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Preface

This work is devoted to the experimental investigation of the rare-earth inter-
metallic compounds, CeNixPt1−x and CePd1−xNixAl, with a partially filled
4f -shell. These systems belong to the class of so-called heavy-fermion com-
pounds. Their characteristic feature is that the f -levels are positioned close
to the Fermi energy, so that the ions of rare-earth metals can be found in
different oxidation states, including the intermediate valence. Due to a hy-
bridization of f -levels with conduction electrons, the density of states at the
Fermi level is substantially increased, typically by 2 or even 3 orders in magni-
tude, compared to the ordinary metals. In other words, the electron effective
mass m∗ becomes much larger than that of a bare electron. This is one of the
manifestations of the Kondo effect, when an exchange interaction between f -
electrons and conduction ones ultimately leads to the singlet state formation.
At low temperatures, the physical properties of metals, both the kinetic and
the thermodynamic ones, are related to the nature of electronic states close
to the Fermi level. Therefore, the radical change of the density of states sub-
stantially affects, for example, the specific heat coefficient γ = C/T , which
can reach 1000 – 1500 mJ/molK2 in heavy fermion compounds. To com-
pare, in the ordinary metals γ is only of the order ∼ 1 mJ/molK2, and in the
transition metals γ ∼ 10 mJ/molK2. Similarly, the magnetic susceptibility
is rather large in rare-earth based materials.

Generally, the magnetic properties of the rare-earth systems derive from
the partly filled f -orbitals, which behave like localized magnetic moments.
In metals, the magnetic order is realized via the indirect, RKKY exchange
interaction between localized f -ion spins.

On the other hand, the Kondo screening of local f -moments may prevent
formation of magnetic order, thus competing with the RKKY interaction.

Some heavy fermion compounds can be tuned from a paramagnetic state
through a phase transition into an ordered ferro- or antiferromagnetic state
by changing pressure, composition of the compound or an external magnetic
field. By the same means, the critical temperature of the phase transition can
be altered for compounds already exhibiting the magnetic order. In a num-
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PREFACE

ber of cases, the external parameters can drive the transition temperature to
absolute zero, where the system undergoes a quantum phase transition. This
transition is characterized by a change of the ground state of a many-body
electron system due to its quantum fluctuations. In the parameter range
close to the quantum critical point (QCP), nontrivial temperature depen-
dences of physical quantities like specific heat, susceptibility, or resistivity,
are usually observed. These temperature dependent variations of observables
are different from those predicted by the Fermi-liquid theory. This has initi-
ated substantial research over the past two decades: a variety of new phases
and novel type of physics have been found.

We have investigated in this work the heavy-fermion CeNixPt1−x and
CePd1−xNixAl compounds with respect to their behaviour nearby the QCP
which can be reached by chemical doping or chemical pressure. Low temper-
ature magnetic properties of these materials are studied: they reveal unusual
features, including dramatic screening of magnetic moments and spin-glass-
like behaviour.

In Chapter 1, we give a theoretical introduction into the heavy-fermion
compounds. The experimental methods used are described in Chapter 2. In
Chapter 3, details about the sample preparation are presented. In Chapter 4,
an overview on CeNixPt1−x system is given, where we discuss the previous in-
vestigations reported in the literature. In Chapter 5, magnetic measurements
of doped CeNixPt1−x compounds under hydrostatic pressure are presented; a
critical behaviour nearby a quantum phase transition is discussed. In Chapter
6, we present an overview on the antiferromagnetic CePdAl heavy-fermion
system. The specific heat, AC-susceptibility, and magnetisation measure-
ments on CePd1−xNixAl are presented in Chapter 7.
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Chapter 1

Introduction to 4f-based
intermetallic systems

1.1 Quasiparticles

A theoretical description of an interacting electron gas in a metal is a non-
trivial problem due to a strong and long-range repulsive interaction between
electrons. According to the phenomenological Fermi-liquid theory developed
by Lev Landau in 1956, the low-lying excitations of the interacting elec-
tron system can be considered as a gas of noninteracting quasiparticles [1].
Namely, each many-particle excited state of the interacting fermions may
be described by listing all occupied momentum k and spin σ quasiparticle
states, just as in the non-interacting case. The quasiparticle energy εkσ is
defined as the amount of energy by which the total energy increases when
the particle is added to the system:

εkσ =
δE

δnkσ

,

where δnkσ is the corresponding change in the distribution function nkσ. For
the ground state (T = 0), nkσ is just the Fermi distribution:

nT=0
kσ =

1

1 + exp[(εkσ − µ)/kBT ]

∣∣∣∣
T=0

= θ(kF − k),

where the Fermi momentum kF is defined by the density of the quasiparticles:
n = k3

F /3π2.
The quasiparticle concept is inherent to the mean field theory where each

particle is considered to be moving in the potential collectively generated by
all other particles. Quasiparticles carry the same spin, charge and momen-
tum as the original electrons. However, a quasiparticle’s effective mass m∗
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CHAPTER 1. Introduction to 4f -based intermetallic systems

(defined from the dispersion relation) can be quite different from that of a
free electron. Since there remain some weak interactions between excitations,
quasiparticles scatter off each other and acquire a finite lifetime. Thus, the
whole concept is valid only if kBT ≪ µ ≃ ϵF , i.e. when T ≪ TF [2]. This
condition is satisfied for most of the metals in a whole range of temperatures
when the systems are in the solid state.

1.2 Heavy fermion systems

The Fermi-liquid theory allows to describe a rather large class of systems,
from simple metals like Cu to heavy-fermion systems with complicated and
strong electronic interactions. The quasiparticle effective mass m∗ determines
the density of states per spin at the Fermi level [3]:

n(EF ) =
m∗kF

2π2~2
.

In the case of simple metals, m∗ takes values of several electronic masses,
while for the so called heavy-fermion systems m∗ can be sufficiently larger.

Heavy-fermion systems are compounds containing rare-earth or actinide
elements. Variety of thermodynamic and transport properties of these sys-
tems reflects the multitude of localized states at the Fermi surface originating
from atomic f -orbitals.

One of the characteristics of a heavy-fermion system is the electronic spe-
cific heat coefficient γ, which can be determined from the linear contribution
to the specific heat: Cel = γT . Here γ is proportional to the renormalized
density of states [3] :

γ =
2π2k2

B

3
n(EF ) =

k2
B

3

m∗kF

~2
,

and thus gives the information about the effective mass m∗ of quasiparticles
in a compound. For some heavy-fermion systems γ reaches values of several
hundreds mJ/K2mol (see, for instance, [4], [5], [6]). The large γ can be
associated with a low energy scale kBT ∗ of the system via relation n(EF ) ∼
3n/2EF (with n being electron density) for the noninteracting electrons, and
identifying TF = EF /kB with T ∗.

Moreover, in systems with heavy fermions, at low temperatures the Pauli
susceptibility χ depends only weakly on the temperature T [3, 8]. It is
relatively large due to the enhanced effective mass m∗ (see, for example [9]).
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1.3. Intermediate valence

Another characteristic of a heavy-fermion system is the Wilson ratio [3,
11]:

R =
χ

γ

π2k2
B

µ0µ2
eff

,

here µeff is a paramagnetic moment determined from the Curie-Weiss law at
high temperatures. For ordinary metals this ratio is about R ≈ 1, although
for heavy-fermion systems it is R = 2–5 [3, 10].

The resistivity of heavy-fermion compounds is rather large at room tem-
perature, typically of the order of 100 µΩcm [9]. At low temperatures, it can
be fitted as:

ρ(T ) = ρ0 + AT 2,

where ρee = AT 2 is a contribution due to electron-electron collisions, which
is about six to seven orders of magnitude larger than the one observed in
ordinary metals. Here ρ0 is the residual resistivity arising from impurity
scattering.

1.3 Intermediate valence

Among all heavy-fermion systems there is a class of rare-earth compounds for
which the rare-earth ions are apparently in a state of an intermediate (non-
integer) valence. Even pure Ce reveals the intermediate valence state after
a volume collapse induced by external pressure [12], whereas in compounds
such as SmB6, YbAl2, YbC2, CePd3, CeSn3, and TmSe the intermediate
valence is observed at ambient pressure (see [13] and references therein). All
these systems have the common feature that there appears to be a mixture
of rare-earth ions having either n or (n − 1) 4f -electrons in a definite ratio
(although in some cases this ratio varies substantially with temperature and
pressure).

According to Jefferson et al. [13], appearance of the intermediate state
in heavy-fermion systems can be understood as follows: applying a pressure
lowers the Fermi energy (positioned close by a bottom of the conduction
band) and reduces the excitation energy required to remove an f electron
from an ion and to transfer it to the Fermi level. Interaction between f -
electrons and conduction electrons causes rare-earth ions to fluctuate between
4fn and 4fn−1 configurations resulting in a mixture of the corresponding
valencies, the mean valence being intermediate between that of 4fn and
4fn−1.
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CHAPTER 1. Introduction to 4f -based intermetallic systems

1.4 Single-impurity Anderson model

Already a system with isolated rare-earth magnetic ions embedded in a metal-
lic matrix demonstrates a nontrivial physics known as a Kondo effect. Within
a theoretical model developed by Anderson [14], a magnetic impurity is de-
scribed by the f orbital of an incompletely filled inner atomic shell, hybridized
with the conduction band [9]. The Hamiltonian can be written as (see, e.g.,
Hess et al. [9]):

H =
∑

σ

Efnσ +
1

2

∑
σ

Uffnσn−σ +
∑
kσ

εknkσ + Hfd, (1.1)

where first two terms describe the f -electron subsystem, the third term de-
scribes the conduction electrons (hearafter, they are assumed to be d-like),
and Hfd describes the coupling between these subsystems.

Consider f electrons: nσ = f †
σfσ represents the number of electrons in the

f -orbital with a spin σ.
∑

σ Efnσ represents the binding energy of a σ-spin
electron in the f shell. The term involving Uff describes the strong Coulomb
repulsion between a pair of electrons occupying the f orbital. If a f -level lies
below the Fermi energy (Ef < EF ), while Ef +Uff > EF , the impurity level
is occupied mainly by a single electron and represents the local spin moment
S = 1/2.

The noninteracting conduction electrons in band states are described by
the kinetic energy term: ∑

kσ

εknkσ,

where nkσ = d†
kσdkσ is the number of electrons with spin σ in the conduction

band state labeled by the Bloch wave vector k, εk is the dispersion relation
of the conduction band.

The f - and d-electronic subsystems are coupled via spin conserving hy-
bridisation term Hfd:

Hfd =
∑
kσ

[
V ∗

k d†
kσfσ + Vkf

†
σdkσ

]
.

It describes the processes whereby individual electrons can move out of the
f level into the conduction band states, and the reverse process. The matrix
element between the localized |fσ⟩ state and the itinerant one |dk, σ⟩ is given
by Vk = ⟨fσ|Hfd|dk, σ⟩.

Ordinary metals show a constant residual resistance, whereas the resis-
tivity of Kondo systems shows a minimum, typical at low temperatures
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(T < 20 K), which originates from the conduction electrons scattering off
the magnetic impurity described by Hfd. This experimentally observable
minimum in resistivity is known as the Kondo effect [15]. Kondo has found,
that the electrical resistivity shows a logarithmic dependence on temper-
ature in the third order of the perturbation theory in exchange coupling
J = 2V 2 [1/|Ef − EF | + 1/(Ef + Uff − EF )] (see, for example, [3]):

ρ = ρB[1 + 2Jn(EF ) ln(D/T ) + . . . ],

where ρB ∝ J2, n(EF ) is the local conduction-electron density of states per
spin at the Fermi level, and D is the half-width of the conduction band. The
perturbation theory for ρ breaks down at the Kondo temperature:

TK = D
√

Jn(EF ) exp [−1/Jn(EF )] .

Below TK , the S = 1/2 impurity spin is fully compensated by a cloud of
conduction electrons spins; an integral over a density of the screening cloud
contains in total one electron spin, which is bound antiferromagnetically to
the impurity.

In rare-earth compounds, e.g. with Ce atoms, orbital moments of f -ions
are not quenched, so that in general the total impurity magnetic moment is
composed of orbital and spin contributions. In addition, multiplet f -levels
are split by the crystalline field, which gives rise to the anisotropic RKKY
interaction. The picture of the Kondo effect becomes more complicated,
but still a lowest temperature TK can be defined in a theory, where the
large impurity spin can be fully screened by conduction electrons; for further
details, we refer to Ref. [16].

1.5 Anderson and Kondo lattice models

In a heavy-fermion system magnetic impurities occupy the lattice positions.
The Anderson impurity model (1.1) should be generalized to the periodic
Anderson model. In case of large U and negative Ef magnetic moments on
the f sites are well-defined. Therefore, the Schrieffer-Wolff transformation
can be applied, and the Hamiltonian of the resulting Kondo lattice model
may be written in the form [3]:

H =
∑
kσ

εknkσ + J
∑

i

Sisi,

with J = 2V 2 [1/|Ef − EF | + 1/(Ef + Uff − EF )] > 0. Direct exchange
between f -electrons and direct hopping off are neglected in the Anderson
and Kondo lattice models.
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The Anderson model describes the Fermi liquid with two bands if the
Coulomb interaction Uff between two f -electrons, which can occupy one f -
orbital with opposite spins (the second term in the single-impurity model),
is small. At large Uff limit, the Fermi-liquid state is formed below some
coherence temperature Tcoh. The local moments are screened by conduc-
tion electrons (generalization of the Kondo effect for the lattice). The Fermi
volume below Tcoh contains local moments and surrounding conduction elec-
trons, and the resistivity follows the usual quadratic T dependence of the
Fermi-liquid theory. For T ≫ Tcoh resistivity is rather small. The Fermi
volume contains conduction electrons only, i.e. Kondo screening is absent.
In the crossover region T ∼ Tcoh resistivity becomes very large due to inco-
herent Kondo scattering. This resistivity maximum is often used to define
Tcoh.

1.6 Quantum phase transitions and

a non-Fermi-liquid behaviour

1.6.1 Doniach phase diagram

The screening of magnetic moments by conduction electrons in heavy-fermion
systems competes with exchange interactions between the moments. The
indirect RKKY interaction is provided by polarized conduction electrons and
is given by (see [7]):

HRKKY =
∑
i,j

IijSiSj,

with Iij = J2n(EF )F (kF Rij) and F (x) = (x cos x− sin x)/x4. Here Rij is the
distance between lattice sites i and j; n(EF ) is the conduction band density
of states per spin at the Fermi level. The competition between the RKKY
interaction and Kondo screening is represented in the well known Doniach
diagram (figure 1.1).

For small coupling constant J , the RKKY interaction predominates over
the Kondo singlet formation and the system can acquire magnetic order. De-
pending on the details of the electronic structure and the distance between
the magnetic moments, ferromagnetic or antiferromagnetic order sets in.
With increasing J , the Kondo screening becomes relevant and at large J
the system remains paramagnetic.
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1.6. Quantum phase transitions and non-Fermi-liquid behaviour

QCP

TK   ~ D e -1/ J n(EF)

TRKKY ~ J2n(EF)

 

 

T

J n(EF)

magn. order

Figure 1.1: Phase diagram after Doniach [17]. For small J , the RKKY
interaction dominates and magnetic order is possible. With increasing J ,
the Kondo screening becomes relevant, and at large J the system remains
paramagnetic without magnetic order.

1.6.2 Quantum versus classical phase transitions

Inspecting the Doniach phase diagram (see Fig. 1.1), we observe a point
xc = |Jc n(EF )| where the energy scales of two competing interactions —
Kondo screening (kBTcoh), and the RKKY exchange (kBTRKKY) — become
of equal value, so that the critical temperature Tc of the phase transition
vanishes: Tc → 0. Such a continious transition between different quantum
phases of the system is called a quantum phase transition.

There is a conceptional difference between the classical phase transitions
taking place at T > 0, and the quantum ones at T = 0. Classical phase
transitions are driven by a competition between the energy of the system
and the entropy of its thermal fluctuations. Classical transitions are charac-
terized by the order-parameter (ϕ) fluctuations in space and time with the
spacial correlation length ξr being divergent close by the transition.1 At the
same time, the characteristic frequency ωϕ of the order-parameter fluctua-
tions tends to zero at T → Tc, so that ~ωϕ ≪ kBTc, and temporal fluctuations
are of marginal importance.

1In the classical case, the correlation length ξr behaves as ξr ∼ t−ν when approaching
the transition, where t = |T − Tc|/Tc, and ν > 0 is a critical exponent.
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CHAPTER 1. Introduction to 4f -based intermetallic systems

In contrast, temporal fluctuations are not negligible for Tc = 0, but closely
interwoven with spatial fluctuations. It turns out that the quantum system
(with a spacial dimension d) behaves then like a fictitious classical system
of dimension (d + z), where z is referred to as the dynamical exponent. As
some control physical parameter r (e.g., pressure p, magnetic field H, chem-
ical composition x, etc.) is varied, quantum fluctuations can drive the sys-
tem into a different phase, once r approaches a critical value rc. The point
(r = rc, T = 0) is called the quantum critical point (QCP). Quantum phase
transitions take place, in particular, in the heavy-fermion compounds, where
nontrivial temperature dependences of physical quantities like specific heat,
susceptibility, resistivity, etc. are observed in the vicinity of the QCP: these
nontrivial T -dependent variations of observables are different from those pre-
dicted by the Fermi-liquid theory [3, 8].

1.6.3 Renormalization group analysis

Quantum phase transitions in systems with itinerant electrons have been
studied by Hertz [18] and Millis [19] using the renormalization group (RG)
approach. Resulting phase diagram for the case 2 < d ≤ z + 2 (with z being
dynamical exponent) is shown in Fig. 1.2.

Following Millis [19], we discuss four different regimes of the system’s
behaviour. The shaded area marks the ordered state, e.g. ferro- (z = 3) or
antiferromagnetic (z = 2) one. Region I is the disordered quantum regime;
here thermal effects are negligible. In this area the system behaves as a
Fermi liquid. Region II is the perturbative classical regime. In this region
the energy of quantum fluctuations is already lower than the thermal energy
kBT ; however, the correlation length ξ of fluctuations is still determined by
the distance |r− rc| from the QCP, similar to the quantum regime I. Regime
III is the classical region, where the energy of quantum fluctuations is lower
than the thermal energy kBT . Here deviations from Fermi-liquid behaviour
arise; the correlation length ξ ∝ T− z+1

2z depends on temperature rather than
on distance |r − rc| from the QCP. The solid line gives the dependence of
the transition temperature Tc on |r − rc|. Inside the dotted lines true three-
dimensional classical critical phenomena occur. The theoretical predictions
for thermodynamic and transport quantities, as well as the dependence of
transition temperature (TC or TN) on the tuning parameter r are summarized
in Table 1.1.

14
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Tc = Tc + D Tc
2 

Tc ~ ( rc - r )
z/(d+z-2)

T ~ ( r - rc )
z/(d+z-2)

T = ( r - rc )
z/2

I

II

III

T

rrc

Figure 1.2: Phase diagram illustrating different regimes of a behaviour of
the itinerant magnet for dimensions larger than two: 2 < d ≤ z + 2; after
Millis [19].

AFM, z=2 AFM, z=2 FM, z=3 FM, z=3
d=3 d=2 d=3 d=2

C/T γ − aT 1/2 c log(T0/T ) c log(T0/T ) T−1/3

∆χ T 3/2 χ0 − dT
∆ρ T 3/2 T T 5/3 T 4/3

TC/TN (r0 − r)3/2 (r0 − r) (r0 − r)3/4 (r0 − r)

Table 1.1: Temperature dependencies from the spin fluctuation theories of
Millis/Hertz reflecting a non-Fermi-liquid behaviour of itinerant magnets for
the specific heat, susceptibility, and resistivity in the low temperature limit,
plus the dependencies of the magnetic ordering temperature (TC or TN).
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CHAPTER 1. Introduction to 4f -based intermetallic systems

1.6.4 Local quantum critical point

The theories outlined above suggesting itinerant scenario to quantum phase
transitions predict that the heavy Fermi-liquid (region I: r > rc), incorporat-
ing both the conduction and f (or d) electrons, undergoes a transition to a
spin-density wave metal when (at T = 0) r crosses rc from the right. In this
case, the local moments remain well screened by the Kondo effect during the
transition [3]. In other words, the Fermi quasiparticles comprising the Fermi
liquid in region I remain ”intact” across the QCP.

In contrast, the theory for non-Fermi-liquid behaviour considered by Si
et al. [21] and Coleman [22] is based on the assumption of local correlation
phenomena in the QCP. In contrast to the itinerant scenario, Kondo screening
breaks down at the QCP. In the ordered state (r < rc), the f magnetic
moments are supposed to be localized and they do not participate in the
Fermi volume. However, above the magnetic transition (r > rc) the moments
are screened by conduction electrons and the Fermi volume includes both f
magnetic moments and conduction electrons. Thus, the magnetic transition
is associated with an abrupt reconstruction of the Fermi surface. Detailed
discussion of these theoretical models are given in Ref. [3].

16



Chapter 2

Experimental methods

2.1 Crystal growth and structural characte-

risation

2.1.1 Crystal growth

Two different methods were used for the sample preparation: induction melt-
ing and arc melting.

Induction melting

For induction melting the initial materials are heated to their melting tem-
peratures by means of eddy currents, which are produced by a high-frequency
magnetic coil. Our radio-frequency (RF) generator is able to deliver a power
up to 30 kW at a maximal frequency of 100 kHz. The RF-induction furnace
allows working under ultra-high vacuum (p ≈ 10−10 mbar) or an argon atmo-
sphere (for metals with a high vapor pressure ). It is shown in Fig. 2.1. The
quartz glass tube surrounds the cold water copper ”finger” with molds for the
starting materials. The tube can be evacuated with help of a ion-getter pump
and can be eventually filled with purified argon. One of advantages of this
method is the possibility to turn slowly the power up and down, controlling
the temperature of the sample, for instance, with an optic pyrometer.

Arc melting

The arc furnace consists of a vacuum chamber, which can be evacuated
down to 10−3 – 10−4 mbar and subsequently filled with an argon (Fig. 2.2).
The starting materials are placed onto the water-cooled copper substrate,
which serves as one of the two electrodes. The second electrode is the wolfram
tip. A high voltage applied between the electrodes results in an electric arc.
An arc has very high temperature (several thousand degrees) and the metals
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Figure 2.1: RF-induction furnace.

Figure 2.2: Arc furnace.

are melted and mixed in it. This method is convenient for metals with a high
melting temperature (which may not be achievable by induction melting), but
not for the elements with high vapor pressure (for instance Yb), because of
possible high evaporation loss.
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2.2. Low-temperature measurements

2.1.2 X-ray analysis

In order to determine the crystal structure X-ray measurements have been
performed on powder samples; details of the experimental technique are given
in Ref. [23]. The samples were powdered in an agate mortar and then at-
tached on a the glass substrate with acetone. Measurements have been per-
formed with a commercial Siemens D500 diffractometer. From the analysis
of X-ray spectrum the lattice parameters have been calculated.

2.1.3 Atomic absorption spectroscopy

Atomic absorption (AA) spectroscopy uses the absorption of light to measure
the concentration of gas-phase atoms. Since samples are solids, they have
been solved in HNO3/H2O in 1:3 proportion with a small amount of HCl (0.5
ml) under continuous heating. The solution has been pulverized together
with burning gas and transport gas in a mixing chamber. The cathode ray
tube produces light with a noticeable wave length (232.0 nm for Ni and 247.6
nm for Pd). It is absorbed by metal atoms from the sample. The analyte
concentration is determined from the degree of absorption.

2.2 Low-temperature measurements

2.2.1 Cryostats

For the experiments, three different cryostats were used, depending on the
temperature range : a standart 4He bath cryostat (1.3 K<T<300 K), a 3He
cryostat (0.3 K<T<4.2 K), and 3He/4He dilution refrigerator
(50 mK<T<2.5 K). All cryostats are equipped with superconducting magnets
to allow measurements in fields up to 20 T.

2.2.2 Measurements methods

AC susceptibility

The magnetic AC susceptibility characterizes the response of the magnetic
material on the applied AC field:

χAC = dM/dH

which can be measured by means of a susceptometer. The susceptometer
consists of a pick-up coil surrounding a sample and a field coil. The field coil
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is the source of the time-dependent magnetic field. The induced voltage in
the pick-up coil is proportional to the magnetic flux:

V = ωNAµ0B(χsamplef + background)

where N is the winding number of the pick-up coil, A its cross-section, f is
the volume filling factor, B is magnetic field from the field coil, and ω is the
AC frequency.

The coil body was made of nonmagnetic Araldit. The field coil has 755
turns of 60 µm copper thick wire. Two pick-up coils were made of 50 µm
copper thick wire. They were wound in opposite directions relative to each
other in order to reduce the background. Each pick-up coil consisted of 598
turns. When winding the coils, particular care was taken to ensure a perfect
arrangement of the individual turns. A temperature sensor was mounted
close to the susceptometer on the sample holder. The susceptometer is small
enough, that one can neglect the temperature gradient inside.

Magnetisation measurements

The magnetisation measurements were performed using a vibrating sam-
ple magnetometer (VSM) with a superconducting magnet from Oxford In-
struments, with fields up to 12 T. Its operating temperature range is 1.5 –
300 K. The samples are top loaded on a sample rod and detachable tips are
supplied to allow a range of different shapes to be attached with vacuum
grease or Teflon tape. The tips are made of a thermal plastic in order to
reduce their background signal.

The measuring method of the VSM is due to Foner [25]. The sample is
attached to the lower end of the tip made to oscillate vertically, typically
over 0.1 – 1.5 mm with frequencies between 40 – 80 Hz. If the sample is
magnetized (either spontaneously or in response to an external applied field)
the oscillation will induce an AC signal in a set of suitably placed pick-up
coils. The amplitude of the signal is proportional to the magnetic moment of
the sample. The pick-up coils are connected as a gradient pair such that the
induced voltages in each coil add. A lock-in amplifier is tuned to the vibration
frequency using a reference signal from the vibration controller and detects
the in-phase voltage from the pick-up coils.

The DC susceptibility is defined by:

χDC =
δM

δH

This can be approximated by χDC ≈ M
H

for small H. M is the magnetic
moment per unit formula, H is the internal field. In the case of magneti-
sation measurements under pressure, field sweeps and temperature sweeps
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Figure 2.3: Schematic of the clamp type pressure cell. The outer diameter
of the cell is 11.7 mm, bore diameter is 3 mm. The total length of the cell
is 32.7 mm. The total lenght of the Teflon cell is 8 mm, its wall thickness is
approximately 0.2 mm.

were recorded for the pressure cell with and without the sample in order to
be able to substract cell contribution from the raw data. The demagnetisa-
tion correction was estimated to be about 1% of magnetisation.

Measurements under hydrostatic pressure

A CuBe clamp pressure cell with a bore diameter of 3 mm was used for
measurements under pressure (see Fig. 2.3 for further details). After the
CuBe-parts were prepared, they were sealed in a quartz tube and annealed
at 315 ◦C for two hours. The pressure cell was autofrettaged before usage in
order to get rid of permanent deformations.

The sample and a piece of tin were enclosed into a teflon cell filled with
an ethanol-methanol mixture, which was used as a pressure medium. The
cell was pressurized at room temperature with the help of maraging steel
pushrod and the pressure was ”clamped in” by lock screw. Each teflon cell
was used only once.

For the cell used, the highest attainable pressure was 13 kbar. High pres-
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sure values could be only reproduced when a new piston was used. The
pressure value was determined by measuring the Sn superconducting transi-
tion temperature T Sn

c (which depends on the pressure). Measurements of T Sn
c

were carried out at a cooling rate of 0.5 K/min using the vibrating sample
magnetometer (VSM).

Specific heat measurements: Quasi-adiabatic heat-pulse method

The specific heat was measured with a semi-adiabatic heat pulse tech-
nique. This method consists of measuring the variation of the sample tem-
perature ∆T after the heat pulse ∆Q, whereas sample and environment
temperatures during the measurements are quasi-statically balanced. The
energy supplied to the sample due to electric pulse is ∆Q = IV ∆t. After
the heat pulse, the time dependence of the sample temperature follows an
exponential decay law which can be fitted with a single decay constant. The
molar heat capacity is defined by

Cp(T ) ≈ 1

n

∆Q

∆T

where n is the number of moles and T = T1 + ∆T/2. The sample was glued
between a temperature sensor and a heater with a small amount of vacuum
grease, and was supported by a nylon wire string inside the sample holder. It
was controlled that the sample, the sensor and the heater were well thermally
coupled, whereas the nylon wire was nearly non-heat conducting.

To measure the temperature of the samples carbon thermometer was used.
It was calibrated using capacitance thermometer, which was anchored with
the temperature scale of the superconducting fixed point device. The lowest
measured temperature is of 10 mK. The heater was made from a PtW-alloy
wire.
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Sample preparation and
characterisation

Two different methods for the samples preparation were used: arc melting
and induction melting.

3.1 Sample preparation

The polycrystalline samples of CeNixPt1−x were prepared using both arc
and induction melting techniques. The purity of the starting materials was
Ce 99.9, Ni 99.95, Pt 99.999. Using the induction melting we were able to
produce samples of larger size. No qualitative difference between the samples
prepared by the two different methods was observed.

In many cases sufficient structural order is not achievable by induction
melting or arc melting. To improve the quality, each of CeNixPt1−x samples
were annealed. The samples were inserted in an evacuated quartz tube and
placed into the annealing oven for several days. The samples with small
Pt content have been annealed at 500◦C, the CePt sample was annealed at
750◦C. Weight losses due to evaporation were below 0.5% and after annealing
were below 0.1%.

The polycrystalline CePd1−xNixAl samples were prepared by arc-melting
of the pure Ce, Pd, Ni, Al (purity Ce 99.9, Ni 99.95, Pd 99.95 and 99.998,
Al 99.999.) elements in their stoichiometric ratio using an argon atmosphere
under titanium gettering. To achieve a good homogeneity, the samples were
turned over and remelted several times. The weight loss after the melting
did not exceed 0.5%. All CePd1−xNixAl samples crystallize in the hexagonal
ZrNiAl-type structure and have been used as-cast since annealing causes a
change in their structure.
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3.2 Characterisation of CeNixPt1−x samples

The X-ray diffraction results are shown in Fig. 3.1 for a CePt polycrystalline
sample, and in Fig. 3.2 for the series CeNixPt1−x. The CrB orthorhom-
bic structure type is confirmed for all samples. The lattice constants of
CeNixPt1−x are summarized in Table 3.1.

In the diffractogram of CePt we have observed additional peaks, which are
labeled with an ”x”. They can be ascribed to a small amount Ce3Pt4, which
orders antiferromagnetically below 2.8 K [26]. However, when magnetisation
measurements on CePt sample have been performed, no any additional mag-
netic transitions have been found down to 2.5 K, except for those related to
the CePt compound.
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Figure 3.1: X-ray diffraction pattern for CePt compound. Gray lines indicate
expected Bragg peak positions.
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Figure 3.2: X-ray diffraction patterns for CeNixPt1−x polycrystalline sam-
ples.

CeNixPt1−x a (Å) b (Å) c (Å)
CeNi0.95Pt0.05 3.7858 10.5488 4.3740
CeNi0.9Pt0.1 3.8223 10.5780 4.3800
CeNi0.85Pt0.15 3.8303 10.6376 4.3868

Table 3.1: Lattice parameters of CeNixPt1−x.
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3.3 Characterisation of CePd1−xNixAl samples

X-ray diffraction measurements and atom absorption spectroscopy (AAS)
measurements were performed for all CePd1−xNixAl samples. AAS results
are shown in Table 1. AAS allows to determine the masses of Ni and Pd in
the CePd1−xNixAl sample with known mass. The mass of Ce was calculated
with:

mCe =
mS − mNi − mPd

1 + MAl

MCe

,

where mS is the sample mass, mNi and mPd are masses of Ni and Pd, that
were determined by AAS, MAl and MCe are molar masses of Al and Ce,
respectively. The Ni and Pd contents are given by:

x =
mNi

mCe
MNi

MCe

and 1 − x =
mPd

mCe
MPd

MCe

,

where x and 1 − x are Ni and Pd contents, respectively.
A LuPdAl sample was also prepared and analyzed. It serves as reference

compound for specific heat measurements. The La-based compound (LaPdAl
in this case), which might be the first thought to be used as a nonmagnetic
reference system for Ce compounds has a different crystallographic structure.

X-ray diffraction measurements show the single-phase ZrNiAl hexagonal
structure for CePdAl (Fig. 3.3), LuPdAl (Fig. 3.4), and for all CePd1−xNixAl
samples (Fig. 3.5). The corresponding lattice constants are presented in
Table 3.3. These data suggest that Ni doping induces a chemical pressure
— the lattice constants are reduced with increasing of Ni content, whereas a
ratio a/c remains approximately constant. The lattice parameters have been
determined for the samples with x=0.05 and x=0.1 only, since at such low
Ni concentrations shifts of X-ray peaks relative to each other are too small.
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Figure 3.3: X Ray-diffraction pattern for CePdAl.

CePd1−xNixAl Ni content Pd content Ni+Pd content
(per mol alloy) (per mol alloy) (per mol alloy)

CePd0.98Ni0.02Al 0.020 0.970 0.99
CePd0.96Ni0.04Al 0.039 0.963 1.00
CePd0.95Ni0.05Al 0.049 0.899 0.95
CePd0.94Ni0.06Al 0.067 0.984 1.05
CePd0.92Ni0.08Al 0.083 0.988 1.07
CePd0.90Ni0.10Al 0.102 0.885 0.90
CePd0.87Ni0.13Al 0.131 0.915 1.05

Table 3.2: AAS measurements for CePd1−xNixAl system. First column:
nominal Ni content x and Pd content 1 − x, second and third columns:
Ni and Pd contents were determined by AAS independently.

CePd1−xNixAl a (Å) c (Å) a/c
CePdAl 7.2219 4.2218 1.710
CePd0.95Ni0.05Al 7.2019 4.2180 1.707
CePd0.9Ni0.1Al 7.1887 4.2058 1.709

Table 3.3: Lattice parameters of CePd1−xNixAl compounds.
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Figure 3.4: X-ray diffraction pattern for LuPdAl.
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Figure 3.5: X-ray diffraction patterns for CePd1−xNixAl policrystalline sam-
ples.
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Chapter 4

Magnetic properties of CeNi,
CePt, and their pseudobinary
alloys CeNixPt1−x

In Ce-based compounds with transition metals having an almost filled d-band
the electronegativity mismatch between constituents enforces the Fermi level
to be placed differently compared to 4f Ce levels depending on the stoi-
chiometry. Therefore, a variety of Ce states are expected: a stable magnetic
3+ state (corresponding to a [Xe].4f1 atomic configuration), a 3+ state hy-
bridized with the conduction electrons leading to the Kondo screening, an
intermediate valence state, and a non-magnetic 4+ state [27]. In particular,
interest in Ce-Pt and Ce-Ni alloys has been attracted over the years, since
different electronic states indeed have been observed: their manifestation in
magnetic and transport properties can be studied in detail.

In this chapter, we present a short overview over the structural and mag-
netic properties of Ce-Pt and Ce-Ni compounds. While in Ce-Pt systems,
the Ce ions are found in 3+ magnetic state [27], partially compensated by
Kondo screening [28], CeNi is an intermediate valence compound [29] (where
the Fermi energy is positioned much closer to the 4f levels than in CePt)
which behaves like an enhanced Pauli paramagnet exhibiting strong charge
and spin fluctuations. We further discuss the interplay between the RKKY
interaction and Kondo screening in CeNixPt1−x compounds [30, 31]. This
competition is described by Doniach phase diagram (see Chapter 1), where a
parameter |Jn(EF )| controls the characteristic energies of two interactions:
kBTRKKY ∝ |Jn(EF )|2, and kBTK ∝ exp(−1/|Jn(EF )|). Here n(EF ) is the
density of states at the Fermi level, whereas J ∝ |V |2/(E0 − EF ) measures
the exchange coupling strength between localized spins: it depends on the
hybridization V between the f -electrons and conduction electrons, as well
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as on the offset of the Fermi energy with respect to the position E0 of the
4f Ce levels. By alloying CePt with Ni allows one to alter the difference
|EF −E0|. This opens a way to explore the whole range of relative strengths
of interactions, and study the progressive variation of the Ce3+ state towards
the intermediate valence in an isostructural system.

4.1 The binary compounds Ce-Pt

The phase diagram of Ce-Pt exhibits a large number of well-defined com-
pounds, which crystallize in the orthorhombic CrB type of structure. The
Fermi energy of pure Pt is close to that of Ce and is placed above the 4f level
(Fig. 4.1) [27]. This is reflected in magnetic properties which indicate that
in all Ce-Pt compounds the Fermi level alignment depends rather weakly on
the stoichiometry (Fig. 4.1).

Figure 4.1: Schematic representation of the density of states n(E) of pure
platinum and cerium [27]. Dashed lines correspond to Fermi levels of Ce and
Pt.

In all Ce-Pt compounds, Ce is trivalent [27]: no anomaly of lattice pa-
rameters is observed; above 20 K the susceptibility follows the Curie-Weiss
law with effective moments corresponding to the Ce3+ free-ion value. The
magnetic interactions between Ce atoms are of the RKKY type and can lead
to a magnetic order. CePt3 is paramagnetic down to 4.2 K [32, 33]. CePt5

and CePt2 orders antiferromagnetically below TN ≃ 1 K [34] and TN = 1.7 K
[35], respectively. On the other hand, CePt and Ce7Pt3 order ferromagneti-
cally at 5.8 K and 7 K, respectively [28], [36]. However, in CePt a reduction
of the spontaneous magnetization, a low value of the magnetic entropy at
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4.1. The binary compounds Ce-Pt

Figure 4.2: Temperature-pressure (T − p) phase diagram for CePt (after
Larrea et al. [37]).

TC , and a decrease of the magnetic resistivity at high temperatures suggest
the existence of the Kondo effect [28].

The effect of external pressure p on the CePt compound was thoroughly
studied by Larrea et al. [37]. Their phase diagram is presented in figure 4.2.
Susceptibility measurements have shown that for p . 12 GPa the ferro-
magnetic order remains, while the magnitude of the ordered Ce moments
decreases under high applied pressure. TC first rises with p, approaches a
maximum at 7 GPa, and then drops down to TC → 0. The initial pressure
coefficient dlnTC/dp was found to be ≃ 0.115 GPa−1. This value is somewhat
smaller than that reported by Itoh et al. [38]. For pressures p & 12 GPa, no
signature of ordered magnetic states in the AC-susceptibility signal could be
detected. For the temperature dependence of the resistivity at p ≈ 12.2 GPa,
a power-law behaviour R(T ) ∼ T n was reported with an effective exponent n
= 2 in the nonmagnetic Fermi-liquid regime (below Tcoh), and n = 1.34 in the
non-Fermi-liquid critical regime (above Tcoh). Altogether, the reported data
[37] gave strong evidence for the existence of a quantum critical point (QCP)
at pc ≃ 12.1 GPa. The authors estimated the shift exponent ψ describing
the pressure dependence of TC(p) close to pc, TC ∝ |δ|ψ, in terms of distance
δ = |p − pc| to the QCP. The best fit for the exponent ψ was the mean-field
value ψ=1/2.
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Figure 4.3: Schematic representation of the density of states n(E) of (a) pure
Ni and Ce, and (b) Ce-Ni compounds (after [27]).

4.2 The binary compounds Ce-Ni

Alloying Ce with Ni allows one to study not only the 4f instability but also
the onset of 3d magnetism. The phase diagram in this case exhibits a large
number of well-defined Ce-Ni compounds with various compositions. The
band structure of Ce-Ni results from the overlap of the narrow Ni 3d band
with the wider Ce 5d band of higher energy (Fig. 4.3) [27]. The 5d electrons
of Ce are partially transferred to the 3d band. The two bands are merged
together and hybridized states are formed at the top of the 3d band and
at the bottom of the 5d band. With increasing Ni content, the Fermi level
shifts downwards in energy with respect to the 4f level. CeNi5 and Ce7Ni3
represent the extreme cases with the largest and the least possible amount
of Ni. The Fermi energy thus takes the lowest and the highest values in case
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of CeNi5 and Ce7Ni3, respectively.

We discuss the properties of CePt in more detail. The lattice parameter
analysis and studies of thermal expansion show that CeNi is an intermediate
valent compound where the valency of Ce varies from 3.5 to 3.3 between
4 K and 300 K [29]. It behaves like an enhanced Pauli paramagnet where
the magnetic susceptibility passes through a maximum at ∼ 140 K. The
origin of magnetism in CeNi was studied by polarized neutron diffraction
experiments [29]. While in CeNi5 the magnetic order originates from the Ni
3d states [39], the induced magnetization in CeNi arises from the 4f electrons
of cerium. No magnetic density was found on Ni sites.

4.3 The series CeNixPt1−x

The CeNixPt1−x pseudobinary alloys are of particular interest. They all crys-
tallize in the same orthorhombic CrB-type structure. In the limiting cases,
x = 1.0 or x = 0, cerium is found in two almost extreme states, intermedi-
ate valence and magnetic Ce3+. For a pseudobinary alloy, CeNixPt1−x, the
progressive variation of the Fermi level EF as function of x may lead to a
continuous change of the oxidation state of Ce ions. In addition, a substitu-
tion of Pt by Ni produces a chemical pressure effect (due to a smaller size
of Ni atoms compared to Pt) and thus may cause a change in the electronic
properties. Summarizing, in the intermetallic alloys CeNixPt1−x one expects
to observe the following sequence with increasing x [31]: ferromagnetic or-
der → trivalent spin-fluctuation behaviour (Kondo effect) → intermediate
valence state.

The Curie temperature TC and the Kondo temperature TK of the series
CeNixPt1−x compounds as function of the Ni content x are shown in Fig. 4.4,
as reported by Gignoux and Gomez-Sal [31]. TC was obtained from Arrott
plots. The similarity of Fig. 4.4 and the Doniach diagram is evident. The
RKKY interaction dominates for x ≤ 0.9, where the system orders ferro-
magnetically. Magnetisation measurements of samples with x ≥ 0.95 have
shown that these compounds are nonmagnetic [31]. Moreover, the form of
the TC curve is essentially similar to the one obtained from pressure measure-
ments (cf. Fig. 4.2): TC first goes up with increasing Ni content, approaches
a maximum at x ∼ 0.6, and finally drops down for large values of x [27].

As argued by Gignoux and Gomez-Sal [31], the variation of TC as a
function of the Ni content is in qualitative agreement with that calculated
as a function of the product |Jn(EF )| in the Doniach model. Here J is
the coupling constant between the 4f shell and the conduction band, J =
2|V |2/(E0 − EF ), where V is a hopping matrix element between f and con-
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Figure 4.4: The Curie temperature TC , and the Kondo temperature TK of
CeNixPt1−x compounds as function of the Ni content x (after Ref.[31]).

duction electrons, E0 is the 4f level, and EF is the Fermi level. The main
contribution to the increase of |Jn(EF )| with increasing Ni content arises
from the decrease of |E0 − EF |. As mentioned above, in Pt the Fermi level
lies above the Fermi level of Ce metal (cf. Fig. 4.1), whereas in Ni it lies
below (cf. Fig. 4.3). Therefore, CePt is characterised by a small parame-
ter |Jn(EF )|, so that the exchange interactions overcome the Kondo effect
which remains weak. In contrast, Ce is found in the intermediate valence
state in CeNi: there EF is placed closer to the 4f level E0, and |Jn(EF )|
is large. Substituting Pt by Ni in CePt, the Fermi level approaches the 4f
level, leading to an increase of the product |Jn(EF )|.

Gignoux and Gomez-Sal [31] determined the lattice parameters of poly-
crystalline samples of CeNixPt1−x and LaNixPt1−x. The cell volume is plot-
ted in Fig. 4.5 as function of the Ni content x. For x < 0.8 the change
of lattice parameters of CeNixPt1−x follows the same moderate variation as
for LaNixPt1−x (see Fig. 4.5). However, for x ≥ 0.8 the cell volume of
CeNixPt1−x drops with a larger slope. This enhanced slope was attributed
by authors of Ref. [31] to the Ce state changing from a trivalent state to an
intermediate valence, which is associated with a shrinking of the Ce ionic
radius.
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Figure 4.5: The cell volume of CeNixPt1−x and LaNixPt1−x compounds as
function of Ni content x (after [31]). Red points correspond to our data.

In the later work by Espeso et al. [30] X-ray absorption spectroscopy
studies have been performed on CeNixPt1−x to clarify whether the observed
transition to a nonmagnetic state corresponds to a change of Ce valence or
is due to a competition between the RKKY exchange interaction and the
Kondo effect. Results of this investigation have shown that the behavior of
CeNixPt1−x is in agreement with the Doniach diagram for x ≤ 0.9. Therefore,
it has been argued [30] that a transition into a nonmagnetic state is due to
progressive screening of the 4f shell as the result of the competition between
RKKY exchange interaction and the Kondo effect, but is not due to the
change of the Ce valence. According to Gignoux and Gomez-Sal [31], at the
instability point, x ≃ 0.9, the system is characterized by a reduced critical
temperature TC= 4.0 K (cf. TC = 5.8 K for CePt) and a very small, almost
screened low-temperature magnetic moment M = 0.047µB of the Ce ions.
Therefore, external pressure applied to the CeNixPt1−x alloy, which is already
close to the magnetic instability, could push the system further along the
Doniach diagram towards a quantum critical point: a thorough discussion of
this topic is presented in the following Chapter 5.
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Chapter 5

Pressure effects in CeNixPt1−x

In this chapter we present the results of magnetic measurements on CeNixPt1−x

under pressure, with Ni content x = 0.85 and 0.9. These systems are close
to the instability point, where magnetic moments are very sensitive to the
lattice volume. Therefore, a ”moderate” external pressure (∼ 1 GPa) can
tune the system to a quantum critical point (QCP) as we demonstrate by
our measurements. In contrast, very high external pressure (∼ 12 GPa) is
required to reach the QCP in the case of CePt [37]. We compare the effect
of doping (chemical pressure) with external hydrostatic pressure: our results
together with the literature data are summarized in a ”pressure-and-doping”
diagram for CeNixPt1−x compounds.

5.1 CeNixPt1−x: magnetisation measurements

In this section, the magnetisation measurements on CeNixPt1−x are pre-
sented. The measurements were carried out with a vibrating sample mag-
netometer (VSM, see Chapter 2). From the low field magnetisation (M)
data the DC-susceptibility is approximately given by χDC ≈ M/H, where H
(∼ 1000 Oe) is the magnetic field. The temperature dependent susceptibili-

CeNixPt1−x µeff (µB) TC (K) θp (K)
CeNi0.9Pt0.1 2.43 4 -100
CeNi0.85Pt0.15 2.56 6.2 -87
CePt 2.58 6 -7

Table 5.1: Effective paramagnetic moments µeff , Curie temperatures TC , and
paramagnetic Curie-Weiss temperatures θp for CeNixPt1−x
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Figure 5.1: DC-susceptibility for CeNixPt1−x (x = 0, 0.85, 0.9, 0.95 and 1)

ties are shown in Fig. 5.1 for CeNixPt1−x with x = 0, 0.85, 0.9, 0.95 and 1.
The same data in the low temperature range are shown in Fig. 5.2. At high
temperatures the susceptibility follows the Curie-Weiss law:

χ ≃ C

T − θ
.

The fit to this formula gives the values of paramagnetic moments µeff ,

µeff =

√
3kBC

NAµ2
B

,

which are presented in Table 5.1 together with paramagnetic Curie-Weiss
temperatures θp . The fits are illustrated in Fig. 5.3 for the compounds with
x = 0, 0.85, 0.9.

The Curie temperature of magnetically ordered CeNi0.9Pt0.1 was deter-
mined using Arrott plots. For the samples CePt and CeNi0.85Pt0.15 the Curie
temperatures were determined from temperature dependencies of DC suscep-
tibility. They are in agreement with data from literature ([31]). We observe
that the moments µeff are slightly reduced with increasing Ni content, but
are still close (in our error range) to the free Ce3+ ion value of 2.54 µB. We
mention, that paramagnetic moments µeff of course differ from the Kondo-
screened low-temperature moments reported in Ref. [31].
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Figure 5.2: DC susceptibility for CeNixPt1−x (x = 0, 0.85, 0.9, 0.95 and 1)
in the low temperature range.

The DC susceptibility of CeNi (Fig. 5.4) shows a broad maximum at
140 K corresponding to the Kondo temperature, in agreement with previous
measurements [31]. For the CeNi0.95Pt0.05 sample, this maximum is shifted
to 60 K (Fig. 5.4). An Arrott-plot-based calculation and AC-susceptibility
measurements (in the temperature range 0.3–4 K) have revealed no magnetic
order in these compounds. The small Curie-Weiss tail with an onset at ∼
20 K yields effective moment µeff=0.12µB/f.u., resulting in an amount of
2.33% of a Ce3+ in this compound.

Our observations can be summarized as follows: (i) a substitution of Pt
with Ni suppresses the magnetic order (Fig. 5.1), in agreement with liter-
ature data; namely, the DC susceptibility decreases monotonically by two
orders in magnitude when the highest possible Ni concentration is reached;
(ii) ferromagnetic transitions are well observed for CePt and for the sample
with 85 % of Ni; however, only a weak shoulder around 4 K is seen for the
sample with 90 % Ni content; (iii) the Curie temperature TC is not a mono-
tonic function of x: it approaches a maximum value of 6.5 K for x = 0.85,
and drops down to zero at x ≥ 0.95 .
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Figure 5.3: Inverse DC susceptibility for CeNixPt1−x (x = 0, 0.85, 0.9). Red
curves show a high temperature fit with a Curie-Weiss law.
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Figure 5.4: DC susceptibility of CeNi0.95Pt0.05 and of CeNi.
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Figure 5.5: DC susceptibility for CePt at different applied pressure.

pressure, kbar Curie temperature, K
0.0 6.00
6.7 6.35
7.2 6.40
8.1 6.53

Table 5.2: Pressure dependent Curie temperatures for CePt.

5.2 Measurements on CePt under hydrostatic

pressure

Pressure measurements were performed with help of a clamp-cylinder pres-
sure cell described in Chapter 2.

First, the pressure measurements were performed on CePt: it served as
a test system, where results could be compared to the literature data. The
temperature-dependent susceptibilities in the range of 2.5–20 K are shown
in figure 5.5. Pressure dependent transition temperatures (obtained from
Arrott plots) are given in Table 5.1. Our results are in agreement with those
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reported by Larrea et al. [37]: TC slightly increases with applied pressure
(up to 0.8 GPa). In this range, the RKKY interaction dominates Kondo
screening, and CePt orders ferromagnetically below TC .

5.3 Pressure tuning of doped compounds

CeNi0.85Pt0.15 and CeNi0.9Pt0.1 towards

quantum critical point

It is known [37] that CePt can be driven to a quantum critical point (QCP)
under high applied pressure. On the other hand, it is common to compare
the changes under mechanical compression with the changes under chemical
pressure exerted by alloying with isovalent atoms of different size [31, 30, 40].
The overview of literature data given in Chapter 4 shows that when Pt is
substituted with Ni, TC(x) indeed behaves similar to TC(p) measured in
pressure experiments. However, doping only is not able to drive the system
directly to the QCP. Above xc ≈ 0.9, where TC is still finite (cf. Fig. 4.4), the
magnetic signal abruptly disappears [31, 30]: this indicates the importance
of electronic effects in the alloys. As a consequence, there is no direct one-to-
one correspondence to the pressure experiments. However, the expectation
is that TC can still be driven to zero (i.e. to the QCP) if only the pressure is
high enough.

We have produced two samples, CeNi0.85Pt0.15 and CeNi0.9Pt0.1. In Fig-
ures 5.6 and 5.7, we plot the measured susceptibility data (χDC versus T )
for these samples. As expected, with applied pressure the susceptibilities are
gradually reduced, indicating weakened magnetic order.

The Curie temperatures TC , obtained using Arrott plots, are shown in
Fig. 5.8. Details of the method are discussed in the following chapter sec-
tion. In comparison to CePt, the two doped compounds are closer to the
QCP. Thus, a relatively small pressure (about 1 GPa) is enough to push TC

towards zero. The critical pressure pc is smaller for the compound with a
larger amount of Ni. The dashed lines show the Tc(p) as predicted by the
spin-fluctuation theory of Hertz [18] and Millis [19]. For the case of three-
dimensional FM (d = 3, z = 3), one gets Tc ∝ |p0 − p|3/4.

Larrea et al. [37] discussed an alternative to the spin-fluctuation theory
scenario on how the system approaches the quantum critical point. They
suggested to relate a ferromagnetic instability close to the
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Figure 5.6: DC susceptibility versus T for CeNi0.85Pt0.15 at different applied
pressure.
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Figure 5.8: TC versus p for CeNi0.85Pt0.15 and CeNi0.9Pt0.1.

QCP with soft spin-wave modes in an anisotropic quasi-two-dimensional ma-
terial. For the CePt compound, authors of Ref. [37] have shown that an
important contribution to the resistivity arises from scattering of electrons
by spin-waves with a gap in the dispersion relation: ω(k) = ∆ + Dk2 (here
D is the spin-wave stiffness). The origin of the gap ∆ comes from the strong
anisotropy of the CrB crystal structure (cf. Fig. 5 of Ref. [37]), consisting
of layers of Ce triangular prisms, containing Pt atoms stacked along the c
axis: such a structure suggests the reduced effective two-dimensional charac-
ter of magnetic fluctuations. Under this assumption, fits of TC curves when
approaching the QCP (see Figs. 5.9, 5.10) may be obtained within the two-
dimensional anisotropic ferromagnetic Heisenberg model with a gap in the
spectrum of the spin-wave excitations. A vanishing of TC at a critical point
pc in this model can be obtained under the assumption that the pressure
dependent gap, ∆(p) = ∆0|p− pc|, approaches zero at the same critical pres-
sure. Within the random phase approximation [43], the appropriate relation
for TC reads as

kBTc =
2Γ

π
ln−1

(
1 +

Γ

∆0|p − pc|

)
,
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such that Tc → 0 when ∆ = ∆0|p − pc| → 0 at p → pc, and the parameter Γ
related to the spin-wave stiffness (Γ ∝ D) is assumed to be constant close to
the QCP. According to Larrea et al. [37], one may tentatively relate the van-
ishing gap with f electron wave functions being less anisotropic under high
applied pressure, because of their increased hybridization with conduction d
electrons of Pt (and Ni) which have quenched orbital magnetic moments.

Fits of experimental points to the above formula (with adjustable param-
eters Γ, ∆0, and pc) are shown in Figures 5.9 and 5.10. The found critical
pressures pc are 0.95 GPa for the CeNi0.9Pt0.1 compound, and 1.29 GPa
for the CeNi0.85Pt0.15 compound. ∆0 is almost the same value for all sam-
ples. The ferromagnetic exchange constants (J = Γ/π) were estimated as
J(x = 0.9) = 3.69 K and J(x = 0.85) = 2.74 K, respectively.

5.4 Arrott-plot method

A widely used experimental tool for evaluating a ferromagnetic ordering tem-
perature is the Arrott-plot method [41]. It is based on the Weiss molecular
field theory. In case of a ferromagnet, the dependences M2 versus H/M at
constant temperatures (isotherms) should be a set of parallel straight lines
and the isotherm crossing the origin corresponds to the Curie temperature.
However, for disordered ferromagnets the region of validity of Weiss expan-
sion comprises small values of magnetisations and the M2(H/M) plots are
curved. Besides, the M2(H/M) dependence can not be measured down to M2

= 0. Yeung et al. [42] proposed to interpolate the curves intercept with the
H/M axis or the M2 axis using the slope of the measured isotherm at small
H field for T > TC . Consider the isotherms with T < TC . The intercept is
negative at this temperatures. According to Arrott [41] for T < TC high field
curve part have been extrapolated. Within this approach one can calculate
lower and upper estimates for the Curie temperature TC : the isotherms with
temperatures T higher than TC should intersect the horizontal axis (H/M),
and isotherms with lower T compared to TC intersect the vertical axis (M2)
of the M2–H/M diagram.

The Arrott plot for the sample CeNi0.85Pt0.15 under pressure of 0.56 GPa
is shown in Fig. 5.11. From the plotted isotherms it is seen that TC lies
below 5 K, and above 3 K. A more precise determination is presented in
Fig. 5.12. From Fig. 5.11 one can extract the abscissa intercepts hk. The
straight line h(T ) = a + bT (see Fig. 5.14) gives the value of TC from the
condition h(T ) = 0. The Curie temperature is found from the condition
h(Tc) = 0. Thus, we get TC = 4.0 K.
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Figure 5.11: Arrott plots for CeNi0.85Pt0.15 at p = 0.56 GPa at different
temperatures.
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Figure 5.13: Arrott plots for CeNi0.85Pt0.15 at p = 1.3 GPa at different tem-
peratures
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Figure 5.14: Intercepts of Arrott plots versus T for CeNi0.85Pt0.15 at
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Figure 5.15: Arrott plots for CeNi0.9Pt0.1 at p = 0.48 GPa at different tem-
peratures.
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Figure 5.17: Arrott plots for CeNi0.9Pt0.1 at p = 0.16 GPa at different tem-
peratures.
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Figure 5.18: Intercepts of Arrott plots versus T for CeNi0.9Pt0.1 at
p = 0.16 GPa. TC = 4.1 ± 0.3 K.
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When TC is below the temperature that we can read with VSM, the
Arrott plot does not yield a finite M2 value for H/M → 0. In this case, the
method can not be applied straightforwardly. In Fig. 5.13, we present an
example of an Arrott plots for the sample CeNi0.85Pt0.15 at large pressure p
= 1.3 GPa. All isotherms correspond to temperatures, which lie above the
Curie temperature at this pressure value.

Nevertheless, we were able to extrapolate rather relatively TC from the
linear fit function h(T ). Although, we approach TC from above.

For the sample CeNi0.9Pt0.1 the Arrott plots show a more pronounced
curvature, their intercepts were determined from the lower part of the curves.
One example of these calculations is presented in Figs. 5.15 and 5.16. From
Fig. 5.15 it is seen that Curie temperature a bit higher than 3 K, the fit gives
TC = 3.5 K. One more example of Arrott plots for CeNi0.9Pt0.1 at 0.16 GPa
is shown in Figs. 5.17, 5.18. TC was found to be 4.1 K.

5.5 Pressure and doping diagram for CeNixPt1−x

The volume change by external pressure and by chemical doping can be
compared if bulk modulus is known. The isothermal bulk modulus is given
by following relation:

BT = −V
∂P

∂V

∣∣∣∣
T

, where P = − ∂F

∂V

∣∣∣∣
T

, and BT = V
∂2F

∂V 2

∣∣∣∣
T

Here P is the pressure and V is the volume. F is the free energy. Bulk
moduli depend on pressure, temperature and volume.

For polycrystalline and/or composite metallic compounds the modulus
can be described empirically by the following relation:

BV R =
BVoigt + BReuss

2

where

BVoigt =
∑

i

fiBi ; B−1
Reuss =

∑
i

fi

Bi

;
∑

i

fi = 1,

fi are volume fractions of different phases, Bi are the respective bulk moduli
[44].

Here we adopt this method with certain modifications and apply it to Ce-
based alloys CeNixPt1−x [45]. Namely, since ions in intermetallic compound
are tightly linked by chemical bonds, the volume fractions fi were substituted
by fractions xi. Indeed, we have found this approximation to work quite well,
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as can be seen from Table A1 (see Appendix), where experimentally deter-
mined values of B, calculated BVoigt, BReuss and BV R for different compounds
are given. In Table 5.3, calculated values of bulk moduli for CeNi0.9Pt0.1 and
CeNi0.85Pt0.15 alloys are presented. The B values of pure metals (Ce, Ni, Pt)
have been taken from Ref. [46].

The temperature dependence of the bulk modulus and magnetic effects
are neglected. The pressure dependence is taken into account in the form of
Murnaghan equation:

B = B0(p = 0) + p
dB

dp

∣∣∣∣
p=0

and, for cell volume one has:

V

V0

=

[
1 +

dB
dp
|p=0

B0

p

]−1/ dB
dp

|p=0

.

For the dB
dp

the value of 5 was used, which was found empirically for most

compounds [45].

compound BV R (GPa) BVoigt (GPa) BReuss (GPa)
CeNi0.9Pt0.1 74.0 39.1 108.9

CeNi0.85Pt0.15 74.7 39.1 110.3

Table 5.3: Bulk modulus for CeNi0.9Pt0.1 and CeNi0.85Pt0.15 compounds.

We summarize our results on Curie temperature dependence of the cell vol-
umes of CeNixPt1−x in Fig. 5.19. In addition, we present data for CePt after
Larrea et al. [37], Gignoux [40] et al., Itoh [38] et al., as well as data on
CeNixPt1−x compounds after Gignoux et al. [31, 40]. Both Ni doping and
application of hydrostatic pressure reduce the unit-cell volume.The transi-
tion temperature first increases slightly with decreasing the cell volume (and
increasing pressure, respectively), and then drops to zero when approaching
the QCP. Our experimental points for the pure CePt compound are in very
good agreement with data of Larrea and Gignoux, whereas that from Itoh
lie on the curve for the doped samples.

Our data for CeNi0.85Pt0.15 are in a good agreement with data of Gignoux
et al. [40]. However, we have managed to achieve higher pressure values and
obtained a complete set of data points, so that the QCP can be reached.
Our conclusions can be summarized as follows: (i) close to the QCP a small
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compression is enough to diminish TC substantially; (ii) close to the QCP
pressure suppresses the magnetic order faster than substituting Pt with Ni;
(iii) doping with Ni compresses the unit cell and affects the electronic struc-
ture of the alloys.
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Figure 5.19: Pressure and doping diagram for CeNixPt1−x compounds. The
data for CePt under pressure ◦ - after Larrea [37], and ◦ - after Itoh [38].
The data for doped CeNixPt1−x • are from Gignoux [31], and the data for
CeNixPt1−x under external pressure - ◦ after Gignoux [40].
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Chapter 6

CePdAl: a heavy fermion
compound on a Kagomé-like
lattice

6.1 Experimental data

Recent measurements [47, 48, 49] revealed unusual properties of CePdAl,
which is the first known heavy-fermion Ce-based system on a Kagomé-like
lattice. Its crystal structure is of ZrNiAl-type (hexagonal space group P62m,
see Fig. 6.1 [49], where the magnetic Ce ions form a network of equilateral
triangles in the ab plane, similar to the Kagomé lattice. The number of
nearest neighbors of each Ce atom is 4 in this compound, as in the Kagomé
lattice. However, the hexagons formed by Ce are distorted so that the number
of next nearest Ce neighbors is 2, although this number is 4 in the Kagomé
lattice. The nearest neighbor (NN) distances between Ce atoms are 4.233 Å
along the c-axis, and 3.722 Å in the ab-plane. The shorter NN distance in
the ab-plane suggests strong two-dimensional magnetic correlations.

The electronic specific-heat coefficient of CePdAl is γ = 270 mJ/K2mol.
The resistivity shows a behavior typical for dense Kondo systems: a ln T
dependence with a minimum around 20 K. A broad maximum at 4 K, and
the steep decrease is observed below Néel temperature TN = 2.7 K [50].

The most remarkable property of CePdAl is a partially ordered magnetic
state. The magnetic structure is schematically shown in Fig. 6.2. Neutron
diffraction measurements on powder samples have shown that two thirds of
the Ce moments are ordered antiferromagnetically below TN = 2.7 K with
a propagating vector k = (1/2, 0, 0.351), while one third of the Ce moments
remains paramagnetic, as shown in Fig. 6.2. Furthermore, the magnetic
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Figure 6.1: The crystal structure of CePdAl (ZrNiAl type) plotted as a view
onto the hexagonal ab plane [49]. The heights of the atoms are in units of
z = c. Dashed lines illustrate the triangular lattice of the magnetic Ce atoms.

Figure 6.2: The basal plane of the magnetic structure of CePdAl for 1.3 K <
T < 2.7 K [49]. The magnetic Ce moments are partly ordered, parallel (+)
and antiparallel (–) to the c-axis, and partly disordered (0). The unit cell for
the orthorhombic description of the crystal structure is highlighted by the
gray color.
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structure is incommensurate along the c-axis. The magnetic susceptibility
of CePdAl follows a Curie-Weiss law above 120 K. The effective magnetic
moment of 2.53 µB is close to the Ce3+ free-ion value of 2.54 µB and the
paramagnetic Curie temperature is Θp = −34 K [49].

6.2 Frustrated Kondo model

In order to explain the partially ordered state in CePdAl, the two-dimensi-
onal Ising model accounting for the Kondo effect and two kinds of exchange
interactions on a Kagomé-like lattice has been proposed by Núñes-Regueiro et
al. [50]. The model Hamiltonian (frustrated Kondo model) includes the near-
est neighbor and the next-nearest neighbor interactions between Ce atoms
(J1 and J2, respectively) as follows:

H =
∑

i

∆i(T ) | µz
i |2 +

1

2

∑
1st nn.

J1µ⃗z
i µ⃗

z
j +

1

2

∑
2nd nn.

J2µ⃗z
i µ⃗

z
j

where ∆i(T ) is the energy difference between the completely screened Kondo
state µi = 0 and the magnetic Ce state µi ̸= 0. A schematic view of the mag-
netic phase diagram of this model is given in Fig. 6.3. The paths of exchange
interactions J1 and J2 are presented as solid and dotted lines, respectively.
The magnetic structure shows up in the regions of the phase diagram where
conditions J1 > 0 and J2 < 0 are satisfied. This structure is strongly affected
by frustration of the antiferromagnetic interaction J2. Oyamada et al. [51]
have found that the Kondo effect and/or a distortion of the Kagomé lattice
play an important role in extending the region where the partially ordered
state is stable at T = 0 (light shaded area). The lower right-hand side of
the phase diagram is the region where CePdAl exists. The conclusions of
Ref. [51] suggest that a cancellation of magnetic moments by the Kondo ef-
fect relieves the frustration of the Kagomé-like lattice and that the partially
ordered state is stable down to T = 0.

6.3 Effect of hydrostatic pressure on

magnetic order in CePdAl

The discussion of CePt and CeNixPt1−x presented in previous chapters has
given an additional example that heavy-fermion systems could be driven to
the quantum critical point (QCP) by applying hydrostatic pressure, as a
result of Kondo screening dominating the RKKY interaction at the critical
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Figure 6.3: Schematic view of the magnetic phase diagram reported by Do-
lores Núñes-Regueiro et al. using the model Hamiltonian approach [50, 51].
The magnetic structures at 0 K are shown. NM indicates absence of the
magnetic order. The dark shaded area J1 < 0, J2 < 0 is the region where
the partially ordered state is stable at 0 K in the classical Ising spin system
on the Kagomé lattice without the Kondo effect [51]. The light shaded areas
are the extended regions where the partially ordered state is stable at 0 K
due to the Kondo effect and/or distortion of the Kagomé lattice.
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region. The same is valid for the CePdAl compound. For example, specific-
heat measurements on CePdAl under pressure [49, 52] have shown that TN

is monotonically reduced down to 1.7 K at 0.9 GPa [49]. Non-Fermi-liquid
behaviour has been reported by Akamaru et al. [53], who observed a T 1.5

dependence of the resistivity above 0.6 GPa. The hydrostatic pressure effect
on CePdAl has been thoroughly studied by Goto et al. [54], their work is
discussed further in more detail.

Goto et al. [54] measured susceptibility χ(T ) under high pressures up to
1.2 GPa to examine the pressure induced magnetic instability. At ambient
pressure, in the temperature window below 8 K, χ(T ) increases with decreas-
ing T , shows a broad maximum associated with TN and then drops. With
increasing pressure, the maximum shifts downwards to the low temperature
side. Above 1.0 GPa, the maximum disappears and an anomaly correspond-
ing to TN could not be found down to 0.6 K. We will show in Chapter 7
that the QCP, where the antiferromagnetic order disappears, is found in our
work at pc = 0.95 GPa. Above the critical pressure, p > pc, the suscepti-
bility χ grows with decreasing temperature. As has been noted by Goto et
al. [54], this is a manifestation of the non-Fermi-liquid behavior originating
from quantum fluctuations.

Goto et al. [54] performed specific-heat measurements C(T ) at low tem-
peratures down to 0.4 K and under high pressures up to 1.3 GPa. The
magnetic contribution, Cmag, to the specific heat was obtained from the dif-
ference between the data of CePdAl and non-magnetic CeNiAl compound.
The authors observed a λ-type anomaly at 2.7 K and found the magnetic
entropy to be Smag = 0.38R ln 2 at TN . By applying pressure, the peak
position corresponding to TN shifts to lower temperatures and vanishes for
p ≥ 0.83 GPa. At 1.3 GPa, Cmag/T increases gradually with decreasing T ,
reaching 0.48 J/mol K2 at 0.4 K. Cmag/T for p ≥ 0.95 GPa exhibits a − ln T
dependence in the temperature range T < 3 K, indicating non-Fermi-liquid
behavior.

These studies on CePdAl motivated us to investigate the effect of dop-
ing (chemical pressure) on the magnetic order in CePd1−xNixAl, where the
control parameter driving a system to the QCP point is the Ni concentra-
tion x. Our experimental results on quantum critical behaviour of doped
CePd1−xNixAl compounds will be discussed in the following Chapter 7.
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Chapter 7

Quantum phase transition in
CePd1−xNixAl compounds

This chapter is devoted to the heavy-fermion alloys CePd1−xNixAl: here we
confirm that chemical pressure can guide the system to the quantum phase
transition. This is in contrast to CeNixPt1−x alloys, where such a possibility
was impeded by competing electronic structure effects.

7.1 Specific-heat of CePdAl

In this section we discuss heat-capacity measurements on CePdAl in a broad
temperature range up to 300 K. For the rare-earth intermetallic Ce, the
specific-heat usually shows a broad Schottky anomaly due to the splitting
of the Hund‘s rule J=5/2 multiplet by the crystalline electric field (CEF)
[55, 56]. An analysis of Schottky anomaly gives information about a multiplet
structure of the electronic levels of the rare earth ions which is required for
the description of electronic and magnetic properties.

Specific-heat measurements for CePdAl have been performed at the IFP,
Forschungszentrum Karlsruhe with help of the PPMS1 setup in the temper-
ature range 0.3–300 K. The heat capacity of CePdAl and of the isomorphic
non-magnetic compound LuPdAl are presented in Fig. 7.1. The latter serves
as a reference compound for the lattice contribution to the specific-heat.

1Physical Property Measurement System from Quantum Design (www.qdusa.com).
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Figure 7.1: Specific-heat of CePdAl and LuPdAl. The inset shows the low-
temperature region in detail.

A λ-anomaly at Néel temperature TN = 2.7 K is observed for CePdAl, which
is in agreement with Goto at al [54]. Apart from that, a relevant increase of
the CePdAl specific-heat is seen with regard to that of LuPdAl, especially in
the temperature interval 100–200 K. From

Cmag = CCePdAl − CLuPdAl,

we have calculated the magnetic contribution to the entropy

Smag =

∫ T

0

(Cmag/T ) dT,

which is plotted in the upper Fig. 7.2 for CePdAl.
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Figure 7.2: Magnetic entropy and magnetic specific-heat versus T of CePdAl.
The solid line corresponds to a theoretical fit in the paramagnetic phase
within the crystalline electric field (CEF) scheme with ∆1 = 160 K and
∆2 = 405 K.
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Figure 7.3: Simulated curves for different ∆1 and ∆2 values. The best fit to
the experimental points was obtained with ∆1 = 160 K and ∆2 = 405 K.
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The magnetic contribution to the specific-heat Cmag exhibits a broad
Schottky-type anomaly around ∼ 100 K. Due to the low-symmetry site oc-
cupied by the Ce3+ ion, the J = 5/2 ground multiplet splits into three
crystal-field doublets. Within the CEF scheme [57], the best fit has been
obtained assuming that the excited states are separated from the ground
state by energy gaps ∆1 = 160 K and ∆2 = 405 K. To compare, we plot
simulated curves with different ∆1 and ∆2 in Fig. 7.3. Error bars above the
magnetic transition originate from commensurable values of C for CePdAl
and LuPdAl in high temperature range, where the precision of measurements
was about 0.5 %. We mention, that the most direct method to determine
CEF levels would be inelastic neutron scattering measurements. Unfortu-
nately, no information of such measurements is available. The entropy at the
Néel temperature is smaller than R ln 2, indicating the influence of Kondo
screening [55]. At 300 K, Smag is slightly lower than R ln 6 corresponding to
the total degeneracy of the J = 5/2 multiplet due to thermal population of
the excited doublets.
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7.2 Tuning of magnetic order in CePd1−xNixAl

Specific-heat measurements for the CePd1−xNixAl samples with x = 0.0196,
0.05, 0.102 and 0.131 were performed using a dilution refrigerator in the
temperature range 0.03 – 2.5 K. In the temperature window 2–300 K, for the
samples with x = 0.05 and 0.102, specific-heat measurements were carried
out at the IFP, Forschungszentrum Karlsruhe, within PPMS.

The C/T versus T data are presented in Fig. 7.4. The CePdAl compound
(x = 0) shows a clear λ-type anomaly at the Néel temperature TN = 2.7 K.
The anomaly broadens for the doped compounds, and TN moves towards
lower temperatures with increasing Ni content. For the sample with x =
0.102 the antiferromagnetic (AF) transition is still visible as a weak shoulder
in C/T around 1 K. At xc = 0.131 the AF transition is seen at about 0.25 K
in logarithmic scale (see fig. 7.8). This Ni concentration is already very close
to QCP.

From the linear fit of the C/T versus T 2 dependence at low temperatures
(see Fig. 7.5) the electronic specific-heat coefficients γ have been estimated
for the series CePd1−xNixAl. Results are summarized in Table 7.1:

γ grows with increasing Ni content, reaching value of 1.3 JK−2mol−1 for
x = 0.131, which indicates enhanced Kondo screening.

Figure 7.6 displays the magnetic contribution to the specific-heat, Cmag =
CCePdAl−CLuPdAl, as a function of the reduced temperature T/TN . From Cmag

data the magnetic contribution to the entropy Smag has been calculated (see
Fig. 7.7). In all compounds Smag at TN is lower than R ln 2 = 5.76 JK−1mol−1

corresponding to the doublet ground state. Moreover, a deviation from R ln 2
becomes more significant for a larger Ni content: this is the evidence of the
enhanced screening of local moments due to the Kondo effect.

From specific-heat measurements, the QCP was estimated at xc ≈ 0.13
for CePd1−xNixAl (see Fig. 7.4). The transition temperature at this Ni con-
sentration is essentially suppressed. Previous specific-heat measurements on
doped compounds CePd1−xNixAl have shown that a critical Ni concentration
is ∼ 10% [61].
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x γ (J/molK2)
0 0.281

0.020 0.369
0.050 0.641
0.102 1.154
0.131 1.309

Table 7.1: Electronic specific-heat coefficient for CePd1−xNixAl.
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Figure 7.4: C/T versus T for CePd1−xNixAl (x = 0, 0.0196, 0.05, 0.102,
0.131).
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Figure 7.5: C/T versus T 2 for CePd1−xNixAl alloys (x = 0, 0.0196, 0.05,
0.102, 0.131)
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Figure 7.6: Magnetic specific-heat versus T/TN for CePd1−xNixAl alloys.
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Figure 7.7: Magnetic entropy versus T/TN for CePd1−xNixAl.
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Figure 7.8: Magnetic specific-heat for CePd1−xNixAl (x = 0.131) alloy.

68



7.3. AC-susceptibility

7.3 AC-susceptibility

7.3.1 Spin-glass behaviour

In magnetic systems with frustrated bonds superimposed with structural
disorder (which can not be excluded in our polycrystalline samples CePd1−x-
NixAl) one may observe a spin-glass-like behaviour in the AC-susceptibility
signal χAC(T, ω), which acquires a dependence on the frequency ω = 2πf
of the applied magnetic field. In order to explore frustrated interactions,
we have performed measurements of χ(T, ω) on CePdAl and CePd1−xNixAl
samples in the frequency range 200 < ω/2π < 5100 Hz down to 300 mK.

The results for CePdAl are presented in Fig. 7.9. The AC susceptibility
exhibits a maximum (Tm ≈ 2.5 K < TN = 2.7 K) which shifts to higher
temperatures with increasing ω — a behaviour usually observed in spin-glass
systems. Our results agree with previous studies of the AC susceptibility in
CePdAl [58]. From the set of measurements presented in Fig. 7.9, we have
estimated ∆Tm/(Tm∆ log(f)) ≈ 0.12/decade f (see Fig. 7.10), which is one
order of magnitude larger than in conventional spin-glass [59].

Examples of χ(T, ω) measurements for the doped CePd1−xNixAl with x
= 0.0196 and 0.0899 are presented in Figs. 7.11 and 7.12, respectively, where
frequencies of the external field are f0 = 5057 Hz and f1 = 217 Hz. Again,
a shift of the maximum Tm in χAC towards higher temperature is seen for
a larger frequency f0 > f1. Estimation of ∆Tm/(Tm∆ log f) for the doped
samples yields the values 0.18/decade f for x= 0.020, 0.11/decade f for x=
0.067, and 0.019/decade f for x= 0.083.

Following Li et al. [58], we suggest that the ω-dependence of χAC(T, ω)
could originate from the triangular magnetic structure and the existence of
structural disorder in the samples.

7.3.2 Doping tuning towards the critical point

In addition to specific-heat studies, the AC susceptibility measurements allow
to yield the transition temperature TN for doped compounds CePd1−xNixAl
and explore an approach to a possible QCP.

Measurements of χAC for the series of samples with x = 0.0, 0.020, 0.067,
0.083 and 0.105 were carried out. Because of the ω-dependence of χAC, the
data for the highest frequency f0 = 5057 Hz has been used to determine
the onset of ordering: it supports the value TN = 2.7 K for CePdAl in
agreement with literature and specific-heat data. The background signal has
been subtracted out and the resulting χAC(T ) curves
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Figure 7.9: AC-susceptibility versus T of CePdAl measured at different fre-
quencies f .
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Figure 7.10: ∆Tm/Tm versus f for CePdAl, where Tm refers to maximum of
ξAC(T ) shown in Fig. 7.9
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Figure 7.11: AC-susceptibility versus T of CePd1−xNixAl (x = 0.020) at
different frequencies.
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Figure 7.12: AC-susceptibility versus T of CePd1−xNixAl (x = 0.083) at
different frequencies.
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Figure 7.13: AC susceptibility versus T of CePd1−xNixAl at 5057 Hz for
different x values.

(see Fig. 7.13) have been scaled according to the individual masses of the
samples. We mention that errors may occur (i) from a different filling factor
for each of the samples, (ii) from different orientations of the samples inside
the pick-up coil, and (iii) from a different shapes of the samples. We have
attempted to minimize these effects by mechanical tuning the sample position
in the coil. Since errors in the precise definition of mass, in the filling factor
and, mainly, in the background signal are unavoidable, all χAC curves in
Fig. 7.13 were shifted in the same point at T = 4 K. Therefore, we consider
as reliable data only the transition temperatures (which are reproducible in
all series of measurements), but not the magnitudes of χAC.

The χAC data are presented in Fig. 7.13. A maximum of χAC(T ) defines
the Néel temperature TN(x), which shifts towards 0 K when the Ni content x
is increased. The maximum evolves to a ”weak shoulder” when approaching
the QCP (x = 0.083 and 0.102). In Fig. 7.14 we have summarized the results
on TN(x) obtained both from the specific-heat and the AC susceptibility mea-

72



7.4. DC-susceptibility and magnetisation

surements. The dashed line shows a fit, TN(x) = TN(0)|x−xc|1/2, illustrating
a critical behaviour of CePd1−xNixAl compounds: when chemical pressure is
exerted on the system the magnetic order is weakened as expected from a
correlation between doping and hydrostatic pressure effects as discussed for
Ce(Ni-Pt) compounds in the previous Chapters 4 and 5. In particular, com-
paring our data on χAC with that on CePdAl under hydrostatic pressure [54],
one may argue that 8.3% Ni doping corresponds to a pressure ≃ 0.6 GPa.
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Figure 7.14: Concentration dependence of TN for doped compounds
CePd1−xNixAl. Closed circles are results of specific-heat measurements, open
squares are obtained from AC susceptibility at f=5057 Hz.

7.4 DC-susceptibility and magnetisation

Effects of disorder in systems with frustrated magnetic interactions can be
revealed by examining the DC-susceptibility. We have performed χDC(T )
measurements on CePd1−xNixAl using the VSM in the magnetic field of 0.1 T,
and in the temperature range 2–300 K. Before the measurements, the samples
were powdered to avoid undesirable effects of possible textures.
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At high temperature, χDC satisfies the Curie-Weiss law χ = C/(T − Θ),
the corresponding paramagnetic effective moments µeff and Weiss-temperatures
Θ are presented in Table 7.2. We found µeff to be slightly smaller than
the magnetic moment 2.54µB of a free Ce3+ ion. The negative Curie-Weiss
temperature Θ indicates an antiferromagnetic interaction between magnetic
moments. The maxima of χDC curves (see Fig. 7.15) were used to find the
AF transition temperatures TN (Table 7.2), which were slightly larger than
those found from specific-heat measurements.2 For x=0.0899 and x=0.102
where no maxima were observed, the kinks in χ(T ) were taken as ordering
temperature. The ratio Θ/TN is usually taken to characterize the degree of
frustration: it grows (see Table 7.4) with increasing Ni content, indicating the
presence of magnetic disorder and an increased amount of frustrated bonds
caused by impurity atoms.
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Figure 7.15: DC-susceptibility for CePd1−xNixAl samples in the low tem-
perature range. A suppression of the Néel temperature is seen in a peak
which shifts towards 0 K. A larger magnitude of the M/H signal (measured
at 0.1 T) at larger x originates from peculiarities of the magnetisation curves
at small fields, as shown in Figures 7.16 and 7.17.

2Pressure measurements in the magnetic field 0.1 T on CePdAl reported by S. Hane et
al. [60] revealed an enhanced value of TN as well.
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Figure 7.16: Magnetisation of CePd1−xNixAl samples in magnetic field up to
12 T.

x µeff/Ce atom (µB) Θ (K) TN (χDC) (K) TN (χAC) (K) Θ/TN

0 2.42 −35.7 3.3 2.7 10.8
0.020 2.41 −31.5 3.1 2.5 10.2
0.039 2.42 −32.5 2.6 - 12.5
0.067 2.46 −35.7 2.3 2 15.5
0.083 2.42 −32.4 - 1.8 18
0.102 2.41 −32.2 - 1.4 23

Table 7.2: Effective magnetic moments, Weiss-temperatures and Néel tem-
peratures for powder samples CePd1−xNixAl.
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Figure 7.17: Magnetisation of CePd1−xNixAl samples in the low-field region.
The value 0.1 T was used for DC-susceptibility measurements to determine
χDC (see Fig.7.15).
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Figure 7.18: Magnetisation of CePd1−xNixAl samples versus inverse magnetic
field B−1.
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Another evidence of spin-glass-like behaviour in CePd1−xNixAl comes
from the low-temperature (T = 2.5 K) magnetisation curves shown in Fig. 7.16:
here M does not saturate even at high field of 12 T, where the effect is more
pronounced for a larger amount of impurity Ni atoms. To make this observa-
tion clear, we show M versus B−1 in Fig. 7.18. The region B > 5 T (B−1 <
0.2 T−1) can be described by

M(B) = M∞ − K

B
,

where K is a constant. Such an asymptotic behaviour (shown by dashed lines
in Fig. 7.18) agrees with a behaviour of typical spin-glasses (see, e.g. [59]).
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Appendix

compound B (exp), GPa source BV R (GPa) BVoigt (GPa) BReuss (GPa)
CeSn3 54 [62] 44.9 40.8 49
CePd3 102.5 [63] 102.2 63.4 140.1
CeBe13 81.6 [64] 87.1 79.5 94.7

89 [65]
CeB6 168 [64] 121.5 87.3 155.6

CeCu2Si2 80.5 [66] 79.1 61.1 97.1
125 [67]

CeRu2Si2 105 [68] 99...120.2 65.9...68.5 132...171.8
CeCu2Ge2 79 [69] 72.8 57.2 88.5

CeAg 50.5 [70] 48 35.4 60.6
CeAl 59.6 [71] 40.2 33.2 47.2

CeNi * 71.3 38.6 104.1
CePt 83.3 [38] 94.9 39.9 149.9

Table A1: Bulk modulus for heavy-fermion compounds compiled by K. Grube
[45]. *For CeNi compound no valid experimental data are available.
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Summary

The Ce-based heavy-fermion compounds, ferromagnetic CeNixPt1−x and an-
tiferromagnetic CePd1−xNixAl, investigated in the present work, reveal prop-
erties of Kondo systems and exhibit magnetic ordering at low temperatures.
By means of doping and applying hydrostatic pressure, these systems were
driven towards quantum phase transition. Close to the transition, the non-
Fermi-liquid and spin-glass like behaviour was observed.

The effect of doping with Ni atoms of ferromagnetic CePt was widely
studied in the literature. A dependence of the transition temperature on the
impurity concentration resembles the Doniach diagram, reflecting the compe-
tition between Kondo screening and the RKKY interaction. The CeNixPt1−x

alloys reveal the properties of intermediate valence compounds at x > 0.9.
However, prior to this work it was not clear whether the system undergoes a
quantum phase transition, i.e. magnetic transition at T=0. We have inves-
tigated the effect of hydrostatic pressure on compounds with x = 0.85 and
x = 0.9. At ambient pressure, they are close to the quantum critical point
but are ordered ferromagnetically below 6.2 and 4 K, respectively. From mea-
surements of the temperature and magnetic-field dependences of the sample
magnetisation we can conclude that magnetic order in both studied com-
pounds is suppressed by hydrostatic pressure. The Curie temperatures at
different pressures have been found using the Arrott plot method. An es-
timation of the critical pressure for both compounds is performed yielding
pc ≈ 0.95 GPa for CeNi0.9Pt0.1, and pc ≈ 1.3 GPa for CeNi0.85Pt0.15.

Comparing the crystal cell compression by Ni doping and by hydrostatic
pressure, we show that for the CeNixPt1−x system close to the quantum criti-
cal point, hydrostatic pressure suppresses the Curie temperature TC towards
zero faster as compared to Ni doping with the same volume. Therefore, by
doping CePt with Ni atoms, being isovalent to Pt, the effect of electronic
structure modification plays a significant role close to the quantum phase
transition.

The antiferromagnetic CePdAl has TN = 2.7 K. Its magnetic structure
can be mapped on a Kagomé-like lattice with frustrated bonds. The effect of
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hydrostatic pressure on magnetic ordering was investigated in the literature,
yielding TN=0 for a critical pressure 0.95 GPa. Previous specific-heat mea-
surements on doped compounds CePd1−xNixAl have shown that a critical Ni
concentration is ∼ 10%, in our work, the effect of chemical pressure has been
investigated systematically. The changes in the specific heat, magnetisation,
and AC susceptibility are studied in detail for a Ni concentration ranging
from 0 up to xc = 0.13. The critical concentration is estimated as xc ≈ 0.13,
where system undergoes a quantum phase transition. At xc = 0.13 TN is
essentially suppressed.

The AC susceptibility of doped compounds CePd1−xNixAl shows a spin-
glass like behaviour. This indicates the presence of magnetic disorder and
increased amount of frustrated bonds due to impurity atoms.

Further investigations should be performed on single crystalline samples
of CePd1−xNixAl. The susceptibility measurements at different frequencies
may clarify the origin of the spin-glass behaviour observed in this work.
Moreover, it would be interesting to measure the specific heat on a CePdAl
single crystal at different magnetic fields along different crystallographic di-
rections. That is because magnetic field is an external parameter which can
alter the spin ordering in the system.
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