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Abstract

Rare-earth (RE) elements possess an incompletely �lled 4f shell, which is very small com-

pared to typical interatomic distances. As a result of this, RE elements and compounds

exhibit characteristic properties, which deviate signi�cantly from those of other systems

containing for instance the 3d transition elements with expanded 3d shells. As a result of

a small radius of the 4f shell, the 4f electron does not participate in chemical bounding.

Instead, the 4f electron together with the nucleus act virtually as an e�ective nucleus.

From chemical point of view all RE behave similarly. The overlap of the neighbouring

f shells is extremely small. The magnetic moments associated with the 4f shell may be

treated as well localized moments in contrast to the 3d which are itinerant.

The hybridization of the 4f electrons with the conduction bands lead to a diversity of

unusual physical properties such as heavy-fermion, Kondo e�ect, magnetic order, super-

conductivity, intermediate valence properties, Fermi and non-Fermi liquid behaviour and

semiconductor behaviour. For the Kondo lattice, the physics is governed by two main

interactions. These are:

� The single-ion Kondo interaction caused by the antiferromagnetic exchange interac-

tion J between the conduction electrons and a small amount of magnetic impurities

(e.g. 4f or 3d ions). This interaction is characterized by a temperature scale calling

the Kondo temperature TK which favors a nonmagnetic ground state.

� The indirect Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction between the

magnetic 4f moments via the conduction electrons. In this case the 4f moment

induces a partially oscillating spin polarization of the conduction electrons, which

in turn a�ects the orientation of neighbouring 4f moment. This interaction is

characterized by a temperature scale TRKKY which favours a magnetic ordering of

the 4f moments at low temperatures.

v
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Both characteristic temperatures depend on the strength of the exchange interaction. A

magnetically ordered ground state is an intuitive consequence of local magnetic moments

prevalent in RE compounds but magnetic instabilities are caused by competing exchange

interactions in the form of Kondo interaction versus the RKKY interaction. Admixed

together with the crystal- electric �eld (CEF) e�ect are known to produce a wealth of

exotic phenomena in 4f -spin hybridized Ce and Yb compounds.

The structure of this thesis is arranged as follows:

Chapter 1 presents a brief overview of the heavy-fermion and Kondo systems.

Chapter 2: A brief summary of theoretical concepts and the physical properties of RE

intermetallic compounds is presented. Kondo e�ect is discussed with a focus on multi-

channel Kondo, disordered Kondo lattice and quantum criticality phase. The Kondo and

RKKY interactions, the Landau Fermi liquid theory as well as the non-Fermi liquid be-

haviour are discussed. A brief overview of the transport and thermodynamics properties

of RE intermetallic compounds are presented.

Chapter 3 presents the experimental techniques used in this study. Sample synthesis and

characterization, transport and thermodynamic properties measurement are discussed.

This is followed by chapters 4 to 7 which present the experimental results and discus-

sions.

Chapter 4 discusses the physical properties of two RE compounds: RECu4Au with RE =

Nd and Gd. The physical properties studied in this chapter are: the electrical resistivity,

thermoelectric power, thermal conductivity, the Lorentz number, magnetic susceptibility,

magnetization and heat capacity. The results obtained for the two cubic RECu4Au series

of compounds indicate antiferromagnetic (AFM) ground state with the magnetic phase

transition temperature of TN = 3.5 K and 10.8 K for NdCu4Au and GdCu4Au respec-

tively. A Schottky-type anomaly associated with (CEF) e�ect is in seen NdCu4Au.

Chapter 5 presents the transport and thermodynamic properties of two RE compounds:

NdAuX where (X = Ge and Ga). The physical properties studied in this chapter are:

the electrical resistivity, magnetic susceptibility, magnetization, heat capacity and mag-

netocaloric e�ect. The results obtained in this chapter indicate AFM ground state with

the magnetic phase transition temperature of TN = 8.9 K and 3.5 K for NdAuGa and

NdAuGe respectively. Spin-reorientation transition below the TN at 3.6 K is seen for the

NdAuGa. A small isothermal magnetic entropy is seen for the NdAuGa while CEF is

seen in NdAuGe around 16.5 K.

Chapter 6 discusses the e�ect of La dilution on the polycrystalline Kondo lattice com-

pound CeCu4In. The results of electrical resistivity indicate an evolution from coherence

Kondo lattice behaviour to incoherent single-ion scattering with increasing La content.

The value of the Kondo temperature TK obtained from the magnetoresistivity results as
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well as the values of Tmax obtained from the resistivity are interpreted in terms of the

compressible Kondo lattice model. Results of the thermoelectric power are interpreted in

terms of the phenomenological resonance model.

Chapter 7: The e�ect of La dilution and ligand substitution on the AFM Kondo lattice

compound Ce8Pd24Al is presented. The interplay of AFM and Kondo e�ect in Ce8Pd24Al

with the dilution of Ce with La is discussed through measurements of transport properties

while the magnetic behaviour is discussed through measurements of magnetic properties.

The results obtained from magnetic measurements indicate AFM order up to 20% Al

substitution. On the other hand the combined Kondo and CEF e�ect in Ce8Pd24Al with

ligand substitution Al with Sn are discussed through measurement of transport proper-

ties. The results obtained from the transport measurements indicate the combined e�ects

of Kondo and CEF up to 70% Al substitution and CEF only above 80% Al substitution.

Magnetic measurements of Ce8Pd24(Al1−xSnx) indicate AFM order for all compositions.

Chapter 8: gives a summary of all results obtained in this thesis and the proposed future

work.
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Chapter 1

Introduction

Intermetallic compounds containing rare earth elements exhibit a large variety of inter-

esting ground state properties, such as Kondo e�ect, heavy-fermion(HF) behaviour, inter-

mediate valence, superconductivity, single and multiple magnetic transitions, spin glass,

metamagnetism and large magnetocaloric e�ect (MEC). These unusual low-temperature

properties are ascribed to the interaction of the localized 4f moments of rare earth ele-

ments with the conduction electrons.

The magnetic ground state properties of these intermetallic compounds are a matter

of interest for two reasons: Firstly, their study helps to elucidate some of the fundamental

principles of magnetism (RKKY interaction, crystal electric �eld, magnetoelastic proper-

ties, coexistence of superconductivity and long range magnetic order). Secondly, through

an application point of view, they are of technical interest in the development of new mag-

netic refrigeration technology, based upon the MCE. They have brought an alternative

to the conventional gas compression technique. As a result of this, many new materials

with large MCE have been discovered and a very good understanding of this magneto-

thermal property has been achieved [1]. Among the intermetallic compounds, rare earth

(RE) intermetallics compounds, in particular the RE-transition metals (RETX) series

exhibiting large MCE and giant magnetoresistance have received the attention of many

researchers in the past and still attract as much interest. Also, it has been found that

several of these compounds have quite exceptional properties with respect to reversible

absorption of hydrogen gas at room temperature and near atmospheric pressure [2]. RE

intermetallic compounds generally have low magnetic transition temperatures and these

transition temperatures can further be shifted to 0 K by the variation of an external

control parameter such as: hydrostatic pressure, applied magnetic �eld or compositional

concentration. This zero temperature phase transition between the magnetically ordered

(generally antiferromagnetic) and a paramagnetic state as a function of an external pa-

1
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rameter is referred to as the quantum phase transition (QPT). On the other hand and

apart from magnetic properties, some intermetallic compounds containing Ce, Eu or Yb

exhibit complicated behaviours resulting from strong hybridization between 4f -electrons

of these elements and the conduction electrons, such as Kondo e�ect, heavy fermion and

intermediate valence behaviour. An exception for these compounds containing these ele-

ments is that, the proximity of the 4f level to the Fermi energy leads to instabilities of

the charge con�guration (valence) and / or of the magnetic moment.

Kondo e�ect is the physics by which the local moments disappear or quench at low

temperatures closely analogous to the physics of quark con�nement [3]. The Kondo e�ect

has a wide range of manifestation in condensed matter physics, not only does it govern

the quenching of magnetic moments, but it is also responsible for the formation of heavy

fermion materials. The heavy fermion materials, which are also sometimes referred to as

heavy electron systems, include binary and ternary compounds and alloys with cerium

(Ce) or ytterbium (Yb) based rare earth elements [4]. The heavy fermion materials fall

within a class of materials known as strongly correlated electron systems (SCES). In this

class of materials, the electron interaction energy dominates the electron kinetic ener-

gies, becoming so large that they qualitatively transform the physics of the medium [5].

For the heavy fermion systems, the localized magnetic moments formed by rare earth or

actinide ions transform the metal in which they are immersed, generating quasiparticles

with masses in excess of 1000 bare electron masses [6].

The intense interest in heavy fermion systems started with the discovery of supercon-

ductivity in the heavy fermion CeCu2Si2 [7]. The large e�ective masses observed in heavy

fermion materials are mainly estimated from the electronic speci�c heat coe�cient (γ).

Therefore, a generally accepted de�nition of heavy fermion are those systems which have

γ > 400 mJ/mole.K2 [8]. Another property of heavy Fermion systems includes an en-

hanced Pauli susceptibility (χ(0)), indicating a large e�ective mass at low temperature,

while obeying Curie-Weiss law at high temperature. CeAl3 was the �rst heavy fermion sys-

tem discovered by Anders et al [9]. It was found that the electronic speci�c heat and Pauli

susceptibility of CeAl3 below 0.2 K have enormous magnitudes γ = 1600 mJ/mol.K2 and

χ(0) = 4.52× 10−7 m3.mole−1 [9], respectively. These values are considered to be large,

compared to the normal metals, such as copper (Cu) with values γ = 0.7 mJ/mole.K2

and χ(0) = 12.6× 10−11 m3.mole−1 [10]. Generally, the heavy fermion systems lie in

the range of magnetic instability. At present, many heavy fermion systems have been

discovered and there is no uniformity in their properties. Some heavy fermions exhibit

Fermi liquid behaviour with no magnetic phase transition while others show non-Fermi

liquid behaviour. Both magnetic and superconducting quantum critical points have been
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observed in some of these systems.

The physics of Kondo systems are predominantly governed by two main interactions.

These are: the Rudermann-Kittel-Kasuya-Yoshida (RKKY) interaction which is char-

acterized by the intersite interaction with a temperature scale TRKKY , and the on-site

Kondo interaction characterized by the Kondo temperature TK . Both characteristic tem-

peratures depend on the magnetic exchange integral Jsf between the 4f local moments

and the conduction electrons and the density of state (DOS) at the Fermi level (N(EF )).

The indirect RKKY interaction promotes magnetic ordering of the moments at low tem-

peratures, whereas the Kondo interaction induces a screening of the local 4f moments

by the conduction electrons and thus favours a non-magnetic ground state. Generally,

the low temperature properties of the rare earth compounds depend sensitively on the

position of the undistributed 4f states with respect to the Fermi level EF . Depending

on the strength of Jsf related to the proximity of the 4f energy to the Fermi energy, a

competition between RKKY interaction and Kondo e�ect is observed leading to di�er-

ent ground states varying from heavy fermion, antiferromagnetic to intermediate valence

states [11]. In the case of the rare earth intermetallic compounds, the 4f levels are far

below the Fermi level and hence TRKKY >> TK , as a result of this, a magnetic phase

transition occurs and the localized magnetic moment does not contribute to the Kondo

spin-�ip scattering process. In the case of anomalous rare earth intermetallic compounds,

the anomalous proximity of the 4f and the Fermi levels results in a strong Jsf enhance-

ment. From the di�erent dependencies of TK and TRKKY with respect to Jsf , we may

have a non-magnetic concentrated Kondo system or intermediate valence system in the

case TK >> TRKKY or a magnetic concentrated Kondo system in the case TK > TRKKY .

Studies of this particular feature of Kondo lattice were initiated by Doniach [11].

Measurements of thermodynamic and transport properties are essential to understand

the diverse physical properties of the rare earth intermetallic compounds. Detailed stud-

ies of the magnetization, as functions of applied magnetic �eld and temperature, elucidate

the nature of the interactions between the magnetic moments, as well as between the local

moments and surrounding atoms. Speci�c heat measurements, and subsequent determi-

nations of the change in entropy, provide insight into phase transitions, the crystalline

electric �eld, and details of the electrons and phonons. Measurements of electrical and

thermal transport properties provide us with information about the underlying excitations

and dominant scattering mechanisms. For instance, electrical resistivity can be used to

analyze scattering mechanisms and study the Kondo e�ect. The logarithmic increase in

electrical resistivity of some intermetallic compounds is usually a characteristic of Kondo

behaviour. At very low temperatures, the electrical resistivity can be a very useful tool in
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determining the Fermi liquid and spin wave behaviours in some rare earth intermetallic

compounds.

The application of magnetic �eld to electrical resistivity (magnetoresistivity) of Kondo

systems in�uences details of density of states (DOS) in the proximity of the Fermi energy,

and hence properties depending on DOS are modi�ed [12]. Thermal conductivity probes

the scattering of all particles, quasi-particles or energy excitations that contribute to the

heat transport within a material, while the thermoelectric power is sensitive to changes

in the electronic DOS at the Fermi level. In fact, thermoelectric phenomena arise from

the entanglement of thermal and electrical transport processes due to two reasons: �rst

of all heat transport by charge carriers and secondly scattering processes between charge

carriers and the other heat carrying quasiparticles such as phonons. Therefore, a �ow heat

or charge generally induces both a temperature gradient and an electric �eld. A major

part of physical properties studied in this thesis relied on the thermoelectric transport of

rare earth compounds containing Ce and Nd. In rare-earth compounds, Kondo interac-

tion and CEF excitations usually give rise to large anomalies (peaks) in thermoelectric

power. Therefore, thermoelectric power investigations are suited excellently for studying

the Kondo and CEF energy scales in these materials.

http://etd.uwc.ac.za/



 

 

 

 
Chapter 2

Theoretical concepts and physical

properties of rare earth intermetallics

2.1 Electronic structure and magnetism of Rare-earth

elements

Rare earth elements are the �fteen elements that extend from lanthanum La (atomic

number 57) to lutetium Lu (atomic number 71), which are referred to the lanthanides

in the periodic table. Moreover, the two elements scandium Sc (atomic number 21) and

Ytterbium (atomic number 39) are considered to be within the rare earth elements group.

The lanthanides (which will denote in the remainder of the thesis as rare earths (RE)) are

chemically very similar, and therefore it is di�cult to separate them from one another or

to obtain them in pure states. The purity (%) for most of the RE varies between 99.99

and 99.95. However, the number of electrons in the inner 4f shell of the RE is gradu-

ally �lled when moving from La with no f electrons, to Lu with a �lled shell of 14 electrons.

In the free RE atoms, the electronic con�guration is described by 4fn5s25p65d16s2 (n=0-

14). Thus, the electronic structure of each RE element consists of a partially �lled 4f

subshell, and outer 5S2 and 5P 6 subshell. With increasing nuclear charge, electrons enter

into the underlying 4f subshell rather than the external 5d subshell. Since the �lled 5S

and 5P subshells screen the 4f electrons, the RE have very similar chemical properties.

Thus, RE ions are usually trivalent both in their atomic state and in solid state. An inter-

esting expectation occurs for Ce, Eu and Yb in the solid state. For instance, the element

Ce can exist as either in trivalent Ce3+ or tetravalent Ce4+. The trivalent Ce3+ has a

magnetic moment while the tetravalent Ce4+ is non-magnetic. The element Yb displays

similar behaviour and can exist as either in trivalent Yb3+ or divalent Yb2+. The valence

5
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2.1. Electronic structure and magnetism of Rare-earth elements 6

instabilities observed for Ce and Yb compounds are ascribed to the fact that the 4f shell

for these elements is not well shielded. As a result, their 4f electrons can hybridize with

the conduction band leading to phenomena like intermediate valence [13], kondo e�ect [3]

and HF behaviour [14]. Also, a characteristic feature of (RE) is the regular decrease in the

atomic volume or radius when one goes from La to Lu. This feature is known as the lan-

thanide contraction. Furthermore, the heavy RE crystallise in a hexagonal closed-packed

(hcp), while double hexagonal closed-packed (dhcp) predominates among the lighter RE-

elements [14, 15]. An exception occurs for Ce which exhibits many phases in the metallic

state, Eu which has a cubic (bbc) structure and Sm, which is rhombohedral at room tem-

perature. The list of the trivalent rare RE with some of their basic electronic properties

are shown in Table 2.1.

Table 2.1: The rare earth elements and some of their properties[15].

Element Atomic
No.(Z)

4fn Crystal
form at
room
Temp

Atomic
radius.
S(a.u)

S L J E�ect
magnetic
moment
µeff in
µB

Sc 21 h.c.p
Y 39 h.c.p
La 57 0 dhcp 3.92 0 0 0 0
Ce 58 1 f.c.c and

dhcp
3.83 3 1/2 5/2 2.54

Pr 59 2 dhcp 3.82 5 1 4 3.58
Nd 60 3 dhcp 3.80 6 3/2 9/2 3.62
Pm 61 4 - 3.78 6 2 4 3.68
Sm 62 5 rhomb 3.77 5 5/2 5/2 0.85
Eu 63 6 b.b.c 4.26 3 3 0 0.00
Gd 64 7 h.c.p 3.76 0 7/2 7/2 7.94
Tb 65 8 h.c.p 3.72 3 3 6 9.70
Dy 66 9 h.c.p 3.70 5 5/2 15/2 10.6
H0 67 10 h.p.c 3.69 6 2 8 10.6
Er 68 11 h.c.p 3.67 6 3/2 15/2 9.6
Tm 69 12 h.c.p 3.65 5 1 6 7.6
Yb 70 13 f.c.c 4.05 3 1/2 8/7 4.53
Lu 71 14 h.c.p 3.62 0 0 0 0
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2.2. Theoretical background 7

The magnetic properties of RE elements are determined by the localized electron spins of

the partially �lled 4f -electrons orbits, which especially in the case of heavy RE elements

(Gd to Tm) are largely una�ected by their neighbouring ions in the crystal. Therefore, the

crystal electric �eld resulting from the neighbouring ions does not quench the magnetic

moments of most RE elements. However, the population of the 4f -electrons and the

available states of the local atomic orbitals is de�ned by the Hund's rules. Accordingly, the

electrons are arranged to maximize their spin angular momentum S and orbital angular

momentum L. The spin S and orbital angular momentum L are then strongly coupled

in the Russell-Saunders coupling scheme to give a total angular momentum J = |L± S|
depending upon whether the 4f -electron orbit is more than half �lled (Gd to Yb) or less

than half �lled (Ce to Eu), respectively. The values of quantum numbers S, L, and J

as well as the values of e�ective magnetic moment µeff are also given in Table 2.1. The

theoretical values of µeff gathered in Table 2.1 are obtained from Hund's rule in Bohr

magneton as it will be explained in section 2.3.2.

2.2 Theoretical background

2.2.1 Kondo e�ect

The Kondo e�ect, as evidenced from the appearance of the resistivity minimum at temper-

atures where normal ρ(T ) ∼ T 5 metallic behaviour was expected was proved to originate

from magnetic impurity diluted in the metal. The temperature dependence ρ(T ) of such

dilute magnetic impurities alloys follows a −ln(T ) increase below the temperature of ρ(T )

minimum Tmin. Originally, the occurrence of a resistivity minimum was thought to be

a departure from Matthiessen's rule, in accordance to which the total resistivity is the

sum of di�erent scattering processes include residual and phonon terms, and the −lnT
behaviour was unexplainable with the formula of the scattering mechanisms understood

at that time.

Kondo proposed a model based on the s − d exchange interaction to explain the ρ(T )

in dilute magnetic impurities alloys. This model showed that the logarithmic increase

below Tmin results from the conduction-electron spin-�ip scattering by the localized mag-

netic moments of the 3d or 4f . In this theory, Kondo considered the problem of a single

magnetic impurity, where the interaction between the conduction electrons and the 4f -

electrons of magnetic impurities can be described by the so-called s− d exchange Hamil-
tonian,

http://etd.uwc.ac.za/



 

 

 

 

2.2. Theoretical background 8

H = −J ~S.~s, (2.1)

where ~S is the impurity ion spin and ~s is the conduction electron spin and J the ex-

change coupling constant. Starting from the exchange Hamiltonian with a negative value

of the exchange coupling constant J , and using the third-order perturbation based on

Born approximation, Kondo obtained an expression of the resistivity of the magnetic im-

purities [3]:

ρimp ∝ J2S(S + 1)

[
1− 4JN(EF )ln

(kBT
D

)]
, (2.2)

where N(EF ) is the electron density of states (DOS) at the Fermi level EF , and D is

a cut-o� energy that roughly corresponds to the conduction electron bandwidth. The

resistivity minimum results from the combined e�ect of phonon contribution arising from

scattering of conduction electrons from lattice excitations, which decreases monotonously

with decreasing temperature, and the impurity contribution ρimp(T ), which increases with

decreasing temperature due to enhanced scattering of conduction electrons by the 4f local

magnetic moments. However, Kondo model breaks down below a characteristic tempera-

ture known as Kondo temperature [16]:

TK v TF exp

[
−1

N(EF )|J |

]
, (2.3)

where TF = EF/kB is the Fermi temperature. At temperatures T > TK , the mag-

netic 4f -ions behave as free magnetic moments, therefore a Curie-Weiss behaviour of the

magnetic susceptibility χ is observed with a negative Curie-Weiss temperature θp. At

very low temperature T 6 TK the resistivity saturates to a constant value, due to a

complete screening of 4f -localized moments by conduction electrons as T → 0, where the

nonmagnetic singlet is fully established. Consequently, the Kondo temperature, TK set

the dividing line between the local moment behaviour, where the spin is free, and the low

temperature limit, where the spin becomes highly correlated with the surrounding con-

duction electrons. Experimentally, this temperature marks the low temperature limit of a

Curie susceptibility. The physics by which the local moment disappears or "quenches" at
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2.2. Theoretical background 9

low temperature is closely analogous to the physics of quark con�nement and it is named

the "Kondo e�ect" after the Japanese physicist Jun Kondo .

An important step in solving the magnetic single-impurity problem is provided by the

Anderson model [17], which in its original form is a Hamiltonian that is used to describe

magnetic impurity embedded in a metallic host. In this model, the metallic host is repre-

sented by a band with energy Ek and a momentum k. The localized 4f electron have an

energy Ek, an angular momentum j and a quantum number M . The signi�cant feature

of this model is the hybridization matrix element Vkf , which determines the degree of

mixing of the localized 4f and the conduction bands. This leads to a broadening of the

4f level with a width ∆ given by:

∆ = π|Vkf |2N(EF ), (2.4)

where |Vkf | is the average of hybridization strength. Another model which describes the

single impurity problem is known as the Coqblin-Schrie�er model [18]. In their model,

Coqblin and Schrie�er consider the Anderson model and derive the e�ective exchange in-

teraction between the conduction electron and the impurity moment, taking into account

combined spin and orbit exchange scattering. Schrie�er and Wol� [19] using a concail

transformation have shown that, in the limit of small mixing of the localized 4f -electron

and the conduction bands, the Anderson Hamiltonian leads to an energy-dependent an-

tiferromagnetic exchange interaction Jkk′ given as:

Jkk′ = −|Vkf |
2

E4f

, (2.5)

where E4f represents the energy di�erence between 4f -level and Fermi level. The hy-

bridization between the local 4f states and the conduction-electron states gives rise to a

strong enhancement of the DOS near the Fermi level with a width of the order of kBTk,

which is called the Abrikosov-Suhl or Kondo resonance.

The single impurity problems described by the Kondo, Anderson and Coqblin-Schrie�er

models can be solved using di�erent methods. One of these methods is based on the Wil-

son's [20] numerical renormalization group. Properties such as magnetic susceptibility
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2.2. Theoretical background 10

χ(T ) [20, 21] and speci�c heat C(T ) [22] have been calculated for the whole temperature

range. Several workers [23�25] proposed an exact method using the Bethe-ansatz diago-

nalization method [26] to �nd solution for the Anderson and Coqblin-Schrie�er models.

The Bethe-ansatz calculations of the Coqblin-Schrie�er model formulated by Schlottmann

[27] provide exact solutions of magnetic �eld dependence of resistivity (magnetoresistance)

of the single-ion Kondo systems.

2.2.2 Kondo lattice and Rudermann-Kittel-Kasuya-Yoshida

interaction

The single-ion Kondo e�ect is caused by the antiferromagnetic exchange interaction J

between the conduction electrons and a small amount of magnetic impurities such as 4f

or 3d ions. The situation changes qualitatively in the case of Kondo Lattice, where the

magnetic ions actually obey the translational symmetry of the crystal lattice. Above TK ,

the results for the lattice are qualitatively similar to those obtained for the single-ion

Kondo system. Below TK , the magnetic impurities form a regular sublattice within the

crystal lattice, and therefore coherence e�ects due to the formation of extended Bloch

states may arise. This alters, in particular, the transport properties such as the resistivity

ρ(T ). With decreasing temperature the resistivity ρ(T ) exhibits a pronounced maximum

near the characteristic temperature Tcoh, and then followed by a rapid drop towards the

lowest temperatures. Furthermore, below Tcoh (well below TK), the resistivity ρ(T ) fol-

lows a T 2 power-law behaviour characteristic of a Fermi liquid behaviour.

Although the distance between neighbouring magnetic moments in a Kondo lattice system

is relatively small compared to dilute Kondo systems, the direct interaction between the

4f local magnetic moment is still small. Interaction between them can only be possible

via polarized conduction electrons. This indirect interaction is known as Ruderman-

Kittel-Kasuya-Yosida (RKKY), and leads to a magnetic ordering of 4f moments at low

temperatures. The coupling between two spins Si and Sj at distance rij is given by [28]:

J ijRKKY = 6πJ2ZN(EF )

[
sin(2kF rij)

(2kF rij)4
− cos(2kF rij)

(2kF rij)3

]
, (2.6)

where J ijRKKY represents the strength of the magnetic exchange interaction. Z is the

number of conduction electrons per atom and kF the Fermi momentum. The RKKY

interaction leads to either antiferromagnetic, ferromagnetic order, depending on the mag-

nitude of rij. The energy scale associated with RKKY interaction is given by:
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2.2. Theoretical background 11

kBTRKKY v J2N(EF ). (2.7)

The competition between the Kondo interaction and the RKKY interaction gives rise

to a large variety of low-temperature behaviours in Kondo-lattice compounds. Doniach

[11] proposed a phase diagram to illustrate the di�erent ground states in a Kondo lattice

system, depending on the strength of the exchange coupling constant J , depend only on

J and the density of states N(EF ). Fig 2.1 shows the Doniach phase diagram in a slightly

modi�ed form [29]. The characteristic temperatures of the Kondo and RKKY interaction

TK and TRKKY , as well as the magnetic ordering temperature Tmag are shown against the

antiferromagnetic exchange interaction J . In the upper part, there are four main areas

with di�erent characteristic behaviours which appear within this framework:

• (M)-Magnetic materials : For a small exchange integral J between the local moments

and the conduction electrons, the Kondo type spin-�ip scattering can be neglected,

leading to a magnetically ordered ground state (mediated by the RKKY interaction).

• (KM)-Kondo Magnetics : With increasing J and at high temperature regime, the

Kondo characteristics start to manifest itself within the system as a logarithmic

increase in the resistivity with decreasing temperature in the high temperature free-

ion regime. However, at low temperatures magnetic ordering is observed due to the

stronger RKKY interaction.

• (HF)-Heavy Fermions : In this region with increasing J , magnetic ordering is sup-

pressed due to the dominance of the spin �uctuations caused by the Kondo e�ect.

There is a large increase in the density of states (DOS) due to the Abbikosov-Suhl

resonance (ASR) which creates quasi-particles. At a critical value of J , ordering

occurs in the zero-temperature limit, this is commonly known as a quantum phase

transition, where unconventional or non-Fermi liquid behaviour may be observed.

• (IV)-valence �uctuating or intermediate valence compounds : With further increas-

ing J , real excitations between neighbouring valence states generate a non-integer

valence. In this case, a non-integer occupancy of the 4f level is found. At the same

time, the high DOS and in consequence the HF behaviour is destroyed.
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2.2. Theoretical background 12

Figure 2.1: Doniach phase diagram [29]. TK and TRKKY are the characteristic temperatures of
the Kondo and the RKKY interaction, respectively. In the upper part, the regions with di�erent
behaviour are marked :M - magnetic materials, KM-Kondo magnetics, HF-heavy fermions, and
VF-valence �uctuating or intermediate-valence compounds.

2.2.3 Landau Fermi-liquid Theory

The electric properties of most metals can be well understood from the free electron model

[30], where the electrons are treated as non-interacting. This model describes the electrons

in the outermost shell of the atoms. In a crystal, these electrons are rather free to move

around among the atoms, and can thus be described as an electron gas. The deviation

from ideal gas behaviour can in many cases be captured by the concept of Fermi liquid

which was �rst introduced by the Russian physicist Lev Landau [31]. However, Landau-

Fermi liquid (LFL) theory which is based on the concept of quasiparticles [31�34] assumes

a one-to-one corresponding of excitations (quasiparticles) of an interacting system with

those of a non-interacting one (free electron gas), where the interactions are replaced by

a constant e�ective potential. At low enough temperatures, the energy uncertainty as-

sociated with the �nite life time of the quasiparticles is lower than the thermal energy

kBT . In this case, the properties of the system of interacting fermions are similar to those

of the Fermi gas, which however will di�er from those in the non-interacting gas. The

electron-electron interactions mainly cause a renormalization of the particle mass, hence

the free-electron mass is replaced by the e�ective mass m∗. LFL theory thus predicts that

the low temperature properties of a Fermi system obey the same laws as the Fermi gas

with a renormalized e�ective mass m∗. In particular, the speci�c heat, susceptibility and

resistivity contribution of a Landau Fermi liquid behave as [35]:

http://etd.uwc.ac.za/



 

 

 

 

2.2. Theoretical background 13

C(T )

T
= γFL =

(
m∗

me

)
γ0, where γ0 =

(
π2k2

B

3

)
η(εF ), (2.8)

χ(T )FL =

(
m∗

me

)
χ0

1 + F 0
α

, where χ0 = µ2
Bη(εF ), (2.9)

ρ = ρ0 + AT 2, (2.10)

whereme is the free electron mass, F a
0 is a Landau parameter, ρ0 is the residual resistivity,

and A is a scattering coe�cient proportional to (m∗)2. The linear temperature depen-

dence of the electronic speci�c heat and the constant Pauli susceptibility χ0, which are

predicted as in the case of noninteracting electrons, are actually detected in nonmagnetic

metals. In HF the hybridization of the 4f electron states with the conduction-electron

states gives rise to very large e�ective masses of (100 to 1000) m0. Despite the strong

interactions, a large number of these systems still behave like a LFL at low T . Due to

the large e�ective masses, they exhibit a strongly enhanced Pauli susceptibility χFL , a

large γFL coe�cient, and a ρFL contribution to the resistivity at low T . Comparing Eq

2.8 and 2.9 it is evident that the quantites χFL and γFL are similarly enhanced by a fac-

tor m∗/m0 compared to the free-electron values. This is expressed by the dimensionless

Sommerfeld-Wilson ratio RSW [20], which relates χFL and γFL as:

RSW =
π2k2

B

3µ0µ2
eff

χ

γ
. (2.11)

For noninteracting electrons RSW = 1, while it typically takes values between 2 and

5 for HF systems.

2.2.4 Non-Fermi liquid behaviour

After it had been established that most of the heavy-fermion systems obey Fermi liquid

behaviour at low temperatures due to strong interactions, some of them have recently

appeared not to follow this behaviour and are characterized by Non-Fermi liquid (NFL).

Non-Fermi liquid (NFL) behaviour manifests itself in the power-law of physical quantities,
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2.2. Theoretical background 14

with exponents di�erent from those of a Fermi liquid [34]. At low temperatures (10 K)

physical properties are found to be as such:

C(T )/T ∝ −[(1/T0)ln(T/T0)], (2.12)

C(T )/T ∝ −[1− (T/T0)1/2] or − ln(T/T0), (2.13)

ρ(T ) ∝ [1− a(T/T0)2], (2.14)

where the energy scale parameter T0 is related to spin �uctuation energies in ω and q

[36], and a is a prefactor. However, current theories to explain NFL behaviour have

played an important role in experimental e�orts. These theories can be divided into three

general categories: multichannel Kondo models, models based on nearness to a magnetic

transition that has an ordering temperature near 0 K (the quantum critical point), and

models based on a disorder that can induce a spread of Kondo temperatures TK .

2.2.4.1 Multichannel Kondo model

The ordinary single channel Kondo model, as it was described above, consists of one or

more spin 1/2 local moments interacting antiferromagnetically with conduction electrons

in a metal. The simplest extension of this ordinary Kondo model in metals which yields

non-Fermi liquid physics is the multichannel Kondo impurities in which the conduction

electrons are given an extra quantum label known as the channel [37]. In other words, the

local moment interacts with di�erent channels of conduction electrons. The independent

screening by more than one channel produces an overcompensation regime of the local

moment [38], and therefore, non-Fermi liquid is possible. Usually, the M -channel Kondo

model is described by a Hamiltonian that shows the interaction between the conduction

electrons in M identical bands or channels with an arbitrary localized spin ~SI [37]. How-

ever, the ground state of this model with impurity SI but di�erent M can fall into three

di�erent cases for antiferromagnetic coupling J > 0 summarized as [36, 37]:

• Compensated (M = SI): the number of conduction-electron channels is just suf-

�cient to compensate the impurity spin into a singlet. This gives rise to normal

Fermi-liquid behaviour.
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2.2. Theoretical background 15

• Undercompensated (M < SI): the impurity spin is not fully compensated since there

are not enough conduction-electron degrees of freedom to yield a singlet ground

state.

• Overcompensated (M > SI): the impurity spin is overcompensated and the critical

behaviour (divergence in J in which the spin a�ects the conduction electrons, power

law, or logarithmic behaviour in measured quantities like magnetization, resistivity

or speci�c heat) sets in as the temperature and external �eld → 0.

Let us now focus to the case SI = 1/2 and discuss the physical properties at low tem-

peratures. In the case of M = 1, the ordinary Kondo problem, C/T tends to a constant

value proportional to 1/TK . In the two-channel Kondo e�ect(M = 2), the Sommerfeld

coe�cient γ and the magnetic susceptibility χ(T ) show −lnT divergence and the electri-

cal resistivity obeys ρ(T ) ∝ constant±
√
T in the limit T → 0 with the residual entropy

S(T → 0) = ln
√

2 [39]. Finally, when M ≥ 2 which is the case of overcompensated, NFL

behaviour with temperature dependence of ρ(T ) ∝ T 2/(2+M) for the electrical resistivity

and C(T )/T ∝ T [(2−M)/(2+M)] for the electronic speci�c heat is expected [37].

2.2.4.2 Disordered Kondo Lattice

As was discussed above, the Kondo temperature TK is a characteristic temperature in

the single-channel Kondo problem below which an impurity S = 1/2 magnetic spin is

compensated by the surrounding conduction electrons. This TK value may be consid-

ered as a crossover temperature below which Fermi-liquid behaviour occurs. Generally,

in a random diluted solution of impurities, the microscopic parameters J (strength of

hybridization) and N(EF ) (density of state at Fermi level) which determine the coupling

between magnetic impurity and conduction electrons, acquire well de�ned values yielding

a unique Kondo temperature for the system under consideration. However, in disordered

systems, a distribution of Kondo temperatures may arise from statistically �uctuating

J and/or N(EF ). This situation arises in disordered heavy-fermion systems, where the

competition of Kondo screening and interaction of magnetic moments takes place in a

disordered environment, often leading to non Fermi-liquid behaviour [36]. Recently, in

the work by Castro Neto et al. [40], non-Fermi-liquid behaviour in disordered systems is

described as arising from disorder and the competition between the RKKY spin interac-

tion and the Kondo moment-compensation e�ect leading to Gri�ths-phase (rare strongly

coupled magnetic clusters) behaviour [41]. The model of Castro Neto et al. predicts that

the low temperature magnetic susceptibility and electronic speci�c heat are characterized

by the power-law χ ∝ C(T )/T ∝ T λ+1 with an exponent λ ∼ 0.7− 0.8. In addition, the
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2.3. Thermodynamic properties of rare earth intermetallic compounds 16

low temperature electrical resistivity can be described by ρ(T )− ρ0 ∝ T n, where in many

cases n ≈ 1 rather than n = 2 except for Fermi liquid behaviour.

2.2.4.3 Quantum Criticality phase

Usually, Quantum Criticality phase (QCP) manifests itself in magnetic materials when

their magnetic transition phase is suppressed to 0 K by pressure, magnetic �eld or chemical

substitution. The quantum phase transition occurring at 0 K can not happen from thermal

�uctuations, and hence the quantum �uctuations are responsible for this kind of phase

transition [34, 36, 42]. In this case, NFL behaviour observed in such materials might

be attributed to the quantum �uctuations of the order parameter at low temperatures

near T = 0. Quantum critical phenomena have been investigated using renormalization-

group theory by a number of workers [43�45]. However, the QCP models predict that

the thermodynamic properties will diverge as power-laws, where many Non-Fermi liquid

(NFL) systems exhibit logarithmic divergences (i.e.−lnT ). In the vicinity of the zero

temperature QCP and according to a model by Millis and Hertz [36], in the case of

antiferromagnetism, C/T = γ0 − a
√
T , χ v T 3/2, and ρ = ρ0 + cT 3/2 and in the case of

ferromagnetism C/T = a log (T0/T ) and ρ = ρ0 + cT are observed.

2.3 Thermodynamic properties of rare earth

intermetallic compounds

2.3.1 Speci�c heat

The speci�c heat capacity is one of the most important physical quantities which can

assist in determining the magnetic properties of solids. The speci�c heat is the amount

of heat necessary to raise the temperature of a material by a unit amount. Depending on

whether the pressure or the volume is kept constant, the speci�c heat is shown by CP or Cv
respectively. At high temperatures (near room temperature), the speci�c heat of materi-

als is explained by the classical concept of degrees of freedom. Dulong and Petit predicted

a constant speci�c heat value of 24.9 mJ/(mole.K) for most solids at room temperature.

This can be explained by the equipartition theorem; each atom can be considered as an

independent oscillator with average kinetic energy 3
2
kBT and average potential energy

3
2
kBT . The average total energy is thus 3NAkBT where NA is the Avegadro's number .

Therefore the classical heat capacity follows:

Cv =
dU

dT
= 3NAkB = 3R, (2.15)
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2.3. Thermodynamic properties of rare earth intermetallic compounds 17

where R = NAKB is the ideal gas constant. This equation is often used to examine

whether the sample structure and the number of atoms per formula units is consistent

with the measured and classical limits of heat capacity. However, at low temperatures

the heat capacity varies and goes to zero as the temperature goes to zero. This cannot

be explained according to the classical concept of degrees of freedom. This only can be

explained by quantum mechanics mechanisms.

The speci�c heat capacity originates from di�erent types of contributions: the lattice

or phonon contribution Cph, the electric contribution Ce, the magnetic contribution Cmag
and the nuclei contribution Cnucl. Therefore, the resulting total speci�c is the sum of

these contributions and can be written as:

Ctot(T ) = Cph(T ) + Ce(T ) + Cmag(T ) + Cnucl(T ). (2.16)

The low temperatures phonon contribution to the speci�c heat can be successfully ex-

plained in terms of the Debye model [46]. The fundamental assumption in the Debye

model is that the solid can be treated as isotropic elastic continuum for all possible vi-

brational modes. This assumption leads to the Debye phonon heat capacity given in the

form:

Cv(T ) = 9NR(
T

θD
)3

∫ xD

0

x4ex

(ex − 1)2
, (2.17)

with x =
hω

kBT
, N is the number of atoms per formula unit. For the case T 6 θD

Cv(T ) =
12π4

5
(
NR

θ3
D

)T 3 = βT 3, (2.18)

where β = (
1943.7N

θ3
D

) J/mol.K4 with θD the Debye temperature in K. Eq 2.18 is well-

known as the Debye T 3-law which can serve in calculating the value of θD after extracting

the value of β from the heat capacity data. Experimentally, the results of phonon heat
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capacity of rare earth based compounds are obtained from their La, Y or Lu non-magnetic

based counterparts.

Although the electronic heat capacity is very small at room temperature, it is very im-

portant at low temperature for classifying whether the compound is in the heavy fermion

state or not. In a metal, only those electrons close to the Fermi level, within the ap-

proximate range kBT of the Fermi energy, contribute to the speci�c heat. Therefore, the

electronic coe�cient γ is proportional to the density of states at the Fermi level N(EF )

which in turn is related to the e�ective mass m∗ of the conduction electrons in the form

[47]:

γ =
2

3
π2k2

BN(EF ), (2.19)

with

N(EF ) =
m∗kF
2π2}3

. (2.20)

At low temperatures and in most cases, the phonon or lattice vibration must be con-

sidered. Thus the total heat capacity can be expressed as:

Cv(T ) = γT + βT 3. (2.21)

It is observed that the coe�cient γ of typical heavy fermion materials is temperature

dependent and becomes more enhanced with a decrease in temperature. Thus the large

value of γ has become a distinguishing feature of this class of materials. For instance, the

archetypal compounds within this class of materials are CeAl3 and CeCu6 with γ=1600

mJ.mole−1.K−2 [8] and 1670 mJ.mole−1.K−2 [48] respectively compared to that of a nor-

mal metal such as copper Cu with γ=0.7 mJ.mole−1.K−2 [10]. The large values of γ for

such compounds originates from the fact the 4f -levels in these compounds lie close to

the Fermi levels, resulting in a strong interaction between the conduction electrons and

the 4f electrons. The interaction between these being antiferromagnetic, the conduction

electrons gradually compensate the localised 4f moments as the temperature is lowered

below the characteristic temperature T ∗. Subsequently, this interaction leads to a sharp

resonance peak in the density of states at the Fermi level and hence to a large γ value.

The temperature dependence of γ observed in these 4f compounds is a consequence of
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2.3. Thermodynamic properties of rare earth intermetallic compounds 19

the gradual compensation process of the 4f -moment by the conduction electrons. For

this reason γ is commonly de�ned as γ = C/T for the heavy-fermion compounds [46].

The speci�c heat and the occurrence of high γ values have been studied for many heavy

fermion and Kondo systems.

In addition to lattice and electronic contributions, the various magnetic excitations can

also contribute to the total speci�c heat capacity. Speci�cally, the thermal excitation of

spin waves results in such magnetic heat capacity contribution. Quantized spin waves are

called magnons. According to the magnetic order there are two main types of magnons:

ferromagnetic (FM) and antiferromagnetic (AFM) magnons. Hence, for ferromagnetic

materials at low temperature the magnon contribution can be given as:

CM(T ) = Sf

(
kBT

2JS

)3/2

, (2.22)

where Sf is a quantity that depends on the type of lattice parameter under consider-

ation, J is the exchange term, S is the spin angular momentum. A number of magnetic

rare earths possess a strong anisotropy resulting from the interaction between the non-

spherical charge distribution of the ions with the crystal electric �eld (CEF). This leads

to a formulation of an energy gap, Eg, in the spin wave dispersion. This energy gap causes

an exponential term to appear in the magnon speci�c heat, i.e:

CM(T ) ∼ T 3/2exp−Eg/kBT . (2.23)

Ignoring the energy gap, the total low-temperature speci�c heat of a metallic ferromagnet

may be written as:

Cv(T ) = γT + βT 3 + δT 3/2. (2.24)

In the case of antiferromagnetic materials, the magnons speci�c heat is proportional to

T 3 and is given as:
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CM(T ) = SafR

(
kBT

2J ′S

)3

. (2.25)

The constant Saf in the Eq 2.25 depends on the crystal structure and has been cal-

culated for several types of lattices [49, 50]. For antiferromagnets too, when there is an

energy gap in the magnon dispersion relation, Eq 2.25 contains an exponential term:

CM(T ) ∼ T 3exp(−Eg/kBT ). (2.26)

Similar to ferromagnetic case, ignoring the energy gap, the total low-temperature spe-

ci�c heat may be written as:

Cv(T ) = γT + βT 3 + δT 3. (2.27)

One of the most important quantities that is associated with magnetic heat capacity

is the magnetic entropy (Smag). The magnetic entropy provides an idea about the degen-

eracy of the system. The magnetic entropy is usually given by integrating the magnetic

speci�c heat as:

Smag(T ) =

∫
CM
T
dT. (2.28)

Because of the weakly-interacting local magnetic moment between rare-earth atoms, each

ion has an intrinsic total angular momentum J , and the ground state will be (2J+1) fold

degenerate. The temperatures increasing stimulates all these states to be populated, and

hence the magnetic entropy should saturate to:

Smag = Rln(2J + 1). (2.29)
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The temperature at which the entropy saturates provides information about crystalline

electric �elds(CEF). The crystalline electric �elds lead to the splitting of the ground

states into di�erent discrete energy levels. The occupation of these di�erent discrete en-

ergy levels, gives rise to an additional contribution to the total speci�c heat, known as

the Schottky term. In this case, the internal energy is changed, leading to a hump which

clearly appears in the magnetic speci�c heat curve Fig 2.2. This hump cannot be noticed

in the total speci�c heat curve, because it is superimposed on the lattice and other con-

tribution [51]. For the simple case of two energy levels ε0 and ε1 and with degeneracies

g0 and g1, respectively,the Schottky term can be written as:

Csch(T ) = R

(
∆

T

)2
(g0/g1)exp(∆/T )

[1 + (g0/g1)exp(∆/T )]2
. (2.30)

In the case of heavy fermion and Kondo systems, an exact solution for the spin 1/2

Kondo [25] and Anderson models [52] for the thermodynamic equation was obtained in

the scope of the Bethe-ansatz solution of the Coqblin-Schrie�er model. The resulting

solutions show the crossover from the local-moment regime to Fermi-liquid behaviour for

the spin 1/2 problem, at a characteristic temperature TK . Oliveira and Wilkins [21] using

the renormalization group theory, obtained the impurity speci�c heat over a large tem-

perature range. The resulting speci�c heat in this model shows a maximum at 0.67TK
and in the zero temperature limit was found to be:

lim
T→0

Cimp(T )

T
= γ(0) =

2π2

3

0.103R

TK
. (2.31)

An exact solution to the Coqblin-Schrie�er model for the heat capacity was also ob-

tained using the Bethe-ansatz method. Rajan [53] proposed thermodynamic equations

of Coqblin-Schrie�er model for extended values of j (j>1/2). The resulting speci�c heat

for the case j = 1/2 shows a peak at 0.45TK and in the zero-temperature limit can be

written in the form:

lim
T→0

Cimp(T )

T
= γ(0) =

(N − 1)πR

6T0

, (2.32)
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Figure 2.2: The Schottky heat capacity of a two level system [46].

where N = 2j + 1 is the multiplet and T0 is a characteristic temperature related to

TK through Wilson number W = TK/T0, with
W

4Π
= 0.102676 [54].

2.3.2 Magnetic properties

2.3.2.1 Basics concepts

The magnetism of materials originates from the magnetic moment of an atom or ion, gen-

erated by the motion and intrinsic spin of electrons around the nucleus. This magnetic

moment which can either be localized or itinerant in the metal is a fundamental quantity

in magnetism, and can be de�ned as:

µ = γJ. (2.33)
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The constant γ is de�ned as the ratio of the magnetic moment to the angular momentum,

called the gyromagnetic ratio. J is the total angular momentum given by:

~J = ~L± ~S, (2.34)

where ~L and ~S are orbital and spin angular momenta. For a free atom g is called the

gJ -factor given by Lande' equation :

gJ = 1 +
J(J + 1)S(S + 1)− L(L+ 1)

2J(J + 1)
, (2.35)

µB is the Bohr magneton de�ned as:

µB = e}/2m. (2.36)

Where e is the free electron charge, } is the reduced Planck constant and m is the electron

mass. According to the Hund's rules, the value of J is L − S if the electron shell is less

than half full and L + S if it is more than half full. Since the Hund's rules predict the

ground state magnetic con�guration, the magnetic moment of an ion can be estimated

assuming that only this ground state is populated. Therefore, at high temperatures in

the paramagnetic region the e�ective magnetic moment is given as [10]:

µeff = gJ
√
J(J + 1)µB (2.37)

2.3.2.2 Curie-Weiss Law

The magnetic moment per unit volume is de�ned as magnetization (M). The magne-

tization is usually measured as a function of temperature (T ) and magnetic �eld (H).

To determine the temperature dependence of the magnetization it is useful to analyse a
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system of N states with energies En, and hence the magnetization is given by [10]:

M = −N
V

∂En(H)

∂H
=
N

V
gJµBJBJ(βgJµBJH) (2.38)

where BJ is the Brillouin function de�ned as:

BJ(x) =
2J + 1

2J
coth

(
2J + 1

2J
x

)
− 1

2J
coth

(
1

2J
x

)
. (2.39)

At high temperatures the Brillouin function may be approximated as:

BJ(x) ≈ J + 1

3J
x+O(x3). (2.40)

Therefore, the susceptibility as a function of temperature is given by:

χ =
M

H
=
nµ0µ

2
eff

3kBT
=
C

T
, (2.41)

where C is the Curie constant. The Eq 2.41 is known as the Curie's law, which in

fact illustrates that the high temperature magnetic susceptibility is inversely proportional

to temperature. However, for materials with magnetic ordering, there is some sponta-

neous interaction between the neighbouring unpaired electrons at low temperature. In

this case, the Curie's law is modi�ed by incorporating an additional parameter θ (Weiss

temperature), and becomes the Curie-Weiss's law which is written as:

χ =
C

T − θ
. (2.42)
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2.3.2.3 Magnetic ordering types

Materials which are magnetized, more or less, in a magnetic �eld are called magnetic ma-

terials. There can be various types of magnetism such as diamagnetism, paramagnetism,

ferrmagnetism. But in this section we will be concern with some of the types, which are

relevant to the work in this thesis. However, depending on the sign and the value of θ

of the Curie-Weiss's law, magnetic materials are divided into three types. If θ = 0 the

material is classi�ed as an ideal paramagnet, if θ > 0 the material may be classi�ed as

an enhanced paramagnet or could be for ferromagnetic for much larger θ, if θ < 0 the

material is antiferromagnetic or ferromagnetic.

In most cases, paramagnetic materials contain magnetic atoms or ions whose spins are iso-

lated from their magnetic environment and can more or less freely change their directions.

At �nite temperatures, the spins are thermally agitated and take random orientations.

During the application of a magnetic �eld, the average orientation of spins are slightly

changed so as to produce a weak induced magnetization parallel to the applied magnetic

�eld. The susceptibility in this case is inversely proportional to the absolute temperature

(the Curie law). Conduction electrons which form an energy band in metallic crystals also

exhibit paramagnetism. Since, in this case, the excitation of minus spins to the plus spin

band is opposed by an increase of kinetic energy of electrons irrespective of temperature,

the susceptibility is independent of temperature which is known as Pauli paramagnetism

[10, 55].

Antiferromagnetism is a weak magnetism which is similar to paramagnetism in the sense

that it exhibits a small positive susceptibility. The temperature dependence of suscepti-

bility of this kind of magnetism, however, characterized by the occurrence of a kink in

the χ−T curve at the so-called Neél temperature. The reason for this, is that below this

temperature antiparallel spins completely cancels each other. In such an antiferromag-

netic arrangement of spin, the tendency to be magnetized by the external �eld is opposed

by a strong negative interaction acting between plus and minus spins. Above the Neél

point, the spin arrangement becomes random, so that susceptibility now decreases with

an increase in the temperature.

In the case of ferromagnetism, the spins are aligned parallel to one another as a re-

sult of strong positive interaction between the neighbouring spins. As the temperature

increases, the arrangement of spins is disturbed by thermal agitation, thus resulting in

a temperature dependence of spontaneous magnetization. Above the Curie point, the

susceptibility obeys the Curie-Weiss law, which states that the inverse susceptibility 1/χ
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rises from zero at the Curie point and increases linearly with temperature. In ferromag-

netic materials, θ is positive [56] and typically close to the Curie temperature TC .

other types of magnetic ordering which appear at some places in this thesis are meta-

magnetism and spin glasse. Metamagnetism is the name given by Becquerel and van den

Handel [57] to the phenomenon which is interpreted as a transition from antiferromag-

netism to ferromagnetism and vice versa, caused by the application of a strong �eld or

by a change in temperature. This phenomenon is clearly visible in the �eld dependence

of magnetization measurements. In this case, the magnetization initially increases with

the �eld slowly, while above a certain �eld it increases suddenly.

Spin glass may be de�ned as a random, mixed interacting magnetic system character-

ized by a random freezing of spin at a well-de�ned temperature Tf below which a high

irreversible, metastable frozen state occurs without the usual long-range spatial magnetic

order [58]. The two important prerequisites of spin glass are �rstly the randomness in

either position of spin, or the signs of the neighbouring coupling: ferro (↑↑) or antifer-
romagnetic (↓↑). There must be disorder, site or bond in order to create a spin glass,

otherwise the magnetic transition will be of the standard ferromagnetic or antiferromag-

netic type of long-range order.

2.3.2.4 Magnetic susceptibility of Kondo systems

Similar to the speci�c heat, an exact solution for spin −1/2 Kondo model, for susceptibil-

ity was obtained. Wilson [20], using renormalization group theory, found an exact solution

for the Kondo ground state. A singlet (non-magnetic) in which the spins of the magnetic

ions were fully compensated for by the conduction electrons. Above TK the single-ion

contribution to the magnetic susceptibility (χsingleion(T )) showed a quasi-free behaviour

similar to that predicted by Curie-Weiss law, while below TK the single ion contribution

to the magnetic susceptibility showed a Fermi liquid behaviour. In the latter behaviour, a

singlet ground state is formed and hence the e�ective magnetic moment of the magnetic

ion is fully quenched. The zero temperature limit of the resulting susceptibility achieves

a constant value given as [20]:

χ(T → 0) =
0.103(gJµB)2

TK
. (2.43)

The susceptibility of the single impurity system which is based on the Bethe-ansatz so-
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lution for s = j = 1/2 case shows a Curie-Weiss behaviour at higher temperatures and

a Pauli-like behaviour at the lowest temperatures. Rajan [53], extended the theory to

higher values of j using the Bethe-ansatz solution of the Coqblin-Schrie�er Hamiltonian.

At Zero temperature and �eld with total angular momenta j= 1/2,...,7/2, the suscepti-

bility is obtained analytically and expressed in the form:

χ(T → 0) =
N(N2 − 1)g2

Jµ
2
B

24πkBT0

(2.44)

where N = 2j + 1 is the degeneracy of the system, and T0 is related to TK through

the Wilson number (W=1.2901): W = TK/T0 [59]. The result for the case j = 1/2

is consistent with that obtained by Wilson within the renormalization group method

below TK [20]. The �nite temperature behaviour of the susceptibility for all higher val-

ues of j shows a maximum at a critical temperature T0, which increases with increasing

j. The crossover of the susceptibility from temperature-independent Pauli behaviour to

temperature-dependent Curie-Weiss behaviour depends on the temperature regions. At

zero temperature and for all values of j, the susceptibility saturates and follows Pauli-

type behaviour. At higher temperature ranges well above TK , the susceptibility shows

Curie-Weiss behaviour.

2.3.2.5 Crystalline electric �eld

In most compounds, the magnetic ions that form part of a crystalline lattice, experience

a crystalline electric �eld produced by surrounding ions and valence electrons. The sur-

rounding ions, modelled as point charges, produce the crystal electric �eld (CEF) which

is yet another mode of interaction between a magnetic moment and its environment in

the metal [60]. Although the exchange interaction may be anisotropy, the crystal electric

�eld can also be considered as a primary origin of anisotropies observed in the magnetic

properties of rare earth intermetallic compounds. Thus, the magnetization in the normal

state is found to have a strong magnetic anisotropy due to CEF, splitting a 2J + 1 degen-

erate ground state of the rare earth ions where J is the total angular momentum [61, 62].

Moreover, the CEF will partially lift the maximum degeneracy allowed by the J-multiplet.

The number of resulting multiplets is determined by the local crystal symmetry. Their

relative energetic positions depend on the exact form and magnitude of the CEF. For

ions with an odd number of 4f electrons, such as Ce3+, the CEF leaves at least a twofold

degeneracy of each level, in accordance with Kramer's rule. The energy splitting of an

excited CEF level is simply given as:
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∆CEF = kBTCEF , (2.45)

where ∆CEF is the energy splitting between the ground state and an excited CEF state,

and TCEF is the temperature corresponding to a CEF splitting of ∆CEF .

The CEF splitting a�ects many physical properties. For a system with a �rst excited

level at kBTCEF above the ground state, only the lowest lying multiplet has a signi�cant

probability of occupancy for T � TCEF . Consequently, the properties of the system are

determined by the ground-state multiplet. With increasing temperature higher CEF levels

become populated. The corresponding increase of entropy shows up as an extra contri-

bution to the speci�c heat of the system in the region of TCEF , in the form of a Schottky

anomaly. The transport properties re�ect the enhanced scattering on CEF excitations

around TCEF . The change of the e�ective moment with increasing occupancy of higher

lying multiplets becomes apparent in the magnetic susceptibility. At low temperatures

(T � TCEF ) the e�ective magnetic moment is determined by the ground-state multi-

plet. A Curie-Weiss behavior of the susceptibility with the free-ion magnetic moment

is observed only at temperatures well above the excitation temperature of the highest

multiplet.

A much simpler method to calculate the e�ect of the CEF potential is to introduce

the Stevens equivalent operators [63]. It has been shown that the matrix elements of the

crystal �eld Hamiltonian are proportional to a set of operators containing components of

the total angular momentum, J . The Hamiltonian in this representation then becomes:

HCEF =
∑
n

n∑
m=0

Bm
n O

m
n , (2.46)

where the Om
n are the elements of the Stevens operator which depends on J , and the

terms Bm
n are numerical coe�cients known as crystal �eld parameters. The sign and

magnitude of the coe�cients Bm
n are very important in determining the relative CEF

energies. One of the ways to determine Bm
n is approximately through the point charge

calculations while the other way is through experimental means by measuring suscep-

tibility or heat capacity using neutron di�raction. Since point charge calculations are

poor approximations, nowadays the sophisticated computational tools are used to per-

form these calculations.
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If the crystal �eld Hamiltonian is applied onto the wave function of the 4f ion, one

obtains the energies of the eigenstates created by the crystal �eld splitting as:

HCEF |ψ〉 = E|ψ〉. (2.47)

The appropriate crystal �eld Hamiltonian for a cubic point group symmetry is given by :

HCEF = B0
4(O0

4 + 5O4
4) +B0

6(O0
4 − 21O6

6). (2.48)

where the crystal �eld is fully determined by the two parameters B0
4 and B0

6 . The corre-

sponding eigenstates are Γ7-doublet and Γ8-quartet :

|Γ7〉 = a| ∓ 5/2〉 − b| ∓ 3/2〉. (2.49)

|Γ8〉 = | ∓ 1/2〉. (2.50)

|Γ8〉 = b| ∓ 5/2〉+ a| ∓ 3/2〉. (2.51)

For the hexagonal symmetry, the crystal �eld Hamiltonian is written as:

Hhex
CEF = B0

2O
0
2 +B0

4O
0
4 +B0

6O
0
6 (2.52)

In the case of Cerium systems the 6th order term vanishes; then the Hamiltonian be-

comes:

CeHhex
CEF = B0

2O
0
2 +B0

4O
0
4. (2.53)
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The crystal �eld in hexagonal symmetry yields pure eigenstates, determined from Jz,

and the ground state multiplet split into three Kramer's doublets:

|Γ7〉 = | ∓ 1/2〉, (2.54)

|Γ8〉 = | ∓ 5/2〉, (2.55)

|Γ9〉 = | ∓ 3/2〉. (2.56)

2.3.3 Magnetocaloric e�ect

Magnetocaloric e�ect (MCE) is the change in isothermal magnetic entropy (∆Sm) and

adiabatic temperature (∆Tad) that accompany magnetic transitions in materials during

the application or the removal of magnetic �eld under adiabatic conditions. The physics of

MCE e�ect gets enriched by correlated spin-lattice degrees of freedom. The MCE arises

due to the presence of two energy reservoirs in magnetic materials: one with phonon

and the other with magnon excitations. These two reservoirs are coupled by spin-lattice

interaction. An external magnetic �eld a�ects the spin degrees of freedom resulting in

heating or cooling of magnetic materials. This description of MCE indicate that the high-

est change in temperature is expected from strongly magnetostrictive magnetic materials.

The MCE increases with an increase of the applied magnetic �eld and with the change

of magnetization M(T,H) during application of magnetic �eld. This implied that the

e�ect reached its maximum in the vicinity of magnetic transition temperatures. Experi-

mentally MCE can be measured in terms of: (i) isothermal magnetic entropy change and

(ii) adiabatic temperature change. Other associated measures is the �gure-of-merit (ZT )

parameter and the relative cooling power (RCP).

2.3.3.1 MCE from magnetization

The change in isothermal magnetic entropy is calculated by using the isothermal magne-

tization data M(T,H) measured at di�erent temperatures near the magnetic transition

temperature (TC / TN , of a ferromagnet / ferrimagnet / antiferromagnet). ∆Sm is often

computed by numerically integrating the thermodynamic Maxwell relation [64, 65]

∆Sm(T,H) = Sm(T,H)− Sm(T, 0) =

∫ H

0

(
∂M

∂T

)
H

dH. (2.57)
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Since
∂M

∂T
has its maximum at the transition temperature, a large MCE is expected

near the transition temperature. It is exceedingly high ("giant" or "colossal") for the �rst

order phase transition. The upper limit for the molar magnetic entropy variation is given

by the magnetic contribution [64, 66]

SmaxM = Rln(2J + 1), (2.58)

where R is the gas constant and J is the total angular momentum quantum number.

2.3.3.2 MCE from heat capacity data

The change in isothermal magnetic entropy can also be obtained from heat capacity data

C(T ) measured in zero magnetic �eld and in applied magnetic �eld using the following

relation [64, 65]:

∆Sm(T,H) =

∫ T

0

C(T,H)− C(T, 0)

T
dT, (2.59)

where C(T, 0) and C(T,H) are the heat capacities of the magnetic materials measured

at temperature T in zero magnetic �eld and in an applied �eld H.

The adiabatic temperature change ∆Tad(T,H) can be determined using the experimen-

tally measured heat capacity C(T,H) [64, 65]:

∆Tad(T,H) =

∫ H

0

(
∂M

∂T

)
H

T

C(T,H ′)
dH ′. (2.60)

The relative cooling power RCP of a refrigerator is de�ned as the amount of heat transfer

between the hot and the cold reservoir during the complete refrigeration cycle and is used

as a key parameter to quantify the e�ciency of the refrigerator. RCP is calculated as the

area under ∆Sm versus. T curve [66] using the formula:
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RCP = ∆SMax
m ×∆TFWHM , (2.61)

where ∆TFWHM = Thot − Tcold. Here Thot and Tcold are the temperature below and above

TC or TN at 50% of the maximum magnetic entropy change, SmaxM .

2.4 Electrical transport properties

2.4.1 Boltzman's equation

Classical transport phenomena are controlled by two contrary mechanisms: driving forces

induce a directive motion of the particles, while scattering retards it. Thus, transport

properties in metals arise from electron scattering when a breakdown of the perfect peri-

odic potential occurs in real crystals. This breakdown occurs from a variety of di�erent

scattering processes. A description for these scattering processes is given by the linearized

Boltzmann equation. Under certain assumptions this theory may be used to describe

charge and heat transport in solids. The requirement is that the charge or heat carriers

can be described as classical particles with momentum }~k and position ~r. At equilibrium

the time-dependent distribution function f( ~r, k, t) must satisfy the equation [47]:

~k.∇kf + ~vk.∇rf =

(
∂f

∂t

)
c

. (2.62)

Here, f( ~r, k, t) is a measure for the density of carriers with wave vector ~k at position

~r and time t. The velocity ~v is the group velocity of a wave packet of charge or heat

carriers. Eq 2.62 when linearized leads to an integral equation, known as Bloch equation

[47]. In general, a solution to this equation cannot be obtained in close form. The most

powerful method of the solution involves the use of a variational principle �rst advanced

by Kohler [67]. The application of this procedure requires �rst the selection of a suitable

trial function containing parameters which are then adjusted in accordance with the vari-

ational principle. The transport coe�cients (electrical conductivity, thermal conductivity,

and thermoelectric power), in this variational method, appear as a ratio of determinants

of in�nite dimensionality. The other, and most direct, avenue leading to a solution of the

Bloch equation, depends on the use of a relaxation time approximation given by:
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(
∂f

∂t

)
c

= −f − f0

τ
. (2.63)

The distribution function f0 is given by the Fermi-Dirac or Bose-Einstein statistic in

the case of fermion or bosons. The relaxation time τ is determined by the di�erent e�ec-

tive scattering processes. If independent scattering processes with relaxation time τi are

considered, the e�ective total relaxation time is generally calculated as the inverse of a

sum of the inverse τi:

1

τ
=
∑
i

1

τi
. (2.64)

The solution of the linearized Boltzman's equation using the relaxation time approxi-

mation provides a basis for many theoretical calculations of thermal transport processes.

2.4.2 Electrical resistivity

Measurements of electrical resistivity properties are essential to understand the diverse

physical properties of the rare earth intermetallic compounds. Usually these measure-

ments may be used to determine the sample quality, scattering mechanisms, magnetic

ordering temperature and to study the Kondo e�ect. For instance, the determination of

Curie temperature of ferromagnetic materials is generally di�cult from the temperature-

dependent magnetization, since this feature is typically very broad. This is often not

the case in measurements of the resistivity, where the resistivity sharply decreases below

the Curie temperature, corresponding to a loss of disorder scattering from the magnetic

moments. Also, these measurements may reveal properties that are not readily visible in

the magnetization or speci�c heat, such as the appearance of gaps in the Fermi surface

due to the charge or spin density waves.

The electric resistivity of metals and alloys originates from various types of scattering

processes that conduction electrons experience along their motion in the crystals. These

scattering processes can be due to:

• The presence of impurities either accidental or deliberate in the samples, and imperfec-

tions in crystals such as grain boundaries.

http://etd.uwc.ac.za/



 

 

 

 

2.4. Electrical transport properties 34

• The temporal displacement of ions from their �xed positions due to thermally excited

lattice vibrations. This e�ect increases largely as the temperature rises.

• Deviation from perfect magnetic order caused by spin disorder in magnetic materials as

the temperature is increased towards their ordering temperatures. This scattering attains

its maximum value in the paramagnetic region.

• The localized magnetic moments of 4f or 5f atoms in dilute systems, especially, con-

centrated Kondo systems, HF materials, group IV and spin �uctuation systems.

• Electrons also scatter from each other but for normal metals this e�ect is very small.

At higher temperature this e�ect is negligible due to the dominance of electron-phonon

scattering [10].

Since the electron-electron scattering in a normal metal is often negligible at higher tem-

peratures, the other types of scattering can be described in terms of a unique relaxation

time. It should be noted that the relaxation time is an important parameter that is

responsible for the magnitude of the electrical resistivity. The scattering processes men-

tioned above are based on the assumption that they are taken independently from each

other as stated by Matthiessen's rule [68]. Accordingly, the resulting relaxation time takes

the form:

1

τ
=
∑ 1

τi
=

1

τ0

+
1

τph
+

1

τmag
, (2.65)

where τ0 and τph are relaxation times for impurity and phonon scattering, respectively, and

τmag is the relaxation time for spin �uctuations. Assuming the validity of Matthiessen's

rule, the total resistivity ρ(T ) of a magnetic material may be expressed as:

ρ(T ) = ρ0 + ρph(T ) + ρmag(T ). (2.66)

The �rst term ρ0 represents the contribution due to defects and imperfections to the

total resistivity, which is dominant at the lowest temperatures and known as the residual

resistivity. Since these defects or imperfections are temperature-independent, ρ0 is also

temperature-independent and exhibits a constant value when the temperature is lowered

towards absolute zero. Furthermore, it should be noted that ρ0 is a sensitive measure of

the degree of perfection of a sample that is determined by a quantity known as a resid-

http://etd.uwc.ac.za/



 

 

 

 

2.4. Electrical transport properties 35

ual resistivity ratio RRR. This RRR of a sample is generally de�ned as a ratio of its

resistivity at room-temperature to that extrapolated to 0 K as RRR = ρ300K/ρ0K . In

this regard, the highest value of this ratio indicates the highest quality of the sample. In

general, residual resistivity is a�ected by imperfections which modify some parameters in

the samples such as band structure, the Fermi energy, the density of state and the e�ective

mass. These parameters determine the magnitude of the RRR for a sample [47]. In order

to lessen the RRR value, some techniques may be used during the sample synthesis such

as remelting for several times and annealing at su�ciently high temperature.

The second term ρph describes the temperature-dependence of resistivity due to the scat-

tering of electrons from phonons which is called phonon-electron scattering. This scatter-

ing mechanism is dominant at higher temperature where the thermal vibrations of ions

around their equilibrium positions, break down the regularity of ideal crystals that will

produce displacements of the ions from their equilibrium positions. According to the

Debye model [68], the term phonon is assigned to the thermal vibrations of ions. In this

model, the highest phonon frequency in the Brillouin zone ωmax can be estimated roughly

from the relation ~ ωmax ≈ kθD, where θD is the Debye temperature as deduced from

heat capacity measurements. The temperature variation of electric resistivity due to the

phonon contribution, ρ(T ), can be expressed by Bloch-Grüneissen Law [68]:

ρph(T ) =
4κ

θR

(
T

θR

)5 ∫ θR/T

0

x5dx

(ex − 1)(1− ex)
, (2.67)

where κ is the electron-phonon coupling constant. θD is the characteristic temperature

for the lattice resistivity and takes on a numerical value. The lattice speci�c heat-derived

Debye temperature θD is often used instead of θR because their values are nearly alike [47].

At high temperatures (T ≥ θR/2), the number of phonons that are created is proportional

to the temperature and hence ρph ∝ T is obtained in this region [30]. At su�ciently low

temperatures, electron-phonon scattering is nearly elastic [30] and the scattering probabil-

ity reaches a T 5-dependence so that ρph ∝ T 5. However, in some cases in alloys containing

d-transition metals, T 3-dependence is expected instead of a T 5-dependence due to s − d
interband scattering [69]. Also a deviation from the linear behaviour at high tempera-

tures occurs in alloys of d-transition metals, in which interband s−d scattering into �lled
d-band is responsible for an additional term called the Mott's term in the resistivity which

is proportional to T 3 [70]. In such cases the Bloch-Grüneissen expression is replaced by

the Bloch-Grüneissen-Mott expression expression in the form:
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ρph(T ) =
4κ

θR

(
T

ΘR

)5 ∫ θR/T

0

x5dx

(ex − 1)(1− ex)
− αT 3. (2.68)

The third term ρm(T ) in Eq 2.66 which is also symbolized as ρ4f (T ) represents the mag-

netic contribution to the total electrical resistivity. This magnetic contribution originally

results from the scattering of conduction electrons in the host metals, from magnetic

4f -ions of the rare earth elements. These magnetic 4f -ions which are also known as lo-

cal moments, usually in�uence the resistivity of both magnetically ordered and Kondo

systems. In the case of magnetically ordered materials a spin-disorder scattering occurs

which increases with increasing temperature, and it reaches its maximum value in the

paramagnetic region above the ordering temperature. However, the expression for electri-

cal resistivity corresponding to spin disorder scattering is temperature independent and

is given in the Born approximation [71] as:

ρ4f (T > Tord) =
3πNm∗

2}e2EF
|Γ|2(gJ − 1)2J(J + 1), (2.69)

where m∗ is the e�ective electron mass, e is the electron charge, EF is the Fermi en-

ergy, Γ is the coupling constant of the exchange interaction between 4f spins and the

conduction electrons spins, N is the density of states per atom per spin of the host metal

and J is the total angular momentum of 4f moments. Eq 2.69 predicts that ρ4f is pro-

portional to the de Gennes factor (g − 1)2J(J + 1) [72]. In the case of Kondo materials,

the 4f resistivity follows a logarithmic increase with decreasing temperature below a min-

imum in the total resistivity. This behaviour was explained by Kondo [73], who in the

framework of the s − d model showed that in the third order of perturbation theory in

Γ, the scattering amplitude of the conduction electrons diverges as T → 0. Based on this

explanation and taking the density of states to be constant in the conduction electron

bandwidth interval −D < EF < D and zero elsewhere, the 4f resistivity can be written

as:

ρ4f =
2πN(EF )nfm

∗

nhcNc}e2
Γ2J(J + 1)

[
1 + 4ΓN(EF )ln

(kBT
D

)]
. (2.70)

Here nf is the concentration of magnetic impurities, nhc is the number of conduction

electrons per host atom and Nc is number of atoms in the host metal. Eq 2.70 describes

the logarithmic increase towards low temperature only if Γ is negative. This negative
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value of Γ in the Kondo e�ect suggest AFM coupling between the local moment and the

conduction electrons.

Finally, other types of scattering may a�ect the total resistivity of metals such as electron-

electron scattering and spin wave scattering. The contribution of electrons scattering with

themselves to the total resistivity is given as [30]:

ρe−e = kBT
2

[
π2}2

mkF

]2

. (2.71)

At room temperature, the contribution of electron-electron scattering to the total re-

sistivity is approximately 104 times smaller than other components. Furthermore, at

lower temperatures, the total resistivity decreases as T 2 allowing this contribution to be

neglected within the temperature region of interest. Correspondingly, the spin wave scat-

tering describes the scattering of conduction electrons by magnons (quantized spins). This

usually occurs at low temperatures below ordering temperatures for magnetic materials.

In the case of antiferromagnetic magnons the dispersion relation is given as:

ω2 = ∆2
AFM +Dk2, (2.72)

whereas for the ferromagnetic magnons is given by:

ω = ∆FM +Dk2, (2.73)

where ∆ is the energy gap in spin wave spectrum and D is the spin wave sti�ness.

Accordingly, the total resistivity of an antiferromagnetic material below the ordering tem-

perature may be expressed by [74]:

ρ(T ) = ρ(0) + Aρ,AFM∆
3/2
ρ,AFMT

1/2exp(−∆ρ,AFM/T ).

[
1 +

2

3

T

∆ρ

+
2

5

(
T

∆ρ

)2]
, (2.74)
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where Aρ,AFM is a prefactor.

2.4.3 Magnetoresistivity

Magnetoresistivity MR is the phenomenon where the resistivity of the material changes

with applied magnetic �eld H. Classically, MR depends on both the strength of the

magnetic �eld and the relative direction of the magnetic �eld with respect to the current.

The MR is usually expressed in the form:

∆ρ

ρ
=
ρ(H,T )− ρ(0, T )

ρ(0, T )
, (2.75)

where ρ(0, T ) is the zero-�eld resistivity and ρ(H,T ) is the resistivity in a �eld. In general,

the in�uence of applying a magnetic �eld increases the resistivity in most ordinary metals

and alloys, resulting in a positive MR. For a number of ferromagnetic materials, a negative

character of magnetoresistivity due to the electron-spin scattering arises as follows: The

magnetic �eld increases the e�ective �eld acting on the localized spins and suppresses

the �uctuation of spins in space and time, which leads to the decrease of the resistivity

[75]. The negative magnetoresistivity is also shown in dilute alloys with paramagnetic

impurities. Yoshida [76] �rst explained the negative magnetoresistivity of the magnetic

alloys. He showed in the molecular �eld approximation that when impurity spins formed

antiferromagnetic ordering the negative magnetoresistivity arises from the cross term due

to the magnetic and non-magnetic impurity scattering. Recently Williams[77] has also

calculated the negative magnetoresistivity of ferromagnetic dilute alloys in the spin wave

approximation. In the case of a number of Heavy-fermion materials the magnetoresis-

tivity takes positive values due to a shift in the residual resistivity and a change in the

T 2 coe�cient of ρ(T ) [78]. In the case of a Kondo system and in the coherent state,

the magnetoresistivity is thought to be positive [79]. The e�ect of applying a magnetic

�eld on a system exhibiting the conventional −lnT in the resistivity at zero �eld, is to

suppress the spin-�ip. This leads to the formation of a resistivity maximum, which shifts

to higher temperatures with increasing �eld. This behaviour suggests the development of

phase coherence between semi-screened magnetic moments at lower temperatures causing

a negative magnetoresistivity in this temperature region. For systems with independent

Kondo impurities, i.e a low density of RE atom (incoherent Kondo scattering or Kondo

hole alloys) a negative magnetoresistivity is observed [80]. This behaviour is due to the
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suppression of the incoherent Kondo scattering in a magnetic �eld and corresponding in-

crease of the lifetime τ of the conduction electrons [81].

The result of the Bethe ansatz calculations of the Coqblin-Schrie�er model given by

Andrei [82] and Schlottmann [27], yields an exact solution of the MR for the spin-1/2

case:

ρ(B)

ρ(0)
=
[ 1

2J + 1
sin2(

πnf
2J + 1

)
2J∑
l=0

sin−2(πnl)
]−1

. (2.76)

where nf is the 4f electron occupation number. The integer valence limit of the Coqblin-

Schrie�er approach to the degenerate Anderson model (nf −→1) is obtained by suppress-

ing charge �uctuations. This constrains the level occupation used and splits the (2J + 1)

multiplet in a magnetic �eld as:

2J∑
l=0

nl = nf = 1. (2.77)

Exact solutions for J = 1/2 in the Schlottmann's formalism is completely determined by a

single parameter known as the characteristic �eld B∗(T ). According to Batlogg etal.[83],

for �nite temperature, B∗ depends linearly on temperature as follows:

B∗(T ) = B∗(0) +
kBT

gµK
=
kB(TK + T )

gµK
, (2.78)

where µK is the e�ective magnetic moment of the Kondo ion. The relation of B∗ and TK
indicates that the physics of Kondo impurity is entirely dominates by one energy scale

TK .

2.5 Thermal transport properties

2.5.1 Thermoelectrical power

The thermoelectric power (TEP) is a powerful technique which may reveal the electronic

features of materials since it is a sensitive probe of energies near the Fermi surface. In

http://etd.uwc.ac.za/



 

 

 

 

2.5. Thermal transport properties 40

general the TEP of magnetic ordered materials is given by [84]:

S(T ) = Sd(T ) + Sg(T ) + Sm(T ). (2.79)

Here Sd(T ), Sg(T ) and Sm(T ) are the contributions to the thermoelectric power due to

electron di�usion, phonon-drag and magnon-drag, respectively. The latter two terms are

usually neglected at higher temperatures because it is believed that these two contribu-

tions decrease rapidly with increasing temperature [85, 86]. However, at low temperature,

the phonon-drag contribution to the total thermoelectric power is directly proportional

to T 3, whilst at higher temperatures is inversely proportional to T . The electron di�usion

term Sd can be calculated from the linearized Boltzmann equation in the degenerate limit

(kBT 6 EF ) as:

Sd =
π2

3

k2
BT

qe

(
∂lnσ(E)

∂E

)
EF

, (2.80)

where σ is the dc electrical resistivity. Generally, the di�usion TEP, Sd is associated

with a system of electrons that interact with a random distribution of scattering centres

that are assumed to exist in thermal equibrium at the local temperature T . More pre-

cisely, this term describes the di�usion of the conduction electrons due to the temperature

gradient. Thus, in moving along with the temperature gradient the conduction electrons

undergo scattering processes: the electron-impurity scattering, the electron- phonon scat-

tering and spin-dependent scattering processes.

Assuming a spherical Fermi surface and isotropic relaxation time τ , the electric con-

ductivity and thermoelectric power can be written as:

σ =
2

3
e2N(E)v2(E)τ(E) (2.81)

Sd =
π2

3

k2
BT

qe

(
∂lnN(E)

∂E
+
∂lnv2(E)

∂E
+
∂lnτ(E)

∂(E)

)
EF

. (2.82)
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For a metal with light charge carriers, the �rst term in Eq 2.82 generally dominates

signi�cantly and therefore:

Sd =
π2

3

k2
BT

qe

(
∂lnN(E)

∂E

)
EF

. (2.83)

At very low temperatures, where the relaxation time τ is limited by scattering from

impurities, the thermoelectric power calculated in the free-electron approximation is lin-

ear in temperature:

Sd =
π2k2

BT

3qeEF
. (2.84)

The thermoelectric power of heavy-fermion compounds, in general, show large values.

This is due to the enhancement of the DOS near the Fermi level as a result of the

hybridization between the local 4f states and the conduction electron states. The en-

hancement of the DOS near the Fermi level also known as the Abrikosov-Suhl resonance

has a narrow half width (1-100 K). As a result of that, the energy derivative of N(E) at

EF which is proportional to Sd may take on large values more than 10 to 100 times with

respect to typical Sd values of normal metals. In the case of Ce and Yb-based Kondo

systems, both Kondo interaction and CEF excitations may generate large anomalies in

thermoelectric TEP. The thermoelectric power of these compounds typically exhibits a

maximum for Ce-based compounds, and a minimum for Yb-based compounds [87, 88].

Additionally, for a CEF level at T∆CEF > TK theoretical calculation predict a large posi-

tive (Ce) or negative (Yb) contribution with a peak positioned at (0.3 to 0.6)×T∆CEF [4].

Thermoelectric power investigations may then be used for the determination of the Kondo

and CEF energy scales. A recent theoretical treatment of the TEP of most Ce and Yb-

based heavy-fermion and Kondo compounds was put forward using the phenomenological

resonance model[89]. In this model, the dominant contribution to the TEP is caused by

the scattering of conduction electrons from the wide s-band into a narrow f -band approx-

imate by a Lorentzian shape. S(T ) can then be written:

S(T ) =
2

3
π2kB
|e|

TEf
(π2/3)T 2 + E2

f + Γ2
f

(2.85)
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where Ef and Wf are the position of the f -band peak relative to the Fermi level EF
and its width, respectively, both in unit of temperature (Kelvins). Eq 2.85 satisfactorily

describes the temperature dependences of TEP of the majority of systems with intermedi-

ate valence (IV) of Ce. But it can be valid to describe Kondo systems by using the known

relationship between the parameters Ef , Γf and TK (Ef = TK , Γf = πTK/Nf )[90], where

Nf is the orbital degenercy 2J + 1. For moderate heavy-fermions with low TK values, Eq

2.85 describes a scattering of conduction electrons on an ensemble of incoherent impurities

than on a narrow f -band [88]. Therefore in case of energy scale dominated by CEF, Wf

in Eq 2.85 is related mainly to the temperature of the CEF (TCEF ), which means that

the relaxation time depends on the energy, for that Wf =
πTCEF
Nf

is used for T > TK and

�nally the TEP can be expressed as:

S(T ) =
2

3
π2kB
|e|

T.TK
(π2/3)T 2 + T 2

K + (π2/N2
f )T 2

CEF

. (2.86)

2.5.2 Thermal conductivity

Thermal conductivity λ(T ) of metals originates from di�erent types of contributions,

which primarily represent the heat carriers in these metals. In normal metals, electrons

and thermal vibrations of the lattice (phonons) act as heat carriers, whereas in magnetic

materials heat can also be carried by magnons[91]. Therefore, thermal conductivity is

simply de�ned as the measurement of the ability of a material to transport heat. In this

section only the heat transport by phonons λph and electrons λe is discussed. The total

thermal conductivity can be calculated as the sum of the contributions resulting from

di�erent types of heat carriers:

λtot(T ) = λph(T ) + λe(T ). (2.87)

The electronic contribution λe to the total thermal conductivity λtot can be calculated

from the linearized Boltzmann equation within the relaxation time approximation. For a
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spherical Fermi surface and that the relaxation time τ only depends on the energy of the

heat carriers, λe for a free electron gas is given by:

λe =
π2

3

(
kB
e

)2

Tσ. (2.88)

Eq 2.88 leads directly to the Wiedemann-Franz law, which states that the ratio of elec-

tronic thermal conductivity to electrical conductivity is linear in temperature:

λe
σ

=
π2

3

(
kB
e

)2

T = L0T, (2.89)

where L0 = 2.45 × 10−8WΩ/K2 is the Lorentz number. The Wiedemann-Franz law

holds even if the constant-energy surfaces are not spherical. It is strictly valid for elas-

tic scattering processes, e.g. scattering from stationary imperfections and impurities at

low temperature. At elevated temperatures (10 K to several 100 K) inelastic scattering

dominates and deviations from the Wiedemann-Franz law is observed. At higher temper-

atures the energy loss due to inelastic scattering is small compared to kBT , therefore the

Wiedemann-Franz law is valid again.

On the other hand, the phonic contribution λph to λtot is limited due to a large number of

di�erent scattering processes with relaxation times τi, including for example scattering on

sample or grain boundaries τB, scattering from imperfections τD, phonon-electron scatter-

ing (τph−e),...etc. Thus, in this case, the combined relaxation time τPh can be calculated

according to Eq 2.64. However, the phonon contribution to the total thermal conductivity

can be obtained using the Debye approximation for phonon dispersion relation as [92]:

λph =
kB

2π2υph

(
kB
~

)3

T 3

∫ ΘD/T

0

x4exτph
(ex − 1)2

dx, (2.90)

where υph is the velocity of sound in the lattice and given by:

υph =
kBθD
}

(6π2N)−1/3. (2.91)
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Here N is the number of atoms per unit cell.
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Chapter 3

Experimental Techniques

3.1 Sample Preparation

The polycrystalline samples studied in this work are: (Ce1−xLax)Cu4In, (Ce1−xLax)8Pd24Al,

Ce8Pd24(Al1−xSnx), RECu4Au (RE = Nd, Gd) and NdAuX (X = Ga, Ge). All the start-

ing elements were brought from Alfa Aesar company with the following purity in wt%:

La: 99.99; Ce: 99.98; Nd:99.99 ; Gd:99.99; Lu:99.99; Cu: 99.99; Au: 99.95; Pd: 99.97;

In: 99.998 ; Ge: 99.999; Ga: 99.999 Sn:99.995;and Al: 99.999. All the compounds of

the alloys systems under study, along with their nonmagnetic counterparts were prepared

from their starting elements weighted to an accuracy of 0.01 mg using a microbalance

(OHAUS crop. Pine Brook, NJ USA). The powder element of Sn was compressed using

pellet dye in a laboratory hydraulic press below the maximum pressure recommended for

the particular dye. The polycrystalline samples of these systems were prepared by arc-

melting the constituent elements on a water-cooled copper hearth in a titanium gathered

Argon atmosphere (50 kPa below atmospheric pressure) at the Department of Physics,

University of the Western Cape using an arc-furnace melting chamber Fig 3.1 and 3.2.

Polycrystalline samples of all the compounds and alloys were prepared by arc-melting the

constituent elements on a water-cooled copper hearth in a titanium guttered ultra-high

purity argon atmosphere. Ingots were turned over and remelted several times to ensure

good homogeneity of the samples. Weight losses after �nal melting were always less than

1% for all prepared samples. Electrical and thermal transport as well as thermodynamic

measurements were performed on as-cast samples, except for NdAuGa. The ingot sam-

ple of NdAuGa was wrapped in a tantalum foil (purity of 99.99 wt-%) and sealed o� in

an evacuated quartz tube for heat treatment at 850 0C for two weeks. The samples for

resistivity, susceptibility, magnetization, speci�c heat, thermoelectric power and thermal

conductivity measurements were cut from the as-cast ingot using a Micracut 125 low

speed precision cutter with a diamond coated blade of thickness 0.381 mm in Fig 3.3.

45
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Figure 3.1: Arc-melting furnace chamber at the University of the Western Cape (Physics
Department).

The samples for resistivity measurements were cut in the form of a parallelepiped rect-

angle with typical dimension 1× 1× 6 mm3, while for thermoelectric power and thermal

conductivity measurements the dimensions were 1 × 2 × 8 mm3. These dimensions were

measured using a travelling microscope to an accuracy of ±5 µm with a geometrical un-

certainty of
A

l
± 2% where A is the cross-sectional area of the sample and l is the length.

Samples for magnetic susceptibility, magnetization and speci�c heat were cut in the form

of a cube with a typical dimensions of 1 × 1 × 1 mm3. All these parts were cut out of

the centre of the ingot in order to avoid the bottom surface and the top layer where the

stress in the material as evidenced by hairline cracks was sometimes found. Parts of the

as-cast ingot as well as the annealed were used for X-ray di�raction (XRD) measurement

for structural, and SEM and EDS analysis as discussed in the following sections.
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Figure 3.2: Schematic diagram of the arc-furnace melting chamber.

Figure 3.3: Micracut 125 low speed cutter at the University of the Western Cape (Physics
Department).
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3.2 Samples characterization

3.2.1 Powder X-ray Di�raction

All the samples thus prepared for investigation in this work were characterized by X-

ray powder di�raction using a Bruker D8 Advance di�ractometer with Cu Kα radiation

(λ = 1.540598 Å) located at iThemba LABS, Cape Town shown in Fig 3.4. One part

of the ingot of each prepared sample was �nely ground in an agate mortar and subse-

quently spread out on a hollow rectangular sample holder. A potential di�erence of 40

kV was applied across the �lament and the anode target. The data collection was made

using a computer supplied with EVA software from BRUKER, equipped with the di�rac-

tometer. The output data were collected in 2θ di�raction range with a step increment

of approximately ∆2θ = 0.0340. The di�raction patterns were measured in the range

200 6 2θ 6 900, which correspond to the range where re�ections are expected for the

majority of d-spacing found in intermetallic compounds. In order to obtain perfect XRD

patterns of the samples, the background intensity produced in these patterns were sub-

tracted.

Figure 3.4: Bruker D8 Advance powder di�ractometer.
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Qualitative analysis of the room temperature X-ray di�raction patterns were made using

the Pawley Cell and Intensity Least (CAIL) �t method, while the quantitative analysis

was performed with a full-pro�le Rietveld re�nement method, both from TOPAS ACA-

DEMIC programme. No evidence of parasitic phases or unreacted elements was found

in the X-ray di�raction patterns of all prepared compositions. Individual peak positions,

lattice parameters, unit-cell volume, crystal structure, Wycko� symmetry sites and oc-

cupation factors were determined using Pawley Cell and Intensity Least (CAIL) square

�t and Rietveld re�nement from TOPAS ACADEMIC program. The theoretical initial

parameters were loaded onto these software to initialize the re�nement.

3.2.2 Electron Micro-probe

For further characterization, electron micro-probe analysis was performed on some of our

samples. The most important type of micro-probe instrument involves the use of the

electron beam because of the vast information that can be obtained from the interaction

of an electron beam with the sample. This helps for characterizing the micro-structure

and micro-composition of materials.

In this study, AURIGA Field Emission High Resolution Scanning Electron Microscopy

integrated system (SEM), equipped with a camera was used for elemental microanalysis

and for obtaining topological information of the samples. The electron micro-probe was

performed with the option of electron dispersive spectroscopy (EDS). In order to obtain

an accurate analysis, the samples were well polished using a diamond disc embedded in

an electronic polishing machine under running coolant. The polished samples were then

amounted to carbon tabs placed on Aluminum stubs. Carbon tabs help the samples to

stick well to the stubs. They also prevent the sample from charging up and reducing the

e�ective electron energy thus enhancing the secondary electron yield during the analysis.

The SEM images were taking by either backscattered electron (BSE) or secondary electron

(SE) modes for di�erent zooming scales with probe accelerating voltage 15 kev and in a

Gun vacuum of 7.7 ×10−10 mbar.

3.3 Physical properties measurements

Electrical resistivity, magneto-resistivity, heat capacity, thermoelectric power and thermal

conductivity measurements were performed using a commercial device Quantum Design

Physical Property Measurement System (QD PPMS), San Diego (USA) shown in Fig 3.5.

The measured temperature and magnetic �eld ranges are 1.9 K to 400 K and 0 T to 9 T.

Magnetic susceptibility and magnetization measurements were performed by means of
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Figure 3.5: A commercial Quantum Design Physical Property Measurement system (QD
PPMS), University of Johannesburg, Department of Physics.

Figure 3.6: A Superconducting Quantum Interference Device (SQUID) magnetometer in a
Quantum Design Magnetic Property Measurement System (QD MPMS-5).
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a Superconducting Quantum Interference Device (SQUID) magnetometer in a Quantum

Design Magnetic Property Measurement System (QD MPMS-5), San Diego (USA) (Fig

3.6), with sample temperature between 1.7 and 400 K and magnetic �elds up to 7 T.

3.3.1 Magnetic properties

Magnetic susceptibility χ and magnetization isotherm M measurements were performed

on a single piece of sample with mass (≈ 15 mg) of each polycrystalline sample in the

temperature range 1.7-300 K and in �elds up to 7 T using a Quantum Design Magnetic

Properties Measurement System (MPMS-5). A regular plastic straw was used as a sample

holder because it has a low mass and less diamagnetic background signal. The sample

was cut into an elongated piece to minimize the demagnetizing �elds, and put into a

small plastic bag, inserted into the straw. The plastic bag signal was subtracted using

the known mass once the measurement was done. The pick-up coil of the SQUID (Fig

3.7), produces a current which is proportional to the gradient of the external �eld, rather

than the �eld itself. The overall measurement is performed by moving the sample with

a stepper motor through the pick-up coils. During the sample movement, its magnetic

moment couples inductively with the coils, and produces a current variation in the su-

perconducting circuit which is proportional to the sum of the �uxes across the coils. The

same current is then coupled to the SQUID loop and produces a �nal voltage output that

is recorded using a lock-in technique. The output voltage versus the position curve is

measured as an average of di�erent scans of the sample position to reduce the noise, and

extracts the value of the magnetic moment.

In this work, magnetic susceptibility (magnetic moment as a function of temperature)

measurements were carried out under �eld-cooled (FC) condition on DC option with a

static magnetic �eld (6 1000 Oe). Furthermore, low temperature susceptibility mea-

surements were also conducted under Zero-�eld-cooled (ZFC) condition for some selected

compounds. These measurements were performed at di�erent cooling rates. Magneti-

zation isotherm (magnetic moment as a function of temperature) measurements were

performed at �xing sample temperatures and scans the applied �eld up to 7 T.

3.3.2 Electrical resistivity

DC electrical resistivity measurements were performed using the PPMS, by a standard

four probe method over the temperature range from 1.9 to 300 K, on a bar shaped spec-

imen of a typical dimension of 1 × 1 × 6 mm3. The resistivity puck has space for three

samples (Fig 3.8). Kapton tape was placed on the sample puck surface to prevent the

electric contact between samples and the puck surface. The samples were attached to the
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Figure 3.7: A schematic of the pick up coil used in the SQUID. The bottom arrow shows the
direction of the current induced by the magnetic moment of the sample.

capton tape by G.E varnish Glue (C5-101 from Oxford instrument). The G.E vanish glue

was used because of its excellent adhesive properties below helium temperature and its

good thermal conductivity and electrical insulating properties. The four contact leads in

Fig 3.9 were made from 50 µm gold wire and were attached to the samples with electri-

cally conductive silver paste from Dupont (4922N single component epoxy which is 70%

elemental silver) for brittle samples or spot welded.

In general, PPMS eliminates the thermoelectric e�ect that arises from the current and

voltage leads by using a fast current reversal technique in which the current polarity in

the sample continuously �ips, and measuring the resistivity as the average of two readings

of positive and negative currents. The measurement of the voltage drop (∆V ) across the

sample has two contributions: the contact voltage due to circuitry (∆Vcontact) and sample

voltage due to resistivity (∆Vsample). Since (∆Vcontact) is independent of the direction,

(∆Vsample) can be easily obtained using a current reversal technique which is described as

follows: when the current �ows from I+ to I−, the voltage is taken as ∆V1, then when

the current is reversed and �ows from I− to I+, the voltage is taken as ∆V2. This leads to:
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∆V1 = Vcontact + Vsample,

−∆V2 = Vcontact − Vsample,

∆Vsample = (∆V1 + ∆V2)/2.

Figure 3.8: The resistivity sample puck with 3 samples mounted.

The PPMS measures electrical resistance R(T ) of the sample and then calculates the

resistivity ρ(T ) using a cross sectional area of the sample, and voltage leads separation

length (l). The value of the input current and the sample geometry during measurement

were set to I = 4500µA, cross sectional area A =1 mm2 and the length between voltage

leads l = 1 mm. The PPMS software used: ∆Vsample = RI and ∆Vsample =
LIρ

A
to

compute the resistance and resistivity of the sample. The real value of the resistivity of

the sample is calculated manually using the measured cross section area of the sample

and the voltage contact length that are taken before loading the sample into PPMS. Mag-

netoresistance measurements were conducted to some selected samples of Ce1−xLaxCu4In

and (Ce1−xLax)8Pd24Al systems. These measurements were performed in the form of

magnetic �eld dependence of resistivity for �xed sample temperatures and �eld values up

to 9 T.
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Figure 3.9: Magni�cation of a single sample in Fig 3.8 showing the spot-welded contacts on
the resistivity sample puck in the 4-probe con�guration.

3.3.3 Speci�c heat

The PPMS uses a relaxation-time method to measure the speci�c heat in the tempera-

ture range from 1.8 K to 400 K. On the speci�c heat measurement puck, a heater and

thermometer are attached to the bottom of a sample platform shown in Fig 3.10. Small

wires provide the electrical connection to the heater and thermometer and also provide

the thermal connection and mechanical support to the sample platform. The sample plat-

form accommodates small samples weighing approximately 100 mg or less. The sample

has to be �nely polished and shaped to the platform dimensions to make a better thermal

contact. The samples were �xed with grease Apiezon N on the sapphire platform of the

sample holder in Fig.3.10. The contribution of the grease and platform to the total heat

capacity was determined in a separate measurement before mounting the sample, and

subsequently subtracted from the total speci�c heat to obtain the sample speci�c heat.

During a measurement, a known amount of heat is supplied by a heater at constant power

for a �xed time t, and then this heating period is followed by a cooling of the same period.

After each measurement cycle, the data obtained �ts the entire temperature response of

the sample platform to the two-τ model from Quantum Design to determine the heat

capacity. This model accounts for both the thermal relaxation of the sample platform to

the bath temperature and the relaxation between the sample platform and the sample

itself [93]. The PPMS chooses the result of the model from best �ts. Finally, PPMS

software computes the heat capacity in units of mJ/mole.K by multiplying the speci�c
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heat of the sample by the molar mass of the sample and divided by the mass of the sample.

Figure 3.10: A schematic diagram of the PPMS heat capacity calorimeter puck.

3.3.4 Thermal Transport

Thermoelectric power and thermal conductivity are measured simultaneously in the tem-

perature range between 1.9 K and 400 K, by the four-probe longitude semi-adiabatic

steady-state technique using QD PPMS Thermal Transport option (TTO). The samples

used for TTO measurements were cut into bar shapes of typical dimensions of 8× 2× 1

mm3. As shown in Fig 3.11, the sample was attached to the Cernox thermometers and

heater shoes by four gold-coated copper contacts. Usually, mounting is done using silver-

�lled, electrically conductive epoxy (H20E from Epoxy Technology), which creates robust

contacts. Samples were protected from excessive radiation loss by a copper isothermal ra-

diation shield. The heat pulse is applied by a resistance-chip heater �xed on a gold-plated

copper shoe. The Cernox thermometers to the shoe assemblies measure the corresponding

temperatures across the sample and voltages. However, the TTO determines the ther-

moelectric power by creating a speci�ed temperature di�erence between the hot and cold
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thermometers, as it does for thermal conductivity. The TTO measures the thermoelectric

power by means of thermoelectric voltage drop created between the thermometer shoes in

response to the corresponding temperature di�erence across the sample in units of µV/K.

Figure 3.11: TTO puck with the resistance chip heater and the two Cernox thermometers on
the side.
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Chapter 4

Electrical, thermal transport and

thermodynamics properties of

RECu4Au compounds (RE = Nd and

Gd)

4.1 Introduction

The studies of binary intermetallic compounds RECu5 (RE = earth elements), indicate

that these compounds exhibit interesting crystallographic features depending on the RE

ion [94, 95]. These compounds crystallize either in the hexagonal CaCu5-type structure

with space group P6/mmm for light RE elements (RE = La-Sm) or the cubic AuBe5-type

structure for heavy RE elements [96�98]. For the RE elements in the intermediate region

(RE = Gd, Tb, Dy) or Y, the crystallographic structure is that of the cubic or hexagonal

structure depending on the heat treatment given to the samples [99, 100].

Several investigations were devoted to the e�ect of substitution of one Cu with M atoms,

RECu4M (M = Ag, Au, Pd, Al, In) on the crystallographic, magnetic and electrical prop-

erties and these lead to phases crystallizing in the cubic MgCu4Sn-type structure with

space group F43m (a ternary variant of AuBe5) [101�108]. For instance, RECu4Au and

RECu4Pd are isotructural with RECu4Ag which adopts the cubic MgCu4Sn-type struc-

ture and the Au or Pd are situated at the (1/4, 1/4, 1/4) positions of the unit cell [107].

The e�ect of replacement of one Cu atom with M atom such as Ag or Pd in RECu5

compounds, considerably a�ects their conduction electron-mediated RKKY exchange in-

teraction, and this may lead to a di�erent ground state in the resulting compounds. The

57

http://etd.uwc.ac.za/



 

 

 

 

4.1. Introduction 58

transport and magnetic properties studies of the RECu4M compounds have been reported

in the literature. These studies indicate interesting features, particularly for those crys-

tallizing in the hexagonal CaCu5-type structure [109�112]. For instance semi-metallic-like

behaviour was observed in YCu4In and GdCu4In analogues and exchange frustrated anti-

ferromagnetism (AFM) in GdCu4In [113�115]. While GdCu5 orders AFM at 12.5 K [100],

GdCu4Pd orders ferromagnetically (FM) with a Curie temperature Tc = 110 K [99]. Fer-

romagnetic ordering was also observed in other compounds with light RE elements such

as PrCu4Pd (TC = 5 K), NdCu4Pd (TC = 12 K), SmCu4Pd (TC = 28 K) and EuCu4Pd

(TC = 24.5 K) [99]. The �rst-order valence transition in YbCu4In has been reported in

the literature as well as the studies of YbCu4M (M = In, Ni, Pd, Cd, Mg, Tl, Au and

Ag) [116, 117]. A complex inhomogeneous magnetic state arising from Cu-Mn disorder,

3d−3d and 3d−4f interaction has been reported in RECu4Mn compounds (RE = La-Sm

and Gd) which have the hexagonal crystal symmetry of the parent compound RECu5 [118].

The study of magnetic properties of the Cubic GdCu5 and the hexagonal NdCu5, in

particular, are reported in the literature [100, 119, 120]. GdCu5 is found to order antifer-

romagnetically at TN = 12.5 K, while NdCu5 intermetallic compound orders ferromagnet-

ically below Tc = 14.5 K and spin reorientation transition of the Nd+ magnetic moment

occurs at TR = 5.7 K [119]. Neutron di�raction experiments at short wavelength where

the absorption cross section of Gd is not high, indicates that below TN , GdCu5 orders in

an incommensurate triangular structure associated with a propagation vector Q = 1/3,

1/3, 0.223 [112]. This incommensurate magnetic structure arises from the weak negative

interaction between Gd nearest neighbours. Furthermore, the usual magnetic properties

and the behaviour of low temperature resistivity seem to be related to the incommensu-

rate magnetic structure in compounds without magnetocrystalline anisotropy [112].

The e�ects of substituting one Cu with Be or Ag in NdCu5 were investigated in [121�125].

For NdCu4Be, the magnetic properties have been investigated through measurements of

electrical resistivity, magnetization and heat capacity down to 1.8 K [124]. It was observed

that, the substitution of Be for Cu retains the crystal structure, the metallic nature as well

as the nature of the magnetic ordering of the parent binary compound NdCu5. The ferro-

magnetic transition temperature shifts to higher temperature at TC = 24 K for NdCu4Be

compound. This substitution most likely alters the band characteristic due to the di�er-

ent valencies of Cu and Be. Therefore, the magnetic coupling between the Nd ions, which

depends upon a number of factors such as the Nd-Nd bond lengths, Fermi energy and the

average number of conduction electrons per atom, changes and adopts a ferromagnetic

nature in NdCu4Be [124]. In the case of NdCu4Ag compound, the substitution of Ag for

Cu changes the crystallographic structure as well as the nature of the magnetic ordering
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and the transition temperatures, the transition being AFM in contrast to the FM ground

state encountered in the binary NdCu5. The studies of the magnetic properties of the

single crystal NdCu4Ag indicate an AFM phase transition at TN = 7 K [101], 4.3 K [124]

or 4.2 K [121] and Curie-Weiss behaviour above 10 K, with a Weiss constant temperature

θP = -12 K, and an e�ective magnetic moment of 3.60 µB [121]. The magnetic entropy

derived from the speci�c heat reaches to S ≈ Rln4 at TN= 4.2 K and to S ≈ Rln10 around

50 K [121]. The results of this magnetic entropy suggest a CEF ground state of NdCu4Ag

compound to be a quartet state Γ
(1)
8 Γ

(2)
8 since in a cubic CEF, the tenfold degenerate

ground state multiplet 4I9/2 of the Nd3+-ion splits into three states: a Γ6 doublet and two

quartets of Γ
(1)
8 Γ

(2)
8 . The high �eld magnetization studies up to 27 T of the single crystal

of NdCu4Ag at 1.7 K and 0.6 K indicate two metamagnetic transitions in the �eld range

5 and 15 T for the three cubic �eld directions [100], [110] and [111] Refs[122, 123].

4.2 Sample preparation and characterization

The polycrystalline samples of NdCu4Au, GdCu4Au and LuCu4Au were prepared by arc-

melting using same procedure described in section 3.1. Metals of the following purity in

wt% were used: Nd, Gd, Lu and Au: 99.99; Cu: 99.995. Losses in weight after melting

were smaller than 1% for all prepared samples. Samples thus prepared were characterized

by X-ray powder di�raction using a Bruker D8 Advance di�ractometer with a CuKα

radiation (λ = 1.540598 Å). The di�raction patterns were analyzed using the Rietveld

and CAILS-Pawley (cell and intensity least-squares) method.

4.3 Results and Discussions

4.3.1 Crystallography

X-ray di�raction patterns showed that the three compounds are single phase as their

di�raction peaks could be indexed to appropriate crystal symmetries, although for LuCu4Au

there remains a weak impurity peak (the intensity is at most less than 8.6% of the most

intense major-phase peak). X-ray di�ractograms obtained for NdCu4Au and GdCu4Au

compounds together with the Rietveld full-pro�le least-squares (LSQ) and the CAILS-

Pawley re�nement �ts to the data are shown in Figs 4.1 and 4.2. The space group setting

used in the re�nement was F43m of the cubic MgCu4Sn structure, where RE atoms oc-

cupy the crystallographic 4a sites, Cu atoms occupy the 16e sites and Au atoms occupy

the 4c sites. The resulting cubic crystal structure is depicted in Fig 4.3 and the atomic

http://etd.uwc.ac.za/



 

 

 

 

4.3. Results and Discussions 60

Figure 4.1: Rietveld and CAILS-Pawley analysed di�raction patterns for NdCu4Au. The
observed data are shown by green symbols and the solid black lines through the data represent
the results of the structure Rietveld and CAILS-Pawley re�nements. The lower red curves are
the di�erence curve between the experimental data and the calculated curve and the vertical
black lines in (a) are the Bragg positions.
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Figure 4.2: Rietveld and CAILS-Pawley analysed di�raction patterns for GdCu4Au. The
observed data are shown by green symbols and the solid black lines through the data represent
the results of the structure Rietveld and CAILS-Pawley re�nements. The lower red curves are
the di�erence curve between the experimental data and the calculated curve and the vertical
black lines in (b) are the Bragg positions.
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Figure 4.3: The cubic crystal structure of RECu4Au (RE = Nd, Gd and Lu ). The black
spheres represent the RE atom, the red spheres represent the Cu atom and the yellow spheres
represent the Au atom.
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coordinates in NdCu4Au, GdCu4Au and LuCu4Au compounds are listed in Table 4.1.

In the re�nement process, the occupancy fraction as well as the isotropic displacement

parameter (Biso) of all the atoms were kept �xed (fully occupied). The resulting phase

density amounts to 10.60(2)cg/cm3, 11.11(5) g/cm3 and 11.57(9) g/cm3 for NdCu4Au,

GdCu4Au and LuCu4Au, respectively. It is observed that the biggest value of phase

density is for the Lu compound analogous to the Gd and Nd compounds, which may be

attributed to the increase of atom mass.

Table 4.1: Atomic coordinates, site occupancy (S.O.) and the isotropic displacement parameter
(Biso) for NdCu4Au, GdCu4Au and LuCu4Au obtained from the full-structure Rietveld re�ne-
ment method, as well as, lattice parameters and the unit cell volumes for these compounds. The
S.O. and the beq of all atoms were kept �xed.

Compound Atoms Wycko�
site

x y z S.O Biso a (Å) volume
(Å3)

NdCu4Au Nd 4a 0 0 0 1 1 7.1961(5) 372.6(8)
Cu 16e 0.627(1) x x 1 1
Au 4c 1/4 1/4 1/4 1 1

GdCu4Au Gd 4a 0 0 0 1 1 7.143(3) 364.5(5)
Cu 16e 0.623(1) x x
Au 4c 1/4 1/4 1/4

LuCu4Au Lu 4a 0 0 0 1 1 7.051(2) 350.5(3)
Cu 16e 0.627(6) x x
Au 4c 1/4 1/4 1/4

The room temperature lattice parameter and the unit cell volume for our compounds are

also presented in Table 4.1. It should be noted that the bigger value of V for the Nd com-

pound compared to the Gd and Lu compounds is a consequence of the bigger ionic radius

for Nd than Gd and Lu. Compared to the NdCu4Ag compound with a large unit cell

volume [121] than NdCu4Au compound, this is a consequence of bigger covalent radius of

Ag than Au. The interatomic distances calculated from the Rietveld re�nement for all the

compounds under study are given in Table 4.2. For all the three compounds the shortest

distances (2.507 Å for NdCu4Au, 2.498 Å for GdCu4Au and 2.456 Å for LuCu4Au) were

obtained for Cu-Cu with bond angle 600, compared to the sum of their covalent radii

(2.76 Å). Such a small distance between the Cu atoms indicates a strong overlap between

4d electrons of Cu, which may be responsible for the change of the RE-RE bond lengths

as well as the substitution of Cu with Au and hence the change in the nature of magnetic

ordering and the transition temperature of RECu4Au compared to RECu5. The re�ned

agreement indices for the three compounds are: Rp (an indicator of the goodness of �t:

GOF), Rwp (a measure of the GOF calculated point by point and weighted by the stan-

dard deviation of the data), Rexp (an expected value of Rwp, χ2= Rwp/Rexp (GOF based

http://etd.uwc.ac.za/



 

 

 

 

4.3. Results and Discussions 64

Table 4.2: Interatomic distance of NdCu4Au, GdCu4Au and LuCu4Au compounds. Only
distances less than 4 Å are shown.

(Nd, Gd) d(Å) Cu d(Å) Au d(Å)
NdCu4Au 12Cu: 2.9803 3Cu: 2.507 12Cu: 2.9882

4Au: 3.11686 3Cu: 2.582 4Nd: 3.11686
3Nd: 2.9803
2Au: 2.9882

GdCu4Au 12Cu: 2.9563 3Cu: 2.498 12Cu: 2.9616
4Au: 3.0905 3Cu: 2.548 4Gd: 3.0905

3Gd: 2.9563
2Au: 2.9616

LuCu4Au 12Cu: 2.9153 3Cu: 2.456 12Cu: 2.9224
4Au: 3.0486 3Cu: 2.9153 4Gd: 3.0486

3Gd: 2.9224
2Au: 3.0486

on statistic), RB (Bragg or intensity factor, a measure of the quality of the structural

model related to the peak shape and not the area and DW (Durbin-Watson parameter: a

measure of the quality of the �t model) are listed in Table 4.3 and they are de�ned as [126]:

Rp =

[∑
| Y0,m − Yc,m |∑

Y0,m

]1/2

(4.1)

Rwp =

[∑
wm(Y0,m − Yc,m)2∑

wmY 2
0,m

]1/2

(4.2)

Rexp =

[∑
(M − P )∑
wmY 2

0,m

]1/2

(4.3)

χ2 =

[∑
wm(Y0,m − Yc,m)2∑

(M − P )

]1/2

(4.4)

DW =

∑M

m=2(∆Ym −∆Ym−1)∑M
m=1 (∆Ym)2

; ∆Ym = Y0,m − Yc,m. (4.5)
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It is noted that though the quality of the �t is reasonably good (Figs 4.1 and 4.2), the ob-

served values of χ2 and the R-factors obtained from the Rietveld re�nement are relatively

good as indicate in Table 4.3. On the other hand the values of RB listed in Table 4.3

indicate that the structural model is probably correct. In order to investigate the quality

of the Rietveld re�nement �t, further re�nement of the XRD pattern was performed on

the basis of the CAILS-Pawley re�nement method using the F43m space group (Figs

4.1 and 4.2). It should be noted that the CAILS re�nement method is di�erent from

the traditional Rietveld re�nement technique in the sense that only cell parameters, peak

width parameters and integrated intensities are re�ned. CAILS re�nement is independent

of the atomic position parameters (or structural model) and only depends on the space

group symmetry. Furthermore, in the CAILS method the intensities of all peaks vary

independently. The values of χ2 and the R-factors obtained from the CAILS re�nement

are also listed in Table 4.3. It is observed that these values are comparable to the values

obtained from the full-structure Rietveld re�nement discussed above. This observation re-

veals that the values of χ2 and the R-factors are not due to an incorrect structural model.

Detailed analysis of the re�ned pro�le in both methods reveals that the observed peak

shape is di�erent from the peak shape calculated using three phase peak type functions

for classical analytical full pattern �tting. These are: the Pseudo-Voigt (PV-peak-type),

the Thompson-Cox-Hasting Pseudo-Voigt (TCHZ-peak-type) and the macro-Pearson VII

(PVII-peak-type) functions. The best �t was obtained using the PVII-peak-type function

(see di�erence curves in Figs 4.1 and 4.2). However, the peak shapes are still not captured

perfectly, which may be due to strain or chemical inhomogeneity or high defect density in

the sample. The overall di�raction patterns show that the sample is largely single phase

with small amount impurity in the case of LuCu4Au compound.

Table 4.3: The re�ned agreement indices of the full-structure Rietveld and CAILS re�nement
method (for comparison only).

Compounds NdCu4Au GdCu4Au LuCu4Au
Parameters Rietveld CAILS Rietveld CAILS Rietveld CAILS
Rp% 4.087 2.877 2.349 1.654 4.411 5.080
Rwp% 5.649 4.328 3.384 2.343 6.315 7.07
Rexp% 1.381 1.377 1.183 1.180 1.165 1.164
χ2 4.092 3.144 2.86 1.986 4.419 5.082
RB% 3.21 3.08 3.14
DW% 0.138 0.229 0.265 0.547 0.111 0.084

Figs 4.4 and 4.5 show micrographs of NdCu4Au and GdCu4Au taken from scanning elec-

tron microscope (SEM) under approximately 1×magni�cation. These micrograph images

show a single phase, with the slight discolouration attributed to the polycrystalline nature
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Figure 4.4: SEM micrograph of
NdCu4Au taken at 5 × magni�cation.

Figure 4.5: SEM micrograph of
GdCu4Au taken at 1.10 × magni�ca-
tion.

of the samples. Also, they are characterized by smooth surfaces, a further veri�cation of

homogeneity of the compounds. There are also cracks or scratches visible from polish-

ing of the surface prior to the scanning process. Energy dispersive spectroscopy (EDS)

analyses of our compounds NdCu4Au, GdCu4Au and LuCu4Au indicate the sample el-

emental composition normalized to the Nd, Gd and Lu content to be NdCu4.117Au0.730,

GdCu4.152Au0.847 and LuCu4.064Au0.832, which are roughly in the 1-4-1 composition.

4.3.2 Electrical resistivity

The main panel of Fig 4.6 shows the temperature variation of ρ(T ) of NdCu4Au and

GdCu4Au compounds. It is observed that, at low temperature, ρ(T ) data shows a sudden

drop due to the suppression of the magnetic scattering associated with AFM anomalies

at TN=3.8 K and 10.9 K for NdCu4Au and GdCu4Au compounds, respectively as indi-

cated by arrows in the insets of Fig 4.6. These values of TN corroborate with the values

obtained from the susceptibility χ(T ) and heat capacity Cp(T ) studies which are shown

in the coming sections. Electrical resistivity,ρ(T ), of most rare earth compounds at high

temperatures usually deviate from linearity expected from the electron-phonon interac-

tion. This deviation from linearity is sometimes associated with the presence of the s− d
scattering or crystal-electric �eld (CEF) e�ect. Accordingly, the high temperatures,
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Figure 4.6: Temperature dependence of the electrical resistivity, ρ(T ), of NdCu4Au and
GdCu4Au compounds. The red solid curves are the Bloch-Grüneissen-Mott �ts (Eq 4.6). The
insets are the low temperatures ρ(T ) data of both compounds with the arrows indicating the
magnetic phase transition temperature at TN .
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Table 4.4: Resistivity parameters of NdCu4Au and GdCu4Au above their respective TN values.
These parameters were obtained from a least-squares �t of the measured ρ(T ) data to Eq 4.6 .

Parameters NdCu4Au GdCu4Au

(ρ0 + ρ∞0 )[10−8Ω.m] 48.6 68.7

κ[10−8Ω.m/K] 0.1653(2) 0.324(2)

ΘD[K] 127(1) 170(3)

α[10−14Ω.m/K3] 0.326(3) 1.35(3)

ρ(T ) behaviour of NdCu4Au and GdCu4Au compounds are characteristic of the electron-

phonon scattering in the presence of the s− d interband scattering and can be described

according to the Bloch-Grüneisen-Mott (BGM) formula:

ρ(T ) =

(
ρ0 + ρ∞0

)
+ 4κT

(
T

ΘD

)4 ∫ ΘR/T

0

x5dx

(ex − 1)(1− ex)
− αT 3, (4.6)

where
(
ρ0 +ρ∞0

)
is the sum of the residual resistivity due to impurities and imperfections

in the crystal and the spin-disorder resistivity due to the presence of disordered magnetic

moments. The second term described the scattering of conduction electrons by phonons

(θD being the Debye temperature and κ is the electron-phonon coupling constant) and

the third term described the s− d interband scattering known as the Mott's term. In the

case of NdCu4Au compound, deviation from linearity of ρ(T ) may also originate from the

presence of CEF e�ect observed from the heat capacity results. Least square (LSQ)�ts of

the measured ρ(T ) data to Eq 4.6 (solid red lines Fig 4.6) yield the resistivity parameters

gathered in Table 4.4.

In the ordering region (T ≤ TN), the magnetic properties of both compounds are similar,

where ρ(T ) is a linear function of temperature. This linear behaviour is more evident for

the GdCu4Au compound as seen in Fig 4.7. ρ(T ) below TN can be expressed in the form:

ρ(T ) = ρ0 + AT . The linear �t of ρ(T ) data below TN gives values of ρ0 and A gathered

in Table 4.5. The resulting spin-disorder resistivity for the Gd compound is also gathered

in Table 4.5. The linear T -dependence below TN may originate from the combination of
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Figure 4.7: Low temperature electrical resistivity ρ(T ) of GdCu4Au in applied �eld of 0, 2 and
6 T. The arrows indicate the sudden drop of ρ(T ) data at a temperature associated with TN .
The red solid lines represent the linear �ts of ρ(T ) below TN .
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magnetic and phononic plus possible Fermi liquid contributions. Application of a magnetic

�eld slightly suppress TN value from 10.9 K to 10.1 K in �elds up to 6 T as well as the

residual resistivity, while the coe�cient A and ρ∞0 increases with applied magnetic �eld

as indicated in Table 4.5.

Table 4.5: Linear �ts parameters of the low temperatures ρ(T ) data of GdCu4Au, as measured
in di�erent �elds.

µ0H [T] 0 2 6

ρ0[10−8Ω.m] 61.2(3) 58(1) 54.8(8)

A[10−8Ω.m/K] 0.6(1) 1.1(6) 1.9(6)

TN [K] 10.9(7) 10.6(2) 10.1(1)

ρ∞0 [10−8Ω.m] 4.5(3) 10.7(1) 13.9(8)

4.3.3 Magnetic susceptibility and magnetization

The temperature variation of the inverse magnetic susceptibility,χ−1(T ), measured in ap-

plied �eld of 0.05 T in the temperature range 1.8-300 K is shown in Figs 4.8 and 4.9

for the NdCu4Au and GdCu4Au compounds, respectively. For NdCu4Au, the modi�ed

Curie-Weiss behaviour is observed at higher temperature and a deviation occurs below

10 K. It is most likely just connected with an approach to magnetic ordering. LSQ �ts of

the modi�ed Curie-Weiss relationship can be expressed:

χ(T ) = χ(0) +
NAµ

2
eff

3KB(θP + T )
. (4.7)

Above 10 K the values of the susceptibility parameters are listed in Table 4.6. The ob-

tained µeff value is close to the free Nd3+ Hund's rule expectation value, gJ = [J(J +

1)]1/2 = 3.56µB. In order to investigate the magnetic state of NdCu4Au at low temper-

ature, the low temperature �eld-cooled (FC) and zero-�eld-cooled(ZFC),χ(T ) data are

plotted in the inset of Fig 4.8. It is observed that both FC and ZFC χ(T ) data coin-

cide into a single curve which suggest a homogeneous magnetic spin state and no sign of

short-range order. Both curves rise into an anomaly at TN = 3.9 K which is attributed

to an AFM-like phase transition for this compound. This value of TN obtained for our

NdCu4Au compound may be compared to the value of 4.2 K [121] or 4.3 K [125] for the

single-crystal NdCu4Ag compound. This similarity of TN values may be attributed to
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Figure 4.8: The temperature dependence of the inverse magnetic susceptibility, χ−1(T ) for
NdCu4Au. The red solid line is LSQ �ts of the modi�ed Curie-Weiss relation (Eq 4.7) above 10
K. The upper inset shows the low temperature χ(T ) data measured in zero-�eld-cooled (ZFC)
and in �eld-cooled (FC) run. The lower inset shows the �eld dependence magnetizationM(µ0H)
measured at 2 K and 10 K in �eld up to 7 T.
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the iso-electronic nature of the Au and Ag atom and suggests that conduction electron-

mediated RKKY interaction in NdCu4Ag is not a�ected by replacing Ag with Au atom in

contrast to NdCu5 compound with the substitution of one Cu with Ag or Au atom. Sim-

ilar to the substitution of Ag for Cu in NdCu5, the substitution of Au for Cu drastically

changes the crystallographic structure as well as the nature of the magnetic ordering and

the transition temperature, the transition being FM for NdCu5 to AFM for NdCu4Au.

The magnetization,M(µ0H), for NdCu4Au as measured below and above TN(at 2 K and

10 K) in �elds up to 7 T is shown in lower inset of Fig 4.8. It is observed that the isothermal

curves show no anomaly associated with metamagnetic transition observed in NdCu4Ag

[122, 123], and increase almost linearly with �eld up to 7 T. For both isotherms, (Mµ0H)

reaches the value of 1.33 µB and 0.91 µB at 7 T in the ordering and paramagnetic regions

respectively. These values of at 7 T for both isotherms are considerably reduced compared

to the full magnetic moment value of the free Nd3+ Hund's rule expectation value 3.62 µB.

For the GdCu4Au compound, it is observed that χ(T ) data (Fig 4.8) obey the Curie-

Weiss magnetic behaviour above TN , leading to the susceptiblity parameters shown in

Table 4.6, when �tted to the CW law:

χ−1(T ) = 3kB(θ − T )/NAµ
2
eff . (4.8)

The obtained µeff value listed in Table 4.6 is close to the free-ion Gd3+ Hund's rule ex-

pectation value, gJ = [J(J + 1)]1/2 = 7.94 µB. Deviation of the CW behaviour below TN

may be attributed to magnetic ordering or crystal-electric �eld e�ect. To further explore

the low temperature magnetic state of GdCu4Au, the low temperature �eld-cooled (FC)

and zero-�eld-cooled χ(T ) data are depicted in upper inset of Fig 4.9. Both FC and ZFC

χ(T ) data rise into an anomaly at TN =10.8 K which is attributed to a putative AFM-like

phase transition for this compound.

Table 4.6: Magnetic susceptibility �t parameters of NdCu4Au and GdCu4Au compounds.

Compound µeff [µB] −θP [K] χ(0)
[×10−8m3/mole]

NdCu4Au 3.54 10.19 193.5

GdCu4Au 7.44 15.01 −
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Figure 4.9: Temperature dependence of inverse magnetic susceptibility, χ−1(T ) data for the
GdCu4Au. The red solid line is LSQ �ts of the Curie-Weiss relation (Eq 4.8) above 10 K. The
upper inset shows the low temperature χ(T ) data measured in zero-�eld-cooled (ZFC) and in
�eld-cooled (FC) run. The lower inset shows the �eld variations of the magnetization M(µ0H)
measured at 2 K and 15 K in �eld up to 7 T.
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Furthermore, it is observed that the FC and ZFC χ(T ) data split into two branches

above TN at a freezing temperature Tf = 15 K. Such a bifurcation may originate from an

inhomogeneous magnetic ground state in this compound, as a result a spin-glass-like state

may form that causes the bifurcation or from an accidental magnetic history of the sample.

It should be noted that the observed thermomagnetic irreversibility of GdCu4Au is very

small compared to other RE compounds such as RENi4Si [127]. It was pointed out that the

large thermomagnetic irreversibility observed in RENi4Si arise from the anisotropy due to

RE-ion except for the Gd compound. However, the small thermomagnetic anisotropy for

the Gd compound is due to the fact that Gd-ion is characterized by the orbital momentum

L= 0 implying a negligible magnetic anisotropy also observed in our sample. Our value of

TN= 10.8 K obtained for GdCu4Au may be compared to the values of TN= 10 K and 12.5

K reported in the literature for the parent compound GdCu5 [100, 128]. This similarity

of TNvalues of GdCu4Au and GdCu5, suggest that conduction electron-mediated RKKY

exchange interaction in GdCu5 is not a�ected by substitution of Au for Cu in contrast

for TbCu5 compound with the substitution of Pd for Cu [129]. Finally, M(µ0H) for

GdCu4Au as measured below and above TN (2 K and 15 K) in �eld up to 7 T is depicted

in the lower inset of Fig 4.9. It is observed that M(µ0H), for both isotherms, increase

linearly with �eld up to 0.7 T, and exhibit a slight upward curvature above this �eld which

may be attributed to metamagnetic transition for T = 2 K and a downward curvature for

T = 15 K.

4.3.4 Speci�c heat

4.3.4.1 NdCu4Au

The temperature dependence of speci�c heat, Cp(T ), of NdCu4Au and the non-magnetic

reference compound LuCu4Au as measured in the temperature range 1.8-300 K are dis-

played in Fig 4.10. It is observed that Cp(T ) curve of this non-magnetic reference com-

pound varies monotonically with no anomaly down to 1.8 K, and approaches the classical

value of 3NR = 149.7 J/K of the Dulong-Petit law around 180 K due to the vibrational

mode of N= 6 atoms per formula unit. At higher temperatures range, CP of LuCu4Au

may be expressed by the standard Debye formula:

Cp(T ) = γT + 9NR(
T

θD
)3

∫ xD

0

x4ex

(ex − 1)2
, (4.9)

where the �rst term represents the electronic contribution and the second term is the

Debye formula contribution. N is the number of atoms per formula unit. LSQ �t of the

experimental data points of LuCu4Au to Eq 4.9 (red solid line in Fig 4.10) yields the
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Figure 4.10: The speci�c heat Cp(T ) data of NdCu4Au (open circle)and LuCu4Au (open
triangle). The red solid line in the main panel represents LSQ �t of Cp(T ) of LuCu4Au data to
Eq 4.9. The inset (a) shows the low temperature Cp(T ) data of NdCu4Au with the arrow at the
magnetic phase transition taken at the sharp peak. The inset (b) shows Cp(T ) data of NdCu4Au
(black line), LuCu4Au (blue line) and mass corrected Cp(T ) data of LuCu4Au according to Eq
4.10 (red line).
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values of γ = 0.033 J/mol.K and θD = 254(1) K for the electronic heat capacity coe�cient

and the Debye temperature, respectively. For the magnetic compound NdCu4Au, a sharp

peak on the Cp(T ) data of 9.39 J/mol.K is found at 3.5 K (as indicated by an arrow in

the inset(a) of Fig 4.10) that corresponds to the phase transition from the paramagnetic

state to the AFM one. This value of TN=3.5 K is very close to the value of 3.9 K ob-

served in the χ(T ) data. No evidence of charge or spin-density wave was observed on the

Cp data of NdCu4Au compound below TN , since Cp(T ) below TN varies almost linearly

with temperature down to 1.8 K. To obtain the magnetic 4f electronic contribution to

the total heat capacity of NdCu4Au, the mass-corrected lattice contribution Cp(T ) of the

isomorphous nonmagnetic LuCu4Au compound was used. This is because of the signif-

icant di�erence in molar masses between NdCu4Au and LuCu4Au. Similar to ref [130],

the mass-corrected lattice contribution was obtained by changing the temperature scale

of the measured Cp(T ) to T ∗, given in the form:

CP (T ∗) = T

[
MLuCu4Au

MNdCu4Au

]1/2

×
[
MLuCu4Au

MNdCu4Au

]3/2

, (4.10)

where MNdCu4Au, MNdCu4Au, VLuCu4Au and VNdCu4Au are the molar masses and unit cell

volumes of LuCu4Au and NdCu4Au , respectively, and T being the measured temperature

of LuCu4Au compound. The inset b) of Fig 4.10 shows the mass-corrected Cp(T
∗) as

calculated from Eq 4.10 (red solid line), as well as the measured Cp(T ) (black solid

line) for LuCu4Au. The magnetic contribution C4f (T ) of NdCu4Au is then obtained by

subtracting Cp(T ∗) lattice contribution of LuCu4Au from the measured data of NdCu4Au.

Fig 4.11 exhibits the temperature dependence of the 4f speci�c heat C4f (T ) of NdCu4Au.

It should be noted that C4f has entropy contributions coming from magnetic ordering at

TN as well as from splitting of the ground multiplet under the presence of a crystal �eld.

In a cubic CEF, the tenfold degenerate ground-state multiplet 4I9/2 of the Nd ion splits the

4f level into three states: a I6 doublet and two quartet of I
(1)
8 and I(2)

8 with the two higher

states at energy separation ∆1 and ∆2 from the ground state (∆0 = 0). It is observed

that C4f above TN exhibits a broad maximum centred around 20 K characteristic of a

Schottky-type anomaly. This thermal dependence of the Schottky-type anomaly due to

CEF e�ect can be described by the expression [131],

C4f (T ) = R

[
g0g1

(
∆1

T

)2

e(−∆1/T ) +g0g2

(
∆2

T

)2

e(−∆2/T ) +g1g2

(
∆1 −∆2

T

)2

e(−(∆1−∆2)/T )

]

×

[
1

g0 + g1e−∆1/T + g2e−∆2/T

]
. (4.11)
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Figure 4.11: The temperature dependence of the 4f -electron contribution to the speci�c heat
C4f of NdCu4Au obtained by subtracting the Cp(T ∗) data of LuCu4Au( red solid line in the
inset(b) of Fig 4.10). The solid red curve is the CEF-derived Schottky anomaly using Eq 4.11.
The inset shows Schottky model based on the CEF energy scheme.
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∆1 and ∆2 represent the successive energy levels of the CEF and degeneracies g1and g2.

The analysis of the Schottky peak in C4f (T ) above the transition temperature TN based

on Eq 4.11 is displayed in Fig 4.11 (by red solid line) using a degeneracy g0 = 2, g1 = 4

and g2 = 4 of the ground state doublet Γ6, the �rst excited state quartet Γ1
8, and the sec-

ond excited state quartet Γ2
8 of Nd

3+-ion respectively. The calculated energy separations

are ∆1 = 62(5) K for the �rst excited state and ∆2 = 109(9) K for the second excited

state. For further investigation of the ground state doublet of N3+-ion, the 4f entropy of

NdCu4Au was calculated by using the formula:

S4f =

∫ 0

T

C4f

T
dT. (4.12)

It is observed that at TN , the magnetic entropy S4f (T ) reaches the value of Rln2 at

4.2 K close to the value of TN as expected for the two-level ground states Fig 4.12. Com-

pared to NdCu4Ag (TN=4.2 K) [121], SmCu4Ag (TN = 5.5K) and SmCu4Au (TN = 3.6K)

[132], it was reported that, S4f (T ) reach the value Rln4, Rln3.2 and Rln1.8 respectively

at their magnetic phase transition temperature TN . From this behaviour of S4f (T ) at

TN , it was suggested that the ground state CEF of NdCu4Ag and SmCu4Ag might be Γ8

quartet and that of SmCu4Au might be Γ7 doublet. Accordingly, the ground state CEF

of our NdCu4Au compound can likely be considered a doublet Γ6 and the �rst and second

excited states are one of the two Γ8, in spite of the fact that we cannot distinguish the

two quartets from the present speci�c heat experiment.

4.3.4.2 GdCu4Au

The temperature dependence of speci�c heat Cp(T ) of GdCu4Au is displayed in Fig 4.13.

It is noted that CP (T ) varies monotonically with a sharp peak at the magnetic phase

transition temperature TN = 10.4 K (see inset of Fig 4.13). This value is close to that

observed in the susceptibility data. At higher temperature, CP (T ) curve reaches the

classical value of the Dulong-Petit law around 180 K. No evidence of charge or spin density

wave was observed on the CP (T ) data of GdCu4Au compound below TN . The magnetic

contribution to the speci�c heat C4f as well as the magnetic entropy S4f are shown in Fig

4.14. C4f was calculated by subtracting the mass-corrected CP (T ∗) of LuCu4Au from the

CP (T ) of GdCu4Au. It should be noted that the mass-corrected CP (T ∗) was calculated

using the Eq 4.10. The maximum observed in C4f curve, may still originate from the

large di�erence in the lattice vibrational spectra of the two compounds as a consequence

of the bigger atomic mass for Lu than for Gd. It could also originate for the fact that
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Figure 4.12: The temperature dependence of the 4f -electron magnetic entropy S4f (T ) of
NdCu4Au. The bottom and top horizontal lines are the constant values of Rln2 and Rln10
expected for the two-level ground state and the full multiplet.
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Figure 4.13: Temperature dependence of the speci�c heat CP (T ) of GdCu4Au. The inset
shows the low temperature CP (T ) with the arrow indicating the magnetic phase transition. The
top horizontal lines are the classical value of of the Dulong-Petit law due to the vibrational mode
of N = 6 atoms per formula unit.
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Figure 4.14: The temperature dependence of the 4f -electron speci�c heat C4f (T ) and the
4f -electron entropy S4f (T ) for GdCu4Au.
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Gd ion is characterized by a total angular momentum L=0 and J=S. It should be noted

that, the impurity observed in the non-magnetic counterpart may have an impact on the

speci�c heat measurements, leading to a considerable uncertainty in the estimation of

C4f . Therefore, we cannot attribute the observed maximum at high temperature to a

Schottky anomaly being a result of crystal electric �eld splitting of the ground state level.

The magnetic entropy S4f was calculated from the magnetic part C4f of GdCu4Au using

Eq 4.12. At TN , S4f reaches nearly 25% more of the value of Rln(2) as expected for the

two level ground states and 15% more of the value of Rln(2J + 1) = Rln(8) at room

temperature.

4.3.5 Thermoelectric power

The temperature dependence of S(T ) of the sample NdCu4Au and is displayed in Fig

4.15. It is seen that S(T ) data of NdCu4Au is positive for the whole temperature range

studied, which may be ascribed to the domination of holes in heat transport process in

this compound. The overall behaviour of S(T ) data of NdCu4Au compound is dominated

by a gradual decrease upon cooling from room temperature and reaching values in the

local minimum of 0.05µ V/K at temperature TN = 3.5 K (see inset Fig 4.15). The ob-

served values of TN in S(T ) data may be compared to the temperature of the magnetic

phase transition observed in ρ(T ) results as well as to the values reported in the stud-

ies of χ(T ) and CP (T ). S(T ) data for the NdCu4Au was analyzed similarly to many

f -electron systems using the phenomenological resonance model [89]. In this model, the

dominant contribution to S(T ) is caused by the scattering between electrons of a broad

s-band and a 4f -narrow derived quasiparticles band of a Lorentzian shape with a wide

Wf located at Ef in respect to the Fermi level EF . The temperature dependence of S(T )

for the NdCu4Au compound can be written as follows withWf and Ef expressed in Kelvin:

S(T ) =
2

3
π2kB
|e|

T.Ef
(π2/3)T 2 + E2

f + (π2/N2
f )W 2

f

+ Sd(T ). (4.13)

where Sd(T ) represents the Mott's term, which is related to the density of states of the

4f -band N(Ef ) given by:

Sd(T ) =
π2k2

BT

3qe

∣∣∣∣∂N(Ef )

∂Ef

∣∣∣∣
Ef

. (4.14)

In the free-electron model approximation, Eq 4.14 is reduced to:
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Figure 4.15: Temperature dependence of the thermoelectric power S(T ) of NdCu4Au. The
solid curves is the �t of S(T ) data to the phenomenological resonance model Eq 4.13. The inset
is the low temperature S(T ) data with an arrow indicating the position of the minimum at a
temperature associated with TN .
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Sd(T ) =
π2k2

BT

3qeEF
= aT. (4.15)

The Mott's term therefore can be used to estimate the Fermi energy EF . LSQ �ts of the

measured S(T ) data points to Eq 4.13 for NdCu4Au compounds (solid curves Fig 4.15)

yield the thermoelectric power parameters listed in Table 4.7.

On the other hand, thermoelectric power S(T ) of GdCu4Au is shown as a function of

temperature in Fig 4.16. It is seen that S(T ) data of GdCu4Au take both positive and

negative values, which may be attributed to the balance between electrons and holes con-

tributions in heat transport process. The behaviour of S(T ) data of GdCu4Au below 100

K shows a gradual decrease upon cooling the sample and attaining a minimum value of

−0.3µV/K at temperature TN = 11.1 K. This minimum seen at TN (inset of Fig 4.16)

is connected with AFM transition which is also con�rmed in the susceptibility and heat

capacity data for this compound. At higher temperatures, S(T ) data of GdCu4Au is dom-

inated by a broad maximum centred at around 100 K. Above this maximum S(T ) data

exhibit a linear decreasing with increasing temperatures and a sign change from positive

to negative around 200 K. The linear temperature dependence of S(T ) at higher temper-

ature indicate a di�usion mechanism. In contrast to many Ce compounds, the observed

maximum in S(T ) data of the Gd compound is not related to coherent-related maximum

nor CEF, since for Gd the ground multiplet L = 0, but may be attributed to phonon drag

which depend on the relaxation time for electron magnon scattering. This e�ect is washed

out at higher temperatures because the electron phonon scattering becomes increasingly

important [85]. In this case S(T ) of GdCu4Au compound is also described in terms of the

phenomenological resonance model taking into account Mott's di�usion and the phonon

drag terms (Sph(T ) = β/T ), which �nally can be expressed as:

S(T ) =
2

3
π2kB
|e|

T.Ef
(π2/3)T 2 + E2

f + (π2/N2
f )W 2

f

+ Sd(T ) + Sph(T ). (4.16)

The results obtained from LSQ �ts of the measured S(T ) data to Eq 4.16 for GdCu4Au

are also presented in Table 4.7. The values of the Fermi energy EF for both Nd and Gd

compound are calculated using Eq 4.15. The analysis of the parameters shown in Table

4.7 indicates that the values of the Fermi energy obtained for both compounds are typical

for normal metals. Furthermore, the absolute values of the di�usion term aT which is

related to the electronic structure near the Fermi level for both compounds are largely

di�erent and relatively larger compared to many Ce heavy-fermion compounds and Kondo

systems [88, 133, 134]. Similarly, the values of the width of 4f -band (Wf ) are of the same

order
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Figure 4.16: Temperature variation of the thermoelectric power S(T ) of GdCu4Au. The red
solid line through the data points is the �t of S(T ) data to the phenomenological resonance model
Eq 4.16. The inset is the low temperatures S(T ) data with an arrow indicating the position of
the minimum at a temperature which associated with TN .
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Table 4.7: LSQ �ts parameters of S(T ) data to Eqs 4.13 and 4.16 for the NdCu4Au and
GdCu4Au compounds, respectively.

Parameters NdCu4Au GdCu4Au

Ef [K] 3.81(6) 18.2(4)

Ef [meV] 0.328(4) 1.56(3)

Wf [K] 329(58) 306(5)

Wf [meV] 28.3(5) 26.4(4)

a[µV/K2] 0.0090(5) -0.0414(8)

EF [eV] 2.7 0.6

β [µV] -0.22(7)

of magnitude for both compounds and roughly 7 times larger in magnitude compared to

that of CeT4M (M =Cu, Ni; M =In, Ga) [88], CeCu4Ag [133] and Ce1−xLaxCu4Al [134].

4.3.6 Thermal conductivity and the Lorentz number

The temperature dependence of the thermal conductivity λ(T ) together with the sepa-

rated phonon λph(T ) and electronic λelec(T ) contributions for NdCu4Au and GdCu4Au

are shown in Fig 4.17. The electronic contribution,λelec(T ) for which the conduction

electrons are the carriers, originating from the scattering of these carriers by the lattice

imperfections, phonons and magnetic moments. This contribution depends on both tem-

perature and phonon density and is given by the Wiedemann-Franz law: L = L0T/ρ0

with L0 = 2.45× 10−8W Ω/K2 being the Lorentz number and ρ0 the residual resistivity.

The phonon contribution for which the phonons are the carriers, originates from the colli-

sions of phonon on: impurities and defects present in the lattice, conduction electrons as

well as other phonon and magnetic moments [135]. The phonon contribution is obtained

by subtracting the electronic contribution from the total thermal conductivity λ(T ) and

assuming that, the two terms are independent of one another and that there are no other

carriers of heat (such as magnons).

It is observed from Fig 4.17 that λ(T ) for both compounds decrease gradually upon

cooling the samples down to 50 K, followed by a fast decrease below this temperature.
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Figure 4.17: Temperature dependence of the thermal conductivity, λ(T ) in (a) NdCu4Au and
(b) GdCu4Au together with the electronic λelec and phonon λph components of λ(T ). The inset
of (a) shows the low temperature λ(T ) of GdCu4Au, with the arrow indicating the position of
the peak at a temperature associated to TN .
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Furthermore, it appears that the phonon contribution dominates marginally that of the

electronic contribution below 110 K and 160 K for the Nd and Gd compounds, respec-

tively. This behaviour corroborates with the results of the Lorentz number shown in Fig

4.18, which shows a growth of L/L0 with the decrease in temperature. Above 110 K and

160 K, the electronic contributions for the compounds predominate, but signi�cantly for

the Nd compound compared to the Gd compound. Similar behaviour has been observed

in many other compounds [88, 135�137]. It was reported that the type and concentration

of defects in a crystal play a signi�cant role in the phonon contribution to the thermal

conductivity of metals [135]. This results in the temperature dependence of dominant

phonon wavelength which increases from the value comparable to the lattice parameter

at high temperature to a value of the order of 100 Å at liquid helium temperature [138].

As a result, this leads to the dependence of the phonon thermal conductivity with the

size and geometrical shapes of the lattice defects [135]. It should be noted that, the slope

of λ(T ) above and below 50 K increases as one moves from light to heavy RE compounds

(Nd to Gd). This observation may originate from the di�erence of the Debye temperature

of Nd and Gd. Below 20 K (see the inset Fig 4.17), λ(T ) curve of the GdCu4Au shows

a small peak at a temperature of 10.6 K which is close to TN value observed in ρ(T )

and S(T ) results. This anomaly of the thermal conductivity at the transition point is

interpreted as a critical scattering of phonons due to the critical �uctuation of the spin

energy density which appears through the speci�c heat [139].

Fig 4.18(a) displays the temperature dependence of the Lorentz number L(T ) = λ(T )ρ(T )/T ,

normalized to L0. It is observed that, for both compounds L/L0 are nearly temperature

independent on cooling from room temperature down to 100 K. This is followed by a

strong increase with further cooling, reaches a maximum at 10 K and a sharp decrease

below 10 K for both compounds. Fig 4.18(b) displays the normalized Lorentz number

scaled so that L/L0=1, in order to illustrate the Wiedemann-Franz law. According to

the Wiedemann-Franz law, this ratio should be aimed at one in the whole temperature

range if the lattice vibrations can be neglected. Consequently, the observed strong in-

crease in L/L0 indicate a deviation from the Wiedemann-Franz law with an appreciable

lattice vibration in both compounds. Similar behaviour was observed in many other com-

pounds [88, 134�136]. For Ce compounds such as CeNiAl4 [135] and CeCuAl4 [134], it

has been reported that the increase in L/L0 may be attributed to an additional lattice

thermal conductivity (phonon) or the energy dependent Kondo scattering process and

the spin scattering of charge carriers does not play a signi�cant role. It is most likely

that, the increase in L/L0 for our compounds which does not show evidence of Kondo

e�ect, may only be attributed to the dominant lattice thermal conductivity also observed

in LaNiAl4 [134]. It should be noted that the observed maximum in L/L0 curves increase

in magnitude similar to the slope of λ(T ) curves as one moves from light to heavy RE
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Figure 4.18: Temperature dependence of the (a) normalized Lorentz number, L/L0 and (b)
L/L0 scaled to 1 at 300 K for NdCu4Au and GdCu4Au compounds.
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compounds, which may suggest that the lattice vibrations become more important in

GdCu4Au than NdCu4Au compounds, as expected from the Debye temperature of Gd

which is greater than that of Nd, since the Debye temperature is an indicator of the lattice

vibration in the crystal. In Fig 4.19 we present the dimensionless �gure of merit, which

is a measure of the e�ciency of the thermoelectric materials, for comparison with the

commercially used composition like Bi2 Te3 where ZT ≈ 1 at room temperature [140].

ZT data of the NdCu4Au increases upon heating the sample and tends to saturation at

room temperature at a value of 3.16×10−3. On the other hand, ZT of GdCu4Au, �rstly

increase upon heating, reaches a maximum value of at the same temperature of 100 K

observed in the S(T ) result. With further heating ZT decreases to zero at a temperature

of 212 K and increases strongly with further heating up to room temperature.

4.4 Conclusion

In this chapter an investigation of the novel AFM NdCu4Au compound as well as an

ordinary AFM GdCu4Au compound have been presented for the �rst time in the frame

work of crystal structure and thermodynamic properties. EDS studies indicate the 1-

4-1 composition for all compounds. X-ray di�raction studies indicate the ordered cubic

MgCu4Sn-type structure with space group F43m for all compounds in contrast to the

hexagonal CaCu5-type structure encountered for most binary RECu5. From the magnetic

susceptibility and speci�c heat results both NdCu4Au and GdCu4Au are found to order in

an antiferromagnetic type of spin arrangement below TN = 3.9 K and 10.8 K for Nd and

Gd compounds, respectively. A possible spin-glass-like behaviour was observed for the Gd

compound. No evidence of a matamagnetic transition is observed for Nd compound, but

it is observed for the Gd compound above 0.7 T at a temperature below its TN value. CEF

splitting of J = 9/2 ground state of Nd3+ was observed at low temperature in Cp(T ) data,

which plays an in�uential role in the ground state of NdCu4Au compound. The calculated

CEF parameters from C4f (T ) shows that the �rst order and second order excited states

are 62(5) K and 109(9) K from the ground state. The 4f -electron derived magnetic

entropy for both compounds indicate long-range correlation above TN and also suggest

that the ground state of the CEF of NdCu4Au might be Γ6 doublet and the �rst and

second excited one of the two Γ8 quartets. The electrical resistivity, thermoelectric power

and thermal conductivity results indicate an AFM-like transition at TN also observed in

the susceptibility and heat capacity studies. ρ(T ) for both compounds are characteristic

of electron-phonon scattering in the presence of the s−d interband scattering. S(T ) data

of NdCu4Au is positive over the whole temperature, while S(T ) data of GdCu4Au takes

positive and negative values and is dominated by a broad maximum at 100 K. For both
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Figure 4.19: Temperature dependence of the thermoelectric �gure of merit (ZT ) for NdCu4Au
and GdCu4Au compounds.
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compounds, S(T ) data has been successfully interpreted in terms of the phenomenological

resonance model taking into account the Mott's di�usion and the phonon drag terms. λ(T )

of NdCu4Au is lower than that of GdCu4Au and both decrease linearly upon cooling.

The reduced Lorentz number L/L0 deviates from the Wiedemann-Franz law, which can

be attributed to the dominant lattice thermal conductivity.
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Chapter 5

Electrical and thermodynamic

properties of the ternary intermetallic

compound NdAuX, where X = Ge and

Ga

5.1 Introduction

Among the equiatomic ternary compounds of rare earths, a number of recent surveys have

highlighted their crystallographic and magnetic properties. RETX (RE = rare earths, T

=transition metals and X = p-block elements) series, in particular, is a large group of

intermetallic compounds. The interesting feature of this group is that it shows a variety of

physical properties such as Kondo e�ect, heavy fermion behaviour, spin glass state, inter-

mediate valence, superconductivity, multiple magnetic transitions and metamagnetism.

On the other hand, these compounds show interesting pressure e�ects on their structural

and magnetic properties. Modi�cation using hydrogen and nitrogen is also observed to

alter their crystal structure and magnetic properties considerably. In general, these com-

pounds show a variety of physical properties over a wide range of temperatures.

The compounds of RETX series show a variety of crystal structures depending on the

constituents. The compounds with di�erent RE, T, and X elements crystallize in di�er-

ent crystal structures. While, in most of the cases, the compound with same T and X

atoms, but with di�erent RE ions show the same crystal structure. Most of the RETX

compounds are found to form in the di�erent types of the hexagonal structure. In par-

ticular, the group of RETX with (T = Au, Cu) and (X= Ge, Si) are found to adopt

di�erent types of the hexagonal structure depending on the heat treatment [141, 142]. It

has been observed that the RECuSi compounds crystallize in two di�erent types of crystal

93
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structures. The high temperature phase forms in the AIB2-type structure (P6/mmm),

while the low temperature phase adopts the Ni2In-type structure (P63/mmc) [143�145].

Similar to RECuSi compounds, the type of hexagonal structure of RECuGe compounds

was found to vary with annealing temperature [141, 146]. In addition to the hexagonal

structure, RETX can also be formed in the other types of crystal structures. For instance,

REMnAl (RE= Ce, Nd, Gd) and REPdSb (RE=Dy-Yb) series were found to exhibit the

cubic structure [147�150]. Some other compounds were found to form in the tetragonal

type structure such as REPtSi (RE=La-Nd, Sm, Gd) [151]. The compounds in RERhX

(X = Ga, Si, Ge, and Sb), RETGa (T = Au, Pd, and Pt) and REAuAl(RE = La, Ce,

Nd) series were found to crystallize in the di�erent type orthorhombic structure, except

LaRhSi which is found to form in cubic structure[152�158].

Aside from crystallographic structure, RETX compounds show remarkable magnetic and

transport properties. The magnetic properties are mainly derived from bulk magnetiza-

tion measurements and neutron di�raction data. It has been observed that some of these

compounds are paramagnetic down to 2 K such as RENiSb (RE = Y, La, Pr) [159] and

RENiAl (RE = Yb, Lu) [160]. Furthermore, some of these compounds were found to

order ferromagnetically such as RECuAl (RE = Gd, Tb, Dy, Ho, Er and Tm) [161], while

some others order antiferromagnetically such as RENiSn (RE = Nd-Tm)[162�165]. On

the other hand, RETX compounds exhibit very interesting magneto-transport properties.

Many of them show large magnetoresistance, positive or negative, in the magnetically

ordered regime. For instance, all compounds in RERhGe (RE = Tb-Er) show a posi-

tive magnetoresistivity which changes its sign above the critical �eld [166]. The negative

MR at temperature down to 10 K observed in NdAuAl con�rms the FM ordering in this

compound [167]. The electrical resistivity of RETX also shows interesting di�erent be-

haviours. For example, the metallic behaviour was observed for REPtSb (RE = La-Sm)

and RERhAl (RE = Y, Ce, Pr, Nd, Gd) [168, 169]. Compounds such as CeRhGe and

CeRhBi show a double peak in resistivity data which correspond to Kondo and CEF e�ect

[170, 171].

The magnetic and magneto-transport properties of RECuX with (X = Si , Ge) and

REAuGe, in particular, display interesting features. The study of magnetic properties

of CeCuSi and CeAuGe revealed that they order ferromagnetically at 15.5 K and 10 K,

respectively [172�174]. Many workers have investigated the magnetization and magnetic

structure of RECuSi compounds. The compounds with RE = Pr, Gd and Tb with AIB2

type crystal structure show FM behaviour below their Curie temperatures of 14 K for

PrCuSi, 49 K for GdCuSi and 47 K for TbCuSi [175]. Later, it was reported that PrCuSi

and GdCuSi order antiferromagnetically at TN= 5.1 K and 14 K, respectively [176, 177].

Neutron di�raction studies showed that TbCuSi has cosinusoidally modulated magnetic

structure at 4.2 K, while RE = Dy and Ho compound do not show any magnetic ordering
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down to 4.2 K [178]. DyCuSi and HoCuSi are AFM with TN= 11 K for DyCuSi and 9 K

for HoCuSi and show sine modulated structure with magnetic order in the temperature

range of 1.4 K to TN [145]. On the other side, Neutron di�raction and magnetization

measurements show that the compounds of RECuGe series with RE = Pr, Nd, Gd, Tb,

Dy and Er are AFM at low temperatures. The transition temperatures are 1.8 K for

PrCuGe, 3.5 K for NdCuGe, 17 K for GdCuGe, 11.6 K for TbCuGe, 6 K for DyCuGe, 6.1

K for HoCuGe and 4.3 K for ErCuGe [141]. All compounds except NdCuGe show sine

modulated magnetic structures. It has been observed that the direction of moments in

compounds with RE = Tb and Dy is perpendicular to the c-axis while for RE = Ho and

Er is parallel to c-axis [141]. In the case of ErCuGe, an additional magnetic transition

was observed at 3.7 K [179]. The compounds are found to change their magnetic state

from AFM to FM on the application of an external �eld [179].

On the other hand, among all the compounds of REAuGe, only CeAuGe shows FM or-

dering below a Curie temperature TC , which is con�rmed by neutron di�raction study

[172, 180]. The ternary compounds REAuGe with ( RE = Sc, Y and Lu) show a weak dia-

magnetic behaviour [181], whereas REAuGe (RE = Nd, Gd-Er) compounds show AFM

ordering[172, 182]. The neutron di�raction measurements in REAuGe (RE = Pr, Nd,

Tb, Dy, Ho, Er) compounds reveal that PrAuGe does not show any additional magnetic

re�ections at 1.6 K, while magnetic structure of NdAuGe and ErAuGe show the magnetic

structure, which can be described by two propagation vectors [183]. HoAuGe show incom-

mensurate magnetic structure below TN , while the magnetic structure in TbAuGe was

reported to be complex. The ordering temperatures obtained from neutron di�raction

data are 8.8 K for NdAuGe, 7.6 K for TbCuGe, 6.1 K for DyCuGe, 7.6 K for HoCuGe

and 5.7 K for ErCuGe. Later, Baran et al. [184] reported the neutron di�raction re-

sults in HoCuGe and ErCuGe. At low temperatures, both HoCuGe and ErCuGe show

a collinear magnetic structure described by a propagation vector K = (1/2, 0, 0), which

transforms into transverse sine wave incommensurate magnetic structure close to their

ordering temperatures [184]. However, in ErCuGe some magnetic re�ections show signif-

icant broadening attributed to magnetic domain size e�ect [184]. Recently, Sondozi et

al.[185] reported on the e�ect of La dilution on CeAuGe. Their study shows that the

dilution of Ce magnetic species with La resulted in the suppression of TC = 10 K in

CeAuGe down to about 0.87 K obtained in Ce0.3La0.7AuGe. The extreme two Ce-dilute

compounds, Ce0.2La0.8AuGe and Ce0.1La0.9AuGe appear to remain paramagnetic down

to T → 0.

Based on these rich properties of the RETX compounds, we undertake to investigate

the electrical and thermodynamic properties of the ternary compounds NdAuGe and

NdAuGa. In the �rst part of this chapter, the compound NdAuGe is investigated by

means of XRD, electrical resistivity, ρ(T ), magnetic susceptibility, χ(T ), magnetization
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M(µ0H) and speci�c heat, CP (T ). The measurements on the non-magnetic part LaCuAu

is also performed in order to help in extracting the magnetic heat capacity for NdAuGe.

In the second part of this chapter, NdAuGa is investigated by structural, magnetic, mag-

netocaloric and heat capacity measurements.

5.2 Sample preparation and characterization

Polycrystalline samples of NdAuGe, NdAuGa and LaAuGe were prepared by arc-melting

procedure as explained in section 3.1. Metals of the following purity in Wt% were used

Nd and La: 99.99; Au: 99.95 and Ge and Ga: 99.9999. The resulting weight loss after

�nal melting was less than 1%. Subsequently the sample ingot of NdAuGa was wrapped

with tantalum foil, encapsulated in an evacuated quartz tube, and heat treated at 8500C

for two weeks. All the prepared samples were checked by XRD at room temperature using

a Bruker D8 Advance di�ractometer described in section 3.2.1. The di�raction patterns

were analyzed using the full pro�le Rietveld re�nement method.

5.3 Results and discussion

5.3.1 X-ray di�raction and crystal structure

The obtained XRD patterns for NdAuGe and NdAuGa are shown in Figs 5.1 and 5.2,

together with the full pro�le Rietveld LSQ re�nement. XRD studies reveals that all

the samples were single phase materials and crystallized in the hexagonal LiGaGe-type

crystal structure for the NdAuGe and LaAuGe, while NdAuGa adopted the orthorhombic

CeCu2-type crystal structure. The resulting room temperature lattice parameters and

unit cell volumes are listed in Table 5.1. For the NdAuGe, the space group setting used

in the re�nement was the hexagonal P63mc (No. 186). In this space group, the Nd /

La occupy the crystallographic 2a site with atomic coordinate (0, 0, z), while Au and

Ge occupy the crystallographic site 2b with atomic coordinate (1/3, 2/3, z1) and (1/3,

1/3, z2). In this re�nement the z coordinate of the Nd / La atom was kept �xed z

= 0.5042 and the site occupancy factor of all the atoms was set �xed to 100%. The

resulting atomic coordinates are gathered in Table 5.1 and the �nal discrepancy factors

of the Rietveld re�nement (Rp, Rwp, Rexp, χ2, DW , RB and phase density) are gathered

in Table 5.2. The resulting hexagonal crystal structure of the LiGaGe-type is depicted

in Fig 5.3. In case of NdAuGa, the input space group setting was orthorhombic Imma

(No. 74) structure established before for EuAgGe . The assumed crystal structure of the

CeCu2-type is depicted in Fig 5.4. In this unit cell, Nd atoms occupy the 4e sites with

atomic coordinate (0, 1/4, z1), while Au and Ga atoms share the 8h sites with
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Figure 5.1: XRD di�raction patterns for NdAuGe. The observed data are represented by green
symbols and the solid red line through the data represents the result of the full pro�le Rietveld
re�nement. The lower red curve is the di�erence curve between the experimental data and the
calculated curve. The vertical lines represent the Bragg's re�ection.
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Figure 5.2: XRD pattern of NdAuGa (green symbols) and its Rietveld analysis (solid black
line). The curve in the bottom is the di�erence curve between the experimental and calculated
data. The vertical lines represent the Bragg's re�ection.
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Figure 5.3: Hexagonal crystal structure of NdAuGe obtained by Rietveld re�nement method.
Black circles represent the RE atoms (RE= La, Nd), yellow circles represent Au atoms and pink
circles represent Ge atoms.

Figure 5.4: Orthorthombic crystal structure of NdAuGa obtained from Rietveld re�nement
method. Black circles represent the RE atoms (RE= Nd), yellow circles represent M = 4Au +
4Ga
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Table 5.1: Atomic coordinates, lattice parameters and unit-cell volume V of REAuX (RE=
La, Nd) and (X= Ge, Ga). M is denoted to (4Au+4Ga).

Atoms Wycko�
site

x y z a [Å] b [Å] c [Å] V [Å3]

NdAuGe Nd 2a 0 0 0.5042 4.4328(4) 7.724(1) 131.44(3)
Au 2b 1/3 2/3 0.7676(5)
Ge 2b 1/3 2/3 0.2120(6)

LaAuGe La 2a 0 0 0.5042 4.4650(3) 8.142(7) 140.58(1)
Au 2b 1/3 2/3 0.7405(6)
Ge 2b 1/3 2/3 0.2521(2)

NdAuGa Nd 4e 0 1/4 0.5352(7)4.5541(5)7.3167(9)7.8051(9)260.07(4)
M 8h 0 0.0326(6)0.1687(8)

Table 5.2: The re�ned agreement indices and phase densities obtained from the full-structure
Rietveld re�nement method.

Compounds NdAuGe LaAuGe NdAuGa
Parameters
Rp(%) 7.549 10.355 9.549
Rwp(%) 10.271 15.542 12.234
Rexp(%) 1.637 1.518 3.083
χ2 4.981 4.473 3.968
RB(%) 8.17 10.72 8.47
Phase density
[g/cm3]

10.39 12.89 9.7

atomic coordinate (0, y, z2). In the re�nement process, the full occupancies of both 4e

and 8h sites were assumed and the isotropic displacement parameters of all atoms were

kept �xed, while the free atomic coordinates, z1, y and z2 were varied. The calculations

yielded values listed in Table 5.1. The re�ned lattice parameters and the unit cell volume

obtained for NdAuGa are in good agreement with the literature data [158]. The �nal

discrepancy factors of the Rietveld re�nement are also listed in Table 5.2. It should

be noted that the bigger volume value of the unit cell volume of LaAuGe compared to

NdAuGe as well as that of NdAuGa compared to NdAuGe is a consequence of the bigger

atomic radius for La than Nd and Ga than Ge.

5.3.2 Scanning Electron Microscope (SEM)

SEM micrograph for NdAuGe is shown in Fig 5.5. It is characterized by a smooth surface

which con�rms the homogeneity of this compound. Furthermore, no discolouration is

observed on the sample surface which indicates the single phase of this compound. EDS
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Figure 5.5: SEM micrograph of NdAuGe taken at 20.07 × magni�cation.

analyses of the two compounds NdAuGe and LaAuGe indicate the sample elemental com-

position normalized to the Nd and La content to be NdAu1.121Ge0.848 and LaAu1.192Ge0.899,

which are roughly in the 1:1:1 composition.

5.3.3 Electrical and thermodynamic properties of NdAuGe

compound

5.3.3.1 Electrical resistivity

The temperature dependence of the electrical resistivity ρ(T ) for NdAuGe is depicted in

Fig 5.6. The measurement was taken in the temperature range between 1.8 K to 300

K. ρ(T ) curve shows a linear behaviour up to 150 K and a tendency toward saturation

above room temperature. The linear behaviour below 150 K is characteristic of electron-

phonon scattering and the tendency toward saturation is ascribed to the electron-phonon

scattering in the presence of CEF e�ect. The room temperature ρ(T ) reaches 242 µΩ.cm,

which is relatively large but within the limit of a metallic system. This large value may be

compared to the values of 260 µΩ.cm, obtained for the NdCuGe [186], and was ascribed

to a large electron-phonon interaction consistent with large phonon-drag term in the

thermoelectric power results for the compound. The bottom inset of Fig 5.6 shows the
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Figure 5.6: Temperature dependence of the electrical resistivity, ρ(T ), of NdAuGe. The top
inset represents dρ/dT and the bottom inset show ρ(T ) below 20 K. The arrows indicate the
phase transition.
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low temperature ρ(T ) with an arrow indicating the position of the magnetic transition

at TN = 3.8 K. The rapid drop of ρ(T ) in a linear behaviour below TN is due to the

suppression of the magnetic scattering associated with AFM anomalies. The top inset

of Fig 5.6 shows the derivative, dρ/dT , which illustrate a phase transition at 3.8 K as

indicated by the arrow. This value has been estimated in accordance with the criterion

given by Sato et al.[187], which is at the midpoint of the anomaly produced due to a large

drop in the dρ/dT curve (arrow top inset of Fig 5.6). The value of TN = 3.8 K obtained

from ρ(T ) corroborates with the values obtained from magnetic susceptibility χ(T ) and

speci�c heat Cp(T ) as it will be shown in the coming sections.

5.3.3.2 Magnetic susceptibility and magnetization

The temperature dependence of the inverse magnetic susceptibility χ−1 for NdAuGe, as

measured in a �eld of 0.5 T is depicted in Fig 5.7. It is observed that χ−1(T ) data con�rm

a Curie-Weiss (CW) magnetic behaviour above 100 K when �tted to the Curie-Weiss law:

χ−1(T ) = 3KB(T − θp)/NAµ
2
eff . (5.1)

The resulting parameters obtained from the LSQ �ts in the temperature range 100-300

K (solid red line in Fig 5.7) are: The e�ective magnetic moment µeff =3.546(4) µB
and the paramagnetic Weiss temperature constant θp = −6.1(4) K. The obtained µeff

is close to the free-ion Nd3+ Hund's rule expectation value, gJ [J(J + 1)]1/2 = 3.62 µB.

The obtained paramagnetic Weiss temperature constant θP can be compared to that one

obtained for NdCuGe [186]. At low temperature χ−1(T ) curve deviates from the Curie-

Weiss behaviour which may be attributed to magnetocrystalline anisotropy. In order to

investigate the Crystal Electrical Field (CEF) splitting of Nd levels below 50 K, the low

temperature range of χ−1 data (6-40 K) is �tted to Curie-Weiss (CW) magnetic behaviour

(solid blue line, inset of Fig 5.7). LSQ �t yields µeff=3.31µB with much a reduced nega-

tive θp value of −3.4(4) K. In the case of a ground state, CEF doublet composed of levels

−9

2
≤ mJ ≤ +

9

2
, CEF splitting of the multiplets, reduces the total angular momentum

J . This in turn lowers the µeff given in the form µeff = 2gJmJ

√
3/4. The observed

µeff = 3.31 µB with gJ = 8/11 gives mJ = 2.63 which is close to 2.5, indicating that the

ground state is presumably composed of ±5/2 levels, similar to NdCuGe [186]. The low

temperature zero-�eld-cooled (ZFC) and �eld-cooled (FC) magnetic susceptibility χ(T )

data are depicted in Fig 5.8(a). The FC χ(T ) data rises into an anomaly at 3.7 K which

is attributed to AFM phase transition also observed in ρ(T ) data. It was observed that
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Figure 5.7: χ−1(T ) data with the Curie-Weiss �t (solid red line ) according to the experimental
data above 100 K. The inset shows the low temperature, χ−1(T ) data with the Curie-Weiss �t
(solid blue line) according to the experimental data between 6 and 40 K.
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Figure 5.8: (a) Low temperature χ(T ) data measured in ZFC and in FC run. (b) Field
dependence of the magnetization measured at 2 K of NdAuGe.
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ZFC and FC χ(T ) results taken in a �eld of 0.5 T split into two branches well above TN at

7.3 K. Such a bifurcation may originate from an inhomogeneous magnetic ground state in

this compound, as a result a spin glass-like state may be the cause of the bifurcation. The

�eld dependent magnetization, M(µ0H), measured at 2 K in �eld up to 7 K is presented

in Fig 5.8(b). It can be seen that the M(µ0H) curve increases linearly with �eld up to 3

T and exhibits a slight upward curvature above this �eld. The deviation of linearity at 3

T may be attributed to the metamagnetic behaviour.

5.3.3.3 Heat capacity

Fig 5.9 shows the heat capacity CP (T ) results for NdAuGe together with the non-magnetic

LaAuGe. For the isomorphous non-magnetic compound, CP (T )varies monotonically with

no anomaly down to 1.9 K. At higher temperatures, both heat capacity curves for the

two samples approach the classical value 3NR = 74.83 J/mole K of the Dulong-Petit

law above 250 K (horizontal line in Fig 5.9) due to the vibrational mode of N=3 atoms

per formula unit. The inset of Fig 5.9 shows the low temperatures CP (T ) data for both

compounds. For NdAuGe, a sharp anomaly is observed at the magnetic phase transition

temperature TN= 3.4 K, taken at the peak as indicated by an arrow. The di�erence

between the NdAuGe and LaAuGe heat capacity curves at higher temperatures may be

attributed to the crystalline electric �eld (CEF) splitting of the Nd3+-ion. Fig 5.10 dis-

plays the 4f -electron magnetic contribution to the speci�c heat capacity C4f . C4f was

calculated by subtracting an interpolated LaAuGe curve from that of NdAuGe. It is

observed that C4f above the magnetic transition region exhibits a broad maximum cen-

tred around 16.5 K, characteristic of a Schottky-type anomaly, due to the freezing out of

CEF-split magnetic levels. This maximum �ts well in absolute magnitude to a three-level

CEF Schottky description,

C4f (T ) =
R

T 2

[∑n−1
i=0 (

gi
gi+1

)∆2
i e
−∆i/T∑n−1

i=0 e
−∆i/T

−
(∑n−1

i=0 (
gi
gi+1

)∆ie
−∆i/T∑n−1

i=0 e
−∆i/T

)2]
. (5.2)

The Least-square �tting to Eq 5.2 (solid curve in Fig 5.10), was achieved by using a

degeneracy ratio
g0

g1

=1 and
g1

g2

=2 between the ground state and �rst excited state and

between the �rst excited state and second excited state of Nd+3-ion, respectively. The

�tting in Fig 5.10 provides the estimations of the energy splitting taking the ground state

∆0 =0; ∆1 =25.8(4) K and ∆2 =50.7(4) K.

The temperature dependence of magnetic entropy S4f (T ) is displayed in Fig 5.11. S4f (T )

was calculated from magnetic heat capacity C4f (T ) data of NdAuGe using the relation:
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Figure 5.9: Temperature dependence of the heat capacity CP (T ) of NdAuGe together with
LaAuGe. The inset shows the low temperature CP (T ) with an arrow at the magnetic phase
transition.
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Figure 5.10: The temperature dependence of the 4f -electron speci�c heat, C4f (T ) with CEF
Schottky description �t (Eq.6.4, solid red line) to the experimental data above TN .
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Figure 5.11: Temperature dependence of 4f -electron entropy, S4f (T ), of NdAuGe with two
horizontal solid black lines indicating Rln2 and Rln10 associated with the two-level ground state
and the full multiplet, respectively.
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Smag =
∫ T ′

0
[C4f (T

′
)/T

′
]dT

′
. As can be seen from Fig 5.11, S4f (T ) has its largest drop

over the temperature range corresponding to the Schottky-like peak in C4f due to CEF

splitting, while a further drop is observed near TN . Also, it is observed at TN , S4f reaches

nearly 36.5% of the Rln(2) value expected for the two-level ground state and 75% of the

value of Rln(2J + 1) = Rln(10) for J = 9/2 at room temperature. The drop in entropy

of NdAuGe near TN is close to a two-level ground state, although the theoretical value of

this entropy at TN is considerably smaller than Rln(2) = 5.76 J/mol.K and approaches

this value around 9.7 K well above TN . This is similar to that observed for NdCuGe [186].

Furthermore, the value of C4f (T ) at TN (see Fig 5.10) is roughly two times smaller than
3

2
R = 12.47 J/mol.K expected for the two-level ground state.

5.3.4 Thermodynamic properties of NdAuGa

5.3.4.1 Magnetic susceptibility and Magnetization

The dc magnetic susceptibility, χ(T ) of NdAuGa as it was measured in a �eld of 0.1 T is

shown in Fig 5.12. It is observed that χ−1(T) data above 50 K follows the Curie Weiss law

Eq 5.1, with the Weiss temperature θp = −7.6(4) K and the e�ective magnetic moment,

µeff = 3.635(3)µB. The experimental value of of µeff is close to the free Nd3+ ion value

gJ [J(J + 1)]1/2 = 3.62 µB. The negative θp hints at antiferromagnetic interactions. Below

50 K, the inverse susceptibility deviates from the CW law, likely due to depopulation of

CEF levels with decreasing temperature. As can be inferred from the inset to Fig 5.12,

χ(T ) exhibits a sharp maximum at TN = 8.9 K, which is a characteristic of long-range

antiferromagnetic (AFM) phase transition. Below TN , the magnetic susceptibility steeply

decreases, yet below Tt = 3.6 K it slightly increases. The temperature at which this up-

turn in χ(T ) occurs coincides with the temperature at which CP (T ) forms a maximum

(see section.5.3.4.3). Based on both �ndings, a kind of magnetic order-order transition

may be anticipated.

As visualized by the solid line in the inset to Fig 5.12, the χ(T ) data of NdAuGa in

the ordered state can be approximated by the formula:

χ(T ) = χ
′

0 + Aχ
√

∆χT (∆χT )exp(−∆χ

T
) (5.3)
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Figure 5.12: χ−1(T ) data of NdAuGa compound with the Curie-Weiss law �t (solid red line)
according to the experimental data above 50 K. The inset show the low temperature χ(T ) data
with spin-wave �t (Eq 5.3, solid red line) according to the experimental data between 4 and 8
K.
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appropriate for an anisotropic antiferromagnet [188]. The LSQ �t of Fig 5.3 to χ(T ) data

below TN yielded the temperature independent term :χ
′
0 = 16.04(2)× 10−7 m3/mole and

the prefactor Aχ = 18(2)× 10−7 m3/mole and the energy gap in the spin-wave spectrum

∆χ = 40(1) K.

The isothermal magnetization M(µ0H,T ) of NdAuGa was measured in magnetic �elds

up to 5 T at several di�erent temperatures in the range 2 K 6 T 620 K is shown in

Fig 5.14. In the ordered region, M(µ0H,T ) initially increases linearly up to a critical

�eld (µ0H)met = 0.1 and 0.05 T for T = 2 and 4 K, respectively, that can be associated

with a metamagnetic-like singularity (see the inset to Fig 5.14). In high �elds, the low-

temperature M(µ0H) isotherms show some downward curvature. In the terminal �eld

(µ0H)met = 5 T, the magnetization reaches values ranging from 1.35 µB to 0.26 µB at

temperatures from 2 to 20 K. The magnitude of M(µ0H,T ) at 2 K is less than half of

the theoretical saturation moment of the free Nd3+ ion (gJJ = 2.72µB). This discrepancy

likely results from combined e�ect of CEF and magnetic anisotropy. To �nd out the

nature of the magnetic phase transition, the Arrott-plots (M2 versus µ0H/M) are shown

in Fig 5.15. According to Banerjee criterion [189], the positive slope of all of the Arrott

plots of a compound indicates a second order magnetic phase transition, while negative

slope of some of these plots indicates the �rst order nature. In our case, it is observed

from Fig 5.15 that, the Arrott plots show positive slopes for all temperatures indicating

a second order nature of the transition.

5.3.4.2 Magnetocaloric e�ect (MCE)

The calculation of MCE has been done from isothermal magnetization M (µ0H, T ) data.

The isothermal magnetic entropy change, ∆SM has been estimated from the Maxwell's

relation:

∆SM =

∫ H

0

(
∂M

∂T

)
H

dH. (5.4)

The temperature dependence of −∆SM for various �eld changes is depicted in Fig 5.13.

Clearly, −∆SM rises into a sharp peak at 8.1 K, i.e. close to TN . The magnitude of this

feature increases with increasing �eld and reaches a maximum −∆SM = 3.1 J/kg.K for a

�eld change of 5 T. The latter value is close to the value of 3 J/kg.K obtained for TbCuGe,

yet distinctly smaller compared to the values −∆SM = 15, 12.3 and 12.7 J/kg.K reported

for DyCuGe, H0CuGe and ErCuGe [190], respectively. Remarkably, no sign change was

observed in the temperature variations of MCE, which suggest that
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Figure 5.13: The temperature dependence of isothermal magnetic entropy change (-∆SM )
for NdAuGa compound. The inset shows the �eld dependence of (-∆SmaxM ) with the solid line
representing the �t of the data points to Eq.(6.8).
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the AFM structure in NdAuGa is collinear, in contrast to the case of other RETX com-

pounds with non-collinear AFM structures, like e.g. GdCuSi [191].

For magnetic materials with second order transition −∆SM follows the relation [192]:

−∆SM = h2/3S(0, 1) + S(0, 0), (5.5)

where h is the reduced �eld (h =
µ0HµB
kBTN

), S(0, 1) is a parameter connected to the

spontaneous magnetization at 0 K (S(0, 1) = kMs(0), k being a constant) and S(0, 0) is

the reference parameter. The inset of Fig 5.13 shows the plot of −∆SmaxM versus h2/3 and

LQS �t of Eq 5.5 to the experimental data (solid red line in the inset of Fig 5.13). The

so-obtained parameters are S(0, 0) = −0.62(8) and S(0, 1) = 6.2(2). It should be noted

that the negative value of S(0, 0) corroborates the second order magnetic phase transition

in NdAuGa, while the linear dependence of −∆SmaxM versus h2/3 indicates the strongly

localized character of Nd moment [193].

5.3.4.3 Heat capacity

The speci�c heat as a function of temperature, C P (T ), measured for NdAuGa in zero

magnetic �eld is depicted in the main panel of Fig 5.16. Over a broad temperature range,

CP (T ) can be approximated by the standard Debye law:

Cp(T ) = γT + 9NR(
T

θD
)3

∫ xD

0

x4ex

(ex − 1)2
, (5.6)

where γ is the Sommerfeld coe�cient, N is the number of atoms per formula unit, R

is the gas constant, and θD stands for the Debye temperature. The LSQ �ts of Eq 5.6

to the experimental data above 20 K yielded: γ = 20(1) mJ/mole.K2 and θD = 170(1)

K. The obtained value of θD is fairly similar to those reported for other members of the

RETX series [194, 195].

The inset to Fig 5.16 shows the low-temperature C P (T)/(T ) data. Remarkably, two

distinct maxima can be discerned, at the temperatures TN and Tt determined from the

magnetic susceptibility studies. While the former feature clearly manifests the onset of

the AFM state, the latter one probably occurs because of a change in the AFM structure

of NdAuGe. It is worth recalling that a very similar feature in the ordered state was
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Figure 5.14: Magnetization isotherms at di�erent temperatures between 2 and 40 K, taken in
step of 2 K, for NdAuGa compound. The inset shows an expanded plot of magnetization at low
�eld for two isotherms in the ordering region, 2 and 4 K.
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Figure 5.15: The Arrott-plots,M2 versus µ0H/M in the vicinity of TN for NdAuGa compound.
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Figure 5.16: The heat capacity data of NdAuGa at 0 T together with Debye �t (Eg 5.6, solid
red line through the data points). The inset shows the low temperature CP (T )/T in 0 and 3 T
�eld. The arrows indicate the magnetic phase transitions temperature.
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observed for other equiatomic rare-earth intermetallics, such as GdCuSi [191], TbCuGe

[190], and attributed to spin reorientation of the rare-earth magnetic moments. Upon

applying magnetic �eld, the two anomalies in the speci�c heat broaden and shift to

lower temperatures (see the inset to Fig 5.16), thus indicating the AFM character of the

magnetic ordering in NdAuGe in both the magnetic phases.

5.4 Conclusion

XRD and SEM studies con�rm the single-phase purity of all the investigated compounds.

XRD studies in particular indicates the hexagonal LiGaGe-type crystal structure with

space group P63mc (No. 186) for the NdAuGe and LaAuGe while NdAuGa adopted the

orthorhombic CeCu2-type crystal structure with space group Imma (No. 79). At high

temperatures, χ(T ) data follows the CW behaviour with an e�ective magnetic moment

µeff = 3.546(4) µB and 3.635(3)µB for NdAuGe and NdAuGa respectively close to the

value of 3.62µB expected for the Nd3+ion and a CW temperature constant of −6.1 K and

−7.6 K respectively. The low temperature χ(T ) data for the NdAuGe, in particular follow

the CW behaviour in the temperature range 20 K ≤ T ≤ 40 K, with a reduced µeff and θp
values of 3.31 µB and −3.4 K, respectively. The reduced value of µeff indicates a ground

state composed of ±5/2 levels. ZFC and FC χ(T ) data for the NdAuGe indicate spin-

glass behaviour. The low temperatures χ(T ) data indicate AFM-type ordering at TN =

3.7 K and 8.9 K for NdAuGe and NdAuGa respectively. The Arrott-plot for the NdAuGa

compound suggest a second order phase transition. Magnetization data measured at 2

K reveals the occurrence of metamagnetic transition at 3 T for NdAuGe compound and

at 0.1 T and 0.05 T for NdAuGa compound, measure in the ordering region at 2 K

and 4 K respectively. The magnetocaloric e�ect in NdAuGa is fairly modest, weaker

than in other RETX family. The isothermal magnetic entropy change reach a maximum

value of 3.1 J/kg.K for the �eld change of 5 T at 8.1 K. Heat capacity data for NdAuGe

compound con�rms the magnetic transition at TN = 3.4 K, while the 4f -electron speci�c

heat indicates a Schottky-type anomaly around 16.5 K with energy splitting ∆1 = 25.8 K

and ∆1 = 50.7 K, that are associated with the �rst and second excited states of the Nd3+-

ion respectively. For NdAuGa heat capacity studies in zero and in applied magnetic �eld

shows long-range magnetic ordering with features across several properties that resemble

AFM-type ordering at 8.9 K. A second maximum at 3.6 K in the heat capacity data

indicates the rearrangement of the AFM structure.
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Chapter 6

E�ect of La-dilution of the

Polycrystalline Kondo Lattice CeCu4In

6.1 Introduction

The binary intermetallic compound CeCu5 is known to be both an antiferromagnet with

TN = 4 K and a Kondo lattice with TK = 2.2 K [110, 196]. The latter e�ect is evident

from some facts that have been observed in its electrical transport and thermodynamic

properties. For instance, electrical resistivity ρ(T ) exhibits negative logarithmic contribu-

tions, while a pronounced minimum in the temperature dependent thermoelectric power

is observed. Also the Sommer�eld coe�cient γ deduced from the low temperature heat

capacity measurement shows an enhanced value [197] (about 120 mJ.mole−1K−2), which

is analogous to some values that were obtained typically for magnetically Kondo-lattice

compounds such as CeAl2[7, 198] and CeCu2 [84, 199]. Furthermore, the 4f -electron en-

tropy has a value of about 2/3 of the expected value Rln2 at T = TN . Finally, the ordered

magnetic moment obtained from neutron di�raction measurements was 0.36 µB instead

of the 0.42 µB expected for the spin−1/2 doublet ground state, and a Kondo interaction

strength of TK ≈ 2.2 K has been assessed to clarify the variance between the experimental

and theoretical values of the moments [200]. These facts indicate that some of the 4f

moments are involved in the Kondo interaction, and the feature of magnetic ordering in

the ground state is not composed by the entire ensemble of the 4f moments.

CeCu5 has the hexagonal-CaCu5 structure with space group P6/mmm [110]. Similar

to some other binary compounds, CeCu5 is also of interest as an initial material for a

group of compounds formed from the substitution of Cu by an atom M, such as ( M =

Pd, Ag, Al, Ga and In) [133, 201�204]. The resulting compounds with M= Pd, Al and

Ga retained the hexagonal structure of CeCu5 [201�203], while the compounds with M =

119
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Ag and In form in di�erent structures [133, 204]. The substitutions of one Cu with ele-

ments M mentioned above, increase the average conduction electron density, which screen

the localized 4f moment states in CeCu5, leading to a nonmagnetic heavy-Fermion (HF)

ground state in CeCu4M [133, 202�204]. An exception has been observed for CeCu4Pd

which exhibits a magnetic phase transition below 1.8 K [201]. The compound CeCu4Ag

[133] was found to adopt the cubic MgSnCu4-type structure with space group F43m .

Its electrical resistivity exhibits a Kondo-like logarithmic increase up to a maximum at

T = 75 K, and sharp drop below this maximum. The magnetic measurements show that

CeCu4Ag is a paramagnetic with an e�ective magnetic moment µeff = 2.54µB and a

paramagnetic Curie temperature θP = − 33 K. The thermoelectric power is positive over

the whole temperature range and below Tmax = 25 K falls rapidly. The measured ther-

mal conductivity of the CeCu4Ag compound increases with increasing temperature. The

electronic speci�c heat coe�cient γ of this compound was estimated from speci�c heat

data to be 500 J.mole−1.K−2.

Transport, magnetic and thermodynamic properties studies of the CeCu4M with (M = Al,

Ga and In ) [202�204] have con�rmed the HF state in these compounds. The compounds

with Al and Ga retained the hexagonal-Ca5 structure, while a change to orthorhombic-

CeCu4.38In1.62 type structure with space group Pnnm was observed for CeCu4In [204].

The magnetic measurements on CeCu4Al reveals the paramagnetic state with e�ective

moment µeff = 2.53 µB/f.u and Curie temperature θP = −10 K [202]. The temperature-

dependence of electrical resistivity ρ(T ) of this compound shows a decrease from room

temperature down to a minimum at T = 100 K and then an increase below this mini-

mum up to 2.5 K. This behaviour of ρ(T ) is ascribed to the single-site Kondo scattering

caused by the localized 4f -electrons of the Ce3+ ions. The interpretation of the Ce 3d and

4d XPS spectra result indicates the localized feature of the Ce 4f states. The obtained

electronic heat capacity γ = 210 mJ/mole K−2 emphasizes the heavy fermion state of the

CeCu4Al compound. The Kondo temperature for CeCu4Al evaluated from the various

experimental measurements is found to be between 2.5 to 5 K [202]. Several studies [205�

207] were reported on the e�ect of La dilution on CeCu4Al speci�cally in relation to the

electrical transport and thermodynamic properties. Recently, Falkowski et al. [134, 208]

reported thermoelectric power and thermal conductivity of CexLa1−xCu4Al alloys series.

Their results show that the thermoelectric power is positive with a peak except for non-

cerium LaCu4Al, and the peak shifts slight from 27 K to 25 K upon La concentration.

The measured thermal conductivity increases with temperature increase.

CeCu4Ga compound was found to have a nonmagnetic ground state down to 30 mK [203].

The temperature dependence of electrical resistivity ρ(T ) of this compound is a character-
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istic of HF system. CeCu4Ga possess also an extremely enhanced electronic contribution

to the speci�c heat which exceeds 3 J.mole−1.K−2. At a very low temperature (below 2

K), CP (T )/T showed a strong increase with a value of about 3.15 J.mole−1.K−2 at 0.9 K

[203]. The Kondo temperature determined from magnetic susceptibility and speci�c heat

data of this compound is of the order of a few Kelvin. A large peak in thermoelectric

power was found for CeCu4Ga at a temperature quite higher than the Kondo temperature.

The studies of magnetic and electronic properties of CeCu4In compound in particular

[88, 204], indicate paramagnetic behaviour down to 2 K. χ(T ) data follows the Curie-

Weiss law with e�ective magnetic moment 2.4µB and paramagnetic Weiss temperature

θP = − 27 K. Heat capacity studies con�rm the HF character for this compound with the

electronic heat capacity coe�cient γ = 235 J/mole.K2. ρ(T ) behaviour is characteristic

of a Kondo lattice compound with a well de�ned resistivity maximum at 25 K.

In this chapter, a study on the e�ect of La dilution on CeCu4In will be presented. This

study aims to clarify the evolution from a coherent Kondo lattice in CeCu4In to inco-

herent single-ion Kondo behaviour with La doping. In this study the results of Lattice

parameters, electrical resistivity, magnetoresistivity, magnetic susceptibility, magnetiza-

tion, thermoelectric power and thermal conductivity measurements on polycrystalline

Ce1−xLaxCu4In are presented. The application of the compressible Kondo model on

Ce1−xLaxCu4In is also presented.

6.2 Sample preparation and Characterization

The polycrystalline samples of the alloy series Ce1−xLaxCu4In with 0 6 x 6 1 were pre-

pared with the same arc-melting procedure described in section 3.1. The weight losses

of all members in this series are found to be less that 0.1% of the total weight. All the

samples thus prepared were characterized by X-ray powder di�raction using a Bruker D8

Advance powder di�ractometer with CuKα radiation described in chapter 3. The di�rac-

tion spectra were analysed using the CAILS-Pawley re�nement method from TOPAS

ACADEMIC programme. All the compositions investigate were single phase with no

evidence of parasitic phase or unreacted elements.
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6.3 Results and discussions

6.3.1 Lattice parameters and unit-cell volume

All the compositions in the alloy system Ce1−xLaxCu4In were found to crystallize in the

orthorhombic-CeCu4.38In1.62 type structure with space group Pnnm (No. 58). The lattice

parameters and the unit cell volume obtained for the parent compound CeCu4In is in good

agreement with previously reported values [204]. The X-ray pattern of the two parent

compounds CeCu4In and LaCu4In as representative examples shown are in Fig 6.1. It is

observed that the re�ned room-temperature lattice parameters and the unit cell volume

Fig 6.2 increase linearly with increased La content. The observed linear increase con�rms

the Vegard's rule which suggests no sudden change in the Ce valence across the series.

6.3.2 Electrical resistivity

The temperature dependence of the zero-�eld total resistivity, ρ(T ) for several compo-

sitions in the series Ce1−xLaxCu4In are depicted in Fig 6.3. It is observed that ρ(T )

data evolves from coherent Kondo scattering at low temperature for alloys in the range

0 6 x 6 0.3, with a well de�ned Kondo peak at Tmax as indicated in Table 6.1 to inco-

herent single-ion Kondo scattering for alloys with x > 0.4. It is observed that Tmax which

is a fair indication of the Kondo temperature TK for dense Kondo alloys systems, shifts

to lower temperature with increase La content x. Furthermore the magnitude of ρ(T )

decreases with La content which suggest no disorder in Ce-La in the whole concentration

range. At higher temperature for all Ce containing alloys in the series, ρ(T ) data follows

a −ln(T ) dependence as is to be expected for incoherent single-ion Kondo scattering (see

�ts of ρ(T ) to Eq 6.1). The observed resistivity maximum ranging from 34 K to 13.4 K

re�ects a coherence e�ect that sets in at low temperature. It should be noted that, for

dense Kondo alloy, the maximum occurring in ρ(T ) at Tmax is a measure of the Kondo

temperature TK . ρ(T ) of the non-magnetic counterpart LaCu4In depart from linearity at

high temperature and is describe by the Bloch-Grüneissen-Mott formula:

ρph(T ) = ρ0 +
4κ

θR

(
T

ΘR

)5 ∫ ΘR/T

0

x5dx

(ex − 1)(1− ex)
− αT 3, (6.1)

where all the parameters have their usual meaning with αT 3 being the Mott's term [209].

LSQ �ts of ρ(T ) data of LaCu4In compound to the experimental data (solid line Fig. 6.3)
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Figure 6.1: X-ray di�raction patterns for CeCu4In (a) and LaCu4In (b). The observed data
are shown by green symbols and the solid red lines through the data represent the result of the
CAILS Pawely re�nement. The lower black curves are the di�erence between experimental and
the calculated curves.
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Figure 6.2: Lattice parameters a, b and c and unit cell volume V of the orthorhombic
Ce1−xLaxCu4In alloy system.
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gives ρ0 = 5.59µΩ.cm.K−3, κ = 2000µΩ.cm.K, θR = 132K and α = 0.31×10−8µΩ.cm.K−3.

ρ(T ) for all compositions where incoherent Kondo scattering is observed are described by:

ρph(T ) = ρ∞0 + ρBG + ρ4f , (6.2)

where ρ∞0 is the temperature independent resistivity as T → 0. ρBG(T ) is the phonon

contribution (second term in Eq. 6.1). ρ4f is the 4f -contribution which account for the

Kondo e�ect given by [4]:

ρ4f (T ) = ρspd

[
1 + αN(EF )Γsf ln

(
T

TF

)]
, (6.3)

with the Kondo temperature de�ned by:

TK = D.exp

[
−1

ΓsfN(EF )

]
. (6.4)

α is a constant which depends on the nature of the local moment, TF is the Fermi tem-

perature, N(EF ) is the density of states at the Fermi level, D is the conduction electron

bandwidth and Γsf is the direct exchange integral. For the LSQ �ts Eq 6.2 to the ex-

perimental ρ(T ) data Eq 6.3 was approximate to −CKln(T ) with CK a measured of

the strength of the Kondo interaction. It turns out that the temperature independent

ρ∞0 account not only for the scattering of electrons by lattice imperfections, dislocations,

impurities, spin-disorder and the Nordhein-like contribution, but also for the strength

of the Kondo interaction. The phonon contribution is taken as ρBG(T ) = bT which is

approximately valid in the temperature region in which we �tted the data. It is observed

that LSQ �ts of ρ(T ) data to Eq 6.2 (solid curve Fig 6.3) for alloys with x 6 0.6, the

interband scattering that seems to be present for alloys with x > 0.8 is suppressed with

40% Ce doping. For this reason the Mott's term was included only for compositions with

x = 0.8 and 0.9. LSQ �ts of ρ(T ) to Eq 6.2 yield the resistivity parameters listed in Table

6.1 and α [10−8µΩ.cm.K−3] = 4.3(3) and 23(2) for the x = 0.8 and 0.9 respectively. Fig

6.4 shows the 4f magnetic contribution to the total resistivity, ρ4f (T ), presented in the
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Figure 6.3: Temperature dependence of the electrical resistivity in the temperature range
2 ≤ T ≤ 300K for alloys the system Ce1−xLaxCu4In. The solid red lines are LSQ �ts of Eq 6.1
and 6.2 to the measured data.
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Figure 6.4: Temperature dependence of the magnetic resistivity ρ4f (T ) of the Ce1−xLaxCu4In
system.
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Table 6.1: Electrical resistivity parameters for the (Ce1−xLax)Cu4In alloy system. The values
of ρ0, b and CK are obtained from Least square �ts of Eq 6.2 to the measured data. The value
of Tmax for 0 6 x 6 0.3 are obtained directly from the measured data.

x ρ0 [µΩ.cm] b[10−3 µΩ.cm/K] CK [µΩ.cm] Tmax[K]

0 336(4) 210(8) 56(1) 34(1)

0.1 227(3) 124(7) 33(1) 27.9(1)

0.2 216(2) 133(3) 31.7(5) 17.8(1)

0.3 158(1) 98(3) 20.5(4) 13.4(1)

0.4 139.7(2) 99(4) 17.9(1)

0.6 115.4(2) 142(3) 16.4(1)

0.8 63.2(2) 82(7) 6.5(1)

0.9 31.1(1) 118(2) 3.03(4)

logarithmic scale. This magnetic resistivity was obtained by subtracting the ρ(T ) data of

the non-magnetic counterpart LaCu4In from ρ(T ) data of each composition. It is observed

that, for all compositions, ρ4f (T ) shows a −ln(T ) increase with decreasing temperature as

expected from the incoherent Kondo e�ect. At high temperatures near room temperature,

deviation of a linear increase in −ln(T ) ocurrs which may be associated to the additional

contribution of the s− d interband scattering given by the Mott's term −αT 3.

6.3.3 Magnetoresistivity (MR)

The isothermal MR was studied on a selected number of Ce1−xLaxCu4In alloys for which

their ρ(T ) curves are characteristic of incoherent Kondo scattering, for �eld up to 8 T, and

at various temperatures between 1.5 and 28 K. The results of these studies are presented

in Fig 6.5 for two representative compositions Ce0.4La0.6Cu4In and Ce0.2La0.8Cu4In. For

all the investigated alloys (x = 0.3, 0.4, 0.6 and 0.8), a negative MR has been observed at

all temperatures as a result of suppression of the incoherent Kondo scattering in magnetic

�eld. The experimental MR data were analyzed in terms of the Bethe-ansatz calculation of

the Coqblin-Schrie�er model given by Andrei [82] and Schlottmann [27] for total angular

momentum J = 1/2 in the integer valence limit:
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Figure 6.5: Magnetoresistivity isotherms at various temperatures of the (Ce1−xLax)Cu4In, x =
0.4 and 0.8 compounds. The solid lines in the main panel are LSQ �ts of Eq 6.5 to the measured
data. The insets show the temperature variations of B∗(T ), and solid lines through the data
points are the LSQ �ts of Eq 6.6 to the B∗(T ) values.
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ρ(B, T )

ρ(B = 0, T )
=

[
1

2J + 1
sin2(

πnf
2J + 1

)
2J∑
l=0

sin−2(πnl)

]−1

, (6.5)

where nf is the electron occupation number. Furthermore, the analysis of MR results

at T = 0 depends universally on a single energy scale (gJµKB∗), related to the Kondo

temperature TK , where gJ is the landé factor, µK the magnetic moment of the Kondo

ion and B∗ the characteristic Kondo �eld. Following Batlogg et al. [83], the Kondo �eld

depends linearly on temperature according to the equation:

B∗ = B∗(0) +
kBT

gµK
=
kB(TK + T )

gµK
. (6.6)

The characteristic �eld B∗(T ) values are obtained from the LSQ �ts to the experimental

MR data to the Schlottmann's universal MR curve for J = 1/2 (solid lines in the main

panel of Fig 6.5. The obtained values of B∗ are plotted versus the temperature which

yields a linear increase with the temperature (inset of Fig 6.5). A LSQ �t of B∗ against

Eq 6.5 (solid line in the inset of Fig 6.5) leads to a value of B∗(0) and hence to the Kondo

temperature TK and Kondo moment µk. These calculated values of TK and µK for alloys

under investigation are listed in Table 6.2. Similarly to Tmax, it is observed that values of

TK decrease monotonically with increase in La content x, which results from the increase

in unit-cell volume which in turn weakens the on-site Kondo exchange interaction. Fig

6.5 illustrates for two compositions, the excellent scaling of the MR data

Table 6.2: Parameter values of the Kondo temperature TK and the magnetic moment of Kondo
ion µK obtained from the magnetoresistivity analysis using Eq 6.5 and 6.6.

x TK [K] µK [µB]

0.3 20.1(3) 0.412(8)

0.4 11.3(8) 0.340(3)

0.6 10.1(2) 0.305(5)

0.8 6.0(4) 0.233(1)

in accordance with the Bethe-ansatz formulation of the single-ion magnetoresistivity

by showing the collapse of MR data from all isotherms on a single curve in a plot of

ρ(µ0H,T )/ρ(0, T ) versus µ0H/B
∗(T ). Similar scaling of the MR was observed for all

investigated compositions.
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Figure 6.6: Scaling magnetoresistivity data for di�erent isotherms as measured in �eld up to 8
T and at various temperatures between 2 K to 20 K.
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6.3.4 The compressible Kondo lattice model

The temperature variation of the Kondo temperature TK with hydrostatic or negative

chemical pressure is usually described by the compressible Kondo lattice model. It was

observed in many experimental results that pressure on a Kondo lattice compound does

not a�ect the position of the 4f impurity level but rather acts on the degree of localization

of this 4f state. Based on that the compressible Kondo lattice model, TK is enhanced

under the e�ect of pressure and given by [210]

TK =
D

kB
exp

[
− 1

JN(EF )

]
, (6.7)

where D is the conduction electron bandwidth, N(EF ) is the density of state at the

Fermi level and J the on-site exchange interaction given by the Coqblin-Schrie�er model

[18] by:

J =
〈Vkf〉2U
εf (εf + U)

. (6.8)

In Eq 6.8, U represents the on-site Coulomb repulsion, εf is the position of the 4f level

relative to the Fermi level and Vkf denotes the strength of the 4f -electron and the conduc-

tion band hybridization. It is straightforward from Eq 6.8 that a change in TK depends

on a change in N(EF ) or Vkf . For instance a decrease in either N(EF ) or Vkf will result

in a decrease of TK . Based on the model suggested by Lacroix and Cyrot [211], Lavagna

et al [210] introduced the e�ect of pressure on the Kondo lattice for which the volume

dependence of |JN(EF )| is given by de�ned as

|JN(EF )| = |JN(EF )|0exp
[
−q(V − V0)

V0

]
, (6.9)

where |JN(EF )|0 represents the value of the quantity at initial volume V0 and |JN(EF )|
corresponds to a volume V . The constant q which can be approximated from Slater rules,

is usually taken to be between 6 and 8. The linear expansion of the exponential term in

Eq 6.9 for small change in volume ∆V and substitution in Eq 6.7 leads to the relation:

Tx(x) = Tx(0)exp

[
−q(V − V0)

V0|JN(EF )|0

]
. (6.10)
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V and V0 are the volume of the unit cell for La-doped alloy and the Ce parent compound,

respectively. The initial e�ect of Ce substitution with La in (Ce1−xLax)Cu4In is that the

system exhibits an increase in volume change, leading to a decrease in the values of TK .

Our results were interpreted in terms of Eq 6.10 by assuming that for dense Kondo alloys

their maxima in ρ(T ) occurring at Tmax are a fair indication of TK . Eq 6.9 displays Tmax
obtained from the resistivity data and TK obtained from the MR results as a function of

the relative change in unit cell volume obtained from the XRD analysis. It is observed

from this �gure that Tmax and TK decrease monotonically with increase La content. An

LSQ �t of Eq 6.10 to the combined data sets gives the solid line in Fig 6.7. The �t

performed using q = 6 gives |JN(EF )|0 = 0.082(3) for CeCu4In, which may be compared

to the values of 0.052, 0.09 and 0.065 obtained for heavy fermion CeCu5In, CeCu6 and

CePt2Si2 compounds, respectively [212�214].

6.3.5 Thermoelectric power

The temperature dependence of the thermoelectric power, S(T ), of selected compositions

in the alloy series (Ce1−xLax)Cu4In are displayed in Fig 6.8. Within the measured temper-

ature range all these compositions exhibit positive values of S(T ) and a single maximum

below room temperature typical of a heavy fermion compound and di�er drastically to

that of a normal metal. The maximum occurs roughly at the same temperature of 30

K. The observed maximum decreases in magnitude with increased La content x but is

retained in all investigated compositions. Rather independent of x. In this respect the

behaviour of S(T ) is di�erent from that of ρ(T ) for this system in that the temperature

maximum occurring in ρ(T ) diminishes signi�cantly with La substitution as is evident in

Table 6.3. These maxima occurring S(T ) are considered to originate from the combined

e�ect of the crystalline electric �eld and Kondo behaviour [215]. The observed maxi-

mum value of S= 62 µV/K at Tmax = 32 K for the parent compound CeCu4In sample

is compatible with that obtained for the same compound in Ref. [88]. The decreases

S(T ) maximum with increasing La content was also observed in other alloys series such

as (Ce1−xLax)Al3 [216, 217], (Ce1−xLax)In3 [218] and (Ce1−xLax)Cu3Al [219]. The anal-

ysis of the measured S(T ) data was carried out in terms of phenomenological resonance

model [220], which describes the low temperature S(T ) data. This model assumes that

the dominant contribution to S(T ) originates from the scattering of electrons from a wide

conduction band into a narrow f -band approximate by a Lorentzian shape. According

to the model, two parameters must be taken into account: the position of the f -electron

band relative to the Fermi level (Ef −EF ) and the width of the resonance peakWf . Thus

the temperature variation of S(T ) can be expressed in the form:
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Figure 6.7: A plot of Tmax and TK values obtained from the resistivity and magnetoresistivity
data versus the change in units cell volume of the alloys in the (Ce1−xLax)Cu4In system. The
solid line is a LSQ �ts of Tmax together with TK to the compressible Kondo model (Eq 6.10).
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Figure 6.8: Temperature dependence of thermoelectric power S(T ) for alloys with x = 0, 0.1,
0.4 and 0.8 of the (Ce1−xLax)Cu4In alloys series, as measured from 2 K to 300 K. The solid red
lines is a LSQ �t of the measured S(T ) data to the phenomenological model given in Eq 6.11.
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S(T ) =
2

3
π2kB
|e|

T.Ef
(π2/3)T 2 + E2

f + (π2/N2
f )W 2

f

+ Sd(T ), (6.11)

where Sd(T )=aT is the Mott's contribution originating from the interband scattering, Ef
and Wf have the unit of temperature (K). The �rst term in Eq 6.11 describes very well

S(T ) of mixed valence system due to their high value of TK . Therefore, to obtain a good

�t shown by solid line in Fig 6.8 the Mott's term was included, and a similar assumption

was taken as in reference [88], considering Ef = TK andWf = πTCEF/Nf , where Nf is the

orbital degeneracy 2J + 1 and TCEF is the characteristic temperature which is a measure

of the CEF. LSQ �ts of Eq 6.11 to the experimental S(T ) data give the parameters listed

in Table 6.3. The resulting parameters obtained for our parent compound CeCu4In are

in good agreement with previously reported results [88]. The behaviour of TK obtained

from S(T ) analysis with La content x is similar to that of Tmax and TK obtained from

resistivity and MR analysis. The position of the DOS peak with respect to the Fermi level

Ef is positive for Ce1−xLaxCu4In and decreases with increasing La concentration. This

means that there should be a DOS peak just above the Fermi level. It is also observed

that the width of the narrow band Wf does not change signi�cantly with La concentra-

tion and is almost of the same order of magnitude for all compounds. Since the Wf does

not change with La concentration, one accepts that the values of TCEF are similar for all

compounds. The values of TCEF were calculated by taking maximum orbital degeneracy

for Ce Nf = 2J + 1 = 6. These values are very close to those values of TCEF obtained for

(Ce,La)Cu4Al which are also independent of La concentration [134].

Table 6.3: Parameters values obtained from LSQ �ts of S(T ) to the phenomenological model
described in Eq 6.11.

x Ef [meV] Wf [meV] a[µV/K2] TCEF [K] TK [K]

0 20.1(3) 0.412(8) 0.022(2) 95 21.8

0.1 11.3(8) 0.340(3) 0.029(4) 94 17.3

0.4 10.1(2) 0.305(5) 0.024 98 14.9

0.2 6.0(4) 0.233(1) 0.018 96 10.7
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6.3.6 Thermal conductivity

The temperature dependence of the total thermal conductivity, λtot(T ), together with

electronic λelec(T ) and phonon λph(T ) components for selected compositions of the alloys

series Ce1−xLaxCu4In are shows in Fig 6.9. The phonon contribution for which phonons

are heat carriers, was obtained by subtracting the electronic contribution to λtot(T )) as-

suming that the two terms are independent of one another and that there are no other

carriers of heat such magnons. It is further assumed that the electronic contribution is

connected with resistivity through the Wiedemann-Franz law: λelec(T ) = L0T/ρ0, where

L0 = 2.45 ×−8 W Ω/K2 is the Lorentz number. It is observed that λph(T ) predominates

λelec(T ) over wide temperature range of 2 K 6 T 6 130 K, 50 K 6 T 6 150 K, 2 K

6 T 6 110 K and 2 K 6 T 6 75 K for alloys with x = 0.8, 0.4 and 0 respectively.

This dominance of λph(T ) at low temperatures was observed in many Kondo lattice com-

pounds such as CeCu4Ag [133], CeCu4Al [208] and CeNiAl4 [135]. It is noted that the

slope of the linear part of λtot(T ) in the temperature range is increased with decreasing

La content x. At a temperature below 20 K, λtot is proportional to T , which is typical for

scattering of electrons from lattice imperfections. At temperature above 150 K, λtot(T )

for dilute Ce alloys deviate from linearity, with a downward curvature and a tendency

toward saturation above 300 K. Such a saturation of λtot(T ) follows the Willson's law

which predicts a constant value of λtot(T ), typical for scattering electrons from thermally

excited phonons only when the phonon excitation rate is constant in temperature [137].

The linear behaviour of λtot(T ) for the pure Ce compound is not predicted theoretically

and was seen frequently in most heavy fermion compounds such as CeCu4Ag [133] and

CeCu4Al [208]. It is also noted that the value of λtot(T ) decreases with La content x.

Such was also observed in the alloy series (Ce1−xLax)Cu4Al and was attributed to the

enhancement of mass and volume �uctuations in the alloys series [208].

Combining the results of λtot(T ) and ρ(T ), the plot of the Lorentz number L(T ) =

λtot(T )ρ(T )/T normalized to the value of L0 is shown in Fig 6.10 with the inset showing

the reduced Lorentz number scaling to unity at room temperature. It is observed that

the values of L/L0 decrease rapidly with increasing La content x. The overall behaviour

of L/L0 for all investigated compositions is a rapid increase on cooling followed by a

maximum at a temperature Tmax which shifts slightly from 16 K to 9 K with increase

La content x. This is followed by a sudden drop of L/L0 be low Tmax. The observed

maximum decreases in magnitude with increase La content. The increase of L/L0 at low

temperature deviates from the Wiedemann-law which predict L/L0= 1 at high temper-

ature and at T = 0 if the lattice vibration can be neglected. This behaviour may be

attributed to an additional lattice thermal conductivity or can also arise from the energy

dependent Kondo scattering process. Such a tendency was observed for several Ce
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Figure 6.9: Temperature dependence of the total thermal conductivity, λ(T ) for
(Ce1−xLax)Cu4In alloys with x = 0, 0.1, 0.4 and 0.8 together with the phonon, λph(T ) and
electronic contributions, λelec(T ).
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6.3. Results and discussions 139

Figure 6.10: Temperature dependence of the reduced Lorentz number L/L0 alloys with x =
0, 0.1, 0.4 and 0.8 in the (Ce1−xLax)Cu4In system, as measured from 2 K to 300 K. The inset
shows the temperature dependence of the reduced Lorentz number L/L0 scaled to unity.
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6.3. Results and discussions 140

compounds [133, 135, 208]. Finally for application point of view, it will be useful to com-

pare the values of the dimensionless �gure of merit:

ZT = S2T/λρ, (6.12)

which determines the e�ciency of the thermoelectric material to that of the of the con-

ventional thermoelectric materials Bi2Te3 and other heavy-fermion materials. Bi2Te3 is

the common thermoelectric material in power generation or refrigeration with ZT be-

tween 0.8 and 1 [140]. The plot of ZT of the present system is shown in Fig 6.11. It

is observed that ZT values for all the investigated compositions increase on cooling and

exhibit a maximum at temperature between 42 and 48 K. The observed peak increases

in magnitude with increasing La content, opposite to that of L/L0. Our maximum value

for CeCu4In is about 0.06 at T = 48 K and ZT takes the value of 12.5×10−3 at room

temperature. These values are roughly twice larger than the values reported for the same

compound in reference [136] at T= 50 K.

6.3.7 Magnetic susceptibility and magnetization

The temperature variation of the inverse magnetic susceptibility, χ−1(T ), measured in

applied �eld of 0.01 T in the temperature range 2 to 300 K are depicted in Fig 6.12 for

the (Ce1−xLax)Cu4In alloys with 0 6 x 6 1. The �eld of 0.1 T was chosen since the �eld

dependent magnetization was linear in this �eld range for all compositions at all tem-

peratures. χ(T ) data obtained for the parent compound CeCu4In are in good agreement

with that reported in ref [204]. It is observed the reciprocal paramagnetic susceptibility

follows a Curie-Weiss relation over an extended temperature range above 100 K

χ−1(T ) = 3kB(θP − T )/NAµ
2
eff . (6.13)

LSQ �ts of the experimental data against Eq 6.13 in the temperature range 100 to 300

K are shown as solid line in Fig 6.12. Parameters obtained from the �ts are gathered in

Table 6.4 . The e�ective magnetic moment values obtained across the series are in fair

agreement with the expected free-ion value of 2.54 µB that correspond to the free Ce3+

ion. Values of the paramagnetic Curie temperature constant vary in an irregular manner

across the alloys series, whereas one would expect for Ce Kondo systems that |θp| ∼ TK

should decrease monotonically with increase La content. This anomalous result is likely

due to di�erent degrees of preferred crystalline orientation in the di�erent compositions
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Figure 6.11: Figure of merits ZT of selected compositions in the alloy series (Ce1−xLax)Cu4In.
The solid red lines are guides for the eye.
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6.4. Conclusion 142

also observed for (Ce1−xLax)Cu5In [212]. At low temperature χ−1(T ) deviate from the

Curie-Weiss behaviour, which suggests a depopulation of the crystal-electric levels asso-

ciated with 4f Ce ions. No evidence of magnetic ordering was found down to 2 K for

CeCu4In as well as La substituted alloys from χ(T ) measurements.

The �eld dependencies of magnetization M(µ0H) measured at 1.7 K in a �eld up to

5 T are depicted in Fig 6.13. It is observed that M(µ0H) shows no hysteresis e�ect with

increasing and decreasing �eld as well as no metamagnetic behaviour for all compositions.

The magnetization value at 5 T increases with La content ranging from 0.3 µB to 0.55

µB for CeCu4In and (Ce0.1La0.9)Cu4In respectively.

Table 6.4: Values of paramagnetic Curie temperatures θP and the e�ective magnetic moment
µeff of (Ce1−xLax)Cu4In series, resulting from LSQ of the inverse magnetic susceptibility χ−1

data to Curie-Weiss Law.

x µeff [µB] −θP [K]

0 2.50(3) 64.9(4)

0.1 2.52(3) 55.5(7)

0.2 2.56(2) 76.27(3)

0.3 2.59(5) 74.4(2)

0.4 2.48(2) 68.4(4)

0.6 2.65(5) 82(3)

0.8 2.51(2) 57(4)

0.9 2.63(1) 59(2)

6.4 Conclusion

XRD studies con�rm the orthorhombic CeCu4.38In1.62-type crystal structure with space

group Pnnm (No. 58). The linear increase in unit cell volume values with increasing La

content x obtained from the XRD analysis con�rms the Vegard's rule. ρ(T ) measurements

clearly illustrate the evolution from dense Kondo to incoherent single-ion Kondo scattering
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Figure 6.12: Temperature dependence of inverse magnetic susceptibility, χ−1(T ) of the
(Ce1−xLax)Cu4In �tted to Curie-Weiss Law (red solid lines) at higher temperatures. The data
of all compositions were measured in B = 0.01 T.
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Figure 6.13: Field dependence of magnetization M(µ0H) for (Ce1−xLax)Cu4In alloys series,
as measured up to 5 T and at a temperature T = 1.7 K.
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with increase La content. A negative MR and positive S(T ) data are observed for all

compositions. The positive S(T ) is likely to be understood in terms of the combined

e�ects of the crystalline electric �eld and the Kondo behaviour. MR data are interpreted

within the single-ion Bethe ansatz description of the Coblin-Schrie�er model. S(T ) data

are described by the phenomenological resonance model. The resulting Tmax values at

which a maximum occurs for the coherent dense Kondo alloys together with the TK
values obtained from MR analysis are used in a compressible Kondo lattice description of

the system. Susceptibility measurements at higher temperatures give e�ective magnetic

moment in fair agreement with the Ce3+ value.
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Chapter 7

E�ect of La dilution and ligand

substitution on the Ce8Pd24Al

antiferromagnetic Kondo lattice

compound

7.1 Introduction

The CePd3 alloy is well identi�ed to be an archetypical intermediate valence (IV) com-

pound at room temperature and atmospheric pressure [221]. This compound is found

to form in cubic AuCu3-type structure with space group Pm3m in which the Ce atoms

are situated in the cubic corners and the Pd atoms in the cubic faces. Various studies

[222, 223] on the magnetic susceptibility of this compound indicate a broad peak near

120-130 K. The study of thermoelectric power indicates that this compound possesses

much larger value than normal metal and shows a maximum of approximately 125 µ

V.K−1 at the same temperature as the resistivity maximum at 120 K [221, 224]. The heat

capacity study reveals that the Summerfeld coe�cient (γ) of this compound is about 39

mJ.mole−1.K−2, and X-ray photoemission spectra (XPS) results indicate the valence of

Ce has a value of 3.3 at a temperature of 300 K [225].

The e�ect of dilution of Ce by Y as well as the substitution Pd by Rh or Ag are re-

ported in several studies. For instance, the dilution of Ce by La [226] or Ce by Y [227]

lead to a crossover from IV to a trivalent state. The substitution of Pd by Rh [228] show

non-magnetic behaviour, whilst the substitution of Pd by Ag [229] reveals a Kondo-like

behaviour. On other hand, several studies [230�237] on the e�ect of inserting other atoms

(specially P block-atoms) into the structure of CePd3 have been reported. The resulting

146
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compounds CePd3Mx, are thought to have the same cubic AuCu3-type structure as the

parent compound CePd3, with the M atoms occupying the centre of the cube. However,

the insertion of the M atoms considerably modify the chemical medium of the 4f -electron

states of the Ce atom, thus resulting in changing the IV state found in CePd3 to a triva-

lent state in the new compounds. Therefore, the new compounds may manifest Kondo

behaviour or magnetic ordering at low temperatures. For instance, the IV state of CePd3

is changed to that of a magnetic Kondo state in CePd24Ga0.125 [237], while it is changed

to single-ion Kondo behaviour in the case of inserting silicon [235].

The group of compounds Ce8Pd24M which are closely related to CePd3Mx have been

the subject of several experimental investigations due to the interesting magnetic ground

state properties [238�241]. These compounds crystallize in a cubic superstructure closely

related to the cubic AuCu3-type structure of CePd3 and is composed of a cube with eight

unit cells of CePd3 with an a axis double that of CePd3. The M atoms are situated at

the center of only certain palladium octahedrals [238�240], pushing the palladium atom

outward from the faces of the cube. Most of these compounds order magnetically below

10 K. The existence of a magnetically ordered state in this group of compounds depends

on a balance between the indirect RKKY exchange interaction and the on-site Kondo hy-

bridization between the 4f electrons and the conduction electrons [242]. For compounds

with M elements belonging to group 4A elements, e.g. Ge and Sn, the electrical resistivity

behaviour is characteristic of electron-phonon scattering in the presence of crystal-electric

�eld e�ect. The low-temperature magnetic susceptibility for these alloys show a typical

antiferromagnetic peak at the Néel temperature. For instance, Ce8Pd24Ge order at TN
= 5.3 K, while Ce8Pd24Sn exhibits the highest magnetic ordering temperature of this

series at TN = 7.5 K [238, 239]. In the case of compounds with M belonging to group 3A

elements, e.g; Ga, Al and In and transition elements like Mn and Zn, ρ(T ) shows strong

Kondo interactions. For Ce8Pd24Al in particular, ρ(T ) curve shows a strong Kondo in-

teraction with a Kondo peak Tmax = 14 K and a large region of negative temperature

coe�cient of resistivity from 14 to 300 K. Below Tmax, ρ(T ) shows a sudden drop, sug-

gesting coherence e�ect [238, 239]. Antiferromagnetic phase transition was observed at

TN = 4.6 or 4.7 K [241, 243]. FC and ZFC χ(T ) indicate spin-glass behaviour for this

compound below TN .

The e�ect of changing Al concentration in Ce8Pd24Alx and the substitution of 50% Al with

Zn in the parent dense Kondo lattice antiferromagnet Ce8Pd24Al were reported [243, 244].

For Ce8Pd24Alx, χ(T ) data indicates AFM for compositions in the range 0.96 ≤ x ≤ 2,

while high temperature χ(T ) follows the Curie-Weiss behaviour. ρ(T ) results indicate

evolution from intermediate valence state in the Al-poor alloys to Kondo behaviour with
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increasing Al concentration up to x = 1.5 [243]. Above this concentration, ρ(T ) behaviour

is characteristic of electron-phonon scattering in the presence of crystal-electric e�ect. The

intermediate valence state at Al-poor alloys are characterised by a strong-hybridization

with a non-magnetic ground state. On the other hand, the substitution of Al with Zn

by 50% expands the lattice marginally and ρ(T ) behaviour is characteristic of a coherent

Kondo lattice scattering with a Kondo peak at 10 K. The Zn substitution increases TN
by 0.2 K [243]. In the case of (CePd3)8Mn, the Mn sublattice undergoes a ferromagnetic

transition around 35 K, while the Ce ions form a dense Kondo lattice and are in a para-

magnetic state down to 1.5 K [245]. The heat capacity study of (CePd3)8Mn indicates a

strongly correlated ground state arising from Kondo e�ect with a Summerfeld coe�cient

value γ = 275 mJ/mole.K2 [245].

In view of this peculiar magnetic character of the family of compounds Ce8Pd24Al, we

undertook to investigate the e�ect of Ce dilution with La as well as ligand substitution of

Al with Sn on the magnetic and Kondo behaviour in Ce8Pd24Al, through measurements

of ρ(T ), magnetoresistivity (MR), thermoelectric power (S(T )), thermal conductivity

(λ(T)), magnetic susceptibility (χ(T )) and magnetization (M (µ0H )).

7.2 E�ect of La dilution on Ce8Pd24Al compound

7.2.1 Sample characterization

Polycrystalline samples of the alloy series (Ce1−xLax)8Pd24Al were prepared by arc-melting

using the same procedure described in section 3.1. Metals of the following purity in wt%

were used: Ce, 99.98%; La, 99.98 %; Pd, 99.97%; Al, 99.9999%. For all samples a weight

loss less than 1% were recorded. The quality of samples were checked by X-ray powder

di�raction (XRD) at room temperature using a Bruker D8 Advance powder di�ractometer

with a CuKα radiation (λ = 1.540598 Å). The di�raction patterns were analysed using

the cell and intensity least square (CAILS)-Pawely method from TOPAS ACADEMIC

programme. All the samples investigated were found to be single phase materials. No

evidence of parasitic phase or unreacted elements was found in the XRD patterns.

7.2.2 Results and discussions

XRD patterns con�rm the superstructure closely related to the cubic AuCu3-type struc-

ture with space group Pm3m of CePd3. An example of a comparison of experimental and

re�nement X-ray di�ractograms together with its di�erence curve (i.e di�erence between

experimental and Rietveld calculated intensities) of the parent compounds Ce8Pd24Al and
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La8Pd24Al are shown in Fig 7.1. The resultant parameters as a function of La content

x are displayed in Fig 7.2 showing a linear increase with x consistent with Vegard's rule

which suggests the stability of the Ce valence across the series as well as no change in

the number of conduction electrons, which ensures metallic bonding of the alloy system.

The lattice parameters of the two end compounds are in good agreement with previous

reported results [243].

7.2.2.1 Electrical resistivity

The temperature dependencies of ρ(T ) data are shown in the main panel of Fig 7.3.

It is observed that ρ(T ) at low temperatures evolves from coherent Kondo scattering for

concentrated Ce alloys with a well de�ned Kondo peak at Tmax (see Table 7.1) to incoher-

ent single-ion Kondo behaviour for diluted Ce alloys. The observed resistivity maximum

arises from the combined Kondo and crystalline-electric-�eld (CEF) e�ects as explained

theoretically in refs.[246, 247]. At high temperatures ρ(T ) for all compositions are char-

acteristic of a −lnT increase upon cooling the samples, which could be attributed to the

hallmark of Kondo-type interactions of the conduction electrons with the localized Ce

magnetic moments. This behaviour of ρ(T ) at high temperature is expressed as:

ρ(T ) = (ρ0) + bT − CK ln(T ), (7.1)

where ρ0 includes, in addition to the electron-defect scattering component, a large tem-

perature independent spin disorder component at T = 0 [246] and possibly a Nordheim

like contribution resulting from atomic disorder due to the presence of two kinds of atoms

(Ce, La) in the Ce8Pd24Al Kondo lattice [248]. The second term is the high temperature

approximation of the phonon contribution resulting from the Bloch-Grüneissen formula

[209] with b a coe�cient related to both the Debye resistivity temperature (θR) and κ a

coe�cient giving information about the strength of the electron-phonon interaction. The

third term is the 4f magnetic contribution where the coe�cient CK gives information

about the magnitude of the on-site interaction between the local Ce-4f electrons and the

conduction electrons and is proportional to the electronic density of states at the Fermi

level, N (EF ) [73]. Least-squares (LQS) �ts of ρ(T ) data above 40 K for all compositions

to Eq 7.1 (solid curves in Fig 7.3) yield values of ρ(T ) parameters gathered in Table 7.1.

It is observed that CK values decrease with increasing La content x which indicate
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Figure 7.1: CAILS-Pawley (cell and intensity least squares) analyzed di�raction patterns for
Ce8Pd24Al and La8Pd24Al alloys. The observed data are shown by green symbols and the solid
black lines through the data represent the results of the CAILS-Pawley re�nement. The lower
red curves are the di�erence curves for the experimental data and the calculated curve.
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Figure 7.2: Unit cell volume V for the (Ce1−x lax)8Pd24Al alloys as a function of La concen-
tration x.
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Table 7.1: ρ(T ) parameters resulting from the LSQ of Eq 7.1 to experimental data of the alloys
series (Ce1−xLax)8Pd24Al.

x ρ0 [µΩ.cm] b[10−8 Ω.cm/K] CK [µΩ.cm] Tmax[K]

0 232(8) 210(8) 30.8(2) 9

0.1 175.9(6) 0.0378(3) 20.6(2) 7.5

0.2 161.7(4) 0.0293(2) 19.2(1) 6.5

0.3 115.8(4) 0.0184(5) 11.6(3) 5.1

0.8 58.1(1) 0.0443(3) 6.1(2)

0.9 48.7(2) 0.0552(4) 5.7(1)

a decrease in N(EF ) and hence a suppression of Kondo e�ect. It is observed from Table

7.1 that ρ0 decreases with increasing La content x. Such behaviour is in contrast with the

behaviour of ρ0 observed in (Ce1−xLax)Cu6 [249], since increasing La content leads to an

increased disorder only up to x = 0.5 according to the Nordheim's rule of residual resistiv-

ity of binary compounds. This deviation from the increase in ρ0 with increase La content

may originate from other factors we could not explain with the present data. Since the

values of the atomic mass of Ce and La are nearly the same, the lattice vibrational spec-

tra of these alloys and hence the Debye resistivity temperature (θR) are expected to be

similar. It is noted from Table 7.1 that, the constant b values follow an irregular variation

with increasing La content in contrast to the expected similar value. This deviation may

originate from the di�erence in the electron-phonon interaction at high temperatures. Fig

7.4 represents the magnetic resistivity ρ4f (T ) for the (Ce1−xLax)8Pd24Al system. Due to

the resistivity of the non-magnetic compound La8Pd24Al was not measured along with

the other compounds in this series, ρ4f (T ) was calculated from the parameters that were

obtained in Table 7.1 using the equation:

ρ4f (T ) = ρ(T )− bT − CK ln(T ). (7.2)

It is observed at low temperature that ρ4f (T ) shows a maximum only for alloys with

x 6 0.3, which illustrates the coherence of electrons scattering from the Kondo ions thus
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Figure 7.3: ρ(T ) data of the (Ce1−x lax)8Pd24Al alloys with 0 6 x 6 0.9. The solid red lines
are LSQ �ts of the measured data to Eq 7.1.
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Figure 7.4: Magnetic resistivity ρ4f (T ) of the (Ce1−x lax)8Pd24Al alloys series.
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leading to the formation of a Kondo lattice. A similar behaviour has been observed in

(Ce1−xLax)Cu6 [249] and (Ce1−xLax)B6 [219]. For alloys with x > 0.3, ρ4f tends to

saturation as T→0.

7.2.2.2 Magnetoresistivity MR

MR measurements were performed for dilute Ce alloys for which ρ(T ) exhibits incoherent

single-ion Kondo scattering −lnT across the range of MR �tting (x = 0.4, 0.6 and 0.8).

For all three compositions negative MR has been observed at all temperatures up to 20

K as a result of suppression of the incoherent Kondo scattering in a magnetic �eld as

shown in Fig 7.5 for two representative compositions x= 0.4 and 0.6. The analysis of the

MR results proceeded in terms of the Bethe-ansatz calculation of the Coqblin-Schrie�er

model given by Andrei [25] and Schlottmann [27] for various values of the total angular

momentum J of the Kondo impurity between
1

2
and

5

2
:

ρ(B, T )

ρ(B = 0, T )
=
[ 1

2J + 1
sin2(

πnf
2J + 1

)
2J∑
l=0

sin−2(πnl)
]−1

, (7.3)

where nf is the f -electron occupation number. An exact solution was obtained for the

spin
1

2
case notwithstanding that the Ce3+-ion has J =

5

2
, since the CEF for cubic sym-

metry split the J =
5

2
into a ground-doublet with an e�ective J =

1

2
spin impurity at

low temperatures and an excited quartet at high temperatures. This result corroborates

the results of the thermoelectric power analysis (see section 7.2.2.4) where the dominant

energy scale is the CEF leading to the quenching of the 4f hybridization which gives

itinerant 4f character at low temperatures, which also produces heavy fermion state for

which Ce behaves as spin
1

2
as it does in many heavy fermion systems. LSQ �ts of the

Bethe-ansatz theory of MR (Eq 7.3) to the experimental isothermal MR data (solid curves

main panel of Fig 7.5) yields values of the characteristic B∗ related to TK according to

the relation [83]:

B∗ = B∗(0) +
kBT

gµK
=
kB(TMR

K + T )

gµK
, (7.4)

where kB is the Boltzmann constant, gJ is the Landé factor and µK is the e�ective

magnetic moment of the Kondo ion. LSQ �ts of B∗ values obtained at the isotherms in

Fig 7.3 to 7.4 are shown by solid lines in the insets of Fig 7.5. The resulting values of TK

and µK are gathered in Table 7.2. Similar to CK , it is observed that TK values decrease
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Figure 7.5: Magnetic �eld variation of ρ(T ) at a number of sample temperature for the alloys
(Ce1−x lax)8Pd24Al with x = 0.4 and 0.6. The solid red lines are LSQ �ts of the Bethe-ansatz
theory of MR, Eq 7.3, to the measured data. The inset shows the temperature variation of the
characteristic �eld B∗(T ) and the solid line through the data points is a LSQ �t of Eq 7.4 to the
B∗ values.
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with increasing La content x. This results from the increase in unit-cell volume which in

turn weakens the on-site Kondo exchange interaction according to the compressible Kondo

lattice model [210]. Fig 7.6 illustrates the excellent scaling of the Schlottmann models for

J =
1

2
. The MR data at various temperatures have been scaled to the theoretical curve

by adjusting the temperature dependence of B∗(T ) at each temperature. The scaling

behaviour is excellent in the temperature range 4 6 T 6 20 K for the three compositions.

Table 7.2: MR parameters resulting from the LSQ �ts of Eqs 7.3 and 7.4 (Fig 7.5) of the alloy
series (Ce1−xLax)8Pd24Al with x= 0.4, 0.6 and 0.8.

x TK [K] µK [µB]

0.4 5.6(6) 0.159(5)

0.6 4.3(4) 0.154(3)

0.8 3.1(2) 0.114(7)

7.2.2.3 The volume dependence of TK

The variation of TK with La concentration, TK(x) is often described in terms of the com-

pressible Kondo lattice model [210] where

Tx(x) = Tx(0)exp

[
−q(V − V0)

V0|JN(EF )|0

]
. (7.5)

V (x) and V 0 are the volumes of the unit cell for the La-doped alloy and the Ce8Pd24Al

parent compound respectively. γ is the on-site Kondo interaction, N(EF ) is the electronic

density of states at the Fermi level and q is a constant taking values between 6 and 8 [210].

Our results were interpreted in terms of the compressible Kondo lattice model (Eq 7.5) by

assuming that for the dense Kondo systems, Tmax the temperatures of ρ(T ) maxima are

a fair indication of the Kondo temperature TK . A similar decrease in Tmax and TK with

increase in La content x or the relative change in unit cell volume is observed (see Fig

7.7). It should be noted that, the decrease of Tmax and TK with increasing La content x

may also be due partly to spin dynamics, owing to intersite exchange interaction usually

observed in magnetic Kondo systems [250, 251]. A plot of Tmax and TK values against

(V (x)−V0/V0) as obtained from our XRD measurements is depicted in Fig 7.7. Both data

sets show a smooth decrease with volume increase. LSQ �t of Eq 7.5 to the combined
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7.2. E�ect of La dilution on Ce8Pd24Al compound 158

Figure 7.6: Magnetoresistivity data for di�erent isotherms of the (Ce1−x lax)8Pd24Al alloys
with x = 0.4 and 0.6 as measured in �eld up to 9 T and at various temperatures between 4
and 20 K are shown to scale well with the Bethe-ansatz formulation of the single-ion Kondo
magnetoresistivity.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 159

Figure 7.7: A plot of Tmax (closed symbols) and TK (opened symbols) values obtained from
the resistivity and magnetoresistivity respectively as a function of the relative change in unit cell
volume (V −V0)/V0 as obtained from our X-ray di�raction measurements. The solid curve is an
LSQ �t of Eq 7.5 to the Tmax and TK values.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 160

data sets gives the solid line through the data points in Fig 7.7). Using the constant q

= 6, the analysis gives |Γ.N(EF )|0 = 0.077(2) for Ce8Pd24Al which may be compared to

the values obtained for many Kondo and heavy-fermion systems such as 0.053 and 0.09

obtained for CeCu5In [212] and CeCu6 [213] respectively.

7.2.2.4 Thermoelectric power

The thermoelectric power (TEP) versus temperature, S(T ), measurements on selected

compositions are shown in Fig 7.8. Except for the parent compound Ce8Pd24Al, S(T )

data show a crossover from positive to negative values over the whole measured tempera-

ture range. The overall behaviour of S(T ) data is similar for all measured compositions,

showing a pronounced minimum at low temperature. This pronounced minimum and a

cross-over to positive S(T ) values is typical for magnetically ordered Kondo compounds

[137]. The high temperatures S(T ) data is dominated by a broad maximum which may

be due to the competition between crystal electric �eld (CEF) and Kondo e�ect and

possibly due to phonon drag e�ect and / or the inelastic scattering of charge carriers by

acoustic phonons also observed in many Ce compounds [88, 133]. However, S(T ) data of

the measured compositions were analysed using phenomenological resonance model [89].

In this model, the dominant contribution to the thermoelectric power is caused by the

scattering of electrons from the wide s-band into a narrow f-band approximated by the

Lorentzian shape. According to this model, S(T ) can be expressed by:

S(T ) =
2

3
π2kB
|e|

T.Ef
(π2/3)T 2 + E2

f +W 2
f

(7.6)

where Ef and Wf taken in units of Kelvin, are the position of the f -band peak relative to

the Fermi level EF and its width, respectively. It was observed that, Eq 7.6 satisfactorily

described S(T ) data of a large number of Ce based intermediate valence compounds

characterized by large values of TK . Similar to the heavy fermion-compounds CeCu4In

and CeCu4Ga [203, 204], Ce8Pd24Al is a moderate heavy fermion compound with low TK

value, therefore Eq 7.6 describes the scattering of conduction electrons on an ensemble of

incoherent impurities than on a narrow f -band [88]. Accordingly, in our case Wf in Eq

7.6 can be related mainly to temperature of CEF (TCEF ) according to the assumption

given in Ref [88], (i.e Wf =
πTCEF
Nf

, where Nf = 2J + 1 is the orbital degeneracy with

J being the angular momentum quantum number). In order to obtain a good �t for our

S(T ) data, Mott's term (Sd =
π2k2

BT

3eEF
) is included to Eq 7.6, which accounts for the usual

nonmagnetic Mott-type scattering of electrons in a broad 5d− 6s conduction band which
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7.2. E�ect of La dilution on Ce8Pd24Al compound 161

Figure 7.8: The thermoelectric power versus temperature, S(T ), data of the (Ce1−x lax)8Pd24Al
alloys with x = 0, 0.3 and 0.4. The red solid curves are the �ts of S(T ) data to the phenomeno-
logical resonance model.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 162

Table 7.3: Thermoelectric data of the alloys series(Ce1−x lax)8Pd24Al with x = 0, 0.3 and 0.4.

x 0 0.1 0.3

Ef [meV] 1.39(2) 2.4(1) 1.038(8)

Wf [meV] 12.4(1) 11.0(1) 13.92(7)

a[µ V/K2] 21.7(5) 10.2(4) 3.7(2)

EF [eV] 1.13(3) 2.4(1) 6.6(4)

TCEF [T] 274 333 308

is determined by Fermi energy [252, 253]. LSQ �ts of the measured S(T ) to Eq 7.6 plus

the Mott's term above 50 K for the alloys with x= 0, 0.3 and 0.4 gives S(T ) parameters

gathered in Table 7.3. The values of TCEF were obtained by using a degeneracyNf = 6 and

the values of the Fermi energy were calculated using Mott's term. It has been reported that

the temperature dependence of thermoelectric power in the Kondo lattice system arises

from two contributions: the Kondo scattering from the ground state which gives rise to a

maximum at low temperature around TK and the incoherent scattering at excited CEF

levels which gives rise to a broad high temperature anomaly at Tmax ≈(
1

3
-
1

6
)TCEF [215].

The shoulder observed in S(T ) data at low temperatures presumably may originates from

the Kondo scattering scattering at the ground state while the broad maximum at high

temperature originate from incoherent scattering at the excited CEF levels with Tmax ≈
1

3
TCEF . The obtained Fermi energy values are typical of a normal metal. Our values of

Wf are three times larger in magnitude compared to the values obtained for many Ce

compounds such as CeCu4Al [208]. CeT4M (T=Cu, Ni; M=In, Ga) [88], CeNi4Cr [136].

Ce1−xLaxCu4Al [134]. Similar to other Ce-based compounds [88, 133, 136], the positive

values of Ef obtained for our alloys system indicate that the density of state peaks are

just below the Fermi energy.

7.2.2.5 Thermal conductivity

The temperature dependencies of the thermal conductivity λ(T ) on selected alloys in

Ce1−xLaxPd24Al system with x = 0, 0.3 and 0.4 are shown in Fig 7.9. It is seen that

λ(T ) data for the three compositions decrease almost linearly upon cooling the samples.

Furthermore, the slope of the linear decrease in λ(T ) decreases with an increase in La
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7.2. E�ect of La dilution on Ce8Pd24Al compound 163

Figure 7.9: Temperature dependence of the total thermal conductivity, λ(T), for (Ce1−x
lax)8Pd24Al alloys with x = 0, 0.3 and 0.4.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 164

concentration x. It should be noted that the linear decrease of λ(T ) from room tem-

perature down to 2 K is in contradiction with Wilson's law which predicts a constant

value of λ(T ), typical for scattering electrons on thermally excited phonons [137]. Fig

7.10 shows the temperature dependencies of λ(T ) of two alloy compositions x = 0 and

0.4, together with the separated phonon (λph(T )) and electronic contribution (λe(T )).

The phonon contribution is obtained by subtracting the electronic contribution from the

total λ(T ) and assuming that the two terms are independent of one another and that

there are no other carriers of heat (such as magnons). We further assume that λe(T ) the

electronic contribution is connected with resistivity through the Wiedemann-Franz Law:

λe=L0T/ρ0 where L0 = 2.45 ×−8 W.Ω.K−2 is the Lorentz number. It is observed that

λph(T ) for both alloys predominates λe over a wide range of temperatures (2 K 6 T 6

150 K).

7.2.2.6 Lorentz number and Figure of Merit

The Lorentz number, L/L0 scaled to unity at room temperature is shown in Fig 7.11 for

x= 0 and 0.3 alloys. L/L0 increases gradually below 300 K and reaches a peak around 6 K

followed by a sudden drop below 6 K. The growth of L/L0 on cooling the samples con�rms

the predominance of the phonon contribution (λe(T )) to the total thermal conductivity

λtot as shown in Fig 7.10. Similar behaviour was observed in many other compounds

[88, 134, 136]. Furthermore, the slope of the linear decrease in λ(T ) as well as the

magnitudes of L/L0 maximum decrease with increasing La content x. According to the

Wiedemann-Franz Law L/L0 should aim at unity in the whole temperature range if the

lattice vibration can be neglected. Therefore, the decrease observed in L/L0 maximum in

our system indicates the suppression of the lattice vibration with increase in La content

x.

For application point of view, it will be useful to compare the values of �gure of merit

ZT =
S2T

λρ
with that conventional thermoelectric material Bi2 Te3 and the other heavy-

fermion compounds. ZT as well as the thermoelectric power factor (PF =
S2

ρ
) provide

information about the e�ciency of the thermoelectric materials. It should be noted that to

obtain a good thermoelectric material, one has to minimize both the thermal conductivity

and the electrical resistivity. Fig 7.12 shows ZT of the parent compound and one selected

composition x = 0.3. It is observed that ZT value of the parent compound at room

temperature (10.7×10−3) is much larger compared to the alloys composition x = 0.3 with

a value of 4 × 10−3. Both compounds exhibit a maximum at high temperature at 17 K

with peak value of 13.7 for the parent compound at 140 K with a peak value of 8.3 for x

= 0.3. A similar behaviour was also observed for other heavy fermion compounds such
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7.2. E�ect of La dilution on Ce8Pd24Al compound 165

Figure 7.10: Temperature dependence of the total thermal conductivity, λ(T ), for (Ce1−x
lax)8Pd24Al alloys with x = 0 and 0.4 together with the phonon, λph(T ) and electronic contri-
butions, λe(T ).
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7.2. E�ect of La dilution on Ce8Pd24Al compound 166

Figure 7.11: Lorentz number, L/L0 scale to unity, for (Ce1−x lax)8Pd24Al alloys with x = 0
and 0.4.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 167

Figure 7.12: Temperature dependencies of the thermoelectric �gure of merit (ZT) of the (Ce1−x
lax)8Pd24Al alloys with x = 0 and 0.3.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 168

as CeCu4In and CeCu4Ga with a peak at Tmax = 50 K [136]. The thermoelectric power

factor reach the maximum values of 4.4µ W/cm.K2 at T = 147 K and 3.3 µ W/cm.K2 at

T = 140 K for x = 0 and 0.3, respectively. These values of ZT and PF are tiny compared

to that of the conventional thermoelectric material Bi2 Te3 with the values of ZT = 1

and PF = 40 µ W/(cm.K2) at room temperature.

7.2.2.7 Magnetic susceptibility and magnetization

The inverse magnetic susceptibility,χ−1(T ) data are shown in Fig 7.13. It is observed that

χ−1(T ) data convey a Curie-Weiss (CW) magnetic behaviour for all compositions above

50 K, giving an e�ective magnetic moment, µeff and a paramagnetic Weiss constant θP
value listed in Table 7.4, when �tted to the CW relation:

χ−1 =
3kB(T − θP )

NAµ2
eff

(7.7)

where NA is the Avogadro's number and kB is the Boltzmann constant. The obtained

µeff values for all compositions are in close agreement to the value of 2.54 µB expected

for the free Ce3+-ion. Deviation at low temperature may be attributed to magnetocrys-

talline anisotropy. Values of θP change in irregular manner which may be ascribed to

di�erent degrees of preferred crystalline orientation in the di�erent alloy samples. Also

they show negative but somewhat smaller values which are consistent with the observed

antiferromagnetic interactions. The low temperature χ(T ) data for compositions showing

magnetic order are displayed in the Fig 7.14. χ(T ) data show an AFM anomaly associated

with TN listed in Table 7.4. The observed TN values decrease linearly with increasing La

content x (see top inset of Fig 7.14) and extrapolation to TN = 0 give a critical concen-

tration value xc = 0.35. The value of TN = 4.3 K observed for the parent compound

Ce8Pd24Al is slightly smaller from TN = 4.7 K obtained for the same compound in Ref

[243].

M(µ0H) for (Ce1−xLax)8Pd24Al series measured at 1.8 K in �elds up to 5 T is shown

Fig 7.15. It is observed that M(µ0H) increases linearly with �eld up to 5 T for the com-

positions in the range 0 6 x 6 0.2 and deviate from linearity with a downward curvature

for x ≥ 0.25. M(µ0H) values at 5 T increase with increasing x across the series and take

values ranging between 0.44µB and 1.10µB for compositions in the concentration range

0 6 x 6 0.9. This increase of µB is probably symptomatic of the more positive θP values

we observe with increasing La content. The maximum values 1.10 µB for x = 0.9
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7.2. E�ect of La dilution on Ce8Pd24Al compound 169

Figure 7.13: χ−1(T ) data of the (Ce1−x lax)8Pd24Al alloys with the Curie-Weiss �t (red solid
lines) according to the experimental data 50 K.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 170

Figure 7.14: Low temperature χ(T ) data of (Ce1−x lax)8Pd24Al alloys, with the arrows indi-
cating the magnetic phase transition temperature. The top inset shows the variation of TN as a
function of La content x.
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7.2. E�ect of La dilution on Ce8Pd24Al compound 171

Figure 7.15: M(µ0H) data of the (Ce1−x lax)8Pd24Al alloys measured in increasing (closed
symbols) and decreasing (opened symbols) �eld.

http://etd.uwc.ac.za/



 

 

 

 

7.2. E�ect of La dilution on Ce8Pd24Al compound 172

Table 7.4: Magnetic susceptibility parameters of the alloys series (Ce1−x lax)8Pd24Al.

x µeff [µB] −θP [K] TN [K]

0 2.47(1) 23.5(1) 4.3

0.05 2.52(3) 19.2(4) 3.9

0.1 2.46(5) 20.1(2) 3.5

0.15 2.40(2) 15.3(6) 3.1

0.2 2.45(2) 14.2(4) 2.9

0.25 2.41(5) 16.2(3)

0.3 2.48(3) 31.1(4)

0.5 2.51(4) 13.5(2)

0.7 2.44(2) 12.7(5)

0.8 2.48(4) 17.4(3)

0.9 2.43(3) 12.1(4)

is approximately half the theoretical saturation magnetization of full gJJ = 2.14 µB free

C3+ ion moment. This shortfall may be associated with a magnetocrystalline anisotropy

for polycrystalline samples. No evidence of hysteresis was observed in all compositions in

the process of increasing and decreasing �eld.

7.2.3 Conclusion

The present study con�rms the interplay of AFM and Kondo e�ect in (Ce1−xLax)8Pd24Al.

The AFM state is observed from the low temperature χ(T ) for Ce rich alloys while the

Kondo e�ect and dynamics are observed for all compositions. ρ(T ) evolves from coher-

ent to incoherent single-ion Kondo scattering. Results of MR measurements on selected

(Ce1−xLax)8Pd24Al alloys conform with the Bethe-ansatz description of single-ion formu-

lation and are used to obtain TK(x) values. The variations of Tmax(x) and TK(x) are

interpreted in terms of the compressible Kondo lattice model. In diluted alloys, S(T )

data show a crossover from positive to negative values. S(T ) data at high temperatures
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7.3. Ligand substitution on Ce8Pd24Al 173

are well described in terms of the phenomenological resonance model in the high temper-

ature region to give the values TCEF , Ef , and the Mott's constant a which was used to

obtain EF . λ(T ) deviates from Wilson's law, which predicts a saturation of λ(T ) at 300

K. L/L0 increases gradually below 300 K and reaches a peak at around 6 K. χ(T ) data at

high temperatures (50 to 300 K) give e�ective magnetic moments in fair agreement with

the Ce3+ value. The low temperature χ(T ) data indicate AFM-like anomalies associated

with TN while M(µ0H) show no evidence of metamagnetic behaviour.

7.3 Ligand substitution on Ce8Pd24Al

In the present work, the study of Kondo and crystal-eletcric �eld e�ects and magnetic

behaviour in Ce8Pd24Al1−xSnx is reported, by substitution of Al with Sn up to 100%. This

study was done by means of XRD, electrical resistivity, thermoelectric power, thermal

conductivity, magnetic susceptibility and magnetization measurements.

7.4 Experimental details

Polycrystalline samples of the alloy series Ce8Pd24Al1−xSnx were prepared as indicated in

chapter 3. Metals of the following purity in wt% were used: Ce, 99.98%; Pd, 99.97%; Al

and Sn, 99.9999%. The buttons were turned over and remelted several times to ensure

good homogeneity of the samples. Weight losses after melting were always less than 1%.

The quality of the samples were checked by X-ray powder di�raction (XRD) at room

temperature using a Bruker D8 Advance powder di�ractometer with a CuKα radiation (λ

= 1.540598 Å). The di�raction patterns were analyzed using the cell and intensity least

square (CAILS)-Pawley method from TOPAS ACADEMIC programme. All the samples

investigated were single-phase materials. No evidence of parasitic phase or unreacted

elements was found in the XRD patterns.

7.5 Results and discussion

7.5.1 X-ray di�raction and lattice parameter

XRD patterns obtained for some Ce8Pd24Al1−xSnx compounds with x = 0.5, 0.8 and 1, as

a representative examples, together with the CAILS re�nement �ts to the data, are shown

in Fig 7.16. XRD patterns for all compositions reveal single-phase character. The space

group used in the CAILS-Pawley re�nement was Pm3m cubic AuCu3-type structure.

The resulting unit cell volume (V ) as a function of Sn content x are shown in Fig 7.17.
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7.5. Results and discussion 174

Figure 7.16: CAILS-Pawley (cell and intensity least-squares) analysed di�raction patterns for
Ce8Pd24(Al1−xSnx) with x = 0.5, 0.8 and 1. The observed data are shown by green symbols and
the solid red lines through the data represent the results of the CAILS-Pawley re�nement. The
lower black curves are the di�erence curves for the experimental data and the calculated curve.
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7.5. Results and discussion 175

Figure 7.17: The cubic unit-cell volume V as a function Sn content x of the alloys system
Ce8Pd24(Al1−xSn, obtained from the CAILS-Pawley re�nement method. The solid line through
the data points is a linear �t in accordance with the Vegard's rule.
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7.5. Results and discussion 176

It is observed that V (x) increases linearly with x in accordance with Vegard's rule which

suggests the stability of the Ce valence across the series. Sn substitution of Al expands

the unit volume up to 1.87% between the two end compounds. The obtained values of the

lattice parameter a of 8.382 Å and 8.432 Å for the Ce8Pd24Al and Ce8Pd24Sn compounds

are in good agreement with previous reported values [239, 243, 254].

7.5.2 Electrical resistivity

The temperature dependence of ρ(T ) data are shown in Fig 7.18. At high temperatures,

ρ(T ) data for compositions in the concentration range of 0 6 x 6 0.7 are characteristic

of a −lnT increase upon cooling the samples. This behaviour is due to incoherent Kondo

scattering of conduction electrons by the localized 4f moments of Ce atom. Following to

the −lnT increase, ρ(T ) at low temperatures reaches a maximum which arises from the

combined presence of Kondo and CEF e�ects. These combined e�ect on ρ(T ) behaviour

have been explained theoretically by Cornut and Coqblin [246] and later by Fisher [247].

The observed temperature of the resistivity maximum (Tmax) are gathered in Table 7.5.

It is observed from Table 7.5 that, Tmax increases with increase Sn content x or with

unit cell volume V . The increase of V with increase Sn content brings some qualitative

changes in the thermal variation of the total resistivity, also observed in Zn substitution

of Al up to 50% [245]. The increase of Tmax in this system is in contradiction with the

compressible Kondo lattice model which predict a decrease in TK / Tmax with increase

unit cell volume for the dense Kondo systems [210]. This observation may suggest that the

observed resistivity maximum is mainly due to CEF e�ect which indicates the robustness

of CEF against Kondo e�ect. The high temperature ρ(T ) behaviour is described by;

ρ(T ) = ρ0 + ρph(T ) + ρ4f (T ), (7.8)

with ρ(T )ph being the phonon contribution given by [70]:

ρph(T ) = ρ0 +
4κ

ΘR

(
T

ΘR

)5 ∫ ΘR/T

0

x5dx

(ex − 1)(1− ex)
− αT 3, (7.9)

and ρ4f (T ) is the 4f magnetic contribution which account for the Kondo e�ect given by [4]:

ρ4f = ρspd

[
1 + αN(EF )Γsf ln

(TF
T

)]
. (7.10)

α is a constant which depends on the nature of the local moment, TF is the Fermi
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7.5. Results and discussion 177

Figure 7.18: Temperature variations of the electrical resistivity ρ(T ) of Ce8Pd24(Al1−xSnx)
alloys with 0 6 x 6 1. The solid curves are the LSQ �ts of the measured data to Eq 7.8.
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7.5. Results and discussion 178

Table 7.5: Electrical resistivity data of Ce8Pd24(Al1−xSnx) alloys. The values of ρ0, b and CK
were obtained from the high temperature LSQ �ts of the measured data to Eq 7.8. The values
of T ρN were obtained from the position of the divergence of dρ/dT .

x ρ0 [µΩ.cm] b[10−3 µΩ.cm/K] CK [µΩ.cm] Tmax[K] TN [K]

0 232.5(8) 6.2(3) 30.8(2) 9 4.2

0.1 205.6(5) 0.66(2) 27.5(2) 10.4 4.6

0.2 162(1) 1.7 18.3(3) 12.7 4.7

0.3 129(1) 7.2(3) 10.3(4) 21 5.2

0.5 199(1) 10.1(1) 19.1(2) 51 5.5

0.7 171(2) 9.1(3) 15.2(6) 54 5.9

0.8 6.5(1) 6.4

0.9 3.03(4) 6.6

1 3.03(4) 7

temperature , N(EF ) is the density of states at the Fermi level and Γsf is the direct

exchange integral. ρ0 is the temperature-independent residual resistivity due to the

sample-defects scattering of the conduction electrons, also includes a large temperature-

independent spin-disorder component at T = 0 [246]. For the high temperatures least

square (LSQ) �ts of ρ(T ) to Eq 7.8, ρph(T ) was approximated to bT which is approxi-

mately valid in the high temperature region for which we �t the data, with b a coe�cient

giving information about the strength of the electron-phonon interaction. The 4f mag-

netic contribution was also approximated to −CK ln(T ) where the coe�cient CK gives

information about the magnitude of the on-site interaction between the local Ce-4f elec-

trons and the conduction electrons and it is proportional to the density of states at the

Fermi level, N(EF ) [3]. It turns out that the temperature-independent ρ0 also accounts

for the strength of the Kondo interaction. LSQ �ts of ρ(T ) data for compositions in the

concentration range 0 6 x 6 0.7 (solid curves Fig 7.18) gives the resistivity parameters

listed in Table 7.5. For compositions in the concentration range of 0.8 6 x 6 1, ρ(T ) data

is characteristic of electron-phonon scattering in the presence of CEF e�ect, character-

ized by a gradual increasing slope on cooling the sample between 30 K and 100 K which

http://etd.uwc.ac.za/



 

 

 

 

7.5. Results and discussion 179

results from thermal depopulation of the crystal �eld splitting of the 4f states. Such

behaviour was also observed from the same compound Ce8Pd24Sn by Gordon et al. [254].

It is observed from Table 7.5 that the values of CK decrease gradually with increasing

Sn content x, suggesting the decrease of the Kondo e�ect and the increase of CEF e�ect.

Fig 7.19 displays the low temperature ρ(T ) data for all measured compositions. One can

see that, ρ(T ) data show a sudden drop at a temperature TN due to the freezing of spin

disorder from the alloys and the resultant decrease in the magnetic scattering of charge

carriers. The resulting values of TN were obtained from the position of the divergence in

dρ/dT and listed in Table 7.6 . It is observed that TN increases gradually with increased

Sn content x. The observed values of TN for the two end compounds 4.2 K for Ce8Pd24Al

and 7.0 K for Ce8Pd24Sn are in good agreement with previous reported values of 4.7 K

[243], 4.3 K [241] for Ce8Pd24Al and 7.5 K for Ce8Pd24Sn [239, 254]. Below TN , ρ(T ) is

well described by the spin-wave dispersion relation with energy gap ∆ρ given in the form

[74]:

Table 7.6: Low temperature electrical resistivity data of Ce8Pd24(Al1−xSn)alloys. The pref-
actor A, the energy gap ∆ and the residual resistivity ρ0 were obtained from LSQ �ts of the
spin-wave dispersion relation (Eq 7.11) to the measured data in Fig 7.19.

x ρ0 [10−8Ω.m] A[10−8 Ω.m/K−2] ∆ [K]

0 64.5(4) 8.0(3) 9.3(3)

0.1 62.6(1) 6.97(9) 10.9(1)

0.2 59.6(3) 5.11(4) 6.9(1)

0.3 46(2) 2.1(3) 3.5(7)

0.5 70.0(4) 1.48(2) 5.0(5)

0.7 68.56(8) 0.389(4) 5.0(3)

0.8 63.15(8) 0.292(6) 4.3(4)

0.9 48.22(6) 0.351(3) 1.3(2)

1 32.29(2) 0.228(4) 0.73(6)
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Figure 7.19: The low temperature ρ(T ) of Ce8Pd24(Al1−xSn) alloys with 0 6 x 6 1. The solid
curves are LSQ �ts of the measured data to the spin-wave spectrum (Eq 7.11). The vertical
arrows indicate the position of the magnetic phase transition temperature TN .
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ρ(T ) = ρ(0) + Aρ,AFM∆
3/2
ρ,AFMT

1/2exp(−∆ρ,AFM/T )×
[
1 +

2

3

T

∆ρ

+
2

5

(
T

∆ρ

)2]
, (7.11)

where ρ(0) is the residual resistivity and A is a prefactor. LSQ �ts of ρ(T ) data below TN

to Eq 7.11 (see Fig 7.19) yields values of the parameters gathered in Table 7.6. The value

of ∆ρ obtained for Ce8Pd24Al is in good agreement with the value of 8.9(6) K obtained

in Ref.[243] for the annealed sample.

7.5.3 Thermoelectric power

Fig 7.20 shows the thermoelectric power as a function of temperature, S(T ) for three

selected compositions in the Kondo regime (x = 0, 0.1 and 0.3). Except for the x = 0

compound, S(T ) data show a crossover from positive to negative values over the whole

measured temperature range. At low temperatures, S(T ) data show a minimum at tem-

peratures of 3.8, 4.3 and 5.1 K for the x = 0, 0.1 and 0.3 alloys respectively close to

their respective TN values (see inset Fig 7.20) observed in ρ(T ) and χ(T ) results. This

minimum and a crossover from negative to positive S(T ) values is typical for magnetically

ordered Kondo compounds [137]. The high temperatures S(T ) data is dominated by a

broad maximum which may originate from the competition between Kondo and CEF ef-

fects and possibly from the phonon drag e�ect and / or the inelastic scattering of charge

carriers by acoustic phonons similar to many rare-earth compounds [88, 133]. This high

temperature S(T ) behaviour was interpreted using the solid curves in Fig 7.20, which

represent LSQ �ts of an expression [89] for the temperature dependence of scattering of

electrons from the wide s-band into a narrow f -band approximation by the Lorentzian

shape:

S(T ) =
2

3
π2kB
|e|

T.Ef
(π2/3)T 2 + E2

f +W 2
f

− Sd(T ). (7.12)

In this equation, Ef and Wf are the position of the f -band peak relative to the Fermi

energy EF and its width respectively, both in unit of Kelvins. The last term represents the

Mott's term Sd(T ) = aT =
π2k2

BT

3qeEF
, (qe being the charge of an electron) which accounts for

usual non-magnetic Mott-type scattering of electrons in a broad 5d− 6s conduction band

and determined by the Fermi energy [252, 253]. For moderate heavy-fermion compounds

as in the present case, Eq 7.12 describes a scattering of conduction electrons from an

ensemble of incoherent impurities with a narrow f -band [133]. Therefore, in the case of
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Figure 7.20: The thermoelectric power as a function of temperature, S(T ), of selected com-
positions in the alloys Ce8Pd24(Al1−xSnx). The solid curves are the �ts of S(T ) data to the
phenomenological resonance model Eq 7.12 . The inset shows an expanded view of the low
temperature S(T ) data with the arrows indicating the position of the magnetic phase transition
temperature at TN .
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Table 7.7: Thermoelectric power data of Ce8Pd24(Al1−xSnx) alloys with x= 0, 0.1 and 0.3.
These data were obtained from LSQ �ts of the measured data to the phenomenological resonance
model Eq 7.12 .

Sn content x 0 0.1 0.3

Ef [meV] 16.1(2) 14.6(2) 16.8(1)

Wf [K] 144(1) 175(1) 187(1)

a[µ V/K2] 21.7(5) 18.2(4) 16.0(3)

EF [eV] 1.13(3) 1.34(3) 1.52(3)

TCEF [K] 275 334 357

energy scale dominated by CEF, as in the present system, Wf is related mainly to the

temperature of the CEF (TCEF ): Wf =
πTCEF
Nf

for T 6 TK , where Nf = 2J + 1 is the

degeneracy, with J being the total angular momentum. The obtained LSQ �t parameters

are listed in Table 7.7. The values of TCEF and EF were obtained using the degeneracy

Nf = 6 and the Mott's term respectively. The obtained Fermi energy values are typical

of normal metals. The values of TCEF increase with Sn content x, which suggest that the

CEF e�ect becomes more important as one moves to the Sn-rich alloys. This behaviour

corroborates with the resistivity results where CK decreases with increasing Sn content

x, suggesting the decrease of the Kondo e�ect in favour of the increase of the CEF in the

alloy system.

7.5.4 Thermal conductivity and the Lorentz number

The temperature variation of the total thermal conductivity, λtot of the three selected

compositions are displayed in Fig 7.21. For the three compositions, λtot decreases linearly

with decreasing temperature, typical for scattering of electrons by lattice imperfections,

also observed in many Ce compounds [134�137]. This linear behaviour is in contradiction

to Wilson's law which predicts a constant value of λtot, typical for scattering electrons by

thermally excited phonons only when the phonon excitation rate is constant in temper-

ature [137]. The linear behaviour for pure Ce compounds is not predicted theoretically.

It is also observed that the slope of this linear behaviour, decreases with increasing Sn

content x. No evidence of a maximum was observed down to lowest temperatures similar
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Figure 7.21: Temperature dependence of the total thermal conductivity, λtot(T ) for selected
compositions in the alloys Ce8Pd24(Al1−xSnx).
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to many rare earth compounds, which imply a short electron mean free path related to

the larger contribution of residual scattering processes in favour of the weak coupling of

electrons with phonons [135]. The interpretation of λtot is based on two components: an

electronic component (λele) for which the electrons act as heat carriers and the lattice or

phonon component (λph) for which the thermal vibrations act as heat carriers (Fig 7.22).

It follows that λtot is given as a sum of the two components:

λtot(T ) = λele(T ) + λph(T ). (7.13)

The electronic component originates from the scattering of conduction electrons from

lattice imperfections, phonon and magnetic moments. This component depends on both

the temperature and the carrier concentration and it is given by the Weidemann-Franz

law:

λele(T ) =
L0T

ρ
, (7.14)

where L0 = 2.54× 10−8 W/K2 is the Lorentz number. The lattice component originates

from collisions of phonons from lattice impurities and / or defects and conduction elec-

trons. This contribution is obtained by subtracting λele(T ) from λtot(T ). The dominant

scattering of electrons and phonons is due to lattice imperfections. Fig 7.22 shows the

temperature dependence of λtot(T ) together with separated electronic and lattice compo-

nents. It appears that for the three compositions, the lattice contribution predominates

below 170 K, 150 K and 120 K for x = 0, 0.1 and 0.3 respectively. This also indicates

the suppression of the lattice contribution in favour of the electronic component with

increase in Sn content x. This predominance of lattice contribution corroborates with the

result of the reduced Lorentz number (L/L0) which increase with a reduction of tempera-

ture (see Fig 7.23). Similar behaviour has been reported for many rare-earth compounds

[88, 136, 137].

Combining the results of λtot and ρ(T ), we have plotted in Fig 7.23 the Lorentz num-

ber L(T ) =
λρ

T
normalized to L/L0. It is observed that L/L0 for the three compositions

increase upon cooling and reaches maximum values of 3.2 at 7 K, 3 at 5.2 K and 2.7 at 4.8

K for x = 0, 0.1 and 0.3 alloys respectively (see inset Fig 7.23). Below these temperature

maximum L/L0 shows a sudden decrease with further decrease in temperature. A similar

behaviour of L/L0 was observed in many rare-earth compounds and was attributed to an

additional thermal conductivity or can be caused by energy dependence Kondo scattering

processes [135]. Similar to CeCu4Al, it should be noted that, the large L/L0 values
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Figure 7.22: Temperature dependence of the total thermal conductivity, λtot(T ), together with
electronic and phonon components.
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Figure 7.23: The normalized Lorentz number L/L0 scale to 1 at 300 K of selected compositions
in the alloys Ce8Pd24(Al1−xSnx). The inset shows the expanded view of the low temperature
behaviour of L/L0 with the arrows indicating the position of the temperature maximum.
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indicate that the dominant heat carriers are phonons and the spin scattering of charge

carriers does not play an important role [135]. Our maximum value of L/L0 for alloy

with x = 0 is relatively smaller compared to the values usually obtained for typical

heavy fermion compounds such as CeCu4Al [134] which con�rm the assumption made of

moderate heavy fermion character of our system in the analysis of S(T ). For comparison

to typical thermoelectrical materials, we have plotted in Fig 7.24 the dimensionaless �gure

of merit, ZT which is a measure of the e�ciency of the thermoelectric materials given

by: ZT =
S2T

ρλ
. From this relation it is clear, that to obtain a good e�ciency one has to

minimize both the thermal conductivity and the electrical resistivity. A commonly used

thermoelectric material in power generation or refrigeration is Bi2Te3 with ZT between

0.8 and 1 [140]. It is observed from Fig 7.24 that, ZT data for all three compositions

increase with a decrease in temperature and exhibit a broad maximum between 100 and

200 K similar to the many heavy fermion compounds such as CeCu4M (M = In and

Ga) [136] and (Ce1−xLax)Cu4In [255, ref therein]. The room temperature ZT amount to

11.5 × 10−3, 3.8 × 10−3 and 0.7 × 10−3 for x= 0, 0.1 and 0.3 respectively. These values

are very small compared to the commonly used thermoelectric material Bi2Te3.

7.5.5 Magnetic susceptibility and magnetization

Fig 7.25 shows the inverse magnetic susceptibility, χ−1(T ) data, which show a Curie-Weiss

(CW) magnetic behaviour above 50 K for all measured compositions. LSQ �ts of the CW

relationship:

χ−1 =
3kB(T − θP )

NAµ2
eff

(7.15)

gives an e�ective magnetic moment (µeff ) and paramagnetic Weiss temperature constant

(θp) values listed in Table 7.8. The obtained µeff values for all compositions are in close

agreement to the value of 2.54 µB expected for the free Ce3+-ion. Negative θp values were

obtained for all compositions indicating the dominance of the AFM interactions which may

include the RKKY as well as the on-site Kondo interaction between conduction electrons

and the Ce 4f spins in the case of compositions (0 6 x 6 0.7) showing Kondo e�ect.

Deviation of the CW relation at low temperatures may be attributed to magnetocrystalline

anisotropy. χ(T ) data at low temperatures ( Fig 7.26) rises into an anomaly at TN which

is associated to AFM phase transition. The values of TN were estimated at the peak of

χ(T ) curve as indicated by the arrows in Fig 7.26 and listed in Table 7.8. The observed

values of TN corroborates the values of TN obtained from ρ(T ) data. Fig 7.27 shows the

Sn content x dependence of TN as obtained from χ(T ) data. One can see that TN values

increase linearly with increase in Sn content x as indicated by the linear �t in Fig 7.27.
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Figure 7.24: Temperature variation of the thermoelectric �gure of merit (ZT ) of selected
compositions in the alloys Ce8Pd24(Al1−xSnx.)
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Figure 7.25: The inverse magnetic susceptibility, χ−1(T ) data of the Ce8Pd24(Al1−xSnx) alloys
with the Curie-Weiss �t (red solid lines) according to the experimental data above 50 K.
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Figure 7.26: The low temperatures χ(T ) data of the Ce8Pd24(Al1−xSnx) alloys showing their
magnetic phase transition temperature TN at the maximum as indicated by the arrows.
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Figure 7.27: Sn content x dependence of TN obtained from χ(T ). The solid line is the linear
�t of TN obtained from χ(T ).
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Table 7.8: Magnetic susceptibility data of Ce8Pd24(Al1−xSnx) alloys. The e�ective magnetic
moment, µeff , the paramagnetic Weiss temperature constant, θP were obtained from LSQ �ts
of the Curie-Weiss relation Eq 7.12 to the measured data in Fig 7.20. Values of TN were inferred
from the position of the maximum value of χ(T ) as indicate by arrows in Figs 7.21.

x µeff [µB] −θP [K] TN [K]

0 2.47(1) 23.5(1) 4.1

0.1 2.36(2) 22.5(6) 4.6

0.2 2.38(6) 17.2(4) 4.7

0.3 2.45(1) 29.1(8) 5.0

0.5 2.44(3) 14.6(2) 5.5

0.7 2.35(5) 13.5(2) 5.8

0.8 2.41(6) 19.7(9) 6.0

0.9 2.42(5) 19.9(9) 6.5

1 2.49(3) 26.2(4) 7.0

Fig 7.28 shows the low temperature �eld-cooled (FC) and zero-�eld-cooled (ZFC) χ(T )

data of three selected compositions. It is observed that the FC and ZFC χ(T ) data taken

in a �eld of 0.1 T split into two branches below Ts as indicated by arrows for composi-

tions up to 50% Al substitution. Such a bifurcation may originate from an inhomogeneous

magnetic ground state in these compositions. This behaviour was also observed in some

rare earth compounds such as NdAuGe [256, ref therein].

The magnetization, M(µ0H) measured at 1.7 K in �eld up to 5 T in Fig 7.29 increase

linearly with �eld with no evidence of metamagnetic transition. Such linear increase illus-

trates the dominance of AFM interaction at low temperatures. No evidence of hysteresis

e�ect was observed during the process of increasing and the decreasing �eld. The observed

values of M(µ0H) at 5 T increases gradually with increase Sn content x, ranging from

0.42 µB to 0.78 µB.
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Figure 7.28: The low temperatures χ(T ) data measured in Zero-�eld-cooled (ZFC) and in
Field-cooled (FC) runs. The arrows indicate the magnetic phase transition temperature TN and
the temperature at which the splitting occurs, Ts between ZFC and FC runs.
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Figure 7.29: The �eld variation of the magnetization M(µ0H) data of the Ce8Pd24(Al1−xSnx)
alloys measured in increasing (closed symbols) and decreasing (opened symbols) �eld.
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7.5.6 Conclusion

The present study of Ce8Pd24(Al1−xSnx) indicates that the dominant ρ(T ) behaviour is

that of the combined CEF and Kondo e�ect for compositions in the range 0 6 x 6 0.7

and only of CEF at Sn-rich alloys. For all compositions, the low temperature ρ(T ) data

is described by spin-wave dispersion below TN with an energy gap ∆. S(T ) results are

described by the phenomenological resonance model. The low temperature S(T ) shows

a minimum at TN which corroborate with the results of ρ(T ) and χ(T ). The resulting

TN values increase linearly with increased Sn content x. χ(T ) data indicate spin-glass

behaviour up to 50% Al substitution for Sn. No evidence of metamagnetic behaviour and

hysteresis were observed from the magnetization results. The total λ(T ) study reveals a

dominant contribution of the phonon component compared to the electronic component

at low temperatures.
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Chapter 8

Conclusion and future work

Beside the conclusions given in each chapter, this chapter summarises all the results

obtained in the thesis using di�erent experimental techniques described in chapter 3.

8.1 Conclusion

The low temperature physical properties of a number of rare-earth intermetallic com-

pounds and alloys as well as their characterization are studied in the thesis. We have

reported XRD di�raction for the structural characterization and single-phase purity as

well SEM measurements. The properties investigated, include: the electrical and ther-

mal transport such as: the electrical resistivity, the magnetoresistivity, the thermoelectric

power and the thermal conductivity. The thermodynamic properties studied include: the

magnetic susceptibility, the magnetization, the heat capacity and the magnetocaloric ef-

fect. XRD spectra analysis con�rm the crystal structure of each rare earth compound and

system viz. the cubic MgCu4Sn-type crystal structure for the two compounds RECu4Au

(RE = Nd and Gd): the CeCu2-type orthorhombic crystal structure for NdAuGa; the

LiGaGe-type structure for NdAuGe; the CeCu4.38In1.62-type crystal structure for the al-

loys series (Ce1−xLax)Cu4In and the cubic AuCu3-type structure for both alloys systems

(Ce1−xLax)8Pd24Al and Ce8Pd24(Al1−xSx). The uni�ed observation of the La dilution

with Ce based rare earth compounds and alloys is that resistivity data clearly indicate

the evolution from coherent Kondo lattice to incoherent single-ion Kondo scattering with

increase La concentration. Results of the magnetoresistivity measurements for the La di-

lute alloys con�rm the Bethe ansatz description of this property and are used to obtain the

Kondo temperature Tk values. These values of Tk together with values of the temperature

maximum Tmax at which a maximum occurs for the coherent dense Kondo alloys, are used

in a compressible Kondo lattice description of the following systems (Ce1−xLax)Cu4In and

(Ce1−xLax)8Pd24Al. The low temperature resistivity data indicate anomalies associated

197
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to the antiferromagnetic phase transition at TN for the NdAuGe, NdAuGa, NdCu4Au,

GdCu4Au, Ce-rich alloys in (Ce1−xLx)8Pd24Al and for all compositions in the alloys series

Ce8Pd24(Al1−xSx). The high temperature resistivity data of the rare compound NdAuGe

show normal metallic behaviour. The results of the thermoelectric power measurements

for some investigated alloys in this thesis are interpreted in terms of the phenomenological

resonance model at high temperature to gives the values of the temperature scale of the

crystalline-electric �eld, the energy of the 4f -electron and the Mott's constant which were

used to obtain the Fermi energy. The study of (Ce1−xLx)8Pd24Al in particular con�rms

the interplay of antiferromagnetic and Kondo e�ect. The thermal conductivity data stud-

ies for some compounds and alloys in this thesis deviate from Wilson's law except for the

Ce dilute alloys for the system (Ce1−xLax)Cu4In near room temperature. The reduced

Lorentz number results for compositions investigated increase gradually from room tem-

perature and reach a peak at low temperatures. The �gure of merit for the alloys systems

(Ce1−xLax)Cu4In, (Ce1−xLx)8Pd24Al and Ce8Pd24(Al1−xSx) increase with rapidly upon

cooling the sample followed by a maximum at low temperature. The inverse magnetic

susceptibility data at high temperatures for all investigated compounds and alloys follow

the Curie-Weiss behaviour except for the compound NdCu4Au which follows the modi�ed

Curie-Weiss behaviour. The resulting e�ective magnetic moments are in fair agreement

with the RE3+ Hund's rule expectation. Except for the alloys series (Ce1−xLax)Cu4In,

the low temperatures of the magnetic susceptibility for all the compounds and alloys in

the system Ce8Pd24(Al1−xSx) and for Ce-rich alloys show antiferromagnetic-like anomaly

associated with Neél temperature TN . The zero-�eld-cooling and �eld- cooling magnetic

susceptibility for NdAuGe, GdCu4Au compounds and Al-rich alloys in Ce8Pd24(Al1−xSx)

indicate spin-glass behaviour. The magnetization studies indicate the occurrence of meta-

magnetic behaviour for the GdCu4Au, NdAuGe and NdAuGa compounds. The low tem-

perature heat capacity data for selected compounds con�rm the phase transition of a

putative antiferromagnetic character at TN , also observed in the resistivity and magnetic

susceptibility. For the NdAuGa, a second anomaly is observed below TN associated to

spin reorientation transition. Above TN magnetic contribution to the total heat capacity

for the NdAuGe and NdCu4Au exhibit broad centred peaks around 16.5 K and 20 K

respectively, characteristic of Schottky-type anomalies with energy splitting of the Nd3+

(J = 9/2) multiplet due to crystal-electric-�eld e�ect. In the case of NdCu4Au, the 4f -

electron derived entropy indicates long-range correlation above TN . The magnetocaloric

e�ect studied for NdAuGa compound is fairly modest, weaker than in other representa-

tive of RETX family, while the Arrott-plot indicates that the magnetic phase transition

is found to be second in nature.
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8.2 Future work

Future investigations within the rare earth compounds and alloys showing magnetic tran-

sition at low temperature by, neutron di�raction experiment is foreseen in order to study

their magnetic structure.

Future investigations for compounds and alloys for which the CEF have been estimated,

inelastic neutron scattering studies are foreseen in order to estimate their CEF for com-

parison with values with di�erent experimental techniques in this thesis.

The study of the magnetocaloric e�ect and critical behaviour around the transition tem-

perature of other compounds in the RETX family is currently under investigation.

The study of Ce dilution in Ce8Pd24Al revealed the occurrence of a quantum critical

point at a critical La concentration. This will be extended by the application of a mag-

netic �eld and hydrostatic pressure on resistivity and heat capacity measurements.

The work on NdAuGa for which the heat capacity result shows spin orientation be-

low TN has been reported and published. Further study will be conducted at very low

temperature and high magnetic �eld.
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