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Abstract

This thesis describes the characterisation of CePdSb and other magnetic
intermetallic Ce-based compounds via magnetic, thermal expansion,
magnetostriction and high pressure measurements. The compounds investigated
were CePdSb, CePt, CePd and CeAgSb2.

Previous work suggested that at low temperatures the magnetic behaviour
of CePdSb was anomalous, a broad peak in the heat capacity was observed at

10K, with no peak at the Curie temperature (17K). The present measurements of
the thermal expansion ofpolycrystalline samples of CePdSb confirmed this
result. Single crystal measurements, show that the material is highly anisotropic
with (AL / L)c » (AL / L)a b, i.e. the 10K peak is due to the thermal expansion

along the "c" axis. The single crystal thermal expansion measurements also show
that CePdSb is very anisotropic in the high temperature region, with the thermal
expansion in the magnetically hard direction ("c"), the dominant component of
the thermal expansion.

The compoimd CePt is a ferromagnetic condensed Kondo system. A
negative Griineisen factor was calculated from the thermal expansion data and
the literature heat-capacity, which contradicts the positive Griineisen factor
calculated from pressure measurements.

The study ofCePd clarified the behaviour ofCePdSb at high and low
temperatures. Unlike CePdSb, CePd shows normal behaviour in the region of its
Curie point (6K), with some interesting feature in its own right at low
temperatures.

The investigation of the last compound, CeAgSb2, showed extraordinary
behaviour with a thermal expansion peak 10.5K higher than its Neel temperature
and no feature observable at Tn- High pressure measurements confirm it is a

magnetic condensed Kondo lattice system.
An analysis of the measurements is made using the concept of the

competition between magnetism and the Kondo effect. Unfortunately it is not
clear at present that the Kondo lattice theory is appropriate for ferromagnetic
systems, only antiferromagnetic interactions, such as CeAgSb2, seem to be well
defined by the theory.
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List of Symbols and Abbreviations

symbol Definition

a linear coefficient of thermal expansion
aa thermal expansion along the "a" axis
ab thermal expansion along the "b" axis
ac thermal expansion along the "c" axis
amag magnetic contribution to the thermal expansion
ap polycrystalline thermal expansion
aphon phonon contribution to thermal expansion
A area

ASR Abrikosov-Suhl resonance

A0 constant for area of capacitance cell
P volume thermal expansion at constant pressure

pe electronic contribution to the volume thermal
expansion

b displacement of capacitance cell plates
bR T displacement of capacitance cell using room

temperature cell parameters
b, 6 displacement of capacitance cell using cell

parameters at 1.6K
b coefficient ofphonon contribution to electrical

resistance

Beff transferred effective field
B™ crystal field parameters

B0 external field
Bt isothermal bulk modulus
B* characteristic field

y Sommerfeld coefficient
ye electronic Griineisen factor
yG Griineisen factor calculated from thermal

expansion and heat capacity
yP Griineisen factor calculated from pressure

measurements
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hybridisation between deiocalised conduction
electrons and 4f localised electrons

heat capacity of interacting system
heat capacity due to singlet formation of a non-
interacting band
electronic contribution to heat capacity
heat capacity due to single impurity
magnetic heat capacity
peak value of heat capacity
phonon contribution to heat capacity
heat capacity due to schottky anomaly
heat capacity at constant pressure
heat capacity due to 4f electrons
capacitance
Concentrated Kondo System
Curie constant

capacitance of cable 1
capacitance of cable2
capacitance between cable 1 and cable2
unknown capacitance
standard capacitance
scattering phase shift of an electron
width of 3d or 4f level due to hybridisation
energy gap

energy gap between ground state and first excited
state

energy gap between ground state and second
excited state

fractional change in length
fractional change in length due to spontaneous

magnetostriction
transverse magnetostriction
parallel magnetostriction

temperature difference
entropy gain
constant for gap between capacitance cell plates
dimension

density of states



Dn effective cut-offpoint
Dstiff spin-wave stiffness
s0 permittivity of free space

ek energy of a wave vector k
e electron charge
Ef Fermi energy
E0 binding energy of an unperturbed 4f level
f frequency of oscillation
F Helmholtz free energy

Fband Helmholtz free energy due to a non-interacting
conduction band

Fe electronic Helmholtz free energy

F0 background Helmholtz free energy

F4f Helmholtz free energy for 4f electron
g(E) density of states
gf width due localised 4f electron
gj Lande splitting factor
g0 normal density of state
g, width ofASR due to isolated impurity
gN[ width ofASR due to Nj impurities
g| | Lande splitting factor parallel to hard axis
gx Lande splitting factor perpendicular to hard axis

©p paramagnetic Curie temperature
H magnetic field
H exchange Hamiltonian
Hcf crystal-field Hamiltonian
0=1/kBT inverse thermal energy
i impurity concentration
3 exchange constant

3C critical exchange constant marking the boundary
between a magnetic and non-magnetic compound

3 j exchange constant between magnetic moment and
nearest neighbour

32 exchange constant between magnetic moment and
next nearest neighbour

j total spin moment
k compressibility
k wave vector



kB Boltzmann constant

kF wave vector on Fermi surface
A fractional change in length
Ap parallel magnetostriction
An degeneracy of occupied level
As saturation magnetisation
At perpendicular magnetostriction
L length
peff effective magnetic moment
psat saturated magnetic moment
pB Bohr magneton
m mass of electron

M magnetisation
Ms saturation magnetisation
n number of electrons

nj occupied numbers ofZeeman levels
% occupied number for a corresponding level
N number ofparticles
N degeneracy
Nj number ofmagnetic impurities
Na Avogadro constant

N(EF) density of state of conduction band
O™ Steven's operators

p electrical resistance

pa electrical resistance along the "a" axis
pem distribution function for empty 4f electron shells
Pfuii distribution function for full 4f electron shells
Pi zero temperature resistivity per ion
pmag magnetic contribution to electrical resistance
pphon phonon contribution to electrical resistance
pB temperature independent spin disorder electrical

resistance

p0 residual electrical resistance
p* characteristic resistivity
p(B) electrical resistivity in a magnetic field
p(0) electrical resistivity in zero magnetic field
P pressure

r radius
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gas constant

Ruderman-Kittel-Kasuya-Yosida interaction
second order term in relaxation time

spin of conduction electrons
spin ofmagnetic impurity
entropy

thermopower
third order term in relaxation time

volume magnetostriction
relaxation time due to scattering processes of
conduction electrons with local magnetic moments
temperature
characteristic temperature
coherent Kondo lattice temperature

temperature where minimum electrical resistance
occurs

temperature where heat capacity or thermal
expansion peak occurs
reference temperature
Curie temperature for ferromagnetism
Fermi temperature
Kondo temperature
Kondo temperature due to crystal field
environment

magnetic transition temperature
magnetic transition temperature of a compound
when in a applied magnetic field
Neel temperature for antiferromagnetism
temperature (energy) scale characterising RKKY
interaction

room temperature

general characteristic temperature
temperature at 1.6K
hybridised matrix element between conduction
electrons and 4f energy band
volume

Variable Temperature Insert
molar volume



Vout output voltage
Vs voltage from standard capacitor
V0 original volume
w gap between guard-ring and capacitor plate
W width of s-d conduction band

Wj Wilson number

u direct scattering constant

X magnetic susceptibility
x(0) ac susceptibility at zero K
Xac ac susceptibility
Xdc dc susceptibility
Xo Pauli susceptibility
X' inductive susceptibility
X" dissipative susceptibility
x composition
co=(EF-E) energy of 4f electron
Z partition function
ZFC Zero Field Cooled

z4f partition function of 4f electrons
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General introduction

Among the large body of rare-earth intermetallic compounds, Ce-based
compounds are known for the wide variety of their physical properties. This
includes:

• normal long-range magnetic ordering e.g. CeCu (Walline and Wallace
1965),

• ordering, generally antiferromagnetically, with reduced magnetic
moments due to a Kondo interaction at low temperatures such as CeCu2
(Gratz et al. 1985, Onuki et al. 1985),

• compounds that do not order down to the lowest temperature (a few
millikelvin) as found in CeCu6 (Ott et al. 1985, Fujita et al. 1985). These
compounds exhibit enhanced values of the Sommerfeld constant,
y = (cp / T)_>0, exceeding that of simple metals such as Cu or K by more
than three orders ofmagnitude. Again this behaviour is attributed to the
Kondo effect evolving at low temperatures.

• Another type of behaviour found in Ce-based compound, is the
considerable deviation of the valence of the Ce ion from an integer value
e.g. CePd3 (Gardner et al. 1972, Hutchens et al. 1972). Such compounds
are classified as intermediate-valence compounds.

This work was motivated by the wish to investigate ferromagnetic Ce
compounds such as CePdSb which shows some features of a condensed Kondo
system, such as a reduced moment, and see how they are consistent with the
current condensed Kondo theories. Ferromagnetism has been observed in other
Ce-based intermetallic compounds, such as in CeSi2 (Yashima et al. 1982), but
this behaviour is quite rare.
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The theory indicates that the Kondo interaction is observable through the
measurement ofphysical properties of the compounds e.g. a maximum in the
resistivity or a maximum or minimum in the thermopower.

Other Ce-based systems such as CePt, CePd and CeAgSb2 were

investigated, and described in chapters 3, 6 and 7 respectively, with chapter 4
devoted to GdPdSb an analogous compound to CePdSb. A resume of each
chapter now follows.

In Chapter 1, after a brief introduction, sections 1.2 and 1.3 sketch an

outline of the properties of dilute Kondo and concentrated Kondo systems, and
introduce the concepts, of the Abrikosov-Suhl Resonance (ASR) formation and
Kondo temperature. Sections 1.4 and 1.5, explains crystal fields and the RKKY
interaction respectively, and prepare the way for section 1.6. Section 1.6
examines Kondo systems in more detail, highlighting the differences between
dilute and concentrated systems via their transport and thermodynamic properties
such as electrical resistivity, thermopower, specific heat and thermal expansion.
The remainder of the chapter, explains, the sensitivity of some Ce compounds to
pressure and magnetostriction, in sections 1.7, and 1.8 respectively.

In chapter 2 the research equipment used in this investigation is
described. Sections 2.1 and 2.2 describe the cryostats used, with section 2.3
devoted to the mechanism of the capacitance bridge used for detecting the length
change and magnetostriction of the samples. Section 2.4, 2.5, 2.6 and 2.7
describes the design of the capacitance cell probe, the design and construction of
the capacitance cell, the ac susceptometer and Be-Cu pressure cell respectively.
The calibration of the ac susceptometer coils are described in 2.8.1. With 2.8.2,
2.8.3, 2.8.4 and 2.8.5 detailing the calibration of the capacitance cell in a

magnetic field, the thermal calibration of the cell, the calibration of the Rh-Fe
thermometer in a magnetic field and reports instrument errors respectively. The
necessary instrument controlling software for the various experiments are

detailed in section 2.9, with the final section 2.10 devoted to the necessary

preparation of a sample before measurements can proceed.

Chapter 3 investigates the ferromagnetic Kondo compound CePt, which
had already been well characterised from previous work, as detailed in section
3.1. Section 3.2 examines; the low temperature, the high temperature and
magnetostrictive behaviour of CePt in sections 3.2.1, 3.2.2 and 3.2.3
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respectively. With a comparison of the Grtineisen factors detailed in section
3.2.4.

The work on GdPdSb, chapter 4, serves as an introductory chapter to
chapter 5 since GdPdSb is an analogue of CePdSb, it helps to contrast the
anomalous magnetic properties of CePdSb.

The main part of this thesis, Chapter 5, is devoted to the ferromagnetic
compound CePdSb. The previous work summarised in section 5.1, suggested that
at low temperatures the magnetic behaviour of CePdSb is anomalous, with no

peak observed in the heat capacity at the Curie temperature. Measurements of the
thermal expansion of polycrystalline samples of CePdSb confirmed this result.
Single crystal measurements, show that the material is highly anisotropic with
(AL / L)c » (AL / L)a b. The low temperature, magnetostriction and high
temperature behaviour of the samples are described in section 5.2.1, 5.2.2 and
5.2.4 respectively. Section 5.2.3 compares the Grtineisen factors from pressure

and thermal measurements.

The study of the intermediate valence compound CePd, chapter 6, was
motivated by the need to clarify the behaviour of CePdSb at high and low
temperatures. In the low temperature region there is a second hump observed at
6K in the ac susceptibility of CePdSb. CePd was used, to see if the hump
observed in the CePdSb data was due to a second phase i.e. Sb boiled off in the
fabrication of CePdSb and a composition close to that of CePd was made instead.

In the high temperature regime, around 150K, CePdSb has a maximum,
in both resistance and thermal expansion measurements. The measurement of
CePd helped to verify the nature of the maximum and show that the maximum
was intrinsic to CePdSb, and not due to CePd, as detailed in section 5.2.4, and
shown in Fig. 5.20.

Unlike CePdSb, CePd shows normal behaviour in the region of the Curie
point but at low temperatures below Tc, it turns out through this investigation
that CePd has some interesting features in its own right.

The last experimental chapter 7, examines the compound CeAgSb2. The
previous work, suggests that the compound is a magnetic condensed Kondo
lattice system, with its physical phenomena governed by its Kondo temperature
( Tk « 60-80K). The work detailed in section 7.2, indicates that the thermal
expansion has extraordinary behaviour with a thermal expansion peak 10.5K

3



higher than its Neel temperature with no feature observable at TN. Possible
explanations are put forward for this unusual behaviour but more experiments
will be required to clarify the situation.

Chapter 8 summarise concluding remarks concerning these compounds
and suggests possible experiments for future work.
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CHAPTER 1 Theory

preface

In this chapter, after a brief introduction, sections 1.2 and 1.3 sketch an

outline of the properties of dilute Kondo and concentrated Kondo systems, and
introduce the concepts, of the Abrikosov-Suhl Resonance (ASR) formation and
Kondo temperature. Sections 1.4 and 1.5, explains crystal fields and the RKKY
interaction respectively, and prepare the way for section 1.6. Section 1.6
examines Kondo systems in more detail, highlighting the differences between
dilute and concentrated systems via their transport and thermodynamic properties
such as electrical resistivity, thermopower, specific heat and thermal expansion.
The remainder of the chapter, explains the sensitivity of some Ce compounds to
pressure and magnetostriction, in sections 1.7 and 1.8 respectively.

1.1 Introduction

The magnetic properties of a rare earth compound are defined by the
hybridisation between the localised 4f electrons of the magnetic ion and the
delocalized conducting electrons.

The strength of this hybridisation Y is defined by,

r=7ift2N(EF) (i)

where V is the average over the hybridised matrix element between the
conduction electrons and the 4f energy level, N(EF) is the density of states of the
conduction band at the Fermi surface. Thus depending on the value f with
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respect to the energy E0 (where E0 is the binding energy of the unperturbed 4f
level), there are three possibilities i.e.

(1) r«E0 (A stable 4f shell)
(2) r<E0 (This is the Kondo regime)
(3) r>E0 (This is the intermediate valence regime)

In most rare-earth intermetallic compounds, T«E0 i.e. the hybridisation
between the conduction electrons and the localised 4f electrons is negligible.
Material magnetic properties are dominated by crystal-field effects, and the
Heisenberg exchange between 4fmoments ( carried by the RKKY interaction),
so in most cases long-range ordering occurs.

When T>E0 then very strong hybridisation of the 4f electrons with the
delocalized conduction electrons is observed. Thus at low temperatures enhanced
Pauli paramagnetism can occur ( if the 4f electron of the magnetic moment is
mixing with the conduction electrons of the compound then a larger than normal
density of states of the conduction band is obtained, and, hence a large Pauli
paramagnetism).

An example of this group ofmaterials is CePd3, it has a Sommerfeld
coefficient y of y=37mJ mob1 K"2 and a Pauli susceptibility X0 of
X0 =1-84 x 10 "8 m3 mol -1 (Gardner et al. 1972, Hutchens et al. 1972). For a
"normal metal" the Sommerfeld coefficient y«2 mJ mob1 K"2and
Xo =1.08 x 10-9m3mol"1.

These compounds are regarded as high TK Concentrated Kondo
Systems (CKS), with the strong hybridisation causing Abrikosov-Suhl
Resonance (ASR) formation and high TK values which are of the order of 100K (
Tk the Kondo temperature will be defined in section 1.2 on dilute Kondo
systems, and ASR defined and explained in section 1.3 on concentrated Kondo
systems).

The intermediate valence compounds owe their extraordinary behaviour
to the number of 4f electrons, one for Ce and 13 for Yb. The proximity of the
respective 4T and 4f3 configuration to that of an empty or completely occupied
shell causes the electronic configurations to become unstable and thus give rise to
a large variety of observable phenomena.
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The most interesting case is the Kondo regime, T<E0, in which a stable 4f
configuration occurs. At elevated temperatures Curie-Weiss behaviour with an

effective magnetic moment close to the value for the respective free ion is
observed. At lower temperatures Pauli paramagnetism occurs. These peculiar
properties at low temperatures arise from a scattering resonance which is much
sharper than for the group IV compounds, so the values of y and X0 are further
enhanced. These compounds have a TK of the order of 1OK, typical values for y
and X0 are y=1600mJ mof] K"2 and Xo = 4.5 x 10 "7 m3 molfor CeAl3
(Andres et al. 1975).

A boundary exists between the normal high temperature region and the
extra-ordinary low temperature region where Pauli paramagnetism occurs. This
boundary is called the characteristic temperature Tchar (Tchar= TK but smaller).
Below this temperature the system loses energy by screening the magnetic
moment associated with the 4f electrons. Below Tchar, 4f electrons start to
become part of the Fermi surface and this implies that the 4f electrons are not

perfectly localised.

The unusual properties ofKondo compounds have attracted a lot of
interest, with theoretical developments reviewed by Andrei et al. (1983), Lee et
al. (1986), Schlottmann (1989), Bickers et al. (1987) and with experimental
efforts reviewed by Brandt and Moshchalkov (1984), Ott (1987), Grewe and
Steglich (1991), Baurer (1992) and Thompson and Lawrence (1994).
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1.2 Dilute Kondo systems.

The study ofmagnetic impurities in non-magnetic metals began in the
1930s when a low temperature resistance minimum was found in "normal
metals" which were thought to be very pure, with the minimum occurring at a

temperature T=Tmin.
With these "normal metals", e.g. Fig. 1.2, as the temperature decreased

the resistivity increased for temperatures T<Tmjn. The resistance p was found, to
have a In T dependence. This was totally unexpected since in this temperature
region normal metallic behaviour, would be expected, i.e. the resistivity p should
have had the form p(T) = p0 +bTs, as shown in Fig. 1.1. It was then realised,
after chemical analysis of the samples, that the minimum in the resistance was
caused by 3d magnetic impurities in the non-magnetic metal. Systems with small
amounts ofmagnetic impurities dissolved in a non-magnetic host, are called
dilute Kondo systems. Typical systems in which 3d impurities show this effect
are Fe in Au and Cr in Cu. For 3d magnetic impurities, a few parts per million
distributed in the non-magnetic base is sufficient to allow the Kondo effect to
appear.

o

*

s
o
o\ ■

cs

p
Q_

Temperature (K)

Fig. 1.1 : Resistivity ofpotassium showing at low temperatures the p(T)~T5
going down to a residual resistance p0 (Kittel).

0 5 10 15 20
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Kondo (1964) was the first person to put forward a theory of how and
why the logarithmic p(T) occurred.

Kondo showed that if the transition probability within the theory of
resistivity is treated with an exchange Hamiltonian of the form :

H=-23s.S (2)

(where 3 is the exchange constant, s is the spin of conduction electron and S is
the spin of the magnetic impurity), then in a third order perturbation calculation
of the transition probability, a temperature dependent spin disorder resistivity

pmag is obtained.
The resistance p can be written as

P(T)=Po+Pphon+Pmag (3)

with p0 the residual resistivity caused by the interaction of the conduction
electrons with lattice imperfections or impurities, pphon is the resistivity due to the
scattering process of electrons with the lattice vibrations (which goes as p(T)~T5
at low temperatures and p(T)~T at high temperatures) and pmag the scattering due
to the magnetic ion.

As temperature decreases there is a logarithmic increase (which is a

characteristic of anti-ferromagnetic coupling) in the pmag contribution. Thus the
minimum in the resistivity derives from an interplay between the monotonically
decreasing phonon resistivity pphon and the logarithmic increase in the spin
dependant contribution pmag. An example of the temperature dependence of a
Kondo material can be seen in Fig. 1.2.

9



0
1 10 100 1000

Temperature (K)

Fig. 1.2 : Temperature dependence of the resistivity p(T) of
CexLaj.xCu2Si2 alloys. The crossover from the isolated Kondo impurity
regime to a condensed Kondo system can be seen as the appearance of the
low temperature maximum on the p(T) curves. The insert showing the
dependence of the Kondo temperature with concentration x (Aliev et al.
1984).
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The Kondo effect as it is now more formally known can be envisaged as

Fig. 1.3, 1.4, 1.5:
When the temperature T»TK then the magnetic moment behaves as if it

is a free moment, and when T«TK then a singlet formation takes place. This is
due to the interaction of the conduction electrons with the almost localised

magnetic moment, that can be either 3d or 4f impurities. This type of interaction
does not involve a phase change but a steady increase of the conduction-electron
spin flip scattering by the localised moments as the temperature decreases. At
temperatures T»TK, the conduction electrons are able to move freely in the
compound, as if they were free electrons, (as shown in Fig. 1.3). As the
temperature decreases, the conduction electrons start to become
antiferromagnetically coupled to the magnetic moment and the magnetic moment
becomes partially screened, as in Fig. 1.4. The coupling steadily increases with
decreasing temperature, until at a temperature when T«TK the magnetic nature
of the ion has apparently disappeared as shown in Fig. 1.5, with the magnetic
moment screened by the surrounding electrons. The Kondo screening is not a
steady state situation, with the conduction electrons immobile in the vicinity of
the local magnetic moment but a dynamic situation with the conduction electrons
moving about, when T«TK the time average about the magnetic moment is zero.

Thus the Kondo temperature TK may be defined as the temperature that
separates the nearly-ffee-moment regime (T»TK) from the regime where, owing
to the interaction of the conduction electrons with the localised magnetic
moments, a singlet formation takes place and quasi-particles with large effective
masses form (T<TK). This definition of the Kondo temperature is used for both
the dilute and concentrated Kondo systems.

11



Fig. 1.3 : When T»TK then the conduction electrons are not coupled to
the local magnetic moment (arrows denote that the electrons have a

thermal energy).

Fig. 1.4 : At T=Tk the electrons start to become antiferromagnetically
coupled to the magnetic moment.

Fig. 1.5 : When T«TK then the magnetic moment is screened out.
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The perturbation theory used by Kondo is divergent as T=>TK and can not
be used to find the p(T) dependence in this regime. This divergence is due to the
formation of a narrow (~kBTK) many body resonance near the Fermi level Ep at
low temperatures T<TK (Abrikosov 1965a, b and Suhl 1965). This occurs in the
temperature domain where there is a crossover from the perturbative conduction-
electron interaction with the local magnetic moment (T»TK) to the strong
interaction and the formation of a quasi-bound state (T<TK ). Further theoretical
work by Anderson (1961), Coqublin-Schreiffer (1969), Nozieres (1974), Wilson
(1975) and Andrei (1980) can describe a dilute Kondo system from T«TK to

T»Tk.

1.3 Concentrated Kondo systems.

1.3.1 ASR Formation

The resonance in the electron scattering by the magnetic impurities leads
to a very narrow («kBTK) peak in the density of states g(E) at E=EP The g(E)
peak is called Abrikosov-Suhl resonance (ASR). For an isolated impurity the
amplitude of the ASR is equal to g](Ep) = (n A)-1, where A is the width of the 3d
or 4f level due to the hybridisation V, while the width of the ASR is determined
by the Kondo temperature TK as shown in Fig. 1.6. As the temperature is
increased this leads to suppression of the ASR (shown in Fig 1.7), thus in a

Kondo system, a variation in temperature induces a drastic change of the density
of states in vicinity of the Fermi level.

13



J4f

Fig 1.6 : Density of states peaks for a Kondo impurity in the non¬

magnetic state at T« TK (Lacroix 1982).

Fig. 1.7 : Variation of the density of states at E=Ep with temperature
where W is the width of the s-d conduction band (Lacroix 1982).

It is possible to enhance the ASR amplitude by increasing the number of
magnetic impurities Nj distributed in the non-magnetic base metal. If the
concentration of impurities is high enough then

14



gN,(EF)~-i^r»^~8o(EF)kBTK A
(4)

where NA is Avogadro number.
Under these conditions the low temperature density of states in metals

with Nj ~0.1-1Na mob1 might exceed the normal value go(EF) by several orders
ofmagnitude e.g. ~W/kBTK~102-103 where W is the width of the s-d conduction
band. These type of systems are called concentrated Kondo systems.

For 3d impurities, since the intersite interactions between the magnetic
impurities is strong, magnetic interaction or ordering will occur and equation (4)
can not be satisfied. For dilute Kondo systems with 3d impurities, concentrations
of 0.01-0.1% are sufficient for 3d interaction or ordering to occur.

The Kondo effect also occurs for 4f and 5f impurities. In this case the
wave functions are more localised than in the 3d systems, so the intersite
interactions may be regarded as negligible. This means of course that for the 4f
and 5fmetals, a high concentration of impurities can be distributed in the non¬

magnetic base metal, without violating the necessary conditions required for the
Kondo effect to appear. The ASR amplitude for high concentrations of4f or 5f
impurities can enhance gN. (EF) about 102-103 times the value go(EF) for a
normal metal.

The theory of concentrated Kondo systems contains a temperature Tchar,
(which is very model dependent), but can be close to TK for the corresponding
dilute Kondo system. At high temperatures (when T>Tchar, TK) dilute systems and
the concentrated systems behave similarly, with the theoretical models developed
for the dilute Kondo systems applicable to the Kondo lattice systems (an
explanation and definition ofKondo lattice systems is given in the next section,
1.3.2). At low temperatures below the characteristic temperature Tchar there are

marked differences between the dilute Kondo system and the concentrated Kondo
system which are discussed in section 1.6 on physical properties.
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1.3.2 Kondo lattice systems

There exists a special sub-group of the concentrated Kondo systems,
where the magnetic impurities are arranged into a regular sub-lattice, such
systems are called Kondo lattices. Due to the periodicity of the lattice system, as
the temperature decreases to a temperature Tcoh, coherence starts to form between
the sites causing the ASR peak to become much sharper. At low temperatures

T«Tk, coherence has fully developed and a band of quasi-particles, exhibiting
large effective masses, causes a pseudo-gap to form near the Fermi energy. In this
temperature regime T«TK the behaviour of the quasi-particles can be described
by Landau's Fermi liquid model (Nozieres 1974).

There are two different theories, see Fig. 1.8, detailing how the coherence
occurs in Kondo lattice system, these are :

(1) "single site treatment" by Yoshimori and Kasai (1983). In the
"single site treatment" the moments are treated on each site as independent
with coherence only setting in between the sites below T= TK.

(2) "coherent lattice treatment" by Kaga and Kubo (1987) and Kaga
et al. (1988). In this model, as a consequence of correlation's between the lattice
sites coherence sets in well above TK. At a temperature Tcoh « 0.1 TK coherence
has fully developed between the individual Kondo sites.

At present, for the concentrated Kondo systems, no complete theory has
been developed. With only the temperature region T»TK explained, by
extending the use of the dilute system theories, it is possible to derive the correct
order ofmagnitude of TK for the concentrated Kondo systems.
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Fig. 1.8: The density of state of the localised f electron g^co) calculated, (a) for a
dilute Kondo system, (b) For a Kondo lattice single site treatment and (c) for a
Kondo lattice with the coherent-lattice theory (Kaga and Kubo 1987).
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1.4 Crystal Fields

Crystal-fields primarily affect the uncompensated moments of the 4f shell
rare earth impurities such as Ce and Yb, as shown in Fig. 1.9. They are generated
by the ions surrounding the Ce or Yb ion in the crystal, causing the degenerate
energy levels to split when in a crystal field of a given symmetry. The crystal
fields causes thermal population of different crystal-levels with increasing
temperature, and thus alters most of the physical properties including the Kondo
effect.

Consider for example, the case of electrical resistivity and the effect the
crystal field environment has on p(T) and the Kondo temperature TK. As
mentioned later on in section 1.6.1, Cornut and Coqblin (1972) calculated p(T)
for a 4fmagnetic impurity dissolved in a non-magnetic matrix, when the
degeneracy of the 4f state is lifted by crystal fields. The crystal-field splitting
causes the Kondo temperature to depend on the occupation of the various crystal-
field levels, with each level visible as a -In T variation in p(T). To see this
behaviour the crystal field levels must be well separated. The Kondo effect in
each level gives rise to the definition of the respective Kondo temperature tkw

kBT^n) = DWexp
'

u2(2j + l)C
m-i) N(EF)^n (5)

With D<7) an effective cut off point, u is a direct scattering constant, Xn the
effective degeneracy of the occupied level, J a constant and n denoting the
highest level occupied.

At low temperatures A.n= 2 for a doublet ground state, A,n=4 for a quartet
ground state and at temperatures greater than the uppermost crystal field
level Xn= 2j +1. If only the ground state is populated, then the Kondo
temperature TK<T corresponds to the well-known Kondo temperature TK.
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Fig. 1.9 : Shown is the crystal level scheme of Ce3"1" in CeCu2Si2 (Horn et al.
1981).

1.5 RKKY Interaction.

For simplicity's sake up to now I have only referred to the
antiferromagnetic coupling between the conduction electrons and the local
magnetic moment. There exists another coupling mechanism between the local
moments, which coexists with the Kondo coupling called the RKKY interaction.
The competition between the RKKY and the Kondo interactions has important
implications which will be discussed later on, but for now an explanation of the
RKKY interaction and its mode ofpropagation is required.

The RKKY interaction is an indirect exchange interaction and is found to
be a source ofmagnetic interaction between the magnetic ions. In the f-shell
elements its found to be stronger than the direct interaction since the f-shells
generally overlap very little.

The indirect exchange works in the following manner; the magnetic
moment causes a spin density polarisation of the conduction electron gas which
then causes the magnetic ordering of neighbouring ions, via the polarised
conduction electrons.

The precise form of the coupling, the magnitude of the induced moment
on the second ion and whether its moment is ferromagnetically or
antiferromagnetically coupled was initially worked out by Ruderman and Kittel
(1954) with further calculations (on a theoretical model used for the single
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impurity case called the s-d model) carried out by Yosida(1957) and Kasuya
(1956). The combined work is called the RKKY model.

An overall oscillatory distribution of the spin density in the region of the
local moment is obtained. With a second atom located at an arbitrary distance
from the first atom coupling ferromagnetically or antiferromagnetically
depending whether it is in the positive or negative part of the polarisation wave

from the first atom. This is shown in Fig. 1.10.
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Fig. 1.10 : Magnetisation of a free electron gas in the neighbourhood of a
point magnetic moment at the origin r = 0, according to the RKKY
theory. Where the horizontal axis is 2kFr, where kF is the wave vector on
the Fermi sphere (Kittel).
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1.6 Physical Properties

This section is devoted to detailing more explicitly, the differences
between dilute Kondo systems and Kondo lattice systems, and the resulting effect
the Kondo interaction has on the physical properties. Transport properties such as

electrical resistance, magnetoresistance and thermopower are described in
sections 1.6.1, 1.6.2 and 1.6.3 respectively, while the thermodynamic properties,
susceptibility, specific heat and thermal expansion are detailed in sections 1.6.4,
1.6.5 and 1.6.6 respectively.

1.6.1 Electrical Resistance

As mentioned in section 1.2, Kondo (1964) calculated a temperature-

dependent resistivity for a dilute impurity that could be written in the form

vmag Pb 1 —23N(EF)ln'2yV
V J

(6)

with (2y/n = 1.13) and pB the temperature independent spin-disorder resistance.
Equation (6) describes the logarithmic behaviour in the low temperature regime.
As mentioned in 1.2 this equation starts to break down and becomes divergent
around T= TK. Abrikosov (1965) improved Kondo's equation by considering
higher terms of 3 (which is the coupling constant between the local magnetic
moment and the conduction electron). Summing up the leading logarithmic terms
gives

Pmag Pb
^ + ^2y/ ! keT)j2 (7)

where D is a constant. Below the characteristic temperature

2y
kbtk = DexP

7C

'
1 ^

v "|3|N(Ef)_ (8)

the coupling between the conducting electrons and the localised moments
becomes so strong that standard perturbation theory can not be used.
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Nagaoka (1965) and Suhl (1965) found solutions which predicted
logarithmic behaviour for resistance and susceptibility at both high and low
temperatures, with resistivity written as

mag
= Pi\ , ln(TK/T)

[in2 (Tk/T) + 7i2S(S +1)]1/2
(9)

with p; = mc/ne2 7iN(EF) and i the impurity concentration, m is the mass of the
electron, n the number of electrons and e the electron charge.
Equation (9) agrees with experiments within the range T»TK to TsTk, but the
agreement breaks down with decreasing temperature, since the calculated
resistance for T< Tk is logarithmic whereas a simple power law is observed
experimentally. In the low temperature region (T«TK) the strong coupling leads to
properties drastically different from those observed above and around TK.

As elaborated in section 1.4, in 4f systems i.e. with Ce or Yb compounds,
the crystal field effects can not be neglected as for 3d compounds. The thermal
population of different crystal field levels with increasing temperature alters the
physical properties observed and modifies the Kondo effect.

The temperature dependence of the resistivity of a Kondo lattice has been
calculated in a variety ofmethods : with Cox and Grewe (1988) using a large N
approximation, a phenomenological approach by Miyake et al. (1989) and a

"single site" approximation used by Yoshimori and Kasai (1983). A solution by
Coleman (1987) with a p(T) dependence accounts well for the experimental data.
At very low temperatures, a T2 dependence is observed with p(T)/T ccy2 (with y

the Sommerfeld constant). At roughly T= 2TK, p(T) reaches a peak with
increasing temperature, which is followed by a slow drop with a logarithmic
dependence on temperature.

The result of a calculation by Cox and Grewe (1988) can be seen in Fig.
1.11. At a temperature slightly below the characteristic temperature for a lattice
system T0, the resistivity p(T) shows a maximum, followed by a decrease with
decreasing temperature. At low temperatures (T«TK) the resistivity goes as T2
indicating strong electron-electron interaction. The maximum separates the
incoherent Kondo scattering regime when T>T0, from the low temperature region
when coherent scattering is observed.

All the above models for a lattice system neglect the intersite interaction
which is present in real 4f compounds.
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An approach by Lassailly et al. (1985) accounted for these interactions.
The effect of ordering or the application of a external magnetic field, splits the
different multiplets caused by the crystal field, in accordance with Hund's Rule.
So the occupation number of each level, as well as the direct scattering process

determine the electrical resistivity. Both of these effects should be visible in the
resistivity.

If the parameters are choosen for CeAl2 the theoretical model and the
experimental data agree as shown in Fig. 1.12. As the external field is increased
the resistance is lowered and the characteristic minimum vanishes at a certain

field strength.

Fig. 1.11 : Temperature dependence of the resistivity of a single-impurity
Kondo system and of a Kondo lattice, p,(0) is the zero temperature
resistivity per ion in the dilute limit (Cox and Grewe 1988).
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Fig. 1.12 : The theoretical behaviour of the magnetic resistivity with the
crystal field, Neel temperature and ground-state choosen for CeAl2, with
the insert showing the experimental data for CeAl2 (Lassailly et al. 1985).
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1.6.2 Magnetoresistance

The change in the resistance parallel or perpendicular to an applied field
is known as magnetoresistance and is usually expressed as [p(B)-p(0)]/p(0). With
p(B) and p(0) the field and zero field resistance respectively.

Since an applied field alters the fine details of the density of state (DOS),
the behaviour of p(B)/T for Kondo materials below and above TK changes.

The magnetoresistance can be calculated by taking into account the phase
shift and using Friedel's sum rule (1956), which relates the scattering phase shift
5m of an electron to the occupation number of the corresponding level nm i.e.
5m = re nm. At T=0 the magnetoresistance is given by (Schlottmann 1987)

where n, are the occupation numbers of the 2j+l Zeeman levels generated by the
magnetic field. A calculation of the magnetoresistance requires the occupation of
the Zeeman levels as a function of field, with n, constrained by the condition

For the j=l/2 case (Kondo problem) the magnetisation with equation (11)
determines p(B)/p(0). This has been derived by Andrei (1982). For j>3/2, the
populations of the 2j+l Zeeman levels has been determined by Schlottmann
(1983). It appears that p(B)/p(0) against ln(B/B*), (with B the magnetic field and
B* a characteristic field which is closely related to the Kondo temperature TK) has
a universal behaviour dominated by one energy scale.

Kawakami and Okiji (1986) using Yamada's (1975) low temperature

approximation, calculate p(B)/p(0). They obtained negative values of
Ap / p(= [p(B) - p(0)] / p(0)) at all fields and temperatures below T«2TK. At that
temperature p(B) becomes equal to p(0).

Kawakami and Okiji (1986) also calculated, the magnetoresistance for a
Kondo lattice, neglecting the intersite interaction. Their calculations gave a field
dependent minima in Ap/p against T, below the temperature where the minimum
in resistivity appears i.e. Tmin « TK. Experimentally besides a minima, a small
positive maxima is observed in Ap/p against T at low temperatures in periodic

(10)

27+1
Z ni = l (11)
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compounds such as CeAl3 and CeCu2Si2 (Rauchschwalbe et al. 1987). This is
thought to be due to a gap structure of the Kondo Resonance at the Fermi level.

1.6.3 Thermopower

Transport properties such as resistivity, thermal conductivity and
thermopower (which is a temperature induced voltage) can be described by a

linear Boltzmann equation. The integral's Kj and K0 in equation (12) have been
calculated by Blatt et al. (1976) with the thermopower given in equation (13)

xk is the relaxation time due to the scattering processes of conduction electrons
with the local magnetic moments, sk is the energy due to a wave vector k and
Sfk / <9sk is a function depending on sk.

The importance of the energy dependence at the Fermi level makes the
thermopower very sensitive to Kondo and crystal-fields effects.

s = ~Rf[Kl/K°] (12)

(13)
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Fig. 1.13 : Temperature-dependence of the thermopower S calculated for
a simple dilute Kondo system and for a Kondo lattice. For comparison
with experimental values since 0.2kB/e=17 pV K"1, then theoretically a

lattice system peaks at 103 pV K_1. Typical experimental values for S(T)
are 55pV K"> for the peak value ofCeAl3, a non-magnetic Kondo material
and 2pV K_1 for LaAl3 a normal metal (Cox and Grewe 1988).

The temperature dependence of the thermopower S(T) of a single
impurity Kondo system, is characterised by a maximum with large magnitude
centered around the characteristic temperature T0, which is close to the Kondo
temperature TK.

To account for the crystal-field splitting as seen in real systems,
Bhattacharjee and Coqblin (1976) have developed a model for S(T) which is
similar to that for resistance. Using the relaxation time as obtained for electrical
resistance, equation (14) is obtained.

1 1 +°0 Q
s-—

eT a(2)2»Rk V

ds.

with

a<2> = J
+°o ]

—oo Ri,
.J^k

v 5sky
ds.

(14)

(15)
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Rk and Sk, are second and third-order terms in the relaxation time respectively.
The temperature dependence of S is then calculated as for electrical resistivity.

As for p(T), S(T) depends on the level of splitting, on the degeneracy of
the level, on the direct scattering constant o and on the effective exchange
coupling constant 3.

The theoretical model accounts quite well for observed experimental S(T)
data for dilute Kondo compounds, with the large experimental values of S(T)
explained. An interesting feature ofBhattacharjee and Coqblin model, is an

occurrence of an extremum (a positive or negative peak in S(T)) which is
observed experimentally.

For a Kondo lattice system, the scattering changes as the system goes

from a high temperature regime (T »TK) (which is understood as a collection of
incoherent Kondo scatters) to a low temperature regime (T«TK) (when the
scattering from the Kondo compound tends to zero). To explain the thermopower
behaviour of S(T) of a Kondo lattice, this scattering mechanism needs to be taken
into account. Using the Anderson-lattice model (1961), Cox and Grewe (1988)
calculated that for a lattice system S(T) is positive and similar to the dilute case,

as shown in Fig. 1.13. Typical experimental values for S(T), are 55pV K"1 for the
peak value ofCeAl3, a non-magnetic Kondo material, this compares with a value
of2pV K-'for LaAl3 a normal metal (Van Aken et al. 1974).

1.6.4 Magnetic Susceptibility

The magnetisationM of4f impurities in a static homogeneous magnetic
field is given by :

m(T) = _SMI) (16)
5H

with F4f the Helmholz free energy of the 4felectrons. The magnetic susceptibility
X is then found from

X(T) =M(T)/H.
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As with the specific heat, the magnetic susceptibility x was first
calculated for the dilute Kondo system. Wilson (1975) presented his famous
result on the magnetic susceptibility, where he showed that the Kondo effect
results from a cross-over from T»TK when the Ce moments are in a nearly free
regime, to the bound state when T«TK when the moment is fully quenched.

Rajan (1983) calculated the magnetic susceptibility x for arbitrary
moments j = ]/2,.../• which agreed with the renormalisation group technique
developed by Wilson.

At zero temperature the magnetic susceptibility is found experimentally to
have the form

N(N2 -l)(gipB)2
x(°)= ,, rzi (17)247tkBT0

with gj the Lande splitting factor, N the degeneracy, N=2j+1, and T0 the
characteristic temperature related to the Kondo temperature TK through the
Wilson numberWj (Wj = TK/T0, for j=1/2, Wj = 1.2902 (Andrei and Lowenstein
1981)).

At zero temperature % scales with the degeneracy N(N2-1) and is
temperature independent, i.e. a Pauli-like susceptibility, reflecting the large
hybridised density of state and the fully shielded magnetic ion. At higher
temperatures T»TK the susceptibility demonstrates Curie-Weiss behaviour since
the moment is in the nearly free regime. For j>l thenx(T) shows a maximum
below T0 which increases in amplitude with j. Okiji and Kawakami (1986)
considered a cubic field environment on a Ce atom with their work showing that
the effective Kondo temperature is decreased in the presence of a crystal field.

Bickers et al. (1985b, 1987) have calculate % for a concentrated Kondo
system. Again at high temperatures Curie-Weiss behaviour is seen, but as T<T0,
the susceptibility crosses into the Pauli-like region. At low temperatures T«T0,
then the effective moment p^ff (T) = 3Tx(T)is quenched. As with the dilute
solution, x has a maximum at T« 0.5T0, but this is less pronounced than in the
single impurity case.
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1.6.5 Specific Heat

One of the most important quantities used to identify the presence of large
effective electron masses is the electronic contribution to the specific heat.

The specific heat anomaly due to the Kondo effect can be considered to
derive from the thermal population of a triplet state, which consists of conduction
and localised electrons, separated from the singlet ground-state by an energy gap

of size kBTK.
The specific heat can be calculated from the free energy of a system, and,

since the impurity contribution is of interest, then only the free energy term
associated with the 4f electrons is required for c4f.

c4f (T) = c(T) - cband(T)
= -T^-[F(T)-Fb„d(T)] (18)
= T^{ Tln[Z„(T)]}

Where c and cband are the specific heats of the interacting system and the non-
interacting conduction band respectively, and F and Fband are the Helmholtz free
energy of the interacting system and the Helmholtz free energy of the non-
interacting conduction band respectively.

The free energy of the 4f electrons F4f is calculated from the partition
function Z4f, so from thermodynamics:

F4f(T) = -kBTln[Z4f(T)] (19)

with the partition function written as (Zwicknagl et al. 1990)

+oo +oo

Z4f=Z j dco pem(co)exp(-0co)+ J dco pftlll(co)exp(-0co) (20)
m —oo —oo

The functions pem and pblll can be regarded as effective density of states,
or distribution functions for the empty and occupied 4f electron states. In the
presence ofhybridisation the localised and the conducting electrons mix, so the
functions pem and p&11 become temperature dependent (Bickers et al. 1987). In
the absence ofhybridisation the functions, pem and pfull become delta functions.
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Since different theoretical models have different ways of describing the
partition function, there are various predictions for the form of the heat capacity.

Oliveir and Wilkins (1981) have made a renormalisation group

calculation of the impurity specific heat over a large temperature range and their
calculations show that the specific heat has a universal function form, scaled by
Tk. The specific heat in this model has a maximum at 0.67TK with a value of
1.5 J mol K_1. The calculated entropy is consistent with the calculated value of
Rln2. With the low temperature approximation :

CjmpurityCT -> 0)
= _ 2it2 r 0.103 ^ 0.68R

T Y 3 Tk ~ Tk

For the s=1/2 case, the exact solution of the temperature dependence of the
specific heat has been calculated (Desgranges and Schotte 1982). This model is
characterised by a peak at 0.45TK with a height of 1.48 J mol_1 K"1 and the low
temperature heat capacity behaves as :

^impurity0^ ^ _ R^ (22)
T ~ 3\

The entropy at high temperatures tends to Rln2 (=5.76 J mol_1 K_1) and at T= TK
the entropy amounts to 3.75 J mol -1 K_1.

The specific heat calculated for higher values of total spin j = by
Raj an (1983), with the low temperature approximation scaling with the
degeneracy N:

Cimpurity(T °) _ _ (N-l)7tR
T Y 6T0

with N=2j+1 and T0 the characteristic temperature.

As for other physical properties the specific heat is affected by crystal
fields, which can considerably enhance the expected values for c and y. At finite
temperatures, when the crystal field effects become important (Desgranges and
Rasul 1985, 1987), two separate peaks appear due to the Kondo contribution and
the Schottky anomaly.
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Again for the heat capacity, there are marked differences between y(T) for
a dilute system and a lattice system.

Kaga and Kubo (1988) calculated y(T) for a lattice system. In Fig. 1.14,
y(T) for the lattice system increases, with y(T) as T=>0 tending to y = 0.68R/TK.
For the lattice system y(T) has a maximum around 0.1TK. The ymax value is
approximately equal to the value for the dilute system at T=0 i.e.
7^(0) = T™"-
The appearance of the peak in y(T) for a lattice system, comes from the stability
of the coherent state and the formation of an energy gap at the Fermi surface at a

temperature Tcoh « T™.

0 1 2 3 4 5

Temperature (K)

Fig. 1.14 : Temperature dependence of y for a Kondo lattice with various
Kondo temperatures TK and a hybridisation strength T (=1/20ti) (Kaga
and Kubo 1988).
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1.6.6 Thermal Expansion

The origins of thermal expansion and the Griineisen factor are discussed
in section 1.6.6.1, with the relationship between the heat capacity and thermal
expansion for a Kondo material derived using thermodynamics, in section
1.6.6.2. The role of thermal expansion in magnetism is briefly discussed in
1.6.6.3, with section 1.6.6.4 briefly describing the form of cmag when a system is
in an ordered magnetic state. Finally a more detailed explanation of Schottky
anomalies and their affects, is given in section 1.6.6.5.

1.6.6.1 Thermal Expansion and the Gruneisen Factor

This section explains the origins of thermal expansion and how it relates
to the Gruneisen factor.

There are many important physical phenomena that can not be explained
by the simple harmonic description of a crystal, thermal expansion is one of
them. This is because thermal expansion arises from the neglect of third and forth
order terms of the potential energy about the equilibrium point.

There are several methods of deriving anharmonic effects, but Gruneisen
(1908) was the first. In his work Gruneisen derived equation (24)

= d(logf) ^ PeVmolBTre
d(logV) ce

Where f the frequency of the oscillators, Pe the electronic contribution to the
volume thermal expansion, BT the isothermal bulk modulus, ce the electronic
contribution to specific heat, V the volume and Vmol the molar volume.

Equation (24) describes how the heat capacity and thermal expansion scale with a

characteristic frequency i.e. the parameter ye called the Gruneisen factor. In a

Debye model for example the thermal expansion scale with the Debye
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temperature or for a Kondo system the material will scale with its characteristic
temperature, the Kondo temperature TK (this is derived in section 1.6.6.2).

1.6.6.2 The Griineisen Factor and the Kondo Interaction

From thermodynamics:

d In V

. dT .

(25)

where (3 is the volume coefficient of thermal expansion at constant pressure P.
Equation (25) can be more conveniently written in terms of the Helmholz free
energy F. i.e.

P = -
BT

d2F
avaT

(26)

with Bt the isothermal bulk modulus.
As for specific heat capacity, the Helmholtz free energy may be expressed

as a sum of terms due to the different components of the system e.g. lattice and
electronic contributions.

When a system undergoes a thermodynamic transformation due to a co¬

operative interaction between electrons, magnetic spins etc., a change of order
and hence entropy should be observed. Separating F into,

F=F0(T,V)+Fe(T,V) (27)

where F0 and Fe are the background and electronic contributions to the free
energy respectively. The electronic contribution Fe can be written as

Fe (T,V) - -NkB T0 -NkBT f (T/T0)). (28)

where N is the degeneracy of the ground state, if Fe is assumed to obey Takke's et
al. (1991) scaling law. Equation (28) means that all physical properties,
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susceptibility resistance p and Sommerfeld coefficient y are described by a

single energy scale T0, which is the only volume dependent parameter i.e.
Fe oc f (TV Tk(V) ). This is valid for the Kondo problem, with the characteristic
temperature T0 the Kondo temperature. Using equation (28) the relationship

p = YeCe (29)
VmolBT

is obtained. With pe the electronic contribution to the volume thermal expansion,
VmoI the molar volume, ce the electronic contribution to specific heat with ye, the
electronic Gruneisen parameter defined as ye =-d InT<Jd InV. Equation (29) is
identical to the one first derived by Griineisen shown in equation (24) but now
the Gruneisen factor scales with the Kondo temperature.

As a consequence ofEquation (29), if both the thermal expansion and the
heat capacity are measured for a material its Gruneisen factor can be calculated
and its position on the Doniach curve, shown in Fig. 1.17, can be estimated.

Since the thermal expansion and specific heat capacity are intimately
related through equation (29), all the theoretical models for dilute, concentrated
and lattices Kondo systems detailed in section 1.6.5 equally apply well.

1.6.6.3 Thermal Expansion and Magnetism

This subsection 1.6.6.3, is a brief discussion of the role of thermal

expansion measurements in magnetism.
When the thermal expansion of a magnetic material is measured, the

following effects might be observed:

1) Magnetic ordering of the material at the Curie or Neel temperature.

2) The effect of crystal fields on the magnetic moment ( with the thermal
expansion varying according to the Schottky effect, as explained in
section 1.6.6.5).
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For Kondo compounds the thermal expansion effects observed are

slightly more complicated. If a Kondo material magnetically orders then a first or
second order phase change due to ordering will be seen at its Curie or Neel
temperature. The Kondo interaction is also observable in each crystal field level
(i.e. the thermal expansion will not vary according to the Schottky equation in
1.6.6.5), with the modification of the crystal field effect also applying to
nonmagnetic Kondo compounds.

For a Kondo lattice material as mentioned in section 1.6.5 an additional

effect due to the periodicity of the lattice system is seen. At very low
temperatures at about 1/10 of TK at the Tcoh, the formation of coherence between
the Kondo impurities may be seen, this can be seen in Fig. 1.15 for CeCug.

The heavy fermion compound CeCug as mentioned on page 1 in the
general introduction, does not order down to the lowest temperatures. However
the thermal expansion of CeCu6 in the low temperature regime measured by
Holtmeier et al. (private communication) in Fig 1.15, shows a pronounced
maximum around 2K, due to coherence starting to develop between individual
Kondo sites.
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Fig. 1.15 : Thermal expansion ofCeCu6 Holtmeier et al. (private
communication).
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1.6.6.4 Spin Waves

The ground-state of a magnetically ordered material at T=0K is a system
in which all the atomic spins have a constant spin component in one direction. If
a system is excited thermally, or otherwise, low lying excited states are those for
which the spin deviations travel through the solid as a spin-wave.

Spin wave effects are evident in the temperature dependence of the heat
capacity cmag. In the magnetically ordered state the relations in Table 1.1 are
predicted Cooper (1962) at low temperatures.

(simple ferromagnetic spin wave theory)

(antiferromagnet at low temperatures
with linear magnon dispersion relation)

(ferromagnet with an energy gap AE)

(antiferromagnetic spiral structure with
an energy gap AE)

Table 1.1: Temperature dependence of the heat capacity cmag in the magnetic
ordered state.

1.6.6.5 Schottky Anomalies

If two single particles states with spacing AE level exist in a solid, then
there will be a contribution to the heat-capacity cschottky when AE ~kBT, as shown
in Fig. 1.16. The equation for the heat-capacity csdl0ttky is given by

c <x
mag

T3/2

c ocT3
mag

c„,sccT*2exp(-AE/kT)

Cmag °cT3exp(-AE/kT)
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with N the number ofparticles and 0=l/kBT. The contribution to the heat-
capacity cschottky due to AE, rises exponentially when kBT« AE and falls as T~2 for
kBT > AE.
A peak of this type is called a Schottky anomaly, with the peak much broader
than that of an order-disorder transition because the Schottky effect arises from
each particle acting independently, whereas for a order-disorder transition all the
particles act co-operatively.

Fig. 1.16 : Theoretical curve of Schottky heat capacity cschottky, for a two
level system of energy splitting AE and equal degeneracy (Barron et al.
1980).
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1.7 Pressure

This section follows the theoretical discussion of section 1.5 on the

RKKY interaction, describing the effect of applied pressure on magnetic
materials.

The strength and type of the interaction can change with the application of
pressure to a compound. This is due to two competing interactions the RKKY
and the Kondo interaction.

The most sensitive compounds are those containing Ce, Yb or U
impurities (which usually contain 1 electron in the 4f shell for Ce, 13 for Yb and
1 electron in the 5f shell for U), these elements, have their 4f (or 5f in the case of
U) energy level very close to the Fermi energy. This means these materials are

the most susceptible to the application ofpressure. Their unstable ground states
are due to the competing RKKY and Kondo interaction, with the RKKY
interaction tending to order the localised fmoments, and the Kondo screening
tending to wash them out. The ground-state of the alloy is observable via its
physical properties, such as the change of the Curie (or Neel) temperature, or via
the changes of its magnetic moment. The exchange parameter 3 is related to the
Kondo temperature TK and RKKY temperature TRKKY by

where W is the bandwidth of the s-d conduction band, N(EF) is the density of
states of the conduction band at the Fermi energy Ep (as mentioned earlier E4fsEF
for the 4fmetals).

From these equations and the Doniach (1977) diagram, shown in Fig.
1.17, the relationship between the Kondo and the RKKY interaction can be seen.

With the intersection of the TK and the TRKKY giving the critical value 3C (which
is the boundary between a magnetic or a non-magnetic compound). Thus by
changing the exchange parameter 3 (or N(EF)), the RKKY interaction can

strengthen or the Kondo interaction can strengthen in the alloy. Either chemical

kBTKoc Wexp(-1/|3|N(EF)) (30)

Trkky(x)^2[N(EF)] (31)
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pressure or real pressure can cause an enhancement of the Kondo temperature in
some materials.

0

P|N(Ef)

Fig. 1.17 : Schematic representation of the effect of competing Kondo and
RKKY interactions, plotted as temperature verses the exchange parameter 3
times the conduction band density of state N. At small 3N, RKKY interaction
dominates and a normal, full-moment Neel state is expected below Tn; whereas
at large 3N the Kondo effect partially compensates local moments before they
order antiferromagnetically. At still larger 3N, the Kondo effect dominates
entirely, and there is no long range magnetic order and the ground state is that of
a strongly correlated Fermi liquid. With the application ofpressure Ce
compounds will move along the curve from left to right and Yb compounds will
move along the curve but from right to left (Cornelius et al. 1995).

With the application ofpressure to CeAg, the pressure causes
Ce+3 (4fr) to tend towards Ce+4 (4f°) i.e. the Kondo interaction is enhanced. So
the application ofpressure results in movement along the curve in Fig. 1.17 from
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left to right, with CeAg moving over the maximum going from a magnetic to a

non-magnetic state. The rare earth metal Yb has a much smaller atomic volume
due to strong localisation (Yb's 4f-radius 0.25A), compared to Ce's (Ce's 4f-
radius 0.37A) and should be a "mirror image" of Ce3*. With the application of
pressure the magnetisation of Yb2+(4f14) tends towardsYb3+(4f13) so that in
Fig. 1.17 it will move in the direction from right to left as indicated by the arrow.

However, because of the difference in volumes, Yb has a reduced hybridisation
with the itinerant electrons and thus large differences in the magnetic properties.
Klasse et al. (1981) has pointed out that compared to Ce3+ compounds, Yb3+
forms relatively few compounds which order magnetically above liquid helium
temperatures.

There now follows a discussion of chemical and hydrostatic pressure:

Chemical pressure is commonly used and applied by doping the
compound. For Ce compounds Si or Ge are usually substituted into the
compound, causing the lattice to expand or contract depending on the size of
substitutional impurity. This type ofpressure effects 3 through electronic
pressure but can cause undesirable changes to the density of states due to the
change of composition.

The application ofhydrostatic pressure to the material has the advantage
that it does not change the chemical composition of the sample and thus gives an

accurate indication of the changes of TN, Tc and TK with the volume.
Monachesi and Continenza (1993) analysed and compared the effects of

chemical and real pressure on Ce based compounds sensitive to pressure effects.
They concluded that the two types of pressure are different and that volume
reduction (i.e. applying real pressure) has a major role in the enhancement of the
Kondo effect and plays a minor role in the affecting the electronic states of the
system, whereas, chemical pressure mainly affects the electronic states of the
compounds.
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1.8 Magnetostriction Theory

In this section, magnetostriction is explained with the aid of simple
models.

When a material is exposed to a magnetic field its dimensions change.
This effect is known as magnetostriction, and was first discovered by Joule in
1842.

The fractional change in length when a magnetic field is applied, is
denoted by

X = AL/L (32)

Magnetostriction occurs in all substances, but even in highly magnetic
materials the size of the magnetostriction is usually very small, of the order of
10"5, so techniques that are sensitive to small length changes, such as strain
gauges and capacitance cell dilatometers are used. These will be described in
more detail in section 2.3.

For a paramagnetic material as typified by the upper row in Fig. 1.18, the
magnetic dipoles are randomly aligned. With the application of a field, partial
alignment of the moments occurs, the greater the applied field the more the
dipoles align. The reorientation of the dipoles causes the length of the
paramagnetic material to change, with the length change X proportional to H2.

Fig. 1.18 : Mechanism ofmagnetostriction (Cullity).
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For a ferromagnetic material the magnetostriction varies accordingly to
the size of the magnetisation of the material, with the mechanism of
magnetostriction for a ferromagnetic material shown in Fig. 1.18 and variation of
magnetostriction for a typical ferromagnetic material shown in Fig. 1.19.

If the black dots represent atomic nuclei, the arrows represent the
magnetic moment of the atoms, and the oval lines represent a region enclosing
the electrons belonging to and distributed about the nucleus. The upper row
represents the material in the paramagnetic state above Tc. If the spin-orbit
coupling is assumed to be very strong, then the effect of the spontaneous

magnetisation occurring below Tc, would be to rotate the spin and electrons in
one particular direction, determined by the crystal anisotropy. The nuclei would
be forced further apart and the spontaneous magnetostriction would be AL'/L'. If a
strong magnetic field is applied vertically, then the spins and electron clouds
rotated through 90° and the domains ofwhich these atoms are a part, would
magnetostrictively strain by an amountAL/L.

Xs i——~~~
/Tt

Fdrced Magnetostriction

Saturation

0.001 0.01 0.1 1 10

field (T)

Fig. 1.19 : Variation ofmagnetostriction X with field H of a material with
positive magnetostriction (Cullity).

Magnetic domains form below the Curie temperature. When a magnetic
field is applied and increased, then they are swept out. The length L rapidly
changes, until a point Xs the magnetic saturation is reached, as shown in Fig.
1.19, for a typical ferromagnetic material.

Once saturation has been reached i.e. when the sample has been
magnetised into a single domain in the direction of the applied field, the bottom
row ofFig. 1.18, then a further increase in the applied field causes a slow change
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of X with the applied field, this is called forced magnetostriction. This
phenomenon is caused by the increase in the ordering of individual atomic
magnetic moments within the single domain.

Between the demagnetised state and saturation the volume remains
constant to a first approximation. This means there will be a transverse

magnetostriction Xt nearly equal to one half of the longitudinal magnetostriction
and in the opposite direction.

There are differences between single-crystal and polycrystalline
magnetostrictive behaviour. For the idealised single crystal, the direction of the
resultant magnetisation is defined by the crystal axes, and so the material has
magnetocrystalline anisotropy. This then means, when the crystal has been
magnetised to saturation, the maximum change in its length may occur in a

different direction from that of the magnetisation due to its magnetocrystalline
anisotropy.

For the polycrystalline case, crystals ideally have a completely random
orientation, i.e. a polycrystalline material can be regarded as possessing a

magnetisation in the field direction average over all crystal orientations, but
anisotropy may exist due to sample shape, a preferred grain orientation (i.e.
magnetic texture) in the polycrystal.

A complete summary of the field ofmagnetostriction has been given by
Lee (1955), Birss (1959) and Carr (1959).
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CHAPTER 2 Research equipment
and Instrumentation

Introduction

This chapter describes the research equipment used in this thesis.
Sections 2.1 and 2.2 describe the cryostats used, with section 2.3 detailing the
mechanism of the capacitance bridge used for detecting the length change and
magnetostriction of the samples. The design of the capacitance cell probe, the
design and construction of the capacitance cell and the ac susceptometer are
described in sections 2.4, 2.5 and 2.6 respectively, with section 2.7 describing the
design of a Be-Cu pressure cell. The necessary calibrations, of the ac

susceptometer coils, the capacitance cell in a magnetic field, the thermal
calibration of the cell and calibration of the Rh-Fe thermometer in a magnetic
field are detailed in 2.8.1, 2.8.2, 2.8.3, 2.8.4 respectively. With the final
subsection in 2.8, 2.8.5, reporting instrument errors. The instrument controlling
software for the various experiments are detailed in section 2.9, with the final
section 2.10 devoted to necessary sample preparation before measurements can

proceed.

2.1 FlowCryostat

A home-made flow cryostat designed by B. Mitchell (St-Andrews) for ac
susceptibility measurements, was initially used for the cell calibration.

The flow cryostat, consists of a double-walled stainless steel tube which
pulls helium gas into the sample space from the dewar, a liquid heater, a 25 watt
wire wound gas heater, a calibrated metal film thermometer and a sintered glass
diffuser.

The sample space contains a copper can, inside, are the capacitance cell,
the calibrated Rh-Fe thermometer and a calibrated copper-constantan

thermocouple, glued across the plates of the capacitance cell. The thermocouple

45



measured the thermal gradient, so an acceptable drift rate could be estimated to
minimise thermal hysteresis.

This cryostat allows the sample space temperature to gradually drift down
in temperature, with a base temperature of 6K achievable, when liquid helium
has been flash evaporated in the sample space.

To perform a measurement, the flow cryostat was lowered into the dewar
until the nozzle of the gas intake is positioned just above the surface of the
liquid. The liquid heater turned on, boiling the liquid providing a flow of gas into
the sample space, with an oil manometer measuring the pressure in the dewar i.e.
monitors the gas flow going through the flow cryostat. When a lower
temperature was required, the power into the liquid heater was increased, while
attempting to maintain a constant pressure in the dewar to ensure the drift rate
downwards remained constant as the temperature decreased.

Attempts to stabilise and control the temperature were made, but without
success, however this system enabled, the development of the thermal expansion
software and to obtain an acceptable cooling rate for measurement
reproducibility.

Fig. 2.1: Diagram of flow cryostat.
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2.2 CCL Vapour-shielded Cryostat

Experiments for this thesis were mainly performed in an Oxford ex-CCL
vapour shielded cryostat. This contained a superconducting 8T solenoid and a

Variable Temperature Insert (V.T.I.) which has a working range from 1.6K-
300K, thus allowing experiments to be done under a wide range of conditions, at
any temperature 1.6K-300K, and a field 0-8T.

The 8T superconducting magnet consists of a number of concentric
solenoid sections, with compensating coils and shimming coils. Each section is
wound from multifilimentary superconducting wire formed from niobium
titanium (NbTi) filaments surrounded by a stabilising copper matrix. The
surrounding copper matrix ensures that should the superconductivity of the wire
filaments break down (i.e. the magnet quenches) heat is conducted away into the
cryogenic fluid. The magnet has been specially designed and wound, to ensure a

20mm diameter homogeneous region along the centerline of the solenoid.

The V.T.I, has a 49mm diameter sample space, into which a probe can be
inserted. Temperature control of the sample space above 4.2K is achieved by
using a Oxford Instrument I.T.C. 503 to balance the cooling of the flowing
helium by electrical heater power, using a calibrated carbon-glass thermometer
located in the heat exchanger.

Temperatures less than 4.2K are obtained by reducing the vapour
pressure ofhelium which is collected in the sample space.

The V.T.I, gas flow is controlled via a needle valve which draws liquid
from the main helium reservoir. This valve is adjusted from the top of the
cryostat and is used to control or stop the flow. From the valve, the helium is
piped to the base of the sample space, and exits through an exhaust port at the
top of the V.T.I, to a pump.

The V.T.I, has a working range from 2.7K-300K with a diaphragm pump

(1.6m3/hour) normally used, with a 25m3/hour pump the temperature can be
pulled down to 1.6K which can be maintained for up to 4 hours.
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Fig. 2.2 : Diagram ofCCL vapour-shielded cryostat.

The temperature controller, an Oxford Instrument I.T.C. 503, is an

intelligent temperature controller which can sweep a temperature range, stabilise
a temperature and is interfacable via GPIB IEEE-488 or RS232 ports. Once the
PED settings have been optimised, the stability of the temperature depends on the
range setting, e.g. from 1.6K-10K the stability of the sample space temperature is
± 0.001K. With stability over the range 1.6K-300K better than ±0.1K.
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The solenoid is controlled by an Oxford Instruments ps 120-10, a
superconducting magnet power supply, which is water-cooled for high stability.
It can provide a maximum current of 96.49 Amps at ± 10V with a current

stability of +30p.p.m./hour, and interfacable with RS232 or via a GPIB IEEE-
488 through an external converter.

2.3 Capacitance Bridge

Since the capacitance bridge is an unusual piece of equipment this section
explains how the capacitance bridge works.

Magnetostriction and thermal expansion, in the early days were measured
using mechanical and optical levers to magnify the length changes, but now the
main two techniques used are (1) strain gauges and (2) a capacitance technique.

Strain gauges are glued on to the sample and measurements taken of the
resulting resistivity, but there are problems such as magnetoresistance, thermal
expansion and the sensitivity of the gauges (a strain gauge can give a resolution
of about 1:10"6, this compares to 1:10"11 with the Andeen Hagerling 2500A
capacitance bridge.

The use of capacitors for thermal expansion and magnetostriction
measurements were developed by White (1961) in the 1960's with a three
terminal capacitance bridge used to measure the capacitance of the cell.

The three terminal bridge works on the following principles: shown in
Fig. 2.3, are two capacitance's Cj and C2 which are to be compared directly, C2 is
the standard capacitor and C, is the capacitor to be measured. The output voltage
Vout is from the transformer which has a low impedance. Cable 1, has a

capacitance between the core of the cable and the screen, so it behaves as if
cable 1 was a capacitor Ccablel connected across the dotted line dj. Now because
the capacitor Ccablel is connected in parallel across the transformer (which has a

low impedance) and connect to the earth line, then its capacitance has negligible
effect on the output voltage Vout. Similarly with the capacitor Ccable2. This means

there is only one cable to consider, cable 12. This cable also behaves as a

capacitor Ccablel2. The cable 12 behaves as if it were connected in parallel with the
input impedance of the amplifier. This capacitance affects the gain produced by
the amplifier, but not the detection of a null voltage at the input of the amplifier.

49



So at the point of balance, the capacitance from cable 12 can be neglected, and
the relationship

vout/vs = c2/c,

is obtained, with Vout the output voltage and Vs the voltage from the known
capacitor of C2. Thus the unknown capacitance can be calculated.

The extremely good stability derives from the voltages Vout/Vs from
close coupled transformers for which the output voltage only depends on the
ratio of turns.

cable 1

cable 2

Fig. 2.3 : Diagram of the three terminal bridge. E is the electronics used for
amplification and T is the low impedance transformer.

Since the three terminal bridge neglects all the stray capacitance's due to
the wires etc., that are connected to earth (because of the capacitors geometry)
calculations of the exact capacitance between the plates could be made.
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The capacitance technique has the following advantages over other
methods such as strain gauges: (1) the output voltage is proportional to the
number of turns in the transformer so providing better stability in the readings (it
is not possible to obtain stability with strain gauge method), and, (2) since the
capacitor is a mechanical system the thermal expansion of the cell can be
allowed for.

2.4 Design of Capacitance Cell Probe and Stainless Steel Insert

The description of the probe design is split into three sections :

2.4.1) Describing the design and function of the head piece at the top of
the capacitance cell probe.

2.4.2.) Describing the tailpiece the region around the cell.

2.4.3.) A description of the stainless-steel insert, into which the
capacitance cell probe slides.

2.4.1) Head-piece ofCapacitance Cell Probe

The head-piece of the capacitance-cell probe consists of, capacitance cell
connectors, 2 ten pin connectors (one ten pin connector is used for the
monitoring of the Rh-Fe temperature) and a clever non-friction bearing which
allows the probe height to be varied along the center-line of the magnetic field
without backlash.

The capacitor cell connectors are two high voltage vacuum BNC
connectors, these are soldered to 1.5mm diameter miniature coax cable which are

wound down the capacitance cell probe, and connected via 2 miniature BNC
connectors to the capacitance cell.
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A cross-section of the head-piece, is shown in Fig. 2.4, with the workings
of the non-friction bearing revealed. A knurled 100mm ring has 8 reamed holes,
for locating and holding, 6mm diameter stainless steel ball bearings. The ball
bearings are sandwiched, between a stainless steel tapered groove attached to the
main body of the head of the probe, and a nylon sleeve ring outside, which is
bolted to the knurled ring.

As the knurled ring is rotated since the ball bearings are fixed in position
in the groove, the knurled ring moves along the thread of the main body of the
head without any backlash.

The non-friction bearing allows the probe to be raised and lowered by
± 5mm. As the probe moves up and down in position two inner "O" rings ensure

that the 10 Torr environment inside the probe is maintained.

used to seal

probe in V.T.I.

Fig. 2.4 : Diagram ofhead-piece of capacitance cell probe with top of stainless
steel insert.

ball bearings

sleeve

10 pin connector
used for thermometry

bnc connectors
for cell

valve
used to pressurise probe
to 10 Torr.

nylon sleeve

for sliding seal
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2.4.2) Tail-piece Region ofCapacitance Cell Probe

The tail-piece region of the capacitance cell probe, has been designed to
ensure the sample is centred in the magnetic field.

The capacitance cell probe consists of a 1350mm non-magnetic stainless
steel tube, a brass plug at the end of the stainless-steel tube, a brass securing
bracket, and a centralising spider. The brass bracket and spider are secured to the
brass plug with a brass screw.

The brass securing bracket is 43mm long, and used, for holding the
capacitance cell in the parallel or perpendicular directions with respect to the
magnetic field. The bracket also secures a 19mmxl9mmx5mm copper block,
which houses the calibrated Rh-Fe thermometer. The spider centralises the
capacitance cell with respect to the stainless steel insert, it has a brass 10mm
diameter body and four 12mm stainless steel legs, bent at an angle such that the
feet are equidistant from the center of the probe, and just brush the inside of the
stainless steel insert.

Fig. 2.5 : Picture of bracket assembly, spider, the Rh-Fe thermometer and the
capacitance cell with a sample.
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2.4.3) Stainless Steel Insert

The capacitance cell probe slides into a 49mm diameter non-magnetic
stainless steel insert, with the head-piece of the capacitance probe sealing at a

flange, via three 10mm screws and butterfly nuts. On the side of the flange is a

10mm evacuation port with a blow out valve set to 3 p.s.i., this can be seen more

clearly in Fig.2.4.
Once sealed, the insert is evacuated, and flushed with helium gas, to

guarantee temperature homogeneity. The process of evacuation and flushing with
helium is done three times to ensure all the water vapour has been removed from
the insert (on cooling if any water vapour is present it may condense on the
capacitance cell and affect the measurements). The insert is then finally
pressurised to 10 Torr ofhelium.

The stainless steel insert on the bottom, has a triangular nylon spider.
This helps to center the insert in the V.T.I., and ensures it is centered with
respect to the magnet. The insert is connected to the V.T.I, with the aid of an
adapter flange and a knurled screwed brass ring on the outside of the insert,
which can be seen clearly in Fig. 2.4.

2.5 Design ofCapacitance Cell

In this section the design and materials used in the construction of the
capacitance cell are discussed.

The capacitance cell is of a parallel plate design, with dimensions
25x22x18mm. Its guard rings nullify the affect of stray capacitance and parallel
springs control its motion.

The cell can accept a sample of any shape with dimensions less than
9mm, but usually the diameters of the samples were 3-5.5mm.

The cell parts were cut from a single piece of brass (65 Cu, 35 Zn) so
stresses within the cell due to its thermal expansion were minimised, with the
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parallel springs made from 34 gauge hardened rolled brass (65 Cu, 35 Zn) foil.
The capacitor plates were lapped, with the fixed and moving plates having
diameters 13.9mm and 9.7mm respectively.

The capacitance cell plates were assembled in the following manner, the
top plate was carefully constructed so it had a gap of 190 microns between the
plate and the guard-ring electrode. Three blobs of Stycast 1266 were adhered to
the outside edge of the plate, to center the plate, and ensure the top plate didn't
touch the guard-ring. Wax was then poured in the gap behind the plate so the
epoxy resin didn't run behind the plate. Stycast 2850GT, a black epoxy resin, (it
has a low thermal expansion coefficient matched roughly to brass) was poured
and shaped, symmetrically around the plate arm, so that the differential
contraction was minimised. When the epoxy resin had cured the wax was
dissolved out of the gap.

The bottom plate was constructed in a similar manner with three blobs of
Stycast 1266 adhered to the outside edge of the plate and Stycast 2850GT
adhered around the nipple of the plate to center the plate. Once the black epoxy
resin had cured Stycast 1266 was poured around the bottom plate to prevent dust
and dirt from getting underneath the plate. The plates and their guard rings were
then lapped flat.

Stycast 1266
(clear epoxy resin

Guard-ring

Fig. 2.6 : Aerial view ofplate
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Stycast 1266
(clear epoxy resin)

Stycast 2850GT
(black epoxy resin)

Wax (dissolved out)

Stycast 1266 (clear epoxy resin)

Stycast 2850GT ( black epoxy resin)

Fig 2.8 : Diagram of bottom-plate.

The top and bottom plates have two 4BA tapped holes along the length of
the top diagonal of the cell. These tapped holes, are used to pull the plates
together and ensure that they are parallel when the flat springs joining the two
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plates are mounted. The fixed plate also has four 8BA tapped holes, which can

be used to hold the cell on the brass bracket, in either a parallel or perpendicular
direction with respect to the field.

Earthed miniature 1.5mm diameter non-magnetic coax cable coupled to
miniature BNC connectors were used to connect the two plates to the BNC
connectors in the head-piece.

flat spring

Fig 2.9 : Schematic diagram of capacitance cell.

moving plate

flat spring

•fixed plate

■grub screw

sample
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2.6 AC Susceptibility

Most methods ofmeasuring susceptibility are indirect. With a Faraday
balance, VSM or SQUID the magnetisationM is measured, and % is obtained
from the relation x=M/H i.e. MocH.

The ac method doesn't require an assumption of linearity as Xac=dM/dFI is
measured directly. A small sinusoidal magnetic field is applied to the sample and
the resulting modulation of the magnetisation 3M is monitored. A schematic
diagram of the %ac susceptometer is shown in Fig. 2.10.

The ac susceptibility measurements were performed with a modified
N.M.R. probe for the V.T.I., with the tenpin connector used for the input signal
and one of BNC connectors used for the output signal.

The built-in oscillator in the EG&G lock-in amplifier provided the input
voltage with a frequency of 525Hz choosen for the oscillator frequency. The
input voltage was first fed into a 1: 10 transformer, (to impedance match the
coils) before the signal goes to primary coils. The output signal from the
secondary coils, similarly was fed into a low noise 1:10 transformer (to obtain a

better signal to noise ratio by amplify the signal and also impedance match the
coils) before finally going to the amplifier. The amplifier had the band-pass filter
turned on, and a time constant set to 3 seconds (allowing 3 seconds worth of
averaging).

primary coils

Fig. 2.10 : Schematic diagram of %ac susceptometer.
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The ac susceptibility coils were wound on two formers, to allow ease of
use. The primary coils PI and P2 were connected in series, with the secondary
coils S1 (sample coil) and S2 (compensatory coil) wound in series in opposition.

The secondary coils SI and S2 consisted of 500 turns, wound from 42

s.w.g. copper wire wrapped around 6 mm diameter cylindrical paper formers,
with the primary coils PI and P2 made from 100 turns of 30 s.w.g. copper wire.
The coils measured 12mm in length, with the dimension of the coils decided by
the sample sizes, and, a wish to get the best signal to sample ratio.

The coils SI and S2 were carefully balanced with the aid of an
oscilloscope, with turns carefully added or subtracted, until on the range 20mV
per division, there was no observable difference in the induced voltages between
the coils SI and S2 i.e. in the absence of a sample in SI, the coils were balanced.

The coils were fixed in position, with varnish, which was then allowed to
dry before gluing the paper formers into a 30mmx34mm circuit board coil
holder, which screws onto the bottom of the N.M.R. probe. The connections
were made to the coils and final balance adjustments and gluing performed.

2.7 The Pressure Cell

The pressure dependence of the magnetic transition temperature Tm was
measured using an ac susceptibility technique. Samples were put into ac

susceptibility coils mounted on the end of the fixed piston of a Be-Cu Bridgeman
clamp cell. This could be pressurised at room temperature up to lOkbar before
cooling. At 2.6K the ultimate pressure would be approximately 8kbar. The
pressure was monitored with a semiconducting pressure transducer and the
temperature of the sample was monitored with a calibrated carbon-glass
thermometer mounted at the top of the cell. Temperature sweeps were

sufficiently slow, to allow the temperature to come into equilibrium.
To apply hydrostatic pressure to a sample, the sample was wrapped with

PTFE tape and put into the ac susceptibility coils with Nb and Pb slivers. These
were used as thermometry checks since they have well defined superconducting
transition temperatures. Brass gaskets (for the high pressure seal) and rubber "o"
rings (for an initial seal) were gently tightened until they pressed against their
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respective tapers on both the fixed and moving pistons. The pressure cell body
was then carefully screwed onto the fixed piston, with a light hydrocarbon (in
this case petroleum ether) squirted into the body to act as the hydrostatic
medium. The moving piston was screwed into the main body ensuring the fixed
piston did not move (otherwise the wires to the coils and pressure transducer
may twist and break). The cell was then placed into a hydraulic ram with the
moving piston further tightened, again ensuring the moving piston remained
stationary in the initial stages with pressure slowly applied to the sample.

calibrated carbon-glas
thermometer

v"o" ring

-brass gasket

Be- Cu cell

body

/au :>ucoils
ac susceptibility

brass gaski

"o" rin
pressure
trasducer

\fixed piston

Fig. 2.11 : Diagram ofBe-Cu pressure cell.
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2.8 Calibration

This section describes the necessary calibrations for the ac susceptibility
coils, the capacitance cell and Rh-Fe thermometer. The ac susceptibility coil
calibration, the magnetic calibration of the capacitance cell are detailed in
sections 2.8.1 and 2.8.2 respectively. The thermal calibration of the capacitance
cell with a silicon sample, and a test measurement on copper are described in
section 2.8.3. The calibration of the Rh-Fe thermometer in a magnetic field is
described in 2.8.4, with instrument errors discussed in section 2.8.5.

2.8.1 AC Susceptibility Calibration

In order to calibrate the coils it is first necessary to find the oscillation
frequency for operation, since the amplitude and phase of the output signal are
frequency dependent and will vary over a given frequency range. A lead sample
was put in the coils and the temperature pulled down to 5K below the
superconducting transition temperature of lead.

The amplitude and phase for the lead sample were measured from 66Hz
to 5030Hz. It was found that the amplitude levelled off and the phase became
constant in the range 470-700Hz, so a frequency of 525Hz was choosen for the
operational frequency for the coils.

The next step was to sort out the thermometry of the system, and to do an

empty coil run for the background. So, a 5mm PTFE ball was put into the sample
coil (the samples were wrapped in PTFE tape), with superconducting slivers of
Pb and Nb put into the other coil. The gas flow was set to 0.1 litres/hour through
the V.T.I., a temperature sweep performed from, 2.7K to 45K and back down to
2.7K, at a constant sweep rate of 6K/hour. This gas flow gave good
reproducibility with the superconducting transitions observed at 7.16K, 9. IK and
7.3K, 9.36K sweeping up and down in temperature respectively.

As a check the measurement was repeated with the carbon glass near the
sample. Temperature difference AT, between the carbon glass and the V.T.I,
temperature was better than AT«0.1K, with the superconducting transition
temperatures observed at 7.2K and 9.3K.

The carbon glass thermometer and superconductor slivers were removed
and a background sweep taken from 2.7-45K-2.7K.
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2.8.2 Capacitance Cell Calibration in Magnetic Field

In order to calibrate the capacitance cell in a magnetic field it was
necessary to find out the exact position of the center of the field and ensure that a

sample is located at this position. To check on the location of a sample and the
exact field center, N.M.R. on a glycerine sample at 295K was performed.

Glycerine was put into a 5mm diameter heat shrink plastic tubing
(approx. same size as samples) corked with rubber, then sealed by shrinking and
finally wrapped with PTFE tape. The sample was put into a 10 turn coil with the
coil carefully held in position by the grub screw of the capacitance cell. The
glycerine coil was connected to one of the miniature BNC connectors used for
the cell, before carefully sliding the capacitance cell probe into the stainless steel
insert. The temperature of the V.T.I, was raised to 295K, allowed to stabilise for
30 minutes before the insert was put into the sample space. The power supply
was turned on and the magnet ramped to 6.67 T. The exact height of the probe
was noted and read with a vernier micrometer. A spectrum was taken and the
insert was rotated to see how centred the insert (i.e. the cell) was with respect to
the field, this it appeared didn't make any difference, so the insert was returned to
its original position. The height of the probe was increased by 2mm by rotating
the knurled ring on the head-piece of the probe (which allows variation of the
probe height ±5mm). A series of spectra were taken for various probe heights,
before adjusting the probe to the optimum position and taking the final N.M.R.
spectrum. The 3 spectra are shown, taken just above, below and at the optimum
positioning of the cell, in Fig. 2.12. Thus sample position was optimised to
±2mm with respect to the magnetic field center, with the magnetic field varying
16 gauss over the width of the sample.
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Fig. 2.12 : N.M.R. spectra of Glycerine at 295K (a) with cell above optimum
position (b) just below optimum position and (c) cell at optimum position in
field.
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With the capacitance cell now centered, a non-magnetic reference test

sample needed to be measured. A 5mm sapphire hemisphere was loaded into the
cell. The stainless steel insert evacuated and flushed 3 times before pressurising
the stainless steel insert to 10 Torr. The stainless steel insert was placed into the
V.T.I., sealed, and the temperature pulled down to 5K by opening up the needle
valve.

Once the temperature of the sample had reached 5K, and allowed 15
minutes to ensure temperature and capacitance stability, a magnetostriction
measurement was performed in the parallel direction. The probe was removed,
the cell rotated, and the above procedure repeated with a magnetostriction
measurement obtained in the perpendicular direction. The magnetostriction of
sapphire is shown in Fig. 2.13 in both the parallel and perpendicular directions
from 0-8T. As shown, the size of the magnetostriction of the sapphire is very
small s0.06p.p.m./Tesla in the parallel direction and = 0.05p.p.m./Telsla in the
perpendicular direction.
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Fig. 2.13 : Magnetostriction of sapphire at 5K in (a) parallel direction and (b)
perpendicular direction.
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2.8.3 Thermal Expansion Calibration ofCapacitance Cell

On assembly the insulating gapsize, w, and the radius, r, were measured
with a travelling microscope. So the effective area of the guarded capacitor plate
coefficients A, functions B (functions ofw and r) and d (0.22w) could be
calculated at room temperature, i.e. the values A0, B0 and d0 shown in (A3) in
appendix A.

The distance, b, between the capacitance plates varies due to the thermal
expansion of the sample and of the cell. The measured change of gap,

Ab= change in size of sample -change in size of cell.

The calibration of the change in size of cell was performed using a silicon
sample and checked using copper.

2.8.3.1 Experimental Details

Silicon was used to calibrate the capacitance cell, since it has a relatively
small expansion coefficient compared with most materials. A 4.32mm silicon bar
was loaded into the cell. The cell, with the calibrated Rh-Fe thermometer (to
measure the sample temperature), and a calibrated copper-constantan

thermocouple glued across the plates of the cell (used to measure the temperature
difference of the two plates), were inserted into a copper can and into the flow
cryostat as described in section 2.1.

An initial series of runs performed in the flow cryostat, obtained an

acceptable sweep rate for measurement reproducibility, stability and minimal
thermal hysteresis. The initial experimental runs established that a drift rate of
less than 6K/hour was necessary to get a thermal gradient across the plates of AT
< 0.04K to minimise thermal hysteresis.
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The thermocouple was removed from the plates, and the cell and Rh-Fe
thermometer attached to the capacitance cell probe for the stainless steel insert.
The insert pumped and flushed with helium gas and evacuated down to 10 Torr.

The insert was then put into the V.T.I, system and the temperature pulled
down to 1.6K and left for 30 minutes to stabilise. A measurement from 1.6-290K

sweeping at 6K/hour on the silicon sample was performed, and repeated from
290K-1.6K at the same sweep rate to check reproducibility.

Using the analytical program the values (A1 / l)™^™rec/, and (A1 /1)si[icon
taken from the literature (Swenson 1983), a value for (Al)ce// could be obtained.

Values for (Al)ce// were fitted with overlapping polynomial fits and in the
range 0-3OK the thermal expansion fitted with a fit of the form :

a(T) = IAnTn
n odd, >0

At higher temperatures 25K-290K since the thermal expansion of a
metal varies much more slowly it was fitted with a polynomial of a form

a(T)= IAnTn
n=0

Once the values of (Al)ce// had been obtained, they were used for a test
measurement on a standard sample. A 4.79mm diameter copper disc (purity
99.999%, thickness«2mm) was put into the dilatometer and measured as for the
silicon bar, from 1.6-290K. The relative length change of the copper is shown
with the literature values by Kroeger and Swenson (1977) in Fig. 2.14, with the
absolute difference of the thermal expansion from the copper data from the
literature value is shown in Fig. 2.15.
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Temperature (K)

Fig. 2.14 : Relative length of copper as a function of temperature from 1.6K-
290K. O data obtained with capacitance cell, • literature values from Kroeger
and Swenson (1977).

Temperature (K)

Fig. 2.15 : Absolute difference between cells data and literature's data (Kroeger
and Swenson 1977) of the linear thermal expansion coefficient as a function of
temperature.

The excellent agreement between the literature values and the cells data
can be observed, with the difference over the whole temperature range better
than 3 x 10"7 K"1. In the low temperature region, below 25K the general area of
interest, the absolute error in the linear thermal expansion coefficient a is better
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than ±5 x 10"8 K_1. This is caused by the finite sensitivity of the capacitance
circuit.

In the high temperature region (25K<T<290K) the absolute error is quite
large 3x1 (HPT1 compared to the low temperature regime, and caused by the
thermal gradients within the cell.

2.8.4 Calibration ofRh-Fe Thermometer in a Magnetic Field

The Rh-Fe thermometer was used to measure the sample temperature in a

magnetic field of 8T, which of course necessitated its calibration under this
condition.

This was done by sliding the insert into the V.T.I, and decreasing the V.T.I,
temperature to 1.6K. Once the V.T.I, and Rh-Fe temperatures had stabilised the
temperatures were noted, the magnet was ramped to 8T, and the Rh-Fe
temperature was allowed to stabilise before again noting its value. The magnetic
field was decreased to zero, and the Rh-Fe temperature noted once the
temperature had stabilised. It was found that cycling did not significantly change
the temperature reading, with a temperature difference before and after cycling
less than ±0.05K. The temperature of the V.T.I, was increased and the process

repeated. In this way the Rh-Fe thermometer in a field of 8T was calibrated
against the Rh-Fe at zero magnetic field at fourteen points from 1.6K to 40K and
fitted with a third order polynomial to interpolate the temperature values between
points.

The carbon-glass thermometer that is used to control the V.T.I,
temperature demonstrates negligible magnetoresistance in a magnetic field. At
8T over the temperature range 1.6-40K the AT/T(%) is less than 1% i.e. at 2K the
error due to a field of 8T is about 20mK.

2.8.5 Instrument Errors

In the development of the capacitance measuring circuitry careful
consideration was given to shielding, for example avoidance of earth loops etc.
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At low temperatures T<25K, the sensitivity is limited by the resolution of the
Andeen Hagerling 2500A capacitance bridge (±lxl0-7 pF corresponding to a

length change of 0.01A) with the effective limit defined by the capacitance
circuitry with a sensitivity of ±2*10"7 pF.

At higher temperatures, above T> 25K, the thermal gradients within the
cell limit the resolution of length change measurements, as shown in Fig. 2.15.

The temperature measured by the calibrated Rh-Fe thermometer is
accurate to ±0.02K over the whole range, 1.6K-300K, with the digital voltmeter
measuring the Rh-Fe thermometer having a resolution of 50 p.p.m. (over the
range the Rh-Fe thermometer was measured), i.e. gives a resolution of±0.01K.
In the magnetic field of 8T, the calibration of the Rh-Fe thermometer over the
temperature range 1.6K-40K was accurate to ±0.1K. So the thermometry
resolution is accurate to ±0.02K over the whole temperature range in zero field
and accurate to ±0.1K in a field of 8T.

2.9 Controlling Software

To do any experiments software needed to be written to control the
instruments. The programmes were written in C with the aid of a Borland C
compiler. The three main experiments performed were:

© Thermal expansion zero field cooled (1.6K-300K) and field cooled
measurements (cooled in a field 8T 2.7K-40K).

© Magnetostriction measurements through 1.6K-60K.

© AC Susceptibility measurements.

The experiments were run under windows, with a PIF file created for
each experiment to allow the p.c. to multitask.
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2.9.1 Thermal Expansion Calibration Software

In the early calibration stages, the capacitance, the temperature of the
sample and the temperature difference between the fixed and moving plate were
measured.

The resistance from the calibrated Rh-Fe thermometer was read with a

Keithley 199 digital voltmeter with a built in scanner (K199DMM/scanner). The
scanner enabled a standard four probe technique to be carried out by reversing
the direction of the current and reading the resistance in the +1 direction and the
-I direction. If the difference between the two resistance values was greater than
O.IK then it was considered a bad point. To get an accurate reading of the
temperature of the thermometer, the averaged resistance was compared to
temperature and resistance values in a calibration table with the temperature of
the sample calculated from the linear interpolation between the points in the
table.

Finally the controlling software read the voltage difference from a

calibrated copper-constantan thermocouple across the two plates of the capacitor
with a Keithley 182 digital voltmeter. The voltage from the Keithley 182 with
the Rh-Fe temperature could be converted to a temperature difference across the
plates.

The software first required a time period which is the interval in seconds
between successive triggering of the instruments, after the time period had
elapsed the program sequentially triggers the instruments and stores the
capacitance of cell, the temperature of sample and the temperature difference
between the plates in a data file. The software kept triggering the instruments and
storing data until a key was tapped on the keyboard to end the program.

2.9.2 Thermal Expansion Software

Once the calibration of the cell was carried out the software could be

modified. Instead of reading the voltage across the plates the software was
changed to read the I.T.C.503 and send a sweep file to the temperature controller.
This allowed a temperature sweep to be performed, now that the optimum sweep

rate had been established.
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The thermal expansion program, after, waiting an interval of time
inputted from the keyboard, triggered the capacitance bridge, Keithley 199
DMM/scanner and the I.T.C.503. The capacitance of the cell, the sample
temperature and the sample space temperature were stored sequentially in a data
file until a key is pressed on the keyboard.

2.9.3 Magnetostriction Software

In order to automate the magnetostriction measurement the psl20-10
needed to be controlled. First, the program asked the user if the magnet had been
trained, ifnot, it stopped the program, otherwise the program continued to the
next step. The program then required, the maximum field for the magnet, the size
of the sweep step i.e. how often a measurement was to be taken e.g. every 0.5T
and finally a sweep rate. With the software making sure that the sweeprate and
maximum field values are within the defined boundaries.

The program unlocked the magnet and switched it into the forward
direction, waited for 20 seconds to allow time for the capacitance of the cell to
settle down and then triggered, the capacitance bridge for the capacitance of cell,
the Keithley 199 DMM/scanner for the temperature of the sample and the
I.T.C.503 for the sample space temperature. The data values were written to a

file, and the psl20-10 ramped to the next field setting. The ramping of the field
was looped so that when the maximum field specified had been reached the
magnet starts to ramp down at the sweep step size, until it reached zero, then the
program finishes.

2.9.4 AC Susceptibility Software

The controlling software for the Xac is similar to the thermal expansion
software, with the K199DMM/scanner and the I.T.C.503 being used, for the
initial calibration runs. Instead of a Rh-Fe thermometer a calibrated carbon-glass
thermometer was used, since the Rh-Fe thermometer would affect the coils due
to the Fe, so the lookup table for the thermometer needed to be changed. The
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carbon-glass thermometer, was only required for the initial calibration, runs as a

check on thermometry.
Also the capacitance bridge was replaced by a EG&G Princeton lock-in

amplifier model 520 which needed to be set up and read. The I.T.C.503 is again
sent a sweep table and the current temperature of the sample space monitored.

The program triggered the instruments at the required time interval,
stored values from the two channels of the lock-in amplifier, the temperature of
the sample and the surrounding temperature of the sample space, until a key is
pressed on the key-board.

2.9.5 Thermal Expansion Analysis Software

This program first required the length of the sample, the reference
capacitance, the reference temperature and name of the output file. It then
required the name of the input data file to be opened. The program reads the first
line of the input data file storing the temperature of the sample in a temperature
variable and capacitance into a capacitance variable.

Using equations (A5) and (A 19) in appendix A, the values for length of
sample and the reference capacitance, the fractional change in length of the
sample, at a given temperature T, was calculated.

The program stored the temperature and length change in a pointer array,
goes to the next capacitance and temperature value and repeats the length change
calculation. Since there is a large number ofpoints, in order to makes subsequent
analysis easier, all identical temperature points are averaged and the pointer array
is sorted in terms of ascending temperatures. Once sorted and averaged the
processed data was stored in the output file.

2.10 Experimental Techniques

In this section the necessary preparation techniques required, before a

measurement can proceed are detailed. Shaping and cutting an ingot with spark
erosion is described in section 2.10.1,with loading a sample into the cell,
described in section 2.10.2.
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2.10.1 Spark-Cutting

This is required to shape the ingots into a usable form and allow thermal
expansion and magnetostriction measurements to be performed. On receipt of the
ingot it is first examined for signs of cracks. The sample is then glued, onto a

brass cutting table, with a simple solvent based glue (such as "UHU") loaded
with carbon (the carbon loaded glue allowed the ingot to be in electrical contact
with the anode). The glue is allowed to dry thoroughly, before loading the cutting
table onto the spark machine. The wire saw attachment is connected up and the
depth of the cut adjusted so that a small 0.5 mm slice is taken (this allows the
interior of the ingot to be inspected for faults and estimate the extent of any
surface faults).

The top surface of the ingot is examined and if acceptable, another slice
taken (this slice will be fabricated into the disc shaped sample). The slice is
examined and then glued with the carbon loaded adhesive to the cutting table.
The wire saw removed and the planing attachment is connected.

Then the sample is planed on one side at different planing rates until a
surface roughness of 5pm is produced. The glue dissolved off using acetone as

the solvent and the sample reglued on the other side, to plane the opposite
surface. After planing a slice with two parallel planes is obtained.

The next stage is to carefully examine the slice on both sides, and notice
any cracks present in the slice (the size and the situation of the cracks will
determine the size of the disc that can be produced). After careful deliberation
the slice is glued down for the last time to the cutting table, reattached to the
spark-machine and thin-wall tubing ( used to spark erode out the disc shape) is
brought down very carefully near the surface, with the position of the cut
choosen so that a crack free sample is produced.

A thin disc shaped sample is required, because uniform magnetisation is
required through the volume of the disc.

For magnetisation measurements a needle-shaped sample is used, but
since the transverse effects ofmagnetisation are to be examined, a general
ellipsoid is required i.e. a disc. The thickness of the disc produced is limited by
the strength of the sample, for a crumbly substance (e.g. CePdSb) it is not
possible to cut the material too thin.
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2.10.2 Loading Sample into Capacitance Cell

After the sample had been cut into a disc-shaped sample the next stage is
to load the cell with the sample. First the disc diameter is measured and noted.
The gap between the plates is then adjusted with the aid of a screw in one of the
tapped holes on the top of the cell, until the capacitance of the cell has a value of
about 17 pF. For a large separation low sensitivity is obtained, for a small
separation of the plates, there are critical requirements for parallelism, with
greater dissipation due to the high field gradient between the plates, so 17pF is a

good middle of the road figure.
The disc-shaped sample is carefully loaded into the cell and the grub

screw that holds it is tightened until it grips the sample giving a gap of
« 30-40pm. The screw in top of the cell is slowly removed and the capacitance
cell holder is put into the probe. The probe is flushed with helium three times to
remove the air and water-vapour which can freeze on the capacitance cell,
evacuated down to a pressure of about 10 Torr ofhelium (this is used as an

exchange gas and ensures that the sample is generally in thermal equilibrium)
and a reading of the temperature and capacitance is taken. The probe is then
slowly inserted into the V.T.I, and made vacuum tight by closing the NW25
clamp connecting the V.T.I, to the adapter flange. The diaphragm pump is turned
on and the pumping line and V.T.I, evacuated. The needle valve is cracked open

to pull down the temperature of the sample, a desired temperature is set and the
thermal expansion program started in order to monitor the temperature and
capacitance while it progresses to the desired temperature.
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Chapter 3 CePt

Introduction

The Kondo temperature TK ofCePt has been estimated, from heat-
capacity measurements, to be of the order of 1 OK with its ferromagnetic Curie
temperature, Tc = 5.8K. The proximity of the Kondo and ferromagnetic
transition temperature results in magnetic behaviour, due to an interplay of the
Kondo and RKKY interactions.

CePt was used as a test measurement on the capacitance cell, since it
behaviour has already been well characterised from previous work, before
commencing measurements on uncharacterised samples, detailed in later
chapters.

Section 3.1 is a summary ofprevious measurements, with section 3.2
detailing work carried out in this thesis, low temperature, high temperature and
magnetostriction data are in subsections 3.2.1, 3.2.2 and 3.2.3 respectively. The
chapter concludes with a comparison of the Griineisen factors in section 3.2.4.

3.1 Summary ofPrevious Work

Dwight et al. (1965) showed that LaPt and CePt crystallised in the CrB-
type orthorhombic structure (space group Cmcm). Later Holt et al. (1978)
pointed out that CePt was ferromagnetic with a Curie temperature of 5.8K.
Resistivity and magnetic measurements were carried out by Gignoux and Gomez-
Sal (1983). Their polycrystalline samples were made by induction melting the
rare earth elements and platinum. The magnetic measurements were performed at

temperatures down to 1.5K and up to fields of 60kOe. The magnetisation versus
applied field of CePt at 1.5, 4.2, 6 and 10K is shown in Fig. 3.1.

The magnetisation shows that CePt is paramagnetic at 10 and 6K. At 4.2
and 1,5K a spontaneous moment appears, with a saturation moment obtained by
extrapolating the M-H plot to 1/H=>0. A value of 0.74pB ±0.02 pB at OK was

obtained, which is small when compared to the free magnetic moment of Ce3+
(2.14pB). The reduction is due to crystal fields quenching the orbital angular
momentum causing moment reduction and the Kondo interaction which further
reduces the moment.
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Fig. 3.1 : Field dependence of the magnetisation of CePt at low
temperatures Gignoux and Gomez-Sal (1983).
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The electrical resistance measurements ofRPt (R=Ce and La) measured
by Gignoux and Gomez-Sal (1983) were performed from 1.5-300K using a four
probe ac technique, Fig. 3.2.

The electrical resistance of LaPt increases linearly above 3OK, while the
magnetic resistance pmag ofCePt shows a discontinuity at the Curie temperature
and a broad maximum at 220K, with ln(T) behaviour from 220K-300K observed.

To explain the variation of electrical resistance the influence of the crystal
field splitting needs to be taken into account. Since CePt is an orthorhombic
structure the degenerate 4f state of the Ce3+ ion (J=5/2) splits into three doublets,
where the two excited states are separated from the ground state by energies AE,
and AE2 respectively. The best fit to Gignoux and Gomez-Sal resistance
measurements, give AE, s65K and AE2 sl60K. As discussed in section 1.4 on
crystal fields, the Kondo effect acts in each crystal field level, so at high
temperatures above 220K the highest crystal field level will be occupied, and a

ln(T) dependence in electrical resistance should be seen.

Further electrical resistance measurements ofRPt (Ce and La) under
pressure were made by Itoh et al. (1987). With the measurements performed
using a dc technique, from 1.5K-300K with pressures up to 32kbar.

The data is shown in Fig. 3.3 and 3.4. As shown the transition did not
broaden appreciably under pressure with a value of <3(lnTc)/ <9P found to be
+13Mbar1, which is comparable to Gignoux and Voiron's (1985) earlier
measurement up to 6kbar of+15Mbar1. Huber (1991) published his results from
1981, confirmed the two previous published pressure measurements by an

additional measurement of the low-field ac susceptibility xac UPto a pressure of
16kbar. He obtained a value of 3(lnTc) / 3P of+13Mbar1. So the pressure

measurements tend to confirm that CePt is a ferromagnetic Kondo compound.
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Fig. 3.3 : Resistivity ofCePt and LaPt at various pressures Itoh et al.
(1987).
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neighbourhood ofTc Itoh et al. (1987).

A measurement of the magnetic specific heat, was first performed by
Huber et al. (1981), with a detailed measurement done by Blanco et al. (1994) on
CePt, as part of a series ofmeasurements on CeNiPt,.x.
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The specific heat was measured at a constant pressure using a micro
calorimeter, with the heater and thermometers made from a 0.45-p.m layer of
Si(P) grown epitaxially on a sapphire substrate which served as a sample holder.
Samples were stuck with Wakefield compound to the calorimeter which was then
suspended in a vacuum by its four electrical contacts. The leads form a thermal
link to a temperature stabilised copper enclosure which is then screwed onto the
bottom of a He3 cryostat. The measurements were made by a variant of the
relaxation technique.

The data shows a "A." anomaly at the Curie temperature ofTC=6.2K
indicating CePt is undergoing a second order phase change. The AC mag has a
height of 10.6±0.1 J K"1 Ce mol T

14

12 - o

o

10 -

o

o

£
8

6
o

o
o

J—5^
o 4

2

0 ■ i (5)<D£

°
« o°°C

° o00

£>r7 i .... i i , ... i.... i i ....i .... i , ...i.... i .... I ....i ... .

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Temperature (K)

Fig. 3.5 : Specific heat ofCePt Blanco et al. (1994).

From an analysis of the heat capacity data, Blanco et al. calculated the
Kondo temperature to be of the order of 10K using a simple two level model with
an energy splitting of kBTK, that considers the reduced entropy at Tc. Fitting the
high temperature data Blanco et al. seem to verified Gignoux and Gomez-Sal
estimates of the crystal field splitting with values AE, =65K and AE2 =160K
obtained.

79



3.2 Project Work

3.2.1 Low Temperature Region

A polycrystalline ingot ofCePt was made by D. Fort (Birmingham) by arc

melting in an argon atmosphere. Powder x-ray diffraction showed the sample to
be single-phase with CrB-type orthorhombic structure (space group Cmcm). The
cell parameters agreed with Dwight et al. (1965). The ingot was shaped by spark
erosion into a 5.4mm diameter* 1mm thickness disc.

The ac susceptibility was measured from 2.7K-120K, the background
empty coil run was subtracted off and the result is shown in Fig. 3.6. The
susceptibility is flat and featureless from 120K until 9K with xac rising to a sharp
peak at 5.8K. It is difficult to decide the exact value of Tc from a xac experiment.
Sometimes the peak value has been taken, other workers have preferred the
temperature at which |dxac/dT| is a maximum, 6.3K in this case.

The thermal expansion ofCePt was measured from 2.7K-300K. The
fractional extension and the thermal expansion from 2.7-15K, are shown in
Fig.3.7. The thermal expansion a of CePt decreased to a minimum value of
-1.503 x 10"5 K"1 at 5.8K. The thermal expansion mirrors the same shape and
structure as the heat capacity in Fig.3.5 but is negative.

Thermal expansion was also measured in an applied field of 8 Tesla from
2.7-30K with the fractional extension and thermal expansion shown in Fig.3.8
and 3.9. With an applied field of 8T the behaviour of CePt is drastically different.
At 3OK the fractional extension is very large and positive at 8T which decreases
in a T2 fashion.
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Fig. 3.6 : Xac measurement from 2.7K-120K with the insert showing Xac
from 2.7-15K.

Fig. 3.7 : Fractional extension and thermal expansion ofCePt 2.7-15K.
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Comparing the thermal expansions at zero field and in the applied field of
8T, the thermal expansion a is large and positive peaking at 7.9K with a value
1.843xlO_5K_1. The tail feature from 7.9K to 30K can be fitted with a second

order polynomial which indicates a Schottky-type anomaly i.e. the large magnetic
field causes the single allowed energy level i.e. ground state to split into 2 levels
separated by an energy gap AE. At low temperatures, i.e. below 7.9K all the
particles are in the lower level and above 7.9K at higher temperatures N/2
particles are in each level.

The change of thermal expansion in a field is very large yet CePt is
assumed to be a simple ferromagnet. With an application of a field, CePt thermal
expansion should behave the same as CePdSb thermal expansion behaviour in a

magnetic field i.e., a reduction in the thermal expansion peak height and a slight
shift of the peak towards a higher temperature however this is not the case. Since
there is no neutron data, CePt may be a more complicated spin arrangement than
previously thought.

3.2.2 High Temperature Region

The fractional extension and thermal expansion ofCePt over the
temperature range 2.7K-280K, is shown in Fig. 3.10. The fractional extension at
277K is 6.675xl04, which is very small if compared with copper (AL/Ls3.2xlO"3
at 277K).

The fractional extension has a peak centered at 78K rising to maximum
value of 1.203 x Kb4. This is due to crystal-field splitting caused by the thermal
population of the first excited state. The high temperature side of the peak can be
fitted to a T2 polynomial, thus showing it is a Schottky-type anomaly.

The thermal expansion has a minimum at 145K with the maximum slope
around 220K occurring midway between 290K and 145K. This feature again is
due to the crystal-field splitting and thermal population of the second exited state,

but, since the thermal expansion of the reference material LaPt was not
measured, the precise temperature at which it occurs cannot be estimated since
the high temperature region is very fit dependent.
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Fig. 3.8 : Fractional extension ofCePt from 2.7-30K Zero field cooled

Temperature (K)
Fig. 3.9 : Thermal expansion ofCePt from 2.7-30K. Zero field cooled
(ZFC) and measured in an 8T field

Temperature (K)

Fig. 3.10 : Fractional extension and thermal expansion ofCePt from 2.7-
280K.
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3.2.3 Magnetostriction

The magnetostriction ofCePt was measured in the parallel direction and
perpendicular direction above and below Tc at 30K, 2.7 and 1.6K.

Parallel magnetostriction at 3OK is positive and is fitted to a yocB2 fit,
indicating CePt at this temperature is in a paramagnetic phase, at 8T the fraction
extension (AL/L)s 26 p.p.m. As the temperature decreases below Tc, the
magnetostriction in the parallel direction dramatically increases, with fractional
extension AL/L at 8T with a value =150 p.p.m. at 1.6K. Fitting the data at 1.6K,
over the region 4-8T to a y=a+bB polynomial, a value for (<91nL/<3B), | of
18.03 x 10"6 T"1 is obtained.

In the perpendicular direction magnetostriction is negative. At 3OK the
data is fitted to a B2 fit and thus showing paramagnetic behaviour. Below Tc at
1.6K the data from 4-8T is fitted again to a first order polynomial with
(<91nL/5B)x having a value -0.7497x10"6 T1. So the volume magnetostriction
Sv- (AL/L)| | + 2(AL/L)X has a value 16.53xl0"6 T'1.

best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO"6) (AL/LxlO"6 T"1) (AL/LxlO-6 T"2)

30*„ -0.166 0.412 0.082

2.7n 13.712 18.254 0.398

Lb,, 19.169 18.030 0.355

30*, -0.079 -0.077 0.048

2.7, -16.570 -1.170 0.137

1.6, -16.056 -0.7497 0.064

Table 3.1 : The magnetostriction data of CePt. The symbols (| |) and (J mark the
temperatures measured in the parallel direction and temperatures measured in the
perpendicular directions respectively. The data marked with (*) was fitted over

the range 0-8T with other temperatures fitted over the range 4-8T.
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3.2.4 Comparison ofGriineisen Factors

The electronic Griineisen factor ye has been measured for CePt in two
different ways numbered below, with the symbols yG and yp used to distinguish
the electronic Griineisen factor measured via thermal and pressure measurement

respectively.

1. The electronic Gruneisen factor yG can be calculated from the thermal
expansion data amag, and Blanco et al. heat capacity cmag, by using the equation
yG = 3amagVmolBT / cmag. Although the reference compound LaPt has not been
measured, the phonon contribution is presumed to be small and the measured
thermal expansion ofCePt can be used.

2. The electronic Gruneisen factor yp can be calculated directly from the
pressure dependence of the Curie temperature Tc by Xac or p measurements
i.e. yp = <31nTc / 3P x BT from Huber (1991), Itoh et al. (1987) and Gignoux and
Voiron's (1985) data.

The Gruneisen factors are calculated using Itoh et al. (1987) value for the
compressibility k ( with k=1/Bt) at room temperature of k=1.2x10"3 kbar1. The
Gruneisen factors are shown in Table 3.2.

Gruneisen factor Yg Yp, YP 9 Yp, YP 4

CePt -10.3 +10.83 +12.5 +10.83 +10.9

Table 3.2 : Comparison ofGruneisen factor. With ^P1>^P2> ^P3 >^P4 the
Gruneisen factor calculated from Gignoux and Voiron's (1985), Itoh et al. (1987),
Huber (1991) and own measurement respectively.
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The table shows the consistency between the Griineisen factor yp
calculated from the pressure measurements. The Gruneisen factor yG calculated
from the thermal expansion and heat-capacity is of the right order ofmagnitude,
but with a negative sign. To check this anomalous result, a pressure dependence
measurement of the Curie temperature Tc was performed by xac> up to a pressure

of 7.3 kbar at 4.2K on the CePt sample. This agreed with the previous published
results. The reason for the difference in sign between yG and yp is unclear since it
would be expected yG to also be positive.

A positive value for <9(lnTc) / 3P suggests that CePt is a ferromagnetic
Kondo compound, since the value <3(lnTc) / <3Pis usually negative for metallic
ferromagnets with low Tc.

Conclusions

The excellent agreement between the low and high temperature thermal
expansion data ofCePt, shown in Fig.3.7 and Fig.3.10, and Blanco et al. (1994)
previous reported heat capacity indicates that the capacitance cell is well
calibrated.

As expected the low temperature thermal expansion data ofCePt Fig.3.7,
is in excellent agreement with Blanco et al. (1994) previous measurements of the
heat-capacity with the Curie temperature observed at 5.8K. The high temperature
thermal expansion data also agrees well with Blanco et al. (1994) estimate of the
crystal-field splitting, with the first and second excited crystal field levels
estimated to be at 65K and 160K respectively. This compares with the thermal
expansion data showing a Schottky peak due to population of the first crystal
field level above 78K and the second excited level at 220K.

The Gruneisen factor yG calculated from the thermal expansion, Blanco et
al. (1994) heat-capacity and Itoh et al.(1987) value for the compressibility is of
the right order ofmagnitude as those calculated from pressure measurements as

reported in table 3.2, but has a negative sign i.e. (yG=-10.3).
The reason for the difference in sign between yG and yp is unclear, since a

positive value would be expected for yG.
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Chapter 4 GdPdSb

Introduction

This chapter, the work on GdPdSb, serves as an introductory chapter to
chapter 5 since GdPdSb is an analogue ofCePdSb, it helps to highlight the
anomalous magnetic properties ofCePdSb.

4.1 Summary ofPrevious Work

Malik and Adroja (1991) first fabricated the compound GdPdSb and
investigated its resistivity and magnetic susceptibility behaviour from 300K-
4.2K.

They made ingots ofRPdSb (Gd and La), by repeated arc melting of
stoichiometric amounts of high-purity constituent elements in an argon

atmosphere. X-ray diffraction revealed that the samples were single phased, and
had crystallised into the hexagonal Caln2 structure (with a space group P63/mmc)
with two formula units per unit cell. With this type of structure the Gd atoms

occupy the 2b crystallographic sites, and the Pd and Sb randomly occupy the 4f
crystallographic sites. The lattice parameters obtained from profile refinement of
the x-ray data were, "a"=4.565 A and "c"-7.443 A for GdPdSb, and "a"=4.594 A
and "c"= 7.913 A for LaPdSb.

Malik and Adroja (1991) measured the dc. magnetic susceptibility using a

superconducting quantum interference device (SQUID), between 4.2K and 300K
shown in Fig. 4.1. In Fig. 4.1 in the insert, the magnetic susceptibility shows a

change of slope below Tn in an applied field of 0.02T, thus indicating a

complicated magnetic ordering, the susceptibility also has hump at 15.5K, which
is taken to be its Neel temperature Tn- The peak temperature does not exactly
correspond to TN' as Fischer (1968) showed the xac peaks at a temperature above
Tn. but since the difference between TN and yac peak temperature is small, it does
not affect this discussion.
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Fig. 4.1 : Inverse magnetic susceptibility of GdPdSb (in 0.5T applied
field) as a function of temperature. Insert shows susceptibility against
temperature in 0.02T applied field (Malik and Adroja 1991).

The susceptibility data has Curie-Weiss behaviour between 20-300K. A
Curie-Weiss fit to the experimental data gave values for the paramagnetic
effective magnetic moment peff, and paramagnetic curie temperature 0p of
7.73 pB and -16K respectfully.
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temperature. Insert showing the behaviour of resistivity at low
temperatures near TN (Malik and Adroja 1991).

° LaPdSb

a GdPdSb-LaPdSb

♦ GdPdSb

10 20 30 40 50

T (K)

«AA .A A* * AA A AAA AA A A A A * .

O o O o uif"

00 o 00 000 00^ 0 00 0

89



The temperature dependence of the electrical resistance is shown in
Fig. 4.2, with the phonon contribution estimated, from measuring the electrical
resistance of the isostructure LaPdSb. The electrical resistance sharply drops at
the Neel temperature with a small observable kink, around 36K. The electrical
resistivity for GdPdSb is high, in fact the whole series of RPdSb (R=Pr to Tm)
compounds show anomalous high electrical resistance.

The high electrical resistance value is probably due to intrinsic structural
defects, such as vacancies or dislocations, as preliminary electrical resistance
measurements under pressure revealed that, under pressure the electrical
resistance increased, i.e. under pressure the cracks and dislocations opened up.

Although the anomalous resistance values might be due to the Caln2 structure,
that GdPdSb has crystallised into. With the random distribution of the Pd and Sb
on the 4f crystallographic sites resulting in a large electrical resistance.

4.2 Project Work

4.2.1 Low Temperature Region

A slice of the ingots ofRPdSb (R=Gd and La) measured by Malik and
Adroja was obtained, with the GdPdSb slice shaped with spark erosion to form a

5.9mm diameterx0.5mm thickness disc. The LaPdSb slice was also shaped by the
same process to produce a 5.72mmx0.5mm disc.

In order to get the magnetic contribution the reference compound
LaAgGe was used, as with the isostructural compound CePdSb (described in
detail, in chapter 5). Trovarelli et al. (1994) found that the natural isostructural
material, LaPdSb, strongly deviated ffomyT+pT3 behaviour above 4.5K.
LaAgGe crystallises into the Caln2 structure, has a similar molar weight, a low
phonon contribution close to that of LaPdSb and most importantly a Sommerfeld
coefficient y ofpractically zero Pecharsky et al. (1991).

An ingot of LaAgGe was made by D. Fort (Birmingham), and sliced and
shaped with spark erosion to form a 5.72x0.5mm disc.

The GdPdSb sample had its ac susceptibility measured from 3-50K by the
mutual induction principle using the instrument described in section 2.6.
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Fig. 4.3 : Magnetic susceptibility Xac ofGdPdSb measured from 4-40K.
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Fig. 4.4 : Fractional extension ofGdPdSb-LaAgGe measured from 1.6K-
40K.
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Fig. 4.5 : Linear thermal expansion coefficient of GdPdSb-LaAgGe (the
reference sample) as a function ofT. A point for point differentiation
technique was used.
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This measurement is shown in Fig. 4.3. As can be seen there is a hump in
the ac susceptibility at 15K, with an apparent sudden increase in the signal
between 38.6 and 36K. Repeated measurement produced the same features at
15K and between 38-36K.

The samples GdPdSb and LaAgGe were inserted into the capacitance cell
with the samples mounted, and probe prepared, according to details in section
2.10.2. The samples had their thermal expansions measured from 1.6-290K. The
resulting fractional extension ofGdPdSb with the reference material subtracted
off, is shown from 1.6-40K in Fig. 4.4, with the resulting thermal expansion amag
from 1.6-40K shown in Fig. 4.5. The thermal expansion data in this range is
shown as a point for point differential because of the uncertainty of the origin of
the bumps in the thermal expansion above and belowV

The similarities between the xac measurement in Fig. 4.3 and the
fractional extension measurement in Fig. 4.4 is striking and self-consistent over
the whole temperature range 1.6-40K, with the antiferromagnetic transition
clearly observable, and a slope change between 36 and 38K. The thermal
expansion, in Fig. 4.5, shows GdPdSb has an anti-ferromagnetic transition at
15.5K with amag « 3 x lfr6 K_1, and the additional "kink" between 36 and 40K
having amag « 4 x 10'7 K"1.

The resistivity, thermal expansion and xac measurements indicate that
GdPdSb is not a simple antiferromagnet material, with the data suggesting the
presence of at least one transition, presumably ofmagnetic origin below TN. The
small additional kink between 36 and 38K, observed in Malik and Adroja's
resistivity measurements, ac susceptibility and thermal expansion measurements,
is thought to be due to a second phase, which may be magnetic in origin.
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4.2.2 High Temperature Region

The fractional extension ofGdPdSb and LaAgGe is shown over the range

1.6K-300K in Fig. 4.6. The fractional extension of GdPdSb at 280Ks0.00136,
which is very small when compares to the value for the reference compound
LaAgGe of 0.0025.

The magnetic contribution to GdPdSb thermal expansion after the phonon
contribution from LaAgGe has been subtracted is shown in Fig. 4.7, but because
of the difficulty in properly analysing the data, only the general features ofa are

shown. The magnetic contribution to thermal expansion, may be compared with
Malik and Adroja (1991) electrical resistance measurements, with dp/dT of
GdPdSb magnetic contribution plotted against temperature. Both the thermal
expansion and electrical resistance measurements, have similar behaviours, with
inflexion points at 110, 60 and 35K. The high temperature features have an

unknown origin, and can not be attributed to a crystal-field interaction since Gd
is not sensitive to a crystal field environment.
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Fig. 4.6 : Fractional extension vs temperature from 1.6K-300K.

93



Temperature (K)

Fig. 4.7 : Comparison of GdPdSb magnetic contribution to thermal
expansion, with dp/dT, the magnetic contribution to electrical resistance
Malik and Adroja (1991), plotted in the range 10K-300K.
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4.2.3 Magnetostriction

As already mentioned the thermal measurements indicate that GdPdSb is
not a simple antiferromagnet, this was confirmed by magnetostriction performed
in fields 0-8 Tesla, both parallel (I I) and perpendicular (_L) to the magnetic field.

In the parallel direction measurements were performed above the Neel
temperature TN at 60K and 20K shown in Fig. 4.8, and below TN at 13, 9, 5 and
2.9K in Fig. 4.9.

Above the Neel temperature the fractional extension is small ( 4 p.p.m.
and 10 p.p.m. at 8T at 60 and 20K respectively) with both sets of data described
by B2 fits, as tabulated in Table 4.1, thus indicating that the material is in the
paramagnetic regime.

best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO-6) (AL/LxlO-6 T">) (AL/LxlO-6 T"2)

60 -0.210 -0.064 0.023

20 0.267 -0.193 0.093

Table 4.1 : Best fit to Parallel magnetostriction data above TN fitted over the
range 0-8T.

As shown in Fig. 4.9 and Fig. 4.10, the data obtained below Tn in the
parallel and perpendicular directions respectively. Large hysteresis is observed in
the curves (not shown), with the maxima at 13, 9 and 5K increasing with field in
the parallel direction. At 2.9K in the parallel direction the maximum point
appears at 5T which might indicate that GdPdSb has undergone a metastable
magnetic phase change.
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Fig. 4.8 : Magnetostriction in the parallel direction (11) measured above
the Neel temperature
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Fig. 4.9 : Magnetostriction in the parallel direction (I I) measured below
the Neel temperature tn.
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Fig. 4.10 : Magnetostriction in perpendicular direction (±) measured
below the Neel temperature tn.
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Conclusions

The thermal expansion (Fig. 4.5) and ac susceptibility data (Fig. 4.3)
shows GdPdSb going through an antiferromagnetic transition at TN S15.5K, with
anomalies of an unknown origin observed above and below its Neel temperature.
The anomalous hysteresis shown in the parallel and perpendicular
magnetostriction data (Fig. 4.9 and Fig. 4.10) also has an unknown origin.
Thus in conclusion the above mentioned measurements and diagrams indicate
that GdPdSb is not a simple aniferromagnetic system.
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Chapter 5 CePdSb

Introduction

The main part of this thesis, Chapter 5, is devoted to the ferromagnetic
compound CePdSb. The previous work summarised in section 5.1, suggests that
at low temperatures the magnetic behaviour of CePdSb is anomalous with no

peak observed in the heat capacity at the Curie temperature. The low temperature,

magnetostriction and high temperature behaviour of polycrystalline and single
crystal samples is described in section 5.2.1, 5.2.2 and 5.2.4 respectively. Section
5.2.3 compares the Gruneisen factors from pressure and thermal measurements.

5.1 Summary ofPrevious Work

Malik and Adroja (1991) first fabricated the compound CePdSb and
investigated its yac and resistance behaviour from 4-300K. It was first thought
that CePdSb crystallised into the Caln2 structure (space group P63/mmc) with the
Ce atoms occupying 2b crystallographic sites and the Pd and Sb randomly
distributed on the 4f sites. Neutron powder diffraction by Rainford et al. (1994)
later indicated that the polycrystalline samples of CePdSb crystallised in the
hexagonal GaGeLi structure ( space group P63mc). This type of structure is a
modification ofCaln2 structure in which the Pd and Sb form an ordered sub
lattice at the (1 ,|,u)and (|,^,v) positions. Profile refinements yield values
u=0.4684 and v=0.5164 for the Pd and Sb positional parameters and lattice
parameters "a"=4.935A and "c"=7.890A.

The susceptibility of CePdSb, Fig. 5.1, shows a rapid rise below 18K due
to the ferromagnetic ordering of the Ce moments. Low field Xac also exhibits a

peak at 17K ( insert in Fig. 5.1). Also shown in Fig. 5.1, in an insert, is the field
dependence B of the magnetisationM of CePdSb at 4.2K obtained by Malik and
Adroja (1991). The magnetisationM saturates at about 0.15T with the saturated
magnetic moment psat obtained from extrapolating 1/B=>0 giving a value 1.2pB
per formula unit at 4.2K. This value is in excellent agreement with Rainford et al.
(1995) whose neutron diffraction analysis on measurements of the (002) and
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(112) Bragg peaks of a single crystal ofCePdSb showed that the magnetic
moment corresponds to 1.195pB lying in the basal plane.

The susceptibility of CePdSb follows Curie-Weiss behaviour between
50K-300K with the effective magnetic moment peff =2.6pB (close to 2.54pB for
the free Ce3+ ion), and the paramagnetic Curie temperature ©p =10K. Below 5OK,
the susceptibility deviates from Curie-Weiss behaviour. If its assumed, that the
non-4f contributions to the susceptibility of CePdSb, is the same as in the
isostructure LaPdSb susceptibility, then the deviation from Curie-Weiss
behaviour below 50K is due to the presence of crystal fields. Thus an analysis of
susceptibility can be carried out. The crystal field Hamiltonian Hcf for the Ce ion
corresponds to 6m2 symmetry, with the crystal field Hamiltonian H^ given by :

Hcf = B°0° + B°0° where B™ are crystal field parameters and O™ are Stevens'
operators.
Malik and Adroja (1991) showed by fitting crystal field parameters B™ an energy

separation of 236K between the ground state doublet and the first excited state
existed. From the fitted crystal field parameters a value of the ordering
temperature 0p of 18K is calculated which is in good agreement with the
observed Tc of 17K.

Temperature (K)

Fig. 5.1 : Inverse magnetic susceptibility of CePdSb (in 0.05T applied
field) plotted as a function of temperature. Inserts show magnetisation-
field isotherm at 4.2K and xac as a function of temperature. Malik and
Adroja (1991).
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Fig. 5.2 : Resistivity of LaPdSb and CePdSb. Insert shows behaviour of
CePdSb at low temperatures. Malik and Adroja (1991).

The temperature dependence of the electrical resistivity ofRPdSb (R=Ce
and La), is shown in Fig. 5.2. At 300K the resistivity p is 3.8mQ cm and about
3.3mQ cm at 4.2K. This value is high when compared with several magnetic and
non-magnetic Ce compounds, whose resistance values are of the order of pQ cm

e.g. CeAl3 at 300K p=80 pQ cm and at 4.2K p=2 pQ cm (Wholleben and
Wittershagen 1985). The high resistance value might be due to intrinsic structural
defects, such as vacancies or dislocations, or due to CePdSb crystallising into the
Caln2 structure. For the Caln2 structure, the Ce atoms occupy 2b crystallographic
sites and the Pd and Sb are randomly distributed on the 4f sites. Such a random
distribution of the Pd and Sb elements would result in an increase in electrical

resistivity. However, if CePdSb crystallised into the Calr^ structure, then an

energy gap in the density of states (DOS) at low temperatures, would not form.
The formation of an energy gap in the DOS, has only been observed in
compounds, CeNiSn by Takabatake et al. (1990) and CeRhSb by Malik and
Adroja (1991), and is due to the compounds crystallising into an orthorhombic
Ce-Cu2 structure.

The magnetic resistance pmag of CePdSb is obtained by subtracting the
electrical resistance of the isostructural LaPdSb compound. At 17K there is a

sharp drop with temperature in the magnetic resistivity pmag of CePdSb due to
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ferromagnetic ordering. The magnetic contribution to electrical resistance pmag
then passes through a broad maximum at 150K and shows ln(T) behaviour in the
high temperature regime. The ln(T) behaviour is a characteristic of a concentrated
Kondo system.

The pressure dependence of the Curie point of CePdSb was measured up
to 7.6kbar by Riedi et al. (1994). The transition measured by xac did not broaden
appreciably under pressure with the value of <9(lnTc)/ <3P found to be +14Mbar"'.
The increase in Tc with pressure tends to confirm that CePdSb is a Kondo
material since, except for rare occasions, <9(lnTc)/ 8P is negative for a metallic
ferromagnet. The value <9(lnTc)/ dP for CePdSb is comparable to the values
13Mbar' and OMbar1 for the compounds CePt and CePd Huber et al. (1991).

Trovarelli et al. (1994) investigated the low temperature ac and dc
magnetic susceptibility and specific heat of CePdSb. The temperature
dependence of xac is shown in Fig. 5.3. The onset ofmagnetic fluctuations occur
at around 20K, followed by a strong increase in y'(T) the inductive component of
Xac, with xac maximum slope at 17.2K. Fig. 5.3 also shows an abrupt increase in
X"(T) the dissipative component of xac where Tc is expected. A further
measurement of xac at a higher frequency (1kHz) shifted the maximum to a

higher temperature. So the frequency dependency of the maxima indicated a

complex interaction of the magnetic moments. At 6K a broad maximum centered
in xac was observed which is also slightly affected by a change of frequency. The
hump at 6K is smeared out in an applied field of 5mT and had an unknown
origin. Trovarelli et al. experimental data of Xdc gives a value Cc for the Curie
constant of 0.37 emu K/mol this differs from Malik and Adroja (1991) value
since it is extracted from the low temperature region and refers to the Ce doublet
ground state.

The magnetisation curves from 2-22K are shown in Fig. 5.4. The
saturated magnetic moment psat obtained from extrapolation 1/B=>0 is 0.95 pB.

Analysing the crystal field parameters and using the experimental values Cr and
psat it is found that the experimental values Cc and psat correspond to an isolated
spin 1/2 doublet ground state with strongly anisotropic Lande factors g| | = 6/7
and g± =18/7, parallel and perpendicular to the hexagonal "c" axis.
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Fig. 5.3 : Magnetisation M(T) as a function of temperature. Inductive
X'(T), and dissipative x"(T) components of ac susceptibility normalised to
maximum xac(T) (in arbitrary units) between 1.2 and 25K. The markers

(•) show Xdc behaviour measured in a field ofB=0.5mT Trovarelli et al.
(1994).

Fig. 5.4 : Magnetisation M(T) as a function of field 0-2T and for

temperatures 2-22K Trovarelli et al. (1994).
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The measured specific heat cp(T) is shown in Fig. 5.5. Although magnetic
fluctuations contribute to cp(T) from around 20K, there is no trace of a phase
transition at 17K but a continuous increase in the magnetic contribution cmag. The
maximum value of cmag(T) is at 9.7K.

In order to get the magnetic contribution Trovarelli et al. measured the

specific heat of LaAgGe, since it was found that the natural isostrutural reference
material, LaPdSb strongly deviated fromyT+pT3 behaviour above 4.5K. An
alternative reference compound is LaAgGe. It crystallises in the Calr^ structure
and has a similar molar weight, with a low phonon contribution close to that of
LaPdSb and a Sommerfeld coefficient y ofpractically zero (Pecharsky et al.
1991). The magnetic specific heat is obtained from
cmag(T) = cp(T)-yT-Cphon(LaAgGe), also shown in Fig. 5.5. From the
experimental data the magnetic entropy gain evaluated from AS = J(cmag/T) dT is
about 1.2 Rln2 at 25K, which is close to the expected value for a Ce Kramer
doublet ground state. The entropy gain at 9.7K the magnetic transition
temperature TM is 1/2 Rln2, while the expected value of AS is reached at 17K.

Trovarelli et al. fitted cmag below 8K, to a 3D strongly anisotropic
ferromagnetic system with a finite gap in the magnon dispersion (see section
1.6.6.4 on spin waves). With a fit of the form cmag(T)=ATn exp(-AE/kBT) where
AE is an energy gap, A is a constant and n=3 for an antiferromagnetic material or
3/2 for ferromagnetic interactions. The fitted values obtained were A=0.23 J/mol
K, n=1.7 and AE =4.5K. Above 14K cmag(T) was fitted with T2 which is
characteristic of a magnetic chain.

Trovarelli tried to explain the absence of a specific heat jump at Tc by
means of two alternative models. The first model is based on the characteristics

of the Caln2 structure. In this structure, the Ce-Ce spacing in the "c" direction
(3.95A) is much smaller than in the "a" direction (4.60A) so the formation of a
zig-zag magnetic chain in the "c" direction is favourable. In this model the
interchain interaction 3, from the nearest neighbour is larger than the interchain
interaction 32 from the next nearest neighbour, thus as the temperature is reduced
there is a dimensional cross over from a 2D system to a 3D system. With a low
dimensional description, around 20K there is the onset of ferromagnetic
fluctuations, at 17K the interactions become co-operative but with a low
dimensional character they probably become aligned within the plane defined by
the zig-zag Ce-Sb chains. Between 14K and 8K the interchain interactions
become important and the system starts to behave as a 3D system with a strongly
anisotropic character. Finally at low temperatures an energy gap is formed in the
anisotropic magnon dispersion.
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The second possibility is suggested and is arrived at from the similarities
between CePdSb and GdCu5. From neutron diffraction, Barandianran et al.
(1989), showed that GdCu5 went through a phase transition from a paramagnetic
phase to an antiferromagnetic material at TN=26K. Its triangular magnetic
structure resulted from the competition between the nearest neighbour
ferromagnetic interaction and the next nearest neighbour antiferromagnetic
interaction 32. This magnetic ordering resulted in a significant increase in
susceptibility but without any anomaly in the specific heat at the Neel
temperature TN. Neither of these models, as Trovarelli et al. admits, completely
agree with the experimental results.

Some preliminary single crystal measurements on CePdSb have been
reported. Rainford et al. (1994) measured the low field susceptibility from 1.7K
to 22K along three orthogonal directions on a small crystal using a SQUID
magnetometer with a field ofO.lmT. In Fig. 5.7 the data shows the large degree
of anisotropy between the "c" and the "a" direction. The susceptibility xac
indicates that "c" is the hard axis and at about 10K shows a slightly larger peak
for the "b" axis than for the "a" axis.

Riedi et al. (1996), Lord et al. (1996) N.M.R. data highlights the
anomalous behaviour of CePdSb. There is no suitable isotope of Ce for N.M.R.
but in the ordered state there is a transferred effective field (Beff) at the Sb
nucleus. The spectra were measured using a swept frequency phase coherent spin
echo spectrometer Lord and Riedi (1995). The change of Beffwith temperature is
expected to be closely proportional to that of the spontaneous magnetisation of
CePdSb. There is no apparent anomaly in Beffnear 10K where cmag has its
maximum value, although, unfortunately, the collapse of the spectrum near 10K
limits the accuracy of the measurement.
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Fig. 5.5 : Specific heat (a) cp(T) ofCePdSb and (b) the phonon
contribution cphon(T) from LaAgGe reference compound in the
temperature range 0-25K.With (c) cmag shown with a peak at 9.7K
Trovarelli et al. (1994).
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Fig. 5.6 : Magnetic specific heat cmag of CePdSb plotted with the rescaled
thermal expansion data using a scaling factor lxl0_6=1.3 J mol 'K"1. The
difference between cmag and the rescaled thermal expansion above Tc is
probably due to the large error in cmag. Also shown is the entropy gain
AS(T) as a function of temperature where the expected value Rln2 is
reached at 17K Trovarelli et al. (1994).
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Fig. 5.7 : Magnetisation of single crystal measured in "a", "b", "c"
directions in a field of 0.1mT (Rainford private communication).

5.2 Project Work

5.2.1 Low Temperature Region

Two polycrystalline samples of CePdSb and two pieces of a single crystal
were investigated. Sample I of the polycrystalline material was prepared in a BN
crucible contained in a Ta capsule made by D. Fort (Birmingham). The capsule
was sealed shut by arc welding in an argon atmosphere in order to avoid loss of
Sb when the temperature was raised to 1800°C. Sample II was prepared by D. T.
Adroja (Southampton) in an argon arc furnace, any differences between the two
samples may therefore be due to a small losses of Sb during the melting process.

A 12g crystal ofCePdSb was grown using the Bridgman method by D.
Fort in Birmingham. A sealed capsule of the form described for the
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polycrystalline sample I was heated to 1800°C in an induction coil and then
cooled from the bottom end by lowering it slowly through the coil. The
measurements were made on rod or discs prepared by spark machining. A 4.7mm
diameterxlmm thickness disc of sample II and a 3.7mm longxlmmxlmm rod of
sample I of the polycrystalline samples were shaped by spark machining. From
the single crystal the following samples were also cut by spark erosion :

1. A "c"-axis 4.02mm diameterx0.5mm thickness disc, cut with the "a"
and "b" directions in the plane of the disc.

2. A "b" axis 4.04mm diameterx0.5mm thickness disc, cut with the "a"
and "c" directions in the plane of the disc and

3. A 4.11mm longxlmmxlmm rod cut in the "b" direction.

The samples of CePdSb were characterised by measuring %ac as a function
of temperature with the %ac susceptometer detailed in section 2.6. In Fig. 5.8.
sample I of the polycrystalline material showed a sharp ferromagnetic transition
near 17.5K, in agreement with earlier measurements, but did not show the large
peak at 6K reported by Trovarelli et al.{1994). However, their sample was

prepared by arc melting and sample H, prepared by the same technique, shows an

even larger peak at 6K and a lower transition temperature than sample I. The
peak at 6K in sample II probably arises from a deficiency of Sb in samples
prepared without encapsulation. The Sb N.M.R. linewidth observed by Riedi et
al. (1994) for sample I in the ferromagnetic state was narrower than for sample II,
which supports the view that there is more randomness of composition in the
latter sample. A second possibility is that sample I tends to favour the GaGeLi
structure, with ordered Sb and Pd sites, while sample II is closer to the random
arrangement of Sb and Pd found in the Caln2 structure.

The "c" axis of the single crystal is seen in Fig. 5.8 to be the hard
direction. The "a" and "b" directions have almost identical responses with the
shape of the xac agreeing well with static low field measurements by Rainford
(private communication). The thermal expansion measurements discussed later in
this chapter make it clear that the "a" and "b" axes are not identical in the
ferromagnetic region. The shape of the xac response as a function of temperature
for the "a" and "b" axes is in good agreement with that of sample I of the
polycrystalline material.
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Fig. 5.8 : Xac for the two polycrystalline samples of CePdSb and %ac
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In order to find the magnetic contribution to the thermal expansion amag
of CePdSb it is necessary to measure a of a non-magnetic analogue. As
mentioned by Trovarelli et al. (1994) the natural choice would seem to be
LaPdSb but this material does not follow the expected yT+pT3 behaviour below
4.5K. Therefore, as suggested by Trovarelli et al. (1994) LaAgGe was chosen for
the reference material and used to obtain the magnetic contribution to thermal
expansion amag. For the thermal expansion measurement of CePdSb, the
correction due to the phonon contribution below the Curie temperature is small,
whereas for the heat capacity measurement done by Trovarelli et al. the phonon
contribution below Tc is quite large. To explain the difference between the heat
capacity and thermal expansion, the Griineisen factor of LaAgGe is calculated at
the transition temperature TM of CePdSb i.e. at 9.7K. Using the thermal
expansion aphon, the heat capacity cphon, the volume per one formula unit
calculated from Pecharsky et al. (1991) V = 71.06xl0~30 m3 and assuming that
the bulk modulus BT =lMbar, then, inserting the values into the equation
Yg ~ 3aphonVmolBT / cphon , a value for LaAgGe ofy^ 1.3 is calculated. This is
of the order for a simple metal (yGs 2). So as mentioned, the large Griineisen
factor for CePdSb (yG= 10) compared to the Griineisen factor for LaAgGe (yG=
2) is the reason why the difference is small for the heat capacity but large for the
thermal expansion.

Polycrystalline samples I and II of CePdSb were inserted into the capacitance cell
and their respective thermal expansions were measured from 1.6-3OK. A
magnetic field of 8 Tesla was applied and the resultant thermal expansions
measured from 1.6-30K. Shown in Fig 5.9 (a) is the linear thermal expansion of
sample II and of LaAgGe, with amag in zero field and 8T for samples I and II
shown in Fig. 5.9 (b) and (c).

In zero field there are differences of detail between samples I and II but
the general behaviour is the same agreeable with the heat capacity measurements.
In all three cases there is no trace of the ferromagnetic transition near 17K, but
there is only a broad peak with a maximum near 10K. The maximum value of
otmag, and the temperature at which it occurs, differ for samples I and II but the
value of the integrals of amag/T, which are proportional to the magnetic entropy
for a constant Griineisen factor, agree within 15%.

The application of an 8T magnetic field, parallel to the measurement

direction, reduces the maximum value of amag and increases the temperature at
which it occurs by some 3.5K for sample I and 3.IK for sample II. Since the
single crystal thermal expansion is very anisotropic, the differences between
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samples I and II may be partly due to a different distribution of crystallites as well
as to a deficiency of Sb in sample II.

The single crystal data is shown in Fig.5.10. Clearly the peak of amag at
10K in zero magnetic field arises almost entirely from the thermal expansion
along the "c" axis. The other new result from the measurements on a single
crystal of CePdSb is that there is the beginnings of normal critical behaviour in
ac near Tc but that it is then concealed by the broad 10K peak. The sign of ac
also changes from negative to positive near Tc i.e. the length in the "c" direction,
rather than ac, is a maximum near Tc.

The measured values of aa (ab) are small in magnitude and negative
(positive) below 14K such that their sum is close to zero. It should be noted
however that ac is an order of magnitude greater than aa or ab and, since there is
known to be a mosaic spread in the crystal, there may be an appreciable error in
these results. In a field of 8T both aa and ab become positive and of comparable
size in Fig. 5.10 (b).
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Fig. 5.9 : (a) Linear thermal expansion a ofpolycrystalline sample II of CePdSb
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Fig. 5.10 : (a) linear thermal expansion a 1.6-30K of the "a" and "b" axes
ofCePdSb in zero field and (b) a field of 8T (c) linear thermal expansion
a 1.6-30K of the "c" axis .
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Apart from the 10K peak in a, the thermal expansion ofCePdSb at low
temperatures may be understood qualitatively as arising from the contraction
(expansion) of the lattice parallel (perpendicular) to the Ce moment. In zero

magnetic field the moments turn in to the a-b plane near Tc and the length in the
"c" direction reaches a maximum value. Below 14K the preference for the "b"
axis over the "a" axis is seen as the length of "a" goes through a minimum due to
the magnetic contribution to aa having the opposite sign to the normal decrease
of length with temperature. A large magnetic field along "a" or "b" aligns the Ce
moments and hence the parallel magnetostriction is negative as in Fig.5.19(c).

The measurements of cmag and amag below 20K show essentially the same
behaviour. The values of amag for sample I can be scaled to cmag using the
conversion factor lxlO^K-^lJJ mole-1 K"1. A single Griineisen factor (yG) can
therefore be calculated for the whole ferromagnetic region. The volume V of one
formula unit of CePdSb is 72x10"30 m3, the value of the bulk modulus (BT) is not
known but must be «1Mbar, so yG =3amagVraoIBT /cmag = 10, considerably larger
than the value (=2) for simple metals.

As mentioned in section 1.6.6.5 the T-2 behaviour of cmag and amag above
the 10K peak is consistent with a Schottky anomaly of a two level system so it is
worth considering the extent to which the behaviour over the whole temperature

range below 3OK could be described by the Schottky heat capacity equation. The
peak in the heat capacity of a two level system with energy gap AE occurs at a
temperature TM such that AE = 2.4kBTM. The application of an external field B0
to the two-level system would lead to AE + gpBB0 = 2.4kBTm. The heat capacity
has not been measured in a magnetic field but it was seen above that cmag in zero
field is proportional to amag so the change in the temperature of the peak value of
ctniag and ab in a field of 8T may be used to define an effective g factor for
CePdSb.

The value of (TM - TM) for the "b" axis of the single crystal in a field of
8T is 5.7K, Fig. 5.10(b), leading to a value for g of 2.55 in excellent agreement
with the value of gx, i%=2.57, found from susceptibility measurements by
Trovarelli et al. (1994). The effective g values for the polycrystalline samples are
1.56 and 1.38 for I and II respectively. The value of (g| |+2gx)/3 is 1.43. The
change in the position of the temperature of the peak of the thermal expansion of
CePdSb in a magnetic field is therefore consistent with the increase in the energy

gap of a two level system.
Attempts to fit the values of cmag or ab or amag for the whole temperature range
below 30K to a Schottky anomaly are however not successful. The peak value of
Cmag is not correct and if AE is taken as a constant, the coefficient of the T"2 term
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is too large. Conversely, if AE is treated as arising from a molecular field and
scaled with the magnetisation then the values of craag above the 10K peak are too
small.

To end this section some preliminary magnetisation data on single
crystals will be detailed.

The three samples cut from the single crystal; the "c" axis disc, with the
"a" and "b" directions in the plane of the disc; the "b" axis disc with the "c" and
"a" directions in the plane of the disc and the "b" axis rod, were measured in a

VSM in fields from 0-1OT in the temperature range 1.7K-30K. A complete set of
data on all of the samples was not taken because of insufficient time.

The magnetisation curves in the three crystal directions, "a", "b" and "c"
from 1.7-20K are shown in Fig. 5.11-Fig. 5.13 in fields up to 10T. As can be seen

in Fig.5.13, the "c" axis never saturates even at fields as high as 10T, thus
showing the large magnetic anisotropy in the "c" direction. In the basal plane
both the "a" and "b" axis saturate, with the saturated magnetic moments psat

obtained from extrapolation 1/B=>0. The values of psat, obtained for the "a" and
"b" directions from the "c" axis disc, the "a" direction on the "c" disc and the "b"
axis rod have values, 1.21 pB, 1.156 pB, 1.202 pB and 1.209 pB respectively at
1.7K. These values agree quite well with Malik and Adrojas' (1991) previous
polycrystal value of 1.20 pB and Rainford et al. (1995) neutron diffraction
analysis on measurements from the basal plane with a value 1.195 pB.

The magnetisation data suggests, as indicated from thermal expansion
measurements and Rainfords preliminary single crystal SQUID measurement,
that in the ferromagnetic region the "a" and "b" axis behave differently.

The magnetisation data from different single crystal samples are not in
complete agreement.

The data from the "b" axis rod has been corrected for the demagnetising
effects (at saturation the demagnetising field in the "a" direction is about 0.08T).
Even with this correction there is a discrepancy between "a" and "b"
magnetisation, but only below 0.0IT. For the "a"-"b" plane disc, there is a

discrepancy up to about 3.5T. The data from the latter sample is the most
believable, since the comparison is from the same sample. To verify this, further
more detailed magnetisation data on the single crystals, needs to be made.
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Fig. 5.11 : Magnetisation M(T) on single crystal in "a" direction as a function of
field 0-10T and for temperatures 1.7-20K.

Fig. 5.12 : Magnetisation M(T) on single crystal in "b" direction as a function of
field 0-10T and for temperatures 1.7-20K.
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Fig. 5.13 : Magnetisation M(T) on single crystal in "c" direction as a function of
field 0-10T and for temperatures 1.7-20K.
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The present single crystal thermal expansion measurements support the
view that 10K represents some kind of boundary temperature for CePdSb. Near
1OK, aa is a minimum and ac a maximum. Inelastic neutron measurements by
Rainford et al. (1995) also see a change in behaviour near 10K. At 2K and 6K a

spin wave dispersion was observed, with spin wave stiffness Dstiff«10-12meV.
This disappeared at 1OK and was replaced by a diffusive response centred at zero

energy transfer. A longitudinal pSR experiment by Neville et al. (1996) provided
further confirmation of the unusual properties of CePdSb. In a normal
polycrystalline ferromagnet the asymmetry becomes negligible below Tc,
because of the random distribution of internal fields, but in CePdSb it had only
decreased by a factor of two from the high temperature value by 10K. Also the
damping rate, once the contribution from the Sb nuclear moments had been
suppressed, was found to be constant through the ferromagnetic transition.

While all the above experiments support the view that something changes
in the character of the magnetisation of CePdSb near 10K it is clear from Fig.5.8
that it does not affect the ac. susceptibility, whose behaviour is that of a
conventional ferromagnet. The temperature dependence of the spontaneous

magnetisation Neville et al. (1996) does however show a change of slope near

10K and a very slow approach to Tc. Since cmag~dM2/dT the peak in cmag is
consistent with the spontaneous magnetisation measurements.

5.2.2 Magnetostriction

The magnetostriction behaviour of Sample II is tabulated in Tables 5.1
and 5.2 and shown in the series of diagrams in Fig. 5.15 and Fig. 5.16. In the
parallel direction as expected at 20K, sample II shows paramagnetic behaviour
with the magnetic data showing Pauli-like susceptibility with the data fitted with
a second order polynomial of the form a+bB+cB2. The magnetic data for 13K and
9K require a first order straight line fit and a second order polynomial fit
respectively to describe their behaviour, this suggests that the magnetisation
undergoes a change in this temperature region this can be seen in Fig.5.15 (b).
Below Tc as the temperature is decreased the slope of SlnL/SB, where L is
sample length decreases so at 2.7K (91nL/<9B)n has the value -2.37 xlO*6 T_1
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best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO"6) (AL/LxlO"6 T"1) (AL/LxlO-6 T"2)

20 -0.148 -1.086 +0.374 0.083

13 +0.692 -3.948 0.161

9 0.173 -5.601 -0.871 0.216

5 0.092 -3.601 -4.612 0.192

2.7 -5.26 -2.370 0.266

Table 5.1 : Parallel magnetostriction data of sample II fitted over the
range 0-8T.

Temperature
(K)

best

a

(AL/LxlO-6)

polynomial
y=a+bB+cB2

b

(AL/LxlO"6 T"1)

fit

+dB3

c

(AL/LxlO"6 T-2)

d

(AL/LxlO"6 T"3)

error in fit

standard

error

20

13

9*

5*

2.7*

0.172

0.172

-8.696

3.202

4.675

-0.748

-3.017

1.105

1.963

2.160

-0.071

0.361

0.008

-0.013

0.041

0.054

0.0207

0.0905

0.0925

Table 5.2 : Perpendicular magnetostriction data of sample II (*)
temperatures 9, 5 and 2.8K are fitted over the range 4-8T with 20 and
13K fitted over the range 0-8T.
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Fig. 5.15 : Parallel magnetostriction of Sample II (a) above Tc at 20K, (b)
measured at 13 and 9K and (c) measured below 9K.
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Fig. 5.16 : Perpendicular magnetostriction of Sample II (a) above Tc at
20K, (b) measured at 13 and 9K and (c) measured below 9K.
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In the perpendicular direction at 20K, the magnetostriction data is fitted
with a polynomial of the form a+bB+cB2+dB3 .The fit shows that the electrons
are strongly perturbed since the data deviates from B2 behaviour. Between 13 and
9K, as in the parallel direction, the character of the magnetisation changes, but
the change over can be seen more clearly, with the magnetostriction changing
over from negative magnetostriction to positive, with the b coefficient, which
dominates the form of the fits, going from -3.017 x 10-6 to +1.105xl0-6. The
magnetostriction data at 13K and 9K demonstrate that 1 OK is a critical
temperature and that something happens to the character of the magnetisation.
This can be seen in Fig.5.16 (b). As the temperature is decreased, below 9K the
magnetostriction increases, with a value for (91nL/3B)± of 2.16 xlO-6 T_1at 2.7K .

Thus the volume magnetostriction Sv= (AL/L)| | + 2(AL/L)± has a value
1.95 x 10~6 T"1 for sample II.

Fig. 5.17 : Parallel magnetostriction of Sample I (a) above Tc at 30K and
(b) measured at 9, 5, 2.7K.

Sample I had only its parallel magnetostriction measured because of its
rod shape with its behaviour shown in Fig. 5.17 and in Table 5.3. Sample I
demonstrated the same general characteristics as sample II, with the slope
(<51nL/9B)| | decreasing as temperature decreases. For sample I the value of
(SlnL / SB),! at 2.7K is-2.05xl0"6 T1.

Parallel magnetostriction measurements of the single crystal in the "a"
and "b" directions are shown in Fig. 5.18 and 5.19 and detailed in Tables 5.4 and
5.5.
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Temperature
(K)

best

a

(AL/LxlO"6)

polynomial
y=a+bB+cB2

b

(AL/LxlO"6 T"1)

fit

c

(AL/LxlO"6 T"2)

error in fit

standard error

R coefficient

30 -0.005 -0.143 0.083

9* -5.13 -2.95 0.070

5* -5.11 -2.37 0.085

2.7* -4.86. -2.05 0.0383

Table 5.3 : Parallel magnetostriction data of sample I (*) data fitted over

the range 1T-8T with 30K data fitted over the range 0-8T.
The magnetostriction data verify the magnetisation and SQUID measurements on
the single crystal, that the "b" axis and "a" axis are not magnetically identical and
that the "b" axis is easier to magnetise than the "a" axis. As for the polycrystal
samples I and II as the temperature is decreased the slope of (<31nL/<3B)( |

decreases. The parallel magnetostriction (SlnL/SB)| | at 2.7K has the values
-1.72 x 10'6 T_1 and -2.01 x 10"6 T"1 for the "a" and "b" axes respectively. Since
the design of the cell does not allow the application of a magnetic field along the
magnetically hard c axis the measurements of the polycrystalline samples I and II
suggests that SlnL / SB for the "c" direction is comparable with that of "a" and
"b".

best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO-6) (AL/LxlO-6 T"1) (AL/LxlO"6 T"2)

20 0.115 0.222 -0.0513 0.039

13* -2.086 -0.511 -0.0666 0.0157

7* -6.90 -1.67 0.109

5* -8.15 -1.71 0.0654

2.7* -8.75 -1.72 0.133

Table 5.4 : Parallel magnetostriction data of the single crystal in the "a" direction
(*) data fitted over the range 1-8T, with 20K data fitted over 0-8T.
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Fig. 5.18 : Parallel magnetostriction of the single crystal in the "a"
direction (a) above Tc at 20K, (b) measured at 13-7K and (c) measured
below 7K .
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Fig. 5.19 : Parallel magnetostriction of the single crystal in the "b"
direction (a) above Tc at 20K, (b) measured at 13 and 7K and (c)
measured below 7K .
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best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO"6) (AL/LxlO"6 T"1) (AL/LxlO-6 T"2)

40 0.070 -0.0909 0.0475

20 0.37 -1.66 -0.061 0.086

13* -2.02 -2.71 0.135

y* -7.44 -2.16 0.0248

5* -8.04 -2.06 0.0489

2.7* -8.02 -2.01 0.050

1.6* -8.11 -1.995 0.0065

Table 5.5 : Parallel magnetostriction data of the single crystal in the "b"
direction (*) fitted over the range 2-8T with 40K and 20K fitted over

range 0-8T.

5.2.3 Comparison of Griineisen factors

The electronic Griineisen factor ye has been measured for CePdSb in two
different ways numbered below, with the symbols yG, yp used to distinguish the
electronic Griineisen factor measured via thermal and pressure measurements

respectively.

1. The electronic Griineisen factor yG has been calculated from the
thermal expansion data by amag, and Trovarelli et al. heat capacity cmag, value on
page 113, by using the equation yG = 3amagVmolBT /cmag.

2. The electronic Gruneisen factor yp has been measured directly by
measurement of the pressure dependence of the Curie temperature Tc by X.ac i.e.
5(lnTc) / 5P Riedi et al. (1994).
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Griineisen factor Yr. Yp

CePdSb +10 +14

Table 5.6: Comparison of Griineisen factor.

The table shows the self-consistency of the Griineisen factor, and suggests that
CePdSb is a Kondo material since except for rare occasions 3(lnTc) / <9P is
negative for metallic ferromagnet. The value 5(lnTc) / 5P for CePdSb is
comparable to the values 13Mbar' and 6Mbar' found for the compounds CePt
and CePd Huber et al. (1991).

5.2.4 High Temperature Region

The fractional linear extension and the resulting thermal expansion of the
two polycrystalline samples sample I and sample II measured in the high
temperature regime are shown in Fig. 5.20 and Fig. 5.21. It can be seen in Fig.
5.20 (a) that sample I and sample II have different thermal characteristics, this at
the time ofmeasurement was thought to be due to the difference in the Sb
content of the two samples with the Sb deficient compound, sample II,
demonstrating similar fractional extension to that of CePd. The difference
between the two samples can be seen more clearly in Fig.5.21.

Sample II thermal expansion passes through a broad maximum centered
at 15OK with a shallow minimum at 21OK. The shallow minima maybe explained
by the deficiency in the Sb content of the sample. If the sample had the right
amount of Sb then amag would resemble the averaged single crystal value and
above 15OK a would rapidly decrease. The nature of the maximum at 15OK can

not be inferred from the thermal expansion measurement of sample II, but agrees
with Malik and Adroja (1991) resistivity measurements and hints that CePdSb is
a ferromagnetic Kondo lattice material.

The thermal expansion of Sample I is 10 times smaller than that of
sample II and shows a very broad maximum centered at 13OK. Comparison of the
polycrystalline thermal expansions of samples I and II, with an averaged value
calculated from the measurements of amag in the three directions single crystal
indicated that sample I is 10 times smaller than the averaged value. To account
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for such a large discrepancy between sample I and the averaged value, both
polycrystalline samples were inspected under a X5 microscope. Sample II made
in the argon arc furnace is composed of small polycrystals with no visible
evidence of cracks or holes due to the boil off of Sb. Sample I on the other hand
prepared by induction melting in a sealed crucible on examination is of a "Swiss-
cheese" composition with larger polycrystals. In order to estimate the volume of
empty space due to the holes the density of the "c"-axis single crystal was
calculated by its mass measurement and volume calculation from its dimensions.
The density value of sample II indicated that the holes occupied 19% of its total
volume. An adjusted length of sample I was calculated and used to obtain the
fractional extension and resulting thermal expansion as shown in Fig. 5.21. The
adjusted thermal expansion of sample I is still three times smaller than the
averaged value from the single crystal and does not have the shape or form of
either the averaged value or sample II, but indicates that the holes make a large
and significant contribution to the thermal expansion of the sample.

The resulting difference between the averaged value and adjusted sample
I may be explained by the holes contracting and expanding in a complicated
temperature dependent way with the sample shape anisotropy a contributing
factor, giving a lower resultant thermal expansion. If the sample had some texture
and was cut in a "b" axis direction then the observed thermal expansion would be
small, however this is unlikely since sample I thermal expansion high
temperature data does not resemble the "b" axis data.

In conclusion on the polycrystalline samples: sample I made in a sealed
crucible has the right constitutional elements, but structurally it is very bad and
could not be used to give any reliable data in the high temperature region with the
thermal expansion of the holes and shape anisotropy dominating this temperature
region. Sample n, on the other hand, made by argon arc melting, is very good
structurally but on melting a small loss of Sb has occurred which results in the
sample's data being useful only for qualitative purposes.
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(a) (b)

Temperature (K)

(C)
Fig. 5.20 : (a) Fractional extension of sample I and sample II (b)
comparison ofCePd and sample II fractional extension and extension of
sample I and (c) reference sample LaAgGe.

Temperature (K)
Fig. 5.21 : Thermal expansion of sample II, sample I, adjusted sample I
taking into account the length due to the holes, and the averaged thermal
expansion from the single crystal measurements.
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The single crystal fractional extension in the "a", "b" and "c" directions is
shown in Fig. 5.22. This diagram illustrates the large anisotropy ofCePdSb.
Comparing the "c" axis extension AL/L at 290K 4.776x103 to the "a" direction
value at 290K of 1.8346x10"3, or copper's value of AL/Ls3.26xl(>3 White
(1989), the extension in the "c" direction is seen to be very large.

The value of amag in the "a", "b" and "c" directions were obtained by
subtracting the thermal expansion of the reference compound LaAgGe. It can be
seen in Fig. 5.23 that the thermal expansion in the basal plane (in the "a" and "b"
directions) is small. The thermal expansion in the "a" direction is flat and
featureless from 300K until 190K then passes through a minimum at 132K with

amag~-4xlO"6K"1 before it rapidly increases to a value 1.6 10_6K"1 at 30K. The "b"
direction thermal expansion is similar to that of "a", flat and feature-less until
21OK before it passes through a point of inflexion. It then slowly increases until
15OK when the amag starts to gradually increase with the slope of the thermal
expansion rapidly increasing at 60K. The difference between the thermal
expansion in the two directions in the basal plane can to attributed to magneto-
elastic effects in the crystal.

The thermal expansion in the "c" direction is shown in Fig.5.24. A
pronounced maximum at 135K can be seen with the thermal expansion in the "c"
direction five times greater than the thermal expansion in the basal plane.

The resistance measurements by Malik and Adroja (1991) bear a striking
similarity to the "c" or averaged thermal expansion in Fig.5.24. Their
measurements and subsequential analysis indicated that the resistivity maximum
around 150K is the Kondo temperature of CePdSb.

As mentioned in section 1.3 the theory for concentrated Kondo systems is
not very well developed, but gives a general indication of the possible
explanation for the high temperature behaviour ofCePdSb. Oliviera and Wilkins
(1981) calculation for a dilute Kondo system, and Kaga and Kubo (1988) model
for concentrated Kondo lattices indicate that around the Kondo temperature TK a

maximum should be observed in the heat capacity with the additional feature of a
peak at Tcoh due to stabilisation of the coherent state by the formation of an
energy gap at the Fermi surface at the temperature Tcoh « T^®3*. Since CePdSb
ferromagnetically orders at 17K the heat capacity peak due to the lattice structure
can not be observed.
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Fig. 5.22 : Fractional extension 30-300K of CePdSb single crystal in the
"a", "b" and "c" directions.
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Fig. 5.23 : Magnetic contribution amag to the thermal expansion of
CePdSb in the "a" and "b" axes single crystal measurements.
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Fig. 5.24 : Thermal expansion a ofCePdSb, LaAgGe and the magnetic
contribution ama„ in the "c" direction.mag
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Comparing the high temperature thermal expansion of CePdSb data to
that ofwell-known heavy-fermion compounds such as UPt3 (Tk=16K), and
CeRu2Si2 (Tk=19K), and the analogous high TK concentrated Kondo compounds
CeBe]3 (Tk=189K) and CePd3 (Tk=621K), the data suggests that the maximum
observed in the high temperature region ofCePdSb is due to an interplay of a
Kondo interaction and the crystal fields present in the material. As seen from the
data presented in Fig. 5.23 and Fig. 5.24 the crystal fields effected the "a", "b"
and "c" directions by different amounts. The magnetically hard direction, the "c"
axis, is greatest affected by the presence of crystal fields and the "b" direction is
the least sensitive to the crystal field.

Conclusions

The thermal expansion measurements on the polycrystalline samples of
CePdSb, Fig.5.9, agree with Trovarelli et al. heat-capacity results (Fig.5.5): In
zero external field there is no peak at Tc (=17K) but a broad maximum near 10K.
In a field of 8T the value of the maximum decreases and move to 14K. This

result has recently been independently confirmed by specific-heat measurements
in applied fields up to 8T on single crystal samples by Katohet al. (1996).

Near 10K, aa is a minimum and ac a maximum as shown in Fig. 5.10.
The present single crystal thermal expansion measurements indicates that 1 OK
represents some kind of boundary temperature for CePdSb.

In the high temperature regime, the thermal expansion measurements on

polycrystalline samples suggests that sample I made in a sealed crucible has the
right constitutional elements, but structurally it is very bad and could not be used
to give any reliable data, with the thermal expansion of the holes and shape
anisotropy dominating the high temperature region. Sample n, on the other hand,
made by argon arc melting, is very good structurally but on melting a small loss
of Sb has occurred which results in the sample's data being useful only for
qualitative purposes.

Single crystal measurements verify that CePdSb is very anisotropic in the
high temperature region, with the thermal expansion in the magnetic hard
direction the "c" direction, the dominant component to the thermal expansion.

At present, the only independent evidence ofKondo behaviour is Malik
and Adroja (1991) resistivity measurements, which might only be due to crystal
field effects.
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Chapter 6 CePd

Introduction

The study of CePd was motivated by the need to clarify the behaviour of
CePdSb at high and low temperatures. In the low temperature region there is a

second hump observed at 6K in the ac susceptibility of CePdSb. CePd was used,
to see if the hump observed in the CePdSb data was due to a second phase i.e. Sb
boiled off in the fabrication ofCePdSb and a composition close to that ofCePd
was made instead.

In the high temperature regime, around 150K, CePdSb has a maximum,
observed in both resistance and thermal expansion measurements. The
measurement of CePd helped to verify the nature of the maximum and show that
the maximum was intrinsic to CePdSb, and not due to CePd, as detailed in
section 5.2.4, and shown in Fig. 5.20.

Unlike CePdSb, CePd shows normal behaviour in the region of Curie
point but at low temperatures below To it turns out through this investigation
that CePd has some interesting features in its own right.

6.1 Summary ofPrevious Work

It appears that there has been little previous work on CePd but Thompson
(1965) first reported the existence of CePd. The ferromagnetic character of CePd
was later reported by Kappler et al. (1985) with a Curie temperature, TC=6.5K.
CePd has CrB type structure with the lattice parameters "a"-3.88A, "b"=10.89A
and "c"=4.69A. At 4.2 K the saturated magnetic moment Mg has a value
0.84pB/Ce-atom, with magnetisation measurements from 0-5T at temperatures
1.7K-14K shown in Fig. 6.1.
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The heat capacity of CePd at low temperatures has been measured as part
of a series ofmeasurements on CePd,_xAgx series by Besnus et al. (1994) shown
in Fig. 6.2. CePd has a peak in the heat capacity at 6.5K, as the compound
spontaneously orders, with evidence at 3.5K of a second transition which is
probably due to reorientation of the magnetisation. This type of double phase
transition is frequently found in Ce compounds such as CeCuj. The decrease of
the lattice constant with the application of "chemical pressure" by substitution of
Pd by Ag in CePd by Besnus et al. (1994), yields an interesting phase diagram.
Initially CePd is in a ferromagnetic phase, then goes through a antiferromagnetic
phase when the concentration ofAg reaches 2.5% stays antiferromagnetic until
Ag reaches 10% then returns to an ferromagnetic phase at higher concentrations.
This strong effect ofAg substitution shows the magnetic instability of the
compound which should also be observed with direct pressure applied to CePd
and through magnetostriction.

Huber et al. (1991) measured 3(lnTc) Id? and found it had a value of
+6Mbar1, this tends to indicates that CePd is a Kondo material since except for
rare occasions <9(lnTc) 18? is negative for a metallic ferromagnet with low Tc.

6.2 Project Work

6.2.1 Low Temperature Region

Magnetisation measurements from 0-5T at temperatures 1.7-14K, are
shown in Fig.6.1. At 1.7K, the magnetisation shows a change in slope in the
magnetisation at 0.1 and 1.6T, which implies some instability in the
magnetisation. The saturation moment Mg, obtained by extrapolating the M-H
plot to 1/H=>0, giving a value of 0.85pB for the saturation moment, which agrees

quite well with Kappler et al. (1985) previous quoted value of 0.84pB. The
reduction from the free magnetic moment ofCe3+(2.14pB), can be attributed to
the crystal field splitting of the j=5/2 state.

The thermal expansion ofCePd was measured from 1.6-9K, shown in
Fig. 6.3. The heat-capacity and thermal expansion measurements below 10K
show essentially the same behaviour, with the samples going through the first
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transition at 6.5K and a second transition at 3.5K. In both the heat capacity and
thermal expansion measurements, a phonon blank has not been measured,
however if the peak values of a and c are used and the phonon contribution is
considered to be small and negligible, then an estimate of the Griineisen factor

(yG) as for CePdSb, can be made. The value of a can be scaled to c using the
conversion factor lxKHK-'sl.OSdJ mole"1 K1, as shown in Fig. 6.4. The molar
volume Vmol of CePd (taken from Kapplers et al. paper) is 1.49xl0"5 m3 mol1,
the value of the bulk modulus (BT) is not known but must be «lMbar, so

yG =3aVmolBx/c = 4.5 larger than the value (=2) for simple metals. For the lower
transition again using the peak values of a and c, a rescaling factor
lxl0"6K"1=0.5157J mole"1 K"1, the molar volume and bulk modulus given above,
a Griineisen factor yG, of = 8.6 is calculated for the lower transition.
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Fig. 6.1 : Magnetisation M(T) as a function of field 0-5T for
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Fig. 6.2 : Specific heat of CePd measured from 1.4-9K Besnus et
al. (1994).
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Fig. 6.3 : Thermal expansion 1.6K-9K ofCePd.
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The pressure dependence of <3(lnTc)/ <3P was measured by xac up to pressures of
7.62kbar at helium temperatures, using Bx«lMbar a value for yP of 4.9 was

obtained. This value is comparable, with Huber et al. (1991) previous pressure
measurement of yp=6 and yG calculated from the thermal expansion and heat-
capacity.

01 23456789

Temperature (K)

Fig. 6.4 : Specific heat c of CePd plotted with rescaled thermal expansion using a

scaling factor lxKHK-^l.OSbJ mole-1 K_1.

6.2.2 Magnetostriction

The magnetostrictive behaviour of CePd is tabulated in Tables 6.1 and 6.2
and shown in the diagrams Fig. 6.5 and 6.6. At 20K CePd is in the paramagnetic
regime, where the data is an excellent fit to y=ax2. At 7K just above CePd Curie
temperature the data shows strong electronic correlation with the data fitted to a

second order polynomial fit of the form a+bB+cB2. As the temperature is
decreased, below Tc the magnetostriction becomes large and linear and at 1.6K
CePd undergoes a weak metamagnetic-like transition with the inflexion at 1.6K

The metamagnetic like transition is in agreement with the magnetisation
measurement at 1.6K, Fig. 6.1 and suggests an instability in the magnetisation.
The magnetostriction data is similar to that observed in the heavy-fermion
compounds CePt2Si2 and CeRu2Si2. Using the data at 1.6K above 3T
(SlnL / SB^ | has the value 2.24 xlO"5 T'1

14

at 1.5T.
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best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/Lx 10"6) (AL/Lx 10-6 T"1) (AL/Lx 10"6 T-2)

20 0.458 +0.998 0.531

7 -4.414 14.867 0.6688 1.18

5 -3.370 20.693 0.256 0.862

2.8* 5.97 22.87 0.593

1.6* 12.99 22.40 0.566

Table 6.1 : Parallel magnetostriction data of CePd (*) temperature 1.6 and 2.8K
are fitted over the range 4T-8T with 20K, 13K and 5K fitted over range 0-8T.

In the perpendicular direction as the temperature decreases the slope of
(SlnL/ SB) decreases with (SlnL/SB)x at 1.6K having the value -7.84 xlO'6 T_1.
The metamagnetic-like transition is also observed in the perpendicular direction
with the inflexion point occurring at 1.2T at 1.6K. The volume magnetostriction
Sv= (AL/L),, + 2(AL/L)j_ has a value 6.72 x 10"6 T1

best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/Lx 10"6) (AL/Lx 10"6 T"1) (AL/Lx 10"6 T"2)

20 0.234 -0.361 0.145

7$ 4.845 -8.354 0.133

5 -3.370 -9.419 0.0643 0.380

3t 4.845 -7.764 0.132

1.6* 1.78 -7.840 0.122

Table 6.2 : Perpendicular magnetostriction data of CePd (*) temperatures 1.6K
fitted over the range 4T-8T, (f) fitted over range 1.6T-8T, (J) fitted over range 3-
8T, with 20K and 5K fitted over range 0-8T.
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Fig. 6.5 : Magnetostriction of CePd (Tc at 6.5K) in the parallel direction
at 20K and 7K (a), measured below Tc at 5K, 2.8K and 1.6K (b) and
behaviour ofmagnetostriction in the low field region.
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Fig. 6.6 : Magnetostriction of CePd (Tc at 6.5K) in the perpendicular direction at
20K and 7K (a) and (b) measured below Tc at 5, 3K and 1.6K.
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Conclusions

The study ofCePd was motivated by the need to clarify the behaviour of
CePdSb at high and low temperatures. In the low temperature region the second
hump observed at 6K in the ac susceptibility of CePdSb. CePd was used, to see if
the hump observed in the CePdSb data was due to a second phase i.e. Sb boiled
off in the fabrication of CePdSb and a composition close to that ofCePd was

made instead. This idea has been confirmed by the thermal expansion
measurement, Fig.6.3, with CePd ferromagnetic transition at 6.5K.

In the high temperature regime, around 15OK, CePdSb has a maximum,
observed in both resistance and thermal expansion measurements. The
measurement of CePd helped to verify the nature of the maximum and show that
the maximum was intrinsic to CePdSb, and not due to CePd, as detailed in
section 5.2.4, and shown in Fig. 5.20.

Unlike CePdSb, CePd shows normal behaviour in the region ofCurie
point (6.5K) but at low temperatures below Tc, it has some interesting features.

Magnetisation and magnetostriction measurements indicate that CePd at
1.6K undergoes a weak magnetic metastable like transition at 1.5T. The thermal
expansion measurements confirm the heat-capacity results (Besnus et al. 1994) a
ferromagnetic transition at the Curie temperature ( 6.5K) and evidence of a
second transition at 3.5K probably due to magnetic reorientation. The Griineisen
factor calculated from the thermal expansion and heat-capacity measurements
using a typical bulk modulus Bj of IMbar, gives a value of yG=4.5. This is
comparable to a high pressure dependent <3(lnTc)/9P measurement of yp=4.95,
and previous literature measurement of yps6 by Huber (1991).
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Chapter 7 CeAgSb2

Introduction

The last experimental chapter 7, examines the compound CeAgSb2. The
previous work, section 7.1, suggests that the compound is a magnetic condensed
Kondo lattice system, with its physical phenomena governed by its Kondo
temperature ( TK « 60-80K). The work detailed in section 7.2, indicates that
thermal expansion has extraordinary behaviour with a thermal expansion peak
10.5K higher than its Neel temperature (TN=9.5K) with no feature observable at

7.1 Summary ofPrevious Work

Houshiar et al. (1995) first fabricated CeAgSb2 along with its reference
compound LaAgSb2, as part of a systematic study of the magnetic and transport
properties of CeTX2 where T is a transition metal and X is a group IVb or group

Vb element. Powder x-ray diffraction showed that the polycrystalline samples
RAgSb2 (R=Ce and La), had crystallised into the tetragonal UCuAs^type
structure (space group P4/nmm).

The magnetisation measurement at 1.7K, Fig. 7.1, show the small
spontaneous moment, 0.1 pB, with the magnetisation isotherm showing a weak
metamagnetic feature near 6T and significant saturation by 12T. The saturation
moment psat, obtained by extrapolating the M-H plot to 1/H=>0, has a value of
1.37pB. This is small when compared to the free magnetic moment of
Ce3+(2.54pB), with the reduction in magnetic moment attributed to crystal field
splitting of the j=5/2 state.

The magnetic susceptibility ofCeAgSb^ above 30K has Curie-Weiss
behaviour with the effective magnetic moment close to that expected for Ce3+. A
value for the paramagnetic Curie temperature 0p of -10K is obtained from a fit to
the susceptibility data, and due to antiferromagnetic exchange.
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Fig. 7.1 : Magnetisation isotherm at 1.7K ofCeAgSb2 (Houshiar et al.
1995).
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Fig. 7.2 : Resistivity ofCeAgSb2 1.7-300K (Houshiar et al. 1995).
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Fig. 7.3 : Thermopower ofCeAgSb2 1.7-300K (Houshiar et al. 1995).
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The small spontaneous magnetic moment 0.1 pB and magnetic
susceptibility data, suggests that CeAgSb2 is a weak antiferromagnet caused by
canted moments with Kondo compensation from the conduction electrons.

The electrical resistivity of CeAgSb2 was measured by the standard 4
probe dc technique from 1.7K-300K, shown in Fig. 7.2. The electrical resistance
above 5OK, shows a -ln(T) dependence which indicates the compound is in an

incoherent Kondo regime. The resistance p(T) also has a maxima at 24K showing
the onset of coherence occurring between the Ce sites, with the resistance p(T)
dropping sharply, below the maximum, with the onset ofmagnetic order at 10K.

The CeAgSb2 thermopower measured from 3-300K, Fig. 7.3, shows a

large positive anomaly in S(T). The thermopower S(T) has a maximum at 80K,
with a plateau near 20K, the temperature where the resistivity drops. At TN, the
thermopower changes its sign and has a minimum at 6.5K. From the theory
detailed in section 1.6.3 for a concentrated Kondo lattice material, a maximum
occurs in thermopower at the Kondo temperature, thus the Kondo temperature TK
for CeAgSb2 is estimated to be of the order of 80K.

Finally Houshiar et al. performed preliminary inelastic neutron scattering
on CeAgSb2, with broad quasielastic scattering observed with no resolved crystal
field excitations. The quasielastic line width observed at 12K is 7meV which is
of the same order ofmagnitude as kBTmax, where Tmax is the temperature where
S(T) is a maximum. The neutron, resistance and thermopower data suggests the
Kondo temperature determines the anomalies, whereas for many other
concentrated Kondo lattice materials e.g. CeTSn and CeTGa (T=Pd, Pt) have
their anomalies determined by crystal field splitting.

7.2 Project Work

7.2.1 Low Temperature Region

Slices of the polycrystalline ingots ofRAgSb2 (R=Ce, La) previously
measured by Houshiar et al. were obtained. The ingot slices were shaped by
spark erosion, as detailed in section 2.10.1, with a 4.32mm diameterx0.5mm
thickness disc cut from the CeAgSb2 slice, and a 3.5mm diameter x0.5mm
thickness disc cut from the LaAgSb2 slice.
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Fig. 7.4 : Xac of CeAgSb2 measured from 1.6-40K, with insert showing

Fig. 7.5 : Fractional extension 1.7-40K ofRAgSb2 (R=Ce and La).

Temperature (K)
Fig. 7.6 : Thermal expansion ofRAgSb2 (R=Ce and La) measured from
1.7-40K.
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The ac susceptibility %ac of CeAgSb2 disc was measured from 3-40K, as
shown in Fig. 7.4. The magnetic susceptibility shows a rapid increase in the
induced voltage with a phase change at 1 OK a classic k-type second order phase
change, which indicates strong antiferromagnetic ordering. Above 10K, the ac

susceptibility, if closely examined, reveals that between 30-40K nothing happens
but at 3OK the slope starts to increase, with the slope rapidly increasing at 25K,
with the beginnings of the critical peak appearing at 16.7K. The insert in Fig.7.4
helps to illustrate this feature. The xac data may be explained in the following
manner: at 25K as indicated by the resistance measurements, coherence starts to
set in between the magnetic sites and the Ce sites start to co-operate in their
scattering with short-range ordering developing. The strength of the magnetic
fluctuations increase, as the temperature decreases, with the magnetic
fluctuations increasing first slowly then more rapidly until 10K when the material
orders antiferromagnetically.

The discs ofRAgSb2 (R=Ce and La) were inserted into the capacitance
cell with their respective fractional extension and thermal expansion shown from
1.6-40K in Fig. 7.5 and Fig.7.6 respectively. A magnetic field of 8 Tesla was

applied to CeAgSb2, with the fractional extension and thermal expansion from
3-40K shown in Fig. 7.7.

The magnetic thermal expansion amag(T), Fig 7.6, dramatically changes at
28.6K rising up to a peak height of 7.916xl(F6 K_1 at 16.9K. This is extraordinary
behaviour getting a thermal expansion peak at a temperature well above the
transitional temperature at 10K, With no feature observable at Tn-

The thermal expansion measured in the field at 8T shows the thermal
expansion peak centered at 17.32K with the height increasing to 1.145xl0~5 K_1
and the magnetic interaction starting to occur at 34K. If the areas underneath the
zero field cooled curve and the curve measured at 8T are integrated and
compared, the area underneath the 8T curve is greater than the zero field curve by
45%. This is extremely surprising, since usually, the areas zero field and 8T
should be the same. The increase in area, indicates that in a field of 8T the

magnetic Griineisen factor has increased. To try and explain this phenomena, a
measurement by Floltmeier et al. (1993) on CeCu6 a heavy Fermion compound,
indicated that in a magnetic field the magnetic Griineisen factor decreased, which
is thought to indicate that the magnetic intersite interaction is suppressed in a

magnetic field. Thus conversely this means a field applied to CeAgSh2 rapidly
increases the intersite correlation's. The reason why and how this behaviour
occurs is at the present time inexplicable, but further measurements, such as field
dependent heat-capacity should help to clarify the situation.
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The high temperature side 16.9K to 40K of the thermal expansion peak is
not a reasonable fit to a T2 i.e. the peak is not due to a Schottky anomaly. On the
low temperature side of the thermal expansion peak, the data below 10K is fitted
to a function of the form amag=T3(-AE/kBT) i.e. an antiferromagnetic structure
with an energy gap, with the energy gap calculated to be 5.3K.

The theory for concentrated Kondo lattice systems, suggest a possible
explanation for the thermal expansion peak above the magnetic transition
temperature Tm- As mentioned in section 1.6.5, Kaga and Kubo's theory, suggests
that for a concentrated Kondo lattice system a peak in the heat capacity (and
thermal expansion) will occur due to the stabilisation of coherence between the
Ce sites, by the formation of a gap. This is observed, on the low temperature side
of the thermal expansion peak. The temperature of the peak in the thermal
expansion Tp depends on the amount ofhybridisation between the delocalised
conduction and 4f electrons, since the degree of hybridisation is not known an

estimate of Tp can not be made.
Since CeAgSb2 magnetically orders, then it is regarded as a magnetic

concentrated Kondo lattice system. This means, as explained from the
magnetisation data, that it has a magnetic ground state modified because of
Kondo compensation of the Ce local magnetic moment. Thus lowering the
temperature of the compound leads to the Kondo effect.

As CeAgSb2 can be regarded as a magnetic concentrated Kondo system,
then its properties can be compared to a well studied magnetic concentrated
Kondo system; CeAl2.

The magnetic transition in CeAl2 is quite a complicated one Schefzyk et
al. (1985), but it has two phase changes the first, an antiferromagnetic transition
at TN1=3.7K and a second transition attributed to the Kondo effect at TN2=3.8K.
This compares with TN1=10K and TN2=T6.9K for CeAgSb2.

The comparison ofCeAgSb2 with CeAl2 seems to confirm the idea that
CeAgSb2 thermal expansion peak is due to the Kondo interaction, indicating
strong coherent behaviour between the Ce sites.

There is of course one great mystery to solve for CeAgSb^ if the above
model is correct. Schefzyk et al. (1985) data on CeAl2 was taken from thermal
expansion and heat capacity, yet both the Kondo effect and antiferromagnetic
ordering were observed, yet, CeAgSb2 thermal expansion data only has the
Kondo effect visible. This at the time ofwriting remains a mystery, but two
possible explanations are discussed below, by comparing CeAgSb2 to CePdSb, a
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material that also does not have a thermal expansion peak at its magnetic
transition temperature.

There are two models discussed by Trovarelli et al. (1994) suggesting
possible reasons as to the absence of a specific heat jump at Tc for CePdSb. The
first model is due to anisotropic structure of the CePdSb. With this model
CePdSb crosses over from a 3 dimensional system to a 2 dimensional system due
to very strong magnetic anisotropy. This model gives a thermal expansion or heat
capacity peak at a lower temperature than the magnetic transition temperature.
This is clearly not the case for CeAgSt^.

The second possibility is suggested and is arrived at by, similarities
between CePdSb and GdCu5. From neutron diffraction Barandianran et al. (1989)
showed that GdCu5 went through a phase transition from a paramagnetic phase to
a antiferromagnetic material at TN=26K. Its triangular magnetic structure resulted
from the competition between the nearest neighbours ferromagnetic interaction
3] and the next nearest neighbours antiferromagnetic interaction 32. This
magnetic ordering resulted in a significant increase in susceptibility but without
any anomaly in the specific heat at the Neel temperature TN. This might be a

possible explanation for CeAgSb2 behaviour, since it has a very large
susceptibility with the material ordering into a cantered antiferromagnet with a

small ferromagnetic component.

In order to fully resolve the magnetic nature ofCeAgSb^ single crystals
measurements over the low temperature regime are necessary, with a variety of
techniques thermal expansion, resistance and detailed neutron scattering.
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Fig. 7.7 : Fractional extension and thermal expansion of CeAgSb2, over
range 1.6-40K, Zero field cooled (ZFC) and measured in an 8T field.

7.2.2 Pressure Measurements

The strength of the Kondo interaction relative to the RKKY interaction
should be distinctly reflected by the pressure dependence of the magnetic
transition temperature TM = T^1(dTN/dP)p=0 of the Neel temperature TN: If the
Kondo effect is sufficiently weak, the Neel temperature TN~32p2eff is expected to
increase with pressure, owing to the increase in |3|, the absolute value of the
exchange constant. On the otherhand with a sufficiently strong Kondo effect, the
increase of the exchange should become overcompensate by the reduction of the
effective Ce moment p2eff, resulting in Tm <0. Thus a pressure measurement on

CeAgSb2 if it is a Concentrated Kondo lattice, will show where it is on the
Doniach diagram.

The pressure dependence of <9(lnTN)/ 5P was measured by xac UPto
pressures of 7.3kbar at helium temperatures.

The first interesting feature is that under pressure the antiferromagnetic
peak reduces drastically under pressure.
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IfFig.7.4 is examined, at 6K there is a very small kink, this is very small
compared to the larger peak at 9.48K, taking the ratio of the two peak heights a

value of 210 is obtained. Under pressure the larger peak dramatically reduces,
with the ratio of the two peak heights now becomes 3.75 i.e. the
antiferromagnetic transition is killed.

The second interesting feature is the shift of the two peaks under pressure.
The large antiferromagnetic peak at 9.48K decrease to 8.78K under a pressure of
7.3kbar, this gives a value for 5(lnTN)/<9P of-10.1 Mbar1, taking a typical bulk
modulus Bt of IMbar then the Griineisen factor yp has a value of-10.1. By
comparison to CeAl2, a well studied magnetic Kondo lattice material, the Neel
temperature also decreases, with <9(lnTN)/<3P of the order of -lOMbar1.

The smaller peak moves from 6.09K at zero pressure to 6.96K under a
pressure of 7.6kbar, thus <5(lnTc)/3P has a value of+20.2Mbar', again using a

typical bulk modulus BT of IMbar the Gruneisen factor yp for the lower transition
has a value of +20.2.

Thus the pressure measurement indicates the transition at 9.48K, reduces
because of a strong Kondo interaction. The Kondo interaction causes an increase
of the exchange constant between the 4f and conduction electrons and
overcompensates the reduction of the effective Ce moment p2eff, resulting in a

decrease in the Neel temperature. To resolve CeAgSb2 behaviour neutron
diffraction or specific-heat at different pressures investigations need to be done.

7.2.3 High Temperature Region

The full range temperature sweep from 1.6-300K carried out on the
RAgSb2 (R=Ce and La) discs, is shown in Fig. 7.8 and 7.9.

In Fig. 7.8 the fractional extensions at 290K ofRAgSb2 (R=Ce and La)
are 3.6928* lfr3 and 3.5607><10-3 respectively. The magnetic contribution to the
thermal expansion shows a gradual slope increase from -7.413* 10-7 at 290K to
1.476 * 10"6 at 28.5K. There is no clearly observable feature around 80K, but the
differential of amag indicates a change of slope at 85K comparable to the Kondo
temperature deduced from Houshiar et al. (1995) thermopower measurements.

146



40

36

b 32
r 23
224
2 20
< 16
w

12
X 3W 0
+J 4
H 0
r-4

-4

-8

0 50 100 150 200 250 300

Temperature (K)

Fig. 7.8 : Fractional extension 1.7-300K ofRAgSb2 (R=Ce and La).
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Fig.7.9 : Thermal expansion ofRAgSb2 (R=Ce and La) and the resulting
amag ofCeAgSb2.

147



7.2.4 Magnetostriction

The magnetostriction in both the parallel direction (11) and perpendicular
direction (JL), is shown in the series of diagrams Fig. 7.10 (a)-Fig. 7.11 (c).
Although a value for volume magnetostriction can not be calculated since
CeAgSb2 requires a magnetic field greater than 12 Tesla to saturate the sample.

In the parallel direction at 40K the fractional extension is small, at 8 Tesla
AL/L = -9 p.p.m. The data can be fitted with B2 equation thus indicating that the
material is in the paramagnetic regime. At 22K, 3K below the coherent
temperature Tcoh,(i.e. when coherent scattering starts to occur between Ce sites )
the extension reaches a value AL/L s -35 p.p.m. at 8 T. The data has to be fitted
with a polynomial of the form y=a+bB+cB2 fit, which indicates that strong
electronic interaction 12K above Fits to 40K and 22 K, are shown in Table
7.1

best polynomial fit error in fit

Temperature y=a+bB+cB2 standard error

(K) a b c R coefficient

(AL/LxlO"6) (AL/LxlO-6 T">) (AL/LxlO-6 T"2)

40 0.196 -0.143 0.086

22 -0.503 1.095 -0.683 0.187

Table 7.1 : Best fit to Parallel magnetostriction data above TN fitted over the
range 0-8T.

The magnetostriction above and below Tp, at 17.5K, 14.95K and 12K is
shown in Fig. 7.10 (b). At 17.5K a change of slope appears at 6.1 T which
appears at lower fields as the temperature is decreased. Between 2T and change
of slope, a shallow minima which gets deeper as the temperature decreases
towards TN. This might indicate some sort of complicated ordering.

Below Tn the parallel magnetostriction shows small magnetic hysteresis
suggesting that CeAgSb2 has a ferromagnetic component.
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The magnetostriction in the perpendicular direction (_L) is positive with
the data at 40K again showing paramagnetic behaviour.

Unlike the parallel direction the perpendicular data suggest the change of
slope seen at 12K ,at 6T, is a metastable magnetic state, with the metamagnetic
state appearing at a higher field as the temperature decreases. The metamagnetic
state at 1,6K is observed at a field of 7.2T.

Conclusions

The thermal expansion work on CeAgSb2, shows extraordinary behaviour
with a thermal expansion peak 10.5K higher than its Neel temperature with no

feature observable at TN. High pressure measurements of d In TN/3P using ac

susceptibility, seem to confirm that CeAgSt^ is a magnetic condensed Kondo
lattice system with a value obtained for the Griineisen factor yp of -10. This value
is analogous to that obtained for the well studied magnetic condensed system

CeAl2 by Schefzyk et al. (1985) which has a value of the order of-10 also.
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Fig. 7.10 (a): Parallel magnetostriction (I I) above TN and at temperatures

above the heat capacity peak.
(b): Parallel magnetostriction (I I) above TN at 17.5, 14.97 and
12K.

(c): Parallel magnetostriction (I I) below tn

150



20

a 15 1
(X

3 10 :

X
w

5 1
o
CC

PH 0

* 22K

o 40K

X A A A .n„ft0ooooooo°«a»&ftoOOOOQOQQOQOO O £> o ^

01 2345678

Field (T)

(c)
Fig. 7.11: (a): Perpendicular magnetostriction (_l) above Tn and at
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Chapter 8 Concluding Remarks and
Future Work

As described in the general introduction intermetallic Ce-based
compounds show a wide variety of physical behaviour. This may be seen from
the small selection of compounds investigated in this thesis. As mentioned in the
respective chapters little work has been done on these compounds, CePdSb the
most widely studied compound has had only eight publications written about its
behaviour, with CeAgSb2 only one paper has been reported. There also has been
no neutron work on CePd CePt and CeAgSb2, so care is needed when trying to
understand these compounds. The data presented shows some interesting results:

• the anomalous magnetic behaviour of CePdSb with no thermal
expansion peak at the Curie temperature(17K), but a broad maximum at
10K, present in both polycrystalline and single crystal data.

• The thermal expansion ofCeAgSb2 has extraordinary behaviour with a
thermal expansion peak 10.5K higher than its Neel temperature with no

feature observable at tn.
High pressure dependent measurements of <31nTN/3P, confirm CeAgSb2 is
a magnetic condensed Kondo lattice system.

• A negative Griineisen factor was calculated from the heat-capacity and
thermal expansion data for CePt, which contradicts the positive
Griineisen factor calculated from the pressure measurements.

• Even CePd, the simplest compound measured, shows non-collinear spin
behaviour at 3.5K with evidence of a second transition, thought to be due
to reorientation of the magnetisation.

In each of the following sections 8.1, 8.2, 8.3 and 8.4 for the compounds
CePdSb, CePt, CePd and CeAgSb2 respectively, the final conclusions are drawn,
and where appropriate suggestions on future possible work.
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8.1 CePdSb

The thermal expansion measurements on the polycrystalline samples of
CePdSb, Thornton et al. (1996), agree with Trovarelli el al. heat-capacity results:
In zero external field there is no peak at Tc (=17K) but a broad maximum near

10K. In a field of 8T the value of the maximum decreases and move to 14K. This

result has recently been independently confirmed by specific-heat measurements
in applied fields up to 8T on single crystal samples by Katoh et al. (1996).

Near 10K, aa is a minimum and ac a maximum. The present single crystal
thermal expansion measurements indicates that 10K represents some kind of
boundary temperature for CePdSb.

In the high temperature regime, the thermal expansion measurements on

polycrystalline samples suggests that sample I made in a sealed crucible has the
right constitutional elements, but structurally it is very bad and could not be used
to give any reliable data, with the thermal expansion of the holes and shape
anisotropy dominating the high temperature region. Sample II, on the other hand,
made by argon arc melting, is very good structurally but on melting a small loss
of Sb has occurred which results in the sample's data being useful only for
qualitative purposes.

Single crystal measurements verify that CePdSb is very anisotropic in the
high temperature region, with the thermal expansion in the magnetic hard
direction the "c" direction, the dominant component to the thermal expansion.

At present, the only independent evidence of Kondo behaviour is Malik
and Adroja (1991) resistivity measurements, which might only be due to crystal
field effects.

The polycrystalline and single crystal thermal expansion measurements of
CePdSb presented in this thesis, have initiated further neutron scattering in the
low temperature regime to try and explain the anomalous low temperature
behaviour. This has been achieved very recently with small angle neutron
scattering of a single crystal sample by Rainford et al. (in press).

The analysis of the small angle inelastic neutron measurements on a

single crystal of CePdSb, by Rainford et al. provides a vivid insight into the low
temperature behaviour of CePdSb. Their measurements indicate that in the
paramagnetic phase the scattering is isotropic and increases weakly as the
temperature decreases towards Tc. At Tc there is no evidence of critical
scattering, but below Tc the scattering becomes markedly anisotropic: with an X-
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shaped pattern developing, with the semi-apex angle of the diagonal cross,
making an angle of about 22° to the "c" axis. Below 8K the X-shaped anisotropy
disappears, with the low temperature pattern still anisotropic but scattering is
strongest in the "c" direction, as expected for moments fluctuations in the "a-b"
plane perpendicular to the "c axis.

The disappearance of the X-shaped anisotropic pattern, suggests, below
8K CePdSb is a regular ferromagnetic. Above 8K, the onset of the X-shaped
anisotropy indicates a cross over regime, suggesting, a high degree of disorder in
the magnetic structure between 8K and Tc. However the temperature dependence
of the Sb N.M.R. of CePdSb does not show any unusual behaviour in this
temperature range Lord et al. (1996).

The above low temperature single crystal and earlier neutron scattering
single crystal work in the paramagnetic regime by Neville et al. (1996), indicates
CePdSb low temperature behaviour is not due to a Kondo effect but a localised
magnet with near neighbour exchange interactions.

Further N.M.R. measurements below IK are needed to establish if there is

exists a 4.5K gap as proposed by Trovarelli and neutron scattering measurements
are required to study the nature of the magnetic structure in the temperature range

8K to the Curie temperature. A detailed set ofmagnetisation measurements are

also required, especially in the "a" and "b" directions, since the preliminary single
crystal magnetisation measurements indicate two possible anisotropy's.

To clarify the origin of the high temperature behaviour resistivity
measurements are needed in the "c" direction since Katoh et al. (1996) single
crystal resistivity measurements in the "a" direction indicate resistivity in the "c"
direction should be the dominant component.

8.2 CePt

From the thermal expansion measurement, Blanco et al.{1994) heat-
capacity measurement and Itoh et al.(1987) value for the compressibility, a value
of the Gruneisen factor for CePt could be calculated. The Griineisen factor yG
calculated from the thermal expansion and heat-capacity is of the right order of
magnitude, but has a negative sign i.e. ( yG=-10.3), which seems to contradict the

154



results from the previous pressure measurements (yPI=+10.83, yp2=+12.5 and
yP3=+l0.83). As a check on this anomalous result, a pressure dependence
measurement of the Curie temperature Tc was performed by xac> UPto a pressure
of 7.3 kbar at 4.2K on the CePt sample. This agreed with the previous published
results (yP4=+l 0.9). The reason for the difference in sign between yG and yp is
unclear, since a positive value would be expected for yG.

8.3 CePd

Unlike CePdSb, CePd shows normal behaviour in the region ofCurie
point (6.5K) but at low temperatures below Tc, it has some interesting features.

Magnetisation and magnetostriction measurements indicate that CePd at
1.6K undergoes a weak magnetic metastable like transition at 1.5T. The thermal
expansion measurements confirm the heat-capacity results (Besnus et al. 1994) a
ferromagnetic transition at the Curie temperature ( 6.5K) and evidence of a
second transition at 3.5K probably due to magnetic reorientation. The Gruneisen
factor calculated from the thermal expansion and heat-capacity measurements
using a typical bulk modulus BT of IMbar, gives a value of yG=4.5. This is
comparable to a high pressure dependent <9(lnTc)/3P measurement of yP=4.95,
and previous literature measurement of yps6 by Huber (1991).

8.4 CeAgSb2

The thermal expansion work on CeAgSb2, shows extraordinary behaviour
with a thermal expansion peak 10.5K higher than its Neel temperature with no

feature observable at Tn. High pressure measurements of d In TN/3P using ac

susceptibility, seem to confirm that CeAgSt^ is a magnetic condensed Kondo
lattice system with a value obtained for the Gruneisen factor yp of-10. This value
is analogous to that obtained for the well studied magnetic condensed system

CeAl2 by Schefzyk et al. (1985) which has a value of the order of-10 also.
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In order to further investigate this compound single crystal measurements
are required over the low temperature regime with a variety of techniques thermal
expansion, electrical resistivity and detailed neutron scattering are required.

8.5 Final Conclusions

The aim of this thesis was to investigate ferromagnetic Ce compounds
such as CePdSb which showed some features of a condensed Kondo compound,
such as a reduced moment, and investigate how consistent they were with current
condensed Kondo theories.

As a consequence of thermal expansion data presented in this thesis, low
temperature single crystal small angle neutron scattering by Rainford et al. (in
press) was performed. Rainford et al. neutron scattering and earlier neutron
scattering single crystal work in the paramagnetic regime by Neville et al. (1996),
indicates CePdSb low temperature behaviour is not due to a Kondo effect but a
localised magnet with near neighbour exchange interactions. At present, the only
independent evidence ofKondo behaviour is Malik and Adroja (1991) resistivity
measurements, which might only be due to crystal field effects. So at the moment
it is unclear ifCePdSb can be considered a ferromagnetic condensed Kondo
compound.

The compound CePt is a ferromagnetic Kondo compound, with an

analysis of the measurements made using the concept of the competition between
magnetic and the Kondo effect. This was done by measuring the Griineisen factor
via pressure (yp) and thermal measurements (yG), which for some reason have
opposite signs. So it also unclear at the present how CePt fits in with Doniach
description, because of the contradicting Griineisen factors.

Unfortunately it is not clear at present that the Kondo lattice theory is
appropriate for ferromagnetic interactions and only antiferromagnetic
interactions, such as CeAgSb2, seems to be well defined by the theory. More
theoretic and experimental work are required to examine if the Doniach
description can be applied to ferromagnetic condensed Kondo compounds.
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APPENDIX A

Calculation of Thermal Expansion of Sample

The capacitor plates are surrounded by grounded guard rings to avoid
large distortions of the electric field at the border of the capacitor plates. For an
ideal plate capacitor with circular plates with radius r, surrounded by a guard-ring
the capacitance was calculated (Maxwell 1883) as :

SqTCWT
nrz

< w^
1 +—

v 2ryC = s0-— +— ^^ (Al)
b (b + 0.22w)

where w is the gap between the plate and guard ring, b is the distance
between the plates. Which can be written more conveniently as :

c = f+rT- <A2)b b + d

On assembly the insulating gapsize w and radius r of the smaller
capacitance plate were measured with a travelling microscope, so the effective
area A of the guarded capacitor plate, and coefficients B and d at room
temperature (R.T.) could be calculated, with the values shown in (A3).

A0 — 654.3 pFpm
B0 = 26.1 pFpm (A3)
d0 = 41.8 pm
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Equation (A2) may be rearranged to give b in terms ofC, to get equation (A4).

b = [-5 + A/52+4A0d0cl/2C/ (A4)

with

5 d0C A0 B0

Using the room temperature coefficients A0, B0 and d0 the displacement
b(T) at any temperature can be calculated. Since C«A/b, and the area of the cell
at any temperature T depends on the thermal expansion coefficient of the cell
(Al)ce// (i.e. A(T)=A0(295)( 1 +2(Al)ce//), then b(T) varies as equation (A5). With
bR T denoting the displacement calculated with room temperature values.

since room temperature is used as a reference point then (A6) is defined as

b(T) = bRT (T)(l + 2(Al)ce//) (A5)

The fractional length change of the cell (Al)ce// may be defined as:

^ = length at T - length at(Tref) (A6)

_ length at T - length at(TRT)
ce"

length at(IR T )
(A7)

Fig. A.l: Schematic diagram of cell.
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The capacitance cell is a relative cell, at room temperature

1S(R.T.) = lce//(R-T.) + bce/,(R.T.) - b(R.T.) (A8)

where \cell the length of the cell equal to the sample size at room temperature,

bce//(R.T.) is the length of cell equal to the gap and b(R.T.) is the size of the gap,

as shown in Fig. Al. As the temperature changes these terms have different
temperature dependencies i.e.

1S(T) = lce//(T) + bce//(T) - b(T) (A9)

substituting in (A9) using equations (A10) and (A5)

1S (T) = ls (R. T.)(1 + (Al)s)

lce„(T) = lce/,(R.T.)(l + (Al)ce//) (A10)

gives

1S(R.T.) (1 + (Al)s) = lce//(R.T.) (1 + (Al)ce//) + bce//(R.T.) (1 + (Al)cell)
-bRX(T)(l + 2(Al)ce„) (All)

at room temperature 1S(R-T.) = lceW(R.T.) (A12)

Using (A12) and rearranging equation (Al 1) to get equation (A13). The thermal
expansion of the cell (Al)ce// can thus be calculated by using a sample with a
known thermal expansion, or the length of an unknown sample Als can be
calculated if the cell thermal expansion (Al)ce// is known.

(Al)s = b"(RTn> ^t(T)+(A1)ct„1S(K. i.)

f

| bRT(R.T.) -2bRT(T)A
1S(R.T.)

(A13)

(Al)s -
(Al)cell ~

bRT (R.T.) -bRT (T)
Is(R-T-)

1 + bRT(R.T.) -2bRT(T)
1S(R.T.)

(A 14)
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Since a small difference in room temperature, makes a large difference in
\cell and length of sample ls, it is common practice to use the lowest achievable
temperature as the reference point, with Tref=l .6K usually used in this thesis.

Since it is not possible to measure A0, B0 and d0 at 1.6K. These values are

recalculated once the thermal expansion of a known sample has been measured.
Using silicon as the reference sample and equation (A14) the values ofA0, B0
and dn at 1.6K are recalculated. Equation (A5) then become

b(T) = bj 6(1.6)(l + 2(Al)ce//) (A16)

also the length of the sample at 1.6K is not known but can be calculated from
equation (A 17)

1S(1.6K) = 1S(R.T.)/(1 + (A1)S) (A17)

Since 1.6K is used as the reference temperature then (A6) defining the length
change of the cell becomes

_ length at T - length at(T16K),ceU
length at(T16K)

The subsequent derivation is the same with a slight modification, with equation
(A 13) now becoming

,.n b16(T,.6K) -b,.6(T) , .... f. . b,6(Tl6K)-2b,6(T)^(AI)s~ +<A0^1+ — j

Using (A17) an approximate solution of (A19) gives a value for the integrated
thermal expansion coefficient Als. With the linear thermal expansion as of the
sample being the differential of (A19).
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parameters are a = 4.935 A and c — 7.890 A.
The values of the crystal-field parameters obtained from the inelastic neutron scattering

spectra [4] of CePdSb are: S? = 1.3 meV, 5° = —0.054 meV and = 0.857 meV. These
parameters lead to a predicted value of the magnetic moment of 1.2,us/Ce atom, with the
moment lying in the a-h plane [3, 4]. Experimental values for the saturation moment per
Ce atom of polycrystailine CePdSb at 4.2 K of \.2pB [1] and 0.95pB have been obtained
[2]. The low-field magnetization and the a.c. susceptibility as a function of temperature
of CePdSb have been reported [2] to show a second maximum near 6 K. It was not clear
whether this was due to a magnetic interaction, such as a rotation of the easy axis, or to a
second phase.

The magnetic heat capacity (Cm) of CePdSb does not show the usual peak near Tc\
rather. gradually increases, with decreasing temperature, to a broad maximum [2] near
9 K. i.e. near T/Tc = 0.5. Below 8 K, Trovarelli et at [2] found that their data could
be well described by the expression Cm = ATn exp(—<5/7"), with A = 0.23 J mol-1 K~',
n — 1.7 and <5 = 4.5 K. This expression, with n = 1.5. is of the form of the spin-wave heat
capacity for an anisotropic ferromagnet with a gap 5 in the dispersion curve. The magnitude
of the gap is however larger than would be expected for an easy-plane ferromagnet. Well
above the peak in Cm (T > 14 K), Cm is proportional to T~l.

Trovarelli et at [2] have proposed two possible explanations for the shape of Cw, both
of which, they recognized, are not in complete agreement with the experimental results.
Firstly, they note that the Ce-Ce spacing in the Caln2-type structure is much smaller in
the c-direction than in the a-direction and therefore CePdSb might show some features of
a low-dimensional system. The 7"-2-dependence of Cm above 14 K is in agreement with
calculations for a magnetic chain, but the fit to the low-temperature side of the peak of Cm
is characteristic of an anisotropic three-dimensional ferromagnet. It is therefore necessary
to propose that there is a crossover to 3d interactions between 14 K and 8 K. Secondly, they
consider a system with incommensurate magnetic order. This is known to exist in GdCus,
due to competition between nearest-neighbour ferromagnetic and next-nearest-neighbour
antiferromagnetic interactions. The maximum value of Cm of GdCu5 is far below the Neel
temperature. 7",v = 26 K. but the reason for this is not clear.

In the present paper, we report zero-field NMR experiments on CePdSb. using the 121 Sb
and l2jSb nuclei, over the temperature range 3 K—15 K and at pressures up to 7 kbar. Two
samples were characterized by measuring the a.c. susceptibility as a function of temperature,
as shown in figure 1. One was found to show a second maximum in the region of 6 K.
but the NMR spectra of the two samples were quite similar at all temperatures. The 6 K
transition is therefore attributed to the presence of a second phase. At atmospheric pressure,
the temperature dependence of the 121 Sb NMR was followed to 15 K (0.8877). The accuracy
with which the frequency of the resonance could be determined was lower for temperatures
greater than 10 K. because of the collapse of the individual quadrupole-split satellite lines
into a broad peak. The effective field at the Sb nucleus was found to increase with pressure,
with 3 In Beff/dP = 6.3 Mbar"'. The pressure dependence of the electric field gradient at
the Sb nucleus was found to be some 28 times greater in magnitude and of opposite sign
to that expected from that of a model point charge in an elastically isotropic medium. The
elastic properties of CePdSb are therefore likely to be highly anisotropic.

2. Experiment

Two polvcrvstalline samples of CePdSb and some small pieces of a single crystal were
studied via NMR and a.c. susceptibility. Sample I of polycrystailine material was prepared
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in a BN crucible contained in a Ta capsule. The capsule was sealed shut by arc welding
in an argon atmosphere, in order to avoid loss of Sb when the temperature was raised to
1800 °C. Sample II was prepared in an argon arc furnace. Differences between the two
samples may be due to a small loss of Sb during melting in the arc furnace. A 12 g crystal
of CePdSb was grown by the Bridgman method. A sealed capsule of the form described
for the polycrystalline sample was heated to 1800 =C in an induction coil and then cooled
from the bottom end by lowering it slowly through the coil.

The a.c. susceptibility as a function of temperature of the two polycrystalline samples of
CePdSb is shown in figure 1. Sample II, prepared by arc melting, clearly shows the peak at
6 K reported previously, but at this temperature there was only a very broad maximum for
the sample prepared in a sealed crucible (sample I). It is likely, therefore that the peak in
the a.c. susceptibility at 6 K is characteristic of material deficient in Sb: the Curie point of
CePd for example [6] is 6.5 K. The response of the unoriented pieces of single crystal was
almost identical to that of sample I. (The c-axis of CePdSb is known to be the hard direction
but it is not necessary to orientate the crystal in order to perform zero-external-field NMR.}

There is no suitable isotope of Ce for NMR but. in the ordered magnetic state, there is a
transferred hyperfine field at the Sb nucleus. The 121 Sb (y/2:r = 10.19 MHz T~', / = 5/2)
and 123Sb (y/27T = 5.52 MHz T_l, I = 7/2) NMR spectra of CePdSb were observed
in zero external field. The two nuclei have a natural abundance of 121 Sb at 57.25% and
l23Sb at 42.75%. The sensitivity (relative to 'H) for equal numbers of nuclei at constant
field is 0.160 and 0.0457 respectively. The spectra were measured using a swept frequency
phase-coherent spin-echo spectrometer [7. 8], with the sample in a low-(7, untuned coil.
Spin echoes were observed at low applied RF power, due to the enhancement of the RF
field by domain wall motion, which confirms the ferromagnetic ground state of CePdSb.
The Sb NMR spectra (figure 2) show the 21 quadrupole-split lines expected from a site of
non-cubic symmetry. The sign of the effective field at the Sb nucleus (Be/f) was shown
to be positive, i.e. parallel to the magnetization, by observing the increase in the NMR
frequency in a field of 0.1 T. The high-pressure experiments were performed in a Be-Cu
lock cell. The pressure was applied to the liquid immersed sampie at room temperature.
The pressure was measured using a calibrated semiconductor transducer.

The NMR spectra shown in figures 2 and 3 are taken from the sample consisting of
pieces of single crystal. Although the signal was weaker in the sample of small single
crystals than for the powder sampie I (because of RF skin depth) the lines were better
resolved. The line positions of the sample of small single crystals appeared at almost
identical frequencies to those observed for sampie I. As can be seen from figure 2. sample
II gave similar spectra, but with broader lines. The broader lines of sample II may be a
signature of the loss of the Sb. A disordered occupation of Sb sites may result in local
distortion of the electric field gradient, leading to innomogeneous quadrupoie broadening.
The detailed analysis of the behaviour of CePdSb. described below, is therefore based on
our measurements on the sample consisting of single crystals.

3. Discussion

The low-temperature 121 Sb and l23Sb NMR spectra of CePdSb show 21 quadrupole-split
lines: see figure 2. In order to analyse the spectrum it is necessary to go to second order
in the expression for the frequencies because vq/vq was found to be 0.135 (0.15) for
121 Sb (123Sb). Because CePdSb is an a-b easy-plane magnet we can take the magnetic
moment in the ordered state to be at 90° to the electric field gradient (EFG) and fit the
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spectra to the equation [9]

v(m +*■ m — 1) = vo LI 0—[6m(m — 1) — 21(1 4-1)4- 3].
4 32v0

Here, vo = 2rtB.ff /yn and vq = 2e2qQ/2hI(I — 1), where eQ is the quadrupole moment
of the nucleus and eq the EFG at the nucleus. Separate fits were made to 121 Sb and 123Sb
spectra and at 4.2 K at atmospheric pressure the values of vo are 27.77 MHz and 15.05
respectively, and vq are 3.80 and 2.27 respectively. The ratio of 121 Sb/123Sb for vo(vq) is
therefore 1.845(1.67), in excellent agreement with published values [10] for the NMR of Sb
of 1.847(1.65), confirming the validity of the fit. The sign of B.ff was found to be positive,
i.e. parallel to the magnetization, because vq increased when a field of 0.1 T was applied.

Figure 4. The pressure dependence of B.ff at the Sb Figure 5. The pressure dependence of vq at 4.2 K for
nucleus at 4.2 K for a sample of small single crystals the single-crystals sample of CePdSb.
of CePdSb.

The NMR spectra at atmospheric pressure and 6.85 kbar at a temperature of 4.2 K
are shown in figure 3. It is clear that vo increases and vq decreases under pressure. The
value of B,tf was found to increase linearly under pressure, figure 4. with 3 In B.ff/dP —
4-6.3 Mbar-1. This value is comparable to the pressure dependence of the Curie point.
31n7"c/3.P = 14 Mbar-1. The effective field at the Sb nucleus probably arises from a
RKKY-like polarization of the conduction electrons by the Ce moments. In the RKKY
model, the interaction is a function of h? ■ r. where fcp is the Fermi wave vector and
in a nearly free-electron model kp ■ r is independent of pressure. The change of B.ff
with pressure could therefore arise from an increase in the Ce moment or of the exchange
interaction with pressure. The pressure dependence of the magnetization of CePdSb has not
been reported, but the value of dpt/oP, where p. is the Ce moment, is expected to be small.
The value for CePt is 0 4- 1 Mbar-1, for example [11].

The pressure dependence of vq is shown in figure 5. The value of 3 In vq/3P =
—28 Mbar-1. The elastic properties of CePdSb have not been reported, but the bulk
modulus Bt of a number of Ce intermetallic compounds lies in the range [12] 0.8-1.2 Mbar.
Taking 1 Mbar as a reasonable estimate of the bulk modulus therefore leads to a value of
3 In vq/3 In V = 28. The theoretical value of 3 In vq/3 In V for an eiastically anisotropic
solid is —1 and, while this model is too simple for a real solid, values close to — 1, e.g. —1.5
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for Cu in QhO, have been measured [13, 14]. The value of 3 In vQ/3 In V for CePdSb is
therefore some 28 times greater, and of opposite sign, to that for the simple model. Because,
from the values of B,.ff, there is no suggestion that the magnetic properties of CePdSb
change drastically under pressure, it is unlikely that the large value of 3 In vg/3 In V relates
to a change in the electronic structure of the Ce ion. The most probable explanation is that
the elastic properties of CePdSb are like those of compounds such as CuO [13], in that
they are extremely anisotropic, and so the relation 3 In vQ/3 In V = —Bt3 In vq/3 In P is
not valid.

The spontaneous magnetization of CePdSb as a function of temperature, derived by
extrapolating the magnetization to zero external field in an Arrott plot [5], shows a point of
inflexion near 10 K, and then a rather slow approach to the region of the Curie point (17 K").
Because the magnetic heat capacity Cm is proportional to dM2/dT, the magnetization data
are consistent with the 10 K peak observed in Cm- The Arrott pJots are not, however,
linear, so the accuracy of the extrapolation of the magnetization to zero field is difficult to
estimate. Sb NMR spectra of the single-crystal and powder samples were measured as a
function of temperature at atmospheric pressure in zero applied field.

3 r-
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Figure 6. (a) The temperature dependence of Btfr at the Sb nucleus in CePdSb at atmospheric
pressure. The collapse of the satellite lines above 10 K reduces the accuracy with which Beff
can be determined. The line has a r3 -dependence. True r3'2-behaviour may not appear above
/ = 0.025. (b) The variation of Brff(T)/Brf/(0) with 7"3'2 in the low-temperature region. The
line is the model fit including the gap function. '
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The lowest attainable temperature was 1.35 K, and the highest useful temperature was
constrained by the collapse of the quadrupole-split NMR spectrum into a single broad
distribution as shown in figure 2. The temperature dependence of Beff, shown in figure 6(a),
shows a slower decrease with temperature than the decrease in spontaneous magnetization
[5], with no indication of the point of inflexion around 10 K. The assumption is made that
the effective field at the nucleus is proportional to the spontaneous magnetization in the
low-temperature limit. The validity of this assumption is discussed in [15, 16, 17]. On this
assumption, the decrease of the magnetization of an isotropic ferromagnet with temperature
is given by spin-wave theory:

Mt/Mo = Beff{T)/Btff{0) = 1 - bti/2 (1)
where t = T/Tc, b = 2.6l2(gp.B/Mo)(k/4nDf2, g is the Lande factor, k is the Boltzmann
constant, and D is the spin-wave stiffness. Anisotropy leads to a gap in the spin-wave
spectrum. Tg = gp.BBA/kB, and equation (1) is modified by f(T/Tg) as discussed by
Keffer [15] for example.

Above the low-temperature limit, terms in t5'2 and r7/2 appear and. in general, it is
necessary to integrate over the Brillouin zone to find M(T)/M(0). Indeed in the range
0.17 < t < 0.6, B,.ff appears to vary as r3, showing the importance of the higher-order
terms. The region for which equation (1) applies is rather limited. For Ni and Fe for
example [17. 16], it is r < 0.025. The low-temperature Curie point of CePdSb made it
impossible for us to reach t < 0.075 so the measurements shown in figure 6 may not be in
the low-temperature limit. Without making these very low-temperature measurements, it is
not possible for us to determine 5e//(0) unambiguously, or to decide whether the curvature
seen in figure 6(b) is due to a gap in the spin-wave spectrum or the presence of terms
beyond ti/2.

The data can. however, be fitted consistently across the range 0.075 < t < 0.17 by the
function [15]

TO

Btff(T)/Beff(0) = 1 - (&/2.612)f3/2^p"3/2exp(-/7r?/r)
p= i

1.e. equation (1) modified by the presence of a gap in the spin-wave spectrum. Taking
g = 18/7 (the value of g parallel to the a-b plane as derived by Trovarelli et al [2]), the
moment per Ce atom as 1.2as and D = 11 meV after Neville et aL [5], we obtain a value
of 77 = 4.0 K. close to the value 77 = 4.5 K found from heat capacity measurements [2].

4. Conclusions

The ferromagnetism of CePdSb has been investigated as a function of temperature and
pressure using zero-field Sb NMR. The second magnetic transition near 6 K. which was
reported earlier, was found in the a.c. susceptibility of one of the two samples studied.
Because the NMR spectra of the two samples were very similar, this transition is considered
to be due to a second phase, rather than to be an intrinsic feature of CePdSb. The temperature
dependence of the Sb NMR of CePdSb appears to be that of a normal ferromagnetic material,
despite the peculiar behaviour of the magnetic heat capacity. The effective magnetic field
at the Sb nucleus increases under pressure at a rate comparable to that of the Curie point.
The pressure dependence of the electric field gradient at the nucleus is, however, some 28
times greater than, and of opposite sign to. that expected from a simple point charge model
of elastic isotropy. The temperature dependence cannot be fully understood in terms *of
spin-wave theory without making measurements below 1 K. and to complete the analysis
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of the properties of CePdSb under pressure, a measurement of the elastic properties and
pressure dependence of the magnetization is required.
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Abstract

The thermal expansion coefficient of polycrystalline CePdSb shows no feature at the Curie point (17 K) but a broad
peak near 10 K, in agreement with earlier measurements of the magnetic heat capacity. Single-crystal measurements
show that the thermal expansion coefficient of the magnetically hard c direction is an order of magnitude greater than
that of the a or b direction. The temperature dependence of the zero external field Sb NMR does not show any unusual
behaviour near 10 K.

Keywords: CePdSb; Kondo lattice; NMR; Thermal expansion; Ferromagnetism

The compound CePdSb is a ferromagnet whose
Curie point (Tc =el7K) is remarkably high com¬
pared to the isostructural Gd compound
(Tn s: 15.5 K). The resistivity of CePdSb was found
[1] to show a shallow maximum near 150K. which
would suggest that it may be one of the small group
of compounds that exhibit both condensed kondo
behaviour and ferromagnetism. The magnetic heat
capacity (Cm) of CePdSb is anomalous [2], there is
no critical peak at Tc but a broad maximum near
10 K. Neutron scattering and pSR experiments also
suggest that CePdSb is not a simple ferromagnet
[3-5].
The low-temperature properties of CePdSb have

now been investigated by thermal expansion and
NMR experiments. The heat capacity results have
been confirmed but no unusual behaviour is
observed for the Sb NMR frequency near 10 K.
A brief report of the NMR experiments at 4.2 K has
already been published [3].

•Corresponding author.

The crystal structure of CePdSb was originally
[1] thought to be of the Caln2 type-structure, in
which the Pd and Sb atoms are distributed at

random on the crystallographic 4f sites. Neutron
diffraction measurements [3-5], however suggest
that the structure is a modification of the Cain,
structure, hexagonal P63mc GaGeLi, in which the
Pd and Sb atoms form a ordered sublattices. The
values of the crystal field parameters obtained from
the inelastic neutron scattering data [4] lead to
a predicted value of the magnetic moment of
1.2/iB/Ce atom, with the moment lying in the a-b
plane [3, 4], Experimental values for the saturated
moment per Ce atom of polycrystalline CePdSb at
4.2 K of 1.2[1] and 0.95/tB have been obtained
[2]-
A polycrystalline sample of CePdSb was pre¬

pared in a BN crucible contained in Ta capsuie.
The capsule was sealed shut by arc welding in an
argon atmosphere, in order to avoid loss of Sb '
when the temperature was raised to 1800°C. A 12 g
crystal of cePdSb was grown using the Bridgman
method. A sealed capsule of the form described for

0921-4526/96/S15.00 © 1996 Elsevier Science B.V. All rights reserved
Pll S0921 -4526<96)00645-X
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the polycrystailinc sample was heated to 1800°C in
an induction coil and then cooled from the bottom
end by lowering it siowly through the coil.
The thermal-expansion measurements were

made in a parallel-plate capacitance cell that had
been calibrated using the known thermal expansi¬
vity of copper and sapphire. A magnetic field of up
to 8T could be applied parallel to the measured
direction.
In order to find the magnetic contribution to the

thermal expansion of CePdSb, it is necessary to
measure that of a non-magnetic analogue. The
natural choice would seem to be LaPdSb but, as
has already been reported [2], this material does
not follow the expected yT + pT 3 behaviour below
4.5 K,We have therefore, chosen the same reference
material, LaAgGe, as was used by Trovareili et al.
to correct their specific heat data. It will be seen
below, however, that the correction is small at

temperatures below the Curie point
There is no suitable isotope of Ce for NMR but

in the ordered magnetic state, there is a transferred
effective field (Beff) at the Sb nucleus. The spectra
were measured using a swept frequency phase
coherent spin echo spectrometer [6],
The coefficient of the thermal expansion of

poiycrystalline CePdSb in the temperature range
beiow 30 K is shown in Fig. 1. In zero field, there
is no trace of the ferromagnetic transition
near 17 K but only a broad peak near 10 K in
agreement with the measurement of CM. The values
of Op can be scaled to CM using the conversion
factor 1 x 10~SK.~'s 1.3Jmol_1K_I. A single
Griincisen factor (yG) can therefore be calculated
for the whole ferromagnetic region. The volume
V of one formula unit of CePdSb is 72 x 10"30 m3,
the value of the bulk modulus (BT) is not known but
must be sslOnPa, so yG = 3apiVAFBT/CM =10,
considerably larger than the value (s 2) for simple
metals.
The application of an 8 T magnetic field, parallel

to the measurement direction, reduces the maxi¬
mum value of Op, and increases the temperature at
which it occurs by some 3.5 K. The high-temper¬
ature tail of CM and ap is proportional to T~2,
which is the behaviour of a two-level Schottky
system (TLSS). The shift of the peak of a7 in an 8 T
field is equivalent to that of a TLSS with an
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Fig. 1. The linear thermal expansion coefficient as a function of
temperature of: (a) polycrystailine CePdSb and LaAgGe, (b) the
magnetic contribution for polycrystailine CePdSb and (c) the
c-axis of a single crystal of CePdSb.

reflective g value of 1.56. This is consistent with the
magnetic susceptibility data [2], gt =7, gj. =Jf,
and therefore the powder value gt + 2gL) = 1.43,
but the overall shape of av is not that of a TLSS.
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Frequency (MHz)

Fig. Z The NMR spectrum of '"Sb and ,2'Sb of CePdSb.

The coefficient of thermal expansion of CePdSb
along the, magnetically hard, c-axis (ac) is some
three times greater than (The values of a„ and
ctb are very small and will be discussed elsewhere
[7].) It is clear that the peak of «p at 10 K in zero
magnetic field arises almost entirely from the ther¬
mal expansion along the c-axis. The other new
result from the measurements on a single crystal of
CePdSb is that there is the beginning of a normal
critical behaviour in ac near Tc but that it is con¬
cealed by the broad 10 K peak.
The low-temperature NMR spectra of CePdSb

shows 21 quadruple split lines, Fig. 2. The spectrum
was analysed previously [3], at 4.2 K Bcff = 171 T
for the Sb nucleus. The change of Seff with temper¬
ature, Fig. 3, is expected to be closely proportional
to that of the spontaneous magnetisation of
CePdSb. There is no apparent anomaly in Bctt near
10K, where CM has its maximum value, although,
unfortunately, the collapse of the spectrum near

Temperature (K)

Fig. 3. The temperature dependence of the effective field at the
Sb nucleus of CePdSb.

10 K. seen in Fig. 1 limits the accuracy of the
measurement.
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