15).

(2.28)

(2.29)



At T = 0, we can see right away that sinee "( > 0, this equation has a non-zero

solution Conly if:•
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(2.30)

Equation 2.30 is referred to as the Stoner criterion for magnetic order. The Stoner

criterion determines when the magnetic potential energy decrease becomes greater

than the subsequent kinetic energy increase introduced by preferentially occupying !

states. At this point, the metal become unstable against the formation of a magnetic

moment. The Stoner criterion has no analog in Weiss theory in which any finite

molecular field constant À willlead to magnetic order at a finite temperature. For a

given l, the criterion is realized by a high NO(êF). This explains why magnetic arder

occurs in transition metals, since d-bands are less broadened in energy by the effect

of the crystalline environment than s- and p-bands and so have a higher NO(êF)'

If the Stoner criterion is satisfied, then equation 2.29 can he solved for the spon-

taneous relative magnetization C;
- 2

C2 = l - 1 - aoT , (2.31)
'Y

which is valid for values of Csmall enough such that 11/êF « 1. The ordered moment

at T = 0, P., can be now he written:

rI=l
p. = !LBCo = !LB~ 7-"(-
~

P. - !LB V"3(1 - 1) for free eleetrons.

(2.32)

We notice here that for sufficiently small values of 1- 1, P. can be made arhitrarily

small. Stoner theory therefore, through the introduction of an additional parameter

(No(êF)) has no trouble explaining the existence of non-integral ardered moments [5].

Metallic systems with Pc « !LB ( Co « 1) are called unsaturated or weak ferromagnets

and the band splitting is schematically illustrated in Fig. 2.3b. This picture applies

to pure Fe, in which both spin bands are only partially occupied, however because of

its large value of 1, Fe has been classed as a nearly strong ferromagnet [lJ.
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The application of a magnetic field to a weak ferromagnet increases the mag­

netization further since the splitting, ~, is increased. This resu1t of Stoner theory,

therefore, explains the observation of finite susceptibilities in metallic ferromagnets at

T = 0[16]. This observation is inexplicable by Weiss theory, where the local moments

are already completely saturated.

In parabolic free electron band with no gaps, Stoner theory says that as Ï -> 00,

the splitting becomes sufficient to completely empty the i band of electrons and we

say that we have a saturated or strong ferromagnet. The ordered moment takes its

Weiss value for S = t of p. = /LB, In a real metal the! band may have limited

capacity and some eleetrons are left in the i band, as illustrated in Fig. 2.3c. This

actua1ly corresponds to the situation in pure Ni and the ordered moment of 0.6/LB is

commonly stated to resu1t from 0.6 holes left in the d-band.

From equation 2.31 the ordering temperature, Tc, can be determined as the tem­

perature at which (2 = 0:

0 - 2- 1-I+aoTc

Tc - ~ao

and from eqn. 2.26, Tc Rj TFVÏ -1. (2.33)

In a paramagnet (Ï< 1) and in an applied field H # 0, the magnetic susceptibility

can be determined from the non-interacting susceptibility, Xo(T), as in the local

model (equation 2.6):

X(T) - Xo(T)/(1 - ÀXo(T))

X - ~p~i;: SXP(T),

(2.34)

(2.35)

where we have taken Xp(T) as Xo(T) and derived the simple relation ÀXp(T) Rj

ÀXP(O) = Ï. We have also defined the Stoner enhancement factor S= (1-Ït 1 • The



itinerant exchange enhanced Pauli paramagnet does not order at a finite temperature

and so these metals are often cal1ed nearly ferromagnetic metals. The simplest near

ferromagnet is pure Pd which has a Stoner factor S ~ 10 [2].

Consider now a metallie aI10y system containing a concentration, x, of magneti­

cally active atoms which becomes ferromagnetic at T = 0 when x exceeds a critical

concentration, xc. If the magnetism is itinerant, then 1= 1 at Xc and may be linearly

expanded about xc, that is:
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1-1 lX (x - xc),

Combining this relation with previous results (equations 2.32,2.33 and 2.35), aI10ws

us to summarize the predictions of Stoner theory for an itinerant magnet near a

ferromagnetic instability.

(2.36)

At Xc then, the system undergoes a transition from a nearly ferromagnetic metal to a

weak ferromagnet. Presumably, l is roughly constant over a smal1 range of x, and l

increases predominantly due to a rising No(eF). Relations 2.36 are quite weil obeyed

by the nearly-/weakly-ferromagnetic Ni3 Al alloys, which are magnetical1y ordered

for Ni contents greater than 75%. These relations are neatly displayed as a Mathan

plot (Fig. 2.4).

We note in passing that the application of sufficient external pressure to an itin­

erant ferromagnet destroys the magnetic order. This is simply because the resulting

volume contraction leads to an expansion of the Fermi surface. The kinetic energy is,

therefore, increased, eventual1y to the point where the Stoner criterion is no longer

satisfied [1,17].

There is general agreement that the Stoner picture provides a complete pieture of

d-band magnetism at T=O. Fermi surfaces topologies can be predicted from band

structure calculations and compared with extremal Fermi surface areas measured by

the de Haas-van Alphen (dHvA) effect [15J. A knowledge of the Fermi surface deter­

mines No(e) and its derivatives at eF. These values, together with an independent
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mell.llure of 1 (which may also be obtained by dHvA mell.llurements), allow a theo­

retical value of the ordered moment, p" to be calculated !rom equation 2.32. State

of the art band-.tructure measurements can now completel" ez:plain the ground .tate

ordered moments of the iron group metais wing Stoner theory [18] .

2.2.4 Fallures of Stoner Theory

While Stoner theory succeeds in explaining many II.llpects of d-band magnetism (e.g.

Fig 2.4), it fails to correctly predict the energy scale of the ·phenomenon. From

equation 2.33, Tc may be predicted by Stoner theory with the same information used

to calculate Pc as discussed in the previous section. These predictions yield a Tc



which is a factor of two or more too big compared with observed values for the Fe

group elements [17,18]. In weak ferromagnets, TgToNER may exceed the measured

Tc by more than an order of magnit'\de. We conclude that the essential energetic

ingredients of the phase transition are not in Stoner theory [18]

In Stoner theory, the spontaneous magnetization at T = 0 is destroyed with

rising temperature by Stoner excitations. These are simply the thermal excitations of

electrons from the spin down (!) band with a wavevector k into the spin up (1) band

with a wavevector k+ if. The energy of these spin-flip excitations, w( if), is given for

free electrons with a splitting, Â, by:

•
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1iw(if)

1iw(if) (2.37)

The region of phase space (the energy-wavevector plane {w, 1q1}) available to these

single particle excitations is lirnited, since w = 0 excitations from the ! Fermi surface

to the i Fermi surface reqnire a minimum change of the electron wavevector 1q1 =

IkF! - kFiI. Aiso if an electron's wavevector does not change, then its energy must

change by 2Â. The phase space available to single particle excitations is called the

Stoner continuum and is illustrated in Fig 2.5. Representations of excitations on the

two axes in the level scheme of Fig 2.3b are also shown.

In Stoner theory, as the temperature increases from zero, Stoner excitations de­

pIete the ! band of electrons and fill up the i band until the two bands are equally

occupied at Tc and the spontaneous magnetization vanishes. If this were the case,

we would expect the wavevector space volumes of the i and ! Fermi surfaces to be

different at T = O. With increasing temperature, this difference should shrink pro­

gressively until the two Fermi surfaces are identical at Tc. The extremal areas of the

two Fermi surfaces may be measured .directly by the de Haas-van Alphen (dHvA)

effect. dHvA studies on pure Ni have shown that the relative area difference between

the two Fermi surfaces does not decrease qUlckly enough with temperature to account
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for the observed decay of the magnetization [15]. This confirms that the decay of the

spontaneous magnetization does not occur primarily through Stoner excitations.

Stoner theory also fails at high temperatures where it predicts that the param­

agnetic susceptibility should change quadratically with temperature. In contrast, a

Curie-Weiss law (equation 2.8) is observed in virtually ail magnetically ordered metals

in the paramagnetic regime. The law is even obeyed by enhanced Pauli paramagnets

at high temperatures. This manifestation of local moment behaviour by an itinerant

metal was at the heart of the controversy over the origins of d-band magnetism.
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2.3 Spin Fluctuations: Fundamental Considera­

tions

2.3.1 Definition and Discussion

The fallures of Stoner theory arise because it is a mean field theory which neglects

electron correlations in the sense ': 'cussed in section 2.1.4. Correlations are accounted

for by spin fluctuations or paramagnons, which we now define in two ways, with

reference to the two limiting pictures: itinerant and local magnets.

First, in Stoner theory, the motion of the excited electron in the i band and

the hole in the t band which comprise the Stoner excitation are uncorrelated and

move completely independently of one another. In theories accounting for electron

correlations, electron-electron interactions lead single particle excitations to behave

collectively. These collective excitations of electron-hole pairs are called spin fluctu­

ations .

For the second definition, we consider the phase space region about q = 0, excluded

from the Stoner continuum (Fig. 2.5). Here, spin waves are observed to propagate with

a well defined dispersion curve. Observations of spin waves in the Fe group metals were

once taken as evidence that they were local magnets [19]. The existence of spin waves

in an itinerant model, however, was demonstrated [19], and their presence in metals

indicates the importance of electron correlations. In the spin wave region of phase

space, the particle and hole which make up the Stoner excitation can be thought of as

being so correlated, that they sit on the same atom and the picture of local moments

applies [20]. From these local moments, spin wave states mal' be constructed as

before (see section 2.1.3). As q increases, the spin wave dispersion curves cross into

the Stoner continuum (Fig. 2.5), where they are then free to exchange energy with

Stoner excitations and rapidly become over-damped, non-propagating SF modes.

We now have two alternate ways of defining spin fluctuations in either the local or

the itinerant picture, that is: as over-damped spin waves or as highly correlated Stoner
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excitations. SF are described by a characteristic energy, kBTsF, where TSF is the spin

fluctuation temperature. We shall see that TSF occurs in the mathematical description

of the effect of SF on any measured property. It is roughly the temperature above

which all SF modes are thermally excited, in the same way as the Debye temperature,

ElD, is the temperature above which all phonon modes are excited in a crystal.

In a strong magnet (Ï ~ 1), the splitting Il is large. The spin wave region of

phase space is therefore large (see Fig. 2.5) and we expect the metal to behave as

a local magnet. This is the situation in rare-earth metals, such as gadolinium. We

rnight expect SF to be important in weak magnets (Ï ~ 1) simply because of their

small splitting, Il, which places the boundary of the Stoner continuum (Fig 2.5) very

close to q = O. More phase space is therefore available for SF which then become the

important low energy excitations. In a near ferromagnet, the excluded region of the

Stoner continuum vanishes, and there are no spin waves, on1y SF.

It is now believed that the spontaneous magnetization in transition metals is de­

stroyed by transverse SF, in which the number of land ! electrons is not changed,

but the moments are transversely canted (l / .....'\.! ./<-,T) reducing the total mag­

netization. This is sirni1ar to the way in which the magnetization is destroyed near

T = 0 in a local magnet by spin waves, which are sinusoidal transverse excitations.

The difference, however, is that Weiss theory, in the absence of spin waves, can be

used to calcu1ate Tc in a local magnet. By contrast, in an itinerant magnet, spin

fluctuations completely determine the finite temperature properties, including Tc [14].

In a mean field theory, SF are assumed to have no effect on the static mean field

and, therefore, on the static magnetic properties. However, this is not valid in a

system whose response is non-linear as a sinusoidal field at one frequency may then

generate responses at other frequencies, notably at zero frequency. We have shown

(equation 2.28) that the response, here the magnetization, M, of a near/weak magnet

is, in fact, non-linear in H. This is a more general resu1t of the Ginzburg-Landau

expansion in which, for small M, the free energy, F(M), may be expanded in powers
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(2.38)

In a paramagnet, the coefficient, a, is simply the inverse non-interacting susceptibility,

xiï1 (T). In a local paramagnet, xiï1(T) is the inverse Curie susceptibility whieh

grows Iinearly with T, so that the relative importance of the non-Iinear term, bM3
,

decreases with increasing temperature. By contrast, in an itinerant paramagnet,

the inverse Stoner susceptibility is nearly temperature independent. This suggests

the importance of considering non-Iinearity, and thus SF, at all temperatures in an

itinerant magnet.

The static response arising due to SF works to reduce the susceptibility of a

paramagnet. A simple way of understanding this is to consider a small region of

a paramagnet in which .a large amplitude SF occurs. This may lead the region to

have a magnetization near saturation and a huge local effective field. The region

would therefore be virtually unaffected by a small applied field, so that it acts Iike

"magnetically dead" volume. The overall susceptibility is therefore reduced by this

dead volume fraction.

2.3.2 Modern 8F Theories

The general approach taken to rectify the fallures of Stoner theory is to inc1ude the

effect of long wavelength SF on the magnetization. We will touch on four separate

schools of SF theories. The first and simplest theory of SF [17,18J, due to Wohl­

farth and others, considers the effeet of SF as introducing an effective pressure. The

second work, Moriya's microscopie theory of SF [10,21J, uses techniques similar to

those employed by the third school of theories, which we will refer to as paramagnon

theory [22-25J. Being more developed in its predictions of electronic properties, para­

magnon theory has been used to describe the vast majority of experimental work on
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SF properties, and 80 is used exclusively in our data analysis. The derivations of para­

magnon theory are complicated, so that we will use the work of a fourth school, the

phenomenological SF theory of Lonzarich and Taillefer, in order to obtain a physical

understanding of its preàictions.

The simplest theories of SF [17,18] consider the effect of SF as renorma.lizing the

Ginzhurg-Landau coefficient, a (equation 2.38), by a sma.ll constant a(T). We can

simply think of a(T) as the dead volume fraction discussed in the last section. In

this treatment, the effect of SF equivalently can be viewed as introducing an effective

pressure [17J, which similarly renorma.lizes the Ginzburg-Landau coefficients. The

renorma.lized susceptibility, Xo(T), is written as [8]:

_ Xo(T)
Xo(T) = 1+a(T)'

If we neglect the temperature dependence of the Pauli susceptibility, so that xo(T) ~

Xp(T = 0), then we can rewrite the susceptibility of an itinerant;paramagnet as (c.f..; .....,
equation 2.34):

Xo"(T) XP(T =0)
X(T) = 1 - '\Xo(T) = 1 - l +a(T) ,

since Ï = '\Xp(T = 0). We would expect a(T) to he proportional to the number

of SF occupying each SF mode due to thermal activation. This is proportional to

the Bose factor which, at high temperatures (T ~ TSF), is simply T /TSF. Writing

a = cT/TsF, we have:

X(T) = TSFXP(T =O)/c . (2.39)
T - TSF(I - l)/c

This is exactly the form of the Curie-Weiss (CW) law (equation 2.8) with 0cw =
TSF(Ï -l)/c. 0 cw has the sign of Ï -1 and so is positive for weak ferromagnets and

negative for near ferromagnets. We have therefore demonstrated how SF lead to a

CW law in an itinerant magnet. This is just one of many manifestations of SF that

make an itinerant magnet appear to behave as a local magnet.

Induding the effects of SF, we can genera.lly determine the interacting suscepti·

bility, X(T), as the non-interacting susceptibility, Xo(T), divided by (1- '\Xo +a(T)).

In a local magnet, Xo(T) is just the Curie susceptibility, Xc(T). If Ct is assumed to



be small, then it only has a small effect on X(T), except near Tc, where 1- ~Xo -> O.

This leads to the conclusion that while SF are important in determining the behaviour

of statie quantities near Tc in a local magnet, they are not important in determining

the value of Tc. In a nearfweak system, however, ~Xo(T = 0) == l ~ 1. This means

that 1- ~Xo(T) is always close to zero and has a very weak temperature dependence.

A small value of a then has a dramatic effect in determining X(T) at ail temperatures

and in reducing the value of Tc.

The high temperature linear form of a(T) aetually violates the third law of ther­

modynamics at low temperatures [17], so that X(T) cannot be so easily determined.

Mohn and Wolfarth [18] have derived a universal equation for determining Ta from

TSF and the ordering temperature calculated by Stoner theory, TgToNER:

Tl: Tc
(TtlONER)2 + TSF - 1 = O.
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This equation gives good agreement with observed values of Ta for the iron group

metals as weil as for various intermetallic compounds [18].

Modern theories of Itinerant magnetism [10,14J consider the detailed form of the

magnetic excitation spectrum. In linear response theory [8], the response M(if,w) to

the application of an Infinitesimal field if(if, w) with a wave vector if and at frequency

w is given by:

M(if,w) = x(if,w)if(if,w),

where X(if,w) is the generalized dynamical susceptibility which is a complex tensor.

For an isotropie magnet the components of X( if, w) can be summarized as:

( ~ )- '(~ )+. "(~ )Xv q,w = Xv q,w 'Xv q,w

where /1 =.1, Il. The imaginary part, X~(q, w), is proportional to the energy absorp­

tion, and gives the distribution spectrum of magnetic excitations. The general form

of X~(q, w) in the spin wave and SF regions of phase space may be summarized as [14]:

x1(if,w) = ~1I"wX.L(q)[5(w - w(if)) +5(w +w(V)] for spin waves (2.40)
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x"(q,w) for SF. (2.41)

x(q) is the static susceptibility, which may be written to lowest order in q as [14]:

X-1(q) ~ X-1(0) [1 +:;] . (2.42)

The correlation wave veetor, qe, is the inverse of the distance over which a localized

disturbance affects the magnetization of neighbouring regions.

Spin waves are monodispersive, which means that for a given q, there is only

one excitation energy, w(q), which defines the dispersion relation for the spin waves.

This is refieeted by the delta funetions in equation 2.40. The 10rentzian form of

equation 2.41 shows that SF are non-monodispersive, which means that for a given

wa.vevector, q, the excitations possess a distribution of energies. r(q) is the damping

frequency or the inverse lifetime of a SF. The 10rentzian is pealeed at the energy

r(q), which is therefore also taleen to define the quasi-dispersion relation for the SF.

1ike a spin wave, which is a spin fiip sinusoidally distributed over localized moments,

a. SF is also a. spin fiip excita.tion. It is, however, distributed non-monodispersively

over itinera.nt moments.

x~(q, w) is measurable directly by inelastic neutron scattering. Measuring the

energy and wavevector change of the neutron gives the dispersion curves of the ex­

cita.tions directly. In a. ma.gnetic crystal, sharp inelastic peales are observed just off

Bragg angles, corresponding to gains or losses of neutron energy to spin wa.ves. In a.

local ma.gnet, spin wave dispersion curves a.re found to be rigid, tha.t is the spin wa.ve

stiffness, 'D, does not change much with tempera.ture [26]. In NisAI , however, the

spin wa.ve stiffness 'D was found to decrease with increasing tempera.ture, vanishing

a.t Tc [27]. This "mode-softening" is reminiscent of the rapid decrease of SD in a

crystal near the temperature of a structural ordering transition. The 10rentzian form

(equa.tion 2.41) has been observed directly by small angle neutron scattering in NisAI

just a.bove Tc [27].



In the paramagnet, we can generalize mean field theory for the dynamic suscep­

tibility and include the effect of 8F renormalization The interaeting susceptibility,

X(q, w), is directly obtained from the the non-interacting susceptibility, Xo( q, w), by:

( ~ ) = Xo(q,w) (243)
X q,w 1- À(q,w)xo(q,w) +o:(q,w) .

where À(q, w) and 0:(q, w) are the dynamic molecular field and 8F renormalization

constant, respeetively [8,14]. If o:(q,w) = 0 then we can construct an independent

Stoner theory at each {q, w} mode. The effect of mode-mode coupling is accounted

for by 0:(q, w), which, in general, depends on Xo(q, w) at aIl {q, w} and on the number

of excited modes. This enormous complication has been treated only in the simplest

ways [8], which we will only briefiy outline.

If we ignore zero-point energies then there are no 8F at T = 0 and 0: -> 0

as T -> O. This is satisfactory since we know from experiment that Stoner theory

is valid at T = O. The dynamic susceptibility, X(q, w), determines the 8F quasi­

dispersion, which in turn affects X(q, w), through 0:(q, w). Modern theories, therefore,

determine X(q, w) and 0:(q, w) self-consistently.

The self-consistent renormalization (SCR) theory of magnetism, due to Moriya

and others [10,21] is a microscopic theory which takes 0:(q, w) as a constant for aIl

{q,w}. Here X(q,w) is calculated microscopicaIly using Feynman diagram techniques.

SCR theory is acknowledged as the first theory which was able to calculate a high

temperature Curie-Weiss law due to the new mechanism of 8F [21,28,29].

Lonzarich and Taillefer [14,30J have treated the problem phenomenologicaIly in

their self-consistent Ginsburg-Landau theory. In this treatment, the local free energy

is expanded in a Ginzburg-Landau expansion in the static magnetization, M, and

zero-average fiuctuating components < m: > for smaIl q. The theory is cast in terms

of four experimentaIly meaningful parametersj a, b, determined from the measured

magnetization (equation 2.38) and c,"(, determined from neutron scattering data.

This theory and the weil known parameters for Ni3 AI , determine values of Tc and

the moment ratio, Pc/Po, in good agreement with experiment, using no adjustable

parameters.
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The quasi-dispersion relation, r(q), can be written as [14]:

r(q) = ,X-1
q [1+ (~r] . (2.44)

This result shows that near the critical point (X-1 -> 0), r(q) -> 0, and SF become

important low energy excitations as argued previously.

2.3.3 SF Quasi-dispersion

Paramagnon theory [22-25], which was first applied to liquid 3Re, casts its predictions

for the electronic properties in terms of TSF, the characteristic energy of spin fluctu­

ations, given as TF/S [2]. In order to understand the mea.ning of TSF, we determine

its interpretation in Lonzarich and Ta.illefers' theory [14,30].

In what fol1ows, we ignore the temperature dependence of r(q), which enters

through X(T) in equation 2.44. The temperature dependence of the SF quasi­

dispersion arises large1y as a consequence of self-consistency requirements [8,14], and

is most marked near the critical point. The assumption of a temperature indepen­

dent r(q), while incorrect, is not unreasonable, however, in interpreting our data,

which are taken over a temperature range where x, and thus r(q), change little with

temperature.

Taking the Lonzarich and Ta.illefer expressions for qc == 1;1 - 1/yCX. [14] and

TSF == T· = 1i.,/kBVCX3 [14], we can rewrite equation 2.44 as:

r(q) = kBTsF q [1 + (!l..)2] .
li. qc qc

(2.45)

If we ignore fundamental constants, 2TsF is the damping frequency r(q) at the corre­

lation wavevector, qc. If we look along the path in phase space w(q) = r(q) which is

roughly the locus of maxima in X"(q, w), then, from equation 2.41, X"(q, w) is simply

X(q)/2. Since X(q) is reduced by one ha.1f at qc (equation 2.42), 2TsF is, therefore, the

energy at which the dyna.mic. susceptibility is diminished to ha.1f its value at q = O.

TSF is the characteristic energll of the SF, above which the spectral weight of the SF

modes rapidly diminishes.
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Figure 2.6: Dispersion eurves for .pin waves (IOUd Iines) and quasi-disperaion eurve. SF (dashed
line.) for magnets with various values of Ï. The waveveetor qsW .eparate. the .pin wave and SF
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The elementary excitations of an itinerant ferromagnet are illustrated in Fig 2.6

which shows the spin wave dispersion curves and the SF quasi-dispersion curves

for samples with various values of Ï. We have simplified the SF quasi-dispersion

curves by truncating them at q•. Since the linear term in r(q) is proportiona.1 to the

susceptibility, X-1(q = 0) (equation 2.44), we expect the SF quasi-dispersion curves

to be highly dependant on Ï near the critica.1 point (Ï= 1). Here the SF become

most important since the dispersion curves are moved to lower energies and many

more SF are thermally excited. The spin wave and SF regions of phase space are

divided by a wavevector, qsw, which roughly corresponds to the boundary of the

Stoner continuum.

Consider a strongly exchange enhanced itinerant paramagnet with Ï slightly less

than 1 (curve #3 in Fig. 2.6). Since the curve is at low energie., many SF are excited

and they have a marked eft'ect on the electronic properties. If we increase the energy
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scale of the curve, we reduce the occupation and thus effeet of SF. We can achieve this

effeet in two ways. First, we can move farther away from the critical concentration

and thus reduce Ï, so that X-1 and thus r(q) is increased. A second method is the

application of a magnetic field H. Since SF are excitations corresponding to a single

spin f1ip, the application of a magnetic field increases the energy of a SF by twice

the Zeeman splitting, JloBH. When this energy is comparable to TSF, the dispersion

curve would be moved up in energy by a significant amount. Elhninating the effect

of SF through the application of a magnetic field, H ::::l kBTsFIJloB, is referred to as

field quenching of SF [2].

2.4 Spin Fluctuations:

Properties

Effects on Electronic

The effects of spin fluctuations on the finite temperature properties are expected

to be most important in nearly ferromagnetic ( S ~ 1 ) and weakly ferromagnetic

(Pel JloB « 1) metals, where Ï '" 1. Magnetization measurements therefore provide a

direct measure of Ï and thus a check as to whether we should look for SF. Fitting the

results of SF theory to magnetization measurements, however, is rarely conclusive.

Consequently, experimental evidence for the presence of SF has been sought mainly

by neutron scattering, and by studying the effeets of SF on the electronic properties.

NisAI is probably the most extensively studied weak ferromagnet. It has a cubic

crystal structure which is very much like that of pure, fcc Ni (a strong ferromag.

net) [31]. NisAlsimple cubic structure results if the corner Ni atoms in the standard

fcc Ni unit cell are replaced by Al. NisGa is a similar metal, but NO(eF) is slightly

smaller 50 that the alloy is nearly-ferromagnetic. As noted before, SF have been

observed by neutron scattering in NisAI [27] and SF theory has been successful in

describing the thermodynamics of the magnetic ordering [14]. Studies have also been

done on the NisAI alloy system which becomes ferromagnetically ordered for Ni con·

tents more than 75% [32]. The value of Ï can thus be tuned by changing the amount
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The existence of strong Coulomb interactions between electrons in a metal suggests

that any treatment of conduction electrons as free is dubious. The free electron model,

however, is overwhelmingly successful considering its simplicity. The reason for the

success of the free electron model is that at low temperatures, the Pauli exclusion

principle puts even more stringent requirements on the motion of the electron that

does consideration of Coulomb interactions.

Developed to describe 3He, Landau's Fenni liquid theory [33-37] first suggested

that a metal may be treated as a gas of free quasi-partic1es. While not identifying

what these quasi-particles are, he stated that they were fermions, and so must also

obey the Pauli principle and are occupied according to the Fermi function.

In Fermi liquid theory, it is postulated that there is a one-to-one correspondence

between the quasi-particle states of an interacting system and the states of the free

electron gas. The interaction is turned on adiabatically, and an electron state with an

energy e(k) and an occupation n(k) becomes a quasi-particle state whose energy and

occupation are changed by Se(k) and 5n(k) respectively. The low lying excitations out

of this quasi-particle Fermi surface must be symmetric under the inversion, if --> -if,
so that the excitation energy can be expanded as:

(2.46)

where we have defined the effective mass m' by analogy with the free electron gas. The

energy band distortion resulting from the interactions occurs only in the vicinity of

eF, and the subsequent shift in No(eF) is accounted for to first order by renormalizing

the electron mass. In going beyond this approximation to next order, one writes the

free energy of the system as [33]:

F = Fo+:L(e, - J1)5n,.. :L f(kl1, kl1')5n(kl1)5n(WI1'),
" 'W~(1'

(2.47)



where f is the effective interaction.

In the case of electron-phonon coupling, the change in e1ectron energy due to

lattice distortions couples electrons and phonons. The linear dispersion curve (w(k) =

ck) extends to infinite energies. The electron-phonon mass renormalization constant,

~'_P' is defined by 1 + ~._p == m·lm. Experimentally, ~'_P is usually found to be of

order, but usually less than, l.

In our case, at low temperatures, we consider the electron mass renormalization

due to SF. At low temperatures, the SF quasi-dispersion is linear, like the phonon

dispersion. We would therefore expect a similar mass renormalization constant, ~SF'

At temperatures high compared to TSF, however, we expect that the truncated SF

quasi-dispersion will not affect m·. This is because the electronic excitations have a

mean energy kBT, and in this region of phase space there are effectively no SF modes

and the SF quasi-dispersion is irrelevant. ~SF is therefore expected to tend to zero

at temperatures weil above TSF,
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2.4.2 Specifie Heat

The low temperature electron specifie heat, Cp(T), of a free electron gas was de­

termined in equation 2.21. In the presence of the electron-phonon interaction, the

e1ectron Cp(T) is determined directly by replacing the electron mass, m, by an effec­

tive mass, m·, determined from Fermi liquid theory.

C m·
.; = -;;;0 == (1 +~.-p);o

We have argued that the effective mass is expected to be renormalized due to the

presence of SF at low temperatures, but not at temperatures high compared to TSF,

Fermi liquid theory gives that the electron Cp(T) is renormalized as follows [2]

T« TSF, (2.48)
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(2.49)

Now, in addition to a new mass enhancement factor, >'SF, there is a new temperature

dependant term in the electron Cp(T) which is actua1ly negative. This negative term

reflects the fact that the mass enhancement must decrease as T increases to towards

TSF. The parameters of this expression were determined to be [2]:

D _ 67r2(181- 1)2
- 5 T§F181 ,0

9
>'SF = ï"ln 181·

TSF is the spin fluctuation temperature discussed previously and given by TSF =

TF /8. Experimental Cp(T) data has verified that both D and >'SF increase with 8,

so that there is qualitative agreement with predictions [2]. Quantitative agreement

with equations 2.49 has not been demonstrated by experiment and the predicted

amplitude of the effect is typica1ly an order of magnitude too big compared with

experiment [2].

The T 3 1n T form of Cp(T) in equation 2.48 was first derived for and successfully

applied to liquid 3Re, the most obvious Fermi liquid [22,23,38]. It can be derived using

only the fact that the effective interaction defined in equation 2.47 only depends on

(k. kf [39]. This equation has been applied to many d-band metals [2,40-42] as

weil as to complex f-electron metais [43,44] and heavy fermion metais [45,46].

The Cp(T) arising from SF can be reduced or quenched upon the application of a

large magnetic field (H ~ kBTsF//LB). This is 'dùë' to the increase of the SF energy

by 2/LBH, as discussed previously. When this energy is greater than TSF, we expect

the SF to be completely quenched (>'SF -+ 0, D -.; 0). The correct form of the SF

quenching of Cp(T) is [2,47]:

,(H) -1(H = 0) _ -0.1 ~(/LBH ? (2.50)
,(H = 0) ln8 kBTsF

This equation was first experimenta1ly verified in the heavy fermion metal UAh [43J

and has since been verified in only a sma1l number of systems [2,44,48J.

Ikeda et. al. [2] have given an extensive experimental review of the effect of SF

on the specific heat and resistivity. A recent magnetocalorimetric study of SF in
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Figure 2.7: Low temperature Cp(T) or Ni,Al aIIoya: The çurie temperature, Tc. ~he coefficient D
!rom equation 2.48 and the coefficient 'T orthe linear term 'II C!,,~-' Tbe ~~to :. taken !rom rer. [2].
Note the compositions are based on cbemically an"':~; ,; .,:; ..,

Ni.Ahoo_.. [41,42,49] reported observl'.tl(.'f(;: .,; ;'. ;r .. ,,; 1" L. :;' '.' ,-'r, in Cp(T). Fits of

expression 2.48 to the data yielded 'Il: h"~,, ;li f:J) . .;{ ": ~Ai<." '1:<' ,ii'lplayed in Fig 2.7.

These values were found to increase \9 :", i1-'~;"~:" ..),:;,. ;,;, :..;,~ critical concentration

of 75% Ni, as expected from the theory (r :.u~ü"~:. {:ü,) The snme study found

that the SF term did not change appreciabl)' ·"J.','n t·Ù~ "pplication of a 2.5 Tesla

magnetic field. The authors took this as evidellce that the anomalous Cp(T) signal

was not a result of the formation of super-paramBgnetic elusters, since a c1uster

signal is usually substantially altered at fields an "rder of magnitude smaller [50].

The application of a 10 Tesla field changed the observed value of"( by - 10% which

was roughly consistent with equation 2.50, uaing values of S and TSF determined
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from the magnetic susceptibility and the zero field specific heat.

2.4.3 Resistivity

43

The electrical resistivity due tu SF scattering has been derived using Fermi liquid

theory. From very general consideratiolls, the resistivity can be shown to behave as

T 2 as T -+0 [4,51,52]. Roughly speaking, the only electrons capable of scattering are

those with an energy within kBT of EiF' These electrons number NO(EiF)kBT, so that

the probability of a scattering event is proportional to the square of this number. The

resistivity is thus proportional to T2.

The complete Fermi liquid theory result for the resistivity 8F is proportional to

(T/TSF )2 at low temperatures [51,53]. This behaviour has been seen in Ni3 Al al­

loys [54,55] and other weak-/near- magnets [2]. Evidence for the presence of 8F

requires studying the changes in the resistivity as the sampIe composition is var­

ied [53,56] or detailed fitting of the complete Fermi liquid theory expression to the

resistivity. Furthermore, in high magnetic fields such that !1-BH ~ kBTsF , the T2

term is reduced to zero as the 8F are quenched [2].

2.5 Amorphous Fe -Zr

Amorphous iron zirconium (a-Fe.ZrlOo_.) is an early transition metal-late transi­

tion metal system wbich may be readily made amorphous by me1t-spinning. Ii is an

interesting system at low temperatures, as it exhibits three distinct phases; supercon­

ducting, paramagnetic and ferromagnetic. These phases are illustrated in (Fig 2.8)

which is the low temperature phase diagram of a-Fe.ZrlOO_. [57]. The critical con­

centration for the onset of magnetic order was found to be :Cc ~ 37% Fe. At higher

Fe concentrations (:c ~ 90% ), a-Fe.ZrlOo_. becomes a frustrated ferromagnet which

exhibits transverse spin freezing [58,59].

a-Fe.ZrlOO_. is believed to be an itinerant magnet for many reasons [59]. First,

dilute amounts of Fe do not exhihit local paramagnetic moments in Zr [37J. That Fe
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does display a local moment in some d-electron metals and not in others (notably

itself) illustrates the whole local/itinerlUlt moment problem. Secondly, it is unlikely

that the superconducting phase could coexist in a system with local Fe moments.

Thirdly, in a local moment system, magnetic order should appear once an unbroken

chain of nearest neighbor Fe atoms is established. This is referred to as the percolation

threshold and can be calculated for simple packing models to be "'20% Fe. The

fact that ordering only occurs at around 40% Fe strongly suggests that the order

is itinerant and that the formation of the moment and the magnetic order occur

together.
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Magnetometry measurements confirm that a-FezZrlOO_z is a near/weak ferromag­

net. Susceptibility studies in paramagnetic a-FezZrlOO_z samples at room tempera­

ture [57] suggested that a-FezZrlOO_z is a strongly exchanged enhanced paramagnet

for:z: < 37% with a Stoner factor, S, approaching 10. Further, measurement of the

ordered moments orthe ferromagnetic ailoys showed the values to be non-integral [57J.

Various experimental works have suggested the presence of spin fluctuations in

a-FezZrlOO_z. A low temperature study of ailoys near :z: = 37 showed a strong T2

temperature dependence in the resistivity which could be analyzed using a model

inc1uding scattering by SF(56]. This analysis yielded rough estimates for TSF which

went through a minimum near :Z:e, where TSF was found to be as low as 20 K. A more

detailed study [53] of the isostructural system a-(FeyNitoo-y}a3.3Zr66.7 determined TSF

= 15 K for a-Fe33.3Zr66.7' A study of superconduetivity in a-FezZrlOO_z [60] sug­

gested that spin fluctuations modified the Cooper pair coupling.

Sorne other experimental studies on a-FezZrlOO_z are worth mentioning. Ultra­

violet photoeleetron speetroscopy (UPS) has shown that there are open d-bands in

a-FezZrlOO_z [61]. Mossbauer spectroscopy [62] and also smail angle neutron scat­

tering [63] have shown a-FezZrlOo-z to be a highly compositionaily uniform materia1.

Measurements of the Hail coefficient of a-FezZrlOO_z [64] showed it to be proportional

to the susceptibility.

Specifie heat studies have been done on a-FezZrlOO_z samples with spacing in :Il

of 5% [65-67]. One study found a vanishing phonon contribution [67J. Both studies

(probably done on the same samples) found anomalous behaviour in Cp(T)/T at

temperatures below 3 K and both groups attributed this behaviour to the formation

of super-paramagnetic c1usters.
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Amorphous Fe-Zr Ribbons

The equilibrium phase diagram [68,69J of iron-zirconium (Fe -Zr) is displayed in

Fig. 3.1. A deep eutectic exists at 24% Fe about which amorphous alloys may be

formed by rapid quenching in the range of 20~43% Fe. a-Fe=Zrloo_= ribbons with

Fe contents between 26% and 40% were fabricated by melt-spinning. Characteriza­

tion of these ribbons is essential and included the detellnination of their elemental

concentration by electron lnicroprobe, and the verification of their amorphous struc­

ture by x-ray diffraction. As a further check of both composition and structure, the

crystallization characteristics of the ribbons were studied using differential scanning

calorimetry.

3.1 Sample Preparation

Starting elements were 99.98% pure Fe flakes [70] and a 99.94% pure Zr bar[71]. The

Zr bar was cut into ~1 gram pieces which were etched in a solution of 20:1:1 (distilled

water):(HN03):(H20 2). The pieces were repeatedly etched until they had a silvery

finish. Fe flakes were not etched, as this led to further surface contamination. The

elements were then degreased using acetone followed by isopropyl alcohol.

Appropriate amounts of Fe and Zr were then placed (Zr on top) in a water-cooled

copper depression in an arc-furnace. The chamber was f1ushed three times with

46
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Figure 3.1: Structura! phase diagram of Fe-Zr about the eutectic at 24% Fe (reproduccd from
ref. [69]). The positions of the dashed lines is not precisely known.

99.998% pure argon gas which was then further purified by melting a titanium boule

(oxygen getter): JUter the e1ements were mixed in the first melt, the resulting ingot

was twice flipped and remelted to ensure homogeneity. The final ~5 gram ingots were

found in ail cases to exhibit mass changes of less than 0.05% from the masses of the

starting elements.

From these ingots, amorphous ribbons were formed by melt-spinning. Pieces of

ingot totaling ~ 0.5 gram composed a charge which was placed into a quartz tube

crucible with a ~ 0.5mm hole at one end. The crucible was placed in a sealed

chamber and ~ ! atmosphere environment of 99.995% pure helium was established.

The charge was heated by radio frequency induction to melting for a fcw seconds,

after which a ~2 atmosphere pressure of argon was suddenly introduced into the



crucible. This over-pressure ejected the molten alloy through the hole and onto a

copper wheel z~inning with a tangential speed of ~50m/sec. The rapid cooling (~106

K/sec) undergone by the molten alloy on hitting the wheel inhibits crystallization.

The result was that meter length amorphous ribbons were ejected from the wheel

with a width of ~1 mm and thicknesses varying between 15 and 20 /Lm.

•
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3.2 Sample Characterization

3.2.1 Electron Microprobe

Electron microprobe analysis was used to determine the elemental compositions of

all the amorphous ribbons studied. Polished and electrically grounded metal samples

are bombarded with a collimated ~15keV electron beam. Metal atoms within a few

thousand angstroms of the surface become electronically excited and emit character­

istic 0.3~5keV x-rays which are detected and analyzed. The resulting x-ray energy

spectra are then compared with those from reference oxides, so that, if suitable cor­

rections are made for varying x-ray and electron absorption depths, the elemental

concentration of the sample may be determined to within 0.5%.

Fig. 3.2 shows the microprobe determined Fe concentration of several

a-FezZrlOO-z ribbons plotted as a function of the targeted concentration which was

weighed out in starting elements. Since very little mass change was measured after

arc-melting, the targeted concentration is taken as the concentration of the arc­

melted alloy ingots.

The severe relative iron loss (in some cases as much as ~ of the amount in the

ingot) evident in Fig. 3.2 probably results from insufficient heating of the charge

during the melt-spinning process. The 30-40% Fe charges were not heated quite to

the liquidus temperature, and in equilibrium would reside in the top-right region

of Fig. 3.1, (liquid plus Fe2Zr c::"stals). Within the melted ingot, therefore, Fe2Zr

crystals formed, probably predominantly on the cooler surface of the charge. These

crystals leached Fe from the remaining liquid. The Fe poor liquid was then ejected
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Figure 3.2: Electron microprobe determination ofa-Fe.Zr,oo_. ribbon concentrations: (0) samples
made by the author; (~) samples made by another worker [72]. The solid x=y line would result if
there were no Fe loss on mell-spinning.

to form Fe poor ribbons while most of the Fe2Zr was left behind in the solid shell

which remained in the crucible. Ail studied ribbons were found to be amorphous

by x-ray diffraction, but small blobs were visible embedded in sorne ribbons. One of

these blobs was microprobed and verified to be rich in Fe compared to the amorphous

background.

Efforts made to reduce Fe leaching by heating the charge to higher temperatures

were largely unsuccessful. These efforts included heating the charge faster, using more

induction heating power and using larger ( >1 gram) charges to increase their surface

to volume ratios, and so reduce relative heat loss. The temperature of the melting

ingot can only be determined by fast optical pyrometry, which was not performed.

Ribbons of 31% and 35% Fe were melt-spun from charges taken from the same 36.7%

Fe ingot. This confirms that the Fe loss occured during the melt-spinning process.

Fig. 3.2 shows that initially the Fe loss increases with Fe content as expected due to

a rising liquidus temperature, but then seems to decrease at higher Fe contents.

Some ribbons were analyzed for oxygen content. The results are plotted in Fig. 3.3
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Figure 3.3: Oxidation of a-Fe.Zrloo_. ribbons with time; oxygen concentrations were deduced by
electron microprobe. The dashed lines are guides to the eye.

against the age of the samples. The evident correlation and the fact that the probe

depth is known to be oruy 0.6JLm, leads to the conclusion that the measured oxygen

exists oruy on the sample surface. A certain amount of oxide is formed initia11y and

gradua11y increases with time, doubling over five years.

3.2.2 X-ray Diffraction

The structure of a11 ribbons was verified to be amorphous by CuKa x-ray diffraction

using an automated Nicolet-Stoe powder diffractometer. Typical diffraction scans,

displayed in Fig. 3.4, show two broad peaks characteristic of glasses and are devoid

of sharp crystal spikes. The area of the minimum observable crystal spike divided by

the total area of the diffraction scan gives a maximum possible crystallinity fraction

of ~0.1%, assuming no texturing. This fraction is norma11y far too sma11 to be

observable in the specifie heat.

The free side of a ribbon is that which was not in contact with the wheel during

melt-spinning and so cooled slower than any other part of the ribbon. Crystallization
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Figure 3.4: Powder x-ray diffraction patterns of the free sides of various a-Fe. ZrlOO_. ribbons.
Offsets have been nsed to separate the data.

due to insufficiently fast quench rates should therefore have occurred preferentially

on the free side. Diffraction scans were therefore normaily done on the free side of the

ribbon. Scans of only the free side of sorne ribbons with '" near 30% displayed small

spikes in the first amorphous peak at 20 :::J 37°. These spikes could be completely

removed frorn the diffraction patterns by lightly sanding the free side of the ribbon.

This confirms that the spikes resulted from crystallizations which occurred only on

the surface.

Fig. 3.4 also shows that there is a small shift of the amorphous peaks to higher

angles with increasing Fe content. A Gaussian function plus a constant background

were fit to the first peak and the scattering angle, 20MAX, at which the peak occurs

was determined. Displayed in Fig. 3.5, 20MAX is an average of scattering from many

bond distances, and so it is expected to be simply related to the measured density.

From ref. [73], the density of a-Fe.ZrlOO_. for 20% < :l: < 40% is weil represented

by the straight line: p(gm/cm3)=ù.392+1.65(:c/lOO%). If M is the average atomic
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Figure 3.5: Composition dependenee of first x-ray diffraction peak position in a-Fe.Zr,oo_•. The
dashed line is derived !rom the measured density as deseribed in the text. The error bars were
determined by the fitting program.

mass, then a mean lattice spacing, a, for a close-packed structure may be defined by:

M
p = 0.74a3 •

The momentum transfer corresponding to the first peak, ïj, is inversely proportional

to the average lattice spacing:

_ 21rf 41r.
q = -=- = --sm El MAX '

a ACuK.

The factor f is 1 for Bragg's law and is given by 1.23 for simple glasses [74]. Using a

value of f=1.23 gives a good fit to the data, which is shown in Fig. 3.5.

3.2.3 DifferentiaI Scanning Calorimetry

As another means of characterizing the ribbons, their behaviour during crystallization

was studied. In a Perkin-Elmer differential scanning calorimeter (DSC), ~10mg

of ribbon was heated at a constant rate of 40 K/rninute. The heating power was

monitored and exhibited a minimum when the ribbon crystallized (initially into the

metastable FeZr; phase [73] for all of the ribbons studied). The temperature where
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the minimum occurs is the crystallization temperature, Tx , and the total energy

released by the sample is the crystallization enthalpy, t:>.Ho. Zinc was used as a

melting point standard (TM=690 K) and was heated in the DSC at 40 Kjminute.

The melting peak was found to be shifted up to 693 K due to thermal lag of the

sample. A thermallag correction of 3 Kwas therefore subtracted from ail measured

values of Tx . Tx is shown for ail ribbons in Fig. 3.6 and is in agreement with the

results of ref. [73]. The value of Tx shows a peak at x=37.5%. This may indicate

the existence of a eutectic at that composition not accounted for by available phase

diagrams [73J. In fact, the isomorphous system Fe-Hf does show a eutectic at 36.1%

Fe. The behaviour of Tx agrees weil with the previous work and provides a further

check on the Fe concentration measured by microprobe.

Aiso displayed in Fig. 3.6 is the half width of the crystallization peak, UTx, defined

as the difference between Tx and the onset temperature of the peak. UTx grows

monotonically with increasing Fe content.

The area under the crystallization peak yields the crystallization enthalpy, t:>.Ho ,

which is also shown in Fig. 3.6. The values of t:>.Ho uniformly decrease with Fe

content in agreement with those of ref. [73J. The discrepancy between the results is

due to the nonequivalent conventions used by different workers in determining the

temperature limits of the crystallization peak. The enthalpy results provide a double

check of the uniform amorphous quality of the ribbons.
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Chapter 4

Absolute Calorimetry

4.1 General Considerations

The specifie heat capacity, Cp, of a given amount of sample measured at constant

pressure and at a temperature, T, is defined as:

Cp(T) == lim (~QT)
âT-+O ~ P,T

(4.1)

where llQ is an infinitesimal amount of heat input to the sample and llT, is the

resulting temperature rise. Since theories modeling the specifie heat usual1y implicitly

assume that the volume, V, ofthe sample is fixed, they yield Cv, the specific heat at

constant volume. The difference between Cp and Cv can be written [75]:

VT(1.(!fr:) )2_ Y dT P
Cp - Cv - 1.(!fr:)

v dP T

This difference rapid1y decreases with lowering temperature and is generally less

than 1% below 100 K [75]. Since our study is restricted to such low temperatures,

we will not distinguish between Cp and Cv. Measurement of Cp is referred to

as absolute calorimetry, as opposed to relative calorimetry which follows the ratio

Cp(T)/Cp(TREF) for some TREF and is typical1y used in studying phase transitions.

Absolute calorimetry is a difficult measurement. The main reasoI'. fur this is that

a calorimetry measurement cannot be done in thermal equilibrium. While other mea­

surements may be done at a fixed temperature, measurement of Cp(T), by definition

55



CHAPTER 4. ABSOLUTE CALORlMETRY 56

(equation 4.1), requires the sample to change temperature during the experiment.

Since calorimetry is usually done in systems where Cp(T) changes significantly with

temperature, great pains must be taken to keep t::.T as small as possible. This means

that the sample temperature must be measured to a high precision, since the opera­

tion of subtraetion, involved in calculating t::.T, leaves it with a high relative error.

Another feature that makes calorimetry difficu1t, is that all calorimeters have a

specifie heat of their own, generally referred to as the addenda. The addenda specifie

heat must be measured separately, without a sample, a.nd subtracted off the measured

sample+addenda specifie heat to yield that of the sample alone. This requires the

calorimeter to be reproducible to within the accuracy desired. Calorimetry on small

samples «100mg) is generally referred to as micro-calorimetry [76].

4.2 Time Relaxation Calorimetry

The electrical analog of the ideal time relaxation (TR) calorimeter [76-80] is illus­

trated as a circuit diagram in Fig. 4.1. This representation can be used if eleetrical

currents, voltages, resistances and capacitances are interpreted as heat currents, tem­

peratures, thermal resistances and heat capacities respectively.

The measurement procedure is as follows: The temperature of the thermal reser­

voir is brought to equilibrium at a temperature To, represented by the eleetrical

ground in Fig. 4.1. A fixed power, P, represented as a current source, is then applied

to the sample (Cs) and addenda (CA)' The power fiows into the thermal reservoir

through a thermal link resistance, R =0 1/K. The sample+addenda heats up until it

reaches equi1ibrium at a temperature To + t::.T. The link resistance, R, may now be

determined from Newton's law of cooling (Ohm's law) as:

1 t::.T
R=o K=P'

The power, P, is then instantaneously switched off and the sample temperature, T,

is measured as a funetion of time. By differentiating the definition of Cp with respect
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Figure 4.1: Elec!rical circuit representing thermal circuitry of the idealized calorimeter. Also shown
is an actual temperature drop taken on a ribbon sample at 6.5 K. The temperature axis is in
nanovo1ts of thermocouple signal. The data and the best fit simple exponential (equation 4.2) are
both displayed as solid lines.

to time, and combining the result with Newton's law of cooling, the heat f10w out of

the sample+addenda is:

a 1
-Op dt(T - To) = R(T - To)

d 1
dt (T - To) + ROp (T - To) = 0

where: Cp = CA + Cs.

This differential equation has the solution:

t
T = To+ ~T exp(- - )

T
(4.2)
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where: T = RCp = R(CA +Cs).

58

So the monitored temperature drop with time, t, is fitted with an exponential decay

and Op is determined by Cp = T / R = T K. This is the governing equation of the TR

technique.

4.3 The 4He Cryostat

We are interested in Cp at low temperatures which are achieved in a 4He cryostat

immersed in a bath of liquid 4He at 4.2 K.

4.3.1 Cryostat Construction

The cryostat, illustrated in Fig. 4.2, is composed of a copper block suspended by

three stainless steel tubes. The copper block functions as the thermal reservoir and is

enc10sed in a radiation shield. The shield ensures that everything within it is exposed

to thermal radiation only from surfaces at the reservoir temperature. The two outer

tubes are used to pump out the sample space with a diffusion pump to pressures

below 10-4 millibar. The space is enc10sed in a copper can machined with a 5° taper

at its opening so that it mates with a copper cone supported by the two outer tubes.

When coated with vacuum grease, this forms an easily remountable vacuum tight seal

which may be cooled in a hth of 4He with out breaching.

Twisted bunches of 75p.m manganin wires [81], each with a total resistance of

~250n, run down the two outer tubes from room temperature above. These wires

are wound onto two copper rods which extend into the liquid 4He bath with GE 7031

varnish. A layer of cigarette paper under the wires ensures electrical isolation. This

thermal anchoring ensures that there is no significant heat f10w from room temper­

ature into the copper block through the wires. Copper wires were origina11y used,

but, because of their high thermal conductivity [82]. they were found to heat up the

absolute thermometer so that it measured a temperature higher than that of the cop­

per block. Since Cp is measured at the copper black temperature, this effeet led to a
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Figure 4.2: Diagram of Cryoslal

systematical1y low measured Cp for the standards. The low thermal conduetivity [82]

manganin wires are then attached to the copper block where they are again thermally

anchored to guard against stray temperature gradients.

The removable calorimeter stage is a copper prong with a surface which mates

with the copper block. The two may be tightly screwed together, with a layer of

vacuum grease between them, to ensure good thermal contact. In this way, the prong

and the main block are eifeetively made into a single unit and the two will not be

distinguished.
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4.3.2 Temperature Control
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Before discussing the operation of the calorimeter and the various thermometers, we

discuss how the necessary precise temperature control of the copper block reservoir

is achieved. The central stainless steel tube supports the copper block and is the

dominant thermal contact between it and the 4.2 K liquid 4He bath. Within the

central tube is a copper rod which may be raised or lowered to contact the copper

block. The tube may also be filled with a low pressure of He gas, so that it acts as a

heat switch, allowing the cooling power to the copper block to be varied over a wide

range. Further, the copper rod may be raised and 1 atm. of 4He may be introduced

for ~20 minutes to condense liquid helium in the switch. The switch may then be

pumped, lowering the temperature of the block below 4.2 K. With careful pumping,

the block may be brought to as low as 1.7 K for ~2 hours before all the liquid 4He is

consumed.

Precise temperature control of the copper block is achieved with a commercial

temperature controller (Lakeshore™ DRC-91C)[83]. This device stabilizes tempera­

ture by measuring the resistance of a 10kn carbon composite resistor [84] used as a

control sensor and controlling the power to a 40n heater wire non-inductively wound

on the copper block [85], above ail of the sensors. All major heat flows and tempera­

ture gradients therefore occur between the block heater and the heat switch. In this

way, all of the sensors are embedded in a near thermally isolated isothermal block all

at the same temperature.

Power to the 40n heater wire is controlled to be proportional to the temperature

error, its time derivative and integral in diirerent programmable amounts. Temper­

ature may be stabilized within 1 mK indefinitely for temperatures between 1.7 K

and 20 K. This high stability is necessary, since while the reservoir temperature does

not need to be measured this precisely, instabilities in its temperature appear at the

calorimeter.

The system is controlled and the data are collected by a IBM-PC clone (XT)
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configured with VENIX™, a UNIX type operating system and programmed1 in C.

The PC is equipped with an IEEE interface [86] used to communicate with vari­

ous voltmeters and the temperature controller. Also installed is a general purpose

Labmaster™ computer board [86], which contains an analog-to-digital converter

(AOC), a digital-to-analog converter (DAC), a high precision quartz crystal oscil­

lator/timer and digital logic input/output. These devices are used to interface and

control ail the homemade electronic circuits. The system can he run completely au­

tomatically. The computer changes and stabilizes block temperature, then performs

and monitors temperature drops which ultimately yield Op.

4.4 The Calorimeter

Fig. 4.3 is an illustration of our time relaxation micro-calorimeter. We define

"calorimeter" to refer only to the small assembly comprised of the addenda and the

sample. Since the addenda Op is always measured with that of the sample, choice of

materials with low specifie heats for the construction of the calorimeter is essential.

The main body of the micro-calorimeter is a 8 x 8 x 1 mm3 single crystal of sapphire

(Ab03) [87]. Sa::pphire has the useful property that it has a high Debye temperature

(>900 K)[88], so that the low temperature Op is small. AIso, the thermal conductiv­

ity of sapphire is large [89], so that compared to ail other thermal conductances, the

sapphire substrate may be considered as a thermal short circuit.

One side of the sapphire is scored with a diamond saw. This facilitates the de­

position in a belljar evaporator of a ~ 100a constantan film (Cu:Ni) in a strip along

the diagonal. This film is used to heat the calorimeter by running a constant current

through it. Current leads are 75~m diameter Au-7%Cu wires [90J fixed to the heater

film with silver loaded epoxy [91].

The calorimeter is equipped with two secondary thermometers. One is a Au-

lMark Sutton'. hklx-ray data acquisition program wu gonorou.ly providod and modifiod for our

purposes.
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Figure 4.3: Illustration of caiorirneter shown mounted with a coiled meta1lic ribbon sampIe.

O.07%Fejchromel thermocouple junction, used as a fast relative thermometer to foilow

the temperature drops. The other is a Dale thick film resistor [92] which is used as a

slow, in situ calibrated thermometer to measure AT.

The thermocouple junction is formed by spark-welding between 125 p,m diameter

chromel [93] and Au-o.07%Fe wires [93]. This junction is then fixed to the sapphire

substrate with electrically insuiating epoxy [94]. The 1 x 1 x !mm3 commercial Dale

150kO thick film ruthenium-oxide resistor [92J comes mounted on a sapphire substrate

with pre-soldered terminals, onto which are soldered to two 75p,m chromel wires. The

Dale is epoxyed onto the now completed addenda. Ail wires attached to the addenda

are then thermally anchored with GE7031 varnish through cig'uette paper to four

copper pads extending from the copper prong which is the thermal reservoir.

Since the caiorimeter operates in high vacuum, the only heat f10w paths are radia­

tion and conduction through the Iink wires. Since blackbody radiation is insignificant

at low temperatures, the wires coming from the addenda form the only significant
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thermal link to the thermal reservoir and so have been chosen carefully. Suppose

that the Dale thermometer is not perfeetly attached to the sapphire substrate, but

through a small thermal resistance r. The Dale would then be at a colder temperature

than the sapphire substrate, since r forms a voltage divider with Rw, the thermal

resistance of the Dale wires. The resulting error in the measurement of K and thus

of Cp will be riRw . The correction is identical ifthe heater is badly connected. The

thermal resistance of the heater and Dale wires must therefore be kept as large as

possible, to minimize the error, riRw. The calorimeter is designed, therefore, so that

most of the heat fiow is through the ~ 1 cm of thicker Au-0.07%Fe thermocouple

wire.

Thermal and electrical conduetivities of metals are roughly related through the

Wiedemann-Franz law [4J and increase together. Approximate estimates give the

ratio ofthe thermal conductivities of (Au-0.07%Fe):(Au-7%Cu):(chromel) as 100:10:1

[82]. Au-7%Cu was chosen because it has a thermal conductivity substantially lower

than that of Au-0.07%Fe, while still having the low eleetrical resistivity which is

necessary for the measurement of the power in the lOOn heater film. The Dale

resistor has a resistance always greater than 150 kn, so that we connected it using

chromel, a worse conduetor. The thinner high resistance wires are wound in 2mm

diameter colls to increase their length to ~4cm.

4.5 Instrumentation

The governing equation of the relaxation calorimeter is:

(4.3)

We will discuss separately the measurement of each of the four quantities which

determine Cp(To), namely : To, P, t:.T and T. The dominant sources of uncertainty

are the measurements of t:.T and T which each contribute roughly ~%, leading to

an absolute uncertainty of 1% on the total sample+addenda Cp. This means, for
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Figure 4.4: Behavior of varions temperature sensors used at low temperatures.

example, that the Cp of a sample equal to that of the addenda can be determined

with an absolute uncertainty of ~2%.

4.5.1 Abs9lute Thermometry (Measurement of Ta)

The most important measurement is that of temperature. Absolute thermometry

was done with a commercial carbon glass resistance thermometer (CGR) calibrated

between 1.5 K and 80 K by the manufacturer [83]. CGRs are probably the best sensor

for the temperature range 1 K - 100 K due to their high sensitivity, reproducibility

after repeated thermal cycling and the smal! sensitivity of their calibration to an

applied magnetic field [95]. Worst case errors due to al! factors are documented to be

under 5 mK at temperatures below 10 K [83]. The resistance of the CGR is measured

with a high sensitivity AC Potentiometric Conductance Bridge [96] to an accuracy

approaching 1 part in 105 •

The low temperature characteristics of the various temperature sensors used (Car­

bon glass thermometer, Dale thick film Ru-O res;.~tor, carbon composite resistor and

capacitance sensor) are displayed in Fig. 4.4. A useful quantity is the sensitivity, Sx,
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Figure 4.5: Absolute vah,e of the sensitivity ofvarious thermometers. The sensitivity, Sic, is defined
by SX == d ln X/ d ln T, whe.. X is the property used as a thermometer.

defined as:
S _ dlnX _ dX/dT

x - dlnT - X T'

Since it gives the fractional change of X due to a fractional change of T, the absolute

value of the sensitivity is a "figure of merit" for the usefulness of the quantity X as a

thermometer. The sensitivity of the various sensors (X = resistance or capacitance)

is displayed in Fig. 4.5. AU resistive sensors used have 1 Sx 1>1 at 4.2 K.

AU of the secondary thermometers are calibrated against the CaR by measuring X

and TCGR when the sensor and CaR are at the same temperature. These calibrations

must be done for each He run, since none of the secondary sensors maintained tbeir

calibration on thermally cycling up to room temperature and back.

AC four point measurements of all sensors were done, unless otherwise stated, to

eliminate the effects of the 250n lead wires. AC measurements eliminate the effect of

iLV level OC differential thermal emfs generated by the 300 K temperature gradient

across the manganin lead wires. The different AC frequencies must be "detuned" off

integral multiples of each other so that pickup of one signal by another is avoided. AU
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sensor circuits and wiring were extensively shielded and referenced to a single ground.

Electrically fioating circuits were always found to be more susceptible to crosstalk.

4.5.2 Measurement ot' the Heater Power, P

The heater circuit, shown in Fig. 4.6, generates and measures the power, P, applied

to the 100n constantan heater film, which raises the sample temperature. The com­

puter generates a DC voltage which is buffered and applied to the heater circuit. The

subsequent voltage drop, V, across the heater is amplified by an instrumentation am­

plifier (Analog Deviees AD524) and measured with a Keithley 199 digital voltmeter.

The current, l, is determined by measuring the voltage across a ~lkn reference re­

sistor. The heater may be remotely turned off within 1 msec with a simple relay.

Three link wires join the heater to the copper block. This wiring scheme measures

half of the heat generated in the wires. This is the amount of heat which fiows il"~·o

the calorimeter and so is the desired measurement. The power measurement is taken
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as:

P = (VON - VOFF )(ION - IoFF).
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This procedure minimizes the effect of differential thermal emfs, which are measured

in the OFF state and then subtracted. Measurement of the power is easily done to

an accuracy of 0.1%, which is more than sufficient.

4.5.3 Measurement of the Temperature Rise, dT

The Dale ruthenium-oxide thermometer [92] is a CERMET or ceramic metal thick

film [97,98]. The film is composed of small partic1es of metal suspended in an insu­

lating oxide matrix. Electrical conduction occurs by variable range hopping [99] of

electrons between metal partic1es which freezes out at low temperatures according to

the relation [97,98J:

! <d <!.4- -2

The Dales are actually sold as compact resistors and since the films all have the

same dimensions, resistance values are controlled by varying the metal content of the

films. At dilution fridge temperatures «100 mK), 1kn Dales have sufficiently large

sensitivity to be useful as thermometers [97,98]. We needed lower metal contents

so that the conductivity freezes out at our higher temperatures. Therefore we have

chosen a 150kn Dale whose resistance increases by a factor of three upon cooling to

4.2 K.

In order to measure this resistance, we have constructed an AC Wheatstone

bridge circuit with a computer controlled reference resistor. The circuit, illustrated

in Fig. 4.7, is excited by a 10Hz sine wave generated by the computer's DAC. This

excitation, typically 10mV, is chosen so that the power on the Dale (V 2/ R) equals

one thousandth of the power applied to the film heater. The reference resistor is an

array of precision resistors in series with re1ays wired in parallel to them, so that they

may be individually shorted out. The resistors have values 1n,2n,4n,8n,etc so that

the control signal which opens the relays is equal to the total value of the reference
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resistor in binary. A three point measurement is done on the Dale which cancels out

measurement of the lead resistance to the degree that the 250n leads are matched

(~5%). This leads to an insignificant error in the measurement of the 150kn Dale.

When the reference resistor has the same value as the Dale resistor, the bridge output

is zero and we say that the bridge is balanced.

Measurement of the high 150kn Dale resistance requires careful consideration.

Since it is in parallel with a lead capacitance of order 100pF, a large quadrature signal,

90· out of phase with the driving signal, appears at the output of the bridge, along

with the ~10JLV imbalance signal. This quadrature signal may be mostly balanced

out by placing a ~lnF compensating capacitor in parallel with the reference resistor.



The modulation frequency must still be kept low (10Hz), however, to minimize the

quadrature signal.

The output of the bridge is input to a four stage differential amplifier with a total

gain of 105 and a 3dB pass band between 2 and 70Hz. The heavily shielded amplifier

is b;;.ttery powered [100], to minimize the residual60Hz pickup. The amplified output

is input to an ADe which monitors the signal as a funetion of time. The resu1tant

trace is then chopped by the computer program with a square wave at 10Hz. This

yields a reetified signal which is averaged to give a DC voltage proportional to the

imbalance of the bridge. In this way, the computer acts as a digitallock-in amplifier

which rejeets noise [101,102]. The relative phase between the output and input signal

is automatica11y held constant since the excitation signal is gene<ated within the same

computer subroutine loop that chops the input.

The imbalance signal is monitored as the computer controlled reference resistor is

varied. These data are then interpolated to determine the reference resistance in the

balanced (zero output) state which is the Dale resistance. In 15 seconds and with an

excitation of 10mV, the bridge is capable of determining a 100 - 1000kr! resistance

with a precision of 2 parts in 104
•

The Dale is calibrated at thermal equilibration with no power supplied to the

sample heater film. The Dale resistor is then at the same temperature as th" reservoir,

measured by the CGR. This gives us an in situ calibration of the Dale resistance versus

temperature. The resistance of the Dale is then fitted to a polynomial of the form:

•
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(4.4)RDALE(T) = Roexp [Ê An(~)dn]

RDALE(T) may be inverted to determine the funetion TDALE(R) = RD~LE(R), so

that we may determine the temperature rise when the power, P, is on. t!.T is thus

deterrnined as:

(4.5)

At 4.2 K, the Dale sensitivity is about 1. This mea!lS that the relative uncertainty

on the determined Dale temperature, '"i, is the same as 'ft i.e. 2xl0-4
• The un-



certainty (J'AT = .,fi(J'T, and since Ai ~ 5%, we obtain a relative uncertainty on tlT

of:•
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(J'AT = .,fi(J'T j(tlT)
tlT T T

c;:; = .,fi X 2 X 1tJ-4 /(.05) ~ ~%.

4.5.4 Measurement of T

Since it takes 15 sec to measure, the Dale resistance is useless for fol1owing the temper­

ature drops which occurover ~10 seconds. A [Au - 0.07%Fe]-[chromel] thermocouple

[103] was used as a fast thermometer to measure the drop of the sample temperature

in time. [Au - 0.07%Fe]-[chromel] was chosen for its high sensitivity (~ 15JLV/K)

and high linearity at low temperatures [103].

The DC thermocouple voltage cannot be directly measured since differential ther­

mal emfs total1y dominate the signal [104]. For this reason, an electrical chopper

[105] was mounted directly on the cold copper block. This circuit, shown in Fig. 4.8,

modulates the thermocouple signal at a frequency of ~lkHz. The modulated signal

is not afi'ected by DC thermal emfs which largely occur after the chopper, along the

wires between the copper block and room temperature.

The low temperature chopper[105] consists oHour MOSFETS2 [105J used as on/off

switches, arranged in a bridge. At 1kHz, the gates of alternate pairs of MOSFETS

are positively biased at 12V and the thermocouple signal is reversed. This modulated

output goes through a shielded transformer and into an Ithaco lock-in amplifier [107].

The lock-in amplifier acts essential1y an inverse chopper that rejects unwanted signals

'Whether or not a MOS1>ET functions at 4.2 K is largely dependant on its architecture. We

tested three members of an older MOSFET family; the MFE3002, 2N4351 and 3N171, and found

themall to function normally at 4.2 K. We also tested the 2N7000 and the VQ1004P, two modern

power MOSFETS (known as VMOS or TMOS), and found that they both function at 77 K, but

not at 4.2 K. Since most manufacturers are switching ail their production to power MOS, which ail

have similar architecture, our results suggesl lhat MOSFETS which function at 4.2 K could soon

become a thing of lhe pasl. For an extensive review enlitled "Cold Electrouics", see ref. [106].
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Figure 4.8: Block Diagram of Low Temperature MOSFET Chopper Circuit

so that only those near the modulation frequency are coherently rectified and filtered.

Simpler variations of this circuit using only one or two MOSFETS were found to be

ineffeetive since the chopped thermocouple signal was accompanied by a much larger

offset. This offset was probably due to ca.pacitative feedthrough of the MOSFET gate

signais. The symmetry of the MOSFET bridge design bPlances out this offset to an

acceptable level, comparable to the'" Ip,V thermocouple signal.

The 1kHz reference output generated by the lock-in amplifier is optocoupled to

two sets of clipping amplifiers which provide 0 - 12V square waves that bia.s the

MOSFET gates. The square waves must be referenced to two sepa.rate electrically
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f10ating commons so that these amplifiers must be powered by isolated supplies. Since

transformer isolated power supplies led to an unacceptable level of 60Hz feedthrough,

the clipping amplifiers are powered by rechargeable batteries [100].

The location of the calorimeter in the McGill physics building is within line of site

of a Megawatt transmitter which provides a.ll radio and television signals in Montréal.

Being composed of long wires and semiconduetors, the chopper circuit was found to

aet like a crystal radio set. Radio frequency (RF) above SOMHz was picked up by the

long wires, rectified by the MOSFETS onto the DC thermocouple voltage and then

was chopped along with it. Even though the circuitry was heavily shielded, movement

of the wires, like the adjustment of a TV antenna, caused the lock-in amplifier output

to change sporadica.lly. The antenna effect was tota.lly absent when the circuit was

transported to the basement. As a permanent solution, the entire workstation was

enclosed in alow cost 2mx 2mx 3m aluminum screen Faraday cage which sufficiently

attenuated the RF.

The output of the lock-in amplifier is filtered with a time constant, TFILTER,

kept always less then 1% of the exponential decay time constant, T. With a filter

bandwidth of 25Hz, we could measure the thermocouple signal with a residual noise

approaching SnV. The thermocouple signal is monitored during temperature drops for

roughly ten time constants by the quartz timer triggered analog-to-digital converter

(ADC). Simple exponentials (equation 4.2) were fitted to these ADC traces and the

decay time constant, T, was extracted to within an uncertainty of typica.lly ~%. The

almost perfect fit of an exponential to the measured traces (see Fig. 4.1) is testament

to the high linearity of the thermocouple.

4.6 Determination of Cp

4.6.1 Corrections for Finite aT

The calorimeter measures K = fT and T at each temperature, yielding in principle

an independent absolute Cp = TK at each temperature, Tu. Until now, however,
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we have not introduced complications arising from the finite f1T. Roughly speaking,

Cp is measuled at the average temperature, To + tJ.t so that Cp(To) is measured

high by a fraction 3(f1Tf2T) for Cp ex: TS
• As f1T is 10wered, this systematic error

is reduced, but the signal-to-noise ratio for Cp goes down proportionately. As a

compromise between these two considerations, we have chosen f1T fT ~ 5%, so that

Cp(To) is measured high by ~ 8%. We must therefore correct for this non-negligible

systematic error. In the following paragraphs, we describe separately how the f1T = 0

values of K and T are extracted from KMEAS and TF/T, their values measured with a

finite f1T. Cp is then determined by Cp = T K as before.

Since the temperature gradient exists over the length of the wire, the measured link

conductance KMEAS(To) is equal to K(T) integrated over f1T. We have approximated

this integral by introducing a shift. of the temperature to the average temperature,, '

that is:
P (To+tJ.T f1T

KMEAS(To) = f1T = JTo K(T)dT ~ K(To+"""2)'

This approximation is weil justified since K(T) is nearly linear in temperature, as is

c1ear from Fig. 4.9, which shows the determined link conductance, plotted as K fT.

SPLINE-LIKE functionsS fitted to K fT are also displayed. Curves measured during

different runs indicate that K fT changes between 4He runs, but its general temper­

ature dependence is maintained. In fad, subtracting off the SPLINE-LIKE function

fitted to the K(T)fT data of one run from the data of any other run yields a curve

which is very nearly a constant within the noise. Consequently, we have used the

value of the SPLINE-LIKE function fitted to the K(T) data, rather that sorne cor­

rected form of the actual pointwise measurement of K(T). This procedure reduces

noise introduced to Cp by fluctuations in the measurement of K.

The corrections to T are more subtle, since they must account for the changes

sThe SPLINE-LINE fundion is composed of four piece-wise polynomials of order live or less. The

separate polynomiais are constrained so that their values and derivatives are continuous at the points

where they meet. The position orthese points is optirnÙled by a non-Iinear litting program. SPLINZ­

LINZ functions are useful in fitting Cp(T) and K(T) data, since they give a good representation of

the data, without following sharp features which usually result from noise.
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Figure 4.9: Thermal conductanoe, K, of calorimeter wires plotted as KIT for three separate helium
rUns. The solid lines are SPLINE-LIKE funetions fitted ta the data.



OHAPTER 4. ABSOLUTE OALORIMETRY 75

2.1 3817.5 5.0K
2.0 ---- 1.9 ~

17.0
~ 32..

QI \ 18.5 .......QI 1.8~ 3, 28Eoo 1 18.0fi: 1.7
U(l.1- 1.8

:Il 15.5
:0: 15.0 24

1.5 14.5
0.0 0.8 1.2 0.0 0.8 1.2 0.8 1.2

âT (K) âT (K) âT (K)

Figure 4.10: Power Sean. The values T,K and Cp = TK at AT = 0 (0) are ealeulated from
KMEAS and TpIT, theil values measured with a finite AT (0), using the solid lines independently
determined from the whole data set with AT/T ~ 5%. This normal operating point is indicaled by
filled symbols.

in both Op and K, during the drop. To lowest order, the effect of a changing Op

and K can be modeled by introducing a second short transient to the exponential

drop. Care must he taken in this calculation, since the entire sample+addenda is

heated to To+ aT, while the conductance link temperature is distributed across aT.

Consideration is given to how a least squares fit to a single exponential will fit this now

double exponential. The following expression linking TFIT(aT) and T == TFIT(aT ......

0) is found to apply:

[
4 (dlnT IdlnK) aT]

TFIT(aT) = T 1+ 9" dlnT + 2" dlnT To • (4.6)

The value of T is determined by the requirement of self consistency. Once roughly .

determined, the values of T(To) are fitted to a low order polynomial in temperature

which is differentiated to yield ~~~. Equation 4.6, ~~~, the SPLINE-LIKE funet,ion

representing K(T) and TFIT are then used to redetermine T. This process is repeated

until it converges on a value of T, usually after 20 iterations or so.

The accuracy of the correction procedure has been independently tested by per­

forming a number of temperature drops with different aTs but at the same To•

Results of these power scans are shown in Fig. 4.10. The directly measured values

K MEA5 and TFIT, are piotted as points and the solid lines give the dependence of

these quantities predieted independently by the correction procedure. The excellent
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Figure 4.11: The Cp ofvarious masses ofvarious materials.

agreement demonc;rates the effectiveness of the procedure.

4.6.2 The Addenda Cp

The specifie heats of the addenda, the standard samples and various other materia1s

are plotted in Fig. 4.11. The bare addenda was run three separate times and Cp was

found to he identical within 1%. The measured Op from these addenda runs is fitted

to a SPLINE-LIKE function. This funetion is subtraeted from all sample+addenda

runs to yield only the Op of the sample.

At high temperatures near those of liquid nitrogen (77 K), Cp of the addenda is

a1most completely accounted for by the 100mg of sapphire, which makes up most of

its mass. At low temperatures, hcwever, the Cp of the hard (high Debye temperature,

0 D [88]) sapphire is insignificant and the addenda Cp is composed of that of the epoxy

and ~ of the link wires [76J. These have high Cp at low temperature(108]) because

of their low 0D and high eleetronic Cp respectively. The Cps of metallie ribbons

studied are aetually easier to measure than the Cp of the coppe.. and gold standard

samples, since they have a large linear electronic Cp and thus a less rapid variation

of Cp with temperature than the mostly cubic Cp of copper and gold.



Samples are fixed to the polished top face of the addenda with about 5mg of silver

paste [109], a conduetive adhesive dispensed reproducibly with a lOI'L syringe. This

amount of silver paste was also added to the bare addenda, so it is also subtracted

off with OADDENDA. Silver paste has the advantage that it conducts heat well, can

be removed easily with acetone and has a low Op which was measured (Fig. 4.11) as

slightly more than that of pure silver [108,110]. This indicates that the binder in the

paste evaporates away leaving mostly silver. Commonly used insulating Apiezon N

grease [111] has more than 10 times the gram specifie heat, so that more sHver paste

may be used to thermally bond the sample.

•
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4.6.3 Sample Mounting

The samples studied are all metallic a-Fe-Zr ribbons. Sample masses must be cho­

sen to provide a high ratio of CSAMPLE:CADDENDA, preferably at least 1, so that

the operation of subtracting CADDENDA increases the relative uncertainty by only a

factor of 2 or less. At the lowest temperatures, this corresponds to at least 10mg

as shown in Fig. 4.11. Since only a few milligrams of metallic ribbon could be laid

fiat on the addenda, attempts were made to increase the mass of ribbon, by hanging

5mm over either side, increasing the sample mass by a factor of three. In this case

non-exponential drops were observed, and were discussed extensively in ref. [112J.

These non-exponential drops were determined to result from the faet that when the

sample overhangs by 5mm, the internal relaxation time of the overhanging part be­

cornes significant. When there are significant thermal resistanccs other than the main

thermallink in the calorimeter then the simple representatioJ'. of the calorimeter in

Fig. 4.1 does not apply. Consider what happens if 0 A and Os are not perfectly ther­

mally connected, but coupled through a second link, R2• In this case, illustrated in

Fig. 4.12, elementary circuit analysis tells us that a double exponential decay should

occur which has the fol1owing form [112]:

t t
T =Tu +A+ exp(--)+ A- exp(--)

T+ T_
(4.7)
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Figure 4.12: A circuit illustrating the dechical representation of bad thermal contact between the
addenda, CA, and the sample, Cs.

where:
2hTo

T± = -----:---r=~======
(>' + h + 1) 'F J(>. + h + 1)2 - 4h>.

TO = CAR

h
R2 (conductance ratio),= R

>. CA (specifie heat ratio).-
Cs

In the limit oC small R2 , the two time constants can be written:

1+>'
T+ r:::J ->.-TO = R(CA +Cs) == T

h ( 1 1 )-1
T_ == T2 r:::J --TO = R2 - +-

1+>' CA Cs

In reC. [112] the temperature drops were modeled with equation 4.7 as weil as

with a more realistic series solution to the heat conduction equation. Values oC Cp

derived using this techniques agreed weil with those determined from runs where the

ribbons were ail in good thermal contact with the addenda. Consistent estimates oC

the thermal conductivity oC the ribbons could also be extracted. While analysis oC



double exponentials was satisfactory in this case, the strategy generally employed in

the time relaxation technique is ta require single exponential relaxation and thus that

T2 «T.

The complex relaxation associated with the overhanging sample led us to devise

an effective way of mounting even more ribbon with no significant internal relaxation

times. Half meter lengths of ribbon were neatly coiled by hand into a bundle like a roll

of tape which was closed with a tiny dab of Krazy Glue™. The roll was then silver

pasted [109] to the addenda. Work on the overhanging ribbons [112] showed that

if the ribbons extend over the edge of the addenda by 5mm, there is a measurable

internal T2 problem. Since the roll height is only 1mm, both the ribbon's thermal

conductance and its total specific heat are reduced by a factor of 5. The internal

time constant is, therefore, reduced by a factor of 52 = 25, i.e. into insignificance.

Examination of the early time behavior of the temperature drops taken on such rolls

indicates directly that there are no significant short time constants. One such drop is

displayed in Fig. 4.1 and is wel1 fitted by an exponential. Small discrepancies at early

times are completely accounted for by effect of low pass filtering. The roll method

allows the maximum amount of ribbon to be mounted with the added advantage that

any possible demagnetization fields resulting from an applied vertical magnetic field

are minimized.

Considerations of the internai sample relaxation time reveal the real power of the

time relaxation (TR) technique. The other common method of absolute calorimetry

is the heat pulse (HP) or quasi-adiabatic technique [76-80,113,114]. Here, the exper­

imental setup is the same as in Fig. 4.1 except now the power, P, is only applied

for a short time, At, depositing an amount of heat AQ = PAt into the sample. Cp

then is calculated directly from equation 4.1. This technique is used to do the most

accurate measurements of Cp on gram size samples. In the HP technique, however,

the requirement on T2 is that: T2 « At « T [76]. This means that for small samples

«100 mg) [76], where T2 becomes significant, T can be made much shortl;r in the TR

technique than in the HP technique. Since T determines how long it takes to reach

•
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equilibrium after changing reservoir temperature, a shorter 7" means that more data

points can be taken in a given time using the TR technique than in the HP technique.

Attempts were made to reduce CADDENDA and so further increase the ratio of

CSAMPLE to CADDENDA. Addendas constructed using less epoxy, however always

resulted in calorimeters which measured high Cps of the standards. Errors arose

from a significant 7"2, which could be directly observed in the early time behavior

of bare addenda drops. 7"2 must therefore result from bad thermal contact between

various parts of the addenda. The coefficients A± from equation 4.7 depend on the

four possible sets of boundary conditions (heat input or temperature measured Ilot

either point A or B in Fig. 4.12). Unless one is sutll which set applies, equation 4.7

cannot easily be used to fit non-exponential drops. An older, heavier addenda was

the only one which yielded correct sta~dard Cps and no measurable 7"2. It survived

and was used for the entire study.

We conclude generally that epoxy has too low a thermal diffusivity to be used

in constructing addendas. Attempts should be made to use only thin films elements

deposited directly on the addenda [115,116], preferably with metGl. film contact pads

so that wire leads may be attached with solder.

4.6.4 Cp Standards

Due to the number of things which can go wrong in an absolute calorimetry measure­

ment, many of which have been described above, measurement of Cp for established

standards is imperative in establishing ,the integrity of the measurement.

Our absolute measurement of the gram specific heat of 99.999% pure copper and

99.9999% pure gold pellet-like sa.mples are plotted as Cp fT versus T 2 in Fig. 4.13.

This method of plotting the data is used since Cp is proportional to a linear plus

a cubic term in T as T -+ 0 in a normal metal, so that the data yield a straight

line. Also displayed are the extremely accurate results of D. L. Martin [110,117,118]

deterrnined using &he&t pulse calorimeter on gram size s&mples.

In Fig. 4.14 the data of Fig. 4.13 are replotted as a percent deviation from the
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Figure 4.13: Measured absolute gram specifie heat of eopper (Cu) and Gold (Au). The solid lines
are the data of D. L. Martin [110,117,118].
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Figure 4.14: Accuracy of Specifie Heat Measurement: the data of Fig. 4.13 are shown as a percent
deviation from the data of D. L. Martin [110,117,118]. The dashed line is the quoted accuracy of
2% and the solid lines are separated by twice the quoted precision of 2%.

data of D. L. Martin. We can see that the Cp error is roughly a curve with a scatter

of 2% offset by less that 2% at all temperatures. We therefore quote the absolute

accuracy and precision of the calorimeter each as 2%.

4.7 Magnetocalorimetry

The CliO.Lat can be placed into the 5cm bore of a 5 Tesla superconducting solenoid

[119], so that the addenda sits in the maximum field. The field is constant to within

1% over the whole addenda. The magnetic field intensity is determined as the mea­

sured ~80 Amp current through the solenoid mu1tiplied by the field-to-current ratio

supplied by the manufacturer.

A problem arose on the first application of a magnetic field to the ca!orimeter.

An intermittent microvolt level signal of a frequency of around 100Hz appeared on

the thermocouple signal. This was found to be due to mechanical vibrations of the

addenda in the field. A simple caleulation shows that 1JLm amplitude vibrations at

100Hz of lem wire in a plane perpendicular to a 5 Tesla field lead to a 30JLV indueed

signal aeross the wire. An addenda was designed with holes in it whieh were used
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Figure 4.15: Measured attenuation charac!eristics of the construct.ed 5Hz, 4-pole Bessei filter. The
dashed line shows the gain and the solid line shows the time lag introduced by the filter. The inscl
shows the elfec! of the filter on two drops taken under otherwise identical conditions.

to tightly bind the addenda with thin nylon fishing line. This eliminated the 100Hz

oscillations from the signal, however a smaller amount of just as troublesornc 20Hz

oscillations was found to persist. The problem was solved by the construction a 5Hz

4-pole Bessel filter [120], the measured attenuation characteristics of which are shown

in Fig. 4.15. This filter is designed so that the time lag experienced by a signal on going

through the filter is constant up to frequencies weil above f3dB , while still providing

a 24dB/octave attenuation at high frequencies. The filter has the effect, there!ore,

of attenuating the unwanted high frequency components, while rnerely delaying the

slowly varying exponential part by a fixed lag, without distorting it. The dramatic
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Figure 4.16: Absolute thermometry calibration in magnetic field. The temperature of the carbon
glass thermometer (Ta GR) is measurcd as a 5 Tesla magnetic field is turned on and off while tempe,­
ature is controlled using a field independent capacitance sensor. The arrow shows the determined
apparent temperature shift of -5 mK resulting from the field.

effeet of the Bessel filter is illustrated in Fig. 4.15 which shows a drop taken in a 3.5

Tesla field with and without the Bessel filter.

AU of the resistive sensors used have a significant magnetoresistance necessitating

the use of a field independent capacitance thermometer [83]. A commercial capac­

itance card for the temperature controUer [83] measures a capacitance by letting

it integrate current pulses. A standard 56nF ceramic capacitor was found to have

the same temperature sensitivity and drift with time as commercial capacitance ther­

mometers [83]. lnitially, attempts were made to calibrate the capacitor with the CGR

in zero field and then use it to determine temperature with the field on. However,

internal strain relief causes the capacitance to drift at a rate corresponding to ~10

mKfhour, too rapidly for the sensor to be used as a long term reference thermometer.

The strategy employed, therefore, was to control temperature with the capacitance

sensor, and monitor the CGR temperature as the field is turned on and off as quickly

as possible. The resulting measurement of TCGR is shown in Fig. 4.16 as a function

of time. Here, we can see that the effect of the 5 Tesla field can be expressed as an

apparent temperature shift, which is, in this case, -5 mK. Even unaccounted for, this

shift would correspond to a shift in Cp of at most 2%.

Apparent temperature shifts due to the fringes of a 5 Tesla field were determined in

this way for several temperatures. Five times the relative temperature shift (t1TfT)

is displayed in Fig. 4.17. Aiso plotted are apparent temperature shifts in 2.5T, deter-
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Figure 4.17: Field Calibration of Thermometer: Five times the apparent temperature shifts, deter­
mined from data like those of Fig. 4.16, due to a fringing 5 Tesla fields are plotted versus temperature.
Apparent temperature shifts typical of CGRs published by the supplier [121J are also shown.

mined by the supplier for a typical aGR. The agreement between these data suggests

that the aGR sits in a field one tenth of that at the center of the solenoid. Trus

is consistent with 15% which is an estimate of fringing field fraction at the aGR

position. We have therefore used 1/10 of the published curve to shift the measured
, '

temperature in a field, wruch amounts to a maximum sruft of -5mK in 5 Tesla.

Since the effect of a magnetic field on the aGR could now be corrected for, the

measurement of Cp was done completely independently at fixed field values over a

wide temperature range. The link conductance was found to increase with an applied

field at low temperatures, probably due to magnetic alignment of the Fe in the Au­

0.07%Fe wire and associated reduction of electron scattering. The conductance was

found to increase by at most 10% in 5 Tesla at 2 K.

The results of standard sample runs are shown in Fig. 4.18. No field dependence

to the Cp of either the addenda or a copper standard was observed to within 2%, as

expected. Trus gives us great confidence in our absolute' magnetocalorimetry mea­

surement.
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Chapter 5

Results and Discussion

5.1 Magnetometry Results

Measurement of magnetic properties by magnetometry is important general1y as a

means of understanding the behaviour of magnetic contributions to the specifie heat.

Specifical1y, we will want to know how big the Stoner exchangp. enhancement fac­

tor, S, is in a-FezZrlOO-z' This will allow us to predict the strength of the spin

fluctuation (SF) contribution to the eleetronic specifie heat. SF are expected to have

the largest effect for nearly ferromagnetic (S-> 00) and weakly ferromagnetie (ordered

moment, p, -> 0) samples.

Dr. D. V. Baxter supplied magnetization data on five paramagnetic a-FezZrlOO-z

samples which were presented in ref. [64]. The magnetization, M, in magnetic

fields, H, was measured at temperatures between 4.2 K and room temperature and

for O</loH< 1.5 Tesla, using an alternating gradient force magnetometer [64]. In

their original analysis, straight lines were fitted to the high field (/loH>0.5 Tesla)

M vs. B data and the slope was taken as the magnetic susceptibility, X. Following

the work of ref. [57], we re-analyse the data above 0.5 Tesla in a manner more appro­

priate for nearfweak ferromagnets. Our susceptibility values are higher than those

of ref [64], in particular for the Fe rich alloys, where our X values are a factor of", 2

higher. Nonetheless, the same trends in temperature and Fe content are observed in

87
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FiguIe 5.1: Arrott plots fOI a-Fe.ZIlOO_•. Tho magnetization data was supplied by DI. D.V. Baxter
and was originally pIesented in Ief. [64]. The units fOI the x- and y-axes are the standard CGS
units; KOe gram/emu and (emu)' respective1y. The data aIe shown fOI three of the five samples at
tempeIatuIes of 5.5 K(O), 11.5 K(l;) and 40 K(O) and for magnetic fields between 0.5 and 1.5 Tesla.
Solid lines aIe the best linear fits whose x-axis inteIcepts are taken as the inverse susceptibility, X-'.

X, irrespective of the method of data analysis.

In a system with a small uniform magnetization, M, the free energy ean always be

expanded in a Ginzburg-Landau expansion (equation 2.38). As diseussed in Chapter

2, the result is that the app!ied magnetie field, H, and the magnetization, Mare

related by:

(5.1)

From this equation, we ean see that in an Arrott plot of H / M vs. M', the data should

follow straight !ines. In a paramagnetic sample, both a and b are greater than zero

and the straight !ines should eut the x-axis at a point eorresponding to the inverse

magnetie suséeptibility, X- l •

In Fig. 5.1, we have displayed representative ArroU plots for three samples at

various temperatures. The data follow straight !ines and we have determined the

inverse paramagnetie suseeptibilities, X-l, by simply reading off the M' = 0 intereepts

on the H/M axes. The CGS units of X are emu/Oe gram, whieh are equivalent to

em3/gram. These units are widely, though ineorreetly, stated as emu/gram. The

values of X are displayed in Fig. 5.2 for ail five samples as a funetion of temperature.



Figure 5.2: Magnelic Susceplibilily of Paramagnelic a-Fe.Zr,oo_.. The measured X(T) is dis­
played for live paramagnelic samples. The insel shows lhe inverse susceplibilily, X-'(T), al low
lemperulures. The saUd Iines are parabolas used la delermine X-'(T = 0).

Stoner theo~y predicts that the susceptibility of a nearly ferromagnetic metal

should be weakly, quadratically dependant on temperature (equation 2.35). Ciearly,

this nearly temperature independent, quadratic function is Ilot a correct descrip­

tion of the highly temperature dependant measured susceptibility of a-Fe"Zr100_'"

Nonetheless, fol1owing previous work on nearly magnetic NiaGa [32]; 'IVe have used a

parabola of the form: X-'(T) = X- 1(T = 0) + [const.]T2 , as an extrapolation scheme

to extract X(T = 0), the ground state susceptibility. Our extrapolated ground state

susceptibilities are not much difFerent from those measured at 4.2 K, 50 that the exact

nature of the extrapolation scheme is not important.

. ,
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We should add here that a previous study [57] noted thet Zr has a high Van­

Vleck susceptibility (~ 1.3x 10-s cm3/gm). They subtracted estimates of this, and of

the Larmor diamagnetic contribution due to core electrons (~-0.2x10-s cm3/gm),

from the measured susceptibility. This allowed them to extract the 'valence suscep­

tibility of a-Fe"ZrlOO-z' Since our susceptibilities were measured at lower temper­

atures and were much larger than their room temperature values, we have ignoreù

these corrections. We have also ignored the small Landau diamagnetic contribution

(-~XP(T = 0)) of the conduction electrons to X. Furthermore, we have found, by

calorimetry, that an a-Fe37.sZrS2.4 sample from the same batch as that of Fig. 5.2

actually exhibits a magnetic transition at temperatures just below 4.2 K. This sampie

has, therefore, been omitted in estimating the Stoner factor.

The ground state susceptibilities, X(T = 0), have been determined directly as

the T = 0 intercept of the parabolas from the inset of Fig. 5.2. Together with the

data on the ferromagnetic a-FezZrlOO-z samples of ref. [57], we attempt to construct

a Mathan plot like Fig. 2.4 for a-FezZrlOO_z. The ordered magnetic moment, p.,

grows rapidly from zero as the Fe content increases from the critical concentration

of :z: ~37%. Because of this, P, covers a broad range of values within the precision

of the :z: value. Consequently, the 37.6% Fe sample of Fig. 5.2 and ref. [64] appears

as less magnetic than the 37.5% Fe sample of ref. [57]. We present in Fig. 5.3, the

determined ground state susceptibility, X(T = 0), for the samples of Fig. 5.2, and a

plot of Tc vs. P, derived from rer. [57] and from our calorimetry result.

The values of X-1(T = 0) correspond to susceptipilities far larger than those

expected for a simple metal (~1O-scm3/mole) [4]. We have interpreted these high

values of X(T = 0) to mean that non-magnetic a-FezZrlOO_z samples are strongly

exchange-enhanced paramagnets or near ferromagnets. The behaviour of X-1(T = 0)

is linear in composition, :z:, as expected for a near ferromagnet. This linear relationship

will be used later to estimate values of X-1(T = 0) for the actual a-FezZrlOO-z

samples used in this study. These estimates, together with the bare densities of

states at the Fermi level (NO(eF)) determined by calorimetry, will be used to estimate
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Figure 5.3: Ground State Susceptibility ofa-Fe.Zr,oo_•. The values were determined directly from
the T = 0 intercepts of parabolas of Fig. 5.2. The inset shows the relation between p, and Tc, taken
from ref. [57]. The values for the a-Fe3T.oZro... sample were determined by calorimetry. The solid
lines are consistent with Stoner theory.

the Stoner enhancement factors, S, for our samples.

The inset of Fig. 5.3. displays the relationship between p, and Tc for the ferro­

magnetic samples of ref [57] and for the 37.6% Fe sample determined later in Fig 5.10,

by calorimetry. The values of p, are a small fraction of a j/oB «20%). If we insist on

identifying these moments with local Fe moments, P. is at most 0.6j/oB JFe atom. The

Weiss local moment mode! is clearly unable to explain these small ordered moments.

Sinee the Stoner mode! predicts such weak ferromagnetism, the small observed or­

dered moments give further evidence that a-Fe"Zr,OO_" is an itinerant nearJweak

ferromagnet. The plot also shows that both P. and Tc inerease together and a linear



CHAPTER5. RESULTS AND DISCUSSION 92

5
0

/
-100 /

/
-200 / 0

4 /
SC -300 /- 0°- ~-400l(;l /

0 <1)
-1i00 /

.-t /- -800 /

3 /- -700 /
t":l

8 -800 28 30 34
(J Fe content {Xl
"'-
8 2~-

.-t

1
><

1

200

Figure 5.4: Magnetic Susceptibility of a-Fe.Zr,oo_.: Straight solid lines are fits to a Curie-Weiss
law (equation 5.2). The samples are indicated by the same symbols used in Fig. 5.2. The insel
shows the values of Elaw determined from the straight lines. The dashed line is a guide 10 the eye.

relationsrup, consistent with Stoner theory, is also displayed.

Fig. 5.4 shows an analysis of the rugh temperature inverse susceptibility. At higher

temperatures, the curves are weil fit by straight lines. Deviation only occurs for the

sample with the least Fe at the highest temperatures. This deviation results from the

Van-Vleck contribution, wruch we have not subtraeted off.

Solid straight lines in the figure represent a Curie-Weiss(CW) law:

X(l') = Cow = p~f/NA (5.2)
T - 80w 3kB (T - 8 ow)

The inset of Fig. 5.4 shows that al! 8 0 w values are negative with absolute values

that decrease with increasing Fe content, vanishing at ZO' Negative 80w values
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from high temperature Curie-Weiss lits are typical of nearly ferromagnetic metals

such as pure Palladium [52] and Ni3 Ga [32]. The determined CW constant, Ccw ==

limT_oo(dX-1/dTt\ increases moaotonically with Fe content from 0.19 K cm3/mole

to 0.26 K cm3 /mole. Gcw can be used to calculate effective high temperature Curie

moments ranging from pc = 0.58}LB to O.76}LB' Taking only the measured ordered

moments, p., from ref. [57], we can estimate a maximum, measured value of the

moment ratio, Pc/p., which approaches 10.

Although traditionally taken as an indication of local moments, a CW law has

recently been derived using spin fluctuation models which apply to itinerant mag­

nets [10,14,21]. Roughly speaking, the CW law, normally the prediction for an in­

teracting local paramagnet, indicates local or correlated behaviour being displayed

by itinerant electrons. We derived an expression with the form of a CW law (equa­

tion 2.39), by assuming sirnply that all SF modes are thermally excited (T ~ TSF)'

This expression predicts that the observed 0cw should be proportional to (1-1)TSF'

For these paramagnetic samples, therefore, 0cw should be negative and increase

monotonically to zero at the critical composition. This is exactly what is observed in

Fig. 5.4. At low temperatures T<TsF, the CW law breaks down since the SF modes

are not all excited. X(T = 0) should be bigger than the value extrapolated from the

CW law. This behaviour is also observed.

In summary, we have shown that the ground state susceptibilities of the non­

magnetic a-FezZrlOO_z samples of ref. [64] are consistent with the Stoner theory of

nearly ferromagnetic metals. The ferromagnetic samples (:I:>:l:c ) show very small

values for both the ordered moment, pc, and the ordering temperature, Tc which

increase with:l:. AU of these results, establish that a-FezZrlOO_z is a near/weak

itinerant ferromagnet with a critical concentration of ~37%. At high temperatures,

in the paramagnetic samples, the susceptibility is reduced, foUowing a Curie-Weiss

law with 0 cw<0. This is consistent with the reduction of X(T) by thermally activated

SF. The apparent local moment behaviour at high temperature, as m;mifested by the

observation of a Curie-Weiss law, strongly suggests the presence of spin fluctuations.
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5.2 Absolute Calorimetry Results
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The complete sets of absolute calorimetry data for the fifteen different a-FezZrlOO_z

samples studied are tabulated in the appendices. Fig. 5.5 shows measurements of the

molar specific heat, Cp(T), for several of our a-FezZrloo_z samples between ~2 K

and 7 K, displayed as Cp/T vs. T 2
• For a normal metal we expect :

Cp(T) - ,T+ f3T 3
, (5.3)

m·
where:, - (1 +-\.-pho == -,0,

m

,0 _ ~1t"2k~No(ÔF) = NO(ôF) (425e~~l:~~rl (5.4)

and: (3 = (1.944 x 10~:nJ/moleK)
D

The electron mass enhancement factor, -\._p, arises through the electron-phonon

interaction and (3T3 is the standard low temperature Iimiting form of the specific

heat due to phonons. Approximating the Debye function by (3T3 is accurate to better

than 1% at temperatures below 0D/20, where 0 D is the Debye temperature which

characterizes the phonon energy spectrum. Since 0D~200 K for a-FezZrlOO-z [65,66],

we would expeet all of the data sets in Fig 5.5 to follow straight Iines with slopes (3

and T 2 = 0 intercept, == IimT_o(Cp/T).

We can see immediately that while the data for the most Fe rich (x =39.0%) and

Fe poor (x =26.7%) samples roughly follow a straight line, there is a clear uptum in

the other curves at the lowest temperatures (T2<10 K2 ). These uptums grow slowly

as the Fe content increases from x~32% and then quickly disappear by x=39.0%

Fe. Since the upturns are most prominent in samples with Fe contents right near

the critical composition (xc ~37%), they must be related, somehow, to the magnetic

ordering. We attribute these uptums to an electron mass enhancement arising due to

spin fiuctuations (SF).

As discussed in Chapter 2, the expression for the specific heat of an itinerant
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electron magnef. in the presence of SF is:

Cp(T) = ,T +(3T3 +DT3 ln (.I..-)
TSF

'

m'
where '. - (1 +' +' )- - == A,_p A5F.,0 m

T« TSF
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(5.5)

(5.6)

The first two terms of equation 5.5 are just the normal expression (equation 5.3).

Predictions for, include an electron mass enhancement factor due to spin fluctu­

ations, >'SF, as weIl as the normal electron-phonon enhancement, >',_p. The third

term has the temperature dependence which is the signature of SF. It valid only at

temperatures far below TSF, where it is negative. As T -+ 0, the function T3 In T -+ 0

faster than T, so that it vanishes at T = O. Consequently" can still be identified

with limT_O(CpfT).

We have argued in Chapter 2 that equation 5.5 describes a temperature dependant

electron mass enhancement factor, ASF(T) == C$F(T)/ioT, which we now write as:

D 2 (T)AsF(T) = >'SF + -T ln -T for T ~ TSF.,0 SF

The second term of this relation vanishes at T = 0, where d(T2 In T)fd(T2
) has

a negative divergence. With rising temperature, ASF(T) decreases to a negative

minimum at T = TSFf../ë ~ 0.6TsF' At temperatures above 0.6TsF, the second term

increases to zero at TSF and then diverges rapidly for T>TsF.

The physical reason for the decrease of ASF(T) is that, as discussed in Chapter 2,

the SF quasi-dispersion curve can be thought of as being truncated at an energy 2TsF

(Fig. 2.6). At T = 0, there is a mass enhancement due to SF (ASF(O) = >'SF)' At

temperatures T ~ TSF, electron excitations have a mean energy (kBT) at which there

is effectively no 8F dispersion curve, and, therefore, no 8F mass enhancernent (ASF =

0). In view of this, we argue that the SF electron mass enhancement, ASF(T), must

decrease monotonica1ly to zero with increasing temperature (dAsF(T)fdT<O VT).

The monotonie decrease of ASF(T) has been confirmed by numerical integration of

an exact expression [30] for the 8F Cp(T) of Nia+zAlt_z' This calculation determined

values of ASF(T) which always decreased with temperature [122].



Equation 5.5, therefore, becomes completely unphysical for T>0.6TsF, where it

predicts that ÀsF(T) increases with temperature, eventually diverging. Fitting the

expression to data at too high temperatures will therefore force the fitted value of

TSF to high values, so that the T3 ln (T/TSF ) term does not get too big. We have

therefore imposed the constraint on our fitting that equation 5.5 has only been applied

to Gp(T) data at temperatures, T<0.6TsF.

For many systems, such as Pd (TSF~250 K) [48], TSF is 50 large that the

T 3 ln T /TSF term is negligible at low temperatures and only ÀSF is observed. In

most other systems [2], TSF is large enough that the low temperature data, where the

electron Cp is observable, is all below 0.6TsF' Preliminary fits to our data, however,

gave values of TSF around 8 K, 50 that in aIl of our analysis, the T 3 ln T term has

only been applied to Gp(T) data at temperatures below 5 K.

The logarithm term in equation 5.5 can be split in two. The part from the de­

nominator is proportional to T3 and is therefore indistinguishable from the phonon

term. Equation 5.5 has therefore been more conveniently written as:

•
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Gp(T) - fT +BT3 +DT3 lnT,

where: B - ,B-Dln(TsF).

97

(5.7)

(5.8)

Fits of equation 5.7 to Gp(T) of all samples have been performed for T<5K, using a

non-linear X2 minimization routine, which determines optimum values of the param­

eters and estimates of their uncertainties. These fits are displayed as the solid lines

in Fig. 5.5, where they are seen to give a good description of the data.

5.2.1 Phonons and TSF

Before continuing with the analysis of the spin fluctuation model, we deal with the

phonon Gp(T), which is straightforward. In Fig. 5.6, it may be observed that the

Gp(T) data from aIl our a-Fe~ZrlOO_~ samples at high temperatures (between 7

K and 10 K) may he well fitted by equation 5.3, which describes normal metallie
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equation 5.3 between 7 K and 10 K. The right hand axis shows corresponding values of ElD • The
dashed line is a guide to the eye.

behaviour at temperatures T<0D/20. Since 0D ~200 K [65,66], this condition is

satisfied below 10 K. Observation of normal behaviour in all of the samples suggests

that the SF contribution to Cp(T) is negligible in this temperature range. We have

therefore taken the values of f3 from these fits between 7 K and 10 K as determining

the phonon Cp(T) for all temperatures below 10 K. These f3 values are displayed in

Fig. 5.7.

The large scatter in the data arise because the phonon Cp is of the same order as

the e1eetron Cp in this temperature range. Both of these contributions are ~ ~ the

Cp of the addenda, which is also measured and subtracted off. Also, variations in

the ~5mg of silver paste used to mount the sample add to the scatter. The scatter

corresponds to roughly 2mg of silver paste. The phonon Cp(T) is, however, seen to be

weil behaved in concentration, with no unusual features at the critical concentration

of 37%Fe. The Debye temperature is determined to be roughly 200 K and increases

slightly with increasing Fe content, in agreement with refs [65,66J. We did not observe

the divergence in 0D reported by another group [67]. If a normal fit is performed

at temperatures above 15 K, the fitted value of f3 begins to decrease slightly. This
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decrease is, however, much iarger than that predicted by the Debye function. These

observations are consistent with previous work on a-FezZrloc-. [123], which reported

that the effective Debye temperature, ElD(T), increases above 20 K.

In principie, we may now determine TSF from equation 5.8, using the SF fitted

parameters, "Y and D, and the phonon coefficient, p. The uncerta.inty on all these pa­

rameters, particuiariy p, combine to yeid a very uncerta.in value of TSF, Furthermore,

as discussed, we have liberally interpreted the restriction T < TSF as T<0.6~SF'

Nonetheiess, we dispiay these value. of TSF in Fig. 5.8, only for the sampies which

show a clear upturn in their iow temperature Cp(T)fT. We have also dispiayed rough

values of TSF determined from a resistivity study of a-FezZrlOO_' [56]. This study

identified TSF with the temperature where the resistivity due to SF crosses over from

a quadratic temperature dependence at iow temperatures to a linear dependence at

higher temperatures. Aitounian et al. [53] have recently done a. more deta.iled deter­

rninati.:n of TSF through a study of the system a-(Fl1INhoo-yhuZr8e.7' Since Fe and
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Ni atoms have virtual1y the same mass and atomic radius and have similar chemical

properties, we may expect that the amorphous structure of this system is simply that

of a-Fe33.3Zr66.7, with appropriate numbers of Ni atoms randomly replacing Fe atoms.

The further assumption that electron-phonon scattering is the same for al! metallic

glasses of this isostructural system, al10wed separation of the resistivity due to SF

scattering from that due to electron-phonon scattering since for y<40%, the latter

process dominates. Applying the complete analysis due to Rivier and Zlatic [51] to

th'! determined 8F resistivity, the study found TSF = 15±1 K for a-Fe33.3Zr66.7, which

is also shown in Fig. 5.8.

General agreement occurs between our calorimetrical1y determined values of TSF

and those of the resistivity measurements. We take this agreement between TSF

derived from these two very different measurements as support for the SF model.

From the theory [2], TSF= TF/S. We would therefore expect TSF to increase sharply

from zero as :1: moves away from :l:e ~ 37%, where S diverges. This behaviour is

consistent with the resistivity results. Our values of TSF~7 K, however, seem to

be almost independent of sample composition. Indeed, a quick look at the data of

Fig. 5.5 confirms that al! the upturns occur near the same temperature (~3.5 K), so

that the energy scale of the phenomena must be of the same order for al! the samples.

This near sampIe independence of TSF measured by Cp(T) is probably an artifact of

the inadequacy of the theoretical expression (5.5) at al! but the lowest temperatures.

Further theoretical work describing how ASF(T) of equation 5.6 decays to zero at

high temperatures would be needed to further comment on the value of TSF,

5.2.2 Electronic Cp(T)

Since the phonon specific heat, {3T3, of al! our samples has been determined. and sinee

we are using the SF model, we ean take the values (Cp(T) - {3T3) as the electronic

Cp(T), whieh is displayed in Fig. 5.9. Aiso shown as horizontal dashed Unes are values

of 'YHT, whieh we define as the value of 'Y determined from the high temperature fits

to the normal Cp(T) expression (5.3).
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Fig. 5.9 clearly shows the important features of the SF signai. As temperature

increases from the lowest temperatures, the electronic Op(T)jT decreases rapidly.

At temperatures around 5 K, this decrease has largely disappeared and by 7 K, the

Iinear term attains a vaiue of '"fHT which is maintained up to 10 K. The meaning of

the three 8F parameters, '"f, D and TSF, becomes clear in Fig. 5.9. The ground state

'"f =: IimlT_OCp(T)/TI is deterrnined by extrapolating the vaiue of Op(T)jT to T = 0,

in our case using equation 5.7 as an extrapolation scheme. D gives a measure of the

totai change of Cp(T)jT at infinite temperature b - '"fHT)' TSF is a measure of the

temperature above which the suppression is complete.

Convenient1y, the ordering temperature, Tc, increases rapidly from 0 K to above

100 K on increasing :c from 37% to 40%. This means that we can study most fer­

romagnetic samples at low temperatures without worrying about interference from

the magnetic phase transition cusp in Cp(T) which occurs at Tc. This is actua1ly

a problem in weakly ferromagnetic Scarn, where the Cp(T) cusp occurs in the same

low temperature range as the SF mass enhancement [2]. A magnetic Cp(T) cusp was

observed, in faet, for a sample with :c = 37.6% that was taken from the same batch

on which the magnetometry measurements were done [64]. Fig. 5.10 shows Cp(T) of

a-Fea7.6Zr62.4 in which a sma1l bump is clearly visible around 4 K.

In order to separate the low temperature spin fluctuation Cp(T) from the magnetic

ordering cusp, we have constructed a composite funetion F(T). This function is

defined as:

F(T)

F(T) (5.9)

While it distorts the fitted value of TSF and Iikely the other parameters, F(T) has the

advantage that it is a smooth function which can be used to fit an entire Cp(T) data

set for a given sample below 10 K. Data at temperatures within 1 K of the transition

at 4 K were dropped and the rest of the a-Fea7.6Zr62.4 data set was fitted to F(T).
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The fit, displayed in Fig. 5.10, a.llowed va.!ues of 1 and D to be determined for this

sample.

The inset to Fig. 5.10 shows the magnetic ordering cusp in Cp(T) determined by

subtraeting F(T), from the Cp(T) data. The tota.! entropy under this curve is equa.!

to the entropy difference between the T = 0 weakly ordered state and the tota.lly

disordered state at T = 00, that is:

{OO Cp(T)dTas = Jo T ~ lA mJjmole K.

If ( == (n! - nT) jN is the relative magnetization, then we can write the entropy of a

system of N e1ectrons, divided into nT == Nj2(1- () and n! == Nj2(1 +() as:

S = kBln ( ~! ,) ~kB[NlnN-nTlnnT-n!lnn!l
nT·n!.
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S = NkB [ln 2 - ~(1+ 0 ln(1+ 0 - ~(1 - 0 ln(l - 0]
~ NkB [ln 2 - (2] if the relative magnetization, (<< 1.

105

The entropy of the magnet at infinite tempe~ature is NkB ln 2, so that the entropy

change, t1S = ST=eo - ST=O ~ NkB(g. Assuming that the saturation moment is

that of a-Fe90ZrlO (Pm.: ~ 1.5/LB), we can estimate the ordered moment, PlI of this

sample to be:

1.4 mJjmoleK
(0 = 8.314 J jmole K = 0.013,

so that : P. - Pm.:(O = 0.02/LB'

This value, P. = 0.02/LB, together with Tc of 4 K, is shown in Fig. 5.3.

5.2.3 Spin Fluctuation Parameters

Values of"( and D, derived from fits of equation 5.7 to the Cp(T) data below 5 K,

are displayed in Fig. 5.11. The parameters for a-Fe37.6Zr62.4 were derived using a

modified composite function (equation 5.9), as discussed in the previous section. Aiso

shown are values of "(HT from fits of equation 5.3 to Cp(T) in the range 7 K<T<10

K. From this figure, we can see that both "( and D rise to a maximum right at

the critical concentration, Xc, determined to be 36.8% from the extrapolation of the

"( curves above and below xc' This is near conclusive evidence that the upturn in

Cp(T)jT is magnetic in origin.

We interpret these results to mean that at very low iron concentrations, Cp(T)

has no enhancement due to SF, (ÀSF = D = 0) and Cp(T) obeys the normal

expression(5.3). As the Fe content is increased, we see the influence of SF on the

effective electron mass as an increase in D and ÀSF (or "(). These parameters reach a

maximum at the critical concentration and then die out with further increase in Fe

content as the magnetism becomes firmly established. Qualitatively, this is just what
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is expected from the SF model. The absolute value of S(:c) has a positive divergence

at :c = :Cc, and then monotonically decreases as :c moves away from :Cc' Since theoreti­

cal expressions for both D and "1 increase monotonically with S (equations 2.49, 5.10),

SF theory predicts uniform increases in both D and "1 as :c -+ :Cc from above or below.

This is exactly what is observed. The results shown in Fig. 5.11 are very similar to

those obtained for Ni3+zAh_z [2,42], another proposed spin fiuctuator (Fig. 2.7).

Aiso evident in Fig. 5.11, is that the high temperature linear coefficient of Cp(T),

"IHT, shows no structure at :Cc and simply increases monotonically with :c, becoming

equal to "1 for samples with :c<32% and :c = 39.0%. This arises because for T>TsF-;::,7

K, electronic excitations have energies ~kBT, where the SF quasi-dispersion curve

effectively disappears (Fig 2.6). For these electrons, then, there is effectively no quasi­

dispersion curve and therefore no mass enhancement factor due to SF. The complete

disappearance of the SF enhancement in a-FezZrlOO_z is observable solely due to its

low TSF, The enhancement vanishes in a t~mperature range where the electronic

Cp(T) is still a significant fraction of the total Cp(T). In a system with higher TSF,

the electronic Cp(T) would be only a small fraction of the total by the time the SF

enhancement reduced to zero. Because of the good normal fits to the data in the

temperature range 7 K<T<10 K, we can believe that this is the first observation

of the complete reduction of the effective electron mass m· from its low temperature

SF+phonon enhanced value to its high temperature normal phonon enhanced value.

We can also see from Fig. 5.11 that in a 5 Tesla magnetic field, "1 -+ "IHT for the

a-Fe3s.3Zrs3.7 sample, a result that will be discussed later.

We now assume that "IHT contains no contribution from SF and is simply given by

the normal expression (5.3). This will aIlow us ta determine the bare eleetron density

of states at the Fermi level, No(eF)' This value, together with the previously deter­

mined values of the ground state susceptibility, X(T = 0), will permit a determination

of the Stoner enhancement factor, S, which can then be used ta make a numerical

comparÎson between SF theory and our experimental results.

Onn et. al. [66] ha.ve determined the electron-phonon mass enhancement fac-
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tor for superconducting samples (:1'<30% Fe) by using the McMillan equation. This

equation relates the superconducting transition temperature and >'._P which must in­

crease together since superconductivity usually results from a strong electron-phonon

interaction. We have Iinearly extrapolated the >'._p values of Onn et. al. [65,66] to

higher Fe contents, as shown in Fig. 5.12, to get a crude estimate of >'._p(:I').

We have determined No(êF) and >'SF from the relations:

1 2 2 ) ( mole K2 1 )
iHT = 3?rkBNo(êF)(1+>'.-p = 425eVJatomtNo(êF)(1+>..-p

moleK2 1
i = (425 V J t NO(êF)(l + >'.-P + >'SF)

e atom

These values are shown in Fig. 5.12, along with values of NO(êF) given by a previ­

ous Cp(T) study of a-FezZrlOO-z [66]. Values of i from another Cp(T) study [67]

of melt-spun ribbons and amorphous sputtered samples of a-FezZrlOo-z, made at

compositions inaccessible by me1t-spinning, were also considered. These values were

analyzed in the same way as our iHT values to yield another set of No(êF) values

which are also displayed.

There is very good agreement between our No(êF) values and those of the other

studies. Further, these studies were done on samples richer and poorer in Fe than

ours and bracket our data nicely, confirming the monotonic rise of No(êF) with :l'.

These results give us great confidence in our identification of iHT as the normal non­

magnetic electron-phonon enhanced i. The values of >'SF are seen to show a peak at

:l'c where the value reaches a maximum of 1. The values of TSF';::!,7 K and of >'sF<l

are similar to those for Ni3+zAh_z, 50 that a-FezZrlOO_z can probably be c1assified

as the same type of spin fiuctuator [2].

Now that we have NO(êF), we can determine the Stoner enhancement factor, S,

from:

X(T = 0) = S~~NO(êF)'

Taking X-1(T = 0) = (27600 gm/cm3 )(36.8% - :1')/100% which is the straight line

displayed in Fig. 5.3, and using ~1 = 32.32x 10-6cm3 eVatom/mole, we have calcu-
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Figure 5.13: Absolute value of Stoner enhancement factor, S, of a-Fe.ZrlOO_z' Displayed in the
upper portion are determined values ofÏ(D) and the interaction energy l in eV (filled symbols). The
vertical dashed line is drawn through the critical composition "'c "'37%. The solid line is a guide to
the eye.

lated 8 values for ail of our paramagnetic samples which are displayed in Fig. 5.13.

We have continued this scheme to obtain values for 8 in the ferromagnetic samples.

8 is negative for :Z:>:Z:c and 18 1 values are also displayed in Fig. 5.13. This extrapo­

lation is appropriate in the Stoner model and amounts to assuming a linear variation

of Ï in :z: about :Z:c' Also shown are values of Ï, obtained from 8-1 =1 - Ï, and the

interaction energy l from Ï == VNo(eF)'

Fig. 5.12 shows that a-FezZr1oo-z is indeed a strongly exchange enhanced para­

magnet for :z:<37% Fe, with a Stoner factor rising to 8 :::;50 for our most extreme

sample. Even samples with less than 30% Fe still show values of 8>5. The figure

also suggests that the interaction energy l aetually decreases with :z: and that the
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ferromagnetism develops in spite of this, driven by the strong increase of No(êF) with

We are now in a position position to test the predictions of SF theory regarding

the absolute magnitude of the Cp enhancement. These relations are:
: :

D -

>'SF (5.10)

The values of >'SF and D are appropriately plotted against S in Fig. 5.14. The

theoretical predictions for D were made using the values of TSF= 7 K and 10 =
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9mJ/mo1e K2. Predictions for >'SF and D are found to be too high by factors of 10 and

100 respective1y compared to the data, as shown in the figure. Gross overestimation

of the parameters by the theory has been observed before, if not always explicitly

pointed out [2,40-42]. As p1otted, both the predictions and the fitted parameter

values are roughly linear, suggesting that the theory is at least consistent with the

depeL·te.ce of the parameters on S. Other predictions for >'SF do exist [57,60] but

have not been considered here.

5.2.4 Summary

The resu1ts of the calorimetry study were that upturns in Cp(T)/T of a-Fe.ZrIOO_.

were observed at temperatures below 4 K. These upturns were most pronounced

in samples near the critical composition for ferromagnetism, ",.:::::37%. This feature

disappears if the 10w temperature data (T<7 K) is dropped. For T>7 K, Cp(T)

follows behaviour typical of a normal metal, with no distinguishable feature at "'•.

The upturns in Cp(T)/T could be described using a mode1 accounting for en·

hancement of the electron mass due to the presence of spin fluctuations. We stress

that we have not verified temperature dependence predicted by this model, which is

not even expected to be valid in our temperature range (T/TSF ~ 25%). Of The three

parameters of the modelj D and >'SF were shown to depend on Fe content according

to the trend predicted by SF theory. Both show a peak value at the critical concen­

tration of ~37% Fe. TSF was found to be in agreement with values determined from

the measured resistivity. Absolute agreement of the parameters with predictions was

not achieved.

We have observed, for the first time, the complete disappear..nce of the electron

mass enhancement due to SF at temperatures above 7 K. Above 7 K, we observe only

the normal electron-phonon enhancement of the electron mass. This observation was

only possible because of the 10w TSF of a-Fe.ZrIOO_., which leads the SF enhancement

to vanish at low enough temp~ratures that th", electron Cp(T) is still a sizable fraction

of the total Cp(T), and the phonon Cp(T) can still be simply represp.nted by its low
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temperature limiting form.

5.3 Magnetocalorimetry Results

113

Fig. 5.15 summarizes measurements of the electronic Op(T) for three paramagnetic

a-Fe.ZrlOO_. samples independently determined in various fixed magnetic fields be­

tween 0 and 5 Tesla (and tabulated in Appendix B). The data are ail displayed on

the same axes with no offsets. The electronic Op(T) was determined, as before, by

subtracting off {3Ts, where {3 was obtained from fits of Op(T) to the normal ex­

pression( 5.3), between 7 K and 10 K. The high temperature linear coefficient, "(HT,

determined from these same fits is also shown.

The magnetocalorimetric behaviour of the three samples is quite different. For the

a-FeSO.SZr69.7 sample, which shows no upturn in Op(T) at H = 0, the application of

fields up to 5 Tesla has no measurable effect on Op(T). In the most nearly ferromag­

netic sample, a-FeS6.SZr63.7, which shows the biggest upturn at H = 0 of any of our

samples, the application of a 1 Tesla field has virtually no effect on Op(T). In con­

trast, the application of a 5 Tesla field completely removes the uptum in the electronic

Op(T)/T for a-FeS6.3Zr6S.7' Furthermore, Op(T)/T is reduced to "(HT, a continua­

tion of its high temperature, H = 0 behaviour, extrapolated to lower temperatures. In

a-FeS4.4Zr6S.6, a sample which shows a modest upturn at H =0, the application of

PoH = 5 Tesla has a marked effect on the upturn, but does not completely suppress

it.

These results can be explained in terms of spin fluctuation theory which expresses

the change in Op(T) in an applied field as a change in the linear coefficient of Op(T).

The linear part of Op(T), "((H), should decrease in a field, H, as:

"((H) - "((H = 0) = -0.1~ ( PBH )2. (5.11)
"(H = 0) lnS kBTsF

The decrease in "(, referred to as the quenching of SF, describes how the energy gap,

PBH, which opens up in the SF quasi-dispersion curve decrease the effect of SF on

the e1ectron mass enhancement, >'SF'
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Qualitatively, we can see that equation 5.11 explains our data. For the most

Fe rich sample, a-Fe36,3Zr63.7, with the largest Stoner factor, S~50, the quenching

factor is large and a field of 5 Tesla completely quenches the 8F. The smalI S of

a-Fe3o,3Zr69.7 leads to a negligible change in i in 5 Tesla. For the intermediate

sample, a-Fe34.4Zr65,6, the 8F are significantly, but not completely, quenched in 5

Tesla, where a smalI upturn remains and Cp(T)fT is stilllarger than iHT'

Fits of the total Cp(T) to the 8F expression (5.7) at alI values of H have been

preformed below 5 K, as before. Ikeda et. al. have noted that upon application of a

magnetic field, H, to a metal in the presence of 8F a smalI cubic term may appear,

which vanishes at H = O. This term has been observed in some spin fiuctuators, but

it has been completely ignored here, since the 8F expression is not strietly valid in

our temperature range. The fitted values ~ i and D in H = 0 and H = 5T have

been displll.yed in Fig 5.11 (\7 and filled symbols).

The values of i determined from the fits are displayed as a function of HZ for alI

three samples in Fig. 5.16. The data for a-Fe36,3Zr63.7 do not follow the predicted
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straight line, however. This is mostly due to the slight difference between "(H = 0)

and "(poH = 1T). As the H = 0 and poH = 1T data sets are indistinguishable except

for the spacing of the data points, we believe that the difference in the values of "(

extracted from these two curves is an artifact of the fitting procedure. Furthermore,

because of the scarcity of the field data for a-Fe34.4Zr65.6 and a- Fe30.3Zr6~.7, we

cannot establish the functional form of quenching in field.

Table 5.1: Summary of field quenehing results. The experimental and theoretieal queneh rates
(d(Il"Y(H)/r(H = O))j(dH')) are tabulated. The theoretieal queneh rate results were ealeulated
from equation 5.11, using TSF = 7 K, PB = 0.672 KjT and the values of S determined previously
from the suseeptibility (Fig. 5.13). The experimental queneh rates were determined from the slopes
oflinear fits to the data displayed in Fig. 5.15.

a-Fe"ZrlOo_" Stoner Experimental Theoretical

Sample S Quench rate Quench rate

a-Fe3o.3Zr69.7 7 -0.07%jT2 -0.33%jT2

a-Fe34.4Zr65.6 14 -0.80%jT2 -0.49%jT2

a-Fe36.3Zr63.7 50 -1.5%jT2 -1.2%jT7

To calculate the magnitude of the field quenching we have used TSF = 7 K,

PB = 0.672 K/T and the values of S determined previously from the susceptibil­

ity (Fig. 5.13). The experimental and theoretical quench rates, d[6.'"(H)h(H =

0)]/d[poH 2
], are tabulated in Table 5.1. Choosing an arbitrary value of '"(H = 0)

which optimizes agreement with the data, we have plotted the predictions for the

field quenching of '"( and displayed them as solid lines in Fig. 5.15.

The approximate agreement between the measured and independently predicted

quench rates is our strongest quantitative evidence that the upturn in the electronic

Op(T)(r arises from spin fluctuations. The field dependence of the electronic

Op(T)/T data for a-Fe36.3Zr63.7 comprises the first known observation of the com­

plete quenching of spin fluctuations. These data, coupIed with the observation of

only partial quenching in a-Fe34.•Zr65.6 under similar conditions, are perhaps the

most convincing calorimetrie evidence for the presence of spin fluctuations in any
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metal.

5.4 Alternative Explanations of the Data
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If the upturned Cp(T)/T signal is not due to spin fluctuations, then an alternative ex­

planation must account for the observed dependence of the zero field Cp(T)/T upturn

on temperature and on Fe composition. It must also fully describe the magnetometry

results and do a better job than the 8F model oi relating the zero field calorimetry

to the susceptibility. This model must also explain the magnetocalorimetry results,

which are in numerical agreement with the predicted quenching of 8F. The magne­

tocalorimetry results conclusively establish the magnetic origins of the upturns, so

that we may restrict our considerations to magnetic models.

We note in passing that a linear term in Cp(T) arises in the phonon Cp(T) of any

structural glass, attributable to the formation of two-Ievel systems. The coefficient

of this linear term has a near universal value for all amorphous metallic alloys and is

of order 0.1 mJ/mole K [124]. We have ignored this contribution, which is small and

is expected to be composition and magnetic field independent.

Enhanced linear Cp(T) values have been observed in systems which exhibit spin

glass ordering [123]. These enhancements only occur, however, at temperatures below

the spin freezing temperature, TF, If this is the explanation of the upturns, then

the characteristic cusp in the susceptibility at TF [125] should have been observed

by magnetometry. Since no cusps were observed, we rule out the explanation that

a-Fe~Zrl00_z is a spin glass.

An explanation that is harder to rule out is that the Cp(T)/T upturns occur due

to the formation of super-paramagnetic clusters within the samples. The necessity of

considering this explanation as an alternative to spin fluctuations has been stressed

by other authors [1,41,42].

Super-paramagnetism [126] occurs in solids containing small ("'20A) ferromag­

netic regions or clusters. Such a material is super-paramagnetic at a given temper-
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ature, if the thermal energy, kBT, is larger than the magnetic energy, p.CLUSHLOC.

Here, p.CLUS is the total magnetic moment of all the atoms in the c1uster, and HLOC

is the average local effective magnetic field at the c1uster which may arise, for ex­

ample, from demagnetizing fields due, for example, to partic1e shape or anisotropie

crystal fields. If p.cLusHLOC / kBT ~ 1, then the magnetic c1uster system may achieve

thermal equilibrium and behaves exactly like a paramagnet composed of elementary

moments, p.CLUS. As the temperature is lowered below the blocking temperature,

TB ~ p.cLusHLOC/kB, then the system gets trapped in meta-stable states and can

no longer equilibrate in a reasonable time. This is the case for coercive ferromagnets,

which have TB higher than room temperature. These solids manifest hysteresis, which

resu1ts from long-lived metastable states of fixed orientation of the ~ Ip.m domains.

For super-paramagnets, TB, can be much lower than room temperature.

In order to understand the consequences of super-paramagnetism, consider an

isolated atom with total eleetron angu1ar momentum, J, leading to a magnetic mo­

ment, l' = g(J, L, S)p.BJ. If we apply a magnetic field, H, then we have a system of

N = 2J +1 levels and we can write down the partition function:

J

Z = E e-je./T ,

j=-J

where the splitting between the levels:

'=' = g(J, L, S)p.BH
o. - k

B
•

(5.12)

Z may be summed and appropriately differentiated to yie1d the magnetization:

e
M(T) = g(J,L,S)p.BJBJ( ;)

2J +1 2J +1 1 1
BJ(u) == 2J coth 2J - 2J coth 2J'

and the specifie heat at constant field,

(5.13)

(5.14)
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Figure 5.17: Specifie heat and magnetization oC a paramagnetic atom Cor various oC N (or J :;
(N - 1)/2). Vertical dotted Iines indicate the values TIS, = J and horizontal dotted Iines indicate
the y values expected at TIS, as J goes to infinity.

The Einstein funetion, e(1L) is given by:

CH(T) is simply the temperature derivative of the magnetie energy, M(T)H. Equa­

tions 5.13 and 5.14 have been plotted against Tle. in Fig. 5.17 for various number

of levels N = 2J + 1. If we look at the specifie heat at high N, we ean roughly

deseribe it as a peak with a maximum value of kB (the Dulong-Petit value for two

degrees of freedom) whieh oeeurs between the temperatures es and es/No The en-
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tropy contained under this peak is kB ln J. As N goes to infinity, the specifie heat

is given by a single Einstein funetion &(8./T). From this figure and the equations

we can see that, for a given N (or J) both the specifie heat and magnetization of a

paramagnet depend only on the ratio H/T. This is afundamental defining feature of

any paramagnet.

If we now look at a paramagnetic c1uster, things are more complicated than for

the isolated atom. First of all, the degeneracy of each 2J + 1 level is no longer

necessarily 1. The degeneracy scheme can be modeled, however, by considering the

c1uster as an appropriate combination of systems with different numbers of non­

degenerate levels. The specifie heat peaks resulting from summing contributions from

the different subsystems is generally referred to as a Schottky peak [11,36,50J. In a

real super-paramagnet, determining the values of the three unknown quantitiesj the

local field, HLOC , the number oflevels, N, (or the c1uster moment /L) and the actual

c1uster density is difficult [50J, even without the complication of distributions in the

values of /L and H LOC ' However, we can still rigorously say that M and CH must only

depend on the ratio (H +HLOC )/T, where we have taken an appropriate average sum

of the applied and local fields.

We might expect that our upturn signals result from the formation of small super­

paramagnetic crystals in our amorphous samples. The most likely candidate for these

crystals is Fe2Zr.

Attempts to collapse the measured magnetization data onto one universal curve for

the a-Fe.ZrlOO_. samples were partially successful only for the a-Fe37.6ZrS2.4 sample.

This is a simple consequence of the faet that it has a low Curie-Weiss temperature,

8cw, as discussed before, so that it nearly follows a Curie law. The plot of the

proposed universal curve is displayed in Fig. 5.18. The data have been fitted to :

H
M = C1BJ(C2 T)

for J = ~ and J = 00. Taking the Cl> C2 values for J = 00, we get 4x 10-4 c1us­

ters/mole and a c1uster moment of 61/LB' We have assumed here tha.t HLOC=O. Since

the magnetiza.tilln is beginning to sa.tura.te a.round 1 Tesla., however, /LoHLOC must
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Figure 5.18: Magnetilation of a-Fe37.6Zr6u. The solid lines are fits to the Brillouin function
C,BJ(C.H/T) fort! =! and ! =!. The data below 0.5 Tesla has been dropped.

be much less than 1 Tesla. Overall, universal magnetization curves could not be
• 1

established for most of the samples. Furthermore, we already established that the
,

susceptibility followed the predictions of Stoner theory. The magnetometry results,

therefore, do not support a super-paramagnetic c1uster model.

In ref. [127], careful consideration was given to the applications of the c1uster mode!

to the a-FezZr,oo_z Cp(T) data. Here, Cp(T) was considered to be a Schottky peak

resulting from c1uster moments in a non-zero local field, HLOC' Simplyapproximating
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Figure 5.19: Super-paramagnetic Oluster Parameters for a-Fe.Zr,OO_•. The paIllmeters "(' and D'
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the Schottky peak by a constant and fitting the data with the function:

Cp(T) = i'T +(3'T3 +D' (5.15)

gives as good fits to the Cp data as the SF fit, but with one less parameter. The

values of i' and D', shown in Fig 5.19, behave smoothly in composition [127]. This

smooth behaviour in composition seems an unlike1y result of magnetic c1usters, whose

formation and charaeteristics are expeeted to be highly dependant on sample prepa­

ration conditions, notably ribbon quench rate, which were quite variable. Associat­

ing D' with ks times the number of c1usters per mole yields ~10-3 c1usters per Fe

atom. This is similar to the results obtained for the c1uster moment by magnetometry

(Fig. 5.18). The good fits of this simple c1uster model (equation 5.15) to the data

lead us to conc1usion that we cannot rule out the c/uster model on the basis of the

zero field Cp(T) data.

Recalling that the agreement between the high and low temperature data in 5

Tesla provided convincing evidence that Cp(T) in a field of 5 Tesla is completely non-
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magnetic for this sample, we now look at the Op(T) data for a-Fe3s.3Zrs3.•. Fig. 5.20

shows the results of subtracting off an extrapolation of the high temperature, H = 0

fit ('YHT +(3TS) from ail the rest of the data which we can thus assume is the magnetic

specifie heat, OAfAG(T). First of ail we remark that the data are a1most identical in

H = 0 and /LoH = 1 Tesla. This implies that HLOC, which is responsible for OMAG

at H = 0, must be of order 1 Tesla, or more. This value is huge compared to those

for typical c1uster systems where OMAG is markedly affected by H '" 0.1 Tesla [50].

Furthermore, we ruled out such large values of HLOC with the magnetometry results.



More basic considerations reveal an even more fundamental criticism of the

c1uster mode!. Predictions of the c1uster model are that CMAG only depends on

(HLOC +H)/T. This means that increasing H and increasing T should affect CMAG

in the opposite sense. Quick inspection of the Fig. 5.20, however, reveals that at any

field, H, and temperature, T, CMAG always decreases upon increasing either the mag­

netic field or the temperature. Experimental observations are, therefore, in complete

contrast with the predictions of super-paramagnetism.

The objection may be raised that the subtraction of -yT was incorrect. However,

in order to make the c1uster model tenable, we would need to construct a CMAG

such that dCMAG/dT > 0 at aIl temperatures. Simple consideration of Fig. 5.20,

however, shows that this would require -y to be reduced by more than half its value of

~12mJ/K2mole, for a-Fe36.3Zr63.7. This would lead -y to show a substantial negative

dip at concentrations near the critical concentration, which is unphysîcal.

In summary, from magnetocalorimetry data of Fig 5.20, we have completely ruled

out the formation of magnetic c1usters as being the origin of the upturn Cp(T)/T

signal from fundamental thermodynamic arguments. The only remaining explanation

of the data, therefore, is spin fluctuations.

•
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Chapter 6

Conclusions

In this thesis, the low temperature specifie heat, Cp(T), of amorphous Fe-Zr samples

near the critical composition for ferromagnetism has been studied in and out of high

magnetic fields. Taken together with low temperature resistivity and susceptibility

measurements, these measurements provide the most convincing evidence to date for

the presence of SF in the measurement of electronic properties.
• 1

The main conclusions of the magnetometry results are:

• The magnetization data of ref. [64] on paramagnetic a-Fe",ZrlOO_'" samples was

reanalyzed using Arrott plots. In agreement with a previous study [57J, the de­

termined ground state paramagnetic susceptibilities were found to be consistent

with the large values expected for exchange-enhanced Pauli paramagnets.

• The inverse ground state susceptibility of a-Fe",ZrlOO_'" was found to be linear

in Fe content, being zero at the critical concentration for ferromagnetism. This

result is consistent with Stoner theory.

• The ground state susceptibility, measured by magnetometry, was combined with,
the density of electron states at the Fermi level, measured by calorimetry, to

yield values of the Stoner enhancement factor approaching 50 for paramagnetic

a-Fe",ZrlOO_""

125



CHAPTER 6. CONCLUSIONS 126

• Low ordered moments in ferromagnetic a-Fe~Zr100_~, measured in ref. [57],

were combined with an ordered moment, measured by calorimetry, to study the

relationship between the ordered moment and the ordering temperature. These

results were found to be consistent with Stoner theory.

• The above conclusions, combined with previous work, all combine to strongly

support the view that !!.-Fe~Zr100_~ is a near/weak itinerant ferromagnetic

metal with a critical concentration of ~37% Fe.

• A Curie-Weiss law was observed at high temperatures in the susceptibility of

paramagnetic a-Fe~Zr100_~ samples. The Curie-Weiss magnetic moment was

roughly constant for all paramagnetic samples studied, while the Cure-Weiss

temperature was found to increase from -700 K to near zero on increasing Fe

content. These results were found to be consistent with the Curie-Weiss law
1 1 .

predicted by spin fluctuation theory.

The main conclusions of the calorimetry results are:

• Upturns were observed in the values of Cp(T)/T of some a-Fe~Zrl00_~ samples,

for T<4 K, where Cp(T) is the specifie hea.t. These upturns were found to be

most pronounced in samples nearest to the critical concentra.tion for ferroma.g­

netism.

• The upturns in Cp(T)/T were analysed a.s resulting from a.n e1eetron mass

enhancement due to spin fluctua.tions (SF). The SF expression, ca.refully imple­

mented, was found to fit the Cp(T) da.ta.. The composition dependence of the

pa.ra.meters was found to be consistent with the predictions of SF theory.

• The phonon Cp(T) wa.s determined frc;>m the high tempera.ture da.ta., which

was found to follow the predicted beha.viour for a. normal metal. The phonon

contribution was found to be only wea.kly dependa.nt on Fe content.

• Subtra.cting the determined phonon contributions hom Cp(T), we were a.ble

ta estima.te the spin fluctua.tion tempera.ture, TSF, which were consistent with
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previous values determined from resistivity measurements. The near composi­

tion independent value of TSFf>j7 K probably indicates the inadequacy of the

SF expression in our temperature range.

e The high temperature Op(T) data also yielded values of the effective electron

mass which were reduced from the ground state values by as much as 50%.

These high temperature values were found to display no anomalous features

at the critical composition and their composition dependance was found to be

in good agreement with previous work on a-FezZrlOO_z samples outside our

composition range.

e The previous conclusion suggests that, because of the low TSF of our system

(~7 K), we have observed, for the first time, the complete reduction of the SF

and phonon enhanced electron mass to its high temperature phonon enhanced

value.

e Assuming that the high temperature electron mass is enhanced only by phonons

and estimating the electron-phonon contribution from a previous study, we have

determined experimental values of the bare electron densities of states at the

Fermi level, which agree well with previous work. These estimates were used

to determine the Stoner enhancement factors of all of our samples. We were

also able to estimate the electron mass enhancement factor due to SF for our

samples, which approaches 100%.

e Using the estimated Stoner factors, the predictions for the SF parameters were

compared with experimental values. As observed in other systems, the predic­

tions are high by a factor of at least 10 compared with experiment.

The main conclusions of the magnetocalorimetry results are:

e The application of a magnetic field to our samples was found to affect only the

upturns in Op(T)/T, which conclusively demonstrates the magnetic origin of

this feature.



• We observed the first known instance of the camp/ete quenching of the SF

contribution to Op(T). This occurred in our a-FeSS.3ZrSS.7 sample in a field of

5 Tesla.

•
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• The Op(T) of the normaIly behaved a-FeSO.3ZrS9.7 sample was unaffected by a 5

Tesla field. The moderate upturns in Op(T)/T of a-FeS4.4ZrSS.S were substan­

tiaIly, but not complete/y, reduced in a 5 Tesla field. This result gives further

strong support for the SF model, which predicts that both the upturn strength

and the field quench rate should increase with the Stoner enhancement factor.

• The measured Stoner factor and the SF quenching expression were combined to

yield predictions which were in very good agreement with the observed quench

rates. This is as conclusive as any previous nU:merical evidence for the existance

of a SF contribution to the specifie heat.

• The most plausible alternative explanation of the data is the formation of super­

paramagnetic clusters in our samples. This was ruled out using a fundamental

thermodynamic argument on data from the a-FesS.SZrS3.7 sample. This was

the sample in which we claim to have observed the complete quenching of SF,

and the normal metallie behaviour of the sample in a 5 Tesla field was a key

part of the argument. This strong argument against super-paramagnetism is,

therefore, inaccessible in other systems, where complete field quenching has not

been observed.

VirtuaIly aIl of our results confirm that a-Fe~Zrl00_~is a spin-f1uctuator. Unlike

studies on off-stoichiometry crystalline systems whose structure becomes progres­

sively defect ridden upon moving away from the perfect crystal, our conclusions are

not weakened upon consideration of defect formation. As shown, for instance, by our

x-ray diffraction data or our Debye temperature measurements, the atomic arrange­

ment in aIl of our samples is virtuaIly identical. Our samples, therefore, comprise a

system in which only the strength of the magnetism is varied. Furthermore, because

of the low TSFR!.7 K of this system, the influence of spin fluctuations ca.n be comp/etely
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removed by either raising the temperature to the comparatively low value of 7 K, or

by applying on1y moderate magnetic fields of order 5 Tesla.

Further experimental and theoretical work need to be done, in order to fully

understand the behaviour of spin fluctuations in this unique system. We propose the

fol1owing measurements on a-FezZrlOO-z samples, c10sely spaced in Fe content near

x = 37%, like the samples used in this study.

• Small angle neutron scattering studies on a-FezZrll'O_z may observe the

Lorentzian form of the generalized susceptibility and provide another measure

of TSF,

• Magnetic susceptibility measurements should be performed over a wider tem­

perature range, particularly on ferromagnetic samples.

• Magnetoresistance measurements may observe the quenching of the 8F scatter­

ing in high magnetic fields. This quenching should occur at the same field as

the quenching observed in this work.

• Very low temperature calorimetry measurements «1 K) may verify the func­

tional form of the low temperature electron mass enhancement. This work

would, by itself, rule out magnetic c1uster formation and may allow more un­

ambiguous fitting of the 8F expression (equation 5.5) to the data.

• Low temperature calorimetry measurements in higher magnetic fields (~ 10

Tesla) would allow a more detailed study of the SF quenching in a-FezZrlOO_z'

The numerical interpretation of these measurements could be unified under a SF

theory like that of Lonzarich and Taillefer. We believe that our study justifies further

theoretical work on the predictions of spin fluctuation theory, since amorphous iron­

zirconium provides the control1ed environment necessary for a detll-.iled study of spin

fluctuations.



Appendix A

Zero Field Calorimetry Data for

a-Fe-Zr

The low temperature specific heat of our a-FezZrlOO_z samples is tabulated below.

The data are given as three columns. The columns are: temperature (T, given in

Kelvin), molar specific heat (Cp, given in milliJoulesfmoleK) and an instrumental

uncertainty estimate (0" [Cp], given in milliJoulesfmoleK). The instrumental uncer­

tainty estimate is probably not rigourously correct in an absolute sense, but it may

be used to compare the relative accuracy of different data points (except D.ear T =
77 K). Sample compositions were determined by eleetron microprobe and are quoted

to an extra decimal place compared with those given in the text.

The absolute calorimetry data, for a given sample, were ail taken on the same

day in zero applied magnetic field. Typically, rough data were taken near 77 K, with

the dewar filled with liquid nitrogen, then below 4.2 K, with the dewar filled with

pumped liquid helium. Finally, data were taken above 4.2 K, up to temperatures

where the helium bath was depleted (usually between 20 K and 40 K).

130
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Table A.l: Zero Field Calorimetry Data for a-Fe[26.65]Zr[n.35]

Temp- Cp .. [Cp] Temp- Cp .. [Cp] Temp- Cp .. [Cp]
erature erature erature

[K] [mJoule] [rnJouIe] [K] [mJoule] [rnJOUle] [K] [mJoule] [~]rnolcK moleK moleK moleK moleK moleK

1.645 11.87 0.11 1.646 12.58 0.14 1.705 12.76 0.09
1.705 12.21 0.08 1.705 12.96 0.11 1.705 12.65 0.09
1.882 14.18 0.10 1.882 14.11 0.09 1.882 14.60 0.10
2.024 15.78 0.13 2.024 15.56 0.13 2.024 15.60 0.13
2.024 15.53 0.14 2.173 17.41 0.13 2.173 17.39 0.13
2.173 16.88 0.13 2.284 18.06 0.15 2.321 18.56 0.13
2.321 18.75 0.13 2.321 18.70 0.12 2.432 20.35 0.14
2.433 20.10 0.15 2.434 20.30 0.13 2.551 21.42 0.14
2.552 21.16 0.13 2.666 23.24 0.29 2.666 22.61 0.24
2.782 24.40 0.15 2.784 24.21 0.15 2.894 26.28 0.30
2.894 26.30 0.30 2.894 26.25 0.31 3.110 29.10 0.31
3.110 29.33 0.29 3.340 33.02 0.32 3.341 32.65 0.31
3.549 ' 35.67' 0.33 3.556 36.14 0.33 3.560 36.43 0.31
3.744 39.11 0.33 3.749 40.33 0.34 3.973 43.89 0.34
3.975 43.66 0.38 4.300 50.33 0.23 4.301 51.01 0.22
4.325 50.89 0.40 4.327 50.65 0.43 4.507 55.08 0.38
4.603 57.83 0.24 4.603 58.Q7 0.26 4.924 65.39 0.32
4.924 65.90 0.30 5.266 75.75 0.32 5.267 75.04 0.31
5.629 87.22 0.38 5.629 87.82 0.36 6.016 100.6 0.4
6.016 99.34 0.38 6.429 117.0 0.4 6.430 116.4 0.5
6.858 134.1 0.4 6.859 134.9 0.5 7.325 155.6 0.6
7.325 157.1 0.5 7.823 181.7 0.6 7.823 183.2 0.6
8.354 212.3 0.6 8.354 213.2 0.6 8.908 249.1 0.8
8.908 248.1 0.7 9.514 289.9 0.8 9.514 290.3 0.8
9.790 308.8 0.9 9.790 309.1 0.9 10.162 340.6 1.0
10.162 340.7 0.9 10.556 372.6 1.1 10.556 372.4 1.0
10.837 397.5 1.1 10.838 398.3 1.1 11.362 445.0 1.2
11.363 443.1 1.3 11.571 468.7 1.2 11.571 469.3 1.2
12.246 535.8 1.5 12.251 535.7 1.4 13.193 645.0 1.5
13.193 647.1 1.5 14.203 775.0 1.8 14.207 772.2 1.9
15.326 923.9 2.3 15.331 923.0 2.2 16.503 1103 2
16.503 1107 2 17.772 1316 3 17.777 1317 3
19.172 1560 3 19.172 1562 3 20.650 1830 4
20.650 1834 4 22.231 2174 4 22.254 2166 4
23.992 2574 5 24.004 2579 5 24.460 2687 6
24.460 2688

,
5 26.334 3139 6 26.341 3135 6

28.396 3681 7 28.410 3677 7 79.663 17369 18
79.663 17798 16 79.680 17502 28
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Table A.2: Zero Field Calorimetry Data for a-Fe[29.07]Zr[70.93]

Temp- Cp .. [Cp] Temp- Cp ,,[cp] Tomp- Cp .. [Cp]
erature erature erature

[K] [mJoule] [mJoute] (K] [mJOule] [mJoule] [K] [mJoule] [mJoul']moleK moleK moleK moleK moleK moleK

1.638 13.53 0.16 1.638 13.65 0.22 1.638 13.75 0.24
1.638 13.42 0.16 1.638 13.86 0.17 1.733 14.32 0.20
1.733 14.48 0.22 1.733 14.12 0.18 1.733 14.77 0.18
1.734 13.94 0.21 1.896 16.08 0.23 1.896 16.47 0.23
1.896 15.75 0.22 1.896 16.40 0.24 1.992 15.81 0.23
1.992 16.68 0.21 1.992 16.65 0.22 2.083 17.48 0.22
2.083 18.10 0.23 2.197 18.85 0.26 2.197 18.82 0.24
2.197 18.83 0.24 2.323 21.03 0.28 2.323 20.36 0.30
2.323 19.86 0.27 2.434 21.78 0.24 2.435 22.00 0.23
2.435 21.46 0.22 2.561 23.39 0.29 2.561 22.88 0.29
2.561 23.04 0.28 2.661 24.34 0.23 2.662 24.65 0.25
2.896 27.56 0.25 2.896 27.28 0.24 3.115 30.83 0.27
3.116 30.64 0.28 3.341 33.79 0.23 3.343 34.59 0.23
3.525 37.01 0.35 3.536 38.02 D.41 3.554 38.14 0.42
3.561 37.22 0.40 3.770 40.41 0.37 3.771 40.23 0.38
3.964 43.84 0.41 3.972 43.59 0.43 4.219 49.10 0.50
4.219 49.80 0.73 4.409 52.66 0.35 4.409 53.82 0.40
4.717 59.94 0.42 4.717 60.87 0.42 5.046 68.63 0.46
5.046 69.21 0.50 5.120 69.70 0.74 5.396 79.40 0.51
5.396 79.93 0.52 5.769 91.63 0.59 5.769 90.60 0.51
6.158 104.6 0.6 6.158 105.0 0.5 6.580 120.7 0.6
6.580 122.6 0.6 7.028 141.0 0.8 7.028 140.7 0.7
7.506 163.8 0.9 7.507 161.9 0.9 8.007 190.4 0.9
8.007 189.4 1.0 8.550 223.1 1.0 8.551 222.2 1.0
9.131 259.6 1.1 9.131 259.8 1.2 9.753 301.5 1.4
9.753 302.8 1.3 10.051 324.6 1.8 10.056 320.8 5.8
10.404 350.7 1.4 10.404 352.4 1.4 10.569 365.4 1.4
10.569 365.3 1.5 11.111 409.8 1.4 11.111 413.8 1.3
11.269 425.3 1.4 11.269 429.8 1.6 11.847 485.2 1.6
11.847 486.3 1.5 11.984 494.9 1.6 11.984 499.1 1.7
12.922 596.8 1.8 12.922 597.4 1.7 13.920 714.5 2.0
13.920 720.6 2.1 14.991 856.3 2.7 16.178 1024 3
16.178 1029 3 17.424 1215 3 17.424 1218 3
18.765 1438 3 18.770 1432 3 20.207 1687 4
20.207 1693 4 21.799 2015 4 21.799 2020 4
23.477 2390 5 23.488 2296 5 24.473 2615 5
24.485 2626 5 26.374 3076 5 26.380 3074 6
28.452 3592 6 28.466 3586 6 30.976 4396 11
79.838 13097 51 79.856 13400 31
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Table A.3: Zero Field Calorimetry Data for a-Fe[29.11]Zr[70.89]

Temp- Cp <T [Cp] Temp- Cp u [Cp] Temp- Cp u[Cp]
erature eratulc erature

[K] [~] [mJoule] [K] [mJoUle] [mJoule] [K] [mJoule] [mJoule]
moleK moleK rnoleK moleK moleK moleK

1.854 16.46 0.28 1.854 15.54 0.19 1.854 15.82 0.28
1.854 15.64 0.22 1.891 16.04 0.17 1.891 16.16 0.19
1.891 15.86 0.33 1.891 15.72 0.24 1.947 16.42 0.24
1.947 16.02 0.22 1.986 16.71 0.19 1.986 16.74 0.19
1.987 16.93 0.29 1.987 17.25 0.30 2.089 17.86 0.29
2.089 17.50 0.28 2.089 17.54 0.19 2.089 17.34 0.19
2.189 18.80 0.27 2.189 18.77 0.29 2.189 18.97 0.28
2.276 19.80 0.22 2.299 20.14 0.28 2.299 19.84 0.27
2.300 20.12 0.26 2.378 20.40 0.29 2.496 21.58 0.28
2.49·{ 22.34 0.30 2.727 25.58 0.30 2.727 25.07 0.31
2.894 27.61 0.31 2.894 27.77 0.30 3.115 30.94 0.38
3.115 31.20 0.34 3.343 35.88 0.33 3.343 36.02 0.36
3.555 41.03 0.35 3.761 44.66 0.39 3.765 44.57 0.45
3.989 49.32 0.41 4.820 68.29 0.28 4.821 68.26 0.26
5.028 74.47 0.27 5.028 74.00 0.26 5.434 87.31 0.29
5.435 88.01 0.27 5.832 100.2 0.3 5.832 100.1 0.3
6.407 122.9 0.4 6.408 123.4 0.4 6.572 128.9 0.4
6.573 128.5 0.3 7.026 151.1 0.4 7.026 151.4 0.4
7.204 156.5 0.5 7.204 158.2 0.5 7.703 186.3 0.5
7.703 187.0 0.5 7.908 197.8 0.5 8.443 232.6 0.6
8.444 234.8 0.5 9.269 290.1 0.7 9.269 291.7 0.7
10.160 360.7 0.8 10.160 360.7 0.8 10.739 1 413.6 1.1
10.743 410.2 0.9 11.781 510.9 1.2 12.91B 637.1 1.2
12.918 639.7 1.2 14.172 801.4 1.5 15.516 993.5 1.6
15.521 9(14.2 1.8 79.962 16650 21 79.979 16747 21
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Table A.4: Zero Field Calorimetry Data for a-Fe[29.92]Zr[70.08]

Temp- Op 0' [Op] Temp- Op 0' [op] Temp- Op 0' [Op]
erature erature e,rature

[K) [mJoule] [mJOUle] [K] [mJoUle] [mJoule] [K) [mJoUle] [mJoule]
maleK maleK maleK MaleK maleK MaleK

1.808 14.81 0.08 1.809 15.09 0.10 1.811 15.07 0.11
1.813 14.99 0.10 1.815 15.15 0.11 1.845 15.50 0.11
1.846 15.40 0.11 1.847 15.44 0.11 1.850 15.40 0.09
1.950 16.34 0.11 1.950 15.89 0.10 1.951 15.95 0.10
1.953 15.94 0.12 1.957 15.82 0.13 2.050 16.99 0.13
2.061 16.95 0.13 2.076 17.45 0.14 2.300 20.04 0.13
2.301 20.08 u.15 2.502 22.45 0.15 2.502 22.69 0.15
2.674 24.62 0.15 3.200 32.62 0.16 3.201 32.66 0.16
3.201 32.89 0.16 3.203 33.11 0.18 3.376 34.99 0.17
3.377 35.21 0.15 3.380 35.68 0.17 3.381 35.60 0.15
3.555 38.83 0.18 3.562 38.45 0.18 3.562 38.73 0.18
3.743 41.91 0.25 3.757 41.58 0.21 3.954 45.41 0.24
3.987 46.04 0.25 4.227 51.71 0.26 4.227 51.98 0.40
4.406 54.74 0.28 4.406 55.15 0.28 4.610 59.94 0.23
4.610 59.99 0.26 4.963 69.18 0.29 4.963 69.19 0.31
5.449 83.02 0.32 5.524 85.32 0.28 5.524 85.42 0.34
5.987 100.8 0.4 5.987 102.2 0.4 6.568 123.6 0.4
6.607 124.7 0.4 6.607 125.0 0.4 6.630 126.4 0.4
6.631 126.9 0.4 7.201 152.9 0.6 7.201 153.2 0.5
7.904 190.9 0.6 8.661 233.8 0.8 8.661 234.9 0.8
9.493 292.8 0.8 10.407 363.3 0.9 10.407 364.7 1.0
11.018 415.4 1.2 11.018 407.0 1.4 11.408 453.3 1.2
11.408 453.4 1.2 12.196 525.5 1.4 12.196 534.6 1.3
13.495 674.7 1.6 13.495 678.7 1.4 14.914 867.8 1.7
16.512 1093 2 16.512 1094 2 18.282 1382 3
20.201 1733 3 20.207 1732 3 22.364 2181 4
24.411 2649 4 79.768 17303 20 79.786 16814 29
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Table A.5: Zero Field Calorimetry Data for a-Fe[31.85]Zr[68.15]

Temp- Cp 0' [Cp] Temp- Cp O'[Cp] Temp- Cp 0' [cp]
erature erature erature

[K] [mJoule] [~] (K] [mJoule] [mJoule] [K] {~] [mJoule]
moleK moleK rnoleK moleK moleK moleK

1.848 18:59 0.15 1.848 18.00 0.16 1.848 18.33 0.15
1.848 1Ù4 0.14 1.900 18.89 0.16 1.900 18.48 0.14
1.900 18.58 0.17 1.900 18.67 0.14 2.084 20.51 0.15
2.084 20.65 0.14 2.298 22.94 0.17 2.298 23.29 0.17
2.358 25.15 0.25 2.358 23.60 0.23 2.403 24.60 0.17
2.403 24.71 0.17 2.404 24.83 0.18 2.512 25.67 0.17
2.512 26.09 0.16 2.611 27.26 0.17 2.611 27.48 0.18
2.707 28.75 0.19 2.707 28.99 0.19 2.782 29.83 0.18
2.782 30.41 0.17 2.900 31.28 0.17 2.900 31.73 0.18
3.006 33.18 0.17 3.006 33.13 0.18 3.120 35.20 0.22
3.122 35.64 0.24 3.233 37.37 0.19 3.233 37.60 0.19
3.336 39.49 0.21 3.339 38.87 0.18 3.447 41.37 0.20
3.447 41.35 0.21 3.663 45.86 0.20 3.664 46.36 0.19
3.871 50.15 0.26 3.871 49.57 0.24 4.095 54.30 0.26
4.096 54.82 0.2'{ 4.388 62.85 0.29 4.389 62.12 0.32
4.696 71.10 0.27 4.696 71.06 0.29 5.024 81.44 0.30
5.024 81.68 0.31 5.372 92.61 0.37 5.373 93.53 0.40
5.743 106.2 0.4 5.743 106.3 0.4 6.130 122,4 0.4
6.130 122.8 0,4 6.551 141.3 0.5 6.551 141.1 0.5
6.998 162.8 0.5 6.998 163.0 0.5 7.473 188.4 0.6
7.473 189.0 0.6 7.983 219.7 0.6 7.983 220.9 0.6
8.513 253.9 0.7 8.513 254.4 0.7 9.091 297.7 0.7
9.091 298.0 0.7 9.711 346.8 0.9 9.712 347.0 1.0
10.357 405.0 1.0 10.359 404.2 0.9 10.697 434.8 0.9
10.697 439.1 1.0 11.062 474.2 1.1 11.063 473.1 1.1
11.408 508.9 1.1 11.408 511.5 1.0 12.727 655.8 1.5
12.727 664.8 1.5 13.700 789.2 1.6 14.773 959.5 1.4
14.777 943.9 1.7 15.913 1134 2 17.138 1343 2
17.138 1343 2 18.487 1592 3 19.910 1877 3
19.910 1880 3 21.441 2211 4 23.082 2629 4
23.082 26.3 4 24.442 2975 5 26.341 3456 6
26.354 3487 5 28.383 4057 6 28.396 4065 6
30.600 4691 7 30.614 4700 7 79.962 17623 18
79.962 18547 24
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Table A.6: Zero Field Calorimetry Data for a-Fe[31.92]Zr[68.08]

Temp- Cp D' [Cp] Temp- Cp D' [Cp] Temp- Cp D' [Cp)
erature erature erature

[K] [mJoule] [mJoule] [K] [mJoule] [mJoule] [K] [mJOUle] [ mJOUI,]maleK moleK moleK MaleK maleK maleK

,
1.795 17.00 0.14 1.894 17.62 0.14 1.894 17.86 0.13
1.895 17.86 0.14 1.895 18.21 0.13 1.995 19.09 0.14
1.996 19.03 0.14 1.997 18.74 0.15 1.997 18.81 0.14
2.098 19.72 0.14 2.098 20.29 0.13 2.099 19.98 0.14
2.209 21.62 0.15 2.209 21.23 0.14 2.209 21.51 0.14
2.211 21.49 0.14 2.295 22.77 0.14 2.295 22.49 0.14
2.401 23.58 0.14 2.401 23.61 0.15 2.401 23.70 0.15
2.553 24.06 0.16 2.553 25.46 0.16 2.783 27.94 0.15
2.783 28.18 0.15 3.002 31.28 0.16 3.002 31.16 0.14
3.002 30.70 0.16 3.226 34.03 0.14 3.228 34.03 0.16
3.229 33.53 0.16 3.451 37.92 0.29 3.451 37.47 0.18
3.654 40.64 0.48 3.655 40.59 0.45 3.655 40.81 0,48
3.867 44.26 0.47 3.869 45.07 0.47 4.051 47.43 0.51
4.058 47.94 0.50 4.066 48.49 0.16 4.072 48.73 0.18
4.233 51.52 0.72 4.234 50.84 0.64 4.403 54.16 0.20
4.404 54.85 0.21 4.501 56.83 0.44 4.501 57.18 0.53
4.755 62.04 0.23 4.756 62.34 0.23 4.997 67.24 0.57
4.998 68.69 0.68 5.128 70.96 0.25 5.128 71.37 0.26
5.238 73.08 0.48 5.533 82.24 0.29 5.533 82.42 0.28
5.537 81.50 0.68 5.537 83.21 0.64 5.969 95.34 0.30
5.969 96;01 0.31 6.131 100.9 0.7 6.132 101.6 0.8
6.438 111.0 0.4 6.439 112.0 0.4 6.930 129.4 0.4
6.930 130.1 0.4 7.469 154.4 0.5 7.469 154.4 0.5
8.041 181.7 0.6 8.041 182.5 0.5 8.667 215.9 0.6
8.667 215.7 0.7 9.327 256.0 0.7 9.327 257.6 0.7
9.884 294.6 0.9 9.885 294.5 0.9 10.031 306.6 0.9
10.032 305.0 0.9 10.053 307.7 0.8 10.053 306.8 0.9
10.798 363.3 1.0 10.798 364.7 1.0 10.823 364.6 1.1
10.823 364.9 1.0 11.236 399.9 1.1 11.241 400.0 1.0
11.641 436.7 1.3 11.641 437.0 1.1 11.670 437.2 1.0
11.670 439.0 1.1 12.532 522.7 1.4 12.532 523.1 1.4
13.513 626.4 1.7 13.517 626.5 1.7 14.556 753.7 1.9
14.556 754.8 2.2 15.674 893.9 2.3 15.674 900.5 2.3
16.831 1060 3 16.831 1062 3 18.125 1260 3
18.125 1264 3 19.515 1495 4 19.515 1495 4
21.015 1772 4 21.015 1773 4 22.686 2117 5
22.715 2124 5 24.417 2522 5 24.442 2515 6
26.485 3059 6 79.452 17009 16 79.452 17042 16
79.452 17080 26
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Table A.7: Zero Field Calorimetry Data for a-Fe[33.23]Zr[66.77]

Tempo Cp 0' [Cp) Tempo Cp u[Cp] Tempo Cp 0' [Cp]
erature eratute erature

(K] [mJoule] [~] (K] [~] [mJOule] [K] [mJoule] [mJoule]
moleK moleK moleK moleK moleK moleK

1.609 18.22 0.28 1.609 18.09 0.28 1.609 17.87 0.27
1.709 18.97 0.28 1.709 18.97 0.37 1.709 18.72 0.24
1.867 21.40 0.31 1.867 20.47 0.29 1.867 20.87 0.25
2.001 22.01 0.31 2.001 21.75 0.27 2.146 24.22 0.31
2.146 23.75 0.33 2.286 24.78 0.31 2.287 24.93 0.33
2.287 25.30 0.33 2.500 28.34 0.33 2.500 27.82 0.35
2.610 29.92 0.37 2.652 30.34 0.35 2.727 30.68 0.35
2.727 30.95 0.33 2.783 31.63 0.31 2.783 31.56 0.33
2.829 33.44 0.40 2.891 33.10 0.32 2.894 32.85 0.33
2.896 33.46 0.37 3.005 34.52 0.34 3.006 35.14 0.35
3.223 37.55 0.34 3.223 37.64 0.32 3.443 41.22 0.36
3.444 40.89 0.34 3.659 43.90 0.37 3.660 44.07 0.36
3.877 47.42 0.40 3.877 47.45 0.40 4.074 51.60 0.42
4.238 55.32 0.51 4.240 54.60 0.54 4.241 53.94 0.45
4.406 57.31 0.43 4.406 57'.46 0.43 4.505 59.76 0.45
4.505 59.87 0.43 4.759 65.27 0.48 4.759 65.74 0.51
4.865 67.00 0.50 4.865 68.43 0.50 5.114 73.91 0.52
5.115 74.81 0.51 5.115 75.60 0.54 5.131 73.15 0.56
5.132 75.95 0.52 5.251 76.49 0.53 5.251 76.69 0.32
5.538 84.14 0.57 5.538 84.15 0.60 5.666 87.80 0.36
5.666 88.10 0.33 5.974 96.55 0.67 6.104 101.2 0.4
6.104 99.68 0.42 6.583 117.6 0.5 6.584 117.8 0.5
7.096 135.5 0.5 7.096 137.2 0.5 7.638 160.2 0.5
7.638 160.3 0.6 8.232 189.0 0.6 8.232 188.2 0.6
8.861 222.6 0.7 8.861 223.4 0.8 9.552 263.8 0.9
9.552 264.6 0.9 10.037 300.6 1.0 10.037 298.7 1.1
10.425 324.9 1.0 10.427 326.2 1.1 10.804 356.9 1.1
10.805 356.3 1.1 11.240 389.9 1.2 11.241 389.0 1.3
11.649 425.8 1.4 11.649 426.7 1.3 12.100 464.0 1.4
12.100 464.7 1.4 13.029 553.1 1.7 13.029 553.9 1.6
14.052 668.2 1.9 14.052 668.9 1.8 15.138 795.6 2.2
15.142 798.9 2.2 16.311 950.1 2.6 16.316 949.2 2.5
17.598 1132 3 17.602 1130 3 18.952 1325 3
18.952 1334 3 19.298 1388 4 19.298 1392 3
19.298 1398 3 19.669 1445 4 19.669 1447 3
20.815 1642 4 20.815 1652 4 20.815 1655 4
22.434 1960 4 22.451 1947 4 22.469 1971 5
24.207 2332 5 24.213 2339 5 24.225 2331 6
26.086 2736 6 26.093 2739 6 26.106 2744 6
28.161 3197 5 28.168 3201 7 28.182 3193 7
29.266 3434 7 29.294 3455 7 79.997 15971 164
80.032 16612 156
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Table A.8: Zero Field Calorimetry Data for a-Fe[34.42]Zr[65.58]

Temp- Cp CT [Cp] Temp- Cp CT [Cp] Temp- Cp CT [Cp]
erature erature erature

[K] [rnJOUle] [~] [K] [mJoule] [mJoule] [K] [mJoule] [ rnJOUle]
moleK moleK moleK moleK moleK moleK

1.986 27.26 0.26 1.988 27.51 0.27 2.109 28.48 0.27
2.110 28.44 0.26 2.110 28.66 0.26 2.225 29.61 0.28
2.225 30.16 0.29 2.225 29.67 0.29 2.319 30.61 0.27
2.326 30.95 0.28 2.342 30.80 0.26 2.342 30.86 0.25
2.436 31.76 0.24 2.437 32.33 0.25 2.437 32.72 0.27
2.497 32.91 0.26 2.498 33.06 0.24 2.556 33.61 0.28
2.556 33.60 0.28 2.781 36.58 0.27 2.781 36.53 0.27
2.786 36.33 0.27 2.787 36.72 0.28 3.004 39.10 1.23
3.005 39.92 0.27 3.005 39.45 0.27 3.006 39.85 0.25
3.227 43.55 0.27 3.228 43.49 0.28 3.433 45.99 0.28
3.445 46.81 0.27 3.448 47.45 0.27 3.632 51.29 0.27
3.633 50.21 0.29 3.872 55.85 0.29 3.876 55.46 0.29
3.886 55.M 0.29 4.093 61.23 0.32 4.093 59.09 0.38
4.093 61.41 0.32 4.233 63.32 0.35 4.627 71.17 0.37
4.627 71.15 0.37 5.029 82.15 0.40 5.029 83.03 0.41
5.111 83.48 1.93 5.456 94.55 0.46 5.456 95.51 0.48
5.924 111.0 0.4 5.925 110.1 0.5 6.431 130.8 0.5
6.432 128.7 0.5 6.969 152.4 0.6 6.969 152.6 0.5
7.560 180.2 0.7 7.560 180.4 0.6 8.189 216.1 0.7
8.189 217.4 0.7 8.870 254.7 2.5 8.870 257.6 2.8
9.558 304.8 0.9 9.558 305.2 0.9 9.621 310.7 3.0
9.622 306.7 2.9 10.477 377.4 1.1 10.477 379.6 1.0
11.485 466.8 1.3 11.489 469.1 1.2 12.600 581.4 1.6
12.604 583.2 1.4 13.823 724.4 1.7 13.823 730.0 1.8
15.165 909.1 2.1 15.165 913.2 2.2 16.633 1142 2
16.633 1146 2 18.247 1412 3 18.247 1419 3
20.017 1773 3 20.071 1667 4 22.132 2269 4
79.610 15241 33 79.627 14754 37 79.663 16178 46
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Table A.9: Zero Field Calorimetry Data for a-Fe[35.22]Zr[64.78]

Temp- Cp <T [Cp] Temp- Cp <T [Cp] Temp- Cp <T [Cp]
erature erature erature

[K] [mJoUle] [mJoulel [K] [mJoUle] [~] [K] [~] [mJoule]
moleK moleKJ moleK moleK moleK moleK

1.803 30.48 0.26 1.805 30.28 0.28 1.808 30.13 0.29
1.888 30.67 0.22 1.891 31.00 0.22 1.895 30.77 0.21
1.909 30.64 0.23 2.077 32.65 0.27 2.077 32.66 0.25
2.203 34.63 0.28 2.203 34.37 0.27 2.325 35.72 0.25
2.325 36.16 0.24 2.441 36.59 0.26 2.441 37.00 0.25
2.523 38.96 0.31 2.560 38.52 0.31 2.560 38.78 0.30
2.614 39.50 0.25 2.614 39.38 0.25 2.742 40.65 0.32
2.743 41.21 0.33 2.787 41.76 0.22 2.787 42.02 0.24
2.901 43.66 0.28 2.901 44.04 0.30 2.953 44.35 0.29
2.953 43.93 0.26 3.013 43.63 0.27 3.013 44.54 0.27
3.014 44.93 0.29 3.914 45.03 0.29 3.121 45.79 0.27
3.230 48.45 0.23 3.230 48.29 0.24 3.327 50.34 0.25
3.327 50.69 0.27 3.445 51.77 0.25 3.445 51.74 0.25
3.538 52.54 0.29 3.538 53.26 0.29 3.658 55.30 0.26
3.658 55.92 0.28 3.760 56.93 0.28 3.760 57.62 0.27
3.874 59.82 0.28 3.875 59.66 0.27 3.952 61.78 O.Z5
3.993 61.36 0.27 4.083 63.33 0.28 4.085 63.38 0.30
4.236 66.90 0.30 4.237 67.12 0.28 4.343 68.40 0.31
4.343 69.03 0.30 4.405 71.40 0.30 4.405 70.75 0.29
4.462 71.26 0.36 4.462 71.75 0.36 4.693 77.27 0.35
5.115 87.14 0.37 5.116 88.04 0.40 5.525 101.1 0.4
5.528 100.3 0.4 5.564 101.5 0.4 5.836 110.2 0.4
6.057 117.8 0.5 6.058 118.0 0.5 6.137 120.9 0.5
6.541 134.3 0.6 6.585 137.3 0.5 6.848 148.7 0.5
7.103 154.0 0.8 7.144 161.6 0.6 7.164 161.1 0.6
7.173 161.1 0.7 7.424 173.7 0.6 7.620 183.5 0.6
7.782 191.5 0.7 7.918 198.4 0.7 8.019 205.1 0.7
8.453 228.5 0.8 8.453 229.8 0.7 8.690 242.5 0.8
9.102 271.7 0.8 9.195 275.9 0.8 10.061 337.3 1.1
11.008 414.4 1.2 11.806 483.9 1.3 11.810 487.4 1.2
13.898 717.0 1.5 15.340 903.5 1.9 16.865 1072 2
18.559 1511 12 19.674 1638 3 21.566 2028 4
79.715 16167 33 79.751 16658 19
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Table A.10: Zero Field Calorimetry Data for a-Fe[35.27]Zr[64.73]

Temp- Cp cr [Cp] Temp- Cp cr [Cp] Temp- Cp cr [Cp]
erature eIatule erature

[K] [mJoule] [mJoule] [K] [mJoule] p!!~~] [K) [~] [ mJOUle]
rnoleK moleK moleK rnoleK moleK moleK

1.789 28.21 0.21 1.789 28.39 0.25 1.790 27.24 0.25
1.842 28.93 0.21 1.842 29.21 0.27 1.843 28.78 0.26
1.896 29.70 0.25 1.896 30.19 0.29 1.896 29.64 0.32
2.100 32.70 0.31 2.100 32.66 0.30 2.322 35.28 0.27
2.322 35.61 0.27 2.496 37.36 0.26 2.496 38.41 0.29
2..702 40.21 0.23 2.787 41.34 0.23 2.788 40.94 0.25
2.891 43.01 0.22 2.892 42.13 0.23 3.115 46.59 0.28
3.115 46.32 0.25 3.341 48.89 0.26 3.431 51.43 0.24
3.455 54.29 0.37 3.656 55.50 0.25 3.657 55.91 0.24
3.864 58.73 0.26 3.868 58.88 0.27 4.087 62.96 0.29
4.090 63.39 0.29 4.227 66.60 0.22 4.229 65.97 0.23
4.232 66.09 0.23 4.456 71.09 0.34 4.456 71.17 0.35
4.456 71.20 0.33 4.600 74.27 0.32 4.600 74.34 0.31
4.768 77.90 0.33 4.768 78.00 0.35 4.923 81.37 0.32
4.923 81.52 0.32 5.099 86.52 0.36 5.099 86.67 0.38
5.265 91.33 0.36 5.265 91.28 0.32 5.445 96.03 0.42
5.445 96.80 0.43 5.629 101.6 0.4 5.629 101.8 0.4
5.821 107.1 0.4 5.821 107.0 0.5 6.016 113.8 0.4
6.017 114.0 0.4 6.220 121.0 0.4 6.220 121.0 0.4
6.430 129.1 0.5 6.431 129.1 0.4 6.646 137.3 0.4
6.646 137.9 0.5 7.098 156.0 0.6 7.098 156.2 0.5
7.577 177.4 0.6 7.577 178.4 0.6 8.081 204.5 0.6
8.081 203.6 0.6 8.629 235.2 0.7 8.630 235.6 0.7
9.216 270.2 0.8 9.216 271.6 0.8 9.829 311.7 0.8
9.830 311.4 0.8 10.495 361.8 1.0 10.495 362.6 0.9
10.848 389.1 1.1 10.852 389.0 1.1 11.213 422.8 1.0
11.213 421.3 1.0 11.699 465.6 1.1 12.595 555.1 1.3
12.600 553.9 1.2 13.569 657.7 1.5 14.633 785.8 1.7
14.633 786.4 1.7 15.758 931.9 1.9 16.967 1107 2
16.967 1113 2 18.303 1320 3 19.712 1551 3
19.712 1555 3 21.222 1842 3 22.845 2187 4
22.845 2189 4 24.349 2526 4 26.262 2911 4
26.302 2978 5 28.355 3410 9 30.570 4033 6
30.909 4314 21 79.610 16420 14 79.645 16479 12



APPENDIX A. ZERO FIELD OALORIMETRY DATA FOR A-FE-ZR 141

Table A.11:' Zero Field Calorimetry Data for a-Fe[36.25]Zr[63.75]

Tempo Cp <T [Cp] Tempo Cp <T [Cp] Tempo Cp <T[Cp]
erature erature eratule

(K] [mJoule] [mJoule] [K] [mJoule] [mJoUle] [K] [~] [mJoule]
moleK moleK moleK moleK moleK moleK

1.862 34.03 0.29 1.862 34.16 0.30 1.965 35.87 0.32
1.965 35.49 0.33 1.965 36.12 0.31 2.062 36.12 0.28
2.062 36.19 0.30 2.063 37.00 0.29 2.105 37.12 0.27
2.138 36.95 0.35 2.138 37.56 0.36 2.182 37.09 0.30
2.183 38.48 0.31 2.183 38.13 0.34 2.272 39.05 0.36
2.272 38.70 0.34 2.368 40.31 0.28 2.368 39.86 0.28
2.420 40.41 0.33 2.420 41.40 0.33 2.487 41.11 0.32
2.487 41.23 0.30 2.657 44.18 0.30 2.657 43.58 0.28
2.880 46.34 0.29 2.880 46.51 0.28 3.102 49.83 0.30
3.103 49.47 0.27 3.325 52.94 0.29 3.326 53.47 0.31
3.425 55.06 0.58 3.425 55.05 0.53 3.540 58.59 0.34
3.543 56.31 0.32 3.644 58.45 0.30 3.748 60.66 0.31
3.750 60.27 0.31 3.951 64.39 0.30 3.961 63.84 0.30
3.963 64.32 0.30 4.245 70.29 0.40 4.245 71.18 0.41
4.246 71.27 0.40 4.247 70.21 0.35 4.385 73.31 0.21
4.385 73.59 0.20 4.735 81.99 0.23 4.736 81.48 0.22
5.106 91.58 0.26 5.106 91.89 0.29 5.106 92.21 0.38
5.510 103.7 0.4 5.510 104.0 0.4 5.944 117.4 0.4
5.944 117.7 0.4 6.410 134.2 0.5 6.410 134.2 0.4
6.901 154.5 0.5 6.901 153.9 0.5 7.437 178.2 0.5
7.438 178.6 0.5 8.007 206.6 0.6 8.007 207.4 0.6
8.630 242.1 0.7 8.630 242.5 0.7 9.287 280.9 0.8
9.288 283.6 0.7 10.011 335.8 0.8 10.011 335.6 0.9
10.776 397.8 1.0 10.777 395.3 1.0 11.143 426.6 0.9
11.143 429.1 1.0 11.617 470.9 1.0 11.617 472.7 1.1
11.996 506.7 1.2 11.996 508.3 1.1 12.914 604.7 1.2
13.928 721.0 1.4 13.928 723.8 1.4 15.000 857.6 1.6
16.150 1021 2 16.150 1025 2 18.770 1435 2
18.770 1440 2 20.218 1697 3 21.765 2018 3
21.765 2019 3 23.471 2394 3 25.276 2827 4
25.276 2830 4 27.197 3294 5 29.266 3838 5
29.266 3846 6 31.536 4427 6 34.041 4816 6
34.081 5082 7 36.837 5785 9 38.388 6191 9
38.406 6179 10 41.456 6956 11 44.731 7827 12
44.752 7826 12 79.260 16834 13 79.277 16492 15
79.874 17903 48 81.097 17125 42
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Table A.12: Zero Field Calorimetry Data for a-Fe[37.60]Zr[62.40]

Temp- Cp CT [Cp] Temp- Cp CT [Cp] Temp- Cp CT [Cp1
erature , erature erature

[K] [mJoule] [rnJOUle] [K] [mJOUle] [mJoule] [K] [mJoule] [mJou',]moleK moleK meleK moleK moleK moleK

1.849 30.55 0.34 1.849 29.64 0.39 1.849 30.40 0.31
1.849 30.99 0.42 1.849 30.00 0.37 1.849 30.57 0.40
1.850 29.98 0.36 1.850 30.45 0.34 1.850 29.97 0.43
1.913 30.41 0.39 1.914 30.67 0.39 1.914 31.26 0.42
1.914 31.83 0.41 2.027 32.66 0.40 2.027 32.80 0.43
2.027 32.06 0.43 2.138 33.42 0.38 2.138 34.46 0.44
2.139 34.16 0.37 2.289 36.24 0.38 2.289 36.06 0.36
2.381 36.98 0.35 2.382 36.87 0.35 2.382 36.88 0.37
2.465 38.00 0.32 2.575 40.28 0.38 2.576 39.72 0.39
2.714 41.89 0.37 2.715 41.99 0.33 2.715 42.18 0.36
2.770 42.49 0.29 2.885 44.60 0.37 2.886 45.36 0.40
2.988 46.33 0.28 2.988 45.56 0.28 2.989 46.89 0.33
3.209 52.10 0.34 3.209 50.79 0.33 3.326 53.62 0.35
3.326 52.96 0.34 3.428 56.23 0.33 3.429 57.10 0.33
3.534 59.14 0.36 3.634 61.11 0.37 3.634 61.27 0.37
3.638 62.09 0.35 3.642 62.21 0.37 3.850 67.32 0.38
3.853 66.50 0.40 4.036 72.30 0.44 4.212 75.51 0.21
4.213 75:12 0.19 4.384 79.24 0.51 4.384 79.70 0.47
4.735 87.55 0.52 4.735 88.44 0.49 5.509 110.9 0.7
5.509 111.0 0.7 5.942 126.6 1.0 5.942 127.3 1.0
6.408 143.1 0.9 6.900 167.3 0.8 6.901 163.1 1.0
7.436 188.0 1.1 7.437 191.1 1.0 8.005 225.9 1.3
8.627 264.9 1.2 8.628 265.3 1.4 9.285 304.9 1.6
9.285 311.6 1.6 10.007 358.6 1.8 10.772 426.6 2.1
10.772 417.1 1.7 10.937 454.0 2.3 10.937 468.8 1.9
11.777 536.0 2.3 12.693 618.5 2.6 12.693 626.7 2.7
13.665 731.8 2.8 14.714 863.5 3.0 14.719 881.7 3.0
15.871 1047 3 17.099 1258 4 17.104 1267 4
18.415 1502 5 19.861 1777 5 19.861 1795 5
21.385 2120 6 23.022 2518 6 23.022 2529 6
24.207 2812 6 26.047 3270 7 26.054 3307 8
28.024 3779 7 30.264 4386 7 30.293 4428 8
32.636 5038 9 35.257 5743 9 35.274 5733 9
38.086 6468 11 41.106 7299 12 41.143 7308 11
44.407 8218 14 79.137 18706 17 79.155 18406 34
79.452 18699 46 80.759 17243 49
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Table A.13: Zero Field Calorimetry Data for a-Fe[38.38]Zr[61.62]

Temp- Cp <T [Cp] Temp- Cp <T [Cp] Temp- Cp <T [Cp]
erature erature erature

[K] [~] [~] [K) [~] [mJoule] [K) (!!!!2!!!!] [mJoUle]
moleK moleK moleK moleK moleK moleK

1.871 31.91 0.31 La71 32.49 0.29 1.989 34.39 0.31
1.989 33.61 0.32 2.149 35.32 0.28 2.149 36.56 0.30
2.150 35.46 0.29 2.150 36.01 0.31 2.273 37.00 0.28
2.273 37.65 0.30 2.388 39.16 0.29 2.389 39.18 0.31
2.487 41.18 0.31 2.488 40.81 0.31 2.654 43.71 0.30
2.655 43.68 0.31 2.882 46.46 0.30 2.883 48.38 0.33
3.101 51.40 0.31 3.108 51.14 0.18 3.306 54.23 0.26
3.308 53.77 0.28 3.534 58.76 0.28 3.535 58.46 0.29
3.853 64.50 0.31 3.858 63.86 0.32 4.037 68.74 0.35
4.058 68.22 0.33 4.586 79.65 0.33 4.586 79.70 0.36
4.951 87.61 0.35 4.951 88.07 0.39 5.343 98.34 0.42
5.757 110.7 0.5 5.757 110.5 0.5 6.209 126.0 0.5
6.694 142.8 0.6 6.695 143.3 0.6 7.205 163.5 0.6
7.766 189.7 0.6 7.767 189.3 0.8 8.358 219.4 0.8
9.006 256.6 0.7 9.008 254.7 0.8 9.693 300.5 0.9
10.072 327.2 1.0 10.073 326.2 1.0 10.447 353.5 1.0
10.448 353.6 1.1 10.844 385.3 1.1 11.245 418.6 1.2
11.245 420.1 1.2 11.687 458.0 1.2 11.687 460.0 1.2
12.583 546.5 1.4 13.547 647.8 1.5 13.547 651.8 1.6
14.610 782.9 1.6 15.730 931.9 2.0 15.730 933.8 1.9
16.938 1112 2 18.272 1327 3 18.277 1326 3
19.690 1566 3 21.205 1872 3 22.839 2234 4
22.839 2238 4 24.207 2538 5 26.054 2980 5
26.054 2983 5 28.044 3489 7 30.271 4012 7
30.307 4057 7 32.651 4679 8 35.282 5368 10
35.299 5373 9 38.121 6086 11 38.450 6190 11
38.468 6219 11 41.514 6991 13 44.813 8022 26
44.904 8086 26 79.260 18087 24 79.294 18000 31
79.312 16898 47 79.312 17998 30
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Table A.14: Zero Field Calorimetry Data for a-Fe[38.99]Zr[61.01]

Temp- Cp cr [Cp] Temp- Cp cr [Cp] Temp- Cp cr [Cp]
erature erature eraiure

[K] [mJoule] [mJoule] [K] [~] [~] [K] [mJoUle] [ mJoule]
moleK moleK moleK moleK molClK moleK

1.797 27.02 0.20 1.797 27.56 0.21 1.901 28.77 0.26
1.902 29.25 0.28 1.902 28.64 0.30 2.098 32.25 0.22
2.098 31.70 0.23 2.158 33.24 0.28 2.297 35.54 0.25
2.298 34.92 0.28 2.397 37.28 0.24 2.397 36.62 0.26
2.499 39.19 0.27 2.499 38.60 0.29 2.608 40.38 0.28
2.609 40.32 0.27 2.704 42.06 0.29 2.704 41.57 0.30
2.896 45.45 0.29 2.896 45.24 0.30 3.007 48.04 0.29
3.221 52.22 0.30 3.223 52.41 0.29 3.424 56.39 0.33
3.663 62.02 0.32 3.666 62.47 0.32 3.876 67.88 0.39
3.879 67.18 0.40 4.094 73.87 0.41 4.221 77.15 0.40
4.221 77.69 0.39 4.221 77.94 0.43 4.355 80.22 0.37
4.355 80.26 0.37 4.661 88.79 0.43 4.661 90.75 0.42
4.985 98.86 0.47 4.985 99.66 0.46 5.331 112.2 0.5
5.332 110.7 0.5 5.699 123.8 0.5 5.699 124.9 0.5
6.091 139.6 0.6 6.092 139.4 0.6 6.501 157.5 0.7
6.501 159.0 0.7 6.943 180.2 0.7 6.944 180.1 0.7
7.417 206.0 0.8 7.418 204.4 0.8 7.922 232.8 1.0
7.922 232.9 0.9 8.448 264.2 1.0 8.448 267.0 1.0
9.022 302.1 1.0 9.022 302.9 1.0 9.637 347.4 1.2
9.637 351.2 1.1 10.277 393.6 1.3 10.278 403.8 1.2
10.977 453.1 1.3 10.977 468.9 1.4 11.404 513.4 1.6
11.405 524.7 1.6 11.980 590.6 1.5 11.984 603.2 1.5
13.021 693.2 1.8 14.172 812.6 2.1 14.172 855.6 2.0
15.405 1020 2 16.748 1229 2 16.753 1279 2
18.211 1542 3 19.792 1824 3 19.797 1895 3
21.515 2286 4 23.386 2655 5 23.392 2645 4
24.380 2862 5 26.650 3882 5 79.838 20039 25
79.856 19928 23



Appendix B

Magnetocalorimetry Data for

a-Fe-Zr

Conditions applying to the zero field ealorimetry data (Appendix A) are true also for

the magnetometry data. The absolute magnetoealorimetry data, for a given sample,

were all taken on the same day in various magnetie fields, applied by an axial super-
. . .

eonducting solenoid. The applied field values (B, given in Tesla) are shown in the table

eaption. Diserepancies oeeur between the data from the zero field runs (tables A.S

and A.11) and the magnetometry runs (tables BA and B.6) for the a-Fe36.3Zr63.7 and

a-Fe34.4Zr65.6 samples. These diserepaneies arise beeause the 10 JLL syringe, used to

dispense the silver paste, broke about the time that the magnetoealorimetry runs

were started. The amount of silver paste used during the magnetoealorimetry runs

(whieh were done last) had to be determined by eye. Furthermore, the silver paste

was near the end of the bottle and was observed to be signifieantly densified. When

the phonon specifie heat is subtraeted off the data (see sections 5.2.1 and 5.2.2), the

diserepancies between the data sets disappear. This analysis suggests that during the

run of table B.4 about 2mg more silver paste was on the addenda than during the

run of table A.S. Similarly, during the run of table B.6 about 4mg more silver paste

was on the addenda than during the run of table A.11.
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Table B.l: Magnetocalorimetry for a-Fe[30.31]Zr[69.69]; B = 0 Tesla

Temp- Cp Q' [Cp] Temp- Cp Q' [Cp) Temp- Cp Q' [Cp]
erature erature erature

[X] [mlli!!] [mJoute] [X] [mlli!!] [mlli!!] [K] [~] [~lmol.K moleK moleK mol.K

2.193 20.34 0.20 2.194 20.35 0.20 2.547 23.97 0.21
2.547 24,24 0.20 2.893 28.40 0.20 2.894 28.60 0.21
3.215 32.81 0.21 3.219 32.84 0.24 3.226 33,44 0.22
3.548 38.32 0.65 3.550 38.20 0.63 3.870 43.47 1.23
3.875 43.15 1.16 4.093 47.92 1.31 4.093 47.41 l.41
4.229 52.08 1.35 4,231 5l.41 0.98 4.232 50.15 0.76
4.409 53.85 0.30 4.409 54.10 0.30 4,762 6l.45 0.30
4.762 62.03 0.31 5.135 71.05 0.37 5.136 71.22 0.35
5.541 82.01 Q.40 5.542 82.78 0.44 5.860 92.81 Q.44
6.435 112,4 0.5 7.055 138.7 0.6 7.733 167.5 0.9
7.733 170.9 0.7 8.981 243.8 0.9 8.982 241.8 0.9
9.301 263.7 0.8 9.301 263.9 1.0 9.680 288.8 1.2
10.418 344.9 1.6 10.418 363,4 32.0 11.232 409.7 2.2
12.092 489.5 3.1 12.092 493.0 2.8 13.021 595.7 3.6
14.039 700.5 3.7 14.039 702.0 4,8 15.115 840.0 U
16.273 1005 4 16.273 1015 4 17.563 1217 5
18.910 . 1440 4 18.916 1445 5 19.685 1566 5
19.712 1605 5 21.719 2040 5 77.650 17070 15
77.667 17056 30 79.575 17782 416 79.610 16207 230
79.610 16601 243

Table B.2: Magnetocalorimetry for a-Fe[30.31]Zr[69.69]; B = 3.50 Tesla

Temp- Cp Q' [Cp] Temp- Cp ". [Cp] Temp- Cp ". [Cp]
erature erature erature

[X] [~] [~l [K] [~] [Sl [K] [~] [~l

2.887 28.70 0.29 2.901 28.77 0.27 3.219 33.28 0.37
3.219 33.95 0.37 3.548 38.83 0.38 3.867 43,46 0.43
3.875 43.60 0.40 4.088 48.21 0.41 4.234 51.29 0.37
4,236 50.57 0.38 5.056 67.65 19.27 5.333 73.26 20.13
5.852 96.21 48.60 6.131 101.5 0.7 U28 102.0 24.7
6.429 119.9 26.8 7.048 141.5 31.7 7.127 142.2 0.9
7.726 168.7 34,8 7.726 170.7 1.0

Table B.3: Magnetocalorimetry for a-Fe[30.31]Zr[69.69]; B = 5.00 Tesla

Temp- Cp ". [Cp] Temp- Cp Q' [Cp] Temp- Cp ". [Cp]
eratnre eralure eralure

[X] [=1 [=J [X] P:t.l:lt] [=J [K) [~l [':!.ll:JtJ

2.189 20.03 0.29 2.189 20.12 0.26 2.546 23.90 0.34
2.547 23087 Q.26 2.878 27.92 0.37 3.221 33.03 0.&0
3.225 32,44 0.38 30231 33.26 0.36 3.841 42.95 0.64
3.844 43.32 0.41 4.077 47.42 0.44 4,232 50.41 0.84
4,232 51.26 0.61 4.403 53.67 0.38 4.403 53.82 0.46
4,839 64,32 0.67 6.321 76.60 0.69 6.322 73.32 2.06
5.842 92,48 0.67 8.417 11308 0.8 8.418 113.7 0.8
7.038 140.6 1.0 7.716 174.6 1.2 7.716 174,7 1.0
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Table B.4: Magnetocalorimetry for a-Fe[34.42]Zr[65.58]j B = 0 Tesla

Temp- Cp ... [Cp] Temp- Cp ... [Cp] Temp- Cp ... [Cp]
erature erature erature

[K] [mJoule] [~l [K] [mJoule] [~] [K] [~] [~]
MaleK MaleK MaleK moleK maleK MaleK

1.848 25.'19 0.60 1.848 25.36 0.67 2.006 27.09 0.64
2.015 27.85 1.11 2.191 29.50 0.74 2.192 29.63 0.83
2.431 32.85 0.71 2.431 32.74 0.72 2.603 34.86 0.63
2.603 34.71 0.63 2.826 37.52 0.85 2.826 31.fj3 0.97
2.827 37.74 0.71 2.999 40.08 0.85 2.999 39.~1 0.88
2.999 39.71 0.82 3.272 44.55 0.53 3.273 44.08 0.70
3.273 44.64 0.61 3.541 49.57 0.57 3.542 48.45 0.58
3.857 54.18 0.91 3.861 54.84 0.82 3.863 55.33 0.97
4.259 63.46 0.21 4.273 62.37 0.23 5.802 105.6 0.9
5.802 105.6 1.0 6.007 113.5 1.2 6.007 114.6 1.2
6.529 134.5 0.9 6.530 134.1 0.9 7.102 162.2 2.0
7.103 161.6 1.7 7.714 192.5 2.0 7.714 193.6 1.8
8.379 231.8 1.9 8.379 227.6 1.9 9.111 279.5 2.3
9.111 283.2 2.4 9.515 310.1 2.4 9.515 308.1 2.4
9.896 339.5 2.1 9.896 333.8 1.9 10.241 362.7 2.2
10.241 367.7 2.2 11.893 504.7 5.9 11.897 503.0 5.6
12.829 606.0 7.7 12.837 556.4 8.2 13.823 633.4 7.4
14.159 778.1 1.7 78.650 22438 68 78.667 22256 27
78.667 22582 27 78.667 22852 40 78.719 20865 108

l ' "
Table B.5: Magnetocalorimetry for a-Fe[34.42]Zr[65.58]; B = 5.00 Tesla

Temp- Cp "'[Cp] Temp- Cp ... [Cp] Temp- Cp ... [Cp]
erature erature eratuIe

[K] [~] [~l [K] [~] [~] [K] [mJoule] [mJOUle]
MaleK MaleK MaleK MaleK maleK moloK

1.841 23.40 0.74 1.841 23.20 0.64 2.001 24.80 0.55
2.002 24.63 0.54 2.099 26.15 0.58 2.099 26.48 0.58
2.212 27.74 0.56 2.212 27.83 0.55 2.242 28.51 0.84
2.307 29.12 0.54 2.307 29.07 0.57 2.460 31.26 0.54
2.597 32.69 0.71 2.597 32.78 0.70 2.667 34.17 0.92
2.667 34.40 0.92 2.668 33.72 0.84 2.769 35.96 1.79
2.770 35.39 0.65 2.824 36.25 0.68 2.824 37.15 0.79
2.989 39.87 1.66 2.992 40.14 0.92 3.206 42.97 0.38
3.207 43.46 0.80 3.208 43.26 0.30 3.535 49.06 0.77
3.536 48.74 1.00 3.537 48.30 0.92 3.855 55.42 0.90
3.856 56.03 0.96 4.376 67.34 0.73 4.379 67.64 0.74
5.599 100.2 1.9 5.599 104.6 1.8 6.096 120.3 1.6
6.096 123.1 1.5 6.196 124.6 1.2 6.196 128.1 1.2
6.592 142.2 1.0 6.592 141.5 0.9 7.084 166.5 1.3
7.085 164.5 1.6 8.052 214.3 2.0
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Table B.6: Magnetocalorimetry for a-Fe[36.25]Zr[63.75]; B = 0 Tesla

Temp- Cp 0" [Cp] Temp- Cp 0" [Cp] Temp- Cp t1 [Cp]
erature erature erature

[K] [~) [~] [K] [!!!illl!] [mJoule] [K] [mJOUle] [~01~1t]moleK moleK moleK moleK rnoleK

1.872 33.73 0.16 1.872 33.14 0.15 1.872 33.48 0.16
1.988 33.92 0.15 1.988 34.28 0.16 1.988 34.49 0.14
2.136 36.43 0.14 2.136 36.55 0.15 2.263 38.28 0.14
2.264 38.89 0.15 2.451 41.20 0.14 2.451 41.04 0.13
2.654 43.82 0.15 2.654 43.47 0.16 2.884 47.41 0.13
2.887 47.47 0.16 3.104 50.74 0.18 3.104 52.07 0.17
3.329 55.57 0.18 3.330 54.65 0.14 4.229 71.75 0.19
4.237 72.33 0.17 5.407 106.0 0.3 5.407 106.4 0.3
5.825 119.2 0.3 5.825 120.5 0.3 5.825 119.4 0.3
5.826 121.2 0.3 6.281 138.4 0.4 6.281 139.3 0.4
6.282 138.8 0.4 6.282 139.0 0.4 6.771 159.8 0.4
6.771 161.0 0.4 6.772 160.3 0.5 6.772 160.5 0.5
7.287 186.4 0.5 7.287 185.9 0.5 7.287 187.4 0.5
7.288 185.1 0.5 7.853 217.6 0.6 7.853 218.1 0.6
7.854 216.3 0.6 7.854 218.0 0.8 8.080 229.7 0.6
8.085 230.1 0.6 8.450 255.5 0.6 8.450 257.1 0.7
8.453 253.8 0.7 8.454 253.7 0.8 8.700 270.3 0.7
8.701 269.7 0.7 9.105 299.0 0.7 9.105 299.8 0.7
9.110 296.8 0.9 9.110 297.0 1.0 9.360 314.5 0.9
9.360 316.5 0.8 9.800 348.5 0.8 9.800 347.3 0.9
9.805 349.0 0.8 9.806 349.7 0.9 10.085 369.0 0.9
10.085 369.5 0.9 10.090 362.2 1.5 10.095 366.3 1.3
10.564 409.1 0.9 10.566 408.9 1.0 10.570 408.7 1.1
10.570 409.7 1.1 10.852 431.7 1.0 10.852 433.0 1.0
10.856 433.1 1.5 10.856 433.9 1.1 11.371 479.2 1.1
11.371 480.4 1.1 11.375 479.8 1.3 11.375 480.2 1.4
79.155 22455 32 79.155 22550 20 79.155 22690 19

Table B.7: Magnetocalorimetry for a-Fe[36.25]Zr[63.75]; B = 1.00 Tesla

Temp- Cp 0" [Cp] Temp- Cp 0" [Cp] Temp- Cp 0" [Cp]
erature erature erature

[K] [~] [mJOUIO] [K] [~] [mJoUlo] [K] [mJoule] [mJoul']
moleK moleK moleK moleK moleK moleK

1.848 32.18 0.32 1.975 33.19 0.35 2.250 37.69 0.39
2.251 36.98 0.36 2.251 37.14 0.22 2.428 40.18 0.63
2.428 39.35 0.19 2.656 43.50 0.48 2.656 44.07 0.43
2.883 4Ù2 0.55 3.098 50.76 0.45 3.101 50.53 0.57
3.330 54.99 0.57 3.332 55.62 0.39 3.650 62.77 0.49
3.650 62.05 0.62 3.861 67.18 0.44 3.867 67.15 0.52
4.066 70.66 0.63 4.066 72.07 0.48 4.271 75.97 0.33
4.309 76.16 0.43 5.805 123.0 0.4 5.805 122.5 0.4
6.405 144.5 0.5 7.090 174.4 0.6 7.091 176.8 0.6
7.569 200.3 0.6 7.570 200.2 0.6
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Table B.8: Magnetocalorimetry for a-Fe[36.25]Zr[63.75]; B = 2.00 Tesla

Temp- Cp O'[cp] Temp- Cp cr [Cp) Temp- Cp cr [Cp]
erature erature erature

[K] [mJoult!] [~] [K] [mJoule] [mJoule] [K] [mJoule] [mJoule]
moleK moleK moleK moleK moleK moleK

1.874 30.31 0.18 1.874 30.57 0.19 1.874 30.79 0.19
1.966 31.79 0.19 1.967 32.06 0.18 1.967 31.87 0.18
2.076 33.22 0.16 2.076 33.18 0.15 2.223 35.61 0.16
2.224 35.49 0.17 2.426 38.69 0.16 2.426 38.71 0.15
2.656 42.26 0.18 2.656 43.09 0.16 2.881 46.40 0.15
2.882 46.69 0.16 3.103 50.82 0.19 3.103 50.83 0.19
3.329 54.75 0.19 3.330 55.07 0.17 3.545 59.33 0.63
3.546 59.83 0.57 3.865 66.53 0.59 3.865 67.14 0.50
4.074 71.09 0.58 4.076 72.13 0.54 4.301 76.58 0.20
4.474 80.76 0.62 5.408 108.1 0.3 5.418 108.5 0.4
5.801 122.6 0.4 6.401 146.9 0.5 7.087 178.8 0.5
7.088 176.6 0.5 7.567 201.4 0.6 7.567 202.3 0.6

Table B.9: Magnetocalorimetry for a-Fe[36.25]Zr[63.75]; B = 3.50 Tesla

Temp- Cp cr [Cp] Temp- Cp cr [cp] Temp- Cp cr [Cp]
erature erature erature

(K] (mJanlel [!!lill!<] [K] [~] [~] [K] (!!!~] [~]moleK moleK moleK moleK moleK moleK

1.747 26.65 0.47 1.748 26.82 0.45 1.748 26.97 0.39
1.829 28.02 0.39 1.830 28.08 0.39 1.945 29.73 0.37
1.946 29.57 0.35 2.082 31.94 0.40 2.082 32.28 0.41
2.308 35.07 0.23 2.543 39.34 0.34 2.769 43.29 0.50
2.769 43.09 0.41 2.876 44.89 0.18 2.877 44.90 0.19
2.989 47.04 0.20 2.990 47.34 0.33 3.099 49.26 0.18
3.101 49.26 0.17 3.206 50.45 0.29 3.209 50.92 0.27
3.325 54.09 0.17 3.327 53.84 0.16 3.423 55.33 0.41
3.429 55.32 0.31 3.530 58.90 0.31 3.542 58.52 0.20
3.542 59.21 0.45 3.739 62.49 0.27 3.744 62.35 0.27
3.918 67.02 0.31 3.927 67.00 0.33 4.251 75.02 0.42
4.377 76.89 0.20 5.093 98.61 0.72 5.404 109.4 0.3
5.405 110.0 0.3 5.698 119.6 0.8 5.698 119.1 0.6
6.293 142.7 0.8 6.535 153.9 0.5 6.979 174.8 1.0
6.979 175.9 0.8 7.551 207.1 1.1 7.553 208.9 1.0
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Table RIO: Magnetocalorimetry for a-Fe[36.25]Zr[63.75]j B = 5.00 Tesla

Temp- Cp D" [Cp] Temp- Cp D" [Cp] Temp- Cp D" [Cp]
erature erature erature

[K] [mJoUle] [mJoule] [K] [~] [mJoule] [K] [mJoule] [mJoUht]
moleK moleK moleK rnoleK maleK moleK

1.919 26.95 0.13 1.919 26.43 0.13 1.919 26.92 0.14
2.145 30.26 0.15 2.145 29.24 0.17 2.309 31.85 0.15
2.310 32.32 0.16 2.538 36.46 0.15 2.538 37.06 0.16
2.761 40.94 0.16 2.762 40.41 0.15 2.964 45.55 0.17
2.982 45.61 0.15 3.210 49.45 0.21 3.212 50.22 0.19
3.539 56.42 0.26 3.539 56.22 0.25 3.807 62.57 0.20
3.822 62.93 0.19 4.321 75.71 0.25 4.322 75.07 0.21
4.990 90.99 0.36 4.992 94.65 0.39 5.796 120.9 0.4
5.797 121.3 0.4 6.097 132.7 0.4 6.097 132.4 0.4
6.296 142.2 0.4 6.296 141.2 0.4 6.790 162.9 0.5
6.791 163.8 0.5 7.272 188.3 0.6 7.273 188.4 0.6
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